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Abstract

Infrared spectroscopy and ion micro-probe measurements showed that the major constituent minerals of eclogites from the

Kokchetav massif, which have been subducted to ~180 km depths, contain significant amounts of water up to 870 ppm H2O (by

weight) in omphacite, 130 ppm H2O in garnet and 740 ppm H2O in rutile. Omphacite shows three hydroxyl absorption bands at

3440–3460, 3500–3530 and 3600–3625 cm�1, garnet has a single band at 3580–3630 cm�1 and rutile has a single sharp band

at 3280 cm�1. The hydroxyl absorbance at these wavenumbers changes with the crystal orientation in polarized infrared

radiation, indicating that the water is structurally incorporated in these minerals. The water contents in omphacite and garnet

increase systematically with the metamorphic pressure of the host eclogites. The partitioning coefficient of the water content

between coexisting garnet and omphacite is similar in different eclogites, DGrt/Omp~0.1–0.2, but decreases slightly at high

pressure. Based on the mineral proportions of the eclogites, we estimate bulk-rock water content in the eclogites ranging from

3070 to 300 ppm H2O (by weight). Although hydrous minerals are absent in the diamond-grade eclogite (~60 kbar and ~1000

8C), trace amounts of water are incorporated in the nominally anhydrous minerals such as omphacite and garnet. The presence

of significant water in these minerals implies that the subducting oceanic crust can transport considerable amounts of water into

the deep upper mantle beyond the stability of hydrous minerals. Such water may be stored in the deep upper mantle and have an

important influence on dynamics in the Earth’s interior.
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1. Introduction

Water is largely introduced into basaltic crust by

hydrothermal alternation at mid-oceanic ridge (e.g.,

Staudigel et al., 1995), and is recycled into the mantle

by subduction of oceanic lithosphere. The presence of

water plays an important role in the melting behavior

and the physical properties of minerals and rocks
) 245–259



I. Katayama et al. / Lithos 86 (2006) 245–259246
(e.g., Thompson, 1992; Iwamori, 1998; Karato, 2003).

Therefore, understanding the distribution of water is

key for island arc magmatism and earthquakes at

convergent plate boundaries, as well as mantle

dynamics in the Earth’s interior. To evaluate the dis-

tribution of water in subducted lithosphere, phase

relations in H2O-bearing basaltic composition have

been systematically investigated by high-pressure

and high-temperature experiments (e.g., Poli and

Schmidt, 1995; Schmidt and Poli, 1998; Ono, 1998;

Okamoto and Maruyama, 1999). These experiments

have shown that most water is released during the

amphibolite–eclogite transformation at shallow depths

(~50 km). Trace amounts of water can also be accom-

modated in lawsonite or phengite, up to depths of 300

km, in cold subduction zones. However, for a rela-

tively normal subduction geotherm (Maruyama et al.,

1996), all hydrous minerals in basaltic crust become

unstable at pressures over 30 kbar and temperatures

over 800 8C. For this reason, it is generally considered

that the basaltic layer cannot carry significant amounts

of water into the deeper mantle.

However, nominally anhydrous minerals have been

found to dissolve considerable amounts of water (e.g.,

Bell and Rossman, 1992a). Garnet and pyroxenes

from mantle-derived xenoliths contain up to 200 and

1000 ppm wt H2O, respectively (Bell and Rossman,

1992a; Smyth et al., 1991). High-pressure experi-

ments have also reported substantial water solubility
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Fig. 1. Geological map of the Kokchetav UHP–HP massif modified after K

sample numbers. Insert map shows the location of the Kokchetav massif
in garnet (Ackermann et al., 1983; Geiger et al., 1991;

Lu and Keppler, 1997; Withers et al., 1998) and

pyroxenes (Skogby, 1994; Rauch and Keppler,

2002; Bromiley and Keppler, 2004). These observa-

tions indicate that trace amounts of water are capable

of being recycled into the deep upper mantle beyond

the stability of hydrous minerals in subducting ocea-

nic crust.

In this study, we collected natural eclogites from

the diamond-bearing Kokchetav ultrahigh-pressure

(UHP) metamorphic terrane, which have been sub-

ducted to mantle depths around ~180 km; peak meta-

morphic conditions are reported to be pressures of ~60

kbar and temperatures of ~1000 8C (Okamoto et al.,

2000). The eclogites are mainly composed of garnet

and omphacite with minor rutile and SiO2 phase. No

hydrous minerals are recognized in the diamond-grade

sample, although minor amphibole, zoisite and phen-

gite occur in relatively low-pressure eclogites.

Although a previous study has measured the water

content of omphacite using infrared (IR) micro-spec-

troscopy (Katayama and Nakashima, 2003), here we

used secondary ion mass spectrometry (SIMS) as well

as IR spectroscopy to quantify the trace amounts of

water in all of the major constituent minerals of the

eclogites, including omphacite, garnet, rutile and coe-

site. Note that it is difficult to eliminate the effect of

later-stage water loss or addition due to the fast diffu-

sion rate of hydrogen in these minerals (e.g., Wang et
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al., 1996; Carpenter et al., 2000). Evidences from

high-grade metamorphic rocks can provide insight

into the capability of water incorporation in natural

systems, which may produce more realistic hydratable

defects in the crystals.
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Fig. 2. Pressure–temperature conditions of analyzed eclogites from

the Kokchetav UHP–HP massif, Dia–Ec: diamond–grade eclogite

Coe–Ec: coesite–eclogite, Qtz–Ec: quartz–eclogite. Geotherms of 5

and 20 8C/km are also shown for reference. Thick lines are the

limits of hydrous minerals in mid-ocean ridge basalt (MORB

composition (Okamoto and Maruyama, 1999). Abbreviations, GS

greenschist facies, EA: epidote–amphibolite facies, Am: amphibo

lite facies, LGR: low-pressure granulite facies, HGR: high-pressure

granulite facies, BS: blueschist facies, AmpEC: amphibole eclogite

facies, ZoEC: zoisite eclogite facies, LwsEC: lawsonite eclogite

facies, DryEC: dry eclogite facies. Petrogenic grids, subdivision

of eclogite facies and wet solidus are from Schmidt and Pol

(1998) and Okamoto and Maruyama (1999), and reaction curves

of diamond–graphite, coesite–quartz and jadeite–quartz–albite from

Bundy (1980), Bohlen and Boettcher (1982), and Holland (1980).
2. Geological outline

The Kokchetav massif contains abundant micro-

diamonds in the crustal materials (Sobolev and

Shatsky, 1990), which indicates the supracrustal

rocks were once subducted to depths over ~120 km

and then returned to the surface. Therefore, these

rocks can provide important information on the

dynamics of the subducted lithosphere in the deep

upper mantle, which has attracted considerable atten-

tion to these unique rocks and their metamorphic

evolution (e.g., Sobolev and Shatsky, 1990; Zhang

et al., 1997; Okamoto et al., 2000; Ogasawara et al.,

2000; Katayama et al., 2001). The massif is situated in

the central domain of the composite Eurasian craton,

and was formed during Cambrian collisional orogenic

events (Dobretsov et al., 1995). It is composed of

several Precambrian rock series, Cambro–Ordovician

volcanic and sedimentary rocks, and Carboniferous–

Triassic shallow-water and lacustrine sediments

(Dobretsov et al., 1995). The UHP–HP metamorphic

section is a thin (1–2 km), more or less coherent,

subhorizontal sheet, which is structurally overlain by

a weakly metamorphosed unit, and underlain by the

Daulet Suite (Fig. 1; Kaneko et al., 2000).

The UHP–HP section is subdivided into four units

based on their predominant lithological and meta-

morphic assemblages (Kaneko et al., 2000). Unit I

occupies the lowest structural level and is composed

of amphibolite and quartzofelspathic gneiss. Unit II is

sandwiched between unit I and III, and is predomi-

nantly composed of pelitic–psammitic gneiss with

locally abundant eclogite blocks. Metamorphic dia-

mond and coesite occur in this unit. Eclogites occur as

lenticular masses a meter to a few kilometers in size,

which are surrounded by country gneisses or marbles.

They are concentrated in several regions including,

Barchi-Kol, Kumdy-Kol, Chagkinka, Sulu–Tjube,

Enbek–Berlyk, Kulet, Soldat-Kol and Borovoye.

Unit III structurally overlies unit II and is composed

of alternating orthogneiss and amphibolite with rare
eclogite lenses. Unit IV is the structural top of the

UHP–HP unit and is mainly composed of siliceous

schist. These UHP–HP units were intruded by post-

orogenic Ordovician–Silurian granitoids (Dobretsov

et al., 1995).
3. Petrography and mineral chemistry

We chose six eclogite samples from various P–T

conditions for the water content analysis. The meta-

morphic conditions are shown in Fig. 2 and the
,
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Table 1

Mineral parageneses and P–T conditions of the eclogites

Sample Rock type Mineral assemblage Pressure Temperature

A21 Dia–Ec* Omp+Grt+Coe/Qtz+Rt 50–70 kbar 940–1020 8C
F430 Coe–Ec Omp+Grt+Coe/Qtz+Rt 28–38 kbar 770–800 8C
F446 Coe–Ec Omp+Grt+Coe/Qtz+Phn+Rt 34–39 kbar 770–790 8C
A530 Qtz–Ec Omp+Grt+Amp+Qtz+Rt 20–27 kbar 610–660 8C
C230 Qtz–Ec Omp+Grt+Amp+Qtz+Phn+Rt 24–26 kbar 690–730 8C
F349 Qtz–Ec Omp+Grt+Amp+Qtz+Rt 20–27 kbar 660–680 8C

*Diamond is absent in the eclogite, but occurs in surrounding pelitic gneisses and marble. P–T conditions were estimated from polymorph

mineral relations (Bundy, 1980; Bohlen and Boettcher, 1982) and geothermobarometers (Ellis and Green, 1979; Carswell et al., 1997; Okamoto

et al., 2000). Mineral abbreviations; Coe: coesite, Omp: omphacite, Grt: garnet, Amp: amphibole, Qtz: quartz, Rt: rutile, Phn: phengite.
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mineral assemblages of each eclogite are summarized

in Table 1. A diamond-grade eclogite (Dia–Ec) con-

sists of garnet+omphacite+ rutile+coesite/quartz with

minor amounts of apatite and zircon. Diamond is

absent in the eclogite due to unfavorable bulk compo-

sition, but is abundant in surrounding pelitic gneisses

and dolomitic marble (Sobolev and Shatsky, 1990;

Katayama et al., 2000a; Ogasawara et al., 2000).
Table 2

Representative compositions of omphacite and garnet in the eclogites

Rock type Omphacite

sample
Dia–Ec Coe–Ec Qtz–Ec

A21-inc08 A21-08 F430-12 F446-09 A530-08 C230-01 F

wt.% oxides

SiO2 55.75 55.91 55.16 54.77 55.23 55.27 5

TiO2 0.24 0.16 0.17 0.09 0.09 0.05

Al2O3 9.70 9.10 9.02 8.08 9.09 8.97

Cr2O3 0.00 0.01 0.00 0.00 0.00 0.05

FeO* 5.89 5.66 4.62 5.88 7.39 5.41

MnO 0.05 0.04 0.08 0.00 0.02 0.03

MgO 8.56 9.06 9.54 9.61 7.71 9.03

CaO 14.45 14.00 16.69 16.41 13.41 14.44 1

Na2O 5.32 5.53 4.61 4.77 6.47 6.01

K2O 0.07 0.03 0.02 0.00 0.00 0.00

Total 100.02 99.51 99.90 99.61 99.40 99.24 9

Cations per 6 oxygen atoms

Si 1.998 2.011 1.982 1.987 2.009 2.000

Ti 0.006 0.004 0.005 0.002 0.002 0.001

Al 0.410 0.386 0.382 0.346 0.390 0.382

Cr 0.000 0.000 0.000 0.000 0.000 0.001

Fe 0.177 0.170 0.139 0.178 0.225 0.164

Mn 0.001 0.001 0.002 0.000 0.001 0.001

Mg 0.458 0.486 0.511 0.520 0.418 0.487

Ca 0.555 0.540 0.642 0.638 0.522 0.560

Na 0.370 0.386 0.321 0.335 0.456 0.421

K 0.003 0.001 0.001 0.000 0.000 0.000

*Total Fe calculated as FeO.
Coesite occurs as tiny inclusions in zircon and ompha-

cite. The metamorphic peak P–T conditions are esti-

mated to be 50–70 kbar and 940–1020 8C based on

the K2O-in-pyroxene geobarometer (Okamoto et al.,

2000) and the garnet–clinopyroxene geothermometer

(Ellis and Green, 1979). Coesite–eclogites (Coe–Ec)

are composed of omphacite+garnet+coesite/quartz+ -

rutileFphengite. The garnet and omphacite of the
Garnet

Dia–Ec Coe–Ec Qtz–Ec

349-08 A21-08 F430-06 F446-09 A530-08 C230-10 F349-09

5.44 39.78 38.83 38.57 38.11 38.14 38.53

0.09 0.31 0.11 0.03 0.25 0.00 0.00

8.64 21.77 21.88 21.67 21.17 21.68 21.58

0.00 0.00 0.08 0.00 0.00 0.01 0.03

7.31 20.00 22.95 24.32 27.04 25.27 28.61

0.04 0.29 0.46 0.52 0.58 0.51 0.46

8.40 5.29 5.51 4.60 2.71 4.71 4.67

4.03 13.29 9.67 10.02 9.97 8.77 6.39

5.95 0.12 0.03 0.05 0.07 0.02 0.06

0.00 0.02 0.01 0.00 0.00 0.00 0.00

9.89 100.87 99.52 99.78 99.88 99.10 100.33

Cations per 12 oxygen atoms

2.007 3.017 3.010 3.007 3.010 2.999 3.013

0.002 0.014 0.006 0.002 0.015 0.000 0.000

0.368 1.937 1.999 1.991 1.971 2.009 1.989

0.000 0.000 0.005 0.000 0.000 0.001 0.002

0.221 1.346 1.488 1.586 1.786 1.662 1.871

0.001 0.028 0.030 0.034 0.039 0.034 0.030

0.453 0.614 0.637 0.534 0.319 0.552 0.545

0.544 1.039 0.804 0.837 0.844 0.739 0.535

0.417 0.008 0.004 0.008 0.010 0.002 0.009

0.000 0.001 0.001 0.000 0.000 0.000 0.000



0

50

40

30

20

10

30003200340036003800 2800

Wavenumbers (cm-1)

A
bs

or
ba

nc
e 

(c
m

-1
)

A21(Dia-Ec)

Omphacite
unpolarized

F430(Coe-Ec)

F446(Coe-Ec)

A530(Qtz-Ec)

C230(Qtz-Ec)

F349(Qtz-Ec)

Fig. 3. Representative unpolarized infrared spectra of omphacite

(modified after Katayama and Nakashima, 2003). Omphacite has

three hydroxyl bands in the regions at 3440–3460, 3500–3530 and

3600–3625 cm�1. The absorbance is normalized to 1 cm thickness.

I. Katayama et al. / Lithos 86 (2006) 245–259 249
coesite–eclogites contain pseudomorphs after coesite,

which consist of polycrystalline quartz aggregates

with intense radial fractures in their host minerals.

Geothermobarometers yielded 28–39 kbar and 770–

800 8C for metamorphic conditions of the coesite–

eclogites. Quartz–eclogites (Qtz–Ec) commonly con-

tain hydrous minerals such as amphibole, zoisite or

phengite, which were formed at 20–27 kbar and

610–730 8C.
Omphacites in each eclogite are mostly homoge-

neous; jadeite components vary from XJd 0.32–0.40

in different samples (Table 2). Matrix omphacite in

the diamond-grade eclogite contains crystallographi-

cally oriented quartz rods, which are a few Am in

width and about 100 Am in length. On the other

hand, zircon-hosted omphacite inclusions from the

same sample do not show the quartz exsolution, and

electron-microprobe analysis indicates a significant

Ca–Eskola component (Ca0.550.5AlSi2O6, where 5

is a vacancy on the M2 site) in the omphacite

inclusions, up to 9.6 mol%. Because the matrix

omphacite contains abundant quartz exsolution

lamellae, the original composition was recalculated

based on its quartz content. The resulting original

omphacite contains 6.6 mol% Ca–Eskola compo-

nent, which is similar to the composition of the

inclusions in zircon (Katayama et al., 2000b). The

primary pyroxene at the peak UHP metamorphic

conditions therefore contains a high Ca–Eskola com-

ponent, which indicates that there were a large

number of vacancies on the M2 site. In the other

eclogites, the quartz exsolution was absent in

omphacites; these have relatively low Ca–Eskola

component (0.3–2.8 mol%).

Representative garnet compositions are shown in

Table 2. Garnets show systematic compositional

changes with metamorphic condition, in which the

pyrope and grossular components increase with

increasing pressure, up to 21 and 36 mol%, respec-

tively. Garnets from the diamond–eclogite contain

detectable Na2O (up to 0.12 wt.%), whereas it is

negligible in the other eclogites. Most garnets in the

diamond- and coesite-grade eclogites are chemically

homogeneous. In contrast, garnets from the quartz–

eclogites show slight chemical zonation with an

increasing pyrope component from core to rim. In

these grains, we used the pyrope-rich rim parts for

the water content analysis.
The eclogites commonly contains rutile as an

accessory mineral. The rutiles contain trace amounts

of trivalent elements such as Cr2O3 (~0.09 wt.%),

Al2O3 (~0.03 wt.%) and Fe2O3 (~0.21 wt.%), but

these trace elements have no systematic differences

between each eclogite. Coesite was rarely identified

as inclusions in zircon and omphacite. Most of

coesite in omphacite were completely transformed

to quartz aggregates with intense radial fractures in

the host minerals. On the other hand, zircon pre-

serves coesite without the back-transformation.

However, the coesite inclusions in zircon are too

small to analyze water content by FTIR or SIMS.

We therefore prepared coarse-grained coesites pre-

served in garnets from the Western Alps and the

Dabie–Sulu UHP terranes. The metamorphic condi-

tions for these samples are 37 kbar and 800 8C for

the Western Alps (Schertl et al., 1991), and N27

kbar and N670 8C for the Dabie–Sulu region

(Omori et al., 1998). These coesites were nearly

pure SiO2 in composition.
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4. Analytical methods for water content

Infrared spectra of these minerals were obtained

between wavenumbers of 1000 and 4000 cm�1 using

microscopic Fourier transform infrared (FTIR) spec-

trometers (JASCO MFT-2000 and IRT-30). Doubly

polished sections were prepared with 100–40 Am
thickness. The samples were measured with a Globar

light source, KBr beam-splitter and an MCT detector.

Several hundred scans were accumulated for each

spectrum with 2 or 4 cm�1 resolution. We measured

optically crack- and inclusions-free sample areas with

apertures of 30�30 to 100�100 Am. A gold-wire

grid polariser was applied to some oriented crystals.

SIMS analysis was performed using Cameca ims-

3F. The samples were coated with a 20 nm thick layer

of Au to eliminate electrostatic charging for the SIMS

analysis. A primary ion beam consisting of mass-

filtered 16O, accelerated �14.5 keV to the samples

with spot size of about 10 Am in diameter and a beam

current of about 20 nA. The intensity of the positive
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Fig. 4. (a) Polarized infrared spectra of an omphacite grain at

different polarization orientation. (b) Absorption intensity distribu-

tions as a function of the polarization orientation of three hydroxyl

bands. The axes are in arbitrary units.

is considered due to liquid-like molecular. Gaussian peak-fitting

routine separates the spectra into two bands (solid and dotted

lines). We used the 3600 cm�1 band area to calculate water conten

in garnet.
t

secondary 1H and 30Si ions were measured under

energy filtering by 200 cycles to obtain steady state

secondary ion emissions. To reduce the background

signals, the vacuum level of the sample chamber was

maintained at 0.2 APa, and a cold trap by liquid

nitrogen was employed. For the quantitative analysis,

we prepared standard minerals of augite (160 ppm

H2O by weight), pyrope (30 ppm H2O) and hornble-

nde (1.66 wt.% H2O). These standard minerals were

measured repeatedly in every analysis of the sample to

construct the calibration line with each analysis. Other

analytical and instrumental conditions were similar to

the previous work by Yurimoto et al. (1989).
5. Results of water content analyses

5.1. Infrared spectra

IR unpolarized spectra of omphacite showed three

hydroxyl absorption bands in the regions of 3440–

3460, 3500–3530 and 3600–3625 cm�1 (Fig. 3). The

3440–3460 cm�1 band is typically the most intense,
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and the 3600 cm�1 band the least intense in the

spectrum. Similar hydroxyl band positions are

reported in both synthetic and natural clinopyroxenes,

with relative band intensities dependant on composi-

tion (Skogby et al., 1990; Smyth et al., 1991; Bromi-

ley and Keppler, 2004; Bromiley et al., 2004a). For

omphacitic pyroxene, the 3440–3460 cm�1 band is

predominated in the spectrum with strong polarization

of maximum absorption in the c direction (Smyth et

al., 1991). In our measurements, the relative absor-

bances of the hydroxyl bands are variable for different

grains of the same samples. This is attributed to

different orientations of different grains with respect

to the infrared beam direction. We have attempted to

overcome this variability by measuring large numbers

of grains (~30) and averaging the results. This average

also incorporates any real variability in absolute or

relative absorbance of the hydroxyl bands. Infrared

spectra of the diamond-grade omphacite are some-

what broader than those from the other samples.

These omphacites show abundant quartz exsolutions
Table 3

Results of FTIR and SIMS analyses

Sample Rock type Minerals FTIR analysis

Integral absorbance

(cm�1)

H2O conten

(ppm wt)*

A21 Dia–Ec Omp 3720 1650F500

Grt 210F45 150F30

Rt n.d. n.d.

F430 Coe–Ec Omp 2732 1210F360

Grt 155F19 110F20

Rt 961 620

F446 Coe–Ec Omp 2143 950F270

Grt 169F41 120F30

Rt n.d. n.d.

A530 Qtz–Ec Omp 1264 560F170

Grt 75F47 50F30

Rt 1153 740

C230 Qtz–Ec Omp 1010 450F130

Grt 89F47 60F30

Rt 507 330

F349 Qtz–Ec Omp 1098 490F150

Grt 70F46 50F30

Rt n.d. n.d.

PO115 Whiteschist Coe n.d. n.d.

DB94 Coe–Ec Coe n.d. n.d.

*Hydroxyl content in the FTIR analysis was calculated by using reported m

estimated as ~30% of average of 30 grains. Others are statistical error in a

water content.
and our IR analysis includes the inclusions. Thus the

total absorbance may also reflect water from the

exsolved quartz that formed by the breakdown of

the Ca–Eskola component. Polarized spectra using a

gold-wire grid polarizer showed significant differ-

ences in the hydroxyl absorbances with polarized

orientations (Fig. 4). The maximum intensity of the

3450 and 3500 cm�1 bands has the same orientation;

in contrast, the 3600 cm�1 band shows the highest

intensity perpendicular to the other bands, indicating

that the OH dipoles in omphacite have different orien-

tations (Fig. 4). Koch-Müller et al. (2004) interpreted

the 3600 cm�1 band in clinopyroxene to be related to

nm-size inclusions based on TEM observations and

synchrotron IR spectroscopy. This possibility cannot

be ruled out in our analyses, particularly on the dia-

mond-grade pyroxene that contains quartz exsolution.

However, water solubility experiments on Jd–Di–

CaEs pyroxene solutions showed that the hydroxyl-

stretching band at 3600 cm�1 is due to hydrogen

occupied in the M2 site vacancy (Bromiley and Kep-
SIMS analysis

t H/103Si

atomic ratio

H2O content

(ppm wt)

Bulk-rock water

(H2O ppm wt)

Matrix 10.26F3.57 870F320

Inclusion 10.46F0.45 890F40

Matrix 2.13F0.34 130F20

460F30

Matrix 5.34F0.76 440F60

Matrix 1.37F0.1 80F10

300F20

Matrix 4.91F1.34 400F110

Matrix 1.65F0.28 100F20

590F30#

Matrix 3.50F0.12 290F10

Matrix 0.67F0.48 40F20

3070F30#

Matrix 2.84F0.19 230F20

Matrix 0.67F0.48 50F40

2600F50#

Matrix 2.77F0.24 230F20

Matrix 0.18F0.08 10F5

1730F20#

Inclusion 3.8F0.6 b10 ppm

Inclusion 3.6 b10 ppm

olar absorption coefficient (Bell et al., 1995). Error in omphacite was

nalyses. # Water from hydrous minerals was added in the bulk total
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pler, 2004). Different orientations of the OH dipole

are also reported in diopside (Ingrin et al., 1989;

Skogby et al., 1990), and interpreted as several dis-

tinct hydrogen sites in the clinopyroxene structure.

Garnets show hydroxyl absorption at 3400–3700

cm�1, which consists of an intense band at 3600

cm�1 and a weak broad band around 3400 cm�1

(Fig. 5). The 3600 cm�1 band is close to those

found in mantle xenoliths (Aines and Rossman,

1984a; Bell and Rossman, 1992b), and considered

to result from OH-vibrations of the tetrahedral site

in garnet like those observed in hydrogrossular. The

intensity of the 3400 cm�1 broad band is heteroge-

neous in garnet crystals and significantly increases

when the inclusion-rich domains were analyzed.

Therefore, this band is most likely due to liquid-like

molecular water such as submicroscopic fluid inclu-

sions. We attempted to model the spectra using a

Gaussian peak-fitting routine to eliminate such water

content (Fig. 5). We calculated intrinsic hydroxyl

absorption in the garnets using the band at 3600

cm�1 (Table 3).

Rutiles are characterized by a sharp absorption

band centered at 3280 cm�1 and show strong aniso-

tropic behavior (Fig. 6). Maximum absorption occurs

when the electric vector of the polarized radiation is

perpendicular to the tetragonal c-axis, although the

absorbance parallel to the c-axis is extremely small

(practically zero) compared to the absorbance per-

pendicular to the c-axis. Similar observations are

reported in other natural rutiles from several different

geological environments (Rossman and Smyth, 1990;
Hammer and Beran, 1991; Vlassopoulos et al.,

1993). The hydroxyl absorbances in our rutiles

vary among the different samples (Table 3), but the

diamond-grade rutile does not show any detectable

hydroxyl absorbance.

Coesites from Western Alps and Dabie–Sulu ter-

ranes show no detectable hydroxyl absorbance in their

IR spectra. Rossman and Smyth (1990) also reported

absence of hydrogen peaks in natural coesites from

the kimberlite xenoliths, although synthesized coesite

shows sharp hydroxyl bands at 3575, 3515, 3460

cm�1 and contains up to 200 ppm H2O (Mosenfelder,

2000; Koch-Müller et al., 2001).

5.2. SIMS analysis

Surface-adsorbed water is important to eliminate

prior to any trace hydrogen analysis of nominally

anhydrous minerals. Depth profiling measurements

by SIMS can easily remove the contribution of such

water at the sample surface. Fig. 7 shows typical

profiling of Si and H ions of omphacite and garnet.
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The hydrogen ion intensity rapidly decreases with

sputter time and reaches steady state, which corre-

sponds to the hydrogen concentration in crystals. The

hydrogen intensities are normalized to those of Si to

compensate measurement condition changes during

and among analysis sessions. Using standard miner-

als, we constructed calibration lines for each analysis.

Estimated water contents are listed in Table 3.

Omphacites contain 230–870 ppm H2O (by weight),

and garnets contain 10–130 ppm H2O. The SIMS

results show good correlation with the hydroxyl

absorbances analyzed by infrared analyses (Table 3).

Coesites show lower hydrogen counts than the stan-

dard quartz, which contains 10 ppm H2O. This agrees

with the absence of hydroxyl absorbance in the IR

analysis. Note that the SIMS spot analysis can mea-

sure water content in the micro-scale inclusions. We

analyzed omphacite inclusions in zircon, which con-

tain higher Ca–Eskola component, and found to con-

tain similar water contents (~890 ppm H2O) compared

to the matrix omphacite from same sample.
6. Discussions

6.1. Quantitative calibration of hydroxyl content

Infrared spectroscopy is the most frequently used

technique to determine trace hydroxyl components in

nominally anhydrous minerals because of its high

sensitivity in the frequencies of hydroxyl stretching

vibrations and its ability to distinguish structurally

incorporated OH in minerals. To calculate the water

content from the IR spectrum, an independent method

is needed to quantify the water concentration, such as

P2O5 cell coulometry (Wilkins and Sabine, 1973),

gravimetric techniques (Aines and Rossman, 1984b),

nuclear reaction analysis (Rossman et al., 1988) or gas

extraction manometry (Bell et al., 1995). After using

one of these methods for calibration, one can estimate

water concentration in minerals from an infrared spec-

trum according to Lambert–Beer’s law as follows

COH ¼ 1

ecd

Z
K mð Þdm

where COH is the water concentration in analyzed

minerals, expressed as moles per liter, K(m) is the

absorption intensity (absorbance) of the water as a
function of wavenumber m, e is the molar absorption

coefficient, c is the orientation factor, which depends

on crystallographic anisotropy, and d is the sample

thickness. The molar absorption coefficient e is

determined for specific minerals using one of the

independent calibration methods and an infrared

spectrum.

To estimate the water concentration in the ompha-

cite, we first used a reported molar absorption coeffi-

cient for clinopyroxene (augite) by Bell et al. (1995)

and an orientation factor of 1 /3 for the unpolarized IR

spectra. The integral hydroxyl absorbance yields 1650

ppm H2O by weight for the diamond-grade eclogite,

1210–950 ppm H2O for the coesite–eclogites, and

560–490 ppm H2O for the quartz–eclogites (Table

3). However, the direct application of the augite cali-

bration to the omphacite is questionable, because the

IR spectra between augite and omphacite are signifi-

cantly different. Paterson (1982) reported that the

molar absorption coefficient has frequency depen-

dence for a variety of substantially hydrous materials

and compounds. Libowizky and Rossman (1997)

also reported a similar relation from stoichiometric

hydrous silicate and oxide minerals. The higher fre-

quency of the hydroxyl bands in omphacite compared

to augite may result in a significant overestimate of

the water content in omphacite. In this study, we

determined the hydrogen concentration of the ompha-

cites using SIMS, which yields 870 ppm H2O (by

weight) for the diamond-grade eclogite, 440–400 ppm

H2O for the coesite–eclogites, and 290–230 ppm H2O

for the quartz–eclogites (Table 3). These SIMS results

show good correlation with the IR analysis (Fig. 8a),

although the water content is approximately half of

that calculated from the infrared spectra. The discre-

pancy is likely due to the IR calibration applied to the

calculations as mentioned above. Using the water

concentration determined by SIMS, we calculated a

molar absorption coefficient for omphacite and

obtained 8.34F1.46�104 (L/mol/cm2). This value

is approximately twice as large as the molar absorp-

tion coefficient of augite, but it is similar to that

inferred from the frequency dependent calibration

(Fig. 9).

The IR spectra of garnets yield 150 ppm H2O for

the diamond-grade eclogite, 120–110 ppm H2O for

the coesite–eclogites, and 60–50 ppm H2O for the

quartz–eclogites (Table 3), based on an integral
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molar absorption coefficient for pyrope (Bell et al.,

1995). Most garnets in previous works show similar

hydroxyl peaks and calibrations (Aines and Rossman,

1984a; Rossman and Aines, 1991; Bell et al., 1995).

The SIMS analysis results in similar water contents

(Fig. 8b). When we used the IR and SIMS results, a

molar absorption coefficient of 8.77F0.51�103 (L/

mol/cm2) was obtained for garnet. The coefficient is

similar to that reported in previous studies, although it

is significantly lower than that of the frequency

dependent calibration (Fig. 9). This indicates the

importance of individual calibrations for quantitative

analysis of trace amounts of water in the nominally

anhydrous minerals.
6.2. Water content dependence with metamorphic

conditions

The water contents in both omphacite and garnet

systematically increase with increasing metamorphic

pressure (Fig. 10). Omphacite contains abundant

cation vacancies, which increases with pressure up

to 9 mol% Ca–Eskola component. Thus the water

concentration shows a correlation with the vacancy

in the pyroxene structure. A similar relationship has

also been reported in clinopyroxenes from the mantle-

derived eclogite in the Roberts Victor kimberlite

(Smyth et al., 1991). Bromiley and Keppler (2004)

synthesized Na-rich clinopyroxenes under water-satu-

rated conditions and found increasing water solubility

with the M2 site vacancy concentration. These results

indicate that the M2 site vacancy is the most dominant

mechanism for hydrogen incorporation in omphacite.

The Ca–Eskola component becomes unstable at low

pressures, which results decrease the number of M2

site vacancy and hence decrease water solubility in

clinopyroxene. This may explain the occurrences of

minute fluid inclusions that occur in the core of

omphacite from UHP–HP eclogites (e.g., Scambelluri

and Philippot, 2001).

Garnet shows a hydroxyl peak at ~3600 cm�1 (Fig.

5), which is commonly found in natural garnets, and it

is considered to be a (O4H4)
4� cluster at the tetrahe-



0

40

80

120

160

0 200 400 600 800 1000 1200
Water content in Omp (ppm wt H2O)

W
at

er
 c

on
te

nt
 in

 G
rt

(p
pm

 w
t H

2O
)

Fig. 11. Partitioning coefficient of water content between omphacite

and garnet in each eclogite. The partitioning of water content is

similar in the different eclogites (DGrt/Omp~0.1–0.2), but decreases

slightly at high pressure.

Pressure (kbar)

Pressure (kbar)

(a)

(b)

0

200

400

600

800

1000

1200

10 20 30 40 50 60 70

0

20

40

60

80

100

120

140

10 20 30 40 50 60 70

W
at

er
 c

on
te

nt
(p

pm
 w

t H
2O

)
W

at
er

 c
on

te
nt

(p
pm

 w
t H

2O
)

Fig. 10. Pressure dependence of water contents (ppm wt H2O) in

omphacite (a) and garnet (b) of each eclogite. The water content in

both omphacite and garnet increases with pressure of the host

eclogite.

I. Katayama et al. / Lithos 86 (2006) 245–259 255
dral site. The centered wavenumber of the hydroxyl

peak in garnet slightly changes with pressure; the

3580 cm�1 peak in the diamond–eclogite shifts to

3620 cm�1 in the quartz–eclogite. The hydroxyl

stretching frequency is correlated to the hydrogen

bonding distance (Nakamoto et al., 1955; Libowitzky,

1999). A stronger field of hydrogen bonding in gros-

sular-rich garnet due to substitution of Mg2+ into the

dodecahedral position by larger Ca2+ may explain the

peak shift in garnet. Although our results clearly show

that the water content in garnet increases with increas-

ing metamorphic grade, experimental studies on water

solubility in garnet are controversial. Lu and Keppler

(1997) reported that water solubility in pyrope

increases with pressure up to 10 GPa. In contrast,

Withers et al. (1998) showed no detectable hydrogen

in pyrope above 7 GPa.

Water contents in rutile were calculated from po-

larized spectra along different crystal axis using
an anisotropic relation of the absorbance; Atotal =

2Aperpendicular to c+Aparallel to c. Using a molar absorp-

tion coefficient reported by Hammer and Beran

(1991), the rutile contains up to 740 ppm H2O

(Table 3). The water content in the rutile is variable

in the different samples, but it is important to note that

the diamond-grade rutile shows no hydroxyl absorp-

tion. Bromiley et al. (2004b) reported no detectable

hydrogen in synthesized a-PbO2 type TiO2 in contrast

to variable water content in the rutile structure. The

absence of hydroxyl bands in the diamond-grade rutile

may indicate that formed a high-pressure polymorph

with a a-PbO2 type structure. This type of TiO2 phase

has been reported in ultrahigh-pressure metamorphic

rocks from the Saxonian Erzgebirge, Germany

(Hwang et al., 2000). Laser Raman spectra of the

TiO2 phase show a rutile structure, however, the

original structural evidence may be obliterated during

exhumation because the a-PbO2 structure is highly

unstable at ambient conditions (Hwang et al., 2000).

According to the results of our water content

analyses, we calculated a partition coefficient for

water between garnet and omphacite. The partition

coefficient is more or less constant DGrt/Omp~0.2–

0.1, with a slight decrease at high pressure (Fig. 11).

This means that water prefers to dissolve into

omphacite rather than garnet in deeply subducted

oceanic crust. Although the volume of the ompha-

cite decreases in the eclogite with increasing pres-

sure, as it dissolves into majoritic garnet at high

pressures (Irifune et al., 1986), the total water con-
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anhydrous minerals beyond the stability of hydrous minerals.
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tent in the eclogite remains stable due to increasing

water solubility in the garnet (Table 3).

Hydrogen is a very mobile element, whose diffu-

sion rate is several orders of magnitudes faster than

that of major elements (e.g., Wang et al., 1996; Car-

penter et al., 2000). Thus the water in crystals may be

easily lost or added. It is therefore difficult to elim-

inate the possibility of later-stage water incorporation

during the retrograde metamorphism related to exhu-

mation. However, we analyzed the water contents of

the zircon-hosted inclusions, which are less affected

by later events. They contain similar amounts of water

compared to that of the matrix minerals (Table 3).

Recently, Bell and Ihinger (2000) measured the iso-

topic composition of hydrogen in nominally anhy-

drous minerals. Such analysis could be a key for

further discussion on the origin of the trace amounts

of water in these minerals.

6.3. Water content in the deep subducted oceanic crust

Here we report water contents for the subducted

oceanic crust, using natural samples that experienced

subduction zone metamorphism at depths up to ~180

km. At relatively shallow depths (25–35 km), basaltic

crust is mostly composed of hydrous minerals, such as

amphibole and epidote group minerals. The subduct-

ing crust therefore contains significant amounts of

water (1.6~2.0 wt.% H2O) at these depths (Fig. 12).

Most of the water in oceanic crust would be released at

less than ~50 km depth due to the breakdown of

amphibole (e.g., Poli, 1993). However, even after

such dehydration reactions occur in the basaltic

crust, trace amounts of water can still survive within

nominally anhydrous minerals, such as omphacite,

garnet and rutile. Considering the modal proportions

of eclogite, 460 ppm wt H2O is shown to exist in the

diamond-grade eclogite, although no hydrous minerals

are stable (Table 3). The eclogites transform to garne-

tite around 400 km depth, which is mainly composed

of majoritic garnet and stishovite (e.g., Irifune et al.,

1986). Water solubility experiments show that these

high-pressure phases can dissolve trace amounts of

water, up to ~700 ppm H2O in majorite (Katayama

et al., 2003) and ~800 ppm H2O in stishovite (Chung

and Kagi, 2002; Panero et al., 2003). Consequently,

the water in the eclogites can be transferred to the

majorite and stishovite, and thus can be carried into
i

,

the mantle transition zone. The amount of water car-

ried by descending oceanic crust into the deep mantle

is relatively small (~460 ppm H2O), but it is known

that even a trace amount of water play an important

role in the geodynamics in the Earth’s interior, via its

effects on the melting behavior and physical properties

of minerals. For example, several tens of ppm H2O in

the mantle can modify plasticity and electrical con-

ductivity by a few orders of magnitude (e.g., Karato,

1990; Hirth and Kohlstedt, 1996) and change the

lattice-preferred orientation of olivine and the resultant

seismic anisotropy in the upper mantle (Jung and

Karato, 2001). At the mantle transition zone, wad-

sleyite and ringwoodite can dissolve considerable

amounts of water (Inoue et al., 1995; Kohlstedt et

al., 1996). Water transported by majoritic garnet in

subducted oceanic crust may spread into the surround-

ing mantle peridotites at these depths. Some seismo-

logical evidences suggest that several hundreds of ppm

H2O might exist in the mantle transition zone (e.g.,

Wood, 1995). In addition, petrological and geochem-

ical studies on erupted volcanic rocks in mid-oceanic

ridge and hotspots found that the source regions likely

contain significant amounts of water (Garcia et al.,

1989; Sobolev and Chaussidon, 1996; Hauri, 2002).
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The present study demonstrated that considerable

amounts of water are incorporated in nominally

anhydrous minerals such as omphacite, garnet and

rutile in eclogite beyond the stability of hydrous

minerals. Such water in subducted oceanic crust

may be further transported into the deep regions of

a subduction zone, and may provide a repository for

volatiles in the mantle and consequently play an

important role in the mantle dynamics of the Earth’s

interior.
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