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INTRODUCTION

Decades of work have shown that trace- to minor-amounts of hydrous components
commonly occur in minerals whose chemical formula would be normally written without any
hydrogen, namely, the nominally anhydrous minerals (NAMs). When the concentrations of the
hydrous components are several tenths of a percent by weight or higher, a variety of analytical
methods such as weight loss on heating, X-ray cell parameters, X-ray structure refinement,
Karl-Fischer titrations, or even careful electron microprobe analyses can be used to establish
their concentrations (e.g., Aines and Rossman 1991). However, for most NAMs, accurate
determinations with these common analytical methods prove difficult if not impossible. For
this reason, infrared (IR) spectroscopy has become, and remains, the most widely used method
to detect and analyze hydrous components (OH or H,O) in minerals and glasses because it is
both highly sensitive and can be done rapidly with a commonly available, modestly priced
instrument and at dimensions of just a few tens of micrometers. A change in the electric
dipole occurs when the OH bond in either water and hydroxyl ions vibrate. This motion has
a resonance coupling with electromagnetic radiation generally in the 3500 cm™ region of the
infrared spectrum. In addition, bending motions of the water molecule, and overtones and
combination of these motions produce absorption in the infrared.

Under favorable conditions, namely a sharp band in a single orientation, just a few
nanometers equivalent thickness of a hydroxyl species such as an amphibole can be detected
in an otherwise anhydrous mineral such a pyroxene (Skogby et al. 1990). Routinely, detection
limits of a few to tens of ppm wt of H,O in a mineral can be detected and often quantitatively
determined. The overtone and combination modes of OH and H,O behave in predictable fashion
in minerals (Rossman 1975) so that the two species can usually be separated from each other.

Infrared spectra, however easily obtained, are not rigorously self-calibrating, so
independent methods of analysis have been necessary to calibrate the spectroscopic work. A
couple general correlations of IR band intensity with the absorption energy have proven useful,
if approximate. Various absolute hydrogen extraction methods have proven highly useful for
purpose of rigorous calibration. More recently, nuclear methods that rely upon specific resonant
reactions with the hydrogen nucleus or nuclear scattering specific to hydrogen have gained
importance and have provided critical absolute calibrations of the infrared spectra. Secondary
Ton Mass Spectroscopy (SIMS) for hydrogen is still in the early stages of development but
once calibrated, and with established protocols, should play an ever-expanding role in the
future. NanoSIMS promises to bring hydrogen analyses to ever finer spatial dimensions but
will require significant effort before it can be regarded as an accurate analytical technique for
small concentrations of hydrogen. The purpose of this chapter is to review the various methods
that have been used to analyze hydrous components in the NAMs.
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ANALYTICAL METHODS
Early infrared studies

Much of the early interest in OH in minerals came from the study of synthetic minerals
used in the electronics industry. Quartz, in particular, was an important phase used for frequency
control in telecommunications and radio circuits. Consequently, much effort was directed
towards the understanding of factors that influenced the efficiency and cost of these devices.
Water in quartz was one of the most important factors. The OH bond is dipolar with a partial
negative charge on the oxide ion and a partial positive charge on the hydrogen ion. Thus, the
vibrations of the OH bond coupled well to infrared radiation and infrared spectroscopy quickly
became the tool of choice to study OH in both natural and synthetic minerals. An important
early study was conducted by Kats and Haven (1960) who used deuteration to demonstrate
which bands in the complex quartz spectrum in the 3000 to 4000 cm™! region originated from 'H
as opposed to overtone or combination bands of the quartz vibrational spectrum that appeared
in the same region. Once the OH vibrations were positively identified, Kats (1962) performed
a comprehensive study of OH in quartz and identified which of the sharp band absorptions in
the 3000-3600 cm™ region are due to O-H stretching vibrations. Kats further showed that most
of the absorptions are primarily due to the presence of Al** substitution for Si*+ with charge
compensating cations (such as H*, Li*, Na*) in defects in the crystal.

Other studies were taking place at Bell Labs in the United States where elastic properties
and dielectric loss in synthetic quartz was related to H defects (King et al. 1960; Dodd and
Fraser 1965, 1967). In these studies, the relationship between infrared absorption, and hydroxyl
and water defects in quartz was also being established. During these times, Brunner et al. (1961)
concluded that H enters defects in clear, natural quartz in the form of OH ions and estimated
the amount of H as 10'® per cc (corresponding to about 15 ppm H,O wt). These early estimates
showed that small amounts of hydrous components could have a large impact on the physical
properties of the host phase. As work on synthetic quartz progressed, studies of quartz also used
natural samples and ultimately, the results were reported in the mineralogical literature through
the work of Dodd and Fraser (1965).

Simultaneously, interest in the low concentrations of water in ring silicate minerals was
generated by infrared (Schreyer and Yoder 1964; Wood and Nassau 1967; Farrell and Newnham
1967) and NMR (proton nuclear magnetic resonance) (Pare and Ducros 1964; Sugitani et al.
1966) studies of beryl that demonstrated that water molecules occur in the c-axis channels. The
NMR work showed that the water molecules were in motion and the IR studies showed that the
water molecule existed in two independent crystallographic orientations in the crystal.

In Austria, in the late 1960’s and early 1970’s, Beran and Zemann obtained the IR spectra
of a number of minerals such as titanite, kyanite, axinite, titanium oxides, cassiterite (Beran
1970a,b,c,d; Beran and Zemann 1969a,b, 1971) and demonstrated that they had structurally
bound, crystallographically oriented OH groups. These studied demonstrated that polarized
infrared radiation could establish the orientation of the OH groups in minerals and demonstrated
that trace amounts of hydroxyl occur broadly in a number of nominally anhydrous minerals.

A couple of significant motivations to develop quantitative understanding of the H-content
of nominally anhydrous minerals appeared in the early 1970’s. Martin and Donnay (1972)
suggested that hydrogen may be stored as OH groups in minerals in the deep earth, and Wilkins
and Sabine (1973) initiated a broad effort to determine the amount of hydrous components in
a variety of minerals by combining infrared absorption with independent water analysis (P,Os
electrolytic coulometry). Although we now recognize that many of the analyses of Wilkins and
Sabine included alteration products and water in micro-inclusions, they did set the quantitative
stage for further detailed studies.
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Another major impetus to the study of water in the nominally anhydrous minerals came
from the studies of the rheological properties of, first, quartz (Griggs and Blacic 1965; Kirby
and McCormick 1979), and then olivine (Mackwell et al. 1985). To study how water weakens
minerals, it was necessary to know both the chemical species of the hydrous components that
enter nominally anhydrous minerals, and to know their absolute concentrations.

Quantitative IR methods

The determination of the concentration of OH or H,O in an “anhydrous” mineral depends
upon accurate measurement of the infrared spectrum and ultimately on an independent
calibration. Infrared spectra are intrinsically not self-calibrating. A number attempts have
been made to develop generic calibrations. These often may be good as an initial estimate of
the water concentration, but, for many systems, have been shown to be inadequate for precise
work. Thus, mineral-specific calibrations have been developed. Once such calibrations are
established and properly published, they can be used by other labs worldwide, even if an in-
house standard is not available.

The well-established Beer-Lambert law is used to determine the concentration of hydrous
species in a mineral from the infrared spectra:

Absorbance =g X ¢ x t O

This relates Absorbance (A), the band height in the region of interest (corrected for
baseline), ¢, the concentration of hydrous species expressed in moles of H,O per liter of
mineral, and 7, the thickness of the path (in cm) through which the measurement is made
where ¢ is a mineral-specific calibration factor. In the classical chemical applications, the
sample is in solution, so only one measurement is made. In the case of anisotropic solids, it is
necessary to make the measurement in multiple directions (Libowitzky and Rossman 1996).
Typically, linearly polarized light would be used and measurements would be made along the
three principal extinction directions, X, Y, and Z. In this case, the intensities would be summed
so A becomes Ay + Ay + Az (where Ay is the absorbance obtained with light polarized in the X
direction, etc.). This approach tends to work best with phases that have one or a small number
of narrow bands in the OH region. It also requires knowledge of the density of the mineral to
convert from moles per liter to weight percent (or ppm) water.

For most minerals, it is usually more useful to use a modified version of the Beer-L.ambert
law that uses integrated band areas rather than band heights. Band heights can vary depending
on both the quality of the polarizer in the instrument and on the spectroscopic resolution of
the instrument whereas band areas are less dependent on these parameters. The band height
measured by the Absorbance is replaced by the total integrated area of bands in the region
of interest Absorbance,,,; (also written as Abs,,,; or A,,,). The concentration, ¢, remains
expressed as moles of H,O per liter of mineral. In this case, the absorption coefficient, ¢, is
replaced by the integral molar absorption coefficient, /, in units of L/(mol-cm?). When c is
expressed as ppm H,O by weight, the absorption coefficient becomes the integral specific
absorption coefficient (I, ppm~'-¢cm™2). The absorption coefficient for each species of
hydrogen is found by determining the concentration, ¢, by an independent, absolute method
and measuring Abs,,; from polarized IR spectra in the three principal optical directions (X, Y,
and Z) for the mineral of interest. For an orthorhombic mineral such as olivine:

Abs

total —

1 v2 1 v2 1 v2
—jAbs dv+—jAbsbdv+—jAbs dv 2)
¢ ? I3 ¢ ¢

a yl c vl

Here, the equation specifies measuring the integrated area of an orthorhombic crystal
with light polarized in the Ella, Ellb, and Ellc directions between the appropriate wavenumber
limits of the OH bands, v1 and v2. For lower symmetry crystals (monoclinic, and triclinic)



4 Rossman

ADS,pe = |Absy+ [Absy+ [Abs,, and for a uniaxial crystal (hexagonal or tetragonal) Abs,,,; =
2fAbs | .+ [Abs, (e.g., Libowitzky and Rossman 1996). To be comparable to measurements on
lower symmetry crystals, an isotropic crystal would need to have A,,,,; = 3[Abs,,.

Paterson’s method. If the absorption frequency and intensity of a unit concentration of
OH were a constant, then a single calibration of the OH spectrum would be all that is needed
to conduct quantitative analysis with IR spectroscopy. Unfortunately, that is not the case. First
of all, while the fundamental stretching vibration of a free (gaseous) hydroxide ion occurs
at 3555.59 cm™ (Lutz 1995), the OH stretching frequency in a mineral commonly can occur
over a range of several hundred wavenumbers and can vary by nearly 2000 cm™!. A variety
of studies (Nakamoto et al. 1955; Bellamy and Owen 1969; Novak 1974) showed that for a
variety of chemical elements, the stretching frequency of an X-H bond in an X-H---Y hydrogen
bonded system is a function of the X-Y distance. This includes O-H bonds. These authors
derived empirical fits to experimental data that mathematically expressed this relationship. The
second observation of interest is that the infrared absorption intensity of a unit concentration of
OH in a solid is obviously not constant. Paterson (1982) confirmed that the strength of the OH
absorption in the 3600 to 3000 ¢cm™ region was frequency dependent. From the calibrations
available for various substances, he presented a single empirical calibration line that related
the OH intensity to band position that could be applied as a first approximation for determining
the amount of OH in a variety of substances such as silicate glasses, quartz, and various forms
of water. This was the first generic calibration specifically designed for the study of hydrous
components in minerals and glasses.

Paterson demonstrated that the intensity of an OH band (normalized to a unit concentration
of H,O) increases when the band occurs at lower wavenumbers (stronger hydrogen bonding).
This trend has been used by a number of authors to estimate the OH content of various minerals.
Subsequent work has shown that determinations based on Paterson’s trends are a reasonable
first estimate, but that accurate determinations do require mineral-specific calibrations.

Paterson’s method first assumes that if a crystal is being measured, it is in a known
crystallographic orientation. To determine the concentration of hydroxyl groups in the sample,
the integrated absorbance is determined by integration of the infrared spectra over the region
dominated by the stretching vibrations due to O-H bonds, typically from approximately 3750
to 3000 ¢cm™'. The integral molar absorption coefficient (I) is scaled to reflect the higher
intrinsic intensities of bands at lower wavenumbers (stronger H-bonds) through the equation:

=7y x150 x (3780 — v) 3)

where v is the wavenumber and gamma (y) is a factor to take account of the anisotropy of
the crystal based on an assumption that O-H bonds are oriented in a single direction. The OH
concentration is then calculated from a Beer-Lambert law relationship:

1 J AWV)
(150x7)? (3780 —v)

Concentrationgy =

“

assuming that the data are scaled for 1 cm sample thickness.

Although uncertainties in this calibration were thought by Paterson to be about 30%, it
has been widely adopted, partly in the hope that it would eliminate the need for more involved
polarized light observations with multiple crystallographic directions. However, the studies of
Libowitzky and Rossman (1997) and Bell et al. (2003) show that it can result in non-systematic
underestimates of hydrogen concentrations. Examples of mineral specific calibrations that
fall far from the trend are documented, particularly those that involve nominally anhydrous
minerals with low concentrations of OH. As examples, the pyrope analyzed by Bell et al.
(1995) departs from the Paterson trend by nearly a factor of three, the nuclear reaction analysis
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of olivine by Bell et al. (2003) departs by more than a factor of two (Fig. 1) and the SIMS
analysis of both olivine and orthopyroxene (Koga et al. 2003) show that the Paterson trend also
underestimates their OH concentrations.

Libowitzky and Rossman’s revision. Libowitzky and Rossman (1997) presented an
updated version of the correlation of Paterson (1982). They measured polarized IR absorption
data from single crystal minerals that contained stoichiometric water contents in the form
of either OH or H,O. These data were used to construct a calibration curve for the intensity
of the infrared absorption as a function of the band energy. Specifically, integrated molar
absorption coefficient, g (in units of cm™2 per molemo/liter), was evaluated as function of the
mean wavenumber of the OH stretching band (in units of cm™). The result in Figure 2 shows
that an increase in the hydrogen bonding leads to a decrease in the energy of the OH stretching
energy which, in turn, is associated with an increase in the intensity of absorption. The form
of the correlation is

g =246.6x (3752 - v) 5)

where v is the mean wavenumber of the OH stretching band.
The results in Figure 2 show that the revised calibration produces g; values about three-
quarters of those of Paterson (1982). Measurements of minerals with stoichiometric OH
are difficult to obtain. Their OH intensities are so high that crystals must be prepared very

thin (perhaps as thin as 2 um). Such preparations are difficult to near impossible; and when
successful, the determination of their thickness to a high degree of accuracy is difficult.
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In a related effort, Libowitzky (1999) evaluated correlations specific to minerals between
the frequency of the O-H stretching vibration and the length of the oxygen-oxygen distance
and the H---O distances in the O-H---O hydrogen bond. Effectively, the shorter these distances
are, the lower becomes the energy of the O-H stretch. Because the intensity of the OH band
is related to the energy of the vibration (Libowitzky and Rossman 1997), such correlations
provide some degree of a predictive estimate about the intensity of an OH absorption that
arises from a particular site in a crystal.

Use of unoriented grains. Asimow et al. (2006) present a method that allows multiple,
randomly oriented grains of a mineral to be used to determine the total absorbance. In their
method, the spectra of oriented sample of the phase of interest must already exist. Then, the
spectra of three different randomly oriented crystals are measured, and the orientations of the
grains are determined via methods such as electron backscatter diffraction (EBSD) or from the
silicate overtone bands in the infrared spectra. They demonstrated that such methods result in
angular errors of typically only 6 degrees and provide a surprising good determination of the
OH content of the phase.

Polarizer considerations. A linear polarizer must be used in the infrared beam of
conventional spectrometers to obtain the total absorbance of anisotropic crystals. Commonly,
the polarizers are made of a fine, parallel wire grid deposited on an infrared-transparent
substrate such as CaF, or KRS5 (a thallium bromide iodide). These polarizers have wide
acceptance angles and are readily available, but have only moderate polarization ratios.
Crystal polarizers of a design similar to calcite polarizers used in the visible wavelength region
are also available, but often have a narrow range of wavelengths over which they function.
Lithium iodate covers a wide wavelength range and has a very high polarization ratio, but is
hydroscopic and no longer readily available.

Libowitzky and Rossman (1996) discussed the principles of quantitative absorbance
measurements of anisotropic crystals and paid particular attention to the influence of the
quality of the polarizers upon the results. First, they showed that the use of unpolarized
radiation with an anisotropic crystal could not produce quantitatively accurate results. The
Beer-Lambert law demands that the height of an absorption band will scale with the thickness
of the sample. Figure 3 demonstrates how the spectrum taken with linearly polarized radiation
follows the law. It also shows that unpolarized spectra do not scale according to the law. This
means that unpolarized spectra should not be used to calibrate the infrared spectrum of OH
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0 3943 cm'
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spectrum taken with well-polarized and 2
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in an anisotropic standard, and cannot be used to accurately determine the concentration
of OH in an anisotropic unknown. The more highly anisotropic the sample is, the more
problematic this issue will become. Libowitzky and Rossman also showed that the intensity
of an absorption band of an anisotropic crystal is highly dependent upon the polarization ratio
of the polarizers (Fig. 4) which means that if band heights are used to calibrate the infrared
spectra, results can vary significantly from lab to lab if the appropriate in-lab standards are
not available.

Baselines issues. Figure 5 shows that strongly rising, non-linear baselines may be an
intrinsic part of the spectrum in the OH region. These baselines commonly arise from Fe** and
may arise from silicate overtones in thick samples. A major, subjective source of uncertainty
in IR measurements of OH in minerals remains the choice of the baseline.

l,llU_; .

Figure 4. The intensity of absor-
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ment. Here, the spectrum (£ L ¢) of
= Au:AgBr three bands in the calcite spectrum
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. wire-grid polarizer (gold wire on
AgBr), and without polarization.
Modified after Figure 6 of Libow-
itzky and Rossman (1996).
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Comments on terminology. The terminology for spectroscopic units has not been
consistent in the literature. Chemical terminology, the source of these terms, has evolved, and
geoscience has had to modify some of the standard terms for anisotropic materials. Table 1
presents a compendium of terminology taken from the web site of the International Union of
Pure and Applied Chemistry. In addition, the currently preferred terminology is compared to
other terminology found in the literature.

Mineral specific calibrations

While the generic calibrations developed by Paterson (1982) and later refined by
Libowitzky and Rossman (1997) are useful first approximations, they are not necessarily
accurate. There is no principle of science that demands that the infrared absorption intensity of
all OH bonds be the same, or that the intensity of all OH bonds vary smoothly with the O-H---O
hydrogen bond distance. Unpublished work by this author has shown that the intensity of other
bonds such as C-O (carbonyl) and C-N (cyano) can vary by orders of magnitude. Thus, there
is the need for mineral-specific calibrations. A variety of experimental methods, discussed
in the following sections, have been used over the years to independently determine the
amount of hydrous components in minerals. As is often the case in the history of development
of analytical methods for trace components, early attempts suffered from large (and often

Table 1. Selected terminology used in quantitative
spectroscopy of minerals.

Absorbance =log(I,/I)
directly measured by the instrument

Attenuation coefficient
Analogous to the absorption coefficient, but differs from it because
it accounts for the diffusion of radiation that includes absorption
as well as scattering and luminescence. Formerly, it was called the
extinction coefficient, a term that is now discouraged.

linear absorption coefficient

= Absorbance divided by the optical path length

molar absorption coefficient = &
= molar absorptivity in earlier literature
= linear absorption coefficient divided by the amount concentration

amount concentration
= molarity in prior literature
commonly expressed in units of moles per liter

integral molar absorption coefficient
I (in units of cm? per molg/liter).
& (in units of cm? per moly o/liter).
(note that the mols of H = mols OH)

Integral absorbance (not defined by IUPAC)
Integrated absorbance

1 v2 1 v2 1 v2
Abs,, == [ Absidv+= [ Abs,dv+— [ Abs,dv
t 2 2
1y1 2 1 3y

Absorbance, g,
A
Integrated- Abs,
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unrecognized) backgrounds, and the inability to separate the contributions of the hydrogen in
the host phase from hydrogen contained in inclusions, cracks, and alteration products.

Thermogravimetric methods

Thermogravimetric analysis (TGA) is a commonly used analytical method to determine
the amount of mass lost from a sample during heating. It involves simultaneously heating and
weighing a sample to produce a weight-loss vs. temperature curve. It is frequently used to de-
termine water of hydration in minerals with more than trace quantities of water. The method has
also been applied to water loss from nominally anhydrous minerals but with limited success.

Early attempts to determine the H-content of garnets used the TGA method (Aines and
Rossman 1984a) and coupled the results of this method with infrared spectra of the same
samples. We now recognize that many of the earlier thermogravimetic methods over-estimated
the water content of the NAMs due to the inclusion of contaminating water that remained
trapped on the surface of the ground samples, even after the sample was “dried” by heating to
over 125 °C prior to analysis.

TGA was used to determine the water content of nepheline from Bancroft, Ontario (0.36
wt% H,0), and from Mt. Somma, Italy (0.17 wt% H,O) (Beran and Rossman 1989). Because
these minerals have comparatively large water contents, the error introduced by the TGA
method is small compared to what it may be when minerals with a few hundred ppm or less
are analyzed by this method. The results of this method were also used to calibrate the infrared
spectra of nepheline.

While TGA analyses are conventionally conducted on ground samples, step heating
experiments on slabs of single crystals used for infrared experiments demonstrate how
difficult it can be to fully dehydrate a sample. Controlled heating experiments that were
accompanied with infrared spectra of OH bands indicated that temperatures of about 1400 °C
are needed to fully dehydrate slabs of some silicate minerals (sillimanite: Beran et al. 1989).
Similar experiments with slabs of single crystal zircon indicated that OH is tightly held. Some
OH persists in zircons even after the crystals are heated at 1500 °C (Woodhead et al. 1991).
Ilichenko and Korzhinskaya (1993) also conducted step-heating experiments on kimberlitic
zircon crystals and found that OH ions were only partially removed after heating to 1300 °C.

P,O; cell coulometry

P,Os cell coulometry is based on the principle that water released during the thermal
decomposition of a sample can react with P,Os, a non-conductor, and turns it into H;PO,, an
electrical conductor. The amount of H;PO, formed can be determined by the amount of electric
current (coulombs) necessary to reverse the hydration reaction. One of the more popular com-
mercial models used in mineral analysis was the DuPont moisture evolution analyzer (MEA). It
consisted of a thermal decomposition chamber that led to a column containing a pair of closely
spaced, P,Os-coated, Pt wire electrodes wound in a helical fashion. A dry nitrogen flow would
carry the released water vapor into the electrodes where electrical current would flow between
the wires whenever the P,Os reacted with the water. A known mass of a stoichiometrically hy-
drated material was used to calibrate the system.

The moisture evolution analyzer found use in some of the earlier analyses such as Wilkins
and Sabine (1973) study, and the Aines and Rossman (1984) calibration of garnets.

In practice, these systems had to be used regularly to prevent the P,Os columns from
going bad, and proved difficult for many users to regenerate once the columns did degrade.
Because blanks with this method are typically several tens of micrograms of H,O, samples
of at least a few hundred milligrams are required for the analysis of the nominally anhydrous
minerals. (Aines and Rossman 1984).
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Hydrogen extraction with uranium reduction methods

Hydrogen manometry. Hydrogen manometry has long been a standard and generally
reliable method to determine the water content of samples. In this method, several hundred
milligrams to gram quantities of samples are weighed into a metal (Mo, or Pt) crucible, and
first degassed under vacuum and low heat to drive off the adsorbed moisture. The sample
crucibles are then heated with an induction furnace to liberate the bound water while under
vacuum. The volatiles (H, and H,O) are converted to just water and trapped and separated from
the condensable and non-condensable gases by distillation in cryogenic traps. The water vapor
is next passed over a hot furnace containing uranium metal (Bigeleisen et al. 1952) to reduce
the water to molecular hydrogen. Alternatively, zinc has been used to reduce water (Michel
and Villemant 2003). The hydrogen is then moved by a mercury-piston Toepler pump into a
calibrated chamber in which the volume of hydrogen can be measured at a known pressure.
From the PV = nRT relationship, the absolute amount of hydrogen can be determined.

The system can be calibrated by known amounts of water, or by dehydration of minerals
or compounds with known, stoichiometric water contents. For minerals with very low
hydrogen contents such as the nominally anhydrous minerals, significant blank corrections
must be applied that correct for degassing from the crucibles (Bell et al. 1995). Errors have
been reported to be much less than 1% with this method (Dyar et al. 1996). Additional details
of the technique can be found in Holdaway et al. (1986)

This method has been used to determine the water content of minerals that are used
to calibrate infrared spectra. The advantage of using this approach is that once the sample
is destroyed by the hydrogen extraction procedure, its value as a calibrant remains through
the calibration of the infrared spectrum which can be used to analyze additional samples of
the calibrated phase that have similar spectra. Furthermore, the infrared spectrum allows re-
evaluation of the calibration because the original spectrum can be compared to the spectrum
of other samples re-calibrated by improved methods years later.

Early calibration efforts with hydrogen extraction (Aines and Rossman 1984) include a
grossular with 0.18 wt% H,0, and a pyrope with 0.08 wt% [that is probably overestimated
based on the more recent calibration of Bell et al. (1995) that indicate about 37 ppm H,O]; and
perthite feldspar from two pegmatites (Hofmeister and Rossman 1985a,b) that had water in
the 0.09 to 0.15 wt% range. More recent calibrations with lower blank contributions (Fig. 6)
consist of a pyrope with 56 ppm, an enstatite with 217 ppm, and an augite with 268 ppm (Bell
et al. 1995). In these experiments, large quantities of sample had to be carefully prepared,
and checked to eliminate inclusions, cracks and other imperfections. The clean material was

- —e— clinopyroxene
20F —m— orthopyroxene ]
[ —o— garnet
m  blank

Figure 6. Quality of hydrogen
extraction determination of water
in garnet and two pyroxenes
using aliquots of different mass
] to determine the water content.
N Figure 4 from Bell et al. (1995).
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then crushed to less than 2 mm particles and the fraction less than 100 um was discarded to
minimize the effects of adsorbed water.

Continuous flow mass spectrometry. A more recent variation of the hydrogen extraction
technique uses continuous flow mass spectrometry to measure the absolute amount of
hydrogen released from minerals by heating (O’Leary et al. 2006). This method is a
modification of the method of Eiler and Kitchen (2001) used to determine D/H isotopic ratios
of picoliter quantities of hydrogen. It requires about 1/1000 the amount of hydrogen required
by conventional hydrogen manometry. Samples in the range of 50 pg to 20 mg of coarsely
ground minerals are heated to release hydrous components, which are collected and converted
to hydrogen by reaction with uranium (as opposed to carbon in the Eiler and Kitchen paper).
The hydrogen is then detected in a mass spectrometer. The system is calibrated with a few
hundred micrograms of zoisite grains of known H content. This system has been used to
independently calibrate a series of garnets and pyroxenes that have been previously calibrated
by conventional hydrogen extraction manometry or by nuclear methods. The linearity and
agreement with previous calibrations has been excellent with samples at the few hundred-ppm
H,O level and higher (Fig. 7).
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Nuclear methods for hydrogen determination

A variety of nuclear reactions can be used to analyze hydrogen in solids (Lanford 1992).
Some make use of nuclear reactions and others make use of nuclear scattering. Beams of ions
accelerated to high energy can undergo a resonant nuclear reaction with the hydrogen ions
in the target sample. Such methods are known either as Nuclear Resonant Reaction Analysis
(NRRA), Nuclear Reaction Analysis (NRA) or Nuclear Profile Analysis (NPA) (when the
hydrogen concentration is determined as a function of depth in the sample). The 6.42 MeV
resonance of F with hydrogen and the 6.385 MeV resonance of PN with hydrogen are the
two that are typically used. Additional resonances of °F at 16.44 MeV and N at 13.35 MeV
can also be used (Xiong et al. 1987). In each of these reactions, the analysis depends upon the
detection of gamma rays emitted from a heavier element that formed from transmutation of the
ion beam from its reaction with hydrogen.

UF Nuclear reaction analysis. Initially, °F was the ion of choice for analysis of hydrogen
in solids. The reaction involves the interaction of "F with 'H to yield an 'O atom plus an alpha
particle and a gamma ray. In the geological sciences, the 16.4 MeV resonance has found use for
measuring hydration profiles in glass such as obsidian (Lee et al. 1974) and measurements of
the H concentration in synthetic and natural quartz (Clark et al. 1978). Early work on analysis of
H in garnets (Rossman 1990) als@@ﬁ@ﬂf?fy@%ﬁ??ﬁﬁé}@%i%‘?sﬁﬁpé@ef‘é(kgéﬂéttYA%%%ﬁied improve-
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ment. Because some accelerators can bring the F 8047
ion to as much as 22 MeV, significant depth profiles
are possible.

SN Nuclear reaction analysis. The most
sensitive analyses of hydrogen in minerals have UN+'H—> ‘6*
been made by a nuclear resonant reaction using

the N technique (Lanford, 1978) that is based on ORI

the nuclear reaction '"H(**N,ay)"*C. In this method H(*Nap)’C \l/

(Fig. 8), the hydrogen ions in the sample (the tar- 6.385 MeV

get) interact with a beam of N ions and are trans- 12C+ 7 (4.4 MeV)
muted into '°0 that immediately decays through

?}pha decay into “Cin a 11uqlcar excited state. Thc L T ——
“C has a decay path that emits a gamma ray that is DN andlasr resction methiod The redctionof
detected in the analysis. The number of '>C gamma 15N and 'H produce '%0 in a nuclear excited
rays is proportional to the amount of hydrogen in state. A decay path of oxygen produces *C,
the sample and does not depend on the chemical which comes (o the ground nuclear state

with the emission of a 4.44 MeV gamma ray

species of the hydrous component. A single cali- fhiat At aputyttent ddnal

bration point is all that is needed to use the method
for quantitative analysis of hydrogen.

The methods for mineral analysis were initially refined at Caltech and later, when the
Caltech accelerator shut down, were transferred to the accelerator laboratory of the Institut
fiir Kernphysik, Frankfurt am Main, where a beam of *N** jons was delivered by a 7-MeV
Van de Graaff accelerator onto a sample under high vacuum. At Frankfurt, the apparatus was
specially designed and modified for the analysis of low hydrogen concentrations (to 10 ppm
wt) in mineral samples. A detailed description of the experimental design can be found in the
works of Endisch et al. (1993, 1994). Salient aspects include a Pb-shielded bismuth germanate
(BGO) scintillation detector with an anticoincidence counting system for reduction of
cosmic ray background, with the sample holder placed in an ultra-high-vacuum (10-'* mbar)
chamber.

The NPA method for low concentrations of H in minerals has been under development
since the late 1970’s. Initially, F-19 was the ion beam of choice, but with the discovery of weak,
interfering reactions, the ion beam was changed to N-15. Initially, weak nuclear reactions from
carbon contamination were problematic, but improved detection methods, improved instrument
vacuum and trapping of carbon compounds in the sample chamber brought them down to a
manageable level (Kuhn et al. 1990). Ultimately, the layer of hydrous materials on the surface
of the sample became the limiting problem, but high voltage ion sputtering was able to reduce
this limitation to low levels (Maldener and Rauch 1997). An additional modification described
by Maldener and Rauch allowed accurate sample positioning by Rutherford backscattering.

Despite the extensive measures employed to minimize background hydrogen, a finite back-
ground or blank level may contribute to the amount of hydrogen measured. Due to the evolving
methods of background reduction, the absolute background contribution to each analysis was
subject to some degree of variation. One of the key calibrations for olivine was establish using
this method (Fig. 9). In the most recent set of procedures, analysis of anhydrous silica glass and
a silicon wafer placed the background estimate at 2 = 2 ppm H,O. In late 2004, the accelerator
at Frankfurt was decommissioned and work there on hydrogen in minerals has ceased.

During the lifetime of the Frankfurt facility, the nuclear profile analysis method has been
applied a variety of minerals including garnets (Rossman et al. 1988; Maldener et al. 2003),
olivines (Bell et al. 2003), kyanite (Bell et al. 2004), rutile and cassiterite (Maldener et al. 2001),
titanite (Hammer et al. 1996), ortho- and clinopyroxenes and zircon (Rossman et al. in prep.).
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IR Intensity vs NRA water content
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Other workers have used the NPA method for analysis of H in minerals and geological
materials. Rauch et al. (1992) used the '*'N method to determine the hydration of tektite glass.
Semi-quantitative hydrogen concentration depth profiles were obtained on forsterite crystals
by Fujimoto et al. (1993). They treated crystals under water at different pH and temperature
conditions and found that high surface hydrogen concentrations developed. Under medium to
high pH conditions at 25 °C, they found that the hydrogen-rich region extended less than 20
nm into the surface while at low pH conditions; it reached as deep as 200 nm.

Elastic recoil detection analysis (ERDA). Methods based on the scattering of nuclei by
protons are also used in the analysis of minerals. A particularly promising method is known as
Elastic Recoil Detection analysis (Barbour et al. 1995; Sie et al. 1995). This method (Fig. 10)
involves using 2 MeV *He* ion beam that is focused on the polished surface of the sample at
a low angle (15°).

Forward scattered 'H* ions that come from the hydrous component in the mineral (the
recoil spectrum) are detected by a silicon ERDA detector. Because the forward scattered
protons loose energy as they traverse through the thickness of the sample, their energy at the

microscope
Si detector,
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Al foil —e \ g

30°

2MeV  “He'

Figure 10. A diagram of a typical ERDA sample chamber where a beam of 2 MeV “He ions are scattered
a low angles by protons inthe sampl, Mo f Fier | XU ANSSASY 469972t Austin
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detector is a function of the depth of interaction with the *H* ion. Sweeney et al. (1997) used
a microbeam elastic recoil detection analysis to determine the hydrogen content of minerals.
With suitable calibration, a depth profile (Fig. 11) as well as the absolute H-concentration can
be obtained, in principle.

In ERDA, there is a problem of H-lass due to diffusion away from the He* beam, but it is
quantifiable and the technique is readily applicable to the analysis of H in both hydrous and
nominally anhydrous minerals down to the 0.04 wt% (400 ppm wt) level. Sweeney et al, state
that this detection limit is potentially improvable with better protected electronics.

Proton-proton scattering. Furuno et al. (2003) describe an application of a proton—proton
elastic recoil coincidence spectroscopy to hydrogen analysis using a proton microbeam at an
energy of 20 MeV. This method provides depth profiles of hydrogen over a thickness of 200
um of silicate samples in a short time. A typical beam size is as small as 27 x 32 ym. The
depth resolution is about 10 um. The present work proves that the proton—proton elastic recoil
coincidence spectroscopy is a promising method for measurements of hydrogen in mineral and
rock samples with thickness up to 200 pym.

Proton beams at energies of 20 MeV can pass through several hundred micrometers with
an energy loss of only a few MeV. Protons passing through a sheet of material experience
proton-proton elastic recoil. Measurement of the energy-loss distribution from the proton-
proton scattering events is specific for H and has a sensitivity in the ppm range (Cohen et
al. 1972). A typical detection system (Fig. 12) consists of two detectors that detect scattered
protons in coincidence with the recoil protons. If the detectors are the same distance from
the sample, both protons arrive at detectors at the same time, but with a 90° separation. Their
energy will be less than the incident beam because of energy loss that is a non-linear function
of the depth of the reaction below the sample surface (Fig. 13).

This method was used by Wegdén et al. (2004) with a 2.8 MeV proton beam at Lund,
Sweden. They were able to get strong signals from a synthetic pyroxene with 300 ppm water.
Further development of this method demonstrated the analysis of hydrogen at the 100 of ppm
H,O concentration level (Fig. 14) and showed that surface hydration could be distinguished
from the intrinsic bulk hydrogen content (Wegdén et al. 2005) where depth profiles exceeded 1
micrometer. Reichart et al. (2004) used a similar method to produce a three-dimensional image
of the hydrogen distributions in a polycrystalline synthetic CVD diamond film and showed
that the hydrogen atoms were concentrated along the grain boundaries.
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16 Rossman

In each of these examples of p-p scattering, the potential of the method for geologic samples
was clearly demonstrated, but as was the case of the NRA in the early 1980’s, significant effort
will be required before it becomes a rigorous, accurate analytical technique. Other approaches
have been suggested (Wirth 1997) such as electron energy-loss spectroscopy (EELS), but have
not been developed into accurate analytical methods for hydrogen in the nominally anhydrous
minerals. Hopefully, geoscientists will remain associated with the nuclear physics community
to bring these promising tools into the realm of a routinely useable analytical instrument.

Nuclear magnetic resonance

At first, one would think that proton nuclear magnetic resonance ('HI-NMR), should be an
ideal method for studying H in minerals if the content of iron and other paramagnetic ions is low
(less than about 0.4 wt% FeO). Although proton NMR is widely used in the chemical sciences,
it has seen comparatively little application to the low concentrations of water in the nominally
anhydrous minerals in part because of its low sensitivity for protons. A major challenge to the
investigation of nominally anhydrous silicate minerals is overcoming or accommodating the
sensitivity limits of the technique. Quantitative NMR measurements becomes difficult at H
concentrations less than about 1000 ppm wt because the probe background overwhelms the
sample signal unless the background is minimized through the use of pulse sequences or is
somehow subtracted from the sample signal. Furthermore, the concentrations of paramagnetic
transition elements are sufficiently high in most minerals that they seriously compromise
or effectively eliminate the proton signal through inhomogeneous magnetic interactions.
Consequently, the small amount of proton NMR conducted on minerals has been largely
focused on stoichiometrically hydrous minerals and, in particular, on synthetic ones with a
minimal paramagnetic component.

Early NMR work on a nominally anhydrous mineral focused on the channel water in
beryl where workers found the NMR signal from water in the channels and were able to
conclude that the H-H vector was parallel to the c-axis (Pare and Ducros 1964; Sugitani et
al. 1966; Zayarzina et al. 1969). Later work by (Carson et al. 1982) was concerned with the
water in cordierite and found that the water was undergoing some kind of motion on a time
scale faster than one microsecond. However, none of these studies attempted to quantitatively
determine the absolute amount of water in the minerals from the NMR spectrum. Subsequent
studies of beryl did distinguish between two orientations of water and determined their relative
proportions (Charoy et al. 1996; Lodzinski et al. 2005).

The first attempt to examine a range of nominally anhydrous minerals (Yesinowski et al.
1988) used a method known as magic angle spinning NMR. NMR spectra of solids are usu-
ally very broad due to magnetic anisotropic interactions among components of the crystals.
However, high-resolution spectra can often be obtained through a method known as “magic
angle” spinning NMR (MAS-NMR). In this experiment, the sample holder is rapidly spun with
its axis 54.7° with respect to the applied magnetic field. If the line shape of the non-spinning
sample is dominated by inhomogeneous interactions, as it often is for minerals with low hydro-
gen contents, magic angle spinning produces a sharp central band as well as a set of “spinning
sidebands” spaced at integer multiples of the spinning frequency. Paramagnetic metal ions in
the sample can complicate the NMR experiment because they introduce additional interactions
with their unpaired electron spins.

In addition to a number of stoichiometrically hydrous minerals, Yesinowski et al. (1988)
examined microcline, quartz, and nepheline and grossular with "H MAS NMR spectra. Al-
though the found mostly fluid inclusions, they were able to show that different hydrous species
could be distinguished but determined only their relative amounts (Fig. 15).

Cho and Rossman (1993) further developed the technique for minerals and presented data
on OH in grossular crystals with 0.17 tg 0.31 wt% H,O. They were able to show that in low
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water-content garnets, the mode of sub-
stitution is not dominated by the hydro-
garnet substitution (H,04*), but rather by
protons in pairs (Fig. 16).

Proton NMR is sensitive to just
the hydrogen environment and, and is
inherently quantitative. Relative amounts
of various species can be determined,
and, with suitable calibration, so can the
absolute hydrogen content of the sample.
To avoid the problem with paramagnetic
components in natural samples, Kohn
(1996) synthesized synthetic pyroxenes
and forsterite and used NMR to study
their hydrous components. He reported
that they contained 0.02 to 0.24 wi%
H,0. This and a subsequent report (Kohn
1998) indicated that the concentrations of
hydrous components in these fine-grained
materials were much higher than any
earlier study suggested.

Keppler and Rauch (2000) sub-
sequently showed that polycrystalline
materials have much higher water contents
than the corresponding single crystal and
suggested that the high water contents
reported by Kohn (1996) were not re-
presentative of the true water content of
the crystals. Contributions from hydrous
species on grain boundaries, growth
defects and submicroscopic fluid (or melt)
inclusions are possible sources of these
problems. Keppler and Rauch repeated
an observation that this author’s group
has long recognized: “measurements [of
low hydrogen content] on powders are
generally not reliable, no matter which
analytical method is applied.” A following
section discusses observations of elevated
concentrations of water in mineral
surfaces in more detail.

An approximately universal absorp-
tion coefficient for the infrared spectra of
feldspars was determined from 'H-MAS
NMR spectra by Johnson and Rossman
(2003). In this study, the spectra were
used to determine the H concentration of
three alkali feldspars and for the first time,
eight plagioclase feldspars. To accurately
measure structural H concentrations in
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80 60 40 20 0 -20 -40 -60 -80 ppM

Figure 15. 'H magic angle NMR spectra at 500
MHz of (top) microcline feldspar from Lake George,
Colorade and (bottom) microcline from the White
Queen Mine, Pala, California. Peak A is an organic
contaminant; peak B is water in fluid inclusions; peak C
is a structurally bound, isolated H,O group: and peaks
C* are the spinning sidebands of the structurally bound
H,O group. Modified after Figure 7 of Yesinowski et
al. (1988).

"+50 0 .50
Frequency (kHz)

Figure 16. Proton MAS-NMR spectra of grossular
from the Lelatema Mountains, Tanzania, with 0.17 wt%
H,0 showing 2 types of hydrogen. Data were obtained
with 2000 scans, a 4 second delay between each scan,
and a Gaussian line fit. The narrow line signal near zero
KHz is from a proton either far removed from other H
nuclei or is part of a mobile species within the sample.
The broad band arises from pairs of protons in close
proximity to each other, rather than a hydrogarnet
substitution (Cho and Rossman 1993)
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samples with such low H contents (<1000 ppm H,O) it was necessary (o eliminate the signal due
to adsorbed water on the coarsely ground (45 to 149 pum particle size) NMR sample through a
combination of sample handling protocols and background subtraction. Samples weighed about
150 mg and were spun at 12 kHz in a 500 MHz spectrometer. It was necessary to wait about 100
seconds between scans to allow the spin alignment to recover [rom the previous scan.

They found that their plagioclase samples contained structural OH in the range of 210-
510 ppm H,O by wt. The microclines contained structural molecular water (1000-1400 ppm
H-,0) in the microcline and the Eifel sanidine sample contained only structural OH (170 ppm
H-0). An approximately linear trend is produced when the total integrated mid-IR absorbance
is plotted versus the concentration of structural H determined from NMR (OH and H,0) for
both plagioclase and alkali feldspars (Fig. 17). The NMR work of Johnson and Rossman also
showed that the pegmatitic and metamorphic albite samples, while transparent, contain variable
(40-280 ppm H,0) concentrations of microscopic to sub-microscopic fluid inclusions.

Xia et al. (2000) also reported using '"H MAS NMR to calculate the water concentrations
of three anorthoclase megacrysts that contained between 365 and 915 ppm H,O. Very little ad-
ditional quantitative NMR of the nominally anhydrous minerals has been presented. An earlier
paper by Kalinichenko et al. (1989) reported quantitative 'H-NMR for andalusite and sillimanite,
and concluded that the OH groups are bound to Siions at concentrations of 2.0 and 1.7 wt% H,0,
respectively. In light of other studies, it is unlikely that these values represent intrinsic OH in the
phases, but more likely, represent alteration products. In other applications, NMR, in collabora-
tion with other spectroscopic methods, has been used to study the dynamics of water in minerals
(Winkler 1996) and for imaging of protons in geological solids (Nakashima et al. 1998).

Secondary ion mass spectrometry (SIMS)

SIMS, also commonly known as the ion microprobe, has held promise as an ideal method
to analyze hydrogen in minerals. An ion beam sputters ions from the sample and the ions are di-
rected to a mass spectrometer where they are counted. The analytical volume in a conventional

25000 =
1= Best Fit } l%
A Structural OH: plagioclse

20000: A Structural OH: sanidine

4 O Structural water: microcling
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Figure 17. Total polarized integrated band area in the mid-IR per cm thickness versus the concentration
of H (in ppm H,O by weight) determined from NMR spectra for feldspars containing structural hydrogen.
The slope of the best-fit line through the data is used to obtain the absorption coefficients (f and I'). From
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SIMS instrument is only a few tens of cubic micrometers, and the sensitivities are potentially
in the few ppm range. NanoSIMS instruments have the potential to determine hydrogen in
volumes on the order of tens of cubic nanometers. In practice, SIMS microanalysis for trace hy-
drogen in anhydrous minerals has proven challenging because of the high levels of background
signals for hydrogen (Steele 1986; Yurimoto et al. 1989) and the matrix effects (Hervig et al.
1987). Most of the initial attempts to analyze hydrogen by SIMS reported detection limits of
hundreds of ppm and few of these studies analyzed the samples by an independent analytical
method to confirm the accuracy of low-hydrogen concentration measurements.

Early efforts were directed towards the analysis of H in quartz crystals. Yurimoto et al.
(1989) used SIMS to analyze hydrogen in quartz crystals and fused silica glasses and found
that the hydrogen secondary ion intensities were proportional to the hydrogen contents
determined by infrared (IR) absorption over the range of 5 to 3000 ppm-atomic H/Si (down to
about 6 ppm H,0).

Kurosawa et al. (1992, 1993) reported the successful analysis trace hydrogen in mantle
olivines by carefully considering the source of problems and instituting corrective measures.
They used the Cameca IMS 3f ion microprobe at the University of Tsukuba with a primary
high-purity, mass-filtered °0O~ ion beam that was accelerated to 14.5 keV with a beam current
of about 100 nA and a spot size of 100 um in diameter. As the methods were refined, Kurosawa
etal. (1997) determined that the hydrogen content in mantle xenolithic olivines ranges from 10
to 60 ppm wt H,O, a concentration range that is consistent with the previous range of hydrogen
contents obtained by IR spectra (Miller et al. 1987). However, no single sample was ever run
with the two analytical methods as a crosscheck for consistency.

A variety of precautions was necessary to obtain this level of sensitivity for hydrogen.
Secondary ions, including 'H*, were collected from the central 60 um region of the sputtered
area using a mechanical aperture while the pressure in the sample chamber was maintained at
0.2 pPa. In addition, a cold trap of liquid nitrogen was used to improve the vacuum near the
sample. The samples for SIMS measurements were coated with a thin gold film to eliminate
electrostatic charging.

Hydrogen amounts were determined from a calibration curve. For quantitative hydrogen
analysis, the standards were H*-implanted San Carlos olivine. The method provided suitable
standard materials for trace hydrogen while simultaneously resolving matrix effect problems.
The calibration curve was obtained in the concentration ranges from about 2 to 1600 parts
per million (ppm) H,O by weight. Kurosawa et al. (1992a) report that the reproducibility was
within 10% in repeat analyses.

SIMS determination of water in minerals has been practiced mostly when concentrations
of water are in excess of 0.1% wt. A variety of synthetic phases such as silicate perovskite
(Murakami et al. 2002) and majoritic garnet (Katayama et al. 2003) have analyzed by this
method. The instrument has subsequently been used to study garnets, pyroxenes, and olivines
from mantle xenoliths (Kurosawa et al. 1993, 1997).

One strategy to improve SIMS analyses for hydrogen is to use 2H (deuterium) rather than
'H where possible. There are significant advantages with regard to background signals. For
example, Pawley et al. (1993) report that background H counts are four orders of magnitude
higher than the background D counts. This requires either synthesizing samples with deuterium
or conducting deuterium exchange prior to analysis

Koga et al. (2003) were the first to report analyses of hydrogen concentrations in both
natural mantle minerals and experimentally annealed crystals where the calibration was
established with olivine, pyroxene, garnet, amphibole and micas that were previously calibrated
by other methods. They employed stringent cleaning and drying procedures to eliminate
contamination from water and organic,solvents,andadhesives used-in_sample preparation.
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They used a Cs* primary ion beam rather than an O~ beam that gave high hydrogen
backgrounds. To minimize hydrogen backgrounds, they took extraordinary precautions. The
entire Cameca 6f instrument was baked for at least 24 hours before an analytical session. The
electron gun was kept on for 12 hours prior to the analysis at about 7 times the normal analytical
current to desorb hydrogen. Organic adhesives were avoided and samples were mounted in
indium metal. Through these precautions, they were able to reduce their background to 2 to 4
ppm wt of H on “zero”-hydrogen samples.

When they examined the SIMS calibrations for nominally anhydrous minerals, they
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 orthopyroxene, PMR-53 clinopyroxene, MON-9 garnet,
hydrous phases) are available. Their method resulted in SIMS calibrations that are less
likely to inherit systematic errors from a particular corroborating method. Their results were
excellent (Fig. 18). Their success points to the future where SIMS determinations of hydrogen
in minerals will be more widely utilized. SIMS offers the advantages of analysis of a smaller
volume, and the corresponding ability to obtain finer lateral and depth resolution. Furthermore,
it appears not to require orientation of intrinsically anisotropic samples.

Further development of the SIMS method with additional calibrations and intercalibration
with FTIR standards will be presented by Aubaud et al. (2006). They demonstrate that with
careful attention to avoiding contamination and prolonged instrument bakeout, hydrogen
background values equivalent to less than 5 ppm by weight H,O in olivine can be obtained.
They also observed phase-specific calibration trends for minerals such as olivine, pyroxenes
and garnets that varied by up to a factor of four.

SIMS will probably always be a complimentary method to infrared spectroscopy because
SIMS is, of course, unable to distinguish among hydrous species and cannot distinguish
between intrinsic hydrogen and contaminating phases or inclusions. There is no doubt that this
application of SIMS will be an area of significant growth in the future.

PREVIOUS REVIEWS OF METHODS
An earlier review that covered the use of IR spectroscopy to study hydrous components
in minerals was presented by Rossman (1988). Subsequent reviews have focused on various
aspects of OH in the nominally anhydrous minerals (Rossman 1996, 1998; Skogby 1999;
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Figure 18. SIMS calibration for garnet and a combined olivine-orthopyroxene

calibration fm%%ﬁ&ﬁ ‘?00%&? %@ﬁlfhé?{gﬂ?\)ersity of Texas at Austin
Authenticated
Download Date | 2/14/20 5:48 PM



Analytical Methods 21

Ingrin and Skogby 2000; Beran and Libowitzky 2003). One review that deals with analytical
methods for geological samples is Thinger et al. (1994) that concentrates on glasses. Several
reviews of nuclear reactions used to analyze hydrogen and other light elements have appeared.
Among the ones that deal with hydrogen are Lanford (1978, 1992) and Cherniak and Lanford
(2001). Reviews focused on mineral applications are few (Ryan 2004).

SURFACE WATER

Hydrous components can occur not only within a crystal, but will also occur on its surface.
All of the nuclear analysis methods and SIMS show that the surfaces of minerals can contain
considerably higher concentrations of hydrogen than is contained in the interior, even when under
high-vacuum conditions. Bell et al. (2003) found about 20 times as much water on the surface
of olivine KILV-23 as was present in the interior. The NPA analysis of Bell et al. (Fig. 19) shows
that outermost 500 nm contains a highly elevated H concentration and that accurate analyses
of the bulk hydrogen content should
begin 1.5 to 2 pum below the surface.
Similar surface concentrations were 2500
noted by Clark et al. (1978) and Dersch ' -
and Rauch (1999) on quartz samples. In SRI/I?Z%
their ERDA experiment with a garnet 2000 A
with 0.17 wt% H,O, Sweeney et al.
(1997) detected about 4.5x as much
water in the outermost 50 nm of the
sample (Fig. 20). Likewise, Katayama
et al. (2003) found that a factor of 24x
greater water was liberated from the
surface of a pyrope when the SIMS 1000 1
experiment began than when a steady )
state was reached after rastering the
surface (Fig. 21). This illustrates why it 500 {8
is common practice to clean the sample o®
by ion-rastering before analyzing the * 0.00.. .
water content of low-hydrogen-content [}
minerals. Clark et al. (1978) obtained 0 500 1000 1500 2000 2500
F-19 depth profiles of quartz and
determined that it exhibited a region of
high H concentration near surface region

1500 -

H>0 ppm

Depth, nm

Figure 19. Nuclear reaction analysis depth profile of a

(down to a depth of about 200 nm), mantle olivine that shows elevated water content at the
before the concentrations decreased to surface of the sample even while held in an ultra-high
the bulk value of the sample. vacuum chamber. From Bell et al. (2003).

While there is certainly several
thousand ppm-wt H,O absorbed water on the surface of minerals while under high vacuum,
there is some question of whether the ion beams drive hydrogen atoms below the surface
during the analysis, or if a diffusion gradient naturally exists. Obviously, the depth of elevated
hydrogen contents will strongly depend upon the quality of the surface and the amount of
surface damage experienced by the sample during grinding and polishing.

An extreme example of water near the surface of a mineral was demonstrated during the
heating experiments on sillimanite crystals (Beran et al. 1989). The experiment consisted of
obtaining the infrared spectrum of OH bands after each step in a step-heating experiment. As

Figure 22 shows, the weight loss proceeded at a proportionally faster rate than the decrease of
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the OH bands. Beran et al. concluded that much of the water was held as molecular water at
the edges of the crystal, probably associated with surface damage and incipient cleavages in
a mineral with perfect cleavage perpendicular to the direction in which the infrared light was
being transmitted through the crystal. In the infrared experiment, the OH bands were measured
only in the center of the crystal, but the weight loss was occurring from both within the center
(as OH groups) and from the damaged regions at the edge (mostly as molecular water). Quite
likely, a similar problem contributed to the high values of OH in kyanite reported by Beran and
Gotzinger (1987).

CURRENT STATUS OF CALIBRATIONS

A number of minerals have been calibrated sufficiently well that that their infrared spectra
can be routinely used in determinations of the OH contents of important mantle phases and
an assortment of crustal phases. Because the density of many of these phases is not highly
variable as they are commonly encountered, a single calibration constant can provide a useful
tool for many routine, practical applications. Those currently available are presented in
Table 2. Several of these minerals have significant variation in the general appearance of their
infrared spectra and require additional study to determine how the calibration varies with the
different types of infrared spectra. It is certain that our work is far from over.

GLASSES

Also worth pointing out are the extensive efforts to calibrate the IR spectra of hydrous
components in geological glasses (Stolper 1982; Newman et al. 1986; Silver and Stolper 1989).
Methods used to analyze volatiles in glasses were reviewed by IThinger et al. (1994). Since the
original infrared calibrations appeared, a number or refinements have appeared involving a
variety of calibration methods such as Karl-Fischer titration, nuclear reaction analysis, and
SIMS (Ohlhorst et al. 2001; Hauri et al. 2002; Mandeville et al. 2002; Leschik et al. 2004;
Okumura and Nakashima 2005). The glass calibrations have made it possible to examine melt
inclusions in minerals and to study partitioning of water between crystal and melt.

Table 2. Representative calibration formulas for H,O and OH in minerals*

Forsterite H,O (ppm wt) = 0.188 x Abs,,, (integrated per cm)  Bell et al. (2003)

Kyanite H,O (ppm wt) = 0.147 x Abs,,, (integrated per cm)  Bell et al. (2004)
Vesuvianite H,O (ppm wt) = 0.085 x Abs,,, (integrated per cm)  Bellatreccia et al. (2005)
Nepheline H,O (ppm wt) = 0.672 x Abs,,, (integrated per cm)  Beran and Rossman (1989)
Orthopyroxene H,O (ppm wt) = 0.067 x Abs,,, (integrated per cm)  Bell et al. (1995)
Clinopyroxene H,O (ppm wt) = 0.141 x Abs,,, (integrated per cm)  Bell et al. (1995)

Pyrope H,O (ppm wt) = 0.240 x Abs,,, (integrated per cm)  Bell et al. (1995)
Grossular H,O (ppm wt) = 0.140 x Abs,,, (integrated per cm)  Rossman and Aines (1991)
Hydrogrossular H,O (ppm wt) = 0.264 x Abs,,, (integrated per cm)  Rossman and Aines (1991)
Spessartine H,O (ppm wt) = 0.125 x Abs,,, (integrated per cm) ~ Rossman (1988)

Feldspars H,O (ppm wt) = 0.065 x Abs,,, (integrated per cm)  Johnson and Rossman (2003)
Rutile H,O (ppm wt) = 0.110 x Abs,,, (integrated per cm) ~ Maldener et al. (2001)
Cassiterite H,O (ppm wt) = 0.039 x Abs,,, (integrated per cm)  Maldener et al. (2001)

*These formula are representative only for minerals that have spectra close to those of the standard minerals used in
the calibrations. In all cases, they represent the sum of the integrated absorption intensities in the OH region for three

orientations.
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