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Amphibole composition is variably sensitive to temperature, pressure, fO2, and melt composition including melt H2O concentration. Many calibrations exist that quantify these intensive parameters using amphibole only or amphibole and equilibrium melt compositions, which they do with variable success (e.g., Shane 2013; Erdmann et al. 2014; Putirka 2016). For our study, we have considered the latest amphibole only calibrations of Ridolfi (2021) and Higgins et al. (2022), which are applicable to volcanic systems and to the composition of the calcic amphibole from the 1956 Bezymianny eruptive products (see SM2).
The Higgins et al. (2022) calibrations can be used to calculate pressure, temperature, and equilibrium melt SiO2, Al2O3, TiO2, FeO, MgO, CaO, Na2O, and K2O concentrations. The calibrations use a random forest machine learning approach trained on an experimental calibration database of 409 compositions, for which equilibrium was inferred using amphibole-liquid KD(Fe-Mg) values of 0.29±0.13. In the random forest machine learning approach, each calculated intensive parameter is the median value predicted from 300 individual decision trees. The uncertainty determined for each value is the interquartile range (statistical dispersion) of all 300 different predictions for a given amphibole composition, which varies significantly with amphibole composition, generally increasing from high-SiO2 to low-SiO2 compositions (as reported in SM2 and by Higgins et al. 2022).
The Ridolfi (2021) calibrations can be used to calculate pressure, temperature, fO2, and melt H2O concentration. The thermobarometers are updated equations from Ridolfi & Renzulli (2012) with a total number of 72 experimental calibration data of which twelve were added to the database used by Ridolfi & Renzulli (2012). To constrain fO2 and melt H2O concentration, new equations independent of pressure and temperature were calibrated based on 25 and 48 experimental calibration data, respectively. Experimental calibration data were selected based on correct stoichiometry, low standard deviation of the analyses, and from experiments for which mass balance calculations on run products yield low residuals. All calibration equations were derived using multivariate least squares (linear or logarithmic) regression. The estimated standard and maximum errors of the calibrations are low with ±12 and ±28% for pressure, ±22 and ±48 °C for temperature, ±0.3 and ±0.8 log units for fO2, as well as ±14% and ±2.4 wt% for melt H2O concentration, where the standard errors are used as uncertainty estimates for the calculated individual intensive parameters (see SM2).
To assess the performance of the calibrations, we have used the experimental calibration dataset of Ridolfi (2021) to test the Higgins et al. (2022) thermobarometers and the experimental calibration dataset of Higgins et al. (2022) to test the Ridolfi (2021) thermobarometers, but we also show the performance of each thermobarometer on their own calibration dataset. To test the Ridolfi (2021) hygrobarometer and oxybarometer performance, we have used selected high-quality data for experimental melt H2O concentrations (measured by Raman spectroscopy, SIMS, or Karl Fisher titration excluding concentrations determined by difference from electron microprobe totals) and for experimental fO2 (measured directly or indirectly with individual constraints for individual experiments) from experiments considered in the database of Higgins et al. (2022) (see SM3_Table 1 below). From the estimates using the Ridolfi (2021) calibrations, data labelled as “wrong” were removed. From the estimates using the Higgins et al. (2022) calibrations, data from high-pressure experiments at >1200 MPa were removed as they are outside the calibration range. The main findings of our tests are that: (1) The Higgins et al. (2022) thermobarometers provide more precise temperature and pressure estimates than the Ridolfi (2021) calibrations (SM3_Fig 1a-d). The Higgins et al. (2022) thermometer calculates temperatures that closely correspond to the experimental values (SEE is ~14 °C), whereas the Ridolfi (2021) thermometer calculates more scattered and overall high temperatures (SEE is ~35 °C). The Higgins et al. (2022) barometer calculates pressures that fairly closely correspond to the experimental values in nearly all cases and within the predicted individual uncertainties (SEE is ~15%). The Ridolfi (2021) barometers, however, calculate a wide range of pressures that are in most cases hugely different from the experimental pressures (SEE is ~225 MPa). They show no significant correlation with the experimental values and no significant improvement on the Ridolfi et al. (2010) or Ridolfi & Renzulli (2012) estimates (for tests of the earlier calibrations, see Erdmann et al. 2014; Putirka 2016; Higgins et al. 2022). (2) The Ridolfi (2021) hygrometer provides rough estimates on melt H2O concentration, yet tends to underestimate melt H2O concentrations at more than ~6 wt% (SM3_Fig. 1e). (3) The Ridolfi (2021) oxybarometer provides extremely rough estimates on fO2 and tends to overestimate fO2 at reducing conditions and underestimate fO2 at oxidizing conditions (SM3_Fig 1f). Given these test results, we focus in the main text on the pressures and temperatures calculated using the Higgins et al. (2022) calibrations, supplemented by fO2 and melt H2O concentrations calculated using the Ridolfi (2021) calibrations, which we interpret in the range of their predicted individual uncertainties.
For our amphibole analyses from the 1956 Bezymianny eruption products, the Ridolfi (2021) and Higgins et al. (2022) thermobarometers calculate a range of temperature and pressure values that relatively closely compares (SM2; SM3_Fig 2). Characteristic differences are (1) that the Higgins et al. (2022) thermobarometers calculate a narrow range of crystallization temperatures and pressures for the SiO2-rich amphibole population, yet a large range of crystallization temperatures and pressures for the SiO2-poor amphibole population; and (2) that the Ridolfi (2021) thermometer calculates a relatively large range and relatively high temperatures for the SiO2-rich amphibole population, yet an overall lower variation and lower crystallization pressure for the SiO2-poor amphibole population (with the exception of one outlier). We suggest that these differences reflect differences in the calibration databases and calibration strategies, i.e. random forest machine learning versus multivariate regression. That the Higgins et al. (2022) calibration predicts a limited range of low crystallization temperatures and pressures for our SiO2-rich amphibole population reflects that such evolved amphibole compositions were experimentally crystallized only at these conditions, i.e. that all 300 decision trees of the machine learning model gave closely comparable predictions. The relatively large range of compositions of our SiO2-rich amphibole population (e.g. in SiO2, FeO, or MgO) must then relate to the variation in other intensive parameters (melt H2O, melt/magma composition, and/or fO2). For our SiO2-poor amphibole population, the situation is inverse. The Higgins et al. (2022) calibrations show that it is difficult to constrain the crystallization conditions for such amphibole compositions tightly, i.e. that different decision trees predict largely different crystallization conditions. This is realistic given that the SiO2-poor amphiboles must have crystallized from crystal-poor magma with melt compositions approaching bulk rock composition (cf. Fig 6). For such compositions, low SiO2 and high Al2O3 concentrations, for example, may reflect crystallization at high temperature and low pressure, low temperature and high pressure, or in equilibrium with variably SiO2/Al2O3-rich melt (e.g. following clinopyroxene or plagioclase crystallization from variably H2O-rich melt). The Ridolfi (2021) calibration does not capture this relation, except that absolute uncertainties for pressure estimates increase with pressure and thus with overall decreasing amphibole SiO2. That the Ridolfi (2021) thermometer calculates a relatively large range and relatively high temperatures for the SiO2-rich amphibole population reflects their relatively significant range in SiO2 concentration (~42.0-46.6 wt%) because Si concentration most strongly affects the calculated temperature of the thermometer (followed by Fe and Mg). The relatively high calculated temperatures appear a characteristic feature of the calibration (SM3_Fig 1b). That the amphibole SiO2 variations more significantly spread temperature than pressure estimates for the SiO2-rich amphibole population reflects the linear versus logarithmic character of the thermometer and barometer (P1b) equations applicable to these compositions. The overall relatively low variation and relatively low calculated crystallization pressure for the SiO2-poor amphibole population (with the exception of one outlier) using the Ridolfi (2021) calibrations also largely relates to amphibole SiO2 concentration, which shows little variation for this amphibole population (~39.8-40.9 wt%) and thus little variation in calculated temperature or pressure. Temperatures and pressures calculated with the Ridolfi (2021) and Higgins et al. (2022) calibration are nevertheless largely within the estimated individual uncertainties and entirely within uncertainty, if inter-calibration uncertainty is considered (e.g. as shown by the modal standard errors reported by Higgins et al. (2022), which suggest that variable calibration datasets alone may introduce uncertainties of >100 MPa and >25 °C).
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SM3_Fig 1 Calculated intensive parameters compared to known experimental parameters. The calculated parameters were derived using amphibole composition and the calibrations of Higgins et al. (2022) (H) or Ridolfi (2021) (R). Indicated uncertainties are individual uncertainties inferred by H and R. The dashed diagonal lines mark 1:1 correspondence. Blue = data for amphibole compositions from the Ridolfi (2021) dataset. Green = data for amphibole compositions from the Higgins et al. (2022) dataset. High-quality melt H2O concentration and fO2 data (see SM3_Table 1 below) for experiments considered by Higgins et al. (2002) (i.e. all data shown in green in e,f) were assembled as part of this study. 
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SM3_Fig 2 Intensive parameters calculated for the analyzed amphibole crystals in the 1956 eruption products of Bezymianny using the calibrations of Higgins et al. (2022) (H) or Ridolfi (2021) (R). Indicated uncertainties are individual uncertainties inferred by H and R. The dashed diagonal lines mark 1:1 correspondence. Blue symbols = amphibole from blast samples. Yellow symbols = amphibole from pumice samples.
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SM3 Table 1 : Experimental melt H

2

O and fO

2

 data used for our tests shown in SM3_Fig. 1e,f

Run Melt H

2

O (wt%) Reference

RP31 9.1 Alonso-Perez et al. (2009)

RP10 9.8 Alonso-Perez et al. (2009)

RP32 7.6 Alonso-Perez et al. (2009)

RP39 11.0 Alonso-Perez et al. (2009)

RP88 9.6 Alonso-Perez et al. (2009)

RP34 10.6 Alonso-Perez et al. (2009)

G-3a 5.2 Gardner et al. (1995)

G-16a 4.7 Gardner et al. (1995)

Run3-1 6.3 Melekhova et al. (2017)

HAB11 8.2 Pichavant et al. (2002)

PSB26 6.7 Riker et al. (2015)

PSB45 6.2 Riker et al. (2015)

rk73 7.3 Ulmer et al. (2018)

PU1061 8.4 Ulmer et al. (2018)

PU1063 8.4 Ulmer et al. (2018)

Run fO

2

 (

D

NNO) Reference

Jor46.10 1.3 Barclay & Carmichael (2004)

Jor46.21 1.8 Barclay & Carmichael (2004)

Jor46.3 3 Barclay & Carmichael (2004)

Jor46.31 2 Barclay & Carmichael (2004)

Jor46.4 3 Barclay & Carmichael (2004)

Jor46.23 1.7 Barclay & Carmichael (2004)

184 0.9 Costa et al. (2004)

1 0.3 Costa et al. (2004)

40 1.2 Costa et al. (2004)

46cr 1.2 Costa et al. (2004)

89s 1.4 Costa et al. (2004)

95s 1.4 Costa et al. (2004)

G-16b 0.83 Gardner et al. (1995)

G-15a 1.19 Gardner et al. (1995)

G-3b 1.09 Gardner et al. (1995)

G-3a 0.99 Gardner et al. (1995)

G-16a 0.83 Gardner et al. (1995)

BM24 1.8 Melekhova et al. (2015)

BM39 -0.2 Melekhova et al. (2015)

Run4-1 0 Melekhova et al. (2017)

Run3-1 -0.1 Melekhova et al. (2017)

Run4-2 0.8 Melekhova et al. (2017)

PEM12-10 1.3 Moore & Carmichael (1998)

PEM12-18 2.2 Moore & Carmichael (1998)

L2-1 1.1 Pichavant et al. (2018)

P5-13 1 Pichavant et al. (2018)

SG23 0.9 Pichavant et al. (2018)

P5-11 1 Pichavant et al. (2018)
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Run fO

2

 (

D

NNO) Reference

L3-1 1.5 Pichavant et al. (2018)

L1-1 1.2 Pichavant et al. (2018)

HAB2 0.6 Pichavant et al. (2002)

HAB11 1.3 Pichavant et al. (2002)

HAB14 1.3 Pichavant et al. (2002)

HAB1 0.8 Pichavant et al. (2002)

HAB12 1.2 Pichavant et al. (2002)

HAB7 0.4 Pichavant et al. (2002)

800/0.9/2LPD-0.1 Pietranik et al. (2009)

800/0.8/2MD-0.2 Pietranik et al. (2009)

800/1/2LPD 0 Pietranik et al. (2009)

850/0.9/2LPD-0.1 Pietranik et al. (2009)

850/1/2LPD 0 Pietranik et al. (2009)

PIN105 2.7 Prouteau & Scaillet (2003)

PIN103 2.3 Prouteau & Scaillet (2003)

PIN108 2.4 Prouteau & Scaillet (2003)

PIN97s 3.5 Prouteau & Scaillet (2003)

PIN87 2.4 Prouteau & Scaillet (2003)

PIN98 4.6 Prouteau & Scaillet (2003)

PIN88s 3.6 Prouteau & Scaillet (2003)

PIN92 3.4 Prouteau & Scaillet (2003)

PIN86s 4 Prouteau & Scaillet (2003)

PIN102 2.1 Prouteau & Scaillet (2003)

PIN91 3 Prouteau & Scaillet (2003)

PIN109 2.7 Prouteau & Scaillet (2003)

PIN104 2.6 Prouteau & Scaillet (2003)

PIN89s 3.4 Prouteau & Scaillet (2003)

PIN88 2.6 Prouteau & Scaillet (2003)

PIN87s 3.8 Prouteau & Scaillet (2003)

PIN100 4.8 Prouteau & Scaillet (2003)

PIN106 2.9 Prouteau & Scaillet (2003)

PIN86 2 Prouteau & Scaillet (2003)

PSB26 2.7 Riker et al. (2015)

43 1.1 Scaillet & Evans (1999)

19 1 Scaillet & Evans (1999)

18 1 Scaillet & Evans (1999)

23 1.9 Scaillet & Evans (1999)

20 1.7 Scaillet & Evans (1999)

67 2.4 Scaillet & Evans (1999)

51 2.3 Scaillet & Evans (1999)

8 2.7 Scaillet & Evans (1999)

22 2 Scaillet & Evans (1999)

42b 1.2 Scaillet & Evans (1999)

58 2.3 Scaillet & Evans (1999)

42 1.2 Scaillet & Evans (1999)

65 2.6 Scaillet & Evans (1999)

44 1 Scaillet & Evans (1999)
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Run fO

2

 (

D

NNO) Reference

21 1.7 Scaillet & Evans (1999)

66 2.5 Scaillet & Evans (1999)

1584 -0.5 Sisson et al. (2005)

1650 -1.3 Sisson et al. (2005)

1616 -0.5 Sisson et al. (2005)

1591 -0.4 Sisson et al. (2005)

1627 3.9 Sisson et al. (2005)

1652 3.7 Sisson et al. (2005)

1583 -0.5 Sisson et al. (2005)

1641 -1.3 Sisson et al. (2005)

1697 1.6 Sisson et al. (2005)

1635 -1.1 Sisson et al. (2005)

1667 -0.9 Sisson et al. (2005)

1672 -1.2 Sisson et al. (2005)

1666 3.8 Sisson et al. (2005)

1693 1.7 Sisson et al. (2005)

1659 3.6 Sisson et al. (2005)

1668 3.5 Sisson et al. (2005)

1644 -1.3 Sisson et al. (2005)

1582 -0.7 Sisson et al. (2005)

1640 3.5 Sisson et al. (2005)

1660 -1.1 Sisson et al. (2005)

1695 1.2 Sisson et al. (2005)

1642 -1.3 Sisson et al. (2005)

1617 3.9 Sisson et al. (2005)

1649 -1.3 Sisson et al. (2005)

1690 2 Sisson et al. (2005)

1723 3.4 Sisson et al. (2005)

1619 4 Sisson et al. (2005)

1580 -0.8 Sisson et al. (2005)

1586 -0.4 Sisson et al. (2005)

1624 3.9 Sisson et al. (2005)

1694 2 Sisson et al. (2005)

1673 3.3 Sisson et al. (2005)

PU1064 0 Ulmer et al. (2018)

rk70 0.4 Ulmer et al. (2018)

rk73 0.35 Ulmer et al. (2018)

PU1061 0 Ulmer et al. (2018)

PU1062 0 Ulmer et al. (2018)

PU1070 0 Ulmer et al. (2018)

PU1063 0 Ulmer et al. (2018)
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