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Abstract. The most abundant mineral in the upper mantle, olivine, is described as nominally anhydrous, while
its high-pressure polymorph, wadsleyite, can contain up to 3 % H,O by weight. Here we focus on the quantifica-
tion of total H,O content, dissolved as hydroxyl (OH), as well as hydrogen isotopic composition, i.e. D/H ratios,
in olivine and wadsleyite using a multi-instrument approach. Our aim is to establish a calibration procedure
that allows accurate quantification of the hydrogen content and D/H ratios of D-doped experimental samples
using Raman spectroscopy, as confirmed by secondary-ion mass spectrometry (SIMS). Olivine and wadsleyite
samples were synthesized under hydrothermal conditions at high pressure and doped with deuterium. Olivine
and wadsleyite reference materials that were previously characterized by both Fourier-transform infrared (FTIR)
spectroscopy and elastic recoil detection analysis (ERDA) were used to calibrate the measurement of water con-
centrations in the samples using both Raman spectroscopy and SIMS. D-doped olivine reference materials were
characterized by ERDA (which is a point beam technique with the advantage of being an absolute quantification
method) to find their D/H ratio and used to determine the instrument mass fractionation of H isotopes with the
ion probe. Then we compared the D/H ratios determined by SIMS to the OD/OH intensity ratio determined by
Raman spectroscopy for three wadsleyite samples, finding a conversion factor of 0.85 (error of ~ 2 %). After
correction of the instrument response, we find that the Raman scattering cross-section (K) of OH is slightly
lower than that of OD; still Kon/Kop = 0.95 is in agreement with previous studies. D/H ratios in doped sam-
ples can therefore be determined using Raman spectroscopy, which is a more accessible technique than SIMS,
with a detection limit of 90 £ 10 ppm wt for both D,O and H,O.
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1 Introduction

Olivine, (Mg,Fe)>SiO4, is the most abundant phase in
the upper mantle and is known to contain hydrogen in
trace amounts (Bell and Rossman, 1992; Demouchy and
Bolfan-Casanova, 2016). The mineralogical transformation
of olivine into its high-pressure phase, wadsleyite, at 410 km
in depth marks the beginning of the transition zone, which
could be an important reservoir of water in the mantle
(Bercovici and Karato, 2003; Andrault and Bolfan-Casanova,
2022). The high-pressure polymorphs of olivine, wadsleyite
and ringwoodite, have significant H,O storage capacity (In-
oue et al., 1995; Ohtani et al., 2001; Demouchy et al., 2005;
Pearson et al., 2014). Indeed, wadsleyite can store up to
3.2 % by weight of H»O in its structure (note that H is ex-
pressed as the equivalent of H,O in weight percent or in
parts per million by weight independently of its speciation).
Such water has been shown to be incorporated into the struc-
ture of nominally anhydrous minerals (NAMs) of the man-
tle, mainly as OH (Bell and Rossman, 1992; Demouchy and
Bolfan-Casanova, 2016; Keppler and Smyth, 2006), even if
some molecular hydrogen, H», has been observed recently
(Yang, 2016; Moine et al., 2020). Fourier transform infrared
(FTIR) spectroscopy has traditionally been used to quantify
OH in minerals (Libowitzky and Rossman, 1996), and more
recently, Raman spectroscopy has been adapted to quantify
the OH contents of olivine and wadsleyite (Bolfan-Casanova
et al., 2014; Martinek and Bolfan-Casanova, 2021; Bolfan-
Casanova et al., 2023). On the other hand, secondary-ion
mass spectrometry (SIMS) (Aubaud et al., 2004; Mosen-
felder et al., 2011; Piani et al., 2020) and elastic recoil detec-
tion analysis (ERDA) (Raepsaet et al., 2008; Bureau et al.,
2009; Withers et al., 2012; Bolfan-Casanova et al., 2018) are
complementary methods that allow quantification of the bulk
H5O concentrations, i.e. total hydrogen contents in minerals.

So far, the deuterium—hydrogen isotopic fractionation be-
tween olivine and wadsleyite has never been measured. How-
ever, Bell and Thinger (2000) predicted significant fractiona-
tion, nearly 30 %o, between these two minerals under rela-
tively low-temperature conditions by comparing D/H ratios
in nominally anhydrous mantle minerals and in hydrous melt
or fluids as a function of their OH stretching vibration, as de-
termined by infrared spectroscopy (Dobson et al., 1989). If
we want to quantify the D-H fractionation between olivine
and wadsleyite coexisting in isotopic equilibrium, we first
need to synthesize such samples because natural samples of
wadsleyite are not available. Then, we need to be able to
measure the D/H ratio in each of these two phases. While
secondary-ion mass spectrometry is a very sensitive method
for the measurement of the isotopic composition of bulk hy-
drogen in minerals in situ, it is not widely accessible. On the
other hand, Raman spectroscopy is a relatively widespread
and non-destructive technique with a high spatial resolution,
and, in addition, it is site-specific and allows measurement of
the speciation of hydrogen in NAMs.
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Concerning spectroscopic techniques, it is worthwhile to
compare their advantages and disadvantages in a few words.
(1) FTIR spectroscopy is generally used in transmission
mode, and the Beer—Lambert law can be used to quantify
the species of interest. For polymineralic samples, it is es-
pecially problematic when phases overlap in the sample vol-
ume analysed, leading to pollution of the spectra of individ-
ual phases. It follows that the size of grains and the thickness
of the thin section are correlated. Raman spectroscopy can
also be used in transmission mode, but here, we use it in re-
flectance mode and, combined with a 1 um beam, it is a good
alternative to obtain spectra of very small grains without hav-
ing artefacts from the neighbouring phases. (ii) One advan-
tage of transmission FTIR spectroscopy is that we know the
volume of the sample that is analysed when we measure dou-
bly polished thin sections of known thicknesses, while with
Raman spectroscopy, the volume of sample analysed is not
determined. Still, it is possible to analyse water-rich min-
erals such as wadsleyite with Raman spectroscopy without
having to produce very thin doubly polished sections as is
required for FTIR, which often puts the sample in danger:
for highly absorbent material, the laser power of the Raman
spectrometer just needs to be lowered. (iii) Another advan-
tage of FTIR spectroscopy is that the intensity of the bands
only depends on the thickness and on the absorptivity of the
band, the extinction coefficient of the material of interest,
according to the Beer—Lambert law. In contrast, the Raman
scattering cross-sections are seldom known and depend a lot
on the analytical setup. Determining these cross-sections is
the aim of this study.

The sensitivity of Raman spectroscopy is lower than that
of SIMS and does not enable us to measure natural D/H iso-
tope proportions because the natural abundance of *H vs. 'H
is too low (D/H ~ 150 x 107%). Thus, the synthetic samples
need to be doped with deuterium during high-pressure hy-
drothermal annealing. Finally, to be able to quantify the iso-
topic composition of hydrogen in NAMs with Raman spec-
troscopy, we first need to validate this method using an es-
tablished technique such as SIMS.

We present a protocol aimed at validating measured D/H
ratios in doped synthetic samples using Raman spectroscopy
and SIMS. These samples were doped with D,O (heavy wa-
ter or deuterium oxide) to enhance the intensity of the Raman
signal for the otherwise-less-abundant OD groups. Quantifi-
cation of H and D concentrations in the minerals of interest
is made possible by calibration of the intensity or counts us-
ing reference materials for H and D. The samples and refer-
ence materials selected in this study were synthesized under
high pressure. Indeed, since the matrix matching the refer-
ence material required for Raman quantification of OD did
not exist, we first had to synthesize and characterize it. For
this purpose, we used a third technique, ERDA, which is an
absolute method enabling us to quantify the D/H ratios of
our reference materials, here (Mg,Fe)>SiO4, olivine.
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2 Methods

2.1 Sample set

The olivine and wadsleyite reference materials selected for
the Raman spectroscopy and SIMS working curves or cali-
brations were synthesized at high pressure and high temper-
ature under fluid-saturated conditions in a multi-anvil press.
These conditions are required to dissolve substantial amounts
of hydroxyl in olivine and to stabilize wadsleyite. The refer-
ence materials for O'H and O2?H, or OD, quantification are
reported in Table 1. The olivines were synthesized at pres-
sures of 5 to 14 GPa and temperatures of 1000-1400 °C (Bali
et al., 2008; Férot and Bolfan-Casanova, 2012; Martinek and
Bolfan-Casanova, 2021; Withers et al., 2012), and their hy-
droxyl contents (reported as water contents) were measured
using FTIR spectroscopy using the extinction coefficient of
Withers et al. (2012). The olivines used as reference materi-
als for the measurement of D/H ratios were synthesized at
12 GPa and 1000 to 1200 °C using D, 0 as the source of the
fluid and varying the D,O/H5O ratio in the fluid to vary the
D/H ratio of the reference olivines. These reference materi-
als were characterized for their bulk H,O content and, for the
first time, for their D/H ratio using ERDA. The wadsleyites
were synthesized at 15-21 GPa and 1100-1700 °C, and their
water contents were characterized using ERDA because they
are too rich in H>O to be measured with FTIR spectroscopy
(Bolfan-Casanova et al., 2018).

For the SIMS measurements, we used the reference ma-
terials above as well as the reference glasses of the SIMS
facility (see Table 2). These are the basaltic glasses M98§-
47963 and M98-Etna-0, whose water contents were esti-
mated by elemental analyser isotope ratio mass spectrometry
(EA-IRMS) (Bindeman et al., 2012) and by Karl Fisher titra-
tion (KFT) (Métrich and Deloule, 2014; see Table 2 in their
supplement; Bouvier et al., 2010).

The quantification method for OH and OD using both
SIMS and Raman spectroscopy was then tested on a set
of wadsleyites (Table 3) synthesized at 14 GPa and 780-
1060 °C using a fluid doped with D;O. The starting mate-
rial consisted of Kilbourne Hole olivine (Fogg) and enstatite
(Engg) powder. After recovery, the samples were checked for
fluid saturation and mirror polished, embedded in indium to
ensure a low-hydrogen blank in SIMS, and then metallized
with carbon in the case of ERDA analyses or gold in the case
of SIMS analyses (10-30 nm layer for ERDA and 70 nm for
SIMS).

2.2 Raman spectroscopy

The Raman spectroscopy analyses were performed on a Ren-
ishaw inVia confocal Raman micro-spectrometer at Labora-
toire Magmas et Volcans in Clermont-Ferrand (France). It
is equipped with a 532 nm diode-pumped solid-state (DPSS)
laser, giving an output power of 200 mW and a 1024 x 256
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Table 3. Wadsleyite samples used for comparison of Raman spectroscopy and SIMS analyses. The errors are 1o

Sample Phase

Raman measurement ‘

SIMS measurement

OD/OH

Error ‘ D/H Error

223 x 107!
1.05 x 1071
3.35% 107!

M996
M1009
M1011

Wadsleyite
Wadsleyite
Wadsleyite

5.20 x 1073
1.16 x 1072
1.66 x 1072

3.06 x 1073
1.14 x 1072
1.02 x 1072

1.87 x 107!
6.80 x 1072
2.96 x 107!

pixel charge-coupled device (CCD) detector (cooled by a
Peltier module) with a slit aperture of 65 um (in standard
confocality), and it is coupled to a Leica DM 2500M optical
microscope. A 1200 grooves mm ™! grating was used for the
analyses. The spectral resolution ranges from 1.3cm™! (at
100cm™1) t0 0.73 cm™! (at 3700 cm™! ). All spectra were ac-
quired in polarized light without an analyser, using the x 100
objective (numerical aperture 0.85) of the microscope and
under standard confocality. Before each analysis session, cal-
ibration of the spectrometer was performed based on the Si
peak located at 520.5 cm~ L. In addition, the measurement of
the laser power enables the intensity data to be normalized
to 1 mW. The quantification of OH content is based on the
integrated intensity of the OH bands normalized to the in-
tegrated intensity of the silicate bands (Bolfan-Casanova et
al., 2014; Martinek and Bolfan-Casanova, 2021). Two differ-
ent analysis windows were used to observe the silicate, or
Si, and OH vibrations centred at 620 and 3370 cm ™!, respec-
tively (Fig. 1). A third scan window centred at 2900 cm™!
was used to measure the OD Raman peaks.

The Raman spectra of olivine and wadsleyite in the sili-
cate area are shown in Fig. la. Two separate peaks at 725
and 920cm™! are characteristic of the wadsleyite structure.
A doublet located at 825 and 855cm™! is characteristic of
olivine. The range for integration of the intensity is 200-
1200cm™! for olivine and 300-1200cm™! for wadsleyite.
A strong peak at about 170cm™! is present in wadsleyite
containing FeO in its structure. This band, which is related
to the FeO content of the mineral, is not included in the in-
tegration of the Si Raman area (Fig. 1a). The presence of
an H,O component in the form of OH in olivine and wad-
sleyite is shown by a set of peaks in the range of 3200—
3700 cm™! (Fig. 1b), with two characteristic OH peaks lo-
cated at 3330 and 3580cm™! in the case of wadsleyite. A
major group of bands is located at 3550 and 3580 and occa-
sionally at 3610 cm ™! in the case of olivine. The wavenum-
ber ranges used for integration of the intensities of the OD
and OH band were 2330-2740 and 3200-3700 cm™!, respec-
tively, and were the same for both minerals.

For analysis of olivine and wadsleyite, the laser beam
power used was 10 %. The acquisition time was 5 x 10s
for the Si window and was 20 s repeated five times for the
windows centred on OD and OH. A daily monitoring of
the laser power was performed on hydrated basaltic glass

https://doi.org/10.5194/ejm-37-305-2025
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Figure 1. Average Raman spectra of olivine M663 (green) and wad-
sleyite M377 (dark blue) (a) in the silicate, Si, area and (b) in the
OH area (for the reference materials for this study, see Table 1). The
integration windows for these two areas are shown below each of
the graphs, in green for olivine and in dark blue for wadsleyite. The
spectra shown are corrected for the baseline following a poly-linear
treatment for the Si area of olivine and wadsleyite. For the OH area
spectra, the baseline is a cubic polynomial for both minerals.
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(a) Olivine Raman calibration
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Figure 2. Calibration lines for the water ([H,O] in ppm wt) quan-
tification by Raman spectroscopy for olivine (a) and iron-bearing
wadsleyite (b) established on reference materials measured by FTIR
and ERDA, respectively. The error applied to each sample corre-
sponds to 1 sigma (1o) and is calculated as the standard deviation of
all measurements performed on that sample, which often represents
anisotropy when the technique applied is a spectroscopic method.
The coloured areas represent the confidence intervals of the calibra-
tion lines.

(0.5wt % H,0O; Schiavi et al., 2018) at the beginning and
end of the session. The laser power and consequent inten-
sity drifts were therefore corrected in each analysis ses-
sion (see Eq. 1), where the daily intensity ratio of the glass

(%—H> was normalized to the average intensity ra-
1
Glass meas

tio of the glass from all analysis sessions, (%

: . Thi
, o , ) , Si )Glass sp
daily normalization of the intensity ratio of the hydrated glass

was applied to the average intensity ratio of the sample mea-
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sured during the same session, (OS—II{) :
Meas.
)
(O_H> _ (O_H> o \ 51/ GlassSD )
Si Meas. norm. Si Meas. (%—H)
! / Glass meas
Once normalized, the (%) intensity ratio of the
Meas. norm.

reference material was used to establish a correlation with the
H5O content, hereafter referred to as the Raman calibration
(see Fig. 2). In order to obtain reproducible statistics, at least
eight grains of a given phase were analysed. Moreover, as the
minerals analysed are anisotropic, the intensity of scattered
light depends on the orientation of the mineral, and therefore
each analysis point on the olivine samples was carried out us-
ing three different orientations (0, 45, and 90°) by rotating the
sample in the plane perpendicular to the incoming beam. Be-
cause the spectra of wadsleyite display less anisotropy (see
Martinek and Bolfan-Casanova, 2021), we analysed only two
orientations per grain, 0 and 90°. The grains in the samples
analysed are usually less than 100 um in diameter. It was
therefore impractical to orient them. Therefore, we average
the Si and OH spectra recorded on each grain, and then we
average these over all the randomly oriented grains to sam-
ple the absolute intensities of Si and OH. Figure Al shows
the Raman spectra in the Si and OH areas as measured for
three orientations of the same grain of olivine, as well as the
averaged spectrum.

2.3 Elastic recoil detection analysis (ERDA)

ERDA analysis was performed using the nuclear micro-
probe of the Laboratoire d’Etude des Eléments Légers, CEA,
Saclay, France (Khodja et al., 2001; Raepsaet et al., 2008).
The analytical setup is described in detail in Bureau et
al. (2009). This technique has been successfully used in sev-
eral recent studies to determine the H content of NAMs
(Withers et al., 2012; Novella et al., 2014; Bolfan-Casanova
et al., 2018). A 2.8MeV “He' beam was produced by a
single-stage Van de Graaff accelerator and focused on a
3um x 3 um or 2 um x 2 um surface using quadrupole mag-
netic lenses. The analysis then utilizes three detectors: an
X-ray detector to record particle-induced X-rays, an annu-
lar detector to record Rutherford backscattered (RBS) parti-
cles, and an ERDA detector to record the H atoms ejected
from the sample through elastic collisions with the alpha
particles. The samples and reference materials may be tilted
such that the polished surface is oriented either perpendic-
ular to the beam in the standard Rutherford backscattering
analysis geometry or at a grazing angle of 15° from the in-
cident beam for the ERDA configuration, as the dedicated
detector is located at a 30° angle relative to the incident
beam direction. The beam size on the sample surface was
12 um x 3 um in the ERDA configuration, and the beam was
passed over the sample surface to produce compositional

https://doi.org/10.5194/ejm-37-305-2025
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maps. Forward-scattered He particles were prevented from
reaching the ERDA detector by placing a 15 um Al foil in
front of the detector. At the beginning of each session, a set
of reference materials were analysed to determine the RBS
and ERDA solid angles (Q2rps and 2grpa)- Standards such
as Al,Os, FeS,, SiO;, CaCOs, Kapton, and STR10 (which is
a silicate glass containing 4750 ppm wt H,O as measured by
FTIR) are used to calibrate the RBS and ERDA solid angles.
The SIMNRA programme (Mayer, 1999) was used to model
the RBS and ERDA energy spectra. The average solid an-
gle (Q2rps) thus determined was 0.050 mSr. The ERDA solid
angle was Qgrpa = 0.014 mSr. In the ERDA geometry, the
RBS spectra were used to monitor charge.

The samples were analysed in the ERDA configuration
with analysis times of 2h. A typical 100 um x 100 um sur-
face of the sample was scanned with the beam. Using the
RISMIN software (Daudin et al., 2003), areas can be selected
within the analysed map to avoid cracks, grain boundaries, or
secondary phases. The H content of the samples was calcu-
lated by simulation of the ERDA spectra using the SIMNRA
programme. The ERDA energy spectra are shown in Fig. 3.
Usually, the intense signal at intermediate energy is related to
H atoms from surface-adsorbed moisture, which do not ex-
perience energy loss within the sample. The energy of the in-
coming alpha particle decreases as the sample is penetrated,
so particles that originate from within the sample arrive at the
detector with correspondingly lower energy, as represented
by the lower energy plateau in the ERDA spectrum. Surface
pollution of the sample can therefore be easily differentiated
from bulk content, and it is through simulation of the low
energy plateau in the ERDA spectrum that the H content of
the sample itself is calculated. Owing to the mass difference,
the elastic collision of helium transfers more energy to deu-
terium than to hydrogen. D is therefore identified at higher
energy than surface H is. The D signal is representative of
the bulk D in the sample because surface D contamination
by atmospheric pollution is not expected, given its low natu-
ral abundance.

2.4 Secondary ion mass spectrometry (SIMS)

Hydrogen abundance in experimental samples was measured
using the Cameca IMS 1280-HR2 ion probe at the Centre
de Recherches Pétrographiques et Géochimiques (CRPG) in
Nancy (France) during three analytical sessions. An O™ pri-
mary beam accelerated to 10kV was used for the measure-
ments. The vacuum in the analytical chamber was always be-
low 2 x 10~° mbar. Prior to analyses, the samples were pre-
sputtered over 5 pum X 5 um with a 12nA beam for 3 min to
clean the sample surface and remove the adsorbed H. Then
the samples were rasterized with a current of 12nA over
a 4pm x 4um area for the analysis. A high-magnification
mode (max area 60) and a medium-field aperture (FA 2400)
were used to enhance the transmission and reduce the H
contamination that would diffuse from the borders of the
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Figure 3. ERDA spectra of three deuterium-doped olivine samples
with different D/H ratios: (a) M698 with D/H = 0.07, (b) Z2079
with D/H = 0.9, and (¢) M694 with D/H = 6.55. The large peak
between 550 and 850 keV evidences the surface hydrogen. The thin
blue and red lines show the calculated or fitted surface H and bulk
D, respectively. The dotted thick blue line represents the simulation
of the total hydrogen content including bulk D, surface H, and bulk
H. D/H values are then obtained using the ratio of bulk deuterium
at high energy and bulk hydrogen at low energy.

beam. The area analysed was additionally restricted to a
6 um x 6 um region in the centre of the rasterized area us-
ing an 80 % electronic gate to avoid contamination by H
coming from the borders of the rasterized area. H, DV,
and 30SiT ions were collected successively by changing the
magnetic field and counted using the mono-collection elec-
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tron multiplier (HT, D) or the mono-collection Faraday cup
equipped with a 10'2 Q resistor (3°Si*). The mass-resolving
power was set to % = 4000 to avoid *°SiH* interfering
with 3°Si*. For each analysis, 20 cycles were collected with
2 s of counting time per cycle for HT and 3°Si* and 20 s per
cycle for DY, totalling 15min per analysis. The statistical
errors in D/H in the D-poor terrestrial reference materials
were <9 % (20 standard deviation), and the reproducibil-
ity of the reference D-doped reference materials was < 10 %
(20). For each sample, the standard error associated with the
mean value of the H/Si, D/Si, and D/H ratios (Err) is esti-
mated using the standard deviation and the number (NB) of
points as follows:

standard deviation (points)
+/NB(points) )

The detection limit of water quantification was estimated
using the driest material available, i.e. San Carlos olivine
(< 1ppm H;0, TAEA database). We found a blank signal
equivalent to 29 =2 ppm H;O using the calibration equa-
tion based on olivine reference materials (Fig. 4a). Two nat-
ural glasses were used as reference materials to set up the
SIMS measurement protocol, and they agree very well with
the calibration for nominally anhydrous minerals (Table 2
and Fig. 4b). After each analytical session, the samples were
slightly polished to remove the gold coating, and the po-
sitions of the SIMS spots were checked using a scanning
electron microscope to verify that the measurement locations
were not performed on a crack or impurity (see Fig. 5).

Err = 2)

3 Results and discussion

3.1 Raman calibration

The calibrations of the ratio of OH/Si Raman-spectroscopy-
integrated intensities as a function of H,O concentration
(ppm H,0) are presented in Fig. 2 for olivine and wad-
sleyite. The calibration line for olivine (Fig. 2a) indicates
a conversion factor F, which relates the OH/Si ratios to
the water content (8122 £ 325). For iron-bearing wadsleyite,
the calibration line (Fig. 2b) displays a conversion factor of
45720+£470. The uncertainty is given as 1o and corresponds
to a calibration error of about 4 % for olivine and 1% for
wadsleyite. This correlation factor is not sensu stricto a Ra-
man scattering cross-section as demonstrated below but con-
tains similar information that allows us to convert the inten-
sity into the concentration. Raman intensity of a scattering
species, I;, depends on the intensity of the incoming light,
1,; the sample cross-section, K,; and the concentration of
the species, C; (Long, 2002):

Ii=1,x K, xC;j. 3)

The above equation justifies the fact that the calibrations in
Fig. 2 pass through the origin. Note that K, includes the
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Figure 4. SIMS calibration line for the quantification of total hy-
drogen (as wt % of H>O) in olivine (a) and in wadsleyite (b). The
characterization of olivine reference materials was made with FTIR,
while that of wadsleyite was performed using ERDA (see Table 1).
Water concentrations (wt % of HyO) of M377 are within the con-
centration range of the olivine reference materials; we therefore
used this sample to complete the olivine SIMS calibration.

molar scattering parameter, spectrometer response, and self-
absorption of the medium, and it is frequency dependent
(Strommen and Nakamoto, 1984). Thus, unlike the extinc-
tion coefficient used in transmission infrared spectroscopy,
determining K, for a particular material depends on the mea-
surement setup. Comparing the integrated intensities (or ar-
eas) in the OH and Si regions yields the following:

(OH/Si)ramAN = Kon/Ksi x Con/Csi. “4)
This relationship can be rewritten as
(OH/Si)raman = Won x CoH, &)

where Woy contains the information about the Raman scat-
tering cross-section of both the OH and silicate regions. W
might be used in a similar way to the extinction coefficient
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M698 - Olivine rapd \
(H+D)/si - D/H i K

Figure 5. Backscattered electron (BSE) image of the olivine refer-
ence material M698 taken after the SIMS measurements. The light-
green circles show the SIMS analysis points on this olivine refer-
ence material. The green values refer to the % ratios, while the
dark-blue values refer to the D/H ratios, both measured by SIMS.
In this way, the correct locations of the analysis points with regard
to impurities or cracks can be tested. The two pits not labelled were
made during a different session. Au indicates the deposition of gold
(the element used for electro-conduction) in the fractures after pol-
ishing the sample following the SIMS analysis.

used in FTIR spectroscopy; however, W might change if the
laser power or objective magnification is changed because
these two factors influence the volume of the sample excited.

3.2 SIMS calibrations of water contents and hydrogen
isotopic composition

The calibration of total water content measurement using
SIMS is shown in Fig. 4 for both olivine and wadsleyite. The
raw count rates of 'H are normalized to those of 3°Si and are
usually indicated as 'H/3%Si. The standard error in the mea-
surement of the 'H/39Si ratios is less than 4 % for the olivine
and wadsleyite reference materials, evidencing the good re-
producibility of the measurements as well as the homogene-
ity of the reference materials (see Table 1). The calibrations
for the olivine (Fig. 4a) and wadsleyite (Fig. 4b) reference
materials display very similar slopes, 54312 vs. 67418, in-
dicating that polymorphism has little influence here on the
efficiency of extraction of OH and Si. In addition, the com-
positional dependence of the calibration of water content is
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Figure 6. SIMS wadsleyite calibration lines for the quantification
of total hydrogen as a function of the iron content. The wads-
leyite reference materials with iron are M226A, M377, M380B, and
M382; those without iron are M226B, M380A, 2053, and 2054 (see
Bolfan-Casanova et al., 2018). The goal here is to evaluate whether
iron influences the quantification of water content.

minimized by the normalization of the H counts to the Si
counts.

It has been shown that the relative yields of H" and Si*
ions vary systematically with the Fe content of hydrous min-
erals (e.g. Koga et al., 2003). We have investigated here the
effect of iron on the quantification of water content in wad-
sleyite by measuring four wadsleyite references containing
iron (with Fe/(Fe + Mg) of 0.08 to 0.10) and four wadsleyite
references containing no iron (Fig. 6). The calibration of the
iron-bearing wadsleyite reference materials indicates a con-
version factor, F, linking the counts to the water concentra-
tion (694324140 vs. 66 6904-860) for the iron-free reference
materials. Thus, here, the effect of Fe content on the OH/ Si
yield is not considered significant, perhaps due to the fact that
the iron content here is low (the atomic ratio, Fe/(Fe + Mg),
of the wadsleyites varies between 0.083 and 0.104).

In addition, due to their lower binding energy, light iso-
topes are preferentially transmitted at the expense of heavy
isotopes (Slodzian, 1980). This reflection of the relative ion
yield takes into account effects such as the ionization poten-
tial of the different elements being measured. This can lead to
instrumental mass fractionation that must be corrected using
reference materials with known D/H ratios. Therefore, the
instrumental mass fractionation (IMF) was determined using
the D/H ratio of the D-doped reference materials character-
ized by ERDA and is shown in Fig. 7. Also shown are two
natural glasses, the D/H ratios of which were determined us-
ing elemental analyser isotope ratio mass spectrometry (EA-
IRMS). Given the very large range of D/H values shown by
the natural glasses and the synthetic and D-doped reference
materials, we had to use a power law to express the relation-
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Figure 7. SIMS calibration line for the quantification of instrumen-
tal mass fractionation for the D/H ratio using olivine and glass ref-
erence materials (see Tables 1 and 2). Due to the D/H data range
of the reference materials, the measurements are presented using a
logarithmic scale. Error bars are smaller than the size of the sym-
bols.

ship between the D/H of the reference materials and the D/H
count ratio provided by SIMS.

3.3 Comparison between Raman spectroscopy and
SIMS measurements

The comparison between the isotopic compositions of hy-
droxyl in wadsleyite measured by Raman spectroscopy and
by SIMS is shown in Fig. 8. According to the definition of
vibrational frequency, v, for a harmonic oscillator

v=— x|, (6)

where f is the force constant, measuring the strength of the
bond, and u is the reduced mass of the molecule defined as
W =mimy/(my + my); the frequency of the OD vibration is
found at a lower frequency than that of the OH vibration be-
cause deuterium is about twice as heavy as hydrogen (see
Reynard and Caracas, 2009). Here, OH bands in wadsleyite
are found at 3330 and 3610 cm™!, while OD bands are found
at 2482 and 2648 cm™!; thus the Raman frequencies of ab-
sorption of the O-D and O—H bonds are separated by a fac-
tor varying between 1.33 and 1.36 (see Fig. 8a). In order to
quantify the isotopic D/H ratio with Raman spectroscopy, we
measured the areas associated with the OD and OH bands af-
ter a baseline correction and assuming that the Raman cross-
sections of the OD and OH band absorptions are the same
(Pilorgé et al., 2017).

The three wadsleyite samples selected for multi-
instrument comparison are characterized by a range of D/H
values between 6.80 x 1072 and 2.96 x 10~! (see Table 3).
The values of D/H ratios measured by Raman spectroscopy
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Figure 8. (a) Raman spectra showing the OD and OH isotopic sub-
stitution in wadsleyite samples. The ratio of the OD and OH inte-
grated band intensities provides the D/H ratio that is compared to
that measured by SIMS in (b). In doing so, we assumed that the Ra-
man scattering cross-sections of OH and OD are the same. In this
figure, the centring of the window was 2900 em™! to observe the
OD vibration.

and those measured by SIMS agree very well (see Fig. 8b),
as shown by the equation of the regression line: (%)

OD
0.852(57)

that the OD/AOMH band intensity ratio measured by Raman
spectroscopy is higher than that predicted by the concentra-
tion ratio measured with SIMS. This could be explained by
differences in the scattering cross-sections of OD and OH,
contrary to what we assumed in the first place. We can rewrite
Eq. 3) to

SIMS —
, with a 2 % error. However, it also shows

Cop Iop Kon
~ob _ fob  ZOH %)
Con Ion Kop
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The data in Fig. 8b allow the ratio of scattering cross-sections
to be constrained and here % = 0.852, indicating that the
scattering cross-section of OH 1s lower than that of OD. This
observation is in agreement with that of Guo et al. (2013),
who found a ratio of Raman scattering cross-sections g—gg
of 0.56 for brucite. However, our observation for wadsleyite
differs from that of Zarei et al. (2018), who found that the
Raman scattering cross-section of fluid H,O vibrating at
3657 cm ™! is larger than that of DO vibrating at 2671 cm ™.
Such variation could be explained by differences in spec-
trometer response between the three laboratories.

As discussed by Zarei et al. (2018), according to Raman
principles, the Raman intensities should increase with de-
creasing frequency of vibration (Long, 2002), following

(vo — vi)*
Vi

; ®)

where vo is the frequency of the incident laser, here
532 nm (note that the calculation is performed using absolute
wavenumbers), and v; is the frequency of vibration of the hy-
drogen species. We can calculate Koy/Kop = Ion/Iop for
equal concentrations of H and D following Eqgs. (7) and (8).
It follows that for the vibrations of hydroxyl in wadsleyite,
the theoretical prediction yields a value of the intensity ra-
tio fg—g that varies between 0.60 and 0.57 for the bands at

3330cm™! for OH vs. 2482cm™! for OD and 3610cm™!
for OH vs. 2648 cm™! for OD, respectively, or an average of
0.59, while here we measure an average of 0.852. Thus, even
if our observation that the scattering cross-section of OH is
lower than that of OD agrees well with theory, the observed
value is 45 % higher than the predicted value.

Following the above observation, we measured the effi-
ciency (or response) of the spectrometer, CCD detector, and
microscope using a calibrated source (Vis-IR fibre lamp from
Ocean Optics Light Sources). The response calibration, RC,
is defined as the ratio of measured intensity /(v) vs. the cor-
rect intensity I’(v) provided by the lamp and is shown in
Fig. A2. We can graphically determine that the response of
the system at the frequency of vibration of OH is Rog = 0.73
and that of OD is Rop = 0.81. Thus, the correct value of
Ion/Iop, 14/ Isp- can be calculated:

I 1 R 1
Zon _ [OH Tob _ fOH ., .y Q)

Il)b Iop Rom Iop

Thus, for equal concentrations of H and D, the ratio of Ra-
man scattering cross-sections of OH and OD should be cor-
rected by a factor of 1.11 and finally Kop/Kop = 0.945.
We can conclude that for wadsleyite, the Raman scattering
cross-sections of OH and OD are very similar. Although not
in agreement with theory, this finding is in agreement with
previous D-H diffusion studies using either infrared spec-
troscopy on garnet (Blanchard and Ingrin, 2004) or Raman
spectroscopy on serpentine (Pilorgé et al., 2017), which as-
sume similar cross-sections from OH and OD.
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4 Conclusions

We have performed the analysis of the concentration and iso-
topic ratio of OH in olivine and wadsleyite using Raman
spectroscopy and SIMS analysis based on reference materi-
als whose water contents and/or D/H ratios were previously
characterized using independent methods such as FTIR spec-
troscopy or ERDA. Raman spectroscopy analyses were per-
formed along several orientations to account for the sensi-
tivity of the intensity to the crystallographic orientation of
anisotropic minerals in order to minimize the error in wa-
ter content measurements. The instrument mass fractionation
of SIMS was established on olivine reference materials for
which the D/H ratios had been characterized using ERDA.
After a comparison of the D/H ratios obtained by both the
Raman spectroscopy and SIMS methods, we obtain a con-
version factor of 0.85 with an error of 2 %, which shows that
Raman spectroscopy is an accurate method for analysing the
hydrogen isotopic composition of doped NAMs. This allows
us to state, after correction of the instrument response, that
the Raman scattering cross-sections of OH bands and OD
bands for wadsleyite are similar, with a ratio of around 0.95,
in agreement with previous studies. The Raman intensity de-
pends on many factors, such as the laser power, the optics
attenuation, and spectrometer response, but sample proper-
ties are also important. Thus, the relationship obtained here
between the water content of the reference materials and
the OH vs. Si counts measured with Raman spectroscopy is
strictly applicable to one particular machine (Strommen and
Nakamoto, 1984).

This study thus shows that Raman spectroscopy can be
used to quantify D/H ratios in NAMs accurately, provided
that the samples are doped with deuterium. The advantage
compared to the ion probe is that Raman spectroscopy is
a more accessible and less expensive analytical technique,
which also provides information about speciation. Never-
theless, the limits of detection of OD or OH with Raman
spectroscopy are quite elevated: 90+ 10 ppmwt D20 or
H,O, as evidenced by the signal just above the noise from
sample M1009. Thus, it is a technique applicable to high-
pressure synthetic deuterium-doped samples rather than nat-
ural NAMs. The detection limit depends on the volume of
the sample excited and thus increases with increasing laser
power and decreasing objective magnification. However, the
laser power on the sample is also limited by the fact that the
sample may either dehydrate or back transform upon heating
via laser absorption. We found that ~10-20 mW on wads-
leyite is a good compromise to avoid its back transformation
and dehydration.

Even if Raman measurements of water content implies
a lower precision or higher error arising from the optical
anisotropy of non-cubic crystals, this does not necessarily
hold true for the measurements of D/H ratios. Indeed, since
D and H substitute for each other at the same crystallographic
sites, the relative intensity of OH bands compared to those of
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OD bands remains constant regardless of the orientation of
the grain since there is no real difference in the symmetry of
the OH and OD vibrational modes and likely no significant
difference in the polarizability tensors.

Finally, this study shows that it is possible to obtain accu-
rate D/H values for nominally anhydrous minerals like deep-
upper-mantle minerals that can contain substantial hydrogen
(wadsleyite and olivine). This study is a prerequisite for the
future study of inter-mineral hydrogen isotopic fractionation
between the olivine polymorphs. Of course SIMS is very ac-
curate for the determination of H content and isotopic com-
position; however, speciation can only be determined using
spectroscopy.
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Figure A1. Raman spectra (centred about the main peaks of the
Si (a) and OH (b) vibration areas) of one analysis point for the
olivine M663 reference material and the mean averaged spectrum.
The difference in intensity upon rotation of the crystal is evidence of
anisotropy. It follows that the values of OH/Si measured by Raman
spectroscopy display a substantial standard deviation for a given
specimen in relation to anisotropy.
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Figure A2. The response calibration curve as a function of the ab-
solute wavenumber measured using a calibrated source (Vis-IR fibre
lamp from Ocean Optics Light Sources). RC is defined as the ratio
of measured intensity /(v) vs. the correct intensity I’(v) provided
by the lamp. The setup used a 532 nm laser, the 1200 grooves mm ™!
grating, the x 100 objective and the static mode with standard con-
focality. The absolute wavenumbers of the OH and OD stretching
vibrations, at 15217 and 16 157 cm_l, respectively, are also shown.
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