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Abstract Separated olivine grains from a deeply sub-

ducted serpentinized wehrlite (Changawuzi in the western

Tianshan ultrahigh-pressure belt, China) were analysed

with unpolarized transmission FTIR and the Ti contents

were determined using LA-ICP-MS. The major bands in the

olivine spectra display striking similarities to Ti-clinohu-

mite and are interpreted as OH in lamellae. The quantifi-

cation of the water content in lamellae requires calibration

of the IR-absorption for such bands. We have obtained a

new absorption coefficient for Ti-clinohumite of

0.125?/-0.017 ppm cm2 based on polarized FTIR mea-

surements on three orthogonal sections through a large

single crystal of Ti-clinohumite from Val Malenco, which

has a known water content of 1.53 wt%. The resulting water

content in olivine using this calibration factor ranges from

440 to 2,600 ppm and correlates positively with the Ti

content that ranges from 130 to 1,400 ppm. For the quan-

tification of the water content in Ti-chondrodite and Ti-

clinohumite that are associated with olivine, we developed a

new method using attenuated total reflectance FTIR spec-

troscopy. Ti-chondrodite and Ti-clinohumite display simi-

lar IR bands at *3,562, 3,525 and *3,583–3,586 cm-1. As

in olivine, the water content and Ti content correlate in both

Ti-clinohumite and Ti-chondrodite, indicating an inter-

growth of these minerals, which has been confirmed by

TEM analyses. Our results confirm previous suggestions

that there is a strong correlation between the Ti content of

ultramafic rocks and their capacity to transport water to the

deeper mantle in subduction zones beyond conditions where

hydrous phases are stable.

Keywords Ti-chondrodite � Ti-clinohumite � Olivine �
ATR-FTIR � UHP metamorphism � Tianshan

Introduction

Significant amount of water can be stored as hydroxyl

groups in nominally anhydrous minerals (NAMs) such as

olivine, clinopyroxene, orthopyroxene and garnet (Bell and

Rossman 1992; Bell et al. 1995; Ingrin and Skogby 2000;

Berry et al. 2005; Mosenfelder and Rossman 2013a, b).

Water in NAMs has a great influence on the physical and

chemical properties of the mantle, such as rheology (Hirth

and Kohlstedt 1996; Dixon et al. 2004), partial melting

(Bell and Rossman 1992; Hirth and Kohlstedt 1996; Karato

and Jung 1998; Kovács et al. 2012), transport of major and

trace elements, diffusion, elasticity, electrical conductivity

(Schlechter et al. 2012), and seismic wave velocity and

attenuation (Karato and Jung 1998; Karato 2006; Aizawa

et al. 2008). Fourier transform infrared (FTIR) spectros-

copy is a convenient method to quantify the concentration

of hydrogen associated in NAM’s (Paterson 1982; Bell
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et al. 2003). Structural information about the site of water

incorporation is based on the position of different absorp-

tion bands in FTIR studies (Lemaire et al. 2004; Stalder

2004; Berry et al. 2005). Infrared spectroscopy on synthetic

olivine has established at least five different mechanisms

by which hydrogen is incorporated into the crystal struc-

ture: hydrated Si vacancies, hydrated Mg vacancies, Ti-

clinohumite-like point defects, Ti-clinohumite lamellae

defects and hydrated defects associated with trivalent cat-

ions such as Fe3?, Ti3? (Berry et al. 2007; Walker et al.

2007; Kovács et al. 2010).

Experimental studies on water incorporation in olivine

have shown that hydrogen solubility and hydroxyl sub-

stitution mechanism in olivine at upper-mantle conditions

are a function of pressure (Mosenfelder et al. 2006;

Tenner et al. 2012), temperature (Zhao et al. 2004; Mo-

senfelder et al. 2006; Smyth et al. 2006), water fugacity

(Costa and Chakraborty 2008; Otsuka and Karato 2011),

oxygen fugacity (Grant et al. 2007a) and silica activity

(Matveev et al. 2001; Lemaire et al. 2004; Smyth et al.

2006). Experimental studies are generally conducted

under water-present conditions and thus cannot be directly

applied to the question of how much water is stored in the

lithospheric mantle. To address this, several studies have

investigated how much water is stored in olivine and

pyroxene from mantle xenoliths (Bell et al. 2003; Grant

et al. 2007b; Li et al. 2008; Xia et al. 2010; Soustelle

et al. 2010; Schmädicke et al. 2013; Denis et al. 2013).

Using this approach, it must be evaluated how much of

the water can be retained in the NAM’s during the

transport to the Earth’s surface when they are incorpo-

rated into hot magmas (Demouchy et al. 2006; Peslier and

Luhr 2006; Peslier et al. 2008; Denis et al. 2013; Padrón-

Navarta et al. 2014).

In contrast to the vast number of studies on mantle

xenoliths, there are only a few studies addressing the water

transport in olivine at conditions relevant for subduction

zones. Water recycling in subduction zones is primarily

related to the breakdown of hydrous phases (Schmidt and

Poli 1998). Serpentine and chlorite in ultramafic rocks,

either in the subducted slab or in the mantle wedge, are a

major host for water in subduction zones (Ulmer and

Trommsdorff 1995; Spandler and Pirard 2013). However,

little is known about the capacity and mechanisms of

retaining water in olivine beyond the breakdown of these

hydrous phases during such low-temperature, high-pressure

metamorphism. A few studies highlighted the importance

of lamellar structures in olivine related to an intergrowth of

humite minerals and olivine down to atomic levels as a

mechanism of water incorporation in olivine (Risold et al.

2001; Hermann et al. 2007; López Sánchez-Vizcaı́no et al.

2005, 2009). Therefore, there is a potential link between

water incorporation and the minor element Ti, which is

known to stabilize humite minerals such as Ti-clinohumite

and Ti-chondrodite (Weiss 1997).

In this study, we investigated the mechanisms of water

(i.e. OH) incorporation into olivine from an unusual

metamorphosed wehrlite in the Tianshan UHP belt, China.

Olivine is associated with Ti-clinohumite and Ti-chond-

rodite providing an opportunity to directly study the rela-

tionship between hydrous defects in olivine with Ti-

clinohumite and Ti-chondrodite. Based on their stoichi-

ometric formula, Ti-clinohumite [4((Mg, Fe)2SiO4)(Mg1-

X, TiX)O2X(OH, F)2-X] and Ti-chondrodite [2((Mg, Fe)2-

SiO4)(Mg1-X, TiX)O2X(OH, F)2-2X, X = 0–0.5 refers to

mole of Ti content] contain 1.4–2.8 and 2.5–5.2 wt% H2O.

The huge range of water concentrations from olivine to Ti-

chondrodite makes it impossible to measure all minerals

with the same FTIR setup. To overcome this problem, we

have developed a FTIR method for humite minerals that

make use of attenuated total reflectance (ATR). The second

challenge is related to the quantification of water in humite

lamellae in olivine, which requires a new calibration of the

absorbance. In this paper, we present first the technical

developments to address these problems. The techniques

are then applied to the Tianshan serpentinites to address the

questions of how and how much water is incorporated in

olivine from deeply subducted ultramafic rocks and to

investigate potential links between Ti contents of rocks and

the capacity to host water beyond the breakdown of

hydrous phases.

Sample description

A centimetre-sized Ti-clinohumite from Val Malenco

(TiCl-M), N-Italy was used for the technical developments.

TiCl-M is part of sample 93-8-4 that has been described in

detail by Weiss (1997) and derives from a vein consisting

of Ti-clinohumite, olivine, magnetite, antigorite, chlorite

and minor calcite. The vein crosscuts serpentinites with the

assemblage diopside ? antigorite ? olivine ? chlo-

rite ? magnetite that formed during the main Alpine upper

greenschist to lower amphibolite facies metamorphism

(Trommsdorff and Evans 1974, 1980). The composition of

the studied 5 cm large Ti-clinohumite is given in Table 1.

The investigated sample on which we applied the new

developments comes from the Changawuzi ultramafic

complex, western Tianshan ultrahigh-pressure belt, China.

The western Tianshan metamorphic rocks are exposed in a

200-km-long, Late Palaeozoic orogenic belt between the

Yili-Central Tianshan and Tarim plates (Fig. 1 of Zhang

et al. 2013). The UHP metamorphic belt contains eclogites,

blueschists, garnet-mica schists, greenschists and dis-

membered metaophiolites (Li et al. 2007; Lü et al. 2008).

The Changawuzi ultramafic complex constitutes the main
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part of the western Tianshan ultramafic rocks, which are

considered to be a relic of Palaeozoic oceanic crust in the

southern margin of the Yili-Central Plate. Serpentinized

peridotites (such as wehrlite, harzburgite and dunite) and

minor lenses of rodingite and eclogite are the main rock

types in this ultramafic complex (Li et al. 2007; Shen et al.

2012). Previous studies indicated that the serpentinized

peridotites, eclogites and the surrounding pelitic rocks

experienced HP/UHP metamorphic conditions of

*460–630 �C and pressures ranging from 2.5 to 5.0 GPa

during subduction (Zhang et al. 2002, 2003; Lü et al. 2009,

2012a, b; Tian and Wei 2013).

The studied sample C11107 is a serpentinized wehrlite

containing a peak mineral assemblage of Ti-chondro-

dite ? olivine ? antigorite ? diopside ? chlorite ? mag-

netite, which is in agreement with the metamorphic

conditions derived from other rock types. Ti-chondrodite

(TiCh-C) displays a deep orange colour in thin section and

is commonly surrounded by Ti-clinohumite (TiCl-C)

showing a more yellow–orange colour (Fig. 1a, b). Both

humite minerals display straight grain boundaries with

neighbouring antigorite and also contain antigorite inclu-

sions, indicating that they grew within the antigorite sta-

bility field. Olivine occurs as patchy grains ranging in size

from a few hundred microns to more than 2 mm. Olivine

commonly displays a clear colour but in many places it

turns to yellow due to patchy intergrowth with Ti-clin-

ohumite (Fig. 1c). Occasionally, the intergrowth is in the

form of sharp Ti-clinohumite lamellae within olivine

(Fig. 1c, d) in a similar way to the ones described by López

Sánchez-Vizcaı́no et al. (2005). Average compositions of

Ti-chondrodite, Ti-clinohumite, clear and yellow olivine

are given in Table 1.

Analytical techniques

Separation of olivine (Ol-C, olivine from China), Ti-clin-

ohumite (TiCl-C, Ti-clinohumite from China) and Ti-

chondrodite (TiCh-C, Ti-chondrodite from China) was

conducted at the Geological Survey at Langfang, Hebei

Province, China. Mineral extraction was processed by

Table 1 Composition of Ti-

clinohumite from Malenco and

Ti-clinohumite, Ti-chondrodite,

Olivine from Changawuzi,

Tianshan, China

* Data of sample 93-8-4 from

Weiss (1997), p116
# TiCh and TiCl were

normalized on the basis of 7

cations, 18 charges; 13 cations,

34 charges, respectively

Mineral TiCl-M* TiCh-C# TiCl-C# Ol-C

Clear olivine Yellow olivine

Analysis number n = 22 SD n = 33 SD n = 24 SD n = 38 SD n = 17 SD

SiO2 35.93 1.12 33.72 0.67 36.84 0.68 40.88 0.64 40.19 0.59

TiO2 5.51 0.14 6.80 0.86 2.64 0.79 0.02 0.02 0.21 0.10

Al2O3 0.09 0.16 0.02 0.04 0.04 0.07 0.03 0.06 0.04 0.09

Cr2O3 0.01 0.02 0.07 0.04 0.03 0.03 0.02 0.02 0.02 0.02

FeO 10.47 0.77 7.96 0.34 7.77 0.37 8.20 0.34 8.10 0.45

MnO 0.64 0.08 0.40 0.05 0.36 0.07 0.33 0.04 0.35 0.04

MgO 46.53 0.98 47.82 0.73 49.82 0.87 50.40 0.55 50.40 0.44

CaO 0.02 0.04 0.02 0.02 0.01 0.01 0.02 0.02 0.02 0.03

Na2O 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01

K2O 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01

NiO 0.19 0.08 0.21 0.06 0.24 0.05 0.35 0.04 0.33 0.04

H2Ocal 1.53 0.03 3.48 2.18

Total 100.90 1.60 100.51 0.80 99.94 1.16 100.27 0.97 99.67 0.72

Si 3.92 0.07 2.01 0.03 3.99 0.03 0.99 0.01 0.98 0.01

Ti 0.45 0.01 0.30 0.04 0.21 0.06 0.00 0.00 0.00 0.00

Al 0.01 0.02 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe2? 0.96 0.08 0.40 0.02 0.70 0.03 0.17 0.01 0.17 0.01

Mn 0.06 0.01 0.02 0.00 0.03 0.01 0.01 0.00 0.01 0.00

Mg 7.58 0.06 4.25 0.04 8.03 0.08 1.83 0.02 1.84 0.02

Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ni 0.02 0.01 0.01 0.00 0.02 0.00 0.01 0.00 0.01 0.00

OH 1.11 0.02 1.39 0.08 1.57 0.13
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magnetic separation after crushing a clean block of rock

using a corundum jaw crusher and then handpicked under a

microscope. The grain size of TiCl-C and TiCh-C is up to

500 lm, whereas clean olivine grains are typically

*200 lm in diameter.

Fourier transform infrared (FTIR) and attenuated total

reflection (ATR)-FTIR spectroscopy analyses were carried

out at the Research School of Earth Science, the Australian

National University. A Bruker Tensor 27 FTIR spectrom-

eter with a KBr beamsplitter and globar source was used

connected to a Hyperion 1,000 microscope with an MCT

detector cooled with liquid nitrogen. For polarized mea-

surements, a KRS-5 polarizer was used. During each ana-

lysis, a polished wafer or single mineral grains were placed

within a dry-air purged area of the microscope to minimize

interference with atmospheric water and carbon dioxide.

Analyses were made with an 80 9 80-lm2 square aperture.

Spectra were recorded in the range of 600–4,500 cm-1

with a resolution of 4 cm-1 by averaging 64 scans. The

atmospheric compensation tool and background subtraction

using the concave rubber band algorithm with four

iterations and 64 baseline points of the OPUS� software

were used after acquisition. For quantification of the water

content, the area under the OH bands was integrated using

the integration toolbar of the OPUS� software. The region

of integration is usually from 3,000 to 3,590 cm-1 for Ti-

clinohumite and Ti-chondrodite, from 3,300 to 3,620 cm-1

for olivine. The choice of baseline can influence the inte-

gration. We found that using the above described back-

ground correction provided the most coherent and

reproducible results. Multiple analyses of the same grains

have shown that the uncertainty in integrated absorbance

for an individual analysis is *5 %.

Attenuated total reflectance (ATR) FTIR was used to

analyse the hydrous minerals Ti-chondrodite and Ti-clin-

ohumite. The ATR objective consists of a cone-shaped

Germanium crystal (refractive index of 4) with a flat tip of

50 lm diameter that is pressed onto the sample. The

aperture in the microscope was fully opened resulting in an

effective spot size of 32 lm. The incident beam hits the

sample at an angle of about 30�, then an evanescent wave

enters the sample, which is generated due to quantum

Fig. 1 Photomicrographs showing mineral assemblage and textural

relationships in the serpentinized wehrlite, Changawuzi, Tianshan,

China. a Tight intergrowth of Ti-chondrodite (TiCh), Ti-clinohumite

(TiCl) and olivine (Ol). Antigorite (Atg) blades are in textural

equilibrium with olivine and humite minerals. b A core of Ti-

chondrodite is surrounded by Ti-clinohumite and olivine within an

antigorite matrix. c Ti-clinohumite lamellae included in clear olivine.

Yellow olivine occurs in patches and has higher Ti content than clear

olivine. d Ti-clinohumite as patches or lamellae in olivine associated

with antigorite, diopside (Di) and magnetite (Mag)
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mechanical constraints when the total internal reflection of

the light takes place. The signal of the evanescent wave is

collected by the same Germanium crystal and guided back

to the detector in a single reflection ATR (Electronic

Appendix Fig. 1). This technique is highly advantageous

for samples with high water contents such as hydrous

minerals or glasses. The short path length in the order of a

micron (see below) of the IR beam through the sample

prevents saturation of the absorbance signal. Lowenstern

and Pitcher (2013) provide a detailed description of the

ATR method applied to hydrous glasses. A second

advantage of the ATR method is that only one polished

surface is needed for analyses, making it easy to apply to

grain mounts. Compared with transmission FTIR spec-

troscopy, the absorbance intensity for ATR spectra are very

low. During ATR measurements, the penetration depth of

the evanescent wave depends on the wavenumber and

dispersion effects can lead to small shifts in band positions.

We performed an extended ATR correction from the

OPUS� software to the ATR spectra such that the position

and intensity of the absorption bands are similar to those of

the spectra acquired in transmission mode. Except that, the

acquisition parameters and data evaluation procedure for

the ATR-FTIR were the same as for the unpolarized

measurements in transmission mode.

Mineral analyses were performed on a JXA-8800R

electron microprobe at Peking University operated at

15 kV acceleration voltage, 20 nA beam current. Natural

jadeite (Si), forsterite (Mg), haematite (Fe), albite (Na, Al),

rutile (Ti), rhodonite (Mn) and sanidine (K) served as

standards.

The concentration of Ti in Ti-clinohumite and Ti-

chondrodite were determined by a JEOL 6400 SEM

(Centre of Advanced Microscopy, ANU) with EDS oper-

ating at 15 kV and a focussed beam of 1 nA using a variety

of silicates and metals as calibration standards. For the

100 s of counting, the detection limit of TiO2 is typically at

0.2 wt%, well below the measured values.

The Ti concentration of olivine, Ti-clinohumite and Ti-

chondrodite was also measured by laser ablation induc-

tively coupled plasma mass spectrometry (LA-ICP-MS) at

the Research School of Earth Science, the Australian

National University. Samples were placed in an in-house

constructed HelEX ablation cell and ablated by a Compex

110 Excimer laser operating at 5 Hz and output energy of

4–5 mJ at the sample surface. The ablated material was

transported to an Agilent 7700 ICP-MS by a He–Ar carrier

gas. Individual olivine crystals that were previously ana-

lysed by FTIR were mounted in epoxy for analysis. A spot

size of 81 and 105 lm was used. NIST 610 glass was used

as the external standard (values from GeoRem database as

of Dec09) and Si previously determined by electron

microprobe or SEM–EDS as the internal standard. All LA-

ICP-MS data were processed using iolite in Igor Pro

(produced by Hellstrom et al. www.iolite.org.au). BCR

glass was used as secondary standard and the Ti concen-

trations were within 5–10 % of the value published in the

GeoRem database as of Dec09.

TEM images were acquired by a Hitachi H-9000NAR

housed at the Electron Microscopy Laboratory, Peking

University, China, employing an acceleration voltage of

300 kV. The selected humite grains were extracted from a

double polished thin section with the thickness of less than

25 lm using a nickel ring. The TEM foil was obtained by

ion-beam milling of the extracted sample.

Development of quantitative FTIR analyses of humite

minerals using ATR mode

For the determination of water contents in Ti-clinohumite,

Ti-chondrodite and olivine, the specific absorption coeffi-

cient of Ti-clinohumite and the path length of the IR beam

through the samples using ATR-FTIR are both needed. The

Val Malenco Ti-clinohumite single crystal (TiCl-M) was

used for this purpose. The crystal was cut in half. One half

was then cut into three random, but orthogonal-oriented

pieces (Electronic Appendix Fig. 2) and prepared into

double polished wafers that were thoroughly cleaned in

acetone. The thickness of the three wafers, 24 lm (Section-

1), 30 lm (Section-2) and 30 lm (Section-3), respectively,

were determined with a Mitutoyo machinist’s digital indi-

cator, which is nominally accurate to within 2 lm. The

other half of the single crystal was crushed into small

pieces, then mounted in epoxy in random orientation and

polished for ATR-FTIR measurements.

Absorption coefficient

From the three orthogonal-oriented sections polarized IR

spectra were recorded in transmission mode. The sample

was rotated through a 180� segment with 15 measure-

ments taken in 12.9� steps. All the measured spectra are

presented in Fig. 2, Electronic Appendix Figs. 3 and 4.

The absorbance for Ti-clinohumite includes sharp bands

at 3,562(3), 3,525(4), and a broader band at

*3,414–3,385 cm-1. The bands are changing their

intensity with rotation in each section. The positions of

the sharp bands at high wavenumber remain constant with

the stage rotation, whereas the broad band at lower

wavenumber shows a shift in the main band position from

3,412 to 3,393 cm-1. This suggests that the broad band is

composed of at least two bands with very close OH-

stretching vibrations that have a different polarisation

resulting in a changing intensity of each band during the

rotation of the sample.
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Based on the altered Beer–Lambert’s law, the absor-

bance in isotropic material is linearly dependent on the

concentration of the absorber and on the thickness of the

sample

A ¼ c� t=k ð1Þ

where A is the absorbance, k is the absorption coefficient of

the material, c is the water content in ppm H2O by weight

(lg/g) and t is the thickness of the sample in cm. For

anisotropic materials, ‘A’ is the total absorbance of the

absorption indicatrix: Atotal = Ax ? Ay ? Az. As it is dif-

ficult and time-consuming to get anisotropic materials

exactly cut along the main absorption axes, the total

absorbance can also be accomplished by polarized mea-

surement of principal directions in three randomly oriented

but orthogonal crystal sections. In these sections, the

maximum and minimum absorbance is then determined

and the total absorbance is calculated by Atotal ¼
P3

i¼1 ðAmax;i þ Amin;iÞ=2 (Libowitzky and Rossman 1996).

The total integrated absorbance of TiCl-M has been cal-

culated based on the maximum and minimum integrated

absorbance of each section (Fig. 2; Table 2) and the

measured thickness of each wafer. It is interesting to note

that the angular dependence of the integrated absorbance of

the complex bands in clinohumite slightly deviates from

the simple theoretical behaviour of a single peak. However,

there is no difference for the maximum and minimum

absorbance, which is used in the calculation of the total

absorbance. For the bands between 3,000 and 3,590 cm-1

the total integrated normalized absorbance is
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Fig. 2 Polarized transmission

FTIR results of a Ti-clinohumite

from Val Malenco (TiCl-M) in

Section-1. a The incident IR

beam was normal to the

polished wafer, and rotated by

12.9� after each measurement.

All the measurements were

made within 180�. Note that the

position of bands at 3,562 and

3,525 cm-1 remain constant,

but there is an apparent band

shift from 3,393 to 3,412 cm-1.

The intensity of all the bands

changed with orientation. b The

angular intensity distribution for

the linear absorbance of the

main bands (filled dots, squares

and triangles). The three blue

dashed lines represent best-fit

Fourier transform functions to

the observed data. c The

distribution of integrated

absorbance (between 3,000 and

3,590 cm-1) of TiCl-M in

Section-1 (red diamonds). The

purple dashed line represents

the best-fit Fourier transform

function to the observed data,

whereas the green dashed curve

shows the theoretical angular

distribution according to the

formula: AðhÞ = Amax
pol cos2 hþ

Amin
pol sin2 h (Amax

pol = 50,100;

Amin
pol = 11,100). The best-fit

function shown at the bottom of

the graph serves to calculate

maximum and minimum

integrated absorbance that has

been used to determine the total

absorbance given in Table 2.

Graphs of the other two sections

are shown in the Electronic

Appendix Fig. 3, 4
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122,850 cm-2 (Table 2). The molar fraction of Ti (XTi) for

TiCl-M is 0.45, and there is no detected F in the crystal

(Table 1), resulting in a stoichiometric water content of

1.53 wt% H2O (Table 1). This value is slightly lower than

the 1.71 wt% H2O determined by IR-LECO spectroscopy

using the combustion method (Weiss 1997). The small

discrepancy can be explained by the minor alteration/

inclusions of the hydrous minerals chlorite and antigorite.

Using Eq. (1), the absorption coefficient of Ti-clinohumite

is then calculated to be kTiCl = 0.125 ppm cm2. Assuming

an error of 5 % for the integrated absorbance and thickness

for each section as well as for the water content in TiCl-M,

the resulting error on kTiCl is 0.017 when errors are added

in quadrature.

Unpolarized ATR-FTIR measurement of randomly

oriented TiCl-M

A polished epoxy mount of 25 randomly oriented grains of

TiCl-M was analysed with the ATR objective. Each grain

was measured three times. The linear absorbance of all the

bands is in the range of 0.007–0.088 and easily resolved

from the background. Figure 3 shows the average unpo-

larized absorbance of all measurements together with all

the spectra measured. If the maximum polarized linear

absorbance is smaller than *0.3, or the maximum unpo-

larized linear absorbance is less than 0.15, the total

absorbance of an anisotropic material can be determined

from the average of unpolarized measurements of ran-

domly oriented grains by the simple formula:

Atotal = Aunpol * 3 (Kovács et al. 2008; Sambridge et al.

2008). The integrated Atotal of TiCl-M by ATR-FTIR is

15.3 cm-1 (Table 2). For the 25 unpolarized measurements

on randomly oriented TiCl-M, the error in total absorbance

should be less than 10 % (Sambridge et al. 2008). Using

Eq. (1) for both the polarized transmission and the unpo-

larized ATR measurements returns the following relation-

ship: Apol FTIR/AATR = tpol FTIR/tATR. This yields an

effective path length of the IR beam through the Ti-clin-

ohumite crystal of 1.25 lm. The effective path length is a

bit more than double the depth of penetration (dp) of the IR

beam, which is *0.48 lm at 3,000 cm-1 and 0.76 lm at

1,800 cm-1 calculated based on Eq. (2).

dp ¼
k

2pnIRE

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sin2 h� nsmp

nIRE

� �2
r ð2Þ

k is the wavelength of light (m), nIRE is the refractive index

of the ATR crystal (4 for Germanium), nsmp is the refrac-

tive index of the sample (1.67 for Ti-clinohumite) and h is

the angle of the incident light in degrees (30� in this study).

In the following, we use the empirically determined path

length of 1.25 lm for the quantification of water in Ti-

clinohumite and Ti-chondrodite.

Ti-clinohumite, Ti-chondrodite and olivine

from Tianshan rocks

In a first attempt to measure the IR spectra of olivine, Ti-

chondrodite and Ti-clinohumite in the Tianshan rocks, we

prepared a 300-lm-thick double polished wafer of the

sample. However, we were unable to measure clean spectra

of olivine because of minor inclusions/alterations of ser-

pentine minerals. On the other hand, the absorption of the

Table 2 Integrated absorbance from polarized transmission mea-

surements of three orthogonal TiCl-M wafers and from unpolarized

ATR-FTIR measurements

Sample Integrated absorbance

(calibrated to 1 cm)

Section 1 (3,590–3,000 cm-1)

Min 11,100 cm-2

Max 50,100 cm-2

(Max ? Min)/2 30,600 cm-2

Section 2 (3,590–3,000 cm-1)

Min 11,100 cm-2

Max 72,800 cm-2

(Max ? Min)/2 41,950 cm-2

Section 3 (3,590–3,000 cm-1)

Min 20,700 cm-2

Max 79,900 cm-2

(Max ? Min)/2 50,300 cm-2

Total absorbance (calibrated to 1 cm) 122,850 cm-2

Total absorbance of ATR-FTIR 15.3 cm-1

Path length d of ATR-FTIR 1.25 lm

Typical error for the integrated absorbance is 5 %
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Fig. 3 Unpolarized linear absorbance of TiCl-M measured by ATR-

FTIR. The average IR spectrum (black solid line) was calculated

based on 25 measurements (grey solid lines)
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humite minerals was too strong, resulting in the saturation

of the detector. Therefore, we changed the strategy and

worked with inclusion-free, separated mineral grains from

the same sample. Separated TiCh-C and TiCl-C grains

were mounted in epoxy resin, and polished until the centres

of the grains were exposed for ATR-FTIR, SEM and LA-

ICP-MS analysis. Separated Ol-C grains were first mea-

sured using unpolarized transmission FTIR one by one,

then mounted in epoxy resin, and further polished for LA-

ICP-MS analyses.

Unpolarized ATR-FTIR measurement of randomly

oriented Ti-clinohumite and Ti-chondrodite

56 TiCh-C, 43 TiCl-C and 5 yellow olivine randomly

oriented grains were measured in ATR mode using the

same method as applied for TiCl-M. Subsequently the

grains were analysed in the same spot for Ti contents by

SEM–EDS and LA-ICP-MS. The full dataset is presented

in the Electronic Appendix Table 1. For an assessment of

the IR spectra, the analysed grains were pooled into low Ti

groups (13,000 ppm for TiCl-C-I; 39,000 ppm for TiCh-C-

I) and high Ti groups (24,000 ppm for TiCl-C-II;

46,000 ppm for TiCh-C-II). The average spectra from these

four groups are shown in Fig. 4.

Both TiCl-C-I and TiCl-C-II have three main bands at

3,562, 3,525 and 3,386 cm-1. The bands at 3,562 and

3,525 cm-1 are sharp and similar in intensity, whereas the

3,386 cm-1 band has a shoulder and a stronger intensity

than the bands at higher wavenumber. The absorbance

intensity of TiCl-C-II is higher than that in TiCl-C-I. The

linear absorbance ratio of 3,386 and 3,525 cm-1 is 1.4–1.9.

The main bands of TiCh-C are at 3,562, 3,525,

3,383 cm-1, at almost the same position as in TiCl-C. The

dominant band at 3,383 cm-1 in TiCh-C is shifted to

slightly lower values compared to TiCl-C. Also, the linear

absorbance ratio of 3,383 and 3,525 cm-1 in TiCh-C is

2.1–2.8, significantly higher than in TiCl. Both these

characteristics are in agreement with the results presented

in Hermann et al. (2007), indicating that these are likely

general features that permit to distinguish between Ti-

chondrodite and Ti-clinohumite on the basis of character-

istic IR spectra. TiCh-C-II has a stronger absorbance than

TiCh-C-I, and TiCh-C has higher linear absorbance than

TiCl-C. Figure 5 shows the relation between the measured

integrated absorbance from the ATR-FTIR measurements

and the Ti contents for each grain. There is a broad positive

correlation between Ti contents and absorbance.

Unpolarized transmission IR measurement of randomly

oriented Ol-C

The separated clear olivines were relatively small and were

placed on a copper grid with a 100-lm mesh that was

attached to a sample holder and analysed by unpolarized

transmission FTIR. After the FTIR analyses, the grains

were placed on double sided tape and mounted in epoxy,

polished until the centre of the grains was exposed and

analysed with LA-ICP-MS.

For the quantification of the absorbance in FTIR mea-

surements, the thickness of the sample must be known.

Matveev and Stachel (2007) published a method to calcu-

late the thicknesses of individual olivine grains using the

integrated area of the second-order silica overtones

between 1,625 and 2,150 cm-1 in olivine. A linear fit

forced through the origin gives Aint-overtone = 0.6366 * tsmp,

TiCh-C-II  46000

TiCh-C-I   39000

TiCl-C-II   24000

TiCl-C-I    13000
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Fig. 4 Unpolarized ATR-FTIR spectra of Ti-clinohumite (TiCl-C)

and Ti-chondrodite (TiCh-C). Group II contains higher amounts of Ti

than group I for both minerals. The spectra represent the average of

more than 20 analyses. Note that there is a small shift in the main

band from 3,383 cm-1 in TiCh to 3,386 cm-1 in TiCl
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Fig. 5 Integrated absorbance of olivine, Ti-clinohumite, Ti-chond-

rodite measured by ATR-FTIR versus Ti content in these minerals
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where Aint-overtone is the integrated area of the second-order

silica overtones between 1,625 and 2,150 cm-1 and tsmp is

the sample thickness in micrometres. The method estimates

the sample thickness with a claimed accuracy of ±15 %.

We tested this method by measuring both polished and

unpolished randomly oriented olivine grains with unpo-

larized FTIR and measured their thickness with the Mitu-

toyo machinist’s digital indicator. The spectra were

processed using the same method as applied for TiCl-C,

TiCh-C and Ol-C. The integrated absorbance of the sec-

ond-order Si–O overtone indeed varies linearly with the

thickness of olivine grains (Fig. 6). The best-fit linear

regression forced through the origin returned a slightly

different slope with Aint-overtone = 0.553 * tsmp. The thick-

ness obtained with our empirical parameter is therefore

15 % larger than using the previous calibration from

Matveev and Stachel (2007). In the following, we used this

modified function to calculate the thickness of Ol-C.

Representative spectra of Ol-C with different Ti con-

tents show five dominant bands at 3,610, 3,562, 3,525,

3,473 and 3,417–3,402 cm-1 (Fig. 7). The band near

3,700 cm-1 is attributed to serpentine. The intense bands at

3,562, 3,525 and 3,417–3,402 cm-1 are very similar to the

bands observed in the Ti-chlinohumite and Ti-chondrodite

suggesting the presence of lamellar defects in olivine. The

linear absorbance of the 3,417–3,402 cm-1 band correlates

strongly with the measured Ti contents of the olivine grains

(Fig. 7). The bands at 3,610 and 3,473 cm-1 are related to

hydrated Si vacancies (Lemaire et al. 2004; Berry et al.

2005). H in a Si vacancy associated with Ti (Ti-clinohu-

mite point defect) produces characteristic bands at 3,572

and 3,525 cm-1 (Berry et al. 2005, 2007). The 3,525 cm-1

band overlaps directly with the Ti-clinohumite lamellae

band and thus is not diagnostic. There is a small shoulder

on the high wavenumber side of the 3,562 cm-1 band

indicating that a small amount of Ti-clinohumite point

defects are present in the olivines. We could not observe

any bands at 3,355 and 3,325 cm-1, which are considered

to be the water defect sites associated with Fe3? and other

trivalent cations (Berry et al. 2005, 2007). The integrated

absorbance of Ol-C, normalized to 1 cm thickness using

the Si overtones (Fig. 6), correlates positively with the Ti

contents (Fig. 8a).

TEM observations in Ti-clinohumite

A TiCl-C grain associated with Ol-C and TiCh-C was

chosen for the TEM study. Figure 9 shows a bright-field

TEM image of a Ti-clinohumite grain that has been care-

fully aligned with the beam parallel to the crystallographic

b-axis of Ti-clinohumite. The image clearly shows layers

with different unit cells. In the area with the larger spacing,

we measured five repetitions with the distance of

6.948 nm, whereas in the small cell parameter area, the

distance of five repetitions is 3.801 nm. Thus, the majority

of the layers display a spacing of 13.9 Å along the c-axes

whereas a small area in the centre of the analysed regions

displays a significantly shorter repeat distance of 7.6 Å.

Based on X-ray diffraction data (Gibbs et al. 1970; Rob-

inson et al. 1973; Yamamoto and Akimoto 1974; Aoki
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Fig. 6 Integrated absorbance of second-order Si–O overtones (from
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olivine grains. The linear regression, which is forced through the
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et al. 1976), unit cell dimension of Ti-clinohumite and Ti-

chondrodite is about 13.65–13.7 and 7.84-7.91 Å, respec-

tively. Therefore, the observed structure is best explained

by Ti-chondrodite lamellae interlayered in the Ti-

clinohumite.

Discussion

Determination of water contents

The average unpolarized ATR-FTIR spectra of high and

low Ti-clinohumite and chondrodite display a regular trend

(Fig. 4). The average linear absorbance of the Ti-chond-

rodite is significantly higher than that of Ti-clinohumite

and within the mineral groups, the higher Ti contents are

related to higher absorbance. The path length of IR beam is

the same for Ti-chondrodite and Ti-clinohumite and thus

the obvious difference in absorbance between the two

minerals translates directly to a difference in water con-

tents. However, there is considerable scatter when the

single analyses are plotted in a Ti versus absorbance dia-

gram (Fig. 5). The IR absorbance in the humite minerals is

anisotropic (Fig. 2, Electronic Appendix Figs. 3, 4) and

thus the absorbance will depend on the orientation of the

grains as well. To minimize this effect and in order to

obtain the total absorbance, we pooled the TiCl-C analyses

into four and the TiCh-C into five groups according to their

Ti contents. The maximum unpolarized linear absorbance

is well below 0.15 (Fig. 4) and thus the unpolarized

quantification method to obtain total absorbance Atotal = -

Aunpol * 3 can be applied (Kovács et al. 2008; Sambridge

et al. 2008). Water contents are then calculated using the

Beer–Lambert Law (1) and employing our determined

absorption coefficient kTiCl = 0.125 ppm cm2 (Table 3).

The resulting relation between water contents and Ti con-

centration of the humite minerals is shown in Fig. 10.

There is a strong positive correlation between Ti contents

and water in both Ti-chondrodite and Ti-clinohumite albeit

with different slopes. According to the chemical formula of

Ti-clinohumite 4((Mg, Fe)2SiO4)(Mg1-X, TiX)O2X(OH,

F)2-2X, and Ti-chondrodite 2((Mg, Fe)2SiO4)(Mg1-X,

TiX)O2X(OH, F)2-2X, the water content of these humite

minerals should decrease with increasing Ti content as

shown in Fig. 10. It is worth noting that none of the

measured Ti-clinohumites and Ti-chondrodites from

Changawuzi plot on the theoretical line for the solid

solution. Therefore, the observed relation between Ti and

water reflects mixing between olivine and humite minerals

rather than a heterogeneous Ti and water concentration
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Fig. 8 a Integrated absorbance of olivine analysed by unpolarized

FTIR versus Ti contents measured by LA-ICP-MS. All the data were
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similar Ti contents. b Water content based on total absorbance of
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Fig. 9 TEM micrograph of a Ti-clinohumite region from the ion-

thinned foil of serpentinized wehrlite (C11107), Tianshan, China,

showing Ti-chondrodite lamellae intergrowth with Ti-clinohumite.

The domains used to determine the length of the unit cell along the c-

axes are indicted in red
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within the Ti-chondrodite and Ti-clinohumite. This dis-

tinction is only possible when water and Ti contents are

measured independently.

The IR spectra of olivine display a strong band at

*3,400, 3,525 and 3,562 cm-1 (Fig. 7), that is character-

istic for Ti-clinohumite (Fig. 4). Additionally there is a

strong correlation between the intensity of absorption and

Ti contents of the olivines (Fig. 8a). This provides evi-

dence that clinohumite lamellae defects are the main con-

tributor to the water in olivine. Recent work has shown that

different defects in olivine may have different absorption

coefficients (Kovács et al. 2010). Given that the principle

absorbance in olivine is related to clinohumite lamellae

defects, it is appropriate to use the absorption coefficient

kTiCl = 0.125 ppm cm2 instead of 0.188 ppm cm2, which

is the absorption coefficient generally used for olivine (Bell

et al. 2003), to calculate the water content in Ol-C. As with

the humite analysis, the scatter in the integrated absorbance

of the grains is partly related to the anisotropy of absor-

bance in olivine. The Ol-C was pooled into four groups

with similar Ti contents (Fig. 8a) in order to determine the

total absorbance from randomly oriented grains. The linear

absorbance of olivine in groups II, III and IV was higher

than 0.3 and thus the total absorbance from these averages

might be underestimated (Kovács et al. 2008). The result-

ing water contents are high and range from 440 to

2,600 ppm H2O and display a very systematic increase

with increasing Ti contents (Fig. 8b; Table 4). The corre-

lation line is forced to go through the origin. Small

amounts of Si vacancy point defects are also manifested by

the bands at 3,610 and 3,473 cm-1 and they might con-

tribute small amounts of water unrelated to Ti. This could

be an explanation for the observation that group I and II

plot slightly above the correlation line.

Intergrowth between olivine and humite minerals

Under the microscope, olivine displays sharp-oriented,

yellow lamellae providing strong evidence for an inter-

growth of olivine and Ti-clinohumite (Fig. 1). This is

supported by the IR spectra of these olivine (Fig. 7) that

show striking similarities with Ti-clinohumite. Ti-clin-

ohumite lamellae in olivine were reported from: (1) mantle

xenoliths within the Buell Park kimberlite with an esti-

mated P–T condition of 1,000 �C, 2–3 GPa (Aoki et al.

1976; Kitamura et al. 1987); (2) garnet peridotites at Cima

di Gagnone, Central Alps (Risold et al. 2001) with a peak

metamorphic conditions of 780 �C, 3 GPa (Scambelluri

et al. 2014); (3) serpentinites in the Almirez Massif

(Spain), which reached peak conditions of 670 �C, 1.6–1.9

GPa (López Sánchez-Vizcaı́no et al. 2005, 2009; Padrón-

Navarta et al. 2010); (4) olivine formed during the break-

down of Ti-clinohumite from an orthopyroxenite in Dabie

Shan (China) with the peak metamorphic condition of

4.0 ± 1.0 GPa, 700 ± 50 �C (Liou and Zhang 1998; Jahn

et al. 2003; Hermann et al. 2007). Olivines from the last

setting were analysed by Hermann et al. (2007) with TEM

and IR-spectroscopy demonstrating the link between the

FTIR spectra and planar Ti-clinohumite defects. The FTIR

spectra of olivines from Cima di Gagnone, Dabie Shan and

Almirez Massif all display the same water (as OH) bands at

3,564, 3,525 and *3,400 cm-1 as Ti-clinohumite (Her-

mann et al. 2007), in agreement with the result of this

study.

The most interesting feature of the present study is the

relationship between water and Ti in olivine and clinohu-

mite. The observed variation in Ti-clinohumite (Fig. 10) is

consistent with a simple intergrowth with olivine. How-

ever, the Ti-H2O trend in olivine (Figs. 8b, 10) provides

Table 3 Titanium and water contents of different groups of Ti-clinohumite and Ti-chondrodite

Sample TiO2 (wt%) Ti (ppm) Average integrated

absorbance (cm-1) (AIA)

Total absorbance

(cm-1) (3*AIA)

t (lm) k (ppm cm2) H2O (ppm)

SD

Ti-clinohumite

TiCl-C-1 (10) 1.61 9,663 2,263 1.7 5.2 1.25 0.125 5,210

TiCl-C-2 (10) 2.72 16,280 1,366 3.5 10.5 1.25 0.125 10,500

TiCl-C-3 (10) 3.36 20,110 964 3.8 11.4 1.25 0.125 11,400

TiCl-C-4 (13) 4.55 27,300 4,716 4.9 14.6 1.25 0.125 14,600

Ti-chondrodite

TiCh-C-1 (10) 6.13 36,770 770 9.2 27.5 1.25 0.125 27,400

TiCh-C-2 (9) 6.86 41,100 742 9.1 27.2 1.25 0.125 27,200

TiCh-C-3 (10) 7.28 43,650 709 8.2 24.7 1.25 0.125 24,700

TiCh-C-4 (19) 7.74 46,395 807 10.4 31.3 1.25 0.125 31,300

TiCh-C-5 (8) 8.38 50,200 1,835 9.9 29.7 1.25 0.125 29,700

The number of grains analysed in each group is given in parenthesis
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evidence that the Ti-clinohumite lamellae in olivine must

have a significantly lower X of 0.19, than the macroscopic

Ti-clinohumites with an X = 0.41. The calculated

water content in olivine using the calibration of

kOl = 0.188 ppm cm2 (Bell et al. 2003) would be 50 %

higher than what we used based on our newly determined

absorption coefficient kTiCl = 0.125 ppm cm2 for lamellar

defects in olivine. Hence, using the Bell calibration would

make the X for the Ti-clinohumite lamellae in olivine even

lower. This indicates that lower amounts of Ti are required

to stabilize clinohumite planar defects in olivine than to

stabilize the macroscopic Ti-clinohumite phase.

TEM images of Ti-clinohumites provide clear evidence

for the intergrowth of Ti-clinohumite and Ti-chondrodite

(Fig. 9). Such an intergrowth is impossible to detect with

FTIR alone because the spectra of the two phases are so

similar. However, the quantification of water and Ti sup-

ports such an intergrowth. The scatter of the five groups of

Ti-chondrodite suggests that there is intergrowth with Ti-

clinohumite as well as olivine. The Ti-chondrodite

endmember has an approximate X between 0.35 and 0.40

(Fig. 10).

Implications for deep subduction of water

The investigated ultramafic rocks from Changawuzi are

associated with eclogites and occur in an area where

deep subduction of rocks to UHP conditions is docu-

mented (Zhang et al. 2003; Lü et al. 2008, 2009, 2012b;

Lü and Zhang 2012; Yang et al. 2013). Ti-clinohumite

lamellae in olivine have also been described from Al-

mirez, Cima di Gagnone and Dabie shan (see above) that

are all related to deeply subducted rocks. Mantle xeno-

liths from Buell Park that contain olivine with Ti-clin-

ohumite lamellae come from the Colorado Plateau (Aoki

et al. 1976; Kitamura et al. 1987), where xenoliths of

subducted oceanic crust also have been described (Usui

et al. 2006). Therefore, Ti-clinohumite lamellar defects

in olivine seem to be a common feature in subducted

ultramafic rocks.
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60000Fig. 10 Calculated water

content in TiCh, TiCl and Ol

based on total absorbance of

randomly oriented grains as a

function of measured Ti

contents. The four data points of

Ol-C are the same as in Fig. 8

and Table 4; four data points of

TiCl-C and five data points of

TiCh-C are the same data as in

Fig. 5 and Table 3. Ideal Ti-

chondrodite (thick blue line) and

Ti-clinohumite (thick red line)

were calculated based on the

chemical formulae with various

XTi. Error bars refer to 1

standard deviation from the

multiple Ti analyses and 10 %

for the error on total absorbance

from multiple analyses of

randomly oriented grains

Table 4 Titanium and water contents of different groups of olivine

Sample Ti (ppm) Average intergrated

absorbance (cm-2) (AIA)

Total absorbance

(cm-2) (3*AIA)

k (ppm cm2) CH2O (ppm)

SD

Ol-I (n = 13) 128 82 1,180 3,540 0.125 442

Ol-II (n = 18) 478 100 3,280 9,840 0.125 1,230

Ol-III (n = 13) 972 91 5,234 15,702 0.125 1,960

Ol-IV (n = 7) 1,397 157 6,909 20,727 0.125 2,590

The number of grains analysed in each group is given in parenthesis
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In the investigated sample, olivine coexists with

hydrous minerals such as Ti-clinohumite, Ti-chondrodite,

chlorite and antigorite. Detail petrology and experimental

work of these rocks, that will be discussed in detail

elsewhere, indicate that olivine associated with Ti-

chondrodite and antigorite formed at very high pressures

of[3.6 GPa at temperatures of 520–550 �C, characteristic

of cold subducted slabs. Interestingly, the Ti-clinohumite

lamellae defects in olivine also occur in garnet peridotites

of Cima di Gagnone (Risold et al. 2001; Hermann et al.

2007) that do not contain any of these hydrous phases. A

recent study has shown that the Cima di Gagnone rocks

originate from prograde dehydration of serpentinites dur-

ing subduction at a similar pressure of *3 GPa, but

higher temperatures of 780–800 �C (Scambelluri et al.

2014). Rare relic Ti-clinohumite as well as oliv-

ine ? ilmenite intergrowth typical for Ti-clinohumite

breakdown is present in the garnet peridotites (Scambel-

luri et al. 2014). This indicates that water transport in

lamellae within olivine is possible at conditions that

exceed the stability of chlorite, antigorite and Ti-clin-

ohumite. Therefore, olivines with Ti-clinohumite defects

are able to transport water to greater depth in subducted

ultramafic rocks than the hydrous phases.

The observed strong correlation between Ti and water

can be used to estimate the capacity of ultramafic rocks to

transport water in subduction zones beyond the breakdown

of hydrous phases. Figure 10 shows that olivine with

lamellae defect can transport the highest amount of water

for a given Ti content, followed by Ti-clinohumite and Ti-

chondrodite. If all the Ti is hosted in olivine, then about

1,660 ppm H2O can be stored in the investigated wehrlite

C11107 for the measured 480 ppm Ti. Harzburgite with

typical 500 ppm Ti would have a similar maximum water

storage capacity whereas lherzolites with up to 1,200 ppm

Ti potentially could host even higher water contents.

However, it is unlikely that these maximum water contents

persist during further burial of ultramafic rocks within the

subducted slab. The olivines at Cima di Gagnone contain

also oriented ilmenite rods (Risold et al. 2001) that likely

originate from the dehydration of Ti-clinohumite lamellae.

Additionally, ilmenite occurs as accessory mineral

(Scambelluri et al. 2014) and thus not all Ti is bound in

hydrous olivine. Therefore, it seems plausible that small

amounts of water are liberated continuously from dehy-

drating humite lamellae within olivine during subduction

of ultramafic rocks. It is expected that with increasing

temperature, point defects are becoming more abundant

(Hermann et al. 2007). The strong link between Ti and

water in olivine might still persist into regions where such

point defects are dominant, as shown for the lithospheric

mantle beneath Germany (Schmädicke et al. 2013), where

H in point defects associated with Ti is the most important

mode of water storage in the upper mantle leading to a

correlation between water and Ti contents.

Conclusions

1. We applied attenuated total reflectance (ATR) FTIR to

the investigation of the hydrous minerals Ti-clinohu-

mite and Ti-chondrodite. The path length of IR light

through these minerals is 1.25 lm using a Ge-tip ATR

objective. The two humite minerals display similar IR

bands at *3,562, 3,525 and *3,583–3,586 cm-1, but

Ti-chondrodite has a stronger absorbance than Ti-

clinohumite and the ratio of linear absorbance between

3,583–3,586 and the 3,525 cm-1 bands is higher in Ti-

chondrodite.

2. An absorption coefficient of 0.125 ppm cm2 for Ti-

clinohumite has been determined with polarized FTIR

measurements of three perpendicular sections from a

large Ti-clinohumite sample from Val Malenco, Italy,

for which the water content has been determined

previously.

3. Olivine from an UHP serpentinite in Tianshan, China,

contains extensive Ti-Clinohumite lamellae. The mea-

sured Ti and H2O contents of Ti-clinohumite and

Ti-chondrodite provide evidence for an intergrowth of

Ti-clinohumite with olivine and Ti-chondrodite with

Ti-clinohumite and olivine.

4. The ratio of H2O to Ti is highest in olivine, followed

by Ti-chondrodite and Ti-clinohumite. The water

content in olivines that contain Ti-clinohumite lamel-

lae ranges from 440 to 2,590 ppm. Such olivine is

likely to be stable even after the dehydration of

antigorite and chlorite and could be an important

carrier of water to the deeper mantle in subducted

ultramafic rocks.
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