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Abstract From a total of 335 olivine crystal grains,
crystallographically orientated platelets and, where
possible, parallelepipeds were prepared, chemically
analysed by electron microprobe, examined under the
polarisation microscope, and studied by polarised FTIR
microscope-absorption-spectrometry in the mOH vibra-
tional range, 3,000–3,800 cm)1. The 335 crystal grains
were extracted from 174 different specimens of Yakutian
upper mantle material, including 97 xenoliths that rep-
resent all the rock types occurring in all the kimberlites
of the Siberian shield. The other specimens were mega-
and macrocrysts or inclusions in diamonds and garnets.
Analysis of the polarised mOH-spectra allowed for dis-
tinction between hydroxyl in non-intrinsic separate
inclusions, NSI, and in isolated local or condensed ex-
tended defects, intrinsic to the olivines, ILD or CED,
respectively. As the two latter types cannot be distin-
guished by vibrational spectroscopy, and as they are
presumably interconnected by intracrystalline conden-
sation reactions of the type n [ILD]¢ [CED]n, we pro-
pose to symbolise them as [ILD/CED]. Of the total of 70
polarised mOH-bands that were found in the whole set, 17
are caused by NSI, 53 by [ILD/CED]. Total mean
integrated mOH-band intensities,

P
(�aint)total with

�aint=(a||a+a||b+a||c)int/3, were determined from the
spectra. They yielded the contents of structurally unal-
located ‘‘water’’, using the recent calibration of the IR-
method (Bell et al. 2003). The range is 0<wt. ppm
(H2O)total<419. Olivines included in diamonds were
found to be free of hydroxyl (detection limit of the single
crystal IR-spectrometry, ca. 1 wt. ppm ‘‘water’’). The

total ‘‘water’’ contents of the different types of olivines
increase in the sequence groundmass crystals < mega-
crysts < macrocrysts. NSI are: (1) Serpentine plus talc
with mOH in the range 3,704–3,657 cm)1, either polarised
along a of the olivine matrix (Pbnm setting) or unpo-
larised. Approximately 232 olivines out of the 335 con-
tain such NSI. Serpentine and talc occur mostly
together, in rare cases one of them alone and if so,
mostly talc. (2) Mg-edenite or Mg-pargasite occur rarely
and with mOH at 3,709–3,711 cm)1. NIS types (1) and (2)
are presumably formed by metasomatic alterations of
the host olivines, the orientated ones probably in the
mantle, the unorientated ones during later stages. (3)
The spectra of 23 olivine crystals, displayed specifically a
mOH-band, polarised c>a>b, at 3,327–3,328 cm)1, an
energy typical of mOH in hydrous wadsleyite. We assume
this phase to be present as NIS in the respective olivines,
possibly as relic phase. (4) Weak bands between 3,175
and 3,260 cm)1 polarised along c, are tentatively as-
signed to molecular water NSI with relatively strong
hydrogen bonds to the matrix. We did not find larger
clusters of molecular water, i.e. liquid-like water with its
characteristic broad band centred at ca. 3,400 cm)1. We
did also not find any humite minerals as an NSI. Of the
53 mOH-bands intrinsic to olivine, the 29 most abundant
and strong ones were subject to further analysis in terms
of OH)-bearing structural defects [ILD/CED]. Nearly
all these bands are strongly polarised along a. Two
bands at 3,672 and 3,535 cm)1 are assigned to boron-
related defects, [ILD/CED]B. Five bands at 3,573, 3,563,
3,541, 3,524 and 3,512 cm)1 are intensity-correlated and
are assigned to Si-depleted ‘‘titan-clinohumite-like’’ de-
fects, [ILD/CED](thl). The other, so far unidentified mOH

of [ILD/CED] are suggested to originate from OH) in
different types of (Mg, Fe)-depleted defects recently
predicted and discovered by TEM. These are
called [ILD/CED](KWK). Eight mostly strong bands of
them occur at energies higher than 3,573 cm)1,
[ILD/CED](KWK)-H, 13 strong to medium strong
bands occur below 3,500 cm)1, [ILD/CED](KWK)-L.
Such intrinsic defects may occur alone, [ILD/CED](thl)
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and [ILD/CED](KWK)-H, or in different combinations
with each other, [ILD/CED](KWK)-H+[ILD/CED](thl),
[ILD/CED](KWK)-H+[ILD/CED](KWK)-Land [ILD/
CED](KWK)-H+[ILD/CED](thl)+[ILD/CED](KWK)-L.
Though there are indications that the occurrences
of such types and combinations of the intrinsic OH)-
bearing defects in the olivines are related to the types
and genetic peculiarities of their host rocks, straight-
forward and simple correlations do not exist. The rea-
sons for this and also for the great number of varieties of
intrinsic [ILD/CED] are discussed.

Introduction

Since long, the occurrence of minerals with constitu-
tive water-contents as phlogopite, titanclinohumite,
edenite, pargasite in mantle rocks, and of fluid inclu-
sions in mantle minerals formed the basis for an
approach to an understanding of the role of water in
mantle material.

During the last two decades, it became obvi-
ous—mostly from careful studies and evaluations of the
valence vibrational region of hydroxyl-groups in the IR-
spectra of single crystals of mantle minerals—that
nominally ‘‘water’’-free1 mantle minerals may contain
traces of ‘‘water’’ which are chemically bound in OH)-
bearing intrinsic or non-intrinsic, zero- to three-dimen-
sional structure defects. The analysis of such hydroxyl-
defects in mantle minerals became a new possibility to
approach the elucidation of the role of water in the
mantle. Especially, two extended studies (Bell and
Rossman 1992; Matsyuk et al. 1998) tried to explore the
possible use of hydroxyl-bearing defects in an elucida-
tion of genetic questions of mantle materials, on the
basis of quantitative IR-spectroscopic determinations of
the ‘‘water’’ contents in garnets of xenoliths in mantle
kimberlites from below the South African and the
Siberian shields. However, it is obvious from the two
studies that the results of such work need completion by
the study of the contents of hydroxyl-defects in other
minerals typical of mantle rocks, in particular of olivines
from a broad variety of different types of mantle rocks
from different kimberlites.

Earlier work does not only prove the presence of
hydroxyl-bearing defects in olivines of various origin
(Beran 1969; Beran and Putnis 1983; Freund and Ober-
heuser 1986; Kitamura et al. 1987; Miller et al. 1987;
Sykes et al. 1994; Libowitzky and Beran 1995; Kurosa-
wa et al. 1997) but also forms the basis for quantitative
evaluations of the ‘‘water’’-contents in olivines (Paterson
1982; Bai and Kohlstedt 1992; Kohlstedt et al. 1996;
Libowitzky and Rossman 1996, 1997; Bell et al. 2003).
Also, various structural models of the incorporation of

hydroxyl and also of molecular water into the olivine
structure have been proposed (Beran 1969; Beran and
Putnis 1983; Kitamura et al. 1987; Libowitzky and
Beran 1995; Kurosawa et al. 1997; De Leeuw et al. 2000;
Kudoh 2002). Also, attempts were made to solve the
involved questions by quantum mechanical calculations
(Wright and Catlow 1994; De Leeuw et al. 2000).
Experimental work on olivine (Bai and Kohlstedt 1992;
Kohlstedt et al. 1996) was performed under thermody-
namic conditions modelling mantle genesis of olivines,
especially water and oxygen fugacities. The experiments
were combined with IR-spectroscopic studies of the
products to relate the occurrence of OH)-groups with
the thermodynamic parameters. Such work may con-
siderably contribute to an elucidation of the complicated
O-H valence vibrational spectra of mantle olivines, as is
also the case for TEM work on natural olivines in
combination with IR-spectroscopy (Kitamura et al.
1987; Miller et al. 1987; Khisina et al. 2000, 2001; Khi-
sina and Wirth 2002).

Despite all the just mentioned efforts, to elucidate the
OH) vibrational region 3,800–3,000 cm)1 in the polar-
ised IR-spectra of olivines, the problems of band
assignment of such spectra is not solved so far. The
difficulties are obvious when it is recalled that so far a
total of 40 different mostly unassigned mOH-bands are
identified in olivines of different origins. An exception-
ally large number of mOH has been found in spectra of
two olivines from the kimberlites of Monastery and
Kimberley (Miller et al. 1987). This large number of
OH)-bands in mantle olivines, studied so far, is unique
among OH)-bearing defects in other nominally ‘‘water’’-
free minerals. Further, very small bandwidths, in
the range of 4–20 cm)1, and strict polarisations of
most of the mOH-bands are characteristic of the OH)-
bearing defects that may give rise to such bands in oli-
vines (e.g. Beran and Putnis 1983; Libowitzky and Beran
1995).

In view of all the difficulties and ambiguities to which
a straightforward assignment of the complex OH)-
spectra of olivines and their quantitative evaluation in
terms of intrinsic and non-intrinsic contents of the
component ‘‘water’’ are currently still subject, the main
tasks of the present paper are:

1. careful measurement, documentation and evaluation
of polarised IR-spectra in the mOH-range, 3,800–
3,000 cm)1, on a large number of chemically and
optically characterised olivine single crystals from a
broad variety of different types of mantle rocks and
associations from kimberlites of the Siberian platform,

2. wherever possible, identification of non-intrinsic mOH-
bands originating from hydroxyl in material clearly
to be classified as ‘‘inclusion’’, and mOH-bands origi-
nating from defects intrinsic to the respective olivine
or olivines,

3. check for correlations between band intensities of
different bands on a quantitative basis. This seems
promising when a large data basis of polarised spec-

1Throughout the paper, we use the designation ‘‘water’’ for the
structurally unspecified analytically determined total contents of
the component water.
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tra on a large number of olivine crystals is achieved
under task (1),

4. check whether specific types of host xenoliths pro-
mote specific bands or band groups characterised as
intrinsic or non-intrinsic,

5. determination of integrated intensities of the entire
mOH-band envelope,

P
(�aint,||a,b,c)=

P
(1/t)�(log(I0/

I)||a,b,c·dm, to obtain quantitative information on to-
tal ‘‘water’’ contents using existing macroscopic cal-
ibrations (Bell et al. 2003). An attempt will be made
to separate integrated intensities of non-intrinsic
from intrinsic contributions to the evaluated total
intensities

P
(�aint,||a,b,c).

Material studied and experimental methods

Material studied

A total of 335 olivine single-crystal grains was extracted
from a suite of 174 different mantle specimens, including
97 different xenoliths, representing all types of mantle
rocks observed in Yakutian kimberlites, Siberia, as well
as 25 olivine megacrysts and 49 olivine macrocrysts2,
two olivine crystals included in two diamonds and one
olivine crystal included in a garnet megacryst. The ex-
tracted olivine single-crystal grains were studied by
electron microprobe analysis and by polarised FTIR-
microscope-spectrometry.

Wherever possible, the mantle xenoliths were selected
under the following viewpoints:

1. samples of the same rock-type, e.g. dunites, harz-
burgites, lherzolites etc., formed under the conditions
of either the diamond-pyrope, the graphite-pyrope or
the spinel-pyroxene facies (Sobolev et al. 1972)
should be available,

2. mantle rocks, mega- and macrocrysts, from the three
just mentioned facies should be available from a
series of different kimberlites between the centre (e.g.
Mir, Udachnaya) and the north (Obnazhonaya,
Slyudyanka, etc.) of the Siberian platform.

Results on 65 olivine crystals (Table 1, column 6)
obtained from a total of 34 different mantle specimens
(Table 1, column 1), typical for the whole set of 174
mantle specimens, were selected for the detailed pre-
sentation in the present paper. The olivine crystals were
extracted from 19 different xenoliths, from one diamond
or from one garnet megacryst; 8 were olivine megacrysts
and 5 macrocrysts. Aside the samples, Table 1 compiles
the kimberlite localities, the mantle-facies (Sobolev et al.
1972) and the rock types that contain the respective
olivine. Quoted are also the crystal plates, prepared for
the measurements, as well as their thicknesses. The
samples are grouped in Table 1 according to the rock

series to which they belong. Such genetically different
rock series were proposed for a systematic description by
Matsyuk et al. (1988) and Platonov et al. (1988). They
are illustrated and their interrelations are shown by
Matsyuk et al. (1998, Fig. 1).

Experimental methods

Preparation of crystal plates

At least two crystal fragments from each mantle specimen were
selected for preparation as crystallographically differently orien-
tated platelets, mostly (010) and (001), in some cases also (100). On
these, polarised spectra with E||a(||Z), E||b(||X) and E||c(||Y) could
be obtained. The orientations given here refer to the most widely
used space group setting Pbnm of the olivine structure (Bragg and
Brown 1926). The related orientations of the axes of the optical
indicatrix, X(na),Y(nb) and Z(nc), are given according to Tröger
(1971). Olivine crystals from some of the rock samples, especially
from cataclastic porphyritic and from cataclastic porphyritic-like
nodules, turned out to be inhomogeneous with respect of the spectra
obtained. In such cases, a total of four to six crystal plates of the
same orientation have been prepared and measured. Some olivine
crystals (26) were prepared as orientated parallelepipeds, allowing
for measurements in all three polarisations on one and the same
crystal.

The preparational steps to obtain the plates or the parallelepi-
peds polished on the faces to be penetrated by the measuring
radiation, were described previously (Matsyuk et al. 1998). The
orientations of all plates and the parallelepipeds were controlled
and checked by microscopic methods. Deviations from the exact
orientations ||(010), ||(001) or ||(100) do not exceed 1–2� for the
majority of the crystal plates, and 3–5� for very few ones only.

All crystal plates and parallelepipeds prepared were carefully
examined under the polarisingmicroscope as it was also done for thin
sections of the host rock samples. Most of the prepared specimens
were clear or contained at least optically clear parts large enough
to allow for the IR-microscope-spectrometric measurements.

Electron microprobe analyses

The chemical compositions of the olivine crystals studied were
obtained by electron microprobe analyses using instruments and
methods of measurement, standardisation and evaluation as de-
scribed before (Matsyuk et al. 1998). Microprobe analyses were
taken at several spots on the crystal under study, including spots
inside the selected measuring areas of the IR-spectroscopy. Trace
element analyses, especially of boron and lithium could not be
obtained on the large set of samples. This might be counted a deficit
of this study because trace elements influence the local potential
fields in which the OH)-groups intrinsic to the respective olivine,
vibrate. However, such effects bear on the elucidation of the
structural allocation of intrinsic ‘‘water’’. As stated before, struc-
tural allocation of intrinsic OH)-groups is not a necessary condi-
tion for our quantitative task.

Polarised IR-microscope-spectrometry

Polarised single-crystal IR-spectra, were measured in the spectral
range 3,800–3,000 cm)1, where OH)-valence vibrations are known
to occur in olivines (cf. introduction). The FTIR-spectrometer
(Bruker ISS 66) equipped with an IR-microscope, as well as the
methods of measurement were the same as in Matsyuk et al. (1998).
The instrument was operated at a spectral resolution of 1 cm)1, the
measuring spot had a diameter of 100 lm. Linear polarisation of
the measuring radiation close to 100% is required for reliable

2Here, megacrysts or macrocrysts are defined as those crystals with
smallest dimension larger than 1 cm or �0.5–1 cm, respectively.
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quantitative evaluation of the polarised spectra obtained (Lib-
owitzky and Rossman 1996). The polariser of the IR-microscope
used here, showed—if any—only a very small fraction of unpo-
larised radiation in the spectral range of the measurements. This is
obvious from polarised measurements of the mOH-range of amphi-
boles (M. N. Taran, personal communication) the spectra of which
are known from the literature.

Generally, spectra were scanned at room temperature. Some
selected crystals were also studied at 100 K using a Linkam cooling
table and liquid N2, the platelets being held on a gold wire grid. For
most specimens, two crystal plates, e.g. a (010)- and a (001) plate,
have been prepared from different olivine crystals (cf. Table 1).
Such plates allow for the measurement of one of the three polari-
sations in both plates, in the example E||a. Only those spectra E||a,
b and c were combined in the figures to be shown and discussed,
where the spectra of the same orientation recorded on the two
plates had the same shape, especially same band intensities. For
Tw-250/79 and Tw-48/79, relic as well as ground mass (recrystal-
lised) olivines were prepared (Table 1) and measured. The spectra
presented here, were recorded on the recrystallised olivines. All the
spectra shown in the present paper are unmanipulated ‘‘raw’’
spectra, except for recalculating the ordinate values to a=log(Io/I)/
t, with t=measured plate thickness in cm.

Curve resolution of the mostly very complex spectral envelopes
was achieved by the same methods already used for garnet spectra
(Matsyuk et al. 1998). Straight lines between the a values at 3,000
and 4,000 cm)1(cf. Fig. 1) served as base lines. Only such analysed
component bands were considered as true ones that were discern-
ible as maxima, inflections or shoulders by means of by-eye-
inspection of the spectrum just analysed. Only in those spectral
regions where the observed and calculated total spectral envelopes
deviated unacceptably from each other, an additional band was
introduced. Data from analysed spectra used in tables, figures or in
the text, are band positions3, (wavenumber) m in [cm)1], bandwidths
(full width at half band height), Dm1/2 in [cm)1], and band intensities
in terms of linear absorption coefficients, alin=log(I0/I)/t in [cm)1]
as well as integral absorption coefficients, aint=(1/t) �log(I0/I)·dm in
[cm)2]. Total integrated intensities are given as mean values,P

(�aint)=(a||X+a||Y+a||Z)int/3 (cf. Maldener et al. 2003) and were
subject to estimated errors of ±5%. The thicknesses used to nor-
malise the integrated absorbencies, �log(I0/I)dm, to a plate thickness
of 1 cm, are the uncorrected t-values as quoted in Table 1. Mal-
dener et al. (2003) showed that such thicknesses may deviate in
microscope-spectrometric measurements from the effective ones by
the convergence of the measuring beam. However, for a beam
diameter of 100 lm used here, such effects do not exceed 5%. In
addition, measurements of the same orientation on crystals with
different measured thicknesses yielded spectra with the sameP

(�aint)-values within the experimental error.

Results, their evaluation and discussion

Experimental results

The chemical compositions of olivine crystal plates
(Table 1), were recalculated from the results of electron
microprobe analyses to atoms per formula unit and are
presented in Table 2. The data show that the olivines
selected here, represent almost the whole range of
chemical variation from 6.5 to 18.2 mol% fayalite end
member, known for mantle olivines from Yakutian
kimberlites (Ukhanov et al. 1988; Matsyuk and Zint-
chouk 2001).
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3Energies of clearly discernible band maxima were determined by
inspection of several spectra of the same crystal plate.
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Selected typical spectra at ambient conditions, in the
mOH-range for the polarisations E||a(||Z), E||b(||X) and
E||c(Y) of olivines are displayed in Fig. 1a, b. The spectra
which were not included in this figure for clarity, are very
close to the included ones and will be commented later.
Energies of the total of 70 bands observed in the olivines
(Tables 1 and 2) are compiled in Table 3 together with
their polarisations. Figure 1 displays complex band
envelopes. To make the recognition of occurrences
and positions of bands easier, faint lines are drawn in
Fig. 1and are labelled by the band numbers of Table 3.
For comparison, this table lists also the bands found by
Libowitzky and Beran (1995) in polarised spectra of a
near-to-end-member forsterite fromTadshikistan, and by
Miller et al. (1987) in an olivine from a xenolith in the
kimberlite at Monastery, Winbury/S.A. It is obvious that
all bands observed by these authors are present also in the
total of our spectra.

All bands showing up as discrete peaks or shoulders,
sometimes faint shoulders, in the spectra measured in this
study are true features of the respective crystal, as all of
them are reproduced in repeated spectral recordings. The
complex patterns of mOH-bands are not caused or caused
in part by hydroxyl in the surface layers of the plateswhich

are disturbed by polishing, the so-called Beilby-layers
(Beilby 1921; Bowden and Hughes 1937a, 1937b). This is
obvious from the fact that in NRA-profiles, Beilby layers
on olivines are found to be about 0.2 lm thick (see Bell
et al. 2003). Hence, the total thickness of the disturbed
surface, ca. 0.4 lm, amounts at maximum 0.4% of the
total thickness of the thinnest plate measured here
(113 lm, sample C-2/9 in Table 1).

Bandwidths are very small, in the range of 2 to
20 cm)1 at energies down to 3,500 cm)1, and grow
increasingly broader, up to 40 cm)1, on further
decreasing energy down to 3,200 cm)1. Most of the
bands are polarised parallel to a(||Z, nc), in fact a great
number of them strictly parallel to a. This is in accor-

Fig. 1 Main types of OH)-valence vibrational spectra observed in
the present paper on the mantle olivines studied. The spectra are
scanned at 298 K with polarised radiation, on the platelets listed in
Table 1. The numbers on top of the two parts of the figure are the
band numbers used in Table 3. Spectra characterised by ·2 are
enlarged with respect of the ordinate by a factor of 2. Sample
numbers characterising the spectra are those of Table 1. Except for
thickness normalisation, log(I0/I)/t, the spectra are uncorrected.
For clarity, the spectra are ordinate shifted, the background of all
the spectra at 3,800 cm)1 is very close to log(I0/I)/t=0,5 cm)1

c

Table 2 Results of electron microprobe analyses of olivines extracted from the mantle specimens listed in Table 1. The data are presented
as atoms per formula unit. The uncertainty is in the last decimal point. n.a. not analysed

Olivine from At. pfu S

Mg Fe2+ Mn Ca Co Ni Al Cr Ti Si

A-176 1.852 0.148 0.0018 0.0000 0.0006 0.0069 0.0000 0.0000 0.0000 0.996 3.005
Tw-176/79 1.852 0.144 0.0023 0.0016 n.a. n.a. 0.0003 0.0002 0.0000 1.000 3.000
Tw-9/79 1.846 0.147 0.0014 0.0005 0.0010 0.0079 0.0000 0.0004 0.0000 0.998 3.002
A-47 1.840 0.166 0.0012 0.0000 n.a. n.a. 0.0000 0.0000 0.0002 0.996 3.005
O-89 1.853 0.149 0.0010 0.0003 0.0000 0.0071 0.0003 0.0000 0.0007 0.994 3.005
O-8 1.873 0.129 0.0018 0.0003 0.0004 0.0078 0.0006 0.0000 0.0009 0.993 3.007
Ps-92/84 1.857 0.148 0.0018 0.0005 0.0000 0.0077 0.0009 0.0008 0.0005 0.991 3.008
C-2/9 1.860 0.132 0.0000 0.0003 0.0004 0.0074 0.0000 0.0008 0.0000 1.000 3.001
Uv-406 1.867 0.134 0.0012 0.0003 0.0000 0.0069 0.0003 0.0008 0.0002 0.995 3.006
Twd-40a/77 1.852 0.145 0.0014 0.0008 0.0004 0.0067 0.0003 0.0002 0.0004 0.996 3.003
Twd-20 1.858 0.139 0.0004 0.0005 n.a. n.a. 0.0000 0.0004 0.0004 1.000 2.999
Twd-29 1.816 0.166 0.0004 0.0003 0.0006 0.0076 0.0000 0.0002 0.0002 1.004 2.995
A-5 1.858 0.142 0.0020 0.0003 0.0004 0.0065 0.0006 0.0009 0.0002 0.994 3.005
A-379 1.854 0.148 0.0018 0.0000 0.0004 0.0050 0.0003 0.0006 0.0002 0.995 3.005
Tw-250/79 1.837 0.149 0.0025 0.0005 n.a. n.a. 0.0000 0.0006 0.0008 1.004 2.994
Tw-281/79 1.832 0.173 0.0012 0.0010 0.0002 0.0066 0.0006 0.0000 0.0009 0.992 3.008
Tw-48/79 1.781 0.184 0.0035 0.0021 0.0000 0.0073 0.0000 0.0021 0.0007 1.009 2.990
Twd-24 1.786 0.217 0.0025 0.0003 n.a. n.a. 0.0009 0.0000 0.0002 0.996 3.003
Wt-23/87 1.834 0.164 0.0019 0.0008 n.a. n.a. 0.0015 0.0010 0.0006 0.997 3.001
K-4 1.838 0.163 0.0023 0.0011 n.a. n.a. 0.0000 0.0016 0.0004 0.996 3.002
Ud-118 1.822 0.165 0.0033 0.0010 0.0013 0.0050 0.0003 0.0006 0.0009 1.000 2.999
F-38 1.863 0.140 0.0022 0.0003 0.0000 0.0075 0.0000 0.0013 0.0000 0.993 3.007
F-67 g 1.823 0.174 0.0018 0.0008 0.0006 0.0068 0.0014 0.0021 0.0002 0.994 3.005
Twd-39 1.856 0.129 0.0035 0.0008 n.a. n.a. 0.0006 0.0004 0.0004 1.004 2.995
Tw-194/77 1.740 0.250 0.0027 0.0005 0.0004 0.0055 0.0003 0.0004 0.0004 1.000 3.000
Sl-278 1.723 0.274 0.0030 0.0008 n.a. n.a. 0.0003 0.0002 0.0004 0.999 3.001
X-8 1.661 0.335 0.0028 0.0008 n.a. n.a. 0.0018 0.0000 0.0011 0.998 3.001
Wt-47/87 1.775 0.229 0.0038 0.0005 0.0006 0.0050 0.0000 0.0004 0.0006 0.992 3.007
Tw-216/79 1.732 0.252 0.0021 0.0022 n.a. n.a. 0.0003 0.0002 0.0002 1.006 2.995
F-44 1.804 0.195 0.0020 0.0021 0.0006 0.0077 0.0008 0.0009 0.0007 0.992 3.006
F-68 1.773 0.225 0.0025 0.0010 0.0006 0.0063 0.0009 0.0008 0.0005 0.994 3.005
Sl-98 1.620 0.363 0.0030 0.0022 0.0008 0.0012 0.0012 0.0002 0.0011 1.003 2.996
Sl-387 1.788 0.210 0.0059 0.0005 0.0004 0.0056 0.0003 0.0000 0.0000 0.995 3.006
O-80/87 1.671 0.307 0.0015 0.0011 0.0008 0.0046 0.0018 0.0008 0.0002 1.005 2.994
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dance with earlier results of Beran and Putnis (1983),
Miller et al. (1987) and Libowitzky and Beran (1995).
Some of the bands have high intensity in E||c(||Y, nb),
few ones in E||b(||X, na) (Fig. 1, Table 3).

From inspection of the three complex mOH-spectra,
||a, ||b, and ||c of a specific olivine in Fig. 1, it is obvious
that they result from combinations and superpositions
of different bands and/or band groups from the total of
70 absorptions of Table 3. This statement seems to be
trivial, but allows in combination with the information
in Table 1 on localities and rock types, for the first
qualitative conclusions:

– (c.1) Olivines from different ‘‘geological milieus’’ and/
or with different history contain different types of
OH)-bearing defects, be they intrinsic or non-intrin-
sic, and possibly also water, be it molecular H2O or
clustered (H2O)n.

– (c.2) Olivine C-2/9 extracted from a diamond, does
not contain hydroxyl, at least not above the detection
limit of the single crystal IR-spectroscopy (about 1 wt.
ppm ‘‘water’’, see above).

Evaluation and discussion

General considerations

It might be suspected that mOH of other ‘‘water’’-bearing
phases occurring as inclusions in the respective olivine
host crystal contribute to the very rich variety of dif-
ferent mOH-bands observed in olivines. Therefore, it is
necessary to differentiate between intrinsic and non-
intrinsic mOH-bands. The first are those typical of hy-
droxyl on oxygen positions in the olivine structural
matrix itself, including submicroscopic modifications of
the structure by isolated local or by clustered defects, the
latter forming extended structural modifications. In the
following, the isolated local defects will be abbreviated
as ILD, the clustered defects that form extended struc-
ture modifications as CED. On the other hand, non-
intrinsic mOH-bands are those that originate from sepa-
rate inclusions of other ‘‘water’’-bearing minerals. These
will be called NSI in the following.

To differentiate between intrinsic and non-intrinsic
mOH, we follow here the reasoning of Miller et al. (1987,
p. 467). In short, these authors argue as follows:

– (a) If some of the mOH observed in olivine spectra,
coincide completely in energy, bandwidth and, even-
tually in the intensity ratio or ratios of the respective
mOH, with those of an isolated large-sized mineral, as
e.g. serpentine, then such mOH should be assigned to
the respective mineral phase occurring as inclusion in
olivine, i.e. these mOH is/are non-intrinsic (NSI).

– (b) ‘‘Conversely, if no common associated hydrous
phase corresponds to an OH band, that band is
considered intrinsic to olivine as a modification of its
structure’’. (ILD and CED in our terminology).

– (c) In the course of their argumentation, Miller et al.
(1987) mention also the possibility that ‘‘If on the
other hand, only a few unit cells of the hydrous phase
were present in the olivine crystal, then the OH-
absorption of the hydrous phase might be shifted in
position and its width ...’’. This is a special case of
what is called above ‘‘clustered defects ... forming
extended structural modifications’’ (CED). OH)-
vibrations from two- or three- dimensional clustered
defects, CED, should definitely be regarded intrinsic,
as was done above in the case of ILD.

In recent studies of two mantle olivine crystals from
nodules #105 and #9206 of the Udachnaya kimberlite,
Yakutia by TEM methods, Khisina et al. (2001) and
Khisina and Wirth (2002) discovered three types of hy-
droxyl bearing ‘‘units’’ in the studied spots of the crys-
tals: ‘‘large’’ inclusions of hydrous magnesium silicates
such as serpentine, talc and 10 Å-phase that can be re-
garded as NSI. Further, the above authors found clus-
tered defects, CED in our terminology. These occur
as 20 to 50 nm thick lamellae and as very small spots
with sizes up to several 10 nm. The latter are linked to
dislocations in olivine from #9206 and to the lamellar
defects in that from #105. Both types of CED were
found to be (Mg, Fe)-depleted compared to the olivine
matrix, Si contents are about the same. The larger
lamellar CED are structurally coherent to olivine and
are identified as ‘‘hydrous’’ olivine with composition
(Mg1)yFe

2+
y)2)xvxSiO4H2x(Khisina and Wirth 2002), as

predicted on the basis of crystal chemical considerations,
by Kudoh (2002). The volume fraction of the CEDs does
not exceed 0.1 to 0.2% (R. Wirth, personal communi-
cation 2002). Khisina and Wirth (2002) conclude that
‘‘From the observations, it is obvious that the
‘‘hydrous’’ olivine (CED in our terminology) was
precipitated from the olivine matrix, which initially was
saturated in OH point defects (ILDs in our terminol-
ogy), by an exsolution process’’ and that this process
occurs at mantle conditions.

The ILDs have sizes in the atomistic scale and are,
thus, not seen by TEM. It is suggested that they are of
the type [v(Mg,Fe)

2)+2(OH))O2)] (R. Wirth, personal
communication, 2002). Because the volume fraction of
the CEDs is very small, it is likely that they coexist with
still present, uncondensed ILDs of the just mentioned
type. Other ILDs in olivine are possibly [vSi4)+4(O-
H))O2)], as suggested by Beran and Putnis (1983) and
Libowitzky and Beran (1995) to explain the observed
polarisation behaviour of the mOH bands in the olivines
they studied (cf. legend of Table 3).

To sum up this discussion, the complex set of mOH

bands observed in the large variety of olivines of the
present study (Table 3) is caused by three main groups
of hydroxyl bearing ‘‘volume elements’’ in the olivine
crystals: different types of non-intrinsic NSI’s; of
intrinsic CEDs, possibly also different types; and finally,
of different types of intrinsic ILDs, where the ILDs and
CEDs are likely related to the state of primary ‘‘water’’-
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Table 3 All bands with their energies and polarisations, observed
in the polarised olivine spectra of the whole suite of 174 specimens,
and their comparison with the bands observed by Libowitzky and
Beran (1995) on a near to end-member forsterite from Pamir/
Tadzikistan and by Miller et al. (1987) on an olivine in a xenolith
from the Monastery Farm, Winburg/S.A. Wavenumbers printed in
italics characterise bands observed by Miller et al. (1987) in olivines
from other localities than Monastery. Band pleochroism is sche-
matically presented in column 7. The basis for determining the

pleochroism were the alin-values as obtained from curve resolution
of the polarised spectra of 28 parallelepipeds of different olivines.
Their spectra represent the whole set of bands listed in the Table.
Column 8 characterises bands originating from included phases
producing non-intrinsic bands, NSI (cf. text). Abbreviations:
TTobserved only at low temperature, w weak, vw very weak, b
broad. Abbreviations in column 8: A amphibole, MW molecular
water, S serpentine, T talc, W wadsleyite. n number of specimens
which show the respective band

Band
no.

Libowitzky
and Beran (1995)

Miller
et al.(1987)

m, cm)1 Pleochroism NSI n

||a ||b ||c

1 3,709–3,711 3,709–3,711 3,709–3,711 – A 6
2 3,709 3,704 3,704 3,704 – S >100
3 3,688–3,692 3,688–3,692 3,688–3,692 – S >100
4 3,685 3,684 3,684 3,683–3,684 – L >20
5 3,678 3,677 3,677 3,677 – T >100
6 3,674A 3,672 3,672 3,672 a>c>b >10
7 3,661–3,662 3,661–3,662w 3,662w – T >20
8 3,657 vw vw vw a�b �c S >10
9 3,647B 3,645 3,648–3,651w 3,649–3,650w vw a>b‡c >10
10 3,640C 3,637 3,639–3,640 vw 3,639w a>>c>b >50
11 3,629–3,630 3,629 3,629 a>c>b >50
12 3,624D 3,623 3,624 w a>>b>c >50
13 3,620w 3,620vw 3,620w c>a>b 4
14 3,612 3,613 w vw a>>b>c >50
15 TT 3,608–3,609w a>b‡c 2
16 3,602 3,602w a>c �b 6
17 3,598E 3,598 3,599 3,599–3,600w 3,599–3,600w a>>c‡b 4
18 3,597 3,597–3,598w 3,597–3,598w a>>c‡b >100
19 3,592F 3,591 3,591–(3,592) 3,591w a>>c>b >100
20 3,584–(3,585) 3,586–3,587 vw a>b>c 2
21 3,578–(3,579) 3,579 vw a>>b>c >50
22 3,575 3,575 a>b>>c 1
23 3,573 3,573 3,573 3,573 a>>c>b >120
24 3,570G 3,570–(3,572) vw 3,570–(3,572) a>c>>b >20
25 3,567 w vw 3,566–(3,570) c>a>>b >10
26 3,562 3,562–3,564 3,562–3,564 3,562–3,563 a>>c>b >120
27 w 3,555–3,557 3,555–3,556 b‡c‡a >10
28 3,550 3,550–3,552 3,552 c‡b‡a 5
29 3,541 (3,538)–3,541 3,541 3,541vw a‡b‡c >120
30 3,535H 3,535 vw 3,535 a>c>b >10
31 3,530 ||a 5
32 3,524I 3,524 3,524–(3,525) 3,525w 3,524–(3,525) a>c>b >120
33 3,514J 3,515 3,515w vw a>b>c 8
34 3,512 a‡c>b >50
35 3,508 3,508 vw w a>c>b 3
36 3,499 3,500–3,501 vw 3,500 a>c>b >10
37 3,492–3,493 3,493 w a>c‡b >10
38 3,478 3,480 3,479–(3,483) 3,477–3,479 3,481–3,484 a>c>b >100
39 3,473 vw 3,472–3,474 a‡c>b >10
40 3,467 vw vw a>b>c 8
41 3,456 3,456–(3,458) 3,453–3,456 3,456–3,457 a>c>b >100
42 3,435w vw 3,435 c>a>b 5
43 3,428 3,428–3,430 vw w ||a 6
44 3,423–3,424 3,423 vw a>b>c 3
45 3,420b – – – – MW 0
46 vw w 3,415–3,416 c‡a>b 5
47 3,412 3,410–3,412 ||a 2
48 3,404 3,406 – – – – 2
49 3,402 3,402 3,400–3,402 vw a>b>c 5
50 3,399 ||a 3
51 �3,389vw vw vw a�c>b 23
52 �3,386w ||c 1
53 3,379 vw vw a>c>b 3
54 3,377 3,377 3,379w 3,378–3,379 c>a>b 5
55 3,374 vw w ||a 2
56 3,368–3,369 vw 3,370–3,373 a>c>b >50
57 3,356 3,357–3,358 3,357 3,357 a>b‡c W(?) 23
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saturated olivine. The processes ILD fi CED occur at
mantle conditions, whereas the different types of non-
intrinsic NSI’s are eventually formed at later stages in
the history of the host xenolith.

(1) Attempts to discriminate between NSI and [ILD/
CED] in the mantle olivines studied

Possible candidates for included ‘‘water’’-bearing pha-
ses, NSI, may be:

– (1.1) Water itself, eventually incorporated in the form
of single water molecules, (H2O), small clusters,
(H2O)n with hydrogen bonds predominantly to the
oxygen atoms of the crystalline host matrix, or large
clusters of fluid inclusions, (H2O)ca.¥, with hydrogen
bonds predominantly between the water molecules
themselves.

– (1.2) Serpentine minerals.
– (1.3) Talc.
– (1.4) Amphiboles (e.g. edenite).
– (1.5) Hydrous wadsleyite. One might argue that the

lower stability limit of the b-phase is beyond the P,T-
range of the present rocks, 19–45 kbar/900–1,450 �C
(Sobolev 1974). However, the presence of iron in the
system causes the a«b transition to be divariant and
to decrease the lower P-stability limit of the b-phase.
In addition, the presence of OH) at the O(1) positions
of the wadsleyite structure (Smyth 1987) acts in the
same direction. Therefore, hydrous wadsleyite may be
a candidate for NIS in olivine.

– (1.6) hydroxyl-bearing members of the humite min-
eral-group (clinohumite, titanclinohumite, humite,
chondrodite, norbergite, phases A and B and super-
hydrous phase B).

(1.1) Water:

Spectra of several olivines show very weak features in the
low-energy spectra range (Table 3, bands 65 to 69) which

may be assigned to hydrogen-bonded (H2O) and (H2O)n.
Their intensity is so low that in Fig. 1, because of the
scaling used, only band 67 at 3,225 cm)1 is clearly dis-
cernible in E||c of samples O-89 and Wt-23/84 (Fig. 1a)
and of Ps-92/84 (Fig. 1b). The band at 3,222–3,224 cm)1

was also observed in olivine from Zabargat (Miller et al.
1987). Figure 2 shows the spectral region with enlarged
scales, where the mOH of respective bands occur. In all
spectra of Fig. 2, bands 65 to 69 are clearly polarised,
predominantly along c. This indicates that the water
molecules, when they give indeed rise to these bands, are
orientated with respect to the host matrix. Such an effect
is hardly expected for H2O molecules in the large clusters
of fluid inclusions (see above). The energies of the mOH-
vibrations discussed here and tentatively assigned to
molecular water, are very low which implies weakening
of the O-H bonds by forces acting on oxygen or hydrogen
or both. In any case, the usual very broad bands of li-
quid-like water at around 3,400 cm)1 are not observed.
In any case, it seems plausible to treat molecular water
here as NIS.

(1.2) Serpentines and (1.3) Talc:

OH)-valence vibrations in natural serpentine and talc
minerals occur in the range 3,710–3,650 cm)1 (Wilkins
and Ito 1967; Farmer 1974; Miller et al. 1987; Fuchs
et al. 1998). Unpolarised powder spectra were obtained
in such papers.

Figure 1 shows that the polarised spectra of olivines
A-176, K-4, Sl-278, X-8 and Tw-48/79 do not display
bands in the wave number range mentioned. The same is
true for Twd-39 and Sl-98 (Table 1) the spectra of which
are not included in Fig. 1. All other olivines of Table 1
show absorptions in the afore mentioned spectral range.
Generally, out of the total of 335 olivine crystal grains
studied here, 232 do show mOH-bands in the range 3,710–
3,650 cm)1 where serpentines and talc absorb, the other
103 were free from such OH).

Such spectra in the 3,710–3,650 cm)1 range consist of
(i) a broad, complex band system with maximum in the

Table 3 (Contd.,)

Band
no.

Libowitzky
and Beran (1995)

Miller
et al.(1987)

m, cm)1 Pleochroism NSI n

||a ||b ||c

58 �3,347vw ||c 8
59 3,341 3,340vw 3,340vw a�c>b 1
60 3,330–3,331 3,331–3,332 3,329–3,333 a>b>c >50
61 3,328 3,327–3,328 3,327 3,327–3,328 c>a>b W(?) 23
62 �3,310w �3,310w �3,310 c>a>b W(?) 23
63 3,300 3,298–3,299 3,297–3,299 vw a>b>c 2
64 3,280–3,281 3,281–3,282 vw a>b>>c >50
65 �3,260 3,258–3,260b vw �3,260b c>a‡b MW >10
66 3,240–3,252wb vw, b 3,229–3,242b c>a>b MW >10
67 3,226 3,222–3,225b 3,222–3,225b 3,222–3,226b c>>a‡b MW >10
68 3,215 3,215vw 3,215vw 3,215vw a>b>c MW 2
69 vw �3,175b c>>b‡a MW 7
70 �3,168b �3,168b a>b>c (?) >10
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range 3,684–3,692 cm)1, (ii) a sharp band with maximum
at 3,677 cm)1 or (iii) both. From Fig. 1 it is obvious that
(ii) may occur as the only ‘‘water’’-bearing phase in the
whole spectral range 3,800–3,000 cm)1, measured (Tw-
250/79). In the most often case of (iii), the absolute
intensities as well as the intensity ratio of both themaxima
may strongly vary (Fig. 1, spectra E||a).

The first mentioned band system (i) is typical of ser-
pentines (Farmer 1974; Miller et al. 1987; Fuchs et al.

1998; own measurements on a ca. 50 lm thick vein of
pure serpentine, included in Twd-40a/77, cf. Fig. 3), the
second one (ii) of Mg-talc (Wilkins and Ito 1967; Miller
et al. 1987). The energies of band maxima as well as the
half bandwidths are in our spectra the same as those of
the respective mineral phases serpentine and talc,
themselves. This qualifies the bands as originating from
NIS (see above).

From Fig. 1, three remarkable features of the mOH-
bands of talc (ii) and serpentine (i) are obvious:

– (a) In olivine Tw-250/79, talc is the only ‘‘water’’-
bearing phase showing up in the spectra. In this case,
mOH is nearly unpolarised,

– (b) in olivine Tw-9/79, talc and serpentine are the only
‘‘water’’-bearing phases showing up in the spectra. In
this case, the mOH are strongly polarised along a,

– (c) the spectra of the other olivines of Figs. 1 and 3 to
be discussed in a moment, display mOH of both ser-
pentine (i) plus talc (ii). They show mOH(i)(ii) either
almost unpolarised (F-38, Tw-281/79, F-684), or
strongly polarised along a (A-379, Ps-92/84, Wt-23/
87, O-89, Twd-40a/77, ||b; Twd-29, Ud-1184 Wt-47/
87, O-80/87, ||a, b). There are also spectra with weak
polarisation (Uv-406, F-67 g, A-5, Tw-194/77, F-444).

Observations (a) to (c) indicate that there occur at
least two generations of serpentine- and talc-NIS, one
orientated with respect to the olivine host structure, the
other unorientated. Further, it is remarkable that in the
case of cataclastic rock samples from which recrystal-
lised olivines of the ground mass as well as relic olivines
could be extracted and studied (Tw-250/79, Tw-48/79 of
Table 1), the former contain, if any, traces of serpentine
plus talc only, while the relic olivines are always rich in
these NIS.

(1.4) Amphiboles:

At higher energies than the wave number range just
discussed, 3,710–3,650 cm)1, there may occur the mOH

maxima of some amphiboles which are typical of
metasomatic and metasomatised mantle rocks (Dawson
1980; Ukhanov et al. 1988), namely Mg-edenite with mOH

at 3,711 cm)1 (E||Y,Z), 3,676 cm)1 (E||Y,Z) and
3,653 cm)1 (E||Z) (own measurements on an Mg-edenite
from a lherzolite xenolith from Obnazhonnaya) and Mg-
pargasite with 3,710 and 3,678 cm)1 (powder spectra of
a synthetic pargasite, Robert et al. 2000).

The superposition of the mOH-band system of ser-
pentine with the mOH-bands of talc and amphiboles
produces a band system above 3,650 cm)1which is more
complex than indicated by our afore mentioned band
maxima 3,692–3,688 and 3,677 cm)1.

This is demonstrated by the detailed spectra dis-
played in Fig. 3, parts (a) to (d). Part (b) of the figure
shows strong and broad bands at 3,692–3,688 (#3,

Fig. 2 mOH-bands below 3,270 cm)1 in some of the olivines studied.
These bands are probably to be assigned to valence vibrations of
water molecules. Note that these bands are polarised: _____ ||a,
......||b, - - - - ||c

4Parallelepiped (cf. Table 1)
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Table 3) cm)1 with a shoulder at the high-energy wing,
near 3,704 cm)1 (#2). This band system corresponds
almost exactly to spectrum a of Fig. 5 of Miller et al.
(1987), recorded on chrysotile plus lizardite in a KBr-
pellet. Thus the band system in our spectra is in accord
with that expected for NIS. Other spectra of our olivines
display a mOH-band at 3,684 cm)1 (#4) which corre-
sponds almost exactly to mOH in lizardite, measured by
Fuchs et al. (1998) on a lizardite-1T single crystal. Part
(d) of Fig. 3 shows also bands #2 and #3 typical of
serpentines, eventually #4 as a shoulder. It shows further
the weak band at 3,650 cm)1 (#9), which was also ob-
served by Miller et al. (1987) in a chrysotile/lizardite
mixture. The mOH of the NSI just discussed, superimpose
in the olivine spectra of Fig. 3, (b) to (d), the mOH of Mg-
talc at 3,677 cm)1 (#5), an energy that is in very good
agreement with 3,676.6 cm)1 found by Wilkins and Ito
(1967), and with a half bandwidth of 5 cm)1. Such fea-
tures confirm also talc to occur as NSI in our olivines. In
some of the spectra shown in part (d) of Fig. 3, band #5
forms a shoulder only. Characteristically, there occurs
a shoulder at 3,672 cm)1 (band #6, see Fig. 1 and
Fig. 3(b)) at the low-energy side of the Mg-talc band
(#5). This shoulder (#6) formes an own band in some
olivines (e.g. O-80/87). Libowitzky and Beran (1995,
Table 2) did not differentiate between these two bands
#5 at 3,677 and #6 at 3,672 cm)1. However, when band
intensity correlations to be discussed later, are con-
cerned it is obvious that band #6 correlates, other than
#5, with band #30 at 3,535 cm)1. Thus, #6 is really an
independent band. It may correspond to mOH observed
for the first time by Sykes et al. (1994) on a boron-
containing olivine from Tayozhnoye, Russia. Hence
band #6 at 3,672 cm)1 is likely of the [ILD/CED]-type.

(1.5) Hydrous Wadsleyite:

Unpolarised infrared spectra in the mOH spectral range,
3,800–3,000 cm)1 measured on randomly oriented, small
grains of synthetic hydrous wadsleyite, were presented by
McMillan et al. (1991) and by Young et al. (1993). The
first mentioned paper assigns a relatively strong band at
3,323 cm)1 to mOH in wadsleyite, while two other, mostly
weaker bands at 3,345 and 3,404 cm)1 are assigned to
hydroxyl in phase B. The spectrum in the second paper
displays also the strong mOH-band of hydrous wadsleyite,
nearly at the same energy as in the first paper,
3,329 cm)1, and with a linear absorption coefficient
alin�300 cm)1 and a full width at half height Dm1/2
�80 cm)1 (Young et al. 1993; Fig. 6, spectrum a). The
spectrum just referred to, shows an asymmetry or
shoulder at about 3,400 cm)1, on the high-energy wing of

Fig. 3 Some IR-spectra of olivines in the spectral range of the
OH)-vibration of serpentine minerals, some amphiboles and talc. tt
measurement at 123 �K, S=serpentine in a macroscopic lamellar
inclusion

b
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the band at 3,329 cm)1. This shoulder is not further
commented in that paper. There occur three other, very
weak bands at higher energies with wave numbers/linear
absorption coefficients as 3,514/20, 3,580/40, and 3,615/
60, which the authors interpret also as originating from
their hydrous wadsleyite. Kohlstedt et al. (1996) pre-
sented unpolarised spectra of hydrous b-phase. These are
completely different from the two former ones in that
they display a very strong band triplet centred
at 3,315 cm)1 with components at 3,270, 3,305 and
3,380 cm)1 with highest alin� 500 cm)1.

Band #61 at 3,327–3,328 cm)1in our polarised spec-
tra (Fig. 1) of the olivines A-176 from the diamond-
pyrope facies and K-4 from the graphite-pyrope facies,
i.e. very high pressure (Table 1), corresponds to the
strong mOH-band of hydrous wadsleyite in the two
former papers referred to. The polarisation of the band
is c>a>b in both olivines, alin,||c�2.5 or 1.9 cm)1 and
Dm1/2,||c�23 or 19 cm)1 in K-4 or A-176, respectively.
This band has in E||c a low-energy shoulder at
3,310 cm)1, band #62, and an inflection at the high en-
ergy wing at 3,357 cm)1, band #57. This latter band may
correspond to the high-energy shoulder in the spectrum
of Young et al. (1993). Figure 1 shows that the polari-
sation of #57 is a>b‡c, other than that of #61. Thus, it
cannot be excluded that bands #61, #62 and #57 in our
A-176 and K-4 spectra may be assigned to hydrous
wadsleyite. As the half bandwidth in our spectra is even
smaller than in the literature spectra, it seems justified to
regard hydrous wadsleyite as NSI in our olivines.

At this stage, it should be pointed out, that our
spectra do not show the above mentioned bands as-
signed to phase B (McMillan et al. 1991). On the other
hand, our spectra display bands at energies at which the
very weak features in the spectra of Young et al. (1993)
occur. However, when it comes to the intensity corre-
lations, it will be obvious that these bands do in our
spectra not have the same origin as the strong 3,327–
3,328 cm)1 ‘‘wadsleyite band’’ #61. Band #61 was ob-
served in olivines O-89 and O-8 (cf. Table 1), which
formed in the low-pressure range (P=20–30 kbar).
Thus, when the assignment of band #61 to hydrous
wadsleyite suggested by the above-discussed analogy
with spectral results of Miller et al. (1987) and Young
et al. (1993), is correct then this phase must be relic in
the two olivines from Obnazhonnaya.

(1.6) Hydroxyl-Bearing Humite Minerals, Phases A
and B and Superhydrous Phase B:

mOH-bands of the dense hydrous magnesium silicates,
phases A and B or superhydrous phase B, are not ex-
pected to occur in the spectra of our olivines as such
phases require much higher pressures to be stable (Cynn
et al. 1996; Kohlstedt et al. 1996) than those of the afore
mentioned PT-conditions of the olivine host rocks.

Thus, we shall discuss here the possible presence of
humite minerals only. These are characterised by the

general formula n·[M2SiO4]·[M1)xTix(F,OH)2)2xO2x]
with n=4 in clinohumite and titanclinohumite, 3 in
humite, 2 in chondrodite and 1 in norbergite. M is pre-
dominantly Mg, with Fe2+/(Fe2++Mg) fractions usu-
ally not higher than 0.1. The crystal structures are
closely related to that of olivine (cf. Ribbe 1980).

As reliable polarised single-crystal mOH-spectra are
not found in the literature and because the orientation
relation between the optical X, Y, Z and the crystallo-
graphic a, b, c directions may not be correct due to
different choices of the space groups (cf. Jones 1969) of
the monoclinic members with n=4 and 2 and the
orthorhombic members with n=3 and 1, we measured
such spectra. They are displayed in Figs. 4 and 5. Here,
the orientation relations of the orthorhombic members,
norbergite and humite, are X||b, Y||c and Z||a in accord
with space group Pbnm, also used in all structure
determinations of olivines since Bragg and Brown
(1926). The orientation relations for the monoclinic
members, clinohumite, titanclinohumite and chondro-
dite, are X]b, Y]c and Z||a when the crystallographic
settings are chosen in accord with space group P21/b (cf.
Langer et al. 2002). Space groups Pbnm or P21/b are
used in all structure determinations on humites (cf.
Ribbe 1980). Due to the orientation relations just de-
scribed, the optical directions X, Y and Z of the humites
studied here correspond to those of olivine, a presup-
position for proving or disproving the presence of hu-
mite NSI or CED.

Miller et al. (1987) suggested that mOH-bands in their
mantle olivines at 3,572 and 3,524 cm)1, which become
the strongest bands in the mOH spectral region on
annealing, to be ‘‘humite-like OH’’. Further, they found
in the Zabargat-olivine which, however, is not of mantle
origin, bands at 3,572, 3,525 and 3,412 cm)1which clo-
sely correspond to unpolarised spectra of titanclinohu-
mite (Miller et al. 1987, Fig. 8). Similar conclusions are
drawn by Kurosawa et al. (1997, Table 3). Kitamura
et al. (1987) proposed that mOH at 3,571, 3,524, 3,402 and
possibly 3,319 cm)1 in their spectra of an olivine ‘‘from
a kimberlite’’ in Buell Park/Arizona, USA, can be as-
signed to titanclinohumite. These authors discovered
planar defects by TEM in their olivine and interpreted
them as humite-type layers. The authors described these
as made up from OH)-bearing brucite slabs alternating
with olivine slabs in their structure, which is not con-
sistent with the crystal structures of humites (cf. Ribbe
1980; Platonov et. al. 2001; Langer et al. 2002 and ref-
erences therein).

Anyway, the presence of OH)-bearing titanclinohu-
mite-type be they NSI or CED, in mantle olivines seems
to be well established. Chemically, it would result in Si-
deficiency of the bulk olivine crystal. This is obvious
when we consider that according to the above general
formula of humites, their Si/(Si+M)-fraction5 decreases
in the sequence 0.33 in olivine, 0.31 in clinohumite, 0.30

5Here, M includes Ti which is extra shown in the above general
formula.
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in humite, 0.28 in chondrodite to 0.25 in norbergite.
Si-depletion of the bulk crystal is also an implication of
ILD of the type (VSi+4H+) (Beran and Putnis 1983;
Libowitzky and Beran 1995), which might then be
looked at as precursor of humite-like CED and humite
NSI in olivine.

However, Si-depletion is at variance with recent
TEM/HRTEM results of Khisina et al. (2001) and
Khisina and Wirth (2002): These authors found submi-
croscopic inclusions, CED, in two mantle olivines most
of them forming platelets orientated with respect to the
olivine host structure, similar to the observations of
Kitamura et al. (1987). EELS analysis proves these CED
as depleted in (Mg, Fe2+) rather than in Si as discussed
before. This implies that such CEDs are of the Kudoh
(2002)-type rather than of the humite-type.

When we now examine the olivine spectra of samples
Sl-278, X-8, Tw-48/79, Tw-176/79, O-89 and Wt-23/87
in Fig. 1a, we observe bands with energy positions,
intensity sequences and polarisations close to those of
the bands displayed by the titanclinohumite spectra
displayed in Fig. 4. These mOH-bands are #23
(3,573 cm)1), #26 (3,562 cm)1), #29 (3,538–3,541 cm)1),
#32 (3,524–3,525 cm)1) and #34 (3,512 cm)1) of Ta-
ble 3. The intensities, alin||a, of such bands are mutually
correlated with each other (see below) such that their
relative intensities are independent from their total
intensity. This proves the bands to form a ‘‘band group’’
originating from OH) in the same type of volume ele-
ment in the olivine structural matrix. Thus, one might
conclude that the bands originate from titanclinohu-
mite-NIS in the respective olivines. Indeed the bands
under discussion are close to those assigned as ‘‘titan-
clinohumite-like’’ or as ‘‘titanclinohumite bands’’ in
olivines (Miller et al. 1987; Kitamura et al. 1987; Ku-
rosawa et al. 1997). However, the following observations
are at variance with an interpretation as NIS:

– (a) mOH at 3,530 cm)1 in titanclinohumite ‘‘as a com-
pact mineral’’ (Fig. 4) splits into bands #29 and #32 in
the respective olivines,

– (b) The low-energy components at 3,410 and
3,395 cm)1 typical for all humite minerals except
norbergite (Figs. 4 and 5), are missing in the spectra
of our above mentioned olivines,

– (c) The bands #(23, 26) and #(29, 32) show in E||c
nearly the same intensity (Fig. 1a: Sl-278, X-8, Tw-48/

Fig. 4 Polarised OH-spectra at 298 K of clinohumite and titan-
clinohumites. The first was extracted from a karbonatite (Ukraine),
the second from a mantle Ilm-dunite (cf. Table 1), the last is a
titanclinohumite megacryst from the Feruba kimberlite (pipe N1),
Guinea, which contains pyrope inclusions (Matsyuk and Kharkiv
1998). The polarised spectra were measured as follows: Kc-
2:X(||OAP), Y(’AB), Z(||OAP); Sl-387:X(’AB), Y(’OB),
Z(’OB); Fer-1:X(||OAP), Y(’OB), Z(’OB). The orientations of
the plates are abbreviated as follows: OAP optical axial plane, AB
acute bisectrix, OB obtuse bisectrix. For the orientation relations
between the axes X,Y and Z of the optical indicatrices and the
crystallographic axes (cf. text)
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79; and olivine #F-68 in Fig. 6) while in pure titan-
clinohumite the intensities of the ‘‘corresponding’’
bands differ strongly, alin(3563)>>alin(3530)(Fig. 4),

– (d) Spectra of olivine Sl-387 (Fig. 1b, Fig. 6) do not
show bands #(26, 29, 32, 34) despite this olivine is
coexisting in the host rock with syngenetic titan-
clinohumite.

Thus, it is not clear as to whether or not the bands
under discussion do really originate from titanclinohu-
mite NIS. Probably ‘‘titanclinohumite-like’’ in the sense
of Miller et al. (1987) quoted in the beginning of the
section ‘‘General considerations’’, is a proper term
which, in any case, qualifies this band group as origi-
nating from CED plus eventually ILD, i.e. intrinsic
hydroxyl. Hence, we call the bands just discussed, in the
following mthl.

It is remarkable that the olivine spectra displayed in
Fig. 1b do not exhibit the mthl. This becomes obvious
when we study the respective parts of the spectra in an
enlarged scale. An example is presented in Fig. 6. This
figure demonstrates that band #24 (3,571 cm)1) of Sl-
387 is not identical with the mthl-band #23 (3,573 cm)1)
of F-68, because the polarisation behaviour is com-
pletely different. Further, low-temperature spectra not
shown here, prove that band #24 (3,571 cm)1) in E||c of
Sl-387 splits to produce bands #23 (3,573 cm)1) and #25
(3,566 cm)1), the latter displayed in the RT-spectrum of
Twd-24 (Fig. 6).

The intense bands of olivines without mthl occur all at
higher energies up to the minimum at 3,650 cm)1,
namely band #10 (3,639–3,640 cm)1) to band #22
(3,575 cm)1), cf. esp. Sl-387 and Twd-24 (Fig. 1b). Such
bands do not correspond to any OH)-bearing phase or
phases compatible with the chemistry of our olivines
(Table 2). This is also true for the distinct low-energy
band systems in the range extending from band #64
(3,280 cm)1) to #36 (3,500–3,501 cm)1) showing up in
addition to bands #22 to #10, in spectra of A-379, Twd-
20, Ps-92/84 and Uv-406 (Fig. 1b), except for bands #62,
#61 and #57 (see above). At our best knowledge, one can
only conclude so far that these bands are likely to
originate from more than one type of OH-bearing [ILD/
CED] which are so far not identified with respect to their
mOH) bands. On the other hand, so far no bands or band
groups could be assigned to hydroxyl in the (Mg, Fe2+)-
deficient CED, and their possible ILD precursors, of the
type which Khisina and Wirth (2002) discovered in their
TEM/HRTEM study and Kudoh (2002) predicted.
These observations and considerations strongly suggest
that the bands and band groups in the two afore men-
tioned spectral regions 3,640–3,575 cm)1 and 3,500–

Fig. 5 Polarised OH)-spectra at 298 �K of humite from Monte
Somma, Italy, of chondrodite from Amity, USA, and of norbergite
from Pargas Finland. The polarised spectra were measured as
follows: N6281:X(’AB), Y(’OB), Z(’OB); N1223:X(’AB),
Y(’AB), Z(||OAP); N85/88:X(’AB), Y(’OB), Z(’OB)
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3,280 cm)1, may are to be assigned to mOH in [ILD/CED]
of this type. Therefore, we symbolise them as mKWK in
the following, being well aware that the band-assign-
ment indicated by this symbol is still tentative.

(2) Band correlations

The idea behind the attempt to find correlations between
intensities of band pairs and/or within supposed band
groups is the fact that bands which originate from one
specific type of CED and/or NSI will change their
intensity in a correlated manner when their concentra-
tion in the bulk olivine matrix changes. The presuppo-
sition for this is that the chemical nature of the CEDs
does not change which might occur in our olivines
Fo0.93–0.84 (Table 2).

Figure 7 presents such attempts for the mthl-group
bands #23 (3,573 cm)1), #26 (3,563 cm)1), #29
(3,542 cm)1) and #32 (3,524 cm)1). The intensity in
terms of alin||a in cm)1, the linear absorption coefficients
of such bands in E||a, are indeed correlated, e.g. #32
with #23 as

alinjja,3524 ¼ �0.027þ 0.397� alinjja,3573

with r ¼ 0.979

for n=163 olivines. The slopes of the other correlations
in Fig. 7 are approximately the same but the scattering
of the data points is larger and consequently, the reli-
ability factors r are somewhat lower. It is remarkable
that the r-values are improved when the data of olivines
from different rock series (cf. small insert in Fig. 7)
are separately fit. Further, correlations alin||a,3512=f
(alin||a,3593,3563,3542,3524) confirm that band #34
(3,512 cm)1) is also a member of the mthl-band group. In
this set also, correlation coefficients are improved to
r‡0.91 when data of olivines from different rock series
are separately fit.

The reason for such observations may be genetic
differences of the olivines from different rock series,
which influence the nature of the CEDs. Also, the type
of coordination of the OH)-dipoles by their next cat-
ionic neighbours may be different in the CEDs of oli-
vines from different rock types and series. Without going
too far with speculative interpretations, we want to draw
here the reader’s attention to Fig. 8. From this figure, it
is obvious that olivines from different rock series
show slightly different alin||a,thl such that olivines from
the Mg-series show lower alin||a,3563 than those of the
Mg-Fe-series. In the same direction increases the
Fe3+-fraction in the olivine M(1) (Fig. 8).

Band intensity correlations in different groups of the
mKWK-bands are already obvious from inspection of the

Fig. 6 Enlarged part of the polarised OH)-spectra of three olivines
showing the complex nature of the OH)-bands at around
3,570 cm)1
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spectra in Fig. 1b. Examples are displayed in Fig. 9 for
one pair in each, the high- and the low-energy ranges of
the mKWK. The correlations are:

alinjja,3579 ¼ �0.1834þ 0.4747� alinjja,3613
with r ¼ 0.947

for n=35 olivines, in Fig. 9a and

alinjja,3369 ¼ 0.058þ 0.894� alinjja,3331
with r ¼ 0.989

for n= 28 olivines, in Fig. 9b.

(3) Total intensity,
P

(�aint)total yielding total
‘‘water’’-contents, and intensities of intrinsic hydroxyl of
[ILD/CED],

P
(�aint) [ILD/CED]

Table 4 presents mean total integrated intensities,P
(�aint)total, of the mOH-spectral envelopes as obtained on

all the olivine crystal plates of Table 1. We may recall
that such data are calculated by summing up mean
integrated values �aint=(a||a+a||b+a||c)/3. From the
mean total integrated intensities of column 2 in Table 4,
we calculate the total ‘‘water’’-contents listed in column
3 of that Table by means of the equation.

cwt% H2O ¼
X

�aintð Þtotal � 1.8
� �

= eint �Dð Þ

(Beran et al. 1993) using the mean integrated molar
absorptivity �int=8,812 [l·mole�1H2O

·cm)2], obtained

from the calibrational data of Bell et al. (2003) by
averaging the data on the three olivines studied by these
authors, and with the density D=3.3 [g·cm)3] for our
olivines.

Fig. 8 Relations between intensities, E||a, of three mthl-bands
3,573(#23), 3,562(#26), 3,525(#32) dependent on the rock series
from typical of the olivine host rocks. The Fe3+(M1)-fraction
increases along the arrow shown (Matsyuk and Zintchouk 2001)

Fig. 7 Correlations of intensities, E||a, within the inferred mthl-band
group (cf. text)
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Due to the fact that the 15N NRA-method used by
Bell et al. (2003) in the required independent and abso-
lute calibration of �int has an areal resolution of 1 to
2 mm at best (Maldener et al. 2003), this method—as
also other macroscopic methods do—averages all the
OH)-bearing species that are present in the volume
which is accessible by the method within the olivine
crystal grain under study. This means, the quantitative
evaluation yields the contents of the structurally

unallocated total ‘‘water’’, wt% (H2O)(NSI+ILD/CED).
Quantitative differentiation between non-intrinsic ‘‘wa-
ter’’ contents, wt% (H2O)NSI, and intrinsic ‘‘water’’
contents, wt% (H2O)[ILD/CED], is not possible as the
molar absorptivities �int of the strucurally different
components of the NSI and [ILD/CED] are presumably
not the same. However, we may at least calculateP

(�aint)[ILD/CED]=
P

(�aint)total)
P

(�aint)[NSI]. Such data
are listed in columns 4 and 5 of Table 4.

The 34 olivine samples yielding the data in Table 4,
were selected from the total of 174 specimens studied,
under the view point that all different spectra observed
in the whole set be represented. Therefore, several gen-
eral conclusions can be drawn from the data in Table 4,
relating the types of defects and contents of OH) with
the types of olivine occurrences, as e.g. types of their
host xenoliths and kimberlites in which these occur:

– (c. 3.1) Olivine included in diamond (C-2/9) does not
contain ‘‘water’’, neither as NSI nor as [ILD/CLD], as
far as it can be detected by infrared spectroscopy.

– (c. 3.2) A relation between NIS and [ILD/CED] does
not exist. This indicates that NIS may be formed by
secondary metasomatic processes, e.g. serpentinisa-
tion, etc., within the mantle and/or during uplift of the
kimberlitic magma. In fact, different olivine crystals
from the same xenolith specimen may or may not
contain serpentine- and talc-NIS.

– (c. 3.3) Serpentine plus talc NIS seem to be typical for
olivines from rocks from the Mg-Ca-series and to have
lowest concentrations in olivines of the Mg-Fe-series.

– (c. 3.4) The two types of talc and/or serpentineNSI, one
orientated with respect to the olivine host matrix, (o),
the other not, (no), reflect apparently different stages of
the abovemetasomatic processes, (o) an early stage and
(no) a late filling of more or less randomly orientated
micro-fractures and -cracks in the olivine host crystal.

– (c. 3.5) Amphibole NIS are restricted to olivines from
ilmenite-bearing rocks and associations of the Mg-Fe-
series.

– (c. 3.6) Not all the olivines of Table 1 are homoge-
neous with respect of the concentration of ‘‘water’’-
contents or NIS and [ILD/CED]. This is obvious from
the ranges of total ‘‘water’’ contents and integrated
intensities of NIS and [ILD/CED], quoted in Table 4
for the respective olivines.

– (c. 3.7) Of the rock-forming olivines, those of the
ilmenite-bearing specimens are highest in total
‘‘water’’ and [ILD/CED] (samples Tw-194/77, Sl-378,
Sl-98), except for olivines from peridotites with
primary phlogopite (e.g. O-106/87, see below).

– (c. 3.8) When relic as well as recrystallised olivines
from one and the same xenolith could be studied (Tw-
250/79; Tw-48/79 and others), total ‘‘water’’-contents
and [ILD/CED] are found higher to be in the former
than in the latter.

– (c. 3.9) Total ‘‘water’’-contents and [ILD/CED] are
exceptionally high in macro- and megacrysts of the
Mg-Ca- and Mg-Fe-series. In different types of oli-

Fig. 9 Examples for intensity correlation of mKWK-bands of high or
low energy (a) or (b), respectively (cf. text). The dotted lines
represent a 1:1 correlation. The existing correlation in part (a)
deviates strongly from 1:1 because band #14 at 3,613 cm)1 is
always more intense than # 21 of 3,579 cm)1
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vines, the total ‘‘water’’-contents, wt. ppm H2O, occur
in the sequence ground mass crystals < megacrysts <
macrocrysts.

– (c. 3.10) In a first approximation, itmight appear that in
the average the contents of total ‘‘water’’ and [ILD/
CED] listed inTable 4have a tendency to increase in the
sequence of the rock series Mg<(Mg-Ca)<(Mg-Fe).

– (c. 3.11) Molecular water shows up as weak bands in
the spectral range 3,300–3,100 cm)1. These are po-
larised ||c and occur typically in olivines from xeno-
liths found in kimberlites from the northern part of
the Siberian platform (e.g. Obnazhonnaya; Slyudy-
anka; cf. Table 1).

(4) Relations between intrinsic mOH-spectral properties
of the olivines and types and origin of their xenolithic
mantle host-rocks, as derived from the total of 174
specimens studied, and some petrological implications

The preceding section presented conclusions drawn from
the results of the detailed study of the 34 representative
specimens in Table 1. In the present section we shall
include results of the less fully developed evaluation of

the other 140 olivine specimens. In particular, we shall
try to evaluate more broadly the occurrence of the
specimens. With this purpose, we come back to Table 3,
especially its last column that lists the number of dif-
ferent olivine specimens, n, in which the respective band
is observed. In the tentative treatment to be given here,
we shall consider—in the first instance—those bands and
band groups which occur often in the whole set and
occur with more than weak intensities, alin, at least in
one of the three polarisations. With these constraints, 29
abundant and strong bands out of the total of 53 bands
which we assign to be intrinsic (cf. Table 3) will be dis-
cussed. All these 29 bands are strongly polarised along a.

The tentative assignment of the major bands and
band groups to the types of defects is schematically
shown in Fig. 10. Before we use this scheme to discuss
the occurrence of the various intrinsic defects deduced
above, in relation to the mantle rocks in which the
respective olivines occur, we want to point out some
general observations and thoughts:

The bands of the Si-depleted [ILD/CED](thl) are in
almost all cases energetically separated from those of the
(Mg,Fe)-depleted [ILD/CED](KWK). It is tempting to
speculate that this might indicate regimes with different

Table 4 Total averaged integral
mOH – band intensities,

P
(�aint)

[cm)2], and total ‘‘water’’
contents, wt. ppm H2O, in the
olivines studied,
�aint=(a||a+a||b+a||c)int/3. Types
of hydroxyl in olivine: NSI non-
intrinsic inclusions, ILD
intrinsic local defects, CED
clustered extended defects.
Columns 4 and 5 split the totalP

(�aint) into components
originating from non-intrinsic
‘‘water’’-bearing inclusions,P

(�aint)NSI, and intrinsic
OH)-bearing defects,P

(�aint)CED+ILD (cf. text). For
the calculation of �aint from the
data obtained by curve analysis
of the spectra as well as of wt.
ppm H2O, cf. text.
Abbreviations in column 4: A
amphibole, MW molecular
water, S serpentine, T talc, W
wadsleyite. a Different crystal
plates of the same orientation
yielded spectra with the same
shape, but with different
intensities. These were averaged
to obtain the quoted values.
bValues measured on
parallelepipeds which yielded
different

P
(�aint) in (010) and

(001)

Olivine from
P

(�aint)total Total
‘‘water’’ content,
wt. ppm H2O

P
(�aint)NSI

P
(�aint)CED+ILD

A-176 43.3 27 42.6 (W) 0.7
Tw-176/79 65–69 40–43 6–10 (S, T) 59
Tw-9/79 9 6 9 (S, T, W) 0
A-47 140–144 87–89 77–81 (MW, W, S) 63
O-89 157–168 97–104 11–22 (S, T, W, MW) 146
O-8 65–80 40–50 36 (S, T, MW, W) 29–44a

Ps-92/84 171 106 8 (S, MW) 163
C-2/9 0 0 0 0
Uv-406 174–177 108–110 58–61 (S, T, MW) 116
Twd-40a/77 58–65 36–40 18–25 (S, T) 40
Twd-20 263 163 42 (S, T, MW) 221
Twd-29 94–97 58–60 36–39 (S, T) 58
A-5 311–314 193–194 21–25 (S, T, MW) 290
A-379 271 168 36 (S, T, MW) 235
Tw-250/79(Olg) 6–7 3.7–4.3 6–7 (S, T, W) 0
Tw-250/79(Olr) 8–10 5–6 8–10 (S, T, W) 0
Tw-281/79 322 199 9 (S) 313
Tw-48/79(Olg) 59–172 37–107 0 59–172a

Tw-48/79(Olr) 112–309 69–191 0–13 (S, T) 112–296a

Twd-24 422 261 16 (S, T) 407
Wt-23/87 331–352 205–218 54 (S, T, MW) 277–298b

K-4 184 114 84 (W) 100
Ud-118 646–677 400–419 35 (S, T) 611–642b

F-38 566 350 45 (S, T, MW) 520
F-67 g 548 339 57 (S, T, MW) 491
Twd-39 429 266 17 (S, T) 413
Tw-194/77 256–305 159–188 15–18 (A, S, T) 240–287a

Sl-278 293 181 5 (MW) 288
X-8 139 86 0 139
Wt-47/87 339–352 210–218 36 (S, T, MW) 303–315a

Tw-216/79 206–227 126–141 6–7 (A, S) 200–220a

F-44 314 194 20 (A, S, T) 294
F-68 249 154 33 (A, S, T) 217
Sl-98 375 232 28 (S, MW) 346
Sl-387 400–463 248–287 0–7 (S) 393–457a

O-80/87 362–441 224–273 9–36 (S, MW) 353–405a
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activity of the SiO2-component. If so, [ILD/CED](thl)
would be expected to occur in olivines from dunites,
while [ILD/CED](KWK) are expected in olivines from
pyroxene-bearing rocks like lherzolites and wehrlites.
However, such relations are not observed. Contrary, the
[ILD/CED](thl) occur typically in the latter rock types.
Also, we have to mention that the mOH of [ILD/
CED](KWK)-H in olivines from some of the wehrlites and
harzburgites are energetically not so clearly separated
from the (thl)-type defects. If so, the strong band at
around 3,570 cm)1, i.e.the band which Libowitzky and
Beran (1995) call band G, has a complex nature: Band
#23 (3,573 cm)1, a>c>b) occurs e.g. in Sl-278 and X-8
(Fig. 1) and forms a group together with band numbers
#26, #29, #32, #34, all five being correlated with each
other and assigned to the (thl)-type defect (Fig. 10). In
the above mentioned olivines from some wehrlites and
harzburgites, band #23 contains at least two other
bands, #24 and #25 (Table 3), which have slightly dif-
ferent pleochroism than #23.

Considering now the inferred types of intrinsic OH)-
bearing defects (Fig. 10) in relation to the olivines of the
whole set of specimens in which they occur, we may
distinguish six types:

– (I) Olivines without intrinsic OH)-bearing defects, at
least at the level of the very sensitive IR-absorption
spectroscopy with detection limit near 1 wt. ppm
‘‘water’’. Examples presented in Fig. 1 and Tables 1

and 3, are C-2/9, Tw-250/79, Tw-9/79, A-176. In total,
12 such olivine specimens were found to be of this
type. Two are diamond inclusions, the others occur in
spinel-dunites and -peridotites of the spinel-pyroxene
facies and may indicate very low water fugacity during
their formation.

– (II) The boron-related defects [ILD/CED]B occur with
intermediate frequency 10<n<20 and are typical for
olivines from ilmenite bearing dunite and peridotite
xenoliths from Udachnaya and Sludyanka.

– (III) Olivines with only [ILD/CED](tlh) as Sl-278 and
X-8 (Fig. 1) occur in a total of 10 to 11 specimens,
mostly iron-rich ilmenite-peridotites.

– (IV) Olivines with only ‘‘high energy’’ [ILD/
CED](KWK)-H, as Sl-387 (Fig. 1) occur typically in
harzburgite-dunites from D-Py and G-Py facies. 25
examples were found among the total of 174 speci-
mens. The ‘‘low-energy’’ [ILD/CED](KWK)-L alone are
not found in the whole set of specimens.

– (V) However, ‘‘high’’ and ‘‘low-energy’’ [ILD/
CED](KWK)-H and [ILD/CED](KWK)-L may occur
together, without [ILD/CED](thl) inbetween the two
groups. Spectra of A-379, Twd-20, Ps-92/84 and
Uv-406 (Fig. 1) are examples. 30 to 34 other speci-
mens of this type of olivines were found, 12 mega-
crysts and phenocrysts are among them.

– (VI) Olivines containing ‘‘high-energy’’ and ‘‘low-en-
ergy’’ [ILD/CED](KWK) together with [ILD/CED](thl)
as F-38 and F-67 g are not rare, ca. 40 such specimens
occur in the total set of 174. They are mostly found in
cataclastic peridotites, especially in relic olivines as
well as in mega- and phenocrysts.

Conclusions

A total of 335 olivine crystal grains were extracted from
a set of 174 specimens of Yakutian mantel material. The

Fig. 10 Types of intrinsic hydroxyl-bearing isolated, local defects,
ILD, and condensed, extended defects, CED, inferred in the
present study on the basis of the polarised spectra recorded on
olivine crystals of 174 specimens of different mantle specimens from
the kimberlites of the Siberian platform. Abbreviations: B boron-
related defect, thl titanclinohumite-like defect (Si-depleted), KWK
Khisina and Wirth (2002) and Kudoh (2002) type defect (Mg-Fe-
depleted), H or L=’’high’’or ‘‘low-energy range’’ band or band
groups, respectively. The band numbers are those of Table 3, the
wave numbers in [cm)1] are in parentheses
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set consisted of 97 xenoliths representing all the rock
types known from the mantle below the Siberian plat-
form, and 77 mega- or macrocrysts, inclusions in dia-
monds and in garnet. All olivine grains extracted, were
prepared as crystallographically oriented platelets or
parallelepipeds, analysed and polarised mOH-spectra in
the range 3,000–3,800 cm)1 scanned. Such spectra
showed a total of 70 mOH-bands.

Olivine crystal grains from 34 of the mantle speci-
mens were selected such that all types of spectra ob-
served in the whole set are represented. Careful
qualitative and quantitative analysis of these represen-
tative spectra and consideration of the relevant literature
allowed for distinguishing between OH)-bands and
OH)-band groups originating either from non-intrinsic,
separate inclusions, NSI, or from intrinsic defects which
may be either isolated, local, ILD, or condensed, ex-
tended defects, CED, in the olivine host structure. As
these are likely to be interconnected by intracrystalline
condensation reactions and as they cannot be distin-
guished by IR-spectroscopy, they are summarised and
abbreviated as [ILD/CED].

Approximately 53 mOH-bands of the total of 70 orig-
inate from defects intrinsic to the crystal structure of the
olivines, 17 originate from nonintrinsic inclusions. Cor-
relations between [ILD/CED] and NSI were not found.
This indicates that their geneses are independent. The 29
most abundant, characteristic and intense mOH[ILD/CED]-
bands allow to distinguish between two main types of
intrinsic defects: Si-depleted, titanclinohumite-like de-
fects, originally suggested by Miller et al. (1987) and
(Mg,Fe)-depleted defects, predicted by Kudoh (2002)
and discovered by Khisina and Wirth (2002). We
abbreviate these as [ILD/CED](thl) and [ILD/
CED](KWK), respectively. The latter give rise to two
different sets, at higher or lower energies compared to
the bands of the first defect: [ILD/CED](KWK)-H and
[ILD/CED](KWK)-L. The three types of defects may oc-
cur either alone, as is found for [ILD/CED](thl) and the
[ILD/CED](KWK)-H or in various combinations as it is
depicted in the scheme of Fig. 10.

There exist relations between the occurrence of the
intrinsic OH) and the respective defects in the olivines
on the one hand, and the types and genetic peculiarities
of their host rocks on the other. However, straightfor-
ward and simple relations do not exist. The reasons for
this and also for the varieties of intrinsic OH)-bearing
[ILD/CED] may be the following:

– The olivine structure is based on a distorted hexago-
nally close 2h-oxygen package. This provides the
possibility to form a large variety of coherent [CED],
based on hexagonally close 2h-arrangement of
(O1-xOHx) and formed by intracrystalline condensa-
tion of initial, isolated local defects [VSi

[4]+4H+] as
well as [V(Mg,Fe)

[6]+2H+].
– Structural ‘‘transition zones’’ are likely to occur

within the rim between the structure of the olivine
host and the modified olivine structure of the CEDs.

The potentials in such ‘‘transition zones’’ may differ
from those in the olivine host itself and the CED.

– The intrinsic defects reflect the chemistry of the solid
as well as of the fluid phase during the olivine for-
mation and all the later events and processes in the
mantle and at higher levels.

– Chemical and structural states of the [ILD/CED] may
metastably persist under conditions outside the range
of their stable existence.

– The nature of the structural defects as isolated ILD
and/or condensed CED and the state of the assumed
condensation process between them as well as the size
of the CEDs may play a role.

– The ILD themselves and their next neighbours may be
chemically different such that the potential fields act-
ing on the OH)-dipoles are different. This will give
rise to different band energies.

– Slight chemical and/or structural differences of CED
of the same type may give rise to different mOH.

The most abundant NSI are serpentine plus talc: Of
the total of 335 olivine crystals 232 contained such NSI.
Two generations of serpentine plus talc NSI could be
distinguished, either orientated or unorientated with
respect to the olivine host structure. Metasomatic
alteration processes, occurring still in the mantle, or
during uprise of the kimberlite magma may produce the
first or second type of the NSI discussed, respectively.

Mg-edenite and Mg-pargasite occur rarely as NIS
alteration products. Hydrous wadsleyite NIS may ac-
count for a characteristic, relatively strong band at 3,227–
3,228 cm)1 with polarisation c>a>b (3,323 cm)1,
McMillan et al. 1991; 3,329 cm)1, Young et al. 1993; both
unpolarised spectra). We found this NIS in 23 olivines,
some from the high pressure D-Py facies, others occur in
olivines from rocks formed at relatively low pressure of
20–30 kbar, as e.g. specimen O-89 and O-8 from Ob-
nazhonnaya, where wadsleyite cannot occur except as a
relic NIS. Weak bands in the range 3,175–3,260 cm)1

which are polarised c>a>b, are assigned to hydrogen
bonded water molecules occurring as NIS. Humite-min-
erals were not found as NIS.

We are well aware that further work, especially by
TEM/HRTEM-methods is necessary to fully elucidate
the role of ‘‘water’’ in mantle olivines.

While the production of the present paper was in the
final stage, we learned about the First-Principles study of
[MgH2SiO4]·n[Mg2SiO4] hydrous olivine Hy-2a with
n=3 by Churakov et al. (2003), in the—at those days
—last issue of Physics and Chemistry of Minerals. We
cannot but wish that such theoretical modelling work
will in the future contribute to solve the problems of the
complex OH)-valence vibrational spectra of mantle
olivines.
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