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Abstract 

Experimeotal Conshrints on the Chromite-Melt Partitioning Behrviour of 
Rheaium rad Platinum-Group Elements 

Master of Science, 2ûûû 

Pansa Sattan, Department of Geology, University of Toronto 

Abundant geochemical and petrological data exists to suggest that chromite may be 

an important phase in concentrat h g  and fiactionating the PGEs in mafic/ultramafk systems. 

To investigate this possibility, chromite/silicate- and sulphide-rnelt partitioning experirnents 

have been conducted at conditions of pressure, temperature and f02  appropriate for basalt 

genesis. Trace elements in nui products were detennined in situ using laser ablation ICP- 

MS, which allowed us to discem both phase homogeneity and detect the presence of sulphide 

or alloy contaminants. Experiments yielded absolute chromite/silicate melt partition 

coefficients (Ds) for Re (0.15) and maximum values for the PGEs (Ru< 10.1; Os c4.3; Ir 4; 

Pd c0.33; RM0.17). Results indicate that Re and some PGEs are incompatible in chromite, 

whereas compatibility of other PGEs is significantly less than previously considered. As an 

alternative to the PGEs k i n g  in solid solution in the chromite structure, textures produced in 

Our experiments show entrapment of PGE-rich phases (sulphide/alloy) during chromite 

crystallisation, which may best expiain the PGE-chromite association. 



TABLE OF CONTENTS 

TITLE PAGE .................................................................................................... 1 
ACKNOWLEDGMENTS .................................................................-.................... Ii 
ABSTRACT ..................................................................................................... ..IV 
TABLE OF CONTENT ......................................................................................... V 
LIST OF TABLES ..............................................................................................VI 
LIST OF FIGURES .......................................................................................... VIII 

CHAPTER 1: INTRODUCTION ...............,... ................................................................................................ 1 

CHAPTER II: EXPERIMENTAL AND ANALYTICAL TECHNIQUES ................... ................. ......... -10 

................................................................................................................... 2.1 EXPERI~.~ENTAL TECHNIQUES 10 
2.1. 1 P repuration ofsamples .................................................................................................................... 10 

............................................................................................................... 2 . 1 . 2 Control ofoxygenfigaciy 14 
21.3 Description ofrhe pkron cylinder apparatus ................................................................................... 17 
2 . I . 4 Temperaiaire control of the piston cylinder apparatus ................................................................... 18 
2.1.5 Liquidur temperature determination ................................................................................................ 21 
2.1.6 Growth of chromite crystaIsfiom basaltic melt ............................................................................... 21 
2.1.7 Low pressure experimental prorocol .............. .... ....................................................................... -24 

....................................................................................................................... 2.2 ANALYTICAL TECHNIQUES 25 
......................................................................................................... 2.2.1 Eiectron microprobe anaiysîs -25 

.................................................................................................................... 2.2.2 Trace elemenr analysis -28 

C W E R  LLI: RESULTS OF E X P E W E N T S  ......................................... *1 
3.1 T E ~ U R A L  OBSERVATION OF RUN PRODUCTS ........................... .... . 3 1  

3.1. 1 Run products at I GFa ................................................................................................................... 31 
................................................................................................................... 3.1.2 Run products at I atm 3 2  

3.2 MNOR EtEMEbiT COMPOStTIONS .............................................................................................................. 38 
3.2. 1 Esrimarion ofoxygen fügaciry based on Cr solubiiity in melt ......................................................... 38 
3.2.2 Major element chernls,ay -the run proàucf phases ............................................... 40 

3 . 3  TRACE ELEMENT CHEMISTRY ................................................................................................................... 47 
3.3.1 Trace elemenr analyses of phases produced in rhe run producrs .................................................. 4 7  
3.3.2 Trace element heterogeneity in analysed phases ............................................................................. 50 
3.3.3 Sulphide melt/siiica~e melt purtirion ............................................................................................. 59 
3.3.4 Chromire/Siiicate melt partition coeflcients .................................................................................... 61 

C H M E R  IV: DISCUSSION OF RESIILTS ............................................................................................. 63 

4 .1  COMPARISON OF D ~ ~ ~ ~ ~ ' ~ - ~ ~ ~ ' ~ ~ ~ ~ ~ - ~ ~ ~  W[TH OTHER STUDIES .............. .. ........................................ 63 
4.2 COMPARISON OF D , , , " ~ - ~ ~ ' ~ ~ ~ ~  wrru OTHER STUDIES ................................................................. 66 
4.3 CONTROL OF THE SPINEL STRUCTURE ON RC AND PGE PARTITIONiNG ..................................................... 69 
3 . 4  IittPLiCATIONS FOR TUE BEHAVIOUR OF Re IN BASALTS AND R&s FIUCnONATION .......--....................... 73 
4.5 CCIROMITE AS A PGE COLLEC~OR ......................... .. .............................................................................. 74 

CHAPTER V: CONCLUSIONS ........... .......................... ............................................................................ 75 

REFERENCES ................................................................................................................................................ 76 

APPENDICES ................................................................................................................................................. 84 



List of Tables 

Table A l  . 
Table A2.a. 

Table A2.b. 

Table A2.c. 

Table A2.d. 

Table A3.1. 

Table A3.2. 

Table A3.3. 

Table A3.4. 

Table A3.S. 

Table A3.6. 

Table A4 . 
Tabie A5 . 1 . 
Table A5.2. 

Table A5.3. 

Table A5.4. 

Table AS.5. 

Table AS.6. 

Table A6.f. 

Table A6.2. 

Table A6.3. 

Table A6.4. 

........................ Summary of POE contents @pb) in various rock types 84 

.......................................... Experimentai details: Starting material 86 

............................... Summary of liquidus determination experiments 86 

Run conditions for partitioning experiments ................................... -87 

Surumary of al1 the phases produced in each experiments ..................... 88 

Operating conditions employed for glass- EMP analyses .................... - 3 9  

Operating conditions employed for chromite- EMP analyses ................. 90 

Operating conditions employed for olivine- EMP analyses ................... 90 

............................... Operating conditions employed for clinopyroxene 91 

Operating conditions employed for alloy phases ................................ 91 

Operating conditions employed for sulphide phases ............................ 92 

Minimum detection limit @pm) of  Re and PGEs in NIST 6 10 glass ......... 93 

Summary of major element compositions (wt %) in glass ..................... 94 

Surnmary of major element compositions (wt %) in clinopyroxene .......... 94 

Summary of major element compositions (wt %) in chmmite ................ 95 

Summay of major element compositions (wt %) in olivine ................... 96 

Summary of major element compositions (wt %) in sulphides ................ 96 

Summary of major element compositions (wt %) in alloy phases ............. 97 

Summary of Ni, PGEs and Re concentrations in glass .......................... 98 

Sumrnary of Ni, PGEs and Re concentrations in chromite ...................... 99 

Summary of Ni, PGEs and Re concentrations in olivine ........................ 100 

Surnmary of Ni, PGEs and Re concentrations in sulphides .................... 100 



.................... Table A7.1. Summary of sulphide/silicate melt partition coefficients -101 

..................... Table A?.2. Summary of chromite/silicate melt partition coefficients 102 

............................... Table A.I. Summary of recalcuiations of chrornite analyses 103 

.................................. Table A.11. Summary of recalculations of olivine analyses 107 

vii 



List of Figures 

Figure 1 . 

Figure 2 . 

Figure 3 . 

Figure 4 . 

Figure 5.1. 

Figure 5.2. 

Figure 6 . 
Figure 7.a. 

Figure 7.b. 

Figure 7.c. 

Figure 7.d. 

Figure 7.e. 

Figure 7.f. 

Figure 7.g. 

Figure 7.h. 

Figure 7.i. 

Figure 8 . 
Figure 9 

Figure 10 . 
Figure 11 . 

C 1 -Choncirite normalised diagram depicting PGE and Re abundances in 
different igneous rocks ............................................. 2 

Sulphide/silicate melt and spinelkilicate melt partition-wefficients fiom 
....................................... the experimental literature -7 

Schematics representation of graphite-lined Pt capsule configuration for 
hi&-pressure experiments ....................................... 13 

Variations of oxygen fugacity with the dissolved COOz content of an iron- . . bearing silicate melt ............................................... -16 

Schematic representation of the end loaded piston cylinder apparatus ... 19 

....................... Schematics of the sample assembly in pressure vesse1 20 

......... Time-temperature histocy employed for partitioning experiments 23 

Backscattered electron (BSE) image of PGE2b showing common phases 
.................................. produced in high pressure runs 33 

BSE image of a subhedral chromite in PGECo .............................. 34 

Digi tized reflected Iight photomicrograph of chromi te with sulphide 
............................. inclusion in the PGE2b run product 34 

Digitized reflected light photornicrograph of run product fiom the 
experiment PGE 1 d ................................. .. .......... .. .. 35 

.............. BSE image of a sulphide globule in the PGEld nin proauct -35 

BSE image of a sulphide globule in _PGESa experiment showing alloy 
phases ............................................................... 36 

Digitized reflected light photomicrograph of the analysed alloy phase in 
........................................... the PGECo run product 36 

Digitized reflected light photomicrograph of an equant chrornite crystal 
....................................... in the FGE8a experiment -37 

Digitized reflected light photomicrograph of plan view of the PGE8a .... 37 

Plot of estimated oxygen fugacity based on Cr-solubility in melt .......... 39 

Tematy diagram depicting the chromite compositions in this study ...... -43 

Major element concentration profile measured by EMPA of a chromite .. 44 

Plot of ~ r "  . AI': and ~ e ~ '  as a fûnction of oxygen fugacity .............. -45 

viii 



Figure 12 . 
Figure 13 . 
Figure 14.1. 

Figure 14.2. 

Figure 14.3-4. 

Figure 15.1. 

Figure 15.2. 

Figure 15.3. 

Figure 16 . 

Figure 17 . 

Figure 18 . 

Figure 19 . 

Figure 20 . 

Temary plot (in at %) depicting the sulphide compositions ................. 46 

Plot of calculated fOz and the Re abundances in the melt .................... 49 

Plot of intensity (cps) against tirne (s) for representative chromite ........ -52 

Plot of htensity (cps) against t h e  (s) for olivine ............................. 53 

Plots of intensity (cps) against time (s) for representative glasses ..... .. .. 54 

Plot of trace element profiles for the run product of iPRe4 ................. 56 

Plot of trace element profiles for the run product of PGECoS .......... - 3 7  

Plot of trace element profiles for the run product of PGECo .............. 3 8  

Variation of sulphide-rnelt/silicate-melt partition coeficients for Ni. and 
Re as a function of t h e  .......................................... 60 

Pot of Ni abundance in the silicate melt vs . the chrornite-melt partition 
coeficient .......................................................... 62 

Comparison of sdphide/silicate melt partition coefficients with previous . . .................................................... detennrnatrons -65 

Comparison of chromite/silicate melt partition coefficients of this study 
with previous estimates ..... .. .............. .. ................... 68 

SpineVmelt partition coefficient as a fùnction of ionic radius .............. 72 



The geochemisûy of the platinurn group elements (PGEs) has been extensively 

studied over the past decaàe and despite such efforts, significant gaps still exist in our 

understanding of their behavior. Platinum group elements are classified geochemically as 

both highly siderophile and chalcophile due to their enhanced partitioning into iron and 

sulphur rich phases. According to the growing geochemical database, platinum group 

elements are divided into two groups, the iPGEs (Ir-PGEs) and PPGEs (Pd-PGEs) 

(Rollinson, 1993). The former corresponds to ruthenium (Ru), osmium (Os), and indium 

(Ir), whereas the latter include rhodium (Rh), platinum (Pt), and palladium (Pd). Their 

abundances in rocks are usually portrayed on C 1 -Chondrite normalized plots in which they 

are arranged in the order of decreasing melting point (Os, Ir, Ru, Rh, Pt, Pd). The 

concentration of PGEs in mafic and ultramafic rocks can Vary fiom values in the range of 

ppt in basaltic rocks to ppm levels in sulphide rich deposits, which is a consequence of the 

differing affinities of these elements for silicate, oxide, alloy and sulphide phases. 

Abundances and PGE patterns for different igneous rocks are presented in Table Al 

(Appendix) and Figure 1. The lPGEs and PPGEs behave differently during magrnatic 

processes such as hctional crystallisation, and partial melting, which results in the 

distinctive fiactionation of the PGEs and Re (a PGE-like element) as portrayed in Fig 1. For 

this reason, the extent of IPGE/PPGE fiactionation in a sample is fiequently measured by the 

Pd/Ir. It is important to note that m a d e  rocks such as gamet or spinel lherzolites show 

unhctionated patterns (flat curves) for Re and PGEs (Mitchell and Keays, 198 1 ; Morgan et 

al., 1 98 1 ; Lorand et al., 1998; Barnes et al., 1985). Komatiites, which are the product of high 
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Figure 1 .  C 1 -Chondrite normalised diagram depicting PGEs and Re 
abundances in different igneous rocks. References and data are 
surnrnarized in Table A. 1 .  
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degrees of partial melting and present undifferentiated melt, only have slightly ht ionated 

PGE abundances ( P d 5  -40)  (Brugrnanu et al., 1987). In contrast, other mande-denved 

rocks, which are produced at lower degrees of melting, such as mid ocean ridge basalt 

(MORB), tholeiites, and alkali basalt, show depletion of  WjEs with P d k  ratios in the range 

of -5- 100 (Allegre and Luck, 1980; Hauri and Stanely, 1997; Rehkarnper et al., 1999). 

Insights into the factors that result in high concentration of PGEs, and their relative 

hctionation in igneous rocks have been provided by several researchers (Barnes, et al., 

1985; Barnes and Picard, 1993; Maier and Barnes, 1999; Peach and Mathez, 1996; 

Takington and Lipin, 1986; Von Gruenewaidt et al., 1986). Factors include control by 

segregation of sulphide melt, separation of PGE rich sulphides or alloy phases, fractionation 

of primary liquidus minerals such as olivine or chromite, and syn to pst-magmatic 

alteration by hydrothennal fluids. Thus far, experimental studies have demonstrated the 

importance of sulphide melt and metallic phases in concentrating the PGEs and Re during 

magmatic processes, with values of sulphide and metal - silicate melt partition coefficients 

(D-values) exceeding 1o3 (Bezman et al., 1994; Crocket et al., 1992, 1997; Fleet et al., 

1996; O'Neill, et al., 1994; Peach and Mathez, 1993, 1996; Peach et al., 1994; Peck, et al., 

1992). However, Peach et al., (1994) measured similar sulphide melt-silicate melt partition 

coefficients for Pd and ir of 104 at 1400 O C  and 0.8 GPa which suggests that sulphide/silicate 

melt equilibriurn is not a viable means for IPGEPPGE hctionation. Their results 

emphasized the importance of phases other than sulphide liquid, such as oxides or alloys, in 

fiactionating the PGEs. 

The role of syn to pst-magmatic fluids in concentrating PGEs in mafic and 

ultramafxc rocks has only recently k e n  investigated. Based on the presence of 



hydrothermal quartz and chlorine rich apatite assoçiated with PGE-rich sulphides in sarnples 

kom the Stillwater complex, Boudreau and McCallum (1 986; 1992) proposed that transport 

and concentration of the PGEs was by chlonde species in an aqueous vapor phase. Wood 

(1987) calculated the volatility of PGEs as metals, oxides and chloride species at magmatic 

conditions. His results showed that Pd and Ru can be transported as chloride species when 

HCI is more abundant than HiO and that Os and Ru may be mobile as oxide-speci5s under 

relatively oxidizing conditions (fOz fiom 1 O".* - 1 (la-') at temperatures greater than 1 1 30 OC. 

Wood (1987) also pointed out that transitional metals such as Ni, Fe, and Cu are more 

volatile than PGEs at high temperature, and thus, hydrothermai processes should also 

produce an associated enrichment of these elements dong with the PGEs. Furthemore, 

experimental studies of Fleet and Wu (1993) showed that high concentrations of PGEs 

dissolve in dry, suIfbrous, and saline post magmatic fluids at high temperatures. in their 

study, Pd, and Pt were the dominant PGEs transported, which could explain the elevated 

PPGE ~bundances in some PGE deposits assoçiated with mafic/ultrarnafic igneous rocks. 

Although data fiom both natural assemblages and experiments exist to at least 

partially evaiuate the role of sulphides, alloys, and fluids on controlling both the absolute 

and relative PGE abundances in different mafic/ultrarnafic igneous rocks, observations to 

evaluate the role of p r i m q  liquidus phases such as chromite and olivine in PGE 

hctionations are few and yield arnbiguous results. Naldrett et al., (1979) and Crocket et al., 

(1979), found high concentrations of IPGEs in olivine separates from komatiites, which 

resulted in the proposal that olivine could hctionate the PGEs during partial melting or 

initial stages of crystallisation. Hart and Ravizza ( 1 996) analysed mineral separates fiom 

spinel lherzolites fiom Kiltmurne hole, New Mexico and suggested that Os is compatible in 



olivine and Cr-bearing spinel, with calculateci mineral-silicate melt partition coefficient 

greater than -1 0. Mitchell and Keays (198 1) reported PGE abundances in whole rock and 

minera1 separate anaiysis fiom spinel herzolite xenoliths. Their work revealed that other 

than interstitial sulphides, only Cr-spinel yielded significant PGE concentrations. Further 

support for a PGE association with Cr-rich spinel or chrocnite cornes fiom the correlation 

between Ir and Cr in ultrarnafic rocks as reported for Komatiites fkom Gorgona (Brugmann 

et al., l987), cumulates of Fred's flow, M m  Township (Cmcket et ai., 1986) and different 

Iithologies of the Fiskenaesset Complex (Morgan, et al., 1976). in addition, curnulate 

chrornitites fiom different igneous settings, such as those in layered intrusions, ophiolites, 

and alpine-type peridotites (McLaren and DeVilliers, 1982; Page et al., 1982; Peck and 

Keays, 1990, Peck et ai., 1992; Talkington and Lipin, 1986; Von Gruenewaldt and Merkle, 

1995) are known for anomalously high PGE concentrations. For example, the Iargest ore 

deposits of PGEs are related to chromitites in layered intrusions, such as the UG2-layer of 

the Bushveld and the J-M reef of the Stillwater Complexes (McLaren and DeVilliers, 1982; 

Page et al., 1976). These chromitites have been shown to hold a total of 7 ppm and 960 ppb 

of a11 PGEs, respectively. The chromitites of ophiolites show high concentrations of Os, and 

Ir relative to Rh, Pt and Pd with Pd/Ir<-1. In contrast, chromitites from layered intrusions 

show elevated Rh, Pt, and Pd relative to the IPGEs with Pd& typicaily greater than 10. As 

shown in Fig. 1, it is clear that chromitites are characterized by their distinctive and variable 

IPGEPPGE fractionation. 

Experimental studies of Capobianco and Drake (1990) and Capobianco et ai., (1994) 

demonstrated the compatibility of Ru, Rh and incompatibility of Pd in spinel, magnetite, and 

Cr-bearing magnetite at relatively high oxygen fugacities (!Q) in the range of 1 o ~ . ~ ~ - ~ o - ~ . ~ ~  



at one atmosphere and high temperatures (fkom 1265 to 1400 O C ) .  Figure 2 surrunarizes ?heir 

partitioning data, and provides a cornparison with the sulphide-silicate melt partition 

coefficients fiom recent experimentd work. It is notable that their work of 1994 showed 

large magnetite-silicate melt partition coefficients for Rh and Ru (DRU h m  100 to >4000 

and DRh 250 f 120), that are comparable in magnitude to partition coefficients between 

imrniscible sulphide and silicate melts. As a consequence of this partitioning data, 

Capobianco and coworkers have suggested that the crystallisation of spinel group minerais, 

like chromite, may concentrate and fiaçtionate the PGEs in igneous systems. 

Despite the evidence supporting the possible role of chromite in concentrating and 

fiactionating the PGEs, there also exists observational and analflical data that counter this 

notion. For example, Lorand et al., (1998) determined the PGE concentrations in a suite of 

orogenic lherzolites fiom the North Pyrenean iMetamorphic zone, and found no correlation 

between PGE content and Cr-spinel abundance. There was a systematic positive correlation 

between PGE and sulphur content, however, reflecting the control of sulphide. Maier and 

Barnes (1 999) explained the association of the elevated PGE abundances with chromitites of 

the Bushveld Complex by hctionation of mono sulphide solid solution (mss) followed by 

physical separation of mss cumulates fiorn residual sulphide liquid. Their work emphasized 

the importance of mss hctionation from a sulphur poor silicate melt as the controlling 

factor for PGE hctionation, rather than sulphide liquid / alloy segregation or crystallisation 

of oxide phases. Finally, it is important to note that the experimentd studies of Capobianco 

and Drake (1990) and Capobianco et al., (1994) conducted at oxygen fûgacities that were 

more oxidizing (-1 0 O." - 10 than is reasonable for terrestrial basalt petrogenesis (fD2 

of 1 0-8.3 -1 0 -10.3 at 1200°C; Christie et al., 1986). At oxidizing 



Figure 2. Sulphide/siiicate melt (Bezmen et al., 1994; Crocket et al., 1992, 1997; 
Fleet et al., 1996; Peach et al., 1994), and spinevsilicate melt (Capobianco and 
Drake, 1990; Capobianco et al., 1994) partition coefficients based in the recent 
experimental literature. 



conditions, the PGEs are thought to be dissolved predominantly as 3' (or higher) species, 

and thus readily substitute for trivalent cations such as Fe, Al, Cr, in the spinel structure. 

The experimental work of Borisov et al., (1993); O'Neill et al., (1994); and Ertel et al., 

(1999) pointed out that Rh, Pt, Pd, Ir and Re exhibit progressively lower valence States in 

silicate rnelts (Le. 2'or lower) as fOz is reduced (from tDz of 10" to <lO-'). AS dernonstrated 

by Beattie (1994) and Blundy and Wood (1994), variation in ionic radius and valence state 

of a cation exerts a major control on the compatibility of an element, owing largely to the 

increased lattice strain resulting from the substitution of a cation whose size is different fiom 

the major substitutive cation. The shift in the valence state of PGEs in silicate melts in 

response to a reduction in fDz may resdt in changes in their ionic radius to render them as 

incompatible in spinel group minerais. 

The focus of this thesis was to obtain chromite/silicate-melt partitioning data for 

PGEs and Re in order to assess the role of chromite in concentrating, and potentiaily 

fiactionating the PGEs, and Re in igneous systems. Experiments were conducted at both 1 

atm and 1 GPa at 1350-1330 O C  at an oxygen fugacity of -1 O-'.' to l ~ - ~ . ' .  In these 

experiments, the fOz was defined using gas mixtures of CO, and CO2 in a sealed vertical 

tube furnace for low-pressure experiments and coexisting CO, COz, and graphite (CCO) for 

high-pressure u s .  Analyses of the run products for PGEs was perfonned using laser 

ablation inductively coupled mass spectrometry (LA-ICP-MS) which is an in situ analytical 

technique that combines micron-scale spatial resolution with high element sensitivity. In 

these experirnents, PGEs and Re were introduced using doped sulphide melt or an alloy 

mixture. In addition to constraints on chromite/silicate-melt partitioning, we have aiso 



provided the fim validation of sulphide/silicate melt PGE partition coefficients using an in 

situ analytical technique. 



CHAPTER II: EXPERIMENTAL AND ANALYTICAL TECHNIQUES 

2.1 Experimental techniques 

Ln this investigation of the partitionhg of PGEs among chromite, sulphide and/ or 

alioy and silicate melt, we sought to satisQ several criteria. First, chromite must be p w n  at 

an oxygen hgacity that is controlled and relevant to basalt genesis, and at a value where the 

oxidation state of PGEs are reamnably well documented. Second, the PGEs must be 

present at high enough levels in the melt and chromite ic order for their concentrations to be 

above the detection limits of the LA-ECPMS (!O- 100 ppb). Third, crystal-melt equilibrium 

must be approached as closely as possible. Fourth, the size of the crystals grown during 

experirnents must be large enough for adequate sampling with the laser ablation technique, 

since the minimum detection limit improves with increasing spot size. As a final point, the 

crystallised chromites must be inclusion-fiee to ensure that analyses are obtained from a pure 

phase. The expenmental techniques outlined below were designed to satisQ the above 

requisites. 

2.1.1 Preparation of  samples 

The silicate melt composition employed in our experiments is the synthetic 

equivalent of a mafic dyke, located at the intersection between HWY 401 east and route 15 

north (Ontario, Canada). This composition is well documented in tems of the chromite 

saturation surface in temperature-oxygen fbgacity space as documented by Hill and Roeder 

(1974), Roeder and Reynolds (1991) and Murck and Campbell (1986). This starting 

composition was synthesized fiom a mixture of high purity oxides and carbonates that were 



weighed and then thoroughly mixed under ethanol in an agate mortar. The mixture was 

dried, then heated slowly to 1 100 OC to ensure complete decarbonation. This was 

accomplished by placing the starting material in a Pt-crucible inside a box furnace and 

increasing the temperature at a rate of 3 O C  per minute. This step also assured preliminary 

chernical interaction among reagents. Following this process, the starting material was 

equilibrated at the magnetite-hematite solid buffer assemblage at 815 OC (* 5) ,  to M e r  

ensure a high initial femdfermus ratio ( ~ e ' ~  / Fe 23 of the starting material. 

In these experiments PGEs were added in three difierent ways: a) POE-bearing Ni-Fe 

sulphide liquids (at various levels from 500 ppm to 5 wt %), b) as pure alloys, c) as PGE- 

bearing solutions. The exact content of the PGE and Re for each experiment and the 

proportions of the sulphide melt or alloys to silicate melt employed in each run are 

summarized in Table A2-a For sulphide saturated runs (iPRe4; PGE I,2 b; PGE 1,2 c; PGE 

Id; PGE l e; PGESa), the sulphide melt consisted of a mixture of pure Fe, Ni, S powder in a 

50:20:30 ratio which was doped with bgh purity Re and PGE metal in the amounts 

summarized in Table A2-a. The alloy composition for PGECo and PGECoS samples was 

prepared using a mixture of pure cobalt metal powder and 5 wt % of each PGEs and Re. 

Cobalt was added to these experiments with the initial intent of using it as a reference 

element for LA-ICP-MS analysis, due to its high solubility in silicate melt and compatibility 

in spinel (Dc- 4.7-8.3, Horn et al., 1994). in the sulphur poor experiment (PGECoS), 

sulphur was added as a dilute Na~S03 solution for a total of 0.01 wt % sulphur to the charge. 

For the sulphide-fiee PGE-undersaturated runs (PGE8a and PGEgb), samples were spiked 

with AA standard solutions of Os, Ru, Rh, Pd in 20 wtYo HCl. The stock solutions were 

diluted using a HC1 solution (- 37 wt%) by a factor of eight in order to add PGEs at ppb 



levels to the charges (Table AS-a). The solution was added to the charge and placed under a 

heating lamp for one hour to dry. Figure 3.1 is a schematic representation of the graphite- 

lined Pt capsule cod~guration employed in hi&- pressure runs. For al1 piston cylinder 

experiments charges were prepared as follows. Graphite capsules with accompanying lids 

were manufactured in house utilizing high purity graphite rods of 99.99% C. Graphite rods 

were drilled and cut into sizes of 8 x 3 and 8 x 5 mm. The graphite capsules and their lids 

were cleaned in acetone and stored in a dryïng oven at 1 10 OC. Platinum t u b g  of 0.127" 

wall thickness and diameters of 3.5 and 5 mm were cut to lengths of 1.2 cm, annealed, then 

welded on one end. Approximately 10 (+ O. 1) mg of basalt glass was mixed thoroughly with 

0.6 (*O. 1) mg of Fe-Ni sulphide or PGE alloy mix using a clean razor blade and loaded into 

the graphite capsule. A lid was inserted on top of the capsule, and the entire assembly was 

then placed inside an outer Pt-capsule of an appropriate size and sealed using an arc welder. 

The starting materiai for the PGE Id, PGE le and PGESa run products were loaded into a 5 

mm diameter graphite capsule, but run without an outer Pt-capsule. This configuration was 

ernployed to avoid the Pt-contamination encountered in some of the sulphide-saturated 

experiments (PGE 1,2 b; PGE 1,2 c, and IPRe4). Preliminary experiments showed that 

applying a 1 :20 ratio of sulphide to silicate melt produced several sulphide globules of 100- 

250 pm in diameter in the run products. This ratio was employed for al1 of the sulphide- 

saturated runs. 



1 
1 

i 
Sealed Pt-capsule 

l 
l 
I 

Figure 3. Schematic diagram showing the graphite-lined Pt capsule configuration 
for high pressure experiments. 



2.1.2 Control of osygen fugacity 

Oxygen fùgacities in our experiments were controlled in two ways that will be 

discussed individdly below. For the experiments carried out at 1 GPa, the £Oz's were 

constraimd by the ~ e ~ ' / ~ e "  ratio in the starting material, and the final concentration of 

dissolved COz in the melt (Holloway et al., 1992). A constant fOt was achieved using a 

graphite capsule, which not ody  prevents iron loss to the Pt-capsule, but aiso rems  with the 

femc iron of the melt to produce dissolved CO2 and FeO. The following equations express 

the way that the CO-CO2-graphite systern acts to buffer the fOz of a closed system at hi& 

pressure (Holloway et al., 1 992). 

C@raphiic) + 0 7  a COL (mcii) (2- 1 

COz c m ~ i t >  + 0'- rmeit, Co3 '- (dissolved) (2-2) 

2Fe203 (rnc~i) e 4FeO(me1t) + 0 2  (2-3) 

C (piphite) + ~';rnelt, + 2 Fez03 (rneii) ~ 0 3 ~ - ( r n r l t )  + 4 Fe0 ( m i t )  w4) 
Thus, the initial ~ e " / ~ e "  ratio together with the dissolved CO? content of the glass, 

constrain the final oxygen fugacity of a closed system at fixed pressure and temperature. 

This f0? corresponds to the point at which the fOz calculated based on the ferric/ferrous ratio 

in the melt (equation 3) and the fOz values calculated fiom dissoIved CO? (equations 2- 1 and 

2-2) are equal. The maximum fOz that can be achieved by this technique corresponds to 

vapour saturation (Le. the CC0  buffer). Figure 4 portrays the relationship between the f02, 

initial ~e- ' - /  ~ e "  ratio and the dissolved COz of the melt and serves to illustrate the evolution 

of f0? in our experimental system. We could not calculate the final fQ of the system a 

priori due to a lack of information on the initial ~ e ~ ' / ~ e ' '  ratio of the system. instead, we 



imposed a high initiai ratio @y pre-oxidation of melt at MH solid buffer assemblage at 8 15 

OC), and then estimated the final fD2 of the sample using chromium solubility systematics. 

The oxygen fûgacity of 1 atm experiments was controlled using a mixture of CO and 

COz gases in a sealed vertical tube furnace. The fQ's were calculated using the 

"COSHrnix" program (courtesy of Dr. Victor Kress) which utilïzes a RAND free energy 

minirnization algorithm to calculate equilibrium gas speciation based on data fiom J A N A F  

thermodpamic tables (Kress 1997). The CO and CO2 gas flow rates were controlled using 

caiibrated tlow meters, and the accuracy of the h a c e  f02 was checked against the nickel- 

nickel oxide (Ni-NiO) b d e r  (Huebner and Sato, 1970). 
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Figure 4. Plot of oxypn fugacity as a fuiiction of dissolved CO, and ~ e " / ~ e "  ratio in the melt. This plot 
illustrates the evolution of fO, during oxidation of graphite aRer Holloway et al., (1992). Thc solid curve 
determines the fO, using FC"/F~" , whcre as the dashed line calculates it bascd on the dissolvcd CO, in the 
silicate melt. The point of intersection of the two curves defines the equilibrium or the final R), of the systcm, 
which is the maximum fO, that the system can reach. 



2.1.3 Description of tbe piston cylinder apparatus 

Al1 the experiments at 1 GPa were performed using the end loaded, piston cylinder 

apparatus located in the High Pressure Laboratory in the Department of Geology. This 

apparatus is based on the Boyd and England (1960) design and generates pressure by 

compressing a sarnple assembly with a %" diameter piston. Figure 5.  l a  and 5. lb represent 

the schematic diagrams of the sample conftguration inside the pressure vessel and the piston 

cylinder apparatus. The sample assembly consists of a graphite tube funiace, encased in 

sleeves of pyrex glass and compressed NaCl (Fig 5. la). The NaCl sleeve acts as a medium 

for converting the uniaxial load fiom the WC piston to a hydrostatic load around the sarnple. 

The pyrex sleeve serves to electrically insulate the inner graphite furnace fiom the vessel 

wall. The pyrex g l a s  and the NaCl sleeves were kept in a dryïng oven at 110 O C  to 

eliminate any moisture. The sample was placed inside a ceramic sample holder made of 

crushable magnesium oxide (MgO) ceramic. This holder was then centered within the 

fumace using an additional M g 0  spacer. Any void space inside the sample holder was 

eliminated by packing extra powdered M g 0  amund the sample. On top of the sarnple 

holder, a ceramic disk, of 1 mm in thickness, is used to isolate the thermocouple (TK) fiom 

the sample material. Above this disk, there is a single bore ceramic spacer designed to grab 

the thermocouple and to prevent its extrusion. The final component of the sample assembly 

is a stainless steel base plug with a centered hole through which the T/C passes. The base 

plug is insulated from the pressure vessel by a pyrophyllite sleeve. During sample 

pressurïzation, the base plug defoms and holds the TIC to prevent it fkom extrusion. The 

sample assembly is wrapped in Pb-foi1 and placed inside the pressure vessel whose imer 

bore is coated with an MoSz-based lubricant. Both the Pb-foi1 and lubricant reduce the 



friction at the interface between the sarnple assembty and the vessel wall. During an 

expenment, the pressure vessel is kept cool by providing continuous flow of cold water 

through the cooling plates placed above and below. Corrosion of the pressure vessel, the 

cooling plate and the bridge, as a resuit of king in contact with water, is reduced by 

application of a layer of a high temperature resistant silver paint to the exposed areas. Lady, 

al1 experiments were performed using the hot "piston out" method where the pressure was 

initiaUy raised to 10 % above the pressure of interest and held there whiie the sampIe was 

brought to the run temperature, and then slowly backed out. 

2.1.4 Temperature control o f  the piston cylinder apparatus 

Temperatures in the piston cylinder were controlled using a Eurothem systern 

consisting of a programmable controller linked to a silicon controiled rectifier. Using this 

system, temperatures c m  be maintained to within 1 OC and sarnples could be heated or 

cooled as slowly as 1 ' C h .  Expenments were quenched by shutting off the power to the 

k a c e ,  which resulted in an initial quench rate of -100 OC/s. The temperature of the 

sarnple inside the pressure vessel assembty is monitored using a 0.0 1" diameter tungsten- 

rhenium (Wg5Re j- W74Re26) thennocouple. The thermocouple (TIC) wires are suppliecl with 

a NET-traceable calibration. Reported temperatures are not corrected for the pressure effect 

on output emf. in some experiments, oxidation of the thermocouple wires as a result of 

penetration of air through the M g 0  ceramic T/C holder was reduced by continuous flow of 

Ar- 1 % Hz gas around the top of the thermocouple insulator. 
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Figure 5.1 a. Schematic representation o f  the sarnple assembly emptoyed in the 
piston cylinder apparatus for high-pressure runs. 



Fm- 
,' 

Figure 5.1 b. Schematic representation of the end loaded piston cylinder apparatus 
used in this study. The major components s h o w  here are not drawn to scale. 



2-1.5 Liquidus temperature detennination 

In order to reduce the nucleation density and thereby grow a few, large chromite 

crystals, precise determination of the chromite liquidus temperature was required. This 

determination was carried out through a series of trail and error experiments in the piston 

cylinder apparatus at 1 GPa using a mixture of 401 basalt and immiscible Fe-Ni-sulphide 

melt seaied in graphite-lined Pt capsules. These experiments were initially super heated to 

1460 OC for two hours, then temperature was reduced to the plausible liquidus temperature 

where the system sat  for 2 hours and finaily quenched to room temperature. A summary of 

these experiments is provided in Table A2-b, which were carried out at temperature 

increments of 10 OC from 1300 to 1400 OC. Using this approach, the liquidus temperature of 

our synthetic 40 1 basait was determined to be at 1350 (* 5) OC. 

2.1.6 Growth of cbromite crystals from basaltic melt 

Our goal of producing large chromite crystals in high pressure partitionhg 

experiments was achieved by adding water to experiments and employing a specific time- 

temperature protocol. In cornparison of both water-bearing and dry experiments we found 

that the presence of water promoted the growth of chromite crystats, as only a few relatively 

large (25-50 pm) chromites were produced in the "wet" nuis, as opposed to numerous small 

crystals in the dry experiments. We added small amounts of water to these experiments as 

bmcite (Mg(OH)?) which was synthesized from high purity M g 0  and distiIled water at 1.2 

GPa and 700 O C  for 24 hours. This synthesis procedure resulted in crystallisation of 

snowflake textured brucite crystals whose identity was confirmed by X-ray powder 

diffraction in the Department of Geology. The synthetic brucite was added to the basalt 



starting material to yield 1 wt % total water in the melt upon decomposition at run 

conditions. 

In addition to the presence of water, the employment of a speçific time-temperature 

protocol, as portrayed in Figure 6, enhanced the growth of large crystais. Each experiment 

consisted of four separate stages. First, samples were subject to an initial super-liquidus step 

at 1460 O C  lasting 2 hrs (for 1 GPa experiments) to 72 hrs (for 1 atm experiments) to allow 

the silicate and sulphide melt or alloy mixture to interact with each other and homogenize. 

Samples were then rapidly cooled (50 'Chin) to the predetermined liquidus (1 350 OC) to 

allow for nucleation of chromite crystals. The nucleation step lasted for an hour and half, 

after which samples were subjected to slow cooling (1  OC/hr) to promote growth of chromite. 

An isothermal soak step of varying duration (20 to 60 hrs) followed the growth step. 

Finally, samples were quenched by shutting the power to the furnace. 
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Figure 6. Time-temperature history employed for partitioning expenments (noie that the 
duration ofsome steps varied somewhat between expenments). Each experiment included 
four steps: 1 )  an initial super-liquidus step to homogenise the melt, 2) a nucleation step at 
the predetermined chromite liquidus temperature ( l350%), 3) a growth step consisting of  a 
1°C/hr ramp from 1350 to 1330 OC, 4) an isothermal soak of different durations (20-60 hrs), 
followed by quenching. 



2.1.7 Low pressure experimental protocol 

Experiments at 1 atm were performed in a gas sealed vertical tube furnace utilizing 

the same melt composition and sirnilar time temperature profile as employed in the high 

pressure rus. The temperature for these runs was monitored using a 0.0 15" Pt1 OO-PhRh, 0 

thermocouple that was calibrated against the melting point of gold. The super-liquidus stage 

for the PGE8a and PGE8b experiments were selected to be 72 hrs to promote equilibration 

between the silicate melt and the PGE-spike. ï h e  doped starting material was loaded into a 

San Carlos olivine capsule with dimensions of 7 x 4 mm and an imer diarneter of 3 mm. 

The charges were then placed inside a ceramic sample holder suspended fiom the hook of a 

s i k a  rod. First the sample is placed in the cool end of the vertical tube f'umace. Half an 

hour after starting the flow of CO and COz gases, the sample was gradually lowered at 5 cm 

every 15 minutes to ensure slow heating of the sample. The tirne-temperature protocol was 

engaged when the sample reached the predetennined hot spot. Fkl ly ,  quenching of the 

sampie was achieved by plunging the sample into a container of ice and water at the bottom 

of the fumace, while the gases were still flowing. Since the temperature was changing 

during the run (i.e. fiom 1460 OC to 1350 OC. and 1330 OC), the CO and CO? gas flows were 

adjusted to maintain a constant fOz during different stages of the expenment. 



2.2 Anatytical Techniques 

The major and trace element compositions of the phases in run products were 

characterized by the electron microprobe (EMP) and LA-ICP-MS, respectively. Samples 

were initially sectioned by grinding with 400 and 600 grit paper, after exposing an 

appropriate amount of surface, samples were mounted in epoxy resin media and lefl under a 

heat lamp for 6 hrs to cure. The mounted samples were then ground with 400 and 600 grit 

and polished with 1 and 0.3 pm alumina powder. Samples were carbon coated since 

electron microprobe analysis requires a conductive surface. A carbon coat of 20 pn is 

optimal to prevent a charge build up due to electron bombaniment (this carbon coat was 

removed for LA-ICP-MS anaiysis). Samples were also examined using a JEOL 840 

scanning electron microscope (SEM), together with m energy dispersive spectrometer 

(EDS) in the Department of Geology, to characterize various phases in the samples, such as 

chrornite, olivine, alloys, and sulphide globules. Backscattered electron (BSE) images fiom 

the SEM, together with reflected light digitized photomicrographs were used to identiQ 

phases and map their distribution. 

2.2.1 Electron microprobe analysis 

Major element analyses of run product phases were obtained using a Cameca SX 50 

electron microprobe housed in the Department of Geology. Al1 phases were analysed 

quantitatively by wavelength dispersive spectroscopy (WDS- analysis). in this technique, 

the intensities of characteristic X-ray lines produced during electron bombardment of the 

specimen are compared to that produced fiom a suitable standard using similar instrumental 

conditions (accelerating voltage, beam current). Table A3 (1-6) summarizes the details of 



the analytical conditions used in this study for each phase in the run products. Absolute 

concentrations are calculated h m  the ratios of the X-ray intensities in the unknown to that 

in the standard and the known concentration of element in the standard, by the following 

expression: 

[C]smPi, = ((I&mplc/(1&j) [Clnd, 1 = intensity (cps), C = wt % of element, (Reed, 1996) 

Background count rate contributions to peak intensities were determined at 

wavelength offsets h m  the peak position. A "PAP* comction program was used for the 

calculation of true concentrations which is a modified O@z) polynomial (a depth distribution 

fùnction to correct for absorption) used in the standard ZAF matrix correction algorithm, 

which includes corrections for atomic nwnber (Z), absorption (A), and fluorescence (F) 

(Reed. 1996; Carneca SX 50 manual). To reduce the aforementioned corrections, standards 

were selected based on matrix similarity. For data processing, in al1 the phases except alloys 

and sulphides, points with totals higher than 101 and less than 98 WO were discarded. 

Minimum detectlon lirnits were defined, where the peak minus background count rates were 

less than either two or three times the square root of background count rates. in sorne cases 

two analytical conditions were employed, the first at lower beam currents for major element 

analysis, and the second at higher curent and different counting times for minor elements. 

This technique was used in order to ensure that the maximum count rates were within the 

linear range for the X-ray detectors. in addition, an overlap correction was applied for 

analysis of PGE alloys, since the La Iine of Rh partially interferes with LB line of Ru and La 

of Pd with LP of Rh. In this procedure, the contribution of the interfering element is 

measured on the pure phase and subtracted from the peak intensity of the element of interest 

in proportion to the abundance of interfenng element in the unknown. Glass analyses were 



carried out with extra care, because of the migration of alkalis (Na) during electmn 

bombardrnent. For this reason, the following precautions were applied: a) use of a low bearn 

current (1 0 nA), b) application of a defocussed beam of 15 pn in diameter, and c) movement 

of the beam during the analysis of the sample and standard. Due to textural inhomogeneity 

of the quenched sulphide liquids, this phase was also analysed with a defofussed beam of IS 

j.m in diameter. Chernical homogeneity of phases in the nin products was detennined by 

multiple analyses with line sans consisting of up to 10 points in chromite and olivines dong 

the diagonal axes of the exposed crystals and a total of 20 points on glasses dong the 

horizontal and vertical length of the samples. 



2.2.2 Trace element analysis 

Trace element analyses were obtained by laser ablation microprobe-inductively 

coupled plasma-mass spectrometry (LA-ICP-MS) at the Department of Earth and Planetary 

Sciences, Harvard University. This work was carried out in collaboration with Dr. W. F. 

McDonough and Dr. 1. Hom. The laser ablation setup has been described in detail by Hom 

et al. 2000. The system consists of an argon fluoride excimer laser (Compex 110, Lambda 

Physiks, Germany) operating at a wavelength of 193 nm. The initial rectanguïar laser beam 

is modified to produce round ablation craters by means of a set of cylindrical and sphericai 

lenses in conjunction with aperture imaging. This produces a hornogenous beam profile at 

the site of ablation (Hom et al., 2000). The system was designed in such a way that the 

optical path of the petrographic microscope used for sample imaging, is separated nom the 

laser beam path. By this method, the sarnple can be viewed by either transmitted or reflected 

light during the ablation process. The laser pulse energies of - 0.1 to 2.5 ml create spot 

sizes of 15->500 microns. The laser beam is focussed through a silica window onto the 

sarnple contained in an airiocked plexiglass sample cell, which operates under continuous 

flow of helium. The helium flow results in more efficient transmission of the ablated 

material fiom the sarnple ce11 into the inductively coupled plasma torch. 

For calibration pwposes, a silicate reference glass, NIST 6 10, doped with 6 1 trace 

elements at a level of approximately 450 ppm and Re with 49 ppm, and a Ni-sulphide in 

house standard (PGE76) containing -76 ppm of al1 PGEs and trace levels of Re (- 6 ppb) 

were selected. The standards were analysed four times, twice before and f i e r  analysis of 16 

points on each sarnple. ICP-MS measurernents were carried out using a VG plasmaquad 2 

quadrupole mass spectrometer, and time resolved data acquisition achieved using factory 



supplied sofiware (VG Elemental, Winsford, England), where each spot analysis consisted 

of a two minute acquisition time consisting of 60 s of background measurement (gas bladc) 

followed by 60 s of sample ablation. The inteasity for each element was calculated as the 

mean count rate during the ablation period corrected for differences in the ablation yield 

using a known internal standard element. "Mn, 4 9 ~ i ,  and " ~ a  were used as internal 

standards to correct for ablation yield differences, since their concentrations in the glass, 

59 chromite, olivine and the NIST 610 standard are known. Co and 6 i ~ i  wcre used as internal 

standards to monitor the PGE concentrations using the PGE76 NiS standard. In run products 

containhg sulphides, the Ni content of the g l a s  was lower than the detection b i t s  of the 

electron probe, thus, the calculated Ni concentrations were measured by LA-ICP-MS using 

NIST 610 glass as standard, which were then used to correct for ablation yield differences 

and calculate the PGE contents of phases using the PGE76 standard. in this study, PGE 

99 isotopes measured in glass, chromite and sulphide consist of the following: 6 1 ~ i ,  Ru, 

101 Ru, 'O' Ru,  IO^^^, 1 0 s ~ ~  i8SRe, l9oOs, 19zOs, L ~ I ~ ,  1 9 3 ~ ,  195 Pt. By using the t h e  resolved 

spectra, it was possible to observe the presence of any heterogeneities as expressed by 

intensity variations during the actual analysis. The most common heterogeneity encounteted 

were high concentration "spikes" in PGE concentrations corresponding to micro-inclusions 

within various phases. Therefore, in order to determine PGE contents of inclusion-fiee 

material, each s p e c t m  was examined individually and only areas of spectra that were more 

homogenous (areas with least heterogeneous domains) were integrated to calculate the trace 

eiement concentrations. The precision and detection limits of the LAM-ICP-MS are 

discussed in detail in Jackson et al., (1 992) and Jenner et al., (1 993). Table A4 presents the 

detection limits of PGEs and Re (ppm) for each run analysis in NIST 610 g l a s  obtained 



over the course of this study. In this case, the minimum detection limit is deterrnined based 

on count rates that are 2a above background. It is important to point out that this detection 

Iimit is not constant and varies with the ablation efficiency and the pit size. The ablation 

yield is a measure of how a particular phase ablates in cornparison to the NIST 6 10 glas or 

PGE 76 standard. This yield is dependent upon the ablation pit size and the nahm of the 

material ablated, and thus, it will be less for the smailer pit sizes used to ablate run product 

phases than those used for standard analysis. Detection lirnits are generally lower in g las  

and sutphide standards since large ablation craters were produced during those 

measurements (85-1 80 p)- in contrast, the detection Limits in chromites were high because 

of the small ablation spots, which were in the range of 15 to 20 jun. 



CHAPTER III: RESULTS OF EXPEIUMENTS 

3.1 Textural observation of rua products 

Sarnples fiom run products were examined with reflected light and scanning electron 

rnicroscopy (SEM). Al1 phases were characterized and their distribution mapped using 

either backscattered electron images or digitized reflected light photomicropphs~ Table 

A2.d provides a surnmary of the phases present in each run product. Textural relationships 

between phases in experiments for 1 GPa and 1 atm conditions are described separately in 

the following section. 

3.1.1 Run products at 1 GPa 

Experimental run products consisted of some combination of chromite, quenched 

basaltic melt, sulphide liquid and alloys. Figure 7.a portrays representative phases and their 

ablation pits in expenment PGE2b, which are also common to the other high and low- 

pressure nuis. The chromites are subhedral and range fiom 20 to 60 pm in diameter. 

Chromite crystallisation is the result of heterogeneous nucleation as this phase frequently 

used the wall of the graphite capsule or the sulphide-silicate liquid interface to nucleate (Fig. 

7.b-7.d). Although in some cases chromite nucleation density was high, the equant shapes of 

the crystals suggest that growth was controlled by interface processes, which is a 

consequence of the slow growth rate established by a cooling rate of 1 "C/hr from 

temperatures of 1350 to 1320 OC. Chromite crystals fiequently contain inclusions of 

sulphide-melt and alloys (Fig. 7.a and 7.c), which is a consequence of entrapment of these 

phases during chromite crystallisation. Run product-glasses are fiee of  quenched crystals, 



but do contain dilation cracks produced during sample decompression (Fig.7.4 c and d). 

Quenched sulphide liquids form circular globules ranging fiom 80 to 300 Pm in diameter 

and comrnonly they adhere to the wall of the graphite capsule (Fig. 7 4  e and f), ancUor to 

chromite crystals. Sulphide globules display a fine tû coarse heterogeneous texture defmed 

by the presence of quenched mono-sulphide solid solution (mss), and pentlandite. Fe-PGE 

alloys are dispersed throughout the sulphide globules, which indicate theu late exsolution as 

the sulphide liquid crydlised (Fig. 7.e). in IPRe4 and PGESa, stable Fe-Re-Ir alloy phases 

were present as a consequence of the high Re and Ir concentrations in the initial sulphide 

melt (>l wt %) (Fig. 7 3 .  in experiments PGECo and PGECoS, Re-PGE-Fe-Co alloys are 

present and consist of clusters of rectangular crystals and aggregates immersed in anhedral 

crystals of Fe-Co ailoy (Fig. 7.g). 

3.1.2 Run products at 1 atm 

Run products fiorn I atm experiments consisted of chrornite, basaltic glass, and 

newly crystallised olivine. in comparison to high-pressure runs, chromites seem to develop 

perfect euhedral habits, which suggest ideal conditions for their growth. in addition, the 

chromite crystals display sharp edges in 1 atm runs (Fig. 7.h) in comparison with the 

observed rounded edges in samples produced at 1 GPa. Chromites produced at i atm ranged 

frorn 40 to 70 microns in diameter. Since olivine capsules were utilized in these 

experiments, new olivines precipitated fiorn the capsule and ranged in size fiom 50 to 180 

l m  as shown in Fig. 7.i. Basaltic glasses were texturally uniform and showed no evidence 

for quench crystallisation (Fig. 7.i). 



Figure 7.a. Backscattered electron (BSE) image o f  the run product from experiment 
PGEZb showing al1 the phases produced at 1 GPa and 1330°C. Subhedral chromite 
crystals consist of sulphide inclusions as shown. The sulphide globules adhered to the 
wall of the graphite capsule. This microphotograph also displays the ablation pits as a 
result of LA-ICP-MS analysis in al1 the phases produced. 



Figure 7.1 b. BSE image of a subhedral chromite crystal in the run product 
of PGECo-experiment, which was saturated in Re-PGEs-Co alloy. 

Figure 7. Ic. Digitized reflected light photomicrograph of a subhedral chromite that 
has nucleated around a sulphide liquid globule (experiment PGE2b). The starting 
sulphide melt composition was doped with 1000 ppm Re, and PGEs. 



Figure 7. Id. Digitized reflected light photornicrograph of the run product 
from PGE ld  (not sealed in Pt-capsule). The sulphide liquid in this run was 
initially doped with 500 ppm of Re and PGEs. As it is shown, the chromite 
grains display preferred nucleation at  the sulfide/silicate melt interface. 

Figure 7.1 e. BSE image of a sulphide globule in the PGE 1 d expriment showing 
the quench texture observed in this phase. It also displays the presence of scattered 
Fe-PGE alloys in sulphide liquid. 



Figure 7.f. BSE image of the run product from experiment PGESa displaying 
the sulphide liquid globule that adhered to the al1 of the graphite capsule. The 
suiphide melt was initially doped with 5 wt% of Re, Pd and Ir, which resulted 
in the formation of stable Fe-PGEs alloys as shown above. 

Figure 7 3 .  Digitized reflected light photomicrograph of the alloy phase from 
experiment PGECo. which was analysed by EMP (Table A5.6). Two distinct 
habits of Re-PGE bearing alloy, the euhedral crystals, which are rich in Re and 
PGEs and an anhedral alloy mass that contains higher Co, Fe and Rh than the 
euhedral grains. 



Figure 7. h. Digitized reflected light photomicrograph of a euhedral chromite grain, that 
crystallised at 1 atm, and 1330 OC in experiment PGESa, which was doped with a stock 
solution consisting of ppb levels of Rh, Pd, and Os (Table A2-a). The perfect habit of the 
chromites in this run suggests a suitable conditions for their growth in the absence of 
suIphide/alloy phases. 

1 Top of the crucible 

Carlos olivine cruci 
H 

170 microns 
Figure 7.i. Digitized reflected light photomicrograph of a cross section of the charge from 
the PGE8a-experiment portraying the new sub-euhedml olivine crystals, basaltic glass, and 
the ablation pits of LA-ICP-MS. The ablation pits are about 170 p n  for glass, and 60-85 
p m  for olivines. 



3.2 Major element compositions 

3.2.1 Estimation of oxygen fugacity based on Cr solubility in mtlt 

The fina1 oxygen fùgacity of the sample is estimated fiom the Cr-solubility in the 

basaltic melt, since the solubility of Cr is sensitive to oxygen hgaçity and temperature of the 

system (Roeder and Reynolds, 1991; Murck and Campbell, 1986). The amount of 

chromiurn dissolved in a chromite-saturated silicate melt decreases in response to increased 

fO- and decreased temperature. Therefore, in this study, due to the lack of information 

regarding the fuial ~ e ' ~ / ~ e ~ '  ratio of the melt, the fD2 is calibrateci based on a compilation of 

Cr solubility of 401 basalt (similar to melt composition used by Roeder and Reynolds, 1991 

and Murck and Campbell, 1986) at different f02  and temperature. Figure 8 portrays the 

compilation of total Cr solubility as Cr203 MO in 401-melt against oxygen fugacity at 

di fferent temperatures. Only the run product fkom PGESa-experirnent shows an 

anomalously high £Oz, which may be a result of low temperature caused by thermocouple 

(TC) contamination as evidenced by low output power and the presence of clino-pyroxene 

in the run product- 



- 1250 % and 1 atm axprlmonb: Murck and Campbell, (1986) 

1300 'C and 1 GPa exprimant; Roedor and Reynolds, (1991) 

-LL 1300 'C and 1 a h  axporimonta; Roodor m d  Roynolh, (1991) 

ffl- 1354 F and 1 GPa axporimonb (thli study) 

1100 'C a d  IGPa oxpodmonl; Roder and ReymIda. (1991) 
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Figure 8. Plot of estimatcd 1D2 based on the Cr-solubility in basaltic melt, showing the variation in Cr conccntntion in 
rcsponse to changes in fD2 and temperature. Thc rcsult of calibratcd fü, in this study is explicitly shown on the top right 
corner, where the error bars indicate I a error of the multiple point analyses. The point shown in open circle displays the run 
where the low dissolvcd Cr is suspectcd to bc the rcsult of lowercd tcmperature (ix. T/C contamination). 



3.2.2 Major ekment chemistry of the mn produc! phases 

The major element compositions of the phases produced in partitionhg experiments 

are summarized in Table A5.1 -A5.6. Chromites crystallised in these experiments are rich in 

Cr, with Cr-number [~OOC~/(C~+AI+F~~+)] ranging Crom 64 to 72 and Mg-number [100Mgl 

(Mg + Fe)] ranging fiom 49 to 54. Recalcuiation of chromite d y s e s ,  assuming an ideal 

spinel stoichiometry, AB204. is provided in appendix Table AI-a Figure 9 depicts the major 

element compositions of naturally occurrîng chromites in cornparison to the chromite of our 

study. Our synthetic chromites fall within the range of compositions frorn different igneous 

settings such as ophiolites, alpine peridotites, and layered intrusions. The chromites in this 

study show no major element zonation fiom rim to core and Figure 10 portrays a 

representative concentration profile measured by EMPA of a 60 pm chromite grain fiom 

experirnent PGECo, in which the homogeneity of chromite is confirmed. Figure 1 1 presents 

the variation of major oxides in chromites as a function of oxygen fugacity. The Fe " 

content of chromites is sensitive to variation in fD2 ,  where it decreases under reducing 

conditions at the expense of c?' in chromite structure, which is consistent with work of 

Roeder and Reynolds (199 1). 

Clino-pyroxene was crystallised in the nui product fiom the experiment PGESa due 

to a probable decrease in temperature as a result of possible T/C contamination. The clino- 

pyroxene analyses did not show zoning across the grain in ternis of major elements. 

Olivines were o d y  produced in experiments PGE8a and PGE8b, since San Carlos 

olivine crucibles were used to encapsulate those samples. The Mg nurnber of these crystals 

is 88 and the recalculation of their analyses is summarized in appendix Table AU-b. 



Olivine-basaIt melt equilibrium can be examined by two methods: a) the molar F e 0  to M g 0  

ratio for coexisting olivine and melt which should be 0.3 (* 0.02) and is a temperature 

independent quantity (Roder and Emslie, I970), and b) calcium partitionhg between 

olivine and silicate melt, which is a fimction of (CaO),,i, and the amount of ferrous iron in 

the olivine crystal (Jurewicz and Watson, 1988). The molar ratio of Fe0 (assuming al1 Fe as 

FeOmei, in the calculation) to M g 0  for coexisting olivine and silicate melt, in our 

experiments is - 0.274-0.28, which is consistent with the reported Kd of 0.3 (Roeder and 

Emslie, 1970). For the second criteria, an empUical expression was employed which 

describes the Kd for Ca and the forsterite content of the olivine crysd:  ~ d ~ " q n ~ ~ ~ ~ i ~ d )  = {Kd 

-0.0008 (%Fo-90)), where ~ ~ ~ ~ ~ ~ ~ , ~ i ~ ~ ~ ,  is the weight ratio partition coefficient of a 

standard olivine containing 90 mole% forsterite (Jurewicz and Watson, 1988). The 

norrnalised measured Kd9s of Ca for olivines in PGE8a and PGESb are in the range of 0.025 

(*0.001) which is in agreement with the best fit value of 0.021 reported by Jurewicz and 

Watson (i988) for melts with less than 8 wt?A Cao. 

In the sulphide bearing nuis, al1 glasses were sulphide-saturated inasmuch as, they 

contained at least 2-4 exposed sdphide globules. Figure 12 portrays the sulphide liquid 

compositions synthesized in this study in ternis of atomic percentages of sulphur + oxygen, 

iron and nickel in cornparison to those detemined in other studies (note that copper is also 

present in natural sulphide liquids, which was added to Ni in this compilation). The sulphur 

content of sulphide melts ranged fkom 27 to 34 wt%. whereas the starting material contained 

30 wt % sulphur owing to the loss of metal (Fe, Ni, and PGEs) to silicate or chromite and 

thus increasing the mass of sulphur. Final liquid compositions have metaVanion ratios that 

project along the trend exhibited by the naturai sulpbide liquids. 



The alloy produced in PGECO experiment comisted of a mixture of wbat appears to 

be eutiedral alloys immersed in an anhedrai alloy and the composition of each was 

determined by EMPA, which are provided in Table AS-6. The euhedrai phases contain 

Iiigher concentrations of Ru, Pd, Re, Os and Ir than the anhedral phases, which are richer in 

Fe, Co, and Rh contents. 



-- 

0 Heazlewood River Complex, Tasmania, (Peck and Keays, 1990) 
[7 Podiforrn chromitite deposit from China, (Zhou et al., 1996) 
A Podiform chromitites of Eastern Rhodope Complex, Bulgaria, (Tarkian et al., 1991) 

v Alpine chromitites fomi southwestern Orogen, (Stockman and Hlava, 1984) 

v lclandic Alkali basalt spinels, (lhy, 1983) 

0 UG-2 chromitite layer of Bushveld Cornplex, (McLaren, and De Villiers, 1982) 

0 Vourinous Ophiolite Complex, (Robe*, 1992) 
0 This study 

Figure 9. Temary plot depicting the chromite compositions synthesized in 
this study in comparison to naturally occumng chromite from different 
geological settings. 



spot number 

Figure 10. Major element concentration profile measured by EMPA across a 60 
micron diameter chromite from PGECo run product. The points are approximately 
equally spaced. There is no zonation across the grain in t ems  of major elements, 
consistent with chromitelmelt equilibrium. 



calculated log fO, 

Figure 1 1 . Plot of ~ r ' * / ( ~ r ~ ~ + ~ e ' ~ ~ l ' ~  ), AI '~/ (C~ '*+F~ '~+A~'~  ),and ~e '* / (~ r ' *  + ~ e ' *  + AI'- ) 
in run product chromites vs. Calculated oxygen fugacity. The ~e"content of the chromite 
increases at the expense of cr3* with increasing oxygen fugacity , which is consistent with 
the work of Roeder et al., (1 99 1 ). The data points in the open ellipse are from PGESa 
experirnent that had possible TIC contamination. 
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0 Kilruea, Fleet et al., (1990) 
(7 Kimberiite, Fleet et al., (1990) 

@ Lherzolite, Fleet et al., (1990) 
A MORB, Fleet et al., (1990) 
B, MORB, Roy-6arman et al., (1998) 

This study 

Figure 12. Ternary plot depicting natural suIphide melt composition in cornparison with 
the synthetic sulphide melts of this study. The final sulphide melt compositions in this 
study show a simiiar range of compositions as that exhibited by naturally occumng 
sulphide liquids. 



3 3  Trace element cbemistry 

3.3.1 Trace ekment anaiyses of phases produced in the NO products 

Table A6 (1 -3) summarizes the trace element composition of the phases produced in 

partitionhg experiments. For glass analysis, a minimum of 3 points were collected as shown 

in Table 6.1-6.4. The concentrations in the g las  are the average of several points with the 

cleanest spectra and the errors are l a  standard deviations fiom the mean. The minimum 

detection levels vaxy among nuis since ablation pit sizes ranged from 170- 180 p m  and also 

nui products were analysed over the course of time and thus, the detection efficiency of the 

ICP-MS varied somewhat. Among al1 the trace elements, Ni and Re were the only ones with 

consistently high concentrations in the g l a s  of nin products with or with out sulphide melt. 

Al1 PGEs are less than minimum detection limit in glass (Table A6-1) except in the runs 

containing PGE-Co ailoy phases (PGECo, PGECoS) w-here Ru, Rh, Pd, and Os and iPRe4 

run product where Pd, and Ir were detectable. For this reason, we plotted only Re against 

our calibrated f02  based on Cr solubility in the melt as shown in Figure. 13, in order to 

compare run products with each other. In this plot, the Re concentration in melt clearly 

distinguishes the runs in presence of a sulphide phase fiom those in absence of sulphide 

liquid. Al1 glasses from 1 atm experiments (PGE8q PGE8b) resulted in concentrations 

below detection limits of LA-ICP-MS (Table A6.1). The low levels of Os, Ru, Rh, and Pd 

species in glasses fiom PGE8a and PGE8b, may be due to high backgrounds during analysis, 

or possible evaporation of these species over the course of the expriment, as they are known 

to be somewhat volatile. 



The quantity and quality of the chromite analyses was limited by their relatively 

srnall sizes (25 to 60 pm), their nucleation preference for the graphite capsule wall or 

alloy/sulphide phases and the presence of inclusions. Thus, with these limitations, the 

ablation pit sizes ranged fiom 15 to 25 pm in diameter depending on the size of the chromite 

of interest, which in turn resulted in higher minimum detection limits m b l e  A6.2) for 

chromite than glass as described in the analytical section. Among these few points, only 

portions of spectra showing the least contamination (Le. inclusion phases) were employed in 

the detennination of the Re and PGE concentrations. 

Olivines in PGE8a and PGE8b experiments were also analysed with ablation pit 

sizes ranging fiom 85 to 100 p n  in diameter, and dl PGEs and Re were below minimum 

detection limits (Table A6.2). 

In sulphides, al1 elements were above detection limits. Ablation pit sizes of 85 to 

100 p m  in diameter were chosen since the sulphide globules varied fiom 85 to 300 microns 

in size. Those areas of sulpbides that consisted of dloy crystals were avoided during the 

analysis in order to achieve the trace metal contents of the sulphide phase itself. As shown 

in Table A6.3, Pt concentrations in sulphide phases ranged fiom 46 to 82 1 ppm, where the 

high values are the result of contamination from the outer Pt-crucible in the high pressure 

runs (as a consequence of the vapour transfer through the graphite or diking). Thus, those 

experiments with Pt concentrations above 500 ppm in sulphide phases were not included in 

the database of this study. Ail reported concentrations are the average of 3 to 6 points and 

the errors represent 1 a standard deviation of the mean. 



- Sulphide-Saturated 
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Sulphide-free 
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Figure 1 3. Plot of calculated fU2 based on the Cr solubility in the melt against the Re abundance 
in the g l a s  mn products from al1 the high-pressure experiments. This plot portrays the variation 
in Re concentrations in the glasses of both sulphide bearing and sulphide-free systems, where 
both are alloy saturated. The open circle shows the Re concentration from the PGESa- 
experirnent that is lower than detection limit. In this mn, the anomalous calculated !O, is 
probably the result o f T K  contamination during the experirnent. 



3.3.2 Trace element hetemgeaeity in anaiysed phases 

By employing the LA-ICP-MS analytical technique, it is possible to distinguish two 

levels of trace element heterogeneity in run product phases: fiom the macro-scale in between 

points in the whole charge to the micro-scale levels as observed during a single laser pulse 

using the time resolved analysis data acquisition software. Each case is dealt with separately 

below. Figure 14 (1-4) presents plots of intensities against time spectra for chromite, 

01 ivine, and g l a s  phases, whic h display micro-scale heterogeneity of these elements. Figure 

14.1 presents the spectra in a chromite grain in the run product fiom PGECo for Re and Rh 

as representative elements. Small inclusions are detected by spikes (ie. sudden surges) in the 

intensities as shown for 'O3LXh and ' 8 S ~ e .  Only, the first 15 seconds of the spectra is 

employed in the calculation of PGEs and Re concentrations, since the laser bearn drilled 

through the g l a s  phase as evidenced by decreased intensity in the J 9 ~ i  isotope. Figure 14.2 

represents the spectra for olivine in PGE8a. This experiment contained 0.314 WWO Ni and 

100-500 ppb PGEs (Le. Rh, Pd, Os) in the starting material. The 6 ' ~ i  isotope shows a 

constant intensity (in tetms of any spikes) indicating homogeneous Ni in the olivine whereas 

PGEs exhibit heterogeneous intensities at background levels. The PGE concentrations are 

measured to be less than minimum detection limits for this point, which are 100 ppb for Rh, 

870 ppb for Pd and 40 ppb for Os. 

Figure 14.3 and 14.4 portray the spectra for a glas from experiment PGECo for two 

points close to each other in the charge. The analysis of the point in Figure 14.3 yielded 6 

ppm Re, 2 ppm Rh, and Iess than 20 ppb Ir, whereas the point shown in Fig. 14.4, resulted in 

2 1 pprn Re, 6 ppm Rh, and 800 ppb Ir, illustrating heterogeneity on a macroscopic scale. 

This heterogeneity over the entire sarnple is portrayed in Figure 15 (1-3), which represents 



plots of the trace element contents of glasses coexisting with sulphide and alloy (LPRe4, 

PGECo, PGECoS). The experimentd conditions for these run products are similar (1 GPa, 

and final temperature of 1330 OC) with the exception of run duration, which varied fiom 20 

hrs for PGECo and PGECoS to 48 hours in iPRe4 (Table A2-c). Further more, the lPRe4 

experiment was sulphide saturated whereas the other two were sulphur poor and sulphide- 

fiee, respectively. The range in concentration is more apparent in the PGECo experiment 

owing to the numerous analysed points and also the generally higher detectable trace element 

concentrations in this sample. Cornparison of the three trace element concentration 

-'profiles" indicates sirnilar Pd levels in both sulphide-bearing and sulphide free run 

products, but higher Rh, and Re concentrations in sulphide-fiee experiments by a factor of 

1 03. which clearly shows the main influence of imrniscible sulphide melt for these elements. 

The micro-scale heterogeneity may be the result of the presence of minute inclusions 

"nuggets" in the glasses and crystals, whereas the macro-scale heterogeneity may be the 

consequence of slow equilibration between the silicate melt and alloys. This observed 

heterogeneity is in good agreement with the work of Ertel and coworkers (1999), whose 

results showed the variable levels of Rh and Pt in haplobasaltic glasses at fQ's of less than 

1 o - ~ ,  1 300 OC and 1 atm. 



Time (second) 

Figure 14.1. Intensity vs. time spectrum for a chromite from 
experiment PGECo. The shaded area is used for calcuIation of trace 
element concentrations. After 15 seconds of anzlysis, the lsser beam 
dnlled through the glass phase, as the signals for Ca, Mn, and Ti 
abruptly change. Also note that there are minute inclusions in the 
chromite as represented by spikes in the Re spectrum, which 
otherwise is close to background levels. 
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Figure 14. 2. Intensity vs. time spectrum fkom experiment PGE8a. Rh is at background 
levels and is thus below detection. Ni is present at 0.3 wt% and shows a homogeneous 
profile during the ablation process. 
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Figure 14.3. Intensity vs. time spectrum from expenment PGECo. The 
spectrum depicts heterogeneities in Rh, Re, and Ir concentrations during the 
ablation using a spot size of 1 70 micron in diameter over 60 seconds. Re and 
Rh in this analysis are at 6 and 2 ppm, respectively and Ir is less than the 
minimum detection limit of 20 ppb. 
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Figure 14.4. Intensity vs. time spectmm from experiment PGECo. 
The spectra shows a more homogeneous level of Rh, Re and Ir during 
the ablation process with Re and Rh a t  2 1 and 6 ppm, respectively and Ir 
at 800 ppb. 



Position 

Figure 15.1. Plot of the trace element concentration variation in the 
glass from expenment IPRe4. The solid symbols represent the 
absolute concentrations of PGEs and Re, where as the open symbols 
denote levels below the minimum detection. The experiment was 
performed at 1 GPa, 1330 OC (final temperature), and for 48 hours. 
The sample was initially doped with a Fe-Ni sulfide melt containing 1 
wt% Pd. Re, and Ir, which resulted in alloy saturation. This profile 
indicates low levels of Pd, Re and Ir close to sulfide globules and 
chromite crystals (points 1, 2, 3) and elevated concentrations away 
from those phases (points 4,s). 
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Figure 15.2. Plot o f  the trace element variation in glass from 
PGECoS. This run was saturated in a Re-PGE-Co alloy. The 
experiment was camed out at 1 GPa, 1330 OC (final temperature), 
and duration o f  20 hours. In this sample, Re and Rh seem to be 
dispersed homogeneously throughout the silicate melt. 
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Figure 15.3. Plot of the trace element variation in glass from expenment 
PGECo. This experiment was performed at 1 GPa, 1330 "C for 20 hours, in 
the presence of PGE-Re-Co alloy. The solid symbols stand for absolute 
values and open symbols represent concentrations below minimum 
detection limits. The ellipsoids show analyses around the chromite grains 
for locations 3,6 and 9. The square represents analyses close to the alloy 
phases. Rh and Re are the elements showing consistently high 
concentrations, yet they demonstrate macro-scale heterogeneity in terms of 
concentration in the glass. 



3 3 3  Sulpbide melt/silicate melt partition coefficients 

Table A7.1 summarizes the sulphide-silicate liquid partition coefficients for Re and 

PGEs in al1 nins cast as Nem distribution coefficients [(W% metals.iphide)~(wt% metal,iii, 

A minimum D-value for sulphide/silicate melt partitioning was cdculated for those 

elements with concentrations below the minimum detection limits in the silicate melt (Table 

A6-l), as opposed to elements with detectable concentrations in g l a s  such as Pd, Re, and Ir 

where absolute D-values were calculated. In tems of assessing sulphide and silicate melt 

equilibrium, we monitored the D-values for Ni and Re among nuis of differwt duration, and 

results are presented in Figure 16, which depicts the variation of suiphide-silicate melt D- 

values for Re and Ni as a fiuiction of time. The DNi is very reproducible with an average 

value of 1087 (* 253), wbich is consistent with the reported value of D N ~  ranging fiom 1048- 

1155 in a silicate melt consisting of 8-9 wt% FeO, at an oxygen fùgacity of -10-~-~, 

temperature of 1450 OC and pressure of 0.8 1 GPa reported by Peach and Mathez (1993). 

ERe ranges fiom 0.188 (* 0.12) x 10 ' to 1.83 (* 0.78) x IO'. which is considerably higher 

than the DR, of 43 measured fiom a natural MORB sample (Roy-Barman et al., 1998). The 

plot also distinguishes DN, and DRr for the experiments where the sample was sealed in an 

outer Pt capsule from those in graphite capsules only, in order to monitor the effect of Pt 

contamination in the determination of D-values. DNi is not afTected by the presence of the 

Pt-capsule, whereas DR, shows a slight variability, most likely owing to the Re loss in the 

experiments containing a Pt-capsule. As a final point both DNi and DRe are relatively 

invariant with time, consistent with the approach to sulphide/silicate melt equilibriurn. 
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Figure 1 6. Variation of  sulphide-melt/silicate-melt partition coeficients for Ni 
and Re in high pressure experiments as a fùnction of time. This plot also provides 
a cornparison between runs sealed in graphite-lined Pt capsules and t b s e  in 
graphite capsules only. D,, is very constant in al1 runs at - 1087 ( 253), where as 
D, is varies slightly [0.2- 1.8 x 104( OS)]. 



33.4 Cbromite/Silicate melt partition coefficients 

Chromitdsilicate melt partition coefficients for Ni, Co, Re and PGEs were also cast 

as Nerst distribution coeficients (wt% metalchmmitc)/(wt% metal silicate- me![), that are 

summarized in Table A7.2. 

Figure 17 shows the measured chromite-silicate melt partition coefficient for Ni fiorn 

al1 the sulphide bearing runs. The DNi chromite/mclt values do not show sigaificant variation 

with Ni abundance in the silicate melt or nin durations (30 to 60 hm), which is consistent 

with Henry's Law behaviour and suggests chromite-melt equilibrium was appmached. In 

PGE-Co-bearing run products (PGECo and PGECoS) the chornite-silicate melt partition 

coefficient for Co is 4.93 (*0.62), which is in agreement with the Dco spineümdt of 5.3 (* 0.49) 

over the temperature range of 1235 to 1255 OC and mz of 10 4-9 -10 4' reported by Hom et 

al., (1994). 

As for Re and the PGEs, chromite/siiicate-melt partition coefficients were calculated 

using glass analyses praximal to chromite in order to achieve the best sample of the glass- 

environment that the chromite was growing tFom (despite macro-scale melt heterogeneity). 

Such partition coefficients were calculated as either maximum or absolute values. The 

maximum values in this case corresponds to those analyses where the Re and PGE 

concentrations in the chromite were lower than the minimum detection limits of LA-ICP- 

MS. Re is the only element with detectable concentrations in some of the chromites in our 

study as shown in Table A6-2, which were analysed at pit sizes of 15-25 microns. Table A7- 

2 lists individual chromite-melt partition coefficients showing absolute values of 0.044-0.15 

for Re, and maximum estimated D-values for PGEs in decreasing order: Ru40.2, Os<4.3, 

Ir< 1.2, Pd<0.23, Rh <O. 13. 
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Figure 17. Plot of Ni abundance in the silicate melt vs. the chromite- 
melt partition coefficient. D , , ~ " - ~ "  is determined using LA- 
ICPMS for al1 sulfide bearing runs of different duration (i-e. from 30 to 
60 hrs as shown in table 2-c). Solid syrnbols represent the absolute 
values of DNi and open circlesfor Maximum D, based on values lower 
than the minimum detection limit for Ni in chromites. Error bars are 
determined based on the Io error for Ni concentrations in glass and 
chromites. DNi does not show any dependence on either the Ni content 
of glass, or the duration of the mns (not shown). Thus, D-values show 
consistent reproducibility among chromites, which indicates the 
approach to chromi te-melt equilibrium and the adherence to Henry's 
Law. 



4.1 c~~~~~~~~ of D sulpbide-me1Vsika~CI'( 
metrls witb otber studies 

Figure 18 portrays the sulphide-silicate liquid partition coefficients measured in this 

study in comparison to previous deteminations. Values of DI, and D p d  (Table A7.a) are in 

close agreement with the reported D-values of 3.5 x 1 04, and 3.4 x 1 04, respectively measured 

by Peach and coworkers (1994) in n a t d  MORB sarnples with sulphide-silicate ratios of 

995 at 1450 O C ,  0.8 GPa and oxygen fugacity of -1 O -*". Fleet et al., (1 9%) and Crocket et 

al.? (1 997) aiso reported sirnilar Os, Ru, Ir, Pd D-values in their recent work on sulphide 

bearing basaitic glasses at 1200-1 250 OC, 1 atm where the PGEs in the glass were analysed 

using Instrumental Neutron Activation Analysis (INAA). Roy-Barman et ai., (1 998), 

estimated sulphide/silicate D's for Os and Re fiom naturai MORB, and obtained values of 

4.8 x 1 o4 (Os) and 43 (Re). The concentrations of Re and Os in silicate and sulphide phases 

were determined by negative themal ionization mass spectrometry (NTiMS), after magnetic 

separation of minerais, their digestion in HBr and HF solutions and extraction through ion 

exchange columns. Although our minimum D-values for Os are in fair agreement with the 

latter values, our D-values for Re range fiom 5 13 to 18323, which are distinctively higher 

than that deterrnined by Roy-Barman et al., (1998). The reason for this difference may trace 

back to the sarnple preparation, and analytical techniques. in our in situ studies, as described 

earlier. only those glass analyses with the least heterogeneous domains (Le. least inclusions) 

were employed in determining Re and PGE concentrations, 



whereas Roy-Barman and coworkers determined Re contents of glass using mineral 

separation, digestion of silicate meit and f d  NTMS, where they still pointed out that their 

glass samples contained some sulphides. Even a small amowt of sulphide contamination 

c m  have a profound influence on measured D-values. For example, addition of only O. 1 % 

su1ph.de melt to our g las  compositions would reduce our measured D-values by a factor of 

1000, thus possibly accounting for the low D's measwed by Roy-Barman. Bezmen et al., 

( I  994) in their investigation of sulphide-silicate melt partitionhg reported high D-values for 

Ru, Rh, Pd, and Ir for a system consisting of H-O-C-S fluid zt 1200-1300 OC and 0.1-0.4 

GPa using a Pt-capsule, which are approximately consistent with our results, except for Os. 

They attributed their high partition coefficients to the presence of fluid in the system where 

hydrogen may contribute to increased activity of Fe in sulphides and thus, enhancing the 

levels of dissolved PGEs. They also reported the presence of Os-sulphide crystallised in the 

sulphide and silicate melt that interfered with analysis of pure Os in different phases that 

could count for their musually low Do, in cornparison with ours and other studies, as shown 

in Figure 18. 
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Figure 18. Comparison of absolute and minimum two liquid partition 
coefficients (sulphide and silicate) of this study for PGEs and Re with previous 
determinations. Minimum values are calculated D's in which the glass metal 
content was less than the minimum detection limit. The error bars correspond 
to 1 o standard deviation of the rnean. 



Figure 19 shows the chromite-silicate melt partition coefficients for Re and PGEs 

measured in this study in cornparison to previous esthates based on experiments or phase 

separation in natural samples. Capobianco et al., (1994) reported partition coefficients 

between Cr bearing-magnetite and haplobasalt of 1 10 (* 70), 430 (* 1 4O), and 0.6 (* 0.3) for 

Ru, Rh and Pd, respectively. in their investigation, samples were synthesized in a sulphide 

fiee environment in the presence of pure Ru, Rh, Pd metals at 1 atm, 1275 OC, and fQ of 10 

. Glasses were analysed using both secondary ion mass spectrometry (SIMS) for Ru, and 

Rh, and electron microprobe for Pd. Cr-bearing magnetites were analysed by EMP using 

Iong counting times (180-300 seconds) and kam currents of 100- 150 nA for Pd, and 20-30 

nA for Ru, and Rh. The Ru contents of nin product glasses where estimated using Ru 

soIubilities determined for Cr-tiee compositions synthesized at similar conditions. The high 

magnetite-melt partition coefficients are attributed to high oxygen fügacity in that the PGEs 

are present as oxidised species that readily substitute for ~e".  Capobianco et al., (1994) also 

found that the magnitude of magnetite-melt D-values for Ru are reduced 4-fold in response 

to the addition of 3-6 wt% Cr to the magnetite composition, which suggests there is 

cornpetition between Ru and Cr for octahedral sites in the spinel structure. Our D chromiidmclr 

values are systematically lower than the values reported by Capobianco et al., (1994), which 

is most likely a result of differences in spinel composition (chromite vs. Cr-bearing 

magnetite) and the more reducing conditions (fQ 10-'-' - 10-~.') in o u  experiments. In 

contrast, our results compare well with the estimated chromite-melt partition coeficients 

from Peck et al., (1992) and the Cr- spinelhelt values fiom Hart and Ravizza (1996), which 

were both based on analyses of pure phase separates. Our D-values show that Re and some 



PGEs (Pd, Rh, and Ir) are clearly incompatible in chromite, yet for other PGEs (Ru, Os) 

f ~ h e r  work is required to îülly assess the role of chromite in controlling the behaviour of 

these eiements during melting processes. A more detail discussion of the crystal-chernical 

controls on chromite-melt partitionhg of Re and the PGEs is provided in the subsequent 

section. 
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Figure i 9. Plot of chromite-silicate melt partition coefficients for Re and 
the PGEs portraying the results of this study in comparison to previous 
work. The open circles with arrows present the maximum D-values for 
PGEs (Os, Ru, Rh, and Ir), where as the filled circle shows the absolute 
value for Re. The maximum values are the calculated D-values in which 
the metal concentrations were below detection limits in glass. 



4.3 Control of the spinel s m i c ~ t e  on Re and PGE partitioning 

The crystal chemistry of minerals exerts a major influence on trace element 

partitioning in mineral-melt systems. Specifically, the partitioning of trace elements may be 

controlled by factors sucb as: ionic radius and charges, size and coordination number of the 

crystal lanice site on which the substitution take place (octahedral, tetrahedral or interstitial) 

and crystal field effects (Onuma et al., 1968; Jensen, 1973: Henderson, 1982). Plots of 

partition coefficients against ionic radius for cations of the satne charge (ie. Onuma plots) 

have clearly dernonstrated the control of the ionic radius and charge of the substituting ions 

(Onuma et al., 1968; Jensen, 1973). ïhese plots display a smooth parabola whose apex 

corresponds to the optimal ionic radius for element substitution. Deviations fiom the 

parabola indicate the influence of factors other than ionic radii and charge, such as crystal 

field effects. Crystal field effects (CFE) are exhibited by the transition rnetals and 

lanthanides whose bonding involves d and/or f atomic orbitals (Henderson 1982). Owing to 

the electronic configuration of these elernents, a high degree of stability is achieved if 

bonding occurs in octahedral (sometimes teterahedral) coordination. Details of the electron 

configurations, orbital orientations and determination of octahedrai and/or tetrahedral field 

energies are provided in Henderson (1982). Here, it is sufficient to point out that the 

distribution of transition elements is influenced by the octahedral or tetrahedral site 

preferences as a consequence of the aforementioned electron configurations. 

In previous studies involving magnetite/melt partitionhg Re and the PGEs were 

assurned to be comparable in charge and ionic radius to ~ e ~ '  (Righter et al., 1998; 

Capobianco et al., 1994; Capobianco and Drake, 1990) and their high partition coefficients 



were explained using Onuma plots. Cornparison of the octahedral site preference energy 

(OSPE; a measure of the cation stability in octahedral coordination) for 3+ transition metal 

cations shows that c?' bas the highest OSPE of the trivalent transition metais (~e", v33, 

although each has similar ionic radius. Thus, for chromite, the partitioning behaviour of 

~ r "  cannot be used to predict the relationship between ionic radii and partition coefficient as 

described in detail below. 

Blundy and Wood (1994), and Beattie (1994) derived a predictive model for crystai- 

melt partitioning in ternis of the strain energy associated with a cation substituting into a 

crystal lattice whose ionic radius differs fiom the optimai radius of that site. They used the 

following expression, which relates the partition coeficient of a cation to the elasticity of the 

substitution site, the ionic radius of the cation and the optimal radius of the site: 

(Equation 4- 1 ) 

where: 

E = Young's modulus of host mineral 
N = Avogadro's number 
r, = optimal site radius 
r, = ionic radius of dopant 
R = Gas constant 
T = Temperature (K) 
Do (P, T, x) = partition coefficient corresponding to the optimal radius at particular P, 

T and mineral composition 
D, (P, T, x) = partition coefficient of the dopant cation 

In this model, a plot of partition coefficient against ionic radius for cations of like 

charge yields a parabda whose apex defines the partition coefficient corresponding to the 



optimal radius for that site. This approach allows us to predict the partitioning behaviour of 

major or trace elements in different sites of the crystai lattice. Using this method, 

experimentally detennined magnetite-silicate melt partition coefficients for trace elements 

(Hom et al., 1994) were fit using equation 4- 1, assuming a normal spinel structural formula 

of AB204, where divalent cations (Le. Co, Mg, Mn, Ni, Zn) substitute on the A (tetrahedral) 

site, and tdtetra-valent cations (i.e. Al, Cr, Fe, and Ti) substitute on B (octahedral) site. 

Figure 20 portrays the A and B-site partitioning patterns derived fiom this anaiysis. The 

difficulty in assessing the partitioning pattern of Re and PGEs results fiom the lack o f  

information on the ionic radius of these elements in tetrahedral and or octahedral 

coordination and the uncertainties regarding their oxidation states. Thus, in plotting our 

maximum and absolute chromite-melt partition coefficients, we assumed the following 

valence states for PGEs based on the available database: d', ~ e "  (O'Neill et ai., 1995). 

~ e "  (Righter et al., 1998)-  RU^' and Rh3' (Capobianco et al., 1994, Capobianco and Drake, 

1990), ~ d "  (Ertel et al., 1999). The ionic radii for os3'. di,  RU^+, ~ e ~ +  were estimated by 

assuming a linear relationship between the charge and the radius of these elernents. A s  

shown in Fig. 20, the increase in Cr content of the magnetite towards chromite composition, 

produces a small decrease in the partition coefficients of di- and trivalent trace elements. 

Most importantly, this type of analysis indicates that partition coefficients for Re and PGEs 

are likely to be less than one, which is in general agreement with the findings of this study. 

Of course, this type of anaiysis is subject to some uncertainty since the true valence state of  

PGEs is not well constrained and predictions are based on octahedral coordination (ionic 

radii in tetrahedral coordination is smaller than octahedral coordination). 
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Figure 20. Plot of Magnetite-Chromite/meli partition coeficients (Hom et al., 
1994) as a function of ionic radius used to predict chrornite-melt partition 
coe~cients  for Re and PGEs (afier Blundy and Wood, 1994). Coordination of A 
and B-sites of spinel are tetrahedral (4-fold) and octahedral (û-fold), respectively. 
Due to the lack ofdata on valence states for Re and PGEs in different coordinations, 
ionic radius of 6-fold species were ernployed in estimating the radius for divalent or 
trivalent cations of these elements. Parabolas descnbing the D-values are curves fit 
to equation 4- 1 using non-linear least squares regression. 



4.4 Implications for the behaviour of Re in basalts and RdOs ttactionation 

Hauri and Hart (1997) showed that during chromite crystailisation in MORB and 

OIB, Re is more incompatible than Cr, based on observed increases in melt Re contents with 

decreasing Cr abundances. These observations are consistent with the low chromite-melt 

partition coefficients for Re measured in this study. in contrast to the incompatibility of Re 

in chromite, Righter et al., (1998) have shown the extreme compatibility of Re in magnetite 

(D= 20-50). In addition, Righter and Hauri (1998) have demonstrated the possible role of 

gamet as a host for Re rather than spinel in the upper mantle, based on partitioning 

experiments conducted at 1250- 1350 OC, 1 -5-2 GPa, and fOz of 10-'-" - 1 O-'', in which the 

average gamet-melt partition coefficient for Re was found to be -2.7. These results suggest 

that the behaviour of Re in igneous systems will be sensitive to the identity of the 

crystallising oxide phase and whether melting occurs in the spinel or gamet facies. 

As for Os, it has been shown that it is more compatible than Re during mantle 

melting processes (Martin et al., 1994), as evidenced by the low Re/& ratio of MORB 

sarnples. Understanding the origin of the differïng compatibility of Re and Os during 

melting would serve to provide constraints on the osmium isotopic evolution of the crust and 

the upper mantle. Our maximum chromite-silicate melt partition coefficient for Os (Da< 

4.3 ) and low absolute DRL' (0.044-0.15) suggest that melting in the presence of chromian 

spinel could contribute to producing the low R a s  ratio observed in basaltic rocks. 

However, owing to the low abundance of spinel in mantle rocks, the observed Re/Os 

hctionation requires bulk partition coefficients greater > 1, which cannot be produced by 

spinel alone. The exact role of other mantle phases in this regard awaits a more precise 

determination of their Os partition coefficients. 



4.5 Chromite as a PGE collector 

Here, an alternative to PGE concentration by solid solution in chromite is proposed, 

based on textucal relationships observed among phases in r u  products fiom our 

experiments. As shown in Figure 7, chromites synthesized in our experiments fiequently 

contained alloy or sulphide inclusions. These inclusions vary in size fkom micron size 

particles as observed by trace clement heterogeneities d u ~ g  the-resolved analysis (Fig 

14.1) to 30-70 microns as obsewed in the exposed surfaces of chromites (Fig 7.la, 7.1~). 

These textural relationships suggest that chromite nucleation occurs preferentially at 

sulphide liquid/silicate melt or alloy/silicate melt interfaces. Thus, other means of 

explaining the association of PGEs and chromitites would be the precipitation of PGE 

phases during the early stages of chromite ccystaIlisation and their subsequent collection and 

accumulation by chromite settiing (Hiemstra, 1979). This idea is also supported by textural 

observations on chromites from both the layered intrusions (Takington and Lipin, 1986; 

Peck and Keays 1990; Peck et al,, 1992; Merkle, 1992; Maier et al., 1999) and ophiolite 

complexes (Stockman and Hlava, 1984; Legendre and Ague, 1986; Auge 1985, 1988; 

McElduff and Stumpfl, 1990; Torres-Ruiz et al., 1996; Nakagawa and Franco, 1997; Garuti 

et al., 1999) in which both laurite (Rus2), and Ru-Os-Ir alloy are commonly reported 

inclusion phases. Finally, the last line of evidence cornes fiom the experimental work of 

Brenan and Andrews (2000) who showed that laurite and Ru-Ir-Os alloy could be stable on 

the chromite liquidus temperature, thus confirming the magmatic origin for these minerals 

as inclusions in chromite. 



CHAPTER V: CONCLUSIONS 

In this investigation, the partitionhg behaviour of Re and PGEs in a chromite- 

saturated melt, at both 1 GPa and 1 atm, 1330 OC (final T), and fQ of 1 O-*% 0 -9-7, was 

exarnined to assess the role of this mineral in concentrathg Re and PGEs. in this study, LA- 

ICP-MS was the choice of trace element analysis owing to it k ing  an situ analytical 

technique with low minimum detection limits and hi@ spatial resolution which allowed us 

to observe and avoid the presence of any heterogeneities at the macro to micro-=ale levels 

in different phases. Here, we report the first validation of sulphide liquid/silicate liquid 

partition coefficients using an in situ technique and values compare well with previously 

detemined D-values using phase separation and bulk sample analysis. Absolute 

sulphide/silicate melt Ds were found to be (in decreasing order): Pd (29289 * 2000)> Ir 

(16136 3000) >> Re (9431 * 5650), and minimum: Os (5479) > Ru (3978) > Rh (67). In 

addition, we have detemined the fmt chromite-silicate melt partition coefficients for Re 

(0.044-0.15) and have better constrained the upper limits of D chrorniie-mc[t for PGEs in the 

foilowing order; Ru 40.26, Os ~4 .3 ,  Ir (1, Pd ~0.23,  and Rh <O. 17. Our results indicate 

that Re and some PGEs (Pd, and Rh) are incompatible in chromite, and that the 

compatibility of other PGEs (Ru, Os, and Ir) is less than that estimated previously. Textural 

observations support the notion that entrapment of PGE rich phases during initial 

crystallisation of c h m i t e  is a possible means of explaining the PGE-chromite association. 
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Tablc Al .  Continued; 

Layercd Intrusion Basaltic rocks Ultramafic rocks 

chromitiks 

Heazlewood 

Rock / Cl-Chondrite Normalized Values 
Os 1 0.0389 0.2101 0.00006 0.038 0.0044 

Os 

* References 
9 = PCC k and Kcays ( 1990) 
10 = Von Grucnwaldi and Mcrklc (1995) 
1 1  = Ct dl., (1976) 
12 - Hauri and Stanley (1997); Re concnctration in MORB and 0 i B  
13 = Rchkampcr ci, al., (1999),: PGE coiiccniration in MORB, Tholciitc Basalt, 
14 = Brugmann cl, al., (1987) 
1 5 = Allcgrc and Luck (1 980); Rc conccniraiion in C 1 -chondritc, Os (ppb) for tliolciiic 
16 = Naldrctt ct al., (1 98 1); PGE concçntrations C I  -cIiondritc 

MOWll Tholeiite Alkali Hasalt 
River Complex UG-2 Stillwater 

20 f 1 08 

Komatiite 

CI-Chondrite 

0.03 
Gorgonr Island Alexo flow 

2.2444 1.9556 5 14 



Table A2. Experimental details 

Silicate to SalpLidc Girpbitc- 
Expriment sulphidc o r  coaip. 

PCE & Re doped 
Liied-Pî Gnphite Olivjmc 

I.D. nlloy (wt%) Fe: Ni: S c a p *  Capsule Capsule 
(wt %) nt./. 

IPRe4 95: 5 50:20:30 1 wt% of Ir, Rh. Pd N/A Y= 

PGEI~ 95: 5 50:20:30 500 ppm of PGEs, Re N/A Y= 

PGE2b 95: 5 50:20:30 1ûW ppm of PGEs. Re N/A Yes 
- - 

PCEIC 95: 5 50:20:30 500 ppm of PGEs. Re N/A Yes 

PGEZC 95: 5 50:20:30 1000 ppm of PGEs, Re N/A Yes 

pCEld 95: 5 50:20:30 500 ppm of PGEs. Re NIA Y= 

PCEle 95: 5 50:20:30 500 ppm of PGEs, Re WA Yes 

PC ESP 95: 5 50:20:30 5 WO of PGEs, Re N/A Y- 

PGECo 955 S WO of PGEs, Re N/A Y s  

PGECOS 955 5 wt% of PGEs, Re 0.01 Y- 

PCE8a 1 00:OO:OO Rh) ppb N/A YeS (1 00 Os. 200 Pd. 500 

PGESb 100:OO:OO 100 ppb Ru WA YeS 

Temperature ( O C )  Time (hr) Present Phases 

13 10 

1320 

1330 

Basaltic glass, Sulphide 

Basaltic glass, Sulphide 

Basaltic glass, Chromite, Sulphide 

1400 

1360 

1300 

1340 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 1 Basaltic glass. Chromite, Sulphide 

1350 

1355 

Basaltic glass, Chromite, Sulphide 

Basaltic glass, Chromite, Sulphide 

Basaltic glass, Chromite, Sulphide 

Notes: 
All experimenn were performed in a piston cylinder apparatus at 1 GPa, when the 

charges were first taken to 1460 O C  (super-liquidus) and held for 1.5 hrs. 

1.5 

1 -5 

Basaltic glass, Chromite, Sulphide 

Basaltic glass, Sulphide 



Table A2. Continued; 

c. Run conditions for pa&ioning erpen'men~s 

PC ESa 1460 1.5 1350 4 1330 39 -6.99 (0.79) 

PGECO 1 460 1.5 1350 4 1330 20 -9.7 1 (0.39) 

PGECOS 1160 1.5 1350 4 1330 20 -8.67 (0.59) 

Notes: 
Oxygen fugacities were calculated based on Cr-sohbility in basaltic melt afier Roeder and Reynolds (1991) 
except for 1 atm nins. 
Experiments were performed at 1 atm in gas mixing sealed venical tube h a c e .  



Table A2. Continued; 

d. Summary of al1 the phases produccd in each experiment 

Experimret I.D. Duratioa Chromite Sulphide liquid Alloy pbrw 
(am 

PGEle 1 30 1 x 1 x 1 Fe-Pt-Rh-Pd 

I P R ~ ~ '  

PGElb 

PGEtb 

PGEZc 1 30 1 x 1 x 1 Fe-Pt-Rh-Pd 

48 

60 

60 

PGEld 

PCEle  

x 

x 

x 

PGECo 

- - -- - - - 

Notes: 
' The suiphide saturated experiments that were initially doped with greater than 1 wt% PGEs and 

Re. 
Those experiments that were performed at 1 atm with 72 hrs of super-liquidus stage. 

30 

60 

PGES~? 

x 

x 

x 

P G E S ~ '  1 39 

20 

Fe-Rc-lr & Fe-Pt-Pd 

Fe-Pt-Rh-Pd 

Fe-Pt-Rh-Pd 

x 

x 

30 

x 

x 

Low nucleation 
density 

x 

x 

Fe-Co-Re-PGEs 

Fe-Pt-Pd-Rh 

Fe-Pt-Pd-Rh 

x Fe-Re-Ir & Fe-Pt-Pd 



Table 3. O~eratine conditions em~loved for ElMP analvsis of run ~roducts 

3.1. Basaltic gfuss' 

Element Standard Liit Crystd Ti= (s) T i w  (s) 

Na 

Si 

Ai 

M g  

F e  

CO' 

Ni 

M n  

Cr 

Ti 

Ca 

S 

Notes: 
I The calibration and analyses were canied out at 15 kV accelerating voltage, a 15 micron diameter 
defocussed bearn o f  I O  nA. The counting times for background were half the peak counting times. 
Juan de Fuca Ridge VG2 glass was used as standard for the basait analysis. 

' Ni and Co were analysed using a second condition at 15 kV and a 50 nA bearn current. 

Ka 

Ka 

Ka 

Ka 

Ka 

Ka 

Ka 

Ka 

Ka 

Ka 

Ka 

Ka 

Albite 

~ d t  = 
Basait 

Basalt 

Basait 

-- 
Co0 

Pentlandite 

Bustamite 

Chrotnite 

TiO: 

Basal t 

Pentluidite 

o i  umplt 

1 O 

10 

10 

10 

10 

20 

20 

1 O 

10 

20 

1 O 

20 

oi sliidard 

10 

1 O 

1 O 

10 

1 O 

20 
. -- 

20 

10 

IO 

20 

1 O 

20 

T M  

PET 1 TAP 

T M  

TAP 

LIF 

LIF - 

LlF 

LIF 

LIF 

LIF 

PET 

PET 

I 

3 1 1  

1 

1 

2 

2 

2 

2 

2 

2 

3 

3 



Table 3. Continued: 

3.2. c h  romite' 
Element Standard Line Cryst.1 sp~et- Timc (s) Timc (s) 

on standid on mmplc 

Si Bustamite 
I 

Al 

Fe 1 Chromite f Ka f LIF 1 2 1 40 1 40 
I I 

Mg ] Chromite 1 Ka 

Co 1 Co0 ! Ka ! LIF 2 30 ! 30 

Ka 

I 1 I 
Gahnite 1 Ka 1 TAP 1 1 10 1 30  

I 1 1 I 
TAP 1 1 

Notes: 
I Al1 calibration and analyses were conducted using an acceIerating voltage of 20 kV, a focussed 
beam current o f  35 nA, except for calibration of Si, Ca, Mn, Ni, Co, which were at 25 nA, and Ti at 
10 nA. 

TAIJ 

30 1 30  

Ni 

Mn 

Cr 

Ti 

Ca 

S 

Element Standard Lime Crystal Spcct. Timc (s) Timc (s) 

on standard on samplc 
I I I I I I 

Pentlandite 

Bustamite 

Chromite 

TiO, 

Bustamite 

Pentlandite 

30 3 / 1  10 

Ka 

Ka 

Ka 

Ka 

Ka 

Ka 

Mg 

Fe 

Mn 

Si 

LIF 

LIF 

PET 

PET 

PET 

PET 

Cr 

Ca 

Notes: 
I Al1 analyses were conducted using an accelerating voltage of 20 kV, a focussed beam current of 30 nA. 
' Ni was analysed with a beam current of 100 nA using a second condition. 

Forsterite 85 1 Ka 

Ka Chromite 

~ i '  

2 

2 

2 

2 

3 

3 

TAP 

LIF 

LIF 

PET 

Forsterite 85 

Bustamite 

Forsterite 85 

Bustamite 

Ka 

Ka 

Ka 

PET 

Pentlandite Ka 

30 

30 

10 

10 

20 

20 

1 

2 

2 

3 

Ka 

30 

3 O 

30  

3 0 

40 

20 

3 1 10 

LIF 

1 O 

3 0 

20 

10 

30 

PET 

30 

30 

20 

30 

2 

3 

10 

20 

30  

20 



Table A3. Coatinued; 

3.4. ~lino-~~roxene' 
Element Standard Lin e Crystal s ~ t -  Time (s) Time (s) 

on standard on sample 

Na' 1 albite 1 Ka 1 TAP 1 1 1 10 1 30 

Al 

1 1 1 1 1 1 

Si 1 Kakaugite 1 Ka 1 TAP 1 1 1 10 1 20 

I 1 1 m 

pxTiAI 

Mg enstatite I Ka I TAP l 1 I 10 1 25 

Ni 

1 1 I 1 1 1 

Mn 1 B ustamite 1 Ka 1 LLF 1 2 1 10 1 10 

Ka 

Fe 

Pendandite 

1 1 

k 1 Sanidine 1 Ka 1 PET 1 3 1 10 1 10 

TAP 

Hypersthine 

Cr 

Ka 

1 

Ka 

C hromite 

1 I 1 I I I 

- 

Notes: 

LIF 

Ca 

Ti 

1 Al1 analyses were carn'ed out using an accelaring voltage of 15kV, a focussed beam 
current of 30 nA. 
Sodium was calibrated with a 15 micron diameter bearn curent of 25 nA. 

20 

LIE: 

Ka 

Bustamite Ka PET 3 10 30 

3.5. Alloy 1 

Element Standard Line Crystal Spect. Time (s) Time (s) 

20 

2 

pxTiAl 

on standard on sample 

2 

LIF 

10 

Ka 

' AI1 analyses were conducted using an 20 kV accelerating voltage, a focussed bearn current of 60 nA. 

15 

10 

2 

Fe 

Co 

Re 

Os 

Ir 

RU' 

~ h '  

Pd 

' The Ru , and Pd interferences on Rh were resolved using an overlap correction procedÿrc produced by Cameca 
software. 

50 

PET 

10 

Notes: 

Pen tlandite 

Co 

Re 

Os 

Ir 

Ru 

Rh 

Pd 

20 

3 

Ka 

Ka 

La 

La 

La 

La 

La 

La 

10 30 

LIF 

LlF 

LIF 

LIF 

LIF 

PET 

PET 

PET 

1 O 

10 

25 

25 

25 

25 

25 

25 

1 

1 

2 

2 

2 

3 

3 

3 

10 

1 O 

10 

1 O 

10 

1 O 

10 

10 



Table A3. Continued; 

3.6. Sulpihiâe ' 
Element Standard Lint Cystal Spect. Time (s) Time (s) 

1 Al1 analyses were completed using a 15 kV accelerating voltage, and a 15 micron in diameter 
defocussed beam c m n t  of 1SnA. Re and PGEs were analysed using a second condition at 
15kV and a 100 nA beam current, 

on standard on srimple 
Fe 

Ni 

S 

Re 

O s  

Ir 

Ru 

Rh 

Pd 

Notes: 

Pentlandite 

Pentlandite 

Pentlandite 

Re 

Os 

Ir 

Ru 

Rh 

Pd 

1 

2 

3 

2 

2 

2 

3 

Ka 

Ka 

Ka 

La 

La 

La 

LIF 

LIF 

PET 

LIF 

LIE: 

LIF 

1 O 

1 O 

10 

10 

10 

1 O 

10 

1 O 

10 

10 

20 

20 

20 

20 

20 

20 

La 

La 

La 

3 

3 

PET 

PET 

PET 

1 O 

10 



Table A4. The minimum d e t d o n  limit (ppm) of Re and PGEs in NIST 610 Glass 
from rua analysis ' 

Samples Re Ru Rh Pd Os Ir Pt 

1 
Run detection limit based on count rates o f  2 sigma above background. 

PGElb 

PCE2b 

PGElc 

PGEZc 

PGEld 

IPRe4 1 0.0052 1 0.0436 0.01146 

0.0139 

0.0254 

0.04 

0.02 

PCESa 

PCECo 

PGECoS 

PGESa 

PGESb 

0.0246 

0.02142 

0.0208 

0.0137 

0.029 

0,007 1 

0.002 

0.0074 

0.0041 

0.0 15 

0.0634 

0.0484 

0.0867 

.. 0.031 

0.089 

0.0608 

0.1 1 

0.0537 

0.1734 

0.23 

0.12 

0.015 

0.0102 

0.0 1 O5 

0.06 

0.06 

0.0523 

0.0293 

0.0644 

0.0378 , 

0.0392 

0.0 147 

0.01624 

, 0.0497 

0.0338 

0.02 

0.0377 

0.16 

0.09 

0.0 1336 

0.01 16 

0.0214 

0.075 

0.024 

0.0 1 08 

0.009 

0.041 

0.0059 

0.0 12 

0.0052 

0.0046 

0-0105 

0.02 

0.0 15 

0.0059 

0.035 

0.0047 

0.0373 

0.0 1 

0.05 

0.0092 

o. 1 122 

0.0072 

0.0429 

0.03 

0.01 





Table AS, Continued; 

5.3. Ch mmite (10 cioints analvsed in each samvle) 

Samplc # 

IPRc4 

SiOI Ti02 Mn0 

0.2 1 

(0.0 1 ) 

0.22 

(0,OI: 

0.23 

(0.0 1) 

0.22 

(0.0 1 ) 

O. 22 

(0,Ol) 

0.21 

(0.0 1 ) 

O, 23 

(0.0 1) 

0.1 1 

(0.01) 

1 

0.76 

(0.0 1) 

Cr20J Fe0 Mg0 AI1OJ Co0 Ni0 Total 

98.20 

96.84 

0.16 0.75 

(0.02 (0.02) 

0,12 0.68 

503 

(0.29) 

53.97 

0.12 

(0.02: 

0.12 

(0.07) 

0.23 

(0.0 1) 

54,42 

(0.5111 

0.25 

18.97 

(0. 1 2' 

18.77 

11.16 

(O. 16: 

10.97 

(0.271 

88.64 

0.07 

- (0.0 .- 1) 

0.76 

(0.04) 

O. 80 

(0.04) 

(0.651 (0.071 

99. I 5 54,29 

(1.15) 

(0.02) 

0.93 

(O. 1 1: (0.02 J (0.02) 

W.83 

17.49 

(0.231 

O. 10 

(O, 131 

17.74 

(0. 1 1) 

(0.02) 

0.10 

0.80 

99. IO 

1 1.24 

(O. 161 

f 

54.11 

(0,671 

0.78 

(0.02: 

1 0,60 

(0.23: 

13.21 

(0.43) 

0.25 

(0.01: 

99.67 

18.31 

(O. 12) 

13.42 

(0.33) 

(0,451 

14.22 

9.69 

20.3 3 

(0.26; 

1.111 

(0.02) 

(0.74) 

14.13 

13.76 

(0.0lX 

(0.62) 

53.76 

52.43 

98.99 

99.81 

99.52 

99.73 

0.12 

(0.02) 

O. 10 

(0.0 1) 

9.98 

(O. 18; 

(0.02 

0.17 

1 .O% 

(0.09) 

15.13 

111.84 

(0.46: 

52.72 

(1..21] 

O. 77 

(0.03) 

0,711 

(0.03) 

(0.391 (O. 391 (0.091 

19.6 1 

(O. 13) 

10.49 

(0.291 

0.08 O. 75 

(0.041 (0.07; 

(0.02 

15.02 

(0.88) 

53.37 

(0.67) 

33.67 

(0,29: 

54.52 

(0,391 

19 ,52 11.38 14.44 

(0.12 (2.561 7 (1.211 

20.16 

(0.1 1) 

18.118 

(0.08) 

10.24 

(0.44: 

10.94 

(0.25) 

14.34 

(O. 62 
1 

14.28 

(0.36) 



Table A5. Continued; 

5.4. Olivine (1 0 rroints analvsed in each samrrle) 
- -  --  - - 

Sample # S102 Mg0 Fe0  Mn0 Cr203 Ca0 NI0 Total 

PGESa 

PCEBb 

5. S. SulpAiides (40 poin frs analysed in each sampIe) 

Samplc # Fe Ni S O Total 

I P R ~ '  

PCEtb 

40.38 

(0.1 7) 

41.14 

(O. 12) 

35.20 

50.95 

47.55 

(0.24) 

47.30 

28,95 

5.00 

I 11.42 

(O. 13) 

10.53 

(0.45)i (1 ,041 

31 .O0 

31.00 

0,14 

(0.01) 

O. 14 

(0.01) 

0.35 

2.42 

95.58 

98.37 

100.29 

99.89 

0.21 

(0.011 

(0.04) (0.02: (0.03: 

0.19 

(0.01; 

0.40 

(0.01: 

0.38 0.14 O. 17 





Table A6. Summary of PGEs. Re and Ni concentrations (ppm) of al1 phases in this study (numbers in 
parentheses show the la error of the mean of analyses) 

6.1. Basaltic ~lass 

rn 

PCEIb 

PCE2b 

PCElc 

f GE2c 

PGEld 

PCElc 

IPRc4 

PGESa 

PCECo 

PGECoS 

P G E ~ ~ '  

PGESL' 

4 pts 

3 pts 

3 P h  

3 pts 

3 pts 

4 pts 

8 pts 

5 pts 

15 pts 

6 pts 

5 pts 

3 pts 

<0,02 

<0.02 

c0.04 

<O. 1 

c0.02 

~ 0 . 0  1 

3.164 
(1.591) 

2.984 

88.29 <0.0534 <O. 1 2 

C0.07 

<0.16 

<0.08 

<O. 1 

<0,06 

0,374 
(O. 1 89) 

<O. 16 

0.290 
(O. 165; 

~ 0 . 4  

0.0 15 

(0,003: 

0.029 

(0.006; 

0.0 16 

(0,006) 

0.028 

(0,009) 

0.013 

(0.005) 
0,O 12 

(0.002) 

0.04 1 
(0,O 1 4) 

i0.02 

8.60 1 
(6.067) 

15.327 

(0.03 

<0.02 

<O.O 19 

(0,02 1 

<0.026 

<O.O 1 

O. 122 
(O. 122) 

(7.7 3 )1 

28.25 

(6.73) 

2 13.52 

(32) 
105,61 

(14.24: 

131.00 

(1  8.98: 

143.66 

(1 8,971 

22 1.75 

(35.25) 

82.50 

(6.5;. 

414SO 
(14.72) 

375.67 
(24.96; 

(3.432) 

<0.09 

€0.29 

a . 0  1 

<0,01 

c0.02 

<0.008 

<0,02 

<O,O 1 

O. 127 
(0.083 

c0.028 

c0.02 

c0.03 

c0.02 

€0.04 

<O.OS3 

0.0440 

(0.0131: 

<0,057 

<0,075 

0.270 
(O, 1 19) 

C0.35 

c0.16 

(0.462) 

<O, 12 

<0.06 

c0.03 

CO.0 1 

<0.48 

<O37 



Table A6. Continued; 

6.2. Chromite 
Sam ples no of pts Ni Ru Rh 

1 

PGElc 1 pts 720 4 .43 ~0 .62  

PGE2c 2 pis 502 4 .68  <O, 53 

PGE1d 2 pts 57 1 ~ 2 . 7 9  4 , 8 9  

PGElc 2 pts 587 ~ 2 . 8 6  q0.52 

IPRe4 I pts 854 

PCECoS 



Table A6. Continued; 

6.3. Olivine 

(2 145! (58.0 1 i (96.99i (2(11.11i (103,88j (1 26.09,' ( 1 50.68: (240.22) 
PC& lc Spis 157215 210,82 2.69 466.08 52.98 28 1 .O2 181.70 172.13 

(366311: (69. 13 j (1.39 (2 1 7.38.' (Y .69) (97,861 (98,79)( (56.2 1) 
PGEZc 3pts 144516 722,26 36.62 870.45 166.97 189.21 358.8 1 2 10.40 

(2753) (1 12.731 (22.1 11 (1 59.73; (103.911 (10.931 (142.37; (12 1.80) 

PGEld 3 pts 137303 290.55 10.22 464.55 137,13 1 73 -95 94,42 78.09 

(20947; (44,607i (12.33) (221.32; (20,15 (42.08j( (46.621 (72.81) 
PGElc 3 pts 152167 40 1.67 7,16 329.87 223.18 3 12.95 136.35 242.26 

(37618; (74.5 1: (3.59: (209.17; (84.39: (122.861, (0.5 1) (207.64) 
I P R d  3 pts 277833 743.33 10957,OO 86.33 3.34 204 1.20 66.5 1 

Sample # - 
PC E8a 

PCE8b 

Samplm # # olpts Ni Ru Rh Pd Rc 0 s  1 r Pt 

PCElb 3 pts 79778 308.12 

# o f  pts 
3 

2 

206.30 

Ni 
3 120 

(250) 
2954 

(789) 

Ru 
4l.29 

626.44 189.78 

Pd 
<0.87 

Rh 
<O, 1 

164.36 297.8 1 435.3 1 

Os 
<@O4 

<0.3 

Pt 
<O. 1 1 

4 , 0 3  0.1 (0.14 q0.63 



Table A7.1. Summary of sulphide-melt/silicate melt partition coenicients measured in this study 

Sample # Ni Re Os 1 r Hu Rh Pd 

PGElb 

PCEZb 

PGElc 

904 

1400 

672 

1308 1 

13591 

239 1 

>5479 

>20462 

>14791 

>2978 1 

>BO9 19 

>9085 

>5770 

> 17990 

>3977 

>IO315 

>6466 

>67.25 

>5220,33 

>9947,14 

>29 1 3 



Table A7.2. Summary of chromitelsilicate-melt partition coefficients measured in this study 

Sample # Ni Re Os 1 r Hu Rh Pd 

PCEI b 

PCE2b 

PCElc 

3.8 
(O& 

6.6 
(0,8), 

7.3 
(1.8; 

40.7  

c28.1 

< 19.4 

PGEZc 

PGEld 

PGElt  

IPRc4 

PGECo 

- 
PGECoS 

PGE8a 

c46.3 

<87 

< 17.4 

<57 

<70 

c18.5 

3.4 <6 1.2 
I 

(0.5 
c9.8 

~ 3 6 . 6  

<43 

C4.3 

4.8 

(0.6) 

4.4 

<40.64 

c67.8 

c26.9 

c47.4 

<27,1 

<19,5 

<64S 

<14 

21.2 

<17,3 

<40 

<38S 

ci6 

(1.5j 

c78.9 

c49.1 

<38,1 

c10.2 

c30.2 

<56.9 

Cl5.8 

4.1 
(0.61 

~ 8 . 3  

- 3 . 3  

c44.5 

c52.9 

<O. 1675 

<O, 1 3 

C79.5 

<25. 1 

W . 3  

10.23 

< 17.3 

c7.4 

4.1 
(0.2; 

0.15 

(O. 12) 
0.044 

(0.009) 



Table A.I. Summary of recalculatlons of chromlte analyses -- 
Erperlment l lPRe4 Mg I C~'I(C+'*F~"+AI") Cr I 
Oaldei wl# MW mol prop Prop. of no of cation In formula 

Cation 
O 002 
O O10 
0.343 
0 603 

Toul Dlvrknt Citlon 0.518 
Fr '* 0.462 
FI '* 0.045 

Owen Ixla = 3lOxg)= 1 .O21 

PGElb 
MW mol pmp Prop. of no of citlon In fonnuli 

Toul Dlvrlrnt Catlon 0.531 
Fr 0 .17  
Fo 0.038 

PGElb 
MW mol prop Pmp. of no of cation In fonnuli 

O a W  wl% Catlon 
5 0 1  0.118818 8008 O 002 O 002 SI 0004 

Toul Dlvrlrnt Citlon 0,544 
Fo '* 0.4W 
Fr '* 0.031 



Table A.I. Continued: 

MW mol prop Prop. of no of callon In formula Mg l c ~ " ~ ( c ~ ' * F ~ " * A I " )  Cri) 
Oxlden wl% Catlon 

S10, O 12457 60 08 O 002 O 002 SI 0004 

Toul Dlviloni Citlon 0.114 
Fe '* 0.m 
Fo " 0,047 

PGE2c 
MW mol prop Prop. of no of crllon In fonnula 

0mld.r wt% Cation 
50:  o. 1 6008 O 002 0002 SI 0 003 

PGEtd 
MW mol prop Prop. of no of d o n  In tomula 

0iild.s wt% Cillon 
0.12185 B0.08 0.002 O O02 SI 

Toul Dlualont Catlon 0.502 
Fo '* 0.4# 
Fe " 0.040 

Owygen factor = 3/10~g]= 1 954 



Table A.I. Contlnued; 
PGEle 

Orygen factor = 3/10xg)= 1 .O42 
Toul Dlvalent Citlon 0,534 

Fe I* 0.480 
Fe " 0.044 

PGE b 
MW mol prop Prop. of no of crtlon In fomulr 

Or- Un% Ciilon 

S@i O 0753 6008 O 001 O 001 SI O O02 
T a 1  0.15465 79 88 0009 0009 TI O O18 
&@a 134188 101 88 O 132 0 283 At 0 519 
Cr& 542883 15188 O 357 0 714 Cr 1 408 
Fa81 159 68 Fe3 
F a  20 33033 71 85 O 283 O 283 Fe2 O 558 
M n 0  O 2293 70 û4 O 003 O 003 Mn 0000 
Mg0 0 0799 403 O 248 O 248 MO 0 488 
Zn0 81.38 Zn 
Ca0 5808 C i  
Toul 88 07858 1 522 

Toîal Dlvilent Citlon 0.4B4 
Owen faclor qOng]= 1 871 Fe 0.508 

Fe 0.002 
PGECo 

MW mol prop Prop. of no of citlon in tomuli 
Orldn wl% Catlon 
sot 0.117107 60.08 0002 0 002 SI 0.001 

Toul Dlvrlent Catlon 0.534 
Fe 0.464 
Fe '* 0.011 



Table A.I. Contlnued: 
PGECoS 

MW mol prop Prop. of no of callon In formula MQ I C~' I (C?*F~~ ' *AI" )  Cr U 
Oxlder 

SIO, 

Owen factor = qOxg]s 2 010 
Toul Dlvilmnt Cillon 0.400 

Fm '* 0.110 
Fe '* 0,017 

POLO@ 
O r b  wtW MW mol prop Prop, of no of citlon ln lomuli 

O w e n  factor = 3/10rgl= 1 801 
Toul Dlvilmnt Cition 0 . M  

Fe " 0.314 
FI " O.Oô3 



Table A.11. Summarv of rccnlculations o f  olivine analvses 
PGE8a F o r  

Oxlder wt% MW mol prop atorn prop of No anion Catlons Atomlc Ratio Fe8~(FeZ++Fe3++Mn2+) MQ+FO 100M~I(Mg+Fo') 
Oxg for each mol based on 4 

Mg0 47 003 40 300 1.166 1 166 1 745 Mg 1745 

PGEOb 
O R W  wt% MW mol prop alom prop of No anion Citlon8 Atomlc R i t b  Fe*=(Fet*+Fek*MnZ+) Mg+~a  100M@(Mg+Fa') 

Oxfl for each mol based on 4 
Mg0 47.38 40.3 1.176 1.176 1.741 Mg 1.741 
SiOI 41.14 60.00 0.685 1 N O  2.028 SI 1.014 1.000 

F a  10.53 71.85 0.147 O. 147 0 217 fol**~e'* 0.217 
Mn0 0.14 70.9) 0.002 0.002 0.003 Mn 0.003 0.220 1361 88.79 
Cr103 O 14 151.8Q 0.001 0.003 0.004 0.003 
NI0 0.38 74.68 0.005 0.005 0.008 NI 0.008 

1.971 

Oxg lact= 4/[0xg]= 1.480 




