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Abstract The speciation and amount of water dissolved

in nominally anhydrous silicates comprising eight different

mantle xenoliths has been quantified using synchrotron

micro-FTIR spectroscopy. Samples studied are from six

geographic localities and represent a cross-section of the

major upper mantle lithologies from a variety of tectonic

settings. Clinopyroxene contains between 342 and

413 ppm H2O. Orthopyroxene, olivine and garnet contain

169–201, 3–54 and 0 to <3 ppm H2O, respectively. Pyro-

xenes water contents and the distribution of water between

ortho- and clinopyroxene is identical regardless of sample

mineralogy (Dwater
cpx/opx = 2.1 ± 0.1). The total water contents

of each xenolith are remarkably similar (113 ± 14 ppm

H2O). High-resolution spectroscopic traverses show that

the concentration and speciation of hydrous defects dis-

solved in each phase are spatially homogeneous within

individual crystals and identical in different crystals

interspersed throughout the xenolith. These results suggest

that the amount of water dissolved in the silicate phases

is in partial equilibrium with the transporting melt. Other

features indicate that xenoliths have also preserved OH

signatures of equilibrium with the mantle source region:

Hydroxyl stretching modes in clinopyroxene show that

garnet lherzolites re-equilibrated under more reducing

conditions than spinel lherzolites. The distribution of

water between pyroxenes and olivine differs according

to xenolith mineralogy. The distribution of water

between clinopyroxene and olivine from garnet perido-

tites (Dwater
cpx/oliv(gnt) = 22.2 ± 24.1) is a factor of four

greater than mineral pairs from spinel-bearing xenoliths

(Dwater
cpx/oliv(sp) = 88.1 ± 47.8). Such an increase in olivine

water contents at the spinel to garnet transition is likely a

global phenomenon and this discontinuity could lead to a

reduction of the upper mantle viscosity by 0.2–0.7 log units

and a reduction of its electrical resistivity by a factor of

0.5–0.8 log units.

Keywords Hydrogen � Water � Mantle xenoliths �
Partition coefficients � Garnet lherzolites � Conductivity �
Viscosity � Lithospheric mantle

Introduction

Mantle-derived peridotite xenoliths, which are classified

according to the relative proportions of the three main

phases: olivine, orthopyroxene and clinopyroxene, and an

additional pressure-dependant, aluminous phase, offer a

unique opportunity to directly sample the composition of

the sub-continental lithosphere. Although nominally

anhydrous, hydrogen is commonly found in natural sam-

ples of each of these phases (except for aluminous spinel:

Communicated by M.W. Schmidt.

K. Grant

ARC Key Centre for the Geochemistry and Metallogeny

of the Continents (GEMOC), Department of Earth and Planetary

Sciences, Macquarie University, Sydney, NSW, Australia

J. Ingrin (&)
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A. Beran, personal communication) where upon bonding

with oxygen atoms in the silicate structure it forms hy-

droxyl groups. However, because hydrogen diffuses ex-

tremely rapidly through the crystal structure of nominally

anhydrous phases (see Ingrin and Blanchard 2006 and

references therein) the water contents of mantle-derived

nominally anhydrous phases could re-equilibrate following

entrainment in the host magma. Indeed, two recent studies

have interpreted spatially zoned water concentrations in

mantle-derived olivine as direct evidence of dehydration

during ascent (Demouchy et al. 2006; Peslier and Luhr

2006). As trace amounts of water dissolved in nominally

anhydrous phases will profoundly influence the strength,

elastic properties and melting temperatures of rocks, min-

erals and melts (Hirth and Kohlstedt 1996; Karato 1990;

Mackwell et al. 1985), accurately quantifying the amount

of water at depth is of critical importance. It would be

extremely useful to understand from where the water dis-

solved in mantle xenoliths is derived and what information

the hydrogen contents of a xenolith can tell us about pro-

cesses in the deep Earth.

Infrared micro-spectroscopy (l-FTIR) is commonly

employed to measure trace amounts of water in nominally

anhydrous phases. The technique suffers limitations in

domain size analysis, since the typical black body IR

source does not provide sufficient flux to achieve diffrac-

tion-limited spatial resolution of the technique. Synchro-

tron sourced infrared micro-spectroscopic studies employ a

source that is 100–1,000 times brighter than when tradi-

tional black body source is used, therefore offering sig-

nificantly enhanced spatial resolution compared to

traditional methods (Dumas and Miller 2003).

Controversy over the origin and geological significance

of water defects dissolved in the silicate phases com-

prising mantle xenoliths can be directly attributed to a

lack of understanding as to the processes responsible for

generating the observed concentrations. The purpose of

this study was to investigate the processes responsible for

the observed signatures by quantifying water species

dissolved in coexisting clinopyroxene, orthopyroxene,

olivine, spinel and garnet crystals found in well charac-

terised, natural xenoliths using synchrotron and polarized

l-FTIR spectroscopy. Our aims were to, (1) use high-

resolution synchrotron l-FTIR to measure the concentra-

tion and speciation of hydrous species dissolved in natural

samples of the dominant upper mantle silicates, (2)

quantify water contents as a function of distance from the

rim in individual crystals, (3) explore how hydrogen

partitions between different phases, (4) correlate water

solubility data with the provenance of the xenolith and (5)

investigate the relative merits of synchrotron and polar-

ized black-body l-FTIR spectroscopy as tools for analy-

sing geological samples. Our results allow us to place

constraints on the evolution of xenolith water contents

during their ascent from the source region, understand the

relevance of dissolved water contents with regard to

interpreting those anticipated at depth, compare the

hydrogen contents of nominally anhydrous minerals esti-

mated using two spectroscopic methods and, evaluate the

water content of the upper mantle and how this may

influence its physical properties.

Samples

Eight mantle xenoliths were chosen for this study (Ta-

ble 1). Four were hosted in alkali basalts (BAR8303,

KHL8302, KHL8306, KHL8308) and four from kimber-

litic magmas (B13, KJB30 LMA15, LTP15). Samples were

chosen to represent the lithospheric upper mantle from

various depths and under a variety of tectonic settings.

Three spinel lherzolites (KHL8302, KHL8306, KHL8308)

are from Kilbourne Hole, New Mexico, and another

(BAR8303) from the volcanic centre of Barges (Massif

Table 1 Provenance, paragenesis and type of the peridotite xenoliths analysed in this study

Sample Rock type Locality Mineral assemblage P (GPa) T (�C)

BAR8303 Sp peridot. Barges Ol[54] + opx[34] + cpx[11] + sp[1] 1.25 927

KHL8302 Sp peridot. Kilbourne Hole Ol[51] + opx[31] + cpx[16] + sp[2] 1.12 932

KHL8306 Sp peridot. Kilbourne Hole Ol[54] + opx[29] + cpx[13] + sp[4] 1.74 1,034

KHL8308 Sp peridot. Kilbourne Hole Ol[60] + opx[25] + cpx[14] + sp[1] 2.76 1,171

B13 Gnt peridot. Bultfontein Ol[64] + opx[31] + gnt[5] + trace cpx 4.56 974

KBJ30 Gnt peridot. Jagersfontein Ol[55] + opx[38] + gnt[3] + cpx[4] 5.7–7.0 1,201–1,326

LMA15 Gnt peridot. Matsuko Ol[41] + opx[53] + gnt[1] + cpx[5] 3.7–5.1 916–1,090

LTP15 Gnt peridot. Thaba Putsoa Ol[61] + opx[25] + gnt[2] + cpx[12] 6.5–7.4 1,380–1,518

Numbers in square brackets are estimated modal proportions of each phase. Pressure and temperature conditions were estimated using geo-

thermometers and geobarometers (Bertrand and Mercier 1985; Brey and Köhler 1990; Nimis and Taylor 2000)

Mineral abbreviations: ol olivine, opx Orthopyroxene, cpx clinopyroxene, sp spinel, gnt garnet
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Central, France). Kimberlite-hosted xenoliths come from

the petrological collection of the Natural History Museum

(Paris). They were from two well-known South African

kimberlite pipes (Jagersfontein, Bultfontein; KJB30, B13)

and other two famous localities in Northern Lesotho

(Matsoku, Thaba Putsoa; LMA15, LTP15).

Sample petrology

Spinel-bearing samples

The four spinel lherzolites (BAR8303, KHL8302,

KHL8306 and KHL8308) are coarse-grained and exhibit

well-equilibrated, equigranular structures. The 120� triple

junctions are common between the subhedral olivine and

orthopyroxene grains, which normally exceed 2 mm in

diameter. Clinopyroxene and spinel are much smaller (0.5–

1 mm in diameter) and more irregular shaped. Polished

sections of individual crystals of each phase in the spinel

lherzolites are optically transparent. Fractures and inclu-

sions were rare and crystal interfaces between any two

grains are exceptionally well defined. No evidence of

additional phases, melt or alteration associated with modal

metasomatism or any form of alteration was observed.

Constituent phase chemistries (Table 2) were obtained

using the Cameca SX50 electron microprobe at the Uni-

Table 2 Representative compositions of minerals (average values)

BAR8303 KHL8302 KHL8306 KHL8308

cpx opx oliv spin cpx opx oliv spin cpx opx oliv spin cpx opx oliv spin

SiO2 51.37 55.94 41.02 0.05 52.13 54.82 40.65 0.31 51.2 54.82 40.7 0.07 52.48 54.5 40.96 0.09

TiO2 0.48 0.09 0.01 0.12 0.6 0.1 0.02 0.11 0.05 0.09 0 0.01 0.29 0.12 0.03 0.16

Al2O3 6.55 3.82 0.02 53.44 7.44 4.98 0 58.37 5.11 4.98 0 45.02 6.82 5.26 0.04 49.15

Cr2O3 0.9 0.29 0 13.28 0.78 0.34 0 9.34 1.21 0.34 0.03 22.32 1.27 0.69 0.04 17.51

FeOa 2.79 6.17 9.22 9.13 2.85 6.03 9.7 8.91 2.68 6.03 8.09 8.16 3.14 5.54 8.53 7.86

MnO 0.06 0.02 0.11 0.05 0.03 0.17 0.12 0.08 0.07 0.17 0.13 0.13 0.09 0.12 0.18 0.12

NiO 0.01 0.08 0.39 0 0.03 0.12 0.4 0.37 0 0.12 0.36 0.29 0.06 0.12 0.32 0.28

MgO 15.4 33.31 49.06 20.15 14.99 32.16 48.88 20.82 16.11 32.16 49.62 20.12 16.81 31.73 48.96 20.48

CaO 20.53 0.63 0.09 0 20.11 0.73 0.07 0 19.55 0.73 0.09 0 18.23 1.42 0.19 0.01

Na2O 1.79 0.09 0.02 0.01 1.85 0.09 0.01 0 4.75 0.39 0.02 0 1.35 0.15 0 0

K2O 0 0 0 0 0 0 0 0 0 0 0 0 0 0.15 0 0

Fe2O3 – – – 2.56 – – – 1.45 – – – 3.88 – – – 3.07

Sum 99.88 100.44 99.96 98.79 100.81 99.54 99.48 99.76 100.74 99.83 99.04 100 100.56 99.8 99.25 98.73

XMgb 0.908 0.905 0.9 0.79 0.904 0.904 0.89 0.8 0.912 0.904 0.91 0.84 0.905 0.91 0.91 0.82

B13 KBJ30 LMA15 LTP15

opx oliv gnt cpx opx oliv gnt cpx opx oliv gnt cpx opx oliv gnt

SiO2 58.06 42.36 42.20 54.70 57.03 40.39 43.73 54.59 58.68 41.56 42.12 55.90 57.97 41.98 42.74

TiO2 0.01 0 0.02 0.44 0.22 0.10 0.73 0.06 0.01 0.01 0.02 0.17 0.10 0 0.49

Al2O3 0.66 0 19.98 2.70 0.89 0 21.69 2.94 0.67 0 19.34 1.83 0.95 0 20.51

Cr2O3 0.35 0 4.97 0.66 0.14 0 1.63 2.42 0.38 0.04 5.93 0.85 0.34 0.05 3.32

FeOa 3.49 5.75 5.83 3.15 6.01 10.23 7.87 2.38 4.13 7.43 5.92 3.27 4.56 7.63 6.01

MnO 0.09 0.09 0.32 0.12 0.10 0 0.24 0.14 0.15 0 0.30 0.06 0.12 0.05 0.21

NiO ND 0.36 ND ND 0.14 0.21 ND ND ND 0.43 ND ND ND 0.25 ND

MgO 35.09 50.83 19.95 17.39 33.94 48.61 20.65 15.67 35.23 49.10 19.62 20.09 33.73 49.57 20.97

CaO 0.36 0.04 5.54 17.00 0.87 0 4.43 18.21 0.47 0.10 5.85 16.40 1.50 0.11 4.94

Na2O 0 0 – 2.05 0.19 0.05 – 2.76 0 – – 1.11 0.02 – –

K2O 0.01 0 – 0.01 0 0 – 0.04 0.03 – – 0.05 0.01 – –

Sum 98.12 99.44 98.81 98.23 99.55 99.61 100.9 99.21 99.75 98.68 99.11 99.72 99.30 99.64 99.19

XMgb 0.950 0.940 0.859 0.908 0.909 0.890 0.824 0.965 0.930 0.920 0.855 0.916 0.920 0.920 0.861

cpx Clinopyroxene, opx Orthopyroxene, oliv olivine, gnt garnet, spin spinel
a Except for spinel, all Fe reported as FeO
b XMg = Mg/(Mg + Fe2+)
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versity Paul Sabatier, Toulouse. An accelerating voltage of

15 kV and a beam current of 15 nA were used to all

analyses. Clinopyroxene are diopsides (En48.3–53.1;

Fs4.9–5.6; Wo41.4–46.5), orthopyroxene are Al rich

(Al2O3 = 3.82–5.26 wt%) and XMg
olivine is always lower than

0.91. XMg
spinel ranges between 0.79 and 0.84 and XCr

spinel

[XCr
spinel = Cr/(Cr + Al)] vary between 0.09 and 0.25. No

chemical zoning was observed in any of the crystals

analysed.

Equilibration conditions of the spinel lherzolite samples

were calculated using the Ca-in-olivine geothermobarom-

eter (Bertrand and Mercier 1985). Spinel lherzolite xeno-

liths re-equilibrated at T = 927–1,171�C and at estimated

pressures corresponding to depths ranging between 30 and

80 km (Table 1).

Garnet-bearing samples

The modal proportion of clinopyroxene in the garnet-

bearing samples ranges from <1 to 12%. Garnet composi-

tions plot in the lherzolite field of the CaO versus Cr2O3

plot of Sobolev et al. (1973). None of the garnet-bearing

xenoliths show any textural evidence of deformation.

KBJ30 (Jagersfontein) comprises large, subhedral ortho-

pyroxene, clinopyroxene and garnet (crystals 1–3 mm in

diameter) surrounded by finer-grained euhedral olivine

crystals (0.5 mm in diameter). LTP15 (Thaba Putsoa) and

LMA15 (Matsoku) are both equigranular (average crystal

diameters of 1–3 mm and 2–5 mm in LTP15 and LMA15,

respectively). In all of the garnet-bearing samples, garnet

occurs as rounded crystals, which in some cases are frac-

tured and surrounded by a thin kelyphite rim. In addition,

fine-grained, brown alteration products are frequently ob-

served along phase boundaries, in cracks or fractures and as

inclusions in many phases comprising the garnet lherzolite

xenoliths. These are discussed in more detail later.

Garnets in samples B13 (Bultfontein), LMA15 and

LTP15 are purple. Those from KBJ30 are bright rose-red.

Clinopyroxene are bright green in all samples and mostly

occurs in close spatial association with garnet crystals. B13

is coarse grained and dominated by olivine, orthopyroxene,

and garnet with very minor clinopyroxene (<1% mode).

Individual crystals measure 2–4 mm in diameter although

occasional olivine grains up to 6 mm in diameter are also

found. Purple garnet crystals normally measure 1.5–2 mm,

but occasionally up to 3 mm in diameter. Grain boundaries

between olivine, orthopyroxene and garnet are mostly

smoothly curved.

Clinopyroxenes from garnet lherzolite xenoliths contain

lower amounts of aluminium and are slightly richer in

magnesium (En53.4–59.9; Fs1.9–4.9; Wo35.2–44.6) than

those from spinel lherzolites. XMg
cpx (=Mg/[Mg + Fe]) varies

between 0.90 and 0.96. Orthopyroxene are poorer in Al

(Al2O3 = 0.66–0.95 wt%) than those from spinel lherzo-

lites. XMg
olivine ranges from 0.89 to 0.94, including refractory

and more fertile xenoliths (KBJ30). The garnets are all

Cr-pyropes (Cr2O3 > 1 wt%) although they may also show

significant almandine (Alm 11–15.5) grossular (Gr 0–6.5),

and uvarovite (Uv 4.7–17) components. XMg
garnet are all

>0.65 indicating that they are in equilibrium with mantle

olivine (Griffin et al. 1999). No chemical zoning was

observed in any of the crystals analysed.

Equilibration P–T conditions of the garnet-bearing

samples were estimated using the two-pyroxene geother-

mometer, Ca-in-orthopyroxene geothermometer, and the

coupled Cr-in-clinopyroxene geobarometer and enstatite-

in-cpx geothermometer (Brey and Köhler 1990; Brey et al.

1990; Nimis and Taylor 2000).

Experimental details

Sample preparation

Thick slices were initially cut from each xenolith using a

low speed saw. Each slice was then mounted in resin,

ground and polished to generate the self-supporting, par-

allel-sided wafers to be used for infrared analysis. To

minimize the possibility of preferred crystallographic ori-

entation influencing the resulting averaged spectrum for

each phase, sections were initially cut from the xenolith at

different orientations relative to each other. Further, in

order to ensure that the infrared beam would not be com-

pletely absorbed during infrared analysis, several wafers,

each of a different thickness, were prepared for each

xenolith. The thickness of the wafers varied according to

sample and ranged between 100 and 500 (±5) lm. Wafer

thicknesses were measured using a digital micrometer.

Rationale behind the spectroscopic approach

Both synchrotron l-FTIR and black-body sourced l-FTIR

spectroscopy were used to identify and quantify hydroxyl

in the individual xenolith phases. Crystals analysed using

synchrotron FTIR were not oriented according to crystal-

lographic axes. A linear relationship exists between the

number of infrared active bonds in a system and the

intensity of the resulting absorption and so, conversely, the

intensity of an OH absorption band should be proportional

to the concentration of the absorbing species. This, how-

ever, is not always the case as the measured intensity of

OH absorptions also depends on the orientation of the IR

active dipole relative to the incident radiation. Accurate

quantitative measurement of absorbing species in aniso-

tropic minerals therefore requires analyses of oriented

single crystals using polarized IR radiation (Libowitzky

18 Contrib Mineral Petrol (2007) 154:15–34
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and Rossman 1996). Unfortunately performing such a

procedure on natural rocks is extremely difficult and so

here, where measurements were made using synchrotron

l-FTIR, we instead analysed a statistically significant

number of individual crystals of each phase. Spectral data

were then compiled to build an averaged spectrum for that

phase in each sample. By doing this, intensity variations

imposed by the relative geometric relationships between

the OH dipole relative to crystallographic orientation are

averaged out. After incorporating an orientation factor into

the Beer-Lambert’s law equation (Paterson 1982), the

averaged spectrum was then used to estimate phase water

contents. Most measurements using a traditional, black-

body infrared source were collected on single crystals of

each phase oriented according to crystallographic axes and

using a polarised beam as described below. By comparing

the total integrated OH absorbance from the averaged

spectrum with that obtained on spectra obtained through

polarised measurements a good measure of the accuracy of

this averaged spectrum approach was attained.

Synchrotron FTIR l-spectroscopy

Unpolarised absorbance spectra were collected using syn-

chrotron FTIR l-spectroscopy at the LURE synchrotron

facility, Université Paris-Sud, France (MIRAGE beamline).

A Nicolet 550 infrared spectrometer coupled with a Nic-

Plan IR microscope was used to obtain room temperature

infrared spectra in the region between 650 and 4,000 cm–1

at a spectral resolution of 4 cm–1. Each spectrum was

collected after 1,024 accumulations (total recording time

per spectrum ~2 min). An adjustable aperture was avail-

able to determine the projected size onto the sample,

depending upon the objective enlargement. In this study,

we used a 32· objective, with a Numerical Aperture (N.A.)

of 0.64. Projected aperture size as low as 6 · 6 and/or

3 · 3 lm2 was routinely set without degrading the spectral

quality (Signal-to-noise). Such small domain size enabled

the accurate selection of regions of each crystal that ap-

peared, under optical examination, to be clear of inclusions

or fractures.

Polarized FTIR l-spectroscopy

To complement the synchrotron-based experiments,

polarized FTIR spectra were collected using a NicPlan and

a Continulm infrared microscopes and a Nicolet Nexus

FTIR spectrometer. A GlobarTM source, KBr beamsplitter,

and dedicated liquid nitrogen-cooled MCT detector were

used to measure 512 scans for each spectrum. Spectra were

collected with a spectral resolution of 4 cm–1. A ZnSe wire

grid polarizer in the infrared microscope was used to

polarise the incident radiation. Background spectra were

collected immediately after sample collection with the

polariser aligned in the same orientation as was used to

collect the sample spectrum. Beam diameter was adjusted

using an adjustable aperture located in the microscope. The

minimum spot size attainable using adjustable apertures

and the black body source is about 20 · 20 lm.

Throughout the analytical procedure the spectrometer and

the entire microscope unit was sealed in a Perspex box and

evacuated by purging with dry air and nitrogen.

Clear grains of olivine and orthopyroxene were analysed

using a polarised beam and the orientation of the crystal

determined using the overtone modes of the silicate

framework vibrations in the region 2,350–1,250 cm–1. The

method is described elsewhere (Jamtveit et al. 2001).

Crystal alignment, which is estimated to be accurate to 10�,

is sufficiently accurate for measuring OH band intensities

on the resulting spectrum (Libowitzky and Rossman 1996).

Quantifying OH concentrations

A background was subtracted from all spectra by fitting a

3rd order polynomial. Occasionally, residual traces of

epoxy C–H on sample wafers generated minor absorptions

between 3,000 and 2,800 cm–1. Analysing a different part

of the crystal usually yielded a pure spectrum for that

crystal, however, in a few cases traces of epoxy were found

on all spectra from a sample. When this occurred, the

contribution of the C–H bands was not considered in the

calculation of the total integrated OH absorbance.

We attempted to resolve individual peaks on the back-

ground-subtracted spectrum of each phase using the Peakfit

program (Jandel Scientific). Clinopyroxene and orthopy-

roxene spectra proved impossible to resolve accurately

using this method as both required a greater number of

peaks than were readily identifiable on the spectrum to

generate a satisfactory solution. Resolving individual OH

bands on olivine spectra proved more successful. Inte-

grated absorbencies associated with OH in clinopyroxene

and orthopyroxene were determined by integrating the

entire region between 3,700–3,000 and 3,750–2,800 cm–1,

respectively. The total integrated OH absorbance in olivine

was calculated by summing each peak resolved by peak

fitting. OH concentrations in all phases were estimated

from the total integrated absorbance using the Beer-Lam-

bert law:

Abs ¼ ei � d � c � OH concentration

Where, Abs represents the total sum of integrated ab-

sorbencies of the OH bands on the averaged IR spectrum, ei

is the molar absorption coefficient, d is the thickness of the

sample, and c is the orientation factor (Paterson 1982).

Experimentally determined values of ei for clinopyroxene,

Contrib Mineral Petrol (2007) 154:15–34 19
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orthopyroxene (Bell et al. 1995), and for olivine (Bell et al.

2003) were used. Olivine OH contents were also calculated

using two further methods in which the integrated molar

absorption coefficient for individual OH bands are cali-

brated as a function of the vibrational energy of the

absorbance (Libowitzky and Rossman 1997; Paterson

1982). For calculations made using the synchrotron mea-

surements an orientation factor of c = 1/3 was incorporated

into calculations of clinopyroxene, orthopyroxene, and

olivine (Paterson 1982). In calculations where the sum of

absorbencies measured with polarised light (Atot = AE||x +

AE||y + AE||z), c = 1.

Choice of extinction coefficients

The extinction coefficient is used to calibrate the integrated

OH absorbance to a concentration of absorbing species and

can be derived from a number of sources. Mineral specific

values for clinopyroxene, orthopyroxene and olivine are

given in Bell et al. (1995, 2003). Wavenumber-dependant

calibrations describe the calculation of a specific extinc-

tion coefficient for each band resolved on a spectrum

(Libowitzky and Rossman 1997; Paterson 1982). OH

absorbance spectra of clinopyroxene, orthopyroxene and

garnet described in this study closely resemble those used

to determine the mineral specific extinction coefficients

(Bell et al. 1995). We have therefore calculated dissolved

water contents of these three phases from the OH stretching

spectrum using the relevant extinction coefficient. Al-

though the OH absorption spectrum of olivine from the

different xenoliths studied here varied (see Fig. 3), we

chose to employ the mineral-specific absorption coefficient

(Bell et al. 2003) to estimate the water contents in our

samples, however, olivine water contents were also cal-

culated using wavenumber-specific calibrations and these

have been included for comparison (Table 3).

Results

Hydroxyl in mantle xenoliths

Infrared spectra of clinopyroxene, orthopyroxene and

olivine from Kilbourne Hole (KHL8302, 8306 and 8308)

and Barges (BAR 8303) contain absorptions attributed to

OH species (Figs. 1, 2, 3). No OH was found in any of the

spinel crystals analysed. Clinopyroxene, orthopyroxene

and olivine crystals from garnet lherzolite xenoliths

LMA15, LTP15 and KBJ30 contain numerous absorption

bands, which are attributed to OH species. OH bands were

found in orthopyroxene and olivine from B13 but no

clinopyroxene crystals suitable for infrared analysis were

found in this cpx-poor sample. Garnet crystals in each of

the xenoliths contain numerous OH bands attributed to

secondary hydrous phases (see below) but were otherwise

anhydrous (Fig. 4). In each crystal studied the vibrational

frequencies of the main OH absorbances are similar to

those previously reported for each phase in the literature

(Figs. 1, 2, 3). Polarised infrared spectra were also col-

lected from oriented single crystals of olivine from

KHL8306, B13, KBJ30 and LTP15 (Fig. 5) and orthopy-

roxene crystals from KHL8306, KBJ30 and LMA15.

Contamination by secondary phases

Crystals in the garnet peridotites were frequently inter-

spersed with inclusions or fractures filled with high bire-

fringence secondary impurities. Each point analysed using

Table 3 Integrated absorbencies and calculated hydroxyl contents in the studied xenoliths

Cpx Opx Olivine Whole

rock
3*Absav OHav

B1 3*Absav OHav
B1 Abspol OHpo

B1 3*Absav OHav
P OHav

L OHav
B2 Abpol OHpol

P OHpol
L OHpol

B2

BAR8303 2,931 413 2,985 201 – – 30 2.3 3.2 5.7 – – – – 117

KHL8302 2,874 405 2,628 177 – – 14 1.6 1.2 2.6 – – – – 121

KHL8306 2,517 355 2,502 169 2764 186 66 2.9 4.2 12.4 43.3 1.9 2.4 8.1 100

KHL8308 2,904 409 2,904 196 – – 27 1.7 2.3 5.1 – – – – 109

B13 – – 2,790 188 – – 69 6.2 8.8 13.0 120 10.2 14.3 22.6 67

KBJ30 2,829 399 2,961 200 2942 198 206 16 23 38.7 389 29.3 40.6 73.1 113

LMA15 2,427 342 2,691 181 3164 213 288 29 42 54.1 – – – – 135

LTP15 2,655 374 2,667 180 – – 40 3.8 5.4 7.5 13.2 1.2 1.6 2.5 94

Absav = total integrated OH absorbance measured from averaged unpolarized spectra (see text for details). Abspol = total OH absorbance

summed from polarised spectra. Abspol = AE||x + AE||y + AE||z. OH contents calculated using extinction coefficients from B1Bell et al. (1995),
PPaterson (1982), LLibowitzky and Rossman (1997) and B2Bell et al. (2003). The value thought to best estimate of the amount of H2O in each

phase is highlighted in bold. Whole Rock was estimated by multiplying the amount of H2O in each phase by the modal composition of each

xenolith (Table 1)

20 Contrib Mineral Petrol (2007) 154:15–34

123



synchrotron FTIR was carefully selected so that the beam

traversed the crystal along a path that appeared free of any

inclusions or fractures. Despite this, sample spectra occa-

sionally contained an intense, narrow band centred between

3,682 and 3,692 cm–1. This absorption is not an intrinsic

OH absorption for each phase, but was found on clinopy-

roxene, orthopyroxene, olivine and garnet spectra from the

garnet-bearing samples B13, LMA15, LTP15 and KBJ30.

The frequency and relative intensity of contaminant peaks

such as these have been described previously (Jamtveit

et al. 2001; Matsyuk and Langer 2004) and have been

attributed to serpentine in the beam path. KBJ30 and B13

are visibly more heavily serpentinised. As the serpentine

has been deemed the product of late stage alteration only

spectra free of such inclusions were co-added to generate

the averaged spectrum of the phase from which the water

contents were subsequently calculated. No bands associ-

ated with secondary phases were observed in spectra from

any of the spinel lherzolite xenoliths (KHL8302,

KHL8306, KHL8308 and BAR 8303).

Clinopyroxene

Clinopyroxenes contain up to four readily identifiable OH

absorptions (Fig. 1). Spectra from all xenoliths have three

easily identifiable bands centred at 3,633, 3,540, and

3,456 cm–1. Clinopyroxenes in LTP15 generate a further

weak band centred between 3,325 and 3,370 cm–1, which is

also present as a shoulder on spectra collected on clino-

pyroxene each of the other localities. Using the total inte-
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grated OH absorption between 4,000 and 3,000 cm–1,

which was derived from the averaged clinopyroxene

spectrum of each sample and the phase-specific OH

absorption coefficient (Bell et al. 1995), clinopyroxene in

the studied xenoliths contain between 342 and 413 ppm wt

H2O (Table 3). No discrimination between spinel and

garnet lherzolites can be made using the total concentration

of water in clinopyroxene from these xenoliths but an in-

crease in the intensity of the OH band centred at 3,450 cm–1

relative to that centred at 3,633 cm–1 is systematic in garnet

lherzolites (Fig. 1).

Orthopyroxene

The principle vibrations of OH-related defects in ortho-

pyroxene from spinel lherzolites give rise to absorbance
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bands between 3,605–3,590, 3,523–3,519, 3,422–3,397

and 3,060–3,080 cm–1 (Fig. 2). OH speciation is more

complex in orthopyroxene from garnet peridotites than in

crystals from the spinel-bearing samples and up to seven

OH defect related absorbance bands could be identified

in some spectra. The band centred between 3,523 and

3,519 cm–1, apparent on spectra collected on opx from

spinel lherzolites, splits into two separate bands, centred

at 3,511–3,520 and 3,559–3,541 cm–1, in spectra from

garnet peridotites. This splitting is especially pronounced

on spectra of orthopyroxene from xenoliths B13, LMA15

and KBJ30. Orthopyroxenes from each of the garnet

peridotite xenoliths also frequently contain a more

prominent band centred between 3,086 and 3,060 cm–1

and additional bands are found between 3,578 and

3,566 cm–1 (KBJ30, LTP15, and B13) and between 3,323

and 3,292 cm–1 (LMA15, LTP15, KBJ30, B13, KHL8308

and BAR8303). As is the case for the clinopyroxene

crystals described above, OH bands between 3,550–3,500

and 3,422–3,397 cm–1 are larger relative to those centred

at 3,605–3,590 cm–1 when orthopyroxene spectra from

garnet peridotites are compared to those from spinel

lherzolites.

Orthopyroxene water contents calculated from the

sample-averaged spectrum and using Bell et al. (1995)

range between 169 and 201 ppm H2O. There is no sys-

tematic difference between the amount of water dissolved

in orthopyroxene from spinel and garnet peridotites

(Table 3). Water contents estimated from the total inte-

grated OH absorbance obtained through polarised mea-

surements are indistinguishable to those obtained using

the averaged spectrum with a maximum deviation of

15% (Table 3).

Olivine

Averaged olivine IR absorption spectra are summarized in

Fig. 3. Polarised absorption spectra of olivine from

samples B13, KBJ30, LTP15 and KHL8306 are presented

on Fig. 5. OH absorptions in olivine are complex but can

be broadly classified into two groups according to vibra-

tional energy (Bai and Kohlstedt 1993). Group I and II

absorptions are found between 3,650–3,450 and 3,450 and

3,200 cm–1, respectively. Spectra collected on olivine from

BAR8303 and KHL8302 only show group I modes. Olivine

from KHL8306 is dominated by OH modes in the group II

region and olivine from the other spinel lherzolite samples

contain both group I and II OH absorptions. These later

samples generate spectra comprising two bands located at

3,576 and 3,528 cm–1 and two bands located at 3,358 and

3,330 cm–1. Hydroxyl defects in olivine from B13, KJB30,

LMA15 and LTP15 only generate group I modes. The

number of individual OH modes comprising the group I

region of the spectrum is greater in olivine from garnet

lherzolites than for spinel lherzolites. In addition to the OH

modes described for samples from spinel lherzolites,

spectra of olivine from garnet lherzolites have extra bands

at or above 3,598 cm–1 up to 3,640 cm–1. These vibrations

are coupled with minor concentrations of group II defect

species in samples B13, KBJ30 and LTP15 (Fig. 5).

Olivine from B13 also contains three further bands centred

at 3,498, 3,480, and 3,455 cm–1, which are strongly po-

larised parallel to the crystallographic x-axis (Fig. 5).

Olivine water contents were estimated using wave-

number-dependant (Libowitzky and Rossman 1997; Pat-

erson 1982) and mineral-specific absorption coefficients

(Bell et al. 2003) (Table 3). The olivine-specific integrated
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absorption coefficient was calibrated using olivine crystals

dominated by group I absorptions (Bell et al. 2003).

Olivine from BAR 8303, KHL8302, KBJ30, LMA15,

LTP15, B13 and KHL8308 are dominated by group I OH

modes and so applying the mineral-specific calibration

should give the best estimate of H2O content. However, as

it has been shown that the absorption coefficient likely

varies as a function of band energy (Libowitzky and

Rossman 1997; Paterson 1982), wholesale application of

the mineral-specific calibration to samples that display a

contribution from group II bands, such as olivine from

sample KHL8306, could lead to erroneous water contents.

To estimate the amount of water dissolved in olivine from

KHL8306 using unpolarised spectra we decided to take the

mean of the value obtained using the wavenumber-specific

absorption coefficient (Libowitzky and Rossman 1997) and

the olivine specific coefficient (Bell et al. 2003). This value

is close to the 8.1 ppm H2O estimated from the polarised

infrared spectra (Table 3). Our best estimates of the

amount of water dissolved in the mantle olivines studied

are printed in bold in Table 3.

We also made polarised infrared absorbance measure-

ments on at least ten different olivine crystals from each of

the samples B13, KBJ30, LTP15 and KHL8306 (Fig. 5).

Water concentrations calculated from polarised spectra are

provided in Table 3. The amounts of water calculated using

polarised absorbance spectra of samples KHL8306 and

LTP15 are lower than those deduced from unpolarised

spectra. Those made on polarised absorbance spectra are

higher than those made from unpolarized spectra in sam-

ples B13 and KBJ30.

Garnet

Garnet crystals studied here are essentially anhydrous, or at

least have very low water concentrations at the limit of

infrared sensibility. Only lower limits of partition coeffi-

cients between clinopyroxenes and garnets can be esti-

mated (Fig. 4).

Homogeneity of hydroxyl contents

Figure 6 shows FTIR spectroscopic profiles performed

through single olivine grains contained in polished sec-

tions. Spectra were measured inwards from crystal edges at

25 and 50 lm intervals for six of the eight samples. For

these measurements, we selected the most vertical and

straight olivine edges available in the different thin sec-

tions. No zoning of OH content or a change of spectra was

observed at the scale of the observations (Fig. 6). Slight

zoning of dissolved water contents, measuring less than

150 lm in length, was observed at the edge of a single

olivine from sample KHL8302. Such zoning was, however,

not found in any other measurement performed in other

olivines from this sample (Fig. 6). The low OH concen-

tration in olivines from spinel lherzolites, especially sam-

ple KHL8302, necessitates the analysis of sample wafers

several hundred microns thick. Thus, it is difficult to

achieve a spatial resolution better than 100 lm in these

samples. This probably also explains the apparent zoning

observed at the rim of the single grain described above.

Fractures or inclusions, which are common throughout the

garnet lherzolites, render the use of linear traverses diffi-

cult. No profile was performed in samples KBJ30 and

LTP15 but the spatial homogeneity of olivine crystals was

assessed by comparing the integrated absorbance of OH

absorptions measured at different points within olivine

crystals. Repeated measurements made in all samples

proved conclusively that the amount and speciation of

water within individual crystals is spatially homogeneous

regardless of position in the xenolith at least beyond

100 lm from the edges. FTIR micro-spectroscopy using a

synchrotron light source allows significantly smaller sur-

face areas to be analysed if the concentration of absorbing

species is sufficiently great to allow the analysis of thin

sections. Figure 7 shows profiles performed across the

pyroxene-olivine interface of sample KHL8306 using a

spot with resolution of 3 · 3 lm. These analyses show that

no OH zoning was detectable in pyroxenes even at a res-

olution of tens of microns, and that no hydrous phase was

detected at the grain boundary within this resolution.

We also checked the homogeneity of hydrogen contents

of each phase throughout a sample xenolith. This was

achieved by using polarised infrared spectroscopy to

identify the overtone modes of the silicate lattice vibrations

(Jamtveit et al. 2001). The integrated absorbance under the

OH bands on the polarised infrared spectrum of a crystal

was then compared to that obtained on different spectra

collected along the same crystallographic orientation lo-

cated throughout the same sample. The number of olivine

crystals analysed in this way are outlined in Fig. 5. Inte-

grated absorptions measured at different positions within

the same xenolith were also identical (± <10%).

Distribution of water between phases and total water

content

Mineral–mineral partition coefficients (Dwater
min–min) were

calculated to describe the distribution of water between

coexisting clinopyroxene, orthopyroxene and olivine in the

studied xenoliths (Table 4). Water solubility data deduced

from average spectra were preferred to sparse polarised

values when compiling the distribution coefficients. Water

contents outlined in bold text on Table 3 were used to

compile the distribution coefficients. As has been previ-

ously reported from studies of both natural and synthetic
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Fig. 6 Integrated OH absorbance intensities from unpolarised spectra

collected within individual grains of olivine from six peridotite

samples. The y-axis shows the integrated magnitude of OH bands at

3,576 and 3,528 cm–1 in olivine from BAR8803, KHL8302,

KHL8308, B13 and those at 3,330–3,358 and 3,407 cm–1 in samples

from KHL8306 and LMA15. The x-axis shows distance from the rim

of the crystal (rim = 0 lm). Beam size was 20–50 lm. The

uncertainty on measurements is estimated to 10%
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systems (Aubaud et al. 2004; Bell and Rossman 1992a;

Koga et al. 2003; Peslier et al. 2002) clinopyroxene OH

contents correlate well with those in orthopyroxene

(Dwater
cpx–opx = 1.9–2.3). The average distribution of hydrogen

between clino- and orthoyroxene in the xenoliths varies

only slightly Dwater
cpx/opx = 2.1 (±0.1) however, the range of

Dwater
cpx/oliv varies significantly between spinel and garnet

peridotite: the average values are Dwater
cpx/oliv(spinel) =

88.1 ± 47.8 and Dwater
cpx/oliv(garnet) = 22.2 ± 24.1, respec-

tively. Dwater
opx/oliv also decreases from spinel to garnet peri-

dotite: Dwater
opx/ol(spinel) = 40.7 ± 19.8 in the former

compared to Dwater
opx/ol(garnet) = 11.7 ± 9.5 in the later.

Garnet crystals studied here are essentially anhydrous,

Dwater
cpx/gt is higher than 200 for most of the samples. A strong

partitioning between pyroxenes and garnet has been also

reported from pyroxene exsolutions within mantle garnets

(Guilhaumou et al. 2005). Due to an increase in the amount

Fig. 7 Two representative,

synchrotron FTIR profiles

measured across mineral–

mineral boundaries in sample

KHL8306. Profiles show OH

absorbances measured across a

diopside–olivine and enstatite–

olivine interface and were

analysed using a spot size of 6

and 10 lm, respectively

Table 4 Partition coefficients calculated between cpx, opx and

olivine present in each of the studied xenoliths

DOH
cpx/opx DOH

cpx/ol DOH
opx/ol

BAR8303 2.1 72.5 35.3

KHL8302 2.3 156 68.1

KHL8306 2.1 43.8 20.9

KHL8308 2.1 80.2 38.4

Mean 2.1 ± 0.1 88.1 ± 47.8 40.7 ± 19.8

B13 – – 14.5

KBJ30 2.0 10.3 5.2

LMA15 1.9 6.3 3.3

LTP15 2.1 49.9 24.0

Mean 2.0 ± 0.1 22.2 ± 24.1 11.7 ± 9.5

Mean (all samples) 2.1 ± 0.1
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of water dissolved in olivine in garnet peridotites the par-

tition coefficients involving pyroxenes/olivine decrease by

a significant factor (around · 4) at the spinel/garnet

boundary while the partition coefficient between pyroxenes

remains constant.

We estimated the total water content of each xenolith by

multiplying the water content of individual minerals by the

modal composition of the xenolith (Table 3). Total xenolith

water contents do not correlate with depth of the sample and

is broadly comparable for both types of xenoliths with an

average value of 107 ± 21 ppm H2O (113 ± 14 ppm H2O if

we exclude the cpx-deficient sample B13).

Discussion

Quantitative OH analysis using IR spectroscopy

We based our quantitative calculations on a mean spectrum

calculated for a sample by averaging a large number of

unpolarised analyses and we tested the validity of this ap-

proach by estimating the phase water contents of several

samples using polarised measurements. Estimated water

contents of pyroxene, obtained using both analytical meth-

ods, are identical: differences are less than the likely errors

associated with fitting a background to pyroxene spectra

(Koga et al. 2003). Olivine water contents calculated from

averaged spectra deviate to different degrees from those

calculated from polarised measurements (Table 3). Phase

water contents calculated from polarised spectroscopic

measurements on oriented single crystals are theoretically

more accurate than those made on un-oriented samples.

However, polarised measurements described here have

poorer signal to noise ratio. This is perhaps the reason for the

relatively higher differences between polarised and unpo-

larised measurements we describe. Water contents estimated

using the two spectroscopic techniques vary by up to a factor

2 (Table 3), demonstrating that uncertainty in our estimated

olivine water contents is quite high. As data from un-ori-

ented analyses were all collected using identical analytical

conditions we have used this to evaluate relative OH con-

centrations; especially because, except for sample

KHL8306, olivine from all samples have comparable OH

signatures (Fig. 3). Most importantly, the relative uncer-

tainty in these estimates does not change the main conclu-

sion that the amount of water dissolved in olivine is

significantly greater in crystals from garnet peridotites when

compared to those comprising spinel peridotites (Table 4).

Equilibrium of OH contents

Before one can accurately describe the distribution of an

element between two minerals it must be demonstrated that

the two phases are in thermodynamic equilibrium. This is

often difficult to evaluate but several, strong, lines of evi-

dence demonstrate that the water contents of each of the

phases reported here indeed represent equilibrium distri-

bution of water between them. Firstly, any two grains from

the same xenolith are chemically identical and no major

element compositional zoning was observed. Secondly,

mineral-mineral contacts in each of the studied xenoliths

are sharp and well defined (with the exception of a dark

corona around many of the garnet crystals of samples B13).

Such pronounced crystal interfaces are most apparent in

spinel lherzolites, where spectral traverses programmed

across vertical mineral boundaries show that there is no

melt or additional phases between the major phases and

that OH contents are spatially homogeneous within mineral

grains (Figs. 6, 7). Heterogeneous water contents were

never observed in any of the crystals studied. We conclude,

therefore, that each of these observations comprehensively

dictates that the water contents of each phase, and

the major element chemistries, are in thermodynamic

equilibrium.

OH distribution coefficients

Relatively few data exist which describe the partitioning of

hydrogen between mineral phases in mantle assemblages.

Water contents of a suite of natural pyroxenes from sub-arc

mantle-derived spinel peridotites yield Dwater
cpx/opx = 2.2 ± 0.5

(1r, n = 17) (Peslier et al. 2002) and the distribution of

water between pyroxenes from megacryst suites gives

comparable results, Dwater
cpx/opx = 2.0 ± 0.3 (1r, n = 11)

(Bell et al. 2004). Partition coefficients calculated

from coexisting mineral pairs described in this study

(Dwater
cpx/opx = 2.1 ± 0.1) are in accordance with those previ-

ously described. As suggested elsewhere (Bell et al. 2004)

our data confirm that the partition coefficients between

pyroxenes show no relationship with sample equilibration

conditions over a large temperature and pressure range

(900–1,400�C, 1 to ~7 GPa). Partition coefficients

calculated here are, however, less similar to partition

coefficients calculated from analyses of synthetic samples;

DH
cpx/opx = 1.4 ± 0.3 (n = 1) (Aubaud et al. 2004) and

DH
cpx/opx = 0.9–1.42 (n = 5) (Hauri et al. 2006). Here, we

have deliberately used different subscripts, Dwater
min/min and

DH
min/min to discriminate between studies where data were

collected using infrared spectroscopy and ion micro probe.

The distribution of water between pyroxenes and

olivine from spinel lherzolite samples described here

(Dwater
cpx/oliv(sp) = 88.1 ± 47.8; Dwater

opx/oliv(sp) = 40.7 ± 19.8)

are comparable to those published elsewhere in the lit-

erature for spinel lherzolites: Dwater
opx/olivine from Bell and

Rossman (1992b) is equal to 40 ± 4 (1r, n = 3) if the

estimated olivine water concentrations are 0.7 times
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lower than those obtained using the more recent, min-

eral-specific calibration (see Bell et al. 2004). Hauri

et al. (2006) describe DH
cpx/oliv values ranging from 9 to

21 (n = 6).

For garnet peridotites, the partition coefficients deduced

for megacrysts by Bell et al. (2004) [Dwater
cpx/olivine = 3.0 ± 0.5

(1r, n = 11) and Dwater
opx/olivine = 1.6 ± 0.2 (1r, n = 9)] are

much lower than ours (Dwater
cpx/oliv(Gt) = 22.2 ± 24.1,

Dwater
opx/oliv(Gt) = 11.7 ± 9.5). As pyroxene water contents are

similar in both studies, the cause of this discrepancy is

attributed to higher amounts of water dissolved in mega-

cryst olivine. If the same, mineral-specific calibration is

used to quantify the amount of water in olivine, the average

water content of the olivine megacrysts, around 150 ppm

wt H2 O (Bell et al. 2004), is four to five times higher than

that recorded in our garnet peridotites. Partition coefficients

calculated from ion probe measurements of synthetic

olivine, orthopyroxene and coexisting melt yield

DH
opx/olivine = 12 ± 4 (2r) (Koga et al. 2003), DH

opx/ol =

8.8 ± 0.7 (n = 4) (Aubaud et al. 2004). These values are

closer to those calculated in this study from data collected

on garnet peridotite phases than those from spinel perido-

tites, however, a further experimental study described a

larger range of values (DH
opx/olivine = 1–16 (n = 9) (Hauri

et al. 2006)) thus illustrating that significant variation ex-

ists, even within samples synthesised in a carefully con-

trolled environment.

In their study of megacrysts from the Monastery Kim-

berlite, Bell et al. (2004) observed a strong dependence of

OH partitioning in garnet with XMg
gt . The amount of water

dissolved in our garnets is very low, leading to partition

coefficients between clinopyroxene and garnet higher than

100 in KBJ30 (XMg
gt = 82.4) and higher than 200 for the

other samples (XMg
gt ‡ 85.5). These values agree with the

extrapolation of the trend measured by Bell et al. in garnets

with XMg
gt lower than 80 (Fig. 11 in Bell et al. 2004).

OH in pyroxenes

Both the principle OH vibrations and the amounts of water

measured in pyroxenes in this study are consistent with

those reported from other localities throughout the world

(Bell and Rossman 1992b; Peslier et al. 2002; Skogby

et al. 1990; Skogby and Rossman 1989). However, our

results indicate that OH species dissolved in mantle clin-

opyroxene change according to the host xenoliths miner-

alogy. For example, OH absorptions centred at 3,633 and

3,540 cm–1 are present in clinopyroxene from garnet per-

idotites and not from spinel peridotites. A further band at

3,456 cm–1 is always more intense in garnet-bearing sam-

ples (Fig. 1). Such a correlation between host rock min-

eralogy and OH defect speciation is enhanced when

additional data from previous published studies are com-

piled. We note that the intensity of the OH mode at

3,456 cm–1 is very rarely greater than that of those at 3,633

or 3,540 cm–1 on spectra collected on clinopyroxene

crystals from spinel peridotites (Peslier et al. 2002), and

that this is true regardless of crystal orientation. When

analyses are made with E || c and [001], the dominant OH

modes observed on polarised spectra collected on clino-

pyroxene megacrysts from garnet peridotites from the

Monastery kimberlite is a band at 3,456 cm–1 (Bell et al.

2004). Annealing experiments on diopside single crystals

have shown that the magnitude of OH bands in this spectral

region change under more reducing conditions (i.e. where

experimental fO2 is buffered by the reaction Fe–FeO)

(Bromiley et al. 2004). We note that the magnitude of the

OH modes at 3,456 cm–1 dominates clinopyroxene spectra

from all garnet peridotites studied here (Fig. 1). These

observations lead us to suggest that this may be a general

feature of clinopyroxenes from all garnet peridotites. Fur-

thermore, coupling this with experimental observations

(Bromiley et al. 2004) we suggest that the nature of the OH

defect population dissolved in the samples can be directly

attributed to decreased oxygen fugacity in the garnet P–T

field. Oxygen fugacity is known to decrease with depth in

subcontinental lithospheric mantle and, most abruptly, as

the spinel to garnet boundary is crossed (Canil et al. 1990;

McCammon and Kopylova 2004; Wood et al. 1996; Wood

and Virgo 1989; Woodland and Koch 2003). For instance,

the average oxygen fugacity measured in spinel lherzolites

from Kilbourne Hole is around FMQ 0.40 (Ionov and

Wood 1992) whereas the oxygen fugacity measured in

garnet peridotites from Bultfontein Mine, Matsoku and

Jagersfontein kimberlites (from which B13, LMA15 and

KBJ30 derived respectively) is FMQ 2.8 to FMQ 3.6

(Woodland and Koch 2003), only about 1.5 orders of

magnitude above the value of the Fe–FeO oxygen buffer

equilibrium.

OH defect speciation in orthopyroxene from spinel

lherzolites samples also differs to that dissolved in crystals

from garnet-bearing samples. An OH mode centred at

3,600 cm–1 is dominant in orthopyroxene crystals from

spinel lherzolites. Orthopyroxene from garnet peridotites

contain a significant contribution from different OH modes,

located at approximately 3,520 cm–1. Once again, when

OH modes in orthopyroxene from spinel peridotites

(Peslier et al. 2002) are compared with those of orthopy-

roxene megacrysts from garnet peridotites (Bell et al.

2004) a correlation between OH defect speciation and host

rock mineralogy is observed. However, the cause of

spectral differences in orthopyroxene is more difficult to

constrain than clinopyroxene because the effect of oxygen

fugacity on the OH stretching signature of orthopyroxene

appears smaller than clinopyroxene (Rauch and Keppler

2002) and the incorporation of Al plays an important role
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in controlling the OH contents of enstatite and the shape of

the infrared spectra (Rauch and Keppler 2002; Stalder and

Skogby 2002; Stalder 2004; Stalder et al. 2005). These

experimental studies have shown that the OH absorbance

spectrum of natural orthopyroxenes can be reasonably well

reproduced in laboratory through synthesising Al-bearing

enstatite crystals at high pressure. Orthopyroxene crystals

synthesised in a water-saturated environment are cosmeti-

cally similar to those of natural mantle orthopyroxene but

the total integrated OH absorbance is about ten times

higher than for natural samples (Stalder 2004). Synthetic

enstatite containing 1.17 and 5.85 wt% Al2O3, which are in

terms of both the polarised infrared absorbance spectrum

and measured Al2O3 contents analogous to those from

LTP15 and BAR8303 studied here, contain 543 and

1,443 ppm H2O, respectively (Stalder 2004). Water con-

tents in orthopyroxene from LTP15 and BAR8303 contain

significantly less water (180 and 201 ppm H2O, respec-

tively) and show no correlation between Al and water

contents.

OH in olivine

The amount of water dissolved in the olivine we describe is

in broad agreement with that previously described for

mantle olivine and well below the upper limit of 200 ppm

H2O fixed by the width of the discontinuity at 410 km

induced by olivine–wadsleyite transition (Wood 1995).

The most water-rich mantle-derived olivine crystals de-

scribed in the literature are those from the Monastery

Kimberlite (Bell et al. 2004). These samples, which may

contain in excess of 250 ppm H2O, are thought to have

crystallised from magma or fluid enriched in volatiles and

incompatible elements at high-pressure (Bell et al. 2004).

In this study, olivine crystals containing the greatest

concentration of dissolved hydroxyl species are those from

garnet peridotites. This corresponds with previous studies

where it has been demonstrated that olivine from kimber-

lite xenoliths commonly contain more dissolved water and

also frequently exhibit more complex OH absorbance

spectra (Miller et al. 1987; Bell et al. 2003, 2004; Matsyuk

and Langer 2004). The OH defect population in olivine

from garnet peridotites is characterised by numerous

absorptions between 3,650 and 3,450 cm–1 (Fig. 3). Spec-

tra collected from olivine crystals from spinel peridotites

generally contain fewer OH modes between 3,650 and

3,400 cm–1, but may contain additional OH absorptions

between 3,400 and 3,000 cm–1 (Miller et al. 1987; Jamtveit

et al. 2001; Bell et al. 2003; Matveev et al. 2005). We note

that, for the samples described here, an increase in the

amount of water dissolved in olivine from garnet-bearing

xenoliths is correlated with an increase of the number and

complexity of OH modes found between 3,650 and

3,450 cm–1. This observation correlates well with recent

experimental studies (Berry et al. 2005) which suggest

that, at pressures corresponding to those of spinel stability

field, the equilibrium water content of olivine was

limited by incorporation of hydrogen species associated

with Ti-clinohumite-type defects. At higher pressures,

approaching those where garnet becomes stable, OH-clin-

ohumite would become the stable defect species and,

accordingly, the dominant mechanism of incorporating

water in olivine under this pressure regime (Berry et al.

2005). Clinohumite has more sites available for protonation

than Ti-clinohumite, thus accounting for the more complex

OH stretching signatures described for olivine from garnet-

bearing rocks when compared to those from spinel-bearing

samples (Berry et al. 2005). The different OH stretching

signatures we describe here for olivine from the two

stability fields correspond well with the results of the

experimental study (Berry et al. 2005). Furthermore, the

proposed difference in OH speciation also provides a

plausible mechanism to accommodate the increased water

contents of olivine from this field.

OH defects with vibrational modes in the energy range

3,400–3,000 cm–1 are relatively common in olivine from

shallower regions of the upper mantle (Bell and Rossman

1992b; Khistina et al. 2002; Matveev et al. 2005). Despite

this, the dominant mechanisms involved in their develop-

ment remain uncertain. Two different possibilities

have been proposed. The first is that OH modes between

3,380 and 3,285 cm–1 may develop as a function of

SiO2 activity (Matveev et al. 2001, 2005; Lemaire et al.

2004). In this model, OH modes at high and low energies

are ascribed to silicon and metal vacancies respectively and

the prevalence of one defect species over another was

controlled by the silica activity of the system in which the

crystal re-equilibrated. However, this relationship does not

correspond with the results of other experimental studies

and it has proven difficult reproduce in subsequent work

(Zhao et al. 2004; Berry et al. 2005; Mosenfelder et al.

2006a, b). More recently, it has been suggested that low

energy OH modes are likely associated with the substitu-

tion of trivalent cations in the olivine crystal lattice (Berry

et al. 2005, 2006; Grant et al. 2006) and a correlation be-

tween the intensity of OH absorptions in this region with

fO2 has also been proposed (Matsyuk and Langer 2004;

Mosenfelder et al. 2006a).

OH absorbance spectra collected on olivine from the

three different Kilbourne Hole xenoliths studied here show

that the relative intensity of the low energy OH modes

differs in each (Fig. 3). No correlation exists between the

OH defect speciation in olivine from the Kilbourne Hole

xenoliths and ambient P–T conditions (Table 1). This im-

plies that OH modes at 3,355 and 3,325 cm–1 do not de-

velop or disappear gradationally as a function of depth.
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Furthermore, regardless of the precise mechanism involved

in the development of the low-energy modes (i.e. silica

activity, Matveev et al. 2001, 2005 or in relation to triva-

lent cations in the crystal structure, Berry et al. 2005, 2006;

Grant et al. 2006), different OH species dissolved in oliv-

ine crystals from different xenoliths from the same locality

must imply that the concentrations of the corresponding

defect populations cannot be totally controlled by the host

melt.

Origin of the recorded xenolith water contents

Crystallographically bound hydrous defect species have

been commonly reported in a huge range of mantle-derived

samples from a variety of tectonic settings and numerous

geographic localities. However, whether these samples can

be used as a probe with which one can describe the amount

and speciation of water in the mantle remains an unan-

swered question. This is largely because, at high temper-

ature and under laboratory conditions, hydrogen diffuses

extremely rapidly through pyroxene, olivine and garnet

(Mackwell and Kohlstedt 1990; Ingrin et al. 1995; Wang

et al. 1996; Hercule and Ingrin 1999; Blanchard and Ingrin

2004; Kurka et al. 2005; Demouchy and Mackwell 2006;

Ingrin and Blanchard 2006; Stalder and Behrens 2006).

Thus, it has been repeatedly suggested that hydrous species

dissolved mantle-derived silicate phases re-equilibrate with

the host melt during ascent and any information about the

composition of the sample at ambient conditions is over-

printed. However, convincing evidence that mantle-derived

samples have actually lost water during ascent remains

sparse and we note that in both of the two recent studies

where heterogeneous water contents in mantle-derived

olivine were interpreted as evidence for such a process of

dehydration (Demouchy et al. 2006; Peslier and Luhr

2006) pyroxene crystals co-existing with the zoned olivine

contain homogeneous water contents. This observation is

extremely difficult to be satisfactorily explained by dehy-

dration during ascent because hydrogen diffuses through

pyroxenes and olivine at very similar rates (Ingrin and

Skogby 2000; Stalder and Skogby 2003; Ingrin and Blan-

chard 2006; Ingrin and Grant 2006). Pyroxene co-existing

with olivine crystals containing spatially heterogeneous

water contents that were inherited by dehydration during

ascent should also be zoned. At the same time, however,

convincing evidence that mantle-derived samples retain

hydroxyl species from mantle conditions are also rare, al-

though several previous studies have suggested that the

water contents of some mantle minerals may remain

unaffected by late stage processes (Matsyuk et al. 1998;

Peslier et al. 2002; Bell et al. 2004).

A suitable model, which can easily resolve this apparent

paradox, can be constructed if the diffusion of different

defect species in nominally anhydrous are considered

independently. The speciation and amount of water dis-

solved in olivine can be changed from that inherited at

mantle conditions through the diffusion of hydrogen, metal

vacancies and/or cations (Kohlstedt and Mackwell 1998;

Ingrin and Blanchard 2006). Hydrogen is by far the fastest

diffusing species and moves extremely rapidly through the

crystal lattice of olivine and pyroxenes (Ingrin and Blan-

chard 2006). Hydrogen incorporation into olivine through

the redox exchange reaction is rate limited only by the

diffusivities of polarons and protons (Mackwell and

Kohlstedt 1990; Demouchy and Mackwell 2006; Ingrin and

Blanchard 2006). The absolute number of protons dis-

solved in crystals of olivine and pyroxene are susceptible to

change when entrained in a melt because the dominant

force driving re-equilibration via the redox exchange

reaction in olivine and pyroxene is fH2O (Kohlstedt and

Mackwell 1998; Ingrin and Grant 2006). Thus spatially

homogeneous water contents dissolved in each of the

crystals described in this study indicate equilibrium

through hydrogen diffusion was attained in all of the

samples and remained through the last phase of eruption.

Ultimately however, the number and speciation of OH

defects dissolved in any crystal of olivine or pyroxene is

not controlled by the diffusion of hydrogen but the con-

centrations of other crystallographic point defect species,

such as those associated with cation vacancies, impurity

substitutions or interstitials. The mobility of these point

defects through the crystal lattice is slower than that of

hydrogen diffusion—the relative rates of hydrogen diffu-

sion coupled with cation vacancy and cation diffusion in

olivine generally differ by several orders of magnitude on a

wide range of temperature (Ingrin and Skogby 2000;

Matveev et al. 2001, 2005; Demouchy and Mackwell 2006;

Zhao et al. 2004; Ingrin and Blanchard 2006). Three sep-

arate lines of evidence in the data we describe in this study

suggest that the studied xenoliths were entrained and

cooled fast enough to preserve point defect concentrations

inherited at ambient conditions.

Firstly, hydroxyl speciation in pyroxene from spinel and

garnet-bearing samples is different, and following experi-

mental studies (Rauch and Keppler 2002; Bromiley et al.

2004), these differences correspond with the anticipated

change in ambient fO2 associated with the change in facies

with depth. Secondly, OH defect speciation is different in

olivine crystals from spinel and garnet peridotites and,

again, spectral differences correspond with the results of

experimental studies (Berry et al. 2005). Thirdly, despite

the fact that they were brought to the surface by identical

magmas, OH defect speciation between 3,400 and

3,000 cm–1 in olivine from three different xenoliths from

the same locality (KHL8306 versus KHL8302 and

KHL8308) are slightly, but significantly, different. This
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suggests that each of these three xenoliths must derive from

geochemically distinct regions of the sub-continental lith-

osphere and the crystal defect population inherited there

remains intact throughout entrainment and cooling. Redox

exchange reactions are not able to modify OH speciation.

Therefore, whatever mechanism is invoked to explain the

development of low frequency OH modes in these olivines

(Bai and Kohlstedt 1993; Matveev et al. 2001, 2005; Berry

et al. 2005, 2006) OH defect species would have to un-

dergo re-equilibration via a process of cation or cation

vacancy diffusion. Wood and Virgo (1989) have already

demonstrated that a large range of chemical compositions

could be found within a relatively small suite of xenoliths

from Kilbourne Hole. Thus, we believe that the most likely

scenario to account for the spectra variability observed

between olivine crystals from Kilbourne Hole is that the

xenoliths have preserved the OH defect population inher-

ited at mantle conditions prior ascent and cooling.

Water solubility in enstatite has been measured experi-

mentally (Mierdel and Keppler 2004). These authors

showed that (Copx = A�fH2O�exp (-DH1bar/RT) exp(-DVsolid

P/RT), where Copx is water solubility, fH2O the

water fugacity, A, a constant equal to 0.01354 ppm/bar,

DVsolid = 12.1 cm3/mol the volume change of enstatite

during incorporation of OH and DH1bar = –4.563 kJ/mol,

the reaction enthalpy at 1 bar (Mierdel and Keppler 2004).

Thermodynamic controls on the solubility of water in

clinopyroxene remain poorly constrained (Bromiley et al.

2004), however, as the samples described here and those of

previous studies (Bell and Rossman 1992b; Peslier et al.

2002; Bell et al. 2004) show, water distribution between

orthopyroxene and clinopyroxene is relatively constant.

This suggests that factors controlling water solubility

in clinopyroxene are likely similar to those of enstatite.

Copx/Ccpx does not change with fH2O, P and T (Table 3).

Therefore, DH1bar, DV solid and the dependence of water

solubility on fH2O, outlined following experimental studies

of orthopyroxene, should also apply to mantle clinopy-

roxene. Despite this, however, our results demonstrate that

the OH stretching signature of the pyroxenes record dif-

ferences in the fO2 of the source. The solubility of water in

olivine also increases as a function of fH2O (Kohlstedt et al.

1996; Zhao et al. 2004) and DVsolid is equal to 10 cm3/mol.

DVsolid is, therefore, comparable to enstatite (Mierdel and

Keppler 2004) but DH1bar is around to 40 kJ/mol for mantle

olivine (much greater than enstatite). This should translate

to a steadily decreasing Dwater
opx/ol with depth. It cannot, how-

ever, satisfactorily explain the sharp decrease of Dwater
opx/ol our

data suggest occurs at the spinel-garnet phase boundary. If,

as suggested by the data described in this study and recent

experimental work (Berry et al. 2005), water solubility in

olivine from garnet peridotite field is greater in olivine

from spinel peridotites, a critical parameter (extrinsic

defect substitutions, pO2, olivine non-stoichiometry with

SiO2 activity, TiO2 content...) is missing from the most

recent thermodynamic laws describing water solubility in

mantle olivine (Kohlstedt et al. 1996; Zhao et al. 2004).

Experimental data also show that, at constant fH2O, the

amount of water dissolved in olivine and diopside is greater

if samples have been pre-annealed in more oxidizing

conditions (Bai and Kohlstedt 1993; Guilhaumou et al.

1999). This contradicts observations in natural samples

where pyroxene and olivine from relatively more reduced

spinel lherzolites generally have higher concentrations of

dissolved water (Peslier et al. 2002; Peslier and Luhr

2006). Further analyses of water species dissolved in

natural samples and additional experimental data are

clearly needed to resolve this apparent paradox.

Because we have shown that the defect populations

dissolved in the xenolith phases are representative of those

at ambient conditions, at fixed >fH2O, distribution of the OH

defect populations dissolved in the peridotite phases can

also be used as a proxy for hydroxyl contents. The average

amount of water dissolved in olivine from garnet perido-

tites is approximately a factor of 4 greater than that mea-

sured in olivine from spinel peridotite. As described above,

it is well known that oxygen fugacity decreases as the

spinel to garnet peridotite transition is crossed. Following a

detailed study of OH partitioning in megacrysts from the

monastery kimberlite Bell et al. (2004) suggested that,

‘‘despite the high diffusivities of hydrous components in

olivine, pyroxenes and garnet, these minerals preserve a

signature that was established in their mantle source’’. We

suggest that, because we describe different OH defect

populations according to the host rock mineralogy that the

measurements described in this study confirm this con-

clusion. It is not yet clear, however, if OH concentrations

in the lithospheric mantle source differ significantly to

those acquired during deep re-equilibrium of xenoliths with

the host magma. Regardless of the precise origin, however,

our data strongly suggest that the mechanism of incorpo-

rating water in olivine differs substantially in crystals from

spinel and garnet peridotites.

Water in lithospheric subcontinental mantle

and possible geophysical implications

The arguments outlined above indicate that water specia-

tion in the xenolith phases are representative of those in the

subcontinental lithospheric mantle conditions. Water stor-

age in pyroxene does not change across the spinel to garnet

transition. However, our samples, and previous experi-

mental studies (Berry et al. 2005), demonstrate that the

mechanism by which water is incorporated into olivine is

different in the spinel and garnet stability fields. We have

shown that, at a fixed fH2O, the defect population dissolved
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in olivine from garnet lherzolites accommodates approxi-

mately four times more hydroxyl than that in crystals from

spinel lherzolites. However, this increase is not reflected in

the whole rock water contents because an increase in the

amount of water in olivine from garnet lherzolites is

compensated by the relative decrease of the proportion of

diopside in these samples.

An increase in the amount of water dissolved in olivine in

the garnet stability field will have important implications on

the plastic deformation and electrical conductivity of the

sub-continental lithosphere. Plastic deformation of olivine is

enhanced by water: creep laws determined from experi-

ments show that strain rate is almost proportional to water

fugacity (Mei and Kohlstedt 2000a, b; Hirth and Kohlstedt

2003). Water fugacity also controls the amount of water

dissolved in mantle olivine through a linear relationship

(Kohlstedt et al. 1996; Mosenfelder et al. 2006a, b). Be-

cause ambient water fugacity controls both of these

parameters, the anticipated increase in dissolved hydrous

species in olivine as the spinel-garnet transition is crossed,

must be reflected in the viscosity of the subcontinental

lithospheric mantle. Thus, the greater complexity in OH

defect speciation we note in olivine from garnet peridotites

could translate to a fourfold decrease in the viscosity of

garnet facies compared to the spinel stability field. This

anticipated decrease in viscosity, which is derived through

simple linear extrapolation of the available data may,

however, ultimately be limited by an increase in the vis-

cosity of olivine as oxygen fugacity decreases. Such a

relationship has been observed in dunite deformation

experiments (Keefner et al. 2005). We have illustrated that

the OH defect concentrations measured in our peridotite

xenoliths were inherited at mantle conditions. Thus, the

defect populations we describe are also those which control

the plastic deformation of olivine under these conditions.

Furthermore, as current experimentally determined solu-

bility laws cannot adequately explain why we observe the

different water distribution coefficients we describe be-

tween rocks from the spinel and garnet facies and quantify

simultaneously the effect of oxygen and water fugacity on

creep laws we suggest that water distribution coefficients

should be employed to more accurately estimate the change

of intrinsic point defects in olivine in different facies and the

corresponding effect on the plastic deformation rate of

olivine. Our measurements suggest that, for the same tem-

perature and water fugacity, the average viscosity of garnet

peridotite is lower than the viscosity of spinel peridotite by

0.2–0.6 log units for dislocation and diffusion creep

respectively (Dixon et al. 2004). These values are compa-

rable to the resolution of viscosity profiles deduced from

modelling of isostatic adjustments (Kaufmann and Amelung

2000) but if it is proved to be a general feature the conse-

quences for mantle dynamics are extremely important.

If we assume that hydrogen ions are responsible for the

conductivity of olivine in the mantle, as suggested by

numerous studies (Karato 1990; Bahr and Duba 2000;

Huang et al. 2005), the increased hydrogen solubility at the

spinel/garnet transition will also increase mantle conduc-

tivity. According to the Nernst–Einstein equation the

conductivity is proportional to the concentration and the

diffusivity of the involved charge carrier. Huang et al.

(2005) suggested that, for olivine polymorphs, the main

charge carriers are free protons and the conductivity, r, is

proportional to Col
r with Col the water concentration and

r = 3/4 (in this model, r is also proportional to f
�1=8
O2

).

Thus, the average electrical conductivity should increase

by a factor of 3–7 at the spinel/garnet transition depending

on whether or not we omit the effect of fO2 change. This

change is very important compared to the average increase

of the conductivity in the upper mantle, generally of the

order of one log unit down to the transition zone (Utada

et al. 2003) and is surely a major effect if the contribution

of pyroxene conductivity is confirmed to be weak (Ruedas

2006). Conductivity models of the upper mantle are highly

sensitive to the number and position of layers used in data

inversion; the occurrence of a jump of conductivity at the

spinel/garnet transition can serve as a base to minimize the

number of parameters necessary for such modelling. For

instance, the spinel/garnet transition can be used to explain

the high-conductivity observed at 100 km depth below the

Basin and Range as well as in other extensional settings

(Egbert and Booker 1992; Lizarralde et al. 1995).
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