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S1 Correlation of water currents at 0.16 and 3.2 masf during the CO2 
release field experiment 

 

Figure S1. Linear regression of water current at 3.2 meters above seafloor (masf) and 0.16 masf for (a) north direction (UN) and 
(b) east direction (UE). Blue dots are ADCP and ADV field measurements excluding the period where the instrument measuring at 
0.16 masf experienced biofouling, and the pink line is the linear regression equation. The regression equation coefficients (units: 
m s-1) and r2 values are listed on each panel. (ADCP: Acoustic Doppler current profiler; ADV: acoustic Doppler velocimeter) 
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S2 Filtering and interpolation procedure for the altimeter data 
The Video-CTD included both an altimeter and a water depth sensor, and the water depth sensor was 
assumed accurate. Due to the presence of occasional “aberrant” readings provided by the altimeter 
sensor, a data filtering and interpolation procedure was developed, which took advantage of the flat 
seafloor at the experimental site; consequently, the seafloor water depth was assumed to be chiefly 
driven by tidal oscillations. First, the altimeter and depth sensor data from the Video-CTD were summed, 
resulting in the measured total seafloor water depth. Any measured seafloor water depth in excess of 
120 m were removed from further analysis (considered aberrant sensor readings). A moving average with 
an averaging window of 2000 s was applied to the measured seafloor water depths, and any seafloor 
water depth deviating from the moving average by ≥20 cm was also removed as aberrant (Figure S2). The 
time points with aberrant sensor readings were linearly interpolated from the neighboring non-aberrant 
measurements (Figure S3). This procedure was used solely for the period of time when the Video-CTD was 
operated in close vicinity to the seafloor. 

 

 

Figure S2. Measured seafloor water depth during visit 3, including the moving average using a 2000-s window (red solid line), the 
identified valid measured data (blue dots), and the rejected aberrant data (black dots). Seafloor water depth estimated from 
pressure readings at the nearby CO2 tanks is shown for comparison (pink solid line, assuming 10 m = 0.1 bar) and indicates that 
the selected procedure is able to capture the dominant effect of tide on seafloor water depth.  
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Figure S3. Height above the seafloor selected for visit 3 based on the data filtering and interpolation procedure (blue line). Aberrant 
(excluded) readings are displayed as black circles. 
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S3 Fitting of coefficient in equation 1 

 

Figure S4. Fitting of the coefficient in equation 1. The estimated geographic position of a scientific equipment (benthic chamber) 
maintaining a fixed position on the seafloor was calculated for each of the six observations of the instrument on the video 
recordings during visit 3. These geographic positions were calculated by correcting the positions of the point of entry in seawater 
of the Video-CTD cable for water currents through equation 1, using varied values of the coefficient. A coefficient of 50 s provides 
the smallest average distance between the estimated geographic positions of the Video-CTD instrument when the benthic 
chamber was observed on the video. 
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S4 Estimation of the baseline pCO2 during visit 3 using the algorithm of 
Eilers 

The baseline-estimation algorithm of Eilers minimizes the following function (Eilers, 2004): 

𝑄 = ∑ 𝑣 ∙ (𝑦 − 𝑓 ) + 𝜆 ∙ ∑ Δ 𝑓         (S1) 

where y is the data, f is the estimated baseline, v is the vector of weights, λ is a coefficient, and the order 
of difference in penalty d is usually taken equal to 2. The positive term λ sets the weight of the second 
term (the “roughness penalty”), such that larger values of λ result in smoother baseline estimates. The 
algorithm defines the asymetric weights v = p if yi > fi, and v = 1 - p if yi ≤ fi. Because v and f depend on 
each other, the algorithm follows an iterative approach, starting with v = 1. Iterating between v and f 
computations is said to converge to the solution usually within 10 iterations (Eilers, 2004). The Matlab 
implementation of the algorithm by Eilers was used in the current work. The asymmetric weights used in 
the algorithm explain why the approach tends to follow the lower part of the baseline noise, and this is 
the reason why this offset had to be corrected for as explained in section 2.6.3 such that the final baseline 
used in the simulations goes through the middle of the baseline noise (green solid line on Figure 8). 

 

S5 Chemical properties of the simulated molecules 
The TAMOC model is tailored to the simulated molecules by specifying ten chemical properties, listed in 
Table S1. 

The TAMOC simulations were tailored to 13CO2 by assuming a ratio of the 13CO2 diffusivity to the 12CO2 
diffusivity of 0.99913 (Jähne et al., 1987), and a ratio of the 13CO2 Henry’s law constant (mol m-3 Pa-1) to 
the 12CO2 Henry’s law constant (mol m-3 Pa-1)  according to (Vogel et al., 1970): 

𝛼 = 1 + (−1) ∙
. . ∙( . )

       (S2) 

where α is the ratio of the 13CO2 Henry’s law constant to the 12CO2 Henry’s law constant, and T is the 
temperature in K. At the ~7.7°C ambient bottom seawater temperature at the experimental site, the 
equation above leads to α = 0.9989. 
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Table S1. Chemical properties used to tailor TAMOC simulations to the chemical compounds investigated (Gros et al., 2019, 2018, 
2016).a 
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(L mol-1) 

CO2 44.010 7.374 304.12 94.1 37.3 0.225 33.94 -19.7 32.0 0.132 

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 0.630 -10.8 33.0 0.183 

O2 31.999 5.043 154.58 73.4 27.9 0.0216 1.30 -13.7 32.0 0.169 

Ar 39.948 4.870 150.82 74.6 29.2 -0.004 1.40 -10.8 32.6 0.169 

Kr 83.8b 5.50b 209.4b 91.2b 34.6c 0b 2.53e -15.2e 33.0c 0.157g 

SF6 146.056b 3.76b 318.72b 198b 79.8c 0.208b 0.247e -21.1e 65.0c 0.270h 

C3F8 188.02b 2.68b 345.1b 300b 117d 0.325b 0.0122e -57.4e 104f 0.260i 

13CO2 45.010 7.374 304.12 94.1 37.36j 0.225 33.90k -19.7 32.0 0.132 

a Property values for CO2, CH4, N2, O2, and Ar have been published previously (Gros et al., 2019). Property values for Kr, SF6, C3F8 for use in TAMOC 
have not been previously published, and consequently references for the selected values are listed as footnotes. 
b (Poling et al., 2001). 
c (Plyasunov et al., 2000). 
d (Merkel et al., 2000). 
e data from (Sander, 2014), selected using the procedure described in section S-11 of (Gros et al., 2016). 
f estimated with the method of (Lyckman et al., 1965) as reported in equation 12 of (Shakir and de Hemptinne, 2007). 
g calculated from the data of (Weiss and Kyser, 1978) at 40.10°C and salinities of 0 and 36.595. 
h calculated from the data of (Bullister et al., 2002) at 20.01°C and salinities of 0 and 39.73. 
i estimated with the method of (Endo et al., 2012), using parameters from the database of (Ulrich et al., 2018) in equation 6 of Endo et al. 
j within TAMOC, the Vb property is used only within the Hayduk-Laudie formula for predicting the diffusion coefficient. The selected Vb value leads 
to the selected ratio of the 13CO2 diffusivity to the 12CO2 diffusivity of 0.99913 between (Jähne et al., 1987) within TAMOC. 
k calculated to provide the correct Henry’s law constant at 7.7°C (α = 0.9989, eq. S2, Vogel et al., 1970). 

 

S6 Benthic chamber deployments during the CO2-release experiment 
During the experiment, two benthic chambers (McGinnis et al., 2014) were deployed from RRS James 
Cook with the remotely operated vehicle (ROV) Isis at the experimental site near the Goldeneye platform 
(Figure S5). The objective was to monitor the fluxes of dissolved chemical species across the sediment-
water interface. The benthic chambers consist of a support frame that carries two cylindrical pressure 
tubes, a Plexiglas incubation chamber and a syringe sampler. The syringe sampler contains eight 50 ml 
syringes collecting water samples of usually ~46 ml at chosen time points. One titanium cylinder houses 
all electronics, including the control unit and data acquisition computer, the other one carries batteries. 

L
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The measurement principle relies on in situ incubation of a volume of sediment along with a known 
volume of well-mixed bottom seawater during a measurement period (here 27–38 hours, depending on 
deployment). The measured evolution of concentrations of dissolved species allows calculation of fluxes 
across the sediment-water interface based on the recorded ratio of water volume to sediment surface 
area within the chamber. Concentrations are monitored either by in-situ sensors (O2) or by ex-situ analysis 
of the eight water samples collected by the syringes (DIC and additional parameters). The centrally stirred 
chamber has an inner diameter of 19 cm and hence encloses an area of 284 cm2 together with a 20–25 cm 
height of bottom seawater depending on sediment penetration depth (i.e. 6–8 l). Measured δ13C of DIC 
and DIC did not show obvious trends of experimentally-released CO2 invasion into the benthic chambers 
at any of the experimental CO2 release rates. This suggests that the flux of DIC across the sediment-water 
interface was close to zero at the deployment distance of 50–100 cm from the closest bubble stream 
(Table S2). It was further assumed that the bulk of the fraction of the released CO2 that aqueously 
dissolved during the 3 m travel through the sediment (de Beer et al., 2021) did not escape to the water 
column during the experiment and therefore did not considerably contribute to the DIC in bottom water. 

  

Figure S5. (Left) Benthic chamber 1 deployed on the seafloor during the Goldeneye field experiment. (Right) Benthic chamber 1 on 
the porch of ROV ISIS before deployment (May 8th, 2019). 

 

Table S2. Summary of conducted benthic-chamber deployments. 

Deployment 
name 

Date 
started 

Date ended Total 
incubation 
time (h) 

Approximate distance of the 
center of the benthic chamber to 
the closest bubble stream (cm) 

CO2 flow rate 
during incubation 
(kg d-1) 

BC1-1 8.5.2019 10.5.2019 36  – 0 
BC2-1 13.5.2019 16.5.2019 27 50 6 (14 for the last 

(8th) syringe) 
BC1-2 15.5.2019 17.5.2019 30 100 29 
BC2-2 17.5.2019 19.5.2019 30 50 86 
BC1-3 19.5.2019 21.05.2019 30 70 143 
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S7 Carbonate system model 
The carbonate system model uses the existing 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 (Zeebe and Wolf-Gladrow, 2001). The model reported in the present article uses the latest 
version of csys available on 3rd October, 2018 (last updated on 7th April, 2014). Csys can be used 
interchangeably with other carbonate chemistry software packages (Guide to best practices for ocean CO2 
measurements, 2007; Millero, 2007; Orr et al., 2015; Orr and Epitalon, 2015). Here we report the 
equations that were used by csys in the model described in the present article. We have done this because 
there has been considerable confusion in the literature resulting from a significant number of typos in the 
publication of key coefficients (Lewis and Wallace, 1998; Orr et al., 2015), also because the current 
consensus that has arisen on most of the equations (Guide to best practices for ocean CO2 measurements, 
2007; Orr et al., 2015) may evolve, and finally 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), third edition with corrections (2005).) 

(a) Coefficients and equations in csys that follow exactly the book of Zeebe and Wolf-Gladrow 
(2001):  

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 (Dickson and 
Goyet, 1994; Zeebe and Wolf-Gladrow, 2001). 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 release. Within csys, the fugacity and Henry’s law constant 
of CO2 follow the method of Weiss (Weiss, 1974), where the mole fraction of non-CO2 gases in air 
(equation 9 of Weiss (1974)) is assumed to be equal to 1. The total pH scale was used. 
 

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

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 (Dickson and Goyet, 1994), which 
itself cited another reference (Millero, 1995) 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. data 
(Mehrbach et al., 1973) by Lueker et al. (Lueker et al., 2000) as reported at page 255. (The book 
highlights different recommended equations than the ones implemented by default in the csys 
code; the recommended equations from the book are available in csys as an option, however the 
model that we used in the current article sticks to the default options in csys. The default Lueker 
et al. (2000) refit of Mehrbach et al. (1973) data is the recommended best practice (Guide to best 
practices for ocean CO2 measurements, 2007; Orr et al., 2015)). 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 
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(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 
= -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) Changes applied to the csys software of Zeebe and Wolf-Gladrow (2001):  

The csys Matlab code was edited so that it could be called as a Matlab function; this was done 
purely for convenience and did not modify any of the algorithms used in csys. 

 

S8 Shear velocity calculated from ADCP data 

 

Figure S6. Shear velocity (u*) calculated from ADCP data through eq. 8 in the main text. The average u* of 0.0073 m s-1 agrees 
well with the value of 0.0066 m s-1 calculated at a mean velocity of 0.11 m s-1 at 0.16 masf from acoustic Doppler velocimeter data 
(Koopmans et al., this issue) and the value of 0.0073 m s-1 calculated at steady state southbound current using an approach similar 
to eq. 8 with a different set of field data (Schaap et al., this issue). 

 

S9 Model parameters selected for simulations of methane and krypton 
Most of the parameters were left unchanged as described in the main text. However, because CH4 and Kr 
are less soluble than CO2, with peak input to the water column at 4.7 and 4.3 masf, respectively, 
simulations for tracer advection and diffusion (section 2.7.2) were performed with 4× less dissolved tracer 
parcels than for CO2, and bubble dissolution (section 2.7.1) was simulated with 100 bubble size bins 
instead of 6. 

 

S10 Sensitivity analysis 
A simplified sensitivity analysis of the predicted leak flow rate was performed for some parameter choices 
viewed as uncertain in general (turbulent diffusion coefficient, sensor position) or that may be unknown 
for future deployments of the proposed method (initial bubble size distribution). Results are reported in 
Table S3. To decrease computational cost, the sensitivity analysis employed 40× less dissolved tracer 
parcels than for the simulation reported in the main article, and the cylindrical integration cylinder had a 
diameter of 1 m. The base case as described in the article gives the same estimated leak flow rate of 64% 
when run with this parameter choice.  
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Table S3. Predicted leak flow rates under alternative model assumptions. 

Case tested Estimated leak 

flow rate for 

visit 3, expressed 

as a percentage 

of the gas flow 

rate injected into 

the sediment 

Base case as described in the article text 64% 

𝐷∥, 𝐷 , and Dz multiplied by 0.1 67% 

𝐷∥, 𝐷 , and Dz multiplied by 10 98% 

𝐷∥, 𝐷 , and Dz assumed independent of depth, with 𝐷∥ = 𝐷  = 10-2 m2 s-1, and Dz = 10-3 m2 s-1 65% 

Initial bubble size four times smaller (d50 = 2.5 mm)a 130% 

Initial bubble size two times smaller (d50 = 5.1 mm)b 81% 

Initial bubble size two times larger (d50 = 20.4 mm)c 71% 

Simulated position of the pCO2 sensor translated 1 m towards ship’s sternd 65% 

Simulated position of the pCO2 sensor translated 1 m towards ship’s bowd 62% 

Simulated position of the pCO2 sensor translated 1 m towards ship’s portd 57% 

Simulated position of the pCO2 sensor translated 1 m towards ship’s starboardd 75% 

Average total alkalinity assumed 20.2 μmol kg-1 lowere 63% 

Average total alkalinity assumed 20.2 μmol kg-1 highere 65% 

Alkalinity drawn at each time point from a normal distribution having a mean of 2321 μmol kg-1  e 

and standard deviation of 10.1 μmol kg-1  e 
64% 

a Similar d50 values (3.1 –4.0 mm) were observed for natural gas seeps located within the methane hydrate stability zone at 890 m water depth 
in the Gulf of Mexico (Wang and Socolofsky, 2015). 
b Similar d50 values were observed at two leaky wells in the North Sea at a location where the surface sediment was overall sandy with minor 
admixtures of clay (Vielstädte et al., 2015), whereas a third site in the study by Vielstädte et al. had a coarser surface sediment coverage and a 
larger gas flow rate and exhibited a d50 close to the one measured during the CO2 release field experiment. 
c A similar d50 value (18.4 mm) was observed at a shallow natural seep site offshore Panarea, at a location where the seafloor was covered with 
centimeter-sized pebbles (Gros et al., 2019). 
d Uncertainty in the actual sensor position was likely in the order of 5 m (section S3). Here the sensitivity to a (systematic) error resulting from 
potential incorrect measurement of distances on the ship is calculated. Further non-systematic uncertainty of several meters arises from GPS 
accuracy, among other sources of uncertainty (not investigated in this sensitivity analysis). 
e Measurements of 46 water samples taken at water depths>115 m lead to an average total alkalinity of 2321 μmol kg-1 and standard deviation 
of 10.1 μmol kg-1 (Martínez-Cabanas et al., this issue). These statistics reflect a combination of measurement accuracy (±5 µmol kg-1, Martínez-
Cabanas et al., this issue) and variations within the sampled seawater. These statistics determined the choices of sensitivity scenarios. 
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S11 Carbonate system kinetics and calculation of equilibrated pCO2 
Upon dissolution of CO2 from a gas bubble, an initial disequilibrium is brought into the carbonate system 
as excess DIC entering the aqueous phase as [CO2]aq. The chemical equilibration of CO2 in water is limited 
by the relatively slow kinetics of the reactions of hydration and hydroxylation of CO2 to HCO3

- (Koopmans 
et al., this issue; Schulz et al., 2006; Zeebe and Wolf-Gladrow, 2001). 

The carbonate system is defined by a set of chemical reactions (Zeebe and Wolf-Gladrow, 2001): 

 

𝐶𝑂 + 𝐻 𝑂    
𝑘
⇌

𝑘
    𝐻 + 𝐻𝐶𝑂         (S3) 

 

𝐶𝑂 + 𝑂𝐻     
𝑘
⇌

𝑘
    𝐻𝐶𝑂          (S4) 

 

    𝐻 + 𝐶𝑂     
𝑘
⇌

𝑘

    𝐻𝐶𝑂          (S5) 

 

𝑂𝐻 + 𝐻𝐶𝑂     
𝑘

⇌
𝑘

    𝐶𝑂 + 𝐻 𝑂        (S6) 

 

𝐻 𝑂    
𝑘
⇌

𝑘
    𝐻 + 𝑂𝐻           (S7) 

 

𝐵(𝑂𝐻) + 𝑂𝐻     
𝑘
⇌

𝑘
    𝐵(𝑂𝐻)         (S8) 
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𝐶𝑂 + 𝐵(𝑂𝐻) + 𝐻 𝑂    
𝑘
⇌

𝑘
    𝐵(𝑂𝐻) + 𝐻𝐶𝑂       (S9) 

where the variables above and below the “⇌” symbols define the rate constants of the forward and 
backward reactions, respectively. 

Eqs. S3–S9 define a set of coupled differential equations describing the carbonate system after an initial 
perturbation. Therefore, after an amount of excess DIC is added to a constant volume of seawater in the 
form of [CO2]aq, the evolution of the concentrations of the different components of the carbonate system 
towards a new equilibrium can be calculated according to (Zeebe and Wolf-Gladrow, 2001): 

 

[ ]
= +(𝑘 ∙ [𝐻 ] + 𝑘 ) ∙ [𝐻𝐶𝑂 ] − (𝑘 + 𝑘 ∙ [𝑂𝐻 ]) ∙ [𝐶𝑂 ]     (S10) 

 

𝑑[𝐻𝐶𝑂 ]

𝑑𝑡
= −(𝑘 ∙ [𝐻 ] + 𝑘 ) ∙ [𝐻𝐶𝑂 ] 

                       +(𝑘 + 𝑘 ∙ [𝑂𝐻 ]) ∙ [𝐶𝑂 ] 

                       − 𝑘 + 𝑘 ∙ [𝑂𝐻 ] ∙ [𝐻𝐶𝑂 ] 

                       + 𝑘 ∙ [𝐻 ] + 𝑘 ∙ [𝐶𝑂 ]  

                       +𝑘 ∙ [𝐵(𝑂𝐻) ] ∙ [𝐶𝑂 ] − 𝑘 ∙ [𝐵(𝑂𝐻) ] ∙ [𝐻𝐶𝑂 ]       (S11) 

 

𝑑[𝐶𝑂 ] 

𝑑𝑡
= 𝑘 + 𝑘 ∙ [𝑂𝐻 ] ∙ [𝐻𝐶𝑂 ] 

                       − 𝑘 ∙ [𝐻 ] + 𝑘 ∙ [𝐶𝑂 ]  

                      −𝑘 ∙ [𝐵(𝑂𝐻) ] ∙ [𝐶𝑂 ] + 𝑘 ∙ [𝐵(𝑂𝐻) ] ∙ [𝐻𝐶𝑂 ]       (S12) 

 

𝑑[𝐻 ]

𝑑𝑡
= +𝑘 ∙ [𝐶𝑂 ] − 𝑘 ∙ [𝐻 ] ∙ [𝐻𝐶𝑂 ] 

                      +𝑘 ∙ [𝐻𝐶𝑂 ] − 𝑘 ∙ [𝐻 ] ∙ [𝐶𝑂 ] 

                      +𝑘 − 𝑘 ∙ [𝐻 ] ∙ [𝑂𝐻 ]        (S13) 
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𝑑[𝑂𝐻 ]

𝑑𝑡
= +𝑘 ∙ [𝐻𝐶𝑂 ] − 𝑘 ∙ [𝑂𝐻 ] ∙ [𝐶𝑂 ] 

                      −𝑘 ∙ [𝑂𝐻 ] ∙ [𝐻𝐶𝑂 ] + 𝑘 ∙ [𝐶𝑂 ] 

                      +𝑘 − 𝑘 ∙ [𝐻 ] ∙ [𝑂𝐻 ]  

                      −𝑘 ∙ [𝐵(𝑂𝐻) ] ∙ [𝑂𝐻 ] + 𝑘 ∙ [𝐵(𝑂𝐻) ]      (S14) 

 

𝑑[𝐵(𝑂𝐻) ]

𝑑𝑡
= −𝑘 ∙ [𝐵(𝑂𝐻) ] ∙ [𝑂𝐻 ] + 𝑘 ∙ [𝐵(𝑂𝐻) ] 

                           −𝑘 ∙ [𝐵(𝑂𝐻) ] ∙ [𝐶𝑂 ] + 𝑘 ∙ [𝐵(𝑂𝐻) ] ∙ [𝐻𝐶𝑂 ]       (S15) 

 

𝑑[𝐵(𝑂𝐻) ]

𝑑𝑡
= +𝑘 ∙ [𝐵(𝑂𝐻) ] ∙ [𝑂𝐻 ] − 𝑘 ∙ [𝐵(𝑂𝐻) ] 

                          +𝑘 ∙ [𝐵(𝑂𝐻) ] ∙ [𝐶𝑂 ] − 𝑘 ∙ [𝐵(𝑂𝐻) ] ∙ [𝐻𝐶𝑂 ]       (S16) 

 

The rate constants followed the values proposed by Zeebe and Wolf-Gladrow (2001), except for 𝑘   and 
𝑘  which followed the values proposed by Schulz et al. (2006). The values of the constants are listed in 
Table S4. 
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Table S4. Value of the constants for the carbonate system kinetics (eqs. S10–S16).a 

constant value 
𝑘  

𝑒
.

. ∙
. ∙  ( )

 
𝑘  𝑘

𝐾∗ 

𝑘  499,002.24 ∙ 𝑒 . ∙ ∙ . ∙ ∙

∙ 𝑒
, .

∙

𝐾∗  

𝑘  𝑘 ∙ 𝐾∗

𝐾∗ 

𝑘  5.0·1010 kg mol-1 s-1 

𝑘  𝑘 ∙ 𝐾∗ 
𝑘  6.0·109 kg mol-1 s-1 
𝑘  𝑘 ∙ 𝐾∗

𝐾∗ 

𝑘  1.40·10-3 kg mol-1 s-1 
𝑘  𝑘

𝐾∗  

𝑘  
4.58 ∙ 10 ∙ 𝑒

,
∙  

𝑘  𝑘 ∙ 𝐾∗

𝐾∗ 

𝑘  
3.05 ∙ 10 ∙ 𝑒

,
∙  

𝑘  𝑘 ∙ 𝐾∗

𝐾∗ 
a Values based on Zeebe and Wolf-Gladrow (2001), except for k+4 and k-4 (Schulz et al., 2006). T is temperature in Kelvin, and R is the gas constant 
(8.314510 J mol-1 K-1). 𝐾∗, 𝐾∗, 𝐾∗ , and 𝐾∗ are, respectively, the equilibrium first dissociation constant of the carbonic acid, the equilibrium second 
dissociation constant of the carbonic acid, the equilibrium constant for the ion product of water, and the equilibrium constant of the boric acid – 
borate reaction. The four equilibrium constant values are here calculated with csys (section S7, Zeebe and Wolf-Gladrow 2001).  
Note: the article by Schulz et al. (2006) includes a series of typos (eq. for 𝑘 , and eqs. S11, S13, and S14); we report here the equations from 
Zeebe and Wolf-Gladrow (2001), which do not include the typos. 

 

The differential equations can be solved numerically (here using ode15s solver from Matlab with default 
parameters except for ‘RelTol’ = 10-10 and ‘AbsTol’ = 10-14), and an example calculation is provided in Figure 
S7. We define τ as the 63% equilibration time, and we find that, for a constant water volume, τ depends 
on the concentration of excess DIC added in form of [CO2]aq (Figure S8). If neglecting diffusion, field data 
would be coherent with a value of τ of 117.5 s (calculated at in-situ conditions of pressure, temperature, 
and salinity). However, in the sea turbulent mixing constantly dilutes the excess DIC, making correction 
for kinetics (Koopmans et al., this issue) difficult. 
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Figure S7. Predicted evolution of pCO2, pH, and the other components of the carbonate system with time for an hypothetical water 
parcel receiving 1.225·10-5 mol kg-1 of CO2 from a dissolving bubble (calculated at 280.89 K, 1.21 MPa absolute pressure, 35.11 of 
salinity, total alkalinity = 2321 μmol kg-1, and background pCO2 = 432 μatm). The curves were calculated for a fixed water volume 
by solving eqs. S10–S16 numerically. 
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Figure S8. Predicted 63% equilibration time (τ) as a function of the concentration of excess DIC added as [CO2]aq (blue solid curve, 
left axis); the pH upon equilibrium is also shown (red solid line, right axis). The curves were calculated for a fixed water volume. 

If the water volume can be assumed constant, the equilibrium situation can be calculated from the 
measured pCO2 and estimated time interval between the CO2 entering seawater from a dissolving bubble 
and the sensor measurement. 

The fraction of the carbonate system equilibrium can be calculated from (Koopmans et al., this issue): 

𝐸𝐹(𝑡) = (1 − 𝑒 )           (S17) 

where EF is the fraction of equilibration, and t is the time since addition of CO2 into seawater from 
dissolving bubbles. 

For a constant water volume, the aqueous CO2 concentration ([CO2]aq, t) can be calculated according to 
(Koopmans et al., this issue): 

[𝐶𝑂 ] , = [𝐶𝑂 ] , − [𝐶𝑂 ] , − [𝐶𝑂 ] , ∙ 1 − 𝑒     (S18) 

where t is the time, t0 the time when CO2 entered seawater, and t∞ is the time when equilibrium is 

reached. The difference [𝐶𝑂 ] , − [𝐶𝑂 ] , = [𝐶𝑂 ] , −[𝐶𝑂 ] , ∙ 1 − 𝑒  represents the 

part of the dissolved CO2 that equilibrated at time t. The values of t might be estimated from the distance 
of the Video-CTD to the center of the bubble stream origins divided by the water current intensity at the 
depth and time of measurement. Based on this estimate of the water parcel age ti and on an estimate of 
the baseline value at that time point, the above equations combined with a model of the equilibrium 
carbonate system such as csys (section S7) could be used to calculate the equilibrium values (i.e., at t∞) of 
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the different components of the carbonate system for the parcel of seawater sampled, by solving the 
equations: 

[𝐶𝑂 ] , = [𝐶𝑂 ] , −
[ ] , [ ] ,

[𝐶𝑂 ] , = [𝐷𝐼𝐶] − [𝐷𝐼𝐶]
       (S19) 

where DIC is the dissolved inorganic carbon, and “background” refers to the time-dependent baseline DIC 
value as calculated from the fitted pCO2 baseline (Figure 8). The system of equations to solve for the three 
unknowns ([𝐶𝑂 ] , , [𝐶𝑂 ] , , 𝑎𝑛𝑑 [𝐷𝐼𝐶] ) is closed by imposing the relation between [𝐶𝑂 ] ,  
and [𝐷𝐼𝐶]  through the carbonate system model csys (as equilibrium applies at t∞). This system of 
equations can be solved by numerical iterations.  
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