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Abstract

Among surface waters, lakes in volcanic areas display the greatest range in
pH values: from negative values up to about 12. The present chapter is a
short review of the main features of alkaline lakes, which belong to the
high-pH part of this range. They are characterised by saline or hypersaline
waters, pH values higher than 9 and high Na+, HCO3

− and CO3
2− and low

Ca2+ concentrations. Alkaline lakes are found in quiescent or recently
extinct volcanic areas where neither water vapour nor acidic magmatic
gases can reach surface waters. Their occurrence depends on peculiar
climatic and geological conditions that allow evaporative concentration of
the water (potentially evaporation much higher than water inputs and in
endorheic basins) and on geochemical factors that favour a chemical
evolution towards an alkaline environment (composition of the dilute
input waters characterised by a ratio between total dissolved inorganic
carbon and earth-alkaline elements much higher than 1). Such initial
composition, due to evaporative concentration, after the deposition of
earth-alkaline carbonate minerals, will lead to the above-mentioned typical
composition. Alkaline lakes also host microbial communities sometimes
characterised by extremely high productivity. These microbial communi-
ties are scientifically remarkable because they comprise some interesting
extremophiles, which can grow not only at very high pH and salinity
conditions but also in the presence of elevated concentrations of toxic
elements (e.g. As, Se, Te).
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1 Introduction

The word “volcanic lake” is instinctively linked to
a hot and acidic water body (Christenson et al., this
issue). Indeed this is true in active volcanic systems
where water vapour and acidic magmatic gases
(mainly SO2 and HCl) have the possibility to
directly reach a lake and thedissolutionof thegases
will necessarily lead to high temperatures and very
low pH (<0) values of the lake water (Christenson
and Tassi, this issue). As widely shown in the
previous chapters, such extreme conditions will
consequently lead to very high salinities and unu-
sual chemical compositions do to intense water-
rock interaction processes (Varekamp, this issue).

But, if we look at the compilation of pH values
in volcanic lakes made by Varekamp et al. (2000)
and Marini et al. (2003) we can observe that,
although clustering around a few acidic values,
they span over a wide range with alkaline values
being not too rare. Furthermore, it should be
considered that the compilation is probably
biased towards acidic values because acidic lakes
are both more attractive to study and their regular
survey is important for estimating the activity of
the related volcanic system (Giggenbach 1990;
Rowe et al. 1992; Aguilera et al. 2000; Varekamp
et al. 2000; Marini et al. 2003; Taran et al. 2008).

In some active volcanic areas acidic magmatic
gases do not have the possibility to reach surface
water bodies. This is generally due to the presence
of hydrothermal systems at depth. The most solu-
ble of the magmatic gases (like SO2, HCl and HF)
interacting with the hydrothermal system dissolve
in the liquid phase forming mainly anionic species
(SO4

2−, Cl− and F−). This process leaves the
residual gas phase enriched in CO2. The latter is
also the main component of the gases released in
quiescent or recently extinct volcanic areas.

The fate of the abundant upflow of CO2 upon
interaction with surface water bodies depends on
their chemical and hydrological characteristics.

Carbon dioxide can passively accumulate as dis-
solved gas in the deepest layers of the lakes leading
to dangerous pressure build up that eventually
could evolve in deadly massive gas releases (Ku-
sakabe, this issue; Vaselli et al., this issue). The
most known examples are the fatal episodes hap-
pened at theCameroonian lakesMonoun andNyos
in the 1980s, which led to 37 and more than 1,700
casualties, respectively (Witham 2005; Kusakabe,
this issue and references therein). The abundant
geogenic CO2 also contributes to weathering
reactions within cold or thermal aquifers that
release alkalis and bicarbonate to the groundwater.
Such waters emerging at the surface, together with
the right climatic and hydrological conditions, can
possibly lead to the formation of alkaline lakes.

Alkaline or soda lakes are a peculiar type of
saline lakes whosewaters display pH values above
9andwhose chemical composition is characterised
by Na+ as the main cation and by the presence of
high HCO3

− and CO3
2− contents. Nevertheless,

sometimes the main anionic species are Cl−, or
rarely SO4

2−. In the most extreme cases of evap-
oration (e.g., Magadi Lake, Kenya) the salinity
may reach values at or near halite saturation, and
the concentrations of carbonate may be very high
(up to thousands of meq/l). The pH of such brines
may reach 10–11or evenhigher (Grant andTindall
1986). Trona (NaHCO3·Na2CO3·2H2O) and
Natron (Na2CO3·10H2O) often precipitate in such
environments. Examples of the chemical compo-
sition of alkaline lakes in volcanic areas are dis-
played in Table 1.

One of the most striking features of many soda
lakes is their colour. Depending on the water
chemistry of the individual lakes, they are likely
to be green, pink, red or orange, due to massive
permanent or seasonal blooms of microorganisms
(Grant et al. 1990; Christenson et al., this issue).
This is reflected in the extremely high primary
productivity and wide variety of microbial life
associated with some of these lakes.
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This review chapter highlights the geological,
hydrological and climatic conditions occurring in
the formation of alkaline lakes and the geo-
chemical processes leading to high salinity and
high pH waters. Some case studies in volcanic
areas are discussed and finally, an overview of
the rich and peculiar microbial life in alkaline
lakes is given.

2 Hydrological and Geochemical
Processes in Alkaline Lakes

2.1 Occurrence of Alkaline Lakes

Alkaline lakes are mostly found within closed
(endorheic) basins and their occurrence depends
on the combination of climatic (amount of rain
waters, evaporative processes), geological/topo-
graphic and geochemical (gas-water-rock inter-
actions) factors.

The climate provides an important function in
the water balance of endorheic lakes, because it
regulates the water supply coming into the basin
as rain and runoff, and it determines the evapo-
ration rate. The inflow, generally limited, must be
sufficient to sustain a permanent lake. Arid and
semi arid climates, where potential evaporation is
always higher than the meteoric recharge, are the
ideal location to form saline lakes and conse-
quently alkaline lakes.

Geological/topographic conditions allow, or
do not, the development of a closed basin (mor-
phology of the site = closed basin, presence of
springs, impermeability of shallow strata, absent
or near absent outflow, etc.). Many soda lakes
were formed within volcanic craters or calderas
(e.g., Mono Lake, USA, and Specchio di Venere,
Pantelleria Island, Italy), within a graben in areas
characterised by extensional tectonics (like the
lakes of African Rift Valley, e.g., Natron Lake,
Kenya) or upon abrupt interruption of a riverbed
by lava flows or lahars (e.g., Lake Van, Turkey
Pátzcuaro Lake, Mexico). Furthermore, the pres-
ence of regional tectonic or volcano-tectonic
structures favours the input to the lake of thermal
waters charged with endogenous carbon dioxide,

important in the evolution of alkaline lakes. The
topography can also strongly influence the cli-
mate of the area creating arid conditions due to a
rain shadow. A particular morphology is repre-
sented by the Lonar Lake, in India, that was
formed by a high velocity meteorite impact on
basaltic rocks of the Deccan traps about 50 ka ago
(Wani et al. 2006; Deshmukh et al. 2011).

The chemical composition of rocks (through
weathering), of groundwater, spring or surface
water flowing into the lake, the presence of dis-
solved CO2, and mineral precipitation-dissolu-
tion all control the final chemical composition of
the lake water. According to Spencer et al.
(1990), in the case of evaporative processes,
water assumes a composition that is a function of
the original, initial dilute composition. The
evaporation induces oversaturation and the first
solid phases that are precipitated are alkaline-
earth carbonates. At this stage the ratio between
total dissolved inorganic carbon (TDIC) and the
main alkaline–earth species (Ca2+ and Mg2+) will
be the main parameters that will drive the evo-
lution of the evaporating lake towards an alkaline
composition or not (Hardie and Eugster 1970).

2.2 Water and Solute In-
and Outputs

Four main types of input can generally be
recognised (Volkova 1998; Jones and Deocampo
2003; Aiuppa et al. 2007; Jones et al. 2009):
1. Meteoric recharge occurs either directly to the

lake surface or through the runoff along the
hydrologic basin. Depending on climate, it
could be a more or less important part of the
water input. The solute input is generally
limited for the part attaining to the direct
recharge while runoff could play a significant
role in dissolving previously precipitated salts
along its shores.

2. Focused discharge occurs through springs from
the drainage area or diffuse seeps percolating
slowly through the shores. They can represent
an important part of both water and solute
recharge to the lake. A slow flow rate may
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induce an incipient evaporation of the waters
before they reach the main body. In volcanic
environments such input sometimes derives
from geothermal systems and the water chem-
istry can be modified by precipitation of solid
phases at the spring mouth induced by rapid
changes in physico-chemical conditions (tem-
perature drop, loss of CO2, shifting of redox
equilibria towards more oxidising conditions).

3. Rivers, generally of short length and low
discharge due to the usually small area of their
drainage basin can feed the lake.

4. Undergroundwatersfill aquifers in thedrainage
basins. They discharge into the lake underwater
through springs and seeps.Their contribution in
terms of water and solute input can be variable
and is often difficult to quantify depending on
many geological and hydrological conditions.
As alkaline lakes are found almost always

within closed basins, only three outputs can be
recognized (Jones and Deocampo 2003 and ref-
erences therein, Stumm 2004):
1. Evaporation accounts for the main output of

the lake water, although generally without
losing solutes;

2. Infiltration to the groundwater is generally
limited in terms of water loss and can also be
a significant solute output;

3. Precipitation of solid phases due to oversatu-
ration of the lake waters accounts for the main
loss in solutes (Fig. 1).

2.3 Geochemical Evolution

Waters undergoing evaporative concentration
precipitate a sequence of minerals in order of
increasing solubility. Hardie and Eugster (1970)
and Eugster and Hardie (1978) introduced the
basic concept of “chemical divide” to account for
the evolution of solute concentration during
evaporation.

The whole process is graphically shown in
Fig. 1 which accounts for most natural waters.
The reaching of oversaturation for a few minerals
plays an important role in the water evolution.
The least soluble minerals (i.e. the first to pre-
cipitate) are carbonates (CaCO3 and MgCO3),
followed by gypsum (CaSO4·2H2O). The min-
eral forming ions (both cations and anions) are
removed from the water solution as they con-
tribute to the solid phases. When the mineral
precipitates, the solubility product
(Ks = [X−]·[Y+]) must remain constant and the
more abundant constituent in solution becomes
dominant with respect to the others (i.e. during

Fig. 1 Flow diagram
showing both the
geochemical brine
evolution and mineral
precipitation sequence
during evaporative
phenomena of lake waters.
Solute constituents are
indicated by square
brackets, mineral
precipitates are indicated
by boxes (modified after
Hardie and Eugster 1970;
Eugster and Jones 1979)
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CaCO3 precipitation, if Ca increases the C spe-
cies decrease or vice versa). The outcome of this
process is the generation of three main groups of
brines: alkaline (Na+/HCO3

−
–CO3

2−
–Cl−), sul-

fate-rich (Na+/SO4
2−
–Cl−) and calcium-rich

(Na+–Ca2+/Cl−) brines.
As such, the final composition of the brines

strongly depends on the initial composition of the
dilute water. A small variation of the initial ratio of
the critical components in the dilute water TDIC/
Ca2+ and TDIC/(Ca2+ + Mg2+) may cause drastic
changes in the final brine composition. In turn, the
composition of dilute inflow waters is mainly
inherited from rock alteration. Therefore, there is
an overall relationship between lithology and the
final lake water composition. Each broad type of
lithology is reflected in the composition of the
dilute water which is further amplified by evapo-
rative concentration. In a pioneering study, Gar-
rels and Mackenzie (1967) first evidenced the
strict relationship between igneous rocks and
alkaline brines. High-purity igneous rocks are
composed of silicateminerals being almost devoid
of anionic components (Cl−, SO4

2−). The only
available anion that can balance the cations
derived from the weathering of pure igneous rocks
is HCO3

−, which is, in active and recently extinct
volcanic areas, mainly derived from CO2 of
endogenous origin. Weathering of silicate miner-
als produces HCO3

− and cations through silicate
hydrolysis (Eqs. 1 and 2). The cations produced in
a silicate hydrolysis reaction reflect the cations in
the mineral being weathered. For instance, min-
erals with high Na content would tend to yield Na+

when subjected to hydrolysis. Weathering of
granitic and rhyolitic rocks (or sediments derived
from them) is a common means of producing
alkaline waters, as these rocks are composed pri-
marily of K-feldspar, quartz, and Na-plagioclase,
with generally little Ca (Eq. 1). Therefore,
hydrolysis of granitic and rhyolitic rocks will yield
HCO3

−, Na+, and K+, but minor Ca2+ contents:

CO2 þ H2O þ rhyolite Na-plagioclase; K-feldspar; quartzð Þ
) clay minerals þ Kþ þ Naþ þ HCO�

3

ð1Þ

As a result, waters whose chemistry is con-
trolled by silicate hydrolysis of granitic/rhyolitic
rocks will have HCO3

− ≫ Ca2+. This explains

the presence of alkaline waters in granitic/rhyo-
litic terrains, but such waters are found also in
areas dominated by andesitic/basaltic lithologies
whose weathering reactions can be summarised
as follows:

CO2 þ H2O þ basalt plagioclase; olivine; pyroxeneð Þ
) clay minerals þ Ca2þ þ Mg2þ þ Naþ þ HCO�

3

ð2Þ

In these cases, the silicates are more reactive
due to their smaller grain sizes and to the pres-
ence of mafic minerals and/or volcanic glass
(Jones 1966); the fast silicate weathering rates
lead to a hydroxyl-neutralizing reaction

Ca2þ þ HCO�
3 þ OH� ) CaCO3 # þH2O

ð3Þ
that effectively removes alkaline earths from
solution, and produces alkaline waters (OH−

consumption) (Jones 1966).
Although examples of pH as high as 11–12 in

soda lakes can be found in literature (Grant et al.
1990; Jones et al. 1998) these cases are rare. Pure
sodium carbonate solutions have pH values of
11.3–11.5. The contact with atmospheric CO2

and the presence of other salts, which is the real
situation in the soda lakes, result in lower pH
values. The sodium carbonate/bicarbonate sys-
tem has its maximum buffering capacity in the
pH range 9.5–10.2. Therefore, the most common
pH values for soda lake waters can be expected
to be found within this range, unless other buf-
fering systems are dominating.

A useful tool to represent the compositional
trend of water during evaporation is the Spencer
diagram (Fig. 2): it is a Ca2+, SO4

2−,
HCO3

− + CO3
2− (expressed in equivalent/l) ter-

nary phase diagram in which three compositional
fields, divided by compositional lines (the
“chemical divides”), are indicated. The diagram
shows how inflow waters evolve in composition
due to evaporation and mineral precipitation.
Arrows starting from the composition of the
forming solid phase evidence precipitation pro-
cesses. If calcite is the first mineral to precipitate
(inflow water in the lower right compositional
field), the water evolution always follows a trend
that diverges from the calcite compositional point
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(Fig. 2a) becoming Ca-poor and Na, Cl, SO4-
enriched depending on the initial water compo-
sition. Waters in the Ca–Cl field evolve towards
the Ca vertex as a consequence of SO4 and
HCO3 depletion due to precipitation of calcite
and gypsum. Some examples based on literature
data are shown in Fig. 2b.

Due to evaporative concentration and high
solubility in alkaline environments many trace
elements can reach very high contents in alkaline
hypersaline lakes. This could be of concern for
their often high toxicity (Ochieng et al. 2007).
But sometimes this could lead to elevated con-
centrations of elements of high economic value.
For example Li and REE elements are sometimes
extracted from highly concentrated brines
obtained from the evaporation of the waters of
alkaline lakes.

3 Geographical Distribution

Figure 3 shows the position of the alkaline lakes
that were considered for the present review. As
seen before among the conditions that favour the
formation of an alkaline lake there is the presence
of an arid or semi-arid climate, consequently
there is no surprise to find them prevailingly in

sub-tropical regions. These areas are the site of
high atmospheric pressure feeding divergent
atmospheric circulation cells. The greatest
deserts are all found along this belt (Sahara,
Arabian desert, central Asia deserts, Mexican and
western USA deserts, Namibia, Australian
desert).

The probability for a certain area to host one
or more of these lakes greatly increases if the
area is also endorheic and is, or was in the recent
geological past affected by volcanic activity.
Most of the alkaline lakes considered in this
review are concentrated along the East African
Rift Zone (EARZ hereafter, Lake Magadi and
Lake Bogoria) (Talling et al. 1973; Melack and
Kilham 1974; Jones et al. 1977; Melack 1979;
Macintyre and Melack 1982; Yuretich and Cer-
ling 1983; Renaut et al. 1986; Cerling 1996;
Gizaw 1996; Grant et al. 1999; Deocampo 2005;
Ochieng et al. 2007; Oduor and Schagerl 2007;
Ayenew 2008; Dawson 2008; Ma et al. 2011).

The EARZ is an area of recent intense vol-
canic activity and also represents an endorheic
area stretching about 4,000 km along the eastern
part of Africa. The entire area is filled by thou-
sands of lakes of different sizes. Despite its
position close to the equator, precipitations are
often rare due to a rain-shadow effect. Such

Fig. 2 a The spencer ternary phase diagram with
compositional trends (arrows) of different composition
evaporating waters indicated (see text for explanations);

b some example of inflow waters (initial original com-
position) and lake waters (final composition) based on
literature data
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climatic and hydrologic conditions led to the
formation of many saline lakes, most of which
are also alkaline.

Two other areas in which many alkaline lakes
are present are the south-western part of North
America, e.g. Western USA (Mono Lake and
Albert Lake) and Mexico (Lake Atlacoya)
(Anderson 1958; Castenholz 1960; Jones 1966;
Bischoff et al. 1993; Vilaclara et al. 1993; Jo-
hannesson et al. 1994; Connell and Dreiss 1995;
Neumann and Dreiss 1995; Bischoff et al. 2004;
Oremland et al. 2004; Baesman et al. 2009; Sa-
hajpal et al. 2011) and the central-southern part
of the Andean chain in South America (Laguna
Cachi, Bolivia; Fig. 3). Both areas are within the
volcanically active Ring of Fire around the
Pacific Ocean. In the latter area, which comprises
the territories of Bolivia, Chile and Argentina
(Risacher and Fritz 1991; Risacher et al. 2003),
notwithstanding the necessary hydrologic and
climatic conditions, alkaline lakes are not as
widespread as expected. For example, in their
review on saline lakes of northern Chile, Ris-
acher et al. (2003) state that only one of the
considered 226 lakes and ponds could be clas-
sified as alkaline. The authors ascribe this to the
abundance of both reduced and oxidised volcanic

sulfur species. The alkalinity/calcium ratio of
inflow waters is consequently lowered by the
oxidation of native sulfur (reducing alkalinity)
and the deposition of anhydrite or gypsum
transported by strong winds (increasing Ca
concentration).

Another area where climatic and hydrologic
conditions favour the formation of alkaline lakes
is the central part of Asia (Fig. 3) stretching from
the Caspian Sea in the west to China (Tibet and
Qinghai) in the east (Zheng et al. 1993; Volkova
1998; Zhang et al. 2008; Zheng and Liu 2009).
Unfortunately, the literature on alkaline lakes in
this area focuses on microbiology (Kompantseva
et al. 2007, 2009). Despite the few notices about
these lakes, the connection between the presence
of alkaline lakes and recent volcanic activity of
the area was highlighted by Zheng et al. (1993),
at least for China.

Australia, being for its greatest part arid and
composed of endorheic basins, is the host of
numerous saline lakes, but the geology of the area
does not create the necessary conditions for the
evolution of these lakes towards alkaline condi-
tions. On the contrary, the waters of these lakes
display pH values from strongly acidic to mod-
erately alkaline (1.7–8.6, Bowen and Benison

Fig. 3 Global distribution of soda lakes. Volcanoes of the ring of fire (triangles), soda lakes (circles), arid and semi-
arid zones (light gray and dark gray areas respectively) and endorheic zones (light gray shaded areas ) are indicated
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2009). Most of Australia is formed by a tectoni-
cally stable Archean shield which remained
above sea level exposed to weathering since the
Mesozoic. As a result, the basement rocks are
covered with thick zones of highly-weathered and
chemically-altered regolith. In such geological
framework, sulfide and Fe oxidation strongly
contribute to acid formation following processes
geochemically similar to those active in acid mine
drainage systems (Long et al. 1992; Bowen and
Benison 2009).

Even Antarctica, despite being covered for
more than 99 % of its surface by a permanent ice
cap, hosts some saline lakes (Green and Lyons
2009). Although some of them display pH values
up to 10, no significant relation to volcanic
activity or magmatic rocks has been ascertained.

4 Some Case Studies

4.1 Lake Van (Turkey)

Lake Van (Fig. 4a) is a terminal lake located on
the high plateau of Eastern Anatolia (Turkey) at
1,648 m asl. This area is tectonically highly
active, and earthquakes within the basin and the
surrounding area of Lake Van are very frequent
(Degens et al. 1984). The lake with a surface area
of ca 3,600 km2, a maximum depth of 451 m and
a volume of about 600 km3 is the largest alkaline
lake and, after the drying up of Lake Aral, the
third largest closed basin in the world (Land-
mann et al. 2011). The origin of Lake Van was
ascribed to a remnant of a palaeovalley of the
river Euphrates dammed about 60 ka ago by an

Fig. 4 Photos of selected lakes. a Van, Turkey. b Natron, Tanzania. c Mono, California. d Specchio di Venere (in
Italian Mirror of Venus), Italy. Photos a b, c from http://landsat.gsfc.nasa.gov and d by Walter D’Alessandro
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eruption of Nemrut volcano located about 15 km
west of the Lake Van (Degens and Kurtman
1978; Wong and Degens 1978; Yilmaz et al.
1998 and references there in; Utkutu 2006). Four
composite volcanoes are aligned north of the
lake, from WSW to ENE (Fig. 4a): Nemrut
volcano (2,948 m), considered still active;
Süphan volcano (4,158 m), inactive for several
millennia; the older Meydan volcano (3,290 m);
and Tendurek shield volcano (3,584 m) at the NE
limit of the drainage area, recently active (Aydar
et al. 2003). All tephra layers observed in lake
cores are attributed to Nemrut volcano (Land-
mann et al. 1996) which erupted alkaline trachyte
and basalt lavas, rhyolites and phonolites.

On the other hand, most of the drainage basin
is constituted by volcanic rocks of Süphan vol-
cano while the southern area comprises intrusive
and metamorphic rocks of the Bitlis massif
(Tomonaga et al. 2011). The lake has many
tributaries but more than half of the runoff
(highest discharge in April–May) can be attrib-
uted to Zilan, Bendimahi and Engil rivers (Rei-
mer et al. 2009).

Christol et al. (2008) estimated a loss of
3.6 km3 of water by evaporation and a recharge
of 2.2 km3 by rivers and 1.4 km3 by precipita-
tion. The lake is stratified in summer while in
winter, cooling of the surface water and impact
of winds induces homogeneity of water from 0 to
70 m.

Lake Van is characterised by strong seasonal
oscillations in temperature, precipitation, dis-
solved ions and nutrient input (Kempe 1977;
Huguet et al. 2011 and references therein).
Salinity is around 21 g/kg and pH > 9. Sodium
carbonate and sodium chloride equally contribute
to the lake salinity with minor contribution of
SO4

2−, K+ and Mg2+ (Fig. 5). Calcium results
largely depleted. Water column profiles have
shown an increase in salinity with depth. The lake
floor is characterised by the presence of Tufa
towers, huge carbonate microbialites, up to 40 m
high, probably the largest on Earth reported so far
(Kempe et al. 1991; López-García et al. 2005).
The microbialites are externally covered by mats
of coccoid cyanobacteria that appear to permin-
eralize in situ with aragonite and inorganically

Fig. 5 Piper diagram
showing the types and the
main components of waters
on the basis of
concentration in eq/l
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precipitated calcite, whereas their interiors are
traversed by channels transporting neutral, rela-
tively Ca-enriched spring water flowing into the
highly alkaline Ca-poor lake water. The mixing of
the two water masses locally induces high cal-
cium carbonate oversaturation and hence car-
bonate precipitation.

Waters flowing into the lake are predomi-
nantly bicarbonate with alkaline elements
slightly exceeding alkaline earth elements
(Fig. 6; Reimer et al. 2009). Furthermore, the
diffuse volcanic CO2 soil emission in this area
contributes to maintain the TDIC/(Ca2+ + Mg2+)
of the rivers and springs above 1, driving the lake
chemistry towards alkaline conditions.

4.2 Lake Natron (Tanzania)
and the East African Rift Zone
Lakes

The EARZ is the most extensive (4,000 km),
NNE-SSW elongated, presently active, conti-
nental extensional zone in eastern Africa. The
consequence of the extension-related fracturing
was the formation of two sub parallel elongate
shallow depressions, stretching from Ethiopia to
Tanzania, now filled with volcanic rocks, vol-
cano-clastic sediments, and fresh and saline
lakes. The rift branch topography is characterised
by half-graben basins associated with steeply-
dipping border faults (Dawson 2008; Bergner
et al. 2009; Corti 2009). The EARZ contains

features such as snow-capped Kilimanjaro, the
highest mountain on the African continent;
Ngorongoro, one of the largest calderas on Earth;
and active volcanoes like Nyiragongo, Nyam-
uragira (Tedesco et al. 2011) and Oldoinyo
Lengai (Kervyn et al. 2008), which is unique for
its extrusion of alkali carbonatites.

Most parts of the EARZ can be considered a
closed basin with no obvious outflow where
groundwater and seasonal streams flowing from
the surrounding highlands collect to form (semi)
permanent standing basin lakes. The EARZ lakes
vary in size from large and deep lakes such as
Turkana Lake (6,750 km2 in surface and 109 m
deep, Yuretich and Cerling 1983; Cerling 1996),
to shallow and relatively large lakes such as
Magadi Lake (100 km2 and *1 m depth, Jones
et al. 1977), to many very small lakes.

While some of the lakes aremainly fed by rivers
(Turkana, Baringo, Nakuru, Natron), others
receive a considerable part of the inflow from
springsoften fedbyhydrothermal systems (Logipi,
Bogoria, Elementeita, Magadi). Sometimes, sur-
face evaporation rates exceed the rate of water
inflow allowing the dissolved minerals to concen-
trate into caustic alkaline brineswith a pH up to 12.

Total salts vary from about 5 % in the
northern lakes (Bogoria, Nakuru, Elmenteita,
Sonachi) up to halite saturation (>30 %) in the
southern ones (Magadi and Natron Lakes).
EARZ lake waters are prevalently Na–Cl and
Na–HCO3–CO3 (Fig. 5). The chemistry (Fig. 6)
can be explained in terms of both chemical

Fig. 6 Major ion
triangular plots showing
the compositional evolution
of lake waters from inflow
(crosses) to lake (open
circles). Arrows indicate
the water compositional
trend evolution. Symbols as
in Fig. 2b
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weathering of rocks and evaporative phenomena.
According to Kilham (1971), in the relatively
humid areas along the rift, high temperature and
rain water support the dissolution of the more
soluble minerals of volcanic rocks (e.g. nephe-
line) and, on the contrary, in dry areas weath-
ering is nearly absent and waters initially have a
composition similar to rain water. Consequently,
Na–HCO3–CO3 lakes develop in relatively
humid basins whereas Na–Cl lakes develop in
the more arid basins. Most of the alkalinity is
acquired by hydrolysis of volcanic rocks (Eqs. 1–
3), mainly glass and lavas, generating high con-
centrations of Na+, SiO2 and TDIC, which are
reflected in the Na–CO3 or Na–CO3–Cl type
chemical composition (Figs. 1 and 2) (Jones and
Deocampo 2003). Further concentration of the
lake waters (>30 %) causes the precipitation of
halite, carbonates (trona and gaylussite) or sili-
cates (Na-silicates and zeolites).

Lake Natron (Fig. 4b) is located in a closed
drainage system in northern Tanzania, in the
eastern branch of the East African Rift. The lake
lies at 610 m asl, is 22–35 km wide and 50–75 km
long, with a surface area of about 1,100 km2. The
lake is only 3–4 m deep and the evaporation rate
is up to 20 mm/d (Dawson 2008). The lake is fed
by four rivers: Ewaso Nyiro, Peninj, Moinik and
Engare Sero. It is surrounded by escarpments and
volcanoes. Pliocene to Recent volcanism resulted
in basaltic and trachytic lavas to trachyandesitic
and carbonatitic ashes, most recently originating
from the active volcano Oldoinyo Lengai. Several
mineral-rich hot springs enter on the western and
eastern shores of the lake (Dawson 2008). Its
waters are rich in sodium carbonate/bicarbonate,
NaCl (Figs. 5 and 6) and silica, with a pH near 9.5
(Howell 1972; Dawson 2008 and references
therein). The water of Lake Natron is so rich in
dissolved sodium carbonate that it often feels
viscous to touch.

4.3 Mono Lake (California, USA)

Mono Lake (Fig. 4c), a great endorheic and
monomictic (Christenson et al., this issue) alka-
line salt lake, is located on the western edge of

the Great Basin in northeastern California
bounded to the west by Sierra Nevada fault, to
the north by the Body Hills, to the east by the
Anchorite Hills and Cowtrach Mountains, and to
the south by Long Valley Caldera and other
rhyolitic, andesitic and basaltic volcanoes (Sa-
hajpal et al. 2011). Mono basin itself contains
young volcanic centres: Mono-Inyo craters,
where the lake is located, and Paoha and Negit
Islands inside the lake. The most recent eruptions
in the area occurred at Paoha Island about
200 years ago (Kelleher and Cameron 1990)

Mono Lake is a terminal lake, lies at ca
1,940 m asl, is 25 km wide along its east-west
axis, and has a surface area of 150–180 km2

(depending of the evaporative status) and a
maximum depth of 46 m. Snow melt from Sierra
Nevada (85 %) and perennial hot and cold
springs feed the lake together with a negligible
amount of direct rain waters (Sahajpal et al.
2011, and references therein). Evaporation rep-
resents the main lake (and groundwater) water
loss (Connell and Dreiss 1995).

The lake is fed by both alkaline and acidic
(pH * 6) springs, with different salinities in
function of their origin (Neumann and Dreiss
1995). As in other closed basin lakes, changes in
hydrology strongly affect the water chemistry of
Mono Lake, highlighted by the salinities ranging
from 20 to 100 g/l. Differences are mostly due to
the sampling point (e.g. nearness to more diluted
springs coming from Sierra Nevada) and evapo-
ration processes during the hot season. Mono
Lake waters are strongly alkaline (pH up to 9.8,
Whiticar and Suess 1998), of Na-Cl type (Fig. 6)
and the ion abundance is Na > Cl > HCO3 > SO4.
Potassium is removed by ion exchange in which
K+ displaces Ca2+ in clays or volcanic glasses in
ash layers (Connell and Dreiss 1995). Calcium is
removed by precipitation of ikaite
(CaCO3·6H2O) rather then calcite, whose pre-
cipitation is inhibited by high concentration of
orthophosphate (Bishoff et al. 1993).

Mixing between high-calcium groundwaters
discharging into the lake and high bicarbonate
lake waters causes the development of specta-
cular up to 3 m diameter tufa towers.
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4.4 Specchio di Venere Lake
(Pantelleria Island, Southern
Italy)

Pantelleria Island (Fig. 4d) is a Pleistocene stra-
tovolcano located in the NW–SE trending con-
tinental rift between North Africa and Sicily,
Italy. Pantelleria represents the emerged part of a
836 m asl high volcanic structure, extending
below sea-level to *1,200 m depth. The struc-
tural setting of the island is defined by both
tectonic and volcano-tectonic lineaments includ-
ing regional faults and fractures with the same
orientation as the rift (Boccaletti et al. 1987;
Acocella et al. 2004; Mattia et al. 2007; Rotolo
et al. 2007; Civile et al. 2008; Catalano et al.
2009; Civile et al. 2010). Specchio di Venere
Lake (called also Venere lake or Bagno
dell’Acqua) is a small alkaline saline lake located
in a closed basin on the northern side of Pan-
telleria Island (Azzaro et al. 1983; Dongarrà et al.
1983; Duchi et al. 1994; Aiuppa et al. 2007;
Cangemi et al. 2010; Pecoraino et al. 2011). Its
basin is delimited in the northern part by the
scarp of the Cinque Denti caldera and to the
south by the slopes of domes and cones (Mt
Gelfiser) which are the expression of Holocene
volcanic activity.

Specchio di Venere Lake is sub-squared in
shape, around 450 m long and 350 m wide, and
has a maximum depth of *12 m. The water
depth and the shoreline are subject to seasonal
adjustments as a function of the annual hydro-
logical balance. In the period 1992–1996 its
surface area varied between 0.136 and 0.2 km2

(Aiuppa et al. 2007). Specchio di Venere Lake
can occasionally undergo thermal and chemical
stratification but due to its small water volume
these are generally short lasting events and
atmospheric disturbances such as strong wind are
capable to totally remix its waters (Aiuppa et al.
2007). The lake is mainly fed by rainfall and by
the inflow of thermal springs. The morphology of
the lake floor is quite irregular. In correspon-
dence with springs inflowing at the lake floor, in
particular in the shallow south-western sector,

Cangemi et al. (2010) recognise some structures
related to the formation of siliceous stromatolites.

Lake water presents high Cl− and alkali con-
tents (Fig. 6), high electrical conductivity (up to
40 mS/cm2) and pH values up to 9.3. The high
concentrations in alkali, mainly Na+, are the
result of notable interactions between thermal
waters and Na-rich peralkaline rhyolite (Pan-
tellerite). Due to the small volume of water,
change in hydrological and meteorological/rain-
fall inputs strongly control the composition of
lake waters (Pecoraino et al. 2011).

Despite the large amount of bubbling CO2 and
the high content of HCO3

− in inflowing springs,
the TDIC in lake waters is not very high because
of the intense precipitation of carbonate minerals.
Lake waters are supersaturated with respect to
aragonite, calcite, dolomite, accounting for the
occurrence of aragonite and dolomite and spo-
radically calcite in lake sediments and the car-
bonate layers capping the exposed stromatolites
(Azzaro et al. 1983; Cangemi et al. 2010).

5 Microbial Communities
in Alkaline Lakes

Abundant microbial life is found in alkaline lakes
up to the highest salinities. Because of the unu-
sual characteristics of alkaline, hypersaline
environments their bacterial communities have
been studied for many years, in part in the quest
for commercially valuable biotechnology. These
studies have been summarized by Grant et al.
(1990) and Oren (2002). A wealth of interesting
microorganisms can be found in the soda lakes.
Halophilic and alkaliphilic microorganisms are
found in all three domains of life: Archaea,
Bacteria and Eucarya. They have already made a
large impact in the application of biotechnology
for the manufacturing of mass-market consumer
products. “Biological detergents” contain
enzymes that have usually been obtained from
alkaliphilic or alkalitolerant bacteria. The current
proportion of total world enzyme production
destined for the laundry detergents market
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comfortably exceeds 25 %, and there are other
possible applications in food and waste treatment
industries (Grant et al. 1990).

In those cases in which the total dissolved
salts concentration exceeds 250–300 g/l such as
in Lake Magadi and its solar salterns and in some
of the Wadi Natrun lakes, halophilic and alkali-
philic Archaea of the order Halobacteriales often
impart a red colour to the brines. The occurrence
of red brines is a phenomenon long known in salt
production from sea water. The first descriptions
may date back to about 2700 BC in the ancient
Chinese literature (Oren 2002) and it has been
suggested that the first Plague of Egypt (Exodus
7: 17–25), in which the water of the Nile “turned
into blood”, refers to such red waters. The first
scientific descriptions of red bacteria in brines
were made at the beginning of the 20th century,
although important scientific findings about the
microbiology of alkaline and hypersaline lakes
were obtained since the second half of the pre-
ceding century (Oren 2002).

One of the most impressive characteristics of
alkaline lakes is their extremely high primary
productivity despite the extreme nature of such
environments. Compared to the global mean
gross primary productivity for streams and lakes
(Whittaker and Likens 1972) of about
0.6 g C m−2 day−1, alkaline lakes are character-
ised by productivity rates exceeding
10 g C m−2 day−1 (Talling et al. 1973; Melack
and Kilham 1974). They are probably the most
productive, naturally occurring aquatic environ-
ments, presumably because of the relatively high
ambient temperatures, high light intensities,
availability of phosphate and unlimited access to
CO2 in these carbonate-rich waters (Melack and
Kilham 1974; Grant et al. 1990). They are also
regarded as naturally eutrophic reservoirs and,
like all eutrophic bodies of water, they feature
considerable microbial diversity (Zavarzin et al.
1999). The soda lakes of the EARZ are shown to
support a dense and diverse population of aero-
bic, organotrophic, halophilic, alkaliphilic and
alkali-tolerant representatives of major bacterial
and archaeal phyla (reviewed by Duckworth
et al. 1996; Jones et al. 1998; Grant et al. 1999;
Zavarzin et al. 1999). The primary productivity is

generally due to the presence of dense popula-
tions of cyanobacteria (up to 13,000 cyanobac-
terial filaments per ml, Talling et al. 1973;
Melack and Kilham 1974). In extreme cases, the
blooms may consist almost entirely of one spe-
cies, usually Spirulina sp. These particular cya-
nobacteria are the principal food of the immense
flocks of flamingos that inhabit the Rift Valley.

In contrast to aerobic habitats, the anaerobic
alkaline environments received less attention.
But anaerobic processes have a significant role
because of dissolved O2 shortage consequence of
the very high productivity of these environments
(Jones et al. 1998). Lacustrine muds are black
and anoxic, implying the presence of sulfides and
of specific anaerobic populations of sulfate-
reducing bacteria.

The nutrient cycle in soda lakes is summarised
in Fig. 7 (Jones et al. 1998).

Like in other environments characterised by
extreme ecological conditions also in hypersa-
line, closed basin soda lakes and their remnant
brines microbial life coping with high concen-
trations of toxic elements can be found. Extreme
contents of arsenic occur for example in Mono
Lake (Oremland et al. 2004). Although arsenic is
a well-known toxicant to eukaryotes and pro-
karyotes alike, some prokaryotes have evolved
biochemical mechanisms to exploit arsenic
oxyanions (i.e., arsenate and arsenite); they can
use them either as an electron acceptor for
anaerobic respiration (arsenate), or as an electron
donor (arsenite) to support chemoautotrophic
fixation of CO2 into cell carbon. Despite the
freshwater or marine ecosystems, these processes
may assume quantitative significance with
respect to the carbon cycle in arsenic-rich soda
lakes (Oremland et al. 2004).

Furthermore, it was recently discovered that
also Se- and Te-oxyanions are used as respiratory
electron acceptors to sustain anaerobic growth of
certain bacteria in the sediments of Mono Lake
(Baesman et al. 2009). But most intriguing was
the discovery in the same environment of “a
bacterium that can grow by using arsenic instead
of phosphorus” (Wolfe-Simon et al. 2011).
Although some doubts have meanwhile arisen
about these findings (Foster 2011) it testifies for
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the highly interesting microbial communities
found in such extreme environments.

6 Summary

Alkaline lakes are a peculiar type of saline or
hypersaline lakes characterised by pH values
higher than 9 and whose chemical composition is
characterised by Na+ as the main cation and by
the presence of high HCO3

− and CO3
2− contents,

although sometimes the main anionic species
could be Cl−, or rarely SO4

2−. The evolution of
these lakes towards alkaline conditions is
favoured by an environment in which hydrologic
(endorheic) and climatic (arid or semiarid) factors
cause evaporative concentration of its waters.
Due to the fact that earth-alkaline carbonates are
the first solid phases to reach oversaturation, the
initial ratio between the total dissolved inorganic
carbon (TDIC) to the main earth-alkaline ele-
ments (Ca2+ and Mg2+) of the starting dilute
waters is very important in driving the subsequent
evolution of the lake waters. TDIC/(Ca2++Mg2+)
ratios much higher than 1 will leave the waters
enriched in TDIC and devoid of Ca2+ and Mg2+

which is the typical composition of alkaline lakes.
If the necessary hydrologic and climatic condi-
tions are present, quiescent or recently extinct

volcanic areas are the most favourable candidates
in hosting waters that will evolve towards alkaline
conditions. In these areas, where acidic magmatic
gases do not have the possibility to reach the lake
waters, there is an abundant input of endogenous
CO2 that will contribute to the increase of TDIC
and the weathering of the volcanic silicate rocks
will release to the waters prevailingly alkaline
elements either because earth-alkaline elements
are rare (silicic rocks) or are scarcely mobile
(mafic rocks).

Alkaline lakes are also characterised by
abundant and diversified microbial life. They are
among the most productive, naturally occurring
aquatic environments. Productivity rates
exceeding 10 g C m−2 day−1 are sustained by
euthrophic conditions, relatively high ambient
temperatures, high light intensities and unlimited
access to CO2. Microbes living in alkaline lakes
have found applications in the production of
enzymes for detergents, as animal feed (Spiru-
lina) and for waste treatment industries.

Due to evaporative concentration and high
solubility in alkaline environments many trace
elements can reach very high contents in alkaline
hypersaline lakes. This could be of environ-
mental concern in the case of toxic elements but
also represent an important mineral resource (Li,
B, REE).

Fig. 7 Flow diagram of
the nutrient cycle in soda
lakes (modified after Jones
et al. 1998)
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