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Abstract Fiumicino town in the Tiber River delta, near Rome International Airport (Italy), is historically affected
by large amounts of carbon dioxide (CO2) in the ground and gas eruptions triggered by shallow drilling.While it is
known that CO2 originates from carbonate thermometamorphism and/or mantle degassing, the origin of
methane (CH4) associated with CO2 is uncertain and the outgassing spatial distribution is unknown. Combining
isotope gas geochemistry, soil gas, and structural-stratigraphic analyses, we provide evidence for a hybrid fluid
source system, classifiable as Sediment-Hosted Geothermal System (SHGS), where biotic CH4 from sedimentary
rocks is carried by deep geothermic CO2 through active segments of a half-graben. Molecular and isotopic
composition of CH4 and concentration of heavier alkanes (ethane and propane), obtained from gas vents and soil
gas throughout the delta area, reveal that thermogenic CH4 (up to 3.7 vol% in soil gas; δ13CCH4: �37 to �40‰
VPDB-Vienna Peedee Belemnite, and δ2HCH4:�162 to�203‰ VSMOW - Vienna Standard Mean Ocean Water in
gas vents) prevails over possible microbial and abiotic components. The hydrocarbons likely result from known
Meso-Cenozoic petroleum systems of the Latium Tyrrhenian coast. Overmaturation of source rocks or molecular
fractionation induced by gas migration are likely responsible for increased C1/C2+ ratios. CO2 and CH4 soil gas
anomalies are scattered along NW-SE and W-E alignments, which, based on borehole, geomorphologic, and
structural-stratigraphic analyses, coincide with active faults of a half-graben that seems to have controlled the
recent evolution of the Tiber delta. This SHGS can be a source of considerable greenhouse gas emissions to the
atmosphere and hazards for humans and buildings.

1. Introduction

Carbon dioxide (CO2) degassing, through surface manifestations ranging from fumaroles and geysers, to
mofettes, hot springs, and diffuse exhalations from the soil, typically occurs in volcanic and geothermal areas
where the heat flow is relatively high (generally >100mW/m2); the origin of such CO2 is generally attributed
to the thermometamorphism of carbonates or magma-mantle degassing [e.g., Kerrick et al., 1995; Chiodini
and Frondini, 2001; Chiodini et al., 2004; Mörner and Etiope, 2002; Burton et al., 2013]. Methane (CH4) degassing
(generally referred to as “seepage”) is typical of petroleum-prone sedimentary basins and low heat flow regions,
with surfacemanifestations that include gas and oil seeps, mud volcanoes, and cold springs. CH4 origin in these
areas is thermogenic or microbial, cumulatively termed “biotic” because it originates from the degradation of
organic matter in sediments [e.g., Hunt, 1996; Etiope, 2015, and references therein]. For both cases, gas migra-
tion occurs along active gas-bearing faults and/or fractured zones [Ciotoli et al., 2014, 1998]. Hybrid systems,
where biotic CH4 from sedimentary rocks is transported upward by deep crustal or mantle CO2, are called
Sediment-Hosted Geothermal (or Hydrothermal) Systems (SHGS). The Guaymas Basin rift zone located in the
Pacific Ocean [Welhan and Lupton, 1987] and the Salton Sea geothermal field located in California [e.g.,
Helgeson, 1968; Mazzini et al., 2011] are two typical examples of SHGS. The geothermal (or hydrothermal)
system may refer to a deep magma chamber or to igneous intrusions (sills or dykes) emplaced in sediment.
Although these intrusions are common in some large igneous provinces, such as in the northeast Atlantic
Ocean, South Africa, and Australia [Jamtveit et al., 2004; Holford et al., 2013], no systematic studies regarding
the origin of gas and its emission to the atmosphere are available. Nevertheless, the gas in SHGS, either related
to magma chambers or sill intrusions, is of considerable interest for petroleum exploration and global climate
change studies because: (1) gas may be the result of the enhanced thermal maturity of sedimentary source

rocks, (2) SHGS can be a significant natural source of greenhouse gas (CO2 and CH4) emissions to the
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atmosphere [Etiope, 2015], and (3) gas is a potential driver of past climate change [Svensen et al., 2004; Aarnes
et al., 2010; Iyer et al., 2013].

In this work, we report new gas-geochemical, soil gas, and structural-stratigraphic data that suggest the
presence of a hybrid and tectonically active SHGS located in central Italy, within the Tiber River delta, near
Rome. Over the past 10 years, due to the abundance of CO2 in shallow ground that represents a risk for
urbanization and construction projects in the small town of Fiumicino (adjacent to the Rome international
airport), this area has been the subject of several studies [Barberi et al., 2007; Ciotoli et al., 2013; Pio Sella
et al., 2014; Bigi et al., 2014; Carapezza et al., 2015]. The origin of CO2 in surface manifestations in Fiumicino
(gas eruptions following drilling, natural bubbling vents, and gas-enriched soil) has been attributed to deep
geothermal processes, likely including either crustal thermometamorphism or magma degassing [Ciotoli
et al., 2013; Bigi et al., 2014; Carapezza et al., 2015], similar to those in adjacent volcanic areas within the
Roman Comagmatic Province (RCP). Not clear, at present, is whether contact metamorphism is due to intru-
sions in Mesozoic sediments or to magma chambers. Ciotoli et al. [2013] proposed a thermogenic origin for
methane, whereas Carapezza et al. [2015] proposed a mixed microbial-abiotic origin.

Here we report and discuss the following: (a) additional CO2 and CH4 isotopic data, as well as the molecular
composition of heavier alkanes (ethane and propane), from gas vents and soil gas samples in order to better
clarify the origin of hydrocarbons; (b) a wide soil gas data set, discussed in a wider context using Exploratory
Spatial Data Analysis (ESDA) and geostatistics, in order to assess the spatial distribution for degassing; (c) a
new reconstruction of the structural and morphostratigraphic setting of the delta area, based on published
and unpublished data (from boreholes, trenches, and beach ridge analyses) in order to determine active fault
zones. By reviewing known petroleum geology and natural gas occurrence and seepage within the Tiber
delta and the area surrounding Rome and by combining our new data, here, we hypothesize the existence
of an active SHGS. We also briefly discuss the environmental implications of such a system.

2. Geological Setting
2.1. Regional Structural and Stratigraphic Setting

The Tiber delta is located along the central Tyrrhenian-Sea margin (Figure 1), the youngest back-arc basin of
the Mediterranean region, developed since the Miocene as a consequence of rifting and back-arc extension
related to the west directed Apennines subduction [Doglioni et al., 2007; Carminati et al., 2012; Faccenna et al.,
2014]. In the Tyrrhenian sector of central Italy the heat flow shows anomalous values, ranging from 100 to
450mW/m2 due to mantle uplift and/or crustal thinning [Buonasorte et al., 2011]. Along the Latium
Tyrrhenian margin, the extensional tectonics controlled the development of basins and gave rise to the for-
mation of half-graben basins, mainly oriented NNW-SSE/NW-SE, and subordinately NE-SW, which were filled
with synrift and postrift clastic sediments during the Pliocene and lower Pleistocene [Faccenna et al., 1994a;
Marra et al., 1995, and references therein]. The extensional fault system was superposed by a concurrent
right-lateral strike-slip regime since Pleistocene times [Alfonsi et al., 1991; Faccenna et al., 1994b; Marra,
2001]. This strike-slip regime implies a NW-oriented σ3 stress regime; therefore, it is not compatible with
the NW-SE extension. The intermittent superposition of these two competitive stress fields has been tenta-
tively explained [Marra, 2001; Frepoli et al., 2010] as due to the peculiar geodynamic context of this region,
characterized by a ~N-S crustal discontinuity separating the northern and the central arcs of the
Apeninnes acting as disengagement zone, and originating pulses of shear stress, between two adjacent
extensional stress domains. The present-day extensional stress field [Montone et al., 1995], reactivating the
N-S lineaments as left-lateral faults [Frepoli et al., 2010], is considered as a possible evidence of an incoming
new volcanic phase [Marra et al., 2009].

The development of the Tiber delta started around 1Ma ago andwas originated by continuous regional uplift
linked with magma injection in the upper crust [Barberi et al., 1994], which eventually led to the origin of the
middle Pleistocene volcanic activity of the potassic districts of the Roman Comagmatic Province [Peccerillo,
2005, and references therein]. Volcanic activity in this region spanned the interval 800–36 ka [Giaccio et al.,
2009, and references therein] and was accompanied by three pulses of uplift at 800, 600, and 200 ka
[Karner et al., 2001]. Due to the progressive continentalization of this sector of the Tyrrhenian Sea margin,
sedimentary processes were strongly controlled by glacioeustatism, leading to the deposition of a series of
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aggradational successions deposited in response to sea level rise during glacial terminations [Marra et al.,
2008, and references therein].

2.2. Structural Features of the Fiumicino Area

The structural setting of the Fiumicino area is strictly linked to the tectonic and volcanic activity that affected
the Latium Tyrrhenian margin described above. A regional geothermal anomaly up to 150–200mW/m2

occurs near Rome and in the Fiumicino area near the coast, likely due to crustal thinning and to the possible
presence of magmatic intrusions at depth [Buonasorte et al., 2011]. NW-SE trending normal faults, and NE-SW
and N-S trending transfer and strike-slip faults may act as preferential pathways for fluids to reach the surface
[Annunziatellis et al., 2008; Bigi et al., 2014] and, in some cases, also induce moderate seismicity (Ml 2–2.5)
[Frepoli et al., 2010]. In particular, the NE-SW oriented transfer faults were also detected by the seismic and
gravimetric surveys performed for hydrocarbon exploration [Northern Petroleum, 2002]. The analysis of a
recent 30 km seismic line acquired along the Tiber River course [Bigi et al., 2014], crossing the Isola Sacra area
and the town of Fiumicino, highlights the occurrence of several normal faults (F in Figure 1) offsetting the
Pliocene and Pleistocene deposits, as well as the lowest portion of the “Tiber Depositional Sequence” [Milli
et al., 2013, and references therein]. Possible continuation of these faults toward the surface is not discussed
by Milli et al. [2013] who, in any case, indicate their activity in the time span 20,000–9000 years B.P., at the
least, and suggest a direct link with diffuse surface degassing. Ciotoli et al. [2013] have hypothesized that
active faulting may be responsible for fluids to cross the impermeable cover, represented by an up to 70m
thick package of recent alluvial deposits (14,000 years B.P. to the present) [Marra et al., 2013], and reach
the surface. These authors have hypothesized that the activity of faults controls the position of the river
bed in this area, which display a number of rectilinear tracts and other anomalies. Unfortunately, the only
available seismic line in this area coincides with the course of the Tiber River [Bigi et al., 2014]; this prevents
from evaluating the direction of the fault planes (F, in Figure 1) that affect the Tiber River deposits, and
verifying this hypothesis.

Figure 1. Location map of the study area in the Tiber Delta. FGV (Fiumicino Gas Vent) and V1–V4 are gas vents already
known in the area [Ciotoli et al., 2013]. The present study reports newly discovered vents as indicated in Figure 5.
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2.3. Paleogeographic Features of the Tiber Delta

The evolution of the Tiber delta in the Fiumicino-Isola Sacra area has been studied since the late nineteenth
century [e.g., Oberholtzer, 1875; Bocci, 1892]. During the past 40 years geological investigation, combined with
historical records and maps, mainly focused on the sedimentology of late Pleistocene and Holocene deposits
stored in the delta [e.g., Belluomini et al., 1986; Bellotti et al., 1987, 1994, 2007; Chiocci and Milli, 1995; Amorosi
and Milli, 2001; Giraudi, 2004; Giraudi et al., 2009]. The complex history of the delta formation of the past
7000 years was reconstructed based on geomorphological, stratigraphic, radiocarbon, and historical data by
Giraudi [2004] and Giraudi et al. [2009]. These studies deduced the evolution of the beach ridge complexes
whose age, from landward to seaward, ranges from circa 3700–4000B.C. to the fifteenth and nineteenth centu-
ries A.D. (VII and VIII). The beach ridges, which are almost straight in most of the study area, have an anomalous
morphology in the area west of the Port of Claudius and Trajan, evidencing a progressive southward migration
of the terminal tract of the Tiber River during the last 3000 years. Prior to circa 700–400B.C., the present-daymain
channel of Fiumara Grande (see Figure 1) did not exist and the Tiber River had two branches: the main one
mostly corresponded to the Fiumicino channel, while a second channel (the northern branch in Figure 1)
reached the sea further north. Only between VIII and IV centuries B.C. the main channel suffered a diversion into
the present position corresponding to the Fiumara Grande arm, while the Fiumicino arm became a secondary
branch and the northern branch was drained. It has been suggested that the asymmetric development of the
beach ridges north and south of the imperial port area is due to a different degree of subsidence that affected
the sectors separated by the river branches, along which discontinuities of the beach ridges occur [Giraudi et al.,
2009]. We will analyze later the hypothesis of such discontinuities.

2.4. The Occurrence of Subsurface Hydrocarbons

The presence of hydrocarbons located within the deep sedimentary sequences of the Tiber delta area is known
from petroleum exploration conducted during the 1970s and 2000s by several oil companies [e.g., Northern
Petroleum, 2002; Ascent Resources, 2009]. Additionally, various drillings performed for foundations and construc-
tion within the deltaic deposits of the Tiber River have resulted in the presence of gas. Specifically, in 1940, a
30m deep borehole drilled within the Fiumicino urban area resulted in a gas composed of ~80% CO2 and
~15% CH4 [Northern Petroleum, 2002]. Other boreholes drilled during 1939 within the Castel Fusano area
(located 10 km south of Fiumicino) resulted in strongmanifestations of gas at a depth of 194m in Pliocene clays.
In 1942, exploratory drillings performed along the Portuense road (located between Fiumicino and Ponte
Galeria) resulted in CH4 extraction, with production of 40m

3/d [Northern Petroleum, 2002]. In 1955, two explora-
tion wells (Roma 1 and Roma 2), drilled 10 km northeast of the town of Fregene (located 10 km north of
Fiumicino and 5 km northwest of Rome International Airport), detected significant quantities of CH4 in
Pliocene sands and a deeper Liguride flysch [Northern Petroleum, 2002]. In April 2000, to explore lower
Pliocene sands and carbonates of the Miocene Liguride flysch, the Colombo-1 well was drilled within an urban
area of Rome. Weak manifestations of gas in the well ranged from 170ppmv of CH4 at approximately 200m in
the Pliocene to ~5vol% for CH4 in theMiocene flysch sequence at approximately 400m. The encountered plays
were quite thin and, at that time, recorded gas flow rates were not sufficient for commercial exploitation
although they encouraged continued exploration within the Tiber delta “offshore” [Northern Petroleum, 2002].

All of the gas accumulations mentioned above and discovered within the Tiber delta in different exploration
wells were not considered to have significant commercial interest. However, all of the surveys and studies
indicated that while microbial gas occur in shallow Plio-Pleistocene sands, important reservoir rocks host
thermogenic gas within the Oligocene-Cretaceous Liguride flysch. Oil reservoirs may also occur within the
upper Mesozoic limestone series. The source rocks for thermogenic gas are located within Triassic shale or
Cretaceous to Oligocene Flysch Liguride and oil source rocks are likely located within Upper Triassic shale
belonging to the Burano Formation [Northern Petroleum, 2002].

3. Historical Reports of Surface Gas Manifestations in Rome and Tiber Delta

Surface manifestations of oil and gas have been historically documented in Rome and in the adjacent Tiber
delta along the Tyrrhenian coast [Novarese, 1926; Bersani et al., 2013; Etiope, 2015]. Legends and chronicles from
the Roman epoch speak of gas and oil manifestations that are often associated with religious practices, pagan
altars, and the successive construction of Christian churches. Such is the case for the fons olei (“oil source” or “oil
fountain”) located in the Basilica of Santa Maria in Trastevere [Etiope, 2015]. Historical chronicles report that oil

Journal of Geophysical Research: Solid Earth 10.1002/2015JB012557

CIOTOLI ET AL. TIBER DELTA CO2-CH4 DEGASSING 4



flow lasted “for the time length of one day and one night, like a broad river reached the banks of the Tiber”
[Etiope, 2015, and references therein]. Not far from this site, another church, San Giovanni de’ Fiorentini, was
apparently built in correspondence with gas exhalations from the ground near the Tiber River bank [Bersani
et al., 2013]. The site, named Tarentum, was associated by Roman writers (Valerius Maximus) with hot springs
and gas exhalations, led to a belief that an entrance to the lower world existed at the site, and is the reason
for establishment of the cult of Dis Pater and Proserpina [Platner and Ashby, 1929]. Additionally, the “eternal fire”
of the Temple of Vesta, located in the Roman Forum, could have been a natural seep [Cleveland and Morris,
2013]. In 1893, foundational drilling for construction of the Palace of Justice in Rome, located near the Tiber
River bank, led to the discovery of carbon dioxide at a depth of approximately 6.5m. The gas emanation was
so strong that workers had to abandon drilling. More recent, inflammable gas was reported during a shallow
drilling near the Piramide Cestia [Camponeschi and Nolasco, 1982].

In 1890 within the Tiber delta, abrupt gas emissions occurred in the town of Ostia town (located ~30 km from
Rome; Figure 1) during the drilling of a borehole 124m and 194m below the ground’s surface. The gas was
considerably rich in hydrocarbons [Novarese, 1926]. In 1925, a violent gas blowout occurred within the urban
area of Fiumicino (located 3 km north of Ostia and ~30 km from Rome) during the drilling for the construction
of a bearing pile required for construction of a glass factory [Novarese, 1926]. The borehole reached a depth of
approximately 40m, and the erupted fluid consisted of a mixture of gas and mud. The eruption lasted 24h and
after 5 days, numerous gas leaks, including bubbling in stagnant water, occurred during open excavations for
the construction of the factory. The analysis of the gas composition, performed using the instrumentation
available during that time, indicated a high concentration of CO2 (~97 vol%), no hydrogen sulphide (H2S),
and high radioactivity [Novarese, 1926]. The gas was considered to have a “volcanic” origin and was related
to the adjacent Alban Hills volcano, rather than to the decomposition of subsurface organic matter deposits.

The interpretation was only recently confirmed using stable carbon isotopic analysis of CO2 in 2005, when a
CO2-rich gas blowout occurred from a shallow borehole located in Fiumicino [Barberi et al., 2007]. Recently,
on 24 August 2013, gas violently erupted from the ground (apparently after shallow drilling) in an area
located a few meters from the compound of the Rome International Airport “Leonardo da Vinci” (located
15 km SW of Rome; FGV—Fiumicino Gas Vent—in Figure 1). The eruption initially produced a crater ~0.5m
wide, vigorous gas bubbling in cold water (~20°C), andminor quantities of mud. The gas emanation was com-
posed of 98 vol% inorganic CO2 (δ

13C: �1‰) and 1 vol% of, apparently, thermogenic CH4 (δ
13C:�48‰; δ2H:

�176‰) [Ciotoli et al., 2013]. A month later, on 26 September 2013, another gas blowout occurred offshore at
a depth of 7m below sea level, 400m from the coast, and 2.3 kmWNW of the FGV eruption site. Gas from this
site was largely composed of CH4 (59 vol%) of microbial origin (δ13C:�60‰; δ2H:�209‰) and inorganic CO2

(23 vol%; δ13C: �1.4‰). Nitrogen gas (N2: 18 vol%) was of unknown origin [Carapezza et al., 2015], but was
likely related to gas exchange between bubbles and seawater. In the mean time, several CO2-rich gas vents
(bubbles in water-filled channels and mofettes) and large amounts of CO2 (up to 90 vol%) and CH4 (up to
2.5 vol%) in the soil were discovered throughout the Tiber delta [Ciotoli et al., 2013; Bigi et al., 2014]. The
results indicate that the eruptions are local, drill-driven, manifestations of the pervasive occurrence of
gas-charged sediments within the entire delta.

4. Methods
4.1. Gas Sampling and Analyses

Gas samples for molecular and isotopic analysis were collected in different periods, from June 2013 to
September 2015, at the ground surface in six visible vents (bubbles or dry emissions from soil; hereafter, in
Figure 1 and in Table 1 indicated as “v”) and from soil-air about 70–80 cm deep at 10 sites (unsaturated soil
horizon; hereafter, in Figure 1 and Table 1 indicated as “s”), by using a stainless steel probe. Vents 1v to 5v were
discovered in this field work and never reported previously; vent 6v “Traiano channel bubbling” was already
analyzed by Ciotoli et al. [2013], as indicated in Table 1. Depending on the laboratory analyses, samples were
collected by syringe and stored in 100 or 250mL glass tubes equipped with two vacuum stop-cocks, or in
25mL stainless steel canisters equipped with Swagelok valve.

Five samples, 3v, 4v, 5v, 1 s, and 5 s, were analyzed at Isotech Labs Inc. (Illinois, USA) for C1–C6 hydrocarbons,
He, H2, Ar, O2, CO2, and N2 (Shimadzu 2010 TCDFID GC; accuracy and precision 2% (1σ)), and stable carbon
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and hydrogen isotopic ratios of CH4 and CO2 (δ
13CCH4, δ

2HCH4, δ
13CCO2; Finnigan Delta Plus XL mass spectro-

meter, precision ±0.3‰ (1σ) for 13C and ±4‰ (1σ) for 2H).

Five samples, 1v, 2v, 6v, 3 s, and 4 s, were analyzed for δ13CCH4 using a cavity ringdown spectroscopymethane
carbon isotope analyzer (Picarro G2112-I, Picarro Inc., California; precision<0.7‰ at 1.8 ppmv CH4, 5min, 1σ,
and <0.4‰ at 20 ppmv CH4, 5min, 1σ). Stable C and H isotopic ratios are referred to Vienna Peedee
Belemnite (VPDB) and Vienna Standard Mean Ocean Water (VSMOW). Samples 1v, 2v, and 6v were also
analyzed by Fourier Transform Infrared Spectrometer (Gasmet DX-4030, Gasmet, Finland,) with a standard
spectra library for rapid, semiquantitative (with an accuracy ranging from 10% to 20%) and simultaneous
determination of 12 gases (CH4, CO2, CO, C2H6, C2H4, C3H8, n-C4H10, i-C4H10, n-C5H12, i-C5H12, C6H6, and
COS), with typical detection limits of 1 ppmv. Samples 1v, 2v, 2 s, 3 s, 4 s, and 6 s were also analyzed on site
for CO2, O2, and CH4 concentrations by infrared analyzer (Draeger X-am 7000; accuracy <5%). Samples 7 s,
8 s, 9 s, and 10s were analyzed by gas chromatography using two Fisons 8000 series Bench GC, using helium
as carrier gas: one GC is equipped with a flame ionization detector (FID) for the analysis of C1–C4 alkanes
(accuracy ±3% at 2 ppmv; detection limit 0.1 ppmv); the other has a Thermal Conductivity Detector (TCD)
for analyses of N2, O2 +Ar, and CO2 (accuracy ±2%).

4.2. Soil Gas Distribution Survey
4.2.1. Soil Gas Sampling and Analysis
A first soil gas survey was performed in the Tiber delta area in the municipalities of Fiumicino and Rome in
July and August 2013. A total of 989 samples were collected and discussed in Bigi et al. [2014]. A second soil
gas survey, with 541 samples, was carried out in August/September 2014 in order to increase sample density
and to fill spatial gaps in the previous survey. Here we present and elaborate the whole soil gas
data set of 1530 samples. The data set covers an area of about 25 km2, resulting in a sample density of about
61 samples/km2 (mean intersample distance of about 100m). Soil gas sampling was performed using a well-
established technique consisting in pounding a stainless steel probe to a depth of about 70–80 cm in the
unsaturated soil horizon [Ciotoli et al., 2007]. A portable gas analyzer (Draeger X-am 7000) was connected
to the probe for simultaneous analyses of carbon dioxide (CO2), methane (CH4), hydrogen (H2), and hydrogen

Table 1. Molecular Composition (vol%) and Isotopic Composition of Stable C (‰, VPDB) and H (‰, VSMOW) of CO2 and CH4 in Vents (v) and Soil Gas (s) in the
Tiber Delta (Fiumicino Area)a

Sample No. Site Name
Sampling
Date CO2 N2 O2 Ar CH4 C2H6 C3H8 δ13C-CO2 δ13C-CH4 δ2H-CH4

1v Scafa road Vent 8/2014 98.30 1.70 0.0004 0.0003 �37
2v Tiber 1 Vent (Centro Velico) 9/2014 98.90 1.02 0.0004 0.0002 �38.5
3v Tiber 2 Vent (Centro Velico) 9/2014 97.80 1.80 0.37 0.0001 0 �2.09 �40.2 �162
4v Tiber 3 Vent (Field) 9/2014 97.68 1.57 0.75 0.0002 0.0001 �1.97 �37.2 �163
5v Tiber 4 Vent (via Col del Rosso) 9/2014 97.46 1.74 0.80 0.0003 0.0002 �40.1 �203
6v Traiano channel bubbling 9/2015 1.95 0.0004 0.0003 �44.9
1s Scafa road soil gas 1 8/2014 9.77 70.34 18.95 0.86 0.08 bd bd 3.09 �3.2
2s Scafa road soil gas 2 8/2014 29.0 13.3 0.60
3s Tiber 2 soil gas (Field) 9/2014 72.0 2.8 0.70 �35
4s Tiber 4 (via Arsiero) 9/2014 60.0 4.3 0.10 �19
5s Tiber 4 (via Arsiero) 9/2014 60.62 32.57 6.34 0.39 0.08 bd �2.38 �18.5
6s via dall’Olio soil gas 9/2013 12.2 1.2 1.80
7s Traiano Channel soil gas 1 9/2013 58.17 32.52 8.31 0.99 0.0015 0.0008
8s Traiano Channel soil gas 2 9/2013 49.40 38.74 11.45 0.40 0.0018 0.0006
9s Traiano Channel soil gas 3 9/2013 57.00 34.36 10.47 2.00 0.0003 0.0002
10s Sic protected area soil gas 9/2013 3.27 77.9 15.76 3.70
Ciotoli et al. [2013] FGV 8/2013 98 1 0.0011 �1 �47.8 �176

FGV 8/2013 97.8 1.3 0.9 0.001 �1.1 �48.9 �199
FGV soil gas 8/2013 80 0.3 0.002 �38.0

V1 (Traiano Channel bubbling) 8/2013 96.2 2.5 1.2 0.002 �1.23 �46.5 �194
V2 (Isola Sacra) 8/2013 96.3 2.8 0.8 0.0005 �0.7 �39.5 �171

V3 (Riding stable soil) 9/2013 17 2.3 0.0012 �38.8
V4 (Montini road field) 9/2013 4.4 2.5 0.0023 �40.1

abd: below detection limit.
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sulphide (H2S) (accuracy <5%). Since the Draeger methane detection limit is 0.1 vol%, methane was also
analyzed by the FID-GC mentioned above, in almost half of the soil gas sampling sites (666 samples), includ-
ing those with CH4 concentration>0.1 vol%. GC analyses also included C2+ alkanes (from ethane to butane).
To this aim, soil gas samples were collected by syringe and stored into preevacuated stainless steel canisters.
4.2.2. Geospatial Analysis
Statistical techniques were applied to interpret CO2 and CH4 soil gas data and define anomalies, i.e., anomalous
concentration values that may represent particular phenomena, such as gas migration from a deep source [e.g.,
Filzmoser et al., 2005; Reimann et al., 2005; Ciotoli et al., 2007]. Traditionally, soil gas anomalies are identified by
setting threshold values, which indicate the upper and lower limits of normal variation for a particular popula-
tion of data. Values below the threshold values are considered as background values and those above as
anomalies. We applied ESDA, which includes a range of statistical techniques, both numerical and graphical
(i.e., main statistical indexes, histograms, box plots, Normal Probability Plots (NPP), bivariate scatter plots, and
in some cases multivariate analyses) to explore the nature of the distribution of values and the presence of
outliers [Ciotoli et al., 2007, and references therein]. In this work, box plots and NPPs were used to determine
outliers and the anomaly “threshold” values [Tukey, 1977; Sinclair, 1991] in order to construct classed-post
maps and to spatially identify anomalous zones. In addition, since soil gas data are spatially correlated, geosta-
tistics (i.e., variogram analysis and modeling) was used to examine spatial autocorrelation in order to define a
spatial model that can be applied in the kriging algorithm to construct maps of soil gas concentrations
[Ciotoli et al., 2007]. Geostatistical analysis was also performed to verify if the spatial distribution of gas concen-
trations is correlated to phenomena acting along specific directions (e.g., fault-related anisotropy).

4.3. Structural and Stratigraphic Analyses

The main morphostructural lineaments in this area and the rectilinear tracts of the river beds have been drawn
integrating topographic and satellite image analyses with chronostratigraphic information (Geologic map of
Italy 1:100.000; Sheet 149), based on methods and data inMarra [2001] and Della Seta et al. [2002]. The geometry
of the alluvial deposits of the Tiber River has been reconstructed based on radiocarbon and borehole data in
Belluomini et al. [1986], Bellotti et al. [2007], and Marra et al. [2013]. Paleogeographic data (evolution of beach
ridges) and trench investigation from Giraudi et al. [2009] have been elaborated and combined with
structural observations.

5. Results
5.1. Molecular and Isotopic Composition of Gas in Surface Manifestations

All sampled gas vents (Table 1) have a composition dominated by CO2 (97.4 to 98.9 vol%), which is consistent
with previous data reported by Ciotoli et al. [2013] and Carapezza et al. [2015]. Stable carbon isotope compo-
sition of CO2 (about �2‰ VPDB) is also comparable, although slightly more negative, with those previously
published. CH4 concentration in vents ranges from 0.4 to 1.7 vol%, with stable carbon and hydrogen isotope
composition δ13CCH4 from �37 to �40‰ VPDB and δ2HCH4: �162 to �203‰ VSMOW, respectively. CH4 in
soil gas ranges from 0.08 to 3.7 vol%. Most of the soil gas samples appear to be oxidized, as 13C enrichment
(δ13CCH4 up to�3.2‰) is inversely proportional to CH4 concentration and it increases with the abundance of
oxygen (samples 1 s, 3 s, 4 s, and 5 s). In soil, gas flux is lower than in vents and the CH4 residence time in oxic
conditions is longer. Accordingly, the origin of CH4 will be discussed only on the basis of the gas vent data.

Total ethane and propane concentrations are in the order of 1–7ppmv in gas vents (soil gas concentrations range
from 0.01 to 8 and from 0.01 to 18 ppmv, respectively). We note that these values and those (up to 23ppmv) pre-
viously reported by Ciotoli et al. [2013] are, as average, higher than those (up to 1.9 ppmv) published in Carapezza
et al. [2015] (these authors report however also a C2+C3 value of 5.4ppmv from a vent whose location was not
shown in their map). Vent gas composition values corrected for air contamination show excess N2 up to
1.80 vol%, which is consistent with previously published data [Ciotoli et al., 2013; Carapezza et al., 2015]. The origin
of N2, which can derive either from the geothermal-magmatic system or from organic matter degradation in
sedimentary rocks [e.g., Zhu et al., 2000] should be evaluated in future with isotopic (δ15N) analyses.

5.2. Soil Gas Data Analysis and Spatial Distribution

Table 2 shows the main statistical parameters of the CO2, CH4, and C2+ (ethane + propane +butane) soil gas
data set. H2 and H2S were always below detection limits. CO2 and CH4 concentrations range from 0.04 to
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86.00 vol% and from 0.01 to 37000 ppmv, respectively. The high similarity between the median (1.60 vol% of
CO2 and 1.39 ppmv of CH4) and the geometric mean (1.61 vol% and 2.01 ppmv) values, compared to the
arithmetic mean (4.20 vol% and 326 ppmv), suggests a lognormal distribution of the data [Reimann and
Filzmoser, 2000] in particular, CH4 data show a bimodal distribution (Figure 2). The high standard deviation
values (9.37 vol% and 2159 ppmv) indicate the occurrence of outliers (i.e., anomalous values) with high
concentrations of both gases. Table 2 also reports the 95% confidence intervals calculated for the mean,

Table 2. Main statistics of the Tiber Delta (Fiumicino) Soil Gas Samples and Comparison With Other Geothermal CO2-rich Sites in Italy (Ciampino From Bigi et al.
[2014]; Latera and Other Italian Volcanic Areas From Annunziatellis et al. [2008])a

Tiber Delta (Fiumicino) N Mean (CI 95%) GM (CI 95%) Median Minimum-Maximum LQ UQ 10% 90% SD

CO2 (vol%) 1530 4.20 (3.73-4.67) 1.61 (1.51–1.72) 1.60 0.04–86.00 0.68 3.40 0.30 7.80 9.37
CH4 (ppmv) 666 326 (161–489) 2.01 (1.76–2.30) 1.39 0.12–37000 1.05 1.78 0.85 3.37 2159
C2+ (ppmv) 666 0.28 (0.15-0.40) 0.11 (0.10–1.11) 0.10 0.02–25 0.07 0.16 0.05 0.20 1.67

CO2 in Other Sites (vol%)
Ciampino 690 3.55 (2.96-4.82) 1.12 (1.01–1.44) 1.20 0.03–87.50 0.48 2.40 0.23 5.10 11.65
Latera 1735 6.74 - 1.30 0.03–100 0.64 4.22 0.34 19.60 15.09
other volcanic areas 4860 3.33 - 0.88 0.03–100 0.41 1.92 0.18 4.81 10.32

CH4 in Other Sites (ppmv)
Ciampino 331 10.33 (4.36-16.31) 1.65 (1.46–1.85) 1.48 0.01–564 1.01 2.10 0.77 2.75 55.33
Latera 938 26.40 - 1.09 0.11–1345 0.56 2.03 0.33 18.50 127
other volcanic areas 3395 16.61 - 1.69 0.01–7104 1.04 2.39 0.63 3.83 167

aN, number of samples; CI, Confidence Interval, 95%; GM, Geometric Mean; LQ, Lower Quartile; UQ, Upper Quartile; 10%, 10th percentile; 90%, 90th percentile;
and Std. Dev, Standard Deviation.

Figure 2. Histograms of the soil gas raw and log-transformed data for CO2 and CH4. Both (a and b) CO2 and CH4 (c and d) histograms highlight a lognormal distribu-
tion (i.e., log-transformed data histograms show Gaussian distribution).
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the median, and the geometric mean of CO2, CH4, and C2+ values. This value indicates the precision of the
calculated parameter; therefore, values spanned by this interval include the true mean value with a given
probability of 95%.

ESDA technique’s Tukey test [Tukey, 1977] for multiple outliers was applied to CO2 and CH4 data set. The test
categorizes multiple outliers as “outside” or “extreme” values as shown by the box plots (Figure 3). Outside
values for CO2 range between 7.52 and 11.44 vol% and extreme values range from 11.6 to 86.0 vol%; whereas
for CH4, outside values range from 4.12 to 5.44 ppmv, and extreme values range from 5.44 to 37,000 ppmv.
Therefore, values >7.5 vol% for CO2 and >4 ppmv for CH4 can be considered outliers. They represent about
10% of total samples, as identified by the 90th percentile in Table 2.

Figure 3. Box plot from Tukey test of the raw data of (a) CO2 and (b) CH4. The graphs highlight “outside” values (i.e., anomalies;
white dots) and “far out” values (i.e., extreme anomalies or outliers; red squares). CO2 outside values are from 7.5 to 11.5 vol%;
CO2 far out values are from 11.5 to 86.0 vol%. CH4 outside values are from 4.1 to 5.4 ppmv; CH4 far out values are from 5.4
to 37,000 ppmv.

Figure 4. Normal Probability Plots (NPP) of (a) CO2 and (b) CH4 raw data. The graphs highlight anomaly threshold values of 8.0 vol% and 4.0 ppmv, respectively.
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Normal Probability Plots, interpreted according to Sinclair [1991], confirm the presence of anomalous popu-
lation for both CO2 (values above 8 vol%) and CH4 (values above 4 ppmv) (Figure 4). This information, which is
consistent with the Tukey test and 90th percentile, is important for the application of threshold values to con-
struct CO2 and CH4 classed-post maps highlighting anomalous sites and, possibly, anisotropic spatial distri-
butions, which is useful for variogram analysis.

Classed-post maps of the CO2 and CH4 concentrations in the soil above the anomaly threshold (Figure 5)
show considerable degassing in several sites of the Fiumicino area, in addition to those previously known
(vents in Figure 1). The CO2 map, in particular, highlights the presence of two clear degassing alignments,
about N350 oriented, which define the most soil gas anomalous zones. The westernmost alignment includes

Figure 5. (a) CO2 and (b) CH4 soil gas concentration classed post maps and location of the newly discovered vents (1v to 5v) and soil gas samples (s) reported in
Table 1. The map is classed for values of CO2 and CH4 that exceed the calculated threshold values: 8 vol% for CO2 and 4 ppmv for CH4 (see Figure 4).

Figure 6. Experimental variograms andmodels calculated for CO2 and CH4. Points indicate γ values for the raw data pairs calculated for each lag distance; continuous
lines indicate the experimental variogram (black line) and the variogram model (blue line). The equation parameters are reported in Table 3.
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a series of spot anomalies ending to north with the FGV eruption site of August 2013; this alignment crosses
the urban center of Fiumicino from south to north, up to the southeastern corner of the international airport
compound. The easternmost alignment runs along the right bank of the Tiber River N-S segment, crossing
the Traiano lake to the north (Figure 5a). CO2 anomalous concentrations also occur along the Tiber River
northern branch. The highest CH4 concentrations follow similar trends.

The variogram constructed with the CO2 data highlights an anisotropic behavior according to an ellipse with
the major axis N350 oriented and 1300m long (i.e., the range distance in the variogram plot of Figure 6a),
and the minor perpendicular axis of about 500m (Table 3). The ellipse has an anisotropy ratio of 2.6 indicating
a sharp spatial continuity along the main axis. The variogram of the CH4 data also highlights an anisotropic
behavior according to an ellipse with the major axis N345 oriented and 1800m long, and the minor perpendi-
cular axis of about 900m (Figure 6b and Table 3); the anisotropy ratio is 2. The variogram model parameters,
reported in Table 3, are, then, used in the kriging algorithm for contour mapping. The contour
maps (Figure 7) show the interpolated distribution of CO2 and CH4 in soil gas. The degassing along two
350N alignments appears to be focused along narrow strips whose length and width are well captured by
the major and minor ranges of the variograms calculated for the dataset (Figure 6 and Table 3).

5.3. Reconstruction of the Morphostratigraphic Setting of the Delta Area

The structural-stratigraphic setting of the Tiber coastal plain is reconstructed in structural map of Figure 8 and in
cross section of Figure 9. An up to 70m deep fluvial incision, excavated during lowstand of the Last Glacial max-
imum, crosses with an E-W direction the investigated area, cutting through the marine sedimentary substrate
(Figure 8). On both sides of the deeply incised fluvial channel, the substrate occurs at higher elevation and
forms a relatively flat surface, above which the coastal deposits of the Holocene ingressive phase lie. The sub-
strate of the aggradational succession deposited during sea level rise of marine isotopic stage (MIS) 1 in this
sector is represented by a succession of infralittoral to coastal marine clayey deposits which, according to bore-
hole data [Carboni et al., 1991; Marra and Florindo, 2014], are comprehensive of the transgressive cycles of the
Monte Mario and Monte delle Piche Formations [Conato et al., 1980], deposited during the 1.6–0.9Ma interval
[Cosentino et al., 2009; Marra and Florindo, 2014], as well as that of the highstand systems tract of the Ponte

Table 3. Parameters of the Variogram Models Used for the Construction of the Carbon Dioxide Contour Map by Using Ordinary Kriginga

Direction Nugget Sill Model Maximum Range Minimum Range Anisotropy

CO2 N350 0.65 0.41 Exponential 1300 500 2.6
CH4 N345 700000 3200000 Spherical 1800 900 2.0

aExperimental variograms of carbon dioxide were calculated by using log-transformed data for CO2 and raw data for CH4.

Figure 7. Contour maps of (a) CO2 and (b) CH4. Degassing appears to be focused along narrow strips whose length and width correspond to the major and minor
ranges of the calculated variogram models.

Journal of Geophysical Research: Solid Earth 10.1002/2015JB012557

CIOTOLI ET AL. TIBER DELTA CO2-CH4 DEGASSING 11



Galeria 1 Formation [Milli et al., 2013], correlatingMIS 19 [Marra et al., 1998]. Moreover, outside of the fluvial chan-
nel a fluvial gravel layer (northern sector) [Belluomini et al., 1986] passing laterally to a sandy-gravelly offshore
facies (southern sector) [Bellotti et al., 2007], which is correlated to the MIS 5 aggradational succession based
on paleogeographic andmorphostructural consideration [Marra et al., 2013], overlies the older marine substrate
and is uncomformably overlain by the recent coastal deposit correlated to MIS 1 (Figures 8 and 9). The inner
edge of the MIS 5 aggradational succession (dashed line in Figure 8) is indeed shifted seaward with respect
to that of the MIS 1 aggradational succession (solid line), according to the occurrence of approximately 25m
of tectonic uplift since 125 ka [Bordoni and Valensise, 1998; Karner et al., 2001; Ferranti et al., 2006]. Consistent
to this elevation gain, the basal gravel layer ofMIS 5 aggradational succession occur between 30 and 40mbelow
sea level, i.e., about 25m above that of MIS 1 aggradational succession which is found 60–70m below the sea
level within the Modern Tiber River channel [Marra et al., 2013] (Figure 9).

The aggradational succession of MIS 1 filled the coastal paleomorphologies since the last glacial termination
and is represented by a basal fluvial gravel layer, circa 8m thick, with top lowering westward from �50 to
�60mabove sea level (asl) within the deepest portion of the fluvial channel, passing upward to a several
ten meter thick package of fluvial to lacustrine clay [Marra et al., 2013]. Remarkably, the age of this basal

Figure 8. Satellite map showing the structural setting in the coastal area of the Tiber delta and the thickness of the alluvial
deposits. (a) Limit of the MIS 1 alluvial deposits, (b) limit of the MIS 5 alluvial deposits, (c) isopach lines of the MIS 1
aggradational succession, (d) basal gravel of MIS 1 aggradational succession, and (e) gravel of MIS 5 aggradational suc-
cession. The main morphostructural lineaments in this area, including (f) surface and (g) buried faults and rectilinear tracts
of (h) the river beds have been drawn integrating topographic and satellite image analyses with chronostratigraphic
information (Geologic map of Italy 1:100.000; Sheet 149), based on methods and data in Marra [2001] and Della Seta et al.
[2002] and on the studies on the regional setting [Faccenna et al., 1994a, 1994b; Frepoli et al., 2010]. The geometry of the
alluvial deposits of the Tiber River has been reconstructed based on borehole data in Belluomini et al. [1986], Bellotti et al.
[2007], and Marra et al. [2013]. (i) Borehole and (j) track of cross section of Figure 9.
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gravel layer has beenmisinterpreted also in recent literature [e.g., Bigi et al., 2014;Milli et al., 2013], which attri-
bute it to themiddle Pleistocene Ponte Galeria Sequence. However,Marra et al. [2008, 2013] have shown, also
by means of radiocarbon age determinations, that this gravel represents the basal portion of the MIS 1 aggra-
dational succession which was emplaced between the end of the Last Glacial Maximum and the Last Glacial
Termination, in the time span 18,000–14,000 years B.P. Successively, the accelerated sea level rise during the
glacial termination led to a rapid drop in capacity of the Tiber River and, consequently, to the start of sandy
clay deposition which represents the upper portion of MIS 1 aggradational succession.

A �10 to �30masl, seaward dipping isochrone surface of circa 7500 years marks the passage to a complex
sedimentary body, with alternating foreshore to lagoon facies, transitioning to the alluvial plain [Bellotti et al.,
2007] (Figure 9), deposited within the delta of the Modern Tiber in Holocene times. Deposition of this upper
portion of the alluvial succession occurred throughout the investigated area, affecting the overbank sectors
after the complete filling of the more incised portion of the paleovalley. Its top surface forms the present-day
alluvial plain of the Tiber River along the Tyrrhenian coast and within its fluvial channel. Overall, the recent
alluvial succession in the Fiumicino area represents a variably thick, 40 to 80m, impermeable cover of clayey
to sandy clayey, water saturated sediments, overlying a several hundred meters thick package of overconso-
lidated Plio-Pleistocene marine clay, which, in turn, overlies the Meso-Cenozoic carbonate substrate
[Funiciello and Parotto, 1978;Marra et al., 1995]. The detail of the sedimentary succession is shown in Figure 9.

6. Discussions
6.1. Gas Origin
6.1.1. CO2

Isotopic data confirm the inorganic origin of CO2, which can be produced either by contact metamorphism of
limestone or by magma and mantle degassing, as discussed in previous works [Barberi et al., 2007; Ciotoli
et al., 2013; Carapezza et al., 2015]. Mixing of these two sources is typically invoked for CO2 degassing in cen-
tral Italy [Minissale et al., 1997; Chiodini et al., 2004] but their relative contribution is difficult to assess because
the helium isotopic composition (3He/4He) of the local mantle (the mantle end-member to be considered in
the isotopic model of Sano and Marty [1995]) is not known. The mantle beneath central Italy is not mid-ocean
ridge basalt type, rather it seems to have variable components of asthenospheric mantle similar to HIMU
(high 238U/204Pb) ocean island basalts, and enriched (radiogenic) mantle, the latter being generated from
subduction of the Ionian/Adriatic plate [Tedesco, 1997; Martelli et al., 2004]. In olivine-pyroxene fluid inclu-
sions of the Latium-RCP magmatic sector this crustal contamination resulted in helium isotope ratios, R/Ra,
from 0.4 to 1.7 [Martelli et al., 2004]. Assuming these values as mantle end-member, and based on the
3He/4He vs δ13C model of Sano and Marty [1995], Fiumicino gas (with R/Ra: 0.2 to 0.3) [Barberi et al., 2007;
Carapezza et al., 2015] would have a considerable (up 77%) mantle component [Ciotoli et al., 2013].
However, RCP mantle end-member could have R/Ra ratios higher than those of olivine-pyroxene fluid inclu-
sions, which would imply a larger crustal (limestone) CO2 component. However, knowing whether CO2 is
mainly frommagma/mantle degassing or from contact metamorphism is not essential for our present objec-
tives, as both sources may feed SHGS.
6.1.2. CH4

The origin of methane, whether microbial, thermogenic or abiotic, appears to be more difficult to assess; the
wide range of the stable carbon and hydrogen isotope composition (Table 1 and Figures 10a and 10b) sug-
gests that all three sources may contribute in various degrees at different places.

Based on the discovery of microbial gas issuing from the marine sediments in the Fiumicino offshore,
Carapezza et al. [2015] suggested that methane in the onshore Fiumicino area is a mixture of microbial
and abiotic gas, the latter associated to the deep geothermal source of CO2. The occurrence of an abiotic
component is very likely, but it should not be considerable. The concentration of dominantly abiotic CH4

(δ13C around �25‰) in the geothermal-volcanic areas of the Latium-RCP is in the order of 0.001 to
0.01 vol% [Tassi et al., 2012], similar to geothermal-volcanic systems worldwide [Etiope and Klusman,
2002; Etiope and Ciccioli, 2009]. It is likely, therefore, that also the deep inorganic component of the Tiber
delta gas has abiotic amounts of CH4 in such orders of magnitude. If so, the abiotic component of methane
in the surface manifestations of Fiumicino, occurring in concentrations up to 1.7 vol% in gas vents and
3.7 vol% in the soil, would account for less than 1% of the total.
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Combining the methane/ethane ratio with δ13C, Ciotoli et al. [2013] suggested that also the microbial compo-
nent is trivial, because the data would be far from representing microbial-abiotic mixing. The hydrocarbon
mixture has, instead, typical features of thermogenic gas altered by molecular fractionation, a process fre-
quently observed in seeps [Etiope et al., 2009]. Molecular fractionation is a sort of distillation or the differential
segregation of light hydrocarbon molecules during their migration (advection), which depends on specific
molecule adsorption and solubility properties, and on the gas flux [Etiope et al., 2009, 2011]. The effect is that
gas seeping to the surface has less ethane and propane (i.e., it is dryer, with a higher C1/(C2 + C3) ratio) than
the original. Not considering such a gas alteration mechanism may lead to severe mistakes in interpretations
of gas origin. Since it does not always reflect the original gas composition, the C1/(C2 + C3) ratio (as any con-
centration ratio between two different gas species) may be misleading when applied to seeps. In fact, many
seeps and mud volcanoes have C1/(C2 + C3) ratios typical of microbial gas (>500), but isotopic data and pet-
roleum system evaluations (including direct analysis of reservoir gas) clearly indicate that the gas is, instead,
thermogenic [Etiope et al., 2009, 2011; Darrah et al., 2014, 2015].

We repeat here the test of methane/(ethane+propane) ratio versus δ13C in the so-called Bernard diagram
[Bernard et al., 1978] considering the data reported in Table 1 and those from Carapezza et al. [2015]. For com-
parison we also report 249 data of thermogenic hydrocarbon seeps (methane with δ13C>�50‰) from var-
ious sedimentary basins in Europe, America, Asia, and Oceania (extracted from the GLOGOS—GLobal
Onshore Gas-Oil Seep—data set) [Etiope, 2015]. Two mixing lines are then drawn considering a microbial
end-member (the offshore Fiumicino gas) and two abiotic end-members referring to two geothermal sites
near Rome, Bagni di Tivoli, and Palidoro (data from Tassi et al. [2012]); the latter was assumed by
Carapezza et al. [2015] to be the abiotic end-member in their microbial-abiotic mixing hypothesis (note that
in the diagramwe use Palidoro data from Tassi et al. [2012], because the C1/(C2 + C3) ratio was not assessed by
Carapezza et al. [2015]). All Tiber delta gases are clearly far from the mixing lines and fall in the diagram zone
that is typical of molecular fractionation. Most of the thermogenic gas seeps worldwide fall in this sector. The
C1/(C2 + C3) ratio of the Tiber delta gas ranges from 167 to 4000, which may reflect variable degrees of mole-
cular fractionation. We outline again, however, that our C1/(C2 + C3) ratio and δ13C-CH4 values (analyzed in
various laboratories) are generally higher than those (from 3700 to 9100 and from�46.2 to�51.5‰, respec-
tively) reported by Carapezza et al. [2015]. It is also important to remember that thermogenic gas is not neces-
sarily and always characterized by low C1/(C2 + C3) ratio: high temperature catagenesis in high-maturity

Figure 9. Cross section showing the stratigraphic setting in the coastal plain of the Tiber River and the geochronologic constraints to aggradational successions of
MIS 1 and MIS 5, based on borehole and 14C data from Belluomini et al. [1986], Bellotti et al. [2007], and Marra et al. [2013].

Journal of Geophysical Research: Solid Earth 10.1002/2015JB012557

CIOTOLI ET AL. TIBER DELTA CO2-CH4 DEGASSING 14



source rocks produces “dry” gas, less rich
in C2+ alkanes due to their thermal crack-
ing [e.g., Hunt, 1996]. It is also known that
the amount of C2+ in thermogenic gas
depends on the residence time of the
gas in the source rock: the shorter the
residence time, the higher the C1/(C2
+C3) ratio [Lorant et al., 1998]. Therefore,
the Bernard diagram test suggests that
the biotic methane in the onshore sur-
face manifestations of the Tiber delta is
dominantly thermogenic. Thermogenic
methane is also evidenced in the δ13C
versus δ2H diagram [Schoell, 1980;
Whiticar, 1999] shown in Figure 10b. As
mentioned in section 2.4, petroleum
companies reported in the Tiber delta
area the existence of thermogenic gas,
and even oil, in Oligocene-Cretaceous
Liguride flysch and in the upper
Mesozoic limestone series. Fossil micro-
bial gas occurs in shallower sediments
and may locally contribute to the surface
manifestations. Isotopic analyses of the
gas recovered in the deep boreholes,
and more detailed analyses, including
radiocarbon (14C) of CH4, in the offshore
Fiumicino marine sediments, would be
essential in better deciphering the biotic
gas origin and abundance involved in
the Tiber delta SHGS.

6.2. Evidence of Recent
Tectonic Activity
6.2.1. The Late Holocene Activity of
the NW-SE Trending Fault
The variation in elevation of the top
surface of the MIS 5 gravel layer,
which underlies the Tiber River alluvial
plain sediments in the area north of
Fiumicino (Figure 8), was interpreted
already in Belluomini et al. [1986] and
Bellotti et al. [2007] as resulting from
faulting. Successively, Marra et al. [2013]
reproposed this interpretation given that
the top surface of the gravel layer dis-
plays horizontal attitude over three bore-
holes (S6, S7, and S8; Figure 9) and then
falls 8m below, maintaining a horizontal
attitude at two other consecutive bore-
holes (S9 and S10). In the present study

we provide supporting evidence to the hypothesized recent tectonic activity (i.e., younger than 125,000 year),
reporting the deformation observed in a number of trenches dug in this area (Figure 8). Near the Campo
Salino marsh northern boundary, just south of the NW-SE trending fault reported in Figure 8, deformation

Figure 10. (a) Methane stable carbon isotope composition versus
methane/(ethane + propane) ratio for the gas released in the Tiber
delta, Fiumicino area (see Table 1; FGV: Fiumicino Gas Vent onshore eruption
site; FGVs: soil gas around FGV; TC: Traiano Channel; CV: Canale Vignole),
compared with geothermal gas of the Roman Comagmatic Province
(RCP; Palidoro, Bagni di Tivoli and Solforata; from Tassi et al. [2012]).
Two mixing lines are plotted by assuming microbial end-member
(δ13C =�60.4‰, like the offshore gas vent, and C1/(C2 + C3) = 10000)
and geothermal end-members (Palidoro, as considered by Carapezza
et al. [2015] and Bagni di Tivoli). (b) δ13C-CH4 versus δ2H-CH4 diagram
for the gas discharged at Fiumicino and in the RCP geothermal
manifestations. Genetic CH4 fields are from Etiope et al. [2011] and
Etiope and Sherwood Lollar [2013]. M: Microbial; M.C.R.: Microbial CO2
Reduction; M.A.F.: Microbial Acetate Fermentation; T: Thermogenic;
To: thermogenic with oil; Tc: thermogenic with condensate; TD: dry
thermogenic; TLM: thermogenic low maturity; A: Abiotic; PC: Precambrian
crystalline shields; GV: Geothermal-Volcanic systems; and S: Serpentinized
ultramafic rocks. Solforata (Pomezia), Palidoro, Bagni di Tivoli and Mts.
Sabatini data from Tassi et al. [2012] and Cinti et al. [2011].
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affecting the sediments formedmainly by clay and peaty silts dated between 4426–3997 and 3142–2724 cal years
B.P. have been discussed inGiraudi [2011, 2012]. We point out that this deformation concentrates within a narrow
belt, lying parallel to the NW-SE trending fault and are represented by exfoliation or folding (Figure 11a).
Moreover, unpublished trench excavations have evidenced that the sediments dated around 3000 cal years B.P.
are displaced by faults with maximum offset of about 20 cm (Figure 11b). In addition to the displacement affect-
ing the sediments, in a trench has been observed also that some clay reached the (former) surface trough a fissure
lying on the sediments deformation zone (Figure 11c), suggesting that it was triggered by gas eruption from an
underlying fault. The concentration of the deformation, including normal faulting, along a linear trend parallel to
the major tectonic lineaments affecting terrains as young as 9000 cal years B.P. [e.g., Bigi et al., 2014], is suggestive
of active tectonics, rather than phenomena of sediment compaction. Independent from their genesis, these faults
and fractures represent a preferential pathway for fluids upwelling and gas emission.

Figure 11. Trench investigations in the Campo Salino area (see Figure 8 for location) evidenced diffused deformation
affecting marsh sediments younger than 3000 years, including (a) exfoliation and folding, (b_ normal faulting, and
(c) sand seepage through a fracture.
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6.2.2. The Fiumara Grande
Tectonic Lineament
The data from the studied area suggest
that during the late Holocene both the
NW-SE and SW-NE to E-W trending
fault were active, also if the deforma-
tion rate could have been quite low.
Indeed, when the occurrence of fault
displacement affecting terrains as
young as 3000 years is considered, a
tectonic contribution also to the anom-
alous morphology of the beach ridges
in the area west of the Port of
Claudius and Trajan, displaying an off-
set geometry (Figure 12a), cannot
be excluded.

Figure 12b shows that the progressive
migration of the terminal tract of the
Tiber River channel might have been
driven by the same half-graben tec-
tonic style affecting the Tyrrhenian
Sea margin during Plio-Pleistocene
times [e.g., Faccenna et al., 1994a],
characterized by a series of parallel,
NE-SW trending faults at the footwall
of a main “Apenninic,” NW-SE fault.
In particular, three north dipping nor-
mal faults, progressively rotated from
an E-W to NE-SW direction, seem
responsible for the southern migra-
tion of the Tiber River mouth and
for the asymmetrical development of
the beach ridges among these tecto-
nically active lineaments. On the other
hand, a strict relationship between
rectilinear tracts of the river beds and
the principal directions of Quaternary
faults in this area has beenmentioned
in previous studies [e.g., Marra, 2001;
Della Seta et al., 2002; Ciotoli et al.,
2013], highlighting the possibility that
the deformation may still be active
along these lineaments, as also
inferred by the study of moderate
earthquakes in the area of Rome
[Frepoli et al., 2010].
6.2.3. Recognition of Fiumicino
Half-Graben
Trench data indicating active defor-
mation along the main NW-SW linea-
ment that borders the alluvial coastal
plain in Campo Salino, combined to
the evidence of recent southeastern

Figure 12. (a) The anomalous development of the beach ridges, spanning from
circa 3700–4000 B.C. to the fifteenth and nineteenth centuries AD (I–VIII) [Giraudi
et al., 2009], is interpreted as due to the structurally controlled paleogeographic
evolution of the Tiber delta and the progressive southward migration of the
arms of the river (C-B-A). (b) The morphostructural study conducted for the
present work recognizes the presence of a WSW-ENE oriented half-graben, with
three main fault segments whose activity migrated from north to south.
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migration of the Tiber River branches, controlled by parallel NE-SW trending lineaments, clearly depict the
activity of a transversal half-graben that constitutes the structural framework in which the Tiber delta
emplaced and evolved (Figure 12b). NE-SW half-grabens are typical features of the Tyrrhenian Sea margin
of Italy (e.g., in the coastal area of Ardea, south of the Tiber delta) [Faccenna et al., 1994a] and their activity
controlled the evolution of the coastal area and the emplacement of the volcanic districts of the Roman
Comagmatic Province [Acocella and Funiciello, 2006]. The presence of a NE-SW oriented graben in the
Fiumicino area was actually hypothesized based on seismic survey data for hydrocarbon exploration
[Northern Petroleum, 2002]; data presented here suggest that this structure is an active half-graben.

6.3. Relationship Between Degassing and the Half-Graben Faults

The comparison of the CO2 and CH4 soil gas distribution described in section 5, with the location of the tec-
tonic lineaments described in section 5.3, which are successively recognized as components of an active half-
graben structure in section 6.2, strongly suggest the occurrence of very recent and active deformations along
some fault segments that favor fluid migration to the surface. In particular, the transverse faults along the
Tyrrhenian margin, like those recognized in the Fiumicino half-graben, have crustal extension [Acocella and
Funiciello, 2006] and may represent major pathways of migration for deep crustal or mantle fluids.

Combining the observations described above, we may identify three main degassing zones (see Figures 7
and 12b):

1. Gas vents and the highest soil gas CO2-CH4 values concentrate at the intersection of the most recent,
southernmost NE-SW faults (A in Figure 12b), with the more seaward NW-SE normal fault (D) within the
coastal plain, which seems to have controlled the trend of the Tiber River. Degassing develops, then, along
fault D proceeding northward crossing the international airport area. Several fault planes were actually
identified by seismic lines in this area [Bigi et al., 2014] (F in Figures 1 and 7).

2. A W-E degassing lineament (mainly marked by CO2 anomalies) corresponds to the Tiber River northern
branch (B in Figure 12b).

3. A third westernmost NW-SE degassing lineament (marked by both CO2 and CH4), parallel to D and cross-
ing Fiumicino urban area, suggests a second fault, whichmay correspond to the fault detected by the seis-
mic line at the Fiumara Grande (F in Figures 1 and 7). This may represent a secondary antithetic fault
segment of the graben. The intersection of such a fault with B fault system would lead to a zone of
enhanced fracturation and permeability that may be the cause of the large amounts of gas at the FGV site.

6.4. Hypothesis of a Sediment-Hosted Geothermal System

The concentration and isotopic composition of the methane degassing from the Tiber delta is different from
that observed in other geothermal areas of the RCP. As indicated in section 6.1.2, the CH4 concentration in
gas released from Latium-RCP geothermal-volcanic areas is 2–3 orders of magnitude lower than that released
from the Tiber delta. Also, soil gas data statistically (Table 2) indicate that CH4 concentrations within the soil of
the Tiber delta are much higher than those obtained in other RCP geothermal areas or volcanic areas in Italy.
Vents and soil gas concentrations of methane and heavier alkanes (ethane and propane, C2+) are, instead,
comparable to those typically found in petroleum basins [e.g., Jones and Drozd, 1983; Sechman, 2012].

In surface gas vents, thermogenic gas, characterized by relatively low C2+ concentrations due to molecular
fractionation (typical in surface seeps) or to overmaturation of source rocks, as discussed in section 6.1.2,
appears to be dominant as compared to abiotic methane genetically linked to CO2 and to microbial CH4 that
may be generated in shallower sediments. The considerable biotic component of CH4 associated with
geothermal CO2 suggests a hybrid system of gas sources. Classed-post maps indicate that soil gas sites with
high CO2 concentrations also result in high CH4 concentrations, implying that the two gases, despite different
sources, follow the same migration pathways. Such a condition is typical of SHGS in other regions, where
organic-rich and gas-rich sediments are crossed by deeper geothermal fluids, as described in section 1
[Helgeson, 1968; Welhan and Lupton, 1987; Jamtveit et al., 2004; Mazzini et al., 2011; Holford et al., 2013]. We
hypothesize that the deep-origin CO2, which appears to have the same origin as the CO2 released in sur-
rounding RCP volcanic systems, may strip and transport (upward) the CH4 formed and accumulated within
Meso-Cenozoic sedimentary sequences (see section 2.4). The active half-graben described in sections 6.2
and 6.3 provides the required permeable gas migration pathways.

Journal of Geophysical Research: Solid Earth 10.1002/2015JB012557

CIOTOLI ET AL. TIBER DELTA CO2-CH4 DEGASSING 18



Considering that CO2 is a carrier for CH4, SHGS degassing dynamics have a peculiar role for the atmospheric
emission of greenhouse gases. In fact, it is likely that CH4 occurring within the sedimentary sequences of
the Tiber delta does not have sufficient pressure to migrate autonomously and would not be able to reach
the surface in the absence of deep CO2. In other words, without deep and pressurized CO2, and without the
active fault system that controlled the evolution of the delta, the CH4 trapped in deep sediments would not
be emitted to the atmosphere. CO2-dominant gas vents, in particular, may release considerable quantities of
CH4. Gas flux measurements are recommended for all of the vents and degassing sites within the Tiber delta.
Similar gas surveys in SHGS worldwide may contribute to better estimates for global geological CH4-CO2 emis-
sions to the atmosphere. SHGS should specifically be considered as a geomethane source in addition to the
other types of geo-CH4 sources (i.e., seeps in sedimentary basins and CO2-rich manifestations in geothermal-
volcanic regions) categorized in recent Intergovernmental Panel on Climate Change (IPCC) greenhouse gas
emission inventories [Ciais et al., 2013; Etiope, 2015].

Finally, in addition to the hazards potentially induced by CO2 emissions in urban areas, as discussed in detail
by Carapezza et al. [2015], due to the possibility of explosive concentrations (close to 5 vol% in the presence
of oxygen) near the ground, CH4 can also present a natural hazard. We determined CH4 concentrations in
aerated shallow soils in concentrations up to 3.7 vol%. Therefore, we cannot conclude that higher concentra-
tions will not develop deeper within the soil or under asphalt or cement covers. The finding is particularly
critical considering that (as can be determined by looking at Figure 7) explosive concentrations may occur
inside the international airport compound.

7. Conclusive Summary

Our combined geochemical, soil gas geospatial, and geological data analyses suggest that

1. The Tiber delta is characterized by a hybrid degassing system, a Sediment-Hosted Geothermal System
(SHGS), with emissions of inorganic/geothermal CO2 and biotic (mainly thermogenic) CH4.

2. CO2, the same as for adjacent geothermal-volcanic systems of the RCP and likely sourced in deep crustal
pressurized reservoirs connected to magma chambers or hot igneous intrusions, strips and carries CH4

(and heavier alkanes such as ethane and propane) upward from Ceno-Mesozoic, petroleum-bearing
sedimentary sequences.

3. Such degassing mainly develops along neotectonic fault systems belonging to the half-graben that
controlled the recent evolution of the Tiber delta.

The occurrence of a SHGS and active tectonics within the hinterland of Romemay have significant environmental,
social, and economic implications. Careful verification by means of additional studies is required.
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