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Zusammenfassung

Im Tiefenwasser des Kivusees sind u. 2. grofie Mengen an Methan und Kohlendioxid
gelost. Wihrend iiber den hauptsichlich magmatischen Ursprung des Kohlendioxids weit-
gehend Einigkeit besteht, sind die bisherigen Modellvorstellungen zur Genese des Me-
thans widerspriichlich. Sie beruhen auf zu wenigen und zum Teil zu ungenauen MefB-
daten,

Mit Hilfe neuer MeBergebnisse an Gas- und Sedimentproben des Kivusees wurden
einige der alten Vorstellungen zu einem neuen Modell weiterentwickelt. Danach ist das
Methan hauptsichlich bakteriell aus dem organischen Kohlenstoff des Sediments entstan-
den. Wahrscheinlich enthilt es auch geringe Beimengungen thermokatalytischen Methans.

Der organische Kohlenstoff des oberen Sediments stammt zu rd. 70 % aus dem vor-
wiegend magmatischen Kohlendioxid (..alter” Kohlenstoff), das aus dem Tiefenwasser
durch turbulenten Austausch in die Biozone des Sees gelangt und dort assimiliert wird.
Die restlichen 3090 stammen aus dem in der Biozone assimilierten atmosphérischen
Kohlendioxid (,,junger” Kohlenstoff). Weil jedoch auch Methan aus tieferen Sediment-
schichten in den See wandert, betriigt der 1#C-Gehalt des im Seewasser geldsten Methans
nicht 30 %o modern, sondern nur ca. 10 % modern.

Weitere Isotopenuntersuchungen an Plankton-, Methan-, Kohlendioxid- und Sediment-
proben sind notwendig, um das Modell abzusichern.

Abstract

Large amounts of methane and carbon dioxide, among other gases, are dissolved in the
deep water of Lake Kivu. There is no dispute about the primarily magmatic origin of the
carbon dioxide, but models of the genesis of the methane have been contradictory up to
now. They have been based on too few and partly too inaccurate data.

On the basis of new measurements obtained from gas and sediment samples, some of
the old concepts have been further developed to a new model. According to this model,
the methane is generated mainly by bacteria from the organic carbon of the sediment.
It probably also contains minor amounts of thermocatalytic methane.

About 70 %o of the organic carbon of the upper sediment is derived from mainly mag-
matic carbon dioxide (“old” carbon), which enters the biozone of the lake from the deep
water by eddy diffusion and is assimilated there. The remaining 80 %o comes from atmos-
pheric carbon dioxide (“young” carbon) assimilated in the biozone. But because methane
also migrates into the lake from deeper sediment, the #C-content in the methane dissolved
in the lake water is not 30 %o modern but only ca. 10 %o modern.

More isotopic measurements on plankton, methane, carbon dioxide and sediment samp-
les are necessary to support this model.

*) Authors’ adresses: Dr. K. Tierze, Dr. M. Geyn, Dr. H. MULLER, Dr, L. ScHRODER,
Dr. W. StamL, Dr. H. WenNeR, Federal Institute for Geosciences and Natural Resources,
Stilleweg 2, D-3000 Hannover 51, Federal Republic of Germany.
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Résumé

De grandes quantités de méthane et d’oxyde carbonique sont dissoutes dans les eaux
profondes du Lac Kicu. Alors qu’on est en général d’accord sur l'origine surtout magma-
tique de P'oxyde carbonique, les modéles devant représenter la genése du méthane sont
contradictoires. Ils reposent sur des données trop peu nombreuses et en partie trop in-
exactes.

A l'aide de nouveaux résultats de mesures faites sur des échantillons de gaz et du
sédiment, on a développé un nouveau modeéle, i partir des anciennes représentations.
D’aprés celui-ci, le méthane provient pour sa plus grande part du carbone organique du
sédiment, transformé par des bactéries. Il contient probablement des traces d’'un méthane
de thermocatalyse.

Le carbone organique du sédiment supérieur provient pour 70 %o de Yoxyde carbonique
surtout magmatique {carbone »ancien«), des eaux profondes parvenu, par échanges turbu-
lents, dans la biozone du lac, ot I'oxyde carbonique est assimilé. Les 30 %o restant pro-
viennent de I'oxyde carbonique atmosphérique (carbone »jeune«) assimilé dans la biozone.
Le méthane des couches profondes du sédiment migrant dans le lac, la teneur en 1*C de
méthane dissous dans les eaux du lac n’est pas de 30 %o modernes, mais de 10 %o mo-
dernes.

D’autres recherches sur les isotopes d’échantillons du plancton, du méthane, de l'oxyde
carbonique et du sédiment du Lac Kivu seront nécessaires pour confirmer ce modéle.

KpaTkoe coxepikanue

B riy6uHHOHE Bojte o3¢pa KHBY pacTBOPEHBI MEKAY IPOYHM GOJIbIIHNe KOJTHIECTBA
MeTaHa ¥ yIJIeKHCJOro rasa. B To BpeMA KaK HMeeTcs IIHPOKOe €JHHCTBO MHEHHH
0 TOM, 4YTO YTJIEKHCJbIH T'a3 00JajaeT B OCHOBHOM MarMaTHYEeCKHM HPOHCXOMIe-
HHEM, CYI[eCTEOBABIINE O CHX IIOP MOAEJbHbBIE NPEACTABICHHA 0 F'eHe3HCe METaHa
NpPOTHBOPEUMBEI B CBABH CO CIHIIKOM HEMHOTHMM M YaCTHYHO CJHINKOM HETOY-
HBIMH IQHHBIMH H3MEeDeHHH.

IIpu DOMOIIM HOBBIX De3yJIBATOR, IOJIyHeHHBIX NPH H3MePeHHH 00pasloB rasa
H ocajka o3epa KHBY, HEKOTOphIE H3 APEBHAX IPeACTABJICHHH Pa3BHJIHCH AAJIbINE
E HOBOH Mopead. COrJIacHO 9TOH MOJesM MeTaH 0o6pas’oBaJicd I'IABHEIM 00pa3oM
6aKTepHAJIbHO H3 OPraHHYecKoro yrJepoxa ocajAxa. BepoATHO OH COMEPMHT H
MaJible KOJIMYecTBa IipuMecedl MeTaHa, o6pas30BaBIIerocd IyTeM TEPMHYECKOrO Ka-
TaJA3a.

OxoJo 70 ¢/y opraEudecKkoro yrJiepoga BepXHeH HacTH oOCallKa IPOHCXOAUT OT
IIpeHMYIecTBEHHO MarMaTHYeCKOro YIJIeKHCIOoro rasa (,JpeBHHH" yrJyepon),
KOTOPBI TypGyIeHTHBIM OOMeHOM H3 IIIyGOHHHOM BOAEI oNafaeT B GHO30Hy 03€pa,
re oH accuMmimpyercd. OcrasbHbie 300/, IPOHCXONHT OT ACCHMIMPOBAHHON B
61030He aTMocdepHOro YyrieKucaoro rasa (,,Moaogok‘ yriepon). OgHako, Tak Kak |
MeTaH H3 OTHOCHTEJBHO IVIyGOKHX OCAMOYHBIX CJIOeB MUIDHPYET B 03€PO, COAEPHKa-
HHe 14C pacTBOPEHHOI'O B O3€PHOM BOAe MeraHa cocTaBider He 309/, modern, HO
TOJIBKO oKoJ0 10 9/ modern.

Jaa nonTBepEAeHAS MOAENH HeoGX0AHMO IIPOH3BECTH AaibHeHINHe U30TONHbIE
HCCJIeIOBAHMA 06pas31oB IVIAHKTOHA, MeTaHa, YTJICKHCIIOro Iada | OCaAKa.

29 Geologische Rundschau, Bd. 69 453
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Introduction

Lake Kivu is situated within the western branch of the East African rift zone.
It consists of a main basin and four smaller basins (the Bukavu, Ishungu and
Kalehe basins and Kabuno Bay, see Fig. 1), which are separated from the main
basin by submarine rises. The total water surface of the lake is about 2400 km?,
the maximum depth is 485 m and the total water volume ca. 580 km®. *)

A unique phenomenon of great scientific and economic interest are the large
quantities of methane and other gases, physically dissolved in the deep water of
this lake (discovered by Damas, 1937). The total amount of methane available is
about 63 - 10° m® **) (TierzE, 1978). The deposit is contained by a stable density
stratification of the lake water.

Anaerobic conditions prevail at different depths in the various basins. The bio-
zones in the main basin, the Ishungu and Kalehe basins reach depths of about 50 m.
The biozone in Kabuno Bay reaches depths of only ca. 12 m and the water in the
Bukavu basin is mixed down to the bottom at depths of about 100 m because there
is no permanent stratification in this basin (Tierze, 1978).

The models of the genesis of the methane (Scamirz & KUrrERATH, 1955; BURKE
& MULLER, 1963; DEUSER et al., 19783; Stant, 1975) that have been developed are
contradictory as they are based on too few and partly too inaccurate data (see
Table 1).

New data

At the end of 1974 and beginning of 1975, a measuring campaign was started
on Lake Kivu with the major objective to acquire basic data for the development of
the methane deposit. Various parameters of the lake water were systematically
measured in-situ at 30 locations (41 profile measurements) distributed over the
entire lake. These parameters were the density, conductivity, temperature and
pressure. Additionally, 185 water and gas samples as well as 12 sediment samples
were taken at 11 locations. They were analysed in the laboratory for the concen-
trations of tritium, deuterium, oxygen-18, and the various gases physically dissol-
ved in the lake. (TieTzE, 1978). Apart from the above-mentioned measurements,
a number of investigations were carried out as listed in Table 2.

Table 2: Investigations of the samples,

method applied to
5?3C-measurements methane, ethane, carbon dioxide,
organic carbon in sediment
14C-age determinations methane, organic carbon in sediment
palynological investigations sediment
organic-geochemical analyses sediment

*) calculated according to a topographic map compiled by Irsac in 1959; bathymetric
measurements by Cararr (1952/53).
*¥) m? at STP (0 °C, 101 325 Pa).
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The locations of the sites where the samples were collected are shown in Fig. 1.
The new data obtained make it possible to further develop some of the old
concepts about the genesis of the methane to a new model.

As it was the main objective of the survey to achieve the basic knowledge
necessary for the development of the deposit (TieTzE & Mater-ReimeR, 1977), the
problem of the genesis of the methane could not be dealt with as intensively as
desired. Therefore, in order to clear up certain important details, very specific
follow-up investigations would have to be carried out (see below).

The data from the investigations mentioned in Table 2 are presented in
Figs. 4—8 and in Table 3.

The Figs. 2 and 3 show the concentrations of the most important gases dissolved
in the water of Lake Kivu as a function of depth. The distribution of ethane,
propane, and butane was also measured. The concentrations of these gases amount
only to 0.03 to 1 per mill of the methane; it is, however, obvious that their depth
distribution correspondes to that of the methane (see TigtzE, 1978). Hydrogen was
only found in even smaller traces.

Carbon isotope ratios for methane, ethane and carbon dioxide are presented in
Figs. 4—7; Fig. 8 shows the “C-age data for methane and the upper sediment in
the main basin and in Kabuno Bay (see also Table 3).

Table 3: 14C-ages and 513C-data of the organic carbon from sediment samples.

part of conventional

core §13¢ 14¢-age
basin Location {em] [o/001 [years B.P.]
5 0-15 -23.0 11 270 + 280
main 9 0-20 -18.6 10 360 ¥ 260
. 50-70 -22.6 11 190 * 280

basin
18 0-20 -25.5 9 830 t 250
60-70 -17.5 11 810 * 340
Kabuno 15 0-20 -21.5 3 320 + 260
Bay 60-85 -19.5 3 440 180
Discussion

The data from the investigations mentioned above are discussed in the following
(see also Figs. 9—11):

a) The §°Cj-values for the main basin (mean value — 58 %o, see Fig. 4) corre-
spond to the range of bacterially generated gases on the maturation line for natural
gases (StanL, 1975; see Fig. 9).

The lower value from Kabuno Bay (see Fig. 5) is also within the range of bac-
terially generated gases. The higher value from this basin is —45 %o and no
longer on the maturation line. This value becomes explicable if one considers that
this sample was taken from the transition zone to the biozone of Kabuno Bay.
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Here, oxidation processes are to be expected. According to LEBEDEW et al. (1969),
8"3Cy-values can be increased by oxidation processes. *)

b) The mean §®C-value for the organic carbon in the upper sediment (sece
Table 3) is ca. — 21 %o. This value is normal for most sediments as is §°C; =
— 58 %o normal for methane generated bacterially in sediments.

c) Magmatic carbon dioxide is characterised by 8**C-values of about — 4 %o
to — 10 %o (see STAHL, ScHOELL & WENDT, 1973, p. 111). The 8-values for carbon
dioxide from Lake Kivu are within the same range (see Fig. 6 and 7). **)

It may be pointed out that the §'3C-values for atmospheric and carbonatic
carbon dioxide correspond to those of magmatic carbon dioxide. This is important,
because these three types of carbon dioxide are, via assimilation in the biozone,
the source for the organic carbon in the sediment of Lake Kivu (see Table 1,
column “Origin”, point 5).

d) In Lake Kivu, up to 200 ppm of gaseous hydrocarbons higher than methane
were found (see TieTzE, 1978). According to Fuex (1977) bacterial gases contain
only 20 ppm higher hydrocarbons at a maximum; thermocatalytic gases, how-
ever, contain in general considerably more. From this it can be derived that the
Lake Kivu gas has small amounts of thermocatalytic ***) methane in addition to
the bacterial methane. According to WeBer & Maximmov (1976) however, large
quantities of higher hydrocarbons can also be generated bacterially in early stages
of diagenesis in sediments.

e) The nitrogen content of the lake water is the same at all depths. It cor-
responds to the nitrogen content at the surface of the lake calculated according to
Henry’s Law from the partial pressure of nitrogen in the air (saturation value at
atmospheric pressure, see Fig. 2). From this it could be concluded that the nitrogen
was dissolved at atmospheric pressure in groundwater which later enters the lake
warm and mineralised at the bottom (about hydrothermal activity in Lake Kivu
see DEGENS & KuLsickr, 1973 and TirTzE, 1978).

f) Organic-geochemical studies on sediment samples reveal a distinct majority
of n-alkanes with an odd number of carbon atoms, a phenomenon typical for young
non-marine sediments. The maximum of the n-alkane distribution curve is Cos.
From this it can be concluded that the hydrocarbons are derived primarily from
plankton. As these studies showed, a minor part was also contributed by terrestrial
plants. According to these investigations, the bacterial transformation of the or-
ganic material has not yet made much progress.

g) Palynological studies confirm these results by furnishing evidence of animal

*) In the main basin, there are also indications of such an effect above a depth of 170 m
(see Fig. 4, extrapolation of the best-fit curve). There is, however, practically no oxidation
below a depth of 50 m in the main basin and below a depth of 12m in Kabuno Bay. But
there may be a zone of intermediate 813C-values caused by eddy diffusion between deep
water and the biozones, which begin at these depths.

#*) The §'3C-values in Fig. 6 for depths less than 170 m are below the extrapolated best-fit
line. This is probably due to an isotope separation during the degasing (at 8.5 - 10 Pa,
25 °C), since more than half of the carbon dioxide remains dissolved in the water if the
samples are taken at depths of less than 200 m and this contains to a large extent the
molecules with the heavier isotopes.

##%) According to How-Kin WonG & Von Herzen (1974), the maximum sedimentary thick-
ness amounts to about 500 m; due to the proximity of active volcanoes it is possible that
the temperatures necessary for thermocatalysis occur here.
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and plant micro-remains. The animal micro-remains consist only of limnic species,
predominantly of Cladocera. Some of the samples are rich in planktonic diatoms
and volcanic ash particles. The percentage of algal cell walls in the structured
microfossil remains is very high, whereas micro-remains of terrestrial plants occur
only to an extent of less than one per cent.

h) The conventional “C-ages of the methane samples are greater than 17 000
years B. P. (see Fig. 8). Whether they decrease with depth as it appears in Fig. 8,
cannot be seen from the data; the standard deviations, which are due to insufficient
quantities of methane, are too great.

The organic portion of the sediment samples from the main basin yielded con-
ventional *C-ages of about 11 000 years B. P. (see also Table 3). It is not quite
sure whether the samples were collected directly from the sediment surface, as
the coring device might have penetrated the sediment more deeply. A disk that
was placed around the corer should have prevented this, however.

Analyses of the pollen in the samples have shown a “historical” age of either
about 1000 or about 10 000 years. This can be derived from the comparison with
pollen spectra from Lake Victoria (KenparL, 1969).

If the “historical”” age of the sediment samples is really 1000 years, the organisms
of the biozone which later formed part of the sediment have partly “old” carbon
(in terms of its “C-age) in their cellular material. From the relationship between
the “historical” age and the conventional C-age, it can be derived that “old”
carbon makes up about 70 %0 of the carbon in the upper sediment. *) The dif-
ference between the “C-age of the methane in the water and that of organic
material in the upper sediment could be explained by assuming, that the methane
comes not only from the upper sediment, but also from deeper parts.

The “old” carbon in the upper sediment originates from the assimilation of
magmatic carbon dioxide which passes from deep water into the biozone of the
lake by eddy diffusion and double-diffusive convection (see Trerze, 1978). The
remaining 30 %o, which is “young” carbon, originates from the assimilation of
atmosheric carbon dioxide. It may be noted that the quantity of physically dissol-
ved carbon dioxide which enters the biozone of the main basin from deep water
is about 6 - 10° m® per vear (ca. 5 times the quantity of methane, see JANNASCH,
1975). The total amount of physically dissolved carbon dioxide in the biozone has
been estimated to be 1.7 - 10° m®. The comparison of these data show that the
mainly magmatic carbon dioxide which enters the biozone from deep water may
play an important role as carbon source for the organisms in the biozone.

If the “historical” age of the sediment samples is 10 000 years, this would mean
that the coring device collected a sediment sample from several meters depth and
that the conventional “C-age is correct. The same would also have to be true for
the “C-age of the methane (see Fig. 8), which is, however, contradictory to the
fact that the residence time of the methane in the water is about 400 years (Jan-
NascH, 1975).

There is yet another indication for the first interpretation. The conventional

#) This could also explain why Hexy & DEGENs (1973) obtained *C-ages of 9500—13 500
years B. P. for 13 cores from Lake Kivu (except for one core with an C-age of 6200 years
B. P.). They interpreted this as due to Joss of the top of the cores and set up a **C-age-
scale based on an interpolation of these data.
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“C-age of the organic fraction of a sediment sample from Kabuno Bay is ca. 3400
years B. P. and thus considerably less than the conventional *C-age of about 11 000
years B. P. of the organic fraction of the three sediment samples from the main
basin (see Fig. 8 and Table 8). However, all of the sediment samples have almost
the same pollen spectrum. Therefore the “historical” age of about 1000 years for
the sediment samples is considered to be correct.

The lower conventional “C-age of the sediment from Kabuno Bay is explainable
since the first density gradient below 12 m is 50 times greater in Kabuno Bay than
the comparable density gradient in the main basin below 50 m (TieTze, 1978).
Consequently, there is less eddy diffusion and therefore less transport of magmatic
carbon dioxide into the biozone of Kabuno Bay than into those of the main basin.
Compared with this fact, the concentration of carbon dioxide directly below the
biozone in Kabuno Bay, which is 10 times greather than that in the main basin
directly below the biozone (see Fig. 2 and 8), does not seem to be so important.

For these reasons the quantity of magmatic COz absorbed by the organisms of
the biozone of Kabuno Bay should be lower than in the main basin. Accordingly,
the percentage of “old” carbon in the upper sediment of Kabuno Bay is only
25 /o, corresponding to the relationship between the “historial” age and the con-
ventional *C-age.

i} Previous and recent measurements of the methane and the carbon dioxide
content are compared in Figs. 10 and 11. DeuseRr et al. (1973) assumed that there
had been an increase in the methane content in Lake Kivu due to the fact that the
measurements from Drcens et al. (1973) deviated from those made by Scamitz &
Kurrerata (1955). However, the new data presented here agree well within the
margin of error (* 59%o) with those of Scumirz & Kurrerath (1955). According
to the concept developed here, the lake is, with the exception of minor distur-
bances, in a quasi-stationary stage. Probably as much methane escapes through
eddy diffusion and double-diffuse convection into the biozone as passes from
the sediment into the water. Jannasch (1975) investigated the oxidation of methane
in the layers above 50 m depth. He estimates the annual loss of methane from the
lake to amount to 120 million m®. Accordingly, the methane contained in the lake
would be completely replaced within about 400 years.

The bacterial generation of methane does not, of course, apply only to Lake
Kivu. Similar processes, except the source of the carbon, can take place in any
other lake with anaerobic conditions in deep water. But no methane accumulation
comparable to that of Lake Kivu has been found in any other lake.

These large methane quantities have been able to accumulate in Lake Kivu
because of the presence of distinct, density layers over a long period of time. On
the one hand, the density stratification has prevented an intermixing of the lake
water, and on the other hand, it has suppressed the eddy diffusion sufficiently for
an accumulation of the methane. In many other lakes, however, an intermixing of
the lake water down to the lake bottom takes place in an annual cycle, so that any
accumulated gas escapes. In other cases, the density gradients may be large enough
to prevent an intermixing down to the bottom of the lake, but not strong enough to
sufficiently suppress eddy diffusion through the density layers. If the potential
turbulent transport rate of methane is greater than its rate of generation in the
sediment, only minor quantities of methane will be present in the deep water.
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Conclusion

The overview of the results presented here leads to the assumption that the
methane is generated for the most part bacterially from the organic material in
the sediment. It probably contains minor amounts of methane of thermocatalytic
origin, also from the sediment. The methane is slowly transported through the
layers of water by eddy diffusion and double-diffusive convection together with
other soluble matter and heat (see TieTzE, 1978). Most of this methane is probably
oxidized to carbon dioxide and water in the biozone. The deposit is very likly in
a state of dynamic equilibrium, i. e. as much methane passes from the sediment
into the water as is oxidized in the biozone.

The carbon dioxide, or at least the carbon of the carbon dioxide, is probably for
the most part of magmatic origin. Part of it is assumed to originate from carbonates,
and another part generated bacterially from the organic material of the sediment.
The nitrogen probably originates from the atmosphere.

The carbon dioxide is transported through the layers of water just like the
methane until it also passes into the biozone. There it is available, together with
carbon dioxide from the atmosphere and from the oxidation of methane for incor-
poration by the organisms of the biozone. After dying, the organisms sink to the
bottom of the lake. There, they are decomposed primarily bacterially to methane
and carbon dioxide via various chains of reactions. Apart from the organic material
produced in the lake, carbon compounds from terrestrial plants blown in by wind
or washed in by streams are also transformed to methane (less than 1 %); their
carbon content is also from atmospheric carbon dioxide.

The carbon of the methane has, therefore, a conventional *C-age which
depends on the mixing ratio of “old” carbon, originating from magmatic and car-
bonatic carbon dioxide, with “young” carbon, originating from atmospheric carbon
dioxide. According to the model presented here, in the main basin the portion of
“old” carbon in the upper part of the sediment is about 70 %o and that of “young”
carbon is ca. 80 %o (about 25 %/ and 75 %o respectively in Kabuno Bay). Due to the
difference between the "*C-ages of the upper sediment and the methane (see Fig. 8),
it is assumed that the methane comes not only from the upper part of the sediment,
but also from deeper parts. Therefore, the 1*C-content in the methane is not 30 %o
modern but only ca. 10 %o modern.

This concept (see Fig. 12) has been confirmed to a large extent by the above-
mentioned data. The follow-up investigations listed below on samples to be taken
from profiles would be required to finally clarify the process:

determinations of *C-age of

— plankton from the biozone,
- carbon dioxide, especially from the biozone, and
— methane, using large quantities of methane in order to keep the margin of
error small;
determinations of §"°C for

— plankton from the biozone and
— methane and carbon dioxide at depths of less than 90 m, especially from
the biozone;

determinations of 8D for methane, and

80 Geologische Rundschau, Bd. 69 469
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determinations of “C-age and 8°C for sediment samples for which there is no
doubt that they were collected at the sediment surface. Additionally these deter-
minations should be made on long cores which reach as deep as possible from the
sediment surface.

These investigations must be carried out before the development of the methane
deposit begins. There may be little time left.
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