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Abstract 26 

We present here for the first time a complete dataset of the chemical and isotopic 27 

compositions of fumarolic fluids collected on the S. Miguel (Fogo and Furnas volcanoes) and 28 

Terceira (Pico Alto volcano) Islands. The data are analysed and discussed, to provide both a 29 

comprehensive picture of the thermodynamic conditions of the hydrothermal systems on these two 30 

islands, and to give new insight into the origins of these fluids, for a better understanding of the 31 

geodynamic context of the Azores archipelago. For S. Miguel Island, the gas equilibria in the H2-32 

CO2-CO-CH4-H2O system suggest temperatures of the hydrothermal system reservoirs from 190 °C 33 

to 280 °C for the Fogo volcano fumaroles, which are 30 °C to 35 °C higher than those measured for 34 

geothermal wells. The equilibrium temperatures estimated for the Furnas volcano hydrothermal 35 

system are from 200 °C to 275 °C. Equilibrium vapor at a temperature of ~ 190 °C is inferred for 36 

the fumarolic fluids discharged on Terceira Island. 37 

The He isotopic composition of ~9.6 R/Ra measured in the fumaroles of Terceira suggests 38 

that a plume-like source, presumably from the lower mantle, feeds this hydrothermal system. The 39 

relatively low 3He/4He ratios (from 5.21 to 5.35 R/Ra) and higher CO2/
3He ratios of S. Miguel 40 

fluids suggest an addition of ~ 45% of radiogenic He and ~30% of crustal CO2 to a plume-like 41 

composition as at Terceira. 42 

A mainly meteoric origin is inferred for the fumarolic water, whereas the unreactive gas 43 

species (He, Ar, N2) arise from mixing processes between an atmospheric-like component and a 44 

magmatic component. On S. Miguel Island, the estimated magmatic fluid composition in terms of 45 

the ratios of N2/
40Ar (62 ±6) suggests a plume-like mantle source. Deep derived N2 isotope 46 

compositions characterized by very negative 15N values (15N ≤ -14‰) are inferred for the fluids 47 

of the Terceira Island. Also S. Miguel fluids are compatible with the same source with a possible 48 

involvement of crustal-derived Nitrogen. These values are more negative than the typical 49 

compositions of both the upper mantle and plume-like mantle, which thus supports the possible 50 

presence of a 15N-depleted source, presumably from the lower mantle, in the region.  51 

52 



1. Introduction 53 

Located in the triple junction domain of the Eurasian, North American and Nubian plates (Searle, 54 

1980), the Azores Islands are the emerged peaks of various volcanic ridges that overlapped during 55 

the formation of the Azores Plateau (Fig. 1), an area of anomalous oceanic crust thickening (Luis et 56 

al., 1998). The source of the Azores volcanism has been attributed to the presence of a mantle 57 

plume (e.g., Schilling, 1975; Cannat et al., 1999; Gente et al., 2003; Madureira et al., 2005; 2014; 58 

Yang et al., 2006), although this remains under intense debate (Schilling et al., 1980; Bonatti, 1990; 59 

Mètrich et al., 2014, and references therein). 60 

The presence of a geochemical mantle heterogeneity beneath the Azores archipelago is also 61 

highlighted by the He isotopic signatures, with high variability in the 3He/4He ratios, which show 62 

from primitive to more radiogenic values across the different islands (e.g., Jean-Baptiste et al., 63 

2009; Moreira et al., 1999; 2012; Madureira et al., 2014). More primitive 3He/4He values (9 to 11.4 64 

R/Ra) were measured in rock samples from Terceira Island by Madureira et al. (2005). Lavas from 65 

easternmost part of S. Miguel Island showed 3He/4He ratios much more radiogenic (R/Ra < 5.55) 66 

compared with the MORB value (R/Ra  8) (Moreira et al., 1999; 2012). Distinct 3He/4He ratios 67 

were also measured in the S. Miguel (5.23 - 6.07 Ra) and Terceira (12.79 and 13.53 Ra) water and 68 

gas emissions by Jean-Baptiste et al. (2009), which were in agreement with data measured in the 69 

volcanic rocks. 70 

Due to the particular geodynamic setting, seismicity and volcanism occur frequently in the 71 

Azores archipelago. Indeed, since their settlement in the 15th century, about 30 volcanic eruptions 72 

and several destructive seismic events have affected the islands (Silveira et al., 2003). The present-73 

day volcanic activity is characterized by seismicity and deformation episodes (Trota, 2008; Silva et 74 

al., 2012), and by the presence of fumarolic fields, thermal and CO2-rich springs, and diffuse 75 

degassing areas (Viveiros et al., 2010). The main fumarolic emissions are associated with the 76 

hydrothermal systems of the active central volcanoes of the S. Miguel, Terceira and Graciosa 77 



Islands (Ferreira et al., 2005). The present study focuses on the main fumaroles of the S. Miguel and 78 

Terceira Islands, which show the highest outlet temperatures, at around 100 ºC. 79 

S. Miguel Island is the biggest island of the archipelago, and it has fumarolic emissions 80 

associated with the Fogo and Furnas polygenetic caldera volcanoes. Three sub-Plinian eruptions 81 

occurred in these areas in historical times: two at Furnas Volcano (1439-43 and 1630; Booth et al., 82 

1978; Cole et al., 1995; Queiroz et al., 1995), and one at Fogo Volcano (1563; Wallenstein et al., 83 

2005). Most of the hydrothermal manifestations at Furnas Volcano are located inside the caldera, 84 

where there are three main fumarolic fields (Fig. 1). On the south flank of the Furnas Volcano there 85 

are several gas emissions, along the Ribeira Quente Valley and at Ribeira Quente village (Ferreira 86 

and Oskarsson, 1999). The degassing structures of the Furnas Volcano are essentially aligned with 87 

NW-SE and WNW-ESE trends (Viveiros et al., 2010). In the case of the Fogo volcanic system, the 88 

main hydrothermal manifestations are located on the northern flank of the volcano, and these are 89 

associated with the NW-SE fault system that defines the so-called Ribeira Grande graben (Carmo et 90 

al. 2013). 91 

Furnas do Enxofre is the only fumarolic field of Terceira Island, and it is located in a 92 

trachytic dome emplaced where the NW-SE basaltic ridge intersects Pico Alto Volcano. The only 93 

volcanic eruption that has taken place in historical times on Terceira Island occurred in 1761 (Self, 94 

1976).  95 

Very few gas and isotopic compositions are available in the literature for the Azorean 96 

fumaroles. The first gas analyses available for the S. Miguel fumaroles date from the early 1980’s, 97 

and these were carried out in the scope of the Azores geothermal program (Truesdell et al., 1984). 98 

The fluids that were analysed showed typical hydrothermal origins, with CO2 representing more 99 

than 93% of the dry phase, which has also been confirmed by more recent studies (Ferreira and 100 

Oskarsson, 1999; Ferreira et al., 2005). Gas geothermometers applied to the Fogo fumarolic 101 

emissions indicated temperatures between 209 °C and 240 °C (Truesdell et al., 1984). The 102 

measured reservoir temperatures of the Ribeira Grande geothermal field that is located on the north 103 



flank of Fogo Volcano were given by Carvalho et al. (2006), who showed that these reached 230 °C 104 

to 245 °C at depths between 800 m and 1300 m. Despite a deeper and slightly colder aquifer, the 105 

geothermal wells also exploit a two-phase aquifer, with a steam fraction of up to 0.081, and a 106 

shallower aquifer that is strongly steam enriched. In the case of the Furnas fumaroles, gas 107 

thermometers have suggested temperatures from 194 °C to 248 °C (Truesdell et al., 1984). More 108 

recent studies have proposed aquifer temperatures of 160 °C to 180 °C at a depth of less than 200 m 109 

for the Furnas hydrothermal system, which were based on gas/water thermometry and the 110 

deuterium-oxygen isotope shift (Cruz et al., 1999; Ferreira and Oskarsson, 1999). 111 

Although there has been a general characterization of the gases emitted by the Furnas do 112 

Enxofre fumaroles (Pico Alto volcano, Terceira Island) (Ferreira et al., 2005), there are no 113 

comprehensive geochemical studies available in the literature for this hydrothermal system. A 114 

recent geothermal exploration program was undertaken for the central part of Terceira Island, which 115 

comprised the drilling of four wells down to 600 m. The temperatures measured revealed a 116 

convective zone of at least 233 °C, with interpolated temperatures of between 200 °C and 220 °C 117 

for the Furnas do Enxofre area (Henneberger et al., 2004). 118 

In the present study, we provide for the first time a complete dataset of the chemical and 119 

isotopic compositions of fumarolic fluids collected at the main fumarolic fields of S. Miguel and 120 

Terceira Islands. We used an analytical technique that allowed the simultaneous determination of 121 

the Ar, O2, N2, CH4, He, H2 concentrations and the15N and 40Ar/36Ar ratios on a single gas sample, 122 

which avoided possibly different sample contamination during multi-injection gas analyses. These 123 

analytical data are presented and discussed, to investigate the thermodynamic conditions of the 124 

hydrothermal systems, and the origin of the discharged fluids and their relationships with the 125 

peculiar geodynamic assessment of this region. Moreover, in the framework of the volcanic 126 

surveillance of the Azores Islands, the data obtained in the present study can be used as a reference 127 

to highlight possible future compositional changes that are related to variations in the activities of 128 

the Furnas, Fogo and Pico Alto volcanoes. 129 



 130 

2. Materials and methods 131 

Nine fumaroles with boiling temperatures (96-100 °C) were sampled between September 19 and 132 

October 4, 2013 (Fig. 1), with a total number of 11 samples, as the Caldeiras da Ribeira Grande and 133 

RG4 fumaroles (samples 6 and 8) were the replicate of samples 5 and 7, collected a week later.  134 

For determination of the major gas species, the fumarolic gases were collected in 200 ml 135 

evacuated flasks that contained approximately 50 ml 4 N NaOH solution (Giggenbach, 1975; 136 

Giggenbach and Goguel, 1989). In addition, condensed steam and noncondensable gases (dry gas) 137 

were separated by passing the fumarolic gases through a water-cooled condenser, with the 138 

collection of condensate in 30 ml high-density polyethylene bottles, and of the noncondensable 139 

gases in 20 ml glass bottles equipped with two stopcocks.  140 

The chemical and isotopic analyses of the fumarolic effluents were carried out on the NaOH 141 

samples at the Laboratory of the Istituto Nazionale di Geofisica e Vulcanologia, Sezione di Napoli, 142 

Osservatorio Vesuviano (INGV-OV), using a Finnigan Delta plusXP continuous flow mass 143 

spectrometer coupled with a gas chromatograph (Agilent Technologies 6890N). The gas 144 

chromatograph included two channels equipped with two six-port injection valves, two PLOT 145 

columns (MolSiev, 5Å; 30 m × 0.53 mm × 50 m; He and Ar as carrier gases) and thermal 146 

conductivity detectors. He and H2 were measured on the first channel with Ar as the carrier gas, 147 

while the other gas species were analyzed on the second channel, where a post-column switching 148 

device allowed the column gas flow to be split to the thermal conductivity detectors, for the 149 

determination of the Ar, O2, N2 and CH4 concentrations, and via an open split to the mass 150 

spectrometer. In addition, the 2nd channel is equipped with a pre-column (MolSiev, 5Å; 3 m × 0.53 151 

mm × 50 m) and a supplementary six-port valve, which was used to back-flush the pre-column, to 152 

vent undesirable gas species (mainly CO and water), thus preventing these from reaching the mass 153 

spectrometer and avoiding the need for column back-flushing, while also reducing the analytical 154 

time. To allow simultaneous determination of 36Ar and 15N, the mass spectrometer was equipped 155 



with a universal triple collector. At the beginning of the measurement, this was set up to focus the 156 

ion beam of mass 36 on the more sensitive cup: after the recording of the mass 36 peak, the 157 

magnetic field was fast switched to focus the ion beams of masses 28, 29 and 30 on the three cups 158 

using a Jump calibration procedure that took into account the hysteresis of the magnet. The partial 159 

pressure of each gas species was determined with reference to standards (air, pure gases and 160 

calibrated mixture) injected at different pressures. The value of 298.6 was assumed to be the 161 

40Ar/36Ar ratio of the air (Lee et al., 2006). This instrumental set-up allowed determination of the 162 

40Ar/36Ar ratio and the Ar, O2, N2, CH4, He and H2 concentrations in a single gas injection, and also 163 

of 15N [15N = Rsample/RATMosphere -1; R = (14N15N)/14N2] on the same aliquot of gas sample 164 

(analytical errors: 15N ±0.1‰; concentrations of  36Ar <1%, and 40Ar, O2, N2, CH4, He and H2 165 

<3%). This is a new analytical procedure of the INGV-OV Laboratory that allows better 166 

investigation of the origins of gases that have been potentially affected by air contamination (i.e., 167 

N2, Ar) and represents an improvement of the technique recently used in the analysis of the 168 

Yellowstone fumaroles (Chiodini et al., 2012).  169 

The CO2 and S species absorbed in the alkaline solution were analyzed after their oxidation 170 

with H2O2, using acid-base titration and ion chromatography, respectively (analytical error, ±3%). 171 

Due to the reaction in alkaline solution to form COOH- (Giggenbach and Matsuo, 1991), CO was 172 

analyzed on dry gas samples by gas chromatography separation with a PLOT column (MolSiev 5 Å, 173 

30 m × 0.53 mm × 50m; He as carrier gas) coupled to a high-sensitivity reduced gas detector 174 

(HgO; detection limit, 0.05 ppm). 175 

The isotopic analyses of oxygen and hydrogen of the condensates were performed with a 176 

near infrared laser analyzer (Picarro L2130i) using the wavelength-scanned cavity ring down 177 

spectroscopy technique (analytical errors: D ±0.5‰, 18O ±0.08‰; data reported vs. Vienna 178 

Standard Mean Ocean Water, V-SMOW). Isotopic analyses of the C and O of CO2 were performed 179 

using a mass spectrometer technique on the dry gas samples following gas chromatographic 180 



separation, using the GasBench II device (analytical errors: 18O ±0.08‰, 13C ±0.06‰; data 181 

reported vs. V-SMOW for oxygen, and vs. V-PDB (Vienna Pee Dee Belemnite) for carbon).  182 

The isotopic composition of He (3He/4He) was determined on the dry gas samples at the 183 

INGV Laboratories of Palermo, using a Helix SFT-GVI mass spectrometer, following the method 184 

described by Inguaggiato and Rizzo (2004). The data are reported as R/Ra values (Ra, He isotopic 185 

ratio in the atmosphere, as 1.39 ×10-6; Ozima and Podosek, 2002) corrected for the atmospheric 186 

contamination of the sample on the basis of its 4He/20Ne ratio (Sano and Wakita, 1985). 187 

The locations and chemical and isotopic compositions of the samples are reported in Figure 188 

1 and Table 1. 189 

 190 

3. Results and discussions 191 

 192 

3.1. Gas composition 193 

The main component of all of the fumarolic fluids was H2O, followed by CO2, which ranged from 194 

3.1 vol% to 6.7 vol% (Table 1). The concentrations of the other gases were highly variable: in 195 

ppmv, H2S varied from 11 to 322, H2 from 54 to 347, CH4 from 1.1 to 185, N2 from 50 to 185, Ar 196 

from 1.1 to 3.9, He from 0.3 to 1.0 and CO from 0.02 to 0.195. The presence of a trace of O2 197 

reflects minor air contamination during either sampling or storage, or naturally in the sampled 198 

vents. The 40Ar/36Ar ratios ranged from 299, which is close to the atmospheric value, up to 479.  199 

The carbon isotopic composition of the fumarolic CO2 was expressed in the  notation per 200 

mil vs. V-PDB, and it was relatively constant at S. Miguel (13C -3.94‰ ±0.17‰), within the range 201 

of previous measurements (-3.3‰ to -6.1‰; Ferreira and Oskarsson, 1999), while it was more 202 

depleted in 13C at Terceira (13C -4.59‰ ±0.1‰). Similarly, the He isotopic composition 203 

(expressed as R/Ra) was constant for S. Miguel Island, with a range from 5.21 to 5.35, while the 204 

Terceira fumarolic fluids were characterized by a different signature that was richer in 3He with 205 

value of ~9.60.  206 



 207 

3.2. Gas equilibria: temperature–pressure geoindicators 208 

Reactive and redox-sensitive gas species such as CO, H2 and CH4 can potentially reflect the 209 

temperature-pressure conditions in a hydrothermal environment. Chiodini and Marini (1998) 210 

reviewed hydrothermal gas equilibria in the H2-CO2-CO-CH4-H2O system with a comparison of 211 

analytical data from numerous worldwide hydrothermal systems with theoretical compositions of 212 

both equilibrium vapor and equilibrium liquid phases, and the compositions of the vapor phases 213 

separated in a single-step from the liquids at varying temperatures. In their approach, which was 214 

based on the assumption that all of the gases are in thermodynamic equilibrium, the fugacity of 215 

water, fH2O, was controlled by the co-existence of vapor and liquid, and expressed by the T-fH2O 216 

relation for pure water (Giggenbach, 1980), as: 217 

 218 

 Log fH2O = 5.51 – 2048/T (K) (1) 219 

 220 

The assumption of pure water is supported by the relatively low salinity fluids (<0.06 m NaCl) 221 

generally encountered in geothermal wells on S. Miguel (Truesdell et al., 1984). 222 

The equilibrium conditions can be adequately described by the two redox-independent 223 

reactions given in equations (2) and (3) (Chiodini and Marini, 1998): 224 

 225 

 CO2 + H2  CO + H2O  (2) 226 

 227 

 3CO2 + CH4  4CO + 2H2O  (3) 228 

 229 

Assuming that the ratios of the fugacity coefficients H2/H2O, CO/CO2, and CH4/CO2 do not 230 

deviate significantly from unity in the typical pressure-temperature range of hydrothermal systems, 231 



the equilibrium constants of equations (2) and (3) can be expressed as in equations (4) and (5), 232 

respectively (Chiodini and Marini, 1998): 233 

 log(XCO/XCO2 ) - log(XH2/XH2O) = -2248/T(K) + 2.485 (4) 234 

 235 

 3log(XCO/XCO2) + log(XCO/XCH4) = -13727/T(K) + 8.585 (5) 236 

 237 

Equations (4) and (5) hold for the equilibrated vapor phase (Fig. 2, vapor line), whereas the 238 

liquid composition (Fig. 2, liquid line) was computed assuming that the gas species distribute 239 

between the vapor and liquid phases according to the distribution coefficients, Bi (Giggenbach, 240 

1980; Chiodini and Marini, 1998). The liquid and the vapor lines delimit the field of vapor 241 

produced by boiling processes. In particular, the single-step vapor separation (SSVS) lines in Figure 242 

2 represent the composition of the vapor that is generated from liquids by single-step vapor 243 

separation processes at different original temperatures, To (see Chiodini and Marini, 1998, for 244 

further details).  245 

All of the samples plot within the field delimited by the liquid and vapor curves, which 246 

suggests a possible equilibrium condition in the H2-CO2-CO-CH4-H2O gas system of the fumarolic 247 

fluids. In particular, the samples approach the line of pure vapor, which indicates reservoir 248 

temperatures from 260 °C to 280 °C for the Fogo samples. Sample#6 is the sole exception to this 249 

(the duplicate of sample #5, from Caldeiras de Ribeira Grande on 26/09/13), which indicates a 250 

lower temperature of ~190 °C. These estimated temperatures are 30 °C to 35 °C higher than the 251 

temperature range measured in the geothermal wells in the area (230-245 °C; Carvalho et al., 2006). 252 

Equilibrium temperatures from 200 °C to 275 °C are inferred for the samples collected in the 253 

Furnas caldera, which is in agreement with temperature estimates of 200 °C to 250 °C by water and 254 

gas geothermometers in earlier studies (Truesdell et al., 1984), and higher than estimations based on 255 

the gas/water geothermometry and the deuterium-oxygen isotope shift (Cruz et al., 1999; Ferreira 256 

and Oskarsson, 1999). Finally, equilibrium temperatures of approximately 190 °C are inferred for 257 



the hydrothermal area of Furnas de Enxofre on Terceira Island, which are quite comparable to the 258 

values (from 200 to 220 ºC) extrapolated for the area by Henneberger et al. (2004). 259 

Gas equilibria were further investigated following the method of Chiodini and Marini 260 

(1998), which consists of the derivation of the fugacities of the gas species at equilibrium 261 

temperatures computed on the basis of the To, and s (s = fraction of vapor separated during 262 

isenthalpic boiling) derived from Figure 2 (see Chiodini and Marini, 1998, for further details).  263 

Gas fugacities are useful to assess both redox condition (expressed as RH =log fH2/fH2O, 264 

Giggenbach 1987) and the hydrothermal reactions controlling CO2 fugacity. In Fig. 3a the S. 265 

Miguel and Terceira RH estimations are compared with (i) relevant redox buffers of the 266 

hydrothermal (D’Amore and Panichi, 1980 and FeO-FeO1.5 Giggenbach 1987) and volcanic 267 

environments (H2S-SO2, Giggenbach 1987) and (ii) with similar RH values inferred for many 268 

hydrothermal and volcanic systems (Chiodini and Marini, 1998). Terceira samples fall in the main 269 

cluster of hydrothermal systems along the D’Amore and Panichi (1980) relation, while, at S. 270 

Miguel, the RH values correlate with the equilibrium temperatures (according to the empirical 271 

function RH = -8.19/T - 2.08; S. Miguel buffer; Fig. 3a) suggesting relatively oxidizing redox 272 

conditions that are consistent with those that characterize the hydrothermal systems of active 273 

volcanoes in a quiescent state (Fig. 3a).  274 

Finally, the computed CO2 fugacities for the S. Miguel and Terceira fumarolic fluids are 275 

plotted against the equilibrium temperatures in Figure 3b, together with the ‘full equilibrium’ 276 

function of Giggenbach (1984, 1988) and the fCO2-temperature functions constrained by typical 277 

thermometamorphic reactions. The Azores samples plot close to the ‘full equilibrium’ conditions, 278 

which suggests that their fCO2 values are controlled by mineral-solution reactions consisting of the 279 

conversion of Ca-Al-silicates to calcite typical of active hydrothermal systems (e.g. Giggenbach, 280 

1984). 281 

 282 

3.3. Ar, N2, He and CO2 compositions 283 



Unlike the reactive gas species, the inert gases (He, Ar), the near-inert species (N2) and the 284 

main component CO2 of fumarolic effluents can be used as indicators of the primary provenance of 285 

the fluids (Giggenbach, 1996). These gas species were used by Giggenbach and Goguel (1989), 286 

Giggenbach (1992), and Giggenbach and Poreda (1993) to characterize the origins of volatile 287 

components in relation to tectonic settings. Following the same approach, in the He-Ar-N2 288 

triangular diagram of Figure 4, most of the samples (1, 4, 6, 7, 8) plot close to the He corner, which 289 

would indicate either mantle or crustal origins, whereas the other samples show compositions that 290 

are variably contaminated by air and/or air-saturated water (ASW).  291 

Further information on the potential sources of the gases can be furnished by the relative 292 

compositions of He isotopes and CO2. In the ternary diagram involving CO2, 
3He and 4He (Fig. 5) 293 

the fumarolic samples form two clusters of points. One cluster is represented by the Terceira 294 

samples characterized by a plume-like composition with high 3He/4He ratio (~ 9.60 R/Ra) and 295 

CO2/
3He ratio of 7.2 ± 0.8 × 109, while the S. Miguel samples with lower 3He/4He ratios from 5.21 296 

to 5.35 R/Ra and higher CO2/
3He ratio of 10.1 ± 0.9 × 109 form the second group. The compositions 297 

of S. Miguel fumaroles are similar to the data reported in previous studies (Moreira et al., 1999; 298 

Jean-Baptiste et al., 2009), while for Terceira fluids higher 3He/4He (13.5 R/Ra) and CO2/
3He ratio 299 

of 22 ± 4 × 109 were reported (Jean-Baptiste et al., 2009). In the diagram of Figure 5 the fumarolic 300 

samples can be explained as mixture of a plume-like high 3He/4He component, represented by the 301 

Terceira fluids, and crustal gases enriched in both radiogenic He and limestone derived CO2, 302 

presumably originated from a recycled crustal component. According to this mixing model, S. 303 

Miguel samples show an addition of approximately 45% of radiogenic He and ~30% of crustal CO2 304 

with respect to Terceira samples. 305 

The same mixture is highlighted by the diagrams of CO2/
3He and CO2/

4He vs. Carbon 306 

isotopic composition expressed as 13C (Figs. 6a, b). In the inset of Figure 6a the data are reported 307 

on a full scale diagram together with the end-members of MORB, marine limestone and organic 308 

sediment (Sano and Marty, 1995). The lines describe mixing models between a high CO2/
3He 309 



plume-like mantle composition, as highlighted in Figure 5 and the end-members of limestone and 310 

organic sediment. The plume-like samples of Terceira show the more negative 13C values (-4.59 311 

±0.1‰,), the lowest CO2/
3He ratios (Fig. 6a) and the highest CO2/

4He ratios (Fig. 6b). The samples 312 

of S. Miguel plot along the mixture lines between the Terceira data and the crustal component 313 

characterized by a more positive carbon isotopic composition (13C enriched), a higher CO2/
3He 314 

ratios (because of the addition of limestone derived CO2), and a lower CO2/
4He ratios because of 315 

the addition of radiogenic He. 316 

A possible origin of this recycled crustal component was proposed by Moreira et al. (2012), 317 

who hypothesized a source that contained undegassed material enriched in U and Th, which might 318 

be represented by underplated magma that has intruded into the oceanic lithosphere and was 319 

subducted (Elliot et al., 2007), and that has been stored in the mantle for the last ~3 Ga. This 320 

recycled crustal component could also explain why high CO2/He ratios are found in the Azores 321 

volatile compositions.  322 

Seismic tomography of the region show negative anomalies of seismic velocity beneath the 323 

Azores confined in the upper 200-250 km (Yang et al., 2006, Silveira et al., 2006, 2010), but also 324 

present at depths as high as 450 km, suggesting the presence of a large deep-derived plume at the 325 

origin of the Azores hotspot (e.g., Silveira et al., 2010). Moreover, recent oxygen isotopic 326 

compositions (Genske et al., 2013) as well as data from melt inclusions (Métrich et al., 2014) argue 327 

for a quite homogeneous mantle source beneath the Azores islands that shows some variability due 328 

to intramantle processes and to a minor extent, as in the case of S. Miguel Island, a limited 329 

contribution from recycled low-temperature components.. 330 

 331 

3.3.1. The N2, 
36Ar 40Ar and 4He compositions 332 

Further information on the potential sources of the gases for S. Miguel Island is given by the 333 

40Ar/36Ar ratio, which was used to infer the origin of the inert gas species using the method 334 

described in Chiodini et al. (2012). The relevant gas ratios were plotted against the 40Ar*/40Ar ratio; 335 



i.e., the ratio between non-atmospheric Ar (40Ar*) and total 40Ar. The 40Ar* is computed assuming 336 

that all of the 36Ar is atmosphere derived (40Ar* = 40Ar –40Ar/ 36Aratmosphere × 36Arsample, 337 

40Ar/36Aratmosphere = 298.6; Lee et al., 2006). An advantage of the use of the 40Ar*/40Ar ratio is that a 338 

deep atmosphere-free source is characterized by the value of 1.0 in the ideal case of a 36Ar-free deep 339 

component. More realistically, considering the 40Ar/36Ar ratios proposed for mantle sources by 340 

Marty and Dauphas (2003a), the variable 40Ar*/40Ar would be characterized by values of 0.99 and 341 

0.94 for the upper mantle (40Ar/36Ar, 30,000 ±10,000) and mantle plume sources (40Ar/36Ar, 5,000 342 

±1,000), respectively.  343 

Figure 7 shows the 40Ar*/40Ar ratios vs. the 40Ar*/N2 and He/Ar ratios for both the S. 344 

Miguel and Terceira fumarolic fluids. In Figure 7, the samples define the mixing trends from 345 

atmospheric-like compositions toward deep, atmosphere-free, presumably magmatic component 346 

that we assume to be characterized by a 40Ar/36Ar of 5,000. This assumption will not imply 347 

significant errors for the estimated compositions of the magmatic component (see below), at least 348 

for original 40Ar/36Ar ratios >5,000.  349 

Although, a relatively wide range in the helium isotopic compositions was measured in 350 

groundwater and thermal water in these two islands, attributed to a variable inputs of radiogenic 351 

helium to aquifers during water–rock interactions (Jean-Baptiste et al., 2009), our fumarolic data 352 

show little or no variation of 3He/4He ratios in each system. Consequently, the absence of 353 

correlation of He and Ar isotopes (e.g. 3He/4He vs. 40Ar/36Ar), suggests (for S. Miguel samples) that 354 

the possible addition of radiogenic He should occur prior to interaction with the hydrothermal 355 

environment, maybe at the source level (magmatic). Accordingly, the variability of Ar isotopes 356 

could be attributed to a variable mixture of the deep component (that we refer as magmatic 357 

component) with an atmospheric-like component. 358 

For the S. Miguel systems, the compositions of the two end-members in the mixing process, 359 

the atmospheric component (AC) and the magmatic component (MC), were estimated using the 360 

Nonlinear Least Squares Method to fit the data with a model of mixing between the two 361 



components. The computation was restricted to only the S. Miguel system, because at Terceira there 362 

were too few samples for this statistical approach, and because the three samples showed the 363 

highest amounts of the atmospheric component, which makes the extrapolation of the composition 364 

of the magmatic component challenging. The calculations resulted in an atmospheric component 365 

composition characterized by N2/
40Ar of 42 ± 3 (1) and 4He/40Ar of 0.24 ± 0.16. The estimated 366 

N2/
40Ar was close to that of the ASW (N2/

40Ar, ~39), while the He-based ratios suggested the 367 

addition of small amounts of He, to the ASW (i.e., some He flux would affect the groundwaters 368 

involved). The estimated composition of the magmatic component was characterized by N2/
40Ar of 369 

62 ± 6 (i.e., 40Ar*/N2, 1.53 × 10-2) and 4He/40Ar of 1.02 ± 0.5. This relatively low 4He/40Ar ratio, of 370 

which approximately 45% of He could be radiogenic (see section 3.3), suggests a relatively 371 

unfractionated magmatic source. 372 

The possible mantle sources are further investigated by the N2/
40Ar vs. 40Ar/36Ar diagram 373 

(Fig. 8). The estimated N2/
40Ar ratio (62 ± 6) for the magmatic component, even if possibly 374 

contaminated by crustal derived fluids, is lower than that expected for the upper mantle fluids 375 

(MORB, N2/
40Ar, 152 ± 58; Cartigny et al., 2001 and references therein), being compatible with a 376 

plume-like composition (N2/
40Ar, 74 ± 30; Marty and Dauphas, 2003a). 377 

 378 

3.3.2. Nitrogen isotopes 379 

The nitrogen isotope composition of fumarolic fluids varies from 15N -3.3‰ to -0.5‰ for 380 

S. Miguel fumaroles and from 15N -2.4‰ to -1.9‰ for Terceira (Table 1), which are more 381 

depleted in 15N with respect to previously published nitrogen isotope data for the Azores fumarolic 382 

gases (Grassa et al., 2010): S. Miguel, from 15N -2.5‰ to -1.6‰; Terceira, from 15N -0.7‰ to -383 

0.3‰. 384 

Following the approach of Fischer et al. (2002), in Figure 9, the N isotopes and the N2/He 385 

values are compared with possible pure and mixed end-members (air, ASW, mantle and 386 



subduction-related material). The method implicitly assumes that N2 and He are not fractionated by 387 

magmatic or hydrothermal processes (Fischer et al., 2002). 388 

Samples from S. Miguel are compatible with a main mantle composition that was variably 389 

contaminated by both ASW and fluids, possibly derived from subducted material. Up to 65% of the 390 

nitrogen would derive from the mantle source on the assumption of the typical mantle end-member 391 

isotopic composition (15N, -5‰; Marty et al., 1996). 392 

The samples from Terceira are out of the mixing field among these three end-members, 393 

which suggests either the occurrence of N-fractionation processes or a mantle fluid characterized by 394 

15N values more negative than the typical upper-mantle signature (Fig. 9, Terceira mixing? line). 395 

The presence of a source with such negative isotopic signatures would suggest its origin from the 396 

deep mantle, where very negative 15N values have been hypothesized on the basis of the nitrogen 397 

isotopic composition of diamonds (Boyd et al., 1987; Boyd and Pillinger, 1988; 1994; Javoy et al., 398 

1984; Cartigny et al., 1997; Palot et al., 2012). 399 

Based on the above discussion, the samples of S. Miguel might also derive from a mantle 400 

source more depleted in 15N than that typical of the mantle (Fig. 9, dashed lines), thus more readily 401 

explaining the 15N - N2/
36Ar relationships in the samples analyzed (Fig. 10). In Figure 10, only the 402 

mixing of a 15N-depleted mantle composition with air (or ASW) would fully explain the position of 403 

all of the samples, including the Terceira gases. The position of the S. Miguel data might suggest 404 

the same mantle source with the addition of greater amounts of air than at Terceira (Fig. 10), or 405 

more likely, of crustal-derived fluids, as highlighted by the N2/
4He ratios (Fig. 9) and CO2-

3He-4He 406 

relative compositions (Fig. 4). Using an Ar-N isotope mass balance, as described in Grassa et al. 407 

(2010), the isotopic composition of the atmosphere-free N2 can be inferred to be ≤ -14‰ at 408 

Terceira, and ≤ -9‰ at S. Miguel. This mass-balance, is based on the assumption of ASW (N2/
36Ar 409 

= 1.15 ×104) as an atmospheric proxy and it is very sensitive to air contamination, even if it is low, 410 

resulting in a more positive 15N estimate. For this reason, although most of the samples show low 411 

air contamination, these estimated values should be considered as the most 15N enriched 412 



composition possible for the mantle end-member. For example, if we consider as an atmospheric 413 

proxy the estimated atmospheric component (AC, N2/
40Ar = 42; N2/

36Ar = 1.25 ×104), the possible 414 

15N mantle compositions result to be of ~ - 11‰ at S. Miguel and of ~ -23 ‰ at Terceira. 415 

Moreover, the possible unique mantle source for Terceira and S. Miguel fumarolic data is 416 

highlighted in Figure 11, where nitrogen isotopes are reported vs. the N2/
3He ratios, together with 417 

the mixing lines among the possible end-members, air or ASW, crustal derived fluids (Sano et al., 418 

2001) and a possible Azores mantle composition. In this picture, S. Miguel samples are compatible 419 

with the same mantle source of Terceira with the addition of approximately 45-55 % (excluding 420 

atmospheric components) of crustal derived Nitrogen. 421 

Although the source and evolution of the nitrogen in the mantle is still debated (Cartigny 422 

and Ader, 2003; Marty and Dauphas, 2003a, b; Kerrich and Jia, 2004; Cartigny and Marty, 2013), 423 

currently nitrogen derived from the upper mantle shows a 15N of -5 ±1‰ (Marty et al., 1996), 424 

while the ocean island basalt samples (OIB), from the lower mantle reservoirs, indicate modern 425 

plumes that are more positive (15N >0‰) (Marty et al., 1998; Dauphas and Marty, 1999; Marty 426 

and Dauphas, 2003a; Mohapatra et al., 2009). However, the occurrence of 15N-depleted lower 427 

mantle regions is supported by studies of diamonds from different localities and origins (Boyd et 428 

al., 1987; Boyd and Pillinger, 1988, 1994) and in particular those of Zaire (Javoy et al., 1984), 429 

Fuxian (China; Cartigny et al., 1997), and Kankan (Guinea; Palot et al., 2012), the primordial 430 

nitrogen signature of which (15N <-30‰) has been inferred for deep mantle regions. In this light, 431 

the nitrogen isotopic compositions of the sampled fumarolic fluids are in agreement with the 432 

presence of deep mantle regions that have been preserved from homogenisation (with the 433 

primordial N2 signature retained) during deep-mantle convection, crustal extraction and slab 434 

recycling (Palot et al., 2012). 435 

To sum up, with the exclusion of chemical or isotopic gas fractionation that involved N 436 

during shallow secondary processes, nitrogen with an isotopic composition (15N, ≤-14‰) that is 437 

significantly more depleted in 15N than those typical of the upper mantle (15N, -5 ±1‰; Marty et 438 



al., 1996) and modern plumes (15N >0‰; Marty et al., 1998; Dauphas and Marty, 1999; Marty and 439 

Dauphas, 2003a; Mohapatra et al., 2009) can be inferred for the Azores mantle source. A similar 440 

nitrogen isotopic composition was reported for the fumarolic fluids from the Hengill area in 441 

southwest Iceland, with a mantle plume composition characterized by N2/
40Ar of 60 ±20 and 15N 442 

of -10.4 ±0.2‰ (Marty et al., 1991).  443 

 444 

3.5. Origins of the water 445 

 The isotopic compositions of the steam condensates from the fumarolic fluids ranged for 446 

oxygen from 18O of -8.5‰ to -5.6‰, and for deuterium from D of -39.3‰ to -22.4 ‰. 447 

Significant steam condensation processes at near discharge conditions appear not to affect the 448 

fumarolic fluids sampled, as shown by the positive relationship of D (and also 18O) vs. CO2 449 

concentrations. This positive relationship holds also for the He concentrations, and it is opposite to 450 

what would be expected for condensation processes. 451 

These analytical values in the classical 18O vs. D diagram of Figure 12 plot on the left side 452 

of the diagram very far from the isotopic composition of the meteoric water line, which makes the 453 

interpretation of the possible origins a challenge. Chiodini et al. (2000) demonstrated that oxygen 454 

exchange between CO2 and steam in fumarolic fluids is fast enough to allow rapid isotopic re-455 

equilibration across a wide temperature range (100-1000 °C), showing that the measured 18OCO2 456 

and 18OH2O of fumarolic vapor collected from five different volcanic and hydrothermal systems are 457 

very close to the theoretical fractionation (Richet et al., 1977) expected for oxygen exchange 458 

between these two gaseous molecules at the discharge temperatures. Upon cooling of the gas, the 459 

increasing oxygen isotopic fractionation between CO2 and H2O progressively depletes the steam in 460 

the heavier isotope component, whereas the 18O composition of the whole H2O+CO2 gas system 461 

remains constant regardless of the temperature. Accordingly, the origin of the water component of 462 

fumaroles is investigated here by considering the role of oxygen isotope exchange between H2O and 463 

CO2 in the gas phase. The computed 1000×lnCO2-H2O of the S. Miguel and Terceira fumarolic 464 



fluids are reported against the discharge temperatures in Figure 13, together with the data from 465 

several fumarolic systems worldwide (Chiodini et al., 2000) and the theoretical curve for the 466 

equilibrium fractionation between CO2 and H2O in the gas phase (Richet et al., 1977). The 467 

agreement of these Azores data with both the theoretical fractionation factor and the behavior of the 468 

other fumarolic systems suggests that oxygen re-equilibration is also an active process in the Azores 469 

fumaroles, and might lead to interpretative bias. 470 

Figure 12 illustrates the analytical steam isotopic compositions, together with the average 471 

local meteoric water (D, -20‰; 18O, -4 ‰; IAEA, 1992) and the global meteoric water line 472 

(Craig, 1961). Moreover, Figure 12 shows the modeling of the two most important secondary 473 

processes that affect the isotopic composition of geothermal fluids during their rise to the surface; 474 

i.e., steam separation due to adiabatic decompression of the thermal fluids, and mixing with shallow 475 

groundwaters (Giggenbach and Stewart, 1982). In particular, in these models, the oxygen re-476 

equilibration between CO2 and H2O in the gas phase at varying temperatures is also considered. 477 

Starting from a liquid at 300 °C (close to the maximum temperature of gas equilibria), the two 478 

models were computed considering the different CO2 contents in the gas phase (from 0% to 7%, 479 

which covered the range of the analytical data). The gas phase that results from the iso-enthalpic 480 

single-step steam separation process and the equilibrium vapor that results from the mixing of the 481 

hydrothermal liquid with the groundwaters (at 20 °C) are then cooled to the fumarolic discharge 482 

temperature (~100 °C), and are reported as the isotopic compositions of the steam in Figure 12. In 483 

general, all of the sampled fumarolic fluids are in agreement with these fractionation models, which 484 

suggest the presence of a parent-liquid that is characterized by D of ~ -25‰ and 18O of ~ -3.0‰. 485 

This parent-liquid composition applies to all of the measured fumarolic samples overall, and it 486 

suggests a mainly meteoric origin that was possibly modified by water-rock 18O exchange at high 487 

temperatures. It is worth noting that the inferred parent-liquid isotopic composition is close to the 488 

liquid compositions measured in geothermal wells drilled in the Fogo area (Truesdell et al., 1984). 489 

 490 



4. Conclusions 491 

Analytical data from the S. Miguel and Terceira Islands are presented and discussed here to 492 

provide a comprehensive picture of the thermodynamic conditions of their hydrothermal systems. 493 

For S. Miguel Island, the gas geoindicators suggest reservoir temperatures ranging from 190 °C to 494 

280 °C for the Fogo hydrothermal system, as temperatures that are 30 °C to 35 °C as maximum 495 

values higher than those measured for geothermal wells and available in the literature (230 - 245 496 

°C; Carvalho et al., 2006). Temperatures as high as 280 °C have been estimated for the reservoir 497 

that feeds the RG4 fumarolic field that developed close to a disused geothermal well from 2010. 498 

The equilibrium temperatures estimated for the Furnas hydrothermal system vary from 200 °C to 499 

275 °C, and these are in relative agreement with the estimation of 200 °C to 250 °C for water and 500 

gas geothermometry (Truesdell et al., 1984). For S. Miguel, the gas equilibria in the H2-CO2-CO-501 

CH4-H2O system suggest hydrothermal system redox conditions that are more oxidizing than those 502 

typical for hydrothermal environments (i.e., FeO-FeO1.5, and DP redox buffers), similar to the most-503 

oxidizing conditions already identified for hydrothermal systems (Chiodini and Marini, 1998). This 504 

suggests an immature hydrothermal environment, where the presence of magmatic and more 505 

oxidizing fluids prevents attainment of the typical hydrothermal redox conditions (Giggenbach, 506 

1993). On the other hand, the chemical compositions of the fumarolic fluids discharged on Terceira 507 

Island indicate equilibrium vapor at a temperature of ~ 190 °C along with the typical redox 508 

conditions of DP buffer.  509 

The He isotopic composition of ~9.6 R/Ra measured in the fumaroles of Terceira and the 510 

R/Ra values of up to 13.5 measured in phenocrysts and fluids (Jean-Baptiste et al., 2009, and 511 

references therein), suggest a plume-like composition presumably from a lower mantle source.  512 

The relative compositions of He isotopes and CO2 suggest for S. Miguel fluids an origin from a 513 

mixture of a plume-like high 3He/4He component, represented by the Terceira fluids, and crustal 514 

fluids enriched in both radiogenic He and limestone derived CO2, presumably originated from a 515 

recycled crustal component. According to this mixing model, S. Miguel samples show an addition 516 



of approximately 45% of radiogenic He and ~30% of crustal CO2 with respect to Terceira samples, 517 

thus explaining the relatively low 3He/4He ratios (from 5.21 to 5.35 R/Ra), which is significantly 518 

lower than that expected for a mantle origin. This recycled crustal component could also explain 519 

why high CO2/He ratios are found in the Azores volatile compositions. 520 

A possible origin of this crustal component was proposed by Moreira et al. (2012), who 521 

hypothesized a source that contained undegassed material enriched in U and Th, which might be 522 

represented by underplated magma that has intruded into the oceanic lithosphere and was subducted 523 

(Elliot et al., 2007), and that has been stored in the mantle for the last ~3 Ga. 524 

A mainly meteoric origin of the water, which represents the major component of the 525 

fumarolic fluids, can be inferred by its isotopic composition, when taking into account the oxygen 526 

isotope exchange between CO2 and H2O in the gas phase. Furthermore, the origin of the S. Miguel 527 

fumarolic fluids investigated here through the N2, 
36Ar, 40Ar, and 4He compositions suggests a 528 

mixing of an atmospheric-like component and a magmatic component of mantle origin. In 529 

particular, the estimated composition for the Atmospheric component (N2/
40Ar, 42 ±3; 4He/40Ar, 530 

0.24 ± 0.16) suggests an ASW origin, with the addition of a small amount of He. The estimated 531 

magmatic 4He/40Ar (1.02 ± 0.5) ratio indicates a relatively unfractionated magmatic source, while 532 

the N2/
40Ar (62 ± 6) ratio suggests a possible plume-like mantle source. A similar deep component 533 

that is characterized by both relatively low N2/
40Ar ratios and negative 15N was inferred for the 534 

mantle plume feeding the fumarolic fluids in southwest Iceland (i.e., the Hengill area: N2/
40Ar, 60 535 

±20; 15N, -10.4 ±0.2‰; Marty et al., 1991).  536 

Nitrogen isotope compositions characterized by very negative 15N values (15N ≤ -14‰) 537 

are inferred for the fluids source of Terceira. Also S. Miguel fluids are compatible with the same 538 

source with a possible involvement of crustal-derived Nitrogen. These values are more negative 539 

than the typical compositions of both the upper mantle and plume-like mantle, which thus supports 540 

the possible presence of a 15N-depleted source, presumably from the lower mantle, in the region. 541 



In conclusion, the present study provides a comprehensive picture of the thermodynamic 542 

conditions of the hydrothermal systems of the S. Miguel and Terceira Islands, and it provides new 543 

insight for our understanding of the geodynamic context of the Azores archipelago. Furthermore, in 544 

the framework of the volcanic surveillance of the Azores, the data obtained in the present study can 545 

be used as reference to highlight possible future compositional changes related to variations in the 546 

activities of the Furnas, Fogo and Pico Alto volcanoes. 547 

 548 
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Figure captions  789 

 790 

Figure 1. (a) Map showing the location of the Azores archipelago and its main tectonic structures. 791 

MAR, Mid-Atlantic Ridge; TR (s.l.), Terceira Rift; C, Corvo; Fl, Flores; F, Faial; P , Pico; SJ, S. 792 

Jorge; G, Graciosa; T, Terceira; SM, S. Miguel; (based on Hipólito et al., 2013 and references 793 

therein). (b, c) Maps showing the sample locations for the S. Miguel (b) and Terceira (c) Islands. 794 

 795 

Figure 2. Equilibrium values of log (H2O/H2) + log (CO/CO2) vs. 3log (CO/CO2) + log (CO/CH4) 796 

in the H2-CO2-CO-CH4-H2O gas system. The single saturated vapor phase and the single saturated 797 

liquid phase are shown as the vapor line and the liquid line, respectively. The composition of single-798 

step vapor separates reflect isenthalpic boiling from To to several discrete temperatures (SSVS 799 

lines). Vapors separated at constant temperatures (Ts) are also shown. All of the samples plot close 800 

to the vapor line at equilibrium temperatures from about 190 °C to 280 °C. The size of the symbols 801 

encompasses the estimated errors, also for the following figures. 802 

 803 

Figure 3. a) Plot of log (fH2/fH2O) vs. equilibrium temperatures. The equilibrium single vapor 804 

phase of Terceira and S. Miguel fumaroles, and the computed redox buffer are shown, together with 805 

the values of the vapors from geothermal systems (squares, Italian geothermal systems: Larderello, 806 

Travale, Amiata, Bagnore) and fumarolic vapors (circles) of hydrothermal systems at quiescent 807 

volcanoes (Nisyros, Greece; Vesuvius, Solfatara, Ischia, Italy; Montserrat, West Indies; Guagua 808 

Pichincha, Ecuador). Triangles, crater fumarolic fluids of Vulcano Island (data from Chiodini and 809 

Marini, 1998); solid lines, FeO-FeO1.5 (Giggenbach, 1980), the D’Amore and Panichi (1980) 810 

hydrothermal buffers, and the H2S-SO2 magmatic gas buffer (Giggenbach, 1987). 811 

b) Plot of fCO2 for the equilibrium single saturated vapor phase vs. equilibrium temperatures (after 812 

Chiodini and Marini, 1998). The data for the geothermal systems of central Italy (squares) and 813 

hydrothermal systems at dormant volcanoes (circles) are shown for comparison. The full 814 



equilibrium function of Giggenbach (1984, 1988) and fCO2-temperature equilibrium values for 815 

relevant metamorphic reactions are also shown. 816 

 817 

Figure 4. Ternary plot of N2, He and Ar relative contents of the S. Miguel and Terceira fumaroles. 818 

The potential end-member compositions, mantle, arc-type, air and air saturated water are shown for 819 

comparison. 820 

 821 

Figure 5. Ternary plot of CO2, 
3He and 4He relative compositions (after Giggenbach et al., 1993; 822 

Barry et al., 2013) of the fumarolic samples. S. Miguel data can be explained as mixture of a plume-823 

like high 3He/4He component, represented by the Terceira fluids, and crustal derived gases. Terceira 824 

high 3He/4He component is drawn considering R/Ra values from Jean-Baptiste et al., (2009). 825 

MORB composition (8±1 R/Ra, Graham, 2002; CO3/
3He 2±1 × 109, Marty and Jambon, 1987) is 826 

also reported for comparison.  827 

 828 

Figure 6. Diagrams of the 13C of CO2 vs. CO2/
3He (a) and CO2/

4He (b) ratios of the fumarolic 829 

fluids. In the inset are reported the mixing lines between a high CO2/
3He composition and the end-830 

members of limestone and organic sediment (Sano and Marty, 1995). In general, the fumarolic 831 

fluids are compatible with a mantle origin. In particular, the S. Miguel fluids show a relative 832 

increase in radiogenic 4He and CO2 that are characterized by a more positive 13C value because of 833 

the possible addition of crustal derived fluids, with respect to the Terceira fluids. Mantle 834 

compositions are also reported: for ocean island basalts (OIB) 13C from -7‰ to -4‰ (Javoy et al., 835 

1986), CO2/
3He of 1-10 ×109 and CO2/

4He of 4-40 ×104 (Burnard et al., 1994; Trull et al., 1993); 836 

for mid-ocean-ridge basalts (MORB) CO2/
3He of 2±1 × 109, (Marty and Jambon 1987) and 837 

CO2/
4He of 0.5-7.0 ×104 (Marty and Zimmermann, 1999; Trull et al., 1993).  838 

 839 



Figure 7. Diagrams of the He/Ar (a) and Ar*/N2 (b) ratios vs. Ar*/Ar ratio. In general, the 840 

fumarolic samples suggest a mixing between two end-members, with one characterized by an 841 

atmospheric-like composition (AC) and the other characterized by a deep atmosphere-free, 842 

magmatic composition (MC). The Terceira samples were not used in the estimations of the 843 

atmospheric component and the magmatic component, but are reported for comparison. 844 

 845 

Figure 8. Diagram of N2/
40Ar ratios vs. the 40Ar/36Ar ratios. The estimated S. Miguel magmatic 846 

component (MC) suggests a possible plume-like composition of the fluids. Upper and lower mantle 847 

fields are roughly estimated from the data available on fluid inclusions. For the mantle plume: 848 

40Ar/36Ar and N2/
40Ar ratios from Marty and Dauphas (2003a). For the upper mantle: 40Ar/36Ar 849 

ratios from Moreira et al. (1998) and N2/
40Ar ratios from Cartigny et al., (2001) and references 850 

therein. 851 

 852 

Figure 9. Diagram of N2/
4He vs. 15N. The S. Miguel and Terceira hydrothermal fluids are 853 

reported, together with possible end-members: air, ASW, mantle and subducted material. The S. 854 

Miguel samples are compatible with a mantle origin that has been variably contaminated by both 855 

ASW and fluids derived from subducted material. Conversely, although the Terceira fluids suggest 856 

a mantle origin, it was probably more depleted in 15N than the upper mantle. The sediment end-857 

member range is from Fischer et al. (2002). The N2/He ratio of 55 ±30 for the mantle was computed 858 

by combining the N2/
40Ar (152 ±58; Cartigny et al., 2001) and 4He/40Ar (3 ±1; Marty, 1995) for the 859 

upper mantle, together with N2/
40Ar of 74 ±30 (Marty and Dauphas, 2003a) and the 4He/40Ar from 860 

0.3 to 2.5 (Trieloff et al., 2000) for plume-like mantle composition. 861 

 862 

Figure 10. Diagram of the N2/
36Ar vs. 15N (after Sano et al., 2001). Nitrogen-Argon isotope 863 

relationship suggests a 15N depleted deep source in the Azores. In particular, 15N ≤-14‰ for 864 

Terceira fluids, was inferred by applying the following isotopic mass balance (Grassa et al., 2010): 865 



15Ndeep = (15N × N2)/(N2 - 
36Ar × (N2/

36Ar)ASW), where the N2/
36Ar ratio of ASW is assumed to be 866 

1.15 ×104. Also S. Miguel fluids could be compatible with this source with the addition of greater 867 

amounts of air than at Terceira, or more likely, of crustal-derived fluids. 868 

 869 

Figure 11. Diagram of the N2/
3He vs. 15N (after Sano et al., 2001). The mixing lines among a 870 

possible Azores mantle composition, the ASW and Sediments (Sano et al., 2001) are also reported. 871 

This possible mantle composition applies to all of the measured fumarolic samples overall. S. 872 

Miguel data suggest the addition of approximately 45 -55 % of crustal derived Nitrogen. 873 

 874 

Figure 12. Isotopic composition of the fumarolic steam (D vs. 18O). Analytical values are 875 

reported together with the local meteoric water and global meteoric water line, which is assumed to 876 

be represented by the global relation: D = 8 × 18O +10 (Craig, 1961). The two most important 877 

secondary processes that might affect rising hydrothermal fluids are also shown: adiabatic steam 878 

separation from the hydrothermal liquid (PL) and mixing of this parent liquid with meteoric water 879 

(MW). The effects of cooling of the vapors to 100 °C with different CO2 concentrations are also 880 

shown, considering the oxygen isotope exchange between CO2 and H2O in the gas phase (see text). 881 

 882 

Figure 13. Relationship between the 1000 × lnCO2–H2O in the Azores hydrothermal fluids, and their 883 

discharge temperature. The polynomial best fit for the fumarolic data from five worldwide 884 

fumarolic systems (Chiodini et al., 2000) and the theoretical curve for the equilibrium fractionation 885 

between CO2 and H2O in the gas phase at the same temperatures (Richet et al., 1977) are shown for 886 

comparison. The fumarolic data plot close to the theoretical fractionation line and suggests the 887 

attainment of oxygen isotopic equilibrium between CO2 and steam at the discharges temperatures. 888 

 889 

Table 1. Analytical data of the fumarolic fluids sampled. The coordinates refer to WGS84 UTM 890 

26S. Chemical compositions are expressed in mol/mol. Isotopic compositions of C, O and H, and 891 



N are expressed in delta notation per mil vs. V-PDB, V-SMOW, and Atmosphere, respectively. The 892 

He isotopic compositions are expressed as R/Ra (with R as the 3He/4He ratio in the sample, and Ra 893 

as the 3He/4He ratio in the air) corrected for the atmospheric contamination of the sample on the 894 

basis of its 4He/20Ne ratio (Sano and Wakita, 1985). To and Ts (°C) refer to the equilibrium 895 

temperature and the vapor-liquid separation temperature, respectively. 896 
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Nc Sample Locality Date UTM_E UTM_N T°C H2O CO2 H2S 40Ar O2 N2 CH4 H2 He CO 40Ar/36Ar 15N 18Osteam Dsteam 13CCO2 18OCO2 R/Ra c He/Ne To(°C) Ts(°C) 

1 Furnas Lagoa 
S.Miguel, 
Furnas 21/09/2013 646957 4181459 96.7 938000 61900 199 1.51 0.007 73 1.12 54.1 0.832 0.125 399 -1.72 -6.84 -22.9 -4.21 28.4 

5.23 ± 
0.054 54.4 276 271 

2 Ribeira dos Tambores 
S.Miguel, 
Furnas 21/09/2013 650240 4181700 98.0 932000 67400 150 3.40 n.d. 156 7.18 74.2 1.00 0.0297 371 -1.78 -6.11 -25.0 -3.85 28.7 

5.37 ± 
0.055 45.8 202 202 

3 
Ribeira Tambores 
River 

S.Miguel, 
Furnas 23/09/2013 650374 4181520 99.7 960000 39200 176 1.70 n.d. 80.3 5.65 89.8 0.557 0.0237 386 -2.33 -7.59 -35.5 -3.73 26.8 

5.34 ± 
0.054 56.4 209 209 

4 Caldeira Seca 
S.Miguel, 
Furnas 21/09/2013 649342 4181952 98.9 956000 43700 244 1.10 n.d. 54.7 2.00 95.2 0.523 0.0439 479 -1.87 -5.56 -29.7 -3.77 29.6 

5.27 ± 
0.055 40.9 229 229 

5 
Caldeiras da Ribeira 
Grande S.Miguel, Fogo 19/09/2013 633209 4184470 97.8 941000 58300 182 2.29 n.d. 145 2.25 129 0.708 0.148 345 -0.48 -7.24 -25.1 -3.98 28.1 

5.26 ± 
0.056 42.1 260 259 

6 
Caldeiras da Ribeira 
Grande S.Miguel, Fogo 26/09/2013 633209 4184470 96.4 944000 55200 169 1.26 n.d. 63.8 2.02 113 0.642 0.0261 399 -1.75 -7.06 -22.4 -3.97 28.1 

5.38 ± 
0.054 42.3 189 188 

7 RG4 Geoth. well A S.Miguel, Fogo 19/09/2013 632933 4184331 99.3 947000 53100 38.6 1.26 0.007 58.2 2.19 114 0.684 0.195 393 -3.08 -7.8 -33.9 -3.89 28.0 
5.27 ± 
0.056 52.4 281 278 

8 RG4 Geoth. well B S.Miguel, Fogo 26/09/2013 632951 4184320 97.3 956000 43800 11.4 1.09 0.049 49.9 1.76 111 0.57 0.133 396 -3.29 -9.05 -47.5 -4.14 26.2 
5.27 ± 
0.056 64.0 274 272 

9 Furnas Enxofre 
Terceira, Pico 
Alto 04/10/2013 479846 4286810 96.9 968000 30900 255 3.02 n.d. 136 143 273 0.324 0.0377 311 -2.40 -8.26 -38.1 -4.48 27.8 

9.60 ± 
0.098 30.6 192 192 

10 Furnas Enxofre 
Terceira, Pico 
Alto 04/10/2013 479841 4286823 97.0 965000 34100 269 3.30 7.15 165 146 276 0.32 0.0416 299 -1.85 n.a. n.a -4.62 27.5 

9.59 ± 
0.10 27.9 191 191 

11 Furnas Enxofre 
Terceira, Pico 
Alto 04/10/2013 479840 4286815 97.0 962000 37200 322 3.89 n.d. 185 185 347 0.442 0.0456 304 -1.99 -8.32 -40.1 -4.66 27.4 

9.59 ± 
0.10 27.9 181 181 
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