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ABSTRACT

We measured hydrogen in 13 natural clinopyroxenes using Fourier transform infrared
(FTIR) spectroscopy. '°O'H/*°Si and '’F/*°Si were also measured in the samples using secondary
ion mass spectrometry (SIMS). H data were compared between the two techniques and F was
calculated with reference to F-bearing silicate glass standards. Four of the clinopyroxenes are
used as standards for SIMS calibration in multiple laboratories, and three have been measured
previously using hydrogen manometry and/or elastic recoil detection analysis. Compared to
clinopyroxenes in previous surveys comparing FTIR and SIMS, the 13 samples cover a broader
range in chemistry and band positions in the O-H vibrational spectrum. They also all lack
detectable amphibole lamellae, which are otherwise commonly present in this mineral group. In
contrast to orthopyroxene, the SIMS and FTIR data for clinopyroxene show significantly better
correlations (r* = 0.96-0.98) when the frequency-dependent IR calibration of Libowitzky and
Rossman (1997) is applied, as opposed to the Bell et al. calibration (1 = 0.92-93). We derive a
frequency-dependent molar absorption coefficient with parameters different from those of
Libowitzky and Rossman's calibration, which was established using data on stoichiometric
hydrous phases and gives poor agreement with the manometrically determined value for PMR-53.
Comparison of data for PMR-53 to our SIMS calibrations for orthopyroxene and olivine suggests
that the matrix effect among these phases is less than 20% relative. Fluorine concentrations vary
depending on geological context, with the highest concentrations (up to 214 ppm) found in
diopsides from crustal metamorphic environments. Mantle samples follow similar geographic
trends as olivines and orthopyroxenes, with higher F in xenocrysts from Kilbourne Hole (46
ppm) and South African kimberlites (up to 29 ppm) compared to the Colorado Plateau (8 ppm).

On the basis of chemical correlations, we propose two different incorporation mechanisms for F:
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1) coupled subsititution with AI** and/or Fe’" in tetrahedral sites; and 2) coupled substitution
with monovalent cations (Na and K) in the M2 site. The second substitution is more relevant to
mantle augites than crustal diopsides. The F concentrations we measured are much lower than
those in some clinopyroxenes synthesized in recent high P-T studies. Nevertheless, our data
support suggestions that the F budget of the mantle can be entirely accommodated by

incorporation in nominally anhydrous/fluorine-free minerals.

Keywords: FTIR, SIMS, mantle, calibration, nominally anhydrous minerals

INTRODUCTION

In part I of this study (Mosenfelder and Rossman in press) we assessed the quantitative
aspects of measuring trace amounts of hydrogen and fluorine in orthopyroxene using two
complimentary techniques, Fourier-transform infrared spectroscopy (FTIR) and secondary ion
mass spectrometry (SIMS). Here we employ the same approach for clinopyroxene. Studies of
mantle samples (Bell and Rossman 1992; Ingrin and Skogby 2000; Peslier et al. 2002; Bell et al.
2004; Grant et al. 2007; Li et al. 2008; Sundvall and Stalder 2011) consistently show that
clinopyroxene has the highest H contents among co-existing, volumetrically important nominally
anhydrous minerals (NAMs). Consequently, clinopyroxene should exert a strong influence on
processes such as mineral-melt H partitioning, in accord with experimental studies (Aubaud et al.
2004, 2008; Hauri et al. 2006; Tenner et al. 2009; O'Leary et al. 2010). Significant amounts of H
have also been measured in clinopyroxenes from crustal sources, such as metamorphic diopsides
(Johnson et al. 2002) and phenocrysts from arc volcanic rocks (Wade et al. 2008; Nazzareni et al.

2011). Less 1s known about F in clinopyroxene, but a recent experimental study (Dalou et al.
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2012) measured up to ~600 ppm F in clinopyroxenes formed in equilibrium with basaltic melts
at high pressure and explored possible structural mechanisms for incorporation of this element.

Accurate quantification of hydrogen in clinopyroxene is clearly a desirable goal, yet
significant challenges remain. Polarized FTIR spectroscopy requires careful sample orientation,
which is inherently more difficult for monoclinic pyroxenes compared to minerals with higher
symmetry such as olivine, orthopyroxene, and garnet. Unpolarized FTIR spectroscopy
(Katayama et al. 2006; Kovacs et al. 2008) is much more convenient, but subject to large
uncertainties (Withers, in press), especially considering the exceptional degree of anisotropy in
band structures in the O-H vibrational region that clinopyroxene can exhibit (e.g., Johnson et al.
2002). Large variations in band positions have also prompted concern (Bell et al. 1995; Ingrin
and Skogby 2000) that a frequency-dependent calibration might be more appropriate for
clinopyroxenes, rather than the single molar absorption coefficient measured by Bell et al. (1995)
on a mantle-derived augite using manometry; consequently, many studies (e.g., Stalder and
Ludwig 2007; Nazzareni et al. 2011) prefer the calibration of Libowitzky and Rossman (1997).
It must be noted that Libowitzky and Rossman's equation was derived from data on
stoichiometric, hydrous minerals, and therefore that its application to rigorous quantification of
trace amounts of H in NAMs needs to be verified; in fact, for several NAMs, their calibration (or
the similar frequency-dependent relationship derived by Paterson 1982) has been shown to be
highly inadequate (e.g., Bell et al. 1995, 2003; Koch-Miiller and Rhede 2010). A final issue to
consider for FTIR is accuracy in baseline correction, which suffers from similar uncertainties as
orthopyroxene (Bell et al. 1995, 2004; Mosenfelder and Rossman in press).

For all of the reasons above as well as other inherent advantages such as enhanced spatial

resolution and rapidity of data throughput, SIMS is becoming a technique of choice for
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measuring H; it is also a convenient and powerful method for simultaneously measuring F and
other elements of interest. However, published SIMS calibrations for H in clinopyroxene usually
show more data scatter than for other NAMs (Aubaud et al. 2007; Wade et al. 2008; Tenner et al.
2009; O'Leary et al. 2010), possibly tied to uncertainties propagated from FTIR. We approached
this problem by conducting a combined polarized FTIR and SIMS study on a suite of 13 natural
clinopyroxenes, including the primary manometry standard PMR-53 from Bell et al. (1995) as
well as three other secondary standards from Bell et al. (2004) (ROM271-DI10, ROM271-DI16
and ROM271-DI21) that along with PMR-53 are routinely used for calibration in other ion
microprobe laboratories (Carnegie Institute of Washington and Arizona State University) and/or
have been studied by Aubaud et al. (2009) using elastic recoil detection analysis (ERDA).
Overall, our sample suite spans a wider range in chemistry and IR band structures compared to
the study of Aubaud et al. (2007) (see also Tenner et al. 2009), who also offered a

comprehensive comparison between SIMS and FTIR data.

ANALYTICAL METHODS
Our analytical methods are largely discussed in part I (Mosenfelder and Rossman in

press) and in Mosenfelder et al. (2011); additional details follow.

Sample preparation and FTIR

For most clinopyroxenes we employed either a McCrone detent spindle stage or Supper spindle
stage (Gunter 2004) to orient sections for FTIR. In addition to the newly studied samples listed
in Table 1, we oriented additional crystal fragments for some samples studied previously (Bell et

al. 1995, 2004; Bell and Thinger 2000). When possible we made cuboids (single crystals with two
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or three orthogonal sets of parallel polished faces) sufficiently large enough to measure all three
principal optical directions (o, B, and v, where B || [010]); some samples required preparation of
two separate plates to obtain all three spectra. We did not collect spectra in the E || [001]
direction for all samples, because we are interested here in quantification based on total
integrated absorbance (3 Aq+Agt+Ay) and not a full determination of the polarization of individual
absorption bands as described by Dowty (1978). We estimate the accuracy of crystal orientations
to be £5° or better. Higher accuracy (+1°) is estimated for diopside 62047-70B, which was
originally oriented by X-ray diffraction (Shannon et al. 1992). Band structures in the Si-O
overtone region were used to confirm polarization directions, and for this purpose we used well-
oriented crystals of 62047-70B and PMR-53 (Bell et al. 1995) as our "reference standards" for
diopside and augite, respectively (Fig. 1). Some intermediate compositions, such as ROM271-
DI10 (a high calcium number augite), show patterns intermediate between those of 62047-70B
and PMR-53, but the diopsides (CIT17210, BPcpxA, 62047-70B, FRB118, JLM77, and
95ADKI1A) showed little variation in this spectral region.

Sample densities (Table 1) were determined via Archimedes' method using immersion in
toluene. For crystals that were too small to measure accurately with our balance, we made the
following assumptions: 1) for diopsides with less than ~2.2 wt% FeO, we used the measured
value (3.295 Mg/m3 ) for 62047-70B; 2) for augites, we used the measured value (3.339 Mg/m3)
for PMR-53 (Bell et al. 1995), which was reproduced while measuring the densities of other
samples here; and 3) for omphacite HRV-147, we used the average calculated value (3.34
Mg/m?®) from McCormick (1987), who conducted a detailed X-ray and chemical study on a suite

of omphacites from mantle xenoliths (including five from the same locality as HRV-147). The
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contribution of uncertainties in density to overall uncertainties in H concentrations is on the order
0f 0.5%.

Hydrogen concentrations (given in Table 1 as ppmw H,O) were calculated from FTIR
spectra using a modified form of the Beer-Lambert law (A= g x path length x concentration,
where & is the integral molar absorption coefficient), applying the three different calibrations of
Bell et al. (1995), Aubaud et al. (2009), and Libowitzky and Rossman (1997). Values for & for
these three calibrations are 38,300+1700 1 mol 10 cm'z, 46,103+53001 mol 0 cm'z, and 246.6
« [3753-V], respectively, where v in the last case is wavenumber in cm™. For omphacite HRV-
147, we also calculated alternative concentrations using two other values for & published in the
literature: 1) 65,000 1 mol ™20 cm™, the average value derived by Koch-Miiller et al. (2007) from
SIMS and polarized FTIR measurements of three well-oriented omphacites; and 2) 83,400 1 mol
"0 cm™, estimated by Katayama et al. (2006) from SIMS and unpolarized FTIR measurements
on six omphacites. The accuracy of these determinations is discussed below.

FTIR spectra in the O-H vibrational region (from about 3000-3750 cm™") were first
baseline corrected by manually applying spline fits using the built-in routine in Nicolet's OMNIC
software; our baselines and corrected spectra are provided in the supplementary material.
Uncertainties in this correction were assessed individually for each of the three spectra used to
calculate total absorbance, as reflected in Table 1; they range from 1% to 15% depending on a
variety of factors (primarily the height and position of the anisotropic Fe?* absorption band near
4300 cm™, which largely controls the slope of the baseline, but also other factors such as spectral
noise and interference of O-H vibrations with Si-O second overtones). Final uncertainties for H
concentrations calculated using the Bell et al. (1995) calibration were estimated by propagating

these subjective error estimates with the 26 uncertainty in the absorption coefficient (8.9%
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relative) and the uncertainties in density (which were inconsequential when propagated), while
ignoring uncertainties in thickness and possible misorientation of the crystal sections. The
resulting relative uncertainties range from 9 to 11.5%, in good accord with the blanket estimation
of 10% uncertainty used by Bell et al. (2004). We assumed the same relative uncertainties for H
concentrations measured using the Libowitzky and Rossman (1997) calibration, and conducted a
similar error propagation exercise for the Aubaud et al. (2009) calibration (in this case using

stated uncertainties and values for the three samples that were measured by ERDA in that study).

SIMS

SIMS data [see Mosenfelder et al. (2011) and Mosenfelder and Rossman (in press) for
methods] are summarized in Table 2 and provided in unabbreviated form in the supplementary
material. Blank correction was performed using measured 0'H/"Si and "F/*Si ratios in
GRRS510, a V-rich diopside grown from a melt by Jun Ito using a KVOj; flux and slow cooling
from 1350 to 800 °C (Ito, pers. comm.; see Ito (1975) for general methods). No H was detected
in this sample using FTIR, and its low measured '°F counts are comparable to those measured for
the other nominally blank standards — GRR1017 forsterite and GRR247 enstatite — used in
Mosenfelder and Rossman (in press), as well as synthetic zircon (unpublished data). Slightly
elevated '°O'H/*Si ratios measured for a laboratory-dehydrated clinopyroxene [ZM1cpx-HT; for
methods, see Mosenfelder and Rossman (in press)] suggest that this alternative "blank standard"
did not completely dehydrate, so it was not used for correction. The uncorrected '°O'H/*°Si and
PF/°Si ratios for GRR510 dropped from 6.1 x10™* to 3.1 x 10* and 9.7 x10™* t0 6.8 x 10,

respectively, as the blank improved during the session. Detection limits for H and F are given in
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Mosenfelder and Rossman (in press) and are well below measured values for all non-blank

samples.

Electron probe microanalysis (EPMA)

EPMA data [see Mosenfelder and Rossman (in press) and papers cited therein for
analytical details] are given in Table 3. Vanadium was assumed to be only trivalent except in
GRRS510, for which unpublished optical spectra indicate the predominance of the oxovanadium
complex VO (this molecular species results in a bright blue color, whereas the V*"-rich natural
diopsides exhibit yellowish green colors, as described by Fritz et al. 2007). Cation proportions
were calculated on a four-cation basis, with Fe*" estimated using the method of Droop (1986).
This procedure, as opposed to normalization to six oxygens, ignores the presence of cation
vacancies (known to be particularly prevalent in HRV-147, for which an alternative analysis is
given by Smyth et al. 1991) and is of course a much less accurate method for determining
Fe®*/Fe®" ratios than techniques such as Mdssbauer spectroscopy. For the sake of Table 3 we also

ignore the trace components H and F.

RESULTS
IR spectroscopy
FTIR spectra in the three optical directions (¢, B and 7) for all samples (except GRR510
and ZM1cpxHT, which show no absorbance in the O-H region) are shown in Figures 2-4. Unlike
some of the orthopyroxenes we measured (Mosenfelder and Rossman in press), none of the
clinopyroxenes show any evidence for amphibole lamellae (i.e., no bands near 3675 cm™), which

are otherwise commonly seen in this mineral group (Skogby et al. 1990). We also found no
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significant OH zoning in any of the samples, and no evidence for other hydrous inclusions as
documented by Koch-Miiller et al. (2004) in some omphacites.

In line with previous studies (Skogby et al. 1990; Johnson et al. 2002; Bell et al. 2004),
spectra of diopsides (Fig. 2) are much more variable than spectra of augites (Fig. 3). The
pleochroism of the bands follows the scheme outlined by Skogby et al. (1990): high wavenumber
bands (centered at 3645 cm™ in diopside and between ~3620-3635 cm™ in augite) show
absorbance in the order o = B >> y while lower wavenumber bands (between about 3300 and

3550 cm™) follow the reverse order (y > o = B), as exemplified by the strong bands in Figure 2c
for JLM77 and the band at 3470 cm™ in omphacite (Fig. 4). Figure 4 highlights the difference
between the Bell et al. (1995) and Libowitzky and Rossman (1997) IR calibrations. The augite
and omphacite samples that are compared have similar total absorbance and thus H,O
concentration according to the Bell et al. calibration (552 for augite KBH-2 vs. 565 ppm for
omphacite HRV-147). When the frequency-dependent calibration is applied, however, the lower
mean wavenumber for HRV-147 results in a much larger discrepancy in calculated H contents
(458 ppm H,O for KBH-2 vs. 319 ppm H,O for HRV-147). This lower value for HRV-147 is
much more consistent with the amount (333 ppm H,0) calculated using the & from Koch-Miiller
et al. (2007), as well as the lower concentrations in omphacites inferred by Katayama et al.
(2006) from their comparison of SIMS and FTIR data.

Due to the high variability in mean wavenumber among the clinopyroxenes in this study,
the overall correlation between H concentrations calculated using the Bell et al. (1995) vs.
Libowitzky and Rossman (1997) calibrations (Fig. 5) is weak (r2 =0.89), and especially poor if
just the diopside data are considered (r2 = 0.58). However, the augites with self-similar spectra

follow a reasonable trend (r* = 0.97), with 20-30% lower concentrations calculated using the

10
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latter calibration. This trend is also consistent with the measurements of Sundvall and Stalder
(2011) on augites from mantle xenoliths, while the data from Nazzareni et al. (2011) on Ca-rich
clinopyroxenes, dominated by low wavenumber absorption, are consistent with our data for
omphacite and some diopsides.

Some differences in calculated H,O concentrations between our study (Table 1) and
previous work on the same samples should be noted. The largest discrepancies were found for
one diopside (95ADK1A) and two augites (ROM271-DI16 and KBH-2). Our newly selected
grain of 95ADKI1A shows the same band structure as the crystal studied by Johnson et al. (2002)
— dominated by a single band centered at 3645 cm™ — but has about 50% more H. The
discrepancy cannot be explained by any differences in baseline correction or crystal orientation,
but is instead likely related to the higher Fe*" content of our crystal (Table 3); Johnson et al.
showed (in their Fig. 4a) that Fe*' is correlated to the peak height at 3645 cm’’. Furthermore, no
zoning was found in the cuboid we prepared, so the difference in H content appears to represent
grain-to-grain variation rather than zoning (although it is possible that a rim with different H
content was removed during polishing of the cuboid). For ROM271-DI16, we oriented a new
section to collect a new spectrum that was judged to be closer to B; consequently, the newly
derived H,O content (472 ppm) is significantly higher than the value of 439 ppm H,O given by
Bell et al. (2004), although within mutual estimated uncertainties. For KBH-2, we also measured
a higher H content (552 ppm H,0) compared to the value (512 ppm H,0O) published by Bell and
Thinger (2000). For this sample we oriented a new cuboid, after establishing a lack of zoning in
existing, polished slabs; we also oriented a second plate normal to the o and B directions to
double check our results. Finally, smaller discrepancies (4% or less) can be seen in Table 1 for

other samples studied previously at Caltech (PMR-53, ROM271-DI10, ROM271-DI21, HRV-

11

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



242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

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.2013.4413 9/10

147, and LAC-236). For these samples we had to perform new baseline corrections in order to
apply the Libowitzky and Rossman (1997) calibration, because the original corrected spectra
(determined in most cases using a paper weighing method as described in Bell et al. 1995) were
not available. We attempted to reproduce previously estimated peak heights (Bell et al. 1995;
Bell, unpublished data; Smyth et al. 1991), but some loss of precision inevitably results from
operator subjectivity in manually drawing baselines and/or differences in computer subtraction

versus the paper weighing method.

SIMS

In Table 2 we list the average blank-corrected IGOIH/3OSi, 150'H/ 18O, and "F/*°Si ratios
from three analyses of each sample (four in the case of PMR-53), as well as the average of the
uncorrected values for the blank standard GRR510. In contrast to our work on olivine
(Mosenfelder et al. 2011) and orthopyroxene (Mosenfelder and Rossman in press), we found no
need to reject any analyses on the basis of Poisson counting statistics. Internal precision for
'*0'H/*"Si ranged from 0.5 to 2% (20) for the natural clinopyroxenes containing H, and 5-7%
(20) for the blank or "near blank" standards (GRR510 and ZM1cpxHT). Reproducibility was
between 0.5 and 10% (20) for all natural clinopyroxenes except CIT17210; the poorer
reproducibility (18%) for this relatively low-H sample may reflect a small degree of zoning that
was not detected by FTIR. Internal precision was slightly better for '’F/*’Si, presumably due to
higher count rates, ranging from 0.2 to 1% (26) for all samples except GRR510. Reproducibility
was also better for '’F/*’Si, ranging from 1 to 5% (20).

The '°0O'H SIMS data are plotted against H,O concentrations determined using FTIR in

Figure 6. Figures 6a and 6b show the results assuming the Bell et al. (1995) IR calibration (with
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the value for PMR-53 fixed by manometry), with the data in Figure 6b normalized for SiO,
content as determined by EPMA. Analogous plots are shown in Figures 6¢ and 6d for the
Libowitkzy and Rossman (1997) IR calibration. The data were fit with both unweighted,
ordinary least squares (OLS) regressions and York regressions (York 1966), which take into
account uncorrelated errors on both SIMS data and FTIR/manometry data. A higher degree of
data scatter is evident in Figure 6a/b compared to Figure 6¢/d and consequently both types of fits
are better for the frequency-dependent calibration of Libowitzky and Rossman; OLS fits have
better correlation coefficients (r* = 0.98 vs. r* = 0.92, or r* = 0.96 vs. r* = 0.93 when normalized
for Si0,), while the York fits have lower mean standard weighted deviation (MSWD =5 vs. 22).
The OLS fit in Figure 6b also fails to intercept the origin and barely agrees with the York fit
within its 95% confidence interval. Also shown in Figure 6b is the OLS fit for orthopyroxene
using the Bell et al. (1995) calibration (Mosenfelder and Rossman in press); the datum for PMR-
53 overlaps this line within uncertainty and the significance of this result is discussed further
below. Finally, Figure 6¢ demonstrates that using either *°Si or '*O as the reference mass yields
equivalent results, as we showed previously for orthopyroxene and olivine.

Fluorine concentrations (Table 2) were calculated from average '’F/*°Si ratios multiplied
by wt% SiO, (Table 3) using the two different calibration models outlined in Mosenfelder and
Rossman (in press). F concentrations range from 17 to 458 ppm for model 1 and 8 to 214 ppm
for model 2. For the rest of this paper we discuss only the model 2 values, which are referenced
to more recent data (Guggino and Hervig 2011) on the basaltic glasses that we used for
calibration. The highest measured concentrations are in two diopsides of crustal metamorphic

origin (JLM77 and 95 ADK1A). Concentrations in the mantle clinopyroxenes are comparable to
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concentrations measured for olivine and generally higher than concentrations measured in

orthopyroxene (Mosenfelder and Rossman in press).

DISCUSSION
Accuracy of IR calibrations

Quantification of H concentrations in clinopyroxene using either FTIR or SIMS largely
depends on two factors: the accuracy of IR calibrations based on measurements — in only a
handful of samples — using quantitative techniques (Bell et al. 1995; Aubaud et al. 2009) and the
applicability of these calibrations to samples with variable IR spectra. The latter issue was first
raised by Bell et al. (1995) and further noted by Ingrin and Skogby (2000), who pointed out that
the significantly lower mean wavenumber of IR spectra in many omphacites compared to other
clinopyroxenes (as illustrated in Fig. 4) suggests that a frequency-dependent IR calibration
should be used in preference to the single molar absorption coefficient measured by Bell et al.
(1995). This conclusion is supported by subsequent FTIR-SIMS studies of omphacites
(Katayama et al. 2006; Koch-Miiller et al. 2007), as we discuss further below.

We begin our discussion of these two interrelated issues by comparing data for four
samples (ROM271-DI10, PMR-53, ROM271-DI16, and ROM271-DI21) that have been used for
SIMS calibration in three different laboratories (Aubaud et al. 2007; Wade et al. 2008; Tenner et
al. 2009; this study). The last three of these samples were also studied directly by ERDA
(Aubaud et al. 2009). Figure 7a shows excellent correlations between the SIMS calibrations
conducted in the different laboratories, despite large differences in the measured ratios
themselves. For the blank-corrected data of Tenner et al. (2009), the systematic shift in ratios

compared to our data may result from differences in overall count rates, as discussed in
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Mosenfelder et al. (2011), while variations in the data of Wade et al. (2008) may reflect
variations in the value of the blank and/or calibration drift between sessions (we show only one
of their three calibrations in Fig. 7a). The salient point of the graph is that the correlations shown
imply that there is no significant heterogeneity among the nominally identical standards used by
the different laboratories, which is important for the following discussion.

Figure 7b shows just our blank-corrected SIMS data for the above four samples,
referenced to the three different FTIR calibrations used in this study. Note that for the Aubaud et
al. (2009) calibration we plot the actual values determined directly by ERDA for the three
samples they studied, rather than the significantly different values that would be calculated using
their regressed molar absorption coefficient. This partially explains the relatively poor
correlation coefficient (r2 = (.84) for a line regressed through that dataset. If their €; is used for
all samples, the same correlation coefficient as for the Bell et al. calibration is obtained (1* =
0.90).

As with the full dataset shown in Figure 6, the highest correlation coefficient in Fig. 7b
(> = 0.96) is achieved by regressing the values calculated using the Libowitzky and Rossman
(1997) calibration, implying that a frequency-dependent calibration better models the data. The
same conclusion was reached for different reasons by Stalder and Ludwig (2007) for synthetic
diopsides measured using FTIR and SIMS. In their case, the better fit of SIMS data to H
concentrations calculated using the Libowitzky and Rossman (1997) calibration relies on the
assumption that no matrix effect exists between pyroxenes and tourmalines, upon which their
SIMS calibration was based.

As a thought exercise, if we were to eliminate ROM271-DI10 (which was not measured

by ERDA) from Figure 7b, the regressions for all three calibrations would improve substantially.
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However, the intercepts would be unrealistically high, considering that we have plotted blank
corrected data (with a well constrained, low H background as shown in the analytical methods
session). Note that this problem would not be mitigated if our 7% correction for the H content of
ROM271-DI16 (see the results section) was ignored and the original estimate of Bell et al.
(2004) used instead. The "problem sample" is in fact PMR-53, which plots at too low H content
and/or too high '°O'H/*"Si ratio relative to the other samples. This fact is disturbing as PMR-53
is the primary standard that was studied using multiple techniques. In the larger context, PMR-53
also agrees poorly with the best fits shown in Figures 6b and 6d for the full dataset. The relative
agreement among SIMS calibrations from multiple laboratories (Fig. 7a) suggests that sample
heterogeneity is not the cause of this behavior. We currently have no satisfactory answer to this
dilemma that has only been revealed by SIMS. One possibility to explain why PMR-53 is an
outlier on these plots is that there may be some systematic differences in baseline correction
among the samples. However, a significant underestimation of absorbance in the original
baseline correction for PMR-53 seems unlikely as that correction was informed from
examination of spectra from a dehydrated sample; we also note that in attempting to reproduce
that correction we not only duplicated the original value for total absorbance (to within one
A/cm) but also, apparently, the approximate shape of the curves, because our value calculated
using the Libowitzky and Rossman (1997) calibration is identical (within 1 ppm) to that given by
Aubaud et al. (2009).

A significant challenge for any H measurement using mass spectrometric, manometric, or
nuclear techniques is to reduce the level of the H background. For ERDA, the magnitude of the
background can be nearly comparable to the H content of the samples, which means that any

uncertainty in blank correction can led to large errors in the derived concentrations. Indeed,

16

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



356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

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.2013.4413 9/10

Aubaud et al. (2009) concluded from analysis of multiple samples with low H contents that the
level of their blank was variable, and therefore elected to subtract an average value of 102+81
ppm to correct their raw data. However, this large uncertainty in the blank cannot explain why
the results for the Bell et al. calibration shown in Figure 7b mimic those of the Aubaud et al.
calibration. Further analysis of these samples using a technique with low H background — that is
not reliant on external calibration, as SIMS is — could solve this problem and also address the
issue of a possible wavenumber dependence, because the calibrations that are currently available

are all based on augites with relatively high mean wavenumber.

Revised frequency-dependent IR calibrationsfor clinopyroxene

There is no a priori reason to expect that the generic frequency-dependent IR calibration
of Libowitzky and Rossman (1997) for hydrous minerals should be rigorously applicable for
determining H in NAMSs, even though theoretical studies (e.g., Balan et al. 2008) support the
form of the frequency dependence (with molar absorption coefficients increasing linearly with
decreasing wavenumber as the hydrogen bond length decreases). However, if we accept that a
frequency-dependent calibration better fits the SIMS data, as argued above, a revised,
provisional equation specific to clinopyroxene can be derived by redefining the parameters of

their equation, which is simply a modification of the Beer-Lambert law:

concentration (wt% H,O) = A (cm™)*1.8/[t (cm)*p(g cm™)+g (L cm™ mol™ H,0)] (1)
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where A is integrated absorbance, 1.8 accounts for the molecular weight of H,O, t is the path

length (i.e., the sample thickness), p is the density of the mineral, and & is the integral molar

absorption coefficient, which takes the form

g=as[vo-v (cm™)] (2)

where v is wavenumber and a = 246.6 and vy = 3753 are the parameters that were derived by
Libowitzky and Rossman (1997). We fit our data by first assuming the H concentration of PMR-
53 to be fixed either at the manometry value (268 ppm H,O) or ERDA value (202 ppm H,0).
Next, we calculated values for other samples based on their "*O'H/*°Si x SiO; values, relative to
PMR-53 (Table 2 and 3). We took into account the individually determined crystal densities and
weighted the data according to uncertainties in total absorbance (Table 1). Then we fit the
parameters a and vy simultaneously to the absorbance data for all 13 H-bearing samples. This
fitting exercise is similar to that performed by Stalder et al. (2012) on their SIMS and FTIR data

on synthetic orthopyroxenes. Our best-fit values are

a= 200, vo = 3805 (assuming the manometry value for PMR-53) (3a)

a=266, vo = 3805 (assuming the ERDA value for PMR-53) (3b)

Support for (3a) is given by the fact that the H concentration determined for HRV-147
(332 ppm H,0) assuming the manometery value for PMR-53 is virtually identical to 333 ppm
H,0, the amount calculated using the &g from the SIMS-FTIR study of Koch-Miiller et al. (2007).

On the other hand, if the ERDA value for PMR-53 is used instead, HRV-147 is calculated to
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have 250 ppm H,0, similar to the value of 259 ppm H,O calculated using the & from Katayama
et al. (2006). The accuracy of these calibrations remains to be verified. In the case of the study of
Koch-Miiller et al. (2007), as we noted previously (Mosenfelder et al. 2011), their SIMS
calibration is tied to a suite of garnets analyzed with nuclear reaction analysis by Maldener et al.
(2003), who derived an absorption coefficient for pyrope garnets much different than that
measured by Bell et al. (1995) using manometry (and furthermore, their analysis ignores possible
matrix effects between garnet and other phases). The Katayama et al. (2006) study may also
suffer from similar assumptions with regards to a lack of matrix effects, as well as uncertainties
propagated from using unpolarized spectra on unoriented samples. Nevertheless, both studies
support the argument that a frequency-dependent IR calibration is needed for clinopyroxenes,
particularly for omphacites and diopsides with lower mean wavenumber than augites.

It should be stressed that the uncertainties in equations (3a) and (3b) are large as they rely
on the absolute H content of only one sample, and moreover that the validity of our fitting
exercise rests on assumptions that will be difficult to evaluate until more "absolute"
measurements on multiple samples are acquired. These assumptions include: 1) a
correspondence between the uncertainties we estimated in the baseline for total absorbance
(Table 1) and the uncertainties in baseline as a function of wavenumber, which are much more
difficult to assess; 2) a lack of compositional effect on &; 3) a linear dependence of & on
wavenumber; for olivine, defect-specific values for & that vary in a non-linear way with
wavenumber have also been proposed (Kovéacs et al. 2010; Balan et al. 2011); and 4) a lack of
any intraphase matrix effects for SIMS (for instance due to differences in Fe content), which
could explain some of the scatter in the SIMS data. We briefly discuss this last point at the end of

the next section.
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SIMS: matrix effects for H

Aubaud et al. (2007) addressed two types of matrix effects for SIMS analysis of H in
NAMs, as we also discussed in Mosenfelder and Rossman (in press): interphase effects between
different minerals, and intraphase effects due to differences in composition. The interphase effect
is demonstrated in Figure 6b, where we compare our York regression for orthopyroxene (data
collected during the same analytical session; slope = 0.0135) to that for clinopyroxene (slope =
0.0099), in both cases using the mineral-specific IR calibrations from Bell et al. (1995); the same
comparison is shown in Figure 6d for the Libowitzky and Rossman (1997) calibration. The
calibration for olivine (also collected during the same session) is not shown in Figure 6b but is in
between the other fits, with a slope of 0.0104. Note that York and OLS regressions for each
individual mineral yield nearly identical calibration slopes for orthopyroxene and olivine but not
for clinopyroxene, betraying the higher level of uncertainty in the latter case.

Comparison of the fits in Figure 6b suggests that a significant matrix effect may exist
between these phases, on the order of 35%. This difference is much less (only 15%) when the
Libowitzky and Rossman (1997) calibration is assumed (Fig. 6d). Moreover, as previously noted,
close examination of Figure 6b shows that PMR-53 falls within uncertainty on the line for
orthopyroxene. Therefore, if the manometry data for both ortho- and clinopyroxene are correct
there is no measurable matrix effect at all within mutual uncertainties. This conclusion would be
roughly consistent with the calibrations shown by Tenner et al. (2009) on a smaller data set,
although not with the different slopes shown by Aubaud et al. (2007) on the same samples. One
possibility is that matrix effects may be more pronounced when 'H™ is measured as opposed to

O'H". Furthermore, as discussed in Mosenfelder and Rossman (in press), the matrix effect
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between orthopyroxene and olivine may also be unresolvable if the recent revision by Withers et
al. (2012) of the IR absorption coefficient for olivine is correct.

Possible intraphase matrix effects are even more difficult to constrain than interphase
effects but may partially explain the scatter in Figure 6. Our clinopyroxenes cover a wider range
in composition than those used in other studies, and in any case the variations in major and minor
element chemistry for clinopyroxene are larger than for olivines or orthopyroxenes that have
been measured for hydrogen by SIMS (we have not been able to decipher any intraphase matrix
effects for those two minerals). We looked for correlatives to relative ion yield by graphing
H,O/("*0'H/°Si x SiO,) against other chemical parameters (c.f., Hauri et al. 2002). Although we
failed to find any robust correlations, one sample in particular suggests a possible matrix effect.
KBH-2 contains much higher amounts of Al, Ca, and Ti (and lower Si) than the other augites and
noticeably falls off the best fit trend when the data are normalized for SiO; in Figure 6d (even
though it is well fit by the OLS regression in Fig. 6¢). It is conceivable that the higher molar
weight of this sample influences the yield of H and/or Si; the trend toward lower yield relative-
to-Si that is seen Figure 6d would be consistent with previous work showing a negative
correlation for hydrous glasses and minerals between molar weight of the matrix and H/Si ratios
as measured by SIMS (King et al. 2002). Although intraphase matrix effects such as this may not
be resolvable until uncertainties in FTIR data are addressed, they may become important when
the hydrogen content of NAMs with significantly different major-element chemistry (e.g., Fe-
rich pyroxenes or olivines in Martian rocks or experiments; Withers et al. 2011) are measured by

SIMS.

Fluorineincorporation in clinopyroxene
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Recent experimental work (Bernini et al. 2012; Beyer et al. 2012; Dalou et al. 2012) has
shown that NAMs can contain surprisingly high amounts of F, up to hundreds or even thousands
of ppm. For clinopyroxene, Dalou et al. (2012) measured as much as 626 ppm. Together with
earlier studies in systems not deliberately doped with fluorine (Hauri et al. 2006; O'Leary et al.
2010), these results also demonstrate that F is more compatible than H in NAMs that are in
equilibrium with melts or fluids. These experimental studies, as well as sparser measurements of
F in natural NAMs (Hervig and Bell 2005; Guggino et al. 2007; Mosenfelder et al. 2011; Beyer
et al. 2012), are beginning to refute the classic assumption (e.g., Smith et al. 1981) that F
incorporation in NAMs can be ignored for the purpose of modeling the F budget of the Earth's
crust and mantle (usually considered to be dominated by apatite, amphiboles, and micas).
Although we measured much lower F concentrations in mantle clinopyroxenes compared to the
maximum amounts measured in high P-T experiments, our results show that it is a ubiquitous
trace element in this mineral, occurring at higher concentration levels (overall, or on average)
compared to orthopyroxene (Mosenfelder and Rossman in press).

In Mosenfelder and Rossman (in press), we documented significantly lower F
concentrations in orthopyroxenes and olivines derived from the crust compared to mantle
samples, with one exception (a xenocryst from the Colorado Plateau with less than 1 ppm F).
This situation is reversed for clinopyroxene, but this fact is not surprising given the geological
context of the crustal diopsides we studied. 95ADK1A, containing the highest amount of F (214
ppm), comes from the Adirondacks (U.S.A.), in the same metamorphic terrane where Valley et
al. (1983) documented high concentrations of F in grossular garnet (up to 7600 ppm). Likewise,
we have measured (unpublished data) high F concentrations in V-rich grossulars from the

Merelani Hills (Tanzania), the same locality as the V-rich diopsides CIT17210 (25 ppm F) and
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JLM77 (90 ppm F). Furthermore, high F concentrations are seen in vanadian tremolites (0.5
wt%; Fritz et al. 2007) and phlogopites (up to 2 wt%; Giuliani 2008) from Merelani.

Fluorine concentrations in mantle-derived orthopyroxene and olivine from part |
(Mosenfelder and Rossman in press) follow a systematic geographic trend, with distinctly lower
amounts in xenocrysts from the Colorado Plateau (olivine and orthopyroxene both contain <1
ppm F) compared to samples from Kilbourne Hole (in the Rio Grande Rift, 7-9 ppm F) and
South African kimberlites (6-47 ppm F in olivines, 12-17 ppm F in orthopyroxenes). Our
clinopyroxene data, while limited, are in agreement with these results: BPcpxA, from the
Colorado Plateau, contains the lowest amount of F we have measured in clinopyroxene (8 ppm),
while samples from South Aftrica contain between 9 and 31 ppm. The highest concentration we
measured in a mantle sample is in KBH-2 (47 ppm), which is a megacryst that may have been
plucked from a different source (perhaps at higher pressure?) than the other samples we have
measured from Kilbourne Hole (KBH-1 orthopyroxene and the ZM1 pyroxenes we dehydrated
for use as potential blank standards). Again, all of these results are consistent with the simplistic
notion put forth previously (Mosenfelder et al. 2011; Mosenfelder and Rossman in press) that
different mantle reservoirs, particularly in sub-continental settings, have different amounts of F
that are not necessarily correlated to H.

Whereas incorporation mechanisms for H in clinopyroxene have been explored
extensively (e.g., Skogby and Rossman 1989; Smyth et al. 1991; Skogby 1994; Koch-Miiller et
al. 2004, 2007; Stalder and Ludwig 2007; Purwin et al. 2009; O'Leary et al. 2010), few
constraints have been placed on modes of F incorporation. Because the ionic radius of F is close
to that of OH’, it is reasonable to assume that F substitutes into oxygen sites. One or more

mechanisms are then needed for charge balance, such as:
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MINa" + F o M Ca? + 0% (5)

(where IV and M2 refer to tetrahedral and M2 octahedral sites, respectively). Mechanisms
involving vacancy formation or substitution of other cations in equations (4) and (5) can also be
envisioned; for instance, Fe’” in tetrahedral sites (Skogby 1994) or other monovalent cations (K,
Li") in the M2 site could satisfy the charge balance. Equation (4) has been proposed as the
primary mechanism for substitution of F in orthopyroxene (Beyer et al. 2012) and (by analogy)
Cl in clinopyroxene (Dalou et al. 2012). However, the correlation between F and Al in
orthopyroxene that was proposed by Beyer et al. (2012) was not seen by Dalou et al. (2012) or in
Part I of this study (Mosenfelder and Rossman in press), countering this interpretation.

For clinopyroxene, Dalou et al. (2012) also found no correlation between F and Al, or
any other major or minor element. The poor correlation between F and Al,Oj in their data is
shown in Figure 8a, together with data from this study, which also show a lack of correlation
when considered altogether. However, modest trends can be seen when our diopside and augite
data are considered separately. Moreover, a strong correlation (r* = 0.98) is seen for diopsides
when plotting only "VAI*" against F (Fig. 8b), suggesting that equation (4) is especially important
for F substitution in these samples. Note that the much more modest correlation (r2 =0.70)
shown in Fig. 8b for augites goes away completely when the two samples from Kilbourne Hole
(ZM1cpxHT and KBH-2, filled circles) that have higher "VAI*" are taken out of the regression.
The geographic sub-division that we delineate in this figure is relevant to the next part of the

discussion.
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The mechanism associated with equation (5) is explored in Figures 8c and 8d. When we
plot Na and K against F in Figure 8c, we once again find a lack of correlation when the samples
are considered altogether, although there is a modest correlation (r* = 0.87) just for the samples
from South Africa (five augites plus FRB-118, a mantle diopside). Furthermore, when we add
Figures 8b and 8c together (Na + K + VAl plotted against F, Fig. 8d), a more robust correlation
(r* = 0.92) appears for all augites; note that omphacite and crustal-derived diopsides are left off
this plot, but two mantle-derived diopsides (FRB-118 and BPcpxA) plot close to the trend for
augites. This suggests that both mechanisms (4) and (5) are involved in F incorporation. This
inference is consistent with the inference by Dalou et al. (2012) from the shift of Raman
vibrational modes with increasing F content that F substitutes in the O3 site, which bridges both
tetrahedral and M2 cation sites.

The comparisons between major/minor element chemistry and trace F concentration
discussed above are subject to large uncertainties, due primarily to the uncertainties in
calculating cation proportions from EPMA data. For instance, we have poor constraints on the
oxidation state and site occupancies of Fe. Our calculation scheme in Table 3 fails to take into
account the possibility of Fe** in tetrahedral sites (because deficits in Si are preferentially filled
with Al), which could charge balance F by analogy with equation (4). This mechanism could be
relevant to 95SADK1A and KBH-2, which have the highest Si deficiencies and also high
Fe*"/Fety. Johnson et al. (2002) also assigned all Fe’" in 95ADKIA to octahedral sites but
acknowledged that alternate interpretations of their Mdssbauer spectra allowed for assignment of
some Fe*" to tetrahedral sites, as seen in some synthetic samples (Skogby 1994).

Compared to H, the bonding environment of F is more difficult to study using

spectroscopic techniques. Studies of O-H vibrational frequencies using FTIR, while an indirect
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probe of site occupancy, are highly sensitive to trace concentrations. The Raman shifts
documented by Dalou et al. (2012) are not only an indirect probe (of F bonding to cations) but
are very close to the limit of resolution. On the other hand, at higher concentration levels (in the
weight percent range), both Raman and NMR (nuclear magnetic resonance) spectroscopies have
been used successfully to investigate the solubility mechanisms of F in silicate glasses and melts
(e.g., Mysen et al. 2004). By analogy with H incorporation mechanisms, for which much of our
knowledge comes from doping studies — typically at higher concentrations than found in natural
samples — we therefore suggest that future work to study the incorporation of F in NAMs should

concentrate on samples synthesized at high P and T that contain higher amounts of F.
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Tables

Table 1. FTIR data

Table 2. SIMS data

Table 3. EPMA data

Appendices

Appendix 1. FTIR spectra of clinopyroxenes, including baselines.

Appendix 2. SIMS analyses of clinopyroxene, April 2012

Figure captions

Figure 1. Polarized IR spectra in the first silicate overtone region for clinopyroxenes. Diopside
and augite are represented by spectra for 62047-70B and PMR-53, respectively; both samples
were well oriented. Spectra for all diopsides closely resemble those of 62047-70B. Most augites
resemble PMR-53, but some intermediate compositions show patterns intermediate between
diopside and augite; an example is shown using partial spectra for ROM271-10 in o and B (for

this sample, absorbance was too high in this region for y and at lower wavenumbers than shown
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for o and B). All spectra normalized to 1 cm, presented without baseline correction, and offset

for clarity.

Figure 2. Polarized IR spectra of diopsides in the o, B, and y orientations. Sample numbers are
labeled directly above each spectrum. All spectra normalized to 1 cm, shown without baseline

correction, and offset for clarity.

Figure 3. Polarized IR spectra of augites in the o, 3, and y orientations. Sample numbers are
labeled directly above each spectrum. All spectra normalized to 1 cm, shown without baseline

correction, and offset for clarity.

Figure 4. Polarized spectra of HRV-147 omphacite compared to KBH-2 augite. Sample numbers
and polarization directions are labeled above each spectrum. All spectra normalized to 1 cm,

shown without baseline correction, and offset for clarity.

Figure 5. Comparison of H concentrations determined using the calibrations of Bell et al. (1995)
and Libowitzky and Rossman (1997). Open symbols are our data for augites (circles), diopsides
(squares) and omphacite (triangle). Smaller, filled symbols are data from Nazzareni et al.
(2011)(squares) and Sundvall and Stalder (2011)(circles). Regression line (r* = 0.97) shown only
for our data on augites (spectra shown in Fig. 3). Regressions through diopside data alone or
through our complete dataset show worse correlation coefficients (r* = 0.58 and r* = 0.89,
respectively). Regressions through datasets of Nazzareni et al. and Sundvall and Stalder give r* =

0.96 and r* = 0.95, respectively.
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Figure 6. SIMS versus FTIR data for hydrogen. SIMS data are blank corrected, with error bars
(2osp) shown. Error bars for FTIR data are discussed in the text. a. Bell et al. (1995) IR
calibration assumed; line shows ordinary least squares (OLS) fit. b. Same data as in a,
normalized for SiO, content as measured by EPMA. Grey line is a York regression, with 95%
confidence intervals shown as dashed lines; the lower confidence interval shown nearly
coincides with the OLS fit (solid black line). The black dashed line is our SIMS calibration
(York regression) for orthopyroxene, also using the Bell et al. (1995) IR calibration; datum for
PMR-53 overlaps this line within uncertainty. c. Libowitzky and Rossman (1997) IR calibration
assumed. Data are shown for both *’Si (open black circles) and '*O (filled grey circles) as the
reference mass, yielding essentially identical correlation coefficients for the OLS fits as shown. d.
Same data as in C, normalized for SiO, content. In this case, OLS and York regressions are

nearly coincident. York regression for orthopyroxene is also shown (black dashed line).

Figure7. a. Inter-laboratory comparison of SIMS data for four samples (ROM271-DI10, PMR-
53, ROM271-DI16, and ROM271-DI21). Our results are compared against selected data from
the CIW and ASU SIMS labs, from Wade et al. (2008) and Tenner et al. (2009), respectively. b.
Data for the same four samples references to the three IR calibrations used in this study; values
(Table 1) determined directly by ERDA (Aubaud et al. 2009) or manometry (Bell et al. 1995) are

plotted where applicable. Labeled samples are discussed in text.

Figure 8. F contents as a function of major and minor element abundance in clinopyroxenes. All

F data from this study plotted using model 2 values. a. Alumina versus F. Data from this study
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are compared to analyses from six experiments by Dalou et al. (2012). b. Tetrahedral Al versus F
for our data only. Separate regressions shown for diopsides (r* = 0.98) and augites (1* = 0.70;
both filled and open circles); datum for omphacite was not included in any regression. C. Na and
K versus F. The regression shown (r* = 0.87) includes five augites and one diopside from South
Africa. d. Na + K + VAl versus F. Here the regression shown (1* = 0.92) is for all augites. A
regression through just the South African samples as in Figure 8c would give a different slope

and higher correlation coefficient (r* = 0.95).
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Table 1. FTIR data

H,O0,
Sample no. Locality Density * IR integrated absorbance/cm H,0, Bell Aubaud H,0O, L&R References
Mg/m3 (2s) a b g A (total) (ppmw) (ppmw) (ppmw)
Ito (1975);
Skogby et al.
GRR510 Synthetic — 0 0 0 0 0 0 0 (1990)
Kilbourne Hole, New
Mexico, U.S.A.
ZMI1cpxHT (dehydrated) — 0 0 0 0 0 0 0 This study
Merelani Hills, Fritz et al.
CIT17210 Tanzania 3.273(5) 78(2) 71(11) 182(9) 331(14) 48(5) 39(5) 29(3)  (2007)****
Roden and
Buell Park, Arizona, Smith
BPcpxA U.S.A. 3.295 443(40) 328(26) 327(20) 1098(52) 157(16) 130(16) 131(13) (1979)***
Shannon et
62047-70B Russia 3.295(3) 370(33) 304(9) 171(17) 846(39) 121(12) 100(12) 122(12) al. (1992)
Monastery Mine, S. Bell et al.
ROM271-DI10 Africa 3.339 542(81) 382(27) 412(45) 1336(97) 188(22) 156(21) 127(15) (2004)
Jagersfontein Mine, Boyd et al.
FRB118 S. Africa 3.295 913(55) 704(42) 496(25) 2114(74) 302(29) 250(30) 185(18) (1984)****
Merelani Hills, Fritz et al.
JLM77 Tanzania 3.277(7) 731(22) 438(22) 1403(28) 2572(42) 369(33) 306(36) 217(20)  (2007)****
Adirondack
Mountains, New Johnson et
95ADKI1A York, U.S.A. 3.295 577(29) 756(23) 128(13) 1461(39) 208(19) 173(20) 263(24) al. (2002)
Skogby et al.
Premier Mine, S. (1990); Bell
PMR-53 Africa 3.339(17) 577 630 697 1904 268(15)** 202(28)*** 216(22) etal. (1995)
Skogby et al.
(1990);
Smyth et al.
(1991); Bell
Roberts Victor Mine, and
HRV-147 S. Africa 3.340 1060(106) 690(35) 2264(23) 4014(114) 565(53) 469(56) 319(30) Rossman
Monastery Mine, S. Bell et al.
ROM271-DI16 Africa 3.339 1178(153) 1072(107)  1102(55)  3351(195) 472(50) 355(41)*** 336(36) (2004)
Monastery Mine, S. Bell et al.
ROM271-DI21 Africa 3.339 1203(96) 1132(68) 1118(89)  3453(148) 486(48)  423(70)*** 356(35) (2004)
Bell and
Kilbourne Hole, New Thinger
KBH-2 Mexico, U.S.A. 3.361(7) 1117(145)  1437(72) 1397(84)  3950(182) 552(55) 459(57) 458(46) (2000)
LAC-236 Lace Mine, S. Africa 3.339 1788(179)  1887(94) 1746(87)  5421(220) 763(75) 634(77) 539(53) This study

"Bell", "Aubaud", and "L&R" refer to IR calibrations by Bell et al. (1995), Aubaud et al. (2009), and Libowitzky and Rossman (1997), respectively
Uncertainties in absorbance measurements and H,O concentrations are discussed in text

*2s uncertainty given for samples large enough to make density measurements; see text for assumptions about other samples
**Value and uncertainy for PMR-53 are from manometry measurements of Bell et al. (1995); uncertainty for L&R calibration assumed to be 10%
***Values and uncertainties determined by ERDA (Aubaud et al. 2009)
*x#*Reference cited for general locality information, not specific sample
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Sample No. *o'H%si “o'm/fo VFA%si Fluorine (ppm) *
Model 1 Model 2
GRR510 0.0004(3)  0.0003(2)  0.0008(3) 0 0
ZMI1cpxHT 0.0006(1)  0.00073(4) 0.1334(62) 57(3) 27(1)
CIT17210 0.0061(11) 0.0045(7)  0.1217(62) 55(3) 25(1)
BPcpxA 0.0247(21) 0.0188(16) 0.0386(13) 17.4(8) 8.0(3)
62047-70B 0.0253(2)  0.0190(3)  0.0555(19) 25(1) 11.6(4)
ROM271-DI10  0.0275(5) 0.0214(1)  0.0805(12) 35.7(8) 16.6(2)
FRB118 0.0358(14) 0.0278(9)  0.0439(06) 19.7(5) 9.1(1)
JLM77 0.0483(12) 0.0354(4) 0.4369(142) 194(7) 90(3)
95ADKI1A 0.0492(48) 0.0363(36) 1.0654(416)  458(18) 214(8)
PMRS53 0.0604(3)  0.0447(7)  0.1475(32) 66(2) 30.5(7)
HRV147 0.0738(23) 0.0519(19) 0.0653(9) 29.5(6) 13.7(2)
ROM271-DI16  0.0786(3)  0.0585(4)  0.1251(12) 56.0(8) 26.1(3)
ROM271-DI21 0.0856(14) 0.0640(13) 0.1404(14) 62.1(9) 28.9(3)
KBH-2 0.0982(20) 0.0724(9)  0.2553(38) 99(2) 46.4(7)
LAC-236 0.1149(22) 0.0861(10) 0.0803(28) 36(2) 16.7(6)

All values blank corrected except for values in italics for GRR510

Uncertainties (in parentheses) are 2Sgp, from the average of three analyses for each sample (or four each for GRR510 and PMR53)
* models 1 and 2 described in Mosenfelder and Rossman (in revision); uncertainties in F content do not take into account uncertainties in calib;
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Table 3. EPMA data
ROM271- ROM271- ROM271-
Sample no. GRR510 ZMlcpxHT CIT17210 BPcpxA 62047-70B DI10 FRB-118 JLM77 95ADKIA PMR-53 HRV-147  DI16 DI21 KBH-2 LAC-236
Si0, 51.93(25) 52.91(19)  55.52(16) 55.18(8) 55.53(13) 54.67(7) 55.14(28)  54.88(10)  53.28(17) 54.89(9) 55.61(19)  55.30(19)  54.67(11)  48.22(12)  55.30(11)
Ti0O, - 0.17(1) - 0.04(1) - 0.15(1) 0.17(2) 0.12(2) 0.12(1) 0.35(1) 0.29(1) 0.338(4) 0.48(2) 1.34(1) 0.13(2)
Al O3 - 3.65(5) 0.83(2) 0.77(2) 0.19(2) 0.50(1) 0.34(2) 2.19(1) 2.17(6) 2.88(2) 12.80(8) 2.39(1) 2.45(2) 8.81(3) 1.87(3)
VO,* 3.41(3)
V,0;* — 0.04(1) 0.028(3) 0.038(3) — 0.05(1) 0.037(3) 0.61(1) — 0.04(1) 0.02(1) 0.03(2) 0.043(4) 0.06(1) 0.03(1)
Cr,04 - 1.15(4) - 0.48(1) 0.54(2) 0.30(2) 1.30(3) - — 0.16(1) 0.08(2) 0.30(2) 0.18(1) - 0.44(2)
FeO — 2.68(2) 0.09(3) 2.16(2) 1.06(2) 5.25(7) 2.00(4) — 1.89(3) 7.06(4) 2.12(3) 5.47(6) 6.11(7) 6.75(4) 4.02(3)
MnO — — 0.26(1) 0.05(1) - 0.10(2) 0.06(1) 0.08(2) 0.06(1) 0.15(1) — 0.12(1) 0.13(1) 0.14(1) 0.11(1)
MgO 17.27(16) 17.00(6) 18.00(4) 17.01(3) 17.78(8) 15.87(3) 17.22(6) 17.33(8) 16.68(4) 18.12(6) 8.65(9) 20.32(6) 18.53(3) 13.62(4) 19.95(11)
CaO 25.22(7) 21.88(8) 26.17(12) 24.43(8) 25.23(12) 21.93(3) 22.99(6) 24.74(10)  26.30(11) 13.78(6) 13.17(3) 14.18(6) 15.43(11) 19.17(8) 16.90(9)
Na,O 0.12(2) 0.78(3) 0.13(3) 0.52(1) 0.29(2) 1.30(1) 1.06(5) 0.59(3) - 2.09(2) 6.13(9) 1.53(1) 1.73(3) 1.17(3) 1.24(5)
K,0 0.52(3) — — — — — — — — 0.030(3) 0.26(1) 0.026(5) 0.027(3) - 0.094(3)
NiO - - - - - - — — — 0.06(4) 0.11(1) 0.10(2) 0.04(4) — —
Total 98.47 100.26 101.03 100.68 100.62 100.12 100.33 100.54 100.50 99.61 99.24 100.10 99.82 99.28 100.08
Tetrahedral positions
Si 1.9222 1.9097 1.9839 1.9899 1.9981 1.9916 1.9905 1.9647 1.9269 1.9842 1.9625 1.9772 1.9720 1.7771 1.9785
Al - 0.0903 0.0161 0.0101 0.0019 0.0084 0.0095 0.0353 0.0731 0.0158 0.0375 0.0228 0.0280 0.2229 0.0215
Vv 0.0778 - - - - - - - - - - - - -
Octahedral positions
Al - 0.0650 0.0188 0.0227 0.0061 0.0131 0.0049 0.0571 0.0194 0.1069 0.4949 0.0779 0.0762 0.1598 0.0574
Ti — 0.0046 — 0.0011 - 0.0041 0.0046 0.0032 0.0033 0.0095 0.0077 0.0091 0.0130 0.0371 0.0035
%Al 0.0136 0.0012 0.0008 0.0011 - 0.0015 0.0011 0.0175 — 0.0012 0.0006 0.0009 0.0012 0.0018 0.0009
Cr — 0.0328 — 0.0137 0.0154 0.0086 0.0371 — — 0.0046 0.0022 0.0085 0.0051 — 0.0124
Fe¥ - 0.0366 0.0027 0.0068 0.0007 0.0688 0.0314 — 0.0472 0.0320 0.0001 0.0246 0.0416 0.0706 0.0341
Fe* - 0.0443 0.0000 0.0583 0.0312 0.0911 0.0290 — 0.0099 0.1815 0.0624 0.1390 0.1427 0.1374 0.0862
Mn - - 0.0079 0.0015 - 0.0031 0.0018 0.0024 0.0018 0.0046 - 0.0036 0.0040 0.0044 0.0033
Mg 0.9530 0.9147 0.9588 0.9145 0.9537 0.8619 0.9267 0.9249 0.8993 0.9765 0.4551 1.0831 0.9964 0.7483 1.0641
Ca 1.0002 0.8462 1.0019 0.9440 0.9727 0.8560 0.8892 0.9490 1.0191 0.5337 0.4980 0.5432 0.5963 0.7570 0.6478
Na 0.0086 0.0546 0.0090 0.0364 0.0202 0.0918 0.0742 0.0458 — 0.1465 0.4641 0.1061 0.1210 0.0836 0.0860
K 0.0246 - - - - - - - - 0.0014 0.0117 0.0012 0.0012 - 0.0043
Ni — — — — — — — — — 0.0017 0.0031 0.0029 0.0012 — —

Notes: structural formulae determined by normalizing to four cations. Numbers in parentheses represent one standard deviation of results from five analyses per sample
Dashes represent elements under the detection limit; P was also analyzed but below detection limit in all samples
*Valence state of V assumed to be predominantly 4+ in GRR510 only; see text for discussion.

** Fe" calculated using the method of Droop (1986).
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