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Abstract. Simultaneous measurement ofHg and CH concentrations, and of ti&3C-CH, isotope ratio is demonstrated
using a cavity enhanced absorption spectroscopwigee in the mid-IR region. The spectrometer isipact and has been
designed for field operation. It relies on optiéeédback assisted injection of 3.8 radiation from an Interband Cascade
Laser (ICL) into a V-shaped high-finesse opticaliga A minimum absorption coefficient of 2.8 x-i@n1* is obtained in a

15 single scan (0.1 s) over 0.7 énPrecisions of 3 ppbv, 11 ppbv, and 0.08%. faH& CHs, andd3C-CH,, respectively, are
achieved after 400 s of integration time. Labonatalibrations and tests of performance are refddntre. They show the
potential for the spectrometer to be embeddedsensor probe fan situ measurements in ocean waters, which could have

important applications for the understanding ofgharce and fate of hydrocarbons from the seabédnathe water column.

1 Introduction

20 Methane (CH) is the second most abundant anthropogenic gresehgas after carbon dioxide (gCbut with a 25 times
higher global warming potential. Monitoring andritiéying the different sources of Ghb therefore important, for the future
climate projections. Among these sources, one tstimguish biogenic and abiogenic processes. Metlimmostly produced
through biological processes, with the decompasitib organic matter under anoxic conditions. The®gdnic processes
include biomass burning and thermal breakdown génic molecules at high temperature in deep ressn@H; is the main

25 component of natural gas, but heavier hydrocarfld@s) can also be present in natural gas sucthas@{GHs) and propane
(CsHs), depending on the gas origin. In addition theboarisotopic composition of methan&3C-CH, hereafter) differs
between biogenic and abiogenic sources. While Imieggas has high concentration of Okith respect to heavier HCs and
a more negativé3C-CH, (typically from -60 to -90 %), thermogenic gasclsaracterized by a lower ratio of @8,Hs and
a less negativd'*C-CH, signature (-50 to -40 %.). The combination of thiwge measurements leads to a quite unambiguous

30 identification of the origin of natural gas (Clayd@nd Kvenvolden, 1983). A significant part ofth&s HC reservoirs lies in
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marine environments, at variable depth below tlaéleer. Questions arise about their origin and,fatel notably about their
contribution through leakage into the ocean. Seakdge contributes to the carbon balance of thenscéo acidification after
oxidation in the water column, and possibly to &tmospheric concentration of these HCs if gasritafrom the seabed
reaches the ocean surface. Therefore it is impbiatiocument the origin and fate of methane ahdret present below the
5 seabed and dissolved in the water column, for m®oeaderstanding and for future climate and ocetlity projections.
Standard techniques for dissolved gas measuremsnogdly rely on discrete sampling of the water omiuusing Niskin
bottles, followed by laboratory analysis. This nwethhas the advantage of being simple and easyup,dmut it suffers from
possible artefacts of the measurements due to ssitgpof sample during the ascent (particularlydfeep water samples). In
addition, it offers a limited spatial and tempam@dolution for probing the variability and mixin§water masses. Thanks to
10 significant efforts in miniaturization of analyticmstruments, from mass spectrometers (MSs) t@calptechniquesin situ
measurements of dissolved gas composition are tedajble (Chua et al., 2016; Grilli et al., 20¥8ankel et al., 2013). Due
to the complexity and size of isotopic ratio magssctrometers (IRMSs), today the applicationroditu MS is limited to the
measurement of the abundance of dissolved gasespeghile the isotopic analysis is most often gékformed in the
laboratory. On the other hand, modern optical spawtters can offer similar performance for detemgrisotopic abundance
15 as MSs, while being more compact and easier tdausa situ operations. Cavity based techniques such as cangydown
spectroscopy (CRDS) and cavity enhanced absorpmectroscopy (CEAS) offer detection of a variety splecies,
multispecies detection, and the access to thepapsignature of small compounds in gas mixturesrgkel, 2004).
The optical feedback cavity enhanced absorptiontspecopy (OFCEAS) (Morville et al., 2003, 2014%dsn this work, is a
well-known technique belonging to the family of £&&and widely employed in trace gas detection atated fields (Butler
20 et al., 2009; Grilli et al., 2014; Landsberg et 2a014; Lechevallier et al., 2017; Richard et 2018; Romanini et al., 2006).
It relies on the optical locking of the laser eriago a resonance mode of a high finesse optaatycand it has already been
demonstrated for distributed feedback (DFB) lasqumntum cascade lasers (QCLs) (Gorrotxategi-Carbgjal., 2013;
Maisons et al., 2010), and interband cascade |@&&lrs) (Manfred et al., 2015; Richard et al., 2D16 this work we report
a novel application for the simultaneous measuré¢mw,Hs, CHs, andd'*C-CHs, using an ICL radiation source in the mid-

25 IR region that could be applied to timesitu measurement of these compounds in seawater.

2 Method

The OFCEAS spectrometer (Figure 1) is composednofCi diode laser (from Nanoplus GmbH), an infrapaarizer
(ColorPol MIR), two aluminum steering mirrors, atweb photodiodes (PCI-2TE-4), all mounted on a $taiststeel optical
cavity block. The V-shaped cavity (6-mm internahohel diameter) is composed of two 40-cm long aresjlting in a free
30 spectral range (FSR) of the optical cavity of 18WHz. The cavity mirrors (Lohnstar Optics) havesfigctivity of 99.9584%,
which provides a ring-down time (lifetime of theqtbns inside the resonator) of 320 (~1km optical path length) in absence
of intracavity absorption (i.e., if the cavity ifldd with zero air). This design allows for feediback to the laser only the
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photons that are in resonance with the cavity, autrany parasitic feedback, such as that from ctdlas off the entrance
mirror. This modifies the laser dynamics, leadingspectral narrowing of the laser emission andirigrits oscillation to
match the cavity resonance frequency (Morvillelet2805).The optical feedback phase matching condition irapdbat the
laser is placed at a distance from the input miequral to an integer number of cavity-arm lengthsHis case equal to one).
5 Fine phase adjustment and continuous phase laiitaéned by a piezo-electric transducer (PZT) medn one of the two
injection steering mirrorsChe diode laser is stabilized in temperature aadreent ramp is applied in order to produce a scan
over a narrow frequency region (typically of a feamths of nanometers, with a scanning rate of a@n2x mA?* for ICL
lasers) and to temporarily lock the laser emissiosuccessive TEb longitudinal cavity transmission modes. The inseif
the technique is to achieve high signal to noisie thanks to the narrowing of the laser emissind therefore to a more
10 efficient power coupling to the high-finesse cavityalso provides an intrinsically linear frequgrscale fixed by the cavity
geometry FSR= ¢/ (2 Nn L)), wherec is the speed of light, the cavity arm length\l the number of arms andthe index
of the media. The instrument is simultaneously reicg the signal from the two photodiodes (befand after injection) in
order to obtain transmission spectra that are sjulesely converted to absorption units (absorptioefficients as a function
of cavity transmission frequency or wavelengthpgs measurement of the ring-down time performedeaénd of each scan
15 (Morville et al., 2014). This ring-down event isopguced by rapidly switching off the laser emissiand acquiring the
exponential decay of the light leaking out of tlwity.
An OFCEAS spectrum acquisition covers more thanl@fgitudinal cavity modes (0.7 chhand is repeated at a rate of 10
Hz. For a precise retrieval of the absorption peofand therefore of the molecular density in tak, the cavity is precisely
temperature and pressure stabilized at respect8@8y15 K and 30 mbar. The cell is heated by tvgistiwe heating bands
20 controlled via a PID regulation and a PT1000 sepsaitioned at the center of the cell, glued ondtiaénless-steel block. A
second PID loop is used for pressure regulatioadbiyg on a solenoid proportional valve (FAS, NergFluid Controls). The
inner pressure in the optical cell is measured Wika, 0-250 mbapressure gauge. The temperature and current ¢diske
and the temperature and pressure of the cell axteadled by a single electronic card developedigydompany AP2E, which
by means of a micro-processor, also ensures the€asisition of the two photodiode signals (340zkber channel). The
25 cavity with the optical assembly, reported in Fegdr, is suspended by two vibration-isolation damperd placed in an

insulated aluminium casing.

3 Spectral Region and Model Fit

In the infrared region, two fundamentals bandsaaelable for detecting Cxithevs mode between 2800 and 3100 tamd
thevs mode from 1200 to 1300 cinSeveral reasons make thetransition more suitable for trace gas sensind,rastably:
30 (1) ICLs are today available at this wavelength #r&y require less effort to cool compared to raemperature QCLs; and
(2) photodetectors have better sensitivity in #pectral region. For this work, the selected lé&seentred at 3.326m and
operates between 8°C and 12°C, allowing it to cdlerspectral region from 3005.4 to 3009.2'cffhis region has been
selected to best accommodate the absorption itiEnsif the species to be detected at a specifiger@f concentrations
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(around 200 ppmv for CHand 30 ppmv for &4e) and for the possibility to access the ‘best’ asetl absorption lines. For
applications in dissolved gas measurements, tleeteel wavelength region offers access to waterrpbsn lines, required
for the characterization of the dissolved gas ekiva system (Grilli et al., 2018).
The selected absorption window reports a relatilaglye overlap of absorption features, requiringgarous optimization of
5 the fit parameters. Here, a multi-component fittiroel is used where line parameters (intensity, timosi Lorentzian and
Gaussian widths) are fitted for each absorptionsiteon (some of the parameters are linked togdibeween lines of the same
species to reduce the number of degrees of freeddhe spectral fit procedure). A total number éfabsorption lines are
included in the fit, with 17, 3, 23 and 3 lines f&€H,, 3CH4, C;Hs and HO, respectively. A typical spectrum is reported in
Figure 2for concentrations of 72 ppmv of methane and 20\pfamethane in dry air. The temperature and presstithe cell
10 are 35°C and 30 mbar, respectively. The fit is roteéd using an interlaced spectrum in order toeiase the spectral
resolution. The latter is obtained by slightly suawg the temperature of the cavity (0.02 °C of egmn), which causes a shift
of the cavity mode positions with respect to theaaption lines, due to the mechanical elongatiothefcell together with a
change in the refractive index of the gas sampetffie spectrum of Figure 2 (experimental datacloknd green lines), 200
consecutive spectra are interlaced to achievedutésn of 935 kHzIn the top panel of the figure, tA&CH, and*3CHa (red
15 and blue spectrum, respectively) are the simulspedtra according to the HITRAN 2016 database (Goad al., 2017). This
has been carried out for a clearer visualizatiorihef line positions of the two isotopologues. Aadieement between
experimental data and the HITRAN database was fdonthe two superposed lines BCH, at 3008.39 cri, which are
16.5% weaker in amplitude in the simulated spewsttlarespect to the experimental data. The arroate the best isolated
absorption lines, which are used for calculatirgisiotopic ratio of methane (red and blue speatmd)the ethane concentration
20 (green spectrum). Optical interference fringeswasible on the baseline, with the major fringe esponding to the optical
path between the output cavity mirror and the ptiotbe. Improvement in the photodiode alignment #rel use of an
additional spherical mirror at the cavity output focusing the light into the detector (as showrFigure 1) significantly
decreased the amplitude of the optical fringe.
The standard deviation of the fit residuals for spectrum obtained with 72 ppmv of methane and@tivpof ethane in dry
25 airis 5.8 x 1@ cnt* for a single acquisition, which corresponds taecjsion of 140 ppbv, 1.3 ppbv, 37 ppbv and 1.5%. fo
12CH4, 8CHa4, CHs, andd*3C-CH,, respectively. For the determination of the prieciof 3CH,, its natural abundance was
taken into account. A contribution from small imfeetions of the fit parameters is still presemgsi the standard deviation
of the absorption baseline in absence of absoiteercavity filled with 30 mbar of zero air) is 2x810° cn? for a single
acquisition. A more comparative way of describihg performance of the instrument consists of degdjthe figure of merit
30 normalized by the square-root of the bandwidtthefreasurement (10 Hz) and the number of spe&trabats (100) (Moyer
et al., 2008). This leads to a figure of merit idéoEquivalent Absorption Sensitivity, NEAS) of &8.0%° cnT! HZz'Y2 per
spectral element without account for fit imperfeos and 1.8 x I8 cni* Hz Y2 per spectral element for a typical spectrum

of 72 ppmv of CH and 20 ppmv of gHs in dry air.
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4 Results: The Performance of the Spectrometer

The stable carbon isotopic ratid*{C) is normally expressed as a comparative measutenith respect to an international
reference, in this case Vienna Pee Dee BelemnRO@/ for theBelemnitella Americana fossil carbonate). It is described by
Eqg. 1, in whichR is the abundance ratio of each isotopologue irsémeple material, arf@rps the corresponding abundance

5 ratio in the standard material. In the linear apson regime, the number density of the molecul@risportional to the
absorption and related to it via the absorptiorssmsection. Therefore, the retrieval of the isotogie with respect to a
standard gas of known isotopic composition is ety straightforward (Kerstel, 2004). TR&C-CH, gas standards used for
the experiments are from Isometric Instrument amtified on the VPDB scale with an uncertainty 6f2%..

53¢ = (——-1) R= ot (1)

12
RyppB c

10 Because of the complexity of the spectral fit ameldiscretization on the wavelength or frequeneyesdictated by the cavity
FSR, the position of the cavity modes with respedaine of the absorption lines affects the reflthe fit. This is due to
small imperfections of the fit model relative teetreal spectrum which is sampled by the cavity mods these move and
trace out the real spectrum profile, the model speat defects translate into varying errors or bdagkthe fit parameters
which are optimized to match the model to the datach time. We thus observed a dependency oétheved line surfaces

15 on the cavity mode positions with respect to theoahtion features, which affects the isotope ratermination (also
observed and discussed in Favier, 2017). The idrifhe cavity mode position is mainly due to medbahinstability and
temperature fluctuations. Pressure may also plajea even if stabilized at +1gbar the sensor may experience drifts with
respect to the absolute pressure due to, for iostdtuctuations of temperature. In order to consaéa for these drifts, we
locked the cavity modes position by dynamicallyiragbn the cavity temperature. Figure 3 repontglterm measurements

20 for two situations: in red, where the temperaturthe cavity is stabilized at 35 (+0.0015) °C ahd tavity modes are free to
move, and in black, where the cavity modes aredddky acting on the temperature setpoint (the séfforted corresponds
to the MHz-size excursion of the cavity modes wiglspect to the absorption feature). Measuremente witained by
continuously flushing the cavity at a gas flow 6fsccm (standard cubic centimeters per minute) aighmple containing 72
ppmv of CH and 20 ppmv of & in dry air.

25 Without the locking of the cavity modes position algserved a drift of 20 MHzhof the cavity modes, while with the servo
loop a stabilization of the mode positions bettent 620 kHz was obtained. In the unlocked datasétjctuation in the
temperature stabilization occurred around 14h3allome, and the corresponding section of datablees removed for the
analysis. The spectral fit was conducted for bittreons and an Allan-Werle (AW) statistical arsyy/(Werle, 2010) was
performed on th&'3C-CH, signal (Figure 3). From the log-log plot, where W standard deviatiomgw.sp °C) is plotted

30 against the averaging time (t), a tenfold improvenad the long-term stability was observed whianslates into an extension

of the optimum integration time of the system foe tase of temperature locking of the cavity maaistipns.
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Afterwards, the system was further improved withedter optimization of the fitting parameters aridh® optical setup
resulting in a reduction of the optical interfererfinges. A second AW statistical analysis waseftee conducted on the
simultaneous detection 6#3C-CH, *2CH., and GHg with the same experimental conditions as for FégirMore than four
hours of continuous measurements were used to pedtie log-log plot (Figure 4). At short times, theasurement is mainly
dominated by white noise with tlmgw-sp decreasing proportional t8t. The optimum integration time corresponds to 400 s
reaching precisions of 0.08 %o, 11 ppbv, and 3 @bé!3C-CH,, 2CHa, and GHs, respectively. For longer integration times,
due to the rise of 1/f noise (drifts), tbew.sp Starts to increase, leading to a degradationeptiecision. In order to fix the
accuracy of the instrument at its optimal precidi@iow 0.1%o for thes*3C-CH,, injection of a standard gas with a known
isotopic composition should thus occur every 400tgs allows overcoming the instrumental driftsdao maintain the
accuracy of the measurement at about the samedépedcision obtained at the optimum integratiomet If not, instrument
drifts will dominate with a degradation of the armmy as reported and explained below. A comparigdhe two statistical
analysis for thé*3C-CH, measurements (between Figure 3 and Figure 4)igighlhow the improvement on the optical setup
allowed to shift the entire AW curve to lower vadugvith a decreasing of tt@w.sp by a factor of four), however we could
not obtain the long integration time as reporteligure 3. This is probably due to the fact thatahise of frequency dependent
noise is dominated by others instabilities, limgtithe best precision of tté3C-CHs to a value close to 0.1%.. Nevertheless,
the benefit of the improvements is clearly visibléth the improved setup approaching the same simtithan the previous
one ten times faster.

In Figure 5, the dependency of the isotopic ratith the concentration of methane is reported. @bigendency is not caused
by isotopic fractionation due to the sample harglliout more probably related to the discretizatbrthe spectra and the
precise location of the measurement points witlpgesto residual optical fringes in the spectrurhe Tendency is well
reproducible, can be fitted with an exponentialction and used for calibration propose. The santewieur was also
observed using the same technique but g End HS isotopic measurements (Favier, 2017; Landsb&%)2 as well as
with an instrument based on off-axis integratedtgaautput spectroscopy (ICOS), as reported by Veéaek al., 2013. With

a comparable amplitude variation of the absorpitwensity, a similar effect (but less pronouncedsvalso observed with
respect to éHs concentrations. By monitoring the carbon isotapito of methane with and without 22.5 ppmv of ein
the gas mixture, a difference on #¥€C-CH, of 2.55 %o was observed. For this relatively sraéfitct, a linear correction was
applied.

The reproducibly of the system was estimated bylaoting three measurements per day during four daywo methane
concentrations (9 and 90 ppmv in dry air). Befaetemeasurement the system was completely switnffiedo calibration
using a standard gas was carried out before eaelsurament. Therefore, the resulting reproducibdityresponds to the
intrinsic accuracy of the system affected by loemgt instabilities. Results are represented bywlehtistograms of Figure 5
showing the reproducibility fo§*3C-CHs, which is reported on a relative scale (i.e., withpect to an arbitrary reference
value). At CH concentrations of 9 and 90 ppmv the isotopic raicetrieved with an accuracy of £11.8 %o and %9
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respectively (both Ir). By injecting a standard gas before each measuntefmecalibration proposes, the accuracy at high
concentrations should approach the expected poedidi< 0.1 %o after 5 min of integration.
For the purpose of further validating the stabitifithe system, long term measurements were made relgularly switching
between two samples with different isotopic comfiosi The two standard mixtures that were usedehemimposition of 79.4
5 ppmv of CH, with a carbon isotopic composition of -54.5 %ol arfi 56.9 ppmv witts*3C-CHs = -38.3 %o (with manufacturer

certified uncertainties of +0.2 %o). The gas flowsafaxed at 2 sccm and the standard gas samplessméiehed every five
minutes during 3 hours using a manual three-waype&ition valve. In Figure ,&he measurements of the carbon isotopic
ratio are reported. Since the two samples hadrdifteCH, contents, a correction following the curve repaiteFigure 5 was
applied in order to account for the dependency*#E on the CH concentrationThe -38.3 %o sample was employed as the

10 “known” standard gas, and the isotopic compositibthe second sample was then retrieved. Drifttherisotopic signature
of only 0.6 %0 were observed after 3 hours of carmdis measurements (which is in agreement with eahalysis). The
response time of the instrument at 2 sccm gas iffoestimated to be 15 sec (single exponentialjredptattributed to the
renewal of the gas sample in the measurementTdedl.standard deviation of the raw measurementQqat?) is £ 1.9 %o,
while after averaging the results over 20 s (bluee) the noise decreases to 0.5 %o.

15 5 Comparison with existing instruments

Depending on the application, different instrumed&velopments with a focus on a particular aneijtaspect were carried
out in the past. For instance, the concentratiogeawill vary depending on the application: a hggmsitivity to measure in
the low concentration range is required for envinental sensing (e.g. atmospheric measurementdliatatology), while
moderate sensitivity is required to measure inhilgla concentration range for dissolved gas measemésris seawater, leak
20 detection, and for oil and natural gas explorat®ome applications would require low sample volufsesh as ice-core and
dissolved gas analyses). Finally, different comstsasuch as compactness, robustness, and powsuroption, may play a
role depending on the measurement strategy (ladmgrain site, ofn situ measurements). For this propose, a non-exhaustive
comparison with some of the existing techniquesnieasuring'3C-CH; is reported in Table 1. The comparison highlights
similar performances, albeit for different conditp with precisions o#!3C-CHs below 1 %o. Up to now, the best performance
25 in terms of precision and the amount of sampleireduemains IRMS technique, followed by the CRIStem developed
by Picarro (Phillips et al., 2013; Schmitt et 2014). The QCLAS system of Eyer et al., 2016 based multi-pass cell, the
ICOS from Los Gatos Research (Wankel et al., 2048y the work reported here are more suitable fgh methane
concentrations. Our development aims at the meamneof dissolved gas in seawater, and therefore apdimized for
relatively high methane concentrations of ~100 ppashieving precision on th&3C-CHy below 1 %o after 1 s. This
30 development sets itself apart by its compactnedgartability as required fan situ measurements. Moreover, thanks to the
low volume of the measurement cell, a small amofisample (< 1 chof gas at STP) is required, making the spectromete
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suitable for coupling to a membrane-based extracsipstem forin situ application in the water column under marine

conditions.

Conclusion

In this work we presented a novel optical specttemeperating in the mid-IR region and based en@FCEAS technique,
for simultaneous measurement afHe and'?CH,4 concentrations, and tl3C-CHs. The spectrometer achieved a minimum
absorption coefficient of 2.8 x &t over a single frequency scan (0.1 s) over 0.7 atrlow levels of ClHand GHeg and
5.8 x 1% cnt* for a more typical gas mixture (72 ppmv of Cahd 20 ppmv of &4g). Precisions of 3 ppbv, 11 ppbv, and
0.08 %o for GHe, 12CHa, andd**C-CH,, respectively, were demonstrated for an optimuegiration time of 400 s. A stability
of + 2.9 %o for long term measurements®fC-CH, was obtained without the need of regular injecttéknown isotopic
composition standard gas. The latter is needed #cguracy of th&'3C-CH, measurement at the level of 0.1 %o is required.
The dependency of the isotopic measurement orotimpasition of the gas mixture was characterizeth walibration curves
for both CH and GHs concentration dependencies. The instrument hagthered characteristics of compactness, pregision
and time resolution to be coupled with a dissolged extraction system and to be integrated innasitu sensor for
continuously monitoring the dissolved gas compesiiin deep-sea and oceanic environments. A dissajas extraction
system similar to the one described by Getlll., 2018 will provide an adjustable dilution of th@s sample by adding a zero-

air carrier gas at the dry side of the extractioit, uherefore increasing the dynamical range efgénsor.
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15 Figure 1 : Details of the optical setup with the lger injection and phase control (piezo mounted orhe injection steering mirror
assembly). The polarizer is tilted and its reflectin used for acquiring the laser power spectrum bef@ the cavity injection. At the
cavity output, a spherical mirror is used to focughe light on the second (signal output) photodiode.
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Figure 2 : (a) A combination of experimental interbced spectra and spectra simulated using the HITRARO016 database at 30 mbar

and 35°C. HITRAN profiles show the position of2CH4 (red) and **CH4 (blue) at 72 ppmv of CH: in dry air. In green, the interlaced
spectrum acquired with only 20 ppmv of GHse in dry air in the cavity. The full experimental spectrum containing absorptions from

the three species is reported in black. There is disagreement for the two superimposed lines at 30 cm?, with a line intensity
discrepancy between experimental data and the HITRAN016 database of ~16% on the amplitude of the abiption lines (this is
outside the reported HITRAN 2016 uncertainties on te cross sections that are between 2% and 5%) An example of an OFCEAS
spectrum (black circles) and the corresponding intéaced methane-ethane absorption spectrum. At theditom, the residuals of the

10 spectral fit for one acquisition (0.1 s) and the kseline curve (red) are reported.
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Figure 3. A comparison of the performance on the nasurement of thed'3C-CH4 with (Black) and without (Red) the lock of the
position of the cavity modes. Without the lockingltie temperature is stabilized at 35 + 0.0015 °C artie mode position drift of about
20 MHz h't, By locking the mode positions by acting on the taperature setpoint, the mode positions are stabiled to 620 kHz. The

5 advantage of the locking configuration is visibleri the log-log plot, where the AW standard deviatiorof the §'3C-CHa signal is shifted
to slightly lower values, with a longer averagingime stability. Both measurements were performed byontinuously flushing the
cavity with a 10 sccm gas flow of a synthetic air ixture containing 72 and 20 ppmv of CH and CzHein dry air, respectively.
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Figure 4 : The Allan-Werle standard deviation for afour-hour time series of measurement with 73.7 ppmef methane (black) and
19 ppmv of ethane (blue) in dry air. The best integation time of the system corresponds to ~8 min arttie achieved precision is 0.08
%o, 11, and 3 ppbv ford*3C-CHa4, 2CH4, and C:Hs, respectively.
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Figure 5. Bottom panel: the dependency of the relate 8'3C-CHa on the CH: concentration. Two upper panels: Reproducibility

5 between discrete measurements made three times aydduring one week for 9 and 90 ppmv of Chlin dry air. Accuracies of +11.8
%o and + 2.9%o (represented by the dashed lines) weobtained for the two concentrations (1s). The instrument was not calibrated
before each measurement using a gas standard. Foigh concentrations, such calibration would make theaccuracy approaching
the expected precision of 0.08 %0 after 5 min of iegration time.
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Figure 6 : Long-term measurements obtained by repeatly switching between two methane samples in dryirehaving different
stable carbon isotopic composition. The two samplese diluted gas standards from Isometric Instrumen with specified §!%C-CHa

of -54.5+0.2%o (79.4 ppmv) and -38.3+0.2%. (56.9 ppinv
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Table 1. Non-exhaustive comparison between some btexisting techniques for measuring*3C-CH4
Technique Precision on the &3C-CHa Remarks

Good performance at high concentration. It requires
large gas volumes (0.5 L volume cell).Not adapted for
application where low volumes of gas are available
(e.g. ice-core, dissolved gases studies).

TREX-QCLAS (pre-concentration system
Eyer et al. 2016 coupled with a dual-QCL instrument with 0.1 %o in 10 min (750 ppmv of CHa)
a multi-pass cell of 76 m)

Proved for applications with small amount of sample
(i.e. deep water measurements). Designed for high
concentrations.

e . o .
Wankel et al. 2013 ICOS (off-axis integrated cavity output 0.8 %o in 5 min (>1000 ppmv of
spectroscopy), Los Gatos Research, Inc. CHa)
CRDS (cavity ring-down spectroscopy),
Picarro

Designed for atmospheric measurements, it provides

Philli tal. 2013
illips et a good reproducibility. Adapted to field measurements.

0.8 %o in 5 min (>1.8 ppmv of CHa)

IRMS (isotope ratio mass spectrometer),
IsoPrime

Best performances for low volume samples. Not

Schmitt et al. 2014 X
chmitteta adapted for field measurements.

0.15 %o (atmospheric samples)

Designed for in situ measurements and for low
This work OFCEAS 0.1 %o in 5 min (72 ppmv of CHs)  volume measurements. Degraded performances at
low concentrations (atmospheric samples)
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