Chapter 2
Physical Features of Meromictic Lakes:
Stratification and Circulation

Bertram Boehrer, Christoph von Rohden, and Martin Schultze

2.1 General Features

In meromictic lakes, a chemically different deepwater layer “the monimolimnion”
remains perennially as a consequence of insufficient mixing with the overlying
water body “the mixolimnion” (e.g., Findenegg 1933, 1935, 1937; Hutchinson
1937, 1957; Boehrer and Schultze 2008).

The transition between mixolimnion above and monimolimnion below is called
the chemocline, as many chemical conditions change over a short vertical distance
(Hutchinson 1957). Usually higher concentrations of solutes in the monimolimnion
and stable density stratification are sustained throughout the annual cycle. In most
cases, a high density gradient restricts the vertical exchange of water parcels and
hence the turbulent transport of dissolved substances as well as heat. As a conse-
quence, strong chemical gradients are conserved, and a fine zonation in this depth
range can establish. Scientists looking at different features of the chemocline
(gradients of electrical conductivity, oxygen, organisms, etc.) refer to slightly
different depth ranges within this zone when speaking of “chemocline” (see
Fig. 2.1).

The mixolimnion shows stratification and circulation patterns as in holomictic
lakes, i.e., lakes without a monimolimnion, with the usual vertical subdivision into
epilimnion (upper layer) and hypolimnion (lower layer). At the end of the
thermal stratification period, deep recirculation mixes both layers. A lake (or the
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Fig. 2.1 Profiles of temperature, electrical conductance, oxygen concentration (numerically
corrected for sensor response time), pH and fluorescence of the chlorophyll against depth in
Felsensee (near Magdeburg, Germany). The upper horizontal line indicates the interface between
epilimnion and hypolimnion, while the lower horizontal line marks the interface between hypo-
limnion and chemocline
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Fig. 2.2 Sketch of stratification and recirculation in a meromictic lake over an annual cycle

mixolimnion of a meromictic lake) can be monomictic (one recirculation period
during the cold season) or dimictic (with a deep recirculation during spring and
autumn—see Wetzel 2001—over an annual cycle depending on the climate zone;
Fig. 2.2).

Similar to deeper holomictic lakes, a water layer at the surface heats up in spring
as a consequence of increased solar irradiation and contact to a warming atmo-
sphere. As a consequence, warmer water is formed, which floats on colder, denser
water. While the upper layer, the epilimnion, is exposed to gas exchange and energy
transfer with the atmosphere all year round, the hypolimnion below is shielded from
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direct impact during summer. Usually the hypolimnion remains density stratified
over the summer stratification period. Hence, vertical exchange of water parcels
requires energy, which is available only in a limited amount. As a consequence,
vertical transport of solutes and heat is small during stratification periods.

Over the summer stratification in the mixolimnion, little is happening about the
depth of the chemocline. Groundwater may enter the monimolimnion and contri-
bute to its volume, and hence the chemocline slowly rises (von Rohden et al. 2010).
In addition, diffusion and turbulent transport of solutes from the monimolimnion
can raise the density gradient locally and lead to oxygen demand in the lowest zone
of the hypolimnion. Affected water may change its properties from hypolimnetic to
monimolimnetic and eventually become a part of the monimolimnion. An ice cover
can add another period of quiet conditions (winter stagnation). In latitudes where
ice cover extends for a long period, this can result in meromixis (e.g., lakes Shira
and Shunet, Chap. 6), as the subsequent circulation in spring time is short or is
completely missing. The ice cover together with the quick warming up due to high
concentrations of colored humic substances (Eloranta 1999), basin shape, and an
almost complete protection from wind probably cause high frequency of meromixis
in the small, humus-rich forest lakes in Finland (Merilainen 1970; Salonen et al.
1984).

Later in the year, cooling at the lake surface removes the protecting thermal
density stratification, and convection forces water motion down to the chemocline.
Turbulent kinetic energy is used to shave off parts of the chemocline. As a conse-
quence, the chemocline moves downward and gradients get sharper. The upper part
of the monimolimnion gets included in the mixolimnion and so do the water and
chemicals contained in it. This is of particular interest for nutrients available at
higher concentrations in the monimolimnion. The volume of water introduced into
the mixolimnion depends on weather conditions during the recirculation periods
and may, therefore, greatly vary from year to year. The deeper monimolimnion
remains unchanged as long as its density is greater than that of the mixolimnion and
it is sufficient to withstand the erosion by advected and locally produced turbulent
kinetic energy.

Typically meromictic lakes show increasing electrical conductance with depth
because of increasing concentrations of ionic solutes with depth. In general, higher
concentrations of solutes increase the density of water (see below paragraphs on
density). Due to mixing at least once each year, differences between epilimnion and
hypolimnion are small. However, gradients between mixolimnion and monimo-
limnion can be enormous. Gradients are known to range from salinity under
freshwater conditions to salt concentrations exceeding beyond salinity in ocean
water (Wallendorfer See, Germany; Boehrer et al. 2014) or exceeding 100 g/L as in
hypersaline meromictic lakes (e.g., Hot Lake, USA; Zachara et al. 2016; see also
Chap. 3).

Temperatures at the lake surface are determined by weather conditions, while in
the hypolimnion, one usually finds temperatures prevailing during the last cold
period (e.g., Boehrer et al. 2000). In lakes located in colder climates, hypolimnion
temperatures are close to the temperature of maximum density under normal
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conditions (i.e., 4 °C for freshwaters but slightly lower at high salinities). Interest-
ingly the monimolimnion is locked between hypolimnion above and ground/
groundwater below. While its upper boundary is defined by temperatures during
the cold period of the year, the lower boundary is warmer due to groundwater
reflecting more an annual average temperature and geothermal heat flux. Usually a
monimolimnion has a temperature gradient that reduces the density gradient
imposed by dissolved substances.

Both, the permanent density stratification in the deep water and the seasonal
circulation of the mixolimnion, determine the distribution of solutes, as we show for
oxygen as one of the key solutes for organisms. At the water surface, the atmo-
sphere implies the boundary condition for oxygen. As a consequence, the epilim-
nion usually shows oxygen concentrations close to the equilibrium with the
atmosphere, i.e., close to 100 % saturation (by definition) at the respective temper-
ature. The hypolimnion can have higher concentrations of oxygen than the epilim-
nion due to higher solubility of oxygen at lower temperatures during the last mixing
period or due to photosynthesis, if the light penetrates to deeper layers. However,
over the stratification period, oxygen in the hypolimnion is subject to depletion until
the next circulation period when the oxygen levels are recharged. Oxygen concen-
trations drop to zero across the chemocline. The extent of availability of oxygen
sets the conditions for the fate of other solutes. As the contact line between water
masses of different chemistry, the chemocline is a zone of active chemical trans-
formations (see Fig. 2.3). Consequently, organisms have to cope with the chemical
conditions in this gradient zone. Some organisms manage to profit from unusual
chemical conditions (see Chap. 4).

2.2 Processes Forming Meromixis

In general, water density is higher in the monimolimnion than in the mixolimnion
so as to retain the monimolimnion throughout the year. To balance the gradual
reduction of this density difference by diffusion and mixing, a process is required
that transports substances into the higher concentration waters of the
monimolimnion.

Hutchinson (1957) classified meromictic lakes according to the major processes
that transport solutes. He could identify three classes, (1) ectogenic, (2) crenogenic,
and (3) biogenic meromixis, i.e., meromixis caused by (1) external inflows,
(2) groundwater, or (3) degradation of organic material, respectively. On a broader
base of examples, Walker and Likens (1975) refined Hutchinson’s classification
into groups when lakes remain permanently stratified due to (1) inflows of different
salinity, (2) inflows of high turbidity, or (3) inflowing groundwater. These three
groups comprise ectogenically meromictic lakes (class A), while endogenic mero-
mixis (class B) is formed either by (4) degradation of organic material in the deep
water or (5) by salt exclusion when ice is formed during winter.
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Fig. 2.3 Water sample
from about 10 m depth from
Moritzteich (south of
Berlin, Germany), showing
the transition from colorless
water of mixolimnion
(upper part of the sampling
tube) to red water of
monimolimnion (from
Boehrer 2013). The
turbidity in the chemocline
is the result of oxidation and
precipitation of iron

turbid, red

Since these cited works on classification of meromictic lakes, many meromictic
lakes have been scientifically investigated and reported. Microbiologically con-
trolled chemical reactions, e.g., iron meromixis (Hongve 2002), have been under-
stood more in detail, and their contribution to the density of monimolimnetic waters
can be evaluated (e.g., Dietz et al. 2012; Nixdorf and Boehrer 2015). Boehrer and
Schultze (2008) refer to the importance of evaluating all processes that are known
from scientific literature for sustaining meromixis, since several processes may be
acting simultaneously. Here we explain the important processes that can sustain
meromixis and support each of these processes by the clearest representations we
know of in the environment.

To provide a better overview, we list all the processes that have been docu-
mented to form and sustain meromixis, before we go into the details and mention
the representative examples form the literature. We mainly see a distinction into
two groups: those which operate purely mechanically (where we include salt exclu-
sion at ice formation) and those at which geochemistry of lake waters takes the
control. Though we treat the geochemistry as a set of chemical reactions, many of
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these processes are mediated by organisms. For details, we refer to the subsequent
sections and chapters of this book.

1. Purely mechanical:

(a) Salty inflows into lakes:
From external sources
From groundwater
(b) Freshwater onto salty lakes:
From external sources
Salt exclusion at ice formation
(c) Partial deepwater renewal:
Evaporation in side bays
Cooling in side bays
Salty intrusions from ice

2. Involving geochemistry:

(a) Decomposition of organic material

(b) Iron meromixis

(c) Temperature-dependent solubility of mirabilite
(d) Calcite precipitation

The local distribution of these mixing and stratifying processes is shown in a
schematic display of a lake (Fig. 2.4).

Salty inflows that find their way to the deep layers of a lake can form a
permanent stratification, no matter whether these inflows enter at the surface of
lakes (Lake Nitinat, Canada: Ozretich 1975) or as groundwater (see Fig. 2.4;
Kongressvatn, Norway: Bgyum and Kjensmo 1970; Wallendorfer See and
Rassnitzer See, Germany: Bohrer et al. 1998; Heidenreich et al. 1999; Waldsee,
Germany: von Rohden et al. 2009, 2010; see also Chaps. 6 and 12 for more
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Fig. 2.4 Sketch of processes involved in sustaining meromixis
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examples). Sibert et al. (2015) reported meromixis caused by salty wastes entering
the lakes and formed by salt used for de-icing of roads; Scharf and Oehms (1992)
also reported the same for meromixis in Lake Schalkenmehrener Maar (Germany).
High-salinity water can also be produced in the lake itself by enhanced evaporation
in a shallow side bay, as in the Dead Sea in the period before 1979 (Nissenbaum
1969). Because only a small portion of the monimolimnion is replaced, the
monimolimnion chemistry (e.g., oxygen concentration) is not greatly affected.
Salt exclusion during ice formation can also act as a source of saline water
(Antarctic lakes: Kerry et al. 1977; Gibson 1999).

In addition, density stratification in the mixolimnion is reinforced when less
saline ice melts in spring and forms a water layer of reduced density near the
surface, which needs to be removed before turbulent kinetic energy can effectively
erode the density stratification at the upper edge of the monimolimnion (e.g., Lake
Shira, Russia, Chap. 5). Snowmelt in the vicinity of meromictic lakes and fresh-
water runoff from snowmelt add to the effect of melting lake ice (e.g., Hammer
1994; Zachara et al. 2016). During wet season, high runoff may also support
meromixis by bridging the density stratification into the thermal stratification
period especially in regions where precipitation occurs almost exclusively season-
ally (e.g., Santofimia et al. 2012). They also reported a full overturn when the
precipitation came too late in the year to accomplish the bridging. High precipi-
tation and consequently higher freshwater inflows have stopped some lakes from
circulating for several years (e.g., Lake Mono, USA, see Chap. 11: Jellison and
Melack 1993; Jellison et al. 1998; Caspian Sea: Peeters et al. 2000; Lake Van,
Turkey: Kaden et al. 2010). Similarly, meromictic lakes were formed where fjords
have been disconnected from the ocean by land rising after glaciers had receded at
the end of the ice age, e.g., Rorholtfjorden, Norway (Strgm 1957); Powell Lake,
Canada (Williams et al. 1961); and lakes in coastal regions in the northern Baltic
Sea (Lindholm 1996). Some of these lakes maintained their stratification for several
thousand years. Seawater was capped with freshwater to create a meromictic lake in
the former Island Copper Mine (Canada; see Chap. 9). Controlled freshwater input
in lakes Wallendorf and Rassnitz (west of Leipzig, Germany) was used to quantify
the effect of shielding the deepwater stratification by a freshwater introduction
(Boehrer et al. 2014).

In principle, density-driven flows as described above can also be caused by
temperature differences. However, density difference due to temperature is limited
to 2 kg/m or 3 kg/m, while density differences due to solute concentration can be
one to two orders of magnitude higher. In addition, molecular diffusion of heat is
faster (factor ~100) than diffusion of solutes, and hence a density stratification due
to temperature is more affected by diffusion. Thus, meromictic lakes due to
temperature-driven flows are rare. Similarly, Dead Sea (before 1979), where evapo-
ration created saltier and hence denser water in the south basin, is a good example
of creation of meromixis: also surface cooling during southern winter at the south
end of Lake Malawi/Nyasa (Malawi, Tanzania, Mozambique) produces sufficiently
dense water to intrude the monimolimnion (Vollmer et al. 2002a). Lakes with
partial deepwater renewal are called meromictic, only if a sufficient portion of
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the monimolimnion is replaced to sustain the stratification, but not enough to make
dissolved oxygen to be detectable in the monimolimnion.

In addition to water currents, solute precipitation can effectively transport matter
through the water column. If salts of high sodium and sulfate concentration are
excluded from the ice formation, mirabilite (Na,SO4-10H,0) may precipitate.
Hammer (1994) reports such precipitation below the ice at temperature close to
0 °C for Waldsea Lake (Canada). The settling mirabilite removes solutes—and
hence their density contribution—from the cold surface water, but it gets redis-
solved in the monimolimnion due to the higher temperatures (5—7 °C; Hammer and
Haynes 1978) and the strong dependence of mirabilite solubility on temperature
(Marion and Farren 1999; see also Chap. 3). The density contribution is added to the
monimolimnetic waters. The picture gets slightly more complex when biogenic
calcite formation accompanies photosynthesis. With increasing photosynthetic
activity, pH increases such that carbonate will form from dissolved bicarbonate in
the epilimnion. Eventually the solubility product of calcite is exceeded, and calcite
precipitates and sinks to deeper layers. High CO, partial pressure in the monimo-
limnion, e.g., from decomposed organic material, allows a redissolution of calcite
(Lake La Cruz, Spain: Rodrigo et al. 2001; see also Chap. 8). Also in this case, the
calcite removes the density contribution of solutes from the mixolimnetic waters
and adds it to monimolimnetic waters.

Waldsea Lake (Canada) and Lake La Cruz (Spain) demonstrate that reactivity of
solutes can inhibit the deep recirculation, but only, if this process transports solutes
up the gradients, which means from low concentrations in the mixolimnion to high
concentrations in the monimolimnion, effectively enough to compensate for the
diffusive and turbulent transport down-gradient. This is facilitated by limited solu-
bility of a substance: particulate solids are formed and precipitate and sink down to
the monimolimnion. If conditions in the monimolimnion are favorable, these preci-
pitates can redissolve at least in part. To keep this chemical cycling of matter going,
an energy source must be accessible. In nearly all cases, energy is provided by
organic material, which has gained its energy from photosynthesis, and feeds it into
the chemical cycle on being decomposed. Organisms usually have a slightly higher
density than water, and hence they settle to the lake bottom still alive or after they
die. Organic material can be oxidized by microorganism, releasing CO,, which
contributes effectively to water density. The oxidizing agent in this process is
important, as the net effect of released products must yield a considerable increase
in density. Both oxygen (classic biogenic meromixis) and iron (iron meromixis) are
good oxidizing agents to raise density sufficiently in the monimolimnion. Also
other oxidizing agents (nitrate or sulfate) may be present, but they have not yet been
demonstrated to be the primary factor for building the density gradient needed for
meromixis.

Iron is present in many mine lakes but also in natural lakes originating from the
soil and rocks in the catchments. However, if dissolved oxygen is present in the
mixolimnion and if in the upper part of the chemocline, iron gets oxidized to ferric
iron Fe(IIl), it precipitates as hydroxide in water at pH above 3.5 (e.g., Stumm and
Morgan 1996). On the contrary, in a monimolimnion where no dissolved oxygen is


http://dx.doi.org/10.1007/978-3-319-49143-1_3
http://dx.doi.org/10.1007/978-3-319-49143-1_8

2 Physical Features of Meromictic Lakes: Stratification and Circulation 23
Fig. 2.5 Profiles of Ky [mS/cm] Oz_conc_ [mg/l]
temperature and electrical 2
conductance (left panel) and 0 0;6 0;8 1'.0 (‘] : g ‘? - E? ? 1‘0
total iron and dissolved [ =R ——0
oxygen (right panel) from t T T 1o 2
Lake Waldsee near Débern, 1L Mixolimnion 1s © Fe tfotal ]
Germany (taken from [ % C [T
Boehrer et al. 2009) =
1= L
el 2 L dl _
£ L ]
5 |
O 3l Monimo- i 1
i limnion :
4l Temp. i ]

8 10 12 14 16 18 0 50 100 150 200
Temperature [°C] Fe total [mg/l]

available but enough organic material (Fig. 2.5), ferric iron can be used as oxidizing
agent and remain dissolved in the reduced form as ferrous iron Fe(II) (e.g., Camp-
bell and Torgerson 1980). Consequently, both iron and the produced CO,_ as well as
corresponding bicarbonate, contribute to density of monimolimnetic waters, while
in the mixolimnion, iron concentrations and CO, concentrations are very low
because of low solubility and the escape to the atmosphere (Kjensmo 1967, 1988;
Campbell and Torgerson 1980; Hongve 1997, 2002). In Lake Waldsee (Germany),
both iron and the carbonate system contribute about the same amount to the density
difference between mixolimnion and monimolimnion (Dietz et al. 2012). Manga-
nese can play a similar role as iron, but meromixis dominated by manganese is rare
(Nordbytjernet, Norway; Hongve 1997, 2002). A detailed presentation of the
biogeochemical processes mentioned above is given in Chap. 3. Also suspended
material adds density to lake water. Casamitjana and Roget (1993) claim that the
Lake Banyoles, Spain, is kept meromictic by continuously suspended particles.
Similarly, Frey (1955) claimed that a turbidity inflow into Léngsee (Austria)
initiated meromixis in the lake.

Finally, there are lakes that do not fully turn over during the annual cycle: at any
time, a profile will show stable density stratification. In these lakes, permanent
stratification can be accomplished by thermobaric effects (Lake Shikotsu, Japan:
Yoshimura 1935, 1936; Boehrer et al. 2008; Crater Lake, USA: Crawford and
Collier 2007; Lake Baikal, Russia: Carmack and Weiss 1991) or by partial deep-
water renewal (Issyk Kul, Kyrgyzstan: Vollmer et al. 2002b; Peeters et al. 2003;
Lake Baikal, Russia: Weiss et al. 1991; Kondenev 2001). However, such lakes are
usually not called meromictic as their deep waters are not permanently anoxic. In
addition, the exchange in the monimolimnion is so fast that no considerable
accumulation of chemicals is possible in the deep water, and, thus, no pronounced
chemical differences are found through the water column.
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2.3 Accumulation of Substances

If lakes are density stratified as is mostly the case, vertical transport of substances
requires energy to compensate for the potential energy of the system. However,
advection of turbulent kinetic energy is inhibited, as long as stratification persists.
Internal waves can propagate kinetic energy through density stratification. This
kinetic energy creates shear stress at the side boundaries which finally results in
mixing. However, the amount of supplied energy is limited.

The complete overturn, which effectively transports solutes from the deepest
point quasi-instantaneously to the lake surface, is missing in meromictic lakes. As
demonstrated for iron meromixis above, we find an accumulation of substances in
the monimolimnion. These substances include iron, which can precipitate as iron
hydroxides, and also substances that are flocculated during this process, like organic
substances and nutrients. In the deep zones of lakes, the binding of the copreci-
pitates may be terminated, and hence high concentrations of DOC and nutrients
(e.g., phosphorus) can be the result. Primary production and connected uptake of
nutrients below the chemocline are limited by low irradiance. Solutes can be stored
in monimolimnia at high concentration. In general, concentration of dissolved ionic
substances is limited by the solubility product of cations and anions. If this limit is
exceeded, precipitation removes the excess portion. In summary, downward trans-
port, incomplete mixing, and limited biogeochemical uptake promote the accumu-
lation of dissolved substances in monimolimnia.

As the continuous supply of oxygen to the monimolimnion is suppressed, we can
find substances in chemically reduced form (ferrous iron, ammonium, sulfide, dis-
solved organic matter (DOM)/DOC, etc.) at concentrations that are not encountered
in holomictic lakes or only exceptionally in the mixolimnion. Methane is stable in
the chemical setting of many monimolimnia. Reduced sulfur may be found as
hydrogen sulfide, if no suitable cation is present to precipitate it from the water
column. Hydrogen sulfide is poisonous to many organisms; if released from the
water, its unpleasant odor is a nuisance also at distance from the shoreline and can
restrict leisure activities on a lake and in its immediate surroundings (e.g., Lower
Mystic Lake, USA: Ludlam and Duval 2001). Table 3.1 provides examples for high
monimolimnetic concentrations of reduced chemical species (Sect. 3.1). Chapters
5-12 add further examples.

In addition, dissolved gases may accumulate in the monimolimnion (e.g.,
Aeschbach-Hertig et al. 1999). Monimolimnia are sheltered from direct exchange
with the atmosphere. Hence, gases need to be transported upward by diffusive
transport through the chemocline and the mixolimnion before they are exchanged
with the atmosphere. In addition, the hydrostatic pressure in the deep layers of lakes
facilitates the accumulation of gases, beyond atmospheric pressure. According to
its concentration c;, any dissolved volatile substance i produces a gas pressure
(Henry law):
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Fig. 2.6 Measured profiles of temperature, oxygen concentration (left panel) and gas pressure
(symbols in central panel) in Lake Vollert-Siid (south of Leipzig, Germany). For comparison,
absolute hydrostatic pressure (central panel) and density based on temperature and electrical
conductivity measurements are included (solid line, right panel) and density at given electrical
conductivity at a temperature of constant 4 °C (dashed line, right panel)

pi = ci/H; (2.1)

where H; is a specific temperature-dependent constant (Henry coefficient) (e.g.,
Sander 1999).

If a strong gas source is available, gas accumulation may continue up to a critical
point where the sum of gas pressures equals absolute pressure (see Fig. 2.6;
atmospheric pressure p, plus hydrostatic pressure py):

> Pi=patpn (2.2)

From this point, ebullition occurs.

Because of its high solubility (large Henry coefficient), CO, can reach concen-
trations of several liters per liter of water, as reported for Lake Nyos (Cameroon;
Kling 1988). In this lake, some trigger mechanism released a large amount of the
stored CO, gas and asphyxiated 1700 human beings in the lake surroundings (Kling
etal. 1987). At least three more lakes are known where gas accumulation is a matter
of concern: Lake Monoun, Cameroon (Rouwet et al. 2015); Kabuno Bay of Lake
Kivu, Rwanda/Congo (Schmid et al. 2004a); and Guadiana pit lake in Herrerias
Mine, Spain (Sanchez-Espana et al. 2014). Controlled degassing can remove the
risks related to gas accumulations (e.g., Halbwachs et al. 2004; Boehrer et al. 2016).
Also methane (e.g., Black Sea, McGinnis et al. 2006; Lake Matano, Indonesia,
Chap. 10) and hydrogen sulfide are known to accumulate in monimolimnia.
In Lake Kivu, methane concentrations are high enough for commercial exploitation
(Tietze et al. 1980; Wiiest et al. 2012).
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2.4 Density Approaches

In meromictic lakes, dissolved substances play an important role for sustaining the
stratification. Each solute contributes its share in density. If the composition of
solutes is known, density can be calculated accurately from coefficients of partial
molal volumes listed in the scientific literature of physical chemistry. Boehrer et al.
(2010) included the partial molal volumes of limnologically important solutes in a
convenient algorithm RHOMYV, i.e., density p from partial molal volumes.

In addition, electrical conductivity is used as a quantitative bulk measure for the
amount of dissolved substances. Electrical conductivity is easy to measure, e.g., by
automatic probes, at high resolution and high accuracy. In conclusion, electrical
conductivity has been used to calculate the density contribution of solutes to natural
waters. In general, oceanographic formulae (UNESCO, Fofonoff and Millard 1983,
International Organization for Standardization (ISO) 1985, TEOS-10) do not reflect
the effect of solutes accurately for limnic waters (also Chen and Millero 1986),
especially as meromictic lakes often show either high concentrations or unusual
composition of solutes at least from an oceanographic point of view (e.g., tabled
saline lakes in books by Hammer 1986 and Kalff 2002). To improve density
calculations, Moreira et al. (2016) provided a numerical approach to evaluate a
correlation between electrical conductivity and density for any chemical lake water
composition. A simple formula is proposed for adding the density contribution of
solutes to the density of pure water py from temperature T and electrical conduc-
tivity k,s out of CTD profiles. Only two lake-specific coefficients 1y and 4, need to
be determined:

p = p(T) +125(dg + Ay - (T = 25 °C)) (2.3)

Both RHOMYV and Moreira’s density calculator can be used or downloaded from
the Internet (Fig. 2.7). Calculations show that solute contributions to density are
underestimated by typically between 20 % and 100 % with oceanographic
approaches. Better accuracy can be achieved by measuring density of lake water
and correlating the results with electrical conductivity and temperature (e.g.,
Jellison et al. 1999; Karakas et al. 2003). Sufficiently precise methods for in situ
measurements of density in lakes are not available (Grife et al. 2002).

Dietz et al. (2012) showed that density differences can easily be calculated from
“specific density fraction” as long as concentrations are in the freshwater range
(<3 g/L). The authors have shown that in iron-meromictic Waldsee (Germany), the
density difference between mixolimnion and monimolimnion is caused by higher
concentration of iron and carbon species (CO,, bicarbonate, DOC) in roughly
equal parts.
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Fig. 2.7 The input mask for RHOMYV on www.ufz.de/webax for easy calculation of density for
given salt composition

2.5 Transport Under Conditions of Permanent
Stratification

The stratification in meromictic lakes is often looked upon as very static pheno-
menon. Expressions like “permanently stratified” give the impression of an eter-
nally sealed-off monimolimnion. This is not correct: we have already mentioned
about discernible exchange processes between mixolimnion and monimolimnion
and through the chemocline. The sharp interface would be smoothened by diffu-
sion, but other transport processes cut the diffuse ends off and carry material away
from (or to) the chemocline.

Meromixis sustained by salty inflows (surface or groundwater) is a result of
flushing the monimolimnion. For example, renewal time for the Waldsee (Ger-
many) monimolimnion is around one year (von Rohden et al. 2009). The volume of
the monimolimnion would increase, if there were no volume losses due to
monimolimnion erosion through turbulence and subsequent inclusion of the water
into the mixolimnion. This is also true for lakes with partial renewal of the
monimolimnion from sources within the lake (e.g., saltwater formation in south
basin of Dead Sea before 1979: Nissenbaum 1969, Lerman et al. 1995; cold waters
at south end of Lake Malawi/Nyasa: Vollmer et al. 2002a).

These erosive effects have been documented in Lake Mono (Jellison and Melack
1993, Jellison et al. 1998) and quantitatively measured in Waldsee (Germany; von
Rohden et al. 2009) and Wallendorfer See and Rassnitzer See (Germany; Boehrer
et al. 2014). In most cases, erosion of the monimolimnion takes place during intense
recirculation periods, i.e., in winter. In Waldsee (Germany), this effect happens
during nocturnal cooling during summer. Depending on weather conditions, the
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shaving off of the monimolimnion can be more or less intensive, leading to irregular
inputs of solutes, e.g., nutrients, into the mixolimnion.

Precipitation of solutes from the mixolimnion—as discussed above in the pro-
cesses forming meromixis—is a very effective process. Other than the transport of
solutes, precipitates transport almost exclusively the substances of interest and only
little water. As most precipitates have negative buoyancy in water, they settle to the
lake bed. A redissolution in the monimolimnion can result in a transport against the
concentration gradient, i.e., from the low-concentrated mixolimnion to the highly
concentrated monimolimnion. In the opposite direction, ebullition can remove
volatile substances from the monimolimnion. In most cases, the gases are released
into the atmosphere at the lake surface. However, also redissolution on the path into
mixolimnetic waters is possible (e.g., Black Sea: McGinnis et al. 2006).

Even under weak water movements, dissolved molecules move driven by ther-
mal motion. The result is the diffusion in water at a rate of D~10"° m?s. An
initially sharp interface becomes smoother over a time period ¢ at a rate of the order
of magnitude of

5~(Dr)"™? (2.4)

Thus, an originally perfectly sharp interface will smoothen to an interface of
close to 1 m in about a year. This is very slow and diffusive transports are less
effective than turbulent transport processes.

Several mechanisms create instabilities in the open waters (e.g., Imboden and
Wiiest 1995), but for small- and middle-sized lakes, mixing in the deep water is
dominated by processes acting close to the side walls (e.g., Goudsmit et al. 1997).
Flows over rough terrain create current shear and hence turbulence, and together
with the retention of water in the interspaces of coarser sediment, contribute the
bulk of the transport of dissolved substances. High-density gradients result in small
vertical excursions of water movements and hence small vertical transport. Under
the assumption that at any depth z, the same amount of energy FE is transferred into
mixing at an efficiency of y, we expect a relation for the vertical transport coeffi-
cients K, of the form

8o

K.(z) =y-E/N* where N2(z) = PR (2.5)

Brunt-Viisidld frequency (squared) represents the density p gradient along the
vertical axis z against earth acceleration g. Transport coefficients measured by
spiking the deep water with the artificial tracer SFg revealed the strong dependence
of transport on density stratification (von Rohden and Ilmberger 2001). At levels of
highest stratification in lakes Wallendorf and Rassnitz (Germany), vertical transport
was close to molecular levels for both heat and solutes. In a number of fjord lakes,
seawater was trapped in the deep layers for thousands of years (e.g., in Salsvatn
(Norway) for ca. 3000 years, Bgyum 1973; in Rgrholtfjorden (Norway) ca. 6000
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years, Strgm 1963; and in Powell Lake (Canada) 9000-11,000 years, Williams et al.
1961). Vertical mixing was so low that even today part of this seawater can be
found in the deepest areas of the lakes. In conclusion, the effective turbulent mixing
was only little higher than molecular diffusion. In fact in Powell Lake (Canada), it
is claimed that the different distribution of ions stems from the differences in
molecular diffusivity of these substances (Sanderson et al. 1986).

In comparison with solutes, diffusive transport of heat is two orders of magni-
tude faster. Consequently, deep waters stratified by dissolved substances can show
double diffusion, if temperature gradients inflict a reduction of the density gradient
(see also Brandt and Fernando 1996; Boehrer 2012). In initially stable zones with
disappearing turbulence, the greatly higher diffusivity of heat than that of solutes
can impose locally unstable conditions, which form thin convection cells (deci-
meters) of large horizontal extension (kilometers) (Newman 1976; Schmid et al.
2004b; von Rohden et al. 2010), separated by even thinner layers of strong density
gradients (Fig. 2.8). Vertical transport of solutes as a consequence is controlled by
the local production of convection and turbulence as a result of double-diffusive
convection and can, therefore, be considerably more efficient than molecular dif-
fusivity (e.g., Schmid et al. 2004b). In Waldsee, the monimolimnetic overturn was
clearly driven by double-diffusive effects modified by chemical reactivity of solutes
(Boehrer et al. 2009).

Fig. 2.8 Double-diffusive temperature [“C]
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Because transport through density gradients at chemoclines is slow, it has
created interest in utilizing deep waters for the disposal or the confinement of
undesirable substances (organics from lignite processing: Stottmeister et al. 1998;
heavy metals: Fisher 2002; Fisher and Lawrence 2006; see also Sects. 9.4 and 9.5)
in monimolimnia. Notably, the sealing is not perfect and transport still happens
(Stevens and Lawrence 1997). Also heat can be trapped in monimolimnia of
so-called solar ponds, to store energy or to culture organisms requiring higher
water temperatures in colder climates (Weinberger 1964; Kirkland et al. 1983;
Bozkurt et al. 2015). Since aspects of management are particularly relevant for
meromictic pit lakes, such issues are discussed in Sect. 9.5, and an example is
provided in Sect. 9.4 of Chap. 9.

2.6 Concluding Remarks

Meromictic waterbodies are subdivided into two chemically different water layers.
While the upper layer (epilimnion or mixolimnion) is subject to exchange with the
atmosphere, the deep water (monimolimnion) is isolated and hence does not receive
any oxygen from the atmosphere. As this situation is generally maintained for long
periods, other dissolved substances accumulate in the monimolimnion in a chem-
ically reduced form.

The chemocline usually represents a sharp transition within a few decimeters
(sometimes meters) between the mixolimnion and the monimolimnion. The higher
concentration of solutes is usually responsible for the greater stability of the density-
induced stratification. Consequently, the chemocline also represents a density gra-
dient, i.e., pycnocline. Settling particles of a density between mixolimnion water and
monimolimnion water can find their level of neutral buoyancy within the
chemocline. Such particles may be found floating within the chemocline.

In the chemocline, substances from mixolimnion and monimolimnion get into
contact and can react with each other, even supplying energy, e.g., dissolved iron
from monimolimnion and dissolved oxygen from the mixolimnion. Such zones can
be identified by their turbidity through visual inspection (Fig. 2.3). Although most
of the reactions are mediated by organisms, the exothermal nature of reactions
facilitates the reaction, without involvement of an additional energy source, e.g.,
light for photosynthesis.
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