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Abstract 19 

Volcanoes are currently to be regarded as natural sources of air pollutants. Climatic and environmental 20 

forcing of large volcanic eruptions are well known, although gases emitted through passive degassing 21 

during periods of quiescence or hydrothermal activity can also be highly dangerous for the environment 22 

and public health. Based on compositional and isotopic data, a survey on the spatial distribution in air 23 

of the main volatile compounds of carbon (CO2 and CH4) and sulfur (H2S and SO2) emitted from the 24 

fumarolic field of Pisciarelli (Campi Flegrei, Pozzuoli, Naples), a hydrothermal area where degassing 25 

activity has visibly increased since 2009, was carried out. The main goals of this study were (i) to 26 

evaluate the impact on air quality of these natural manifestations and (ii) inquire into the behavior of the 27 

selected chemical species once released in air, and their possible use as tracers to distinguish natural and 28 

anthropogenic sources. Keeling plot analysis of CO2 and CH4 isotopes revealed that the hydrothermal 29 

area acts as a net source of CO2 in air, whilst CH4 originated entirely from anthropogenic sources. 30 

Approaching the urban area, anthropogenic sources of CO2 increased and, at distances greater than 800 31 

m from the Pisciarelli field, they prevailed over the hydrothermal signal. While hydrothermal CO2 32 

simply mixed with that in the atmospheric background, H2S was possibly affected by oxidation 33 

processes. Therefore, SO2 measured in the air near the hydrothermal emissions had a secondary origin, 34 

i.e. generated by oxidation of hydrothermal H2S. Anthropogenic SO2 was recognized only in the furthest 35 

measurement site from Pisciarelli. Finally, in the proximity of a geothermal well, whose drilling was in 36 

progress during our field campaign, the H2S concentrations have reached values up to 3 orders of 37 

magnitude higher than the urban background, claiming the attention of the local authorities. 38 

Keywords: hydrothermal systems, air quality, carbon isotopes, hydrothermal volatile compounds. 39 

 40 

1. Introduction 41 

Air pollution poses a serious hazard to public health and environment. According to the World Health 42 

Organization (WHO), deaths caused by exposure to polluted air were around 4.2 million worldwide in 43 

2016, while 90 % of people live in places where concentrations of pollutants in the air exceed the 44 

recommended threshold values (WHO, 2018). Air pollutants from anthropogenic activity are regarded 45 

as the main causes of global scale phenomena having a dramatically impact on ecosystems and human 46 
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health, such as greenhouse effect, the ozone hole, and acidic rains, (McCormick et al., 1995; Robock, 47 

2000; Monks et al., 2009; Burton et al., 2013). 48 

Volcanoes are significant sources of air pollutants, such as trace elements (Calabrese et al., 2016, and 49 

references therein) and acidic gases (Reikard, 2019, and references therein). Magmas contain dissolved 50 

volatiles (mostly consisting of water vapor, CO2, and SO2) that are released in large quantities during (i) 51 

volcanic eruptions (e.g., Robock, 2004; Self, 2005) and (ii) long periods of quiescence through a 52 

persistent diffuse degassing or fumarolic vents (e.g., Mӧrner and Etiope, 2002; Aiuppa, 2015; Cardellini 53 

et al., 2017). Water vapor and CO2 are regarded as two of the main greenhouse gases, whereas SO2 and 54 

H2S, the latter being mainly produced by SO2 reduction in a hydrothermal environment, react in air with 55 

hydroxyl radicals (OH) and water vapor producing H2SO4 that forms aerosol that reflects solar radiation, 56 

causing a generalized cooling of the troposphere and the warming of the stratosphere (Rampino and 57 

Self, 1982; Self et al., 1993; McCormick et al., 1995). Sulfur-bearing volatiles also concur to (i) the 58 

degradation of the ozone layer, (ii) production of acidic rains, and (iii) air pollution known as “volcanic 59 

smog” or “vog” (McGee et al., 1997; Andres and Kasgnoc, 1998; Robock, 2000; Textor et al., 2003; 60 

von Glasow et al., 2009). 61 

Most studies focused on the environmental and climatic impacts and the associated risks of large 62 

eruptions (e.g. Robock, 1981; Kelly and Sear, 1984; Allard et al., 1991a; Hansen et al., 1992; Self et al., 63 

1993; McCormick et al., 1995; Robock, 2000; Oppenheimer, 2003; Textor et al., 2003; Robock, 2004; 64 

Self et al., 2004; Self, 2005; Horwell and Baxter, 2006; Self, 2006; von Glasow et al., 2009; Gerlach, 65 

2011; Raible et al., 2016), whereas little is known about the fate of gases emitted during the long-lasting 66 

non-eruptive periods and hydrothermal activity. Recent studies have shown that volcanoes emit to the 67 

atmosphere a huge amount of volatiles even during quiescent periods (Baubron et al., 1990; Allard et 68 

al., 1991a; Delmelle et al., 2002; Mӧrner and Etiope, 2002). For instance, Mount Etna (Sicily, South 69 

Italy) emits about 21 × 109 g day-1 of TV (Total Volatile) (Aiuppa et al., 2008); Stromboli Island (Aeolian 70 

Islands, South Italy) 6-12 × 109 g day-1 (Allard et al., 1994) and the volcano Masaya (Nicaragua) 14-16 71 

× 109 g day-1 (Burton et al., 2000; Martin et al., 2010; Girona et al., 2014). 72 

Campi Flegrei caldera (CFc) in southern Italy, one of the most active volcanic complexes of the 73 

Mediterranean area, hosts the densely populated Pozzuoli town (1,844 inhabitants per square kilometer 74 



4 
 

in 2019; AdminStat, 2020), thus representing one of the most prominent example of coexistence of 75 

human settlements with active volcanic systems. CFc is currently showing an intense hydrothermal 76 

activity, mostly occurring (i) at the Solfatara Crater and (ii) in an area approximately 400 m eastward 77 

from Solfatara namely Pisciarelli, where the hydrothermal discharge rate has been strongly increased in 78 

the last decade (Chiodini et al., 2015, 2017; Tamburello et al., 2019). 79 

In this study, we present the results of a geochemical survey carried out at five sites near the Pisciarelli 80 

hydrothermal field, where high-frequency measurements in air of CO2, CH4, SO2 and H2S 81 

concentrations, and δ13C-CO2 and δ13C-CH4 values were performed. The main aim was to investigate 82 

the spatial distribution of the fluids emitted in air from the Pisciarelli hydrothermal discharges in order 83 

to (i) evaluate their impact on air quality and (ii) inquire into the behavior of the selected chemical 84 

species once released in air, and their possible use as tracers to distinguish natural (hydrothermal) and 85 

anthropogenic sources. 86 

 87 

2 Study area 88 

The Phlegrean Volcanic District is a volcanic complex of alkali-potassic affinity (Florio et al., 1999) 89 

located along the Tyrrhenian margin, NW of Naples (Italy). It consists of a series of monogenic volcanic 90 

edifices, including the islands of Procida and Ischia, and submarine vents in the northwestern Gulf of 91 

Naples (Orsi et al., 1996). The morpho-structural setting is dominated by collapsed structures produced 92 

during two main eruptive events: (i) the Campanian Ignimbrite eruption (39 ka; De Vivo et al., 2001), 93 

which originated a first caldera, and (ii) the Neapolitan Yellow Tuff eruption, which caused a further 94 

collapse about 14.9 ka (Orsi et al., 1996, 2004; Deino et al., 2004). The last eruptive activity occurred 95 

in 1538 A.D. (Monte Nuovo eruption; Di Vito et al., 1987; Orsi et al., 1996), whereas bradyseismic 96 

crises occurred in 1970-72 and 1982-84 (Barberi et al., 1984; Bonafede and Mazzanti, 1998), the latter 97 

causing ground uplifts up to 3.5 m, a situation that imposed the evacuation of more than 40,000 people 98 

in 1984 (Barberi et al., 1984; De Vivo et al., 2001). These slow vertical ground movements were 99 

accompanied by thousands of earthquakes with epicenters at the Solfatara Crater (Vilardo et al., 1991), 100 

a 1.4 km2-wide tuff cone (Fig. 1a) produced about 4 ka from a low-magnitude eruption (Isaia et al., 101 

2009).  102 
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Solfatara crater hosts the most prominent hydrothermal discharges in CFc (Chiodini et al., 2012; 103 

Cardellini et al., 2017), whose deep source (2,000-2,500 m depth) is a liquid-dominated aquifer at ≥ 360 104 

°C and 200-250 bar, overlain by a vapor-dominated zone at 200-240 °C (Caliro et al., 2007, and 105 

references therein). Pisciarelli, located approximately 400 m eastward of the Solfatara Crater, is a 0.03 106 

km2 hydrothermal fault-related system (67 m a.s.l.) including several high-flow fumaroles and boiling 107 

pools (Fig. 1b). In this site, a significant increase of both shallow seismicity and hydrothermal activity 108 

has recently been observed, as testified by the opening of a new fumarolic vent in 2009 emitting fluids 109 

with temperatures up to 114 °C (Chiodini et al., 2015; Tamburello et al., 2019). Recent studies (Aiuppa 110 

et al., 2013, Queißer et al., 2017; Tamburello et al., 2019) have shown that the fluid output from 111 

Pisciarelli in the last years account for several kilotons for day, with >29 MW of energy being released 112 

from only the 2009 fumarole. 113 

Hydrothermal diffuse emissions and weak fumaroles occur along the Antiniana street, a densely 114 

urbanized sector of CFc located about 1 km south of Pisciarelli in the Agnano crater. In this area, two 115 

geothermal wells are also present, one abandoned and showing a low flow rate, the other, characterized 116 

by a strong flow rate, drilled in June 2020 (INGV-OV, 2020). 117 

 118 

3. Materials and methods 119 

3.1 Measurement strategy 120 

Carbon- and sulfur-bearing pollutants on air were measured in January and June 2020. During the first 121 

campaign, the measurements were carried out at four sites, as follows: (i) FU (“Fumaroles”), (ii) AC 122 

(“Artificial Conduit”), (iii) HT (“Hotel Tennis”), and (iv) DS (“Distal Site”) (Fig. 1b). During the second 123 

campaign, the measurements were (i) performed at the GW (“Geothermal Well”) site, and (ii) repeated 124 

at the AC site. 125 

The FU site was the closest one (about 85 m; Fig. 1b) to the main hydrothermal discharges of Pisciarelli, 126 

whereas the AC site was at the entrance of a sport center (about 120 m far from the Pisciarelli discharges; 127 

Fig. 1b) at few meters from a cemented conduit that conveys to air the hydrothermal fluids discharged 128 

by emissions covered the local infrastructures. The GW site was located within a car parking along the 129 

Antiniana street, i.e. close (about 40 m) to the geothermal well in drilling (Fig. 1b). The HT site was 130 
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situated inside the parking lot of a hotel, at about 325 m from the main Pisciarelli hydrothermal 131 

discharges (Fig. 1b). Noteworthily, the parking lot hosts the outlet tubing of the hotel boiler system, 132 

discharging vapors at relatively high rate. The DS site was the farthest one (about 800 m) from the main 133 

Pisciarelli hydrothermal discharges (Fig. 1b). It was located along Pisciarelli street, a trafficked road 134 

connecting the homonymous locality (belonging to the Municipality of Pozzuoli) to Agnano (part of the 135 

10th Municipality of Naples). 136 

Timing and duration of the measurement sessions carried out at each site were reported in Table 1. 137 

3.2 Instrumental equipment and data acquisition 138 

CO2 and CH4 concentration (in mg/m3) and the δ13C-CO2 and δ13C-CH4 values (in ‰ vs. V-PDB) were 139 

measured by WS-CRDS (Wavelenght-Scanned Cavity Ring-Down Spectroscopy) using a Picarro 140 

G2201-i analyzer. This instrument is characterized by a high data acquisition frequency (1 measurement 141 

for second) and precision values of 0.4 mg/m3 (CO2), 0.03 mg/m3 (CH4), 0.16 ‰ (δ13C-CO2) and 1.15 142 

‰ (δ13C-CH4) (Venturi et al., 2020 and references therein). As suggested by Malowany et al. (2015), a 143 

copper-stripes trap was installed at the analyzer inlet port to minimize spectral interferences caused by 144 

high concentrations of H2S, which could result in significant depletion in 13C. H2S and SO2 145 

concentrations (in µg/m3) were measured by PF (Pulsed Fluorescence) using a Thermo® 450i analyzer 146 

(Thermo Fisher Scientific, 2012). The instrument, providing 1 measurement for min, has detection limits 147 

of 5.2 and 2.8 μg/m3 for SO2 and H2S, respectively, and precision of ± 1 % (Venturi et al., 2016, 2019). 148 

Air samples were drawn through Teflon tubing using vacuum pumps with sampling rate of 25 mL min−1 149 

and 70 mL min-1 for the Picarro and the Thermo, respectively. Minute-averages were obtained from the 150 

dataset acquired from each instrument and used for further data processing. 151 

Meteorological parameters (wind speed, wind direction, humidity, and temperature) were also measured 152 

using a portable Kestrel® 4500 meteorological station (Kestrel®, 2020) which were integrated with those 153 

available online at  www.wunderground.com. 154 

3.3 Keeling-plot analysis 155 

CO2 and CH4 parameters (concentrations and δ13C values) were analyzed according to the Keeling plot 156 

analysis (Keeling, 1958, 1961), to recognize the main sources of these gases. The method relies on a 157 

http://www.wunderground.com/
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two members-mixing model, i.e. the environmental background and local source(s), and is based on two 158 

mass balance equations (Pataki et al., 2003; Venturi et al., 2020): 159 

i) 𝐶𝑚  =  𝐶𝑏 +  𝐶𝑠 160 

ii) 𝛿13𝐶𝑚 × 𝐶𝑚  =  𝛿13𝐶𝑏 × 𝐶𝑏 +  𝛿13𝐶𝑠 × 𝐶𝑠 161 

where C and δ13C are the concentration and the carbon isotopic composition of the gaseous species 162 

respectively, and m, b and s subscripts refer to the measured, background and source(s) values 163 

respectively. By combining equations (i) and (ii) as follows (iii), a straight line is identified on a 1/C vs. 164 

δ13C plot, whose intercept corresponds to the isotopic signature of the emitting source: 165 

iii)  𝛿13𝐶𝑚  =  
(𝛿13𝐶𝑏− 𝛿13𝐶𝑠)× 𝐶𝑏

𝐶𝑚
+  𝛿13𝐶𝑠 166 

When the gas concentration increases, the isotopic ratios tend to move away from the background values 167 

as a function of the source(s) characteristics. The background values can remain unknown, but both the 168 

background and source(s) values are assumed to be constant during the observation period (Pataki et al., 169 

2003; Venturi et al., 2020). 170 

Considering the prerequisite of constant mixing of background and sources, we applied the Keeling plot 171 

analysis to short-time intervals (≤6 hours) at each site, having pre-processed data in 5min-moving 172 

averages, which allowed to improve the stability in data trends, attenuating the oscillations due to sudden 173 

gusts of wind. Data reduction (minute-averages and moving averages) were performed using R (R Core 174 

Team, 2017) implemented with the Openair package (Carslawand Ropkins, 2012; Carslaw, 2014). 175 

The R2 determination coefficient was used to verify the ability of the linear regression model to describe 176 

the data distribution. The estimated isotopic data is not to be considered reliable when R2 < 0.75. 177 

 178 

4. Results 179 

The summary descriptive statistical parameters (minimum, maximum, mean, median, standard 180 

deviation) on the minute-averaged data measured at each site, and meteorological parameters (wind 181 

direction, wind speed), are reported in Table 1. 182 

4.1 Meteorological parameters 183 
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During the first campaign of measurements, the weather was mainly fairly. On 21st January 2020, 184 

prevailing wind direction blew from NE-NNE in the late afternoon, with wind speed around 13 km/h, 185 

and from N-NW sector during nighttime, with lower wind speed (5-11 km/h) (Tab. 1). On 22nd January 186 

2020, prevailing wind directions blew from N-NNE in the early morning, while during the late morning, 187 

the afternoon and nighttime they were mostly variable with a speed constantly <8 km/h (Tab. 1). On 188 

23rd January 2020, wind speed was relatively low (3-5 km/h), mostly from N-NE (Tab. 1).  189 

During the second campaign, the weather conditions were partially cloudy or cloudy. On the afternoon 190 

of 9th June 2020, wind direction blew mainly from W, with wind speed ranging from 19 to 22 km/h 191 

(Tab. 1). In the morning and afternoon of 10th June 2020, wind direction blew mainly from W with wind 192 

speed from 11 to 24 km/h (Tab. 1). Eventually, on the morning of 11th June 2020, prevailing wind 193 

direction came from SSW-SW, with wind speed from 11 to 19 km/h (Tab. 1).  194 

Air temperature was higher in June (19-23 °C) than in January 2020 (3-15 °C). During both the 195 

observation periods, it followed a typical diurnal cycle, characterized by maximum values at early 196 

afternoon and minimum at nighttime and early morning. 197 

Air humidity was higher in January (minimum 48%, maximum 100%) than in June 2020 (minimum 198 

34%, maximum 73%), and reached the highest values during nighttime and the lowest ones at midday.  199 

4.2 Concentrations and δ13C values of CO2 and CH4 200 

4.2.1 CO2 201 

The measurement sites located near the main fumaroles (FU), the new geothermal well (GW), and the 202 

cemented conduit at the entrance of the sport center (AC) displayed relatively high CO2 concentrations, 203 

ranging from 922 to 1,677, from 746 to 1,197, and from 774 to 1,068 mg/m3, respectively (Tab. 1), 204 

whereas the δ13C-CO2 values were from -10.51 to -5.94, from -10.30 to -6.82, and from -7.97 to -5.74 205 

‰ vs. V-PDB, respectively (Tab. 1). At FU, the mean and median values of CO2 concentrations and 206 

δ13C-CO2 were 1,090 and 1,054 mg/m3 (SD: 120; Tab. 1), and -8.61 and -8.73 ‰ vs. V-PDB (SD: 0.09), 207 

respectively. The distribution of these data was almost symmetric with a slight right-skew. At the AC 208 

site, CO2 concentrations were on average higher on January 2020 (mean: 980 mg/m3, median: 939 209 

mg/m3, SD: 107; Tab. 1) than on June 2020 (mean: 831 mg/m3, median: 801 mg/m3, SD: 77; Tab. 1), 210 

whereas the average δ13C-CO2 values on January 2020 (mean: -8.85 ‰ vs. V-PDB, median: -8.84 ‰ 211 
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vs. V-PDB, SD: 0.73; Tab.1) and on June 2020 (mean: -8.43 ‰ vs. V-PDB, median: -8.61 ‰ vs. V-212 

PDB, SD: 0.61; Tab. 1) were similar. At GW site, the mean and median values of CO2 concentrations 213 

and δ13C-CO2 were, respectively, as follows: 884 and 879 mg/m3 (SD: 53; Tab. 1), and -7.05 and -7.02 214 

‰ vs. V-PDB (SD: 0.36; Tab. 1) in the morning of 10th June 2020; 871 and 875 mg/m3 (SD: 66; Tab. 215 

1), and -6.89 and -6.90 ‰ vs. V-PDB (SD: 0.52; Tab. 1) in the afternoon of 10th June 2020; 864 and 853 216 

mg/m3 (SD: 55; Tab. 1) and -7.22 and -7.27 ‰ vs. V-PDB (SD: 0.36; Tab. 1) on 11th June 2020. CO2 217 

concentrations and isotopic values showed a direct correlation in all the three sites (Fig. A.1-6).  218 

Surprisingly, the highest CO2 concentrations were measured at the distal HT site, where they ranged 219 

from 1,087 to 2,109 mg/m3 on 21st-22nd January 2020 (mean: 1,567 mg/m3, median: 1,580 mg/m3, SD: 220 

230; Tab. 1), and from 1,170 to 2,193 mg/m3 on 22nd-23rd January 2020 (mean: 1,591 mg/m3, median: 221 

1,584 mg/m3, SD: 153; Tab. 1). The δ13C-CO2 values ranged from -12.41 to -5.82 ‰ vs. V-PDB on 21st-222 

22nd January 2020 (mean: -7.58 ‰ vs. V-PDB, median: -7.06 ‰ vs. V-PDB, SD: 1.50; Tab. 1), and 223 

from -11.38 to -5.65 ‰ vs. V-PDB on 22nd-23rd January 2020 (mean: -7.31 ‰ vs. V-PDB, median: -224 

7.00 ‰ vs. V-PDB, SD: 1.03; Tab. 1). Similarly to the previous sites, CO2 concentrations and isotopic 225 

values were directly correlated (Fig. A.7 and A.8). During both the measurement sessions carried out at 226 

this site, the CO2 concentrations (and the associated isotopic values) were significantly higher at 227 

nighttime than in the morning (Fig. A.7 and A.8). Relatively high CO2 concentrations (from 998 to 1,374 228 

mg/m3, mean: 1,176 mg/m3, median: 1,145 mg/m3, SD: 0.14; Tab 1) were also measured at the other 229 

distal site (DS), where the δ13C-CO2 values ranged from -14.33 and -12.52 ‰ vs. V-PDB (mean and 230 

median: -13.6 ‰ vs. V-PDB, SD: 0.40; Tab. 1). Notably, in this case CO2 concentrations and δ13C-CO2 231 

values were inversely correlated (Fig. A.9). 232 

4.2.2 CH4 233 

During the period of observation, the CH4 concentrations measured at the FU site showed minor 234 

variations (from 1.41 to 1.46 mg/m3; Tab. 1) around the mean value of 1.43 mg/m3 and the median value 235 

of 1.42 mg/m3 (SD 0.009; Tab. 1) (Fig. A.10). At AC, CH4 concentrations ranged from 1.26 to 1.40 236 

mg/m3 and were on the average higher on January 2020 (mean and median: 1.40 mg/m3, SD: 0.003; 237 

Tab. 1) than on June 2020, when the mean and median CH4 concentrations values were both 1.27 mg/m3 238 

(SD: 0.002; Tab.1) (Fig. A.11 and A.12). The GW site displayed almost constant CH4 concentrations 239 
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during the three measuring sessions (average values: 1.30 mg/m3; Tab. 1), ranging from 1.29 to 1.33 240 

mg/m3 (SDs: 0.003 and 0.005 on 10th June 2020, and 0.004 on 11th June 2020; Tab. 1) (Fig. A.13-15). 241 

Overall, CH4 concentrations at sites near hydrothermal discharges were lower on June (i.e. at AC and 242 

GW sites) than on January (i.e. FU and AC sites).  243 

At the HT site, CH4 showed almost constant concentrations during nighttime, with mean values of 1.45 244 

mg/m3 (median: 1.43 mg/m3, SD: 0.05; Tab. 1) on 21st-22nd January 2020, and 1.42 mg/m3 (median: 245 

1.40 mg/m3, SD: 0.05; Tab. 1) on 22nd-23rd January 2020, whereas increasing trends occurred in the 246 

morning, from 1.43 to 1.63 mg/m3 and from 1.40 to 1.53 mg/m3, respectively (Fig. A.16 and A.17). It 247 

is worth noting that the highest CH4 concentration (1.72 mg/m3), measured at 3:35 on 23rd January 2020 248 

(Fig. A.17), corresponds to a negative peak of CO2 concentrations (Fig. A.8). At DS site, the CH4 249 

concentrations ranged from 1.54 to 2.23 mg/m3, with a mean value of 1.69 mg/m3 and a median value 250 

of 1.66 mg/m3 (SD: 0.14; Tab. 1).  251 

The δ13C-CH4 values varied over a relatively wide range among the measuring sites. At FU, the δ13C-252 

CH4 ranged from -49.8 to -43.8 ‰ vs. V-PDB (mean and median: -45.9 ‰ vs. V-PDB, SD: 0.88; Tab. 253 

1). At AC site, δ13C-CH4 values varied from -49.3 to -44.7 ‰ vs. V-PDB on January 2020 (Tab. 1), and 254 

from -52.8 to -48.5 ‰ vs. V-PDB on June 2020 (Tab. 1), showing on average more negative values on 255 

spring (mean: -50.8 ‰ vs. V-PDB, median: -50.7 ‰ vs. V-PDB, SD: 0.88; Tab. 1) than on winter (mean 256 

and median: -47.0 ‰ vs. V-PDB, SD: 0.75; Tab. 1). The δ13C-CH4 values measured on 10th (morning 257 

and afternoon) and 11th June 2020 at GW site ranged from -51.2 to -45.0, from -48.7 to -44.1 and from 258 

-48.8 to -45.4 ‰ vs. V-PDB, respectively (mean: -48.6, -46.6, and -47.0 ‰ vs. V-PDB, respectively; 259 

median: -48.5, -46.6, and -46.8 ‰, respectively; and SD: 1.17, 0.94, and 0.84, respectively; Tab. 1). 260 

According to the measures of central tendency of these three sites, the δ13C-CH4 data were distributed 261 

symmetrically around the average values. At the HT site, the δ13C-CH4 values ranged from -50.4 to -262 

44.2 ‰ vs. V-PDB on 21st-22nd January 2020 (Tab. 1), and from -50.0 to -45.2 ‰ vs. V-PDB on 22nd-263 

23rd January 2020 (Tab. 1). The coincidence of the mean (-46.3 and -47.1 ‰ vs. V-PDB, respectively; 264 

Tab. 1) and median values (-46.2 and -47.1 ‰ vs. V-PDB, respectively; Tab. 1) suggests a symmetrical 265 

distribution of data (SD: 0.86 and 0.78, respectively; Tab. 1). The DS site showed δ13C-CH4 values from 266 

-49.9 to -44.8 ‰ vs. V-PDB (Tab. 1), with a mean value of -47.8 ‰ vs. V-PDB and a median value of 267 
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-47.7 ‰ vs. V-PDB (SD: 1.10; Tab. 1). Differently from CO2, no clear correlation was observed between 268 

CH4 concentrations and δ13C-CH4 values. 269 

4.3 Concentrations of H2S and SO2 270 

The concentrations of H2S and SO2 at the FU site ranged from 94 to 1,333 µg/m3 (mean: 362 µg/m3, 271 

median: 326 µg/m3, SD: 183; Tab. 1) and from 7.05 to 44 µg/m3 (mean: 20 µg/m3, median: 18 µg/m3, 272 

SD: 7.3; Tab. 1), respectively, and showed a positive correlation (Fig. A.19). Significantly lower H2S 273 

and SO2 concentrations were measured at the AC site both in January 2020 (from 0.78 to 82 µg/m3 and 274 

from 1.30 to 9.79 µg/m3, respectively) and in June 2020 (from 1.40 µg/m3 to 396 µg/m3 and from 3.26 275 

to 29 µg/m3, respectively) (Tab. 1; Fig. A.20 and A.21). The average concentrations of both S-bearing 276 

species were less abundant on winter (H2S and SO2 mean: 10 and 4.58 µg/m3 respectively, H2S and SO2 277 

median: 7.64 and 4.19 µg/m3 respectively, H2S and SO2 SD: 12 and 1.7 respectively; Tab. 1) than on 278 

spring (H2S and SO2 mean: 45 and 10 µg/m3 respectively, H2S and SO2 median: 8.48 and 9.22 µg/m3 279 

respectively, H2S and SO2 SD: 68 and 5.4 respectively; Tab. 1). The difference in mean and median 280 

values on H2S and SO2 concentrations in June 2020 displayed a right-skew distribution of data, 281 

suggesting that, in this case, the median value should be the most reliable position measure for the 282 

descriptive statistic. The highest H2S concentrations were measured at the GW site (Fig. A.22-24), where 283 

they ranged from 2.28 to 1,570 µg/m3 (Tab. 1), whereas SO2 concentrations were from 9.10 to 87 µg/m3 284 

(Tab. 1). The mean and median H2S concentrations values were, respectively, 497 and 460 µg/m3 in the 285 

morning of 10th June 2020 (SD: 188.223; Tab. 1), 375 and 357 µg/m3 in the afternoon of 10th June 2020 286 

(SD: 254; Tab. 1), and 233 and 175 µg/m3 on 11th June 2020 (198; Tab. 1), whereas the mean and median 287 

values of SO2 concentrations were 42 and 39 µg/m3 (SD: 10.6; Tab. 1), 37 and 38 µg/m3 (SD: 15.5; Tab. 288 

1), and 20 and 18 µg/m3 (SD: 8.6; Tab. 1), respectively.  289 

At the HT site, H2S concentrations varied from 10 to 618 µg/m3 on 21st-22nd January 2020 (mean: 192 290 

µg/m3, median: 180 µg/m3, SD: 126; Tab. 1), and from 5.83 to 126 µg/m3 on 22nd-23rd January 2020 291 

(mean: 44 µg/m3, median: 35 µg/m3, SD: 29; Tab. 1), whereas SO2 concentrations were from 0.54 to 21 292 

µg/m3 on 21st-22nd January 2020 (mean: 9.15 µg/m3, median: 8.22 µg/m3, SD: 4.2; Tab. 1), and ≤11 293 

µg/m3 on 22nd-23rd January 2020 (mean: 4.50 µg/m3, median: 4.33 µg/m3, SD: 1.9; Tab. 1). During the 294 

first measuring night, H2S and SO2 concentrations were relatively high, showing a positive correlation 295 
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(except at lower H2S values; Fig. A.25). The DS site was characterized by H2S and SO2 concentrations 296 

ranging from 27 to 91 µg/m3 and from 11 to 92 µg/m3 (Tab. 1), with mean and median concentration 297 

values of 52 and 46 µg/m3 for H2S (SD: 16; Tab. 1), and 23 and 17 µg/m3 for SO2 (SD: 15; Tab. 1), and 298 

showed an inverse correlation (Fig. A.27).  299 

 300 

5. Discussion 301 

5.1 Hydrothermal fluid input in the air 302 

In order to investigate the distribution and behavior of the hydrothermal gases in the air, as well as their 303 

possible use as tracers to distinguish natural and anthropogenic sources in environments where human 304 

settlements and hydrothermal fluid discharges coexist, we firstly analyzed the chemical and isotopic 305 

data measured in air from sites located near to the main hydrothermal discharges. 306 

Excluding water vapor, CO2 and H2S are the main volatile species commonly emitted by hydrothermal 307 

systems (Carapezza et al., 1984, 2003; Caliro et al., 2007; Granieri et al., 2009; Viveiros et al., 2010; 308 

Cabassi et al., 2017). CO2 is also emitted in the air from several other natural sources (mainly vegetation 309 

and oceans; Carlson et al., 2001; Riebeek and Simmon, 2011), and most anthropic activities related to 310 

the massive exploitation and combustion of fossil fuels (Venturi et al., 2019, 2020), resulting in global 311 

air background concentrations up to 730 mg/m3 (NOAA/ESRL Global Monitoring Division; 312 

www.esrl.noaa.gov/gmd), which basically represent the “background air” value. H2S is naturally 313 

produced in wetlands and stagnant water under reducing conditions (Rubright et al., 2017 and references 314 

therein), and by different human activities, e.g. pulp and paper mills, rayon textile manufacturing, 315 

chemical manufacturing, waste disposal (Llavador Colomer et al., 2012), extraction and refining of oil 316 

and natural gas, production of geothermal energy (WHO, 1981, 2000a, 2003; NYS Department of 317 

Health, 2005; Thorsteinsson et al., 2013; Rubright et al., 2017). Hence, in those sites of the study area 318 

located in the proximity of the hydrothermal discharges (FU, GW and AC; Fig. 1b), the measured CO2 319 

was deriving from both the hydrothermal contributions and a large list of undefined anthropogenic 320 

sources that basically constitute the local background, whereas no significant H2S sources, other than 321 

the hydrothermal discharges, can be recognized. In agreement with these considerations, the H2S/CO2 322 

ratios measured at FU and GW strongly increased with the H2S concentrations, approaching those of 323 

http://www.esrl.noaa.gov/gmd
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gases directly collected from the corresponding hydrothermal discharges, i.e. Pisciarelli fumarole 324 

(Caliro et al., 2007) and the geothermal well (INGV, 2020) (Fig. 2a), although the discharged 325 

hydrothermal gases were strongly diluted (up to 3 orders of magnitude) at the FU and GW measurement 326 

stations. On the other hand, as the H2S concentrations decreased, the H2S/CO2 ratio decreased, according 327 

with a distribution basically controlled only by dilution with the local background (Fig. 2a). However, 328 

in the H2S vs. CO2 binary diagram (Fig. 2b), the FU and GW data display a significant CO2-enrichment 329 

with respect to the dilution curves (blue and magenta dashed lines), suggesting (i) a local heterogeneity 330 

of background CO2 (trend A) likely due to anthropogenic inputs from the urban area, and (ii) a partial 331 

H2S depletion (trend B) possibly caused by oxidizing processes typically affecting this gas compound 332 

in air, as observed by Badalamenti et al. (2001) and Carapezza et al. (2003) based on measurement of 333 

air composition in other areas affected by hydrothermal emissions. Both the H2S concentrations and 334 

H2S/CO2 ratios measured at AC were on average lower than those measured at the other two proximal 335 

sites (FU and GW). At a first approximation, this could be ascribed to the relatively long distance 336 

separating AC and the Pisciarelli fumarole (Fig. 1b) and/or to the occurrence of anthropogenic inputs of 337 

CO2 affecting the AC background value (Fig. 2b; trend A). However, it has to be considered that the 338 

measurements at the AC site were likely influenced by gas emissions from the cemented conduit located 339 

just few meters away (Fig. 1b). Gases from this source were likely depleted in H2S, being fed by 340 

emissions at the periphery of the Pisciarelli main emitting site, where the shallow aquifer has a relatively 341 

high pH (Crognale et al., 2021). This hypothesis is confirmed by the distribution of the AC 342 

measurements in the CO2 vs. H2S binary diagram (Fig. 2b; trend B), showing relatively low H2S 343 

concentrations at CO2 values comparable to those measured at FU and GW. Noteworthy, part of the AC 344 

samples plot at intermediate position between the AC main group and the FU samples, particularly in 345 

June (Fig. 2b), suggesting occasional contributions from the Pisciarelli fumaroles related to more 346 

favorable wind conditions. 347 

By applying the Keeling plot analysis (Keeling, 1958, 1961) to the CO2 concentrations in air measured 348 

at the FU site (Fig. 3a), assuming a two-member mixing model between background air and 349 

hydrothermal gases, the isotopic signature of CO2 discharged from the Pisciarelli fumaroles was 350 

estimated at -0.41 ± 0.21 ‰ vs. V-PDB (R2 = 0.82; Tab. 2). As expected, this value is consistent with 351 
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those reported in literature (e.g. Caliro et al., 2007) for fumarolic CO2 of the Pisciarelli area. According 352 

to a similar approach (Fig. 3b), the δ13C-CO2 estimates based on the data acquired at the GW site on 11th 353 

June (when winds were blowing from SSW-SW, i.e. the measurement equipment was upwind to the 354 

geothermal well; Fig. 1b) allowed to confirm the hydrothermal origin of the fluids emitted by the 355 

geothermal well under construction (-2.51 ± 0.30 ‰ vs V-PDB, R2 = 0.78; Tab 2). On the contrary, on 356 

10th June the coefficients of determination R2 were too low to determine with certainty the isotopic 357 

signature of the CO2 source (-6.54 ± 0.44 ‰ vs V-PDB, R2 = 0.002, and -1.21 ± 0.38 ‰ vs V-PDB, R2 358 

= 0.69, in the morning and afternoon of 10th June, respectively; Tab. 2). This might indicate that, 359 

notwithstanding the proximity to the hydrothermal fluid source (40 m, Fig. 1b), the area was affected 360 

by anthropogenic CO2 input, controlled by variable weather conditions, producing a large dispersal of 361 

data. The δ13C-CO2 values computed using the data measured at the AC site (Fig. 3c) were -2.75 ± 0.29 362 

‰ vs V-PDB (R2 = 0.85) and -1.75 ± 0.16 ‰ vs. V-PDB (R2 = 0.95) (Tab. 2) in January and June, 363 

respectively. The slight difference between the δ13C-CO2 values computed for the FU and AC sites was 364 

possibly due to a more negative isotopic signature of the CO2 emitted from the cemented conduit, likely 365 

influencing the AC site, since this gas interacted with the surficial aquifer occurring at the periphery of 366 

the Pisciarelli fumarolic area. 367 

In urban environments, SO2 originates from several anthropogenic activities, mainly related to the 368 

combustion of fossil fuels containing sulfur (WHO, 2000b). Accordingly, the natural SO2 background 369 

value in highly anthropized zones is up to 25 μg/m3, whereas in rural areas it is generally <5 μg/m3 370 

(WHO, 2000b). Fluids emitted from hydrothermal emissions are generally characterized by extremely 371 

low SO2 concentrations with respect to those of H2S, which is the most stable S-bearing gas compound 372 

at the highly reducing redox conditions typically dominating the hydrothermal reservoirs (e.g. 373 

Giggenbach, 1996). The timeplots of the H2S and SO2 concentrations measured at the FU, GW and AC 374 

sites (Fig. A.19-24), show that, at relatively high H2S concentrations (>100 μg/m3), H2S and SO2 have 375 

almost identical trends, suggesting that the peaks of SO2 in air were significantly related to inputs from 376 

the hydrothermal emissions, being likely produced by oxidation of hydrothermal H2S since primary 377 

hydrothermal SO2 is to be considered negligible. Differently, when the hydrothermal gas fraction in air 378 

was too low, SO2 produced from H2S was masked by that from different, likely anthropogenic, sources.  379 



15 
 

Although CH4 is by far the most abundant organic volatile in hydrothermal-volcanic fluids (e.g. 380 

Giggenbach, 1996), the concentrations of this gas compound in the fumarolic fluids is relatively low 381 

(about 7 mg/m3; Caliro et al., 2007). In agreement with the dilution magnitude observed for CO2 and 382 

H2S (Fig. 2a), the hydrothermal contribution to the CH4 concentrations in FU, GW and AC sites would 383 

range from 0.007 to 0.7 mg/m3. However, is likely to assume that part of the CH4 discharged from the 384 

hydrothermal vents was lost by oxidation in the air (e.g. Holmes, 2018). This explains the lack of any 385 

evidence of hydrothermal CH4 contribution, as shown by the CH4 concentrations measured in air close 386 

to the hydrothermal discharges, which were constantly <1.50 mg/m3 (Tab. 1) and didn’t display a 387 

correlation with the trends of the typical hydrothermal species (Fig. A.10-15). The latter value slightly 388 

exceeds that of global background (1.28 mg/m3; Dlugokencky, 2021), as commonly observed in urban 389 

areas (e.g. Lowry et al., 2001; Chamberlain et al., 2016; Venturi et al., 2020, 2021), where different 390 

anthropogenic CH4 sources, including domestic heating, vehicular traffic and landfills (e.g. Zazzeri et 391 

al., 2017), and natural inputs, including wetlands and green areas (e.g. Barlett and Harriss, 1993; Saunois 392 

et al., 2019), likely occur.  393 

5.2 Insights from distal sites 394 

The spatial distribution of the fluids emitted in the air from the hydrothermal discharges at increasing 395 

distance from the Pisciarelli hydrothermal field (i.e. at the HT and DS sites; Fig. 1b) was investigated 396 

to evaluate the impact of the hydrothermal emissions on the air quality of inhabited areas and their 397 

possible use as tracers to distinguish natural (hydrothermal) and anthropogenic sources. 398 

As abovementioned, H2S in the investigated area is to be considered purely of hydrothermal origin, 399 

whilst CH4 was related to the local background, with no evidence of the influence of the hydrothermal 400 

gas discharges even near the main fumarolic vents. In agreement with these considerations, the 401 

concentrations in air of these two gas species, plotted in the H2S vs. CH4 binary diagram (Fig. 4a), were 402 

clearly independent. In fact, while the lowest CH4 concentrations were found at those sites close to 403 

Pisciarelli, relatively high CH4 values were measured at DS (i.e. the measurement site located at the 404 

highest distance from the fumaroles) and at HT, with no relation with the H2S concentrations. It is worth 405 

noting that the CH4 background values measured in winter data (FU, AC Jan, HT and DS) were 406 

significantly higher than those measured in June (AC Jun and GW) (Fig. 4a). This is possibly related to 407 
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the higher anthropogenic contribution to CH4 emissions during the colder season due to the use of the 408 

domestic heating, as commonly observed in urban areas (Venturi et al., 2020; Venturi et al., 2021 and 409 

references therein). 410 

Contrary to the sites close to Pisciarelli, where CH4 concentrations were not sufficient to extrapolate 411 

information on the isotopic characteristics of the emissive source through the Keeling plot analysis, at 412 

HT and DS sites the CH4 concentrations reached values sufficiently high to apply this statistical 413 

approach (Fig. 4b-d). Considering the prerequisite of constant mixing of background and sources, data 414 

measured at HT site, respectively, during night (0:00-5:59; Fig. 3b and 3c shaded dots) and morning 415 

(6:00-end of detection; Fig. 3b and 3c solid dots) were distinguished. As depicted in the Keeling plot of 416 

δ13C-CH4 vs. 1/CH4 (Fig. 4b), at HT the concentrations and δ13C values of CH4 were relatively constant 417 

during nighttime on 21st-22nd January (around 1.45 mg/m3 and −46.3 ‰ vs. V-PDB, respectively; Tab. 418 

1), pointing to the absence of relevant local emitting sources. In the morning, the increase of the CH4 419 

concentrations (up to 1.64 mg/m3; Tab. 1) was coupled with a decrease in δ13C-CH4 down to -50.1 ‰ 420 

vs. V-PDB (Tab. 1). According to the Keeling plot analysis computed on the morning data, the intercept 421 

was at -60.3 ± 0.6 ‰ vs. V-PDB (Fig. 4b; Tab. 2), corresponding to δ13C-CH4 values typical of biogenic 422 

sources, including landfills (around −58 ‰ vs. V-PDB; e.g. Zazzeri et al., 2017), agriculture- and 423 

livestock-related emissions (from −66 to −55 ‰ vs. V-PDB; e.g. Levin et al., 1993; Lowry et al., 2001; 424 

Townsend-Small et al., 2012; Zazzeri et al., 2017 and references therein), emissions from wastewater 425 

treatments (around −53 ‰ vs. V-PDB; e.g. Zazzeri et al., 2017) and wetlands (around −60 ‰ vs. V-426 

PDB; e.g. Quay et al., 1988). Although the relatively low correlation coefficient of the alignment 427 

depicted by the HT morning data (R2=0.70; Tab. 2) suggests caution to evaluate the computed isotopic 428 

signature of the CH4 source affecting this site, it is reliable to suppose that it was mostly related gas 429 

vapors released from the outlet tubing of the boiler system hosted in the parking lot of the hotel (Fig. 430 

1b). The Keeling plot of δ13C-CH4 vs. 1/CH4 of the measurements carried out at the HT site on 22nd-23rd 431 

January shows a similar distribution (Fig. 4c). The δ13C-CH4 endmember, estimated using the data 432 

measured during night (i.e. when the CH4 concentrations reached the highest values, up to 1.72 mg/m3; 433 

Tab. 1), was -58.4 ± 0.6 ‰ vs. V-PDB (R2=0.48; Tab. 2). This isotopic value agreed with that computed 434 

with the data measured the previous day (Fig. 4b), confirming the occurrence of a local biogenic CH4 435 
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source at the HT site. In the Keeling plot of δ13C-CH4 vs. 1/CH4 of the DS site (Fig. 4d), which as 436 

aforementioned displayed the highest concentrations of CH4 (up to 2.23 mg/m3; Tab. 1), data distribution 437 

seems to be consistent with a CH4 source having relatively high δ13C-CH4 value. Such an isotopic 438 

signature, i.e. about −44 ‰ vs. V-PDB, is consistent with that of a number of urban CH4 sources 439 

including vehicular traffic and natural gas employment (e.g. Schwietzke et al., 2016; Sherwood et al., 440 

2017; Venturi et al., 2020, 2021 and references therein). 441 

Notwithstanding the distance separating HT from the hydrothermal discharges of Pisciarelli, the highest 442 

concentrations of CO2 were observed at this site (up to 2,193 mg/m3; Tab. 1), possibly due to the static 443 

conditions of the near-surface atmosphere during nighttime and to the depressed morphology of the 444 

parking lot (Fig. 1b). As depicted in the Keeling plot of δ13C-CO2 vs. 1/CO2 (Fig. 5), the CO2 at HT 445 

showed isotopic characteristics that indissolubly bound it to a hydrothermal origin (-2.85 ± 0.06 ‰ vs. 446 

V-PDB, R2=0.93; Tab. 2), even if it was affected by mixing with the atmospheric background. However, 447 

the HT site was also affected by CO2 inputs from anthropogenic sources, possibly related, as for CH4, to 448 

the hotel boiler emissions and local biogenic sources, which, consisting of lower CO2 concentrations 449 

and more negative values of δ13C-CO2, shifted a branch of data toward the DS site field (Fig. 5 dashed 450 

arrow). The latter is the only site whose emitted CO2, characterized by relatively low δ13C-CO2 values 451 

independently on CO2 concentrations (Fig. 5), was purely to ascribe to anthropogenic sources related to 452 

the urban environment (e.g. Chamberlain et al., 2016; Venturi et al., 2020 and references therein).  453 

In summary, the detected CO2 in the study area resulted from the mixing, at different proportions, 454 

between three main endmembers: (i) the hydrothermal discharges, (ii) anthropogenic emissions and (iii) 455 

the local atmospheric background; the latter showing a significant variability both in space (e.g. AC in 456 

June and GW) and in time (e.g. AC January and AC June) (Fig. 5). 457 

The aforementioned hypothesis of partial oxidation of the hydrothermal H2S in the air to produce SO2, 458 

is confirmed by the distribution of data in the SO2 vs. H2S binary diagram (Fig. 6), which evidences the 459 

strong (genetic) relationship between the two S-bearing gases. Data measured at the GE site were not 460 

consistent with the main trend, being SO2 inversely correlated with H2S (Fig. 6). This suggests that the 461 

origin of SO2 measured at this distal site was mainly anthropogenic, i.e. related to the crowded urban 462 

settlements and the intense vehicular traffic characterizing this zone. 463 
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 464 

5. Conclusions 465 

Hydrothermal areas are largely recognized as hot spots of pollutant emissions, thus representing an 466 

environmental hazard in the near-surface atmosphere (e.g. Carapezza et al., 1984, 2003; Badalamenti et 467 

al., 2001; Vaselli et al., 2011; Tassi et al., 2009, 2013, 2015; Aiuppa, 2015; Cabassi et al., 2017). This 468 

study, based on a geochemical survey of air quality in the proximity of Pisciarelli, i.e. one of the main 469 

hydrothermal emissions at Campi Flegrei, evidenced the occurrence of anomalously high CO2 and H2S 470 

concentrations at the near-surface level, clearly related to the hydrothermal discharges, as confirmed by 471 

the isotopic signature of CO2 measured at sites located at a distance <325 m from the main hydrothermal 472 

emission area (FU, AC, GW and HT). On the other hand, H2S measured in these sites was to be 473 

considered purely of hydrothermal origin, being the most abundant sulfur compound in hydrothermal 474 

gases and in absence of significant H2S anthropogenic sources. At HT, secondary anthropogenic CO2 475 

sources were also recognized, likely related to vapors released from the outlet tubing of a boiler system 476 

hosted in the parking lot of the hotel. This hypothesis was confirmed by the occurrence of relatively 477 

high concentrations of CH4, which, on the contrary, did not show any anomalous concentrations in the 478 

other measurements sites near the hydrothermal emissions (i.e. FU, AC and GW). On the whole, the 479 

H2S-CO2 pair has proved to be a successful tracer to investigate the spatial distribution of hydrothermal 480 

gases in air in the proximity of hydrothermal emission spots, the latter being dependent on (i) dilution 481 

by mixing with air and (ii) consumption processes, mostly affecting H2S through oxidation to SO2. In 482 

fact, SO2 concentrations measured at FU, AC and GW and HT were found to be strongly related to those 483 

of H2S. At DS, i.e. the measurement site located at about 800 m from the Pisciarelli fumarolic emissions, 484 

the main hydrothermal tracers (CO2 and H2S) were completely masked by anthropogenic sources. 485 

Accordingly, anomalously high SO2 concentrations were interpreted as related to anthropogenic 486 

activities, being not accompanied by H2S. 487 

The results of this study evidence that the hydrothermal emissions discharged by the under-construction 488 

geothermal well at the GW site had a significant impact on local air quality, leading to a dramatic 489 

increase of CO2 and H2S concentrations (up to 1,061 mg/m3 and 1,570 μg/m3, respectively) in a densely 490 

inhabited zone of Pozzuoli town. Such evidence claimed the attention of local competent authorities 491 
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which suspended the well construction. It is worth noting that, although CO2 concentrations in air 492 

remained well below the alert threshold of 0.5 % (OSHA, 2019), the H2S concentrations were up to 3 493 

orders of magnitude higher than those of the urban background (1-3 μg/m3; Kourtidis et al., 2008), 494 

occasionally exceeding the threshold values suggested by the WHO (2000a) for prolonged exposures, 495 

i.e. 150 μg/m3 for exposures up to 24 h, 100 μg/m3 for exposures >14 days, and 20 μg/m3 for exposures 496 

>90 days (average values during the period). This situation may pose a potential hazard for the local 497 

population, especially when weather conditions. i.e. low wind and cloudy sky, favor the accumulation 498 

of H2S in depressed areas and/or enclosed spaces.  499 

 500 
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Figure 1. (a) Satellite image of Campi Flegrei area, with location of Solfatara crater and Pisciarelli 807 

hydrothermal fields. (b) Location of measuring sites (red dots) and hydrothermal discharges (orange 808 

stars). 809 

 810 

Figure 2. (a) H2S/CO2 vs. H2S binary diagram of FU (blue dots), GW (magenta dots), and AC (yellow 811 

and orange dots) sites. Hydrothemal discharges of Pisciarelli fumaroles (blue star) and the geothermal 812 

well (magenta stars) are also reported. The mixing lines between (i) hydrothermal components, and (ii) 813 

air, are shown as dashed lines. (b) CO2 vs. H2S binary diagram of FU (blue dots), GW (magenta dots), 814 

and AC (yellow and orange dots) sites. The mixing lines between (i) hydrothermal components, and (ii) 815 

air, are reported as abovementioned. The black arrows show trends of (i) enrichment in CO2 (Trend A), 816 

and (ii) depletion in H2S (Trend B).  817 

 818 

Figure 3. Keeling plot of δ13C-CO2 vs. 1/CO2 of (a) FU, (b) GW, and (c) AC. The mixing between (i) 819 

hydrothemal discharges, and (ii) local background, is depicted with the grey area. The isotopic ranges 820 

of hydrothemal and background end-members are also reported (black lines). 821 

 822 

Figure 4. (a) H2S vs. CH4 binary diagram of FU (blue dots), AC (yellow and orange dots), GW (magenta 823 

dots), HT (light and dark green dots), and DS (turquoise dots). (b) Keeling plot of δ13C-CH4 vs. 1/CH4 824 

of HT during 21st-22nd January 2020 nighttime measurements. The data are divided into night data (0:00-825 

5:59; olive green dots) and morning data (6:00-end of measurements; light green dots). (c) Keeling plot 826 

of δ13C-CH4 vs. 1/CH4 of HT during 22nd-23rd January 2020 nighttime measurements. The data are 827 

divided into night data (0:00-5:59; teal green dots) and morning data (6:00-end of measurements; dark 828 

green dots). (d) Keeling plot of δ13C-CH4 vs. 1/CH4 of DS (turquoise dots). In (b), (c) and (d), the mixing 829 

trends between (i) air background and urban emissions, and (ii) air background and biogenic emissions, 830 

are reported (black dashed lines).  831 

 832 

Figure 5. Keeling plot of δ13C-CO2 vs. 1/CO2 of FU (blue dots), AC (yellow and orange dots), GW 833 

(magenta dots), HT (light and dark green dots), and DS (turquoise dots). The isotopic ranges of 834 
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hydrothemal, background and anthropogenic end-members are reported (black lines). The mixing 835 

between (i) hydrothemal discharges and local background, and (ii) anthropogenic emissions and local 836 

background, are depicted with the grey areas. The shift of a branch of HT data toward the DS site field 837 

is marked with the black dashed arrow.  838 

 839 

Figure 6. SO2 vs. H2S binary diagram of FU (blue dots), AC (yellow and orange dots), GW (magenta 840 

dots), HT (light and dark green dots), and DS (turquoise dots). 841 

 842 

Table 1. Summary descriptive statistical parameters on the minute-averaged data measured at each site, 843 

and meteorological parameters (WD=wind direction, WS=wind speed).  844 

Chemical compositions of CO2 and CH4 are in mg/m3; chemical compositions of H2S and SO2 are in 845 

μg/m3; δ13C-CO2 and δ13C-CH4 are in ‰ vs. V-PDB; WS (minimum-maximum) are in km/h. 846 

 847 

Table 2. δ13C-CO2 and δ13C-CH4 (‰ vs. V-PDB) source values extrapoleted using the Keeling plot 848 

analysis. Standard errors and determination coefficients R2 are also reported.849 
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AppendixA 862 

 863 
Figure A.1. CO2 concentrations (mg/m3; red line) and δ13C-CO2 values (‰ vs. V-PDB; grey line) vs. 864 
time of FU site on 22nd January 2020.  865 
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 866 
Figure A.2. CO2 concentrations (mg/m3; red line) and δ13C-CO2 values (‰ vs. V-PDB; grey line) vs. 867 
time of AC site on 21st January 2020. 868 
 869 
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 870 
Figure A.3. CO2 concentrations (mg/m3; red line) and δ13C-CO2 values (‰ vs. V-PDB; grey line) vs. 871 
time of AC site on 9th June 2020. 872 
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 873 
Figure A.4. CO2 concentrations (mg/m3; red line) and δ13C-CO2 values (‰ vs. V-PDB; grey line) vs. 874 
time of GW site on 10th June 2020 (morning). 875 
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 876 
Figure A.5. CO2 concentrations (mg/m3; red line) and δ13C-CO2 values (‰ vs. V-PDB; grey line) vs. 877 
time of GW site on 10th June 2020 (afternoon). 878 
 879 
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 880 
Figure A.6. CO2 concentrations (mg/m3; red line) and δ13C-CO2 values (‰ vs. V-PDB; grey line) vs. 881 
time of GW site on 11th June 2020. 882 
 883 
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 884 
Figure A.7. CO2 concentrations (mg/m3; red line) and δ13C-CO2 values (‰ vs. V-PDB; grey line) vs. 885 
time of HT site on 21st-22nd January 2020. 886 
 887 
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 888 
Figure A.8. CO2 concentrations (mg/m3; red line) and δ13C-CO2 values (‰ vs. V-PDB; grey line) vs. 889 
time of HT site on 22nd-22rd January 2020. 890 
 891 
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 892 
Figure A.9. CO2 concentrations (mg/m3; red line) and δ13C-CO2 values (‰ vs. V-PDB; grey line) vs. 893 
time of DS site on 23rd January 2020. 894 
 895 



53 
 

 896 
Figure A.10. CH4 concentrations (mg/m3; green line) and δ13C-CH4 values (‰ vs. V-PDB; grey line) vs. 897 
time of FU site on 22nd January 2020. 898 
 899 
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 900 
Figure A.11. CH4 concentrations (mg/m3; green line) and δ13C-CH4 values (‰ vs. V-PDB; grey line) vs. 901 
time of AC site on 21st January 2020. 902 
 903 
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 904 
Figure A.12. CH4 concentrations (mg/m3; green line) and δ13C-CH4 values (‰ vs. V-PDB; grey line) vs. 905 
time of AC site on 9th June 2020. 906 
 907 
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 908 
Figure A.13. CH4 concentrations (mg/m3; green line) and δ13C-CH4 values (‰ vs. V-PDB; grey line) vs. 909 
time of GW site on 10th June 2020 (morning). 910 
 911 
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 912 
Figure A.14. CH4 concentrations (mg/m3; green line) and δ13C-CH4 values (‰ vs. V-PDB; grey line) vs. 913 
time of GW site on 10th June 2020 (afternoon). 914 
 915 
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 916 
Figure A.15. CH4 concentrations (mg/m3; green line) and δ13C-CH4 values (‰ vs. V-PDB; grey line) vs. 917 
time of GW site on 11th June 2020. 918 
 919 
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 920 
Figure A.16. CH4 concentrations (mg/m3; green line) and δ13C-CH4 values (‰ vs. V-PDB; grey line) vs. 921 
time of HT site on 21st-22nd January 2020. 922 
 923 
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 924 
Figure A.17. CH4 concentrations (mg/m3; green line) and δ13C-CH4 values (‰ vs. V-PDB; grey line) vs. 925 
time of HT site on 22nd-23rd January 2020. 926 
 927 
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 928 
Figure A.18. CH4 concentrations (mg/m3; green line) and δ13C-CH4 values (‰ vs. V-PDB; grey line) vs. 929 
time of DS site on 22rd January 2020. 930 
 931 
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 932 
Figure A.19. H2S and SO2 concentrations (μg/m3; orange and blue line, respectively) vs. time of FU 933 
site on 22nd January 2020. 934 
 935 
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 936 
Figure A.20. H2S and SO2 concentrations (μg/m3; orange and blue line, respectively) vs. time of AC 937 
site on 21st January 2020. 938 



64 
 

 939 
Figure A.21. H2S and SO2 concentrations (μg/m3; orange and blue line, respectively) vs. time of AC 940 
site on 9th June 2020. 941 
 942 
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 943 
Figure A.22. H2S and SO2 concentrations (μg/m3; orange and blue line, respectively) vs. time of GW 944 
site on 10th June 2020 (morning). 945 
 946 
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 947 
Figure A.23. H2S and SO2 concentrations (μg/m3; orange and blue line, respectively) vs. time of GW 948 
site on 10th June 2020 (afternoon). 949 
 950 
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 951 
Figure A.24. H2S and SO2 concentrations (μg/m3; orange and blue line, respectively) vs. time of GW 952 
site on 11th June 2020. 953 
 954 
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 955 
Figure A.25. H2S and SO2 concentrations (μg/m3; orange and blue line, respectively) vs. time of HT 956 
site on 21st-22nd January 2020. 957 
 958 
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 959 
Figure A.26. H2S and SO2 concentrations (μg/m3; orange and blue line, respectively) vs. time of HT 960 
site on 22nd-23rd January 2020. 961 
 962 
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 963 
Figure A.27. H2S and SO2 concentrations (μg/m3; orange and blue line, respectively) vs. time of DS site 964 
on 23rd January 2020. 965 
 966 
  967 

  968 
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Table1 969 

 970 

  971 

Site Latitude Longitude Distance Date Parameter Start Stop Duration Min Max Mean Median SD WD WS

CO2 11:53 17:16 05 h 24 min 922 1677 1090 1054 120

CH4 11:53 17:16 05 h 24 min 1.41 1.46 1.43 1.42 0.009

δ13C-CO2 11:53 17:16 05 h 24 min -10.51 -5.94 -8.61 -8.73 0.87

δ
13

C-CH4 11:53 17:16 05 h 24 min -49.8 -43.8 -45.9 -45.9 0.88

SO2 11:54 17:16 05 h 23 min 7.05 44 20 18 7.3

H2S 11:54 17:16 05 h 23 min 94 1333 362 326 184

CO2 16:50 18:11 01 h 22 min 862 1197 980 939 107

CH4 16:50 18:11 01 h 22 min 1.39 1.40 1.40 1.40 0.003

δ13C-CO2 16:50 18:11 01 h 22 min -10.30 -7.29 -8.85 -8.84 0.73

δ13C-CH4 16:50 18:11 01 h 22 min -49.3 -44.7 -47.0 -47.0 0.75

SO2 16:51 18:11 01 h 21 min 1.30 9.79 4.58 4.19 1.7

H2S 16:51 18:11 01 h 21 min 0.78 82 10 7.64 12

CO2 16:00 17:31 01 h 32 min 746 1068 831 801 77

CH4 16:00 17:31 01 h 32 min 1.26 1.28 1.27 1.27 0.002

δ13C-CO2 16:00 17:31 01 h 32 min -9.48 -6.82 -8.43 -8.61 0.61

δ13C-CH4 16:00 17:31 01 h 32 min -52.8 -48.5 -50.8 -50.7 0.88

SO2 15:12 17:48 02 h 37 min 3.26 29 10 9.22 5.4

H2S 15:12 17:48 02 h 37 min 1.40 396 45 8.48 68

CO2 10:30 12:47 02 h 18 min 792 1061 884 879 53

CH4 10:30 12:47 02 h 18 min 1.29 1.31 1.30 1.30 0.003

δ13C-CO2 10:30 12:47 02 h 18 min -7.81 -6.19 -7.05 -7.02 0.35

δ13C-CH4 10:30 12:47 02 h 18 min -51.2 -45.0 -48.6 -48.5 1.17

SO2 10:08 12:41 02 h 34 min 26 87 42 39 10.6

H2S 10:08 12:41 02 h 34 min 250 1570 497 460 188

CO2 15:04 16:49 01 h 46 min 774 1029 871 875 66

CH4 15:04 16:49 01 h 46 min 1.29 1.33 1.30 1.30 0.005

δ13C-CO2 15:04 16:49 01 h 46 min -7.91 -5.74 -6.89 -6.90 0.52

δ
13

C-CH4 15:04 16:49 01 h 46 min -48.7 -44.1 -46.6 -46.6 0.94

SO2 15:04 16:42 01 h 39 min 13 84 37 38 15.5

H2S 15:04 16:42 01 h 39 min 25 1101 375 357 254

CO2 9:40 10:49 01 h 10 min 777 1052 864 853 55

CH4 9:40 10:49 01 h 10 min 1.29 1.31 1.30 1.30 0.004

δ13C-CO2 9:40 10:49 01 h 10 min -7.97 -6.39 -7.22 -7.27 0.36

δ13C-CH4 9:40 10:49 01 h 10 min -48.8 -45.4 -47.0 -46.8 0.84

SO2 9:19 10:42 01 h 24 min 9.10 42 20 18 8.6

H2S 9:19 10:42 01 h 24 min 2.28 813 233 175 198

CO2 23:20 10:25 11 h 06 min 1087 2109 1567 1580 230

CH4 23:20 10:25 11 h 06 min 1.41 1.63 1.45 1.43 0.049

δ13C-CO2 23:20 10:25 11 h 06 min -12.41 -5.82 -7.58 -7.06 1.50

δ13C-CH4 23:20 10:25 11 h 06 min -50.4 -44.2 -46.3 -46.2 0.85

SO2 23:20 10:25 11 h 06 min 0.54 20.68 9.15 8.22 4.2

H2S 23:20 10:25 11 h 06 min 10 618 192 180 126

CO2 23:28 9:27 10 h 00 min 1170 2193 1591 1584 154

CH4 23:28 9:27 10 h 00 min 1.37 1.72 1.42 1.40 0.051

δ
13

C-CO2 23:28 9:27 10 h 00 min -11.38 -5.65 -7.31 -7.00 1.03

δ13C-CH4 23:28 9:27 10 h 00 min -50.0 -45.2 -47.1 -47.1 0.78

SO2 23:28 9:29 10 h 02 min u.d.l. 11 4.50 4.33 1.9

H2S 23:28 9:29 10 h 02 min 5.83 126 44 35 29

CO2 10:01 11:27 01 h 27 min 998 1374 1176 1145 110

CH4 10:01 11:27 01 h 27 min 1.54 2.23 1.69 1.66 0.136

δ
13

C-CO2 10:01 11:27 01 h 27 min -14.3 -12.5 -13.6 -13.6 0.39

δ13C-CH4 10:01 11:27 01 h 27 min -49.9 -44.8 -47.8 -47.7 1.10

SO2 10:01 10:52 00 h 52 min 11 92 23 17 15

H2S 10:01 10:52 00 h 52 min 27 91 52 46 16

FU
22/01/2020 

(UTC+1)
40.82967463 14.1478353 85 m

AC 40.83010249 14.14789704 120 m
21/01/2020 

(UTC+1)

AC 40.83010249 14.14789704 120 m
09/06/2020 

(UTC+2)

GW 40.82580187 14.14767757 40 m
10/06/2020  

(UTC+2)

GW 40.82580187 14.14767757 40 m
10/06/2020 

(UTC+2)

GW 40.82580187 14.14767757 40 m
11/06/2020 

(UTC+2)

HT 40.83085249 14.15036252 325 m
21-22/01/2020 

(UTC+1)

23/01/2020 

(UTC+1)

HT 40.83085249 14.15036252 325 m
22-23/01/2020 

(UTC+1)

*WGS 84

DS 40.83165231 14.15530663 800 m

NE-NNE 13

variable 3-8

W 11-24

W 11-24

W

SSW-SW 11-19

19-22

N-NNE 5-11

variable <8

N-NE 3-5
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 972 

Table2 973 

 974 

δ¹³C-CO₂ Standard error R² δ¹³C-CH₄ Standard error R²

FU 22 Jan -0.41 0.21 0.82049 - - -

21 Jan -2.75 0.29 0.85113 - - -

9 Jun -1.75 0.16 0.95343 - - -

10 Jun (morning) -6.54 0.44 0.00247 - - -

10 Jun (afternoon) -1.21 0.38 0.68901 - - -

11 Jun -2.51 0.3 0.78132 - - -

21-22 Jan (night) -2.85 0.06 0.93457 - - -

21-22 Jan (morning) - - - -60.28 0.56 0.7

22-23 Jan (night) 0.26 0.28 0.64373 -58.36 0.63 0.48

22-23 Jan (morning) - - - -47.01 0.66 -0.005

DS 23 Jan -16.3 0.28 0.5396 -44.48 1.36 0.06

HT

Site

AC

GW


