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[1] We report analyses of hydrogen abundance in experimentally annealed and natural mantle minerals

using FTIR and use these data to establish calibration lines for measurement of H2O concentrations in

olivine, pyroxenes, garnet, amphibole and mica by secondary ion mass spectrometry (SIMS). We have

reduced the detection limit for H2O analysis by SIMS to 2–4 ppm H2O (by weight) through careful

attention to sample preparation and vacuum quality. The accuracy of the SIMS calibrations depends on the

choice of FTIR extinction coefficients; however, all of the calibrations reported here are shown to be

consistent with measurements on standards whose H2O abundance has been determined independently via

manometry or nuclear reaction analysis. The resulting calibrations are accurate to 10–30% at the 95%

confidence limit, with improvements possible through the use of higher-H2O standards. Using our SIMS

calibration, we determined hydrogen concentrations in coexisting olivine, orthopyroxene, and glass from a

single melting experiment at 2 GPa and 1380�C. Olivine/melt and orthopyroxene/melt partition

coefficients are equal to 0.0020 ± 0.0002 and 0.0245 ± 0.0015, respectively, and the orthopyroxene/olivine

coefficient is 12 ± 4 (2s uncertainties).
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1. Introduction

[2] Most of the hydrogen in the Earth’s mantle is

likely dissolved as OH in nominally anhydrous

minerals, in substitutions similar to those docu-

mented in minerals from mantle xenoliths [e.g.,

Aines and Rossman, 1984; Smyth et al., 1991; Bell

and Rossman, 1992a, 1992b; Bell et al., 1995;

Snyder et al., 1995; Kurosawa et al., 1997]. Con-

sidering the influence of hydrogen on mantle

properties such as melting point [e.g., Kushiro,

1969; Hirth and Kohlstedt, 1996; Karato and

Jung, 1998], rheology [e.g., Chopra and Paterson,

1984; Karato et al., 1986; Hirth and Kohlstedt,

1996], conductivity [e.g., Karato, 1990] and seis-

mic velocity [e.g., Inoue et al., 1998], it is impor-

tant to understand the distribution of H between

mantle phases and the mass transfer processes that

influence them. Yet, experimental determinations

of the distribution of trace amounts of hydrogen

remain limited [for example, see discussion of H

partitioning in mantle, Hirth and Kohlstedt, 1996].

Available experimental data include pioneering

studies of hydrogen solubility in olivine [Bai and

Kohlstedt, 1992, 1993; Bai et al., 1994; Kohlstedt

et al., 1996; Matveev et al., 2001], garnet [Acker-

mann et al., 1983; Geiger et al., 1991; Lu and

Keppler, 1997; Withers et al., 1998], pyroxenes

[Skogby, 1994; Kohn, 1996], and other high pres-

sure minerals [e.g.,Meade et al., 1994; Inoue et al.,

1995; Kohlstedt et al., 1996; Bolfan-Casanova et

al., 2000; Murakami et al., 2002] and phase

equilibria studies of hydrogen-bearing partially

molten peridotite [Kushiro, 1972; Green, 1973;

Mysen and Boettcher, 1975a, 1975b; Hirose and

Kawamoto, 1995; Kawamoto and Holloway, 1997;

Gaetani and Grove, 1998]. To date there exists

only one experimental study of hydrogen partition-

ing between nominally anhydrous minerals and

silicate melt [Sweeney et al., 1997], and one study

documenting hydrogen partitioning between natu-

ral boninite glass/orthopyroxene pairs [Dobson et

al., 1995].

[3] Among the difficulties contributing to limited

understanding of hydrogen behavior in nominally

anhydrous mantle minerals is the challenge of meas-

uring accurately low abundances of hydrogen in

small experimental samples. Some successes have

been demonstrated using Fourier transform infrared

spectroscopy (FTIR) on experimentally annealed,

large (more than 1mm in length) olivine and garnet

crystals [e.g., Ackermann et al., 1983; Geiger et al.,

1991; Kohlstedt et al., 1996; Lu and Keppler, 1997]

or on experimentally annealed small crystals with

unknown orientations [e.g., Withers et al., 1998].

For optically anisotropic minerals, accurate FTIR

analyses require identification of optical orienation

[Paterson, 1982; Libowitzky and Rossman, 1997],

which can be challenging in samples recovered from

high-pressure experiments. FTIR has the capability

to measure low hydrogen abundances as well as

provide information on hydrogen speciation, but

element-partitioning experiments involving a melt

phase normally do not produce crystals amenable to

oriented FTIR analysis. Nuclear reaction analysis

(NRA) applied to measurements of hydrogen abun-

dance [e.g., Bell et al., 2002] can attain detection

limits of 2–4 ppm H2O and does not require crystal

orientation, however the spatial resolution of this

technique is limited to hundreds of microns. Elastic

recoil detection analysis (ERDA) can attain spatial

resolution below 100 mm and is also insensitive to

crystal orientation [Sweeney et al., 1997], but the

results of this technique currently give elevated H2O

abundances for olivine that are not in agreement

with solubility considerations and FTIR measure-

ments [Bell et al., 2002].

[4] Considering designs of potential experiments

to investigate hydrogen equilibration between mul-

tiple condensed phases, an analytical procedure for

hydrogen analysis that combines low detection
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limit, high spatial resolution and insensitivity to

crystal orientation would be of considerable utility.

The ion microprobe offers these advantages, and in

this paper we demonstrate that advances in secon-

dary ion mass spectrometry (SIMS) hold new

promise for quantitative analysis of hydrogen in

nominally anhydrous phases.

[5] The main obstacle for achieving accurate meas-

urements of hydrogen in low-concentration phases

by SIMS is the high level of background hydrogen

endemic to typical analytical conditions, as hydro-

gen is a relatively abundant contaminant in mass

spectrometer vacuums, in primary ion sources, and

adsorbed onto sample surfaces [Yurimoto et al.,

1989; Ihinger et al., 1994; Deloule et al., 1995].

All previous SIMS studies of water abundance in

silicates have encountered either high background or

coarse spatial resolution, and are not applicable for

analysis of nominally anhydrous minerals with H2O

contents less than 100 ppm. Hinthorne and Ander-

sen [1975] reported a detection limit of 120 ppm

H2O byweight (all ppmH2O references in this paper

are in weight units) with a calibration from various

hydrous minerals. Sisson and Layne [1993] reported

glass water content down to 1.0 ± 0.1 wt% using a

Cameca IMS3f ion probe at the Woods Hole Oce-

anographic Institution. Detailed silicate glass anal-

yses byDeloule et al. [1995] revealed a background

level of 1600 ppm H2O using Cameca IMS3f at

CRPG-CNRS (Nancy, France) with 2–6 nA O�

primary beam with �80 V energy offset. The same

group later reduced the background to 300 ppmH2O

by using a 10–15nAO� primary beam with�100V

offset [Sobolev and Chaussidon, 1996]. Substantial

improvements in SIMS techniques were demonstra-

ted by Yurimoto et al. [1989] and Kurosawa et al.

[1992], who achieved a low-blank calibration of a

Cameca IMS3f at University of Tsukuba with oli-

vine, quartz and glasses, using a 100–150nA O�

primary beam and �100V secondary acceleration

voltage offset (energy filtering). The probe diameter

of these studies was 100 mm, but the spatial reso-

lution was improved to 60 mm with use of a field

aperture. Importantly, the detection limits for these

studies (6–7 ppm H2O) were determined from the

analysis of a known anhydrous material (quartz with

0.75 ppmH2O). Recently,Hauri et al. [2002] used a

Cameca IMS6f at the Department of Terrestrial

Magnetism of the Carnegie Institution at Washing-

ton (DTM) with a Cs+ primary beam and no energy

offset and achieved a detection limit of 20–30 ppm

H2O and a spatial resolution of 5–10 mm.

[6] The goal of this contribution is to detail

improved analyses of small quantities of hydrogen

at high spatial resolution in a variety of nominally

anhydrous minerals. To this end, we describe

improved procedures for achieving a low detection

limit for hydrogen by SIMS and document this by

analyzing crystals with known very low H2O

contents. We also combine and compare FTIR

and SIMS analyses of experimentally annealed

olivine and orthopyroxene, along with new SIMS

analyses of olivine, pyroxenes and garnets ana-

lyzed previously by FTIR, manometry and nuclear

reaction analysis [Bell and Rossman, 1992a,

1992b; Bell et al., 1995, 2002]. Data are also given

for various amphiboles and micas [Deloule et al.,

1991]. We use these analyses to construct separate

SIMS calibration curves for each of these phases.

Finally, we report some preliminary determinations

of hydrogen partition coefficients between olivine,

opx, and hydrous silicate melt and we compare

advantages of FTIR and SIMS for measurements

of hydrogen concentration in experimental charges

requiring high sensitivity.

2. Standards

[7] The standards used in this study come from

several sources (Table 1). Olivine and orthopyrox-

ene with a range of H2O concentrations were made

by annealing at elevated pressure (0.3 and 2 GPa)

and temperature (1000�–1200�C). One high-con-

centration olivine standard, DLK-16, annealed at

13 GPa and 1100�C, is from the study of Kohlstedt

et al. [1996]. Selected olivine, orthopyroxene,

garnet, clinopyroxene, amphibole and mica natural

minerals are from previously published work [Bell

and Rossman, 1992a, 1992b; Bell et al., 1995; Bell

et al., 2002; Deloule et al., 1991] and basalt

standards are those described by Hauri et al.

[2002]. The synthetic forsterite is from Morioka

[1980]. Finally, minerals with very low hydrogen

(>40–200 ppb H2O), experimentally dehydrated
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and verified by FTIR, were used to determine the

level of hydrogen background during SIMS anal-

ysis. SIMS data along with H2O abundances of

these standards are given in Table 2.

3. Experimental Procedures

[8] Large optically clear crystals of olivine and

orthopyroxene were used as the starting material

for hydrogen bearing annealing experiments. Oli-

vine, (Mg1.8Fe0.2)SiO4, is from San Carlos, Ari-

zona, and orthopyroxene, (Mg1.58Fe0.39Al0.03)

(Si1.96Al0.03)O6, is from Kangan, Andhra-Pradesh,

India. These crystals were first oriented to their

optical axes as estimated from their crystal habits,

and then more precisely by x-ray microdiffraction

at the University of Minnesota. Oriented crystals

were cut to rectangular prisms with three different

Table 2. Water Contents and SIMS Data for Standards

Sample name 1H/30Si (2s) H2O wt% (2s) Mthd, Ref. Sample name 1H/30Si (2s) H2O wt% (2s) Mthd, Ref.

Basalt Orthopyroxene (����104)
run 24 8.78(22) 5.54(5) M,1 KBH-1 0.026(3) 186(20) M,6
run 17 6.9(2.0) 5.33(5) M,1 a270 0.035(6) 134(47) F,12
run 30 8.47(16) 4.81(5) M,1 268(94)b

ALV1833-1 3.36(18) 2.43(30) F,2 a280 0.026(2) 122(43) F,12
ALV1833-11 2.13(24) 1.20(50) F,2 244(86)b

30-2 1.20(1) 0.60(6) F,3 a281 0.029(6) 108(38) F,12
Bouvet CHN 1.06(2) 0.52(5) M,4 216(76)b

SLNT 1.01(3) 0.49(5) M,4 Enstatite India 0.019(3) 60(21) F,12
ALV 526-1 0.357(5) 0.25(3) M,4 120(42)b

1OC-1 0.305(4) 0.24(3) M,4 a286 0.012(2) 36(13) F,12
ALV519-4-1 0.390(22) 0.17(2) F,5 72(26)b

40-2 0.276(3) 0.15(2) F,3 a288 0.009(2) 22(8) F,12
KI-79-6 0.202(7) 0.11(2) F,8 44(16)b

Enstatite Kenya+ 0.00066(6) 0.2(1)b F,12
Garnet (�104)

MON-9 0.0032(12) 56(11) M,6 Clinopyroxene (�104)
ROM263-25 0.0019(8) 32(6) F,11
ROM263-52 0.0079(70) 15(3) F,11 PMR-53 0.038(5) 286(30) M,6
MON-9HT+ 0.00034(2) 0.10(5) F,6 PMR-53HT+ 0.00065(3) 0.10(5) F,6

Olivine (�104) Amphibole
DLK16 0.410(52) 1090(382) F,7 Bamble 3.59(40) 2.03(20) M,10

3820(1340)a Bita Hochee 2.52(14) 1.37(14) M,10
KLV-23 0.0112(31) 120(20) NR,9 Kipawa 2.77(5) 1.52(15) M,10
GRR1012 0.0264(47) 220(40) NR,9 Illimaussaq 5.33(42) 1.60(16) M,10
a270 0.0104(1) 30(10) F,12 Seljas 3.04(80) 2.47(25) M,10

105(35)a Alpes
a280 0.0260(40) 50(17) F,12 (C-parallel) 3.76(12) 2.81(30) M,10

175(60)a (C-perp.) 3.46(20) 2.81(30)
a278 0.0123(1) 21(7) F,12

74(25)a Mica
a286 0.0069(8) 17(6) F,12 CO1a phlog.

60(21)a (C-parallel) 5.23(30) 2.71(30) M,10
a287 0.0042(8) 17(6) F,12 (C-perp.) 5.24(26) 2.71(30)

60(21)a M114 biotite
SynFo68+ 0.00046(3) 0.04(2)a F,12 (C-parallel) 6.33(6) 3.00(30) M,10

(C-perp.) 6.20(40) 3.00(30)
SynFo100+ 0.00045(2) 0.04(2)a F,12 Mica-Fe

(C-parallel) 5.33(8) 2.78 M,10
(C-perp.) 5.47(36) 2.78

a
Olivine concentrations in italics calculated from the method of Bell et al. [2002].

b
Opx concentrations in italics increased by factor of two for consistency with manometry (see text). Methods(Mthd.): F, FTIR; M, manometry;

NR, nuclear reaction. The plus denotes the minerals used as ‘‘zero standard.’’ References are as follows: (1) Mandeville, personal communication;
(2) Stolper and Newman [1994]; (3) A. Sobolev, personal communication; (4) Stolper [1982]; (5) Fine and Stolper [1994]; (6) Bell et al. [1995]; (7)
Kohlstedt et al. [1996]; (8) Hauri et al. [2002]; (9) Bell et al. [2002]; (10) Deloule et al. [1991]; (11) Bell and Rossman [1992b]; (12) this study.
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edge lengths, which permitted tracking of the

orientation of crystals during preparation. The final

crystal dimensions were approximately 1.2 � 0.8

� 0.5 mm. Water contents of starting olivine and

orthopyroxene crystals were <2 ppm and 60 ppm

H2O, respectively, as determined by FTIR. The

starting minerals were not preconditioned at fixed

oxygen fugacity prior to annealing.

[9] Oriented crystals were loaded in a gold or

nickel capsule (4–5 mm in length, 2–3 mm inner

diameter). First a 1 mm thick layer of powdered

talc was loaded in the capsule, and 1–2 microliters

of double-distilled H2O was added with a micro-

syringe. In some cases, liquid D2O (>98% D) was

added to create variable H2O concentrations in the

experimental charges. This technique allowed us to

synthesize crystals with a wide range of H2O

concentrations within a limited pressure range. If

the fluid droplet was not absorbed by the talc

powder, additional talc was added and packed flat.

The olivine and opx crystals were placed in the

capsule carefully, so that their optical orientation

could be recovered after the experiment. The

capsule was then welded shut.

[10] Annealing experiments were performed in a

1/2 inch bore piston cylinder apparatus at Univer-

sity of Minnesota. Further details of the experi-

mental design, temperature, and pressure

calibrations are given in Xirouchakis et al.

[2001]. The oxidation state of the charge was not

controlled, but Xirouchakis et al. [2001] showed

that this assembly fixes fO2 within the stability

field of wustite. Conditions of individual experi-

ments, expected fO2 and capsule material are

further described in Table 3.

[11] Initially, we attempted to recover single crys-

tals from quenched charges by carefully peeling the

Au capsule with a razor blade, but crystals frac-

tured during depressurization and quenching, mak-

ing it impossible to recover large single crystals.

Instead, we analyzed oriented crystals by section-

ing the experimental charge perpendicular to the

long direction. Available data on diffusion of

hydrogen in olivine and pyroxene [Mackwell and

Kohlstedt, 1990; Ingrin et al., 1995] allow estima-

tion of the time required to approach equilibrium

partitioning of hydrogen. Diffusion is slower in

pyroxene, and assuming Dopx = 2 � 10�11 m2/s at

1150�C, a 1 mm slab of opx will equilibrate in 4

hours. The extent of homogeneity was checked by

searching for variation in hydrogen abundance in

the ion probe spot analyses.

4. Analytical Procedures

4.1. Infrared Spectroscopy

[12] FITR measurements employed a Nicolet Ser-

ies II Magna-IR System 750 FTIR equipped with

Nic-Plan IR microscope and KBr beam splitter at

the Material Characterization facility at University

of Minnesota. Apertures were normally set to 100

mm diameter illumination, smaller apertures were

used when it was necessary to reduce the area of IR

transmission. The IR signals were collected for

wave number resolution of 2 cm�1 and from 128

to 1024 scans depending on aperture size and

absorption intensity. This method is described in

detail by Kohlstedt et al. [1996].

[13] Recovered experimental crystals were doubly

polished for FTIR analysis. Typically, crystals were

ground to a thickness of approximately 100–200

mm using alumina power or diamond lapping films,

with final polishing done with one micron grit.

During polishing, the crystal was fixed to a metal

disk using acetone-soluble superglue. The glue was

then dissolved in acetone for 20 min, then in

ethanol and distilled water for 5 min each.

[14] After polishing, samples were placed in a

vacuum oven at 110�C and 2 kPa for at least 2

hours, and preferably more than 12 hours. Omis-

sion of vacuum oven treatment resulted in appear-

ance of IR absorption peaks near 2700–2800

cm�1, which are characteristic of C-H bonding

and therefore of acetone or ethanol contamination

(Figure 1). For such samples, broad absorption

peaks attributable to molecular H2O were also

present between 3100 and 3700 cm�1. With more

rigorous drying, C-H and molecular H2O peaks

diminished, and narrow peaks between 3300 and

3400 cm�1 and between 3500 and 3600 cm�1

became more prominent. These sharper peaks were

inferred to represent stretching vibrations in lattice-
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bound OH� ions. It is interesting to note that

standard drying ovens or short duration in a vac-

uum oven were insufficient to eliminate surface-

adsorbed molecular H2O. This problem may be

even more significant for studies employing pow-

ders, and we emphasize that spurious analytical

results may result from measurements of H in

experimentally annealed samples if stringent dry-

ing procedures are not implemented.

[15] The concentration of H2O in minerals was

quantified by the strength of absorption in the

3750–3000 cm�1 region (Figure 1) using Beer’s

law, which describes the linear relationship

between number of infrared active bonds in a

matrix and the quantity of absorption. The Beer’s

law extinction coefficient determines the corre-

spondence between absorption and concentration.

We used two methods to calculate H2O concen-

trations from FTIR spectra in olivine and orthopyr-

oxene. The first method uses the empirical

extinction coefficients and integration methods

described by Paterson [1982]. We chose to use

this method in order to maintain consistency with

measurements of experimental samples previously

analyzed at Minnesota [Kohlstedt et al., 1996]. The

second method is modified from the technique

described by Bell et al. [2002] applied to the same

spectra. These two quantification methods gave

similar H2O concentrations for natural orthopyrox-

ene, as observed previously [Bell et al., 1995].

However, mutual agreement among SIMS, FTIR

and manometry requires that the H2O abundances

for the experimentally annealed orthopyroxenes in

our study are approximately twice as high as

measured by FTIR using the technique of Paterson

[1982]. This difference may result from a combi-

nation of factors, including detailed differences in

crystal orientation, light polarization and integrated

absorbance between different FTIR techniques, and

different IR-sensitive substitution mechanisms

between natural and experimentally hydrated

orthopyroxenes. For olivine, the method of Bell

et al. [2002] gives H2O abundances 3.5 times

higher than the method of Paterson [1982] for

the olivines in our study. Both sets of olivine and

orthopyroxene concentrations are reported in Table

2, together with H2O abundances of all other

standards used in this study.

[16] Uncertainties in hydrogen concentrations

determined by FTIR stem from a number of

potential sources, including (1) different crystal

orientations and sources of IR light (polarized

versus non-polarized), (2) reproducibility of

absorption peaks, (3) correction of IR absorption

baseline at low signal-to-noise ratios, (4) measure-

ment of sample thicknesses, and (5) imperfections

in crystal orientation. We found the reproducibility

of absorption peaks to be <2 cm�1 for wave

number and for <1% relative for intensity on the

basis of repeated analyses of the sample spot.

Assignation of an accurate baseline correction is

more problematic. The OH absorption peak

appears on top of a broad slope (Figure 2) and

there is no rigorous theory to determine the proper

method of subtracting this background. Different

polynomial baseline corrections on a same

absorption curve result in 15–20% variation of

H2O determination. Sample thickness contributes

Table 3. Conditions and Capsule Materials of H and D Bearing Synthesis Experimentsa

Sample Capsule rel. fO2 Fluid oliv opx T (�C) P(GPa) Hours

a270 Au tube weld seal, MgO wu H-talc x x 1100 1.8 2.0
a278 Pt tube weld seal, MgO wu H-talc x 1150 2.3 2.2
a280 Au long tube weld, MgO wu D-fl/H-talc x x 1150 2.3 3.0
a281 Au tube weld seal, MgO wu H-talc x 1000 2.5 24.0
a286 NiO cup, Au gasket, P seal, MgO Ni metal D-fl/H-talc x x 1150 2.3 4.2
a287 Au tube weld seal, graphite wu D-fl/H-talc x x 1150 2.3 5.0
a288 Ni cup, Au gasket, P seal, MgO Ni metal D-fl/H-talc x x 1150 2.3 4.6

Melting experiment
b13 Ni cup Au gasket P seal, MgO Ni metal D-fl/H-talc 1380 1.8 44.8

a
Ni cups were sealed by pressure using Au gasket. Relative fO2 are estimated by Xirouchakis et al. [1999]. NiO capsule was recovered as Ni

metal, thus fO2 is more reduced than NiO. Subsequently, Ni metal capsules were used. Methods of fluid introduction: H-talc, natural talc powder; D-
fl, >98% D2O fluid, which was introduced to vary the composition of fluid.
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much less to measurement uncertainty, as thick-

ness is measured with a precision of approxi-

mately 2 mm, which is just 1 to 2% relative of

the total sample thickness. Finally, the uncertainty

in orienting the crystal is estimated to be less than

2� and this adds an uncertainty of less than 2% in

H2O concentration. Thus the chief uncertainty in

the precision of OH� by FTIR stems from back-

ground connections and is approximately 20%.

[17] The minimum quantity of OH absorption

detectable above the baseline corresponds to ap-

proximately 2 ppm H2O for a 100 mm-thick wafer.

Theoretically, a thicker sample allows measurement
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of lower concentrations, but experimental samples

thicker than 100 mm generally have fractures

that preclude a clear optical path. The ‘‘zero’’

standards listed in Table 1 do not have similar

flaws, as they were all prepared from gem-quality

single crystals. Their H2O contents range from

40–200 ppb H2O based on FTIR spectra of

>1 mm-thick wafers.

4.2. SIMS Analysis

[18] Initial reconnaissance studies for the working

curve calibrations were done on Cameca IMS3f

instrument at Woods Hole Oceanographic Institu-

tion using a primary beam of O� ions and measur-

ing positive secondary ions, following Deloule et

al. [1995]. These initial studies suffered from high

hydrogen backgrounds similar to those described

previously, owing to a combination of inadequate

analysis vacuum, low yield of H+ ions due to a

high energy offset, and contributions from hydro-

gen located on sample surfaces and primary beam

source. These hydrogen backgrounds were, in most

cases, higher than the actual hydrogen content of

most nominally anhydrous minerals.

[19] Subsequent ion probe measurements on exper-

imental charges were performed on a Cameca

IMS6f at DTM. This method uses a Cs+ primary

ion beam and measurement of negatively charged

secondary ions, and has been described previously

[Hauri et al., 2002]. For quantitative calibration of

the ion probe, the minerals and glasses listed in

Table 1 were measured, and calibration curves

were constructed by determining functions relating

water content (as determined by FTIR, manometry

or nuclear reaction analysis) and 1H/30Si ratio

determined by the ion probe.

[20] Analytical conditions of the DTM IMS6f ion

microprobe were identical to those described in

Hauri et al. [2002]. Instrumental vacuum condi-

tions were improved by baking the entire instru-

ment for at least 24 hours before an analytical

session. Analytical vacuum was improved further

by leaving the electron gun on for 12 hours at an

electron current of 2.5 mA, resulting in desorption

and pumping of hydrogen from the interior surfa-

ces of the instrument. The electron beam current

was then reduced to 0.3–0.4 mA for the analyses

[Hauri et al., 2002]; in this way, hydrogen desorp-

tion from the instrument by the electron beam does

not contribute to the hydrogen background. Align-

ment of the electron gun was periodically checked

by attaining uniform secondary ion intensity within

the sputter crater by observing the H ion image on

a hydrous glass (ALV1833-1 or ALV1833-11). The

energy window was narrowed during this proce-

dure to improve the energy resolution of the

charge-compensated ion image.

[21] This study improves on the hydrogen back-

grounds reported by Hauri et al. [2002] mainly

through improvements in sample preparation and

analytical vacuum. The use of standards with

extremely low but known H2O contents is critical

to accurate determination of the hydrogen detection

limit, so that the measured detection limit is not

limited by the hydrogen abundance of the lowest

standard. The ultimate vacuum of the DTM ion

probe analysis chamber, without samples inserted

or beams on, is 2 � 10�10 torr; this vacuum

increases to 5 � 10�10 torr with ion and electron

beams on. As a result, samples and standards must

be prepared so that they do not degrade the vacuum

further. This is achieved by attaching the samples

to aluminum disks with a small amount of super-

glue, or pressing the samples into holes filled with

indium metal. Epoxy is to be avoided at all costs,

as numerous measurements of the hydrogen detec-

tion limit suggest that epoxy forms a hydrogen-

bearing gaseous boundary layer at the surface of a

degassing sample, which contributes to the hydro-

gen background although it may not degrade the

overall vacuum pressure.

[22] The SIMS analyses were performed using the

following procedure. A primary beam 20 mm in

diameter was rastered over a 50 mm � 50 mm area

for 1–3 min prior to analysis. During this time, we

monitored secondary ion images of 1H, 12C and
35Cl projected on the channel plate. This procedure

helped avoid inclusions and cracks, which appear

as bright features on the projected image. After

each beam spot was carefully examined, the raster

was stopped and a field aperture inserted to permit

transmission of ions only from the central 8 mm of

the 20 mm beam crater, thus avoiding transmission
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of hydrogen ions from the edge of the sputter crater

and the surface of the sample. Counting times for
1H, 2D, and 30Si, were 5, 10, and 1 s respectively.

Sometimes 12C/30Si and 35Cl/30Si ratios were

measured as a monitor of possible surface contam-

ination, and analyses showing spuriously high

values of these ratios discarded.

[23] SIMS calibrations are regressions of ion probe

signals compared to known concentrations. The

former is normally taken as the intensity ratio of

two elements, one being the element of interest and

the other a matrix element common to many

phases. In this study, standard H2O concentrations

are plotted against measured 1H/30Si ratios. This

provides a robust analysis which is little influenced

by primary beam fluctuations or by ionization

efficiency changes owing to matrix effects [Shi-

mizu and Hart, 1982].

4.3. Crystallographic Orientation

[24] Ion probe analyses were made in one amphib-

ole and three micas to investigate the possibility

that the SIMS H2O calibrations could depend on

crystallographic orientation. Analyses were made

parallel and perpendicular to the C-axis of these

minerals, and the results are given in Table 2.

Comparison of data obtained with C-parallel and

C-perpendicular crystal orientations show clearly

that there is no dependence of the measured
1H/30Si ratios on crystallographic direction. The

SIMS techniques are thus generally applicable to

minerals of any orientation.

5. SIMS Detection Limit For H2O in
Silicates

[25] Detection limits of hydrogen in SIMS analyses

are usually estimated from Y-intercepts of linear

regressions of data from standards [e.g., Ihinger et

al., 1994]. However, this method may be inaccu-

rate if uncertainties on regressed data are large or if

H concentrations in standards are substantially

greater than the detection limit. Accurate estimates

of detection limits require standards with H2O

abundances known to be substantially lower than

the expected background. Consequently, we meas-

ured olivine, orthopyroxene, clinopyroxene and

garnet ‘‘zero’’ standards (Table 1) with H2O abun-

dances demonstrably less than 1 ppm. These

‘‘zero’’ standards gave consistent measured H2O

abundances of 2–4 ppm by weight by SIMS.

Standard data used in the calibration regressions

were corrected for this background.

[26] In an effort to reduce further the hydrogen

detection limit, we explored the use of energy

filtering [Shimizu and Hart, 1982]. The change of
1H/30Si for the ‘‘zero’’ olivine standard SynFo68

over various secondary acceleration voltage offsets

is shown in Figure 3 in black diamonds; in this

experiment, energy filtering was achieved by mov-

ing the energy slit at constant sample voltage. These

data show a decrease of 1H/30Si with increase of the

offset of the secondary acceleration voltage and

seemed initially to suggest that 50V of energy

filtering might reduce the hydrogen background.

However, parallel measurements of ALV 1833-1

glass demonstrated that the reduction in 1H/30Si is

actually the result of changing ion yields with

energy offset (resulting in an increasingly larger

calibration slope), rather than a change in the actual

hydrogen background. Open symbols in Figure 3

show the intensity of 1H and 30Si against the offset

of the secondary acceleration voltage for the same

measurements. Intensity of 1H and 30Si signal

decreases approximately two orders of magnitude

over 50Voffset. In the end, energy filtering resulted

in a decrease in sensitivity without an actual reduc-

tion of hydrogen background and thus we elected

not to use it.

6. Results and Discussion

6.1. Choices of IR Extinction Coefficients

[27] Paterson [1982] developed an empirical cal-

ibration of integrated extinction coefficients for O-

H bonds in silica glass, quartz, and other glasses

and water. Based on the assumption that O-H

bonds are oriented in a single direction, the

method employs a geometric coefficient which

allows the approximate determination of OH�

concentration from FTIR measurement of a single

crystal with known orientation. Although uncer-

tainties in this calibration were thought by Pater-

son to be about 30%, it has been widely adopted
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[e.g., Bai and Kohlstedt, 1992, 1993; Kohlstedt et

al., 1996; Lu and Keppler, 1997; Mei and Kohl-

stedt, 2000a, 2000b] because in certain favorable

circumstances the geometric coefficient potentially

obviates the need for more difficult polarized light

observations in multiple crystallographic direc-

tions. However, recent studies [e.g., Libowitzky

and Rossman, 1997; Bell et al., 2002] have shown

that it can result in non-systematic underestimates

of hydrogen concentrations, and this is suggested

in our SIMS data for olivine and orthopyroxene.

Here we discuss the systematic uncertainties that

may be introduced by the choice of extinction

coefficients.

[28] Even if the application of a geometric coef-

ficient may limit accuracy, it still may provide

good reproducibility and internal consistency for

similar spectra. For example, Bai and Kohlstedt

[1992, 1993] assumed that the OH bond is oriented

parallel to the c direction of olivine and documen-

ted systematic changes of H concentration as a

function of pressure, temperature, and oxygen

fugacity. However, Miller et al. [1987] demon-

strated that OH� absorption in natural olivine is

strongly pleochroic, which prevents absorption

measurements from only one orientation from

accounting for all the OH� present [Libowitzky

and Rossman, 1996; Libowitzky and Beran, 1995].

Unless the crystallographic sites of dissolved

hydrogen significantly change significantly with

experimental conditions, the methods used by Bai

and Kohlstedt [1992, 1993] likely underestimate

the concentration of OH� in olivine.

[29] Recently, Bell et al. [2002] have shown that

Paterson’s method accounts for only 25–45% of

OH concentrations in olivine. We have tested the

Paterson [1982] and Bell et al. [2002] extinction

coefficients and calculation methods by compar-

ing H2O abundances in olivine calculated for the

same IR spectra using a geometric correction

factor of 1/2 for both methods; the Bell method

results in olivine concentrations higher by a

factor of 3.5 compared to the former (Figure 4).

Table 2 lists H2O concentrations for our olivine

standards using both methods. While Bell et al.

[2002] used IR data obtained from three orthog-

onal direction, we have come to the similar

conclusion using a geometric correction factor.

This suggests that IR data reduction using geo-

metric collection can determine the abundance of

water to first order.

[30] In the present study, in addition to minerals

analyzed by FTIR, we utilized two samples of

olivine (GRR1012, KLV-23) with H2O abundance

0.1

1

1 0

1 02

1 03

1 04

1 05

1 06

0 

1 

2 

3 

4 

5 

6 

7 

x10
-4

0 1 0 2 0 3 0 4 0 5 0 6 0

1H

1H/30Si

30Si

1H
/ 30S

i  
S

IM
S

 intensity ratiolo
g 1

0 
[c

ou
nt

s/
s]

Secondary accerelation voltage offset [V]

Figure 3. Reduction of secondary ion intensity of 1H and 30Si with increase of secondary acceleration voltage offset
for analyses of the ‘‘zero’’ olivine standard SynFo68. The intensity of 1H and 30Si is read from the vertical axis on
left. Increase of the offset reduces the intensity by a factor of 20. 1H/30Si intensity ratio is read from vertical axis on
right side. While intensity dropped over factor of 20, 1H/30Si ratio dropped only factor of four reflecting a change in
relative sensitivity factors of H and Si. Energy filtering was not effective in lowering the H2O detection limit.

Geochemistry
Geophysics
Geosystems G3G3

hauri et al.: hydrogen concentration analyses 10.1029/2002GC000378

11 of 20



determined by nuclear reaction analysis [Bell et al.,

2002], and one sample each of orthopyroxene,

clinopyroxene and garnet in which hydrogen con-

centrations were determined by manometry [Bell et

al., 1995] (Table 2). Thus, all of the SIMS calibra-

tions reported here rely in part on standards whose

H2O abundances have been determined by two

different methods. Furthermore, we will show that

the consistency of the SIMS calibration curves

suggests that our choice of extinction coefficients

is accurate to within the uncertainty in the calibra-

tion fits (±12–30%).

6.2. Calibration Lines and Error
Assessments for SIMS

[31] Results of blank-corrected SIMS calibrations

are shown for basalt, olivine, pyroxenes, garnet

and hydrous phases in Figure 5 and regression

coefficients are given in Table 3. We present

three different calibration fits, linear, forced-zero

linear, and log linear, in order to test for con-

sistency and possible skewing by high-concentra-

tion standards. Ion probe data are fitted to FTIR,

manometry and nuclear reaction H2O data using

York’s regression method for uncorrelated errors

[York, 1969].

[32] When examining the SIMS calibrations for

nominally anhydrous minerals, we considered the

consistency of the calibration lines and placed a

premium on reproducing samples for which OH

measurements from nuclear reaction analysis

(GRR1012, KLV-23 olivines) and manometry

(KBH-1 opx, PMR-53 cpx, MON-9 garnet,

hydrous phases) are available. This results in SIMS

calibrations that are less likely to inherit systematic

errors from a particular corroborating method.

6.3. Basalt Calibration

[33] Hydrogen concentrations of basalt standards

are higher than minerals, and are thus better

constrained (Figure 5a). Some basalt glasses

(run24, 17, and 30) showed large spatial varia-

tions in 1H/30Si which we presume reflect sample

heterogeneity. It is included in the regression, but

its large uncertainty means it has little impact on

the weighted fit. In practice, calibration trends

are quadratic for glasses with concentrations >1.5

wt% H2O, but a linear calibration is adequate for

samples with <1.5 wt% H2O [Hauri et al.,

2002]. Prior to each ion probe session, we

checked the basalt glass calibration for consis-

tency with previous sessions. The trend shown in

Figure 4a is consistent that of Hauri et al. [2002]
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and the uncertainty on the coefficient is 10%

[Hauri et al., 2002].

6.4. Olivine Calibration

[34] Olivine calibration is shown in a linear scaled

plot (Figure 5b). Replicated points are shown

when the measurement variation exceeded the

error range determined by the counting statistics.

SIMS analyses show that this variation is caused

by heterogeneous distribution of H in some oli-

vines. There exists a good correlation of 1H/30Si

ratios with H2O concentrations among the exper-

imentally annealed olivines analyzed by FTIR. The

slope of the calibration line appears to be domi-

nated by the high hydrogen concentration sample

(DLK-16), yet the distribution of low-H2O stand-

ards about the calibration line is normal. Regres-
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Figure 5. SIMS calibration lines for (a) basalt, (b) olivine (including DLK-16), (c) orthopyroxene, (d) olivine and
orthopyroxene combined, (e) garnet and (f ) hydrous phases. Calibrations are determined by linear regression of
measurements by ion probe (1H/30Si) against standard H2O concentration (Table 2). Black line corresponds to
regression model #2 (forced zero). For olivine, H2O concentrations used are those calculated from IR spectra using
the method of Bell et al. [2002]; the resulting calibration line passes very close to olivine KLV-23 (120 ppm by
nuclear reaction analysis). The combined olivine-orthopyroxene calibration excludes olivine DLK-16, but passes
within error of its H2O content.
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sion without DLK-16 gives a calibration slope

20% lower. Regression employing the H2O con-

tents calculated from the method of Paterson

[1982] yield a trend that underestimates the H2O

abundance of GRR1012 and KLV-23 olivines by

more than a factor of two. However, using the H2O

contents calculated from the method of Bell et al.

[2002] the calibration trend passes very close to

these olivines, and has a zero intercept within error

(Figure 5b). The uncertainty on the slope of this

calibration is 20%.

6.5. Pyroxene Calibration

[35] The single Ca-bearing clinopyroxene analyzed

(PMR-53) suggest a SIMS calibration line inter-

mediate between those for basalt and olivine;

analysis of more clinopyroxene standards is a

priority for future improvements. The correlation

between 1H/30Si ratios and H2O content for the

experimental Ca-poor orthopyroxenes is good, but

the resulting correlation underestimates the data for

KBH-1 opx (H2O determined by manometry) by a

factor of two. Again, this difference is the result of

systematic differences in FTIR methods and data

reduction between the methods of Paterson [1982]

and Bell et al. [2002].

[36] Using the higher H2O abundances for ortho-

pyroxene given in Table 2, an excellent calibration

line is obtained (Figure 5c). This particular cali-

bration is supported by the consistency of the

calibration with the manometry data for KBH-1

opx, and it gives a slope that is similar to the

calibration for olivine (Table 4). This latter obser-

vation is expected given the chemical similarity

and mean atomic weight of olivine and orthopyr-

oxene. Since the concentration range of the opx

standards is only a factor of five, addition of an

orthopyroxene with higher concentration could

improve the precision of the calibration.

[37] Table 4 shows that the slopes of the SIMS

calibration lines for olivine and orthopyroxene are

very similar, as would be expected from their

chemical similarity. Thus a consistent SIMS cali-

bration is obtained by regressing the data for

olivine and orthopyroxene together (Figure 5d).

Table 4 includes two combined olivine-orthopyr-

oxene regressions, with and without the high-H2O

olivine DLK-16. The difference in slope is 20%,

similar to the regression uncertainties for either

mineral. The regression without DLK-16 gives a

more even distribution of standards about the

calibration line.

6.6. Garnet Calibration

[38] Four garnet standards were used to calibrate

the garnet calibration curve (Figure 5e). The hydro-

gen abundance of the highest-concentration garnet

(MON-9) was determined by manometry, while the

remaining garnets were measured by FTIR using

an extinction coefficient derived from IR measure-

ments on MON-9 [Bell et al., 1995]. The regres-

sion shows the positive correlation of 1H/30Si but

Table 4. Regression Parameters for SIMS Calibrations

A(slope) ±2s B ±2s MSWD

Basalt
y = Ax +Ba 0.51 0.06 0.016 0.055 3.8
y = Axb 0.52
y = AxBc 0.53 0.10 0.94 0.19 8.2
Olivine
y = Ax +B 0.93 0.20 0.0010 0.0038 3.8
y = Ax 0.93
y = AxB 0.81 0.60 0.97 0.21 5.7
Opx
y = Ax +B 0.91 0.16 �0.0039 0.0027 1.2
y = Ax 0.75
y = AxB 0.71 0.40 1.20 0.19 0.4
Olivine and Opxd

(with DLK-16)
y = Ax +B 0.94 0.17 �0.0029 0.0021 5.8
y = Ax 0.93
y = AxB 0.65 0.52 0.96 0.28 6.3
Olivine and Opxd

(w/o DLK-16)
y = Ax +B 0.77 0.17 0.00003 0.0034 5.7
y = Ax 0.76
y = AxB 0.65 0.52 0.96 0.28 6.3
Garnet
y = Ax +B 1.97 0.60 �0.00001 0.0009 0.4
y = Ax 1.98
y = AxB 2.09 0.84 1.01 0.30 0.2
Cpx
y = Ax +B 1.04 0.27 �0.00019 0.0002 0.0
y = Ax 1.04
y = AxB 1.23 3.00 0.94 0.28 0.2

a
Used York [1969] uncorrelated error weighted regression.

b
The regression was forced to go through zero.

c
Log linear fit using York [1969]; when B = 1, identical to (1) with

zero intercept Olivine and orthopyroxene curves use higher H2O
values from Table 2.

d
Olivine and orthopyroxene regressed together (including and

excluding DLK-16).
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the error on the slope is the largest of all the

calibrations (30%). The slope of the SIMS garnet

calibration is quite different from those of the other

minerals, and it should be pointed out that the

manometry measurements on MON-9 garnet were

particularly difficult and used large amounts of

sample (up to 3 grams) from which it is can be

difficult to exclude contaminant H2O entirely [Bell

et al., 1995]. For example, a reduction of all of the

garnet concentrations (Table 2) by a factor of two

would bring the slope of the garnet calibration

more in line with those for the pyroxenes and

olivine. Future NRA analyses of garnet will con-

tribute to reducing such uncertainties in the accu-

racy of the SIMS garnet calibration.

6.7. Calibrations for Hydrous Minerals

[39] Six amphiboles and three micas [Deloule et

al., 1991] were analyzed to produce calibrations

for hydrous minerals (Table 2); the data are shown

in Figure 5f. Most of the amphiboles and all of the

micas give a calibration line that is very similar in

slope to the basalt calibration (Figure 5a). The

exceptions are the Fe-rich Illimaussaq gedrite,

which gives a shallower slope (0.30) and the Fe-

poor and Mg-rich Seljas and Alpes amphiboles

which give steeper slopes (around 0.80) similar

to those for olivine and orthopyroxene. The

dependence of the hydrous mineral calibrations

on Fe content is shown in Figure 6. The nominally

anhydrous minerals are generally consistent with

this relationship with the exception of the garnet

calibration, which shows the steepest slope of all

the minerals.

6.8. Consistency of Calibrations

[40] Linear fitting of a trend over a large range of

concentration can result in over-weighting high-

value data points and high-concentration standards

may dominate regression slopes, as for olivine

(Figure 5b). To explore this possibility, we com-

pared linear regressions and log linear regressions,

which reduce the leverage of high concentration

data points (Table 4). The forms of the equations

are:

Y ¼ aX þ b ð1Þ

for linear regression where Y and X are values of

observation and regression, a and b are slope and

Y-intercept. The log linear regression is given by

log Yð Þ ¼ b0 log Xð Þ þ a0 ð2Þ

and the power law form of the above equation is,

Y ¼ 10a
0
X b0 : ð3Þ

When exponential factor b0 is one and intercept b is

zero, the linear and log linear equations are

identical and the slope a is equal to 10a
0
. The

departure of b0 from unity indicates an exponential

curvature to the regression when plotted in linear

space. For regressions with widely spaced points,

in which the Y-intercept of both is close to zero, the

similarity of slopes provides an indication of

whether the linear regression is dominated by

high-value data points. However, for closely

spaced data points, such as for the garnet and

orthopyroxene data (Figures 5c and 5e), the errors

on the slope from the log linear regression are very

large when this regression is projected in linear

space.

[41] All of the SIMS data have been regressed

with linear (with both unconstrained and forced-

zero intercepts) and log linear functions, and the

results are given in Table 4. In all cases, the

slopes of linear and log linear fits are identical

within errors while the exponential factor is equal

to one within the errors. Thus, the calibration

curve regression is indeed linear and high con-

centration data are not overly skewing the fit, with

the exception of olivine DLK-16. In theory, blank-

corrected calibration trends should go through the

origin. The fact that the York’s regressions do so

provides independent confirmation that back-

ground correction is accurate. We choose to use

the slopes of the forced zero intercept regressions

as the calibration coefficients hereafter, including

the combined regression (without DLK-16) for

olivine and orthopyroxene.

7. Olivine-Orthopyroxene-Melt
Partition Coefficients

[42] Hydrogen partition coefficients among oli-

vine, orthopyroxene and silicate melt were deter-
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mined in a melting experiment at 1380�C and 2

GPa for 45 hours. A bulk composition (54.9%

SiO2, 0.1% TiO2, 4.9% Al2O3, 2.4% FeO, 7.5%

CaO, 22.1% MgO, 0.2% NaO, 1.6% H2O, �6%

D2O) was annealed in a Ni pressure-sealed capsule.

Hydrogen and deuterium were introduced in the

form of natural talc and deuterium oxide fluid by

syringe. After the anneal, the sample crystallized

olivine and opx from melt (Table 5). The quenched

sample was then polished and analyzed by SIMS.

[43] The quenched experiment consisted of olivine

and opx crystals embedded in glass (Figure 7).

Partition coefficients for olivine-opx-melt pairs

were determined from 1H/30Si ratios for all phases,

with water abundances calculated from to the

SIMS calibration line (Table 6). Because a SIMS

calibration for deuterium has not been determined,

only the ratios of 2D/30Si were used to calculate

deuterium partition coefficients. There is good

agreement between determined partition coeffi-

cients without matrix correction between H and

D. This agreement suggests that the validity of H

distribution data confirmed by low-background

analyses of D. Although the precision of deuterium

distribution data is better than that of hydrogen, the

accurate values of deuterium partition coefficients

should be calculated following determination of the

respective deuterium calibration coefficients for

SIMS.

[44] The olivine/melt partition coefficients reported

in Table 6 are more than a factor of ten lower than

those reported by Sweeney et al. [1997], and this is

due to the relatively high H2O contents reported for

olivine from that study. Our partition coefficients

are in general agreement with those of D. R. Bell,

G. R. Rossman, and R. O. Moore (Abundance and

partitioning of OH in a high-pressure magmatic

system: Megacrysts from the Monastery kimber-
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Figure 6. Changes in H2O calibration slope with Fe content of minerals. Hydrous and nominally anhydrous
minerals (except garnet) follow the same trend.

Table 5. Composition of Coexisting Phases at 1.8
GPa, 1380�C From Experiment B13a

wt. % opx olivine melt

SiO2 49.5(5) 35.0(4) 47.0(8)
Al2O3 7.3(8) 0.14(2) 16.9(6)
FeO 3.5(2) 4.2(1) 4.5(1)
MgO 22.7(4) 25.7(10) 7.9(10)
CaO 1.3(1) 0.12(2) 12.1(5)
NiO 16.4(5) 36.6(13) 4.4(8)
Na2O 0.95(5)
H2O 0.024(2) 0.002(1) 0.97(5)
D2O 0.095 0.008 3.87(9)
Total 100.6(4) 102.0(5) 98.5(12)

a
Analysis by WDS using a JEOL 8900 microprobe, except for H2O

and D2O concentration. H2O is determined by SIMS using methods
described in this paper. D2O is estimated from H2O using the constraint
that four times more D2O was introduced to the starting composition.
However, comparing D/30Si to H/30Si, deuterium intensities are only
about 1.3–1.6 times higher than hydrogen. The accurate D2O
concentration can not be determined owing to a lack of deuterium
concentration standards, but the estimated values here are probably the
highest possible values. Uncertainties are reported as 1 sigma.
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lite, South Africa, manuscript submitted to Journal

of Petrology, 2002) inferred from H2O distributions

in kimberlite megacrysts from Monastery, South

Africa and an estimated H2O abundance for the

host kimberlite. Our olivine/melt partition coeffi-

cients are at the low end, and our opx/melt partition

coefficients are at the high end of these megacryst

data. Consequently, our opx/olivine partition coef-

ficient is higher than that observed by Bell et al.

(submitted manuscript, 2002). Although our data

are too preliminary to warrant detailed interpreta-

tion, they demonstrate the potential of SIMS for

experimental partitioning studies of hydrogen and

other volatile elements in high-pressure experi-

ments. Our experiment also provides broad con-

straints regarding partitioning at mantle pressures.

For a mantle mineral assemblage of 50% olivine,

35% orthopyroxene, 13% clinopyroxene and 2%

spinel, the bulk solid/melt partition coefficient for

H suggested by our data is approximately 0.009, on

the basis that twice as much H2O partitions into

clinopyroxene compared to orthopyroxene [Bell

and Rossman, 1992a, 1992b]. This value is essen-

tially identical to that of Ce [Salters et al., 2002],

suggesting a similarity of partitioning of hydrogen

and Ce that has been inferred from many studies of

H2O in basalt glasses [e.g., Michael, 1988, 1995;

Dixon et al., 1997]. We also note that the measured

opx/olivine partition coefficient is in general agree-

ment with the factor of 5 assumed by Hirth and

Kohlstedt [1996].

[45] We hasten to note that these partition coef-

ficients have several important limitations. First,

the melt and mineral compositions are Ni-rich

Figure 7. SEM image showing experimentally synthesized phases and craters made by ion probe and size of ion
probe pits are �20 mm. Partition coefficients are calculated as shown from the ion probe analyses (Table 5).

Table 6. Partition Coefficients (DA/B) at 1.8 GPa,
1380�C From Experiment B13, Measured by Ion Probe
(±2s)

Hydrogena Deuteriumb H2O
c

D(opx/melt) 0.017(2) 0.017(2) 0.0245(15)
D(olv/melt) 0.0016(2) 0.0012(2) 0.0020(2)
D(opx/oliv) 11(2) 14(2) 12(4)

a
Intensity ratios of hydrogen used.

b
Intensity ratios of deuterium used.

c
Concentration ratios calculated from calibration curves.
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owing to capsule contamination and this may

affect partitioning relative to that expected in

natural compositions (Table 5). Because the con-

centration of network modifiers in the melt is

comparable to that in basalt, we consider it

unlikely that the effect of Ni on hydrogen partition

coefficients are large. Second, our single experi-

ment does not allow evaluation of Henry’s law for

these phases. Distribution of H between minerals

and melt may have distinct dependencies on H2O

fugacity [e.g., Hirth and Kohlstedt, 1996] or other

intensive variables. Further, different minerals

may have greatly different activity/composition

relations for H. Thus, FTIR studies indicate more

than one possible substitution site for H in olivine

[Miller et al., 1987; Libowitzky and Beran, 1995]

and opx shows broader OH absorption peaks than

olivine (Figure 2) suggesting larger variations of

OH bond strength. Either observation could sug-

gest possible non-Henrian behavior for hydrogen

activity in mineral phases. If the concentration-

activity relationship for hydrogen is non-Henrian,

a partition coefficient cannot be used for describ-

ing behavior of hydrogen in mantle minerals and

melts.

8. Comparisons and Conclusions

[46] This study allows comparison of SIMS and

FTIR analyses of low concentrations of hydrogen

in minerals. In many ways, SIMS and FTIR are

complimentary techniques. The ion microprobe

allows in situ analyses of small single spots, but

FTIR provides information on substitution mecha-

nisms. The chief differences between the two are

spatial resolution, sensitivity and sample prepara-

tion procedures.

[47] Lateral and depth resolution is better for SIMS

than for FTIR. During a typical 10 minute analysis,

the depth of the ion probe sputter crater is only a

few microns, while FTIR integrates absorption

over the full thickness of the sample wafer. For

typical analytical conditions in this study, the ion

probe primary beam diameter was approximately

20 mm and the analytical resolution improved to 5–

10 mm diameter with the use of a field aperture.

Although analysis areas as small as 20 mm are

attainable by micro-FTIR, the practicality of anal-

ysis requires larger spot sizes (generally 50 � 50

mm) because 100mm thick nominally anhydrous

samples do not contain sufficient water in sample

volumes smaller than this.

[48] Using the lateral resolutions and the detection

limits of SIMS and FTIR, it is possible to directly

compare the minimum number of atoms required

for each analytical method. The actual volume of

material analysed in SIMS is approximately 20

mm3 and its detection limit is approximately 4

ppm; the minimum number of H atoms required

for analysis is �1 � 107. FTIR requires �3 � 1010

H atoms, assuming the detection limit to be

approximately 1 ppm for 100 mm thick sample.

The FTIR detection limit is based on our FTIR

measurements on various samples. On an equal-

atom basis, SIMS is thus more than three orders of

magnitude more sensitive than FTIR for abundance

measurements of hydrogen.

[49] It is also possible to compare the sensitivity of

SIMS and FTIR by directly comparing the con-

ditions of detection limits. During ion probe anal-

ysis, ‘‘zero’’ standards gave hydrogen counts of

tens of ions per second, two orders of magnitude

above the typical background noise of the counting

system (<5 counts per minute), thereby resulting in

the previously described blank of 2–4 ppm. The

source of this residual hydrogen background is

unknown, but may correspond to ions entering

the mass spectrometer at oblique angles through

the field aperture. In contrast, the H2O detection

limit for FTIR can be substantially lower than 1

ppm with the used of thick samples, but it is

limited mainly by the optical quality of thick

wafers and the accuracy of baseline subtraction at

low signal-to-noise ratios.

[50] Finally we emphasise that accurate FTIR

analysis of anisotropic phases places demanding

geometrical requirements on preparation of exper-

imental samples, and that these may not be

practical for small volume experimental charges.

The relatively simple analytical geometry and

high spatial resolution of SIMS yields consider-

able advantages in such studies.
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