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ABSTRACT

Recent interest in hydrogen incorporation in feldspars has been driven by the potential of
this common mineral species to record magmatic water contents. Accurate measurement of H
concentrations in feldspars by Fourier transform infrared (FTIR) spectroscopy is hampered by
the need to collect polarized spectra in at least three mutually perpendicular directions, which
can be impractical for crystals characterized by small dimensions, polysynthetic twinning, and/or
chemical zoning. SIMS is an attractive alternative to FTIR, offering high spatial resolution, high
precision, and the feasibility of attaining low detection limits. In this study we compare FTIR
and SIMS data for 19 feldspars, including plagioclase, anorthoclase, sanidine, microcline, and
orthoclase. We present adjustments to previously published FTIR data on some of these samples.
Our new SIMS and FTIR data are well correlated and we demonstrate the feasibility of
quantitatively measuring H concentrations as low as -2 ppmw H,0 using SIMS. Combination
of the new data together with re-evaluation of the NMR calibration of Johnson and Rossman
(2003) indicates that the IR absorption coefficients for hydrous species in feldspar increase with
decreasing frequency of their O-H absorptions, in accord with theory. We derive new molar
integral IR absorption coefficients (1) for feldspars with the following hydrous species as defined
by Johnson and Rossman (2003):

Type I and II H,O (microcline and orthoclase): 1 = 120,470 + 11,360 L - mol”' ji20 - cm™

Type IIb OH (sanidine): I = 150,000 + 15,000 L - mol™ 1120 - cm’

Type 1la OH (plagioclase and anorthoclase): [ = 202,600 + 20,260 L - mol” 10 - cm™
These absorption coefficients depend on critical assumptions with regards to SIMS matrix effects.

If accurate, one important implication is that the H concentrations of plagioclase crystals
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estimated in the literature are too high by up to a factor of two, requiring revision of previously

estimated plagioclase-melt H partitioning coefficients.
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INTRODUCTION

Feldspars are the most abundant minerals in the Earth's crust and have long been known
to contain hydrous components within their structures, in the form of OH, H,O, and/or NH,"
molecules (Wilkins and Sabine 1973; Solomon and Rossman 1979; 1988; Hofmeister and
Rossman 1985a,b; 1986, Beran 1986, 1987; Miiller, 1988; Behrens and Miiller, 1995;
Kronenberg et al. 1996; Xia et al. 2000; Johnson and Rossman 2003, 2004). Reported
concentrations of structurally bound OH, H,O, and NH,~ in this nominally anhydrous mineral
(NAM) group range up to 915, 1350, and 1500 ppmw HO, respectively (Johnson 2006). Recent
studies have shown the potential for using H concentrations in igneous plagioclase and
anorthoclase to constrain the water contents of their host magmas, both in terrestrial volcanic
rocks (Johnson 2005; Seaman et al. 2006; Hamada et al. 2011, 2013) and in lunar anorthosites
(Hui et al. 2013). Although there are still some uncertainties in feldspar-melt H partition
coefficients (Hamada et al. 2013), this technique holds great promise for complementing more
traditional approaches to determining magmatic volatile contents, such as measuring the
compositions of melt inclusions in phenocrysts (e.g., Blundy et al. 2006). However, one of the
barriers to practical application of this method lies in accurately quantifying feldspar H
concentrations, which are most typically measured using Fourier transform infrared (FTIR)
spectroscopy. Because of the high degree of anisotropy of O-H bonding in feldspars, accurate
FTIR is limited by the need to collect polarized spectra from three mutually perpendicular
directions (Johnson and Rossman 2003). In practice, preparation of the appropriate sections for
such measurements can be difficult when crystals are small and/or twinned or compositionally
zoned, as commonly observed for phenocrysts or feldspars extracted from high-pressure

experiments.
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For the above reason, analysis by secondary ion mass spectrometry (SIMS) is an
attractive proposition. Advantages of SIMS include high spatial resolution, apparent insensitivity
to crystal orientation (Koga et al. 2003), high precision (e.g., Mosenfelder and Rossman 2013a,b)
and the feasibility of attaining detection limits of 5 ppmw H>O or even less (e.g., Hauri et al.
2002; Koga et al. 2003; Aubaud et al. 2007; Mosenfelder et al. 2011). In this study we conducted
a cross comparison of FTIR and SIMS data for 19 feldspars of variable composition and
structural state, including plagioclase, anorthoclase, sanidine, microcline, and orthoclase. Seven
of our samples were previously investigated by Johnson and Rossman (2003), using both FTIR
and nuclear magnetic resonance (NMR) spectroscopy. An additional 11 of the samples were
previously measured using FTIR by Johnson and Rossman (2004), as part of a broad survey of
hydrous species in igneous feldspars. In the present work we deliberately excluded feldspars
containing obvious evidence for hydrous alteration products or fluid inclusions caused by
subsolidus hydrothermal exchange, which are likely irrelevant to the study of volcanic
phenocrysts. Moreover, as we have shown for olivine and pyroxene (Mosenfelder et al. 2011;
Mosenfelder and Rossman 2013a), hydrous inclusions — even when not optically detectable — can
lead to a high degree of scatter in SIMS measurements, complicating interpretation.

Due to limited data, Johnson and Rossman used their NMR and FTIR data to derive a
universally applicable, integral IR absorption coefficient for absorption bands representing
structurally bound H — both in the form of OH (in plagioclase/anorthoclase and sanidine, with
mean wavenumbers of either ~3200 or ~3300 cm’', respectively) and H>O (in
microcline/orthoclase, with a mean wavenumber of ~3475 cm']). However, theoretical and
experimental work (e.g., Paterson 1982; Libowitzky and Rossman 1997; Balan et al. 2008;

Koch-Miiller and Rhede 2010) suggests that there should be a difference in absorption
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coefticients for bands at these different wavenumbers. Johnson and Rossman's universally
applicable value is supported by the excellent agreement between their NMR data and previous
manometry (Hofmeister and Rossman 1985a,b) and NMR (Yesinowski et al. 1988) results.
However, there were moderate uncertainties associated with H background subtraction of the
NMR spectra, particularly for the samples with low H content (four plagioclases and one
sanidine). Our cross calibration of FTIR and SIMS data allows us to place new constraints on the
accuracy of the IR calibration and the wavenumber dependence of the absorption coefficient,
while demonstrating the feasibility of performing highly precise SIMS measurements with a low
detection limit (as low as 1-2 ppmw H,0). We also detail some discrepancies between our new

FTIR measurements and previous work and evaluate attendant implications for the IR calibration.

ANALYTICAL METHODS

Sample preparation and FTIR

Table 1 shows localities, general compositions (Ab-An-Or content), and FTIR data for
the H-bearing feldspars and dehydrated feldspars (see SIMS section below) that we studied.
More information about geologic settings and original references for the samples can be found in
Johnson and Rossman (2003, 2004), and in Rossman (2011). We cut and polished new sections
for SIMS, in some cases from the same crystals used previously and in other cases from different
crystals from the same locality. FTIR spectra were re-measured in order to verify consistency
with previous work and homogeneity in H contents. For GRR2651 we prepared a section from a
different gem-quality crystal than the one used by Rossman (2011) for “’Ar->’Ar release

experiments.
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Crystals were oriented by morphology and cleavage where convenient (e.g., sanidines, in
which the optic plane is parallel to the {010} cleavage). GRR2651 was oriented using a specially
designed biaxial orientation device built on the principle of a spindle stage but at a macro scale
with two axes of rotation (Thomas et al. 2014). For most of the samples, however, we estimated
total integrated absorbance by measuring polarized spectra in three mutually perpendicular but
not necessarily principal optical directions, following the approach taken by Johnson and
Rossman (2004). A test of the accuracy of this method was made by Johnson and Rossman
(2004) and is further discussed in the supplementary material. Hereafter we refer to the total
(polarized) integrated absorbance measured this way or in principal orientations as 4bs, which
can be converted to concentration using a modified form of the Beer-Lambert law:

¢ (Wt% H20) = Absio x 1.805/[t- D - 1],

where 1 is the path length of the IR beam (in cm), D is the density of the mineral (in g -
em™), 1is the integral molar absorption coefficient in L - mol” - ecm™ (also commonly
symbolized as &). When ¢ is expressed as ppmw H,0, 1 is replaced by I' (in ppmw™' - cm™).
Johnson and Rossman (2003) derived values for [ and I' of 107000 L - mol - em™ and 15.3
ppmw’™' - cm”, respectively. In the discussion section we derive alternative values for these
coefficients.

Infrared spectra were obtained in the main compartment of a Nicolet Magna 860 FTIR
spectrometer, using a LilO; Glan-Foucault prism polarizer (further analytical details are given in
Mosenfelder et al. 2011 and are nearly identical to those in Johnson and Rossman 2003, 2004).
In addition, we used the IR microscope to examine heterogeneity in microcline GRR968 using
50 um apertures. Spline-fit baseline corrections with concave curvature, accounting for the tail of

absorption from silicate overtone modes, were manually performed by the first author using
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Nicolet's OMNIC software — both for our newly prepared samples and for spectra previously
acquired by Johnson and Rossman (2003, 2004). Note that most spectra collected by Johnson
and Rossman (2004) were fit with linear baselines; differences between those fits and new spline
fits performed in this study are typically 3 to 5%. Uncertainties were assessed for each spectrum
and propagated to determine the uncertainty on Abs;y., as described in Mosenfelder and Rossman
(2013a). This subjective evaluation of uncertainties takes into account factors such as signal:
noise, the presence or absence of interference fringes, variations in silicate overtone band
structure with crystallographic direction, and subtraction of bands interfering with fundamental
O-H stretching vibrations. These include bands at ~4000 cm™ due to the combination of low-
energy lattice modes and OH or H»O stretching (Johnson and Rossman 2003), as well as C-H
absorption between ~2850 and 3050 cm’', attributed to residue left over from embedding the
samples in poly(methyl methacrylate). Infrared spectra of this particular organic contaminant
show that very little O-H is associated with the C-H bands (compared to other embedding media
such as CrystalbondTM 509 or hard epoxies). Subtraction of the C-H bands amounts to much less
than 1% of A4bs, in most cases, while subtraction of the combination bands is dependent on

crystal orientation and H speciation.

Electron probe microanalysis (EPMA)

EPMA data are given in the supplementary material. Some samples were analyzed
previously using EPMA or SEM-EDS (Johnson and Rossman 2003, 2004). New analyses for
other samples were obtained using a JEOL JXA8900R at the University of Minnesota. For these
measurements we used an accelerating voltage of 15 keV, a beam current of 20 nA, and a spot

size of 10 um. Standards included synthetic SrTiOs (for Sr) and natural albite (for Na and Si),
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anorthite (for Ca and Si), microcline (for K), and hornblende (for Fe and Mg). Data processing
followed the CITZAF method (Armstrong 1988). For the sake of comparing SIMS data among

different samples, SiO, contents were recalculated by normalizing EPMA analyses to 100 wt%

oxide totals.

SIMS

Our low blank SIMS methods for H and F analysis have been discussed in Mosenfelder
et al. (2011) and Mosenfelder and Rossman (2013a, 2013b). Analytical details are identical to
those in the latter two studies. Table | gives average blank corrected '°OH /°"Si and "F/*°Si
ratios for 5-14 analyses per sample; complete data for individual analyses are provided in the
supplementary material. We converted '’F/*°Si ratios (normalized for SiO;) to F concentrations
by calibrating against a suite of basaltic standard glasses (ML3B-G, KL2-G, BHVO-2G, and
BCR-2G), using standard F concentrations from Guggino et al. (2011) (i.e. “model 2” in
Mosenfelder and Rossman 2013a). The glasses were pressed in to the same indium mount as the
feldspars, together with a suite of olivine standards (Mosenfelder et al. 2011) that were also
measured in the same session. Our calibration line for the glasses (calculated using a York
regression; York 1966) had a virtually identical slope (0.273) compared to Mosenfelder and
Rossman (2013a). Although matrix effects for fluorine are unconstrained, we also measured the
NIST high silica glasses SRM 610 and SRM 612 and note that they fall within the error
envelope of the York regression for the basalts; if all six glasses are used instead of just the four
basalts, the regression results in a lower slope (0.236) and correspondingly higher estimates for F,

by about 14%. Full calibration data are given in the supplementary material.
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For the sake of monitoring the H and F backgrounds in the vacuum and blank correcting
SIMS measurements, we made "blank" standards at high temperature by diffusing these elements
out from small cuboids made from two of the plagioclase crystals (GRR1389 and GRR145). The
cuboids had dimensions of approximately 0.4 x 0.7 x 1.9 mm (GRR1389-HT) and 04 x 0.5 x 1.6
mm (GRR145-HT). The crystals were heated in three sets of successive experiments at 1050 °C,
for 216, 96, and 90 hours, with FTIR spectra taken in between each step. The first two heating
steps were performed in air in a muffle furnace and the last was done in a CO-CO, atmosphere in
a Deltech™ gas-mixing furnace, at an oxygen fugacity corresponding to approximately one
order of magnitude lower than the quartz-fayalite-magnetite buffer (cf. Mosenfelder and

Rossman 2013a).

RESULTS

As delineated in the survey of Johnson and Rossman (2004), hydrogen can be contained
in igneous feldspars in a variety of ways: as structurally bound OH with three distinct IR
signatures (type I, [la, and IIb), as structurally bound H,O (types I, Ila, and IIb), in the form of
NH," groups, and as H,O in fluid inclusions or alteration phases. In this study we excluded
feldspars (e.g.. pegmatitic albites) with obvious spectroscopic evidence of fluid inclusions, type |
OH, or NH;". Representative IR spectra for the other modes of hydrogen incorporation are
shown in Figure 1 and additional spectra for many of the samples we used are in Johnson and
Rossman (2003, 2004); Figure 2 shows spectra for the one new sample (GRR2651) that we
investigated. Furthermore, in the supplementary material we provide IR spectra for all samples
together with our baseline corrections. Table 1 contains abbreviated SIMS, major element, and

new FTIR data for all the samples, as well as the results of our refitting of original FTIR spectra
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from Johnson and Rossman (2003, 2004). Discrepancies among the FTIR results are discussed in

detail in the supplementary material.

"Blank standards" and detection limits

Despite long annealing times for the two feldspars that we dehydrated for use as blank
standards, neither crystal was fully dehydrated (as we expected from extrapolation of data from
Johnson and Rossman 2013). Small peaks attributed to type Ila OH are present in GRR1389-HT
and GRR145-HT at ~3200 cm™ and ~3250 cm™, respectively. The peak location in GRR 1389-
HT is identical to that in the starting material (Fig. 1). GRR145-HT actually appears to have
gained a small amount of H (on the order of 1 ppmw H,0) compared to the starting material,
suggesting some infinitesimal but significant fugacity of hydrogen under the high temperature
dehydration conditions (even with the final step being in a CO-CO, atmosphere).

The integral absorbances for two directions in each crystal (the third direction was not
measured) are given in Table 1, but these values represent transmission through the whole path
length of each crystal and we assume that the H was concentrated toward the middle, following
the typical pattern of diffusion profiles (Johnson and Rossman 2013). Indeed, SIMS data for
GRR145-HT suggest that the surface was sufficiently dry for it to be effectively used as a blank
standard, with '®0'H/*Si ratios ranging from 0.00053 at the beginning of the session down to
0.00024 at the end. These ratios are slightly lower than those measured on our blank forsterite
standard (GRR1017) during the same session (*0'H/%si ranging from 0.00081 down to
0.00028). They are also identical to ratios measured at comparable time during the session in the
starting material (GRR143), which was found to be dry below the FTIR detection limit. We

elected to use GRR145-HT to monitor the background periodically and blank correct all the data,
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because F apparently diffused almost completely out of this crystal (whereas GRR145 has the
second highest F content among all the feldspars we measured), making it suitable as well for
blank correcting '*F/°Si ratios. '°O'H/*"Si ratios for GRR1389-HT were higher than both
GRR145-HT and GRR2651 (see below), so it was not used for blank correction.

In previous studies we calculated detection limits for SIMS measurements using the
classic analytical chemistry formulism of Long and Winefordner (1983) and regressions of SIMS
data against H (expressed as H>O) concentrations determined by FTIR, nuclear reaction analysis
(NRA), or manometry. In this study we also tested the detection limit by deliberately measuring
a sample with very low H content (GRR2651). IR measurements (Fig. 2) through thick sections
(path lengths of 5.57 and 6.23 mm) of a well-oriented cuboid of this andesine yield Absq
corresponding to 1.4 ppmw H»O using the calibration of Johnson and Rossman (2003); the
concentration recalculated using a new value for /' determined in this study (see below) is half of
that value. Six SIMS analyses gave an average blank-corrected '°0O'H/"Si = 0.00030 + 0.00003
(20). Figure 3 shows raw data (after correction for dead time and background on the electron
multiplier) for one of these analyses, bracketed immediately before and after by analyses on the
blank standard GRR145-HT. This figure demonstrates that the average measured '°O'H/*°Si for
GRR2651 is just above the limit of detection (LOD, 30 above the blank), but below the limit of
quantitation (LOQ, 10c above the blank), as defined by Long and Winefordner. The consistency
in measured ratios for this sample (10% RSD) suggests that quantification of H below the LOQ
and much closer to the LOD is feasible with SIMS, when rigorous methods are used to achieve
low H backgrounds (for this session we followed our previously documented procedures for

cleaning the samples and mounting them in indium, baked the machine for 36 hours, and used an

LN; cold trap).
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Plagioclase and anorthoclase (type Ila OH)

The plagioclase and anorthoclase samples are all characterized by highly polarized IR
spectra indicative of type 1la OH (Fig. 1a). Although the spectra show some variations, the
strongest band in each sample is centered at ~3200 cm™'. We used FTIR to look for H zoning but
found none in these feldspars (spots were selected using 100-200 um diameter, round apertures
in the main compartment of the spectrometer). Our new FTIR results are consistent within
mutual uncertainties with the originally published values of Johnson and Rossman (2003, 2004)
in two cases: GRR145, which has no detectable H, and GRR580. For the other samples, we note
discrepancies ranging from a few percent (for most samples) to as much as a factor of 10, and
discuss the details in the supplementary material.

Five to ten SIMS analyses were acquired for each sample (Table 1). Reproducibility (2o
RSD) for '°0'H/"Si ranged from 1% to 10% relative; the worst precision cited is for the low-H
sample, GRR2651, with typical reproducibility for other samples between 2 and 6%. Fluorine
varies from below the detection limit to 39 ppmw and is generally anti-correlated with H.

Figure 4 shows "®0O'H/*°Si (normalized by multiplying by wt% SiO,) plotted against
Absio, as determined for the actual crystals used for SIMS rather than the crystals originally
studied by Johnson and Rossman (2003, 2004). The SIMS data are plotted against absorbance
rather than H>O concentration (as in previous studies) because we discuss revision of the IR
absorption coefficient later in the paper. Moreover, these plots facilitate visualization of the
differences among the different groups of feldspars. Parameters for ordinary least squares (OLS)
and York (1966) regressions to the data are given in the supplementary material. The York fits

take into account the different uncertainties in IR data (estimated subjectively) and SIMS data
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(based on reproducibility), which are assumed to be uncorrelated. Note that York regressions fit

to the data in this way inherently lead to higher mean square weighted deviation (MSWD) and

uncertainties on slope and intercept compared to regressions of SIMS data vs. H>O concentration,

because the uncertainty in the absorption coefficient is not propagated and thus the X-error bars
are relatively small.

The data for anorthoclase (Fig. 4a) and plagioclase (Fig. 4b) can be fit separately with
OLS regressions yielding correlation coefficients (%) 0f 0.997 and 0.954, respectively. The data
also can be fit together, yielding a good correlation (+* = 0.969). One plagioclase sample
(GRR1968 anorthite) constitutes an obvious outlier; if this sample is excluded from the
regression the correlations improve significantly for plagioclase data alone (* = 0.995) as well as
all the data together (rz =0.992), with slightly different but statistically insignificant slopes for
the different fits; the MSWD of the corresponding York regressions also improves substantially
(e.g., from MSWD =95 to 15 for the combined data set; see supplementary material). Possible
explanations for the deviation of GRR1968 from the trend include sample heterogeneity,
misestimation of the sample absorbance, and a matrix effect due to its high Ca content; these
possibilities are not exclusive. We discuss the first two possibilities in the supplementary

material and the third in the discussion section.

Sanidine (type IIb OH)

Three sanidine crystals with type 1Ib OH were measured. GRR638 (Fig. 1b) and
GRR2064 have similar spectra, with bands centered at ~3400 em” and ~3250 cm™ (with
maximum absorption in X) and at ~3050 cm™' (with maximum absorption in ¥). The mean

wavenumber of the sample (i.e. from the total absorbance) is ~3300 em’. JV1 sanidine contains
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bands at similar positions, with additional, much less intense bands at ~3610 cm™' and 3673 cm’.
We collected five to seven SIMS analyses per sample and reproducibility for "°O'H/*’Si was 2%
relative for the higher H-content samples and 16% for JV1, the lowest-H sample. Fluorine
contents ranged from below detection limit to 4 ppmw, and are anti-correlated with H.

The SIMS and FTIR data (again, using revised values for 4hs,: see supplementary
material) for these feldspars are well correlated =1 Fig. 4c). Although the high r* value in
this case is made somewhat less significant by the small number of data points compared to the
fits for plagioclase and anorthoclase, the fit has a significantly higher calibration slope. The York
regression improves substantially (from a MSWD of 4.2 to less than 1) if the lowest-H content
sample (JV1) is excluded, but the slope and intercept are not significantly different; this may
reflect a misestimation in Abs,, for JV1 or some real but difficult-to-resolve difference in H
content due to its slightly different H speciation compared to the other samples (if the absorption

coefficient is frequency dependent).

Microcline and orthoclase (type I and II H,O and/or type Ila OH)

We measured four K-feldspars with IR spectra dominated by bands attributed to
structurally bound H»O groups, covering a range from 30 to 1350 ppmw H,O in previously
estimated H concentrations. The two lowest-H content samples, GRR752 and GRR 1618, also
contain type Ila OH, while microclines GRR968 and GRR1281 contain only structurally bound
H-0.

Reproducibility for "°0O'H/Si was 4-6% relative for all samples except for GRR752, for
which reproducibility was 12% after the data were processed; unlike any other sample in this

study, the analyses of this feldspar required extensive processing for contamination, apparently
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present not just on the sample surface but within the crystal (perhaps on cleavage planes).
Following Mosenfelder et al. (2011), we used '*C/*°Si ratios as a discriminant to eliminate "bad"
cycles and recalculate '°0'H/*"Si ratios, and rejected five out of 14 analyses that yielded high
overall >C counts.

SIMS and FTIR data for this group of samples are well correlated (+* = 1), and the slope
of the calibration is significantly higher than both the plagioclase/anorthoclase data and
sanidine/orthoclase data (Fig. 4d). The goodness of fit (but not the slope) of the York regression
once again improves significantly if the lowest-H sample (GRR752) is excluded, probably for
the same reasons as for the sanidine data. Figure 4d also shows the range (in the shaded box) of
FTIR and SIMS data for a second sample chip of GRR968 that we knew was zoned in H before
doing SIMS measurements; this sample is discussed in greater detail below but not included in
the regressions.

Small discrepancies between our new estimates for 4bs,, in GRR752 and GRR1618 and
those of Johnson and Rossman (2004) are outlined in the supplementary material. The
discrepancies for the highest-H content microclines (GRR968 and GRR1281) are more
complicated to rectify and our discussed here due to their potential significance for other workers
measuring H,O concentrations in microcline and importance for re-estimating the molar
absorption coefficient originally determined by Johnson and Rossman (2003). Our re-estimates
of Abs. for the originally measured spectra are consistent for GRR1281 but not for GRR968. In
this latter case a transcription error appears to be responsible for the large discrepancy between
the old value (13061 Abs,) and our new estimate (16429 Abs\»). As shown in Figure 1d, our
baseline corrections for these spectra include subtraction of absorption at high frequency that is

attributed to a combination of low-energy lattice and H,O stretching vibrations (Johnson and
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Rossman 2003). This absorption is most prominent in ¥ spectra and uncertainties in its
subtraction (modeled here as a single band, for simplicity) lead to the higher uncertainty (8-9%)
in estimated absorbance in this direction, but Y is also fortuitously the direction with lowest
absorbance.

An additional source of uncertainty in 4bsy for GRR968 and GRR 1281 comes from
heterogeneities in H distribution, seen both in FTIR and SIMS. The heterogeneities are
correlated to the presence of "turbid" versus "clear" regions in the crystals. The turbid regions are
sample volumes with higher degrees of microperthitic exsolution. In Table 1 and Figure 1c we
present previously unpublished FTIR data from Johnson and Rossman (2003) on a turbid section
of GRR1281 that has 23% more absorbance, with the same IR band structure, compared to the
"clear" section that was originally measured. The absorbance for the clear crystal is closer in
absorbance to the new section we measured, and is presumably more representative of the clear
crystal fragment that was crushed for use in NMR measurements. Note that the turbidity in these
microclines is different than in other feldspars in which turbidity is caused by alteration (i.e.,
hydrous phases) and/or precipitation of fluid inclusions (Johnson and Rossman 2004; S aby et
al. 2012). In the samples studied here we see no spectroscopic evidence for fluid inclusions.
Understanding of why incorporation of structurally-bound H>O groups increases with increased
exsolution in these samples requires further microstructural study.

We measured H by SIMS in two different sample sections of GRR968. One section
("*0O"HA°Si = 0.28 + 0.01) was clear and showed no evidence for H zoning on the scale sampled
by our FTIR measurements, while the other ("O'HA%Si = 0.30 + 0.02) was variably turbid,
showed considerable evidence for H zoning as seen in FTIR, and yielded twice as much

variability in SIMS. Only two polarizations (close to X and Z) were measured in this second
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section, so for the sake of Figure 4d (and Table 1) 4bs,y is estimated by scaling, assuming that
the X polarization accounts for 50% of the total absorbance (an average value for the other
measured cuboids of GRR968). 4bs, calculated this way ranges from 17146 to 22346 for this
sample, with most of the apertured regions measured falling at the higher end of the range. The
shaded area in Fig. 4d shows how this range of values plots against the other SIMS-FTIR data.
They overlap with the other measurements shown, but are not used in the regression because it is
not straightforward to correlate the zoning seen in FTIR with that in SIMS, due to the different

sampling volumes (both in depth and lateral resolution) of these techniques.

DISCUSSION

IR absorption coefficient: a re-evaluation

Based on our results, we reassess the universal molar absorption coefficient determined
by Johnson and Rossman (2003). In the following calculations we assume that the absorption
coefficient is wavenumber dependent, based on the fact that our SIMS-FTIR calibration lines are
significantly offset from each other for groups of feldspars with bands at different mean
wavenumbers (Fig. 4d). An alternate interpretation is that the calibrations are offset due to SIMS
matrix effects, a possibility we consider in a separate discussion section below. We proceed by
first using our corrections to the original FTIR data of Johnson and Rossman to derive revised IR
absorption coefficients (I and I') for samples containing type I and 11 H»O based on the NMR
measurements. Then, we calculate new I and I' values for the other feldspars with type Ila and
IIb OH by using the microcline/orthoclase SIMS-FTIR calibration as a reference frame,

assuming that there are no matrix effects.
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Figure 5a shows a revised plot of the NMR results against 4bs,,. Here we use the original
IR spectra of Johnson and Rossman (2003), but with our new baseline corrections; one exception
is GRR638, for which we show our estimated absorbance from our new sample cuboid (with
significantly higher absorbance in only one direction). The only other values that are
significantly different are for GRR1280 plagioclase and GRR968 microcline (Table 1). The
graph shows that our new estimate for GRR968 places that sample more in line with the origin
and GRR 1281 microcline, at higher H content. However, the data for plagioclase and sanidine
still show a high degree of scatter, most likely due to uncertainties in the blank correction applied
to these lower-H content samples. This precludes us from drawing meaningful conclusions from
this plot alone as to whether the absorption coefficient can be applied universally to all feldspars.

We used a York regression (shown together with 95% confidence intervals in Fig. 5b) to
calculate the molar absorption coefficient and associated uncertainty for the two microclines with
type I and II H>O (GRR968 and GRR1281). The regression is constrained to intercept within
error of the origin by including a blank measurement of "zero" with a 50 ppmw uncertainty. This
uncertainty was originally estimated for the measured blank of 100 ppmw based on assessment
of the quantity of water that could be adsorbed on an anhydrous labradorite powder, which was
measured by NMR and used to correct the NMR spectra. The uncertainty in the IR absorbance
for GRR968 and GRR1281 is taken here to be 10% relative, which is a much higher uncertainty
than our estimated uncertainties on Abs (£2%) for the original spectra of these samples (Table
1). Our reasoning for this conservative estimate is that there may have been some heterogeneity
in the crystalline material crushed up for NMR experiments, considering the range in Absi that
we have documented even among "clear" samples of GRR968 and GRR1281; for instance, the

clear sample measured by Johnson and Rossman (2003) has 23259 Abs,y, while a different clear
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sample that we measured has 22096 4bs, a difference of 5%; the corresponding difference for
GRR1281 amounts to 8%. The resulting integral absorption coefficient |' from the slope of the
York regression is 17.2 + 1.6 ppmw™' 1120 - cm™ (26). This equates to I = 120,470+ 11,360 L -
mol” 110 - em™ if an average density for the microcline samples of 2.57 g - cm” is assumed (the
measured densities were 2.556 and 2.585 g - em’, respectively, for GRR968 and GRR1281;
Table 2 in Johnson and Rossman 2003). This new value for I' is higher than the original
estimated value of 15.3 ppmw™ - cm™, although within mutual 26 uncertainties. Note that using
the lower estimated uncertainties for 4bs,, for GRR968 and GRR1281 results in a regression
with essentially the same slope, yielding I'= 17.3 1.1 ppmw ' 1120 - cm™,

We now derive absorption coefficients for feldspars with type [Ib OH (sanidine) and type
I1a OH (plagioclase/anorthoclase) by equating their measured '°O'H/*’Si x SiO, values to H,O
concentrations (and then comparing those values to 4bsy) using the microcline/orthoclase
SIMS-FTIR calibration as a reference frame and the new calculated H,O concentrations from the
re-determined NMR calibration for microcline. For the sake of simplicity in these calculations
(again performed using York regressions) we assume ten percent uncertainties on calculated H,O
concentrations and on the derived absorption coefficients, and we use densities of 2.56 g - cm™
and 2.65 g - cm” for sanidine and plagioclase/anorthoclase, respectively. The resulting values for

I"and I are:
I'=21.3+2.1 ppmw 120 - em™, I = 150,000 = 15,000 L - mol™ 1120 - em™
(sanidine)

I'=29.3+3.0 ppmw’ 10 - em>, 1=202,600 £ 20,260 L - mol” 10 - cm™

(plagioclase/anorthoclase)
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These values and the coefficient for microcline/orthoclase are plotted against typical
mean wavenumber for the respective feldspars (calculated from spectra of GRR638, GRR1389,
GRR968, and GRR1281) in Figure 6. This graph shows that I increases with decreasing
frequency, in accord with other wavenumber-dependent calibrations determined both
experimentally (Paterson 1982; Libowitzky and Rossman 1997) and theoretically (Balan et al.
2008). There is no reason to expect that the absorption coefficients for NAMs such as feldspars
should be predicted exactly by any of the above cited functions, which were determined for
stoichiometrically hydrous minerals, glasses, and/or various phases of water and water dissolved
in organic solvents, glasses and quartz; large deviations from these calibrations and substantial
variation have been found for many NAMs (e.g., Bell et al. 1995; Koch-Miiller and Rhede 2010;
Balan et al. 2012).

A more detailed treatment of the data would take into account the small variations in
mean wavenumber among feldspars, rather than grouping them together into only three
categories as we have done here, but such an analysis is unwarranted at the present time given
the uncertainties invelved. The NMR results on plagioclase are not reconcilable with the newly
derived absorption coefficients. We have dismissed those results in this paper because of the
scatter in the data and possible variability in the blank. However, the results on microcline are
also subject to some uncertainty because of the possibility of heterogeneity in the samples, and
our derivation of the new coefficients hinges on these data. Therefore there is clearly a need for
additional determinations of H content in feldspars using low H-background, absolute methods
such as NRA, proton-proton (p-p) scattering, or elastic recoil detection analysis (ERDA).

Furthermore, an additional uncertainty that we have ignored so far in our discussion is the
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possibility that our SIMS-FTIR curves are offset because of matrix effects, a point we consider

in the next section.

SIMS Matrix effects for hydrogen

Differences in ionization efficiency of hydrogen among different phases are most
commonly attributed to variations in major element composition (e.g., Hervig and Williams
1988; Deloule et al. 1995; Ottolini et al. 1995, 2002; Hauri et al. 2002; King et al. 2002; Hervig
et al. 2003; Koga et al. 2003; Aubaud et al. 2007; Mosenfelder and Rossman 2013a,b). As
modeled by collision cascade models (e.g., Eiler et al. 1997; Hauri et al. 2006), these differences
fundamentally influence the kinetic energy transfer between the implanted primary Cs” ions and
the secondary ions that are formed prior to extraction into the optics of the mass spectrometer.
The polyatomic ions (‘*0'H) that we analyze can form either through direct sputtering or via
recombination above the surface of the sample, but in either case the secondary ion yield will be
affected by the mass of the matrix atoms in the sample; the density and structure of the matrix
may also affect this process but their effects are poorly constrained.

Our study has covered a wide range in compositional space for feldspars, but the
differences in mean atomic mass of the different matrices are not, in fact, very large compared to
many of the above cited studies due to the inherent trade offs in coupled substitutions of the
tetrahedral cations (Al, Si) and A cations (Na, K, Ca). Nevertheless, prompted by the deviation
of the SIMS data for the highest-Ca feldspar we measured (GRR1968) from the trend of the
other plagioclases (Fig. 4b), we sought to quantify possible chemical matrix effects. Figure 7
shows the "SIMS calibration factor" for each measured feldspar as a function of the volatile-free

mean atomic mass of the matrix. This calibration factor (cf. King et al. 2002) is simply the
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measured quantity (‘°0"H/’Si x SiOy/4bsy,) for each point in the graphs shown in Figure 4. The
error in this factor is thus particularly high for the low H-concentration samples (GRR2651
andesine, JV1 sanidine, and GRR752 orthoclase), which may in any event deviate from the best-
fit regressions to each data set because of differences in H speciation (or misestimation of 4bsy),
as discussed in the results section.

Taken altogether, the data plotted in Figure 7 suggest no systematic chemical matrix
effect for feldspars. The data for microclines and anorthite, with similar mean atomic mass, vary
by a factor of ~3 and the offset between the microcline/orthoclase data and the sanidine data
cannot be explained by a mass-dependent matrix effect (supporting instead our model for
frequency-dependent IR absorption coefficients). However, the figure also suggests that within
the plagioclase and anorthoclase dataset alone (samples with type [1a OH only) there may be a
non-linear matrix effect that could explain the offset of the GRR1968 data. The sense of the
offset of GRR1968 from other plagioclases is consistent — despite large differences in methods —

with the difference in H SIMS calibration lines measured by Deloule et al. (1995) for
albitic/granitic versus anorthitic glasses, in which HO contents were measured by manometry
(see their figure 5). It is also consistent with our previous suggestion of an intraphase matrix
effect in clinopyroxenes, based on only one sample with relatively high mean atomic mass
(Mosenfelder and Rossman 2013b). Further confirmation of this matrix effect obviously awaits
study of other feldspars with high Ca content. Furthermore, there may be a mass-dependent
matrix effect between the K-feldspars and the plagioclases that we cannot resolve with our
present data set, introducing additional uncertainty to our derivation of frequency dependent IR

absorption coefficients.
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In addition to chemical effects, differences in structure of the matrix can influence the
sputtering and ionization process. For instance, Eiler et al. (1997) documented differences in
instrumental mass fractionation of oxygen isotopes between glasses and minerals of the same
composition. However, these effects are very small (only up to ~3 per mil in the study of Eiler et
al. 1997) and likely far below the resolution of H concentration measurements, as pointed out by
Aubaud et al. (2007); for the small differences in structure among the feldspars, we also consider
such effects unlikely to be relevant. A matrix effect related to the local bonding environment of
the hydrogen atom itself is also conceivable, and potentially relevant in the present case because
we have studied feldspars with both structurally bound H>O groups and OH groups. Thus,
microclines and sanidines with essentially the same major element composition but
fundamentally different incorporation mechanisms for hydrogen might behave differently during
the ionization process, explaining the difference in calibration slopes for these feldspars seen in
Figure 4d and Figure 7. We cannot rule out this possibility but note that no such effect has been
proposed, to our knowledge, to influence measurements of total H,O in silicate glasses
containing mixed OH and H,O speciation. On the other hand, Hervig et al. (2003) present
ambiguous results on a possible matrix effect between H-implanted glasses and glasses with
structurally bound H>O and/or OH; they saw an effect for basaltic glasses but not for rhyolites.
Regardless, such a structural matrix effect could not readily explain the difference in calibration
slopes for our samples with type 1la OH (anorthoclase and plagioclase) and type IIb OH
(sanidine and orthoclase).

Finally, we can address the "interphase" matrix effect between feldspars and other NAMs
because we measured, during the same session, a subset of olivine standards from Mosenfelder et

al. (2011) mounted on the same sample block as our feldspars. Figure 8 shows a comparison of
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the olivine calibration assuming the Bell et al. (2003) IR calibration with the plagioclase
calibration using the new value for I derived above (note that the nominal calibration slopes for
other feldspars are statistically identical in this parameter space because they are all fixed to the
reference frame of the microcline/orthoclase data). The slope of the calibration for olivine is
within 5% of the calibration we showed in Mosenfelder and Rossman (2013a) from a previous
session. While there is an apparently significant difference between the calibrations for olivine
and feldspars, the lines are statistically indistinguishable if the new IR calibration of Withers et al.
(2012) for olivine is employed instead to calculate their H concentrations. This is consistent with
our discussion above about the effect of mean atomic mass on ionization efficiency, because the
average molar mass of a typical mantle olivine (90 mol% forsterite) is 21, in the same range as

the feldspars plotted in Figure 7.

Fluorine incorporation in feldspar

Studies of natural NAMs (Hervig and Bell 2005; Mosenfelder et al. 201 1; Beyer et al.
2012; Mosenfelder and Rossman 2013a, 2013b) together with experimental work (Bernini et al.
2012; Beyer et al. 2012; Dalou et al. 2012; Crépisson et al. 2014) have demonstrated that these
minerals can contain significant amounts of F, although the mechanisms of incorporation are still
poorly understood. Although we know of no other modern, direct measurements of trace F in
feldspars, previous studies provide hints that F may also be incorporated in this mineral group.
Snow and Kidman (1991) measured the effect of F on solid-state alkali inter-diffusion in feldspar
and inferred from the large enhancement of kinetics that F substitutes for O in the lattice of
feldspar. Nakano et al. (2002) documented fluorite inclusions inside "butterfly" shaped

microperthite exsolution domains in alkali feldspars. Their preferred interpretation ascribed these
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textures to precipitation of fluorite accompanying infiltration of F-rich hydrothermal fluids, but
they also acknowledged the alternate possibility that the fluorite particles formed via exsolution
of structurally-bound F.

The results of the present survey of igneous feldspars, from a variety of geological
settings, suggest that amounts of F incorporated in feldspar are relatively low compared to other
NAMSs; concentrations for the samples studied here range from below detection limit to as high
as 39 ppmw, but most samples contain less than 5 ppmw. Furthermore, the highest amounts of F
that we measured (12 and 39 ppmw in GRR 145 and GRR2651, respectively) were in the samples
with the least amount of hydrogen. This rough anti-correlation between F and H is unlike other
NAMs, particularly olivine, pyroxenes, and garnets. In those minerals, high F contents are
generally only found in relatively H-rich crystals and F and H may form paired substitutions
within the same defect sites (Mosenfelder and Rossman 2012; Crépisson et al. 2014).

Highly precise measurements of F are facilitated by its high ionization efficiency.
Furthermore, F may diffuse more slowly through the lattice than H (based, for instance, on
dehydration/defluorination of pyroxene "blank" standards in Mosenfelder and Rossman 2013a)
and may therefore be better retained than H in volcanic feldspars. These two factors suggest that
ultimately it may be feasible to use F contents of feldspars to constrain F contents of their
parental magmas, once F distribution coefficients are known and calibration is improved;

problems with the existing calibration method are discussed in Mosenfelder and Rossman

(2013a).

Implications

26

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-5034

In this study we have sought to improve the quantification of H in feldspars through a
combination of analytical methods. SIMS and FTIR are both relative techniques relying on
quantification of standards by absolute methods such as manometry, NMR, NRA, p-p scattering
or ERDA. Nevertheless, as our calibration lines demonstrate, SIMS has the potential to yield
important information about IR absorption coefficients when samples of similar composition but
different hydrous speciation are compared. While there is still a need for further absolute
measurements to determine H concentrations in feldspars, our study has implications for existing
literature data and future work.

Our demonstration of high precision and low detection limits in SIMS analyses is
encouraging for future studies of feldspar-melt H and F partitioning. For instance, Hui et al.
(2013) used FTIR to measure ~2 and 6 ppmw H>O in plagioclase crystals from lunar troctolites
and anorthosites, respectively. Even such low amounts — if widespread in lunar rocks — can have
significant implications for lunar magmatic history, and we have demonstrated the feasibility of
measuring concentrations at this level using SIMS. Our results also point out some potential
uncertainties particular to the measurement of H in An-rich, lunar-relevant feldspar compositions
that bear further study.

One of the most important implications of the new absorption coefficients we derived for
feldspars with varying H speciation is that H concentrations in plagioclase and anorthoclase may
be systematically overestimated by a factor of about two in literature published since the work of
Johnson and Rossman (2003). Thus, for instance, the feldspar-melt partitioning coefficients
measured experimentally by Hamada et al. (2013) should be appropriately modified. and the
solubilities determined for feldspars by Yang et al. (2012) may be similarly overestimated. While

we are confident from this study that the absorption coefficient determined from NMR is not
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universally applicable to all feldspars, the lingering questions with regard to possible matrix

effects in SIMS analysis need to be clarified with future work.
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Figure captions

Fig. 1. Representative mid-IR spectra for samples used in this study, showing different modes of
hydrous speciation. All spectra are polarized with the E-vector parallel to the optical direction
shown. Spectra are normalized to 1 cm sample thickness and offset for comparison. Spectra in a-
¢ are shown without baseline correction. a. OH Type Ila typified by andesine GRR1389,
showing consistent differences in all three polarizations between spectra originally collected by
Johnson and Rossman (2003) and those taken on the sample used for SIMS in this study. b. OH
Type 1Ib typified by sanidine GRR638. Spectra taken by Johnson and Rossman (2003) show
good correspondence in X and Z, but not Y. ¢. Type I and 11 H,O typified by microcline
GRR1281 (original spectra from Johnson and Rossman 2003). Dashed curve is the X spectrum
taken for a "turbid" portion of the sample. d. Close up of ¥ spectrum of GRR1281 shown in ¢
showing baseline correction accounting for a band bear 3950 cm™ assigned to a combination of

low-energy lattice modes and H,O stretching.
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Fig. 2. Polarized mid-IR spectra of GRR2651. Uncorrected spectra, baselines, and corrected
spectra shown by solid black, dashed, and grey lines respectively. Spectra are normalized to 1 cm

sample thickness, labeled for polarization, and offset for comparison.

Fig. 3. SIMS analysis for GRR2651 bracketed by analyses of blank sample GRR145-HT,
demonstrating the low background achieved during the session. The x-axis is arbitrarily labeled
from 0 to 90 cycles through the mass sequence (30 cycles were acquired for each sample but the
time corresponding to pre-sputtering and automated beam alignment is not represented on this
graph). The solid black lines delineate the average value for each analysis, and the dashed lines

represent the limits of detection and quantitation, based on the analyses of GRR145-HT.

Fig. 4. SIMS data plotted against 4bs, for feldspars with different hydrous speciation. SIMS
data are normalized by SiOs content, determined by EPMA. The point at the origin in each graph
is the blank, measured on plagioclase. Error bars not shown are within the symbol size. a.
Anorthoclase (type 1la OH). b. Plagioclase (open circles) and anorthoclase (filled squares), both
with type Ila OH. Solid line is the OLS fit to all of the data; dashed line is the OLS fit to
plagioclase data alone (in both cases with GRR1968 included in the regression). ¢. Sanidine
(type IIb OH). Solid black line is the OLS fit to the data. Grey line is the OLS fit to the
plagioclase data, illustrating the significant difference in calibration slope. d. Microcline and
orthoclase with Type I/Il H,O and/or type I1a OH (see text for details). Grey shaded box

represents the range of IR and SIMS data for the heterogeneous slab of GRR968 that was
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measured. OLS regression shown by solid black line, with regressions for plagioclase and

sanidine data also shown as grey lines.

Fig. 5. a. Revised NMR-FTIR calibration from Johnson and Rossman (2003), taking into

account new absorbance estimates. Samples with significantly different new values are GRR96§,
GRR638, and GRR1281. Previous estimate for GRR968 shown by grey square with arrow
pointing to new value; other previous values not shown for the sake of clarity. The line is an

OLS regression to the new microcline data alone, constrained to pass through the origin. Error
bars on NMR data discussed by Johnson and Rossman (2003); error bars on absorbance are

given in Table 1, are lower than previously estimated, and within the symbol size for all points. b.
York regression through microcline data and blank measurement, assuming larger error bars in

absorbance (+10%) as discussed in text. 95% confidence intervals shown as dashed lines.

Fig. 6. Comparison of newly determined molar integral absorption coefficients for three groups
of feldspars to the commonly used calibrations of Paterson (1982) and Libowitzky and Rossman

(1997) and the theoretical prediction of Balan et al. (2008) for hydrous phases.

Fig. 7. SIMS "calibration factor" (see text) for each data point shown in Figure 4 as a function of
mean atomic mass of the matrix, calculated from the EPMA data ignoring volatile content. Same
symbols as in Figure 4 (diamonds, anorthoclase; open circles, plagioclase; squares, sanidine;
closed circles, microcline and orthoclase). Dashed line is not a fit, but only a line meant as a

guide to the eye for the trend of the plagioclase and anorthoclase data. The three points with the
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relatively large error bars are andesine GRR2651, sanidine JV1, and orthoclase GRR752; all of

these samples have the lowest measured H above the blank within their respective groups.

Fig. 8. Comparison of feldspar and olivine SIMS calibrations performed on the same mount
during the same session. Data shown for four olivines originally studied by

Mosenfelder et al. (2011). Grey line is a fit through the microcline/orthoclase data, but due to
our assumptions about matrix effects the slopes of calibration lines for other feldspars are

statistically identical. The dashed line represents the olivine calibration if the calibration of

Withers et al. (2012) is used.
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