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WATER (and hydroxyl, OH) plays an important part in
determining the properties of minerals and melts in the
Earth's upper mantle.  The main hydroxyl-bearing phases
found in rocks from the upper mantle, phlogopite and
amphibole, are not believed to exist in significant quantities
at depth.  Some of the less abundant phases found in these
rocks contain small amounts of hydrous components1-3, but
do not constitute an important reservoir for water.  Traces
of hydroxyl have been found in common mantle phases4-6,
but not at concentrations high enough to account for the
amount of water thought to be present at depth.  An
exception is suggested in a report7 that the pyroxene
(omphacite) in an eclogite nodule from the Roberts Victor
kimberlite pipe contains up to 1,000 p.p.m. OH.  Here we
show that some of this hydroxyl is associated with cation
vacancies in sodic clinopyroxene, and that these pyroxenes
may be an important reservoir for hydrous components in
the upper mantle.

To constrain the hydroxyl contents of minerals in the
eclogite suite of rocks, we have measured infrared
absorption spectra of a representative suite of
clinopyroxenes covering the range of compositions found in
mantle eclogite.  The aims of this study were to see if
hydroxyl is associated with the M2 cation vacancy
previously noted in some of the pyroxenes8, and to see if the
hydroxyl content can help to constrain the origin and
evolution of these rocks.

Pyroxene samples were selected from the well documented
suite of mantle eclogites from South African kimberlites9-11.
Samples were selected to span the range of pyroxene
compositions observed in mantle eclogites, and to have
inclusion-free and fracture-free areas of at least 150 µm in
their shortest dimension.  Eleven samples were selected for
the study.  Samples denoted SBB are from the Bobbejaan
mine; samples denoted SDC are from the Dan-Carl mine
(both at Bellsbank); and samples SRV-4, XM-37 and HRV-
147 are from the Roberts Victor Mine near Boshof, Orange
Free State, South Africa.

Samples SDC-1 and 2 are from corundum-bearing
grospydites , sample SBB-1 is from a kyanite eclogite,
whereas the rest are from bimineralic eclogites, except for
SBB-14 which is a chromium diopside megacryst.  Sample

HRV-147 is from an inhomogeneous, kyanite-bearing
eclogite described by Hatton12 and used by Skogby et al.8.
All samples were analysed with the electron microprobe.
Pyroxene analyses are presented in Table 1 together with
atoms per formula unit (12 oxygens).  Samples SDC-1 and 2
and SBB-1 are rich in jadeite (Jd), whereas sample SRV-4 is
low in sodium and contains no jadeite in the endmember
calculation.  Samples SBB-1 and 46, SDC-l and 2, SRV-4,
XM-37 and HRV-147 all contain measurable K2O.  Samples
SBB-1 and 46, SDC-1 and 2, XM-37 and HRV-147 all contain
a normative calcium-Eskola (Ca0.5AlSi2O6, CaEs) component,
implying some M2 vacancy, with SBB-1 having almost 12
mol % of this endmember.

Infrared spectra at room temperature were obtained with a
Nicolet 60SX Fourier Transform infrared spectrometer at a
resolution of 2cm-1. Polished, self-supporting sample plates
were mounted over pinhole apertures to define the viewing
area through the sample.  Viewing areas were 100-200 µm
diameter.  Pyroxene crystals were oriented using an X-ray
precession camera, and (010) parallel facets were cut and
polished.  For each crystal the α- and γ-polarized spectra
were measured in the X and Z principal vibration directions,
respectively, in the region 3,000-3,800 cm-1 using a LiIO3

crystal polarizer. (The X direction is approximately aligned
with the crystallographic a-axis and Z is inclined ~40º from
the c-axis.)

The spectra differed markedly for different compositions
with a strong γ-polarized absorption band at 3,470 cm-1

appearing in jadeite-rich compositions and a strong α-
polarized band at 3,620 cm-1 in the diopside-rich (Di-rich)
compositions.  Two representative spectra, one from a calcic
sample SRV-4 of composition Di85Hd6Ac5CaTs3 (Hd is
hedenbergite, Ac acmite, CaTs calcium-Tschermaks) and
another from a sodic sample, Jd59Di20Hd8CaEs 12, are plotted
in Fig. 1. The relative intensities of the α absorption bands
at 3,470 and 3,620 cm-1, and the γ band at 3,470 cm-1 were
calculated in absorbance units per mm and are listed in
Table 2. From a calibration of infrared absorbance against
OH content, we estimate the OH content of sample SBB-1 to
be 1,840 p.p.m. by weight.  The OH contents of the other
samples are reported in Table 2.

Clinopyroxenes from mantle eclogites have complex
compositions.  The samples of this suite may contain more
than 5 mol % of eight different endmembers.  In addition to
jadeite, diopside and hedenbergite, kosmochlor, acmite, Ca-
Tschermaks and Ca Eskola are important constituents.
Also, six of the samples contain measurable potassium, of
which five also contain a normative CaEs component
calculated from the proportion of vacancies (4.00 minus total
cations).  McCormick8 has confirmed the presence of
vacancies in M2 using X-ray crystal structure refinement
and analytical transmission electron microscopy.  She also
reported the absence of multiple-chain defects in sample
SBB-1 using high-resolution transmission electron
microscopy.



The infrared spectra of these clinopyroxenes are also
complex.  In particular, the strong γ-polarized absorption
feature at 3,470cm-1 is very strong in sample SBB-1, whereas
it is very weak relative to the α-polarized feature at 3,620 cm-

1 in SRV-4 (Fig. 1).  These differences are correlated with
composition.  Figure 2 is a plot of the intensity of the γ-3,470
feature against the cation deficiency per six oxygens.  The
'negative' cation deficiencies of some samples may result
from the effect of ferric iron on the vacancy calculation.  If
samples with positive cation deficiency also contain ferric
iron, the calculated cation deficiency would be
underestimated.  The correlation in Fig. 2 indicates that the
cation vacancy at M2 controls the incorporation of' the
hydroxyl responsible for the dominant 3,470-cm-1 band.

Despite the compositional complexities, no clinopyro-
xenes from these rocks have been reported with space
groups other than C2/c, consistent with their high
temperatures of equilibration.  In this space group, the O2
site, bonded to one tetrahedral cation, one M1 site and one
M2 site, is under-bonded according to its Pauling bond
strength, and has the lowest electrostatic site potential in
the jadeite structure13. If we assume that the proton in these
vacancy-bearing pyroxenes is associated with the O2
oxygen and that its bond is parallel to the γ-polarization direction, the O-H bond would extend roughly towards the

________________________________________________________________________________________

TABLE 1.    Electron microprobe analyses of eclogite clinopyroxenes in wt %
________________________________________________________________________________________

Sample       SBB-1    SBB-5H    SBB-7P     SBB-14    SBB-20     SBB-46   SBB-104     SDC-1      SDC-2      SRV-4      XM-37     HRV-147

Si02 57.14 55.11 55.06 55.05 55.09 55.81 55.31 55.60 55.71 54.59 56.10 56.25
TiO2 0.37 0.08 0.06 0.14 0.11 0.28 0.22 0.17 0.17 0.09 0.38 0.30
Al203 19.08 7.24 2.61 0.31 5.93 10.40 6.27 17.73 17.58 1.25 14.10 14.28
Cr2O3 0.03 0.08 3.35 1.82 0.09 0.80 0.03 0.05 0.04 0.08 0.15 0.07
FeO 2.46 3.31 1.74 2.27 4.32 2.44 4.07 1.28 1.27 3.11 2.54 1.98
MnO 0.03 0.03 0.08 0.09 0.04 0.02 0.04 0.01 0.01 0.05 0.02 0.03
MgO 4.14 12.39 15.72 17.46 12.59 10.19 12.72 5.99 6.00 17.11 7.72 8.15
CaO 7.70 17.56 18.93 21.72 17.90 14.53 17.06 10.32 10.37 23.23 11.86 12.75
Na2O 9.12 4.40 2.85 1.31 4.07 5.78 4.29 8.90 8.90 0.66 6.99 6.76
K2O 0.05 0.00 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.07 0.29 0.25
P2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 n.d
Total 100.12 100.20 100.40 100.17 100.14 100.35 100.01 100.05 100.05 100.24 100.15 100.82

Atoms per 6 oxygens

Si 1.971 1.973 1.981 1.995 1.986 1.971 1.988 1.933 1.937 1.981 1.966 1.957
Ti 0.010 0.002 0.002 0.004 0.003 0.007 0.006 0.004 0.004 0.003 0.010 0.002
Al 0.776 0.306 0.111 0.013 0.252 0.433 0.266 0.727 0.720 0.054 0.582 0.585
Cr 0.001 0.002 0.095 0.052 0.003 0.022 0.001 0.001 0.001 0.002 0.004 0.008
Fe 0.071 0.099 0.052 0.069 0.130 0.072 0.122 0.037 0.037 0.094 0.074 0.058
Mn 0.001 0.001 0.002 0.003 0.001 0.001 0.001 0.000 0.000 0.002 0.001 0.001
Mg 0.213 0.661 0.843 0.943 0.377 0.537 0.682 0.311 0.311 0.926 0.403 0.423
Ca 0.285 0.674 0.730 0.843 0.691 0.550 0.657 0.385 0.386 0.903 0.445 0.475
Na 0.610 0.305 0.199 0.092 0.284 0.396 0.299 0.600 0.600 0.046 0.475 0.456
K 0.002 0.000 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.003 0.013 0.011
p 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Total 3.938 4.024 4.014 4.015 4.027 3.994 4.022 3.998 3.998 4.014 3.974 3.975
Vacancy      0.062      -0.024-0.014-0.015 -0.027 0.006 -0.022 0.002 0.002 -0.014 0.026 0.025



M2 cation site.  This is the same orientation Beran14

proposed for the OH group that produces the 3,600-cm-1

band in the diopside spectrum.
Experimental studies have demonstrated that vacancies

exist in pyroxene at the pressures and temperatures at which
eclogite is stable15.  The correlation of hydroxyl content with
vacancy concentration in the pyroxene suggests that both
components existed in the pyroxene under mantle
conditions.  Clinopyroxenes are stable constituents of most
model mantle compositions to pressures of 12 GPa, so
hydroxyl-bearing pyroxenes may be important constituents
of the mantle in the depth region of 30-400 km.

If the observed hydroxyl was indeed present in the mantle,
then the finding of substantial hydroxyl concentrations
associated with M2 cation vacancies is pertinent to
understanding the geochemistry content of mantle
processes.  With an estimated maximum hydroxyl content of
1,840 p.p.m., these are the most hydrous pyroxenes yet
observed, and indicate that sodic clinopyroxenes may be an
important host for hydroxyl in the upper mantle.  Electron
microprobe analyses indicate that about one-third of our
eclogite sample suite from Bellsbank and more than half of
our suite from Roberts Victor contain a considerable
concentration of M2 cation vacancies (up to ~9% in some
samples).  For the entire suite from both of the localities, the
vacancy-bearing pyroxenes are 5-10 times as abundant as all
other nominally hydrous phases (phlogopite and
amphibole), so that the hydrous pyroxenes seem to contain
well over half of the total hydrogen in the sample suite.

Compositions of pyroxenes reconstructed from exsolved
garnet and kyanite indicate that precursor, near-solidus
pyroxene may have contained up to 18% vacant M2 site11.
This is supported by thermodynamic calculations15 based
on experimental studies, which indicate that high
temperatures favour the occurrence of high concentrations
of vacancies in clinopyroxenes within the eclogite stability
field.  Extrapolating the curve in Fig. 2, we would estimate
that the precursor pyroxene contained as much as 4,000
p.p.m. OH.  Although the amphibole and ubiquitous
phlogopite in the eclogite xenoliths are generally believed to
derive from metasomatism by infiltrating kimberlitic fluids16,
re-equilibration of pyroxenes during cooling from their
crystallization temperature to their observed equilibration

conditions (~1,050 to 1,250 ºC in the 3-5 GPa range)9,10 could
evolve sufficient hydroxyl to account for much of that
observed in the secondary hydrous phases in  these rocks.
Re-equilibration could also result in a small amount of'
partial melt at depths of about 100 km.
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TABLE 2 Absorbance per mm of mantle eclogite clinopyroxenes
___________________________________________________
                            α-polarized        γ-polarized
Sample      3620 cm-1  3.470 cm-1  3.470 cm-1  Total  OH (p.p.m.)*

SBB-1 0.068 0.844 3.040 3.95 1840
SBB-5H 0.530 0.040 0.154 0.72 335
SBB-7P 0.611 0.308 0.353 1.27 595
SBB-14 0.120 0.384 0.230 0.73 340
SBB-20 0.400 0.170 0.184 0.75 350
SBB-46 0.138 0.357 1.020 1.52 710
SBB-104 0.290 0.100 0.148 0.54 250
SDC-1 0.675 0.500 1.080 2.26 1055
SDC 2 0.400 0.280 0.865 1.55 725
SRV-4 0.693 0.093 0.207 0.99 460
XM-37 0.025 0.324 0.841 1.19 555
HRV-147 0.124 0.596 1.853 2.57 1200
___________________________________________________
* Concentrations in p.p.rn. by weight are determined by assuming the
summed OH band intensity is proportional to OH content. The


