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S-1 Bubble parametrization rack 

 

Figure S-1. (a) Bubble parametrization rack used to image the bubbles at Bottaro Crater. As described in the methods in the main 

text, tilted plates (bubble blocker) deployed at the seafloor permit only bubbles emitted at the vertical of the two cameras to enter 

the field of view. The polystyrene plate acts as a diffusor for the 17,000 lumen light source. (b) the two cameras (which can be 

moved up or down). (c–d) example frames of the recorded videos. 

 

S-2 Validation of the TAMOC model with pre-existing literature data 

for carbon dioxide (CO2) 

Detailed validations of the Texas A&M oil spill (outfall) calculator (TAMOC) model have been presented 

previously, including the chemistry and bubble models, as well as single and multiphase plume models.1–

6 Here, a few example validations with literature data for carbon dioxide (CO2) are presented for selected 

chemical properties. This section also compares the evolving diameter of a dissolving CO2 bubble in the 

laboratory as reported by previous researchers with a simulation conducted with the TAMOC model, 

which is viewed as an aggregated validation of the several underlying estimates. Readers interested in 

further description and validation of the TAMOC model and of the underlying equations are referred to 

previous literature.1–11 

The TAMOC model is tailored to a given compound solely by use of 10 chemical properties, which 

represent the sole compound-specific data that the user needs to supply. These chemical data are 
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supplied by default within TAMOC for 27 compounds, and data for >100 other individual hydrocarbon 

molecules have been compiled.12 The chemical properties used for the present simulations are reported 

in Table S-1.1,3 

 

Table S-1. Chemical properties used to tailor TAMOC simulations to the chemical compounds investigated.1,3 
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CO2 44.010 7.374 304.12 94.1 37.3 0.225 33.94 -19.7 32.0 0.132 

H2S 34.082 8.963 373.40 98.1 35.2 0.0948 101a -17.9 34.9a 0.0462a 

CH4 16.043 4.599 190.56 98.6 37.7 0.011 1.43 -13.1 34.7 0.127 

N2 28.013 3.400 126.20 90.1 34.7 0.0372 0.63 -10.8 33.0 0.183 

O2 31.999 5.043 154.58 73.4 27.9 0.0216 1.3 -13.7 32.0 0.169 

Ar 39.948 4.870 150.82 74.6 29.2 -0.004 1.4 -10.8 32.6a 0.169 

a These values were updated relative to data available within version 1.1.1 of TAMOC. This includes the correction of an incorrect value of KH* for 

H2S,3 addition of the Ksalt value for H2S,3,13 and addition of the  values for Ar and H2S.3,14 

 

Figure S-2 compares laboratory measurements and TAMOC predictions for CO2 aqueous solubility at 298 K 

and varied pressures, showing good agreement with these data encompassing pressures equivalent to 

approximately 100–4,000 m water depth (where CO2 is gaseous at the lowest pressures and liquid at the 

highest pressures). Another important parameter driving the rate of aqueous dissolution is the molecular 

diffusion coefficient in water. The molecular diffusion coefficient of CO2 in pure water at 25°C is predicted 

to be 1.80·10-9 m2 s-1 by the Hayduk-Laudie formula15 implemented in TAMOC, whereas values reported 

in the literature are 1.92±0.08·10-9 m2 s-1.16 The estimate in TAMOC is assumed representative of the 

diffusion of CO2 over the water-side boundary layer surrounding gas bubbles. The small difference in 

molecular diffusion coefficients between the carbonate ions (CO2, HCO3
-, CO2

2-) in water17 is deemed 

negligible for environmental modeling in shallow seawater, where turbulent dispersion largely dominates 

over molecular diffusion for aqueously-dissolved CO2 away from bubbles. Further example validation is 

presented below with a TAMOC simulation for literature data corresponding to a well-constrained 

laboratory experiment, viewed as an aggregated validation of the diverse components of the TAMOC 

model. 

 

L
ν

L
ν
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Figure S-2. Measured aqueous solubility of CO2 in water at 298 K (mCO2
, in mol kg-1) from four different studies selected by Duan 

et al. 200618 (filled squares), overlaid with TAMOC predictions (solid line). 

 

TAMOC can predict the behaviors of both “clean” and “dirty” CO2 bubbles (Figure S-3), i.e. bubbles having 

either a circulating or a non-circulating interface.7,19,20 Previously-reported field observations in both 

shallow and deep waters21–23 indicate that circulating interfaces are necessary to explain field 

observations for pure CH4 (above the hydrate stability zone), pure (gaseous) CO2, predominantly-CO2 

natural gas (at Panarea), and pure Ar bubbles. In the laboratory, both circulating and non-circulating 

interfaces have been frequently observed (e.g. Figure S-3) and achievement of circulating interfaces in the 

laboratory often requires particular attention and use of ultra-clean water. However, except from the sea-

surface micro-layer, seawater may often contain less surface-active solutes than tap water based on the 

observed effect on the air-water mass transfer rate,24 which possibly explains why circulating interfaces 

are observed at sea. Recent laboratory data acquired with small (<1 mm diameter) bubbles in seawater 

(from 80 m depth) indicated non-circulating interfaces.25 This apparent discrepancy in behavior with field 

observations conducted at sea with bubbles having diameters >1 mm21–23 might be a consequence of low-

level contamination, which would result in small bubbles having a non-circulating interface whereas large 

bubbles would present a circulating interface.25 Subsea seeps of gases are usually reported  to release 

most of their mass in the form of bubbles having >1 mm initial diameters.26–33 In view of the convergent 

observations in the field for bubbles having diameters >1 mm,21–23  in this work, bubbles at Panarea are 

simulated as having circulating bubble interfaces, confirmed by field observations of gas bubble 

composition with depth (see main text). 

Figure S-3 compares TAMOC’s prediction of the behavior of a gaseous CO2 bubble within degassed pure 

water to data acquired in a controlled laboratory setting, with a circulating interface observed to transition 

to a non-circulating interface. The simulation agrees closely with the laboratory data, for the whole 

experiment duration, during which >99.8% of the initial bubble mass was lost through aqueous dissolution 

(last available radius measurement). As explained in the main text, simulations reported in this article 
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assumed circulating interfaces in the sea offshore Panarea. These simulations involve no tuning and are 

parameterized solely based on compound chemical properties (Table S-1) and objective field parameters 

(e.g. initial bubble size distribution, profiles of temperature, salinity, and dissolved chemicals in the water 

column). Consequently, these simulations are purely predictive.  

 

 

Figure S-3. Simulated (blue solid line) evolution of the radius of a CO2 bubble compared to laboratory measurements within 

degassed deionized bidistilled water at 20±0.5°C.34 Based on the observed mass transfer rates, the bubble was simulated as having 

a circulating interface for 3.7 s, and a non-circulating interface thereafter. Note that ~82% of the initial CO2 aqueously dissolved 

before the transition in mass transfer rate was observed. 

 

S-3 Effect of dissolved CO2 on seawater density 

Previous literature35–39 computed usually the density of seawater containing dissolved CO2 using a variant 

of equation S-1: 

���, �, �, ��	
 � ���, �, �
 � ��� � ���, �, �
 ∗ ����������
� ∗ ���     (S-1) 

where ���, �, �, ��	
 is the density of seawater containing added CO2 (kg m-3) at salinity S, temperature 

T, and pressure P, ���, �, �
 is the density of seawater containing no added CO2 (kg m-3), ��� is the 

concentration of the added CO2 in the seawater (kg m-3), �̅�� is the partial molar volume of CO2 at infinite 

dilution in water (m3 mol-1), and ��� is the molecular weight of CO2 (kg mol-1). 

Equation S-1 can be extended to consider additional dissolved species: 

���, �, �, �
 � ���, �, �
 � ∑ ���
� � ���, �, �
 ∗ ∑ ���� � 
! ∗ ��!�     (S-2) 
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Where x are the dissolved species considered. Here, we consider the three species CO2, HCO3
-, and CO3

2-. 

The concentrations of CO2, HCO3
-, and CO3

2- are calculated as a function of the pH using the csys software40 

as described in the text. We assumed �̅�� = 32.0 cm3 mol-1 (Table S-1), �̅"�#$ = 24.39 cm3 mol-1, and 

�̅�#�$  = -4.07 cm3 mol-1.41 

Based on assumed seawater properties for the Mediterranean Sea (main text), the calculated seawater 

density modification (relative to the background pH) induced by a range of observed pH levels are 

presented in Figure S-4. The magnitude of the density modification is relatively limited for the pH levels 

observed offshore Panarea. For example, an observed pH of 7.8 would lead to an increase of seawater 

density of ~0.0032 kg m-3 relative to pristine seawater, i.e. this water would be as dense as pristine water 

situated just 6.5 cm lower in the water column, based on a CTD profile acquired at station PCTD3 (estimate 

calculated at ~50 m water depth). The minimum pH measured in the field at station PCTD3 was 7.8. It 

appears consequently that the effect of dissolved CO2 is minor at station PCTD3 and beyond the vertical 

positioning resolution achievable by the selected instrumentation for monitoring the dissolved CO2 

concentrations. 

 

 

Figure S-4. Predicted difference in seawater density (Δρ) brought by dissolved CO2 relative to seawater density at background pH, 

plotted as a function of the observed pH level. Values were calculated with equation S-2 assuming equilibrium in the carbonate 

system calculated with the csys software40 using the properties of Mediterranean seawater listed in the main text (total alkalinity 

of 2.600 mmol kg-1 and background DIC of 2.269 mmol kg-1), at conditions relevant for ~50 m water depth at Panarea in May 2014 

(temperature of 15°C, absolute pressure of 6·105 Pa, and salinity of 37.85*). 

* here and in the main text, we follow the convention of the UNESCO 1978 “Practical Salinity Scale” defining salinity as a unitless 

quantity,42–44 which was previously reported as having units of g kg-1. 
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S-4 Assumed composition of gas emitted at Panarea for simulations 

Table S-2. Average composition of bubbles sampled at the seafloor at two locations (43.5 and 44.4 m below the sea surface) at 

station PCTD3, using a stainless steel cylinder having a funnel-shaped inlet, operated by the ROV PHOCA.45 And average 

composition at Bottaro Crater based on four bubble samples taken at the seafloor within the weaker seepage area on May 12 and 

13 (two samples on each day, same sampling procedure as described in the main text for samples collected at vent C). 

chemical species volume fraction at station PCTD3 
(mean ± half of data range) 

volume fraction at Bottaro Crater 
(mean ± standard deviation) 

CO2 0.9705±0.005 0.9624±0.023 

N2 0.0070a±0.004 0.0106a±0.0032 

O2 0a 0a 

Ar 0a 0a 

CH4 0.0065±0.0025 1.4·10-5±1.3·10-6 

H2S 0.016b±0.001 0.0270b±0.022 

a for simulation purposes, the measured ‘N2/O2+Ar’ was assumed to consist exclusively of N2 
b assumed equal to the remaining, unquantified volume fraction; value in good agreement with previous field measurements at Panarea46,47 

 

S-5 Sensitivity analysis of the Lagrangian advection-dispersion model 

with respect to the time step for station PCTD3 

The Lagrangian advection-dispersion model was run 20 times with time steps ranging 5 to 300 s, and the 

estimated total mass flow rate for station PCTD3 was calculated (following the method described in the 

main text). This analysis indicated that the model is little sensitive to the time step size as long as the time 

step is ≤50 s (Figure S-5). For time steps >50 s, the estimated total mass flow rate at station PCTD3 

decreases with increasing time step size. This analysis confirmed that the time step of 10 s chosen for the 

study leads to results that are largely independent of the step size. 
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Figure S-5. Estimated total CO2 flow rate predicted for station PCTD3 as a function of the time step in the Lagrangian advection-

dispersion model. (Note that the TAMOC bubble model is run with an adaptive-step algorithm using a maximum step size of 0.1 

s, for all cases.) 

 

S-6 Validation of the implementation of the dissolved CO2 Lagrangian 

advection-dispersion model with the analytical solution  

Whereas both TAMOC and the csys model are existing softwares that have been validated in previous 

studies,1–6,11,48–50 the Lagrangian advection-dispersion model is described here for the first time. While the 

model itself follows existing concepts,e.g. 51 this section describes the validation of our particle-tracking 

algorithm implemented in Matlab. Consequently, predictions of the Lagrangian advection-dispersion 

model were compared with the analytical equation at steady state for a simple scenario implying a non-

reactive chemical. 

The advection-diffusion equation is: 

%
%& � ' ∙ %%� � ) ∙ %%* �+ ∙ %%, � -� ∙ %

�
%�� � -* ∙ %

�
%*� � -. ∙ %

�
%.�     (S-3) 

where x, y, z are positions in three dimensions; t is time; C is concentration; Dx, Dy, and Dz are the 

dispersion coefficients along the x, y, and z dimensions, respectively; and u, v, and w are the corresponding 

velocities. 

For a simple continuous point source of a non-reacting chemical species emitted at the surface of a no-

flux boundary at the seafloor and with water current aligned along the x dimension, the analytical solution 

at steady state is:52 
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�∙F          (S-7) 

where {x0, y0, z0} is the location of the emission source; U is the water current along the x dimension; and 

GD  is the mass flow rate at the emission source. 

The Lagrangian advection-dispersion model implementation was validated with the analytical solution 

given in eqs. S-4–S-7, assuming U = 0.1 m s-1, Dx = Dy = 10-2 m2 s-1, and Dz = 10-3 m2 s-1. For this validation, 

a small time step (0.1 s) was used as well as a small grid size (small cubes of a 0.25 m side over a 50×50×5 

m3 volume). The analytical solution was numerically integrated over each grid cell for comparison with 

predictions of the Lagrangian model. The Lagrangian advection-dispersion model was run until steady 

state was achieved within the evaluation grid. When the number of parcels of the dissolved chemical is 

increased from ~2·105 to ~2·107, the predictions of the Lagrangian advection-dispersion model 

increasingly converge towards the analytical solution (Figure S-6a,b). Consequently, the model predicts 

correctly the processes in play as long as the time step is sufficiently small and the number of Lagrangian 

parcels is sufficiently large for the spatial resolution investigated.  
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Figure S-6. Predicted concentrations for a non-reactive chemical species emitted from a point source situated on a reflective 

seafloor, at a mass flow rate of 1 kg s-1. (a–b) comparison between the concentrations predicted with the analytical solution (eqs. 

S-4–S-7) and with the Lagrangian advection-dispersion model for a domain of 50×50×5 m3 (8·105 cells in total), using (a) ~2·105 

and (b) ~2·107 parcels of dissolved chemical. The solid line has a unit slope and zero intercept. (c–d) predicted concentrations 

within the first 0.25 m above the seafloor according to (c) the Lagrangian advection-dispersion model using ~2·107 parcels and (d) 

the analytical solution.  

 

S-7 Initial bubble size distribution at station PCTD3 

On May 9, 2014, bubbles exiting the seafloor at station PCTD3 were imaged with the GEOMAR bubble 

box.53 The bubble box was positioned at three different seep sites, and the bubbles exiting the seafloor 

were imaged against a screen including a labeled scale. The measurement principle was similar to that of 

the bubble parametrization rack described in section S-1 and in the main text, and used at Bottaro crater.  

Consequently, we do not describe the bubble box further here, and refer to a previous publication for a 

more in-depth description of the instrument.53 Here, the data of the bubble box were processed following 

the method described in main text for the determination of bubble size distributions at Bottaro crater. 

Observations at the three seep sites were combined, and 1072 bubbles were identified within 41 video 
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frames selected at a 2 min time interval (Figure S-7a). A measured volume flow rate of 0.33 L min-1 was 

used to scale the measurements. Bubbles at station PCTD3 had a volume median diameter (d50) of 13.9 

mm, with a bootstrap 95% confidence interval of 11.8–15.3 mm (Figure S-7a). This confidence interval 

was determined by 10,000 bootstrap resampling of the observed size distribution.54 In order to decrease 

the computation burden, the size distribution was discretized with 6 bins (Figure S-7b), used in the TAMOC 

model for the simulations at station PCTD3. Simulation of the aqueous dissolution of gas bubbles 

confirmed that the 6 bins used to discretize the size distribution is sufficient to reproduce the gas bubble 

behavior (Figure S-7c), at an approximately 200-time lower computational cost. 

 

Figure S-7. (a) Observed initial bubble size distribution (DSD) at station PCTD3 on 9 May 2014 at 7:18–8:47 am (solid dots) and 

bootstrap 95% confidence interval (gray area). (d50 = volume median diameter). (b) Discretized bubble size distribution obtained 

by grouping the observed size distribution of panel (a) into six bins of equal size. (c) Fraction of the CO2 released at a water depth 

of 51.22 m remaining within gas bubbles as a function of depth, according to two TAMOC simulations at station PCTD3 assuming 

either DSD (a), blue line, or DSD (b), red dashed line. The simulations reported on panel c indicate that initial bubble size 

distributions (a) and (b) lead to similar model predictions. Size distribution (b) was therefore used for simulations at station PCTD3. 

 

S-8 Carbonate system model 

In natural seawater, dissolved inorganic carbon (DIC) partitions into several different chemical species 

(CO2, HCO3
-, and CO3

2-) through a series of chemical reactions that have been characterized in detail by 

previous researchers.40 These reactions determine the non-linear equilibrium concentrations of the 

different chemical species and the resulting pH. The calculations depend primarily on the total alkalinity 

and (background + excess) DIC. Additional variables include the temperature, salinity, and pressure. 

However, these three last parameters varied within a narrow range at the (shallow) sites studied, and 

consequently the amount of DIC was the major driver to the simulated pH (alkalinity being assumed 

constant). Figures S-8 and S-9 provide two different visualizations of the carbonate system equilibrium as 

a function of the excess DIC. 
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Figure S-8. Predicted equilibrium carbonate system (blue, purple, and pink lines, left axis) and pH (green, right axis) as a function 

of excess dissolved inorganic carbon (excess DIC) in seawater near Panarea Island. Values were calculated with the csys software40 

using the properties of Mediterranean seawater listed in the main text (total alkalinity of 2.600 mmol kg-1 and background DIC of 

2.269 mmol kg-1), at conditions relevant for ~50 m water depth at Panarea in May 2014 (temperature of 15°C, absolute pressure 

of 6·105 Pa, and salinity of 37.85). 

 

 

Figure S-9. Predicted equilibrium carbonate system as a function of pH in seawater near Panarea Island. Values were calculated 

with the csys software40 using the properties of Mediterranean seawater listed in the main text (total alkalinity of 

2.600 mmol kg-1), at conditions relevant for ~50 m water depth at Panarea in May 2014 (temperature of 15°C, absolute pressure 

of 6·105 Pa, and salinity of 37.85). Fractional concentrations are defined as the ratio of the individual concentrations of each of 

the three chemical species to the sum of their three concentrations. Note: the effect of depth (pressure of 6·105 Pa to 1·105 Pa) 

was negligible at the studied sites (difference smaller than the width of the plotted lines). The effect of the up to 2°C temperature 

change within the water column at the studied site was larger than the effect of pressure, but still smaller than the width of the 

plotted lines. Consequently, the carbonate system was mostly driven by the excess DIC in our calculations. 
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The carbonate system model uses the csys software 

(https://www.soest.hawaii.edu/oceanography/faculty/zeebe_files/CO2_System_in_Seawater/csys.html)

, which represents the latest publicly-available update to the method described in detail by Zeebe and 

Wolf-Gladrow.40 The model reported in this article uses the latest version available on 3rd October, 2018 

(last updated on 7th April, 2014). Csys agrees closely with other softwares,50,55–57 and it has been found 

that csys can be used interchangeably with a set of 9 other similar softwares for most purposes owing to 

the similarity in predictions among the 10 softwares.50 Here are reported the equations used by the 

version of the csys software used in this work. This is done because there has been considerable confusion 

in the literature resulting from a significant number of typos in the publication of key coefficients,50,58 

because the current consensus that has arisen on most of the equations50,56 may evolve, and because 

access to the csys code version used in this work may not be warranted in the future. (Unless otherwise 

noted, page numbers refer to the book of Zeebe and Wolf-Gladrow (2001),40 third impression with 

corrections (2005).) 

(a) Coefficients and equations in csys that follow exactly the book of Zeebe and Wolf-Gladrow 

(2001):40 

 

The equilibrium constants follow recommended equations reported at pages 260 (bisulfate ion 

and hydrogen fluoride), 262 (boric acid), 264–265 (phosphoric acid), 266 (aragonite and calcite). 

Concentrations of sulfate, boron, and hydrogen fluoride are calculated from salinity.40,59 The 

effect of pressure on the equilibrium constants follows the procedure defined at page 267, with 

coefficients from Table A.11.1 except for the differences described in (b). The equations are solved 

as described at pages 271–277 to derive the parameters of interest from the total alkalinity, 

background DIC, and any additional dissolved CO2 input arising from simulated gas seepage. 

Within csys, the fugacity and Henry’s law constant of CO2 follow the method of Weiss (1974),60 

where the mole fraction of non-CO2 gases in air (equation 9 of Weiss (1974)60) is assumed to be 

equal to 1. 

 

(b) Coefficients or equations in csys that differ from the book of Zeebe and Wolf-Gladrow (2001):40 

 

The ion product of water follows the recommended equation at page 258, with one coefficient 

(148.96502) corrected to 148.9652 on 4 March 2014 as described in a comment in the csys code. 

(The former coefficient was taken from a previous reference,59 which itself cited another 

reference61 using yet another value of this coefficient). The first and second acidity constants of 

the carbonic acid follow the refit of the Mehrbach et al. (1973)62 data by Lueker et al. (2000)63 as 

reported at page 255. (The book highlights different recommended equations than what is 

implemented as the default in the csys code; the recommended equations from the book are 

available in csys as an option, however the model used in the current article sticks to the default 

options in csys. The default Lueker et al. (2000)63 refit of Mehrbach et al. (1973)62 data is the 

recommended best practice50,56). Some errors in coefficient values from Table A.11.1 have been 

updated in the csys code with respect to the latest reprint of the book (2005). This concerns a sign 

correction for a2 for KB
* (-2.608·10-3), as described in the errata available on Richard Zeebe’s web 

site 

(https://www.soest.hawaii.edu/oceanography/faculty/zeebe_files/CO2_System_in_Seawater/cs

ys.html), and a correction of the KW
* values from that in water reported in Table A.11.1 (a0 
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= -25.60; a1 = 0.2324; a2 = -3.6246·10-3) to that in seawater (a0 = -20.02; a1 = 0.1119; a2 

= -1.4090·10-3). 

 

(c) Change that we applied to the csys software of Zeebe and Wolf-Gladrow (2001):40 

 

The csys code was edited to format it as a Matlab function, so that it can be easily called from 

other algorithms and exchange inputs and outputs; this was done purely for convenience and did 

not modify any of the algorithms used in csys. 
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S-9 Fluorescein injection experiment 

 

Figure S-10. Video snapshots throughout the fluorescein release experiment at vent C. (a–h) General view in a chronological 

sequence at a 5 s interval, (i) zoom on the release zone, showing the circular injection ring through which the dye was injected, at 

a 5 s interval. Image times are indicated relative to an arbitrary initial time point (t0 for a–h and t0* for i). The upwards movement 

of the dye indicates that a bubble plume formed, meaning that the ascending bubbles entrained ambient seawater upwards, 

transporting the dye. The scale visible in panel i is in centimeters. 
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S-10 Predicted average gas phase composition and fraction of CO2 in 

the gas phase as a function of depth at vent C (Bottaro Crater) assuming 

non-circulating bubble interfaces 

Field observations collected at vent C clearly indicate that bubbles behaved as bubbles having circulating 

interfaces (Figure 2b). On the contrary, the slower mass transfer rates resulting from assuming non-

circulating interfaces would imply a strong mismatch with field observations (Figure S-11). 

 

 

Figure S-11. (a) Evolving average composition of the gas phase from the emission source at 12 m depth (vent C) to the sea surface, 

as predicted by TAMOC when assuming non-circulating bubble interfaces for all simulated compounds (solid lines = measured size 

distribution, shaded area = 95% confidence interval as defined on Figure 2a), and measured in the field for CO2 (crosses). (b) 

Fraction of the CO2 released at the emission source remaining within gas bubbles as a function of depth, according to a TAMOC 

simulation assuming non-circulating interfaces. 

  

(a) (b) 
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S-11 Predicted versus measured pH at 1–2 m above seafloor for 

different total mass flow rates 

 

Figure S-12. Comparison between simulated pH and measured values at the 215 data points available at station PCTD3, for three 

different simulated total mass flow rates spanning an order of magnitude. The best estimate as defined in main text is plotted in 

(b). Measured pH are 1 min average values; the simulated values where calculated for the corresponding water volumes (10 m 

radius cylinder extending from 1–2 m above the seafloor). 

 

S-12 Comsol Multiphysics simulation of water currents in the vicinity 

of station PCTD3 

ADCP measurements were conducted approximately 200 m upstream from station PCTD3. In order to 

estimate the potential for local bathymetry to deflect water currents in-between these two points, a 

simplified simulation was conducted with the Comsol Multiphysics software (version 5.3). In this 

simulation, the local bathymetry was imported in Comsol Multiphysics and smoothed over a 10,000-nodes 

grid covering a region of approximately 900×2,500 m2. A wall (no-slip) boundary was assumed on the 

Panarea Island side of the domain (west), whereas open (slip) boundaries were considered on the other 

sides (south and east). In this simulation, a southwards water current was applied at the North boundary 

of the domain (located at the latitude of the ADCP instrument). Predictions indicate that under these 

simplified assumptions water current was deflected by the raised seabed in the vicinity of Panarea Island, 

leading to a deflection by ~12° to the east for this scenario between the ADCP location and station PCTD3 

(Figure S-13). 
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Figure S-13. Water current streamlines deflected by the local bathymetry as predicted with the Comsol Multiphysics software. 

 

S-13 Predicted pH maps at 1–2 m above the seafloor assuming low and 

high total volume flow rates  

Simulated pH maps for total mass flow rates one third (0.073 kg s-1) and three times (0.73 kg s-1) the best 

estimate of 0.22 kg s-1. 

 

Figure S-14. (a–c) Simulated pH maps at three time points on 8 May 2014 for a total volume flow rate of 0.073 kg s-1 over the 

whole area (one third of the best estimate presented in Figure 3), and (d) observed map of pH calculated for 8 May 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 28 January 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 spatial extent covered by panel d is indicated on panels a–c by a black rectangle. 

ADCP 

~12° angle 

Station PCTD3 
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Figure S-15. (a–c) Simulated pH maps at three time points on 8 May 2014 for a total volume flow rate of 0.73 kg s-1 over the whole 

area (three times the best estimate presented in Figure 3), and (d) observed map of pH calculated for 8 May 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 January 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 spatial extent covered by panel d is indicated on panels a–c by a black rectangle. 
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S-14 Predicted excess DIC, pCO2, and pH maps at 5–6 m above the 

seafloor 

 

Figure S-16. (a) Simulated average excess DIC map, (b) simulated average pCO2 map, (c) simulated average pH map. Values were 

calculated for a period exhibiting only limited variation in water current direction based on ADCP data (8 May 2014 at 8:45–11:15 

am). Values were calculated at 5–6 m above the seafloor for a flow rate of 0.22 kg s-1 over the whole area. Note the different color 

axes compared to figures 3, S-14, and S-15. 
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