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Introduction

Rome

Panarea

 Located just north of Sicily
 one of the volcanic Aeolian
Islands, that also includes
Stromboli and Vulcano
 Large volumes of natural
CO2 leaks from the sea floor
in many locations.
First studied in the 80’s / 90’s
for volcanology / fluid
chemistry research
Studied by “La Sapienza” and
OGS since 2004 in various
EC-funded CCS projects.
Now part of ECCSEL
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Site description
Lucchi et al., 2007

Panarelli

Lisca
Bianca
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Talk overview
Using the Panarea natural test site to study:
1. leakage points /
sediments
2. bubble plume
3. dissolved plume
4. water surface
won’t discuss deeper
geophysical methods like
seismic, etc.
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1) Leakage points / sediments
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Flux measurements
Gas flux
– accumulation chamber deployed above bubbling point and time
measured to fill container of known volume

Fluid flux
– benthic chamber deployed on sea floor for 7 hours and subsampled every hour for analysis of:

Dissolved inorganic nutrients
–NH4+, NO3‐, NO2‐, Si(OH)4‐, PO43‐
•DOC, DIC, DO, pH, H2S
•Dissolved gases
–CO2, N2, O2, C1‐C5 alkanes
•Major and trace elements
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Gas bubble flux
zone 2
zone 3

subdivided into similar flux zones
• Zone 1 – strong diffuse leakage
• Zone 2 – weak diffuse leakage
• Zone 3 – moderate spot leakage
Each zone sampled at multiple
points with accumulation chamber

zone 1

Average values for zones 1 and 2
multiplied by surface area, zone 3
multiplied by no. of leakage points
• Zone 1 – 427 T CO2 / year
• Zone 2 – 7 T CO2 / year
• Zone 3 – 70 T CO2 / year
Total flux is about 500 T CO2 / yr
Estimate for total Panarea area is
about 7000 T CO2 / yr
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Fluid flux

Benthic chamber measurements
• Although the venting sites typically showed increased pCO2, DIC,
TA and decreased pH, few showed indication of significant comigration of pore-waters.
• In contrast, two did show flux of silica (plot), ammonium, and
other tracer species, inferring co-migration of gas and fluids.
Beaubien et al., 2014c
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Fluid Flux

Series of small areas (c. 1m across) with bleached sediments and
leakage of thermal water (no bubbles) near Panarea Island
• Benthic chambers deployed with pCO2 sensors and subsampled
for analysis of carbonate parameters
• Biological analyses also conducted on benthic organisms,
viruses and bacteria to study impact of CO2 rich fluids on biota
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Sediment micro-profiling

 CO2 seepage is accompanied by reductants
(H2S, H2): will have strong effects on microbiota
 H2 seeping through sediments is consumed by
sulfate reduction

Dirk de Beer,
Max Plank Institute
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2) Bubble plume
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Bubble fate experiments
Bubble making
Beaubien et al., 2014a,b

Plexiglas box, gas collected
from leak
Initial size measurement

Support structure

Different bubble sizes
possible, flow rate controlled
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Bubble fate experiments
Measurements
Beaubien et al., 2014a,b

pCO2 probe
Vertical video –
bubble diameters at
different heights

CTD – pH, DO, T, salinity

Horizontal video – bubble rise
velocity

Niskin – pH, TA, dissolved gas

Gas bubble chemistry
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Bubble fate experiments
Example of observed bubble behaviour:
• Bubble rapidly shrinks then disappears around 2.6 m

Beaubien et al., 2014a,b
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Bubble fate experiments - modelling
Discrete Bubble Model (DBM)
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• uses simple mass balance to predict the gas flux across bubble
surface (McGinnis et al., 2002; 2006; 2011)
• Direction of gas flux depends on internal (HPi) and ambient (Ci)
concentration, where Hi is Henry’s coefficient Pi is the partial
pressure of the gas.
• uses bubble-size dependent relationships for mass transfer rate KL
and bubble rise velocity vb
Beaubien et al., 2014a,b
• Includes 5 gases (Ar, CH4, N2, O2, CO2)
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Bubble fate experiments - modelling
Model runs by Prof. Dan
McGinnis, U of Geneva:
– Model based on
concentrations in first bubble
sample (84% CO2)
– Model shows good correlation
for the three main gases for
the collected samples (top
graph).
– Modelling of bubble diameter
(bottom plot) is poor assuming
84% but improved with 99%
initial CO2 content.
Beaubien et al., 2014a,b
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Multibeam echo sounding (MBES)
• Ship mounted
• 10 – 500 kHz frequency range
• multiple single-beam echo
sounders in a fan shaped array on
either side of a ship, collecting
echoes from the entire swath as
the ship advances.
• for each beam, the system reports both depth information and
maximum echo amplitude over time.
• detailed mapping of seafloor bathymetry and information about
the nature of the sediment / seawater interface (backscatter).
• can also be used to image bubbles in the water column
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Multibeam echo sounding (MBES)
PaCO2 Cruise Report, 2011
Jens Schneider v. Deimling,
(IOW, GEOMAR).

 broadband multibeam (R2Sonic 2024) operating between 200400 kHz gave very high resolution results during PaCO2 cruise
at Panarea
 Figure shows ROV, as well as four clear bubble streams and
their deviation to the right due to currents.
 Rise heights can be small with soluble CO2 if initial bubbles are
small
McGinnis et al., 2011a
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Multibeam echo sounding (MBES)
PaCO2 Cruise Report, 2011
Jens Schneider v. Deimling,
(IOW, GEOMAR).

 Known leakage points were mapped near the islets
east of Panarea (red box)
 Up to 80 un-documented flares mapped in deeper
water
 Some aligned along a NE-SW trending bathymetric
lineament in 60-80m deep water that matches
regional trend.
McGinnis et al., 2011a
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3) Dissolved plume
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Intermittent water column sampling
 Research conducted during 4 field
campaigns, one for each season.
 Sampling conducted from small
boat using hand-deployed Niskin
bottle and CTD
– The same 700m long transect
was measured each campaign for
a large number of chemical and
biological parameters.
Bottaro

– It consists of 7 stations, 3 depths
each, and crosses a number of
known leakage areas.
Beaubien et al., 2014c
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Seasonal variability

•
•
•

Maximum values of dissolved CO2 range from 600 uatm in July 2011 to
>4000 uatm in March 2012
This highest anomaly observed during the campaign with the most stable,
stratified water column, however only 2 samples very high
Stronger currents and efficient mixing in other campaigns reduced
magnitude of observed anomalies
Beaubien et al., 2014c
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Influence of stratification
pCO2

pH

Temp
H+V
currents

pCH4

H4SiO4

salinity

• Horizontal and vertical currents were calm during the measurements
• Clear stratification shown by temperature and salinity
• Excellent correlation with pH, CH4, and silica (matches flux results).
Not always observed. Potential for water column tracers.
Beaubien et al., 2014c
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Water column biology
•

pCO2

Little impact observed during same
event, despite very high pCO2 / low
pH, as currents likely transport biota
into and out of anomalous waters.
For example:

 Although the heterotrophic
prokaryotes show slightly lower
values in correspondence with the
pCO2 maximum, so do the two points
above which have much lower pCO2
•

Similarly, bacterial community structure
shows a particular assemblage for this
profile, but it is also observed in the top
right corner where background pCO2
values occur

Beaubien et al., 2014c
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Dynamic system
pCO2

salinity

currents

•

The January campaign results were
interesting because of an anomaly
located in the surface.

 An examination of the salinity (and
temperature) data showed a vertical
anomaly at that point in the transect
•

The ADCP data shows that vertical and
horizontal currents were much lower for
these central profiles.

•

These profiles were actually measured
2 days after the others, after a storm.
Thus highlighting how it is better if all
samples are collected under the same
conditions (difficult in marine work)
Beaubien et al., 2014c
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Continuous pCO2 / T monitoring
gas permeable
membrane

Wanted to understand dynamic nature of
system, both spatially and temporally

support

Used multiple “GasPro” sensors:

NDIR sensor
housing

 In house design and construction
 Measures pCO2 using NDIR behind gas
permeable membrane.

control
board and
memory

 Also has T, P sensors

battery

pressure sensor

 Datalogger version has batteries and
memory for autonomous monitoring – e.g.
1 analysis every 10 minutes for 1 month
 Cabled version links probes to land-based
station for power from solar panels, realtime data transfer
Graziani et al., 2014

temperature sensor
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Continuous monitoring of pCO2 and temperature
a)
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 Box inset shows study area with the location of the three
deployments discussed here
Beaubien et al., 2014d
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Continuous monitoring of pCO2 and temperature

Deployment 1
 three points monitored (background, and
moderate, high leakage rates)
 probes fixed about 30cm above sediments in
10-18 m deep water
 measured pCO2 and T every 2 hours for 2.5
months
 probes connected via underwater cable to a
Beaubien et al., 2014d
control station on land
 data transferred to server in real time via GPRS modem
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Continuous monitoring of pCO2 and temperature

Beaubien et al., 2014d
Deployment 1
 Strong temporal variability.
 The background site values (c.50 m from the high leakage site) are
consistently near normal values, with rare, small, short-lived peaks
 The moderate and high leak sites show similar anomalies. Former
sometimes drops to background levels but the high site does not
HORIZON
2020

Continuous monitoring of pCO2 and temperature
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Deployment 2
 Water column profile perpendicular to main current direction
 20 datalogger probes (pCO2, T, P) on 5 vertical lines with analysis
Beaubien et al., 2014d
once every 10 minutes for 5 days
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Continuous monitoring of pCO2 and temperature
Deployment 2

1

4 days of data from all probes
grouped together to illustrate
general trends:
2

1. Calm conditions, strong
stratification
2. Storm
3

3. Mixing during / after storm
reduced stratification and
reduced pCO2 values
significantly
Beaubien et al., 2014d
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Continuous monitoring of pCO2 and temperature
Deployment 2
• Results highlight temporal and spatial variability, showing advantage
of continuous monitoring compared to intermittent sampling

T stratification restricts dissolved
CO2 anomaly to basal waters

anomalies smaller and higher in
water column with no stratification

Graziani et al., 2014
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Continuous monitoring of pCO2 and temperature
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Deployment 3
 20 sensors (pCO2 , T, P) with 2 m node spacing on 5 vertical lines.
Grid centered on bubble flare of c. 45 L/min at Patm
 analysis once every 10 minutes for 2.5 days
 to study dissolution / transport dynamics in near-field around a
Beaubien et al., 2014d
single bubble flare
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Continuous monitoring of pCO2 and temperature
Deployment 3
 pCO2 values - coloured
contours
 T - line contours
 Often T contours show
upwelling in core of the
flare, which impacts on
dissolution dynamics
 (b) seems to show a
current displacing the flare
to the right
 (c) and (d) show horizontal
layers of elevated pCO2 at
different levels (lateral from
other sources?)
Beaubien et al., 2014d
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4) Water surface
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Equilibrator measurements
PaCO2 Cruise Report, 2011
Jens Schneider v. Deimling,
(IOW, GEOMAR).

 gas-seawater equilibration system integrated with analyser based
on off-axis cavity output spectroscopy to measure pCO2 and pCH4
 Water pumped from 3.3 m below sea surface and continually
analyzed while ship conducted transects
McGinnis et al., 2011a
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Equilibrator measurements
PaCO2 Cruise Report, 2011
Jens Schneider v. Deimling,
(IOW, GEOMAR).

 Anomalous values that were 2X (pCO2) and 4X (pCH4)
background levels were observed about the plateau
 Anomalies were also observed in the
corresponding to newly discovered flares

far
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field,

maybe

Summary
• Panarea has a wide range of leakage rates and leakage
styles of almost pure CO2 in water depths from 5 to 80 m.
• Site is ideal to:
• Test innovative monitoring tools
• Test innovative leakage quantification tools
• Study the fate and transport of CO2 in the water column
and its potential transfer to the atmosphere
• Study the potential impact of the leaking CO2 on the
benthic and pelagic ecosystems
• The inclusion of this site in ECCSEL will hopefully lead to
cutting edge research in various issues related to off-shore
CO2 storage
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