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ARTICLE INFO ABSTRACT

Editor: S Aulbach Tracing the deep geological water cycle requires knowledge of the hydrogen isotope systematics between and
within hydrous materials. For quenched hydrous alkali-silicate melts, hydrogen NMR reveals a distinct hetero-
geneity in the distribution of stable hydrogen isotopes (D, H) within the silicate tetrahedral network, where
deuterons concentrate strongly in network regions that are associated with alkali cations. Previous hydrogen
NMR studies performed in the sodium tetrasilicate system (NaO x 4Si0O3, NS4) with a 1:1 D,O/H20 ratio showed
on average 1300 %o deuterium enrichment in the alkali-associated network, but the effect on varying bulk D20/
H,O0 ratios on this intramolecular isotope effect remained unconstrained. Experiments in the hydrous sodium
tetrasilicate system with 8 wt% bulk water and varying bulk D2O/H30 ratios were performed at 1400 °C and 1.5
GPa. It is found that both hydrogen isotopes preferably partition into the silicate network that is associated with
alkali ions. The partitioning is always stronger for the deuterated than for the protonated hydrous species. The
relative enrichment of deuterium over protium in the alkali-associated network, i.e., the intramolecular isotope
effect, correlates positively with the D;0/H20 bulk ratio of the hydrous NS4 system. Modeled for natural
deuterium abundance (D/H near 1.56 x 10’4), a 1.4-fold (c. 340 %o) deuterium enrichment in the alkali-
associated silicate network is predicted. The partitioning model further predicts a positive correlation between
the bulk water content of the silicate melt and the intramolecular deuterium partitioning into the alkali-
associated silicate network. Such heterogeneities may explain the magnitude and direction of hydrogen
isotope fractionation in hydrous silicate melts coexisting with silicate-saturated fluids. As such, this intra-
molecular isotope effect appears to be an effective mechanism for deuterium separation, particularly in hydrous
magmatic settings, such as subduction zones.
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1. Introduction

The direction of hydrogen isotope fractionation in metamorphic and
magmatic devolatilization reactions points towards a relative enrich-
ment of deuterium into the fluid phase (Chacko et al., 2001; Shaw et al.,
2008; Suzuoki and Epstein, 1976; Vennemann and ONeil, 1996). As a
consequence of the geological deep water cycle, this nearly unidirec-
tional hydrogen isotope fraction trend might produce deuterium-
depleted restitic materials recycling into the mantle over geological
time scales while creating ascending deuterium-rich fluids which
contribute to the ever-increasing D/H ratio of Earth’s oceans (Kurokawa
et al., 2018; Lecuyer et al., 2020; Pope et al., 2012; Shaw et al., 2008).
While this model is based on the general knowledge of hydrogen isotope
fractionation behavior from experiments and natural observation, exact

hydrogen isotope fractionation mechanisms under the more extreme
conditions of the Earth’s interior remain insufficiently constrained.
Few existing experimental studies performed in the silicate melt —
fluid systems (e.g., gas, vapor, silicate saturated fluids) reveal significant
differences in the magnitude of hydrogen isotope fractionation (Dalou
et al., 2015; Dobson et al., 1989; Mysen, 2013a; Mysen, 2013b; Pineau
et al., 1998; Richet et al., 1986). Fractionation experiments performed
in-situ in the Na-(Al)-Si-D20-H2O system, while the sample was at high
temperature and pressure in hydrothermal diamond anvil cells (HDAC),
resulted in pronounced deuterium enrichment in the fluid phase (Dalou
et al., 2015; Mysen, 2013a; Mysen, 2013b). At the same time, 'H and ?H
magic angle spinning (MAS) nuclear magnetic resonance (NMR) studies
of samples quenched from high temperature at high pressure revealed
intramolecular isotope fractionation inside alkali silicate glasses (Li, Na,
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K) that might be linked to the enhanced isotopic fractionation observed
in the fluid-melt system (Le Losq et al., 2016; Wang et al., 2015).

In a recent study, we investigated this intramolecular hydrogen
isotope effect for the sodium tetrasilicate system (NS4, Nay0-4SiO3)
with respect to variations in main experimental parameters, i.e., pres-
sure, temperature, quench rate, and water content (Kueter et al., 2021).
We observed great differences in the reactive behavior of the isotope-
substituted hydrous species dissolved in the melt (Si-OX, X20p,, where
X =H, D), and generally, there were high deuterium concentrations near
sodium cations. Under the assumption that the quenched glasses
represent the structural state of the melt near the glass transition tem-
perature, the strong tendency of deuterium to concentrate as deutero-
silanol (Si-OD) in a depolymerized Na-rich silicate network led to the
conjecture that deuterium-enriched Na-Si-network fragments may be
carried over to an exsolving silicate-saturated fluid, thus increasing the
bulk D/H ratio of the coexisting fluid (Kueter et al., 2021).

The previous spectroscopic HDAC and NMR hydrogen isotope
studies relied on heavily deuterium-enriched samples, which compli-
cates their applicability to natural systems where deuterium constitutes
less than 1 %o of the total hydrogen content. The present study constrains
the intramolecular isotope effect in the hydrous NS4 system as a function
of the bulk D/H ratio by using variously deuterium-enriched systems.
Based on the very systematic behavior observed, we develop a model
that constrains the intramolecular isotope effect with respect to deute-
rium concentration, which allows us to examine its relevance for vari-
ously hydrated sodium silicate melts at natural deuterium abundance.

2. Experimental and analytical techniques
2.1. Sample preparation and experimental protocol

Sodium tetrasilicate glass (“NS4”, NagSi4sOg) was synthesized from a
4:1 molar mix of spectroscopically pure SiO; and NayCOs, previously
dried for >24 h at 110 and 300 °C, respectively. Mixed powders were
melted at 1400 °C for 30 min, crushed, and re-melted to ensure homo-
geneity of the glass product. Details on the preparation protocol are
reported in Kueter et al. (2021). The dry-crushed and sieved (<200 pm)
NS4 glass powder was used for subsequent experiments. To minimize
water (i.e., H) contamination from hygroscopically attracted HyO from
air moisture, starting material and experimental products were stored at
—80 °C in Ar-filled, paraffin-sealed glass vials. During analysis, the
sample was further sealed inside the ZrO, rotor with Teflon spacers and
cap. The pressurized air driving the NMR (nuclear magnetic resonance)
rotor probe underwent three dehumidification steps before being
introduced into the NMR system.

Platinum capsules (10 x 4 mm, length x outer diameter) used for the
solid-media, high-pressure experiments were loaded with water (H3O,
D20 or mix) with a microsyringe. The D,O-H,0 water mixed solutions
were previously created by mixing weight proportions of the pure re-
agents (D20, 99.9%, Cambridge Isotope Laboratories; HoO milli-Q), then
stored in Ar- and paraffin sealed vials at —80 °C before usage. Syringe
needles were baked for 10 min at 300 °C to remove moisture prior to
usage. The syringe was then flushed three times with the desired D,O-
H20 water mix before loading the capsule. All loading steps were
monitored by weight, where water was loaded first, and based on its
mass, dry NS4 powder was added to match a hydrous NS4 system with 8
wt% water. Capsules were crimped tight and bottoms cooled with a
moist tissue envelope to prevent water evaporation from the capsule
during welding with a PUK pulsed arc welder. Closed capsules were then
immersed in acetone for a minimum of 24 h for leak testing. Post-
experimental capsules were mechanically cleaned from adhered MgO
pressure medium under a stereoscope using sharp needles. This way,
MgO could be removed almost completely, with very little remains
having no significant effect on the weight with respect to the precision of
the balance. A strict weighing protocol between all preparation steps
and after experiment traced potential contamination or loss;
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Experiments with weight differences >1 mg were discarded.

Capsules were placed into ¥%-inch talc-Pyrex-MgO assemblies with a
tapered graphite furnace (Kushiro, 1976) and loaded in a solid-media
high-pressure apparatus (Boyd and England, 1960; Kushiro, 1976).
The assembly parts were previously dried or fired overnight at 110 °C
and 1000 °C, respectively. In all experiments, the temperatures were
raised at a rate of 100 °C/min and ran at 1400 °C and 1.5 GPa for 2 h.
Experiments were quenched under nearly isobaric conditions by turning
off the power and simultaneously pumping oil to maintain the piston
pressure. The reproducible rapid-quench rate of the high-pressure de-
vice is 70 °C s~ ! between dwell temperature and the glass transition at
around 200 °C (Kueter et al., 2021). The temperature was controlled by
a Watlow F4T thermocontroller using an S-type (Pt-Pt90-Rh10) ther-
mocouple with no pressure correction for EMF. Uncertainties in tem-
perature and pressure were + 10 °C and 0.1 GPa, respectively (Mysen,
2007b). The capsules were cleaned as outlined above, weighed, and
either stored at —80 °C or directly opened for immediate NMR and
Raman analysis.

2.2. NMR analyses

Glasses recovered from platinum capsules were powdered in a metal
piston crusher and immediately analyzed with a Varian-Chemagnetics
Infinity 300 solid-state NMR spectrometer at the Keck facility of the
Earth and Planets Laboratory, employing a static magnetic field of 7.05
T. Sample powder were loaded in ZrO, rotor probes (2.5 mm and 5.0
mm O.D. for 'H and ZH, respectively). Protium (lH) NMR spectra
acquisition was performed at a MAS probe spinning frequency (w/2x) of
22 kHz (drift is less than +20 Hz). RF coil 'H background suppression
followed a DEPTH four pulse sequence. The acquisition was performed
with a 'H 90° pulse length of 2.5 ps followed by a 10 s recycle delay to
account for a 'H spin-lattice relaxation time of about 2 s. Spectral width
was set to 200 kHz, and the spectra referenced with respect to tetra-
methylsilane defined as O ppm. A total of 8000 spectra were acquired per
sample.

The 2H MAS NMR spectral acquisition was performed at a MAS fre-
quency of 8 & 0.001 kHz. At this speed, 'H—2H homonuclear decou-
pling, e.g., in HDO molecules, is very weak and coupling between
neighboring OH and OD groups even weaker. No difference in spectra
was detected with or without using high power 'H decoupling during
signal acquisition, and the D NMR spectra were recorded, therefore,
without high power 'H decoupling. The D excitation pulse width was set
to 1.5 ps (01/2n = 62.5 kHz resulting in a 30° nutation angle),
employing a recycle delay of 5 s resulted in no loss of signal to T
saturation effects. As the result of deuteron being a spin = 1 nucleus,
typical 2H MAS NMR spectra are characterized by multiple sharp spin-
ning sidebands spread over a wide frequency range, which result from
rotational echoes arising from refocusing of the deuteron’s quadrupole
interaction once every rotor period, e.g., every 125 ps with 8 kHz MAS
(Cody et al., 2020). From this complex spectral behavior, a purely
isotropic 2H MAS NMR spectrum can be obtained by setting the MAS
frequency to 8 + 0.001 kHz and the spectral width to 8 kHz while
keeping the spectral filter width at 400 kHz. As a result, all spinning
sidebands (that would reside outside of the spectral window) alias on
top of each other, resulting in a purely isotopic spectrum that is com-
parable to those obtained from 'H MAS NMR spectroscopy (Ashbrook
and Wimperis, 2005; Eckman, 1982; Wang et al., 2015). To account for
the intrinsic low signal strength for deuterium, 16,000 2H MAS NMR
spectra were acquired per sample. Spectral data are reported in the
supplementary materials.

2.3. Raman analyses
Raman spectroscopic analysis was performed on glass shards

recovered from the experiments. Glass shards were stored in sealed
containers at —80 °C prior to measurement as NS4 glasses are highly
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hygroscopic and prone to structural re-equilibration if stored under
ambient conditions (Kueter et al., 2021). Spectroscopic measurements
were performed with a Jasco IRS-3100 confocal micro-Raman spec-
trometer using a 490 nm laser operating at about 31 mW at the sample.
Spectra were recorded unpolarized with 600 grooves/mm (1300-4200
em~! O-X stretch region) and 1200 grooves/mm (800-1300 em !
structural region), 0.1 x 6 mm slit, 60 s acquisition time and two iter-
ations. Exact wavenumbers were calibrated against the 1332 cm™!
signal of diamond.

Background corrections of Raman spectra were performed with the
Wavemetrics IgorPro 8 mathematical software using the baseline
package. A linear background correction was applied for spectra in the
structural region for glasses by anchoring the baseline to the spectra at
830 cm™! and 1300 em ™. To correct the nominal D,O content in the
glasses detailed below, background corrections of the O—H and O—D
signals at 3580 cm ! and 2650 cm™! were treated separately as a
background treatment for the full, complexly-shaped water-region
(1500-3800 cm ™!, Fig. 1) yields non-satisfactory results due to the
complex shape of the spectrum. Background correction for the 2650
cm ™! O—D resonance was performed with a linear function anchored at
2480 cm ™! and 2750 cm ™! because the low-frequency tail of the broad
3000 cm~! O—H stretch is superimposed on the low-frequency tail of
the 3580 cm ™! maximum. A sigmoidal baseline correction was applied
for the 3580 cm ™! O—H stretch, applying integrations from 3000 to
3300 cm ™! for the low-frequency, and 3760 to 3840 cm ™! for the high-
frequency spectral region bracketing the signal.

3. Results
3.1. Raman spectroscopy and correction for protium contamination

All experiments produced homogeneous silicate glasses devoid of
quench bubbles, quench crystallization, or stable crystals. Raman
spectra of hydrous NS4 glasses in the O—H and O—D primary vibra-
tional stretch region (2000-4000 cm’l) yield three bands with maxima
at 3580 (2650) cm !, 3000 (2350) ecm™ and 2350 (unknown) cm !
(O—D wavenumbers in brackets; Fig. 1), consistent with earlier studies
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Fig. 1. Unpolarized Raman spectra of the O—H (O—D) stretching region. D to
H exchange between experimental charge and assembly is apparent for the
100% DO experiment 36, yielding a strong Issgo O—H stretch band. 'H
contamination is systematic and can be corrected (see text and supplementary
information).
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(Mcmillan et al., 1993; Zotov and Keppler, 1998). The intensity of the
highest frequency stretching O—H and O—D bands at 3580 cm ™! and
2650 em ™! (I3s80 and Ingso) correlate with the nominal concentrations of
D0 and H0. We observed a protium contamination issue in our
deuterated experiments that is best illustrated with the nominal 100%
D20 experiment 36 (Fig. 1). A high I3sgg for this indicates an influx of
protium into the capsule at some point in the experiment. This
contamination issue was also observed in an unrelated SiO2-D20 glass
synthesis performed at similar experimental run conditions (Fig. S2).
The simplest explanation would be that DoO and NS4 glass are hygro-
scopic or that HyO entered the capsule prior to welding (all options
discussed in detail in the supplementary information). However, Raman
spectroscopy on the D,0 reagent yielded only a small contamination
from H»O that is too little to account for the O—H signal observed Exp.
36. Conservative estimates of contamination by water adsorbed on the
NS4 glass powder amounts to <1.5 wt% additional HyO and can thus not
account for the excess in protium. Contamination of water during the
welding process would have been detected by a mass gain, which was
not observed. We conclude that diffusive exchange of hydrogen between
the experimental charge and capsule exterior is the most likely cause of
protium contamination. Platinum is permeable to hydrogen (Eugster,
1957; Richet et al., 1986) and contamination of the experimental charge
by hydrogen from the capsule assembly is possible: During heating of the
experiment, the talc of the pressure medium partly decomposes and
inevitably releases water which reacts with the graphite heater to form a
COH-fluid dominated by water (65 mol%) and significant amounts of Hy
(c. 5 mol%) (details in the supplementary materials). We suspect that Hy
diffuses into the experimental charge and participates in isotope ex-
change reactions with the experimental water, e.g., in the form of Hy +
D,0 = HD + HDO. Vice versa, HD and D, can permeate out of the
capsule, and the bulk water or hydrogen content of the experimental
charge remains preserved. To account for the protium contamination, a
correction of the nominal D,O:H30 ratio was performed for all experi-
ments. We tested two correction procedures: Method (i) correlates the
I3580 to a linear correction function spanning between the I3s5g0 of the
nominal 100% H,0 experiment and a hypothetical null-intensity of I3sgo
at nominal 100% DO (Fig. S2a). Method (ii) projects the measured
relative O—D intensity 2650 em! (Fl,e5, = I2650/(I2650 + I3580)) to a
correction line constructed under the assumption of an ideal linear
correlation the O—D and O—H intensities with the nominal H,O and
D20 abundance in the system (Fig. S2b). Discrepancies between the two
methods increase regarding the corrected D;O content and range from
2.8 wt% difference in D0 for the nominal 10% D20 experiment 37 to 9
wt% for the nominal 100% DO experiment 36. Method (i) yields
thereby systematically higher D20 abundances. We prefer method (i) as
the I3sgp has no interferences with O—D bands, while method (ii) suffers
from insufficient separation of the OD and OH bands since the Isgg is
situated on the tail of the I30go0 O—H resonance. We do recognize the
limitations of this method induced by the uncertainties on background
correction and by sample compositional variability under constant
instrumental parameters (Foustoukos and Mysen, 2013; Kagel, 1964).
We also acknowledge the possibility of differing Raman scattering cross
sections of protonated and deuterated species in the NS4 glass but as-
sume that such differences are within the experimental uncertainty as
reported from protonated and deuterated haplogranites (Zarei et al.,
2018). The corrected HoO and DO concentrations are reported in
Table 1 and will be used in the following.

The Raman spectrum in the region where vibrations from silicate
species occur (800-1300 cm™Y) is characterized by a prominent signal
with an intensity maximum at 1070 em? (I1070, Fig. 2a). This resonance
is composed of underlying signals attributed to different Q-species
composing the silicate melt structure (Le Losq et al., 2015a; Zotov and
Keppler, 1998). Most prominent is the systematic increase of the I7¢
with increasing bulk deuterium content. The difference spectrum in
Fig. 2b also indicates the increase of underlying resonances at I 40 and
the concomitant decrease of the Igys.
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Table 1
Hydrogen NMR results and intramolecular hydrogen isotope ratios.

Chemical Geology 610 (2022) 121076

Experiment  Nominal Corrected Water** TH NMR °H NMR Deuterium enrichment in alkali-
water* associated network
H>0 D,0O H,0 D20 wit% wit% Fw,0 LF LF HF HF/ LF HF HE/ a;'f; LF 1o 10001n

H,0 DO ppm LF LF (o)

32 100 0 100.0 0.0 8.00 0.00 0.000 0.821 4.271 1.0 1.219

37 90 10 90.6 9.4 7.25 0.75 0.094 0.867 4.372 1.0 1.154 0.563 1.0 1.776 1.54 + 0.05 431

33 75 25 86.4 136  6.91 1.09 0.136  1.001  4.860 1.0 0.999 0.593 1.0 1.688 1.69 + 005 524

34 50 50 62.6 37.4 5.01 2.99 0.374  1.094  4.960 1.0 0914 0.492 1.0 2.033 2.22 + 005 799

35 25 75 50.3 49.7  4.02 3.98 0.497 1.198  5.648 1.0 0.835 0.482 1.0 2073 2.48 + 005 910

36 0 100 37.0 63.0 296 5.04 0.630 1.360  5.550 1.0 0.735 0.467 1.0 2143 2.92 + 0.05 1070

LF, HF: NMR Low-frequency (4-6 ppm) and high-frequency (16 ppm) signal intensity.
LF ppm refers to chemical shift of the LF intensity maximum relative to the tetramethylsilane reference defined at 0 ppm.
16 uncertainty based on *H NMR signal to noise ratio.
* Initial water isotopologue concentration in starting material before experiment.
" Actual water isotopologue concentration in glass after experiment. H,O and D20 wt% calculated on basis of 8 wt% total water in the system.
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Fig. 2. A) Unpolarized Raman spectra of the structural region from 800 to 1250 cm . Deuterium substitution causes a signal increase at wavenumbers corre-
sponding to Q% and Q* Si—O stretching vibrations. B) A difference spectrum highlights the spectral variation upon deuteration. Deuterated sample spectra subtracted
from 100% H,0 Experiment 32. Q"-species assignment following Zotov & Keppler (1999) & LeLosq et al. (2015). Arrows indicate the increase or depletion of Q"
species relative to Exp. 32. A systematic increase of Q° and Q* species and a systematic decrease of Q? species are observed. Exp. 34 takes an outlier position in both
figures due to larger fluorescence background resulting in lower intensities after background correction.

3.2. 'H and ?H MAS NMR spectroscopy

From the perspective of hydrogen, both protium and deuterium
occupy two structurally different environments in the NS4 tetrahedral
network. This difference is reflected by the characteristic 'H and ?H
NMR double-peak spectra for hydrous alkali-silicate glasses, which
comprise of a low-frequency (LF) resonance with an intensity maximum
near 5 ppm and a high-frequency (HF) resonance with an intensity
maximum at 16 ppm (Fig. 3)(Cody et al., 2005; Le Losq et al., 2015a;
Robert et al., 2001; Schaller and Sebald, 1995; Wang et al., 2015; Xue
and Kanzaki, 2004). Both signals are composed of at least two under-
lying resonances near 4 and 6 ppm and near 13 and 16 ppm (see Fig. 1 in
Kueter et al., 2021 for details). The 13-16 ppm HF resonance is a typical
feature found in alkali silicate glasses and is ascribed to predominantly
structurally-bound hydrogen (Si-OX) and, to a lesser extent, to molec-
ular water located near an alkali ion (Cody et al., 2005; Le Losq et al.,
2015a; Robert et al., 2001; Schaller and Sebald, 1995; Xue and Kanzaki,

2001; Xue and Kanzaki, 2004). The 4-6 ppm LF resonance is a common
feature in all hydrous SiO; glasses, and its presence in alkali silicate
glasses suggests hydrogen environments that are not directly influenced
by alkali ions (Cody et al., 2005; Kohn et al., 1989; Wang et al., 2015).
This signal is rather a feature of the hydrated (or deuterated) silicate
network itself and the underlying 4 and 6 ppm contributions are the
result of structurally bound (Si-OX) and molecular water (HyOp),
respectively (Cody et al., 2020; Cody et al., 2005; Farnan et al., 1987;
Kohn et al., 1989; Le Losq et al., 2015a; Schaller and Sebald, 1995; Xue
and Kanzaki, 2001; Xue and Kanzaki, 2004). We term these two
hydrogen environments the “alkali-associated silicate network™ and the
“alkali-free silicate network”. Fig. 3 shows 'H and H NMR spectra
normalized with respect to the 16 ppm HF resonance. Deuteration sys-
tematically decreases the 'H HF/LF intensity ratio and shifts the LF in-
tensity maximum from 4 to 5.5 ppm. The latter indicates increased
strength of the underlying 6 ppm resonance and thus higher HyOp,
content in the non-alkali-associated silicate network. The deuterium
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Fig. 3. 'H & 2H MAS NMR spectrum of hydrous sodium silicate classes. As the raw spectra yield varying signal strength, complicating interpretation, spectral data
were normalized to 1 with respect to the 16 ppm HF intensity maximum. (A) Upon deuteration, the 'H LF to HF intensity ratio (HF/LF)y increases. The LF intensity
maximum shifts from 4 to 5.5 ppm (dashed lines), indicating a larger signal contribution of the underlying 6 ppm resonance (H2Op,, see text). (B) Deuteration of the
system increases the HF to LF intensity ratio (HF/LF)p. Note that the variation of the 2H spectra is less pronounced compared to the 'H spectra. Increasing signal noise

is due to lower signal strength due to dilution of the respective isotope system.

spectrum in Fig. 3b shows a lesser but still systematic decrease in the ’H
HF/LF ratio with increasing bulk D;O/H20 ratio. Given the larger
signal-to-noise ratio and broader peak shape of the 2H spectra, no clear
chemical shift of the 2H LF signal maximum is apparent. Fig. 5a displays
a positive linear correlation between bulk isotope concentration and the
(HF/LF)y ratio, where x stands for protium or deuterium.

4. Discussion
4.1. Isotope effect on the molecular glass structure

The state of polymerization of a silicate glass is described by the
abundance of Q" species, where n denotes the number of “bridging ox-
ygens” connecting to another SiO4 tetrahedron. A fully polymerized
silicate network is composed of Q4 units, QO denotes isolated SiO4
tetrahedra. Similarly, 4-n gives the number of non-bridging oxygens
(NBO) to which hydrogen or alkalis can be bonded. Numerous studies
correlated theoretical Raman normal mode calculations of silica anions
as well as 2°Si NMR spectra with the high-frequency Raman resonances
(800-1300 cm 1) obtained from alkali-silicate glasses to reconstruct the
individual Q" speciation (Furukawa et al., 1981; Maekawa et al., 1991;
Zotov and Keppler, 1998). Fig. 2a shows baseline-corrected Raman
spectra in the structural region of hydrous NS4 glasses between 800 and
1300 ecm ™! with Q% = 950 cm ™!, Q% = 1040-1100 cm™! and Q* = 1140
cm L. The signal maximum is at 1070 em ™! (I1070), consistent with
previous studies on anhydrous NS4 glass (Furukawa et al., 1981) and
NS4 glass with 8 wt% water (Zotov and Keppler, 1998). The pronounced
shoulder near 900 cm™! is assigned to Si-OX stretching or bending vi-
bration and typically occurs in hydrated glasses, indicating a Si-O-Si +
X230 - 2 Si-OX solution mechanism of water into the tetrahedral
network of a silicate melt (Mcmillan et al., 1993; Zotov and Keppler,
1998). Based on reduced mass frequency calculations, a low-frequency
shift of the Iogo due to deuteration would be at maximum 20 cm ™' and
is not clearly resolved in our spectra.

While already apparent from Fig. 2a, differences in Q" speciation are

best displayed in the difference spectra in Fig. 2b, where the Raman
spectra of deuterated experiments are subtracted from the 100% H,O
spectrum of Exp. 32. Deuterium substitution generally causes systematic
variation in the intensity of the main Raman signal. The increase of I 979
indicates a higher abundance of Q> species in the silicate network,
consistent with earlier experiments on isotopic endmembers (Le Losq
et al., 2016; Zotov and Keppler, 1998). A concomitant decrease of the
Ioso intensity suggests lower concentrations of Q? species in the silicate
melt structure. The evolution of the Q* species is more ambiguous from
the difference spectrum, and an apparent increase may in fact be the
result of the rising Q signal. The increase of Q® species is also apparent
from the 2H NMR spectra. The relative intensity of the 16 ppm reso-
nance, related to Q3 species based on TH—29Sj cross-correlation NMR
(Robert et al., 2001), rises with increasing bulk DO/H30 ratios. This
suggests a higher concentration of deuterated Q° species nearby the
sodium ion (Fig. S3).
Generally, the disproportionation equilibrium

ZQ“ — Qn—] +Qn+] (1)

is well documented in alkali silicate melts and shifts to the left side if
either alkali concentration increases (Maekawa et al., 1991) or alkali
ionic radius decreases (Mysen, 1997; Mysen and Richet, 2018). In light
of the intensity changes caused by DO and HyO, we suggest that
increasing deuteration drives the reaction 2Q°% = Q% + Q* to the left-
hand side.

While variations in the bulk Q" speciation can be resolved by Raman
spectroscopy, it cannot provide information on the locality of the isotope
substituted species. Here, hydrogen NMR provides additional insights.
The 16 ppm resonance has been previously related to Q® species based
on 'H—2%Si cross-correlation NMR (Robert et al., 2001), and by com-
parison with alkali-free hydrous silicate glasses, we can deduce that
these Q> species must be in relation with alkali ions dissolved in the
silicate network. Increasing deuteration leads to a relative increase in HF
intensity (Fig. S3), suggesting a higher concentration of deuterated Q>
species nearby the sodium ion. 'H NMR spectra show that increasing
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deuteration also leads to a relative increase of protium concentration in
the non-alkali associated network, as indicated by a relative increase of
the LF intensity (Fig. 3a). A concomitant chemical shift of the LF in-
tensity maximum from 4 to 6 ppm indicates that protium is increasingly
stored as HyOp, rather than Si-OH (Xue and Kanzaki, 2004). It appears
from this observation that deuteration forces the H to D substitution
from Si-OH to Si-OD and potentially the formation of new Si-OD,
consistent with earlier zero-point energy (ZPE) considerations (Kueter
et al., 2021). The preference of deuterium to bond with alkali-associated
Q3 species has also been observed in Li and K tetrasilicate glasses (LS4,
KS4), where it was shown that the 2H NMR HF signal in deuterated LS4
and KS4 glasses is consistently stronger relative to the respective 'H
NMR HF signal (Le Losq et al., 2016). This is the case even if the total
abundance of alkali-associated Q® species is very low such as in the
hydrous LS4 glasses (Le Losq et al., 2015b). This preference for deute-
rium to bond with Si-OX near alkali ions suggests that non-bridging
oxygens in Q" species are energetically nonequivalent within the sili-
cate melt structure and network-internal differences in the Si-OX (NBO-
X) bonding energies eventually lead to intramolecular isotope effects.
The presence of energetically non-equivalent oxygen has also been
deduced from the preference of network modifying cations to bond with
specific NBO, causing local ordering of the network (Huang and Cor-
mack, 1991; Mysen and Richet, 2018), and has been inferred from
element partitioning studies between crystals and melts (Mysen, 2007a).

4.2. Intramolecular hydrogen isotope exchange

Intramolecular hydrogen isotope exchange can take place between
various hydrogen-bearing environments in the silicate melt/glass
structure, for example, among the hydrated Q" species and between Q"
species and molecular water. It is not possible to determine the many
possible exchange mechanisms among the multitude of hydrogen envi-
ronments within the silicate melt, but NMR spectroscopy allows quan-
tification of the general hydrogen isotope exchange between the alkali-
associated silicate network and the alkali-free silicate network. For this, the
intensity ratios of the 'H and 2H NMR high-frequency (HF) and low-
frequency (LF) resonances are used to calculate an apparent fraction-
ation factor (Wang et al., 2015):

g (D/H)ye _ <@> . (&) @

M (D/H),e NI ) \Tr

As visible from Fig. 4, a;'fFP/LF correlates positively with increasing
bulk D/H ratio. Relative deuterium concentrations in the alkali-
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Fig. 4. Positive correlation of apr ) With the bulk D20 fraction (Fpzo) in the

NS4 melt. Symbol errors are 1c.
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associated network increase from af_}";’/LF 1.5 at 9.4% D,0 to 2.9 at 63%

D,0 in the glass (Table 1). The observed dependency of oyt . with
isotope concentration is unique to the quenched melt-only system and is,
to our knowledge, not observed in other two-phase isotope fractionation
studies. In-situ HDAC experiments on D/H exchange between alumosi-
licate melts and coexisting aqueous fluids of differing D/H ratios (0.05 to
2.68) also showed no systematic dependency of ofyid-melt and deuterium
concentration (Dalou et al., 2015). More generally, and similar to
chemical equilibrium constants, isotope fractionation factors should be
invariant to variations in isotope concentrations.

Eckert et al. (1988) and later Xue and Kanzaki (2001, 2004) showed
that variation in O—H bond lengths leads to 'H chemical shifts, where
greater O—H bond distances correlate with higher 'H chemical shifts in
frequency. Eckert et al. (1988) found a strong linear correlation between
O—H---O bond distances with 'H chemical shift obtained by standards
that could indicate 0.25 and 0.3 nm diameter cavities for H or D in the
HF and LF regions, respectively. This relationship led others to consider
that intramolecular D/H fractionation was linked to the different O—H
and O—D bond lengths (Si-O-X---O—Si) in the alkali-associated and
alkali-free silicate network (Le Losq et al., 2016; Wang et al., 2015).
Taken as a measure for the available molecular volume to host the
hydrogen isotope, Wang et al. (2015) proposed that there might be a
molar volume isotope effect (MVIE) in which deuterium preferentially
partitions to the lower-volume site associated with the alkali ion.
Relatedly, Le Losq et al. (2016) referred to “different ‘effective’ ionic
radii of 'H and 2H”, though remaining unclear about the expected di-
rection of isotopic fractionation. The effective ionic radius for the H™
anion is 139.9 nm (Lang and Smith, 2010), but it is to our knowledge
unconstrained for the D™ anion, so this hypothesis remains to be tested.
In our preceding study, we argued for an underlying classical isotope
effect that roots in the varying vibrational ground states (i.e., ZPE) of the
individual hydrous entities (Kueter et al., 2021). Here, O-X configura-
tions (mostly silanols) in the alkali-associated silicate network are
markedly stronger than O-X configurations in the non-alkali associated
network (i.e., silanols, HyOp,, M-OX), in line with the presence of ener-
getically non-equivalent Q-species mentioned above.

In Kueter et al. (2021), we demonstrated that quench-decompression
from different synthesis pressures introduces a systematic kinetic
isotope effect (KIE) in hydrous NS4 glasses that systematically affect
- 1t was observed that the ), value grew larger the lower the
synthesis pressure was. This was explained by an increased efficiency of
the silanol condensation reaction (2 Si-OX = Si-O-Si + X50) at lower
total pressures and for the protonated compared to deuterated silanols.
The thus formed excess H,0 species contributes to the LF region in the

'H NMR spectrum, increasing the a}'ﬁﬁ’/w value. In the same study, a low-

pressure experiment then demonstrated that near-isobaric quenching
lowered a;'#’/LF to values similar to the high-pressure syntheses. This

indicates that silanols are stabilized with pressure, and silanol-
condensation is prevented when the system is quenched while main-
taining synthesis pressure, diminishing a KIE contribution. The experi-
ments of the present study were quenched near-isobaric, thus a

significant contribution of a KIE to afﬁf/LF is not expected.

Overall, it is possible that all mentioned isotope effects, and such yet
undescribed, contribute to the observed apparent intramolecular
hydrogen isotope effect. The apparent intramolecular hydrogen isotope
fractionation has, thus, more in common with an element partitioning
factor as being an empirical measure for the numerous physical and
chemical variables that drive the D to H separation in the system. If we
(i) view the alkali-associated and non-alkali-associated silicate network
as two phases with different capacities to incorporate hydrogen and (ii)
look at protium and deuterium individually, we find a positive corre-
lation between isotope concentration and “partitioning” into the alkali-
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Fig. 5. A) Relationship between relative HF intensity (HF/LF intensity ratio, X = 'H or ?H NMR) and isotope concentration, expressed as weight percentage H,O or
D,0. Experiments define nearly parallel running linear regressions (see equations in panel B). Open symbols are experiments with 1:1 D,O/H,0 but different bulk
water contents as annotated by numbers (wt% total water). Lower bulk water contents drive particularly protium to higher partition values. Dashed lines behind
symbols assume linear trendlines parallel to the solid-line regressions used for the model in Fig. 5 (see text). Note that these experiments were not corrected for H-

contamination. B) Model explaining the isotope concentration dependency of

D0 and 7 wt% H,0 gives oy, » = (g’ = 199

ap 236 _
we get Qi = 555 = 4.29.

associated network (Fig. 5a). Based on the regressions for both hydrogen
isotopes, we can define linear “partition functions”l of typey = mx + b,
which ratio can describe a;'f}f/LF for every D,O/H20 ratio in an NS4
system with 8 wt% bulk water (Wt%op):

mD(Wt%bu[k — Wt%HZO) + b[)
my(Wt%m,0) + bu

ailpff/LF = 3

This equation shows that for varying bulk D,O/H0 ratios (x term,
based on wt%), aj17), - is defined by the slope (m term) of the deuterium
and protium partition functions as well as the intercept (b term). As
illustrated by the dashed tie lines in Fig. 5b, low concentrations in D and

high concentrations in H result in a low G%LF’ while increasing the bulk

D,0/H20 results in an increased agff;; value. The limits that give us the

maximum site partitioning of each isotope near 100% abundance are

im ~5.3and lim a}‘fF"/LF ~ 1.4 (Fig. 6). The latter value is
Dy0—8wt% Hy0—8wt%

particularly interesting as it essentially reflects the deuterium parti-
tioning into the alkali-associated silicate network near natural deute-
rium abundance, i.e., a bulk D/H ratio of 1.56 x 10~*. In other words,
for this system at natural D/H composition, deuterium is enriched by a
factor of 1.4 in the alkali-associated silicate network.

To explore how lower bulk water concentrations affect the a

app
Ay /LF

app
HF/LF

value, earlier NS4 experiments with 1 to 8 wt% bulk water are shown in
Fig. 5a (Kueter et al., 2021; Le Losq et al., 2015a). Note that these ex-
periments are not corrected for protium contamination and were

quenched non-isobaric, which has an effect on the HF/LF and “iﬁ:p/m

values (e.g., Kueter et al., 2021, cf., pressure series). We can observe that
the (HF/LF)y increases for protonated glasses from high to low bulk

1 Not to confuse with the molecular partition function Q used to calculate
theorectical fractionation factors, e.g., Richet et al., 1977.

a'PpP

which becomes larger when the bulk D,O/H,0 ratio increases. Case A, 1 wt%

(HF/LP), _ 176 _ 1 61, case B with 4 wt% HoO and D;O gives a¥f 206 — 2 71, and for case C with 7 wt% D,0 and 1 wt% H,0

HF/LF — 0.76

water content. Systematic variations in (HF/LF)p is not apparent. A
possible interpretation for the correlation of (HF/LF)y and bulk water
content may be that the NS4 system has, at given P-T and in simplified
terms, a fixed number of structural hydrogen positions (i.e., Si-OX) in
the alkali-associated network. As known from previous hydrogen NMR
studies, deuterons preferably bond with the alkali-associated silicate
network, as reflected by consistently high 2H NMR HF/LF-ratios (Kueter
etal.,, 2021; Le Losq et al., 2016; Wang et al., 2015). These positions are
more readily available for both hydrogen isotopes at lower total water
content, thus diminishing the competition of deuterons and protons for
such sites. Consequently, at constant bulk D,O/H50 ratio, aﬁﬁﬁ’/m should
decrease when the bulk water content decreases, which is in fact
observed for the 1:1 DyO:H20 NS4 system (Fig. 7 in Kueter et al., 2021).

The dashed lines in Fig. 6 show how al‘fﬁf/LF varies as a function of

bulk D,O/H50 ratio and variable bulk water content in the melt. The
calculation of these lines is based on a similar model as displayed in
Fig. 5 using the weight fraction of D20 (Fpgo) instead of absolute values,
and takes the data of Kueter et al. (2021) into account (Details in sup-
plementary materials). Note that the apparent offset for the two bulk 8
wt% water experiments is likely because experiments in both studies
were quenched differently (non-isobaric vs. nearly isobaric in this study)
and the previous data were not corrected for protium contamination.
The main conclusions from Fig. 6 are that (i) for any given bulk water
content, aff}’/w correlates positively with the bulk D,O/H0 ratio, and
(ii) at natural deuterium abundance, deuterium partition into the alkali-
associated silicate network increases with an increasing bulk water
content of the melt. This interpretation appears generally corroborated
by the data of Wang et al. (2015), which also shows a positive correla-
tion between a%LF and bulk water content (Fig. 6, asterisk symbols).

However, we note that the extrapolation to NS4 systems with bulk water
contents other than 8 wt% requires further experimental backup.
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Fig. 6. Change of the intramolecular hydrogen isotope partitioning factors as a
function of the D50 fraction (Fpyo). The solid line is calculated from the model
presented in Fig. 4 (see text) and based on the experiments of this study. Dashed
partitioning curves are derived from previous experiments (Kueter et al., 2021),
assuming a similar linear behavior of the HF/LF intensity ratios and isotope
concentration (see text and supplementary information). Note that these ex-
periments were not corrected for protium contamination, likely explaining the
discrepancy of the two 8 wt% curves. a;';’g/m decreases with decreasing bulk
water content. The 0-intercept of the y-axis approximates the deuterium par-
titioning into the alkali-associated network at natural deuterium abundance, i.
e., D/H or (Fpyo) ~ 1.56 x 1074, Asterisk-symbols are 1:1 D,O/H,0 NS4 glasses
synthesized by Wang et al. (2015), showing the same trend to lower ;0 , with
decreasing bulk water content (number annotation in wt%). Note that these
experiments were also not corrected for protium contamination; high-deute-
rium experiments are therefore not shown.

4.3. Intramolecular hydrogen isotope partitioning at natural deuterium
abundance

To put this large intramolecular hydrogen partitioning into

s app
perspective, it is useful to compare ;-

in natural and synthetic two-phase systems. Because a4,p in two-phase
systems are usually very close to unity, it is common to express frac-
tionations as 10°ln aa,p values, which for the sake of readability, are
expressed in permil (%o). This convention is less suitable for a much
larger than unity but is applied here to allow for a better comparison of
our experimental results with two-phase hydrogen isotope fractionation
factors. A compilation of typical hydrogen isotope fractionations in
comparison to intramolecular hydrogen fractionations in alkali silicate
glasses is shown in Fig. 7. Typical hydrogen isotope fractionations in the
vapor-melt system amount to <50 %o deuterium enrichment in the gas
phase (Dobson et al., 1989; Pineau et al., 1998; Richet et al., 1986).
Equally small fractionations (<100 %o) are observed for experimental
water-mineral pairs (Saccocia et al., 2009; Suzuoki and Epstein, 1976)
and Hp-mineral (or mineral-mineral) pairs (Vennemann and ONeil,
1996). Larger two-phase hydrogen isotope fractionations are known
from the CH4 — Hy and H30 - Hy systems (Horibe and Craig, 1995; Richet
et al., 1977). Fractionations of up to 700 %o have been reported from in-
situ hydrothermal diamond anvil experiments in the Na-(Al)-Si-X20
system (Dalou et al., 2015; Mysen, 2013a; Mysen, 2013b). Previous
NMR studies on quenched alkali silicate melts suggested intramolecular
hydrogen effects of significantly larger magnitude than observed for
two-phase systems, averaging at around 1000 %o deuterium enrichment
in the alkali-associated silicate network (Kueter et al., 2021; Le Losq

to D/H fractionations observed
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Fig. 7. Comparison of intramolecular deuterium enrichment in the alkali-
associated network relative to hydrogen isotope fractionations observed in
two-phase systems. The intramolecular isotope partitioning is captured at the
glass transition temperature (Tg), which for hydrous alkali silicate glasses with
3-8 wt% is around 200 °C (Behrens and Yamashita, 2008). Observed Intra-
molecular partitioning factors are likely to fall in this temperature range.
Corresponding experiments by Le Losq et al. (2016), Wang et al. (2015), and
Kueter et al. (2021) are plotted offset to another for better visibility and are not

. app
T, estimates. Bars correspond to the range of Apip

values for natural deuterium abun-

values observed in the

respective studies. Blue symbols are aj?), .
dance calculated based on the isotope-concentration model described in the text
and Fig. 5. Datapoint annotation refers to bulk water content (8 wt% (a) = this
study, (b) = Kueter et al., 2021). T, estimates for these data points are based on
Behrens and Yamashita (2008). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

et al., 2016; Wang et al., 2015). In light of the present study, such large
intramolecular isotope effects cannot be compared to natural systems as

we have demonstrated a strong correlation of aZPIf/LF with the bulk DO/

H,O ratio in the melt. Our present model for an NS4 system with 8 wt%
bulk water suggests ~340 %o deuterium enrichment in an alkali-
associated silicate network at natural deuterium abundance and at the
temperature of the glass transition (c. 170 + 40 °C, extrapolated from
Behrens and Yamashita, 2008). Our previous data for NS4 melts with 4,
6, and 8 wt% bulk water suggest intramolecular deuterium enrichment
in the alkali-associated silicate network by 150 to 540 %o for glass
transition temperatures between 250 + 40 to 170 + 40 °C, respectively.
As seen in Fig. 7, the magnitude of these values appears in much better
agreement with hydrogen isotope fractionations observed in natural
two-phase systems. They are also notably consistent with the bulk D/H
fractionations between hydrous Na-(Al)-Si melt - silica-saturated fluid
under pressure (Dalou et al., 2015; Mysen, 2013a; Mysen, 2013b).

In Kueter et al. (2021), we suggested that higher D/H ratios in alkali-
rich domains could carry over into a coexisting silicate-saturated fluid
phase, e.g., when a hydrous melt separates into two liquids. The simi-
larity between intramolecular D/H fractionation and hydrous melt —
silicate saturated fluid fractionation supports this model. The apparent
increase of the isotope effect with rising water content is thereby
particularly interesting, as it indicates a higher efficiency of deuterium
separation into the fluid phase in environments where hydrous melts are
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common, e.g., in subduction settings. As a consequence, the separation
of a hydrous fluid phase from a water-saturated melt under pressure may
be the most effective step in the deep water cycle to separate hydrogen
isotopes. It could thus be a major driver for the continuous D/H increase
of the Earth’s surface oceans.

5. Conclusion

Hydrogen isotopes in hydrous alkali silicate melt partition prefer-
entially into the silicate network sites that are associated with alkali
ions. This partitioning is stronger for deuterium than it is for protium,
which gives rise to an intramolecular hydrogen isotope effect resolvable
by NMR spectroscopy. The intramolecular hydrogen isotope exchange is
strongly dependent on isotope concentration and total water concen-
trations in the NS4 system, and thus resembles a partitioning factor
rather than a classical isotope fractionation factor. The intramolecular
deuterium partitioning into the alkali-associated silicate network in-
creases thereby towards higher bulk D,O/H50 ratios and increasing bulk
water content. Modeling of the concentration-dependent isotope effect
suggests 150 to 540 %o deuterium enrichment in the alkali-associated
silicate network at natural D/H abundance, depending on bulk water
content. These deuterium enrichments are significantly lower than
previously suggested but much more consistent with the general
magnitude of hydrogen isotope fractionations in two-phase systems.
They are also in agreement with earlier in-situ HDAC fractionation
studies in the Na-(Al)-Si-water system, indicating a link between
deuterium fractionation processes taking place inside the silicate melt
structure and the macroscopic fractionation of hydrogen isotopes in two-
liquid systems. Still, the role of the alkali identity, mixtures, alkali/SiO2
ratio, and bulk water content on the intramolecular hydrogen isotope
effect remains to be studied in greater detail. Also unknown remains the
role of network-forming elements beyond Si. Building on such funda-
mental constraints, models on intramolecular hydrogen isotope parti-
tioning can be developed for chemically more complex systems. Such
models will provide insights into the hydrogen isotope exchange in the
extreme environments inside Earth, thus helping us to constrain the
pathways of the deep Earth water cycle.
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