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Methane sources and sinks in Lake Kivu
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and Helmut Biirgmann'
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[11 Unique worldwide, Lake Kivu stores enormous amounts of CH, and CO,. A recent
study reported that CH,4 concentrations in the lake have increased by up to 15% in the

last 30 years and that accumulation at this rate could lead to catastrophic outgassing by
~2100. This study investigates the present-day CH, formation and oxidation in Lake Kivu.
Analyses of 1C and *Cin CH, and potential carbon sources revealed that below 260 m, an
unusually high ~65% of the CH, originates either from reduction of geogenic CO, with
mostly geogenic H, or from direct inflows of geogenic CH,4. Aerobic CH,4 oxidation,
performed by close relatives of type X CHy-oxidizing bacteria, is the main process
preventing CH, from escaping to the atmosphere. Anaerobic CH4 oxidation, carried out by
CH,-oxidizing archaea in the SOF -reducing zone, was also detected but is limited by the
availability of sulfate. Changes in 14CCH4 and l3CCH4 since the 1970s suggest that the
amount of CH4 produced from degrading organic material has increased due to higher
accumulation of organic matter. This, as well as the sudden onset of carbonates in the 1960s,
has previously been explained by three environmental changes: (1) introduction of nonnative
fish, (2) amplified subaquatic inflows following hydrological changes, and (3) increased
external inputs due to the fast growing population. The resulting enhancement of primary
production and organic matter sedimentation likely caused CH, to increase. However, given
the large proportion of old CH,4 carbon, we cannot exclude an increased inflow of geogenic

H2 or CH4 .

Citation: Pasche, N., M. Schmid, F. Vazquez, C. J. Schubert, A. Wiiest, J. D. Kessler, M. A. Pack, W. S. Reeburgh, and
H. Biirgmann (2011), Methane sources and sinks in Lake Kivu, J. Geophys. Res., 116, G03006, doi:10.1029/2011JG001690.

1. Introduction

[2] Methane (CH,4) and carbon dioxide (CO,) are major
end products of organic matter decomposition in water
bodies. In lacustrine sediments, the most important CHy-

producing pathways are acetoclastic methanogenesis and
CO; reduction [Conrad, 2005]:

CH3COOH — CO, + CH, (1)

CO, + 4H, — CH4 + 2H,0. (2)

Once produced, CH,4 can be oxidized either in the sediment, at
the sediment-water interface, or in the open water, depending
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on the availability of oxidants. Two different biological
processes are currently considered to be the main contributors
to CH,4 oxidation in aquatic systems: oxidation by aerobic
methanotrophic bacteria and anaerobic CH, oxidation by
syntrophic consortia of CH4-oxidizing archaea and SOj -
reducing bacteria [Hinrichs and Boetius, 2002; Schubert
et al., 2010]. CH,4 that is not consumed is eventually trans-
ported to shallower waters and can be released to the atmo-
sphere where it acts as a potent greenhouse gas. It has
been estimated that lakes contribute 6 to 16% to global CHy
emissions to the atmosphere [Bastviken et al., 2004]. CH,
oxidation therefore plays an important role in controlling
lacustrine CH, emissions.

[3] Lake Kivu is an African Rift lake (Figure 1) with a
permanently stratified hypolimnion that contains an esti-
mated 60 km® of CH, and 300 km® of CO, (gas volume at
0°C and 1 atm [Schmid et al., 2005]). CH4 accumulation
in the lake bears the risk of catastrophic outgassing similar to
the limnic eruptions in Lakes Nyos [Kling et al., 1987] and
Monoun [Sigurdsson et al., 1987]. Conversely, extraction
of the lake’s CHy4 could provide enough energy to supply
the lake’s bordering countries with electricity for a decade
[Jones, 2003]. The origin of these gases, however, has been
a matter of controversy [Deuser et al., 1973; Tietze et al.,
1980]. Most authors agree that the CO, has a primarily
geogenic origin, whereas the CHy is biogenic [Schoell et al.,
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Figure 1. Map of Lake Kivu showing the locations of water
sampling, sediment cores, and the mooring with sediment
traps. In the deep basin, the names of the sampling locations
(Goma 03/04 (6—11 November 2003; 26 February 2004),
Kibuye 06 (5 May 2006), Gisenyi 07 (12 May 2007), Gisenyi
08 (October 2008)) represent the nearest city followed by the
sampling year. In Ishungu Basin, water samples (17 May
2007) were taken at the same site Ishungu 06/07 as the sedi-
ment traps (17 May 2006 to 7 January 2008) and the sediment
core (14 May 2006).

1988; Tietze, 1978; Tietze et al., 1980]. Schoell et al. [1988]
reported that two thirds of CHy is produced by reduction of
geogenic CO, and one third by acetoclastic methanogenesis
of sedimentary organic material (biogenic material).

[4] Based on CHy4 concentrations observed by Tietze
[1978] and recent measurements, Schmid et al. [2005] esti-
mated that CH4 concentrations in the lake may have increased
by up to 15% over the last 30 years. An increase in CHy
formation by about a factor of 3 compared to the long-term
steady state formation would have been required to explain
this increase. A recent study further provided evidence that
Lake Kivu experienced an increase in gross and organic
carbon (OC) sedimentation since the 1960s due to (1) a
modified internal food web following the introduction of
the nonnative Tanganyika sardine (Limnothrissa miodon);
(2) hydrological changes that enhanced internal upwelling;
and/or (3) increased external nutrient inputs caused by the
fast growing human population [Pasche et al., 2010]. We
hypothesize that the increase in OC sedimentation is partly
responsible for the increasing CH, concentrations in the lake.
Since the risk of outgassing increases with rising gas content,
our main research interest is to understand the driving forces
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of CH, formation and consumption. Further, the CH, for-
mation rate is of practical interest for planning the forth-
coming exploitation of CHy.

[5s] This study is part of a larger project that assessed the
nutrient cycling and its relation to CH, in Lake Kivu. Anal-
yses of the external inputs [Muvundja et al., 2009] and the
internal loading [Pasche et al., 2009] of nutrients highlighted
the importance of the lake internal processes for the nutrient
cycling in the lake. Observations from sediment cores indi-
cated recent changes in the nutrient cycling that might be
related to the observed increase in CH, concentrations
[Pasche et al., 2010]. In the present study, the lessons learned
from the analysis of the nutrient fluxes are combined with
(1) measurements of the isotopic composition of different
carbon pools and (2) the analysis of the microbial community
in the water column, for the following three objectives: (1) to
assess the rates of CH, formation through acetoclastic
methanogenesis and CO, reduction; (2) to determine aerobic
and anaerobic CH, oxidation rates and the organisms
involved; and (3) to detect changes in the carbon fluxes which
could explain the recent CH, increase.

2. Site Description

[6] Lake Kivu is located in the East African Rift Valley,
between the Republic of Rwanda and the Democratic
Republic of the Congo. At an elevation of 1463 m, it has an
area 0f 2370 km?, a volume of 580 km® and a maximum depth
of 485 m [Schmid et al., 2004; Tietze, 1978]. The lake is
meromictic and the mesotrophic epilimnion is permanently
separated from the anoxic nutrient-rich deep waters. The
depth of the oxycline varies seasonally from 30 m during the
rainy season (October to May) to 60—65 m in the windy dry
season (June to September). The permanently stratified deep
water is further characterized by a major chemocline
extending from 255 to 262 m. Subaquatic springs enter the
permanently stratified deep water at different depths, with an
estimated total inflow of ~1.3 km® yr ' [Schmid et al., 2005].
More than 127 rivers with a total flow of ~2.4 km® yr ' enter
the lake from the catchment (5097 km?), and 3.6 km® yr'
flow out with the Ruzizi River [Muvundja et al., 2009].
Precipitation (3.3 km® yr ') is nearly equal to lake surface
evaporation (3.4 km® yr ) [Muvundja et al., 2009].

[7] Water residence times in the permanently stratified
deep water are two to three orders of magnitude longer than
time scales for horizontal mixing. Physical and chemical
properties are therefore horizontally homogeneous through-
out the lake, except for the separate basins of Kabuno Bay and
Bukavu Bay. Energy supply from the wind to the deep water
is limited by the strong density stratification in the lake.
Consequently vertical exchange by turbulent diffusivity is
weak, as evidenced by the presence of double-diffusive
staircases [Schmid et al.,2010]. Vertical transport is therefore
dominated by the upwelling caused by the inflows of the
subaquatic springs. Water below the major chemocline has a
residence time of 800 to 1,000 years, which has led to an
enormous accumulation of dissolved gases and nutrients
[Schmid et al., 2005].

[8] Nutrients for primary production are supplied to the pro-
ductive surface layer mainly by internal recycling by upwell-
ing from the nutrient-rich deep waters [Pasche et al., 2009].
Contrary to many other large lakes, such as Tanganyika, where
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nutrient supply by upwelling at the southern end leads to hor-
izontal gradients in primary production [Bergamino et al.,
2010], the internal recycling in Lake Kivu is homogeneous,
as indicated by the perfectly horizontal layering. Consequently,
low spatial variability of primary production and chlorophyll
concentrations have been observed in the surface waters of the
lake [Kneubiihler et al., 2007; Sarmento et al., 2009].

3. Material and Methods

3.1.

[v] Sampling was conducted during five field campaigns in
November 2003, February 2004 (site Goma 03/04), May
2006 (Kibuye 06), May 2007 (Gisenyi 07) and October 2008
(Gisenyi 08) at three different locations in the main basin
(Figure 1). In May 2006 and 2007 samples were taken in the
Ishungu Basin (site Ishungu 06/07, Figure 1). Water samples
were collected using 5 L Niskin bottles. For depths below
200 m, the open top valve was capped with a balloon to
prevent sample loss due to vigorous outgassing during bottle
ascent.

[10] Gas samples were obtained using a new device con-
sisting of a 500 mL metal cylinder for water sampling and an
evacuated 250 mL metal cylinder to collect the gases. These
collected gases were subsampled into evacuated 120 mL
airtight glass vials.

[11] The sampling of sediment traps and cores has been
described in detail by Pasche et al. [2010]. In May 2007,
a sediment core for gas analysis was taken near Gisenyi
(1°46.416'S, 29°15.796'E, 125 m depth) using an Uwitec
gravity corer. Thirteen sediment samples (2 mL) were
extracted between 0 and 16 cm through side ports using
plastic syringes. They were transferred to 25 mL glass vials
prefilled with 4 mL of 2.5% sodium hydroxide (NaOH) [Sobek
et al., 2009]. The vials were immediately sealed with butyl-
rubber stoppers, shaken, and stored upside down until analysis
for CH,4 concentration and isotopic composition. Further
gravity sediment cores were taken in May 2006 at Ishungu
(2°16.077'S, 28°59.374'E, 175 m depth) for total organic car-
bon (TOC) analyses and at Kibuye (2°02.886'S, 29°18.307'E,
190 m depth) for TOC and '*C and '*C analyses of the OC.

[12] A sediment trap mooring was set in Ishungu Basin
from May 2006 to January 2008 (Ishungu 06/07). Sediment
traps consisting of two plastic cylinders (diameter 9.2 cm,
length 100 cm) were placed at four different depths (50, 90,
130 and 172 m). Trap material without any poisoning was
collected monthly with overlying water in 250 mL bottles,
frozen and transported to Switzerland.

Sampling

3.2. Chemical Parameters

[13] In October 2008, water samples for the analyses of
organic anions were taken at site Gisenyi 08 (Figure 1).
Samples were preserved in the field by adding 10 M NaOH to
adjust the pH to 12. Organic anions (lactate, acetate, propi-
onate, formate, butyrate, pyruvate) were measured with a
Dionex DX-320 ion chromatography system with a detection
limit of 5 mol L™". For TOC measurements, water samples
were collected in 200 mL glass vials and acidified to pH 3 to
remove inorganic carbon. TOC was measured within 6 days
with a Total Organic Carbon Analyzer (Shimadzu TOC-V
CPH).
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[14] For CH,4 concentrations and isotopic ratio analyses,
water samples were taken in 2006 and 2007 at sites Kibuye
06, Ishungu 06/07 and Gisenyi 07 (Figure 1) and for CO,
isotopic ratio analyses in 2003 at site Goma 03/04. Samples
were transferred to 120 mL glass vials and poisoned with
cupric chloride (CuCl,). All samples were measured within
five weeks of collection. CH,4 concentrations were mea-
sured by a headspace (30 mL N) technique similar to that
of McAuliffe [1971]. CH,4 concentrations were determined
on a gas chromatograph (Agilent, 6890) equipped with a
Carboxen 1010 column (30 m, Supelco) using a flame ioni-
zation detector. In order to dilute samples from below 70 m
depth into the calibration range of the GC, 300 uL of head-
space were transferred into 58.5 mL serum vials prefilled
with N,. Dissolved gas concentrations were calculated after
Wiesenburg and Guinasso [1979], including the effects of
salinity.

[15] Methane carbon isotopes (‘*Ccps) were determined
using the method of Sansone et al. [1997]. Duplicate
measurements were processed with an IsoPrime mass spec-
trometer connected to a trace gas preconcentrator (GV
Instruments). Results are noted in the standard 6 notation
relative to Vienna Pee Dee Belemnite.

[16] Carbon isotopes on carbon dioxide ("*Ccqy) were
determined using an IsoPrime mass spectrometer connected
to a trace gas preconcentrator (GV Instruments). Results
are noted in the standard 6 notation relative to Vienna Pee
Dee Belemnite.

[17] Methane radiocarbon ('*Ccpa), deuterium (*Hegpa),
and stable carbon isotope ('>Ccy4) analyses were performed
on samples taken in 2007, at site Gisenyi 07. The methods are
outlined in Kessler and Reeburgh [2005]. Briefly, CH4 was
extracted from samples, purified, and combusted to CO, and
water. An aliquot of CO, was converted to elemental carbon
by iron-catalyzed hydrogen reduction and analyzed with '*C
Accelerator Mass Spectrometer (AMS) at the Keck Carbon
Cycle AMS Facility. '*C concentrations are given as percent
of the modern standard (percent modern carbon, pMC) fol-
lowing the conventions of Stuiver and Polach [1977]. A
second aliquot of CO, was analyzed for '>C by dual-inlet
isotope ratio mass spectrometry at the University of
California Irvine (UCI) Stable Isotope Facility. The water
produced from CH,4 combustion was reduced to hydrogen
with activated zinc and the 2HCH4 was measured on a
Finnigan MAT 252 Mass Spectrometer at UCI and is reported
in delta notation relative to Standard Mean Ocean Water. The
'4C content of the organic matter in three samples from the
Kibuye sediment core (0-0.5 cm, 0—5 cm, 15-37 cm), was
measured in the Laboratory of lon Beam Physics at the Swiss
Federal Institute of Technology (ETH) in Zurich using the
method described by Hajdas et al. [1993].

[18] For TOC in sediment, total carbon (TC) was measured
using a combustion CNS elemental analyzer (VARIO Co and
EuroVector Co). Total inorganic carbon (TIC) was analyzed
as CO, by coulometry (UIC Coulometrics) after acidification
with 3M hydrochloric acid (HCI). TOC was calculated as the
difference between TC and TIC.

3.3. Methane Oxidation Measurements

[19] To experimentally verify CH4 oxidation, CH4 con-
centrations were monitored in vials over 5 days in 2007. At
site Gisenyi 07, water from 20, 40, 60, 80, and 100 m depth
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Table 1. Primers and Methods Used for PCR Amplification

Gene Primer Target Group Analysis/Screening Reference
16S rRNA 3411"-534r Bacteria DGGE, direct seq. 1
pmoA A189f"-A650r aerobic methanotrophs DGGE, cloning and seq. 2 and 3
mcr4 Melf-Me2r anaerobic methanotrophs/methanogens RFLP, cloning and seq. 2 and 4

*Primer also used with GC clamp [Muyzer et al., 1993] for DGGE; seq., 16S rRNA DGGE bands were sequenced directly, pmoA and mcrA were cloned and
screened using the given method before sequencing. See section 3. References are 1, Muyzer et al. [1993]; 2, Earl et al. [2003]; 3, Bourne et al. [2001]; and 4,

Hales et al. [1996].

was sampled in five 120 mL airtight vials for each depth
(Table 1). One bottle was poisoned with HgCl, immediately
after sampling and then for the following four days one vial
per day was poisoned and analyzed as above. For the samples
from 20, 40, and 60 m depth CH, was further analyzed for
3C on day one and day five.

3.4. Microbial Community Analysis

3.4.1. Molecular Analyses

[20] During May 2007, water samples (380 to 750 mL)
from 14 depths collected at Gisenyi 07 were filtered through
polycarbonate filters (0.2 ym, 47 mm). DNA was extracted
from the filters as described by Lliros et al. [2008]. The
bacterial community structure was investigated by Poly-
merase Chain Reaction (PCR) amplification of the partial
16S ribosomal RNA gene with primers 341f-GC and 534r
(Table 1) followed by denaturing gradient gel electrophoresis
(DGGE) [Muyzer et al., 1993]. Selected bands were cut from
the gel, reamplified, and sequenced. The particulate CH,
monooxygenase gene (pmoA) served as a molecular marker
for aerobic methanotrophs; pmod was detected by PCR
amplification with pmoA-specific primers A189f and A650r
(Table 1) as described by Bourne et al. [2001] with minor
modifications. As a marker for anaerobic methanotrophs
(ANME) as well as methanogens, the gene for methyl
coenzyme M reductase (mcrd) was amplified using mcrA-
specific primers Melf and Me2r [Hales et al., 1996]
(Table 1); mcrA genetic diversity was characterized by
restriction fragment length polymorphism analysis (RFLP)
[Earl et al., 2003]. Clone libraries were created from ampli-
cons from seven depths for mcrA4 and three depths for pmoA.
Clones were screened using DGGE (pmoA) and RFLP (mcrA)
and selected clones were commercially sequenced (Micro-
synth, Balgach, Switzerland). Sequences were submitted to
the GenBank nucleotide sequence database with the follow-
ing accession numbers: 16S rRNA, FJ952083 to FJ952140;
pmoA, 1952083 to F1952102; mcrA, FJ952103 to FI1952140.
Detailed protocols are presented in Text S1 in the auxiliary
material.!
3.4.2. Analysis of Sequenced Data

[21] Sequences were screened, trimmed, aligned (using
Clustal W [Larkin et al., 2007]) and analyzed using Mega 4.1
software [Tamura et al., 2007]. Reference sequences were
retrieved using the BLAST network services [Altschul et al.,
1990] and keyword queries of the nucleotide database at the
National Center for Biotechnology Information using the
Entrez Database Query Tool (http://www.ncbi.nlm.nih.gov/
nuccore). General bacterial 16S rRNA sequences from
DGGE bands were classified using the Classifier Tool on the

'Auxiliary materials are available in the HTML. doi:10.1029/
2011JG001690.

Ribosomal Database Project 2 Web site (http://rdp.cme.msu.
edu/; release 10 [Wang et al., 2007]). Phylogenetic trees for
mcrA4 and pmoA were constructed based on translated amino
acid sequences using the unweighted pair group method with
arithmetic mean (UPGMA) hierarchical clustering method
[Nei and Kumar, 2000] and the PAM distance metric
[Schwarz and Dayhoff, 1979] as implemented in Mega 4.1,
with pairwise elimination of gaps and 1000 bootstrap
resamplings for tree testing.

4. Results

4.1.

[22] Lake Kivu is characterized by high amounts of dis-
solved gases, with CO, concentrations five times higher than
CH, (Figure 2a). Gas concentrations rise gradually with depth
down to the major chemocline (255 to 262 m) where they
abruptly increase. Gas concentrations measured in water
samples compare well with published data [Schmid et al.,
2005] above 140 m (Figure 3c). However, below 140 m,
part of the CH, was lost due to vigorous outgassing during
sampling.

[23] The profiles of the main electron acceptors (O,, So%,
and NO3) indicated a typical succession of redox zones for
stratified water bodies (Figure 2b) and were described in
detail by Pasche et al. [2009]. The oxycline extended to a
depth of 50 m in May 2006 and 2007. Below the oxycline,
SO3 decreased with a sharp gradient to 80 m and dropped
below detection (0.05 mmol L") at 100 m depth. In contrast,
H,S was absent above the oxycline, increased sharply
between 50 and 80 m depth, and more gradually to 150 m.
Below 150 m H,S remained constant at ~0.27 mmol L' (data
not shown). Other electron acceptors, namely NO3, manga-
nese (see the reduced product Mn**, Figure 2b) and Fe (III)
(not shown) were present only in very low concentrations.

[24] TOC concentrations increased from 1.8 mg L' at
40 m to 42 mg L' at 360 m depth. Acetate and other
short-chain organic anions were below the detection limit
of 5 ymol L™".

Chemistry of the Water Column

4.2. Methane and Carbon Isotopic Signature

4.2.1. Water Column

[25] Above 90 m, 613CCH4 increased from —59.8%0 to
—43%o at the surface, with a high variability within and above
the oxycline (Figure 3a). Below 90 m, § 13C s Was constant
at —59.8 + 1%o. 6*Hcpa below 140 m averaged at —215%o,
with a considerable error margin. Values decreased in excess
of the error between 140 m and 255 m. The decrease in the
water column above the chemocline is supported by two
separate measurements analyzed in a different laboratory
(Figure 3b, open circles). A sharp increase in excess of
the error was observed at the main chemocline. Below the
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Figure 2. (a) Vertical profiles of salinity and concentrations of dissolved gases (sampled 2003 at site
Goma 03/04) in Lake Kivu from Schmid et al. [2005]. The dashed curve is the CO, concentration calcu-
lated from pH and alkalinity. CO, was measured by slowly pumping water in polyethylene tubes and
analyzing the gas and liquid flows. CH4 concentrations [Schmid et al., 2005] were measured in situ with a
Capsum Mets sensor and on a platform using polyethylene tubes (see above). The salinity profile was
calculated from a conductivity profile measured with a conductivity-temperature-depth (CTD) probe.
(b) Top 150 m of vertical profiles of electron acceptors concentrations O,, NO3, SO3~ from Pasche et al.
[2009] and reduced species Mn®" and H,S. These profiles are the average of three stations in the deep
basin and two observations in Ishungu Basin taken in February 2004, May 2006, and May 2007.

chemocline, §°Hcy, decreased again to an average of —220%o
(Figure 3b). pMC decreased from 15.7% at 140 m depth to
12.9% at 250 m depth. Across the chemocline it decreased
steeply to 11.9% at 255 m and 11.1% at 270 m. Below the
chemocline pMC increased slightly to 11.6% at 440 m.
Conversion to '*C age [Stuiver and Polach, 1977] indicates
an average age of 17,000 years for CH, (Figure 3b). In
comparison, the residence time of water below 250 m
has been estimated to be ~800 years [Schmid et al., 2005],
indicating the strong influence of geogenic CO, with a dead
radiocarbon signal.

4.2.2. Sediment

[26] The 6'°Ccpa measured in the Gisenyi core decreased
slightly from the surface (—66%o) to a minimum of —68%e. at
15 cm depth (Figure 4).

[27] In the Kibuye core, representing the last 300 years
[Pasche et al., 2010], isotope signatures of OC (6"°Coc)
varied slightly around —24.1%o (—22.6 to —25.1%o). The '*C
content of OC (**Cqc) in this core varied with depth. In the
top layer (0-0.5 cm, last 2—3 years) it was 34 pMC (carbon
age 8,670 years), a mixed sample of the section including
the bomb peak (0.5-5 cm, last 20 years) had 43 pMC
(6,780 years), while a mixed sample from before the bomb
peak (15 to 37 cm, approximately representing the time
between 300 and 100 years before present) was 28 pMC
(10,200 years). The latter sample was assumed to be repre-

sentative for the source organic matter in the sediment before
the impact of bomb tests.

4.3. Estimating CHy, CO,, and Organic Carbon Fluxes

[28] In this section, the knowledge gained from previous
studies is combined with the results of our measurements
and model simulations described in the auxiliary material to
create an overview of CH,4, CO,, and OC fluxes in Lake Kivu.
Error margins are calculated based on estimated error ranges
for the measured quantities and standard formulas for error
propagation. The fluxes estimated in the following sections
are summarized in Figure 5.

4.3.1. Primary Production and CO, Fluxes

[29] Annual primary production (averaged over 2.5 years)
was determined to be PP =228 g C m > yr ', by Sarmento
et al. [2009]. The total upward fluxes of CO, (internal load-
ing, IL) and dissolved inorganic carbon (DIC) through the
chemocline were previously estimated at [Lco, = 126 £25 g
Cm 2yr "and ILpic=335+67gCm 2yr ' [Pasche et al.,
2009]. Since PP < ILpjc, the lake is a net source of CO,.
The "C content of the sediment (Section 4.2.2) suggests that
primary production uses only approximately one third to one
fourth of atmospheric CO, as a carbon source.

4.3.2. Organic Carbon Fluxes
[30] OC analyses from sediment traps deployed at three
different depths in the Ishungu Basin over two years revealed
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Figure 3. (a) Profiles of CH, concentrations [Schmid et al., 2005] and '*C isotopes (this study, data from

samplings Kibuye 06, Ishungu 07, and Gisenyi 07). The

1 .
3Ccpa was measured in gas and water samples

collected during three field visits. Gas samples were fractlonated by +0.7%o compared to water samples. The
dashed line represents the lower boundary of the SO3 -reducing zone (90 m depth). (b) CH, deuterium
isotopes (the large error bars of 13%o represent the standard deviation of the standards which were frac-

tionated during sample preparation) and '*C. The models used to reproduce the '

4C (given as percent

modern carbon, pMC) depth profile (solid and dashed lines), are described in the auxiliary material.
(c) Profiles between 0 and 200 m depth of CH,4 concentrations measured in this study (data from samphngs
Kibuye 06, Ishungu 07 and Gisenyi 07) compared with data from Schmid et al. [2005], as well as 6' CCH4
The horizontal dashed line represents the lower limit of the SO4 -reducing zone (90 m). The dotted curve is
the averaged value for each depth of §'*C 4. (d) Profile of '*C isotopes of dissolved CO, and total organic

carbon (TOC) concentrations.

a homogeneous average gross sedimentation of Socgross =
41+2gCm ?yr ! from 90 to 172 m depth [Pasche et al.,

2010]. However, comparisons with nutrient loading data
and observations of phytoplankton abundance have shown
that the observed gross sedimentation was approximately
60 £+ 10% below the long-term average [Pasche et al., 2010].
Thus, we estlmate the long-term average of Socgross to 110 +
27 g C m 2 yr . A sediment core taken at the same location
revealed a net sedimentation of 7 g C m 2 yr ' (top 10 cm,
approx. 40 years). Higher values were found at Gisenyi (17 g
Cm 2 yr ") and Kibuye (13 gC m 2yr 1), providing a range
of Socnet = 12+ 5 ¢ C m 2 yr ! [Pasche et al., 2010]. The
mineralization rate of OC in the sediment was therefore
estimated as

Moc_sed = SOCgross — Socnet = 98 £ 28 g C 1’1‘172 yI'71

4.3.3. Methane Fluxes From Organic Matter
Decomposition in the Sediment

[31] Assuming methanogenesis proceeds to completion,
the mineralized carbon partitions 1:1 between CO, and
CHy4 [Conrad, 1999]. We can therefore calculate the total
CH, formation (Pcpy soq) based on the mineralization of the
settling OC: -

Pchig_sed = 0.5 - Mocsea =494+ 14 g Cm™2 yr!

[32] Independently, the CH, flux from the sediment to
the water column was calculated from CH,4 concentrations
measured in the Gisenyi sediment core taken at 125 m water
depth. Undisturbed cores could not be retrieved from greater
depths, since outgassing destroyed the layering within the
core. A net CH, flux from the sediment to the water column of
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Figure 4. Profiles of CH4 concentration and BCeona
isotopes in the top sediment. The dashed line marks the
sediment-water interface at 125 m depth. CH4 concentration
and isotope values in the water column at 125 m depth taken
at a different location are plotted for comparison. The three
lines, representing the best fit (solid curve, corresponding to
a flux of ~80 g Cega m 2 yr V), the lower end (dashed curve,
~60 g Ccpa m 2 yr 1), and the higher end (dotted curve,
~100 g Ccpqg m yrfl), were determined with the one-
dimensional diffusion-reaction model described by Miiller
et al. [2003].

60 to 100 g Ccpa m 2 yr_1 was estimated with the one-

dimensional diffusion-reaction model described by Miiller
et al. [2003], by setting in situ CH,4 concentrations in the
water column (2.1 mmol L™, measured at a different site) at
1 cm above the sediment. Due to uncertainty about the
thickness of the diffusive boundary layer in Lake Kivu,
these values are only a rough estimate based on reasonable
assumptions. The upper estimate is well outside the possible
rate of methanogenesis based on the reported organic matter
deposition rate, but the lower estimate falls within the range
for Pca seq €stimated above. The CO, flux is assumed to be
equal to the CH, flux:

Peozsed = Ptissed =49+ 14 gCm 2 yr .

4.3.4. Partitioning Between CO, Reduction
and Acetoclastic Methanogenesis

[33] In order to reproduce the 14Cepa vertical profile in
the water column (Figure 3b), we used an extended version of
the one-dimensional diffusion advection model described by
Schmid et al. [2005] (see the auxiliary material). In the model
it was assumed that settled OC has 28 pMC, while two dif-
ferent scenarios were used for the pMC of CO, used for
methanogenesis via CO, reduction: pure geogenic CO, with
0 pMC, and a mixture of 15% (Pcoy sed/ILpic) biogenic CO,
derived from the settled OC with pMC 28 and 85% geogenic
CO, with pMC 0. Simulations were performed for constant
steady state CH,4 formation and for the increasing formation
rate postulated by Schmid et al. [2005]. This analysis con-
sistently showed different contributions of the CH, forma-
tion pathways below and above the major chemocline. Below

PASCHE ET AL.: METHANE IN LAKE KIVU
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the chemocline a large fraction of CHy (fcop = 65 £ 5%) is
produced with old carbon probably originating from geogenic
CO,. Above the chemocline, CH4 formation from recently
settled OC with a maximum of 33% CO, reduction [Conrad,
1999] can explain the observed radiocarbon ages. The model
also reproduced the finer structure of the vertical 4Coma
profile (Figure 3b and Figure S1 in Text S1), indicating that it
correctly represents the interplay between CH, formation
from the sediment and the residence times due to the vertical
transport in the lake.

[34] An independent estimate of the partitioning between
the two pathways below the chemocline was made from the
available §'>C data. In this zone, CH, oxidation processes are
absent (see sections 4.3.6 and 4.4 for detail). Following the
calculations described by Ifoh et al. [2008], the fraction of
CH, produced by acetoclastic methanogenesis (Fa.) is cal-
culated by

683 Cema — 6" Cepacoy)

6B Cemaac) — 6" Comco,)

Fy (3)

The isotope ratio of CH,4 from CO, reduction (6 13 Ccnacoz))
is estimated by equation (4) from the average of measured
8"Ccon (—4.9%o, Figure 3d) and using reported ranges of
fractionation coefficients for CO, reduction from natural
bogs and lakes (ayy, = 1.06 to 1.073 [Conrad, 2005]):

(883 Ccon + 1000) — (ctye - 1000)
am(,‘

= —61 to —70%e-
4)

Acetoclastic methanogenesis from organic matter comprises
two steps potentially contributing to fractionation: frac-
tionation during the formation of acetate, and fractionation
during the actual acetoclastic methanogenesis. We assume
that acetate is produced by fermentation and that fractionation
between OC and acetate-methyl is negligible (o, = 1.0
[Conrad, 2005]); therefore,

6" Cema(co,) =

élscAc—methyl = 613COC,sed = 724(70(»

The isotope ratio of acetoclastic CHy (6 13CCH4(AC)) can then
be estimated using reported ranges of fractionation coeffi-
cients for acetoclastic methanogenesis (ay,, = 1.007 to 1.027
[Conrad, 2005]) analogous to equation (4):

613CCH4(AC) = —31to —500/00.

Inserting these values into equation (3), we obtain percent
contributions of CH, formation from CO, reduction in the
deep water below the chemocline ranging from 43 to 94%,
which supports the results of the calculation based on the '*C
proﬁle (fcoz =65+ 5%)

[35] However, homoacetogenic formation of acetate from
CO, could provide a source of acetate with a 6'°C that
strongly deviates from 3Coc sed- Although this has
mainly been observed under conditions of high acetate
accumulation [Heuer et al., 2010], such observations chal-
lenge the assumption of §'°C Ac-methyl = 0 BCoc sea. Conrad
et al. [2010], in a study on tropical lake sediments, found

7 of 16



G03006

Atmospheric CO,

PASCHE ET AL.: METHANE IN LAKE KIVU

G03006

Primary production:
PP =228 0C

Atmospheric losses:
L, =-10.5CH,

aty

Phototrophs

Oxic layer

SO,-reducing zone

Internal loading:

Gross sedimentation,

Methane oxidation:
L, o, =-33%5 CH,

ox_02

Anaerobic methane

_ ANME | oxidation:
L =-1+0.5CH,

- w<504 .............

R Internal loading:
. IL,,,= 126425 CO corrected:
Methanogenic zone L 335467 DIC Socyos = 110£27 OC Fea=35+5CH,
pic (measured: 41+2)
Majorchemocline - —-—- 0y . . .
Area below: a,, . =44% Excess:
=-34x22 CH,
Geogenic CO, inflows: = 69+21

Fron e = 138£30 CO,

C02_geo

P

CO, reduction with geo.H,
(only deep lake):

CH4_CO2red_geo

CH4 _tot

=44£18 CH,

M AA:/COZ

1

CO, from Mineralization:
Peoy ceg = 4914 CO,

CO2_sed

Net sedimentation:

Socne = 125 0C

OCnet

CH, from Mineralization
(shallow and deep lake):
P e oy = 4914 CH,

CH4_sed

1/3 from CO, reduction:
PCH4 COz2red_sed =165 CH4
2/3 from Acetate:
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Figure 5. Overview of carbon cycling in Lake Kivu (for details, see section 4.3). CH,4 (light gray), CO,
(dark gray), and OC (black) fluxesingCm™~ yr "in Lake Kivu. The dashed line represents the oxycline, the
dotted line is the lower boundary of the SO3 -reducing zone and the dot-dashed line represents the major
chemocline (255 to 262 m depth). All values are areal fluxes and thus do not always add up, as some of them
relate to areas smaller than the lake surface. The abbreviations of the fluxes are explained in the text. Boxes
indicate microbial populations involved in the process: MA 4., acetoclastic methanogenic archaea; MAcos,
CO;,-reducing methanogenic archaea; ANME, anaerobic methane oxidizing archaca; MOB, methane

oxidizing bacteria (aerobic).

only a nonsignificant correlatlon between 6°Cu.. -methyl and
8! Coc sed>» and observed 6 3Cac. -methyl t0 be between 4 and
44%o0 more negatlve than §"*Coc sed- While a slightly more
negative 6"3Cac- -methyt Would not substantially affect the
above estimate, strongly negative values would make it
impossible to distinguish acetoclastic methanogenesis from
CO, reduction by the isotope signature of CH,. In general,
acetogenesis seems to be favored over methanogenesis
primarily at low temperatures and high H, concentrations
[Heuer et al., 2010]. Deep water temperatures in Lake Kivu
are 25°C to 26°C [Schmid et al., 2005]. The hydrogen (H,)
concentrations occurring in the sediments are unknown.
Acetate in the sediments has not been measured, but in the
water column acetate was below detection. Therefore we
have no indication that high rates of acetogenesis occur
in Lake Kivu. In any case, the net fractionation resulting
from homoacetogenesis (using the fractionation factor of 1.06
reported by Gelwicks et al. [1989]) and subsequent acet-
oclastic methanogenesis, is very similar to that resulting from
direct reduction of CO, by H,. The occurrence of significant
homoacetogenesis would therefore not challenge our con-
clusions about the fraction of CH, derived from CO, but only
about the pathways for the conversion of CO, to CHy.

[36] Generally, for CH,4 produced only from the degrada-
tion of organic matter in the sediment no more than 33% can
derive from CO, reduction, due to limited amount of H, that
can form during anaerobic OC degradation [Conrad, 1999]:

1 o
Pcna_cored sed = §PCH4,sed =16£5gCm > yr!

2
“PCiyed =33£9gCm 7 yr!

Pcra_Ac_sed = 3

Below the main chemocline, we assume that 35 + 5% of CH4
(fac = 1 — fcon = 0.35 £ 0.05) is derived from acetoclastic
methanogenesis and the remainder from CO, reduction. The
total flux of CH, into the compartment below the chemocline
is then

Pera_deep = Pt ac sed/fac =93 £30 g Cm 2 yr!

And the total CH, formation from CO, reduction is

PcHa_coored_deep = Pena_ac_sed(1/fac — 1)

=61+£22gCm2yr!
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Table 2. Experimental Evidence for Methane Oxidation Determined by Monitoring of Five Bottles per Depth, Kept at in Situ Conditions,

13-20 May 2007, Gisenyi

Depth
20 m 40 m 60 m 80 m 100 m
Methane® (M)
13.05.2007 0.9 3.6 54 722 1528
14.05.2007 1.3 1.8 53 767 1516
15.05.2007 1.0 1.8 53 727 1571
16.05.2007 1.4 0.9 50 659 1587
17 05. 2007 1.2 1.0 50 721 1528
8 Com®
13.05.2007 -59.4 =54.0 -57.2 -54.7 —58.7
17.05.2007 -57.8 -32.0 -57.8
ns 618 £ 173 1096 + 287 ns ns

Apparent methane oxidation rate (nM d ")

“Error of measurement is +1%.
PError of measurement is £2%o; ns, not significant (p > 0.05).

The difference between Peps coored deep @1d Pepia cozred sed
must be produced by an additional pathway that uses old
carbon. Here we assume that this pathway is CO, reduction

with a geogenic H; source (Pcua cozred geo)> although geo-
genic CHy is an alternative possibility:

Pcna_cozred_geo = PcHa_co2red_deep — PcHa_cO2red_sed

2 1
= [2(1/fac = 1) — =| Pepa_se
|:3(/A ) 3:| CH4 _sed

=44+£18gCm 2 yr!

For steady state, the flux of geogenic CO, into the lake water
column can now be estimated from internal loading, sub-
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tracting CO, from mineralization of OC in the sediment
(Pco2 sed), and adding the amount of CO, reduced by
methanogenesis (Pcra coored):

Fcoz_geo = ILco2 — Pco2_sed + PcHa_cozred_deep

=138+30gCm2 yr!

This parameter might be underestimated given that the lake is
probably not at steady state and primary production probably
increased since the 1960s [Pasche et al., 2010].
4.3.5. Total Vertical Methane Fluxes

[37] For the sediment area located above the major che-
mocline we assume, accordmg to our '*C based model, that
degradation of organic material (Pcy seq) i the only CHy

b
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Figure 6. (a) DGGE gel photograph of PCR products obtained with universal bacterial primers 341{-GC
and 534r. Samples were taken at 14 depths: in the oxic zone (20 and 40 m depth; dashed line), in the SO3 -
reducing zone (60 and 90 m; dotted line) and in the anoxic zone (>50 m) that is characterized by increased
salinity (up to 6 g L") below 260 m (dot-dashed line). Bands which were cut for sequencing are marked to
the left of the band. (b) RFLP analyses of mcrA4 gene fragments amplified from the hypolimnion. The pattern
ofan ANME 1 clone is included as a reference. The patterns of selected RFLP fragment types found in clone
libraries (capital letters) are presented to the right. The dotted and dot-dashed lines represent the lower
boundary of the SO -reducing zone and the major chemocline, respectively. No PCR product was obtained

for samples above 90 m depth.
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Figure 7. Phylogenetic relationships of PmoA sequences from 0 to 90 m depth (circles) and reference
sequences using the UPGMA hierarchical clustering method [Nei and Kumar, 2000] and the PAM dis-
tance matrix [Schwarz and Dayhoff, 1979] as implemented in Mega 4.1, with pairwise gap elimination and
1000 bootstrap resamplings for tree testing. Clone sequences had a length of 166 amino acid residues. The
cloned sequences formed two main groups without cultured representatives, which appeared most closely
related to PmoA of type X gammaproteobacterial CH4 oxidizers. Name indicates sample depth, plate
number, clone number, and clone phylotype. Scale is number of amino acid substitutions per site.

source. Therefore, the total CH, formation averaged over
the lake area is

PcHa_tot = ashallow PcH4_sed + adeep PcHa_deep
_ 21
=69+21gCm ~yr ,

where aghaiiow = 0.56 and agee, = 0.44 are the sediment area
fractions located at depths <260 m and >260 m, respectively
[Lahmeyer International, 1998].

[38] CH, internal loading, i.e., the total upward flux of CH,
in the anoxic water column, was independently determined
from flux analysis [Pasche et al., 2009]:

Feny =35£5¢C m2 yr’l.

4.3.6. Methane Sinks

[39] Based on model calculation and CH4 surface con-
centrations, the loss of CH, to the atmosphere was estimated
to approximately 1 g C m 2 yr . A recent thorough analysis
by Borges et al. [2011] found the loss to the atmosphere to be
0.16 g C m % yr ', indicating that we slightly overestimated
this flux:

Lim=1£05¢gC m~2 yr’l.

The difference between internal loading and loss to the
atmosphere comprises the sum of aerobic and anaerobic CH,
oxidation. The maximum anaerobic CH,4 oxidation with SO?{
can be calculated from the SO3  flux [Pasche et al., 2009]:

Loxsoa=1£05¢gC m~2 yr*‘.
Most of the CHy is therefore oxidized aerobically:
Lox.02 = Fca — Lam — Lox.sos =33 £5gCm ™2 yr '

The excess of CH4 formation, which is currently accumu-
lating in the lake, can be estimated as the difference between
CH,4 formation and upward flux:

Echa = Pepa ot — Fona =34+22 g Cm 2 yr L.

4.4. Methane Oxidation Incubation Experiment

[40] CH, oxidation was verified experimentally with
incubation experiments. Significant (p < 0.05) decrease of
CH,4 over time was only determined at depths 40 and 60 m
(Table 2). At 40 m depth, a large proportion of the CH, was
oxidized during incubation, resulting in a shift of 613CCH4
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Figure 8. Phylogenetic relationships of McrA sequences from 90 to 440 m depth (circles) and reference
sequences using the UPGMA hierarchical clustering method [Nei and Kumar, 2000] and the PAM distance
matrix [Schwarz and Dayhoff, 1979] as implemented in Mega 4.1, with pairwise gap elimination and 1000
bootstrap resamplings for tree testing. Clone sequences had a length of 252 amino acid residues. Kivu
groups 1 and 2 appeared closely related to the Methanomicrobiales. Group 3 was related to ANME group ab.
Scale is number of amino acid substitutions per site.
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from —54 to —32%o. A small increase of §'° Ccpa was also
observed at 20 m, but was within the error of measurement
(£2%o0). At 60 m depth, oxygen was depleted at the time of
sampling, thus the measured decrease in CH concentration is
likely due to anaerobic CH,4 oxidation. Based on published
fractionation factors [Holler et al., 2009], a corresponding
shift of +1 to +3%o to a less negative ¢ ! Ccpsa would have
been expected, which is, however, close to the measurement
error, and was not observed. In addition, anaerobic CH,
oxidation is a process for which low apparent fractionation
factors have been reported for environmental samples [Holler
et al., 2009]. In summary, results demonstrate active CHy
oxidation in the 40 m sample, and possibly anaerobic oxi-
dation of CH, at 60 m depth. Due to relatively large variations
of initial CH, concentrations resulting from CH,4 outgassing
during filling of the bottles, especially for deep water sam-
ples, low rates of CH, oxidation would have been undetect-
able at greater depths.

4.5. Characterization of Microbial Communities

4.5.1. General Microbial Characterization

[41] The bacterial community was characterized using
DGGE analysis from amplified 16S rRNA gene fragments
(Figure 6a). The community in the oxic (20 and 40 m depth)
and in the SO3 -reducing (60 and 90 m depth) zones differed
strongly from each other and from the deep water community.
Between 100 and 260 m depth the community changed little.
However, some bands disappeared and some new bands
appeared and there were gradual changes in relative band
intensity with depth, indicating a slow succession of micro-
bial species in this zone. Below the main chemocline, the
community again changed considerably and the number of
bands decreased with depth.

[42] Sequencing of excised intense bands (Table S1 in
Text S1) revealed typical freshwater bacterial clades in the
20 and 40 m depth samples, e.g., Actinobacteria sequences
(bands 22, 35, 36). In the hypolimnion several phylo-
types closely matched environmental clones from Lake
Tanganyika (bands 1, 14, 20), indicating that these are typical
components of stratified lakes in the region. An intense band
in the SO3 -reducing zone (90 m depth, band 18) yielded a
8-Proteobacterial sequence with high similarity to SO3 -
reducing Desulfocapsa. Band 4, occurring from 90 to 270 m
depth was related to Lactococcus, and band 2, occurring
from 160 to 400 m depth was classified as belonging to the
Clostridia, demonstrating the presence of fermenting bacteria
among the dominant phylotypes in the hypolimnion.

4.5.2. Aerobic and Anaerobic Methanotrophs

[43] The pmoA gene, a marker for aerobic methanotrophs,
was readily amplified only from the 40 and 60 m depth
samples and weakly from the 90 m sample. Screening and
phylogenetic analysis of the clone library created from these
amplicons revealed a considerable microdiversity, but all
sequenced clones were most closely related to Methylococcus
and likely represent type X gammaproteobacterial CH, oxi-
dizers (Figure 7).

[44] The mcrA gene, indicative for methanogenic or
anaerobic methanotrophic archaea, was absent from surface
waters, but could be PCR-amplified in samples from 90 m
depth and below (data not shown). However, RFLP analysis
revealed that the 90 m sample (within the SO3 -reducing
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zone) had a community distinct from deeper samples
(Figure 6b). Screening of the mcrA clone libraries revealed 14
distinct RFLP patterns, and most sequenced clones belonged
to three clusters (Kivu groups 1, 2 and 3, Figure 8). Kivu
group | dominated the 90 m sample library (7 out of 11
clones, 64%) and the most frequent clone RFLP, type (A), is
evident as intense bands in the 90 m community RFLP pattern
(Figure 6b). Only one representative of this group was found
in a library from a greater depth (180 m). Kivu group 2
(Figure 8) was found in libraries from depths 90, 180, 240 and
260 m (1 to 2 clones or <20% per library) and its frequent
clone types C and F were readily apparent in the community
fingerprint (Figure 6b). Both Kivu groups 1 and 2 were most
closely related to the Methanomicrobiales. Kivu group 3
(with subgroups a and b) was most closely related to the mcr4
sequences of the ANME-ab clade (associated with ANME 1
[Hallam et al., 2003]) and clearly dominated all clone
libraries (60 to 100%) and the community RFLP patterns
(Type I and N) in all samples below 90 m depth. The clone
RFLP type M was associated with subgroup 3b and appeared
to become more abundant below the chemocline according to
the community fingerprints. In the 90 m sample, we found no
sequences related to group 3, and the clone RFLP patterns
associated with this group were not evident in the community
fingerprint.

5. Discussion

5.1.

[45] By combining data obtained from different sites over a
period of five years, we are making assumptions regarding the
spatial and temporal homogeneity of Lake Kivu. The chem-
ical and physical data taken over several years and at different
locations show that the permanently stratified water column
(>60 m depth) is completely homogenous in the horizontal
dimension [Pasche et al., 2009]. Chlorophyll and thus pri-
mary production is also uniform across the lake, although
slightly higher chlorophyll concentrations were found close
to the shore [Kneubiihler et al., 2007]. This behavior is to be
expected, as most of the nutrients stem from the deep water
[Pasche et al., 2009], which eliminates any horizontal gra-
dients over the several 100 years of residence. Consistently,
sediment cores taken in different parts of the lake reflected the
same global changes in lake chemistry [Pasche et al., 2010].
Sedimentation rates and organic matter fluxes however were
more variable, e.g., sedimentation rate and TOC flux were
55% and 130% higher in the Gisenyi core compared to the
Ishungu core, respectively [Pasche et al., 2010].

[46] Temporal changes in the deep water are notable in the
lake, but are slow. The increase in methane concentrations by
up to 15% within 30 years [Schmid et al., 2005] corresponds
to a change of <0.5% yr '. All measurements performed
within this study were made within a time frame of less than
five years. There is no reason to expect changes of more than
2% in the chemical or physical properties of the deep water
within this time frame. The only exception from this state-
ment are measurements that are directly related to processes
in the surface waters, such as the measured gross sedimen-
tation, which we have corrected for the long-term mean based
on available primary productivity data.

Spatial and Temporal Homogeneity of Lake Kivu
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5.2. Methanogenesis

5.2.1. Carbon Sources for Methanogenesis

[47] CH4 in Lake Kivu could be produced by acetoclastic
methanogenesis, using acetate produced from OC, or from
CO, reduction using either geogenic or OC-derived CO,.
Throughout the anoxic water column the CO, produced by
orgamc matter fermentation (Pcon seq, 49+ 14 gCm 2yr ')
is small compared to the total upward ﬂux of DIC(335+67¢g
Cm- yr HYorCO, (126 £25gCm™ yr D) [Pasche et al
2009]. Geogenic CO; (Fcoz geo = 138 £30 g Cm- yr )
is thus far more abundant than CO, from mineralization of
OC and will be the main substrate for CO, reduction. Fur-
thermore, the OC flux observed in sediment traps did not
decrease with depth, indicating that mineralization in the
anoxic water column is minor [Pasche et al., 2010]. We
therefore conclude that acetoclastic methanogenesis in the
anoxic water column is limited, although analysis of the mcr4
gene indicated the presence of a methanogenic population in
the water column.

5.2.2. Partitioning Between Methanogenlc Pathways

[48] The old age of geogenic COZ results in a dead '*C
signal (0 pMC). Since Lake Kivu is heavily influenced by
geogenic C02 this dead radiocarbon strongly influences the
apparent '*C ages. This 51gnature can be used to trace the
impact of geogenic CO, in the system. We observed '*C
signals of 28 (15 to 37 cm), 34 (0 to 0.5 cm) and 43 (0.5 to
5 cm) pMC in the sediment OC, while previous measure-
ments resulted in 27 pMC [Tietze et al., 1980]. The observed
variability in '*Coc cannot be completely explained by the
bomb peak [Manning and Melhuish, 1994] and might reflect
variation in the relative contribution of atmospheric and
internally recycled CO, to the carbon uptake by prlmary
producers. Modeling of the "*Ccya vertical profile in the
water column (see section 4.3.4 and Text S1) showed that
below 260 m, a large fractlon of CHy (65 + 5%) is produced
from old carbon. The '*C increase above 260 m results from a
combination of the shorter residence time, and a higher pro-
portion (>60%) of CH,4 produced from recently settled OC.
The independent estimates of the fraction of CH4 produced
from CO, (43 to 94%) based on §'*C data for CO,, CH,, and
sediment OC confirmed that this is a realistic estimate. We
conclude that below 260 m depth a large fraction (~65%) of
CH, is produced by reduction of CO, with a dead '*C signal,
while above 260 m CH, is mainly produced from compara-
tively young OC originating from primary production in the
surface mixed layer.

[49] The constant §'*Ccys and the absence of electron
acceptors that could be used for CH, oxidation below 100 m,
indicated that mcr4 sequences found in these depths must
originate from methanogens, despite the phylogenetic simi-
larity of group Kivu 3 to ANME-ab sequences. The metha-
nogenic archaea in the sediment were not studied, but the
presence of unusual mcrA groups in the methanogenic zone
of the water column indicates that Lake Kivu may harbor an
unusual methanogenic community deserving further study.
5.2.3. Origin of Hydrogen

[50] Previous studies have postulated that H, used for CO,
reduction originates from the decomposition of organic
matter [Schoell, 1980], or from free geogenic H, [Conrad,
1999; Deuser et al., 1973]. In Lake Kivu we found that
below 260 m, only approximately 35% of CH,4 derive from
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acetoclastic methanogenesis. The 62HCH4 values of —220%eo
in the bottom water are in the range that is typical for
carbonate reduction (—250 to —150%o) [Whiticar, 1999],
supporting the notion that CO, reduction is a dominant pro-
cess in the deep water. A considerable amount of H, is
required to account for the formation of the remaining 65%
(PCH47C02red7geo =44+18 g C 1'1'172 yrfl) OfCH4 through C02
reduction. An additional source of H; is therefore necessary
to explain our findings.

[s1] Atthe moment we can only speculate on the source of
this additional H,. The gases from Nyiragongo volcano north
of Lake Kivu contained only low amounts of H, (<2 vol %),
also relative to CO, (1% of CO, [Gerlach, 1980; Le Guern,
1987; Tedesco et al., 2007)). Applymg this ratio to the geo-

genic CO; influx (138 +30 g Cm “yr "), this H, could only
account for <1.4 g Ccys m 2 yr ', Considerably higher H,
concentrations (23% of CO,) have been observed in gas
bubbles collected in the lake near the lava front of the 2002
Nyiragongo eruption. The source of these gases remains
unclear [Tedesco et al., 2007], but nevertheless this may
indicate that inflows of groundwater that has been in contact
with juvenile gases could be a significant source of H,. H,
could also be formed by chemical processes, e.g., pyrite
precipitation [Rickard, 1997]. An alternative explanation for
our observations would be a direct inflow of geogenic CHy,
formed during the cooling of magmatic gases at depth in the
absence of oxygen [Gerlach, 1980], which would likewise
have a dead '*C signal and high 8*Hena [Whiticar, 1999].
5.2.4. Methane Fluxes

[52] The CH,4 release estimated from the Gisenyi sediment
core ranged between 60 and 100 g Cceps m > yr ' (Figure 5).
The upper flux estimate is too high to be explained by the
available sedimenting OC but the lower estimate falls within
the range calculated from OC gross and net sedimentation
(Pera sea=49+14gCepam yr ) after correcting for the
unusually low primary productivity during the two years of
our sediment trap deployment [Pasche et al.,2010] Based on
the considerations in sections 4.3.4 and 5.2.2, we propose that
this flux represents the total CH,4 formation above 260 m but
only ~53% of the CH,4 formation below 260 m. Below 260 m,
the additional §eogemc CH, leads to a total formation of 93 +
30 g Ccpg m (PcH4_deep)-

5.2.5. Methane Budget and Accumulation

[53] CH,4 concentrations seem to have increased by up to

15% based on measurements made in 1975 and 2004. Our
estrmate of CH4 accumulation (Ecpy =34 £22 g Ccopg m
yr ') is still 1mpre01se but strongly indicates that CH,4 cur-
rently accumulates in the lake. Several observations further
support the hypothesis of a recent increase in CH,4 con-
centrations in Lake Kivu. The '*C signal in dissolved CH,
(11.4 pMC) has 1ncreased since 1975 (9 pMC [Tietze, 1978]).
In the same time span, 8"3Cpa decreased from —57%o [Tietze
etal., 1980] to —59.8%o.. These differences in the CH, isotopic
Values are not significant, as they are within the uncertainty
range of a comparison of the historic and recent mea-
surements, but they are both consistent with an increased
formation of CH4 with isotogic signatures observed in the
surface sediment (34 pMC, §'>C = —65%o). Furthermore, OC
mass accumulation in the sediment has increased by 20%
since the 1960s, when carbonates suddenly started to pre-
cipitate [Pasche et al., 2010]. However the calculated range
of Ecys 34 £22 g CCH4 m 2 yr ') does not allow for the
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excess required (~75 g Ccpys m 2 yr ') to explain the
observed CH,4 increase over the last decades [Schmid et al.,
2005]. In summary, the analysis supports the hypothesis
that CH4 concentrations in Lake Kivu are currently increas-
ing, but probably at a lower rate than previously assumed.

[s4] We propose that several concurrent environmental
changes might have increased OC sedimentation [Pasche
et al., 2010]. First, an increase of the subaquatic inflows
[Schmid et al., 2010], potentially caused by higher rainfall
observed during 1961 to 1990 in eastern Africa [Nicholson
and Yin, 2001], might have led to stronger uplift and conse-
quently greater supply of nutrients. Second, recent external P
and N inputs might have increased due to the fast growing
population [Muvundja et al., 2009]. Third, the introduction of
Limnothrissa miodon strongly altered the food web, which
might have modified the exported OC [Isumbisho et al.,
2006]. As a large proportion of CH,4 seems to be produced
from geogenic H,, we cannot exclude that geogenic inputs
have also increased, especially in this geologically active
region.

5.3. Methane Oxidation

[s5s] CH4 0x1dat10n was confirmed by incubation experi-
ments, the heavier '*Ccyyy in the water layers above 90 m
depth, and the presence of specific microbial communities.
The determined rates (618 + 173 and 1096 + 287 nM d ')
were an order of magnitude higher than those observed in
marine environments with relatlvely hlgh CH, concentrations
[Kelley, 2003] (up to 57 nM d~ ") but in the same range as
reported for Lake Tanganyika [Rudd, 1980] (up to 1920 nM
d™"). Comparing "*Ccpy to electron acceptor depth profiles
indicates two major zones for CH, oxidation: the oxic layer
(0 to 50 m); and the SO3 -reducing zone (60 to 90 m). Con-
centrations of other potential electron acceptors for anaerobic
CH, oxidation, i.e., nitrate [Ettwig et al., 2010] and oxidized
iron and manganese ions [Beal et al., 2009] were too low to
51gn1ﬁcant1y oxidize CHy. At 90 m depth near the lower end
of the SO -reducing zone, we detected a dominant distinct
clade of mcrA genes with closest matches to the Methano-
microbiales, which could potentially represent a new ANME
group. A potentlal SO3 -reducing partner related to Desul-
focapsa was identified from the general bacterial DGGE
(band 18). Flux analyses [Pasche et al., 2009] showed that the
SO4 flux can oxidize a maximum of 3% gl +05gCm?
yr ') of the CH, upward flux (35+ 5 g Cm > yr '). The 3% is
probably overestimated, as sulfate reducers can also use
organic matter or H, as electron donors. In conclusion,
anaerobic CH, oxidation takes place in Lake Kivu and may
involve unique microbial populations but represents only a
minor CH, sink. This is in contrast to neighboring Lake
Tanganyika, where anaerobic CH, oxidation consumes about
half of the CH, transported upwards from the deep waters
[Durisch-Kaiser et al., 2011]. The reason for the higher
importance of anaeroblc CH4 oxidation is the much higher
relative occurrence of SO; to CHy 1n Lake Tanganyika
(maximum concentrations 40 uM SO4 to 150 uM CHy)
compared to Lake Kivu (150 uM SO4 t0 20,000 uM CHy).

[s6] Conversely, aerobic CH, oxidation is the main sink for
CH, in Lake Kivu. In addition to the experimental verifica-
tion of CH4 oxidation at 40 and 60 m depth we also observed
that the *Ccpa isotopic signal showed marked (10%o)
enrichment at the oxycline (Figure 3). The pmoA gene, a
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marker for aerobic methanotrophs, was also detected in the
oxycline in the 40 and 60 m depth samples. The cloned
sequences were most closely related to Methylococcus cap-
sulatus (type X). However, a more diverse community of CH,
oxidizers could be present, as the used primer set was reported
to have a potential bias toward type X methanotrophs
[McDonald et al., 2008; Rahalkar and Schink, 2007].
Flux analyses revealed that the O, flux (oxidation potential
57 gCm ?yr ') was higher than the CH, upward flux (35 +
5 g C m %yr ') and has the potential to oxidize most of the
CH,4 present, even if O, is shared to oxidize other electron
donors [Pasche et al., 2009]. We estimate an oxidation rate of
33+5gCm 2 yr ' (section 4.3.6), as the CH, release to the
atmosphere is low. The ox1dat10n rate agrees well with a
previous estimate (31 g Cm 2 yr ') for Lake Kivu [Jannasch,

1975] Acrobic CH4 oxidation has been estimated to 37 g C
m 2 yr ! for Lake Tanganyika [Rudd, 1980], which is,
however, not supPorted by the estimated areal CH, formation
of 6 gCm “yr [Durisch-Kaiser et al., 2011].

6. Conclusion

[57] Lake Kivu is a unique ecosystem with extremely high
CH, concentrations. The lake’s volcanic setting provides
high quantities of geogenic CO,. In the deep water, about
65% of the CH,4 originates from dead carbon, suggesting the
input of geogenic H, or CH,. The flux analysis as well as
several changes in the hydrological and ecological dynamics
of Lake Kivu qualitatively support the previously observed
CH, increase [Schmid et al., 2005]. CH,4 is mainly oxidized
by type X CHj-oxidizing bacteria at the oxycline, while
anaerobic CH, oxidation plays a minor role, but may involve
a novel cluster of ANME.

[58] Acknowledgments. We are grateful to Michael Schurter,
Christian Dinkel, Georges Alunga, and Fabrice Muvundja for water and
gas sampling; to Torsten Diem and Oliver Scheidegger for their support on
gas and isotopes measurements; to Katrin Knittel for providing ANME mcrA4
reference clones, to Péivi Rinta and Martin Schroth for the measurement of
organic anions; and to Eawag’s AUA laboratory for determining TOC con-
centrations. We are especially thankful to Bernhard Wehrli and the anony-
mous reviewers of previous versions of the manuscript for instructive
discussions and comments. The project was supported by the Swiss National
Science Foundation, internal Eawag funds, and the Swiss Agency for Devel-
opment and Cooperation under grant 207021-109710 (Nutrient cycling in
Lake Kivu).

References

Altschul, S. F., W. Gish, W. Miller, E. W. Myers, and D. J. Lipman (1990),
Basic local alignment search tool, J. Mol. Biol., 215, 403-410,
doi:10.1016/S0022-2836(05)80360-2.

Bastviken, D., J. Cole, M. Pace, and L. Tranvik (2004), Methane emissions
from lakes: Dependence of lake characteristics, two regional assessments,
and a global estimate, Global Biogeochem. Cycles, 18, GB4009,
doi:10.1029/2004GB002238.

Beal, E. J., C. H. House, and V. J. Orphan (2009), Manganese- and iron-
dependent marine methane oxidation, Science, 325(5937), 184-187,
doi:10.1126/science.1169984.

Bergamino, N., S. Horion, S. Stenuite, Y. Cornet, S. Loiselle, P. D.
Plisnier, and J. P. Descy (2010), Spatio-temporal dynamics of phyto-
plankton and primary production in Lake Tanganyika using a MODIS
based bio-optical time series, Remote Sens. Environ., 114(4), 772-780,
doi:10.1016/j.rse.2009.11.013.

Borges, A. V., G. Abril, B. Delille, J.-P. Descy, and F. Darchambeau
(2011), Diffusive methane emissions to the atmosphere from Lake Kivu
(eastern Africa), J. Geophys. Res., doi:10.1029/2011JG001673, in press.

Bourne, D. G., I. R. McDonald, and J. C. Murrell (2001), Comparison of
pmoA PCR primer sets as tools for investigating methanotroph diversity

14 of 16



G03006

in three Danish soils, Appl. Environ. Microbiol., 67(9), 3802-3809,
doi:10.1128/AEM.67.9.3802-3809.2001.

Conrad, R. (1999), Contribution of hydrogen to methane production and
control of hydrogen concentrations in methanogenic soils and sediments,
FEMS Microbiol. Ecol., 28, 193-202, doi:10.1111/§.1574-6941.1999.
tb00575.x.

Conrad, R. (2005), Quantification of methanogenic pathways using stable
carbon isotopic signatures: A review and a proposal, Org. Geochem.,
36, 739-752, doi:10.1016/j.orggeochem.2004.09.006.

Conrad, R., M. Noll, P. Claus, M. Klose, W. R. Bastos, and A. Enrich-Prast
(2010), Stable carbon isotope discrimination and microbiology of meth-
ane formation in tropical anoxic lake sediments, Biogeosciences Discuss.,
7(6), 8619-8661, doi:10.5194/bgd-7-8619-2010.

Deuser, W. G., E. T. Degens, and G. T. Harvey (1973), Methane in Lake
Kivu: New data bearing on its origins, Science, 181, 51-54, doi:10.1126/
science.181.4094.51.

Durisch-Kaiser, E., M. Schmid, F. Peeters, R. Kipfer, C. Dinkel, T. Diem,
C. J. Schubert, and B. Wehrli (2011), What prevents outgassing of meth-
ane to the atmosphere in Lake Tanganyika?, J. Geophys. Res., 116,
G02022, doi:10.1029/2010JG001323.

Earl, J., G. Hall, R. W. Pickup, D. A. Ritchie, and C. Edwards (2003),
Analysis of methanogen diversity in a hypereutrophic lake using
PCR-RFLP analysis of mcr sequences, Microb. Ecol., 46, 270-278,
doi:10.1007/s00248-003-2003-x.

Ettwig, K. F., et al. (2010), Nitrite-driven anaerobic methane oxidation
by oxygenic bacteria, Nature, 464(7288), 543-548, doi:10.1038/
nature08883.

Gelwicks, J. T., J. B. Risatti, and J. M. Hayes (1989), Carbon isotope
effects associated with autotrophic acetogenesis, Org. Geochem., 14(4),
441-446, doi:10.1016/0146-6380(89)90009-0.

Gerlach, T. M. (1980), Chemical characteristics of the volcanic gases from
Nyiragongo lava lake and the generation of CHy-rich fluid inclusions in
alkaline rocks, J. Volcanol. Geotherm. Res., 8, 177-189, doi:10.1016/
0377-0273(80)90103-1.

Hajdas, 1., S. D. Ivy, J. Beer, G. Bonani, D. Imboden, A. F. Lotter,
M. Sturm, and M. Suter (1993), AMS radiocarbon dating and varve chro-
nology of Lake Soppensee: 6000 to 12000 '*C years B P, Clim. Dyn., 9,
107-116, doi:10.1007/BF00209748.

Hales, B. A., C. Edwards, D. A. Ritchie, G. Hall, R. W. Pickup, and J. R.
Saunders (1996), Isolation and identification of methanogen-specific
DNA from blanket bog peat by PCR amplification and sequence anal-
ysis, Appl. Environ. Microbiol., 62(2), 668—675.

Hallam, S. J., P. R. Girguis, C. M. Preston, P. M. Richardson, and E. F.
DeLong (2003), Identification of methyl coenzyme M reductase A
(mcrA) genes associated with methane-oxidizing archaea, Appl. Environ.
Microbiol., 69(9), 5483-5491, doi:10.1128/AEM.69.9.5483-5491.2003.

Heuer, V. B., M. Kriiger, M. Elvert, and K. U. Hinrichs (2010), Experimen-
tal studies on the stable carbon isotope biogeochemistry of acetate in lake
sediments, Org. Geochem., 41(1), 22-30, doi:10.1016/j.orggeochem.
2009.07.004.

Hinrichs, K. U., and A. Boetius (2002), The anaerobic oxidation of meth-
ane: New insights in microbial ecology and biogeochemistry, in Ocean
Margin Systems, edited by G. Wefer et al., pp. 457—477, Springer, Berlin.

Holler, T., G. Wegener, K. Knittel, A. Boetius, B. Brunner, M. M. M.
Kuypers, and F. Widdel (2009), Substantial '*C/!C and D/H fractionation
during anaerobic oxidation of methane by marine consortia enriched in
vitro, Environ. Microbiol. Rep., 1(5), 370-376, doi:10.1111/j.1758-
2229.2009.00074.x.

Isumbisho, M., H. Sarmento, B. Kaningini, J.-C. Micha, and J.-P. Descy
(2006), Zooplankton of Lake Kivu, East Africa, half a century after the
Tanganyika sardine introduction, J. Plankton Res., 28(11), 971-989,
doi:10.1093/plankt/fbl032.

Itoh, M., N. Ohte, K. Koba, A. Sugimoto, and M. Tani (2008), Analysis of
methane production pathways in a riparian wetland of a temperate forest
catchment, using §'3C of pore water CH4 and CO», J. Geophys. Res.,
113, G03005, doi:10.1029/2007JG000647.

Jannasch, H. W. (1975), Methane oxidation in Lake Kivu (central Africa),
Limnol. Oceanogr., 20(5), 860864, doi:10.4319/10.1975.20.5.0860.

Jones, N. (2003), Chock-full of methane, Lake Kivu stores enough energy
to power all of Rwanda, New Sci., 2384, 17.

Kelley, C. (2003), Methane oxidation potential in the water column of
two diverse coastal marine sites, Biogeochemistry, 65(1), 105-120,
doi:10.1023/A:1026014008478.

Kessler, J. D., and W. S. Reeburgh (2005), Preparation of natural methane
samples for stable isotope and radiocarbon analysis, Limnol. Oceanogr.
Methods, 3, 408-418.

Kling, G. W., M. A. Clark, H. R. Compton, J. D. Devine, W. C. Evans,
A. M. Humphrey, E. J. Koenigsberg, J. P. Lockwood, M. L. Tuttle,

PASCHE ET AL.: METHANE IN LAKE KIVU

G03006

and G. N. Wagner (1987), The 1986 Lake Nyos gas disaster in Cameroon,
West Africa, Science, 236, 169-175, doi:10.1126/science.236.4798.169.

Kneubiihler, M., T. Frank, T. W. Kellenberger, N. Pasche, and M. Schmid
(2007), Mapping chlorophyll-a in Lake Kivu with remote sensing
methods, in Proceedings of the ENVISAT Symposium Montreux, ESA
Publ. Div., Nordwijk, Netherlands.

Lahmeyer International (1998), Bathymetric survey of Lake Kivu, final
report, 18 pp, Minist. of Public Work, Dir. of Energy and Hydrocarbons,
Kigali, Rwanda.

Larkin, M. A., et al. (2007), Clustal W and Clustal X version 2.0, Bio-
informatics, 23, 2947-2948, doi:10.1093/bioinformatics/btm404.

Le Guern, F. (1987), Mechanism of energy transfer in the lava lake of
Nyiragongo (Zaire), 1959—-1977, J. Volcanol. Geotherm. Res., 31,
17-31, doi:10.1016/0377-0273(87)90003-5.

Llirés, M., E. O. Casamayor, and C. Borrego (2008), High archaeal
richness in the water column of a freshwater sulfurous karstic lake along
an interannual study, FEMS Microbiol. Ecol., 66, 331-342, doi:10.1111/
j.1574-6941.2008.00583 x.

Manning, M. R., and W. H. Melhuish (Eds.) (1994), Atmospheric §'*C
Record From Wellington, Carbon Dioxide Inf. Anal. Cent., Oak Ridge
Natl. Lab., U.S. Dep. of Energy, Oak Ridge, Tenn.

McAuliffe, C. (1971), GC determination of solutes by multiple phase equil-
ibration, Chemtech, 1(1), 46-51.

McDonald, I. R., L. Bodrossy, Y. Chen, and J. C. Murrell (2008), Molec-
ular ecology techniques for the study of aerobic methanotrophs, Appl.
Environ. Microbiol., 74(5), 13051315, doi:10.1128/AEM.02233-07.

Miiller, B., Y. Wang, M. Dittrich, and B. Wehrli (2003), Influence
of organic carbon decomposition on calcite dissolution in surficial sedi-
ments of a freshwater lake, Water Res., 37(18), 4524-4532, doi:10.1016/
S0043-1354(03)00381-6.

Muvundja, F., N. Pasche, F. W. B. Bugenyi, M. Isumbisho, B. Miiller, J. N.
Namugize, P. Rinta, M. Schmid, R. Stierli, and A. Wiiest (2009), Balanc-
ing nutrient inputs to Lake Kivu, J. Great Lakes Res., 35(3), 406418,
doi:10.1016/j.jg1r.2009.06.002.

Muyzer, G., E. C. De Waal, and G. Uitierlinden (1993), Profiling of com-
plex microbial populations by denaturing gradient gel electrophoresis
analysis of polymerase chain reaction-amplified genes coding for 16S
rRNA, Appl. Environ. Microbiol., 59(3), 695-700.

Nei, M., and S. Kumar (2000), Molecular Evolution and Phylogenetics,
333 pp., Oxford Univ. Press, New York.

Nicholson, S. E., and X. Yin (2001), Rainfall conditions in equatorial
East Africa during the nineteenth century as inferred from the record
of Lake Victoria, Clim. Change, 48(2/3), 387-398, doi:10.1023/
A:1010736008362.

Pasche, N., C. Dinkel, B. Miiller, M. Schmid, A. Wiiest, and B. Wehrli
(2009), Physical and biogeochemical limits to internal nutrient loading
of meromictic Lake Kivu, Limnol. Oceanogr., 54, 1863—1873,
doi:10.4319/10.2009.54.6.1863.

Pasche, N., G. Alunga, K. Mills, F. Muvundja, D. Ryves, M. Schurter,
B. Wehrli, and M. Schmid (2010), Abrupt onset of carbonate deposition
in Lake Kivu during the 1960s: Response to recent environmental
changes, J. Paleolimnol., 44(4), 931-946, do0i:10.1007/s10933-010-
9465-x.

Rahalkar, M., and B. Schink (2007), Comparison of aerobic methano-
trophic communities in littoral and profundal sediments of Lake Con-
stance by a molecular approach, Appl. Environ. Microbiol., 73(13),
43894394, doi:10.1128/AEM.02602-06.

Rickard, D. (1997), Kinetics of pyrite formation by the H,S oxidation of
iron (II) monosulfide in aqueous solutions between 25 and 125°C: The
rate equation, Geochim. Cosmochim. Acta, 61(1), 115-134,
doi:10.1016/S0016-7037(96)00321-3.

Rudd, J. W. M. (1980), Methane oxidation in Lake Tanganyika (East
Africa), Limnol. Oceanogr., 25(5), 958-963, doi:10.4319/10.1980.25.5.
0958.

Sansone, F. J., B. N. Popp, and T. M. Rust (1997), Stable carbon isotopic
analysis of low-level methane in water and gas, Anal. Chem., 69(1),
4044, doi:10.1021/ac960241i.

Sarmento, H., M. Isumbisho, S. Stenuite, F. Darchambeau, B. Leporcq, and
J.-P. Descy (2009), Phytoplankton ecology of Lake Kivu (eastern
Africa): Biomass, production and elemental ratios, Verh. Int. Verein.
Limnol., 30(5), 709-713.

Schmid, M., K. Tietze, M. Halbwachs, A. Lorke, D. McGinnis, and
A. Wiiest (2004), How hazardous is the gas accumulation in Lake Kivu?
Arguments for a risk assessment in light of the Nyiragongo Volcano
eruption of 2002, Acta Vulcanol., 14/15, 115-121.

Schmid, M., M. Halbwachs, B. Wehrli, and A. Wiiest (2005), Weak mixing
in Lake Kivu: New insights indicate increasing risk of uncontrolled gas
eruption, Geochem. Geophys. Geosyst., 6, Q07009, doi:10.1029/
2004GC000892.

15 of 16



G03006

Schmid, M., M. Busbridge, and A. Wiiest (2010), Double-diffusive
convection in Lake Kivu, Limnol. Oceanogr., 55(1), 225-238,
doi:10.4319/10.2010.55.1.0225.

Schoell, M. (1980), The hydrogen and carbon isotopic composition of
methane from natural gases of various origins, Geochim. Cosmochim.
Acta, 44, 649-661, doi:10.1016/0016-7037(80)90155-6.

Schoell, M., K. Tietze, and S. M. Schoberth (1988), Origin of methane in
Lake Kivu (east-central Africa), Chem. Geol., 71,257-265, doi:10.1016/
0009-2541(88)90119-2.

Schubert, C. J., F. S. Lucas, E. Durisch-Kaiser, R. Stierli, T. Diem,
O. Scheidegger, F. Vazquez, and B. Miiller (2010), Oxidation and
emission of methane in a monomictic lake (Rotsee, Switzerland), Aquat.
Sci., 72(4), 455-466, doi:10.1007/s00027-010-0148-5.

Schwarz, R., and M. Dayhoff (1979), Matrices for detecting distant
relationships, in Atlas of Protein Sequences, edited by M. Dayhoff,
pp. 353-358, Natl. Biomed. Res. Found., Washington, D. C.

Sigurdsson, H., J. D. Devine, F. M. Tchoua, T. S. Presser, M. K. W.
Pringle, and W. C. Evans (1987), Origin of the lethal gas burst from Lake
Monoun, Cameroun, J. Volcanol. Geotherm. Res., 31, 1-16, doi:10.1016/
0377-0273(87)90002-3.

Sobek, S., E. Durisch-Kaiser, R. Zurbriigg, N. Wongfun, M. Wessels,
N. Pasche, and B. Wehrli (2009), Organic carbon burial efficiency in lake
sediments controlled by oxygen exposure time and sediment source,
Limnol. Oceanogr., 54(6), 2243-2254, d0i:10.4319/10.2009.54.6.2243.

Stuiver, M., and H. A. Polach (1977), Discussion: Reporting 14¢C data,
Radiocarbon, 19, 355-363.

Tamura, K., J. Dudley, M. Nei, and S. Kumar (2007), MEGA4: Molecular
Evolutionary Genetics Analysis (MEGA) software version 4.0, Mol. Biol.
Evol., 24, 1596-1599, doi:10.1093/molbev/msm092.

Tedesco, D., O. Vaselli, P. Papale, S. A. Carn, M. Voltaggio, G. M.
Sawyer, J. Durieux, M. Kasereka, and F. Tassi (2007), January 2002

PASCHE ET AL.: METHANE IN LAKE KIVU

G03006

volcano-tectonic eruption of Nyiragongo volcano, Democratic Republic
of Congo, J. Geophys. Res., 112, B09202, doi:10.1029/2006JB004762.

Tietze, K. (1978), Geophysikalische Untersuchung des Kivusees und seiner
ungewdhnlichen Methangaslagerstiatte—Schichtung, Dynamik und
Gasgehalt des Seewassers, es Sciences thesis, 150 pp., Christian-
Albrechts-Univ., Kiel, Germany.

Tietze, K., M. Geyh, H. Miiller, L. Schroder, W. Stahl, and H. Wehner
(1980), The genesis of methane in Lake Kivu (central Africa), Geol.
Rundsch., 69, 452-472, doi:10.1007/BF02104549.

Wang, Q., G. M. Garrity, J. M. Tiedje, and J. R. Cole (2007), Naive
Bayesian classifier for rapid assignment of rRNA sequences into
the new bacterial taxonomy, Appl. Environ. Microbiol., 73(16),
5261-5267, doi:10.1128/AEM.00062-07.

Whiticar, M. J. (1999), Carbon and hydrogen isotope systematics of bacte-
rial formation and oxidation of methane, Chem. Geol., 161, 291-314,
doi:10.1016/S0009-2541(99)00092-3.

Wiesenburg, D. A., and N. L. Guinasso (1979), Equilibrium solubilities
of methane, carbon-monoxide, and hydrogen in water and sea water,
J. Chem. Eng. Data, 24, 356-360, doi:10.1021/je60083a006.

H. Biirgmann, M. Schmid, C. J. Schubert, F. Vazquez, and A. Wiiest,
Eawag: Swiss Federal Institute of Aquatic Science and Technology,
Surface Waters—Research and Management, CH-6047 Kastanienbaum,
Switzerland. (Helmut.Buergmann@eawag.ch)

J. D. Kessler, Department of Oceanography, Texas A&M University,
College Station, TX 77843-3146, USA.

M. A. Pack and W. S. Reeburgh, Department of Earth System Science,
University of California, Irvine, CA 92697-3100, USA.

N. Pasche, Lake Kivu Monitoring Program, Ministry of Infrastructure,
Gisenyi, Rwanda.

16 of 16




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




