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Electrical conductivity of water-rich omphacite and garnet in eclogite was measured at 1 GPa and 200–800°C in a piston cylinder press and by a Solartron-1260 impedance/gain-phase analyzer at 106-1 Hz frequency. The water content of pre-annealed omphacite and garnet was 775–2,000 and 705–1,460 ppm H2O, respectively. Sample chemistry and water contents remained unchanged during conductivity runs. At otherwise identical conditions, the conductivity of both minerals increases with both temperature and water content, and the water content exponent is ∼1.45 and 1.12 for omphacite and garnet, respectively. The activation enthalpy is ∼70 kJ/mol for omphacite and 84 kJ/mol for garnet and is broadly independent of sample water content. Combining with previous work, the conductivity dependence of omphacite on water content differs between water-rich and water-poor conditions, due to different types and mobility of water in samples that are closely related to its incorporation mechanism; in contrast, the conductivity dependence of garnet with a similar type of water is comparable over a wide range of water contents. The estimated bulk conductivity of eclogite at water-rich conditions is very high, up to ∼0.01–0.1 S/m at 600–900°C. Geophysically resolved high resistivity of subducting crusts at 70–120 km depth suggests extremely low water contents of omphacite and garnet in the eclogitized slab. The data provide support to the model based on omphacite and garnet conductivity at water-poor conditions that the amount of water recycled by crust subduction to the deep mantle is probably limited.
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INTRODUCTION
Electrical conductivity of a rock matrix is sensitive to the presence and character of water in the system. By combining laboratory conductivity measurements of Earth materials with geophysically resolved electrical structure of Earth’s interior, the water content in the crust and mantle may be inferred (Karato, 2006). Eclogite, consisting mainly of omphacite and garnet, is the dominant constituent of subducting crusts exceeding about 30 km in depth where the eclogite–facies metamorphism occurs. In recent studies, it has been established that the conductivity of eclogitic omphacite and garnet is determined by Fe and water (structurally bound hydroxyl) in them (Liu et al., 2019; Zhang et al., 2019; Liu et al., 2021a). By considering the mineral chemistry of subducting crusts and the resolved electrical structure, Liu et al. (2021a) inferred that the water content of omphacite and garnet in the downgoing crust at 70–120 km depth is globally low, <400 and <80 ppm H2O, respectively. This means extremely low water activity during the eclogite–facies metamorphism and in the subducting crust and the absence of appreciated amounts of hydrous minerals in the system, indicating the limited role of crust subduction in transferring water to depths beyond ∼70 km (Liu et al., 2021a).
The discovery of Liu et al. (2021a) relies on conductivity studies of samples with low water contents, ≤300 ppm H2O in omphacite and ≤150 ppm H2O in garnet. The water content of omphacite and garnet in subduction-related massif eclogites, that were once subducted to > 90 km depth and then exhumed to the surface by tectonic movements, is greater than 1,500 ppm H2O (Langer et al., 1993; Katayama and Nakashima, 2003; Xia et al., 2005; Sheng et al., 2007). Under water-rich conditions, if the activation enthalpy of omphacite and garnet conductivity decreases strongly as reported for other minerals, such as olivine, wadsleyite, and ringwoodite (Yoshino et al., 2008; Poe et al., 2010), the conductivity at high temperature could be reduced to a level similar to that at water-poor conditions, and the conclusion of Liu et al. (2021a) may then not hold. Hence, a careful evaluation of omphacite and garnet conductivity under water-rich conditions is critical for assessing the deep recycling of water by crust subduction. In this study, we have experimentally measured the conductivity of omphacite and garnet in eclogite with up to ∼2,000 ppm H2O. The data demonstrate that the activation enthalpy of water-rich omphacite and garnet is not significantly reduced, relative to water-poor conditions, and the conductivity generally increases with increasing water content over a large variation. The results confirm the model given by Liu et al. (2021a) that oceanic crust subduction probably recycles a very limited amount of water into deep Earth.
EXPERIMENTS AND METHODS
Sample Characterizations
Starting omphacite and garnet were the same as those in the study by Liu et al. (2019) for conductivity runs at water-poor conditions and were separated by handpicking under a binocular microscope from a fresh eclogite sample from Weissenstein, Münchberger Gneiss Massif (Germany), a famous region related to slab subduction and exhumation (Franz et al., 1986). Compositions of the omphacite and garnet, especially Fe content, are moderate of those in global massif eclogites and are thus representative (Liu et al., 2019). Optically clear omphacite and garnet grains were annealed with minor distilled water in Ni capsules in a piston-cylinder press at 1–2 GPa and 750–900°C (80–120 h) to homogenize the water distribution. Annealed samples were ground to 30–80 μm in size and cold-pressed into 3 mm diameter and 1.6–1.8 mm length cylinders for subsequent conductivity experiments.
Sample chemistry was measured by a JXA-iSP100 Electron Microprobe, at 15 kV accelerating voltage, 20 nA beam current, and 5 µm beam diameter. The water content of omphacite and garnet was determined with a Bruker Vertex 70 V Fourier-transform infrared (FT-IR) spectrometer coupled to a Hyperion 2000 microscope. For anisotropic omphacite, pre-annealed relatively large grains were analyzed by a polarized beam along with three orthogonal directions of each grain (Shuai and Yang, 2017), and fine-grained samples after conductivity runs were measured by an unpolarized beam on ∼15 randomly oriented crystals in each sample (Qiu et al., 2018). For cubic garnet, the samples were analyzed by an unpolarized beam and averaged over > five grains. A wire-grid ZeSe polarizer was used to generate the polarized beam. The Beer–Lambert law was used to calculate water content, and the mineral-specific integral molar absorption coefficients of Katayama et al. (2006) for eclogitic omphacite and garnet were applied. The uncertainty of water content arising from spectral baseline corrections is usually < 10%. The general results of this study are not affected by the choice of these calibration coefficients, as documented by Liu et al. (2019) and Liu et al. (2021a).
Impedance Measurements
Conductivity runs were conducted at 1 GPa in a piston-cylinder press. Impedance was measured with a Solartron 1260 Impedance/Gain-Phase Analyzer, with frequency sweeping at 1061 Hz and 0.5 V applied voltage. The assembly design follows that in our previous studies (Yang et al., 2011, Yang et al., 2012; Yang, 2012; Yang and McCammon, 2012; Li et al., 2016; Li et al., 2017; Liu et al., 2019; Liu et al., 2021a; Liu et al., 2021b). In brief, BN-Ni double capsules were used, in which the sample, two Pt electrodes, Ni-NiO buffer pairs, and a type-S thermocouple were located. The assembly yields a relatively sealed chamber, which helps maintain sample geometry and buffer redox state, and sample Fe loss to Pt electrodes is negligible, as documented previously (Yang et al., 2011, Yang et al., 2012; Yang and McCammon, 2012; Liu et al., 2021b).
Before assembly, the Al2O3 parts were pre-heated at 1,000°C for ∼4 h to remove absorbed water, and during assembly, no glue/cement was used to immobilize the various parts to avoid volatile release at a high temperature that influences impedance analyses. Upon finishing the assembly, it was heated at 136°C in an oven overnight. After loading the assembly into the press and reaching the target pressure, the sample was heated again at 200°C. To avoid water loss by diffusion, impedance spectra were recorded in different heating–cooling cycles at 200–800°C.
After each run, the recovered sample was polished for optical examination and FT-IR and microprobe analyses. In general, no other phases were observed, Ni–NiO pairs were present, and sample distortions were negligible. Conductivity (σ) was calculated by σ = L/(A·R), where L and A are the length and cross-section area of recovered samples (by considering the effective contact between sample and electrodes), respectively, and R is the resistance by fitting the high-frequency arc in the impedance spectra (as discussed below). Uncertainty is < 20°C for temperature, for example, the thermal gradient along the capsule length and is usually < 10% for conductivity (Yang et al., 2011; Yang et al., 2012; Yang and McCammon, 2012).
RESULTS
Sample chemistry demonstrates nearly no change during the conductivity runs (Table 1). FT-IR spectra of typical pre-annealed samples are presented in Figure 1, along with the spectra of low water content samples from the study by Liu et al. (2019) for comparison. All spectra show OH bands at 3,700–3,100 cm−1, with peaks located at ∼3,620, 3,520, and 3,450 cm−1 in omphacite and ∼3,605 cm−1 (asymmetric) in garnet, and shapes and frequency positions of the bands agree with those in previous reports for the corresponding natural and H-annealed minerals (Langer et al., 1993; Katayama and Nakashima, 2003; Xia et al., 2005; Katayama et al., 2006; Sheng et al., 2007; Schmädicke and Gose, 2017; Jiang et al., 2022). H2O content is ∼775, 1,395, and 2,000 ppm in omphacite and 705 and 1,460 ppm in garnet (Table 2). For omphacite, the spectral shapes differ between water-rich (775–2000 ppm H2O, H-annealings at 750–900°C, this study) and water-poor (85–290 ppm H2O, H-annealings at 650–700°C, Liu et al., 2019) conditions, with enhanced bands at ∼3,620 cm−1 and broadened bands at 3,700–3,100 cm−1 in the former case; for garnet, spectral shapes are similar over a large variation in water content, except for broad bands at water-rich (705–1,460 ppm H2O, H-annealings at 800–900°C) conditions.
TABLE 1 | Composition of omphacite and garnet in eclogite (wt%).
[image: Table 1][image: Figure 1]FIGURE 1 | Representative FT-IR spectra of pre-annealed omphacite and garnet. (A) Polarized spectra of omphacite along with three orthogonal directions (X′, Y′, and Z′) and (B) unpolarized spectra of garnet (see text). Spectra of 150 ppm H2O omphacite and 100 ppm H2O garnet (bottom in each panel) are from Liu et al. (2019). Spectra were normalized to 1 cm thickness and vertically offset. Omp, omphacite; Grt, garnet.
TABLE 2 | Summary of samples and fitting parameters in conductivity runs.
[image: Table 2]Representative impedance spectra of the samples are shown in Figure 2. Usually, spectra show a high-frequency arc and a low-frequency short tail in each spectrum, resembling those reported for silicate minerals (Huebner and Dillenburg, 1995; Dai and Karato, 2009; Yoshino et al., 2009; Poe et al., 2010; Yang et al., 2011; Yang et al., 2012; Zhao and Yoshino, 2016; Li et al., 2017; Zhang et al., 2019; Liu et al., 2021b). The arc is commonly attributed to grain interior conduction and tail to sample-electrode reactions (or electrode effects). Conductivity (σ) of silicate minerals as a function of temperature is described by the Arrhenius relation:
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where σ0 is the pre-exponential factor, ΔH is the activation enthalpy, R is the ideal gas constant, and T is the absolute temperature. Conductivity in the first heating cycle was usually subjected to residual moistures in the system, yielding data not following Eq. 1 as documented in similar work (Yoshino et al., 2009; Yang et al., 2012; Li et al., 2016; Li et al., 2017; Liu et al., 2019; Liu et al., 2021a; Liu et al., 2021b), and relevant data were excluded. The conductivity of samples and their fittings are plotted in Figure 3, and parameters by fitting the data to Eq. 1 are summarized in Table 2. Data in each run are reproducible between different heating–cooling cycles. The obtained activation enthalpy is ∼70 and 84 kJ/mol for omphacite and garnet, respectively (Table 2). The conductivity of both minerals increases with temperature and water content at otherwise identical conditions, which is in line with previous work on nominally anhydrous minerals (NAMs) (Dai and Karato, 2009; Yoshino et al., 2009; Poe et al., 2010; Yang et al., 2011; Yang et al., 2012; Yang and McCammon, 2012; Zhao and Yoshino, 2016; Liu et al., 2019; Liu et al., 2021a; Liu et al., 2021b; Zhang et al., 2019).
[image: Figure 2]FIGURE 2 | Representative impedance spectra of (A) omphacite (A257) and (B) garnet (A275). Z′ and Z″ are the real and imaginary parts, respectively. An equivalent circuit of a single R-CPE circuit element, a resistor R, and a constant phase element (CPE) in parallel was used to fit the high-frequency arc in each spectrum. The number close to each spectrum is the temperature (°C), and insets show spectra at high temperatures. Omp, omphacite; Grt, garnet.
[image: Figure 3]FIGURE 3 | Conductivity of (A) omphacite and (B) garnet. Red and blue denote water-poor and water-rich conditions, respectively, with water content shown (ppm H2O) for each sample. (A) Red and blue solid lines are multilinear fittings by Eq. 2 to the data of water-poor and water-rich samples, respectively, and dashed blue lines by applying the parameters of water-poor omphacite to water-rich conditions (see text). (B) Solid lines are multilinear fittings to the data of all samples, marked as red and blue for water-poor and water-rich samples, respectively. Uncertainty is usually smaller than symbol sizes. Compiled data: Z19, Zhang et al. (2019) at 3 GPa for a synthetic Fe-free omphacite (50 ppm H2O); D09, Dai and Karato (2009) at 8 GPa for a pyrope (∼7.42% FeO and 160 ppm H2O). Omp, omphacite; Grt, garnet.
To quantify the effect of water content on sample conductivity, the data are further modeled by
[image: image]
where σ′ 0 is a constant, CH is the water content, r is a factor linked to the nature of charged H species, and ΔHH is the activation enthalpy. This assumes that conduction in the hydrous omphacite and garnet is dominated by protons (H) over the studied temperature range (see also discussion below). The parameters by applying Eq. 2 to the samples, using a multilinear fitting to the data of each mineral, are given in Table 2. The yielded activation enthalpy (ΔHH) and exponent (r) are ∼71 kJ/mol and 1.45 for omphacite and ∼84 kJ/mol and 1.12 for garnet, respectively.
COMPARISON WITH PREVIOUS WORK
Conductivity measurements at water-rich conditions in this study are based on minerals separated from the same starting eclogite as that at water-poor conditions as in the study by Liu et al. (2019). Thus, the comparison of mineral conductivity data between these reports is straightforward. For both omphacite and garnet, the conductivity systematically increases from low to high water content (Figure 3).
For omphacite, the samples can be classified into two groups: at water-poor conditions, the activation enthalpy is ∼82 kJ/mol and the water content exponent is ∼1.10 (Liu et al., 2019); at water-rich conditions, the activation enthalpy is ∼70 kJ/mol and the water content exponent is ∼1.45 (this study) (Table 2). A global fit of all the conductivity data using Eq. 2 is unlikely. With the parameters of the low water content samples, the modeled conductivity at an assumed high water content is apparently lower than that of the measured value (Figure 3A). This implies different conduction mechanisms between the water-rich and water-poor conditions (see also conduction mechanism Section below). The conductivity of the omphacite samples, regardless of the water content, is greater than that of an Fe-free omphacite with ∼50 ppm H2O (Zhang et al., 2019). This reflects the significant role of Fe and water in enhancing omphacite conductivity (Zhang et al., 2019; Liu et al., 2021a).
For garnet, the determined activation enthalpy is similar between water-poor and water-rich conditions (Table 2). At water-poor conditions (40–100 ppm H2O), the activation enthalpy is ∼90 kJ/mol, and the water content exponent is ∼1.07 (Liu et al., 2019); at water-rich conditions (705–1,460 ppm H2O), the activation enthalpy is ∼84 kJ/mol, and the water content exponent is ∼1.12 (Table 2). A global fit of the conductivity data of all the samples by Eq. 2 yields the activation enthalpy of ∼87 kJ/mol and the water content exponent of ∼1.11 (Table 2, r2 > 0.97). This may reflect the similar conduction mechanism in these garnet samples (see also conduction mechanism Section below). The conductivity of a pyrope garnet (Dai and Karato, 2009), with a lower Fe content (total Fe expressed as FeO of ∼7.4 wt% vs. 26.5 wt% in this study) and 160 ppm H2O, falls between our water-poor and water-rich samples, and the broadly consistent trend could be related to the more significant effect of water on conductivity.
CONDUCTION MECHANISMS
In Fe- and OH-bearing NAMs, the conduction includes the contribution from both small polarons (e.g., hopping of electron holes between Fe2+ and Fe3+) and protons (H). The bulk conductivity is then given by σ = σFe + σH, where σFe is caused by small polaron conduction and σH is related to proton conduction. In most cases, σFe ≪ σH so that σ ≈ σH (Dai and Karato, 2009; Yoshino et al., 2009; Poe et al., 2010; Yang et al., 2011, Yang et al., 2012; Yang, 2012; Yang and McCammon, 2012; Zhao and Yoshino, 2016; Liu et al., 2019; Liu et al., 2021a; Liu et al., 2021b; Zhang et al., 2019). Therefore, the main charge carriers in the omphacite and garnet samples, either water-poor (Liu et al., 2019) or water-rich (this study), are protons. The activation enthalpies of 70–90 kJ/mol (Table 2) are similar to those reported for proton conduction in various NAMs in the available studies noted earlier.
The different behaviors of conduction between water-poor and water-rich omphacite, concerning the activation enthalpy (∼82 vs. 70 kJ/mol) and water content exponent (∼1.10 vs. 1.45) as also mentioned before, suggest that the mobility of the charged protons is probably different. As documented by Jiang et al. (2022), the infrared absorption bands of structural hydroxyl in omphacite evolve with increasing temperature under otherwise identical conditions, in that the band at ∼3,620 cm−1 is gradually enhanced and the broadening of the whole bands becomes significant. This is probably related to the temperature-driven cation rearrangements in the lattice and the transition of the space group from the ordered P2/n at low temperature to the disordered C2/c at high temperature, which influences the incorporation of water into the mineral structure (Jiang et al., 2022). The transition temperature of the space group is pressure-dependent, for example, 750°C–800°C at 1 GPa and 850°C–900°C at 2 GPa (Jiang et al., 2022). This produces different spectral shapes, and thus types, of hydroxyl between the water-rich and water-poor omphacite (Figure 1A) due to H-annealing at high and low temperatures (Table 2). The different types of water, and their possible different mobility, may lead to a difference in conductivity (Figure 3; Table 2). The incorporation mechanisms of water into omphacite have so far, however, not been resolved, as documented elsewhere (Jiang et al., 2022 and references therein). This impedes further discussion on the exact mechanism of proton movements in omphacite between water-poor and water-rich conditions.
For garnet, the conductivity at water-poor and water-rich conditions can be well-modeled by the same Eq. 2, indicating the similar type and mobility of the charged protons. This is supported by the similar spectral shapes of hydroxyl in the water-rich and water-poor garnet (Figure 1B), differing strongly from those in omphacite (Figure 1A). The water content exponent close to unity is similar to that reported for many NAMs, for example, clinopyroxene, orthopyroxene, plagioclase, garnet, and olivine (Yoshino et al., 2009; Yang et al., 2011; Yang et al., 2012; Yang and McCammon, 2012; Zhao and Yoshino, 2016; Liu et al., 2019; Liu et al., 2021a; Liu et al., 2021b; Zhang et al., 2019). Knowledge of the incorporation of water in garnet is key for understanding the mechanism of proton conduction. In the past, the incorporation of water in garnet was often assumed to be related to hydrogarnet defects, for example, by four protons replacing a Si4+ (Ackermann et al., 1983). However, recent studies show more complexity in the assignments of water in garnet, and not only Si but also Fe, Mg, and F affect water incorporation (Mosenfelder et al., 2022; Zhang et al., 2022). The difficulty in assigning the water bands makes it difficult to place further constraints on the microscale mechanism of proton conditions in garnet.
GEOPHYSICAL IMPLICATIONS
Experimental studies have shown that for a variation of several GPa only, the effect of pressure on the conductivity of omphacite and garnet in eclogite is less (Dai and Karato, 2009; Liu et al., 2021a), similar to that reported for other silicate minerals (Xu et al., 2000; Dai and Karato, 2014; Liu et al., 2021b). This ensures the modeling of the bulk conductivity of eclogite in subducting crusts. The bulk conductivity under water-rich conditions is modeled from the constituting omphacite and garnet, following the method of Liu et al. (2019), Liu et al. (2021a). The modeling does not take into account minor accessory phases (e.g., phengite and rutile) in the matrix because they are, if present, usually texturally isolated and do not contribute to bulk conductivity. The mineral fabrics and textures, for example, aligned grains, do not influence the modeling because garnet is isotropic and the electrical anisotropy of OH-bearing clinopyroxene is negligible (Yang, 2012).
The Hashin–Shtrikman upper (σHS+) and lower (σHS-) bounds (Hashin and Shtrikman, 1963) are used to calculate the bulk conductivity:
[image: image]
where σ1/σ2 and v1/v2 are the conductivity and volume fraction of the two constituents (assuming σ1>σ2), respectively. The water partition coefficient is assumed to be ∼0.2 between eclogitic garnet and omphacite (DGrt/Omp), as reported by Katayama et al. (2006). Using the parameters in Table 2 and Eq. 2, the conductivities of omphacite and garnet are calculated as a function of water content by assuming 800 and 2,000 ppm H2O in omphacite and 160 and 400 ppm H2O in garnet. For simplification, we consider a 50% + 50% volume fraction model of omphacite and garnet, and the modeled results are given in Figure 4. The conductivity of water-poor eclogite, for example, 400 ppm H2O in omphacite and 80 ppm H2O garnet, is also calculated according to the results of Liu et al. (2019).
[image: Figure 4]FIGURE 4 | Bulk conductivity of eclogite for a modal composition of 50% omphacite + 50% garnet. The assumed water contents are 400, 800, and 2,000 ppm H2O for omphacite and 80, 160, and 400 ppm H2O for garnet (see text). The shaded region marks the estimated conductivity of the eclogitized crust at 70–120 km depth by electromagnetic surveys (Vanyan et al., 2002; McGary et al., 2014; Ichiki et al., 2015; Araya Vargas et al., 2019).
The modeled results demonstrate that the activation enthalpy, or slope in the Arrhenius plot (Figure 4), is not profoundly reduced in high water content eclogites compared to their low water content counterparts. The bulk conductivity at 600–900°C, the likely temperature of subducting crusts at 70–120 km depths, is about 0.01–0.1 S/m for water content of 2,000 ppm H2O in omphacite and 400 ppm H2O in garnet and is much greater at water-rich than at water-poor conditions. The general results of the modeling are unaffected by the assumed modal mineral compositions because the conductivity of omphacite and garnet at equilibrium composition is similar as documented in detail by Liu et al. (2019) and Liu et al. (2021a). The highly resistive feature of subducting crusts at 70–120 km depth, with estimated conductivities at the level of 10−4–10−3 S/m (Vanyan et al., 2002; McGary et al., 2014; Ichiki et al., 2015; Araya Vargas et al., 2019), implies that omphacite and garnet in the eclogitized slab are unlikely to be characterized by high water content. The prevailing water content is no higher than 400 ppm H2O and can be < 100 ppm H2O in the two dominant minerals (Figure 4), if considering the composition of eclogite minerals in subducting crusts (Liu et al., 2021a). This is unaffected by the runs conducted at 1 GPa because the conductivity of hydrous omphacite and garnet increases with increasing pressure (Dai and Karato, 2009; Liu et al., 2021a) and the boundary water contents can be even lower if considering the pressure effect.
Omphacite and garnet contain > 1,500 ppm H2O as hydroxyl groups as noted earlier. The inferred very low water content of omphacite and garnet in subducting crust suggests extremely low water activity during the eclogite–facies metamorphism and in the matrix, implying also the absence of an appreciated amount of hydrous minerals in the system (Liu et al., 2021a). This also rules out the presence of large quantities of water as isolated pockets; otherwise, the water contents of omphacite and garnet could be much higher, leading to high conductivity that is inconsistent with the geophysical surveys. Thus, our data offer support to the model of Liu et al. (2021a) that the amount of water recycled by subducting crusts to the deep mantle, for example, beyond ∼70 km depth, is probably limited, although the transfer of water to shallow depths could be significant as a result of the release of pore water and breakdown of hydrous minerals in the downgoing crust (Schmidt and Poli, 2014; Cai et al., 2018).
Hydrous minerals are frequently observed in massif eclogites but could be the relics due to incomplete prograde metamorphism and/or formed by secondary events during exhumation (Fitzherbert et al., 2003; Yang et al., 2009; Brovarone et al., 2011). The documented high water contents of omphacite and garnet in massif eclogites were most likely caused by secondary fluid-related water enrichments during their transport to the Earth’s surface and may not reflect those in the deep subducting crust, as pointed out also by analyses of D/H ratios and water contents (Sheng et al., 2007; Schmädicke and Gose, 2017) and conductivity measurements of water-poor eclogites (Liu et al., 2021a). The limited water recycling by subducting crusts to the deep mantle should be considered for deep water cycling. These, however, do not necessarily imply that the deep Earth is water-poor because water on the surface envelops formed by degassing of the Earth and its deep interior was already hydrous (Holland and Turekian, 2014 and references therein).
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“ reproduced from Liu et al. (2019).

Assuming &l Fe as FeO. Data are axprecsed as the average and standard deviation fitafc) by electron microprobe analyses. Omp, omphacite; Git, gamet.
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Sample HO content is rounded to the nearest ~5 ppm. L/A is the sample dimension factor, and parameters are obtained by applying Eqs 1, 2 to measured data (see text).

*: samples reported by Liu et al. (2019).

: by multiinear regression of water-poor samples as reported by Liu et al. (2019)
°: by multiinear regression of water-rich samples in this study.
9. by applying a global multilinear regression to both water-poor (Liu et al., 2019) and water-rich (this study) gamets (see text).
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