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Abstract The Rome region contains several sites where endogenous gas is brought to the surface through
deep reaching faults, creating locally hazardous conditions for people and animals. Lavinio is a touristic
borough of Anzio (Rome Capital Metropolitan City) that hosts a country club with a swimming pool and an
adjacent basement balance tank. In early September 2011, the pool and the tank had been emptied for
cleaning. On 5 September, four men descended into the tank and immediately lost consciousness. On 12
August 2012, after a long coma the first person died, the second one reported permanent damage to his
central nervous system, and the other two men recovered completely. Detailed geochemical
investigations show that the site is affected by a huge release of endogenous gas (CO2 ≈ 96 vol.% and
H2S ≈ 4 vol.%). High soil CO2 and H2S flux values were measured near the pool (up to 898 and 7.155
g·m−2·day−1, respectively), and a high CO2 concentration (23–25 vol.%) was found at 50–70 cm depth in
the soil. We were able to demonstrate that gas had been transported into the balance tank from the
swimming pool through two hubs connected to the lateral overflow channels of the pool. We show also
that the time before the accident (60 hr), during which the balance tank had remained closed to external
air, had been largely sufficient to reach indoor nearly lethal conditions (oxygen deficiency and high
concentration of both CO2 and H2S).

Plain Language Summary Rome volcanic region contains several sites where deep gas
consisting mostly of carbon dioxide (CO2) with 1–6% of hydrogen sulfide (H2S) is brought to the surface
by faults, locally creating hazardous conditions. Lavinio is a touristic borough of Anzio (Rome province)
located near the Tyrrhenian Coast. It hosts a country club with a swimming pool and an adjacent basement
balance tank. In early September 2011, four men descended into the tank to clean it and immediately lost
consciousness. After a nearly 1‐year coma, the first man died and the second one suffered permanent
damage to his central nervous system. Immediately after the accident, we carried out detailed geochemical
investigations aimed at ascertaining the accident causes. The results show that the accident occurred
because of a nearly lethal gas concentration indoor the emptied balance tank. The gas had been transported
into the tank through two hubs connected to the overflow channels of the pool, where we measured very
high concentration of both CO2 and H2S. Geoscientific evidence indicates that the pool has been excavated
in a severe gas‐risk prone area, and it can be easily inferred that excavation works created new additional
ways allowing gas to escape to the surface.

1. Introduction

An enormous quantity of volcanic gases, including carbon dioxide (CO2), sulfur dioxide (SO2), and hydrogen
sulfide (H2S), is emitted during volcanic eruptions and also during passive intereruptive degassing of open
conduit volcanoes, such as Etna, Stromboli, and Kilauea. In volcanic and geothermal areas, gas is released
from fumarolic vents or diffusively through the soil. Besides the dramatic direct effects on human life caused
by the volcanic gases emitted during explosive eruptions, health hazards are associated also with low‐
temperature gas vents or diffuse soil emissions (Aramaki et al., 1994; Hansell & Oppenheimer, 2005). The
largest number of casualties have been produced by CO2 clouds released from two crater lakes of
Cameroon, Lake Monoun in 1984 with 37 victims (Sigurdsson et al., 1987) and Lake Nyos in 1986 with
1,700 deaths (Kling et al., 1987) and by the 1979 phreatic explosions of Dieng Plateau, Indonesia, with 139
deaths (Le Guern et al., 1982). Several deaths and adverse health effects caused worldwide, particularly in
Italy, Japan, and New Zealand, by inhalation of CO2 or H2S in volcanic and geothermal areas are reported

©2019. The Authors.
This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

RESEARCH ARTICLE
10.1029/2019GH000211

Key Points:
• In volcanic and geothermal areas,

the emission of deep gas locally
creates hazardous conditions for
people and animals, as at Lavinio

• Lavinio country club hosts a
swimming pool with a basement
tank, where an accident occurred on
5 September 2011 causing the death
of a man

• Geochemical studies show that the
man inhaled a nearly lethal CO2‐H2

S‐rich air mixture, transported from
the pool into the basement tank

Supporting Information:
• Supporting Information S1

Correspondence to:
M. L. Carapezza,
marialuisa.carapezza@ingv.it

Citation:
Barberi, F., Carapezza, M. L., Tarchini,
L., Ranaldi, M., Ricci, T., & Gattuso, A.
(2019). Anomalous Discharge of
Endogenous Gas at Lavinio (Rome,
Italy) and the Lethal Accident of 5
September 2011. GeoHealth, 3. https://
doi.org/10.1029/2019GH000211

Received 2 JUL 2019
Accepted 21 OCT 2019
Accepted article online 6 NOV 2019

Author Contributions:
Conceptualization: F. Barberi
Data curation: L. Tarchini, M. Ranaldi
Formal analysis: L. Tarchini
Funding acquisition:M. L. Carapezza
Investigation: F. Barberi, M. L.
Carapezza, L. Tarchini, M. Ranaldi, T.
Ricci, A. Gattuso
Methodology: L. Tarchini, M. Ranaldi
Writing ‐ original draft: F. Barberi,
M. L. Carapezza, L. Tarchini, M.
Ranaldi
Writing – review & editing: F.
Barberi, M. L. Carapezza, L. Tarchini,
M. Ranaldi

BARBERI ET AL. 1

https://orcid.org/0000-0002-0223-6012
https://orcid.org/0000-0001-6045-0802
https://orcid.org/0000-0002-0553-5384
http://dx.doi.org/10.1029/2019GH000211
http://dx.doi.org/10.1029/2019GH000211
http://dx.doi.org/10.1029/2019GH000211
http://dx.doi.org/10.1029/2019GH000211
http://dx.doi.org/10.1029/2019GH000211
mailto:marialuisa.carapezza@ingv.it
https://doi.org/10.1029/2019GH000211
https://doi.org/10.1029/2019GH000211
http://publications.agu.org/journals/


in the review of Hansell and Oppenheimer (2005). This includes a man, as well as cows and sheep, killed by
gas at Cava dei Selci, a gas emitting site of Albani Hills in the Rome region (Carapezza et al., 2003).

The Rome region, located in central Italy between two Quaternary volcanoes (Mts. Sabatini to the NW and
Albani Hills to the SE), actually contains several zones characterized by anomalous and hazardous discharge
of endogenous gas (mostly CO2 but with a significant H2S content up to 6.3 vol.%; Carapezza et al., 2019;
Figure 1a).

Lavinio is a touristic borough of Anzio Municipality, which in turn belongs to the Rome Capital
Metropolitan City. Lavinio extends for nearly 4 km along the Tyrrhenian Coast to the NW of Tor Caldara,
a regional reserve hosting the southwestern most site of endogenous gas discharge of Albani
Hills (Figure 1a).

An extensional geochemical study, including soil CO2 and H2S flux surveys, air gas concentration measure-
ments, and chemical and isotopic characterizations of the emitted gas (summarized in Carapezza et al.,
2019), showed that the Lavinio‐Tor Caldara zone is interested by an anomalous and locally hazardous dis-
charge of CO2 and H2S of deep provenance.

The zone hosts the Lavinio Country Club (hereafter LCC), a sporting club where tennis and swimming are
practiced, that is located at about 2.5 km NW of Tor Caldara and 600 m from the Tyrrhenian Sea (location in
Figure 2). Here, on 5 September 2011, an accident occurred to four workers, having lethal consequences for a
man. A detailed geochemical investigation was carried out immediately after the accident, aimed at clarify-
ing its causes.

2. Geological and Geochemical Outlines

As shown in Figure 1b, all discharges of endogenous gas of the Rome region are located above structural
highs of the buried dense Mesozoic carbonate basement, revealed by positive gravimetric anomalies and fre-
quently ascertained by deep geothermal wells (Cataldi et al., 1995). These carbonates host the most impor-
tant regional aquifer, where gas rising from depth dissolves and accumulates. The carbonate reservoir is
covered by an impervious cap of allocthonous flysch deposits (Ligurian units), in turn covered by
Neogene sediments and by Quaternary volcanic products (see the geological cross‐section of Figure 1c).
Also, Lavinio zone is located on a structural high of the carbonate basement, directed N‐S and NNE‐SSW
toward the Albano Crater Lake, that is at 24‐km distance (Figure 1b).

Gas escapes from the reservoir to the surface through deep reaching faults and may dissolve into and pres-
surize shallower confined aquifers that frequently produce hazardous gas blowouts when reached by wells
(Carapezza et al., 2019 and references therein).

Albani Hills is a complex volcano belonging to the Roman potassic comagmatic province (Washington,
1906) whose eruptive activity initiated about 600 ka BP and lasted up to 5.8 ka. The recent most eruptive vent
is hosted within the summit Albano Crater Lake from where recent dangerous lahars have been generated
by water overflow, producing impervious superficial deposits. In the fourth century BCE, Romans excavated
a drainage tunnel in the crater wall to keep low the lake water level: this is the first risk prevention work of
human mankind (Carapezza et al., 2010; Funiciello et al., 2010 and references therein).

In zones where the surface impervious cover has been removed by quarrying or mining excavations (e.g.,
Cava dei Selci, Solforata, Tor Caldara; location in Figure 1a), gas discharges freely at the surface creating
hazardous conditions. One man and animals of even large size (cows and sheep) have been killed by the
gas at Cava dei Selci (Carapezza et al., 2003) and carcasses of dogs, cats, and hedgehogs are commonly found
in all the gas discharging sites (Carapezza et al., 2019).

With a concentration ranging from 93 to 99 vol.%, CO2 is the dominant gas of the Rome region discharges
(Carapezza et al., 2012, 2019). In the Lavinio‐Tor Caldara zone, the second most abundant gas is H2S with
4‐6 vol.% content, whereas in the other gas discharging sites indicated in Figure 1, the secondmost abundant
gas is N2. The helium isotopic composition, that is, the 3He/4He ratio (R) expressed with respect to the same
ratio in air (Ra), of these gases ranges from 0.65 to 1.90 (Carapezza et al., 2012). Although being much lower
than in the typical mantle (R/Ra ≈ 8.0; Marty & Jambon, 1987), it is similar to the R/Ra found in the fluid
inclusions of phenocrysts of Albani Hills volcanic rocks (Martelli et al., 2004). Therefore, helium isotopic
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data suggest an origin of the gas from a deep magma source affected by crustal contamination during its
primary generation in a subduction process (Carapezza & Tarchini, 2007).

3. Materials and Methods for Gas Investigations

The CO2 and H2S soil fluxes have been measured with the accumulation chamber method described by
Chiodini et al. (1998) by a portable fluxmeter manufactured by West Systems. The device was equipped with
an infrared Licor‐Li820 detector for CO2 (range = 0–2 vol.%) and with a Tox‐05 detector for H2S (range = 0–
20 ppm).

The CO2 soil flux map of Figure 4a was produced in Golden Software Surfer© by ordinary kriging geostatis-
tical interpolation (quadratic model with scale = 0.68 and length = 34.0; Nugget effect error variance = 0.32).
The CO2 and H2S soil flux data of Figures 4b, 4c, and 4d were plotted as classed post maps in Golden
Software Surfer©.

The soil CO2 and H2S flux classes (statistical levels) were obtained by graphical investigation of the normal
probability plot of the flux data (Yusta et al., 1998). Soil CO2 fluxes can be produced both by biological

Figure 1. (a) Main tectonic lineaments of the Rome region (modified after Acocella & Funiciello, 2006) and location of
CO2‐rich gas discharges from Albani Hills (black stars), from Mts. Sabatini (white stars) and from Fiumicino (gray
stars). (b) High‐pass map of Bouguer gravity anomalies (after Cesi et al., 2008), with location of the main gas discharge
zones (black squares). (c) Geological structure of the Rome area illustrated by a NE‐SW geological profile passing through
Cava dei Selci and Solforata gas‐discharging zones of Albani Hills (CS1 profile obtained from geological and geophysical
data and deep exploratory geothermal wells, modified after Enel et al., 1987).
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processes (the so‐called “soil respiration”) and by endogenous (volcanic and geothermal) ones. Typically,
biological fluxes are low and up to a few tens of g*m‐2 day‐1, while endogenous fluxes can be as high as
thousands of g·m−2·day−1. In the Tyrrhenian side of central Italy, soil respiration can account for soil CO2

fluxes lower than 30 g·m−2·day−1 in late summer (Rey et al., 2002). The main biological sources of H2S
are the decay of organic sulfur and the activity of sulfate‐reducing bacteria (Riemenschneider et al., 2005).
Voltaggio and Spadoni (2009) estimated the soil H2S flux background at Solforata gas emission site on
Albani Hill from 10−8 to 10−6 kg/m2·day, so all our measured flux values (minimum= 0.01 g/m2·day, which
is the device detection limit) can be attributed to an endogenous source.

Soil gas concentrationwasmeasured using a steel probe inserted in the ground at 50‐cmdepth and connected
to the device by a silicon tube. The air and soil concentration of CO2, H2S, and O2 were measured with por-
table multigas devices (Draeger X‐am 7000), used in both passive and active modes respectively, equipped
with an infrared CO2 detector (0–100 vol.%) and electrochemical cells for both H2S (0–500 and 0–1,000
ppm) and O2 (0–25 vol.%). Draeger tubes (range = 0.2–7 vol.%) were also used to have a quick estimate of
the H2S air concentration directly in the field, in sites where Draeger X‐am 7000 had reached its upper detec-
tion limit. Continuous air gas concentration monitoring has been carried out with the same devices in
passive mode.

4. Hazardous Air Concentration Thresholds for CO2 and H2S

The exposure limits for human health of CO2 and H2S air volume concentration established in the occupa-
tional guidelines (NIOSH, 2007) are the following:

Figure 2. (a) Soil CO2 concentration at 50‐cm depth in the Lavinio zone (July to September 2011). The highest values (red
triangles) have been found near old gas leaking wells at Lavinio Country Club (LCC) and in the nearby Fosso dello Schiavo
River (FdS in the figure). (b) Soil CO2 concentration compared with soil CO2 flux in the same points (log scale).
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• Time‐weighted average (TWA), 8 hr: CO2 = 0.5% and H2S = 10 ppm.
• Short‐term exposure limit (STEL), 15 min: CO2 = 3.0% and H2S = 15 ppm.

The potentially lethal air concentration threshold is 8 vol.% for CO2 and 250 ppm for H2S (Carapezza et al.,
2011 and references therein). The National Institute for Occupational Safety and Health level of H2S that
interferes with the ability to escape (immediately dangerous to life and health, IDLH) is 100 ppm (OSHA,
2019). A H2S concentration of 500‐700 ppm produces staggering, collapse in 5 minutes, serious damage to
the eyes in 30 minutes, death after 30‐60 minutes (OSHA, 2019).

A high CO2 air concentration implies a correspondent reduction in the oxygen air content. At sea level and
dry air, respiratory protection is needed for O2 concentrations below 16 vol.% and the oxygen level immedi-
ately dangerous to life and health (IDHL) is 12.5 vol.% (Mc Manus, 2009).

5. Soil CO2 Concentration and Flux at Lavinio

In July and August 2011, we measured the CO2 concentration at 50‐cm depth in the soil in 32 sites in the
northern part of Lavinio (data in Barberi et al., 2019). Three additional sites were measured in September
2011 at LCC shortly after the 5 September accident. Results are presented in Figure 2. Only in five sites
the soil CO2 concentration was <1 vol.%; in the majority of the points (25 measurements), it ranged 1–5.8
vol.%; and in other five points, it was comprised from 22 to 92 vol.%. The most anomalous values were all
found in the proximity of old gas leaking wells, within a narrow area including either the small Fosso dello
Schiavo River (with 33, 54, and 92 vol.%) and the nearby LCC site (with 22 and 23 vol.%; Figure 2a). In these
two sites, also high soil CO2 flux values (up to 413 and 765 g·m−2·day−1, respectively) have been measured.

Figure 3. (a) Google Earth image of a sector of Lavinio Country Club with location of water wells TCL0, TCL1, TCL2 (yel-
low stars), swimming pool, filter room and balance tank (black frame), and children's locker and shower rooms (orange
frame). Letters A1 to D2 refer to eight small holes where the pool stairs are inserted; numbers 1 to 8 and letters E, F, and G
refer to the pool light housings. The small lateral channels carrying the overflowwater to the balance tank are indicated by
blue lines. (b) Scheme (not at scale) of the swimming pool and connected pipelines bringing water to the balance tank.
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In the insert of Figure 2b, soil CO2 concentrations are compared with soil CO2 fluxes measured in the same
points. As soil CO2 fluxes below 34.2 g·m−2·day−1 are considered of biogenic or mixed origin (see chapter
6.1), the corresponding soil CO2 concentration values up to 5.8 vol.% can equally be considered of biogenic
or mixed origin. Similar soil CO2 concentration values (5.1–5.2 vol.%) have been found at Torre Alfina, a
geothermal site of central Italy, with carbon isotopic composition of CO2 (δ

13CCO2 =−24.2/−25.3) indicating
a biogenic origin (Braun et al., 2018).

6. The 5 September 2011 Accident at LCC and Related
Geochemical Investigations

The LCC swimming pool was built in 1988 to 1989, together with two nearby basement service rooms: a pool
filter room and a balance tank, where the pool overflow water was collected by means of two drainage chan-
nels located along the longer sides of the pool (Figure 3).

On 31 August 2011, the swimming pool had been emptied from water for its seasonal cleaning operations.
The balance tank was emptied on 1 September and it remained closed (to the external air) from 3 to 5
September, when four men descended one after the other to clean it. The first man immediately lost con-
sciousness and fell on the floor, and the same happened successively to the other three persons; a fifth person
standing outside immediately asked for help and the fire brigade intervened promptly. It took about 45 min
to remove all the men from the tank by the firefighters. In the site, there was also an ambulance, and doctors
immediately provided a first aid before transferring them to the hospital. Men were all unconscious and the
oldest one (60 years) was suffering a cardiac arrest. The first man (exposed for nearly 45 min) remained in
coma for nearly a year and then he died. The second man (exposed for nearly 40 min), after a short period
of coma, survived, but he reported permanent light damage to the central nervous system (difficulty in mov-
ing and speaking); the other two men (exposed for nearly 30 min) recovered completely.

The LCCmanagement provided us some information on the first geological investigations carried out on the
site in 2005 (16 years after the building of the swimming pool) and aimed at exploring the possibility of devel-
oping a spa in the area. The concentration of CO2, H2S, and H2 was measured in 10 points at 70‐cm depth in
the soil. High values were found in a point located immediately south of the swimming pool: CO2 ≥ 25 vol.%
(upper limit of the used device), H2S = 57 ppm, and H2 = 140 ppm. Here, we found 23 vol.% of CO2 at 50‐cm
depth in September 2011. A CO2 concentration of 7.3 vol.% was found in 2005 (at about 1‐mdepth) in a point
located ~30 m to the east. In the other 2005 measures, CO2 concentration ranged from 0.18 to 3.4 vol.%, and
H2S and H2 were absent. OnMay 2005, a water well was drilled at 42‐m depth (TCL1 in Figure 3). It encoun-
tered two aquifers separated by a 11.6‐m thick shale layer. The shallower aquifer, hosted in sands down to
11.4 m depth, had a temperature (T) of 24 °C; the second aquifer extended from 23 to 32.5 m depth, and it
had a T= 34 °C and was hosted in volcanic ash and fractured welded tuffs. This layer contained a significant
quantity of dissolved gas, as during flowing tests a free gas discharge occurred. In this gas we measured in
2011 a helium isotopic composition (R/Ra = 0.65) indicating a deep endogenous origin (see also
Carapezza et al., 2019).

No drilling data and depth are known for TCL2 well but by a phreatimeter, we estimated a minimum depth
of 10.1 m. According to the LCC manager, a third well (TCL0; location in Figure 3) was drilled in the 1970s
and had been immediately cemented because it produced a strong gas emission (likely a gas blowout).

Therefore, it was already known in 2005 that LCC was a low‐temperature thermal area interested by an
anomalous soil release of cold endogenous gas; however, no action was taken to protect staff and swimmers,
and the pool was run normally since.

6.1. Soil Gas Flux Investigations

On 6 September 2011, a soil CO2 and H2S flux survey was carried out at LCC, with 93 and 53 measurement
points, respectively, and a 10–13 m spacing (data in Barberi et al., 2019). The resulting soil CO2 flux map is
shown in Figure 4a. The first statistical level up to 22.1 g·m−2·day−1 (black in the map) represents the back-
ground class attributed to biogenic process; the second level, flux between 22.1 and 34.2 g·m−2·day−1 (yellow
in the map) likely represents a mixture of biogenic and endogenous gas. Fluxes exceeding 34.2 g·m−2·day−1

are all of endogenous origin. A strong soil gas release was observed in a small area between TCL0 and TCL1
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wells, near the SE swimming pool corner (up to 832 g·m−2·day−1 for CO2 and 0.64 g·m−2·day−1 for H2S;
Figures 4a and 4b). In order to investigate more in detail the anomalous zone near to the swimming pool,
a denser survey with 50 new soil CO2 and H2S flux measurements with only 1 m spacing was carried out
on 8 September 2011 (data in Barberi et al., 2019). The results (maximum CO2 flux = 899 g·m−2·day−1

and maximum H2S flux = 7.155 g·m−2·day−1) confirmed an anomalous gas release from the soil near the
balance tank and filter room area (Figures 4c and 4d). It has to be remarked that soil H2S flux values
between 0.640 and 7.155 g·m−2·day−1 indicate a strongly anomalous H2S release.

6.2. Outdoor CO2 and H2S Air Concentration Measurements

It has to be preliminarily noted that in this paper, the CO2 air concentration is reported in excess to that of
the normal air (392 ppm in 2011; NOAA, 2019); this means that a 0 value corresponds to normal
atmospheric air.

Outdoor gas concentration measurements were made at LCC from 6 to 26 September 2011. At the base of the
southern external wall of the technical rooms (water balance tank and filter room; Figure 5a), we observed
the presence of small dead animals (birds, reptiles, and insects), together with evidence of alteration of the
metallic parts with sulfur incrustations (Figures 5c and 5d).

This is the zone where the old TLC0 well had been drilled and immediately cemented because it produced a
gas blowout. Here, at a few centimeters above ground, we found the air gas concentration values reported in
Table 1. In the same Table we report also the gas concentration values measured in a small runoff pit located
outside the door of the filter room.

Table 2 reports the gas air concentrations measured around the service rooms, in correspondence of small
open fractures in the concrete curb bordering the building. In particular, measurements were carried out
at the southeastern corner of the building hosting the service rooms (red circle in Figure 6a), at the end of

Figure 4. Soil flux maps of CO2 (a) and H2S (b) of Lavinio Country Club measured on 6 September 2011 with 10–13 m
spacing of the measurement points. Blue stars indicate water wells TCL0, TCL1, and TCL2 (see Figure 3 for their pre-
cise location). Note that the highest soil gas anomaly is located in the proximity of well TCL0. The lowest detection limit of
the H2S device is 0.01 g·m−2·day−1. (c) and (d) Soil CO2 and H2S flux values, with 1 m spacing, measured at Lavinio
Country Club on 8 September 2011.
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the concrete curb (hatched red circle in Figure 6a), and outside the concrete curb at the base of the eastern
building wall (dotted red circle in Figure 6b).

Themetallic casing of well TCL1 appeared altered by the long exposure to the gas; the gas concentration esti-
mated at −1.5 m within the casing was 96 vol.% of CO2 and 4.2 vol.% of H2S (concentration values similar to
the Tor Caldara gas composition; Carapezza et al., 2012, 2019).

6.3. Indoor Gas Air Concentration

We reiterate that the swimming pool and the balance tank had been emptied on 31 August and 1 September
2011, respectively, and that the tank remained closed to external air for at least 60 hr since 3 September up to
5 September 2011 when the accident occurred.

Figure 5. (a) The external southern wall of the technical rooms. (b) Devicemeasuring CO2 and H2S air concentrations. (c)
and (d) Evidence of alteration of the metallic parts and dead animals.

Table 1
Outdoor Gas Air Concentration at LCC

6 September (no wind) 8 September (wind gusts) 26 September (no wind)

Above the old cemented TCL0 well
(see Figure 6 for location)

CO2 vol.% 2.4 3.6 86
H2S ppm 690 420 2.6 vol.%a

Runoff pit near the filter room
Ground level (0 cm)
CO2 vol.% 1.8 0 ‐

H2S ppm 240 160 ‐

20 cm above the water level in the pit
(~80 cm below ground level)

CO2 vol.% >46b >6b ‐

H2S ppm >1000c >1000c ‐

Abbreviation: ppm = parts per million.
aBy Draeger tube. bDevice removed before signal stabilization to avoid damages by H2S.

cUpper limit of the used
device.
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6.3.1. Service Rooms Adjacent to the Swimming Pool
The tank is 4.35 m long, 2.50 m wide, and has an average depth of 3.4 m (its floor being inclined) and a total
volume of about 37m3. On 6 September 2011, about 2m3 of water occupied the balance tank bottomwith a 12
to 38 cm depth (no presence of water was reported on the day of the accident). Two openings in a tank wall,
2.42 m above its bottom, correspond to the hubs carrying the pool water into the balance tank. In these hubs,
a concentration of 120 and 550 ppm of H2S and of 1.0 and 1.8 vol.% of CO2 was measured on 6 September
2011, whereas 18 ppm of H2S and 4.4 vol.% of CO2 were found 20 cm above the water level (Site A).

In order to reproduce the preaccident conditions, the balance tank was closed for 23 hr and on 7 September
in Site A, the gas concentration had increased to 236 ppm of H2S and 10.6 vol.% of CO2. In the same Site A, at
about 4:00 p.m. of 7 September, a Draeger device for continuous recording of gas air concentration was
installed. When data were recovered on 12 September, we discovered that the device had functioned for only

Table 2
Gas Air Concentrations at the SE (Figure 6a) and E (Figure 6b) Base of the Service Rooms

6 September 8 September 26 September

Fracture in the concrete curb (No wind) (Wind gusts) (No wind)
H2S ppm >1000a >1000a ‐

CO2 vol.% 5.8 3.6 ‐

Southern concrete curb end ‐

H2S ppm 680 46 ‐

CO2 vol.% 3.2 0 ‐

Fracture outside the concrete curb ‐

H2S ppm 26 39 2.6 vol.% (by Draeger tube)
CO2 vol.% 0 0 86
Eastern concrete curb end
H2S ppm ‐ >1000a ‐

CO2 vol.% ‐ 54 ‐

Abbreviation: ppm = parts per million.
aUpper limit of the used device.

Figure 6. (a) SE corner and (b) eastern wall of the building hosting the service rooms of the Lavinio Country Club pool.
Solid, hatched, and dotted red circles indicate the sites where outdoor gas air concentration was measured (results in
Table 2).
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50 hr, as acid gas had affected the metallic contacts of its electric feed. Recorded data are shown in Figure 7.
Strong fluctuations were observed in the concentration of the two gases (4–10 vol.% for CO2 and 0–500 ppm
for H2S), which however remained long at very dangerous levels (>8 vol.% for CO2, >400 ppm for H2S).

On 7, 8, and 12 September, a vertical profile of gas concentration (including also O2 in the latter) was mea-
sured within the tank (from the ceiling to the floor) that had remained closed for 18 to 95 hr; results are
reported in Table 3 and Figure 8. To be noted is the significant increase of CO2 concentration with depth;
after 95 hr, it remained between 14 and 15 vol.% in the tank lower half where also H2S had hazardous con-
centrations (177–300 ppm) and O2 lowered at 18.5–18.3 vol.% (Figure 8b).

The following considerations can be made, remembering that before the accident of 5 September 2011, the
balance tank had remained closed for at least 60 hr. Our data show that after the tank closure, the indoor air
gas concentration increases rapidly. After 18 hr, high but not lethal concentrations were recorded (up to
5.4 vol.% of CO2 and 165 ppm of H2S; 8 September data; Table 3). After 23 hr, a concentration of 10.6 vol.
% of CO2 and of about 200 ppm of H2S was reached at 170 cm from the tank bottom, a height corresponding
to that of the opening of the upper respiratory tract of a standing person (7 September data; Table 3; Figure 8
a). After 95 hr, CO2 air concentration was at lethal levels (14–15 vol.%) from 1.5 m below the rim to the tank
bottom, with 177–300 ppm of H2S (potentially lethal if ≥250 ppm) and 18.7–18.3 vol.% of O2 (12 September
data; Table 3; Figure 8b). Air concentration of CO2 and H2S increased with depth, but CO2 maintained a 15
vol.% value from 2 m below the tank rim to its bottom, and H2S showed a decrease in the lowest point (par-
ticularly on 8 September; Figure 8b), which likely reflects the different density, kinetics, and reactivity of the
two gases.

On 12 September 2011, a Draeger device was placed at 130 cm height from the tank floor in order to make a
continuous recording for a week (one measure every 10′) of the CO2, H2S, and O2 air concentrations
(Figure 9a). Results (Figure 9b) show that air CO2 concentration remained always above 12 vol.%, up to a

maximum of 20 vol.%, and that H2S concentration had strong varia-
tions reaching frequently 1,000 ppm, the upper limit of the used
device. The H2S variations were very rapid as the maximum value
was reached in 30–60 min. It seems logical to infer that actual H2S
concentration was significantly higher than 1,000 ppm, at least on
12 and 18 September when the recorded values remained at the
full‐scale limit for 5 hr 50′ and 2 hr 30′ respectively. The O2 concen-
tration was always below 18 vol.% and remained long at values
between 16.8 and 16.2 vol.%, reaching a minimum of 16 vol.% on 17
September, when CO2 concentration was at its maximum (20 vol.%;
Figure 9b). Processing of gas data by Fourier analysis shows periodi-
cal variations likely induced by atmospheric pressure, with typical
12 hr and 24 hr cycles (in Supporting Information Figure S1), as fre-
quently observed (e.g., Laiolo et al., 2016; Rinaldi et al., 2012). Carbon
dioxide and H2S have a direct correlation with atmospheric pressure
(r = 0.36 and 0.26, respectively), and CO2 variation controls the O2

Figure 7. Continuous recording, from 7 to 9 September 2011, of CO2 and H2S air concentration at 20 cm above the water
level in the bottom of the balance tank.

Table 3
CO2 (vol.%) and H2S (ppm) Concentration Vertical Profiles Carried Out in the
Tank on 7, 8, and 12 September 2011. Time Within () Indicates the Hours
Passed Since the Room Closure

Sites

7 (23 hr) 8 (18 hr) 12 (95 hr)

CO2 H2S CO2 H2S CO2 H2S O2

Ground 0 9 0 5 ‐ ‐ ‐

Tank rim 0 7 0.8 132 0.8 15 20.6
0.5 m under the rim ‐ ‐ 0.8 120 3.2 32 20.6
1 m under the rim 1.4 7 1.0 130 8.6 173 19.7
1.5 m under the rim ‐ ‐ 1.0 134 14.0 177 18.7
2 m under the rim 10.6 189 1.2 165 15.0 210 18.5
2.5 m under the rim ‐ ‐ 3.4 126 15.0 300 18.4
3 m under the rim 10.6 236 5.4 28 15.0 236 18.3
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concentration (r = 0.96; see Figure S2); no correlation exists between atmospheric pressure and O2 (r =
−0.06; data in Barberi et al., 2019).

In order to furtherly ascertain that most of the gas found inside the balance tank had been transported from
the swimming pool through the two hubs, on 26 September 2011 the hubs were completely sealed and the
gas was pumped outside from the tank until fresh air was restored. To ensure repeatability, the instrument
was placed in the same place as the previous experiment. After nearly 3 days, the maximum concentrations
of CO2 and H2S were respectively only of 1 vol.% and of 2 ppm, with O2 always above 20.4 vol.%. After 4 more
days, maxima were 1.4 vol.% for CO2 and 3 ppm for H2S, with O2 > 20.4 vol.%. The results obtained indicate
clearly that gas causing the 5 September accident had been transported into the tank from the hubs connect-
ing it to the swimming pool. Therefore, particular attention had to be given to investigate the gas air concen-
tration inside the pool space.

Figure 8. Air gas concentration profiles measured on 7 and 12 September in the balance tank (from ceiling to floor) (a) 23
hr and (b) 95 hr after the room closure.

Figure 9. (a) The basement balance tank where the 5 September 2011 accident occurred. The location is indicated of the
gas monitoring device, together with the two hubs connecting the tank with the swimming pool. (b) Results of the con-
tinuous monitoring of CO2, H2S, and O2 air concentration in the tank room, at 130 cm height, from 12 to 19 September
2011.
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In the basement filter room, adjacent to that of the balance tank (see Figure 3a), all metallic components
showed strong alteration by H2S, with sulfur incrustations. Here the indoor concentration was always above
the short‐term exposure limit (STEL, see chapter 4) for both H2S and CO2 with maxima of 246 ppm and 4.2
vol.%, respectively.
6.3.2. Swimming Pool
Around the swimming pool, air gas concentration was measured near the floor (at the nose level of
bathing people) in the sites shown in Figure 3. In some light housings and in some parts of the small
overflow channels, the presence of sulfur incrustations and of metal alteration by H2S was
observed (Figure 10).

Results are reported in Table 4; note that when the CO2 concentration is indicated as higher than a given
value (e.g., >6 vol.%), it means that registration was interrupted before reaching the real concentration value
in order to avoid damages to the device, as H2S concentration was already at the device upper limit (1,000
ppm). On 26 September and 3 October, in order to measure the actual H2S concentration in the sites where
the device had reached its upper limit, Draeger tubes were used. The very high concentrations of CO2 and
H2S (up to 100 and 3.3 vol.%) indicate that most sites, particularly 1 to 4 and G light housings, but including
almost all holes near the pool rim, release a huge quantity of gas that is conveyed by the lateral overflow
channels into the balance tank. As a matter of fact, in the overflow channel near to 1–4 housings (location
in Figure 3), H2S concentration was always >1,000 ppm with 19.5 to 21 vol.% of CO2; therefore, the concen-
tration of both gases was at lethal levels.

In the years before the 2011 accident, some swimmers presented complaints reporting erythema and con-
junctivitis, and some families cancelled the pool subscription for their children. However, no formal com-
plaint was presented to health and safety officers.

Finally, in the children's bathroom and shower room (Figure 3), an H2S concentration of 100–185 ppm with
0.8–1.0 vol.% of CO2 was found with strong evidences of metal alteration by H2S.

Figure 10. (a) The Lavinio Country Club swimming pool with the location of 1 to 4 light housings. (b) Light housing no. 1
with sulfur incrustations. (c) Device measuring gas air concentration placed into a lateral overflow channel. (d)
Stair‐anchoring bores no. A1 and A2 and the nearby overflow channel. See Figure 3 for the precise location of these
sites.
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7. Discussion and Conclusion

The accident that occurred at LCC in September 2011 increases the number of lethal accidents caused by
endogenous gases in volcanic and geothermal areas (IVHHN, 2005).

Many geoscientific evidences coherently indicate that LCC facilities have been built in a site severely
exposed to the hazard of cold endogenous gas emission. These include:

• High CO2 concentration in the soil (23 vol.% at 50 cm depth).
• Strong release from a 42 m deep well (TCL1) of a gas with a composition (CO2 = 95.8 vol.%, H2S = 4.2 vol.

%, and 3He/4He = 0.65) similar to that of Tor Caldara, the nearest discharge site of endogenous gas.
• Gas blowout occurred in the 1970s years during drilling of TCL0 well, indicating the presence at shallow

depth of a gas pressurized aquifer.
• High soil CO2 and H2S flux, up to 898 and 7.155 g·m−2·day−1, respectively, measured in the zone of TCL0

well and probably generated by the well drilling that increased the permeability of the soil to the rising
gas, as it has been observed in several other similar cases (Carapezza et al., 2019).

Under such geological conditions, it is easy to infer that during the excavations made to build the swim-
ming pool in the years 1988 and 1989, the conditions have been created allowing gas to reach the sur-
face from the subsoil. As a matter of fact, we found high and frequently lethal concentrations of both
CO2 and H2S in all the small empty spaces around the pool rim, as light‐housings and pool stair‐
anchoring holes. It seems logical to infer also that over time the gas opened cracks in the concrete of
these channels and holes.

Our study shows that the accident of 5 September 2011 occurred because the men who descended into the
emptied water balance tank inhaled a nearly lethal mixture of oxygen‐poor air, carbon dioxide, and hydro-
gen sulfide. Results of the experiments, carried out with the aim of reproducing the accident conditions,
showed that:

i) The gas had been transported from the swimming pool into the emptied balance tank through two hubs,
usually carrying the pool overflow water, as no appreciable gas increase has been recorded in the tank
atmosphere, after having totally sealed the two hubs for several days.

ii) The reported time (at least 60 hr) during which the balance tank had remained closed to the external air
before the accident, had been certainly long enough to reach nearly lethal indoor conditions.

The air CO2 and H2S concentration indoor the balance tank, at the human breathing height, was at the
moment of the accident likely around 14–20 vol.% and 250–400 ppm, respectively, with an oxygen air content
of 16.0–17.5 vol.%. As the site is at standard temperature and pressure conditions, both gases are denser than
air and they accumulated near the room floor; therefore, after unconsciousness, the men inhaled a more gas‐
rich and oxygen‐poor air mixture. We recall that during 50 hr of recording, gas concentration remained long
at very dangerous levels (CO2 = 8–10 vol.%; H2S = 400‐500 ppm) at about 30 cm from the tank bottom
(Figure 7). According to all medical reports, we would expect the effects of CO2 to wear off on the return of
the victims to fresh air and for them to eventually make a good recovery (IVHHN, 2005 and references
therein). Exposure to dangerously raised level of H2S in the air ismore likely to be fatal in gas accidents, being
much more toxic than CO2 and usually requires emergency resuscitation to survive. Brain injury is due to
lack of oxygen in long periods of unconsciousness.

The fate of the different persons depended on the order in which they descended into the tank and then on
the time they passed into this gas chamber.

The swimming pool was shut down on 5 September 2011. It was reopened in late October 2012, after the
completion of precautionary measures aimed at reducing the gas hazard. These include 1) the excavation
of a large fenced channel intercepting the old TCL0 gas leaking well and aimed at dissipating the emitted
gas into the atmosphere; 2) permanent access interdiction into all basement rooms; 3) the floors of children
bath and shower rooms (where CO2 and H2S air concentration up to 1 vol.% and 185 ppm, respectively, had
been measured) were raised by 20 cm, living a ventilated crawl space, equipped with a forced air circulation
system, and covered by a plastic damp roof membrane; 4) installation of a forced air ventilation system in the
pool space; and 5) daily check of CO2 and H2S concentration in air by the staff personnel in all rooms (a per-
manent gas monitoring system with alarm was initially recommended but due to the many difficulties
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encountered in its maintenance, it was replaced by a discrete monitoring, in agreement with the public offi-
cer). Moreover, public officers check the safety conditions of LCC at least twice per year.

In 2018 the owner and manager of LCC were convicted by a civil trial to a compensation for the families of
the persons involved into the accident (presently under appeal). The penal trial has not yet ended.

To be noted that in late 2010, we completed for the Civil Protection of Regione Lazio a detailed multiyear
study of the wide Rome Metropolitan City, where all areas exposed to gas hazard had been identified. In
January 2011, Regione Lazio distributed the report to all interested municipalities asking them to adopt spe-
cific prevention measures. Anzio municipality (which includes Lavinio) received this report but no action
was undertaken before the 5 September 2011 accident. This question is debated in the still ongoing penal
trial where Anzio municipality is among the defendants. Soon after the accident, Anzio municipality recom-
mended the adoption of precautionary measures for all basement rooms present within the areas exposed to
gas hazard. In November 2011, we presented to Regione Lazio–Direzione Regionale Ambiente, a scientific
study including the limits of all areas exposed to gas hazard within the region and suggesting technical
and methodological guidelines for updating the investigations required in urban planning (INGV, 2011).
On January 2012, a regional decree (N. A00271 19/01/2012) was issued introducing obligation to carry out
geochemical investigations (soil CO2 flux and concentration) for land use planning and establishing the fol-
lowing rules: areas with soil CO2 concentration < 1 vol.% are considered suitable to host buildings; those
with CO2 concentration between 1–2 vol.% and 2–5 vol.% requires the adoption in building design of specific
technical prescriptions to reduce gas hazard; and areas with soil CO2 concentration > 5 vol.% are classified as
no building areas. These measures reduce the risk of future accident; however, no prevention measures have
been taken to protect people living in houses already built in hazardous gas emitting zones. Here, ventilation
systems should have been recommended for basement and ground floor rooms, as well as permanent gas
monitoring systems with alarm in public buildings, together with periodic campaigns aimed at increasing
the risk awareness of the resident population. Authors suggested these precautionary measures in all the
reports presented to Regione Lazio.

Conflict of Interest

The authors declare no conflicts of interest relevant to this study.

References
Acocella, V., & Funiciello, R. (2006). Transverse systems along the extensional Tyrrhenian margin of central Italy and their influence on

volcanism. Tectonics, 25, TC2003. https://doi.org/10.1029/2005TC001845
Aramaki, S., Barberi, F., Casadevall, T., & McNutt, S. (1994). Safety recommendations for volcanologists and the public. Bulletin of

Volcanology, 56, 151–154.
Barberi, F., Carapezza, M.L., Tarchini, L., Ranaldi, M., Ricci, T., & Gattuso, A. (2019). Data set on soil gas flux, soil and air gas concen-

tration, and atmospheric pressure at the Lavinio Country Club area (Anzio, Rome) collected in 2011‐2012. http://hdl.handle.net/2122/
12784

Braun, T., Caciagli, M., Carapezza, M. L., Famiani, D., Gattuso, A., Lisi, A., et al. (2018). The seismic sequence of 30thMay–9th June 2016 in
the geothermal site of Torre Alfina (central Italy) and related variations in soil gas emissions. Journal of Volcanology and Geothermal
Research, 359, 21–36. https://doi.org/10.1016/j.jvolgeores.2018.06.005

Carapezza, M. L., Badalamenti, B., Cavarra, L., & Scalzo, A. (2003). Gas hazard assessment in a densely inhabited area of Colli Albani
Volcano (Cava dei Selci, Roma). Journal of Volcanology and Geothermal Research, 123(1‐2), 81–94.

Carapezza, M. L., Barberi, F., Ranaldi, M., Ricci, T., Tarchini, L., Barrancos, J., et al. (2012). Hazardous gas emissions from the flanks of the
quiescent Colli Albani Volcano (Rome, Italy). Applied Geochemistry, 27(9), 1767–1782. https://doi.org/10.1016/j.apgeochem.2012.02.012

Carapezza, M. L., Barberi, F., Ranaldi, M., Ricci, T., Tarchini, L., Barrancos, J., et al. (2011). Diffuse CO2 soil degassing and CO2 and H2S
concentrations in air and related hazards at Vulcano Island (Aeolian arc, Italy). Journal of Volcanology and Geothermal Research, 207(3‐
4), 130–144. https://doi.org/10.1016/j.jvolgeores.2011.06.010

Carapezza, M. L., Barberi, F., Ranaldi, M., Tarchini, L., & Pagliuca, N. M. (2019). Faulting and gas discharge in the Rome area (Central
Italy) and associated hazards. Tectonics, 38, 941–959. https://doi.org/10.1029/2018TC005247

Carapezza, M. L., Barberi, F., Tarchini, L., Ranaldi, M., & Ricci, T. (2010). Volcanic hazards of the Colli Albani. In R. Funiciello &
G. Giordano (Eds.). The Colli Albani volcano. Geological Society, London, IAVCEI Special Publications, 3, 279–297.

Carapezza, M. L., & Tarchini, L. (2007). Magmatic degassing of the Alban Hills volcano (Rome, Italy): Geochemical evidence from acci-
dental gas emission from shallow pressurized aquifers. Journal of Volcanology and Geothermal Research, 165(1–2), 5–16. https://doi.org/
10.1016/j.jvolgeores.2007.04.008

Cataldi, R., Mongelli, F., Squarci, P., Taffi, L., Zito, G., & Calore, C. (1995). Geothermal ranking of Italian territory. Geothermics, 24(1),
115–129. https://doi.org/10.1016/0375‐6505(94)00026‐9

Cesi, C., Eulilli, V., & Ferri, F. (2008). Analisi ed interpretazione dei valori delle anomalie di gravità del territorio dell'area romana:
Correlazione con gli elementi geologici di superficie e la struttura profonda. In R. Funiciello, A. Praturlon, & G. Giordano (Eds.), La
Geologia di Roma. Memorie Descrittive della Carta Geologica d'Italia (Vol. 80, pp. 97–114). Firenze, Italy: SELCA.

10.1029/2019GH000211GeoHealth

BARBERI ET AL. 15

Acknowledgments
The authors declare that they have
neither actual nor perceived financial
or affiliation‐related conflicts of interest
with respect to the research involved in
this paper. All data sets used in this
work are derived from sources that are
freely and publicly available, as
referenced in the text. We confirm that
all additional data used in this paper
can be found in Earth‐Prints INGV
repository at http://hdl.handle.net/
2122/12784. This work was financially
supported, in part, by a contract to
INGV‐Istituto Nazionale di Geofisica e
Vulcanologia of the Regione Lazio‐Civil
Protection Department. Gabriele De
Simone and Francesco Iacobelli are
acknowledged for their support to the
geochemical fieldwork. We are grateful
to the internal anonymous reviewers
whose suggestions improved the paper.

https://doi.org/10.1029/2005TC001845
http://hdl.handle.net/2122/12784
http://hdl.handle.net/2122/12784
https://doi.org/10.1016/j.jvolgeores.2018.06.005
https://doi.org/10.1016/j.apgeochem.2012.02.012
https://doi.org/10.1016/j.jvolgeores.2011.06.010
https://doi.org/10.1029/2018TC005247
https://doi.org/10.1016/j.jvolgeores.2007.04.008
https://doi.org/10.1016/j.jvolgeores.2007.04.008
https://doi.org/10.1016/0375-6505(94)00026-9
http://hdl.handle.net/2122/12784
http://hdl.handle.net/2122/12784


Chiodini, G., Cioni, R., Guidi, M., Raco, B., & Marini, L. (1998). Soil CO2 flux measurements in volcanic and geothermal areas. Applied
Geochemistry, 13, 135–148.

Enel, Eni‐Agip, Cnr, & Enea (1987). Inventario delle risorse geotermiche nazionali.– (Sezioni Geologiche, Tav. 2. Regione Lazio). Ministero
dell'Industria, del Commercio e dell'Artigianato.

Funiciello, R., Heiken, G., De Benedetti, A. A., & Giordano, G. (2010). Volcanic activity of the Lake Albano maar in Roman history and
mythology (pp. 331–338). London: The Colli Albani Volcano. Geological Society.

Hansell, A., & Oppenheimer, C. (2005). Health hazards from volcanic gases: A systematic literature review. Archives of Environmental
Health, 59(12), 628–639.

INGV (2011). Valutazione della pericolosità da emissione di gas endogeno (CO2,H2S, Rn) nel territorio della Regione Lazio e relativa
perimetrazione nelle aree dei Comuni di Ciampino, Marino e Roma e nelle aree indiziate nel restante territorio regionale. Relazione
Finale, Parte I. (Prot. INGV no. 0000955 del 26/01/2012). Convenzione di ricerca con la Regione Lazio, Dipartimento Istituzionale e
Territorio, Direzione Regionale Ambiente (pp. 89).

IVHHN – International Volcanic Health Hazard Network (2005). Volcanic gases and aerosols guidelines. http://www.ivhhn.org/images/
pdf/gas_guidelines.html

Kling, G. W., Clark, M. A., Wagner, G. N., Compton, H. R., Humphrey, A. M., Devine, J. D., et al. (1987). The 1986 Lake Nyos gas disaster in
Cameroon, west Africa. Science, 236(4798), 169–175. https://doi.org/10.1126/science.236.4798.169

Laiolo, M., Ranaldi, M., Tarchini, L., Carapezza, M. L., Coppola, D., Ricci, T., & Cigolini, C. (2016). The effects of environmental parameters
on diffuse degassing at Stromboli volcano: Insights from joint monitoring of soil CO2 flux and radon activity. Journal of Volcanology and
Geothermal Research, 315, 65–78.

Le Guern, F., Tazieff, H., & Pierret, R. F. (1982). An example of health hazard: People killed by gas during a phreatic eruption: Dieng
Plateau (Java, Indonesia), February 20th 1979. Bulletin Volcanologique, 45(2), 153–156.

Martelli, M., Nuccio, P. M., Stuart, F. M., Burgess, R., Ellam, R. M., & Italiano, F. (2004). Helium‐strontium isotope constraints on mantle
evolution beneath the Roman comagmatic province, Italy. Earth and Planetary Science Letters, 224(3‐4), 295–308. https://doi.org/
10.1016/j.epsl.2004.05.025

Marty, B., & Jambon, A. (1987). C3He in volatile fluxes from the solid Earth: Implications for carbon geodynamics. Earth and Planetary
Science Letters, 83(1–4), 16–26. https://doi.org/10.1016/0012‐821X(87)90047‐1

Mc Manus, N. (2009). Oxygen: Health effects and regulatory limits. Part II: Consensus and regulatory standards and realities of oxygen
measurement. NorthWest Occupational Health & Safety. North Vancouver, British Columbia, Canada.

NIOSH ‐ National Institute for Occupational Safety and Health (2007). Occupational health guidelines for chemical hazards, DHHS
(NIOSH) Publication No. 2005‐149.

NOAA‐ESRL Global Monitoring Division (2019). Atmospheric carbon dioxide dry air mole fractions from quasi‐continuous measurements
at Mauna Loa, Hawaii. Compiled by K.W. Thoning, D.R. Kitzis, and A. Crotwell. National Oceanic and Atmospheric Administration
(NOAA), Earth System Research Laboratory (ESRL), Global Monitoring Division (GMD): Boulder, Colorado, USA. Version 2018‐10 at
https://doi.org/10.7289/V54X55RG

OSHA (2019). https://www.osha.gov/SLTC/hydrogensulfide/hazards.html
Rey, A., Pegoraro, E., Tedeschi, V., De Parri, I., Jarvis, P. G., & Valentini, R. (2002). Annual variation in soil respiration and its components

in a coppice oak forest in Central Italy. Global Change Biology, 8(9), 851–866.
Riemenschneider, A., Nikiforova, V., Hoefgen, R., De Kok, L. J., & Papenbrock, J. (2005). Impact of elevated H2S on metabolite levels,

activity of enzymes and expression of genes involved in cysteine metabolism. Plant Physiology and Biochemistry, 43(5), 473–483. https://
doi.org/10.1016/j.plaphy.2005.04.001

Rinaldi, A. P., Vandemeulebrouck, J., Todesco, M., & Viveiros, F. (2012). Effects of atmospheric conditions on surface diffuse degassing.
Journal of Geophysical Research, 117, B11201. https://doi.org/10.1029/2012JB009490

Sigurdsson, H., Devine, J. D., Tchua, F. M., Presser, F. M., Pringle, M. K. W., & Evans, W. C. (1987). Origin of the lethal gas burst from Lake
Monoun, Cameroun. Journal of Volcanology and Geothermal Research, 31(1‐2), 1–16.

Voltaggio, M., & Spadoni, M. (2009). Mapping of H2S fluxes from the ground using copper passive samplers: An application study at the
Zolforata di Pomezia degassing area (Alban Hills, central Italy). Journal of Volcanology and Geothermal Research, 179(1‐2), 56–68.

Washington, H. S. (1906). The Roman comagmatic region (No. 57). Carnegie Institution of Washington.
Yusta, I., Velasco, F., & Herrero, J. M. (1998). Anomaly threshold estimation and data normalization using EDA statistics: Application to

lithogeochemical exploration in lower Cretaceous Zn–Pb carbonate‐hosted deposits, northern Spain. Applied Geochemistry, 13(4),
421–439.

10.1029/2019GH000211GeoHealth

BARBERI ET AL. 16

http://www.ivhhn.org/images/pdf/gas_guidelines.html
http://www.ivhhn.org/images/pdf/gas_guidelines.html
https://doi.org/10.1126/science.236.4798.169
https://doi.org/10.1016/j.epsl.2004.05.025
https://doi.org/10.1016/j.epsl.2004.05.025
https://doi.org/10.1016/0012-821X(87)90047-1
https://doi.org/10.7289/V54X55RG
https://www.osha.gov/SLTC/hydrogensulfide/hazards.html
https://doi.org/10.1016/j.plaphy.2005.04.001
https://doi.org/10.1016/j.plaphy.2005.04.001
https://doi.org/10.1029/2012JB009490


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


