Radiocarbon, Vol 60, Nr 2, 2018, p 549-560 DOI:10.1017/RDC.2017.76
© 2017 by the Arizona Board of Regents on behalf of the University of Arizona

USE OF THE RADIOCARBON ACTIVITY DEFICIT IN VEGETATION AS A SENSOR
OF CO, SOIL DEGASSING: EXAMPLE FROM LA SOLFATARA (NAPLES,
SOUTHERN ITALY)

Jean-Claude Lefevre!” * Pierre-Yves Gillot? * Carlo Cardellini® * Marceau Gresse? *
Louis Lesage” * Giovani Chiodini* * Christine Oberlin'

'Univ Lyon, CNRS, ARAR UMR 5138 — Centre de Datation par le Radiocarbone, Villeurbanne, France.

2Université Paris Saclay — GEOPS, Université Paris Sud — CNRS, Orsay, France.

3Universita di Perugia — Dipartimento di Fisica e Geologica, Perugia, Italy.

“Istituto Nazionale di Geofisica e Vulcanologia Sezione di Bologna Ringgold Standard Institution — INGV, Bologna,
Emilia-Romagna, Italy.

ABSTRACT. Soil CO, flux measurement is a key method that can be used to monitor the hazards in an active
volcanic area. In order to determine accurately the variations of the CO, soil emission we propose an approach based
on the radiocarbon (1*C) deficiency recorded in the plants grown in and around the Solfatara (Naples, Italy). We
twice sampled selected poaceae plants in 17 defined sites around the Solfatara volcano. *C measurements by liquid
scintillation counting (LSC) were achieved on the grass samples. The C deficiency determined in the sampled plants,
compared to the atmosphere '*C activity, ranged from 6.6 to 51.6%. We then compared the proportion of magmatic
CO, inferred to the instantaneous measurements of CO, fluxes from soil performed by the accumulation chamber
CO, degassing measurement at the moment of the sampling at each site. The results show a clear correlation
(r=0.88) between soil CO, fluxes and '*C activity. The determination of the plants '*C deficiency provides an
estimate of the CO, rate within a few square meters, integrating CO, soil degassing variations and meteorological
incidences over a few months. It can therefore become an efficient bio-sensor and can be used as a proxy to cartogra-
phy of the soil CO, and to determine its variations through time.

KEYWORDS: bio-sensor, CO, soil degassing, fumarolic activity, Phlegrean Fields, volcanism.

INTRODUCTION

One of the best approaches for monitoring active volcanoes entails measuring the variations of
volcanic gas emissions. Gas release is indeed a typical manifestation of the underground activity
of volcanic systems and often the sole one during non-eruptive periods (Chiodini et al. 1998).
Degassing on active volcanoes occurs in the form of volcanic plumes, fumaroles, bubbles in
thermal waters, and diffuse emanations from the soils (Allard et al. 1991b; Baubron et al. 1991;
Farrar et al. 1995; Hernandez et al. 1998; Delmelle and Stix 1999; McGee et al. 2000; Bergfeld
et al. 2001; Werner and Cardellini 2006). Diffuse soil degassing, in particular, occurs inside
volcanic craters and on the external slopes of volcanic piles, during both quiescent periods and
eruptions, and varies significantly in relation to the level of volcanic activity. Being also more
accessible than hot crater emissions, it thus provides useful opportunities to survey the evolu-
tion of a volcanic system (Badalementi et al. 1991; Baubron et al. 1991; Toutain et al. 1992).
Diffuse soil emanations on volcanoes are usually composed of almost pure carbon dioxide, plus
trace amounts of H,, CHy, and rare gases (Allard et al. 1991b; Baubron et al. 1991; Chiodini
et al. 2012). Carbon dioxide (CO,) is the second-most abundant component of magmatic gases
after water and also the first volatile species to form gas bubbles in magmas at depth owing to its
low solubility. In low-temperature soil gas emanations, water vapor is previously depleted by
condensation, leaving CO, as the predominant compound. In such emissions CO, concentra-
tions approach 100%, in contrast to only 0.04% in standard atmosphere. Therefore, diffuse CO,
emanations are able to generate strong local CO, anomalies in soils and in air, which can even
become lethal when CO, concentrations reach 12—-15%.

Two different techniques, based on infrared gas sensing, are commonly used to measure CO,
emissions from volcanic soils: the accumulation chamber method (ACM) (Parkinson 1981;
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Norman et al. 1992; Chiodini et al. 1998; Allard et al. 2014) and the dynamic concentration
method (DCM) (Gurrieri and Valenza 1988; Camarda et al. 2006). These two techniques can be
operated for either discrete measurements or permanent gas survey. However, both imply
punctual measurement at a given site and require measuring, numerous sites in order to access
the overall CO, degassing pattern and flux. Alternative approaches to determine CO,
fluxes from soil degassing and fumaroles on volcanoes include the use of a CO, Lidar (Pedone
et al. 2015) or local eddy covariance, a key atmospheric measurement technique to calculate
vertical turbulent fluxes within atmospheric boundary layers (Werner et al. 2003; Lewicki et al.
2009, 2012).

Previous studies have demonstrated that volcanic CO, emissions can also be indirectly assessed
from their record in either living plants or the rings of trees growing on active volcanoes (Bruns
etal. 1980; Allard et al. 1997; McGee et al. 1998; Pasquier-Cardin et al. 1999; Cook et al. 2001;
Mostacci et al. 2009; Evans et al. 2010; Lewicki et al. 2014). Magma-derived CO, emitted by
volcanoes is devoid of '*C and thus dilutes the '*C fixed from normal atmosphere during
photosynthesis.

We propose an alternative approach of the CO, flux measurement based on the depletion of '*C
concentration in the plants growing in active volcanic zones, due to their assimilation of a part
of mineral CO», '*C free, from the soil emanation (Allard et al. 1997; Pasquier-Cardin et al.
1999). Our study will check the possible estimate of the intensity of local volcanic CO, emission
by measuring the degree of '*C depletion in living plants with respect to the contemporaneous
standard atmospheric value: "*C analysis of selected plants in active volcanic areas could pro-
vide an indirect opportunity to quantify local CO, fluxes averaged over periods of some weeks.

We present the results of a series of radiocarbon measurements on plants growing within and
nearby the Solfatara crater (Figure 1), the most active vent of the Campi Flegrei caldera in
southern Italy, which is the site of intense fumarolic and diffuse soil degassing.

Volcanological Setting

Located north of the Gulf of Naples and extending partly into the town of Naples (Figure 1),
Campi Flegrei is a large volcanic complex that developed over the last 50 ka (Cassignol and
Gillot 1982; Scandone et al. 1991). Its evolution was marked by two huge ignimbritic eruptions,
which generated two successive caldera collapses: the Campanian Ignimbrite and Neapolitan
Yellow Tuff, dated to around 39 ka and 14 ka, respectively (Gillot and Cornette 1986; De Vivo
et al. 2001; Blockley et al. 2008).

Subsequent activity has been concentrated within and along the rim of the second caldera. The
most important eruptive phase occured during the Bronze Age, between 4400 and 3600 BP
(D’Antonio et al. 1999). Most of the events were explosive (Agnano-Monte Spina, Solfatara,
Astroni, Senga) and their pyroclastic products covered the Neapolitan area. The most recent
eruption in Campi Flegrei happened, in 1538 AD and built Monte Nuovo, a volcanic cone
located NW of the central town of Pozzuoli. The volcanic complex remains very active.
Throughout historic times it has been affected by a “bradyseismic” activity including important
ground deformations, up to several meters, and seismic crises. The phenomenon is well known
since the Roman epoch. A strong bradyseismic crisis preceded the 1538 AD eruption of Monte
Nuovo, followed by subsidence (Dvorak and Gasparini 1991). Then, two new crises affected the
central part of the caldera (Pozzuoli area), one between 1968 and 1972 (0.7 m of ground uplift)
and a second one between 1982 and 1985 (1.8 m of uplift on average).
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Figure 1  Location map of Campi Flegrei in the Neapolitan area and map of Campi Flegrei showing the
limit of the two calderas. The most recent volcanoes, post Neapolitan Yellow Tuff, are all situated along the
rim of the youngest one, around the Gulf of Pozzuoli.
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These uplifts were attributed to either a pressure increase in the magma chamber (Bonafede
et al. 1986), an increasing input of magmatic gas into the shallower hydrothermal system
(De Natale et al. 1991; Chiodini et al. 2003; Bonafede and Ferrari 2009) or a magma intrusion
(D’Auria et al.2015). Campi Flegrei was affected by extensive CO, degassing, thoughout its
history, as revealed by a recent isotopic study of the calcite present in the volcanic products of
different age (Chiodini et al. 2015a). The recent bradyseismic crises were actually accompanied
or even preceded by an increased degassing activity and by a greater efflux of magma-derived
CO; in the fumarolic emissions (Chiodini et al. 2012). CO, degassing to the open air mainly
occurs inside and around the central Solfatara volcano. After Mount Etna (Allard et al. 1991a),
Solfatara volcano supports the second largest emission of volcanic CO, in Europe: 1500 t/day of
CO, (Chiodini et al. 2001; Granieri et al. 2010), together with 3300 t/day for H,O. The '*C
content of the CO, demonstrates its magmatic derivation (Caliro et al. 2007). The rising
magmatic gas encounters hydrothermal meteoric aquifers at about 2km depth, producing
hydrothermal steam at 360°C under 200-250 bar pressure (Gottsmann et al. 20006).

Geochemical studies indicate that the CO, content and the temperature of Solfatara fumaroles
have gradually increased since 2006, in coincidence with increasing ground deformation and
seismicity, probably as a consequence of a greater influx magmatic gas at depth (Chiodini et al.
2011, 2012).

The fumarolic activity at Solfatara volcano also extends outside the crater, especially in the
eastern external zone of Pisciarelli (points 12 and 13 in Figure 2), where new and strongly
degassing vents recently formed (December 2009). The increased fumarolic activity, together
with important compositional variations of the discharged fluids, were recently interpreted as
evidence of ongoing volcanic unrest (Chiodini et al. 2015b).

This intense activity raises an important challenge for civil defence because the Campi Flegrei
area hosts close to a half million people in addition to the 2 million people living in the nearby
Naples urban district up to Mount Vesuvius to the east. This makes the Naples agglomeration
one of the most dangerous volcanic zones in the world (Barberi et al. 1984). Continuous volcano
monitoring and assessing CO, emissions, both in space and time, are therefore essential.

METHODS

The approach developed here, based on the "*C deficit in grass, presents a double interest: first, it
allows us to estimate the volcanic CO, emission over a period of 2 to 6 months, depending on the
growth rate of the plants; and secondly it makes it possible to determine the effect of very low
volcanic CO, concentrations added to the local atmosphere on apparent '“C plant age. Grass
growing at low soil level is indeed more sensitive to CO, soil degassing than higher trees and their
leaves. Most of the grass sample selected for this study are poaceae, also commonly called graminae.
It is a typical grass with leaves growing from the base, has a quite rapid growth, and does not exceed
50cm in height. In order to get fresh samples, the grass was first mowed short (in autumn 2012).
Two successive samplings were conducted, in March 2013 (plant growth between October and
March), and in May 2013 (plant growth between March and May). We collected grass samples
both inside and outside Solfatara crater, at 17 sites, distributed over a 1.5km? area (Figure 2).
Sampling sites were chosen as a function of the variability of the soil CO, flux already recognized by
ACM measurements (Chiodini et al. 2001), taking account of their location with respect to the main
fulmarolic vents and the topography of the area. Some sites were located close to the most active
fumaroles inside the crater, where the vegetation is reduced due to the temperature and acidity of
the soil (points 3 and 4), while others are near the very active new fumaroles of Pisciarelli (base of the
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Figure 2 (a) The location of the sampling site; (b) the oblique view reveals the relief.

eastern external slope), and on the rim of the Agnano-Monte Spina plain (12 and 13). Most of the
other sites are remote from fumarolic zones and are located, either in suburban area (camping sites,
gardens, or fields), or on the crater rim and out of the volcano.
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Together with plant sampling, the soil CO, flux was measured in situ with the ACM metho-
dology at each site (Chiodini et al. 1998). The ACM comprises an accumulation chamber
covering 0.0314m? of the ground, and traps the soil gas emanation. It is connected to an
infrared spectro-photometer which measures CO, concentrations, in the range 0-20,000 ppm.
The gas accumulating in the chamber is pumped through the spectrometer and is re-injected
into the chamber to avoid chamber depressurisation. The slope of the temporal increase
function provides the CO, flux in g.m >.day ' (Chiodini et al. 1998).

Our plant samples were analyzed in the Centre de Datation par le Radio-Carbone in Lyon
(France). Before being processed for radiocarbon analysis, the samples were dried out for about
one month. The '*C analysis was made on 30g of dried plant material, using the classical
chemical pretreatment (acid-base-acid); the CO, was extracted from about 12 g of the sample,
giving about 4 g of synthesized benzene. The radiocarbon activity is then measured by liquid
scintillation counting (TRICARB — Packard, Perkin-Elmer), calibrated against international
sample references (oxalic acid II and sucrose) (Mann 1983; Stuiver and Polach 1977; Mook
and van der Plicht 1999). The '“C age is corrected by taking into account the *C/'*C ratio,
referenced to PDB standard that was measured at ISA Villeurbanne (France).

RESULTS AND DISCUSSION

The soil CO, flux, the 8'°C of the plants and their '*C activity, are reported in Table 1. The
standard '*C activity for plants grown in pure atmosphere was measured at 104.0 + 0.3% or
14.1 dpm for 2013 samples and 103.0 £ 0.3% or 14.0 dpm for 2014 samples (internal laboratory
reference). In 2014, we obtained an equivalent reference value of 102.5 £ 0.3% for a same plant
growing on the top of Camaldoli Hills, on the external border of Campi Flegrei caldera. This
value is slightly lower than the internal laboratory reference, but within the range of the ana-
lytical uncertainty.

The locally measured soil CO, fluxes range from 15 to 1412 g.m 2.day '. The '*C activity in our
plant samples varies between 97.4% and 52.4%, implying an assimilation of between 6.6% and
51.6% of volcanic carbon devoid of "*C. The highest proportion of volcanic CO, results in an
apparent age of 5194 BP for the corresponding plant samples.

We present in Figure 3 the overall variations of '*C activity in our samples against the in situ
measured CO, flux (ACM). The data points show some scattering, which can easily be
explained by the differences in temporal recording of the two approaches and by the sensitivity
of the both CO, flux and the amount of air dilution to changing meteorological conditions. The
gas flux has been shown to depend on the meteorological conditions (wind, rainfall and baro-
metric pressure) (Carapezza et al. 2009, 2011). However, nearly all the points plot in two
envelopes near a regression line showing a relative correlation (r = 0.88) between the '*C deficit
in plants and the measured CO, flux. We consider the lower envelope as best would representing
the relationship between the CO, emanation rate and the proportion of volcanic carbon inte-
grated in the plants, which is inversely proportional to the measured "*C activity. The data
points plotting well above that envelop in Figure 3 likely result from enhanced air dilution of the
volcanic CO, and its lower integration in the plants, due to a stronger site exposure to wind and
meteorological dispersion. This defines an upper envelope in which, however, the proportion-
ality between '*C activity and CO, flux still persists.

We thus find that the '*C activity of plants growing at Solfatara volcano clearly records the
volcanic emanations of CO,, with a large range of sensitivity. '*C depletion in each plant
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Table 1 Flux measured, 8'°C and '*C activities measured in the 17 selected sampling sites.

CO, flux (g/m>.d) Plants cut in March 2013 Plants cut in May 2013
Sample East (m) North (m)  October March May 83C 4C Activity  Age *C  8'*C 4C Activity  Age '*C
number UTM_ED50 UTM_EDS50 2012 2013 2013 (%) (%) (BP) (%) (%) (BP)
S0 431886 4523429 — — — — — — -30.94 102.5%0.3 —
S1 427340 4520160 232 208 193 -32.56 79.4%0.3 1852+30 —-32.91 84.0%0.3 1400 = 30
S2 427531 4520332 612 597 594 — — — -13.56 65.6%£0.3 3387 £ 35
S2 box 427531 4520332 612 597 594 — — — -10.79 38.0%x0.2 7800 * 30
S3 427700 4520198 379 114 213 -14.32 752%03 2290+30 —13.87 772103 2080 £ 30
S4 427691 4520288 447 738 974 -12.72 52.4%0.2 5194+35 —12.1 52.7+04 5145+30
S5 427400 4520443 224 364 364 -31.44 82.1%£03 1589+ 30 —13.5 86.71£0.3 1147 £ 30
S6 427224 4520135 244 135 — -30.29 81.0+0.3 169030 — — —
S7 427418 4519989 192 — 222 — — — -12.4 84.7+0.3 1330+ 35
S8 427548 4520543 21 21 35 -28.61 854%03 1265+£30 —27.25 87.4%0.3 1080 + 30
S9 427761 4520323 18 — 20 — — — -17.68 924%0.3 630+ 30
S10 427903 4519999 177 — 137 — — — -20.41 82.1%£0.2 1580+ 25
S11 427810 4519913 723 209 495 =22.12 59.4%0.3 4185+35 -1243  66.6+0.2 3260 * 30
S12 428188 4520361 15 98 103 -14.29 82.1%£0.3 1581£30 —12.91 81.1%0.3 1685 %25
S13 428107 4520300 335 112 159 -31.46 70.1+£0.3 2850+£30 —27.76  69.1£0.3 2970 £ 30
S14 428211 4520150 113 234 243 — — — -9.65 87.3%0.3 1090 £ 30
S15 428198 4520526 69 60 54 — — — -29.14  96.3%0.3 300 £25
S16 427621 4507772 911 1412 854 -33.13 68.7%£0.3 3010£35 —13.53  93.9+0.3 505+25
S17 427493 4519564 61 64 64 — — — -14.4 97.4%0.3 21025
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Figure 3  Graph of the “C activities measured in the plants against the Mean CO, fluxes measured in each site.
The central curve corresponds to the regression line (R = 0.88); the inferior line corresponds to the less
contribution of the meteorological conditions; the upper one the larger contribution. Si: sampled in March 2013;
Si*: sampled in May 2013.

sample provides an average estimate of the local CO, emission both in spaces (over a few m?)
and, in time (between two successive sampling) and thus integrates the temporal variability of
the gas flux. In order to check the sensitivity of our plant “sensor,” we collected and analyzed
two plant samples distant by one meter at point S9 (in May 2014). The two results 90.03 + 0.3%
and 91.52 * 0.32% (ACM: 29.6g.m .day '), rather comparable, appear nevertheless sig-
nificantly different beyond the range of the analytical accuracy. The values are near to that
measured (92.4 + 0.2%) on the May 2013 sample and show that the signal can be consistently
recognized even at the site with the lowest flux of any measured in our study (18-20 g.m 2.day ).
Most of the results, for a given site, stay within a + 5% range of variation, except for point 16
where an anomalous variation is observed for both the direct CO, flux measurement and the
radiocarbon activity in the plants. This point is located close to an active fracture system, linked to
the Pisciarelli fumaroles. Such a particular location may be responsible important short-term and
longer-term variations in the degassing rate, which could thus explain the variability in '*C
depletion at that site.

Allard et al. (1997) and Pasquier et al. (1999) demonstrated that '*C depletion in plants growing
on volcanoes can also be associated with significant anomalies in 6'°C. Here we observe the
same effect at Solfatara crater: the bulk 8'°C of the plants broadly increases with the local
intensity of CO, degassing, in agreement with the mixing between standard atmospheric CO,
(—8%0) and the volcanic CO, feeding Campi Flegrei (-0.73 to 1.87%o) (Allard et al. 1991b; Caliro
et al. 2007). Figure 4 shows 8'*C values against the '*C activity of our samples. We observe a
difference between the two groups of C3 and C4 plants (as determined by 8'°C measurements)
except for three points corresponding likely to mixed sample. The mixing between atmospheric
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Figure 4  Graph of the '*C activities against §'°C measured in the
plants for the C3 and C4 groups.

and volcanic CO, is clear for the C4 group of plants but not apparent for the C3 group; indeed,
as evidenced by Farquhar et al. (1989), the carbon isotope discrimination evolution versus the
ratio of intercellular and ambient partial pressures of CO, in the C3 and C4 group is different.
Note that the 8'°C was determined in order to correct the '“C activity measurements of the
isotope fractionation not only due to plant photosynthesis but also to take account of chemical
pretreatment and sample burning.

Finally, in 2014 we also sampled plants on the slope of Monte Nuovo, the most recent volcanic
vent in Campi Flegrei, but far from any visible fumarolic emission. '*C activity in these plants is
measured at 100.9 + 0.3%, indicating a small '*C deficit of 1.5% compared to atmosphere,
which is above our analytical uncertainty. Such a value, which corresponds to an apparent age
of around 150 yr BP, indicates some contamination of the plants by a diffuse degassing of CO,
through the volcanic soil. We thus find that plants living within the central part of Campi
Flegrei caldera display apparent radiocarbon ages ranging from 5194 yr BP to 156 yr BP. These
new data raise again the possibility of biased '*C dating of volcanic deposits due to active '*C
devoid emanations of magma-derived CO, in volcanic areas (Saupé et al. 1980; Rolandi et al.
1998; Passariello et al. 2009).

To improve the detectability of *C depletion in the plants as a sensor of the local CO, soil
degassing and to limit as far as possible the air dilution effect due to the wind, we positioned a
greenhouse-like plastic box over an area about 1 m? of grass within the point 2 zone. By doing
this, we measured that the '*C activity in the plants decreased from 76.3% (sampled in October
2012) down to 38.0% while the §'>C was lowered from —12.62 to —10.79%o. Therefore, the use of
such a plastic box can significantly increase the actual volcanic CO, signal at a given site of
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emission. The sensitivity of such a “bio-sensor” can be extended to other applications (e.g. very
low soil degassing or to detect possible leak in CO, storage sites).

CONCLUSIONS

Our results are compared with the data obtained from contemporaneous ACM CO, flux
measurements at the same sites and thus allow investigating the impact of CO, emissions in
Solfatara crater. We have correlated the '*C deficit in plants with the mean CO, flux measured.
It demonstrates that grass and plants growing in degassing areas of the Campi Flegrei volcanic
complex (Solfatara crater, Pisciarelli zone, Monte Nuovo) typically record the imprint of CO,
emanations in terms of both '*C depletion and 8'*C mixing anomalies. Campi Flegrei is thus
another volcanic area where such an effect of volcanic degassing is estimated using the *C
deficit in plants.

Grass sampling at the sites used for our study could be renewed with a few weeks’ periodicity
between March and November; as such, they would provide the average degassing behavior
making it possible to analyze more in detail the spatial and temporal variations of volcanic
degassing. Moreover, the grass growing at low soil level is indeed more sensitive to CO, soil
degassing. Therefore, future studies on plants growing in active volcanic zones should be
systematically focused on grass within a few centimeters above soil surface. Complementary
to ACM repeated measurements, our approach gives a weighted mean integrating the daily
variations; it allows the mapping of protracted degassing on active volcanoes and may thus
usefully contribute to the surveillance of quiescent volcanoes during long and dangerous phases
of unrest.

ACKNOWLEDGMENTS

Many thanks to Patrick Allard, William C Evans, and an anonymous reviewer whose correc-
tions and suggestions are greatly appreciated and permit us to improve this work. The authors
also wish to thank Viviane Belon for '*C sample treatment, and Stefano Caliro and Rosario
Avino for their helpful presence in the field. Thank you to David Crawford-White for his
English proofreading. The study has benefited from funding provided by the Italian Presidenza
del Consiglio dei Ministri Dipartimento della Protezione Civile (DPC), projetto V2 precursori
di eruzioni. This paper does not necessarily represent DPC official opinion and policies. This is
LGMT contribution number 137.

REFERENCES

Allard P, Carbonnell J, Dajlevic D, Le Bronec J, Allard P, Aiuppa A, Beauducel F, Gaudin F, Di
Morel P, Robe MC, Maurenas JM, Faivre-Pierret R, Napoli R, Calabrese S, Parello F, Crispi O,
Martin D, Sabroux J-C, Zetvog P. 1991a. Eruptive Hammouya G, Tamburello G. 2014. Steam and
and diffuse emissions of CO, from Mount Etna. gas emission rate from La Soufriere volcano,
Nature 351:387-91. Guadeloupe (Lesser Antilles): implications for

Allard P, Maiorani A, Tedesco D, Cortecci G, Turi B. the magmatic supply during degassing unrest.
1991b. Isotopic constraints on the origin of sulfur Chemical Geology 384:76-93.
and carbon in Solfatara fumaroles, Campi Flegrei D’Auria L, Susi P, Castaldo R, Giudicepietro F,
caldera. Journal of Volcanology and Geothermal Macedonio G, Ricciolino P, Tizzani P, Casu F,
Research 48:139-59. Lanardi R, Manzo M, Martini M, Sansosti E,

Allard P, Pasquier-Cardin A, Fontugne M, Hatté C, Zinno 1. 2015. Magma injection beneath the
Baubron J-C. 1997. #C-aging of Plants by urban area of Naples: a new mechanism for 2012—
Diffuse Soil Degassing in Volcanic Areas and 2013 volcanic unrest at Campi Flegrei caldera.
its Bearing Upon Radiocarbon Dating of Volcanic Scientific Reports 5. DOI: 10.1038/srep13100.
Eruptions. Puerto Vallarta, Mexico: IAVCEI Badalamenti B, Gurrieri S, Hauser S, Parello F,
Assembly. 108 p. Valenza M. 1991. Change in the soil CO, output

https://doi.org/10.1017/RDC.2017.76 Published online by Cambridge University Press


https://doi.org/10.1017/RDC.2017.76

at Vulcano during the summer 1988. Acta Vulcano-
logica 1:219-21.

Barberi F, Corrado G, Inocenti F, Luongo G. 1984.
Phlaegrean Fields 1982-1984: brief chronical of a
volcano emergency in a densely populated area.
Bulletin of Volcanology 47:175-85.

Baubron JC, Allard P, Sabroux J-C, Tedesco D,
Toutain JP. 1991. Soil gas emanations as pre-
cursory indicators of volcanic eruptions. Journal
of the Geological Society London 148:571-76.

Bergfeld D, Goff F, Janik CJ. 2001. Elevated carbon
dioxide flux at the Dixie Valley geothermal field,
Nevada; relations between surface phenomena
and the geothermal reservoir. Chemical Geology
177:43-66.

Blockley SPE, Ramsey CB, Pyle DM. 2008. Improved
age modelling and high precision age estimate of
late quaternary tephras, for accurate paleoclimate
reconstruction. Journal of Volcanology and
Geothermal Research 177:251-62.

Bonafede M, Dragoni M, Quareni F. 1986.
Displacement and stress fields produced by a
centre of dilatation and by a pressure source in a
visco-elastic half space: application to the study of
ground deformation and seismic activity at Campi
Flegrei, Italy. Geophysical Journal of the Royal
Astronomical Society 87:455-85.

Bonafede M, Ferrari C. 2009. Analytical models
of deformation and residual gravity changes
due to a Mogi source in a visco-elastic medium.
Tectonophysics 471:4-13.

Bruns M, Levin I, Miinnich KO, Hubberten HW,
Fillipakis S. 1980. Regional sources of volcanic
carbon dioxide and their influence on 'C content of
present-day plant material. Radiocarbon 22(2):532-6.

Caliro S, Chiodini G, Moretti R, Avino R, Granieri D,
Russo M, Fiebig J. 2007. The origin of the fumar-
oles of La Solfatara (Campi Flegrei, South Italy).
Geochimica et Cosmochimica Acta 71:3040-55.

Camarda M, Gurrieri S, Valenza M. 2006. CO, flux
measurements in volcanic areas using the dynamic
concentration method: the influence of the soil
permeability. Journal of Geophysical Research 111
(B5). DOI: 10.1029/2005JB003898.

Carrapezza ML, Ricci T, Ranaldi M, Tarquini L.
2009. Active degassing structures of Stromboli
and variations in diffuse CO, output related to the
volcanic activity. Journal of Volcanology and
Geothermal Research 182:231-45.

Carrapezza ML, Barberi F, Ranaldi M, Ricci T,
Taquini L, Barancos J, Fisher C, Perez N,
Weber K, Di Piazza A, Gattuso A. 2011. Diffuse
CO; soil degassing and CO, and H,S concentra-
tions in air and related hasards at Vulcano Island
(Aeolian arc, Italy). Journal of Volcanology
Geothermal Research 207:130-44.

Cassignol C, Gillot P-Y. 1982. Range and effective-
ness of unspiked potassium-argon dating: experi-
mental groundwork and applications. In: Odin
GS, editor. Numerical Dating in Stratigraphy.
Willey and Sons. p 159-79.

https://doi.org/10.1017/RDC.2017.76 Published online by Cambridge University Press

Use of the "*C Activity Deficit in Vegetation 559

Chiodini G, Cioni R, Guidi M, Raco B, Marini L.
1998. Soil diffusion flux measurements in volcanic
and geothermal areas. Applied Geochemistry
13:543-52.

Chiodini G, Frondini F, Cardellini C, Granieri D,
Marini L, Ventura G. 2001. CO, degassing and
energy release at Solfatara Volcano, Campi
Flegrei, Italy. Journal of Geophysical Research
106(B8):16, 21316, 223.

Chiodini G, Todesco M, Caliro S, Del Gaudio C,
Macedonio G, Russo M. 2003. Magma degassing
as a trigger of bradyseismic events: the case of
Phlegrean Fields (Italy). Geophysical Research
Letters 30(8):1434.

Chiodini G, Avino R, Caliro S, Minopoli C. 2011.
Temperature and pressure gas geo-indicators at
the Solfatara Fumaroles (Campi Flegrei). Annales
Geophysicae 54(2):151-60.

Chiodini G, Caliro S, De Martino P, Avino R,
Gherardi F. 2012. Early signals of new volcanic
unrest at Campi Flegrei caldera? Insights from
geochemical data and physical simulations.
Geology 40:943-6.

Chiodini G, Pappalardo L, Aiuppa A, Caliro S.
2015a. The geological CO, degassing history of a
long-lived caldera. Geology 43:767-70.

Chiodini G, Vandemeulebrouck J, Caliro S,
D’Auria L, De Martino P, Mangiacapra A,
Petrillo Z. 2015b. Evidence of thermal driven
processes triggering the 2005-2014 unrest at
Campi Flegrei caldera. Earth and Planetary
Science Letters 414:58-67.

Cook AC, Hainsworth LJ, Sorey ML, Evans WC,
Southon JR. 2001. Radiocarbon studies of plant
leaves and tree rings from Mammoth Mountain,
CA: a long-term record of magmatic CO, release.
Chemical Geology 177(1-2):117-31.

D’Antonio M, Civetta L, Orsi G, Pappalardo L,
Piochi M, Carandente A, De Vita S, Di Vito MA,
Isaia R. 1999. The present state of the magmatic
system of the Campi Flegrei caldera based on a
reconstruction of its behaviour in the past 12 ka.
Journal of Volcanology and Geothermal Research
91:247-68.

Delmelle P, Stix J. 1999. Volcanic gases. Encyclopedia
of Volcanoes. 1st edition. Academic Press.
p 803-15.

De Natale G, Pingue F, Allard P, Zollo A. 1991.
Geophysical and geochemical modelling of the
1982-1984 unrest phenomena at Campi Flegrei
caldera (Southern Italy). Journal of Volcanology
and Geothermal Research 48:199-222.

De Vivo B, Rolandi G, Gans PB, Calvert A, Bohrson
WA, Spera FJ, Belkin HE. 2001. New constraints
on the pyroclastic volcanic history of the Campa-
nian volcanic Plain (Italy). Mineralogy and
Petrology 73:47-65.

Dvorak JJ, Gasparini P. 1991. History of earthquakes
and vertical ground movements in Campi Flegrei
caldera (Southern Italy): a comparison of pre-
cursor events to the AD eruption of Monte Nuovo


https://doi.org/10.1017/RDC.2017.76

560 J-C Lefevre et al.

and of activity since 1968. Journal of Volcanology
and Geothermal Research 48:77-92.

Evans WC, Bergfeld D, McGeehan JP, King J,
Heasler H. 2010. Treering *C links seismic warm to
CO, spike at Yellostone, USA. Geology 38:1075-8.

Farquhar GD, Ehleringer R, Hubic KT. 1989.
Carbon isotope discrimination and photo-
synthesis. Annual Review of Plant Physiology and
Plant Molecular Biology 40:503-37.

Farrar CD, Sorey ML, Evans WC, Howle JF, Kerr BD,
Kennedy BM, King CY, Southon JR. 1995. Forest
killing diffuse CO, emission at Mammoth Moun-
tain as a sign of magmatic unrest. Nature 376:675-8.

Gillot PY, Cornette Y. 1986. The “Cassignol techni-
que” for potassium-argon dating, precision and
accuracy: examples from the Late Pleistocene to
recent volcanics from Southern Italy. Chemical
Geology (Isotope Geoscience section) 59:205-22.

Granieri D, Avino R, Chiodini G. 2010. Carbon
dioxide diffuse emission from the soil: ten years of
observations at Vesuvio and Campi Flegrei
(Pozzuoli) and linkages with volcanic activity.
Bulletin of Volcanology 72:103-18.

Gottsmann J, Rymer H, Berrino G. 2006. Unrest at
the Campi Flegrei caldera (Italy): a critical eva-
luation of source parameters from geodetic data
inversion. Journal of Volcanology and Geothermal
Research 150:132-45.

Gurrieri S, Valenza M. 1988. Gas transport in natural
porous mediums: a method for measuring CO,
flows from the ground in volcanic and
geothermal areas. Rendiconti della Societa italiana
di mineralogia e petrologia 43:1151-8.

Hernandez PA, Perez N, Salazar JM, Nakai S,
Notsu K, Wakita H. 1998. Diffuse emissions
of carbon dioxide, methane, and helium-3
from Teide volcano, Tenerife, Canary Islands.
Geophysical Research Letters 25:3311-14.

Lewicki JL, Hilley GE. 2009. Eddy covariance
mapping and quantification of surface CO,
leakage fluxes. Geophysical Research Letters
36(21):L21802.

Lewicki JL, Hilley GE, Dobeck L, Marino BDV.
2012. Eddy covariance imaging of diffuse volcanic
CO, emissions at Mammoth Mountain,
CA, USA. Bulletin of Volcanology 74(1):135-41.

Lewicki JL, Hilley GE, Shelly DR, King JC,
Mc Geehin JP, Mangan M, Evans WC. 2014.
Crustal migration of CO,-rich magmatic fluids
recorded by tree-ring radiocarbon and seismicity
at Mammoth Mountain, CA, USA. Earth and
Planetary Science Letters 390:52-8.

Mann WB. 1983. An international reference material for
radiocarbon dating. Radiocarbon 25(2):519-22.
McGee KA, Gerlach TM. 1998. Annual cycle of
magmatic CO, in a tree-kill soil at Mammoth
Mountain, California: implications for soil acid-

ification. Geology 26:463-6.

McGee KA, Gerlach TM, Kessler R, Doukas MP.
2000. Geochemical evidence for a magmatic
CO, degassing event at Mammoth Mountain,

https://doi.org/10.1017/RDC.2017.76 Published online by Cambridge University Press

California, September—October 1997. Journal of
Geophysical Research 105:8447-56.

Mook WG, van der Plicht J. 1999. Reporting '*C
activities and concentrations. Radiocarbon 41(3):
227-39.

Mostacci D, Chiodini G, Berti C, Tinazzi O. 2009.
Carbon-14 as a marker of seismic activity.
Radiation Effects and Defects in Solids 164(5):
376-81.

Norman JM, Garcia R, Verma SB. 1992. Soil surface
CO; fluxes and the carbon budget of a grass land.
Journal of Geophysical Research 97:18845-53.

Parkinson KJ. 1981. An improved method for mea-
suring soil respiration in the field. Journal of
Applied Ecology 18:221-8.

Passariello I, Albore Livadie C, Pierfrancesco T,
Lubritto C, D’Onofrio A, Terrasi F. 2009. “C
Chronology of Avellino pumices eruption and
timing of human reoccupation of the
devastated region. Radiocarbon 51(2):1-14.

Pasquier-Cardin A, Allard P, Ferreira T, Hatté¢ C,
Coutinho R, Fontugne M, Jaudon M. 1999.
Magma derived CO, emissions recorded in '*C
and 3C content of plants growing in Furnas
caldera, Azores. Journal of Volcanology and
Geothermal Research 92(1-2):195-207.

Pedone M, Aiuppa A, Giudice G, Grassa F,
Cardellini C, Chiodini G, Valenza M. 2015.
Volcanic CO2 flux measurement at Campi Flegrei
by tuneable diode laser absorption spectrometrie.
Bulletin of Volcanology 76:812.

Rolandi G, Petrosino P, Geehin JM. 1998. The inter-
plinian activity at Somma-Vesuvius in the last
3500 years. Journal of Volcanology and Geo-
thermal Research 82:19-52.

Saupé F, Strappa O, Coppens R, Guillet B, Jaegy R.
1980. A possible source of error in *C dates:
volcanic emanations (examples from the Monte
Amiata district, provinces of Grosseto and
Siena, Italy). Radiocarbon 22(2):525-31.

Stuiver M, Polach H. 1977. Discussion: reporting of
14C data. Radiocarbon 19(3):355-63.

Toutain J-P, Bachelery P, Blum P-A, Cheminee JL,
Delorme H, Fontaine L, Kowalski P, Taochy P.
1992. Real time monitoring of vertical ground
deformations during eruptions at Piton de la
Fournaise. Geophysical Research Letters 19(6):
553-56.

Scandone R, Belluci F, Lirer L, Rolandi G. 1991. The
structure of the Campanian Plain and the activity
of the Neapolitan volcanoes, Italy. Journal of
Volcanology and Geothermal Research 48:1-31.

Werner C, Chiodini G, Granieri D, Caliro S, AvinoR,
Russo M. 2003. Eddy covariance measurments of
hydrothermal heat flux at Solfatara volcano,
Navples, Italy. Earth and Planetary Science Letters
210:561-77.

Werner C, Cardellini C. 2006. Comparaison of carbon
dioxide emissions with fluid upflow, chemistry,
and geologic structures at the Rotorua geothermal
system, New Zealand. Geothermics 35:221-38.


https://doi.org/10.1017/RDC.2017.76

	Use of the radiocarbon activity deficit in vegetation as a sensor of CO2 soil degassing: example from La Solfatara (Naples, Southern�Italy)
	INTRODUCTION
	Volcanological Setting

	Figure 1   Location map of Campi Flegrei in the Neapolitan area and map of Campi Flegrei showing the limit of the two calderas.
	METHODS
	Figure 2   (a) The location of the sampling site; (b) the oblique view reveals the relief.
	RESULTS AND DISCUSSION
	Table 1Flux measured, &#x03B4;13&#x0421; and 14C activities measured in the 17 selected sampling�sites.
	Figure 3   Graph of the 14C activities measured in the plants against the Mean CO2 fluxes measured in each site.
	Figure 4   Graph of the 14C activities against &#x03B4;13&#x0421; measured in the plants for the C3 and C4 groups.
	CONCLUSIONS
	ACKNOWLEDGMENTS
	ACKNOWLEDGEMENTS
	REFERENCES


