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1. Sample locations, petrography, geochemistry 

Pumice samples were collected from representative outcrops of three well-defined explosive 
eruption events of Ciomadul. Locations of the outcrops are shown in Fig. 1. in the paper. Here 
we present details about the sampling localities, stratigraphic relations, and the key 
petrological and geochemical features. 

 

 
Figure S1 Sampling locations (stratigraphic unit names in red, eruption units in black): (a) Bixad roadcut, 
Ee5/2-32 eruption unit; (b) Băile Tuşnad roadcut, Ee5/1-50 eruption unit; (c) Covasna-Harghita frontier 

outcrop, Ee5/1-56 eruption unit; (d) Mohoş roadcut, Ee5/1-56 eruption unit. They all represent the youngest 
explosive eruptions (56–30 ka) of the Ciomadul volcanic complex. For unit and sample names, see the Samples 

section in the paper  
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Eruption 

unit 
Locality 

 
 

Am 
(n) 

Plg 
(n) 

Zrn 
(n) 

Ttn 
(n) 

Mt 
(n) 

Ilm  
(n) 

Fe-Ti 
oxide eq. 
pairs (n) 

Glass
(n) 

Ee5/2-32 Bixad 136 60 12 6 59 25 38 50 
Ee5/1-50 Băile Tuşnad 46 55 9 4 26 8 26 15 
Ee5/1-56 Covasna–

Harghita front. 
Mohoş roadcut 

118 119 9 6 86 22 43 67 

Table S1 Number (n) of the analysed spots for each mineral phase and the obtained Fe-Ti oxide pairs and 
silicate melt inclusions in the selected samples of the three studied eruption units. n= number of chemical 

analyses by EMPA or LA-ICP-MS 

 

Features Ciomadul Mic 
(Kiss et al. 2014) 

Ee5/1-56 Ee5/1-50 Ee5/2-32 

Bulk-rock trachydacite dacite to trachydacite dacite to 
trachydacite 

dacite to trachydacite 

Eruption type effusive (lava dome) explosive (pumice) explosive (pumice) explosive (pumice) 
Crystal content 

(vol%) 
31 10 9 19 

Crystallinity (on 
vesicle-free basis, 

vol%) 

33 27 29 38 

Mineralogical 
assemblage 

Plagioclase, 
amphibole, biotite 

(macrocrysts); 
apatite, zircon, 

titanite, Ti-
magnetite/ilmenite 
(accessory phases); 
felsic crystal clots 

composed of 
plagioclase, 

amphibole, biotite, 
apatite, titanite and 
zircon occasionally 
with quartz and K-

feldspar 
mafic crystal clots of 

olivine, 
clinopyroxene 

occasionally with 
plagioclase 

Plagioclase, 
amphibole, biotite 

(macrocrysts); 
apatite, zircon, 

titanite, Ti-magnetite, 
ilmenite (accessory 

phases); occasionally 
orthopyroxene and 
clinopyroxene in 

mafic crystal clots 

Plagioclase, 
amphibole, biotite 

(macrocrysts); 
apatite, zircon, 

titanite, Ti-
magnetite, ilmenite 
(accessory phases); 
felsic crystal clots 

composed of 
plagioclase, 

amphibole, biotite, 
apatite, titanite and 

zircon 

Plagioclase, 
amphibole, biotite 

(macrocrysts); 
apatite, zircon, 

titanite, Ti-magnetite, 
ilmenite (accessory 

phases) 

Dominant 
plagioclase 

composition (An in 
mol%) 

25–45  40–50 20–35 40–50  

Amphibole 2 populations 
various reaction rims; 
6.4–15.0 wt% Al2O3; 

49–82 mol% Mg# 

3 populations 
no reaction rim; 

6.5–14.4 wt% Al2O3; 
57–86 mol% Mg# 

3 populations 
no reaction rim; 

5.6–9.8 wt% Al2O3; 
60–90 mol% Mg# 

3 populations 
no reaction rim; 

7.5–12.7 wt% Al2O3; 
56–86 mol% Mg# 

Table S2 Summary of the key petrological and geochemical characters of the 133 ka old Ciomadul Mic lava 
dome rocks (Kiss et al. 2014) and the studied 56–30 ka old pumices 
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Figure S2 Classification of amphiboles (Hawthorne et al. 2012; Locock 2014) 

 
 

 
Figure S3 Comparison of the amphibole composition from the 133 ka old Ciomadul Mic lava dome (Kiss et al. 
2014) and from the studied pumice samples. Note the bimodal character of the lava dome samples, the larger 

compositional variation in the pumice samples, the similar compositional range of the low-Al, low-Mg 
amphibole and the distinct composition of the high-Mg amphibole population 
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Figure S4 Line profiles of a representative complex reverse zoned (a), an oscillatory zoned (b), and a complex 

normal zoned (c) amphibole crystal. 
 

 

2. Thermometers, barometers, oxybarometers and hygrometers used in the study 

In the followings, we provide a summary of all the methods applied in the study, 

including their applicability according to the original papers, input parameters, calibration 

ranges, and inferred uncertainties. All the compositional input data are provided in the 

Electronic Supplementary Material 2 (ESM 2). 
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2.1. Fe-Ti oxide thermometers and oxybarometers (methods: Andersen and Lindsley 1985; 

Ghiorso and Evans 2008) 

Temperature and fO2 values were calculated on assumed equilibrium Ti-magnetite and 

ilmenite pairs using their homogeneous rim compositions (Fig. S5). Equilibrium was checked 

by magnetite-ilmenite Mg/Mn partitioning (cf. Bacon and Hirschmann 1988; Fig. S6). We 

employed the widely applied Andersen and Lindsley (1985) as well as the Ghiorso and Evans 

(2008) calibrations (abbreviated as oxAL85 and oxGE08, respectively). Both calibration 

methods require major element compositions of titanomagnetite-ilmenite equilibrium pairs 

determined by EMPA. 

The oxAL85 calculations were performed using the WinMIgob software (Yavuz 

2021). It can be used effectively in the Fe–Ti–O system between 600 and 1200 °C and a redox 

state between the NNO (nickel-nickel oxide oxygen) and the WM (wustite-magnetite) buffers. 

Ferric iron and Fe-Ti oxide end-members were calculated according to the method of Stormer 

(1983). This method has an inferred uncertainties of ±20–40 °C and ±0.5 log units fO2 for 

temperature and oxygen fugacity, respectively (Andersen and Lindsley 1985; Yavuz 2021). 

The oxGE08 calculation was performed using the Apple-based script of Ghiorso and 

Evans (2008). The method can be applied effectively to systems between 800 and 1300 °C, at 

an oxidation state of three log10 units on either side of the NNO buffer. Uncertainties are 

inferred to be ±25–50 °C and 0.2–0.3 log unit fO2 for temperature and oxygen fugacity, 

respectively (Hayden and Watson 2007; Ghiorso and Evans 2008; Ghiorso and Gualda 2013; 

Loucks et al. 2020). 
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Figure S5 Line profiles of some representative magnetite (a and c) and ilmenite (b) crystals 
 

 
Figure S6 Equilibrium test (Bacon and Hirschmann 1988) for titanomagnetite-ilmenite pairs from the three 

studied eruption units. Note the similar Mg and Mn contents of the Fe-Ti oxide pairs from the Ee5/1-56 and the 
Ee5/2-32 units, however, different concentrations characterize the Fe-Ti oxides of the Ee5/1-50 unit suggesting 

slightly different physicochemical conditions 
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2.2. Amphibole±plagioclase thermobarometers, chemometers (Holland and Blundy 1994; 

Anderson et al. 2008; Krawczynski et al. 2012; Ridolfi and Renzulli 2012; Mutch et al. 

2016; Putirka 2016; Ridolfi 2021; Higgins et al. 2022; Médard and Le Pennec 2022) and 

oxybarometers (Ridolfi et al. 2010) 

Pre-eruptive temperature was calculated from rim compositions of inferred amphibole-

plagioclase equilibrium pairs, where equilibrium was assessed based on textural observations. 

Crystal mush temperatures were calculated from compositions of low-Al, low-Mg amphibole 

and plagioclase pairs, where equilibrium was assumed between the euhedral amphibole 

inclusions and the host plagioclase and between the low-Al, low-Mg amphibole and 

plagioclase rims within felsic crystal clusters. We employed the Holland and Blundy (1994) 

edenite-richterite thermometer (hbHB94) for quartz-free assemblages, which requires 

amphibole and plagioclase major and trace element compositions as well as pressure as input 

parameters. The thermometer is applicable to Ca-amphiboles with 6.0–7.7 apfu Si, <1.8 apfu 

AlVI, and 𝑋𝑋𝑁𝑁𝑁𝑁𝑀𝑀4>0.03, and plagioclase with 0.9>Xan>0.1, being suitable for our compositions. 

For amphibole compositions with ≤15.4 wt% FeO, as in case of our data, the uncertainty of 

the thermometer is estimated to be ±35–40 °C, if pressure can be accurately constrained 

(Holland and Blundy 1994). Temperature values were calculated using the Excel spreadsheet 

provided by Anderson et al. (2008). 

To estimate the temperature of the mafic magmas, the Putirka (2016) method was 

applied on high-Mg# single crystal amphibole cores (Mg#>0.60). In case of the Putirka 

(2016) method, two different calculations, a pressure independent (5th equation in Putirka 

2016) and a thermometer fixed at 400 MPa (6th equation in Putirka 2016), were used with 

cation numbers calculated from amphibole major element compositions based on 23 O atoms. 

The 400 MPa pressure was chosen based on the amphibole major element composition similar 

to amphiboles produced by experiments above >400 MPa (see Chapters: Origin of the crystal 

cargo and Pressure in the paper). We also used the calculated temperature together with the 

Si cation number (apfu) to estimate the SiO2 content in the coexisting liquid (with a 3.6 wt% 

uncertainty). The thermometer is applicable (according to the original paper) to Ca-

amphiboles crystallized between 50 and 2500 MPa and between 650 and 1200 °C with 5.5–

8.5 apfu Si, <3 apfu Altot which is suitable for our compositions. The uncertainty of the 

thermometer is estimated to be 30 °C. 

The Ridolfi and Renzulli (2012) method can be applied for a temperature range of 

800–1130 °C, thus, only for the high-Al, high-Mg amphibole population described in Chapter 

Amphibole in the paper. The compositions in our database are suitable according to the 
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Ridolfi and Renzulli (2012) paper, however the estimation gave erroneous values for the 

crystal mush amphiboles (760–845 °C), probably caused by the differences in the 

calibrational amphibole equilibrium assemblage which contains pyroxene in contrast to ours, 

therefore, we estimated temperatures only for amphibole compositions with Mg#>0.60. We 

used EMPA data of these Mg-rich (Mg/(Mg+ Fetot)>0.60) calcic amphibole cores as input to 

the excel sheets provided by the authors. The temperature estimate has an uncertainty of 

±23.5 oC. 

In case of the Ridolfi (2021) method, we checked amphibole compositions using the 

spreadsheet of the original paper and major element compositions as input parameters to 

calculate temperature, pressure, oxygen fugacity and melt water content. This thermometer 

can be applied on Mg-rich calcic amphiboles in equilibrium with calc-alkaline or alkaline 

melts at 885–1130 °C, 130 to 2200 MPa, and oxygen fugacity between -2.1 and 3.6 ΔNNO, 

with uncertainties of ±44 °C, ±12%, ±0.3 log unit, and ±14 %, respectively. Mg-rich calcic 

amphibole data used in this method fulfilled the criteria, however the amphibole crystals 

within the calibrational data set are mostly in equilibrium with a mafic assemblage 

(containing olivine, pyroxene, and high-An plagioclase) which is not true in the case of our 

assemblage and show compositional shift compared with our data, therefore, we could not 

accept the results of this method. 

The Higgins et al. (2022) machine learning-based method was used on single crystal high-

Mg# amphibole cores to evaluate the temperature and pressure conditions of the mafic magma 

and also applied to single amphibole rims to estimate the pre-eruption conditions. One of the 

advantages of this method is that it uses a non-linear regression strategy, which provides a 

better fit with the experimental data set. Beside T and P, liquid composition in equilibrium 

with the amphibole was also calculated. The random forest thermobarometer using ExtraTrees 

package (Breiman 2002) together with code of R environment provided by the authors of the 

paper was applied. The method requires amphibole major element composition as input 

parameter and it can be applied on amphibole crystallized on 50–1200 MPa pressure and 700–

1250 °C temperature conditions from basaltic to rhyolitic magma with wide compositional 

range, similarly to amphiboles given in this study. Although, the temperature of the 

experimental data set used in the calibration extends down to 700 °C, only few data from 

experiments between 700 and 800 °C are included in the training data set. Therefore, we 

accepted the results of this method only for amphibole cores with Mg#>0.60 crystallized 

above 800 °C. The uncertainties of the estimation are ±160 MPa pressure and ±40 °C 

temperature, while uncertainties for each element in the calculated melt composition are the 
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following: SiO2: 3.3 wt%, Al2O3: 1.1 wt%, FeO: 1.5 wt%, MgO: 0.8 wt%, CaO: 1.3 wt%, 

Na2O: 0.7 wt%, K2O: 0.5 wt%, and TiO2: 0.2 wt%. 

Pressure was estimated also using the Anderson et al. (2008) spreadsheet (hbA08) 

with the Anderson and Smith (1995) iteration method (AS95), as well as the Mutch et al. 

(2016) Al-in-hornblende barometer (hbM16) from both crystal mush and pre-eruptive 

amphibole compositions used in the hbHB94 thermometer. Both requires Altot composition as 

an input parameter and an equilibrium assemblage of hornblende, biotite, plagioclase, 

orthoclase, quartz, titanite/ilmenite, magnetite, and ±apatite, and equilibration at <800 °C. In 

the pumiceous pyroclastic deposits, the mineral assemblage matches these requirements, 

except for orthoclase and quartz. We rigorously discuss this issue in the paper emphasizing 

that K-feldspar and quartz are present in the lava dome rocks as phenocrysts and in the felsic 

crystal clots representing the crystal mush in addition to the same mineral assemblage found 

also in the pumices. They have overlapping mineral composition and are assumed to represent 

the same long-standing crystal mush body. Furthermore, the K2O content in the glass 

composition of the Ee5/1-56 and Ee5/2-32 units is close to 5 wt%, while the Ee5/1-50 pumice 

glass contains SiO2 over 75 wt%, implying they are close to the K-feldspar and quartz 

saturation (according to Médard and Le Pennec 2022). Therefore, we accept the pressure 

values yielded by these geobarometers. The hbA08 barometer is applicable to hornblende 

crystallized at 250–1300 MPa, with an uncertainty of 60 MPa. The hbM16 barometer is 

applicable to hornblende crystallized at 80–1000 MPa with an inferred uncertainty of ±16 %. 

The Médard and Le Pennec (2022) temperature-independent barometer was used on 

single crystal low-Al, low-Mg amphibole cores and on high-Al, moderate-Mg amphibole rims 

from EMPA major element input data. This method works at a condition when amphibole 

crystallizes together with plagioclase + biotite ± quartz ±  magnetite ± sanidine at 650 to 950 

°C, mostly under 400 MPa. Considering the crystallization condition of the low-Al, low-Mg 

and the high-Al, moderate-Mg amphiboles as discussed above, we accepted the pressure 

results of this barometer, which show low standard deviations for both groups and overlap 

with the results of the Mutch et al. (2016) method. The accuracy of the method is about ±72–

86 MPa. 

The empirical Mg# barometer provided by Krawczynski et al. (2012) can be applied 

for high-Mg amphibole with Mg-number between 0.74 and 0.84 crystallized preferably at 

180–950 MPa. As input parameter, we used AlVI cation numbers calculated from EMPA 

results using Equation 2 in the paper. The reported uncertainty of the amKr12 method is about 

±142 MPa.  
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Oxygen fugacity was calculated from amphibole compositional data using the single 

amphibole oxybarometer and spreadsheet of Ridolfi et al. (2010). The calculation requires 

single amphibole major element composition as an input parameter (we used high-Al, 

moderate-Mg amphibole rims to determine conditions after hybridization; low-Al, low-Mg 

amphibole compositions for the long-term crystal mush) and it normally uses temperature and 

pressure calculated from the same composition. However, in these calculations we used the 

hbHB94 and the hbAS95 temperature and pressure values, respectively, as input parameters 

which were considered to be the most reasonable results for crystal mush condition. Results 

gained by the Ridolfi et al. (2010) method give good correspondence with the fO2 values 

obtained by the Andersen and Lindsley (1985) calculations from Fe-Ti oxide pairs. The 

Ridolfi et al. (2010) oxybarometer is applicable to amphibole crystallized at ~750–1000 °C, 

<1000 MPa, an oxygen fugacity between 0.3 and 2.5 ΔNNO, a crystallinity <35%, amphibole 

Al-number (AlVI/Altot) <0.21 apfu, and Mg/(Mg+Fe2+)>0.5, all of which criteria were fulfilled 

for most of the studied samples. An uncertainty of ±0.4 log units has been estimated for this 

method (Ridolfi et al. 2010) and additional tests showed that it gives reasonable values within 

this uncertainty (Erdmann et al. 2014). 

 

2.3. Zircon thermometer and oxybarometer and zircon saturation temperature (Watson and 

Harrison 1983; Ferry and Watson 2007; Loucks et al. 2020; Crisp and Berry 2022) 

We applied the Ti-in-zircon thermometer of Ferry and Watson (2007) to calculate the 

crystallization condition in the felsic crystal mush. Ti content of zircon rim composition was 

used as given by Lukács et al. (2021). The main uncertainty of this calculation (estimated to 

be about ±30–35 oC at 750 oC) is the unconstrained activities for SiO2 and TiO2. Lukács et al. 

(2021) discussed the crystallization condition and used aSiO2=1 and aTiO2=0.6 values, which 

we accepted in this study. Loucks et al. (2020) extended the equation provided by Ferry and 

Watson (2007) with a pressure dependence and therefore their calculations give higher 

temperature values (with about 50–70 °C) at 250 MPa pressure. The inferred uncertainty of 

the thermometer is ~±30 °C if all input parameters are accurate (Loucks et al. 2020). The 

Loucks et al (2020) method calculates also the oxygen fugacity under which the zircon 

crystallization occurred. It uses the concentrations of Ce, initial U, and Ti in the zircon grains 

as well as bulk rock composition (Molnár et al. 2019) as input parameters. The oxybarometer 

is inferred to calculate logfO2 with a standard error of ±0.6 log units (Loucks et al. 2020). 

To calculate zircon saturation temperature, we used the zircon solubility model of 

Watson and Harrison (1983) and Crisp and Berry (2022) on zircon rim compositions. The 
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model of Watson and Harrison (1983) requires microprobe glass major element composition 

as well as the Zr content to calculate the melt cation ratio of (Na+K+2 Ca)/(Al*Si), and the Zr 

distribution coefficient. The model is applicable with wide range of melt composition from 

peraluminous to metaluminous, between 750 and 1020 °C, with alumina saturation index 

(ASI) of 0.90–1.10. For this calculation, we used the average glass Zr content determined by 

LA-ICP-MS method in Perugia, 160 ppm for the Ee5/1-56 and Ee5/2-32 units and 150 ppm 

for the Ee5/1-50 unit. 

Crisp and Berry (2022) recently published another calibration to calculate zircon 

saturation temperature. It uses Zr concentration and major element composition of the glass 

and/or bulk rock and pressure to estimate zircon saturation temperature. It can be used 

between 750 to 1620 °C and 0.1 and 4000 MPa, where the ASI is between 0.20 to 2.0, the 

FeOtot is 1–16 wt%, and the melt H2O is 0–17 wt%. The uncertainty of the method is ±45 °C. 

We used the Excel spreadsheet provided by the authors with 250 MPa pressure value. It gave 

similar results to the Watson and Harrison (1983) calculation. 

 

2.4. Titanite thermometer (Hayden et al. 2008) and barometer (Erdmann et al. 2019) 

The Zr-in-titanite thermometer of Hayden et al. (2008) was used with an input data 

obtained by LA-ICP-MS analysis in Göttingen from various zones in titanite grains. Zr 

concentrations with fixed 250 MPa pressure, aSiO2=1 and aTiO2=0.6 were used in the 

calculation of temperature values. This thermometer can be applied on titanite crystallized 

between 600 and 1000 °C temperature and at 200–240 MPa pressure. The method has a ±20 

°C given uncertainty. As in our mineral assemblage quartz/rutile is absent, the uncertainty 

could be larger affecting the results by 35 to 75 °C overestimation. 

The semi-quantitative titanite barometer of Erdmann et al. (2019) requires the Al2O3 

content of magmatic titanite as an input parameter, near-solidus crystallization of an 

equilibrium assemblage of Ca-amphibole, plagioclase, alkali feldspar, quartz, biotite, and 

magnetite/ilmenite. The barometer has been proposed for pressures between ~150 and 400 

MPa for metaluminous to weakly peraluminous silicic magmatic systems. The estimated 

uncertainty of the barometer is ±60–100 MPa. We used this geobarometer with a 

consideration on the mineral assemblage as discussed above. 
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Figure S7 High contrast back-scattered electron (BSE) images of titanite crystals separated from the Ee5/1-56 
(a, e) and the Ea5/1-50 (b–d and f) eruption units, representing the prolonged crystal mush. Note the different 

textures from slight zonation (a, c) or resorbed core (b) to well-developed oscillatory zonation (d–f). Laser spots 
for trace element analysis are also shown 

 

2.5. Magnetite-melt oxybarometer (Arató and Audétat 2017a, b, c) 

We applied two magnetite-melt oxybarometers of Arató and Audétat (2017a, b, c) on 

magnetite rims paired with matrix glass compositions. One of the oxybarometers is based on 

the partitioning of V between magnetite and the melt (Arató and Audétat 2017a, b), while the 

other uses the partitioning of Fe and Ti between magnetite and melt (FeTiMM method, Arató 

and Audétat 2017c). They require the V concentrations of the magnetite and melt, 

temperature, alumina saturation index (ASI) of the melt and the Fe and Ti concentrations of 

magnetite and melt and melt composition (AMCNK) as input parameters, respectively. The 

V-based oxybarometer is applicable for crystallization at 0.7–4.0 units above the fayalite-

magnetite-quartz buffer (ΔFMQ), at 800–1000 °C, a melt ASI between 0.74 and 1.14, a 

magnetite composition with 0.2–14 wt% TiO2, crystallization at 100–500 MPa, and H2O 

saturation. The method is inferred to have an uncertainty of ±0.3 log units.  

The FeTiMM method (Arató and Audétat 2017c) is calibrated for magnetite-melt 

equilibration at 750–1100 °C, 10–700 MPa, and fO2 between -1.3 and +5.5 ΔFMQ, melt 

compositions of 48–79 wt% SiO2, ASI=0.3–1.3, and magnetite compositions of 0.01–28 wt% 

TiO2. It has an inferred uncertainty of ±0.5 log units. 
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2.6. Plagioclase-liquid hygrometer (Waters and Lange 2015) 

The plagioclase-liquid hygrometer of Waters and Lange (2015) requires plagioclase 

and melt major and trace element compositions, temperature, and pressure as input 

parameters. We used plagioclase rim compositions paired with average microlite-lacking 

groundmass glass surrounding the plagioclase crystals (ESM 2) and estimated avarage rim 

temperatures (730°C in case of Ee5/1-50 and 810 °C in the Ee5/1-56 and Ee5/2-32 ka units; 

derived from the hbHB94 calibration) and pressure (250 MPa in case of Ee5/1-50; and 350 

MPa in the Ee5/1-56 and Ee5/2-32 ka units, amphibole rim, derived from the hbMLP22 and 

the hbM16 calibrations) inserting in the Excel spreadsheet provided by the authors. The 

calibration can be applied to plagioclase crystallized from a wide magma composition 

including silicic magmas, for plagioclase compositions between An = 17 mol% and An = 95 

mol%, crystallization pressures of 0–350 MPa, melt H2O contents of 0–8.3 wt%, and 

temperatures of ~750–1250 °C. The given uncertainty of the method is ±0.35 wt%. 

 

3. Output data of the applied methods 

3.1. Amphibole-plagioclase equilibrium pairs 

Coexisting amphibole-plagioclase pairs (e.g., Fig. S8) of the studied materials form 

two distinct groups. The first group involves high-Al, moderate-Mg amphibole and moderate 

An content plagioclase pairs. The crystals are 50–800 µm sized euhedral or sporadically 

subhedral macrocryst-couples, showing no or rarely step zonation in case of amphibole and 

slight diffusional zonation in case of plagioclase crystals, but in the latter case, we only used 

homogeneous domains within the crystal rims (similarly to Gorini et al. (2018)) with with low 

standard deviations for estimations (see details in ESM 2). 

 
Figure S8 Back-scattered (BSE) images of representative coexisting amphibole-plagioclase pairs with the 

analysed spots (red for amphibole and blue for plagioclase). Compositional data from the rims, close to the 
mineral boundaries were used for geothemometry calculations. a) Ee5/1-56 unit, b) Ee5/1-50 unit c) Ee5/2-32 

unit 
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In the Ee5/1-50 unit, plagioclase rim has An=0.2–0.4, while the amphibole rim has 

1.2–1.4 apfu AlIV. They do not form equilibrium pairs, therefore, regarding the pre-eruptive 

temperature we accepted only Fe-Ti oxide pair results. The Ee5/2-32 and the Ee5/1-56 units 

show differences from the Ee5/1-50 unit containing An=0.4–0.5 plagioclase crystals, which 

coexist with amphiboles having 1.4–1.8 apfu AlIV. Altogether 54 amphibole-plagioclase pairs 

were selected for thermometry (amphibole rims paired with average plagioclase composition 

of An=0.43; Ab=0.54). The calculations using hbA08 and the hbMLP22 methods resulted in a 

temperature value range from 780 to 820 °C and pressure values from 340 to 455 MPa. The 

amphiboles from these units have fO2 results between ΔNNO +1.0 and +1.5. These amphibole 

crystal rims have transitional compositions in the Mg# vs. AlIV diagram and most probably 

represent the pre-eruption conditions. 

 

 
Figure S9 Tetrahedral Al vs. octahedral Al plot for the studied amphiboles. Symbols are the same as those in 

Fig. S2 

The second amphibole-plagioclase group comprises low-Al, low-Mg amphibole with 

plagioclase having low anorthite content. The latter ones are typically larger crystals (>500 

µm) and they include smaller (a few tens of µm) homogeneous amphibole inclusions. The 

host crystals usually show complex zonation. The inclusions occur mostly in the outer rim or 

occasionally in the core. In the Ee5/1-50 eruptive unit, plagioclase has An=0.2–0.3 and the 
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coexisting amphibole has 0.9–1.1 apfu AlIV. Eleven amphibole-plagioclase pairs (amphibole 

rims paired with average plagioclase composition of An=0.26; Ab=0.71) were chosen to 

calculate the crystallization temperature. The calculations resulted in 690–720 °C temperature 

values and 210–280/165–290 MPa pressure values using the hbA08 and hbM16/hbMLP22 

methods, while the single amphibole oxygen fugacity calculations gave fO2 between ΔNNO 

+1.0 and +1.6. In the Ee5/2-32 and the Ee5/1-56 units, a few (18) amphibole-plagioclase pairs 

were found with 1.0–1.3 apfu AlIV amphibole and An=0.3–0.5 plagioclase compositions (for 

calculation we used amphibole rims paired with average plagioclase composition of An=0.34; 

Ab=0.63). Using these mineral pairs, calculations resulted in a temperature and pressure range 

of 725–755 °C (hbA08) and 220–330/215–295 MPa (hbM16/hbMLP22), respectively. These 

amphiboles show oxygen fugacity between 0.9 and 1.4 ΔNNO. 

 

Figure S10 Calculated pressure and temperature values for various amphibole type of Ciomadul pumices. For 
low-Al and low-Mg amphibole, thought to represent the felsic crystal mush environment and for the transitional 

(high-Al, medium-Mg) amphibole type temperature was calculated using the amphibole-plagioclase 
thermometer of Holland and Blundy (1994), while the pressure was calculated using the Médard and Le Pennec 

(2022) equation. For the high-Al, high-Mg amphibole type, representing the recharge magma, the Machine 
learning method of Higgins et al. (2022) was used to estimate the temperature and pressure. The pressure 

values, however, do not fit the textural observations, since this amphibole forms the crystal cores, has resorbed 
margin and is overgrown by transitional amphibole type. Therefore, we estimated the crystallization pressure 

based on experimental data. 

3.2. Fe-Ti oxides 

From the three studied eruption units (Fig. 1, Fig. S1, Table 1, Table S1) 30 to 49 

magnetite (mt) and 22 to75 ilmenite (ilm) crystals were analysed, in 35 to 89 and 22 to 76 

spots, respectively. Line profile analyses (Fig. S5; in 5 to 11 spots/representative crystals) 
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proved the homogeneous compositions of the analysed Fe-Ti oxide grains with low standard 

deviations (see details in ESM 2). Overall, 26 to 43 mt-ilm equilibrium pairs/eruption unit 

were found and used for thermobarometric calculations. These numbers basically reach (or at 

least approach) the necessary numbers of magnetite and ilmenite analyses to obtain reliable 

Fe-Ti oxide temperatures with relatively low propagated uncertainties (≤±10 °C; Jolles and 

Lange 2019). 

 
Figure S11 Temperature (°C) and oxygen fugacity (logfO2) results of the three studied eruption units (a–c) 

calculated by the Andersen and Lindsley (1985) and the Ghiorso and Evans (2008) Fe-Ti oxide geothermometers 
and oxygen barometers, using the WinMIgob (Yavuz 2021) and the Fe-Ti geothermometer (Ghiorso and Evans 

2008) programs 
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Temperature values calculated by the oxGE08 geothermometer are in the range 

between 660 and 780 °C and an average of ~730 °C. In contrast, calculations of the oxAL85 

geothermometer resulted in systematically higher temperatures for all units (60–90 °C 

difference in average), having a range between 760 and 840 °C with lower standard 

deviations (avg. 13 °C) than the temperatures calculated by the oxGE08 geothermometer 

(avg. 25 °C). 

Regarding oxygen fugacity, similar values were calculated by the oxGE08 and the 

oxAL85 methods. ΔNNO values from the oxGE08 thermobarometer are in the range between 

0.8 and 1.7, while those of the oxAL85 method are between 0.9 and 1.9. Besides the notable 

overall similarity among the calculated parameters for the studied eruptive units, some 

differences can be highlighted. In case of fO2, the Fe-Ti oxides from the Ee5/1-50 unit gave 

significantly higher values (i.e., more oxidizing condition) than the Fe-Ti oxide pairs from the 

other two units. On the other hand, no differences in the results can be observed for the Ee5/1-

56 and the Ee5/2-32 eruptive units. 

 

3.3. Zircon 

 

Figure S12 Slope of the zircon composition array in the log Ce4+/Ce3+ vs. log U/Pr* diagram (after Loucks et al. 
2018). The regression slope suggests that the melt was undergoing oxidation 
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The three studied eruptive units (Ee5/2-32, Ee5/1-50, and Ee5/1-56) contain zircon, 

which provided very similar crystallization condition. Temperature was estimated using the 

Ferry and Watson (2007) method for 30 zircon crystals. Temperature values lower than 680 

°C were discarded (12 zircon grains) because of low Ti content, which is close to the 

detection limit and therefore has large uncertainty. The obtained temperature values are 

between 681 and 738 °C. In contrast, the Loucks et al. (2020) geothermometer yields a 

temperature value range of 725 and 813 °C because of the pressure dependence (at 250 MPa). 

The calculated fO2 using the FW07 temperature and the Loucks et al. (2020) method is 

ranging between 0.35 and 1.55 ΔNNO.  

The zircon saturation temperature was determined by two methods, using the Watson 

and Harrison (1983) and the more recent Crisp and Berry (2022) techniques. In both cases, we 

calculated the zircon saturation temperature based on the glass compositions (average of 

silicate melt inclusion and groundmass data) and the Zr content of the glassy groundmass. The 

WH83 method gave 780–785 °C for each eruptive unit, whereas the CB22 method yielded 

768–796 °C. 

 

4. Petrological and geochemical characteristics of the 133 ka Ciomadul Mic lava dome 
dacite 

Here we introduce the main petrological and geochemical features of the 133 ka 

Ciomadul Mic lava dome dacite (Kiss et al. 2014) as a representative product of the effusive 

volcanism of Ciomadul. The main features along with those of the young pumices can be 

found in Table S2. In this section we report those minerals from the lava dome rocks which 

are important for their comparison with pumiceous deposits. 

Plagioclase crystals (18 vol%, 10–4000 μm) in the Ciomadul Mic lava dome rocks 

show less variations in both texture and chemistry compared to the pumices. They form large 

(1.5–4 mm sized) crystals, clear euhedral glomerocrystic aggregates (not corroded) with 

amphibole, biotite, apatite and euhedral to subhedral, 100–250 μm sized titanite inclusions, 

large subhedral to anhedral crystals with sieved texture core, or euhedral microphenocrysts 

(not corroded) with overlapping compositional range (An= 26–56 mol%; Kiss et al. 2014). K-

feldspar (<1 vol%, 10–4000 μm) is also present as embayed and rounded anhedral or 

subhedral macrocrysts with amphibole, biotite, plagioclase, and apatite inclusions and as 

microlites in the groundmass.  

Felsic crystal clots are abundant with plagioclase as dominant phase in addition to 

low-Al amphibole, biotite, titanite, zircon and occasionally quartz. Anhedral and rounded 



20 
 

quartz (250–1250 μm sized) occurs as single crystals or with low-Al amphibole, plagioclase 

as well as titanite and zircon. 

Euhedral to subhedral amphibole crystals (9 vol%, 75–1800 μm; with 6.4–15 wt% 

Al2O3 and 49–82 mol% Mg#; Kiss et al. 2014) in the Ciomadul Mic lava dome rocks typically 

have reaction rims with a maximum thickness of 15 µm, in contrast to the pumices, which 

contain amphibole without reaction rim. Kiss et al. (2014) found a bimodal composition of the 

amphiboles in the older lava dome rocks, a low-Al, low-Mg hornblende and a high-Al, high-

Mg pargasite group (higher AlIV at the same Mg# than in the pumices, Figure S3). 

In the Ciomadul Mic dacite, mafic crystal clots are common with zoned olivine and 

clinopyroxene, which have high Mg-values (>85 mol%). They are occasionally overgrown by 

high-Al, high-Mg amphibole. These mafic crystals occur also as single crystals in the lava 

dome rocks. The clinopyroxene crystals (1%, 20–1250 μm) occur as subhedral-anhedral, 

patchy or complex normal zoned phases and also as euhedral to subhedral complex reverse 

zoned macrocrysts and crystal aggregates (400–1500 μm sized mafic crystal clots). 

Titanite (<1 vol%) in dacites from the Ciomadul Mic dome-forming eruptions are 

complex zoned crystals. They form small, subhedral to euhedral 0.1–0.25 mm sized crystals 

enclosed by amphibole or plagioclase, but occur also as 1–4 mm sized subhedral to euhedral 

phenocrysts with biotite, apatite, and Fe-Ti oxide inclusions.  

Zircon crystals (<0.1 vol%) in the Ciomadul Mic are ~300 μm sized, oscillatory zoned 

crystals, sometimes with an inherited core. They are mostly enclosed in amphibole, 

plagioclase, and felsic clots or form crystals in the groundmass.  

Fe-Ti oxides (<0.1 vol%) are subhedral to anhedral, homogeneous or zoned, <100 μm 

sized crystals with resorbed cores in the Ciomadul Mic. They occur as inclusions in 

amphibole, biotite and plagioclase, and as groundmass crystals. 
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Method Abbreviation Phase(s) Input 

Output 
(used in 

this 
study) 

Uncertainty  Macrocryst 
core/rim Condition 

Andersen and 
Lindsley 
(1985) 

oxAL85 Fe-Ti oxides  
(mt-ilm eq. pairs) 

EMPA T 
fO2 

±20–40 °C 
±0.50 log units 

rim pre-eruption 

Holland and 
Blundy 
(1994) 

hbHB94 amphibole-
plagioclase eq. 

pairs 

EMPA 
+ P 

T ±40 °C core and rim  long-term 
storage 

(mush)/pre-
eruption 

Putirka 
(2016) 

hbPu16 single amphiboles EMPA T, meltSiO2 ±30 °C 
±3.6 wt% 

core mafic magma 

Higgins et al. 
(2022) 

hbHi22 single amphiboles EMPA P, T 
meltSiO2, 

Al2O2 

±160 MPa, 
±40 °C 

±3.3 wt% 
±1.1 wt% 

core mafic magma 

Hayden et al. 
(2008) 

tiH08 titanite LA-ICP-
MS 

T ±20 °C 
 

core to rim long-term 
storage 
(mush) 

Anderson and 
Smith (1995) 

hbAS95 amphibole-
plagioclase eq. 

pairs 

EMPA P ±80 MPa core long-term 
storage 
(mush) 

Mutch et al. 
(2016) 

hbM16 amphibole-
plagioclase eq. 

pairs 

EMPA P ±16 % core long-term 
storage 
(mush) 

Médard and 
Le Pennec 

(2022) 

hbMLP22 single amphiboles EMPA P ±72–86 MPa core long-term 
storage 

(mush)/pre-
eruption 

Krawczynski 
et al. (2012) 

amKr12 single amphiboles EMPA P ±142 MPa core mafic magma 

Ridolfi et al. 
(2010) 

amR10 single amphiboles EMPA 
T, P 

fO2 ±0.4 log unit core and rim long-term 
storage 

(mush)/pre-
eruption 

Loucks et al. 
(2020) 

zrL20 zircon LA-ICP-
MS 

T (Ferry 
and 

Watson 
2007, P, 

aTiO2, aSiO2 

fO2 ±0.6 log units rim long-term 
storage 
(mush) 

Watson and 
Harrison 
(1983) 

zrWH83 zircon EMPA 
LA-ICP-
MS Zr 

Tsaturation 2σ rim long-term 
storage 
(mush) 

Crisp and 
Berry (2022) 

zrCB22 zircon EMPA 
LA-ICP-
MS Zr 

P 

Tsaturation ±45 °C rim long-term 
storage 
(mush) 

Waters and 
Lange (2015) 

plWL15 plagioclase-melt 
pairs 

EMPA 
+ T, P 

meltH2O ±0.35 wt% rim pre-eruption 

Erdmann et 
al. (2019) 

tiE19 titanite LA-ICP-
MS 

P ±60–100 MPa rim long-term 
storage 
(mush) 

Arató and 
Audétat 

(2017a, b) 

oxAA17V magnetite-melt 
pairs 

LA-ICP-
MS 

fO2 ±0.3 log units magnetite 
rim, matrix 

glass 

pre-eruption 
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Method Abbreviation Phase(s) Input 

Output 
(used in 

this 
study) 

Uncertainty  Macrocryst 
core/rim Condition 

Arató and 
Audétat 
(2017c) 

oxAA17FeTi magnetite-melt 
pairs 

EMPA fO2 ±0.5 log units magnetite 
rim, matrix 

glass 

pre-eruption 

Table S3 Summary of the applied methods most relevant in the study (thermometers, barometers, oxybarometers, 
chemometers), indicating the phase(s) on which they are based, the necessary input data, and the inferred 

uncertainties of each method. 
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