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ABSTRACT: Existing sensors for measuring dissolved methane in situ suffer from
excessively slow response times or large size and complexity. The technology reported here
realizes improvements by utilizing a hollow core optical fiber (HFC) as the detection cell in
an underwater infrared laser spectrometer. The sensor operates by using a polymer
membrane inlet to continuously extract dissolved gas from water. Once inside the sensor,
the gas passes through an HCF, within which tunable diode laser spectroscopy is used to
quantify methane. The use of an HCF for the optical cell enables advantages of sensitivity,
selectivity, compactness, response time, and ease of integration. A submersible prototype
has been developed, characterized in the laboratory, and tested in the ocean to a depth of
2000 m. Initial laboratory environmental testing showed a pCH4 detection range up to
10,000 μatm, an uncertainty of 5.6 μatm or ±1.4% (whichever is greater) and a response
time of 4.6 min over a range of controlled operating conditions. Operation at sea
demonstrated its utility in generating dissolved methane maps, targeted point sampling,
and water column profiling.
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Technologies for measuring methane in Earth’s water systems
are necessary for numerous areas of oceanographic and
environmental research. Most notably, since methane contains
28 times1 the warming potential of carbon dioxide, there are
ongoing efforts to study the roles of oceans, seas, lakes, and
wetlands in the global methane budget.1−5 Recent studies of
methane in natural waters have focused on a range of sources
including ocean vents, seeps, hydrates, arctic permafrost, and
agricultural wetlands.6−9 In addition to climate considerations,
methane-rich sites in the deep ocean support chemosynthetic
life. Thus, methane can serve as a ubiquitous chemical tracer
for discovering new hydrothermal ecosystems and under-
standing their associated ecology.10,11

Despite a broad application space, most measurements for
methane in water are still performed slowly and laboriously via
field sampling followed by headspace analysis using large
benchtop instruments such as gas chromatographs and laser
spectrometers.10,12−14 Accordingly, there is increasing interest
for in situ underwater methane sensors that are efficient,
compact, and easy to carry to the field or deploy in situ.
Sensing technologies currently marketed for underwater

methane detection include those based on metal-oxide
semiconductors (METS), nondispersive infrared sensing
(NDIR), and tunable diode laser spectroscopy
(TDLAS).15,16 While these products have demonstrated the
potential of underwater methane sensing, each exhibit
substantial trade-offs, and broad adoption among the scientific
community has been slow. While METS and NDIR sensors
can be small and cost-effective, they also exhibit cross-

sensitivities to water vapor, temperature, and other hydro-
carbons. In contrast, TDLAS methods have good selectivity
and sensitivity, but they generally result in large instruments,
can have excessively long response-times,17 or are potentially
cost prohibitive.
In addition to commercial sensors, several research groups

have developed more customized methane sensors.11,18−20

Recently, a submersible methane sensor based on optical
feedback cavity-enhanced absorption spectroscopy was devel-
oped and demonstrated.21 While the sensor was very sensitive
and had a fast response time, its large size and complexity are
still potential risks for widespread utility.
Here, we report on the initial development and testing of a

new dissolved methane sensor named the Sensor for Aqueous
Gases in the Environment (SAGE), which attempts to balance
common desirable performance parameters including response
time, sensitivity, selectivity, size, robustness, and simplicity.
While this initial design targeted deep sea exploration, the
technology is adaptable to a broad range of oceanographic and
environmental research.
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■ EXPERIMENTAL SECTION
Sensor Overview. SAGE is based on TDLAS, and

compared to existing technologies, it realizes advantages by
utilizing a new kind of hollow-core optical fiber (HCF) for its
gas detection cell. During operation, SAGE continuously
extracts gas from seawater flowing past a polymer membrane
inlet, and once inside the sensor, the gas flows into a small
headspace and then through an HCF (Figure 1). Simulta-

neously, light from a fiber-pigtailed laser is coupled into the
HCF, and TDLAS is used to detect the gas’s methane
concentration. Gas flow through the HCF is facilitated by
ensuring the exit end of the HCF in the sensor housing is
maintained at low pressure.
A prototype sensor has been designed, fabricated, and

packaged in a housing for deployments of up to 2,500 m.
Laboratory experiments were performed to calibrate and
characterize its performance, and it was tested at sea during
an expedition to the Guaymas Basin in the Gulf of California in
November 2021.
Tunable Diode Laser Spectroscopy. SAGE utilizes

TDLAS, a common optical technique for sensitive and
selective detection of trace gases in the environment. In
TDLAS sensors, light from a wavelength-tunable laser is sent
through an optical cell (in this case a HCF) containing the
sample gas to be measured, and the amount of transmitted
light is received by a photodetector. Since the wavelength of
the laser is selected to target an absorption line of the gas(es)
of interest, the amount of light received by the photodetector is
proportional to gas concentration as described by the Beer−
Lambert Law:
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Here, I0 is the incident light intensity from the laser before it
enters the HCF, I is the transmitted intensity received by the
photodetector, Χ is the mole fraction of the target gas, P is the

total gas pressure, l is the distance light travels through the
sample gas, T is the gas temperature, S is the absorption line
strength, f is the line shape function, and k is the Boltzmann
constant. The parameters I0, I, and f are all functions of
wavenumber, ν. Additionally, I and f are functions of pressure
and temperature, and S is also a function of just temperature.
Both the line shape and line intensity can be calculated for a
specific absorption line using parameters obtained from a
molecular absorption database such as HITRAN.22,23

For typical direct absorption sensing methods, the wave-
length of the laser is repeatedly scanned across the selected
absorption feature, and the acquired photodetector signal is
converted into an absorbance spectrum, A, containing a peak
for which the height is proportional the amount of target gas.
Hollow-Core Optical Fibers. The architecture of SAGE is

fundamentally similar to other TDLAS sensors, with the
exception of a traditional “free-space” optical cell having been
replaced by an HCF. Several recent works review the theory,
operation, and uses of HCFs in trace gas sensing
applications.24−26

As previously illustrated,27 incorporating an HCF into a
TDLAS sensor presents several advantages. Most importantly,
it enables a long light-gas interaction length (i.e., high
sensitivity) while requiring a very small sample volume. This
is advantageous because gas transfer from the water through
the membrane is typically slow, and the sensor’s response time
can be reduced by minimizing the amount of gas that needs to
be extracted. Due to the small size of fiber optic components,
an HCF gas cell can also be mechanically interfaced to the
membrane inlet with minimal addition of headspace volume.
Both these aspects aid in reducing the total amount of gas
needed to fill the sensor, thereby minimizing the response
time.
Other advantages of using an HCF include robust and easy

integration using standard fiber optic components, operation at
common near-infrared wavelengths, and the elimination of
highly precise free-space optical cells.
Gas Mass Transfer. Since TDLAS senses the gas phase,

adapting it for dissolved gas measurements first requires
extracting gas from the dissolved phase and into a headspace
where it can enter the HCF and be optically detected. In
SAGE, this extraction is achieved with a polymer membrane
inlet using similar methods to previous works.28−30 Such inlets
are typically constructed from a gas permeable and water
impermeable polymer, such as Teflon AF or PDMS
(polydimethylsiloxane), and to withstand hydrostatic pressure,
the membrane is reinforced with a stainless steel mesh or a
sintered frit. A conceptual model of the mass transfer through
the membrane and the HCF in SAGE is provided in
Supporting Information Section S1.
Overall, the design can be optimized by utilizing a highly

permeable membrane (i.e., thin, large surface area, and high
gas permeability), along with a fiber length that achieves the
required sensitivity. Simultaneously, it is desirable to ensure
the gas in the headspace is in close equilibration with the gas in
the water under steady-state conditions. Though higher
equilibration and higher sensitivity can both be achieved by
increasing fiber length, this comes at the expense of increasing
response time due to the time for gas to fill the fiber. As a
result, there is an inherent trade-off between sensitivity, level of
gas equilibration, and response time that can be optimized for
different applications.

Figure 1. A conceptual diagram of the SAGE sensor. Water is
pumped through a flow cap where gas is extracted by a polymer
membrane inlet into a headspace. From there, the gas enters an HCF
where light from a 1650.9 nm distributed-feedback (DFB) laser is
used to detect the amount of methane using TDLAS.
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Calculation of Dissolved Gas Concentration. SAGE
determines the partial pressure of dissolved methane in water
through the following process. First, the mole fraction of
methane, ΧCH4, in the HCF can be expressed in terms of the
peak measured absorbance, Apeak, as

A kT
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where Tf and Lf are the temperature and length of the fiber
respectively, and Pf is taken to be the average of the pressures
at both ends of the fiber (For SAGE, these pressures are the
headspace pressure, Ph, and the housing pressure at the fiber
outlet, Po). As noted previously, the parameters S and f can be
determined from HITRAN spectroscopic models. Combining
parameters also allows ΧCH4 to be written simply as Apeak times
a scaling factor m, which is only dependent on the pressure and
temperature in the fiber.
Next, the assumptions are made that the mole fraction of

methane in the fiber is equal to that in the headspace, and that
the partial pressure of methane in the headspace, ph, is simply
ΧCH4Ph. In addition, an experimentally determined membrane
efficiency constant, em, is utilized to account for the difference
between the gas partial pressures in the water (pw) and in the
headspace (ph). Thus, the resulting expression for the partial
pressure of methane in the water, pCH4, is

p pCH e P e P A m T P( , )w m h CH m h f f4 4 peak= = = ·

Though SAGE measures the partial pressure of dissolved
methane, a quantity often desired from a chemical perspective
is the concentration in mol/L, and this conversion can be
performed using Henry’s Law for methane under various
conditions.31−36

Engineering Design. The details of the engineering design
are described in Supporting Information Section S2.
Dissolved Gas Standards. The methane sensing perform-

ance of the SAGE prototype was initially assessed through a
series of controlled laboratory calibration and characterization
experiments. Calibration gases of methane in air (GASCO,
Oldsmar, Florida, 2% accuracy) were used for dry and
dissolved gas standards. To create the dissolved standards,
the calibration gas was dissolved in tap water using a “shower
head” equilibrator that was connected in a water circulation
loop with the sensor flow cell. As a result, the sample water
circulating past the sensor was also continuously passing
through the equilibrator, which enabled full equilibration to be
maintained over long timeframes. When increasing from low to
high concentration, full equilibration was identified by
monitoring the SAGE signal until it had fully stabilized. For
all experiments, it was assumed that ambient pressure in the
laboratory was 1.0 atm such that water equilibrated with 1000
ppm of CH4 calibration gas resulted in a 1000 μatm pCH4
standard. During the experiments, the ambient temperature
ranged from 21−25 C, the internal housing pressure ranged
between 50−60 mbar, and the flow rate of water past the
membrane inlet was 5 L/min, unless stated otherwise.

■ RESULTS AND DISCUSSION
Optics Calibration. An initial calibration of the optics to

determine m was performed by flowing dry methane
calibration gases past the sensor inlet without the membrane
present. The gas concentrations used were zero air followed by

methane concentrations of 1 ppm, 4 ppm, 10 ppm, 100 ppm,
1000 ppm, and 10,000 ppm.
The measured value of Apeak for each concentration step is

shown in Figure 2 (Top). The results show that SAGE’s optics,

while operating under steady laboratory conditions, can
respond to changes in methane over short timeframes from
approximately 1 ppm to at least 10,000 ppm. Figure 2
(Bottom) also shows the average signal for each concentration
step in comparison with the methane concentration. The signal
response is linear from approximately 10−10,000 ppm. At
lower concentrations the response flattens, indicating a lower
detection limit of around 4 ppm. From this data, a value of m
at room temperature and 525 mbar average fiber pressure, was
found to be 7537 ± 62 ppm. This value, along with the
measured headspace pressure, was then used to determine the
pCH4 in the headspace.
The time it takes for gas to flush through the fiber can also

be determined from this data by measuring the time for the
signal to step from 100 to 1000 ppm in Figure 2 (Top). The
rise time for this step was approximately 85 s, and this value
represents a lower limit for the sensor’s response time when
utilizing an HCF of this length (3.5 m) prior to any membrane
effects.
Membrane Efficiency. A single point dissolved gas

calibration was performed for determining the membrane
efficiency parameter, em, required for converting the partial
pressure of methane in the headspace to the pCH4 of the
water. This calibration was performed with the membrane

Figure 2. (Top) A calibration performed by introducing dry gases of
increasing methane concentration directly into SAGE without the
membrane inlet installed. (Bottom) The calibration curve obtained
from the same experiment showing Apeak versus methane concen-
tration.
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installed and by circulating 1000 μatm pCH4 equilibrated
water past the sensor. Once the signal stabilized, the methane
partial pressure in the headspace, ph, measured 920.2 ± 0.9
μatm, resulting in an em value of 1.09 for converting ph to the
pCH4 of the water. Another way of expressing this is that ph =
0.92 pw, or that the membrane is 92% efficient. This value is
expected to vary with environmental conditions such as
temperature, pressure, and flow rate past the membrane, and
one of the purposes of the following experiments was to help
assess the magnitude these effects.
Lower Detection Limit. SAGE’s lower detection limit is

influenced by the well-known effect of higher-order-mode
(HOM) interference in HCFs.37−39 This optical effect is due
to the superposition of many weak interference fringes that
create small oscillations in the absorbance spectrum, and these
oscillations typically shift with changes in the fiber temperature
or internal pressure. As a result, small changes in fiber
temperature or pressure will cause the fringes to shift and
thereby cause the value of Apeak to oscillate.
To assess this effect in SAGE, an experiment was performed

by measuring room air (∼2 μatm CH4), which was close
enough to the sensor’s lower detection such that the
absorbance spectrum was dominated by the HOM fringes.
During the test, the sensor was transferred into a cold room,
and the temperature was decreased from 23 to 9 °C to cause
the fringes to shift. Figure 3 shows the methane partial pressure
in the headspace, ph, recorded during the test.

Oscillatory variations were observed in the signal during the
temperature drop. The nonmonotonic nature of this drift, as
well as inspection of the absorption spectra during the test, are
both consistent with shifts of HOM fringes. During the second
half of the experiment, both the temperature and the signal
were more stable suggesting the sensor’s lower detection limit
may be improved under more temperature-controlled con-
ditions. However, as SAGE is intended to function in dynamic
environments, the lower detection limit is currently expressed
as the largest signal drift during this test, which is ±2.8 μatm,
or a magnitude of 5.6 μatm.
Stability. SAGE’s stability was assessed by performing three

experiments for which water containing 1000 μatm pCH4 was
continuously flowing past the sensor. For the first test, the
long-term stability was assessed by monitoring the signal for 65
h under ambient laboratory conditions (Figure 4). For the

second test, the temperature stability was measured by placing
SAGE, along with the equilibrator and pumps, on a movable
cart and transferring whole setup, while running, into a cold
room (Figure 5). During both tests, the signal varied by as
much as 1.0% from its mean, and the average signal level did
not trend appreciably up or down.

Two conclusions can be drawn from these results. First, the
signal oscillations with temperature during both tests suggests
the main source of instability is once again due to HOM
interference. However, the oscillations are larger than when
previously measuring the weak signal for the lower detection
limit test (±10 μatm vs ±2.8 μatm). This suggests it is not just
the amplitude of the shifting fringes directly affecting Apeak, but
also their effect on the algorithms used for calculating the
absorbance (e.g., the baseline determination when calculating
Apeak).

Figure 3. Signal for methane partial pressure in the inlet headspace
while ambient temperature was decreased from 23 to 9 °C. This test
was performed while monitoring room air without the membrane
present.

Figure 4. Sensor pCH4 signal during a test in which 1000 μatm pCH4
water was circulated past the sensor for 65 h. The largest variations at
hours 12 and 48 were identified to coincide with room temperature
fluctuations.

Figure 5. Signal recorded while the temperature of whole
experimental setup was decreased from 31 to 20 °C. Experimental
limitations prevented reducing the temperature below 20 °C, and
similar experiments to colder temperatures should be performed in
the future.
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A final consideration for long-term stability is the slow rise in
the housing’s internal pressure as it fills with gas extracted from
the water during operation. To assess this effect, a third
stability test was performed by initially vacuuming the housing
internal pressure down to 50 mbar. Next, the housing pressure
relief valve was manually vented several times to increase the
internal pressure from 100 mbar to 500 mbar in steps of 100
mbar, and the result is shown in Figure 6.

The total signal change over the full experiment was −1.8%,
most of which occurred at housing pressures above 100 mbar.
The change could be due to both shifts in the HOM fringes as
well as the effect of increasing gas pressure on the
spectroscopy. Nevertheless, the relatively small overall change
indicates pressure in the housing is well compensated for
through the HITRAN pressure corrections.
In addition to characterizing stability, these tests can be used

to assess how fast gas is building up in the housing, and thus,
how long the sensor can operate without the housing pressure
affecting the signal by more than 1.8%. The pressure rise
during the 65-h test was 5.5 mbar/day, indicating that if the
housing pressure is restricted to <500 mbar, a deployment
would be limited to ∼82 days. Efforts are currently underway
to study the feasibility of incorporating an internal pump to
dispel gas out of the housing to allow for longer-term
operation.
Response Time. The sensor response time was charac-

terized by adjusting the setup such that water flowing past the
membrane could be rapidly switched between two samples,
one equilibrated with room air and a second equilibrated with
1000 μatm pCH4. The response time result for switching from
low methane concentration to high is shown in Figure 7.
The 90% response time for the sensor at this temperature is

275 s or 4.6 min at the ambient laboratory temperature of 24
°C. During field deployments, it is expected that colder ocean
temperatures would increase this value somewhat since gas
diffusivity is proportional to temperature.
Effect of Flow Rate. As indicated in eqs S5 and S7, the

water flow rate past the membrane is expected to influence
boundary layer thickness and thereby affect the membrane
efficiency, em. To characterize this effect, 1000 μatm
equilibrated water was circulated past the sensor at increasing
flow rates from 1 L/min to 10 L/min in increments of 1 L/
min. The signal change for each flow rate is shown in Figure 8.

Increasing the flow rate causes the signal to also increase and
asymptotically approach a maximum value. At flow rates above
4 L/min the signal is within 1% of this maximum, which
indicates that robust flow control above 4 L/min is important
for ensuring sensor accuracy.
Standard Uncertainty. An assessment of standard

uncertainty was performed by comparing nine instances during
the calibration and characterization time frame when the
sensor was measuring 1000 μatm pCH4 water under similar
standard conditions (ambient laboratory temperature, a
housing pressure of 50 mbar, and a flow rate of 5 L/min)
without recalibration. The comparison is shown in Figure 9,
for which some points were obtained from the data reported
above, and all the results spanned a time frame of 7 weeks.
Thus, the comparison provides a good indication of the
sensor’s uncertainty and repeatability over time.
The results show a relative standard uncertainty across the

tests of ±1.4%, and a bias of 19 μatm. It is possible that
significant contributions to the bias and uncertainty are not
due to the sensor itself, but instead arise from changes in
laboratory atmospheric pressure and variations between
different bottles of calibration gas.
Potential Interferences. A thorough experimental inves-

tigation for interferences from gases other than CH4 was
outside the scope of this prototype development. Nevertheless,

Figure 6. Sensor pCH4 signal during a test in which 1000 μatm pCH4
water was circulated past the sensor, and the housing pressure was
increased from 50 mbar to 500 mbar. The variation in the signal is as
much as −1.8%.

Figure 7. Sensor response time when instantly switching from
atmosphere equilibrated water to 1000 μatm pCH4 equilibrated water
at 24 °C.

Figure 8. Sensor pCH4 signal during a test in which 1000 μatm pCH4
water was circulated past the sensor, and the flow rate was increased
from 1 L/min to 10 L/min. The gray line indicates the asymptotic
value of the exponential fit, which is used as the reference value for
flow rate dependency.
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several potential interferences can be identified for future
study, most of which arise from significant changes in dissolved
gases other than methane.
First, total gas pressure varies in natural waters (for example

in oxygen minimum zones and at hydrothermal sites), and it is
still necessary to experimentally test the sensor’s response to
variations in total dissolved gas pressure above or below 1 atm.
Second, the membrane has preferential selectivity to various

gases. For example, for a Teflon AF membrane, N2, O2, and
CO2 have permeabilities 1.3, 2.9, and 8.2 times that of CH4.
Though the high membrane efficiency should help mitigate
adverse selectivity effects, it will be necessary confirm whether
changes in the ratio of balance gases away from close-to-
atmospheric 80% N2/20% O2 affects the signal.
Third, interference from other near-infrared absorbing

species should be considered, as they could overlap with the
obtained methane spectrum and affect data processing. A
preliminary inspection of HITRAN data near 1650.9 nm
showed a nearby CO2 absorption line which is ∼2,500 times
weaker than the target methane line, and it would be prudent
to test whether it interferes at high CO2 concentrations.
Lastly, the effect of the primary balance gases on the

spectroscopic broadening coefficient should be considered.
Databases such as HITRAN assume pressure broadening due
to air for modeling the line shape, and this is acceptable for

many environmental applications. However, if the primary
balance gases shift substantially from an N2/O2 mixture, the
calculations SAGE uses for correcting peak height with
pressure may lose accuracy.
All of these effects could be studied by modifying the

dissolved gas equilibrator in the future to enable testing of
dissolved gas mixtures of CH4 with air, N2, and CO2 as well as
by enabling the headspace pressure to be increased or
decreased.
Field Tests. The SAGE prototype was field-tested for the

first time in November 2021 in the Guaymas Basin in the Gulf
of California. This location was selected as a test site due to its
widespread hydrothermal activity that includes black smoker
vents, diffuse flows, and various forms of deep-sea organisms,
all of which cycle copious amounts of methane.40−42 The
expedition was onboard the R/V Roger Revelle (RR2107), and
SAGE was demonstrated on three oceanographic platforms
including the AUV Sentry, the ROV Jason, and a standard
CTD rosette (Figure 10). The primary purpose of this
fieldwork was to validate SAGE’s utility for ocean exploration
at depths down to 2,000 m.
Since AUV Sentry is optimized for deep ocean surveying, it

was used to assess SAGE’s utility in creating methane maps
close to the seafloor. To achieve this, SAGE was mounted on
Sentry inside the vehicle body (Figure 10, Left) with a sample
water intake tube extending out the side of the vehicle, and an
underwater pump connected inline to provide water flow of 4
L/min.
On one of the expedition dives, Sentry and SAGE mapped

pCH4 at an altitude of 4 m above a seafloor feature called Ring
Vent (27.506°N, 111.680°W), which is known to contain
numerous methane seeps and diffuse flows.41 To survey the
area for methane, Sentry traveled in a standard “lawn mower”
path over site at 0.65 m/s with the major track lines extending
from the northwest to the southeast. The resulting map, shown
in Figure 11 (Left), was created from Ring Vent bathymetry
data, Sentry navigation data, and SAGE pCH4 data. The
response time for the SAGE signal was coarsely corrected by
implementing a 5 min delay with respect to Sentry’s location.
The map shows an elevated methane signal of at least 30 μatm
over much of the Ring Vent site, along with two methane hot
spots to the northwest. This result demonstrates SAGE’s utility

Figure 9. Nine tests over 7 weeks were used to assess sensor
uncertainty.

Figure 10. SAGE mounted on three different oceanographic exploration platforms during a research expedition onboard the R/V Roger Revelle to
the Guaymas Basin in November 2021.(Left) SAGE mounted on the AUV Sentry. (Center) SAGE mounted on the ROV Jason. (Right) SAGE
mounted on the ship’s CTD rosette. SAGE is circled in red in each image.
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in mapping dissolved methane over large spatial scales in the
water column, as well as identifying regions of high methane
emission which warrant more targeted investigation. The
elongated shape of the hotspots A and B from the northwest to
the southeast is predominantly an artifact due to SAGE’s
response time and the direction of the vehicle path.
More targeted methane measurements at Ring Vent were

also performed on a separate dive when SAGE was installed on
the ROV Jason. To achieve this, the sensor was mounted in a
back bay of the ROV (Figure 10, Center) and tubing was run
from the sensor’s flow cap to a sampling wand held by the
vehicle manipulator. An inline pump was installed to pull fluid
through the sampling wand and back past SAGE. On deck
testing indicated this setup consistently achieved fluid flow past
the sensor of 3−4 L/min. Though this flow was slower than
the desired 4 L/min, it was the maximum that could be
achieved using the SBE 5T pump and the long tubing run from
the manipulator to the sensor.
During the dive, the ROV mapped methane around the rim

of Ring Vent and once again found two locations of highly
elevated methane at locations A and B. In addition to viewing
the methane signal in real-time from the ship, the ability to
actively control the ROV and view real-time video enabled
targeted methane measurements at both sites (Figure 11 −
Right). At Site A, a large borehole-like feature was found to be
emitting a significant diffuse flow of hydrothermal fluid, and as

the ROV passed by it, SAGE’s methane reading increased
above its upper detection limit of 10,000 μatm. The feature
was initially speculated to be a borehole from the International
Ocean Discovery Program Expedition 385,43 but a review of
the published coring sites could not confirm drilling at
precisely that location. At Site B, numerous small chimneys
were found, some emitting intermittent diffuse streams of
hydrothermal fluid. The surrounding area also contained a
variety of bacterial mats, mineral deposits, and fauna. The
sensor measurement in the ambient water surrounding this site
reached as high as 4014 μatm.
Demonstration of SAGE on a third oceanographic platform

was accomplished by installing it on the ship’s CTD rosette
which could be lowered and raised through the water column
to collect a continuous depth profile of methane. To achieve
this, SAGE was mounted on an extension at the bottom of the
rosette (Figure 10, Right) and powered from the rosette
power. Water flow was provided by connecting SAGE in line
with the rosette’s standard CTD pump, which provided water
flow of only ∼1.5 L/min. The site of the cast was specifically
chosen so the profile would pass through the neutrally buoyant
layer of a hydrothermal plume, at the Guaymas North vent site
(27.40834, 111.38924°W) (Figure 12 - Left).
A methane profile was collected on the ascent while rising at

a rate of 10 m/min through the water column (Figure 12 -
Right). The neutrally buoyant plume layer containing elevated

Figure 11. (Left) SAGE was utilized on the AUV Sentry to create a map of methane in the vicinity of a seafloor feature called Ring Vent. The black
lines are Ring Vent bathymetry data, and the color is pCH4. Two methane hotspots A and B were found to the northwest. (Right) The two
hotspots were the subject of a more targeted subsequent investigation using ROV Jason.

Figure 12. SAGE was installed on the ship’s CTD rosette to record a methane profile in the water column through a neutrally buoyant
hydrothermal plume.

ACS Sensors pubs.acs.org/acssensors Article

https://doi.org/10.1021/acssensors.4c01563
ACS Sens. 2024, 9, 5896−5905

5902

https://pubs.acs.org/doi/10.1021/acssensors.4c01563?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.4c01563?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.4c01563?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.4c01563?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.4c01563?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.4c01563?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.4c01563?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.4c01563?fig=fig12&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.4c01563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


levels of methane was clearly present at a depth of 1,580 m.
Elevated levels of methane extended fully to the seafloor and
dissipated at depths shallower than ∼1,500 m.
To validate the SAGE profile data, six Niskin water bottle

samples were also collected during the profile ascent and
subsequently analyzed on a Los Gatos Research (LGR)
Dissolved Gas Extraction Unit coupled with a LGR Green-
house Gas Analyzer (GGA). The results agree except for the
bottle sample acquired at 1,500 m, which could be due to the
response time of the sensor and the slow flow rate, causing it to
continue to drop slowly after it had exited the plume. It is
notable that the large error bars on the bottle samples
exemplify the difficulty of accurately calibrating the GGA
extraction efficiency and the uncertainties present when
retrieving bottle samples for laboratory analysis. In the future,
analysis of bottle samples via gas chromatography would
provide a more rigorous comparison than use of the GGA.

■ CONCLUSIONS
SAGE is a compact dissolved gas sensor capable of detecting
dissolved methane in the laboratory and in the ocean at depths
down to 2,000 m. Calibrations and characterizations have
shown that it can detect methane partial pressure levels up to
10,000 μatm with an uncertainty of 5.6 μatm or ±1.4%
(whichever is greater) under a range of controlled laboratory
conditions that are also relevant to terrestrial field use (i.e., 10
to 30 °C, 1 atm ambient pressure, and robust flow control).
Thus, developing a field-portable system for laboratory use and
for terrestrial waters could find immediate applications.
Achieving a robust accuracy assessment for submerged

ocean applications was technically challenging and will need to
be the subject of future work. Though the pump flow speed on
the various platforms could be coarsely measured before
deployment, there was no feedback for measuring the actual
flow rate underwater on either AUV Sentry or the CTD
rosette. When operating on ROV Jason, an in-line flow spinner
viewed by a vehicle camera often appeared to slow down or
stop, which resulted in significant measurement uncertainty.
Additional uncertainty also arose from the unknown effect on
the membrane of hydrostatic pressure, which also remains to
be characterized.
Nevertheless, once in situ accuracy can be specified with

confidence, this work has demonstrated that the sensor’s
response time of 4.6 min is sufficient for many ocean
applications including exploration, plume mapping, targeted
point measurements, and depth profiles. Since a response time
of 4.6 min would still be considered slow for some AUV
mapping purposes, a reasonable strategy may be to utilize
SAGE to initially coarsely characterize the location and
magnitude of methane features and then subsequently return
to those sites for more targeted and accurate measurements. In
addition, when profiling, it would likely be necessary to hold
the sensor at a fixed depth for ∼5 min to obtain an accurate
reading.
Creating additional SAGE units with longer or shorter fibers,

or transitioning to mid-infrared wavelengths, would result in
sensors more optimized for specific applications such as plume
sniffing at background pCH4 levels (∼2 μatm), isotope studies,
and higher resolution mapping. Using lasers and fibers at
different wavelengths would also enable detection of other
dissolved gases such as carbon dioxide, and ongoing advance-
ments in HCF research could result in lower detection limits
(via better HOM rejection) and a smaller sensor (via a smaller

bend radius). Nevertheless, even in its current form, SAGE can
begin to serve as an additional technology for measuring and
mapping methane in Earth’s water systems.
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