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Abstract

Peridotite in the earth's upper mantle undergoes polybaric, fractional melting as it
rises adiabatically beneath mid-ocean spreading ridges. As liquid is continually
extracted, peridotite becomes increasingly depleted in incompatible components. The
amounts and compositions of partial melts of depleted peridotite are important
parameters in models of MORB petrogenesis, but have not been well-constrained
previously. I present partial melting experiments on a depleted peridotite composition at
10 kbar and 1250-1390°C. My experiments make use of small aggregates of glassy
carbon particles into which partial melt is extracted at high temperature. I have been able
to analyze low degree partial melts (<10%) and quantify the effects of incompatible
element depletion on the melting behavior of peridotite. Special tests of the approach to
equilibrium in this study confirm the validity of the aggregate melt extraction technique,
which has sparked much debate in the literature (see Chapters 2 and 3 for details).

Melts of depleted peridotite differ in important ways from melts of fertile peridotite,
mostly due to lower alkali contents and chemical consequences thereof. At low melt
fractions, melts of depleted peridotite have less SiO,, more CaO, and higher CaO/Al,03
than melts of fertile peridotite at the same melt fraction. According to these results and
others in the literature, solidus temperature is a linear function of incompatible major
element content. Melt fraction at cpx-out is proportional to normative cpx in source
peridotite.

Liquid compositions from this study are in good agreement with calculations using
the quantitative models of Kinzler and Grove (1992a), Langmuir et al. (1992), and
Ghiorso and Sack (1995). Calculations of polybaric, fractional melting of primitive
mantle using the models of Langmuir et al. (1992) and Asimow (1997) indicate that
about half of all liquid contributed to MORB is formed by partial melting of depleted

peridotite.



The data presented in this thesis provide information about amounts and
compositions of partial melts formed from depleted peridotite, an important upper mantle
constituent beneath mid-ocean ridges, and can be used to improve quantitative models of

MORB primary magma formation and further our understanding of MORB petrogenesis.
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Chapter 1: Introduction

Why study petrogenesis of mid-ocean ridge basalts?

Although recognized as such only in the mid-1960s, the worldwide chain of mid-
ocean spreading ridges (MOR) and the mid-ocean ridge basalts (MORB) erupted
therefrom are first-order features of the earth's surface. Sixty-five thousand kilometers of
ridges circle the globe at present, and the basaltic rocks they have produced cover most of
the ocean floors, about 60% of the earth's surface (Wyllie, 1976). Mid-ocean ridges
produce an order of magnitude more volcanic rock per year than all other forms of
terrestrial volcanism combined (Basaltic Volcanism Study Project (BVSP), 1981). Since
the oldest of these rocks are only about 200 million years old, perhaps as much as twenty
times the amount of basaltic ocean crust presently at the surface has been produced at
ridges over earth’s history, most of it subsequently subducted.

The earliest theories about mid-ocean ridges, based on little more than topographic
data, explained them as mountain belts created by folding and deformation of previously
flat ocean floor, much as folded mountain belts occur on continents (Bucher, 1957).
Another theory, put forth to account for the relative motion of continents and observed
high heat flow at ridge axes, was that the earth is expanding and that new surface is
produced at ridges (Heezen, 1960). The lack of any ocean floor samples older than
Cretaceous required that such expansion of the earth began only then, in violation of
uniformitarianism. Later on it was proposed that ridges represent the surface
manifestation of zones of upwelling in the earth's convecting upper mantle (Hess, 1962)
and that subduction zones represent downwellings. His idea was broadly similar to that
of Holmes (1928), but differed in that Hess proposed that continents ride passively along
with the spreading ocean floor, rather than plowing through it (Le Grand, 1988). Hess's

hypothesis was able to account for many of the observed properties of the ocean floor all



Chapter 1 2

at once, but the causes of the topographic highs and low seismic velocities at ridges were
still uncertain. Hess (1962) suggested that the elevation of ridges could be due to the
volume expansion of peridotite and basalt as they become serpentinized by release of
large volumes of water from hot, convecting mantle material beneath ridges. That the
basalt which forms the shallowest layer of the ocean floor resulted from melting and
volcanism at ridge axes was not yet recognized.

Discovery of zero-age basalts at ridges, age-progressive magnetic anomaly
"stripes,” and detailed studies of topography gave rise to the modern interpretation of
mid-ocean ridges. It is now well known that ridges represent the eruption sites of basaltic
magmas produced by partial melting of peridotite in the upper mantle. As mantle
peridotite is carried upward in convection cells, it partially melts. The reason for this is
illustrated in Figure 1-1, a schematic plot of pressure (or depth) versus temperature.
Silicate rock is an extremely poor conductor of heat and thus rises adiabatically, or with
negligible loss of heat to the surroundings. Upwelling mantle peridotite will thus follow
a pressure-temperature path, called an adiabat, that is constrained by its heat content as it
rises into shallower and cooler surroundings. Although the temperature of a parcel of
mantle material rising along an adiabat decreases with decreasing pressure, it does not
decrease as quickly as does the temperature required to initiate melting of that material.
The temperature at which melting begins, or the solidus, is positively correlated with
pressure. Since the slope of the adiabat is steeper than that of the solidus, a rising parcel
of rock will begin to melt when it reaches the depth where the adiabat and solidus
intersect. The slope of the adiabat flattens slightly as pressure continues to decrease
because of the energy consumed by the heat of fusion as melting takes place. Less dense
than its solid surroundings, the melted rock separates from the solid residue and rises,
eventually erupting within a narrow zone along the sublinear chain of volcanic edifices

that form the mid-ocean ridges.
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Figure 1-2 is typical of cartoons depicting a cross section of a mid-ocean ridge and
reflects our general knowledge of how MOR work. Melt is produced in a wedge-shaped
region in the upper mantle. The melt rises, focuses to a narrow zone below the ridge,
resides in a magma chamber for some time at crustal level, and then erupts in or near the
axial rift valley of the ridge. The cartoon in Figure 1-2 is accurate to first-order, but
many of the details are poorly constrained or unknown. Despite much work and
increasingly tight constraints on some parameters in recent years, many properties of
mid-ocean ridges and the mantle beneath them have yet to be characterized
unequivocally, such as the shape and size of the partially molten zone, the depths at
which melting begins and ends, how melt migrates, the degree to which liquid exchanges
chemically with its surroundings as it migrates upward, the mechanism by which melt is
focused into a narrow zone at crustal levels, and the size and shape of magma chambers
in which magma resides before eruption. These aspects of how MOR work and how
MORB are produced are extremely important issues for earth scientists to address
because melting beneath spreading ridges is arguably the most important process by
which crust is produced and by which the mantle and crust of the earth differentiate from
each other.

Sampling of the lavas erupted at MOR in the past few decades has revealed that the
compositions of MORB are quite remarkable. They display a high degree of uniformity
and have several distinguishing chemical characteristics. When compared to basaltic
rocks from other tectonic environments such as ocean islands, arcs related to subduction,
or continental rift zones, the compositions of MORB span a very narrow range of
compositional variability (Engel and Engel, 1964; Engel et al., 1965; BVSP, 1981).
Nearly all MORB contain 49-50% SiO; by weight, have low concentrations of
magmaphile elements such as Na, K, Ba, and Ti compared to basalts from other

environments, and have distinctive trace element and isotopic signatures. In addition, the
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thickness of oceanic crust produced at MOR is consistent. Young crust is typically 7 km
thick (McKenzie and Bickle, 1988). While this varies by 1-2 km from place to place, it
does not vary much more, nor does it vary substantially from one ocean basin to another,
indicating that the overall amount of magma produced from upwelling peridotite is
roughly constant. The flux of magma erupting on a given segment of ridge is dependent
upon the spreading rate of the ridge, which can vary from 1 to 8 cm/year (BVSP, 1981),
but the amount of lava produced per centimeter of spreading is fairly uniform. These
observations indicate that MORB generation occurs in generally the same way along the
entire 65,000 km of ridges around the globe and that there are no fundamental spatial or
temporal differences in source rock composition, melting process, or post-melting
processes such as low-pressure fractionation.

Although MORB display little variation in composition relative to igneous rocks in
other tectonic environments, variations do exist. MORB crust becomes thicker, and
MORB compositions appear to reflect higher degrees of melting and isotopic enrichment
near hot spots. Even away from hot spots, chemical variations occur which are correlated
with each other and with crustal thickness in systematic ways (Klein and Langmuir,
1987), as will be described below. Such systematic variations must reflect slight
differences in the processes taking place to generate MORB. It is the goal of igneous
petrologists who study MORB petrogenesis to study the compositions of MORB, to infer
the process or combination of processes by which the rocks were formed, and to construct
models of how the ridge system operates at depth and how the observed compositional
and thickness variations arise. The next section reviews previous work done in this vein

and sets the stage for the work presented in this thesis.

Review of previous work on MORB petrogenesis

Are MORB formed by direct melting of the mantle?
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Once it was recognized that MORB are generated by partial melting of peridotite at
zones of upwelling in the upper mantle, work began to constrain the melting process by
which MORB magmas are produced and how the observed compositional variations
arise. The overall compositional uniformity and widespread nature of MORB led some
workers to believe that MORB might be primary magmas (BVSP, 1981), i.e., direct,
partial melts of peridotite that were unchanged between original generation in the mantle
and eruption. O'Hara (1968), however, presented compelling evidence that MORB
cannot be primary melts of mantle peridotite. Since the residue of partial melting to form
MORB primary liquids always contains olivine and orthopyroxene, which is known from
sampling of abyssal peridotite, primary liquids must be in equilibrium with olivine and
orthopyroxene at the pressure at which they formed. O'Hara (1968) demonstrated using
phase equilibria from high pressure experiments that MORB compositions are not in
equilibrium with orthopyroxene at any pressure and therefore cannot be primary melts of
olivine- and orthopyroxene-bearing peridotite. He also noted that MORB compositions
cluster near the olivine-plagioclase-clinopyroxene 1 bar cotectic. Thus O'Hara concluded
that all MORB have undergone some degree of post-melting differentiation involving
crystallization of olivinetplagioclasetclinopyroxene at low pressures.

The compositions of MORB upon eruption therefore reflect (1) the composition of
the source rock that partially melted, (2) the melting process, whether by equilibrium or
fractional fusion and to what degree, (3) any mixing of primary magmas or re-
equilibration with peridotite through which melts migrate, and (4) low-pressure
fractionation. Construction of a model which completely describes MORB petrogenesis
thus requires an understanding of each of these factors.

The first of the four factors above, the composition of the MORB source, has been
fairly well constrained by numerous approaches, including seismic velocity studies,

petrographic, trace element, and isotopic analysis of mantle nodules and abyssal
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peridotites, and cosmochemical constraints from analysis of chondrite meteorites. A
detailed discussion of these constraints is not included here; for some examples of these
approaches and more information, the reader is referred to the work of Ringwood (1975),
Bryan et al. (1976), Maaloe and Aoki (1977), Hart and Zindler (1986), and McDonough
and Sun (1995). Constraints on low-pressure processes have come from observation of
phenocryst assemblages in MORB and from numerous experimental studies of the
crystallization behavior of primitive MORB compositions (e.g., Grove and Bryan, 1983;
Sack et al., 1987; Grove et al., 1992; Shi, 1993). Quantitative modeling of low-pressure
crystallization has been presented by Yang et al. (1996) and Grove et al. (1992). The

following section explains constraints on the melting process.

Efforts to identify primary magmas

Once it was established that most or all MORB have been affected by low-pressure
crystallization, it became important to identify the compositions of primary magmas, or
those liquids produced by direct melting of mantle peridotite before low-pressure
processes take place. Two schools of thought arose in the 1970s and early 1980s as to the
nature of MORB primary magmas. One group of workers believed that MORB primary
magmas form at fairly shallow depths, about 8-10 kbar or 30-35 km, and experience
slight degrees of olivine fractionation before eruption. This view was most strongly
supported by Presnall et al. (1979), whose experiments in the simple system CaO-MgO-
Al»O3-Si07 (CMAS) produced liquids at 9 kbar resembling the compositions (reduced to
CMAS components) of the least-fractionated MORB basalts analyzed. Presnall et al.
(1979) argued further that, since olivine phenocrysts in these least-fractionated basalts
have forsterite numbers (Fo#=100*Mg/[Mg+Fe], molar quantities) of 87-89, and olivine
crystals in the basal sections of ophiolites have Fo# of 90-92, the basalts must only have

experienced small amounts of fractionation; otherwise their Fo# would be substantially
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lower than those in ophiolitic olivine crystals. In addition, he pointed out that if the least-
fractionated basalts observed were the products of extensive fractional crystallization, one
would expect to find evidence in the form of some glasses with even more olivine-rich
compositions than any reported. He also challenged the conclusion of O'Hara (1968) that
primitive MORB compositions are not in equilibrium with orthopyroxene at any pressure
by citing some experiments in which pigeonite, in one case, and enstatite, in another, had
crystallized near the liquidus of tholeiite compositions at 7.5 and 8 kbar (Kushiro and
Thompson, 1972; Fujii and Kushiro, 1977). Finally, Presnall et al. (1979) suggested that
the geothermal gradient beneath mid-ocean ridges may well be below the solidus
temperature of lherzolite at pressures greater than about 9 kbar, making melt production
at higher pressures unlikely.

Critics of this model believed instead that MORB primary magmas form at greater
depths, ~30 kbar, as highly magnesian, picritic liquids that subsequently undergo
extensive olivine fractionation at crustal levels. In particular Stolper (1980) argued that
the conclusions of Presnall et al. (1979), while applicable in the four-component system
CMAS, do not necessarily provide valid constraints on the behavior of peridotite and
basalt in multi-component, natural systems. Stolper conducted experiments in which
basaltic glasses were equilibrated at different temperatures and pressures within
peridotitic capsules, thus enabling characterization of liquids in equilibrium with olivine
and orthopyroxene over a range of conditions and location of the olivine-orthopyroxene-
clinopyroxene multiple saturation points at different pressures. The results show that
MORB compositions do not lie near the olivine-orthopyroxene cotectics at any pressure,
except for a few olivine-rich compositions near the fringes of the MORB field, including
those studied by Kushiro and Thompson (1972) and Fujii and Kushiro (1977). The least-
fractionated MORB compositions are particularly far removed from saturation with

olivine and orthopyroxene. The results also show, however, that MORB compositions



Chapter I 8

could be generated if primary magmas formed at 15-20 kbar and then lost substantial
amounts of olivine and, in some cases, small amounts of plagioclase and/or

clinopyroxene during fractional crystallization.

MORSB are formed by near-fractional melting processes

The debate over the depth at which primary MORB liquids form was never resolved
because new evidence from trace elements, radiogenic isotopes, and theory of melt
migration showed that primary liquids are not formed at any single depth in the mantle,
but by fractional fusion over a range of pressures. (In a fractional fusion process, instead
of melt forming all at once and equilibrating fully with the residue before separating from
it, melt is produced in infinitesimal increments, each of which is in equilibrium with the
residue, but is then removed from the system and prevented from re-equilibrating as
further increments of liquid are generated.) One of the most compelling arguments for
fractional melting beneath mid-ocean ridges comes from rare earth element (REE)
concentrations in clinopyroxene (cpx) grains in abyssal peridotites (Johnson et al., 1990).
These cpx grains form part of the residue of melting and were thus in equilibrium with
melt generated in their vicinity. The partitioning behavior of REE between cpx and
coexisting liquid is well known, so by measuring the concentrations of REE in residual
cpx grains, the concentrations of these elements in coexisting liquid can be inferred, and
vice versa. Johnson et al. (1990) analyzed cpx grains from abyssal peridotites for their
REE concentrations. Two plots of these compositions are shown in Figure 1-3. The
concentrations of REE have been normalized to average C1 chondrite concentrations in
order to smooth out extreme variations in abundances of the elements and to fit the data
on one scale. The elements are listed in order of increasing compatibility in cpx from left
to right. The heavy, nearly flat line at the top of each plot represents the REE pattern for

cpx in MORB source peridotite before melting. This composition is a lherzolite chosen
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for its light REE-depleted pattern and Nd and Hf concentrations. Johnson et al. (1990)
carried out calculations of the REE pattern for residual cpx for both batch and fractional
melting for melt fractions of 5% to 25%, the range of melt fractions needed to produce
the amount of crust seen at MOR. Batch melting calculation results are shown in Figure
1-3a. It is clear from this diagram that no reasonable degree of batch melting will result
in the strongly fractionated REE patterns observed in the actual cpx grains. Fractional
melting, on the other hand, can easily account for the strongly fractionated REE in
residual cpx grains, as shown in Figure 1-3b. Therefore, the melting process that
produces MORB primary magmas must be a fractional or near-fractional process. When
peridotite crosses its solidus, a small amount of melt is generated and then separates from
the residue. Another small increment of melting occurs when the peridotite rises a bit
more, and so forth. For other compelling lines of evidence to support the theory of
fractional melting beneath MOR, the reader is referred to the U-Th series disequilibria
work of Newman et al. (1983) and Ben Othman and Allégre (1990) and papers on the
likelihood of small melt fractions separating from solid peridotite residue by Waff and
Bulau (1979), McKenzie (1984, 1985, 1989), von Bargen and Waff (1986), Daines and
Richter (1988), and Watson (1991).

The discovery that the MORB melting process is near-fractional led to important
advances in models of major element chemical variations in MORB, most notably the
work of Klein and Langmuir (1987) and Langmuir et al. (1992). Klein and Langmuir
(1987) corrected MORB compositions for low-pressure fractionation and determined
average compositions for ~100 km-long ridge segments. They then recognized a strong
worldwide correlation between the chemistry of primitive MORB compositions and the
depth of the water column above the ridge axis. (Water depth above the ridge crest is a
proxy for crustal thickness, thin crust correlating with deep water and thick crust with

shallow water. This can be simply understood as isostatic compensation and is borne out
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by seismic measurements of crustal thickness.) In particular, Klein and Langmuir (1987)
pointed out that the Na content of their averaged, corrected compositions (Nag g, or Na;O
content of compositions corrected to 8 wt% MgO) is strongly correlated with water
depth, thus inversely correlated with crustal thickness. This correlation is presented in
Figure 1-4a. The explanation for this observation rests on the known incompatibility of
Na in mantle minerals during partial melting; where the axial water depth is greatest,
crust is thinnest. Less crust implies a small overall melt fraction in that location and a
high concentration of incompatible elements such as Na. A thicker crust would imply a
greater melt fraction, resulting in dilution, and thus lower concentrations of incompatible
elements. In addition, Fe content (Fe8.0=FeO* content of compositions corrected to 8
wt% MgO) is negatively correlated with axial depth and therefore positively correlated
with crustal thickness, as shown in Figure 1-4b. It is known from experimental work that
Fe content of partial melt increases with pressure of melting (Jaques and Green, 1980;
Langmuir and Hanson, 1980), so Klein and Langmuir (1987) inferred from the
correlation that thick crust implies a higher mean pressure of melting.

Putting these observations together, Klein and Langmuir (1987) proposed that
temperature differences from one location to another in the mantle lead to the observed
variations. Figure 1-5 illustrates their model. In places where the mantle is relatively hot
(case X in Figure 1-5), peridotite crosses its solidus at greater depth, melts to a greater
extent with a higher mean pressure, and produces a thicker crust with relatively low Na
content and high Fe content. Likewise, in areas where the mantle is relatively cold (case
Yin Figure 1-5), peridotite reaches its solidus at a shallower lever, melts less at smaller
mean pressures, and produces a thinner crust with higher Na content and lower Fe
content.

While this model explains the "global trend" in corrected MORB compositions very

well, Klein and Langmuir (1987) also point out that, within each segment of ridge from
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which compositions were averaged to form the global trend, individual compositions
form trends at high angle to the global trend. These trends collectively are called the
"local trend,” and they are attributed to source heterogeneity. The importance of source
heterogeneity and how it can affect the compositions of primitive MORB liquids is a
major issue in this thesis and will be discussed below and in Chapters 3 and 4.

The model of Klein and Langmuir (1987) fits the observed chemical variations in
MORB extremely well, and is currently the most popular of several models in the
literature. One alternative view by Shen and Forsyth (1993) contends that melting begins
at the same depth from place to place, but the conductively cooling lithospheric lid has
spatially varying thickness, causing melt to cease at different depths, thus leading to

different total amounts and compositions of liquids.

Quantitative modeling of MORB petrogenesis

During the past ten years, much effort has been expended towards quantitative
modeling of MORB petrogenesis. Several models are now the literature, i.e., McKenzie
and Bickle (1988), Niu and Batiza (1991), Kinzler and Grove (1992a, 1992b, 1993),
Langmuir et al. (1992), and Ghiorso and Sack (1995, and references therein), employing
different approaches to calculating the amounts and compositions of melts generated by
partial melting of peridotite. All of these models rely to varying extents on experimental
data for calibration, since there is no a priori method for predicting the composition of a
partial melt in a complex, multi-component system. The importance of these models is
that, while experiments are the best way to determine what liquids are formed during
partial melting, it is only practical to conduct experiments that simulate equilibrium, or
batch, melting. Because the MORB formation process involves near-fractional melting,
models must be constructed which make use of experimental data, but calculate fractional

melting processes. It is beyond the scope of this thesis to discuss in detail the
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approaches, merits, and drawbacks of all of the modeling approaches taken to date, but a
few of them warrant some explanation, as my experimental results will be compared to
some of the model calculations in Chapter 4.

The model of Kinzler and Grove (1992a) and Kinzler (1997) uses data from
experiments on partial melting of fertile peridotite to calculate a melting reaction for a
given spinel lherzolite composition. Applying the phase rule for an eight-component
system with five coexisting phases, a partially molten peridotite system has five degrees
of freedom. When pressure, melt fraction, liquid TiO2 concentration, Mg#
(100*Mg/[Mg+Fe], molar), and NaK# (100¥NayO+K>0/[NaO+K70+CaOl, by weight;
this parameter accounts for two of the eight components) are specified, the temperature
and the composition of the liquid in terms of the mineral components Qtz, Plag, Oliv, and
Cpx are fixed. The relationships between the independent and dependent variables are
established by multiple linear regression on the experimental database. In practice, when
given the initial composition and mode of a source peridotite and a starting pressure, the
program will calculate equilibrium melt compositions for either equilibrium or fractional
melting, isobaric or polybaric, with or without retention of some of the liquid within the
residue for fractional melting. The advantage of this approach is that it allows modeling
of many different melting processes. The main drawback is that it relies on peridotite
melting experiments of which few of high quality have been published. In addition, since
there are particularly few data at very low melt fractions (<10% liquid by weight), the
program is not well-calibrated very near the solidus (Baker and Stolper, 1994). Itis
difficult to know how accurate the program is in regions of composition space that
require extrapolation of existing experimental data. This issue is part of the motivation
for the work in this thesis.

Langmuir et al. (1992) predict liquid compositions for melting with and without

clinopyroxene in terms of NaO, MgO, TiO3, and FeO* by using constraints on partition
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coefficients from a large experimental data set. Since experiments need not contain all of
the phases in lherzolite (olivine, orthopyroxene, clinopyroxene, plagioclase * spinel +
garnet) to yield partition coefficient information, this method is calibrated with a larger
experimental data set than that used by Kinzler and Grove (1992a). The program is able
to predict liquid compositions and calculate aggregate liquids that form by mixing
increments of liquid produced by near-fractional melting. The calculated liquid
compositions for equilibrium melting at 10 kbar compare favorably with independent
peridotite melting experiments (Baker et al., 1995, and Chapter 4). One potential
drawback of the model is that since melt productivity, or how much liquid is produced at
each decrement of pressure, is poorly known, it is assumed in this model to be linearly
correlated with pressure. Asimow (1997) has since shown that this relationship is likely
nct linear, but the errors engendered by this assumption are not yet precisely known.
Another disadvantage of this approach is that the program only predicts compositions in
terms of a few components.

The MELTS program (Ghiorso and Sack, 1995, and references therein) calculates
equilibrium phase assemblages and compositions by minimizing thermodynamic energy
functions. MELTS is calibrated with data from experiments in systems relevant to
igneous processes and from measurements of the thermodynamic properties of relevant
solid and liquid phases. An important advantage of this approach over the previous two
is that many important chemical components and phases, including some trace elements,
volatiles, and accessory minerals, can be considered all at once. MELTS can be applied
to a wide range of melting, crystallization, and reaction problems, but its accuracy
depends on t;\pw much high-quality calibration data is available for the conditions and
compositions of interest. The program has some known inaccuracies, such as an offset in
temperature and overstabilization of orthopyroxene relative to other phases. It also

sometimes displays unexpected behavior very near the solidus, where calibration
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information is essentially nonexistent. Although these problems make MELTS unable to
predict phase compositions very accurately, MELTS is able to predict chemical trends

quite well and is an important tool for investigating many processes in igneous petrology.

Motivation for experimental study of depleted peridotite melting and
thesis summary

One factor that all of these models are unable to take into account fully is partial
melt contributed to MORB by melting of peridotite depleted in incompatible elements.
An important and necessary consequence of fractional melting is depletion of the source
peridotite in incompatible major and trace elements. As small increments of liquid are
removed from the peridotite, those components which are incompatible within the
peridotite’s constituent minerals will partition into the liquid phase, and the
concentrations of these components will drop markedly in the solid residue. The
composition of the rock from which melt is generated changes continuously during
fractional melting; it becomes increasingly refractory, and the amounts and composition
of liquids produced from it also change. The shallow parts of the melting zone beneath
ridges are likely dominated by depleted peridotite, which thus plays a substantial role in
determining the compositions of MORB magmas. Unfortunately very little information
about the melting behavior of depleted peridotite is available. The models discussed
above rely on partial melting experiments for their calibrations, but almost no
experiments have been previously conducted on depleted peridotite. There are qualitative
expectations of the effect of source depletion, such as a higher solidus temperature at a
given pressure and production of less liquid. Also, low concentrations of highly
incompatible elements such as Na and Ti should lead to relatively low concentrations of
these elements in partial melts from depleted peridotite and likely result in other chemical

changes in the liquids, but quantitative information concerning these effects is needed for
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effective construction and calibration of models of MORB petrogenesis such as those just
described.

The objective of this thesis project is to characterize the melting behavior of
depleted peridotite and provide information about its melting behavior which will aid in
construction of better and more quantitative petrogenetic models for MORB formation.
Using a new experimental technique that makes possible direct measurement of the
amounts and compositions of experimentally-generated partial melts, even at very low
degrees of melting (<5%), I have conducted experiments to evaluate the effects of source
depletion on partial melting of mantle peridotite.

The experimental technique is described in detail in Chapter 2. This chapter
includes a review of previous attempts to circumvent experimental difficulties which
have made partial melting experiments hard to interpret in the past. The development and
refinement of the technique used in this project, including several variations other
workers and I have tried, are then described for the benefit of others who may wish to
pursue this technique. The final part of the chapter concerns controversial criticisms of
this technique and the results of special tests designed to dispel those criticisms.

Chapter 3, which together with much of Chapter 4 will be submitted for publication
in similar form, contains the results of partial melting experiments on depleted peridotite
at 10 kilobars pressure. It includes a restatement of the purpose of conducting 10 kbar
partial melting experiments, detailed experimental and analytical methods, and results,
including those from the special tests of equilibrium described in Chapter 2. Mass
balance calculations of phase proportions in the charges and melting reaction are also
presented. An appendix to this chapter contains calculations of oxygen fugacity within
one of the experimental charges based on the compositions of coexisting olivine,

orthopyroxene, and Fe-Pt alloy. Oxygen fugacity is calculated using two different
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methods, which yield similar results. I then compare the results to estimates from the
literature of oxygen fugacity in the shallow upper mantle.

In Chapter 4 the results of the 10 kbar experiments are compared with previous
experimental work on fertile peridotite in order to highlight the effects of source
depletion. The compositional dependences of solidus temperature, isobaric melt
productivity, and the melt fraction at which clinopyroxene is exhausted from partially
melting peridotite are quantitatively addressed. I also present a comparison of my
experimental partial melt compositions with those predicted by three currently popular
quantitative models of mantle melting. Finally, I include an assessment of the proportion
of liquid contributed by depleted peridotite during formation of MORB based on the
algorithms of Langmuir et al. (1992) and Asimow (1997) and on a comparison of
experimentally-produced melts of fertile and depleted peridotite to MORB compositions
corrected for low-pressure fractionation. The chapter ends with conclusions from the 10
kbar study. Some of the discussion presented here represents joint efforts by myself and
others, primarily Michael Baker, who is acknowledged for significant scientific

contributions to this chapter.
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Figure 1-1. Schematic diagram of the relationship between a peridotite adiabat and
solidus in the upper mantle. The solidus is the boundary between solid peridotite and
partially molten peridotite. The dashed line represents the adiabat, or the pressure-
temperature path taken by a parcel of mantle material isentropically upwelling. The
square and arrow in the lower right represent the parcel of upwelling material and its path

along the adiabat.
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Figure 1-2. Cross-sectional cartoon of a mid-ocean ridge. Upwelling peridotite rises
beneath the ridge axis and partially melts. The melt separates from the solid residue and
eventually rises to and erupts at the ridge axis. The residue turns the corner and flows

outward underneath the newly created oceanic crust.
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Figure 1-3. REE concentrations in residual cpx, drawn after Johnson et al. (1990).
Squares and circles joined by thin line segments represent analyses of cpx in abyssal
peridotites. Solid, black line represents REE concentrations in source cpx. Thick, gray
lines represent REE concentrations expected in residual cpx after (a) batch melting and
(b) fractional melting. Dashed line in each plot corresponds to 5% melting; solid lines
correspond to 25% melting. Batch melting calculations are unable to match the strong
fractionation patterns observed in abyssal cpx, whereas fractional melting can reproduce

the measured trends.
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Figure 1-4. Global trend in MORB of Nag g and Feg g versus axial depth, drawn after
Klein and Langmuir (1987). Nag g and Feg g are the NaO and FeO* (all Fe calculated as
FeO) contents in weight percent of MORB after correction for low-pressure fractionation

to 8.0 wt% MgO.
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Figure 1-5. Model of Klein and Langmuir (1987). Case X represents melting of
peridotite in relatively hot mantle. The solidus is intersected deep, at ~40 kb, and the
extent of melting is large, producing a thick oceanic crustal section. In case Y, the mantle
is colder, the solidus is not intersected until peridotite rises to ~15 kb, and less melt is

produced, leading to a thinner crustal section.
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Chapter 2: Development of the melt extraction and
melt segregation experimental techniques

A review of challenges in conducting partial melting experiments on
peridotite

Partial melting experiments have an important role in the study of MORB
petrogenesis as well as other petrologic problems. Because there is no way to predict a
priori the amounts and compositions of liquids produced by partial melting in complex,
multi-component systems, the best information about such processes often comes from
laboratory simulation. By partially melting the source rock of interest over a range of
relevant conditions and analyzing the phases in the resulting experimental charges, one
can acquire the information needed to construct forward models of the melting process
and to constrain the origin of a suite of rocks.

Although the concept of conducting partial melting experiments is straightforward,
several technical problems can complicate interpretation of the results. First, because
sample size and run duration in laboratory experiments can be orders of magnitude
smaller than in the natural systems the experiments are intended to simulate,
experimentalists rely on achievement of equilibrium within a closed system in order to
obtain results that are reproducible and meaningful. In a good experimental study,
achievement of equilibrium must be carefully demonstrated before the results can be used
to constrain models of natural processes.

Attainment of equilibrium depends in part on having a closed system. To ensure a
closed system free of contamination and exchange of material with the exterior, the
samples in peridotite partial melting experiments are sealed within capsules before they
are placed within the piston cylinder assembly. Capsule materials must be chosen so as

to withstand the pressures and temperatures of interest without rupturing or interacting
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chemically with either the sample material or the pressure assembly. For peridotite
melting experiments, Pt or Ag-Pd capsules are most common, as they have extremely
high melting temperatures, are essentially insoluble in peridotite and partial melts thereof,
and can block diffusion in or out of the sample of almost all species other than hydrogen.
Unfortunately, Fe from the peridotite will readily alloy with Pt or Ag-Pd, causing loss of
Fe from the experimental charge (Ito and Kennedy, 1967; Merrill and Wyllie, 1973) and
an increase in oxygen fugacity within the peridotite. Graphite inner capsules eliminate
this problem for all but the longest duration experiments, but the use of inner capsules
further limits the amount of material that can be loaded and imposes an oxygen fugacity
constraint of its own. Samples in this study were contained within graphite inner
capsules and Pt outer capsules. Iron loss occurred in only one or two of the longest
duration experiments, as discussed in Chapter 3.

A source of contamination that is difficult to avoid is adsorbed water on sample
material. Sample material is usually ground finely in order to promote full chemical
equilibration of mineral grains, but fine-grained powder is hygroscopic. Even a small
amount of water within the system can have profound effects on the melting behavior of
peridotite, so it is necessary to dry starting material carefully when loading capsules. Itis
virtually impossible to eliminate all adsorbed water, so care must be taken to watch for
effects of the presence of water in experimental results and, in some cases, to analyze
samples for their water contents. For this study, sample powder was dried above the
boiling point of water for at least two hours prior to being loaded in capsules, and loaded
capsules were also dried for several hours before they were welded. The water contents
of the glasses within three charges were measured by ion microprobe. The highest value
was 1.2 wt% H»O in sample #3 (1310°C). According to preliminary MELTS
calculations, this can be expected to decrease the normative olivine content of the liquid

by 5-7% and increase the SiO2 content by about 1 wt%. Indeed the glass in this sample
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has ~1 wt% more SiO7 and MgO and slightly more FeO* in the glass than experiment
#22, which had 0.3% HO in the glass and was run at 1300°C. It is unknown at this point
whether the differences between these two experiments are due to the presence of water
or to temperature uncertainties, but this issue will be explored further in upcoming work,
perhaps including more ion probe analyses (Wasylenki et al., in preparation). The drying
procedures and ion microprobe measurements are discussed in detail in the experimental
and analytical methods section of Chapter 3.

Attainment of equilibrium often occurs by diffusion of components between and
within the various phases in an experimental charge, as well as by dissolution and re-
precipitation of solid phases, and therefore run durations must be sufficient to allow
homogenization and equilibration to occur. The time required depends on the
temperature and pressure of the experiment, diffusivity of various components in the
phases present, the amount of liquid present, grain size of the solid phases, and the
compositional "distance” between the initial and final states of the system. The most
common way to determine the time required to reach equilibrium is to run a series of
experiments at the same conditions for different durations and determine the length of
time beyond which no compositional changes occur. Independent demonstration that the
final composition represents equilibrium is usually required. Reversal experiments, in
which the equilibrium state is approached from opposite directions in temperature,
pressure, or some other controlled parameter, provide the most convincing demonstration
of equilibrium. In addition, some crystalline phases, including pyroxenes and feldspars,
are notorious for rarely achieving equilibrium on laboratory time scales. Because of this,
it is important to analyze crystalline phases carefully, characterize well the extent and
nature of inhomogeneities within solid phases, and assess the implications of

disequilibrium for interpretation of the experimental results. Reversal experiments and
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detailed crystal analyses for this project are discussed below in the section on criticism of

the melt extraction technique and in Chapter 3.

The quench modification problem

One additional technical problem with partial melting experiments in particular has
caused by far the most frustration and difficulty in interpretation of results. Once a
sample has successfully reached equilibrium at high temperature and pressure, it must be
returned to room temperature and pressure for polishing and analysis. The sample is
brought to room temperature as quickly as possible by suddenly shutting off power to the
experimental apparatus, but during the few seconds required for the temperature to drop,
some compositional modification of the partial melt will occur. As the temperature drops
below the liquidus of the partial melt, the liquid will begin to crystallize. Crystals
adjacent to liquid will grow "quench rims," removing crystal-compatible components
from the nearby liquid, thus driving the liquid's composition away from high temperature
equilibrium (Cawthom et al., 1973; Green, 1973; Nicholls and Ringwood, 1973; Jaques
and Green, 1979). Compositional modification will affect the liquid as much as 30
micrometers away from the nearest crystal. Especially at low melt fractions (and it is low
melt fractions that are most important to study in order to model near-fractional processes
occurring beneath mid-ocean ridges), it has been impossible in the past to find

unmodified glass within the sample for analysis.

Past attempts to overcome the quench modification problem

Petrologists have tried several different approaches to circumventing the quench
modification problem in melting experiments. The first of these involves studying simple
system analogs to natural peridotite-basalt systems (e.g., Presnall et al., 1978; Presnall et

al., 1979; Walter and Presnall, 1994). Studies within the simple systems CaO-MgO-
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Al»03-Si07 and NayO-Ca0O-MgO-Al,03-SiO; have much lower variance than natural,
multi-component systems, such that melting reactions are invariant or univariant. Since
" phase compositions are fixed, phase proportions need not be; thus experiments can be
done which yield large amounts of liquid, occurring within the charge in pools whose
interiors are free of quench modifications. This principle is illustrated quite well by
Walter and Presnall (1994, Figure 1), using the system Diopside-Anorthite-Albite (Di-
An-Ab) at 1 atmosphere pressure as an example. Figure 2-1 is modeled after the Walter
and Presnall figure and shows the univariant liquidus curve in the Di-An-Ab system,
along which liquid, diopside, and plagioclase coexist. Point y represents a model
peridotite composition that yields a small amount of liquid at 1225°C. Point | shows the
composition of this liquid, and the other two apices of the three-phase triangle indicate
the compositions of diopside and plagioclase. The composition of the small quantity of
liquid cannot be easily measured in an experimental charge, as it will be modified by
quench crystal growth. Composition x, or any other composition within the three-phase
triangle, however, will yield the same phase assemblage and the same phase
compositions, but a higher proportion of liquid. The larger amount of liquid will likely
occur in pools within the experimental charge, some of them large enough that their
interiors are unaffected by quench crystal growth at the edges. While this approach does
make accurate determination of near-solidus liquids possible, it has a serious drawback.
Even though the components in CMAS and NCMAS represent 90-93% of the chemical
constituents in natural peridotite (Presnall et al., 1979; Walter and Presnall, 1994), other
components, most importantly K>O, FeO, TiO2, and CrO3, while low in abundance,
have critically important effects on phase relations and phase compositions in peridotite-
basalt systems (e.g., Baker et al., 1995; Hirschmann et al., 1998a). Although phase
relations and compositions can be readily and accurately determined in simple system

analogs, these results are not easily applied to the systems of interest.
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Another approach to avoiding the quench modification problem consists of
calculating the liquid composition by mass balance after analyzing solid phases and
determining the mode by point counts. This strategy was adopted by Jaques and Green
(1980) in partial melting studies of MORB pyrolite-40% olivine and Tinaquillo
lherzolite-40% olivine. These authors removed a substantial amount of olivine from the
original peridotite compositions in order to increase the proportions of liquid and minor
phases within their charges and facilitate point counting. In theory, if the composition of
the subtracted olivine is the equilibrium composition and if the experimental charges are
still saturated with olivine, olivine subtraction should have no effect other than to change
the proportions of phases present. To execute this approach perfectly would require
making separate starting material for each set of conditions studied, each with 40%
equilibrium olivine for that temperature, pressure, and melt fraction subtracted from the
peridotite composition. Since this is not practical, Jaques and Green (1980) subtracted an
averaged olivine composition. Because the olivine removed is not quite of the right
composition for many of the charges, the authors report that phases within some low melt
fraction charges are richer in FeO* (all Fe calculated as FeO) than expected. Also
because of the reduced amount of olivine in the charges, Mg# (100*Mg/[Mg+Fe], molar)
in some phases, which is normally strongly buffered by olivine, changed more quickly
than expected as a function of temperature (Jaques and Green, 1980). An additional
consequence of olivine removal is that the alkali content of the bulk composition in the
charges was relatively high, which may lead to compositional differences in the run
products. Itis difficult to evaluate the consequences of the approach taken by Jaques and
Green (1980) because run durations in this study were extremely short, and thus their
results may reflect failure to attain equilibrium as well as other effects.

A third strategy for circumventing quench-related problems is to conduct "sandwich

experiments” (Stolper, 1980; Takahashi and Kushiro, 1983; Fujii and Scarfe, 1985;
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Falloon and Green, 1987; Falloon et al., 1988; Robinson et al., 1998). In these
experiments a layer of basalt that constitutes several percent of the charge is placed
within the capsule and allowed to equilibrate with the surrounding peridotite. The pool of
glass is large enough to contain liquid unmodified during the quench, and thus the
composition of liquid in equilibrium with peridotite can be directly measured. A large
number of experiments have been conducted using this approach, and while those studies
have provided much useful information, the strategy has a major disadvantage similar to
one encountered by Jaques and Green (1980) above: the added basalt significantly
changes the bulk composition of the system under investigation. The basaltic liquid and
peridotite will come to equilibrium with each other, but the system is rich in basaltic
components compared to the peridotite composition, and phase compositions and
proportions will be somewhat different from what they would be if the bulk composition
were simply the peridotite composition of interest.

Recognizing this drawback, Robinson et al. (1998) conducted sandwich
experiments iteratively. At each temperature studied, the glass from an initial sandwich
at each experiment was analyzed, and a synthetic glass of that composition was added to
peridotite for another sandwich experiment. This was repeated until the basaltic glass
added to the charge underwent no significant compositional changes during the run. At
this point, Robinson et al. (1998) inferred that, if no reaction took place between the
liquid and peridotite during the last sandwich iteration, then the glass composition
represents that of a partial melt of the peridotite at that temperature and pressure,
although the amount of liquid present in the charge is clearly larger than the amount
produced by partial melting. The resulting liquid compositions were also tested for
multiple saturation with olivine, orthopyroxene, clinopyroxene, and spinel.
Unfortunately the authors do not provide independent confirmation that the composition

of the liquid in equilibrium with peridotite is necessarily the same as that produced by
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melting (M. Baker, pers. comm.). If enough iterations are performed, and if the
equilibrium liquids are, in fact, the same as partial melts, then this technique can provide
valuable information about partial melt compositions. The amounts of melt produced,
however, are difficult to deduce. Robinson et al. (1998) use a complicated method of
determining the relative proportions of solid phases in their charges and measuring the
bulk composition of their charges and are thus able to determine indirectly how much
melt would be appropriate by mass balancing the phase compositions and relative
proportions of solid minerals to the original peridotite compositions, but this method
relies on the assumption that the proportions of solid phases in their charges are the same
as they would be following partial melting and may not provide accurate information
about the amounts of partial melt which would be produced during an actual melting

process.

Principle behind the melt extraction technique

The melt extraction technique represents a new approach to overcoming the
problems associated with quench modification. The technique was developed
independently by Stolper's group at Caltech and Kushiro's group at University of Tokyo
in the early 1990s. The original procedure was to place a layer of small diamond
particles (several tens of microns in diameter) next to or within the powdered peridotite
starting material (Figure 2-2). The diamonds have sufficient yield strength that when the
charge is subjected to high pressure, pore spaces between the diamonds remain open,
filled with air. The pressure within these pore spaces is unknown, but is presumably
much lower that the pressure of the experiment, probably near atmospheric pressure.
When the temperature is raised and a partial melt forms, the pressure gradient draws the
liquid into the pore spaces within the diamond layer. Physically segregated from the

crystalline residue, the melt within the diamond layer quenches to a crystal-free glass.
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This enables direct analysis of the high temperature composition of the liquid without the
changes caused in conventional experiments by quench modification. Even liquids
produced by very low degrees of partial melting can be extracted and analyzed in this
way, making it possible for the first time to acquire direct information about peridotite
melting near the solidus. This is extremely important for studying the petrogenesis of
MORB, since the compositions of low degree partial melts are most relevant to the near-
fractional melting process taking place to form MORB.

Aggregates of diamonds were used in this way to investigate partial melting of
several different peridotite compositions at pressures ranging from 10 to 30 kilobars and
melt fractions as low as ~2 wt% (Baker et al., 1992; Hirose and Kushiro, 1992; Johnson
and Kushiro, 1992; Kushiro and Hirose, 1992; Hirose and Kushiro, 1993; Baker and
Stolper, 1994; Baker et al., 1995). In some cases the diamond aggregates were reduced in
size and modified in shape or position within the capsule to ensure that the volume of
pore space within the aggregates did not exceed the volume of partial melt generated, as

tnis would lead to uncertainties in the pressure of the experiment.

Variations on the melt extraction technique

Although the high yield strength and inertness of small diamonds (~40-70 microns)
within the peridotite charges make them an extremely good material for extracting melt,
they present a problem: it is extremely difficult to polish a flat surface on a diamond-
bearing sample for microprobe analysis. Some groups claim to have had some success
polishing diamonds using colloidal silica polishing agents or special diamond lap wheels
(W. Minarik, pers. comm.), but other experimentalists have looked for ways to avoid the
need to polish diamonds.

Baker and Stolper (1994) and Baker et al. (1995) dug out the glass-filled diamond

layer from charges and mounted this disaggregated material separately, such that some
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glass particles could be polished and analyzed. The disadvantages of this approach are
that (1) even when the diamonds and glass pieces are spread out in a separate mount, the
diamonds still make it difficult to achieve a perfectly flat surface for analysis, (2) some of
the glass bits may be lost in the transfer process, and (3) spatial information about which
glass particles were close to or far away from the bulk silicate charge is lost.

Another technique, used by Hirose and Kawamoto (1995), does not involve
addition of any material to the charge for the purpose of extracting melt. Instead,
reentrants in the deformed capsule wall and the long, narrow cone at one end of the
capsule act as traps for melt. Polishing is easy in this case, but the problems with this
approach are that one must depend on luck to some extent to end up with bends in the
capsule wall of appropriate size and shape to trap large melt pools (which becomes
increasingly unlikely at low melt fractions) and that the range of conditions where this
technique will work is limited, since graphite inner capsules cannot be used. Systems
studied this way must be free of iron or at low enough temperatures to make possible use
of capsule materials that do not alloy readily with Fe, such as Au.

Another approach to avoiding the difficulties associated with diamonds is to
substitute another material which can be polished with diamond grit. An appropriate
material must satisfy several requirements: (1) it must have sufficient yield strength to
maintain pore spaces at high pressure, (2) it must be chemically inert with respect to
peridotite and basaltic melt, neither reacting nor changing oxidation state at the
conditions of the experiments, thus becoming soluble in melt or residue or evolving
volatiles that can alter the system of interest, (3) the material should be readily wetted by
silicate melts such that the glass-filled aggregate can be polished without excessive
cracking or plucking. Very few materials satisfy the first two requirements. Hard
elemental metals and compounds which were determined either by consulting phase

diagrams or conducting experiments to react, oxidize, or dissolve at the relevant
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conditions include tantalum metal, tungsten carbide, boron carbide, boron nitride (M.
Baker, pers. comm.), and silicon carbide.

I made several attempts to use iridium powder, as it is quite hard and it is relatively
inert, dissolving only a small amount of Fe from the peridotite. Fe loss from the sample
is insignificant if only a small amount of Ir is added to the charge. Iridium powder was
sieved to between 70 and 100 microns under ethanol and loaded into capsules either in a
thin layer across the bottom or inside a small hole drilled into the floor of the graphite
inner capsule. In most cases, liquid successfully flowed between particles of Ir, but the Ir
apparently deformed subsequently at high temperature and pressure such that melt pools
appeared in cross section to be completely surrounded by Ir and isolated from the rest of
the partially molten peridotite charge. Figure 2-3 is a backscattered electron
photomicrograph of one such charge. Even though some of the melt pools may have
approached the composition of equilibrium partial melts, it is difficult to recognize or
demonstrate this, and one would expect a large proportion of such experiments to contain
no fully-equilibrated glass. I attempted to acquire powdered Os-Ir alloy, as its hardness
and resistance to high-temperature deformation may be greater than for pure Ir, but I was
unable to locate a source of such material.

The alternative to diamonds that has been most successful in this study is vitreous
carbon (also called glassy carbon), a form of amorphous carbon hard enough to maintain
pore spaces up to 50 kbar (M.Pertermann, pers. comm.) The carbon is easily polished
with diamond grit, thus the charge can be prepared for analysis with spatial information
preserved. Vitreous carbon is readily wetted by silicate liquids. The advantage of this
behavior is that glass easily migrates around the outside surfaces of vitreous carbon
particles and into any fractures which form within the vitreous carbon (see Figure 2-4,

backscattered electron image of a typical charge).
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Vitreous carbon does have some disadvantages, however. First, it can contain an
unknown, but possibly substantial, amount of water (Wasylenki, unpublished results).
The material must therefore be dried carefully before use in nominally dry melting
experiments, and its use in water-bearing experiments is problematic, since water from
the sample material may migrate into the vitreous carbon, either reacting to form CO and
CO3 or inhabiting pore spaces in the carbon (Wasylenki, unpublished results), as Ar has
been shown to do up to 2 wt% (Gazis and Ahrens, 1991). Second, the rinds of melt
around particles of vitreous carbon are often quite thin, making microprobe analyses
difficult in some cases. As noted in Chapter 3, microprobe totals for glasses within
vitreous carbon aggregates are often significantly lower than 100% because inclusion of
some carbon within the analyses volume is unavoidable in some samples.

Another disadvantage is that although vitreous carbon has nearly always led to
successful melt extraction at 10 kbar, preliminary attempts at 20 kbar have been
problematic because of the rapid crystallization of the amorphous carbon to graphite at
the high temperatures required to partially melt depleted peridotite at that pressure
(>1380°C). (Previous work with vitreous carbon at very high pressures involved melting
of hydrous phases at much lower temperatures. M. Pertermann, pers. comm.) Figure 2-5
is a photomicrograph of a 20 kbar charge in which glassy carbon completely crystallized
to graphite within 46 hours at 1390°C. Based on images of samples run for different
lengths of time, the carbon crystallizes to graphite at the edges first. It appears that as the
crystallization front advances inward, cracks form in the vitreous carbon pieces, perhaps
due to the volume change during crystallization. Because of the wetting properties of
silicate melt on vitreous carbon, melt migrates into the cracks. The melt then becomes
trapped inside the graphite and is unable to continue chemical exchange with the bulk
sample. Although it is difficult to know whether the melt is completely surrounded by

graphite in three dimensions, analyses of glass in several charges indicate that the pools
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of melt within the graphite in each charge have a range of compositions that form rough
trends on oxide variation diagrams, suggesting that different pools of melt within the
charge approached equilibrium to varying extents.

Additional variations on experiments with vitreous carbon were designed and

conducted in response to criticism of the melt extraction technique, as described below.

Controversy concerning the melt extraction technique

The validity of experiments conducted with the melt extraction technique has been
the issue of some controversy in the last few years (Falloon et al., 1996; Baker et al.,
1996; Wasylenki et al., 1996; Falloon et al., 1997). The debate arose over the results of
Baker and Stolper (1994) and Baker et al. (1995), who observed dramatic changes in the
melting behavior of fertile peridotite very near the solidus. The effects they reported
include a large increase in liquid SiO2 concentration, decrease in TiO» content, and
changes in Fe and Mg partitioning between liquid and olivine. Although a robust
explanation for these effects based on high alkali content in near-solidus liquids has since
been presented by Hirschmann et al. (1998a), critics attributed them to disequilibrium
phenomena that are artifacts of the aggregate melt extraction technique (Falloon et al.,
1996; Falloon et al., 1997). The primary complaint is that at the beginning of an
experiment, the low pore pressure within the diamond (or vitreous carbon) layer can
affect the composition of liquid initially filling these pores, i.e., the initial liquid is not in
equilibrium with the bulk peridotite at the nominal pressure of the experiment. This has
been shown clearly; liquid compositions from short duration experiments are different
from those produced in long duration runs at the same temperature and pressure (Johnson
and Kushiro, 1992; Baker and Stolper, 1994). Critics of the melt extraction technique

believe that because the melt is physically segregated from the bulk charge, this initial
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disequilibrium condition cannot be overcome and that the resulting liquid compositions
do not represent equilibrium partial melts.

Because of the possibility that the initial liquid filling pore spaces is far from
equilibrium, Baker and Stolper (1994) and Baker et al. (1995) conducted two-stage
diamond aggregate experiments. In the first stage, peridotite powder was partially melted
without diamonds in order to allow liquid and crystals to remain in intimate contact and
approach equilibrium closely. This charge was then quenched and re-loaded in a new
capsule with diamonds. It is believed that the initial melt in the second stage will be
close to the equilibrium composition; although it may be slightly affected by the pressure
gradient and by quench modification incurred at the end of the first stage, very little
change in composition should be needed to regain equilibrium. Results from one-stage
and two-stage experiments are in excellent agreement. This indicates that any quench
modification that occurred at the end of the first stage was undone during the second
stage.

I began the experiments presented in this thesis as the debate over the melt
extraction technique was beginning. Most of my experiments were done in two stages, as
just described, but with vitreous carbon substituted for diamonds, as illustrated in Figure
3-2. The dramatic near-solidus effects reported by Baker et al. (1995) are not evident in
my results for depleted peridotite melting, thus they cannot be simple artifacts of the
experimental technique. Furthermore, the near-solidus effects observed by Baker et al.
(1995) are also predicted by calculations using MELTS (Wasylenki et al., 1996;
Hirschmann et al., 1996; Hirschmann et al., 1998a) for the Baker and Stolper
composition, but not for the depleted composition I studied. Since none of these
experiments are included in the calibration of MELTS, the program gives independent

predictions of whether these effects will occur near the solidus. In addition, the near-
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solidus effects reported by Baker et al. (1995) have now been reproduced for a slightly
different peridotite composition at 15 kbar by Robinson et al. (1998).

In order to further address the concerns raised about melt extraction experiments, I
conducted two other types of experiments designed to demonstrate that chemical
communication between melt within an aggregate and the bulk charge is sufficient to
attain equilibrium over the course of an experiment. These are described in detail in the
following chapter (see also Figure 3-2bc) and provide extremely compelling evidence
that charges in this study have achieved equilibrium. They include temperature "half-
reversals,” in which temperature is raised part way through a one-stage experiment. The
charges respond to the temperature increase by changing composition so as to be in
agreement with isothermal experiments conducted at the final temperature. The other
type of experiment (referred to as compositional convergence experiments in Chapter 3)
does not involve melt extraction, but melt segregation. Aggregates of vitreous carbon
were pre-impregnated with either an Fe-rich basaltic glass or a rhyolitic glass. A small
chip (tens of micrograms) of one of these aggregates was placed at one end of a depleted
peridotite sample in each of eight experiments conducted at temperatures ranging from
1275° to 1330°C. In every case the composition of the glass within the vitreous carbon
aggregate converged to within analytical error of the liquid compositional trends. Figure
2-7 illustrates the extreme changes in composition the liquids underwent in terms of
several oxides. The final compositions were approached from opposite directions for
many oxides and in this way demonstrate "reversal” of equilibrium. Note that these
experiments contained no empty pore space at any time. That the results of these
experiments are in excellent agreement with two-stage experiments indicates that the
pressure gradient initially present in the 