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Summary

This work focuses on specific mixing and gas exchange processes that affect the
concentrations of dissolved noble gases in lakes and oceans. As a common first-
order generalization, the concentrations of noble gases in open waters are expected to
correspond to the respective atmospheric equilibrium concentrations. Nevertheless,
deviations from gas-exchange equilibrium with the atmosphere — so-called noble gas
concentration anomalies — have been detected in various lakes and oceans, e.g. due
to the radiogenic production of noble gases or due to the injection of air by breaking
waves. The observed magnitudes of the noble gas concentration anomalies allow the
rates of the prevailing physical processes to be estimated. Three case studies that use
noble gases as tracers to investigate the effects of mixing and gas exchange processes
in different water bodies are discussed in this thesis.

* In Lake Hallwil, the aeration system that was installed to prevent anoxic con-
ditions in the water has been found to inject noble-gas enriched aeration gas
bubbles into the lake. The aeration process results in a characteristic supersat-
uration of dissolved noble gases in the water body. A noble-gas mass balance
suggests that the injected aeration gas is efficiently dissolved in the lake during
summer stratification and gas loss to the atmosphere appears to be negligible.

* In the Black Sea, high-intensity methane gas seeps influence the concentrations
of dissolved noble gases in the water column above the seep sites. Profiles
sampled at active seep sites were characteristically depleted in noble gases. Be-
cause the noble gas depletions cannot be explained solely by gas exchange with
methane gas bubbles rising in the water, a concurrent injection of fluids depleted
in noble gases from the active seeps is postulated. The injected fluids seem to
undergo vertical transport in the water column due to small density differences
and mix with the surrounding water, causing the observed noble-gas depletions.

Elevated helium concentrations in the deep water of the Black Sea are due to the
release of helium from the solid earth. Analyses of the helium isotope ratios in



water samples as well as in the pore water of sediments suggest that the helium
release is spatially heterogeneous and might be related to the methane seepage
at certain active seep sites.

* In Lake Lugano, two exceptional mixing events triggered considerable vertical
water exchange and subsequent gas exchange with the atmosphere. Existing
time-series of data on noble gases and other transient tracers, which extend
more than ten years back in time, have been prolonged to cover the recent mix-
ing events. The deep water of Lake Lugano was permanently stratified over
the last four decades, which resulted in small changes of the dissolved tracer
concentrations and a gradual increase of the corresponding apparent water ages
in the earlier measurements. During the recent mixing events, however, the
tracer concentrations and apparent water ages changed dramatically in response
to mixing and gas exchange with the atmosphere. Numerical modeling of the
tracer concentrations shows that the deep-water renewal rates increased by at
least an order of magnitude during the mixing events.

In conclusion, the presented case studies illustrate that noble gases are very suit-
able tracers to study gas exchange and mixing processes in lakes and oceans. The
tracer data are a useful complement to the standard measurements which are com-
monly used to characterize the physical conditions in lakes and oceans as they allow
secondary gas exchange processes such as the gas exchange with bubbles injected
into a water body to be analyzed.



Zusammenfassung

Diese Arbeit befasst sich mit spezifischen Mischungs- und Gasaustauschprozessen,
welche die Konzentrationen geloster Edelgase in Seen und Meeren beeinflussen. Als
gebriduchliche Niherung kann angenommen werden, dass die Edelgaskonzentratio-
nen in Oberflichengewissern den jeweiligen atmosphérischen Gleichgewichtskon-
zentrationen entsprechen. Abweichungen vom Gasaustauschgleichgewicht mit der
Atmosphire — sogenannte Edelgas-Konzentrationsanomalien — wurden aber in ver-
schiedenen Seen und Meeren beobachtet, z.B. aufgrund radiogener Produktion von
Edelgasen oder wegen dem Eintrag von Luftblasen durch brechende Wellen. Anhand
der Grosse der beobachteten Edelgas-Konzentrationsanomalien lassen sich Raten der
vorherrschenden physikalischen Prozesse abschitzen. In dieser Dissertation werden
drei Fallstudien behandelt, in welchen Edelgase als Tracer verwendet werden, um die
Effekte von Mischungs- und Gasaustauschprozessen in verschiedenen Gewéssern zu
untersuchen.

* Im Hallwilersee werden von der Beliiftungsanlage, welche anoxische Bedin-
gungen im Wasser verhindert, Edelgas-angereicherte Gasblasen in den See ein-
gebracht. Der Beliiftungsbetrieb fiihrt zu charakteristischen Anreicherungen ge-
loster Edelgase im Wasserkorper. Eine Massenbilanz der Edelgase deutet dar-
auf hin, dass das eingeblasene Beliiftungsgas wihrend der Sommerstratifikation
zum grossten Teil im See gelost wird und dass der direkte Gasverlust in die At-
mosphére vernachlédssigbar ist.

* Im Schwarzen Meer beeinflussen Gasaustritte am Seegrund, welche mit hoher
Intensitdt Methangas freisetzen, die Konzentrationen geloster Edelgase in der
dariiberliegenden Wassersiule. Profile von Wasserproben, die oberhalb solcher
Gasaustritte gesammelt wurden, zeigten charakteristische Abreicherungen der
Edelgase. Da die vorliegenden Edelgasabreicherungen nicht allein von Gasaus-
tauschprozessen mit den aufsteigenden Methanblasen verursacht sein konnen,
wird spekuliert, dass zusdtzlich zur Gasfreisetzung am Seegrund auch Fluide
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ausstromen, welche abgereichert sind an Edelgasen. Aufgrund geringer Dicht-
eunterschiede scheinen diese Fluide in der Wassersiule aufzusteigen und sich
schliesslich mit dem umgebenden Wasser zu vermischen. Daraus konnten die
beobachteten Edelgasabreicherungen resultieren.

Erhohte Heliumkonzentrationen im Tiefenwasser des Schwarzen Meeres wei-
sen auf die Freisetzung von Helium aus dem Erdinneren hin. Analysen der He-
liumisotopenverhiltnisse in Wasserproben und auch in Porenwéssern von Se-
dimenten deuten darauf hin, dass die Heliumfreisetzung rdaumlich heterogen
stattfindet und moglicherweise mit dem Ausstromen von Methan aus gewissen
aktiven Gasaustritten verkniipft ist.

e Im Luganersee fiihrten zwei aussergewohnliche Mischungsereignisse zu bedeu-
tendem vertikalen Wasseraustausch und erhohtem Gasaustausch mit der Atmo-
sphire. Zeitreithen von Edelgaskonzentrationen und anderen transienten Tra-
cern, welche mehr als zehn Jahre zuriickreichen, wurden erweitert, um die aktu-
ellen Mischungsereignisse zu erfassen. Das Tiefenwasser des Luganersees war
iber die letzten vier Jahrzehnte permanent geschichtet, was sich in geringen
Veridnderungen der geldsten Tracerkonzentrationen und einer allméihlichen Zu-
nahme der entsprechenden scheinbaren Wasseralter niederschlug. Im Gegen-
satz dazu verinderten sich die Tracerkonzentrationen und die scheinbaren Was-
seralter wihrend der kiirzlichen Mischungsereignisse schlagartig aufgrund der
verstirkten Mischung und des Gasaustausches mit der Atmosphire. Ein nume-
risches Modell der Tracerkonzentrationen zeigt, dass die Tiefenwassererneue-
rung wihrend der Mischungsereignisse um mindestens eine Gréssenordnung
zugenommen hat.

Zusammenfassend lassen die prasentierten Fallstudien den Schluss zu, dass Edel-
gase sehr geeignet sind als Tracer um Mischungs- und Gasaustauschprozesse in Seen
und Meeren zu untersuchen. Die Tracerdaten sind eine sinnvolle Ergénzung der Stan-
dardmessungen, die iiblicherweise angewendet werden um die physikalischen Bedin-
gungen in Oberflichengewdssern zu charakterisieren, weil sie erlauben, Aussagen
iber sekundére Gasaustauschprozesse zu machen, welche stattfinden wenn Blasen in
einem Gewisser freigesetzt werden.

Vi



Introduction

1.1 Investigation of mixing and gas exchange in lakes and oceans
using noble gases

Dissolved noble gases are often used to trace mixing dynamics and to analyze water
residence times in lacustrine and marine systems. Kipfer et al. (2002) and Schlosser
and Winckler (2002) review and summarize the governing processes and common
applications of noble gases in lakes and oceans.

The concentrations of dissolved noble gases in open waters normally correspond
to the atmospheric equilibrium concentrations determined by the temperature, salin-
ity and pressure prevailing at the surface of the water body. As noble gases are bio-
chemically inert, only physical processes or ‘“non-atmospheric” inputs can change
the noble-gas concentrations in lakes and oceans and hence are responsible for devi-
ations from the gas-partition equilibrium with the atmosphere. For instance, helium
excesses due to the input of helium from the earth’s crust or mantle (e.g. Aeschbach-
Hertig et al., 2002; Bieri et al., 1966; Clarke et al., 1969; Craig et al., 1975), or due
to the accumulation of helium-3 produced by the radioactive decay of tritium (e.g.
Jenkins and Clarke, 1976) are common features in water bodies with a relatively long
residence time. Oceans and some large lakes have also been found to be slightly su-
persaturated with noble gases due to the injection of air by breaking waves (e.g. Craig
and Weiss, 1971; Peeters et al., 2000a).

The aim of this work is to further investigate noble gas concentration anomalies
in lakes and oceans that are related to specific mixing and gas exchange processes.
A main focus is laid on the effect that gas injection from natural gas reservoirs in the
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2 1 | Introduction

subsurface (Chapter 4) or from technical installations like aeration systems (Chap-
ter 3) has on the noble gas concentrations in lakes and oceans.

Gas bubbles that are released at the bottom of a water body and rise in the water
column will induce secondary gas-exchange processes with the surrounding water.
At the same time, the gas bubbles cause buoyancy that affects the mixing regime
of the water column. Earlier studies of aeration systems and natural gas sources in
lakes and oceans only analyzed the main gas species contained in the bubbles, like
oxygen or methane, but did not consider noble gases (e.g. Clark et al., 2003; Leifer
et al., 2006; McGinnis et al., 2006a; Wiiest et al., 1992b). The present work aims
to study the influence that gas bubbles injected from aeration systems and natural
gas sources have on the concentrations of dissolved noble gases in the water col-
umn. Noble gases are expected to be particularly useful to determine the rates of
the induced gas exchange and mixing processes because their concentrations in nat-
ural waters are not altered by biogeochemical transformation processes and because
their physical properties, which control gas-exchange processes, cover a wide range
of physical properties of the gases typically injected into surface waters from natu-
ral gas reservoirs or aeration systems. Simultaneous measurements of the five noble
gases helium, neon, argon krypton and xenon (Beyerle et al., 2000) are therefore ex-
pected to provide detailed insights that make a thorough analysis of the gas exchange
between the water and the injected bubbles feasible.

Apart from bubble-related processes, this work also investigates large-scale mix-
ing and gas exchange in a stratified lake that underwent a sudden transition in the
mixing regime (Chapter 5). The aim of this part is to explore the use of time-series
of noble gas measurements to assess changes in the rate of deep water renewal and
to monitor the gas exchange with the atmosphere.

1.2 Ouitline

This thesis comprises the results of three noble gas studies carried out in two Swiss
lakes — Lake Hallwil and Lake Lugano — and in the Black Sea. In these applications,
noble gas concentration changes and/or deviations from gas exchange equilibrium
with the atmosphere are interpreted in terms of gas exchange and mixing processes
taking place in the respective water bodies. Mass balance calculations and numerical
models are developed and applied to determine the relevant process rates based on
the noble gas data obtained.

Conceptual aspects (Chapter 2) This chapter summarizes the main sources and
processes that determine noble gas concentrations in lakes and oceans. It also in-
cludes a brief introduction on the modeling of noble gas concentrations in surface
water bodies.



1.2 | Outline 3

Aeration of Lake Hallwil (Chapter 3) Lake Hallwil (Switzerland), a small eu-
trophic lake, is equipped with an artificial aeration system to prevent anoxic con-
ditions developing in the deep water during stratification in summer. The aeration
system consists of diffusers releasing oxygen-rich gas bubbles into the deep water at
the bottom of the lake. The concentrations of the noble gases He, Ne and Ar in the
deep water are found to be strongly supersaturated, while Kr and Xe concentrations
correspond to their their respective atmospheric equilibrium concentrations. The ob-
served noble gas excesses seem to be related to the operation of the aeration system
and to the composition of the injected aeration gas. Based on this, it is demonstrated
that the noble gas data can be utilized to estimate the proportion of the injected aera-
tion gas that effectively remains as dissolved gas in the water body.

Methane gas seeps in the Black Sea (Chapter 4) In some areas of the Black Sea,
high-intensity gas seeps release considerable volumes of gaseous methane from the
sediment into the water column. As methane is a significant greenhouse gas, the fate
of the gas injected into the water column and its potential release to the atmosphere
is relevant for the atmospheric methane cycle. The noble gas profiles measured in the
water column show characteristic concentration anomalies above active seep sites as
compared to reference sites unaffected by gas release. These noble gas anomalies
seem to be caused by gas exchange between the rising bubbles and the water, or
by advective vertical water transport induced by the seepage. The noble gas data
allow specific processes occurring in the seepage areas to be identified. In contrast,
the concentrations of other dissolved substances in the water column, such as the
methane itself, show no significant differences between seep and reference sites, as
the accuracy of the measurements is too low to detect the methane-gas input directly.

Mixing events in Lake Lugano (Chapter 5) Strong eutrophication resulted in the
deep northern basin of Lake Lugano (Ticino, Switzerland) being meromictic for
much of the last ~40 years, with a permanent stratification that inhibited seasonal
mixing and deep water renewal below ~100 m depth, leading to permanent deep-
water anoxia. Two strong mixing events that extended to the entire water column
took place in the winters of 2004/2005 and 2005/2006, and led to drastic changes
in the distribution of oxygen and nutrients in the water column. Traces of oxygen
were measured even at the bottom of the lake for the first time in decades. Noble
gas measurements carried out before and after the mixing events showed strong con-
centration changes due to the intensive water turnover and subsequent gas exchange
with the atmosphere. Numerical modeling of the noble gas concnetrations allowed
quantification of the deep-water renewal that accompanied the mixing events.






Concepts regarding noble gases in lakes and
oceans

Noble gases make excellent tracers to study the physical processes that occur in
lakes and oceans, because they are unaffected by biological and chemical transfor-
mation processes. Helium isotopes in combination with tritium provide time in-
formation related to the water dynamics (i.e. the *H->He age, see Sec. 2.6), which
is useful in estimating vertical water exchange in deep lakes, e.g., Lake Lucerne
(Aeschbach-Hertig et al., 1996), Lake Baikal (Hohmann et al., 1998; Peeters et al.,
1997, 2000b), Lake Issyk-Kul (Hofer et al., 2002; Vollmer et al., 2002), the Caspian
Sea (Peeters et al., 2000a), the Great Lakes of North America (Torgersen et al., 1977),
and in chemically stratified lakes, e.g., Green Lake (Torgersen et al., 1981), Lake
Lugano (Aeschbach-Hertig et al., 2007; Holzner, 2001; Wiiest et al., 1992a), Lake
Zug (Aeschbach-Hertig, 1994), and Lac Pavin (Aeschbach-Hertig et al., 2002). In
addition to vertical mixing, horizontal water exchange between different lake basins
can be studied (Aeschbach-Hertig et al., 1996; Peeters et al., 1997; Zenger et al.,
1990). Measurements of noble gases in combination with tritium may also be ap-
plied to determine rates of oxygen consumption in a water body and terrigenic he-
lium fluxes from the sediments (Aeschbach-Hertig, 1994; Aeschbach-Hertig et al.,
1996, 2002, 2007; Hohmann et al., 1998; Holzner, 2001; Mamyrin and Tolstikhin,
1984; Peeters et al., 2000b; Top et al., 1981). Large programs were realized in
oceans that used helium isotopes (*He and “He), frequently in combination with tri-
tium, to study water mass formation, circulation and variability (e.g. Jenkins, 1987;
Schlosser et al., 1991a,b). The atmospheric noble gases neon, argon, krypton and
xenon carry information on the physical conditions prevailing at the water surface
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6 2 | Conceptual aspects

during gas exchange. Aeschbach-Hertig et al. (1999) use noble gas data from Lake
Baikal (Hohmann et al., 1998) and the Caspian Sea (Peeters et al., 2000a) to recon-
struct equilibration temperatures. Atmospheric noble gases have also been used to
study lake level fluctuation in Lake Tanganyika (Kipfer et al., 2000).

The behavior of the noble gas radon differs from that of the other noble gases as
it is lost rapidly by radioactive decay. The most stable isotope 2*’Rn (half-live 3.8 d)
has been employed to study horizontal and vertical mixing in the region near the
sediment of lakes and oceans (Broecker et al., 1968; Chung and Craig, 1972; Colman
and Armstrong, 1987; Imboden, 1977; Imboden and Emerson, 1978; Imboden and
Joller, 1984; Weiss et al., 1984) and to trace river inflow, e.g. in Lake Constance
(Weiss et al., 1984).

This chapter will give an brief overview of the processes and sources (Fig. 2.1)
that are relevant in determining the noble gas concentrations in the water bodies be-
ing analyzed in this work. The main noble gas components found in lakes and oceans
are defined (Sec. 2.1); which are the atmospheric, terrigenic (i.e. originating from the
solid earth), and radiogenic noble gases. Typical atmospheric equilibrium concen-
trations of noble gases in water are given (Sec. 2.2) and the process of air-water gas
exchange is discussed (Sec. 2.3). The anticipated effects of gas bubbles injected into
water bodies on the concentrations of dissolved noble gases are discussed conceptu-
ally (Sec. 2.4). It is shown how vertical mixing affects the noble gas concentrations
(Sec. 2.5) and how the radioactive decay of tritium assigns a time information to a
water mass that can be interpreted as an apparent water age (Sec. 2.6). Two types of
models that were used in the current work to analyze the effect of mixing processes
on noble gas concentrations are introduced in the last part of this chapter (Sec. 2.7).

2.1 Origin of noble gases in surface water bodies

The most dominant noble gas component — the atmospheric noble gases helium (He),
neon (Ne), argon (Ar), krypton (Kr) and xenon (Xe) — is introduced into lakes and
oceans by gas exchange at the surface, and to a far lesser extent by the (complete
or partial) dissolution of entrapped air bubbles that were injected into the water by
breaking waves (e.g. Craig and Weiss, 1971; Peeters et al., 2000a). In polar regions,
melting of shelf ice that contains entrapped air bubbles also injects atmospheric noble
gases into the oceans (Hohmann et al., 2002; Schlosser, 1986; Schlosser et al., 1990).

The non-atmospheric components comprise terrigenic (originating from defined
geochemical reservoirs within the solid earth) and radiogenic noble gases (produced
either by radioactive decay or by a-particle induced secondary nuclear reactions).
The terms “terrigenic” and “radiogenic” are often used synonymously although they
do not necessarily describe exactly the same noble gas component. Radiogenic *He
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Figure 2.1 Illustration of the processes analyzed in this thesis that affect noble gas concentra-
tions C; (i = He, Ne, Ar, Kr, Xe) in lakes and oceans.

and “He that are produced within the earth’s crust and released to lakes and oceans
are therefore of terrigenic origin. Primordial *He (i.e. *He that originates from the
time of the formation of the solid earth) from the earth’s mantle is non-radiogenic,
but terrigenic. The most important radiogenic *He component in surface waters is
tritiogenic *He that is produced in the water body by the radioactive decay of tritium
(*H). Since the half-live time of *H (4500 d = 12.32 yr; Lucas and Unterweger,
2000) is comparable to the typical renewal times of many surface water bodies, *H
and 3He can be used to analyze water exchange in lakes and oceans (see Sec. 2.6).
A further non-atmospheric noble gas that can be used as environmental tracer in
aquatic systems is radon (Rn). Rn isotopes are formed in the decay chains of uranium
and thorium and emanate from mineral surfaces in the sediments into the overlaying
water bodies. As all Rn isotopes are radioactive (**’Rn: half-live of 3.8 d, 2?°Rn:
56 s, 2°Rn: 4 s), they are in principle suitable to trace physical processes an very
short time scales. Most Rn studies (e.g. Broecker et al., 1968; Chung and Craig,
1972; Colman and Armstrong, 1987; Imboden, 1977; Imboden and Emerson, 1978;
Imboden and Joller, 1984; Weiss et al., 1984) use the relatively stable isotope *’Rn,
as it is comparatively easy to measure due to the longer half-live. Only recently, 2°Rn
was applied as a tracer in groundwater studies (E. Hoehn, pers. comm.). The noble
gas Rn has not been analyzed in this work and will not be discussed further. Note
that for noble gases other than He and Rn, non-atmospheric components in surface
waters are commonly negligible.
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2.2 Atmospheric equilibrium concentrations in water

The concentrations of noble gases dissolved in water bodies that are in phase parti-
tioning equilibrium with a corresponding gas phase are given by Henry’s Law:

pi=H,(T,S)-C* i = He, Ne, Ar, Kr, Xe (2.1)

where p; is the partial pressure of the noble gas i in the gas phase, H; is the Henry
coefficient, which depends on the water temperature 7' and salinity S, and C;? is the
noble gas concentration dissolved in the water at equilibrium. Solubility coefficients
A; = 1/H; are often used in the literature instead of the Henry coefficients. In this
work, the noble gas solubilities — or the Henry coefficients — are calculated from the
parameterizations recommended by Kipfer et al. (2002); 1.e. those of Weiss (1971) for
He and Ne, Weiss (1970) for Ar, Weiss and Kyser (1978) for Kr, and Clever (1979)
for Xe. The Henry coefficients H; and the atmospheric equilibrium concentrations of
the noble gases for typical water temperatures 7 and salinities S are listed in Tab. 2.1
and Tab. 2.2. The concentrations of dissolved noble gases are usually denoted as gas
volumes (cm?) at standard conditions (STP: Ty = 273.15K = 0°C, py = 1atm) per
unit water mass (g); i.e. in units of cm*STP g~!. Aqueous noble gas concentrations
can be converted into molar units using:

1cm®STP = 2.6868 x 10"%atoms = 4.4615 x 10> mol
or lmol = 22414cm’STP. (2.2)

Gas concentrations in the atmosphere are specified in terms of partial pressures in
atm (1 atm = 101325Nm~2). The partial pressures p; are given by:

Pi = (patm - e) Vi (2.3)

Table 2.1 Henry coefficients H; of the noble gases i = He, Ne, Ar, Kr, Xe at different water
temperatures 7 and salinities S (1%0 = 1 g kg™").

T 0°C 10°C 20°C
S * 0%0  20%o 0%0  20%o 0%0  20%o
i H; [atm (cm®STP g~ 1)~!]

He 106.86  120.60 112.80 126.16 117.05 129.93
Ne 80.82  92.75 90.11 101.89 98.22  109.97
Ar 18.76  21.88 2419  27.92 2994 3422
Kr 9.18  10.76 1252 14.54 1636  18.82
Xe 452 539 6.60  7.74 9.14  10.58

* Fresh water: 0%o, typical salinity of the Black Sea: ~20%o (Chapter 4).
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Table 2.2 Atmospheric equilibrium concentrations Cl.eq of the noble gases i = He, Ne, Ar, K,
Xe calculated for different water temperatures T and salinities S (1%0 = 1 g kg~!) using the
Henry coefficients in Tab. 2.1.

T 0°C 10°C 20°C

S * 0%0  20%o 0%0  20%o 0%0  20%o

i C/? [em’STP g7!]

He (x107%) 490 435 465 4.15 448 403
Ne (x1077) 225 1.96 202 1.78 185 1.65
Ar (x107%) 498 427 3.86 3.35 312 273
Kr (x1077) 124  1.06 091 0.78 0.70  0.61
Xe (x1078) 1.92 1.6l 132 1.12 095 0.82

* Fresh water: 0%o, typical salinity of the Black Sea: ~20%o (Chapter 4).

where p., 1s the total atmospheric pressure, e is the water vapor pressure, and v; is
the volume fraction of the noble gas i in dry air (Tab. 2.3).

The noble gas solubilities in water, or the atmospheric equilibrium concentra-
tions, respectively, are important determinants of the air-water gas exchange process
(Sec. 2.3). Because the air-water gas exchange is fast compared to mixing processes
in lakes and oceans, the concentrations of dissolved noble gases in surface waters
typically correspond to the solubility equilibrium concentrations that are set by gas
partitioning during air-water exchange. Deviations of the actual noble gas concen-
trations in a water body from the equilibrium concentrations are referred to as noble
gas anomalies. The atmospheric equilibrium concentrations calculated from the mea-

Table 2.3 Characteristic properties of the noble gases i = He, Ne, Ar, Kr, Xe: atomic mass M;
(Lide, 1994), volume fraction in dry air v; (Ozima and Podosek, 2002) and diffusivities in water
D; (T) (Jéhne et al., 1987).

[ M; Vi D;(0°C) D;(10°C) D;(20°C)
[g mol™'] [-] [107° m* s7']

He 4.0026 (5.24+£0.05) x 10 4.735 5.680 6.730

Ne 20.179 (1.818 +0.004) x 1073 2.336 2.942 3.648

Ar * 39.948 (9.34+£0.01) x 1073 1.443 1.870 2.381

Kr 83.80 (1.1440.01) x 1076 0.877 1.200 1.608

Xe 131.30 (8.7+0.1) x 10-8 0.664 0.929 1.271

* The diffusivities of Ar are calculated by scaling the diffusivities of the other noble gases.
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sured water temperature and salinity are therefore used as natural threshold against
which the noble gas concentrations observed in Lake Hallwil (Chapter 3), in the
Black Sea (Chapter 4), and in Lake Lugano (Chapter 5) are interpreted.

2.3 Gas exchange across the air-water interface

The transfer of noble gases across the air-water boundary leads to gas partition equi-
librium between the atmosphere and surface waters (Section 2.2). Gas exchange
between the water and a gas phase also occurs if gas bubbles are introduced into a
water body (see Sec. 2.4). This section gives a brief overview of the physics of the
gas exchange across the air-water interface. For a detailed discussion of these ex-
change processes in open waters, see Schwarzenbach et al. (2003). For the specific
case of gas exchange in porous media (i.e. gas transfer between entrapped air bubbles
and ground water) refer to Holocher (2002) and Klump (2007).

At the surface of lakes and oceans, air-water exchange processes of gases other
than noble gases are of great importance for the ecological balance of the water bod-
ies (e.g. oxygenation of Lake Hallwil and Lake Lugano; Chapters 3 and 5) or for the
release of greenhouse gases to the atmosphere (e.g. methane release from the Black
Sea; Chapter 4 and Schmale et al., 2005). Gas exchange across the air-water inter-
face can be expressed as a function of physical properties of the respective noble gas
species (e.g. diffusivity) and of parameters that depend on the water body and are
independent of the gas considered (e.g. wind speed; see below). Hence, air-water gas
exchange rates determined for noble gases can be used to estimate the rates for other
gases like oxygen (e.g. Aeschbach-Hertig, 1994; Peeters et al., 1997).

The oldest and conceptually simplest representation of gas-liquid exchange is the
stagnant film model (Whitman, 1923). This model assumes that the gas transfer at the
air-water interface is controlled by a water-side and a air-side stagnant boundary layer
which separate the two turbulently mixed phases (Fig. 2.2). Mass transport within the
stagnant boundary layers is thought to be driven only by molecular diffusion. The
mass flux F in the boundary layers can therefore be described by Fick’s First Law,
e.g. for the water-side transfer:

dcC: “d_ .
F, = _Diwi S _Diwu
dz o,

i = He, Ne, Ar, Kr, Xe w: water phase

(2.4)

where D;,, is the molecular diffusivity of the noble gas i in water and dC;,, /dz =

(C;T—Ciy) /8, is the concentration gradient within the water boundary layer of thick-

ness 9,,. Combining Eq. 2.4 with the equivalent equation for the air boundary layer
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Figure 2.2 Illustration of the stagnant film model, adopted from (Schwarzenbach et al., 2003).
The formulation of the air-water gas exchange flux in this model is given in Egs. 2.5 to 2.7. The
symbols are defined in the text.

yields the following expression for the total mass flux Fjs, across the air-water in-
terface:

Fiapw = Viapw (Ciw—Ci}) where (2.5)
| | 1
= —+—— and (2.6)
via/w Viw Via 'Kia/w
Vi — Diw Vi — % K — Hf
w aw b} 1a Ba b} [ﬂ/w T 'R .

In this equation, Kj,/,, denotes the air-water partition equilibrium constant (i.e. the
nondimensional Henry’s Law constant) that can be related to the Henry coefficient H;
using the prevailing temperature T and the universal gas constant R. v;q ), is the total
air-water transfer velocity which depends on the two single-phase transfer velocities
viw and vj, in the water and air boundary layer, respectively.

Eq. 2.6 allows the contributions of water-side and air-side boundary layers to the
total transfer velocity to be separated out. For gases with small Henry coefficients H;
(i.e. highly soluble gases with small K, ), the gas-phase (i.e. air) transfer dominates
and the total transfer velocity is v;q/,, = Via- Kia/- By contrast, for volatile gases with
high H; (and high Kj,,) the gas transfer is limited by the water boundary layer only
and the transfer velocity is viq/w = viy. Schwarzenbach et al. (2003) define a critical
value for the equilibrium air-water partition constant Kf;"/‘;"‘;f“’ ~ 1073 (corresponding
to H"edl ~ 5.5 x 107® atm (cm>STP g~')~!), which allows gas-phase controlled
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transfer to be distinguished from water-phase controlled transfer. Noble gases have
large Henry coefficients H; in the range of 4-130 atm (cm*STP g~ ')~! (see Tab. 2.1)
that are considerably higher than the critical value. Hence, the air-water exchange
of noble gases virtually depends on the water-phase transfer velocity alone, and the
equation for the gas exchange velocity across the air-water interface can be simplified
to:

Viajw = Viw = %, i = He, Ne, Ar, Kr, Xe. 2.7)

Eqgs. 2.5 and 2.7 illustrate two important features of the transfer of noble gases from

a gaseous phase into an aqueous phase:

* The concentration difference (C;,, — C;,) determines the magnitude and direc-
tion of the flux. Therefore, the noble-gas solubilities that govern their equilib-
rium concentrations C;., in water (Section 2.2) are important determinants of
the air-water exchange.

* The speed of the air-water exchange is given by the transfer velocity v;,/,, =
D;,,/d,,, which depends on the diffusivities D;,, of the noble gases in water and
on the thickness 9,, of the stagnant boundary layer. The diffusivities D;,, are
elemental properties of the noble gases that vary with temperature (Tab. 2.3).
d,, is a typical length scale in the environmental system that governs diffusive
transport in the water boundary layer. The dimension J,, depends on the am-
bient wind speed, on the flow velocity of the water and on other caracteristic
parameters of the environmental system (Schwarzenbach et al., 2003).

The specific environmental and physical conditions that determine the exchange
rate at the air-water interface must be incorporated into the transfer velocity v;, .
Other models proposed in the literature differ in the assumptions they make about the
nature and the relevant transport behavior of the interface between the gaseous and
the aqueous phase. In the following, two other classical models from the literature
will be compared to the stagnant film model.

The different conceptual models can be characterized in terms of the dependence
of the transfer velocity v;,/, on the diffusivity of the exchanged gas D;. For the
stagnant film model, the relation is v;,/,, < D;. In the surface renewal model (Danck-
werts, 1951; Higbie, 1935), the water in the boundary layer is periodically replaced
with water from the turbulently mixed water phase. This model is characterized
by Vigjw < Di1 /2. The boundary layer model (Deacon, 1977) lies in-between with

Via/w < Dl.z/ Tt incorporates the effect of the viscosity of water on the transport in
the boundary layer. Due to the assumption of a rigid boundary (i.e. a smooth water
surface), this model — as well as the stagnant film model — is only valid at low wind
speeds. The surface renewal model, in contrast, is mainly applicable for higher wind
speeds (i.e. “turbulent” conditions).
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In addition to the theoretical gas exchange models discussed above, empirical
models have been developed to describe gas exchange between the atmosphere and
the ocean (e.g. Liss and Merlivat, 1986; Wanninkhof, 1992). These models generally
relate the gas exchange velocities to the prevailing wind speed. Such parameteri-
zations account for the fact that the water surface becomes “rough” at higher wind
speeds due to breaking waves, which enhances gas transfer. Livingstone and Imbo-
den (1993) discuss the non-linear effect of wind speed variability on gas exchange
in lakes that has to be considered when calculating mean gas exchange velocities
from time-series of wind-speed data. A recent review evaluates a large number of
parametrizations of air-water gas exchange depending on wind speed, including those
by Liss and Merlivat (1986) and Wanninkhof (1992), to determine oxygen transfer
into lakes and ponds (Ro et al., 2007). In conclusion, the authors propose a new equa-
tion for “wind-driven superficial oxygen transfer into stationary water bodies” which
can also be adjusted to other gases (Ro and Hunt, 2006; Ro et al., 2007). In the
present thesis, however, the widely-used parameterizations of Wanninkhof (1992)
were applied to calculate the gas exchange between surface waters and the atmo-
sphere as function of the measured wind speed at the Black Sea (Chapter 4) and at
Lake Lugano (Chapter 5). This choice appears justified, as the models that were
developed for noble gas concentrations in lakes and oceans (Sec. 2.7) showed low
sensitivity on the type of gas exchange parameterization used.

2.4 Injection of gas bubbles into lakes and oceans

The effect of gas bubbles injected into lakes and oceans on the dissolved noble gas
concentrations is of particular interest in this thesis. Two specific studies deal with
gas injections from either technical systems (aeration system in Lake Hallwil; Chap-
ter 3) or from natural sources (methane gas seeps in the Black Sea; Chapter 4). Pre-
vious work on aeration systems (e.g. McGinnis et al., 2004; Wiiest et al., 1992b) and
methane gas seeps (e.g. Clark et al., 2003; CRIMEA Project, 2006; Leifer and Pa-
tro, 2002; Leifer et al., 2000; McGinnis et al., 2006a) documented and studied gas
exchange processes between the rising bubbles and water column, as well as mixing
processes within the water body being induced by the injected gas bubbles. These
studies, however, did not analyze noble gases as tracers for the gas exchange pro-
cesses with the injected bubbles.

The processes that occur when gas bubbles are injected at the bottom of a water
body and rise in the water column are illustrated on a conceptual level in Fig. 2.3 A.
The rising bubbles force “secondary gas exchange” with the surrounding water (i.e.
gas exchange with a gas phase other than the atmosphere). During this process, dis-
solved gases in the water are stripped by the bubbles while the main gas contained
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Figure 2.3 (A) Illustration of the processes occurring due to the injection of gas bubbles into
a water body and (B) expected concentration profiles of the noble gas i (i = He, Ne, Ar, Kr, Xe)
dissolved in the water due to secondary gas exchange with the injected bubbles (stripping and
dissolution). The case of the injection of noble-gas free bubbles (solid line) is compared to the
case of bubbles enriched in noble gases (broken line). For a detailed discussion, see also Graser
(2006).

in the bubbles (e.g. oxygen, methane) continuously dissolves from the bubbles. The
gas exchange between the bubbles and the surrounding water continues until an equi-
librium is reached or the bubbles dissolve completely. The injected gases also cause
buoyancy and the bubbles, together with the surrounding water, may rise as a plume
if the bubble release rate is high enough to overcome the density stratification in the
water column (e.g. McDougall, 1978; Wiiest et al., 1992b). The formation of a bub-
ble plume leads to upwelling and mixing of water from different depths, resulting in
a homogenization in the concentrations of dissolved substances within the plume.
Fig. 2.3 B shows the qualitative shape of the profile of a dissolved noble gas i
(i = He, Ne, Ar, Kr, Xe) in the water column expected if dissolution and stripping
occur due to the injection of gas bubbles (see also Graser, 2006). This illustration and
the discussion below are based on the assumption that no vertical water transport by
a plume occurs and only the gas exchange processes between the rising bubbles and
the surrounding water affect the noble gas concentrations. The bubbles are expected
to dissolve completely within the water body (i.e. no gas contained in the bubbles
may escape directly to the atmosphere), as indicated in Fig. 2.3 A. It is further as-
sumed that without the injection of bubbles, the noble gas concentrations in the water
column would correspond to their respective atmospheric equilibrium concentrations
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C;? (i.e. no relevant radiogenic or terrigenic components are present). Two cases are
considered: (1) the injected gas bubbles are depleted with respect to noble gases or
free of noble gases (2) the injected gas bubbles are enriched in noble gases.

In case (1), stripping by the rising bubbles would lead to depletion of the dissolved
noble gases in the lower part of the water column, near the source of the bubbles. As
the bubbles dissolve completely, the stripped noble gases would again be transferred
to the water and would cause noble gas enrichment at the top of the stream of bubbles.
In contrast, if the bubbles would reach the water surface, part of the stripped noble
gases might be lost to the atmosphere. It should be noted that bubbles escaping at
the water surface will generally have a composition that is very different from the
initially injected gas phase due to the effects of stripping and dissolution in the water
column (e.g. Clark et al., 2003; Graser, 2006; McGinnis et al., 2006a).

In case (2), the bubbles enriched in noble gases are expected to continuously
release noble gases to the water as they dissolve, resulting in an accumulation of
dissolved noble gases in the depth range where bubble dissolution occurs.

The noble gas analyses for Lake Hallwil revealed noble gas excesses in the water
column in response to the injection of aeration gas bubbles that are enriched in noble
gases (Chapter 3). The noble gas depletions found in profiles sampled at the Black
Sea, however, could not be explained by the effect of stripping by (noble-gas free)
methane bubbles released from gas seeps at the sea floor alone. As shown in Chap-
ter 4, the observed noble gas anomalies make a strong case that water depleted in
noble gases is released from the seeps together with the methane gas, causing noble
gas depletions in the water column.

The effect of the secondary gas exchange processes (dissolution and stripping) —
which are induced by injected gas bubbles — on the concentrations of dissolved noble
gases are expected to vary with the diffusivities and solubilities of the respective
noble gases in water. Similar to the exchange of noble gases across the surface of a
water body (Eq. 2.7), the noble gas flux F;;/, from a spherical gas bubble into the
water can be expressed as (Schwarzenbach et al., 2003):

E’b/w = Vib/w-* (Cl - Cze:ﬂ) with Vib/w = D;,, - <6i + rlb> (2.3)
where the transfer velocity v;;,, depends on the diffusivity D;,, of the noble gas i in
water, the thickness 9,, of the water boundary layer, and the bubble radius r,. As
the mixing processes within the bubble can be considered to be fast enough to keep
the concentrations homogeneous, the gas transfer is limited only by the water-side
boundary layer. C;,, is the noble gas concentration prevailing in the ambient water
and C;! the concentration in equilibrium with the bubble gas phase, which depends
on the water depth (that controls the total gas pressure in the bubble) and especially
on the solubility of the respective noble gas i in water (Eq. 2.1).
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Stripping by bubbles depleted with respect to noble gases or free of noble gases
would therefore mainly affect the lighter noble gases (i.e. He and Ne). Because,
in comparison to the heavy noble gases Ar, Kr and Xe, the gas transfer of He and
Ne is considerably faster (by a factor >2, due to their higher diffusivities) and they
are preferentially enriched in the gas bubbles (due to their lower solubilities). On
the other hand, the complete dissolution of bubbles enriched in noble gases would
also lead to stronger enrichment of He and Ne dissolved in the water, relative to the
atmospheric equilibrium concentrations, than of Ar, Kr and Xe, due to the difference
in solubilties.

The differences in the effect of stripping and dissolution on the concentrations of
the five noble gases He, Ne, Ar, Kr and Xe were investigated in depth to interpret
the noble gas depletions observed above gas seeps in the Black Sea (Graser, 2006).
For this purpose, a bubble dissolution model that was initially developed for ground-
water studies (Holocher, 2002; Holocher et al., 2003) was adopted to reproduce the
gas exchange processes taking place when a methane bubble rises in the water col-
umn of the Black Sea. The model predicts that stripping by methane bubbles would
preferentially remove the lighter noble gases from the water. The noble gas depletion
patterns detected in the Black Sea showed exactly the opposite, i.e. the heavy noble
gases were found to be the most depleted in the water column, which indicates that
stripping and dissolution alone cannot explain the observed noble gas anomalies (see
Chapter 4).

2.5 \Vertical mixing in stratified waters

In lakes and oceans, the distributions of dissolved substances, and therefore of noble
gases, depend strongly on the mixing processes occurring in the water body. Sub-
stance transport in natural waters occurs mainly by turbulent diffusion, convective
mixing and — if basin-scale currents are present — by large-scale advection. Lakes
and oceans typically show a distinct density stratification due to vertical temperature
and/or salinity gradients (e.g. Lake Hallwil, the Black Sea and Lake Lugano are all
seasonally or permanently stratified; see Chapters 3—5). The stratification inhibits
vertical mixing processes, and in consequence, the vertical substance transport is
slow. Horizontal transport processes, in contrast, are orders of magnitude faster than
vertical exchange as horizontal transport occurs along lines of equal density and is
therefore unaffected by the density stratification. Hence, lakes (and also some parts
of oceans) can be considered as horizontally homogeneous and vertically stratified
with respect to the concentrations of dissolved substances like noble gases (e.g. Im-
boden and Wiiest, 1995).
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The seasonal change of the density stratification in lakes is typically controlled
by the water temperature. An exception are lakes that contain relatively high con-
centrations of dissolved ions which causes chemical stratification (see below). In
temperate climate zones (e.g. in Switzerland), the water body of thermally stratified
lakes can generally be divided into three distinct horizontal layers. The deep water
has a temperature close to the temperature of maximum density of pure water (~4°C)
and 1s referred to as the hypolimnion. The water temperatures in the well-mixed sur-
face layer, the epilimnion, follow the seasonal climate cycle, because the lake surface
temperatures are strongly and directly coupled to air temperatures (Livingstone and
Lotter, 1998; Livingstone et al., 1999). During most of the year, epilimnion and hy-
polimnion are separated by a transition zone, the metalimnion, characterized by a
strong gradient in temperature (and hence in density), the thermocline.

In winter, surface cooling supported by stronger turbulent mixing due to wind
forcing lead to a decrease in the epilimnion temperature. This effect weakens the
temperature gradient, and therefore also the density gradient in the metalimnion, and
shifts the thermocline downwards. When the temperature difference between epil-
imnion and hypolimnion disappears (i.e. the entire water column becomes homoge-
neous in temperature and typically approaches the temperature of maximum density
of ~4°C) and if the water column stratification is not controlled by the concentra-
tion of dissolved ions (see below), large-scale circulation and advective transport
of dissolved substances can take place in the entire basin and over the full depth
of the water body. The basin-wide circulation induces small-scale turbulence due
to friction which finally leads to complete elimination of the vertical concentration
gradients. The process of winter mixing is of great importance for the supply of
atmospheric gases to the hypolimnion, which enter the lake by gas exchange at the
surface (Sections 2.2 and 2.3). Winter mixing is a prerequisite for the ecologically
relevant oxygenation of the hypolimnion, and also has a profound effect on noble gas
concentrations in the water column by resetting them to their respective atmospheric
equilibrium concentrations, which are given by the temperature and salinity of the
exchanged water mass.

Historically, lakes which undergo full circulation every winter are called holomic-
tic. In contrast, in meromictic lakes the winter circulation does not reach the lake bot-
tom, so that the deepest water layers are more or less isolated from the rest of the lake
and from gas exchange with the atmosphere. Hence, oxygen is usually depleted and
non-atmospheric noble gases are enriched in the stagnant deep water of meromictic
lakes. Meromixis is often caused by a chemical stratification of the water column
due to an increase in the concentration of dissolved ions (i.e. “salinity”) with depth.

In fresh waters, the effect of temperature changes on the water density is small
near the density maximum at ~4°C. Hence, the small gradients in the concentra-
tion of dissolved solids (i.e. “salinity”) that occur in meromictic lakes may over-
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compensate the density effects of the cooling of the water column in winter and
can therefore stabilize the water column. High nutrient inputs from municipal waste
water and agriculture lead to increased primary production, subsequent decomposi-
tion of organic matter and finally to increased mineralization. These processes often
result in chemical (i.e. “salinity”’-controlled) stratification and oxygen depletion in
lakes, for instance in Lake Hallwil (Chapter 3; Mérki and Schmid, 1983) and Lake
Lugano (Chapter 5; Wiiest et al., 1992a). Apart from meromictic lakes, permanent
stratification also occurs in ocean basins like the Black Sea, when fresh water input
from rivers and precipitation leads to the formation of a surface layer with relatively
low salinity (and therefore low density) that overlays the more saline deep water
(Sorokin, 2002). The effect of the stratification on mixing conditions in the Black
Sea is reflected in the distribution of noble gases in the water column (Chapter 4).

2.6 Tritium decay and water ages

The B-decay of *H is the main source of non-atmospheric *He in meteoric waters. As
the half-live of *H (4500 d = 12.32 yr; Lucas and Unterweger, 2000) is of similar size
as the water renewal times in many natural water bodies, *H is often used to analyze
mixing and water exchange in lakes, oceans and groundwaters. *H, the radioactive
isotope of hydrogen, is produced naturally in the upper atmosphere by the interaction
of cosmic radiation with nitrogen and oxygen nuclei (Craig and Lal, 1961). In addi-
tion to the natural background, thermonuclear bomb tests in the atmosphere during
the 1960s released large amounts of *H to the environment and increased the ter-
restrial *H inventory by several orders of magnitude (e.g. IAEA/WMO, 2004; Weiss
et al., 1979). Atmospheric *H is immediately oxidized to tritiated water and sub-
sequently becomes part of the global hydrological cycle. On a regional scale, *H
concentrations in aquatic systems can be above average in industrial areas where *H
is used or produced in technical applications. Time-series of *H concentrations in
precipitation measured at numerous stations worldwide are available from the GNIP
database (IAEA/WMO, 2004). *H concentrations are usually expressed as tritium
units (TU), i.e. as the isotopic ratio of *H to 'H:

1 TU = 1 °H atom per 10'® 'H atoms. (2.9)

H decays to *Hey; (tritiogenic *He) with a half-life of 7,/ = 4500+8 d =
12.32 yr (Lucas and Unterweger, 2000). In an isolated water parcel, the concentra-
tion of 3Hey; increases to the same degree as the concentration of *H decreases due
to radioactive decay. If these two concentrations are known, the so-called *H-’He
water age T (Tolstikhin and Kamenskiy, 1969; Torgersen et al., 1977, 1979), which
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1s an estimate of the time since the water has last been in gas exchange equilibrium
with the atmosphere, can be calculated as:

_ Tp [*Hey]
= <1+ o ) (2.10)

where [*He,;] and [?H] are the concentrations of tritiogenic 3He and *H respectively,
in the water parcel. For the determination of SH-*He water ages, 3He,; concentrations
need to be converted into tritium units by using the formula (Roether, 1989):

4.0193 x 104
1—5/1000

lem®STPg ! = (2.11)

with the salinity Sin g kg~!. Note that the *H-*He water age is nonlinear with respect
to mixing (Jenkins and Clarke, 1976; Kipfer et al., 2002; Schlosser and Winckler,
2002). Mixing of water with different *H concentrations and different ages always
leads to a bias of the apparent age of the mixture toward the age of the mixture with
the higher *H concentration.

The *H-3He tracer pair has been widely used to analyze water renewal in lakes
and oceans, partly in combination with CFCs and SFg (e.g. Aeschbach-Hertig et al.,
1996, 2007; Hofer et al., 2002; Hohmann et al., 1998; Schlosser et al., 1991a; Torg-
ersen et al., 1977). SF¢ and CFCs are other environmental tracers that can provide
information on mixing rates and water residence times. See Chapter 5 for a descrip-
tion of the SFg and CFC-12 method and for a comparison of apparent water ages
determined from *H-’He and from SFs. Apparent *H->He tracer ages for the Black
Sea are reported in Chapter 4.

2.7 Two simple models for noble gas concentrations in lakes and
oceans

Various numerical models that reconstruct the evolution of noble gas concentrations
in lakes have been used in earlier studies to analyze mixing rates, deep water renewal,
water flow between different lake basins, gas exchange at the surface, and the input
of terrigenic He (e.g. work of our group: Aeschbach-Hertig, 1994; Aeschbach-Hertig
et al., 2002; Holzner, 2001; Peeters et al., 1997, 2000b). Similar models were devel-
oped in this work to estimate rates of mixing and deep water renewal in the water
column using the noble gas data. The models were implemented using AQUASIM, a
simulation software for aquatic systems (Eawag/SIAM, 2007; Reichert, 1994), which
also allows to perform parameter estimations and sensitivity analyses.
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Generally, to model the concentrations of dissolved noble gases in a water body,
the following processes must be considered:

» Gas exchange with the atmosphere at the water surface

* Noble gas and tritium input by rivers and precipitation

» Noble gas and tritium loss via the outflow

* Input of terrigenic He from the sediments

* Production of tritiogenic *He by the radioactive decay of tritium
* Vertical transport by turbulent diffusion and advection

Note that the effects that gas bubble injection into a water body exerts on the noble
gas concentrations are not within the scope the models discussed here. Specific mod-
els of gas exchange and mixing processes induced by bubbles injected into lakes and
oceans are treated elsewhere (e.g. Graser, 2006; Leifer and Patro, 2002; McGinnis
and Little, 2002; Wiiest et al., 1992b).

Depending on the available data, the model structure used to estimate the rates of
vertical transport can be simpler or more complex. Two types of model were used in
this work: (1) classical box models (Fig. 2.4 A) and (2) n-box models with large n
that approximate continuous one-dimensional models of the water column (Fig. 2.4
B). The discretization of the governing equations used in numerical models implies
that a vertical one-dimensional lake model is evaluated as a system of n horizontal
layers (i.e. n boxes). The software AQUASIM provides so-called “compartments”
that can combined to models of aquatic systems. A two-box model (Fig. 2.4 A) can
therefore be set up combining two “mixed-reactor compartments” in AQUASIM. The
n-box lake model (Fig. 2.4 B) corresponds to the “lake compartment” in AQUASIM.

In box models, vertical transport is represented as water fluxes that carry dissolved
substances, and the water exchange rates between the boxes are fitted using the noble
gas data. In continuous one-dimensional models, or their numerical approximation as
n-box models in AQUASIM, all vertical transport is described in terms of turbulent
mixing, and a profile of mixing rates is estimated using the noble gas profiles. For
this work, a three-box model was used to study deep-water renewal in Lake Lugano
during extreme mixing events (Chapter 5), and a “one-dimensional” (i.e. n-box) wa-
ter column model was set up to estimate mixing rates and the terrigenic He input in
the Black Sea (Chapter 4).



2.7 | Two simple models for noble gas concentrations in lakes and oceans 21

River inflow and River inflow and

precipitation Qutflow precipitation Outflow

Gas exchange

2 \ 1 T
SRR S e

Epilimnion
Water exchange Nl e

- ¢
V' “ T
SH — He C \ < Turbuler

5 Hypolimnion

Gas exchange

? Terrigenic He Terrigenic He

Figure 2.4 Schematic illustration of (A) a two-box lake model and (B) a n-box lake model,
adopted from (Aeschbach-Hertig, 1994).






Using noble gases to trace bubble gas-ex-
change in the artificially aerated Lake Hallwil,
Switzerland

3.1 Introduction

3.1.1 Restoration of eutrophic Lake Hallwil

Lake Hallwil is a medium-sized lake located on the border between the Cantons of
Argovia and Lucerne, Switzerland (47°17°N, 8°13’E, 449 m above sea level; see
Fig. 3.1 and Tab. 3.1). The lake became eutrophic around the beginning of the 20th
century due to the increasing phosphorus input from municipal waste water and agri-
culture (Mirki and Schmid, 1983). The high nutrient input to the lake led to extensive
algal production and subsequent mineralization which led to oxygen depletion in the

Table 3.1 Characteristic features of Lake Hallwil.

Volume 285 x 10° m?3
Surface area 9.95 x 106 m?
Maximum depth 46.5 m
Mean depth 28.6 m
Mean outflow 234 mis!
Hydrological residence time 39 yr

23
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Figure 3.1

3 | Aeration of Lake Hallwil
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Map of Lake Hallwil, showing the positions of the diffusers (1-6) and of the three

sampling sites. The inset shows the location of Lake Hallwil on a map of Switzerland.
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Figure 3.2 One diffuser of the *“Tanytarsus” system. Photograph from Gichter and Stadel-
mann (1993).

hypolimnion. As external restoration measures to reduce the nutrient input to the
lake were not sufficient to prevent anoxic conditions developing, an aeration system
was installed in 1985 (Schaffner, 1987; Stockli and Schmid, 1987; Wehrli and Wiiest,
1996) to guarantee minimum oxygen concentrations in the water column. This sys-
tem consists of six 6.5-m diffusers of the “Tanytarsus” type (Fig. 3.2) that are in-
stalled in a 300-m circular configuration near the deepest point of the lake (Fig. 3.1).
The aeration gas is compressed on the shore and directed to the diffusers through six
pipes at the lake bottom. The diffuser system aims to increase oxygen (O,) concen-
trations in Lake Hallwil in two different ways (Fig. 3.3; Scheidegger et al., 1994).
In winter, pressurized air is injected as large bubbles to support the vertical water
circulation. This forces a plume of bubbles to rise above the aeration system and
results in the advective upwelling of deep water with low O, concentrations due to
the buoyancy of the injected air. The transport of O, depleted deep water to the
surface enhances oxygenation by gas partitioning with the atmosphere. Note that the
large-scale seasonal mixing in Lake Hallwil, and therefore the natural oxygenation in

Circulation support in winter Aeration in summer

Large bubbles, 21% O, Small bubbles, ~80% O,

Figure 3.3 [Illustration of the operation modes of the aeration system in winter and summer.
Adapted from Stockli and Schmid (1987).
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winter, is limited due to the location of the lake in a north-south oriented valley, which
protects the lake from the energy input of the predominant westerly winds. During
summer, the system injects smaller, oxygen-enriched gas bubbles that dissolve virtu-
ally completely in the hypolimnion (see Sec. 3.3.1). The gas flow rate of the system
is regulated such that the rising bubble plume does not affect the stratification of the
water column but the O, input is sufficient to prevent anoxic conditions. Due to the
relatively high productivity and subsequent decomposition of organic matter in Lake
Hallwil, injected O, is consumed very fast in the hypolimnion and no significant O,
accumulation within the plume is directly detectable (see Fig. 3.6). The aeration sys-
tem is equipped with on-site O, enrichment that produces aeration gas containing
~80% O, by removing most of the nitrogen from compressed air.

The progress of the restoration measures in Lake Hallwil is monitored by the De-
partment of Environment of the Canton of Argovia (AfU, 2007), based on regular
measurements of various physical, chemical and biological variables in the lake. The
internal (diffusor system) and external (reduction of nutrient input) measures resulted
in a significant improvement in lake water quality since the start of the remediation
program. Despite the reduced nutrient concentrations in the lake, the oxygen con-
sumption again increased considerably after 1999, because a massive outbreak of
planktothrix rubescens occurred (Stockli, 2005). This blue-algae was common in
Lake Hallwil in the first half of the 19th century and had disappeared as the nutrient
concentrations became very high. In this context, the re-appearance of planktothrix
rubescens is indicative of a better water quality, but the nutrient concentrations in
the lake need to be reduced further to make the aeration system obsolete. Currently,
the circulation support in winter and oxygenation in summer are still needed to ful-
fill the legal water quality objective of 4 mg/l O, in the entire water column (Der
Schweizerische Bundesrat, 1998).

3.1.2 Effect of aeration on dissolved noble gases in lakes

The concentrations of dissolved atmospheric noble gases in lakes generally corre-
spond to the equilibrium concentrations calculated for the atmospheric pressure at
the altitude of the lake, and the temperature and salinity that prevail during atmo-
spheric gas exchange. As noble gases are chemically inert, only physical processes
and non-atmospheric noble gas inputs can change the noble gas concentrations and
are therefore responsible for any deviations from atmospheric equilibrium (Kipfer
et al., 2002). Gas bubbles that are injected into a lake will affect the concentrations of
dissolved gases in the water column, as the bubbles strip gases from the surrounding
water and dissolve simultaneously during their ascent. The effect of these secondary
gas exchange processes on the concentrations of dissolved gases varies according to
the solubility and diffusivity of the respective gas and depending on the initial gas
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concentrations in the bubbles. We therefore expect dissolved noble gas signals in
Lake Hallwil that are characteristic in relation to the prevailing aeration gas flow rate
and the composition of the aeration gas. Especially during summer stratification,
when gas exchange with the atmosphere only can only affect the concentrations in
the mixed epilimnion, noble gases dissolved in the hypolimnion are expected to form
an “archive” that records the history of the preceding aeration operation. In winter,
the noble gas concentrations in the lake are expected to be reset to atmospheric equi-
librium concentrations due to vertical mixing and gas exchange with the atmosphere.
We measured helium (He), neon (Ne), argon (Ar), krypton (Kr) and xenon (Xe) both
in the aeration gas and dissolved in the water of the lake, to study the effect of aer-
ation gas injection on the noble gas concentrations in Lake Hallwil during summer
stratification.

3.2 Methods

3.2.1 Sampling

Samples for the analysis of noble gas concentrations were collected during one week
in July 2005. Our sampling was coordinated with a series of physical measurements
in Lake Hallwil (transects of CTD profiles, vertical current velocity profiles using an
acoustic Doppler velocimeter, thermistor moorings) to collect data to refine a bubble
plume model (Edmonds and Singleton, 2005; McGinnis et al., 2004). In the course
of this field campaign, the gas flow of the aeration system was either set to higher
rates than used during normal oxygenation operation in summer or was switched
off completely (see Tab. 3.2). We collected three depth profiles of water samples
for noble gas analyses and two aeration gas samples on 08 July 2005, prior to the
physical measurements when the system was still operated at the normal aeration gas
flow rate used during the summer season. The water samples were taken at three
sites that lay approximately along the longitudinal axis of the lake (Fig. 3.1). The
“plume” site was located above diffuser number 6 of the aeration system. The “far
field” site was located ~600 m and the “background” site ~2.7 km south of the
aeration system. Water sampling at all three sites was repeated on 13 July 2005,
after the aeration system had been inactive for ~1 day, and on 15 July 2005, after
~?2 days of increased aeration gas flow rate. During this high flow phase, the aeration
gas was only directed to diffusers number 3 and number 6 to increase the gas flow
per diffuser by a factor of ~3, but to keep the total gas flux into the lake virtually
constant. We also sampled the aeration gas on 13 July 2005 (after water sampling,
when the aeration system had been switched on again) and 15 July 2005 (at high
aeration gas flow rate).
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Table 3.2 Operation of the aeration system during the sampling campaign.

Time interval Jror Jairf Remarks
[Nm?/hr]  [Nm?/hr]

05 April — 73 12 normal flow rate to all

11 July 2005 10:20 6 diffusers, sampling on
08 July

11 - 12 July 2005 10:30 61 31 high flow rate to diffusers 3
and 6 only

12 — 13 July 2005 12:30 0 0 aeration off for 26 hours,
sampling on 13 July

13 — 15 July 2005 14:35 55 28 high flow rate to diffusers
3 and 6 only, sampling on
15 July

After 15 July 2005 71 12 normal flow rate to all 6 dif-
fusers

Jror: gas flow rate to all diffusers; 1 Nm? (i.e. gas at 0°C and 1 atm) = 10° cm3STP
Jairr: gas flow rate to each active diffuser

Water samples for noble gas analyses were taken using Niskin bottles, avoiding
any air contamination during sampling. On the ship, the water samples were imme-
diately transfered to copper tubes that were sealed gas-tight using pinch-off clamps.
Gas samples were withdrawn from the gas supply of the aeration system on the shore
of Lake Hallwil and likewise stored in sealed copper tubes.

CTD profiles measured using a Seabird SBE19 probe at the positions of the water
sampling stations were provided by A. Stockli (Department of Environment, Canton
of Argovia) for 08 July 2005 and by the team of the physical measurement campaign
for 13 July 2005 and 15 July 2005 (Edmonds and Singleton, 2005).

3.2.2 Noble gas analyses

He, Ne, Ar, Kr and Xe concentrations both in the aeration gas and dissolved in the
water samples were determined by mass-spectrometry (Beyerle et al., 2000). In to-
tal, 48 water samples and 4 gas samples were analyzed. Typical overall errors of
the noble gas concentration measurements (16 errors) are + 1-2%. The analysis of
Ar, Kr and Xe failed for one water sample due to experimental problems. The mea-
surements for the aeration gas sampled on 15 July 2005 were not used in this study,
because of the occurrence of a technical problem in the aeration system during gas
sampling that prevented reliable noble gas determination.
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To calculate the atmospheric equilibrium concentrations of the different noble
gases in the water column, we used the parameterizations recommended by Kipfer
et al. (2002). The dissolved noble gas concentrations presented in this study are nor-
malized to the equilibrium concentrations corresponding to the measured temperature
and salinity, and to a mean atmospheric pressure of 0.95 atm at 449 m a.s.l..

The water sampling and noble gas analyses were carried out as part of the diploma

thesis of N. Graser (Graser, 2006).

3.3 Results and discussion

The noble gas data collected for this study are summarized in Tab. 3.3 (08 July 2005),

Tab. 3.4 (13 July 2005) and Tab. 3.5 (15 July 2005).

Table 3.3 Concentrations of He, Ne, Ar, Kr and Xe in Lake Hallwil on 08 July 2005 (normal
aeration gas flow rate) in units of cm3STP g_l. The overall measurement errors (16 errors) are
+0.7% for He, +£1.7% for Ne, +0.6% for Ar, +1.3% for Kr, and +2.2% for Xe.

Depth He Ne Ar Kr Xe
[m] [107°] [1077] [10~*] [1077] [107%]
Plume site

1 4.41 1.80 3.02 0.67 0.94
10 4.72 2.06 3.97 0.92 1.37
15 6.51 2.72 4.54 1.01 1.48
20 7.27 3.02 4.85 1.02 1.51
30 8.59 3.47 5.31 1.03 1.54
40 7.95 3.18 5.18 1.02 1.52
Far field site

1 4.37 1.79 3.02 0.67 0.94
10 4.66 2.03 3.90 0.90 1.33
20 6.05 2.59 4.60 1.03 1.49
25 6.62 2.80 4.72 1.03 1.54
35 6.48 2.75 4.75 1.04 1.55
40 6.20 2.66 4.68 1.04 1.54
Background site

1 4.37 1.78 2.98 0.66 0.93
20 5.58 2.44 4.50 1.04 1.55
25 5.74 2.48 4.50 1.02 1.53
32 6.00 2.52 4.49 1.00 1.49
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Table 3.4 Concentrations of He, Ne, Ar, Kr and Xe in Lake Hallwil on 13 July 2005 (aeration
off) in units of cm3>STP g’l. The overall measurement errors (16 errors) are +0.7% for He,
+1.7% for Ne, £0.6% for Ar, +1.3% for Kr, and +2.2% for Xe.

Depth He Ne Ar Kr Xe
[m] [10°°] [1077] [107*] [1077] [10~°]
Plume site

1 4.34 1.77 3.02 0.68 0.92
10 4.76 2.07 3.98 0.94 1.40
15 6.19 2.58 4.63 1.02 1.51
20 7.05 2.94 4.87 1.05 1.58
30 6.82 2.85 4.78 1.03 1.56
40 6.08 2.61 * * *
Far field site

1 4.28 1.76 3.00 0.67 0.94
10 4.68 2.05 3.93 0.93 1.36
20 5.93 2.67 4.63 1.04 1.51
25 5.95 2.55 4.57 1.03 1.55
35 6.20 2.60 4.58 1.01 1.51
40 5.98 2.59 4.60 1.04 1.53
Background site

1 4.30 1.74 2.94 0.64 0.90
20 5.40 2.36 4.46 1.04 1.52
25 5.76 2.47 4.56 1.04 1.53
32 6.17 2.63 4.66 1.04 1.55

* Lost as a result of experimental problems.

3.3.1 Differences in the noble gas concentration profiles along the lake axis

The noble gas profiles sampled on 08 July 2005 (normal aeration gas flow rate) at
three sites in Lake Hallwil show a distinct variation in the He, Ne and Ar concentra-
tions with distance from the aeration system (Tab. 3.3, Fig. 3.4). Deep-water samples
from all three stations are supersaturated in He, Ne and Ar, i.e. the observed concen-
trations exceed the local equilibrium concentrations. The magnitude of the enrich-
ment decreases with increasing distance from the bubble plume. No enrichment of
He, Ne and Ar occurs above the thermocline at 10—15 m. In contrast, the Kr and Xe
concentrations are in equilibrium with the atmosphere at all depths and the profiles
from the three sites agree within analytical errors.



3.3 | Results and discussion 31

Table 3.5 Concentrations of He, Ne, Ar, Kr and Xe in Lake Hallwil on 15 July 2005 (high
aeration gas flow rate) in units of cm3STP g~!. The overall measurement errors (16 errors) are
+0.7% for He, +£1.7% for Ne, +0.6% for Ar, +1.3% for Kr, and +2.2% for Xe.

Depth He Ne Ar Kr Xe
[m] [107%] [1077] [10~*] [1077] [107%]
Plume site

1 4.28 1.72 2.94 0.65 0.91
5 4.49 1.82 2.99 0.67 0.94
10 4.88 2.12 4.04 0.95 1.41
15 9.97 3.92 5.60 1.06 1.57
25 10.89 4.23 5.93 1.06 1.57
40 10.30 4.02 6.03 1.05 1.59
Far field site

1 4.30 1.75 2.98 0.66 0.93
7.5 4.50 1.90 3.47 0.79 1.13
15 5.11 2.25 4.30 1.00 1.48
20 6.15 2.64 4.66 1.03 1.53
30 6.64 2.80 4.79 1.05 1.54
40 5.96 2.55 4.63 1.04 1.55
Background site

1 4.12 1.68 2.84 0.63 0.89
17.5 5.26 2.32 4.43 1.04 1.51
22.5 5.74 247 4.54 1.04 1.56
32 5.55 2.39 4.37 1.00 1.49

The observed supersaturations of He, Ne and Ar in the hypolimnion correspond
to the relative elemental composition of the aeration gas (Tab. 3.6). Noble gases in
the injected bubbles are strongly fractionated with respect to air. He, Ne and Ar in the
aeration gas are enriched by a factor of 3—4, whereas Kr and Xe are virtually absent
(i.e. their volume fractions are nearly zero). Hence, the enrichment of He, Ne and Ar
relative to the composition of air is in the same range as the enrichment of O,. The
on-site O, enrichment unit of the aeration system that is active during oxygenation
in summer, together with the removal of nitrogen, seem also to cause the prominent
mass fractionation of the injected noble gases. Apparently, the heavy noble gases Kr
and Xe are removed from the aeration gas, while the lighter noble gases He, Ne and
Ar are enriched together with the O;.

To summarize, the injection of the aeration gas (enriched in O,, He, Ne and Ar)
into the lake and the dissolution of the resulting bubbles in the water column seems to
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Figure 3.4 Comparison of the observed noble gas concentration profiles at the three sites
while the aeration system was operated at normal gas flow rate (8 July 2005). See Fig. 3.1 for
location of the profiles. The dissolved noble gas concentrations C; (i = He, Ne, Ar, Kr, Xe) are
normalized to their respective atmospheric equilibrium concentrations qu.

Table 3.6 Elemental composition of the aeration gas. O, data were provided by the Depart-
ment of Environment of the Canton of Argovia (A. Stockli, pers. comm.). The volume fractions
of the noble gases in the aeration gas are mean values for the samples collected on 08 July
2005 and 13 July 2005, immediately before or after water sampling. The noble gas content of
the three analyzed aeration gas samples varies by less than 3%. Noble gases and Oz comprise
~81% of the aeration gas volume; the composition of the remaining ~19% was not determined.

Gas i Ve VI yair
He 1.66 x 1073 3.17
Ne 573x 107 3.15
Ar 3.80 x 1072 4.07
Kr 1.14 x 1078 0.01
Xe 2.96 x 10~° 0.03
0, 7.72 % 107! 3.69

as . . .
vf : volume fraction in the aeration gas
air.

Vit volume fraction in air
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cause an accumulation of He, Ne and Ar in the hypolimnion. This effect is maximal
for the profile sampled directly above a diffuser of the aeration system, i.e. within
the bubble plume. The observed noble gas enrichment is limited to the hypolimnion.

An analysis of the elemental ratios of He/Ne and Ne/Ar observed in the aeration
gas and in the dissolved gas excess at the plume site emphasizes a causal relation
between the aeration gas injection and the noble gas supersaturation in the lake. The
measured noble gas ratios are presented in Table 3.7. At normal aeration gas flow
rate, the elemental ratios of He/Ne and Ne/Ar in the gas excess of the hypolimnion
agree (within analytical errors) with the ratios in the injected aeration gas. This
observation suggests that the noble gases injected with the aeration gas either dissolve
completely below the thermocline or escape from the lake in equal shares. If gas loss
would occur, this effect would not affect all the noble gases equally, because of the
considerable differences in the noble gas solubilities. Gas loss would mainly affect
the poorly soluble light noble gases He and Ne and therefore lead to a preferential
accumulation of Ar in the lake water. The accumulation of Ar would result in a Ne/Ar
ratio of the noble gas excess in the water that is lower than the ratio in the injected
gas. As the noble gas ratios in the aeration gas and in the noble gas excess of the
hypolimnion closely match, the occurrence of considerable gas loss can be excluded.
During oxygenation in summer, the aeration system is continuously monitored and
adjusted to assure that the injected aeration gas bubbles dissolve in the hypolimnion.
No visual observations of gas bubbles escaping at the lake surface, which would
cause considerable gas loss, were made during the oxygenation period from 05 April
2005 to 08 July 2005 that preceded our sampling (A. Stockli, pers. comm.). To
sum up, the findings imply a rather complete dissolution of the injected aeration gas

Table 3.7 Comparison of He/Ne and Ne/Ar elemental ratios in the aeration gas and in the
dissolved gas excess.

Gas reservoir He/Ne x 10 Ne/Ar x 1000
Aeration gas 2.90+0.05 1.51£0.05
Excess (normal flow rate) * 2.83+0.09 1.36 £0.20
Excess (high flow rate) * 2.87+0.03 1.194+0.10

* Mean ratio of the noble gas excess concentrations at the plume site
Cr =G —-Cf

', where i = He, Ne, Ar. C; is is the observed noble

gas concentration and Cieq is the atmospheric equilibrium concentra-
tion. Only samples from the hypolimnion (depths > 15 m) were taken
into account, as the noble gas supersaturations occur only in this depth
range.
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bubbles in the hypolimnion at the normal aeration gas flow rate and thus an efficient
O, input.

The elemental ratios observed at high aeration gas flow rate (Tab. 3.7) will be
discussed in Section 3.3.2.

3.3.2 Noble gas profiles observed at different aeration gas flow rates

The noble gas concentration profiles sampled at the plume site, i.e. above diffuser 6,
on 08 July 2005 (normal aeration gas flow rate), 13 July 2005 (aeration off) and 15
July 2005 (high aeration gas flow rate) show a strong response of dissolved He, Ne
and Ar concentrations to the variation of the aeration gas flow rate (Tab. 3.3, Tab. 3.4,
Tab. 3.5, Fig. 3.5). Compared to the normal flow situation, the concentrations of He,
Ne and Ar in the hypolimnion increase considerably for high aeration gas flow rates
and decrease substantially when the aeration is turned off. Because Kr and Xe are
missing in the injected gas (see Tab. 3.6), the concentrations of Kr and Xe in the lake
are not affected by the aeration process. The relative increase of the concentrations of
the light noble gases He and Ne that occurs with increasing aeration gas flow rate is
much more pronounced than for Ar. As He and Ne are less soluble than Ar in water,
the noble gas accumulation due to aeration contributes a larger share to the total mass
of the light noble gases stored in the lake. The short periods of altered aeration gas
flow rates did not lead to significant changes of the noble gas concentrations at the
far field and background sites (Tab. 3.3, Tab. 3.4, Tab. 3.5).
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Figure 3.5 Comparison of the dissolved noble gas concentration profiles at the plume site for
three different aeration gas flow rates (aeration off 13 July 2005; normal flow 8 July 2005; high
flow 15 July 2005). See Fig. 3.1 for location of the profiles. The dissolved noble gas concentra-
tions C; (i = He, Ne, Ar, Kr, Xe) are normalized to the atmospheric equilibrium concentrations
qu. The corresponding O, concentration profiles are shown in Fig. 3.6.
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On 15 July 2005, when the aeration system was operated at high gas flow rate,
the elemental ratios of Ne/Ar in the noble gas excess measured in the hypolimnion at
the plume site are significantly lower then the Ne/Ar ratio in the injected aeration gas
(Tab. 3.7). The He/Ne ratios, on the opposite, agree within experimental errors. At
high aeration gas flow rate, the noble gas excess at the plume site contains therefore
a disproportionately high Ar fraction that causes the low Ne/Ar ratio. The shift in the
elemental ratios indicates incomplete dissolution of the injected aeration gas bubbles
and loss of aeration gas at the lake surface. The solubility of Ar in water is consid-
erably higher than the solubilities of He or Ne, which are similar. A partial loss of
aeration gas to the atmosphere would mainly consist of gases with low solubilities
that remain preferentially in the gas bubbles (e.g. He and Ne; see also Graser, 2006).
Hence, the observed differences in the noble gas ratios suggest that, at high aeration
gas flow rate used between 13 July 2005 and 15 July 2005, part of the injected gas
bubbles did not dissolve completely and escaped to the atmosphere. This is in agree-
ment with the visual observation of small gas bubbles reaching the lake surface at the
plume site during sampling on 15 July 2005.

In contrast to the noble gas concentration profiles at the plume site, the profiles of
dissolved O, remained virtually unchanged despite the strong variation in the aeration
gas flow rate during the field campaign (Fig. 3.6). This implies that additional O,
input by the aeration system due to the increased aeration gas flow rate is immediately
compensated for by the high O, consumption rate in Lake Hallwil.
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Figure 3.6 Comparison of the dissolved O, concentration profiles at the plume site for three
different aeration gas flow rates (aeration off 13 July 2005; normal flow 8 July 2005; high flow
15 July 2005). See Fig. 3.1 for location of the profiles. The O, concentrations profiles at the
plume site show now considerable changes in response to the variation of aeration gas flow rate,
presumably due to the high O, consumption rate in Lake Hallwil. The corresponding noble gas
concentration profiles are shown in Fig. 3.6.
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3.3.3 Mass balance calculations

We performed simple noble gas mass balance calculations to gain a quantitative es-
timate of the dissolved gas accumulation in Lake Hallwil during the aeration phase.
As discussed above, dissolved He, Ne and Ar in the hypolimnion is supersaturated
due to the dissolution of injected aeration gas bubbles (Fig. 3.4 and Fig. 3.5). The ob-
served noble gas excesses can therefore be interpreted as a measure of the fraction of
the aeration gas that is stored in the water mass below the thermocline. To determine
the noble gas excess concentrations C* = C; — C;? (i = He, Ne, Ar), the measured
noble gas concentrations C; were reduced by the corresponding atmospheric equilib-
rium concentrations C;?. Data from the water sample profiles collected on 08 July
2005 (normal aeration gas flow rate), 13 July 2005 (aeration off) and 15 July 2005
(high aeration gas flow rate) was used to derive a coarse estimate of the excess con-
centration distribution in the lake on each day. We interpolated noble gas excess
concentration from the three sites linearly in two dimensions on a vertical plane that
extends from the plume site to the background site and farther to the lake border.
It was assumed that the noble gas concentrations at the lake surface and at the lake
border are in equilibrium with the atmosphere and the noble gas excesses are there-
fore zero. We further assumed that the noble gas excess distributions are symmetric
around the plume; i.e. that the excess concentrations are equal on ellipses which are
centered at the bubble plume and have the same width-to-length ratio as Lake Hall-
wil. The interpolated concentration distributions were integrated over the entire lake
volume to estimate the total mass of excess noble gases stored in the lake at the time
of sampling. The mass balance calculations were carried out only for He, Ne and Ar,
as Kr and Xe concentrations in Lake Hallwil are not affected by the aeration.

The resulting estimate of the mass of excess noble gases in Lake Hallwil on 08
July 2005 (normal aeration gas flow rate) was compared to the total noble gas mass
flux into the lake during the preceding oxygenation period. On 05 April 2005, the aer-
ation system was switched from “circulation support” mode to “oxygenation” mode.
From that day until 08 July 2005, ~138000 Nm? (1 Nm?® = 10° cm®STP) of O,-
enriched aeration gas and ~26000 Nm? of pressurized air were injected into the lake.
A combination of O,-enriched aeration gas and pressurized air was used for the first
three weeks of oxygenation mode to ensure a smooth transition from the preceding
circulation support mode. Assuming that the composition of the aeration gas mea-
sured in July (Tab. 3.6) is representative for the entire oxygenation period in 2005,
the total gas flux into Lake Hallwil from 05 April 2005 to 08 July 2005 corresponds
to ~160 t O,. The masses Mf"p “ of He, Ne and Ar injected into the lake via the
aeration gas input are listed in Tab. 3.8 side by side with the estimated masses M7
of excess noble gases dissolved in the water body. This comparison suggests that the
mass of He that was injected into Lake Hallwil by the aeration system from 05 April
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Table 3.8 Comparison of the mass of He, Ne and Ar injected by the aeration system with the
total mass of excess noble gases in Lake Hallwil.

Gas i M Mexeess A = MEeess M
He 434 g 439 g ~100%
Ne 7.6 kg 8.4 kg ~110%
Ar 9.8 14.8 t ~150%

M;"p “. total mass flux of gas i into Lake Hallwil from

05 April 2005 to 08 July 2005
MY total mass of the excess of gas i in Lake Hallwil on 08
July 2005

2005 to 08 July 2005 is in good agreement with the observed excess of He dissolved
in the lake. Direct loss of injected aeration gas bubbles to the atmosphere seems
therefore to be negligible. Again, it has to be noted that the visual observation of the
lake during the oxygenation period also confirmed the rather complete dissolution
of the injected gas bubbles. For Ne and Ar, the gas excesses dissolved in the lake
are slightly (Ne) and considerably (Ar) larger than the input by the aeration system.
However, the approach used here to estimate the total mass of excess noble gases in
Lake Hallwil from only three concentration profiles is subject to large uncertainties.
The linear interpolation used to infer the noble gas excesses at positions between the
profiles might bias the results. To explore this effect, the mass balance calculations
were repeated using only the plume and background profiles in the interpolation and
ignoring the data from the far field site. The total masses of excess He, Ne and Ar
derived from these calculations differ by ~20% from the results obtained using all
the profiles. We expect that the uncertainties of the mass balance calculations are in
the range of these deviations. Given these uncertainties, the total masses of excess He
and Ne in the lake appear to be equal to the noble gas mass injected by the aeration
system whereas the Ar excess in the lake is significantly higher than the injected Ar
mass (Tab. 3.8). For He and Ne, the injected gas mass seems therefore to be retained
mostly or even completely in the lake during aeration at the normal gas flow rate. In
contrast, the high excess of dissolved Ar in Lake Hallwil cannot be explained solely
by the input of Ar from the aeration system between 05 April 2005 and 08 July 2005
and by the complete retention of the dissolved gas in the water column. As Ar is
more soluble than He and Ne, it might also have partially dissolved from the larger
bubbles of pressurized air that were injected into the lake during circulation support
in the preceding winter and might even have accumulated in the “mixed” water col-
umn. In the case of Ar, it therefore appears that gas exchange at the lake surface
is not fast enough to completely remove the gas being dissolved from the injected
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bubbles during the circulation period. As a result, the concentrations of dissolved
Ar might not be entirely set back to atmospheric equilibrium concentrations and the
deep water of Lake Hallwil is expected to show a slight supersaturation with respect
to Ar at the beginning of the oxygenation period. An excess of dissolved Ar remain-
ing of the winter circulation might therefore account for the difference between the
Ar mass injected by the aeration system and dissolved in the lake that was observed
in summer (Tab. 3.8).

Between 13 July 2005 (aeration off) and 15 July 2005 (high aeration gas flow
rate), the noble gas excess concentrations at the plume site increased substantially.
However, this short term effect of the increased aeration gas flow rate did not affect
the far field and background profiles and seems to occur only in a small volume at the
center of the lake. We applied the same mass-balance approach as above to assess
the accumulation of noble gases in the water column close to the bubble plume at
diffuser 6. These mass balances were calculated for a vertical water column centered
at the plume site with an elliptic base that has the same width-to-length ratio as Lake
Hallwil (indicated as a dark gray area around diffuser 6 in Fig. 3.1). The size of
the considered water volume was adjusted in order to match the mass of noble gases
injected through diffuser 6 during the 2-day period of high gas flow rate (13 July
2005 to 15 July 2005) with the increase of the mass of dissolved noble gases stored
in the water volume. The noble gas mass flux was calculated from the observed
aeration gas flow rate and from the aeration gas composition (Tab. 3.2 and Tab. 3.6).
The input of Ar that occurred during the high flow phase was found to be equal to
the increase of the mass of excess Ar dissolved in a vertical water column with an
elliptic base measuring 340 x 66 m. But the increase of the He and Ne excess in the
same volume amounts to only ~75% of the gas mass injected by the aeration system.
Part of the He and Ne input seems therefore to have been lost to the atmosphere. As
mentioned in Sec. 3.3.2, small gas bubbles that reached the lake surface and escaped
were observed during the phase of high aeration gas flow rate. The difference in
the water-column accumulation of Ar compared to He and Ne is consistent with a
partial loss of the aeration gas to the atmosphere. Due to the higher solubility, Ar
is preferentially dissolved in water while He and Ne may remain in the escaping
bubbles. The solubility of O, is similar to the solubility of Ar and therefore O,
contained in the injected bubbles is also expected to dissolve virtually completely in
the water column, even during the phase of high aeration gas flow rate.

The mass balance calculations for the phase of high aeration gas flow rate showed
that the aeration gas mass injected through diffuser 6 between 13 July 2005 and
15 July 2005 results in a noble gas accumulation that is constrained to a relatively
small vertical water column around the bubble plume with an elliptic base measuring
340 x 66 m. Under these conditions, the water volumes that are influenced by gas
injection from each of the two diffusers that were in operation (diffuser 3 and 6; see
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Fig. 3.1 and Tab. 3.2) do therefore not overlap. The horizontal extension of the no-
ble gas enrichment seems to be controlled by currents in the hypolimion. McGinnis
et al. (2004) suggest that basin-wide internal seiching leads to a dispersion of the
“aeration plume signature” in Lake Hallwil. A period of ~6 hours and a mean hor-
izontal velocity of ~1 cm s~! were measured for the seiche-induced currents in the
hypolimnion of Lake Hallwil. The horizontal water displacement due to the seiche-
induced currents over a 6-hour period is therefore ~220 m. Hence, the water volume
that is affected by the increased noble gas accumulation during the 2-day period of
high aeration gas flow rate is of similar size as expected due to dispersion caused by
internal seiching.

3.4 (Conclusions

Noble gas concentrations measured in the aeration gas and in the water column of
Lake Hallwil demonstrate that gas exchange between the water and the injected bub-
bles affects the noble gas concentrations in the water body. The specific noble gas
enrichment signature of the aeration gas, being set by the on-site O, enrichment sys-
tem, leads to a corresponding noble gas excess pattern in the lake water. As noble
gases are chemically conservative, the “aeration signal” persists in the hypolimnion
of Lake Hallwil during summer stratification. In contrast, the main aeration gas O; is
consumed very fast and the observed O, concentration profiles are affected merely by
variations in the aeration gas rate flow during the observation period. The noble gas
concentrations in the lake that record the influence of the aeration operation seem to
allow quantification of the efficiency of the aeration system; i.e. noble gas enrichment
can be interpreted as a proxy for the transfer of O, to the lake water. At the normal
gas flow rate used for summer aeration, the total injected noble gas mass seems to
accumulate in the hypolimnion. Hence, the aeration gas bubbles appear to dissolve
completely below the thermocline, as intended during the oxygenation mode. On a
time-scale of days, the effects of the aeration are restricted to a small water volume
(K lake volume) close to the bubble plume.

The relatively small number of samples and the considerable changes in aeration
gas flow rates that occurred during the observation period only allow an approximate
quantification of the bubble gas exchange based on the noble gas data presented.
Nevertheless, the strong and distinct noble gas signals that we observed in the water
column demonstrate the potential of noble gases as tracers to monitor aeration sys-
tems in lakes. Similar studies could help to understand processes in natural systems
like gas seeps in lakes and oceans (see Chapter 4).

For future applications of this method of studying aeration systems, we recom-
mend that the following points be considered:
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* Preferably, such a study should cover the entire summer oxygenation period.

The first noble gas profiles should be sampled immediately before the aeration
system is switched from circulation support mode to aeration mode. Sampling
should be repeated during the summer months, or at least at the end of the
oxygenation period, to monitor the evolution of noble gas concentrations in the
lake. In this case, the total increase in the concentrations of noble gases in the
hypolimnion might be interpreted as a measure of the total aeration gas mass
that was effectively transferred to the lake water by bubble gas exchange.

Additional noble gas profiles in the near field of the aeration system could help
to investigate the dispersion of the dissolved aeration gases in the lake. This
would be a useful complement to the CTD and current velocity measurements
that are usually performed to study the transport processes in the vicinity of the
bubble plume.

The noble gas study of the aeration system in Lake Hallwil should be combined
with plume-modelling (e.g. McGinnis et al., 2004; Wiiest et al., 1992b). Using
noble gas concentration profiles as additional boundary conditions would help
to better constrain these models.



Noble gas anomalies related to high-intensity
methane gas seeps in the Black Sea

This chapter has been published in Earth and Planetary Science Letters (Holzner
et al., 2008b).

Abstract Dissolved noble gases and tritium were analyzed at a series of high-inten-
sity methane gas seeps in the Black Sea to study the transport and gas exchange
induced by bubble-streams in the water column. These processes affect marine
methane emissions to the atmosphere and are therefore relevant to climate warming.
The seep areas investigated are located in the Dnepr paleo-delta, west of Crimea, and
in the Sorokin Trough mud volcano area, south-east of Crimea. Noble gas concentra-
tion profiles at active seep sites revealed prominent anomalies compared to reference
profiles that are unaffected by outgassing. Supersaturations of the light noble gases
helium and neon observed relatively close to the sea floor are interpreted as effects of
gas exchange between the water and the rising bubbles. Depletions of the heavy noble
gases argon, krypton and xenon that were detected above an active, bubble-releasing
mud volcano appear to be related to the injection of fluids depleted in noble gases that
undergo vertical transport in the water column due to small density differences. In
both cases, the noble gas anomalies clearly document seep-specific processes which
are difficult to detect by other methods. Helium is generally enriched in the deep
water of the Black Sea due to terrigenic input. Although exceptionally high helium
concentrations observed in one seep area indicate a locally elevated helium flux, most
of the seeps studied seem to be negligible sources of terrigenic helium. Noble gas
analyses of sediment pore waters from the vicinity of a mud volcano showed large
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vertical gradients in helium concentrations. The helium isotope signature of the pore
waters points to a crustal origin for helium, whereas the deep water of the Black Sea
also contains a small mantle-type component.

4.1 Introduction

Methane (CHj4) gas seeps in marine and lacustrine environments are currently of
scientific interest due to their potential influence on global carbon cycles and climate
warming (e.g. Judd, 2004; Walter et al., 2006). Gas release from seeps and rising
bubbles in the water column can be detected by hydroacoustic systems (e.g. Artemov,
2006; Greinert et al., 2006; Hornafius et al., 1999; Naudts et al., 2006). Using this
technology, marine CH, gas seeps have been documented worldwide, but detailed
studies of gas exchange between rising CH4 bubbles and the water column are rare
(e.g. Clark et al., 2003; Leifer and Patro, 2002; Leifer et al., 2000; McGinnis et al.,
2006a) and are commonly restricted to shallow seeps. Hence, more information on
the processes controlling gas/water partitioning during the rising of CH4 bubbles in
the open water column is essential to better quantify the contribution of marine seeps
to CHy4 in the atmosphere. We present noble gas analyses from different active seep
sites that give new insights into CHy transport in the Black Sea.

In the Black Sea, intense gas seepage has been observed on the northern shelf and
slope, as well as from mud volcanoes on the abyssal plain (Fig. 4.1). Within the EC-
funded project CRIMEA (“Contribution of high-intensity gas seeps to the methane
emission to the atmosphere”, http://www.crimea-info.org/), numerous seeps releas-
ing gas bubbles into the Black Sea were characterized using various oceanographic
and geochemical techniques to evaluate the potential effects of these “high-intensity
gas seeps’ on the atmosphere (Kourtidis et al., 2006; Schmale et al., 2005). The
Black Sea is a unique environment in which to study marine CH4 emissions because
the water column is permanently stratified, with anoxic conditions and strong CHy4
accumulation below the chemocline at 100—150 m depth (e.g. Reeburgh et al., 1991).
CH,4 concentrations in the isolated deep water body of the Black Sea reach values of
up to ~12 uM. The majority of the CH4 seeps observed during the CRIMEA cruises
are situated at water depths shallower than 725 m. This depth limit corresponds to the
upper boundary of the stability zone for pure methane hydrates at the ambient temper-
ature and salinity conditions prevailing in the Black Sea (Naudts et al., 2006). Hence
it appears that the seepage of CH4 bubbles from the sediments is inhibited by the
formation of gas hydrate layers in the sediment. Additionally, several gas-emitting
mud volcanoes were studied south-east of the Crimea peninsula at about 2000 m wa-
ter depth. These deep seeps occur within the gas hydrate stability zone. The mud
volcano structures seem to provide migration pathways where gaseous or dissolved
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CH4 may be released from the sediments without being trapped in the gas-hydrates.
Indications of CHy release and the presence of gas-hydrates have already been docu-
mented for neighboring mud volcanoes (Bohrmann et al., 2003). Hydroacoustically
detectable bubble streams develop in the water column above the CHy seeps. Echo-
sounder surveys of the deep mud volcanoes revealed bubble streams that rise up to
1300 m above the sea floor before they completely dissolve (Greinert et al., 2006).
Rising bubbles do not only release gases to the water column during dissolution, but
also force simultaneous stripping of dissolved gases which were initially absent in
the gas phase (Clark et al., 2003). This process leads to characteristic anomalies of
dissolved noble gases in the water column (Holzner et al., 2005, 2006). Studies of
aeration systems and very intensive marine seeps describe upwelling flows induced
by the bubble streams that reduce the bubble dissolution rate because dissolved gas
concentrations in the rising water that surrounds the bubbles increase and may reach
saturation (Clark et al., 2003; Leifer et al., 2006; Wiiest et al., 1992b). However,
in these studies the bubbling gas flow was much higher than observed in the Black
Sea. Note that on the Black Sea shelf at depths <100 m, bubbles can reach the water
surface, and might emit CH4 directly to the atmosphere. CHy bubbles released from
seeps located in the hydrate stability zone are expected to form a hydrate rim which
may reduce gas exchange between bubbles and surrounding water (McGinnis et al.,
2006a; Rehder et al., 2002). Nevertheless, the influence of such a hydrate rim on the
noble gas abundance remains open and has to our knowledge not been investigated
experimentally.

Dissolved noble gases in lakes and oceans are mainly of atmospheric origin.
Therefore the concentrations in the water column generally correspond to atmo-
spheric equilibrium concentrations, which are determined by the temperature and
salinity prevailing during gas exchange at the water surface. As noble gases are
chemically inert, only physical processes like radioactive decay and/or exchange with
geochemical reservoirs other than the atmosphere can change the dissolved noble-gas
abundance; hence such physical processes are responsible for any deviations from the
initial partition equilibrium with the atmosphere. Due to these properties, noble gases
are very useful for tracing water dynamics in marine and lacustrine systems (Kipfer
et al., 2002).

4.2 Methods

4.2.1 Study area

Various high-intensity methane seeps situated in two areas south-east and west of
the Crimea peninsula were investigated during the cruises of the CRIMEA project in
2003 and 2004 (Fig. 4.1 and Tab. 4.1). Part of the samples were collected at three
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Table 4.1 Overview of the water column profiles and sediment cores sampled for noble gases.
The noble gas data are listed in Sec. 4.5 (Tab. 4.2-4.5).

Water column profiles

Sampling date Sample type *
Reference 2003 (1700 m depth)
CTDO064 08 June 2003 Reference
Reference 2004 (2130 m depth)
CTD138 16 June 2004 Reference
Dnepr paleo-delta
Seep Area 1 (90 m depth)
CTDO038 04 June 2003 Off-seep
CTDO046 05 June 2003 On-seep
Seep Area 2 (200 m depth)
CTD107 29 May 2004 On-seep
Seep Area 3 (630 m depth)
CTD108 29 May 2004 Off-seep
CTD109 30 May 2004 On-seep
CTD110 30 May 2004 On-seep
Sorokin Trough (Vodyanitskiy Mud Volcano, 2070 m depth)
CTDO072 10 June 2003 On-seep
CTD115 03 June 2004 On-seep
CTDI135 15 June 2004 On-seep
Sediment cores

Sampling date Distance from VMV
Reference 2003 (1700 m depth)
GCl14 08 June 2003 ~200 km
Sorokin Trough (Vodyanitskiy Mud Volcano, 2070 m depth)
GC17 10 June 2003 ~2700 m
GC41 15 June 2004 ~400 m

* Reference: sampled at sites which are not affected by active seeps. On-seep: sampled
above a seep. Off-seep: sampled in the vicinity of a seep but outside the current bubble
Stream.
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Figure 4.1 Map of the Black Sea showing the study sites. Our work focused on two areas of
intense gas seepage (®): the Dnepr paleo-delta region and the Sorokin Trough. The inset shows
a detailed map of the Dnepr paleo-delta with the locations of Seep Areas 1-3. The deep seep
site in the Sorokin Trough (Vodyanitskiy mud volcano) and two reference sites (A, no influence
of gas seepage) are indicated in the main panel.

sites in the Dnepr paleo-delta on the north-western Black Sea shelf and slope (Seep
Area 1-3). Additionally, we studied the deep seep at the Vodyanitskiy mud volcano
(VMV), located in the Sorokin Trough mud volcano area.

For comparison, samples were collected from sites in the open water away from
active seeps, where no hydroacoustic signals of CH4 gas seepage were detected. In
the following, these sites will be referred to as “reference sites’”” and used as a baseline
to interpret the results from the active seep sites. The 2003 reference site is situated
between the two main study areas at a distance of ~70 km from the Dnepr paleo-
delta and ~200 km from the Sorokin Trough. The 2004 reference site was chosen
closer to one of the seep sites studied, i.e. ~9 km south of VMV.

4.2.2 Noble gases and tritium

Water samples for noble gas and tritium analysis as well as the corresponding CTD
(Conductivity, Temperature, Depth) measurements were obtained using an SBE 911-
plus CTD with a water-sampling rosette (12 Niskin bottles, 10 1 volume each). Con-
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tact of the water samples with air during sampling was avoided. The water samples
(~23 g) were transfered to copper tubes on the ship immediately after recovery of the
CTD probe, and the tubes were sealed gas-tight using pinch-off clamps. Noble gas
concentrations and helium isotope ratios were measured using noble gas mass spec-
trometry in the Noble Gas Laboratory at ETH Ziirich (Beyerle et al., 2000). Tritium
concentrations were determined by the *He-ingrowth method using a high-sensitivity
compressor-source noble gas mass spectrometer (Baur, 1999; Kipfer et al., 2002).
Typical overall 16 errors for the water analyses are ~1% for noble gas concentra-
tions and *He/*He ratios, and ~3% for *H. In total, 93 water samples were analyzed
for this work. We partly or completely omitted 19 samples: 4 of those because gas
extraction failed, 13 because our measurements indicate gas loss, contamination or
analytical problems and 2 surface water samples were excluded from the interpreta-
tion because the results indicated solubility disequilibrium due to exceptionally high
water temperatures.

Sediment cores for the analysis of noble gases in the pore water were taken us-
ing a gravity corer and sampled according to the procedures developed by Brennwald
etal. (2003). Sub-samples for noble gas analysis were taken immediately after recov-
ery of the sediment cores to minimize exsolution of supersaturated gases. The bulk
sediment (~10 g, containing ~6 g of pore water) was transferred from the sediment
cores into copper tubes without exposure to the atmosphere and sealed gas-tight.
Dissolved noble gases in the sediment pore water were determined according the ex-
perimental protocols described by Brennwald et al. (2003) and Beyerle et al. (2000).
This method consists of noble gas extraction from the pore water by degassing the
sediment in an evacuated extraction vessel followed by noble gas analysis by mass
spectrometry. Typical overall 16 errors of the sediment pore water analyses are ~4%
for noble gas concentrations and ~9% for *He/*He ratios. We present noble gas data
for 9 sediment samples from three Black Sea cores. Three other samples from these
cores were omitted due to problems during sampling (degassing or air contamina-
tion).

Atmospheric equilibrium concentrations in the water column were calculated us-
ing the parameterizations recommended by Kipfer et al. (2002) for the measured
salinity and potential temperature. A total atmospheric pressure of 1 atm was as-
sumed for all partition equilibrium calculations, in accordance with measurements
during the 2003 cruise (O. Schmale, pers. comm.). As pressure differences have a
linear effect in the partition equilibrium concentrations, the given uncertainty in the
average atmospheric pressure is negligible compared to the overall errors of the noble
gas analyses.
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4.3 Results and Discussion

4.3.1 Reference profiles of tritium and noble gases

The dissolved noble gas concentrations and tritium (*H), as well as the apparent
SH-*He ages determined for the two reference profiles (CTD064 and CTD138) agree
within experimental error (Fig. 4.2). This is remarkable as the profiles were sampled
in two consecutive years and at very different positions relative to the seep sites.

The tritium concentration profiles are indistinguishable for all sites studied (Fig.
4.2 A, D). In the mixed surface layer, *H concentrations were as high as ~9 TU
(1 TU=1 tritium unit= 1 *H atom per 10'8 'H atoms), dropping below the detection
limit (<0.1 TU) at ~600 m depth. Large amounts of *H were released to the at-
mosphere by thermonuclear bomb tests in the 1960s. Atmospheric *H was oxidized
to tritiated water and subsequently transported to the oceans by the hydrological cy-
cle. The observed *H distribution in the water column is a result of *H transport by
vertical mixing (turbulent or advective), deep intrusions of Bosphorus water or river
inflows and *H decay (Ozsoy et al., 2002). Therefore, the upper water layers with
non-zero *H concentrations must have been exchanged within approximately the last
40 years; i.e. since bomb-tritium has been released to the atmosphere. The *H data
suggests that within this time interval, vertical water transport was confined to the
uppermost 600 m and did not significantly affect the deep water of the Black Sea.

The determination of concentrations of *H and Helium-3 (*He; see below) for
the same water sample allow the so-called *H->He water age to be calculated (Torg-
ersen et al., 1977). For this calculation, tiritiogenic *He was separated from the at-
mospheric and terrigenic components (Kipfer et al., 2002). We observed apparent
SH-3He ages close to zero at the surface, and an increase to about 40 years at 500 m
depth (Fig. 4.2 A). Below ~600 m depth, *H-*He age calculations become meaning-
less because the *H concentrations are virtually zero. The observed depth limit of
measurable *H at ~600 m depth corresponds to distinct changes in other geochemi-
cal parameters (e.g. CH4 concentration; see Schubert et al., 2006b). Yet, the shape of
the 3H distribution is hardly affected by the permanent chemocline, a hydro-chemical
and density boundary in the Black Sea at about 100 m depth.

Dissolved helium (He) concentrations are in partition equilibrium with the atmo-
sphere in the mixed surface layer, and increase continuously with depth (Fig. 4.2 B, E).
As a result, He is supersaturated by ~20% in the deep water of the Black Sea. This
supersaturation is caused mostly by the input of terrigenic He that emanates from
the Black Sea sediments and accumulates in the deep water, since vertical transport
is slow. In the deep water, the contribution of tritiogenic *He to the He excess is
negligible, as *H was only detected down to about 600 m depth.
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Figure 4.2 Reference profiles (figure caption continued on page 49).
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Figure 4.2 (continued from page 48) Tritium (*H) and dissolved noble gas data for the refer-
ence profiles (A) sampled in 2003 (CTD064) and 2004 (CTD138) and for the shallow profiles
(@) of Seep Area 1 (CTDO038, CTD046) and Seep Area 2 (CTD107). He and Ne data for se-
lected samples of the 2003 reference profile (CTD064) have already been presented by Schubert
et al. (2006a). The noble gas data shown in this figure are listed in Sec. 4.5 (Tab. 4.2 and 4.3).
(A—C) Tritium, helium (He) and apparent *H-*He ages in the uppermost 200 m of the water
column. (D-F) 3H and He profiles in the entire water column. The dotted lines indicate the
calculated partition equilibrium concentrations with the atmosphere, the dash-dotted lines show
moving-average concentrations and isotope ratios for the reference samples. *H concentrations
are above the detection limit (>0.1 TU) in the upper 600 m of the water column. He concentra-
tions are strongly supersaturated in the deep water and the 3He/*He isotope ratio shows a large
positive anomaly around 150 m depth due to *H decay (“bomb peak”). (G-J) Neon (Ne), argon
(Ar), krypton (Kr) and xenon (Xe) concentrations in the uppermost 200 m of the water column.
(K-N) Full profiles of Ne, Ar, Kr and Xe. The reference profiles for these atmospheric noble
gases show uniform, slightly supersaturated concentrations (2.5-4.5%) in the deep water.

The isotopic composition of dissolved He, i.e. the *He/*He ratio, is in equilibrium
with the atmosphere at the surface and increases down to ~150 m, where a strong
positive anomaly (i.e. *He enrichment) is present. Below ~1000 m depth a slight
negative anomaly (i.e. “He enrichment) is found (Fig. 4.2 C, F). The *He/*He peak
around 150 m depth is caused by the decay of *H and the accumulation of tritio-
genic *He. Low *He/*He ratios near the sea floor indicate the input of isotopically
heavy terrigenic He produced in the Earth’s crust *He/*He < 10~7; see Ballentine
and Burnard (2002); Mamyrin and Tolstikhin (1984)).

To further investigate the terrigenic He input, we applied a 1-dimensional vertical
transport model that was initially developed for lakes (Aeschbach-Hertig et al., 2002;
Holzner, 2001; Kipfer et al., 2002). The model was numerically integrated using the
simulation software for aquatic systems AQUASIM (Reichert, 1994). Our model
describes the temporal evolution of *H and He concentrations in the Black Sea as a
result of gas exchange at the sea surface (Wanninkhof, 1992), gain or loss of *H and
He due to water in- and outflow, *He production by the radioactive decay of *H, ver-
tical water transport, and terrigenic He input. The inverse fitting tools of AQUASIM
were applied to tune the vertical mixing rates and to estimate the terrigenic He in-
put. Only the *H and He data collected in this study were used as fitting targets.
The resulting vertical mixing rates range from 3 x 10~ m? s~! (below mixed surface
layer) to 4 x 10~* m? s~! (deep water). Assuming that He emanates homogeneously
over the entire area of the Black Sea, we determine a terrigenic He flux of 7 x 10°
atoms m~2 s~! from the sediments into the water column. Our estimate of the terri-
genic He input is in the range of the values given by Top and Clarke (1983) for the
Black Sea (1.3 x 10'° atoms m~2 s~!) and for the mean world-ocean flux (3 x 10°
atoms m~2 s~ !; Craig et al., 1975).
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Top and Clarke (1983) and Top et al. (1991) report He and *H concentrations for
different stations in the central and southern Black Sea for the years 1975 and 1988,
respectively, which agree remarkably well with our data. The earlier *H concentra-
tions were much higher in the uppermost ~300 m, but no measurable *H was found
below ~500 m depth with the exception of a few samples from 1975. According to
Top et al. (1991), the observed non-zero *H concentrations cannot be representative
of the entire deep water. The *He/*He maximum due to *H decay also appears in the
data from 1975 and 1988, but at shallower depths, because at that time the majority
of the bomb-*H input was still concentrated in the surface waters. The sum of *H and
tritiogenic *He can be considered as a measure of the “total *H” input into the water
body. The “total *H” content of a water body is unaffected by radioactive decay and
only depends on input and output processes. We computed the budget of *H and tri-
tiogenic *He in the Black Sea by integrating the observed concentration profiles over
depth. Using this method, the “total *H” mass stored in the water column was cal-
culated from the literature data (Top and Clarke, 1983; Top et al., 1991) and our new
measurements. A comparison of the two results shows that “total *H” has decreased
by ~35% in the uppermost 600 m since 1975/88. Our measurements indicate that
part of the tritiogenic *He produced has been lost to the atmosphere due to vertical
mixing and gas exchange.

Concentrations of the heavier noble gases neon (Ne), argon (Ar) krypton (Kr) and
xenon (Xe) at the reference sites are close to partition equilibrium with the atmo-
sphere (Fig. 4.2 G-N). Generally, Ne, Ar, Kr and Xe in lakes and oceans can only be
of atmospheric origin because there are no other significant sources of these gases in
natural waters (Kipfer et al., 2002). The profiles of dissolved Ne, Ar, Kr and Xe show
similar shapes, and all these gases are slightly supersaturated in the deep water at the
prevailing temperature and salinity conditions (Ne ~2.5%, Ar ~2.8%, Kr ~2.3%,
Xe ~4.5%). Atmospheric noble gas supersaturations have been described for other
marine waters (e.g. Craig and Weiss, 1971; Peeters et al., 2000a) and are commonly
explained by air injection; i.e. air bubbles that are introduced by breaking waves and
that dissolve partially or completely (Keeling, 1993). Air injection mainly affects
lighter noble gases due to their low solubilities. Hence, the observed supersaturation
of Ne is presumably caused by air injection. The enrichment of the heavier noble
gases seems to be caused by the nonlinear effect of mixing saturated water masses at
different temperatures and salinities. This process will cause supersaturations when
Bosporus inflow mixes with less saline and colder surface and intermediate waters.
It is likely that the nonlinear effect of mixing also affects the noble gas concentra-
tions in the deep water of the Black Sea because of the long water residence time
(~2000 years; see Sorokin, 2002). The concentration profiles of Ne, Ar, Kr and Xe
show shallow maxima at ~40 m depth that coincide with a minimum of ~7°C in the
measured water temperature (data not shown), which corresponds to the mean winter
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surface temperature of the Black Sea (Sorokin, 2002). Therefore, winter circulation
reaching down to ~40 m seems to generate the cold, noble-gas-rich layer. Stanev
et al. (2004) modeled convection in the Black Sea and found a mixed layer of the
same thickness during winter.

Noble gas concentrations for three profiles from the shallow Seep Areas 1 (90 m
water depth) and 2 (200 m water depth) are also included in Fig. 4.2 (CTDO038,
CTD046, CTD107). Although these profiles were sampled in active seep areas,
the observed noble gas concentrations differ little from the reference concentrations.
There are numerous shallow seeps (Naudts et al., 2006), but their gas flows are small,
and so they do not significantly affect the noble gas concentrations in the water col-
umn on the Black Sea shelf.

4.3.2 Depletion of heavy noble gases above high-intensity CH4 gas seeps

Three noble gas concentration profiles (Fig. 4.3) were sampled above Vodyanitskiy
mud volcano (VMYV, located in the Sorokin Trough at 2070 m water depth; see
Fig. 4.1), which was active at the time of sampling. A stream of emitted gas bub-
bles rose up to 1300 m above the sea floor (Greinert et al., 2006). Despite this strong
activity, no significant differences in CH4 concentrations were observed between the
Sorokin Trough and the reference sites (Fig. 4.3 H; see also Schubert et al., 2006b).
Although the distribution and amount of bubbles released at VMV was continuously
monitored with an echo-sounder during water sampling, samples were likely not al-
ways collected right at the intended positions within the bubble stream due to ship
drift (up to several 100 m during a CTD cast) and/or displacement of the water sam-
pling device by currents.

Noble gas data for 2003 (CTD072) and 2004 (CTD115) that cover the entire water
column above VMV will be discussed first. Compared to the reference samples, the
He and Ne concentrations are slightly depleted (maximum depletions: He <2%, Ne
<3%; see Fig. 4.3 A, B). Remarkably, the concentrations of the heavy noble gases Ar,
Kr and Xe are depleted to a much higher extent (maximum depletions: Ar ~5%, Kr
~10%, Xe ~15%; see Fig. 4.3 E-G). All heavy noble gases show a distinct concen-
tration minimum at ~1200 m depth. The maximum noble gas depletion above VMV
increases with atomic mass, i.e. with increasing solubility and with decreasing dif-
fusion coefficient respectively. Note that bubble-mediated gas transfer is controlled
by the diffusivity and solubility of the gases (e.g. Keeling, 1993). The observed de-
pletion anomaly disappears at ~1100 m above the sea floor, close to the depth where
the bubble stream disappears, as observed hydro-acoustically (1300 m; see Greinert
et al., 2006). The overall depletion pattern above VMV seems to persist over longer
time scales, since the noble gas concentrations for the two profiles sampled about
one year apart agree within analytical errors. Horizontal currents might reduce noble
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Figure 4.3 (A, B, E-G) Concentrations of dissolved noble gases at the deep seep site (nor-
malized to atmospheric equilibrium concentrations C®). Helium (He) and neon (Ne) data
for selected samples of the 2003 profile (CTDO072) have already been presented by Schubert
et al. (2006a). The dashed lines show moving-average concentrations of the deep seep profiles
(CTDI135 excluded). Mean reference profiles are shown as dash-dotted lines for comparison.
The noble gas data shown in this figure are listed in Sec. 4.5 (Tab. 4.4). (C-D) Illustrations of
the two mechanisms that might cause the observed noble gas anomalies at the deep seep site.
The expected shape of the noble gas concentration profiles with areas of depletion (—) and en-
richment (+) is indicated by the dashed line. (H) Concentration profiles of CHy4 at the deep seep
site and at the reference sites (S. E. Beaubien, pers. comm.). In profiles CTD072 and CTDI115,
the water between ~ 1000 m and ~ 1400 m depth (zone 2) is strongly depleted in the heavy no-
ble gases argon (Ar), krypton (Kr) and xenon (Xe). In contrast, samples from profile CTD135
are enriched in He and Ne below ~1500 m (zone 1) and depleted in heavy noble gases near the
sea floor. Note that no significant differences in CH4 concentrations were observed between the
deep seep and the reference sites.
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gas depletions due to mixing with ambient water, but currents in the deep Black Sea
waters were found to be weak (Greinert et al., 2006; Korotaev et al., 2006) and seem
to have a negligible effect on the observed depletion patterns.

CTD135 (Fig. 4.3) was sampled during very calm weather conditions with negli-
gible ship drift. Hydroacoustic observations during sampling indicated that the water-
sampling probe hit the bubble stream above VMV. Thus, we are quite confident that
the deep-water samples for this profile were collected within the active bubble stream.
The two other profiles from VMV were likely taken in the near-field of the bubble
stream. As the CTD135 cast was focused on the root zone of the bubble stream, no
samples were taken above 1500 m water depth.

The noble gas concentration profile CTD135 differs strikingly from the other pro-
files sampled at the deep seep site. He and Ne concentrations are above saturation
levels and exceed their reference concentrations by 5-10% (Fig. 4.3 A, B). In con-
trast, Ar, Kr and Xe near the sea floor are depleted to a similar extent as in the previ-
ously discussed deep seep profiles at ~1200 m depth (Fig. 4.3 E-G). Farther from the
sea floor, the concentrations of heavy noble gases increase towards the open-water
reference concentrations.

4.3.3 Proposed mechanism of noble gas depletion

The prominent depletion in heavy noble gases found above VMV indicate that pro-
cesses related to the activity of the mud volcano affect the concentrations of dissolved
noble gases. There are only two plausible mechanisms that might deplete dissolved
noble gases in the water column above a mud volcano:

(1) Gas exchange with bubbles depleted with respect to noble gases (Fig. 4.3 C).
Rising bubbles from marine gas seeps force a secondary gas exchange with the
surrounding water (Clark et al., 2003). During this process, dissolved gases in
the water are stripped by the bubbles while the host gas (e.g. CH4) continuously
dissolves from the bubbles until an equilibrium is reached between the bubbles
and the surrounding water or the bubbles disappear. Therefore, gas exchange
with bubbles depleted with respect to noble gases or free of noble gases would
lead to noble gas depletions in the surrounding water in the depth range where
stripping occurs. The effect of stripping on the concentrations of dissolved
noble gases is expected to vary with diffusivity, with the highest impact on the
elements with the highest diffusion coefficients (i.e. He and Ne).

(2) Depleted fluid input (Fig. 4.3 D).
As an alternative explanation for the observed noble gas profiles, an expulsion
of fluids depleted in noble gases relative to the reference concentrations would
locally decrease the noble gas concentrations in the water column. Such de-
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pleted fluids might rise as a plume in the weakly stratified Black Sea deep water
due to buoyancy caused by elevated temperature, injected bubbles, or a com-
bination of both. The depleted fluids are transported vertically until the plume
can no longer overcome the density gradient. As a consequence, the mud vol-
cano fluids are injected into the water column and spread horizontally within a
layer of equal density (McDougall, 1978; McGinnis et al., 2004; Wiiest et al.,
1992b). At this depth, the depleted water replaces or mixes with water which
initially had the reference noble gas concentrations, thus causing the observed
noble gas depletions.

In the following paragraphs, both mechanisms will be discussed. Considering
only mechanism 1, it should be noted that the bubbles released from VMV dissolve
completely within the water column (Greinert et al., 2006; McGinnis et al., 2006a).
Therefore, all stripped gases redissolve. In this case, we would expect considerable
noble gas enrichment to occur in the area of complete bubble dissolution. However,
the profiles CTD072 and CTD115 (Fig. 4.3 A, B, E-G) show no noble gas enrich-
ment relative to the reference profiles close to the top of the bubble stream (i.e. above
~1000 m water depth). The existence of a thin enrichment layer, as found for CHy
in the north sea (Leifer and Judd, 2002), cannot be ruled out completely, given the
coarse sampling resolution. Nevertheless, the observed increase in noble gas deple-
tion with increasing atomic mass contradicts the fractionation expected by stripping.
Stripping should be faster and more efficient for the light noble gases than for the
heavier noble gases. It therefore appears unlikely that the depletion of heavy noble
gases at ~1200 m depth is predominantly caused by mechanism 1, i.e. gas exchange
between rising bubbles and the surrounding water column.

Profile CTD135, however, can be interpreted in terms of mechanism 1. The near-
bottom noble gas anomalies observed for this profile (Fig. 4.3 A, B, E-G) seem to
be directly related to bubble-driven gas exchange. During the sampling of CTD135,
bubbles were tracked hydroacoustically up to ~1500 m water depth, which corre-
sponds to the upper boundary of the He and Ne enrichment. The reduced bubble rise
height follows a general decrease in mud volcano activity that was recorded between
2003 and 2004 (Greinert et al., 2006). The supersaturations of He and Ne as well as
the concentration increase of Ar, Kr and Xe towards the reference values occur just
below the depth where the bubble stream disappeared at the time of sampling. These
structures can reasonably be interpreted as a signal of noble gas redissolution from
collapsing bubbles containing noble gases stripped from the water column close to
the sea floor.

The strong depletions in Ar, Kr and Xe at ~1200 m depth are conceptually consis-
tent with mechanism 2, a rising plume of water depleted in noble gases. As the casts
CTDO072 and CTD115 most likely did not sample the center of the observed bubble
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stream, the profiles probably represent the conditions prevailing in the near-field of
the plume, which is not directly affected by bubble gas exchange (Fig. 4.3 D). The
depleted mud-volcano fluid would be deposited at the equilibrium depth, where up-
welling ceases and the plume water disperses horizontally over a larger area. At that
depth range, the anticipated noble gas anomaly could hardly be missed even if ship
positioning were inaccurate. Water-column profiles sampled relatively close to VMV
should therefore always show a depletion signature if depleted fluids were expelled
from VMYV at that time.

Noble gas depletion of water within the mud volcano can either occur as a result
of stripping during bubble emanation or because of gas hydrate formation. Stripping
mainly affects the light noble gases, and could therefore account for the slight de-
pletion of He and Ne detected in profiles CTD072 and CTD115. Gas hydrates were
found in sediment cores sampled at VMV during the CRIMEA project and have also
been discovered at various other mud volcanoes in the Sorokin Trough (Bohrmann
et al., 2003). Winckler et al. (2002) showed that CH4 hydrates from Hydrate Ridge
(Pacific Ocean) contain significant amounts of Ar, Kr and Xe, but virtually no He
and Ne. This specific fractionation occurs because the relatively large atoms of the
heavier noble gases are preferentially incorporated as guest molecules into the gas
hydrate structure. Gas hydrate formation in the sediments of the Sorokin Trough
could therefore lead to depletion of the heavy noble gases in the remaining sediment
pore water, which is then injected into the water column of the Black Sea by the mud
volcanoes. Thus, the depletion of the heavy noble gases that were observed in the
water column at the deep seep site might be linked to gas hydrate formation in the
mud-volcano sediments.

To summarize, we propose that the expulsion of fluids depleted in noble gases
from VMYV, followed by the formation of an upwelling plume that disperses at an
equilibrium depth of ~1200 m, leads to the observed depletion of heavy noble gases.
Bubble-induced stripping also seems to fractionate the noble gases in the water col-
umn above VMYV, but this effect is only relevant for samples from the center of the
active bubble stream. The proposed mechanism of an upwelling plume is further
supported by the detection of enhanced turbulence in water temperature profiles from
the Sorokin Trough and by the results of plume modeling (McGinnis et al., 2006b).
Strong upwelling flows caused by rising bubbles were previously documented for
shallow, highly active marine seeps (e.g. Clark et al., 2003; Leifer et al., 2006).

For the profiles sampled at Seep Area 3 (630 m water depth), we observed a sim-
ilar depletion in the heavy noble gases (shown for Xe in Fig. 4.4 C). These profiles
show the same characteristic features that were found at VMV: a depletion in the
heavy noble gases near the sea floor and a prominent concentration minimum of the
heavy noble gases at the depth where the rising bubbles dissolve completely. These
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similarities indicate that at the shallower site, seep-related processes also induce no-
ble gas depletion in the water column.

4.3.4 Helium concentrations and isotopic composition in the water column

The highest concentrations of dissolved He were observed in three profiles (CTD108,
CTD109 and CTD110) sampled at Seep Area 3 in 2004 (Fig. 4.4 A, B). These He
maxima exceed the concentrations in the Black Sea deep water by more than 5%.
Seep Area 3 also showed the highest dissolved CH,4 concentrations (up to 14 uM in
2004 and up to 16 uM in 2003). Total He in all three profiles is elevated within the
lowermost ~300 m of the water column, where active bubble streams were detected.
Above the bubble streams, He concentrations at Seep Area 3 match the concentra-
tions found at the reference sites.

CTD108 was sampled “off-seep”, i.e. at a location where no gas bubbles were
observed, but still within the far-field of various seeps. CTD109 and CTDI110 were
taken right above active gas seeps (“on-seep”). The shapes of the off-seep and on-
seep He profiles (Fig. 4.4 A) differ considerably. The off-seep He concentration is
maximal near the sea floor and decreases gradually towards the water surface. In
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Figure 4.4 Helium (He) and xenon (Xe) data (normalized to atmospheric equilibrium con-
centrations) for profiles sampled at Seep Area 3 in the Dnepr paleo-delta region. The dashed
lines show moving-average concentrations and isotope ratios for the data presented. Mean ref-
erence profiles are shown as dash-dotted lines for comparison. The symbol A indicates mean
deep water He concentrations and isotope ratios. The noble gas data shown in this figure are
listed in Sec. 4.5 (Tab. 4.3). (A) He concentrations at ~500 m depth exceed corresponding
reference values and even exceed the concentrations found in the deep water of the Black Sea.
(B) The ¥He/*He isotope ratios do not differ considerably from those at the reference sites.
(C) Depletion in the heavy noble gases (e.g. Xe) is similar to that at the deep seep site in the
Sorokin Trough (Fig. 4.3 C-E). The concentration profiles of Ne, Ar and Kr (not shown) are
qualitatively similar to the concentration profile of Xe.



4.3 | Results and Discussion 57

contrast, the profiles sampled on-seep within a bubble stream show a distinctive He
concentration maximum at ~500 m depth. In general, the positive He anomalies at
Seep Area 3 occur at a greater depth than that of the maximum depletion of the heavy
noble gases (Fig. 4.4 C).

The differences in He concentration between off-seep and on-seep profiles in-
dicate that He emission is linked to the CH4 gas seepage. We speculate that He
emanates from the seeps together with CH, as free gas. The on-seep He enrichment
seems to be caused by He dissolution from the rising bubbles. As He diffuses much
faster out of the rising bubbles than CHy, it is expected to be transferred to the water
column at an early stage of bubble dissolution, substantially below the top of the bub-
ble stream. The observed He concentration maximum is similar to the positive He
anomaly found near the sea floor at VMV (Fig. 4.3 A). The enrichment of dissolved
He, which was observed for the off-seep profile CTD108, is most likely related to
the emissions from the adjacent seeps. Horizontal mixing presumably transports He-
enriched water from the active gas seep sites towards CTD108.

In contrast to the He concentrations, the He isotope ratios at Seep Area 3 are indis-
tinguishable from those at the reference site (Fig. 4.4 B). Accordingly, the observed
excess He shows a similar *He/*He ratio to that generally found in the Black Sea, and
seems to have the same terrigenic source (Fig. 4.2 E, F).

4.3.5 Helium emanation from the sediment

To gain further insight into the sources of terrigenic He in the Black Sea, we analyzed
the sediment pore water for noble gases. Fig. 4.5 A, B shows He concentrations
and 3He/*He ratios determined in pore-water samples from two cores collected close
to VMV in the Sorokin Trough, and from one core from the 2003 reference site
(locations are shown in Fig. 4.1). Sediment cores taken at the centre of VMV were not
suitable for noble gas analysis as they contained CH4 hydrates which dissociated and
induced degassing during core recovery. Core GC41 and GC17 were taken ~400 m
and ~2700 m, respectively, from the center of VMV. The reference core GC14 was
taken ~200 km from VMV.

All He concentrations and *He/*He ratios measured in the pore water of the refer-
ence core GC14 are the same within experimental errors (Fig. 4.5 A, B). The *He/*He
ratios correspond to the values found in the Black Sea deep water, indicating that non-
atmospheric He in the pore water of this core and in the deep water have the same
source. The pore waters are slightly enriched in He (by ~15%) compared to the deep
water, and therefore seem to emit He to the Black Sea.

In contrast, the pore waters of the cores from the Sorokin Trough show strong
He concentration gradients and a characteristic decrease in the *He/*He ratio with
sediment depth (Fig. 4.5 A, B). The gradients in the He concentration and in the
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Figure 4.5 (A) Helium (He) concentrations and (B) 3He/*He isotope ratios in the pore water
of three sediment cores from the Sorokin Trough (GC17, GC41) and the 2003 reference site
(GC14). (C) 3He/*He ratio as a function of Ne/*He for the sediment pore water samples (),
the open water samples from Seep Area 3 (®; see also Fig. 4.4) and for the mean open water
reference profile (dash-dotted line). The noble gas data shown in this figure are listed in Sec. 4.5
(Tab. 4.3 and 4.5). Straight lines indicate mixing between air-equilibrated Black Sea deep water
and a seafloor source with a 3He/*He ratio of 1 x 10~ (dotted line) as determined by Top et al.
(1990) for the southern Black Sea, or with an estimated mud volcano source with a 3He/*He
ratio of 3.5 x 1077 (solid line). The data for the deep water samples and sediment pore water
are in agreement with the higher 3He/*He ratio determined by Top et al. (1990), while the pore
water results from the Sorokin Trough indicate a local source of helium with lower *He/*He.

3He/*He ratio are steeper for GC41, which was taken closer to VMYV, than for GC17.
Pore-water He concentrations in the lower part of the cores from the Sorokin Trough
are enriched by up to ~400% relative to the Black Sea deep-water concentrations.
Towards the water/sediment interface, the pore-water He concentrations and >*He/*He
ratios approach the water-column values, indicating that noble gases diffuse from the
sediment into the water column. He transport within the sediment pore water can
be estimated from the observed concentration gradients using the equations given
by Strassmann et al. (2005). We assume a sediment porosity of 70% (e.g. Ross
et al., 1978) and consider only diffusive fluxes. The estimate for GC17 of 9 x 10°
atoms m~2 s~ ! is slightly higher then the terrigenic He flux that was derived from the
water column data (7 x 10° atoms m~2 s~!; see above). The data for GC41 indicate

a highly increased flux of 33 x 10° atoms m~2 s~!.

As He transport within the Earth’s crust occurs primarily by advection of fluids
(Ballentine and Burnard, 2002), He release at the sea floor depends on the presence
of geological structures which allow fluid migration. In the Sorokin Trough, mud
volcanoes occur at the southern border of a diapiric zone/fold, formed by compressive
deformation (Krastel et al., 2003), and provide possible migration pathways. The
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sediment core with the highest He gradient (GC41) was taken right on the southern
border of this active structure. Core GC17 was taken ~1 km NW of that border
and shows a considerably smaller He gradient. At Seep Area 3, there are no clear
indications of conduits for upward fluid migration. Seismic data showed no evidence
of shallow faults in the uppermost 250 m of the sediment column (Naudts et al.,
2006); however, the shallow seismic results do not rule out that deeper structures,
such as the mud diapirs and deep faults documented in the region by Liidmann et al.
(2004) and Kutas et al. (2004), may enhance He transport.

A plot of *He/*He against Ne/*He (Fig. 4.5 C) allows us to differentiate between
atmospheric input (denoted by a %) and non-atmospheric sources of He in the Black
Sea. Water samples from depths around 150 m are shifted towards higher *He/*He ra-
tios due to the production and accumulation of tritiogenic *He (“bomb peak™). Deep-
water samples and pore-water samples from the reference core have a *He/*He ratio
that is slightly lower than that of air-saturated deep water, and show lower Ne/*He
ratios due to terrigenic He input. The much stronger accumulation of terrigenic He
in the sediments from the Sorokin Trough leads to substantially lower *He/*He ratios
and Ne/*He ratios.

All samples shown in Fig. 4.5 C, except for the open-water samples containing
tritiogenic *He, can be interpreted as binary mixtures of air-saturated deep water and
virtually Ne-free terrestrial inputs. At least two types of terrigenic He determine the
3He/*He ratios of the non-atmospheric He excess in the Black Sea. Samples from
the deep water of the Black Sea and from the reference core GC14 show a terrigenic
He component with a *He/*He ratio of ~107%. The existence of such a He-rich
terrigenic He source was postulated by Top et al. (1990) based on measurements of
He isotopes in the water column. Using our water column model (see above), we
estimated a similar *He/*He ratio of 7 x 10~ for the terrigenic He input. The sed-
iment pore water samples from the Sorokin Trough (GC17 and GC41) indicate a
different He source with a significantly lower *He/*He ratio of ~3.5 x 10~7. There-
fore, He in the sediment cores from the Sorokin Trough area must be of crustal ori-
gin (®*He/*He < 10~7; Ballentine and Burnard, 2002; Mamyrin and Tolstikhin, 1984),
with the addition of small amounts of mantle-type He (*He/*He > 10~>; Mamyrin
and Tolstikhin, 1984). The deep water of the Black Sea as well as the reference core,
however, are dominated by a terrigenic He component that is more enriched in *He.

Overall, He emission into the Black Sea is heterogeneous and originates from
different terrigenic He sources. There are indications of enhanced He release in Seep
Area 3 and at VMV. However, sediment pore-water analyses for the Sorokin Trough
exclude VMYV as a major source of terrigenic *He in the Black Sea.
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4.4 Conclusions

We compiled a broad set of noble gas and *H data for the water column at active seep
sites located on the shelf, on the slope and in the abyssal region of the Black Sea. The
data gathered allowed us to assess the influence of gas seepage on the abundance of
noble gases in the Black Sea. Reference profiles sampled at sites unaffected by seep-
age show Ne, Ar, Kr and Xe concentrations that are close to atmospheric equilibrium
concentrations. In contrast, He is supersaturated due to the injection of terrigenic He.
The concentrations of *H and tritiogenic *He imply that bomb->H has penetrated the
Black Sea to a depth of ~600 m. Compared to earlier measurements, “total *H” (i.e.
the sum of *H and tritiogenic *He) in this depth range has decreased by about one
third due to the escape of *He to the atmosphere.

Profiles sampled at active gas seep sites demonstrate the clear effects of the bubble
release on the noble gas concentrations in the water column. Two types of noble
gas anomaly were identified. Relatively close to the sea floor, within active bubble
streams, the water was found to be supersaturated with respect to the light noble
gases and simultaneously to be depleted with respect to the heavy noble gases. These
anomalies seem to be the result of gas exchange between the rising bubbles and the
surrounding water column. Additional profiles from the deep seep in the abyssal
zone of the Black Sea revealed no enrichment of light noble gases, but prominent
depletions in Ar, Kr and Xe. We suggest that the depletion in the heavy noble gases
is the result of the expulsion of fluids depleted in noble gases from a mud volcano.
Because of their lower density, these fluids rise as a plume in the water column and
disperse at their equilibrium depth by mixing with the surrounding water.

Sediment cores from the mud volcano area at the Sorokin Trough show strong He
concentration gradients and characteristically low *He/*He ratios, which seem to be
related to the local geological structure. The *He/*He signatures in the sediment pore
waters of the Sorokin Trough, however, differ substantially from those found in the
Black Sea deep-water body and in the pore-water of sediments sampled far from the
mud volcano area. Both the latter are enriched in *He. Terrigenic sources that are not
related to mud volcanoes must therefore account for the *He-enriched helium excess
that prevails in the Black Sea.

The analysis of sediment pore-water for noble gases has proven useful to charac-
terize the heterogeneity in subsurface He release at a gas and/or fluid emitting mud
volcano. Water column He concentrations, in contrast, do not reflect the spatial vari-
ations of the terrigenic He flux, and hence can be used to determine the mean He
input over the entire area of the Black Sea.
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4.5 Appendix: Tables of the noble gas data
4.5.1 Water samples
Table 4.2 Profiles of *H concentrations, noble gas concentrations, and 3He/*He ratios in the

water at the reference sites in the Black Sea. The overall measurement errors (16 errors) are
+3% for *H concentrations, %+ 1% for noble gas concentrations, and =+ 1% for 3He/*He ratios.

Depth H Het JHe/He Net Art Krf Xet
[m] [TU] [10°°] [107°] [10°7] [107*] [107*] [10*]
CTDO064 (Reference 2003, 1700 m depth), date of sampling: 08 June 2003

3 8.9 * 1.38 * * * *
18 9.1 4.42 1.40 1.93 3.63 8.65 1.27
38 9.2 4.37 1.37 1.91 3.60 8.53 1.26
96 5.6 4.42 2.04 1.89 3.52 8.37 1.24
157 39 4.44 2.00 1.86 3.55 8.16 1.24
497 0.5 4.66 1.47 1.81 3.48 8.32 1.21
1097 - 4.88 1.29 1.83 3.46 8.16 1.21
1297 - 491 1.32 1.78 3.46 8.09 1.18
1490 - 4.95 1.32 1.83 3.46 8.15 1.21
1598 - 4.95 1.30 1.84 343 8.12 1.17
1658 0.2 4.97 1.33 1.79 3.48 8.16 1.22
CTD138 (Reference 2004, 2130 m depth), date of sampling: 16 June 2004
49 94 4.42 1.43 1.95 3.66 8.65 1.28
49 - 4.40 1.45 1.90 3.65 8.69 1.25
99 5.9 * 1.98 * * * *
147 44 4.50 2.07 1.90 3.54 8.30 1.21
198 3.1 4.45 1.93 1.86 3.52 8.23 1.20
398 0.9 4.77 1.54 1.89 3.46 8.04 1.17
598 0.0 4.78 1.40 1.80 3.42 7.87 1.15
796 0.1 4.81 1.36 1.78 3.46 8.08 1.19
1196 0.0 4.99 1.33 1.84 3.49 8.20 1.21
1396 0.0 5.00 1.32 1.83 3.49 8.08 1.19
1597 0.1 5.00 1.32 1.82 3.46 8.13 1.20

1 Noble gas concentrations are given in cm>STP g~ 1.

— Not analyzed.
* Omitted due to experimental problems.
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Table 4.3 Profiles of >H concentrations, noble gas concentrations, and 3He/*He ratios in the
water of the Dnepr paleo-delta area of the Black Sea. The overall measurement errors (16 er-
rors) are 4 3% for 3H concentrations, + 1% for noble gas concentrations, and % 1% for 3He/*He
ratios. (continued on next page)

Depth H Het 3He/He Net Art Krf Xef
[m] [TU] [10°°] [10°°] [1077] [10°*] [107*] [10®]
CTDO038 (Seep Area 1, 90 m depth, off-seep), date of sampling: 04 June 2003
5 9.3 4.21 1.35 1.75 3.11 7.18 1.05
9 - * 1.38 * 3.25 7.26 1.04
19 9.2 4.27 1.38 1.82 3.52 8.37 1.24
29 - * 1.41 * 3.72 9.02 1.29
39 9.0 4.33 1.41 1.85 3.66 8.68 1.29
49 - 441 1.46 1.90 3.64 8.70 1.31
60 8.8 4.37 1.51 1.87 3.57 8.53 1.27
64 - 441 1.47 1.90 3.61 8.58 1.26
70 9.5 441 1.50 1.88 3.63 8.57 1.27
75 - 4.40 1.53 1.90 3.60 8.60 1.26
79 8.1 4.35 1.56 1.84 3.61 8.62 1.25
90 8.7 4.39 1.51 1.86 3.58 8.57 1.25
CTDO046 (Seep Area 1, 90 m depth, on-seep), date of sampling: 05 June 2003
59 - 4.37 1.47 1.88 3.60 8.60 1.26
90 - 4.42 1.71 1.89 3.58 8.50 1.25
CTD107 (Seep Area 2, 200 m depth, on-seep), date of sampling: 29 May 2004
66 8.9 4.34 1.41 1.85 3.58 8.40 1.23
93 7.2 4.39 1.76 1.87 3.57 8.34 1.22
115 6.4 4.47 1.97 1.87 3.52 8.26 1.12
151 55 4.42 2.06 1.80 3.43 8.05 1.19
191 3.0 4.42 2.05 1.80 3.38 7.75 1.13

1 Noble gas concentrations are given in cm>STP g1,

— Not analyzed.
* Omitted due to experimental problems.
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Table 4.3 (continued from previous page)

Depth SH Het 3HefHe Net Art Krf Xe t
[m] [TU] [10°°] [10°°] [1077] [10*] [10°°] [10°%]
CTDI108 (Seep Area 3, 630 m depth, off-seep), date of sampling: 29 May 2004

98 8.5 4.52 1.45 1.90 3.62 8.56 1.23
149 4.8 4.48 2.04 1.88 3.51 8.25 1.22
198 29 4.48 2.00 1.83 3.37 7.80 1.14
248 2.1 4.57 1.77 1.86 3.46 8.13 1.19
298 1.8 4.65 1.71 1.79 3.22 7.26 1.05
398 1.1 4.83 1.62 1.88 3.46 8.12 1.19
448 1.0 4.75 1.50 1.82 3.52 8.18 1.21
499 0.9 4.90 1.49 1.85 3.38 7.83 1.22
549 0.3 5.04 1.47 1.86 3.47 8.02 1.18
617 0.3 5.29 1.40 1.89 3.36 7.69 1.12
CTD109 (Seep Area 3, 630 m depth, on-seep), date of sampling: 30 May 2004
299 1.8 4.61 1.74 1.75 3.08 6.89 0.98
401 0.9 4.81 1.55 1.84 3.28 7.54 1.09
450 1.5 4.82 1.57 1.84 3.43 7.98 1.16
499 0.1 5.07 1.47 1.85 * * *
548 04 5.14 1.43 1.86 347 8.11 1.17
627 0.2 4.89 1.39 1.73 3.32 7.58 1.10
CTD110 (Seep Area 3, 630 m depth, on-seep), date of sampling: 30 May 2004
530 0.6 5.35 1.45 2.05 3.57 8.31 1.19
551 0.5 4.92 1.45 1.86 3.32 7.67 1.08
578 04 4.85 1.43 1.84 3.50 8.28 1.19
617 0.0 4.86 1.37 1.77 3.22 7.30 1.04

1 Noble gas concentrations are given in cm>STP g1,

— Not analyzed.
* Omitted due to experimental problems.
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Table 4.4 Profiles of >H concentrations, noble gas concentrations, and 3He/*He ratios in the
water column above Vodyanitskiy mud volcano (VMV), which is located in the Sorokin Trough
area of the Black Sea. The overall measurement errors (16 errors) are +3% for *H concentra-

tions, 4 1% for noble gas concentrations, and 4 1% for 3He/*He ratios.

Xe T
[10-%]

*

*

1.20
1.10
1.14
1.17
1.22

*

1.18
k
1.19
1.17

1.18
1.15
1.20
1.03

*

1.11

*

1.15

*

1.15

*

1.17

*

1.18
1.13

Depth ’H Het S3He/*He Nef Ar Kr §

[m] [TU] [107%] [10°°] [1077] [107*] [107%]
CTDO072 (VMYV, 2070 m depth, on-seep), date of sampling: 10 June 2003
6 9.2 * 1.39 * * *

497 0.9 4.59 1.50 1.74 * *

997 - 4.81 1.33 1.76 3.46 8.13

1198 - 4.86 1.31 1.77 3.28 7.59

1397 - 4.84 1.33 1.73 3.37 7.90

1497 - 4.87 1.34 1.76 341 8.02

1598 - 4.89 1.26 1.76 347 8.24

1798 0.1 491 1.32 1.77 3.47 8.26

1947 - 4.93 1.34 1.81 3.48 8.19

1981 - 4.86 1.30 1.72 3.44 8.12
CTD115 (VMYV, 2070 m depth, on-seep), date of sampling: 03 June 2004
295 - 4.53 1.68 1.77 3.49 8.05

645 0.3 4.72 1.36 1.80 3.40 7.88

995 - * 1.36 * 3.48 8.19

1195 0.0 4.82 1.31 1.71 3.22 7.23

1344 0.0 * * * * *

1393 0.0 4.90 1.30 1.78 3.35 7.57

1443 0.0 * 1.32 * * *

1493 0.0 491 1.35 1.78 3.40 7.89

1573 0.0 4.88 1.31 1.77 * *

1655 0.0 491 1.29 1.79 3.34 7.76

1793 0.0 * 1.32 * * *

1911 0.1 4.92 1.30 1.80 3.46 8.07
CTD135 (VMYV, 2070 m depth, on-seep), date of sampling: 15 June 2004
1596 - 5.19 1.33 1.85 3.46 8.05

1695 - 5.39 1.31 1.90 3.35 7.73

1798 - 5.16 1.33 1.83 3.23 7.27

1.02

1 Noble gas concentrations are given in cm>STP g1,
— Not analyzed.
* Omitted due to experimental problems.
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4.5.2 Sediment samples

Table 4.5 Concentrations of noble gases and *He/*He ratios in the pore water of Black Sea
sediments. GC14 was taken at the reference site of the 2003 expedition. GC17 and GC41
are sediment cores collected close to Vodyanitskiy mud volcano (VMV) in the Sorokin Trough
area of the Black Sea. The overall measurement errors (16 errors) are 4% for noble gas
concentrations and + 9% for 3He/*He ratios.

Sediment depth Het+ 3He/*He Ne't Ar ¥ Kr § Xe T
[cm] [107%] [107°] [1077] [107*] [107%] [107®]
GC14 (Reference 2003, 1700 m depth, ~200 km away from VMYV)

Date of sampling: 08 June 2003

43 * * * * * *
63 % * * * * *

63 5.57 1.33 1.79 3.18 7.33 1.25
103 5.89 1.33 1.74 3.56 8.63 1.58
103 5.96 1.25 1.80 3.58 8.45 1.50

GC17 (VMYV, 2070 m depth, ~2700 m away from VMV)
Date of sampling: 10 June 2003

12 k k k k k k

52 9.74 0.89 1.76 3.39 7.81 1.25
92 18.2 0.65 1.67 3.20 6.95 0.98
132 21.9 0.60 1.67 3.29 7.67 1.24

GC41 (VMY, 2070 m depth, ~400 m away from VMV)
Date of sampling: 15 June 2004

13 8.81 0.83 1.59 3.07 7.00 1.13
28 17.4 0.61 1.67 3.29 7.88 1.33
43 26.4 0.50 1.64 3.35 7.95 1.38

1 Noble gas concentrations are given in cm>STP g1,
* Omitted due to experimental problems.



Exceptional mixing events in Lake Lugano,
Switzerland, studied using environmental
tracers

This chapter has been submitted for publication in Limnology and Oceanography and
is currently under review (Holzner et al., 2008a).

Abstract The deep northern basin of Lake Lugano was permanently stratified over
the last four decades due to mineralization in response to strong eutrophication. How-
ever, two consecutive cold and windy winters in 2004/2005 and 2005/2006 desta-
bilised the water column and led to two exceptionally strong mixing events. The
analysis of a time-series of CTD (conductivity, temperature and depth) data from
1995 to 2006 allows the evolution of the water body to be reconstructed that finally
made deep convective mixing possible. Over the years 1995-2006, the stability of
the water column decreased continuously in winter, reaching a neutral stability at
the end of the study period. The Schmidt stability values observed in the winters
2004/2005 and 2005/2006 were virtually zero. Analyses of helium isotopes, tritium,
sulfur hexafluoride and chlorofluorocarbons in water samples collected immediately
after the two mixing events reveal large changes in the tracer concentration profiles
and the apparent water ages in Lake Lugano compared to previous measurement data.
The tracer concentration profiles became more homogeneous and approached atmo-
spheric equilibrium concentrations. The tracer data, along with changes observed
in the physical parameters of the water column, demonstrate that considerable deep-
water renewal and gas exchange with the atmosphere has taken place.

67
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5.1 Introduction

Lake Lugano is located on the border between Switzerland and Italy (46° 00" N,
9°00° E, 271 m above sea level, see Fig. 5.1). An artificial dam that was built on a
moraine front in the first half of the 20th century separates the lake into two basins.
This study focusses only on the deep northern basin (z,,, = 288 m), which can be
treated as an individual lake with the connection to the southern basin acting as an
outflow. The limited water throughflow with respect to the volume of the northern
basin results in a relatively high hydrological residence time of ~12.3 yr (Barbieri
and Polli, 1992).

During approximately 40 yr, the northern basin of Lake Lugano was meromictic
and the water column was stagnant and anoxic below ~100 m depth (Aeschbach-
Hertig et al., 2007; Barbieri and Mosello, 1992). Strong eutrophication during the
second half of the 20th century caused chemical stratification of the water column
(Wiiest et al., 1992a). Environmental measures to reduce external phosphorus load-
ing that were implemented in 1976 helped to bring about a significant improvement
in the water quality of the uppermost 100 m (Barbieri and Mosello, 1992; Barbieri
and Simona, 2001). In the deep water, however, phosphorus concentrations remained
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Figure 5.1 Map of Lake Lugano. The sampling station is located in the deepest part of the
lake in the northern basin.
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high and anoxic conditions continued to prevail. In winter 1998/1999, the first subtle
signs of decreasing stability in the water column were observed. During the cold and
windy winter of 2004/2005, convective mixing reached the bottom of the lake for the
first time in decades. This exceptional mixing event erased the chemical stratifica-
tion of the northern basin of Lake LLugano and facilitated even stronger deep-water
renewal during the following winter of 2005/2006, which was unusually cold. In
contrast, during the mild winter of 2006/2007 vertical mixing in the lake reached a
maximum depth of only 80 m. Weak water exchange due to mild winters has also
been reported in other Swiss lakes (Livingstone, 1997). Given the present warming
trend in the climate, weak deep-water renewal due to high winter temperatures might
become more frequent, potentially threatening lake water quality.

This study investigates the causes and effects of the recent exceptional mixing
events in Lake Lugano. We use data on temperature, electrical conductivity and
oxygen, which are recorded every two weeks as a part of the regular water quality
monitoring of the lake, to illustrate the processes that led to the “lake overturn” in
2005 and 2006. The progressive vertical mixing is also reflected in the concentration
changes of dissolved noble gases, sulfur hexafluoride (SFg) and chlorofluorocarbons
(CFCs), which were measured over a time period of five years.

Aeschbach-Hertig et al. (2007) presented an extensive environmental tracer study
of Lake Lugano based on helium (He), tritium (*H) and SF data that documented the
weak vertical mixing that occurred in the northern basin during 1990-2001. CFC data
from 2001 and 2006 could not be used to analyze the dynamics of the water column
because of CFC-12 contamination and CFC-11 degradation. No significant trend in
the rate of deep-water renewal was found. New tracer data from May 2005 and April
2006, however, differ substantially from earlier data, indicating that considerable
deep-water renewal and gas exchange has occurred recently.

5.2 Methods

5.2.1 Sampling

In this study, all CTD (conductivity, temperature and depth) profiles and water sam-
ples were taken at a station in the deepest part of Lake Lugano near the village of
Gandria (Fig. 5.1). Profiles of temperature (T), electrical conductivity (Kpg) and oxy-
gen (O,) are measured every two weeks by the Ufficio Protezione e Depurazione
Acque (UPDA) — formerly Laboratorio Study Ambientali (LSA) — and published in
periodical reports (e.g. LSA, 1981-2000; UPDA, 2006). The CTD data used for this
study cover the years 1995-2006, including unpublished measurements for 2006.
CTD profiles were acquired using an Idronaut Ocean Seven 316 multi-parameter
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probe (accuracy of 0.003°C for T, =3 uS cm~! for k9 and +0.1 mg 1! for O;;
resolution of 0.0007°C for T, 1 uS cm™~! for ¥, and 0.01 mg 1! for O,).

Water samples for transient tracer analysis were taken using Niskin bottles. Any
contact of the water samples with air during sampling was carefully avoided. The
water samples for He and *H analyses were transfered to copper tubes on the ship,
and the tubes were sealed gas-tight using pinch-off clamps. Samples for the analysis
of SF¢ and CFC-12 were stored in stainless steel cylinders equipped with two plug
valves. The transient tracer profiles sampled on 03 May 2001, 24 May 2005 and
25 April 2006 are discussed in this study (Tab. 5.1).

5.2.2 Transient tracers

Helium concentrations and isotope ratios were measured using noble gas mass spec-
trometry in the Noble Gas Laboratory at ETH Ziirich (Beyerle et al., 2000). Tritium
concentrations were determined by the *He ingrowth method (Clarke et al., 1976), us-
ing a high-sensitivity compressor-source noble gas mass spectrometer (Baur, 1999).
Typical measurement precision is +0.5% for He concentrations, + 1.3% for *He/*He
ratios and 4 5.1% for *H. The determination of concentrations of *H and *He in the
same water sample allow the apparent *H->He water age to be calculated (Torgersen
et al., 1977). For this calculation, the measured total *He concentration needs to be
separated into the tritiogenic *He;,; (*He produced by the decay of *H), atmospheric,
and terrigenic components (Kipfer et al., 2002). Atmospheric equilibrium concen-
trations of He in the water column were calculated from the solubilities of Weiss
(1971), as recommended by Kipfer et al. (2002), using the prevailing water tempera-
ture and salinity and the mean atmospheric pressure observed in Lugano (983.9 hPa;
Aeschbach-Hertig et al., 2007). Salinity was calculated from the measured conduc-
tivity using a linear conversion of kg into S (1 uS cm~'=0.89 x 1073 gkg~!; Wiiest
et al., 1992a).

SF¢ and CFC-12 were analyzed simultaneously on a gas chromatograph equipped
with an electron capture detector (GC-ECD) after extraction and purification in a
vacuum line. Measurement precision for this method is 5%, as determined from
the reproducibility of replicate samples with modern concentrations. Detection lim-
its are 0.07 fmol kg~! for SFg and 2 fmol kg~! for CFC-12. The temporal evolution
of the atmospheric SFg and CFC-12 concentrations is imprinted in surface waters by
gas exchange. As SF¢ and CFC-12 concentrations in lakes are not significantly af-
fected by degradation processes or sources other than the atmosphere, the prevailing
concentrations can be interpreted in terms of the time elapsed since a given water el-
ement was last in contact with the atmosphere. This time is called the water age (e.g.
Hofer et al., 2002). To determine the apparent SF¢ and CFC-12 water ages, the at-
mospheric mixing ratios that correspond to solubility equilibrium with the observed
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water column concentrations were calculated and compared with the temporal evo-
lution of the atmospheric concentrations. Atmospheric equilibrium concentrations in
Lake Lugano were determined using the atmospheric histories of Maiss and Bren-
ninkmeijer (1998) for SFg and of Walker et al. (2000) for CFC-12, and the solubility
data of Bullister et al. (2002) for SFg and of Warner and Weiss (1985) for CFC-12.

5.3 Results and discussion

5.3.1 Temperature, conductivity and dissolved oxygen

The temporal evolution of temperature (T), electrical conductivity (K;9) and oxygen
concentration (O,) in the water column from 1995 to 2006 is shown in Fig. 5.2. As
already documented in our earlier work (Aeschbach-Hertig et al., 2007), the deep
water temperature of Lake Lugano gradually increased during the 1990s. A first
profound change in the temperature structure occurred in 1999, when winter mixing
homogenized the water temperatures from the surface to 250 m depth. In response
to this event, a temporary increase in the O, concentrations in the uppermost 100 m
was detected, but the conductivity profiles, and thus the chemical stratification of the
water column, were hardly affected. However, the cooling in 1999 seems to have
been of great importance for the evolution of the mixing dynamics in the following
years. After 1999, vertical homogenization of the water temperatures occurred al-
most every winter, which gradually reduced the strength of the stratification in the
entire lake (see below).

Strong changes in both temperature and electrical conductivity occurred during
the winters of 2004/2005 and 2005/2006, resulting in a persistent alteration of the
water column stratification. A distinct mixing event at the beginning of March 2005
led to a cooling of the deep water by ~0.3°C. Also, the distribution of dissolved
solids in the water column changed dramatically. Before 2005, a strong gradient
in electrical conductivity, and therefore in the concentration of dissolved solids, was
present and stabilized the deep water body. The conductivity difference between 50 m
and 250 m depth was 20-30 uS cm~'. In March 2005, the electrical conductivity in
the entire deep water mass below 50 m depth was set to ~240 uS cm~! and remained
virtually constant throughout 2005 and 2006. At the same time, traces of O, occurred
at the bottom of the lake for the first time during the last ~40 years.

A subsequent mixing event occurred at the end of January 2006 which further
cooled the deep water by an additional ~0.2°C and resulted in nearly uniform oxygen
concentrations of 1.5-2.0 mg O/l in the entire water column. The sudden drop in
O, concentration in the surface water threatened sensitive fish species. Several dead
fish were discovered in Lake Lugano shortly after the mixing event (CIPAIS, 2006).
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Figure 5.2 Temporal evolution of temperature T (A), electrical conductivity K (B) and oxy-
gen concentration O, (C) at selected depths. The dates of the two recent mixing events in 2005
and 2006 are shown as vertical arrows. Mixing in 1999 homogenized the water temperatures
from the surface to 250 m depth and led to a temporary increase in the O, concentration at
100 m depth. The mixing events in 2005 and 2006 resulted in a decrease in the deep water
temperature. Traces of Oz occurred at the bottom of the lake for the first time in ~40 years.
The electrical conductivities k2¢9 below 50 m converged during the 2005 mixing event and have
remained virtually constant since then.



5.3 | Results and discussion 73

In the deep water, the non-zero O, concentrations prevailed until autumn, when the
deepest layers turned anoxic again.

T and Ky in the water column of Lake Lugano evolved from 1995 to 2005 in a
way that reduced the stratification and gradually increased the probability of mixing.
An increase in the deep water temperature during the 1990s due to geothermal heat-
ing and turbulent diffusion has already been identified by Aeschbach-Hertig et al.
(2007). Apart from the cooling of the water column in 1999, which mainly affected
the depth interval of 50—150 m, the increase in the deep-water temperature continued
until early 2005. Additionally, K, above 100 m increased slightly after 1999, indicat-
ing higher exchange between deep and shallow water which weakened the chemical
stratification. Summarizing, various events between 1995 and 2005 were responsible
for reducing the vertical T and K;( gradients to a point where the two consecutive cold
and windy winters in 2004/2005 and 2005/2006 (CIPAIS, 2005, 2006) were finally
able to initiate large-scale mixing events in Lake Lugano.

5.3.2 Density and stability

The time-series of water temperature and conductivity data were used to determine
the density of the lake water and the stability of the water column during the last
11 years (Fig. 5.3). Prior to the recent mixing events, the water column of Lake
Lugano was characterized by a strong density gradient (Fig. 5.3A). In February 1999
the density difference was reduced due to the cooling of the entire water column,
which reached a virtually homothermal state. However, the water column remained
stratified because of the large conductivity gradient. The density gradient below 50 m
depth disappeared completely after the mixing event in March 2005. In February
2006, the density of the deep water increased slightly in response to further cooling
of the deep water.

To assess the evolution of the density stratification of the entire water column, we
computed the Schmidt stability ST (Idso, 1973; Schmidt, 1928) for each CTD profile
(Fig. 5.3B). This quantity is defined as the work which would hypothetically be nec-
essary to transform the observed density stratification into a vertically homogeneous
density distribution by adiabatic mixing. A Schmidt stability value of zero means that
the water column is not stratified and hence homogeneous, allowing vertical mixing
to be triggered by a minimal input of turbulent kinetic energy. S7 is computed as

follows:
g Zmax

ST =
AO z=0

ev =2l [P —p(2)] Alzx)dz  [Im™?] (5.1)
where g is the acceleration of gravity (9.81 m s~ '), A is the surface area of Lake
Lugano (2.75 x 10" m?), Zax is the maximum depth of the lake (288 m), zy is the
depth of the center of volume of the lake (171 m), p; is the hypothetical density of
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Figure 5.3 Temporal evolution of the water density p at selected depths (A), and of
the Schmidt stability ST (B). (C) shows a enlargement of the Schmidt stability curve for
ST <4500 T m~2. At ST =0 J m~2, the water column is not stratified and a minimal input
of turbulent kinetic energy can trigger vertical mixing. The dates of the two recent mixing
events are shown as vertical arrows.
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the homogeneous lake after mixing, p(z) is the observed density at depth z, and A(z)
is the isobath area at depth z. The Schmidt stability in Lake Lugano shows an annual
cycle with the lowest values occurring in winter, when vertical density gradients are
low due to seasonal cooling at the surface. Since 1995, the minimum Schmidt sta-
bilities observed in winter (Fig. 5.3C) decreased substantially. A remarkable drop in
the minimum Schmidt stability took place in February 1999, following the change in
water temperatures shown in Fig. 5.2A. After 1999, the temperatures of the surface
and deep water converged in winter, so temperature gradients did not stabilize the
water column. However, the density stratification due to the concentration gradient
of dissolved solids (reflected in conductivity) was present throughout that time and
suppressed large-scale vertical water exchange. The ongoing warming of the deep
water and a slight increase in the conductivity of the surface water (Fig. 5.2A-B)
after 1999 gradually reduced the stratification in winter until the Schmidt stability
approached zero during the winters of 2004/2005 and 2005/2006, and seasonal mix-
ing homogenized the water column.

5.3.3 Transient tracer concentrations

Fig. 5.4 shows the concentrations of *H, *He and “He in the water column of Lake
Lugano during spring 2001, 2005 and 2006. The corresponding concentration pro-
files of SF¢ and CFC-12 are presented in Fig. 5.5. The tracer data are listed in
Tab. 5.1.

In 2001, the *H concentrations increased continuously from the surface to the
deep water. This profile reflects the high *H input to the lake in the 1960s and 1970s
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Figure 5.4 Depth profiles of 3H (A), 3He (B) and “He (C) concentrations. Data of 2001 from
Aeschbach-Hertig et al. (2007). The atmospheric equilibrium concentrations for 3He and *He
are shown as broken lines.



76 5 | Mixing events in Lake Lugano
Table 5.1 Concentrations of SH, He isotopes, SFg, CFC-12, apparent SF¢ ages and 3H-3He
ages in Lake Lugano. Data of 2001 from Aeschbach-Hertig et al. (2007).
Depth ‘H “He 3He/*He SFs CFC-12  3H-Heage  SFg age
[m] [TU] (1078 cm?STP g~ '] [10-] [fmolkg~']  [pmol kg~'] [yr] [yr]
Date of sampling: 03 May 2001
0 - - - 2.02+£0.10 4.184+0.21 - <0
25 - - - 1.734+£0.09 5.224+0.26 - 45+0.8
50 14.6+2.3 4.88+0.01 1.72+0.01 1.84+0.09 5.624+0.28 8.2+1.0 4.0+0.8
75 - - - 1.66+0.08 6.08+0.30 - 5.54+0.7
100 - - - 1.26£0.06 6.4940.32 - 9.34+0.6
125 18.9+04 5.124+0.02 2914001 1.334+0.07 6.31£0.32 18.54+0.3 8.61+0.7
150 - - - 1.16+£0.06 7.15+0.36 - 10.3+0.6
175 - - - 1.23+0.06 6.81+£0.34 - 9.64+0.6
200 21.0+0.5 5.31+£0.01 3.58+0.01 1.08£0.05 7.00£0.35 22.0+£03 11.1£0.6
225 - - - 1.14£0.06 6.70£0.33 - 10.6£0.6
250 - - - 0.99+0.05 7.064+0.35 - 12.3+0.6
283 21.2+0.3 5.41+£0.02 3.68+0.01 094+005 6.70+0.33 22.7+02 12.8+0.6
Date of sampling: 24 May 2005
0 122403 4.44+£0.03 1.39+£0.01 193£0.10 3.154+0.16 1.0+0.3 <0
25 - - - 2.26+£0.11 4.87+£0.24 - 3.94+0.9
50 13.3+£0.6 4.954+0.03 1.90+0.10 2.19+0.11 5234026 119+14 5.5+0.8
75 - - - 2.10£0.10 5.23£0.26 - 6.1+0.8
100 13.4+04 5.06+0.03 2.10£0.02 2.03£0.10 5.36+0.27 14.9£0.3 6.6+0.8
125 * 5.06+£0.03 2.17£0.02 2.284+0.11 5.604+0.28 - 47+0.8
150 13.24+0.5 5.044+0.03 2.16+0.11 2.06+0.10 5.524+0.28 15.6+1.3 6.4+0.8
175 - - - 2.12£0.11 5.44+£0.27 - 59+0.8
200 13.5+04 * * 1.93+0.10 5.18+£0.26 - 7.44+0.8
225 - - - 2.14£0.11 5.394+0.27 - 5.8+0.8
250 11.8+04 5.074+0.03 1.934+0.01 2.214£0.11 5.06£0.25 14.0£0.4 53+0.8
283 11.3£0.7 5.06+0.03 2.01+0.10 2.18+0.11 5.424+0.27 15.6+1.5 5.6+0.8
Date of sampling: 25 Apr 2006
0 11.6+0.4 4.54+0.02 1.39+0.01 2.36+0.12 3.37+0.17 1.4+0.3 <0
50 123+£04 5.04+0.03 1.65+£0.01 246+0.12 4.834+0.24 9.24+0.3 45+09
100 12.1£0.3 4.86£0.03 1.78+£0.01 2.00£0.10 4.794+0.24 10.3£0.3 7.9+0.8
125 12.44+0.3 4.9240.03 1.7940.01 - - 10.8+0.3 -
150 12.8+0.4 4.88+0.03 1.81£0.01 2.2140.11 4.60+0.23 10.6£0.3 6.4+0.8
200 * 4.84+£0.03 1.83+£0.01 2.28+0.11 4.934+0.25 - 5.94+0.8
250 * * * 225+£0.11 4.81£0.24 - 6.1+0.8
283 12.0+04 4.904+0.03 1.81+£0.01 2.07+0.10 4.9440.25 11.1+04 7.5+0.8
— Not analyzed.
* Lost as a result of experimental problems.
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Figure 5.5 Depth profiles of SFg (A) and CFC-12 (B) concentrations. Data of 2001 from
Aeschbach-Hertig et al. (2007). The atmospheric equilibrium concentrations for SFg and CFC-
12 are shown as broken lines. Note the transient evolution of the SF¢ equilibrium concentrations
caused by the continuous increase in atmospheric SFg concentrations.

from rivers and precipitation as a result of thermonuclear bomb tests in the atmo-
sphere. As Lake Lugano became permanently stratified due to eutrophication at the
time of high 3H input, high concentrations of *H were stored in the isolated deep
water and decayed continuously to *He. As a consequence, the tritiogenic *He that
was generated accumulated in the stagnant deep water. In the surface water, the *H
concentrations were also reduced by mixing with new inflow water that contained
lower *H concentrations, and by exchange with atmospheric water vapor. The *H
concentration profiles observed in 2005 and 2006 do not show substantial variation
with depth. In the deep water, the concentrations are considerably lower than in 2001.
The maximum 3H concentrations near the bottom decreased from ~21 TU (1 TU =1
tritium unit= 1 3H atom per 10'® 'H atoms) in 2001 to 11-12 TU in 2005 and 2006.
Note that the *H concentrations measured in 2005 and 2006 are significantly below
the concentrations that would be expected if radioactive decay were the only pro-
cess to remove *H from the deep water (1617 TU). Therefore, the exchange with
3H-poor surface water during the mixing events significantly reduced the observed
H concentrations in the deep water. During the 1990s, the *H concentrations in the
deep water of Lake Lugano were already decreasing faster than expected due to the
process of radioactive decay alone (Aeschbach-Hertig et al., 2007). An exponential
fit to the data from 1990 to 2001 yields a decay rate of 0.077 yr—!, which is higher
than the radioactive decay rate of *H (0.056 yr—!). However, this rate is considerably
lower than the rate of 0.133 yr~! that was determined by fitting the data from 2001 to
2006, during which the strong mixing events occurred. This implies that the perma-
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nently stratified deep water of Lake Lugano was not completely isolated before 2005,
and that turbulent mixing caused a significant deep-water renewal. But this turbulent
water exchange rate was considerably smaller than the advective deep-water renewal
rate in 2005 and 2006.

In all profiles, *He and “He in the deep water are supersaturated with respect to
gas-partitioning equilibrium with the atmosphere. The He excess is caused by the
accumulation of tritiogenic *He (produced by *H decay) and terrigenic “He (ema-
nating from the solid Earth through the sediments) in the stagnant deep water body.
Our earlier work (Aeschbach-Hertig et al., 2007) documented a continuous increase
in the “He concentrations of the deep water of Lake Lugano during the 1990s and
a slight decrease in the *He concentrations since 1992. In contrast, the helium con-
centrations below ~50 m decreased strongly between 2001 and 2005 and between
2005 and 2006. These changes indicate that the mixing events transported part of the
excess He from the deep water to the surface, where it escaped to the atmosphere.
A mass balance of excess He stored in the northern basin of Lake Lugano was cal-
culated from interpolated profiles by integrating the product of the excess concen-
tration C**(z) with the volume V(z) over depth z. The excess concentration is given
as C*(z) = C(z) — C*(z), where C(z) is is the observed noble gas concentration and
C*(z) is the atmospheric equilibrium concentration at depth z. These calculations
allowed us to estimate the mass of excess He in the lake from each concentration
profile; e.g. ~40 mg excess *He and ~4 kg excess “He in 2001. In comparison, the
total dissolved masses of He in 2001 were ~80 mg *He and ~40 kg “*He. The mass
balance shows also that ~48% of the excess *He and ~16% of the excess “He de-
gassed to the atmosphere between 2001 and 2005. From 2005 to 2006, the remaining
excess of *He and “He decreased by a further ~39% and ~23%, respectively. The
relative loss of *He is much higher than the loss of *He because in 2001 He was
much more highly supersaturated than “He.

The SF¢ concentrations observed in 2001 decreased from the surface to the bottom
of the lake due to gas exchange with the atmosphere and in response to the continu-
ously increasing atmospheric SFq partial pressure (Maiss and Brenninkmeijer, 1998),
and due to the limited vertical water exchange in Lake Lugano. In contrast, the SFg
concentrations observed in 2005 and 2006 were nearly constant throughout the water
column, again indicating extensive mixing and homogenization of the water column.
The mixing events in March 2005 and February 2006 led to an increase in the SFg
concentrations in the entire lake due to gas exchange with the increasingly “SFg-rich”
atmosphere. However, the SFg concentrations in the water column remained below
the atmospheric equilibrium concentration, especially in the colder deep water, be-
cause the mixing events were too short to allow gas-partitioning equilibrium to be
attained throughout the lake.
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The deep water of Lake Lugano has been supersaturated with respect to CFC-12
for several years, presumably due to contamination (Aeschbach-Hertig et al., 2007).
In 2001, the excess of dissolved CFC-12 in the lake water body was ~1.5 kg. This
quantity of CFC-12 may have been introduced into Lake Lugano by accident or due
to inappropriate disposal, as CFC-12 was widely used as cooling fluid in refriger-
ators and air conditioners before it was banned by the Montreal Protocol (Ozone
Secretariat, 2000). The reduction in CFC-12 concentrations that occurred from 2001
to 2006 are the result of the increased upward transport of deep water rich in CFC-
12, and the subsequent loss of CFC-12 to the atmosphere by gas exchange at the lake
surface.

5.3.4 Apparent water ages

The apparent water ages derived from the *H, *He and SFs data for 2001, 2005 and
2006 are shown in Fig. 5.6 and Tab. 5.1. CFC-12 cannot be used to determine water
ages in Lake Lugano, because the observed concentrations exceed the atmospheric
equilibrium concentration. In 2001, both the ages calculated from *H-3He and from
SFg increased considerably with depth, which indicates that vertical mixing in the
water column was slow. However, the mixing events led to a distinct decrease in
the apparent water ages in the deep water and to a reduction in the age difference
between surface and deep water. The apparent *H-*He age close to the bottom of the
lake decreased from ~23 yr in 2001 to ~16 yr in 2005 and ~11 yr in 2006. The
apparent SFg age dropped from ~13 yr in 2001 to 6-7 yr in 2005 and 2006. Hence
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Figure 5.6 Depth profiles of the apparent SFg and *H-3He ages. Apparent tracer ages of 2001
from Aeschbach-Hertig et al. (2007).
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both the *H-*He age and the SFg age were reduced by ~50%, indicating considerable
deep-water renewal.

SFg ages are systematically lower than *H-*He ages over the entire study period.
The difference between the apparent water ages determined using different tracers is
caused by the non-linear effect that mixing has on water age (Aeschbach-Hertig et al.,
2007; Hofer et al., 2002; Jenkins and Clarke, 1976; Kipfer et al., 2002; Schlosser and
Winckler, 2002; Vollmer et al., 2002). The mixture of two water volumes with dif-
ferent ages should ideally have the volume-weighted mean age; i.e., the “true” water
age. However, mixing generates water containing volume-weighted mean tracer con-
centrations. As the tracer ages are non-linear functions of the tracer concentrations,
the tracer age of the mixed water may deviate significantly from the “true” water age.
The effect of mixing on tracer age depends on the tracer used for dating, the date
of sampling, and the water age of the mixed water bodies. Aeschbach-Hertig et al.
(2007) simulated the evolution of the apparent tracer ages in Lake Lugano over the
last century using a simple mixed-reactor model. This analysis showed that SFg ages
appear to underestimate the “true” water age, whereas *H->He ages seem to overes-
timate it. Therefore, the “true” water age in Lake Lugano lies between the apparent
SFe and *H-*He ages, and is not well constrained given the large differences in tracer
ages. For this reason, to estimate the vertical water exchange that occurred during the
recent mixing events we use the observed tracer concentrations rather than the water
ages.

5.3.5 Quantification of deep-water renewal

Based on the mass balance of *He below 100 m depth, Aeschbach-Hertig et al. (2007)
determined that between 1990 and 2001 about 8% of the deep water was exchanged
with surface water annually. This relatively small renewal rate reflects the effect of
the permanent stratification that prevailed before 2005, which limited vertical wa-
ter exchange. Using the same *He mass balance approach for the time intervals
2001-2005 and 2005-2006 yields deep-water renewal rates of ~75% per year and
~270% per year, respectively. As expected, during these periods the deep-water re-
newal rates are considerably higher than those observed before 2001. However, the
resulting rates cannot be directly related to the advective water exchange during the
actual mixing events, because the approach used here yields mean exchange rates for
the entire periods between successive samplings. As the time periods analyzed are
much longer than the observed mixing events, the resulting rates appear considerably
smaller than the effective water turnover during the mixing events in 2005 and 2006.

To better constrain the deep-water renewal that occurred during the mixing events
in 2005 and 2006, we developed a dynamic three-box model for the northern basin of
the lake (Fig. 5.7). The model simulates the temporal evolution of *H, *He, *He and
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Figure 5.7 Illustration of the 3-box model of Lake Lugano. The vertical water exchange flows
are labeled as follows: @ turbulent water exchange across the thermocline; @ weak renewal of
the deep hypolimnion water (8% per year prior to 2005); ® water flow that compensates for the
deepening of the boundary between the deep hypolimnion and the upper hypolimnion boxes; @
large vertical water exchange during the mixing events in 2005 and 2006.

SFe concentrations in the lake from 1990 to 2007, taking into account the processes
of gas exchange at the water surface, tracer gain or loss due to water inflow and out-
flow, vertical water transport, 3He production by the radioactive decay of *H, and
terrigenic He input. The model was set up and numerically integrated using the sim-
ulation software AQUASIM (Reichert, 1994). The basin of Lake Lugano is modeled
as three horizontal layers (epilimnion, upper hypolimnion and deep hypolimnion)
representing zones of different mixing intensity. The epilimnion is assumed to be
well-mixed by wind and undergoes gas exchange with the atmosphere. The upper
hypolimnion undergoes seasonal mixing, while the deep hypolimnion corresponds to
the deep water body that was permanently stratified before 2005. The three layers
are modeled as mixed reactors, connected by water flows that represent the vertical
fransport processes.

Our main interest is focused on vertical transport during the mixing events in 2005
and 2006, expressed as water flow between the three boxes, which occurs only dur-
ing the observed mixing periods. Apart from this exceptional water exchange, the
model also accounts for the turbulent exchange across the thermocline described by
a constant exchange rate between the epilimnion and the upper hypolimnion (of 60%
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of the upper hypolimnion volume per year; Dzambas and Ulrich, 1994). Correspond-
ingly, prior to 2005, for the deep hypolimnion a water renewal rate of 8% per year
was assumed (Aeschbach-Hertig et al., 2007). The duration of the mixing events,
the depth of the thermocline (considered to be the boundary between epilimnion and
hypolimnion), and the depth of the boundary between the upper hypolimnion and the
deep hypolimnion were estimated from the time-series of CTD profiles from 1995
to 2005. We assumed that the epilimnion corresponds to the surface layer that be-
comes warmer than 10°C in summer. Applying this criterion, the thermocline depth
remained virtually constant at about 20 m, the value used in the model. The max-
imum depth of seasonal mixing, i.e. the boundary between the upper hypolimnion
and the deep hypolimnion, is assumed to correspond to the maximum depth at which
oxygen is detected during regular lake monitoring in a particular year. This depth
gradually increased from 85 m in 1995 to 110 m in 2004. In the model, the depth
of the boundary increases with time at a constant rate. It results in a corresponding
upward net water flow from the deep hypolimnion to the upper hypolimnion box.

We used the tracer data given in Tab. 5.1 and earlier data from Aeschbach-Hertig
et al. (2007) to constrain the model parameters. For each box, we calculated volume-
weighted mean concentrations of the tracers from interpolated profiles. The 1990
data were used as initial conditions. The inverse fitting tools of AQUASIM were
applied to tune the gas exchange velocities of He and SF¢ and to estimate the vertical
water transport during the mixing events in 2005 and 2006.

The modeled histories of *H and *He are in reasonably good agreement with the
tracer measurements (Fig. 5.8). In particular, the dramatic changes in the tracer con-
centrations during the mixing events in 2005 and 2006 are adequately reproduced.
For “He and SFg the model results (not shown) deviate from the observations, be-
cause the input of these tracers into Lake Lugano cannot be adequately reconstructed.
Aeschbach-Hertig et al. (2007) propose that elevated SF¢ concentrations in the local
air might explain the slight supersaturation with respect to SF¢ found for the surface
sample in 2001. However, the magnitude and temporal evolution of the proposed
atmospheric SF¢ excess remains unclear and cannot be appropriately modeled. The
terrigenic input of “He into lakes depends on the underlying geological structures
and may be spatially non-uniform (Ballentine and Burnard, 2002; Brennwald, 2004;
Mamyrin and Tolstikhin, 1984; Tomonaga et al., 2007). A clear allocation of the
terrigenic “*He input to each of the three boxes of the model is therefore not possible,
leading to uncertainties in the modeled “*He evolution.

The total water volumes exchanged during the mixing events and the correspond-
ing gas exchange velocities for He and SFg are summarized in Tab. 5.2. Note that the
mixing events of 2005 and 2006 are characterized by exchanged water volumes that
exceed the volume of the deep hypolimnion by factors of about 2 and 7, respectively.
As expected, these rates are considerably higher than the ones determined using a
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Figure 5.8 Results of the 3-box model calculations. (A) Measured and modeled 3He concen-
trations. (B) Measured and modeled 3H concentrations. Tracer data are from Aeschbach-Hertig
et al. (2007) and this study. The dates of the two recent mixing events are shown as vertical
arrows.

simple mass balance of 3He for the deep water (see above). The fairly large uncer-
tainties are due to the fact that the tracer concentration gradients below 50 m depth
become virtually zero during the mixing events, making the outcome of the model
only weakly dependent on the vertical water exchange.

The estimated gas exchange velocities (Tab. 5.2) are about 30-40% higher than
the theoretical velocities calculated from the mean wind speed measured at the me-
teorological station in Lugano and the mean annual surface water temperature of the
lake. These differences are likely due to the fact that the effective wind speeds on
the lake are significantly higher than those measured in Lugano. Furthermore, gas
exchange velocities calculated using the mean wind speed tend to underestimate the
actual exchange due to the non-linear effect of wind-speed variability on gas trans-
fer (Livingstone and Imboden, 1993). We used the estimated gas exchange velocity
for SFg to calculate the corresponding velocity for O,. Combined with the T and
O, data from the CTD measurements (see Fig. 5.2), our estimate of the O, gas ex-
change velocity can be used to calculate the flux of O, into the northern basin of
Lake Lugano. For instance, during the second mixing event in February 2006, which
lasted ~60 days, about 80 tonnes of O, per day were injected into the lake. This in-
put corresponds to a concentration increase of only ~1 mg 1=! O, for the entire lake
volume. Consequently, the O, concentrations in the entire water column remained
low (<5 mg 17!) until the onset of stratification in April 2006, due to the continuing
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Table 5.2 Results of the three-box model. The total volumes of water exchanged and the gas
exchange velocities were determined using inverse fitting methods.

Deep-water renewal

Year Vex [m?] Ver Vy
2005 (644) x 10° 23+1.4
2006 (17+£11) x 10° 6.8+4.3

Vex: water exchanged during the mixing events, estimated using inverse fitting.
V,;: mean volume of the deep hypolimnion box (2.5 x 10° m?).

Gas exchange velocities v; [m d

Gas i modeled * theoretical **
SF¢ 0.23 0.16
SHe 0.84 0.64
“He 0.76 0.58
03 0.32 0.24

* The gas exchange velocity for SF¢ is estimated in the model using inverse fitting.
The other velocities are calculated using v;/v; = (D;/D;)*3 (Schwarzenbach et al.,
2003). Estimated errors in the gas exchange velocities are ~10%.

** Theoretical gas exchange velocities v; are calculated according to Wanninkhof
(1992) for the mean wind speed measured at the MeteoSwiss station in Lugano in
the period from 1971 to 2000 (1.75 m s~!) and for the mean annual surface water
temperature from the CTD measurements (14°C).

mixing and fast O, consumption by the large reservoir of reducing substances in the
deep water (e.g. Barbieri and Mosello, 1992; UPDA, 2006).

5.4 Conclusions

The transient tracer profiles and the time series of CTD data from Lake Lugano record
substantial changes in the physical and chemical properties of the water column in
response to two strong convective mixing events during the winters of 2004/2005
and 2005/2006. Before 2005, the deep water of Lake Lugano had been permanently
stratified for ~40 yr and the physical and chemical state of this water body had un-
dergone only minor changes due to limited turbulent transport. Turbulent diffusion
and geothermal heating gradually warmed the deep water over the last decade and re-
duced the conductivity gradient in the water column slightly. This evolution reduced
the strength of the stratification to a point where a large-scale convective mixing
event (“overturn”) of the entire water column was able to take place. The onset of the
recent mixing events in Lake Lugano was favored by exceptionally cold and windy
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conditions that had occurred during the preceding winters. The considerable deep-
water renewal (a vertical water exchange of more than the total deep water volume)
and extensive gas exchange that occurred in 2005 and 2006 is clearly documented
by transient tracer concentrations, obtained immediately after the two mixing events,
which differ substantially from earlier data.

The environmental tracer data collected for this work, along with previously pub-
lished data, form a 15-yr time series of tracer measurements in the northern basin
of Lake Lugano. These data provide a record of the mixing dynamics of the lake
from 1990-2006. During this period, the deep-water renewal rates in the lake in-
creased by a factor greater than 10 due to the two strong winter mixing events. Our
work demonstrates that long time-series of environmental tracer data are useful for
analyzing transitions in the mixing regimes of lakes in response to environmental
and climatic changes. For this purpose, the time period covered by a tracer study
needs to be long enough to cover typical time scales of the mixing dynamics that are
representative of the particular lake concerned.

Compared to dissolved oxygen concentrations or to the temperature and conduc-
tivity of the lake water, the effects of mixing on the environmental tracer concen-
trations (noble gases, SF¢ and CFCs) are more pronounced and the resulting tracer
signals are detectable over a longer time, because these tracers are biochemically
conservative in lakes. Transport within the lake and gas exchange with the atmo-
sphere are therefore the main processes that affect the observed tracer concentrations
and the data collected are suitable for quantifying the corresponding process rates.
As an example, lake monitoring based on noble gas analyses allows the exchange of
dissolved gases with the anoxic deep water during a mixing event to be documented,
while oxygen cannot be used as a tracer due to the fast oxygen consumption.
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Synthesis and outlook

The three case studies of this thesis document different novel applications of no-
ble gases to study gas exchange and mixing processes in lakes and oceans. Espe-
cially deviations of the dissolved noble gas concentrations from their respective at-
mospheric equilibrium concentrations — so-called noble gas concentration anomalies
— were found to be informative evidence of past or ongoing physical processes. The
magnitude of the noble gas concentration anomalies observed in the studied water
bodies allow the rates of the involved physical processes to be estimated.

The study of Lake Hallwil confirms that noble gases can be used to trace sec-
ondary gas exchange processes induced by bubbles which are injected from an aera-
tion system (Chapter 3). The enrichment of dissolved noble gases found in the lake
1s shown to reflect the operation of the aeration system and the composition of the
aeration gas (which is enriched in noble gases). It is demonstrated that the collected
noble gas concentration profiles can in principle be used to quantify the total gas mass
injected from the aeration system into the lake during the aeration period. To further
constrain the estimate of the aeration gas mass input, a refined sampling strategy
that covers the entire aeration period is proposed. The analysis of noble gas concen-
trations in the pore waters of the sediments of Lake Hallwil could complement the
measurements in the water column. Noble gases in the pore water of lake sediments
have been shown to preserve information on the history of the physical conditions
prevailing in the overlaying water column (Brennwald, 2004). The noble gas con-
centrations in pore waters of the Lake Hallwil sediments are therefore expected to
record effects of the aeration operation since its implementation about 20 years ago.

In the Black Sea, noble gas data were employed to determine vertical mixing in
the water column and He input from terrigenic sources (Chapter 4). Furthermore,
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specific noble gas anomalies were discovered in the water column above active CHy
gas seeps. The observed noble gas depletions cannot be solely explained by sec-
ondary gas exchange processes (stripping and dissolution) with the injected bubbles.
They rather indicate the presence of a rising plume of water depleted with respect to
noble gases, which is emitted together with gas bubbles from the CH,4 seeps. Presum-
ably, the flow of gas bubbles emitted from the studied seeps is too weak to make the
noble gas concentration effect of stripping and dissolution by the injected CH,4 gas
bubbles detectable in the water column. To successfully study the effect of noble-gas
exchange between the rising bubbles and the surrounding water, seeps with higher
gas-emission rates or aeration systems that inject noble-gas free bubbles should be
analyzed in future studies. In such a setting, the direct effects of the secondary gas
exchange processes on the dissolved noble gases, as predicted by models (Graser,
2006), should become more apparent.

In Lake Lugano, time-series of noble gas data and physical parameters of the
water column (temperature and electrical conductivity) clearly document a recent
increase of vertical mixing and deep water renewal that culminated in a sudden and
complete overturn of the water column (Chapter 5). A numerical lake mixing model
that was calibrated using the noble gas data yields quantitative estimates of the deep
water renewal. The study on Lake Lugano highlights the relevance of time-series to
study transitions in the physical conditions (e.g. in the mixing regime) prevailing in
lakes and oceans. As such transitions may occur more frequently in the course of the
changing climate, long time-series will become even more valuable.

In analogy to the presented case studies, the use noble of gases to analyze gas
exchange and mixing processes can contribute to various surveys in lakes and oceans.
Future work could for instance focus on the following topics:

* Incorporate noble gases in process-oriented numerical models: The noble gas
data from the studies on gas injection into lake Hallwil and into the Black
Sea should be combined with current work on single-bubble and bubble-plume
models being developed to study the gas exchange and mixing processes that
are induced by bubbles in these water bodies (e.g. McGinnis et al., 2004, 2006b).
This approach would help to better understand the observed noble gas anoma-
lies and would also allow the models to be better calibrated with actual data.

* New field studies: The experiences from the studies on aeration systems and
marine gas seeps are useful to plan well directed field studies in the future.
The sampling strategy can be chosen more adequately based on the knowledge,
which effects on the noble gas concentrations in the water column have to be
expected.
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It is therefore intended to continue the study of the aeration system in Lake
Hallwil to gain a more comprehensive budget of the injected aeration gas mass
from the concentrations of dissolved noble gases in the water body.

In collaboration with IFM-GEOMAR and various other institutes, or group is
currently involved in a study of CHy4 gas seeps in the Pacific, offshore New
Zealand (Faure et al., 2006; IFM-GEOMAR, 2007). The study has great simi-
larities to the work in the Black Sea and may therefore benefit from the findings
of this thesis.

At present, researchers from Eawag are investigating the large concentrations of
dissolved gases (CH4 and CO,) stored in the deep water of Lake Kivu, which is
located on the boundary between Rwanda and the Democratic Republic of the
Congo (Eawag, 2008). The potential release of these gases to the atmosphere
due to an event that disrupts the density stratification of the water column (e.g.
following a volcanic eruption or a major earthquake) poses a severe hazard to
the local residents and to the environment. Like in the studies of Lake Lugano
and of the Black Sea, noble gases could be used to analyze the water dynamics
and the processes of gas injection and accumulation in Lake Kivu.

* New experimental developments: A new system to analyze simultaneously no-
ble gas concentrations in water samples (except the *He/*He isotopic compo-
sition) together with the concentrations of SF¢ and CFCs, using GC-ECD and
GC-MS, is being developed at Eawag. The first results are promising (M. Hofer,
pers. comm.). This system will facilitate combined transient tracer studies and
will allow faster analyses of the tracer concentrations in water samples. It might
be particularly useful in gas-exchange studies like at Lake Hallwil, where the
contributions of non-atmospheric noble gases (especially *He and “He) are ir-
relevant.

These are just few suggestions for potential future directions in studies of noble
gases in lakes and oceans. The presented results, as well as the new questions that
emerged in the course of the work, emphasize the relevance of noble gases as envi-
ronmental tracers for gas exchange and mixing processes in surface water bodies and
are expected to stimulate future research in this field.
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