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Meth ane was col lected from the surficial sed i men tary layer (0 to about 20 cm) in 45 fresh wa ter lakes in Po land. Sam pling was also car -
ried out at var i ous depths of the over ly ing wa ter col umn (0.15 to 12 m) be tween noon and early af ter noon, on a sea sonal ba sis, be tween
1992 and 1996. A pos i tive cor re la tion be tween the depth of the lake wa ter, the d13C (CH4) value (from ca. –l.4 to –2.3% per l m depth) and 
the wider d13C(CH4) vari a tion over the thermocline are prob a bly due to: the time of sink ing of or ganic par ti cles re sult ing in more in tense
ac e tate fer men ta tion in shal lower por tions of the lake; the tem per a ture vari a tion; dif fer ences in the pre cur sors of meth ane, the dif fu sion
ef fect, and an in crease of bioavailable DIC (dis solved in or ganic car bon) at greater depths. Non-sea sonal vari a tion of iso tope ra tios in
meth ane and the depth-iso tope ra tio cor re la tion show that the lake sys tem is in dy namic equi lib rium on a scale of hours and days. There -
fore, ear lier mod els of methanogenesis re lat ing and the at mo spheric meth ane iso to pic bud get, pro posed by other au thors and based on
sam pling of meth ane from sed i ments, need to be re vised. More over, d13C (CH4) val ues higher dur ing sea sonal over turn (mix ing of ben -
thic and sur face wa ters) than dur ing stag na tion, have been ob served. This is prob a bly due to the fact that dur ing over turn pe ri ods some or -
ganic com pounds (meth ane pre cur sors) and meth ane in the surficial part of sed i ments, are ox i dized with a re salt ing ki netic iso tope ef fect. 
It is pro posed that ox i da tion of meth ane and other or ganic com pounds dur ing sea sonal over turn may be re spon si ble for post-depositional
lam i na tion ob served as pale (au tumn over turn) and dark (sum mer or ganic-rich unoxic stag na tion) milli metres-thick lay ers in fresh wa ter
lake sed i ments.
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INTRODUCTION

Meth ane is a 13C-de pleted im por tant green house gas and an
el e ment of the car bon cy cle. Quan ti ta tive knowl edge of rep re -
sen ta tive iso tope ra tios of meth ane de rived from in di vid ual
sources is of crit i cal im por tance for the iso tope mass bal ance of
green house gases (e.g. Craig and Chou, 1982; Stevens and
Rust, 1982; Khail and Ras mus sen, 1983; Ty ler, 1986; Ci ce -
rone, 1987; Stevens and Engelkemeir, 1988; Wada, 1990).
Biogenic meth ane is pro duced by the mi cro bial de com po si tion
of or ganic mat ter in wa ter-cov ered sed i ments, in clud ing paddy
fields, peat-bogs, and lakes, and is the most im por tant source of
at mo spheric meth ane (Khalil and Ras mus sen, 1983; Ty ler,
1986; Stevens and Engelkemeir, 1988; Koyama, 1990). Fer -
men ta tion of ac e tate [CH3COOH Þ CH4 + CO2] (Barker,
1936) and the re duc tion of car bon di ox ide [CO2 + 4H2 Þ CH4

+ 2H2] (Takai, 1970) are by far the dom i nant methanogenic
path ways (e.g. Games et al., 1978; Stevens and Engelkemeir,

1988) in fresh wa ter sys tems. Al though other (third) for ma -
tion-con sump tion path ways may com pli cate the pic ture of
meth ane dy nam ics (Zindler and Brock, 1978a, b; Weimer and
Zeikus, 1978; Patterson and Hespell, 1979; Oremland et al.,
1982) they rep re sent very spe cial ized en vi ron ments and in the
con text of both fresh wa ter methanogenesis and the global
meth ane bud get, these third methanogenic path ways are not
be lieved to play a sig nif i cant role (e.g. by methyl amines and
meth a nol; see Lovley and Klug, 1983).

From tracer ex per i ment data with anoxic ma rine sed i ments, 
Blair and Carter (1992) es ti mated that the end mem ber meth ane 
pro duced from ac e tate in ma rine sed i ment had a d13C value of
–43‰ while the meth ane de rived from car bon di ox ide had a
d13C value of –65‰. Sim i larly, in cu ba tion of fresh wa ter paddy
soil yielded an end mem ber meth ane d13C sig na ture of –36‰
from ac e tate and –77 to –60‰ for the d13C of meth ane pro -
duced from car bon di ox ide (Sugimoto and Wada, 1993). They
found that car bon di ox ide pro duced in situ dur ing
methanogenesis, e.g., CO2 from ac e tate car boxyl car bon, may



be uti lized as a car bon source
for methanogenesis in sed i -
ments. Even if one as sumes
that the d13C value of meth ane
is gov erned by the two ma jor
path ways, i.e. from ac e tate
and CO2/H2, there is very lit tle
in for ma tion on spa tial and
tem po ral vari a tions of
methanogenesis in fresh wa ter
sed i ments, par tic u larly in
lakes (Woltemate et al., 1984;
Whiticar et al., 1986; Jêdrysek 
et. al., 1994; Jêdrysek, 1997).

At pres ent, there are few
iso to pic data from which ac -
cu rate es ti mates of meth ane
pro duc tion in lake sed i ments
can be de rived. Meth ane pro -
duced deeper in the sed i ments
(2 to 3 m deep in the sed i ment) 
and in sed i ments at greater
depths in the wa ter col umn (to
12 m), as well as meth ane col -
lected at night (night meth -
ane), show strong 13C de ple -
tion, up to 18‰, as com pared
to shal low sed i mentary (0 to
0.2 m), shal low wa ter (0.15 m) 
and day time meth ane, re spec -
tively (Jêdrysek et al., 1994;
Jêdrysek, 1995, 1998, 1999).
How ever, nearly all other pub -
lished iso tope data are on
meth ane col lected from
surficial sed i ments or at shal -
low depths of the wa ter col -
umn and/or dur ing the day -
time. It is ap par ent that the
pro cess of methano genesis in
nat u ral fresh wa ter con di tions
is not fully un der stood and
there is con cern that the ex ist ing data on sed i ment meth ane may 
not be rep re sen ta tive for the sys tems in ques tion. There fore, the 
ob jec tives of this study were to pro vide data for new iso to pic
mass bal ance cal cu la tions of at mo spheric green house gases
and to better spa tially de scribe the role of depth of the wa ter
col umn and sea sonal stag na tion and sea sonal over turn in vari a -
tions of methanogenesis oc cur ring in fresh wa ter lakes.

MATERIALS AND METHODS

SAMPLING

In gen eral, the main aim in the se lec tion of lakes for sam -
pling was to ob tain a wide va ri ety of sam ples with re spect to
trophic state, anthropogenic im pact, depth and al ti tude. Names
of the lakes sam pled and their lo ca tion are shown in the Fig -

ure 1, how ever de tails of the pre cise lo cal i ties and limono -
logical char ac ter is tics of the lakes can be found else where
(Jêdrysek, 1995, 1997, 1999 and op. cit.). The methanogenic
sed i ments in these lakes are com posed of soft or ganic-rich sand 
and mud. The pH mea sured was sim i lar at both deeper and
shal lower sta tions and amounted to about 6. Typ i cal tem per a -
tures be low the thermocline var ied from ~4 to ~10°C, and
above the thermocline the tem per a ture var ied from freez ing to
27°C (Jêdrysek, 1997). Sam ples have been col lected at var i ous
dis tances from the lake bank us ing boat, or by means of
scubadiving (Ta ble 1). Al though this pa per re ports re sults of
sam ples col lected be tween 1992 and 1996, the ma jor ity of sam -
ples were col lected within an 18-day pe riod in Au gust/Sep tem -
ber 1993 (Ta ble 1). The sur face of the sed i ment where the
meth ane was sam pled was al ways free of rooted plants. 

The in ter sti tial pore wa ters are sat u rated with re spect to
meth ane, re sult ing in the for ma tion of gas bub bles. These pore
gases were col lected for d13C anal y sis. The bub bles were re -
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Fig. 1. Sketch show ing the lo ca tions of lakes, rivers and ponds sam pled in Po land

Sam pling points are de scribed in Jêdrysek (1995, 1997, 1999); 1 — Antonin, 2 — Be³chatów-S³ok, 3 — Bia³e
Wigierskie, 4 — Borki vil lage, 5 — Bug River, 6 — Chocianów, 7 — Czarna Hañcza River, 8 — Czarne, 9 —
Gocza³kowice, 10 — Gop³o, 11 — Goœci¹¿, 12 — Goœci¹¿ stream, 13 — Góreckie, 14 — Hañcza, 15 — Kamionka
River, 16 — Krobielice stream, 17 — £osice pond, 18 — £ukie, 19 — Ma³y Staw, 20 — Mniszek stream, 21 —
Moszne, 22 — Narew, 23 — Ner River (D¹bie), 24 — Niegocin, 25 — Nies³ysz, 26 — Nowa Cerkiew, 27 — Nowa 
Cerkiew pond, 28 — Odra River (Brochów), 29 — Odra River (Wroc³aw), 30 — Opoczno pond, 31 — Otmuchów,
32 — Otok, 33 — Piaseczno, 34 — Polesie, 35 — Ro¿nowskie, 36 — Skrzynka, 37 — Solina, 38 —
Sulistrowiczki, 39 — Szurpi³y, 40 — Warcha³y, 41 — Warta River (Osjaków), 42 — W¹do³ek, 43 — Wigry, 44 —
Wis³a River (P³ock), 45 — Wis³a River (Pu³awy), 46 — Wielki Staw, 47 — Morskie Oko, 48 — Czarny Staw
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Names of
sampled lakes

Date of
sam pling

Time of
sam pling

Depth of 
wa ter
[m]

CH4

concen -
tration

[%]

d13C
(CH4)
[‰]

1 2 3 4 5 6

Sea sonal stag na tion

Be³chatów-S³ok 93.07.24 12:30 –1.1 46.49 –57.45

Be³chatów-S³ok 93.07.24 cont. –2.5 61.68 –61.59

Be³chatów-S³ok 93.07.24 cont. –3   67.56 –58.09

Be³chatów-S³ok 93.07.24 cont. –2.8 72.51 n.a.

Be³chatów-S³ok 93.07.24 cont. –3   79.99 –60.67

Be³chatów-S³ok 93.07.24 cont. –1.8 44.49 –59.26

Be³chatów-S³ok 93.07.24 cont. –2.5 80.37 –69.67

Be³chatów-S³ok 93.07.24 15:00 unkn. 55.28 –54.44

Goœci¹¿ 93.06.04 13:00 –1   57.75 –62.11

Goœci¹¿ 93.06.04 cont. –3   57.71 –69.03

Goœci¹¿ 93.06.04 cont. –5.5 72.14 –72.73

Goœci¹¿ 93.06.04 15:00 –0.5 19.24 –64.19

Goœci¹¿ 93.09.07 ca.13:00 –0.3 46.56 –64.37

Goœci¹¿ 93.09.07 cont. –1.3   7.76 –62.71

Goœci¹¿ 93.09.07 cont. –3.2 60.88 –73.24

Goœci¹¿ 93.09.07 cont. –4.4 85.73 n.a.

Goœci¹¿ 93.09.07 cont. –7   77.32 n.a.

Goœci¹¿ 93.09.07 cont. –7.2 79.01 –67.65

Goœci¹¿ stream 93.06.04 ca.15:30 –0.3 n.a. –62.27

Goœci¹¿ stream 93.09.07 ca.16:00 –0.1 43.76 n.a.

Goœci¹¿ stream 93.09.07 ca.16:00 –0.1 83.55 –67.11

Goœci¹¿ stream 93.09.07 ca.16:00 –0.1 43.76 –68.48

£osice pond 93.08.31 13:30 –0.5 55.86 –65.88

£ukie 92.09.27 15:51  –0.45 72.4 –60.7

Ma³y Staw 93.08.21 13:00 –1.3   4.05 –68.77

Ma³y Staw 93.08.21 cont. –1.7 33.74 –68.71

Ma³y Staw 93.08.21 cont. –3.2 53.93 –65.67

Ma³y Staw 93.08.21 cont.   –4.75 57.65 –64.69

Ma³y Staw 93.08.21 ca.14:30 –6   71.93 –65.01

Moszne 93.07.17 ca.14:00 –0.7 69.85 –58.42

Moszne 93.08.30 ca.13:00 –0.7 85.73 n.a.

Moszne 93.08.30 ca.15:00 –0.8 81.01 –53.21

Niegocin 93.08.05 11:00 –0.2 61.02 –65.7  

Niegocin 93.09.06 cont. –0.3 54.45 –67.72

Niegocin 93.09.06 cont.  –0.75 47.94 –65.15

Nies³ysz 93.07.09 12:00 –1   71.56 n.a.

Nies³ysz 93.07.09 12:30 –3   48.3  –62.01

Nies³ysz 93.07.09 13:00 –5   58.84 –65.02

N.Cerekiew 92.05.25 cont. –7   n.a. –73.8  

N.Cerekiew 92.05.25 cont. –9   n.a. –76.33

N.Cerekiew 92.11.14 12:00 –4.5 79.41 –68.4

N. Crekiew 92.11.14 13:30 –10     61.42 –71.79

N.Cerekiew 93.02.07 13:30 –6   68.29 –74.0

T a  b l e  1

List of sam ples, sam pling de tails and an a lyt i cal re sults: bub ble 
meth ane col lected from re cent sed i ments in lakes, rivers and ponds

in Po land

1 2 3 4 5 6

N.Cerekiew 93.02.07 13:40 –8   59.53 n.a.

N.Cerekiew 93.03.13 13:30 –7   72.91 –73.78

N.Cerekiew 93.03.13 13:40 –8   n.a. –72.57

N.Cerekiew 93.03.13 13:55 –9   46.89 –72.43

N.Cerekiew 93.05.29 cont. 0 n.a. –50.17

N.Cerekiew 93.05.29 cont. –0.1 27.49 –52.04

N.Cerekiew 93.05.29 cont. –0.2 26.87 –52.57

N.Cerekiew 93.05.29 cont.   –0.25 59.35 –51.01

N.Cerekiew 93.05.29 cont.   –0.35 n.a. –63.4

N.Cerekiew 93.05.29 cont. –6.6 n.a. –65.25

N.Cerekiew 93.05.29 cont. –7.5 83.44 –69.83

N.Cerekiew 93.05.29 cont. –10     69.02 –73.97

N.Cerekiew 93.05.29 15:15 –10.5  66.8 –74.33

N.Cerekiew 93.06.10 cont –6   65.82 –73.48

N.Cerekiew 93.06.10 cont. –9   65.97 –72.53

N.Cerekiew 93.06.16 13:00 –4   75.19 n.a.

N.Cerekiew 93.07.03 14:10 3  63.42 –64.44

N.Cerekiew 93.07.03 14:30 –6   78.32 –69.1

N.Cerekiew 93.07.03 15:00 –9   74.11 –70.65

N.Cerekiew 93.07.03 15:30 –11    71.13 –72.43

N.Cerekiew 93.07.28 16:00 –10.5  80.93 –71.33

N.Cerekiew 93.08.23 14:00 –1   46.96 n.a.

N.Cerekiew 93.08.23 cont. –2.1 60.3 n.a.

N.Cerekiew 93.08.23 cont. –4.2 59.24 n.a.

N.Cerekiew 93.08.23 cont. –6   58.59 n.a.

N.Cerekiew 93.08.23 15:30 –7.5 74.07 n.a.

N.Cerekiew 94.06.24 13:30 –0.4 34.14 n.a.

N.Cerekiew 94.06.24 cont. –2.9 56.99 –60.48

N.Cerekiew 94.06.24 cont. –2.9 72.87 –59.22

N.Cerekiew 94.06.24 cont. –4.4 62.11 –63.08

N.Cerekiew 94.06.24 cont. –4.4 74.32 –64.44

N.Cerekiew 94.06.24 15:30 –6.7 70.98 –67.49

N.Cerekiew 94.08.01 14:00 –0.6 46.27 –56.53

N.Cerekiew 94.08.01 cont. –2.9 68.8  –59.99

N.Cerekiew 94.08.01 cont. –7   35.44 –74.73

N.Cerekiew 95.02.25 13:30 –0.3 37.41 –53.14

N.Cerekiew 95.02.25 cont. –1   29.96 n.a.

N.Cerekiew 95.02.25 cont. –3.1 67.35 –62.75

N.Cerekiew 95.02.25 cont. –4.2 69.67 n.a.

N.Cerekiew 95.07.02 13:30 –0.5 56.01 n.a.

N.Cerekiew 95.07.02 cont. –2.8 70.62 –60.58

N.Cerekiew 95.07.02 14:00 –4.2 74.04 –60.71

N.Cerekiew pond 93.06.16 14:00 –0.4 60.22 –60.69

Piaseczno 93.07.17 12:00 –0.5 31.66 –63.81

Piaseczno 93.07.17 cont. –1   18.55 –60.2  

Piaseczno 93.07.17 cont. –1.3 47.58 –60.93

Piaseczno 93.07.17 cont. –2   54.05 –62.88

Piaseczno 93.07.17 cont. –3   49.69 –63.3  

Piaseczno 93.07.17 ca.14:15 –4   40.06 –68.88

Piaseczno 93.08.29 12:25 –0.5 68.4  –52.23

Piaseczno 93.08.30 13:15 –0.5 43.11 –51.5  

Piaseczno 94.02.12 noon –1 11.39 n.a.
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1 2 3 4 5 6

Piaseczno 94.02.12 noon –2.4 21.89 –66.85

Piaseczno 94.02.12 noon –4   47.33 –67.6  

Piaseczno 94.02.12 noon –5.5 11.24 –66.25

Piaseczno 94.02.13 14:10 –1   59.21 –55.58

Piaseczno 94.02.13 14:10 –1   49.47 –58     

Skrzynka – noon –1.7 60.73 –67.24

Sulistrowiczki 93.08.20 13:30 –0.5 55.25 –57.89

Sulistrowiczki 94.07.04 12:00   –0.15 67.46 –50.26

Sulistrowiczki 94.07.04 15:03   –0.15 70.62 –52.4  

Sulistrowiczki 94.07.04 12:00   –0.75 64.62 –56.7

Sulistrowiczki 94.07.04 15:03   –0.75 51.61 –55.26

Szurpi³y 93.09.05 15:00 –0.9 58.22 –62.92

Szurpi³y 93.09.05 cont. –1.5 33.11 –73.16

Szurpi³y 93.09.05 cont. –2   66.4  –65.49

Szurpi³y 93.09.05 cont. –3.5 46.85 n.a.

Szurpi³y 93.09.05 cont. –4.7 47.07 –71.06

Szurpi³y 93.09.05 ca.16:00 –7   47.32 –75.61

Warcha³y 93.09.06 af ter -
noon

–0.8 64.19 –64.55

W¹do³ek 93.09.02 cont. –1.5 73.49 n.a.

W¹do³ek 93.09.02 cont. –4   78.21 n.a.

W¹do³ek 93.09.02 cont. –5   79.92 –63.93

Wigry 93.09.03 12:10 –0.8 b.d. n.a.

Wigry 93.09.03 cont. –0.9 b.d. n.a.

Wigry 93.09.03 13:00 –0.2 3.55 n.a.

Wigry 93.09.03 cont. –1.1 58.48 –66.12

Wigry 93.09.03 13.3 –1.5 32.83 n.a.

Wigry 93.09.03 13.3 –1.5 43.58 n.a.

Wigry 93.09.03 13:43 –0.6 74.21 –63.09

Wigry 93.09.03 13:41 –1   58.08 –67.14

Wigry 93.09.03 14:30 –0.3 79.65 –61.23

Wigry 93.09.03 cont. –1   89    –58.52

Wigry 93.09.03 cont. –1.5 87.7  n.a.

Wigry 93.09.03 14:40 –0.4 23.23 n.a.

Wigry 93.09.03 15:08 –0.4 15.24 –78.27

Wigry 93.09.03 cont. –0.8 39.59 n.a.

Wigry 93.09.03 cont. –1.7 24.54 n.a.

Wigry 93.09.03 cont. –3   32.28 –69.29

Wigry 93.09.03 cont. –4   71.85 –70.09

av er age     3.03 56.51   64.40

Sea sonal over turn

Bia³e Wigierskie 93.09.02 14:00 –0.6 44.35 –63.5  

Bia³e Wigierskie 93.09.02 cont. –1   78.73 –58.53

Bia³e Wigierskie 93.09.02 cont. –1.5 76.36 –65.57

Bia³e Wigierskie 93.09.02 cont. –3.1 82.64 –62.21

Bia³e Wigierskie 93.09.02 cont. –4.5 64.55 –64.17

Bia³e Wigierskie 93.09.02 cont. –5.2 69.49 –62.12

Bia³e Wigierskie 93.09.02 cont. –6.3 60.37 –64.11

Bia³e Wigierskie 93.09.02 16:00 –7.4 69.59 –65.08

Borki vill.
stream

93.08.31 mid-day –0.3 48.27 –54.9  

Bug River 93.08.31 ca.23:00 –0.4 71.23 –59.4  

Cz.Hañcza River 93.09.01 12:00 –0.2 11.93 n.a.

Czarne 93.09.25 13:00 –0.3 43    –51.21

1 2 3 4 5 6

Czarne 93.09.25 cont. –1   66.51 –59.6

Czarne 93.09.25 cont. –3   55.35 –60.62

Czarne 93.0.25 cont. –4.2 46.2  –70.18

Czarne 93.09.25 16:00 –5.5 9.79 –53.38

Gocza³kowice 93.08.23 17:00 –0.5 8.77 –55.08

Góreckie 93.05.21 18:00 –2   47.87 –58.9

Góreckie 93.05.22 13:00 –0.8 86.42 –35.55

Góreckie 93.05.22 cont. –2.5 n.a. –67.9  

Góreckie 93.05.22 cont. –2.8 49.8  n.a.

Góreckie 93.05.22 cont. –2.8 65.17 –70.19

Góreckie 93.05.22 15:00   –4.15 n.a. –69.99

Góreckie 93.09.08 13:00 –0.4 29.08 –63.15

Góreckie 93.09.08 cont. –1.2 38.68 n.a.

Góreckie 93.09.08 cont. –2.1 35.95 –62.73

Góreckie 93.09.08 cont. –3.5 46.49 –62.93

Góreckie 93.09.08 cont. –4.5 60.1 –66.63

Góreckie 93.09.08 cont. –5.4 65.57 –62.14

Góreckie 93.09.08 cont. –6.5 n.a. –62.97

Góreckie 93.09.08 cont. –7.4 66.44 –60.73

Góreckie 93.09.08 cont. –8.5 64    –63.63

Góreckie 93.09.08 ca.16:00 –0.4 38.13 –65.92

Góreckie 93.09.08 cont. –1.1 61.64 n.a.

Hañcza 93.09.04 12:00 –1   51.45 –56.96

Hañcza 93.09.04 cont. –3.4 54.88 –54.62

Hañcza 93.09.04 cont. –4.5 44.43 –64.02

Hañcza 93.09.04 17:00 –0.3 47.58 –60.52

Hañcza 93.09.04 cont. –1.2 29.41 n.a.

Kamionka river 93.09.01 16:30   –0.15 26.38 –52.9

Kamionka river 93.09.01 cont.   –0.15 30.06 –56.21

Kamionka river 93.09.01 cont.   –0.15   2.58 –57.23

Kamionka river 93.09.01 cont.   –0.15   6.03 –51.8  

Kamionka river 93.09.01 cont.   –0.15   6.46 –60.6  

Kamionka river 93.09.01 cont.   –0.15 14.21 –60.26

Kamionka river 93.09.01 cont.   –0.15   1.68 –62.7

Kamionka river 93.09.01 cont.   –0.15 10.33 –50.76

Kamionka river 93.09.01 cont.   –0.15 5.17 –56.02

Kamionka river 93.09.01 cont. –0.2 60.58 –57.46

Kamionka river 93.09.01 cont.   –0.15 b.d. n.a.

Kamionka river 93.09.01 cont.   –0.15 14.81 –51.76

Kamionka river 93.09.01 cont.   –0.15 41.64 –58.82

Kamionka river 93.09.01 cont.   –0.15 n.a. –48.47

Kamionka river 93.09.01 19:50   –0.15 n.a. –59.63

Krobielice
stream

93.04.11 14:00 –0.5   1.34 n.a.

Moszne 92.09.27 ca.14:00 –0.4 46.89 –55.62

Moszne 93.05.01 ca.14:00 –0.8 55.5  –59.04

Moszne 93.11.14 ca.14:00 –0.6 71.63 –56.18

Narew 93.08.31 ca.23:00 –0.9 57.17 –58.14

Ner (D¹bie) 93.06.03 17:00 –0.8 78.1  –53.24

N.Cerekiew 92.05.01 15:00 unkn. 14.88 –46.49

N.Cerekiew 93.10.29 13:00 0 27.2  –48.93

N.Cerekiew 93.10.29 cont. –3.0 59.28 –67.38

N.Cerekiew 93.10.29 cont. –4.5 74.98 –64.36

Tab.1 con tin ued Tab.1 con tin ued 



leased by hand-ag i ta tion of the sed i ment and were trapped in an 
in verted fun nel con nected to an in verted glass bot tle that was
ini tially filled with gas-free wa ter. Gases were col lected from a
sed i ment in ter val from the sur face to a depth of about 20 cm.
The depth of wa ter over ly ing the sed i ments var ied ac cord ing to
lo ca tion (Ta ble 1). The col lec tion of each sam ple of gases usu -
ally took no more than 2 min utes. Not all of the gas-free wa ter
ini tially in the col lec tion bot tle was dis placed. The bot tle was
sealed with rub ber and dou ble metal caps. A bactericidal so lu -
tion (HgCl2) was added to each bot tle im me di ately af ter sam -
pling. Af ter re turn ing to the lab o ra tory, the sam ple bot tles were
stored in verted, in a re frig er a tor at 3–4°C. These sam pling and
stor ing meth ods have no in flu ence on d13C val ues and CH4 con -
cen tra tion (Jêdrysek, 1997).

ANALYTICAL TECHNIQUES

The chem i cal com po si tions of the sed i ment gases, in clud ing
the con cen tra tions of CO2 and CH4, were de ter mined by gas
chro ma tog ra phy with a ther mal con duc tiv ity de tec tor (“Elwro
gas chromatograf 504”) with un cer tainty of CH4 con cen tra tion
mea sure ments of ±1%. The gases were pre pared for IR-MS (iso -
tope ra tion-mass spec trom e try) anal y sis as fol lows. The meth ane 
in the sam ple was sep a rated from other hy dro gen-and-car bon
con tain ing gases by cryo genic pu ri fi ca tion us ing mo lec u lar
sieves, a dry ice/eth a nol mix ture, and liq uid ni tro gen. The meth -
ane was passed twice through a cop per ox ide fur nace
(850–900°C), where it was com pletely combusted to H2O and
CO2, which were then sep a rated cryo gen i cally. Car bon iso tope
anal y ses were per formed on a mod i fied MI-1305 mass spec -
trom e ter with a home-made in let (Halas, 1979) and de tec tion
sys tem (Halas and Skorzyñski, 1980) and Finnigan-Mat CH7
mass spec trom e ter. All d13C mea sure ments are ex pressed rel a -
tive to PDB stan dard and are pre cise to 0.05‰. The d value is de -
fined as [(Rsp – Rst)/Rst] ´ 1000 and ex pressed in [‰], where R is
13C/12C iso tope ra tio in the sam ple (sp) and the stan dard (st). The
over all ac cu racy of the iso to pic prep a ra tion of sam ples and stan -
dard meth ane was better than 0.25‰.

RESULTS

The re sults re ported in the Ta ble 1 rep re sent sam ples of stag -
na tion and sea sonal over turn pe ri ods. The stag na tion pe riod in
lakes is de fined here as the pe riod when dis tinct thermocline and
no vi sual signs of ver ti cal mix ing of wa ter have been ob served
dur ing scubadiving for sam pling. Sea sonal over turn in lakes is
un der stood here as the pro cess of ver ti cal trans port (mix ing) of
wa ter usu ally re sult ing from ther mally con trolled vari a tions in
the den sity of the wa ter. Al though the sit u a tion in the riverbed is
not equal to that in the lake dur ing sea sonal over turn, meth ane
sam pled from rivers and streams can be con sid ered as more sim -
i lar to that re lat ing to the sea sonal over turn (Ta ble 1), due to a
per ma nent state of tur bu lence in river wa ters, than to that re lat ing 
to sea sonal stag na tion in lakes. 

The re sults are shown in Fig ures 2–5. Shal low-wa ter gas
bub bles re veal much wider vari a tions in CH4 con cen tra tion
(from near 0 to about 98%) than the deep-wa ter bub bles where
meth ane com prises more than half of the gas con tent (Fig. 2).
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1 2 3 4 5 6

N.Cerekiew 93.10.29 cont. –6.0 56.3  –67.93

N.Cerekiew 93.10.29 14:00 –8.2 68.8  –65.61

N.Cerekiew 94.03.07 13:30 –0.7 14.91 –52.78

N.Cerekiew 94.03.07 cont. –2.0 67.67 –58.58

N.Cerekiew 94.03.07 cont. –4.2 68     –65.45

N.Cerekiew 94.03.07 15:00 –11    78.54 –66.92

N.Cerekiew 94.06.05 13:30 –0.7 20.07 –48.65

N.Cerekiew 94.06.05 cont. –2.2 77.38 –57.14

N.Cerekiew 94.06.05 cont. –4.5 56.95 –62.12

N.Cerekiew 94.06.05 cont. –4.5 73.34 –61.82

N.Cerekiew 94.06.05 cont. –7.0 74.29 –63.99

N.Cerekiew 94.06.05 15:30 –10.7  73.81 –63.99

N.Cerekiew 94.06.09 14:00 –4.4 n.a. –62.16

N.Cerekiew 95.05.20 13:30   –0.35 36.5  n.a.

N.Cerekiew 95.05.20 cont. –0.4 46.02 n.a.

N.Cerekiew 95.05.20 cont. –2.8 75.74 –60.67

N.Cerekiew 95.05.20 14:30 –4.0 74.51 –67.9

Odra (Brochów) 93.08.22 noon –0.4 1.5 n.a.

Odra (Brochów) 93.08.22 noon –0.4 25.05 –55.01

Odra (Wroc³aw) 92.08.25 noon –1.0 n.a. –58.85

Odra (Wroc³aw) 93.12.16 noon –1.0 3.55 –49.95

Piaseczno 92.09.26 unkn. –1.0 35.15 –61.13

Piaseczno 92.09.26 14:00 –1.5 n.a. –60.5  

Piaseczno 92.09.26 cont. –3.0 44.6  –64.67

Piaseczno 92.09.26 cont. –3.0 n.a. –58.12

Piaseczno 92.09.26 16:00   –4.25   3.72 –63.92

Piaseczno 92.09.26 15:20 –10.0    2.05 –61.39

Piaseczno 92.09.26 17:00 –0.7 n.a. –57.89

Piaseczno 92.09.26 17:00 –0.7 n.a. –57.09

Piaseczno 92.09.26 23:00 –0.7 n.a. –60.23

Piaseczno 92.09.27 11:40 –0.7 n.a. –61.38

Piaseczno 92.09.27 18:40 –0.7 n.a. –58.16

Piaseczno 93.03.21 noon –0.8 44.78 –58.69

Piaseczno 93.03.21 noon –0.8 57.57 –62.26

Piaseczno 93.11.13 noon –1.4 45.98 –58.99

Piaseczno 93.11.13 noon –1.8 45.83 –63.09

Piaseczno 93.11.13 noon –3.5 31.62 –61.85

Piaseczno 93.11.14 noon –2.1 48.08 –57.48

Ro¿nowskie 93.08.26 ca.22:00 –0.5 39.95 –54.24

Ro¿nowskie 93.08.26 cont. –0.9 43.29 –60.19

Ro¿nowskie 93.09.26 ca.23:00 –0.5 38.64 n.a.

Skrzynka 93.05.23 noon –2   65.38 –61.11

Skrzynka 93.05.23 noon –2.5 61.75 –65.9

Solina 93.08.27 15:00 –1.6 11.17 n.a.

Solina 93.08.27 cont. –3   6.37 –54.44

Solina 93.08.27 cont. –3   34.75 –57.46

Solina 93.08.27 cont. –6.2 71.23 –66.52

Solina 93.08.27 cont. –8.2 64.04 –65.75

Solina (Chrewt) 93.08.28 ca.12:00 –0.2 40.06 –54.58

Solina (dam) 93.08.28 ca.15:00 –1.2 50.27 –58.62

Wis³a (P³ock) 93.09.07 ca.14:00 –0.5 90.53 –60.64

av er age   –2.30 45.67 –59.70

Sam pling points are de scribed in Jedrysek (1995, 1997, 1999; Fig. 1); n.a.
— not an a lyzed

Tab.1 con tin ued 



Like wise, the av er age con cen tra -
tion of meth ane and car bon iso tope
ra tios of meth ane dur ing sea sonal
over turn show some what lower
and higher val ues re spec tively

(CH4 = 45.67% and d13C =
–59.7‰, at an av er age depth of the
wa ter col umn of –2.30 m), as com -
pared to those of sea sonal stag na -

tion (CH4 = 56.51% and d13C =
–64.40‰, at an av er age depth of
the wa ter col umn of 3.03 m).

Bear ing in mind that these av -
er age re sults above are not di rectly 
com pa ra ble as the av er age depth
of the wa ter col umn for all sam -
ples col lected in these two sea sons
were slightly dif fer ent (by 0.73 m). 
How ever, the higher d13C (CH4)
val ues ob served dur ing sea sonal
over turn (mix ing of ben thic and
sur face wa ters), as com pared to
the d13C (CH4) val ues ob served
dur ing stag na tion, do not cor re -
spond to vari a tions in the CH4

con cen tra tion (CH4; Fig. 4). The
dif fer ent av er age sam pling depth
can not ex plain the sea sonal dif fer -
ences in av er age CH4 and d13C
val ues, as the in crease in the depth
of the wa ter col umn is ac com pa -
nied by a higher gra di ent of in -
crease in CH4 and de crease in d13C 
(CH4) val ues (Figs. 2 and 3) as
com pared to that re sult ing from
the 0.73 m dif fer ence in the depth
of the wa ter col umn (see Dis cus -
sion). From Fig ure 5, one may
sub di vide all sam ples into two
groups: (1) at shal lower sam ples,
rep re sent ing bub bles col lected at
shal low depths above the
thermocline, and (2) those sam -
pled from greater depths, be low
the thermocline.

DISCUSSION

POTENTIAL MECHANISMS OF
METHANOGENESIS

Pre lim i nary ob ser va tions have
shown a grad ual de crease of d13C
val ues in meth ane from sed i ments
above the thermocline at about
4.5 m (Jêdrysek et al., 1994). Like -
wise, this study shows that an in -
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Fig. 2. Con cen tra tion of meth ane in bub bles of gases sam pled at var i ous depths 
in fresh wa ter lake sed i ments 

Fig. 3. Car bon iso tope ra tios in meth ane from bub ble gases sam pled, at var i ous depths 
of the over ly ing wa ter col umn, from fresh wa ter lake sed i ments 



crease in wa ter depth down to 12
m cor re lated with an in crease in
con cen tra tion of bub ble meth ane
up to 90% and a de crease of
20±5‰ in the meth ane d13C value. 
More over, meth ane col lected dur -
ing sea sonal over turn in lakes (sea -
sonal mix ing of wa ter due to ther -
mally con trolled vari a tion wa ter
den sity) usu ally shows sig nif i cant
en rich ment in the 13C iso tope, es -
pe cially be low the thermocline
(i.e. usu ally be low 4.5 m). Po ten -
tial ex pla na tions for these trends
in clude: 

— tem per a ture — ther mo dy -
namic iso tope ef fects;

— light;
— iso to pic vari a tions in sub -

strates (ac e tate and DIC from the
wa ter col umn and sed i ments) —
this can re sult from pres sure,
photosynthetic and res pi ra tion
ac tiv i ties, at mo sphere-wa ter-se -
d i ment ex change (also the role of 
the min er al ogy of the sed i ment,
and rate of sed i men ta tion), ox i -
da tion or frac tional de com po si -
tion of or ganic mat ter of dif fer ent 
or i gin — usu ally ki netic iso tope
ef fects and pre cip i ta tion of
13C-de pleted car bon ates (e.g.
Jêdrysek and Sachanbinski,
1994; Aloisi et al., 2002);

— ox i da tion or con sump tion
of other meth ane/meth ane pre cur -
sors in the shal low depth re gions;

— methanogenic path ways
— a higher con tri bu tion from
ace tic acid fer men ta tion in the
shal lower parts of the lake, or a
higher con tri bu tion from the
CO2/H2 path way in the deeper
parts of the lake. These fac tors are 
dis cussed be low.

TEMPERATURE

In the lakes ex am ined, the typ i -
cal tem per a tures be low the
thermocline var ied from ~4 to
~10°C, and above the thermocline
the tem per a ture var ied from freez -
ing to 27°C. There fore, there can
be ex pected, due to sub stan tial dif -
fer ences in the bond ing en ergy be -
tween the sub strates and meth ane,
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Fig. 4. Car bon iso tope ra tios and con cen tra tion of meth ane in bub ble gases sam pled 
at var i ous depths of the over ly ing wa ter col umn

Fig. 5. Car bon iso tope ra tios in meth ane from bub ble gases sam pled at var i ous depths 
of the over ly ing wa ter col umn, and from Nowa Cerekiew fresh wa ter lake sed i ments

Dur ing stag na tion the thermocline was al ways at a depth of about 3.9 m; no thermocline 
was clearly noted dur ing the sea sonal over turn



a large ther mo dy namic iso tope ef fect ex pressed as low d13C(CH4)
val ues at lower tem per a tures and con se quently strong sea sonal
vari a tions in the d13C value of meth ane. How ever, iso tope ra tios in 
meth ane sam pled from the same depth over the thermocline dur -
ing win ter (e.g. 93.03.07 or 95.02.25), do not dif fer sig nif i cantly
from those in the cor re spond ing spring or sum mer meth ane
(Fig. 5). This is in agree ment with ear lier ob ser va tions that the di -
rect role of tem per a ture, re sult ing in a ther mo dy namic iso tope ef -
fect in the sub strate-meth ane sys tem, is neg li gi ble and does not
con trol car bon iso tope ra tios in fresh wa ter meth ane (Jêdrysek,
1998, 1999). Most prob a bly, this is due to the fact that meth ane is
the prod uct of com plex mi cro bial pro cesses which com pete for a
lim ited bud get of sub strates of var i ous or i gins and me tab o lize
them in vari able or ders and by var i ous mech a nisms. There fore, ki -
netic iso tope ef fects prob a bly over whelm ther mo dy namic ones.

LIGHT

Given ver ti cal dif fer ences in tem per a ture and light pen e tra -
tion, con trol ling bi o log i cal ac tiv ity at var i ous depths, one
would ex pect to see some ver ti cal vari a tion in the con cen tra tion 
of DIC and the d13C of the DIC. These dif fer ences would also
be ex pected to be re flected in the car bon iso tope sig na ture and
the rate of methanogenesis. The larg est rel a tive ver ti cal vari a -
tion in tem per a ture and bi o log i cal ac tiv ity, dur ing sum mer, is
con cor dant with the high est di ur nal vari a tion in the meth ane
d13C value in sum mer (Jêdrysek, 1997, 1999). Sim i larly, sea -
sonal vari a tions of sta ble hy dro gen and car bon iso tope ra tios
were larger in Po land (Jêdrysek, 1997) then in North Carolina
(Chanton and Mar tens, 1988) and that was larger than that in
the Florida wetlands (Burke et al., 1988). This is prob a bly con -
trolled by sea sonal vari a tions in the length of the day light
hours, show ing in creas ing sea sonal vari a tions with in creas ing
dis tance from the equa tor (Jêdrysek, 1997, 1999).

Hav ing dis missed the im por tance of tem per a ture as a di -
rect con trol ling fac tor on sed i ment meth ane d13C val ues, one
must con sider the ef fects of so lar ra di a tion (sun light), ei ther
di rectly or in di rectly, on methanogenesis in lake sed i ments
(Jêdrysek, 1994, 1995). The re sults from this study show a
dra matic de crease in the meth ane d13C value with in creas ing
depth of the over ly ing wa ter col umn, es pe cially dur ing stag -
na tion pe ri ods. The av er age meth ane d13C value is lower in
late Au gust than in early July and the length of the day light
hours de creases dra mat i cally dur ing the same pe riod, sup port -
ing the the sis that light plays an im por tant role in con trol ling
the car bon iso tope vari a tions in sed i ment meth ane (Jêdrysek,
1995, 1999). How ever, light it self can not pen e trate to the sed -
i ments, and methanogenesis does not re sult from the
photolysis of organics. Thus, it can be spec u lated the role of
light in methanogenesis and in the vari a tion in meth ane d13C
val ues must be an in di rect one. 

ISOTOPE VARIATIONS IN SUBSTRATES

MINERALOGY OF THE SEDIMENTS

The con tents of clay min er als and zeolites (e.g. in the Nowa 
Cerekiew lake) in sed i ments usu ally in creases with in creas ing
dis tance from lake bank. The depth of the wa ter col umn is usu -
ally pro por tional to that dis tance and these min er als show high
sorp tion po ten tials for or ganic com pounds. Sev eral stud ies
have shown that about 9 to 40% of the to tal ac e tate in sed i ment
porewaters can be re moved by equi lib rium ex change ad sorp -
tion to sed i ment sol ids (Shaw et al., 1984; Sansone et al., 1987;
Michelson et al., 1989). There fore, the ac e tate path way of
methanogenesis may be lim ited and con se quently more meth -

ane is formed from CO2 re sult ing in lower d13C(CH4) val ues at
depth (Figs. 3 and 5, see also the sec tion: De com po si tion of or -
ganic mat ter dur ing sink ing in the wa ter col umn). More over, it
can be ex pected that 12C-en riched ac e tate is pref er en tially ad -
sorbed be cause of its lower vi bra tional en ergy. Like wise, in
shal low wa ter close to the lake bank, sed i ments are usu ally less
en riched in meth ane pre cur sors as they are de pleted in or ganic
mat ter and richer in sil i cate allochthonous ma te rial. If a large
part, or nearly all, of car bon di ox ide and ac e tate in the sed i -
ments is used as sub strates for methanogenesis, the re sult ing
meth ane will bear a 13C-en riched iso tope sig na ture. More over,
coarse-grained shal low-wa ter sed i ments are less an aer o bic,
thus more fa vor able for ox i da tion of meth ane or meth ane pre -
cur sors (see sec tion on Ox i da tion).

RATE OF SEDIMENTATION

An other fac tor which can en hance the mag ni tude of the ob -
served ef fect of the depth of the wa ter col umn on the d13C value 
in CH4 (Figs. 3 and 5), is that fresh or ganic mat ter al ways has
more neg a tive d13C val ues than older mat ter lo cated at lower
lev els. The mag ni tude of this ef fect in soil and peat in the up -
per most ca. 20 cm of peat is about 2 to 3‰ (e.g. Dudziak, 1993; 
Jêdrysek and Skrzypek, 2004). Pri mary pro duc tion in the zone
be low the thermocline, which is in gen eral be low the euphotic
zone, is much less im por tant, or even neg li gi ble. Thus, pro vid -
ing that pri mary pro duc tion of or ganic mat ter is sim i lar at the
same ho ri zon (depth) of the wa ter col umn, the rate of sed i men -
ta tion of or ganic car bon should be higher at greater depths, be -
cause (over the thermocline) the to tal pri mary pro duc tion in the 
same lake is di rectly pro por tional to the thick ness of the wa ter
col umn. Sim ply, more pri mary pro duc tion may form in deep
wa ter (large vol ume) than in shal low wa ter (small vol ume) in a
lake. From this point of view, the wa ter depth be low the
thermocline should not be con sid ered due to its neg li gi ble pri -
mary pro duc tion.

The rate of sed i men ta tion re lates to mat u ra tion and the age
of or ganic mat ter in the sed i ment. It has been shown that
resuspension in lake bas ins may re sult in a dou bling of the to tal
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sed i men ta tion rate in the deep est re gion (Mieszczankin, 1997).
More over, with one ex cep tion, the Góreckie lake, it was ob -
served as a rule that, at greater wa ter depths, sed i ments are far
less com pact and softer than in shal low wa ter. There fore, if the
same depth in ter vals are con sid ered in sed i ments (0 to about
25 cm in this study), meth ane gen er ated from that in ter val of
shal low-wa ter sed i ment in many cases should cor re spond to
older or ganic mat ter as a whole (more com pact sed i ments) than 
would meth ane gen er ated in deep-wa ter sed i ments (less com -
pact sed i ments). Like wise, sed i men tary or ganic mat ter in shal -
lower ar eas, in the euphotic zone, de com poses faster due to
higher tem per a tures (dur ing sum mer) and more abun dant ox i -
dants (O2, SO

4
2- , etc.). All of this can be sup ported by the ob -

served gra di ent of the d13C depth pat tern. The d13C pat tern dra -
mat i cally de creases or dis ap pears be low the thermocline, es pe -
cially dur ing sea sonal over turn, and two sep a rate ranges of
meth ane d13C val ues are ob served: the above-thermocline zone
and the be low-thermocline zone (Figs. 3 and 5).

PRESSURE AND TEMPERATURE

The gen er ally higher con cen tra tion of meth ane at depth
(Fig. 2) can be ex plained not only by in creas ing an aer o bic con -
di tions but also by a dra matic in crease in the sol u bil ity of all the
ma jor gases ex cept meth ane. Among these gases, only CO2 is a
pre cur sor of meth ane. Given the in creased sol u bil ity of car bon
di ox ide at greater wa ter depths, one would ex pect that smaller
amounts of gas eous car bon di ox ide (bub bles) would be re -
leased from sed i ments in deeper wa ter com pared to sed i ments
in shal lower wa ter. Be sides pres sure, the con cen tra tion of dis -
solved CO2 in the wa ter col umn de pends on the tem per a ture
and pH of the wa ter mass. The pH mea sured in the pore wa ters
of the sed i ments was sim i lar in all sam pling sta tions and rel a -
tively con stant (be ing about 6, re gard less of the depth of the
sam pling sta tions). There fore, it can be ac cepted that in the
lakes stud ied the sol u bil ity of car bon di ox ide is di rectly pro por -
tional to pres sure and in versely pro por tional to tem per a ture. 

When in iso to pic equi lib rium, at the low tem per a tures
found in lakes stud ied, car bon di ox ide is de pleted in 13C com -
pared to bi car bon ate by about –8‰ (Deuser and Degens,
1967). Since any bub bles that es cape would be ex pected to be
de pleted in 13C, un der higher hy dro static pres sure the bio -
available pool of car bon di ox ide in deeper wa ter should be
larger and more 13C-de pleted when com pared to shal low
depths from where CO2 bub bles es cape faster (Jêdrysek, 1997). 
Ac cord ingly, an abun dance of DIC (dis solved in or ganic car -
bon, CO2/HCO

3
- /CO

3
2- ) at depth may keep the d13C of the car -

bon di ox ide at a con stant value and pro mote the CO2/H2 path -
way of methanogenesis at greater depths. All of this would re -
sult in the lower meth ane d13C val ues ob served in the sed i ments 
from deeper in the lakes (Figs. 3 and 5). How ever, the d13C gra -
di ent dra mat i cally de creases or dis ap pears be low the
thermocline, es pe cially dur ing sea sonal over turn (Fig. 5). This
pre cludes the role of pres sure as the most im por tant fac tor con -
trol ling the d13C in the bub ble meth ane. Ap par ently this sup -
ports the role of tem per a ture, be cause from other ob ser va tions

it is known that the tem per a ture in the sam pled sed i ments was
very sta ble be low the thermocline (ca. from 4 to 6°C) and very
vari able above the thermocline (0.0 to 28°C). How ever, the
win ter d13C pat tern has not shown any op pos ing ver ti cal trends
re flect ing tem per a ture i.e. lower tem per a tures did not re sult in
higher d13C val ues of meth ane in shal low re gions of the lakes
(Fig. 5), as should be ex pected. Like wise, the role of tem per a -
ture is not re flected in cor re la tion with the d13C of the meth ane
(Jêdrysek, 1997, 1999). There fore, other fac tors have to be
con sid ered, and the role of photosynthetic ac tiv ity seems to be
the most im por tant. 

PHOTOSYNTHESIS AND THE CO2 ISOTOPE BUDGET

It can be ac cepted that, in most lakes stud ied, pri mary pro -
duc tion is the dom i nant source of or ganic car bon and thus of
meth ane pre cur sors. Like wise, it can be ac cepted that all the
dis solved CO2 comprises part of the DIC which in turn is in iso -
to pic equi lib rium with that CO2 and which is the ex clu sive
source of CO2 for the phytoplankton. There fore, the car bon iso -
to pic com po si tion of that DIC seems to be cru cial here. 

The d13C(DIC) in surficial wa ter sam pled early af ter noon,
mea sured in the most fre quently sam pled Nowa Cerekiew lake, 
was –4.62‰ (at 9°C) and –4.42‰ (at 23°C), (Szynkiewicz and 
Jêdrysek, in prep.). A sig nif i cant de crease in the DIC d13C
value with in creas ing depth of the wa ter col umn in other lakes
has been ob served (e.g. max. –4.0‰, sur face to min. –9.5‰, 17 
m; Wachniew, 1994; Wachniew and Ró¿añski, 1997 or
–12.6‰, Ogrinc et al., 2002), ap par ently due to in creases in
res pi ra tion and the de com po si tion of or ganic mat ter and de -
creases in pho to syn the sis with depth of the wa ter col umn.
While res pi ra tion pro duces car bon di ox ide that is 13C-de pleted, 
pho to syn the sis tends to pref er en tially con sume the 12CO2 in the 
wa ter col umn. This pro cess strongly in flu ences d13C val ues in
the DIC and meth ane formed in the up per most part of the sed i -
ments shows di ur nal vari a tions of up to 15‰ (Jêdrysek, 1995,
1999). In the deeper parts, where the role of as sim i la tion de -
creases (less light, lower tem per a ture), and the res pi ra tion/pho -
to syn the sis rate in creases, phytoplankton as sim i late then
13C-de pleted. Thus, when only some por tion of phytoplankton
does not mi grate ver ti cally within the wa ter col umn, the en tire
phytoplankton in deeper parts of the lake would as sim i late
more 12C and con se quently be come ad di tion ally en riched in the 
12C iso tope, com pared with those in the shal lower wa ters of the
lake. This dif fer ence is re flected in the d13C of the sed i ment or -
ganic mat ter and car bon ates, which are 2 or 3‰ lower in
deeper por tions of the lakes (Jêdrysek, 1997 and in prep.). It
can be ac cepted that in lake sys tems, pho to syn the sis takes place 
only in the wa ter col umn above the thermocline. This can ex -
plain the sud den de crease in the d13C depth gra di ent be low the
thermocline (Fig. 5, see chap ter Rate of sed i men ta tion). This
d13C dif fer ence rep re sents a po ten tial tool for palaeobathy -
metric re con struc tions (Jêdrysek, 1997, 1999).

More over, in shal low wa ter, CO2 as sim i la tion is very high
but sed i ments, close to a lake bank, are usu ally less pro duc tive
in CO2 as they are de pleted in or ganic mat ter and more rich in
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sil i cate allochthonous ma te rial. If a large part of car bon di ox ide 
in wa ter col umn is as sim i lated, and if nearly all car bon di ox ide
in the sed i ments is used as a sub strate for methanogenesis, the
re sult ing or ganic mat ter (meth ane pre cur sors) and meth ane will 
bear the 13C-en riched iso tope sig na ture. Al though the car bon
di ox ide d13C value would be in creased as a re sult of the pref er -
en tial uti li za tion of 12C dur ing pho to syn the sis, the over all ef fect 
of pho to syn the sis ap pears to be neg li gi ble, and the
d13C(DIC)-depth ef fect is sev eral times too small to be re spon -
si ble for the ob served d13C(CH4)-depth ef fect. This is based on
the ob ser va tion that there were no dif fer ences in the re la tion -
ship of meth ane d13C and depth ob served be tween sam ples col -
lected in the win ter, when photosynthetic ac tiv ity is ab sent due
to the ice cover (caus ing dark ness) and low tem per a ture (max.
4°C), and sam ples col lected in late spring or early sum mer,
when photosynthetic ac tiv ity above the thermocline is at its
max i mum (Fig. 5). 

ATMOSPHERIC CO2 

The role of at mo sphere-hy dro sphere ex change in the iso -
tope bud get of dis solved in or ganic car bon (DIC) can not be dis -
counted, es pe cially for very shal low depths of the wa ter col -
umn. The d13C value of at mo spheric car bon di ox ide ranges
from ap prox i mately –7‰ in the early eve ning to ap prox i mately 
–13‰ in the pe riod from mid night to early morn ing (Szaran,
1990). In a lake sys tem there is a dy namic equi lib rium be tween
the DIC and the res er voir of at mo spheric car bon di ox ide. The
high est rate of ex change of car bon di ox ide from the lake sur -
face to the at mo sphere takes place at night, re flect ing the di ur -
nal vari a tion in photosynthetic-res pi ra tion ac tiv ity. As a re sult,
one would ex pect that, dur ing the sum mer months when the
photosynthetic ac tiv ity of the lake veg e ta tion is high, the wa ters 
of the lake will ab sorb 13C-en riched car bon di ox ide from the at -
mo sphere dur ing the day and ex pel iso to pi cally lighter car bon
di ox ide at night. The DIC, be ing in an iso to pic equi lib rium with 
at mo spheric CO2, shows higher d13C val ues. When it is re -
duced to meth ane, or as sim i lated and then turned to meth ane,
the shal low-wa ter meth ane shows sig nif i cant en rich ment in 13C 
(Figs. 3 and 5). The im por tant role of photosynthetic ac tiv ity
and at mo sphere-wa ter car bon ex change can by sup ported by
the high range of vari a tion in d13C of shal low-wa ter meth ane as
com pared to that in deep wa ter (Fig. 3). How ever, this can be
also ex plained by di ur nal vari a tions in tem per a ture (higher
tem per a ture ac ti vates methanogenesis, also in a di ur nal ba sis;
Jêdrysek, 1995, 1999) or wider lo cal vari a tions in Eh, when the
sed i ments are more anoxic, pro por tion ally more DIC is re -
duced and meth ane shows higher d13C val ues. An in cu ba tion
ex per i ment can prob a bly help to ex plain this prob lem. Nev er -
the less, if the model of at mo sphere-hy dro sphere-sed i ments ex -
change of car bon is plau si ble, CO2 dif fu sion iso tope ef fects
have to be also con sid ered. 

DIFFUSION OF CARBON DIOXIDE IN THE WATER COLUMN —
POREWATER SYSTEM

Sorensen et al. (1981), Christensen (1984) and Michelson
et al. (1989) made an im plicit as sump tion that ac e tate dif fu -
sion within the nat u ral en vi ron ment is neg li gi ble, so that all
the ac e tate pro duced within a given sed i ment stra tum is im -

me di ately con sumed within that stra tum. This can not be ac -
cepted for gas eous CO2. 

The above-men tioned mech a nisms act in the same di rec -
tion re sult ing in higher d13C(CH4) val ues in the shal low re gions 
of lakes. The tem per a ture, DIC bud get, photosynthetic ac tiv ity, 
and res pi ra tion are all ex pected to dra mat i cally de crease with
in creased depth of the wa ter col umn. Thus, this re quires the as -
sump tion that the car bon di ox ide dis solved in porewaters will
mi grate rap idly into the over ly ing wa ters, lead ing to a dy namic
equi lib rium be tween the DIC of the porewater and that of the
wa ter col umn. There fore, the dif fu sion of car bon di ox ide in the
sed i ments and/or the wa ter col umn might also be par tially re -
spon si ble for the ob served depth ef fect. A quan ti ta tive eval u a -
tion of iso tope gra di ents pro duced by diffusional flow is com -
pli cated. Dudziak (1993, 1994) stud ied the d13C val ues of car -
bon in soil ver sus depth. The ob served pro files of soil car bon
di ox ide con cen tra tion and d13C ver sus depth are non-lin ear, but 
a sig nif i cantly neg a tive cor re la tion be tween these vari ables
was noted in var i ous soil types and over var i ous depths.

One might ar gue that the role of iso to pic ex change be tween
iso to pi cally lighter DIC and the heavier at mo spheric CO2 is not 
a plau si ble driv ing mech a nism for the meth ane d13C depth pat -
tern since the trans port of car bon di ox ide be tween the at mo -
sphere and the site of meth ane pro duc tion in the sed i ments is
too slow. The ques tion be comes: how slow is this trans port of
car bon di ox ide in the wa ter col umn and then dif fu sion to the
sed i ments? One would ex pect that more ex ten sive ex change
would oc cur and that there would be more ac tive
photosynthetic ac tiv ity, par tic u larly from phytoplankton, at
shal lower depths (Wada and Yoshioka, 1995; Yoshioka et al.,
1994). Higher pri mary pro duc tion at shal low depth con sumes
iso to pi cally lighter CO2, leav ing the re sid ual CO2 pool en riched 
in 13C. When the con cen tra tion of car bon di ox ide in the shal low 
wa ter de creases and the d13C in the re sid ual DIC in creases, due
to pho to syn the sis, the dif fu sion rate of car bon di ox ide from the
sed i ments in creases. It can be ex pected that 12C mol e cules dif -
fuse out from the sed i ments faster, leav ing 13C-en riched CO2

be hind in the sed i ments, thus re sult ing in higher d13C val ues in
meth ane formed at shal lower depths. More over, it is ob vi ous
from this rule that, at greater depths of the lake where pCO2 is
higher, one should ex pect lower d13C val ues in CO2, and in CH4

gen er ated from that car bon di ox ide. 

OXIDATION

It was found that the ma jor con tri bu tion of DIC (up to 78%) 
in lake sed i ment porewater can be de rived from methanogeneis 
(Ogrinc et al., 2002) and supersaturation with re spect to car -
bon ate min er als can be in duced by mi cro bial an aer o bic ox i da -
tion of meth ane (e.g. Jêdrysek, 1997; Aloisi et al., 2002). Like -
wise, when ox i dants such as sul fate (SO

4
2-) are pres ent in sed i -

ments, ac e tate (a meth ane pre cur sor) is con sumed by sul -
fate-re duc ing or gan isms (e.g. Scholten et al., 2002; Teske et
al., 2003). At the same time, bi o log i cal ox i da tion of ac e tate is
as sumed to be a first-or der pro cess with re spect to ac e tate con -
cen tra tion, and may re sult in sub stan tial en rich ment of heavy
iso topes in the re main ing ace tic acid. Nev er the less, the po ten -
tial sintropic link age be tween sul fate-re duc ing and methano -
genic bac te ria via ac e tate as a mech a nism of d13C vari a tions is
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not clear (Miyajima and Wada, 1998). If this ace tic acid is sub -
se quently used as a sub strate for methanogenesis, the re sult ing
meth ane will also bear the sig na ture of the 13C en rich ment.
Like wise, ox i da tion of meth ane to car bon di ox ide re sults in
sig nif i cant en rich ment of 13C in the res er voir of re sid ual meth -
ane (Barker and Fritz, 1981; Coleman et al., 1981;
Venkiteswaran and Schiff, 2005), and can pro ceed in a wide
range of tem per a tures (e.g. Val en tine and Reeburgh, 2000;
Sloisi et al., 2002; Achouten et al., 2003). If such ox i da tion oc -
curs in the sed i men tary en vi ron ment, a de crease in meth ane
con cen tra tion, and cor re la tions be tween this con cen tra tion and
the meth ane d13C val ues have to be ex pected; this is not the case 
in gen eral (Fig. 4). Also, there are no ob ser va tions of in creased
car bon di ox ide con cen tra tions that cor re spond to de creased
meth ane con cen tra tions in the same sam ples (Jêdrysek, 1997).
All of this con tra dicts an im por tant role of ox i da tion in the
DIC-CH4 sys tem in sed i ments. 

How ever, an in creas ing d13C value with in creas ing depth
can be ob served in the Ma³y Staw lake (Fig. 3), or some times in 
Nowa Cerekiew lake (e.g. 93.06.10 and 93.10.29; Fig. 5)
where deeper-seated meth ane was en riched in the heavy car bon 
iso tope as com pared with the re spec tive shal low-wa ter meth -
ane. These lakes were sig nif i cantly pol luted with SO

4
2-which is

the main sub strate for mi cro bial ox i da tion of meth ane and
meth ane pre cur sors, and sea sonal mix ing was not over. More -
over, the in creas ing trend in the con cen tra tion of meth ane with
in creas ing depth of the wa ter col umn in the Ma³y Staw lake, is
sim i lar to that in other lakes (Fig. 2), and low con cen tra tions of
meth ane in that lake cor re sponds to low d13C val ues (Fig. 4).
This might lead to the con clu sion that in tem per ate lake en vi -
ron ments, the ox i da tion of meth ane is in gen eral not likely to be 
the con trol ling fac tor in the sed i ment meth ane con cen tra tion an
in the d13C value. This can be sup ported by the fact that there
are no reg u lar pat terns or cor re la tions in the data on meth ane
con cen tra tion and meth ane d13C val ues (Fig. 4), and car bon di -
ox ide or/and meth ane con cen tra tion ver sus d13C(CH4) val ues
in all the lakes stud ied (Jêdrysek, 1997). 

Dur ing sea sonal over turn, a large part of meth ane can be
oxi dised due to the sup ply of large amounts of sul phate, this be -
ing the sub strate for the mi cro bial ox i da tion of meth ane. It was
ob served that meth ane ox i da tion is dis tinctly sea sonal, with the
high est ac tiv ity in late sum mer or early au tumn (Jêdrysek,
1997), when the turn over time of meth ane dis solved in the wa -
ter col umn is usu ally shorter than half a day and about 74% (an -
nual av er age) of dis solved meth ane is oxi dised (Utsumi et al.,
1998). There fore, dur ing sea sonal over turn, when the ox i da tion 
is ex tremely ef fi cient, a light cal cite-rich lamina may be
formed. Con se quently, in gen eral, one pair of laminae should
rep re sent an an nual cy cle of sed i men ta tion start ing from the
late spring to mid-sum mer (dark lamina — sea sonal high pri -
mary pro duc tion due to phytoplankton blooms, sed i men ta tion
and the sub se quent for ma tion of anoxic con di tions at the bot -
tom) and fin ish ing in au tumn to spring (light lamina — sea -
sonal over turn re sult ing in ox i da tion of or ganic com pounds and 
meth ane and rapid pre cip i ta tion of cal cite). More over, it can be
ex pected that, at the end of sum mer, when, de spite ox i da tion,
methanogeneis is still very ac tive, methanogenic re moval of
CO2 from sed i ments pro motes pre cip i ta tion of cal cite and leads 
to en rich ment of the re main ing DIC, and thus of meth ane, in

13C. Both ox i da tion of meth ane (meth ane pre cur sors) and ad di -
tional re moval of CO2, are con sis tent with the el e vated d13C
val ues in deep-wa ter meth ane ob served dur ing au tumn sea -
sonal over turns (Figs. 3 and 5).

METHANOGENIC PATHWAYS — DECOMPOSITION OF ORGANIC
MATTER DURING SINKING IN THE WATER COLUMN

It was ob served that, in the spring, 65% of meth ane in lakes
is pro duced due to ac e tate fer men ta tion while, dur ing au tumn,
90% of meth ane re sults from CO2 re duc tion (Lojen et al.,
1999), but the CO2-or ganic com pounds-CH4 sys tem is very
com plex from a car bon iso tope bud get point of view (e.g.
Hornibrook et al., 1997, 2000). Sim ple, low mo lec u lar weight
com pounds such as nonstructural car bo hy drates and
proteinaceous ma te ri als are gen er ally more eas ily de graded
than com plex poly meric com pounds such as the lignin of
woody and emer gent aquatic plants (Moore, 1969; Wetzel,
1975; Koyama et al., 1979; Heal and Ineson, 1984; Koyama,
1990). Bell (1969) in cu bated flooded soil an aer o bi cally and
found that glu cose and peptone were de graded to meth ane and
car bon di ox ide much more rap idly than cel lu lose, al though the
to tal vol umes of meth ane and car bon di ox ide even tu ally pro -
duced from these three sub strates were roughly the same. Sim i -
larly, al gal ma te rial de com poses to meth ane and car bon di ox -
ide about 10 times more rap idly than lignocellulose (Benner et
al., 1984). The pri mary pro duc tion of plank ton in the lakes in
this study can be rel a tively high and may vary from 50 to 1000
mg Cass per m2 per day (where Cass rep re sents or ganic car bon as -
sim i lated due to pho to syn the sis). In the euphotic zone above
the thermocline, al most all the newly pro duced and the dead or -
ganic mat ter may un dergo de com po si tion dur ing its de scent
(even sev eral weeks) through the wa ter col umn. In gen eral, the
pool of ac e tate in sed i ments is very lim ited and ac e tate con cen -
tra tion in sed i ments de creases within sev eral days if ac e tate is
con sumed rap idly (Michelson et al., 1989; Sugimoto and
Wada, 1993). Due to low tem per a tures, the or ganic mat ter be -
low the thermocline is ap par ently more re cal ci trant. How ever,
it is more de com posed (es pe cially ac e tate pre cur sors) dur ing
pro longed sink ing, and the speed of sink ing may slow down in
the thermocline zone where colder wa ter has a higher den sity
and vis cos ity, and ver ti cal ther mal cur rents may oc cur. Like -
wise, the or ganic mat ter sed i ment over the thermocline is de -
com posed by an other mi cro bial con sor tium which can in volve
other (un known to the au thor) path ways of de com po si tion of
iso to pi cally di verse spe cific group com pounds. Any way, it can
be pos tu lated that, in the deeper por tions of the lakes, the or -
ganic mat ter that reaches the sed i ment has un der gone more de -
com po si tion dur ing the pro cess of set tling to the bot tom. As a
re sult, it is more re frac tory or re cal ci trant than the ma te rial that
ac cu mu lates in shal lower wa ter, with lower amounts of ac e tate
pre cur sors. There fore, the na ture of the or ganic ma te ri als in
these deeper sed i ments and the colder tem per a tures may lead to 
less in tense ac e tate fer men ta tion, re sult ing in the ob served re la -
tion ship be tween meth ane d13C val ues and wa ter col umn depth. 
This means that given a deep enough wa ter col umn, much of
the or ganic mat ter pro duced in the photic zone above the
thermocline will even tu ally de com pose. How ever, in shal low
wa ters, the pro duc tion ex ceeds the con sump tion (de com po si -
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tion), re sult ing in the de po si tion of less de com posed or ganic
mat ter in the sed i ments. This pro cess may pro mote ace tic acid
fer men ta tion and con se quently in crease the meth ane d13C
value in the shal lower parts of the lake. This can be sup ported
by the vari able (above and be low the thermocline) gra di ent of
the d13C depth-re lated pat tern (Figs. 3 and 5).

CONCLUSIONS

1. The ob served depth-related gra di ent of d13C val ues in
fresh wa ter bub ble meth ane vary be tween – 1.4 to – 2.3‰ per

–1 m. The d13C pat tern dra mat i cally de creases or dis ap pears
be low the thermocline, es pe cially dur ing sea sonal over turn.

2. The mag ni tude of vari a tions in the meth ane d13C val ues
at dif fer ent depths, is sim i lar or larger than that re ported in the
lit er a ture on sea sonal, spa tial and di ur nal vari a tions in wetlands 
and lakes. Thus, such his tor i cal data may need to be re con sid -
ered for its im pli ca tions re gard ing the iso topic mass bal ance of
this green house gas. Like wise, some con clu sions on methano -
genesis, pro posed by other au thors and based on sam pling of
meth ane from sed i ments, per haps need to be re vised. 

3. The depth of the wa ter col umn pat tern is prob a bly due to
com bined fac tors re sult ing in ki netic iso tope ef fects, act ing in
the same direction:

a. De com po si tion of eas ily-de graded or ganic mat ter as it set -
tles through the wa ter col umn. The or ganic mat ter in deeper wa -
ter is more re cal ci trant than in shal low wa ter, ap par ently lead ing

to more in tense ac e tate fer men ta tion in shal lower por tions of the

lake and re sult ing in higher d13C val ues of the meth ane;
b. More ac tive car bon di ox ide ex change among the pore -

waters, wa ter col umn, and at mo sphere at shal low depths re sults

in higher d13C(CH4) val ues due to quan ti ta tive and qual i ta tive
dif fer ences in the meth ane pre cur sors at dif fer ent depths;

c. Lim ited dif fu sion of iso to pi cally de pleted car bon-bear ing

gases from deeper depths may re sult in higher d13C(CH4) val ues.
4. Poor sum mer-win ter sea sonal vari a tion of iso tope ra tios

in meth ane above the thermocline to gether with a neg a tive
depth-iso tope ra tio cor re la tion prove that the lake sys tem is in
dy namic equi lib rium. Be low the thermocline, tem po ral

d13C(CH4) vari a tions are largely de pend ant on sea sonal mix ing
of wa ter. Fur ther stud ies will be needed on this point.

5. Some ox i da tion of meth ane and es pe cially its pre cur sors
may oc cur dur ing sea sonal over turn of ben thic and sur face wa -
ters. This ef fect is marked in the deeper parts of lakes which are
an aer o bic dur ing stagnation periods. 
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