ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/324812966

A fast and sensitive method for the continuous in situ determination of
dissolved methane and its 6 13 C-isotope ratio in surface waters

Article /n Limnology and oceanography, methods - April 2018
DOI: 10.1002/lom3.10244

CITATIONS

0

10 authors, including:

"..§) Jan F Hartmann
«“ Universitat Heidelberg
5 PUBLICATIONS 6 CITATIONS

SEE PROFILE

Markus Greule
» Universitat Heidelberg
59 PUBLICATIONS 507 CITATIONS

SEE PROFILE

READS

259

Gentz Torben
Alfred Wegener Institute Helmholtz Centre for Polar and Marine R...
17 PUBLICATIONS 149 CITATIONS

SEE PROFILE

Hans-Peter Grossart
Leibniz-Institute of Freshwater Ecology and Inland Fisheries
490 PUBLICATIONS 8,704 CITATIONS

SEE PROFILE

Some of the authors of this publication are also working on these related projects:

Project Structural and functional studies on outer membrane vesicles of bacteria View project

Project Eukaryotic colonization of microplastics in aquatic environments View project

All content following this page was uploaded by Jan F Hartmann on 30 April 2018.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/324812966_A_fast_and_sensitive_method_for_the_continuous_in_situ_determination_of_dissolved_methane_and_its_d_13_C-isotope_ratio_in_surface_waters?enrichId=rgreq-b4b5793f01aea18f3110022f4e6fdb95-XXX&enrichSource=Y292ZXJQYWdlOzMyNDgxMjk2NjtBUzo2MjExMTU3NzY5NzA3NTlAMTUyNTA5Njk0OTc2Nw%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/324812966_A_fast_and_sensitive_method_for_the_continuous_in_situ_determination_of_dissolved_methane_and_its_d_13_C-isotope_ratio_in_surface_waters?enrichId=rgreq-b4b5793f01aea18f3110022f4e6fdb95-XXX&enrichSource=Y292ZXJQYWdlOzMyNDgxMjk2NjtBUzo2MjExMTU3NzY5NzA3NTlAMTUyNTA5Njk0OTc2Nw%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Structural-and-functional-studies-on-outer-membrane-vesicles-of-bacteria?enrichId=rgreq-b4b5793f01aea18f3110022f4e6fdb95-XXX&enrichSource=Y292ZXJQYWdlOzMyNDgxMjk2NjtBUzo2MjExMTU3NzY5NzA3NTlAMTUyNTA5Njk0OTc2Nw%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Eukaryotic-colonization-of-microplastics-in-aquatic-environments?enrichId=rgreq-b4b5793f01aea18f3110022f4e6fdb95-XXX&enrichSource=Y292ZXJQYWdlOzMyNDgxMjk2NjtBUzo2MjExMTU3NzY5NzA3NTlAMTUyNTA5Njk0OTc2Nw%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-b4b5793f01aea18f3110022f4e6fdb95-XXX&enrichSource=Y292ZXJQYWdlOzMyNDgxMjk2NjtBUzo2MjExMTU3NzY5NzA3NTlAMTUyNTA5Njk0OTc2Nw%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jan_Hartmann2?enrichId=rgreq-b4b5793f01aea18f3110022f4e6fdb95-XXX&enrichSource=Y292ZXJQYWdlOzMyNDgxMjk2NjtBUzo2MjExMTU3NzY5NzA3NTlAMTUyNTA5Njk0OTc2Nw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jan_Hartmann2?enrichId=rgreq-b4b5793f01aea18f3110022f4e6fdb95-XXX&enrichSource=Y292ZXJQYWdlOzMyNDgxMjk2NjtBUzo2MjExMTU3NzY5NzA3NTlAMTUyNTA5Njk0OTc2Nw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universitaet_Heidelberg?enrichId=rgreq-b4b5793f01aea18f3110022f4e6fdb95-XXX&enrichSource=Y292ZXJQYWdlOzMyNDgxMjk2NjtBUzo2MjExMTU3NzY5NzA3NTlAMTUyNTA5Njk0OTc2Nw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jan_Hartmann2?enrichId=rgreq-b4b5793f01aea18f3110022f4e6fdb95-XXX&enrichSource=Y292ZXJQYWdlOzMyNDgxMjk2NjtBUzo2MjExMTU3NzY5NzA3NTlAMTUyNTA5Njk0OTc2Nw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Gentz_Torben?enrichId=rgreq-b4b5793f01aea18f3110022f4e6fdb95-XXX&enrichSource=Y292ZXJQYWdlOzMyNDgxMjk2NjtBUzo2MjExMTU3NzY5NzA3NTlAMTUyNTA5Njk0OTc2Nw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Gentz_Torben?enrichId=rgreq-b4b5793f01aea18f3110022f4e6fdb95-XXX&enrichSource=Y292ZXJQYWdlOzMyNDgxMjk2NjtBUzo2MjExMTU3NzY5NzA3NTlAMTUyNTA5Njk0OTc2Nw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Alfred_Wegener_Institute_Helmholtz_Centre_for_Polar_and_Marine_Research?enrichId=rgreq-b4b5793f01aea18f3110022f4e6fdb95-XXX&enrichSource=Y292ZXJQYWdlOzMyNDgxMjk2NjtBUzo2MjExMTU3NzY5NzA3NTlAMTUyNTA5Njk0OTc2Nw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Gentz_Torben?enrichId=rgreq-b4b5793f01aea18f3110022f4e6fdb95-XXX&enrichSource=Y292ZXJQYWdlOzMyNDgxMjk2NjtBUzo2MjExMTU3NzY5NzA3NTlAMTUyNTA5Njk0OTc2Nw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Markus_Greule?enrichId=rgreq-b4b5793f01aea18f3110022f4e6fdb95-XXX&enrichSource=Y292ZXJQYWdlOzMyNDgxMjk2NjtBUzo2MjExMTU3NzY5NzA3NTlAMTUyNTA5Njk0OTc2Nw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Markus_Greule?enrichId=rgreq-b4b5793f01aea18f3110022f4e6fdb95-XXX&enrichSource=Y292ZXJQYWdlOzMyNDgxMjk2NjtBUzo2MjExMTU3NzY5NzA3NTlAMTUyNTA5Njk0OTc2Nw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universitaet_Heidelberg?enrichId=rgreq-b4b5793f01aea18f3110022f4e6fdb95-XXX&enrichSource=Y292ZXJQYWdlOzMyNDgxMjk2NjtBUzo2MjExMTU3NzY5NzA3NTlAMTUyNTA5Njk0OTc2Nw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Markus_Greule?enrichId=rgreq-b4b5793f01aea18f3110022f4e6fdb95-XXX&enrichSource=Y292ZXJQYWdlOzMyNDgxMjk2NjtBUzo2MjExMTU3NzY5NzA3NTlAMTUyNTA5Njk0OTc2Nw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hans-Peter_Grossart?enrichId=rgreq-b4b5793f01aea18f3110022f4e6fdb95-XXX&enrichSource=Y292ZXJQYWdlOzMyNDgxMjk2NjtBUzo2MjExMTU3NzY5NzA3NTlAMTUyNTA5Njk0OTc2Nw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hans-Peter_Grossart?enrichId=rgreq-b4b5793f01aea18f3110022f4e6fdb95-XXX&enrichSource=Y292ZXJQYWdlOzMyNDgxMjk2NjtBUzo2MjExMTU3NzY5NzA3NTlAMTUyNTA5Njk0OTc2Nw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Leibniz-Institute_of_Freshwater_Ecology_and_Inland_Fisheries?enrichId=rgreq-b4b5793f01aea18f3110022f4e6fdb95-XXX&enrichSource=Y292ZXJQYWdlOzMyNDgxMjk2NjtBUzo2MjExMTU3NzY5NzA3NTlAMTUyNTA5Njk0OTc2Nw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hans-Peter_Grossart?enrichId=rgreq-b4b5793f01aea18f3110022f4e6fdb95-XXX&enrichSource=Y292ZXJQYWdlOzMyNDgxMjk2NjtBUzo2MjExMTU3NzY5NzA3NTlAMTUyNTA5Njk0OTc2Nw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jan_Hartmann2?enrichId=rgreq-b4b5793f01aea18f3110022f4e6fdb95-XXX&enrichSource=Y292ZXJQYWdlOzMyNDgxMjk2NjtBUzo2MjExMTU3NzY5NzA3NTlAMTUyNTA5Njk0OTc2Nw%3D%3D&el=1_x_10&_esc=publicationCoverPdf

Check for
updates

O

AS

LIMNOLOGY y

and =

Limnol. Oceanogr.: Methods 00, 2018, 00-00
© 2018 The Authors Limnology and Oceanography: Methods published by Wiley

°
O CEANO GRAPHY ° METH O D S Periodicals, Inc. on behalf of Association for the Sciences of Limnology and Oceanography

doi: 10.1002/lom3.10244

==

A fast and sensitive method for the continuous in situ determination
of dissolved methane and its 4'>C-isotope ratio in surface waters
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Abstract

A fast and sensitive method for the continuous determination of methane (CH,4) and its stable carbon iso-
topic values (6'*C-CH,) in surface waters was developed by applying a vacuum to a gas/liquid exchange
membrane and measuring the extracted gases by a portable cavity ring-down spectroscopy analyser
(M-CRDS). The M-CRDS was calibrated and characterized for CH, concentration and 6'3C-CH, with synthetic
water standards. The detection limit of the M-CRDS for the simultaneous determination of CH, and §'3C-
CH, is 3.6 nmol L™' CH,. A measurement precision of CH4 concentrations and 5'3C-CH, in the range of
1.1%, respectively, 1.7%, (1o) and accuracy (1.3%, respectively, 0.8%, [1g]) was achieved for single measure-
ments and averaging times of 10 min. The response time t of 57 + 5 s allow determination of §'*C-CH, val-
ues more than twice as fast than other methods. The demonstrated M-CRDS method was applied and tested
for Lake Stechlin (Germany) and compared with the headspace-gas chromatography and fast membrane CH,
concentration methods. Maximum CH, concentrations (577 nmol L) and lightest 6'*C-CH, (—35.29%,) were
found around the thermocline in depth profile measurements. The M-CRDS-method was in good agreement
with other methods. Temporal variations in CH4 concentration and 5'3C-CH, obtained in 24 h measure-
ments indicate either local methane production/oxidation or physical variations in the thermocline. There-
fore, these results illustrate the need of fast and sensitive analyses to achieve a better understanding of
different mechanisms and pathways of CH, formation in aquatic environments.

It has been a primary task of climate research ever since
the 1950s to evaluate the impact of greenhouse gases, such
as methane (CHy), in the atmosphere, the world’s oceans,
sea ice, and glaciers (Revelle and Suess 1957; Forster et al.
2007). However, local and global quantification of dissolved
CH4 in aquatic systems and total emissions to the atmo-
sphere in marine, limnic, and fluvial systems is highly com-
plex and yet holds large uncertainties (Reeburgh 2007;
Bastviken et al. 2011; Saunois et al. 2016).

In aquatic environments, CH4 originates from biogenic
(e.g., by methanogenic archaea) and abiogenic/thermogenic
sources (e.g., hydrothermalism), both showing distinct stable
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carbon isotope values ranging from —559, to —70%, and
—25%, to =559, respectively (e.g., Schoell 1988; Kirschke
et al. 2013). Biogenic CHy in aquatic systems has been sug-
gested to be mainly controlled by production by methano-
gens and oxidation by methanotrophs (Thauer et al. 2008;
Tranvik et al. 2009; Oswald et al. 2015). Traditionally, it has
been believed that methanogenesis occurs primarily in
anoxic environments, such as natural wetlands and rice pad-
dies, freshwater reservoirs, lakes, rivers, and organic waste
deposits (Mah et al. 1977; Reeburgh 2013). The flux of CH,
from these environments to the atmosphere has been often
studied (Bastviken et al. 2011; Ortiz-Llorente and Alvarez-
Cobelas 2012; Holgerson and Raymond 2016; Wik et al.
2016). Additionally, studies of dissolved CHy4 profiles of the
oceanic water column show supersaturated concentrations
(compared to the atmosphere) in well oxygenated surface
layers (ca. 100-300 m) (e.g., Brooks and Sackett 1973;
Lamontagne et al. 1973, 1974; Burke et al. 1988), in which
CH, is strongly suggested to stem from a biological source,
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contributing around 4% of the atmospheric CHy. Recently, it
has been also shown that CH4 is produced in continental
oxic waters by different microbial processes (Grossart et al.
2011; Tang et al. 2016). Consequently, CH4 emissions to the
atmosphere derived from oxic surface inland waters might
be underestimated in the global CH4 budget (Tang et al.
2016). Recent studies highlight the presence of methane for-
mation in oxygenated freshwater and marine surface waters
(e.g., Grossart et al. 2011; Tang et al. 2014; Repeta et al.
2016), and it has been suggested that algae per se might pro-
duce CHy4 under aerobic conditions by a hitherto unknown
mechanism (Lenhart et al. 2015). The various mechanisms
and pathways of CH4 transformation as well as hydrological
mixing processes can be characterized and distinguished by
the determination of 5'*C-CH, in water (Sansone et al. 1999;
Maher et al. 2015). A fast, sensitive, and continuously mea-
suring method to determine in situ both CH4 concentration
and 6'3C-CH, values in water environments is therefore
desirable when addressing the complex microbial pathways
and transformations of CHy in aquatic ecosystems.

For decades, CH,4 analyses were mainly based on the col-
lection of discrete water samples, followed by gas-extraction
via the headspace technique and analysis in the laboratory
after field work (Kampbell et al. 1989; Bange et al. 1994;
Snow and Slack 2002; Bussmann et al. 2013; Tang et al.
2014). Thereby, the temporal and spatial resolution of mech-
anisms controlling CH, distribution in the aquatic systems
was strongly limited by the number of samples. First studies
presenting simultaneous data for dissolved CH, and 6'3C-
CH4 in aquatic systems are based on the spray chamber-
method (Gllzow et al. 2013; Maher et al. 2015). However,
those methods are suitable for long term measurements
only, as the spray chamber-method is based on the gas-
equilibrium between water and analyzed headspace, leading
to measurement times of several minutes to hours (Webb
et al. 2016). Recently, fast in situ methods for the determina-
tion of dissolved CHy, such as underwater mass spectrometry
(UWMS) and a membrane contactor for gas/liquid exchange
coupled with an off-axis integrated cavity output spectrome-
ter (M-ICOS) were introduced by, e.g., Schluter and Gentz
(2008) and Gonzalez-Valencia et al (2014), respectively, but
are limited to CH4 concentration only. Wankel et al. (2013)
further improved UWMS by developing a near real-time ana-
lyser for §'*C-CH4 measurements in the deep ocean. How-
ever, this analyser can only be used in environments with
CH, values above 0.1 mmol L™! and 0.5 mmol L™ for the
determination of CH, concentration and §'*C-CH, values,
respectively; concentrations which occur, for example, at/in
hydrothermal vents/systems or cold seeps (e.g., Dando et al.
1995; Botz et al. 1999).

Thus, for surface waters and shallow freshwater environ-
ments with low CH4 concentrations, methods to determine
short term §'3C-CH, variations would offer a better under-
standing of the different pathways, sources, and sinks of

Dissolved methane and its 6'>C-isotope ratio

CH,4 and, consequently, help to improve the global CH4 bud-
get. We developed a sensitive, fast, and continuous method
for the determination of CH, concentration and 6'*C-CH,
values in natural waters with concentrations in the n-molar
to u-molar range.

In a first step, we demonstrate the validation of our mea-
surement setup, a portable cavity ring-down spectroscopy
analyser (CRDS) in combination with a gas/liquid exchange
membrane (M)—collectively called “M-CRDS”—in vacuum
mode. The method was compared via laboratory experiments
and cross-check measurements to gas chromatography-flame
ionization detection (GC-FID) and gas chromatography-
combustion-isotope ratio mass spectrometry (GC-C-IRMS).
We further present simultaneous field measurements of CHy,
concentration and §'3C-CH, values in Lake Stechlin, Ger-
many, providing new insights into the origin and fate of
CH, in aquatic environments.

Methods and procedures

Membrane-coupled CRDS-system

The experimental setup for continuous and simultaneous
measurements of CH, concentration and §'*C-CH, values in
water is shown in Fig. 1. The major parts are indicated by
capital letters (A-K). The setup can be subdivided into a
water and a gas system. The water system mainly contains a
pump and filtering units as well as the membrane contactor.
The gas system consists of a vacuum pump, a dilution cham-
ber, and the CRDS analyser (G2201-i of Picarro, U.S.A.). The
M-CRDS is built as a modular structured system, allowing a
quick replacement of individual pieces, as all parts are easily
exchangeable within minutes. Due to the compact and
robust construction, the M-CRDS is absolutely suitable for
applications in the field or on, e.g., ship-expeditions.

In the water system, the water flow is generated by a sub-
mersible pump (Part A, MP1, Grundfoss, Denmark) and fil-
tered by different filtering units (Part B, Infiltec, Germany) of
decreasing mesh sizes of 200 ym, 100 pm, 25 pum, and/or 5
um. The mesh sizes depend on the requirements of the par-
ticular sampled aquatic system to ensure longevity of the
measuring setup. Several sensors log in situ water tempera-
ture (°C) at the submersible pump as well as water tempera-
ture (°C) at the membrane, redox potential (V), pH, O, (%),
and conductivity (S m™') in a bypass (Part C, WTW, Ger-
many). Samples for reference measurements during labora-
tory experiments were also taken from that bypass.

Dissolved CHy is extracted by a membrane contactor (Part
E, LIQUI-CEL mini module®, 3M Industrial Group, U.S.A.) as
described by Noble and Stern (1995). The water flow through
the membrane contactor is adjusted by a high quality mass
flow controller (Part D, Analyt-MTC series 358, Germany) to
500+ 5 mL min~ ' to achieve best response times The flow
rate, and consequentially the response time, is generally lim-
ited by the membrane contactor to 500 mL min~! as higher
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Fig. 1. Schematic overview of the CRDS analyser combined with a membrane contactor (collectively called M-CRDS) setup for continuous and simulta-
neous determination of dissolved CH, concentration and 8'>C-CH, in water. In the water system, water is pumped by a submersible pump (A), filtered
(B), and analyzed by several sensors in a bypass (C). Main water flow is adjusted by a mass flow controller (D) and directed to the membrane contactor
(E). In the gas system part, gases are extracted by the membrane pump (G). The vacuum pump and tubes are flushed via two automatic three-way-
valves (Part F; and F,) with ambient air avoiding condensation in the system. Depending on the CH, concentration, the gas sample can be diluted with
synthetic air by two mass flow controllers (H; for gas sample flow and H, for synthetic air flow). Reference gases for calibration prior, during and follow-
ing the experiments are introduced via three-way-valves (I). Gases are dried by a Nafion drying tube (J) prior to analysis by the CRDS analyser (K).

water flow rates might deform the pores due to increased
hydrostatic pressure, which results in decreasing gas exchange
through the membrane (Boulart et al. 2010; Wankel et al.
2013). The membrane contactor is set to a vertical posi-
tion and the flow enters the bottom and exits the top to
assure a bubble-free water-air-boundary at the membrane
surface.

In the gas system, vacuum is applied to the membrane
contactor using a membrane pump (Part G, N920KT.29.18,
KNF, Germany) to minimize equilibration times for gas
exchange between water and the analyzed headspace. The
flow rate of extracted gas is ~ 50 mL min~'. Even though
the membranes are hydrophobic with small pores, water
vapor is removed by the vacuum mode (up to 5%). There-
fore, the vacuum pump and tubes are flushed via two auto-
matic three-way-valves (Part F; and F,) with ambient air for
7 min (every 4 h) avoiding condensation in the system and
guaranteeing a constant vacuum.

As the CRDS’ operational range is limited to a maximum
concentration of 1000 ppm, a small-sized dilution chamber
was applied to dilute highly concentrated sampling gases
with synthetic air (20.5£0.5 mol% O, in N, AirLiquide,
Germany). The dilution is regulated via two high quality
mass flow controllers (Parts H; [up to 5 mL min~'] and H,

[up to 500 mL min~'], Analyt-MTC series 358, Germany) in
a concentration-depended manner. Reference gases for prior
calibration, during and following the experiments are intro-
duced via three-way-valves (Part I, Swagelok, Germany).
Since all gas samples are dried by a Nafion® drying tube
(Nafion MD110, PermaPure LLC, U.S.A.) before measure-
ments to ensure higher accuracy (Part J), water vapor con-
centrations are less than 0.2% in the analyser, where the
software internal water correction algorithm shows its best
applicability (Rella et al. 2013). Gases are subsequently
directed to the portable CRDS analyser and analyzed for CHy,
concentration and §'*C-CH, (Part K). The Picarro® G2201-i
measures '?CH4, '>CH,, and H,O individually and quasi-
simultaneously at a very high temporal resolution (1 Hz)
and provides 6'3C values in 9, relative to the Vienna Pee
Dee Belemnite standard (V-PDB). Picarro® uses built-in pres-
sure and temperature control systems as well as automatic
water vapor correction to ensure a high stability of its porta-
ble analyser. Effects of water vapor on the measurement
were corrected automatically by the Picarro® software. The
manufacturer states concentration precision for the analysis
of CHy in the “high precision mode” of 5 ppbv=*0.05%
(*2C) and 1 ppbv * 0.05% (*3C), while a concentration range
from 1.8 ppm to 12 ppm is covered. The given precision of
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0'3C-CH, is <0.8%,. During all measurements, the analyser
was operated in a Zargesbox with built-in venting system
and uninterruptible power supply system to ensure a contin-
uous operation during the measurements.

Method calibration

Data obtained by the M-CRDS cannot be corrected by
headspace calculations since the extraction of CH, from
the water is based on the application of a vacuum. There-
fore, the M-CRDS is calibrated for CH4 concentration using
synthetic water standards including CH, at certain concen-
trations (SubSeaSpec UG, Germany) as described by Schliter
and Gentz (2008). For this approach, several 60 L water res-
ervoirs were filled with tap water and continuously flushed
with reference gas. Each reservoir was flushed with different
CH,4 concentration (5 ppm, 100 ppm, and 1000 ppm CH,
in methane-free synthetic air, AirLiquide, Germany) and
pumped to the membrane contactor subsequently as
described in Fig. 1. A multi-channel pump was used to gen-
erate samples of different CH, concentrations through mix-
ing of standard water from the water reservoirs and
methane-free synthetic air (20 mol% O, in N,, AirLiquide,
Germany) flushed tap water (zero water). In order to quality
assure the §'3C-CH, values, water samples from lakes,
ponds as well as groundwater with different stable carbon
isotopic values were measured both by M-CDRS and GC-C-
IRMS since certified aquatic 6'*C-CH, standards are not yet
available. All values were averaged over 10 min measure-
ment interval.

Method characterization

Measuring accuracy, precision, and the response time for
the simultaneous determination of the concentration and
0'3C-CH, in water were validated via measuring water reser-
voirs and water sampling bags with constant CH, concentra-
tion and 6'>C-CH, values by M-CRDS, GC-FID and GC-C-
IRMS. The response time of the M-CRDS was assessed by
switching between two water reservoirs with different CHy
concentrations and #'*C-CH, for low to high and high to
low concentration transitions (Johnson 1999; Webb et al.
2016). The response time is given as the time constant t of
exponential decay during the concentration transitions
using Eq. 1 (Johnson 1999).

C=A+B ¢+ 1)

where C is the gas phase from the membrane contactor, ¢ is
time (s), and A, B, and 7 are constants found for each fit.
Although this model is mainly used for equilibration devices
(Johnson 1999), the time constant 7 is a primary factor to
evaluate the performance of the devices during maximum to
minimum and minimum to maximum transitions.

Since CH4 measurements by CRDS are dependent on the
air composition of the sampled gas (Nara et al. 2012), tests
were conducted to examine the effects of O, in the sampling
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gas on the measurement of CH, concentration. Therefore,
the extracted air was analyzed for O, concentration by an
optical oxygen sensor (FiBox 4, PreSense, Germany). Gas sol-
ubility is highly temperature dependent. Therefore, the
impact of changes in the water temperature within the tub-
ing on the membrane properties was examined, using a
water reservoir (200 L) at constant temperature, CHy concen-
tration and '*C-CH,. The tubing was heated using a water-
bath with temperature control and both in situ temperatures
at the membrane and at the submersible pump were mea-
sured to examine the warming of the water in the tubes.

GC-FID and GC-C-IRMS measurements

Subsamples of the water mixtures of different CH4 con-
centrations (4 nmol L™! CH, to 500 nmol L™! CH,) were
independently measured in the laboratories of the University
of Heidelberg, Germany and the Alfred-Wegener Institute
(AWI), Helmholtz Centre for Polar and Marine Research
located in Bremerhaven (Germany) via the headspace tech-
nique (Kampbell et al. 1989) by gas chromatography (GC-
FID, ThermoFinnigan, Waltham, U.S.A.) and stable isotope
ratio mass spectrometry (GC-C-IRMS, Delta?™ XL, Thermo
Finnigan, Bremen, Germany) analyses.

The CH,4 concentration and §'3CH, ratios in water sam-
ples were measured using 255 mL serum vials, closed with
butyl rubber stoppers and aluminum crimp caps. Each serum
vial was shaken vigorously for 120 s to reach equilibration
between the water and the gas headspace. Promptly, CHy
concentration in the headspace was measured by GC-FID
and CHy concentration in the water determined using
Henry’s law (Wiesenburg and Guinasso 1979) and solubility
coefficients for CH, according to Weiss (1974) and Yama-
moto et al. (1976).

Prior to this study, the 5'3C-CHy, ratios for several envi-
ronmental samples were determined by GC-C-IRMS for cali-
bration purposes. Interfering compounds were separated by
GC and CHy4 trapped on Hayesep D. The sample was then
transferred to the IRMS system (ThermoFinnigan DeltaPs
XL, Thermo Finnigan, Bremen, Germany) via an open split.
The working reference gas was carbon dioxide of high purity
(carbon dioxide 4.5, Messer Griesheim, Frankfurt, Germany)
with a known 6'3C value of —23.634 = 0.006%, vs. V-PDB
(calibrated at MPI for Biogeochemistry in Jena, Germany).
All 6'3C-CH, values were corrected using two CH, working
standards (isometric instruments, Victoria, Canada). The
known '3C-CH, values of the two working standards in 9,
vs. V-PDB were —23.9+0.2 and —54.5+0.2. All samples
were normalized by two-scale anchor calibration according
to Paul et al. (2007) and show an average standard deviation
of the analytical measurements in the range of 0.1-0.3%,.

Field application at Lake Stechlin

The M-CRDS was applied and tested for suitability during
field work at Lake Stechlin (Germany) in July/August 2015.
Lake Stechlin is a dimictic meso-oligotrophic lake ca. 80 km
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Fig. 2. The results of the calibration of the M-CRDS for CH, concentration using synthetic water standards (n = 21). Error bars (1¢) of measurements
mainly lie within symbols and reflect the noise within the measurement interval (10 min). Best fit was calculated by geometric mean regression (Sokal

and Rohlf 1995).

northeast of Berlin, Germany. The M-CRDS was deployed
from a large platform that is constantly installed in the lake
(LakeLab: http://www.lake-lab.de). Vertical CH4 concentra-
tion profiles through the entire water column were measured
with the M-CRDS setup. To verify the applicability of the
system for field application, the same CH, profiles were mea-
sured quasi-simultaneously at the LakeLab by the M-CRDS, a
membrane contactor for gas/liquid exchange coupled with
an off-axis integrated cavity output spectrometer (M-ICOS)
(Gonzalez-Valencia et al. 2014), and with a GC-FID (Shi-
madzu, Japan) in the laboratory (Grossart et al. 2011). The
M-ICOS system was calibrated and operated according to
Gonzalez-Valencia et al. (2014). Samples for GC-FID analyses
were independently sampled by a hydrocast and measured
immediately thereafter (1-2 h) in the laboratories of the
Leibniz-Institute of Freshwater Ecology and Inland Fisheries
(IGB, Germany) via the headspace technique (Kampbell
et al. 1989). The working reference gas for CH4 was analyzed
prior and at the end of the profile measurements.

Based on the results of the vertical CH4 concentration
profiles, subsequent 24-h measurements were performed at
the depth of maximum CH, concentration in the oxic
water column at the LakeLab. The working reference gas
for CHy (5 ppm CHy and 500 ppm CO; in synthetic air)
was analyzed every 8 h during the measurements. Water
flow was regulated to a constant flow of 500 + 5 mL min '
all time.

Isotope source signatures were determined using keeling
plot analyses (Keeling 1958). The keeling plot of the isotopic
composition (9, vs. the inverse concentration 1/CH, (L
nmol ') of the analyzed samples provides the isotope ratio
of the CH,4 source. The extrapolated intercept of the straight

line in the Keeling plot (Sokal and Rohlf 1995) corresponds
to the situation when the concentration is very high and
dominated by CH4 (1/CH4 =0) and thus reveals the isotope
ratio of the CH,4 source. For a detailed discussion of the Keel-
ing plot method for environmental applications, please refer
to Keppler et al. (2016) and Pataki et al. (2003).

Results and discussion

Method calibration

The calibration results of the M-CRDS using synthetic
CHy-water standards (water enriched with CH,) are shown
in Fig. 2. Concentration data was averaged over the 10-min
measurement interval. The CHy measured by the M-CRDS
setup (ppm c¢cm™!) and the dissolved CH, concentrations
gained by the well-established GC-FID analysis are highly
correlated (R?=0.9993). The concentration of dissolved CH,4
can be derived from the obtained data of the M-CRDS setup
via the linear best fit function y = 1.4414x (Fig. 2).

Analyses of §'*C-CH, values in the synthetic water stand-
ards as well as in the reference gases, used to produce those
standards, show nearly identical and constant isotopic val-
ues. Due to a lack of aquatic 5'3C-CH, reference standards,
water samples from lakes, ponds as well as groundwater with
different stable carbon isotopic values were measured both
by M-CDRS and GC-C-IRMS (Fig. 3). The mean offset
between the §'*C-CH, values measured by the M-CRDS and
the GC-C-IRMS is 0.5 = 1.1%,. Isotopic values were averaged
over the 10-min measurement interval. The results show
that stable carbon isotope fractionation during water-gas
transfer in the membrane contactor was not observed and
can therefore be excluded.
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Fig. 3. The 6'>C-CH, values of natural water samples (n=15) with different stable carbon isotopic values measured both by M-CDRS and GC-C-
IRMS (a). Error bars (16) of measurements reflect the noise within the measurement interval (10 min). Best fit was calculated by geometric mean
regression (Sokal and Rohlf 1995). Offset of 013C-CH, values for natural water samples (n=15) with different 5'3C-CH, values and CH, concentration

were measured by M-CRDS in comparison with GC-C-IRMS (b).

Table 1. Results of the characterization of the M-CRDS for
CH, concentration and §'3>C-CH,.

Measurement parameters Values
CH, detection limit (for the simultaneous 3.6 nmol L'
determination of CH,4 and 6'3C-CH,)

Response time 7 (continuous mode) 57+5s
Measuring precision (CHy4) (10) 1.1%
Measuring accuracy (CHy4) 1.3%
Measuring precision (3'>C-CH,) (10) 1.79%,
Measuring accuracy (8'>C-CH,) 0.8%,

Method characterization

All laboratory tests performed suggest that the M-CRDS
setup is a sensitive and fast method, suitable for the simulta-
neous determination of dissolved CH,4 concentration and
0'3C-CH, values in water. Determined measurement parame-
ters are given in Table 1.

The detection limit for the simultaneous determination of
CH, and #'3C-CH, values is 3.6 nmol L™! CH,, which is sig-
nificantly lower than reported CH4 concentrations in many
freshwater environments (Abril and Iversen 2002; Juutinen
et al. 2009; Grossart et al. 2011; Bussmann et al. 2013). The
measuring accuracy of the M-CRDS for CH4 concentration
and 6'>C-CH, values is 1.3% and 0.8Y%,, respectively (n = 20).
The precision (1o) is 1.1% for CH4 concentration and 1.79,
for 8'*C-CH,4 (n = 20) compared to the validation by GC-FID
and GC-C-IRMS since certified aquatic CH; and 5'3C-CH,
standards are not available. The precision of '*C-CH, values
increases with increasing CH4 concentrations from less

than 1.5%, for CH4 concentrations <250 nmol L™ ! to 0.5%,
(> 600 nmol L™1). The mean difference of 6'*C-CH, values
determined by the M-CRDS and the GC-C-IRMS is
0.76 =1.199%,. All samples were measured for at least 15
min to achieve stable measured values and have been aver-
aged over 10 min.

In addition, response times 7 for the simultaneous deter-
mination of CH, concentration and §'3C-CH, values were
calculated according to Johnson (1999) and show an average
value of 57 + 5 s (n=8) for both >*CH, and '3CH, for surface
waters (Fig. 4). A concentration dependence of the deter-
mined response time was not observed. A detailed discussion
of response times t for air-water equilibration devices is pre-
sented in Webb et al. (2016).

The response time for determination of CHy and §'°C-
CH, in water with “conventional” equilibration devices is
generally based on Henry’s law, establishing the equilibrium
between water and the analyzed headspace. Consequentially,
response times for concentration transitions in equilibration
devices are increased by long equilibration times for CHy
due to the lower solubility of CH,4 in water. Isotopic values
are further affected by isotopic mixing, which requires com-
plete equilibration between water and headspace (Faure
1986; Webb et al. 2016).

The M-CRDS avoids the occurrences of long equilibration
times for CH4 as well as memory and isotopic mixing effects
occurring with “conventional” equilibration devices. The
system extracts the analyzed gases by a vacuum and there-
fore eliminates the time-consuming establishment of the
equilibration between water and analyzed headspace. As a
consequence, the M-CRDS provides more than two times
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Fig. 4. Exemplary response time of CH4 concentration and 8'>C-CH,4 values for low to high and high to low concentration transitions. Concentrations
are normalized to 0 (1°¢ reservoir, 130 nmol L™") and 1 (2" reservoir, 170 nmol L™). Response times of the M-CRDS were assessed by the calculation
of the time constant t (s) (Johnson 1999) (n=8). §'3C-CH, data has been smoothed to 30 s averaging interval. High concentration measurement
marked in gray. Spikes in CH4 concentration arise from increased retention time of waters in the membrane contactor due to switching between water

reservoirs.

Table 2. Comparison of response times for the simultaneous
determination of CH4 and 8'3C-CH, in water from other studies
for different devices (after Webb et al. 2016) compared with
response times calculated for the M-CRDS (this study).

Response
Device time 7 (s) Study
Weiss-type (small) 2248 Li et al. (2015)
General oceanics 2041 + 247 Webb et al. (2016)
Shower head 1657 = 69 Webb et al. (2016)
Weiss-type (large) 1200 Rhee et al. (2009)
Marble 893+12 Webb et al. (2016)
Bubble-type 678 Gllzow et al. (2011)
Liqui-Cel (medium) 417 =126 Webb et al. (2016)
Liqui-Cel (small) 177 £126 Webb et al. (2016)
Liqui-Cel (large) 1176 Webb et al. (2016)
Liqui-Cel (small) in 57=*5 This study

vacuum mode

faster analyses for the simultaneous determination of CHy
concentration and §'*C-CH, values compared to previously
published methods (Rhee et al. 2009; Gulzow et al. 2013;
Li et al. 2015; Webb et al. 2016) (Table 2) and, more
importantly, shows identical response times for low to
high and high to low concentration transitions, whereas
significant equilibration delays for 4'*C-CH, values occur
for “conventional” air-water equilibration devices for tran-
sitions from high to low concentration levels due to iso-
tope mixing effects (Faure 1986; Webb et al. 2016). These
improvements show that the M-CRDS response times are

mainly limited by the rise/fall-time of the CRDS analyser
due to the more demanding isotopic measurement rather
than the gas-extraction step.

Since gas solubilities as well as the extraction by the
membranes are highly temperature dependent, the impact of
changes in the water temperature on the membrane proper-
ties was examined. The temperature difference between the
in situ water temperature at the membrane and the tempera-
ture at the submersible pump was examined for a range of
0-12°C. The observed temperature dependency for the meas-
urements was weak (R*=0.3132) and insignificant compared
to the measuring accuracy and precision of 1.3% and 1.1%,
respectively. Significant effects of temperature differences
(e.g., due to warming of the water in the tubing) on the ana-
lyzed CH4 concentration and/or extraction efficiency
can therefore be neglected for surface waters and moderate
climates.

Nara et al. (2012) showed potential interferences of the
extracted gas matrix on the CH, concentration and 6'3C-
CH4 measurements by the CRDS. Hence, we examined the
effects of the oxygen concentration in the extracted air.
Changes in aquatic O, saturation of approximately 80%
result in a change in O, excess concentration in the
extracted air of up to 8000 ppm. Nara et al. (2012) show
resulting pressure-broadening effects on CH, measurements
for ambient air concentrations, which is significant lower
than the measuring accuracy and precision (1.3% and 1.1%,
respectively) of the M-CRDS and no significant isotopic bias
for '3C-CH, measurements by CRDS analysis. The natural
samples used for the §'*C-CH, calibration/validation of the
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Fig. 5. Depth profiles of different parameters in Lake Stechlin (Germany) in July 2015. Depth profiles for CH,4 were analyzed by M-CRDS, M-ICOS,
and GC-FID analysis (a), for CH,4 and 5"3C-CH,4 (b) and for temperature and O, in July 2015 (c). Offset between CH4 concentrations measured by M-
CRDS in comparison with GC-FID (black dots) and M-ICOS (white dots) (d). Error bars (15) of measurements mainly lie within symbols and reflect the

noise within the measurement interval (10 min).

M-CRDS also show a broad range in oxygen concentration
(0% up to 130% oxygen saturation) in the water samples.
The validation measurements by GC-C-IRMS show no effects
of the gas matrix on the stable carbon isotopic values for
the natural water samples. However, the analysis of waters
with other organics or sulfur containing compounds might
strongly affected by interferences on the CRDS measurement
that are usually indicated by the in-built ChemDetect”" sens-
ing contaminants in samples. Nevertheless, field measure-
ments will undoubtedly require sampling for validation
measurements with GC and GC-C-IRMS for field and long-
term measurements.

Field application at Lake Stechlin

The water column of Lake Stechlin (Germany) was ana-
lyzed for CH4 via M-CRDS, M-ICOS, and GC-FID (vie head-
space technique) in July 2015 and August 2015 (Fig. Sa).
Maximum CH, concentrations of M-CRDS (577 nmol L™},
GC-FID (574 nmol L™ 1Y), and M-ICOS (613 nmol L™!) at 7 m
water depth coincided with the thermocline in Lake Stechlin

(Fig. Sa,c). Epilimnic CH, concentrations were constant
(~ 500 nmol L™ 1), whereas CH, decreased at the thermocline
and shows constant hypolimnic CH4 concentrations (~ 150
nmol LY. Elevated CH, concentrations in the well-
oxygenated upper 10 m of the water column were recorded
repeatedly in Lake Stechlin and other lakes (Grossart et al.
2011; Tang et al. 2014; McGinnis et al. 2015). The §'*C-CHy
depth profile shows lightest 8'*C-CH,4 (—35.29,) at 8 m water
depth, whereas epilimnic and hypolimnic §'*C-CH, were rel-
atively stable at about —509, (Fig. 5b). Highest and lowest
013C-CH, values of this field campaign are in good agree-
ment with previously published §'*C-CH, values for depth
profiles in Lake Stechlin (Tang et al. 2014). The offset
between the CH4 concentration measured by the M-CRDS in
comparison with GC-FID and M-ICOS is shown in Fig. 5d.
The M-CRDS data correlate with the independently mea-
sured data by GC-FID and M-ICOS with R*=0.9946 and
R?=0.9980, respectively, which is only slightly lower than
the correlation coefficient between M-CRDS and GC-FID
headspace technique during laboratory

analysis  via
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Fig. 6. Results of the 24-h measurement performed at the depth of maximum CH, concentration (7 m) at the LakelLab (Lake Stechlin) from 17t
August 2015 to 18" August 2015 reveal high temporal variations in CH, concentration (a) and 6'*C-CH, (b). Night time marked in gray. Keeling-
Plot analysis of the 24-h measurement (c). The extrapolated intercepts of the best fit in the Keeling plot provide the isotope ratios of the CH,4 sources
(—34.55+0.05%, and —53.17 =0.10%,). The Keeling plot intercept within the 95% confidence interval was estimated by model Il (reduced major
axis) regression to obtain the source signature of 5"3C-CH, (Sokal and Rohlf 1995; Pataki et al. 2003).

calibration (R*=0.9993). The mean offset between the CH,
concentrations measured by M-CRDS and other conven-
tional analytical methods is —5.7 =41.6 nmol L' for GC-
FID and —7.8 +24.7 nmol L™! for M-ICOS. Epilimnic CHy
concentration correlate well with the data by GC-FID
(R*=0.9981) and M-ICOS (R*=0.9986), whereas differences
between all methods exist in samples below the thermocline.
Differences for thermocline samples are best explained by
the independent sampling of all three used methods, as the
M-ICOS requires its own portable pumping system and the
GC samples were taken independently by a hydrocast within
routine sampling procedure at the same time. Since the con-
centration gradient is highest in the thermocline, variations
of the sampled water depth directly result in changes in the
measured CH,; concentration. The mean offset of CH,

concentrations measured by M-CRDS compared to CH4 con-
centrations obtained by GC-FID (—28.4+19.0 nmol L)
and M-ICOS (—19.5 +26.2 nmol L™ 1) is greater at lower con-
centrations below the thermocline. These deviations from
the laboratory calibration of the M-CRDS point out that vali-
dation and recalibration by GC-FID measurements are
required for future field measurements. However, the pre-
sented profile data clearly confirm the suitability of the M-
CRDS for in situ analyses of CH4 concentration and §'3C-
CH, within surface water and lake environments.

Based on the results of the CH, concentration and §'3C-
CH,4 profiles by the M-CDRS and the weekly routine sam-
pling procedure for CHy concentration at Lake Stechlin, 24-
h measurements were performed to detect short-term
changes in CH,4 concentration and 6'*C-CH,4 at the water
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depth of maximum CH, concentration (7 m water depth).
The presented data are the first demonstrating short-term
variations of concentration and §'3C-CH, in surface waters
(Fig. 6).

The data reveal temporal variations of CH4 concentration
(Fig. 6a) and §'>C-CH, (Fig. 6b) at 7 m water depth during
the 24-h measurement at Lake Stechlin. CH4 concentration
decreased during night time from 495 nmol L' to 350
nmol L™! and increased again after sunrise and during the
day up to 565 nmol L™ '. The §'*C-CH, values also showed
temporal variations and decreased with decreasing CH4 con-
centration from —429, to —459%, and increased rapidly dur-
ing the early night and after sunrise up to —409,, and —38%,,
respectively. The isotopic values remain rather constant over
the day. Temperature differences between the in situ water
temperature at the membrane and the temperature at the
submersible pump were less than 3.0°C. Effects of the tem-
perature differences on the analyzed CH4 concentration and
0'3C-CH, values can be neglected for these temperature
ranges.

To determine the §'*C-CH,4 signature of the CH4 source,
the Keeling plot method was applied (Keeling 1958). For the
24-h measurement, the Keeling plot results indicate that
CH4 at 7 m depth (thermocline) might be a mixture of two
end members (Fig. 6¢). During night time, a '>C depleted
CH, source was found with a 6'3C-CH, value of -53%.,
whereas the §'°C-CH, signature of the CH, source during
daytime is less depleted in '*C (—359%,). Although the corre-
lation coefficient of the best fit is weak, the calculated results
agree very well with the 6'*C-CH, signatures of the data
obtained from the §'*C-CH4 depth profile as a 6'3C-CH,
value of an approximately —359%, is found around 8 m,
whereas epilimnic and hypolimnic §'3C-CH, values are
around —50%, (Fig. Sb).

Temporal variations in CH4 concentration and 5'3C-CH,
values at Lake Stechlin might therefore be either controlled
by local methane production/oxidation or physical varia-
tions in the thermocline. Turbulence and internal seiching is
a common phenomenon in stratified lakes and reported for
Lake Stechlin (Kirillin and Engelhardt 2008; Kirillin et al.
2009; Giling et al. 2016). Lake hydrological dynamics domi-
nated by internal seiches may have partly caused upwelling
of colder deep water with lower CH4 concentration and
more negative 6'3C-CH, (see Fig. 6b). However, turbulence
sensors were not deployed and, hence, seiche-driven mixing
in the thermocline was not measured during our campaign.
An alternative explanation for the short-term variations in
CH, concentration and §'3C-CH, values at Lake Stechlin
could be both CHy4 production by methanogens or other pro-
cesses (generating '*C depleted CH,) and CH, oxidation by
methanotrophs (generating '*C enriched CH,) along with
photosynthesis (Oswald et al. 2015). Mid-water CH4 produc-
tion is a widely occurring phenomena, also previously
reported for the oxygen-rich Lake Stechlin water column
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(Grossart et al. 2011; Tang et al. 2014). Lateral input of CHy
from the littoral zone into Lake Stechlin cannot be fully
ruled out, despite it was excluded by previous studies, e.g.,
Tang et al. (2014). Therefore, the high resolution and simul-
taneous analyses of CHy concentration and 5'3C-CH, values
provided by the M-CRDS is critically needed for detailed
studies of the origin and fate of mid-water CHy in Lake
Stechlin (Tang et al. 2016) as the mechanisms and pathways
of CH, transformation in oxic waters are highly complex
and still not fully resolved yet.

Conclusion

The presented CRDS system coupled with a membrane
contactor (M-CRDS) enables the sensitive and simultaneous
determination of short-term variations of CH4 concentration
and 6'*C-CH, values in surface waters. Laboratory tests and
parallel measurements show a very good comparison of the
M-CRDS with GC-FID analyses of CH4 concentration and
IRMS analyses for 6'*C-CH, values. The good agreement of
CH,4 measured simultaneously by M-CRDS, M-ICOS, and GC-
FID analysis confirms that the presented M-CRDS method
represents an easy and fast to use method, which is ideal to
be applied for field work.

The M-CRDS provides the continuous analyses of the dis-
solved CH4 concentration in upper surface waters at a very
high temporal resolution for flux measurements from
aquatic ecosystems to the atmosphere as high temporal vari-
ability is not captured by traditional in situ devices or
strongly limited by the number of discrete samples. Further-
more, the new instrument is suitable for two-dimensional
and three-dimensional mapping of CH, concentration and
S13C-CH, values. In combination with the continuous in
situ analysis of the physical variations within the water col-
umn and the biological activity, the M-CRDS will help better
understand the complex microbial pathways and transforma-
tions of CH, in aquatic ecosystems.

However, the investigated method requires further devel-
opment particularly with respect to the performance stability
during measurements of several weeks and months.
Although membrane alteration or aging could not be
observed during the period of our work, it cannot be ruled
out, so that sampling for GC and GC-C-IRMS validation
measurements is required. The most appropriate method of
validation and recalibration for future application is the
analysis of depth profiles in the field since (stratified) lakes
cover a broad range of physical and geochemical characteris-
tics as well as CH4 concentration and §'3C-CH,4. Further
development efforts are desirable for calibration and charac-
terization for concentration and isotopic values of CO, since
the CRDS analyser used in this work allows for simultaneous
determination of CO, and CH, concentration and §'3C val-
ues at a very high temporal resolution. Quasi-simultaneous
measurements of the concentration and §'3C values of CH,
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and CO, will then cover two of the major constituents in
carbon cycling and the further application of the M-CRDS in
different aquatic environments (e.g., shelves and estuaries)
and contribute to a higher temporal and spatial resolution of
natural processes representing pathways, sources, and sinks
for CO, and CHy in marine, limnic, and fluvial systems.
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