Article
Cite This: Environ. Sci. Technol. 2018, 52, 10543−10551

pubs.acs.org/est

Sub-Ocean: Subsea Dissolved Methane Measurements Using an
Embedded Laser Spectrometer Technology
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§
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ABSTRACT: We present a novel instrument, the Sub-Ocean
probe, allowing in situ and continuous measurements of
dissolved methane in seawater. It relies on an optical feedback
cavity enhanced absorption technique designed for trace gas
measurements and coupled to a patent-pending sample
extraction method. The considerable advantage of the
instrument compared with existing ones lies in its fast
response time of the order of 30 s, that makes this probe ideal
for fast and continuous 3D-mapping of dissolved methane in
water. It could work up to 40 MPa of external pressure, and it
provides a large dynamic range, from subnmol of CH4 per liter
of seawater to mmol L−1. In this work, we present laboratory
calibration of the instrument, intercomparison with standard
method and ﬁeld results on methane detection. The good
agreement with the headspace equilibration technique followed by gas-chromatography analysis supports the utility and
accuracy of the instrument. A continuous 620-m depth vertical proﬁle in the Mediterranean Sea was obtained within only 10
min, and it indicates background dissolved CH4 values between 1 and 2 nmol L−1 below the pycnocline, similar to previous
observations conducted in diﬀerent ocean settings. It also reveals a methane maximum at around 6 m of depth, that may reﬂect
local production from bacterial transformation of dissolved organic matter.

1. INTRODUCTION
The measurement of dissolved gases in a liquid medium
(notably in water) is essential for diﬀerent applications, such as
environmental monitoring, search for natural gas reservoirs in
the seaﬂoor, deep-sea oil and gas pipeline inspection,
monitoring the activity of bioreactors, safety control of
industrial facilities, or monitoring water quality (notably
shale gas ﬁelds). In the ﬁeld of environmental monitoring, a
topic of particular focus over the last two decades has been the
investigation of the fate of methane hydrate degassing from the
seaﬂoor and its relationship with global warming.1 Although
methane released from hydrate reservoirs in the sediments
appears to be mostly oxidized in the water column (see Ruppel
and Kessler 2017 for a recent review), its contribution to ocean
acidiﬁcation is still under debate.2,3 Therefore, a quantitative
evaluation of methane ﬂuxes from the seaﬂoor in gas hydratebearing regions remains needed, as well as the spatial and
temporal dissolved methane evolution along the water column
due to aerobic oxidation, diﬀusion, and transport. Other
© 2018 American Chemical Society

important scientiﬁc issues also require in situ measurements of
dissolved methane, like the interactions between seasonal
thawing of permafrost and organic transfer through Arctic river
systems or methane ﬂuxes from deep ocean seeps. These
devices are also important in the study of microbial methane
production in the oxic waters of oceans and lakes, a source of
methane that can be important for carbon cycling in the
aquatic environments and water to air methane ﬂuxes.4−7
In the last years to decades, knowledge of physical properties
of ocean surface water has been considerably improved thanks
to remote (satellite) measurements8,9 and near-surface water
sampling and analysis. However, three-dimensional distributions of dissolved gases are far less constrained since marine
subsurface environments are more diﬃcult to access.
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conducted as a proof-of-concept in the Mediterranean Sea in
July 2014.

Parameters such as temperature, salinity, and oxygen are
acquired using instruments such as a CTD (conductivity,
temperature, and depth devices) that can run autonomously
and can be implemented in ﬂoats, moorings, and gliders.10
Information about dissolved trace gases is more commonly
extracted using discrete sampling (employing Niskin bottles)
followed by laboratory measurements. This process is timeconsuming and provides data with poor spatial and temporal
resolution, not adapted for understanding environmental
processes that are highly variable in space and/or time. In
some situations, water samples degassing from the Niskin
bottles have been observed during the ascent, causing a
degradation of the samples.11 Furthermore, in the case of
supersaturated samples, outgassing during water sampling is
diﬃcult to prevent or quantify, leading to a possible
underestimation of the amount of dissolved gas in deep
waters. For these reasons, in situ instrumentation has more
recently been developed, with the aim to provide more reliable
(less sample manipulation) and fast measurements of dissolved
gases. Most of it relies on embedded optical devices or mass
spectrometers (MS). A review on the available sensors has
been presented by Boulart et al.12 discussing the performances
of existing commercial devices and other systems based on
membrane separation, equilibrators, and in situ MS. Apart from
in situ MS,13 the other approaches have limited response time
(on the order of tens of minutes and mainly limited by the
extraction method), making these devices less suitable for fast
3D mapping applications.14 In situ MS provide acceptable
sensitivity and response time but are often not sensitive
enough for background concentrations. Their deployments as a
stand-alone instruments are limited by the payload, power
consumption, and cost. Furthermore, application of MS can
suﬀer from interferences due to the presence of water vapor in
the analyzed gas mixture, while optical techniques can work in
spectral regions where water absorption is weak. If isotopic
ratio MS (IRMS) are currently not compact enough to be
embedded in subsea probes, optical spectrometers have already
been successfully embedded in subsea sensors for in situ
isotopic analysis, with applications to deep-sea measurements.15,16
Today, optical techniques are largely employed for in situ
high resolution measurements of gas mixtures either directly in
the atmosphere (from ground measurements to airborne
monitoring or stratospheric balloons measurements), in ice
cores (in the laboratory17 but soon also in situ18), and ﬁnally
for measuring dissolved gases in liquids. The use of optical
resonators and multipass cells can considerably increase the
sensitivity with respect to direct absorption techniques, leading
to robust and compact devices with small sample volume, easy
to implement into a speciﬁc probe for ﬁeld applications that
require small sample ﬂow. In this work we used optical
feedback cavity enhanced absorption spectroscopy (OFCEAS),19,20 and further information can be found in Morville
et al.21 The employment of this technique for dissolved gas
measurements leads to advantages such as multiple species
detection and the possibility to avoid interferences such as the
presence of water vapor and other species present in the gas
mixture (e.g., other hydrocarbons).
In this work, we describe the ﬁrst application of the
OFCEAS technique - combined with a patent-pending gas
extraction module22 - for in situ real-time measurements of
dissolved methane in seawater. Measurements have been

2. MATERIALS AND METHODS
2.1. The in Situ Sensor. The optical instrument used in
this study is the SUBGLACIOR spectrometer,18 developed as
a drilling probe embedded device for in situ real-time
measurements of air bubbles trapped in Antarctic glaciers.23,24
As a new design, it required calibration and testing in real
environments before deployment to Antarctica, and the
Mediterranean Sea was for us a good compromise (because
of temperature ﬂuctuations and increase of pressure with
depth) even though not as extreme as Polar Regions. The
spectrometer was made of an optical part that ﬁts in a tube of
6.3 cm external diameter and 1.3 m long and an electronic part
(8 cm ext. diameter, 1.2 m long). The optical spectrometer,
based on the OFCEAS technique, has been fully described by
Grilli et al.18 and was designed for measuring simultaneously
CH4 and δD of H2O. The dissolved air from the extraction unit
(discussed below) was continuously pumped to the optical
cavity of the spectrometer. The internal volume of the cell is
less than 20 cm3 and provides sample residence times <30 s for
optimal running conditions (combination of pressure and total
gas ﬂow). The instrument was equipped with an embedded
PC, for processing and storing the data. Two protocols were
implemented in order to communicate with the instrument
during the ﬁeld campaign. The ﬁrst one used a wireless
connection (ad-hoc network conﬁguration), providing easy
access to the embedded instrument via a PC−PC communication. The second protocol employed cabled communication,
allowing real-time transfer of data together with remote control
of the spectrometer, if necessary.
Extraction of dissolved gases from seawater was performed
using a silicon rubber membrane, for which the technology has
previously been described in terms of physical properties such
as adsorption, permeation, and desorption.25−30 Existing
sensors, including commercial instruments from Contros
(Kongsberg), Franatech, Los Gatos Research, and ProOceanus, employ membrane extraction for measuring dissolved gases.31,32 Membrane extraction techniques found in the
literature rely on gas equilibration across the membrane that
allows for precise measurements of dissolved gas concentration, at the cost of slow response time (>20 min).14,33 Here,
we propose a diﬀerent approach consisting of maintaining the
dry side of the membrane at low pressure, while continuously
ﬂushing it with dry “zero” gas. The pressure at the membrane
dry side controls the total ﬂow of dry and wet air through the
membrane, and the system was designed to keep this pressure
constant. While the spectrometer operates at about 20 mbar,
the pressure against the dry side of the membrane was
maintained at about 30 mbar.
Gas permeation through a membrane depends on the
solubility in the membrane itself, followed by diﬀusion
(migration of molecules through the membrane lattice) and
ﬁnally evaporation out of the membrane.27 It is well-known
that the partial pressure diﬀerence of a given gas species
controls the diﬀusion across the membrane and therefore the
response time of the extraction system. Other parameters
aﬀecting the permeation eﬃciency are the membrane thickness, water ﬂow over the membrane, and ambient temperature:
lower thickness, larger ﬂow, and higher temperature lead to
higher permeability and therefore faster response time. With
respect to the membrane properties, a higher temperature
10544
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increases the free volume as well as the mobility of the polymer
chain, leading to higher diﬀusivity of gases through the
membrane. With respect to any given gas, higher temperature
means higher mobility, diﬀusivity, and permeability. Water
ﬂow and temperature therefore need to be accurately and
precisely controlled for an optimal behavior of the membrane
extraction system. Biofouling, salinity, pressure, and pH of the
water may also aﬀect the eﬃciency of the permeability, but,
apart from salinity, this has not been investigated here, and it
will require further investigation.
In our setup, two 10 μm thick polydimethylsiloxane
(PDMS) membranes of 56 mm diameter were mounted
face-to-face in a stainless steel housing in order to double the
membrane surface. The membranes were simultaneously
ﬂushed with the water sample using a submersible water
pump (Sea-Bird Electronics, SBE 5T) providing a ﬂow of 0.8 L
min−1. The membranes were supported by porous bronze frits
of 3 mm of thickness (Poral, grade 20), providing mechanical
strength for the membrane under high pressure diﬀerences.
The membrane block was designed to ensure that the water
sample continuously ﬂushed the entire surface of the
membranes (a schematic of the membrane block is reported
in SI-3).
The dissolved methane sensor runs on 24 VDC power
supply, with 50 W nominal consumption. During the present
study it was powered through an electromechanical coaxial
cable allowing for long-term deployment, but the system can
also run on 24 VDC battery packs. Long-term deployment
endurance will be further limited by the gas storage capacity
inside the instrument and by the carrier gas ﬂow. The
instrument was successfully deployed while measuring
continuously for up to 12 h. A CTD unit (Aanderaa, Seaguard
TD262a) was attached to the probe, providing salinity-, water
temperature-, depth-, and dissolved oxygen data.
2.2. The Site of Study. The Sub-Ocean probe was
deployed as proof-of-concept onboard the CNRS-INSU
research vessel Téthys II in the northwest part of the
Mediterranean Sea on July 12 and 13, 2014. Because of
adverse meteorological conditions, the deployment was limited
to an area with only 620 m of depth available. The ﬁrst tests of
the instrument were conducted at ∼200 m from Toulon’s
harbor (43°6.20 N - 5°56.73 E) for proving its stability and
functioning. Vertical proﬁles were obtained in an area between
Fréjus and the Gulf of the Napoule, at ∼8 km from the coast
(43°24.89 N - 7°00.61 E), not far from the Gulf of Lions. The
Gulf of Lions was a target site for measurement of dissolved
greenhouse gases34 and sediment core analysis35 because of its
particular hydrological character, mainly marked by the
presence of large fresh water incoming from the Rhone River
(with a ﬂux on the order of 1600 m3 s−1).
2.3. The Laboratory Apparatus. The schematic of the
laboratory experimental setup is represented in Figure 1. It was
composed of a 14 L, 21 cm diameter, 40 cm high aluminum
chamber, containing about 8 L of ultrapure water (Milli-Q
Type 1, Millipore Corporation) where a variable amount of
NaCl (Merck, purity >99.5%) was added for reproducing
particular salinity conditions. Salinity was measured with a
digital refractometer (Bellingham and Stanley, 38-51 Aquatic).
The temperature of the water in the chamber was stabilized
between 2 and 25 °C using a water cooling system (RM6,
Lauda) and monitored by an immerged PT1000. The pressure
above the water was maintained at atmospheric pressure
(∼101.3 kPa). The water was continuously bubbled with a gas

Figure 1. Experimental setup for laboratory tests. Two mass ﬂow
controllers (MFC1 and MFC2) have been employed to bubble
diﬀerent mixtures of CH4 in air into the water sample via a diﬀuser
place in the liquid solution. The membrane block (MB) and the water
pump are immersed into the water sample, stabilized in temperature
using an external chiller unit. The dry side of the membrane is
continuously ﬂushed with a small (1 to 6 sccm) dry gas ﬂow supplied
by the MFCCG, and the mixture (carrier gas plus extracted gas) is sent
to the Sub-Ocean spectrometer. The total ﬂow is measured by a
fourth mass ﬂow controller MFCTF. A portion of the headspace CH4
concentration is monitored using a second optical spectrometer based
on the same absorption spectroscopy technique (OFCEAS), while the
overﬂow is sent to a vent. The exhausts of the analyzers are connected
to two electronic valves (EV1 and EV2) and to a vacuum pump (VP)
to ensure pressure regulation in the measurements gas cells. The inset
shows the schematic of the in situ spectrometer, where the carrier gas
ﬂow is ensured using a gas tank and a pressure reducer, Pred.

mixture composed of zero air (ALPHAGAZ 2, Air Liquide)
and synthetic air containing CH4 at concentrations between 0
and 90 ppmv (SAPHIR 90 ppmv of CH4 in air, Air Liquide) by
means of a diﬀuser installed at the bottom of the chamber. The
role of the diﬀuser was to reduce the bubbles size and to
achieve dissolved gas saturation in a short time. The dilution
system consisted of two mass-ﬂow-controllers (MFC1 and
MFC2, Bronkhorst) delivering up to 100 sccm (standard cubic
centimeters per minute) of gas. Water circulation was provided
by the SBE 5T pump, ensuring a well mix of water in the
chamber. The pump and the diﬀuser were positioned at
maximum distance from each other to allow the best
homogeneity of the water sample during the measurement
and to avoid trapping air bubbles in the extraction system. The
water circulated on the wet sides of the membranes included in
the membrane block (MB, cf. SI-3), and dissolved gases were
extracted on the dry side and further transferred to the SubOcean spectrometer. A dry carrier gas ﬂow (zero air,
ALPHAGAZ 2, Air Liquide) was supplied by a 0−10 sccm
mass ﬂow controller (MFCCG) to the dry side of the
membrane extraction system, for continuously ﬂushing the
permeated gases from the membrane. This maintained CH4
partial gas pressure at the lowest possible level on the dry side
of the membrane in order to optimize the extraction eﬃciency
and response time. A ﬂowmeter (IQF+, Bronkhorst) was used
for monitoring the total gas ﬂow (composed of the carrier gas
plus the dry and wet components of the extracted mixture,
MFCTF). CH4 concentration in the headspace of the
calibration chamber was continuously monitored by a laser
spectrometer based on the same principle as the Sub-Ocean
instrument but designed for laboratory purposes (headspace
spectrometer in Figure 1). 10 sccm of the headspace gas was
supplied to the headspace spectrometer, while the overﬂow
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was sent to an exhaust vent. For intercomparison with the
discrete sample technique, water samples were collected in 115
mL vials. During collection, 1 mL of 1 M NaOH was added in
order to inhibit bacterial activity. The vials were fully ﬁlled and
closed with butyl rubber caps and aluminum crimps tops.
Subsequently, 5 mL of the samples was replaced with pure
nitrogen (Air Liquide) at atmospheric pressure and 20 °C. The
samples were analyzed at the University of Tromsø by gaschromatography under blind conditions. A ThermoScientiﬁc
Trace 1310 GC equipped with a FID and a ThermoScientiﬁc
TG-Bond Msieve 5A column was used with hydrogen as
carrier gas (10 mL/min). The oven was operated at a constant
temperature of 150 °C, and the system was calibrated with
three external methane standards at 1.8, 19, and 1800 ppmv.
Instrument precision was estimated based on the standard
deviation of replicates and found to be 4% of the measured
methane concentration.
2.4. The Calibration in the Laboratory. The challenge in
quantifying variations in membrane permeability makes
measurements performed by gas-extraction membranes rather
uncertain.12 Therefore, we paid special attention for calibrating
and evaluating the performance of the instrument under
laboratory controlled conditions.
Both spectrometers used in the calibration apparatus (for
measuring the headspace air and the dissolved gases, Figure 1)
were calibrated using certiﬁed standard gas (Restek, Scott/Air
Liquide 99 ppmv ±5%). Diﬀerent concentrations were
obtained with a dilution system composed by MFC1 and
MFC2 used in the calibration setup (cf. Figure 1). While both
spectrometers were directly connected to the dilution system, a
linear response over the whole range of concentrations was
obtained with a good agreement between the two devices
(slope 1.090 ± 0.0027, R2 = 0.99995 in 2015 and slope 0.9926
± 0.003, R2 = 0.99989 in 2018. See SI-1 and SI-2).
After each change in concentration, once equilibration of the
system was achieved (2−3 h was required depending on the
ﬂow of the bubbling mixture), CH4 concentrations were
averaged for about 10 min. With both instruments connected
directly to the headspace, the measured CH4 concentration for
individual mixing ratios was in good agreement with the
concentration expected from the gas mixture production (SubOcean spectrometer: slope = 1.07 ± 0.01, R2 = 0.99926;
headspace spectrometer: slope = 0.981 ± 0.007, R2 = 0.9996).
In order to relate the concentration of dissolved gas with
respect to its abundance in the headspace in equilibrium with
the liquid phase, the gas solubility in water is required.
However, if we assume a system with two independent
headspace volumes in contact with the same liquid volume,
they will reach the same headspace concentration, [CH4]g,
providing that the pressure and the temperature in the
headspaces are equal. Therefore, for this experiment, knowledge of the gas solubility is not required (Figure 2a). The ratio
[CH4]g/[CH4]l ([CH4]l being the quantity of CH4 dissolved
in water and [CH4]g in the headspace) will depend on the
solubility of CH4 and other air components (mainly N2, O2,
CO2, and Ar) in water, which depends on temperature,
pressure, and salinity. When a membrane is positioned
between the water volume and the second air reservoir
(containing the air analyzed by the Sub-Ocean spectrometer;
Figure 2b), the concentration in the latter will be aﬀected by
the membrane gas permeability. Here, the concentration of
CH4 in the gas side of the membrane will diﬀer from that in
the headspace ([CH4]′g ≠ [CH4]g). The concentration in the

Figure 2. Schematic diagram showing the eﬀect of a membrane for
extracting dissolved gas. (a) represents the (ideal) case without a
membrane; here, the concentration of CH4 at equilibrium found in
the analyzed air will correspond to its concentration in the headspace.
(b) In the presence of a membrane, the measured CH4 concentration
will be aﬀected by gas permeation through the membrane, resulting in
a diﬀerent measured concentration [CH4]′g.

dry gas downstream from the membrane can be calculated
directly from the headspace concentration by using the
membrane permeability coeﬃcients for CH4, N2, and O2
(reported by Robb26) and the concentration of the species
in air, with the following equation
[CH4]′g =

PrCH4·[CH4]g
PrN2·[N2]g + PrO2·[O2 ]g

(1)

where Pr values are the permeability coeﬃcients expressed as
the product of the diﬀusion rate times solubility and reported
by Robb for 25 °C and atmospheric pressure. The quantity
PrCH4
PrN2·[N2]g + PrO2·[O2 ]g

corresponds to the enrichment factor (meff)

in eq 2, which is measured using our calibration setup for
diﬀerent temperatures and salinities. [CH4], [N2]g, and [O2]g
are the mixing ratios of methane, molecular nitrogen, and
oxygen in air, respectively. The presence of argon and CO2 can
be neglected here because of their low abundance with respect
to nitrogen and oxygen. In Figure 3b, CH4 concentrations of
the dry gas permeating through the membrane and measured
by the Sub-Ocean instrument has been plotted versus the
expected concentrations calculated from the headspace gas
content and silicon membrane permeability coeﬃcients using
eq 1. The observed and calculated concentrations are in good
agreement, with a slope of 0.975 ± 0.027. The relatively large
errors (±12%) are due to the uncertainty related to the
measurement of the small dry gas ﬂow permeating through the
membrane and the water concentration in the gas ﬂow. These
errors could be reduced if a larger number of measurements
were used for retrieving the enrichment factor (meff) related to
the selectivity of the membrane to permeation.
Measuring the concentration of water vapor [H2O]g is
required in order to retrieve the dissolved CH4 concentration,
[CH4]dissolved, since water vapor ﬂow will cause dilution of the
measured gas mixture (as the carrier gas ﬂow). This
measurement was performed by the same OFCEAS
spectrometer embedded in the Sub-Ocean probe simultaneously to the CH4 measurement. [CH4]′dissolved is then
calculated from the following equation
[CH4]′dissolved =
10546

[CH4]meas × ft
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Figure 3. (a) Calculated ﬂow of dry gas permeating through the
membrane as a function of the expected methane concentration. The
average ﬂow is 0.1173 ± 0.0017 sccm. (b) CH4 concentrations
measured downstream from the membrane by the Sub-Ocean
spectrometer are plotted against concentrations expected from the
CH4 measured in the headspace, after accounting for the methane
enrichment due to its preferential permeability through the silicon
membrane, compared with molecular nitrogen and oxygen. The
measurement was performed with unsalted water at 18 °C and 120
kPa of pressure.

Figure 4. Typical response of the Sub-Ocean instrument when a
water mass with high concentration of dissolved CH4 is added to the
analyzed water sample. The curve can be ﬁtted with a doubleexponential growth function: a slow exponential (dotted line)
accounting for water mixing contribution and a short one (dashed
line) which corresponds to the instrument response time. The τ90 of
this second component corresponds to 30 s. A precision of ±25 ppbv
is obtained on the baseline (inset frame).

where [CH4]meas is the methane concentration in mixing ratio
measured by the optical spectrometer, f t and f CG are the totaland carrier-gas ﬂow (mL/min) respectively, and [H2O]g
corresponds to the amount of water in mixing ratio permeating
through the membrane. The complete denominator term ( f t −
f CG − (f t × [H2O]g)) corresponds to the dry ﬂow permeating
the membrane (Figure 3a). meff represents the enrichment
factor due to the membrane, and its dependency with
temperature and salinity is calculated by running calibrations
at diﬀerent conditions, as reported for fresh water in SI-5.
From this data, a meff of 2.84 ± 0.11 for fresh water at 25 °C
and 120 KPa was calculated. This is in agreement with an
expected literature value of 2.76 calculated from the
permeation coeﬃcients reported by Robb.26
In this work, methane concentrations are reported as molar
fraction (number of moles of the species over the total number
of moles in the gas mixture, e.g. μmol mol−1 or ppm) and as
concentration per volume of water (nmol L−1) by employing
Wiesenburg equations.36 Further information about unit
conversion can be found in the SI.

to the response time of the instrument. The time lag between
the two exponential growth functions (∼18 s) is due to the fact
that, while the water mixing takes place as soon as the enriched
water is added, the instrumental response is delayed due to the
transit time of the gas from the dry side of the membrane to
the optical cavity inlet. The laboratory experiment described
here simulates the detection of a natural source of CH4 leaking
from the seabed, which was detectable in its full amplitude (up
to 500 ppmv of CH4) by our instrument. The slow decreasing
trend observed after the maximum is due to the progressive
degassing of the dissolved methane from the water sample into
the atmosphere. A mathematical approach based on the mass
balance of such an analytical system has recently been
developed by Gonzalez-Valecia et al.31 The model allows for
the retrieval of the gas composition at any time, automatically
correcting for the instrumental response time. This could also
be applied to the Sub-Ocean instrument. However, it requires
an accurate characterization of the system beforehand. In
addition, considering the time scale of the Sub-Ocean
measurement series presented here, such a correction is not
of prime importance with respect to the small residual
response time of the instrument (t90 = 30 s).
3.2. Comparison with Discrete Measurements. In
order to prove the reliability of the extraction technique, a
blind intercomparison with standard headspace equilibration
technique followed by GC analysis was performed. Seven
independent measurements were conducted at diﬀerent
experimental conditions of temperature and salinity. The
results are summarized in Table 1.
The concentrations measured by the Sub-Ocean spectrometer and by the GC from the discrete samples were compared
to the continuous measure obtained by the spectrometer
connected to the headspace. Slopes of 0.9830 ± 0.044 and
1.0016 ± 0.019 were obtained for SO/HS and DS/HS,
respectively (Figure 5). In the inset of Figure 5, the results
from SO and DS were directly compared and resulted in a
slope of 0.9831 ± 0.031. The larger disagreement between the

3. RESULTS AND DISCUSSION
3.1. The Fast Response Time. In order to establish the
response time of the Sub-Ocean probe, the instrument was
placed in a container with water open to the atmosphere, with
the membrane block immersed into about 20 L of ultrapure
water. At the beginning of the experiment, the instrument
measured a concentration of 4.454 ± 0.025 ppmv of CH4. At
time 00:00, 500 mL of water enriched with a high
concentration of dissolved CH4 was added to the water tank,
and a rapid CH4 increase was observed when the enriched
methane solution was added (Figure 4). The curve resulting
from the continuous measurements shows a double-exponential trend, which accounts for two contributions: a 46 s time
constant exponential growth caused by the slow water mixing
(dotted line) and a faster exponential growth proﬁle (dashed
line) with a time constant of ∼13 s (τ90 = 30 s) corresponding
10547
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Table 1. Summary of the Intercomparison Resultsa
sample
no.

T
water/
°C

1
2
3
4
5
6
7

18.5
18.4
14
9.53
4.5
5
15

S/psu

CH4
HS/
ppmv

CH4
SO /
ppmv

CH4
DS/
ppmv

Δ%
SO vs
DS

Δ ppmv
SO vs
DS

0
0
0
0
0
30.5
30.5

9.26
77.23
9.89
9.96
9.97
60.85
35.32

9.50
83.52
9.47
9.38
10.00
51.90
31.78

10.35
80.09
11.18
10.09
8.86
59.21
32.04

8.95
4.11
18.11
7.59
11.44
14.08
0.84

0.85
3.43
1.72
0.71
1.14
7.31
0.27

a

HS = headspace, SO = Sub-Ocean, DS = discrete samples.

Figure 6. Reproducibility of Sub-Ocean (SO) and the discrete sample
(DS) method at similar concentrations and diﬀerent water temperatures. The dashed line shows the values expected from the headspace
measurement during water equilibration, and the bars show the
measured values for both methods. Averaged standard deviation
corresponds to 3.3 and 9.3% for SO and DS methods, respectively.

Figure 5. Results from a laboratory intercomparison between the SubOcean probe (SO) and the discrete sample method based on
headspace equilibration followed by GC analysis (DS). In the main
plot is shown the comparison of both techniques with the expected
concentration measured by the headspace spectrometer (HS). In the
inset plot is shown the direct comparison between the two
experimental methods.

data corresponds to 18% for sample No. 3 (at 10 ppmv) and
7.3 ppmv for sample No. 6 (60 ppmv) as reported in Table 1.
Four samples (1, 3, 4, and 5) were collected at diﬀerent
temperatures but similar concentrations (10 ppmv) and used
for studying the reproducibility of the measurement with
respect to the reference discrete sample method. Data are
shown in Figure 6, highlighting a comparable accuracy
between the SO and DS measurement. Average standard
deviation for the four measurements at 10 ppmv with respect
to the HS measurement was 3.3% for the SO and 9.3% for the
DS, while for the full set of the seven measurements it was
6.6% for SO and 7.6% for DS.
3.3. Field Measurements. During the ﬁeld campaign the
probe was ﬁrst tested by immersion at 10 m depth for 20 min,
allowing for veriﬁcation of the stability of the instrument as
well as the full functioning of the probe. This test was
performed on July 12th at the position 43°6.20 N - 5°56.73 E,
close to the Toulon seaport. An example of the resulting data is
shown in Figure 7. The probe was immersed in water at 18:23
local time and reached 10 m depth after 50 s. The probe was
left at the same depth for about 20 min, before being pulled up.
The standard deviation of the CH4 measurements over 20 min
of immersion was 0.16 ppmv. It should be noted that the
instrument was calibrated for subsea measurements; therefore,
the concentrations obtained in air (ﬁlled pattern area) are not
correct and are reported here as a time reference. Afterward,

Figure 7. Static measurement at 10 m of depth for testing the SubOcean system stability. This test was done on July 12, 2014 at the
position 43°6.20 N - 5°56.73 E. In the plot is also reported the O2
concentration, temperature, and salinity from a CTD that was
attached to the instrument. The standard deviation on CH4
concentration at 10 m of depth over 20 min is 0.16 ppmv.

the vessel was moved to an area oﬀ the coast of Fréjus
(position: 43°24.89 N - 7°00.61 E), where we performed
vertical proﬁles to greater depths. An example of the vertical
proﬁles obtained is reported in Figure 8. Here, 620 m of depth
were reached in only 10 min.
A temperature-salinity plot of this proﬁle can be found in SI6. The potential density anomaly increased from 26 to 28 kg
m−3 from the surface down to 56 m (Figure 8e), highlighting a
strong stratiﬁcation dominated by the temperature (Figure 8c).
Presence of fresh water above 56 m was observed through low
salinity but was concealed in the top 25 m, where evaporation
could be inferred through increased salinity toward the surface.
The dissolved oxygen peaked at 56 m, where the density
stratiﬁcation weakened, and tapered oﬀ toward 350 m, but
remained high down to the end of the proﬁle at 620 m.
The fast continuous measurements produced by the SubOcean instrument provide more details (600 data points) in
the dissolved methane proﬁle compared to standard Niskin
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methane (and possibly other dissolved gases) in sea- or lake
waters. Its major advantages, compared with other instruments
and sampling methods, include (1) short response times (τ90 =
30 s), (2) continuous in situ measurements which avoid biases
associated with discrete sampling and subsequent laboratory
analyses, (3) measurements that are immune to the presence
of water vapor or to interferences by other species present in
the gas mixture, (4) high sensitivity of the measurements (±25
ppbv in air, translating into ±0.03 nmol L−1 at 20 °C and 38
psu of salinity in water) obtained with the highly sensitive
OFCEAS optical spectrometer embedded in the probe,
allowing for the measurement of anomalies in background
concentrations, and (5) a large dynamical range, covering 5
orders of magnitude in CH4 concentrations. Drawbacks of this
approach are that (1) the measurement accuracy depends on
the stability of the extraction system (and particularly on the
water ﬂow through the membrane) and the (2) enrichment
factor (meff) will depend on the main components of the
dissolve gas, and particular calibrations are required for
environments where nitrogen and oxygen are no longer the
most abundant gas species.
This type of instrument could be employed for several
applications such as studying the stability of methane hydrates
in the seaﬂoor, monitoring biological activity in seawater and
lakes, checking leaks of natural gas pipes in deep water and
pipelines inspection. The telemetry feature, available by
powering the sensor using a battery, could provide real-time
data at the surface via an electromechanical cable. This would
allow quantiﬁcation of the evolution of dissolved gas in realtime from the ship, enabling the design of more optimal shipbased sampling tracks. Here, we report the measurement of
dissolved methane, but this type of optical spectrometer also
allows for probing other target molecules such as CO2, N2O,
and small hydrocarbons (C2 and C3) or accessing isotopic
signatures of dissolved species such as δ13C and δD of CH4,
δ13C of CO2, or directly the isotopic signature of the water
mass (δD and δ18O). Further eﬀort will be made to miniaturize
the device as well as to reduce the power consumption (50 W
at the moment with respect to 15−20 W for a commercial
instrument) in order to allow deployment of such dissolved gas
sensors on UUVs (Unmanned Underwater Vehicles).

Figure 8. A continuous vertical proﬁle of (a) CH4 (Sub-Ocean), (b)
O2, (c) potential temperature, θ, (d) salinity, S, and (e) potential
density, σθ, recorded on July 13, 2014 at 3h50 local time at the
position 43°24.89 N - 7°00.61 E. Dissolved methane concentrations
have been converted in nmol per liter of water considering the
solubility of methane in water given by Wiesenburg, at 1 bar and at
given temperature and salinity according to CTD data. Potential
density has been calculated according to ref 39.

bottle sampling, where resolution is normally up to only 24
data points per depth proﬁle. Methane concentrations were 13
ppmv (15.4 nmol per liter of water) at the surface, and they
reached a maximum of 26.7 ppmv (30.2 nmol L−1) at 6 m
water depth. Descending toward 620 m, CH4 concentrations
decreased, approaching a minimum of 0.6 ppmv (0.81 nmol
L−1) close to the bottom. Unfortunately, during the campaign
there were no facilities for collecting discrete samples for
comparison. Nevertheless, since our data correspond to
background open ocean water conditions, indirect validation
of the measurements can be done by comparing literature data
of background dissolved CH4 in seawater.37
The relatively high methane levels observed at the surface
(0−56 m), supersaturated with respect to the atmosphere, are
typical of most marine waters.38 This is the so-called “marine
methane paradox” where methane (normally resulting from the
biological activity of strict anaerobes) is produced locally, while
the surrounding environment is rich in dissolved oxygen. This
phenomena could be due to aerobic bacterial degradation of
phosphonate esters in dissolved organic matter as revealed
recently through incubation of seawater.7 No cytometry
measurements or other biological and kinetic analyses were
performed during our test campaign, and therefore, this
hypothesis cannot be conﬁrmed.
Another explanation for the CH4 proﬁle could be that
surface waters are mixed with incoming freshwater. Water
masses from the Rhone river plume, for instance, are known to
bear relatively large concentrations of dissolved methane, up to
1300 nmol L−1.34 A similarly CH4 enriched water source, for
instance from the Var river, would also bear a minimum
salinity signature. Such a signal appeared in our data set above
56 m (e.g., S = 36.9 at 24 m) but is located deeper than the
methane maximum, which discards the hypothesis of a
freshwater anomaly to explain the methane one.
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We deeply thank the captain of Téthys II Dany Deneuve and
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