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ABSTRACT: Carbon dioxide (CO2) capture and storage
(CCS) has been discussed as a potentially significant mitigation
option for the ongoing climate warming. Natural CO2 release
sites serve as natural laboratories to study subsea CO2 leakage
in order to identify suitable analytical methods and numerical
models to develop best-practice procedures for the monitoring
of subseabed storage sites. We present a new model of bubble
(plume) dynamics, advection-dispersion of dissolved CO2, and
carbonate chemistry. The focus is on a medium-sized CO2
release from 294 identified small point sources around Panarea
Island (South-East Tyrrhenian Sea, Aeolian Islands, Italy) in
water depths of about 40−50 m. This study evaluates how
multiple CO2 seep sites generate a temporally variable plume of
dissolved CO2. The model also allows the overall flow rate of
CO2 to be estimated based on field measurements of pH. Simulations indicate a release of ∼6900 t y−1 of CO2 for the
investigated area and highlight an important role of seeps located at >20 m water depth in the carbon budget of the Panarea
offshore gas release system. This new transport-reaction model provides a framework for understanding potential future leaks
from CO2 storage sites.

■ INTRODUCTION

Carbon dioxide (CO2) capture and storage (CCS) has been
discussed as a potentially key tool in the stringent mitigation
required to restrict climate warming to within 2 °C relative to
preindustrial levels.1,2 CCS represents the capture of CO2
mainly from large point sources and its injection into
subsurface reservoirs, usually at 800−2000 m below the
seafloor.1,3−5 In Europe, CO2 storage capacity is chiefly located
offshore within sandstone aquifers.6,7 Currently, this storage
capacity lies principally within Norwegian waters, where the
multinational energy company Equinor (formerly Statoil ASA)
operates the Sleipner CCS facility that has injected ∼1 Mt y−1

of CO2 into the Utsira formation since 1996.8,9 Procedures
guide the selection of appropriate subseabed CO2 storage
sites,5,10−12 which have been suggested to present lower risks
for human populations in case of accidental leakage compared
to terrestrial locations.13,14 However, there is a need to identify
suitable procedures for the monitoring of active and closed
marine storage sites to ensure their adequate operation and
enable identification and quantification of potential leaks.15

Diverse potential scenarios of subsea CO2 leaks have been
simulated.16−20 This includes large CO2 releases resulting from
a massive failure of a facility (e.g., a blowout).19 The high daily
release of 10,000 t d−1 of CO2 from a point source in the

North Sea for a full year was predicted to reduce pH by 0.25
units up to 141 km away from the source, and by >2 units
nearer to the source. The magnitude of such releases makes it
unlikely that they could remain undetected or ignored for
prolonged periods. On the contrary, smaller gas leaks remain
largely ignored, such as the release of 5−70 t d−1 of methane at
the 22/4b blowout crater in the UK North Sea, more than 20
years after the 1990 accidental blowout,21,22 or the widespread
natural gas seepage resulting from offshore oil and gas
activities.23,24

In the absence of strong bubble plumes, the high solubility
of CO2 leads to its rapid aqueous dissolution from bubbles
within a few meters of their emission into the sea as indicated
by field and laboratory data, and model simula-
tions.13,16,20,25−27 Consequently, small CO2 leaks disperse in
ambient seawater over short distances20,28 and are therefore
particularly challenging to detect without careful monitoring
techniques.20 For example, a recent study indicated that the
detectability of a relatively low leakage rate of gaseous CO2 of
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85 kg d−1 would be limited to < 30 m horizontal distance from
the release source and ≤ 2 m from the seafloor.20 Nevertheless,
such small single-source releases of CO2 were evaluated as
largely insignificant in terms of storage performance, and a
single leak of this magnitude would therefore not prevent CCS
sites from retaining a millennium climate mitigation effect.20

However, migration pathways within geological formations and
overlying sediments may lead to numerous, spatially
distributed emission sources under some circumstances.14,29

There is concern that several small-sized leaks may remain
undetected under these conditions. Being able to ensure leak
detection and flow rate determination is particularly important

for monitoring of storage sites because major leaks may offset
the benefits of energy-intensive CCS facilities.1,30−32

At present, two alternative, complementary strategies exist to
investigate the impact of potential subsea CO2 leaks:
experimental releases and natural CO2 seeps. Manmade subsea
(bed) experimental releases of CO2 require costly logistics and
afford limited distribution of emission source(s).15,20,33,34

Natural CO2 seepages13,17,29,35−38 exhibit less-constrained
flow rates and may present more spatially distributed emission
sources. The seep system offshore Panarea Island (Aeolian
Islands, South Italy) is one of the most easily accessible natural

Figure 1. (a) Position of the two study sites (station PCTD3 and Bottaro crater) offshore Panarea, and (b) position of Panarea Island offshore Italy
in the South-East Tyrrhenian Sea. The position of the ADCP instrument is also indicated. (c) A zoom on station PCTD3 indicates the 130 venting
sites identified by video recording. The diameter of the circles is proportional to the number of identified bubble streams per site (up to 10 per site,
294 in total). High-resolution bathymetry offshore Panarea112 was plotted with ArcGIS 10.2.
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seeps25,29,36,39−42 and was selected for this study as a realistic
leakage analogue.
Here, we use field data collected in May 2014 at a natural

CO2 seep site covering ∼18,000 m2 offshore Panarea during
cruise POS469 of the R/V Poseidon29,43 to provide insights
about the possible geochemical impacts of CO2 leaks from
subseabed storage reservoirs. A new simulation tool is
developed and validated with field data. This model builds
on the existing multiphase bubble and droplet plume model
Texas A&M oil spill (outfall) calculator (TAMOC).44−50

Here, we couple this model to a Lagrangian advection-
dispersion model that tracks the movement of dissolved CO2
in the water column and to a model of CO2 speciation in
natural seawater (the csys software51). Simulations provide a
means to evaluate the mass flow rate at CO2 seepage/leakage
sites based on observed anomalies in seawater chemistry (e.g.,
pH or partial pressure of CO2, pCO2). The model is intended
to be used as a tool for analyzing field data and to guide
sampling during experimental CO2 release experiments and
field monitoring of existing and future storage sites.

■ METHODS
Study Site. Panarea is the smallest of the seven major

islands of the Aeolian volcanic arc situated offshore northern
Sicily and western Calabria (Figure 1).29,52 The ongoing
volcanic activity started ∼1.5 Ma ago in this region.52,53 The
offshore CO2 gas seep system at Panarea has been known since
historical times.52 These emanations originate from an
underground geothermal reservoir fed by a magmatic body.36

In this near-shore setting, thermal waters and >90% pure CO2
gas are emitted into the sea at depths ranging from < 10 m to >
300 m below the sea surface.54,55 Early observations focused on
the shallowest seepage locations (<10−20 m depth) that are
located between the islets Dattilo, Panarelli, Lisca Bianca,
Bottaro, and Lisca Nera.36 Numerous emission sources range
from single bubble streams29 to stronger sources generating
upward entrainment of ambient water through the formation
of bubble plumes.54 The emitted gas consists of small
proportions of nitrogen (N2), hydrogen sulfide (H2S), helium
(He), hydrogen (H2), methane (CH4), argon (Ar), and carbon
monoxide (CO).29,40,52,56 The seepage system around Panarea
Island represents a continuous natural experiment for under-
standing the behavior of CO2 emissions to the water
column.29,42

Field Observations. During cruise POS469 (May 2−22,
2014), several CO2 release sites offshore Panarea were
visited.43 This included a shallow site at Bottaro crater (12
m depth) accessible by scuba diving and another site termed
station PCTD3 at 40−50 m depth (Figure 1). At Bottaro
crater, we monitored bubble size and performed gas
composition measurements based on discrete samples of gas
bubbles at different depths. This data set was used to validate
the TAMOC model (see below). At station PCTD3,
investigations were based on continuous pH monitoring,
CTD and ADCP measurements, and bathymetrical mapping.
Bottaro Crater. A scuba diving sampling campaign was

conducted on May 10−19, 2014 at a shallow location (12 m
depth) close to the Bottaro Islet, located ∼3 km east of
Panarea.43 The Bottaro crater is a depression resulting from a
massive gas eruption in 2002.52 Gas emission has continued to
this day although at a much lower rate. The crater has a 13 ×
26 m2 oval shape and is covered by pebbles. A seepage zone
consisting of more evenly distributed weaker bubble streams is

present over a 13 × 17 m2 zone at the SE end of the crater.
The rim of the crater features a few more discrete and stronger
vents.57 On May 12, 2014, bubbles released within the weaker
seepage field were imaged against a 2 m high white polystyrene
screen acting as a diffusor for a 17,000 lm light source. Two
tilted planes deployed at the seafloor permitted only bubbles
directly in front of the diffusor to enter the field of view of the
camera. The video included a scale with millimeter graduations
(Figure S-1). A volume flow rate of 0.56 L min−1 at a water
depth of 12 m was quantified by timing the filling of a 250 mL
container held over the bubble stream. The initial bubble size
distribution was determined with Matlab by manually
positioning ellipses over the 194 bubbles identified within 17
video frames. The frames were selected randomly and at long
time intervals to ensure that each frame contained a new,
independent set of bubbles. The bubble volumes as
determined from the ellipse minor and major axes were scaled
to the measured volume flow rate (0.56 L min−1) by assuming
an average bubble slip velocity of 25 cm s−1,58 and the
equivalent spherical diameter was calculated.59,60 This
procedure is deemed to be a reasonable proxy for bubble
volume if more advanced techniques61,62 cannot be applied.
The measured bubble size distribution was assumed to be
representative of shallow seafloors in the vicinity exhibiting
similar mechanical properties16,23 (such as vent C, defined
below).
A total of 26 gas samples (two at each depth) were acquired

at a focused gas vent (“vent C”, Figure 1) of high intensity (9.3
L min−1 at 12 m depth) on May 16, 2014. Hungate tubes were
fixed to a vertical rope at 1 m intervals from the 12 m deep
seafloor to the sea surface, where the rope was attached to a
buoy. After sampling ascending gas bubbles, the Hungate tubes
were closed at depth. 100 μL Subsamples were taken from the
Hungate tubes and injected into a gas chromatograph (GC)
onboard the R/V Poseidon to determine the CO2 contents,
following a previously described method.29 Additionally, 13
water samples were taken on May 12 and 13, 2014 to
determine the dissolved gas concentration within the ambient
seawater. 100 mL Headspace vials were filled with seawater at
40 cm vertical intervals (0−2 m above seafloor) and
subsequently crimp-sealed under water. Helium was injected
into the vials in order to create a 20 mL headspace by partly
removing the water via a compensation needle. To stop
microbial respiration, the headspace samples were immediately
poisoned by adding 20 μL of HgCl2.
During sampling at vent C, the 12 m water column was

observed to be vertically well-mixed as a result of a moderate
gale (Bft 7) on May 14, 2014. The water temperature was 17.9
°C and salinity was 37.8 over the full 0−12 m depth interval.
For this well-mixed, shallow water column, the dissolved O2
concentration was assumed to be at equilibrium with the
atmosphere (250 μmol L−1). Horizontal water currents ranged
from 0 to 16.2 cm s−1, as measured with a SonTek Argonaut
ADCP at 12 m depth at Bottaro Crater on May 15−16, 2014.

Station PCTD3. Station PCTD3 was located at a deeper
gas release zone (40−50 m below the sea surface) situated ∼1
km east of Panarea (Figure 1). In this approximately 300 × 400
m2 area, a video CTD water sampling rosette was towed from
the R/V Poseidon to map CO2 and to provide seafloor images.
The video covered ∼12% of the seafloor surface area and
revealed 294 individual bubble streams (Figure 1).
The video CTD included a SBE27−0202 pH sensor (∼0.1

accuracy, ∼0.005 resolution, 1 s response time); 1 min
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averaged data was used for model validation. The video CTD
was operated in two separate modes: (A) the instrument was
maintained within 1−2 m above seafloor, and (B) the
instrument was towed at an approximately constant depth
(45−48 and 37−39 m below the sea level). An ADCP was
positioned by the remotely operated vehicle (ROV) PHOCA63

upstream of station PCTD3 during the whole sampling period
(Figure 1). It recorded water current velocity with a 5 min
time resolution and a 1 m vertical resolution (3.22 m for the
first bin above seafloor). Additional description of the field
work at station PCTD3 has been presented previously.29

■ MODEL

The new model couples existing models for predicting the
behavior of gaseous CO2 released in seawater. The three parts
of the new model are described below, including the near-field
bubble plume model TAMOC, the Lagrangian dissolved CO2
advection-dispersion model, and the carbonate system model
csys.
TAMOC Bubble, Droplet, and Multiphase Plume

Model. Dynamics of bubbles were simulated using the
TAMOC model,44−48,50 version 1.1.1. TAMOC includes a
three-dimensional single-bubble model, which simulates low-
intensity bubble streams (Figure 2). The bubble model was
run within a bent plume model44 to simulate cases where uplift
of ambient water was generated by stronger gas releases,
resulting in a bubble plume, bent horizontally by cross-flow
currents. The TAMOC model (including bubble dynamics and
single and multiphase plume behaviors) was previously
validated based on laboratory and field data ranging from ∼1
m to 1500 m water depth. This includes 64 laboratory data sets
for bubbly jets and bubble plumes in quiescent conditions,
stratified stagnant conditions, and crossflow conditions, as well
as field data from the DeepSpill gas and oil release experiment,
the 2010 Deepwater Horizon oil spill, and natural gas seep
data.44−48,50,64,65

TAMOC solves for mass transfer of CO2, other emitted
gases, and major seawater gases (here: N2, O2, and Ar) across
the bubble−water interface, three-dimensional bubble trajec-
tories, as well as bubble size evolution as a function of evolving
total bubble mass, pressure, temperature, and composition.44,46

The model includes a real-fluid equation of state66,67 and is
able to predict densities66−68 and solubilities69−72 of gas and
liquid mixtures at the range of pressure, temperature, and
salinity conditions present in global oceans (≤10,000 m water
depth, salinity of ∼35, temperatures of −2 to 30 °C).47 The
bent plume model additionally solves for entrainment of
ambient water, conservation of momentum, heat, and salt.44 It
also predicts separation positions at which bubbles of different
sizes exit the plume, and terminates the plume simulation
where the plume water detrains due to stratification.
Thereupon, gas bubbles are assumed to behave independently
from each other, and they are simulated until they either fully
dissolve or reach the sea surface. Differential equations are
solved using the backward differentiation formula of the
VODE method73 of the “integrate” Python package with
adaptive step size, designed for stiff equations.
Mass transfers are calculated according to74

m
t

A C C
d
d

( )i
i w i w i,

eq
,β= − × × −

(1)

where mi is the total mass of compound i in the bubble, A is
the surface area of the bubble, βi is the mass transfer coefficient
(units: length time−1) of compound i at the gas−water
interface, Cw,i

eq is the equilibrium aqueous concentration of
compound i; and Cw,i is the modeled aqueous concentration of
compound i in the seawater adjacent to the bubble. Values of
Cw in the buoyant plume are computed from the volume of
water present in the corresponding water mass at that location
and the simulated dissolved mass. Properties of bubbles,
including shape, surface area, slip velocity, and βi, are estimated
based on published formulas,58,75 as explained previously.46

Gas bubbles are observed to exhibit either circulating or
noncirculating interfaces depending on conditions.58,74,76 A
circulating interface leads to more rapid mass transfers because
of the convection brought by the free movement at the
interface. In the presence of natural or manmade surfactants,
these would accumulate at the interface, which would be
immobilized (noncirculating), leading to slower mass transfer
across the gas−water interface. We simulated circulating
bubble interfaces in agreement with assumptions made by
previous studies for gas bubbles in the sea13,16,17,23,25,77−79 (see
also the Supporting Information, sections S-2 and S-10).

Figure 2. (a) Observed initial bubble size distribution at Bottaro crater on May 12, 2014 (solid dots) and bootstrap 95% confidence interval (gray
area). (d50 = volume median diameter). (b) Evolving average composition of the gas phase from the emission source at a 12 m depth (vent C) to
the sea surface, as predicted by TAMOC for all simulated compounds (solid lines = measured initial bubble size distribution, shaded area = 95%
confidence interval as defined on panel a, displayed only for CO2), and measured in the field for CO2 (×). (c) Fraction of the CO2 released at the
emission source remaining within gas bubbles as a function of depth, according to the TAMOC simulation.
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The interfacial tension between the seawater and gas
bubbles was assumed equal to the surface tension of seawater
at ambient conditions. The profile of O2 concentrations in the
water column was measured. Additionally, it was assumed that
N2 and Ar concentrations were at atmospheric saturation,
which corresponds within a few percent to observations in
Earth oceans under normal oxic conditions.74,80,81 Other gases
were assumed initially absent from ambient seawater for the
purpose of mass transfer calculations (including CO2). The
impact of dissolved CO2 on seawater density is negligible at
the levels observed in the field (section S-3).
For Bottaro Crater, simulations of CO2 assumed a constant

horizontal water current of 5 cm s−1 (within the range of
measured values), and an emission source diameter of 10 cm at
the seafloor (based on field observations). Composition of the
gas released at the seafloor was based on the observed average
composition measured (96.2 ± 2.3% CO2, 1.1 ± 0.3% N2,
0.0014 ± 0.0001% CH4, and 2.7 ± 2.2% H2S at Bottaro Crater,
under the assumptions explained in Table S-2).
Dissolved CO2 Lagrangian Advection-Dispersion

Model. Simulation of the fate of aqueous CO2 uses a
Lagrangian advection and a random-walk model, similar to
previous studies of CO2 releases in the sea17,82 and dissolved
chemicals during oil spills.83 In a Lagrangian model,84 the
continuous concentration field is simulated by tracking discrete
Lagrangian parcels of dissolved CO2 having a three-dimen-
sional position and infinitesimal size. Integration of millions of
tracked Lagrangian parcels over an Eulerian grid of cells
provides the concentration field at chosen time points.84 The
near-field bubble (plume) simulation is performed online with
TAMOC, providing the 3D mass flow rate of dissolved CO2
entering the sea as a function of time and position above each
simulated emission site which depends on the instantaneous
measured water velocity field (assumed constant over the
spatial model domain and interpolated from ADCP measure-
ments performed at 5 min intervals). At each simulated
emission source (Figure 1), the input of dissolved CO2 to the

water column from ascending bubbles is discretized in ten
vertical bins. A Lagrangian parcel of dissolved CO2 is released
for each bin at each time step, and they subsequently move
according to

x U t D trand 2 xEΔ = × Δ + × × × Δ (2)

y U t D trand 2 yNΔ = × Δ + × × × Δ (3)

z D trand 2 zΔ = × × × Δ (4)

where Δx, Δy, and Δz are the displacements of a parcel over
one time step in the x (east), y (north), and z (vertical)
directions, respectively; Δt is the time step (10 s for station
PCTD3, section S-5); rand is a normally distributed random
number having a mean of 0 and standard deviation of 1; UE
and UN are the ADCP water current velocities at the time and
depth of interest in the east and north directions, respectively;
and Dx, Dy, and Dz are the turbulent diffusion coefficients in
the x, y, and z directions. The seafloor and sea surface are
simulated as reflective wall boundaries.85,86 The implementa-
tion of the Lagrangian advection-dispersion model is validated
with the analytical solution for a point source in section S-6.
Contrary to Eulerian models, concentrations predicted by

Lagrangian, random-walk models are somewhat dependent on
the grid resolution. However, we consider that this is balanced
by the fact that Lagrangian models do not suffer from
numerical diffusion and stability issues that are common to
Eulerian models.
At time points of interest, excess dissolved inorganic carbon

concentrations (excess DIC) relative to the background signal
observed in the field (2.269 mmol kg−1, fitted to the pH
measurements above the 95% percentile) were calculated by
integration of the mass of the Lagrangian parcels over a spatial
grid84 (∼300 × 400 m2 in size, Figure 3). For simulations at
station PCTD3, cells were defined as having a 1 m height and
2.6−3.9 m width in east and north directions, respectively. The

Figure 3. (a−c) Simulated pH map at three time points on May 8, 2014 and (d) observed map of pH calculated for May 8, 2014 at 8:45−11:15
am, at 1−2 m above the seafloor (panels a−d). (d) The map was generated from measured data (“+” symbols) using ordinary kriging as
implemented in the EasyKrig Matlab software (version 3.0, Dezhang Chu and Woods Hole Oceanographic Institution, downloaded from ftp://
globec.whoi.edu/pub/software/kriging/easy_krig/V3.0.2-Matlab2016b/ on Jan 28, 2019); based on the variogram, the following parameters were
used. Model: general exponential-Bessel, nugget: 0, sill: 1, length: 0.15, power: 2, hole scl: 0, range: 0.95. The reader is referred to Movie S-1 for
model predictions at a 10 s time step interval. The spatial extent covered by panel (d) is indicated on panels (a−c) by a black rectangle.
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chosen cell size is a trade-off between resolution and the
number of parcels of dissolved CO2 that could be tracked
without reaching the computer memory limit (16 GB of
RAM). To decrease the memory requirement, particles exiting
the spatial range plotted on Figure 3a−c by more than 50 m
distance were immediately “forgotten” by the Lagrangian
model, which simultaneously tracked a total of ∼2 × 106

parcels within the simulated domain. Simulations at Station
PCTD3 used Dx = Dy = 10−2 m2 s−1 (based on Okubo’s
diagram86,87), and Dz = 10−3 m2 s−1 (based on a value selected
for the energetic sea-surface upper 40-m layer,83 in good
agreement with values selected in other studies17).
For simulations at station PCTD3, the positions of the

observed bubble streams (Figure 1) were used to initiate the
bubble releases within the simulations. Bubbles were assumed
to exit the seafloor with initial diameters following a size
distribution measured at station PCTD3 (section S-7), and the
seafloor was assumed to have a constant depth of 51.22 m,
neglecting local bathymetry variation. Because the observed
bubble streams were weak at station PCTD3, the TAMOC
simulations were run with the single bubble model (absence of
bubble plumes assumed). Finally, the aqueous dissolution of
CO2 within the seafloor15,88 and the subsequent flux of
dissolved CO2 species through the sediment−water interface
was considered negligible. Previous investigations in the
immediate vicinity of our study site by Molari et al.89 (East
of Basiluzzo Islet, June 1−14, 2013) indicate that the measured
flux of gaseous CO2 (253−317 mol m−2 d−1) was 34−57×
larger than the average flux of dissolved CO2 species (DIC)
through the sediment water interface (5.5−7.4 mol m−2 d−1).89

Carbonate Model. Finally, the pCO2 and the pH change
was obtained for each cell by calculating the equilibrium
marine carbonate system using the csys Matlab software
(https://www.soest.hawaii.edu/oceanography/faculty/zeebe_
files/CO2_System_in_Seawater/csys.html, section S-8). The
csys software calculates the equilibrium partitioning of the
carbon dioxide and related chemical species in seawater (CO2,
HCO3

−, CO3
2−, etc.) and the resulting pH. Input parameters

to the csys software include the total DIC (background DIC +
excess DIC), total alkalinity (2.600 mmol kg−1 90), temper-
ature, pressure, and salinity. Csys follows a procedure based on
that described by Zeebe and Wolf-Gladrow,51 and it performs
similarly to nine other models of the carbonate system.91

Code Implementation. TAMOC is a freely available
software implemented in Python and Fortran (https://github.
com/socolofs/tamoc/), with the user interacting with the
model from the Python side. The particle-tracking algorithm
was implemented in Matlab, interfaced with Python so that
TAMOC can be called directly from the Lagrangian advection-
dispersion model. The csys model is also coded in Matlab and
was interfaced with our algorithms as described in Section S-8.
Estimate of Total Gas Flow Rate at Station PCTD3.

Assuming an equal mass flow rate at each of the 294 simulated
emission sources, dissolved concentrations were predicted as a
function of the total mass flow rate over the studied area. The
mass flow rate leading to the lowest root mean squared
deviation (RMSD) between pH field observations and
simulations was selected as the best estimate. Simulated values
were calculated within a vertical cylinder of 10 m radius,
extending 1−2 m from the seafloor, at the time and location of
corresponding field observations, coherent with the resolution
of field measurements.

■ RESULTS & DISCUSSION

Bottaro Crater. Bubbles at the weaker seepage area at
Bottaro crater had a volume median diameter (d50) of 18.4
mm, with a bootstrap 95% confidence interval of 14.3−19.9
mm (Figure 2a). This confidence interval was determined by
10,000 bootstrap resampling of the observed size distribu-
tion.92 6% of the bubbles carried 50% of the released gas, with
>50% of the bubble number (<5 mm) contributing <1.5% to
the released volume. The observed d50 is larger than most
previous field observations at 10−2870 m depth,23,34,62,76,93−97

but not unprecedented,98 which might be related to the
particular setting at Bottaro crater where the seafloor is
covered with centimeter-sized pebbles.
A fluorescein dye injection experiment that we performed at

vent C highlighted the formation of a bubble plume (Figure S-
10). Vent C was therefore simulated using the bent plume
model in TAMOC. Simulations using the bubble size
distribution observed within the weaker seepage area indicate
good agreement with field measurements of the decreasing
CO2 mole fraction within gas bubbles from the seafloor to the
sea surface (Figure 2b). It must be emphasized that these
simulations do not require any parameter tuning, they are
based on the underlying chemical and physical processes
parametrized based on observed field conditions, including the
measured CO2 flow rate. This result implies that 79 ± 4% of
the dissolved CO2 input to the water column occurred within 4
m from the seafloor (Figure 2c) within this weak CO2 bubble
plume with bubbles having large initial diameters at the
emission source. 99.82% of the CO2 gas flow rate at the
seafloor dissolved during the 12 m ascent in the water column
and only 0.18% reached the sea surface within gas bubbles.
This confirms previous findings that gaseous CO2 is mostly
dissolved within a few meters above the emission source,13,20

resulting in much more localized inputs to the water column
compared to hydrocarbon gases13,23,46,74,76 or CO2 drop-
lets.50,99,100 The results in Figure 2, panels b and c, might
appear contradictory at first because most of the CO2 escapes
the ascending bubbles (Figure 2c) before a significant decrease
of the CO2 gas-phase mole fraction becomes evident (Figure
2b). This is caused by the larger solubility of CO2, by a factor
of 25−62, with respect to other major dissolved gases at local
conditions. Hence, CO2 and H2S, which is a factor of 3 more
soluble than CO2, experience much faster mass transfer than
the other gases. Additionally, the agreement between field
observations and simulations in Figure 2b strongly indicates
that the bubbles had circulating interfaces (Section S-10).
Measured aqueous-phase pCO2 values were ≤ 22,200 ppm at
0−2 m above the seafloor, or ≤ 1% of the saturation aqueous
solubility of CO2 (∼2.2 × 106 ppm at 12 m depth).
Simulations confirmed that the contribution of the dissolved
CO2 on mass transfer rates was negligible (not shown).

■ STATION PCTD3

Estimate of Total CO2 Mass Flow Rate. Globally,
simulations predict a plume of lower pH than the surrounding
water that agrees with field observations (Figures 3 and S-12b).
However, simulations do not exactly reproduce the observed
spatial extent of the plume, which tends to be oriented in
parallel with topographic isobaths. This is likely the result of
model simplifications, such as neglecting the local topography.
The ADCP was located ∼200 m upstream of station PCTD3,
and a COMSOL simulation indicated that the local top-
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ography (i.e., raised seafloor toward Panarea on the west,
Figure 1) is likely to have deflected incoming southward-
pointing water current 12° to the east (Section S-12), in
agreement with the general direction highlighted by field
observations (Figure 3d). Additionally, our observations
covered only ∼12% of the seafloor in the emitting area,
leading to uncertain spatial distribution of emission sources.
Here, we consider that the ability of the model to predict an
overall similar pattern of a depressed pH plume is sufficient to
provide an order-of-magnitude estimate of the total CO2
release at station PCTD3.
The estimated total CO2 mass flow rate at station PCTD3 is

0.22 kg s−1 of gas or 6900 t y−1 (Figures 3, S-12, S-14, and S-
15). This corresponds to the average annual greenhouse gas
emissions of 590 German citizens (expressed in CO2-
equivalents).101 The estimated total CO2 mass flow rate at
station PCTD3 corresponds to 2100−9400 bubble streams,
assuming single-flare volume flow rates of 0.125−0.556 L
min−1 29,43 (0.23−1.1 × 10−4 kg s−1 at emission depth). This is
in close agreement with the 294 bubble streams observed over
an estimated 12% of the whole seep area (extrapolated to
∼2500 bubble streams in total).
The offshore natural gas seepage at Panarea Island is

characterized by several hotspots where seepage occurs over a
total area of > 10 km2, many at depths > 20 m.54 Station
PCTD3 is one of several seepage hotspots. The total mass flow
rate estimate presented here for station PCTD3 is of the same
magnitude as the total value of 9000 m3 d−1 previously
reported for the readily accessible 0−20 m depth release sites
at Panarea36 (0.16 kg s−1 at standard conditions of temperature
and pressure). Consequently, these results suggest that the
release sites at > 20 m water depth may represent the
dominant contributors of gaseous emissions offshore Panarea
Island. The poorly studied emission sites situated at water
depths > 20 m therefore deserve further attention and must be
included in future studies aiming at establishing global budgets
of geogenic gas emissions offshore Panarea Island.
Monitoring of dissolved CO2 levels (e.g., through in situ

pCO2 or pH measurements) is a relatively straightforward
survey technique. However, model simulations are necessary
for relating observations to seafloor emission rates. Our
simulations highlight that the plumes of dissolved CO2 are
dynamic features that evolve within short timeframes (<15
min) under variable current forcings (Movie S-1). Sampling of
an area of 1−10 × 104 m2 usually requires several hours, and
therefore models provide the necessary framework to under-
stand the evolving dynamics during sampling.
Detectability of CO2 Leaks. Identifiable pCO2 and pH

levels relative to the background are predicted only in the
immediate vicinity of the seafloor (Figures 3 and 4) for the
multiple, distributed emission sources at station PCTD3, with
99% of the aqueously dissolved CO2 remaining within 10 ± 2
m from the seafloor according to simulations. Simulations
predict that the pH values at 5−6 m above seafloor are close to
background levels (Figure S-16), and this is confirmed by the
field measurements performed at constant depth away from
the seafloor (mean pH of 8.14 with a standard deviation of
0.05). This results from the high solubility of CO2, whereby >
90% (> 99%) is predicted to dissolve within 4 (7) m of the
seafloor at station PCTD3. These outcomes are principally
dependent on the initial bubble size at the emission source.
Despite the recent developments in models able to predict
initial bubble sizes above orifices of known diameters,16,102−104

it remains currently impossible to precisely predict the
expected bubble sizes for releases through the sediment−
water interface at potential failed storage sites.16 We therefore
advise that future monitoring strategies should carefully
monitor the bottom waters as closely as technically possible
(ideally within 1−2 m). In case of a single emission point, the
plume is expected to be narrow (<10 m width) and to change
location with water currents20 (Movie S-1). For a towed
instrument, we suggest a maximum towing speed of 0.3 knots,
equivalent to a spatial resolution of 5−10 m, because of sensor
response times that are typically on the order of 30−60 s for
pCO2.

29 The new model presented here could be used to guide
sampling strategy during CO2 storage monitoring campaigns or
monitoring of other accidental or intended gaseous releases in
the marine environment.

Potential Local Environmental Impacts. Simulated
predictions at station PCTD3 are taken as an indication of
potential local CO2 impacts assuming the leaks occur in an
undisturbed, pristine environment. Here, changes in pH are
assumed to dominate the potential impacts on the local
ecosystem in the vicinity of a leak from a storage facility,
neglecting the role of CO2 itself in observed toxicity.1 Previous
studies19,20,105 have argued that environmental impacts are
unlikely when the acidification remains below the range of
natural variation of pH over the year (assumed <0.15 pH units
based on data for the North Sea20). Drops in pH (ΔpH) from
0.2−0.5 pH units have been termed potentially harmful, with
ΔpH ≥ 1 pH units identified as significantly harmful.20

Observations at Panarea Island have reported quantitative and
qualitative differences in ecosystem structures at seep sites
relative to unaffected sites (ΔpH of 0.1−0.6), including a 4.5-
fold increase in microphytobenthos productivity and a 5-fold
decrease in faunal biomass linked with decreased diver-
sity.89,106 Future ocean acidification resulting from the rising
CO2 atmospheric concentrations may drastically alter the
carbonate cycle in world oceans (possibly decreased
precipitation of carbonate minerals), potentially leading to
major environmental community shifts involving calcifying
organisms.107−110

Figure 4. Average pH over a 24 h period (May 8−9, 2014, from 8 am
to 8 am), at (a) 0−1 m and (b) 1−2 m above the seafloor. The solid
black line indicates the potential impact limit (ΔpH = 0.15).
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On a 24 h average basis, an area of 3900 m2 experiences a
ΔpH of ≥ 0.2 pH units (Figure 4), calculated for the 0−1 m
bottom water layer, with a rapid decrease of the impacted area
at shallower depths (1200 m2 at 1−2 m above seafloor). On an
instantaneous basis, ΔpH can reach up to 2.2 pH units locally,
with a maximum area of 6300 m2 experiencing significantly
harmful pH drops (ΔpH ≥ 1). During the 24 h period shown
in the figure, an average area of 600 m2 (standard deviation:
1300 m2) experienced ΔpH ≥ 1 at any given time. The pH
varied over short time scales as a function of time-varying
water currents (Movie S-1), and this result may depend on the
period within a 28-day tidal cycle. It is likely that marine
organisms can survive acute exposure to ΔpH values of this
magnitude,1 and we hypothesized that the 24 h average ΔpH is
likely representative of the chronic exposure level.
These local estimates must also be considered in the context

of ongoing anthropogenic CO2 emissions: the pH of world
oceans is predicted to decrease by up to 0.4 pH units by the
end of the 21st century relative to the preindustrial level.3,111

As a consequence, the local impacts faced by marine
communities near such leakages (≤ 1.9 × 10−2 km2

experiencing ΔpH ≥ 0.5) would be dwarfed by a change of
similar magnitude in the surface waters of world oceans (361 ×
106 km2).71
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