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Abstract. The 3H-3He age of a water mass is a measure of the time that has passed
since the water mass was last in contact with the afinosphere. Between 1992 and
1995 a detailed study of3H-3He ages was conducted in Lake BaikaI, the deepest and
largest lake by volume on Earth, to investigate deep water renewal in its three major
basins. Maximum 3H-3He ages are 14-17 years in the southern basin, 16-18 years in
the central basin, and 10-11 years in the northern basin. Rates of renewal of deep
water with surface water, deduced from volume-weighted mean 3H-3He ages below
250 m depth, are ab out 10% yr-l in the southern and central basins and 15% yr-l in
the northem basin. In the southern basin the mean 3H-3He age below 250 m depth
increased steadily from 9.6 years in 1992 to 11 years in 1995, indicating a slight
diminution in deep water renewal during this time. Bottom water renewal by large-
scale advection was estimated from the mass balance of 3He in the 200 m thick
bottom layer of each basin. Bottom water renewal rates in the northern basin were
found to be between 80 and 150 km3 yr-l and in the central basin between 10 and 20
km3 yrl, whereas in the southern basin they were ~racticaIly zero. Correlating oxy-
gen and dissolved helium-4 concentrations with 3H- He age aIlowed us to determine
the mean hypolimnetic oxygen depletion rate in the water column (4.5 ~mol L -1
yr-l), as weIl as mean helium fluxes from the lake bottom (2.8 x 1011 atoms m-2 s-l
in the northem basin, and 1.3 x 1011 atoms m-2 s-l in the central and southern
basins). The helium isotope ratio of the terrigenic helium component injected from
the lake bottom, determined from measurements of water from hydrothermal springs
in the vicinity ofthe lake, was found to be ~2.2xl0-7.

1. Introduction

Lake Baikai, located in the Great Baikai Rift zone of
eastem Siberia, is the deepest (1632 m) and largest (23,015
km3) lake by volume on Earth. It ho1ds aboutone fifth of
the global fresh (liquid) surface water. The lake is divided
by underwater sills into three main basins (Figure 1): the
southem basin (maximum depth of 1432 m), the central
basin (1632 m), and the northem basin (897 m). The three
major rivers ente ring the lake, the Selenga, the Upper
Angara, and the Barguzin, account für more than 70% of
the total annual river inflow. The on1y outflow is the
Angara at the southwestem end ofthe lake. Lake Baikal is
the oldest of all existing lakes; the Baika1 tectonic depres-

INow at Lamont-Doherty Earth Observatory, Palisades,
New York.

Copyright 1998 by the American Geophysical Union.

Paper nurnber 97JCO2218.
0 148-0227/98/97JC-O2218$O9.00

11,

sion is thOUght to have fonned as early as the Oligocene
[Golubev et al., 1993]. Basin sediments, which are several
kilometres deep, record more than 15 Myr of the lake's
history [Lake Baikai Paleoclimate Project Members,
1992]. During this time a rich endemic flora and fauna has
evolved.

Despite the lake's great depth, dissolved oxygen concen-
trations exceed 80% relative saturation throughout the
entire water column. The high oxygen concentrations indi-
cate (1) that oxygen consumption in Lake Baikal is small
and (2) that deep water renewal is surprisingly rapid. The
latter point raises the question of the intensity of deep
water renewal and ofhow it occurs in this deep lake. A fIrst
estimate of the deep water renewal rate was derived by
Verbolov and Shimaraev [1973] from the product of esti-
mated vertical velocities and the estimated areas of regions
where deep water fonnation is likely to occur. The authors
concluded that complete exchange between surface and in-
ternal waters takes place within 11 years. First 3H-3He ages
were detennined by Craig [1989], who reported a maxi-
mum 3H-3He age of 18 :!: 4 years for the central basin.,823
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Figure 1. Map ofLake Baikal with isobaths at 400, 700, and 1000 m depth. The Selenga, Upper
Angara, and Barguzin Rivers are the main inflows, the Angara River at the southwestem end of the lake
being the only outflow. The lake is divided into three basins; SI, Cl, and NI mark the deepest points
(solid circles) ofthe southem, central, and northem basins, respectively. Sampies from S2, C2, C3, C4,
and N2 (circled crosses) were included in the calculation of volume-weighted mean concentrations.
Hydrothermal springs (open circles) are Khakusy Hot Spring (Ksy), Frolikha Bay (FB), Zmeinnyi
Istochnik (Z), and Kotelnikovsky (Kot). K2 (open square) is a sampling station in the Kukui Canyon.

Weiss et al. [1991] showed that chlorofluorocarbon-12
(CFC-12) ages ca1culated from the vertical distribution of
CFC-12 ..Je< 16 years in the entire lake. Based on these
data and on dissolved oxygen concentrations, Külworth et
al. [1996] deve10ped a oDe-dimensional inverse model to
calculate annually averaged fluxes. Their "ventilation
times" below 400 m depth, derived by fitting modeled
tracer concentrations to observed data, are in good agree-
ment with the CFC-12 ages obtained by Weiss et al.
[1991]. A three-dimensional model to study the intensity
and scale ofplumes involved in the formation of deep water
in deep temperate lakes was developed by Walker and
Watts [1995].

Weiss et al. [1991] suggested that the so-called thermo-
baric instability, which is linked to the pressure depen-
dence ofthe temperature ofmaximum density (Tmd), is the
key process controlling deep water ventilation in Lake
Baikal. Shimaraev et al. [1993] interpreted the thermal bar
which develops along most of the shoreline of Lake Baikal

in spring as the maiD trigger of deep water formation.
However, Peeters et al. [1996] were able to show thatcon-
vection related to the thermal bar is restricted to the
uppermost 500 m of the water column. A more general
analysis of processes of deep water renewal, including the
effect of salinity on water density, was presented by
Hohmann et al. [1997]. On the basis of a thorough theoret-
ical analysis of stability and neutrally buoyant transport in
lakes [Peeters et al., 1996] and on a detailed set of conduc-
tivity-temperature-depth (CTD) da(a the authors showed
(1) that the Selenga River is important für deep water
renewal in the central basin and most likely also in the
southem basin, and (2) that deep water renewal in the
northem basin is brought about mainly by a combination
of small salinity and temperature gradients between the
central arid northem basins.

The 3H-3He method was introduced into oceanographic
research by Jenkins and Clarke [1976] and was subse-
quently applied in numerous studies [e.g., Andrie et al.,
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where V/( z', z') is the local adiabatic density lapse rate of
the background fjeld at depth z',

1fI( zl' Z2) = - (2)
\ ) isen

The quasi-density depends on the distribution of 8, S, and
p in the water column. The gradient of Pqua is propor-
tional to the Brunt-Väisälä frequency Nz2. A water column
is locally stable if Pqua increases with depth (i.e., if Pqua
decreases with z).

1988; Jenkins, 1987; Schlosser et al., 1990]. Compared to
its use in oceanography, relatively little effort has been
made to employ it routinely in limnology, despite the fact
that the timescale covered by the 3H-3He method matches
the timescale of mixing processes in lakes [Schlosser,
1992]. Torgersen et al. [1977] were the first to apply this
method to limnic systems, using it to estimate gas ex-
change rates, gas renewal at turnover, and vertical diffusiv-
ity in the epilimnion in Läkes Erie, Huron, and Ontario.
Since then, the method has been applied successfully in the
analysis of vertical exchange, exchange between läke
basins, oxygen consumption and gas exchange, ground-
water influx and helium flux from the läke bottom (e.g., in
Läke Baldegg (Switzerland) [Imboden et al., 1981], Green
Läke (New York) [Torgersen et al., 1981], Königsee
(Germany) [Fischer et al., 1985], Lake Constance
(Germany) [Zenger et al., 1990], Läke Van (Turkey)
[Kipfer et al., 1994], and Lake Luceme (Switzerland)
[Aeschbach-Hertig et al., 1996a]).

In this paper we present a detailed set of helium, neon,
and tritium concentrations from sampies collected in Läke
Baikal between 1992 and 1995. Deep water renewal rates
in the three major basins are derived from 3H-3He ages cal-
culated from 3H and 3He concentrations. Oxygen consump-
tion rates and the 4He flux from the läke bottom are esti-
mated by correlating observed values of the oxygen deficit
and 4He excess with calculated 3H-3He ages. Advective
bottom water renewal is calculated from the 3He mass bal-
mice in the deepest 200 m layer of each individual basin. A
six.box model of Läke Baikal, which is based on the data
presented hefe and on CFC-ll and CFC-12 concentrations,
is discussed by Peeters et al. [1997].

2.2. Noble Gas Analysis

Water sampies for noble gas analysis were taken using
5 L Niskin bottles. The error in the sampling depth was
estimated as I 3%. On board, the water was immediately
transferred to 45 mL copper tubes, which were then tightly
sealed using pinch-off clamps.

lnthe laboratory, light noble gases were analyzed ac-
cording to the procedure described by Kipfer et al. [1994].
The sampIes were connected to the inlet of a UHV system,
and the dissolved gases extracted from the water were
transferred into the purification section, where all gases ex-
cept He and Ne are removed by severalliquid-nitrogen-
cooled traps and getters (S.A.E.S. C50, NP 10, Zr-Ti bulk
getter). The He and Ne remaining were then separated in a
cryogenic cold trap, and the concentrations were measured
in two different static mass spectrometers. After extraction
the degassed water was transferred back into the original
copper tube. Several months later, the sampies were
reanalyzed for 3He produced by the decay of tritium.

Noble gas concentrations and isotopic composition were
regularly calibrated against an air standard. Aliquots of an
internal freshwater standard were routmely analyzed for
quality control purposes. The standard deviation of the
measured concentrations of these aliquots corresponds to
the reproducibility of the measurement procedure, in-
cluding that associated with gas extraction and purification.
Except for the sampies collected in fall 1994 the re-
producibility was better than I 0.5% for the helium isotope
ratio and about I 1 % for noble gas concentrations. The
tritium concentrations calculated from the 3He produced by
the decay of tritium during storage have an error of I 3%.
To account for the additional uncertainty related to
sampling depth, the estimated depth error (I 3% of total
depth) was multiplied by the absolute value of the mean
gradient of the ttleasured concentrations. The total uncer-
tainty in the concentrations and ratios at a certain depth
was calculated as the square foot of the sum of the squares
ofthe individual errors.

The quality of the sampies collected in 1994 tumed out
to be impaired for two reasons: (1) because of stormy
weather the sampling depth was less precisely ktlown and
(2) a leakage in the purification liDe affected some of the
sampies. Since it was not possible to eliminate these
effects, the 1994 data will not be considered in the follow-
ing discussion.

2 .Methods

2.1. CTD Measurements
Temperature, conductivity, and pressure were recorded

in situ with an SBE-9 on-line CTD probe from Seabird
Electronics. The probe has aresolution of 0.025 dbar für
pressure, 0.0003 K für temperature, and 0.01 ~S cm-l für
conductivity. The usual drift of the temperature sensor is
0.004 K yr-l. Oxygen concentrations were calibrated with
Winkler titration data (accuracy of 0.3%) provided by T.
Khodzher (unpublished data, 1993).

Ionic salinity Sc, defined as the total mass of dissolved
ions per unit mass of solute, was determined from the elec-
trical conductivity and average chemical composition of
Baikal water [Falkner et al., 1991] according to the proce-
dure described by Hohmann et al. [1997]. Potential tem-
perature () and water density were calculated from the
CTD data and the concentration of silicic acid (Si(OH)4),
the only nonionic species that significantly influences spa-
tial density gradients. Because of the lack of more detailed
information the distribution of silicic acid für the period
1994-1995 was determined using data provided by T.
Khodzher (unpublished data, 1993).

The quasi-density Pqua' a measure which proves to be
most adequate für determining the local stability of the
water column in deep lakes, was calculated according to
Peeters et al. [1996] as

(1)

2.3. CalculatioD of 3H-3He Age

The 3H-3He age 'f was calculated from the following
basic equation [Torgersen et al., 1977],
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'i=~In (l+~
)., 3H

More details regarding the noble gas analysis are given
by Kipfer et al. [1994] and Aeschbach-Hertig et al.
~1996b]. A detailed desc?ption ofthe c~lcula!ion ofthe 3H-
He ~ge can be found m Aeschbach.;.Hertlg [1994] and

Aeschbach-Hertig et al. [1996a].

(3)

3. Results
The data presented hefe were collected during four

cruises organized by the BaikaI International Center of
Ecological Research (BICER) during luly 5-15, 1992;
May 18 to lune 26, 1993; October 21 to November 14,
1994; and May 11 to lune 4, 1995. From aboard the re-
search vessel R/V Vereshchagin, more than 600 cm pro-
files were recorded, and a total of 281 wateT sampIes fOT
noble gas and tritium analysis were collected.

where ).= 0.05576 year-l is the decay constantoftritium
[Unterweger et al., 1980]. 3H and 3H~i are the concentra-
tions of tritium and tritiogenic helium, i.e., the helium
produced by the decay of tritium. The former concentration
is usually given in tritium units (TU, 1 TU being equiva-
lent to a tritium/hydrogen ratio of 10-18), the latter in Cttl3
STP g-i (1 cm3 STP g-I = 4.019x 1014 TU).

The tritiogenic helium concentration 3Hetri was calcu-
lated as foliows:

3H 3 3 3 3 4etri = Hem- Heeq- Heex- Heter = Rm Hem

4 4 4
-Req Heeq -Rex Heex -Rrer Heter, (4)

where the subscript m refers to measured concentrations,
subscript eq to solubility equilibrium concentrations, sub-
script ex to atmospheric excess concentrations, subscript
ter to terrigenic concentrlitions, and R refers to the corre-
sponding 3He/4He ratios.

Equilibrium concentl"atiöns were calculated according to
Weiss [1971]. The helium isotope ratio in water in equilib-
rium with the atmosphere is Req = 1.36x 10-6 [Benson
and Krause, 1980]. The atmospheric helium excess 4Heex
is assumed to originate from the complete dissolution of
air (e.g.,' from injected air bubbles) without fractionation. It
was calculateci only für sampies with a neon excess (defuled
as the difference between the measured Ne concentration
and the atrriospheric equilibrium concentration) greater than
2%, which is indicative of atmospheric contari1ination. For
such sampies, 4~eex was calcula.ted ~y multiplying the
total Ne excess wlth the atttlosphenc ratio 4He;2ONe (0.318
[Ozima and Podosek, 1983]). The atmospheric helium
isotope ratio is Ratm = 1.384x 10-6 [Clarke et al., 1976].

The value of 4Hetei is the 4He excess remaining after cor-
recting für air. It cottlprises helium from both the Earth's
mantle and ernst. The value of Rter is discussed below.

3.1. Vertical Density Stratification

In Figure 2, profiles of potential temperature (), ionic
salinity Sc, oxygen concentration [02], and quasi-density
Pqua [Peeters et al., 1996] are illustrated. These profiles
were measured at the deepest station of each basin (marked
by solid circles in Figure 1) in May 1995, shortly after
breakup. The temperature profiles (Figure 2a) are character-
istic of a typical winter stratification. Near the surface the
water column is inversely stratified with respect to temper-
ature. The temperature reaches its maxinium, the so-call~d
mesothermal temperature maxinium, where it is equal to
the t~mperature of maximum density (thin dotted line in
Figure 2a) at ab out 200 m. Below this depth it decreases
steadily. The bottom temperature is about 3.4°C in the
southem and northem basins and 3.1oC in the central
basin.

Ionic salinity is low, and its gradients (Figure 2b) are
rather smalI. Below 50 m and between the individual
basins, salinity varies by < 1 mg kg-l. The vertical salin-
ity distribution in the southem and central basins is sinii-
lar. The destabilizing effect of the slight salinity drop with
depth in the interior of these basins is compensated for by
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Figure 2. (a) Pote.ntial temperature (), (b) io~ic salinity Sc, (c) quas!-density Pgua' and (d) dissolv~d
oxygen concentratlon [02] at the deepest pomt ofthe southem basm (dotted Ime), the central basm
(solid line), and the northem basin (dashed line) measured from May 18-24, 1995. The straight dotted
liDe in Figure 2a is the temperature ofmaximum density Tmd. The influence ofnonionic silicic acid was
included in the calculation of quasi-density .
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the gradient of (J. In the central basin, there is a distinct
salinity increase in the deepest 100 m that is also observed
in the southem basin, although less pronounced. In the
northem basin, salinity is significantly lower than in the
other basins. Here it increases steadily with depth and thus
contributes tö the vertical stability of the water column.
The maximum value close to the surface in the northem
basin is most likely due to the salinity increase resulting
from the formation of ice in early winter.

The steady increase in quasi-density with depth in all
three basins (Figure 2c) illustrates th~t the combined effects
of temperature and salinity (including the contribution of
silicic acid) is to produce a stable stratification [Peeters et
al., 1996]. The thermocline at about 100 m depth marks
the zone of maximum stability, i.e., the zone with the
largestgradient of Pqua. This gradient is small near the
mesothermal temperature maximum, indicating that the
stratification is weak. A pronounced increase in Pqua near
the bottom of the central basin implies the existence of a
stably stratified boundäry layer.

Despite the great depth of Lake Baikal, oxygen concen~
trations are high throughout the entire wafer column
(Figure 2d). Even at the bottom of the lake, the relative
oxygen saturation generally exceeds 80%.

3.2. Distribution of He, Ne, and 3H in the Water
Column

Table I sumrnarizes the concentrations of helium, neon,
and tritium observed b~tween 1992 and 1995 at the deepest
station of each basin. In Fi~re 3 the helium isotope ratio
3He/4He .is plotted against the correspondin~ elem.entai
Ne/He ratIo (expressed as 2~e/4He). The 3He/ He ratlos of
all sampIes clearly differ from the 3He/4He ratio of air-satU-
rated wateT (ASW) established by gas exchange at the lake
surface. Provided that there is no input of helium from th~
Earth's mantle, deviations flom atmospheric equilibrium
toward larger 3He/4He ratios are generally causetlby excess
3He produced by th~ decay of tritium [Torgersen et al.,
1977; ./mboden et al., 1981; Aeschbach-Hertig et al.,
1996a]. In contrast, deviations from atmospheric equilib-
rium toward 10wer 2~e/4He ratios indicat~ the presence of
a crustal component which is virtually free of neon and has
a low 3He/4He ratio [Aeschbach-Hertig et al., 1996a;
Kipfer et al., 1996]. Because, formost 2~e concentrations
(except für the contaminated sampIes ofthe 1994 sampling
campaign), deviations from atmospheric equilibrium were
< 2%, the obsetved helium anomalies cannot be explained
in terms öf an atmöspheric source.

With respect to the isotopic composition of the light
noble gases the wateT masses in the central and southem
basins are similar. The 3He/4He ratios are rather large, in-
dicating that the wateT is enriched in tritiogenic 3fIe.
However, the ratios do not fall on the tritiogenic line.
Instead, the 2~e/4He ratio tends to decrease with an in-
crease in the helium isotope ratio, indicating that a terri-
:genic helium component is present. Because Lake Baikal
is sitUated in a latge continental lift, a crustal helium
component which lias a typical 3He/4He ratio ofabout
2x 10-8 [Mamyrin and Tolstikhin, 1984] is more likely to
be present than a mantle helium component with a typical
3He/4He ratio ofthe order of 10-5. This assumption is sup-
ported by the fact that helium isotope ratios measured in
hydrotbermal waters from the Baikal area are affected by the

presence of crustal helium [Kipfer et al., 1996]. In the
northem basin the terrigenic component is more pro-
nounced than in the other two basins, and the 2oNe/4He
ratios are therefore smaller. The 3He/4He ratios observed in
the northem basin are also smaller than those in the other
two basins.

The difference between the individual basins can also be
seen in the 4He concentrations. Terrigenic 4He concentra-
tions, calculated as 4Heter = 4Hem -4Heeq -4Heex at in
situ wateT temperature are plotted in Figure 4a. The distri-
bution of 4Heter in the southem and central basins is rather
simililr; concentrations are close to saturation at the lake
sUrfa(:e and increase slightly with depth. The terrigenic 4He
component 4Heter is largest in the northem basin: It
reaches about 18% of the atmospheric equilibrium concen-
tration at the bottom of the basin in 1992 (4Heeq =
4.54 x 10-8 cm3 STP g-l for T = 3.5°C, S = 100 mg kg-l,
andp = 958.9 mbar [Weiss, 1971]).

The 3He excess remaining after correcting'for excess air,
3He*ex, is shown in Figure 4b. It combines the tritiogenic
and terrigenic 3He components. The horizontal gradients of
3He*ex between the individual basins are surprisingly
smalI. The 3He*ex concentrations increase steadily from
nearly zero at the sUrface to reach maximum values at about
100-300 m above the bottom. The largest 3He*ex concen-
trations are found in the central basin, where they reach
100% of3Heeq .In all three basins, 3He*ex decreases signif-
icantly in the bottom 100--300 m.

From 1992 to 1995, tritium concentratioris (Figure 4c)
in the top 600--1000 m decreased by up to 4 TU. Note that
radioa(:tive decay during this 3 year period accounts für a
decrease of about 16%, or about 3 TU of the initial 20 TU.
The relative shape ofthe tritium profile did not change sig-
nificantly during this period in the southerri and central
basins; concentrations are fairly homogeIieous in the top
500 m and decrease slightly toward the bottom. In the
northem basin, however, the decrease in tritium concentra-
tions observed in the deep waters between 1992 and 1995
was only about 1 TU, which is less than expected from
radioactive decay. Consequently, the vertical gradient of
the 3H concentrations changed sign. Whereas in 1992 the
concentration decreased slightly with depth below 300 m,
the 1995 observations show an increase of about 2 TU
below 600 m. Because in 1992 the 3H concentrations in
the sUrface layer were larger than those in the deep waters,
the revers al of the gradient observed between 1992 and
1995 implies that significant quantities of sUrface water
from either the central or the northem basin must have been
transported into the depths ofthe northem basin.

Although the temporal variation of the helium isotope
Goncentration is fairly complex, the vertical distribution of
the 3He/4He ratios remained remarkably constant in all
basins between 1992 and 1995 (Figure 5). At the water
sUrface the 3He/4He ratios are close to the solubilitY equi-
librium (Req=I.360xl0-6 [Benson and Krause, 1980])
and increase steadily with depth. Maximum values are
reached at the bottom in the söuthem basin and at 100--
300 m above the bottom in the central and northembasins.

3.3. Helium Isotopes in Hydrothermal Springs

In order to detennine the isötope ratio of the mjected
terrigenic helium component, water flom hydrothermal
sprmgs near the shore of the northem basm was analyzed
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Table 1. Nöble Gas and Tritium Concentrations Measured at the Deepest Station ofEach Basin in 1992, 1993, and 1995

4He,
10-8 cm3

STPg-l

3HeeJI'
IO-14cm
3STP g-l

4Heex'
IO-9cm3

STPg-l

2~eex'
10-9 crn3

STPg-I
3Hef4He,

10-6
Depth, Temperature,

m "C 3H,
TUStation Date 2~ef4He

March 23, 1992
March 23, 1992
March 26, 1992
March 26, 1992
March 26, 1992
March 26, 1992
March 26, 1992
March 26, 1992
March 26, 1992
March 26, 1992

May 19, 1993
May 19, 1993
May 19, 1993
May 19, 1993
May 14, 1995
May 14, 1995
May 14, 1995
May 14, 1995
May 14, 1995
May 14, 1995
May 14, 1995
June 14, 1992
June 14, 1992
June 14, 1992
June 14, 1992
June 14, 1992
June 14, 1992
June 14, 1992
June 14, 1992
May 31, 1993
May 31, 1993
May 31,1993
May 31,1993
May 31, 1993
May 31,1993
May 15, 1995
May 15, 1995
May 15, 1995
May 15, 1995
May 15, 1995
May 15, 1995
May 15, 1995
July 12, 1992
July 12, 1992
July 12, 1992
July 12, 1992
July 12, 1992
July 12, 1992
June 19, 1993
June 19, 1993
June 19, 1993
June 19, 1993
June 19, 1993
June 19, 1993
May 24,1995
May 24,1995
May 24, 1995
May 24,1995
May 24, 1995
May 24, 1995
May 24, 1995

0
50

150
300
400
460
700
900

1100
1350

0
1000
1200
1430

20
200
600

1000
1200
1300
1429

0
100
300
500
930

1200
1400
1620
200
600
953

1334
1500
1620

20
200
600

1020
1420
1520
1624

100
240
400
600
800
880
20

200
400
650
800
900
20

200
400
600
700
800
890

0.5
1.0
3.0
3.5
3.5
3.5
3.4
3.4
3.4
3.4
2.6
3.4
3.35
3.35
1.5
3.55
3.5
3.4
3.35
3.35
3.4
3.5
3.5
3.5
3.4
3.3
3.2
3.2
3.2
3.6
3.4
3.3
3.2
3.2
3.1
1.2
3.6
3.4
3.25
3.2
3.15
3.1
3.';-
3.5
3.5
3.45
3.4
3.4
2.9
3.5
3.5
3.45
3.4
3.3
0.5
3.6
3.5
3.5
3.45
3.45
3.4

4.67:tO.03 1.390:t0.008 4.23:tO.04
4.70:t0.O3 1.455:tO.008 4.02:f:O.04
4.93:tO.03 1.569:1:0.008 3.98:tO.04
4.66:tO.03 1.656:tO.011 4.0I:tO.04
4.62:f:O.03 1.719:1:0.013 4.0I:tO.04
4.64:tO.03 1.782:f:O.014 4.00:t0.04
4.69:tO.03 1.986:1:0.018 3.99:1:0.04
4.69:tO.03 2.139:1:0.022 3.97:tO.04
4.7I:tO.O3 2.329:1:0.025 3.94:tO.04
4.76:1:0.03 2.220:t0.030 3.92:f:O.04
4.63:tO.02 1.436:1:0.008 4.06:1:0.03
4.85:tO.02 2.197:tO.024 3.83:tO.03
4.95:tO.02 2.283:tO.027 3.76:1:0.03
4.90:t0.02 2.295:tO.032 3.8I:tO.03
4.73:tO.04 1.400:t0.008 4.06:1:0.05
4.68:tO.04 1.597:tO.010 3.99:1:0.05
4.80:t0.04 1.846:tO.017 3.87:tO.05
4.70:t0.04 2.268:tO.024 4.09:1:0.05
4.86:tO.04 2.316:1:0.028 3.82:f:O.04
5.00:t0.04 2.316:1:0.029 3.70:t0.04
4.79:1:0.04 2.355:tO.032 3.89:1:0.04
4.70:t0.03 1.444:tO.008 3.99:1:0.04
4.65:!:O.03 1.495:tO.008 4.04:tO.04
4.66:1:0.03 1.623:tO.011 3.97:tO.04
4.68:tO.03 1.740:t0.026 3.98:tO.04
4.8I:tO.03 2.259:1:0.023 3.89:1:0.04
4.77:tO.03 2.488:tO.028 3.9I:tO.04
4.84:tO.03 2.559:1:0.032 3.85:tO.04
5.23:tO.04 2.190:t0.036 3.65:tO.04
4.63:f:0.02 1.573:tO.009 3.99:1:0.03
4.67:tO.02 1.824:tO.015 3.96:1:0.03
4.70:t0.02 2.419:1:0.023 3.94:tO.03
4.72:f:O.02 2.49I:tO.030 3.94:tO.03
4.70:t0.02 2.502:f:O.034 3.97:1:0.03
4.72:f:O.02 2.444:tO.035 3.9I:tO.03
4.70:t0.04 1.377:tO.008 4.03:tO.05
4.71:tO.04 1.594:1:0.010 3.97:tO.05
4.74:tO.04 1.848:tO.017 3.92:f:O.05
4.94:tO.04 2.232:f:O.025 3.79:1:0.04
4.97:tO.04 2.45I:tO.033 3.92:f:O.05
5.04:tO.04 2.434:tO.034 3.72:f:O.04
4.82:f:O.04 2.28I:tO.036 3.84:tO.05
4.73:tO.03 1.498:1:0.009 3.95:tO.04
4.78:tO.03 1.512:f:O.009 3.9I:tO.04
4.79:1:0.03 1.669:1:0.012 3.83:1:0.04
5.12:f:O.03 1.865:tO.016 3.63:tO.04
5.33:1:0.03 1.953:tO.019 3.48:tO.03
5.37:!:O.03 1.834:tO.020 3.48:tO.03
4.69:1:0.02 1.42I:tO.008 -

4.68:tO.02 1.57I:tO.008 3.95:t:O.03
4.82:f:O.02 1.742:f:O.012 3.88:tO.03
5.04:tO.02 1.933:tO.017 3.67:tO.03
5.07:t:O.02 1.922:f:O.019 3.63:1:0.03
5.08:t:O.02 1.789:1:0.021 3.66:1:0.03
4.79:1:0.04 1.403:tO.007 3.94:tO.05
4.57:t:O.04 1.540:t0.009 4.00:t0.05
4.84:t:O.04 1.653:tO.012 3.80:t0.05
4.98:tO.04 1.793:t:O.015 3.74:tO.04
5.04:1:0.04 1.83I:t:O.0.l7 3.65:t:O.04
5.03:t:O.04 1.858:tO.020 3.72:f:O.04
4.98:1:0.04 1.79I:tO.022 3.7l:tO.04~

0.21:tO.05
0.58:tO.06
1.55:tO.06
1.54:tO.07
1.76:tO.08
2.10:t0.08
3.15:tO.l0
3.86:tO.12
4.77:tO.14
4.40:t0.16
0.46:tO.05
4.49:1:0.12
5.12:tO.14
5.06:tO.16
0.38:tO.07
1.30:t0.08
2.69:1:0.11
4.48:tO.15
5.09:1:0.17
5.40:t0.17
5.11:tO.18
0.63:tO.06
0.79:1:0.06
1.40:t0.07
2.06:tO.13
4.70:t0.13
5.69:1:0.16
6.21:tO.18
5.27:tO.19
1.II:tO.05
2.35:tO.08
5.20:t0.12
5.57:tO.15
5.57:tO.17
5.34:tO.18
0.21:tO.07
1.34:tO.08
2.59:1:0.11
4.85:tO.15
6.01:tO.19
6.10:t0.20
4.81:tO.20
0.92:tO.06
1.06:tO.06
1.83:tO.08
3.39:1:0.10
4.23:tO.12
3.67:tO.12
0.48:tO.05
1.19:1:0.05
2.22:tO.07
3.58:tO.09
3.58:tO.l0
2.91:tO.ll
0.45:tO.06
0.87:tO.07
1.83:tO.09
2.75:tO.ll
3.06:tO.ll
3.18:tO.12
2.75:tO.13

0.52:!:O.29
0.88:!:O.29
3.82:!:O.30
1.18:!:O.29
0.75:!:O.28
1.00:!:0.29
1.50:!:0.29
1.51:!:O.30
1.66:tO.30
2.23:!:O.32
0.74:1:0.18
3.12:!:O.20
4.10:!:0.22
3.59:1:0.23
1.37:!:O.38
1.41:!:O.38
2.61:!:O.39
1.56:tO.39
3.24:!:O.41
4.60:!:0.42
2.49:1:0.41
1.65:!:O.29
1.14:!:O.28
1.24:!:O.29
1.45:!:O.29
2.64:!:O.31
2.22:!:O.31
2.91:!:O.32
6.75:!:O.35
0.87:!:O.18
1.30:!:0.18
1.54:!:O.20
1.69:1:0.22
1.47:!:O.22
1.66:!:O.23
0.95:!:O.38
1.72:!:O.38
1.98:!:O.39
3.92:!:O.41
4.25:!:O.42
4.94:!:O.43
2.74:!:O.42
1.94:!:O.29
2.40:!:0.29
2.54:!:O.30
5.84:!:O.32
7.87:!:O.33
8.26:tO.34
1.34:!:O.18
1.41:!:O.18
2.77:!:O.19
5.04:!:O.20
5.34:!:O.20
5.34:!:O.21
1.74:!:O.39
0.31:!:O.37
3.00:!:0.39
4.39:1:0.41
5.01:!:O.41
4.92:!:O.41
4.42:!:O.41

6.74:1:1.56& 21.6:1:0.6
-1.13:1:1.48 19.4:tO.5
10.12:1:1.46& 18.6:1:0.5
1.55:1:1.45 18.4:1:0.6
0.18:1:1.47 18.3:1:0.6
0.43:1:1.48 18.3:1:0.5
2.16:1:1.55 16.7:tO.5
1.I9:tl.44 16.1:1:0.5
0.35:1:1.40 16.0:I:0.6b
1.64:1:1.49 15.9:1:0.4
1.29:tl.34 18.8:1:0.5
0.68:1:1.30 15.3:1:1.3
1.12:1:1.22 14.8:1:0.4
1.50:1:1.41 14.9:1:0.5
2.95:1:1.79 19.2:1:1.2
1.57:1:1.57 17.0:1:0.7
0.99:1:1.56 15.8:tO.7
6.83:1:1.56 14.3:1:0.7
0.80:1:1.52 13.4:tO.7

-0. 19:tl.54 14.9:1:0.7
1.09:tl.54 12.9:1:0.6
2.90:1:1.43 19.3:1:0.6
3.22:1:1.44 20.3:tO.5
0.20:1:1.59 20.2:1:0.6
1.34:1:1.54 19.3:1:O.6b
2.12:1:1.46 17.2:1:1.5
1.50:1:1.58 15.2:1:0.5
1.59:tl.37 14.1:1:0.5
5.85:1:1.42& 15.2:1:0.5
0.29:tl.29 18.8:1:0.4
0.07:1:1.21 18.7:tO.5
0.49:tl.31 15.1:1:1.2
1.02:1:1.16 14.3:tO.4
1.36:1:1.35 14.3:1:1.2

-1.55:1:1.18 13.8:tO.4
-0.86:1:1.56 17.9:1:0.8
1.91:1:1.55 17.5:1:0.7
0.72:1:1.55 16.5:1:O.5b
2.42:1:1.57 15.4:1:0.6
9.87:1:1.63& 14.6:1:0.8
1.57:1:1.61 14.0:1:0.7

-0.88:1:1.64 14.0:1:1.0
1.92:1:1.47 20.0:1:0.5
2.01:1:1.82 20.5:tO.6

-1.55:1:1.48 20.4:1:O.4b
1.11:1:1.53 19.3:tO:5
0.57:1:1.36 19.0:1:0.5
1.74:1:1.46 18.8:tO.5

-19.7:1:0.6
0.07:1:1.20 18.2:1:0.5
2.01:1:1.27 19.5:tO.5

-0.04:1:1.17 18.7:1:0.6
-0.87:1:1.19 19.4:tO.5
0.90:1:1.26 17.5:1:0.6

-2.13:1:1.54 17.0:1:1.1
-2.22:1:1.55 16.8:1:0.7
-0.85:1:1.64 15.6:1:1.0
1.27:1:1.54 16.0:1:0.6

-0.90:1:1.55 18.1:1:1.0
2.04:1:1.61 16.2:1:0.7

-0.03:1:1.55 17.3:1:0.7

SI
S)
s)
SI
SI
SI
SI
SI
SI
Si
SI
SI
SI
SI
SI
SI
SI
SI
SI
SI
MI
MI
MI
MI
MI
MI
MI
MI
MI
MI
MI
MI
MI
MI
MI
MI
MI
MI
MI
MI
MI
NI
NI
NI
NI
NI
NI
NI
NI
NI
NI
NI
NI
NI
NI
NI
NI
NI
NI
NI

Errors are given as 10" values. Long dash denotes Ne lost because of experirnentat problems.
"Ne excess >2%.
bThe 3H lost because of experimental problems, value calculated from linear regression.
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Figure 3. Isotopic ratios ofhelium and neon concentrations measured at positions SI (solid triangles),
Cl (open circles), and NI (squared crosses) between 1992 and 1995. Deviations from the isotopic ratios
of air-saturated wateT (ASW) are caused by the decay of tritium (tritiogenic line) or by the input of
radiogenic helium from the sediment(crustalline).

(highest value) and Zmeinnyi Istochnik (lowest value).
The absence of a comparable neon excess implies that the
helium is not of atmospheric origin but represents the terri-
genic helium component. In contrast, the isotope ratios
vary by only a factor of 10. The .1owest 3He/4He ratios were
measured in sampIes with the hi~est 4He concentrations
(Kotelnikovsky), and the highest He/4He ratios were mea-

for helium and neon. A fIrst estimate of the 3He/4He ratio
of the injected terrigenic component was calculated by
Kipfer et al. [1996] based on two sampIes taken at the
Khakusy hot spring (see Figure 1). Additional data are
given in Table 2.

In all hot spring sampIes the 4He concentration is very
large. It varies by a factor of 50 between Kotelnikovsky
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4He ter -U -ex -'" -.~.

Figure 4. Profiles of(a) radiogenic 4He, (b) excess 3He (3He*eJ, lind (c) tritium measured at the deep-
est points ofthe southem (triangles), central (circles), and northem (squares) basins in 1992 (solid sym-
bols) and 1995 (open symbols). Here 3He*ex is the remaining 3He excess after correcting für excess air at
the in situ wateT temperature. It combines the tritiogenic and radiogenic 3He components. The 3He*ex
measured in May 1995 at position K2 (circled cross) at the bottom of Kukui Canyon is included in
Figure 4c. The low value at K2 reflects the flow of surface wateT along the canyon.
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4. Discussion
4.1. The 3H-3He Ages

The 3H-3He ages were calculated according to (3). The
3H-3He age yields merely an estimate of the true age,
defmed as the time since the water was last in contact with
the atmosphere [Mamyrin and Tolstikhin, 1984; Torgersen
et al., 1977]. Since the 3H-3He age is a nonlinear function
of 3H and 3Hetri, mixing may result in a discrepancy
between it and the true age, especially if 3H gradients are
large and if tritium concentrations in the lake are not at
steady state [Jenkins and Clarke, 1976; Aeschbach-Hertig,
1994]. In particular, the nonlinearity of (3) gives rise to
two specific effects: (I) The 3H-3He age ofamixture oftwo
water masses with different 3H concentrations is biased
toward the 3H-3He age of the component with the higher
3H concentration; and (2) because of the logarithm in (3)
the 3H-3He age always overestimates the true age of a mix-
ture oftwo water masses.

sured in sampies with the lowest 4He concentrations
(Zmeinnyi Istochnik). All 3He/4He ratios are significantly
lower than the atmospheric ratio but are higher than that of
helium from the stable continental crust (Rcr = 2 x 10-8;
[Mamyrin and Tolstikhin, 1984]). This indicates that, in
addition to the helium from the Earth's crust, small
amounts öf mantle helium mayaiso be present.

The measured helium isotope ratios are in excellent
agreement with the data published by Polajak et al.
[1992]. Unfortunately, no information on the discharge of
the different hydrothermal springs is available, so that the
average composition of the helium injected into Lake
Baikal cannot be calculated by weighting the measured
ratios with the flow rates. The mean value ofthe measured
ratios (Rter = 2.2::1:1.8 xl 0- 7; the sampies from Khakusy
were treated as a single value) was therefore used in the
following discussion. A similar value was reported by
Craig and Lupton [1978] für the helium injected into Lake
Tanganyika (= 4x 10-7).

Table 2. Helium and Neon Concentrations Measured in Hydrothermal Springs in the Vicinity ofthe Northem Basin ofLake Baikal .

3He/4He,
10-7

Temperature,
°C

4He
10-6 cm-3 STP g-l

2n..i-l~e,
10-7 cm-3 STP g-1Name DateposJtlon

Khakusya Ksy
Ksy
FB
Z

Kot

July 9, 1992
July 9,1992

July 12, 1993
Nov. 10, 1994
May 27, 1995

46
46
36
50
80.5

7.89:1:0.05
7.98:1:0.06

23.63:1:0.09
2.88:1:0.02

103.65:1:0.84

1.78:tO.Ol
1.79:tO.Ol
1.91:tO.O2
4.68:tO.O2
O.50:tO.Ol

1.68:1:0.02
1.70:1:0.02
5.45:1:0.04
1.35:1:0.01
3.28:1:0.03

Frolikha Bay
Zmeinnyi Istochnik
Kotelnikovsky

The 4He concentrations and 3He/4He ratios were corrected für air contamination using 2oNe excess at the in situ temperature.
The atmospheric equilibriwn concentration of neon is between 1.42 x 10-7 cm-3 STP g-1 (at T= 36 °C) and 1.06 x 10- cm-3 STP
g-l (at T = 80.5 °C) [Weiss, 1971].

aYalues are from Kipfer et al. [1996].
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ofLake Baikal the 3H-3He age generally yieldsan overes-
timate ofthe true age ofthe mixed water mass. However,
since the discrepancy does not exceed 10%, the 3H-3He age
can be used as a fIrst-order estimate to quantify mixing
processes in the lake.

The value of 3Hetri was calculated from (4) using the
3He/4He ratio of the injected terrigenic component deter-
mined in section 3.3 (Rter = 2.2 x 10-7). The error in the
3H-3He age caused by the uncertainty in Rter is negligible.
A maximum terrigenic 4He excess of about 18% was ob-
served at the bottom of the northem basin in 1992. The
corresponding terrigenic 3He excess is -2.7%, compared to
the tritiogenic 3He excess of about 58%. With Rter=
4x 10-7 the terrigenic 3He excess would be 5.3%, the
tritiogenic component would therefore be 55.4%, and the
3H-3He age would decrease from 10 to 9.7 years.

The 3H-3He ages in the three basins from 1992 to 1995
are shown in Figure 7. Again, the similarity of the curves
in all three basins is remarkable; the 3H-3He ages increase
steadily with depth from values close to zero at the lake
surface to their maxima at about 100-300 m above the lake
bottom. The greatest 3H-3He ages found were 13-17 years
in the southem basin, 16-18 years in the central basin, and
10-11 years in the northem basin. The maximum value
found in the central basin agrees weIl with the age of 18
years reported by Craig [1989]. In the bottom waters ofall
basins the increase in 3H-3He age with depth is halted
(southem and central basins) oi even reversed (northem
basin, sometimes in the central basin). The particular
shape ofthe 3H-3He age curve and its temporal evolution
implies (1) that the bottom layer is renewed more
efficiently than the water masses found directly above the
bottom layer and (2) that the intensity of this renewal
differs from basin to basin and from year to year.

In the southem basin the 3H-3He age remains fairly con-
stallt in the water column above 1000 m depth during the
period 1992-1995. In contrast, the 3H-3He age in the

:g
~
<a

~f

0 0.2 0.4 0.6 0.8 1

11

Figure 6. Comparison between the 3H-3He age (dotted
line) and the true age (solid linel of a mixture of BaikaI
surface wateT (3H = 18 TU; 3H- He age 't = 0) and deep
water (3H = 16 TU; 't = 10). Here 11 is the relative propor-
tion of surface water.

In the case of Lake Baikal these effects cancel each other
out to some extent. Except foT the 3H profile measured in
the northem basin in 1995 (Figure 4c), 3H concentrations
decrease with increasing depth, so that the former effect
leads to a slight underestimation of the true age of the deep
waters. Furthermore, 3H gradients in the lake are smalI,
and deviations caused by the nonlinearity of (3) are there-
fore also expected to be smalI. The 3H-3He age and the true
age of a mixture of Baikai surface wateT (3H = 18 TU; 3H-
3He age't = 0) and deep wateT (3H = 16 TU; 't = 10) are
compared in Figure 6. The figure illustrates that in the case
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Figure 7. The 3H-3He ag es calculated from (3) at stations SI, CI, and NI in 1992 (open triangles),
1993 (solid circles), and 1995 (open squares).
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Table 3. Mean 3H-3He Age Below 250 m Depth and
Mean Vertical Velocity Vz ofWater Across the 250 m
Isobath

h,rnBasin 3H-3He Age,
year

Year Vz, m yr-1

South 781 1992
1993
1995
1992
1993
1995
1992
1993
1995

9.64:1:0.47
9.86:1:0.82

11.01:1:0.51
10.54:1:0.38
11.10:1:0.52
10.47:1:0.55
7.19:1:0.85
7.62:1:0.73
7.52:1:0.80

81.1
79.2
70.9
76.5
72.7
77.0
61.0
57.,6
58.3

Central 807

North 438

bottom layer (the lowermost 200 m) increases steadily
from 13 years in 1992 to about 17 years in 1995, i.e., by
roughly 1 year per year, implying practically no renewal of
the bottom layer during this time period.

In the central basin, variations of 3H-3He age with time
and depth are more complex. Minor variations in the upper
600 m may be caused by convection triggered by the ther-
mal bar thai develops along the shore in early summer
[Shimaraev et al., 1993]. However, the vertical resolution
of the data is not sufficient to identify specific mixing
processes. In the bottom layer a distinct decrease in 3H-3He
age with depth was observed in 1992 and 1995, hut in
1993 the 3H-3He age was approximately constant below
1300 m. It appears that on average, mixing events keep the
3H-3He age at near steady-state values.

In the northern basin, temporal changes in 3H-3He age
occur mainly below 600 m depth. Near the bottom the 3H-
3He age decreased from 10 years in 1992 to 8.5 years in
1993 hut remained fairly constant from 1993 to 1995.

In summary, between 1992 and 1995, the 3H-3Heage in
the surface and intermediate layers of all basins remained
approximately constant; that is, the increase in 3He concen-
tration owing to the radioactive decay of tritium was
balanced out by the decrease owing to the flux of excess
3He to the atmosphere by vertical mixing and gas ex-
change. A different picture was found in the bottom layers.
In the southern basin the 3H _3He age increased steadily
during the observation period, indicating that the renewal
of the bottom layer was proceeding less efficiently than in
previous years. In the central and northern basins, renewal
of the bottom layer varied from year to year, hut on average
the 3H-3He age was practically constant.

The calcuJation of the volume-weighted mean 3H-3He
ages is based on sampies from stations S2, C2, C3, C4,
and N3 (see Figure 1). The wateT volumes belo}Y 250 m
depth are taten from Shimaraev [1994]. Here h is the
mean depth of the basin below 250 m.

4.2. Comparison with CFC-12 Ages

The relative vertical distribution of 3H-3He ages ob-
served between 1992 and 1995 is similar to the distribu-
tion ofthe CFC-12 ages in 1989 reported by Weiss et al.
[1991], although the 3H-3He method yielded larger values
than the CFC-12 method. Maximum CFC-12 ages do not
exceed 14 years in the southem basin, 16 years in the
central basin, and 9 years in the northem basin. Rather
than indicating areal age increase from 1989 to 1992, the
differences between 3H-3He and CFC-12 ages are most
likely caused by methodological factors. On the one hand,
for instance, it was shown in section 4.1 that because of the
nonlinearity of (3) the mixing of two water masses may
result in the 3H-3He age overestimating the true age by up
to about 10%. On the other hand, the CFC-12 ages given
by Weiss et al. [1991] were derived from CFC-12
concentrations which bad been corrected für an
undersaturation measured in the upper 250 m layer. This
correction might result in a discrepancy between CFC-12
age and true age. Furthermore, as in the case ofthe 3H-3He
age, mixing may cause the CFC-12 age to deviate from file
true age because of the non linear evollltion ofthe
atmospheric CFC-12 concentration. The observed discrep-
ancy between the CFC-12 and 3H-3He ages is, to a large
extent, likely to be due to a combination of these various
effects.

4.3. Deep Wafer Renewal Rates

A detailed evaluation ofthe development of3H-3He ages
in terms of deep water renewal rates requires the application
ofa dynamic mixing model ofthe lake and information on
the tritium input from the atmosphere during the last 30
years [Peeters et al., 1997]. However, even a simple
approach based on volume-weighted mean 3H-3He ages
below 250 m depth provides a reasonable estimate of the
mean residence time of the waters in this layer (Table 3).
Deep water renewal rates are about 10% yr-l in the
southem and central basins and ab out 15% yr-l in the
northem basin. Corresponding mean vertical exchange
velocities acrossthe250 m isobath are 71-81 m yr-l in the
southem basin, 73-77 m yr-l in the central basin, and
about 58-61 m yr-l in the northem basin. These values are
in good agreementwith the mean value of 75 m yr-l given
by Weiss et al. [1991]. In comparison, the vertical
velocities of 30-150 m yt:-1 at 400 m depth reported by
Killworth et al. [1996] seem rather large.

Note that inthe southem basin the mean 3H-3He age of
the deep water increased steadily from 9.6 years in 1992 to
11 years in 1995, which caused the vertical exchange
velocity to drop from 81 m yr-l to 71 m yrl. This is con-
sistent with the observation made above that the renewal of
the deepest 200 m of the basin was slight during the
observation period.

4.4. Oxygen Consumption Rate

The 3H-3He age provides a natural timescale für the de-
termination of oxygen consumption rates in aquatic
systems [e.g., Jenkins, 1976, 1987; Aeschbach-Hertig et
al., 1996a]. Figure 8 shows the oxygen saturation anomaly
calculated at the in situ temperature plotted against 3H-3He
age below 200 m in an three basins für the years 1993 and
1995 (the oxygen data from the 1992 cruise are too sparse
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Figure 8. Correlation between oxygen deticit and 3H.3He age in the southem (solid triangles), central
(open circles), and northem (squared crosses)basins in 1993 and 1995. The slope ofthe regression line
defmes the oxygen consumption rate per unit volume in the water column.

to be emp1oyed here). gince the regression shows neither
significant differentes between the basins nor from year to
year, the average oxygen consumption rate per unit
volume, given by the slope of the regression liDe, seems to
be constant in spate and time; J02 = (4.5 :t 0.3) ~ol L-I
yr-l. To express the cönsumption rate per unit lake area,
J02 has to be multiplied by the basin-specific mean depths.
Because of its reduced mean depth the oxygen con-
sumption per unit area would be smaller in the northern
basin than in the other basms.

Oxygen is consumed both in the water column and at
the sediment surface. Thus the rate calculated above com-
bines both the volume (J02,V) and the areal (J02,A) oxygen
sinks [Livingstone and Imhoden, 1996]. A rough estimate
ofthe volume oxygen sink, J02,v = (4.2:t 0.5) ~öl L-I
yr-l, is yielded by neglecting the data from the 200 m
thick bottom layer of each basin, where the ratio of
sediment area to water volume is particularly large and
therefore the areal sink is expected to be important.

Both rates are similar to the values determined by Weiss
et al. \1991] (4.5 ~mol L -I yr-1 below 250 m, 3.8 ~ol
L -I yr- at middepth below 250 m) and by Ki//worth et al.
[1996] (4.0-5.8 ~ol L -I yr-I). Furthermore, both values
coincide remarkably weIl within the error associated with
the linear regression, indicating that Qxygen consumption
in Lake Baikal is dominated by the volume sink rather
than the areal sink.

4.5. The 4He Flux From the Lake Bottom

A similar approach can be adopted to determine the flux
of helium from the lake bottom. There is an excess of 4He
in the deep water of all three basins (Figure 4a). Excess
4He plotted against the 3H-3He age is shown in Figure 9.

As a first approximation, the 3H-3He age is assumed to be
independent of the flux of terrigenic helium from the lake
botiom (Rter = 2.2 x 10-7), and thus the 4He flux per unit
voJume from the sediment (JHe) can be estimated as the
slope of the .]egression curve. Multiplying by the mean
basin depth h yields the He flux per unit area, FHe (TabJe
4). Helium fluxes in the southern and central basins are
similar (FHe ~ 1.3 X 1011 atoms m-2 s-l), while in the tec-
tonica1ly most active northern basin the flux is signifi-
cantly larger (F He ~ 2.8 x 1011 atoms m-2 s-l). This result
is consistent with the large 4He excess observed in the
water column ofthe northern basin. The 4He flux in Lake
Baikai is about 1 order of magnitude larger than the
average flux from the continental trust (~ 3 x 1010 atoms
m-2 s-l [O'Nions and Oxburgh, 1983]; values derived from
helium accumulation rates in lakes and aquifers are similar
[e.g., Aeschbach-Hertig et al., 1996a; Marty et al., 1993;
O'Nions and Oxburgh, 1988]). In Urnersee (a basin ofLake
Lucerne, Switzerland), Aeschbach-Hertig et al. [1996a]
determined a helium flux comparable to that found in Lake
Baikai (1.4 x 1011 atoms m-2 s-l). Still larger helium
fluxes into lakes are commonly related to the injection of
mantle helium and are observed in lakes located in active
tectonic or volcanic regions [e.g., Aeschbach-Hertig et al.,
1996b; Collier et al., 1991; Igarashi et al., 1992; Kipfer
et al., 1994; SanD et al., 1990].

Multiplying the helium flux by the terrigenic isotope
ratio Rter yields the flux of 3He. Comparing this with the
average geothermal beat flow in Lake Baikal (71 :t 21 mW
m-2 [Golubev et al., 1993]), we obtain a heat/3He ratio of
1.1 to 2.6x 10-6 J atom-I. In submarine hydrothermal
systems, heat/3He ratios range from 0.04 to 2.6 x 10-6 J
atom-1 [Lupton et al., 1989].
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Figure 9. Correlation between 4He excess and 3H-3He age in the southern (solid triangles), central
(open circles), and northern (squared crosses) basins für the years 1992, 1993, and 1995. The regression
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Hydrothermal activity combined with high advective
geothermal beat flow is known to occur in the notthem
basin [Golubev et al., 1993]. Kipfer et al. [1996] traced
the helium-rich plume of a subaquatic spring at Frolikha
Bay that was flowing toward the deep part of the basin.
Since helium concentrations measured in the various
springs in the vicinity of the notthem basin vary by a factor
of 50 (Table 2), it is not possible to calculate the water
discharge of the springs and the total input of helium into
the basin.

4.6. A Simple Model for Advective Bottom Water
Renewal

The peculiar structure of the vertical temperature, salin-
ity, helium, and tritium profiles (Figures 2 and 4) indicates
that the renewal of the bottom wateT must be mainly the
result of large-scale advection. This hag been described in
detail by Hohmann et al. [1997] and will be summarized
only briefly hefe.

River-induced deep wateT renewal in the central basin is
associated mainly with the Selenga River, the major inflow

Table 4. Mean Volumetric Oxygen Consumption Rate
JO2 and Mean Helium Flux From the SediJ:nent FHe

FHe, atoms m-2 s.lh,rnBasin J02, ~ol L-I yr-

entering the lake at the boundary between the southem and
central basins. KukUi Canyon cuts into the northem slope
of the Selenga Delta, leading flom near the shore to the
deep part of the central basin. During April and early May,
cold and relatively saline water flom the Selenga River
mixes with lake surface water near the river mouth, forming
a relatively dense plume thai flows along and down the
canyon to the deepest part of the lake [Hohmann et al.,
1997]. The 3He concentration in a water sampie taken in
the canyon (position K2, Figure 1) on May 15, 1995, con-
firms the flow of "young" surface water along the bottom of
the canyon (Figure 4b). The 3He concentration at K2 is
still close to the atinospheric equilibrium value, and the
3He excess is significantly smaller than thai at a similar
depth at Cl.

An analogous phenomenon is to be expected for thai part
of the Selenga inflow entering the southem basin. In fact,
distinct temperature and salinity signals recorded in June
1993 and May 1995 [Hohmann et al., 1997] indicate thai
water flom the Selenga River, or another inflow, reaches
the very bottom of the basin. However, the signals are
restrict~d to the small 2-5 m bottom layer at the deepest
part of the basin. So far, in contrast to the central basin, we
have not been able to trace the penetration of a plum~ of
river water into the southem basin directly. Possibly, the
absence of a topographic structure comparable to the Kukui
Canyon fenders detection more difficult.

In the northem basin we found a distinct cold bottom
boundary layer in May 1995 with a volume of 40-80 km3
covering an area of --4000 km2. A low-temperature signal
was also recorded in June 1993, but at thai time it was re-
stricted to the very deepest part of the basin. From a de-
tailed set ofCm profiles [Hohmann et al., 1997] we were

(1.38:tO.ll)XlOII
(1.24:t0.14) x 1011

(2.79:t0.15)XIOll

South
Central
North

844
854
576

4.5::!: 0.3

Here h is the mean depth of the basin below 200 ffi.
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able to identify Academician Ridge, separating the cold,
relatively saline wateT of the central basin from the warmer
and slightly less saline wateT of the northem basin, as the
origin of the cold bottom wateT detected in 1995. At the
ridge, horizontal mixing produces wateT that can sink on
either side of the sill. While in the central basin the wateT
mass remains at an mtermediate depth, in the northem
basin it sinks to the bottom.

The following simple model is based on these phe-
nomena. Its applicatiop to 3He serves to estimate the total
volume of surface wateT flowing to the bottom by large-
scale advection. The mass balance of 3He in the bottom
layer of mean thickness h is described by the equation

13He )..~ (3 3 )= kadv Headv- He + ~rJHe
dt

+&~+)., (3H)h (Jz (5)

3He, 3H mean concentrations in the bottom
layer, cm3 STP goi;

3Headv He concentrations in the advective
plume, cm3 STP g-l;

kadv adyective exchange coefficient,
year-I;

JHe helium flux from the lake bottom per
unit volume, cm3 STP g-I yr-I;

Rter terrigenic helium isotope ratio;
Kz coefficient of vertical diffusion,

-m2 yr-l;
h mean thickness ofbottom layer, i.e.,

volume divided by isobath area at
upper bOUlldary of layer, m;

z vertical coordinate, positive upward,
m;

A = 0.05576 yearI tritiunl decay constant [Unterweger
et al., 1980].

The terms on the fight-hand side describe the effects of
the following processes on the 3He balance: input by ad-
vection, flux ofterrigenic 3He from the lake bottom, turbu-
lent diffusion thrOUgh the tipper boundary, and production
by the radioactive decay oftritium. Solving (5) für kadv and
replacing d(3He)/dt by ~(3He)/~tyields

~~ 'I
-hkadv - ~~~r~=~~Re:i:3 At

ReadY

2. The vertical gradient of 3He is approximated by
linear regression of the data from the deepest part of each
basin. Note thai 3He concentrations are approximately con-
stallt in time.

3. The helium concentration in the advective plume is
set equal to the saturation value at 3.5°C (3Headv ~ 3Heeq
(3.5°C) = 6.l7x 10-14 cm3 STP g-I [Weiss, 1971; Benson
and Krause, 1980]), implying thai the plume originates
from a weIl-mixed surface layer which is in atmospheric
equilibrium. Because the effect of entrainment in the wateT

3column on Headv is neglected, the absolute value of the
denominator of (6) tends to be too large. Thus the
resulting kadv value represents a lower limit to the overall
advective transport into the bottom layer.

4. Since information on vertical diffusion is lacking, we
use Kz = 10-4 m2 s-I in all three basins. This is a typical

value für the weakly stratified hypolimnia of deep lakes
[Wüest, 1987].

The different terms of (6) and the resulting exchange
rates are listed in Table 5. The absolute advective trans-
port, Qoov, is calculated Its the product of kadv and the
volume ofthe respective bottom layer. Table 5 shows thai
the mass balance of 3He is dominated by the decay of
tritium; its contribution exceeds the effect of diffusive
mixing by a factor of 2. Changing Kz by :t500;o causes kadv
and Qadv to change by :t20% or less. The terrigenic 3He
flux is negligible.

In the southem basin the advective flow is virtually zero,
and between 1992 and 1993 it is even negative. However,
in 1992 there was only ODe single sampIe collected below
1200 m, and the volume-weighted mean 3He concentration
is therefore poorly defmed. Nevertheless, the calculations
confIrm the previous observation thai bottom wateT renewal
was slight in this basin between 1992 and 1995.

In the central basin a total surface wateT volume of 10-20
km3 yrI is required to explain the observed mean 3He con-
centrations in the bottom la,yer. Hohmann et al. [1997]
have shown thai a total volume of about 2.5 km3 yrI from
the Selenga River has the potential to reach the bottom of
the central basin. An additional 7.5-17.5 km3 yr-I of wateT
from the surface mixed layer are therefore necessary to pro-
duce the required Qadv' According to a salinity balance the
descending plume observed in Kukui Canyon at 400 m
depth (position K2) consists of approximately one-third
Selenga waterand two-thirds lake surface wateT [Hohmann
et al., 1997]. Thus it is 1ikely thltt bottom wateT renewal
in the central basin is to a 1arge extent accomp1ished by a
mixture of river wateT and lake surface wateT from the delta
region.

The largest advective transport, about 150 km3 yr-I
between 1992 and 1993 and 80 km3 yr-I between 1993 and
1995, is found in the northem basin. The latter value coin-
cides remarkably weIl with the vol~e of the cold bottom
layer detected in the northem basin in spring 1995
[Hohmann et al., 1997]. In contrast to the central and
southem basins, bottom wateT renewal in the northem
basin is primarily induced by the mixing of wateT masses
from the central and northem basins at Aca,demician Ridge.

The fluxes into the 200 m thick bottom layers ofeach
individual basin derived from the vertica1 ve10cities given
by Killworth et al. [1996] are ofthe same order ofmagni-
rode. Independent confIrmation ofthe results obtained from

(6)

Equation (6) is evaluated separately for each basin. The
bottom layers are defm~d as foliows: southem basin, depth
> 1200 m; central basin, depth> 1400 m; northem basin,
depth > 700 m; that is, each bottom water reservoir is
-200 m thick. The following approximations are made.

1. The 3He c9ncentration in the bottom layer is calcu-
lated as the average of the volume-weighted means from
two consecutive expeditions (i.e., 1992-1993 and 1993-
1995).
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(6) by calculating the mass balance of other tracers such as
CFCs would be helpful. Because of the noisiness of the
data set the uncertainties in the spatial and temporal
gradientsof4He and tritium are too big to allow their ma~s
balances in the bottom layers to be evaluated meaningfully.
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5. Summary and Conclusions
A detailed analysis of He, Ne, and 3H in Lake Baikai

between 1992 and 1995 shows that the water masses from
the central and southem basins have a similar composition
and vertical structure. In the northem basin an injected
terrigenic helium component is resulting in high 4He con-
centrations and relatively low 2oNe/4He ratios. The
3He/4He ratio ofthe injected terrigenic component is re-
markably similar to the value reported by Craig and
Lupton [1978] für the helium injected into Lake
Tanganyika. The geochemical implications ofthis observa-
tion remain unclear.

Deep water renewal rates calculated from volume-
weighted means of 3H-3He ages below 250 m depth are
-10% yr-l in the southem and centra1 basins and -15%
~r-l in the northem basin. In the southem basin the mean
H-3He age below 250 m depth increased steadily from 9.6

years in 1992 to 11 years in 1995. Apparently, during
these years, vertical exchange was not efficient enoUgh to
prevent the accumulation of tritiogenic 3He. Over longer
periods of time the mean 3H-3He age in the central and
northem basins seems to be fairly constant.

The distinct decrease in 3He concentration and in 3H-
3He age with depth in the lowermost 100-300 m implies
that the renewal of the bottom layer is the result of large-
scale advection. This is not necessarily the case in the
water column above the bottom layer, where the distribu-
tion ofthese tracers could be explained by the effect ofver-
tical diffusion and ofthe radioactive decay oftritium.1n the
southem basin the advective transport of surface water to
the bottom layer, calculated from the 3He balance für the
period from 1992 to 1995, is practically zero. However,the
concentrations measured in 1992 indicate that at some
point previously, the renewal of the bottom layer must
have been more intense. In the central basin, advective
bottom water renewal OCCurS at the rate of between 10 and
20 km3 yrl, and in the northem basin the rate is between
80 and 150 km3 yr-l. In the central basin, and most likely
in the southem basin, bottom water renewal is to a large
extent controlled by the discharge rate and the water tem-
perature ofthe Selenga [Hohmann et al., 1997]. Deep water
mixing in the northem basin is controlled mainly by the
magnitude of lateral mixing at Academician Ridge between
water from the central and northem basins [Hohmann et
al., 1997]. The mixing ofwater masses at the sill provides
a significant supply of cold and young surface water
flowrng to the bottom of the northem basin, where it forms
a cold bottom boundary layer as observed in spring 1995.
The large advective bottom water renewal rates in the
northem basin are also reflected in the distribution of
tritium (Figure 4c); between 1992 and 1995 the decrease in
3H concentration below 600 m was much smaller than
would be expected from r~dioactive decay alone. This can
only be explained by the downward mixing of large
quantities of surface water to the deep part of the basin.
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In the southem basin the intensity of deep wateT renewal
now seems to be smaller than the long-term average. At
the present time we are not able to decide whether the
steady increase in mean 3H-3He age below 250 m is the
manifestation of a long-term sawtooth fluctuation as ob-
served in some Swiss lakes [Livingstone, 1993, 1997] or
whether it indicates that the basin is shifting toward a
permanent state of reduced deep wateT renewal. The latter
could have severe implications foT the lake's unique
ecosystem.

Acknowledgments. Among the many people who helped
with the planning, the preparation, and the realization of OUT
research on Lake BaikaI, we would like to express OUT special
thanks to OUT colleagues tram the Limnological Institute in
Irkutsk, especiaIly to its director Mikhail Grachev, but also to
Nadja Cherepanova, Nick Granin, Andrei Zhdanov, and
Tamara Khodzher and the crew of the RN Vereshchagin.
Michael Schurter was responsible tor the technical equipment
on all the cruises. Laboratory work would not have been pos-
sible without the support of Rainer Wieler, Urs Menet, Stefan
Thürig, and Werner Aeschbach-Hertig. David Livingstone
helped to improve the language of the final text. Ship time and
support were provided by the Baikai International Center of
Ecological Research (BICER) and the Limnologica.l Institute
of the Siberian Division of the Russian Academy of Sciences.
This research was made possible by financial support tram the
Swiss Federal Institute of Environmental Science and
Technology (EA W AG), the Swiss Federal Institute of
Technology (ETH), and the Swiss Federal Office für Science
and Education (BBW).

Golubev, V. A., J. Klerkx, and R. Kipfer, Heat flow, hydrother-
~al vents ~d static stability of discharging thermal wateT
m Lake BaIkai (south-eastern Siberia), Bull. Cent. Rech.
Explor. Prod. Elf Aquitaine, 17, 53-65, 1993.

Hohmann, R., R. ~ipfer, F. Peeters, G. Piepke, D. M. 1mboden,
and M. N. Shlmaraev, Processes of deep-water renewal in
Lake Baikai, Limnol. Oceanogr., 42, in press, 1997.

Igarashi, G., M. Ozima, J. Ishibashi, T. Gamo, H. Sakai, Y.
Nojiri, and T. Kawai, Mantle helium flux from the bottom of
Lake Mashu, Japan, Earth Planet. Sci. LeU., 108, 11-181992. '

Imboden, D. M., U. Lemmin, T. Joller, K. H. Fischer, and W.
Weiss, Lake mixing and trophic state, Verh. Internat.
Verein. Limnol., 21, 115-119, 1981.

Jenkins, W. J., Tritium-helium dating in the Sargasso Sea: A
measurement of oxygen utilization rates, Science, 196, 291-
292, 1976.

Jenkins, W. J., 3H and 3He in the Beta Triangle: Observations
of gyre ventilation and oxygen utilization rates, J. Phys.
Oceanogr., 17,763-783, 1987.

Jenkins, W. J., and W. B. Clarke, The distribution of 3He in the
western Atlantic Ocean, Deep-Sea Res. Oceanogr. Abstr.,
23, 481-494, 1976.

Killworth, P. D., E. C. Carmack, R. F. Weiss, and R. Matear,
Modelling deep water renewal in Lake Baikai, Limnol.
Oceanogr., 41, 1521-1538, 1996.

Kipfer, R., W. Aeschbach-Hertig, H. Baur, M. Hofer, D. M.
~mboden, and P. Signer, Injection of mantle type helium
mto Lake Van (Turkey): The clue für quantifying deep
water renewal, Earth Planet. Sci. LeU., 125,357-370, 1994.

Kipfer, R., W. Aeschbach-Hertig, M. Hofer, R. Hohmann, D. M.
Imboden, H. Baur, V. Golubev, and J. K\erkx, Bottomwater
formation due tp hydrothermal activity in Frolikha Bay,
Lake BaikaI, eastern Siberia, Geochim. Cosmochim. Acta,
60, 961-971, 1996.

Lake Baikai Paleoclimate Project Members, Initial results of
U.S.-Soviet paleoclimate study of Lake Baikai, Eos Trans.
AGU., 73, 457-462, 1992.

Livingstone, D. M., Temporal structure in the deep-water tem-
perature of Cour Swiss lakes: A short-term climatic change
indicator?, Verh. Internat. Verein. Limnol., 25, 75-81,
1993.

Livingstone, D. M., An example of the simultaneous occur-
rence of climate-driven "sawtooth" deep-water warm-
ing/cooling episodes in several Swiss lakes, Verh.
Internat. Verein. Limnol., 26, in press, 1997.

Livingstone, D. M., and D. M. Imboden, The prediction of
hypolimnetic oxygen profiles: A plea für a deductive ap-
proach, Can. J. Fish. Aquat. Sci., 53, 924-932, 1996.

Lupton, J. E., E. T. Baker, and G. J. Massoth, Variable 3He/heat
ratios in submarine hydro thermal systems: Evidence from
two plumes over the Juan de Fuca Ridge, Nature, 337, 161-
164,1989.

Mamyrin, B. A., and I. N. Tolstikhin, Helium Isotopes in
Nature, Dev. in Geochem., 3,273 pp. Elsevier, New York,
1984.

Marty, B., T. Torgersen, V. Meynier, R. K. O'Nions, and G. De
Marsily, Helium isotope fluxes and groundwater ages in the
Dogger Aquifer, Paris Basin, Water Resour. Res., 29, 1025-
1035, 1993.

O'Nions, R. K., and E. R. Oxburgh, Heat and helium in the
earth, Nature, 306, 429-431, 1983.

O'Nions, R. K., and E. R. Oxburgh, Helium, volatile fluxes and
the development of continental crust, Earth Planet. Sci.
LeU., 90, 331-347, 1988.

Ozima, M., and F. A. Podosek, Noble Gas Geochemistry, 367
pp., Cambridge Univ. Press., New York, 1983.

Peeters, F., G. Piepke, R. Kipfer, R. Hohmann, and D. M.
Imboden, Description of stability and neutrally buoyant
transport in freshwater lakes, Limnol. Oceanogr., 41, 1711-
1724,1996.

Peeters, F., R. Kipfer, R. Hohmann, M. Hofer, D. M. Imboden, G.
Kodonev, and T. Khodzer, Modelling transport rates in
Lake Baikai: Gas exchange and deep wateT renewal,
Environ. Sci. Technoi., in press, 1997.

References
Aeschbach-Hertig, W., Helium und Tritium als Tracer für phy-

sikalische Prozesse in Seen, Ph.D. thesis 10714, 272 pp.,Swiss Fed. Inst. ofTechnol. (ETH), Zürich, 1994. '

Aeschbach-Hertig, W., R. Kipfer, M. Hofer, D. M. 1mboden, and
H. Baur, Density-driven exchange between the basins of
Lake Luceme (Switzerland) traced with the 3H-3H e
method, Limnol. Oceanogr., 41,707-721, 1996a.

Aeschbach-Hertig, W., R. Kipfer, M. Hofer, D. M. Imboden, R.
Wieler, and P. SigneT, Quantification of gas fluxes from the
subcontinemal mantle: The example of Laacher See, a maar
lake in Germany, Geochim. Cosmochim. Acta, 60, 31-41,
1996b.

Andrie, C., P. Jean-Baptiste, and L. Merlivat, Tritium and
helium 3 in the northeastem Atlantic Ocean during the
1983 Topogulf cruise, J. Geophys. Res.. 93, 12511-12524,
1988.

Benson, B. B., and D. Krause, Isotopic fractionation of helium
during solution: A probe fOT the liquid state, J. Solution
Chem.,9, 895-909, 1980.

Clarke, W. B., W. J. Jenkins, and Z. Top, Determination of
tritium by mass spectrometric measurcment of 3He, Int. J.
Appl. Radiat. Isot., 27, 515-522, 1976.

Collier, R. W., J. Dymond, and J. McManus, Studies of
hydrothermal processes in Crater Lake, OR, Rep. OSU 90-7,
Coll. ofOceanogr., Oreg. State Univ., Corvallis, 1991.

Craig, H., Helium, tritium, methane, and temperature in deep
rift-valley lakes: Tanganyika, Kivu, and Baikai (abstract),
Eos Trans. AGU; 70, 1137, 1989.

Craig, H., and J. E. Lupton, Helium isotope variations:
Evidence fOT mantle plumes at Yellowstone, Kilauea, and
the Ethiopian rift valley (abstract), Eos Trans. AGU, 59,
1194,1978.

Falkner, K. K., C. I. Measures, S. E. Herbeiin, and J. M.
Edmond, The major and minor element geochemistry of Lake
Baikal, Limnol. Oceanogr., 36, 413-423, 1991.

Fischer, K. H., W. Weiss, O. Siebeck, and R. Müller,
Implications of slow deep wateT renewal of Lake Königsee
derived from combined tritium-3helium measurements, Arch.
HydrobioI., 102, 409-414, 1985.



12,838 HOHMANN ET AL.: DISTRIBUTION OF HELIUM AND TRITIUM IN LAKE BAIKAL

Weiss, R. F., Solubility of helium and neon in water and sea-
water, J: Chem. Eng. Data, 16,235-241, 1971.

Weiss, R. F... E. C. Carmack, and V. M. Koropalov, Deep-water
renewal and biological production in Lake Baikai, Nature,
349, 665-669, 1991.

Wüest, A., Ursprung und Grösse von Mischungsprozessen im
Hypolimnion natürlicher Seen, Ph.D. thesis 8350, 144 pp.,
Swiss Fed. Inst. ofTechnol. (ETH), Zürich, 1987.

Zenger, A., J. Ilmberger, G. Heinz, M. Schimmele, P. Schlosser,
D. Imboden, and K. O. Münnich, Behaviour of a medium-
sized basin connected to a large lake, in Large Lakes:
Ecological Structure and Function, editedby M. M. Tilzer
and C. Serruya, pp. 133-155, Springer-Verlag, New York,
1990.

H. Baur, Isotope Geology, Swiss Federal Institute of
Technology, NO C61, CH-8092, Zürich, Switzerland. (e-mail:
baur@erdw.ethz.ch)

M. Hofer, D.M. Imbboden, R. Kipfer, and F. Peeters, Swiss
Federal Institute of Technology and Swiss Federal Institute of
Environmental Science and Technology, CH-8600 Dübendorf,
Switzerland. (e-mail: hofer@eawag.ch; imboden@eawag.ch;
kipfer@eawag.ch; peeters@eawag.ch)

R. Hohmann, Lamont-Doherty Earth Observatory, Palisades,
NY 10964. (e-mail: hohmann@ldeo.columbia.edu)

M. N. Shimaraev, Limnological Institute of the Siberian
Division of the Russian Academy of Sciences, Irkutsk 664033,
Russia. (e-mail: shimaraev@lin.irkutsk.su)

Po1ajak, B. G., Z. M. Prasolov, 1. N. Tolstikhin, S. V.
Koslovzeba, V. I. Kononov, and M. D. Chutorskoi, Isotopic
data of fluids from Baikai rift zone, Izv. Akad. Nauk., Sero
Fiz. 10, 18-33, 1992.

SanD, Y., M. Kusakabe, J. Hirabayashi, Y. Nojiri, H.
Shinohara, T. Njine, and G. Tanyileke, Helium and carbon
fluxes in Lake Nyos, Cameroon: Constraint on next gas
burst, Earth Planet. Sci. Lett., 99, 303-314, 1990.

Schlosser, P., Tritium/3He dating of waters in natural systems,
in Proceedings on the Consultant Meeting on Isotopes 0/
Noble Gases as Tracers in Environmental Studies, pp.
123-145; Int. At. Energy Agency, Vienna, 1992.

Schlosser, P., G. Bönisch, B. Kromer, K. O. Münnich, and K. P.
Koltermann, Ventilation rates of the waters in the Nansen
Basin of the Arctic Ocean derived from a multitracer
approach, J: Geophys. Res., 95, 3265-3272, 1990.

Shimaraev, M. N., N. G. Granin, and A. A. Zhadanov, Deep
ventilation of Lake Baikai due to spring thermal bars,
Limnol. Oceanogr., 38, 1068-1072, 1993.

Torgersen, T., Z. Top, W. B. Clarke, W. J. Jenkins, and W. S.
Broecker, A new method für physicallimnology -tritium-
helium-3 ages -results für Lakes Erle, Huron and Ontario,
Limnol. Oceanogr., 22, 181-193, 1977.

Torgersen, T., D. E. Hammond, W. B. Clarke, and T.-H. Peng,
Fayetteville, Green Lake, New York: 3H-3He wateT mass
ages and secondary chemical structure, Limnol. Oceanogr.,
26, 110-122, 1981.

Unterweger, M. P., B. M. Coursey, F. J. Schima, and W. B.
Mann, Preparation and calibration of the 1978 National
Bureau of Standards tritiated-water standards, Int. J: Appl.
Radiat. Isot., 31, 611-614, 1980.

Verbolov, V. I., and M.N. Shimaraev, WateT exchange in Lake
Baikai, in Hydrology 0/ Lakes Symposium, vol. 109, pp.
66-71, Int. Assoc. ofHydrol. Sci., Dorking, England, 1973.

Walker, S. J., and R. G. Watts, A three-dimensional numerical
model of deep ventilation in temperate lakes, J. Geophys.
Res., 100, 22711-22731, 1995.

(Received October 16, 1996; revised May 21, 1997;
accepted June 11, 1997.)


	Text1: First publ. in: Journal of Geophysical Research 103 (1998), C6, pp. 12,823-12,838
	Text2: 
	Text3: Konstanzer Online-Publikations-System (KOPS) - URL: http://www.ub.uni-konstanz.de/kops/volltexte/2007/4426/URN: http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-44264
	Text4: 


