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Objectives of the research

Considering the seepage of CO2 and CH4 from the sea floor as a
natural equivalent of a leakage from a underground CO2 storage; is
it possible to map the outflowing gas (in 25 meters of water)?

Is it possible to accurately map seepages of CH4 and CO2 at an
altitude of 1000 ft (305 meters)?

If yes; is it possible to define a specific pattern that describe the
source location?

Is it possible to presume a possible link between the seepage
activity and the structural setting of a basin,in other words is it
possible to identify spatially the ‘’leakage’’?



CO2 – CH4



Carbon dioxide in
Earth’s atmosphere is a
trace gas, currently
(early 2016) having an
average concentration
of 402 parts per million
by volume (or 611 parts
per million by mass).

Carbon dioxide



Co2 also occurs as a results of geological processes in large,
sometimes high purity (>90%) reservoirs in many sedimentary
basins. Sedimentary basins are widely spread around the world
and many occur in tectonically stable regions, where there is little
or no volcanic/hydrothermal activity.

CO2 is commonly trapped within porous and permeable
reservoirs rocks as a superficial phase but may also dissolve in any
salt water remaining the in rock formation.

Naturally occurring CO2 may also be retained in other geological
settings, for example, confined pore space of sedimentary rocks
folded into domes or other structures.

Carbon dioxide generation



In the oceans/seas

Carbon dioxide dissolves in the ocean to form carbonic
acid (H2CO3), bicarbonate (HCO3

−) and carbonate (CO3
2−).

There is about fifty times as much carbon dissolved in the oceans
as exists in the atmosphere.

The oceans act as an enormous carbon sink, and have taken up
about a third of CO2 emitted by human activity.

As the concentration of carbon dioxide increases in the
atmosphere, the increased uptake of carbon dioxide into the
oceans is causing a measurable decrease in the pH of the oceans,
which is referred to as ocean acidification.



Carbon dioxide is used in enhanced oil recovery where it is
injected into or adjacent to producing oil wells, usually under
supercritical conditions, when it becomes miscible with the oil.

This approach can increase original oil recovery by reducing
residual oil saturation by between 7 per cent to 23 per cent
additional to primary extraction. It acts as both a pressurizing
agent and, when dissolved into the underground crude oil,
reduces its viscosity, and changing surface chemistry enabling the
oil to flow more rapidly through the reservoir to the removal well.

In mature oil fields, extensive pipe networks are used to carry the
carbon dioxide to the injection points.

Anthropogenic underground carbon dioxide 



The atmospheric concentration of methane is thought to have
increased by a factor of 2.5 since pre-industrial times, reaching 1745
ppb in 1998

This rate of increase far exceeds that of carbon dioxide,
concentrations of which are only 30% higher than in pre-industrial
times.

In fact, information is sufficient for the IPCC to assert that the current
methane concentration has not been exceeded in the last 420,000
years.

Methane in the atmosphere 





Methane sources on Earth surface



Emissions of methane (Mt/y) by source, as quantified by different studies



In general, organic sediments buried in depths of 1,000 m to 6,000 m (at
temperatures of 60 °C to 150 °C) generate oil, while sediments buried deeper
and at higher temperatures generate natural gas. The deeper the source, the
"drier" the gas.

Natural gas originates by the same geological thermal craking process that
converts kerogen to petroleum. As a consequence, oil and natural gas are often
found together.

In addition there are metane clatrates, a crystalline solid mixture of water and
methane (essentially methane trapped in ice) are found in ocean floor sediments
and arctic permafrost. Methane hydrates are stable compounds and are not part
of the methane cycle.

Although currently neither a source nor a sink, methane hydrates are by far the
largest store of methane on the planet and account for 53% of all fossil fuels on
earth.

Methane under the sea floor environment



Methane in geological deposits





Mechanism                              Methane removal (Mt/y)

Sinks of methane 



NORTH ADRIATIC CASE HYSTORY

CO2 – CH4 AIRBORNE MAPPING



The area has been extensively investigated by OGS researchers and
many paper have been issued on the tectonic structure of the area
and on the gas seepage.

Papers among many:

F. Donda et al. (2015) - Deep-sourced gas seepage and methane-
derived carbonates in the Northern Adriatic Sea – Basin research -
Volume 27, Issue 4, 1 August 2015, Pages 531-545

M. Busetti et al. (2010) - Dinaric tectonic features in the Gulf of
Trieste (northern Adriatic Sea). Bollet. di Geofis. Teor. ed Appl., 51(2–
3), 117–128

The area



The phenomena – North Adriatic fluid sepage



Areal distribution of the outcrops



San Pietro SSS mosaic. Data reveal that the seabed, with a
dominant sandy component, is almost flat, with local high
backscatter features, indicating the occurrence of rock outcrops



Multibeam bathymetric map displayed in a 3D perspective view of San
Pietro outcrop area, 1.6 km wide. The surveyed area shows an NW–SE,
1.5‰ dipping seafloor, with a depth ranging from 15 to 17 m.



The rock outcrops have a pinnacle morphology and are
1.5–1.9 m high.



(A) Small-scale (cm) mud volcanoes; (B) microbial mats; (C) bubbling gas from the
water–sediments interface; (D) Chirp subbottom profiler (2–7 kHz). The highly
reflective facies on the seafloor is indicative of the presence of the outcrop.
Numerous gas accumulations in the proximity of the outcrop can also be
recognized; their occurrence is testified by bubbling gas seeping in the water
column from the sediments and from the outcrops.





THE PRINCIPLE OF THE MEASUREMENT



The main element is an optical cavity where two concave mirrors with a very high
reflectivity R are mounted. This construction provides a long optical path (km).

During the detection procedure, a light pulse is injected into the cavity through
one of the mirrors. In the cavity multiple reflections are observed. After each
reflection, leakage radiation from the cavity is registered with a photodetector. If
the laser spectrum and the absorption spectrum of the gas filling the cavity are
appropriately matched, the cavity quality will decrease. Based on the
photodetector response, the absorption coefficient and concentration of the gas
can be computed.

Cavity ringdown spectroscopy (CRDS) 



Cavity absorption spectroscopy 



The change in cavity output (ΔI ) observed through one mirror due to a molecular
species can then be related to the unabsorbed light intensity (I0) by

where, G equals:

R is the mirror reflectivity, and A is the absorption due to a single pass of the
cavity. A is given by the equation:

where L is the distance between the mirrors, C is the concentration of the
absorbing species and α(v, P , T ) is its absorption cross section, which is a function
of the frequency of the light, and the pressure and temperature of the cavity.



The weak mode structure makes the entire system much less sensitive to instability 
in both the cavity and laser spectrum.

A modification of the CRDS is a cavity enhanced absorption spectroscopy (CEAS)
proposed in 1998 by Engeln et al.. In CEAS the radiation is injected at a very small
angle in respect to the cavity axis. It results in the formation of a dense structure of
weak modes, which can overlap each other.

Cavity enhanced absorption spectroscopy 



On axis and off axis alignement 



Data normalization

The variability of water vapour in the atmosphere, which covers several orders of
magnitude, is large enough to cause significant deviations to the mole fractions
retrieved using spectroscopy. This is due to three distinct mechanisms.

Firstly, H2O will cause a variable dilution of the CO2 and CH4 mole fraction. H2O is
the only species whose variability is large enough to cause changes to the CO2 and
CH4 mole fraction of over about 0.1 %, purely due to a variable dilution throughout
the troposphere.

Secondly, H2O has strong absorption lines in the infrared. Spectral interference
due to H2O either overlapping or near to the CO2 or CH4 absorption features of
interest would likely alter the retrieved mole fractions.

Finally, pressure broadening between the H2O molecules and the analyte will alter
the absorption-line shape. This is true of all molecules but the degree at which it
occurs is dependent on the molecules involved and also the particular absorption
line.



If a gaseous emission sample is analyzed and found to contain water vapor and a
pollutant concentration of say 40 ppmv, then 40 ppmv should be designated as
the "wet basis" pollutant concentration. The following equation can be used to
correct the measured "wet basis" concentration to a "dry basis" concentration:

here:
C = Concentration of the air pollutant in the emitted gas
w = fraction of the emitted exhaust gas, by volume, which is water vapor

As an example, a wet basis concentration of 40 ppmv in a gas having 10 volume
percent water vapor would have a:

Cdry basis = 40 ÷ ( 1 - 0.10 ) = 44.4 ppmv.

The repeatability of the measurements (WV content)



THE INSTRUMENTS AND THE PROCEDURE



LOS GATOS RESEARCH system

LGR’s Ultraportable Greenhouse Gas Analyzer (UGGA) reports measurements of
methane, carbon dioxide and water vapor simultaneously at 10 Hz (maximum).



The operational range

Measurement Range:

CH4 : 0.01 – 100 ppm
CO2 : 1 – 20000 ppm
H2O : 500 – 70000 ppm

Operational Range:

CH4  : 0 – 500 ppm
CO2 : 0 – 20000 ppm
H2O : 0 – 70000 ppm                        



Analysis of the in-flight calibrations suggests that the long-term @
1 Hz measurements from the system are accurate to

1.28 ppb (1σ repeatability at 1 Hz = 2.48 ppb) for CH4

0.17 ppm (1σ repeatability at 1 Hz = 0.66 ppm) for CO2

compared with WMO traceable standards.

No motion or altitude dependant behaviour was detected in these
calibrations.

From S. J. O’Shea et al.: 2013

The accuracy



Installation on C-172 with G1000

Air intake

LGR Los Gatos 
Research
system

Flight management system FMS, 
primary flight display (PFD) or 
multi-function display (MFD). 



The altimeter

In aircraft, an aneroid barometer measures the atmospheric pressure from a static
port outside the aircraft. Air pressure decreases with an increase of altitude—
approximately 100 hectopascals per 800 meter or 30 ft every mbar.
Therefore an aircraft (generally) use a vertical reference linked to the air pressure.
The elevation follow a path of constant air pressure!!!!!

The repeatability of the measurements (the vertical datum)



Aircraft altitude reference 





Flight Level (FL)

A surface of constant atmosphere pressure which is related to a specific
pressure datum, 1013.2hPa, and is separated from other such surfaces by
specific pressure intervals.

Altitude above sea-level in 100 feet units measured according to a standard
atmosphere. Strictly speaking a flight level is an indication of pressure, not of
altitude.

Only above the transition level (which depends on the local QNH but is typically
4000 feet above sea level) are flight levels used to indicate altitude; below the
transition level feet are used.



The vertical datum

In this area the flight reference is 
related to the geometrical altitude

In this area the flight reference is 
related to the standard pressure



Geodetic altitude by DGPS system



GPS accuracy consideration

1 m = 0.1 mbar



1) NPT – Normal Temperature and Pressure is defined as 20oC (293.15 K, 68oF) and 1

atm (101.325 kN/m2, 101.325 kPa, 14.7 psia, 0 psig, 30 in Hg, 760 torr)

1) Standard Temperature and Pressure is defined as 0oC (273.15 K, 32oF) and 1 atm

(101.325 kN/m2, 101.325 kPa, 14.7 psia, 0 psig, 30 in Hg, 760 torr)

Gas Formula Molecular
weight

Density -
ρ - (kg/m3)

Carbon 
dioxide

CO2 44.01 1.8421)

1.9772)

Methane CH4 16.043 0.6681)

0.7172)



The mixing ratio of some of the
atmospheric gases. Neither
nitrogen nor the rare noble gases
are shown because they are all
well mixed in the homosphere (up
to about 100 km). Adapted from
Brasseur et al. (1999)
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CO2 concentration vs altitude computation of the transfer function to be used only 
for small altitude variations.

The repeatability of the measurements (vertical datum)



THE SURVEY AND THE RESULTS



Acquisition pattern (flight lines @ altitude 1000 ft AGL)



The results CO2 concentration map @ 1000 ft AGL 



The results CH4 concentration map @ 1000 ft AGL



THE ANALISYS



Structural setting of the area



CH4 concentration superimposed on tectonic map



CO2 concentration superimposed on tectonic map



Bacteria within the soil convert CH4 to CO2 decreasing the size of the
CH4/CO2 as the gas moves through the porous cover/waste.

However, the degree to which CH4 oxidation occurs is dependent upon the gas
velocity.

At high flux rates there may not be enough time for microbial catabolism of
the CH4 resulting in little or nil methane oxidation and high flux rates. A simple
X-Y plot of the CH4 and CO2 flux data support this hypothesis.

Also anthropogenic sources determine a relatively high CH4/CO2 ratio.

CH4 + 2 O2 → CO2 + 2 H2O

CH4/CO2 ratio



CH4/CO2 rate superimposed on tectonic map



THE MODELLING



CALPUFF is an advanced non-steady-state meteorological and air quality
modeling system. The SW is composed by (at least) two modules:

• CALMET which allows to manage
atmospheric modeling uses as
input the list of weather stations
(hourly data) together with at
least one profilometric station to
evaluate the physical condition of
the atmosphere in the various
vertical atmospheric layers from
the ground up to an altitude of
3500 meters.

• CALPUFF that makes use of the
CALMET results and performs the
modeling.

CALPUFF modelling



CALPUFF modelling result superimposed on the tectonic map



CH4 model / true data comparison

Poor geometry, no sources 
mapped/inserted 

No modelling performed 
for this area 



THE CONCLUSIONS



Conclusions / Future work

• Yes, it is possible to map CH4, CO2 gas concentration flying @1000
ft, to spot seepage emission of ground / seafloor in 20/25 meters
of water depth

• Therefore this method / technology is suitable to detect
underground CO2 storage leakage even though more studies have
to be carried out and a specific procedure have still to be defined

• A big uncertainty is related to the complete absence of a
dimensional information about the flow related to the seepage;
this prevent at this stage to determine the efficiency of the method



Conclusions / Future work

• The “background” signal cannot be omitted when measuring a
leakage of a potential underground confined deposit of CO2 (as
well as CH4)

• We foresee to perform more acquisitions:
– acquisitions at different flight levels (lower)
– acquisitions in different wind conditions
– extend the survey area
– Increase the modelling quality

• Repeat the method in other area, i.e. Latera and Panarea



Crew: 1 Capacity: 5 Total 6

Length: 8.72 m  Wingspan: 11.86 m

Empty weight: 3212 lb (1457 kg)

Loaded weight: 4773 lb (2165 kg)

Max. takeoff weight: 4750 lb (2155 kg)

Powerplant: 2 × 220 hp (164 kW) 

Range: 870 nmi (1611 km) 

Service ceiling: 25,000 ft (7,620 m)

Rate of climb: 1550 ft/min (7.87 m/s)

Stall speed: 61 knots (113 km/h) dirt conf.

Maximum speed: 204 knots (378 km/h) at 
23,000 ft (7,000 m)

OGS’s new aircraft I-LACA



Many thanks


