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Abstract.

This thesis is an investigation of the infrared spectroscopic characteristics, abundance,
stability and partitioning behavior of hydroxyl (OH) in minerals from the Earth's upper
mantle. Using manometric and nuclear reaction analysis techniques to calibrate
intensities of OH bands in the mineral IR spectra, the following ranges in OH
concentration (expressed as ppm HyO by weight) were determined for natural samples:
clinopyroxene 150 - 1080; orthopyroxene 50 - 460; olivine <1 - 245; garnet < 0.1 - 330;
kyanite 55 - 222; zircon 28 - 74.

Systematics of OH distribution in garnets from various mantle rock types indicate a
connection with petrogenetic environment, illustrating qualitative use of OH as an
indicator of the activity of hydrous components (e.g., water) in the mantle. Applications
to specific mantle assemblages are discussed. Heterogeneous distribution of H in the
mantle on local and regional scales is indicated.

Trace structural OH in mantle rocks ranges from 30 to 600 ppm H2O in samples
examined, implying that nominally anhydrous minerals in peridotite could store all the
water (about 100 - 200 ppm) in the depleted upper mantle (MORB source). These
minerals also provide a mechanism to recycle water into the mantle in subduction zones.

Partitioning behavior of H was investigated in a suite of co-magmatic kimberlite
megacryst minerals. Fugacities of water calculated from OH in olivine are compatible
with mantle conditions and yield an estimate of ~1 wt.% HO in the parental megacryst
magma. OH concentrations in garnet, pyroxenes and olivine are influenced by water
activity, crystal chemistry (particularly Ti substitution) and possibly temperature,
resulting in substantial variations in inter-mineral DH,(Q involving garnet, but relatively

constant DH,( among pyroxenes and olivine and illustrating the complications of

quantitative hydrobarometry in nature.



Experiments on the thermal stability of OH in garnet and other minerals were
conducted at atmospheric, crustal and mantle pressures. These demonstrate slow equili-
bration of OH in synthetic pyrope. Rapid mobility of H, redox processes and necessity
for structural changes in the host crystal are important factors in determining the behavior
of H in natural mineral systems.

Relatively deuterium-depleted isotopic compositions are indicated for this form of H.
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Introduction.

It has been a relatively recent discovery that hydrogen is incorporated in trace amounts in
the crystal structure of most terrestrial minerals, where it is bound as hydroxyl, OH. The
hydrous component has attracted attention, because of the changes in physical behavior
which it induces, or might be thought to induce, in the host mineral, in a manner analogous
to the well studied and geologically important effects of hydrous components in magmas.
It was realized at an early stage in these studies that OH in nominally anhydrous minerals
might have important geochemical consequences for the distribution of hydrogen
(commonly referred to as "water") in rocky planetary interiors and that measurements of the
OH contents of minerals might be used to place constraints on conditions of their
formation, with respect to the role of hydrous volatiles (Fyfe 1970; Martin and Donnay

1972). This thesis is concerned with these geochemical and petrological consequences.

Systematic surveys of OH in specific minerals (Aines and Rossman 1984a,b; Beran and
Gotzinger 1987; Miller et al. 1987) revealed that samples of these minerals derived from the
upper mantle often contained relatively high OH concentrations. Because of this
observation and the fact that vastly more H-rich phases (hydrous minerals and liquid water)
are known to dominate the crustal reservoir of H, structurally-bound trace OH is likely to
play a more important role in the geochemistry of H in the mantle than in the crust. The
potential value of nominally anhydrous, but trace OH-bearing minerals as probes into the
petrogenetic role of hydrous volatiles is similarly enhanced for the mantle regime because
of the lack of alternatives; few hydrous minerals are stable to dehydration at typical
subsolidus mantle temperatures, and none are known to be stable at the liquidi of water-
poor mantle melts. This study was undertaken to investigate the role of OH-bearing,

nominally anhydrous minerals as reservoirs of H in the Earth's mantle, to examine their



potential use as petrogenetic indicators in certain mantle settings and to elucidate selected

aspects of the geochemical principles governing H incorporation in these phaées.

The study was designed to proceed in three parallel efforts: (i) a systematic and wide-
ranging analysis of the OH content of mantle-derived materials of known petrologic setting
in order to establish a representative sample of the range in OH concentrations, to describe
inter-mineral partitioning of H, and to demonstrate, where applicable, the use of these
minerals as petrogenetic indicators, (ii) the development of the quantitative analytical
techniques necessary for the accurate analysis of OH in mantle minerals and (iii)
experimental studies aimed at understanding some of the factors which dictate the behavior
of H in these minerals and which impact their applicability in solving geochemical and

petrologic problems.

Chapter 1 reports the results of a survey of the OH contents of a large sample of garnets
from the upper mantle beneath southern Africa. The receptivity of the garnet structure to a
variety of cation substitutions makes it a powerful indicator of host rock paragenesis.
Garnet has been previously well studied from the perspective of hydrogarnet and a study of
mantle garnets had revealed interesting variations in OH content from samples of different
geographic origins (Aines and Rossman 1984b). The principle aims of the research
reported in Chapter 1 were to define the OH spectroscopic characteristics and the range of
OH concentrations encountered, with particular attention to how these observables were
linked to the petrologic character and geologic history of the sample, as far as the latter
could be determined. An effort was made in this study to select samples which had been
previously characterized, or were representative of xenolith suites which had been

previously studied petrologically. This chapter was published, in coauthorship with Gr. R.



Rossman as an article in Contributions to Mineralogy and Petrology, and is reproduced

here without change.

Chapter 2 presents an overview of the abundance of OH in mantle minerals and discusses
the implications of these observations for the geochemistry of H in the mantle. This
chapter includes data from a literature survey in addition to new analyses of OH in garnet,
pyroxenes, olivine, kyanite and zircon. The chapter was published, in co-authorship with

G. R. Rossman, as a general article in Science, and is reproduced without alteration.

Chapter 3 is a detailed study of the OH, major and trace element contents of garnet, olivine,
orthopyroxene, clinopyroxene and zircon samples from a single petrological association,
namely the megacryst suite of minerals from the Monastery kimberlite, South Africa. This
is an extensively studied suite, for which a generally accepted petrologic model exists.
This provides a well-defined context in which to examine the partitioning of OH between
minerals thought to be in chemical equilibrium with one another, and to examine the way in
which OH behaves in minerals in high-pressure igneous processes. It also offers the
opportunity to examine the case for preservation of source OH concentrations in these
minerals and provides a counterpoint in the natural system to laboratory studies aiming to
describe behavior of OH in nominally anhydrous minerals. This chapter has been the result
of a collaboration with Dr. R. O. Moore, from whose collection and mineral analyses the
appropriate samples were selected. The four ion microprobe analyses reported were done

with, but mostly by, Allen Kennedy.

The above three chapters constitute much of the work done under activity (i) above.
Additional published results from this work are presented in the appendices. Other work

conducted under this banner, but reported here in the form of data tables only, consisted of
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a systematic study of the OH and trace element content of kyanite (mantle data reported)

and a suite of gamets from Garnet Ridge, Arizona.

Chapter 4 documents the results of a calibration study aimed at refining the quantitative
analysis of OH in minerals by IR spectroscopy. It represents one of several efforts in this
area by the Rossman "group," another being our collaboration with D. Endisch and F.
Rauch in Frankfurt on nuclear reaction analysis of H in a more extensive suite of mantle
minerals, including the samples analyzed in Chapter 4. Analysis of the small amounts of
OH in nominally anhydrous minerals is problematic because of severe H contamination. In
this chapter I describe the analysis of H in spectroscopically characterized samples of
augitic clinopyroxene, enstatite and pyrope garnet by manometry after extraction by heating
highly pure mineral separates under vacuum. The extraction of H was done together with
P. D. Thinger who provided instruction in use of the line, and in reality performed many of
the critical steps in the measurements, as well as the mass spectrometric measurements
reported in Appendix 1. It is intended that this chapter will be submitted for publication to

the American Mineralogist, in co-authorship with Thinger, G. R. Rossman and S. Epstein.

Chapter 5 is a summary of the experiments that were conducted on natural mantle minerals
and synthetic pyrope compositions in order to understand aspects of the behavior of the
hydrous components in these phases. These include simple heating experiments at
atmospheric pressure, hydrothermal treatment in rapid-quench cold seal apparatus and
piston cylinder syntheses of OH-bearing pyrope. Aspects of this work were published
together with the results of a study by C. A. Geiger and co-workers in the American

Mineralogist (Appendix 5), as described in the introduction to this chapter.



Chapter 6 is an overview of some of the broader principles and concerns emerging from the

study, and reviews the geochemical importance of trace OH in mantle minerals.

Appendix 1 is a study with P. D. Thinger on the isotopic composition of H measured after
the extraction from nominally anhydrous minerals described in Chapter 4. Appendix 2 is a
commentary on the issue of OH in mantle minerals which was published in Nature.
Appendices 3-5 are published papers resulting from collaborations with other individuals
which arose directly out of the work reported in the thesis. Appendices 6-9 are published
meeting abstracts and Appendix 10 consists of additional data. All writing, with the
exception of appendices 3-5, is the work of the author. Analytical work performed by

others is indicated above and in the text.
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Chapter 1. The distribution of hydroxyl in garnets from the subcontinental mantle of

southern Africa.



Abstract

166 garnets of dominantly mantle origin were analyzed for OH content by infrared (IR)
spectroscopy. IR spectra in the 3400 - 3700 cm-! region display consistent absorption
patterns attributable to OH structurally bound within the garnet crystal, occasionally
contaminated by low intensity OH absorptions from microscopic inclusions. The principal
structural OH absorption occurs near 3570 cm-1, with the appearance of additional
absorptions near 3512 cm-! and 3650 cm-! dependent on garnet composition or
paragenesis. Samples derive from a wide variety of rock types occurring as xenoliths in
kimberlites of southern Africa. OH abundances, using the best currently available
calibration, range from less than 1 up to 135 ppm H,O, and increase in the general order as
follows : on-craton eclogites < coarse-granular peridotites < Ti-rich deformed peridotites <
some off-craton eclogites < Cr-poor megacrysts. OH abundances in garnet are closely
linked to host rock paragenesis and cannot be explained purely by any crystal chemical
factors which we have investigated. Cr-poor garnet megacryst nodules display striking
inverse correlations between OH contents and Mg/(Mg+Fe) ratios, which we interpret to
reflect the progressively increasing water content of the differentiating parental megacryst
magmas. OH abundances in garnet megacrysts decrease in the host rock order Group 2
(micaceous) kimberlite > Group 1 (basaltic) kimberlite > alndite > alkali basalt. The OH
contents of common lithospheric garnets from coarse peridotites, including several
phlogopite-bearing samples are typically less than 20 ppm H,O, for tectonic settings of
kimberlites both on and off the Archaecan Kaapvaal craton. Ti-rich garnets from deformed
peridotites are richer in OH, supporting previous suggestions of associaton of these
xenoliths with putative megacryst magmas. Subcalcic Cr-rich xenocrysts, diamond

inclusion garnets and garnets from diamondiferous eclogites have very low OH contents,



similar to eclogites and depleted peridotites without macroscopic diamonds. The OH
content of southern African peridotite and eclogite garnets are significantly lower on
average than those previously examined from the Colorado Plateau diatremes. While
details of emplacement-related H mobility in garnets remain to be established, our results
suggest that garnets record useful information on the role of water or other hydrous volatile
species in petrological processes at their source regions in the mantle. Although garnets do
not appear to constitute a large reservoir of mantle hydrogen, the large stability range of
OH-bearing garnet in the crust and mantle implies wide applicability as a qualitative

hydrobarometer.



Introduction

In recent years, numerous studies have demonstrated that many nominally anhydrous
minerals incorporate limited amounts of structurally-bound hydroxyl. Such OH has been
observed in variable concentrations in compositionally diverse natural garnets that are
conventionally regarded as anhydrous (Wilkins and Sabine 1973, Aines and Rossman
1984a). Aines and Rossman (1984a,b) found that OH-bearing garnets occur in a variety of
geological environments, including the Earth's upper mantle. These observations lent
some support to earlier speculation by Fyfe (1970), later revived by Ackermann et al.
(1983), that OH-bearing garnet_might be a significant reservoir of hydrogen in the Earth's
mantle.

While Aines and Rossman (1984a) were unable to identify the specific location of OH
within the garnet crystal structure, they did note that the data were consistent with OH
incorporation via the hydrogarnet substitution. This mechanism, in which four OH-
groups, linked in a tetrahedral configuration, are substituted for an SiO44- group, is
operative in natural hydrogrossular garnets, which form a complete solid-solution series
from grossular (Ca3zAl;[SiOy4]3) to katoite, (CazAl;[H404]3). The hydrogarnet
substitutional mechanism is also claimed to be responsible for the hydrous component in
synthetic OH-bearing pyropes (Ackermann et al. 1983). Although this type of substitution
in mantle minerals was supported by the existence of a stable hydrogarnet species in the
crustal regime, its viability in the mantle has been questioned on crystal chemical grounds
by Martin and Donnay (1972) and Lager et al. (1989). Regardless of conjecture on the
precise structural location, the occurrence of OH-bearing pyrope garnets from high

pressure natural and synthetic environments is now well established.
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Furthermore, it was envisioned by Martin and Donnay (1972) that determination of a
crystal / fluid distribution coefficient for OH might allow direct estimation of water activity
during the mineral-forming event at depth. Thus several important questions emerge in the
study of high pressure hydrous garnets, notably: What is the structure of the hydrous
component, what is the abundance of this form of "water" in the mantle and what can be
learned from this phenomenon about the role of hydrous volatiles in mantle petrology?
Answering the first question is severely hampered by the concentration of hydroxyl in
garnets of high pressure origin, which is typically so low as to prevent direct determination
of the crystallographic sites where such OH is located. In this paper, we take some initial
steps in addressing the issues of abundance and petrological importance of structural OH in
garnet from the upper mantle.

Knowledge of the "water" content of the Earth's mantle and its exact chemical form are of
particular importance in geochemical, petrological and geophysical studies, since volatile
elements are well known for their profound effect on physical and chemical properties of
rocks, such as melting relations, rheology, and transport properties. Martin and Donnay
(1972) have summarized some estimates of mantle water contents and possible mechanisms
of storage. Proposed modes include fluid and melt phases, stoichiometrically hydrous
minerals such as amphiboles, micas and various synthetic candidates (see Liu 1987, Finger
and Prewitt 1989) and the nominally anhydrous minerals containing OH. The importance
of the nominally anhydrous mineral reservoir of water is presently virtually unknown, but
of great interest to evaluate, since the petrological and geophysical effects of water in this
form are likely to differ significantly from those of a fluid phase. In addition, the stability
ranges of these minerals are often quite different from those of the commonly observed
hydrous minerals, such as amphiboles and micas.

A previous study on the OH content of natural mantle-derived garnets (Aines and

Rossman 1984b) noted a variability in OH concentration, with some indication of a
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geographic correlation. Garnet samples studied in that work were often single crystals of
unknown paragenesis, and the issue of possible systematic petrological correlations could
not be addressed. In this study, we aimed to investigate the petrological aspects of OH in
mantle garnets by analysis of samples from well characterized petrological environments
within the upper mantle. Our objectives were to document the variability in hydroxyl
concentration of mantle garnets from the well-studied kimberlites of southern Africa, and to
determine if these variations are linked to factors of petrological importance such as host
rock lithology, tectonic setting, crystallization history, pressure, temperature and water
activity. More specifically, we wished to investigate whether garnets record information on
the concentration and geochemical behaviour of water in their source regions in the upper

mantle.

Samples

All our samples, with the exception of four garnet megacrysts, are from xenoliths erupted
in kimberlites of southern Africa. This area was chosen for study due to ready sample
availability and the large amount of background information in the form of previous
detailed studies of kimberlites and their xenolith suites from this region. Where possible,
we have examined garnets from previously studied suites or localities. Our collection
includes garnets from peridotites and eclogites, garnet megacrysts and xenocrysts, and
covers kimberlites which sample mantle material below the Archaean Kaapvaal Craton, as
well as those erupted through the surrounding younger Namaqua Province (Hartnady et al.
1985). These are referred to as "on-craton” and "off-craton" tectonic settings respectively.
In all cases, we have tried to attain as wide a coverage of regularly encountered mantle

lithologies and garnet compositions as possible.
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Since this study attempts to focus on the petrological significance of hydroxyl in mantle
garnets, it is important that the paragenesis of the garnet samples be unambiguously
defined. Many of the most striking features involving OH occur in the so-called
"megacrysts," which in the sense used throughout this paper are specifically the chemically
distinctive (Fe,Ti-rich and Cr-poor) and often large, monomineralic garnets referred to by
Nixon & Boyd (1973b) as discrete nodules and by Eggler et al. (1979) as Cr-poor
megacrysts. These megacrysts are believed by the above and many other authors, e.g.
Gurney et al. (1979), Schulze (1984), Jones (1987) to be crystallization products of a
liquid in the mantle and are a specific subset of the host of diverse garnets that happen to
exceed a millimeter or so in diameter, occurring in the heavy-mineral concentrates of
kimberlites and related rocks (the sense used by Aines and Rossman 1984b).

Where possible, garnet megacrysts for infrared spectroscopic analysis were selected from
large suites, previously analyzed by electron microprobe. This enabled coverage of the
entire range of compositions recorded for certain suites. Megacrysts were analyzed from
the following kimberlites : Monastery, Kaalvallei, Jagersfontein (on-craton, group I),
Lace (also known as Crown), (on-craton, group II) and Koherab (off-craton, group I).
Peridotites were analyzed from the Premier and Jagersfontein localities, where large
variations in pressure and temperature of origin, generally well correlated with texture and
bulk composition, exist (Danchin 1979, Winterburn et al. 1990), and from the off-craton
Louwrensia kimberlite, where sheared peridotites also tend to record higher equilibration
temperatures (MacGregor 1975, Mitchell 1984). Single garnet xenocryst grains, believed
to be peridotite-derived, were analyzed from the Lace kimberlite. These include lilac
coloured subcalcic Cr-rich garnets of the type that have been linked to diamond occurrence
in the mantle (Gurney 1984).

Eclogites from the classic on-craton Roberts Victor locality were selected to cover as

much as possible of the compositional range of this suite. Most of the samples have been
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previously studied by Hatton (1978). Eclogites have also been analyzed from the off-
craton Rietfontein kimberlite (Gurney et al. 1971, Gurney 1984)) and others of the Karoo
Province (Robey 1981). Diamond-bearing eclogitic lithologies from the Lace, Star, Orapa
and Kaalvallei kimberlites and a garnet of eclogitic paragenesis, included in diamond, from
the Premier kimberlite, were examined. A list of all samples studied, together with
paragenesis and compositional information is presented in Table 1. The geographic location
of the host kimberlites of our samples, the petrological affinities of the kimberlites, and

their relationship to major tectonic boundaries are illustrated in Fig.1.

Methods
Infrared spectroscopy

Garnets were extracted from xenoliths by crushing or sawing and were then handpicked
under a low power binocular microscope to select the purest looking grains. For the
peridotites and most eclogites, a selection of grains from each xenolith was mounted in
acrylic resin or epoxy and doubly polished. Thicknesses varied from ~ 150 pm to 2 mm,
depending on sample quality. The polished grains were examined under a binocular
microscope, using large area illumination from below, which highlighted imperfections,*
particularly under crossed polarizers. This examination was used to select volumes of
garmet that were free of inclusions or cracks for analysis. A second examination at 100X to
400X magnification in transmitted light using a petrographic microscope was performed as
a cross check, or where spectroscopic data suggested the presence of foreign material, such

as cracks or inclusions. Intersection of the infrared beam with cracks commonly resulted in
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strong absorptions which are, however, often readily distinguishable from the intrinsic
garnet OH component.

The absorption spectrum of a clear region of each sample was then recorded for
unpolarized light in the interval 11,000 to 1800 cm-! using a Nicolet 60SX Fourier
transform infrared spectrophotometer equipped with an InSb detector. A large number
(250-2000) of scans were averaged for each analysis point in order to yield the desired
signal-to-noise ratio. Resolution for the averaged scans was 2 cm-1. Thickness of the
sample was measured with a micrometer gauge and all spectra were normalized to a
thickness of one millimeter. Because the OH absorption bands are perched on the tail of a
broad absorption due to Fe2+ (see Fig. 2), it is necessary to know the form of the baseline
in order to calculate the OH absorption intensity. Although the specific baseline varies with
the Fe2+ content of each sample, the general baseline shape was gauged from the spectra of
a selection of naturally anhydrous garnets (e.g., Fig. 2i), and a few originally hydrous
samples that were dehydrated by heating in a bench furnace in air. A hand-drawn baseline,
matched to the characteristics of the Fe2+ absorption of each spectrum, was subtracted and
the net integrated absorbance between 3700 cm-! and 3400 cm-! was calculated. This

absorbance was related to OH concentration (expressed as ppm HpO by weight) using the

expression (discussed in the calibration section below):

ppm HyO =0.7194 X Integrated absorbance per cm sample thickness. 1

The detection limit depends on the thickness of the sample, which is dictated by the extent
to which the garnet must be thinned down to yield a window for transmission that is free of
cracks and contaminating phases. For typical samples (on the order of 0.5 mm thick),
detection limit is about 1 ppm HO, and is lower for many megacrysts with large gem-

quality regions. Homogeneity was checked in a number of (but not all) samples by
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analyzing two or more grains from the same xenolith. This practice commonly yielded
identical spectra, but occasionally a small degree of heterogeneity was observed, similar to
that reported by Aines and Rossman (1984b). Analysis of more than one area of the same
garnet grain also typically indicated homogeneity, with occasional exceptions of small

magnitude.

Calibration of IR analysis

In principle, infrared spectroscopy is capable of sensitive and accurate quantitative analysis
of OH if the relationship between absorption intensity per unit thickness and concentration
is known by independent calibration. Because the proportionality constant in this
relationship (the molar absorption coefficient, £ ) is dependent on composition and structure
of the host phase, the calibration should be performed on material as closely allied as
possible to the unknown (in this case, pyrope-rich garnet). The low levels of hydroxyl in
nominally anhydrous silicates are a continuing obstacle to accurate calibration of the
extremely sensitive IR technique by independent methods. Over the years, several
estimates for molar absorption coefficient of OH in gamet have been made (e.g., Wilkins
and Sabine 1973, Aines and Rossman 1984a, Rossman et al. 1988) and the area is one of
current active research.

The pyrope-rich garnets encountered in this study exhibit fairly simple IR spectra
between 3500 and 3700 cm-1, usually comprised of one dominant and one or two
subordinate absorption bands, although the dominant band is probably a composite one.
The band occurring near 3570 cm-1 is commonly the most intense. The frequency of this
band is relatively constant, although we have observed some minor composition-dependent

variation. Skogby and Rossman (1991) showed that the molar absorption coefficient of the
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OH stretching vibration in amphibole increases with decreasing frequency of absorption,
consistent with the observation of Paterson (1982) for silicate glasses and other materials,
and it is therefore possible that garnets with different OH spectra may have varying molar
absorption coefficients. However, the orders-of-magnitude variation in OH absorption
intensity for the samples studied is much greater than that which would be predicted if the
observed variation were due to variable molar absorption coefficient alone. Where a band
of different frequency dominates the spectrum (e.g., the 3660 cm-1 band in samples RFT-1
and RFT-2), the effect of varying molar absorption coefficient may be more pronounced.
The calibration used in this study for quantitative estimation of OH concentration is
based on a determination of the H content of a garnet megacryst (MON-9) by high
temperature vacuum extraction and gas manometry . Details of this calibration are
described elsewhere (Bell et al., in prep). In this study, the integrated molar absorption
coefficient was determined to be 6700 £ 670 I-mol-1-cm-2. This calibration is in good
agreement with recent 15N nuclear reaction analysis of pyrope garnets (D. Endisch, F.
Rauch, D. Bell and G. Rossman, in prep.). It is indistinguishable from the integrated
molar absorption coefficient for hydrous grossular garnets of 7070 + 1030, calculated from
the data in Table 3 of Rossman and Aines (1991). The pyrope calibration has been
simplified to the equation (1), by the assumption of constant garnet density. This
introduces a small degree of uncertainty (about + 5%) into the analysis. Other uncertainties
in the calculation of OH content from the IR spectra arise from the measurement of sample
thickness (+/- 2 um), integrated absorbance and minor sample heterogeneity. While very
careful sample preparation, spectroscopy and baseline fittting can achieve analytical
precision down to the order of £1% (Bell et al., in prep), the less stringent procedures were
adopted in the present study. Uncertainties in integrated absorbance are due to errors in the
baseline fitting routine, contamination by small amounts of atmospheric water vapor and

detector ice during analysis and scattering effects resulting from poor surface polishing.
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This uncertainty is estimated at + 10% for OH-rich samples and up to £30% for samples
with very low OH concentrations, but varies according to the conditions of analysis.

The concentrations determined using the present calibration are dramatically lower (by a
factor of 20 to 30) than, and supersede earlier estimates by Aines and Rossman (1984a) on
pyrope garnets with similar absorption intensities. While the absolute concentrations
reported here may require some adjustment as more precise and accurate calibrations
become available, the relative amounts of OH are better established and are in all probability

a good reflection of the natural variability.

Electron microprobe analysis

Compositions of the spectroscopically-analyzed samples, or other mineral grains from the
same hand specimen were determined with the JEOL 733 electron microprobe at Caltech.
These compositions are reported in Table 1 and are mostly averages of three or more grains
or grain fragments. In a few instances, electron microprobe-determined compositions
supplied by sample donors are also reported in Table 1. Caltech analyses were performed
at 15 kV accelerating voltage, but at a variety of beam currents from 40 to 100 nA.
Counting times were varied according to estimated element abundance and beam current.
Because the garnets were analyzed as part of an experimental program aimed at increasing
the quality of garnet microprobe analyses, the procedure was not standardized and different
analytical procedures were employed at different times. Averaged analyses reported in
Table 1 have been weighted according to precision derived from counting statistics
(calculated by the analytical program for each elemental analysis). Mg, Al and Si counting
times were sufficient so as to attain 0.2% precision in raw count rate. Fe and Ca analyses
attained similar, but often slightly less precise counting statistics, depending on abundance.

Minor elements were analyzed with extended counting times. Typical peak counting times
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at 40-60 nA were : Na 120s, Ti 60s, Cr 60s, Mn 60s, P 180s. Most concentrations were
calculated relative to the following standards: Na - natural (Amelia) albite, Mg, Si, Al -
synthetic pyrope, Ca - natural wollastonite, Ti - synthetic rutile, Cr - synthetic eskolaite,
Mn - natural spessartine, Fe - synthetic almandine, P - natural (Durango) apatite. The K-
ratios relative to the above standards were then converted to concentrations by a full ZAF

correction procedure (Armstrong 1984).

Results

Contamination by other phases

Petrographic observations. During microscopic examination of doubly polished garnet
samples for positioning of the infrared beam, several types of imperfections were
encountered. The more obvious features are primary mineral inclusions and large cracks.
Primary mineral inclusions may take the form of rounded or rod-like grains and are
generally uncommon. They are usually easy to avoid during IR analysis, but where rod-
like inclusions were sufficiently densely packed as to effect occasional intersection with the
IR beam (e.g., eclogite 390/4), they had no visible effect on the IR spectrum of the garnet.
Large cracks are brilliantly highlighted under crossed polarized large-area illumination from
below, and are present in almost all garnets. They are commonly lined with other phases,
which we have made little effort to identify. Much of the crack-filling is probably related to
emplacement and subsequent near-surface processes, and probably comprises kimberlite
matrix minerals and their alteration and reaction products with the host garnet. Late-stage

deposits from deuteric and groundwater fluids are also probably a significant component of
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the crack-lining assemblage. These coarse cracks were rigorously screened from
interaction with the IR beam by the placement of a metal aperture.

More troublesome were two varieties of microscopic imperfections. The first variety
takes the form of micrometer to submicrometer sized inclusions, often arranged in linear
trains oriented parallel to certain crystallographic directions in the host garnet. Individual
inclusions occasionally measure up to 20 pm in length, but are typically only on the order
of one micrometer in width. Their exact constitution is unknown, but these features are
common in both Ti-poor peridotitic garnets as well as eclogitic garnets. Many megacrysts
from the Lace kimberlite also contain these inclusions, which are heterogeneously
distributed, and were avoided during analysis. In one case they were seen to be
concentrated closer to cracks, with their number density decreasing towards a clear central
volume of garnet. Their pervasive nature and often regular alignment suggests that these
inclusions may not be a near-surface, alteration-related feature and therefore justify closer
attention in future studies. Commonly associated with the linear inclusions are fine features
having the appearance of cracks, which may surround individual inclusions, or run from
one inclusion to another. The presence of these inclusions and crack-like structures is often
correlated with absorptions in the 3400 - 3700 cm-! region of the infrared spectrum and
their presence in intrinsically OH-poor garnets is a significant obstacle to accurate
determination of the true structural OH component. The presence of these micro-inclusions

has been denoted in Table 1.

A second imperfection occurs as diffuse clouds of extremely fine wisp-like structures that
are only visible under crossed polarizers using the dark-field illumination. These clouds
are particularly common in many eclogitic garnets and often appear to have their origins at
crack terminations in the gamet, from which they spread out to cover large portions of the

grain volume. It is possible that this second variety may be stress-induced microfractures
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which formed at some stage during the entrainment and eruption process. These features,
in contrast to those described above, do not appear to influence the infrared spectrum in the
region of interest, except in occasional cases where they are unusually coarse or dense and

a hydrous component appears to be introduced.

IR Spectral characteristics of contaminants. The above section has described several types
of visible impurities encountered in the mantle garnets of this study. The extent to which
these visible (and perhaps invisible) inclusions contaminate the spectra needs to be
addressed. The garnets from the Kimberley peridotites which contain minute oriented
inclusions have an OH spectrum characterized by a relatively broad, but sometimes sharply
peaked absorption near 3650 cm-! combined with very broad bands centered at lower
wavenumbers (Fig. 2j). These features appear to be associated in some way with the
inclusions, although they do not necessarily arise directly from them. For example, the
broad 3450 cm-1 band may be caused by molecules of water in the inclusions, or in
microcracks associated with them. Similar spectral features are seen in several of the
peridotitic concentrate garnets from Lace; however only some of these contain visible
inclusions, the others possibly being submicroscopic. In garnet megacrysts from Lace, the
intensity of absorption of the 3570 cm-! band (OH in the garnet structure) was seen to
decrease in the presence of these inclusions, which also gave rise to broad absorptions at
lower energies.

The fine, wispy crack-like features common in most eclogitic and a number of peridotitic
garnets appear to have little effect on the recorded OH spectrum. Where these features are
especially dense, a high wavenumber (3650 cm-1) absorption may sometimes appear,
which is perhaps related to associated alteration.

Some of the spectra in Fig. 2 (e.g., Figs. 2f and 21) display a very weak pair of bands at

3610 and 3710 cm-1. It is believed that these are not due to absorptions in the sample
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spectrum, but are created by subtraction of a background spectrum slightly contaminated by
the presence of water-vapour. Other contamination of the sample spectrum is caused by ice
in the detector system, and is illustrated by the broad, low-intensity absorption at 3250 cm-
1 in Fig. 2j.

The present discussion has served to draw attention to the problem of contaminant phases
during OH analysis by IR spectroscopy. The unambiguous identification of these phases
and their precise spectral characterization in the O-H stretching region remain subjects for
future investigations. We wish to emphasize however, that we have attempted to keep the
influence of such phases to a minimum in this investigation. Their contribution to the
overall spectrum becomes an important issue only in the evaluation of the relative
abundances (and spectral patterns) of OH in garnets of lowest intrinsic OH contents (such
as the Roberts Victor eclogites, and common coarse peridotites), or in the occasional
circumstances where the only garnet available from a sample contains an unusually high
inclusion density (e.g., alkremite JAG-38). They have essentially no influence on the OH
spectra of hydrous samples such as megacrysts, or on most of the Colorado Plateau

samples described previously by Aines and Rossman (1984b).

Infrared spectral characteristics of the structural OH component of garnet.

Absorption spectra due to O-H stretching vibration in the garnets examined here are broadly
similar to spectra of the magnesian garnets described by Aines and Rossman (1984a), but
several additional features have been brought to light by this study. For the purposes of
discussion we divide the observed OH stretching bands into three groups on the basis of

vibration frequency. These groups are referred to here as high-, medium-, and low-
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wavenumber groups and occur in specific combinations for garnets of different

paragenesis, giving rise to a limited number of characteristic spectral patterns.

The medium wavenumber group. This study confirms that in most pyrope garnet spectra,
the dominant feature in the O-H stretching frequency region between 3400 and 3700 cm-1

is a band centered near 3570 cm-l. Preliminary indications are that the position of this
band maximum shifts in a regular fashion to lower wavenumber as a function of decreasing
Mg/(Mg+Fe) ratio in megacrysts. This results in a variation of the peak position from 3580
to 3565 cm-! in the compositional range of our garnets. Although this feature has the
appearance of a single band in many samples (Figs. 2a,p), there are indications from some
spectra (e.g., Figs. 2b,c) that it may be an unresolved combination of bands, dominated by

the strongest component at ~3570 cm-1.

The high wavenumber group. Aines and Rossman (1984a) noted that the above principal
band is commonly accompanied by a less intense, often less well-defined and broader band
at higher wavenumber, from about 3600 to 3700 cm-1. Although this band complex is
often a broad, rather featureless hump (e.g., Fig. 21), several garnets examined in the
present study allow a more precise characterization of this group. It appears that the most
commonly occurring well-resolved bands in this region are located at ~3650 and ~3680 cm-
1 respectively. Both bands occur in the spectra of many megacrysts (e.g., Fig. 2b). More
commonly, however, the 3650 cm-1 band dominates the spectrum in the high-wavenumber
region (Figs. 2a,f,g,h,m and n) and is a ubiquitous component of the spectra of eclogite
and peridotite garnets. In the kyanite eclogite samples from Rietfontein (e.g., RFT-1, Fig.
2h) this band accounts for the quite considerable total absorption intensity and is also the
dominant feature of the OH spectra of alkremite garnets (Fig. 2n), peridotitic garnets from

Kimberley (Fig. 2j), a few lherzolite garnets from Louwrensia (LRA-17, 18) and some
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Roberts Victor eclogites (Fig. 2g). It is a prominent feature of the Bobbejaan Cr-rich
"megacrysts" (Fig. 2m). This 3650 cm-1 band sometimes appears sharper than other garnet
OH absorption features and we note that it occurs in a frequency region common to the OH
absorptions of many hydrous phases. The ubiquity of this band and its apparent disregard
of host composition or paragenesis raises the suspicion that, in many cases, it may
represent submicroscopic inclusions of another phase. Microscopic inclusions of the type
described above are observed in many of the garnets where these absorptions are
prominent. However, these absorptions do occur in garnets where such inclusions are not
seen, and it may be that two or more OH-bearing phases, including the host garnet,

coincidentally absorb in the 3650 cm-! region.

Low wavenumber group. In this study, we commonly observe a shoulder or distinct band
on the low-frequency side of the principal band, typically centered at about 3512 cm-1.
This low frequency absorption, which occurs only in megacrysts and some peridotite
garnets (the Ti-rich ones) may, on rare occasions (e.g., Fig. 2e), be the most intense band
present. It is commonly observed in megacrysts, which yield the highest quality spectra,
that the intensity of the 3512 cm-1 band appears to be inversely correlated with that of the
high wavenumber group. This is illustrated in the array of spectra shown in Fig. 2 a-e. If
real, this apparent correlation may arise from the interconversion of H between two distinct
OH sites. In the light of our aforegoing comments on the source of the high wavenumber
absorptions, it is conceivable that the structural OH responsible for the low wavenumber
(3512 cm-1) absorption is removed from the garnet structure to form minute inclusions of a
hydrous phase, which are responsible for the high-wavenumber absorptions. However,
the apparent inverse correlation may also be generated by the mixing of two types of
spectra, where one type has both high wavenumber bands and a strong 3570 cm-! band,

which tends to overlap and obliterate the 3512 cm-1 band. In addition to the intrinsic



24

garnet band at 3512 cm-!, the low wavenumber region may also exhibit a very broad
absorption from 3500 to 3100 cm-! (see Fig. 2j) if a crack or inclusion (probably
containing molecular water) is intersected.

The spectral patterns illustrated in Fig. 2a-p are a representative selection of the various

types of spectra resulting from combinations of the above features.

Abundance of OH in mantle garnets

The OH contents of the garnets are reported in Table 1 as ppm H,O by weight and a
comparison of the distribution of OH in different mantle rock-types is shown in histogram

form in Fig. 3.

Garnet megacrysts. The most hydrous garnets encountered in this study are those of the
Cr-poor megacryst suite, representative spectra of which are illustrated in Figs. 2a-e. The
OH contents of the megacrysts from kimberlites are highly variable, from 8 ppm H20 to
135 ppm in the most iron-rich kimberlitic megacryst garnets. Several interesting systematic
trends are evident, suggesting that the OH content of these megacrysts is in some way a
reflection of their conditions of formation.

In all suites of megacrysts from individual kimberlites, there is a strong positive
correlation between the structural OH content and degree of iron enrichment, as reflected in
decreasing Mg number (Mg number = 100Mg/Mg+Fe) of the garnet. This is illustrated in
Fig. 4 by a suite of garnet megacrysts from the Monastery Mine. Rim-to-rim traverses of
selected samples reveal a general lack of zoning in OH for the megacrysts, in accord with
the homogeneous distribution of major and minor elements typical of megacrysts from the
localities studied. There are also no variations in OH concentration in the proximity of the

ubiquitous cracks which riddle virtually all mantle-derived xenoliths.
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Megacryst suites from different kimberlites define somewhat different trends on a plot of
OH content versus Mg number (Fig. 5). Of particular interest is the displacement of the
Lace kimberlite garnet trend to higher OH contents than the majority of other suites.

In order to compare the kimberlite megacrysts with similar garnets from related, but
possibly less volatile-rich environments, we have analyzed megacrysts from an alkali basalt
(Kerem Maharal, Mt. Carmel, Israel) and reanalyzed garnet megacrysts from the Malaita
alnoite (previously reported by Aines & Rossman 1984b) and the basalt at Chanthaburi,
Thailand. Sample PHN-3986A from the alnoite contains 3 ppm and the basaltic
megacrysts less than 1 ppm H,O. Thus all three are, in comparison with the kimberlite-

hosted megacrysts, extremely poor in OH.

Peridotites. The abundances of OH in garnets extracted from lherzolites and harzburgites
are shown in Figs. 3b and c. Concentrations in typical peridotites range from undetectable
amounts (< 1 ppm) to about 30 ppm. In the Premier and Jagersfontein peridotite suites,
strong correlations between textural type, bulk- and mineral-chemistry and pressure and
temperature of origin of the peridotites have been demonstrated (Danchin 1979, Winterbumn
et al. 1990, Hops et al. 1989). The OH contents of the peridotitic garnets reflect these
petrological differences. At Premier, vaﬂéﬁé,\ﬁajltypically high OH contents are found in
orange-red or brownish-red, Ti-rich (0.3-1.5 wt. % TiO,) garnets from the high-
temperature, deformed lherzolites. Purple coloured, Ti-poor (<0.2 wt. % TiO;) garnets,
whether from coarse-granular or deformed peridotites are poor in OH. At Jagersfontein,
the garnets from high-temperature, often Ti-rich peridotites are also generally more hydrous
than their Ti-poor counterparts. Spectral characteristics of the two types of garnets are also
somewhat different. The OH-rich samples show two well developed bands (Fig. 2k); the
usual principal band near 3570 cm-! and the lower frequency band near 3512 cm-1, which

in two of the garnets is the more intense. OH-poor garnets are different in lacking the 3512
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cm-1 band, but having instead a poorly defined absorption near 3620 to 3650 cm-1. With
reference to the discussion on contamination above, some of this high wavenumber
component may not be intrinsic to the garnet. The presence of this absorption contributes
somewhat to the overlap of the Ti-rich and Ti-poor peridotite garnet OH concentrations in
Fig. 3.

The peridotites from the off-craton Louwrensia kimberlite in Namibia contain garnets that
are similar in overall OH content to those from the Premier and Jagersfontein lherzolites.
Once again, there is a distinct association of higher OH content with high Ti in the gamets.
Many of these Ti and OH-rich garnets are chemically zoned. The data of Mitchell (1984)
reveal that high-Ti garnets typically come from peridotites that record high temperatures,
lying on an inflected (high thermal gradient) limb of the geotherm. However, the
Louwrensia peridotite garnets are different from their on-craton counterparts in that both
high- and low-OH garnets exhibit the same spectral characteristics (Fig. 21 is typical), with
none showing an absorption band at 3512 cm-1.

Fig. 6. shows that the OH and Ti contents of peridotite garnets from both on- and off-
craton peridotites are positively correlated. This plot excludes all garnets in which
inclusions were visible under the microscope (see Table 1), or whose IR spectra indicated
possible contamination from inclusions. The sum of the absorbances at 3570 cm-! and
3512 cm-1, rather than the integrated absorbances have been used to indicate relative OH
content, because of the greater sensitivity of the integrated absorbance to contamination
effects. Because of the positive correlation between Na and Ti in these gamets, the OH
contents also exhibit a positive correlation with Na.

Garnets from a small suite of lherzolites and harzburgites from the Boshof Road and
other mine dumps (Kimberley) have large integrated absorbances related to a somewhat
sharp absorption at 3650 cm-!, accompanied by a very broad component extending from

3600 to 3300 cm-1. All the garnets, however, contain oriented inclusions of the type
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described above. In estimating the OH contents of these samples, we have excluded the
broad, low wavenumber absorptions, which we believe are due to liquid water. We
believe that the true structural OH content of these garnets may be even less than the 6 to 21
ppm H,O reported in Table 1, and that much of the absorbance may be due to microscopic
imperfections. Similar features are evident in some of the peridotitic xenocryst grains from
Lace.

Relatively high OH contents are recorded in two “Cr-rich megacrysts” from the
Bobbejaan Fissure, and the highest OH content (86 ppm H,O) measured in garnets of
broadly peridotitic paragenesis occurs in a green garnet xenocryst, WTV-1, from the
Weltevreden Mine. This garnet measures approximately 8 by 10 mm and is intergrown
with Cr-spinel, Cr-diopside and some phlogopite of uncertain paragenesis. It is similar in

composition and appearance to those described by Schulze (1989).

Eclogites. Eclogite garnets are highly variable in OH content (Fig. 3d). Those from "on-
craton" sources, including the diamond-bearing samples, are generally very poor in OH.
In the Roberts Victor suite there is no apparent correlation of OH content with garnet
composition (Fig. 7). It is interesting to note that in this suite the Ca-rich eclogitic garnets
are not noticeably richer in OH, despite of speculation that OH is associated with the
grossular component (Lager et al. 1989). Eclogite garnet spectra do not exhibit the low-
frequency absorption band near 3512 cm-1. While it is common for a high-frequency band
complex near 3650 cm-1 to contribute a significant proportion of the total absorption, it is
not clear whether this component is truly a structural element of the garnet.

The OH contents of many eclogite garnets from those pipes situated adjacent to the
inferred craton boundary (Markt, Lovedale and Roodekraal kimberlites) are similar to those
of the on-craton samples, with the somewhat elevated OH contents of garnets from the

Roodekraal kimberlite possibly due to visible microscopic inclusions. Eclogite garnets



28

from the Rietfontein kimberlite, situated some two hundred kilometers to the West of the
craton (Fig. 1), do not contain visible micro-inclusions and their OH contents (46 to 86
ppm H;0) are unambiguously higher than the Roberts Victor garnets. There are also
distinct spectral differences between two relatively calcic (13.7 wt % CaQ) garnets from
Rietfontein kyanite-bearing eclogites, in which a strong band appears at 3660 cm-1, and the
other 8 samples from this locality, which have spectra like those of the off-craton

peridotites.

Diamond Association. Diamond-inclusions are difficult to analyze on account of their small
size and thus commonly yield somewhat poorer quality spectral data than other garnets.
Two inclusions, a lilac Cr-rich garnet of peridotitic paragenesis and an orange eclogitic
garnet were analyzed in this study. The eclogitic garnet inclusion (P-108 from the Premier
Mine) has a very low OH content (3 ppm H0), whereas the peridotitic garet (F99-B from
the Finsch Mine) yielded a poor quality spectrum from which we are only able to infer an
upper limit to the possible OH content of about 15 ppm H2O. Three lilac-coloured
xenocryst garnets from the Lace mine, which have compositions equivalent to peridotitic
paragenesis diamond inclusion garnets, contain low OH contents (1-7 ppm H,0O). Four
diamond bearing eclogite samples, from geographically well separated localities on the

Kaapvaal Craton, have garnets with OH contents ranging from 2 to 17 ppm H,O.

Discussion

The systematic distributions of OH in mantle garnets, demonstrated above, are a strong
indication that H in these garnets follows a consistent geochemical behavior, and that the

observed variations are not of a random nature. This implies the potential to provide useful
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information on some aspects of the geological history of the samples. Exactly which
aspects of their geochemical environment are being recorded by these hydrous (or
anhydrous) garnets is an important question. The regular geochemical trends and
consistent petrological correlations reported in this study argue for preservation of source
information, although we have demonstrated in reconnaissance laboratory studies that
hydrogen can be removed from megacryst garnets by heating in air and replaced by
hydrothermal treatment. In the following section we discuss some petrological implications
of the observed systematics, with the assumption that the OH content of the garnets is a
feature retained from the source region. The extent to which this assumption is valid will
hopefully be revealed by ongoing studies into the stability of the hydrous component and

garnet crystal chemistry.

Hydroxyl in garnet megacrysts : an indicator of OH in mantle melts. -

Most studies of Cr-poor megacrysts in kimberlites appear to favour an origin for this suite
of minerals as deep-seated fractional crystallization products from a magma near the base of
the lithosphere (e.g., Nixon and Boyd 1973b, Harte and Gurney 1981, Harte 1983,
Mitchell 1986, Schulze 1987). This crystallization may involve the interaction with some
peridotite wall rock (Jones 1987, Neal and Davidson 1989) but the dominant influence on
mineral compositions appears to be the evolving magma (e.g., Gurney et al. 1979). The
physical setting of the megacrysts prior to their entrainment in the transporting kimberlite is
unknown, but Harte and Gurney (1981) proposed a stockwork of vein and mantle
pegmatites, in contrast to an earlier proposal by Nixon and Boyd (1973b) of crystals
distributed in a partially molten zone.

Garnet megacrysts from the Monastery and Lace kimberlites were chosen specifically for

their regularity of minor element variation as a function of Mg number, taken to be a
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differentiation index. The results obtained in this study appear to indicate that hydrogen
behaves in a similar fashion to other minor and trace magmatic compohents, with its
concentration in the crystallizing solid phase being controlled by a rational solid-liquid
equilibrium. The regular increase of OH in the garnet as a function of decreasing Mg
number is an expected consequence of the incompatibility of OH in the nominally
anhydrous crystallizing minerals.  Although the stoichiometrically hydrous phase
phlogopite is believed to crystallize from the megacryst magma at Monastery, it does so at
an advanced stage of the differentiation process (Moore 1986), possibly after garnet has
ceased to crystallize. It is in any event likely that the OH content of the evolved melt will
exceed that of the fractionating mineral assemblage, and that the concentration of magmatic
water will continue to increase during the final stages of differentiation.

Gamets from the Lace kimberlite exhibit a higher OH content for a given Mg number
compared with those of the other kimberlites studied (Fig. 5). It is the only micaceous
(group II) kimberlite studied, which suggests that if garnet megacrysts are in fact related to
their host kimberlite magmas, as envisioned by Jones (1987) and others, then water may
play a more important role in the near-source evolution of micaceous kimberlites than it
does for non-micaceous (group I) kimberlites.

There is no obvious difference in OH content between the garnet megacrysts from on-
and off-craton kimberlites, suggesting a general similarity in water content between the
parent magmas. This is in accord with the other chemical features of their megacrysts
(Mitchell 1987). Mitchell (1984) has alluded to the uniformity of the kimberlite-forming
process in these two environments in southern Africa.

The field for garnet megacrysts from the Kaalvallei kimberlite is somewhat more scattered
than those of the other megacryst suites in Fig. 5 and contains one outlying data point.
This is sample 13-53-63, one of four relatively magnesian garnets from this locality. The

reason for the anomalous behaviour of this sample is unclear. The overall greater scatter in
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the Kaalvallei suite is less surprising, as crystallization from several similar, but not
identical parent magmas, or differential degrees of wallrock interaction during the
crystallization - differentiation process could produce this more erratic behaviour.

In contrast to the kimberlitic megacrysts, the megacrysts which we have analyzed from
rock-types poorer in volatiles than kimberlites (alnoite, alkali basalt) are markedly less
hydrous. The data suggest a progression towards lower water contents in the magmas
parental to the garnets, supporting the contention (e.g., Chapman 1976) that these parental
melts are in some way genetically related to the erupted, xenolith-transporting magma.
However, caution must be exercised in the comparison of garnets from volcanic hosts with
different eruption styles, as our laboratory studies have shown that OH can be lost from the

samples by high temperature treatment in an oxidizing environment.

Water in garnet peridotites.

The results presented in Table 1 show that garnet in mantle peridotites can contain bound
hydroxyl in limited amounts. Even in the most hydrous peridotitic garnets, the estimated
amounts are only on the order of 80 ppm H70O. Assuming garnet to comprise about 10%
by volume of the upper mantle, the maximum observed amount of garnet-hosted water is
therefore about 8 ppm. Considering garnets from Colorado Plateau diatremes studied by
Aines & Rossman (1984a,b), this figure could be raised to about 15 ppm. It is difficult to
estimate how much more water could be bound in the structure of mantle garnet as OH, but
it seems unlikely that this could amount to the weight percent levels required if garnet were
the major reservoir for the 1000 ppm water estimated by Ringwood (1975) in undepleted
mantle.

The higher OH contents of garnets from commonly deformed, high temperature

peridotites at Premier and Jagersfontein provide further evidence for their formation in a
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different mantle regime from the common coarse lherzolites as shown by Nixon and Boyd
(1973a) for the northern Lesotho xenolith suite. Our study indicates that the "fertile"
peridotites appear to have formed or equilibrated in a more hydrous environment, and that
water is associated geochemically with other incompatible elements like Ti and Na. This is
consistent with the suggestion of Gurney and Harte (1980) and recent geochemical
evidence from several workers (e.g., Smith and Boyd 1987, Hops et al. 1989, Griffin et
al. 1989) that these deformed xenoliths have acquired their "fertile" character by interaction
with a silicate melt which was parental to the Cr-poor megacryst suite, and which may be
the cause of the higher ferric/ferrous iron ratios reported by Luth et al. (1990) for such
xenoliths. The infiltration of such peridotites by a fluid is also indicated on microstructural
grounds (Drury and Van Roermund 1989).

Low temperature peridotite garnets contain OH contents varying from below detection
limit to about 20 ppm. At these low levels, relative abundances are determined with
difficulty and identification of the true structural OH component of garnet is hampered by
the common occurrence of microscopic inclusions. Nevertheless, the general impression is
gained that the "on-" and "off-craton" peridotitic portions of the continental lithosphere are
probably similar in terms of the OH content of the nominally anhydrous mineral reservoir:
Isotopic and petrographic studies of peridotite xenoliths reveal a complex history of melt
extraction, subsolidus re-equilibration and open-system material exchange. The linking of
garmnet OH content to a specific petrogenetic event in the history of the host rock is therefore
not a simple matter.

Two large dark purple (in hand sample) megacrystic garnets, of the type commonly
found in group II kimberlites in the Kimberley - Barkly West area (e.g., Roberts Victor and
Bobbejaan kimberlites) contain 30 and 31 ppm H,O respectively. These garnets have
compositions somewhat similar to those of the Cr-rich megacrysts described by Eggler et

al. (1979), but are poor in titanium and thus more akin to garets from depleted peridotites.
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Some of the garnets in the suite from which these two samples were selected (including
sample BBB-16) contain inclusions of chromite, Cr-diopside, sulphide and phlogopite.
These garnets are more hydrous than typical "on-craton" low-Ti peridotite garnets. The
high OH content and apparent stable coexistence of phlogopite are consistent with
crystallization of these garnets in a water-rich environment which, based on the low Ti and
high Cr content of the garnets, is different from that of the Cr-poor megacrysts. There is to
our knowledge little published work on the petrogenesis of these Cr-rich garnets.

The high OH content of the green Ca- and Cr-rich garnet WTV-1 sets this sample apart
from common peridc;tite garnets, and does not appear to be due to foreign phase
contamination (see Fig. 20). This garnet has an OH spectrum identical to many garnets
from the Colorado Plateau diatremes; The similarity in OH content and spectral features to
Colorado Plateau garnets may be significant in light of the proposals by Schulze (1989) and
Helmstaedt and Schulze (1988) that both have their origins in subducted lithosphere.

A note on phlogopite-bearing peridotites: Phlogopite occurs commonly as an accessory
phase in peridotite and eclogite xenoliths, locally assuming considerable modal importance.
The presence of texturally equilibrated "primary" mica (terminology of Carswell 1975 and
Delaney et al. 1980) is commonly attributed to the metasomatic action of a hydrous and
potassic fluid (e.g., Holmes 1936, Aoki 1975), inferred to have infiltrated at some time
prior to the eruptive event. It might be expected that the garnets from such modally
metasomatized xenoliths would record higher hydroxyl contents in response to the
apparently hydrous environment. Phlogopite-bearing garnet peridotites examined here
often do not exhibit intensified absorptions that are readily assigned to structural OH. On
the other hand, several of these peridotites, as well as the alkremite JAG-38, contain
garnets with high concentrations of microscopic inclusions. In the less-common cases

where phlogopite-bearing assemblages contain apparently inclusion-free garnets (BBB-14,
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BBB-16, WTV-1), the OH concentrations are relatively high.

In many modally metasomatized peridotites, the lack of Nd isotopic equilibrium
between phlogopite and garnet, commonly in a direction that cannot be explained by age
differences between the minerals (Richardson et al. 1985, Waters 1987), suggests that
garmet has commonly failed to equilibrate with the proposed hydrous metasomatic fluid.
Petrographic evidence for garnet consumption during mica-forming reactions in such rocks
(Erlank et al. 1987) furthermore suggests that garnet is often not stable in the presence of
these fluids. Even if the attainment of equilibrium is strongly indicated on textural or
isotopic criteria, it is possible that crystal chemical factors such as those discussed below
inhibit the formation of significantly OH-bearing garnets. The resolution of this issue
depends on analysis of samples where a strong case for chemical equilibrium between
garnet and phlogopite can be made, and where the difference between true structural OH
and that due to minute imperfections and cracks, which may be introduced during the

passage of fluid through the rock, has been established.
Eclogite garnets.

Eclogitic garnets from the Roberts Victor mine are remarkable in being consistently OH-
poor, despite their large compositi;)nal variability. At first hand, this appears to indicate
relatively anhydrous conditions of formation. Although the samples we have analyzed are
not those for which oxygen isotope data are available, it is probable that a similar range in
0180 to that reported by Garlick et al. (1971) occurs in our samples and that they may
represent subducted oceanic crust, as suggested by Jagoutz et al. (1984) and other
workers, or a reworked version thereof. If these garnets were formed in a prograde
metamorphic event within subducting lithosphere, and their OH contents are well preserved

from their time of formation, then it would appear that garnets transport little water back
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into the mantle during subduction. In fact, the data of Skogby et al. (1990) and Smyth et
al. (1991) suggest that omphacitic pyroxene is more interesting from this point of view.
However, the interpretation of OH in eclogitic garnets (and pyroxenes) is further
complicated by the complex geological history of some samples as revealed in studies by
Lappin and Dawson (1975), Harte and Gurney (1975), Sautter and Harte (1989) and
Smyth et al. (1989). Several of these and other studies have argued for an igneous origin
for the eclogites, followed by subsolidus cooling and exsolution of garnet from aluminous
pyroxene in some samples. The low intrinsic OH contents of the Roberts Victor garnets
are consistent with a relatively anhydrous, igneous origin for the eclogite gamets, but with
present lack of understanding of the controls on OH in garnets, cannot be used as a reliable
discriminant between the two hypotheses.

While a good mineral barometer is not available for most mantle-derived eclogites, the
presence of diamond in certain samples from the Roberts Victor Mine does suggest a
mantle origin for the suite as a whole. Basu et al. (1986) suggest a pressure range of 30 to
50 kbar for the Roberts Victor eclogites by calculating the pressures at which eclogite
mineral thermometer temperatures are commensurate with the peridotite-derived geotherm
for the Kaapvaal Craton. Studies of eclogites from the northern Lesotho (Griffin et al.,
1979) and Karoo (Robey 1981) kimberlites have indicated a lower crustal origin for these
rocks. Pressure estimates on granulite xenoliths, considered by Robey (1981) to be co-
facial with the eclogites, are in the range 10 to 20 kbar (Robey 1981, Van éalsteren etal.
1986). Eclogites from the off-craton Rietfontein kimberlite may derive from considerably
shallower depths than the Roberts Victor samples, if they are equivalent to other eclogites
from off-craton kimberlites in southern Africa. The elevated OH contents of the Rietfontein
eclogites and of individual garnet grains from the Colorado Plateau diatremes assumed on
the basis of color and composition to derive from eclogites, suggests either that these rocks

were originally formed in a more hydrous environment than their on-craton counterparts, or
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that the probable lower pressures involved facilitate OH incorporation into garnet as

predicted by the arguments of Martin and Donnay (1972).
Diamond inclusions and diamond-associated rocks.

Our limited data set (two samples) suggests that garnets of both peridotitic and eclogitic
affinity, isolated as inclusions within diamonds, have low OH contents. At face value, this
may be taken to indicate a water-poor environment of formation, but it is possible that
crystal-chemistry has a role to play. The OH-poor nature of the eclogitic garnet inclusions
and diamondiferous xenoliths suggest (assuming no H loss through the encapsulating
diamond with time) that diamonds of this paragenesis did not grow from water-rich fluids,
and almost certainly not from incompatible element-rich hydrous melts, such as those
believed to be parental to megacrysts. It is interesting that both the peridotitic and eclogitic
parageneses of diamond-included gamnet are essentially identical in terms of OH content to
garnets of allied, but macroscopically non-diamondiferous peridotitic and eclogitic
xenoliths respectively. In other words, the OH signature of diamond inclusion garnets
records little or nothing of the diamond-forming events. Perhaps these events are
coincident with the major petrogenetic processes giving rise to garnet formation in mantle
peridotites and eclogites. Although little can be said about the nature of the diamond-
forming process from our data, our preliminary conclusion is to regard the pfecipitation of
typical garnet inclusion-bearing diamonds from the type of material identified as inclusions

in coated diamonds by Navon et al. (1988), or from kimberlite-like melts as unlikely.

Effects of crystal-chemistry

At several points in the previous discussion, it has been speculated that the crystal

chemistry of the garnet may exert some influence on the amount of OH it contains. There
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are several reasons for this possibility: (a) The hydropyrope structure is predicted to be
unstable (Martin and Donnay 1972, Lager et al. 1989) and the presence of anomalous
cations or other "defects" in the crystal structure may provide the necessary local distortion
to accommodate OH. (b) OH may occur in a form other than the hydrogarnet substitution
(Birkett and Trzcienski 1984, Rossman and Aines 1991), implying a deviation from normal
charge - site relationships for garnet. OH may therefore be incorporated as a charge
balancing ion in fixed proportion to another cation carrying a charge greater than that of
ions usually occupying the particular site, for example, Ti4+ in the octahedral site. (c) It
has been observed that OH is commonly more abundant in garnets of certain compositions.
As an example, grossular garnets can sometimes be very OH-rich, whereas pyrope and
almandine gamets commonly are not. (d) Crystal defects involving Fe3+ are suggested to
play a role in the incorporation of small amounts of hydrogen as OH (16 to 80 H/106 Si
atomic) in natural olivines treated hydrothermally in the laboratory (Mackwell and
Kohlstedt 1990). It would be useful to determine whether or not a related mechanism
operates in garnets.

It is difficult, when examining a suite of natural samples, to separate the potential
structural effects of crystal chemistry from those of geological environment. Nevertheless,
we have tried to evaluate whethet or not there exists a simple crystal chemical parameter
which can account for the variation of OH concentrations in our data set. Although they are
not reproduced here, plots for the entire suite studied here of OH content versus any of the
analyzed chemical components display either very poor or non-existent correlations and
none of the compositional variables appears obviously or solely responsible for the
facilitated incorporation of OH. Furthermore, we are unable to seriously test the possibility
of a hydrogamet type substitution (4H = Si) with the low OH contents of this study and

present precision of microprobe analysis. In fact, the simple coupled substitution of H
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with any of the minor elements analyzed in garnet is unlikely as H is so much less abundant
than elements such as Na, Ti and even P.

Although there are indications that high OH concentrations in peridotitic garnets from
southern Africa occur preferentially in those of Ti-rich composition (Figs. 3 and 6), this is
not borne out by purple garnets (probably peridotite-derived) from Colorado Plateau
diatremes (Aines and Rossman 1984b and unpublished data), or when the megacryst
garnets are considered. Similérly, many garnets with elevated OH contents contain
substantial amounts of calculated ferric iron. However, the amount of Fe3+ greatly exceeds
the hydrogen content of many of these samples, so that the existence of a simple
relationship between the two is unlikely. From a geochemical point of view, it is to be
expected that components such as H,0, Ti and Fe3+ will be associated in occurrence, due
to their relative geochemical coherence as incompatible components in common igneous
systems. We cannot at this point rule out a role for crystal chemical factors in enhancing
the ability of mantle garnets to incorporate OH, but identification of specific mechanisms
and determination of the importance of this effect relative to that of external factors such as
water fugacity will require further careful study. The precise evaluation of these possible
crystal-chemical effects will be important for the development of a quantitative garnet

hydrobarometer.

Conclusions

Analysis of 166 mantle-derived garnets from southern Africa has revealed a considerable
variability in structural OH content, from less than 1 ppm to 135 ppm H,O by weight.
While concentrations are insufficient to constitute a large reservoir of mantle water, such as
that of primitive, or even depleted (MORB-source) mantle, the variations in OH content

follow strikingly systematic patterns. Some of these, for example the inverse correlation
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between OH content and Mg number in megacrysts, suggest that with experimental
calibration, garnet will be a useful quantitative hydrobarometer for upper mantle (and
crustal) rocks.

Most samples studied, with the notable exception of some eclogitic samples from on-
craton kimberlites, and diamond inclusions, contain measurable OH. In general, Cr-poor
megacrysts (discrete nodules) and some off-craton eclogites are the most hydrous,
followed by high-temperature, Ti-rich peridotitic garnets, and finally depleted, Ti-poor
peridotite garnets. It cannot be demonstrated that mica-bearing peridotite and eclogite
xenoliths contain garnets with higher structural OH contents than the samples without
stoichiometrically hydrous phases, although some phlogopite bearing samples (Cr-rich
garnet nodules; one alkremite) are relatively OH-rich.

The spectral patterns of OH absorption in the garnets of this study are more complex than
previously recognized in mantle samples. There appear to be systematic differences in the
frequency and relative intensity distribution of absorption bands as a function of garnet
composition and petrological environment, though these two factors are difficult to
separate, requiring carefully designed studies of natural and synthetic garnets. OH
concentration is not well correlated with any single crystal chemical parameter measured
here. For the southern African samples, high OH concentrations are sometimes associated
with elevated levefs of titanium and ferric iron. This may be a combination of crystal-
chemical effects and the natural geochemical association of these components with water in
certain mantle systems.

It has not been established that all garnet xenolithic material in kimberlites preserves OH
contents unmodified from the source, yet this is suggested as a reasonable deduction based
on available data, and forms the basis for the following qualitative petrological conclusions:

1. Megacryst garnets reflect the buildup of water in their differentiating parent magmas,

and attest to the hydrous nature of these melts, which may be protokimberlitic. Garnet
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megacrysts from the micaceous, group II Lace kimberlite are more hydrous than
compositionally equivalent megacrysts from group I kimberlites, which are in turn richer in
OH than garnet megacrysts from an alnoite and an alkali basalt, reflecting probable water
contents of their parent magmas.

2. High-temperature, "fertile" peridotite garnets from the Premier and Jagersfontein
kimberlites are OH-rich, possibly reflecting an association with "megacryst magmas,"
brought about by infiltration and diffusive exchange.

3. Water contents of garnets from Ti-poor peridotites representing lithospheric upper
mantle from different geographic areas, tectonic settings and of different ages from
southern Africa, are similar, suggesting relative uniformity in water content for
(unmetasomatized) peridotitic subcontinental mantle.

4. Garnets of eclogitic paragenésis, including a diamond-inclusion, from on-craton
kimberlites are extremely poor in OH and probably reflect anhydrous conditions of
formation.

5. The typical OH concentrations of peridotite and eclogite garnets from southern African
mantle samples are significantly lower than those previously observed for garnets from the
mantle of the Colorado Plateau, reinforcing earlier suggestions (Aines and Rossman

1984b) of significant large-scale regional heterogeneity in mantle water content.
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Approximate margin
of Archean craton 12

14
13

Figure 1. Map of southern Africa showing location of kimberlites yielding xenoliths for
this study and their relationship to the Archean Kaapvaal Craton. Filled circles represent
type I ("basaltic") kimberlites and open circles type II (micaceous) kimberlites. 1. Premier;
2. Lace; 3. Kaalvallei; 4. Star; 5. Monastery; 6. Jagersfontein; 7. Roberts Victor; 8.
Bultfontein; 9. Frank Smith / Weltevreden; 10. Bobbejaan (Bellsbank group); 11. Finsch;
12. Orapa; 13. Koherab; 14. Louwrensia; 15. Rietfontein; 16. Markt; 17. Lovedale; 18.
Roodekraal.
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Figure 2. Representative infrared absorption spectra of southern African mantle-derived
garnets in the region 3000 - 4000 wavenumbers. All spectra are normalized to a sample
thickness of one millimeter and are offset vertically for clarity. The broad absorption rising
towards higher wavenumbers is due to an electronic transition in Fe2+. Details of the
spectral features are discussed in the text. Megacrysts : (a) KLV-13, Kaalvallei (b)
ROM263-GT36, Monastery (c) ROM263-GT04, Monastery (d) LAC-40, Lace (¢)
ROM263-GT-09, Monastery. Eclogite garnets : (f) RFT-2 kyanite eclogite, Rietfontein (g)
KRV-7 eclogite, Roberts Victor (h) RFT-4 eclogite, Rietfontein (i) CSRV-3 eclogite,
Roberts Victor. Peridotite garnets : (j) BFT-6 coarse gamet harzburgite, Kimberley (k)
PMR-11 deformed garnet lherzolite, Premier (1) LRA-9 deformed garnet lherzolite,
Louwrensia. Other garnets : (m) BBB-14 large Cr-rich garnet, Bobbejaan (n) JAG-38
phlogopite-bearing alkremite, Jagersfontein (0) WTV-1 green garnet xenocryst,
Weltevreden (p) GRR1134-C3 purple garnet xenocryst, Garnet Ridge, Arizona.



Absorbance

Absorbance

60

0.6

0.6

Megacryst
Garnets

Eclogite
Garnets

Peridotite
Garnets

Other
Garnets

i s i A 1

0.0 *
4000

i " | " 1 i 1

3800 3600 3400 3200

Wavenumber (cm )

0.0
3000 4000

3800 3600 3400 3200

Wavenumber (cm ?)

3000



61

(a) MEGACRYSTS
B from kimberlite

[J from basalt

(b) ON-CRATON PERIDOTITES

] O To, <03w.%
157 B TO, 503w %
] [C]  Cr-rich "megacrysts"
10_: W]  Green gamnet WTV-1
2%
ot -
QE) 4
S ]
O s
m -
o J
. ]
B .
E o] ”
2 1 (¢) OFF-CRATON PERIDOTITES
107 (] Tio, <03wt. %
] B 10, >03w. %
5
03
R (d) ECLOGITES
10 . On-craton fAl Alkremite

B3 Diamond eclogite [] Off-craton

l||||l|lll]llTI

0 50 100 150 200

H20 (ppm)

Figure 3. Histograms illustrating the distribution of abundances of OH, expressed as
ppm H,O0, in different mantle xenolith types from southern African kimberlites.
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Figure 4. The variation of OH (expressed as ppm H,O) in Cr-poor megacryst garnets of
the Monastery Mine as a function of Mg number of garnet. Water content increases to the
left of the diagram as the Mg number decreases during progressive fractionation of the
parental megacryst magma.



63

Megacrysts

Garnet

Kaalvallei

4
’
g

~
~
~
“
~

~
~
~
b Y
~
P
~
~

rd
4
L I N4

I'd
AR
el
~
4
~
I'd
~
Y
~

~
L4
N
Id
~
s’
~
I'd
~
s
hY
N
~

SN NN
LA A A A S
AR YA NN

k4
s

~
g
~
4
~
7’
~
4
~
P4
~
£, 7
~
s
-
~

~
~
~
A Y

~
~
~
~
A
A Y

L LS

Monastery

Koherab

85

80

5
100 Mg / (Mg+Fe)

7

70

65

Figure 5. OH concentration (expressed as ppm H,O) as a function of Mg number for

several southern African garnet megacryst suites. Notable features are the consistency of

the inverse correlations and the relatively high OH contents of the group II Lace kimberlite
megacrysts. The outlying data point at high H,O and Mg number is sample 13-53-63 from

the Kaalvallei kimberlite.
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Figure 6. Summed absorption intensity of the main OH band near 3570 cm-1 and the
3512 cm! OH band plotted vs. TiO7 content of the garnet for peridotite garnets from the
Louwrensia, Jagersfontein and Premier kimberlites. The summed absorption intensity is
proportional to OH content and demonstrates the positive correlation between H and Ti
contents in these garnets. Only data for gamets free of microscopic inclusions, and the
spectra of which indicate no contamination by possible non-structural OH, have been
plotted.
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Figure 7. Compositions of eclogite garnets analyzed in this study expressed as atomic
proportions of Ca, Mg and Fe, with OH contents illustrated by relative size of plotted
symbols.
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Chapter 2. Water in Earth's mantle: the role of nominally anhydrous minerals.
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Abstract

Most minerals of the Earth’s upper mantle contain small amounts of hydrogen,
structurally bound as hydroxyl (OH). The OH concentration in each mineral species is
variable, in some cases reflecting the geological environment of mineral formation. Of the
major mantle minerals, pyroxenes are the most hydrous, typically containing ~200 to 500
ppm H7O by weight, and probably dominate the water budget and H geochemistry of
mantle rocks that do not contain a hydrous phase. Garnets and olivines commonly contain
~1to 50 ppm. Nominally anhydrous minerals constitute a significant reservoir for mantle
H, possibly accommodating all water in the depleted mantle, and providing a possible

mechanism to recycle water from the Earth's surface into the deep mantle.
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Geologists recognize that water (1) has an important influence on the behaviour of
molten rock systems. The variability in style and vigor of volcanic eruptions is just one
manifestation of this effect. Small amounts of water or hydroxyl (OH) may also enter the
structure of many minerals, the chemical formulae of which indicate that they are
anhydrous. These hydrous components can have a disproportionately large influence on
the physical and chemical properties of silicate minerals. They may modify the mechanical
strength of the host phase, increase its internal rate of ionic diffusion (2), modify its
dielectric properties (3), influence its rate of weathering (4), change its response to
radiation damage (5), influence its optical properties, and modify its stoichiometry.

Interest in the hydrous components in nominally anhydrous minerals was stimulated
by early studies of the influence of water on the mechanical strength of quartz (6), one of
the commonest nominally water-free minerzﬂs of the Earth's crust . Spectroscopic studies
showed that quartz can contain both water molecules and hydroxyl groups, and that the
hydroxyl groups were crystallographically oriented, as evidenced by their anisotropic
absorption of infrared radiation (7). Subsequently, infrared spectroscopic studies of a
variety of minerals demonstrated that a trace amount of OH is a common constituent of
most rock-forming minerals of the Earth's crust and upper mantle (8, 9) (Table 1).

Although the concentrations of OH (typically tens to hundreds of parts per million
H7O by mass) in nominally anhydrous minerals are often too low to allow the acquisition
of precise structural information, the OH is easily detected by infrared spectroscopy and
can be quantified (10). Systematic studies of the variability of OH content of nominally
anhydrous minerals of natural origin have consistently revealed that for any given mineral
species, those samples of high-pressure or mantle origin are commonly among the most
hydrous examples. While the list of anhydrous minerals containing structurally-bound OH

continues to grow, greater emphasis on quantitative analysis is needed in constraining
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water in the mantle (10). In this article, we report measurements of concentrations of this
form of hydrogen in minerals and rocks from the Earth's mantle and discuss the

implications for the geochemistry of water in the Earth's interior.
The problem of water in the mantle

Determination of the Earth's water budget and identification of suitable repositories for
H (colloquially "water") in the mantle are long-standing problems in geology with
important implications for evolution of the planet as a whole. An early conclusion that the
oceans and atmosphere have accumulated throughout Earth's history by progressive
degassing of the interior (11) drew attention to the need for suitable storage sites for water
in the mantle. More recent studies have implicated early catastrophic degassing (12),
possibly contemporaneous with accretion (13), in the formation of the atmosphere and
oceans, and the importance of recycling (14) in the geochemical cycles of the Earth's
volatile constituents. Because of the 'important role of the mantle in degassing and
recycling processes, an appreciation of the concentrations and chemical speciation of these
volatile components in the mantle is imperative if we are to understand the evolutionary
history of the atmospheres and oceans, and their links to reservoirs of volatiles in the
Earth's interior.

The variable, but ubiquitous occurrence of water in mantle-derived magmas, and the
occurrence of hydrous minerals such as mica and amphibole in samples of the mantle
brought up as xenoliths in volcanic eruptions, testify to the presence of water in the upper
mantle. This water can be present as OH in minerals, or as a free vapor phase, or be
dissolved in a silicate or carbonate melt (15). Among the candidate mineral phases for
water storage in the mantle are a number of dense, OH-bearing magnesium silicates, that

have either been synthesized in high-pressure experiments (16) or been predicted to occur
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on the basis of cystal-structure systematics (17). However, it remains to be demonstrated
that these phases would be stable under the temperature and bulk compositions prevailing
in the upper mantle. In addition to these stoichiometrically hydrous minerals, the B-spinel
polymorph of Mg;SiO4 has also been proposed as a possible repository for mantle water
(18).

Importance of structural OH in the mantle The water contained in minerals with
hydroxyl as an essential structural component, such as micas and clay minerals, dominates
the water content of most crustal rocks, because the concentrations of OH in these minerals
are typically orders of magnitude greater than those in the nominally anhydrous minerals.
However, because of the volatility of water, these stoichiometrically hydrous minerals
break down to anhydrous minerals plus a free vapor phase at the high temperatures of most
of the mantle. Although the stability ranges of some hydrous minerals, such sodium- or
potassium-bearing amphiboles and micas persist into the mantle, their abundance, and
hence their water-storing capacity, is limited by the low alkali content of average mantle
rocks. In contrast, nominally anhydrous, OH-bearing minerals such as pyroxenes, olivine,
and garnet, which probably make up most of the upper mantle, have a wide pressure-
temperature stability range and no special compositional requirements. Their relative
importance as repositories of mantle H may therefore be considerable.

Besides the global geochemical consequences, OH in minerals of major abundance,
such as olivine, appears to have important implications for the physical properties of
planetary mantles, and several recent studies have addressed the effects of water and OH on
the rheology of olivine (19). The presence of hydrogen in olivine has also been proposed
to account for the electrical conductivity of the Earth’s upper mantle (20).

Initial indications of the potential importance of OH substitution in anhydrous mantle
minerals were provided by both experimental (21) and theoretical (22, 23) investigations.

The known replacement of SiO4 by (OH)4 in garnets of the hydrogrossular series provided
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an attractive substitutional mechanism (the "hydrogarnet substitution") for OH
incorporation in all the anhydrous silicates, and was suggested by several workers (22, 24)
to play an important role in the mantle. The importance of this substitution for mantle water
was questioned by others (23, 25), however, and multiple substitutional mechanisms for H
are indicated for many natural garnets on infrared spectroscopic and other grounds (26,
27). These probably include substitution of single OH groups for oxygen anions, the
mechanism suggested by Martin and Donnay (23) to be important for water storage in the
mantle.

Despite the numerous conjectures, few studies of the water contents of actual mantle
rocks have been attempted, and our best current measurements of mantle water abundances
(a few hundred parts per million) come from studies of mantle melting products in the form
of quenched submarine basaltic glasses (28, 29, 3(0). However, these studies are rarely, if

ever, able to identify the host phase for water in the mantle.

Concentrations of structural OH in mantle minerals

A number of studies have reported infrared data on OH (or lack thereof) in individual
minerals of mantle origin. These include garnet (31, 32, 33), olivine (34, 35), pyroxenes
(36, 37), kyanite (38, 39, 40), rutile (39, 40, 41), zircon (42), corundum, sanidine, and
coesite (39), and H in diamond (43). We determined OH concentrations in 216 mineral
samples of mantle origin by infrared spectroscopy (Figure 1). The sample preparation and
IR spectroscopic procedures follow methods outlined previously (31, 35, 36). Almost all
samples are from xenoliths of mantle xenoliths in kimberlites and alkali basalts. To
supplement these data, we have compiled 115 (53 mantle-derived and 62 crustal samples)
determinations of OH concentration from the literature, some of which we have revised

using the preferred set of calibrations [see (10)]. The concentration data (Figure 2) show
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that OH abundances in nominally anhydrous mantle minerals from different petrological
environments (rock types) range from less than 1 ppm to on the order of 1000 ppm H>O.

The large number of garnets (185) reveal a wide range of OH concentrations (<1 to
200 ppm H70), with most containing less than 60 ppm H2O. The OH contents display a
number of interesting petrological correlations, which are discussed elsewhere (33). Of
particular interest is our confirmation of the observation (32) that garnets from the mantle
beneath the Colorado Plateau of the southwestern United States have OH contents that are
invariably more hydrous (by about a factor of 2) than garnets from the mantle regions
below southern Africa. All orthopyroxenes analyzed contain significant amounts of OH,
with most falling in the range of 100 to 450 ppm. The highest OH concentrations are
recorded in orthopyroxenes from coarse-grained garnet peridotites, which may have reacted
with hydrous fluids in the mantle (metasomatism). In addition to OH in the pyroxene
structure reported in Table 2, the IR spectra of these orthopyroxenes indicate the presence
of OH in amphibole lamellae.

Clinopyroxenes of varying composition, including diopsides, omphacites and augites,
are all significantly OH-bearing, and omphacites, particularly those with cation vacancies
(37), display the greatest OH absorption intensities (44). The greatest OH concentration in
a mantle diopside (about 580 ppm H0) was observed in a Cr-rich megacryst from
Kimberley, South Africa. Clinopyroxene is typically the most OH-rich mineral of major
volumetric importance in the mantle rocks studied.  Olivines show a considerable range in
OH concentration (<1 to >100 ppm H20). Olivines from garnet peridotites typically
contain more OH than those from spinel lherzolites (45). The highest OH content found to
date in a mantle olivine is from an Fe-rich olivine megacryst from the Monastery
kimberlite, South Africa (Fig. 2c)(46).

Some phases apparently incorporate very little OH. We have detected no OH in

spinels from spinel peridotites and two alkremites (garnet + spinel £ corundum rocks), but
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detection limits are high because of interference from absorptions due to tetrahedral Fe2+ in
the OH region. An earlier study (39) detected no OH in coesite or corundum, and we have
confirmed this result on corundum from eclogites and an alkremite.

Among the other accessory phases, rutile exhibits extremely strong OH absorptions,
particularly in those samples from highly metasomatized environments (41) which are rich
in hydrous minerals. Qur and other (39) data on rutile in eclogite suggest that this phase
can accommodate considerable amounts of OH, although its modal abundance is usually
less than 1%. Although the presence of considerable OH is indicated, a suitable
quantitative calibration for OH in this mineral remains to be determined. The apparently
high OH contents of rutile suggest that its structural analogue, stishovite, may be similarly
hydrous and act as a possible H reservoir, if it occurs in the mantle. Zircon, which is
believed to belong to the megacryst suite (48), an assemblage of coarsely crystalline
minerals probably formed by crystallization of a magma at high pressure, is routinely
hydrous at the 50 to 100 ppm level, but its rarity in the mantle renders it of little
consequence for storing significant amounts of OH. Kyanite exhibits a range of OH
contents, from 50 to 200 ppm, which is correlated with host rock type (40).

Stability of OH in minerals during transport from mantle to the surface. An
unresolved issue is the degree to which the OH contents of nominally anhydrous minerals
are perturbed during their transport to the surface in volcanic eruptions. It is possible that
some hydrogen has been lost by oxidation reactions (49), such as have been recognized to
occur in amphiboles (50), particularly in the samples that were contained in basalt flows.
At the present stage, we can not rule out the possibility that the OH contents of some
mineral samples have been perturbed to some degree by post-mantle processes. On the
other hand, the numerous correlations of mineral water content with petrological
environment (xenolith type) for samples with similar transport and eruption histories

suggest that source information is preserved. The stability of the hydrous component in



74

synthetic pyrope has been demonstrated up to 50 kbar and 1100 °C (51). More studies on
the OH content of synthetic and natural minerals equilibrated under known conditions are
required to evaluate the stability of the hydrous components and their kinetic response to

changes in external conditions.

The water content of the mantle

Mantle peridotites. We have calculated the OH concentrations in the anhydrous
mineral fractions of seven peridotites and four eclogites by analysis of their constituent
phases and modal proportions. Details of the mineral concentrations and assumptions
made, together with the calculated concentrations, are reported in Table 2. In peridotites,
these range from 28 ppm H7O in a spinel lherzolite from West Kettle River, British
Columbia, to 175 ppm in a coarse-grained garnet lherzolite from Jagersfontein, South
Africa. Many of the samples are derived from the lithospheric mantle beneath continents,
which has had a complex geological history, and it is thus not clear how representative
these samples are of the upper mantle. Nevertheless, the data indicate that the nominally
anhydrous minerals in this region of the mantle can hold at least 175 ppm HO.

In many kimberlite-derived, coarse-grained garnet lherzolites the OH in anhydrous
minerals may be subordinate to water bound in phlogopite and amphiboles, which are
relatively common hydrous phases. However, these hydrous minerals are unevenly
distributed, and where they are absent the water concentrations reported here may represent
something close to the total water content of the peridotitic continental upper mantle. The
much higher OH concentrations in peridotitic garnets from the Colorado Plateau suggest
that water concentrations may be particularly high in some regions of the subcontinental
mantle. Hydrous minerals are common in mantle samples from this region (52), and the

inferred high water content of this region of the mantle is quite possibly related to the
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subduction of wet oceanic lithosphere at a shallow angle beneath western North America
during the late Cretaceous and early Tertiary (53).

High-temperature deformed garnet peridotites from kimberlites typically do not contain
primary hydrous minerals, and most of their water budget is probably held in anhydrous
minerals, although fluid and melt inclusions may play a role (54). These peridotites appear
to be related to the megacrysts in kimberlites (55), possibly having equilibrated to variable
degrees with the hydrous, incompatible element-rich megacryst magmas. Thus these
peridotites and the kimberlite-hosted megacrysts may represent local areas of increased

water activity.

Water in the depleted upper mantle (MORB source region). Recent estimates of mantle
water contents from basalt glasses (29, 30) are in the range of 100 to 200 ppm H,0O for a
normal mid-ocean ridge basalt (N-MORB) source. This amounts to approximately 10% of
the present ocean mass, if this soufce region is assigned to the upper 670 km of the mantle.
The data in Table 2 show that the minerals olivine, orthopyroxene, clinopyroxene and
garnet, which probably constitute 99% or more of this source region, can accommodate
much or all of this water. If we reconstitute a spinel or garnet lherzolite using estimates of
the modal abundances in primitive upper mantle (56) and assign to each mineral the greatest
OH abundance measured in this study (an indication of the minimum possible saturation
level for OH in these phases), then the resulting concentrations of 245 ppm H,O (garnet
lherzolite) or 290 ppm H,O (spinel lherzolite) suggest that it is possible to contain all the
water in the N-MORB source in the nominally anhydrous minerals.

If N-MORB is produced by somewhere between 5 and 25% melting of peridotite, and
we assume a bulk distribution coefficient for water between basalt and solid residue of 0.01
(57) then the residual peridotite after basalt extraction is predicted to contain in the vicinity

of 5 to 35 ppm H20. The higher concentrations measured in most of our samples suggest
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that these rocks are either residues of more hydrous partial melting events, such as might be
expected above subduction zones, or have seen later introduction of H. The lowest
peridotite OH contents (28 ppm H,0) were observed in a spinel lherzolite xenolith from
the West Kettle River, British Columbia. Xenoliths from this locality are believed to have
originated in the oceanic mantle (58), and our sample WKR may represent a region of the

mantle that has been little influenced by later hydrous processes.

Water in undepleted or enriched mantle. The water contents of relatively
undifferentiated basaltic magmas of ocean islands such as Hawaii and enriched (E-type)
MORSB are typically higher than those of N-MORB and have been estimated to be in the
region of 0.35% (29, 59). For a distribution coefficient of ~0.01 for water and 5 to 15%
partial melting, the water content of this source region is calculated to be in the range of
200 to 550 ppm, and is rather insensitive to the precise value of the assigned distribution
coefficient for water, so long as it is <<1. This range agrees with a previous estimate of
250 to 450 ppm for E-MORB source mantle (30). The accommodation of this much water
in upper mantle anhydrous minerals would depend on OH solubilities higher than have
been demonstrated in this study.. It has been argued that hydrous minerals (60) or fluids
(61) are present in the source regions of Hawaii, which suggests that the anhydrous
minerals may become saturated in OH at bulk water concentrations in this range.

With the maximum measured OH contents in the anhydrous minerals, an amount of
water equivalent to 85% of the current ocean mass can be accommodated in the whole
mantle. Alternatively, if the oceans were in fact derived from the mantle (which is not
established) and originated from that portion modeled to have degassed to yield the Earth’s
atmosphere [about 46% (12)], then these maximum observed OH concentrations suggest
that up to 40% of the present ocean could originally have been stored in this form.

However, it should be stressed that these measured OH concentrations do not provide
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strong constraints on the upper bounds for water storage in minerals, because of the

unknown effects of pressure on H solubilities.
Implications for mantle processes

Melting and degassing. The comparatively high OH concentrations recorded in
pyroxenes is in accord with observations (27, 28) that a small amount of water is retained
in the solid mantle after partial melting and extraction of ocean-ridge basalts. The strong
preference of OH for both orthopyroxene (opx) and clinopyroxene (cpx) over olivine (ol)
measured in most xenoliths implies that the behaviour of water during mantle melting will
be governed by the [opx+cpx]/ol ratio. In contrast, most other incompatible trace elements,
such as K, Rb, Ba, U, and the rare-earth elements reside in clinopyroxene or garnet, and
their fractionation during melting is determined by the [cpx+gt]/[opx+ol] ratio. Because
garnet and clinopyroxene preferentially enter the liquid phase during partial melting, H
should be retained in the solid residue to a greater extent than many other incompatible trace
elements. This effect is enhanced at high degrees of partial melting, where the only solid
phases remaining are orthopyroxene and olivine. The OH concentrations observed in
pyroxenes provide an explanation for the relative compatibility of HyO [more compatible
than K, Rb, Nb, ClI and La, but less compatible than Zr, Ti, Y, and Nd (30)] during
MORB genesis. These relations suggest that the depletion rate of water from the mantle by
melting, eruption, and degassing of basalt, is slightly slower relative to that of other

elements with high incompatibility.

Distribution of hydrous phases in the mantle. Fig. 3 depicts the predicted principal
host phases for water in a peridotitic upper mantle, assuming that the OH concentrations

measured in the most OH-rich minerals are close to saturation levels for these phases under
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general upper mantle conditions. The uncertainty in this assumption may result in some
shift in the magnitude of the nominally anhydrous mineral field in Fig.3, as the variation of
OH solubility in these minerals under mantle conditions becomes established.

Because only the upper 150 km or so of the mantle (with rare exceptions) is
represented in xenolith suites, the OH contents of minerals of deeper origin cannot be
measured directly. Although no firm conclusions can be drawn at this stage, general trends
in our data suggest that OH concentration in some anhydrous minerals increases at higher
pressures. The far lower OH contents of pyrope garnets than both orthopyroxenes and
clinopyroxenes suggests that as increasing amounts of pyroxene become dissolved in the
garnet structure with depth in the mantle, the solubility of OH in the anhydrous minerals
may be reduced. However, the proposed transformation of olivine to B-Mg,SiO4 near 400
km depth (62) may increase the water carrying capacity of nominally anhydrous minerals in
the transition zone. The estimates of OH solubility in nominally anhydrous minerals
suggest that stoichiometrically hydroﬁs high-pressure phases (the so-called dense hydrous
magnesium silicates) are not required to be present in the depleted upper mantle. There
may be exceptions where the mantle has been hydrated by, for example, proximity to a
dehydrating lithospheric plate in.a subduction zone, or contamination in the neighborhood
of a plume.

The local distribution of hydrous phases is further complicated by the capability of
water-rich fluids to transport alkali metals such as Na and K. Thus, hydrous minerals with
appreciable high temperature and pressure stability, such as F-bearing potassic richterite
(63), and possibly phlogopite, may be locally concentrated where alkali and halogen

concentrations are elevated along with water.

Water recycling. Lithospheric plates returned to the mantle at subduction zones are

water-rich in their upper regions because of their interaction with the hydrosphere.
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However, most water held in the subducting slab will be released on compression of pore-
space and when hydrous minerals such as opal, zeolites, clays, chlorite, serpentine and
amphibole undergo dehydration reactions (64). It has been predicted that almost all water
originally present in the oceanic crust will be prevented from entering the deep mantle
because of these dehydration reactions. However, the oceanic crust transforms to eclogite,
a roughly 50-50 mix of garnet and omphacitic clinopyroxene, in response to increasing
pressure during subduction. Our studies of mantle eclogites reveal that although most high-
pressure eclogitic garnets are OH-poor, the omphacitic pyroxenes in these rocks contain
comparatively large amounts of OH. Thus deep subduction of omphacitic pyroxene,
perhaps supplemented by the accessory minerals rutile and kyanite, may allow the transport
of water (up to about 500 ppm) into deep regions of the mantle. Pods of eclogite situated
in peridotitic mantle may form local areas of comparatively high water concentration, at
least as far as the nominally anhydrous minerals are concerned, and such material may
contribute to the source region of ocean island basalts (65).

It is a commonly held view that some water derived from dehydration of the
subducting slab infiltrates the overlying mantle wedge, where it has been implicated in
partial melting processes that give rise to arc magmas (66). The comparatively water-rich
nature of primary arc basalts [1 to 2% by weight (67)], suggests that their solid mantle
residues may contain up to 200 ppm or so of water, bound in nominally anhydrous
minerals, and there may be regions of the mantle wedge where nominally anhydrous
minerals are saturated in OH. The fate of this hydrated peridotite is not known, but it may
end up in the continental lithosphere, remain in the shallow mantle, or be dragged into the
deep mantle by the descending slab. Although the response of the hydrous component of
the nominally anhydrous minerals to increases in temperature and pressure is poorly known
at present, there is the possibility that H bound in this form can survive transport to

considerable depths. Because peridotite is believed to flow continuously through the
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mantle wedge above a subduction zone (66, 68), this material can be continually hydrated
and either recycled into deeper regions of the mantle or contribute to a hydrated uppermost
mantle. The water content predicted for the nominally anhydrous minerals in the hydrated
mantle wedge appears to be sufficient to account for that of the MORB source region. The
continuous conveyor belt of OH-saturated, but nominally anhydrous peridotite above
subduction zones may contribute to steady-state recycling of water through the upper
regions of the Earth, a process inferred on the basis of uniformity of primary hydrogen

isotope compositions of igneous rocks to be important in the Earth’s water cycle (69).
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Geological literature is generally not precise in its designation of the element hydrogen
in the mantle. The term "water” is commonly used to encompass all chemical forms of
hydrogen, perhaps with the implied assumption of the oxidized form of the element. In
this paper we follow this loose usage in referring to hydroxyl (OH) bound in rﬁinerals
as one form of mantle "water." Although the H occurs as OH in the minerals of this
study, and is detected as such by infrared spectroscopy, we follow the convention for
other elements in reporting analyses of H in terms of the charge-balanced oxide, H,O
(by weight).
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Table 1. Nominally anhydrous, rock-forming minerals in which

occurrence of OH or H>O has been demonstrated.

andalusite
cordierite
Feldspars
sanidine
orthoclase
microcline
plagioclase
Garnets
almandine
andradite
grossular
pyrope
spessartine
kyanite
nepheline

olivine

Clinopyroxenes
aegirine
augite
diopside
hedenbergite
omphacite

Orthopyroxene
enstatite

quartz

rutile

scapolite

sillimanite

titanite

zircon
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Table 2. Water concentrations in anhydrous minerals in mantle xenoliths.
Abbreviations: Cpx - clinopyroxene, Gt - garnet, Ky - kyanite, Ol - olivine,
Opx - orthopyroxene, Sp - spinel.

OH concentration (ppm H20)

Sample Rock type Locality Ol  Opx. Cpx. Gt Whole

Rock
KBH-1 Sp. lherzolite  Kilbourne Hole, NM 3 186 530 - 105
KBH-9 Sp. lherzolite  Kilbourne Hole, NM 3 180 490 - 100
WKR Sp. lherzolite West Kettle River, BC <1 50 150 - 28
KOH-29 Gt. lherzolitt  Koherab, Namibia 10 180 370 <5 70
1IG1738 Gt lherzolite  Jagersfontein, SA ss 400 [e00]l 7 175
PMR-50 Gt. Iherzolitt  Premier, SA 17 210 [50012 15 80
BFT-20 Gt. harzburgite  Kimberley, SA 79 460 - 6 125
JAG-18 Gt .websterite  Jagersfontein, SA - 200 500 5 260
HRV-147 Eclogite RobertsVictor, SA - - 470 4 235
RFT-2 Ky. eclogite Rietfontein, SA - - 1080 51 565
Prim. Mantle3  Sp. Iherzolite 140 460 590 - 290
Prim. Mantle3  Gt. lherzolite 140 460 590 200 245

1. OH in clinopyroxene detected by IR but difficult to quantify because of spectral
interference from other features believed due to amphibole lamellae. The concentration
assigned is equivalent to the maximum observed in mantle Cr-diopside, and is a
probable minimum for the sample, given the OH partitioning observed between
orthopyroxene and clinopyroxene in other rocks.

2. OH in clinopyroxene not measured, but assigned on the basis of orthopyroxene - clino-
pyroxene partitioning.

3. Mineral proportions from McDonough (53), OH concentrations are the maximum

observed in each mineral (see text for discussion).
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Fig. 1.

Representative infrared spectra of mantle minerals in the OH stretching region. All spectra
normalized to Imm sample thickness. The positive features between 3000 and 3800 cm-!
correspond to stretching vibrations of OH in the mineral structures and their intensities are
approximately proportional to the OH concentration. Broad absorptions between 3800 and
4200 cm-1 are due to electronic transitions in Fe2*, and features at frequencies less than
2600 cm-1 arise from overtones of fundamental Si-O vibrations. (A) Garnet MON-9,
Monastery, South Africa, unpolarized. (B) Kyanite GRR-343, Rietfontein, South Africa,
(100) section, unpolarized. (C) Olivine ROM250-OL26, Monastery, South Africa,
unpolarized. (D) Enstatite PMR-54, Premier, South Africa, (100) section, polarized parallel
to [001]. (E) Zircon KLV-33.R, Kaalvallei, South Africa, polarized parallel to [001]. (F)

Omphacite HRV147, Roberts Victor Mine, South Africa, polarized parallel to gamma.
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Fig 2,

Range of OH contents of mantle minerals, expressed as ppm H20. Note change in
concentration scale at 100 and 500 ppm. For each mineral, the corresponding range of OH
contents in crustally-derived samples is displayed for comparison. The letters C and M refer
to crustal- and mantle-derived samples respectively and n is the number of mantle mineral
analyses reported. Data from this work (216 analyses) and from the literature (115
analyses). Sources of data: Garnets (31, 32), Clinopyroxenes (8, 36, 37, 70),
Orthopyroxenes (36) Olivines (35), Kyanite (38, 39), Zircon (42).
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Figure 3. Diagram showing the major repositories of H in peridotitic upper mantle with
increasing degree of hydration, as a function of pressure. The temperature-depth profile
assumed here corresponds approximately to an oceanic geotherm. The range of estimated
upper mantle water contents is shown by the hatched bar on top. Nominally anhydrous
minerals are estimated to accommodate up to about 300 ppm H7O in the bulk rock before
saturation with hydrous minerals (at lower pressures) or a liquid phase (at high pressures).
The maximum amounts of water that can be stored in amphiboles and micas is limited by the
alkali content of the bulk rock, which here corresponds to the values of Jagoutz et al. (71)
for primitive mantle. The fields of melt and fluid are defined by the intersection of the
solidus for peridotite-H,O with the temperature-depth profile (geotherm) chosen. In
addition to the phases illustrated here, it has been suggested (72) that the synthetic hydrous
minerals such as Phase A (Mg7Si2014H¢) and Phase B (Mg12Si4O21H32) play a role in
water-bearing mantle. However, their thermal stability at normal mantle temperatures and in
appropriate bulk compositions has been questioned (73). In regions of the mantle colder
than the average, such as encountered in a downgoing slab, the phase boundaries for the
stoichiometrically hydrous minerals, as well as the onset of melting, are displaced to higher
pressures, and hydrous phases, such as brucite, the humite group minerals, phase A and
phase B may be stable at a range of pressures, particularly in the olivine-rich bulk
compositions that are expected to be generéted by melting and extraction of ocean-ridge
basalt. Abbreviations: ol, olivine; opx, orthopyroxene; cpx, clinopyroxene; gt, garnet; sp,
spinel; en, enstatite (magnesian orthopyroxene); ¢-en, magnesian monoclinic pyroxene; 8-
sp, beta-spinel polymorph of olivine (Mg2SiO4). Labelled tics on the right hand ordinate
indicate pressure-induced phase changes in the solid mantle mineral assemblage. High

pressure solid phase relations are from Gasparik (74).
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Chapter 3. Abundance and partitioning of hydroxyl in a high-pressure igneous system:

megacrysts from the Monastery kimberlite, South Africa.
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ABSTRACT

OH, major and trace eclement concentrations have been determined in a suite of co-genetic
mantle-derived megacrysts from the Monastery kimberlite, South Africa. These
megacrysts (olivine, orthopyroxene, garnet, clinopyroxene and zircon) display regular
variations in OH content that are correlated with variations in major and other trace elements
and reflect igneous differentiation of a high-pressure magma. The trends in OH contents of
the megacryst minerals as a function of differentiation display features which are not readily
explicable by constant partitioning of H between mineral and melt, and indicate the
influence of mineral, and possibly melt composition on partitioning behavior of H. In
particular, Ti substitution appears to affect H incorporation on garnet, clinopyroxene, and
has been linked with a specific OH absorption band at 3512 cm-! in the infrared spectrum
of garnet. K in clinopyroxene exhibits similar variations to OH, thus establishing an
independent precedent for this geochemical behavior, and reducing the likelihood that the
observed variations in OH are caused by late-stage H mobility in a crustal environment.
Inter-mineral distribution coefficients (D's) for water have been calculated based on a
parameterization of published coexisting major element compositions of megacrysts and of
the trends of OH in the minerals as a function of composition established in this study, and
have been confirmed by measurement in coexisting megacryst mineral pairs. These D's are
highly composition dependent for partitioning involving garnet, varying by approximately a
factor of six over the range of compositions represented, but are relatively constant among
the other phases. Water fugacities calculated from the OH content of olivine (up to 37
kbar) are compatible with a mantle origin for the OH, but the OH contents could have been
produced in the crust under special circumstances, nevertheless plausible in the kimberlite
emplacement environment. OH contents of some annealed olivine tablets are lower than

those of strained porphyroclasts from the same sample, suggesting re-equilibration of
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olivine to lower water fugacity conditions during transport. The water content of a
megacryst magma, proposed to have precipitated sample MON-24, a garnet -olivine pair, at
1340 °C and 52.5 kbar has been calculated at 1.3 wt.% using the thermodynamic model of
Silver & Stolper (1985) for water in silicate melts. Mineral-melt D's for water calculated
from this estimate are similar to those calculated from petrogenetic studies on MORB using
the inter-mineral D's established here. These results confirm the hydrous nature of mantle
minerals in the appropriate environment and present a quantitatively consistent picture for
the partitioning of H between mantle phaées under apparent ambient conditions, with
appropriate regard for compositional effects. At present, all observations on these natural
minerals are consistent with, but do not yet prove, the hypothesis that the concentrations of

OH measured are those established in the mantle.
(1) INTRODUCTION

There is now a substantial body of information indicating that OH is incorporated in trace,
but measurable amounts in the structure of most common minerals, whose chemical
formulae suggest that they are anhydrous. Several studies have dealt with the infrared
spectroscopic characteristics of OH in these miherals, the issue of quantitative analysis
thereof, and the stability of this component under various conditions. Most of these studies
have concentrated on single phases and not examined coexisting assemblages of anhydrous
minerals, or coexisting anhydrous and hydrous minerals. Although the suggestion that
nominally anhydrous minerals may be useful indicators of water activity was made two
decades ago (Martin and Donnay 1972), there have been few attempts to use nominally
anhydrous minerals in tracing the behavior of hydrous volatiles in igneous or metamorphic
systems. Bell and Rossman (1992a) noted that the OH concentration in garnet megacrysts

from kimberlites was positively correlated with indices of magmatic differentiation, which
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we suggested was due to equilibrium partitioning of OH between garnet and differentiating
silicate melt of progressively increasing water content. The relationship between OH in
nominally anhydrous minerals and the fugacity of hydrous species with which the minerals
have equilibrated has recently been the subject of experimental investigation. Geiger et al.
(1991) synthesized OH-bearing pyrope garnets under water-saturation in a variety of
pressure and temperature conditions, but did not explore the quantitative relationships
between OH content and partial pressure of water because of evidence for lack of chemical
equilibrium in the experiments. Most recently, Bai and Kohlstedt (1992a) have determined
the OH content of a natural Mg-rich olivine, hydrothermally annealed under controlled
fugacities of Hp and O. These studies have begun to lay the basis for an understanding of
how and in what quantities OH is incorporated in nominally anhydrous minerals under
given conditions. However, the complexities of natural geological systems require that
these fundamental experimental investigations in simple chemical systems or under a
limited range of conditions be complemented by studies on natural assemblages in order to

be more useful in geology.

In this study, we examine in detail the relationship between OH content and other
compositional and textural features in a suite of co-magmatic megacryst minerals (garnet,
olivine, orthopyroxene, clinopyroxene and zircon) from the Monastery kimberlite, South
Africa. The compositional dependence of partitioning behavior of OH among high
pressure minerals is described and the relationship of the OH concentrations to water
fugacity and concentration in the source is evaluated quantitatively with reference to the

problems of hydrogen mobility under igneous conditions.

(2) THE MONASTERY MEGACRYST SUITE
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(2.1) Overview

The Monastery kimberlitel in the south-eastern Orange Free State, South Africa contains a
spectacular suite of coarsely crystalline, commonly monomineralic mineral inclusions of a
distinctive Fe- and Ti-rich, and Cr-poor character, relative to the compositions of minerals
in common coarse-granular textured garnet lherzolite xenoliths in kimberlites. This class of
mineral inclusion, referred to variably as "discrete nodules” (Nixon & Boyd 1973) or "Cr-
poor megacrysts" (Eggler et al., 1979) is a striking feature of many kimberlite xenolith
suites and has been well studied and described in the literature. The large size, mineral
diversity and great abundance of the megacryst suite at the Monastery mine has led to a
number of studies on these samples, with the result that they represent one of the best

documented and best understood kimberlite-hosted megacryst assemblages.
(2.2) Setting for megacryst formation

Essentially all studies on such megacrysts agree on an origin by association with some type
of magma in the mantle. Nixon et al. (1963) suggested that this magma might have been
the host kimberlite, whereas Boyd & Nixon (kl 973) envisioned a magma dispersed over
some tens of kilometers depth at the base of the continental lithosphere, corresponding with
a seismic low-velocity layer. The regular variation in mineral chemistry correlated with
temperature at approximately constant pressure computed from mineral thermometers and
barometers led Gurney et al. (1979) to propose that the Monastery megacrysts were the
cumulate products of a magma undergoing fractional crystallization at about 140 km depth
in the mantle. A number of studies of other megacryst suites (e.g., Eggler et al., 1979,
Garrison & Taylor 1980, Schulze 1984, Hops et al., 1992) support the fractional

crystallization model. Although the data in general support of this conclusion for the
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Monastery suite have recently been extended to trace elements (Moore et al., 1992), the
fractional crystallization hypothesis has yet to be tested by quantitative modeling for any
megacryst suite. Harte & Gurney (1981) viewed the physical setting for the magmatic
fractionation as a stockwork of veins (mantle pegmatites) emplaced into’ the thermal aureole
of a magma body of limited vertical extent. In this view, the disruption of these pegmatitic
veins produces the megacrysts recovered in the kimberlite at the surface. Although the
composition of the parental "megacryst magma" is still disputed (Harte 1983, Mitchell
1986), models have been proposed suggesting a link with some precursor to the erupted

magma hosting the megacrysts (Jones 1987, Neal & Davidson 1989).
(2.3) Chemical evolution of the Monastery megacryst suite

The Monastery megacryst suite comprises olivine, garnet, clinopyroxene, orthopyroxene,
ilmenite, phlogopite and zircon (Gurney et al,, 1979). Because these megacrysts
commonly occur as isolated crystals, dispersed within the host kimberlite matrix, the
petrologic relationships of the minerals to one another are not immediately obvious and
must be established by examination of samples where one or more minerals are intergrown.
Indications from such studies are that the crystallization sequence begins with multiple
saturation at the liquidus with magnesian olivine (~Fo 88), orthopyroxene, garnet and
highly subcalcic clinopyroxene (Ca/Ca+Mg ~0.3), joined at lower temperature by ilmenite
(commonly in the form of lamellar pyroxene-ilmenite intergrowths)(Jakob 1977, Gurney et
al., 1979, Moore 1986). The compositional relationships of the major silicates are shown
in Fig. 1. The relationship of the other megacrysts, namely Fe-rich olivine, zircon and
phlogopite to those mentioned above (the so-called "main trend") has been poorly

understood.
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Recent detailed chemical analysis of coexisting megacryst assemblages (intergrowths of
one or more megacryst minerals) at Monastery (Moore et al., 1992) has revealed that, in
addition to the two populations of olivine recognized by Gurney et al. (1979), more than
one population of ilmenite and clinopyroxene occur. The data presented by Moore et al.
(1992) also allow some aspects of the relationship of phlogopite to the other megacryst
minerals to be determined (discussed further below). Moore et al. (1992) have made a case
for continued differentiation of the magmatic parent of the main silicate trend (cpx + opx +
gt + ol + ilm) to produce the Fe-rich olivines, zircon and their intergrowths with phlogopite
and ilmenite, but this is still considered a tenuous link and other explanations for the origin
of these megacrysts are viable. The most recent view of the interrelationships of the
Monastery megacryst minerals is definable only by a combination of major and trace
element data and observation of physical coexistence of minerals. Fig. 2, modified from
Moore et al., 1992 illustrates the complexities of the various megacryst associations
revealed by trace element studies. The points of importance to this study are:

(1) The “main silicate trend” of garnet + subcalcic clinopyroxene + calcic orthopyroxene
Fe-poor olivine * Cr-poor ilmenite represents a cohesive and “well-behaved” suite.

(2) Phlogopite is never observed to coexist in hand sample with “main trend” silicates or
ilmenite, but may occasionally be associated with Fe-rich olivine, zircon, Nb- and Cr-rich
ilmenite and perhaps calcic clinopyroxene.

(3) In the simple assumption of closed system crystal fractionation, calcic clinopyroxenes
are apparently not an extension of the “main silicate trend,” thus affecting the interpretation
of their trace element contents in relation to other clinopyroxenes.

(4) The relationship of the association Fe-rich olivine - Nb-, Cr-rich ilmenite - zircon
phlogopite to the main trend silicates is uncertain. This is of interest to the present study

when OH concentrations in the two olivine populations are compared.
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Because of these complexities, most of the discussion in this paper is focused on the main

trend silicates and ilmenite, although data on the other minerals are presented.

(2.4) Chemical equilibrium and the suitability of megacrysts for OH studies

Megacrysts offer several advantages over other minerals of high-pressure origin for studies
of the behavior of OH under mantle conditions. Their large size and chemical homogeneity
on a cm-scale greatly facilitates the preparation of samples for infrared spectroscopic
analysis, the preferred analytical method (see below). Ideally, the study of inter-mineral
partitioning should proceed by analysis of spatially adjacent pairs, a procedure which is
difficult in megacryst suites because coexisting intergrown megacrysts are relatively
uncommon. However, the systematic relationships between composition (both major and
trace elements) and degree of chemical differentiation for each mineral species are such that
equilibrium partitioning relationships between mineral species are readily established by
interpolation between analyses of occasional coexisting pairs (e.g., Gurney et al., 1979).
Later in this paper we make extensive use of this principle to calculate inter-mineral
partition coefficients for OH and in extending the hydrobarometer calibration for olivine of

Bai & Kohlstedt (1992) to garnet, pyroxenes and zircon.

Megacryst minerals record high temperatures of equilibration (1100-1400 °C) (Nixon &
Boyd 1973, Hops et al ., 1989), from which they appear to have quenched rapidly
(McCallister et al.., 1979). These conditions are ideal for establishing and measuring
equilibrium chemical compositions. Sr and Nd isotopic studies of megacrysts (and the
chemically similar sheared lherzolites) support the probability of general chemical and
isotopic equilibrium at the time of extraction from the mantle, i.e., kimberlite eruption

(e.g., Richardson et al., 1985, Jones 1987, Hops et al., 1989). These systematics contrast
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with those often seen in mantle xenoliths of lower temperature origin, in which
metasomatic events of unknown nature and age conspire to perturb chemical and isotopic
equilibrium (e.g., Richardson et al., 1985, Erlank et al., 1987). Intra-mineral chemical
zonation (Smith & Boyd 1992) and apparently unexpected inter-rhineral partitioning
relationships (Kohler & Brey 1990, Brey 1991) provide further evidence for lack of
chemical equilibrium in these xenoliths, suggested previously by Fraser & Lawless (1978).
Although the significance of these effects in petrological studies is contentious (e.g.,
Carswell, 1978, Boyd et al., 1992), the issue is of particular concern in the case of
hydrogen, where rapid diffusion has been demonstrated in olivine (Mackwell & Kohlstedt

1990) and probably occurs in other minerals.

On the other hand, Bai & Kohlstedt (1992) showed the importance of complete
recrystallization (their “dynamic annealing”) of olivine in producing equilibrium OH
concentrations. In the absence of this annealing, the final OH content of a mineral
subjected to an influx of H may be predetermined by the previous set of conditions under
which the mineral equilibrated. For this reason, it is questionable as to how much of the
observed partitioning of OH among minerals in peridotite or eclogite xenoliths (e.g.,
Rossman & Smyth 1990, Bell & Rossman 1992b) represents the equilibrium state. In
particular, it is difficult to understand the very high concentrations of OH in clinopyroxenes
from eclogites and coarse peridotites compared with the usually extremely low OH

concentrations in garnet from these rocks in the context of equilibrium partitioning.
(3) SAMPLES

Samples selected for this study were a subset of large collections previously studied by

Jakob (1977), Gurney et al. (1979) and Moore (1986). The minerals for study were
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chosen on the basis of previously determined electron microprobe analyses (Moore, 1986
and unpublished data) to span the complete compositional range of each mineral observed
for the large sample suites. For olivine, orthopyroxene and garnet the selection criterion
was 100Mg/(Mg+Fe) [Mg#], whereas clinopyroxene samples were chosen on the basis of
100Ca/(Ca+Mg) [Ca#]. Zircon samples were all from bi- or polymineralic intergrowths and
were chosen on the basis of the Mg# of the coexisting olivine or ilmenite. OH contents of
coexisting minerals were determined on pairs of garnet-clinopyroxene (1), garnet-olivine
(1) and olivine-zircon (3). In addition, the OH contents of three clinopyroxene samples
coexisting with ilmenite in the form of lamellar intergrowths were determined. The mineral
associations of the samples are given in Table 1. and their relationship to the overall range

of compositions recorded for each mineral is shown in Fig.1.

(3.1) Petrography of olivine "megacrysts"

Although the olivines associated with the Monastery and other megacryst suites are often
referred to as megacrysts, they are commonly polycrystalline aggregates showing many
textures indicating a history of deformation and are more accurately termed porphyroclastic
dunites. Because of this textural difference from other megacrysts and other factors
relating to their degree of preservation and dull appearance, their association with, and
prevalence in Cr-poor megacryst suites has been somewhat under-appreciated. The olivine
"megacrysts" are made up of variable proportions of large, often strained porphyroclasts,
small (sub-millimeter) neoblasts and euhedral recrystallized tablets. While other
megacrysts examined in this study are pure, petrographically homogeneous minerals on the
scale of a few mm down to the diameter of the IR beam (200 - 500 um), the olivine
megacrysts are internally heterogeneous from one grain of the polycrystalline aggregate to

another, as well as within individual grains, where a variety of dislocations, tilt walls,
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microfaults, healed fractures and inclusions may be present in individual aggregates. Many
of the features, both in terms of mineral habit and fabric, and internal mineral
microstructure are identical to those seen in olivines from high-temperature deformed
lherzolites (Boullier & Nicolas 1973, 1975, Gueguen 1977, 1979, Drury & Van Roermund
1988, 1989 and in Fe-rich dunites and peridotites from the Kimberley pipes (Dawson et
al., 1981). Noting that any of these structures might be accompanied by OH groups or
H70 molecules, the petrographic features visible with the optical microscope to a

magnification of 400X of each sample analyzed have been recorded (Table 2).

Despite these textural heterogeneities, the olivine "megacrysts” define two coherent
geochemical groups (low-Fe, high-Ni and high-Fe, low-Ni respectively), each displaying
good positive correlations of Ni content with Mg number and consistency in their mineral
associations, the low-Fe group with orthopyroxene, clinopyroxene and garnet, and the
high-Fe group with zircon, phlogopite and a group of ilmenites distinctive from those

which commonly coexist with the other silicates (Moore 1986, Moore et al., 1992).

Degree of homogeneity in OH content of the Monastery olivines has been investigated by

the analysis of multiple spots within individual grains as well as by analysis of multiple and

petrographically different grains from individual "megacrysts.”

(4) METHODS

(4.1) Sample preparation

Megacryst minerals, while coarsely crystalline, are commonly riddled by a network of

fractures that have developed during and after emplacement of the host kimberlite. This
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necessitated the coarse crushing of the samples so that grains relatively free of fractures or
included foreign phases could be identified by hand-picking under a binocular microscope.
Garnet grains were ground and polished to produce two parallel surfaces, i.e., a plate. The
anisotropic minerals were oriented by optical methods before preparation of the parallel
surfaces perpendicular to the principal axes of the optical indicatrices. This orientation
involved manipulating the g’rajns until centered interference figures were obtained with
conoscopic observation on an optical microscope. The procedure introduces some
uncertainty into the measurement of the OH content of minerals with strongly pleochroic
OH absorptions. Where possible, all three polarization directions were measured on a
single grain of the mineral so as to compensate for any misorientation. However, for small
olivine grains only the two most intense absorption directions were commonly measured.
Unfortunately, this mineral is highly pleochroic and misorientation of occasional grains

may lead to uncertainties on the order of + 10%.
(4.2) Infrared spectroscopy

Our procedure for quantitative IR spectroscopic analysis of minerals has been described by
Bell and Rossman (1992a) and Bell ef al. (1992.). All OH concentrations were derived
from integrated intensities of the OH absorptions from 4000 to 2800 cm-1, using the molar
absorption coefficients given in Table 1. We estimate that the uncertainty (95% confidence
level) in the integrated absorbances and, therefore, in the relative OH concentrations, are
approximately 10% for garnet, pyroxenes and zircon and 15% for olivine. Absolute
accuracy of the OH concentrations varies according to precision and accuracy of the
calibration method and the precise features of the OH absorption spectra and is discussed in
Bell et al. (1992) and Endisch et al. (in prep). The analyses are roughly accurate to a few

tens of percent.
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The issue of the change in molar absorption coefficient with compositiori for any given
mineral becomes of some importance when we try to establish trends for OH abundance in
these minerals as a function of composition. This subject cannot be addressed adequately
with the present level of calibration studies. In this study we assume a constant integrated
molar absorption coefficient for each mineral. Because this parameter is related to the
frequency of light absorbed (e.g., Paterson 1982, Skogby & Rossman 1991) some idea of
the relative importance of this effect can be gleaned from the nature of the spectra
themselves. Here it is assumed that the more similar the OH spectra of compositional
variants of the same mineral are to one another, particularly in terms of the relative
contribution to the total absorbance from different frequencies (expressed in cm-1), the
more valid is the application of a single absorption coefficient to the whole range of
samples and the more confidence we place in the trends. Given the general trend of the
variation in OH molar absorption coefficient as a function of frequency (more absorbance
per mole at lower wavenumbers) it is possible to make some predictions about the probable
sense of deviation from uniformity where spectra are different. OH contents derived from
the preferred set of calibrations (Table 1) for the Monastery megacryst minerals are

presented along with the compositional data in Table 2.

(4.3) Electron microprobe

Initial wavelength-dispersive electron microprobe analyses for sample selection were
performed on a Cameca Camebax instrument (15° take-off angle) at the University of Cape
Town, operating at 15 kV. Data processing followed the PAP method (Pouchou & Pichoir
1991) used by Cameca. Gamets and pyroxenes were re-analyzed at Caltech on a JEOL 733

instrument with five moveable spectrometers and 40° take-off angle, operated at 15 and 20
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kV accelerating voltage and beam currents from 30 to 500 nA depending on element
abundances. Data reduction was by the ZAF method (Armstrong 1988, 1991). Both
laboratories used a variety of natural and synthetic mineral standards. An interlaboratory
comparison of the Mg# in garnet megacrysts is shown in the appendix. The good
agreement between these analyses is a confirmation of both analytical accuracy, to the
extent it is required for establishing the compositional trends, as well as mineral
homogeneity, because the analyses were done on different grains. Operating conditions,
standards and typical counting statistics errors and detection limits for analysis of the
different elements in garnet and pyroxenes are given in Table 3. Standard errors of the
mean composition for samples derived from replicate analyses are shown on the
appropriate figures (+ 2¢). Fe3+* contents of garnets were calculated from stoichiometry
and agree to within 20% relative with Mdssbauer spectroscopic analyses (Bell and Mattioli,

unpublished data).

(5) CHARACTERISTICS OF OH SPECTRA

(5.1) Garnet

The gamnet spectra (Figs. 3.1a-c) are identical to those illustrated in Fig. 2a-e of Bell and
Rossman (1992a) and are typical of OH in kimberlite megacrysts. The spectra show a
regular change in shape with changing Mg# of the garnet. Fig 4 shows the shift in
frequency of the principal (~3570 cm-!) band towards lower wavenumber at higher Fe
contents. In addition, relative proportions of the two principal bands change with
composition. This is discussed further in a later section with refernce to compositional

dependence of OH partitioning involving garnet. The variation in the OH infrared spetrum
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may induce small changes in the overall integrated molar absorption coefficient for OH, but

is not expected to account for the large variation seen in OH concentration.

(5.2) Clinopyroxene

Clinopyroxene spectra (Fig. 3.2) are generally similar to those described by Skogby et al.
(1989), but show some composition-dependent variability. Fig. 5 shows the relative
changes in intensity of the four main OH infrared bands across the compositional spectrum
of these samples. A notable change occurs in the relative proportions of the 3600 cm-! and
3540 cm-! bands, which increase and decrease respectively with increasing Ca#. This
effect is not necessarily related directly to the Ca substitution on the clinopyroxene M2 site,
as the increase in Ca# is inferred to be accompanied by a decrease in AllV (Gasparik 1985,
Yamada & Takahashi 1984) but not total Al (Fig. 11f). CaM2 and AllV substitutions are
strongly temperature dependent and therefore not easily resolved with the megacryst sample
suite, which has a specific (“univariant”) temperature - mineral composition variation.
Evidence for the effect of the substitution of tetrahedral M3+ is shown in Fig 4c, in which
the relative proportion of the 3360 cm-! band increases at the expense of the 3540 cm-!
band with increasing Si content, while the intensity of the 3600 cm-1 band remains
relatively constant. The behavior of these three bands suggests that the 3600 cm-1 band
may be associated with the substitution of M2 cations, whereas the lower wavenumber
bands could be associated with trivalent cation substitutions. These observations are at
variance with previous conclusions of Skogby et al. (1990) on OH band - cation
associations in clinopyroxenes, but do not contradict conclusions of Smyth er al. (1991).
These multiple substitutional mechanisms in pyroxenes will need to be unravelled in order
to formulate meaningful thermodynamic descriptions of the behavior of hydrogen in these

systems.
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The variation in proportional contribution of the various bands to the total integrated
absorbance in pyroxenes may lead to a small degree of compositional dependence of the
total integrated molar absorption coefficient for OH in clinopyroxene. If the relationship of
Paterson (1982) between € and absorbance is appropriate for the pyroxene OH system, it is
calculated that the molar absorption coefficient for OH may decrease by some 8% between
Ca# =32 and Ca#=45. However the calculated € for the most calcic sample (Ca# = 49) is
slightly higher (6%) than that of the least calcic one. Unpublished data of Stolper on
silicate glasses predict a less sensitive correlation between vibration frequency and € than
that of Paterson (1982). These effects have yet to be substantiated for the pyroxene system
and are probably small enough for their potential effect on the determination of relative OH

content to be ignored in this study.

(5.3) Orthopyroxene

The three orthopyroxene spectra (example in Fig.3.3) also show the same general features
as those exhibited by the orthopyroxene megacryst from the Premier kimberlite, illustrated
in Fig. 6 of Skogby et al. (1990). As shown in Fig. 6 (this study), there are slight
variations in the proportions of bands which comprise the OH spectrum, but these are
relatively minor and not expected to cause significant changes in the integrated absorbtion

coefficient.

(5.4) Olivine

Olivine infrared OH spectra are similar to those previously reported by Miller et al. (1987),

but whereas that study described a large number of different types of spectra, the spectra of
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samples studied here display a limited variability, which is correlated with mineral
composition and association. As noted by Miller et al. (1987) for most olivines, these
samples exhibit by far the strongest absorption for IR radiation polarized with E |l [100]
(i.e., v), with absorption intensity for most bands decreasing in the order [100] (y) > [001]
(B) > [010] (cv). This emphasizes the need for consistent orientation of olivine samples for
comparative studies. Representative olivine spectra are shown in Fig. 3.4a-c. and the OH

concentrations derived therefrom are plotted as a function of olivine composition in Fig. 7a.

The relationship of characteristic OH IR spectrum to olivine composition is illustrated by
reference to Figs. 3.4a-c and 7a, in which three groups are outlined for convenience of
description. We discuss mainly the features observed in [100] polarization. Group 1
olivines are the more magnesian olivines and correspond to the low-Fe, high Ni group of
Moore (1986) and Gurney et al. (1979). A typical spectrum of olivine from this
compositional group is shown in Fig. 3.4a. This spectrum is dominated by a band at 3572
+ 2 cm-1, which has a shoulder on the low-frequency side. A subordinate pair of bands
occurs at 3540 and 3526 cm-1, with the latter commonly the more intense band. Additional
bands occur at 3487 cm-! on the low-frequency side and at 3596 cm-1, 3610 cm-1, 3623
cm-! and 3638 cm-! on the high-frequency side of the main peak, the last three bands being
very weak. An additional band, which has been assigned to serpentine by Miller et al.
(1987) occurs near 3710 cm-1. This is a common, but not ubiquitous feature of these
megacrysts and the integrated absorbance from this band is always less than 5% of the
total. It is not included in the determination of OH content. The frequency of the 3572 cm-
1 band is independent of composition, as appears to be the case for most bands from the
data at hand. Group 2 olivines correspond to the high-Fe, low-Ni population of Moore
(1986) and Gurney et al. (1979). In addition to their compositional differences, these

olivines differ in one aspect of their microstructure from group 1 olivines in lacking the
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very fine "granularity” which is apparent in optical microscope examination at high
magnification (400X). In the Group 2a olivines (Fig.3.4b), which have relatively low OH
contents, the intensity of the 3572 cm-! and 3526 cm-! bands is reduced and the 3592 cm-!
band is commonly the most intense in the spectrum. These spectra have more intense
bands at high wavenumbers (3610 cm-1, 3623 cm-1, 3638 cm-! and 3670 cm-!) than the
spectra of Group 1 olivines. Because of the reduced intensity of the 3572 cm-1 band in the
Group 2a olivines, the [001] (b) spectrum consists of one, rather than two bands as in the
case of Group 1 olivines. All three olivine samples which are intergrown with zircon fall
into group 2a. Group 2b olivines (only two samples) have the highest OH contents of all
samples and IR spectra (Fig. 3.4c) that are intermediate in character between groups 1 and
2a (they contain features of both groups). In none of the samples where significant
variation in OH abundance was recorded did we see variations in the appearance of the OH
spectrum, i.e., all bands increased or decreased in intensity in constant proportion to one
another. Group 1 and to a lesser extent Group 2 spectra indicate the possibility of some
molecular water in the samples (manifested by a broad band centered near 3420 cm-!), but
this is difficult to quantify unambiguously because of overlap with the mineral OH bands.
In calculation of the integrated absorbances in Table 4, we have included this component
because its elimination can only be done with poor precision and may lead to an obscuring
of the observed trends. Furthermore it is possible that this water has an internal origin,
having been precipitated in response to changing conditions, as proposed for fluid
inclusions (thought to be mostly CO3) in similar mantle-derived olivine by Green &
Gueguen (1983). This possible molecular water may occupy the microcracks that pervade

many of the samples, or may be associated with the minute inclusions described above.

Heating an olivine megacryst at progressively higher temperature from 100 °C to 600 °C in

air for one hour intervals did not produce any change in the appearance of these broader
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features or in the sharper bands. At 800 °C, the bands began to decrease in intensity and
after 14 hours the sample suffered considerable oxidation, forming a red surface layer (see
Chapter 5). Unlike garnet, OH only appeared to be lost from olivine with noticeable
destruction of the mineral outer surfaces, although development of this‘oxidation at the site

of OH incorporation in the grain interiors was not necessary for H loss.
(5.5 Zircon

The zircon spectra are very similar to that of sample 1229 from Kimberley (Woodhead er
al., 1991, Fig. 2), consisting of two sharp pleochroic bands superimposed on a small
amount of broad, featureless absorption. Upon heating to 400 °C, much of this broader
component is incorporated into the sharper bands (see chapter 5), suggesting that it may
have originally been bound in the zircon structure. A similar behavior has previously been

reported by Woodhead et al. (1991).

(6) OH CONCENTRATIONS AND CORRELATIONS WITH MINERAL
COMPOSITION

Tables 2 and 4 list the OH concentrations, expressed as ppm HoO by weight (the usage
throughout this paper) for the Monastery megacryst minerals. The relative abundances of
OH are similar to those observed in these minerals from other mantle environments and
concentrations fall within the ranges previously defined for these minerals from the mantle
(Bell & Rossman 1992b), decreasing in the order clinopyroxene (291 to 620 ppm) >
orthopyroxene (215 to 263 ppm) > olivine (43 to 245 ppm) 2 garnet (15 to 74 ppm) 2
zircon (28 to 34 ppm) . In the following section we discuss the relative variations in OH

concentration as a function of composition for the five megacryst minerals.
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(6.1) Garnet

It was in garnets that the correlation of OH content with degree of differentiation (expressed
in the form of the Mg#) was first reported (Bell & Rossman 1992a). Figure 4 from that
work is reproduced here in modified form as Fig. 8a. One aspect of this plot that was not
discussed in the earlier work was the apparent change in slope in the trend of increasing
OH with decreasing Mg number, occurring around Mg# = 74. Given the rather limited data
at more Fe-rich garnet compositions, the change in slope is rather loosely constrained, but
it appears to occur at or shortly after the entry of ilmenite into the crystallization sequence.
The point of onset of ilmenite crystallization is well-defined by the analysis of a large
number of coexisting garnet-ilmenite pairs (Gurney et al., 1979), and is further illustrated
by the break in slope of the V vs. Mg# plot (Fig. 8d), caused by the relative compatibility
of V in the ilmenite structure. Figs. 8c and 8e illustrate, respectively, the behavior of Ti
and Zr in the garnets with progressive differentiation. All these plots show breaks in slope
of the data trends at Mg# ~74, which are not apparent in the trends of the silicate-

compatible elements Cr and Ni (Figs. §j, k).

In Figs. 9a-c, the positive correlations of the garnet OH content with the incompatible
elements Ti, V and Zr are examined further. It is estimated that for a likely fractionating
assemblage of unknown proportions of garnet, clinopyroxene, olivine and orthopyroxene
before the point of ilmenite entry, these three elements all possess bulk crystal-liquid
distribution coefficients (D's) <0.2 and probably smaller. They therefore are expected to
behave roughly as perfectly incompatible elements during fractional crystallization. Water
probably has an even lower bulk D, and should be comparably enriched in the residual

magma. However, up to Mg# = 74, H in garnets is enriched by a factor of three over the
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other three incompatible elements. This suggests that the relative garnet-liquid distribution
coefficients for these elements are changing with differentiation. The fact that the
enrichment of H2O over each of the other three elements occurs by the same factor (3.3
0.2) strongly suggests that it is Dy, which is changing (increasing). Nevertheless, we
cannot exclude entirely the possibility that D's decreasing similarly for Ti, V and Zr
contribute to the relative enrichment in OH over these elements in the garnets. A similar
conclusion is reached from the rare-earth element abundances (bulk D also « 1),
determined by ion-microprobe in samples MON-9, ROM263 GT-36 and ROM263 GT-52
and the Monastery garnet standard (Bell and Kennedy, unpubl. data). Like Ti, V and Zr,
the REE suggest on the order of 20% crystallization from Mg# of 80 to Mg# of 74 (Fig.
10). The REE, like Zr, but unlike Ti, V and OH, show little or no effect of ilmenite
fractionation on the general upward trend in their concentrations in the most Fe-rich
garnets. This contrasting behavior between OH and similarly bulk-incompatible REE and
Zr indicates either crystal chemical control on OH incorporation in garnet, or some change
in the activity of water at the point of ilmenite entry. Evidence in support of increasing

garnet-liquid Dy,0 with differentiation is presented in a later section.

(6.2) Clinopyroxene

In clinopyroxene the Ca/Ca+Mg ratio (Ca®) is a convenient measure of the degree of
differentiation in the ma