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 13 

Abstract 14 

Our knowledge of active magmatic hydrothermal system (or magmatic vapors) is largely 15 

related to the modeling of geochemical processes including heterogeneous equilibrium calculations 16 

with variable bulk composition, temperature or pressure. With the aim to constrain the characteristics 17 

of extinct hydrothermal systems it is necessary to look for petrogenic evidence in active ones. The 18 

Kudryavy volcano in the Kurile Islands (Russia) provides a unique natural laboratory to study the 19 

formation of fumarolic rocks from high temperature fluids (measured temperature for the fumaroles up 20 

to 940°C). By studying the minerals chemistry and assemblages and by computing a thermodynamical 21 

modelling, we investigated the mineralogical evidence for such high-temperature. We confirm the 22 

documented occurrence of Ca-Fe rich minerals as isolated patches, veins or incrustation in cavities and 23 

their formation during the alteration of primary minerals. We describe and documented secondary Na-24 

Al rich minerals (davyne, nepheline, sodalite) and their occurrence together with Ca-Fe minerals in 25 

cavities. We also documented the presence of Fe-wollastonite, a relatively rare mineral suggesting 26 

high-T formation and we observed assemblages including wollastonite + andradite + magnetite 27 

suggesting high-temperature decomposition of andradite. This natural laboratory provides a series of 28 
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concordant petrologic evidences for high-temperature fumarolic rocks and offers guidelines for the 29 

study of ancient high temperature hydrothermal environments on Earth and other planets like Mars.  30 

 31 

Introduction 32 

Fumaroles, emission of magmatic gases in volcanic environments, have been studied for years 33 

with the contrasted objectives (i) to link the chemical composition of the gas with intrusion of magma 34 

and to monitor eruptive activity, and (ii) to understand how they leach and carry useful elements that 35 

are concentrated in economic minerals. The Kudryavy volcano in the Kurile Islands (Russia) provides 36 

a unique natural laboratory to study the formation of fumarolic rocks from high temperature (up to 37 

940°C; Taran et al., 1995)) fluids within a passively degassing volcano. The fumarolic activity of this 38 

volcano (e.g. Vlasov & Petrachenko, 1971) is now well constrained, the host-rock being a basaltic 39 

andesite (e.g.  Taran et al., 1995) and the temperature and elemental and isotopic composition of major 40 

gas species having been determined (Botcharnikov et al., 2003; Fischer et al., 1998; Taran et al., 41 

1995). The fumarolic rocks (i.e. rocks altered by the fumarolic activity) of the Kudryavy volcano were 42 

particularly characterized because they contain an Re-enrichment (Korzhinsky et al., 1994). Diverse 43 

rare-metal mineralization and high HSE abundances are observed in the fluid and sublimates. The 44 

source of the rare-metal mineralization was demonstrated to be the magmatic melt using isotopic Pb 45 

and Sm-Nd studies (Yudovskaya et al., 2008). 46 

The formation of fumarolic rocks is the subtle result of condensation, dissolution and 47 

reprecipitation processes. The minerals formed by the condensation are called sublimates whereas the 48 

minerals formed by the interactions between the gas phase and the wall rock constitutes the 49 

incrustations. The main incrustations of Kudryavy rocks occur as layered filled cavities (Africano et 50 

al., 2003) as veins or isolated patches in the rock matrix. Various anhydrous sulfates, Ti-oxide, pyrite 51 

and andradite are described in fumaroles with lower temperatures (300-500°C) whereas in addition to 52 

the sulfates and andradite, also magnetite, hematite, ilmenite, hercynite, cristobalite, diopside, 53 

hedenbergite, sanidine and wollastonite are described in fumaroles with higher temperatures (600-54 

850°C).  55 
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Africano et al. (2003) computed thermochemical calculations using the program GASWORKS 56 

(Symonds and Reed, 1993) to constrain the assemblages produced by the cooling of the high 57 

temperature gases and by the gas-rock interaction. They concluded that the leaching of Si, Ca, Mg, Al, 58 

Ti and Fe from the wall rock is significant in the formation of silicates in fumaroles. Our shared 59 

objective is to understand the formation of incrustations. With this aim, we focused on the 60 

assemblages of silicates formed in the fumarolic incrustation of the highest temperature field. Using 61 

petrographic observation and a simple thermodynamic modeling, we investigated the characteristics of 62 

such low-pressure high-temperature modification of magmatic rocks. Excluding the low-temperature 63 

sulfates and focusing on Ca-Fe -rich and Na-Al -rich silicates, we looked for evidences of high 64 

temperature in the assemblages and mineral compositions. 65 

 66 

 67 

1. Geological setting 68 

The Kudryavy volcano consists of a small cone (996 m elevation) located in the northern end 69 

of Iturup island in the south of the Kurile volcanic arc. The last large eruption occurred in 1883 and 70 

produced basaltic andesite flows (Gorshkov, 1970) but small-scale phreatic eruption occurred more 71 

recently in 1999 (Korzhinsky et al., 2002). The Kudryavy basaltic andesite flows are composed of rare 72 

olivine, orthopyroxene (hyperstene), clinopyroxene (augite), plagioclase (labradorite to bytownite), 73 

and titanomagnetite (Africano, 2004) and its chemical composition is typical of the calc-alcaline serie 74 

(SiO2=54.52 wt% ; Al2O3 = 17.96 wt% ; Fe2O3 = 3.22 wt% ; FeO = 6.18wt% ; MnO = 0.18 wt% ; 75 

MgO = 4.00 wt% ; CaO 8.78 wt% ; Na2O = 2.76 wt% ; K2O = 0.57 wt% ; TiO2 = 0.88 wt% ; P2O5 = 76 

0.13 wt% ; Loss On Ignition (LOI) = 0.44 wt% ; Ostapenko, 1970).  77 

Kudryavy volcano is a place of great interest to study fumarolic activity because of the stability of the 78 

activity (at least 30 years) and because of the extreme temperatures recorded (up to 940°C) 79 

(Korzhinsky et al., 1994; Taran et al., 1995). The long term high temperature degassing is attributed to 80 

a steady-state degassing, with volatiles rising continuously from the zones of arc-magma generation at 81 

mantle-depth to the surface (Fischer et al., 1998). 82 
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The chemical composition of the high temperature Kudryavy gases (T>700°C) is H2O/CO2 = 83 

40 - 70 (Fischer et al., 1998; Taran et al., 1995; Wahrenberger, 1997), CO2/Stotal = 1 ± 0.3, Stotal/Cl = 4 84 

± 1 (Fischer et al., 1998), fH2/fH2O = 10-2.0 to 10-2.5 corresponding to an oxygen fugacity between the 85 

fayalite-magnetite-quartz (FMQ) buffer and the nickel-nickel oxide (NNO) buffer (Taran et al., 1995). 86 

The relative abundances of N2, Ar and He are typical of arc-type volcanic gases (Fischer et al., 1998).  87 

The isotopic compositions are in the range of -4 to 8.9‰ for δ18O with a value of δ18O = 5 ± 1 ‰ 88 

(Taran et al., 1995) and δD = -19 ± 3 ‰ (Goff and McMurtry, 2000) in the highest temperature gas 89 

sampled (920°C).  90 

Sublimates of Kudryavy fumaroles have been described by several authors (Africano, 2004; 91 

Bykova et al., 1995; Korzhinsky et al., 1996, 1994; Kovalenker et al., 1993; Magazina et al., 1996; 92 

Wahrenberger, 1997). The natural sublimates described in Kudryavy fumarolic rocks are formed by 93 

various minerals including, hematite, magnetite, molybdenite, greenockite, wurtzite, cannizzarite, 94 

cosalite, pyrite, halite, sylvite, rozenite, ilsemanite, tougarinovite, galena, tungstenite, thenardite and 95 

aphtitalite (Africano, 2004). 96 

The Kudryavy altered rocks present three main mineralogical assemblages of secondary 97 

phases related to the temperatures of the fumaroles at which they were collected. In high temperature 98 

assemblages (900 to 500°C) andradite (Ca3Fe2Si3O12), diopside (CaMgSi2O6), salite 99 

(Ca(Mg,Fe)Si2O6), hedenbergite (CaFeSi2O6), wollastonite (CaSiO3), sanidine (KAlSi3O8), albite 100 

(NaAlSi3O8), Fe oxides, hercynite (FeAl2O4), cristobalite and tridymite (SiO2) are documented 101 

(Africano et al., 2003). These minerals are observed in the incrustations of the natural samples but do 102 

not precipitate when sampling the gases in silica tubes, suggesting that their forming cations (Si, Ti, 103 

Mg, Al, Ca) were not carried by the gases but were mobilized from the wallrock (Africano et al., 104 

2003). These minerals replace the primary minerals (pyroxene and plagioclase) in reaction to the 105 

remobilization of the rock-bearing cations. Medium temperature (500 to 300°C) assemblages are 106 

composed of anhydrite (CaSO4), Al and Fe sulfates, Ti oxide, cristobalite, tridymite, quartz and pyrite 107 

or hematite. Low temperatures (< 200°C) rocks are completely silicified. 108 

 109 

2. Methods 110 
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Samples were provided by Alain Bernard (ULB, Belgium): three rock samples associated with 111 

the highest temperature fumarole (Fig. 1) were examined here (11, 15, and 21, see Fig. 2). They were 112 

collected in August 1995 near active fumaroles at temperatures up to ~900°C. The depth of rock 113 

sampling was 10 to 30 cm. For each sample we studied several polished sections oriented parallel to 114 

the depth profile (e.g. 11A, 11B, 11C for sample 11). Despite some small discrepancies in their 115 

mineralogical record (see next section), they were sampled at the same place.  116 

We used a Scanning Electron Microscope (SEM) Philipps FEI XL30 ESEM LaB6 was equipped 117 

with a BRUKER Quantax 655 detector, operated at 20 kV and 200 nA beam current at CEMEF-Mines 118 

ParisTech in Sophia Antipolis (France). Energy-Dispersive X-ray spectroscopy (EDX) was used to 119 

determine the mineral assemblages. Mineral analyses (Table 1) were acquired using Field Emission 120 

Electron Probe Micro-Analyzer (EPMA) UH JEOL JXA-8500F operating at 20 kV accelerating voltage, 121 

a 50 nA beam current, and 1 µm-sized beam at HIGP, University of Hawai’i at Manoa. Fluorescence 122 

was calibrated to the K-lines of Mg in SC olivine (using a TAP crystal), Si in Rockport fayalite (TAP), 123 

Cr on magnesio–chromite (LiFH), Fe in fayalite (LiF), Mn in Verma garnet (LiF), and Ni in NiO (LiF). 124 

Standardization was made for Fe and Si on Rockport fayalite (Fe1.9Mn0.1SiO4; USNM85276); Mg and 125 

Ni on SC olivine (Mg1.8-Fe0.2SiO4; NMNH111312); Mn on Verma garnet (Fe1.2Mn1.7Al2Si3O12), and Cr 126 

on magnesio–chromite (Mg0.7Fe0.4Cr1.6Al0.4O4; NMNH117075), with counting times on peak (and each 127 

background) as follows: 90 s (45 s) for Mg, Cr, and Si, 30 s (15 s) for Ni and Mn, and 20 s (10 s) for Fe. 128 

The background fitted to the trace elements magnesium and chromium was an exponential function 129 

defined by Probe for EPMA v.929. ZAF matrix corrections (Armstrong, 1988) were applied. The 130 

detection limits were 0.02 wt% for FeO and 0.01 wt% for all other oxides. 131 

Thermodynamic analyses and equilibrium phase assemblage diagrams were computed using 132 

the Domino program from the Theriak-Domino software (De Capitani and Petrakakis, 2010) and the 133 

internally consistent thermodynamic data sets from Holland and Powell (2011) extended with 134 

kirschsteinite properties (as explained in Ganino and Libourel, 2017). In such modeling, the calculated 135 

stable mineral assemblage is a combined function of the selected bulk chemical composition (X) of a 136 

given volume and the prevailing conditions (P, T) during crystallization.  137 

 138 
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 139 

3. Results 140 

 141 

3.1. Petrography of the host-rock and of the incrustations 142 

 143 

The fumaroles are located in basaltic andesite flows with a porphyritic-aphanitic texture 144 

(Fig. 2) and composed of phenocrystals of olivine (Fo78), orthopyroxene (hyperstene), clinopyroxene 145 

(augite), plagioclase (ranging from labradorite to bytownite) and titanomagnetite. The aphanitic 146 

groundmass displays a similar primary mineralogy. Our survey of fumarolic rocks confirm (Africano, 147 

2004) that secondary minerals occur as incrustations in pores and alteration veins of primary 148 

pyroxenes and plagioclase. 149 

In sample 11 (section 11C shown in Fig. 3), an altered clinopyroxene hosts a pore, probably 150 

resulting from aciding leaching (Fig. 3a), that contains euhedral andradite (Ca3Fe2Si3O12). Andradite 151 

displays a pronounced oscillatory zoning associated with varying grossular content or Al/Fe ratio (Fig 152 

3b). Veins of Ca-Fe-Mg -rich minerals (hedenbergite CaFeSi2O6, diopside CaMgSi2O6) are also 153 

present within the K-Feldspars (Fig. 3c). Larger pores show a zonation at their peripheries (Fig. 3d), 154 

including hercynite associated to davyne ((Na,K)6Ca2Si6Al6O24SO4Cl2), albite (NaAlSi3O8), sodalite 155 

(Na8Al6Si6O24Cl2), nepheline ((Na,K)AlSiO4) assemblages (Fig. 3e and 3f). Area exhibiting the shape 156 

of nearly euhedral porphyric primary pyroxene now totally replaced by hedenbergite are cross-cutted 157 

by veins of sodalite and K-feldspar (Fig. 3g and 3h). The two main types of secondary silicates (Ca-158 

Fe- rich and Na-Al- rich) are frequently observed in association (Fig. 3i). Gypsum (Fig. 3j, 3k and 3l) 159 

is also present enclosing euhedral andradite or hedenbergite. 160 

Sample 21 (section 21B shown in Fig. 4) displays very similar pattern and assemblage with altered 161 

porphyric primary minerals (Fig. 4a). Here pores are incrusted from the periphery to the center with 162 

anorthite-hedenbergite-andradite (Fig. 4b, 4c, 4d 4e, 4f, 4g). Albite is the unique Na-Al -rich silicate 163 

we observed. Magnetite, wollastonite and hercynite are also present, with wollastonite being 164 

frequently associated with andradite and magnetite (Fig. 4c, 4g and 4i).  165 
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Secondary phases in sample 15 (section 15C shown in Fig. 5) are hedenbergite (Fig. 5a), andradite 166 

(Fig. 5d), quartz (or other SiO2 minerals; Fig. 5b), and nearly euhedral magnetite (Fig. 5c and 5e) in 167 

some places covered with hercynite (Fig. 5f). 168 

 169 

3.2. Mineral composition 170 

 171 

In addition to SEM-EDX identification, the compositions of the secondary phases were 172 

analyzed using Field Emission Electron Probe Micro-Analyzer and reported in Table 1. Within the 173 

secondary phases, we confirm the observation from Africano et al. (2003) that the secondary pyroxene 174 

are present with very contrasted compositions. They consist generally in salite (pyroxene with various 175 

Ca-Fe-Mg contents) but some compositions are close to the end-member diopside 176 

(Mg0.96Ca0.96Fe0.08Si2O6), hedenbergite (Mg0.02Ca0.98Fe1Si2O6) and wollastonite (Ca0.98Fe0.02SiO3).  177 

The chemical composition of wollastonite varies from nearly pure wollastonite to iron-rich 178 

wollastonite (Ca0.82-0.79Fe0.18-0.21SiO3). There is a large gap between the composition of the 179 

hedenbergite and the iron-rich wollastonite. Contrary to the large diversity in pyroxenes composition, 180 

garnets are present only as andradite. As already shown by Africano (2004), the oscillatory zoning in 181 

andradite (Fig. 3b) is linked to the Al/Fe ratio, with composition varying from Gr69.8 (light gray in 182 

Back Scattered Electron (BSE) Image) to Gr61.2 (darker gray). Although not characterized with EPMA, 183 

we used EDX-SEM to analyze the composition of nepheline, sodalite and davyne (Table 2).  184 

 185 

 186 

4. Discussion 187 

 188 

4.1. Formation of secondary minerals in fumarolic rocks interpreted as a metamorphic 189 

process 190 

The formation of secondary phases is clearly a complex process involving the diverse 191 

interactions between the ascending fumarolic gases and the wallrock. Condensation, sublimation, 192 

dissolution and precipitation may play a role as well, resulting in the observed textures. The 193 
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composition of the volcanic vapor was determined (Taran et al., 1995) and it has been shown that the 194 

elements necessary for the formation of the secondary phases are mobilized in-situ from the altered 195 

minerals (Africano, 2004). Following this idea, we attribute the formation of Ca-Fe silicates to various 196 

reactions involving the wallrock “primary” mineralogy. With this scenario, we developed a simplistic 197 

modeling using Gibbs energy minimization to calculate the stable mineral assemblages. Stability can 198 

be expected in such a system characterized by high temperature and the presence of an activating fluid 199 

phase.  200 

 201 

4.2. Secondary high-temperature minerals assemblages and composition and implications on 202 

the forming process 203 

4.2.1. Andradite and hederbergite assemblages 204 

Mineral assemblages of the altered rocks collected at the Kudryavy high temperature 205 

fumaroles are characterized by the presence of andradite. This mineral was already described in the 206 

literature (e.g. Africano et al., 2003), and we confirm here its presence in all our samples. Andradite 207 

typically occurs in skarns (Murad, 1976; Zharikov et al., 1991) and is associated with hedenbergite 208 

and magnetite in Fe-rich skarns (Einaudi, 1981; Meinert, 1982). It is also present in the calcic 209 

metasomatism of igneous rocks (Firman, 1957). Varet (1970, 1969) reported andradite crystals in lava 210 

fractures where fumarolic gases  at ~700°C circulated. The andradite–grossular series is widespread in 211 

basalts metamorphosed even under low grade (prehnite–pumpellyite and pumpellyite–actinolite facies, 212 

possibly extending into the zeolite facies) conditions (Coombs et al., 1977) and may form below 213 

200°C (Gutzmer et al., 2001). In conclusion, andradite alone does not bring much information about 214 

temperature.  215 

In Kudryavy, andradite is systematically associated with hedenbergite. The association adr + hd is 216 

also very common and does not provide any information about temperature (e.g. Gustafson, 1974). 217 

Nevertherless, the stability field is restricted to ±2 log unit of the Fayalite-Magnetite-Quartz (FMQ) 218 

oxygen buffer (Fig. 6a) if aSiO2 =1. 219 

 220 

4.2.2. Andradite destabilization into wollastonite and magnetite 221 
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We documented the occurrence of andradite assemblages with magnetite and wollastonite 222 

(Fig. 4c, 4g and 4i). This assemblage is an evidence of the following equilibrium (Moecher and Chou, 223 

1990): 224 

 225 

6 Ca3Fe2Si3O12 (adr) = 4 Fe3O4 (mt) +18 CaSiO3 (wo) + O2 (1) 226 

 227 

Such an equilibrium requires T>750°C (Fig. 6a) and can be used as a diagnostic of “high” 228 

temperature. Here the first “secondary” mineral to form is andradite that is later replaced by a new 229 

assemblage (wo + mt). Such replacement suggests an increase in the temperature during the fumarolic 230 

activity. The hydrothermal activity may have been continued but with varying temperature driving this 231 

destabilization. It is worth noticing that the conditions we described (equilibrium hd+adr and 232 

adr=wo+mt; highlighted in green in Fig. 6a) fit perfectly the conditions independently described by 233 

Taran et al. (1995) (indicated by the orange stars in Fig. 6a). 234 

 235 

4.2.3. Nepheline, Sodalite and the effect of aSiO2 on the stability of Ca-Fe- minerals 236 

Nepheline is abundant in sample 11. This mineral displays textural features of other secondary 237 

minerals as it is found as incrustation. Its presence in a magmatic rock saturated with respect to SiO2 238 

confirm its formation as a secondary mineral.  239 

 240 

The reaction involved here is the hydrothermal alteration of albite associated to the leaching of SiO2 as 241 

follows: 242 

 243 

NaAlSi3O8 (ab) = NaAlSiO4 (ne) + 2 SiO2 (silica) (2) 244 

 245 

This reaction does not provide much information on the temperature, but the nepheline can occur as 246 

three different polymorphs (alpha, beta and gamma) that could be used as thermometers: alpha-247 

nepheline (25-194°C), beta-nepheline (194-907°C), gamma-nepheline (907-1257°C) (Kelley et al., 248 

1953). If most nepheline is the beta polymorph here, we were close to the stability field of gamma-249 
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nepheline and this polymorph would be expected in the very hot fumarole where the samples were 250 

collected (T~900°C). 251 

The abundant sodalite also described here can be derived from nepheline (Sharp et al., 1989) or 252 

directly from albite (Drüppel and Wirth, 2018) according to the following reaction: 253 

 254 

6 NaAlSiO4 (ne) + 2 NaCl = Na8Al6Si6O24Cl2 (sdl) (3) 255 

 256 

6 NaAlSi3O8 (ab) + 2 NaCl = Na8Al6Si6O24Cl2 (sdl) + 12 SiO2 (silica) (4) 257 

 258 

Here again, sodalite does not provide much information on the temperature. Its formation requires a 259 

high chlorine content of the fluid phase that interacted with the fumarolic rock in agreement with the 260 

composition described by Taran et al. (1995). Strictly speaking, salinity of the magmatic vapor is quite 261 

low (with Na content <41.2 ppm) but chlorine content is high (up to 15380 ppm) leading us to propose 262 

that the chlorine involved in the formation of sodalite may come from HCl rather than from NaCl as 263 

proposed in reaction (3) and (4). 264 

The stability field of nepheline and sodalite clearly depend on the aSiO2 as it is also the case for the 265 

stability of most secondary minerals. Indeed, if we examine andradite in a Ca-Fe-Si-O system, its 266 

stability relative to hedenbergite is governed by the reaction 267 

 268 

3 Ca3Fe2Si3O12 (adr) + 9 SiO2 (silica) + Fe3O4 (mt) = 9 CaFeSi2O6 (hd) + 2 O2 (fluid) (5) 269 

 270 

In a silica-saturated system involving pure phases, this equilibrium lies between the Hematite-271 

Magnetite and FMQ buffers at FMQ ±2 log units (Fig. 6b). In a silica-undersaturated system with pure 272 

phases, the equilibrium constant for reaction (5) is  273 

 274 

log K(5) = 2 log fO2 - 9 log aSiO2  (6) 275 

 276 

Solving for log fO2 gives 277 
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 278 

log fO2 = 1/2 log K(5) – 9/2 log aSiO2 (7) 279 

 280 

and the shift in the equilibrium logfO2 due to the degree of silica undersaturation is  281 

 282 

ΔK(5) log fO2 = 9/2 log aSiO2 (8) 283 

 284 

Changes in silica undersaturation that cause the term log aSiO2 to be negative whould then 285 

shift then significantly (−4.5 log units fO2 shift per order of magnitude of aSiO2) the equilibrium 286 

location of reaction (3). Thus, the effect of the silica activity is significant and should have profound 287 

implications on the phase relationships (see also Ganino and Libourel, 2017). To consider the effect of 288 

silica activity, we calculated isothermal stable mineral assemblages as a function of aSiO2 and fO2 for 289 

the chemical system Ca-Fe-Mg-Si-O (corresponding to the major components in the primary 290 

pyroxenes) at T=800°C and P=1 bar (Fig. 6b). In this system, the equilibrium assemblages observed in 291 

Kudryavy high-temperature (700-900°C) fumarolic rocks are di-hd, di-wo-mt and adr di-mt 292 

(equilibrium lines highlighted in green in Fig. 6b). These equilibria are compatible with log(aSiO2), in 293 

the range -1 to 0 and log fO2 in the range -17 to -12. More specifically, if we consider the equilibrium 294 

adr = wo +mt (green line between fields di-wo-mt and adr-di-mt in Fig. 6b) the fO2 is fixed at log fO2 295 

= -13.5, a value that falls perfectly into the range estimated by Taran et al. (1995) and those measured 296 

in Kudryavy fumaroles by Rosen et al. (1993) and Osadchii et al. (1997). This good agreement 297 

supports the relevance of our simple thermodynamic approach. 298 

We computed equilibrium assemblages in presence of water for FMQ-buffered conditions at 1 299 

bar, for the system Ca-Fe-Mg-Si-O-H and Ca-Na-Al-Si-O-H that may correspond respectively to the 300 

hydrothermal alteration of primary pyroxene and plagioclase (Fig. 7). Fig. 6a shows that adr-hd and 301 

hd-wo are stable in a large temperature range but are restricted to aSiO2~10-0.5. On the other hand, the 302 

equilibrium adr = wo + mt requires T~750°C. Fig. 7b suggests a similar silica activity for the 303 

equilibrium ab-ne (aSiO2~10-0.5) with little influence of the temperature. In terms of temperature, the 304 

rarity of hydrous minerals implies T>220°C for the Ca-Fe-Mg-Si-O-H system and T>400°C for the 305 
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Ca-Na-Al-Si-O-H system. The relatively low silica activity recorded here during the high temperature 306 

phase contrasts with the documented presence of secondary silica (aSiO2>1). We follow the idea of 307 

Africano (2004) of a late and low temperature phase: silica was leached at high temperature and 308 

precipitated in pores when the temperature of the fumarolic gases decreased.  309 

Probably because of the high-temperature and the presence of a fluid phase helping the 310 

attainment of equilibrium, the mineralogical signature of the fumarolic rocks in Kudryavy can be 311 

modelled accurately using a simple thermodynamic equilibrium in a metamorphic process. Solid-solid 312 

reactions typical of metamorphic processes are particularly clear when observing the destabilization of 313 

andradite into wollastonite and magnetite (reaction 1) or the equilibrium between andradite and 314 

hedenbergite (reaction 5). Dissolution may be involved (decrease of aSiO2 / leaching of SiO2) and 315 

condensation may also occur (pores filed with SiO2), but most silicates we documented have not been 316 

formed by condensation. The textural relationships including pores filled with those minerals, suggest 317 

a mobility (fluid phase) rather than a simple replacement. The extremely simple explanation proposed 318 

here with secondary phases directly deriving from the primary minerals provide key parameters for the 319 

phase stability, but fails to explain their mode of occurrence.  320 

 321 

4.2.4. Davyne 322 

Thermodynamic data are not available for davyne in the database from Holland and Powell 323 

(2011) and the lack of experimental data on this mineral prevents to implement it into the database. 324 

For this reason, even though this mineral is important, we were not able to model its stability and it 325 

does not provide precision on extensive parameters (temperature, aSiO2, fO2). Nevertheless, the 326 

occurrence of davyne is not surprising because this mineral is found typically in metasomatized and 327 

hydrothermally altered lavas (e.g. Bonaccorsi et al., 1994). Its presence documented in other areas 328 

where only moderate temperature fumarolic gases are recorded (e.g. Vesuvius, highest temperature in 329 

the range 360-445°C, (Chiodini et al., 2001)) makes us propose that davyne alone is not an indicator 330 

of high temperature. 331 

 332 

4.2.5. Ferro-wollastonite 333 
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The mineral composition of the wollastonite-hedenbergite group brings additional information 334 

to characterize high-temperature mineralogy: experimental data show a miscibility gap between 335 

hedenbergite and wollastonite above about 800° C (Rutstein, 1971 and Fig. 8). The chemical 336 

compositions of iron-rich wollastonite in Kudryavy fumarolic rocks fall in the immiscibility gap. With 337 

decreasing temperature, iron-rich wollastonite should transform to hedenbergite + wollastonite. Here 338 

we assume that the cooling rate was too high for a complete transformation of Fe-rich wollasonite into 339 

hd+wo. In summary, the occurrence of iron-rich wollastonite provides an evidence of high-340 

temperature (>800°C) crystallization. 341 

What is remarkable about the secondary phase assemblages observed here is that they are 342 

precisely what is predicted from high-temperature alteration of the primary magmatic minerals. No 343 

hydration or reverse (low-temperature) metamorphism has altered this high-temperature signature. 344 

 345 

4.3. A guideline to ancient or planetary fumarolic environment. 346 

Fumarolic activity at the Kudryavy volcano is peculiar because of the high temperature 347 

measured, well above most other fumarole fields. Igneous activity and hydrothermal circulation have 348 

been present throughout Earth history. The Earth has always recycled buried volatiles including 349 

carbon and water back to the surface. During the early Earth’s history (e.g. Archean Eon the mantle 350 

temperature and surface heat flow would presumably be higher than resulting in a primitive plate 351 

tectonics that is different from that of the present (more plate boundaries i.e. more volcanic margins, 352 

e.g. Hargraves, 1986) and a widespread high-temperature volcanic activity (komatiites e.g. Arndt et 353 

al., 2008). These two aspects lead us to propose that Kudryavy-like hot volcanic fumaroles might have 354 

been more widespread in the early Earth history than now. The mineralogical features we identified 355 

here provide a guidance for recognizing high-temperature fumaroles in the rock record. These features 356 

(assemblages adr-wo-mt, iron content of wollastonite) are particularly efficient because they formed 357 

from the fumarolic alteration of common primary phases as pyroxenes and plagioclase which are very 358 

frequent and widespread in most volcanic rocks. The unique limitations are the paucity of Archean 359 

outcrops and the possible late retrograde alteration to low-temperature hydrated assemblages that 360 

could have affected and erased the high-temperature assemblages.  361 
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In a planetary science perspective, our observation could be used to identify ancient high-362 

temperature hydrothermal activity on other planetary bodies. For the case of Mars, several ancient 363 

Martian volcanoes display pyroclastic rocks, such as Elysium Mons and  Hadriaca Mons. Thus 364 

suggests the possibility of high volatile abundances during the earliest period of volcanic activity, and 365 

possibly Kudryavy-like hot-temperature hydrothermal system with volcanic vapors. The Kudryavy 366 

volcano provides a high-temperature analog with respect to Jaroso hydrothermal system in Spain 367 

already proposed as an analog for martian low-temperature hydrothermal field (e.g. Martínez-Frías et 368 

al., 2007). 369 

 370 

Conclusion 371 

This work characterizes the phase assemblages and mineral compositions that are indicative of 372 

high temperature hydrothermal systems. It confirms the presence of hedenbergite, andradite, 373 

wollastonite, magnetite, hercynite (Ca-Fe--rich secondary minerals) and shows that a second type of 374 

secondary minerals (Na-Al -rich) are also present: nepheline, sodalite and davyne. Some of these 375 

minerals do not provide much information on the thermo-chemical conditions, but others can be used 376 

as sensors. The best piece of evidences for high-temperatures are the assemblages adr-wo-mt 377 

(associated with a >750°C equilibrium), and the iron content of wollastonite (iron-wollastonite stable 378 

above 800°C). As a result of the high-temperatures and the presence of a fluid phase helping the 379 

completion of equilibrium, a simple modelling of thermodynamic equilibria provides an accurate 380 

mineralogical signature of the fumarolic rocks after replacement of the primary minerals. Similar 381 

mineralogical features could be of importance when looking at the properties of old extinct 382 

hydrothermal systems. Such high-temperature fumarolic fields are rare today, but could have been 383 

more frequent in the early history of Earth. High-temperature fumarolic rocks could be widespread in 384 

Archean outcrops if late retrograde alteration to low-temperature hydrated assemblage had not affected 385 

and erased the high-temperature assemblages. .Our results provide also a guidance for characterizing 386 

high-temperature hydrothermal systems on other planets and in particular on Mars.  387 

 388 

 389 
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Figure 1: Location of Kudryavy volcano and its associated fumarolic field. 502 

 503 

Figure 2: BSE-SEM large view images of the three analyzed samples. 504 

 505 

Figure 3: BSE-SEM images of high-temperature fumarolic rock 11C. (a) large scale view of primary 506 

volcanic texture with corodated clinopyroxene and K-felspar; (b) closeup view of sub-euhedral 507 

andradite filling a pore in a corodated clinopyroxene; (c) vein in a K-Feldspar filled with an hd-508 

di assemblage; (d) pore with concentric filling; (e) hercynite associated with da-sdl-ab 509 

assemblages; (f) da-ne-sdl-ab assemblages; (g) highly altered clinopyroxene; (h) association of 510 

hd and sdl within a vein; (i) occurrence of both Ca-Fe secondary minerals (adr-hd) and Na-Al-Ca 511 

minerals (an-ne-da); (j) highly corodated clinopyroxene including fumarolic minerals; (k) 512 

fumarolic mineral filling a pore: association of adr with low-temperature gp; (l) similar pore 513 

filling with a supposed high-temperature Ca-Fe silicate (here hd) and low-temperature gp. 514 

Abbreviations: ab=albite; adr=andradite; an=anorthite; cpx=”primary” magmatic clinopyroxene; 515 

da=davyne; gp=gypsum; hc=hercynite; hd=hedenbergite; mt=magnetite; ne=nepheline; 516 

qz=quartz or silica polymorph; sdl=sodalite; wo=wollastonite  517 

 518 

Figure 4: BSE-SEM images of high-temperature fumarolic rock 21B. (a) Primary volcanic texture; (b) 519 

concentric pore filling with fumarolic minerals; (c) concentric pore filling with Na-Al mineral 520 

(here ab) in the outer part then hd then adr+wo+mt (d) another pore with concentric filling; (e) 521 

typical occurrence of both Na-Al (ab) and Ca-Fe (adr-hd) minerals here associated to ferro-522 

wollastonite; (f) another pore filled with fumarolic minerals exhibiting here reactional textures; 523 

(g) assemblage adr-wo-mt-qz; (h) fully altered clinopyroxene; (i) assemblage adr-wo-mt-hd. 524 

Abbreviations : see Fig. 2. 525 

 526 

Figure 5: BSE-SEM images of high-temperature fumarolic rock 15C. (a) pores filled with hd. (b) 527 

pores filled with mt; (c) sub-euhedral andradite associated with hedenbergite; (e) pore filled with 528 

magnetite and anorthite; (f) sub-euhedral magnetite in a pore covered with a hercynite layer. 529 



 20

Abbreviations : see Fig. 2 530 

 531 

Figure 6: (a) Oxygen fugacity vs. temperature plot of the stability field of hedenbergite and andradite. 532 

Both single phases andradite and/or hedenbergite are stable over a range of log fO2 and T and 533 

poorly constrained their conditions of formation. When the two phases assemblage andradite + 534 

hedenbergite is considered, the redox conditions of formation of the Ca-Fe-rich secondary phases 535 

could be a bit more restricted but the temperature remains poorly constrained. The stability field 536 

of the Ca-Fe-rich secondary phase assemblages depends on the silica activity: the gray arrow 537 

indicates the effect of decreasing the silica activity of the system on the stability field of 538 

andradite. (b) Silica activity vs. oxygen fugacity plot of stable phases in the system Ca-Fe-Mg-539 

Si-O at 800 °C and 1 bar. Abbreviations: adr=andradite hd=hedenbergite; kst=kirschsteinite; 540 

wo=wollastonite; HM=hematite-magnetite oxygen buffer; FMQ=fayalite-magnetite-quartz 541 

oxygen buffer; WM=wustite-magnetite oxygen buffer; IW=iron-wustite oxygen buffer; IM=iron-542 

magnetite oxygen buffer. Abbreviations: ab=albite; adr=andradite; ak=akermanite; da=davyne; 543 

di=diopside; gp=gypsum; hc=hercynite; hd=hedenbergite; hem=hematite; kst=kirschsteinite; 544 

lrn=larnite; merw=merwinite; mft=magnesioferrite; mont=monticellite; mt=magnetite; 545 

ne=nepheline; per=periclase; qz=quartz or silica polymorph; rnk=rankinite; sdl=sodalite; 546 

wo=wollastonite 547 

 548 

Figure 7: Silica activity vs. temperature plot of stable phases (a) in the system Ca-Fe-Mg-Si-O-H and 549 

(b) in the system Ca-Na-Al-Si-O-H at 1 bar and FMQ buffered redox conditions. Abbreviations: 550 

Abbreviations: ab=albite; adr=andradite; ak=akermanite; cor=corundum; da=davyne; 551 

di=diopside; fo=forsterite; geh=gehlenite; gp=gypsum; hc=hercynite; hd=hedenbergite; 552 

hem=hematite; kst=kirschsteinite; lrn=larnite; merw=merwinite; mft=magnesioferrite; 553 

mont=monticellite; mt=magnetite; ne=nepheline; per=periclase; qz=quartz or silica polymorph; 554 

sdl=sodalite; wo=wollastonite 555 

 556 

Figure 8: Temperature-composition relations for wollastonite solid solutions and hedenbergite 557 
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modified from Rutstein (1971). 558 

 559 

Table 1: EPMA composition of typical minerals in fumarolic condensates. 560 

Table 2: Indicative SEM-EDX analyses of Na-Al -rich minerals. 561 

 562 
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Table 1: Representative EPMA analyses of Ca-Fe-Mg -rich silicates (wt%)

Sample SiO2 TiO2 Al2O3 Cr2O3  FeO  MgO  MnO  CaO Na2O  K2O    TOTAL

andradite 21B 34.60 0.03 0.01 0.01 28.73 0.04 0.27 32.27 0.01 0.00 95.97

andradite 11A 34.70 0.05 0.57 0.01 27.25 0.07 0.07 32.30 0.05 0.14 95.21

andradite 11A 34.97 0.01 0.64 0.00 27.67 0.00 0.13 32.42 0.06 0.08 95.99

wollastonite 11C 50.89 0.00 0.05 0.00 1.15 0.04 0.04 47.61 0.01 0.03 99.83

wollastonite 11C 49.78 0.00 0.08 0.01 1.65 0.12 0.05 47.06 0.03 0.10 98.90

wollastonite 11C 50.43 0.00 0.38 0.01 1.54 0.28 0.08 46.45 0.04 0.02 99.24

ferro-wollastonite 21B 48.94 0.04 0.02 0.00 12.82 0.27 0.42 37.05 0.01 0.01 99.59

ferro-wollastonite 21B 49.07 0.05 0.01 0.00 10.99 0.39 0.57 38.03 0.01 0.00 99.12

ferro-wollastonite 21B 49.28 0.05 0.00 0.00 11.40 0.16 0.36 38.02 0.00 0.00 99.27

hedengergite 21B 45.76 0.59 1.94 0.00 25.50 1.75 0.28 22.48 0.24 0.00 98.55

hedengergite 21B 46.20 0.49 0.48 0.00 27.13 0.41 0.36 23.68 0.21 0.00 98.97

hedengergite 21B 44.47 0.11 2.50 0.01 28.79 0.27 0.30 21.82 0.23 0.00 98.50

salite 11A 46.90 0.63 4.38 0.00 11.00 10.51 0.09 24.34 0.27 0.09 98.21

salite 11A 51.68 0.53 1.70 0.01 5.49 14.98 0.16 21.86 1.32 0.06 97.78

salite 11A 47.68 0.42 4.30 0.00 9.45 11.49 0.15 24.38 0.26 0.05 98.18

salite 11A 50.75 0.20 1.59 0.03 4.85 15.16 0.08 24.29 0.34 0.07 97.36

salite 11A 51.97 0.33 1.57 0.02 5.23 15.59 0.18 22.32 0.91 0.05 98.17

salite 11A 46.93 0.79 6.31 0.00 13.96 6.71 0.35 20.13 1.10 1.00 97.28

salite 11A 46.10 0.74 6.93 0.03 9.84 10.59 0.14 23.78 0.45 0.06 98.65

salite 11A 50.26 0.11 1.23 0.00 9.40 11.92 0.10 23.54 0.48 0.01 97.06

salite 11A 48.94 0.43 3.08 0.02 9.86 10.85 0.07 23.16 0.65 0.06 97.12

salite 11A 50.67 0.13 1.48 0.00 8.75 12.09 0.09 23.58 0.50 0.03 97.31

salite 11A 48.56 0.26 3.69 0.01 9.63 11.05 0.07 23.63 0.49 0.07 97.47

salite 11A 50.15 0.26 2.28 0.00 8.25 13.26 0.04 24.25 0.42 0.05 98.95

salite 11A 48.13 0.70 3.69 0.04 9.20 11.69 0.07 23.72 0.51 0.07 97.82

salite 11A 50.78 0.06 1.46 0.01 9.72 11.97 0.11 24.04 0.42 0.04 98.60

salite 11A 49.16 0.48 2.23 0.02 9.47 12.17 0.09 23.95 0.38 0.10 98.05

salite 11A 49.61 0.11 1.86 0.00 9.54 12.38 0.11 24.18 0.28 0.05 98.13

salite 11A 49.46 0.11 1.49 0.00 11.73 10.82 0.14 23.96 0.39 0.04 98.12

salite 11A 46.51 0.40 4.36 0.01 11.81 10.11 0.06 25.00 0.52 0.04 98.81

diopside 11A 52.01 0.15 1.17 0.01 4.90 16.08 0.12 24.22 0.49 0.06 99.22

diopside 11A 53.12 0.16 0.89 0.00 4.55 16.51 0.09 24.16 0.45 0.05 99.99

diopside 11A 53.30 0.38 1.38 0.00 4.26 16.03 0.06 24.20 0.57 0.08 100.25



Table 2: Indicative SEM-EDX analyses of Na-Al -rich minerals (at%)

Sample Na Mg Al Si S Cl K Ca Fe O

Davyne 11A 6.95 0.02 12.18 10.05 1.55 6.49 5.46 5.08 0.25 51.98

Sodalite 11A 14.82 0.11 14.53 12.39 0.36 5.78 0.97 0.76 0.21 50.06

Nepheline 11A 10.97 0.28 15.37 13.00 0.46 0.73 2.63 1.79 0.17 54.61

Plagioclase 11A 4.51 0.00 11.54 17.90 0.28 0.58 1.30 5.18 0.15 58.56

Hercynite 11A 2.41 4.42 26.76 2.47 0.37 1.31 0.93 0.57 6.36 54.39




