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Abstract. We report the first high resolution continuous fjjeoof dissolved methane in the shallow water aké Kivu,
Rwanda. The measurements were performed using situindissolved gas sensor, called Sub-Ocean, h@asedpatented,
membrane based extraction technique coupled witgHdy sensitive optical spectrometer. The sensas @riginally designed
for ocean settings, but both the spectrometer lameéxtraction system were modified to extend theadyical range up to six
orders of magnitude with respect to the originadtptype (from nmol £ to mmol L! detection) to fit the range of
concentrations at lake Kivu. The accuracy of tregrinmment was estimated to +22%j3rom the standard deviation of eight
profiles at 80 m of depth, corresponding to +1®ar of CH, in water or £160 nmol £ at 25°C and 1 atm. The instrument
was able to continuously measure the top 150 madémdepth within only 25 min. The maximum obserw@ging ratio of
CHas in the gas phase concentration was 77% at 15Qth dehich at this depth and thermal conditionhef kake corresponds
to 3.5 mmol L% At deeper depth, dissolved GEoncentrations were too large for the methanerakisa spectrum to be
correctly retrieved. Results were in good agreemghtdiscrete in situ measurements conducted tiiglcommercial HydroC
sensor. The fast profiling feature will be highigofitable for future monitoring of the lake, whitke spectrometer could be
replaced with a less sensitive analytical technigassibly including simultaneous detection of diesd CQ and which

would allow to measure at higher concentrationSids.

1 Introduction

Lake Kivu is located in East Africa at the bordetiween Rwanda and the Democratic Republic of thegBolts
meromictic character, defined by a strong stratifon of the water, makes deep water strongly daedufrom surface water
because of their difference in density (Schmid afigbst, 2012). The upper tens of meters (ranging 86 to 25 m depending
on seasons) correspond to the oxic zone, with{figbes, algae and bacteria) while deeper watersiaoxic and contain large
amount of dissolved carbon dioxide (§@nd methane (CH with the strongest chemocline situated at 25§f depth (Schmid

et al., 2005). Since 1935, several measurementaigngphave been carried out, aiming at quantifyfiregamount of dissolved
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CH, and CQ present in the lake (e.g. (Degens et al., 1978laet al., 2011; Schmitz and Kufferath, 1955siTetsal., 2009;
Tietze et al., 1980)). On the one hand, the presehthose gases constitute a risk of catastrapleéat such as a gas eruption,
which in the past already occurred in other gas{ages (e.g. in 1984 at Lake Monoun and in 1986&é Nyos in Cameroon
(Kling et al., 1987; Kusakabe, 2017; Sigurdssaal.e1987)). On the other hand, dissolved,@bresents a potentially important
energy resource. Already in 1963, the first on slpdlot plant started operations producing gas bgetle Brewery BRALIRWA.

In 2008, another off shore pilot plant was insthisd could produce around 2 — 3 MW of electrigifgcted in the Rwandese
national grid. In 2015, the first industrial povwant started with a capacity of 26 MW. Other pdeente planned in the following
years, not only for Rwanda but also for the Demtixi@epublic of the Congo. Methane extraction waalldw to compensate
further accumulation of gas at the bottom of thikeLand therefore preventing the possibility of a gauption. From this field
campaign, the maximum total dissolved gas preg3IDE&EP) was estimated to be 5017 % of the hydrastassure at 320 m
of depth (Barenbold et al., 2019; Schmid et al190Meanwhile, extraction has to be performed eithdestabilizing the
stratification of the lake or altering its ecosystdregarding the stability of the lake, in 200518het al. (Schmid et al., 2005)
raised the possibility that dissolved ©H the lake was increasing with a rate of ~0.5&¥y@ar, with consistent repercussion on
the safety of the surrounding population. Howefrem the work of Pasche et al. (2011) as well asrésults from this recent
field campaign, the hypothesis of a fast incrdas®day excluded, and the temporal variability egp to be slower than
previously expected (Barenbold et al., 2019; Baeétel., 2019; Schmid et al., 2019). In the futwegular monitoring of the
lake is required for estimating the €&hd CQ budgets in the lake as well as their temporaktslity, using reliable and easy
to use techniques. For a more precise estimatigheoflissolved gas content, inter-comparison betvdfgerent sensors and
methods is required, as conducted and presentbéinork and in the even more comprehensive e the entire inter-
comparison campaign (Bérenbold et al., 2019; Boetiral., 2019; Schmid et al., 2019).

The development of the Sub-Ocean sensor starteg-poduct from a development for measuring the masition of air
bubble in-situ in ice sheets (Alemany et al., 2034lli et al., 2014). After a first test in the Miterranean Sea in 2014 with a
different prototype but based on the same prindi@ldli et al., 2018), the sensor described anplaleed here was developed.
In October 2015 it was deployed over a hydrate siHgg zone west of Svalbard, highlighting for tinst time high variability
of dissolved CH near the seabed together with a strong diffusivibgt probably induced by the di-phasic medium geted by
the gas flares (Jansson et al., 2019). In this w&rkeport a successful deployment of the Sub-Osensor in a very different
setting, highlighting the reliability and adaptitlgibf the technique to different aquatic enviromtse Advantages and drawbacks
of the technique are highlighted in the discussiention. Two other research groups participatethéointer-comparison
campaign using different methods: water samplirigi@d by laboratory gas chromatography analysise{Ber et al., 2019)
and on-line water pumping followed by on-site mesesctrometry analysis (Brennwald et al., 2016) séhiesults are not reported

here as they focused on the concentrations ingép daters (Barenbold et al., 2019; Schmid e2@1.9).
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2 Materialsand M ethods
2.1 The Sub-Ocean MIL S Instrument

The optical instrument used in this study is basethe OFCEAS technique (optical feedback cavityagieed absorption
spectroscopy) (Morville et al., 2003, 2014) develdfor trace gas sensing. The dissolved air frarettiraction unit (Figure
1) is continuously pumped toward the optical cawtyhe spectrometer. The internal volume of thitisdess than 20 cin
and provides sample residence times < 30 sec timabrunning conditions (compromise between thémessure and the
total gas flow).

Extraction of dissolved gases from water is perfaatrasing a silicon rubber membrane. The extradgohnique does
not rely on gas equilibration across the membraute ib order to achieve fast response, the dry efddhe membrane is
maintained at low pressure while continuously flaght with dry zero air (Triest et al., 2017). Theessure at the membrane
dry side controls the total flow of dry and wet #irough the membrane, and the system is designkdep this pressure
constant. While the spectrometer operates at &fbuibar, the pressure against the dry side of gmbnane is maintained
at about 30 mbar.

A full description of the in situ membrane inlesém spectrometer (MILS) instrument, together with éxperimental
setup used for laboratory calibrations can be foim{Grilli et al., 2018). In order to adapt thesirument to the high
concentrations of dissolved Gldxpected in Lake Kivu, the absorption spectrunthef optical spectrometer was set away
from the strong Chirotational-vibrational transitions, more precisaty2238.5 nm, where concentrations inside the altic
cavity may reach up to 1.5 - 2 % of ¢ld air before optical saturation (equivalent toadsorption 16 - 108 cn1?). Above
this absorption, the transmission signal at theimasn of the peak of absorption becomes too weaktlamaptical feedback
to the laser, required with the OFCEAS optical teghe, not strong enough to lock the laser frequdaca period of time
close to the cavity free spectral range. This leadsrrower cavity modes and to a failure in esfirig the absorption feature
correctly. In its standard setting, the membrawelb{MB) is equipped with two semipermeable memébsazllowing a large
exchange surface with the water sample and therefdterge amount of gas that can permeate. Focdhipaign, one of the
two membranes was replaced with a Teflon film. Théseased the dilution factor by decreasing tbevfof the permeating
gas with respect to water vapour and the carrierflgav, at the price of a degraded precision ofrtteasurements due to the
low dry gas flow thought the membrane. A picturehef instrument and the assembly taken during &nepaign is reported
in Figure 2. The main (central) pressure tube (@#0long, 28-cm diameter) is mounted on a metal éraithe membrane
block (MB) at the bottom is connected with a sulsii#e water pump (Sea-Bird Electronics, SBE 5T )vjting a flow of 0.8
L min~! along the membrane. A 1 L carrier gas (CG) tamkaiaing dry zero air at a pressure between 2 &rizb# depending
on the suitable autonomy is attached on the framdecannected to the instrument via a 1/8” stainftesl tube. A subsea
battery (Seacell, STR) was mounted on the metaidrgroviding up to 12 hours of continuous operatidn independent
CTD (Sea & Sun Marine Tech, CTD-60) was also atdcto the frame for depth, temperature, condugtiaitd dissolved

oxygen measurements.
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2.2 The HydroC-CH4 commercial instrument

In situ discrete measurements of dissolved @Hive different depths along the upper 150 rthefwater column were
performed using a commercial equilibrium-based wweeer sensor, the HydroC HP system (Contros). diksolved gas
diffuses from the liquid through a thin film comjtesmembrane into an internal gas cell. Thereis, tital dissolved gas
pressure and the partial pressure o @Bis are measured by a pressure sensor and aspansie infrared spectrometer,
respectively. The CHsensor is similar to the HydroC-G®ensor presented in (Fietzek et al., 2014), eXcephe absence
of an internal zeroing system and a/3pecific fixed narrow-band spectral filter fron8383.4 pm. The sensor was calibrated
in October 2012 and November 2015 by the manufectdihe calibrations were made using a specialyygthed pressure
chamber with fresh water brought to pressure usargpressed target gas. Three standard gas mixdu@s,, CHs and N
(100 % pressure N50 % pressure CHand 50 % pressure GOLOO % pressure CiHwere used to equilibrate the water
volume along a gas pressure gradient (5-6 poiras) fl up to 30 bars and partial pressures of f&éin 0.5 to 18 bars. The
calibration results showed the absence of a sagnifidrift of the sensor (< 3 % within the Lake Kigas concentration range)
between the October 2012 and November 2015 cabibsatAlso, several CHprofiles were carried out in Lake Kivu from
2016 to 2018 using the HydroC Gidensor and the repeatability of the observed [itial pressures was 3.8 %ojdelow
the main density gradient. However, the calibratiorve as a function of the methane concentratias determined by using
three points (0, 50 and 100% @JHand because of the nonlinear behavior of theafieh system, a systematic error could be
present, but it should not exceed 10 %.

The HydroC-CH system was mounted on a SeaBird 19plus V2 SeaCAT ofiler equipped with a SBE 43 Dissolved
Oxygen sensor and a SBE 18 pH sensor. Calibratibrthe SeaBird sensors were performed following wfacturer
instructions. Water circulation in front of the HpC membrane was provided by a SeaBird 5T pumprgrgsa continuous
and homogeneous water flow to the membrane. A ealibration of the HydroC-CHsystem was made daily before each
deployment using surface waters. The samplingwatel Hz. The steady-state of the sensor was dgnesached within 40
minutes and real-time data communication usinglectremechanical cable allowed to adjust the wgitime at each depth
accordingly. In all cases, the waiting time for lea@epth never exceeded 1 hour. The retained partakure of Clis the

average for the last 5 min of the equilibrationveur

2.3 Calculation of dissolved CH4

Both the MILS and the Hydro-C sensors measuresi@khe gas phase, and raw data are expressed esribentration
of CH, with respect to the total amount of dry gas petingahe membrane. For the MILS system, the comaéoh of CH
in the dry gas downstream from the membraneJGléan be expressed with respect to the expectecentration of the gas

in the headspace which would be in equilibrium wite water sample, [CH,. In eq. 1, Pr are the membrane permeability

4
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coefficients for CH and X (N, O, and CQ) reported in Robb (1968), but corrected for theimperature and salinity

dependency.

[CH4] g — EPTx'[X]g , (1)

Concentrations, [CH, [X] are expressed as mixing ratios. Measurirg ¢bncentration of water vapor 4By is required in
order to retrieve the dissolved gebncentrationjCH 4] gissoived Since water vapor flow will cause dilution of tireasured dry
gas mixture (as well as the carrier gas flow). Theasurement is performed by the OFCEAS spectroraatbedded in the
Sub-ocean probe, simultaneously with the;@t€asurement. Precision on the water vapor corat@rtrwas + 0.6 % @).

[CH4] gissolvedis then calculated from the following equation:

[CHal' g X ft 1
fe-fce - (fex[Hz0lg) = megp

@)

[CH,] ’dissolved =

where[CH4]’ g represents the methane mixing ratio measured byptieal spectrometef, andfcc are the total- and carrier-
gas flow (ml mint), respectively, anfHO]4 corresponds to the mixing ratio of water permepthmough the membrane. The
denominator termf(— fce — (£ % [H 20])) corresponds to the dry flow permeating the memémes represents the enrichment

Prcu,

factor due to the membrane and corresponds touhetiwzpr ]
x g

in eq. 1. Its dependency with temperature andisglis

calculated by running calibrations under variousditions (Grilli et al., 2018). From our calibraticames of 2.84 + 0.11 for
fresh water at 25°C and 1.2 bar was calculateds &hin agreement with an expected value of 2.76éutaed from the
permeation coefficients reported by Robb (1968).

As reported in eq. 1 above, this technique requaésow the main composition of the dissolved gasyder to account
for the different permeation coefficients of thesigs through the silicon membrane. This does emiesent a problem for
most of the ocean and lake settings, where thengasare is mainly composed of nitrogen and oxydeit,it requires a more
complex analysis for a setting such as Lake Kiwar.the data analysis we assumed a bulk gas maimposed of N O,
CO; and CH. HS is only present in bottom water and in lower anmawith respect to COand CH, and was therefore
neglected here. Oxygen concentrations were catifadbm the CTD measurements and converted intiappressure using
equation 19 from Sander 2015 (using bf 1.25 x 1&mol n7® Pat and dIin(H?)/d(1/T) of 1500 K) (Sander, 2015).

As mentioned above, concentrations reported sarfaexpressed in mixing ratio with respect to thealtdissolved gas
pressure TDGP. Therefore, by knowing the TDGP laevaf partial pressure, pGHcan be retrieved which is then converted
into dissolved methane concentrationsy4-expressed in mol per liter of water. This conimrss performed by taking into
account the solubility of the gas in water undefegi physical conditions as well as its fugacityeTgrocedure has been
previously described in a scientific report (Schreiicl., 2019). G4 is related to the pCHhrough the following equation:

5
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wheregchs is the fugacity coefficient, i.e. the ratio betwebe fugacity of a gas and its partial pressutd@chvis a function
of temperaturel, pressure® and gas composition, artl is the solubility coefficient, i.e. the ratio beten the dissolved
concentration of a gas and its fugacity. The stitylioefficient K (mol L* atm?) of CH, as a function of temperature T (K)
and salinity S (g/kg) is calculated using the fafilog equation:

In(K) = A; + A,(100/T) + A3 In(T/100) + S[B; + B,(T/100) + B;(T/100)?] , (4)
The parameters in eq. 4 are from Wiesenburg andasso (1979) (Wiesenburg and Guinasso, 1979).

The solubility coefficients need to be correctedtf® local pressure P (bar) at the sampling deguitm of hydrostatic pressure

plus atmospheric pressure), using the followingatign (Weiss, 1974):

a-p) VCH4]

K(P) = Kel” ®T (%)

where R = 83.1446chbar Kmol™is the gas constant, angus is the partial molar volume (émmot?) of CHs
calculated from Rettich et al., 1981 (Rettich et H981).

The fugacity coefficients were calculated using itiethods described by Ziabakhsh-Ganji and Kooil@ikash-Ganji
and Kooi, 2012). A Maple script was provided byZfabakhsh-Ganiji, which was transcribed to Matladecby M. Schmid
(Schmid et al., 2019). The script calculates, amotiigr things, the fugacity coefficients for £&nd CH, including the
interactions between both gases.

2.4 The Lake and thefield campaign

Lake Kivu [2.50°S - 1.59°S ; 29.37°E - 28.83°E]dted at 1460 m above sea level, has a surfacg @ Xn? (of which
2385 kn? represents the water covering) and a maximum defpt#485 m. The measurement campaign took place @i to
13th March 2018 at ~6 km from Goma and ~5 km frommeByi/Rubavu at the Northern shore of the 1ak&4Q87°S -
29.22602°E) and nearby a permanent platform wittemd@epth of 410 m. During the campaign other ypmeasurements of
dissolved methane and carbon dioxide were perforffiteelresearch team from Eawag (Switzerland) ardlpnmped water on
the platform using a field mass spectrometer insént (Brennwald et al., 2016), while a second té@am UFZ (Germany)
sampled water from a boat and measured the salplesad-space equilibration and gas chromatogré@By analysis at the
Lake Kivu Monitoring Program (LKMP) laboratory inuBavu (Boehrer et al., 2019). The Sub-Ocean seves®deployed from

a research boat during three days of the campdigh: 12" and 1% of March, with a total of eight continuous profiles
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Measurements with the commercial Hydro-C sensoewenductediuring the campaign and on May 8th -11th at theesam

location than the Sub-Ocean measurements.

3 Results

In Figure 4 an example of a consecutive downwaut upward profile of dissolved GHneasured by the Sub-Ocean
sensor is reported. GHtoncentrations are expressed as mixing ratio mespect to the total dissolved gas. The sensor was
lowered at a speed of ~6 m/min, reaching 100 mhdigponly 18 min. The response time of the senswind the campaign
expressed asyp was ~10 sec, which corresponds to a vertical uéisol of 1 m. On the right-hand side, dissolved,GH
plotted against depth, showing the reproducibdityhe sensor during descent and ascent.

A total of eight continuous profiles (downward amgward) were obtained with the Sub-ocean instrurdening the
campaign. They are reported in Figure 5 togethén dissolved C@ CTD data (temperature, conductivity and dissolved
oxygen) and total dissolved gas pressure (TDGR)tHeomeasurement of Glénly one of the eight profiles reached 150 m,
while the others are shallower, only covering thpar 100 m of depth. The accuracy of the measureweshestimated at 80
m depth, where water mass is well stratified. A¢ thepth, an average concentration of 35.5 + 7@%esponding to 508.3
+ 112 mbar of partial pressure and 0.71 + 0.16 mimabf CHy was calculated, leading to a repeatability of %22a). This
relatively large standard deviation can be explibg the large uncertainty in retrieving the flolvdoy gas permeating the
membrane. The value is in agreement with previoabBerved performances, where an error propagafiah2% () was
calculated using two semipermeable membranes(€trdl., 2018). The use of only one membrane atbw further increase
the dynamic range of the sensor by playing on tlwtiah factor applied on the dry gas permeating tilembrane. However,
in this condition, a dry gas flow of only ~0.065¢8ITP/min is delivered by the extraction system. [Enge uncertainty on
this dry flow measurement directly affects the aacy on the retrieved concentration. The + 22%remas therefore used as
the uncertainty of the average continuous profile CQ data are from Schmid et al. (2005) and are catiedifiom alkalinity
and pH measurements (Schmid et al., 2005). TDGRliaceete measurements at seven different depthsured with the
HydroC sensor which have been interpolated to miwellepth resolution of the Sub-ocean data. N#modb, mixing ratio
was retrieved assuming that the main gas is condpmgéb, CO,, CHs, and Q (pN2 = TDGP — pCH - pCQ - pOy).

The molar concentrations as a function of depthtieraverage continuous profile recorded by the Sadan sensor and for
the discrete measurements obtained with the Hyd@Gor are reported in Figure 6. A good agreemeftden the two
independent measurements is observed. The measusawere obtained during the same field campaigheameasurement
site location near Goma (the two vessels were ehfavdred meters away from each other). Howevemtb@surements were
not performed simultaneously. In the graph, resuiisi previous campaigns are also reported. Daia the University of
Liege obtained during a long term monitoring of lddee are reported in orange. Data were collectad flune 2011 to August
2014 at different periods of the year (both dry eaidy seasons) and at different locations (norttaérd south basin) (Roland
et al., 2017, 2018). The large variability of thelsga is reported by the orange lines defining3thelistribution of the data.

7
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Data from the works of Pasche et al. 2011 and Stletnal. 2005 are also reported in green and baspectively. Data from
ULiege and Pasche 2011 were obtained by samplimgvtter using Niskin bottles and analyzing thealiedl gas in the
laboratory by head-space technique. The others \itbrk and Schmid 2005) are from in situ measurésnéimom the data,
225 one can see that below 80 m depth, where the TD&BBnhes larger than atmospheric pressure (1.4 I8 @, Figure 5), a
problem due to degassing of the sample collectethemMiskin bottles was observed, leading to aretiagtimation of the
dissolved CH. Data from Schmid 2005, which are from a commérCepsum Met sensor (Franatech) and data from the
Contros sensor are a bit lower than the measuremétit the Sub-Ocean probe at higher concentragiand depths), but
they still lie within the measurement uncertaintfésr the same campaign, the Contros sensor datdaeger depths (> 150m)
230 also sits at lower values of dissolved methane vétipect to the other two measurement technig8edngid et al., 2019).
This may be due to a problem of calibration of ske@sor, but it definitely requires a further inigastions. Regarding the
Capsum Met sensor, no information about the cdlidmmeof the sensor were found, therefore not furtiscussion can be
carried out.
Surface measurements performed by the Sub-Ocetarirent lead to average concentrations of 0.5908 Amol L and
235 0.72 + 0.14umol L' over the upper 10 and 30 m, respectively. Thosgesasit at the higher edge of the observed average
seasonal concentrations, which span from 0.008 toviol L™ (Roland et al., 2017, 2018, and more recent unghd data).
Despite the large seasonal and spatial variabdity results are in good agreement with the o fPasche et al 2011 which
were obtained at a similar time of the year butifierent locations (May 2006 and 2007 in Kibuyésé&hyi and Ishungu). A
stronger similarity can be found with the datagenf the same location (Gisenyi 2007) in the northeasin. CTD
240 measurements (temperature, conductivity and disdatxygen, Sea & Sun Marine Tech, CTD-90M) perfatméew months
prior to the campaign at the research platformyfégr) confirmed a typical behavior of the lakeastyraphy while going
from a dry into a rainy season (Roland et al., 20Tfe lake was mixed down to at least 50 m deptingd the previous dry
season, and started to stratify in mid-Decembaeditey to a 25-m depth seasonal thermocline. Bethevittermocline, @was
rapidly consumed by mineralisation of organic ntatiad oxidation of reduced compounds (eg. methangnonium)
245 diffusing upward. By the end of February, €lipplied at these depths during the previouselgan was completely vanished.
Then, on the first-half of March, a mixing eventooed down to about 35 m depth, favoring the ngxiretween anoxic
water (35-25 m depth), enriched in dissolvedsChihd surface water. From the top 10 m layer teaipes profiles reported
in Figure 7 one can see that by Marché2Be temperature slope disappeared, supportingdt@rrence of the mixing event.
Unfortunately, the reason for this mixing eventsiit unknown. Meteorological records from Decemd@17 to March 2018
250 do not indicate neither high wind speed, low terapee, nor low relative humidity events that coualdarly support our
observations. Comparing the second half of Febrtaatlye first half of March, average temperaturesrdased by 1°C (from
21.2 to 22.2°C) and average precipitations incrésea factor of two, with peaks up to 7.6 mm offall on March . As
reported by Rooney et al., 2018, rain may haveotir@peffect on the lake surface by lowering thamsurface air temperature
and inducing a convective mixing of the lake susfteryer. Further investigations are required fatdsaunderstanding the
255 dynamic of the surface layer of the lake at thisqueof the year.

8



https://doi.org/10.5194/gi-2019-29 Geoscientific

Preprint. Discussion started: 20 November 2019 Instrumentation
Methods and

(© Author(s) 2019. CC BY 4.0 License. Data Systems

Discussions

4 Discussion and Conclusions

The comparison between different types of measunésnkighlights the reliability of the fast responsembrane
extraction system that is integrated in the Suba@&Ensor under more extreme conditions (in tefrdissolved gas content)
than ocean settings. Lake Kivu is particularly taging because of the high amount of dissolved &ttl CQ as well as

260 their large variability. The gas composition strigngaries across the oxic-anoxic boundary and &rritlown across the
different chemoclines, going from a background cosgal by N and Q, to another one which sees £&hd CQ as the main
dissolved gases. The Sub-Ocean sensor allowedd#stal profiles of CH which are in good agreement with the discrete in
situ measurements made with the commercial HydeoSar at five different depths. At 80 m of deptbt, spatial variability
of the dissolved gas is expected and we thereftimate the accuracy of the SubOcean sensor to £28¥by comparing

265 the eight independent profiles at this depth. Tlimum measurable concentration of dissolved, @eis 3.5 mmol £ at
24°C, 150 m of depth, and TDGP of 2.62 bar, whistre&sponds to a mixing ratio of 77% with respedhi total dissolved
gas.

An average concentration of 0.59 + 01080l L? of CH, was founded in the 10-m surface layer, whichatitbe higher
edge of the observed average seasonal concengrafioine lake. In the result section, the possigdsons for this have been

270 discussed. The variability of the physical paramsetiiring a period of three months prior the camgpauggest a mixing
event of the top 35 m, but the causes are notlgat and further investigations will be required leetter understating the
behavior of the lake while going from the dry ithe rainy season.

Such a campaign highlights the advantages of ubm@ub-Ocean technology for measuring the disdajes content
in meromictic lake settings. The technology allawsitu, continuous and fast profiling, importaat & long term monitoring

275 of water resources. The in situ deployment allawawoid any possible contamination and artefath®imeasurement due to
water and/or gas sampling and subsequent laboratalyses. The fast response of the instrumentdaalldw to complete a
full vertical profile over 470 m of depth within R220min while current techniques of in situ disereampling would take 1h
per measured depth. The measurement by this taghhis now been proven over a very large dynamgeraf seven orders
of magnitude, spanning from sub-nmot In open ocean waters to mmot toncentrations of dissolved Glind in a context

280 of very different dissolved gas composition and TOG

Beside those advantages, some drawbacks can hbdiétken) the instrument was designed for measuring backatou
concentrations in the oceans (sub-nmé) while Lake Kivu reaches ~18 mmottlin bottom waters, thus with an eight orders
of magnitude difference. For the campaign, the spewter sensitivity was reduced by tuning therd&ssuency to a region
where weaker methane absorption bands could bel féturther, the dilution factor of the extractiorstem was maximized

285 by removing one of the two silicon membranes anéhbseasing the carrier gas flow to its maximunoatd by the vacuum
system embedded in the sensor. Despite thosesffaub-Ocean could not measure below 150 m deptfesponding to a
maximum measurable concentration of 3.5 mmblwhere absorption becomes too strong for the ajpsjgectrometer at the

selected laser frequendi). In such environment, a good knowledge of the @itdolved gas pressure and of the concentration
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of dissolved CQ@are required for a correct retrieving of the canition of CH. Those parameters were measured during the
field campaign, but they are not currently integdain the sensor. This could be performed in theréuby detecting
simultaneously C@and CH using the same gas analyzer and by integratind Ef@P measurement or deploying the sensor
with an independent TDGP device. It should be ratithat TDGP sensors have response times of a feutes (e.gTez = 2

min for the Mini-TDGP from Pro-Oceanus) which colid a limiting factor with respect to the fastespense time of the
Sub-Ocean sensdii) Because a low dry gas flow was required (in otdencrease the dilution factor), the precisioriref
measurement was degraded by a factor of two withe@ to previous deployments, leading to a £2286ipion. By using a
less sensitive gas analyzer, the above drawbachd be avoided, or at least minimized, making gehhique fully suitable

for monitoring meromictic lakes within a large rangf dissolved Ckiconcentration.
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Figure 1. A schematic of the Sub-Ocean Sensor. MB is thealonane block where the gas extraction occurs. Wateulates
against the membrane using a submersible pumpcdiier gas (CG) flow is controlled by a mass flowntroller (MFGec)

410

and the flowmeter Fi is used for monitoring the total gas flow. The Ipressure on the optical spectrometer is provigea b

vacuum pump (VP) and an electronic valve (EVja B a pressure reducer.

Figure 2. A picture of the Sub-Ocean instrument and thieafsdembly. The sensor is mounted on a metal fraimemain tube

415

at the center is 150-cm long and 28-cm diametee. Membrane block (MB) at its bottom is connectethéowater pump to

ensure a constant flow of water against the menabréine carrier gas (CG) tank is attached to thenfietme and connected
with a 1/8” stainless-steel tube at the instrum&ntSTR battery pack and a CTD sensor were alsohettbto the metal structure.

The total weight of the assembly is 120

kg with@b&0 kg of buoyancy.
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discussion part are also reported (named Giserilyyy€ and Ishungu).
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425 Figure4. One of the methane continuous profiles recorgetid Sub-Ocean on fMarch 2018. The concentration is expressed
as a percentage of GMith respect to the total dissolved gas. The 1@fbmnward and upward profile was recorded in 42 min
On the right panel the two profiles are superpokéghlighting the reproducibility of the measurernéetween descent and
ascent.
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Figure 5. Mixing ratios of individual gas species in theghlved gas mixture and total dissolved gas pres§&rey CH lines
combine the eight profiles recorded by the Sub-@aestrument during the campaign, while the blawk Is the averaged value.
CQ; data are from (Schmid et al., 2005, @mes from CTD data during the campaign, andsN\ retrieved concentration
profile deduced from the other measurements (TDGICH: - pCQ - pQ). The total dissolve gas pressure, TDGP, was

435 measured using the Contros HydroC sensors (opelesjircthe black line is an interpolation of theadatemperature and
electrical conductivity were recorded by the CTDidgrthe deployment.
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Figure 6. Continuous methane profile of the upper 150 m atiewdepth in Lake Kivu measured by the Sub-Ocestniment
(black line) with the corresponding estimated utaiety of + 22 % (grey lines). Concentrations alettpd against depth. Black
dots are discrete measurements made with the Cdtyare-C sensor at different depths. Error barsasponds to the estimated
uncertainty of + 10 %. Orange squares are fromldhg term monitoring from the University of LiegRdgland et al., 2017,
2018) with the corresponding¥ariability (orange lines). Green triangles arerage concentrations from Pasche et al. 2011
(Pasche et al., 2011) from three different cammamnducted in May 2006 and 2007 at different looat (Kibuye, Ishungu
and Gisenyi). Green crosses are data from Gis@®i.2Blue rhombus correspond to measurements frémmiBlicet al. 2005 in
the northern basin using a commercial Capsum Metos€Schmid et al., 2005).
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450 Figure7. CTD (conductivity at 25°C, temperature and dissoleeggen) data obtained a few months prior to thepzagn. The black lines
correspond to the conditions during the field measients (*). The @profiles highlight how the mixing layer extendesivh to 50 m depth

during the previous dry season. From mid-Decentber)ake started to stratify at 25 m, while at feginning of March the oxic layer
increased down to 35 m depth.
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