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Abstract Studying diffusion of hydrogen in nominally anhydrous minerals, like clinopyroxene, at

low temperatures is a challenging task due to experimental and analytical difficulties. In this study, to
overcome these problems we have produced H concentration gradients in single crystals of natural diopsidic
clinopyroxene by ion implantation and measured the nanoscale profiles before and after diffusion anneals using
Nuclear Resonance Reaction Analysis. These steps allowed us to conduct experiments at temperatures between
195°C and 400°C. Obtained diffusion rates show a consistent Arrhenius relation D,= 5.47(+13.98) - 1072 - exp
(—=115.64(+11.5) kJ mol~'/RT) m?s~!. Notably, our results lie well within the range of extrapolations from high
temperature experiments (>600°C) of previous studies. This implies that fast diffusion of hydrogen (compared
to other elements) extends to low temperatures. We used these results in a non-isothermal diffusion model that
simulates the ascent of crystals (0.5, 1.0, and 2.0 mm) along two representative P-T-paths from 600°C to
100°C, to assess potential re-equilibration of H contents in clinopyroxene at low temperatures. Our model
highlights the need to carefully consider boundary conditions, which are a function of P-T-fO,, that control the
concentration gradient at the crystal's rim. The results from this model help to assess, as a function of crystal
size and cooling rate, when re-equilibration must be considered.

1. Introduction

The presence of hydrogen (often simplistically termed “water”) in nominally anhydrous minerals (NAMs)
has considerable implications for our understanding of Earth's dynamics. Properties such as melting (Hirth &
Kohlstedt, 1996), electrical conductivity (Fei et al., 2020; Karato, 1990), seismic response (Karato & Jung, 1998),
phase transitions (Ohtani & Litasov, 2006), and mechanical features (Chen et al., 2006) of a mineral are affected
already by trace amounts of hydrogen. Although measured concentrations of H in NAMs are very low (e.g.,
a few to several thousand ppm H,O, typically; e.g., Bell & Rossman, 1992; Le Roux et al., 2021; Warren &
Hauri, 2014) compared to those in common hydrous phases, when the hydrogen contents of a single mineral
are scaled to a planetary scale it becomes obvious that the amount of hydrogen that might be stored in the
mantle would make a large contribution to the earth's overall water budget and cycle (e.g., Hirschmann, 2006;
Hirschmann & Kohlstedt, 2012; Kohlstedt et al., 1996; Rossman, 1996; Smyth et al., 1991). Thus, it is not
surprising that great efforts have been invested in further exploring the role of hydrogen in NAMs since the early
works of Beran and Zemann (1969) on olivine and Skogby and others in clinopyroxenes (Skogby, 1994; Skogby
& Rossman, 1989; Skogby et al., 1990), as reflected in Volume 62 of Reviews in Mineralogy and Geochemistry
(Keppler & Smyth, 2006) and a vast number of more recent studies (e.g., Demers-Roberge et al., 2021; Ferriss
et al., 2018; Jollands et al., 2021; Liu & Yang, 2020; Moine et al., 2020; Padrén-Navarta et al., 2014; Reynes
et al., 2018; Thoraval et al., 2019; Tollan et al., 2017).

However, a legitimate question that remains is whether hydrogen concentrations that are measured in NAMs
collected on Earth's surface really represent the original H contents established in the mantle, or if these contents
were modified at some later stage for example, by alteration, metasomatism (Kilgore et al., 2020; Peslier
et al., 2015; Tang et al., 2020) or mineral-melt interaction (Le Roux et al., 2021; Lynn & Warren, 2021). In
spite of the growing number of experimental studies that reveal new details on hydrogen in NAMs and system-
atic studies about hydrogen contents in these minerals (Kumamoto et al., 2019; Warren & Hauri, 2014), stud-
ies that treat natural mantle xenoliths seem to yield contrasting results in terms of what the hydrogen content
actually recorded (Gose et al., 2011; Wang et al., 2021). Since diffusion controls the redistribution of hydro-
gen in a crystal it is crucial to determine rates of diffusive transport as a function of various parameters (e.g.,
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temperature, pressure, fO,, or mineral composition) to assess potential modifications of hydrogen contents at
different conditions. These quantities are known only by extrapolation of high temperature data because most
experimental data for H diffusion in NAMs have been collected only over a limited range of high tempera-
tures (800°C-1200°C for olivine, 600°C-1000°C for pyroxenes; e.g., Demouchy & Mackwell, 2006; Demouchy
et al., 2016; Ferriss et al., 2016, 2018; Hercule & Ingrin, 1999; Ingrin et al., 1995; Mackwell & Kohlstedt, 1990;
Stalder & Behrens, 2006; Stalder & Skogby, 2003; Woods et al., 2000) and may lead to large uncertainties on
extrapolation (Lynn & Warren, 2021).

To quantify the loss/retention of hydrogen at low temperatures (e.g., <<600°C) it is necessary to know the rates
of diffusion at those conditions. We combined two experimental methods, ion implantation and Nuclear Reso-
nance Reaction Analysis (NRRA), to develop a method for the determination of diffusion rates of H in NAMs at
low temperatures. Hereby we were able to quantify diffusion rates of hydrogen in clinopyroxene at 195°C—400°C,
temperatures that are associated with metasomatism, prolonged cooling of lava flows or eruption deposits, and
serpentinization and that are relevant for applications such as ascent chronometry (e.g., Demouchy et al., 2006;
Jollands et al., 2020; Newcombe et al., 2020). We use non-isothermal diffusion modeling with the newly obtained
diffusion rates to assess the feasibility of hydrogen re-equilibration during ascent of clinopyroxene from the
mantle.

2. Methods
2.1. Sample Preparation

For our diffusion experiments we used gem quality single crystals of diopsidic clinopyroxene (Cpx 25 in our
collection) from Pakistan that was obtained from a gem dealer. These had to have homogeneous surface areas
that were free of cracks (to avoid adsorbed water causing artifacts) and could accommodate the ion beam used for
NRRA analysis (spot @ 1-2 mm). The crystal used had an average formula of Na,, ,;Ca, osMg, ssFe**, ssFe* 0
Cry ;AL 0451, 93O (standard deviation of each formula unit <0.01). The composition was determined using a
Cameca SX Five FE electron microprobe operated at 15 keV and 15 nA using wavelength dispersive spectrome-
ters (Crystals used: LTAP for Na, Mg, TAP for Al, Si, LPET for K, Ti, PET for Ca, Cr and LLIF for Mn, Fe). Fe?*/
Fe3* ratios were estimated following Droop (1987). The standards used were jadeite (Na), San Carlos Olivine
(Mg, Si), orthoclase (Al, K), diopside (Ca), rutile (Ti), synthetic Cr,0, (Cr), spessartine (Mn), and fayalite (Fe).
The crystallographic orientation was verified by Laue analysis before large prismatic crystals (few cm in length)
were cut into several slabs (thickness ~3 mm) with the surface perpendicular to the crystallographic c-axis [001].
Additionally, crystals from the same collection have been studied using the TEM in other thesis projects in our
lab and the data show that these are clean clinopyroxenes (e.g., no exsolution or inclusions). The oriented crystals
were embedded in epoxy, ground, and finished with a final polishing (to 0.25 pm) using diamond paste. Additional
surface preparation (e.g., chemical polishing), as used in other studies in our laboratory (e.g., Miiller et al., 2013)
was considered not necessary because diffusion in this study was not studied in the near surface region (within
few tens of nanometer of the surface). Cuboids with a surface area of about 4 X 4 mm were produced from these
polished crystals (Figure 1). Finally, the samples were intensively cleaned using a routine involving deionized
water, acetone, and ethanol and checked for the quality of polishing in an optical microscope using reflected light.

2.2. Hydrogen Implantation

Hydrogen was implanted at the 500 kV accelerator at the Central Unit for lonbeams and Radionuclides (RUBION)
at the Ruhr-University Bochum, Germany. The depth of the implantation depends on the ion beam energy and
the material-specific stopping-power, s, which is an expression for the energy loss of the incident ion per distance
unit (e.g., keV/nm). Concentration profiles were simulated using the software SRIM (Ziegler et al., 2010) prior
to the actual implantation to determine the best choice of ion beam energy. Ideally, the latter is high enough to
produce a concentration peak at depths far from the sample surface so that the profile after diffusion experiments
is not (partially) superimposed by the surface peak that is related to adsorption of contaminants on the sample
surface. Notably, we observed in another study that the process of preparation can introduce excess hydrogen in
the near surface region in olivine (~first 100 nm, Figure S3 in Supporting Information S1). This aspect does not
interfere with the results of our study because (a) the measured hydrogen is on the surface of the crystal rather
than in it, and (b) the region of the crystal where diffusion is measured (~650 nm inside the crystal) is far removed
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Figure 1. Illustration of the experimental procedure. (a) Diopside crystals were oriented and cuboids with a surface area of ca. 4 X 4 mm were cut with their surfaces
perpendicular to the crystallographic c-axis (b) Polished sample surfaces were implanted by a hydrogen beam at 60 keV to produce concentration peaks at around

650 nm depth and 1 at% H (1,650 H,O ppm wt%) concentration maxima. The beam width is larger than the sample size and the implantation is operated in a scanning
mode (yellow line). (c) An analysis of the implantation profile by Nuclear Resonance Reaction Analysis (NRRA) to precisely define the initial diffusion setup (z,) was
followed by diffusion anneals at 195°C, 270°C, and 400°C in a gas mixing furnace (100 vol% CO,). Resulting diffusion profiles were finally measured with NRRA.
The non-destructive nature of the experimental design allows to obtain snapshots (profiles ¢, and t,) of the proceeding homogenization with time. Dimensions are not to

scale.

from the region of high H concentration near the surface (~few 10's of nm) (see Figure 1). Additionally, beam
energies should be small enough to deposit hydrogen at depths that are still easily accessible using NRRA (max.
depth ~2-3 pum). Fluences of 1.48-10'6 at/cm? were implanted at an ion energy of 60 keV and a beam intensity
of 15 pA, while the implantation area was about 1 cm in diameter. The hydrogen source was a duoplasmatron
and the ion beam was moved across the sample in a scanning mode during implantation to ensure homogeneous
lateral distribution of hydrogen (Figure 1). Implanted concentration maxima were located at around 650 nm from
the sample surface.

2.3. Nuclear Resonance Reaction Analysis (NRRA)

Hydrogen concentration profiles that result from implantation and diffusion experiments were measured
using NRRA. We limit the information about this method to the essentials and refer the reader to Becker and
Rogalla (2016) for a thorough description and to Bissbort et al. (2021) for an explanation in context of a diffu-
sion study. NRRA utilizes the nuclear reaction "H("’N,ary)!*C to detect hydrogen by bombarding the sample
with >N ions. Emitted y-rays have a specific energy of 4.4 MeV, which is characteristic for this nuclear reaction.
The y-rays are counted using a Nal(Tl) borehole detector with a high detection efficiency. The probability for
the nuclear reaction depends strongly on the '°N energy (width of the resonance window is 1.8 keV (Maurel &
Amsel, 1983)) with a resonance at 6,393.6 + 1.3 keV (Osipowicz et al., 1987) or at 6,399.1 + 2.9 keV (Becker

BISSBORT ET AL.

30f 18



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems 10.1029/2022GC010520

et al., 1995). 1N at the resonance energy will introduce the nuclear reaction in the very first atomic layers of the
sample surface that is, probe the hydrogen content at the surface. An increase in beam energy shifts the nuclear
reaction to greater depths, since '’N must loose energy by ion-sample-interaction first to attain the resonance
energy. Hence, entire hydrogen depth profiles can be obtained by increasing the beam energy by small incre-
ments (e.g., 20 keV) while maintaining the depth resolution of a few nm due to the strong energy-sensitivity
of the nuclear reaction. The detected y-rays are normalized to the incident beam ions (=yield) and are a direct
measure of the number of hydrogen atoms, thus making NRRA a standard-less technique. A conversion of the
beam energy to a distance unit requires the knowledge of the material-specific stopping-power s, which is a
function of the sample composition and density. We used the software SRIM (Ziegler et al., 2010) to calculate
the stopping-power for >N in clinopyroxene of the relevant composition. Dividing the difference between beam
energy and resonance energy (AE) by the stopping power yields the distance. Typical beam currents during
analysis were ~40 nA. NRRA is a nuclear method that is independent of chemical bonds (which depend on outer
electrons), thus the total hydrogen content is detected irrespective of its nature of bonding (e.g., H,, H,0, (OH)").
One initial calibration is sufficient, and no standards are needed in contrast to alternative methods (e.g., SIMS
or IR-spectroscopy) that are often used to measure hydrogen concentration profiles (for details on the calibration
see Traeger et al., 2011 and Becker & Rogalla, 2016). Most notably, NRRA is a non-destructive technique that
allowed us to measure the initial profile prior to experiments and to observe the development of diffusion profiles
with time within one sample.

2.4. Hydrogen Diffusion Experiments

Implantation of hydrogen produced concentration profiles that are approximately described by a normal
distribution with depth (depth of implantation maxima ~650 nm), with a minor excess of hydrogen along the
surface-facing side of the concentration peak (Figure 2a). Hydrogen concentration depth profiles were obtained
by NRRA in each sample after implantation and before diffusion experiments, thereby allowing us to characterize
the initial diffusion setup. Diffusion experiments were performed in a gas-mixing furnace using a K-type ther-
mocouple (NiCr-Ni). The furnace was flushed with 100 vol% CO, to establish non-oxidizing conditions during
experiments (it is not possible to control fO, at a specific value at the low temperatures of this study by mixing
CO and CO,). Experiments were terminated by dropping the samples in an actively cooled zone for fast quench.

3. Modeling of Hydrogen Diffusion

Diffusion profiles were fitted using an explicit numerical solution. Concentration changes with time at a specific
location are described by Fick's second law (Equation 1), with ¢ being the concentration, ¢ being time, x being
the distance, and D being the diffusion coefficient. A finite difference scheme was used to solve the diffusion
equation (Equation 2), with Az being the time step size, Ax being the distance step size, ¢ being

de(x, 1) D 0%c(x, 1)

1
ot 0x? M
Cij+l = Cij + % ey = 2¢ij + ciory] (2)
— 1 2
0t = 1y 2 (Cus(x) = Cea) 3)

the concentration with the two subscripts i and j being indices for space and time, respectively. The geometry
of the diffusion problem in this study involves a concentration gradient (i.e., implantation peak) that is located
far from the crystal surface (Figure 2). Thus, the system boundaries are unaffected by diffusion (i.e., infinite
medium) and are modeled to be open at both ends of each profile. The reader is referred to Costa et al. (2008)
for a detailed description of the numerical solution. Notably, the non-destructive NRRA allows us to measure
concentration profiles prior to experiments that are used as an initial condition (¢ = 0) in diffusion calculations
(i.e., providing c; , values). This approach provides an ideal description of the diffusion geometry, in contrast to
an assumed initial profile (e.g., Gaussian). Finally, this allows to model much smaller changes in hydrogen distri-
bution, and it eliminates the necessity to consider convolution effects.
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Figure 2. (a) Example for a hydrogen concentration depth profile produced by ion implantation and measured by Nuclear Resonance Reaction Analysis (NRRA)

(open circles). The shape of the peak can be described a Gaussian distribution (gray area). (b) The initial hydrogen implantation profile (open circles) broadened and
flattened due to diffusion at 195°C for 9.5 days (filled circles). The red line is the best fit of the numerical solution. (c) A time-series was performed in sample Cpx25_3
at 270°C. The obtained diffusion coefficients from best fits display consistency over time. (d) The concentration profile in Cpx25_1 was strongly modified after only

15 min at 400°C. The gray circles illustrate how a depth profile is affected if a fracture loaded with adsorbed atmospheric water interferes with NRRA analysis (i.e., the

ion beam spot).

Diffusion of hydrogen at experimental temperatures led to a broadening of the implanted concentration peak
while its maximum decreased. The resulting concentration profile could be satisfactorily fitted with a constant
diffusion coefficient D along the profile distance at a given temperature, which indicates that there is no observ-
able dependence of diffusion rates on hydrogen concentration. Experiments were conducted at three different
temperatures, 195°C, 270°C, and 400°C (Figures 2b and 2c). A timeseries of 3 experiments within one sample
(Cpx25_3) at 270°C gives insight on how the diffusion profile develops within one sample with increasing
experimental duration. It was also used to assess the suitability of our method for obtaining diffusion coefficients,
which is supported by almost constant diffusion coefficients (A ~ 0.24 log units, Figure 3) in this time-series.
D values were constrained by minimizing the misfit (o) between each measured concentration, ¢, (x), and the
corresponding calculated concentration, c,,,(x) at the same location (Equation 3). A summary of the experiments,
determined diffusion coefficients, and misfit oy, is provided in Table 1.

4. Comparison With Previous Studies

Diffusion rates that were determined in our experiments describe an Arrhenius relation D, = 5.47 (+13.98) - 1073
exp (—115.64 (+11.5) kJ mol~!/RT) m?s~! (purple solid line, Figure 4). Our experimental method allowed us to
explore diffusion of hydrogen in diopside (X, = Fe/(Fe + Mg) = 0.102) at low temperatures (195°C—-400°C).
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. ence, which is valid for all orientations, is expressed by an Arrhenius relation
D, = 5.04(x14.12) - 1077 - exp (—136 + 27 kJ mol~'/RT) m?s (gray solid
line, Figure 4).

Instead of dehydration experiments, Hercule and Ingrin (1999) performed

extraction-incorporation experiments in diopside crystals similar to those

80

120 160 200 240 used in Ingrin et al. (1995) at 700°C—1000°C at a pH, of 0.1 and 1 atm. Simi-

duration (min) lar to Ingrin et al. (1995) they observe that the kinetics are independent of

crystallographic orientation, but also of the partial pressure of H, and oxygen

Figure 3. Diffusion coefficients that were obtained from fitting concentration fugacity fO,. They determined an Arrhenius law D = 2.00 (+5.05) - 107 .

profiles from the time-series at 270°C yield constant values over time. The
range of scatter in log, D is about 0.24 log units and is larger than error
estimates calculated from error propagation. For further details see Appendix

A in Faak et al. (2013).

Table 1

Diffusion Experiments at 195°C, 270°C, and 400°C

exp (=126 + 24 kJ mol~!/RT) m?/s for this set of experiments (green dotted
line, Figure 4). The authors also carried out hydrogen-deuterium exchange
experiments in the same diopside at 600°C-900°C along [001], [100]*, and
[010] at 1 atm. They observe that diffusion along [001] and [100]* is two
orders of magnitude faster than the incorporation rate from the other exper-
imental setup. The Arrhenius relation is D= 3.98 (£7.33) - 10~ - exp (—149 = 16 kJ mol~!/RT) m?%s (green
dashed line, Figure 4). Diffusion along [010] is slower than in the other directions but one magnitude faster
than the H uptake. The related Arrhenius law is D, = 1.00 (£3.91) - 107 - exp (—143 + 33 kJ mol~'/RT) m?%/s
(green solid line, Figure 4). They conclude that incorporation of hydrogen is coupled to oxidation-reduction of
iron Fe** 4+ 0> + 1/2H, (g) = Fe** + OH". Hence, the rate of hydrogen uptake is a function of the crystals
Fe-content (Hercule & Ingrin, 1999).

Woods et al. (2000) used Jaipur diopside crystals (X, = 0.069) for dehydration experiments between 700°C
and 850°C and at fO, of 107!* bar. A comparison of diffusion rates between crystallographic orientations
shows that rates along [100] and [001]* are fastest with the Arrhenius relations D,= 7.94 (£34.75) - 1073 -
exp (—181 + 38 kJ mol~//RT) m%s (yellow dashed line, Figure 4) and D, = 3.98 (x14.67) - 10~* - exp
(=153 + 32 kJ mol~!/RT) m?/s (yellow solid line, Figure 4), respectively. The relatively narrow experimental
temperature range did not allow them to obtain a temperature-relation for diffusivity along [010]. However, their
experiments indicate that diffusion along [010] is an order of magnitude slower than in the other two directions.
The observed anisotropy agrees with the results from Hercule and Ingrin (1999). Woods et al. (2000) point out
that mm-size diopside crystals will be affected by re-equilibration at temperatures as low as 800°C.

Sundvall et al. (2009) used Fe-free diopside (X, ~ 0.0) that was synthesized at water-saturated conditions. Their
results from FTIR analysis of dehydration experiments at 800°C—1000°C indicate that diffusion rates along [010]
and [100]* are similar within error limits, which contradicts previous studies mentioned above. The Arrhenius
relation for [010] is D= 7.94 (£42.07) - exp (=331 + 50 kJ mol~!/RT) m?s (pink solid line, Figure 4). Diffusion
rates along [100]* exhibit an Arrhenius relation D,= 3.16 (+£17.48) - exp
(=312 + 55 kJ mol~!/RT) m?s (pink dashed line, Figure 4). These diffu-
sion rates are several orders of magnitude slower than in natural Fe-bearing
samples. This difference also applies to diffusion rates we obtained in our

Sample_experiment T (°C) Total duration D (m?%s) @i, natural diopside crystals when one extrapolates the high temperature data to

Cpx25_1_EXPI 400 15 min 350.10-7 0015 low temperatures (pink lines, Figure 4).

Cpx25_2_EXP1 195 9.5 days 3.71-10~%'  0.006 Ferriss et al. (2016) studied dehydration in Kunlun diopside (Xg, = 0.025),

CpX25_3_EXP1 270 40 min 4.95.10~1° 0.007 Jaipur diopside (XFe = 0075), and augite (XFe = 0180) at 800°C-1000°C at

Cpx25_3_EXP2 270 100 min 515.10-° 0010 an fO, at thf: QMF t?uffer. They ;.)rest.‘/nt an Arrhenius relation for isotropic
. hydrogen diffusion in Kunlun diopside D,= 1.59 (+31.02) - 10~° - exp

Cpx25_3_EXP3 270 220 min 8.50-107  0.006

(=100.4 + 2.7 kJ mol~'/RT) m?%s (blue solid line, Figure 4). Experiments

Note. For the timeseries the total duration is the sum of the dwell time.

in the Jaipur diopside and augite, which are more Fe-rich than the Kunlun
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temperature (°C) diopside, show faster diffusion of hydrogen at the same temperature. This
. 1200 900 700 500 400 300 200 suggests that higher Fe contents cause faster diffusion rates of hydrogen. The
' ' Te Fe L Fioisotopic —— 195 isotropic authors also compare diffusion rates of hydrogen between clinopyroxenes of
5 S 00 (e i Vari0}1s. Fe contents, inch.lding other studies. Th.er.e is an incFea.seA in diffusion
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2 101 7 dependence of hydrogen diffusion in clinopyroxene might not be adequately
g this study described by the Fe content, instead Al could also play a significant role as
Q -15+ has been shown for orthopyroxene by Kumamoto et al. (2019). Unfortunately,
o they do not provide Arrhenius relations for the Jaipur diopside and augite,
8"- -20 which precludes a direct comparison of results from these samples with
h results of our study. However, an extrapolation of the Arrhenius law that was
25 ] obtained for the Kunlun diopside is in excellent agreement with our results,
Do = 5.47 (+13.98) - 10° m*/s although X, is much higher in our diopside (0.102 vs. 0.025). The conform-
30 Q=1 1?'6 &1 '15) kJi moll ' : . ity of diffusion rates in our diopside and the Kunlun diopside despite substan-
5 10 15 20 25 tially different Fe contents (X, of our sample lies between that of the Jaipur
10%T (K™) diopside and augite) also indicates a more complex composition-diffusivity
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Figure 4. A comparison of published diffusion coefficients from high
temperature experiments (7 > 600°C) and associated Arrhenius relations A comparison of our diffusion rates with extrapolations from previous stud-
(colored lines) with results from this study (purple data, error bars smaller ies at high temperatures, highlights that we were able to resolve the outstand-
than symbols) confirm that latter lie well within the log,,D range predicted ing issue whether diffusion rates can be extrapolated from high temperatures

by extrapolation from high temperatures. F16 = Ferriss et al. (2016);
H&I99 = Hercule and Ingrin (1999); W00 = Woods et al. (2000);
S09 = Sundvall et al. (2009); 195 = Ingrin et al. (1995).

toward low temperatures. Our results lay well within the range that is
constrained by extrapolation of Arrhenius relationships from high temper-
ature experiments for Fe-bearing diopside to temperatures relevant in this
study (Figure 4). Although, we did not constrain diffusion rates as a function
of crystal orientation, previous studies (e.g., Hercule & Ingrin, 1999; Woods
et al., 2000) suggest that diffusion coefficients along [001] are greatest and like those along [100]. Therefore, it is
evident that the high diffusivity of hydrogen (compared to other elements) in clinopyroxene extends continuously
toward low temperatures.

Further, diffusion profiles in our experiments are well fitted by a simple (i.e., concentration-independent) numer-
ical diffusion model (solving Fick's second law, Equation 1) and diffusion rates as a function of temperature
describe an Arrhenius relation. The consistency of our results resolves two concerns that might arise when
implanted concentration distributions are to be used for diffusion studies. (a) Does the damage introduced by
ion implantation affect diffusion? (b) Is the implanted hydrogen bonded to the mineral matrix like “natural”
hydrogen? First, hydrogen is a light element and therefore causes less damage during implantation compared to
heavy elements at low energies (Zhang et al., 2009). Further evidence for a negligible damage of the sample is
provided by results of diffusion experiments. Sample damaging (i.e., introduction of defects) due to irradiation
follows a distribution similar to that of the hydrogen concentration. Thus, the region between the sample surface
and the end of the implantation peak is affected by irradiation damage, but not so the rest of the sample at greater
depth. If irradiation damage is thought to be intense enough to affect diffusion to a non-negligible extent, one
would expect this to be reflected in an asymmetric development of the concentration profile, caused by a different
diffusion rate and/or mechanism in the damaged zone compared to the pristine crystal. This was not observed
in our diffusion profiles (Figure 2). Regarding (b), IR-measurements of implanted hydrogen in olivine confirm
that all the implanted hydrogen is present as OH, similar to the bonding state of natural hydrogen (Schaible &
Baragiola, 2014). In this work we assume that clinopyroxene behaves the same way. Hypothetically, a change
from H or H, to OH during annealing in diffusion experiments would be expected to be accompanied by a change
in diffusion rate with time as the proportions of different H-species change. However, time-series experiments
feature a constant diffusion rate within uncertainties (Figure 3). Last, implanted hydrogen fluences of 1.48-10'
at/cm? are relatively low (peak maximum ~1 at% H; 1,650 wt. ppm H,O) but close to natural concentrations in
mantle pyroxenes (e.g., Warren & Hauri, 2014).
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5. Evaluation of Re-Equilibration of H in Clinopyroxene at Temperatures Below
600°C

5.1. A Non-Isothermal Diffusion Model

The newly determined diffusion rates at low temperatures offer us the opportunity to model changes in hydro-
gen concentrations in clinopyroxene due to diffusion at conditions that are relevant for late-stage hydration and
dehydration. Diffusive flux occurs when there is a cause that is, chemical disequilibrium, caused, for example,
in response to changes in temperature, pressure, oxygen fugacity (fO,), the speciation of accompanying fluids,
and solubility of hydrogen in clinopyroxene while a crystal of clinopyroxene ascends from the mantle to Earth's
surface, for example, in volcanic rocks such as kimberlites or during the process of emplacement of an ophiolite.
We have developed a model that simulates diffusion of hydrogen in clinopyroxene during its ascent, while the
system variables change according to temperature-pressure paths and associated conditions.

Diffusion is calculated as a temperature dependent process (non-isothermal). The diffusion equation is solved
using a finite difference model as described in Section 3. The diffusion coefficient D, changes during the calcu-
lation according to the change in temperature during ascent and is derived from our Arrhenius relation D,= 5.47
(+13.98) - 1078 - exp (—=115.64 (+11.5) kJ mol~!/RT) m?s~!. Possible effects of pressure and fO, on the diffusion
coefficient are not included as the former is expected to be weak and the latter is not constrained experimentally,
so that we do not have an fO,-exponent value to use. However, the variation of pressure and fO, in the surround-
ings plays an important role in the calculation through their influence on the boundary conditions. In our model
we illustrate the effect using a C-O-H fluid (carbon saturated) that surrounds the clinopyroxene crystal as it moves
along a specified P-T trajectory, with fO, set to vary along the QMF buffer. The associated fH,O affects the solu-
bility of OH in clinopyroxene (Keppler & Bolfan-Casanova, 2006). Boundary concentrations are adjusted to the
appropriate values of hydrogen concentration corresponding to the P-T-fO, condition at the rim of the crystal at
each time step. The initial condition is taken to be a homogeneous hydrogen distribution in the crystal at equilib-
rium at the P-T-fO, condition of the starting depth.

The degree of re-equilibration was calculated using Equation 4 where ¢, .., is the initial concentration, ¢ core
is the maximum concentration after cooling (usually in the core), and c,, corresponds to the final equilibrium
concentration (i.e., the concentration at the rim of the crystal) (Chakraborty & Ganguly, 1991; Costa et al., 2003;
Lynn et al., 2017).

re — equilibration (%) = Snitial = Cmodelcore o 1 6) @)
Cinitial — Ceq
The results provide an impression of how the hydrogen budget and its distribution in clinopyroxene is modified
and how this depends on the exhumation history and crystal size. We aim to clarify what the possibilities are
in terms of hydrogen re-equilibration, demonstrated through some representative calculations, rather than to
reproduce and resolve specific geological scenarios. Therefore, two P-T-fO,-paths were calculated that are taken
to lie along a continental (CT, 534°C/GPa) and an oceanic (OC, 226°C/GPa) geotherm, respectively. A detailed
description of the development of this model is provided in Appendix I. We underscore that these geotherms are
taken merely as examples of two P-T trajectories along which we model the H-content evolution of clinopyroxene
crystals, and not to describe any particular process. However, the approach that is developed may be used for any
natural system with variation of P and T along any trajectory. Non-isothermal diffusion of hydrogen was modeled
for clinopyroxene crystals of 2, 1, and 0.5 mm from 600°C to 100°C and the cooling rate (i.e., ascent rate) was
varied by orders of magnitude (1,000-0.1°C/yr) to study its effect on the progress of equilibration. Figure 5
displays both P-T trajectories whereas the modeled temperature range is indicated by dashed lines. The calculated
geotherm using parameters for a continental lithosphere (CT) yields higher temperatures compared to the oceanic
geotherm (OC) at same pressures, due to the assignment of higher radiogenic heat production to the former and a
thin oceanic crust of 10 km to the latter (instead of 40 km, see Appendix A for more details).

Although diffusion rates that were derived from the experimentally established Arrhenius relationship are the
same for both geotherms at similar temperature (D = f(T)), the pressure and therefore the solubility of OH in
the model clinopyroxene is different. Consequently, the starting point at 600°C corresponds to a higher pressure
of 2.35 GPa for the oceanic and a lower pressure of 1.11 GPa for the continental model geotherm, which corre-
sponds to 70.1 and 45.5 wt. ppm H,O, respectively. This difference is reflected in the initial state of our models
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Figure 5. A continental geotherm (CT), an oceanic geotherm (OC), and solubilities of hydrogen in clinopyroxene that
correspond to conditions along these PT paths (indicated by number labels and color) were calculated following the procedure
described in Appendix. Diffusion rates in our model change during ascent according to the Arrhenius relationship obtained

in this study (i.e., non-isothermal). Boundary concentrations that induce a concentration gradient change according to the
solubility. Temperature boundaries of the model are indicated by dashed lines (600°C—100°C).

(t = 0) by a homogeneous concentration plateau and boundary concentrations at these values (Figure 6, dotted
lines). A comparison of the evolution of hydrogen diffusion profiles in crystals of similar size that followed
different P-T-paths reveals that at the same cooling rate the hydrogen content in the clinopyroxene that traveled
along CT is more re-equilibrated than one that followed OC. This contrast is a consequence of different OH
solubilities along the two paths that define the boundary concentrations (i.e., a compositional gradient), but not
a result of different diffusivities. To further test the effect of solubility of OH on the progress of re-equilibration,
we changed the boundaries to a fixed low concentration (=0 wt. ppm) right from the start of diffusion process
until the final state is attained. We have done this for a cooling rate of 100°C/yr in 1 mm crystals along both
P-T trajectories (Figure 6, dashed lines). The obtained concentration profiles display an overall different shape
compared to the original model that includes variable boundary concentrations. Steeper flanks toward the crystal
surface are caused by a steep concentration gradient, which is present from the initial state, and which promotes
a strong diffusive flux. Most notably, the extent of re-equilibration proceeded much more when the model did
not include solubility-controlled boundary concentrations. Thus, a consideration of not only diffusivities, but of
the system variables such as fluid composition (or, more generally, P-7-fO,-fH,O conditions in the surrounding
medium) that finally control OH solubility in the mineral is necessary to obtain trustworthy estimates on ascent
rates or to assess the degree of re-equilibration. On the other hand, details of the profile shapes contain informa-
tion on how the boundary conditions evolved with time—this may be helpful in setting the boundary conditions
for modeling natural profiles.

5.2. Geological Implications

Hydrogen concentration profiles that result from non-isothermal diffusion modeling illustrate that below some
threshold in cooling rate (the absolute value of which depends on the nature of the surrounding medium) for a
given grain size the initial core concentration is no longer preserved. Small crystals at slow ascent rates show
advanced re-equilibration, which is reflected by flat concentration profiles at low values (Figure 6). These should
not be misinterpreted to be a sign for low water contents of the mantle, but to be results of a combination of
relatively fast diffusion of hydrogen in clinopyroxene even at low temperatures and low H solubilities at those
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Figure 6. Diffusion profiles calculated from our model for the continental geotherm (continental lithosphere [CT], left side) and the oceanic geotherm (OC, right side)
for crystal sizes of 0.5, 1.0, and 2.0 mm (top to bottom) using various cooling/ascent rates. The initial homogeneous OH concentration corresponds to the solubility of
OH in clinopyroxene at the starting condition (7}, = 600°C and corresponding pressure) and is indicated by the dotted line (~46 wt. ppm for CT, ~70 wt. ppm for OC).
Temperature labels below and above the profiles are apparent closure temperatures as a function of the cooling rate (taken from equilibrium temperatures corresponding
to concentrations at 15 pm from the surface). The gray dashed lines in the 1.0 mm models are calculated concentration profiles for a cooling rate of 100°C/yr, but

the boundary concentrations were in this case set to the final concentration (at 7= 100°C) right from the beginning. The substantial differences in shape and extent

of re-equilibration compared to the changing boundary concentration model emphasizes the influence of concentration gradients on the rate at which concentration
profiles change.
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Figure 7. Re-equilibration (req) mapped as a function of crystal size and cooling rate/ascent rate for the continental geotherm (left) and the oceanic geotherm (right).
Contours in both maps represent the extent of re-equilibration along these lines. The color gradient visualizes the re-equilibration (blue = OH content preserved;
white = completely re-equilibrated). The plotted lines at the top are re-equilibration profiles for 0.1 mm (green), 0.5 mm (blue), 1.0 mm (yellow), and 2.0 mm (pink)
obtained from the model (Equation 5). Symbols are the re-equilibration values calculated from the modeled diffusion profiles.

conditions. The dependence of re-equilibration on crystal size and cooling rate follows a systematic behavior that
can be described by Equation 5 for each P-T trajectory with the crystal size sz in mm, the cooling rate cr in °C/
yr, and the fitting parameters pla, plb, qla, q1b, q2a, and ¢2b (full description in Appendix B). This equation
provides a tool to estimate the progress of re-equilibration for the range of crystal sizes and cooling rates for a
given P-T-path, if the surrounding medium is a C-saturated C-O-H fluid (Figure 7).

plax sz’
cr? + qla X sz4 X cr + q2a X sz4%b

re — equilibration (%) =

)

These calculations have important geological implications, which we discuss below in the context of (a) ascent
chronometry and (b) water contents in NAMs as signature of a mantle source.

(a) Fast diffusion of hydrogen in NAMs has been identified to be a promising tool to model ascent/decompres-
sion rates of magma (Newcombe et al., 2020) or to estimate eruption timescales in volcanic settings (Jollands
etal., 2020). The principles of the method are that once an initial equilibrium water concentration was determined
(either from water concentrations in melt inclusions and K,(NAM/melt) or directly from preserved hydrogen
concentration plateaus in crystal cores) and concentration profiles that result from dehydration are measurable,
diffusion modeling can be applied to constrain ascent rates. Our model indicates that even very small clinopy-
roxene crystal sizes (<0.1 mm) potentially preserve original water contents at their cores at the lower boundary
values for estimates on typical ascent rates in volcanoes (e.g., 0.05 MPa/s) and temperatures below 600°C. This
implies, that the hydrogen distribution that results from diffusion in NAMs that travel along an adiabat (as an
approximation to transport in a melt during ascent), are “frozen in” at relatively high temperatures (Figure 8,
left). A modification of these at shallow depths are therefore less likely, and the measured profiles can be inter-
preted to record ascent rates at high temperatures. However, the uncertainty that is introduced by the choice of
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Figure 8. (Left) freezing temperature as a function of cooling rate. Clinopyroxene crystals that were transported in a melt during ascent in volcanic settings are
expected to experience fast cooling (>1,000°C/yr) and therefore preserve a hydrogen distribution that was established at higher temperatures. Slow exhumation (i.e.,
slow cooling) allows the modification of hydrogen distribution within nominally anhydrous minerals in response to lower equilibrium contents at the mineral boundary
at low temperatures. (Right) Differences in re-equilibration between the two geotherms for different crystal sizes and as a function of cooling rate (lines). In general,
differences in the degree of re-equilibration between crystals of the same size but that traveled along different geotherms are smaller for larger crystals. However, this is
complicated by a dependence on cooling rate. At low cooling rates larger crystals display greater differences in the degree of re-equilibration between both geotherms.
Notably, setting the boundary concentration to a constant value of O ppm (instead of a variable boundary concentration) introduces large differences in the degree of

re-equilibration (symbols).

boundary concentrations that induce a concentration gradient can be very large. For example, a simplification of
the problem to a scenario in which dehydration corresponds to a large concentration gradient from the beginning
(e.g., 0 ppm) produces overestimates on the order of an order of magnitude or so in cooling rates (see Figure 6,
dashed lines in 1 mm profiles, Figure 8, right) for the surrounding medium that was used in our model. Our model
highlights that when changing boundary concentrations are applied, which are a better approximation to natural
cases, the uncertainty in the determined cooling rates can be substantially reduced (Figure 8). Our model is set
up for calculating ascent in any system (e.g., volcanoes or emplacement of massive lherzolites), but the boundary
conditions in the model would need to be set according to the nature of the surrounding medium, and if it is not
a C-O-H fluid then Equation 5 would not apply (new calculations would be required to produce the equivalent
of Equation 5).

(b) The finding that NAMs from mantle xenoliths contain hydrogen led to the conclusion that these contents
represent hydrogen contents that are in equilibrium with a mantle source (Bell & Rossman, 1992). Although
NAMs incorporate only trace amounts of hydrogen, their major abundance in the mantle implies a large contri-
bution to Earth's overall hydrogen budget and cycle. The effect hydrogen has on various properties of miner-
als (e.g., rheology and melting temperature) highlights the importance of carefully evaluating its abundance
in mantle phases. Our results provide a basis to assess whether original hydrogen contents associated with a
mantle source can be preserved during ascent or might be modified, or even completely erased. This helps to
evaluate whether measured hydrogen concentrations in these natural samples can be interpreted as a mantle
signature. Figure 7 shows that mantle xenoliths that were transported to the surface in a kimberlitic magma
probably preserved the original hydrogen content due to the fast ascent rates (e.g., 5-37 m/s, Peslier et al., 2008),
even if their rim concentrations adjusted continually to decreasing pressure-temperature conditions. In the event
that the rim composition is buffered to some value by its surroundings, the extent of resetting would be even less
(for the same P-T trajectory). This means that OH concentrations that were measured for example, by Bell and
Rossman (1992) from a kimberlite source and by Peslier and Bizimis (2015) from Hawaiian peridotite are likely
those of a mantle source. However, slow cooling or dwelling at temperatures that are typical for serpentinization
(~300°C, Guillot et al., 2015) can erase a mantle signature in large crystals (2 mm) in a few thousand years
(Figure 9, left). Results from modeling hydrogen diffusion in clinopyroxene at 300°C illustrate the development
of the hydrogen distribution at temperatures associated with serpentinization, a process that was first suggested
by Lynn and Warren (2021) and is supported by the newly obtained low-temperature diffusivity constraints here.
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Figure 9. Modeling of isothermal diffusion at 300°C for a 2 mm crystal with constant boundary concentrations that mimics dwelling at a temperature that is
characteristic for serpentinization. The initial OH concentration (dotted line) is set to 80 OH (H,O wt ppm) Using different fixed boundary concentrations (numbers
above and below profiles) highlight their influence on the progress of re-equilibration and change in profile shape. (Left) Notably, the core concentration is in almost all
cases preserved after 2,000 years although boundary concentrations are very high (e.g., 500 wt ppm). However, concentrations in the rim have substantially changed.
(Right) The original hydrogen content almost completely re-equilibrated to the boundary concentration after 20,000 years at 300°C.

As an example, after 2,000 years at 300°C, diffusion strongly modifies the distribution from rim to core, while
the core content is almost preserved (dependent on the boundary concentration). Although, a mantle signature
could have been preserved in the core, the result highlights the requirement for a careful analysis of core contents.
Accurate measurements should prevent integration of hydrogen contents from the either dehydrated or hydrated
rim. Finally, after 20,000 years at 300°C the original hydrogen concentration is almost completely homogenized
(Figure 9, right); these effects are stronger in smaller crystals/diffusion domains (note that the distance to nearest
source of hydration/dehydration, e.g., a crack, is relevant in this context rather than the size of a grain).

While the above results follow from the experimental data that we have obtained, there are intriguing examples
of slowly cooled rocks containing high H bearing clinopyroxenes (Katayama et al., 2006; Konzett et al. (2008);
Urann et al. (2022)). These may be effects of composition of the clinopyroxenes, shielding by other phases (i.e.,
the nature of the surrounding medium—please see the discussion above), or the activation of different diffusion
mechanisms—these will need to be studied through future work.

6. Conclusion

Diffusion experiments at low temperatures (195°C—400°C) and non-isothermal modeling has resulted in the

following conclusions:

1. We applied an experimental and analytical procedure that enables us to study diffusion of hydrogen in
clinopyroxene at low temperatures (<400°C). It was possible to circumvent previous hindrances by using
ion implantation to introduce an artificial hydrogen concentration gradient. Concentration profiles on a
nm-scale and changes in these due to diffusion at experimental temperatures were measured using NRRA.
Taking advantage of the non-destructive nature of NRRA allowed us to observe the evolution of diffusion
profiles with time within one sample, and thereby resolve small differences in concentration profile shapes
before and after diffusion. Diffusivities are constant over time and show no concentration dependence. The
diffusion-temperature relationship is described by an Arrhenius law D, = 5.47 (+£13.98) - 1078 m%/s - exp
[-115.6 (+11.5) kJ/mol/RT].

2. A determination of diffusion coefficients for hydrogen in NAMs was possible only at high temperatures
(>600°C) up to now. However, re-equilibration at shallow depths far from the mantle source would occur
at lower temperatures. It was therefore crucial to experimentally verify whether diffusion rates from high
temperatures follow an Arrhenius relation to lower temperatures. Our experimental results from experiments
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between 195°C and 400°C prove that diffusion coefficients of hydrogen in clinopyroxene can be extrapolated
to low temperatures.

3. Non-isothermal diffusion modeling using the newly obtained diffusion coefficients at low temperatures
provides information on the degree of re-equilibration as a function of crystal size and cooling rate for a
specific P-T-fO,-path. We modeled the ascent of clinopyroxene (0.5, 1.0, and 2.0 mm) in a temperature
range of 600°C-100°C while the concentration at the boundaries are determined by the solubility of hydro-
gen in clinopyroxene coexisting with a C-saturated C-O-H fluid at the respective P-T-fO, conditions. Small
clinopyroxene crystals of 0.5 mm preserve original water contents at cooling rates >1,000-10,000°C/yr
(1-1073-1-10"2 m/s). However, at slow cooling rates (<10°C/yr) hydrogen contents in even large crystals of
2.0 mm size get substantially modified, thus erasing the hydrogen content equilibrated at mantle depths.

Appendix A: Development of a Non-Isothermal Diffusion Model With Variable
System Boundaries

We modeled diffusion of hydrogen in clinopyroxene of different sizes during their ascent along P-T trajectories
that are described by two geotherms (oceanic and continental) in a low temperature range of 600°C-100°C in
the presence of a C-O-H fluid that is carbon saturated. A calculation of OH concentration profiles that result
from these scenarios required a derivation of parameters that affect diffusion, which is outlined in the following.
A temperature-depth relationship was derived after Sclater et al. (1980), Equations A1-A3 and Table Al. The
quantities in Equations A1-A3 are explained in the table caption.

{surface — {base

h,

RHP = (AD)

7—::rusl = T() +

(base Z + (Gsurface — Gbase) X Ay <1 _ e—% ) (A2)

kl kl

(Z — Zcrus )
Tmanlle = nrusl_base + k—t X Gbase (A3)
2

Table A1
Parameters That Were Used to Compute Geotherms Associated With an Oceanic (OC) and a Continental (CT) Setting

Crust Mantle

p. (ke/ Gune  RHPWW/ k(WK p.. (ke G ko (WK
Setting  d, (km) m3) (mW/m?) cm?3) m) h, (km) m3) (mW/m?) m)

oC 10! 29002 344 0.89 2.514 10 33803 25.14 3.354
CT 40! 28303 46* 1.20 2.514 10 33807 34.0* 3.354

Note. d, = Thickness of the Crust, p, = Density of the Crust, g,.... = Surface Heat Flow, RHP = Radiogenic Heat production,
k.: thermal Conductivity of the Crust, #, = Ratio of Heat Flow to Heat Production, p = Density of the Mantle, ¢, = Heat
Flow base of Crust, k,, = Thermal Conductivity Mantle. 1 = Philpotts and Ague (2009), 2 = Carlson and Herrick (1990),
3 = Christensen and Mooney (1995), 4 = Sclater et al. (1980), 5 = Dziewonski and Anderson (1981).

The lithostatic pressure along the geotherms was calculated by integrating the densities with depth followed by
multiplication with the constant for acceleration due to gravity. The oxygen fugacity was assumed to be contin-
uously buffered by a QMF assemblage. Whether hydration or dehydration occurs also depends on the solubility
of hydroxyl in clinopyroxene at respective conditions and the availability of a hydrogen source (in this case a
fluid). The solubility of hydrogen in NAM is a function of pressure, temperature, and fH,O, but is also affected
by contents of certain elements (e.g., Al) and fO, (Liu & Yang, 2020). We used the solubility law, Equation A4,
and experimentally determined values by Liu and Yang (2020) and Bromiley et al. (2004) (dH = 21.2 kJ/mol,
dV = 7.3 cm®mol, A = 7.144 ppm/bar, n = 0.5) to describe solubility of hydroxyl (c,,, in wt. ppm H,O) in
clinopyroxene as a function of temperature, pressure, and H,O fugacity (fH,O). The latter is controlled by the
speciation of the present fluid, which was determined from thermodynamic modeling of a C-O-H (carbon satu-
rated and fixed fO, at QMF) fluid as a function of temperature, pressure, and fO, following the procedure in

BISSBORT ET AL.

14 of 18



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems 10.1029/2022GC010520

Huizenga (2005). The database of fugacity coefficients of the species used in Huizenga (2005) had to be extended
by extrapolation in P-T space (between 100°C and 300°C), which is a sufficient approximation for our purpose.
OH contents that were derived from the solubility law were used as boundary concentrations that were constantly
changing (i.e., decreasing) and thereby introducing a concentration gradient at the system boundaries.

(A4)

; dHlbar + stolidP
cwaer = AfH20"exp (——

RT

In the final model, the rate of diffusion is affected by changes in temperature and was thus computed as
non-isothermal process by allowing the diffusion coefficient to change according to the respective temperature.
The diffusion coefficients were derived through the Arrhenius relationship D,, = 5.47(+13.98) - 108 m?%s - exp
[-115.6 (+11.5) kJ/mol/RT] which was obtained through our experiments. Effects of pressure and fO, on hydro-
gen diffusion in clinopyroxene are experimentally weakly or not constrained. The actual diffusion modeling was
performed by approximating Fick's second law (Equation A5) by an explicit numerical solution (finite difference,
Equation A6).

de(x,1) . d%c(x, 1)

ot ox? (A5)

D - At
Ax?

Cij+l = Cij + : [Ci+1,j = 2¢; + Ci—lvj] (A6)
The initial condition (¢ = 0) for the diffusion model is a homogeneous hydrogen distribution in the crystal. This
initial concentration corresponds to the solubility of OH in clinopyroxene at the starting P-T-fH,O condition.
During the diffusion calculation the diffusion rate D,, is continuously changed according to the temperature at
that time step. All codes that were used in these calculations are provided in Supporting Information S1.

Appendix B: Fitting Re-Equilibration as a Function of Crystal Size and Cooling Rate

Re-equilibration is defined by Equation B1 with ¢, ;. being the initial OH concentration (¢ = 0), ¢, 41 core PEINE
the OH concentration in the crystal core after diffusion, ¢ guipriym at 7¢rinay PEING the equilibrium concentration at
the final temperature (here 100°C). The degree of re-equilibration is calculated for each crystal size, cooling rate,
and geotherm. The re-equilibration—cooling rate relationship (Figures S1 and S2 in Supporting Information S1)
is then fitted using Equation B2 to obtain parameters pl, g/, g2 for each geotherm and crystal size (Table B1).
MATLAB curve fitting tool and the implemented non-linear least square procedure (Levenberg-Marquardt algo-
rithm) was used for all fitting procedures that are described in this chapter.

Cinitial — Cmodel core % 100

re — equilibration (%) = (B
Cinitial — Cequilibrium at T'(final)
re — equilibration (%) pl B2
- u 1 -
d ’ crr+ gl Xer+q2 (B2)
Table B1
Parameters pl, ql, q2 Obtained by Fitting Re-Equilibration—Cooling Rate Relationships for Each Crystal Size and
Geotherm
Geotherm/crystal size pl ql q2 R?
CT/0.5 mm 9.972-10° 1.955:10° 1.118:10° 0.9826
CT/1.0 mm 9.492:10° 7.668:10? 1.081-10* 0.9955
CT/2.0 mm 8.962-10* 2.665-10? 1.060-103 0.9958
OC/0.5 mm 1.889:10'° 1.307-107 2.067-10% 0.9668
OC/1.0 mm 4.902-10° 9.293-10? 6.008-10° 0.9899
0OC/2.0 mm 9.555-10* 7.263-10? 1.220-103 0.9990
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The fitting parameters p/, g1, and g2 were then fitted as a function of crystal size for both geotherms using simple
power-law equations (Equations B3-B5, Table B2).

pl = plax sz'"® B3)
ql = qlax sz (B4)
q2 = q2a x sz (BS)

Table B2
Parameters Obtained by Fitting Re-Equilibration as a Function of Crystal Size (sz) and Cooling Rate (Cr) for the Two
Geotherms CT and OC

Parameter CT oC

pla 9.4663-10° 9.6171-10°
plb —3.399 —8.8003

R? 1.00 1.00

gla 7.3650-107 2.0662-10*
qlb —1.4375 —7.0677

R? 0.99 1.00

q2a 1.0861-10* 1.1485-10°
q2b —3.3604 —8.6851

R? 1.00 1.00

Substituting parameters pl, gl, and g2 in Equation B2 by the power-law Equations B3-B5 above yields the
following Equation B6 that was used to calculate re-equilibration in % as a function of crystal size sz in mm and
cooling rate cr in °C/yr for both geotherms.

plax szP'®

B6
cr? + gqlax sz9' X cr + q2a X sz (B6)

re — equilibration (%) =

Data Availability Statement

The entire data set, all MATLAB®© programs that were used in this study, and instructions on how to use the
data are given in Supporting Information S1. All data is accessible and can be downloaded from https://doi.
org/10.5281/zenodo.7290350.
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