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Abstract 

 Despite the classic hypothesis that primary basalts are generated by partial melting of peridotite, 

several compositional characteristics of oceanic island basalts (OIB) are not easily reconciled with such an 

origin.  Many OIB have higher FeO and lower Al2O3 concentrations than do experimentally-derived partial 

melts of peridotite; however experiments have not been performed at both the high pressures (3 GPa) and 

low melt fractions relevant to OIB formation.  Trace element concentrations and ratios of many first-row 

transition elements (FRTE) in OIB and associated phenocrysts may also suggest that non-peridotitic 

melting lithologies play a role in OIB petrogenesis. 

This thesis presents the results of high-pressure experiments designed to test the hypothesis that 

oceanic island basalts (OIB) can be derived solely by partial melting of a peridotite source.  Experiments 

were performed in a piston cylinder apparatus at 3 GPa and temperatures near the solidus of peridotite 

(1430-1470 °C).  Experiments to determine the major-element composition of the incipient melt of garnet 

lherzolite employed a recently developed technique, modified iterative sandwich experiments (MISE), 

which simulates near-solidus partial melting while allowing for the preservation of large melt pools to 

facilitate chemical analysis.  The resulting melts are similar to alkalic OIB in many respects, but are still 

higher in Al2O3 (12.7±0.2 wt.%) and lower in FeO* (9.7±0.1 wt.%) than most OIB. 

Trace element partitioning experiments were performed to determine mineral/melt partition 

coefficients for several FRTE (Sc, Ti, V, Cr, Mn, Fe, Co, Zn) and Ga and Ge during partial melting of 

peridotite.  Experiments were cooled slowly from ≥50 °C above the intended dwell temperature to facilitate 

growth of large crystals for trace element analysis by LA-ICP-MS.  Measured partition coefficients form 

the basis of a partial melting model that predicts FRTE concentrations and ratios in partial melts of 

peridotite at 3 GPa.  Partial melts of peridotite have Fe/Mn < 62, Zn/Fe < 13*10-4, and Co/Fe > 7*10-4.  

Many OIB have higher Fe/Mn and lower Co/Fe than can be obtained by partial melting of peridotite, at 

least under relatively reducing conditions. 

Experiments were performed using the starting compositions from the MISE experiments but with 

added K2O in the melt to determine the effects of K2O on the composition of near-solidus melts of 

peridotite at 3 GPa.  In resulting melts SiO2 increases and CaO decreases by ~0.5 wt.% for each 1 wt.% 
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increase in the K2O content of the melt.  Al2O3 increases and Cr2O3 and Na2O decrease with increasing K2O 

content of the melt.  Increased K2O content moves the compositions of near-solidus melts of peridotite 

toward the low-CaO, high-SiO2 EM-type OIB, but the effect is not strong enough to match these 

compositions at comparable K2O concentrations. 

Spinel lherzolite KLB-1, which is used as a starting material in many high pressure experiments, 

was analyzed for major and minor elements.  To perform the bulk analysis, powdered KLB-1 was glassed 

by laser melting of aerodynamically levitated spheroids.  The glass beads and minerals separates from the 

powdered sample were analyzed by electron microprobe analysis.  This measurement resolves conflicting 

FeO, CaO, and TiO2 values from two older measurements, and allows for an improved estimate of the 

modal proportion of mineral phases determined by mass balance. 
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Chapter 1: Introduction 

Geochemistry of oceanic island basalts (OIB) provides key insights into the chemical 

characteristics of the convecting mantle.  Alkalic OIB are derived from low-degree partial melts as is 

evident from their enrichment in incompatible elements compared to primitive mantle (e.g., Wood et al., 

1981).  This allows them to sample small fusible lithological heterogeneities in Earth’s mantle.  Such 

heterogeneities have been identified using ratios of radiogenic isotopes in OIB, which demonstrate that 

several distinct isotopic reservoirs are present in the mantle (e.g., Zindler and Hart, 1986).  These isotopic 

heterogeneities survive mantle convection on billion-year timescales as is evident from the requirement of 

an ancient fractionation event to produce the signature of the HIMU isotopic end-member (e.g., Chase, 

1981; Chauvel et al., 1992).  Characterization of these heterogeneities could have profound implications for 

our understanding of the timescales of material transport through Earth’s mantle and exchange between the 

mantle and the surface (e.g., Hofmann, 1997). 

 Several studies of the major-element chemistry of OIB have demonstrated that the isotopic 

signatures of the mantle end-members correlate with some major elements (Hauri, 1996; Jackson and 

Dasgupta, 2008; Kogiso et al., 1997).  This indicates that isotopic heterogeneities in the mantle are linked 

to distinct melting lithologies, volatile enrichments, or temperatures and pressures of melting.  For 

example, HIMU-type OIB are characterized by low SiO2 and high CaO compared with other OIB (Jackson 

and Dasgupta, 2008; Kogiso et al., 1997).  Elevated CO2 concentrations in mantle-derived melts lead to 

decreases in SiO2 and increases in CaO (Dasgupta et al., 2007a).  The correlation between the effects of 

CO2 and the characteristics of HIMU end-member basalts suggest that CO2 enrichment plays a role in the 

petrogenesis of HIMU-flavored OIB (Gerbode and Dasgupta, 2010; Jackson and Dasgupta, 2008). 

Variations in major element chemistry of OIB may also be related to lithological heterogeneity in 

the upper mantle.  The predominant lithology in Earth’s mantle is peridotite, and the classical assumption 

has been that primary basalts begin as partial melts of peridotite.  Partial melts of peridotite produced in 

laboratory experiments (Hirose and Kushiro, 1993; Walter, 1998) have failed to reproduce the chemical 

characteristics of virtually all alkalic OIB in detail; specifically, they are too aluminous and too poor in FeO 

compared to OIB (Hirschmann et al., 2003).  The mantle also contains eclogites and pyroxenites, and these 



 

 2 

may participate in the petrogenesis of oceanic basalts (Hirschmann and Stolper, 1996).  Partial melts of 

eclogite or pyroxenite may mix with partial melts of peridotite in OIB source regions (e.g., Hauri, 1996; 

Pertermann and Hirschmann, 2003), or partial melts of eclogite may react with peridotite to form a new 

intermediate melting lithology (Yaxley and Green, 1998). 

In order to evaluate the roles of different potential melting lithologies or chemical enrichments in 

basalt petrogenesis, the melting relations of these lithologies must be characterized through high-pressure 

laboratory experiments under conditions relevant to OIB generation.  Partial melting experiments of 

peridotite have been performed at 3 GPa (Hirose and Kushiro, 1993; Walter, 1998), the pressure at the base 

of average oceanic lithosphere, but these experiments have not extended to the low melt fractions where 

garnet is stable in the residue, as is required to produce many OIB (e.g., McKenzie and O'Nions, 1995).  

This is because it is difficult to analyze low-degree partial melts in peridotite partial melting experiments.  

Resulting melt pools are often too small to analyze with microbeam techniques and can change their 

chemical character during quench by crystal growth on nearby residual minerals (Mysen and Kushiro, 

1977).  Several ingenious capsule designs have been employed to segregate low-degree melts from mineral 

residues to prevent this quench alteration (Baker et al., 1995; Hirose and Kushiro, 1993; Pickering-Witter 

and Johnston, 2000; Wasylenki et al., 2003), but these techniques have had limited effectiveness at 

pressures greater than 1.5 GPa (Hirose and Kushiro, 1993). 

Information about the melting sources of OIB may also be obtained from concentrations and ratios 

of trace elements.  Incompatible trace elements have been favored in geochemical studies of OIB because 

melts inherit highly incompatible element ratios from their sources and are useful for relating melts to long-

lived chemical reservoirs (e.g., Hofmann, 1997).  These elements are not sensitive to different melting 

lithologies.  Several recent studies have focused on the systematics of compatible or mildly incompatible 

first-row transition elements (FRTE) in OIB (Huang et al., 2007; Humayun et al., 2004; Le Roux et al., 

2011; Le Roux et al., 2010; Qin and Humayun, 2008; Sobolev et al., 2007; Sobolev et al., 2005).  FRTE 

signatures like high Ni in olivine phenocrysts (Sobolev et al., 2005) or high Fe/Mn (Humayun et al., 2004) 

and Zn/Fe (Le Roux et al., 2010) in basalts have been suggested to indicate the presence of non-peridotitic 

lithologies in melting source regions.  These models all depend upon the partitioning behavior of these 
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elements during partial melting in the mantle, which have not been studied in detail until recently (Le Roux 

et al., 2011). 

This thesis presents high-pressure experimental studies designed to test the hypothesis that partial 

melts of peridotite are the primary source lithology for alkalic OIB.  Experiments were performed at 3 GPa 

and a range of temperatures near the solidus of volatile-poor garnet peridotite (1445±15 °C) in a piston 

cylinder apparatus at the University of Minnesota Experimental Petrology Lab.  Experiments were 

designed to explore the major-element composition of near-solidus melts of peridotite (Chapters 2 and 4), 

determine the partitioning behavior of the FRTE during partial melting in the mantle (Chapter 3), and 

measure the effects of K2O content on melt chemistry (Chapter 4).  Additionally, the major-element 

composition of an influential natural peridotite, KLB-1, was determined (Chapter 5).  Materials from all of 

these studies were analyzed for major and minor elements by electron microprobe (EMP) analysis using the 

JEOL JXA-8900 electron microprobe at the University of Minnesota.  Chemical analysis of trace elements 

(Chapter 3) was performed by laser ablation inductively-coupled plasma mass spectrometry (LA-ICP-MS) 

at Florida State University.  LA-ICP-MS was also used as an independent check on the major-element 

analyses of quenched melt phases performed by EMP (Chapters 2 and 3). 

In Chapter 2 I present the results of experiments to determine the composition of the incipient 

partial melt of volatile-free garnet lherzolite at 3 GPa.  These experiments employed a recently developed 

technique, known as modified iterative sandwich experiments (MISE, Hirschmann and Dasgupta, 2007) 

that allow for a large volume of melt to be present in an experimental capsule, while simulating low-melt 

fraction conditions.  The resulting melt composition is compared with natural OIB to test for a genetic link.  

While partial melts of peridotite are similar to OIB in many respects they have lower FeO* (9.7±0.1 wt.%) 

and higher Al2O3 (12.7±0.2 wt.%) than most OIB.  This chapter was published in Earth and Planetary 

Science Letters (vol. 308, p. 380-390). 

The melt composition determined in Chapter 2 is uniquely suited as a starting point to test other 

aspects of partial melting of peridotite in the OIB source region.  In Chapter 3, I use that melt composition 

to determine the partitioning behavior of several FRTE.  Melt and peridotite were doped with a mixture of 

several FRTE oxides and Ga2O3 and GeO2, each at a concentration of 100 ppm.  Crystal-growth 
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experiments were performed near the solidus temperature of garnet peridotite that resulted in large melt 

pools coexisting with large (>500 µm) crystals of olivine, orthopyroxene (opx), clinopyroxene (cpx), and 

garnet.  Spinel was also found in one experiment.  These phases were analyzed by LA-ICP-MS and 

mineral/melt partition coefficients for each element in each mineral were determined.  The mineral/melt 

partition coefficients were used to predict concentrations and ratios of FRTE in partial melts of peridotite, 

and these model compositions were compared with natural OIB.  Partial melts of peridotite have Fe/Mn < 

62, Zn/Fe < 13*10-4, and Co/Fe > 7*10-4; many OIB fall outside this compositional range.  Melting in an 

environment more oxidizing than exists in the experimental capsules may expand the overlap between 

FRTE ratios of OIB and of partial melts of peridotite.  This chapter has been submitted to Geochimica et 

Cosmochimica Acta. 

Chapter 4 presents experiments to determine the compositional effects of K2O on near-solidus 

partial melts of peridotite.  Elevated K2O content in peridotite depresses the solidus (e.g., Hirschmann, 

2000) and has been shown to increase the concentration of SiO2 in partial melts at low pressures (<1.5 GPa, 

Hirschmann et al., 1998).  Experimental melts with variable K2O contents were equilibrated with a garnet 

peridotite residue at 3 GPa near the peridotite solidus.  Resulting melt compositions were corrected for the 

effects of variable experimental melt fraction.  In corrected melt compositions, SiO2 increases and CaO 

decreases by ~0.5 wt.% for each 1 wt.% increase in the K2O content of the melt.  With increasing K2O 

melts also display a moderate increase in Al2O3 and decrease in Cr2O3 and Na2O.  The combination of 

increasing SiO2 and decreasing CaO with K2O content moves the compositions of near-solidus partial melts 

of peridotite toward the compositions of enriched mantle (EM) flavored OIB, although Al2O3 contents of 

peridotite partial melts remain high compared to OIB.  This chapter will be submitted to Contributions to 

Mineralogy and Petrology. 

Finally, Chapter 5 presents a major element analysis of the spinel peridotite KLB-1.  KLB-1 is a 

fertile spinel lherzolite that closely approximates the major-element composition of the MORB-source 

mantle.  Consequently, it has been used as the starting material in numerous experimental studies, and 

many others have used synthetic materials modeled on its composition.  For these reasons it has become an 

important compositional reference in the mantle geochemistry community.  Previously, there were two 
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published measurements of KLB-1, and they were not in agreement.  I have supplied a new analysis by 

EMP of a glass made from natural KLB-1.  The glass was synthesized by laser heating and rapidly cooling 

powdered rock levitated in a gas stream.  The resulting glass bead was found to be homogeneous and free 

of crystallites.  In addition to the bulk analysis, EMP analysis was performed on mineral separates from the 

natural rock.  The bulk and mineral analyses allowed for an estimation of the mineral mode from a mass 

balance calculation by unweighted least-squares fitting.  This chapter was published in American 

Mineralogist (vol. 94, p. 176-180). 
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Chapter 2: The composition of the incipient partial melt of garnet peridotite at 3 

GPa and the origin of OIB 

We determined experimentally the composition of an incipient partial melt of a garnet lherzolite 

similar to KLB-1 peridotite at 3 GPa using modified iterative sandwich experiments (MISE).  The MISE 

method enables microbeam analyses of quenched liquids that are in equilibrium at the onset of melting 

(nominally, 0% melt fraction) with a specified peridotite bulk composition.  The equilibrium incipient 

partial melt is a TiO2-enriched (2.5±0.2 wt.%) alkali olivine basalt with 44.8±0.2 wt.% SiO2 and 15.8±0.1 

wt.% MgO.  Therefore, it has some compositional characteristics similar to a plausible parent to many 

alkalic oceanic island basalts (OIB).  But in detail, several key components of this melt are different from 

parental liquids of typical primitive alkalic OIB, including lower FeO* (9.7±0.1 wt.%) and higher Al2O3 

(12.7±0.2 wt.%).  It is also distinct from basalts derived from the EM and HIMU mantle end-members.  We 

conclude that the vast majority of alkalic OIB cannot originate from volatile-poor partial melting of garnet 

peridotite at the base of the oceanic lithosphere unless there are contributions from non-peridotitic 

lithologies and/or enrichment in volatiles, iron, or other metasomatic components, and that such lithologic 

heterogeneities are intrinsic features of the HIMU and EM mantle reservoirs. 

1. Introduction 

The compositions of oceanic island basalts (OIB) provide crucial information about Earth's 

interior, constraining the history of exchange between the mantle and the surface (Hofmann, 1997) and the 

thermal vigor of convective upwellings (Herzberg et al., 2007; Putirka, 2008).  Unraveling the petrologic 

character of OIB sources has considerable bearing on both of these, but there is no consensus on the 

lithologies or the temperatures of OIB sources (Dasgupta et al., 2010; Herzberg, 2006).  It is well 

established from radiogenic isotope ratios that mantle-derived basalts sample several distinct chemical 

reservoirs (Zindler and Hart, 1986), but the source lithologies responsible for the major element 

compositions spanned by OIB are not well constrained.  Jackson and Dasgupta (2008) demonstrated that 

isotopic signatures in OIB lavas correlate with olivine fractionation corrected major element compositions, 

in particular 206Pb/204Pb with CaO/Al2O3, SiO2, and FeO* and 87Sr/86Sr with K2O.  They were able to 

resolve the mantle end-members, EM1, EM2, and HIMU (Zindler and Hart, 1986) from concentrations of 
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major and minor elements, suggesting that each represents not only a reservoir that experienced a particular 

isotopic fractionation event, but also is associated with a particular melting lithology, volatile enrichment, 

and/or set of pressure–temperature conditions.  It is through partial melting experiments at temperatures 

and pressures conducive to melting in the mantle, and with potential melting sources like peridotites and 

pyroxenites that these chemical trends will be linked to their sources. 

Experimentally-produced compositions of partial melts of garnet peridotite (Hirose and Kushiro, 

1993; Walter, 1998) have not resembled key features of alkalic OIB, including TiO2, CaO, FeO*, and 

Al2O3 concentrations (Hirschmann et al., 2003).  These compositional characteristics may require 

enrichments in CO2 (Dasgupta et al., 2007a), or participation of recycled crustal or metasomatic lithologies 

(Kogiso et al., 1998; Kogiso et al., 2003; Pilet et al., 2005).  Establishment of links between volatile-

enrichments and/or recycled crustal components in OIB, and in particular in HIMU or EM sources, is of the 

highest importance for documenting the dynamics of mantle convection and the operation of deep Earth 

volatile cycles, but the role of these exotic components cannot be evaluated without accurate constraints on 

compositions of small-degree melts from volatile-free garnet peridotite. 

Experimental determinations of compositions of small-degree partial melts of peridotite are 

elusive because melts in close proximity to crystals are modified by crystallization during quench (Mysen 

and Kushiro, 1977).  Low melt fraction (F) liquids of spinel-facies peridotite have been documented at 

pressures <2 GPa by segregating melt from crystals in melt traps (Baker et al., 1995; Hirose and Kushiro, 

1993; Pickering-Witter and Johnston, 2000; Wasylenki et al., 2003) and by sandwich techniques (Robinson 

et al., 1998), but compositions of small-degree partial melts of garnet lherzolite have not been determined.  

Yet, it is just such compositions, formed at conditions present beneath mature oceanic lithosphere, which 

are needed to understand the origin of alkalic OIB.  Experiments documenting the compositions of partial 

melts of garnet lherzolite from 3 to 7 GPa have been limited to higher melt fractions (>5%, Hirose and 

Kushiro, 1993; Walter, 1998), and virtually all yielded tholeiitic rather than alkalic liquids.  Further, 

whereas strong signatures of residual garnet are common in both alkalic OIB (McKenzie and O'Nions, 

1995; Thomas et al., 1999; Yang et al., 2003) and continental intraplate alkali basalts (Baker et al., 1997; 

Class et al., 1994; Cook et al., 2005), all partial melting experiments in the garnet peridotite facies at 



 

 8 

pressures <4 GPa exhausted garnet from the residue (Hirose and Kushiro, 1993; Walter, 1998).  Thus, they 

do not constrain the petrologic character of partial melts potentially analogous to the parental liquids of 

alkalic OIB.  The effects of pressure and composition on garnet peridotite partial melts have been explored 

in multiple saturation experiments (Longhi, 2002), but these are not easily relatable to a particular melt 

fraction or upper mantle lithology. 

Using iterative partial melting experiments, we have determined the composition of the incipient 

partial melt (0% melting) at 3 GPa of a synthetic oxide mixture similar to KLB-1 peridotite (KLB-1ox, 

Table 2.1; Davis et al., 2009; Herzberg et al., 1990; Takahashi, 1986).  This major element composition is 

thought to resemble the primitive mantle (McDonough and Sun, 1995) and the convecting upper mantle 

sampled by mid-ocean ridge basalts (Salters and Stracke, 2004; Workman and Hart, 2005).  We are able to 

produce partial melts at a 0% melt fraction using the modified iterative sandwich experiment method 

(MISE; Hirschmann and Dasgupta, 2007), by which we force a basaltic melt into equilibrium with the 

solidus mineral assemblage through an iterative series of experiments.  This composition allows evaluation 

of the role of normal garnet peridotite with low volatile content in the petrogenesis of alkalic OIB. 

2. Experimental and analytical methods 

2.1. MISE method 

The incipient partial melt of a particular peridotite at a given pressure is the melt that is in 

equilibrium with the assemblage and compositions of minerals found in that lithology at the solidus 

temperature.  The MISE method (Hirschmann and Dasgupta, 2007) works by equilibrating a putative melt 

composition with the residual minerals of the peridotite at the solidus temperature.  The resulting melt and 

mineral compositions are then used to determine mineral/melt partition coefficients ( melt
iDmin/ ) for each 

oxide (i).  Given a set of partition coefficients for each oxide in each mineral, the composition of the 

starting peridotite, and the mineral mode of the peridotite below the solidus (Table 2.1), a new putative 

melt composition can be estimated, which is synthesized for use as the starting melt in the next 

experimental step.  In each subsequent experiment, a new putative melt composition is added to the original 

peridotite until the resulting melt and mineral compositions cease to change.  This final melt composition is 

in equilibrium with the solidus minerals and therefore is equivalent to a partial melt of the peridotite with a 
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melt fraction of 0%. (See Hirschmann and Dasgupta, 2007 for a complete explanation of the MISE 

method). 

2.2. Piston cylinder experiments 

2.2.1. Experimental setup 

Experiments were conducted with peridotitic and basaltic synthetic oxide mixtures (see Appendix 

A1 for method of starting material synthesis) at 3 GPa in a ½″ piston cylinder apparatus at the University of 

Minnesota using the experimental assemblies, procedures, and calibrations described by Xirouchakis et al. 

(2001).  Starting materials were packed into a graphite inner capsule and then sealed in a platinum outer 

capsule with an external diameter of ~4 mm.  All experiments were run for 24 h, which was considered 

sufficient to approach equilibrium.  Note that successful application of the MISE method does not require 

that each experimental iteration achieve equilibrium, so long as equilibrium is approached in each step 

(Hirschmann and Dasgupta, 2007). 

2.2.2. The solidus of KLB-1ox 

To locate the solidus of KLB-1ox at 3 GPa, we performed 24-hour experiments using only the 

KLB-1ox mixture near the presumed dry peridotite solidus (Hirschmann, 2000) at temperatures of 1430, 

1440, 1450, and 1460 °C.  These capsules were examined for signs of melt at high magnification using the 

JEOL 6500 field-emission gun scanning electron microscope (FEG-SEM) at the Characterization Facility 

of the University of Minnesota.  In experiments at 1450 and 1460 °C, small (~0.5 μm) triangular melt 

pockets in grain boundary triple junctions are common, indicating production of very small fractions of 

melt (Fig. 2.1).  Triple junctions are always melt-free in experiments at 1430 and 1440 °C indicating 

subsolidus conditions.  These experiments appear to bracket the solidus to within ±5 °C, but given 

inevitable uncertainties in temperature reproducibility of piston cylinder experiments, we conclude that the 

solidus likely resides within ±15° of 1445 °C. 

Once the solidus temperature had been established, we conducted a longer, 168-hour, experiment 

at 1430 °C to determine the compositions and modes of near-solidus minerals of KLB-1ox. The mineral 

mode (Table 2.1) was determined by mass balance (Table 2.2). 
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2.2.3. MISE experiments 

Five MISE iterations were performed near the solidus of KLB-1ox.  At each step a starting mix 

was made by combining 20% (by weight) of the putative melt composition (Supplementary Table A1.1) 

and 80% KLB-1ox.  The mix was homogenized by grinding with an agate mortar and pestle under ethanol 

for 1–2 h.  Ideally, individual experiments produce large melt pools at a melt fraction of 20%.  Owing to 

minor variations in experimental temperatures, weighing errors during synthesis, and a significant change 

to the amount of K2O added to the melt phase after the first two iterations (see Appendix A1), individual 

experiments showed variation in their experimental melt fractions.  To ensure that several charges at each 

iteration had experimental melt fractions near 20%, 3–5 experiments were run at a range of temperatures 

from 1450 to 1470 °C during each iteration step. 

2.3. Analytical techniques 

2.3.1. Electron microprobe analysis (EMP) 

Capsules were mounted on brass plugs in epoxy and polished with successively finer loose 

diamond powders on nylon pads to a finish of 1 or 0.25 μm, and a thin (5–20 nm) conductive carbon coat 

was applied to polished sections.  Major element analysis and imaging of the MISE experiments were 

performed using the JEOL JXA-8900 electron microprobe at the University of Minnesota. 

Quantitative analysis of the run products was performed with an accelerating voltage of 15 kV, 

and a focused spot (<1 μm diameter).  Count times for all oxides, except K2O analyses of minerals (see 

next paragraph) and Na2O, were 10 s off-peak and 20 s on-peak.  To minimize Na2O migration, Na2O count 

times were 5 s off peak and 10 s on, and Na2O was analyzed on the first pass of the spectrometers.  The 

beam current was 10 nA for quenched melt and 15 nA for mineral phases.  Mineral grains were typically 

10–50 μm in diameter.  20 microprobe points, each on different grains located in different parts of the 

capsule, were collected for each mineral phase in each experiment.  Analyses with totals ≥101% or <99% 

were discarded as were analyses giving poor stoichiometry (±0.01 total cations) calculated on a 4- (olivine), 

6- (pyroxenes), or 12- (garnet) oxygen basis, and reported compositions are averages of the remaining 

analyses (5–20 analyses per reported phase).  There was little variation between individual spots, 

suggesting that the mineral phases were homogeneous and approached equilibrium during the experiment. 
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A separate technique was used to measure K2O in the minerals, owing to very low concentrations.  

These were performed with an accelerating voltage of 15 kV and a 5 μm defocused beam with a beam 

current of 200 nA.  Count times were 50 s on peak and 50 s off peak.  Points were taken from twenty 

different grains of each mineral phase, and obvious outliers were removed from the average (higher 

concentrations presumably came from overlap with melt filled grain interstices).  This method was used to 

determine K2O concentrations of minerals in iteration steps 3–5.  For the subsolidus run and iteration steps 

1 and 2, K2O was analyzed following the procedure described above for other oxides. Analyses of 

secondary standards with low K2O concentrations are provided in Supplementary Table A1.2 to 

demonstrate the precision of low-concentration K2O analyses by EMP. 

The heterogeneous character of the quenched melt in the experimental charges required collection 

of many analytical spots (>100) to determine an accurate mean composition.  Spots were chosen by 

analyzing at 2–3 μm intervals along linear traverses.  Spots chosen in this way avoid collection of a biased 

set of data, as may result from manual spot selection.  The simple average of spots collected in this way 

does not always give the correct composition of the equilibrium melt phase because certain fragile quench 

components are unavoidably lost during polishing, skewing the average toward more physically robust 

quench products (Fig. 2.2).  To determine the points that give a representative average, a filtering procedure 

was applied excluding individual analyses judged to have compositions outside the expected range of Fe–

Mg exchange equilibrium between olivine and melt ( MgFe
DK − =[ ol

FeX liq
MgX  ]/[ ol

MgX  liq
FeX ]).  Analyses of 

quenched liquid were normalized to 100%, and MgFe
DK − was calculated for each point using the average 

composition of coexisting olivine.  A model MgFe
DK −  was also determined for each analyzed melt 

composition following the method of Toplis (2005), and all points with differences between measured and 

modeled MgFe
DK − greater than the model error (±0.03) were discarded.  The remaining points were 

averaged to yield an estimate of the equilibrium melt composition.  The MgFe
DK − filtering method does not 

identify parts of the melt pools that preserve equilibrium with coexisting olivine, but rather provides a 

method for isolating a set of points that most closely represent the average composition of the melt.  This 

reduces the possibility of the average of analytical spots being strongly influenced by the absence of a 
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particular component of the quench which is easily lost during polishing (Fig. 2.2).  Additional processing 

was required to determine CaO and K2O contents of the melts; a discussion of this method can be found in 

the Appendix A1. 

2.3.2. Laser ablation inductively-coupled plasma mass spectrometry (LA-ICP-MS) 

To check the accuracy of melt compositions determined by EMP and MgFe
DK − filtering, several 

samples were analyzed by laser ablation inductively-coupled plasma mass spectrometry (LA-ICP-MS) at 

Florida State University.  Because LA-ICP-MS is a volume technique (the volume sampled by each EMP 

probe spot is ~1 μm3, while the volume sampled by each LA-ICP-MS data point is ~800 μm3 for a 20 μm 

spot to ~3200 μm3 for a 50 μm spot; Humayun et al., 2010), it is less affected by small surface irregularities 

induced by imperfect polishing. 

LA-ICP-MS measurements were performed with a New Wave UP193FX (193 nm) ArF excimer 

laser ablation system coupled to a Thermo Element XR sector-field ICP-MS at Florida State University.  A 

20 μm laser spot was scanned across the melt region at a rate of 5 μm/s, and the melt composition was 

derived from an average of the points taken along the traverse.  It is possible for ablation pits in the melt 

pool to also sample phases existing deeper in the charge, not visible at the surface.  Analysis of sample 

A682 (iteration 3), for example, gave some points with MgO as great as 41 wt.%, clearly sampling olivine 

and opx (see Humayun et al. , 2010 for a more thorough discussion).  To correct for this, analyses with 

MgO > 17 wt.% were discarded prior to averaging. 

2.4. Determining convergence to the 0% melt 

2.4.1. Calculating the projected melt composition 

After processing mineral and melt analyses, a new liquid composition must be projected for use as 

the starting melt in the subsequent MISE iteration.  First, mineral/melt partition coefficients ( melt
iDmin/ ) 

were determined for each oxide (i) in each mineral by dividing the concentration of that oxide in the 

mineral by its concentration in the melt ( min
iC / melt

iC ).  The bulk partition coefficient ( meltperid
iD / ) can 

then be determined by summing the products of the mineral partition coefficients and the subsolidus mode 

as determined in Section 2.2.2 (Table 2.1).  Dividing the composition of the peridotite oxide mix by the 
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bulk partition coefficients give the composition of the projected 0% melt, which was then synthesized for 

the next iteration. 

2.4.2. Monitoring convergence to the 0% partial melt composition 

After a sufficient number of iterations, the melt present at the end of an experiment should be the 

same as the melt composition calculated from the previous experiment. This melt composition represents 

the 0% partial melt of the peridotite.  Three criteria were monitored to determine convergence to this ideal 

composition: 

1. Convergence of measured and projected melt compositions within each iteration step 

2. Stability of the projected melt composition, and therefore the bulk partition coefficients, over 

several iteration steps 

3. Convergence of the residual mineral compositions with those of the subsolidus minerals 

As the composition of the projected melt approaches the equilibrium composition, the composition 

of melt coexisting with peridotite after each experiment should also become more similar to the melt 

projected from the previous iteration.  Fig. 2.4 shows this convergence by plotting the measured and 

projected compositions at each iteration step.  For most components the difference between these 

compositions decreases with each successive iteration. 

Small deviations in the observed melt compositions are expected owing to variations in 

experimental temperature, melt fraction, and uncertainty in the weighing steps, but we can be confident that 

the melt is near equilibrium if the partition coefficients do not vary between iterations.  Because the 

projected melt composition depends only on the bulk partition coefficients, the stability of the partition 

coefficients for most components over the last three iterations (Fig. 2.4) suggests the ideal 0% melt was 

attained after the third iteration. 

The minerals present in an experiment that has converged to the 0% melt composition should have 

the same composition as the minerals from the subsolidus experiment (Table 2.2).  A comparison of 

mineral compositions is shown in Fig. 2.5.  It is especially important to monitor incompatible elements, as 

their convergence is expected to require larger numbers of iterations (Hirschmann and Dasgupta, 2007).  

Clinopyroxene is the chief mineral reservoir for both TiO2 and Na2O, and the concentrations of these 
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oxides in the residual cpx approach those of the subsolidus cpx by the final experiment, suggesting near 

equilibration.  The concentration of the incompatible major element Al2O3 in cpx also approaches the 

subsolidus composition at the end of the experimental series.  Olivine Mg# ( MgX /( MgX + FeX ), molar 

quantities), primarily an indicator of temperature and melt fraction, also reaches similar values to the 

subsolidus minerals by the final step. 

Theoretically, the composition of the 0% melt is that projected from the results of the final 

iteration.  However, weighing errors and differences in experimental melt fraction owing to temperature 

variations contribute to small changes in melt composition for individual experiments.  Therefore, even 

after the ideal melt composition has been approached, melt compositions change slightly in additional 

iterations.  Consequently, we estimate the final 0% partial melt from an average of the projected melt 

compositions from the experiments performed in the last three iterations (Supplementary Table A1.3).  To 

test whether differences in experimental melt fraction were affecting this average, the projected melt 

compositions from all experiments in the last three iteration steps were plotted against experimental melt 

fractions.  A weighted least squares regression gives model compositions at Fexp = 0.2 (the ideal 

experimental melt fraction).  For each oxide, the model and average compositions were the same within 

error (Supplementary Table A1.3).  We report the composition determined by a simple average of the 

experiments in the last three iteration steps as the composition of the incipient partial melt of KLB-1ox with 

K2O = 0.003±0.001 wt.% (see Appendix A1 for the method of determining the model source K2O content). 

3. Results 

The subsolidus mineral assemblage of KLB-1ox determined at 3 GPa and 1430 °C consists of 

60.8% olivine, 7.7% orthopyroxene, 22.6% clinopyroxene, and 8.9% garnet (Table 2.1).  Clinopyroxene is 

subcalcic, with 12.6±0.8 wt.% CaO and clinopyroxene and orthopyroxene contain 5.9±0.4 and 5.2±0.2 

wt.% Al2O3, respectively. 

The average melt compositions obtained from filtered and unfiltered electron microprobe analyses 

are compared to those obtained by LA-ICP-MS for 3 experiments in Fig. 2.3 and Table 2.4.  The LA-ICP-

MS data compare favorably with both EMP averages for most oxides; however, the MgFe
DK −  of the filtered 
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averages more consistently match both the LA-ICP-MS averages and, by definition, the MgFe
DK − one would 

predict for a liquid in equilibrium with the coexisting olivines (Toplis, 2005).  For this reason and because 

the filtered and unfiltered EMP averages differ in some cases, especially for incompatible elements like 

TiO2 and Na2O (Table 2.4), the MgFe
DK − -filtered EMP averages are preferred.  The correspondence 

between the MgFe
DK − -filtered EMP average and the LA-ICP-MS averages validates the MgFe

DK − filtering 

method for determining the average composition of a heterogeneous quenched melt by electron microprobe 

analysis.  We note that the compositions of partial melts, and most notably the FeO* concentrations, 

determined by the method are model-dependent.  However, independent verification of melt FeO* 

concentrations by LA-ICP-MS indicates that these concentrations are not biased by the filtering method. 

The 0% partial melt of volatile-free KLB-1ox at 3 GPa (Table 2.1) is an alkali olivine basalt 

(Schwarzer and Rogers, 1974) with 44.8±0.2 wt.% SiO2, 15.8±0.1 wt.% MgO, and 3.5±0.3 wt.% total 

alkalis (Na2O+K2O).  The melt is characterized by high CaO (10.8±0.2 wt.%) and high CaO/Al2O3 (0.85), 

and it is enriched in the incompatible elements Na2O (2.5±0.2 wt.%) and TiO2 (2.5±0.2 wt.%). 

4. Discussion 

4.1. Comparison to previous experimental results at 3 GPa 

The composition of the near-solidus partial melt of garnet peridotite at 3 GPa is compared to those 

determined from direct partial melting experiments of peridotite (Hirose and Kushiro, 1993; Walter, 1998) 

and model 1 and 10% partial melts of peridotite derived from multiple saturation experiments (Longhi, 

2002) at 3GPa (corrected to equilibrium with olivine with Mg#=0.898, Section 4.2.) in Fig. 2.6.  Compared 

with the lowest melt fraction experiments from the direct melting experiments, the 0% melt has lower 

Al2O3 resulting from the persistence of garnet in the residue.  Low-degree melts estimated by Longhi 

(2002) are saturated in garnet, but are also richer in Al2O3 than the low degree melts determined by MISE.  

The coexisting pyroxenes in the experiments of Longhi (2002) are also comparatively enriched in Al2O3 

(5–9 wt.% compared to 5–6 wt.% from the MISE data, Table 2.3).  The CaO content of the 0% melt is 

similar to low melt fraction compositions from Hirose and Kushiro (1993) and Walter (1998), but 

significantly higher than the 1% melt of PUM predicted by Longhi (2002). 
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As expected, the incompatible elements TiO2 and Na2O are more enriched in the 0% melt than in 

higher-degree melts (~15%) produced in previous experimental studies at 3 GPa (Hirose and Kushiro, 

1993; Walter, 1998).  The TiO2 concentration is also greater than that estimated by Longhi (2002) for a 

near-solidus partial melt, suggesting that Longhi's value of TiD  was overestimated.  As discussed in greater 

detail below, a precise determination of this TiO2 partition coefficient is key to our understanding of the 

lithologic character of the OIB source region. 

4.2. Comparison with OIB 

To evaluate the hypothesis that some alkalic OIB are derived from partial melting of volatile-poor 

peridotite requires compilation of a dataset of magmas that are potentially parental to observed OIB 

compositions and plausibly in equilibrium with peridotite near its solidus.  We began by selecting glass or 

whole rock compositions from a wide range of OIB localities typified by alkalic lavas (see Fig. 2.6 caption 

for listing) from the GEOROC database (http://georoc.mpchmainz.gwdg.de/georoc/, accessed 08/17/2009) 

with MgO contents ≥10 wt.% to minimize incorporation of lavas that experienced complex fractionation 

histories.  We then corrected these compositions for olivine fractionation by adding or subtracting 

equilibrium olivine ( MgFe
DK −  = 0.32, calculated from Mg2+ and Fe2+ in the melt, treating 10% of the iron in 

the melt as Fe3+) in 0.001% increments until the melts were in equilibrium with the olivine composition 

present in our experiments (Mg#=0.898).  We acknowledge that some lavas with ≥10 wt.% MgO may also 

have experienced cpx fractionation or accumulation.  Below we consider briefly the potential influence of 

cpx addition or subtraction on similarities between OIB compositions and near-solidus partial melts of 

peridotite, but a rigorous evaluation of any such relation would be best suited to a focused regional study in 

which petrographic data could be integrated into a suitable fractionation correction. 

The incipient partial melt of garnet lherzolite at 3 GPa has a strong resemblance to plausible 

parental compositions of many alkalic lavas from oceanic islands (Fig. 2.6).  Concentrations of SiO2, CaO, 

Na2O, and TiO2, and to a lesser degree, MgO plot within the fields defined by the fractionation-corrected 

OIB.  Of course, a single composition cannot span the entire range of OIB compositions, but it is apparent 

that very small degrees of partial melting of garnet peridotite produce alkalic magmas with similarities to 
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those that could be parental to some intraplate oceanic basalts.  However, there are key differences in major 

element compositions between the near-solidus melt of garnet peridotite at 3 GPa and liquids potentially 

parental to nearly all alkali OIB and these differences suggest that most such lavas do not have such a 

simple origin.  Most notably, the incipient partial melt has more Al2O3 and less FeO* and MgO than the 

field defined by fractionation-corrected OIB (Fig. 2.6).  Also many of the possible parental magmas have 

more TiO2 than the partial melt. 

Enrichments in TiO2 are a salient character of alkalic basalts from oceanic islands (Dasgupta et al., 

2007a; Prytulak and Elliott, 2007), with concentrations exceeding 2 wt.% in most calculated parental 

liquids and 3 wt.% in many (Fig. 2.6).  If these originate from normal peridotite, they must be derived from 

very small degrees of partial melting.  The incipient partial melt documented here has 2.5±0.2 wt.% 

TiO2.  Combining measured concentrations of TiO2 in the melt and minerals (final iteration, Table 2.3) and 

the sub-solidus mineral mode (Table 2.1) gives a value of meltgrtlherz
TiD /  equal to 0.069.  Thus, primary OIB 

with >2 wt% TiO2 could be derived only from melt fractions <2% for a source composition similar to 

KLB-1 and <4% for a primitive mantle source with 0.2 wt.% TiO2 (Table 2.1).  Parental OIB with >3wt.% 

TiO2 cannot be derived from primitive mantle at any melt fraction. 

The genesis of parental OIB with >3 wt.% TiO2 requires a TiO2-enriched source, such as 

metasomatized peridotite or pyroxenite (Dasgupta et al., 2007a).  Prytulak and Elliott (2007) made much 

the same point based on their estimates of peridotite/melt partitioning of TiO2, though it is apparent that 

Prytulak and Elliott (2007) applied too large a value of meltgrtlherz
TiD /  (0.089), and this led them to 

exaggerate the range of OIB compositions that require exotic sources.  However, a more accurate 

determination of meltgrtlherz
TiD /  shows that even TiO2-enriched peridotite can generate high TiO2-OIB only 

at relatively small degrees of partial melting.  For example, in the database of 487 peridotite xenoliths 

compiled by Herzberg et al. (1988), <6% have >0.2 wt.% and <1% have >0.3 wt.% TiO2.  Generation of 

primary liquids with >3 wt.% TiO2 from a source with 0.3 wt.% TiO2 requires melt fractions of 4% or 

smaller.  The TiO2 enrichments in some OIB may be generated from higher melt fractions if their sources 

contain pyroxenites or have been metasomatized by partial melts of pyroxenites, which can be highly 
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enriched in TiO2 (Dasgupta et al., 2006; Kogiso and Hirschmann, 2006; Pertermann and Hirschmann, 

2003). 

Compared to the incipient partial melt of peridotite at 3 GPa, the low Al2O3, high FeO*, and high 

MgO in alkalic OIB could have three possible origins.  One is that they originate in part owing to a CO2-

enriched garnet peridotite source, and this is discussed in greater detail below.  Other explanations include 

the possible role of enriched olivine-poor heterogeneities and the effects of pressures greater than 3 GPa.  

Note that cpx fractionation (or accumulation) would enhance (or diminish) both FeO* and Al2O3 

concentrations of residual melts, and hence likely cannot explain the combined FeO* enrichment and Al2O3 

depletion of parental OIB relative to small degree partial melts of garnet lherzolite. 

The most straightforward explanation for high FeO* in alkalic OIB is that it is owing to 

contributions from an Fe-enriched source (Humayun et al., 2004; Qin and Humayun, 2008), derived 

presumably from refertilization by recycled crust, or from a distinct Fe-rich source in the deep mantle, 

perhaps from chemical interactions with the core (Humayun et al., 2004).  A refertilized source is 

consistent with the constraints provided by TiO2-enrichments, particularly for compositions with TiO2 >3 

wt.%.  An Fe-enriched source would also account for the high apparent MgO contents of fractionation-

corrected OIB, which have all been adjusted to be in equilibrium with olivine with forsterite content of 

0.898.  If in fact the liquids parental to alkalic OIB come from a more Fe-enriched source, then the assumed 

Mg# of the olivine in that source is likely too great, the compositions calculated in Fig. 2.6 are 

overcorrected for olivine fractionation, and the true parental liquids of alkalic OIB should have lower MgO 

than indicated.  Finally, if Fe-enriched sources of OIB are pyroxenites, they also may account for low 

Al2O3 concentrations (Kogiso and Hirschmann, 2006). 

An alternative hypothesis that may account for low Al2O3 and high MgO and FeO* contents of 

alkalic OIB is formation from typical garnet peridotite at higher pressures (e.g., 4–5 GPa, Putirka, 2008; 

Walter, 1998), corresponding to initial melting at greater depths (125–155 km; Dasgupta et al., 2010).  The 

enrichments in MgO and FeO* would derive from the higher temperature of melting (Putirka, 2008), 

whereas lower Al2O3 is imposed by expansion of the stability field of garnet.  This presents an appealing 

explanation for the FeO*–MgO–Al2O3 systematics of alkalic OIB, but we emphasize that the high TiO2 of 
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such lavas requires melting at small degrees, and at least for the case of nominally volatile-free mantle, we 

question whether this combination is geodynamically viable.  Assuming that OIB derive from buoyant 

upwellings, we see no reason why such upwelling beneath oceanic lithosphere would be impeded at depths 

shallower than 125–155 km, as the lithosphere–asthenosphere boundary is <100 km thick even for mature 

oceanic lithosphere (Kumar and Kawakatsu, 2011).  Continued upwelling and melting would produce high-

degree partial melts at shallower (~100 km) depths (e.g., Ellam, 1992; Humphreys and Niu, 2009).  Such 

melts would be tholeiitic (Walter, 1998) and low in TiO2 and therefore unlike typical alkalic OIB.  Deep 

initiation of partial melting may be appropriate for localities such as Hawaii (Lee et al., 2009), where 

tholeiitic partial melts are abundant, but evidence for such melts in the principal alkalic OIB localities (see 

caption to Fig. 2.6) is lacking.  Deep initiation of partial melting owing to volatiles, with small associated 

increases in melt fraction with decompression (e.g., Asimow and Langmuir, 2003; Dasgupta et al., 2007b) 

could produce deep alkalic melts at small melt fraction, and this is worthy of further consideration.  But for 

low Al2O3 and high FeO* alkalic OIB to be derived from small degree partial melting of nominally 

volatile-free peridotite at 125–155 km depths requires a mechanism that allows extraction of these melts 

while suppressing higher degree partial melts resulting from upwelling and melting between 125 and 155 

km and the base of the lithosphere. 

Deep initiation of partial melting near the solidus of nominally volatile-free peridotite requires 

high mantle potential temperatures.  Intersection of the solidus at 4 and 5 GPa requires potential 

temperatures of 1500 and 1565 °C, respectively (Hirschmann, 2000).  Such high potential temperatures are 

consistent with those inferred from many OIB localities, including those represented in Fig. 2.6, based on 

consideration of FeO*–MgO–SiO2 (Putirka, 2008).  Similarly, Dasgupta et al. (2010) obtained comparable 

depths of equilibration for alkalic OIB based on SiO2-barometry of fractionation-corrected lavas.  Putirka 

(2008) also used FeO*–MgO–SiO2 systematics to infer high melt fractions, averaging 12% for the alkalic 

OIB localities depicted in Fig. 2.6.  However, such high melt fractions are not easily reconcilable with 

enrichments in TiO2.  If the magmas come from normal peridotite, their TiO2 enrichments require that they 

derive from small degrees of melting.  Conversely, if they come from higher degree partial melts of 

enriched peridotites or pyroxenites, then the calculated temperatures and pressures are based on incorrect 
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assumptions about composition of olivine in the source and therefore about the MgO contents of primary 

liquids.  Thus, the temperatures and melt fractions inferred by Putirka (2008) for alkalic OIB (but not 

necessarily for tholeiitic OIB such as Hawaii or Iceland) are questionable and interpretations of potential 

temperatures for associated hot-spots should be considered with caution. 

4.3. Effects of small amounts of CO2 in the melt phase 

Differences in composition between parental alkalic OIB and near-solidus partial melt of garnet 

peridotite may also be related to modest concentrations of CO2 in the source.  Experiments by Dasgupta et 

al. (2007a) demonstrate that dissolved CO2 has the effect of increasing FeO* and MgO and diminishing 

Al2O3 in partial melts, as well as increasing CaO and decreasing SiO2.  This is illustrated in Fig. 2.6, which 

uses the trends in composition-CO2 concentration from the experiments of Dasgupta et al. (2007a) to 

project the compositional effect of variable concentrations of dissolved CO2 in the near-solidus partial melt. 

The resulting vectors, while influencing all of the aforementioned oxides towards compositions 

increasingly similar to those of alkali OIB, do not pass through the largest population of OIB compositions.  

This is because the most pronounced effect of dissolved CO2 is to diminish SiO2 concentrations.  Therefore, 

magmas produced from partial melting of carbonated peridotite with high FeO* and MgO and low Al2O3, 

similar to typical alkalic OIB primary liquids, would have SiO2 concentrations significantly lower than 

plausible parental liquids. 

Some alkalic OIB, including those from the Canary Islands and, more generally, those with strong 

HIMU signatures, are characterized by particularly low SiO2 and high CaO (Fig. 2.6).  As illustrated in Fig. 

2.6, at 3 GPa small-degrees of partial melting of a peridotite source with variable concentrations of CO2 

would produce an array of melt compositions that resemble the spectrum of low-SiO2, high-CaO/Al2O3 

melts from the Canary Islands.  Similarly, the presence of 1–2 wt.% CO2 in a small-degree partial melt 

(corresponding to a source concentration of 100–200 ppm for a 1% melt) drives its composition toward the 

major element characteristics of HIMU end-member basalts identified by Jackson and Dasgupta (2008; Fig. 

2.6).  Thus, the distinct compositional characteristics of HIMU-related OIB may be owing to a CO2-

enriched source, though further experiments are required to determine the detailed effects of CO2 on low-

degree partial melts of peridotite. On the other hand, CO2 enrichment alone cannot account for more typical 
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compositions of OIB and in particular cannot account for those with strong EM signatures (Jackson and 

Dasgupta, 2008; Fig. 2.6), as these are comparatively enriched in SiO2 and low in CaO.  OIB with strong 

EM signatures therefore must have either metasomatically-enriched or non-peridotitic components in their 

sources. 

Importantly, the CO2-addition vectors indicated in Fig. 2.6 are derived from an isobaric series of 

experiments where dissolved CO2 concentrations vary inversely with melt fraction.  The influence of 

variable amounts of CO2 on near-solidus melts and the influence of CO2 on varying extents of polybaric 

partial melting may not be the same.  For example, the indicated diminished Al2O3 may be related to 

increased stability of garnet with diminishing melt fraction, rather than the direct effects of dissolved CO2.  

On the other hand, the strong influence of dissolved CO2 on SiO2 of peridotite-saturated magmas is robust, 

as peridotite-saturated liquids show a nearly identical SiO2–CO2 trend irrespective of melt fraction, melt 

composition, temperature, or pressure (Dasgupta et al., 2007a).  A more detailed understanding of the 

influence of variable amounts of CO2 on small-degree partial melts similar to OIB awaits study of the near 

solidus partial melting of peridotite in which melt fraction and CO2 are independent variables. 

4.4. The potential role of K2O as a metasomatic agent in the OIB source region 

The near-solidus partial melt determined in this study has ~1 wt.% K2O and derives from a 

peridotite with initial K2O = 0.003±0.001 wt.% (see Appendix A1).  These concentrations are less than 

those one might expect from incipient partial melting of the depleted MORB source (DMM),which has 

0.006 wt.% K2O (Workman and Hart, 2005; Table 2.1).  More enriched sources, such as those one might 

expect for OIB, would produce significantly more potassic near-solidus partial melts.  For example, 

primitive mantle has 0.029 wt.% K2O (Table 2.1, McDonough and Sun, 1995) and similar enrichments are 

typical of xenoliths from the continental lithosphere (e.g., Menzies and Murthy, 1980).  Also, EM sources, 

which may be influenced by recycled crustal components and most importantly, recycled sediments 

(Chauvel et al., 2008; Eiler et al., 1997; Eisele et al., 2002), could have marked K2O enrichments (Spandler 

et al., 2010).  Consequently, investigation of the influence of K2O on near-solidus partial melting is of 

interest. 
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Differing concentrations of K2O in source peridotites are expected to alter solidus temperatures 

(Hirschmann, 2000), and concomitant changes in the K2O contents of near-solidus melts may have other 

effects on the major element chemistry of those melts.  Hirschmann (2000) demonstrated that the solidi of 

different peridotites used in experimental studies at 3 GPa decreased with increasing total alkali content.  

The solidus of KLB-1ox determined by our near-solidus experiments (K2O = 0.014±0.002 wt.%, 1445 °C) 

and the temperature at which the last three MISE iterations produced nearly the ideal 20% experimental 

melt fraction (model peridotite K2O = 0.003±0.001 wt.%, 1455 °C) may be related to differences in the 

K2O content of their sources.  Additional K2O is also expected to increase SiO2 in the melt (Hirschmann et 

al., 1998), which could have the effect of driving peridotite partial melts toward compositions of EM-

flavored lavas (Jackson and Dasgupta, 2008).  Further experiments on the effects of increased K2O in the 

peridotite are explored in Chapter 4. 

5. Conclusions 

The MISE method provides a robust technique for determining the composition of near-solidus 

partial melts of mantle lithologies.  Identification of the incipient partial melt of garnet peridotite at 3 GPa 

provides a key constraint on the genesis of oceanic island basalts. Near-solidus partial melts of typical 

upper mantle garnet peridotite have similarities to many OIB and may be a significant component of these 

important lavas, but they cannot be the sole source of typical alkalic OIB.  Basalts derived from key mantle 

source regions (HIMU, EM1, EM2) or their hybrids must have a complex origin that includes contributions 

from partial melts of peridotite that have been altered by CO2 (Dasgupta et al., 2007a), other metasomatic 

enrichments (Humayun et al., 2004; Pilet et al., 2005), or by partial melting of pyroxenite (Hirschmann et 

al., 2003). 
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Table 2.1: Composition of the starting peridotite, final 0% melt determination, and estimates of mantle 
compositions 

  KLB-1oxa err 0% melt  err PUMc DMMd 

SiO2 44.92 0.22 44.77 0.15 45.0 44.71 

TiO2 0.16 0.02 2.45 0.19 0.201 0.13 

Al2O3 3.92 0.07 12.70 0.16 4.45 3.98 

Cr2O3 0.28 0.02 0.12 0.01 0.384 0.57 

FeO* 8.09 0.15 9.72 0.09 8.05 8.18 

MnO 0.12 0.03 0.14 0.02 0.135 0.13 

MgO 38.76 0.26 15.78 0.07 37.8 38.73 

CaO 3.79 0.06 10.80 0.19 3.55 3.17 

Na2O 0.30 0.04 2.52 0.16 0.36 0.28 

K2O 0.014 0.002 0.99b 0.30 0.029 0.006 

Total 100.35   100.00   99.959 99.886 

subsolidus mode at 3 GPa         

olivine 60.8      

opx 7.7      

cpx 22.6      

garnet 8.9           

afollowing method of Davis et al. (2009) 
bfor a peridotite with K2O = 0.003±0.001 % wt. (see supplement) 
cMcDonough and Sun (1995) 
dWorkman and Hart (2005) 
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Table 2.2: Subsolidus mineral compositions 
  olivine s.d. opx s.d. cpx s.d. garnet s.d. 

n 16  16  16  11  

SiO2 40.65 0.16 54.28 0.24 52.97 0.41 42.15 0.35 

TiO2 0.01 0.03 0.22 0.03 0.33 0.04 0.50 0.07 

Al2O3 0.15 0.04 5.22 0.24 5.90 0.41 22.76 0.43 

Cr2O3 0.06 0.03 0.47 0.04 0.58 0.05 1.16 0.11 

FeO* 10.00 0.12 5.89 0.10 4.82 0.18 6.63 0.13 

MnO 0.14 0.02 0.11 0.02 0.12 0.02 0.20 0.02 

MgO 48.26 0.30 31.16 0.34 21.43 0.78 20.50 0.26 

CaO 0.27 0.08 2.31 0.48 12.64 0.81 5.80 0.41 

Na2O 0.03 0.02 0.22 0.04 1.01 0.04 0.04 0.03 

K2O 0.009 0.012 n.d.  0.009 0.011 n.d.  

Total 99.579   99.88   99.809   99.74   

s.d. = standard deviation 
n.d. = not detected 
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Table 2.3: Iteration average mineral and melt compositions  
Step 1 liq err ol s.d. opx s.d. cpx s.d. grt s.d. 
SiO2 42.77 0.39 40.65 0.19 54.65 0.43 52.78 0.27 42.40 0.25 
TiO2 2.37 0.08 0.01 0.02 0.18 0.03 0.28 0.03 0.53 0.05 
Al2O3 15.63 0.47 0.13 0.02 5.01 0.45 5.91 0.13 23.35 0.14 
Cr2O3 0.07 0.01 0.10 0.03 0.42 0.02 0.53 0.03 1.13 0.13 
FeO* 9.44 0.11 9.02 0.10 5.21 0.12 4.19 0.14 5.75 0.09 
MnO 0.13 0.01 0.11 0.03 0.11 0.02 0.12 0.03 0.19 0.03 
MgO 16.39 0.13 49.02 0.21 32.04 0.25 21.58 0.34 21.24 0.31 
CaO 10.83 0.18 0.24 0.02 2.23 0.09 13.77 0.43 5.77 0.34 
Na2O 2.15 0.12 0.01 0.02 0.12 0.02 0.58 0.03 0.01 0.01 
K2O 0.22 0.02 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01 
Total 100.00   99.31   99.99   99.76   100.39   

Step 2 liq err ol s.d. opx s.d. cpx s.d. grt s.d. 
SiO2 45.27 0.27 40.87 0.12 54.63 0.15 53.03 0.19 42.11 0.13 
TiO2 2.43 0.06 0.02 0.01 0.20 0.01 0.33 0.02 0.57 0.05 
Al2O3 13.67 0.22 0.15 0.01 5.51 0.16 6.57 0.10 23.31 0.11 
Cr2O3 0.12 0.01 0.08 0.01 0.45 0.02 0.56 0.02 1.06 0.03 
FeO* 9.29 0.08 9.51 0.04 5.62 0.05 4.69 0.08 6.29 0.06 
MnO 0.15 0.01 0.12 0.02 0.11 0.01 0.12 0.01 0.19 0.01 
MgO 15.75 0.10 48.96 0.17 31.45 0.14 21.92 0.25 21.00 0.13 
CaO 10.1 0.11 0.23 0.01 2.13 0.03 11.42 0.27 5.17 0.13 
Na2O 2.83 0.07 0.03 0.01 0.27 0.02 1.06 0.03 0.03 0.01 
K2O 0.38 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01 
Total 100.00   99.99   100.39   99.72   99.75   

Step 3 liq err ol s.d. opx s.d. cpx s.d. grt s.d. 
SiO2 45.35 0.29 40.58 0.14 53.90 0.22 52.69 0.19 41.64 0.20 
TiO2 2.23 0.05 0.02 0.01 0.20 0.02 0.33 0.02 0.56 0.05 
Al2O3 12.81 0.20 0.16 0.03 5.34 0.26 6.40 0.12 23.06 0.37 
Cr2O3 0.15 0.01 0.09 0.01 0.45 0.02 0.56 0.02 1.09 0.05 
FeO* 9.57 0.10 9.38 0.08 5.53 0.06 4.60 0.10 6.25 0.05 
MnO 0.15 0.01 0.11 0.01 0.11 0.02 0.11 0.01 0.17 0.01 
MgO 16.57 0.10 49.20 0.20 31.52 0.13 21.96 0.25 20.88 0.18 
CaO 10.20 0.12 0.23 0.01 2.22 0.04 12.03 0.29 5.36 0.14 
Na2O 2.36 0.07 0.04 0.02 0.23 0.02 0.93 0.03 0.03 0.01 
K2O 0.62 0.02 0.005 0.006 0.002 0.005 0.007 0.005 0.005 0.004 
Total 100.00   99.815   99.502   99.617   99.045   
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Table 2.3 continued 
Step 4 liq err ol s.d. opx s.d. cpx s.d. grt s.d. 

SiO2 45.05 0.38 40.85 0.19 54.58 0.11 53.10 0.16 42.28 0.25 
TiO2 2.10 0.06 0.02 0.02 0.18 0.02 0.27 0.02 0.49 0.04 
Al2O3 13.59 0.45 0.16 0.02 5.21 0.16 6.06 0.10 22.99 0.41 
Cr2O3 0.13 0.01 0.08 0.01 0.48 0.02 0.58 0.03 1.26 0.03 
FeO* 9.59 0.10 9.50 0.08 5.57 0.06 4.59 0.08 6.20 0.06 
MnO 0.15 0.01 0.12 0.01 0.12 0.02 0.13 0.02 0.20 0.02 
MgO 16.23 0.15 49.16 0.18 31.75 0.12 21.97 0.32 21.03 0.18 
CaO 10.32 0.17 0.23 0.02 2.21 0.04 12.41 0.34 5.45 0.17 
Na2O 1.94 0.07 0.02 0.01 0.20 0.02 0.88 0.04 0.03 0.02 
K2O 0.91 0.02 0.002 0.001 0.002 0.001 0.006 0.002 0.002 0.003 
Total 100.00   100.142   100.302   99.996   99.932   

Step 5 liq err ol s.d. opx s.d. cpx s.d. grt s.d. 

SiO2 45.52 0.26 40.70 0.13 54.73 0.25 53.18 0.19 42.04 0.18 
TiO2 2.32 0.05 0.02 0.02 0.20 0.02 0.34 0.03 0.62 0.05 
Al2O3 12.75 0.21 0.15 0.06 4.99 0.25 6.13 0.16 23.48 0.11 
Cr2O3 0.13 0.01 0.08 0.02 0.44 0.02 0.56 0.03 1.03 0.06 
FeO* 9.71 0.08 9.86 0.08 5.72 0.07 4.75 0.10 6.53 0.06 
MnO 0.16 0.00 0.12 0.02 0.12 0.02 0.13 0.02 0.20 0.02 
MgO 15.81 0.10 48.87 0.19 31.62 0.13 21.91 0.41 20.69 0.15 
CaO 10.55 0.12 0.24 0.05 2.21 0.05 12.30 0.46 5.45 0.18 
Na2O 1.88 0.04 0.02 0.01 0.22 0.02 0.92 0.03 0.03 0.01 
K2O 1.16 0.04 0.002 0.001 0.003 0.001 0.008 0.003 0.003 0.003 
Total 100.00   100.062   100.253   100.228   100.073   

Liquid compositions reported are averages of normalized, filtered EMP analyses 
err = deviation of the mean (standard deviation/√n) 
s.d. = standard deviation 
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Table 2.4: Melt layer average compositions for several experiments to compare the EMP and LA-ICP-MS 
methods 
A676 EMP 

(all) 
err EMP 

(filtered) 
err LA-ICP-MS    err 

n 250  53  88  
SiO2 43.78 0.36 44.03 0.45 46.71 0.08 
TiO2 2.08 0.03 2.23 0.07 2.34 0.01 
Al2O3 12.34 0.11 13.03 0.23 12.68 0.04 
Cr2O3 0.16 0.01 0.15 0.01 0.17 0.00 
FeO* 9.02 0.13 9.14 0.10 9.80 0.05 
MnO 0.15 0.00 0.14 0.01 0.17 0.00 
MgO 15.33 0.21 15.58 0.13 15.72 0.06 
CaO 8.98 0.12 9.01 0.20 9.22 0.03 
Na2O 2.22 0.05 2.60 0.08 2.83 0.03 
K2O 0.32 0.01 0.41 0.03 0.36 0.01 
Total 94.38  96.32  100.00a  

MgFe
DK −   0.318 0.007 0.327 0.005 0.308 0.004 

A682 EMP 
(all) 

err EMP 
(filtered) 

err LA-ICP-MS    err 

n 265  39  65  
SiO2 42.88 0.35 44.17 0.43 46.35 0.06 
TiO2 2.07 0.03 2.13 0.07 2.35 0.01 
Al2O3 11.88 0.11 12.70 0.30 12.60 0.03 
Cr2O3 0.15 0.01 0.14 0.01 0.16 0.00 
FeO* 9.83 0.16 9.12 0.13 9.41 0.04 
MnO 0.15 0.00 0.14 0.00 0.16 0.00 
MgO 15.24 0.22 16.11 0.16 16.54 0.04 
CaO 9.03 0.13 9.57 0.27 9.64 0.04 
Na2O 2.21 0.05 2.34 0.10 2.17 0.01 
K2O 0.64 0.04 0.78 0.12 0.63 0.01 
Total 94.08  97.20  100.00  

MgFe
DK −   0.285 0.007 0.333 0.007 0.323 0.004 

A744 EMP 
(all) 

err EMP 
(filtered) 

err LA-ICP-MS    err 

n 500  53  66  
SiO2 44.18 0.28 43.10 0.73 46.26 0.14 
TiO2 1.92 0.04 2.00 0.06 2.37 0.01 
Al2O3 11.56 0.08 12.00 0.25 11.71 0.06 
Cr2O3 0.19 0.00 0.14 0.01 0.20 0.00 
FeO* 9.02 0.13 9.14 0.18 9.91 0.12 
MnO 0.16 0.00 0.16 0.01 0.18 0.00 
MgO 15.65 0.19 14.85 0.25 15.61 0.09 
CaO 9.86 0.13 9.74 0.35 10.15 0.08 
Na2O 1.68 0.04 1.89 0.07 2.50 0.03 
K2O 0.75 0.06 1.11 0.21 1.10 0.02 
Total 94.97  94.13  100.00  

MgFe
DK −  0.349 0.008 0.327 0.006 0.319 0.006 

err = deviation of the mean (standard deviation/√n) 
aConverting signal intensity ratios to weight % oxides involves a normalization procedure (Humayun et al., 2010) 
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Figure 2.1: Field-emission gun scanning electron microscope (FEG-SEM) secondary electron images 

of solidus location experiments.  At 1440°C (left), mineral grains meet at triple junctions lacking evidence 

of melt, but at 1450 °C (right), many triple junctions are filled with triangular patches (~0.5 µm) of 

quenched melt, indicating the onset of partial melting. White particles on top of sample are the remnants of 

colloidal silica polishing compound. 
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Figure 2.2: Back-scattered electron (BSE) image of quenched melt region.  From A682 (iteration step 

3), the light gray region is a matte of quench products displaying the dendritic habit of quench crystals.  

Small black slivers are holes left by fragile quench products unavoidably lost during polishing.  Dark gray 

at the bottom of the image are olivine crystals, and the black at the top is the edge of the inner graphite 

liner. 
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Figure 2.3: Comparison of the EMP and LA-ICP-MS methods for analyzing the composition of the 

heterogeneous melt pools.  The vertical axes show oxide concentrations in weight percent.  The horizontal 

axes show MgFe
DK −  determined from the composition of individual analysis points and the average 

composition of coexisting olivine in the charge.  Small blue diamonds are EMP analyses excluded from the 

average for not matching model MgFe
DK −  (Toplis, 2005).  Small red diamonds are EMP analyses that 

passed the MgFe
DK − -filter and are included in the average.  Small purple squares are LA-ICP-MS analyses.  

The large blue diamond shows the average composition determined by including all EMP analyses.  The 

large red diamond shows the average composition determined by using only points passing the filter.  The 

large purple square is the average of the LA-ICP-MS analyses. 

  



 

 31 

 

Figure 2.4: Evolution of the melt layer through the successive experimental iterations.  Blue diamonds 

are compositions, averaged within each iteration, of the melt phase existing in the capsules at the ends of 

the experimental runs.  Error for individual experiments was calculated as the deviation of the mean 

(standard deviation/√n); the error bars show these errors propagated through the average.  Lavender squares 

are the compositions of the melt calculated by the MISE method (Hirschmann and Dasgupta, 2007) using 

the average measured mineral and melt compositions from the previous iteration (except iteration 1, where 

the “calculated” melt composition is the initial basalt composition).  The melt composition calculated with 

partition coefficients determined from the final iteration step is denoted “C” on the horizontal axis.  The red 

diamonds show the composition of the incipient melt of KLB-1ox, calculated as the average of the 

predicted melts from experiments in the last three iterations and is denoted by “0%” on the horizontal axis 

(see section 2.4.2). 
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Figure 2.5: Convergence of experimental mineral compositions to those of the subsolidus minerals.  

Each point is the average of cpx or olivine compositions from all experiments in a given iteration step.  

Step 0 corresponds to the subsolidus mineral composition.  The dashed line is drawn through the subsolidus 

composition and is intended to highlight the ideal convergence point for the experimental mineral 

compositions. 
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Figure 2.6: Comparison of the 3 GPa 0% melt with OIB compositions.  OIB compositions are from the 

GEOROC database (http://georoc.mpch-mainz.gwdg.de/georoc/, accessed 08/17/2009).  The localities 

represented are the Azores, the Canary Islands, the Cook and Austral Islands, the Marquesas, Samoa, the 

Society Islands, and St. Helena.  Only basalts with >10% MgO were selected to minimize inclusion of melt 

compositions that were significantly altered by cpx fractionation.  Olivine was added or subtracted from the 

melt compositions in 0.001% increments until they were in equilibrium with Fo89.8 (see section 4.2).  Blue 

squares are partial melts of KR4003 peridotite at 3 GPa (F = 14-53%; Walter, 1998).  Red diamonds are 

partial melts of KLB-1 at 3 GPa (F = 7-27%; Hirose and Kushiro, 1993).  Blue triangles are model 1% 

(lower SiO2) and 10% partial melt compositions of fertile peridotite at 3 GPa (Longhi, 2002).  Large black 

symbols are model values of primitive melts from the EM and HIMU sources (Jackson and Dasgupta, 

2008).  The effects of adding CO2 to the 0% melt at 3 GPa are shown for CaO, SiO2, and Al2O3.  Each of 
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these compositions was also corrected by olivine addition/subtraction to equilibrium with Fo89.8 in order 

to allow for a more meaningful comparison with the corrected OIB compositions.  CO2-addition trends are 

from the 3 GPa carbonated peridotite experiments of Dasgupta et al. (2007a).  To adjust for effects of 

temperature and melt fraction on these partial melts, temperature trends were determined for SiO2, Al2O3, 

MgO, and CaO from volatile-free peridotite partial melting experiments at 3 GPa (Walter, 1998).  The 

slopes of these trends were used to correct the compositions of Dagupta et al. (2007a), normalized on a 

volatile-free basis, to 1455 °C (KLB-1ox 3-GPa solidus).  FeO* in the Walter (1998) experiments does not 

appear to depend on temperature, so no temperature correction was applied.  The temperature-corrected 

melt compositions were plotted against CO2, and linear trends were determined and applied to our near-

solidus melt composition. 
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Chapter 3: Experimentally determined mineral/melt partitioning of first-row 

transition elements (FRTE) during partial melting of peridotite at 3 GPa 

 Ratios of first-row transition elements (FRTE), such as Fe/Mn and Zn/Fe, may be fractionated 

differently by partial melting of peridotite than by partial melting of recycled lithologies like eclogite, and 

therefore may be useful as indicators of the source lithologies of mantle-derived basalts.  Using FRTE 

ratios to infer source lithologies in basalt source regions requires accurate assessment of FRTE partitioning 

behavior between peridotitic minerals and coexisting melts.  We present experimental determinations of 

partition coefficients for several of the FRTE (Sc, Ti, V, Cr, Mn, Fe, Co, Zn) and Ga and Ge between 

basaltic melt and olivine, garnet, pyroxenes, and spinel at 3 GPa.  Because mineral/melt partitioning is 

sensitive to phase compositions, a key feature of these experiments is that the melts and minerals are 

known from previous experiments to be in equilibrium at the solidus of garnet peridotite at 3 GPa.  

Therefore, these partition coefficients are directly applicable to near-solidus partial melting of the mantle at 

3 GPa.  We use these partition coefficients to calculate compositions of model partial melts of peridotite 

and compare these to natural OIB.  Model partial melts of peridotite have lower Fe/Mn (<62) and higher 

Co/Fe (>7*10-4) than many primitive OIB, which implies that some other source lithology participates in 

the formation of many OIB.  Alternatively, preliminary data suggest that these ratios may potentially be 

produced by garnet peridotite if the source contains ~0.3% Fe2O3, consistent with observations from 

continental xenoliths.  Zn/Fe in partial melts of peridotite spans a similar range to that of primitive OIB, 

limiting its use as an indicator of non-peridotite source lithology.  Ga and Sc are fractionated significantly 

by residual garnet, and high Ga/Sc may indicate the presence of garnet in basalt source regions.  When 

taking into account several FRTE ratios simultaneously, few OIB appear to be consistent with derivation 

solely from a reduced peridotitic source.  The source either must have a modest non-peridotitic component, 

be Fe-enriched, or be slightly oxidized. 

1. Introduction 

Variations in radiogenic isotope ratios in mantle-derived basalts demonstrate that Earth’s mantle is 

chemically heterogeneous (e.g., Zindler and Hart, 1986).  These variations in isotopic signatures have been 

correlated with major and minor element variations of primitive oceanic basalts (Hauri, 1996; Jackson and 
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Dasgupta, 2008; Kogiso et al., 1997), suggesting that different mantle isotopic end-members may be linked 

to distinct melting lithologies or to enrichments in volatiles and/or other metasomatic components (e.g., 

K2O).  In particular, oceanic island basalts (OIB) vary considerably in major element (Kogiso et al., 2003; 

Kogiso et al., 1997), trace element (Weaver, 1991), and isotopic composition (Zindler and Hart, 1986), 

consistent with derivation from diverse lithologies.  While peridotite has long been thought to be the chief 

source lithology for basalt, partial melts of eclogite or pyroxenite may also contribute significantly during 

OIB petrogenesis (e.g., Hirschmann and Stolper, 1996).  Detection and quantification of contributions from 

recycled oceanic crustal lithologies in the source regions of OIB would provide key insights into the 

distribution of recycled lithologies in Earth’s upper mantle as well as the processes that create, modify, and 

destroy heterogeneities in Earth’s interior.  Thus, it is of interest to develop geochemical techniques that 

can discriminate between different source lithologies of mantle-derived basalts. 

Despite the reasonable first-order assumption that peridotite is a principle source of basalt in the 

upper mantle, the major element chemistry of virtually all OIB are inconsistent with partial melts of fertile 

peridotites formed at conditions similar to those likely present in the OIB source region (Davis et al., 2011; 

Walter, 1998).  Specifically, most OIB have more FeO and less Al2O3 than near-solidus melts of garnet 

peridotite (Davis et al., 2011).  Some factors that may account for these compositional differences include 

melting at greater depths where garnet stability is enhanced (Davis et al., 2011), enrichment of the 

peridotite source in volatiles (e.g., Dasgupta et al., 2007a), metasomatism by fluids (Pilet et al., 2005), or 

contributions from recycled lithologies (e.g., Chase, 1981; Hauri, 1996; Hofmann and White, 1982; Kogiso 

et al., 1998; Kogiso et al., 2003; Weaver, 1991).  It is not yet possible to distinguish OIB as either products 

of enriched peridotite or recycled oceanic crust based solely on major element compositions, but trace 

elements may be useful additional petrogenetic indicators. 

The elements Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn, collectively known as the first-row 

transition elements (FRTE), have emerged as potential indicators of basalt petrogenesis largely because 

they are compatible or only mildly incompatible during partial melting in Earth’s mantle (e.g., Beattie et 

al., 1991; Humayun et al., 2004; Le Roux et al., 2011).  This behavior leads to fractionations between pairs 

of FRTE that are distinct for different residual minerals, significantly affecting ratios of these elements in 
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erupted lavas.  Humayun et al. (2004) reported high-precision measurements of Fe/Mn in MORB, 

Hawaiian, and Icelandic basalts that revealed Hawaiian basalts have Fe/Mn >65 and therefore form a 

population distinct from MORB and Icelandic basalts nearly all of which have Fe/Mn <62.  Further 

investigation showed that Fe/Mn ratios of lavas from Tahiti and, perhaps, St. Helena also are higher than 

those of MORB (Qin and Humayun, 2008).  These studies concluded that the high Fe/Mn in OIB lavas was 

evidence of a deep mantle source, perhaps enriched in Fe through interaction with the core, but also 

considered the possibility that OIB could display such a signature if it were derived in some part from 

recycled oceanic crust. 

The interpretation that lavas with high Fe/Mn derive in part from recycled oceanic crust was 

further developed by Sobolev et al. (2005; 2007).  These studies showed that FRTE abundances and ratios 

(Ni, Cr, Fe/Mn, and Ni/Co) in olivine phenocrysts in many intraplate lavas form a population distinct from 

olivines in MORB (Sobolev et al., 2005; 2007), and that the characteristics of olivine phenocrysts from 

intraplate basalts were more similar to olivines experimentally equilibrated with pyroxenite-derived partial 

melts than those derived by partial melting of peridotite.  Le Roux et al. (2010) surveyed Zn/Fe ratios of 

oceanic basalts and found that variations are greater in OIB than in MORB and that MORB Zn/Fe is nearly 

the same as that prevailing in the mantle as judged from peridotite xenoliths.  Their measurements of Zn 

and Fe in cogenetic phenocryst suites suggested that Zn/Fe fractionation by olivine and opx cannot account 

for observed variations in OIB, and suggested that high Zn/Fe of many OIB require derivation from a cpx-

rich source such as pyroxenite.  They presented experimental determinations of partitioning of several 

divalent FRTE between basalt and olivine, opx, and cpx, confirming that residual cpx fractionates Zn/Fe 

more efficiently than do olivine and opx (Le Roux et al., 2011).  These experiments also contributed 

valuable partitioning measurements for other FRTE including Ni and Co. 

There remains little available data constraining the ability of garnet to fractionate FRTE, apart 

from a few measurements applicable to eclogite partial melting (Pertermann et al., 2004).  Residual garnet 

exerts considerable influence on the partitioning of other trace elements, such as the heavy rare earth 

elements (Johnson, 1998; Shimizu and Kushiro, 1975), and has been inferred to have significant leverage 

over FRTE partitioning as well (Le Roux et al., 2011).  It may be that some of the other FRTE (i.e., Sc, Ni, 
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and Cu), as well as other compatible or moderately incompatible elements such as Ga and Ge, could be 

useful as petrogenetic indicators.  It has been suggested, for example, that distinct Ga/Ge ratios of MORB 

and OIB are owing to differences in source lithology (Arevalo and McDonough, 2010b). 

Here we present the results of FRTE partitioning experiments in the system peridotite+melt.  The 

experiments were performed at 3 GPa near the solidus of fertile garnet lherzolite and using melt and 

mineral compositions previously determined to be in equilibrium during incipient partial melting (Davis et 

al., 2011).  Several of these experiments produced liquids simultaneously saturated in olivine, opx, cpx, and 

garnet that are directly analogous to putative partial melts of peridotite in OIB source regions.  The 

partition coefficients determined by these experiments form the basis for a melting model that we use to 

explore the hypothesis that FRTE ratios observed in natural OIB can result from peridotite partial melting. 

2. Methods 

2.1. Experimental design 

 Starting materials were mixtures of reagent grade oxides and powdered glasses.  Major and minor 

elements were added as SiO2, TiO2, Al2O3, Cr2O3, FeO, MnO, and MgO, and diopside, jadeite, and sanidine 

glasses.  The mixtures were then homogenized with an agate mortar and pestle by grinding under ethanol 

for 1-2 hours.  Three different component mixtures were produced (Table 3.1): garnet lherzolite KLB-

1ox.2, basalt 7, and a garnet powder with composition similar to those measured in Davis et al. (2011).  

KLB-1ox.2 was synthesized to approximate the composition of spinel lherzolite KLB-1 from Kilbourne 

Hole, New Mexico (Davis et al., 2009; Herzberg et al., 1990; Takahashi, 1986), and basalt 7 mimics melt 

compositions determined by Davis et al. (2011) to be in equilibrium with a KLB-1 analog at its solidus 

(~1450 °C) at 3 GPa.  These three components were combined in three different proportions (Table 3.1) 

and doped with 100 ppm each of Sc2O3, V2O5, CoO, NiO, Cu2O, ZnO, Ga2O3, and GeO2. 

 We emphasize that the chosen starting compositions are critical to the significance of the 

partitioning experiments we present.  In their review of trace element partitioning, Blundy and Wood 

(2003) argued that tailoring partitioning experiments to specific magmatic processes was problematic 

because it is challenging to recreate conditions of near-solidus partial melting while preserving large 

crystals and melt pools for trace element analysis.  We are able to overcome this obstacle by using melt and 
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peridotite compositions previously determined to be in equilibrium at the peridotite solidus through 

iterative experiments (Davis et al., 2011).  This technique produces large pools of melt, saturated in all four 

mantle mineral phases with compositions that are similar to those present during incipient partial melting of 

natural garnet peridotite. 

Starting powders were packed into graphite crucibles with an inner diameter of ~1 mm and placed 

in Pt capsules with outer diameter ~3.8 mm.  A ~500 µm long piece of Pt wire (~50 µm diameter) was 

added to two capsules to be used as a monitor of experimental fO2.  Additional graphite powder was packed 

into the capsules, which were then coned shut and kept overnight at 110 °C in a vacuum oven.  The 

capsules were then welded shut and the cones flattened.  The capsules were housed in crushable MgO 

spacers, inserted first into a graphite furnace, then into a BaCO3 pressure cell, and wrapped in a thin piece 

of Pb foil. 

 Experiments were performed in a ½” piston cylinder apparatus at 3 GPa (±0.1 GPa, Xirouchakis et 

al., 2001).  Experiments were first heated above the intended dwell temperature to produce an initially large 

melt fraction from which to crystallize a few large minerals for laser ablation inductively-coupled plasma 

mass spectrometry (LA-ICP-MS).  The temperature was held at this initial temperature (T1) for two hours 

before cooling at 0.1-0.3 °C/min to the dwell temperature (T2) and held for 24-84 hours, as detailed in 

Table 3.2. 

 The experimental runs were quenched by opening the sample load pressure valve slightly, thereby 

inducing rapid sample decompression, and then immediately cutting power to the furnace, a method similar 

to that described by Putirka et al. (1996).  This inhibits the formation of quench crystals in the melt pools 

and increases the likelihood of recovering glassy regions.  Capsules were sectioned vertically and each half 

was mounted in epoxy on a brass plug.  Samples were polished using dry diamond powder on nylon pads to 

a finish of 0.25 μm and then coated with a thin (5-20 nm) conductive carbon layer. 

2.2. Analytical techniques 

2.2.1. Electron microprobe (EMP) 

Mineral and melt phases were identified using back-scattered electron (BSE) images and energy 

dispersive spectra (EDS), collected with the JEOL JXA-8900 electron microprobe at the University of 
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Minnesota.  Wavelength dispersive spectrometry (WDS) maps were collected for some samples to reveal 

the presence of compositional zoning in minerals. 

Major element compositions of minerals were determined by WDS analysis by collecting at least 

20 individual analytical spots from each mineral phase present in the capsule.  In cpx grains with 

compositional gradients, an effort was made to target both low-Al and high-Al regions of the crystals.  

Mineral analysis was performed with a focused spot (<1 μm), an accelerating voltage of 15 kV, and a beam 

current of 15 nA.  Count times were 20 seconds on-peak and 10 seconds off-peak for all oxides except 

Na2O.  Count times for Na2O were 10 seconds on-peak and 5 seconds off-peak, and Na2O was measured on 

the first pass of the spectrometer to reduce migration under the beam.  Individual analytical points were 

excluded from the average if totals were ≥101% or <99%, or if the analyses gave poor stoichiometry (±0.01 

total cations) calculated on a 4- (olivine, spinel), 6- (pyroxenes), or 12- (garnet) oxygen basis. 

Melt analyses were performed with a 10 µm beam and current of 10 nA.  Glassy regions of the 

melt pool were analyzed when available, otherwise heterogeneous quenched melt pools were analyzed at 

least 50 μm away from the nearest equilibrium crystals.  When analyzing glass, at least 17 analytical points 

were collected and averaged.  When analyzing heterogeneous quench products, analytical points were 

selected by placing between 82 and 179 spots along one or several lines, sampling at regularly spaced 

intervals of 15 µm.  This random selection of analytical points reduces the possibility of collecting a 

compositionally biased dataset, as can result from manual spot selection.  The number of analytical points 

collected from the quench products was sufficient to give errors of the mean (σ/√n, 68% confidence 

interval) that were within 1% relative of the average concentrations for all major elements and TiO2, and 

within better than 10% of other minor elements.  Measurements of both glassy and crystalline quench 

regions of A825 and A830 provide a further check on the accuracy of melt compositions determined from 

heterogeneous quench products; these results are presented in Section 3.2.2. 

Pt wire loaded into two of the experiments (A842 and A847) was analyzed with a 5 µm spot and 

15 nA beam current.  Pt and Fe metal standards were used.  Fe and Pt contents were measured by counting 

on the Kα and Mα peaks, respectively.  Points were collected across the exposed area of the metal, but did 
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not reveal any compositional zonation.  Compositions presented in Table 3.2 are averages of all analyses 

that returned totals between 99 and 101%. 

2.2.2. Laser ablation inductively-coupled plasma mass spectrometry (LA-ICP-MS) 

 Major and trace elements were analyzed by LA-ICP-MS using a New Wave UP193FX (193 nm) 

ArF excimer laser ablation system coupled to a Thermo Element XR sector-field ICP-MS at the Plasma 

Analytical Facility, Florida State University.  Major element analysis followed Humayun et al. (2010).  

Spot analyses were performed with 25 µm or 50 µm beam diameters, 10 second dwell times; line scans and 

rasters were performed with 25 µm (5 µm/s) or 50 µm (10 µm/s) beam diameters with scan speeds given in 

parentheses. Counting on the Element XR was initiated before firing the laser and continued after the laser 

was turned off to collect ample gas blanks.  The resulting blank intensities were subtracted from the peak 

intensities.  These corrected intensities were then converted to oxide (for major elements) or element 

concentrations by comparison to a relative sensitivity factor (RSF, Gaboardi and Humayun, 2009; 

Humayun et al., 2007): 

ai

ai

II
CC

RSF
/
/

=  

where Ci is the concentration of the oxide or element of interest, Ii is the peak intensity of the isotope being 

monitored, Ca is the concentration of SiO2 or MgO, and Ia is the peak intensity of 29Si or 25Mg; SiO2 was 

used to calculate RSF in an early session, and MgO in all subsequent sessions.  RSFs were determined by 

averaging triplicate analyses of USGS reference glasses BHVO2 (Wilson, 1997b), BCR2 (Wilson, 1997a), 

BIR1 (Govindaraju, 1994), and GSE1.  Other standards run as controls included the NIST SRM 610 

(Jochum et al., 2011) and the MPI-DING glasses, KL2-G, ML3B-G, GOR132-G and T1-G (Jochum et al., 

2006).  Reference glass GSE1 was tested before and after each session to check if the RSF value had 

shifted during the session.  During two sessions, the Si RSF was found to have shifted.  In the first instance, 

the Si RSF used for sample A791, run in the middle of the session, was adjusted along the line defined by 

the morning and afternoon RSF determinations to give SiO2 in agreement with microprobe measurements 

of A791 olivine.  In subsequent sessions, glass standards were reanalyzed multiple times throughout the 

day to allow for adjustments in RSFs if necessary. 
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 Linear traverses were filtered by plotting concentration against distance for important indicator 

elements and the portions of the data that corresponded to a single phase were averaged to obtain the phase 

compositions.  For example, if a scan began in a cpx grain and passed into a melt region, the portion of the 

analysis where cpx was sampled and the portion where melt was sampled were identified by incompatible 

elements like TiO2 and K2O. 

 Some post-collection filtering was applied to find average compositions of minerals and melts.  To 

avoid analytical spots that might have sampled more than one phase, individual mineral spots were 

excluded from averaging using several criteria.  Olivine analyses were excluded if calculated MgFe
DK − was 

found to fall outside the range expected for olivines and melts in equilibrium (Toplis, 2005), or if 

incompatible elements were found in excessive concentrations (e.g., Al2O3 >0.5 wt.%).  Other phases were 

excluded from averaging if their calculated stoichiometries fell outside an acceptable range (±0.05 cations), 

similar to treatment of EMP analyses (section 2.2.1.) but with a somewhat more permissive filter.  

Pyroxenes and garnets from experiments A786, A825, and A842 all gave calculated stoichiometries that 

fell outside this range, and measurements of some major elements in these phases differed by >10% relative 

from measurements by EMP.  This may have been due to drifting RSF values.  Partition coefficients 

derived from these analyses are still accurate because RSFs are cancelled out in the partition coefficient 

calculation. 

3. Results 

3.1. Phase relations and experimental textures 

 The final melt composition from the iterative experiments of Davis et al. (2011) was chosen as the 

starting melt composition of this study to ease the process of producing experiments with basaltic melt in 

equilibrium with a fertile lherzolite assemblage of olivine, orthopyroxene, clinopyroxene, and garnet.  

Additionally, these minerals and melts should have major element compositions similar to melts 

representative of residues and melts plausibly found in the OIB source region.  The resulting mineral 

assemblage in some experiments achieved multiple saturation in all four mineral phases (Fig. 3.1), but the 

added complexity of ramping above the temperature of interest and then cooling resulted in several phase 

assemblages that were different from the intended olivine+opx+cpx+garnet+melt (Table 3.2). 
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 A crystallization sequence can be inferred from the presence or absence of phases in experiments 

and from their textures.  In experiments that had a difference between T1 and T2 > 50 ºC, commonly one 

large olivine crystal was found in the center of a single large cpx crystal, while in experiments with T1-T2 = 

50 ºC several small olivine grains were present at the bottom of the capsule.  This suggests that olivine is 

the liquidus phase.  The order of opx and cpx crystallization is less certain.  Typically, opx was surrounded 

by a single large cpx grain, which suggests that opx crystallization occurred prior to or concurrent with cpx 

crystallization.  Garnet crystallized in five experiments, and in one experiment spinel formed as the 

aluminous phase instead of garnet.  When garnet or spinel were present they were in contact with the melt 

and, in all but one experiment, were found surrounded entirely by melt (in the plane of view).  This 

suggests that garnet or spinel was the last crystallizing phase. 

Several experiments failed to crystallize garnet, possibly because of its low proportion in the 

mineral mode of the peridotite and its position at the end of the crystallization sequence.  In the single 

experiment in which spinel was produced, we believe it formed during the cooling step, owing to the 

stabilization of spinel at high temperature at 3 GPa (Robinson and Wood, 1998), and did not back-react to 

garnet during the remainder of the cooling and dwell steps.  This result was fortuitous as it allowed us to 

measure spinel-melt partitioning.  The retardation of saturation in highly aluminous phases produced in 

some cases cpx grains with high-Al zones, which presumably grew during a phase of crystallization when 

the coexisting melt was supersaturated in garnet.  This presented a challenge for determining cpx partition 

coefficients (see Section 3.2.1.). 

 In all experiments, at least some portion of the melt crystallized during quench, but glassy regions 

were preserved in most samples.  In experiments that contained both glass and quench-crystallized melt, the 

glassy regions were usually located away from crystals or the walls of the capsule (Fig. 3.1).  In one 

exceptional experiment, A786, pressure was dropped much more rapidly than in the others during quench.  

This experiment exhibited glassy regions in contact with the crystals and capsule walls, and was the only 

experiment that had melt present at the bottom of the capsule (Fig. 3.1).  These observations suggest that in 

this experiment significant remelting of the residue occurred during the quench step.  This experiment 

serves as qualitative evidence that glass formation is promoted by the so-called “pressure quench” method 
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originally described by Putirka et al. (1996), widely used in piston cylinder laboratories (e.g., Balta et al., 

2011; Krawczynski and Grove, 2012), and that the magnitude of the pressure drop affects the extent of 

remelting that can occur. 

 Ni and Cu were not detected or were in extremely low concentrations in minerals and melts of all 

experiments.  It has been previously observed that Ni is not contained by Pt-graphite capsules (e.g., Matzen 

et al., 2009), but little documentation of the effect is present in the literature.  Perhaps, Ni and Cu are able 

to react with graphite to produce a mobile fluid phase that dissipates throughout the graphite portion of the 

capsule.  Le Roux et al. (2011) present measurements of Ni concentrations in experiments run in graphite 

capsules, but their experiments were doped at a higher concentration (1 wt.%). 

3.2. Compositions and partition coefficients of experimental products 

 Average major and trace element compositions of mineral and melt phases are presented in Tables 

3.3-3.12.  Most measurements of major element compositions of melts, olivine, opx, garnet, and spinel by 

EMP and LA-ICP-MS agree to within 10% relative.  Agreement between the two methods is not as good 

for some minor elements.  Likely sources of disagreement include imprecise measurements of minor 

elements like Mn and Cr by EMP and shifts in RSF values during LA-ICP-MS sessions.  Si RSF shifts were 

observed during two sessions (A788, A791, A806, A842, and A847 were analyzed in these sessions). 

3.2.1. Compositional zoning in cpx 

Rims of some cpx show an extreme enrichment in Al2O3 compared with equilibrium cpx 

compositions from iterative sandwich experiments performed in the same system (Davis et al., 2011).  For 

example, cpx in A781 has 5.7 wt.% Al2O3 in its core, less than the equilibrium cpx Al2O3 concentration of 

6.1 wt.% measured by Davis et al. (2011), but the concentration of Al2O3 increases dramatically in the 

outer 100 µm of the crystal to >9 wt.% (Fig. 3.2).  Concentrations of the FRTE in cpx are correlated with 

Al2O3 (Fig. 3.2), so determination of cpx/melt partition coefficients for a given experiment depends on 

what is interpreted to be the equilibrium cpx composition.  Elevated Al2O3 concentrations in cpx rims may 

be related to a high activity of Al2O3 in the absence of garnet, which was not present in many of the 

experiments. In these experiments, the first cpx to crystallize may have had lower Al2O3 than the 

equilibrium composition and then partially reequilibrated with the high Al2O3 melt (15 wt.%) by diffusion 
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during the dwell step.  It is also possible that the increased activity of Al2O3 led to an increase in Al2O3 in 

the late-forming cpx, so that the rim represents a crystal growth profile. 

Irrespective of the cause of zonation, the rim cpx has more Al2O3, and if used to calculate cpx/melt 

partition coefficient, gives meltcpx
AlD / =0.66, which is much higher than the meltcpx

AlD / =0.48 expected for 

equilibrium cpx (Davis et al., 2011).  Because we are interested in the cpx/melt partition coefficients 

relevant to peridotite partial melting, we used the known equilibrium meltcpx
AlD / from Davis et al. (2011) to 

determine meltcpxD / for the FRTE.  Measured concentrations of the FRTE vary nearly linearly with Al2O3 

content in the cpx crystals (Fig. 3.2), so we determine the equilibrium concentrations of FRTE by linear 

regression to the Al2O3 concentration that gives the known equilibrium value of meltcpx
AlD / =0.48 (Fig. 3.2).  

This is not an ideal method to determine equilibrium partition coefficients, but zoned cpx may be an 

unavoidable by-product of growing large minerals for trace element analysis (e.g., Hart and Dunn, 1993).  

Close agreement of our cpx partition coefficients with trends in other experimental datasets (Section 4.1.) 

suggests that this is a reasonable method for estimating equilibrium partitioning of FRTE in zoned cpx. 

3.2.2. Compositions of glassy and quench crystallized melt phases 

To test whether our EMP measurements of heterogeneous quenched melt products accurately 

determine the composition of the melt phase, we analyzed both glassy and quench-crystallized portions of 

melt pools in two of the experiments in which both were present (A825 and A830, Table 3.3).  

Measurements from A830 are the same within error for all elements.  For A825, the measurement from the 

quench-crystallized region is slightly lower in SiO2 and Al2O3 (<1% relative) and is 14% lower in Na2O 

than the measurement of glass.  We also measured glassy and crystalline regions in four experiments by 

LA-ICP-MS laser traverses and found the average composition was the same in each for all elements, 

except Na2O, which is lower when measured in the quench-crystallized region, although there is more 

scatter in intensity measurements of all elements from the crystallized region than in the glass (see 

Appendix A2 for details). 

Mineral/melt partition coefficients of FRTE for each experiment were determined by dividing the 

average mineral compositions (calculated compositions for zoned cpx) by average melt compositions (Fig. 
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3.3).  The partition coefficients presented in Table 3.13 are averages of the individual experimental 

partition coefficients as determined by LA-ICP-MS (Tables 3.9-3.12).  In two experiments (A791 and 

A806), no LA-ICP-MS measurements of olivine gave equilibrium values for MgFe
DK −  (Section 2.2.2.), so 

olivine/melt partition coefficients from these experiments were not included in the average. 

3.2.3. Pt-Fe alloy and experimental fO2  

The measurement of Fe concentration in pieces of Pt wire added to two capsules allows us to 

determine the fO2 of these experiments (Table 3.2).  Following the method of Medard et al. (2008), we use 

the exchange of Fe between Pt metal and coexisting melt to determine fO2 in the system.  As observed by 

Medard et al. (2008), fO2 is not held constant by the Pt-graphite capsule assemblage, but varies slightly 

below the carbon-CO (CCO) buffer.  LogfO2 for the two experiments varied between -6.4 and -5.9 (CCO-

0.7 to CCO-0.2, Frost and Wood, 1997).  From these calculations we can estimate the fraction of Fe3+ in the 

melt phases of our experiments.  Fe3+/ΣFe in the melts of A842 and A847 were determined to be 0.04 and 

0.05, respectively (Kress and Carmichael, 1991).  If we treat Fe3+ as perfectly incompatible (an 

exaggeration), then mineral/melt partition coefficients for Fe2+ would be 4-6% higher than ΣFe partition 

coefficients.  Estimated error of individual Fe mineral/melt partition coefficients varies between 1% and 

11% relative (mean = 5%).  It is likely that differences between +2FeD and FeDΣ are within the error of our 

measurements. 

4. Discussion 

4.1. Derivation of bulk residue/melt exchange coefficients from mineral/melt D 

A key observation of the behavior of FRTE during melting in the mantle is that mineral/mineral 

and mineral/melt exchange coefficients remain nearly constant over a range of pressures and temperatures.  

This has been observed previously in natural phenocryst pairs (Le Roux et al., 2010) and experimental 

minerals and melts (Le Roux et al., 2011).  We will demonstrate in the following section that differences in 

mineral composition can have a significant effect on mineral/melt partition coefficients but not 

mineral/melt exchange coefficients for the divalent FRTE. 

The exchange coefficient between two phases, a and b, is given as: 
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where X is the molar proportion of element i or j in phase a or b.  The exchange coefficient can also be 

calculated as the ratio of two partition coefficients ( ji
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by plotting measurements of the two partition coefficients against each other.  If the data fall on a line that 
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 It is important to note that although mineral/melt exchange of divalent FRTE can be considered 

constant, bulk residue/melt exchange coefficients depend only on the individual mineral/melt partition 
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where iD and jD are the bulk residue/melt partition coefficients for elements i and j, AW is the weight 

proportion of each mineral A in the residue, and liqA
iD /  and liqA

jD / are mineral/melt partition coefficients 

for i and j for each residual mineral A.  Because bulk KD depends on individual mineral/melt D, a mineral 

with a large D has significant leverage over bulk exchange even if it is a small part of the residual mode.  

For example, average meltgrt
MnD / =4.64 and meltgrt

FeD / =2.51 during eclogite partial melting (Pertermann et al., 

2004) are nearly four times greater than partition coefficients measured in this study ( meltgrt
MnD / =1.24 and 

meltgrt
FeD / =0.65).  Use of these eclogitic garnet partition coefficients led Le Roux et al. (2011) to 

overestimate bulk garnet peridotite FeMn
DK − at 1.21±0.04, whereas we calculate FeMn

DK − =1.03±0.02 from 

the same residual mode (Walter, 1998) but using our mineral/melt partition coefficients.  Despite near-

constant values of divalent FRTE mineral/melt KD, compositionally-appropriate values of mineral/melt 

partition coefficients must be used to calculate bulk KD in partial melting models. 

The constancy of some mineral/melt exchange coefficients over wide ranges of pressure, 

temperature, and composition can be used to estimate partition coefficients under conditions that have not 
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been explored experimentally.  For example, given knowledge of a particular mineral/melt FeD , 

mineral/melt partition coefficients for the other divalent FRTE can be deduced. 

4.2. Comparison to previous measurements of FRTE partitioning 

Fe and Mn:  Fe and Mn are routinely measured in partial melting experiments, providing a 

collection of measurements made over a large range of pressures, temperatures, and compositions for 

comparison.  melt
MnDmin/ is inversely correlated with temperature for all peridotite minerals (Fig. 3.4).  As 

noted by Balta et al. (2011), the temperature dependence of melt
MnDmin/ for peridotite minerals is less 

pronounced than for eclogite minerals; this is particularly evident in garnet (Fig. 3.4).  Fig. 3.5 shows that 

melt
MnDmin/ is strongly correlated with mineral Mg#.  For cpx and garnet this correlation is approximately 

linear, suggesting that composition, not temperature, is the dominant control on Mn partitioning. 

 As described in Section 4.1., FeD  and MnD  compiled from several peridotite and eclogite partial 

melting studies (Fig. 3.6) demonstrate that FeMn
DK −  between mantle minerals and melt is insensitive to 

temperature (1201-1950 °C), pressure (100 kPa -7 GPa), and composition (Mg#: 0.80-0.95).  FeMn
DK −  is <1 

in olivine and >1 in cpx, opx, and garnet.  This means that olivine in a melting residue tends to drive the 

coexisting melt to lower Fe/Mn while the other residual minerals in a garnet peridotite tend to drive the 

melt composition to higher Fe/Mn (Humayun et al., 2004; Le Roux et al., 2011). 

Bulk FeMn
DK −  for garnet peridotite near its solidus is ~1; using our average partition coefficients 

(Table 3.13), near-solidus partial melting of garnet peridotite KLB-1ox (Davis et al., 2011) at 3 GPa has a 

bulk FeMn
DK − = 0.96±0.02.  This means that near-solidus melts of garnet peridotite will inherit Fe/Mn 

approximately equal to that of their source, and this will be the maximum Fe/Mn that can be achieved by 

melts derived from that source.  MnD  and bulk FeMn
DK −  decrease with increasing melt fraction and 

decreasing proportion of garnet and cpx in the residue, leading to a decrease in Fe/Mn of higher degree 

melts.  Although modal garnet increases in the peridotite residue at greater pressures (Walter, 1998), it is 
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likely that bulk FeMn
DK −  remains near unity (Humayun et al., 2004) because the higher temperatures of 

melting will be associated with a decrease in meltgrt
MnD / and meltgrt

FeD /  (Fig. 3.4). 

In Section 4.1., we demonstrated that the use of compositionally inappropriate   meltgrt
MnD / and 

meltgrt
FeD / leads to an overestimation of bulk peridotite FeMn

DK − .  Using eclogitic garnet partition 

coefficients, Le Roux et al. (2011) calculated a near-solidus partial melt of peridotite with Fe/Mn = 72.4 

derived from a source with Fe/Mn = 59.9 (PUM, McDonough and Sun, 1995).  This is much higher than 

can actually be achieved using peridotite mineral/melt partition coefficients from this study, which give a 

near-solidus melt with Fe/Mn = 61.7 using the same residual mode and source composition ( FeMn
DK − = 

1.03±0.02). 

Zn:  Like Mn/Fe ratios, Zn/Fe may be minimally fractionated during peridotite partial melting, so 

Zn/Fe ratios in basalt different from ratios found in peridotite may indicate recycled crust in the OIB source 

region (Le Roux et al., 2010; 2011).  Experimental measurements of ZnD  remain sparse, but our 

measurements combined with those of Pertermann et al. (2004) and Le Roux et al. (2011) show that there is 

a nearly linear increase in ZnD  with decreasing Mg#.  In detail, our measured values of ZnD  for cpx and 

garnet are lower than those found by Pertermann et al. (2004), and for all peridotite phases, the new 3 GPa 

data are lower than those found at 1.5 GPa from more Fe-enriched experiments (Le Roux et al., 2011), 

however, the 3 GPa measurements of meltol
ZnD / are similar to those measured at 2 GPa by Le Roux et al. 

(2011) at similar Mg#. 

Fig. 3.6 shows that FeZn
DK −  for each mineral-melt pair is constant over the experimental 

conditions explored, although there is considerably more scatter for olivine than for other minerals.  

FeZn
DK −  is less than unity for all phases, which means that partial melts of garnet peridotite will have higher 

Zn/Fe than their source.  We calculate bulk FeZn
DK − =0.84 and (Zn/Fe)*104 = 10.4 for a near-solidus melt of 

KLB-1ox at 3 GPa.  Le Roux et al. (2011) also found FeZn
DK −  <1 for all mineral-melt pairs, but predicted a 

lower bulk peridotite FeZn
DK − = 0.73 and higher melt (Zn/Fe)*104 = 11.3 owing to their use of eclogitic 
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garnet and cpx partition coefficients.  It is notable that meltspl
ZnD /  (5.2±0.5) is significantly greater than any 

of the other peridotite mineral/melt partition coefficients, and a peridotite with small amounts of spinel will 

have a larger FeZn
DK −  (e.g., FeZn

DK −  = 0.99 for near solidus melting of a spinel peridotite with the mineral 

mode of KLB-1, Davis et al., 2009). 

Co:  Co/Fe is another potential tracer of basalt source lithology (Le Roux et al., 2011).  Like the 

exchange behavior of other divalent FRTE, FeCo
DK −  is a constant over the pressure (1.5-3 GPa) and 

temperature (1300-1470 °C) interval where data are available (Fig. 3.6).  For all phases CoD  > FeD  , so 

melt Co/Fe will always be lower than Co/Fe in the source lithology.  Our measurement of meltol
CoD / agrees 

well with those from the 2 GPa experiments of Le Roux et al. (2011), and our more magnesian cpx and 

garnet have lower CoD  than those presented in Pertermann et al. (2004) and Le Roux et al. (2011).  Bulk 

FeCo
DK −  is 2.15±0.07 for a near-solidus melt of garnet peridotite (KLB-1ox) at 3 GPa. 

Ga and Sc:  The trivalent cations Ga and Sc might be expected to behave similarly during partial 

melting of peridotite as they have similar compatibilities in olivine and pyroxenes (Fig. 3.3); however, GaD  

is strongly stabilized by Al2O3 in pyroxenes, whereas the correlation between ScD  and Al2O3 is less clear 

(Fig. 3.7-3.9).  The different behavior of these elements is likely related to the larger cation radius of Sc3+ 

(0.745 Å in octahedral coordination, Shannon, 1976) compared to Ga3+ (0.62 Å), which is closer in size to 

Al3+ (0.535 Å).  GaD  and AlD for olivine, opx and cpx depend upon each other linearly (Fig. 3.7-3.9) 

giving constant values of AlGa
DK − .  This suggests that meltcpx

GaD /  can be estimated in systems where Ga 

partitioning is less well-constrained (i.e., eclogite partial melting) given knowledge of meltcpx
AlD / .  

Unfortunately, a similar relation for AlSc
DK −  is not evident in any of the peridotite minerals, but Sc 

partitioning has been measured at a larger range of pressures, temperatures, and compositions than has Ga 

partitioning.   

The distinct partitioning behavior of Sc and Ga in garnet and spinel may also be related to 

differences in ionic radii.  Sc is highly compatible in garnet (Fig. 3.3), and Ga is moderately incompatible.  
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This may be because Sc3+ has an 8-fold coordinated ionic radius near optimum for the garnet X-site (van 

Westrenen et al., 1999), while Ga3+ goes into the Y-site where it is larger than the primary occupant, Al3+.  

In spinel, Ga is highly compatible and Sc is mildly incompatible.  Ga3+ is intermediate in size between 

Mg2+ and Al3+ and likely resides in both octahedral and tetrahedral sites.  In contrast, Sc3+ is large 

compared to the octahedral site of spinel.  Because garnet fractionates Ga and Sc efficiently, melts formed 

in the presence of residual garnet are expected to have elevated Ga/Sc compared with their source.  

Residual spinel would be expected to lower Ga/Sc ratios of coexisting melts. 

Using our estimates of  GaD  and AlD , we predict near-solidus partial melting of garnet peridotite 

with the mineral mode of KLB-1ox at 3 GPa has a bulk AlGa
DK − = 0.49±0.05.  A near-solidus melt of such a 

peridotite, assuming Ga and Al contents of PUM (McDonough and Sun, 1995), will have a (Ga/Al)*104 = 

3.6, similar to the upper range of Ga/Al ratios found in alkalic OIB (see section 4.3. for details of the OIB 

dataset). 

V:  Multivalent V may be useful as a probe of fO2 of magma source regions   (e.g., Canil, 1997; 

Lee et al., 2005; Shervais, 1982).  Because V4+ and V5+  are incompatible in all mantle minerals, VD  

decreases at high fO2 causing ratios in melts such as V/Ti (Shervais, 1982) and V/Sc (Lee et al., 2005) to 

increase.  The influence of fO2 on V partitioning between melts and mantle mineral phases has been studied 

over a range of pressures and temperatures (Canil, 1997, 1999; Canil and Fedortchouk, 2000, 2001; 

Mallmann and O'Neill, 2009), and Mallmann and O'Neill (2009) developed a model to predict the 

compatibility of V in olivine, opx, cpx, and spinel based on experiments from 100 kPa to 1 GPa.  The 

effects of pressure and temperature on V partitioning appear to be minor compared to the influence of fO2 

(Canil and Fedortchouk, 2000, 2001). 

Our measurements of VD in experiments that included Pt-Fe can be compared with other 

experimental VD at similar fO2.  To compare our results to other studies we calculate fO2 of the experiments 

relative to the quartz-fayalite-magnetite (QFM) buffer at the pressure and temperature conditions of the 

experiment.  For experiments at pressures >100 kPa we determine QFM following the pressure-dependent 

calibration of Frost (1991), and we calculate QFM at 100 kPa following (O'Neill, 1987) to remain 
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consistent with the presentation of the model of Mallmann and O'Neill (2009).  Measurements of meltol
VD /  

and meltcpx
VD / from our experiments plotted against ∆QFM are in close agreement the models of Mallmann 

and O'Neill (2009) and other experimental measurements at 100 kPa and 1 GPa (Fig. 3.10, Canil, 1997; 

Canil and Fedortchouk, 2000, 2001; Mallmann and O'Neill, 2009).  In contrast, Mallmann and O'Neill 

(2009) note that their experiments at 3 GPa display meltcpx
VD / systematically higher than those predicted by 

their model.  This may be due to an overestimation of fO2 in these experiments, for which fO2 was 

determined from the solubility of Re in melt, calibrated at 100 kPa and 1400 °C (Mallmann and O'Neill, 

2007).  Experimental measurements of meltopx
VD / display considerable scatter at QFM-2 to QFM-3 (Canil, 

1999; Mallmann and O'Neill, 2009).  The results of our experiments support the notion that fO2 exerts 

greater influence on VD than do pressure and temperature. 

Ge: It has been observed that Ga/Ge in OIB is systematically higher than in MORB (Arevalo and 

McDonough, 2010b).  Ge is not analyzed routinely in natural basalts or peridotites, and experimental 

measurements of Ge partitioning are rare.  Hill et al. (2000) found that their cpx contained <10 ppm of Ge 

allowing them to present measurements of meltcpx
GeD / .  Adam and Green (2006) included Ge among the 

suite of elements used to dope hydrous peridotite partial melting experiments and presented measurements 

of GeD for olivine, opx, and cpx.  meltcpx
GeD /  displays a weak inverse correlation with temperature, and 

notably, there is no correlation between meltcpx
GeD /  and SiO2 (Fig. 3.11).  To our knowledge, the 

measurement of meltgrt
GeD /  in this study is the only published experimental value.  Ge is mildly 

incompatible in all the phases we have analyzed, except garnet (Table 3.13), and the near-solidus bulk GeD

= 0.66±0.01 for garnet peridotite with mineral mode of KLB-1ox at 3 GPa. 

4.3. Partial melting model and FRTE ratios in OIB 

 Our average mineral/melt partition coefficients are used to derive bulk peridotite/melt partition 

coefficients and model melt compositions that can be compared to natural OIB.  We present a simple model 

of peridotite partial melting that simulates isobaric, modal batch melting of fertile peridotite at 3 GPa.  Of 
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course, actual melting in the mantle is polybaric, but this simple model is sufficient to explore the 

compositional effects of varying the residual mineralogy of fertile peridotite residues that may contribute to 

melting beneath oceanic lithosphere over a range of melt fractions.  Three different starting compositions 

were considered: primitive upper mantle (PUM) as estimated by McDonough and Sun (1995) and two 

fertile peridotite xenoliths, Ki5-8b (Lee, 2005) and RP87-2 (Zangana et al., 1999, Table 3.14).  These two 

xenoliths are the most fertile compositions from two detailed regional studies of continental xenoliths, as 

determined by their Al2O3 contents (Lee, 2005).  Each of these compositions falls within the range defined 

by peridotite xenoliths found in the GEOROC database (http://georoc.mpchmainz.gwdg.de/georoc/, 

accessed 04/13/2011).  Melt fractions and corresponding modes are tied to peridotite partial melting 

experiments (Davis et al., 2011; Walter, 1998). 

 Key FRTE ratios of model partial melts of peridotite are presented in Fig. 3.12 and 3.13.  The 

right side of the panels of Fig. 3.12 show a trend of increasing melt fraction for a garnet lherzolite with the 

initial mineral mode of KLB-1ox at its solidus at 3 GPa (Davis et al., 2011).  The effects of increasing melt 

fraction and changing residual mode are not easily deconvolved, so we have also calculated a near-solidus 

melt composition without garnet in the residue (relative proportions of ol, opx, and cpx held constant).  

This allows us to demonstrate the influence of garnet over these ratios.  We also calculate a near-solidus 

melt of spinel peridotite KLB-1 (Davis et al., 2009). 

 Additionally, we present a model of eclogite partial melting.  This model also simulates modal 

batch melting at 3 GPa.  FRTE partition coefficients for this model are from Pertermann et al. (2004) where 

available.  For elements not measured in that study, eclogite-relevant partition coefficients are estimated 

taking into consideration compositional and temperature trends (see Appendix A2 for model details and 

calculated compositions).  Melt fractions and residual modes come from the 3 GPa partial melting 

experiments of Pertermann and Hirschmann (2003).  Two source compositions are considered: average 

MORB (Arevalo and McDonough, 2010a) and altered oceanic crust (AOC) from the ODP site 801 

“supersection” of Kelley et al. (2003).  It is not clear how similar either of these compositions is to recycled 

lithologies present in the upper mantle.  Considering the extensive alteration possible owing to ~200 Ma of 
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seafloor metamorphism, AOC seems like a more appropriate estimate than average MORB.  Of course, 

neither takes into account compositional changes that may occur during subduction (Becker et al., 2000). 

 The models are compared to measurements of primitive OIB.  OIB compositions were selected 

from those available in the GEOROC database (http://georoc.mpchmainz.gwdg.de/georoc/, accessed 

04/13/2011) by searching for data from island groups associated with small, predominantly alkaline 

hotspots.  Island groups included were the Azores, the Canary Islands, the Cook and Austral Islands, the 

Marquesas, Pitcairn-Gambier, Samoa, the Society Islands, and St. Helena.  In an effort to reduce the 

number of lavas with complex fractionation histories, lavas from these localities were included only if they 

had MgO >10 wt. % and less than <20 wt.%. 

The focus of this discussion will be on a representative dataset of global OIB; however, there are 

flaws inherent in working with large database compilations.  It is likely some of the compositions we have 

accessed have been altered by weathering and the elements most likely to be affected are Fe and Mn 

(Huang et al., 2007), while the elements least likely to be affected are Sc, Ti and Cr.  There have been no 

detailed studies of how post-magmatic alteration affects the concentrations and ratios of FRTE in basaltic 

rocks, although there are geochemical indicators of alteration that we can use to filter the database.  Low 

K2O/P2O5 can be an indicator of alteration (Frey et al., 1990).  To avoid these altered compositions we have 

removed those samples with K2O/P2O5 < 1.3 (Frey et al., 1990; Huang et al., 2007).  While this arbitrary 

cut-off substantially reduces the presence of altered OIB in the dataset, it is likely that some altered 

compositions remain.  A detailed study of the effects of weathering on FRTE would improve estimates of 

the compositions of primitive OIB. 

Another criticism that has been leveled against using large databases for global studies such as this 

one is that minor elements like Mn are not always measured or reported precisely (Humayun et al., 2004; 

Ruzicka et al., 2001).  We attempt to reduce this effect by including only measurements of Fe/Mn that 

include Mn (or MnO) measurements reported to at least three significant digits.  This filtering method does 

not reduce noise in the dataset as well as can be achieved in detailed regional studies using optimized 

analytical methods, but does help to refine the global dataset, reducing the range of OIB Fe/Mn ratios from 

40-90 to 50-75.  Because it is common for the same workers to analyze samples from a particular region, 
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the filtering of low-precision Mn measurements eliminates some entire island groups from the Fe/Mn 

dataset.  Lavas from the Canary Islands (n=28), Cape Verde (115), and Samoa (1) are included in plots of 

Fe/Mn in Fig. 3.13. 

 4.3.1. Peridotite as the source of OIB 

Among the FRTE ratios we have considered, Fe/Mn and Co/Fe are the most useful for identifying 

lavas that are unlikely to be products of partial melting of peridotite.  As detailed above, bulk peridotite 

FeMn
DK −  is <1, thus Fe/Mn of a partial melt of peridotite cannot exceed that of its source.  Most of the OIB 

considered in this study have Fe/Mn between 55 and 70 (Fig. 3.13).  The three source compositions that we 

consider vary in Fe/Mn from 60 to 64.  Lower Fe/Mn can be achieved at increased melt fractions, when 

residual garnet and cpx are diminished (Fig. 3.12), but it is difficult to reconcile OIB with Fe/Mn >64 using 

only partial melts of peridotite unless the source has an unusually high garnet mode or has a much higher 

Fe/Mn than the source compositions we have considered (Humayun et al., 2004).  While garnet is increased 

in the mode of peridotites at pressures >3 GPa, the effect of increased garnet mode on melt Fe/Mn is likely 

counteracted by a reduced compatibility of Fe and Mn at higher pressures and temperatures of melting, as 

demonstrated by Humayun et al. (2004) using the experimental data of Walter (1998). 

Co/Fe may be the most effective ratio for excluding peridotite as the sole melting source.   Only 

about 25% of OIB in the dataset (Fig. 3.13) have Co/Fe ratios higher than near-solidus melts of Ki5-8b 

(Lee, 2005).  Co is more compatible than Fe in all the mantle minerals, so partial melts will have their 

lowest value of Co/Fe at low melt fractions (Fig. 3.12). 

 Le Roux et al. (2010; 2011) argued that Zn/Fe too is an indicator of non-peridotitic lithologies, but 

using new data, we find that the diagnostic potential of this ratio is not great.  FeZn
DK −  between peridotite 

and melt is always <1, even at high melt fractions, so partial melts of peridotite will have a greater Zn/Fe 

content than their source.  The highest Zn/Fe ratio that we model is for near-solidus melting of RP87-2 

(Zangana et al., 1999) with Zn/Fe*104 = 13; this maximum is sufficient to account for >75% of the Zn/Fe 

measurements in the OIB dataset (Fig. 3.13), demonstrating that variation in source compositions is the 

most important factor in determining melt Zn/Fe.  Le Roux et al. (2011) found that fewer OIB fell within 
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the range of Zn/Fe they predicted for peridotite partial melting.  While their determination of bulk 

peridotite FeZn
DK −  is similar to ours, they limited their source composition to PUM (McDonough and Sun, 

1995).  The difference between Zn/Fe of PUM and RP87-2 is significantly greater than the effect of 

increased melt fraction or the absence of garnet (Fig. 3.12).  RP87-2 falls on the high end of peridotite 

Zn/Fe found in the GEOROC database, but is not an outlier (see Appendix A2).  Given current constraints 

on mantle compositional variability, Zn/Fe may indicate a non-peridotitic source lithology only in those 

OIB with Zn/Fe*104 >14.  The generally lower Zn/Fe in MORB as compared to OIB is consistent with 

higher average degrees of partial melting, but may also be related to the presence of residual spinel.  Zn is 

much more compatible in spinel than in any of the other peridotite minerals, and Zn/Fe is significantly 

lower in near-solidus melts that formed in the presence of a few percent of residual spinel than those from 

garnet peridotite (Fig. 3.12). 

 The ratio of Ga to Sc should also help distinguish peridotitic from non-peridotitic lithologies 

because Ga and Sc have similar compatibilities in olivine and pyroxenes, but are strongly fractionated by 

melting in the presence of garnet (Fig. 3.3 and 3.12).  Primitive OIB vary in Ga/Sc from 0.4-1.1.  The upper 

end of this range is slightly exceeded by near-solidus partial melting of garnet peridotite, irrespective of the 

starting composition chosen.  At a melt fraction of ~0.15, garnet is exhausted from the residue and partial 

melts of peridotite have Ga/Sc that resembles OIB in the lower portion of the global array.  Thus, the entire 

range of OIB Ga/Sc can be accounted for by peridotite partial melting.  It is interesting to note that a source 

rock with a high modal abundance of garnet, either because it melts at high pressure or has been 

metasomatically enriched, might produce a magma with higher Fe/Mn and Zn/Fe, consistent with those 

OIB that fall outside our range of likely partial melts of peridotite, but we would also expect such a source 

lithology to produce magmas with higher Ga/Sc than is seen in the global OIB dataset.  A possible scenario 

that could lead to higher Fe/Mn and lower Co/Fe without affecting Ga/Sc is partial melting under oxidizing 

conditions; this possibility is considered in greater detail below. 

 It has been suggested by Arevalo and McDonough (2010b) that Ga/Ge may be an indicator of 

source lithology, based on the observation that Ga/Ge is higher in OIB than in MORB.  We are unable to 

include Ga/Ge in Fig. 3.13 because Ge analyses in OIB are sparse (only one sample that passed the filter 
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had been analyzed for Ge).  Ga is more incompatible than Ge in all phases except spinel (Table 3.13, Fig. 

3.3), and Ga/Ge is sensitive to melt fraction (Fig. 3.12).  Ga/Ge is not sensitive to the presence or absence 

of residual garnet (Fig. 3.12), but is sensitive to even small amounts of spinel.  A systematic difference in 

Ga/Ge between OIB and MORB is likely due to the lower average melt fraction of OIB as compared to 

MORB, but the presence of residual spinel may also lead to lower Ga/Ge in MORB. 

Fe-enrichment of the source peridotite could lead to high Fe/Mn in some OIB, perhaps by 

interaction of core material with the sources of mantle plumes (Humayun et al., 2004).  Le Roux et al. 

(2011) argued that incorporation of core material would also lead to decreased Zn/Fe and increased Co/Fe 

in the source peridotite (McDonough, 2003).  If OIB sources have been affected by interaction with core, 

the consequences for FRTE geochemistry depend on the details of interaction, which could range from bulk 

addition of core (Brandon and Walker, 2005; Sobolev et al., 2005), to exsolution of an FeO-rich melt 

(Humayun et al., 2004), to diffusive exchange (Hayden and Watson, 2007).   Adjusting the PUM 

composition by adding 2.5 wt.% of core material with the composition from McDonough (2003) leads to a 

near-solidus melt with Fe/Mn = 73, (Zn/Fe)*104 = 8, and (Co/Fe)*104 = 9.  Neither this combination of 

ratios nor the compositional trajectory it implies corresponds to primitive OIB compositions (Fig. 

3.13).   Thus, FRTE ratios in OIB are not consistent with models of metal addition to the sources of mantle 

plumes, though they do not conclusively exclude other possible interactions, given the extreme conditions 

under which they might occur. 

Because the compatibilities of V and Fe are sensitive to fO2, element ratios that include V or Fe 

will be sensitive to differences in source fO2.  Estimates of Fe oxidation state in OIB lavas vary 

considerably.  Fe3+/ΣFe ranges from 0.06-0.14 in Hawaii (Rhodes and Vollinger, 2005) to 0.17-0.25 in the 

Canaries (Gurenko and Schmincke, 2000).  Fe3+/ΣFe in MORB varies between 0.13-0.17 (Cottrell and 

Kelley, 2011), so individual OIB suites may come from either more or less oxidizing source regions than 

the MORB-source, although OIB appear on average to be more oxidized than MORB (Mallmann and 

O'Neill, 2007).  Our experiments are more reduced than any of these estimates (QFM-2 to QFM-3), so 

model melt compositions will tend to underestimate Fe/Mn and overestimate Zn/Fe and Co/Fe compared to 

melts formed under the same redox conditions as primary OIB.  For example, if we recalculate our model 
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partial melts of peridotite with the composition of RP87-2 (Zangana et al., 1999) and assume an Fe2O3 

content of 0.3 wt.% (Canil et al., 1994) and +3FeD  = 0.1, then the near-solidus melt will have Fe/Mn = 

77.5, (Zn/Fe)*104 = 10.3, and (Co/Fe)*104 = 6.3.  These are Fe/Mn and Co/Fe ratios that cannot be 

achieved by partial melting of peridotite under more reducing conditions and suggest that some of the 

variation in OIB FRTE ratios could be caused by differences in the fO2 of their source regions.  Further 

study of the partitioning behavior of Fe3+ and fO2 in OIB source regions are required to better evaluate the 

role of Fe oxidation state in influencing these ratios. 

Ratios in basalts of V or Fe to other FRTE that do not exhibit more than one valence state may 

record the fO2 in the source region; for example, Ti/V (Shervais, 1982), V/Sc (Lee et al., 2005; Li and Lee, 

2004), and Zn/Fe (Lee et al., 2010) in basalts and peridotites have been suggested as indicators of fO2 in 

mantle melting regions.  Fig. 3.13 demonstrates that most primitive OIB have higher V/Sc than any melts 

we have modeled, consistent with our expectation that fO2 is greater in OIB source regions than in our 

experiments.  Lee et al. (2005) note that intraplate basalts show a greater range of V/Sc than do MORB and 

suggest this may be related to more oxidizing conditions, lower melt fractions, or the presence of garnet in 

the melting residue.  Our model confirms that V/Sc is highly sensitive to residual garnet, the presence or 

absence of which may change V/Sc in the coexisting melt by a factor of 2 (Fig. 3.12).  It is likely that some 

of the variation of V/Sc in the global OIB dataset is due to the differences in modal proportion of residual 

garnet. 

When considered individually, many FRTE ratios in OIB appear to be consistent with derivation 

from a peridotite source, but few OIB have compositions that resemble partial melts of peridotite when 

several FRTE ratios are considered simultaneously.  This is clearly demonstrated in Fig. 3.13, which 

shows, for example, that many OIB have Zn/Fe ratios similar to partial melts of peridotite but Fe/Mn ratios 

too high to have come from a peridotite source.  Few OIB have Co/Fe ratios large enough to be consistent 

with partial melting of peridotite, and among those few, many also have greater Fe/Mn or Zn/Fe than 

partial melts of peridotite.   However, it is possible that partial melts of peridotite formed under more 

oxidizing conditions may resemble primitive OIB more closely in Fe/Mn and Co/Fe.  Therefore, we must 

consider that many OIB have been at least partly derived from some other melting lithology. 
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4.3.2. Partial melts of eclogite and magma mixing 

Partial melting of recycled oceanic crust is widely considered to contribute in part to the genesis of 

OIB based on major element chemistry (Hauri, 1996; Kogiso et al., 1998; Kogiso et al., 2003), trace 

element ratios (Chauvel et al., 1992; Hofmann and White, 1982; Weaver, 1991), and isotopic ratios 

(Christensen and Hofmann, 1994; Hofmann and White, 1982).  We consider a model of partial melting of 

MORB-like eclogite to determine whether these melts have FRTE ratios that are a better fit for OIB than 

partial melts of peridotite.  Partition coefficients for many FRTE relevant to partial melting of eclogite are 

provided by a trace element partitioning study in the eclogite+melt system by Pertermann et al. (2004).  

These partition coefficients form the basis of the eclogite partial melting model; the details of model are 

described in the Appendix A2. 

The results of the eclogite partial melting model are presented along with model partial melts of 

peridotite and OIB compositions in Fig. 3.13.  In each part of the Fig. 3.13, the lowest melt fraction partial 

melts of eclogite plot furthest from the partial melts of peridotite.  For most of the ratios considered, the 

MORB and AOC compositions plot over top of each other with the AOC melts plotting at less extreme 

compositions for a given melt fraction.  The only significant exception is that partial melts of the AOC 

composition have much lower Co/Fe than do the MORB compositions.  AOC has both higher Fe and lower 

Co concentrations than does average MORB.  Fe/Mn, Zn/Fe, Ga/Sc, and Ga/Ge (not shown) all decrease 

with increasing melt fraction.  V/Sc and Co/Fe are relatively insensitive to melt fraction except that Co/Fe 

increases significantly in the melt once garnet is exhausted from the residue (the highest melt fraction 

point).  

Low-degree eclogite partial melts do not resemble OIB in any of these ratios.  As melt fraction 

increases, eclogite partial melts move along compositional trajectories toward partial melts of peridotite.  

At extremely high melt fractions, when cpx is the only residual phase, FRTE ratios of partial melts of 

eclogite become indistinguishable from near-solidus partial melts of peridotite (with the notable exception 

of Co/Fe in partial melts of the AOC starting composition).  The choice of starting compositions is critical 

to estimates of the minimum melt fraction required for a pyroxenite partial melt to fall into the field of OIB 

compositions.  For the MORB starting composition, partial melts have FRTE ratios more extreme than any 
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primitive OIB at melt fractions <0.60 (~1475 °C at 3 GPa).  If the AOC starting composition is considered, 

then lower-degree melts appear to be plausible primary OIB magmas, except that even the lowest Co/Fe 

ratios in primitive OIB are a factor of two higher than the most Co-rich partial melts of AOC. 

 Few primitive OIB appear to be consistent with derivation solely from fertile garnet peridotite, and 

few if any are consistent with derivation solely from eclogitic partial melting, so we must consider the 

possibility that OIB result from magma mixing.  First, let us consider partial melting of peridotite and 

eclogite under similar conditions beneath oceanic lithosphere (~100 km depth, P ≈ 3 GPa).  The solidus of 

garnet peridotite at these pressures is ~1450 °C (Davis et al., 2011).  MORB-like eclogite will have reached 

a melt fraction >0.50 at this temperature (Pertermann and Hirschmann, 2003).  This suggests that magma 

mixing is most likely to occur between low-degree partial melts of peridotite and high-degree partial melts 

of eclogite.  We have not included mixing curves in Fig. 3.13 to avoid clutter, but a casual examination of 

these compositional graphs reveals compositional groups of OIB that are not easily reconciled by this kind 

of magma mixing scenario.  In Zn/Fe-Fe/Mn space, mixing curves will be convex up, suggesting that OIB 

with high Fe/Mn and low Zn/Fe do not result from mixing peridotitic and eclogitic partial melts.  Such 

melts are compatible with the hypothesis that the melting source region is enriched in Fe relative to the rest 

of the upper mantle (Humayun et al., 2004; Qin and Humayun, 2008).  In Ga/Sc-Fe/Mn and Ga/Sc-Zn/Fe 

space, mixing curves will be convex down.  Any addition of eclogitic partial melts to account for high 

Fe/Mn or Zn/Fe is accompanied by excessive increases in Ga/Sc of the resulting mixed magma.  This can 

be remedied if we allow mixing of high-degree partial melts of peridotite with near-solidus melts of 

eclogite, but these magmas will not be stable at the same temperatures and pressures. 

 We have not considered the possibility that near-solidus partial melts of eclogite react with 

peridotite below its solidus to form pyroxenite, which may then produce magmas with characteristics 

intermediate to partial melts of peridotite and eclogite (e.g., Sobolev et al., 2005; 2007).  This process is too 

complex to address in this study, although perhaps from the point of view of trace elements, mixing 

between low-degree melts of both sources could be considered a close approximation.   It may be that 

partial melting of reaction pyroxenite is broadly compatible with FRTE compositions of primitive OIB, but 

we urge caution in attempting to quantify precise contributions of such lithologies to particular magmatic 
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suites.  Any model attempting to do so must make assumptions about the degrees of melting of the eclogite, 

the resulting reaction pyroxenite, and the peridotite end-member, as well as starting compositions and 

residual modes for each of these lithologies.  We have shown that each of these variables is of critical 

importance to the resulting melt compositions, even when limited by the restricted compositional range we 

have considered. 

5. Conclusions 

 Experimentally determined partition coefficients for near-solidus partial melting of garnet 

peridotite at 3 GPa confirm that high modal proportions of cpx and garnet in a peridotite melting source 

tend to drive melts to higher Fe/Mn, while residual olivine tends to counteract this effect.  Residual cpx and 

garnet are more efficient at fractionating Zn and Fe than is olivine, although Zn is less compatible than Fe 

in all peridotite mineral phases.  Trivalent cations like Sc3+ and Ga3+ are also strongly fractionated by 

residual garnet and spinel, but not by other mantle phases.  These partition coefficients were used to model 

partial melting of peridotite at 3 GPa for comparison with primitive OIB.  While model partial melts of 

peridotite are similar to many OIB when key FRTE ratios are considered individually, few OIB resemble 

partial melts of peridotite when multiple ratios are considered simultaneously.  There remains an important 

caveat that some of these ratios in natural basalts may have been affected by weathering, and the effects of 

post-magmatic alteration on FRTE ratios are poorly constrained.  A clear result of the model is that FRTE 

ratios in peridotite-derived melts are sensitive to modal mineralogy, melt fraction, and source composition.  

The model supports the interpretation that many OIB have greater Fe/Mn than can be achieved by melting 

of fertile garnet peridotite, at least under relatively reducing conditions.  Partial melts of peridotite are also 

expected to have greater Co/Fe than most primitive OIB.  Some OIB have higher Zn/Fe than can be 

reconciled with partial melting of peridotite, although this ratio is not nearly as effective as Fe/Mn or Co/Fe 

at identifying basalts from non-peridotitic sources.  We add to these petrogenetic indicators Ga/Sc, which is 

highly sensitive to the presence of garnet in the residue.  Nearly all OIB have Ga/Sc consistent with 

derivation from garnet peridotite. 

Fe/Mn, Zn/Fe, and Co/Fe are sensitive to the choice of peridotite source composition.  We have 

considered three different fertile peridotite compositions in our melting model, but these may not 
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completely describe the range of potential peridotite melting sources available in the upper mantle.  It is 

difficult to evaluate how well these three compositions represent global peridotite variation because many 

of the FRTE and Ga and Ge are often overlooked in trace element studies of peridotites and basalts.  While 

we cannot determine precisely the effect of melting under conditions more oxidizing than our experiments, 

partial melts of peridotite generated at greater fO2 should lead to higher Fe/Mn and lower Co/Fe and Zn/Fe, 

more similar to some OIB. 

Mixing of partial melts of peridotite with melts from recycled lithologies is broadly consistent 

with FRTE systematics of OIB; however this is largely dependent on the assumed composition of recycled 

oceanic crust.  For example, if mantle eclogites have FRTE compositions similar to altered oceanic crust, 

then it may be difficult to reconcile the melts they produce with the much higher Co/Fe ratios of OIB.  

Partial melting of reaction pyroxenites may be involved in the production of OIB, but we urge caution 

when applying models to quantify their contributions to OIB genesis.  Such models are dependent on 

poorly-constrained assumptions about compositions, modal mineralogy, and melt fractions of recycled 

oceanic crustal lithologies.  Finally, models of core-mantle interaction that assume physical entrainment of 

metal into OIB sources fail to predict the magnitude or the direction of the observed trends in Co/Fe ratios. 
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Table 3.1: Major element compositions of starting materials 
  KLB-1ox.2 basalt 7a s.d. MISEgrt 

SiO2 44.79 44.4 0.3 42.05 

TiO2 0.11 2.38 0.05 0.63 

Al2O3 3.52 12.17 0.11 23.40 

Cr2O3 0.32 0.11 0.02 1.06 

FeO* 8.19 9.40 0.13 6.50 

MnO 0.12 0.14 0.02 0.21 

MgO 39.57 16.1 0.4 20.65 

CaO 3.07 10.5 0.2 5.46 

Na2O 0.30 2.74 0.09 0.03 

K2O 0.01 1.06 0.05 0.00 

Total 100.00 99.0   99.99 

mixtures perid:basalt:grt       

FRTE 1 20:80:0    

FRTE 1.1 30:70:0    

FRTE 2 20:70:10    

FRTE 2.1 20:70:10       
aBasalt 7 composition determined from EMP analysis of a glass fused at 1 GPa and 1600 °C in 
graphite.  Peridotite and garnet compositions are weights of powders measured during 
weighing process. 

 

 



 

 64 

 
Table 3.2: Experimental details 

run 
T1 

(ºC) 
T2 

(ºC) 

cooling 
rate 

(ºC/min) 
dwell 

(h) logfO2
a starting mix phasesb 

Pt wirec: Pt 
(wt.%) s.d. 

Fe 
(wt.%) s.d 

A779 1565 1465 0.1 24  FRTE exp 1.0 glass+cpx+ol     
A781 1560 1460 0.1 24  FRTE exp 1.0 glass+cpx+ol     
A784 1565 1465 0.1 24  FRTE exp 1.1 glass+cpx+ol+opx+grt     
A786 1565 1465 0.1 24  FRTE exp 1.1 glass+cpx+ol+opx     
A788 1565 1465 0.3 84  FRTE exp 1.1 glass+cpx+ol+opx     
A791 1650 1465 0.1 48  FRTE exp 1.1 glass+cpx+ol+opx     
A799 1650 1475 0.1 48  FRTE exp 1.1 glass+cpx+ol+opx     
A806 1650 1465 0.1 48  FRTE exp 2.0 glass+cpx+ol+opx+spl     
A825 1520 1470 0.1 48  FRTE exp 2.0 glass+cpx+ol+opx+grt     
A830 1520 1470 0.1 48  FRTE exp 2.0 glass+cpx+ol+opx     
A834 1520 1470 0.1 48  FRTE exp 2.1 qnch+cpx+ol+grt     
A842 1520 1470 0.1 48 -6.4 FRTE exp 2.1 glass+cpx+ol+opx 86.9 0.6 13.29 0.14 

A847 1520 1470 0.1 48 -5.9 FRTE exp 2.1 qnch+cpx+ol+grt 88.3 0.6 11.8 0.2 
aFrom Fe content of Pt wire and coexisting melt (Medard et al., 2008) 
bglass indicates that an experiment contained glassy and quench-crystallized regions in its melt pool, qnch indicates no glass, ol=olivine, grt=garnet, spl=Mg-
Al spinel 
cn=8 for both A842 and A847 
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Table 3.3: Electron microprobe measurements of major elements in experimental melt       

  A779 s.d. A781 s.d. A784 s.d. A786 s.d. A788 s.d. A791 s.d. A799 s.d. A806 s.d. 
n 20  32  20  20  20  20  20  20  
phase glass  glass  glass  glass  glass  glass  glass  glass  
SiO2 44.1 0.3 42.6 0.3 42.4 0.2 43.0 0.3 43.0 0.3 42.34 0.16 42.74 0.19 41.55 0.15 
TiO2 2.86 0.06 3.28 0.08 3.45 0.08 2.92 0.05 3.35 0.07 2.89 0.06 2.66 0.06 3.24 0.05 
Al2O3 13.42 0.13 14.95 0.13 12.36 0.15 14.0 0.2 14.99 0.13 13.13 0.08 12.74 0.10 14.40 0.10 
Cr2O3 0.06 0.02 0.03 0.03 0.03 0.02 0.06 0.02 0.04 0.02 0.03 0.02 0.05 0.03 0.03 0.03 
FeO* 9.08 0.12 9.92 0.14 8.23 0.10 8.94 0.13 9.96 0.11 8.13 0.12 9.17 0.13 8.61 0.09 
MnO 0.13 0.03 0.14 0.02 0.13 0.03 0.12 0.03 0.13 0.02 0.14 0.03 0.15 0.03 0.15 0.03 
MgO 15.68 0.13 14.73 0.18 16.01 0.15 15.5 0.3 14.60 0.17 15.56 0.13 15.23 0.14 14.00 0.13 
CaO 9.20 0.13 8.55 0.12 9.33 0.09 9.45 0.14 8.77 0.14 9.84 0.11 9.59 0.09 9.48 0.09 
Na2O 2.67 0.07 2.91 0.10 3.48 0.11 2.80 0.11 3.05 0.08 2.98 0.07 2.84 0.08 3.16 0.09 
K2O 1.39 0.06 1.75 0.06 1.72 0.05 1.40 0.04 1.64 0.05 1.37 0.04 1.28 0.04 1.75 0.05 
Total 98.6   98.9   97.2   98.2   99.5   96.41   96.44   96.37   
  A825 s.d. A825 err A830 s.d. A830 err A834 err A842 err A847 err   

n 20  124  17  82  111  167  104    
phase glass  quench  glass  quench  quench  quench  quench    
SiO2 43.54 0.11 42.9 0.2 44.6 0.2 44.43 0.16 44.67 0.18 43.26 0.06 42.9 0.3   
TiO2 3.03 0.05 3.028 0.018 2.50 0.08 2.467 0.011 2.867 0.014 2.538 0.008 3.24 0.03   
Al2O3 13.44 0.11 13.20 0.05 14.61 0.13 14.51 0.03 12.54 0.05 14.76 0.02 11.76 0.06   
Cr2O3 0.04 0.04 0.033 0.003 0.114 0.019 0.100 0.003 0.050 0.003 0.118 0.003 0.030 0.003   
FeO* 7.86 0.10 7.88 0.04 7.89 0.11 7.96 0.03 9.92 0.08 10.16 0.02 10.69 0.11   
MnO 0.16 0.03 0.137 0.003 0.13 0.03 0.142 0.003 0.141 0.003 0.144 0.003 0.144 0.004   
MgO 14.92 0.12 14.53 0.11 15.60 0.17 15.51 0.07 15.26 0.11 14.52 0.07 14.3 0.2   
CaO 9.43 0.09 9.36 0.07 9.93 0.13 9.84 0.06 9.02 0.10 8.88 0.03 8.93 0.11   
Na2O 3.05 0.08 2.62 0.06 2.65 0.10 2.52 0.05 2.53 0.04 2.14 0.03 2.87 0.12   
K2O 1.39 0.04 1.24 0.08 1.23 0.04 1.20 0.04 1.39 0.06 1.108 0.013 1.67 0.11   
Total 96.86   94.9   99.3   98.67   98.38   97.62   96.6     
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Table 3.4: Electron microprobe measurements of major elements in experimental olivine 
      

  A779 s.d. A781 s.d. A784 s.d. A786 s.d. A825 s.d. A830 s.d. A834 s.d. 
n 20  20  17  19  4  6  20  
SiO2 41.0 0.3 40.8 0.3 40.95 0.16 40.20 0.15 41.33 0.15 41.06 0.10 40.7 0.6 
TiO2 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.031 0.016 0.032 0.019 
Al2O3 0.153 0.016 0.17 0.02 0.14 0.01 0.16 0.02 0.175 0.016 0.18 0.02 0.173 0.016 
Cr2O3 0.05 0.03 0.03 0.02 0.03 0.03 0.05 0.02 0.04 0.02 0.07 0.03 0.03 0.02 
FeO* 8.3 0.3 10.16 0.30 8.66 0.17 9.23 0.14 8.29 0.11 8.34 0.09 9.98 0.15 
MnO 0.09 0.02 0.11 0.02 0.11 0.02 0.10 0.02 0.10 0.03 0.11 0.02 0.10 0.02 
MgO 49.46 0.43 48.76 0.24 49.92 0.20 49.05 0.18 50.53 0.08 50.82 0.10 48.5 0.6 
CaO 0.246 0.019 0.23 0.02 0.23 0.02 0.23 0.02 0.237 0.014 0.23 0.02 0.257 0.018 
Na2O 0.026 0.016 0.04 0.02 0.03 0.02 0.04 0.02 0.022 0.014 0.030 0.017 0.08 0.07 
K2O 0.000 0.010 0.004 0.014 0.005 0.011 0.011 0.011 -0.002 0.010 0.001 0.016 0.018 0.018 
Total 99.4  100.3  100.10  99.10  100.74  100.88  99.9  

MgFe
DK −  0.29   0.31   0.34   0.33   0.31   0.32   0.32   

  A788 s.d. A791 s.d. A799 s.d. A806 s.d. A842 s.d. A847 s.d.     
n 19  12  20  19  18  20    
SiO2 40.53 0.15 41.42 0.25 41.14 0.17 41.26 0.17 41.06 0.18 40.78 0.19   
TiO2 0.01 0.02 0.02 0.01 0.022 0.014 0.008 0.016 0.011 0.016 0.024 0.018   
Al2O3 0.16 0.02 0.15 0.02 0.145 0.008 0.169 0.012 0.17 0.02 0.187 0.013   
Cr2O3 0.03 0.02 0.06 0.03 0.06 0.02 0.09 0.03 0.08 0.03 0.043 0.016   
FeO* 10.58 0.18 6.71 0.90 8.29 0.33 6.5 0.2 9.8 0.2 10.50 0.16   
MnO 0.12 0.02 0.09 0.03 0.093 0.010 0.10 0.02 0.11 0.02 0.11 0.02   
MgO 48.57 0.23 52.08 0.81 50.37 0.32 51.11 0.27 48.9 0.2 48.04 0.19   
CaO 0.22 0.02 0.22 0.02 0.23 0.02 0.22 0.02 0.27 0.03 0.248 0.019   
Na2O 0.03 0.02 0.02 0.02 0.038 0.018 0.028 0.019 0.04 0.02 0.042 0.016   
K2O 0.006 0.012 -0.001 0.012 0.003 0.011 0.004 0.012 0.004 0.012 0.003 0.011   
Total 100.26  100.77  100.39  99.5  100.5  99.98    

MgFe
DK −  0.32   0.25   0.27   0.21   0.29   0.30       
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Table 3.5: Electron microprobe measurements of major elements in experimental orthopyroxene 

  A784 s.d. A786 s.d. A788 s.d. A791 s.d. A799 s.d. 
n 19  10  9  15  13  
SiO2 55.7 0.2 54.81 0.14 52.9 0.9 56.2 0.2 55.3 0.3 
TiO2 0.160 0.019 0.164 0.019 0.32 0.05 0.17 0.03 0.20 0.02 
Al2O3 4.49 0.16 4.64 0.15 8.6 1.6 4.77 0.18 4.8 0.4 
Cr2O3 0.34 0.02 0.36 0.03 0.24 0.04 0.35 0.02 0.35 0.03 

FeO* 4.14 0.06 4.53 0.08 6.2 0.3 3.95 0.09 4.62 0.10 

MnO 0.09 0.03 0.100 0.017 0.11 0.02 0.09 0.02 0.09 0.02 

MgO 32.9 0.2 32.20 0.15 29.9 0.7 33.62 0.16 32.3 0.3 

CaO 2.21 0.08 2.45 0.10 2.2 0.3 2.09 0.06 2.64 0.18 

Na2O 0.24 0.04 0.25 0.02 0.34 0.03 0.230 0.018 0.281 0.018 

K2O -0.003 0.008 0.003 0.007 0.011 0.013 0.001 0.012 0.009 0.016 

Total 100.3   99.50   100.8   101.5   100.6   

  A806 s.d. A825 s.d. A830 s.d. A842 s.d.   

n 18  19  11  8    

SiO2 53.9 0.4 53.9 0.7 53.9 0.5 53.8 0.9   

TiO2 0.19 0.03 0.22 0.04 0.219 0.016 0.29 0.03   

Al2O3 6.8 0.5 6.9 1.2 7.0 0.7 6.9 1.3   

Cr2O3 0.49 0.05 0.43 0.12 0.52 0.09 0.39 0.06   

FeO* 3.97 0.15 4.9 0.2 4.98 0.16 5.1 0.4   

MnO 0.087 0.013 0.10 0.02 0.100 0.016 0.10 0.01   

MgO 31.8 0.3 31.4 0.5 31.3 0.4 31.4 0.8   

CaO 2.26 0.11 2.23 0.12 2.34 0.08 2.33 0.12   

Na2O 0.25 0.03 0.27 0.03 0.27 0.03 0.25 0.03   

K2O 0.005 0.015 0.004 0.013 -0.002 0.010 -0.003 0.011   

Total 99.8   100.5   100.6   100.5     
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Table 3.6: Average electron microprobe measurements of major elements in experimental clinopyroxenea 
  A779 s.d. A781 s.d. A784 s.d. A786 s.d. A788 s.d. A791 s.d. A799 s.d. 

n 19  16  19  10  15  17  19  
SiO2 53.9 0.5 52.9 1.4 53.5 0.8 52.8 0.7 52.8 0.9 53.4 0.8 53.5 0.7 
TiO2 0.30 0.04 0.38 0.14 0.34 0.09 0.33 0.06 0.42 0.09 0.39 0.07 0.32 0.07 
Al2O3 6.2 0.6 8 2 7.2 1.3 6.9 1.0 7.9 1.4 7.9 1.1 6.7 1.0 
Cr2O3 0.34 0.04 0.27 0.06 0.35 0.07 0.39 0.05 0.35 0.05 0.33 0.05 0.36 0.06 
FeO* 4.57 0.14 4.7 0.3 4.12 0.14 4.53 0.16 5.1 0.3 4.00 0.12 4.58 0.12 
MnO 0.11 0.03 0.105 0.019 0.104 0.018 0.09 0.03 0.108 0.017 0.11 0.02 0.102 0.017 
MgO 24.1 1.0 22 3 23.5 1.5 22.8 1.4 22.2 1.7 22.4 1.2 23.4 1.3 
CaO 9.6 0.8 11 2 10.1 0.8 10.4 1.1 10.6 1.2 11.3 0.7 10.2 0.9 
Na2O 0.91 0.09 1.2 0.3 1.06 0.15 1.01 0.09 1.14 0.17 1.09 0.10 1.02 0.13 
K2O 0.005 0.008 0.005 0.013 0.002 0.010 0.007 0.014 0.012 0.014 0.010 0.011 0.015 0.015 
Total 100.0  99.9  100.3  99.3  100.6   100.9   100.1   

  A806 s.d. A825 s.d. A830 s.d. A834 s.d. A842 s.d. A847 s.d.   

n 18  7  36  19  9  6    

SiO2 51.6 0.6 52.3 0.4 52.9 0.4 53.2 0.3 52.6 0.3 53.3 0.3   

TiO2 0.44 0.08 0.41 0.05 0.33 0.04 0.38 0.06 0.36 0.03 0.44 0.03   

Al2O3 10.1 1.1 9.4 0.7 7.9 0.5 7.3 0.4 8.7 0.3 7.5 0.4   

Cr2O3 0.37 0.11 0.47 0.04 0.60 0.07 0.36 0.04 0.55 0.05 0.20 0.03   

FeO* 3.9 0.2 4.35 0.13 4.35 0.10 4.67 0.18 4.82 0.17 4.8 0.3   

MnO 0.120 0.019 0.13 0.04 0.12 0.02 0.12 0.03 0.106 0.018 0.097 0.011   

MgO 21.0 0.9 21.7 0.6 22.8 0.5 21.5 0.9 21.8 0.6 20.7 0.6   

CaO 11.5 0.4 10.9 0.5 10.7 0.4 11.7 0.9 10.8 0.7 12.0 0.8   

Na2O 1.17 0.11 1.07 0.05 0.95 0.07 1.19 0.10 1.07 0.06 1.34 0.04   

K2O 0.020 0.014 0.011 0.011 0.002 0.011 0.006 0.015 0.012 0.012 0.006 0.012   

Total 100.2   100.8   100.6   100.4   100.8   100.4     
acpx compositions within each charge are variable, leading to the high standard deviations.  This variability is discussed in the methods supplement. 
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Table 3.7:. Electron microprobe measurements of major elements in experimental garnet and spinel 

  A784 s.d. A806 s.d. A825 s.d. A834 s.d. A847 s.d. 
n 15  14  15  13  17  

phase grt  spl  grt  grt  grt  

SiO2 41.31 0.15 0.384 0.016 42.29 0.09 42.04 0.17 42.0 0.5 

TiO2 0.92 0.13 0.33 0.03 0.82 0.05 0.73 0.08 0.79 0.10 

Al2O3 23.7 0.2 66.27 0.16 23.94 0.14 23.86 0.18 24.0 0.4 

Cr2O3 0.30 0.04 1.31 0.08 0.42 0.03 0.57 0.04 0.45 0.06 

FeO* 5.96 0.12 8.03 0.11 5.67 0.08 6.72 0.13 6.87 0.13 

MnO 0.17 0.02 0.062 0.013 0.180 0.018 0.17 0.02 0.172 0.016 

MgO 20.66 0.18 22.92 0.15 21.52 0.11 20.7 0.4 20.4 0.3 

CaO 5.6 0.3 0.027 0.015 5.33 0.12 5.6 0.4 5.6 0.4 

Na2O 0.03 0.02 0.011 0.013 0.024 0.016 0.03 0.02 0.04 0.02 

K2O 0.004 0.013 0.002 0.012 0.003 0.011 0.006 0.013 0.004 0.010 

Total 98.7   99.35   100.20   100.4   100.4   
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Table 3.8: LA-ICP-MS measurements of major and trace elements in experimental melt   
  A779 s.d. A781 s.d. A784 s.d. A786 s.d. A788 s.d. A791 s.d. A799 s.d. 
n 438  276  13  483  524  198  6  SiO2 
(wt.%) 45.6 1.2 40.5 1.4 44.1 1.2 41.6 1.1 43.2 1.1 42.9 0.6 47.0 0.8 

TiO2 3.09 0.12 3.72 0.17 3.77 0.06 3.52 0.16 3.78 0.15 3.49 0.10 2.73 0.06 
Al2O3 12.9 0.5 14.2 0.5 11.8 0.6 13.6 0.5 13.9 0.4 13.3 0.3 12.00 0.18 
FeO* 8.7 0.6 10.2 0.6 8.2 0.3 9.0 0.4 9.5 0.4 7.9 0.2 8.93 0.07 
MnO 0.149 0.011 0.170 0.010 0.153 0.006 0.157 0.007 0.154 0.006 0.156 0.004 0.149 0.002 
MgO 15.5 0.6 15.9 0.8 15.9 0.3 16.1 0.7 14.3 0.6 15.8 0.5 14.9 0.3 
CaO 10.3 0.4 10.2 0.4 10.6 0.4 10.9 0.4 9.8 0.4 11.3 0.3 8.92 0.18 
Na2O 2.6 0.3 3.3 0.5 3.6 0.3 3.51 0.18 3.5 0.2 3.50 0.10 3.80 0.07 
K2O 1.20 0.13 1.66 0.12 1.80 0.09 1.62 0.09 1.77 0.10 1.59 0.05 1.60 0.02 
P2O5 0.017 0.002 0.021 0.003 0.021 0.002 0.017 0.004 0.021 0.004 0.020 0.003 0.010 0.008 
Total 100  100  100  100  100  100  100  
               
Sc 
(ppm) 84 3 91 4 57 2 93 5 92 4 96 4 71.8 1.5 

V 57 3 58 4 47 2 61 3 52 4 56 2 53.9 0.7 
Cr 460 30 350 60 200 18 420 30 350 70 320 60 462 6 
Co 49 12 45 2 36.6 1.4 40 2 32 3 29 2 27.8 0.6 
Zn 130 40 150 20 111 12 121 8 139 11 116 10 123 3 
Ga 81 5 103 5 93 3 111 7 116 7 96 4 106 2 
Ge 62 3 74 4 47.9 1.5 75 4 73 5 62 4 79.0 1.7 
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Table 3.8 continued.         
    A806 s.d. A825 s.d. A830 s.d. A834 s.d. A842 s.d. A847 s.d. 

n 714  6  816  650  778  183  
SiO2 
(wt.%) 42.5 1.2 48.2 0.3 43.3 1.0 43.4 1.0 43.7 1.4 43.1 1.6 

TiO2 3.9 0.2 3.07 0.04 3.04 0.12 3.52 0.12 2.85 0.12 3.76 0.18 
Al2O3 13.9 0.5 12.38 0.14 14.1 0.4 12.7 0.6 15.0 0.5 12.4 0.6 
FeO* 8.2 0.4 7.10 0.05 7.6 0.3 9.5 0.4 9.3 0.5 10.1 0.6 
MnO 0.160 0.009 0.144 0.001 0.160 0.007 0.162 0.012 0.158 0.012 0.16 0.02 
MgO 15.0 0.6 13.99 0.11 16.6 0.7 15.8 0.7 15.4 0.8 14.6 0.9 
CaO 10.5 0.5 9.08 0.09 10.8 0.4 10.0 0.3 9.6 0.4 9.9 0.4 
Na2O 3.8 0.2 4.18 0.03 3.0 0.3 3.0 0.4 2.8 0.3 3.7 0.5 
K2O 2.0 0.2 1.804 0.015 1.36 0.13 1.72 0.17 1.3 0.2 2.2 0.3 
P2O5 0.018 0.004 0.023 0.003 0.016 0.005 0.018 0.016 0.018 0.008 0.037 0.013 
Total 100  100  100  100  100  100  
             Sc 
(ppm) 85 5 44.0 0.8 87 4 48 3 90 5 35 3 

V 47 3 42.7 0.4 58 3 54 4 55 4 46 5 
Cr 190 40 279 5 840 90 540 150 900 100 260 60 
Co 27 5 31.5 0.4 32 2 37 2 31 3 43 3 
Zn 123 11 119.4 1.5 135 12 159 17 151 16 210 30 
Ga 90 7 94.3 0.8 85 5 116 6 104 7 128 14 
Ge 60 5 58.1 1.5 57 4 69 4 72 5 62 5 
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Table 3.9: LA-ICP-MS measurements of major and trace elements in experimental olivine     
  A779 s.d. A781 s.d. A784 s.d. A786 s.d. A788 s.d. A791 s.d. 
n 2  3  2  3  5  305  
SiO2 (wt.%) 41.9 0.2 40.24 0.10 42.2 0.4 39.37 0.15 40.7 0.4 41.6 0.6 
TiO2 0.0172 0.0011 0.026 0.012 0.032 0.005 0.021 0.004 0.031 0.007 0.0140 0.0013 
Al2O3 0.18 0.05 0.21 0.06 0.186 0.014 0.158 0.016 0.22 0.03 0.122 0.004 
FeO* 8.17 0.07 9.8 0.4 8.6 0.2 9.231 0.006 9.9 0.3 5.70 0.16 
MnO 0.1095 0.0010 0.121 0.003 0.120 0.004 0.1208 0.0007 0.1242 0.0008 0.085 0.002 
MgO 49.3 0.2 48.8 0.3 48.5 0.6 50.82 0.09 48.4 0.3 52.3 0.6 
CaO 0.25 0.03 0.27 0.06 0.264 0.016 0.254 0.014 0.25 0.04 0.217 0.009 
Na2O 0.035 0.005 0.480 0.016 0.069 0.006 0.01 0.05 0.26 0.14 nd  
K2O 0.002 0.002 nd  0.014 0.008 0.005 0.003 0.004 0.005 nd  
P2O5 0.0080 0.0010 0.0055 0.0003 0.0053 0.0006 0.0053 0.0008 0.008 0.002 0.006 0.003 
Total 100  100  100  100  100  100  

MgFe
DK −  0.29  0.31  0.35  0.32  0.31  0.22  

             
Sc (ppm) 10.8 0.3 11.6 0.7 8.9 0.7 12.2 0.3 11.7 0.7 9.0 0.7 
V 9.2 0.6 6.9 0.3 6.6 0.2 7.07 0.07 6.5 0.4 7.8 0.6 
Cr 408 6 230 60 230 80 270 20 220 12 510 30 
Co 100 20 95.5 0.4 85 3 89 2 85 5 57 3 
Zn 103 3 124 5 112 9 115 2 151 10 72 7 
Ga 1.77 0.04 2.5 0.3 2.66 0.04 2.45 0.18 3.2 0.2 1.5 0.3 
Ge 25.6 1.4 26.9 1.0 22.9 0.5 26.4 1.3 28.4 0.8 23 2 

             
DSc 0.128 0.006 0.127 0.009 0.156 0.013 0.131 0.007 0.127 0.010 0.093 0.009 
DTi 0.0056 0.0004 0.007 0.003 0.0084 0.0014 0.0059 0.0012 0.008 0.002 0.0040 0.0004 
DV 0.162 0.015 0.120 0.009 0.142 0.007 0.116 0.007 0.124 0.012 0.139 0.012 
DCr 0.88 0.05 0.64 0.19 1.1 0.4 0.65 0.07 0.62 0.13 1.6 0.3 
DMn 0.73 0.05 0.71 0.05 0.78 0.04 0.77 0.03 0.81 0.03 0.55 0.02 
DFe 0.94 0.06 0.96 0.07 1.05 0.04 1.02 0.04 1.05 0.05 0.72 0.03 
DCo 2.1 0.7 2.14 0.10 2.32 0.13 2.21 0.13 2.7 0.3 1.98 0.15 
DZn 0.8 0.3 0.82 0.12 1.01 0.13 0.94 0.07 1.09 0.11 0.62 0.08 
DGa 0.022 0.001 0.024 0.003 0.0287 0.0010 0.022 0.002 0.027 0.002 0.015 0.004 
DGe 0.41 0.03 0.36 0.02 0.479 0.018 0.35 0.03 0.39 0.03 0.38 0.04 
nd = not detected           
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Table 3.9 continued.     
  A799 s.d. A806 s.d. A825 s.d. A830 s.d. A834 s.d. A842 s.d. 
n 2  19  2  5  4  7  
SiO2 (wt.%) 39.88 0.06 41.34 0.17 42.9 0.5 40.8 0.3 40.6 0.2 40.2 0.9 
TiO2 0.021 0.003 0.017 0.003 0.033 0.012 0.0170 0.0005 0.046 0.013 0.021 0.004 
Al2O3 0.165 0.013 0.172 0.017 0.33 0.08 0.159 0.004 0.24 0.04 0.19 0.05 
FeO* 9.3 0.4 7.1 0.8 8.13 0.19 8.08 0.10 9.77 0.04 9.72 0.19 
MnO 0.122 0.004 0.104 0.009 0.128 0.004 0.1216 0.0007 0.1215 0.0003 0.124 0.002 
MgO 50.2 0.4 51.0 0.8 48.0 0.5 50.5 0.2 48.64 0.12 49.4 0.7 
CaO 0.234 0.003 0.215 0.007 0.40 0.10 0.228 0.003 0.31 0.03 0.24 0.04 
Na2O 0.061 0.013 0.07 0.04 0.093 0.014 0.15 0.03 0.23 0.02 0.08 0.04 
K2O nd  0.003 0.005 0.0034 0.0014 0.0009 0.0011 0.017 0.009 nd  
P2O5 nd  0.0052 0.0006 nd  0.0041 0.0014 0.0067 0.0007 0.004 0.002 
Total 100  100  100  100  100  100  

MgFe
DK −  0.31  0.25  0.33  0.35  0.33  0.33  

             
Sc (ppm) 11.8 0.3 9.9 0.6 11.9 0.7 10.79 0.13 6.68 0.17 11.6 0.5 
V 7.3 0.4 7.7 1.4 7.36 0.09 7.52 0.16 8.1 0.3 8.4 0.3 
Cr 370 60 600 170 450 80 440 30 247 16 510 20 
Co 67 5 68 4 88 5 79 3 83 2 72 3 
Zn 125 6 102 11 116 3 129.9 1.7 159 4 144 5 
Ga 2.6 0.3 2.2 0.4 3.0 0.3 2.00 0.07 3.9 0.4 2.4 0.4 
Ge 35.9 0.5 26.1 0.8 34.1 0.5 28.0 0.7 22 5 9 8 

             
DSc 0.164 0.006 0.117 0.011 0.271 0.016 0.124 0.005 0.140 0.011 0.129 0.009 
DTi 0.0079 0.0010 0.0044 0.0007 0.011 0.004 0.0056 0.0003 0.013 0.004 0.0072 0.0014 
DV 0.136 0.007 0.16 0.03 0.172 0.003 0.129 0.008 0.151 0.013 0.152 0.011 
DCr 0.80 0.13 3.1 1.1 1.6 0.3 0.53 0.07 0.46 0.13 0.56 0.07 
DMn 0.81 0.03 0.65 0.07 0.89 0.03 0.76 0.03 0.75 0.06 0.78 0.06 
DFe 1.04 0.05 0.87 0.10 1.15 0.03 1.06 0.04 1.03 0.05 1.05 0.06 
DCo 2.4 0.2 2.5 0.5 2.78 0.16 2.5 0.2 2.22 0.13 2.3 0.3 
DZn 1.02 0.06 0.83 0.12 0.98 0.03 0.96 0.09 1.00 0.11 0.95 0.11 
DGa 0.024 0.002 0.025 0.005 0.032 0.003 0.0235 0.0017 0.034 0.004 0.023 0.004 
DGe 0.455 0.012 0.43 0.04 0.587 0.018 0.49 0.03 0.32 0.07 0.12 0.11 
nd = not detected           
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Table 3.10: LA-ICP-MS measurements of major and trace elements in experimental opx       
  A784 s.d. A786 s.d. A788 s.d. A791 s.d. A799 s.d. A806 s.d. 
n 10  131  2  174  2  19  
SiO2 (wt.%) 56.6 0.9 52.4 0.8 56.2 0.3 55.4 0.7 56.6 0.2 54.2 1.6 
TiO2 0.2 0.0 0.25 0.03 0.175 0.009 0.195 0.011 0.190 0.008 0.21 0.02 
Al2O3 4.02 0.18 4.7 0.2 3.7 0.5 4.39 0.12 4.83 0.04 6.1 0.4 
FeO* 4.19 0.13 4.8 0.3 4.71 0.17 3.76 0.13 4.75 0.07 3.9 0.3 
MnO 0.092 0.002 0.101 0.004 0.099 0.001 0.088 0.003 0.098 0.002 0.092 0.006 
MgO 32.4 0.7 34.4 0.8 31.90 0.01 33.7 0.7 31.16 0.08 33.0 1.4 
CaO 2.25 0.07 3.09 0.16 2.53 0.05 2.29 0.08 2.07 0.16 2.21 0.11 
Na2O 0.25 0.03 0.29 0.05 0.679 0.004 0.20 0.02 0.3679 0.0004 0.24 0.02 
K2O 0.01 0.01 0.01 0.01 0.02 0.01 nd  nd  nd  
P2O5 0.008 0.001 0.006 0.003 0.010 0.001 0.006 0.003 nd  0.002 0.002 
Total 100  100  100  100  100  100  

             
Sc (ppm) 32.6 1.0 41.8 1.7 29 3 36 2 35.2 1.7 35 3 
V 43.2 0.8 55 3 45 6 46 2 55.0 0.6 55 4 
Cr 2100 50 2460 160 2200 300 2300 90 2850 60 3800 300 
Co 38.9 0.8 41 2 70 40 27.4 1.8 30.44 0.09 30 3 
Zn 42 3 51 5 68.1 0.8 43 4 58.6 0.4 47 6 
Ga 20.7 0.8 27 2 25 2 22.4 1.5 32.19 0.12 28 3 
Ge 47.3 1.8 59 3 55 2 49 3 68.3 0.2 49 4 

             
DSc 0.57 0.03 0.45 0.03 0.31 0.03 0.38 0.03 0.49 0.03 0.41 0.04 
DTi 0.048 0.003 0.070 0.008 0.046 0.003 0.056 0.003 0.070 0.003 0.054 0.007 
DV 0.93 0.04 0.91 0.07 0.86 0.14 0.83 0.05 1.020 0.018 1.17 0.11 
DCr 10.5 1.0 5.8 0.5 6.3 1.6 7.2 1.4 6.18 0.15 20 4 
DMn 0.60 0.03 0.64 0.04 0.65 0.03 0.57 0.02 0.659 0.014 0.58 0.05 
DFe 0.51 0.02 0.53 0.04 0.50 0.03 0.48 0.02 0.531 0.009 0.48 0.05 
DCo 1.06 0.05 1.03 0.08 2.2 1.2 0.95 0.08 1.10 0.02 1.1 0.2 
DZn 0.38 0.05 0.42 0.05 0.49 0.04 0.37 0.05 0.476 0.011 0.38 0.06 
DGa 0.223 0.011 0.24 0.02 0.22 0.02 0.234 0.019 0.304 0.006 0.32 0.04 
DGe 0.99 0.05 0.78 0.06 0.76 0.06 0.80 0.07 0.865 0.019 0.81 0.10 
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Table 3.10 continued 
  A825 s.d. A830 s.d. A842 s.d. 
n 2  288  43  
SiO2 (wt.%) 57.5 0.8 52.8 0.7 50.3 0.7 
TiO2 0.189 0.018 0.249 0.017 0.294 0.012 
Al2O3 5.4 0.3 6.0 0.4 9.3 0.2 
FeO* 4.49 0.17 4.83 0.13 5.73 0.14 
MnO 0.0982 0.0007 0.106 0.004 0.114 0.003 
MgO 30.1 1.1 33.0 0.6 31.5 0.7 
CaO 1.91 0.01 2.64 0.13 2.40 0.06 
Na2O 0.34 0.04 0.27 0.03 0.31 0.03 
K2O 0.00 0.01 0.006 0.004 0.002 0.002 
P2O5 nd  0.006 0.004 0.008 0.005 
Total 100  100  100  
       
Sc (ppm) 33.1 1.0 42 3 55 2 
V 55 2 70 3 75 3 
Cr 3970 100 4100 200 3640 110 
Co 48 3 47 3 33 2 
Zn 52 3 70 6 88 8 
Ga 28 2 31 2 51 4 
Ge 59 3 54 3 63 4 

       
DSc 0.75 0.03 0.48 0.04 0.61 0.04 
DTi 0.062 0.006 0.082 0.006 0.103 0.006 
DV 1.29 0.06 1.19 0.09 1.35 0.10 
DCr 14.2 0.4 4.9 0.6 4.1 0.4 
DMn 0.682 0.007 0.66 0.04 0.73 0.06 
DFe 0.63 0.02 0.64 0.03 0.62 0.03 
DCo 1.54 0.10 1.48 0.15 1.07 0.14 
DZn 0.43 0.03 0.51 0.07 0.59 0.08 
DGa 0.294 0.018 0.36 0.04 0.49 0.05 
DGe 1.01 0.06 0.95 0.08 0.88 0.08 
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Table 3.11: LA-ICP-MS measurements of major and trace elements in experimental cpx       
  A779 s.d. A781 s.d. A784 s.d. A786 s.d. A788 s.d. A791 s.d. 
n 371  629  647  178  511  210  
SiO2 (wt.%) 54.33 0.07 51.10 0.04 55.02 0.15 50.55 0.05 52.71 0.06 52.64 0.09 
TiO2 0.3646 0.0014 0.415 0.001 0.354 0.008 0.380 0.002 0.429 0.009 0.433 0.003 
Al2O3 6.21  6.83  5.66  6.52  6.66  6.39  
FeO* 4.259 0.014 4.460 0.010 3.81 0.03 4.270 0.020 4.710 0.020 3.90 0.02 
MnO 0.1157 0.0004 0.1166 0.0002 0.116 0.001 0.1194 0.0005 0.1208 0.0004 0.117 0.000 
MgO 22.39 0.08 24.83 0.04 23.88 0.12 25.14 0.06 22.59 0.06 24.03 0.08 
CaO 11.27 0.04 11.06 0.02 10.17 0.05 11.94 0.04 11.55 0.04 11.29 0.03 
Na2O 1.043 0.006 1.161 0.003 0.97 0.02 1.073 0.007 1.214 0.006 1.16 0.01 
K2O 0.0077 0.0004 0.023 0.001 0.031 0.004 0.0020 0.0005 0.011 0.006 0.044 0.001 
P2O5 0.0070 0.0001 0.0068 0.0001 0.0062 0.0002 0.0063 0.0006 0.0046 0.0003 0.015 0.006 
Total 100  100  100  100  100  100  

             
Sc (ppm) 61.2 0.2 60.4 0.1 56.8 0.3 70.7 0.4 69.0 0.2 65.6 0.2 
V 76.4 0.2 76.6 0.2 64.9 0.4 82.2 0.4 78.6 0.4 70.9 0.3 
Cr 2132 16 2212 7 2360 20 2740 20 2152 11 2361 14 
Co 27.88 0.16 33.3 0.1 26.3 0.6 31.0 0.2 31.6 0.2 21.3 0.1 
Zn 35.3 0.3 41.7 0.2 31.6 1.0 42.0 0.6 46.3 0.5 42.7 0.8 
Ga 28.38 0.13 32.4 0.1 25.9 0.3 35.1 0.3 39.1 0.3 31.4 0.4 
Ge 52.3 0.2 61.3 0.2 46.6 0.4 65.9 0.5 63.4 0.3 60.0 0.6 

             
DSc 0.73 0.03 0.66 0.03 1.00 0.04 0.76 0.04 0.75 0.03 0.68 0.03 
DTi 0.118 0.004 0.111 0.005 0.094 0.003 0.108 0.005 0.113 0.005 0.124 0.004 
DV 1.35 0.08 1.33 0.08 1.39 0.06 1.35 0.07 1.51 0.10 1.27 0.06 
DCr 4.6 0.3 6.3 1.1 11.8 1.1 6.5 0.4 6.1 1.3 7.3 1.4 
DMn 0.78 0.06 0.69 0.04 0.76 0.03 0.76 0.03 0.79 0.03 0.75 0.02 
DFe 0.49 0.03 0.44 0.03 0.465 0.015 0.47 0.02 0.50 0.02 0.493 0.013 
DCo 0.57 0.14 0.74 0.04 0.72 0.03 0.77 0.04 0.99 0.08 0.74 0.04 
DZn 0.27 0.09 0.27 0.04 0.29 0.03 0.35 0.02 0.33 0.03 0.37 0.03 
DGa 0.35 0.02 0.315 0.017 0.280 0.009 0.32 0.02 0.34 0.02 0.329 0.016 
DGe 0.84 0.04 0.82 0.04 0.97 0.03 0.87 0.05 0.87 0.06 0.97 0.06 
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Table 3.11 continued.   
  A799 s.d. A806 s.d. A825 s.d. A830 s.d. 
n 89  291  6  127  
SiO2 (wt.%) 55.2 0.9 53.60 0.20 55.1 0.5 51.0 1.3 
TiO2 0.37 0.03 0.353 0.010 0.44 0.07 0.44 0.03 
Al2O3 6.8 0.5 6.63  8.0 0.4 7.3 0.4 
FeO* 4.1 0.2 3.58 0.05 4.00 0.11 4.3 0.2 
MnO 0.111 0.005 0.114 0.001 0.125 0.004 0.126 0.006 
MgO 21.8 1.0 23.87 0.18 21.4 0.5 23.9 1.0 
CaO 10.4 0.8 10.59 0.10 9.5 0.4 11.7 0.5 
Na2O 1.24 0.09 1.19 0.02 1.44 0.13 1.20 0.13 
K2O 0.005 0.003 0.029 0.007 0.03 0.04 0.04 0.04 
P2O5 0.01 0.01 0.0041 0.0006 nd  0.005 0.003 
Total 100  100  100  100  

         
Sc (ppm) 61 4 51.7 0.7 55.2 1.5 63 4 
V 75 5 70.8 0.8 71 3 88 6 
Cr 2370 170 3220 80 3200 600 4000 400 
Co 21 1 36 3 30 3 32 3 
Zn 44 4 38.0 1.0 43 3 57 7 
Ga 36 4 33.6 0.6 38 3 36 4 
Ge 66 5 51.9 0.7 63 3 58 4 

         
DSc 0.85 0.06 0.61 0.04 1.26 0.04 0.72 0.05 
DTi 0.136 0.012 0.090 0.005 0.14 0.02 0.145 0.013 
DV 1.39 0.09 1.51 0.10 1.67 0.08 1.51 0.13 
DCr 5.1 0.4 17 3 12 2 4.8 0.6 
DMn 0.75 0.03 0.71 0.04 0.87 0.03 0.79 0.05 
DFe 0.46 0.02 0.44 0.02 0.563 0.016 0.57 0.04 
DCo 0.76 0.05 1.3 0.3 0.95 0.08 1.03 0.12 
DZn 0.36 0.03 0.31 0.03 0.36 0.02 0.42 0.06 
DGa 0.34 0.03 0.37 0.03 0.40 0.04 0.42 0.05 
DGe 0.84 0.07 0.86 0.08 1.08 0.05 1.01 0.10 

 



 

 78 

Table 3.11 continued. 
  A834 s.d. A842 s.d. A847 s.d. 
n 6  80  6  
SiO2 (wt.%) 51.8 0.7 48.8 1.0 52.6 0.4 
TiO2 0.49 0.14 0.48 0.05 0.48 0.13 
Al2O3 7.1 1.1 8.7 0.5 6.89 0.19 
FeO* 4.7 0.2 4.7 0.2 4.6 0.3 
MnO 0.124 0.005 0.130 0.006 0.121 0.004 
MgO 22.0 1.1 23.7 1.1 21.9 1.0 
CaO 12.0 0.8 12.2 0.4 11.8 1.0 
Na2O 1.69 0.17 1.3 0.2 1.6 0.2 
K2O 0.06 0.09 0.04 0.02 0.04 0.05 
P2O5 0.007 0.002 0.005 0.003 0.009 0.004 
Total 100  100  100  
       
Sc (ppm) 49 14 71 3 37 6 
V 84 5 99 7 72 6 
Cr 2500 500 4000 200 1900 900 
Co 33 3 28 5 35 2 
Zn 56 5 56 9 59 6 
Ga 46 6 42 4 48 7 
Ge 52 7 41 10 51 7 

       
DSc 1.0 0.3 0.79 0.05 1.1 0.2 
DTi 0.14 0.04 0.167 0.017 0.13 0.04 
DV 1.56 0.15 1.80 0.17 1.6 0.2 
DCr 4.6 1.6 4.4 0.5 7 4 
DMn 0.77 0.06 0.83 0.08 0.76 0.08 
DFe 0.50 0.03 0.51 0.03 0.45 0.04 
DCo 0.89 0.09 0.92 0.18 0.80 0.07 
DZn 0.35 0.05 0.37 0.07 0.28 0.05 
DGa 0.40 0.06 0.40 0.05 0.37 0.07 
DGe 0.76 0.12 0.57 0.14 0.82 0.13 
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Table 3.12: LA-ICP-MS measurements of major and trace elements in experimental garnet and spinel 
  A784 s.d. A806 s.d. A825 s.d. A834 s.d. A847 s.d. 
n 8  3  5  16  20  
phase grt  spl  grt  grt  grt  
SiO2 (wt.%) 42.2 1.2 0.6 0.2 46.7 0.5 42.6 0.9 42.1 0.7 
TiO2 1.03 0.12 0.33 0.03 0.84 0.03 0.87 0.05 0.97 0.05 
Al2O3 23.6 1.0 64.8 0.2 21.7 0.2 22.5 0.6 23.1 0.6 
FeO* 5.36 0.13 7.8 0.3 5.03 0.05 6.3 0.3 6.0 0.2 
MnO 0.187 0.003 0.074 0.001 0.192 0.002 0.20 0.01 0.19 0.01 
MgO 21.9 0.5 26.1 0.5 21.02 0.12 21.3 0.3 21.0 0.3 
CaO 5.7 0.3 0.03 0.06 4.49 0.07 6.17 0.17 6.7 0.3 
Na2O 0.02 0.02 0.34 0.18 0.07 0.05 nd  0.02 0.03 
K2O 0.003 0.003 0.02 0.02 0.01 0.01 0.01 0.01 0.001 0.001 
P2O5 0.0074 0.0004 0.001 0.002 0.0021 0.0004 0.01 0.01 0.02 0.01 
Total 100  100  100  100  100  

           
Sc (ppm) 340 40 5.0 0.6 230.3 1.5 271 14 249 11 
V 83 10 128.9 1.8 67.1 1.2 104 7 96 7 
Cr 1950 184 10230 60 2880 50 4400 300 3330 170 
Co 25.6 0.7 80 5 22.8 0.3 40 8 36 2 
Zn 23 6 640 15 28.9 0.8 37 8 36 8 
Ga 37.0 1.5 587.4 9.8 39.7 0.7 45 5 45 3 
Ge 80.9 0.9 24.4 0.2 99.7 1.9 90 14 83 4 

           
DSc 5.9 0.7 0.058 0.008 5.24 0.10 5.7 0.5 7.1 0.7 
DTi 0.27 0.03 0.084 0.008 0.272 0.012 0.246 0.015 0.26 0.02 
DV 1.8 0.2 2.75 0.19 1.57 0.03 1.93 0.19 2.1 0.3 
DCr 9.7 1.3 54 11 10.3 0.3 8 2 13 3 
DMn 1.22 0.05 0.46 0.03 1.333 0.015 1.22 0.10 1.19 0.13 
DFe 0.65 0.03 0.95 0.06 0.708 0.009 0.66 0.04 0.59 0.04 
DCo 0.70 0.03 3.0 0.6 0.723 0.014 1.1 0.2 0.82 0.08 
DZn 0.21 0.06 5.2 0.5 0.242 0.007 0.23 0.06 0.17 0.04 
DGa 0.40 0.02 6.5 0.5 0.421 0.009 0.39 0.05 0.35 0.05 
DGe 1.69 0.06 0.40 0.04 1.72 0.06 1.3 0.2 1.33 0.12 
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Table 3.13: Average mineral/melt partition coefficients for FRTE measured by LA-ICP-MS 

  ol/melt s.d. opx/melt s.d. cpx/melt s.d. grt/melt s.d. spl/melt s.d. 

DSc 0.150 0.003 0.495 0.011 0.84 0.04 5.98 0.11 0.058 0.008 

DTi 0.0080 0.0007 0.0656 0.0018 0.124 0.006 0.262 0.004 0.084 0.008 

DV 0.140 0.003 1.06 0.03 1.48 0.04 1.84 0.04 2.75 0.19 

DCr 0.79 0.06 8.8 0.5 7.5 0.6 10.2 0.4 54 11 

DMn 0.781 0.014 0.640 0.012 0.768 0.018 1.241 0.017 0.46 0.03 

DFe 1.034 0.016 0.546 0.010 0.488 0.010 0.654 0.007 0.95 0.06 

DCo 2.37 0.09 1.29 0.14 0.86 0.04 0.83 0.02 3.0 0.6 

DZn 0.96 0.04 0.451 0.017 0.333 0.017 0.213 0.009 5.2 0.5 

DGa 0.0260 0.0009 0.299 0.010 0.357 0.013 0.390 0.007 6.5 0.5 

DGe 0.427a 0.010 0.87 0.02 0.87 0.03 1.51 0.03 0.40 0.04 
aExperiment A842 was not included in the calculation of average ol

GeD despite its equilibrium MgFe
DK − because its s.d. ≈ 

measurement 
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Table 3.14: Starting compositions used in the melting model 

  PUMa Ki5-8bb RP87-2c AOCd MORBe 

Sc 16.2 15.5 19 37.4 36.8 

Ti 1205 856 935 10200 8500 

V 82 79.5 95 338 250 

Cr 2625 - 3666 114 326 

Mn 1045 1015 929 2014 1320 

FeO* 8.06 8.11 7.62 12.33 9.36 

Co 105 102 101 36.7 56 

Zn 55 52.8 65 88.5 80 

Ga 4 3.63 4.0 15.6 21 

Ge 1.1 - - - 1.6 

Mg# 89.3 - 89.8 47.3 59.9 

Fe/Mn 59.9 62.08 63.7 47.6 55.1 

(Zn/Fe)*104 8.8 8.38 11.0 9.2 11.0 

(Co/Fe)*104 16.8 16.19 17.1 3.8 7.7 

Ga/Sc 0.2 0.23 0.2 0.4 0.6 

Ga/Ge 3.6 - - - 13.1 

V/Sc 5.1 5.13 5.0 9.0 6.8 
aMcDonough and Sun (1995)   
bLee (2005)      
cZangana et al. (1999)    
dKelley et al. (2003)    
eArevalo and McDonough (2010)   
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Figure 3.1: Back-scattered electron (BSE) images of experimental textures.  a. Section from 

experiment A825 showing the textures of the mineral and melt phases.  Small olivines were commonly 

located at the bottom of capsules with a large, single cpx crystal partially enveloping opx crystals.  All 

garnets were found to be in contact with melt. b. Experiment A786 demonstrates glass formation during 

pressure-quenching (Putirka et al., 1996).  This experiment was quenched with a much larger drop in 

pressure than other experiments, and the melt present at the bottom of the capsule suggests extensive 

remelting during quench.  c. Close-up of glassy and quench-crystallized melt textures from experiment 

A799.  Dendritic quench crystals nucleate on equilibrium crystals and on the edges of the graphite capsule. 
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Figure 3.2: Compositional zoning of cpx.  a. Al2O3 in A781 measured by LA-ICP-MS, scanning the laser 

along a linear path from crystal core to rim showing the increase in Al2O3 in the last 100 µm of the crystal 

rim.  b. False-color image showing a WDS map of Al2O3 concentration in the region of the laser track.  The 

elevated Al2O3 concentration of the cpx rim is visible. c and d. LA-ICP-MS measurements of Co and Ge 

along the laser track against meltcpx
AlD /  , which is simply the Al2O3 concentration measured in the cpx 

normalized to the Al2O3 content of the melt.  The black square is the result of a linear regression to the 

value of  meltcpx
AlD /  obtained by Davis et al. (2011) for near-solidus partial melting of garnet lherzolite at 3 

GPa. 
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Figure 3.3: Partition coefficients for FRTE measured by LA-ICP-MS.  Black diamonds are 

mineral/melt partition coefficients from individual experiments.  Gray squares are the average partition 

coefficients used in the peridotite partial melting model. 
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Figure 3.4: Mn partitioning at different temperatures.  Experiments included vary in pressure from 1 

atm. to 7 GPa, and come from peridotite-melt and eclogite-melt systems.  It is notable that low-temperature 

melts of volatile-rich peridotites (Balta et al., 2011; Dasgupta et al., 2007a) have lower meltcpx
MnD /  and 

meltgrt
MnD /  than pyroxenite partial melts (Pertermann and Hirschmann, 2003; Pertermann et al., 2004) at 

similar temperatures.  Zn and Co display similar behavior to Mn with temperature. 
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Figure 3.5: Mn partitioning at different mineral Mg#.  Symbols are as in Fig. 3.4.  Mg# in each mineral 

phase is calculated as (XMg)/(XMg+XFe). 
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Figure 3.6: Comparison of partitioning of Fe with other divalent FRTE.  Symbols are as in Fig. 3.4.  

KD is ji
DK − , where i is the element on the y-axis and j is the element on the x-axis (see text for formulation 

of ji
DK − ).  KD is calculated by a linear regression forced through the origin.  Opx is not shown, but values 

of KD were calculated as: FeMn
DK − =1.2, FeZn

DK − =0.84, and FeCo
DK − =1.9. 
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Figure 3.7: Relationship between Sc and Ga partitioning in cpx and Al2O3 in cpx.  Experimental data 

represented in this figure are from Ray et al. (1983), Hart and Dunn (1993), Hauri et al. (1994), Blundy et 

al. (1998), Hill et al. (2000), Pertermann and Hirschmann (2003), Pertermann et al. (2004), Adam and 

Green (2006),  Mallmann and O'Neill (2009), and Hill et al. (2011). KD calculated as in Fig. 3.6.  

Proportion of CaTs component determined following the pyroxene component calculations in Pertermann 

and Hirschmann (2002). 

 

Figure 3.8: Relationship between Sc and Ga partitioning in olivine and Al2O3 in olivine.  Symbols as 

in Fig. 3.7.  Experimental data represented in this figure are from Suzuki and Akaogi (1995), Taura et al. 

(1998), Adam and Green (2006), Evans et al. (2008), Mallmann and O'Neill (2009), and Grant and Wood 

(2010).  KD calculated as in Fig. 3.7. 
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Figure 3.9: Relationship between Sc and Ga partitioning in opx and Al2O3 in opx.  Symbols as in Fig. 

3.7.  Experimental data represented in this figure are from Adam and Green (2006), Frei et al. (2009), 

Mallmann and O'Neill (2009), and van Kan Parker et al. (2010).  KD calculated as in Fig. 3.7. 

 

Figure 3.10: Comparison of experimental values of DV over a range of fO2.  ∆QFM values are log units 

of fO2 relative to the quartz-fayalite-magnetite buffer.  For 100 kPa experiments, ∆QFM was calculated 
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relative to O'Neill (1987).  For experiments from this study and high-pressure experiments from Canil and 

Fedortchouk (2000; 2001), the QFM buffer was calculated following Frost (1991) at the pressure and 

temperature of the experiment.  ∆QFM for 3 GPa experiments from Mallmann and O'Neill (2009) are as 

reported by that study. 

 

Figure 3.11: Relationships of DGe
cpx/melt to temperature and SiO2 in cpx. Symbols are as in Fig. 3.7.  

Experimental data represented in this figure are from Hill et al. (2000) and Adam and Green (2006). 
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Figure 3.12: Results of the peridotite partial melting model.  Numbers on the right side of the x-axis 

indicate melt fractions.  Diamonds above the tick marked “init.” are the ratios of the source peridotite.  

Circles above the tick labeled “no grt” are model melts at a melt fraction of 0 with the same relative 

proportions of olivine, opx, and cpx as the F=0 partial melts of garnet peridotite, but with garnet absent 

from the residue.  The triangles above the tick labeled “spl” are model near-solidus melts of a spinel 

peridotite with the same mineral mode as KLB-1 (Davis et al., 2009).  The initial ratios of Co/Fe are much 

higher than in model melts and are not depicted but are available in Table 3.14. 
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Figure 3.13: Results of the peridotite and eclogite partial melting models plotted with primitive OIB.  

Primitive OIB have MgO >10% and <20%.  Localities and other selection criteria are given in the text.  As 

in Fig. 3.12, the triangles denote near-solidus melts of spinel peridotite.  The blue field drawn around the 

partial melts of peridotite is meant to highlight the likely range of peridotite partial melting at 3 GPa.  The 

eclogite-derived melts located furthest from the peridotite partial melting field are those with the lowest 
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melt fraction.  Red arrows indicate inferred effect of increased fO2 during partial melting.  General trends 

for these arrows were determined by assuming bulk peridotite +3FeD  = 0.1 and increasing the amount of 

Fe2O3 in starting peridotite.  Changes in mineral/melt VD  with fO2 follow the model of (Mallmann and 

O'Neill, 2009). 
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Chapter 4: The effects of K2O on the composition of near-solidus melt of garnet 

peridotite at 3 GPa 

 Major element compositions of oceanic island basalts (OIB) are not consistent with derivation 

from volatile-poor partial melting of peridotite.  OIB petrogenesis may require a source enriched in melt-

fluxing elements that can significantly affect the chemistry of mantle-derived melts.  K2O is returned to the 

mantle in high concentrations in subducted sediments and is easily mobilized in the upper mantle.  K2O and 

Na2O are known to increase the silica content of melts in equilibrium with peridotite residues at low 

pressures (<1.5 GPa), but their effects at pressures associated with OIB genesis have not been previously 

studied in detail.  We present the results of multiple-saturation experiments containing basalts with varying 

K2O concentrations in equilibrium with a garnet lherzolite residue at 3 GPa and temperatures near the 

peridotite solidus.  The effects of K2O-enrichment are in competition with several effects of variable 

experimental melt fraction, especially variable TiO2 content, requiring that melt compositions be corrected 

for melt fraction effects.  Our results show that an increase in K2O of 1 wt.% leads to ~0.5 wt.% increase in 

SiO2 and ~0.5 wt.% decrease in CaO in near-solidus partial melts of peridotite at 3 GPa.  K2O enrichment 

also leads to moderate increases in Al2O3 and decreases in Cr2O3 and Na2O.  The effects of K2O on CaO 

and SiO2 move partial melts of peridotite to compositions more similar to SiO2-rich, CaO-poor EM-type 

OIB and “petit spot” basalts, but the effects are not strong enough to match these compositions at 

comparable K2O concentrations.  Partial melts of peridotite at 3 GPa are too rich in Al2O3 to be parental to 

OIB, and the increase in Al2O3 associated with K2O-enrichment drives partial melts of peridotite further 

from OIB compositions in Al2O3 content. 

1. Introduction 

Oceanic island basalts (OIB) serve as a window to the chemical complexity in Earth’s upper 

mantle.  Radiogenic isotope ratios in OIB demonstrate the existence of several distinct chemical domains in 

the mantle (e.g., Zindler and Hart, 1986), and correlation of these ratios with major element compositions 

of primitive OIB suggest that each of these domains is associated with a particular melting lithology or 

metasomatic process (Hauri, 1996; Jackson and Dasgupta, 2008; Kogiso et al., 1997).  Different lithologies 

and the presence of melt fluxing metasomatic fluids in the mantle are likely related to recycling of 
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sediments and basaltic crust at subduction zones (e.g., Hofmann and White, 1982; Weaver, 1991), and 

determining how these processes are connected to OIB chemical variability will help to illuminate the 

processes by which subducted lithologies are preserved and transported through Earth’s interior. 

It is an intriguing possibility that some alkaline OIB result from partial melting of a source 

enriched in melt-fluxing elements.  Elevated concentrations of alkalis (Hirschmann, 2000) and volatiles like 

H2O (Hirose and Kawamoto, 1995; Hirschmann et al., 1999a) and CO2 (Dasgupta et al., 2007b) depress the 

peridotite solidus and increase melt production.  Additionally, these incompatible elements can affect the 

compositions of near-solidus melts.  For example, elevated CO2 in melts equilibrated with peridotite have 

higher CaO and lower SiO2 relative to comparable melts from a CO2-free system (Dasgupta et al., 2007a).  

High CaO and low SiO2 are particularly characteristic of OIB with a HIMU source (Jackson and Dasgupta, 

2008; Kogiso et al., 1997), signaling that elevated CO2 likely plays an important role in the genesis of 

HIMU lavas (Gerbode and Dasgupta, 2010; Jackson and Dasgupta, 2008).  These chemical characteristics 

stand in contrast to those of the EM-type OIB, which have higher SiO2 and K2O, and lower CaO (Jackson 

and Dasgupta, 2008). 

K2O is a likely metasomatic agent in the mantle and may influence the major-element chemistry of 

mantle-derived basalts.  Subduction of oceanic crust and sediments returns material with high 

concentrations of K2O to the mantle.  Once subducted, K2O is easily mobilized as it partitions preferably 

into hydrous fluids (e.g.,Ryabchikov and Boettcher, 1980; Tatsumi et al., 1986), carbonatites (Sweeney et 

al., 1995), and silicate melts.  Unlike Na2O, which becomes significantly more compatible in cpx with 

pressure (Blundy et al., 1995), K2O remains highly incompatible during peridotite partial melting at 3 GPa 

(garnet peridotite bulk KD = 0.003±0.001, Davis et al., 2011).  Thus, modest differences in the K2O 

content of mantle peridotite will be associated with percent-level increases in the K2O content of near-

solidus melts. 

Enrichment in alkalis can affect the onset of melting as well as the chemistry of partial melts.  

Given a static CaO concentration, enrichment in K2O and Na2O leads to a depression of the peridotite 

solidus (Hirschmann, 2000).  In simple systems, it has been shown that addition of Na2O and K2O to melts 

equilibrated with forsterite and enstatite depolymerizes the liquid, thereby lowering the activity coefficient 
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of SiO2 and increasing the SiO2 content of the melt (Kushiro, 1975; Ryerson, 1985).  Hirschmann et al. 

(1998) demonstrated that increased total alkalis lead to higher concentrations of SiO2 in melts equilibrated 

with a lherzolitic residue; however, they found that the effect is reduced with increasing pressure, and alkali 

enrichment was expected to only modestly increase SiO2 in partial melts of peridotite above ~1.5 GPa.  

Hirschmann et al. (1998) also observed that increased alkali content of silicate melts was associated with 

general decreases in FeO, MgO, and CaO and increases in Al2O3; however, the compositional effects of 

alkalis have not been studied systematically at the pressures associated with OIB genesis (~3 GPa), and 

little is known about systematic effects of alkali concentrations on other oxides besides SiO2. 

We present the results of experiments carried out a 3 GPa near the solidus of garnet peridotite 

comprising basalts with varying concentrations of K2O that are multiply saturated in olivine, 

orthopyroxene, clinopyroxene, and garnet with compositions similar to those of fertile upper mantle 

peridotites.  These experiments simulate near-solidus partial melting of garnet peridotites with varying K2O 

content, while leaving the concentrations of other oxides in the melting source nearly static.  We 

demonstrate the compositional effects of increased K2O on near-solidus melting of peridotite and compare 

these results to natural OIB compositions to evaluate the hypothesis that K2O-enrichment of source 

peridotites may account for some of the global variation in alkali OIB compositions. 

2. Experimental and Analytical Methods 

2.1. Experimental Approach 

In order to observe the effects of varying K2O content of a near-solidus partial melt of peridotite, 

we begin with a melt composition from Davis et al. (2011) that was demonstrated to be in equilibrium with 

fertile garnet peridotite at its solidus at 3 GPa.  By adding K2O to this melt composition and holding other 

oxides constant relative to one another, we are able to maintain equilibrium with a fertile garnet lherzolite 

residue.  Because K2O is highly incompatible during partial melting of peridotite at 3 GPa, percent level 

increases of K2O in a near-solidus melt correspond to only minor changes in K2O content of the coexisting 

residue (Davis et al., 2011) and should not greatly affect the major-element compositions of the residual 

minerals.  This allows us to simulate near-solidus partial melting of essentially the same peridotite with 

different degrees of K2O-enrichment.  Experiments were performed using starting melt compositions with 
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4% and 2% K2O, and the “0% melt” composition of Davis et al. (2011) serves as the 1% K2O melt 

composition for comparison. 

2.2. Piston Cylinder Experiments 

Four starting compositions were made by adding component melt and peridotite mixtures in 

proportions of 20:80 or 40:60 (basalt:peridotite).  Melt and peridotite component powders were made by 

weighing oxide and glass powders and grinding under ethanol for at least an hour.  K2O was weighed in as 

sanidine glass, Na2O was added as jadeite glass, and CaO was added as diopside glass.  Remaining SiO2, 

TiO2, Al2O3, Cr2O3, FeO, MnO, and MgO were added as oxide powders.  Two peridotite powders were 

made, KLB-1ox and KLB-1ox.2; each are analogs of spinel lherzolite KLB-1 (Davis et al., 2009; Herzberg 

et al., 1990; Takahashi, 1986).  Melt and peridotite components were then weighed, added together, and 

ground again under ethanol for at least an hour.  Both component and bulk mixtures were stored in a 

vacuum oven at ~110 °C for at least 24 hours before being loaded into experimental capsules.  The 

compositions of the component and bulk starting mixes are given in Table 4.1. 

 For multiple-saturation experiments, powders were packed into a graphite crucible with a well ~1 

mm in diameter and 2 mm deep, placed into a Pt capsule, and packed with loose graphite powder.  The 

capsule was then coned to a point and placed in a vacuum oven at ~110 °C overnight before welding the tip 

shut.  For glassing experiments to determine the compositions of melt component mixtures, powders were 

packed in a graphite crucible fitted with a graphite lid, and no metal capsule was used.  The capsules were 

housed in crushable MgO spacers, inserted first into a graphite furnace, then into a BaCO3 pressure cell, 

and wrapped in a thin piece of Pb foil. 

Experiments were performed in a ½” piston cylinder apparatus in the experimental petrology 

laboratory at the University of Minnesota.  Samples were pressurized to run conditions and then heated.  A 

pressure correction of -0.2 GPa was applied.  Temperature was monitored using a type D (W3Re97/W25Re75) 

thermocouple.  Pressure is known to within ±0.1 GPa and temperature to within ±10 °C (Xirouchakis et al., 

2001).  Glassing experiments to determine the compositions of melt component mixtures were performed at 

1 GPa and 1600 °C for 30 minutes.  Multiple-saturation experiments were performed at 3 GPa and 

temperatures between 1430-1450 °C (Table 4.2), slightly below the solidus of KLB-1ox (Davis et al., 



 

 98 

2011), for 24 hours.  Multiple saturation experiments were quenched by first slightly opening the sample 

pressure, and then immediately shutting off the power to the furnace in an attempt to promote glass 

formation (Putirka et al., 1996). 

Some experimental capsules were sectioned vertically by wire saw, and all capsules were mounted 

on brass mounts in epoxy.  Mounted samples were polished using successively finer diamond grit lapping 

pads at 15 and 9 µm grit, then on nylon pads with loose, dry diamond powders at 3, 1, and 0.25 µm.  

Sample surfaces were cleaned with isopropyl alcohol and coated with a thin (5-15 nm) conductive carbon 

layer. 

2.3. Electron microprobe (EMP) analysis 

 Mineral and melt phases were identified using back-scattered electron (BSE) images and energy 

dispersive spectra (EDS), collected with the JEOL JXA-8900 electron microprobe at the University of 

Minnesota.  Compositions of minerals and melts were determined by wavelength dispersive spectrometry 

(WDS) analysis.  All analyses were performed with an accelerating voltage of 15 kV.  In experiments 

A740, A756, and A828, heterogeneous melt pools were analyzed with a focused (<1 µm) beam; in all other 

experiments melts were analyzed with a 10 µm defocused beam.  The beam current was 10 nA, and 

counting times for all elements were 20 seconds on-peak and 10 seconds off-peak, except Na2O, which was 

counted for 10 seconds on-peak and 5 seconds off-peak.  Na2O was also analyzed on the first pass of the 

spectrometers to reduce the likelihood of migration under the beam.  Analytical spots in quenched melt 

pools were set along lines and grids with regular intervals of 15 µm between spots.  Choosing analytical 

spots in this way avoids potential bias in the data set that may result from manual spot selection.  The 

number of spots collected from a given melt pool varied from 60-247 (Table 4.3), limited primarily by the 

size of the melt pool. 

Analysis of each mineral phase in each experiment was performed by measuring 20 different 

grains dispersed throughout the charge.  Some experiments had fewer than 20 individual grains of cpx or 

garnet, and in these cases we analyzed as many as were exposed.  Mineral analysis was performed at 15 nA 

with a focused spot with the same counting times as listed above.  Individual analytical points were 
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excluded from the average if totals were ≥101% or <99%, or if the analyses gave poor stoichiometry (±0.01 

total cations) calculated on a 4- (olivine, spinel), 6- (pyroxenes), or 12- (garnet) oxygen basis. 

There was a separate procedure for analyzing K2O in minerals.  After performing the bulk 

chemical analysis, grains were reanalyzed with a 5 or 10 µm spot and 50 nA current counting K2O on two 

spectrometers and TiO2 on one for 50 seconds on and off-peak.  Because some minerals were not much 

larger than 10 µm across, the TiO2 measurement was used to identify analyses that may have overlapped 

with interstitial melt or mineral inclusions (Fig. 4.1).  Individual analyses with TiO2 content found to 

deviate from the average TiO2 content determined in the bulk analysis by greater than 1 standard deviation 

were excluded from the determination of mineral K2O content. 

3. Results 

 All experiments resulted in a heterogeneous quenched melt pool located at the top and sides of the 

capsule (Fig. 4.1) and olivine, opx, cpx, and garnet grains ranging in size from about 5 to 50 µm in 

diameter.  Olivine and opx are located throughout the capsule, but cpx and garnet are concentrated near the 

bottom at the coldest part of the capsule.  Inclusions of olivine and cpx are ubiquitous in garnet and many 

opx have olivine inclusions (Fig. 4.1).  Inclusions can be found in olivine and cpx, but are much less 

common.   Mineral and melt analyses are presented in Tables 4.3-4.7. 

3.1. Melt composition and experimental melt fraction 

 Silicate melts did not quench to glass but instead to a heterogeneous quench-texture (Fig. 4.1).  

The quench texture comprises at least two separate phases: one that resembles cpx and another that is 

enriched in K2O, which appear as lighter and darker phases respectively in BSE images (Fig. 4.1).  The 

darker phase is physically weaker than the lighter quench-cpx phase, and is more difficult to preserve while 

polishing.  A consequence of this fragility is that analytical totals of melt analyses are often considerably 

lower than 100%.  To account for this, melt phase analyses are normalized to 100%; we have included the 

analytical total so that the original analytical results can be recovered (Table 4.3). 

 Because the precise locations of the solidi of KLB-1ox and KLB-1ox.2 with added K2O were 

unknown, experiments were performed at various temperatures near the solidus of KLB-1ox (1445±15 °C, 

Davis et al., 2011) resulting in differences in experimental melt fraction (F) between experiments.  These 
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experimental melt fractions were determined by mass balance of the compositions of all phases by 

unweighted least-squares fitting, excluding K2O, Na2O, and CaO from the fit.  The resulting melt fractions 

correlate linearly with TiO2 in the melt and olivine Mg#, but measured K2O and K2O predicted from 

experimental melt fraction are not in agreement for all phases (Fig. 4.2).  We have demonstrated previously 

that the high amplitude of K2O variation among analyses of similar melt pools can lead to inaccurate 

average measurements of K2O (Davis et al., 2011).  Davis et al. (2011) also demonstrated that K2O and 

CaO are strongly correlated in a set of analyses of a single quench pool.  We have corrected our melt K2O 

concentrations to fit that predicted by the experimental melt fraction (assuming a bulk KD = 0, see Section 

3.3.) and corrected CaO by linear regression of the melt pool analyses to the corrected K2O content.  These 

corrected compositions will be referred to as K2O* and CaO* (Table 4.3). 

The variation in experimental melt fraction is fortuitous as it results in several melts all saturated 

in approximately the same olivine, opx, cpx, and garnet compositions, but with varying concentrations of 

K2O.  The melt compositions that we began with had 2% and 4% K2O, but we have measured melt 

compositions more or less continuously sampling the range of K2O contents from 2.5-4.6 wt.%.  However, 

differences in experimental melt fraction also complicate the interpretation of the effects of K2O on melt 

composition because a number of other chemical actors vary with melt fraction.  For example, TiO2, which 

is linearly dependent on experimental melt fraction, is known to decrease SiO2 content of silicate melts 

(Kushiro, 1975; Ryerson, 1985; Xirouchakis et al., 2001). 

Adjustment of the compositions for melt fraction allows us to demonstrate the effects of additional 

K2O on the composition of near-solidus partial melt of a given peridotite while holding relatively constant 

other compositional variables.  Each individual experiment can be thought of as a near-solidus melt in 

equilibrium with mineral phases present in its parent residue.  As experimental melt fraction increases, 

TiO2 content of the melt phase decreases substantially, while TiO2 in the residual minerals decrease only a 

little.  We can think of this as a near-solidus melt of garnet peridotite with a lower bulk TiO2 content (and 

Na2O content, higher Mg#, etc.) than that of the KLB-1 oxide analogs.  A direct comparison of several 

experiments at different experimental melt fractions will then reflect changes in several compositional 

variables at once, rather than the change in K2O in which we are interested. 
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Fig. 4.3 shows the relationship between SiO2 and TiO2 in our experimental melts, those from 

peridotite partial melting of Walter (1998), and a comparison with the TiO2-SiO2 trend determined by 

Xirouchakis et al. (2001) for melts in equilibrium with a harzburgitic residue.  The slopes defined by our 

data and those of Walter (1998) are steeper than the relationship determined by Xirouchakis et al. (2001).  

We do not expect the effect of TiO2 on the activity coefficient of SiO2 should be much different in a 

lherzolitic system compared to a harzburgitic system.  Instead, the relationship between SiO2 and TiO2 in 

our experiments and those of Walter (1998) may reflect several different chemical effects, including that of 

TiO2, all related to differences in melt fraction.  In order to isolate the effects of K2O, we must first correct 

for the chemical effects associated with experimental melt fraction, and we can use TiO2 content as a proxy 

for melt fraction.  The elements that were found to correlate with TiO2 were corrected to TiO2 = 2.45 wt.%, 

the TiO2 content of the “0% melt” of Davis et al. (2011), for ease of comparison with that melt 

composition.  All corrected compositions are labeled with a # symbol (Table 4.3), and details of the melt 

fraction correction are given in the Appendix A3.  

3.2. Mineral compositions and K2O partitioning 

 All experiments were saturated in olivine, opx, cpx, and garnet.  As experimental melt fraction 

increases, Mg# of all minerals and the CaO concentration of opx increase, while CaO in cpx decreases.  

Concentrations of incompatible elements like TiO2 and Na2O decrease in pyroxenes with increasing melt 

fraction, and compatible Cr2O3 increases in all mineral phases with increasing melt fraction. 

 As expected, K2O concentration in minerals increases with increasing K2O in the melt indicating a 

relatively constant partitioning relationship (Table 4.8).  Garnet does not show this increase in K2O 

concentration, perhaps because partial sampling of the many inclusions in the garnets was unavoidable.  

Mineral melt partitioning of K2O was determined from concentration of K2O in the melt predicted by 

experimental melt fraction (K2O*) and measured K2O in the minerals.  Individual experimental 

determinations of mineral/melt KD and average KD  are given in Table 4.8.  Clinopyroxene has the 

greatest KD  among the lherzolite minerals at 3 GPa and stores 3-5 times as much K2O as any of the other 
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phases.  We estimate bulk peridotite KD = 0.0019±0.0002 for near-solidus melting of a peridotite with the 

residual mode of KLB-1ox at 3 GPa (Davis et al., 2011). 

4. Discussion 

4.1. Compositional effects of K2O concentration during partial melting of peridotite 

4.1.1. Effect of K2O on SiO2 content in partial melts of peridotite 

 It has been demonstrated that SiO2 in liquids saturated in Mg-rich olivine and orthopyroxene 

increases with the concentration of alkali elements Na and K (Hirschmann et al., 1998; Kushiro, 1975; 

Ryerson, 1985).  The activity of SiO2 in these systems is held nearly constant by the reaction: 

SiO2 (liq) + Mg2SiO4 (olivine) = Mg2Si2O6 (opx)      (1) 

This holds as long as the compositions of the mineral phases remain relatively constant.  Changes in the 

concentration of SiO2 in the liquid then are caused by changes in the activity coefficient of SiO2 ( liq
SiOγ 2 ) in 

the melt related to the non-ideal mixing of additional melt components.  The decrease in liq
SiOγ 2 accompanied 

by increasing concentrations of Na2O and K2O are generally understood to be related to a decrease in the 

degree of polymerization of the melt as the modifying cations break Si-O-Si structures (e.g., Kushiro, 1975; 

Ryerson, 1985). 

 Increased pressure tends to mute the effect of alkalis on SiO2 concentration in melts saturated in 

opx and olivine (Hirschmann et al., 1998; Kushiro, 1975).  Hirschmann et al. (1998) attributed this apparent 

effect to increased concentration of network-modifying elements relative to SiO2 rather than to a direct 

effect of pressure.  They found that the rate of increase in SiO2 concentration with alkali concentration 

approached zero at ~3-3.2 GPa, but this observation was based on only 2-3 each of natural (Kushiro, 1996) 

and simple system experiments (Walter and Presnall, 1994). 

 We plot melt fraction-corrected SiO2 contents (SiO2#) against K2O* for our experiments along 

with the “0% melt” of Davis et al. (2011), which represents a low-K2O member of the chemical system 

(Fig. 4.4).  There is considerable noise in the data, but they show a clear increase in SiO2 with increasing 

K2O.  A weighted fit to the trend gives a slope of 0.56 ± 0.05.  This is a slightly stronger effect than 
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predicted by Hirschmann et al. (1998), who noted that effects of TiO2 and P2O5 partially counter the effects 

of alkalis on melt SiO2. 

There are few experimental melt compositions that have been reported in equilibrium with olivine, 

opx, cpx, and garnet at 3 GPa, resulting in few previously measured melt compositions suitable for 

comparison with our data.  Only one of the 3 GPa experiments of Walter (1998) equilibrated with garnet, 

and no liquid composition is reported for that experiment.  Higher melt fraction experiments with olivine, 

opx, and cpx in the residue are displayed in Fig. 4.4.  These melts all have K2O < 1 wt.% and plot at higher 

SiO2 than our trend predicts.  This may be related to higher temperature (1515-1540 °C) and lower TiO2 

content (0.64-0.91 wt.%) of these melts as compared to melts in this study.  Two experiments at 3 GPa 

from Kushiro (1996) resulted in melts equilibrated with the full garnet lherzolite assemblage.  The melts in 

these experiments have TiO2 contents comparable to our corrected TiO2 value (2-2.23 wt.%) and were run 

at only slightly higher temperatures (1460-1470 °C).  These melt compositions, as well as a higher melt 

fraction experiment with no residual garnet, are displayed in Fig. 4.4.  The two garnet-saturated 

experiments plot close to our SiO2-K2O trend.  Holding melt fraction and other compositional variables 

constant, each 1 wt.% of K2O in the melt results in ~0.5 wt.% increase in SiO2. 

4.1.2. Effects of K2O on CaO, Al2O3, and Na2O 

 As K2O content of the melt increases, CaO and Na2O# decrease and Al2O3# increases (Fig. 4.5).  

These effects may be interrelated by the preference of the alkalis to associate with bridging oxygens (BO) 

in aluminosilicate melts (George and Stebbins, 1996).  Hirschmann et al. (1999b) ascribed the decrease in 

CaO in partial melts of peridotite as they approach the solidus to the high Na/Al of such melts.  Because Na 

charge balances Al tetrahedra by bonding to BO (George and Stebbins, 1996), Hirschmann et al. (1999b) 

inferred that a greater proportion of Ca ions must associate with silica rather than aluminate species.  This 

should lead to an increase in the activity coefficient of CaSiO3 in the melt. 

 It is likely that K2O in silicate melts has an analogous effect.  In glasses from the system MgO-

K2O-SiO2, K and Mg were highly ordered with K preferentially associating with BO and Mg is associating 

with NBO (Allwardt and Stebbins, 2004).  When K and Na are both present in silicate glasses, the higher 

field strength of Na+ causes it coordinate with more NBO than K+, which in turn is coordinated with a 
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greater proportion of BO (Stebbins, 1998).  Just as Hirschmann et al. (1999b) envisioned Na displacing Ca 

from association with aluminate species by bonding to BO of Al-tetrahedra, so might K displace Na, 

leading to an increase in the activity coefficient of Na-silicate and thus a small decrease in Na2O the melt 

(Fig. 4.5). 

 The effects of alkalis on the ordering of Si and Al are also likely responsible for the increase in 

Al2O3 concentration of the melt with increasing K2O.  In melts with a high proportion of divalent cations, 

local charge balance allows for clustering of Al-O-Al species (Merzbacher and White, 1991), but alkali-

rich glasses favor formation of Al-O-Si linkages (Oestrike et al., 1987).  As Si-O-Si and Al-O-Al linkages 

are replaced by Al-O-Si linkages, the activity coefficients of SiO2 (Hirschmann et al., 1998) and Al2O3 

(Hirschmann et al., 1999b) decrease. 

4.1.3. Behavior of other major and minor elements with increased K2O 

 MgO decreases with increasing K2O content of the melt (Fig. 4.6), but this may be related to lower 

temperatures associated with higher K2O contents.  FeO may decrease slightly with increasing K2O, but 

this correlation is weak at best (Fig. 4.6).  It has been suggested in several experimental studies that alkali 

enrichment leads to a decrease in MgFe
DK − , the exchange coefficient of Fe and Mg between olivine and melt 

(e.g., Baker et al., 1995; Falloon et al., 1997; Gee and Sack, 1988), and Toplis (2005) included a correction 

for alkali content in his thermodynamic model of Fe-Mg exchange.  MgFe
DK − in our experimental melts are 

on average lower than in experiments with melts of lower K2O content (Fig. 4.6, Davis et al., 2011; Walter, 

1998), but there does not appear to be a systematic relationship with K2O content.  Our experiments do not 

indicate any correlation between MnO and K2O in partial melts of peridotite. 

 We note that melt fraction-corrected Cr2O3 decreases in the melt with increasing K2O.  The effect 

is small (slope = -0.014±0.002), but the correlation is clear (Fig. 4.7).   In partial melting experiments of 

simple system spinel lherzolites at 1 GPa, Liu and O'Neill (2004) also noted that K2O in the melt had a 

small but significant effect of lowering Cr2O3 concentrations in melts. 
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4.2. K-rich partial melts of peridotite and natural basalts 

 We wish to test the hypothesis that some of the chemical variability observed in alkaline basalts 

results from variable enrichment of K2O in their sources.  Two populations of natural lavas are particularly 

useful for comparison with our K2O-rich melts: enriched mantle-type alkali OIB (EM1 and EM2) and 

recently discovered petit-spot basalts located ocean-ward of the Japan trench (Hirano et al., 2001).  Trace 

element patterns in EM- type OIB suggest contributions from recycled sediments in their sources (e.g., 

Chauvel et al., 1992; Eisele et al., 2002; Jackson et al., 2007; Weaver, 1991).  One of the distinctive 

chemical characteristics of EM-type OIB is enrichment in K2O, which correlates with radiogenic Sr 

isotopic ratios (Jackson and Dasgupta, 2008), a diagnostic feature of the EM sources (Zindler and Hart, 

1986).  Primitive OIB with EM-type isotopic signatures are also correlated with high SiO2 and, especially 

in EM1, low CaO/Al2O3 (Jackson and Dasgupta, 2008). 

 The petit-spot basalts erupted from volcanoes located on the edge of the Pacific plate near the 

Japan trench and are thought to be related to flexure of the subducting lithosphere (Hirano et al., 2001; 

Hirano et al., 2006).  These alkaline basalts have elevated trace element contents and a relative depletion in 

heavy rare-earth elements suggesting low degrees of partial melting in the presence of garnet (Hirano et al., 

2001; Hirano et al., 2006).  Radiogenic isotopic ratios of the petit-spot basalts are similar to those of EM1 

OIB (Machida et al., 2009).  Some of the most primitive of the petit-spot basalts (MgO>13 wt.%) have high 

K2O (>3 wt.%, Hirano et al., 2006) and, despite inferred high concentrations of volatiles (Hirano et al., 

2001), are perhaps the natural lavas most suited for direct comparison with our experimental melts. 

 In Fig. 4.8 we plot several oxide concentrations of primitive alkali OIB and petit spot basalts along 

with experimental melt compositions from this study as well as the “0% melt” from Davis et al. (2011) and 

a trend of increasing K2O concentration originating from that composition.  The OIB compositions are 

from the GEOROC database (http://georoc.mpchmainz.gwdg.de/georoc/, accessed 08/17/2009) and were 

selected by searching for glass and whole rock volcanic rocks from localities that have erupted 

predominantly alkaline basalts.  To limit the number of basalts that have experienced complex fractionation 

histories, basalts with MgO > 10 wt.% and <20 wt.% were selected.  To aid the direct comparison of 
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experimental melts and OIB, the basalts were corrected for olivine fractionation to equilibrium with a 

common olivine composition with Mg# = 0.898 following the method of Davis et al. (2011). 

 The strongest effects of K2O enrichment in partial melts of peridotite defined in our experiments 

are on the concentrations of CaO and SiO2.  As K2O increases, partial melts of peridotite move along a 

compositional trajectory toward the petit spot lavas and some EM-flavored OIB, particularly those from the 

Society Islands and the Marquesas (Fig. 4.8).  However, at any given CaO or SiO2 content, partial melts of 

peridotite found along this trend have greater concentrations of K2O than do natural lavas with similar CaO 

and SiO2.  The compositional effects of K2O are not strong enough at 3 GPa for K-rich peridotite to be the 

melting source of EM-type OIB.  Additionally, the misfit between OIB and partial melts of peridotite is 

enhanced by the increase in Al2O3 with increasing K2O as partial melts of peridotite have higher Al2O3 at a 

given MgO than nearly all OIB, even at low K2O contents (Davis et al., 2011; Hirschmann et al., 2003). 

 Partial melts of normal garnet lherzolite generated at 3 GPa may not be a suitable melting 

lithology for the petrogenesis of EM-type OIB, but the compositional trends of these experiments are likely 

valid for partial melts of other lithologies, like pyroxenites, as long as the residue contains all of the 

peridotite minerals.  Near-solidus melts with lower CaO contents, for example, are expected when the 

melting source is enriched in cpx owing chiefly to decreased activity of CaSiO3 in liquid as temperature is 

decreased (Hirschmann et al., 1999b).  A recent experimental study on the reaction of partial melts of 

eclogite with fertile peridotite below the peridotite solidus showed that with increasing ratio of melt to 

peridotite, the residue increases in modal proportions of opx and cpx at the expense of olivine (Mallik and 

Dasgupta, 2012).  The resulting olivine websterites would likely generate near-solidus melts low in CaO at 

lower temperatures than unreacted normal peridotites (Mallik and Dasgupta, 2012).  Because all the 

lherzolite minerals would still be present in the residue, the compositional effects of high K2O in the melt 

would be similar to those described by our experiments.  K2O-rich near-solidus melts of such a source 

would likely have higher SiO2 and lower CaO than can be achieved by partial melting of unreacted 

peridotite; although, the Al2O3 contents of melts in equilibrium with such residues are still higher than in 

most OIB (Mallik and Dasgupta, 2012). 
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 That the petit spot lavas are so highly vesiculated suggests that volatile enrichment plays a role in 

their petrogenesis.  CO2 is known to reduce SiO2 and increase CaO in mantle-derived silicate melts 

(Dasgupta et al., 2007a).  There is some disagreement as to whether small amounts of water increase (Balta 

et al., 2011) or decrease (Tenner et al., 2012) SiO2 in partial melts of peridotite, but there is consensus that 

H2O in such melts leads to an enrichment in CaO compared to anhydrous partial melts.  Rather than 

supplying a mechanism for low CaO and high SiO2 in EM-type OIB and petit spot basalts, the effect of 

volatile enrichment appears to work against these compositional trends.  Any candidate melting source 

lithology must be able to produce low-CaO, high-SiO2 liquids despite the influence of volatile species. 

4.3. Hosting of K2O in the upper mantle 

 With our measured partition coefficients of K between lherzolite minerals and melt at 3 GPa, we 

can estimate minimum concentrations of K2O required to be in the sources of K2O-rich basalts.  If we 

assume near-solidus partial melting (melt fraction = 0) of a garnet lherzolite source, then a minimum source 

K2O content can be calculated from the product of the K2O content of the melt and the bulk lherzolite KD .  

The most K-rich primitive OIB have K2O = 2 wt.%, but these melts likely form at melt fractions 

significantly greater than zero.  Instead, let us consider 4 wt.% K2O, the high end of petit spot basalt K2O 

concentrations (Hirano et al., 2001; Hirano et al., 2006) as the concentration of a near-solidus melt of EM-

type basalts.  We predict a K2O concentration in the source of 0.0076±0.0008 wt.%, similar to the 0.006 

wt.% K2O predicted to be present in the depleted MORB mantle (Workman and Hart, 2005).  This is much 

lower than the K2O contents generally reported for peridotite xenoliths, few of which are reported to have 

K2O contents less than 0.01wt.% (GEOROC database, accessed 4/13/11).  Since cpx is the most 

accommodating of K2O among the lherzolite minerals, increased cpx in the residual mode increases KD .  If 

we take this idea to its extreme and replace KD  in our calculation with the cpx/melt partition coefficient, 

we arrive at a source concentration of K2O = 0.019±0.004 wt.%.  Peridotites in the upper mantle containing 

>0.02 wt.% K2O likely store it in a separate accessory phase like phlogopite (e.g., Konzett and Ulmer, 

1999). 
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5. Conclusions 

 The effects of increased K2O on the compositions of near-solidus melts of peridotite at 3 GPa have 

been determined.  SiO2 increases by slightly more than 0.5 wt.% for each percent increasing K2O, a 

stronger effect than previously expected at this great a pressure (Hirschmann et al., 1998).  CaO decreases 

in the melt with increasing K2O, also at a rate of about 0.5 wt.% per 1 wt.% increase in K2O.  K2O in the 

melt also leads to slight increases in Al2O3 and decreases in Na2O and Cr2O3. 

 These compositional trends lead to basalt with high SiO2 and low CaO more similar to EM-type 

OIB than partial melts at low K2O content, but the amount of K2O required to produce basalts with similar 

CaO and SiO2 to primitive EM-type OIB is much greater than is found in natural basalts.  Increased Al2O3 

in partial melts of peridotite with increasing K2O content serves only to increase the misfit between 

compositions of alkali OIB and partial melts of peridotite.  Similarly, volatile enrichment of the melting 

source is expected to drive compositions of near-solidus melts away from the compositions of EM-type 

OIB.  The low CaO contents of EM-flavored OIB and petit spot basalts may require a source highly 

enriched in cpx, perhaps by reaction with percolating partial melts of eclogite. 
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Table 4.1: Compositions of starting materials and natural and experimental samples for comparison 
component mixes           
  basalt 6.1a s.d. K basalt 2 s.d. K basalt 3 s.d. basalt 6 s.d. KLB-1oxb   KLB-1ox.2c 
   SiO2   45.4 0.4 46.2 0.3 46.79 0.16 45.2 0.5 44.9 0.2 44.79 
   TiO2   2.43 0.06 2.51 0.06 2.19 0.05 2.47 0.04 0.16 0.02 0.11 
   Al2O3  12.93 0.13 14.56 0.10 12.21 0.11 13.5 0.3 3.92 0.07 3.52 
   Cr2O3  0.11 0.04 0.08 0.03 0.11 0.03 0.14 0.03 0.28 0.02 0.32 
   FeO    8.60 0.12 8.78 0.12 8.46 0.10 9.1 0.2 8.09 0.15 8.19 
   MnO    0.12 0.03 0.09 0.03 0.12 0.02 0.14 0.03 0.12 0.03 0.12 
   MgO    14.57 0.15 14.8 0.4 14.07 0.13 15.64 0.18 38.8 0.3 39.57 
   CaO    9.56 0.14 7.9 0.3 9.15 0.13 10.35 0.11 3.79 0.06 3.07 
   Na2O   2.59 0.06 1.47 0.07 2.02 0.08 2.71 0.08 0.30 0.04 0.30 
   K2O    4.10 0.06 3.95 0.11 3.75 0.06 1.03 0.04 0.014 0.002 0.01 
  Total   100.4  100.4  98.88  100.3  100.4  100.00 
starting mixes  reference materials  
  PS6.1 KPS2.1 KPS3.2 KPS4   "0% melt" of KLB-1ox, 3 GPad KLB-1e 
   SiO2   44.9 45.0 45.80 45.2  44.77 44.84 
   TiO2   0.62 0.62 0.96 1.03  2.45 0.11 
   Al2O3  5.71 5.99 7.06 7.4  12.70 3.51 
   Cr2O3  0.24 0.24 0.24 0.25  0.12 0.32 
   FeO    8.17 8.20 8.34 8.5  9.72 8.2 
   MnO    0.12 0.11 0.12 0.12  0.14 0.12 
   MgO    33.8 33.9 29.39 29.71  15.78 39.52 
   CaO    4.93 4.6 5.55 5.86  10.80 3.07 
   Na2O   0.76 0.53 1.00 1.19  2.52 0.3 
   K2O    0.83 0.79 1.53 0.78  0.99 0.02 
  Total   100 100 100 100  100 100 

 basalt mix basalt 6.1 K basalt 2 K basalt 3 2/3 basalt 6 + 1/3 K basalt 3  peridotite mix KLB-1ox KLB-1ox KLB-1ox.2 KLB-1ox.2   
basalt:perid ratio 20:80 20:80 40:60 40:60      abasalt compositions determined by EMP analysis of glasses synthesized at 1 GPa and 1600 °C as described in Section 2.2. 
bcomposition of KLB-1ox determined by EMP following the method of Davis et al. (2009) 
ccompositions of KLB-1ox.2 and bulk mixtures estimated from weights of powders 
dDavis et al. (2011) 
eDavis et al. (2009) 
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Table 4.2: List of experimental run conditions   
exp mix T phases phase proportionsa 

A740 PS6.1 1445 liq+ol+opx+cpx+grt 25.3 : 50.4 : 0.8 : 18.7 : 4.9 
A756 PS6.1 1440 liq+ol+opx+cpx+grt 20.0 : 51.8 : 0 : 21.3 : 6.9 
A790 KPS2.1 1440 liq+ol+opx+cpx+grt 21.3 : 48.7 : 7.1 : 14.5 : 8.4 
A828 KPS2.1 1440 liq+ol+opx+cpx+grt 24.2 : 46.8 : 10.9 : 11.9 : 6.1 
A893 KPS3.2 1430 liq+ol+opx+cpx+grt 33.1 : 37.0 : 6.6 : 16.5 : 6.8 
A900 KPS3.2 1435 liq+ol+opx+cpx+grt 35.9 : 34.4 : 11.9 : 12.4 : 5.4 
A915 KPS3.2 1430 liq+ol+opx+cpx+grt 36.1 : 35.6 : 9.3 : 14.2 : 4.8 
A987 KPS4 1450 liq+ol+opx+cpx+grt 31.5 : 35.0 : 5.9 : 17.7 : 9.9 
A989 KPS4 1450 liq+ol+opx+cpx+grt 24.7 : 36.8 : 5.0 : 22.4 : 11.2 
alow opx proportions in A740 and A756 suggest an inaccurate assessment of the bulk composition of PS6.1 
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Table 4.3: Compositions of quenched melts determined by EMP 

  A740 err A756 err A790 err A828 err A893 err A900 err 

n 225  247  60  136  200  178  
SiO2 47.6 0.2 47.7 0.3 46.9 0.2 45.9 0.3 46.83 0.10 45.16 0.17 

TiO2 1.96 0.04 2.26 0.06 2.09 0.07 2.24 0.07 2.53 0.02 2.62 0.03 

Al2O3 13.41 0.20 14.3 0.2 13.3 0.3 13.26 0.19 13.19 0.09 12.89 0.11 

Cr2O3 0.171 0.007 0.122 0.007 0.16 0.01 0.121 0.007 0.076 0.003 0.052 0.003 

FeO 8.63 0.14 8.98 0.18 9.3 0.2 9.1 0.2 9.52 0.08 9.15 0.09 

MnO 0.143 0.003 0.150 0.004 0.140 0.005 0.144 0.004 0.111 0.003 0.110 0.003 

MgO 14.5 0.3 12.9 0.4 13.9 0.4 14.9 0.3 13.40 0.18 14.11 0.19 

CaO 9.0 0.2 8.2 0.3 10.0 0.4 9.6 0.3 8.07 0.15 8.85 0.18 

Na2O 1.73 0.07 1.97 0.07 1.58 0.10 1.37 0.07 1.56 0.04 1.94 0.07 

K2O 2.8 0.2 3.5 0.2 2.7 0.2 3.4 0.3 4.71 0.12 5.10 0.16 

Total 100  100  100  100  100  100  
Analytical 
total 94.4  92.9  91.6  90.7  95.08  89.63  
F 0.25  0.20  0.21  0.24  0.33  0.36  
K2O* 3.29  4.16  3.70  3.25  4.62  4.25  
CaO* 8.44 0.09 7.33 0.12 8.61 0.15 9.74 0.13 8.17 0.05 9.55 0.13 

melt fraction corrected compositions          
SiO2# 45.9 0.3 47.0 0.4 45.6 0.3 45.2 0.4 47.11 0.13 45.8 0.2 

Al2O3# 12.9 0.2 14.1 0.2 12.9 0.3 13.0 0.2 13.27 0.10 13.08 0.11 

Cr2O3# 0.115 0.010 0.100 0.011 0.117 0.014 0.097 0.011 0.085 0.004 0.072 0.005 

FeO# 9.41 0.19 9.3 0.2 9.9 0.2 9.4 0.2 9.39 0.09 8.87 0.11 

Na2O# 2.10 0.08 2.12 0.09 1.86 0.12 1.54 0.09 1.50 0.04 1.81 0.07 
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Table 4.3 continued. 

  A915 err A987 err A989 err 

n 221  192  121  
SiO2 46.56 0.13 44.6 0.2 44.3 0.3 

TiO2 2.41 0.03 2.68 0.07 3.18 0.04 

Al2O3 13.27 0.09 12.31 0.12 12.59 0.11 

Cr2O3 0.082 0.003 0.078 0.004 0.041 0.003 

FeO 9.53 0.09 10.8 0.2 10.7 0.3 

MnO 0.118 0.003 0.139 0.004 0.141 0.007 

MgO 13.7 0.2 15.60 0.18 14.8 0.3 

CaO 8.74 0.17 9.2 0.2 9.0 0.3 

Na2O 1.38 0.04 2.03 0.05 2.19 0.07 

K2O 4.18 0.14 2.57 0.14 3.0 0.2 

Total 100  100  100  
Analytical 
total 93.5  90.1  86.4  
F 0.36  0.32  0.25  
K2O* 4.24  2.47  3.16  
CaO* 8.68 0.08 9.3 0.1 8.9 0.2 

melt fraction corrected compositions    
SiO2# 46.41 0.16 45.4 0.4 46.9 0.4 

Al2O3# 13.22 0.10 12.56 0.15 13.40 0.16 

Cr2O3# 0.077 0.005 0.104 0.009 0.125 0.009 

FeO# 9.59 0.10 10.4 0.2 9.5 0.3 

Na2O# 1.41 0.04 1.86 0.08 1.63 0.09 
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Table 4.4: Compositions of experimental olivines measured by EMP 
  A740 err A756 err A790 err A828 err A893 err 
n 18  19  20  17  20  
SiO2 40.6 0.2 40.71 0.14 40.82 0.16 40.9 0.2 40.82 0.17 

TiO2 0.03 0.03 0.03 0.03 0.014 0.017 0.02 0.02 0.02 0.02 

Al2O3 0.128 0.013 0.118 0.018 0.119 0.015 0.14 0.03 0.10 0.02 

Cr2O3 0.08 0.02 0.086 0.017 0.08 0.03 0.08 0.02 0.05 0.02 
FeO 9.62 0.12 9.75 0.09 9.58 0.10 9.61 0.12 10.06 0.11 
MnO 0.117 0.019 0.12 0.02 0.11 0.02 0.11 0.02 0.09 0.02 
MgO 49.1 0.2 48.3 0.2 48.6 0.2 49.3 0.3 48.77 0.18 
CaO 0.22 0.02 0.22 0.02 0.228 0.014 0.23 0.02 0.188 0.019 
Na2O 0.018 0.016 0.025 0.019 0.011 0.012 0.015 0.016 0.017 0.019 

n (K2O) 18  20  12  20  18  
K2O 0.005 0.003 0.004 0.003 0.007 0.004 0.005 0.005 0.004 0.008 
Total 99.9  99.4  99.6  100.4  100.12  
Mg# 0.901  0.898  0.901  0.901  0.896  

MgFe
DK −  0.33   0.29   0.29   0.32   0.29   

  A900 err A915 err A987 err A989 err   
n 16  17  17  13    
SiO2 41.19 0.14 40.59 0.13 41.14 0.19 41.09 0.16   
TiO2 0.020 0.019 0.01 0.02 0.02 0.03 0.01 0.02   
Al2O3 0.101 0.015 0.11 0.02 0.112 0.014 0.16 0.03   
Cr2O3 0.032 0.017 0.04 0.02 0.04 0.03 0.02 0.02   
FeO 9.81 0.11 10.02 0.12 9.79 0.13 10.59 0.08   
MnO 0.08 0.02 0.093 0.019 0.106 0.018 0.11 0.02   
MgO 48.9 0.2 49.1 0.2 49.17 0.16 48.2 0.3   
CaO 0.19 0.02 0.201 0.017 0.18 0.02 0.19 0.02   
Na2O 0.06 0.04 0.015 0.018 0.011 0.014 0.10 0.09   
n (K2O) 17  13  20  19    
K2O 0.0021 0.0018 0.004 0.003 0.002 0.002 0.0016 0.0018   
Total 100.4  100.1  100.58  100.5    
Mg# 0.899  0.897  0.900  0.890    

MgFe
DK −

 0.31   0.29   0.29   0.31      
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Table 4.5: Compositions of experimental orthopyroxenes measured by EMP 
  A740 err A756 err A790 err A828 err A893 err 
n 6  14  17  14  14  
SiO2 54.4 0.4 54.5 0.2 54.3 0.3 54.5 0.2 54.8 0.4 

TiO2 0.20 0.03 0.18 0.02 0.18 0.02 0.18 0.03 0.20 0.03 

Al2O3 5.0 0.2 4.7 0.3 5.2 0.4 5.6 0.3 4.2 0.5 

Cr2O3 0.47 0.04 0.45 0.04 0.50 0.05 0.54 0.03 0.28 0.05 
FeO 5.60 0.11 5.65 0.07 5.56 0.08 5.63 0.15 5.94 0.10 
MnO 0.088 0.017 0.11 0.03 0.12 0.02 0.10 0.02 0.09 0.02 
MgO 31.8 0.2 31.47 0.15 31.66 0.18 31.60 0.17 31.9 0.2 
CaO 2.16 0.03 2.12 0.07 2.22 0.05 2.21 0.08 2.06 0.11 
Na2O 0.21 0.02 0.22 0.02 0.15 0.03 0.16 0.03 0.165 0.019 

n (K2O) 19  5  18  8  16  
K2O 0.007 0.004 0.005 0.003 0.010 0.003 0.004 0.002 0.005 0.004 
Total 99.9   99.4   99.9   100.5   99.6   
  A900 err A915 err A987 err A989 err   
n 6  11  7  9    
SiO2 55.3 0.3 54.6 0.4 55.39 0.13 55.1 0.6   
TiO2 0.18 0.02 0.20 0.03 0.171 0.017 0.23 0.05   
Al2O3 4.4 0.5 4.9 0.5 4.2 0.3 5.0 0.6   
Cr2O3 0.31 0.05 0.36 0.07 0.30 0.04 0.29 0.06   
FeO 5.77 0.10 5.75 0.12 5.80 0.11 6.14 0.13   
MnO 0.084 0.017 0.09 0.03 0.090 0.019 0.09 0.02   
MgO 32.4 0.4 32.0 0.3 32.4 0.2 31.6 0.4   
CaO 2.05 0.12 2.07 0.11 1.86 0.11 1.98 0.11   
Na2O 0.18 0.04 0.14 0.03 0.20 0.04 0.23 0.04   
n (K2O) 11  18  14  20    
K2O 0.0021 0.0016 0.005 0.002 0.003 0.002 0.003 0.003   
Total 100.6   100.0   100.4   100.7      
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Table 4.6: Compositions of experimental clinopyroxenes measured by EMP 
  A740 err A756 err A790 err A828 err A893 err 
n 18  19  13  20  20  
SiO2 53.1 0.3 53.2 0.3 52.7 0.2 53.3 0.2 53.2 0.3 

TiO2 0.34 0.03 0.34 0.03 0.26 0.03 0.26 0.03 0.34 0.03 

Al2O3 6.0 0.2 5.83 0.14 5.56 0.12 5.79 0.15 5.2 0.2 

Cr2O3 0.55 0.04 0.56 0.05 0.55 0.03 0.56 0.03 0.30 0.05 
FeO 4.64 0.15 4.66 0.14 4.45 0.18 4.52 0.12 4.53 0.17 
MnO 0.13 0.03 0.13 0.02 0.112 0.019 0.11 0.03 0.10 0.02 
MgO 22.0 0.5 21.7 0.3 21.8 0.2 22.0 0.4 21.0 0.5 
CaO 12.4 0.6 12.4 0.4 13.3 0.4 13.1 0.6 14.2 0.6 
Na2O 0.91 0.04 0.98 0.05 0.68 0.04 0.67 0.05 0.77 0.04 

n (K2O) 18  15  10  20  13  
K2O 0.016 0.011 0.014 0.003 0.026 0.017 0.016 0.010 0.018 0.003 
Total 100.1   99.8   99.4   100.4   99.7   
  A900 err A915 err A987 err A989 err   
n 17  14  16  18    
SiO2 53.5 0.3 53.1 0.3 53.7 0.2 53.3 0.5   
TiO2 0.32 0.04 0.30 0.03 0.33 0.04 0.45 0.09   
Al2O3 5.0 0.3 5.24 0.18 5.60 0.18 6.3 0.6   
Cr2O3 0.34 0.03 0.40 0.04 0.40 0.04 0.34 0.06   
FeO 4.49 0.15 4.51 0.19 4.59 0.14 4.81 0.19   
MnO 0.09 0.03 0.089 0.017 0.102 0.019 0.10 0.02   
MgO 21.4 0.5 21.9 0.5 21.35 0.19 20.6 0.7   
CaO 14.1 0.7 13.4 0.6 13.3 0.4 13.3 0.7   
Na2O 0.74 0.06 0.72 0.04 1.04 0.05 1.19 0.08   
n (K2O) 18  6  16  20    
K2O 0.017 0.008 0.023 0.019 0.010 0.006 0.014 0.009   
Total 100.1   99.7   100.4   100.4      
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Table 4.7: Compositions of experimental garnets measured by EMP  
  A740 err A756 err A790 err A828 err A893 err 
n 14  8  8  16  11  
SiO2 41.91 0.09 41.77 0.09 42.5 0.2 42.1 0.6 41.61 0.17 

TiO2 0.59 0.06 0.56 0.04 0.56 0.07 0.49 0.09 0.66 0.07 

Al2O3 23.3 0.3 23.18 0.16 23.13 0.18 23.1 0.9 23.39 0.12 

Cr2O3 1.12 0.11 1.19 0.07 1.28 0.05 1.33 0.09 0.72 0.11 
FeO 6.36 0.08 6.50 0.06 6.21 0.06 6.17 0.10 7.00 0.14 
MnO 0.21 0.02 0.20 0.02 0.191 0.023 0.19 0.03 0.17 0.03 
MgO 20.91 0.12 20.59 0.13 20.96 0.16 20.7 0.2 20.23 0.13 
CaO 5.23 0.12 5.28 0.09 5.9 0.3 5.8 0.5 5.61 0.15 
Na2O 0.033 0.019 0.019 0.017 0.02 0.02 0.02 0.03 0.023 0.019 

n (K2O) 12  11  14  9  15  
K2O 0.007 0.013 0.002 0.003 0.005 0.004 0.003 0.004 0.0015 0.0015 
Total 99.7   99.29   100.7   99.9   99.39   
  A900 err A915 err A987 err A989 err   
n 18  15  15  8    
SiO2 42.2 0.2 42.12 0.13 42.3 0.3 42.2 0.2   
TiO2 0.55 0.11 0.61 0.09 0.55 0.10 0.62 0.10   
Al2O3 23.1 0.2 23.22 0.15 23.4 0.5 23.72 0.13   
Cr2O3 0.95 0.09 1.12 0.06 0.89 0.12 0.73 0.06   
FeO 6.77 0.10 6.80 0.10 6.84 0.16 7.06 0.10   
MnO 0.159 0.019 0.15 0.02 0.18 0.03 0.17 0.02   
MgO 20.6 0.3 20.29 0.19 20.9 0.3 20.6 0.2   
CaO 5.6 0.3 6.1 0.3 5.4 0.3 5.2 0.3   
Na2O 0.020 0.016 0.014 0.016 0.03 0.03 0.07 0.04   
n (K2O)   12  19  10    
K2O -0.001 0.002 0.000 0.003 0.002 0.003 0.003 0.003   
Total 99.9   100.4   100.5   100.3      
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Table 4.8: Mineral/melt partition coefficients of K2O         

  ol err opx err cpx err grt err 

A740 0.0014 0.0010 0.0022 0.0011 0.005 0.003 0.002 0.004 

A756 0.0009 0.0007 0.0012 0.0007 0.0034 0.0009 0.0006 0.0008 

A790 0.0018 0.0010 0.0026 0.0008 0.007 0.005 0.0015 0.0011 

A828 0.0017 0.0014 0.0012 0.0007 0.005 0.003 0.0011 0.0011 

A893 0.0010 0.0017 0.0012 0.0008 0.0038 0.0008 0.0003 0.0005 

A900 0.0005 0.0004 0.0005 0.0004 0.004 0.002 -0.0002 0.0006 

A915 0.0008 0.0006 0.0013 0.0005 0.005 0.006 0.0000 0.0008 

A987 0.0009 0.0010 0.0010 0.0008 0.004 0.002 0.0007 0.0009 

A989 0.0005 0.0006 0.0010 0.0008 0.004 0.003 0.0010 0.0010 

         
average 0.0011 0.0003 0.0013 0.0003 0.0047 0.0011 0.0008 0.0005 
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Figure 4.1: Back-scattered electron (BSE) images of experimental textures.  A. Image shows a typical 

experimental charge (A987).  The silicate portion is surrounded by the graphite liner (black region).  The 

phases separate into layers with a large melt pool located near the top of the capsule where at the hottest 

part of the capsule.  Olivine and opx are located below the melt pool, and garnet and cpx are found mixed 

with the other phases near the bottom of the capsule.  Interstitial melt is found throughout the charge.  B. 

Image of the melt pool from experiment A900 shows the texture of the quenched melt.  Light-shaded, 

dendritic phase has a composition approximating cpx, while K2O is concentrated in the darker phase.  

Black spots in the melt pool are areas of the melt pool that were plucked out during polishing.  These 

plucked regions are mostly associated with the darker quench phase which is interpreted to be physically 

weaker than the quench-cpx.  C. Image from the lower portion of A900 shows all four residual phases.  

Inclusions of olivine and cpx are ubiquitous in garnets, and can interfere with EMP analysis, especially if a 

defocused beam is employed.  Many opx have olivine inclusion.  Inclusions in olivine and cpx are much 

less common. 
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Figure 4.2: Correlations of olivine Mg# and melt TiO2 and K2O with experimental melt fractions.  ∆F 

is calculated from the difference between melt fraction determined by mass balance and the expected melt 

fraction (proportion of basalt component in the starting mix) normalized to the expected melt fraction 

(Table 4.1).  K2O is also expected to correlate with experimental melt fraction, but measured K2O contents 

are highly sensitive to missing portions of the melt pool plucked during polishing (see Fig. 4.1).  K2O* is 

the expected K2O content calculated, assuming perfect incompatibility of K2O, by dividing total K2O of the 

starting material by the melt fraction determined by mass balance. 
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Figure 4.3: Correlation between melt SiO2 and TiO2.  The left panel shows melt compositions from this 

study along with melts from Xirouchakis et al. (2001) and Walter (1998).  The gray line shows the 

weighted linear fit of the Xirouchakis et al. (2001) melt compositions, giving the expected correlation 

between SiO2 and TiO2 for melts in equilibrium with a harzburgitic residue.  The right panel shows the 

upper left-hand portion of the plot.  Our melt compositions and those of Walter (1998) are also show a 

correlation between SiO2 and TiO2 but with steeper slopes.  This is likely due to additional effects of 

variable melt fractions in these experiments that also include cpx and/or garnet.  TiO2 serves as a proxy for 

melt fraction in our melt-fraction corrections (see Appendix A3). 
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Figure 4.4: Plot of SiO2# against K2O*.  Melt fraction-corrected SiO2 contents of melts from this study 

plotted against expected K2O.  The black line shows the weighted linear fit to the data from this study and 

the “0% melt” composition of Davis et al. (2011).  It has a slope of 0.57±0.05 and a y-intercept 0f 44.12 

±0.19.  For melt compositions from other studies, gray filled symbols indicate equilibrium with a residue of 

olivine, opx, cpx, and garnet and white symbols indicate garnet is absent from the residue.  
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Figure 4.5: Plots of CaO*, Al2O3#, and Na2O# against K2O*.  Symbols are as in Fig. 4.4.  The black 

lines show weighted linear fits to the data from this study and the “0% melt” composition of Davis et al. 

(2011).  The CaO* fit has a slope of -0.58±0.04 and a y-intercept of 10.85±0.15.  The Al2O3# fit has a slope 

of 0.19±0.04 and a y-intercept of 12.41±0.17.  The Na2O# fit has a slope of -0.21±0.03 and a y-intercept of 

2.47±0.11. 
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Figure 4.6: Plots of MgO, FeO#, and KD
Fe-Mg against K2O*.  Symbols are as in Fig. 4.4.  The black line 

shows a weighted linear fit to the data from this study and the “0% melt” composition of Davis et al. 

(2011).  The MgO fit has a slope of -0.60±0.04 and a y-intercept of 16.45±0.10; however, MgO was not 

corrected for melt fraction effects, and its correlation with K2O* is likely related in part to an effect of 

temperature. 
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Figure 4.7: Plot of Cr2O3# against K2O*.  Symbols are as in Fig. 4.4.  The black line shows a weighted 

linear fit to the data from this study and the “0% melt” composition of Davis et al. (2011), giving a slope of 

-0.014±0.002 and a y-intercept of 0.145±0.010. 
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Figure 4.8: Comparison of experimental melts and natural basalts.  Primitive OIB (GEOROC), petit 

spot basalts (Hirano et al., 2001, 2006) and mantle end-member compositions (Jackson and Dasgupta, 

2008) have been corrected for olivine fractionation to equilibrium with a common olivine composition with 

Mg# = 89.8 (see Section 4.2).  Basalt compositions from Austral-Cook islands, Canary Islands, and St. 

Helena included in among predominantly HIMU-flavored localities.  Melt compositions from this study are 

uncorrected for melt fraction.  The trend in red shows the effect of K2O enrichment projected from the “0% 

melt” of Davis et al. (2011). 
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Chapter 5: The composition of KLB-1 peridotite 

Electron microprobe analyses of major- and minor-element oxide components for two glassed 

samples of natural KLB-1 peridotite are presented.  One glass was made with the aid of a phosphate flux, 

and the second glass was made by laser melting of aerodynamically levitated spheroids resulting in 

homogeneous silicate glass beads.  For unknown reasons, the silicate-phosphate glass yields compositions 

that are incompatible with the composition of KLB-1 peridotite.  However, analysis of the glass bead 

formed by laser synthesis is believed to give an accurate representation of the composition of KLB-1 

peridotite, except for minor loss of Na2O owing to volatilization.  The new data resolve conflicting FeO, 

CaO, and TiO2 values from two older measurements present in the literature.  Mass-balance calculations 

using the new composition measurement combined with new analyses of the mineral compositions in KLB-

1 result in a lower sum of squares of the residuals than those using the older measurements.  There are 

appreciable differences in calculated modes from partial-melting experiments of KLB-1 when calculated 

using older KLB-1 analyses or our new analysis. 

1. Introduction 

Experimental investigation of the petrologic, geochemical, and geophysical properties of the deep 

Earth requires suitable analog starting compositions.  Probably the most widely employed natural analog of 

the upper mantle is KLB-1, a spinel lherzolite xenolith from the Kilbourne Hole crater in New Mexico.  

Samples of KLB-1 have been used to represent the bulk mantle in many high-pressure experimental studies 

(Takahashi 1986; Herzberg et al. 1990; Agee and Walker 1993; Hirose and Kushiro 1993; Takahashi et al. 

1993; McFarlane et al. 1994; Zhang and Herzberg 1994; Hirose and Kawamoto 1995; Herzberg and Zhang 

1996; Hirose 1997a, 1997b; Konzett and Fei 2000; Wang and Takahashi 2000; Hirose 2002; Hirose and Fei 

2002; Matsukage and Kubo 2003; Yoshino et al. 2004).  For many other studies, starting materials were 

synthesized to approximate KLB-1 (Kawamoto et al. 1996; Kawamoto and Holloway 1997; Kogiso et al. 

1998; Trønnes and Frost 2002; Ono et al. 2005; Mibe et al. 2006; Dasgupta and Hirschmann 2006, 2007; 

Dasgupta et al. 2007a).  Owing to these many studies, the composition of KLB-1 has become quite 

influential, and many theoretical treatments commonly assume that KLB-1 is an analogue for the 

composition of the upper mantle (Iwamori et al. 1995; Arndt et al. 1997; Moore et al. 1998, 1999; Ogawa 
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and Nakamura 1998; Katz et al. 2003; Komiya 2004; Dobretsov et al. 2006).  However, the composition of 

KLB-1 is known from only two analyses (Takahashi 1986; Herzberg et al. 1990), and these are not in 

complete agreement.  Consequently, we have undertaken a new study of the composition of KLB-1 

peridotite. 

Experimental petrologists and others interested in the major element or mineralogic composition 

of the upper mantle rely heavily on the KLB-1 bulk composition because it is among very few natural 

peridotite samples that may approximate the composition of typical mid-ocean ridge basalt (MORB) source 

regions.  In particular, compositions of MORB indicate that the convecting upper mantle is fertile with 

respect to major elements such as CaO, Al2O3, and Na2O (Salters and Stracke 2004; Workman and Hart 

2005), suggesting compositions with appreciable modal clinopyroxene, but depleted with respect to large-

ion-lithophile elements such as K2O.  Virtually all natural peridotite samples from xenoliths or from 

orogenic peridotites are depleted in modal clinopyroxene relative to the MORB source, which has 13–18% 

cpx (Salters and Stracke 2004; Workman and Hart 2005), and/or have small amounts of metasomatic 

phases such as amphibole and phlogopite and, consequently, have non-negligible K2O and H2O.  Thus, 

plausible natural analogues of the composition of the convecting upper mantle are rare.  For this reason, 

experimental studies employing natural materials generally have used one of a very small number of 

xenolith compositions: PHN-1611 (Mysen and Kushiro 1977), KR4003 (Walter 1998), Tinaquillo 

lherzolite (Jaques and Green 1980), or KLB-1.  Among these, KLB-1 has the unique quality of 

simultaneously being relatively high in Na2O (~0.3 wt%; Takahashi 1986; Herzberg et al. 1990) and low in 

K2O (<0.03 wt%), and therefore is possibly the only readily available well-studied natural peridotite that 

may plausibly have major and minor elements similar to typical source regions of MORB (0.29 wt% Na2O; 

0.007 wt% K2O; Salters and Stracke 2004; Workman and Hart 2005). 

Previous bulk analyses of KLB-1 are an analysis published originally by Takahashi (1986) and a 

reanalysis by Herzberg et al. (1990).  In the former case, the analytical technique was not specified, 

although Herzberg (pers. comm.) suggested that X-ray fluorescence methods were employed.  In the latter 

case, the analysis was by direct-current plasma analysis (DCP).  Although these analyses are in close 

agreement for SiO2, Al2O3, MgO, Na2O, and K2O, they have significantly different concentrations of FeO*, 
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CaO, and TiO2 (Table 5.1).  Whereas Takahashi (1986) reported 8.1% FeO and an Mg# of 89.6 [=(molar 

Mg)/(Mg + Fe)], there is 8.59 wt% FeO* in the Herzberg et al. (1990) analysis and consequently an Mg# of 

89.1. Takahashi (1986) found 3.44 wt% CaO, whereas Herzberg et al. (1990) reported 3.03 wt% CaO.  This 

is a difference of 14% (relative), which has a noticeable effect on the calculated mode of clinopyroxene.  

Also, there is 0.16 wt% TiO2 in the analysis of Takahashi (1986), whereas Herzberg et al. (1990) found 

0.12 wt%.  Although these values are quite similar in absolute terms, this 33% relative difference can have 

considerable influence in interpretation of small melt fraction experiments, in which TiO2 can be highly 

enriched in the melt.  Therefore, it is beneficial to resolve this conflict to better understand the many 

experimental studies performed with KLB-1 and to better guide the synthesis of KLB-1 imitations. 

The preferred method for accurate major- and minor-element analyses of peridotites or other 

whole rocks remains wet chemical analysis, such as those performed by Kuno and Aoki (1970).  

Unfortunately, wet chemical analysis is labor intensive and a dying art—there remain few laboratories with 

the required facilities or the skilled practitioners.  Rapid and precise measurement can be achieved by 

modern electron-microprobe analyses, but whole-rock analyses by electron microprobe require fusion to a 

homogeneous glass and, unfortunately, ultramafic compositions do not quench to a glass under normal 

conditions.  They instead form a heterogeneous microcrystalline matrix that is unsuitable for accurate 

microbeam analysis. 

One method to determine the composition of peridotites is to manufacture a glass with the aid of a 

flux.  For example, Robinson et al. (1998) determined the composition of their synthetic peridotite starting 

material by microprobe analysis of a glass synthesized with the aid of LiBO2 flux.  However, this causes 

some difficulty because the electron microprobe cannot analyze Li and cannot easily give quantitative 

analyses of B.  Therefore, Robinson et al. (1998) did not take into account the influence of Li and B on the 

ZAF corrections for analyses of other elements in their glass, and subsequently Robinson and Wood (1998) 

decided that the estimates of these bulk compositions based on the weighed proportions of reagents 

rendered a superior estimate of their starting composition (J. Blundy, writ. comm.).  Kogiso and 

Hirschmann (2001) also used the LiBO2 flux method to determine the compositions of their starting 

materials for clinopyroxenite and olivine websteritic partial-melting experiments.  They accounted for the 
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Li and B in their ZAF correction based on the weighed proportions of silicate starting material and flux, but 

the method still has uncertainties associated with possible weighing errors and may be compromised in the 

absence of LiBO2-rich silicate glasses for microprobe calibration standards. 

An alternative approach, first described by Odling (1995), is to produce an ultramafic glass using a 

phosphate flux. This has the advantage that the proportion of flux can be analyzed directly with the 

microprobe.  However, as detailed below, our attempts to analyze KLB-1 with this method yielded 

unsatisfactory results.  Subsequently, we were able to obtain a flux-free homogeneous glass of KLB-1 

through aerodynamic levitation combined with laser melting (Tangeman et al. 2001), and this procedure 

facilitated accurate and precise microprobe analysis of this key peridotite composition. 

2. Material synthesis and analytical procedures 

An aliquant of powdered KLB-1 was provided to us by Claude Herzberg, Rutgers University.  

Herzberg (pers. comm.) had obtained a small piece of KLB-1 from Takahaski, and prepared the powder 

using a WC grinding vessel.  Accordingly, the same powder that was analyzed by Herzberg et al. (1990) 

was analyzed by us in this study. 

We first prepared a silicate-phosphate glass from this KLB-1 powder by adapting the methods of 

Odling (1995).  The rock powder with grain size ranging from 10–100 μm was mixed with ammonium-

orthophosphate monohydrate [(NH4)2HPO4] (98.0%, Alfa Aesar) in proportions to yield 15 wt% P2O5, 

mixed in an agate mortar and pestle under ethanol for 2 h, and heated for 5.5 h at 250 °C to drive off the 

hydrous flux components.  Approximately 2 mg of sample was then loaded into a graphite capsule and 

fused in a piston-cylinder device at 1650 °C and 1.0 GPa for 13 min using the piston-cylinder assembly and 

calibration described in Xirouchakis et al. (2001).  The target composition had 15 wt% P2O5 because the 

quench products of earlier experiments with 20 wt% nominal P2O5 contained phosphate-rich phases that 

were presumably quenched from immiscible phosphate liquids.  As a check on our procedure, we also 

prepared a silicate-phosphate glass of USGS standard dunite DTS-1 (Gladney et al. 1991) using precisely 

the same methods. 

We also synthesized a glass of KLB-1 without flux by laser melting of an aerodynamically 

levitated bead (Tangeman et al. 2001).  The sample was first spheroidized by laser melting small portions 
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of the homogenized powder on a water-cooled copper hearth.  The 1.5–2 mm diameter polycrystalline 

spheroids were then aerodynamically levitated in a stream of pure argon and melted using a continuous-

wave CO2 laser.  The molten levitating droplets were cooled by blocking the laser beam, resulting in 

cooling rates of ~300 K/s. Although the KLB-1 composition is a reluctant glass-former, the absence of 

nucleation sites due to the container-free, melt-phase processing enabled formation of millimeter-sized 

glassy black spheroids. 

The silicate-phosphate glass was mounted with its graphite capsule in a brass plug using epoxy 

and polished with alumina lapping pads to a 1 μm finish. One 1.5 mm glass droplet made by levitation/laser 

processing was mounted with epoxy on a brass plug and polished with diamond lapping films to a 1 μm 

finish.  SEM imaging and major-element analysis were performed using the JEOL JXA-8900 microprobe at 

the University of Minnesota.  Back-scattered and secondary electron imaging of the silicate-phosphate 

material revealed a homogeneous glass free of any apparent crystallites down to a resolution of <1 μm.  

Similarly, the glass droplet appeared free of crystallites, but contained sparse 5 μm bubbles, which are 

believed to be shrinkage voids (Tangeman et al. 2001). 

For quantitative analysis, the accelerating voltage was set to 15 kV and the beam current to 10 nA.  

To avoid migration of alkalis, the beam was defocused to an area of 30 μm for the fluxed glass and 10 μm 

for the laser-fused glass.  Counting times for all oxides except Na2O were 10 s off peak and 20 s on peak.  

Na2O counting times were 5 s off peak and 10 s on, and Na2O was analyzed on the first pass of the 

spectrometers.  For some analyses, Na2O counts were monitored as a function of time using the JEOL strip-

chart software; no time dependence was detected. 

An array of mineral and glass standards (Table 5.2) were selected for analysis of the peridotitic 

glass.  To ensure that these standards rendered accurate analyses, we verified that the calibration 

reproduced accurately the compositions of secondary olivine, hypersthene, and basalt standards (Table 5.3).  

The range of concentrations of the secondary standards spans those of KLB-1 for all oxides analyzed. 

The mean compositions of the P-fluxed glass and the laser-melted KLB-1 glass were determined 

by averaging of 30 and 18 points, respectively, taken over a large area of each of the polished samples.  

Plots of concentrations of different oxides against one another did not reveal any systematic variations in 
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composition, indicating that variations in analyzed concentrations were due chiefly to counting statistics 

rather than compositional heterogeneities.  Analytical uncertainties were estimated from the calculated 

standard deviation of the analyses (Table 5.1). 

Quantitative analyses of KLB-1 mineral phases were also performed to accompany the peridotite 

glass analyses.  The powdered KLB-1 sample was mounted in epoxy and polished with diamond lapping 

film and finished with a Syton colloidal silica suspension.  Conditions for analysis of olivine, 

orthopyroxene, clinpyroxene, and spinel were an accelerating voltage of 15 kV and a beam current of 15 

nA.  The electron beam was focused to a 1 μm spot, and counting times for various oxides were the same as 

listed above. 

3. Results and discussion 

Analyses of phosphate-silicate glasses produced low totals (97%) (Table 5.1), possibly indicating 

that heating at 250 °C did not completely dehydrate the starting composition.  Furthermore, the analyzed 

SiO2, FeO, MgO, CaO, and Na2O concentrations, when normalized on a P2O5-free basis, were markedly 

different from those expected based on previous analyses (Takahashi 1986; Herzberg et al. 1990).  Similar 

discrepancies were observed between the silicate-phosphate glass fused from standard DTS-1 and the 

accepted concentrations of that standard (Gladney et al. 1991).  The P-fluxed DTS-1 gave high 

concentrations of SiO2, Al2O3, and Na2O as well as low concentrations of MgO and FeO.  Possible 

explanations for these discrepancies include impurities from the phosphate reagent, Fe loss during high-

temperature fusion in the piston cylinder, and uncertainties in ZAF corrections for phosphate-silicate 

glasses.  However, differences between the analyzed phosphate-silicate glasses and the expected 

composition are too great to be attributable to the 2% nominal (NH4)2HPO4 flux impurities.  Also, short 

run times and thick graphite containers should minimize the magnitude of Fe loss.  Finally, Odling (1995) 

successfully analyzed peridotite standards with the microprobe using phosphate-silicate glasses.  Therefore, 

we are unsure why this method did not produce reliable results. 

Our estimation of the composition of KLB-1 based on microprobe analyses of the quenched 

silicate glass agrees closely with the two previous analyses where they agree with each other.  Our analyses 

of SiO2, Al2O3, Cr2O3, MnO, MgO, and K2O agree well with both previous measurements (Table 5.1).  For 
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the three other oxides (FeO*, CaO, and TiO2), concentrations analyzed by microprobe help clarify previous 

discrepancies between the analyses of Takahashi (1986) and Herzberg et al. (1990).  The concentrations of 

CaO and TiO2 determined by microprobe analysis closely resemble those determined by Herzberg et al. 

(1990), but the microprobe value for FeO* is closer to the value given in Takahashi (1986). 

The analyzed Na2O concentration, 0.25 wt%, is lower than the 0.30% value determined by both 

Takahashi (1986) and Herzberg et al. (1990).  We believe that small amounts of Na volatilization during 

laser fusion compromised our Na2O analyses and that 0.30 wt% is a more accurate estimate of the Na2O 

concentration of KLB-1.  Taking the higher value of Na2O from previous analyses together with the 

microprobe-determined concentrations of other oxides results in the recommended composition of KLB-1 

indicated in Table 5.1. 

The Mg# of the preferred KLB-1 composition is 89.6. This value is consistent with the 

compositions of the individual electron microprobe analyses of KLB-1 minerals that we measured (Table 

5.4), which include olivine (89.6), orthopyroxene (90.0), clinopyroxene (89.3), and spinel (76.2).  The 

Mg#s for our mineral analyses differ from those reported in Hirose and Kushiro (1993) (89.1, 89.7, 89.4, 

and 78.3, respectively for ol, opx, cpx, and sp), which match more closely the bulk composition reported by 

Herzberg et al. (1990) bulk KLB-1 Mg# of 89.1. 

Mass-balance calculation by unweighted least-squares fitting using the bulk composition and 

mineral compositions analyzed in this work indicates that the subsolidus mode of KLB-1 spinel peridotite 

is 60% olivine, 23% orthopyroxene, 14% clinopyroxene, and 2% spinel, with residual sum of squares of 

0.009 (Table 5.4).  The mismatch comes chiefly for FeO*, for which the sum of minerals and the bulk 

composition differ by 0.07 wt%.  Although the mineral modes depart by no more than 2% compared to 

those reported by Hirose and Kushiro (1993), the mass balance represents a considerable improvement 

from those derived by the mineral analyses reported by Hirose and Kushiro (1993) and the bulk from 

Takahashi (1986), which yield a residual sum of squares of 0.230.  On the other hand, the combination of 

the mineral compositions from Hirose and Kushiro (1993) and the bulk composition of Herzberg et al. 

(1990) gives a much smaller residual sum of squares (0.028).  Also, mass-balance calculations using our 

new mineral analyses and previous bulk compositions published by Takahashi (1986) or Herzberg et al. 
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(1990) have larger residual sums of squares (0.026 and 0.087, respectively, Table 5.3) than the sum 

resulting from combination of the new mineral and bulk analyses.  Of all of these combinations, mass 

balance using the combination of our revised mineral and bulk compositions gives the smallest residuals, 

although some other combinations also may be statistically valid. 

The new bulk composition also gives improved mass balances for phase compositions measured in 

high-pressure experiments, and consequently, more accurate estimates of mineral and melt proportions.  As 

an example, in Table 5.5 we calculate phase proportions from the phase compositions determined from a 

partial-melting experiment conducted with KLB-1 at 3 GPa and 1510 °C in a piston-cylinder apparatus 

(Davis and Hirschmann, in prep).  Using the revised bulk composition, the calculated sum of squares of the 

residuals is 0.037, which compares favorably to values of 0.109 and 0.102 that result from calculations 

when the composition of Takahashi (1986) and Herzberg et al. (1990), respectively, are used (Table 5.5).  

Depending on the assumed bulk composition, substantial differences in the calculated modes are evident.  

Importantly, calculated mineral modes vary considerably depending on the bulk composition employed; 

proportions of clinopyroxene range from 3% using the Herzberg et al. (1990) KLB-1 composition to 11% 

using the Takahashi (1986) composition.  The calculated clinopyroxene mode using the revised KLB-1 

composition is 8%. 
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Table 5.1: Bulk analyses of KLB-1 

    
Takahashi 
(1986)  

Herzberg 
et al. 
(1990)   

Silicate-
phosphate 
glass bead 

 
s.d 

Silicate-
phosphate 
glass 
(normalized 
P2O5-free)   

Glass bead by 
laser fusion s.d. 

Recommended 
Composition 

# Analyses      30    18   
   SiO2    44.48  44.30  40.41 0.14 47.61  44.84 0.23 44.84 
   TiO2    0.16  0.12  0.09 0.02 0.10  0.11 0.02 0.11 
   Al2O3   3.59  3.54  3.11 0.04 3.67  3.51 0.05 3.51 
   Cr2O3   0.31  NA  0.32 0.03 0.37  0.32 0.04 0.32 
   FeO     8.10  8.59  6.52 0.07 7.69  8.20 0.12 8.20 
   MnO     0.12  0.14  0.10 0.02 0.11  0.12 0.03 0.12 
   MgO     39.22  39.50  31.59 0.13 37.22  39.52 0.36 39.52 
   CaO     3.44  3.03  2.17 0.04 2.56  3.07 0.06 3.07 
   Na2O    0.30  0.30  0.52 0.02 0.62  0.23 0.03 0.30 
   K2O     0.02  0.01  0.05 0.01 0.05  0.02 0.01 0.02 
   P2O5  NA  NA  12.72 0.08 0.00  NA   
  Total    99.74  99.53  97.59  100.00  99.94  100.01 
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Table 5.2: List of primary standards used for KLB-1 analyses 

Asbestos Microcline1 K2O (all phases) 

Black Rock Summit Chromium Augite2 
SiO2 (cpx), Al2O3 (ol, cpx, opx), FeO* (cpx), MgO (cpx), Ca 
(ol, cpx, opx, spn) 

Corundum Al2O3 (spn) 

Johnstown Meteorite Hypersthene SiO2 (opx), FeO* (opx), MgO (opx) 

Kakanui Augite Al2O3 (glass), MgO (glass) 

Kakanui Hornblende TiO2 (all phases), Na2O (glass) 

Kakanui Pyrope SiO2 (spn), FeO* (spn), MgO (spn) 
Makaopuhi basaltic glass CaO (glass) 
Mn-Hortonolite3 MnO (all phases) 

Roberts Victor Mine Omphacite Na2O (ol, cpx, opx, spn) 

San Carlos Olivine SiO2 (glass, ol), FeO* (glass, ol), MgO (ol) 

Tiebaghi Mine Chromite Cr2O3 (all phases) 
1 - From Smith and Ribbe (1966) 
2 - From Jarosewich (1987) 
3 - From I. Steele 
All others from Jarosewich et al (1980) 
ol - olivine, cpx - clinopyroxene, opx - orthopyroxene, spn - spinel 
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Table 5.3: Microprobe analyses of secondary standards used to test primary peridotite standards 
 Johnstown meteorite hypersthene San Carlos Olivine  Indian Ocean basalt glass  

  Accepted 
Value*   Analyzed s.d.  Accepted 

Value*   Analyzed s.d.  Accepted 
Value*   Analyzed s.d. 

n   4    4    4  
SiO2   54.09  53.81 0.21 40.81  40.40 0.28 51.52  51.09 0.09 
TiO2   0.16  0.13 0.03 0.00  -0.02 0.01 1.30  1.28 0.02 
Al2O3  1.23  1.10 0.02   0.04 0.01 15.39  15.51 0.12 
Cr2O3  0.75  0.83 0.04   0.03 0.04   0.06 0.03 
FeO    15.22  15.30 0.12 9.55  9.48 0.1 9.13  8.80 0.14 
MnO    0.49  0.46 0.04 0.14  0.13 0.01 0.17  0.15 0.04 
MgO    26.79  26.91 0.05 49.42  50.68 0.07 8.21  8.20 0.10 
CaO    1.52  1.45 0.05   0.11 0.01 11.31  11.33 0.05 
Na2O     0.02 0.02   0.01 0.01 2.48  2.61 0.07 
K2O      0.02 0.02   0.01 0.01 0.09  0.08 0.02 
Total   100.25   100.03   99.92   100.87   99.60   99.11   
*Jarosewich (1980) 
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Table 5.4: Phase analysis for powdered KLB-1 grain mount with modes determined from mass balance 
calculations for all three KLB-1 analyses 

  ol s.d. opx s.d. cpx s.d. spl s.d.  
n 6  8  7  8   

SiO2   40.58 0.36 54.18 0.39 51.33 0.17 0.13 0.07  
TiO2   0.00 0.01 0.10 0.02 0.55 0.02 0.11 0.02  
Al2O3  0.03 0.02 5.35 0.16 7.83 0.17 59.30 0.25  
Cr2O3  0.01 0.03 0.35 0.04 0.69 0.03 8.53 0.10  
FeO    10.05 0.16 6.35 0.11 3.18 0.06 11.12 0.15  
MnO    0.15 0.03 0.13 0.03 0.07 0.01 0.10 0.01  
MgO    48.39 0.26 32.08 0.14 14.83 0.16 20.01 0.15  
CaO    0.09 0.03 0.82 0.04 19.50 0.15 0.01 0.01  
Na2O   0.02 0.01 0.11 0.03 1.68 0.06 0.01 0.02  
K2O    0.01 0.01 0.03 0.01 0.02 0.01 0.02 0.01  
Total   99.32  99.50  99.68  99.34   

          
Mg# 89.6  90.0  89.3  76.2   

          
Bulk 

Composition Calculated modes s.s.r. 
This study 0.60  0.23  0.14  0.02  0.009 

          
Takahashi 0.61  0.20  0.16  0.02  0.026 

          
Herzberg 0.62   0.22   0.14   0.02   0.087 

          
 Modes for mineral compositions of Hirose and Kushiro (1993)  

This study 0.58  0.26  0.14  0.02  0.177 
          

Takahashi 0.59  0.23  0.16  0.02  0.230 
          

Herzberg 0.60   0.25   0.14   0.02   0.028 
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Table 5.5: Phase analysis for a piston cylinder experiment performed on KLB-1 at 3 GPa 
and 1510 °C (Davis and Hirschmann, in prep) with modes determined from mass balance 
calculations for all three KLB-1 bulk analyses 

  opx   cpx   ol   liq    
          

SiO2   53.88  52.68  41.29  47.10   
TiO2   0.07  0.10  0.01  0.64   
Al2O3  6.27  6.90  0.19  12.63   
Cr2O3  0.68  0.83  0.14  0.42   
FeO    5.71  5.12  9.60  7.65   
MnO    0.11  0.12  0.12  0.15   
MgO    31.17  23.35  48.66  17.59   
CaO    2.15  10.14  0.29  12.21   
Na2O   0.17  0.59  0.03  1.20   
K2O    0.01  0.02  0.02  0.03   
Total   100.22  99.85  100.35  99.62   

          
Bulk 

Composition Calculated modes s.s.r. 
This study 0.15  0.08  0.63  0.14  0.037 

          
Takahashi 0.10  0.11  0.64  0.15  0.109 

          
Herzberg 0.15   0.03   0.64   0.18   0.102 
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Appendices 

A1. Expanded Methods from Chapter 2 

Starting materials 

 Starting materials for all high-pressure experiments were synthesized from reagent grade oxides, 

carbonates, and silicate glasses.  Solidus location and subsolidus experiments were performed using KLB-

1ox (Table 2.1) mixed from reagent-grade oxides and carbonates (SiO2, TiO2, Al2O3, Cr2O3, MnCO3, MgO, 

CaCO3, Na2CO3, K2CO3), and then decarbonated in air by ramping the temperature 100 °C/hour to 1100 °C 

and holding for 24 hours.  After decarbonation, Fe2O3 was added, and then the starting material was 

reduced at 1250 ºC in a gas-mixing furnace for 12 hours in a CO-CO2 gas stream at an oxygen fugacity 

between iron-wüstite and wüstite-magnetite.   For MISE experiments, KLB-1ox was mixed with 20% of a 

basalt mixture synthesized for a given iteration (Supplementary Table A1.1).  Starting basalts were mixed 

from oxides (SiO2, TiO2, Al2O3, Cr2O3, FeO, MnO, MgO) and glasses (diopside, jadeite, and sanidine).  

Powders were ground together under ethanol for 1-2 hours and stored at 80 °C under vacuum to inhibit 

adsorption of atmospheric water. 

K2O and CaO analysis 

 After adjusting our method for K2O analysis of the minerals beginning with the third iteration step 

(section 2.3.1), it became evident that K2O was highly incompatible ( KD =0.003±0.001), and application of 

the MISE method to a peridotite with 0.015 wt.% K2O would produce near-solidus partial melts with 3-7 

wt.% K2O, much greater than most OIB (0.5-1.5 wt.%, adjusted for olivine fractionation as described in the 

main text).  To test the hypothesis that alkalic OIB can be derived from garnet peridotite, it was evident that 

we should consider a peridotite source with a K2O content that would give more appropriate K2O 

concentrations.  Luckily, the low KD  meant that the contribution of K2O to the experimental bulk 

composition from the peridotite powder was negligible compared the K2O contributed by the melt powder, 

so K2O in the starting peridotite could be treated as a free parameter.  We arbitrarily set the melt K2O=1 

wt.% (approximately average for alkalic OIB) and applied the MISE method in reverse to determine the 

peridotite bulk K2O that would produce such a melt at the solidus.  The resulting projected concentrations 
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were 0.008±0.007 wt.% in iteration step 3 and 0.003±0.001 wt.% in steps 4 and 5.  Thus, the final melt 

composition is that expected from incipient partial melting of a peridotite with 0.003 wt.% K2O. 

A further complication to determination of melt compositions within an experiment were to 

extreme outliers among EMP analyses of K2O.  Owing to highly incompatible behavior, K2O can become 

highly fractionated in quench products, leading to individual spot analyses with K2O >8 wt.%.   These 

outliers can exert significant leverage on averaged K2O content, particularly when the number of post-

filtering analyses was small.  However, because K2O is nearly perfectly incompatible, we have independent 

constraints on the K2O contents of quenched melts from bulk K2O content and experimental melt fraction 

as determined by a mass balance calculation ( melt
OKC 2 = bulk

OKC 2 / expF ).  The disparity between the K2O 

measured by EMP and the K2O calculated for a particular expF  was as great as 74% (A699, K2O by EMP 

was 1.58 wt.%, and by mass balance, 0.91 wt.%) and as little as 3% (A682, K2O by EMP was 0.63 wt.%, 

and by mass balance 0.65 wt.%), and we report melt K2O as calculated rather than measured 

concentrations.  LA-ICP-MS analyses were not subject to problems of K2O outliers, and where available 

(Table 2.4) corroborate independently that the mass-balance determined K2O contents are accurate.   

We also verified whether strong fractionations of K2O in quenched products influenced 

concentrations of other oxides in analyzed melt compositions.  We examined plots of K2O vs. oxide for 

each experiment to check for such correlations. CaO was the only component that showed a strong 

(negative) correlation.  To account for this, CaO for a given expected K2O was determined by linear 

regression. Adjustments to CaO ranged from 0.3-10% relative, and for the final near-solidus melt 

composition, amounted to 5% relative increase. Again, the CaO concentrations corrected by this method 

were in good agreement with independent analyses by LA-ICP-MS (Table 2.4).  The other components 

were treated similarly, but regressed values were not different within error from simple averaging of EMP 

points, so MgFe
DK − -filtered EMP averages are reported for all other components. 
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Table A1.1: Starting melt layer compositions 

iteration 1 2 3 4 5 

SiO2 44.5 45.18 43.83 45.21 44.37 

TiO2 2.26 2.44 2.54 2.47 2.38 

Al2O3 13.95 14.64 14.52 13.49 12.17 

Cr2O3 0.2 0.12 0.09 0.14 0.11 

FeO* 5.49 8.69 8.87 9.12 9.4 

MnO 0.12 0.14 0.12 0.14 0.14 

MgO 14.95 16.36 15.24 15.64 16.11 

CaO 16.89 8.98 10.53 10.35 10.53 

Na2O 1.46 3.3 2.83 2.71 2.74 

K2O 0.08 0.34 0.7 1.03 1.06 

Total 99.89 100.2 99.27 100.3 99.01 

 

Table A1.2: Measurements of secondary standards for K2O analyses in minerals 

sample Arenal Hornblende Indian Ocean Basaltic Glass 

SiO2 41.46 51.52 

TiO2 1.41 1.30 

Al2O3 15.47 15.39 

FeO* 11.47 9.13 

MnO 0.15 0.17 

MgO 14.24 8.21 

CaO 11.55 11.31 

Na2O 1.91 2.48 

K2O 0.21 0.09 

Average K2O in session:  

A682 0.220 0.088 

A699 0.202 0.083 

A712 0.204 0.086 

A732 0.202 0.094 

A744 0.201 0.082 

Averages are of four points during the session in which the listed experiment was 
analyzed.  All other oxides were entered as fixed values. 
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Table A1.3: Projected melt compositions from individual experiments 

  A653 err A675 err A676 err A679 err 

iteration 1  2  2  2  

Fexp 0.185  0.191  0.228  0.24  

SiO2 41.45 0.35 42.92 0.45 45.08 0.34 46.00 0.40 

TiO2 2.90 0.52 3.02 0.52 2.42 0.40 2.34 0.38 

Al2O3 15.28 0.46 14.00 0.44 12.38 0.31 12.48 0.34 

Cr2O3 0.06 0.01 0.07 0.01 0.13 0.01 0.13 0.02 

FeO* 10.05 0.23 9.60 0.22 9.69 0.21 9.05 0.23 

MnO 0.12 0.04 0.12 0.04 0.15 0.05 0.14 0.05 

MgO 15.63 0.16 15.39 0.19 15.74 0.14 15.05 0.21 

CaO 9.86 0.34 11.05 0.38 10.96 0.44 11.66 0.50 

Na2O 4.49 0.76 3.13 0.48 2.98 0.44 2.72 0.40 

K2O 0.15 0.06 0.71 0.31 0.49 0.16 0.43 0.15 

Total 100.00   100.00   100.00   100.00   

  A682 err A683 err A699 err A712 err 

iteration 3  3  4  4  

Fexp 0.256  0.215  0.259  0.253  

SiO2 44.77 0.38 44.88 0.37 44.21 0.44 44.24 0.37 

TiO2 2.38 0.38 2.41 0.40 2.81 0.54 2.47 0.50 

Al2O3 12.42 0.33 12.02 0.37 13.18 0.46 13.47 0.41 

Cr2O3 0.13 0.01 0.13 0.01 0.11 0.01 0.11 0.01 

FeO* 9.70 0.23 9.91 0.25 9.81 0.24 9.71 0.22 

MnO 0.15 0.05 0.15 0.05 0.12 0.04 0.14 0.05 

MgO 16.05 0.18 16.04 0.16 15.72 0.19 15.72 0.16 

CaO 10.8 0.42 10.71 0.32 10.45 0.42 10.78 0.47 

Na2O 2.68 0.42 2.79 0.40 2.53 0.40 2.43 0.40 

K2O 0.93 0.28 0.98 1.54 1.05 0.56 0.94 0.37 

Total 100.00   100.00   100.00   100.00   
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Table A1.3 continued      

  A732 err A744 err 0% avg err 0% l.r. err* 

iteration 5  5      

Fexp 0.199  0.212    0.200  

SiO2 45.13 0.34 45.38 0.36 44.77 0.15 45.25 0.25 

TiO2 2.51 0.41 2.15 0.46 2.45 0.19 2.36 0.29 

Al2O3 12.40 0.38 12.72 0.41 12.70 0.16 12.35 0.27 

Cr2O3 0.11 0.01 0.14 0.02 0.12 0.01 0.12 0.01 

FeO* 9.60 0.22 9.62 0.22 9.72 0.09 9.66 0.16 

MnO 0.14 0.05 0.15 0.05 0.14 0.02 0.15 0.03 

MgO 15.67 0.18 15.46 0.17 15.78 0.07 15.67 0.12 

CaO 11.35 0.67 10.73 0.37 10.80 0.19 10.87 0.30 

Na2O 2.19 0.33 2.52 0.36 2.52 0.16 2.39 0.24 

K2O 0.89 0.38 1.13 0.47 0.99 0.30 0.97 0.31 

Total 100.00   100.00   100.00   99.79   

err = deviation of the mean (standard deviation/√n)    
0% avg = simple average of projected melt compositions from iterations 3-5, also listed in Table 2.1 
0% l.r. = result of weighted linear regression for each component from iterations 3-5 to an ideal 
experimental melt fraction of 0.2 
* - determined from the weighted linear regression performed in IGOR Pro 6 (WaveMetrics) 
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A2. Expanded methods from Chapter 3 

LA-ICP-MS of quench-crystalline and glassy regions of melt pools 

 The melt pools of some experimental charges did not include any glassy regions.  For these 

samples it was necessary to determine the concentrations of FRTE in the melt solely from heterogeneous 

quench products.  To demonstrate that quench-crystallized melt pools are as fit for LA-ICP-MS analysis as 

are glassy regions, we compare LA-ICP-MS measurements made in both glassy and quench-crystallized 

portions of the melt pools of experiments in which both were present.  Laser traverses that passed through 

both glassy and quench-crystallized portions of melt pools were performed on experiments A781, A788, 

A791, and A830.  For each of these samples, the portions of the traverse passing through glassy regions and 

quench-crystallized regions have been used separately to determine the average compositions of the melt 

phase.  These measurements are displayed in Table A2.1.  A graphical example is given in Fig. A2.1, 

which shows Sc and Na2O measurements from A791. 

 For each experiment, averages determined from glass agree within error with averages determined 

from quench-crystallized melt for all elements, except Na.  As demonstrated in Fig. A2.1, the variation 

around the mean for measurements in the “quench” region is greater than in the glass.  Average Na2O 

measured in the quench-crystallized portion is lower than glass measurements and also shows greater 

variation around the mean than other elements (Fig. A2.1).  This gives us confidence that measurements of 

the melt phase in glass-absent experiments are accurate for all elements except Na2O. 

 Partial melting models 

 Bulk peridotite/melt partition coefficients were calculated by summing the products of the modal 

proportion of each mineral in the residue and the average partition coefficients determined in this study 

(Table 3.13).  These bulk partition coefficients were used to determine model melt compositions using the 

batch melting equation: 

])1(/[ FFDCC i
source
i

melt
i +−=         (a1) 

where melt
iC is the concentration of element i in the melt, source

iC is the concentration of i in the source, iD  

is the bulk partition coefficient for i between source and melt, and F is the melt fraction.  We considered 
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melt fractions of 0 (near-solidus), 0.145, and 0.244.  The two finite melt fractions correspond to 

experimental melt fractions at 3 GPa for which Walter (1998) was able to determine phase proportions.  

We also modeled a near-solidus melt with no garnet in the mode (garnet contribution to the mode was 

proportionally distributed between olivine, opx, and cpx) and a spinel peridotite with the mineral mode of 

KLB-1 (Davis et al., 2009).  This allows us to examine the effects of melt fraction, starting composition, 

and mineral mode separately (Fig. 3.12). 

 The peridotite compositions used in the model, PUM (McDonough and Sun, 1995), Ki5-8b (Lee, 

2005), and RP87-2 (Zangana et al., 1999, Table 3.14), fall within the compositional range of peridotite 

xenoliths in the GEOROC database (http://georoc.mpchmainz.gwdg.de/georoc/, accessed 04/13/2011; Fig. 

A2.2).  Fig. A2.2 includes only peridotites with Mg# between 88 and 91 and Mn or MnO reported to at 

least three significant figures.  RP87-2 falls on the high end of the range of Zn/Fe contents found in the 

database, but is clearly not an outlier. 

 The eclogite partial melting model also takes into account changes in residual mode with 

increasing melt fraction.  Model eclogite partial melts were calculated at melt fractions and residual modes 

corresponding to the 3 GPa experiments of Pertermann and Hirschmann (2003).  These model melts are 

also indexed to the temperatures of those experiments for the purpose of accounting for temperature effects 

on partitioning during eclogite melting.  Where more than one experiment was performed at the same 

temperature, we used the mode and melt fraction from the one with the longest duration.  Quartz and rutile 

were excluded from the residual mode.  It is unlikely that quartz would have any influence over FRTE 

partitioning as each of these elements should be highly incompatible in quartz.  This may not be the case 

for residual rutile; however, rutile is exhausted from the residue early on the melting process (F<0.05, 

Pertermann and Hirschmann, 2003) and is unlikely to be influential in the OIB source region. 

 The partition coefficients used in the eclogite partial melting model come from Pertermann and 

Hirschmann (2003), Pertermann et al. (2004), and this study.  Because partition coefficients during eclogite 

partial melting are more sensitive to temperature than during peridotite partial melting (e.g., Fig. 3.5), we 

adjusted the partition coefficients in the eclogite model to account for temperature.  Cpx/melt partition 

coefficients for Sc, Ti, V, Cr, Mn, Fe, Co, and Zn are from Pertermann et al. (2004).  They provide two 
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measurements, experiments A343 (2.9 GPa, 1390 °C) and MP240 (3 GPa, 1340 °C).  We use the partition 

coefficients from MP240 for model melts at 1335-1365 °C, and those from A343 for melts at higher 

temperatures. 

 Garnet partitioning was measured in several experiments over a range of temperatures 

(Pertermann and Hirschmann, 2003; Pertermann et al., 2004).  Only Mn, Fe, and Zn appear to be strongly 

correlated with temperature over this interval, so meltgrt
MnD / , meltgrt

FeD / , and meltgrt
ZnD /  were determined at 

each model temperature by linear regression of the Pertermann and Hirschmann (2003) and Pertermann et 

al. (2004) garnet/melt partition coefficients to experimental temperature.  For Sc, Ti, V, Cr, and Co the 

average of all garnet partition coefficients from Pertermann et al. (2004) were used. 

 Ga and Ge were not included in the Pertermann et al. (2004) study, and our partition coefficients 

for Ga and Ge are not necessarily applicable to eclogite partial melting.  meltcpx
GaD / is correlated with Al2O3 

in cpx, so we calculated likely meltcpx
GaD /  for the model using the available experimental partitioning data 

from the literature and the temperature dependence of eclogitic cpx Al-content presented in Pertermann and 

Hirschmann (2003).  First, we applied a temperature correction to the cpx Al2O3 contents of the 3 GPa 

experiments of Pertermann and Hirschmann (2003) by linear regression to arrive at an adjusted Al2O3 

concentration (Table A2.2).  Then, for each of these corrected Al2O3 contents we determined the associated 

meltcpx
GaD /  by fitting to the linear relationship of meltcpx

GaD /  to Al2O3 defined by partitioning data from this 

study and previous measurements of meltcpx
GaD /  (Fig. 3.9, Adam and Green, 2006; Blundy et al., 1998; Hart 

and Dunn, 1993; Mallmann and O'Neill, 2009).  meltcpx
GeD / correlates with temperature, and the value of 

meltcpx
GeD /  used at each melting step was determined by linear regression to the temperature trend defined 

by measurements from this study as well as previous determinations of meltcpx
GeD /  (Adam and Green, 2006; 

Hill et al., 2000), excluding two apparent outliers with meltcpx
GeD / >3. 

 There is considerably less data available in the literature to estimate meltgrt
GaD /  and meltgrt

GeD / .   

Adam and Green (2006) present two measurements of meltgrt
GaD /  from hydrous peridotite partial melting 
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experiments.  They determine Ga to be more compatible in garnet at the low temperatures of their 

experiments.  Because this is broadly consistent with the increase in compatibility with decreasing 

temperature observed for many of the elements considered in this study, we use their value of meltgrt
GaD / = 1 

for our eclogite partial melting model.  To the best of our knowledge, our measurement of meltgrt
GeD /  is the 

only published experimental value, so we use the same meltgrt
GeD /  to model both eclogite and peridotite 

partial melting.  Partition coefficients used in the eclogite melting model are given in Table A2.2, and 

resulting FRTE concentrations and ratios of both peridotite and eclogite model partial melts are given in 

Tables A2.3 and A2.4. 
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Table A2.1: Average LA-ICP-MS measurements from traverses through melt pools 
  A781 

 
A788 

  glass s.d. quench s.d. 
 

glass s.d. quench s.d. 
n 31 

 
276 

  
460 

 
159 

 SiO2 41.2 1.9 40.5 1.4 
 

43.2 1.1 43.8 1.3 
TiO2 3.65 0.19 3.72 0.17 

 
3.79 0.15 3.68 0.14 

Al2O3 13.62 0.57 14.22 0.54 
 

13.96 0.44 13.63 0.49 
FeO 9.62 0.57 10.25 0.61 

 
9.50 0.43 9.47 0.38 

MnO 0.161 0.007 0.170 0.010 
 

0.153 0.006 0.153 0.007 
MgO 16.1 1.4 15.93 0.84 

 
14.25 0.59 14.36 0.68 

CaO 10.15 0.41 10.22 0.40 
 

9.82 0.37 9.64 0.40 
Na2O 3.76 0.28 3.29 0.52 

 
3.57 0.18 3.34 0.37 

K2O 1.75 0.08 1.66 0.12 
 

1.76 0.08 1.85 0.41 
P2O5 0.021 0.001 0.021 0.003 

 
0.021 0.004 0.021 0.004 

  
        

  
Sc 87.2 3.8 91.4 4.4 

 
92.6 4.1 89.7 4.4 

V 59.6 4.8 57.8 3.7 
 

52.1 3.7 52.8 3.4 
Cr 420 130 349 60 

 
348 75 382 47 

Co 46.4 2.7 44.7 2.2 
 

31.4 2.2 34.3 2.7 
Zn 162 47 152 21 

 
138 11 145 10 

Ga 104.3 4.4 102.7 5.4 
 

116.0 6.2 116.9 8.1 
Ge 77.4 4.3 74.4 3.9 

 
72.7 4.7 74.1 4.8 

  
        

  
  A791 

 
A830 

  glass s.d. quench s.d. 
 

glass s.d. quench s.d. 
n 203 

 
522 

  
118 

 
678 

 SiO2 42.85 0.57 42.89 0.95 
 

43.15 0.72 43.3 1.0 
TiO2 3.50 0.09 3.45 0.11 

 
3.09 0.12 3.04 0.12 

Al2O3 13.33 0.24 13.30 0.35 
 

14.26 0.33 14.09 0.43 
FeO 7.89 0.19 8.19 0.42 

 
7.55 0.35 7.60 0.29 

MnO 0.155 0.004 0.161 0.010 
 

0.158 0.007 0.160 0.007 
MgO 15.80 0.44 15.90 0.68 

 
16.17 0.48 16.65 0.76 

CaO 11.35 0.28 11.46 0.55 
 

10.91 0.30 10.84 0.38 
Na2O 3.50 0.09 2.99 0.39 

 
3.29 0.12 2.96 0.31 

K2O 1.59 0.04 1.64 0.25 
 

1.41 0.06 1.35 0.13 
P2O5 0.020 0.003 0.021 0.004 

 
0.014 0.004 0.016 0.005 

  
        

  
Sc 96.0 3.7 95.6 4.1 

 
86.8 3.4 87.3 3.5 

V 56.0 2.3 55.8 3.1 
 

58.1 2.9 58.5 3.2 
Cr 316 41 323 31 

 
785 43 850 88 

Co 28.8 1.5 30.2 1.9 
 

31.9 2.8 31.4 2.0 
Zn 115 8 119 15 

 
139 11 134 11 

Ga 95.2 4.1 93.7 4.4 
 

87.9 6.0 84.6 4.7 
Ge 61.5 3.6 60.6 3.5   58.9 4.6 57.1 3.5 
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Table A2.2: mineral/melt partition coefficients used in the eclogite partial melting model 

  lo-T cpx (MP240a) 
 

hi-T cpx (A343) 
 

garnet averageb 
 

ScD  2.07 
 

1.73 
 

7.51 
 

TiD  0.44 
 

0.41 
 

0.36 
 

VD  4.61 
 

4.93 
 

3.06 
 

CrD  8.72 
 

12.7 
 

9.85 
 

MnD  1.74 
 

1.59 
 

- 
 

FeD  0.90 
 

0.97 
 

- 
 

CoD  1.62 
 

1.62 
 

3.18 
 

ZnD  0.64 
 

0.71 
 

- 
 

GaD  - 
 

- 
 

1 
 

GeD  - 
 

- 
 

1.512 
 

  
    

   

Temperature/Al2O3-content corrected partition coefficients  

melt fractionc 0.02 0.079 0.089 0.179 0.238 0.364 0.507 0.598 0.868 

T (°C) 1335 1350 1365 1375 1400 1425 1450 1475 1500 
adjusted cpx 
Al2O3 (wt.%) 

15.41 14.86 15.22 14.78 15.06 14.6 14.49 14.64 13.79 

grt
MnD  4.92 4.62 4.32 4.12 3.62 3.12 2.63 2.13 1.63 
grt
FeD  2.70 2.51 2.33 2.21 1.90 1.59 1.28 0.98 0.67 
grt
ZnD  0.98 0.91 0.85 0.81 0.71 0.60 0.50 0.40 0.29 
grt
GaD  0.68 0.68 0.68 0.67 0.67 0.66 0.66 0.65 0.64 
grt
GeD  1.43 1.41 1.38 1.36 1.32 1.28 1.24 1.20 1.17 

acpx partition coefficients from Pertermann et al. (2004) 
bgarnet partition coefficients are an average of all experiments from Pertermann et al. (2004) 
cmelt fractions and temperatures correspond to experiments from Pertermann and Hirschmann (2003); calculation 
described in text 
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Table A2.3: Model melt compositions 
starting 
composition PUM Ki5-8b RP87-2 

melt 
 

0.138 0.244 
   

0.138 0.244 
  

 0.138 0.244 0 0 
ol 0.608 0.525 0.505 0.667 0.58 0.608 0.525 0.505 0.667 0.58 0.608 0.525 0.505 0.667 0.58 
opx 0.077 0.198 0.251 0.085 0.26 0.077 0.198 0.251 0.085 0.26 0.077 0.198 0.251 0.085 0.26 
cpx 0.226 0.14 

 
0.248 0.14 0.226 0.14 

 
0.248 0.14 0.226 0.14  0.248 0.14 

grt 0.089 
    

0.089 
    

0.089     
spl 

    
0.02 

    
0.02     0.02 

melt composition (ppm, unless otherwise noted)       

Sc 19.0 37.5 36.5 46.4 48.5 18.2 35.9 34.9 44.4 46.4 22.3 44.0 42.8 54.4 56.9 
Ti 19650 6980 4560 28870 29550 13960 4960 3240 20510 20990 15250 5420 3540 22410 22940 
V 123.5 130.6 141.1 149.2 132.5 119.7 126.7 136.8 144.7 128.5 143.0 151.3 163.5 172.9 153.5 
Cr 697 787 924 838 539 

     
974 1099 1290 1170 753 

Mn 1293 1337 1308 1365 1420 1256 1299 1270 1325 1379 1150 1189 1163 1214 1263 
FeO (%) 9.61 9.41 8.92 9.40 9.72 9.67 9.47 8.98 9.46 9.78 9.08 8.90 8.44 8.89 9.19 
Co 58.1 59.8 59.5 55.1 55.6 56.4 58.1 57.8 53.6 54.0 55.9 57.5 57.3 53.0 53.5 
Zn 77.5 71.0 65.5 72.5 66.9 74.4 68.1 62.9 69.6 64.2 91.5 83.9 77.4 85.7 79.0 
Ga 25.9 15.3 12.0 30.5 14.6 23.5 13.9 10.9 27.7 13.3 25.9 15.3 12.0 30.5 14.6 
Ge 1.67 1.68 1.62 1.92 1.82 

     
     

  
          

     
Fe/Mn 57.7 54.7 53.0 53.5 53.2 59.8 56.7 54.9 55.5 55.1 61.4 58.1 56.4 56.9 56.6 
(Zn/Fe)*104 10.38 9.70 9.44 9.92 8.85 9.90 9.26 9.01 9.47 8.44 12.97 12.13 11.80 12.40 11.06 
(Co/Fe)*104 7.78 8.18 8.58 7.55 7.36 7.51 7.89 8.29 7.29 7.10 7.91 8.32 8.73 7.68 7.48 
Ga/Sc 1.361 0.409 0.330 0.657 0.301 1.291 0.388 0.313 0.624 0.286 1.160 0.348 0.281 0.561 0.257 
Ga/Ge 15.50 9.14 7.42 15.91 8.02 

     
     

V/Sc 6.48 3.48 3.87 3.22 2.73 6.57 3.53 3.92 3.26 2.77 6.40 3.44 3.82 3.18 2.70 
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Table A2.4: Model eclogite partial melt compositions 

Phase proportions:         
melt 0.020 0.079 0.089 0.179 0.238 0.364 0.507 0.598 0.868 

cpx 0.814 0.779 0.776 0.705 0.653 0.537 0.416 0.357 0.132 

grt 0.166 0.142 0.135 0.116 0.109 0.099 0.077 0.045 0 

starting composition: MORB   

Sc 12.5 13.3 13.6 16.2 16.8 18.1 20.4 23.7 33.6 

Ti 19440 18000 17760 16690 15610 13720 12060 11180 9220 

V 58.4 60.9 61.3 62.4 65.9 75.4 89.5 100.2 164.6 

Cr 37.2 39.4 39.8 31.7 33.9 40.0 49.8 58.5 128.1 

Mn 586 631 653 742 790 864 963 1046 1225 

FeO (%) 7.79 8.23 8.50 8.37 8.68 8.98 9.27 9.47 9.40 

Co 30.0 31.2 31.5 33.1 34.1 36.1 39.3 42.4 51.8 

Zn 113.8 113.1 114.2 103.4 102.7 99.4 95.1 92.0 83.2 

Ga 28.3 28.0 28.1 27.3 26.8 25.7 24.5 24.0 22.0 

Ge 1.11 1.15 1.17 1.22 1.26 1.33 1.40 1.46 1.57 

            

Fe/Mn 103.4 101.3 101.1 87.6 85.4 80.7 74.8 70.3 59.6 

(Zn/Fe)*104 18.8 17.7 17.3 15.9 15.2 14.2 13.2 12.5 11.4 

(Co/Fe)*104 4.95 4.88 4.78 5.10 5.05 5.18 5.45 5.77 7.09 

Ga/Sc 2.27 2.10 2.07 1.68 1.59 1.42 1.20 1.01 0.66 

Ga/Ge 25.4 24.3 23.9 22.4 21.2 19.3 17.5 16.4 14.1 

V/Sc 4.69 4.57 4.51 3.85 3.92 4.17 4.39 4.23 4.90 

            

starting composition: AOC   

Sc 12.7 13.5 13.8 16.5 17.1 18.4 20.7 24.1 34.1 

Ti 23330 21600 21320 20030 18730 16470 14470 13410 11060 

V 79.0 82.4 82.8 84.3 89.2 102.0 121.0 135.4 222.5 

Cr 13.0 13.8 13.9 11.1 11.9 14.0 17.4 20.4 44.8 

Mn 894 963 996 1133 1205 1319 1469 1596 1868 

FeO (%) 10.26 10.84 11.19 11.02 11.43 11.83 12.21 12.48 12.38 

Co 19.6 20.5 20.7 21.7 22.3 23.7 25.7 27.8 33.9 

Zn 125.9 125.1 126.3 114.4 113.7 109.9 105.3 101.8 92.0 

Ga 21.0 20.8 20.9 20.3 19.9 19.1 18.2 17.8 16.4 

            

Fe/Mn 89.2 87.4 87.3 75.6 73.7 69.7 64.6 60.7 51.5 

(Zn/Fe)*104 15.8 14.9 14.5 13.4 12.8 12.0 11.1 10.5 9.57 

(Co/Fe)*104 2.46 2.43 2.38 2.54 2.51 2.58 2.71 2.87 3.53 

Ga/Sc 1.66 1.54 1.51 1.23 1.17 1.04 0.88 0.74 0.48 

V/Sc 6.24 6.08 6.00 5.12 5.21 5.55 5.84 5.63 6.52 
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Figure A2.1: BSE image of experiment A791 and LA-ICP-MS measurements of Sc and Na2O 

concentrations in the melt along a linear laser scan.  The red arrow shows the path of the laser scan.  

Black diamonds show individual measurements located in the glassy region of the melt pool and gray 

diamonds show measurements from the quench-crystallized region.  Averages from the glassy and quench-

crystallized regions are shown as horizontal lines. 
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Figure A2.2: FRTE ratios of peridotite xenoliths used in the partial melting model and peridotite 

xenoliths from the GEOROC database.  GEOROC xenoliths were included only if they had Mg# 

between 88 and 91 (n=160) and reported Mn or MnO concentrations to at least three significant digits 

(n=43). 
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A3: Extended methods from Chapter 4 

Correction for the effects of experimental melt fraction 

Experimental starting materials comprise peridotite and basalt with ~2 wt. % or ~4 wt.% K2O in 

the melt (Table 4.1).  Greater variation in K2O contents of resulting melts was achieved by performing 

experiments at several temperatures near the solidus of the peridotite at 3 GPa.  As a result, melt 

compositions are affected by variations in experimental melt fraction as well as variations in K2O content.  

Some of these effects counteract the expected effects of K2O, for example decreasing SiO2 with increasing 

TiO2 content at low experimental melt fractions (Xirouchakis et al., 2001).  TiO2 is not likely to be the only 

effect of variable experimental melt fraction, as the slope of the trend of SiO2 with TiO2 in our experiments 

is steeper than expected (Xirouchakis et al., 2001 #31).  Experimental melt compositions must be corrected 

for the cumulative effects of varying experimental melt fraction in order to isolate the compositional effects 

of K2O. 

In our melt fraction correction, we use TiO2 content of the melt as a proxy for melt fraction as it is 

a more reliable indicator of experimental melt fraction than ∆F (Fig. 4.2).  To determine which oxides 

require correction, we looked for correlations of each oxide with TiO2 (Fig. A3.1).  SiO2, Al2O3, Cr2O3, 

FeO*, and Na2O were found to correlate significantly with TiO2, while MnO, MgO, and CaO* did not 

correlate significantly with TiO2 (R2<0.1).  Trends of SiO2, Al2O3, Cr2O3, FeO*, and Na2O with TiO2 were 

fit by weighted linear regression, and the resulting slopes are shown in Fig. A3.1. 

Melt compositions were corrected along the slopes in Fig. A3.1 to a common TiO2 content of 2.45 

wt.%, which is the TiO2 content of the “0% melt” of (Davis et al., 2011).  This accommodates a straight-

forward comparison with that composition.  In text and figures, a “#” sign follows an oxide name to 

indicate when melt fraction-corrected compositions are being used. 
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Figure A3.1: Measured oxide compositions of melts plotted against melt TiO2 concentration.  R2 is the 

Pearson correlation coefficient.  Oxides determined to correlate significantly with TiO2 had R2 ≥ 0.37 and 

those determined not to correlate significantly with TiO2 had R2 ≤ 0.10.  Correlating oxides were fit by 

weighted linear regression.  Slopes (m) and y-intercepts (b) are given in the figure. 


