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Abstract

Diffusion of hydrogen in natural alkali feldspars (Eifel sanidine and adularia from unknown locality) containing strongly
bonded OH defects was investigated by D/H isotope exchange in the T range 600—1050 °C at ambient pressure and at elevated
pressures up to 8 kbar. Runs at 1 atm were performed in a fused silica tube connected to a liquid D,O reservoir at room
temperature. In the high- pressure experiments samples were sealed with D,0 in gold capsules and processed up to 4 kbar
in externally heated pressure vessels using Ar/D,0 as the pressure medium. Experiments at 68 kbar were performed in an
internally heated gas pressure vessel using the double capsule technique to minimize isotopic contamination by the pressure
medium. Diffusion coefficients were determined either by measuring concentration-distance profiles of OH and OD with
an IR microscope or by measuring the total exchange of oriented plates after various run durations using a macroscopic IR
technique. Both methods gave consistent data. D/H interdiffusion, Dy, is almost identical in the adularia and in the sani-
dine implying that the chemical composition and the degree of Al/Si disorder have minor influence on the hydrogen isotope
exchange in alkali feldspars. Furthermore, no effect of crystallographic orientation was found for Dy, ; in both feldspars. Dy
in sanidine, however, depends on the thermal pre-treatment. Heating for several days at 900 °C leads to a lowering of D by
a factor of 2.3, indicating a corresponding decrease in mobile hydrogen species. Data for sanidine pre-annealed at 900 °C
are well described in the 7 range 600-1050 °C by

—-162 kJ 1
Dpyy(m?/s) =6.9- 10 exp <¢>

R-T

The diffusivity is strongly enhanced by water pressures (Py,q), 1.€., in the range of 0-2 kbar. At Py,,=2 kbar the following
equation applies in the T-range of 645-800 °C:

R-T

—131 kJ/mol
Dy (m?/s) = 1.2 10 exp <¢>

Experiments with D,0/CO, mixture of ratio 1:1 gave smaller exchange rates compared to pure D,O fluids, confirming that
that not the pressure but the water fugacity leads to the increase in the mobility of hydrogen species. At 720 °C and pressures
of 4-8 kbar, chemical diffusivities of~H20, DHZO, were determined by fitting the weighted sum of the absorbances of the OH
and the OD band vs. distance. The Dy , values are similar to those reported by Kronenberg et al. (Geochim Cosmochim
Acta 60:4075-4094, 1996) for dehydration of Kristallina adularia at ambient pressure. It is concluded that in both cases high
concentrations of H,O molecules on interstitial sites govern the transport of hydrogen. Comparison of D/H interdiffusion to
O diffusion in sanidine (Freer et al. in Phil Mag A75:485-503, 1997) implies that not only interstitial H,O but also protons
contribute to the transport of hydrogen under hydrothermal conditions. On the other hand, the high Dp;; at ambient pressure
is attributed to an interdiffusion of protons and Na*, which is supported by Na tracerdiffusion data for sanidine (Wilangowski
et al. in Defect Diffus Forum 363:79-84, 2015). A basic conclusion of this research is that hydrogen storage capacity and
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hydrogen diffusion in feldspars are largely determined by extrinsic defects, such as substitutional defects (i.e., AI’* + H*
for Si*") and associates of water molecules with vacancies. The bonding of hydrogen species to the defects can vary greatly,
depending on the genesis of the feldspars, so that quantitative predictions are difficult.

Keywords Alkali feldspar - Diffusion - Hydrogen isotopes - Defects - H,O solubility

Introduction

Feldspars are the most abundant minerals in the Earth’s
crust and are widely distributed on other planetary bod-
ies of the inner Solar System. Knowledge of their kinetic
and mechanical behavior is a prerequisite for a better
understanding of tectonic and rock-forming processes.
Numerous studies have shown that the properties of feld-
spars are very strongly affected by H,O which can be dis-
solved as trace element in the feldspar structure (Johnson
2006). Al, Si ordering and disordering kinetics in feld-
spars can be enhanced by orders of magnitude (Yund and
Tullis 1980; Goldsmith 1991) as well as oxygen isotope
exchange between feldspars and fluids (Yund and Ander-
son 1974; Giletti et al. 1978; Elphick et al. 1988; Farver
and Yund 1990; Freer et al. 1997; Farver 2010) or NaSi-
CaAl interdiffusion in plagioclase (Yund 1986; Baschek
und Johannes 1995). Electrical conductivity in plagioclase
is also enhanced by hydrogen species, probably by con-
tributions of protons to the charge transport (Yang et al.
2012). Strong effects of water on deformation of feldspar
minerals or aggregates and on frictional properties of feld-
spars were observed as well (Rybacki et al. 2006; Matsuda
et al. 2019; Matsuda 2020), but may be partially related to
melt formation (Matsuda 2020).

Insights into the dynamics of hydrogen species and
their influence on intracrystalline processes in feldspars
can be obtained from diffusion studies. Large differences
of the dehydration rates by more than three orders of mag-
nitude have been observed for an adularia from Kristal-
lina, Switzerland (Kronenberg et al. 1996) and an andes-
ine from Halloran Springs, USA (Johnson and Rossman
2013). These differences are probably due to a different
genesis and, related to this, to a different way of incor-
poration of hydrogen into the feldspar structure. Adu-
laria is a variety of potassium feldspar characterized by
a pseudo-orthorhombic crystal form that occurs typically
in low-temperature, hydrothermal environments (Smith
1974). The Kristallina adularia studied by Kronenberg
et al. (1996) exhibits a complex IR spectrum with four
bands at 3620, 3455, 3280 and 3090 cm™'. After heat-
ing for several days at 800 °C, not only a strong decrease
in the overall intensity of the bands but also a dramatic
irreversible change in the band structure was observed by
Kronenberg et al. (1996). They concluded that the initial
spectrum of the adularia represents stationary hydrogen
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defects that become unstable upon heating and transform
into mobile species.

The andesine studied by Johnson and Rossman (2013)
originated from a high-temperature basaltic tuff. The IR
spectrum shows a broad OH stretching vibration band cen-
tered at 3400 cm™! with the maximum intensity closely
aligned with the crystallographic « axis. This kind of IR
spectra is common to many igneous feldspars, including
alkali feldspars and plagioclase other than low albite,
and the associated defects are referred to as type Ila OH
defects by Johnson and Rossman (2004) based on IR spec-
troscopic features. The term considers that hydrogen is
preferentially present in the form of hydroxyl groups, as
indicated by near-infrared spectroscopy. In contrast, H,O
molecules were the predominant hydrogen species in the
adularia used by Kronenberg et al. (1996).

The characteristics of the IR bands of the andesine stud-
ied by Johnson and Rossman (2013) are preserved even after
heating to 1000 °C for several days; only a uniform decrease
in intensity with annealing time was observed. As recently
shown for plagioclase, the removal of type Ila OH defects
is at least partially reversible (Behrens 2021). Several tens
of pug/g H,0 could be stably incorporated into plagioclases
at 1000 °C already at one bar water pressure. The recovery
of the OH defects can be explained by an association with
another defect already present inside the feldspar, possibly
a vacancy on cation sites originating from incorporation
of excess silica during crystallization of the feldspar in the
magma chamber (Behrens et al. 1990; Behrens 2021).

In the present study, Eifel sanidines were used to gain
new insights into the defect reactions and the mobility of
hydrogen species in feldspars. A detailed description of
these feldspars and their properties is given in the first paper
of this series (Behrens 2021). In addition to the IR band at
3400 cm™!, the Eifel sanidines show a band at 3050 cm™!
which is most intense in the direction perpendicular to (010)
(Beran 1986; Johnson and Rossman 2004; Behrens 2021).
Following Johnson and Rossman (2004), the associated
defects are denoted as rype IIb OH defects, i.e. OH groups
are also predominant in the sanidines.

However, solubility experiments, in which the water
content of feldspar sections was measured after anneal-
ing at controlled temperature and water pressure, provide
strong evidence that two different defect types are present
in Eifel sanidines (Behrens 2021). At ambient pressure and
water pressures below 0.3 bar only the very strongly bonded
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type IIb OH defect survived prolongated heating for sev-
eral weeks at 1000 °C. A likely explanation for this defect
is a substitution of Si** by AI** 4+ H*, a common hydro-
gen defect in quartz (Kats 1962). At water pressures above
0.5 bar an additional hydrogen-bearing defect is formed,
most likely of similar kind as the type Ila OH defect com-
mon in igneous feldspars. The concentration of this defect
strongly increases with increasing water pressure.

Using the sanidine, diffusion of hydrogen species can be
studied on the same material at very different conditions. In
D/H isotope exchange experiments at ambient pressure and
low D,0 partial pressure, hydrogen self-diffusion occurs at
roughly constant water content, i.e. in absence of a chemi-
cal potential gradient of H,O. From a phenomenological
point of view this corresponds to simple D/H interdiffusion,
although the underlying diffusion mechanism is probably
more complex. At elevated water pressures in the kbar range,
D/H interdiffusion is superimposed by inward diffusion of
the chemical component H,O. While in the first case the dis-
sociation equilibrium of the type 1Ib OH defects has major
control on the transport of hydrogen isotopes, in the second
case the dissociation equilibrium of the fype Ila OH defects
determines the isotope exchange rate. In order to test the
general importance of the new experimental findings, a sec-
ond Eifel sanidine and an adularia of unknown locality are
studied for comparison. The adularia contains also type Ila
OH defects and is distinctly different to the one of Kronen-
berg et al. (1996). Defect models are proposed to interpret
the experimental data.

Experimental
Samples

Three natural potassium-rich alkali feldspar single crystals,
two sanidines from the Eifel, Germany (labelled SV and
S2) and one adularia from an unknown locality (labelled
Al) were used in the D/H isotope exchange experiments.
Large parts of the crystals are free of cracks or other visible
imperfections (e.g. inclusions). A detailed description of
the materials is given by Behrens (2021). The crystals were
oriented and cut parallel to the main cleavage planes (001)
and (010). Additionally, some sections perpendicular to the
crystallographic a-axis were prepared to study the direction
dependence of hydrogen diffusion. The orientation of the
sections from sanidine was verified using the pleochroism
of the OH absorption bands (Beran 1986). In the case of
the adularia, the orientation of the crystallographic axis was
identified by single crystal X ray measurements and by cono-
scopic observations (Behrens 2021).

Table 1 Composition of alkali feldspars used in the diffusion study

Adularia Al
Unknown locality

Sanidine SV

Volkesfeld,
Eifel, Gemany

Sanidine S2
Eifel, Germany

wt% oxides

Sio, 64.11 64.38 63.85
AL O, 18.71 18.8 18.82
Fe,0, 0.17 0.18 0.21
CaO <0.01 <0.01 <0.01
SrO 0.02 0.04 0.02
BaO 0.61 0.61 1.14
Na,O 1.73 1.73 3.12
K,0 14.48 14.53 12.36
Total 99.83 100.27 99.52
ug/g H,O  129+10 147+38 128+9
mol% feldspar components
Ab 152 15.2 27.2
Or 83.7 83.8 70.8
An 0.0 0.0 0.0
Ce 1.1 1.1 2.0

wt% oxide is based on electron microprobe analyses. All iron is given
as Fe,05;. Water content was measured by IR spectroscopy using the
calibration of Johnson and Rossman (2003)

Ab=NaAlSi,0, Or=KAISi,0, An=CaAl,Si,0, Ce=BaAl,Si,0;

The chemical composition of the feldspars determined by
multiple electron microprobe analysis (CAMECA CAME-
BAX) is given in Table 1. Measurements performed with an
IR microscope on several plates indicate that H,O is homo-
geneously distributed in all the three feldspar crystals. The
deviation of the local H,O concentration from the average
value was always below 5%. Furthermore, polarized spectra
show that the pleochroism does not vary within the crystals.
This is extremely important because different slabs of each
crystal were used in the diffusion experiments.

A part of the samples was thermally pre-treated to elimi-
nate or at least to reduce the mobile type Ila OH defects. For
this purpose, samples were heated in air at 700-900 °C for
up to 55 days.

Diffusion experiments

Two types of isotope exchange experiments were performed
to study diffusion of hydrogen species in the feldspars:

(1) A cuboid (3x3x5 mm?, the long side aligned parallel to
the a axis) was held at the diffusion conditions for a fixed
time. The surfaces had previously been finely ground
with a 7 um diamond disc. When possible, two slices
were prepared from the crystal after the experiment to
measure diffusion profiles in different crystallographic
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Fig. 1 Top. Scheme of the static setup used to control water pressure
up to 1 bar. D,0 is used in D/H exchange experiments, H,O in back-
exchange experiments (H/D). Bottom. Illustration of preparation of
cuboids for profiling. Depending on the crystal, the second cut was
chosen to be either parallel to (001) or parallel to (010)

directions, as illustrated in Fig. 1 on bottom. First, a slice
was cut in the centre parallel to the smallest plane (L
a axis). Next, a second slab was cut parallel to one of
the larger planes (|| (010) or || (001)) out of the central
region of a residual piece. In some cases, especially after
high pressure experiments, only one section could be
prepared due to mechanical damage of the cuboid. The
plates were ground down to a typical height of 500 pm
and polished on both sides. Using an IR microscope,
profiles were measured on the sections from a surface
of the cuboid towards the interior. The distance of the
profile to the sides was kept as large as possible.

(2) An alternative way to determine diffusion coefficients is
to measure the isotopic composition of plates as a func-
tion of time. Double-side polished plates (4 x4 X 1 mm)
were heated in a D,0O-bearing atmosphere for a cer-
tain time, and changes in the IR spectra were analyzed
after rapid cooling to room temperature. Bulk spectra
were recorded in the central region of the plates, always
with the same orientation of the plate to the IR beam.
The heating process was repeated several times with
increasing time intervals.

Most of the experiments were carried out at 1 atm. in a
horizontal tube furnace using the setup shown in Fig. 1. The
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sample holder consists of a silica rod (Iength: 200 mm) with
a small platinum container at one end and a magnetizable
steal piece at the other. After loading the sample in the Pt
container, the sample holder was placed in the cold part of
a silica tube. The tube end inside the furnace was closed,
the other end was connected via a three-way stopcock to a
glass bulb containing liquid D,O (or H,O in back exchange
experiments). In the D/H exchange experiments, the glass
bulb was at room temperature, and the water vapor pressure
was about 25 mbar. Higher water pressures can be adjusted
via a thermostat, as applied in the study on water solubility
in feldspars (Behrens 2021).

To minimize H-isotopes in the gas, the silica tube was
evacuated several times and refilled with air dried by bub-
bling through concentrated sulfuric acid. Thereafter, the tube
was opened to the D,0 reservoir, and the sample was moved
by magnetic coupling into the hot region of the furnace. The
temperature was measured with a Pt/Pt90Rh10 (type S) ther-
mocouple outside the tube a few mm away from the sample.
The temperature at the sample position was tested by melting
of NaCl or by inserting a shielded Ni/CrNi (K-type) thermo-
couple. Precision and accuracy of T was better than+5 °C in
the 1 atm experiments. Heating of the samples to the target
temperature took less than 1 min. After pulling out the speci-
men holder, the temperature dropped by more than 200 K
within a few seconds.

High pressure runs were carried out in a cold seal pres-
sure vessel (CSPV) at pressures up to 4 kbar and in an inter-
nally heated gas pressure vessel IHPV) at higher pressures.
In both cases argon was used as the pressure medium. Sam-
ples were loaded in gold capsules (5.4 mm outer diameter,
0.2 mm wall thickness, 25 mm length) and surrounded by
powder from the same crystal to minimize non-isostatic
stress during pressurization. Due to the high specific sur-
face area, the powder also favors a rapid pre-saturation of the
fluid with feldspar components.5 wt% of D,0O were injected
in the capsule before closing by arc-welding. Evaporation of
D,0 was avoided by wrapping the capsule in tissue towels
soaked in water and then frozen with liquid N,. Capsules
were checked for possible leakage by weighing after heating
for at least 1 h at 105 °C.

The following procedure was chosen for the CSPV runs
to minimize isotopic contamination during the experi-
ment: After inserting the capsule into the autoclave 200 ml
of D,O were injected, and the autoclave was rapidly con-
nected to the pressure line. Next, the autoclave was filled
with 200-500 bar argon, depending on the target pressure,
and disconnected from the pressure line during heating to
the run temperature (duration: & 30 min.). When the tem-
perature was reached, the desired pressure was established
by short time opening the valve to the pressure line. Dur-
ing the experiment the autoclaves were separated from the
pressure line.
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The temperature during CSPV runs was measured with
a K-type thermocouple in a bore hole at the end of the auto-
clave. The temperature distribution at the sample position
was periodically calibrated using an autoclave equipped with
three thermocouples in the interior. Uncertainty of T deter-
mination was + 10 °C. Pressure was measured with a strain
gauge manometer (accuracy + 20 bar) at the beginning and
at the end of each experiment. Loss of pressure during the
experiments was always below 100 bar.

For the two experiments in an IHPV, the capsule contain-
ing the diffusion sample was inserted in a large gold capsule
(8 mm inner diameter, 35 mm length). About 100 mg of D,O
were filled into the outer capsule as hydrogen isotopic buffer
to minimize contamination of the inner capsule by hydrogen
of the pressure medium which easily permeates through the
capsule wall. Temperature was measured with four shielded
K-type thermocouples adjacent to the capsule. Precision and
accuracy of temperature was + 10 K. Heating rate was 30 K/
min over the last 200 K. Samples were isobarically quenched
at an initial rate of 100 K/min after switching of the power of
the furnace.

Infrared spectroscopy

IR absorption spectra were recorded using an FTIR spectrom-
eter Bruker IFS88. The spectrometer provides a partial polar-
ized beam which was always used to analyze samples from
diffusion experiments. A globar source and a KBr beamsplitter
were used in all measurements. 50-100 scans were accumu-
lated for each spectrum with a spectral resolution of 2 cm™.
Bulk measurements on crystal plates were performed within
the spectrometer using an MCT (mercury cadmium telluride)
detector. For this purpose, the samples were fixed on an aper-
ture hole with a diameter of 1-2 mm, so that only the central
region was analyzed.

In the early stage of the project, profiles were measured
with an IR microscope Bruker A590, using a circular aperture
corresponding to a focus diameter of 50 um. For diffusion
samples with thickness of 0.4-0.7 mm the effective diameter
of the exited area was slightly larger (ca. 60 um) as deter-
mined using an assemblage with a stepwise transition in OH
concentration. Later, an IR microscope Bruker IRscope II was
used, and an area 20-30 um wide and about 100 pm long was
set in the focus plane using a slit aperture. Aligning the long
side parallel to the edge of the section, a spatial resolution of
~40 um could be achieved. Both microscopes are equipped
with an MCT detector. Several profiles from older experiments
were remeasured using the microscope IRscope II without sig-
nificant difference in the obtained diffusion data.

On (010) or (001)) sections, the prominent E vector of the
partially polarized IR beam was always aligned parallel to
the crystallographic a axis (E,,,, || a) to achieve a maximum
intensity of the OH absorption band and, thus, to minimize

the error of species determination. For sections perpendicu-
lar to the a axis, the beam was oriented so that the E vector
was perpendicular to (010) (E,,, || b). Distance was meas-
ured with a digital xy stage with a precision of 0.1 um. How-
ever, the uncertainty of distance measurements was much
larger (20 pm) due to the applied slit aperture, but also
due to slight tilting of the sections relative to the original
surfaces, which could not always be completely avoided.

Results

Conditions and results of the diffusion experiments are sum-
marized in Tables 2, 3. More details are given in the elec-
tronic supplements.

Spectra evaluation

An example of IR absorption spectra recorded along a pro-
file after a D/H exchange experiment at ambient pressure is
shown in Fig. 2a. In spectra with £, || a, the maximum of
the OH stretching vibration band is at 3400 cm™', and the
OD stretching vibration band generated by hydrogen isotope
exchange occurs at 2520 cm™'. The OD band is superim-
posed by network vibration bands, i.e. on the low wavenum-
ber side. To quantify the OD absorbance, a spectrum meas-
ured in the unchanged centre of the sample was subtracted
from the spectra (Fig. 2b). The applied baselines for the
determination of the respective peak heights are illustrated
as dashed lines in Fig. 2a, b. The profiles of the absorb-
ances for both bands (A and Agp) are consistent with an
interdiffusion of D and H, i.e., the decrease of Agp, towards
the interior is compensated by an increase of Agy (Fig. 2c¢).

For the determination of the water contents C,, along the
profiles by the Lambert-Beer law,

18.02-4;,
- ——"1.10

w = d‘p'gi ’ (])

the absorption coefficients ¢; must be known in addition to
the density p and the thickness d. Here, C,, refers to the
chemical component H,O in pg/g, without consideration
of the isotopy. The value of g5y could be derived from
measurements on the natural sanidine SV (Behrens 2021).
Adjusting E,,, || a, the absorbance/thickness ratio A/d was
(0.217 +£0.007) mm™~" for (010) sections [33 spectra] and
(0.173 +0.006) mm™! for (001) sections [11 spectra]. With
the density of (2560 + 15) g/L and the water content of
(129 + 10) pg/g based on polarized IR spectroscopy (Beh-
rens 2021), the eoy values are (118 +10) L mol™' em™! for
(010) sections and (94 +8) L mol~! cm™"! for (010) sections.
However, it must be emphasized that these ¢, values are
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Table 2 (continued)

Direction c* Comment

Direction b

Section d (um) Direction a

T(°C) t(h) Pre-treatment

Type

No

log Dy,

log D, Agp/Aoy log Dy

log D, Agp/Aoy log Dy

App/Apy log Dy

—11.65

964
783

(010)

4d 900 °C, air

SV-DH10c tvariat 1050

—11.48

37d 900 °C, air perp a

SV-DH10d tvariat 1050

Sanidine S2

- 13.04

954

(010)

26d 900 °C, air

t variat 800

S2-Cl1
Adularia A1

-12.83

-12.18
- 12.53

-12.24

940
940
942
442
442
442
442
940

(010)
(001)
(001)
(010)
(010)

35d, 900 °C, air

t variat 800
t variat 900
t variat 900
Profile 900

Al-El

35d, 900 °C, air

Al1-D1

Al-C1

Al-F1

-12.42
-12.39

4d,900 °C, air

70

Al1-Gl

—-12.33
-12.33
- 11.36

—12.24

perp a

perp a
(001)

- Al-C1

t variat 1050

Al1-D1

In the H/D back-exchange experiments a dynamic setup was used and air saturated with H,O at ambient temperature was blown on the samples

specific for the IR spectrometer used in the present study,
and other spectrometer may have a different degree of polari-
zation of the IR beam.

The value of g, can be obtained from the slope in a plot
of Ay against Agpy (Fig. 2d), if the total water content of the
feldspars is constant. In Fig. 3a data of Ayp/Aqy are plotted
for (010) and (001) sections in dependence on temperature.
Samples pre-annealed at 900 °C are distinguished from those
pre-annealed at lower temperature or without pre-treatment,
since water loss is more likely for the second group of sam-
ples which still contain a high fraction of the mobile type Ila
OH defects. However, no effect of pre-treatment or tempera-
ture on Agp/Agy s evident from Fig. 3a, and the average of
0.85+0.05 derived from all data on tzhe plot is suggested to
represent eqp/eqy- Systematically higher values of Aqp/Aqy
were obtained in experiments at elevated pressure (Fig. 3b),
indicating an uptake of H,O component from the fluid.

The &,p/e o ratio of 0.85 was used to quantify the contri-
bution of OD to the total water content by Eq. 1. In graphi-
cal illustrations of profiles, Aqmoa (=Aon +A40p/0.85) is
used as a proxy for the total water content (Figs. 2c, 4). An
attempt to quantify C,, for sections perpendicular to the a
axis was not done, because of the relatively high error of
the low absorbances.

Determination of diffusivity using profiling

The absorbance-distance profiles were evaluated by the
model of one-dimensional diffusion between an infinite res-
ervoir (the gas phase) and a semi-infinite medium (the crys-
tal) with the boundary condition of a constant surface con-
centration of the exchanged isotopes. Since the absorbance is
proportional to concentration, the measured absorbance can
be directly used for the determination of the diffusion coef-
ficient. Assuming a constant diffusion coefficient D the solu-
tion of Fick’s second law for these boundary conditions is

A-Ag x
— =1-erf s (2)
A —Ag V4Dt

where A is the absorbance at the distance x from the sur-
face, A, is the absorbance in the centre of the crystal, A is
the absorbance at the surface and ¢ is the run duration (Crank
1975). Profiles for Agy and Ay were independently fitted
by Eq. (2). Typically, the data for ambient pressure are well
reproduced by the fit curves, as shown in Fig. 2c. If the
boundary conditions are fulfilled, the diffusion coefficients
derived for both profiles (Dy and Dp,) should be identical.
For 12 profiles from experiments at 1 atm, both the A, and
the Agp profile were evaluated (see Table 2). Except for one
very short profile (run SV-E8), Dy, and D/, agree within 0.13
log units. Hence, the exchange process at 1 atm can be con-
sidered as simple D/H interdiffusion (Dp,y). Once this was

@ Springer



27

Physics and Chemistry of Minerals (2021) 48

9Tl = - 0ST €260 g6y (010) suou ¢/ 008 T LHAS
LE7TI — - LET  SST'T €0L  (010) suou 8 008 O8I-AS
e
Do 006
160="% ¢o¢er - oLl — 121 ¥50°1 YIT  8v0'L ors (o010 prl ¥II 8SL YCA-AS
e
Do 006
scr — - 9Tl — vCl 880°1 6rcl — - - STl L8I'T zIs (010 Pyl ¥II 8SL STH-AS
O'H®I T
Do 0TL
09°¢Cl — 668°0 Pyl pue
ae
> 006
09°CI — Y00'T  pI'Cl — €8CI— 167TI— L8 ediad Pyl 891 SL LTH-AS
ae
> 006
- €97 - L060 18y edid Pyl 891 StL 91H-AS
Ie
- 006
99°¢l — sy (010) Pyl 88C 059 1TH-AS
Ie
Do 006
150="% [ger— €8¢l — 9IT  S96°0 el — 0¢l 7860 v0s  (010) Pyl 08¢ S¥9 LTH-AS
Ie
Do 006
§8cr— LEel— 9¢el— 001 S8y (100) Prl 08% S¥9 9TH-AS
Ie
Do 006
61°€l — - 8¢l 8S0'L evy  (100) Prl 891 0CL 8Td-AS
anuad
ur def1oa0
d[yold 8L 8LLO
OH
ANudd eqQy 60
ur def1oA0 ‘0 006
a[yold ool — coCI — 68 0€0'T £6°CI — - - 98  vv0'l sor  (010) pPrl 69 006 9d-AS
e
Do 006
o06cl — 90°€l — L86°0 86y edrad Prl 6ST 0CL 0Cd-AS
e
9TEr— Teer— 001 orr  82I'l LLy (100) Do 006PL  S91 0cL €CH-AS
Ie
orer— Leel—  TTl - - 91T 080l 88y (100) ‘Do 006PL €91 0CL CTA-AS
AS QuIptueg
OtHgy OH HOy, OtH(y OH OtHcy OH HOy
Sop Heg Sop g3 /oy Soy 9g38or HgSor 83 So| g8 /Oy
uorn Judw
JLENI(g) 40 UondAIq q uonoaI evuonodarq (wr)p -09§ qean-ad (W71 (Do) ON

27 Page8of23

(s/;w ur @) a1nssaxd PareAd[a Je SJUSWILINAXS UOISIYIP (J/H JO SINSAI PUE SUONIPUO) € 3|qel

pringer

Qs



Page90f23 27

Physics and Chemistry of Minerals (2021) 48:27

O%H Jo oxeydn [rewrs 0) anp S[qeI[a SSI] pue sAJewWsa ATuo axe sorfelr ur pajurid OHg 103 BIRg

0cer —

Ie

(010)  “Do 006 PY

€9Cl — ¥97CI — LIl 9¢Cl — €8¢l — Toll— €101 wy 9L 0CL ¥ oo6ld-1v
1V elLe[npy
yecr— ILCl— 9Tl — L9 691°1
onsdes
|lqnop
‘AdHI 9TT1— 19C1— €671~ 6vl 0601 rer— ceel — el — €L SITT 889  (010) suou (% 9CL 8  6CHAS
ornsdes
9[qnop
AdHI 11T — LYTl— Tvel— Lyl Ceg’l 6rcl— 19¢l— 1IL¢l— 651 0I¢'T 969  (010) auou oy 0CL 9 8THAS
Ie
D0 006
Tl — 69Tl — 9Tl — Sel S96°0 90°€l — 86Tl — V6Tl — el ST60 sor (010 POT 891 0CL ¥ CId-AS
I8CI— TLTI— €97TI— 0sT'T
e
Do 006
S6Cl— SLTI— 6971 — 08¢l O¥Cl— 00¢l— 88CI— 19C°1 €sy  edrad pPrl 9L 0CL ¥ 61d°AS
anuad e
ur def10A0 Do 006
S1yoid LTCr— 9TTl — 61  0£8°0 6CCl — STl — 0T €¥6°0 6zy  (010) PSS 9¢l 008 T OId-AS
OtH(y OH HOy, OtH(y OH HOy OtHy OH HOy
8oy 9gS8or HqgS8op g3 oy Sop 9gSor HgSor 8§/ Oy Sop 9gSor HqgSop g8 /Oy
uon juow (1eqY)
JUdWWOD) 40 UonNdAIIq q uonoaI euonoang (wr) p -09§ aean-ald (W71 (Do) L d ON

(ponunuoo) ¢ 3jqey

pringer

a's



27 Page100f23 Physics and Chemistry of Minerals (2021) 48:27

b1 '”l 04 T
(a)  OH oo || (b)
A il
/ \\ l }.‘;f"' | Distance |
[ i (km) oD
)I (,"\ \ ﬂ’ ‘{‘ 600 l l
Distance | [ ,~"'If;':!fl NN - M
03 (um) '[', WAl 0.3 F ]
/ ! {f'\ o vi”i. 500
1500/ |/ \ y cay, it - - RS——
'mn-\ﬂtw"(ﬂ }f |'l \ N // ﬁ“’lj?!' - 1
[ . _ it 400
8 600 }r f \ \‘. Ry /‘v' ; 8 KWM Mh«u..r
[ [ f \ \ /ol | [
8 oo™ /NN M| 5 ~
3 T [ \ \«/ I 5 %21 W20 o 5 end
3 500 / | Va \\ v /u‘| 2 : ,,..W ,'/' \\.\
< WV’]WY"' f“ﬂ [ » / \ \\ /{ ; l < 200 ) M /, \ ‘\’\\’vw
400 /‘ ; \ N\w o “/Jy" 4 hw“w.ﬂ\\ /l,.wr"’*w/ / \ ]
/ | f \
ety "'{( / ) N //"\'-'.’ 3\ 7 / “\,m
/’ \\\‘N"// / ‘f e 100 _;“___f:, ______ 74.-&':‘ ________
01fF 300 ./ /| ™ . 0.1 F "‘\ s o 8

w0/ -
0.0 st 14 L P TR S ool 1 Lo
4000 3500 3000 2500 4000 3500 3000 2500
Wavenumber (cm™) Wavenumber (cm™)
0.15 T . . . ; ; ; ——— 0.12 — T T T 7
(c) ] I (d)

o
o
o

SV-E6, la
690°C, 1 atm, 20 d b

Absorbance

o

=)

a
T

0.00 : L
0.00 0.02 0.04 0.06 0.08 0.10 0.12

AOH

s 1 s 1 s 1 s | - n L 1 O
0 100 200 300 400 500 600 700 800 900 1000

Distance (um)

absorbances of the OH peak and the OD peak. Baseline corrections

Fig.2 Example of a D/H exchange experiment with a sanidine SV
used for the determination of the peak height (double arrow) are illus-

cuboid (Run SV-E6 for 20 days at 690 °C, p =1 atm, pprg =
25 mbar). The profile was measured on a 500 um thick (010) sec- trated as dashed lines in the respective figures (a) and (b). Solid lines

tion along the crystallographic a axis, using a partially polarized are fits to the solution of Fick’s 2nd law. The grey symbols represent
beam with E || a. a IR absorption spectra recorded at selected dis- the total water in the feldspar. Agy o =Aog+Aop/0.85. d Correla-
tances from the surface. b Difference spectra obtained after subtrac- tion between absorbance of OH and OD. The solid line represents a
tion of the spectra recorded at a distance of 1500 um. ¢ Profiles of the linear regression of the data. See text for details

@ Springer



Physics and Chemistry of Minerals (2021) 48:27

Page 110f23 27

1.00 i T T T T T T T T T T ]
=1 atm (a) ]

Protal
0.95 1

0.90 | .

0.85 | o

[ X ]
O

0.80 | ° ]

Ap(surface)/A,,(center)

075 | -
3 ® pre-annealed at 900°C | |

O  other samples

070 L L 1 L 1 L 1 L 1 L 1
500 600 700 800 900 1000

Temperature (°C)

1100

Fig.3 Ratio of Agp(s), extrapolated to the surface, to Agy(c), meas-
ured in the center of the sample) for profiles recorded on sanidine SV
after D/H exchange experiments. a At ambient total pressure and var-
ious temperatures. The average value of Agp(s)/Agy(c) of 0.85+0.05

established, only the OH profiles were usually evaluated due
to time constraints. One needs to be aware that Eq. (2) is just
a phenomenological description of the diffusion behavior.
In this paper the term D/H interdiffusion refers to the 1:1
replacement of hydrogen by deuterium in the structure but
does not mean that motion of hydrogen is directly coupled
to the motion of deuterium. Alkalis can be involved as well
in local charge compensation.

At elevated water pressures, noticeable deviation between
measured absorbances and fit curves are observed both for
Aoy and Agp, marked by arrows in Fig. 4. These deviations
are attributed to the uptake of hydrogen from the fluid, either
as H,0 component or as protons, as indicated by the A g0
profiles. The effect is particularly pronounced at 48 kbar.
An explanation is that the isotopic signature of the mobile
hydrogen species is lost by exchange with the stationary OH
defects at the beginning of the profile, and the mobile spe-
cies at the front of profile contain basically only A but no
D. Thus, the concept of D/H interdiffusion is only a rough
approximation of the process, and the values of D and Dy,
obtained by fitting the concentration distance profiles with
Eq. (2) have systematic errors. Despite this limitation, these
data are useful for discussing the influence of water pres-
sure on the diffusion of hydrogen species. For more in-depth
modelling, the measured data are provided in the electronic
supplement.

Only at pressures above 4 kbar the increase in total water
content was large enough to evaluate the Agpy profiles
with sufficient accuracy. In most cases, the Ao profiles
are also well fitted by Eq. (2), indicating that the chemical
diffusion of hydrogen species in the sanidines is independent

1.6 T T T T T T T T T
720 -760°C (b)
R 14 ° o B
g o
c
@ °
< 1.2 o]
I - I~ [ ] 7
o] o
< s .
= L ° o
§ e ©®
1.0 Q 1
% e ° °
= ¢ 8 *
o)
<o
0.8 o
® pre-annealed at 900°C
O  other samples |
06 L 1 L 1 L 1 L 1 L
0 2 4 6 8 10

Py,o (kbar)

is assumed to represent samples without change in total water con-
tent. b At high water pressure. Note that all high-pressure experi-
ments are above the regression line, indicating uptake of water. See
text for details

of C,,. This finding contrasts with numerous studies on H,O
diffusion in silicate glasses and melts which give clear evi-
dence for a promoting effect of dissolved water on the H,O
diffusivity (see review of Zhang and Ni 2010). However,
the increase in A gy, 1S relatively small even at 8 kbar and,
considering the uncertainty in the determination of Aqygtars
a weak dependence of hydrogen diffusivity on water content
cannot be excluded.

Determination of diffusivity from bulk exchange
experiments

In these experiments the bulk exchange of hydrogen isotopes
between crystal plates and a surrounding gas phase was
measured as a function of time. At constant surface concen-
tration and constant diffusivity, the solution of Fick’s second
law for a sheet of thickness d is given by Crank (1975)

= o)

3)

Here, M(¢) is the fraction of diffusing species that has left

or entered the sheet after time 7 and M_, is the amount of the

diffusing species that has left or entered the sheet after infi-

nite time. In the initial stage of D/H exchange the fractional

loss of hydrogen is proportional to the square root of time,
and Eq. (3) can be converted to

M@ _
M

o

2 1
E 2n+1) exp( 2n+ )

A-A, (16-D>0~5 105

A —A, n' d @)
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Fig.4 a-d Examples of diffusion profiles recorded after D/H experi-
ments with sanidine SV at elevated pressures and temperatures of
720-726 °C. The grey symbols represent the total water in the feld-
spar calculated using an egp/egy ratio of 0.85. Lines are fits to the
solution of Fick’s 2" law. Note deviations of Aoy and Agp, data from

where A; denotes the initial absorbance and A the final
absorbance after infinite run duration.

The diffusion coefficients were determined by a linear
regression from a plot of (A —A_)/(A;— A, versus 1 con-
sidering only the data with (A —-A_)/(A;—A,)<0.5. In D/H
exchange experiments, the evaluation of the A,y data is
straight forward with the assumption that Aqy ,, equals zero.
Even if there is a slight change in the isotopic composition
of the gas with time, this will not significantly affect the
determined diffusion coefficients.

Evaluation of the OD band, however, requires the knowl-
edge of absorbance of the band after complete exchange of D
for H. Only in one experiment at 900 °C and 1 atm (SV-DH2,
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the fit curve at greater depths for the highest water pressures (marked
by arrows), which are attributed to the uptake of water by the sam-
ples. Agreement between the dashed fit curve for OH,,,; and the data
indicate a constant diffusion coefficient of H,O in these feldspars. See
text for details

see Table 2), both Ay and Ay, were evaluated to determine
the respective diffusion coefficients. This experiment serves
as a test for the applicability of the method and the stability
of OH defects under the prevailing conditions. Plates with
three different orientations and thickness between 787 and
978 um were used, which were previously annealed in air
at 900 °C for 23 days to remove the mobile type Ila OH
defects. Linear variation of absorbance with square root of
time in the initial stage of the experiment is evident for both
the OH band and the OD band (Fig. 5). After 354 h the
OH band was no longer detectable in all sections, and the
measured A, was assumed to represent Ayp, .. Using the
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final absorbance values, Dy and D, were determined by fit-
ting the data to Eq. (4). The six diffusion coefficients agree
within 0.11 log units (Table 2) confirming the equivalence
of Dy and D, for these conditions and the independence of
diffusivity on crystallographic orientation.

Subsequently, the same samples were used in an H/D
back-exchange experiment at the same temperature, with
D,0 replaced by H,O in the glass bulb (run SV-DH3). The
OD band was no longer detectable after 200 h. A comparison
of the OH absorbance with that before experiment SV-DH2
shows that the specimens have lost between 13 and 30% of
their initial water content, with no correlation to thickness.
The mean value of the diffusion coefficient is slightly lower
for the D/H exchange experiment (4.7 X 107'* m?/s) than for
the H/D exchange experiment (7.3 x 107'* m%s), and the
data scatter a bit more (within 0.31 log units). The results
show that although the type IIb OH defects are not thermo-
dynamically stable at 1 atm and a water partial pressure of
25 mbar, they have a sufficiently long lifetime to study the
mobility of hydrogen species.

Methodical tests—effects of pre-treatment

Diffusion data obtained at 1 atm with sanidine SV are
summarized in Fig. 6a. A systematic difference is visible
between untreated or low-T annealed samples and samples
pre-annealed at 900 °C in air. The influence of pre-annealing
time was tested in an experiment at 720 °C (SV-E11). Two
of the three cuboids were heated at 900 °C in air prior to
the run, a smaller one (2X2 x4 mm3) for 55 d, a larger one
(3x3x5 mm?) for 7 d. A dehydration experiment yielded
a diffusion coefficient of 1.4x 107" m%/s for sanidine SV
at 900 °C (Behrens 2021). Based on this value, the char-
acteristic diffusion length (2D1)% is 0.41 mm after 7 days
and 1.16 mm after 55 d. Accordingly, in the small cuboid,
the mobile OH defects are mostly removed, while in the
large cuboid this was achieved only in the outer region. The
Dy, values of both experiments agree within 0.15 log units
(mean value of 2.4« 107! m?/s) and are systematically lower
than Dy, determined for the untreated sample (mean value of
7.0 10713 m%/s). Thus, the type Ila OH defects present in
the natural sanidine have a strong attenuating effect on D/H
interdiffusion. But heating for 7 days at 900 °C is sufficient
to eliminate these defects in the diffusion zone.

Two experiments were performed to test whether the
initial state of the sanidines can be recovered and how
fast a new equilibrium concentration of mobile hydrogen
defects can be achieved within a crystal. In each experi-
ment two samples of SV were used. One sample was only
pre-annealed for 14 days at 900 °C in air. The second one
was heated afterwards for 14 days at 720 °C in an autoclave
at 2 kbar water pressure. In the diffusion runs performed at
720 °C, either at ambient pressure or at 2 kbar D,O pressure,

0.25 — ——————
I oOHeoD la ,d=0.787mm |
OOH ®OD 1(001),d =0.978 mm 1
0.20 A0H A0D 1(010),d =0.958 mm |
) ]
i SV-DH2
8 0.15G 900°C, 1 atm n
% L
£
o
2 I
S 010 .
0.05 | .
0.008

L L 1 L L L L L L L L L L L L
0 100 200 300 400

Fig.5 Evolution of absorbances of OH and OD peaks with time
during D/H exchange experiments with sanidine SV at 900 °C,
Dol =1 atm, pp,o & 25 mbar. The experiments were interrupted to
measure spectra of the different sections at room temperature. The
linear relationship between absorbance and square root of time was
used to calculate the diffusion coefficients for the initial period of the
exchange process

the D/H exchange rates were identical for both samples
despite of the different pre-treatment (Tables 2, 3). Thus, the
defect concentrations are established very fast in the diffu-
sion zone of the crystal or, in other words, the diffusivity of
the mobile hydrogen defects is considerably higher than the
experimentally determined D/H interdiffusion coefficient.
Ignoring the small difference in temperature, the diffusivity
is higher by a factor of 1.9 at 2 kbar compared to ambient
pressure which implies a correspondently higher concentra-
tion of mobile hydrogen defects in the zone of the hydrogen
isotope exchange.

Temperature dependence of D/H interdiffusion
in sanidine

The data in Fig. 6 also give strong evidence that D/H
interdiffusion (Dpy) is isotropic in the sanidine. All data
for 900 °C pre-annealed samples, including the H/D back
exchange runs, in the temperature range of 600—1050 °C are
very well described with an Arrhenius equation

— Ea
Doy =Dy - exp | 7 ®)

Values of the pre-exponential factor D, and the activa-
tion energy E, are given in Table 4. The fit standard error

@ Springer
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Fig.6 a D/H interdiffusion in sanidine SV at 1 atm. Open symbols
represent samples pre-annealed at 900 °C in air at least for 7 days.
Black symbols are data for samples with no pre-treatment or pre-
treatment at low temperatures. Grey symbols show the result of a H/D
back-exchange experiment. Straight lines are regression for 900 °C

of 0.12 log units is close to the error of 25% (0.10 log units)
estimated by error propagation considering time, tempera-
ture, variations in water content and possible slight tilting
of measured profiles relative to the surface.

The untreated samples and the samples heated at low tem-
perature form a separate trend in the Arrhenius diagram,
which is parallelly shifted by + 0.4 log units compared to the
900 °C pre-annealed samples, i.e. E, values are identical at
160 kJ/mol (Table 4).

Data obtained at a water pressure of 2 kbar show a much
larger scatter, but the data are still well represented by an
Arrhenius relation (Fig. 6b). The larger variation in diffusion
coefficients probably has experimental reasons. Embedding
in powder may have not always prevent mechanical damage
on the crystals during compacting. Additionally, reaction
with the fluid may increase surface roughness. Often only
one section could be prepared from the cuboid, and loca-
tions for profile measurement have to be carefully chosen.
However, the interior of the crystals was always well pre-
served, i.e. no indication for alteration or melting was found
by microscopy.

The activation energy for D/H interdiffusion at 2 kbar
water pressure is smaller (131 kJ/mol) than at ambient pres-
sure (Table 4). However, due to the smaller T-range and
larger scatter of the data, the E, value for 2 kbar has higher
uncertainty. At 0.5 kbar only for two temperatures diffusion
data were obtained. Considering the scatter of the data, this
is insufficient to constrain an Arrhenius relationship.

@ Springer
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pre-treated (solid line) and untreated or low-T pre-treated (dashed
line) samples. b Diffusion data for 0.5 and 2 kbar. Diffusion direc-
tion is indicated by symbols (circle: parallel a; square: perpendicular
(010), triangle: perpendicular (001). The dash-dotted line is a regres-
sion to the data at 2 kbar obtained with pure D,O fluid

Effect of pressure and water fugacity

The D,0 pressure was systematically varied at a temperature
of = 725 °C (Fig. 7). The increase of D/H interdiffusion is
particularly strong up to 2 kbar and much lower at higher
pressure. A simple power law

log Dy = —13.55 + 0.546 - p©33 ©

with Dpyjp; in m%s and p in kbar describes the data of D,
and D, well (*=0.83, f.s.e.=0.16), but other equations may
also be applicable.

In the diagram, data for chemical diffusion of hydrogen
derived from the Agyo profiles are also included. The
term DHzo is used since most likely diffusion of water mol-
ecules control the uptake and release of hydrogen as dis-
cussed below. In general, the values of Dﬁzo are similar to
Dy, p for pressures up to 4 kbar (Table 3). However, below 4
kbar [)Hzo has large uncertainty due to the relatively small
increase of the water content and, therefore, these data are
not included in Fig. 7 and are printed in italics in Table 3.
At 6 and 8 kbar, DHZO is systematically higher than D .
As noted before, this is probably due to the loss of isotopic
signature of the in-diffusing species by exchange with the
stationary OH defects.

To test whether the total pressure or the fugacity of D,O
enhances the D/H exchange, two experiments were per-
formed at 2 kbar total pressure and temperatures of 645 and
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Table 4 Arrhenius parameters for D/H interdiffusion in alkali feldspars (D in m?/s)

Feldspar p (bar) T range (K) n log D, E, (k]J/mol) P fs.e Comment
Sanidine SV 1 600-1050 42 -5.16+0.14 160+2.8 0.987 0.12 Pre-annealed at 900 °C
Sanidine SV 1 690-900 12 —-4.79+042 160+7.9 0.976 0.07 Virgin or low-T pre-annealed
Sanidine SV 2000 645-800 23 —592+060  131+117 0855 015  ppro=Puwu
Adularia Al 1 800-1050 6 —-5.05+0.75 162+16.8 0.939 0.11 Pre-annealed at 900 °C
f-s.e. fit standard error; n number of diffusion data
-12.0 : T : T : T T dependence on D,0 pressure. For the two experiments with
[ 720 -726°C : g DZO—CO% mixtures the activity of D,O was estimated using
8 | the equation of state for pure CO, and H,O (assumed to be

total E

-14.0 I L 1 L 1 L 1 L 1 L
0 2 4 6 8 10

Py,o (kbar)

Fig. 7 Variation of diffusion coefficients of hydrogen species in sani-
dine SV with pressure at 720-725 °C. The trendline was obtained by
fitting the data for OH and OD with a power law. See text for details

758 °C. In each experiment two capsules were used under
identical p—T conditions. In one capsule the fluid phase con-
sists of pure D,0, in the other one a 1:1 mixture of D,0
and CO, was used. CO, was generated during heating by
thermal decomposition of AgC,0,. In both runs the D/H
exchange was slower for the capsules containing the fluid
mixture (Fig. 6b; Table 3) indicating that the fluid fugac-
ity and not the pressure cause the increase in diffusivity.
Consequently, it is inferred that the concentration of mobile
hydrogen defects is increased within the crystals at elevated
water fugacity.

Combined effects of pressure and temperature
on D/H interdiffusion in sanidine

An attempt was made to describe the whole D/H interdif-
fusion data set for the sanidine SV (except for the untreated
and low-T annealed samples) by a single equation combining
the Arrhenius equation with a power law approach for the

identical to D,0) of Pitzer and Sterner (1994) and modelling
the mixing behavior according to Aranovich and Newton
(1999). Calculated D,0O activities are 0.60 for run SV-E27
at 645 °C and 0.59 for run SV-E24 at 758 °C. The D,0 pres-
sure was than calculated as the product of D,0 activity and
total pressure.

Using the set of 121 data of Dy and Dy, at temperatures
of 600—1050 °C and pressures from 1 atm to 8 kbar, the D/H
interdiffusion coefficient (D, in m?/s) is given as follows:

log Dy = =5.445 — 80§2‘1

+0.535 - ppp”, )

where T is the temperature in K and py, is the water
pressure in kbar. Here it is assumed that hydrogen isotopy
does not affect Dy, i.e., pyyo and pp,g are equivalent.
Equation (7) reproduces the experimental data with a stand-
ard error of estimate of 0.15. As shown in Fig. 8, both the
1 atm data and the high-pressure data are well reproduced
by this relationship.

Equation (7) can be used to estimate the water pressure
which had exerted on the natural sanidines during the last
stage of their genesis. Using the diffusivity data of the virgin
and low-T pre-annealed samples, re-arrangement of Eq. (7)
yields a water pressure of (0.37 +0.13) kbar based on 17
diffusion coefficients at 3 temperatures. However, this is not
more than a rough estimate, due to the large scatter of the
diffusivities.

Transferability of the results to other alkali
feldspars

The experiment at 800 °C, 1 atm with sanidine S2 pre-
annealed for 26 d in air at 900 °C is consistent with the data
of the sanidine SV (Fig. 9b). The measured Dy, of 9.1 x 107
m?/s differs only by 0.09 log units from the Arrhenius line
for pre-annealed SV at 1 atm. This gives confidence that the
data for SV are representative for Eifel sanidines.

More interesting are the tests with the adularia Al,
which shows different IR spectroscopic features than
the Eifel sanidines (Behrens 2021). The shape and the
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pleochroism of the OH absorption bands resembles that
observed for various igneous feldspars containing type Ila
OH defects only (Johnson and Rossman 2003, 2004). No
significant change in the IR spectra was observed after
heating the adularia Al for 624 h at 900 °C in air or for
282 h at 1000 °C in steam (py,o =1 bar). This observation
strongly contrasts to the Kristallina adularia studied by
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Fig.8 Comparison of measured D/H interdiffusion coefficients with
values predicted by p—T modeling using Eq. (7)
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Fig.9 Diffusion data for adularia Al and a second Eifel sanidine S2
in comparison to the sanidine SV. a Profiles in Al after an experi-
ment at 4 kbar together with the sanidine SV shown in Fig. 5b. Note
deviations of A,y and Ay, data from the fit curve (solid lines) at
greater depths (marked by arrows), which are attributed to the uptake
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Kronenberg et al. (1996) for which water loss was already
noticed after heating to 500 °C.

The D/H interdiffusion data for the adularia A1 at ambi-
ent pressure are in excellent agreement with the sanidine
(Fig. 9b). An isotropic diffusion behavior could also be
demonstrated for the adularia by an experiment with a
cuboid at 900 °C (run A1-Gl, Table 2). The Arrhenius
relationship for the adularia (Table 4) is practically indis-
tinguishable from that of the sanidine. Thus, an activation
energy of 160 kJ/mol appears to be representative for D/H
interdiffusion in alkali feldspars.

One experiment was performed with the adularia at
Ppao =4 kbar, simultaneously with the sanidine SV (runs
A1-E19, SV-E19). The profiles are very similar in both
feldspars (Fig. 4b and 9a). In both cases a systematic devi-
ation between data and fit occurs in the crystal interior.
Using the egp/egy ratio of 0.85 determined for the sani-
dine, the total water profile was estimated for the adularia.
An uptake of H,O component is evident, but it appears to
be less pronounced than for the sanidine under the same
conditions (A1-E19: 31-34% increase of Aqpyo; SV-E19:
44-62% increase of Agyar)- Nevertheless, the D/H inter-
diffusion coefficients are very similar (Table 3). This gives
confidence that Eq. (7) can be used also for other alkali
feldspars with stable OH defects to estimate Dy in func-
tion of T and p.

However, it should be emphasized that the direct applica-
tion of the results of the present study to other potassium-
rich alkali feldspars is limited to those feldspars having simi-
lar types and concentrations of water related defects. Thus, it
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of water by the samples. b Comparison of D/H interdiffusion coef-
ficients for the adularia Al and a second sanidine S2 with the Arrhe-
nius relationships derived for the sanidine SV. The bold solid line is a
regression to the 1 atm data for Al
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is expected that the D/H interdiffusion coefficients are higher
for feldspars having a high concentration of weakly-bonded
H,0 molecules (such as the Kristallina adularia studied by
Kronenberg et al. 1996).

Discussion

Diffusion of hydrogen and oxygen species
in feldspars

In Fig. 10 the new data for diffusion of hydrogen species in
alkali feldspars are compared to literature data for hydrogen
and oxygen species in feldspars. In all cases, diffusion is
very strongly promoted by high water pressures. This sug-
gests that migration of oxygen and hydrogen is correlated,
at least under hydrothermal conditions.

0 diffusion

A large number of data for oxygen diffusion in feldspars
have been determined by isotope exchange experiments
under hydrothermal and dry conditions applying different
experimental and analytical techniques, see the review of
Farver (2010). Only the results of Freer et al. (1997) and
Derdau et al. (1998) are plotted in Fig. 10 since the authors
have also studied Eifel sanidines and, hence, the data can be
directly compared to those of the present study.

Under hydrothermal conditions, the O-diffusion data
cover a narrow range in the log D vs. 1/T space, i.e. vary
at given temperature by less than two orders of magnitude
despite of different composition and genesis of feldspars
(Fig. 3 in Farver 2010). Under dry conditions, the O-diffu-
sivities are much smaller and vary considerably more. This
strongly indicates different mechanisms for oxygen isotope
exchange in presence and absence of water. Farver and Yund
(1990) proposed that, consistent with size and charge of pos-
sible species, the dependence of oxygen diffusion on water
fugacity indicates that the dominant oxygen-bearing trans-
port species in “wet” experiments is molecular H,O. Using
computer simulation techniques, Wright et al. (1996) found
that water can be accommodated in the structure of albite
feldspars as both OH groups and as H,O molecules. Accord-
ing to their calculations, H,O molecules on interstitial site
are the lowest energy water defects in pure albite with a
solution energy of 87 kJ/mol. In the paper of Wright et al.
(1996) extrinsic defects in the feldspar structure were not
considered, and defect associates of H,O molecules with
vacancies may have an even lower solution energy. Wright
et al. (1996) suggested that under hydrothermal conditions
oxygen is transported via OH diffusion by an interstitial
mechanism. But they have not made any calculations on the
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Fig. 10 Comparison of diffusion of hydrogen and oxygen species in
feldspars. D/H interdiffusion is marked in black, H,O diffusion in
blue and oxygen diffusion in red. Note that only oxygen diffusion data
for Eifel sanidine are considered here. For additional oxygen diffusion
data and a detailed discussion see the review of Farver (2010). Tracer
diffusion data for Na and K in sanidine (in green) are shown with
respect to H/alkali interdiffusion processes. Data sources: [1] D-H
interdiffusion, sanidine SV, pre-annealed, 1 atm, this study. [2] D-H
interdiffusion,, sanidine SV, virgin, 1 atm, this study. [3] D-H inter-
diffusion, sanidine SV, py,o=2 kbar, this study. [4] D-H, adularia
Al, pre-annealed, 1 atm, this study. [5] H,O desorption, plag An31,
1 atm, Johnson and Rossman (2013). [6] H,0 desorption, adularia,
1 atm, Kronenberg et al. (1996). [7] H,0 desorption, sanidine SV, vir-
gin, 1 atm, Behrens (2021). [8] H,O desorption, plag An66, 1 atm,
Behrens (2021). [9] H,O sorption, sanidine SV, py,q=6-8 kbar, this
study. [10] 170,180 diffusion, sanidine, Pmo=1 kbar, Freer et al.
(1997). [11] 180 diffusion, sanidine, 1 atm, dry, Derdau et al. (1998).
[12] ?*Na tracer diffusion, sanidine, 1 atm, dry, Wilangowski et al.
(2015). [13] ® K tracer diffusion, sanidine, 1 atm, dry, Hergemoller
etal. (2017)

migration of water molecules through the feldspar structure
and explicitly do not preclude such a mechanism.
According to the results of Derdau et al. (1998) oxygen
diffusion in sanidine under dry conditions at 850 °C is 5
orders of magnitude slower than under hydrothermal condi-
tions. In their experiments natural Eifel sanidine was heated
in oxygen atmosphere at ambient pressure. Based on the
annealing experiments of Behrens (2021), it can be expected
that the mobile type Ila OH defects in the diffusion zone
are largely eliminated, but the type 1Ib OH defects are still
present. These remaining hydrogen defects appear to have no
accelerating effects on O diffusion in sanidine, although the
H/alkali exchange experiments of Behrens (2021) have dem-
onstrated that hydrogen species bound in these defects are
quite mobile. Most likely, the hydrogen at these conditions
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moves as protons via interstitial sites with only weak interac-
tion to network oxygen, i.e. without promoting the breaking
of oxygen bridges.

Hydrogen uptake and release from feldspars.

IR spectroscopy gives evidence that hydrogen is bond
to oxygen in feldspars and thus has the formal oxidation
state +1. Removal or uptake of hydrogen requires charge
neutrality in the feldspar interior. This can be achieved by
(i) coupling to the redox state of heterovalent elements, (ii)
interdiffusion of H* and alkali cations, and (iii) migration
of neutral species, i.e. H,O.

Interdiffusion of hydronium ions, H;0*, and K* has
been discussed also as a mechanism for hydrogen trans-
port because of the similar size of both ions (Kronenberg
et al. 1996, 1998; Doremus 1998). However, there is no
spectroscopic evidence for H;0O™ in feldspars (Johnson and
Rossman 2003). Furthermore, H3OJr is not a rigid unit but
an associate of a proton and an H,O molecule. In feldspar,
numerous other oxygen species are present to which the
proton can be bound, and the proton can move indepen-
dently of the water molecule.

(i) Coupling of hydrogen to the redox state of iron is
a prominent mechanism for hydrogen diffusion in
olivine (Farver 2010). Rapid motion of hydrogen is
possible by interdiffusion of polarons and protons,
according to a reaction Fe?* +H* =Fe’" +1 H,.
Such a mechanism is very unlikely for feldspars for
two reasons: First, iron is only a trace element in
feldspar (<< 1 wt% Fe, Hofmeister and Rossman
1984) and, hence, the distance between Fe atoms in
the feldspar structure is very high so that polaron
jumps between adjacent Fe atoms are very improb-
able. Second, potassium-rich alkali feldspars almost
exclusively contain trivalent iron (Hofmeister and
Rossman 1984), and a release of hydrogen with
simultaneous oxidation of divalent iron is thus not
possible. Ca-rich plagioclase contain ferrous iron,
but as shown by Behrens et al. (1990) oxidation
of Fe?* is correlated to diffusion of Na* and not to
hydrogen species.

(i) Kronenberg et al. (1996) and Johnson and Rossman
(2013) suggested that diffusion of H* via interstitial
sites controlled the rate of hydrogen release from
adularia and andesine in their experiments. For
charge neutrality the flux of protons is compensated
by a counterflux of alkali cations, i.e. Na™. This idea
is based primarily on analogous processes in quartz
that have been studied by Kats (1962). Another argu-
ment has been the similarity of the diffusivities of
Na* and hydrogen in feldspars. The experimental
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data of Johnson and Rossman (2013) were repro-
duced by Zhang et al. (2016) through a thermody-
namic model that interconnects point defect param-
eters with bulk properties. Details about the nature
of the point defects were not reported by Zhang et al.
(2016).

As discussed below, interdiffusion of protons and
alkali is certainly an important mechanism for diffusion
of hydrogen species inside alkali-rich feldspars. However,
such mechanism does not explain how hydrogen can be
released to the atmosphere as a neutral species. To ensure
charge balance, there must be available external sources
and sinks for protons and alkalis. In geological settings,
brine can be a source for alkali and a sink for protons.
Aqueous fluids can serve as sink for alkali and source for
protons. Hydrogen uptake from a fluid could occur via the
following reaction:

H,04 + (Na, K)§, = (Na,K)j + OH +V,;; + Hf 8)

if the fluid is initially alkali-undersaturated. Here sub-
scripts fl, A1 and i signify the fluid phase, alkali sites and
interstitial sites, respectively, and V indicates a vacancy.

Such a process could have occurred in the D/H
exchange experiments, if the fluid has not been pre-satu-
rated fast enough by the powder with feldspar components.
However, H,O solubility experiments of Behrens (2021),
in which one molar alkali chloride solutions were used,
argue against a dominant influence of reaction (8) on the
H-uptake of feldspars. The water contents of samples after
24 h and 96 h at 800 °C, 2 kbar are consistent with the H,O
solubilities estimated from the diffusion runs (Fig. 11b),
despite of large difference in initial alkali content of the
fluids.

The IR spectra recorded after the 6 kbar and 8 kbar
experiments do not give a clear indication for the for-
mation of new types of hydrogen species. The OD band
is at same position (2520 cm™!, measured on (010) and
(001) sections with E4 || a) than after D/H exchange at
ambient pressure, and in the water-enriched region of the
crystal the OH vibrations bands are too weak for detailed
analyses. Detecting changes in IR spectra is also com-
plicated by the fact that the increase in water content is
relatively small. Compared to the natural sanidine with
129 + 10 pg/g H,0, the water content is only 26% higher
in the 8-kbar experiment.

(iii) Diffusion of H,O molecules is nowadays a widely
accepted mechanism for the transport of hydrogen
species in silicate and aluminosilicate glasses and
melts (Behrens et al. 2007; Zhang and Ni 2010).
Jumps of H,0 molecules between interstitial sites as
a possible mechanism for diffusion of hydrogen and
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oxygen species has been discussed also for feldspars
(e.g. Farver and Yund 1990; Kronenberg et al. 1996,
1998; Wright et al. 1996; Doremus 1998; Behrens
2021). The open structure of the aluminosilicate net-
work in feldspars offers numerous interstitial sites
which potentially can host H,O molecules (Wright
et al. 1996). Furthermore, vacancies on alkali sites
can be occupied by water molecules (Beran 1986;
Kronenberg et al. 1996; Behrens 2021). Interstitial
water, H,O;, is very mobile while H,O molecules
located on V, sites, H,O, V,,, are stationary defects.
The conversion of these defects can be described by
the reaction

H,0, V4, =H,0;+ V,, )

Structural H,O has been found in feldspars such as micro-
cline and some adularia that were formed or transformed at
relatively low temperatures (Johnson and Rossman 2004).
Upon heating, these defects were irreversibly destroyed in
studies of Aines and Rossman (1985) and Kronenberg et al.
(1996), demonstrating that these defects are thermodynami-
cally instable under magmatic conditions.

In volcanic feldspars, OH groups are the predominant
hydrous species (Johnson and Rossman 2003, 2004; Behrens
2021). In the context of the defect model proposed here,
this can be explained by a reaction of the water molecule
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Fig. 11 a, b Total water content at the sample surface of sanidine SV
after high pressure diffusion experiments. The thin solid line repre-
sents water incorporated as type I1Ib OH defects (Behrens 2021). a At
constant temperature close to 725 °C. The data at 2 kbar is based on
the regression in (a). The average of 6 H,O solubility experiments at
800-900 °C, 0.5 kbar (Behrens 2021) is shown for comparison. Both,
fittings by a Langmuir equation and a power law are illustrated. b At

with neighboring oxygen, O%)_, and the formation of a pair
of OH groups
(H,0, V) + 05 = (20H", V,)) (10

As long as the OH groups do not diffuse apart, a mobile
H,0 molecule can be formed again very easily by back
reaction. Hence, the combined reactions (9) and (10) deter-
mine the concentration of H,O; in the interior of feldspar
and, thus, have major impact on hydration and dehydration
kinetics.

The term V,; implies that a single type of cation vacancy
is involved in the H,O-hosting defect. However, different
types of vacancies can be present in a complex mineral
such as feldspar. The effective charge of the vacancy can
be very variable and is determined by the Al/Si ratio on
the surrounding tetrahedral sites as well as the charges of
the neighboring cations. Assuming a perfect network struc-
ture, Kronenberg et al. (1996) suggested that in Kristallina
adularia a negatively charged vacancy on an alkali site is
compensated by a divalent cation such as Ba** or Ca®* in the
immediate vicinity. On the other hand, neutral vacancies can
result from incorporation of an excess of SiO, compared to
the ideal feldspar composition (Behrens et al. 1990; Behrens
2021). Formally, this corresponds to mixing with a feldspar
analog component V,Si,Og.

The formation of mobile H,O is more difficult if the
hydrogen defects consist of isolated OH groups. This is
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constant total pressure of 2 kbar. Data with lower xp,q in the fluid
show no systematic deviation from data with pure D,O fluid and,
thus, a single regression is used to describe the T dependence. Results
of H,O solubility experiments with 1 molar alkali chloride solutions
from Behrens (2021) are included for comparison. Estimated error of
data from diffusion experiments is &~ 20 ppm. See text for discussion
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probably the case with type IIb OH defects in sanidine.
Analogous to quartz, a substitution of Si** by AI** and H*
has been proposed as the incorporation mechanism for these
defects (Behrens 2021). From alkali/H exchange and back
exchange experiments, it was concluded that the protons
are located on interstitial sites (Hi+). Two such defects must
come together by diffusion for the formation of H,O;

2H' + 0 =H,0,+V, an

This reaction creates energetically unfavorable oxygen
vacancies, V,, that act as traps for interstitial H,O. As a
consequence, the dehydration kinetics slow down with pro-
ceeding dehydration. This explains the difficulty in com-
pletely dehydrating the sanidines and the absence of profiles
in partially dehydrated samples (Behrens 2021).

The adularia A1 has distinctly different IR spectra than
the sanidine (Behrens 2021). Using the terminology of John-
son and Rossman (2004) the hydrogen species are typical
lla OH defects. Hydrogen is also very tightly bound in
the adularia, and no significant H loss of the adularia was
observed even after annealing mm thick plates at 900 °C in
air for weeks. This suggests that isolated OH groups are the
dominant hydrogen species in this mineral as well. These
findings emphasize that the IR spectroscopically defined
types of hydrogen species tell us little about the actual bond
strengths.

The defect models can be used to explain H,O diffusivi-
ties in feldspars plotted in Fig. 10. The higher diffusivities
and lower activation energy of the adularia of Kronenberg
et al. (1996) compared to the andesine of Johnson and Ross-
man (2013) can be attributed to the instability of the hydro-
gen defects in the adularia. Since the defect centers are irre-
versibly destroyed in the adularia, they cannot act as traps for
diffusing H,O molecules, and reaction (12) proceeds only to
the right. Thus, the local concentration of H,O;, determined
by the dissociation rate of the H,O, V,; defects as well as
the mobility of H,O;, is high in the adularia. In the andesine,
with proceeding dehydration the concentration of V,; and,
hence, the probability for the back-reaction increases. There-
fore, the effective H,O diffusivity is expected to decrease
with degree of dehydration. Such effect may explain the
deviation between measured data points and loss curve at
long run duration/large hydrogen loss in the study of John-
son and Rossman (2013). The loss curve was calculated with
the assumption of constant diffusivity.

Dehydration is one order of magnitude faster for a labra-
dorite An66 and the sanidine SV compared to the andesine
(Behrens 2021). In terms of the defect model, this implies
that H,O molecules are less strongly bound to V,; in the
labradorite and in the sanidine than in the andesine. The evo-
lution of the water content of the labradorite with time could
be well described assuming a constant diffusion coefficient
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which is also consistent with weak bonding of the H,O mol-
ecules to the vacancies.

A rapid water release was observed for the sanidine
only in the initial stage of dehydration up to a water loss
of approx. 25%. The removal of the residual water was
extremely slow and complete dehydration of 0.7-0.9 mm
thick sections was not achieved at 1000 °C even after anneal-
ing for 108 days in air dried by phosphorus pentoxide (Beh-
rens 2021). No attempt was made to quantify the diffusion
coefficients from these data. But the concentration depend-
ence of DHZO is in any case much more pronounced in the
sanidine than in the andesine and the labradorite due to the
back reaction of (11). Similar behavior can be expected for
the adularia, although this has not been studied in detail.

The D 1,0 Values derived from uptake of water in the D/H
exchange experiments with the sanidine SV at ~ 720 °C and
pressures of 4-8 kbar are three orders of magnitude higher
than extrapolated values for the initial dehydration at 1 atm
based on line 7 in Fig. 11. This suggests a correspondingly
large increase in mobile hydrogen species, although C,, at
the surface had increased by no more than 34%. That is,
the relative abundance of mobile hydrogen species has been
drastically increased by water uptake. The Aqpy, profiles of
sanidine in Fig. 4a—d and adularia in Fig. 9a are well fitted
assuming a constant DHZO. But the shape 0~f the profiles is
consistent also with a weak dependence of Dy o on C,,. Ttis
striking that the Dy , value of the sanidine at 720 °C, 4-8
kbar is similar to the hydrogen diffusivity in the Kristallina
adularia of Kronenberg et al. (1996). This suggests that a
high concentration of mobile hydrogen species can be pro-
duced by both an internal dissociation reaction and a high
water fugacity.

D/H interdiffusion

The activation energy for oxygen diffusion and D/H inter-
diffusion in Eifel sanidine under hydrothermal conditions
is very similar (109.7 +4 kJ/mol for oxygen diffusion at 1
kbar, 130.7 £ 11.7 kJ/mol for D/H interdiffusion at 2 kbar).
This supports the hypothesis that hydrogen and oxygen iso-
topes are transported by the same carrier at these conditions.
For these pressures, the Aqy and Agp profiles in this study
and the 80 and 70 profiles in Freer et al. (1997) can be
well fitted by the corresponding solution of Fick’s 2nd law
assuming a constant diffusion coefficient. A prerequisite for
this approach is that local equilibrium is established between
the mobile and stationary species or, in other words, the
exchange rate between mobile and stationary species is high
compared to the jump frequency of the mobile species.

For these boundary conditions, the apparent diffusivities,
Dy, and Dy, are related to the diffusivity of the mobile spe-
cies Dy, by the relative abundance of the species:
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C, Dpy = CHZO,m : DHZO,m (12)

Co Dy = CHZO,m 'DHZO,m (13)

where C,, and C, are the water content and the oxygen
content, respectively and Cy,q ,, is the unknown content
of the mobile species H,O;. Combining Eqs. (12) and (13),
the ratio of the diffusion coefficients should be given by the
concentration ratio oxygen atoms in the feldspar and dis-
solved water:

DD/H Co
b, o (14)

Using Eq. (7) to calculate Dy, the Dpy,y/D, ratio equals
19,900 at 800 °C, 1 kbar. The C,/C,, ratio in the natural
sanidine SV is 4012, based on the IR calibration of John-
son and Rossman (2004) and the EMPA data in Table 1.
This is lower by a factor of 5 than the experimental Dy, /D,
ratio at 800 °C, 1 kbar. An inaccuracy of the water content
cannot explain such large deviation. Application of the IR
calibration of Mosenfelder et al. (2015) results in 40% lower
C,, for the sanidine, while nuclear reaction analysis yielded
50% higher C,,. Thus, the most likely explanation is that not
only H,0 molecules are mobile hydrogen species. Consider-
ing the alkali/H exchange experiments of Behrens (2021),
migration of protons also contributes to the hydrogen isotope
exchange.

At ambient pressure in pre-annealed sanidine, H,O; is
negligible and proton migration is the determining factor for
the hydrogen isotope exchange rate. Interdiffusion of protons
and alkali cations is the most probable mechanism. Tracer-
diffusion data of Wilangowski et al. (2015) and Hergemoller
et al. (2017) show that K diffusion is too slow in the sani-
dine, but Na diffusion is very similar to D/H interdiffusion
(Fig. 10). Activation energies for Na diffusion (125 kJ/mol)
and D/H interdiffusion in pre-annealed sanidine (150 kJ/
mol) are also comparable. Electrical conductivity measure-
ments on single crystals also support that the charge trans-
port in the sanidine is determined by the mobility of Na (El
Maanaoui et al. 2016). This supports the idea that under dry
conditions hydrogen transport in alkali feldspars occurs via
Na/H interdiffusion.

“Water solubility” in alkali feldspars

As stated in the previous work (Behrens 2021), the water
content of feldspars is not only determined by water fugac-
ity, pressure and temperature, but is significantly influenced
by pre-existing defects in the crystals. Often the defects
were already incorporated into the structure during crystal

growth, but they may have been also formed later by altera-
tion or diffusion. Hence, the term “water solubility” is not
universal for feldspars, and the ability to absorb or to release
water depends on the type and concentration of defects in
the feldspar structure.

In the previous study, the solubility of water in volcanic
feldspars was tested by annealing crystals at controlled water
pressure and temperature for variable times (Behrens 2021).
From the evolution of water contents with py,q, it was con-
cluded that two types of hydrogen defects are present in
Eifel sanidines. A very stable hydrogen defect reaches its
saturation already at py,o > 100 mbar at 1000 °C. A pos-
sible explanation of this defect is the coupled substitution
of AP* +H?" for Si** a common substitution pattern in
quartz minerals (e.g., Kats 1962). Above py,o =300 mbar,
the water content of Eifel sanidine strongly increases by for-
mation of a second hydrogen-bearing defect which is less
stable and, hence, strongly promoted by water pressure. To
prevent melt formation, only relatively low pressures of up to
16 bar were applied in the study of Behrens (2021) on water
solubility in sanidine at 1000 °C. The obtained data do not
allow to constrain whether the H,O solubility continuously
increase with py,q at high pressures or a saturation value is
reached.

The D/H interdiffusion experiments revealed additional
information on the pressure dependence of the solubility of
H,O0 in sanidine. If diffusion controls the uptake of hydro-
gen species from the fluid, the water content of the feldspar
at contact with the fluid can be assumed to represent the
equilibrium solubility of H,O in the feldspar. Hence, the
fitting parameter A in Eq. (2) can be used to estimate the
H,O0 solubility.

As shown in Fig. 11a, the increase of water solubility
with py, 1s particularly pronounced between 0O and 1 kbar,
and the trend flattens at higher pressure. Data from water
solubility experiments at 500 bar and temperatures of 800
and 900 °C from Behrens (2021) are consistent with the
diffusion-based data. The temperature dependence of water
solubility is low (Fig. 11b), so that the temperature devia-
tion between solubility and diffusion experiments is insig-
nificant. However, it has not been clearly demonstrated that
equilibrium was reached after 240-480 h in the solubility
runs because no systematic time variation was performed
by Behrens (2021).

A constant solubility level at py,q is expected if a fixed
number of equivalent sites is available for water molecules.
This corresponds to the Langmuir model for gas adsorp-
tion on surfaces. On the other hand, a continuous increase
is expected in the case of energetically different sites to host
water molecules. Sites with strong bonding of the H,O mole-
cules are already occupied at low pressures, while those with
weak bonding are only occupied at higher pressures. Such
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conditions can be described, for example, with a power-law
approach.

The data show a trend of a continuous increase of water
solubility with pressure up to 8 kbar at 720-725 °C. How-
ever, due to the large scatter of the data, it is not possible
to prove such trend unambiguously. Both, the Langmuir fit

C, =93 +0.0778 - pyao/ (1 +0.001556 - pypr ), 1% = 0.77,

molecules. Since the defects with strong bonding of H,O are
saturated first, the mobility of the water molecules increases
with increasing water content.

For complex minerals such as feldspars an unequivocal
interpretation of experimental diffusion data is often not pos-
sible, i.e., when considering the uncertainty of the data and

f.s.e. of 10.4pg/g (15)

and the power law fit

C, = 9532+ 1.695 - pliiot, r* = 0.84, f.s.e. of 12.0pg/g
(16)

describe the trend of the data with similar precision,
i.e., when considering the estimated error of the data
of +20 pg/g. In these equations, C,, is in pg/g and py,q in
kbar. The power law is more consistent with the discussed
defect models and the diffusion data in Fig. 7 and is therefore
preferred.

There appears to be a small positive effect of tempera-
ture on H,O solubility at 2 kbar, but again the uncertainty
of the data is too high to prove such trend (Fig. 10b). This
becomes obvious when comparing the runs using D,0/CO,
mixtures with those using pure D,0. A higher water content
is expected for the experiments with pure D,O fluids due to
higher D,O fugacity but the data at 645 °C show the oppo-
site trend. Thus, the experimental data are also consistent
with a T-independent H,O solubility. Assuming a tempera-
ture-independent water solubility, we can estimate from the
two fit curves that the water content of the natural sanidine
of 129 ug/g corresponds to an equilibrium water pressure of
1—2 kbar in the late stage of the sanidine before eruption.

Conclusions

The mobility of hydrogen species in feldspars is strongly
related to pre-existing defects in the feldspar structure. From
the D/H exchange experiments it is inferred that isolated OH
groups in the sanidine and the adularia can mobilize protons
via Na/H interdiffusion but H,O is difficult to release since
unfavored defects such as oxygen vacancies are formed.
Comparison to oxygen diffusion data of Freer et al. (1997)
implies that under hydrothermal conditions both H,O mol-
ecules and protons contribute to the transport of hydrogen in
alkali feldspars. In-diffusing H,O is stored to large extent as
an associate with pre-existing defects, probably vacancies on
alkali sites. Variation of D/H interdiffusion coefficients and
surface concentration of water in the crystals with pressure
indicate that the defects have different bond strength for H,O

@ Springer

the variability of major and trace element composition as
well as structural states (e.g. degree of Al/Si ordering). To
test the proposed defect models and diffusion mechanism,
additional research is required. The measured data provided
in the electronic supplement may be used for a more in-depth
modelling of the diffusion processes. A promising approach
for further clarification is also computer simulation, which
has largely improved in the last decades.

Water solubilities derived from diffusion profiles and
from solubility experiments show that feldspars are diffi-
cult to use as hygrometers. The water contents of the feld-
spars are essentially determined by extrinsic defects, which
were often already incorporated during crystallization. The
nature and concentration of these defects is often poorly con-
strained, making direct conclusions about the water fugac-
ity of a magma from measured water contents of feldspars
nearly impossible. Extensive experimental tests and defect
studies are necessary to calibrate the method for specific
feldspars. This is very demanding and, in most cases, not
feasible.
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