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Abstract 22 

The melt viscosity (η) of anhydrous and hydrous peridotite was investigated using a 23 

multipronged approach combining micropenetration viscometry, conventional DSC, flash DSC 24 

and Brillouin spectroscopy. Raman spectroscopy measurements were used to verify the absence 25 

of crystallization and/or degassing during high-temperature measurements of these extremely 26 

reactive glasses and melts, ensuring that the data corresponded to the crystal-free melt viscosity. 27 

Based on the experimental data, an accurate description of the viscosity of peridotite melts over 28 

thirteen orders of magnitude (from Tg to η ≈ 10-1 Pa s) is provided in a broad range of compositions 29 

and oxidation states. Since empirical models predict viscosities that can significantly deviate from 30 

measured data to varying degrees, a new model was developed for the temperature- and H2O-31 

dependent viscosity of peridotite melts (up to 12 mol% H2O content). 32 
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1. Introduction 35 

Magmatic activity is a daily occurrence on Earth (Loughlin et al., 2015). The lavas that are 36 

produced have a wide variety of compositions (Keller and Krafft, 1990; Lipman and Mullineaux, 37 

1981; Mahood and Hildreth, 1986; Pirrung et al., 2003; Sigurdsson et al., 1982; Sigurdsson and 38 

Carey, 1989; Walker et al., 1984), extending from extremely SiO2-rich rhyolites to carbonatites. 39 

Chemical composition (including volatile content) ultimately determines the intrinsic viscoelastic 40 

properties of magmas and the tendency to partially crystallize and degas, so that it represents a 41 

crucial parameter controlling the eruptive styles of volcanoes (Gonnermann and Manga, 2013). 42 

Among those parameters that govern both magma transport from the reservoir to the volcanic vent 43 

and eruptive style, viscosity is arguably the most important (Cassidy et al., 2018; Di Genova et al., 44 

2017a). Indeed, volcanologists have long pursued the experimental investigation of melt viscosity 45 

as a function of temperature and composition (e.g., Ishibashi and Sato, 2007; Kolzenburg et al., 46 

2018; Whittington et al., 2009), as well as its subsequent numerical modelling by different 47 

approaches including classical linear regression and machine learning (Giordano et al., 2008; Hui 48 

and Zhang, 2007; Langhammer et al., 2022). The extent and quality of the dataset used to develop 49 

these models directly affect the reliability of their predictions, so that one should strive for a 50 

detailed experimental exploration of the largest possible compositional landscape. Unfortunately, 51 

there are undeniable experimental challenges related to the viscosity measurements of volcanic 52 

melts (or their synthetic analogs), namely: (i) their undercooling-driven tendency to crystallize, 53 

which typically limits concentric-cylinder low-viscosity (~104–10-2 Pa s) determinations (e.g., 54 

Kolzenburg et al., 2018) to superliquidus temperatures and only mild undercooling; (ii) the prompt 55 

degassing of volatile-bearing melts at ambient pressure, which can be only overcome through 56 

falling-sphere experiments and the application of confining pressure (e.g., Liebske et al., 2005), 57 
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with significant technical difficulties; (iii) the limited glass-forming ability of volcanic 58 

compositions, since glassy samples are necessary for high-viscosity (1012–106 Pa s) measurements 59 

by micropenetration (e.g., Di Genova et al., 2020b), parallel-plate deformation (e.g., Whittington 60 

et al., 2009), beam bending (e.g., Hagy, 1963) or fiber elongation (e.g., Taniguchi, 1992) 61 

viscometry. Moreover, even when the required glassy samples can be synthesized, their limited 62 

stability during high-temperature measurements has been repeatedly demonstrated by postmortem 63 

measurements using Raman spectroscopy and high-resolution imaging (Di Genova et al., 2020b, 64 

2017a; Kleest et al., 2020; Liebske et al., 2003a; Scarani et al., 2022): nanocrystallization of Fe-65 

Ti-oxides can affect sample homogeneity and alter the composition of the residual melt, preventing 66 

derivation of the crystal-free viscosity. As a consequence, currently available viscosity models 67 

(Giordano et al., 2008; Hui and Zhang, 2007; Langhammer et al., 2022) have been trained in a 68 

relatively restricted volcanological domain of temperature and chemistry, with questionable 69 

applicability to compositional extremes such as ultrabasic melts and very H2O-rich matrices. 70 

To overcome these limitations, we designed this work as a targeted investigation of melts 71 

that locate substantially outside the range of previously analyzed compositions, considering an 72 

unprecedented range of anhydrous and hydrous viscosities and testing the predictive performance 73 

of numerical viscosity models available in the literature (Giordano et al., 2008; Hui and Zhang, 74 

2007; Langhammer et al., 2022). We therefore selected anhydrous and hydrous peridotite liquids: 75 

the viscosity of these materials was investigated only sporadically so far (Dingwell et al., 2004; 76 

Liebske et al., 2005) due to their extreme features, namely a SiO2 content < 50 wt% that leads to 77 

extreme structural depolymerization and a very strong tendency to undercooling-driven 78 

crystallization. However, ultramafic liquids play a key role for our understanding of deep mantle 79 

dynamics and for planetary formation theories: the Earth is thought to have experienced a large 80 
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degree of melting during planetary accretion, as well as after the giant impact that originated the 81 

Moon (e.g., Nakajima and Stevenson, 2015; Ohtani, 1985). The resulting peridotite magma oceans 82 

facilitated core formation through silicate-metal segregation (e.g., Li and Agee, 1996; Wade and 83 

Wood, 2005) and originated the atmosphere and hydrosphere through degassing (e.g., Karato et 84 

al., 2020; Sossi et al., 2020). Moreover, high-pressure experiments demonstrated that highly 85 

ultramafic and Mg-rich melts (such as picrites and kimberlites) could be formed at present by 86 

partial melting of peridotite in the upper and lower mantle (e.g., Fei, 2021; Kawamoto and 87 

Holloway, 1997; Mysen and Boettcher, 1975; Sinmyo et al., 2019), with far-reaching implications 88 

for the transport of incompatible elements such as hydrogen (Karato et al., 2020). 89 

For the synthesis of anhydrous ultrabasic melts and glasses, we relied on aerodynamic 90 

levitation coupled with laser heating (Hennet et al., 2011; Weber, 2010) which facilitates glass 91 

formation by suppressing heterogeneous surface nucleation due to its containerless conditions; in 92 

the case of hydrous peridotite melts, we employed a recently developed rapid-quench multi-anvil 93 

technique (Bondar et al., 2021, 2020). Due to the occasionally very low amounts of available 94 

material (especially for hydrous samples), we studied melt viscosity using a multipronged 95 

experimental approach (see Section 1.1) carefully combining classical viscometry with standard 96 

and flash calorimetry and Brillouin spectroscopy, whose applicability is here tested and 97 

demonstrated to be successful also for such extreme compositions. On the whole, our results 98 

provide the first quantitative parameterization of peridotite melt viscosity as a function of 99 

temperature, overall composition (e.g., FeOtot) and water content (up to 12 mol%). 100 

 101 
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1.1. Deriving and modelling melt viscosity 102 

The experimental procedure applied in this work has been presented, tested and optimized 103 

in previous studies (Cassetta et al., 2021; Di Genova et al., 2020b; Scarani et al., 2022; Stabile et 104 

al., 2021); its cornerstones are briefly summarized here. We have demonstrated that the 105 

combination of calorimetry (DSC) and Brillouin spectroscopy (BLS) enables the modelling of melt 106 

viscosity as a function of temperature [η(T)] (Cassetta et al., 2021). We model η(T) using the three-107 

parameter MYEGA equation (Eq. 1) (Mauro et al., 2009b): 108 

 109 

𝑙𝑜𝑔10𝜂(𝑇) = 𝑙𝑜𝑔10𝜂∞ + (12 − 𝑙𝑜𝑔10𝜂∞)
𝑇𝑔

𝑇
𝑒𝑥𝑝 [(

𝑚

12−𝑙𝑜𝑔10𝜂∞
− 1) (

𝑇𝑔

𝑇
− 1)] (1) 110 

 111 

where log10η∞ is the viscosity at infinite temperature (Langhammer et al., 2021; Zheng et al., 2011), 112 

Tg is the glass transition temperature [η(Tg) = 1012 Pa s] and m is the melt fragility (Eq. 2) (Angell, 113 

1995): 114 

 115 

𝑚 =
𝜕𝑙𝑜𝑔10𝜂

𝜕𝑇𝑔 𝑇⁄
|
𝑇=𝑇𝑔

   (2) 116 

 117 

The existence of a universal, chemically invariant limit of viscosity at infinite temperature 118 

constitutes a long-standing concept, already elaborated using other parameterizations such as the 119 

Adam-Gibbs (AG) or the Vogel–Fulcher–Tammann–Hesse (VFTH) equations (Persikov, 1991; 120 

Russell et al., 2003, 2002). For the MYEGA equation, this value was calibrated to log10η∞ = -2.93 121 

± 0.3 for silicate melts of volcanological and technological interest (Langhammer et al., 2021; 122 

Zheng et al., 2011). Notably, this value is close to the lowest viscosity values measured at high 123 
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temperatures in silicate and carbonatite melts (Di Genova et al., 2016a; Dingwell et al., 2022; 124 

Dobson et al., 1996; Kono et al., 2014; Persikov et al., 2017; Stagno et al., 2018). By fixing this 125 

value, only Tg and m are required to parameterize log10η(T). 126 

The melt fragility m was derived spectroscopically from BLS measurements performed on 127 

glasses at room temperature (Cassetta et al., 2021) because this approach avoids the need to acquire 128 

viscosity data over an extended temperature range, which is challenging or impossible for poor 129 

glass-forming liquids (Di Genova et al., 2020b; Kleest et al., 2020; Liebske et al., 2003b; Richet 130 

et al., 1996; Scarani et al., 2022). Fragility m was obtained as (Eq. 3): 131 

 132 

𝑚 = 43.429 ⋅
𝐾

𝐺
− 31.871  (3) 133 

 134 

where K/G is the elastic moduli ratio calculated (Eq. 4) using the measured shear vs and 135 

longitudinal vp sound velocities (Cassetta et al., 2021): 136 

 137 

𝐾

𝐺
= (

𝑣𝑝

𝑣𝑠
)
2

−
4

3
   (4) 138 

 139 

For samples of sufficient size and exhibiting enough glass stability to be measured by DSC (here, 140 

anhydrous peridotite glasses), we derived Tg via DSC. The DSC approach to derive Tg builds on 141 

the relationship (Eq. 5) provided by (Scherer, 1984): 142 

 143 

𝑙𝑜𝑔10𝜂(𝑇𝑓) = 𝐾 − 𝑙𝑜𝑔10(𝑞ℎ)   (5) 144 

 145 
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where qh is the heating rate in K s-1 employed during the DSC measurement and Tf  is the fictive 146 

temperature in Kelvin, at which the structure and properties (e.g., volume and enthalpy) of the 147 

glass equal those of the corresponding undercooled liquid at the same temperature (Mauro et al., 148 

2009a). The addend K is the chemically invariant shift factor (Al-Mukadam et al., 2021a, 2021b, 149 

2020; Di Genova et al., 2020b; Stabile et al., 2021; Yue et al., 2002). Because we used the DSC 150 

approach involving matching heating and cooling rates (see methodology), here Tf corresponds to 151 

Tonset (Fig. 1) (Al-Mukadam et al., 2020; Di Genova et al., 2020b). As such, Eq. 5 can be written 152 

as (Eq. 6) : 153 

 154 

𝑙𝑜𝑔10𝜂(𝑇𝑜𝑛𝑠𝑒𝑡) = 𝐾𝑜𝑛𝑠𝑒𝑡 − 𝑙𝑜𝑔10(𝑞ℎ)  (6) 155 

 156 

where Konset = 11.20 ± 0.15 (Di Genova et al., 2020b; Stabile et al., 2021). Therefore, when qh = 157 

10 K min-1 (0.17 K s-1), one has η(Tonset) ≈ 1012 Pa s and thus Tonset ≡ Tg, which can be directly 158 

inserted into the MYEGA equation to obtain a full viscosity parameterization without the need of 159 

data fitting (log10η∞ = -2.93 ± 0.3 and m is obtained spectroscopically). In such cases, the 160 

agreement with experimental viscosity data obtained by micropenetration viscometry or additional 161 

DSC measurements performed at different qh can be used to validate this approach. Additionally, 162 

several studies (Stabile et al., 2021 and references therein) demonstrated that with Eq. 5 one can 163 

also derive the melt viscosity at Tpeak (Fig. 1) of the heat flow (Eq. 7): 164 

 165 

𝑙𝑜𝑔10𝜂(𝑇𝑝𝑒𝑎𝑘) = 𝐾𝑝𝑒𝑎𝑘 − 𝑙𝑜𝑔10(𝑞ℎ)   (7) 166 

 167 

where Kpeak = 9.84 ± 0.20 (Di Genova et al., 2020b; Stabile et al., 2021).  168 
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 The hydrous samples synthesized by the rapid-quench multi-anvil technique (Bondar et al., 169 

2022) are too unstable and small to be characterized by conventional DSC or viscometry. Their 170 

viscosity can therefore be derived through rate-matching flash DSC measurements in the range 171 

109.2-106.4 Pa s, subsequently fitting the value of Tg in Eq. 1 using these data points (log10η∞ = -172 

2.93 ± 0.3 and m is obtained spectroscopically). 173 

 174 

2. Materials and methods 175 

2.1. Peridotite glass synthesis 176 

Anhydrous and hydrous glasses are identified by a nomenclature mirroring their chemical 177 

composition, namely: S_F_W_, where S and F respectively stand for the SiO2 and FeOtot molar 178 

contents of the base anhydrous glass and W for the H2O molar content. This choice enables 179 

straightforward identification of samples with a similar anhydrous base composition, but different 180 

water contents. Anhydrous glasses were synthesized in containerless conditions at the CEMHTI 181 

laboratory in Orléans (France), using the aerodynamic levitation device coupled to laser heating 182 

(ADL) detailed elsewhere (Zandona et al., 2022). The device consists of two CO2 lasers 183 

(wavelength: 10.6 μm; maximum power: 250 W) heating from above and below a sample weighing 184 

a few tens of milligrams and suspended in a copper nozzle by a gas jet (Ar or O2).  185 

For the syntheses, laboratory-grade SiO2 (99.9%, Chempur), Al2O3 (99.999%, Strem 186 

Chemicals), MgO (99.5%, Strem Chemicals), FeO (99.9%, Aldrich), Fe2O3 (68.2-71.7 %Fe, 187 

Sigma-Aldrich) and CaCO3 (99.95%, Strem Chemicals) were weighed in the right proportions, 188 

mixed thoroughly in an agate mortar with the addition of ethanol, dried, and compacted with a 189 

hydraulic press into cylindrical pellets of approximately 1 g. Small chunks of these pellets were 190 

then introduced into the ADL nozzle and melted by quickly ramping up the laser power until full 191 
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liquefaction of the materials was achieved, at pyrometer readings (wavelength: 0.9 μm) in the 192 

range 1800 – 2100 ˚C depending on composition. After holding at the maximum temperature for 193 

~5 s for homogenization, the melts were quenched into glasses by instantaneously shutting off the 194 

lasers, which typically yields cooling rates in the order of a few hundreds of kelvins per second. 195 

No signs of high-temperature volatilization (smoke or material deposition on the nozzle wall) were 196 

detected using this procedure. Samples were synthesized using FeO as raw material and Ar as a 197 

levitation gas. To explore the effect of different oxy-reduction conditions, two samples (S44F6+ 198 

and S44F12+) were obtained using Fe2O3 in the starting powder mixtures and pure O2 as a 199 

levitation gas. 200 

The set of four hydrous peridotite glasses was previously synthesized at confining pressure 201 

of 0.9 GPa using a 15-MN Kawai-type multi-anvil press equipped with a novel rapid-quench multi-202 

anvil technique (Bondar et al., 2021, 2020). The detailed description and synthesis conditions of 203 

glasses S38F5W1, S40F5W6, S43F7W8 and S39F6W12 (referred to as I1075, I1045, I867 and 204 

I1111, respectively, in the previous study) are given in (Bondar et al., 2022).  205 

 206 

2.2. Electron microprobe analyses 207 

Major element compositions of glasses were determined using a JEOL JXA-8200 electron 208 

probe microanalyzer equipped with five wavelength-dispersive spectrometers at the Bayerisches 209 

Geoinstitut (BGI), University of Bayreuth (Germany). Samples were carbon-coated with a 210 

thickness of 12 nm before analysis. Oxygen was calculated by stoichiometry, and all the iron was 211 

assigned as ferrous iron. Glasses were analyzed with a defocused 10 μm beam using 15 kV 212 

accelerating voltage, 5 nA beam current, a peak counting time of 20 s and a background counting 213 

time of 10 s. Measured peak counts were corrected using the PRZ (Phi-Rho-Z) method 214 
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(Armstrong, 1991). Standards included wollastonite (Si, Ca), hematite (Fe), periclase (Mg), spinel 215 

(Al), albite (Na), orthoclase (K), manganese titanate (Ti, Mn), and chromium metal (Cr). Results 216 

of the analyses are reported in Tab. 1. 217 

 218 

Table 1. Chemical composition (mol%) of samples used and considered in this study. Uncertainties are reported in parenthesis for 219 
each value. References: *this study, 1(Bondar et al., 2022), 2(Bondar, 2023), 3(Dingwell et al., 2004). Water contents in H2O-220 
bearing glasses were determined by a combination of elastic recoil detection analysis and secondary ion mass spectrometry 221 
(Bondar, 2023). 222 

Sample SiO2 TiO2 Al2O3 FeOtot MnO MgO CaO Na2O K2O P2O5 Cr2O3 H2O Fe3+/Fetot. Ref. 

S44F0 
44.16 
(0.15) 

0.02 
(0.02) 

3.39 
(0.04) 

0.05 
(0.02) 

0.01 
(0.01) 

45.68 
(0.17) 

6.64 
(0.12) 

0.02 
(0.02) 

0.01 
(0.01) 

0.02 
(0.02) 

n.a. b.d.l.a - * 

S44F6+ 
43.67 
(0.21) 

0.01 
(0.01) 

3.37 
(0.05) 

6.19 
(0.12) 

0.01 
(0.01) 

40.05 
(0.22) 

6.63 
(0.12) 

0.03 
(0.02) 

0.02 
(0.01) 

b.d.l. n.a. b.d.l.a 
0.54 

(0.05) 
* 

S44F6 
43.28 
(0.20) 

0.01 
(0.01) 

3.43 
(0.06) 

6.40 
(0.11) 

0.01 
(0.01) 

40.32 
(0.17) 

6.49 
(0.10) 

0.02 
(0.02) 

0.02 
(0.01) 

0.01 
(0.01) 

n.a. b.d.l.a 
0.38 

(0.05) 
* 

S44F12+ 
43.11 
(0.17) 

0.02 
(0.02) 

3.36 
(0.05) 

12.10 
(0.14) 

0.01 
(0.01) 

34.65 
(0.20) 

6.70 
(0.10) 

b.d.l. 
0.02 

(0.01) 
0.02 

(0.02) 
n.a. b.d.l.a 

0.50 
(0.05) 

* 

S44F12 
43.21 
(0.25) 

0.02 
(0.02) 

3.29 
(0.05) 

12.29 
(0.19) 

0.02 
(0.02) 

34.57 
(0.23) 

6.55 
(0.11) 

0.02 
(0.02) 

0.02 
(0.01) 

0.01 
(0.01) 

n.a. b.d.l.a 
0.31 

(0.04) 
* 

S40F6 
40.41 
(0.21) 

0.01 
(0.01) 

2.07 
(0.04) 

6.41 
(0.08) 

0.01 
(0.01) 

47.78 
(0.23) 

3.27 
(0.08) 

0.02 
(0.02) 

0.01 
(0.01) 

0.01 
(0.01) 

n.a. b.d.l.a 
0.32 

(0.04) 
* 

S45F7 
45.44 
(0.18) 

0.01 
(0.01) 

2.15 
(0.05) 

6.67 
(0.11) 

0.01 
(0.01) 

42.67 
(0.19) 

3.00 
(0.08) 

0.01 
(0.01) 

0.02 
(0.01) 

0.01 
(0.01) 

n.a. b.d.l.a 
0.34 

(0.04) 
* 

S34F0 
33.71 
(0.17) 

0.01 
(0.01) 

2.03 
(0.04) 

0.05 
(0.02) 

b.d.l. 
48.98 
(0.16) 

15.19 
(0.16) 

0.01 
(0.01) 

b.d.l. 
0.01 

(0.01) 
n.a. b.d.l.a - * 

S38F5W1 
37.72 
(0.14) 

0.13 
(0.02) 

1.59 
(0.03) 

5.37 
(0.06) 

0.11 
(0.02) 

51.44 
(0.13) 

2.73 
(0.06) 

0.17 
(0.02) 

0.02 
(0.01) 

n.a. 
0.07 

(0.01) 
0.65 

(0.06) 
n.a. 1, 2, * 

S40F5W6 
37.34 
(0.21) 

0.13 
(0.02) 

1.84 
(0.06) 

4.32 
(0.09) 

0.09 
(0.01) 

47.91 
(0.22) 

2.58 
(0.07) 

0.18 
(0.03) 

0.03 
(0.01) 

n.a. 
0.07 

(0.01) 
5.51 

(0.52) 
n.a. 1, 2, * 

S43F7W8 
39.10 
(0.20) 

0.20 
(0.03) 

2.28 
(0.04) 

6.13 
(0.08) 

0.12 
(0.02) 

39.87 
(0.20) 

3.82 
(0.06) 

0.23 
(0.02) 

0.03 
(0.01) 

n.a. 
0.08 

(0.01) 
8.13 

(0.77) 
n.a. 1, 2, * 

S39F6W12 
33.75 
(0.19) 

0.08 
(0.02) 

1.39 
(0.04) 

4.86 
(0.07) 

0.06 
(0.02) 

46.38 
(0.14) 

1.68 
(0.08) 

0.12 
(0.02) 

0.01 
(0.01) 

n.a. 
0.06 

(0.01) 
11.62 
(1.10) 

n.a. 1, 2, * 

S42F7 
41.54 
(0.63) 

0.12 
(0.02) 

2.60 
(0.04) 

6.53 
(0.23) 

n.a. 
42.68 
(0.67) 

6.18 
(0.16) 

0.28 
(0.02) 

n.a. n.a. 
0.13 

(0.02) 
n.a. n.a. 3 

a no signal was detected in the near-infrared region around 3530 cm-1, which corresponds to the asymmetrical broad band due to 223 
the fundamental O-H stretching vibrations in OH- groups and H2O molecules. It indicates that the glasses produced by ADL are 224 
essentially dry. 225 

 226 

2.3. Mössbauer analyses 227 

Glass pieces of roughly 2 mm diameter were embedded in epoxy that was cut into disks 228 

with thicknesses between 400 and 500 µm, which is close to the optimum thickness for these 229 

compositions. Mössbauer spectra were recorded at room temperature (293 K) in transmission 230 

mode on a constant acceleration Mössbauer spectrometer with a nominal 370 MBq 57Co high 231 
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specific activity (point) source in a 12 µm thick Rh matrix. The velocity scale was calibrated 232 

relative to 25 µm thick α-Fe foil and spectra were collected over the range ± 5 mm s-1 for 1 to 3 233 

days each. Spectra were fitted with the full transmission integral using MossA software (Prescher 234 

et al., 2012). Values of Fe3+/Fetot were calculated from relative areas and are listed in Tab. 1. 235 

 236 

2.4. Raman spectroscopy 237 

The as-prepared peridotite glasses were characterized by Raman spectroscopy on optically 238 

polished surfaces using a Renishaw Invia Reflex Raman spectrometer equipped with a 514 nm 239 

green laser (50 mW nominal power, operated at 10%) and a 1800 mm-1 grating. Spectra were 240 

acquired with a 100x objective in the ranges 200–1500 cm-1 and 2700–4000 cm-1, with 30 s 241 

acquisition time and 2 accumulations. The samples subjected to DSC and micropenetration were 242 

also characterized before and after the measurements using a confocal Raman imaging microscope 243 

(alpha300R, WITec GmbH) at the Institute of Non-Metallic Materials, Clausthal University of 244 

Technology (Germany). The Raman microscope is equipped with a 100x objective, a 532 nm diode 245 

green laser and a CCD detector. The integration time employed with the alpha300R microscope 246 

was 7 s (3 accumulations, 13 mW laser power). Raman spectra were invariably collected on 247 

polished or cleanly broken surfaces, to exclude possible surface effects. Spectra were acquired in 248 

the range from 200 to 1300 cm-1. The Raman spectrometer was calibrated using a silicon standard. 249 

 250 

2.5. Calorimetry 251 

We subjected ~20 ± 5 mg of glass to controlled heat treatments in a conventional 252 

differential scanning calorimeter at the Institute of Non-Metallic Materials, Clausthal University 253 

of Technology (CDSC, 404 C, Netzsch) using PtRh20 crucibles and under N2 5.0 (≥99.999% 254 
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purity) atmosphere. Moreover, we used a few ng for flash calorimetry measurements (FDSC, 255 

Mettler Toledo Flash DSC 2+ equipped with a UFH 1 sensor), under constant gas flow (40 ml min-256 

1) of Ar 5.0. The CDSC was calibrated using melting temperatures and enthalpy of fusion of 257 

reference materials (pure metals: In, Sn, Bi, Zn, Al, Ag, and Au) up to 1337 K. The FDSC was 258 

calibrated using the melting temperature of aluminium (melting temperature 933.6 K) and indium 259 

(melting temperature 429.8 K). 260 

 We employed the matching rates methodology (Stabile et al., 2021) to measure the 261 

characteristic temperatures Tonset and Tpeak (Fig. 1). For the CDSC, we first allowed sample 262 

relaxation by heating the starting material at 20 K min-1 from room temperature to the glass 263 

transition interval. Afterwards, the sample was cooled at a qc of either 10 or 20 K min-1 down to 264 

373 K and subsequently heated at qh ≡ qc (i.e, matching rates). For the FDSC, we used the same 265 

procedure but at higher qh (from 6,000 to 1,800,000 K min-1, namely from 100 to 30,000 K s-1) 266 

listed in Tab. 3. Tonset represents the onset of the glass transition interval: it corresponds to the 267 

intersection of two tangents, the first applied to the calorimetric trace pertaining to the glass and 268 

the second at the inflection point during the glass transition, this latter identified as zero point on 269 

the first derivative of the signal. It should be noted that Tonset can be more precisely identified using 270 

a recently described method (Mancini et al., 2021), which however requires a 4-fold repetition of 271 

the measurement (impractical for samples of small size and strong crystallization tendency) and a 272 

smoothing of the average curve. On the other hand, Tpeak, which is identified as the minimum on 273 

the second derivative of the signal, represents the signal undershoot of the matching upscan in 274 

Figure 1 (Al-Mukadam et al., 2021b, 2020; Di Genova et al., 2020b). 275 

Further details about the fast heating and cooling of the FDSC, especially the differences 276 

with respect to the CDSD, are described in previous studies and patents (Vanden Poel et al., 2012, 277 
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2011). In short, the FDSC chip sensor has four thermocouples in total, which guarantee high 278 

sensitivity and high temperature resolution. The temperature resolution is enhanced by a lower 279 

time constant of the sensor, which is ~0.2 ms in the FDSC, that is approximately ~10,000 times 280 

less than that of a CDSC instrument. 281 

 282 

 283 

Figure 1. Measured heat flow using a conventional DSC as a function of temperature for samples 284 

S44F0, S44F6 and S44F12 at a heating rate of 10 K min−1, following a cooling rate of 10 K min−1 285 

through the glass transition interval. The characteristic glass transition temperatures (Tonset and 286 

Tpeak) are shown in the figure. a.u. – arbitrary units. 287 

 288 
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2.6. Micropenetration viscometry 289 

We subjected polished plane-parallel glass chips (2-2.5 mm thick) to micropenetration viscometry 290 

measurements. We used a vertical dilatometer (Bähr VIS 404) at the Institute of Non-Metallic 291 

Materials, Clausthal University of Technology. The setup consists of a SiO2 rod pushing a sapphire 292 

sphere of radius r = 0.75 mm, under a constant Ar flow, using a force of 3.92 N (400 g load). The 293 

temperature was controlled with an S-type thermocouple (Pt-PtRh) placed at ~2 mm from the 294 

sample surface. The temperature error is estimated at ±5 K considering the accuracy of the S-type 295 

thermocouple and its distance from the sample (Behrens et al., 2018). We followed standard 296 

procedures (Di Genova et al., 2014a) to achieve thermal equilibration of the sample at the target 297 

measuring temperature: a heating rate of 10 K min-1 was used up to a temperature 100 K lower 298 

than the target temperature, which was then approached with a slower heating rate of 5 K min-1. 299 

After reaching the final dwell temperature, the samples were allowed to relax before the load was 300 

applied. The indentation depth of the sapphire sphere into the sample was measured as a function 301 

of time using a linear variable displacement transducer and viscosity was determined according to 302 

the literature (Douglas et al., 1965). Viscosity measurements of the standard glass DGG-1 were 303 

used to calibrate the vertical dilatometer. The certified viscosity data (Meerlender, 1974) were 304 

reproduced with a standard deviation of ± 0.1 in log units. 305 

 306 

2.7. Brillouin spectroscopy 307 

Prior to Brillouin scattering measurements, samples were double-polished to a thickness of 308 

approximately 50 µm. The measurements were conducted using the system installed at BGI (Trots 309 

et al., 2013), which includes a Coherent Verdi V2 solid-state Nd:YVO4 laser with a 532 nm single 310 

wavelength output and a six-pass Sandercock-type tandem Fabry-Perot interferometer equipped 311 
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with a Hamamatsu C11202-050 single-pixel photon-counting module. Focusing-collecting optics 312 

with 100 mm focal lengths were employed to focus the laser beam on the sample position and to 313 

collect the scattered inelastic signal. A laser power of 0.03 W was used in all measurements. The 314 

measurements were performed in a forward platelet symmetric geometry with an angle of 80° 315 

between the incident and scattered beams. This geometry allows the refractive index of the sample 316 

to be neglected when calculating sound velocities from the frequency shifts of inelastically 317 

scattered photons (Sinogeikin et al., 2006; Whitfield et al., 1976). Measurements were repeated 4 318 

to 8 times at different azimuthal angles to account for possible platelet tilt or polishing 319 

imperfection. As the acoustic wave velocities in isotropic solids are independent on sample 320 

orientation, results at different angles were averaged. Experimentally determined Brillouin 321 

frequency shifts Δω were converted to longitudinal vp and shear vs sound velocities according to 322 

the equation (Eq. 8): 323 

 324 

𝑣 =
𝛥𝜔𝜆

2𝑠𝑖𝑛(𝜃 2⁄ )
   (8) 325 

 326 

where λ is the laser wavelength and θ is the angle between the incident and scattered beams 327 

(Sinogeikin et al., 2006; Whitfield et al., 1976). 328 

 329 

3. Results 330 

3.1 Overall characterization and vibrational spectroscopies 331 

Table 1 lists the chemical composition of the glasses (mol%) considered in this study, 332 

determined by electron microprobe analysis; Fe3+/Fetot ratios were obtained by Mössbauer 333 

spectroscopy. The amorphous nature of these hydrous and anhydrous peridotite glasses was 334 
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confirmed by Raman spectroscopy (Fig. 2): the obtained Raman spectra matched well with those 335 

reported by previous authors for similar compositions (Bondar et al., 2022; Cooney and Sharma, 336 

1990; Durben et al., 1993; Williams et al., 1989). In particular, we observed the general absence 337 

of intense vibrational features at low wavenumber (<600 cm-1) and the invariable occurrence of a 338 

broad vibrational envelope in the range 800–1100 cm-1, following the substantial structural 339 

depolymerization of these glasses as inferred by the theoretical number of non-bridging oxygens 340 

per atom of a tetrahedrally coordinated cation NBO/T ≈ 2.9 (Bondar et al., 2022). The substitution 341 

of up to 12 mol% MgO by FeO (as in sample S44F12 compared to S44F0) and the different 342 

Fe3+/Fetot ratios obtained by O2 or Ar melting (as in S44F12 and S44F12+) did not seem to have 343 

appreciable effects on the Raman spectra. Only S34F0 markedly differed from the other melt-344 

quenched glasses, most likely due to its much lower SiO2 content: its spectrum is very similar to 345 

that of pure forsterite glass (Williams et al., 1989). The observation of vibrational features at ~3600 346 

cm-1 in hyperquenched high-pressure peridotite glasses confirmed the successful incorporation of 347 

H2O in their structure. As noticed previously (Bondar et al., 2022), the high-wavenumber envelope 348 

of these hydrous glasses was shifted to higher wavenumbers as compared to their anhydrous 349 

counterparts, which could suggest partial water-driven repolymerization (Xue and Kanzaki, 2004) 350 

or a different Fe3+/Fetot ratio (Di Genova et al., 2016b). 351 
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 352 

Figure 2. Raman spectra of peridotite glasses synthesized within this work. (a) Anhydrous 353 

peridotite glasses synthesized by ADL, dominated by an intense high-wavenumber envelope 354 

manifesting their extreme structural depolymerization. (b) Hydrous peridotite glasses synthesized 355 

using a novel rapid-quench multi-anvil technique, in which the incorporation of water is 356 

demonstrated by the appearance of intense Raman features at ~3500 cm-1. 357 

 358 

Table 2. Measured acoustic wave velocities (vs and vp), calculated elastic moduli ratio (K/G, Eq. 359 

4), and melt fragility (m, Eq. 3) for all samples synthesized within this work. Numers in parentheses 360 

provide the uncertainty of the last digit(s). 361 
 362 

Sample vs (m s-1) vp (m s-1) K/G m 

S44F0 3826 (1) 6953 (5) 1.97 (1) 54.7 (1) 

S44F6+ 3757 (3) 6850 (5) 1.99 (1) 55.6 (2) 

S44F6 3718 (3) 6825 (3) 2.04 (1) 57.6 (2) 

S44F12+ 3627 (3) 6695 (3) 2.07 (1) 59.2 (2) 

S44F12 3636 (3) 6697 (3) 2.06 (1) 58.6 (2) 

S41F6 3755 (7) 6917 (4) 2.06 (1) 58.6 (2) 

S46F7 3736 (4) 6822 (1) 2.00 (1) 55.9 (2) 

S34F0 3819 (9) 7016 (9) 2.04 (2) 57.8 (5)  

S38F5W1 3774 (3) 6965 (4) 2.07 (1) 59.1 (2) 

S40F5W6 3835 (5) 6989 (5) 1.99 (1) 55.5 (3) 

S43F7W8 3768 (9) 6815 (16) 1.94 (2) 53.3 (6) 

S39F6W12 3830 (4) 6899 (5) 1.91 (1) 52.1 (2) 

 363 

 364 

The measured shear vs and longitudinal vp acoustic wave velocities, the calculated elastic 365 

moduli ratio K/G and fragility index m are reported in Tab. 2. The iron content (FeOtot. in mol%) 366 

appeared to be the main compositional parameter controlling the acoustic wave velocities in the 367 

measured anhydrous samples (Fig. 3a). The iron-free S44F0 and S34F0 glasses exhibited the 368 
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highest recorded velocities, with vs 3826(1) and 3819(9) m s-1 and vp 6953(5) and 7016(9) m s-1, 369 

respectively. In contrast, the most Fe-rich samples S44F12 and S44F12+ showed the lowest vs 370 

(respectively 3636(3) and 3627(3) m s-1) and vp values (respectively 6697(3) and 6695(3) m s-1). 371 

Samples with an intermediate iron content plot in between. 372 

The calculated K/G values (Eq. 4) exhibited a similar dependence on the FeOtot content, 373 

superimposed on the influence of the overall SiO2 content of the glasses, as expected from previous 374 

results (Cassetta et al., 2021). Within the S44F series (Fig. 3b), K/G ratios increased from 1.97(1) 375 

(S44F0) to 2.07(1) (S44F12+ and S44F12), with S44F6 and S44F6+ plotting at intermediate values 376 

(2.04(1) and 1.99(1), respectively). At similar FeOtot contents (i.e., S44F0 and S34F0), SiO2-richer 377 

samples exhibited instead a substantially lower K/G. 378 

 379 

Figure 3. Results of BLS measurements performed on anhydrous peridotite glasses, plotted as a 380 

function of their FeOtot. content (mol%). (a) Acoustic wave velocities generally decrease as FeOtot 381 

increases, while (b) K/G ratios exhibit the opposite behaviour, superposed by a lesser dependence 382 

on the SiO2 content of the glasses. Whenever absent, error bars are smaller than the depicted 383 

symbols. 384 

 385 
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For the hydrous samples (FeOtot. = 5.2 ± 1 mol%), acoustic wave velocities vs and vp did 386 

not exhibit a clear dependence on water content (Fig. 4), which ranged between 0.65 (S38F5W1) 387 

and 11.62 mol% (S39F6W12). Nevertheless, the K/G ratio decreased proportionally to the degree 388 

of hydration, to the point that glass S39F6W12 showed the lowest recorded value in this study 389 

(1.91(1)) despite the very low overall SiO2 content (~34 mol%, i.e., ~39 mol% of its anhydrous 390 

base composition). Although the measured K/G ratios locate slightly outside the range investigated 391 

previously (Cassetta et al., 2021), we converted K/G ratios into fragility m using Eq. 3: S39F6W12 392 

showed the lowest m (52.1(2)), whereas S44F12+ (anhydrous, highest FeOtot.) exhibited the 393 

highest value (59.2(2)). 394 

 395 

Figure 4. Results of BLS measurements performed on hydrous peridotite glasses, plotted as a 396 

function of their H2O content. (a) Acoustic wave velocities do not show an appreciable trend, but 397 

(b) K/G ratios clearly decrease proportionally to the hydration degree of the glasses. Whenever 398 

absent, error bars are smaller than the depicted symbols. 399 

 400 

3.2 (Flash) calorimetry 401 

Table 3 lists the measured characteristic temperatures Tonset and Tpeak as a function of the 402 

heating rate: anhydrous samples could be characterized by CDSC (qh = 10 and 20 K min-1), while 403 
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the low available amounts and high instability of hydrous glasses made them suitable only for 404 

FDSC (qh = 100 and 30,000 K s-1). In agreement with the literature (Di Genova et al., 2014b), the 405 

values of Tonset and Tpeak increased with increasing qh for both anhydrous and hydrous samples. 406 

As observed for the sound velocities (Fig. 3), FeOtot stood out as the major compositional 407 

parameter controlling Tonset and Tpeak in anhydrous samples, as they both decreased with increasing 408 

iron content (Fig. 5). At qh = 10 K min-1, the highest Tonset and Tpeak were obtained from S34F0 409 

sample (1029 ± 3 and 1051 ± 1 K, respectively), whereas S44F12 showed the lowest Tonset and 410 

Tpeak (942 ± 3 and 969 ± 1 K, respectively). In samples with the same molar content of FeOtot (e.g., 411 

S34F0 and S44F0), SiO2 depletion seemed to lead to an increase in Tonset and Tpeak. In line with the 412 

literature (e.g., Bouhifd et al., 2004; Chevrel et al., 2013; Cukierman and Uhlmann, 1974; Di 413 

Genova et al., 2017c), we measured (Tab. 3) a systematic effect of iron oxidation (Tab. 1) on the 414 

DSC results: samples with a higher Fe3+/Fetot (S44F6+ and S44F12+) exhibited slightly higher 415 

Tonset and Tpeak than the reduced counterparts (S44F6 and S44F12). 416 

  417 
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Table 3. Results of calorimetric measurements performed on peridotite glasses, from this work 418 

and a literature reference (Dingwell et al., 2004). Viscosities associated with Tonset and Tpeak for 419 

all samples were calculated using Eq. 3 and shift factors (Konset and Kpeak) used in this study. 420 

Temperature uncertainty (±1 K for Tpeak, ±3 K for Tonset) was estimated based on repeated 421 

measurements (only one for each sample and heating rate is reported here for brevity) and 422 

calibration. Uncertainties for viscosity were estimated in a previous work (Di Genova et al., 423 

2020b), i.e. ±0.15 for Tonset and ±0.20 for Tpeak. References: *this study, and 1 (Dingwell et al., 424 

2004). 425 

Method Sample 
q 

(K min-1) 
q 

(K s-1) 
Tonset 
(K) 

log10 η 
(η in Pa s) 

Tpeak 
(K) 

log10 η 
(η in Pa s) 

Ref. 

CDSC 

S44F0 
10 0.17 1,014 11.98 1,038 10.62 

* 

20 0.33 1,019 11.68 1,046 10.32 

S44F6+ 
10 0.17 976 11.98 1,003 10.62 

* 

20 0.33 983 11.68 1,010 10.32 

S44F6 
10 0.17 974 11.98 1,002 10.62 

* 
20 0.33 982 11.68 1,009 10.32 

S44F12+ 
10 0.17 947 11.98 975 10.62 

* 
20 0.33 956 11.68 984 10.32 

S44F12 
10 0.17 942 11.98 969 10.62 

* 
20 0.33 950 11.68 977 10.32 

S41F6 10 0.17 990 11.98 1,011 10.62 * 

S46F7 10 0.17 985 11.98 1,010 10.62 * 

S34F0 10 0.17 1,029 11.98 1,050 10.62 * 

S42F7 

5 0.08     1,006 10.92 

1 

8 0.13   1,013 10.72 

10 0.17   1,013 10.62 

15 0.25   1,017 10.44 

20 0.33     1,018 10.32 

FDSC 

S38F5W1 

6,000 100 1,025 9.20 1,066 7.84 

* 

12,000 200 1,036 8.90 1,072 7.54 

18,000 300 1,041 8.72 1,075 7.36 

30,000 500 1,045 8.50 1,080 7.14 

60,000 1,000 1,055 8.20 1,090 6.84 

180,000 3,000 1,069 7.72 1,109 6.36 

300,000 5,000 1,074 7.50   

420,000 7,000 1,077 7.35   

600,000 10,000 1,084 7.20   

1,200,000 20,000 1,095 6.90   

1,800,000 30,000 1,098 6.72     

S40F5W6 60,000 1,000 938 8.20 1,007 6.84 * 

S43F7W8 60,000 1,000 896 8.20 960 6.84 * 

S39F6W12 60,000 1,000 879 8.20     * 

 426 

 427 
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 428 

Figure 5. Characteristic temperatures Tonset and Tpeak of anhydrous peridotite glasses obtained 429 

from conventional DSC measurements performed at 10 K 𝑚𝑖𝑛−1, plotted as a function of their 430 

FeOtot content. Tonset and Tpeak exhibit an overall reduction as the FeOtot content of the glasses 431 

increases. Whenever absent, error bars are smaller than the depicted symbols. 432 

 433 

Due to the instability of hydrous peridotite glasses, we used the most H2O-poor sample 434 

(S38F5W1) to successfully test the reproducibility of our FDSC approach, performing 435 

measurements of Tonset and Tpeak at the standard rate qh = 1000 K s-1 before and after any other 436 

calorimetric run at a different heating rate (Fig. 6a, Fig. S1 and Tab. 3). Comparison of the values 437 

obtained at qh = 1000 K s-1 revealed any sample modification through a shift in the values of Tonset 438 

and Tpeak; when such deviations were observed, Raman spectra were acquired to document that the 439 

sample changed during the measurement (i.e., crystallization and/or degassing). We indeed 440 
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demonstrated in several recent works that Raman spectroscopy can reveal the precipitation of 441 

nanosized Fe-Ti-oxides (as expected during calorimetric measurements of magmatic melts at deep 442 

undercooling, where transition metals are poorly soluble and homogeneous crystal nucleation 443 

prevails over crystal growth), with sensitivity extending even to the early stages of amorphous 444 

phase separation anticipating the occurrence of actual crystals (Di Genova et al., 2020b, 2020a, 445 

2017a, 2017b; Scarani et al., 2022; Zandona et al., 2022, 2021, 2019). Using this approach, we 446 

concluded that sample S38F5W1 may be reliably measured for qh ranging between 100 and 30000 447 

K s-1 (see the expected linear dependence on qh in Figure 6); we obtained Tonset = 1055 ± 3 K and 448 

Tpeak = 1090 ± 1 K at qh = 1000 K s-1. For qh ≥ 5,000 K s-1 we limited the matching upscans to 449 

temperatures ≤ Tpeak, as the exposure of the melt to higher temperatures induced partial 450 

crystallization (Di Genova et al., 2020b; Scarani et al., 2022), inferred from the opacification of 451 

the glass and the appearance of the sharp characteristic features (e.g., at ~670 cm-1) of Fe-Ti-oxide 452 

crystals in its Raman spectrum (Di Genova et al., 2020a, 2020b, 2017b). 453 

 454 

 455 

Figure 6. Results of flash DSC measurements performed on hydrous peridotite glasses. (a) Tonset 456 

and Tpeak obtained from sample S38F5W1, plotted as a function of the applied heating rate qh. The 457 

linear trend confirms the absence of sample modification (e.g. crystallization and degassing) 458 
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during the measurements. (b) Tonset values obtained at 1000 K min-1 from all hydrous peridotite 459 

glasses, plotted as a function of the water molar content: the higher the water content, the lower 460 

Tonset. Whenever absent, error bars are smaller than the depicted symbols. 461 

 462 

For samples with increasing water content (from 5.51 to 11.62 mol%), however, we 463 

collected Tonset and Tpeak only at qh = 1000 K s-1 (Fig. S2 and Tab. 3), since slower rates resulted in 464 

a low DSC signal and faster ones triggered crystallization and/or degassing due to the high-465 

temperature exposure above Tf. No Tpeak value could be acquired from sample S39F6W12, whose 466 

very high water content (11.62 mol%) led to instability that forced us to restrict the matching 467 

upscan to Tonset, thereby avoiding fast crystallization and/or degassing at higher temperatures. 468 

The Tonset at qh = 1000 K s-1 significantly decreased with increasing water content (Fig. 6b): 469 

we measured 1055, 938, 896 and 879 ± 3 K for samples S38F5W1, S40F5W6, S43F7W8 and 470 

S39F6W12, respectively. 471 

 472 

3.3 Micropenetration viscometry 473 

Table 4. Results of micropenetration viscometry measurements performed on some anhydrous 474 

peridotite glasses. Uncertainty is ± 0.1 in log unit based on calibration using DGG-1 standard 475 

glass (Meerlender, 1974). 476 

 477 

Sample 
Temperature 

(K) 

log10 η 

(η in Pa s) 

S44F0 

1024 11.20 

1039 10.35 

1030 10.85 

S44F6+ 986 11.36 

S44F6 
984 11.36 

1001 10.50 

S44F12+ 
957 11.40 

975 10.52 

S44F12 
952 11.52 

969 10.41 

 478 
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Table 4 lists the results of micropenetration viscometry that are plotted in Figure 7 as a 479 

function of the temperature. We explored the effect of temperature, iron content, and iron oxidation 480 

state on the melt viscosity using samples of the series S44F, characterized by the same SiO2 content 481 

(~44 mol%) but different FeOtot. and Fe3+/Fetot. As expected, the viscosity decreased with 482 

increasing temperature for all samples. An increasing FeOtot. (from 0 to 12 mol%) led to a 483 

significant viscosity reduction: the iron-free sample (S44F0) had the highest recorded viscosity 484 

(1010.35 Pa s at 1039 K), while the sample with the highest FeOtot. (S44F12) exhibited a similar 485 

viscosity (1010.41 Pa s) at a far lower temperature (969 K). Finally, we observed a minor effect of 486 

the iron oxidation state, namely reduced samples (S44F6 and S44F12) were systematically less 487 

viscous than oxidized samples (S44F6+ and S44F12+). For instance, S44F12 showed a viscosity 488 

of 1010.41 Pa s at 969 K (Fe3+/Fetot = 0.31), whereas S44F12+ (Fe3+/Fetot = 0.50) exhibited a slightly 489 

higher viscosity (1010.52 Pa s) at a lower temperature (975 K). 490 
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 491 

Figure 7. Results of micropenetration viscometry measurements performed on anhydrous 492 

peridotite glasses with different FeOtot content and Fe3+/Fetot ratio. A higher FeOtot content leads 493 

to lower viscosity values; more oxidized samples exhibit slightly higher viscosity than their 494 

reduced counterparts. 495 

 496 

4. Discussion 497 

4.1.  Evaluation and comparison between existing viscosity models 498 

We used measured (Tab. 4) and DSC-derived (Tab. 3) viscosity data obtained from our 499 

twelve anhydrous and hydrous peridotite glasses to test the performance of existing viscosity 500 

models. We calculated the melt viscosity of our anhydrous and hydrous samples using the 501 

measured chemical composition (Tab. 1). The Hui and Zhang (2007) model (HZ) is based on the 502 

empirical equation (Eq. 9): 503 
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 504 

log10 𝜂 = 𝐴 +
𝐵

𝑇
+ exp (𝐶 +

𝐷

𝑇
)  (Eq. 9) 505 

 506 

where T is the temperature and the A, B, C and D parameters are computed based on the melt 507 

composition. The Giordano–Russell–Dingwell model (GRD, Giordano et al., 2008) similarly 508 

employs composition to estimate B and C parameters of the VFTH equation (Eq. 10):  509 

 510 

log10 𝜂 = 𝐴 +
𝐵

𝑇−𝐶
  (Eq. 10) 511 

 512 

in which the viscosity at infinite temperature (A) is assumed constant (10-4.55 Pa s) and iron is 513 

treated as a single species (e.g., FeOtot.). The Langhammer–Di Genova–Steinle-Neumann model 514 

(LDS, Langhammer et al., 2022) is based on artificial neural networks trained on the largest 515 

viscosity database available for volcanic melts and also takes into account iron oxidation state; a 516 

web application is available online at https://domlang-visc-calc-final-script-517 

a1hbsg.streamlitapp.com/ 518 

Figure 8a shows the comparison between our anhydrous micropenetration viscosity data 519 

and model predictions (10 observations). Our measurements are severely underestimated or 520 

overestimated by two of the selected models, respectively GRD and HZ. Conversely, the LDS 521 

model predicts well the data except for those collected from S44F12, the sample with the highest 522 

iron content and a comparatively low Fe3+/Fetot ratio. For a general evaluation of the quality of the 523 

model predictions, we employed the root-mean-square error (RMSE) method and found that the 524 

models by GRD and HZ achieve RMSE of 2.75 and 4.32 respectively, whereas LDS has a RMSE 525 

of 1.25. 526 

https://domlang-visc-calc-final-script-a1hbsg.streamlitapp.com/
https://domlang-visc-calc-final-script-a1hbsg.streamlitapp.com/


29 

 

 527 

Figure 8. Comparison between viscosity data determined within this work and numerical model 528 

predictions. (a) Viscosity measured by micropenetration on anhydrous peridotite melts and the 529 

respective prediction using viscosity models from literature; (b) viscosity data derived from (flash) 530 

DSC measurements and literature data (Dingwell et al., 2004) on anhydrous and hydrous 531 

peridotite melts and the respective prediction using viscosity models. Considered models: GRD 532 

(Giordano et al., 2008), LDS (Langhammer et al., 2022) and HZ (Hui and Zhang, 2007). Error 533 

bars on measured data have been omitted for clarity. 534 

 535 

Figure 8b similarly illustrates the comparison between anhydrous and hydrous DSC-536 

derived viscosity data (77 data points, of which 53 are reported in Tab. 3 while the rest corresponds 537 

to repetitions of FDSC measurements performed to ensure reproducibility, using the same heating 538 

rate and the same sample) and the predictions of the models. Our measurements are mainly 539 

underestimated by all models with the one by LDS performing best. The HZ model performs well 540 

overall, but predicts unrealistically high viscosities of ~1020 Pa s for all Tonset at 10 and 20 K min-541 

1 and 1034.74, 1018.75 and 10268.15 Pa s for the hydrous samples characterized by the highest water 542 

contents (5.51, 8.13 and 11.62 mol%, respectively). The predictions resulted in overall RMSE 543 

values of 1.21, 2.43 and 30.02 for LDS, GRD and HZ models, respectively. 544 

 545 



30 

 

4.2. Development of a viscosity model for peridotite melts 546 

The experimental data gathered within this work enable a new tailored parameterization of 547 

the viscosity of peridotite melts as a function of temperature and water content. Figure 9 shows 548 

the modelled anhydrous viscosity (lines) for the S44F series using the MYEGA formulation (Eq. 549 

1) the CDSC-derived Tg (i.e., Tonset at qh = 10 K min-1 in Tab. 3) and the BLS-derived fragility 550 

index m (Eq. 3 and Tab. 2). For comparison, we also plot viscosity data points measured within 551 

this work (S44F series) and in the literature for S42F7 (Dingwell et al., 2004). Inspection of Figure 552 

9 reveals that all experimental viscosity data points obtained by CDSC, micropenetration 553 

viscometry, and high-temperature concentric-cylinder viscometry are accurately predicted by our 554 

model, from Tg (η = 1012 Pa s) down to η ≈ 10-1 Pa s (~1850 K). This remarkable result confirms 555 

that combining DSC and BLS (Cassetta et al., 2021) allows the reliable estimation of Tg and m 556 

and, thereby, the prediction and modelling of melt viscosity without the strict need for viscosity 557 

measurements; as evident, this approach can be reliably extended even to the exotic, highly 558 

depolymerized peridotite melts investigated in this study. Moreover, Konset = 11.20 ± 0.15 and Kpeak 559 

= 9.84 ± 0.20 are demonstrated to be chemically invariant for geological melts (Di Genova et al., 560 

2020b; Stabile et al., 2021). Overall, our modelling shows that the combined effect of changing 561 

iron content and oxidation state (Fe3+/Fetot) has a significant effect on melt viscosity, with the 562 

largest effect at around Tg (η = 1012 Pa s). For instance, at 1014 K the viscosity decreases by more 563 

than three orders of magnitude from ~1012 Pa s for the iron-free sample (S44F0) to ~108.33 Pa s for 564 

the reduced sample with the highest FeOtot. (S44F12). 565 
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 566 

Figure 9. MYEGA parameterization (Eq. 1) of the viscosity of anhydrous peridotite melts, based 567 

on DSC-derived Tg and BLS-computed fragility values m. A higher FeOtot content perceivably 568 

lowers the viscosity of peridotite melts. Experimental viscosity data from this work and literature 569 

(pink stars, from Dingwell et al., 2004) are reported for comparison. Error bars are smaller than 570 

the depicted symbols. 571 

 572 

 Modelling the viscosity of hydrous melts requires the knowledge of Tg as a function of 573 

water content. Direct Tg determination of hydrous samples could not be performed here because 574 

their size (in the order of ng) was suitable only for FDSC and not for CDSC measurements. For 575 

this reason, we obtained the values of Tg (η = 1012 Pa s) of our hydrous samples by fitting the 576 

MYEGA equation (Eq. 1) to the FDSC-derived viscosity datapoints (η in the range 109 – 106 Pa s, 577 
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as in Tab. 3), and by fixing fragility m to the value derived by BLS (Tab. 2). Figure 10 shows how 578 

the obtained Tg values decrease as expected with increasing water content: we found that Tg 579 

decreases by ~11% (from 976 to 865 K) from 0.7 to 5.5 mol% of water, while the reduction is by 580 

~14% for H2O = 8.1 mol% (Tg = 841 K) and ~18% for H2O = 11.6 mol% (Tg = 804 K). Our 581 

findings are in line with Tg measurements of depolymerized melts such as foidite (NBO/T = 1.5) 582 

and tephrite (NBO/T = 0.9) from the literature (Bouhifd et al., 2013), where 5 mol% of water 583 

decreased Tg by a comparable amount. 584 

 585 

Figure 10. Parameterization of (a) glass transition temperature Tg (model from Eq. 11, 586 

Langhammer et al. 2021) and (b) fragility index (m) of hydrous peridotite melts, as a function of 587 

their water content. Fit parameters and coefficient of determination R2 are reported on each 588 

graph. Whenever absent, error bars are smaller than the depicted symbols. 589 

 590 

Subsequently, we parameterized Tg as a function of the molar water content according to 591 

Eq. 11 (Langhammer et al., 2021): 592 

 593 

𝑇𝑔(𝑥𝐻2𝑂) = 𝑤1𝑇𝑔,𝐻2𝑂 + 𝑤2𝑇𝑔,𝑑 + 𝑐𝑤1𝑤2(𝑇𝑔,𝑑 − 𝑇𝑔,𝐻2𝑂) + 𝑑𝑤1𝑤2
2(𝑇𝑔,𝑑 − 𝑇𝑔,𝐻2𝑂)  (11) 594 

 595 
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with (Eq. 12) 596 

 597 

𝑤1 =
𝑥𝐻2𝑂

𝑏(100−𝑥𝐻2𝑂)+𝑥𝐻2𝑂
  and  𝑤2 =

𝑏(100−𝑥𝐻2𝑂)

𝑏(100−𝑥𝐻2𝑂)+𝑥𝐻2𝑂
   (12) 598 

 599 

where XH2O is the mol% of dissolved water, Tg,d is the glass transition temperature of the anhydrous 600 

composition and Tg,H2O is the glass transition temperature of pure water equal to 136 K (Kohl et 601 

al., 2005). Note that b, c and d are fitting parameters. As for fragility indices, we linearly fit BLS-602 

derived m (Eq. 3 and Tab. 2) as a function of water content. The results of these procedures are 603 

summarized in Figure 11: the combination of the MYEGA equation (Eq. 1) with the description 604 

of Tg(H2O) (Eq. 11) and m(H2O) (linear parameterization in Figure 10-b) enables the modelling of 605 

the viscosity of hydrous peridotite melts as a function of temperature and dissolved water content. 606 

We provide a viscosity calculator in the Supplementary Material. 607 
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 608 

Figure 11. Viscosity of hydrous peridotite melts as a function of temperature and H2O content. 609 

Contour lines are labeled with the respective value of log η. 610 

 611 

4.3. Implications for Earth Science 612 

Highly ultramafic (peridotite) melts are expected to have formed during the magma ocean 613 

stage in the Earth's early history, and may be generated in the present-day deep mantle. Although 614 

data on supercooled peridotite liquids at ambient pressure presented in this study are not directly 615 

applicable to natural melts, they allow for a more robust extrapolation in the super-liquidus 616 

temperature range.  617 

In the current deep mantle, highly ultramafic melts are produced by dehydration melting at 618 

the 660-km discontinuity due to the ringwoodite to bridgmanite + ferropericlase phase transitions 619 

(Schmandt et al., 2014). These melts are expected to be ultramafic and iron-enriched (Nakajima et 620 

al., 2019). The FeOtot in the melts can reach 20 – 30 mol.% because of the high partitioning 621 
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coefficient of Fe/Mg between melt and solids, while the water content can reach about 20 – 50 622 

wt.% (Fei, 2021; Ghosh and Schmidt, 2014; Nakajima et al., 2019). Although the pressure 623 

conditions for the 660-km discontinuity (about 23 GPa) are much higher than the experimental 624 

conditions in this study (ambient pressure), the pressure effect on melt viscosity is relatively small 625 

(Xie et al., 2021, 2020). Thus, the viscosity of hydrous melt at high pressure is expected to be 626 

lowered by more than two orders of magnitude compared to dry peridotite melt. Such a reduction 627 

in melt viscosity may further enhance horizontal flow, leading to slab stagnation at the bottom of 628 

the mantle transition zone as imaged seismologically (Fukao and Obayashi, 2013). On the other 629 

hand, melt at the 660-km discontinuity is gravitationally unstable because of its low density 630 

compared to the mantle transition zone (Fei, 2021; Nakajima et al., 2019). Its low viscosity may 631 

enhance the upwelling of the melt, which returns water from the subducting slabs back to the 632 

mantle transition zone. 633 

In the early history of the Earth, the mantle is expected to have experienced a large degree 634 

of melting during accretion and later, after the Moon-forming giant impact, potentially forming a 635 

series of terrestrial magma oceans composed of peridotite melt (e.g., Nakajima and Stevenson, 636 

2015). Our results are relevant to the solidification process in a hydrous magma ocean under a 637 

dense steam atmosphere. With increasing solid fractions during the cooling of the magma ocean, 638 

the crystallized solids and remaining melt could form a homogeneously-distributed mush-like 639 

phase if the melt viscosity is relatively high. However, the water-induced reduction of melt 640 

viscosity accelerates the segregation of melt from solid by gravity, promoting compositional 641 

layering within the planet's interior. On the other hand, it is important to point out that even a 642 

significant amount of water (e.g., 10 mol% at 2000 K) has very small effect on viscosity at 643 

temperatures > 1800 K (Figure 11). In such case, the physical effects of degassing and/or melting 644 
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point depression may have greater importance on magma ocean dynamics than the absolute value 645 

of viscosity. 646 

Finally, our data shed some light on the effect of water on polymerization in extremely 647 

depolymerized melts. While the dissolution of water in polymerized melts depolymerizes them 648 

(e.g., Stolper, 1982; Zotov and Keppler, 1998), the depolymerizing effect of water decreases with 649 

increasing depolymerization (e.g., Mysen, 2014; Mysen and Cody, 2005; Xue and Kanzaki, 2004 650 

and references therein). As a result, there is an ongoing debate over whether the addition of water 651 

to extremely depolymerized melt has no or little depolymerizing effect, or whether it can 652 

polymerize the melt. A recent Raman study on these peridotite glasses indicated a shift of the high-653 

wavenumber envelope to higher wavenumbers with increasing water content, suggesting 654 

polymerization (Bondar et al., 2022). However, a subsequent FTIR study demonstrated that the 655 

proportions of (Mg,Ca)OH and (Si,Al)OH species remain constant over a wide range of water 656 

contents, suggesting a negligible effect of water on polymerization (Bondar et al., 2023). The 657 

present study favors the latter hypothesis since clear decreases in viscosity and glass transition 658 

temperature with increasing water contents are observed for this set of peridotite glasses. 659 

 660 

5. Conclusions 661 

Overcoming their strong tendency towards crystallization and degassing, we measured the 662 

viscosity of anhydrous and hydrous peridotite melts by conventional viscometry, conventional 663 

calorimetry, and flash calorimetry. We demonstrate that a combination of these techniques with 664 

Brillouin spectroscopy enables the reliable description of melt viscosity between at least 1012 and 665 

10-1 Pa s. With m > 50, peridotites are among the most fragile natural melts; their viscosity exhibits 666 

a clear dependence on FeOtot, H2O and, to a lesser extent, SiO2 content and iron oxidation state. 667 



37 

 

The addition of dissolved water leads to a marked and parallel reduction of both Tg and m, which 668 

can substantially affect flow behavior at high and intermediate viscosity. We compared our results 669 

with predictions from empirical models of volcanic melt viscosity: among long-established and 670 

more recent ones, the recently developed neural-network-based model (Langhammer et al., 2022) 671 

performed best. We also provide a calculator to derive the viscosity of peridotite melts as a function 672 

of temperature and dissolved water content. 673 
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