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Why studying the geologic carbon cycle?

Studying the geologic carbon cycle and in particular the fluxes of carbon bearing gases (CO2-CH4) from the solid Earth to the
atmosphere is of crucial importance for the comprehension of numerous natural processes at different time scales:

- the evolution of the atmosphere and climate,

- the role of crustal fluids in geodynamic processes (volcanism and seismicity),

- the convective heat transfer from the deep Earth to the surface.




When and how we started?

1995 - Using CO2 for geothermal prospection

Geothermics
Volume 24, Issue 1, February 1995, Pages 81-94
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DEEP STRUCTURES AND CARBON DIOXIDE
DEGASSING IN CENTRAL ITALY

G. CHIODINI, F. FRONDINI and F. PONZIANI

Department of Earth Sciences, University of Perugia, Piazza Universita, 06100 Perugia, ltaly

(Received January 1994; accepted for publication June 1994)
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Deep geothermal systems can cause a
CO2 anomaly at the surface
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1996 - Measuring soil CO:2 fluxes from volcanoes

Bull Volcanol (1996) 58:41-50
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G. Chiodini - F. Frondini - B. Raco

© Springer-Verlag 1996

Diffuse emission of CO, from the Fossa crater, Vulcano Island (ltaly)
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For the first time, the flux of
carbon dioxide from a volcano
was measured, using the
accumulation chamber
method
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We enjoyed measuring CO2 fluxes, from volcanoes all over the world...
NISYROS (GREECE) 1998 - 2021
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but our favourite place has always been Solfataral

Monitoring diffuse volcanic degassing during volcanic unrests: the case of Campi Flegrei (Italy)
Most of the sub-aerial hydrothermal activity of Campi Flegrei concentrates at Solfatara of

Pozzuoli were are located fumarolic emissions and a large area of CO, soil diffuse degassing
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The system feeding the degassing

Fumarolic emissions and CO, soil diffuse degassing are fed by Solfatara hydrotermal system.

COz ~ 1500 t d1¢

Pozzuoli '] Solfatara
SW NE
condensed A
steam W f
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From Chiodini et al., (2015)

The main features of the hydrothermal are:

1) a deep zone of gas accumulation
(‘'magmatic gas') which is located at ~4km
in depth (Vanorio et al., 2005), and which
supplies hot gas to the system.

2) a shallower reservoir (~2km), where
magmatic fluids mix and vaporize liquid of
meteoric origin, that forms the Solfatara
vapor plume.

This scheme was first inferred from geochemical
interpretations (e.g., Caliro et al., 2007, 2014; Chiodini et al,,
2012), highlighted by the re-interpretation of seismic
tomography (Chiodini et al., 2015; Battaglia et al 2008, Zollo
et al.,, 2006) and supported by inversion of the ground
deformations (Amoruso et al., 2014).
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Measurements of CO, fluxes fromdiffuse soil degassing

Since 1998 soil CO, fluxes were measured over an area of ~ 1.2 km2 including the
Solfatara crater and the Pisciarelli area (Chiodini et al., 2001; Cardellini et al., 2017)

30 surveys
in the period 1998-2016
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Each survey included from
~370 to 580 measurements

Total CO, flux measurements 13,158

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 106, NO. B8, PAGES 16,213-16,221, AUGUST 10, 2001

CO, degassing and energy release at Solfatara volcano,
Campi Flegrei, Italy

G. Chiodini,! F. Frondini ,2 C. Cardellini,? D. Granieri,! L. Marini,? and G. Ventura !
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Solfatara diffuse degassing structure (DDS) CO, fluxes from soil: sources feeding soil degassing
O« e
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The soil CO, fluxes distribute in a wide range of values

and the data of each survey plot along a bimodal
curves which can be modelled as the mixing of two
lognormal CO, flux populations
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The system feeding degassing

. Episodes of magmatic fluid injection . __
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From Acocella and Chiodini (2015)

Periodic injections of magmatic gas into the Campi Flegrei
hydrothermal system, with an increasing frequency since 2005,
and a progressive heating of the system drive the ground
deformation especially in the last unrest phase (Chiodini et al
2015)

Based on the CO2/H20 ratio of high temperature fumaroles we
estimate that the system releases more than 1.9*1013 J/d (>138
MW) of thermal energy - one order of magnitude higher than
conductive heat flux and several times higher than the energy
associated to the seismic crises and deformation events



Time variations of CO, fluxes from soill

140- ® mean COz2 flux of LF populations (SBF: Solfatara backgroun flux) '_7000
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Both LF and HF showed relevant variations

Since 2003-2004 LF Population was no more representing the biological
background.

Since from 2010-2011 LF and HF showed the same trend of variation
suggesting generalized increase in the degassing.
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Time variation of the diffuse degassing structure (DDS)
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f = the fraction of the water removed (f > 0, condensation) or added (f < 0, addition of water) in secondary processes during the transfer of the
vapor from the equilibration zone to the fumaroles. Computed by the compositions of BG and BN fumaroles

The trend of variation of the extent of DDS area well correlates with the increasing in water condensation (inducing a
temperature increase) within and at the border of the Solfatara gas plume in 2005-2015, caused by the increase of the flux of
the magmatic fluids in to the hydrothermal system (Chiodini et al., 2015)



CO, degassing at Solfatara compared with mean volcanic plume CO, fluxes from
persistently degassing volcanoes
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Volcanic plumes from Burton et al., 2013

The amount of CO, released by the degassing of the hydrothermal system of Solfatara
Is comparable to the CO, released by medium-large volcanic plume



... Sharing our data...

MaGa Mapping Gas emissions
a collaborative web environment for collecting and share data
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Mapping Gas Emissions

ooy,

4“"‘] Istituto Nazionale di Geofisica e Vulcanologia

Dipartimento della Protezione Civile

Googas MaGa’s father

sults of INGV-DPCV5 project: the catalogue of italian gas emissions

3 .

INGV-DPC V5 Project
(2005-2007): | i
Contributed to the catalogue:
INGV-Na e
INGV-Pa

INGV-Roma

Universita Perugia

‘Universita Firenze

The project The catalogue Download dafa Web Services The MaGa Team

Map of Gas Emissions (global view)

Numbers in blue circles are the number of sites per area, zoom in (by double clicking or shift-select) to select the single gas emission site.
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a tool to aggregate and share information

and data to support the research and improve
the knowledge on Earth degassing and natural ity | =3
CO, fluxes to the atmosphere

DEEP CARBON OBSERVATORY
RESERVOIRS AND FLUXES

Partially funded by

MINISTERO DELL' ISTRUZIONE, DELL'UNIVERSITA E DELLA RICERCA

DCO-Mini Grant (2014)
User manual and web page improvements, explore interoperability

ltalian Ministry of Education, University Research, PRIN project 2008/
S89Y8R Observations and Modelling of Gas Emissions from the source to
the Atmosphere (2008). PI: Francesco Frondini

From a static catalogue to a dynamic collaborative environment for data
collection non volcanic gas emission

DCO-Grant (2013) A database for volcanic/non volcanic CO, emissions
in the Mediterranean area PI: Carlo Cardellini

- Design of the new Maga database structure to include emission
types from volcanic degassing

DCO-sub Contract (2014)

Data mining and ingestion, web improvements

- Data mining and ingestion for Mediterranean Volcanoes




‘MaGa’s state of the art
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At the present time the MaGa database includes:

- ~ 1000 gas emission sites including volcanic plumes, fumaroles, diffuse
degassing areas and gas vents at volcanoes and degassing non volcanic  An
regions. . ¢

- Emission sites from 158 volcanoes in 30 country e |

- ~ 2000 data of gas flux and gas composition (under implementation)
Hosted by: Hetzner Online GmbH e Industriestr. 25 ¢ 91710 Gunzenhausen ¢ Germany



In the meantime we started measuring the CO:2 dissolved in groundwater and we discovered that it was a
huge amount.... maybe a new missing source was found...

The carbon mass and isotopic balance of regional aquifers is a powerful tool to quantify the diffuse degassing of deep
inorganic carbon sources because the method integrates the CO: flux over large areas (Chiodini et al., 2000; Chiodini et al.,
2014; Frondini et al., 2019).
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total CO2 flux estimates cannot be reliably quantified without the investigation of groundwaters, which in permeable orogens of
tectonically young and active areas can dissolve most, if not all, the CO: rising from depth.



CO2 and seismicity
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Fig. 2. Temporal evolution of CO, degassing and seismicity. (A to C) Chronograms of the earthquake magnitudes compared with the concentration of deeply derived
decayS dsS the ene rgy and num ber Of earthq u akes carbon (Cgeep) in the monitored springs. (D) Binary plots of Cqeep of the monitored springs against the log number of the earthquakes occurred at distances <45kmin a
d ecrease. period of 80 days centered at any sampling date. (E) Chronogram of the earthquake magnitudes compared with the daily amount of deeply derived CO, dissolved by the

groundwaters of the Velino aquifer (Fcoy).

The evolution of seismicity is modulated by the ascent of CO2 accumulated in crustal reservoirs and originating from the
melting of subducted carbonates.

This large-scale, continuous process of CO2 production favors the formation of overpressurized CO2-rich reservoirs
potentially able to trigger earthquakes at crustal depth.



Implications for climate and paleo-climate

Global CO, flux from tectonically active areas in the framework of global carbon budget... is there a gap of knowledge??

© 2013 Geological Society of America. For permission to copy, contact Copyright Permissions, GSA, or e

Mantle *He and CO, degassing in carbonic and geothermal
Colorado and implications for neotectonics of the Rocky NV

Karl E. Karlstrom'™, Laura J. Crossey', David R. Hilton?, and Peter H. Barry?
'Department of Earth and Planetary Sciences, University of New Mexico, Albuquerque, New Mexico 87131, US~
2Geosciences Research Division, Scripps Institution of Oceanography, La Jolla, California 92093, USA

[GEOLOGY, April 2013; v. 41; no. 4; p. 495-498; Data Repository item 2013129 | doi:10.1130/G34007.1 | Published online 20 February 2013
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Degassing of metamorphic carbon dioxide from the
Nepal Himalaya

Matthew J. Evans
Chemistry Department, Wheaton College, Norton, Massachusetts 02766, USA (evans_matt@wbheatonma.cdu)
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Himalayan metamorphic CO, fluxes: Quantitative
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Persistent CO, emissions and hydrothermal unrest
following the 2015 earthquake in Nepal

Frédéric Girault® ', Lok Bijaya Adhikari?, Christian France-Lanord® 3, Pierre Agrinier®, Bharat P. Koirala?,
Mukunda Bhattarai?, Sudhan S. Mahat®, Chiara Groppo 6 Franco Rolfo® ©, Laurent Bollinger’ &

Frédéric Perrier'

How much is the global CO, flux from
tectonically active areas?

rough computation assuming:

CO, specific flux: 106 — 107 mol y-1 km-2
Tectonically active areas ~ 1-2 x 107 kmz2 ?

CO, flux 0.4 -9.0 GtCO, y-1??

i.e.
~1-20% ??? of the anthropogenic CO, emission* (*fossils
fuel+industy+land use ~38 GtCO,/y (Le Quéré et al., 2016))




Geothermal implications

Enthalpy and CO2> Mass Balances of Regional Aquifers (Frondini et al., 2019; Chiodini et al., 2021).
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The typical CO2/heat ratio of central Italy is one order of magnitude
higher than that of other geothermal zones of the Earth (e.g., Taupo
and Salton Trough geothermal systems).

Besides the potentiality in the exploration phase, the measure of the
CO2 emissions can find valuable applications in evaluating the
environmental impact of geothermal exploitation.



The future research

The study of the C production-storage-tranfer processes in different geologic settings will improve our
understanding of seismic and volcanic processes, contributing to their mitigation and monitoring, and will
contribute to the refinement of the global climate models.

TARGETS
2

1 How/to what extent do chemical
How accurate is our current and physical variables (including

understanding of source processes redox state of fluids and melts)

and pathways governing C cycling influence the efficiency of C
through volcanism? transport from the mantle to the
surface?

AS

TECHNIQUES: mass and carbon isotope balance - enthalpy balance - noble gas geochemistry - comparison
of gas composition with fluid inclusion (in xenoliths) - reverse CO:2 fluxes (CO2 consumption)



The future research

The development of new measuring and data analysis technigques is fundamental.

» Testing and field trials of new sensors (low cost and low power
consumption) for CO2 in air and groundwater.

* Development and field testing of a new multi-parametric low
power consumption accumulation chamber (environmental
parameters, CO2, CH4, VOC) with Thearen s.r.l.

» Development of an accumulation chamber for reverse flux
measurements

- Prediction

Vg Surface
* Development of new geo statistical software for the real-time ; ‘m

management of monitoring networks and data validation. - o= RS

Standard
Error




The future research
Further applications

Application of the techniques developed for volcanic surveillance to environmental issues:

monitoring gas emission from dumps remediation (contaminated sites)

Compacted clay cap

3s recovery system y

; AT " » o -
Y. ; 4 ot v e Ay
e o A A g et s PP 42‘! ihe—"s ,{ 2 P it
. : - T T 5 AT S

il - .

PSP < PR







