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ABSTRACT 

The Earth may have been covered with a terrestrial magma ocean. Is there evidence 

for resulting extensive mineral fractionation? Agee and Walker, 1988, proposed that 

significant flotation and addition of olivine into the upper mantle can explain the elevated 

MglSi ratio of this region. A number of element ratios were present in the primitive 

mantle of the Earth in approximately chondritic ratios (e.g., Jagoutz et al., 1979) 

providing constraints on amounts of mineral fractionation if appropriate partition 

coefficient values are known (e.g., Kato et ai., 1988a). In addition, the V, Cr and Mn 

abundance pattern in the mantles of the Earth and moon are similar to one another, which 

could imply a related origin for these bodies (e.g., Ringwood, 1990). Previous attempts 

to explain the origin of this abundance pattern have been unsuccessful (e.g., Drake et ai., 

1989). 

High pressure and temperature mantle mineraVsilicate melt partition coefficient 

values are experimentally determined in this work. These values are used via equilibrium 

crystallization to examine the effect of mineral fractionation on the primitive mantle. The 

effect of mineral fractionation on the abundance pattern of V, Cr and Mn in the upper 

mantle of the Earth is examined. Fractionation of majorite gamet, magnesiowtistite and 

Mg-perovskite yields a V, Cr and Mn abundance pattern that is different than inferred. 

Thus, the pattern of V, Cr and Mn was not established by high pressure mantle 

mineraVsilicate melt fractionation. 

Other mineral fractionation effects are also examined. Significant addition of 

olivine to the upper mantle is disallowed based on the Ni/Co ratio. Significant 

fractionation of majorite garnet, magnesiowtistite and Mg-perovskite is precluded based 

on several element ratios (e.g., Mg/Al, Ca/AI for majorite garnet; e.g., MglAl, CalAl, 

Mg/Si, Mg/Ca for magnesiowtistite; e.g., Ca/AI, ScISm, MglCa for Mg-perovskite). 
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Thus, the primitive mantle does not show evidence of significant fractionation of 

volumetrically important liquidus phases. The implication is that the Earth's MglSi ratio 

unique, and that compositionally distinct reservoirs of material were largely preserved in 

the accretionary environment. 
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1. FORMATION OF THE EARTH AND THERMAL CONSEQUENCES 

The Early Accretionary Environment 

The early thermal history of the Earth is intimately associated with its accretion and 

primordial differentiation history. Was the Earth ever substantially molten? There are 

several significant sources of heat for the early Earth, including gravitational energy from 

accreting planetesimals, gravitational energy from metal sinking to the core and 

radioactive decay of short-lived isotopes now extinct. 

Current scientific theory maintains that the Earth and the other terrestrial planets 

accumulated from smaller objects termed "planetesimals" (e.g., Greenberg et al., 1978; 

Wetherill, 1985). However, details of this accumulation process are unclear, because the 

mechanisms by which dust agglomerates to make pebbles, pebbles agglomerate to make 

boulders, boulders agglomerate to become kilometer scale planetesimals, and so on, are 

obscure (Drake et al., 1987). It is unclear whether the early solar system was a "violent" 

place dominated by large objects with large eccentricities and therefore high relative 

velocities, or whether the solar system was more "quiet", dominated by bodies which 

tended to maintain almost circular orbits and low relative velocities (Drake et al., 1987, 

Drake, 1989), although current thought leans towards the former. 

Bodies with near circular orbits and low relative velocities should result in the 

preservation of compositional and isotopic heterogeneities that existed prior to accretion, 

because "feeding zones" from which the bodies grew should not overlap (Drake, 1989). 

Observations consistent with a "quiet" solar system include the variations in 

uncompressed densities exhibited by the terrestrial planets, the compositional structure 

correlated with semi-major axis exhibited by the main belt asteroids, characteristic noble 

gas abundance patterns for different planets, heterogeneities of oxygen isotopes among 
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the Earth, moon, Mars and meteorites, and finally differences inferred for the mantles of 

Earth and Mars in abundances and ratios of some siderophile elements (Drake, 1989). 

Based on Y, Cr and Mn abundance patterns, Ringwood et al. (1986) argue for a 

"quiet" environment of accretion lacking giant impacts. The abundance pattern of these 

three elements in the mantles of the Earth and Moon are very similar to each other, while 

being distinct from other sampled bodies in the solar system. This observation may have 

implications for the origin of the Moon (Ringwood et al., 1990, 1991). Attempts to 

explain these abundances through metal/silicate fractionation at pressures from 1 bar to 

165 kbars have failed, as have explanations appealing to differential volatility. Ringwood 

et al. (1991) assert that the abundances of Y, Cr, and Mn in the Earth's mantle were 

established by metal/silicate equilibria at the Earth's core/mantle boundary pressures 

(1,340 kbars), although this suggestion awaits experimental verification. If such high 

pressures are required, then a Mars-sized impactor, which has been postulated to have 

formed the Moon in a giant impact event, would have insufficient internal pressure to 

establish the V, Cr, and Mn pattern of abundances inferred for the mantles of the Earth 

and Moon. 

The observation that a Mars-sized impactor is unable to establish such a pattern 

would, in turn, call into question formation of the Moon in a giant impact event 

(Ringwood et al., 1991), because current giant impact models derive half or all of the 

material that forms the Moon from the impactor (see Drake, 1990). In other words, if the 

Moon is derived largely from the mantle of the impactor, then Ringwood argues that 

core-mantle eqUilibrium in a Mars-sized impactor is of insufficient pressure to yield the 

abundances of Y, Cr and Mn observed in the mantles of the Earth and Moon. Instead, 

Ringwood (1986) advocates derivation of the Moon largely from the Earth's mantle after 

core formation from material ejected by impacts of smaller planetesimals, contrary to 

current theories of planetary accretion. 
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In contrast to a "quiet" environment of accretion, giant impacts imply a "violent" 

early solar system dominated by large bodies with large eccentricities. Monte Carlo 

simulations of planetesimal accretion in the absence of gas drag imply that toward the end 

of the accretional process, most of the accreting mass may reside in larger bodies (- three 

times the mass of Mars) which have fairly large relative velocities (- 9 lan/s). The 

kinetic energy deposited during accretion is several times greater than the energy required 

to melt the entire Earth (Wetherill, 1985). Terrestrial planets should begin to melt when 

they achieve about one tenth of an Earth mass (e.g. Stevenson, 1981). Thus, commonly 

accepted theoretical considerations of planetary accretion strongly suggest that the Earth 

should have been substantially molten during and immediately after accumulation from 

planetesimals (e.g., Wetherill, 1985, see Drake, 1989). 

Such conclusions inherently assume that accreting objects have a lot of momentum 

and therefore deposit their energy deep in the planet where the energy is better retained, 

ultimately leading to melting. In fact, most current accretion theory involves accretion of 

objects one tenth to one third of the mass of the Earth. It is possible that the Earth might 

have avoided melting if the majority of accreting objects had been smaller and of lower 

relative velocity such that their collisional energy would have been deposited at the very 

surface of the planet and readily radiated to space (Drake, 1989). 

A "violent" solar system is expected to result in terrestrial planets which roughly 

resemble one another in composition because "feeding zones" from which the planets 

grow would overlap toward the end of the accretional process (a consequence of larger 

eccentricities) (Drake, 1989). The rotational angular momenta and obliquities of the 

planets are consistent with violent accretion, because planets would be expected to have 

no obliquity and only rotate slowly if they had accreted from small planetesimals 

(Safranov, 1972). Another observation that may imply that the Earth was struck by fairly 

large planetesimals is the fact that the Earth's equatorial plane and the Moon's orbital 
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plane are offset significantly (by nearly 28 degrees). In addition, if the Earth's moon 

formed as the result of the collision of a Mars-sized object with the Earth, the mantle of 

the Earth and even portions of the core would be melted and, perhaps, partially vaporized 

(Benz et ai., 1986; Benz et ai., 1987; Benz et ai., 1989; Kipp and Melosh, 1986; Kipp and 

Melosh, 1987). 

In spite of uncertainties in the details of the accretion process, it is difficult to 

understand how the Earth could have avoided being substantially molten based on 

analogy with the Moon. The Earth's moon was almost certainly substantially or 

completely molten at one time, as evidenced by its differentiation into a feldspathic crust 

and a mafic mantle. It is difficult to understand how the smaller Moon could have been 

molten while the Earth was not, regardless of whether the Moon formed in a giant impact 

event or by some other mechanism (Hostetler and Drake, 1980). 

Phase equilibria on mantle compositions also suggest that the Earth was at least 

partially molten at some earlier time. High pressure experimental phase equilibrium 

studies have established that the solidus and liquidus converge at -170 kbar and 2,000°C 

for a composition approximating the Earth's upper mantle (KLB-l) (Takahashi, 1986; Ito 

and Takahashi, 1987). Is this convergence a coincidence? It could be, but it is also 

consistent with the upper mantle being a partial melt of a more primitive composition 

(Takahashi, 1986; Ito and Takahashi, 1987). The point at which a solidus and liquidus 

converge for a multi-component system corresponds to a peritectic or eutectic 

composition. In other words, the melt composition that results from melting a primordial 

mantle corresponds to the Earth's upper mantle composition (see also Walker, 1986). 

Therefore, partial melting of a primitive roughly chondritic Earth (minus core) at depth 

could possibly yield a peridotitic upper mantle composition, and convergence of the 

liquidus and the solidus is consistent with a substantially molten Earth during and 

subsequent to accretion (Takahashi, 1986). 
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Most commonly accepted ideas from accretion theory, comparisons with the Moon, 

and experimental studies of phase equilibria lead to the expectation that the Earth was 

covered with a globally encircling magma ocean at some point in its early history. 

A Possible Scenario for the Solidification of a Terrestrial Magma Ocean 

If a magma ocean resulted from total or near total melting of the material which 

accreted to form the Earth, the ocean would probably have had average solar system 

abundances (and, therefore, average solar system ratios) of refractory lithophile elements. 

Typically, substantial melting and differentiation result in layered structures (e.g., Ohtani, 

1985; Anderson, 1984). Therefore, mineral fractionation is an anticipated consequence of 

large-scale planetary melting. 

The Earth's upper mantle has a MglSi ratio which is higher than that of chondritic 

meteorites (1.12 relative to CI; e.g., Jagoutz et ai., 1979). Agee and Walker (1988) have 

proposed that the Mg/Si ratio of the upper mantle may be the result of mineral 

fractionation from an initially CI chondritic material. They showed experimentally that 

olivine floats in a melt representative of upper mantle composition at about 80 kbars. 

Buoyant olivine from a magma ocean could, according to their theory, mix into the upper 

mantle causing the high MglSi ratio inferred for the primitive mantle. They calculate that 

approximately 30% olivine, which crystallized at levels equivalent to today's upper 

mantle and then mixed into the topmost upper mantle, is required to explain the MglSi 

ratio of the upper mantle in their most likely scenario. 

Specifically, the olivine crystallized at high pressure in a buried magma ocean 

would form a neutrally buoyant septum dividing the molten outer part of the Earth into 

two separated oceans (Figure 1.1). The septum is less dense than both the compressed 

liquid below and the subsequently crystallized Fe enriched garnet and pyroxene solids 
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above. This density inversion causes Rayleigh-Taylor instabilities to develop, resulting in 

convection which mixes the olivine septum into the upper layer, leaving the material 

below the septum largely unaffected (Agee and Walker, 1988). The result of this 

convective mixing is a homogeneous upper mantle with a MglSi ratio greater than found 

in any class of chondritic meteorite except, possibly, the C3V chondrites (Palme and 

Nickel, 1986). 

Agee and Walker (1988) also call for segregation of Mg-perovskite into the lower 

mantle, implying that estimates of upper mantle bulk composition are related to 

chondritic composition by addition of olivine and subtraction of Mg-perovskite. Their 

model was generated via model simple mass balance by assuming average mineral 

compositions to generate upper mantle peridotite. Their favored model determines that 

upper mantle peridotite results from the addition of 32.7% olivine and 0.9% majorite 

garnet into the upper mantle, and subtraction of 27.6% perovskite from the upper mantle 

(Agee and Walker, 1988). 

Even though the upper mantle is volumetrically only 34% of the mantle as a whole, 

most bulk Earth compositional estimates assume that the upper mantle is compositionally 

representative of the entire mantle. An elevated upper mantle Mg/Si ratio that is the 

result of large-scale terrestrial differentiation requires distinct compositions for the upper 

and lower mantle, implying that bulk estimates based only on the composition of the 

upper mantle must necessarily be incorrect (Drake, 1989). Large-scale terrestrial 

differentiation that has persisted through time would necessitate modification of most 

current bulk Earth compositional estimates, as well as many derivative studies based on 

such estimates. 
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Figure 1.1. Schematic cross-section of the mantle of the Earth after accretion is 

largely over and there is a net heat loss by radiation to space. Olivine settles out above 

the density cross over region at about 80 kbars. Below this region, the density of the 

silicate liquid exceeds that of olivine so that olivine crystals float up from below, thereby 

increasing the Mg/Si ratio of the upper mantle. After Agee and Walker (1988). 



20 

A Test of Large Scale Differentiation of the Earth 

A geochemical fingerprint is imparted to systems affected by geochemical 

processes. If a magma ocean did form, eventually it would cool and phases would 

crystallize as the temperature dropped below the liquidus appropriate for each phase. 

When these phases form, they incorporate elements to varying degrees depending upon 

whether the element is compatible or incompatible in the phase. The tendency of an 

element to enter one phase compared to another is quantified numerically by the partition 

coefficient value. Throughout this work, a partition coefficient is defined as the 

concentration of an element in a mineral divided by its concentration in the silicate melt. 

If liquidus phases fractionate significantly, they impart their distinct chemical 

signatures on the composition of the resultant solidified mantle, assuming differences in 

compatibility of elements in the crystallizing phases are sufficiently great. Therefore, it is 

possible to trace geochemical events if it is known how elements distribute themselves 

among the phases involved. Thus, partition coefficients between solid silicate phases and 

silicate melts in the mantle can be used to unravel the early thermal history of the Earth. 

It is possible that liquidus phases will not segregate from the magma (see Tonks and 

Melosh, 1990). However, if the Earth's upper mantle resulted from the partial melting of 

the primordial mantle, then significant segregation of phases that has persisted over time 

is implied. 

Assuming that large-scale mineral fractionation must result from a substantially 

molten Earth, then a number of geochemical considerations conflict with the inference 

that the Earth was significantly molten during and immediately following accretion. For 

instance, the upper mantle shows no evidence of compositional layering. Instead mantle 

samples at the hand specimen scale are homogeneous in terms of their abundances of 

noble siderophile elements (e.g., Au, Ir). In addition, studies of mantle nodules and 

-------.--
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basalts have led to estimates of the composition of the primitive mantle (Le., the mantle 

before the crust was extracted). These studies show that many elements have 

approximately chondri tic ratios, and that the refractory lithophile elements have 

approximately chondritic abundances (e.g .• Jagoutz et ai.. 1979; Chou et ai., 1983; Palme 

and Nickel. 1985). In fact. a variety of elements with different geochemical affinities 

have approximately CI chondritic ratios in the upper mantle (see Figure 2.1). 

For example. the refractory lithophile elements Sc and Sm are at approximately CI 

chondritic abundance levels (and therefore approximately CI chondritic ratios as well). 

Ratios of the moderately siderophile element pairs Ni/Co and PIMo are also 

approximately chondritic (though at a fraction of chondritic absolute abundances). These 

approximately chondritic ratios provide a method for probing the early differentiation 

history of Earth. They provide a constraint on allowable amounts of crystal liquid phase 

segregation (e.g., Drake, 1989). 

It can be tested whether or not elemental ratios should have remained chondritic 

during large scale melting and crystallization events using partition coefficients values of 

plausible liquidus phases (olivine, majorite garnet, or Mg-perovskite, depending on the 

pressure). If the elements in a pair exhibiting approximately chondritic ratios have 

sufficiently different partition coefficient values from one another, the element pair may 

be used, via geochemical modeling. to constrain degrees of mineral fractionation, 

assuming that fractionations have not been erased over time (Drake, 1989). Thus, using 

partition coefficient values we can determine the maximum amount of fractionation 

consistent with the approximately chondritic ratios. 

For example. partition coefficients can be used to address the question of whether 

olivine flotation and fractionation of other phases is a viable hypothesis for explaining the 

elevated Mg/Si ratio inferred for the upper mantle. It was previously believed that olivine 

flotation was a particularly appealing mechanism for increasing the Mg/Si ratio in the 
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upper mantle, since olivine fractionation was expected to alter the MglSi ratio without 

disrupting other refractory and lithophile major and trace element relations. However, 

this belief had not been tested using experimentally measured partition coefficients, and 

olivine/melt partition coefficient values -for elements present in chondritic ratios in the 

upper mantle of the Earth were needed to test this idea (Drake, 1989). Olivine addition 

into the upper mantle is particularly well addressed by a study of the compatible and 

moderately siderophile elements Ni and Co, because these elements are expected to have 

non identical partition coefficient values and have well-constrained abundances. 

It was previously unknown how many elements partition themselves among mantle 

phases under conditions appropriate to the upper mantle of the Earth. Partition 

coefficient values for these elements must be determined in order to allow geochemical 

melting events to be traced. In addition, the fractionation of multiple phases from the 

melt may have compensating effects on elemental ratios. It is possible, although it seems 

unlikely, that the fractionation of different minerals from the melt may have 

counterbalanced one another, leaving the primitive mantle with approximately chondritic 

abundances. Experimentally determined mineral/melt partition coefficient values are also 

needed to assess this possibility. 

Therefore, the immediate goal of this work is to determine partition coefficient 

values of major, minor and select trace elements between mantle minerals and silicate 

melt under mantle conditions. The effect of various phase fractionations on element 

ratios inferred for the upper mantle of the Earth are examined. In addition, the origin of 

select elemental abundance patterns (V, Cr, and Mn) are investigated. 

Partition coefficient data were obtained through the use of the USSA (Uniaxial 

Split-Sphere Anvil) at the National High Pressure Facility in Stony Brook, New York and 

facilities in Bayreuth, Germany, and were determined for the elements of interest between 

the probable melt composition and volumetrically important liquidus phases for pressures 
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and temperatures prevailing in the upper mantle of the Earth. Experiments at several 

points in pressure-temperature space were performed, because different minerals are 

stable at different pressures and temperatures (e.g., Suito, 1977). Many experiments were 

not successful because of technical difficulties associated with deriving partition 

coefficient information from samples subjected to simulated terrestrial upper mantle 

conditions. In general, I have chosen not to include unsuccessful experiments in this 

work, and have instead concentrated on the successful experiments, which are 

summarized in Chapter 5, and described in detail in Chapter 6. 

Thus, this experimental program was pursued in order to evaluate the likelihood and 

extent of large-scale primordial planetary differentiation that has persisted through time, 

using experimentally determining high pressure and temperature trace-element partition 

coefficient values. Assuming that mineral fractionation is a necessary consequence of 

large-scale melting, then lack of compositional stratification in the mantle bears upon the 

question of whether the early Earth was ever substantially molten. The early thermal 

state of the Earth, in tum, characterizes the type of environment that existed in the early 

solar system. 
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2. DERIVING INFORMATION FROM THE MANTLE 

Methods of Estimating the Composition of the Mantle 

The composition of the primitive mantle presumably holds clues to the early 

thermal history of the Earth. The gross structure of the mantle is determined from 

seismic velocity studies (e.g., Brown and Mussett, 1981). Resulting density distributions 

(e.g., Dziewonski and Anderson, 1981), coupled with meteorite data and abundances of 

elements in the solar system, yield an idea of the likely composition of the upper mantle. 

Experiments on likely mantle minerals yield further compositional constraints (e.g., Ito 

and Takahashi, 1989). Physical measurements on possible mantle minerals under mantle 

conditions via high pressure and temperature experiments on rock samples further 

constrain mantle mineralogy (e.g., Wood and Nell, 1991). However, the most direct and 

detailed compositional information about the mantle derives from materials that come 

from the mantle itself. 

Basalts and mantle nodules are the primary materials which originate in the upper 

mantle that are used to deduce its composition. Basalts are derived from the mantle via 

partial melting. Therefore, basalts provide an indirect source of information about the 

composition of the mantle. The use of basalts to probe the mantle's composition assumes 

that magmas yield accurate compositional information about their source. Mantle 

nodules, or xenol~ths, are thought to be fragments of mantle material, or pieces of 

depleted residuum from partial melting, brought up from the basalt melt source region by 

basalts and kimberlite pipes. Such ultrabasic nodules directly represent mantle material. 

Mantle nodules are peridotites, which are rocks that are rich in olivine (in general, 

approximately 80% olivine and 20% pyroxene). Peridotites are found as wedges in 

young fold mountain belts, in kimberlite pipes in S. Africa and W. Australia, and in 
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basalts on many ocean islands and some continental volcanoes. Undepleted upper mantle 

contains spinel [(Mg, Fe)AI204] at lower pressures, with garnet [(Mg, FehAlzSi3012] 

becoming stable at greater depth. Types of peridotite include plagioclase lherzolite 

(stable from 0-50 Ian depth), spinel lherzolite (50-100 Ian), and garnet lherzolite (100-

200 Ian) (note that depth in Ian x 113 yields an estimate of pressure in kbars). The most 

common type of nodule found in kimberlite pipes is garnet lherzolite, which is found in 

kimberlite deposits that come from as deep as 200 Ian (100-200 km depth) (e.g., Brown 

and Mussett, 1981). 

Mantle nodules usually do not represent fresh undepleted mantle. The use of mantle 

nodules to estimate the composition of the mantle assumes that nodules can be identified 

that closely represent the composition of the primitive mantle. Nodules are sought that 

have not had basalt extracted from them, and have not been significantly altered by 

metasomatism, or during their ascent toward the surface. For instance, Jagoutz et ai. 

(1979) used spinel lherzolite xenoliths, which are similar world-wide in bulk and mineral 

chemistry and which were identified as "primitive" on the basis of their complements of 

highly incompatible lithophile elements, to determine the composition of the upper 

mantle. 

Attempts to determine the composition of the primitive mantle have included the 

use of mantle nodules (e.g., Jagoutz et ai., 1979), basaltic magmas (e.g., Chou, 1978; 

Chou et al., 1983), and an approach combining evidence from mantle nodules and 

elemental ratios (e.g., Palme and Nickel, 1985). For instance, Palme and Nickel (1985) 

assumed chondritic ratios among refractory elements in the bulk Earth. This implies that 

refractory elements in the Earth have abundance ratios characteristic of primitive 

chondritic meteorites, which are thought to have undergone almost no chemical 

processing. In addition, they used spinel lherzolite data and several other lines of 

evidence to calculate a composition for the primitive mantle. 
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An entirely different approach for determining the composition of the upper mantle 

is the pyrolite model by Green and Ringwood, 1967. These workers reasoned that most 

mantle samples such as dunite (the most depleted material available), harzburgite, etc. 

have undergone partial melting to yield basalt. They subjected rock mixtures to partial 

melting in order to examine the type of basalt they produced. A mixture of 3 parts dunite 

plus one part tholeiitic basalt is called pyrolite, which stands for pyroxene-olivine rock. 

Melting studies on pyrolite at pressure and temperature conditions and volatile element 

contents appropriate for the upper mantle have generated the entire range of melt 

products: alkali basalts, tholeiites, picrites, etc. 

Thus, pyrolite yields an estimate of primitive mantle composition, while studies of 

mantle nodules yield similar estimates (see Table 2.1). Both pyrolite and garnet lherzolite 

are found to be similar to chondritic silicates. In general terms, the whole mantle is 

probably compositionally equivalent to lherzolite, which is a type of peridotite that 

consists of 60% olivine, 30% pyroxene, and 10% feldspar at the surface. Mantle phases 

are discussed in Chapter 3. 

Elements Studied 

The following elements have been investigated in this work: Mg, AI, Si, P, Ca, Sc, 

Ti, V, Cr, Mn, Fe, Co, Ni, Ga, Ge, Zr, La, and Sm. Elements studied encompass a range 

of geochemical behaviors (i.e., some are more or less siderophile; more or less refractory; 

etc.) although in general, refractory elements have been emphasized. A compilation of 

primitive mantle compositional estimates (the mantle before the crust was extracted) is 

included in Table 2.1, which includes compositional estimates from Jagoutz, et ai., 1979, 

Ringwood (Pyrolite, 1979), Wanke, 1981, and Palme and Nickel, 1986. Calculated CI 

normalized ratios are given in Table 2.2. Specific ratios from Table 2.2 used in this work 
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are shown in bold type. Elemental abundances are illustrated graphically in Figure 2.l. 

The choice of elements studied is discussed below. 

Refractory lithophile Elements: The elements AI, Ca, Sc, Ti, Y, Zr, La and Sm are 

all refractory. Such elements are of particular interest due to their constant ratios relative 

to each other among all sampled bodies in the solar system (e.g., the ScISm ratio is 

roughly chondritic). The study of refractory lithophile elements allows differentiation 

events to be deconvolved without threat of other fractionation events (such as volatility, 

metal/silicate fractionation, etc.) playing a role, or altering conclusions. Refractory 

lithophile elements have been emphasized in this work as they have been in previous 

work (e.g., Kato et al., 1987). 

Regardless of the method used to determine the composition of the primitive 

mantle, estimates indicate that all of the elements listed above are present at chondritic 

ratios to within 20% (Table 2.2). For example, refractory lithophile elements such as Sc 

and Sm are present in the upper mantle of the Earth at approximately CI chondritic ratios, 

and the ScISm ratio is used in this work to examine fractionation events (see Table 2.2 

and Figure 2.1). The ScISm ratio varies between a value of l.13 and l.26, which is 

approximately chondritic (Table 2.2). Likewise, estimates for Ca and Ti from Table 2.1, 

yield Ca/Ti ratios between 0.86 and l.06 (Table 2.2), again approximately chondritic. 

Moderately Siderophile Elements: The elements Ga, Co, Ni, P, Ge and Mo are all 

moderately siderophile elements. Several of these element pairs have roughly chondritic 

ratios in the primitive mantle (Figure 2.1). For example, the moderately siderophile 

elements Ni and Co are present at approximately the CI chondritic ratio (though are 

depleted relative to chondritic abundances, at about 20% of chondri tic abundances). 

Highly siderophile elements such as the noble metals are also present at approximately CI 
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chondlj.tic ratios, but at less than 1 % of chondritic abundances (Figure 2.1). The origin of 

chondri tic ratios, particularly of the siderophile elements, in the primitive mantle 

following core formation is a subject of debate (see Jones and Drake, 1986; Newsom, 

1990 for discussions). 

V. Cr, Mn Abundance Pattern in the Upper Mantle: In addition to determining the 

behavior of refractory lithophile element ratios, the present work also examines the 

elements V, Cr and Mn, and tests whether or not partitioning at higher pressures and 

temperatures relevant to the upper mantle of the Earth may have been responsible for the 

observed V, Cr and Mn abundance patterns. It has been known for some time that the 

abundances of V, Cr and Mn are similar in the mantles of the Earth and Moon, while 

being different and distinct from all other bodies in the solar system sampled thus far 

(e.g., Drake et al., 1989). Abundances in the Earth and Moon normalized to CI

chondrites are such that V is more abundant than Cr, which in turn is more abundant than 

Mn (Figure 2.2). 

Vanadium is a refractory element, while Cr is moderately refractory, and Mn is 

moderately volatile. However, these abundance patterns in the Earth and Moon are not 

the result of volatility differences because both Mg and Si are more volatile than V and 

have a similar volatility to Cr. In spite of this fact, neither Mg nor Si is depleted relative 

to average solar system abundances (Drake et al., 1989; Ringwood et al., 1991). 

Likewise, Drake et al. (1989) investigated the partitioning of V, Cr and Mn between solid 

metal, S-bearing metallic liquid, and basaltic liquid and concluded that their abundances 

in the mantle of the Earth could not have been established by metal/silicate partitioning at 

low pressures. Ringwood et al. (1991) have extended that conclusion to higher pressures 

by demonstrating that the depletions of V, Cr and Mn in the mantle of the Earth are not 
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correlated ~ith metaVsilicate partition coefficients measured at pressures of 30-250 kbars 

(a pressure of 250 kbars reaches the lower mantle in a Mars-sized impactor). This 

conclusion is confinned by Hillgren et ale (1994) as well. 

Table 2.1. Elemental Abundances inferred for the primitive mantle of the Earth. El. = 
element; Jag. = Jagoutz et al., 1979; Pyrol. = Pyrolite; Ring. = Ringwood, 1979; 
P&N=Palme and Nickel, 1985. Ref. = refractory element, designated by x; A&G'89 = 
Anders and Grevesse, 1989; * - not available. 

PRIMITIVE MANTLE ABUNDANCES 
Jag. Pyrol. Ring. Wanke P&N A&G'89 

EJ. units 1979 1979 1981 1985 Ref. EI. Av.CI 
Mg % 23.1 23 22.978 22.918 21.41 Mg 9.89 
AI % 2.1 2.1 1.747 2.191 2.514 x AI 0.868 
Si % 21.1 21.1 21.082 21.082 21.596 Si 10.64 
Ca % 2.5 2.2 2.216 2.53 3.116 x Ca 0.928 
Ti % 0.13 0.12 0.12 0.132 0.138 x Ti 0.0436 
Fe % 6.08 6.1 6.218 6.079 5.985 Fe 19.04 
Na ppm 2420 4167 0.297 0.267 0.297 Na 5000 
K ppm 260 * * * * K 558 
Cr ppm 3140 2524 0.274 0.308 0.294 Cr 2660 
Mn ppm 1010 1095 0.116 0.101 0.101 Mn 1990 
Sc ppm 17 * * 17 19 x Sc 5.82 
V ppm 77 * * * * x V 56.5 
Co ppm 105 98 * 104 95 Co 502 
Ni ppm 2110 1694 * 2120 1810 Ni 11000 
Cu ppm 28 34 * * * Cu 126 
Zn ppm 50 50 * * * Zn 312 
Ga ppm 3 6 * * * Ga 10 
Ge ppm 1.2 1.1 * * * Ge 32.7 
La ppm 0.63 * * * * x La 0.235 
Sm ppm 0.38 * * * * x Sm 0.147 
Eu ppm 0.15 * * * * x Eu 0.056 
Yb ppm 0.42 * * 0.44 0.62 x Yb 0.1625 
Lu ppm 0.064 * * * * x Lu 0.0243 
Hf ppm 0.35 * * * * x Hf 0.104 
Re 12l2b 0.1 0.1 * * * x Re 36.5 
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Table 2.2. CI normalized ratios inferred for the primitive mantle of the Earth. Ratios 
used in this work are shown in bold type. El. = element; Jag. = Jagoutz et at., 1979; 
Pyrol. = Pyrolite; Ring. = Ringwood, 1979; P&N=Palme and Nickel, 1985. Ref. = 
refractory element, designated by x; A&G'89 = Anders and Grevesse, 1989; * = not 
available. 

CI MEAN NORMALIZED RATIO 
Jag. Pyrol. Ring. Wanke P&N A&G'89 

Ratio 1979 1979 1981 1985 Ratio Av.CI 
MglAI 0.97 0.96 1.15 0.92 0.75 MglAI 1 
MglSi 1.18 1.17 1.17 1.17 1.07 MglSi 1 
MglCa 0.87 0.98 0.97 0.85 0.64 MglCa 1 
SUAl 0.82 0.82 0.98 0.78 0.7 SUAl 1 
MgfTi 0.78 0.84 0.84 0.77 0.68 Mgffi 1 
SUCa 0.74 0.84 0.83 0.73 0.6 SUCa 1 
CalAl 1.11 0.98 1.19 1.08 1.16 Ca/Al 1 
AlfI'i 0.81 0.88 0.73 0.83 0.92 Alffi 1 
SetAl 1.21 * * 1.16 1.13 SetAl 1 
A1ILa 0.9 * * * * AlILa 1 
AlISm 0.94 * * * * AlISm 1 
AlIEu 0.9 * * * * AlIEu 1 
Al/Yb 0.94 * * 0.93 0.76 AlIYb 1 
Al/Lu 0.92 * * * * AlILu 1 
AlIHf 0.72 * * * * AlIHf 1 
Carn 0.90 0.86 0.87 0.90 1.06 CalTi 1 
Ca/Se 0.92 * * 0.93 1.03 CaiSc 1 
CalLa 1 * * * * CalLa 1 
Ca/Sm 1.04 * * * * CaiSm 1 
CalEu 1.01 * * * * CalEu 1 
Ca/Yb 1.04 * * 1.01 0.88 CalYb 1 
CalLu 1.02 * * * * CalLu 1 
CalHf 0.8 * * * * CalHf 1 
TiiSe 1.02 * * 1.04 0.97 TiiSe 1 
TilLa 1.11 * * * * TilLa 1 
TiiSm 1.15 * * * * TiiSm 1 
TilEu 1.11 * * * * TilEu 1 
TilYb 1.15 * * 1.12 0.83 TilYb 1 
TilLu 1.13 * * * * TilLu 1 
TilHf 0.89 * * * * TilHf 1 
SelLa 1.09 * * * * SelLa 1 
SciSm 1.13 * * * * SciSm 1 
Se/Eu 1.09 * * * * SelEu 1 
SelYb 1.13 * * 1.08 0.86 SelYb 1 
SclLu 1.11 * * * * SelLu 1 
SelHf 0.87 * * * * SelHf 1 
NUCo 0.91 0.79 * 0.93 0.87 NilCo 1 
La/Sm 1.04 * * * * La/Sm 1 
LalEu 1 * * * * La/Eu 1 
LalYb 1.04 * * * * LalYb 1 
LalLu 1.02 * * * * La/Lu 1 
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LalRf 0.8 * * * * LalRf 1 
Sm/Eu 0.96 * * * * Sm/Eu 1 
SmlYb 1 * * * * SmlYb 1 
SmlLu 0.98 * * * * SmlLu 1 
Sm/Hf 0.77 * * * * SmlHf 1 
EulYb 1.04 * * * * EulYb 1 
EulLu 1.02 * * * * EulLu 1 
EulHf 0.8 * * * * EulHf 1 
YblLu 0.98 * * * * YblLu 1 
YblHf 0.77 * * * * YblHf 1 
LYLHf Q18 * * * * LulHf 1 

Specific Elemental Ratios in the Primitive Mantle 

Element ratios investigated in this work include MgI AI, MglSi, MglCa, Alffi, Sil AI, 

SilCa, CalAI, carn, ScISm and NilCo. Some specific element ratios are discussed in 

more detail below. 

Mg/Si Ratio in the Upper Mantle: While there is some debate about the value of 

certain element ratios in the upper mantle of the Earth, for instance the Cal AI ratio (Palme 

and Nickel, 1985; Kato et al., 1987, 1988a,b), there is a consensus that the MglSi ratio 

inferred for the upper mantle of the Earth is higher than in most chondritic meteorites 

(e.g., Jagoutz et aI., 1979). Figure 2.3 shows the MglSi ratio versus AUSi ratio for 

different types of undifferentiated meteorites. 

Note that the class of primitive meteorites with a MglSi ratio most similar to the 

upper mantle is the C3V carbonaceous chondrites. However, these meteorites are not 

good candidates for proto-Earth matter because their Ir/ Au ratio is almost twice as high as 

both the CI ratio (Figure 2.4) and estimates for the upper mantle of the Earth (Figure 2.1) 

(Kallemeyn and Wasson, 1981). Oxygen isotopes also imply that C3V chondrites are not 

good candidates for proto-Earth material since C3V chondrites lie off the terrestrial 
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fractionation line and are, ~erefore, from a material reservoir distinct from proto-Earth 

material (Clayton et al., 1976). 

NilCo Ratio in the Upper Mantle: Mantle nodules exhibit a range of NilCo ratios. 

Figure 2.5 shows NilCo ratios plotted against La/Sm ratios. Jagoutz et al. (1979) argued 

that those nodules with the most chondritic light rare earth element patterns are most 

likely to be primitive. While some nodules do have a NilCo ratio that plots closer to or 

above the CI chondrite line, Figure 2.5 shows that all such nodules have an elevated 

La/Sm ratio. and are probably not as primitive as those nodules that exhibit flat REE 

patterns (Jagoutz et al., 1979). I concluded in McFarlane and Drake (1990) in 

concurrence with Jagoutz et al. (1979) that the NilCo ratio of the upper mantle of the 

Earth is less than CI-chondritic, and is probably close to 0.9 xCI. 

MgIAl, MgICa, Al/Ii, SilAl, Si/Ca, CalAl, Ca/I'i, SciSm: The upper mantle of the 

Earth appears to have a Cal AI ratio about 15% higher than chondritic (palme and Nickel, 

1985; Table 2.2), although other researchers have estimated this ratio to be closer to 

chondritic values (0.98-1.11; Table 2.2). While there is scatter, the other element ratios 

used in this work (e.g., MgIAl, MgICa, AlfI'i, SilAl, SilCa, CalAl, Ca/I'i, SciSm) are 

approximately chondritic (Table 2.2). In discussions concerning modeling and 

calculations, primitive mantle estimates of ratios are often included in figures when they 

are used to constrain mineral fractionation events. 
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Figure 2.1. Abundances of refractory lithophile, moderately siderophile, and highly 

siderophile elements in the upper mantle of the Earth, normalized to CI chondrites and 

Al. Note that the ratios of refractory lithophile elements such as Sc/Sm, and moderately 

siderophile elements such as Ni/Co are both approximately C 1 chondritic, although 

absolute abundances vary widely. After Newsom and Taylor (1989). 
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Figure 2.2. Depletion of V, Cr, and Mn relative to CI chondrites and Si for the Eucritc 

Parent Body (EPB), the Shergottite Parent Body (SPB), Earth, and the Moon. Size of 

shaded areas indicates uncertainty in the estimate. After Drake et al., 1989). 
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Figure 2.3. The Mg/Si ratio versus Al/Si ratio for different types of undifferentiated 

meteorites. Also included are three estimates of the upper mantle of the Earth: R refers 

to pyrolite (Ringwood, 1979); J refers to the preferred composition of Jagoutz et al., 

1979); P refers to the preferred composition of Palme and Nickel, 1985. From 

Mcfarlane and Drake, 1990; after Jagoutz et al., 1979. 
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Figure 2.4. The Ir/ Au ratio in various types of chondritic meteorite. While the Mg/Si 

ratio of CV chondrites is similar to the Mg/Si ratio of the Earth, the Ir/ Au ratio in CV 

chondrites is substantially higher than the CI ratio. The Ir/ Au ratio in the upper mantle of 

the Earth is CI chondritic (Figure 2.1), making CV chondrites a poor candidate for proto

Earth material. From Mcfarlane and Drake, I 990. 
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Figure 2.5. Open circles show the CI-normalized La/Sm ratio vs. CI-normalized Ni/Co 

ratio of26 mantle nodules (20 from BVSP, 1981; 4 from Jagoutz etal., 1979); closed 

circles represent the most primitive of the mantle nodules (Jagoutz et al., 1979); the 

closed triangle is an average of 6 mantle nodule Ni/Co values, while the La/Sm ratio is 

calculated from element/Sc ratios in CI chondrites (Jagoutz et al., 1979). Those nodules 

which have a Ni/Co ratio of greater than one also tend to have a La/Sm ratio of greater 

than one, or a LREE enrichment. Generally, samples showing flat REE patterns are 

thought to be more primitive, and to better represent the composition of the upper mantle 

of the Earth (Jagoutz et al., 1979). From Mcfarlane and Drake, 1990. 
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3. PHASE ASSEMBLAGES IN THE MANTLE 

Phase Changes and Transitions 

When ionic crystals are subjected to high pressures, ions are rearranged and 

structures having higher coordination numbers tend to form. Phase transformations are 

changes in structure (and density) without changes in composition. A higher coordination 

number implies more efficient packing, resulting in an increase in density and bulk 

modulus. The oxygen atoms in the crystal structures of silicates and oxides are large 

anions typically arranged in closest packing. Table 3.1 lists possible mantle minerals in 

order of decreasing volume per oxygen ion. 

Table 3.1. Mantle minerals listed in order of decreasing volume per 
oxyg-en ion. in units of cuhic angstroms Anderson. 1989. D 141 
Mineral V/O.2 Mineral V/O.2 

MgO 18.7 y-spinel 16.5 
Olivine 18.1 garnet 15.7 
Pyroxene 17.3 ilmenite 14.6 
Ah03 17.0 perovskite 13.5 
6-spinel 16 8 stishovite 11 6 

Smaller cations fit into the resulting interstices between oxygen atoms. Linus 

Pauling (Anderson, 1989) established rules pertaining to the formation of ionic crystals, 

one of which states that the large ions in a crystal structure are arranged so that the 

cations do not move excessively in the interstices in order to minimize the potential 

energy of the crystal (1 st rule), implying that elements occupy interstices of an 

appropriate size and valence (Anderson, 1989). Table 3.2 shows ionic radii of common 

ions in angstroms. 
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Table 3.2. Ionic Radii of common ions, in angstroms, listed in order of decreasing 
radius. Coord # = Coordination numher Adapted from Anderson. 1989 p318 141 

Coord. Ionic Coord. Ionic Coord. Ionic 
Ion 
0-2 
0-2 
0-2 
0-2 
Ca+2 
0-2 
Ca+2 
Ca+2 
Na+ 
Ca+2 
Ca+2 

# Radius Ion # Radius Ion # Radius 
VIII 1.42 Mg+2 XII 1.07 [MgSi] VI 0.56 
VI 1.40 Na+ VI 1.02 Fe+3 VI(LS) 0.55 
IV 1.38 Ca+2 VI 1.00 AI+3 VI 0.53 
III 1.36 Mg+2 VIII 0.89 Ti+4 V 0.53 
XII 1.35 Fe+2 VI(HS) 0.77 Fe+3 IV(HS) 0.49 
II 1.35 Mg+2 VI 0.72 Mg+2 IV 0.49 
X 1.28 [CaSi] VI 0.70 Al+3 V 0.48 
IX 1.18 Fe+3 VI(HS) 0.65 Si+4 VI 0.40 
VIII 1.16 Fe+2 IV(HS) 0.63 Al+3 IV 0.39 
VIII 1.12 Fe+2 VI(LS) 0.61 Si+4 IV 0.26 
vn 1 07 Ti+4 VI 061 

* HS = high spin; LS = low spin 

Another rule pertaining to the formation of ionic crystals is the requirement of local 

charge neutrality (2nd rule). In order for a crystal to be stable, the charge on a cation is 

neutralized by adjacent anions. Therefore, a cation with a large charge must have a high 

coordination number and tend to occur in the large interstices or holes in the crystal 

structure. In reality, however, such highly charged cations tend to have small radii, 

implying that they should occupy small interstices (Anderson, 1989, p 338-339). In 

addition, anion polyhedra are less stable if they share an edge or especially a face (3rd 

rule). 

Often structures can be arranged more tightly before a coordination change is 

necessary (e.g., the transition from olivine to beta spinel; also from beta spinel to gamma 

spinel) (Anderson, 1989. p.338). However, coordination number tends to increase with 

increasing pressure. For example. low pressure minerals (e.g., orthopyroxene. olivine) 

and even intermediate pressure minerals (e.g., beta spinel. gamma spinel) commonly have 

silicon in a tetrahedral coordination and metals (e.g .• Mg, Fe. Ca, and AI) in octahedral 

coordination. However, in minerals stable at higher pressures, silicon is in octahedral 

coordination (e.g., majorite garnet, ilmenite, perovskitc) (Anderson, 1989, p.337). 
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Formulae and coordination number of likely important mantle minerals are given in Table 

3.3. An illustration of tetrahedral, octahedral, and cubic coordinations are given in Figure 

3.1. 

Table 3.3. Formulae and coordination number of possible mantle 
minerals. Minerals are shown as the Mg-rich end members for 
simplicity. All minerals except stishovite and corundum will contain 
Fe (10-15%) substituting for Mg From Anderson. 1989 

Mineral 
Orthopyroxene 
Clinopyroxene 
Garnet 
~-spinel 

,,(-spinel 
Majorite 
Perovskite 
Magnesiowiistite 
Stishovite 
Corundum 

Mantle Structure 

Formula 
VIMg2IVSh0 6 
VIIICa VIMgIV Si20 6 

VIIIMg3[VIAl]2IVShO12 
VlMg2IVSi04 

VIMg2IVSi04 

VIIIMg3[VIMg, IV SilIV Si3 012 
VIIIMgVISi03 
VIMgO 
VISi02 
VIAl203 

The most important minerals in the upper mantle are olivine, orthopyroxene, 

clinopyroxene, and the AI-rich phases plagioclase, spinel, and garnet. Olivine and 

orthopyroxene are very refractory, and together comprise most of the rock type peridotite. 

Clinopyroxene and garnet are more easily melted phases, and together comprise most of 

the rock type eclogite. All of these minerals are unstable at high enough pressure and 

transform to other phases. Names such as spinel, ilmenite and perovskite refer to 

structure types and not to the low pressure minerals themselves. The following roughly 

approximates the stability of minerals with depth: 



Shallow mantle: olivine, orthopyroxene, clinopyroxene, and an aluminous phase 
(e.g., feldspar, spinel, garnet) 

400 km (near the transition zone): beta spinel, majorite garnet and clinopyroxene 
500 - 660 or 670 kIn: gamma spinel. majorite gamet, Ca-perovskite and ilmenite. 
660 or 670 km: Mg-perovskite, magnesiowiistite. 
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The seismic velocity with depth protile for the Earth's mantle shows two main steps 

and one minor step, probably all corresponding to phase transformations (Figure 3.2). 

The depths of these seismic discontinuties are 400, 520 (minor) and 660 kIn depth. The 

transition zone is defined by these sudden changes in seismic velocity, and extends from 

400 km (p = 3.58 glcm3) to 660 km (p = 4.37 g/cm3) depth. The transition zone is 

generally grouped with the upper mantle. The lower mantle extends from a depth of 660 

km down to 2891 kIn, according to modified PREM (Preliminary Reference Earth Model; 

Dziewonski and Anderson. 1981), and exhibits an almost linear increase of density with 

depth. Non-linear increases of density with depth occur in the top 100 km of the lower 

mantle, and in the lower 200-250 km in the D" layer (Brown and Mussett, 1993). 

At 400 km depth, olivine transforms to the beta-spinel structure (also called 

modified spinel), and orthopyroxene transforms to garnet structure. to become majorite 

garnet (Ito and Takahashi, 1989). There is a small discontinuity at 520 kIn depth, and this 

may correspond to the beta to gamma spinel transition (Brown and Mussett, 1993). Thus, 

at normal mantle temperatures, the mineralogy of the transition region is thought to be 

beta or gamma spinel plus garnet solid solutions, and minor clinopyroxene. Subduction 

zones are colder, and may have the mineralogy of gamma spinel plus ilmenite solid 

solution. Ilmenite structure is a high pressure form of MgSi03 and is similar to FeTi03-

ilmenite which is a trigonal crystal (Hubbard, 1984, p.71). 

Gamma spinel transforms to Mg-perovskite and magnesiowiistite at 235 kban;, 

which corresponds to a depth of about 670 km in the Earth's mantle (Ito and Takahashi, 

1989). Majorite garnet also breaks down at this depth to fonn perovskite, and sometimes 

Ca-perovskite and corundum, if Ca and Al are present (Ito and Takahashi, 1989). 
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Clinopyroxene is stable throughout the transition zone, and breaks down to fonn Mg- and 

Ca-perovskite at 670 km depth. The perovskite structure is stable to at least up to 

multimegabar pressures (Hubbard, 1984, p.73). For more Si-rich compositions, 

orthopyroxene transforms to beta-spinel plus stishovite, which is the high pressure 

polymorph of quartz, with Si in octahedral coordination. Beta-spinel plus stishovite 

changes to gamma spinel plus stishovite with increasing pressure. At higher pressures 

still, gamma spinel plus stishovite transfonns to ilmenite, and finally to perovskite. 

The Role of FeO: While most of the free iron in the Earth is in the core, some Fe is 

bound up in olivine and pyroxene (Mg,Fe)Si03, and other phases. In general, Fe+2 

readily substitutes for Mg+2. The relative partitioning of Fe+2 among different phases is 

a function of pressure. In the upper mantle, garnet is by far the most Fe+2-rich phase. 

Olivine is the next most Fe+2-rich, clinopyroxene is next followed by orthopyroxene last. 

Gamma spinel may be the most Fe-rich phase in the lower portion of the transition 

region. In the lower mantle, FeO is strongly incorporated into the magnesiowiistite 

versus the perovskite. 

The presence of FeO tends to cause phase transitions to occur at shallower depths, 

meaning lower pressures. This effect is seen in the olivine to beta-spinel, beta to gamma

spinel, and pyroxene to garnet transition (Figure 3.3). Other oxides and elements also 

effect stability fields: Alz03 causes garnet and ilmenite to be stable over a wider range of 

conditions. 

By analyzing the composition of magmas produced in the upper mantle of the Earth 

we deduce that the ratio of Mg to Fe in the upper mantle is 8 (that is. the Mg# = 

MgI(Mg+Fe) - 0.89) (Hubbard, 1984, p.70). Some researchers believe that there are 

major chemical changes associated with transition zones (Hubbard, 1984. p.72). It is a 

point of controversy whether the Mg/Fe ratio is constant throughout the entire mantIc. It 
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has been postulated that the FelMg ratio is higher in the lower mantle compared to the 

upper mantle, because a mix of simple oxides has too Iowa density, unless the lower 

mantle is higher in Fe. However, (Mg,Fe)Si03 in the perovskite structure and (Mg,Fe)O 

in the magnesiowUstite structure is favored over a simple mix of oxides. The question of 

whether or not the upper and lower mantle have the same composition will be examined 

in detail in Chapter 4. 

Main Phases of Interest 

The main liquidus phases for a composition appropriate for the Earth's upper mantle 

are olivine, (Mg,FehSi04, from the surface to a pressure of about 165 kbars; majorite 

gamet, (Mg,Feh(Mg,Si)Si3012, from about 165 kbars to 230 kbars; and Mg-perovskite, 

(Mg,Fe)Si03 (and magnesiowUstite, (Mg,Fe)O) at pressures greater than about 230 kbars 

(Ito and Takahashi, 1987; Agee and Walker, 1988; Anderson, 1989), as shown in Figure 

3.4. This study investigates possible fractionations involving olivine, majorite, 

magnesiowUstite and perovskite. Beta spinel is investigated as well. These minerals are 

discussed in greater detail below. 

Olivine: Olivine has the chemical formula (Mg,FehSi04. In general, olivine 

consists of a solid solution containing both Fe and Mg because Fe and Mg have similar 

ionic radii at ordinary pressures. In olivine, Mg is in octahedral, or 6-fold coordination, 

while Si is in tetrahedral coordination. Olivine is an island silicate in which each silicate 

tetrahedron is isolated from the others and no two tetrahedra share an oxygen with 

another tetrahedron. Olivine is not highly symmetrical; its unit cell is orthorhombic with 

three mutually perpendicular axes of different lengths. Oxygen ions in olivine are 

approximately in hexagonal closest packing. Since the different crystal axes have 
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different lengths, the ions are not exactly closely packed, leaving the potential for a 

denser arrangement of ions (Hubbard, 1984, p.70). Olivine changes to spinel structure 

with increasing pressure. 

Beta spinel: Beta spinel has a distorted spinel-like structure, and is an intervening 

phase between olivine and ,,(-spinel in pure forsterite. Silicate spinel VIMg2+2 IVSi+404 is 

distinct from true aluminate spinel (VIA12+3IVMg+204), and has a lower volume than 

either MgA1204 or MgCr204. In spinel, like in olivine, Mg is in octahedral coordination, 

and Si is in tetrahedral coordination. Beta spinel has linked Si04 tetrahedra, making it a 

double-island silicate (or sorosilicate), and is orthorhombic like olivine. The 

transformation from olivine to beta spinel results in a slight decrease in the Mg-O 

distance, a decrease in the biggest 0-0 distance, and a slight increase in the Si-O 

distance. The net effect is an 8% decrease in volume per oxygen. The packing changes 

from hexagonal closest packing to cubic close packed. Beta spinel transforms to gamma 

spinel near 520 km (Anderson, 1989). 

Majorite Garnet: Majorite garnet is a distorted gamet-like phase. A solid-solution 

between garnet and majorite is expected. At high pressure [Mg.Si] and [Fe.Si] substitute 

for [A12], because the ionic radius of VIAl and VI[MgSi] are quite similar (0.53 and 0.56 

respectively). Thus. majorite is essentially a garnet, with Al2 being replaced by MgSi. 

The transformation from garnet results in an increase in the coordination of some of the 

Si and Mg, and Si is present in both octahedral and tetrahedral coordinations: 

VID(Mg,Feh VI[Mg,Si]IvSi3012 (Anderson, book p.337). This majorite-garnet solution 

may be a dominant phase of the transition region (Anderson, 1989, p.339). 
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Magnesiowiistite: (Mg,Fe)O has somewhat inefficient packing. However, like 

garnet, magnesiowiistite is stable over a large pressure range. In fact, magnesiowiistite is 

stable to extremely high pressure, most likely throughout most of the lower mantle. 

Octahedral coordination results when the ratio of the cation to the anion radii is between 

0.414 and 0.732. Magnesiowiistite has octahedral coordination (Mg/O = 0.51), implying 

that the cation is surrounded by 6 anions in three dimensions. Magnesiowiistite has 

rocksalt structure, like NaCl. The rocksalt structure has a face-centered cubic lattice: the 

cations alone or the anions alone both lie on a face-centered cubic lattice, where each 

atom has 12 neighboring atoms (Anderson, 1989, p 339). 

Silicate Perovskite: The most abundant mineral in the mantle is (Mg,Fe)Si03-

perovskite. High pressure experiments have established that silicates of the crust and 

upper mantle transform to minerals with perovskite-type structures in the lower mantle of 

the Earth, which represents approximately 66% of the volume of the Earth. The cation 

array in perovskite is based on a body-centered cubic structure with Si at the center, Mg 

at the corners and oxygens at the face centers. The perovskite structure is approximately 

(though not exactly) cubic and distorts somewhat because the distance between different 

Mg and different oxygen atoms is variable. It has a high degree of symmetry, as is true of 

most high pressure phases, due to an increasingly uniform electron distribution (Hubbard, 

1984, p.70). The proposed high pressure structure for perovskite is shown in Figure 3.5. 

If a cation and anion are equal in size, then 12 anions can surround each cation, in 

either hexagonal or cubic close packing (Anderson, 1989, p.338). Each Mg and Fe atom 

in the perovskite structure is surrounded by 12 oxygen atoms. Because of varying sizes 

among different ionic radii, there may be three different perovskite phases in the lower 

mantle: Ca-rich, (Mg,Fe)-rich and AI-rich. The presence of AI203 decreases the density 
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of perovskite. Perovskite is thought to be stable throughout the lower mantle, up to the 

D" layer (Mao et aL, 1991). 
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(a) (b) (c) 

Figure 3.1. An illustration of tetrahedral, octahedral, and cubic coordinations: (a) 

tetrahedral, or four-fold, coordination; (b) octahedral, or six-fold, coordination; (c) 

cubic, or eight-fold, coordination. In mantle silicates, oxygen is the largest abundant ion. 

Coordination number refers to the number of oxygen atoms that can be packed around the 

smaller ions (e.g., Mg, Si. Ca, etc.). From Anderson, 1989. 
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Figure 3.2. Seismic velocity with depth profile for the mantle of the Earth. The two 

main steps and one minor step probably all correspond to phase transformations. From 

Brown and Mussett, 1993. 
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Figure 3.5. Two different perspectives of the ideal high pressure structure for 

endmember Mg-perovskite. In (a), the small atoms are Si, and the large atoms are Mg. 

From Hubbard, 1984 and Hemley and Cohen, 1992. 
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4. ARE THE UPPER AND LOWER MANTLE OF THE SAME COMPOSITION? 

Spinel lherzolites that derive from the upper mantle today are used to infer the 

composition of the primitive mantle of the Earth (e.g., Jagoutz et al., 1979). Studies of 

such lherzolites show that many elements are present in approximately chondritic ratios 

in the upper mantle (e.g., Kato et al., 1988a). The lower mantle is volumetrically 

approximately 66% of the mantle as a whole. I assume that these approximately 

chondritic ratios inferred for the upper mantle are representative of the entire mantle. 

However, this assumption is invalid if the composition of the lower mantle is distinct 

from the composition of the upper mantle. This chapter examines evidence regarding the 

composition of these .. two regions and shows that most evidence supports the contention 

that the upper and the lower mantle are of the same composition. 

Evidence from Properties of Mantle Minerals 

The ratio of Mg to Fe, normally expressed as Mg/(Mg+Fe), or Mg#, has a large effect 

on the density. An Mg# of 0.88 is generally accepted for the upper mantle of the Earth. 

If the lower mantle is enriched in Fe compared with the upper mantle, the lower mantle 

would be more dense, implying that large-scale circulation or whole mantle convection is 

improbable, and two layer convection would be expected. On the other hand, if whole 

mantle convection occurs within the Earth then, presumably, compositional boundaries 

can not be maintained. 

Much of the research that has been done on the mantle of the Earth has been 

concentrated on the 670 km seismic discontinuity. All major upper mantle minerals (e.g., 

olivine, pyroxene, garnet) transform to perovskite or magnesiowi.istite beyond this depth. 

Pressure induced phase transformations near 670 km depth could prevent vertical flow, 
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essentially dividing the mantle into separately convecting layers. Further, it is argued that 

if the sudden increases in density and seismic velocity at 670 km depth correspond to a 

compositional change in addition to a phase change, then there must be a barrier at this 

depth that inhibits heat and mass transport between the upper and lower mantle (Heinz, 

1991). Therefore, the composition of the lower mantle has implications for the dynamic 

state and thermal structure of the entire mantle. 

The argument over the composition of the lower mantle has existed a long time. In 

1968, Press used density data and an equation of state to predict the average molecular 

weight of different regions of the Earth (Brown and Mussett, 1981). He inferred that the 

lower mantle is enriched in Fe compared with the upper mantle and saw no need for 

complex mineral structures to explain transitions. In 1973, Ringwood and Lieberman 

determined high pressure densities for a material in pyrolite proportions and found that 

the densities they measured were too low (Brown and Mussett, 1981). The implication is 

that either the mantle is more Fe-rich at depth, or that high density mineral structures 

(e.g., perovskite) predominate. Subsequently, Ringwood found that the bulk 

modulus/density of a high Fe/Mg lower mantle does not fit the seismic data, implying that 

there can be no compositional change in the mantle. Instead, he attributed the high 

density of the lower mantle to the presence of dense structural forms, and favored a 

homogeneous mantle and whole mantle convection (Brown and Mussett, 1981). 

Thermal Expansion and Density: Some more recent studies have again implied that 

the lower mantle is relatively enriched in iron. The primary mineral in the lower mantle, 

Mg-perovskite, has a large thermal expansion coefficient. Therefore, perovskite expands 

readily at high temperatures and contracts readily at low temperatures. A low 

temperature corresponds to a high density. A likely assemblage of upper mantle minerals 

and an Mg# of 0.9 yields a temperature estimate of no more than 12000C to yield the 

density at the top of the lower mantle. However, the temperature at the top of the lower 
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mantle is estimated by other means as being at least 1700°C. Such a high temperature 

would cause Mg-perovskite to expand, resulting in a density that is lower than is observed 

(Brown and Mussett, 1993). 

Density measurements on candidate upper mantle compositions at lower mantle 

pressures currently provide the most reliable constraint on chemical composition (Remley 

and Cohen, 1992). Jeanloz and Knittle (1989) conclude, based on calculated densities 

and equation of state models, that the lower mantle is enriched in iron and is from 2.6% to 

5% denser than the upper mantle. However, further thermal expansion work, based on 

the seismically derived density of the lower mantle, yield contrary results which instead 

imply that the Mg# of the lower mantle is equal to the upper mantle. For example, Mao 

et al. (1991) point out that there is a significant decrease in thermal expansion that isn't 

included in the calculations by Jeanloz and Knittle (1989), decreasing the need for Fe 

enrichment at the top of the lower mantle (Hemley and Cohen, 1992). 

Electrical Conductivity: The strength of the magnetic field at the Earth's surface is 

strongly controlled by the electrical conductivity of minerals in the mantle (Hemley and 

Cohen, 1992). Independent estimates of the electrical conductivity of the mantle exist, 

enabling use of the electrical conductivity of candidate mantle minerals to discriminate 

between possible lower mantle compositions. Limits can be placed on the electrical 

conductivity of the mantle by analyzing temporal variations in secondary magnetic fields 

produced by currents in the Earth (induced by external magnetic fields). A second 

method which enables limits to be placed on the electrical conductivity of the lower 

mantle involves the attenuation of high-frequency components of the Earth's internally 

generated magnetic field (Heinz, 1991). 

The electrical conductivity of possible mantle materials has been measured by several 

researchers and compared with these independent measurements of the electrical 
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conductivity of the Earth's mantIe. An argument in support of an Fe-rich lower mantle is 

that the electrical conductivity of the lower mantle is greater than would be expected for 

Mg-perovskite of an upper mantle composition. However, it has been established that 

magnesiowUstite dominates electrical conductivity (Wood and Nell, 1991; Li and Jeanloz, 

1991). Therefore, perovskite with a composition (MgO.S9Feo.ll)Si03 has the same 

electrical conductivity as the equilibrium mixture (Mgo.97Feo.03)Si03 + (MgO.S2FeO.lS)0, 

implying that the Mg# of the lower and upper mantle can be the same. 

It is generally agreed that electrical conductivity increases with pressure, and that the 

activation energy for conduction is a few tenths of an electronvolt (Heinz, 1991). Both 

these observations support conduction by charge hopping between Fe+2 and Fe+3 in the 

solids. Wood and Nell (1991) interpret their electrical conductivity measurements to 

indicate that the lower mantle is of the same composition as the upper mantle, while Li 

and Jeanloz (1991) interpret their electrical conductivity measurements to mean that the 

Earth's lower mantle is enriched in Fe relative to the upper mantle. Wood and Nell 

(1991) establish that the electrical conductivity of magnesiowUstite is a strong function of 

f02, which is neither controlled nor measured in diamond anvil experiments such as those 

performed by Li and Jeanloz. It is possible that variations in f02 could explain variable 

results (Heinz, 1991). 

Phase Stability: Mao et ai. (1991) have computed the stability field of perovskite 

under lower mantle pressure and temperature conditions using equations of state 

(Anderson's thermal pressure model and the Mie-GrUneisen thermal equation of state). 

These workers have determined that (Mgo,9FeO,l)Si03 perovskite is stable to the core

mantle boundary (Mao et ai., 1991). They also find that higher Fe contents favor a 

breakdown of perovskite, implying that an Fe-rich lower mantle is inconsistent with a 

lower mantle dominated by perovskite. Calculated density profiles indicate that 10% Fe 

in perovskite can satisfy the PREM density requirement, in good agreement with current 
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upper mantle estimates. These workers also find that a breakdown of perovskite to 

simple oxides at the D" layer is consistent with their data. All of these observations 

support the contention that the upper and lower mantle have the same composition. 

Phase Equilibrium: The seismic discontinuity at 670 km depth is very sharp, and this 

fact has been used as evidence for compositional stratification. However, Ito and 

Takahashi (1989) have shown that the appropriate phase transition in an isochemical 

mantle is extremely sharp. They determine that gamma spinel dissociates into perovskite 

and magnesiowiistite within a pressure interval of less than 1.5 kbar at 1600°C. In 

addition, the pressure of phase transformation coincides with the 670 km seismic 

discontinuity in a peridotitic or pyrolitic mantle. They also find that the dissociation 

pressure is almost independent of Fe content. Thus, their phase equilibrium study implies 

a homogeneous peridotitic composition for the upper and lower mantle, based on the 

sharpness of the transformation of gamma spinel into perovskite plus magnesiowiistite, as 

well as the coincidence of this transformation with the 670 km discontinuity. 

Constraints from Mantle Plumes 

The study of mantle plumes provides further evidence on whether or not the mantle 

is uniform in composition. Mantle plumes are mushroom-shaped concentrations of 

unusually hot material which are the likely source of volcanic activity at many hotspots 

around the world (e.g., Hawaii, Iceland, Galapagos). If whole mantle convection operates 

within the Earth, then the composition of the upper and lower mantle should be the same. 

Mantle plumes, and the controversy surrounding their origins, help to constrain the type 

of convection which exists within the mantle. 
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There must be an excess of heat where plumes originate, in order to cause material 

to become unstable and buoyant. Non-convecting layers are typically found at the top 

and base of convecting systems. It has been postulated that mantle plumes originate in 

such a thermal boundary layer at the base of the mantle. This layer is thought to be 

unstable due to a high temperature gradient, which enables blobs or columns of hot 

material to rise spontaneously. It is reasonable to expect such a buildup of heat at the 

core mantle boundary, where the highly conductive metal core transfers heat to the less 

conductive mantle. There must be significant heat present in the core in order to drive the 

geodynamic dynamo (_1013 Watts), although the total surface heat flow (4 x 1013 Watts) 

is mostly attributed to radioactive heat production in the continental crust and mantle 

(Brown and Mussett, 1981). 

Heat Transport: Plumes which originate from the base of the mantle will only 

transport heat from the core, which radiates much less heat than does the mantle. The 

amount of heat contained in a plume should correspond with the size of the "bulge" that 

forms when it pushes up beneath a tectonic plate. The size of such "swells" has been 

estimated. The approximately 40 hotspots around the world are estimated to transport 6% 

of the Earth's total heat budget through the mantle (Davies, 1992). The core is also 

estimated to contribute about 6% of the Earth's total heat, providing circumstantial 

support for plume origination at the base of the mantle. The presence of deep plumes 

implies that material crosses the boundary at 670 km depth. 

Plate Deformation: The above arguments support the contention that plumes rise 

through the entire 2900 km depth of the mantle. However, others maintain that plumes 

are confined to the 670 km thick upper mantle, which is effectively "sealed off' from the 

lower mantle. This scenario is consistent with two layer convection (see Davies, 1990, 

1992 for a discussion). In this case, nearly all heat generated by the lower mantle and 

core must be transported by plumes that originate at the base of the upper mantle. If 
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plumes are confined to the upper mantle, then they would have to carry 70% of the 

Earth's total heat flow, because there is not enough radioactivity in the upper mantle to 

account for the observed surface heat flux (Davies, 1992). 

Heat coming from deeper than 670 km would have to be conducted through the 

transition zone interface. Above this interface, a thermal boundary layer would develop, 

resulting in strong plumes. Hotter plumes are more buoyant and would result in larger 

"bulges", or greater amounts of plate deformation. Plumes which are carrying 70% of the 

total heat that comes from the interior, would cause the ocean floor to rise by 2-3 km over 

an area thousands of km across. However, there is no evidence for such strong 

upwellings (Davies, 1992). The world's most powerful plume is beneath Hawaii, and the 

sea floor there rises only 1 km. It has been argued that it is unnecessary to load 70% of 

the Earth's total heat flow into shallow plumes, because cold subducted slabs would settle 

at the base of the upper mantle and would absorb much of the heat coming from greater 

depths. The presence of such cold slabs would leave less heat for plumes to carry. 

However, according to Davies, 1990, it is unlikely that the slabs would be able to absorb 

enough heat. 

Plume Size: Furthermore, there may be insufficient room in the upper mantle for 

the largest of plumes to form. Both theoretical calculations and experiments suggest that 

plumes do not begin fully formed, but instead "feed" on their surroundings as they rise. 

Plume heads hundreds of kilometers (e.g., 800 km) across have been implied, and it 

would be difficult to fit such a plume into the 670 km thickness of the upper mantle. The 

growth of plumes to such large sizes implies origination at great depths. Starting at 2900 

kIn depth, plumes could easily swell to the size of the largest of known plumes, while a 

plume that starts at the base of the upper mantle can not (Davies, 1990). 
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Slab Penetration: Subduction zones provide further evidence against the existence 

of a virtually impermeable barrier at approximately 670 km depth. Seismic tomography 

is a technique in which earthquakes are used to reconstruct three dimensional images of 

subducting slabs. Subducted plates sometimes sink through the upper mantle all the way 

into the lower mantle, refuting the presence of an impermeable barrier at the transition 

zone. For example, a badly deformed slab was observed descending into the lower 

mantle under the western part of the pacific ocean to a depth of 1,200 km. In other 

regions, slabs appear to descend to a depth of 1,000 km. However, not all slabs are seen 

to penetrate into the lower mantle. Several descending slabs became horizontal at a depth 

of 670 km, and were observed moving parallel the boundary for as much as 1,000 km. 

Thus, some slabs penetrate through the 670 km boundary, e.g. beneath Java, northern 

Kurile region, while others deflect at this depth (Davies, 1990). 

Isotopes: In general, hotspots yield mostly alkali basalts, which indicate a deep 

source region, and which is consistent with plumes bringing up material from depth. 

Alkali basalts are generated in areas that have a lower thermal gradient and less partial 

melting (-5-10%) than Mid-Ocean Ridges, which yield mostly tholeiitic basalt. Initial 

isotopic ratios of igneous rocks are usually the same as the ratios in the source region at 

the time of formation. The two types of oceanic basalt have different initial isotopic 

ratios implying discrete and unmixed source regions in the shallow mantle. Thus, the 

differences in the trace element composition of the sources, and initial Sr isotope ratios 

imply fundamentally different source regions that have been separate for a long period of 

time. This heterogeneity in the mantle is not well understood, but argues for tremendous 

complexity in mantle convection in order for the two regions to preserve this geochemical 

identity (Brown and Mussett, 1981). 
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The varied chemical and isotopic compositions of hotspot volcanism imply that 

plumes derive from a chemically diverse origin. Hotspots generate oceanic island basalts 

(Oms), which show great isotopic diversity, and provide evidence for the existence in the 

mantle of ancient chemical heterogeneities (Davies, 1990). Subducted sediments may 

contribute to this isotopic diversity (e.g., Patchett et at., 1984). The overturn time of 

whole mantle convection is only a few hundred million years at most. In order to 

maintain the mantle heterogeneities that imply long-term separation of the source types, a 

layered mantle has been proposed, with layers having different compositions and 

convecting separately. However, an alternative explanation is that large and small 

chemical heterogeneities are distributed throughout the mantle. Davies (1990) argues that 

a viscously stratified mantle with single-layer convection can maintain an OIB source 

region. 

Davies (1990) further argues that the OIB source region has a higher proportion of 

recycled crust than the MORB source region. He attributes this fact to both the inhibition 

of deep mantle stirring due to its higher viscosity, and some settling of mantle "dregs" to 

the base of the mantle, although LU/Hf fractionations place strict limits on the ability of 

recycled sediments to explain mantle isotopic patterns (Patchett et al., 1984). A reservoir 

of chemically diverse material consistent with the isotopic variation of OIB's is thought to 

exist at the base of the mantle at the D" layer, based on seismic studies (Davies, 1990). 

It has been argued that there are different types of plumes, and that some plumes 

may originate in the lower mantle, while others originate in the upper mantle. As well, it 

has been argued that descending slabs do not immediately penetrate into the lower 

mantle, but instead build up in the transition zone until enough cold mass has 

accumulated to precipitate an avalanche into the lower mantle (Tackley et al., 1993). 

However, any material from the lower mantle which is present in the upper mantle, and 

vice versa, tends to imply some form of mixing between the upper and lower mantle and, 
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therefore, a probable lack of a significant compositional difference between the upper and 

lower mantles. Thus, the bulk of current evidence supports the exchange of heat and 

material across the transition zone, implying that there is no significant compositional 

stratification of the mantle. 
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5. EXPERIMENTAL TECHNIQUE 

Overview of Technique 

I have determined experimentally how selected trace elements are distributed 

between mantle phases and silicate melt for conditions prevalent in the mantle by 

subjecting trace element doped mantle analogue material to high pressures and 

temperatures. The major element composition of the starting material used for these 

experimental runs is either undepleted mantle, provided by E. Takahashi and referred to 

as KLB-1 (Takahashi, 1986), or a synthetic analogue of undepleted mantle in the Ca0-

Mg0-'Si02 system, ' referred to as CMS. Starting compositions are shown in Table 5.1. 

The CMS system was chosen because phase relations in this system are well known 

(Gasparik, 1990). 

Table 5.1. Compositions of starting materials used in this work. * = not present. 

filQ2 TiQ2 Al~3 F~ MnQ MgQ CaQ NaiQ._K2Q P2Q5 Cc2Q3 NiQ TQtal 
KLBl 44.48 0.16 3.59 8.10 0.12 39.22 3.44 0.30 0.02 0.03 0.31 0.25 100.02 
CMS 55.60 * * * * 39.57 4.83 * * * * * 100.00 

Starting materials are doped with approximately 1-2 wt.% of one or more of the 

following trace elements, added in the form of oxides: Al, P, Sc, Ti, V, Cr, Mn, Co, Ni, 

Ga, Ge, Mo, Sm. The powder is then fused and re-ground to produce a homogeneous 

glass. The doped and powder glass is loaded into a sample capsule that is placed in a 

cylindrical furnace and inserted into an octahedron pressure medium. The entire 

assembly is placed into a high pressure apparatus to be compressed and heated. 

Temperature is raised via the heater (or furnace) which is typically LaCr03. Temperature 

is held constant for the target run time if possible. 
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Charges are quenched by turning off power to the furnace and pressure is gradually 

released over several hours to minimize damage to the tungsten carbide (WC) cubes. 

Like diamonds, many high pressure silicates do not revert to low pressure forms 

immediately after synthesis because large amounts of energy are required to break bonds 

and reorganize atoms. Each charge is mounted in epoxy, made into a polished thick 

section and analyzed by an electron microprobe. In most cases, phase identifications 

have been verified from x-ray diffraction patterns excited from a 100 Jlm diameter x-ray 

beam using the x-ray microdiffractometer at the Bayerisches Geoinstitut. 

A temperature gradient is recorded in the run products, which span the range from 

subsolidus to superliquidus, approximating a physical representation of a phase diagram. 

Successful run products typically consist of a subsolidus assemblage of mantle minerals 

which coexist with a silicate melt containing quench crystals. I report partition 

coefficient values as the crystal/melt ratio of analyzed elemental concentrations from 

liquidus crystals and adjacent melt. 

Experimental Apparatus 

All experiments reported in this work were performed using either the uniaxial split 

sphere anvil high pressure apparatus (USSA-2000) at SUNY, Stony Brook, or the 

multianvil high pressure apparatus at Bayreuth, Germany. The following two sections 

describe the specific sample assemblies and related experimental information. 

Basic Setup for SUNY, Stony Brook USSA-20aO: A cross-sectional view of a 

sample assembly used in SUNY, Stony Brook is shown in Figure 5.1. The powdered 

starting composition is packed into a graphite or rhenium container and capped with a 

graphite or rhenium lid. The sample container is approximately 2.4 mm long and has a 
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1. 7 mm inner diameter, and a volume of 22 mm3. The graphite sample container is placed 

atop an alumina ceramic cap within a lanthanum chromite (LaCr03) sleeve which serves 

as the furnace. In addition to the LaCr03, the graphite sample container also serves as an 

auxiliary heater, until the graphite transforms to diamond at high pressure. We note that 

Takahashi (1986) found that a simple LaCr03 heater is more stable than a composite 

heater at temperatures between 700°C and 2000°C. However, our composite furnace 

assembly did not exhibit instability. The LaCr03 sleeve is contained within a zirconia 

sleeve, which provides thermal insulation. Both sleeves reside within a standard 10 mm 

edge length MgO octahedron. 

Above and below the LaCr03 furnace are two Mo rings, which comprise part of the 

heating circuit, and help to improve electrical contact. Current flows from one ring 

through the LaCr03 sleeve and out the other ring heating the sample. Temperatures are 

monitored with a W-Re thermocouple, composed of W3%Re and W25%Re. The 

thermocouple ~ires are held in place with a two-hole alumina plug which sits atop the 

graphite sample container. The wires are electrically insulated from the heating circuit 

with alumina ceramic tubes placed in grooves carved in one face of the MgO octahedron. 

The assembly is cemented closed, and any excess space is filled with zirconia cement. 

Initially, a Mo disc was placed between the thermocouple wires and the graphite 

bottom of the sample container in order to maintain an electric current through the 

thermocouple wires in "the event of graphite transformation to diamond. A possible 

reaction between the W-Re thermocouple, the Mo lid, and the graphite capsule may have 

been responsible for thermocouple failure during early runs. For later experimental runs, 

the assembly design was modified so that the thermocouple wires were welded together 

and the Mo disc was no longer necessary. The sample assembly is heated in a furnace 

flushed continuously with Ar for one hour at -1,IOO°C to remove water and any residual 
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binder from the cement immediately prior to being subjected to elevated pressures and 

tern peratures. 

The MgO octahedron is surrounded by eight tungsten-carbide cubes, each of which 

is 32 mm on edge. Each cube is truncated at one corner with 4 mm truncation edge 

lengths. Cubes are separated from one another by pyrophyllite gaskets, teflon back-up 

gaskets and balsa wood spacers, and are electrically insulated from one another via teflon 

tape. The cubes housing the octahedron are inserted into the uniaxial-split sphere cubic 

anvil apparatus (USSA-2000) and submitted to high pressure. Pressure was calibrated at 

2000°C with respect to known phase transitions. See Gasparik (1989) for a detailed 

description of the pressure calibration. 

Full pressure is applied cold, and the temperature is subsequently raised. Pressure is 

released gradually over a period of several hours to avoid gasket blowout. After the 

sample assembly is removed from the high pressure apparatus, the MgO octahedron is 

split along the axis of the heater. Samples can be fragile and easily crumbled, but it is not 

necessary to separate the sample container from the octahedron. The sample, with or 

without any part of the octahedron attached, is then mounted in epoxy, ground and 

polished. A temperature gradient of about 200°C exists from the cold to the hot end of 

each charge (Gasparik, 1989). The apparatus and experimental technique are described 

more fully in Gasparik, 1989 and 1990. 

Basic Setup for Bayreuth Multi-anvil Press: A cross-section of the sample 

assembly used in Bayreuth, Germany, is shown in Figure 5.2. The sample assembly 

consists of an MgO ( +5 wt.% Cr20 3) octahedron with an edge length of 7 mm. In 

general, the sample is contained in a Re capsule that is surrounded by an MgO sleeve 

contained within a cylindrical LaCr03 heater. Both sleeves reside within a 7 mm MgO 

octahedron. Magnesium oxide and LaCr03 components of th~ sample assembly are dried 
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by heating at 10000 e in air and the complete sample assembly is dried in a vacuum oven 

at 2300e overnight immediately prior to the experiment. This procedure minimizes the 

H20 content of the sample during the experiment. The H20 content of silicate liquids 

quenched at lower pressure (100 kbar) is typically less than 0.2 wt% (Rubie et ai., 1993a: 

Keppler and Rubie, 1993; see also Rubie et aI., 1993b). 

A W3%ReIW25%Re thermocouple with a 0.07 mm diameter is used to monitor 

temperature at the outer surface of the heater without any correction for the possible 

effect of pressure on the thermocouple emf. The reported temperature is based on an 

extrapolation of data, which is shown in Figure 5.3. The use of thicker thermocouple 

wires, which might prevent thermocouple contamination problems, is difficult because of 

the small size of the sample assembly. Pressure is applied using 32 mm we cubes 

(Toshiba Grade F) with 3 mm truncation edge lengths and pyrophyllite gaskets with a 

cross section of 3 x 2 mm2. The pressure calibration, show in Figure 5.4, was performed 

at 1200
oe, 1600

oe, and 1800
0e and is based mostly on the Mg2Si04 spinel = perovskite 

+ MgO equilibrium. 

Summary of Experiments 

Experimental procedures are challenging and many experiments were unsuccessful, 

having failed for a variety of reasons. For example, during an early set of experiments at 

Stony Brook, nine experimental runs, doped with a variety of trace elements, were 

attempted. Only one of these runs yielded olivine/melt partition coefficient values 

(Experiment R5). In experiments 1-3, the thermocouple failed, possibly due to a 

postulated reaction between the W-Re, Mo, and graphite. Experiment R4 also had no 

thermocouple reading. Experiment R6, run at a nominal temperature of 18500e (33.52 
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mV set point), yielded only melt. Experiment R7, run at a nominal temperature of 

1800°C, eluded successful polishing. 

Experiment R8 was also held at 1800°C for one hour, although no quenched melt 

was recovered, possibly because of loss during polishing, and mineral/melt partition 

coefficient values could not be determined. Thus, only subsolidus phase partition 

coefficient values could be obtained from experiment R8. Experiment R9 was run at a 

nominal temperature of 1825 °C (33.07 mV set point) and yielded only melt. Experiment 

R5 was run at a nominal temperature of 1800°C (32.62 mV set point), and was 

successful. In general, I have chosen to include only successful experiments in this work. 

I have successfully determined trace element partitioning behavior for several 

selected elements between the following major liquidus mineral phases and melt at the 

following pressures and temperatures. Abbreviations of specific experiments are listed in 

parentheses. 

(1) olivine/melt at 75-100 kbars and 1800-2080 °C (R5, R8, Dl). 
(2) beta spinel/melt at 160-165 kbar; 2225-2260 °C (D4,02). 
(3) majorite garnet/melt at 160-220 kbar; 2260-2400°C 

(04, D2, UHP.414). 
(4) magnesiowustite (or periclase)/melt at 226-250 kbar; 2430-2600°C 

(CMS.1165, UHP.723). 
(5) perovskitelmelt at 226-250 kbar; 2430-26OO°C (CMS.1165, UHP.723). 

Successful experiments are listed below in order of increasing pressure, and are 

discussed in greater detail in Chapter 6. Phases that have been analyzed are included, 

although additional phases may be present. Phase abbreviations are as follows: 01 = 
olivine; opx = orthopyroxene; cpx = clinopyroxene; sp = spinel; melt = silicate melt; beta 

sp = beta spinel; maj = majorite garnet; mw = magnesiowustite; Mg-pv = Mg-perovskite; 

Ca-pv = Ca-perovskite; per = periclase. 



Name P (khar) T caC) Comp 
R5 75 1800 KLB 1 
R8 75 1800 KLB 1 
Dl 100 2080 KLBI 
D4 160 2225 KLB 1 
D2 165 2260 KLBI 
UHP.414 220 2400 CMS 
CMS.1165 226 2430 CMS 
UHP.723 245 2600 KLBI 

Dopants 
Ni,Co, Se 
Ni,Co,Ga 
Ni, Co, Ga, Se, P, Mo, Ge 
Ni, Co, Ga, Se, P, Mo, Ge 
Ni, Co, Ga, Se, P, Mo, Ge 
V,Cr, Mn, AI 
Ti, Se, Sm, AI 
V,Cr,Mn 
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Phases 
01, opx, epx, sp, melt 
01, opx, epx, sp 
01, melt 
beta sp, maj, mw, melt 
beta sp, maj, melt 
maj, melt 
Mg-pv, Ca-pv, per, melt 
Mg-pv, mw, melt 
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Figure 5.1. A cross sectional view of an MgO octahedron that houses the sample for 

high pressure experiments used in the USSA-2000, at SUNY, Stony Brook (after 

Gasparik, 1989 - see text for details). Compositions of the components are noted within 

the figure. 
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Figure 5.2. A cross-sectional view of the sample assembly used in the multi-anvil 

apparatus in Bayreuth, Germany. 
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Figure 5.3. Power-temperature relationship at 245 kbar for the sample assembly shown 

in Figure 2. The power-temperature relationship for the experiment described here 

(UHP-723) deviated from the normal trend above l 700- l 800°C due to thermocouple 

contamination. The reported temperature is therefore based on an extrapolation of data 

from two other runs (UHP-692 and UHP-910); based on the good agreement between 

these two experiments, the uncertainty in the temperature estimate is small (about± 50 

OC). 
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Figure 5.4. Pressure calibration for a 7mm MgO octahedron using Toshiba Grade F WC 

anvils with a 3mm truncation edge length and pryophyllite gaskets with a cross section of 

3mm x 2 mm. The calibration is based on reversals of the following equilibria: Mg2Si04 

olivine = J3-phase (a-J3), Mg2Si04 J3-phase = spinel (J3-y), MgSi03 ilmenite = perovskite 

(11-Pv), and (Mgo.91 Feo.09)2Si04 spinel = perovskite + (Mg,Fe)O (y-Pv+Mw). Open 

symbols: low-pressure phases stable; filled symbols: high-pressure phases stable. (Phase 

equilibrium data of Ito and Takahashi (1989) and Katsura and Ito (1989)). The 

experiment reported here was performed at a hydraulic oil pressure of 400 bars (686 

tonnes) which gives a sample pressure of 245 (±5) kbar. 
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Experimental Assumptions 

Equilibrium, Soret Diffusion and Henry's Law: At low concentrations. elements 

that obey Henry's Law show a linear relationship between activity and concentration. I 

have assumed that Henry's Law is obeyed for trace elements, which has yet to be 

demonstrated. In addition, the attainment of equilibrium, which is critical in these 

experiments, has not yet been demonstrated in this laboratory. The experiments 

presented in this work are synthesis experiments, and have not been reversed. Until 

reversals have been conducted, formal demonstration of how closely these experiments 

approached eqUilibrium is not possible. However, homogeneity of phase compositions in 

the same region of the charge indicates probable attainment of local equilibrium. 

Soret diffusion involves a compositional gradient driven by a temperature gradient. 

Walker and Agee (1989) have pointed out that the temperature gradient in charges such 

as reported here can lead to thermal (Soret) diffusion in the silicate melt, raising questions 

concerning whether even a close approach to equilibrium was achieved. Because the 

melt does not quench to a glass, it is not possible to conduct a careful traverse away from 

the liquidus at the few micrometer scale (the effective spatial resolution of conventional 

electron microanalysis). However, using a 30~m raster, stepping away from the liquidus 

boundary yielded no evidence of compositional gradients. although this observation does 

not rule out Soret effects operating on a smuller spatial scale. Often in these experiments. 

the liquidus is near the hot spot where Soret diffusion effects would be minimized. In 

addition. the short run time may allow one to ignore Soret effects. 

Although a temperature gradient exists ucross the sample. and introduces 

uncertainty concerning how closely equilibrium was approached. these partitioning 
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experiments would be difficult to perfonn without a significant temperature gradient. 

First it is difficult to achieve a temperature which lies between the liquidus and solidus in 

the absence of a temperature gradient because the difference between the liquidus and 

solidus temperature is small at high pressure. Second. the result of a truly isothermal 

experiment of short duration would likely be an intimate mixture of crystals and melt. and 

analysis of the melt using raster techniques would be impossible on such a scale. 

I assume that. at minimum. local eqUilibrium has been achieved in these 

experiments, largely because of the very high temperatures involved (e.g., 1800°C for 60 

minutes; 2600°C for 13 minutes). Further support for this view is seen in the extreme 

uniformity of composition measured, for example, in the Mg-perovskite and 

magnesiowiistite crystals and melt compositions along the liquidus in experiment 

UHP.723. The small 2 sigma uncertainty estimates for the partition coefficient values 

reported (e.g., in Tables 7.8-7.11 also indicate the probable attainment of local 

eqUilibrium. 
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6. EXPERIMENTAL RESULTS 

General Information 

The experiments described in this chapter enable investigation of element 

partitioning between silicate melt and one or more of the following minerals: olivine, 

beta spine!, majorite garnet, magnesiowtistite, Ca-perovskite and Mg-perovskite. High 

pressure silicate melts quench to a dendritic intergrowth of crystalline phases and 

interstitial glass. Quench melt is present in all successful experiments reported in this 

work other than experiment R8. Homogeneity of phase compositions in the same region 
' r 

of the charge may indicate an approach to local equilibrium. Successful experiments are 

discussed individually below, arranged in order of increasing pressure. 

Experiment RS: Experiment RS was designed to investigate major and trace 

element partitioning behavior between the liquidus mineral olivine and silicate melt. The 

starting sample consisted of an approximately 100 mg aliquot of ground KLB-1 doped 

with 1-2 wt. % each of Ni, Co and Sc. Experiment RS was compressed to 75 kbars and 

run at a nominal temperature of 1800°C (32.62 m V set point), which is a pressure and 

temperature relevant to neutral buoyancy of olivine in a melt of upper mantle 

composition. This experiment was performed at SUNY Stony Brook in a graphite 

capsule. Successful run products consist of a subsolidus assemblage of olivine, 

orthopyroxene, clinopyroxene. spine! and silicate melt containing quench crystals of 

olivine at the hot end. A photomicrograph of experiment R5 is shown in Figure 6.1. The 

liquidus region is shown in Figure 6.2. 

During the experiment, La and Cr from the furnace contaminated the charges. 

Thus, La partitioning behavior was obtained as well, although partition coefficients for La 
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and Cr cannot be considered rigorous. The experimental run was extremely stable, and 

could have lasted longer than the run time of one hour were it not for other time 

constraints. The liquidus is marked by the appearance of equant olivine crystals, instead 

of smaller more elongate olivine quench crystals which typically form from a previously 

molten region upon rapid cooling. Equant olivine grains are generally -15 - 50 ~m in 

diameter. A metallic phase also nucleated. 

Experiment R8: Experiment R8 was designed to investigate major and trace 

element partitioning behavior between olivine and silicate melt. The starting sample 

consisted of an approximately 100 mg aliquot of ground KLB-l, doped with 1-2 wt. % 

each of Ni, Co, and Ga. Experiment R8 was compressed to 75 kbars and was held at 

I800°C for one hour. It was run at SUNY, Stony Brook in a graphite capsule. No 

quenched melt was recovered from experiment R8, possibly because of loss during 

polishing, so that only subsolidus phase partition coefficient values could be obtained. 

Successful run products consist of a subsolidus assemblage of olivine, orthopyroxene, 

clinopyroxene and spinel. A photomicrograph of experiment R8 is shown in Figure 6.3. 

Experiment Dl: Experiment Dl was designed to investigate the partitioning of 

major and moderately siderophile trace elements between olivine and silicate melt. An 

aliquot of ground KLB-I was doped with 1-2 wt. % each of Ni, Co, Ga, Sc, P, Mo and 

Ge. Experiment DI was conducted at 100 kbars and 2080°C. Run time was 10 minutes. 

Experiment DI was run at SUNY Stony Brook in a rhenium capsule. Partition 

coefficients between liquidus olivine and melt were determined. A photomicrograph of 

experiment D 1 is shown in Figure 6.4. 
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Experiment D4: Experiment 04 was designed to investigate the partitioning of 

major and moderately siderophile elements between majorite garnet and silicate melt, and 

between beta spinel and silicate melt. An aliquot of ground KLB-l was doped with 1 wt. 

% each of Ni, Co, Ga, Sc, Ge, p, Mo. Experiment 04 was run at a pressure of 160 kbars 

and a temperature of 2225°C. The total run time was 8 minutes. Experiment 04 was run 

at Stony Brook in a rhenium capsule. The resulting phase assemblage includes coexisting 

beta spinel, majorite garnet and magnesiowiistite. Partition coefficient values between 

beta spinel/silicate melt, majorite gamet/silicate melt, and magnesiowiistitelsilicate melt 

were obtained. A photomicrograph of experiment 04 is shown in Figure 6.5. 

Experiment D2: Experiment 02 was designed to investigate element partitioning of 

major and moderately siderophile elements between beta spinel and silicate melt, and 

between majorite garnet and silicate melt. An aliquot of ground KLB-l was doped with 

1-2 wt. % each ofNi, Co, Ga, Sc, P, Mo and Ge. Experiment 02 was conducted at 165 

kbars and 2260°C for 10 minutes. This experiment was run at SUNY, Stony Brook in a 

rhenium capsule. Partition coefficients between majorite and melt and beta spinel and 

melt were determined. A photomicrograph of experiment 02 is shown in Figure 6.6. 

Experiment UHP.414: Experiment UHP.414 was designed to investigate major and 

trace element partitioning between majorite garnet and melt at pressures approaching the 

stability of Mg-perovskite. The starting material used for the experiment was CMS, 

doped with 1 wt. % each of V, Cr, Mn and Al in the form of oxides. Experiment 

UHP.414 was run at a temperature between 2400°C and 2600°C and a pressure of 220 

kbar for -90 seconds. This experiment was run at the Bayerisches Geoinstitut in a 

cylindrical Re foil capsule, which also acted as the heater, and which was contained 
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within a LaCr03 sleeve for thennal insulation. The octahedron was 7-mm MgO (+5 wt. 

% Cr203)' and was used with 3 mm truncation edge lengths on the WC anvils. UHP.414 

reached the stability field of majorite garnet, which is the liquidus phase. A 

photomicrograph of experiment UHP.414 is shown in Figure 6.7. 

Towards the end of the experiment the power became unstable and the temperature 

is estimated to have reached -2600°C. Localized melting of the Re heater occurred at the 

hot spot. Because the liquidus was not located in the hot spot, the actual liquidus 

temperature must be somewhat below 2400°C. Because of the temperature gradients 

across the charge, the charge spans the temperature range from subsolidus to 

superliquidus. 

Experiment CMS.1165: Experiment CMS.1165 was designed to investigate the 

partitioning of major and trace elements between Mg-perovskite/silicate melt, and 

periclase/silicate melt. The starting material used for the experiment was CMS doped 

with 1 wt % each of AI, Ti, Sc, and Sm, added in the form of oxides. Experiment 

CMS.1165 was conducted at a pressure of 226 kbars and a hotspot temperature of 

2430°C. The liquidus temperature is estimated to be 2380°C. Run duration was 

approximately 3 minutes. Experiment CMS.1165 was conducted in the USSA-2000. 

The sample was contained in a Re capsule which was inserted into a LaCr03 sleeve 

furnace. A lO-mm MgO octahedron was used in concert with 4mm truncation edge 

lengths on the WC cubes. The liquidus phase is Mg-perovskite. Periclase is also present. 

A photomicrograph of experiment CMS.1165 is shown in Figure 6.8. 

Experiment UHP.723: This experiment was designed to investigate the partitioning 

of major and minor elements including V, Cr, and Mn between Mg-perovskite, and 
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possibly magnesiowiistite, and melt. The starting material for the experiment was KLB-

1, doped with 1 wt. % each of V, Cr, and Mn added in the form of oxides. Experiment 

UHP.723 was conducted at a hydraulic oil pressure of 400 bar, which corresponds to a 

sample pressure of 245 (±5) kbar (Figure 5.4), and an estimated temperature of 2650 

(±loo) ·C at the hot spot. The directly measured partition coefficient values correspond 

to a temperature of 2400 (±100) °C. Run duration was approximately 13 minutes. 

Experiment UHP.723 was conducted at the Bayerisches Geoinstitut. A low magnification 

photomicrograph of sample UHP.723 is shown in Figure 6.9. Figure 6.10 is a 

photomicrograph of the liquidus region of the run products. 

The sample was heated to the desired run temperature over a period of 15 minutes. 

Above 18OO·C, the thermocouple became unreliable, probably due to contamination. The 

run temperature was therefore estimated from power on the basis of temperature-power 

relationships for two other experiments (Figure 5.3). These two experiments, UHP-692 

and UHP-91O (not discussed here), were performed at the same pressure and using the 

same sample assembly. The power was maintained'at 490 watts for 6 minutes and was 

then increased to 505 watts for a further 7 minutes. According to the calibration, these 

power values correspond to 2600·C and 27OO·C (±50·C) respectively (Figure 5.3). The 

experiment was quenched to less than 200·C in 1-2 seconds by turning off power to the 

LaCr03 furnace, and pressure was gradually released over 23 hours to minimize damage 

to the WC cubes. Because of the temperature gradient along the sample, the partition 

coefficients reported below apply to a temperature considerably lower than the value 

(2650°C) estimated for the hot spot. Other experiments on KLB-I at 245 kbars enable an 

estimation that the solidus and liquidus temperatures lie between 2360 and 2450·C (+/-

50°C). The temperature estimate for the partition coefficients reported here is therefore 

2400 (±l00rc. 
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Figure 6.1. A low magnification view of sample R5 after being compressed to 75 kbars 

and heated to 1800°C for one hour. A 500 µm scale bar is shown in the lower left. The 

sample is approximately 2 mm in length. Regions of olivine and melt are present to the 

right of the sample. Other phases include orthopyroxene, clinopyroxene, spinel and 

probably garnet. 
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Figure 6.2. A backscattered electron (BSE) micrograph of sample RS. A 100 µm scale 

bar is shown in the lower left. Regions of melt are at the far right, and a subsolidus 

assemblage is to the left. There is a gap between most of the olivine crystals and the melt 

that is filled with epoxy. Olivine grains reside immediately adjacent to the melt in the 

right portion of the sample enabling determination of partition coefficient values. 
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Figure 6.3. Experiment R8 was performed at 75 kbars and 1800°C for approximately 

one hour. There is no melt in this cross section of the charge, so that only subsolidus 

partition coefficients could be obtained. The sample is approximately 3 mm long. 
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Figure 6.4. A low magnification BSE micrograph of sample D 1 after being compressed 

to 100 kbars and heated to 2080°C for 10 minutes. A 500 µm scale bar is shown in the 

lower left. The "hour glass shaped" region in the right of the BSE image is quench melt. 

The dark liquidus phase is olivine. 
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Figure 6.5. A low magnification BSE micrograph of sample D4 after being compressed 

to 160 kbars and heated to 2225°C for 8 minutes. This photomicrograph was taken with 

a magnification factor of 62. The lighter "hour glass shaped" region in the left of the BSE 

image is quench melt. Majorite garnet, magnesiowilstite and beta spine! are all present in 

the liquidus crystal region to the right of the quench melt. The identification of beta 

spinel is based on the high abundance of Ca and Al in this phase. 
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Figure 6.6. A low magnification BSE micrograph of sample D2 after being compressed 

to 165 kbars and heated to 2260°C for 10 minutes. A 500 µm scale bar is shown in the 

lower left. The "hour glass shaped" region in the right of the BSE image is quench melt. 

Majorite garnet is the dark liquidus phase. Beta spinel is also identified, based on the 

high abundance of Ca and Al in this phase. 
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Figure 6.7. BSE micrograph of the liquidus region of the sample UHP.414. A 100 µm 

scale bar appears in the lower left of the image. The dark crystalline phase is majorite 

garnet. 
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Figure 6.8. BSE micrograph of the liquidus region of sample CMS.1165. A 500 µm 

scale bar appears in the lower left of the image. The dark crystalline phase which has 

accumulated toward the left of the sample is Mg-perovskite. These crystals grade into the 

quench melt region. Pockets of quench melt near the scale bar show more typical quench 

texture. The light colored phase to the right of the quench melt region is Ca-perovskite, 

while the dark larger crystals are Mg-perovskite. Periclase is the very dark phase in the 

region to the right of the quench melt. 
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I I 
200µm 

Figure 6.9. A low magnification BSE micrograph of approximately half of sample 

UHP.723, with a square showing the approximate location of a higher m_agnification 

image of the liquidus region (Figure 6.12). A 200 µm scale bar appears in the lower left 

of the image. Most of sample UHP.723 is quench melt, which is shown extending to the 

right of the photo. There are regions of liquidus crystals and subsolidus crystals at each 

end of the sample. Both the liquidus and subsolidus regions consist of Mg-perovskite and 

magnesiowiistite. 
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100 µm 

Figure 6.10. BSE micrograph of the subsolidus to liquidus region of sample UHP.723. 

A 100 µm scale bar appears in the lower left of the image. Crystal phases are labeled Pv 

(Mg-perovskite) and Mw (magnesiowilstite). The unquenchable silicate melt is labeled 

LiQ, and forms a dendritic intergrowth of quench crystals and residual glass towards the 

right of the photo. The stoichiometry of the quench crystals is distinct from Mg

perovskite stoichiometry. The band, 80-100 microns in width, of somewhat elongate 

crystals, are interpreted as originating between the solidus and the liquidus temperatures. 

In the liquidus region, Mg-perovskite appears "finely etched" while magnesiowilstite 

appears "smooth and blocky". The Fe/Mg ratio of the magnesiowilstite increases from 

right to left, resulting in its brighter appearance towards the left of the image. 
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Sample Preparation and Analytical Procedures 

Sample Preparation: Samples were mounted in epoxy and polished. A graphite 

capsule was used for experiments R5 and R8. A hard substance assumed to be diamond 

was present surrounding these charges making grinding and polishing a fonnidable task. 

Protruding diamonds were manually ground down using diamond dental drills. Once the 

diamond was recessed, nonnal grinding procedures on the lapidary were used. The 

. process was rather painstaking and slow and oxidizing the diamond by heating the sample 

in a furnace may be a preferable approach. 

General Analytical Procedure: Polished plugs were analyzed by electron 

microprobe using a CAMECA SX-50 at an accelerating voltage of 15 KeV and a beam 

current of approximately 30-40 namps. In general, counting times are 20 s for the major 

elements, but longer times are used for the minor elements to improve counting statistics. 

Crystalline phases are analyzed using a finely focused point electron beam. 

Alternatively, a rastered beam is used to analyze the dendritic intergrowth of quench 

crystals and glass from the silicate melt. Typically a raster of 30 J.1.m on a side was 

employed. However, changes in raster size did not result in compositional changes. 

As an example, I give analytical specifics for experiment UHP.723. A beam current 

of 30 nanoamperes in the faraday cup was employed for Mg, Si, Na and Fe. A beam 

current of 100 nanoamperes in the faraday cup was employed for AI, Ca, Cr, V, Mn, Re, 

Ni and Ti. Counting time was 20 seconds for Fe and Ca; 30 seconds for Mg, Si and Cr; 

40 seconds for AI, Na, Ni, and Ti; 50 seconds for Mn and Re; 60 seconds for V. The 

standards used were: fayalite for Fe, anorthite for Al and Ca, diopside for Mg and Si, 

chromite for Cr, rhodonite for Mn, a REE standard for La (Drake and Weill, 1972), and 
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pure metal for V. Lanthanum and Re were analyzed to look for contamination from the 

sample assembly, but no La and minimal Re « 0.3 wt% in all phases) was found. 

Phase Identification: Majorite gamet, ilmenite and Mg-perovskite all have 

pyroxene stoichiometry and cannot be distinguished unambiguously on the basis of 

chemical composition alone. It is particularly difficult to distinguish these phases in a 

simple CMS system. The presence of majorite garnet structure in experiment UHP.414, 

and the structural identity of Mg-perovskite in experiment CMS.1165, were verified from 

. x-ray diffraction patterns using an approximately 100 J.lm diameter x-ray beam on the x-

ray microdiffractometer at the Bayerisches Geoinstitut. Phase identifications in 

experiment UHP.723 have also been verified from x-ray diffraction patterns excited from 

a beam at each end of the sample. Note that the stoichiometry of quench crystals from 

the melt, (Mg, Fe, Mn, Ca, Ni, V, Crh.26 (Si, Al)O.885 03, is distinct from Mg-perovskite 

stoichiometry, (Mg, Fe, Ca, V, Cr)1.0 (Si, Alh.o 03. 

~-~------~ --------
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7. PARTITION COEFFICIENT RESULTS AND DISCUSSION 

Olivine and Beta SpineUSilicate Melt Partitioning 

This section describes element partitioning behavior involving the phases olivine 

and beta spinel. Experiment R5 yielded both subsolidus and olivine/melt partition 

coefficient values. Experiment R8 yielded only subsolidus information because melt was 

not recovered from this sample. Experiments Dl and D2 yielded olivine/melt and beta 

spineVmelt partition coefficients respectively. Average analyses of subsolidus phases for 

experiments R8 and R5 are given in Table 7.1. Representative analyses at three locations 

from the cold end of the charge to close to the liquidus (termed hot) are shown because a 

temperature gradient exists across the charge. 
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Table 7.1. Average subsolidus phase (phse) analyses from the cold, middle and hot 

region (rgn) of samples RS and R5. 

Smw e.tl~ Rim MgQ FeO Si(h Al:zQ3 CaQ NiQ egQ TiQ2...Na2Q MnQ CJ:2QhImal 
R8 01 cold 49.5 9.7 38.8 0.1 0.08 0.4 0.1 * 0.02 0.16 0.14 9.0 
R8 01 mid 48.S 9.9 39.S 0.1 0.08 0.5 0.5 0.01 0.02 0.14 0.06 99.S 
R8 01 hot 46.6 8.9 38.6 0.9 0.25 1.3 3.0 0.04 0.06 0.14 O.OS 99.S 
RS 01 cold 47.9 10.S 40.4 0.04 0.09 0.45 0.1 * 0.01 0.14 0.03 100.0 
RS 01 hot 51.9 5.4 40.9 0.2 0.1 0.4 0.7 * 0.04 0.07 0.4 100.1 

R8 opx mid 32.4 6.5 53.6 5.2 O.S 0.2 0.1 0.15 0.1 0.16 0.4 99.7 
R8 opx hot 32.9 6.S 49.7 6.6 1.4 0.6 1.4 0.19 0.3 0.16 0.5 100.6 
R50px cold 31.5 6.9 54.5 5.2 0.S6 0.16 0.07 0.15 0.12 0.15 0.3 99.3 

. R8 sp cold 20.6 10.2 0.1 60.5 0.01 0.42 0.11 0.13 * 0.08 8.5 100.7 
R8 sp mid 20.6 10.6 0.1 59.7 0.03 0.5 0.27 0.13 * 0.10 8.7 100.7 
RS sp cold IS.6 11.2 0.1 59.9 0.04 0.46 0.4 0.14 0.01 0.09 7.S 99.1 

R8 cpx mid 15.1 3.3 50.3 7.44 19.4 0.13 O.IS 0.62 1.67 0.09 O.S 99.0 
R5 cpx cold 14.2 3.5 50.9 7.6 19.2 0.13 0.06 0.62 1.7 0.10 0.7 9S.6 

Both of these experiments were run at a pressure of 75 kbars and a temperature of 

1800°C. Sample R5 yielded olivine/melt partition coefficient values, and results from 

this experiment are shown in bold type. A" * " means that the element was not detected. 

Lanthanum, Zr and Mo were not detected at statistically significant levels in these phases 

in either sample. Likewise, Ga was not detected in sample RS, and Sc was not detected in 

sample RS. The number of significant digits reported for the elements varies according to 

levels of uncertain~. 

Partition coefficients between subsolidus phases (olivine and orthopyroxene, 

orthopyroxene and spinel, orthopyroxene and clinopyroxene, clinopyroxene and spinel, 

olivine and clinopyroxene, and olivine and spinel) from samples RS and R5 are shown in 

Table 7.2. Representative analyses at three locations from the cold end of the charge to 

close to the liquidus (termed hot) are given. None of the partition coefficient values for 

any of the elements or phase pairs included in Table 7.2 exhibit significant systematic 
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variations from one end of the charge to the other, although variations in phase 

composition do occur. 

Table 7.2. Subsolidus partition coefficient values for different phase pairs from 

samples R8 and RS. 

Smg}, Pb~,~ R,~iQn MI: F, Si Al Ca Ni CQ S~ Ti Nil Mn Cr 
R8 oIlopx cold 1.53 1.55 0.75 0.01 0.1 3 1 * * * 1.0 0.3 
R8 oIlopx mid. 1.52 1.55 0.75 0.01 0.1 3 4 * * 0.1 0.9 0.1 
R8 oIlopx hot 1.44 1.45 0.76 0.1 0.4 5 8 * 0.2 0.4 0.9 0.2 
R5 ol/opx cold 1.51 1.58 0.75 0.009 0.1 3 1 1.8 0.1 0.1 0.9 0.04 

R8 opx/sp cold 1.5 0.6 460 0.09 200 0.4 2 x 1.1 26 2.1 * . R8 opx/sp mid . 1.6 0.6 280 0.09 20 0.4 1 x 1.2 * 1.7 * 
R5 opx/sp cold 1.7 0.6 890 0.08 20 0.4 * 0.6 0.8 * 1.9 0.04 

R8 opx/cpx cold 2.2 1.9 1.1 0.69 0.04 1.1 1 x 0.2 0.06 2 0.5 
R8 opx/cpx mid. 2.1 2.0 1.1 0.70 0.04 1.4 1 * 0.2 0.08 2 0.5 
R8 opx/cpx hot 1.5 1.4 1.1 0.62 0.09 0.1 0 x 0.3 0.15 1 0.5 
R5 opx/cpx cold 2.2 2.1 1.1 0.70 0.04 1.4 * * 0.2 0.1 1.6 0.5 

R8 cpx/sp cold 0.7 0.3 440 0.12 4800 0.4 2 x 4 430 1 0.1 
R8 cpx/sp mid. 0.8 0.3 260 0.13 450 0.3 x x 5 * 1 0.1 
R5 cpx/sp cold 0.7 0.3 630 0.12 630 0.3 * * 4 160 1.1 0.1 

R8 oIlcpx cold 3.4 3.0 0.8 0.007 * 3 1 x * 0.01 1.5 0.2 
R8 oIlcpx mid. 3.2 3.0 0.8 0.008 0.01 4 3 * * 0.01 1.5 0.1 
R8 oIlcpx hot 2.2 2.1 0.8 0.1 0.03 1 1 x 0.11 0.04 1.2 0.1 
R5 ol/cpx cold 3.3 3.1 0.8 * * 4 1 * * 0.01 1.3 0.1 

R8 ollsp cold 2.3 1.0 420 0.001 x 1.0 1 * * * 2 * 
R8 ollsp mid. 2.4 1.0 270 0.001 2 1.1 3 * * 3 2 * 
R5 ol/sp cold 2.5 0.9 330 0.001 2.8 0.9 * 0.6 0.1 1 2 0.002 

Both of these experiments were run at a pressure of 75 kbars and a temperature of 

1800°C. Sample R5 yielded olivine/melt partition coefficient values, and results from 

this experiment are shown in bold type. An " x " means that the element was not 

analyzed. A" * " means that the element was not detected in one or both of the phases. 

Lanthanum, Zr, and Mo were not detected at significant levels. The number of significant 

gil:i~ ~gQrt~Q fQr th~ ~l~m~nt.\i vari~~ il~~QrQinl: !Q l~v~l~ Qf l!n~~nain~1 



95 

Typical analyses of olivine and adjacent melt, and computed olivine/melt partition 

coefficient values from sample R5 are given in Table 7.3. Olivine/melt partition 

coefficient values are from a region in one corner of the melt where several olivine grains 

reside immediately adjacent to the melt (see Figure 6.2). Lanthanum and some of the Cr 

are the result of contamination from the furnace. Whether this contamination occurred 

prior to nucleation of the olivine crystals or throughout the run is unknown. Thus, 

olivine/melt partition coefficients for La and Cr should be considered lower limits as it 

has not been demonstrated that the run duration was sufficient to achieve diffusional 

equilibrium for these elements in the crystalline phases. The melt also presumably 

contains C02 derived from the graphite container, perhaps accounting for the low totals. 

Table 7.3. Analyses of four olivine grains and adjacent melt as well as calculated 

olivine/melt partition coefficient values (D) for experiment RS. 

MgO SiD, FeO Ah{h caO CoO Cr2!23 NiO 
olivine 52.17 41.03 5.00 0.19 0.12 0.63 0.42 0.25 
melt 29.34 42.93 7.89 4.41 3.24 0.60 1.28 0.13 
D ollm 1.8 0.96 0.6 0.04 0.04 1.1 0.3 1.9 
olivine 52.86 40.99 4.98 0.20 0.11 0.62 0.36 0.29 
melt 29.51 42.87 7.82 4.52 3.34 0.63 1.31 0.13 
D ollm 1.8 0.96 0.6 0.04 0.03 1.0 0.3 2.2 
olivine 53.05 41.82 4.84 021 0.14 0.63 0.40 0.22 
melt 30.75 43.95 7.84 4.44 3.21 0.66 1.21 0.15 
D ollm 1.7 0.95 0.6 0.05 0.04 1.0 0.3 1.5 
olivine 52.88 41.10 4.81 0.16 0.13 0.59 0.43 0.26 
melt 30.27 43.43 7.81 4.49 3.23 0.63 1.25. 0.16 
D ollm 1.7 0.95 0.6 0.04 0.04 0.9 0.3 1.6 

~ MnO Na,Q Lil?{h Total 
0.11 0.07 0.04 <0.02 100.05 
1.26 0.14 0.43 3.89 95.54 
0.09 0.5 0.09 <0.005 
0.12 0.07 0.04 <0.03 100.67 
1.24 0.15 0.46 4.10 96.08 
0.10 0.5 0.09 <0.007 
0.11 0.06 0.05 <0.03 101.56 
1.18 0.12 0.45 3.51 97.47 
0.09 0.5 0.11 <0.009 
0.11 0.07 0.04 <0.03 100.61 
1.23 0.12 0.46 4.10 97.18 
0.09 0.6 0.09 <0.007 

This experiment Was run at a pressure of75 khars and a temperature of 18000C 

Olivine/melt partition coefficients (D) at 75 kbars and I800°C, rounded to one 

significant figure are D(Ni) = 2, D(Co) = 1, D(Sc) = 0.1, and D(La) < 0.007. The 

partition coefficient for Ni is identical to that estimated by Drake (1989) on the basis of 

extrapolation of trends from experiments conducted at lower temperatures and pressures. 

The partition coefficient of one for Co is higher than the value of 0.6 estimated by Drake 

-------- ---
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( 1989). The value for Sc of 0.1 is lower than the value of about 0.3 used by Drake ( 1989) 

and derived from experiments conducted at one bar in the 1100°C to 1250°C temperature 

range. Lanthanum is highly incompatible as expected. 

A compilation of olivine/melt partition coefficients from experiments R5, D 1, and 

beta spinel/melt partition coefficients from experiment D2 is given in Table 7.4, including 

results from Ohtani (1989) for comparison. Beta spinel partition coefficient values are 

shown in italic type because it is a distinct phase from olivine. The identification of beta 

spine! is based on greater incorporation of Ca and especially Al into its structure. 

Table 7 .4. Experiments RS, D 1 and D2. Olivine/melt 
(01/1) partition coefficients and beta spinel/melt (8/1) 
12artigon coefficients. 

QUI 01/1 01/1 Bil 
Pressure 75 kbar 100 kbar 160 kbar 165 kbar 
Temp. 1800°C 2080°C 1950°C 2260°C 
Time (min) 60 10 n.a. 10 
Run# R5 Dl Ohtani,'89 D2 
Na 0.09 0.2 0.13 * 
Mg 1.8 1.5 * 1.2 
Al 0.04 0.07 0.05 0.3 
Si 1.0 1.0 * 0.9 
p * 0.1 * * 
Ca 0.04 0.05 0.02 0.5 
Sc 0.1 0.1 * 0.2 
Cr 0.3 0.3 0.26 0.8 
Mn 0.5 * 0.42 1 
Fe 0.6 0.5 0.59 1.5 
Co 1 0.8 * 2 
Ni 2 1 0.94 2 
Ga * 0.05 * 0.6 
Ge * 0.3 * 1.2 
Mo * * * 1.5 
La <0.007 * * * 
Values from this work are in bold type. Values for beta 

spinel are shown in italic. Run time is shown in minutes. * 

- not detected or not measured. n.a. - not applicable. 
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Partition coefficient values for Mg, AI, Si, Ca, Sc, Cr, Mn and Fe are consistent 

among the olivine experiments. The identification of beta spinel is based on greater 

incorporation of Ca and especially Al into its structure. At 75 kbar, which is the 

approximate pressure for olivine neutral buoyancy, twice as much Ni is incorporated into 

the olivine structure as compared with Co, although this disparity decreases with 

increasing pressure. 

Majorite Garnet/Silicate Melt Partitioning 

This section gives results for element partitioning behavior between majorite garnet 

and silicate melt. Partition coefficients between majorite garnet and silicate melt for 

experiments D2, D4, and UHP.414 are given in Table 7.5, where they are compared with 

results of other workers. 

Table 7.5. Majorite GarnetlMelt Partition Coefficients. 

Pressure: 160kbar 160kbar 165 kbar 165 kbar 220kbar 
Temp: 1950°C 2225°C 2100°C 2260°C <2400°C 
t (min): 4 8 1-12 10 1 
System: * KLB * KLB CMS 
Run#: Ohtani I 1989 D4 Kato.1988a D2 UHP.414 
Mg * 0.8 * 0.9 1.0 
Al 3.06 3.1 2.5 2.5 2.3 
Si * 1.1 * 1.1 1.1 
P. * 0.8 * 1.0 * 
Ca 0.47 0.6 0.6 0.6 0.6 
Sc 1.64 1.5 1.7 1.5 * 
V 1.5 * * * 0.6 
Cr 2.33 1.4 * 1.5 1.1 
Mn 0.6 * * 0.7 0.6 
Fe 0.42 0.3 0.6 0.3 * 
Co * 0.3 * 0.3 * 
Ni 0.15 0.2 * 0.2 * 
Ga * 0.7 * 0.8 * 
Ge * * * 1 * 
Zr 0.46 * 0.6 2 * 
* = not measured, reported or applicable. "t" = approximate run duration in 

minutes. Experiments are arranged in order of increasing pressure. All 



experiments ex~ept UHP.414 used natural rather than synthetic compositions. 

Values in bold type are from this work. 
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In general, there is good agreement between samples D4, D2 and UHP.414, and the 

results of other workers (Ohtani et aI., 1989; Kato et ai., 1988a). There is good 

agreement between all data sets, where values exist, for the elements Mg, AI, Si, P, Ca, 

Sc, Mn, Co, Ni, Ga. Sample UHP.414 yields partition coefficients for Mg, AI, Si, Cr, and 

Mn are broadly consistent amongst the various laboratories, even given the difference in 

major element starting composition. The partition coefficient for V from experiment 

UHP.414 is at odds with the results of Ohtani et ai., 1989. The reason for this 

disagreement is unknown. 

MagnesiowiistitelSilicate Melt Partitioning 

This section gives results for the partitioning behavior of elements between 

magnesiowiistite (and periclase) and silicate melt. Average compositions for 

magnesiowiistite and quenched dendritic melt at the liquidus from experiment UHP.723 

are given in Table 7.6. The average for the magnesiowiistite composition is computed 

from 6 separate grains analyzed on the same day. The average melt composition is 

computed from 6 separate analyses, also analyzed on the same day. There is little 

variation in composition among different magnesiowiistite crystals along the two liquidus 

interfaces, and the melt composition is extremely homogenous. 
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Table 7.6. Average magnesiowiistite and quench melt compositions at the liquidus 

in experiment UHP.723. 

MELT MAGNESIOWUSTITE Normalized Atomic 
Representative Ave (6) Ave (7) Concentration 

wt. % lliq 2 3 Iiq ±20 Mw,liq ±2 a Element Mw 

MgO 35.4 35.2 35.0 35.5 0.87 81.5 0.80 Mg 0.871 
A1203 4.6 4.5 4.4 4.6 0.18 1.74 0.043 AI 0.015 
Si02 43.6 43.8 43.5 43.5 0.66 0.38 0.032 Si 0.003 
CaO 2.5 2.4 2.4 2.4 0.45 0.04 0.015 Ca 0.000 
FeO 7.2 7.3 7.7 7.1 0.26 10.2 0.20 Fe 0.061 
Na20 0.20 0.23 0.28 0.20 0.049 0.16 0.018 Na 0.002 
Ti02 0.12 0.12 0.10 0.11 0.024 * * Ti * 
V203 1.57 1.60 1.54 1.59 0.032 0.72 0.014 V 0.004 
C1203 1.81 1.75 1.74 1.79 0.064 2.27 0.04 Cr 0.013 
MnO 1.7 1.8 1.8 1.7 0.15 1.31 0.025 Mn 0.008 
NiO 0.18 0.19 0.19 0.20 O.oI8 0.80 0.039 Ni 0.005 
Re02 Q.2.a !ill. .Q.52 !!JQ 0.053 !ill 0.2 Re 0.000 

99.2 99.4 99.1 98.9 99.3 0 1 

*below detection 
Stoichiometry: Mw: (Mg, Fe, AI, Cr, Mn, Ni, V, Si)0.98 0 1.00 

The number in parentheses next to the average gives the number of analyses included in 

the average. Melts 1, 2, and 3 refer to three individual analyses taken at the liquidus 

(1), at an intermediate point toward the center of the sample (2), and at a point closer 

still to the center of the sample (3). The abbreviation "liq" refers to phases on the 

liquidus. The representative melt analyses indicate that Soret effects are not apparent at 

the scale of the analyses. Also shown is the stoichiometry for magnesiowiistite 

computed from the average values for normalized atomic concentrations> 0.002, listed 

in order of abundance within each site. In sample D4, the magnesiowtlstite is separated 

from the melt by > -500 microns. 
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Magnesiowiistite!silicate melt partition coefficients derived from crystals along the 

liquidus from experiments 04, CMS.1165 and UHP.723 are given in Table 7.7, along 

with the results of other workers (Ohtani, 1991. Agee, 1990). 

Table 7.7. Magnesiowiistite/silicate melt partition coefficient values. 

calculated 
Mg-wist. Periclase # Mg-wist. Mg-wist. Mg-wist. 

Pressure: 160 kbar 226 kbar 230 kbar 245 kbar 260kbar 
Temp: 2225°C <2430°C 2400°C 2400°C -2050°C 
t (min): 8 3 n.a. 13 2 
System: KLB CMS KLB 
Ryn #; 04 CMS.I1Q~ Qhtani, '21 UHP.123 Ag~~, 122Q 
Na * * * 0.8 (±0.2) 3.1 
Mg 2.0 2.6 * 2.3 (± 0.1) 0.7 
AI 0.3 0.2 * 0.38 (± 0.01) 0.09 
Si 0.007 0.05 * 0.007 (± 0.001) 0.007 
Ca * 0.04 * 0.017 (± 0.004) 0.06 
Ti * 0.1 * * * 
Sc 0.1 0.03 * * * 
Sm * 0.03 * * * 
V * * 0.9 0.45 (± 0.01) * 
Cr 2.2 * 1.4 1.27 (± 0.03) 1.3 
Mn * * 0.5 0.77 (± 0.06) 1.8 
Fe 1.5 * 1.6 1.43 (± 0.05) 2.7 
Co 2.6 * 3.9 * * 
Ni 3.4 * 4.0 4.1 (± 0.4) 3.9 
Ga 0.63 * * * * 

Periclase is present in sample CMS.1165 instead of magnesiowUstite because 

there is no Fe in this sample. Values in bold type are from this work. Values are 

directly measured, except in the work of Ohtani, et al., 1991. * = not present, 

measured or reported. "t" = approximate run duration in minutes. n.a. = not 

applicable or available. # = periclase, and is removed from the melt by > -200 

microns. Experiments are arranged in order of increasing pressyre. 

There are significant major element compositional variations among the starting 

materials in Table 7.7. Experiment (CMS.1165) was performed in a simplified synthetic 

Ca-Mg-Si system, while experiment 04 and UHP.723 have natural mantle starting 
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compositions. AIl of these partition coefficients, with the exception of values from 

Ohtani, 1991, are from direct measurements. Ohtani et al. (1991) calculated mineral/melt 

partition coefficient values from other phase pairs, rather than directly measuring them. 

In addition to differences in bulk composition among the studies cited above, temperature 

also varies somewhat (from -2050 to 2400°C). In contrast, there is little difference in 

pressure range, with the exception of experiment D4. 

Despite the fact that temperatures, pressures, and/or compositions vary somewhat, 

there is generally good agreement shown among different data for most elements. 

Specifically, magnesiowUstite/silicate melt partition coefficients show good agreement 

among the data for Mg, AI, Si, Ca, Cr, Fe and Ni, and reasonable agreement for AI, Sc, V, 

Mn, Co (Table 7.7). However, there are some exceptions to this agreement. For 

example, the element Cr shows a higher partition coefficient in experiment D4 (2.2) 

compared with most other values (-1.3). This may be due to the fact that experiment D4 

was performed at a pressure that is 70-100 kbars lower than the other experiments shown, 

possibly implying that Cr partitioning in magnesiowiistite may decrease with increasing 

pressure. In contrast, Co partitioning seems to increase with increasing pressure (2.6 at 

160 kbar; 3.9 at 220 kbar), although the higher pressure value was not directly measured 

and, therefore, may not be robust. 

The results from sample UHP.723 and the results of Ohtani et al. (1991) show that 

V is incompatible in magnesiowUstite, although our measured value (0.5) is lower than 

their calculated value (0.9). Experiment UHP.723 shows that Mn is somewhat 

incompatible in magnesiowiistite, similar to the behavior calculated by Ohtani et al. 

(1991), although in contrast to results from Agee (1990). There is general agreement 

from all data sets that Fe is compatible in magnesiowiistite. However, the partition 

coefficient for Fe reported by Agee, (1990) is higher than in any other experiment. AIl 

samples show that Cr is compatible in magnesiowUstite. 
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The significant discrepancy of the results of Agee (1990) for Mg and Fe compared 

with all other results in Table 7.7 is probably due to differences in starting composition. 

Agee (1990) used the Allende meteorite as a starting composition. That composition is 

richer in Fe and poorer in Mg than mantle compositions, and the disagreement in Mg and 

Fe partition coefficients is consistent with these compositional differences. In addition, 

Agee (1990) reports results for experiments performed at a much higher pressure (260 

kbars) and lower temperature (2050°C) using Allende as a starting material. 

The disagreement between our direct measurement of Mn (and perhaps Na) 

. partitioning and that of Agee (1990) may again be due to compositional differences. The 

magnesiowUstite in Agee's experiments is more Fe-rich, suggesting that the compatibility 

of Mn seen in Agee's experiments reflects the Fe-rich nature of his magnesiowUstite. 

Alternately, it may be that variations between our results and those of Agee (1990) are 

due to the very temperature-~nsitive nature of the composition of magnesiowUstite. The 

Fe/Mg ratio in all phases, and especially magnesiowUstite, increases from the liquidus 

towards the solidus in an average Cl chondritic composition in the CMFAS system 

(Tr~nnes, 1992). The Fe/Mg ratio of magnesiowUstite from Agee (1990) is very high. 

Mg-PerovskiteJSilicate Melt Partitioning 

This section gives results for the partitioning behavior of elements between Mg

perovskite (and Ca-perovskite) and silicate melt. Table 7.8 gives average compositions 

for liquidus Mg-perovskite crystals and quenched dendritic melt from experiment 

UHP.723 at the liquidus. The average Mg-perovskite composition is from seven separate 

crystals, while the average melt is from six separate analyses. Also included are 

representative individual melt analyses stepping away from the liquidUS. There is little 
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variation i.n composition among different Mg-perovskite crystals along the two liquidus 

interfaces, and the melt composition is extremely homogenous. 

Table 7.8. Average Mg-perovskite and quench melt compositions at the liquidus in 

experiment UHP.723. 

MELT PEROVSKITE Normalized Atomic 
Representative Ave (6) Ave (7) Concentration 

wt. % 16q 2 3 Iiq ±20' Pv,6q ± 2 0' Element Perovskite 

MgO 35.4 35.2 35.0 35.5 0.87 34.2 0.48 Mg 0.875 
Al203 4.6 4.5 4.4 4.6 0.18 6.1 0.71 Al 0.124 
SiOz 43.6 43.8 43.5 43.5 0.66 51.3 1.0 Si 0.880 
CaO 2.5 2.4 2.4 2.4 0.45 1.10 0.35 Ca 0.020 
FeO 7.2 7.3 7.7 7.1 0.26 4.06 0.36 Fe 0.058 
Na20 0.20 0.23 0.28 0.20 0.049 0.04 0.03 Na 0.001 
TiOz 0.12 0.12 0.10 0.11 0.024 0.15 0.02 Ti 0.002 
V203 1.57 1.60 1.54 1.59 0.032 1.82 0.11 V 0.025 
C1'20 3 1.81 1.75 1.74 1.79 0.064 1.96 0.22 Cr 0.027 
MnO 1.7 1.8 1.8 1.7 0.15 1.05 0.16 Mn 0.015 
NiO 0.18 0.19 0.19 0.20 0.018 0.07 0.20 Ni 0.001 
ReOz !ill !l..ll .Q.52 OJ.Q 0.053 !12i 0.23 Re 0.001 

99.2 99.4 99.1 98.9 102.0 0 3 

Stoichiometry: Pv: (Mg, Fe, Cr, V, Ca, Mnh.02 (Si, Alh.oo 0 3.00 

The number in parentheses next to the average gives the number of analyses included in 

the average. Melts 1,2, and 3 refer to three individual analyses taken at the liquidus (1), 

at an intermediate point toward the center of the sample (2), and at a point closer still to 

the center of the sample (3). The abbreviation "liq" refers to phases on the liquidus. The 

representative melt analyses indicate that Soret effects are not apparent at the spatial scale 

of the analyses. Also shown is the stoichiometry for Mg-perovskite computed from the 

average values for normalized atomic concentrations > 0.002, listed in order of 

abundance within each site Melt values are the same as in Table 7 6 

------ ---
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Mg-perovskite/silicate melt partition coefficients for experiments CMS.1165 and 
'. 

UHP.723 are given in the Table 7.9, along with the results of other workers. Experiments 

are arranged in order of increasing pressure. Also reported are results for Ca

perovskitelmelt partitioning from experiment CMS.1165. 

Table 7.9. Mg-perovskite/silicate melt partition coefficient values (also Ca-

perovskite/silicate melt values for experiment CMS.1165). 

calculated calculated 
Ca-Pv# Mg-Pv Mg-Pv Mg-Pv Mg-Pv Mg-Pv 

Pressure: 226 khar 226 kbar 245 kbar 250kbar 250kbar 270kbar 
Temp: <2430°C 2430°C 2400°C 2000°C 2000°C 1700°C 
t (min): 3 3 13 2 n.a. n.a. 
System: eMS CMS KLB KLB 
Ryn#; C.MS..lla.S. ~MS.llQ~ !lHP.123 KatQ,'8812 Kato,'88a Ohtani,'91 
Na * * 0.2 (± 0.1) * 0.02 * 
Mg 0.2 1.0 0.96 (± 0.02) * * * 
AI 0.9 1.2 1.3 (± 0.1) 1.3 0.5 * 
Si 0.8 1.1 1.18 (± 0.04) * * * 
Ca 9.7 0.2 0.5 (± 0.1) 0.1 0.2 * 
Sc 0.1 1.6 * 2.8 5.0 
Ti 2.6 0.6 1.4 (± 0.3) 1.3 3 * 
V * * 1.14 (± 0.06) * * 0.2 
Cr * * 1.1 (± 0.1) * * 0.4 
Mn * * 0.62 (± 0.08) * * 0.05 
Fe * * 0.57 (± 0.05) * * 0.1 
Ni * * 0.3 (± 0.1) * * 0.7 
8m 7.4 0.2 * <0.2 0.3 

* not present, measured or reported 

Values in bold type are from this work. Values for Ca-perovskite are shown in italic. 

Values are directly measured unless otherwise specified. * = not present, measured or 

reported. "t" = approximate run duration in minutes. n.a. = not applicable or available. 

#Ca-perovskite is separated from the melt by > -200 microns. Values from UHP.723 and 

KatQ etaL (198812) and CMS.1165 are all averages. 
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Major element starting compositions vary among the experiments presented in 

Table 7.9. Experiment CMS.1165 has a starting composition in the simplified CMS 

system, while experiment UHP.723 and experiments by Kato et ai. (1988b) have a natural 

mantle starting composition. The phase Ca-perovskite in experiment CMS.1165 is 

distinct from Mg-perovskite, and is therefore shown in italic type (note the partition 

coefficient values between Ca-perovskite and silicate melt for Ca, Ti and Sm are quite 

large). All of these studies involve direct measurements of minera1lmelt partition 

coefficients, while Ohtani et ai. (1991) and Kato et al. (1988a) calculate minera1lmelt 

. partition coefficient values from other phase pairs. Calculated values are grouped in the 

last two columns of Table 7.9. 

In addition to differences in bulk composition among the studies cited above, 

temperature also varied substantially from 1700 °C to 2600 °c (note that 1700 °c and 27 

GPa is below the solidus for a mantle composition, and melt does not stably coexist with 

Mg-perovskite at this pressure and temperature). In contrast, there is little difference in 

pressure range. 

Table 7.9 shows that Mg-perovskite/melt partition coefficients do show some 

variability. However, DMg from natural KLB-l systems and synthetic CMS systems are 

extremely similar. Directly measured partition coefficients for AI and Si are remarkably 

uniform, in contrast to the calculated value of Al reported by Kato et al. (1988a). In 

general, there is good agreement in partition coefficient values for Mg, AI, Si for all data. 

The partition coefficient for Ca shows scatter, ranging from 0.1 to 0.5, although Ca is 

incompatible in Mg-perovskite in every case. Conversely Sc is compatible in Mg

perovskite for all experiments, although the partition coefficient value for Sc shows some 

variability as well (1.6 to 2.8). The calculated partition coefficient value shown in Kato 

(1988a) for both Sc and Ti is higher than any experimental values for those elements. 
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Sample CMS.1165 yields a Sm partition coefficient (0.2) that is in good agreement 

with the values from the KLB-l system (-0.2-0.3; Kato et ai., 1988a, Ohtani et ai., 1991). 

The partition coefficient value for Ti in experiment CMS.1165 (0.6) is much lower than 

other measured values (1.3-1.4). Ohtani et ai. (1991) use an indirect method to conclude 

that V is somewhat incompatible in Mg-perovskite. 

Partition coefficients for Ca, Fe and Na from UHP.723 are somewhat higher than 

previously reported values, and the partition coefficient for Ni is somewhat lower than 

calculated by Ohtani et al. (1991). Results from UHP.723 show that all these elements 

are incompatible, in agreement with other workers. The partition coefficient from sample 

UHP.723 for Ti is in good agreement with the results of Kato et al. (1988b), though 

higher than the value from CMS.1165 for unknown reasons. The partition coefficients 

for V, Cr and Mn from experiment UHP.723 are much closer to a value of one than the 

values calculated by Ohtani et al. (1991) and I find V and Cr to be compatible, in contrast 

to Ohtani et at., 1991). Although I do not know the reason for this disagreement, it seems 

likely that such calculations do not yield valid partition coefficients. I am unable to 

further evaluate the work of Ohtani et al. (1991) as they do not report the source of their 

calculated values. 

Continuing Research 

Several experiments were run during the summer of 1993 in Bayreuth, Germany 

and await detailed analysis. A summary of these experiments is given in Table 7.10. 

Five of these experiments appear to be successful. Experiments were run at a pressure of 

245 kbars. Elements studied are: Ni, Co, Ga, Mo, Ge, Rb, Cs, Na, K, and the rare earth 

elements La, Sm, Eu, Lu and Hf. 
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Table 7.10. Summary of Further Completed Experiments. 

Experiment 
UHP.887 
UHP.892 
UHP.896 
UHP.901 
UHP.903 
UHP.907 
UHP.908 
UHP.91O 

P Ckbarl 
245 
245 
245 
245 
245 
245 
245 
245 

Dopants 
Ni, Co, Ga 
Ni, Co, Ga 
Mo, Cr, Ni, Ge 
Rb, Cs, Na, K 
La, Sm, Eu, Lu, Hf 
Rb,Cs, Na, K 
La, Sm, Eu, Lu, Hf 
Rb,Cs, Na, K 

Result 
heater failure 
appears successful 
appears successful 
failure 
appears successful - looks great 
appears successful 
seemed OK but unstable 
heater runaway - probable failure 

Preliminary partition coefficient values for both magnesiowiistite and Mg-

perovskite from two of the above experiments (UHP.892 and UHP.896) are shown in 

Tables 7.11 and 7.12. Included are partition coefficient values from this work (UHP.723) 

for comparison. Two sigma uncertainty estimates are given. Data are graphically 

compared in Figures 7.1 and 7.2, including 2 sigma uncertainty estimates. Both of these 

experiments show extremely good agreement with previous results from experiment 

UHP.723. The reproducibility of partition coefficient values lends strong support to the 

partition coefficient values thus far obtained. 

Table 7.11. MagnesiowiistitelSiIicate Melt 
Partition Coefficients. 

Pressure: 
Temp: 
t (min): 
System: 
Run#: 
Na 
Mg 
AI 
Si 
Ca 
V 
Cr 
Mn 
Fe 
Ni 

245kbar 
24OO°C 
13 
KLB1 
UHP.723 
0.8 (±0.2) 
2.3 (±0.1) 
0.38 (± 0.01) 
0.007 (± 0.001) 
0.017 (± 0.004) 
0.45 (± 0.01) 
1.27 (± 0.03) 
0.77 (± 0.06) 
1.43 (±D.05) 
4.1 (± 0.4) 

245 kbar 
2400°C 
5 
KLB1 
UHP.892 
0.3 (±0.2) 
-2.15 (± 0.02) 
0.33 (± 0.01) 
0.0038 (± 0.0002) 
0.005 (± 0.002) 
* 
1.20 (± 0.09) 

* 
1.26 (±D.05) 
3.8 (± 0.2) 

Two sigma uncertainty estimates are included. 
* not present. measured or reported 

--- --- -- --- -- ------------- ----- ----
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Table 7.12. Mg-Perovskite/Silicate Melt Partition Coefficients. KRI refers to 
work by Kato, Ringwood and lrifune, 1988b. Two sigma uncertainty 
estimates are included. 

Pressure: 245kbar 245kbar 245 kbar 250 
Temp: 2400°C 2400°C 2400°C 2000°C 
t (min): 13 5 5 2 
System: KLBI KLB1 KLB1 KLB1 
Ryn #; IlHPt723 IIHP.822 llHP.82!! KRI.1988f1. 
Na 0.2 (± 0.1) * 0.4 (±D.3) * 
Mg 0.96 (± 0.02) 0.95 (± 0.02) 1.05 (± 0.06) * 
AI 1.3 (± 0.1) 1.3 (± 0.1) 1.0 (± 0.1) 1.3 
Si 1.18 (± 0.04) 1.14 (± 0.03) 1.18 (± 0.03) * 
Ca 0.5 (±O.l) 0.38 (± 0.07) 0.20 (± 0.06) 0.1 
Ti 1.4 (±0.3) 1.3 (± 0.4) 1.1 (± 0.1) 1.3 
V 1.14 (± 0.06) * * * 
Cr 1.1 (± 0.1) 1.1 (± 0.2) 0.8 (± 0.1) * 
Mn 0.62 (± 0.08) * * * 
Fe 0.57 (±O.05) 0.56 (±O.05) 0.45 (±O.03) * 
Ni 0.3 (±O.l) 0.37 (± 0.06) 0.3 (± 0.1) * 
Ge * * 1.0 (± 0.2) * 

* nQl12r~~~nt. msm~ur~g Qr ~12ort~g 
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Magnesi owiisti te/Melt Partition Coefficients 
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Figure 7.1. Preliminary partition coefficient values for magnesiowi.istite/silicate melt 

shown graphically from samples UHP.723 and UHP.892. Two sigma uncertainty 

estimates are shown. 



110 

Mg-Perovskite/Melt Partition Coefficients 
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Figure 7.2. Preliminary partition coefficient values for Mg-perovskite/silicate melt from 

experiments UHP.723, UHP.892 and UHP.896. KRI refers to work by Kato, Ringwood 

and Irifune, 1988b. Two sigma uncertainty estimates are included. 
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8. MODELING RESULTS AND DISCUSSION 

In this chapter I examine the effect of phase fractionations in a terrestrial magma 

ocean on selected element ratios using the partition coefficient values obtained in this 

work. I also examine whether the pattern of V, Cr and Mn in the primitive mantle is due 

to high pressure fractionation of majorite garnet, magnesiowtlstite and Mg-perovskite 

from a silicate melt using partition coefficient values from this work . 

. Assumptions Inherent in Using Partition Coefficients in Model Calculations 

A number of assumptions must be made to model fractionations of mineral phases, 

and they are discussed below. 

Limited Depth Sample: I assume that compositional estimates of the primitive 

mantle such as shown in Table 2.2 are accurate. Mantle samples have been brought to the 

surface in kimberlite pipes and volcanoes from depths as great as 200 Ian. However, 

nodules which come from greater depth are more likely to have changed or to have been 

changed on their way to the surface. In addition, 200 km is only a small fraction of the 

Earth's radius (6378 km). Yet, it is reasonable to assume that such nodules are 

representative of the upper mantle because several different types of methods have been 

used by many different researchers to yield very similar estimates for the upper mantle of 

the Earth (as discussed in Chapter 2). 

Initial Elemental Concentrations: Initial elemental concentrations in a postulated 

magma ocean must be selected. When modeling the addition or subtraction of phases 

into or out of the magma ocean, initial concentrations must be assumed. If a magma 



112 

. ocean resulted from total or near total melting of the material which accreted to form the 

Earth, the magma ocean would probably have had average solar system abundances (and, 

therefore, average solar system ratios) of refractory lithophile elements. For elements 

inferred to be in approximately CI-chondritic ratios in the primitive mantle, ratios of 

elements in a magma ocean before crystallization are assumed to be equal to a value of 

one. 

Is it reasonable to assume chondritic ratios for siderophile elements that will 

presumably be strongly affected by core formation? Consider the elements Ni and Co, 

which are both present in the upper mantle at approximately 0.2 times CI chondrites. 

Efficient metal segregation during core formation would readily fractionate Ni from Co, 

yielding a substantially subchondritic NilCo ratio. Metal/silicate partition coefficients of 

Jones and Drake (1986) may be used to calculate the abundances of Ni and Co in the 

mantle of the Earth following core formation under the assumption that mantle silicate 

and core-forming metal were in equilibrium. Both metal and silicate may be either 

entirely molten or completely solid, so four limiting cases can be calculated (although 

both metal and silicate were probably at least partially molten (Jones and Drake, 1986), 

and the completely solid case has no relevance to the problem discussed here. 

Table 8.1 shows post core formation abundances of Ni and Co in the upper mantle 

of the Earth, and the resultant NilCo ratios for the four limiting cases. Even in the 

completely solid case, which results in the smallest deviation of the NilCo ratio from the 

CI chondritic value, the NilCo ratio is less than one fifth of CI chondri tic. 
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Table 8.1 Abundances of Ni and Co and the resultant NilCo ratio in the upper 

mantle of the Earth, normalized to CI chondri tic, following equilibrium 

segregation of metal from silicate during core formation. 

LMILS 
SMILS 
LMiSS 
SMiSS 

Ni 
7.4 
5.5 
73 
55 

~ 
12 
5.1 
34 
15 

~ 
0.03 
0.05 
0.10 
0.17 

The symbols LM, LS, SM and SS represent sulfur-bearing liquid metal, liquid 

silicate, solid metal and solid silicate respectively. The metaUsilicate partition 

coefficients of Jones and Drake (1986) were used, and CI abundances of 11,000 ppm 

and 509 ppm were assumed for Ni and Co respectively (Anders and Ebihara, 1982). 

Jones and Drake (1986) report the following partition coefficients for Ni and Co 

respectively: LSILM: 2 x 10-4, 7 x 10-3; SMlLM: 1.33, 2.3; SSILS: 10, 3. 

Jones and Drake (1986) discussed the possibility of inefficient core formation, and 

considered the case where the NilCo ratio of the upper mantle of the Earth would remain 

approximately chondritic. However, their mechanism for preserving the chondritic NilCo 

ratio is by sequestering Ni in metal and Co in olivine, which is a somewhat artificial 

construct because the percentage of metal to olivine were forced by the model in order to 

yield the appropriate NilCo ratio. Also, the presence of so much metal would cause the 

sulfur abundance to be -20 times higher than observed. In addition, their model requires 

a low fraction of partial melting of the silicates (approximately 10%) to be viable and is 

not pertinent to the case of substantial melting of the outer part of the Earth, which is 

required to yield a magma ocean as envisioned in Figure 1.1. 
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Instead, heterogeneous accretion may have occurred. If matter continued to 

accumulate to the Earth after separation of an upper from a lower magma ocean, it seems 

plausible that the upper magma ocean would have a chondritic ratio resupplied by the 

accreting material (see Jones and Drake, 1986 for a discussion), because the incoming 

chondritic veneer dominates the effect of core formation. 

This statement is demonstrated by a simple calculation, assuming a 20% 

contribution from meteoritic infall, post core formation abundances of Co and Ni of 12 

and 7.4 ppm, and chondritic abundances of 509 and 11,000 ppm, respectively (Table 8.1). 

The resulting abundance for Co is (0.8)(12 ppm)+ (0.2)(509 ppm) - 110 ppm, while for 

Ni, the abundance is (0.8)(7.4 ppm) + (0.2)(11,000 ppm) - 22000 ppm. The CI 
' .. 

normalized Ni/Co ratio in this case is 0.91, indistinguishable from upper mantle estimates 

ranging from 0.79 to 0.93 (see Table 2.2). Therefore, it is reasonable to assume that the 

Ni/Co ratio of the magma ocean was approximately chondritic prior to olivine addition. 

Range of Pressures, Temperatures, Phases and Compositions: Partition coefficient 

values reported here represent a "snapshot"· in pressure, temperature and composition 

space. I have assumed that they are appropriate for modeling the crystallization history of 

a terrestrial magma ocean, though a range of pressures and temperatures would have been 

involved in an event of such global proportions. Even though there would be movement 

of minerals, I assume that equilibration or re-equilibration would occur at certain pressure 

and temperatures. 

For example, olivine is neutrally buoyant at approximately 80 kbars (Agee and 

Walker, 1988). Although olivine will crystallize over a range of pressures and 

temperatures in a real planet, I assume for the purposes of calculation that olivine re

equilibrates with melt at 75 kbars and 1800°C because it accumulates at this approximate 

depth (conditions of experiment RS). Re-equilibration is justified by the relatively rapid 
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diffusion rates of Ni and Co at 1800°C, and the relatively long timescales for the 

solidification of a planetary-scale magma ocean. 

For other phases investigated, minerals are investigated in their stability field. I 

assume that majorite garnet equilibrates with the melt at pressures ranging from -160-220 

kbars, and temperatures from 2225°C to 24000 C (samples D4 and UHP.414). I assume 

that Mg~perovskite and magnesiowiistite equilibrate with the melt at -250 kbars and 

2600°C (sample UHP.723). 

Keppler and Rubie (1993) have shown that pressure-induced coordination changes 

in albite melt would significantly affect partitioning behavior. Whether pressure-induced 

coordination changes occur in melt compositions more appropriate to the mantle of the 

Earth is unclear. Even if melt structure changes at significantly higher pressures causing 

the values of the partition coefficients to change, there is currently no reason to expect 

that the relative partitioning behavior of these elements will change in the absence of 

contrary evidence. Element ratios and relative abundance patterns are examined in the 

present study. Therefore, the absolute values of partition coefficients are not nearly so 

critical as the behavior of the elements relative to one another. If partitioning behavior is 

largely controlled by the crystal chemistry of the crystallizing phase and not by melt 

structure, then changes in melt structure shouldn't change the relative sense of partition 

coefficient values. 

Note that fractionation of minerals should be considered simultaneously. It is 

possible that the fractionation effect of one phase could roughly counterbalance the 

fractionation effect of another phase. 

Application of Equilibrium Crystallization Equation: It is appropriate to use the 

equilibrium crystallization equation to model melting events on the global scale because 

of the extremely high temperatures of a magma ocean. It is unlikely that small amounts 

._--_._-----"" -------
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of crystallizing solids will lose communication with the melt, as would occur in the case 

of fractional crystallization, in the presence of such high temperatures. Therefore, melt 

compositions resulting from solid fractionation are calculated from: 

CI/Cibs= 1 I [D fs + (I-fs)], 

where CI is the resulting concentration in the magma after mineral fractionation, 

Cibs is the initial concentration in the bulk system, D is the mineral/melt partition 

. coefficient, and fs is the fraction of the solid mineral fractionating. I have argued that 

initial elemental ratios in the bulk system (Cibs) are likely to be chondritic and are, 

therefore, equal a value of one. 

I use the above eqUilibrium equation to model the effects of mineral fractionation of 

trace and major element ratios. It is appropriate to use the above equation for trace 

elements, because partition coefficient values for trace elements are not a function of the 

amount of mineral crystallization. Although partition coefficient values are a function of 

major element composition, no matter how much of a mineral crystallizes, the 

incorporation of trace elements will not significantly affect the major element 

composition of the melt. 

It is not always strictly appropriate to use this eqUilibrium equation to model major 

el~ment ratios, because large amounts of mineral crystallization may change the major 

element composition of the resulting liquid. Therefore, arguments against fractionations 

of phases based on major elements will only hold for small amounts of crystallization. 

Changes in melt composition are minimized if the composition of the melt and the crystal 

are roughly similar (as in the case of Mg-perovskite and the silicate melt). This work 

examines fractionations of less than 40%. In most cases, it will be shown that deviations 
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from chondri tic values are significant even for very small amounts of mineral 

fractionation. 

Olivine Modeling and Conclusions 

Partition coefficient values derived from this work enable direct testing of the Agee 

and Walker (1988) hypothesis that olivine flotation into the upper mantle can explain the 

elevated MglSi ratio of the upper mantle of the Earth relative to CI chondrites. The 

effects of olivine addition to the upper mantle of the Earth have been calculated using 

partition coefficient values from sample R5, Table 7.4. 

Some element ratios do not constrain fractionation events. For example, the ScILa 

ratio cannot be used to detect addition of olivine to the upper mantle because the partition 

coefficient values for each element are so low (e.g., D(Sc) = 0.1), indicating that 

chondritic SclREE ratios do not constrain olivine addition to the upper mantle. 

However, the Ni and Co partitioning data do constrain possible amounts of olivine 

addition. The hatched region of Figure 8.1 exhibits the variation of the NilCo ratio that 

would be observed in the upper mantle of the Earth with the addition of olivine into the 

upper mantle. Approximately 30% olivine addition to the upper mantle is necessary to 

explain the MglSi ratio currently observed assuming an initially CI chondritic value 

(Agee and Walker, 1988). It is seen that the deviation of the NilCo ratio of the upper 

mantle from its initial ratio (represented by the hatched region) depends on the fraction of 

liquid remaining in the magma ocean. The upper line corresponds to olivine crystallizing 

at 90% fraction of liquid remaining from a global magma ocean, and the lower line to 

80% fraction of liquid remaining. Nevertheless, for olivine crystallizing at 90% and 80% 

liquid remaining, the NilCo ratio is 20-25% higher than its initial value for a 30% 

addition of olivine to the upper mantle (Figure 8.1). 
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The observed NilC;:o ratio for the upper mantle of the Earth is approximately 0.9 x 

CI. The conclusion is that addition of 30% olivine to the upper mantle to raise the MglSi 

ratio from CI chondritic to its present value yields a NilCo ratio 20-25% higher than its 

initial value, contrary to observation. Note that one chondrite, namely an EL chondrite, 

plots at a substantially lower NilCo ratio compared with all other chondrites 

(approximately 0.84 relative to CI chondritic). If the Earth accreted from EL chondrites, 

then a 25% addition of olivine to the upper mantle would raise the NilCo ratio to a 

slightly super chondritic value of 1.05. However, enstatite chondrites have much lower 

MglSi and AlISi than the upper mantle of the Earth, implying that they are a poor choice 

for proto-Earth material (see Figure 2.3). In addition, enstatite chondrites have an 

overabundance of reduced iron. 

It seems difficult to avoid the conclusion that addition of enough olivine to the 

upper mantle to yield a MglSi ratio significantly higher than in CI chondrites will yield a 

super-CI chondritic ratio of NilCo, contrary to the sub-CI chondritic NilCo ratio 

observed. Also note that olivine accumulation alone is insufficient to raise a very low 

post core fonnation NilCo ratio (see Table 8.1) back up to the slightly subchondritic value 

of 0.9 which is currently inferred for the upper mantle of the Earth. 

These data imply that the addition of enough olivine into the upper mantle to yield a 

MglSi ratio similar to that which is currently observed will yield a nonchondritic NilCo 

ratio. 

-_ .. _---_. 



119 

1.3 

- 1.2 CJ 

0 .... 
1.1 0 

Cl) 

> ·-.... 1.0 ca -Cl) 
a: 

0.9 
0 

+ 
0 

-----------------t-----------------
1 I 

CJ + 0 
::: 0.8 z • 

0 

0.7 
0 1 0 20 30 40 
~ 

o/o Addition of Olivine 

Figure 8.1. The hatched region exhibits the variation of the Ni/Co ratio which would be 
observed in the upper mantle of the Earth with the addition of olivine into the upper 
mantle. Addition of approximately 30% olivine to the upper mantle is necessary to 
explain the Mg/Si ratio currently observed, assuming an initially chondritic Mg/Si ratio. 
The upper line corresponds to 90% fraction of liquid remaining at the time of olivine 
crystallization, and the lower line to 80% fraction of liquid remaining at the time of 
olivine crystallization. Olivine/melt partition coefficient values used in the computations 
are D Ni = 2 and D Co= 1 from experiment R5 (Table 7 .3). 

The observed Ni/Co ratio for the upper mantle of the Earth is approximately 0.9x 
the CI chondritic value. Open circles at 30% olivine addition show the Ni/Co ratio of 26 
mantle nodules (20 from BVSP, 1981; 6 from Jagoutz et aC 1979). Closed circles, 
arbitrarily plotted at 28% olivine addition for clarity, represent the most primitive of the 
mantle nodules of Jagoutz et al., (1979); the closed triangle is an average of the 6 mantle 
nodule Ni/Co values (Jagoutz et al., 1979); the closed square is the Ni/Co ratio of the 
theoretical upper mantle composition pyrolite (from Jagoutz et al., 1979). The 8 crosses 
are arbitrarily plotted at 20% olivine addition to illustrate the variation of the Ni/Co ratio 
among the undifferentiated meteorite types CI, CM, CO, CV, H, L, LL, EH, and EL 
(Wasson, unpublished data). All Ni/Co ratios are normalized to CI chondrites (Anders 
and Ebihara, 1982). 

Thus, addition of enough olivine to raise the Mg/Si ratio of the upper mantle from 
the CI value to the presently observed value (about 30%) would cause a significant 
deviation (approximately 25%) of the Ni/Co ratio from the CI value. 
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Majorite Garnet Modeling and Conclusions 

The effect of crystallization and removal of majorite garnet from a melt, such as 

might have occurred during a magma ocean stage, may be calculated. Figures 8.2 a,b 

illustrate the effect that majorite garnet fractionation from a magma ocean would have on 

element ratios in the upper mantle of the Earth. Partition coefficient values are from 

experiments D4 and UHP.414 (Table 7.5). Figures 8.2 a,b are very similar to one another 

indicating that results are robust. 

In both cases, the MglAI and CalAI ratios increase with increasing amounts of 

majorite garnet fractionation (Figures 8.2 a,b). Significant fractionation of majorite 

garnet would raise the CalAI ratio in the upper mantle to a value approximately twice 

chondritic, compared with the maximum Cal Al ratio estimate for the primitive mantle, 

which is -20% higher than chondritic (Ringwood, 1979; Table 2.2). The SilAl ratio also 

increases markedly with increasing amounts of majorite garnet segregation (Figure 8.2a). 

The SilA! ratio is approximately 50% above chondritic, compared with a subchondritic 

Sil A! ratio for the primitive mantle inferred by all researchers (Table 2.2). The MglSi 

ratio is relatively unaffected (Figures 8.2 a,b), while the SilCa and MglCa ratios decrease 

slightly with increasing fractionation of majorite garnet (Figure 8.2a). Thus, significant 

segregation of majorite garnet would impart nonchondritic ratios of refractory lithophile 

elements on the magma ocean. 

In addition, the relative abundances of V, Cr and Mn will be affected by significant 

majorite garnet fractionation. In the upper mantle of the Earth, V is more abundant than 

Cr, which in turn is more abundant than Mn (Figure 2.2). The pattern of Y, Cr and Mn 

that would be observed in the upper mantle of the Earth with the fractionation of majorite 

garnet from a melt during a magma ocean stage is shown in Figure 8.3. Partition 

coefficient values from sample UHP.414 (Table 7.5) are used. If majorite garnet were the 
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sole fractionating phase, then the abundance of Mn would be greater than the abundance 

of Cr in the upper mantle of the Earth, contrary to observation. Therefore, fractionation 

ofmajorite garnet yields an inappropriate upper mantle pattern for V, Cr and Mn. 

Manganese is a relatively volatile element. One could argue that the combined 

effects of fractionation of magnesiowiistite and volatilization of Mn would yield the 

appropriate relative abundance pattern of these elements (V>Cr>Mn). However, V is 

present in the upper mantle at subchondritic levels (-0.8 relative to chondritic and Si; see 

Figure 2.2). Fractionation of majorite garnet will only increase the relative abundance of 

V in the upper mantle relative to chondritic (Figure 8.5). In addition, both Li and Cr have 

similar condensation temperatures as Mn, yet they are not significantly depleted relative 

to chondritic and Si (Drake et ai., 1989). 

These results imply that majorite garnet fractionation as a lone phase can not be 

responsible for either refractory lithophile element ratios, or the relative abundance of V, 

Cr and Mn in the upper mantle of the Earth. This result is perhaps of less interest than 

the consideration of, for example, Mg-perovskite fractionation because it is possible that 

significant fractionation of majorite garnet did not occur. Mass balance considerations 

based on major elements do not require significant fractionation of majorite garnet to 

relate the present upper mantle composition to CI-chondrites (Agee and Walker, 1988). 
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Figure 8.2. Variations of element ratios that would be observed in the upper mantle of 

the Earth with the fractionation of majorite garnet from a melt, such as might have 

occurred during a postulated magma ocean stage: (a) partition coefficients are from 

sample D4; (b) partition coefficients are from sample UHP.414. See Table 7.5 for 

partition coefficient values. Majorite garnet segregation would result in significant 

fractionation of refractory lithophile elements away from the approximately chondritic 

ratios which are inferred for the primitive mantle. 
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Figure 8.3. The pattern of V, Cr and Mn that would be observed in the upper mantle of 

the Earth with the fractionation of majorite garnet from a melt, such as might have 

occurred during a postulated magma ocean stage. Partition coefficient values are for 

experiment UHP.414, and are from Table 7.5. Majorite garnet segregation would result 

in an upper mantle in which Mn is more abundant than Cr, contrary to observation. 



124 

MagnesiowUStite Modeling and Conclusions 

Figures 8.4 a,b show element ratios that would be observed in the upper mantle of 

the Earth as the result of magnesiowUstite fractionation from a terrestrial magma ocean. 

Partition coefficient values are from Table 7.7. Figure 8.4a illustrates results using 

partition coefficient values from sample D4, while Figure 8.4b shows the results for 

magnesiowUstite fractionation using partition coefficient values from sample UHP.723. 

In both cases, the MgI AI and the Sit AI ratios decrease significantly with increasing 

amounts of magnesiowUstite fractionation (Figures 8.4 a,b). In addition, the MglCa ratio 

decreases significantly with increasing amounts of magnesiowUstite removal (Figure 

8.4b). The NitCo ratio also decreases (Figure 8.4a), but only slightly. The Ca/Al ratio 

increases, as it did with the consideration of majorite garnet fractionation (Figures 8.2 

a,b). The approximately chondritic ratios of refractory lithophile elements which have 

been reconstructed for the primitive mantle of the Earth would be destroyed by significant 

magnesiowUstite fractionation from a terrestrial magma ocean. 

The above discussion focuses on elemental ratios. The relative abundances of the 

elements V, Cr and Mn will be affected by significant magnesiowUstite fractionation as 

well. The relative abundance pattern for V, Cr and Mn inferred for the upper mantle of 

the Earth is V>Cr>Mn (Figure 2.2). Figure 8.5 shows the effect of magnesiowUstite 

fractionation on V, Cr, and Mn abundances in the primitive mantle, using partition 

coefficient values from sample UHP.723 (Table 7.7). MagnesiowUstite fractionation 

would enrich the upper mantle in both V and Mn, although V would be present in the 

greatest abundance. MagnesiowUstite fractionation would enrich the upper mantle in Mn 

compared with Cr. The abundance of Cr would be decreased, implying that 

magnesiowiistite segregation could be partially responsible for the Cr depletion in the 

primitive mantle. Similar to majorite garnet fra~tionation, if magnesiowiistite were the 
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sole fractionating phase, then Mn would be more abundant than Cr in the upper mantle of 

the Earth, contrary to observation. Appealing to the volatility of Mn will not yield the 

appropriate V, Cr and Mn pattern, as discussed in the previous section. 

These results imply that magnesiowiistite fractionating as a lone phase can not be 

responsible for either refractory lithophile element ratios, or the relative abundance of V, 

Cr and Mn in the upper mantle of the Earth. 
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Figure 8.4. Variations of element ratios that would be observed in the upper mantle of 

the Earth with the fractionation of magnesiowilstite from a melt, such as might have 

occurred during a postulated magma ocean stage: (a) Mg/Si, Mg/ Al, and Ni/Co ratios 

using partition coefficient values from sample 04; (b) Mg/Al, Ca/Al. Mg/Si and Mg/Ca 

ratios using values from sample UHP.723. See Table 7.7 for partition coefficient values. 

Magnesiowilstite segregation would result in significant fractionation of some refractory 

lithophile elements away from the approximately chondritic ratios which are inferred for 

the primitive mantle. 
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% Magnesiowiistite Fractionation 

Figure 8.5. The pattern of V, Cr and Mn abundances that would be observed in the upper 

mantle of the Earth with the fractionation of magnesiowilstite from a melt, such as might 

have occurred during a postulated magma ocean stage. Partition coefficient values used 

are those given for experiment UHP.723 in Table 7.7. Magnesiowilstite segregation is 

not responsible for the pattern of V, Cr, and Mn abundances which are inferred for the 

primitive mantle of the Earth. 
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Mg-perovskite Modeling and Conclusions 

Agee and Walker (1988) proposed that 27% Mg-perovskite fractionation along with 

accumulation of olivine would raise the MglSi ratio from its assumed initial value of CI

chondritic to the super chondri tic value inferred for the primitive mantle. The effect of 

the crystallization and removal of Mg-perovskite from a terrestrial magma ocean is 

calculated using partition coefficient values from Table 7.9. 

Figure 8.6a illustrates the effect of segregation of Mg-perovskite on magma ocean 

abundances using partition coefficient values from experiment CMS.1165. Fractionation 

of 30% Mg-perovskite would reduce the ScISm ratio of the magma ocean to less than 

70% of chondritic, in contrast to the inferred chondritic ScISm ratio in the primitive 

Earth's mantle. In a similar vein, the upper mantle of the Earth appears to have a CalAI 

ratio about 15% higher than chondritic (Palme and Nickel, 1985). Thirty percent 

fractionation of Mg-perovskite would raise the Cal AI ratio to approximately 40% higher 

than CI. Figure 8.6b shows the effect of varying amounts of segregation of Mg

perovskite using partition coefficient values from sample UHP.723. The fractionation of 

30% Mg-perovskite would raise the Mgl Al ratio in the primitive mantle above CI

chondritic values. In addition, the Mg/ AI and Mg/Si ratios also increase with increasing 

amounts of Mg-perovskite segregation (Figures 8.6 a,b). Conversely, the MglCa and 

AlITi ratios decrease with increasing Mg-perovskite fractionation (Figures 8.6 a,b). 

The relative abundances of the elements V, Cr and Mn will also be affected by 

significant Mg-perovskite fractionation. The relative abundance pattern for V, Cr and Mn 

inferred for the upper mantle of the Earth is V>Cr>Mn (Figure 2.2). Figure 8.7 shows the 

effect of Mg-perovskite fractionation on normalized abundances of V, Cr, and Mn in the 

primitive mantle. Partition coefficient values are from sample UHP.723 (Table 7.9). Mg

perovskite fractionation would deplete both V and Cr from the upper mantle, although not 
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by amounts sufficient to account for terrestrial (and lunar) depletions (compare with 

Figure 2.2). However, Mn abundances would be increased in the upper mantle. Thus, 

Mn would have a higher abundance in the Earth's upper mantle than V and Cr. 

Therefore, significant segregation of Mg-perovskite would yield V, Cr. and Mn relative 

abundances which are inconsistent with the observed relative abundances (Figure 2.2). 

Taken in isolation, these results do not appear to be consistent with large scale 

fraction of Mg-perovskite from an early ocean, because Mg-perovskite fractionating as a 

lone phase can not be responsible for either refractory lithophile element ratios. In 

. addition, Mg-perovskite fractionating as a lone phase does not yield the relative 

abundance of V, Cr and Mn, in the upper mantle of the Earth. 
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Figure 8.6. Variations of element ratios that would be observed in the upper mantle of 

the Earth with the fractionation of Mg-perovskite from a melt, such as might have 

occurred during a postulated magma ocean stage: (a) Mg/ Al, Ca/ Al, Mg/Si, Alffi, and 

Sc/Sm ratios using partition coefficients from sample CMS.1165; (b) Mg/Al, Ca/Al, 

Mg/Si, and Mg/Ca using partition coefficient values from sample UHP.723. Partition 

coefficients are from Table 7 .9. Mg-perovskite segregation would result in significant 

fractionation of some refractory lithophile elements away from the approximately 

chondritic ratios which are inferred for the primitive mantle. 
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Figure 8.7. The pattern of V, Cr, Mn abundances that would be observed in the upper 

mantle of the Earth with the fractionation of Mg-perovskite from a melt, such as might 

have occurred during a postulated magma ocean stage. Most likely estimates leave Cr 

more depleted than V, although their uncertainty envelopes overlap. Partition coefficient 

values used are those from sample UHP.723 in Table 7.9. Mg-perovskite segregation is 

not responsible for the pattern of V, Cr, and Mn abundances which are inferred for the 

primitive mantle of the Earth. 
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Combined Fractionations of Magnesiowiistite and Mg-perovskite 
'. 

It appears from the present work that magnesiowUstite is a liquidus or near-liquidus 

phase for a KLB-1 composition at -245 kbars and 2400°C. If so, magnesiowUstite would 

be expected to fractionate from a magma ocean if perovskite fractionation occurs. I will 

now consider the simultaneous fractionation of Mg-perovskite and magnesiowUstite from 

the upper mantle of the Earth in appropriate proportions. 

Figures 8.8a-h show the effects of Mg-perovskite and magnesiowUstite segregation 

. from a magma ocean on several element ratios using partition coefficient values from 

sample UHP.723 (Tables 7.7 and 7.9). Ratios of refractory and moderately refractory 

elements investigated are: Alffi, Caffi, Cal AI, MgI AI, SilCa, MglCa, MglSi and Sil AI. 

Included in Figures 8.8a-h are 2 (j uncertainty envelopes calculated by alternately 

adding and subtracting the 2 (j estimate to and from the partition coefficient value and 

recalculating CI. Plotted is a calculated line showing the combined effect of fractionation 

of a mixture of 80:20 Mg-perovskite to magnesiowUstite by weight. These relative 

weight percentages of the phases yield a reasonable upper limit to the amount of likely 

magnesiowUstite fractionation. Thus, I consider two end-member cases: Mg-perovskite 

fractionation only, and 80:20 Mg-perovskite to magnesiowUstite by weight 

Several estimates of the composition of the Earth's primitive mantle, normalized to 

the composition of CI-chondrites, are shown in Figures 8.8a-h. These estimates are 

shown at 27% solid fractionation to consider the possibility that 27% Mg-perovskite 

fractionation along with accumulation of olivine would raise the MglSi ratio from CI

chondritic to its inferred value in the primitive mantle (Agee and Walker, 1988). It may 

be more appropriate to compare fractionation effects on all element ratios with one upper 

mantle estimate at a time. However, if fractionation of a phase (or phases) results in a 

composition for the magma ocean that lies outside all estimates for the upper mantle of 
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the Earth, then the argument against fractionation of this phase (or phases) is particularly 

robust 

I will now examine the effects of phase fractionations on magma ocean 

composition. The range of Alffi ratios that would result in the magma after fractionation 

of Mg-perovskite and magnesiowUstite lies outside the range of upper mantle estimates 

(Figure 8.8a), although this ratio is not strongly deflected from CI-chondrites because the 

ratio of the partition coefficients for these two elements is close to a value of one (Table 

7.7 and 7.9). Fractionation of Mg-perovskite and magnesiowUstite will cause the Caffi 

ratio to deviate significantly from its inferred value in the Earth's upper mantle (Figure 

8.8d). Presumably olivine or beta spinel fractionation will not strongly affect either the 

Alffi or Calfi ratio, although this should be tested numerically. 

The MgI AI, MglCa and Si/Ca ratios do not provide constraints on amounts of 

fractionation of Mg-perovskite and magnesiowiistite (Figures 8.8b,c,!). Several upper 

mantle estimates lie within the envelope defined by the two combined magnesiowiistite 

and Mg-perovskite fractionation lines. The Cal Al ratio is enhanced in the resulting upper 

mantle with fractionation of both Mg-perovskite and magnesiowiistite (Figure 8.8e). The 

combined effect lines lie outside the range of upper mantle estimates. The fractionation 

of these two phases (without considering fractionation of other phases) would result in a 

CalAl ratio different from estimated values. 

Fractionation of Mg-perovskite and magnesiowiistite would lower the elevated CI

chondritic MglSi ratio which has been reconstructed for the primitive mantle of the Earth 

to sub CI-chondritic values (Figure 8.8g). There is no percentage fractionation of these 

phases that would yield the MglSi ratio inferred for the primitive mantle of the Earth. 

The area between the two combined Mg-perovskite and magnesiowiistite lines is clearly 

outside upper mantle estimates, and the "fit" is very poor. This would be expected purely 

on stoichiometric grounds without consideration of olivine flotation (e.g., Agee and 
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Walker, 1988). Olivine incorporates approximately twice as much Mg as does the 

quench melt in these experiments because its fonnula is Mg2Si04, while the approximate 

melt composition is MgSi03 (e.g., see Table 7.3). Therefore, the net addition of olivine 

into the upper mantle will increase the Mg content of the upper mantle and cause a 

combined effect line for Mg-perovskite, magnesiowiistite and olivine to be deflected in 

the direction of the upper mantle estimates. 

The SilAI ratio is inconsistent with Mg-perovskite and magnesiowiistite 

fractionation, because the fractionation lines for these phases lie outside the range of all 

. upper mantle estimates for all percentage fractionations of these phases (Figure 8.8h). In 

addition, the flotation of olivine into the upper mantle will cause even greater deviations 

of the resultant SilAl ratio relative to estimates in the Earth's upper mantle. Olivine (or 

beta spinel) will incorporate significant amounts of Si on the basis of stoichiometry, while 

effectively excluding Al (see Table 7.3). Some phase other than olivine (or beta spinel) 

that would incorporate more Al than Si must be invoked to allow fractionation of 

significant amounts of Mg-perovskite and magnesiowiistite. 

Thus, fractionation of Mg-perovskite and magnesiowiistite would result in a higher 

Sil AI ratio and a lower MglSi ratio than any estimate for the upper mantle of the Earth. 

Olivine or beta spinel addition into the upper mantle will cause the SilCa ratio in the 

upper mantle to increase, which would worsen the "match" with upper mantle estimates. 
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Figures S.S a • h. The variation of the AIITi, Mgt AI, MgtCa, Catri, Cal AI, SilCa, 
MglSi and Sil AI ratios that would be observed in the upper mantle of the Earth with the 
fractionation of Mg-perovskite (Pv), and a combination of Mg-perovskite and 
magnesiowUstite (Mw) in an 80:20 mixture by weight from a melt, such as might have 
occurred during a postulated magma ocean stage. This percentage of these two 
minerals was computed by estimating proportions of perovskite and magnesiowiistite in 
the lower mantle. Partition coefficient values used are those from sample UHP.723 in 
Tables 7.7 and 7.9 because it is most relevant for an upper mantle composition. The 
trends for the evolving liquid are normalized to the initial concentration in the Earth 
which is assumed, for the purposes of this paper, to be CI-chondrite normalized and 
initially equal to a value of one. Included are ± 2 (j uncertainty envelopes. 

Several estimates (CI-normalized) of the composition of the primitive mantle of 
the Earth are shown. These compositions are plotted at 27% solid fractionation in order 
to consider the possibility that 27% by weight Mg-perovskite fractionation along with 
the accumulation of olivine would raise the MglSi ratio from CI-chondritic to its 
inferred value in the primitive mantle (Agee and Walker, 1988). Sources of primitive 
mantle composition estimates are as follows: closed circle: Jagoutz et at., 1979; closed 
square: pyrolite (from Jagoutz et at., 1979); open triangle: Ringwood, 1979; open 
diamond: Wanke, 1981; closed triangle: Palme and Nickel, 1985). The symbols are 
labeled in Figure 6a for convenience. Symbols are also labeled if they plot on or very 
close to one another. 

Mg-perovskite and magnesiowiistite segregation would result in significant 
fractionation of several element ratios (e.g., MgtSi, Cal AI, Sil AI) away from the ratios 
which are inferred for the primitive mantle of the Earth. Olivine fractionation may 
account for the MglSi ratio, but yields a Sil AI ratio distinct from upper mantle estimates 
based on stoichiometry. This same argument holds for the SilCa ratio as well. 
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9. OVERALL SUMMARY AND CONCLUSIONS 

Was the Moon Derived from the Earth's Mantle? 

The abundances of V, Cr, and Mn in the mantles of the Earth and Moon are very 

similar to each other, and decrease in the order V>Cr>Mn (Drake et aZ., 1989). This 

similarity may have implications for the origin of the Moon (Ringwood et al., 1990, 

1991). Previous work has shown that V, Cr, and Mn abundances in the upper mantle of 

the Earth and in the Moon could not have been established by partitioning between solid 

metal, S-bearing metallic liquid, and basaltic silicate liquid at low pressures and 

temperatures (Drake etaZ., 1989). Ringwood et al. (1991) have extended this conclusion 

to 30-250 kbar. Note that if the Moon is derived largely from the mantle of a Mars-sized 

impactor, it is unclear how the V, Cr and Mn abundances in the impactor were originally 

established. A pressure of 250 kbar corresponds to the lower mantle of a Mars-sized 

impactor, and core-mantle equilibrium in such an object will not yield the abundances of 

V, Cr and Mn inferred for the upper mantles of the Earth and Moon. 

Attempts to explain the relative abundances of V, Cr and Mn through explanations 

appealing to differential volatility have also failed. The V, Cr, and Mn abundances 

observed in the upper mantle of the Earth and in the Moon could not have been 

established by solid silicate/silicate melt partitioning at low pressures. 

This work establishes that the V, Cr, and Mn patterns were also not obtained by 

solid silicate liquid silicate partitioning at higher pressures and temperatures relevant to 

the upper mantle and uppermost lower mantle of the Earth. For example, the V, Cr, and 

Mn patterns were not obtained by majorite garnetlliquid silicate partitioning at pressures 

and temperatures relevant to the upper mantle of the Earth (from sample UHP.414 in the 

CMS system). Further, it is established (from sample UHP.723) that the V, Cr, and Mn 
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patterns were not created by Mg.pe~ovskitelmelt or magnesiowiistitelmelt partitioning at 

pressures and temperatures relevant to the uppermost lower mantle of the Earth (hundreds 

of kbars and several thousand °C). In fact, the fractionation of majorite garnet, 

magnesiowUstite and Mg-perovskite in any combination will result in an upper mantle 

that is enriched in Mn relative to Cr, contrary to observation (see Figures 2.2, 8.3, 8.5, 

8.10). 

The reason for the similar V, Cr, and Mn abundances observed in the upper mantle 

of the Earth and in the Moon remains unresolved by experiment. Perhaps the assertion 

of Ringwood et al. (1991) that the abundances of V, Cr, and Mn in the Earth's mantle 

were established by metaUsilicate equilibria at core/mantle boundary pressures 

(approximately 1,340 kbar) is correct, although it awaits experimental verification. 

Was There a Terrestrial Magma Ocean? 

Is there surviving evidence of large scale fractionation of liquidus phases from an 

early terrestrial magma ocean given measured values of trace element partition 

coefficient values? In spite of the fact that experimental procedures are very challenging, 

there is reasonable agreement between directly measured partition coefficient values 

among different researchers for experiments performed under similar conditions. I will 

now summarize the conclusions from the experimental results presented in this work. 

Significant olivine flotation into the upper mantle of the Earth would cause the 

NilCo ratio of the upper mantle to become super-CI chondritic, contrary to the sub-CI 

chondritic ratio currently observed. Therefore, substantial fractionations involving 

olivine alone are precluded. Likewise, significant segregation of majorite garnet, when 

considered in isolation, would fractionate some element ratios (e.g., Mgt AI, Cal AI) away 

from the approximately chondritic values which are currently observed, because some 
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elements have majorite/melt partition coefficients greater than a value of one, while 

others have values less than a value of one (Figures 8.2 a, b). Thus, experimental results 

from this work support the conclusion drawn by Kato et al. (1987, 1988a) that at most 

minor amounts of majorite garnet fractionation (when considered in isolation during a 

global magma ocean phase) are consistent with the chondritic ratios of refractory 

lithophile elements. This conclusion is also in accord with that of Agee and Walker 

(1988) based on major element considerations. 

A similar conclusion holds for magnesiowilstite fractionation. If significant 

fractionation of magnesiowilstite had occurred, then approximately chondritic ratios 

would be altered from their inferred chondritic initial ratios (e.g., Mg/ Al, Ca/ Al, Mg/Si, 

Mg/Ca; Figures 8.4 a,b). Therefore, significant amounts of magnesiowilstite 

fractionation have not occurred unless compensated by fractionation of other phases. The 

other main phase that has been proposed to be involved in fractionations in the mantle of 

the Earth is Mg-perovskite. Experimental measurements of element partition coefficients 

from this work and from other researchers (Ito and Takahashi, 1987; Kato et al., 1987, 

1988a,b) show that segregation of Mg-perovskite, when considered in isolation, would 

fractionate the ratios of refractory lithophile elements (e.g., Ca/ Al, Sc/Sm, Mg/Ca; 

Figures 8.6 a,b) away from chondritic values. 

Thus, experimental measurements of element partition coefficients show that large

scale fractionation of several stable and volumetrically important mineral phases, when 

considered in isolation, is inconsistent with the approximately chondritic ratios of 

refractory elements inferred for the primitive mantle of the Earth. This conclusion is also 

true when the combined fractionation of magnesiowilstite and Mg-perovskitc is 

considered. 

There are several possibilities for why we see no evidence of mineral fractionation. 

It is possible that: a) the Earth somehow avoided a magma ocean event (Kato et al., 1988 
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a,b); b) the Earth did melt, but mineral phases did not separate from the magmas in 

which they formed but instead remain entrained in the melt (Tonks and Melosh, 1990; 

McFarlane and Drake, 1990); c) the Earth melted and mineral fractionation did occur, 

but efficient re-mixing has destroyed any evidence of such fractionation; d) partition 

coefficient values at higher temperatures and pressures than have been investigated thus 

far may converge on a value of one; e) fractionation of different minerals from the melt 

may have counterbalanced one another, resulting in only minor deviations of ratios from 

chondritic values. Considering these possibilities in more detail: 

(a) It is possible that the Earth never fractionated minerals from melt because the 

Earth was never substantially molten and a magma ocean never existed on the Earth. A 

never molten Earth has several important implications for solar system formation, and 

theories of planetary accretion and lunar formation would require reevaluation. 

Specifically, questions would be raised concerning the nature of the dynamical 

environment of accretion that has become generally accepted (e.g., Wetherill, 1985, 

1990) necessitating modifications to accretion theory. If the Earth was never 

substantially molten, then the accretional process must have delivered gravitational 

energy more slowly than current theory predicts. Accretion of the "quiet" mode 

(Greenberg et al., 1978) rather than the "violent" mode (Wetherill, 1985) would be 

favored implying a more quiescent solar system. In addition, the formation of the Earth's 

moon as a result of the collision of a Mars-sized body with the Earth in a giant impact 

event would seem extremely unlikely without evidence for subsequent substantial 

terrestrial differentiation (Drake, 1989). 

(b) One possible mechanism for avoiding mineral fractionation during magma 

ocean solidification is advanced by Tonks and Melosh (1990). These researchers suggest 

that the fluid dynamics of a magma ocean are more like a dusty atmosphere than viscous 

lava erupted at the surface of a planet, and that minerals remained entrained in magma 
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and were unable to segregate. The Rayleigh number, a measure of the forces driving 

convection compared to those damping convection, is proportional to the cube of the 

depth of the system being considered. A magma ocean would be hundreds or thousands 

of kilometers deep (by definition) compared with typical lava flows that are only meters 

deep. Such great depths lead to very large Rayleigh numbers which indicate greatly 

enhanced rates of convection relative to shallower systems. Therefore, a magma ocean 

on Earth might have been convecting vigorously enough to inhibit crystal segregation 

from magma as it cooled (see Tonks and Melosh, 1990 for a comparison of Earth and 

Moon magma oceans). This proposal would eliminate the apparent conflict between 

accretional theory and geochemical observation. 

(c) If mineral fractionation had occurred, evidence of fractionation could have been 

subsequently erased, presumably via vigorous convection after solidification (solid state 

convection). If a terrestrial magma ocean is implied, then either convection rates and 

mixing efficiencies in the mantle must have been very high early in planetary history (in 

order to avoid the layered structures that typically result from substantial melting and 

differentiation) and must be modified, or some mechanism must have prevented large

scale mineral fractionation. Whether enhanced convection rates and efficiencies 

contradict established spreading center and diffusion rates has not been established and 

should be examined (Drake, 1989). 

(d) Experiments at higher temperatures and pressures of volumetrically significant 

sample sizes are limited by current technology and await future experimental 

investigation. 

(e) I have shown that compensating phase fractionation effects are unlikely 

considering the number of phases and especially element pairs involved. Preliminary 

conclusions withstand compensating effects, but this avenue of study could be examined 

further. 
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Implications: The lack of geochemical evidence for planet-wide mineral 

fractionation implies that the Earth's Mg/Si ratio is distinct from the Mg/Si ratios of most 

classes of chondritic meteorites. There are no primitive meteorites with such a Mg/Si 

ratio, but that may arise from the accretion of most or all planetesimals with an 

appropriate MglSi ratio into Earth and the ejection of residual material from the solar 

system during the accretion process. 

Assuming that chondritic meteorites came from the main asteroid belt, as it is 

generally believed (e.g., Kerridge and Matthews, 1989), then the accretional process did 

not efficiently mix material between the Earth and the asteroid belt. A unique terrestrial 

Mg/Si ratio implies that compositionally distinct reservoirs were maintained between the 

main asteroid belt at 2-4 AU and planetesimals at the Earth's semi-major axis at 1 AU. In 

other words, significant compositional homogenization between planetesimals formerly 

near the Earth's current location and planetesimals in the asteroid belt could not have 

occurred. Lack of such homogenization is also evidenced by the difference in oxygen 

isotopic composition between the Earth and the SNC meteorites, which are generally 

believed to have come from Mars (e.g., Bogard et at., 1984; Becker and Pepin, 1984). 

Taken all together, the implication is that compositionally distinct reservoirs of material 

were largely preserved in the Earth, Mars and the main asteroid belt destined to reside at 

1 AU, 1.5 AU and 2 - 4 AU respectively. 



REFERENCES 

Agee, C.B. and Walker D. (1988) Mass balance and phase density 
constraints on early differentiation of chondritic mantle. Earth. Planet. Sci. 
Lett. 90, 144-156. 

Agee, C.B. and Walker D. (1989) Comments on "Constraints on element 
partition coefficients between MgSi03 perovskite and liquid determined 
by direct measurements" by T. Kato, A.E Ringwood, and T. Irifune. 
Earth. Planet. Sci. Lett. 94, 160-161. 

Agee, C.B. (1990) A new look at differentiation of the Earth from melting 
experiments on the Allende meteorite. Nature 346, 834-837. 

Anders, E. and Ebihara, M. (1982) Solar-system abundances of the 
elements. Geochim. Cosnwchim. Acta 46, 2363-2380. 

Anders, E.A. and Grevesse N. (1989) Abundances of the elements: 
meteoritic and solar. Geochim.. Cosnwchim. Acta 53, 197-214. 

Anderson, D.L. (1979) Chemical stratification of the mantle. J. Geophys. 
Res. 84, pp. 6971 - 6298. 

Anderson, D.L. (1984) The Earth as a planet: paradigms and paradoxes. 
Science 223, pp. 347 - 355. 

Anderson D.L. (1989) Theory of the Earth, Blackwell Scientific 
Publications, ISBN 0-86542-335-0. 

Basaltic Volcanism Study Project (1981) Basaltic Volcanism on the 
Terrestrial Planets, 282-310, Pergamon, New York. 

Becker R. H. and Pepin R. O. (1984) The case for a martian origin of the 
shergottites: nitrogen and noble gases in EETA 79001. Earth Planet. Sci. 
Lett. 69,225-242. 

Benz, W., Slattery, W.L. and Cameron, A.G.W. (1986) The origin of the 
Moon and the single-impact hypothesis I. Icarus 66, 515-535. 

Benz, W. Slattery, W.L. and Cameron, A.O.W. (1987) The origin of the 
Moon and the single-impact hypothesis II. Icarus 71,30-45. 

Benz, W, Cameron, A.G.W. and Melosh, H.J. (1989) The origin of the 
Moon and the single-impact hypothesis III. Icarus 81, 113-131. 

146 



Bogard, D.D., Nyquist, L.E. and Johnson, P. (1984) Noble gas contents of 
shergottites and implications for the martian origin of SNC meteorites. 
Geochim.. Cosmochim. Acta 48,1723-1739. 

Brown, G.C. and Mussett, AE. (1981) The Inaccessible Earth, George 
Allen & Unwin, ISBN 0-04-550027-4. 

Brown, G.C. and Mussett, AE. (1993) The Inaccessible Earth, Chapman 
and Hall, ISBN 041248160 X. 

Chou, C.-L. (1978) Fractionation of siderophile elements in the Earth's 
upper mantle. Proc. Lunar Planet. Sci. Conf. 9th, 219-230. 

Chou, C.-L., Shaw, D.M., and Crocket, J.H. (1983) Siderophile trace 
elements in the Earth's oceanic crust and upper mantle. Proc. Lunar 
Planet. Sci. Conf. 13th, J. Geophysical Research 88 A507-A518. 

Clayton, R.N., Dnuma, N, and Mayeda, T.K. (1976) A classification of 
meteorites based on oxygen isotopes. Earth. Planet. Sci. Lett. 30, 10-18. 

Davies, G.F. (1992) Plates and plumes: dynamos of the Earth's mantle. 
Science, 257, 493-494. 

Davies, G. F. (1990) Mantle plumes, mantle stirring and hotspot 
chemistry. Earth. Planet. Sci. Lett., 99, 94-109. 

Drake, M.J. and Weill, D.F. (1972) New rare earth element standards for 
electron microprobe analysis. Chem. Geol. 10, 179-181. 

Drake, M.1., Boynton, W.V., and Blanchard, D.P. (1987) The case for 
planetary sample return missions: 1. origin of the solar system. EOS 68, 
111-113. 

Drake, M.J. (1989) Geochemical constraints on the early thermal history 
of the Earth. Zeitschrift fiir Naturjorschung 44a, 883-890. 

Drake, M. 1., Newsom H. E., and Capobianco C. J. (1989) V, Cr and Mn 
in the Earth, Moon, EPB and SPB and the origin of the Moon: 
experimental studies. Geochim.. Cosmochim. Acta 53,2101-2111. 

Drake, M. 1. (1990) Experiment confronts theory. Nature 347, 128-129. 

Drake, M.J., E.A McFarlane, D.C. Rubie, and T. Gasparik (1991) Mg 
perovskitel silicate melt partitioning in the systems KLB-l and CMS at 
high pressures and temperatures. EOS, 72, No. 44, 281. 

Drake, M.1., D.C. Rubie, and B.A. McFarlane (1991) Mg
perovskite/silicate melt and magnesiowUstite/silicate melt partition 
coefficients for KLB-l at 250 kbars. Magma Oceans Workshop 9-10. 

147 



Drake, M. J., McFarlane E. A., Gasparik, T., and Rubie, D. C. (1993) 
Mg-perovskite/silicate melt and majorite garnet/silicate melt partition 
coefficients in the system CaO-MgO-Si02 at high temperatures and 
pressures. JGR Planets 98,5427-5431. 

Dziewonski, A.M. and Anderson, D.L. (1981) Preliminary reference Earth 
model. Phys. Earth Planet. Inter., 25, 297-356. 

Gasparik, T. (1989) Transformation of enstatite, diopside, jadeite, and 
pyroxene to garnet. Contributions to Mineralogy and Petrology. 

Gasparik, T. (1990) Phase relations in the Transition Zone, J. Geophys. 
Res.,95,15,751-15,769. 

Green, D.H. and Ringwood, A.E. (1967) The genesis of basaltic magmas, 
Contrib. Mineral. Petrol, 15, 103-190. 

Greenberg, R.J., Wacker, J.F., Hartmann, W.K., and Chapman, C.R. 
(1978) Planetesimals to planets: numerical simulation of collisional 
evolution. Icarus 35, pp. 1-26. 

Gruau, G. Chauvel, C. Arndt, N.T., and Cornichet, J. (1990) Aluminum 
depletion in komatiites and garnet fractionation in the early archaen 
mantle: hafnium isotopic constraints. Geochim. Cosmochim. Acta 54, pp. 
3095-3101. 

Heinz, D. L. (1991) Split decision on the mantle. Nature, 351, 346-347. 

Hemley, R.J. and Cohen, R.E. (1992) Silicate perovskite. Ann Rev Earth 
Plan Sci, 20, 553-600. 

Herzberg, C.T. (1983) Solidus and liquidus temperatures and mineralogy 
for anhydrous garnet lherzolite to 15 GPa. Phys. Earth planet. Inter. 32, 
pp.193 - 202. 

Herzberg, C.T. and O'Hara, M.J. (1985) Origin of mantle peridotite and 
komatiite by partial melting. Geophysical Research Letters 12, pp.541-
544. 

Herzberg, C. et al. (1988) Majorite fractionation re"corded in the 
geochemistry of peridotites from South Africa. Nature, 332,823-826. 

Hillgren, V.H., Drake, M.J. and Rubie, D.R. (1984) High pressure and 
temperature metal-silicate partitioning behavior of moderately siderophile 
elements: implications for the early history of the Earth. Lunar Planet. 
Sci. XXV (in press). 

148 



Hofmeister, AM. (1983) Effect of a hadean terrestrial magma ocean on 
crust and mantle evolution. J. Geophys. Res. 88, pp. 4963 - 4983. 

Hostetler, C.l and Drake, M.J. (1980) On the early global melting of the 
terrestrial planets. Proc. Lunar Planet. Sci. Conf. 11th, pp. 1915-1929. 

Hubbard, W. B. (1984) Planetary Interiors, Van Nostrand Reinhold Co. 
Inc., ISBN 0-442-23704-9. 

Ito, E. and Takahashi, E. (1987) Melting of peridotite at uppermost lower
mantle conditions. Nature 328, pp.514-517. 

Ito, E, and Takahashi, E. (1989) Postspinel transformations in the system 
Mg-2 Si04-Fe2Si04 and some geophysical implications. 1. Geophysical 
Research 94, 10637-10646. 

Jagoutz, E., Palme, H., Baddenhausen, H., Blum, K., Cendales, M., 
Dreibus, G., Spettel, B., Lorenz, V. and Wanke, H. (1979) The abundances 
of major, minor and trace elements in the Earth's mantle as derived from 
primitive ultramafic nodules. Proc. Lunar Sci. Conf. 10th, pp. 2031-
2050. 

Jarosewich, E. (1990) Chemical analyses of meteorites: A compilation of 
stony and iron meteorite analyses. Meteoritics 25, 323-337. 

Jones, J.H. (1984) Temperature- and pressure-independent correlations of 
olivine/liquid partition coefficients and their application to trace element 
partitioning. Contrib. Mineral Petrol. 88, pp. 126-132. 

Jones, lH. and Drake, M.J. (1983) Experimental investigations of trace 
element fractionation in iron meteorites, II: The influence of sulphur. 
Geochim. Cosmochim. Acta 47, pp. 1199-1209. 

Jones, J.H. and Drake, MJ. (1986) Geochemical constraints on core 
formation in the Earth. Nature 322, pp. 221-228. 

Jones, IH. and Burnett, D.S. (1986) Experimental geochemistry of Pu and 
Sm and the thermodynamics of trace element partitioning. Geochim. 
Cosmochim. Acta 51, pp. 769-782. 

Kallemeyn, G.W. and Wasson, J.T. (1981) The compositional 
classification of chondrites-I. The carbonaceous chondrite groups. 
Geochim. Cosmochim. Acta 45,1217-1230. 

Kato, T., lrifune, T. and Ringwood, A.E. (1987) Majorite partition 
behavior and petrogenesis of the Earth's upper mantle. Geophysical 
Research Letters 14, no.5, pp. 546 - 549. 

149 



Kato, T., Ringwood, A.E., and Irifune, T. (1988a) Experimental 
determination of element partitioning between silicate perovskites, garnets, 
and liquids: constraints on early differentiation of the mantle. Earth. 
Planet. Sci. Lett. 89, pp. 123-145. 

Kato, T., Ringwood, A.E., and lrifune, T. (1988b) Constraints on element 
partition coefficients between MgSi03 perovskite and liquid determined 
by direct measurements. Earth. Planet. Sci. Lett. 90, pp. 65-68. 

Kato, T., Ringwood, A.E., and lrifune, T. (1989) Constraints on element 
partition coefficients between MgSi03 perovskite and liquid determined 
by direct measurements - reply to C.B. Agee and D. Walker. Earth. 
Planet. Sci. Lett. 94, 162-164. 

Katsura, T. and Ito, E. (1989) The system Mg2Si04 at high pressures and 
temperatures: precise determination of stabilities of olivine, modified 
spinel, and spine1. J. Geophysical Research 94, 15663-15670. 

Keppler, H. and Rubie, D.C. (1993) Pressure-induced coordination 
changes of transition-metal ions in silicate melts. Nature 364, 54-56. 

Kerr, R.A. (1991) Do plumes stir Earth's entire mantle? Science, 252, 
1068-1069. 

Kerridge, J.F. and Matthews, M.S. (1988) Meteorites and the Early Solar 
System, The University of Arizona Press, Tucson. 

Kipp, M. E. and Melosh, H.J. (1986) Origin of the Moon: a preliminary 
numerical study of colliding planets. Lunar and Planet. Sci. xvn, 420-
421. 

Kipp, M.E. and Melosh, H.J. (1987) A numerical study of the giant impact 
origin of the Moon: the first half hour. Lunar and Planetary Science 
XVIII,491-492. 

Li, X. and Ieanloz, R. (1991) Effect of iron content on the electrical 
conductivity of perovskite and magnesiowiistite assemblages at lower 
mantle conditions. J. Geophys. Res., 96, 6113-6120. 

Mao, H.K., Fei, Y. and Hemley, RJ. (1991) Stability of (Fe,Mg)Si03-
perovskite in the lower mantle. EOS, 72, 283. 

McFarlane, E. A. and Drake, M. J. (1990) Element partitioning and the 
early thermal history of the Earth. In Origin of the Earth (eds. H.E. 
Newsom and I.H. Jones), 135-150. 

McFarlane, E. A., Drake, M. J. and Herzberg, C. (1990) Olivine, beta 
spinel and majorite/melt partitioning and the early thermal history of the 
earth. Lunar Planet. Sci. XXI,759-760. 

150 



McFarlane, E.A, Drake, M. 1. and Gasparik, T. (1991a) Mg
perovskite/silicate melt partition coefficients in the cms system at 2430°C 
and 226 kbars. Magma Oceans Workshop, 24-25. 

McFarlane, E. A., Drake, M. J., and Herzberg, C. (1991b) 
Magnesiowustite/melt and majorite/melt partitioning and the early thermal 
history of the earth. Lunar Planet. Sci. XXII, 875-876. 

McFarlane, E. A., Drake M. J., Rubie D. C., and Gasparik, T. (1992) 
Mantle mineral/silicate melt partition coefficients. Lunar Planet. Sci. 
XXIII, 883-884. 

McKay, G.A and Seymour, R.S. (1982) Electron microprobe analysis of 
trace elements in minerals at 10 ppm concentrations. In Microbeam 
Analysis -1982, K.F.J. Heinrich, Ed., San Francisco Press, San Francisco, 
pp.431 - 434. 

Newsom, H.E. and Palme, H. (1984) The depletion of siderophile 
elements in the Earth's mantle: new evidence from molybdenum and 
tungsten. Earth. Planet. Sci. Lett. 69,354-364. 

Newsom, H.E. (1990) Accretion and core formation in the Earth: 
evidence from siderophile elements In Origin of the Earth (eds. H.E. 
Newsom and J.H. Jones), 

Ohtani, E. (1985) The primordial terrestrial magma ocean and its 
implication for stratification of the mantle. Phys. Earth planet. Inter. 38, 
pp. 70 - 80. 

Ohtani. E .• I. Kawabe,1. Moriyama. and Y. Nagata (1989) Partitioning of 
elements between majorite garnet and melt and implications for the 
petrogenesis of komatiite, Contrib. Mineral. Petrol., 103, 263-269. 

Ohtani. E .• Kato T. and Ito. E. (1991) Transition metal partitioning 
between lower mantle and core materials at 27 GPa. Geophys. Res. Lett. 
18, No.1, 85-88. 

Palme. H. and Nickel, K.G. (1985) CalAl ratio and composition of the 
Earth's upper mantle. Geochim. Cosmochim. Acta 49, 2123-2132. 

Patchett, PJ .• White, W.M .• Feldmann. H. Kielinczuk, S. and Hofmann, 
AW. (1984) Hafnium/rare earth element fractionation in the sedimentary 
system and crustal recycling into the Earth's mantle. Earth Planet. Sci. 
Lett. 69, 365-378. 

Ringwood, A. E. (1979) Origin of the Earth and Moon. Springer, New 
York 

151 



Ringwood, A. E. (1986) Composition and origin of the moon. In Origin 
of the Moon. (eds. W. K. Hartmann, R.1. Phillips and 0.1. Taylor), 673-
698. 

Ringwood, A.E., Kato T., Hibberson W., and Ware N. (1990) High
presure geochemistry of Cr, V and Mn and implications for the origin of 
the Moon. Nature 347,174-176. 

Ringwood, A. E., Kato T., Hibberson W., and Ware N. (1991) Partitioning 
of Cr, V, and Mn between mantles and cores of differentiated 
planetesimals: Implications for the giant impact hypothesis of lunar origin. 
Icarus 89, 122-128. 

Rubie, D. C., Ross II C.R., Carroll M.R., and Elphick S.C. (1993a) 
Oxygen self-discussion in Na2Si04liquid up to 10 GPa and estimation of 
high-pressure melt viscosities. American Mineralogist 78, 574-582. 

Rubie, D.C., Karato, S. Yan, H. and O'Neill H.St. C. (1993b) Low 
differential stress and controlled chemical environment in multianvil high
pressure experiments. Phys. Chern. Minerals 20,315-322. 

Safranov, V.S. (1972) Evolution of the proto planetary cloud and 
formation of the Earth and planets. Moscow: Nauka. Trans!. Isreal 
Program for Scientific Translations. NASA IT F-677. 

Stevenson, D.1. (1981) Models of the Earth's core. Science 214, pp. 611-
619. 

Suito, K. (1977) Phase relation of pure Mg2Si04 up to 200 kilobars. In 
High Pressure Research-Application to Geophysics", M.H. Manghnani and 
S. Akimoto (editors), Academic Press, New York, pp. 255 - 266. 

Tackley, PJ., Stevenson, D.1., Glatzmaier, G.A., and Schubert, G. (1993) 
Effects of an endothermic phase transition at 670 km depth in a spherical 
model of convection in the Earth's mantle. Nature, 361, 699-704. 

Takahashi, E. (1986) Melting of dry peridotite KLB-l up tp 14 GPa: 
Implications on the origin of peridotitic upper mantle. J. Geophys. Res. 
91,9367-9382. 

Tonks, W.B. and Melosh, H.1. (1988) Abstracts of the Conference on the 
Origin of the Earth, 93-94, The Lunar and Planetary Institute, Houston. 

Tonks, W.B. and Melosh, H.I. (1989) Crystal settling in a vigorously 
convecting magma ocean. Lunar Planet. Sci. 20, 1124-1125. 

Tonks, W.B. and Melosh, H.I. (1990) The physics of crystal settling and 
suspension in a turbulent magma ocean. In Origin of the Earth (eds. H. E. 
Newsom and 1. H. Iones), 151-174. 

152 



Tr~nnes R. o. (1992) Liquidus phase relations of Cl chondrite at 
pressures of 20-27 GPa. EOS, Transactions, American Geophysical Union 
73, no. 14,317. 

Walker, D. (1986) Melting equilibria in multicomponent systems and 
liquiduS/solidus convergence in mantle peridotite. Contrib. Mineral 
Petrol. 92, pp. 303-307. 

Walker D. and Agee C.B. (1989) Partitioning "equilibrium", temperature 
gradients, and constraints on earth differentiation. Earth Planet. Sci. Lett. 
96,49-60. 

Wang et al. (1991) Phase transition and thermal expansion of MgSiDJ 
perovskite. Science, 251, 410-413. 

Wanke H. (1981) Constitution of terrestrial planets. Phil. Trans. R. Soc. 
Lond. A 303,287-302. 

Wetherill G. W. (1985) Occurrences of giant impacts during the growth of 
the terrestrial planets. Science 228,877-879. 

Wetherill G. W. (1990) Formation of the Earth. Ann. Rev. Earth Planet. 
Sci. 18, 205-256. 

White, W.M. and Patchett, P.l (1984) Hf-Nd-Sr isotopes and incompatible 
element abundances in island arcs: implications for magma origins and 
crust-mantle evolution. Earth Planet. Sci. Lett. 67, 167-185. 

153 

Wood and Nell (1991) High-temperature electrical conductivity of the lower
mantle phase (Mg,Fe)O. Nature, 351, 309-311. 




