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low pH water from Gulf of Mexico
seeps as revealed by d13C–CO2 and methane
oxidation data†

Sydney I. Louden * and John D. Kessler

Seawater was collected around the MC118 hydrocarbon seep in the Gulf of Mexico and was used previously

for a study of aerobic methane (CH4) oxidation. During that experiment, changes in the dissolved

concentrations and d13C isotopes of CH4 and CO2 were recorded. Originally, the CO2 concentrations

and isotopes were recognized to qualitatively follow trends supporting the microbial conversion of CH4

to CO2 via aerobic oxidation, however, no attempt was made to quantitatively explain this CO2 data. The

present study models the d13C–CO2 changes that occur as a result of CH4 oxidation, accounting for the

carbon already present as dissolved inorganic carbon (DIC), DIC added via CH4 oxidation, and the pH of

seawater. This study discovers that to accurately model the measured concentration and isotopic data

for CO2, the seawater emitted from this seep site must have a pH which is at most between 6.49 and

7.24, and possibly up to 0.43 ± 0.08 pH units lower. These results are corroborated by direct

measurements of pH from seeps in the Mediterranean Sea. A first-order extrapolation indicates that

while cold seeps in the Gulf of Mexico may be a source of low pH water influencing the carbon

dynamics of the deep ocean environment, this influence is likely less than that of current surface ocean

acidification caused by the infiltration of atmospheric CO2.
Environmental signicance

Methane seeps have been widely studied to understand the amount and fate of released methane, a potent greenhouse gas. However, this study reveals that
seeps also emit low pH water, broadening the environmental signicance of seaoor seeps to include ocean acidication. Using samples from a Gulf of Mexico
seep, measurements andmodels of aerobic methane oxidation were conducted. These analyses revealed the pH of water emitted from this seepmust be between
6.49 and 7.24, much lower than the average ocean pH of 8.1. This low pH water likely has important, localized inuences. But a rst-order extrapolation suggests
the potential rate of deep ocean acidication in this environment is likely lower than the rate of seawater acidication from atmospheric CO2.
Introduction

Seeps emit methane (CH4) and other hydrocarbons from the
seaoor and are concentrated along continental margins. One
area with many seeps that has been well documented and
studied is the Gulf of Mexico, which contains an estimated 914
natural hydrocarbon seeps.1,2 Both the abundance of hydro-
carbons underneath the seaoor and the geology of the basin
contribute to the number of seeps found in the Gulf of Mexico.3

Methane is emitted from seeps in the form of dissolved CH4

and bubble streams4 which can dissolve into the water column
during ascent.5 The rate at which these CH4 bubbles dissolve
into the surrounding water depends on a variety of factors
including, but not limited to, bubble size and depth of
ience, University of Rochester, Rochester,

u

tion (ESI) available. See DOI:

00–1606
emission6 with substantial amounts of dissolution occurring
near the seaoor.7

Once dissolved in the overlying waters, methanotrophic
bacteria use CH4 as a carbon and energy source.8 These meth-
anotrophs are present in the water surrounding CH4 seeps and
aerobically oxidize CH4 via the overall reaction shown in eqn
(1).9

CH4 + 2O2 / CO2 + 2H2O (1)

The CO2 produced from aerobic CH4 oxidation then mixes
and equilibrates with the dissolved inorganic carbon (DIC) pool
already present in the seawater (eqn (2) and (3)),

CO2 þH2O4
K1

Hþ þHCO3
� 4

K2
2Hþ þ CO3

2� (2)

[DIC] = [CO2] + [HCO3
−] + [CO3

2−] (3)
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where [CO2] represents the sum of dissolved [CO2] and [H2CO3],
and [DIC] is the sum of the inorganic carbon components.

The specic rate of microbial oxidation of CH4 is faster for
the light isotopologue (12CH4) than the heavy isotopologue
(13CH4), resulting in a kinetic isotope effect and producing
measurable changes in the isotopic composition of the residual
CH4. Thus, the CO2 produced via CH4 oxidation is enriched in
the 12C isotope compared to the residual CH4.10 These isotopic
differences change as a function of the extent of oxidation and
can be used to conrm that CH4 oxidation is occurring. Addi-
tionally, these changes can quantitatively determine the extent
of the starting CH4 pool that has been oxidized and have been
further used to determine the oxidation rate.11

The investigation presented here began with data measured
during an experiment exploring aerobic CH4 oxidation in
seawater.9 The experiment measured changes in the dissolved
concentrations and d13C isotopes of CH4 and CO2 in a closed
seawater incubation system experiencing signicant amounts of
aerobic CH4 oxidation.12 The goal of the present study was to
develop an isotopic model to quantitatively explain changes in
the measured d13C–CO2 data as a function of the extent of CH4

oxidation, the results of which discovered that seeps emit rela-
tively low pH water alongside CH4. Variables included in this
model were the isotopic fractionation associated with aerobic
CH4 oxidation, the background concentrations of CO2 and DIC
present in the system prior to this CH4 oxidation event, and the
added CO2 from CH4 oxidation. This investigation reveals that
the model and measurements only agree at pH values signi-
cantly below those of the background deep ocean, indicating that
seeps are a source of low pH waters to the deep ocean.
Experimental
Sample collection

The full details describing sample collection and analysis can be
found in Chan et al.9 In brief, samples were collected in the Gulf
of Mexico at site MC118 (28°51′N, 88°29.5′W) during a research
expedition from 12–17 April 2015 onboard the E/V Nautilus.
Samples were collected at depths of 794 and 888 m using the
Suspended-Particle Rosette sampler13 mounted to the remotely
operated vehicle (ROV) Hercules. Water samples were taken just
above the seaoor in water visibly impacted by CH4 bubbles.
Other hydrocarbons, including oil, were present as well.9

The collected water samples were incubated at near in situ
temperatures using a mesocosm incubation system developed by
Chan et al.14 The mesocosm incubation system was connected to
a dissolved gas analysis systemwhichmeasured the concentrations
and stable isotopes of CH4 and CO2 throughout the incubation
period. Samples for DNA analysis and cell counts were isolated
periodically during incubation to characterize the microbial
communities and ensure methanotrophic bacteria were present.9
Isotope modeling procedure

Since this experiment incubated seawater samples in a closed
vessel, the isotopic fractionation caused by CH4 oxidation was
modeled following closed system or Rayleigh fractionation
© 2023 The Author(s). Published by the Royal Society of Chemistry
equations.12 We note that other studies of CH4 oxidation in
open natural seawater environments still displayed isotopic
fractionation following closed system kinetics.11,15 The closed
nature of the incubation vessel meant that any CO2 produced
from CH4 oxidation accumulated in the vessel. Thus, to model
the d13C–CO2 data, an accumulated product model was incor-
porated (eqn (4)).16

dX ¼ dCH4;0
þ 1000

f

h
1� ð1� f Þ1=a

i
� 1000 (4)

Here, dX represents the isotopic values of the accumulated CO2

produced from CH4 oxidation, dCH4,0 represents an average of
the isotopic values of CH4 at the start of the incubation, and
a represents the isotopic fractionation factor, dened as the
ratio of the rst-order rate constants for the oxidation of 12CH4

and 13CH4 (a = k12/k13). Previously, Chan et al. conrmed that
CH4 oxidation followed rst-order oxidation kinetics and that
a ranged from 1.016 to 1.025.9,12 The variable f in eqn (4)
represents the fraction of the starting CH4 pool that has been
oxidized. Here, we determine f using the CH4 concentration
data from Chan et al.9,12 as shown in eqn (5),

f ¼ 1� ½CH4�i
½CH4�0

(5)

where [CH4]i is the concentration of CH4 measured at different
times throughout the incubation period, and [CH4]0 is the
averaged initial CH4 concentration. To account for variability in
the data prior to the onset of more rapid CH4 oxidation, initial
values of CH4 and CO2 concentrations and isotopes were aver-
aged across several measurements.

While dX represents the isotopic values of the accumulated
CO2 produced during this CH4 oxidation experiment, this CO2 is
added to a large pool of CO2 and DIC initially present in the
seawater sample. Thus, to accurately model the measured d13C–
CO2 data, a weighted isotopic average was used (eqn (6)).

dDIC ¼ ½DIC�BdDIC;B þ D½CH4�dX
½DIC�B þ D½CH4� (6)

Here, dX represents the accumulated CO2 from eqn (4). D[CH4]
represents the amount of CO2 added to the incubation from
CH4 oxidation and was determined from [CH4]0 − [CH4]i. This
denition assumes that all CH4 oxidized is converted to CO2,
which is likely an overestimate as some will be used to generate
biomass. dDIC,B and [DIC]B represent the isotopic composition
and concentration of DIC, respectively, in the seawater before
this CH4 oxidation event. This mixing calculation is conducted
with background DIC rather than background CO2 to account
for any equilibration between the newly produced CO2 and the
DIC system (eqn (2)). The value of dDIC,B was determined from
the initial d13C–CO2 value measured using a mass balance
relationship17 and experimentally determined isotopic frac-
tionation factors.18,19 At a given temperature, the isotopic frac-
tionation between the different inorganic carbon species is
a function of pH.17 An initial pH was chosen to determine
a possible isotopic offset between CO2 and DIC. (A full
description of the calculation of the isotopic offset is provided
in the ESI.†) The value of dDIC,B was determined by adding the
Environ. Sci.: Adv., 2023, 2, 1600–1606 | 1601
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calculated isotopic offset value to the initial, measured d13C–
CO2 value for each incubation experiment. On average, the
values of dCO2

were 9.38& lighter than the values of dDIC.
[DIC]B was determined based on the dissolved CO2 concen-

tration measurements and the pH of the seawater sample.
Combining eqn (3) with the equilibrium relationships of K1 and
K2 (eqn (2)) produces an equation for [DIC]B as a function of CO2

concentration and pH (eqn (7)),

½DIC�B ¼ ½CO2�B
 
1þ K1

½Hþ� þ
K1K2

½Hþ�2
!

(7)

where K1 = 9.558 × 10−7 mol kg−1 and K2 = 5.521 × 10−10 mol
kg−1 at the temperature and salinity of the incubation (7 °C and
35 ppt).20,21 The value of [CO2]B is set equal to [CO2] at the start of
the incubation experiment. The pH was chosen to be equal to
the value used in the isotopic offset between dCO2

and dDIC.
This model calculates the isotopic value of DIC in the system

as a mixture of the background DIC and the DIC added from
CH4 oxidation (eqn (6)). However, since values of dCO2

were
measured rather than dDIC, the modeled values of dDIC (eqn (6))
must be reverted to values of dCO2

for comparison with the data.
This is accomplished by subtracting the corresponding isotopic
offset value calculated previously.

For each incubation experiment, the pH values incorporated
into these calculations were varied until the residuals between the
modeled values of dCO2

and the measured data were minimized.
Results and discussion
Data and results

The modeled and measured values of dCO2
for the four incuba-

tion experiments are shown in Fig. 1. Incubation experiments
Fig. 1 The modeled d13C–CO2 data (blue) compared to the measured va
collected at MC118.

1602 | Environ. Sci.: Adv., 2023, 2, 1600–1606
S2 and S3 show the best agreement between the modeled and
the measured values, especially during more rapid CH4 oxida-
tion, characterized by a large drop in d13C–CO2. In S2 and S3,
a period of positive isotopic values is followed by a rapid change
to negative isotopic values. This follows the expected values
where d13C–CO2 is positive before more rapid CH4 oxidation
begins and quickly becomes negative during more rapid CH4

oxidation. Incubation experiments S1 and S4 also show agree-
ment between the data and the model, however, these samples
follow a slightly different trend from S2 and S3. S1 and S4 both
begin with negative isotopic values and display a steadier
decline.

The pH values required to produce the isotopic models
shown in Fig. 1 represent the pH at the beginning of the incu-
bation experiment. The pH at the end of the incubation exper-
iment was calculated using eqn (8).

½DIC�F ¼ ½CO2�F
 
1þ K1

½Hþ� þ
K1K2

½Hþ�2
!

(8)

K1 and K2 are the same as in eqn (7). [CO2]F is [CO2] at the end
of the incubation experiment, and [DIC]F is [DIC]B plus the
change in CH4, assuming all CH4 removed was added to DIC via
CH4 oxidation. The pH values calculated at the beginning and
end of each incubation experiment are shown in Table 1.

The average difference between nal and initial pH values
for all four incubation experiments is 0.1 ± 0.07 pH units.
Overall, S1 is the most basic, and S3 is the most acidic. S2 shows
no change in pH over the duration of the incubation experi-
ment, while S4 shows the largest change. Data from all four
incubation experiments suggests a pH considerably lower than
the average ocean pH of 8.1.22
lues of d13C–CO2 (black) over the incubation time for all four samples

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The estimated pH range for each of the four samples

Sample Estimated pH range

MC118-S1 7.13–7.24
MC118-S2 6.67
MC118-S3 6.49–6.62
MC118-S4 6.69–6.84
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Disagreement between the modeled and measured data can
be attributed to the natural variation in the measured data,
differences in initial CH4 concentration, oxidation of other
carbon compounds in the system, and/or analytical uncer-
tainties. The variability in the measured data is not as present in
the modeled values due to the averaging of initial data before it
was used in the model. Each of the four incubations had
different starting concentrations of CH4. In S2 and S3, initial
CH4 concentrations were approximately 150 mM; in S1 and S4,
initial CH4 concentrations were approximately 50 mM. Methane
oxidation rates were higher in S2 and S3 compared to S1 and S4.
Higher initial CH4 concentrations and faster oxidation rates
indicate CH4 oxidation was contributing more CO2 to the DIC
pool than in experiments S1 and S4. Oxidation of seep-derived
dissolved organic carbon (DOC) would also add CO2 to the
DIC pool in these experiments.23 Other geologic hydrocarbons
were present in the incubations, which was visible at the sample
collection site. Sequencing of the 16S rRNA gene at the end of
each of the four incubations showed the presence of many
species of hydrocarbon oxidizing bacteria, with CH4 oxidizing
bacteria making up a relatively low percentage of the microbial
community.9

Discussion

A pH measurement was not taken at the sampling site of this
dataset, however, there is strong evidence that the water directly
above the CH4 seep is relatively acidic. Isotope and concentra-
tion data suggest that the pH of the sample site is between 6.49
and 7.24, if not lower. One assumption made in modeling the
isotope data was that all CH4 removed during the incubation
experiment was converted to CO2. Based on eqn (1), two moles
of O2 should be removed for every mole of CH4. Dissolved O2

(DO) data from Chan et al. indicate a DO to CH4 ratio less than 2
to 1.9 Chan et al. hypothesize that this discrepancy is due to the
formation of biomass that has not been fully oxidized to CO2 by
the end of the incubation experiment.9 Thus, if we assume that
only half of the CH4 is fully oxidized to CO2 while the rest
remains as biomass at the conclusion of this experiment, an
assumption supported by the DO to CH4 ratio,9 the estimated
pH of the water emitted from this seep is approximately 0.43 ±

0.08 pH units lower.
The pH of uids emitted from hydrothermal vents has been

well documented24,25 with the development of in situ measure-
ment techniques,26,27 however, few measurements of pH at CH4

seep sites have been published. The limited published data that
exist indicate that water surrounding and coming from cold
CH4 seeps has an approximately neutral pH.1,28 Sisma-Ventura
et al. report measurements of pH as low as 6.83 in the water
© 2023 The Author(s). Published by the Royal Society of Chemistry
column above a hydrocarbon seep in the Southeast Mediterra-
nean Sea with low pH values of 6.8 to 7.4 recorded throughout
the water column up to 50 m above the seaoor.28

The data and conclusions of Sisma-Ventura et al. support the
ndings of this study.28 The measurement of a pH of 6.83 in the
water above a hydrocarbon seep falls within the calculated pH
range for the MC118 seep. The lower pH values calculated for
MC118 could be attributed to the fact that water samples were
collected directly above the seep emission via ROV whereas
Sisma-Ventura et al. collected water up to 50 m above the seep
using a carousel of Nisken bottles.28

Sisma-Ventura et al. conclude that the low pH values
measured above hydrocarbon seeps are a result of the oxidation
of CH4 and other hydrocarbons to CO2 which is added to the
DIC pool of the background bottom water, lowering the pH.28,29

Sisma-Ventura et al. hypothesize that hydrocarbon seeps have
a substantial impact on bottom water chemistry.28 The results of
the present study support this conclusion and suggest that CH4

seeps are a source of low pH water to the deep Gulf of Mexico.
To estimate the potential impact of this low pH water, the

modeled results from this study were extrapolated to the entire
Gulf of Mexico to estimate the amount of low pH water emitted
and its inuence on the total pH of the Gulf of Mexico. For these
calculations, the Gulf of Mexico was modeled as a cylinder with
a total volume of 2.434 × 1015 m3 and a height equivalent to the
average depth, 1615 m.30 It was assumed that all estimated 914
seeps in the Gulf of Mexico2 emit the same low pH water at the
same, constant rate. Estimates of water ux from Gulf of Mexico
seeps range from 9.4 to 30 mm per year, and seep diameters
from which water is emitted are estimated to be between 0.2
and 1.2 km.31,32 Maximum values were chosen for this calcula-
tion to prevent against underestimating the potential impact on
bottom water pH. Therefore, the lowest pH value determined of
5.91 was used, which assumes half of the oxidized CH4

remained as biomass. It was assumed that the background pH
of the deep Gulf of Mexico was 8.1.22 This also maximizes the
estimated pH impact as the effect of low pH water emitted from
seeps would be reduced in less basic surrounding water. The
amount of low pH water emitted by all seeps over the span of
one year was then calculated, and the resulting pH changes
were determined assuming this low pH seep water impacts (i)
the total volume of the Gulf of Mexico, (ii) the bottom 50 m of
the Gulf of Mexico, and (iii) the bottom 10 m of the Gulf of
Mexico.

Any pH change was negligible assuming the total volume or
the bottom 50 m were inuenced by low pH water emitted from
cold seeps. When we assumed that low pH seep water only
impacts the bottom 10 m of the Gulf of Mexico, the pH
decreased by 1.38 × 10−4 in one year. For comparison, the
average yearly decrease in pH from surface ocean acidication
from the inltration of atmospheric CO2 is 2.00× 10−3.22 Only if
the water ow from all seeps in the Gulf of Mexico was higher by
a factor of 10 would a similar decrease in pH be observed as in
the surface waters, assuming only the bottom 10 m are
impacted by seep water. A hypothetical increase in water ow by
a factor of 100 would be necessary for the bottom 50 m to
display a similar annual pH decrease to the surface waters. The
Environ. Sci.: Adv., 2023, 2, 1600–1606 | 1603
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emission of low pH waters from CH4 seeps impacts the carbon
system of the deep ocean, however, the impact on deep ocean
pH is likely less than the impact of acidication in the surface
ocean.
Conclusions

This study quantitatively interpreted the concentration and
d13C content of CO2 measured during incubation experiments
exploring aerobic CH4 oxidation. The water and CH4 used in
this experiment were collected immediately above a Gulf of
Mexico CH4 seep site via ROV.9,12 A model was developed to
match the measured changes in d13C–CO2 during aerobic CH4

oxidation. This model had to account for the inorganic carbon
already in the system in the form of DIC as well as the CO2

added from CH4 oxidation.
The model reveals the importance of pH in determining the

impact of added CO2 on background DIC. This model and
analysis suggest that the pH of water emitted at the MC118 CH4

seep site is between 6.49 and 7.24 – and possibly up to 0.43 ±

0.08 pH units lower – considerably lower than the average ocean
pH of 8.1.22 While seeps in the Gulf of Mexico are an important
source of CH4, this study proposes that they are also a source of
low pH water. Based on a rst-order extrapolation of the results
from this isotopic model, the inuence of this low pH water on
the overall bottom water chemistry is relatively small, especially
when compared to the rates of surface ocean acidication.

A paradox seemingly raised by these ndings is the existence
of authigenic carbonate formations, which are characteristic of
CH4 seeps,33–36 surrounding an emission point of more acidic
water and CH4 bubbles. While we do not have a quantitative
explanation for this paradox, we offer two potential avenues for
future study. First, while anaerobic oxidation of methane (AOM)
is the primary reaction driving authigenic carbonate precipita-
tion,37 organoclastic sulfate reduction (OSR) can also contribute
to carbonate precipitation under low pH conditions38 and may
be contributing to carbonate precipitation in these environ-
ments. Second, beyond the point of emission of the seep itself,
local sediment production and consumption of CH4 may
control carbonate production.39 A highly localized seep envi-
ronment would allow for the dual existence of both low pH
water coming from the seep and authigenic carbonate forma-
tion in the surrounding environment. In addition, a previous
modeling study of carbonate formation at Hydrate Ridge also
suggested that carbonate can form under relatively acidic
conditions with a pH of 6.9 at the sediment–water interface.40

While the regional signicance of low pH water emissions
from CH4 seeps in the Gulf of Mexico is likely relatively minor in
the context of today's environmental change, their impact on
local seep environments requires further investigation. More
direct measurements of the pH of water emitted from seep sites
in the Gulf of Mexico and globally are needed to conrm and
expand upon the ndings of this study. Even if the global
inuence of low pH waters from CH4 seeps is relatively minor
compared to surface ocean acidication in the anthropocene,
the results of this study highlight the need to further
1604 | Environ. Sci.: Adv., 2023, 2, 1600–1606
characterize the inuence of these low pH waters on the
surrounding seaoor environment.
Author contributions

S. L. and J. K. designed the study, performed the research, and
wrote the manuscript.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This research was funded by grants to J. K. from NSF (OCE-
2241873 and OCE-1851402). The authors also acknowledge
Eric Chan for his original collection of the data used in this
study.
Notes and references

1 S. B. Joye, The geology and biogeochemistry of hydrocarbon
seeps, Annu. Rev. Earth Planet. Sci., 2020, 48, 205–231.

2 I. R. MacDonald, O. Garcia-Pineda, A. Beet, S. Daneshgar Asl,
L. Feng, G. Graettinger, D. French-McCay, J. Holmes, C. Hu,
F. Huffer, I. Leifer, F. Muller-Karger, A. Solow, M. Silva and
G. Swayze, Natural and unnatural oil slicks in the Gulf of
Mexico, J. Geophys. Res. Oceans, 2015, 120, 8364–8380.

3 C. Fisher, H. Roberts, E. Cordes and B. Bernard, Cold seeps
and associated communities of the Gulf of Mexico,
Oceanography, 2007, 20, 118–129.

4 T. C. Weber, L. Mayer, K. Jerram, J. Beaudoin, Y. Rzhanov
and D. Vovalv, Acoustic estimates of methane gas ux from
the seabed in a 6000 km2 region in the Northern Gulf of
Mexico, Geochem., Geophys., Geosyst., 2014, 15, 1911–1925.

5 M. Leonte, B. Wang, S. A. Socolofsky, S. Mau, J. A. Breier and
J. D. Kessler, Using carbon isotope fractionation to constrain
the extent of methane dissolution into the water column
surrounding a natural hydrocarbon gas seep in the
Northern Gulf of Mexico, Geochem., Geophys., Geosyst.,
2018, 19, 4459–4475.

6 D. F. McGinnis, J. Greinert, Y. Artemov, S. E. Beaubien and
A. Wüest, Fate of rising methane bubbles in stratied
waters: How much methane reaches the atmosphere?, J.
Geophys. Res. Oceans, 2006, 111, C09007.

7 B. Wang, I. Jun, S. A. Socolofsky, S. F. DiMarco and
J. D. Kessler, Dynamics of gas bubbles from a submarine
hydrocarbon seep within the hydrate stability zone,
Geophys. Res. Lett., 2020, 47, e2020GL089256.

8 R. S. Hanson and T. E. Hanson, Methanotrophic bacteria,
Microbiol. Rev., 1996, 60, 439–471.

9 E. W. Chan, A. M. Shiller, D. J. Joung, D. L. Valentine,
M. C. Redmond, J. A. Breier, S. A. Socolofsky and
J. D. Kessler, Investigations of aerobic methane oxidation
in two marine seep environments: Part 1 – Chemical
Kinetics, J. Geophys. Res. Oceans, 2019, 124, 8852–8868.
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3va00117b


Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

4/
02

/2
6 

15
:2

7:
05

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
10 J. F. Barker and P. Fritz, Carbon isotope fractionation during
microbial methane oxidation, Nature, 1981, 293, 289–291.

11 M. Leonte, J. D. Kessler, M. Y. Kellerman, E. C. Arrington,
D. L. Valentine and S. P. Sylva, Rapid rates of aerobic
methane oxidation at the feather edge of gas hydrate
stability in the waters of Hudson Canyon, US Atlantic
Margin, Geochim. Cosmochim. Acta, 2017, 204, 357–387.

12 E. W. Chan, A. M. Shiller, D. J. Joung, E. C. Arrington,
D. L. Valentine, M. C. Redmond, J. A. Breier,
S. A. Socolofsky and J. D. Kessler, Investigations of aerobic
methane oxidation in two marine seep environments: Part
2 – Isotopic Kinetics, J. Geophys. Res. Oceans, 2019, 124,
8392–8399.

13 J. A. Breier, C. G. Rauch, K. McCartney, B. M. Toner,
S. C. Fakra, S. N. White and C. R. German, A suspended-
particle rosette multi-sampler for discrete biogeochemical
sampling in low-particle-density waters, Deep-Sea Res. I:
Oceanogr. Res., 2009, 56, 1579–1589.

14 E. W. Chan, J. D. Kessler, A. M. Shiller, D. J. Joung and
F. Colombo, Aqueous mesocosm techniques enabling the
real-time measurement of the chemical and isotopic
kinetics of dissolved methane and carbon dioxide, Environ.
Sci. Technol., 2016, 50, 3039–3046.

15 N. J. Grant and M. J. Whiticar, Stable carbon isotope
evidence for methane oxidation in plumes above Hydrate
Ridge, Cascadia Oregon Margin, Global Biogeochem. Cycles,
2002, 16, 71.

16 J. Hoefs, Stable Isotope Geochemistry, Springer, Berlin, 4th
edn, 1997, vol. 1, pp. 5–10.

17 R. E. Zeebe and D. Wolf-Gladrow, CO2 in Seawater
Equilibrium, Kinetics, Isotopes, Elsevier, Amsterdam, 2001,
vol. 3, pp. 168–182.

18 W. G. Mook, 13C in atmospheric CO2, Neth. J. Sea Res., 1986,
20, 211–223.

19 J. Zhang, P. D. Quay and D. O. Wilbur, Carbon isotope
fractionation during gas-water exchange and dissolution of
CO2, Geochim. Cosmochim. Acta, 1995, 59, 107–114.

20 A. G. Dickson and F. J. Millero, A comparison of the
equilibrium constants for the dissociation of carbonic acid
in seawater media, Deep-Sea Res., Part A, 1987, 34, 1733–
1743.

21 C. Mehrbach, C. H. Culberson, J. E. Hawley and
R. M. Pytkowicx, Measurement of the apparent
dissociation constants of carbonic acid in seawater at
atmospheric pressure, Limnol. Oceanogr., 1973, 18, 897–907.

22 T. Takahashi, S. C. Sutherland, D. W. Chipman,
J. G. Goddard, C. Ho, T. Newberger, C. Sweeny and
D. R. Munro, Climatological distributions of pH, pCO2,
total CO2, alkalinity, and CaCO3 saturation in the global
surface ocean, and temporal changes at selected locations,
Mar. Chem., 2014, 164, 95–125.

23 J. W. Pohlman, J. E. Bauer, W. F. Waite, C. L. Osburn and
N. R. Chapman, Methane hydrate-bearing seeps as
a source of aged dissolved organic carbon to the oceans,
Nat. Geosci., 2010, 4, 37–41.

24 W. E. Seyfried Jr, N. J. Pester, B. M. Tutolo and K. Ding, The
Lost City hydrothermal system: Constraints imposed by vent
© 2023 The Author(s). Published by the Royal Society of Chemistry
uid chemistry and reaction path models on subseaoor
heat and mass transfer processes, Geochim. Cosmochim.
Acta, 2015, 163, 59–79.

25 W. E. Seyfried Jr, C. Tan, X. Wang, S. Wu, G. N. Evans,
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