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ABSTRACT

Unlike what most people think, inland sal waters are quite many and widespread all over the world. Mostly
located in semi-arid regions’ endorheic basins, they also can be found at high latitudes (e.g., Antarctica). Inland
saline water differs from sea water not only in their total dissolved salt content but alse in the ionic composition
and fonic rates. In this paper we present useful definitions, methodology and ideas related to inland salt lakes.
Moreover, inland salt waters are presented as a unique ecosystem for macroscopie (sensy Margalef, 1978; 1931)
ecological studies and as a potential source of natural resources e.g. salts, aquatic organisms such as algae
{Spirulina, Dunaliella) and aquatic invertebrates (Artemia, corixid éggs —the Mexican ahuautle—), etcetera.
KEY WORDS: Athalassohaline lakes, saline lakes, inland waters, salinity, definition, methodology.

RESUMEN

Contrariamente a lo que la mayoria de la gente piensa, los depésitos acudticos salinos epicontinentales son muy
numerososy estdn ampliamente distribuides en todo el mundo. Aunque la mayor parte est4 loealizada en cuencas
endorreicas de regiones semi-dridas, también pueden encontrarse en altas latitudes (p.e. en la Antértida). Las
aguas salinas epicontinentales difieren de las marinas no s6lo en la concentracién total de sales disueltas, sino
también en su composicién iénica y en las relaciones entre éstos. En el presente trabajo se exponen definiciones,
metodologfas y elementos ttiles para reconocer el coneepto de salinidad en las aguas epicontinentales. Ademés,
se presentan las aguas salinas epicontinentales como un ecosistema vinico para llevar a cabo estudios ecoldgicos
macroscépicos (sensu Margalef 1978, 1981), asf como una fuente potencial de recursos naturales, p.e. sales
diversas, organismos acuticos como algas (Spirulina, Dunaliella) e invertebrados (Artemia, huevos de corfxido
-el ahuautle mexicano), etcétera.

PALAERAS CLAVE: Lagos atalasohalinos, lagos salinos, aguas epicontinentales, salinidad, definicién, metodologfa.

INTRODUCTION scarcely hold ephemeral salty water bodies,
while endorheic one harbor most of the
There are four types of drainage sys- S5aline waters in the world (Fig. 1). In Mex-
tems Geyly & Willams, 1073: oo £ her soe several szampleof endor
ions, where much of the rai ds i ' "
;fgr ba’ck to tllrl:e sea, Ml:e?:f:epgﬁnm, 1; r(:):la.rci:iagul}em, .thezMexico basin, and the
which little or no precipitation occurs or in riental basin (Fig. 2).
which none is carried off superficially; en- Many chemicals dissolve in rainwater
dorheic regions, in which precipitation as they pass through the atmosphere, and
never reaches the sea; and cryptorheic sys- o picked up as the water washes
tem or underground waters. over plants and rocks and percolates
. . through the ground before running into
Salts, marine or non-marine, are UsU-  rivers and lakes (Burgis & Morris, 1987). If
ally concentrated in the second and third 5 Jake is located in a close or endorheic
drainage systems. The arheic regions basin, the water is lost by evapo-transpira-
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tion but the salts do not, and concentrates
in the remaining water. This process is
more evident in semi-arid regions where
the salt lakes are most generally located
(Williams, 1989), but the freezing of water
is also a very important agent in originat-
ing this type of water.

Freshwater has an average salinity of
0.2 g1}, while marine water reaches amean
value of 34 gI'\. Within this range, there are
the so called "brackish waters", classified
as oligohaline (0.1 to 1-2 gCl I')), meso-
haline (1-2 to 10 gC11"!) and polihaline (10
to 17gC11"), being S%o = 2 Cl%. (Margalef,
1983).

Some authors think that the term
"brackish" should be used strictly for dilute
sea water (Bayly, 1969) or mixtures of fresh
and marine waters, although there have
been several unfruitful symposia that have
discussed this matter (Venice in 1958 and
Israel in 1968, both quoted in Williams,
1981a).

“Inland water" is another disputed
term. According to Bayly (1967 ir. Bayly,
1991) the strongest connotation of "inland
waters” is in the sense of "remoteness from
the sea". Thus he proposed a neutral term
“athalassic” (Gk. e, not; thalassa, sea) to
include "waters associated with land, irre-
spective of their salinity or position relative
to coastline, which have never been joined

to the sea during geologically recent times".
On the other hand, "thalassic” waters are
restricted to marine waters.

Athalassic saline waters are simple
called "athalassohaline waters" describing
non-marine waters with an appreciable
salt content. This term was first introduced
by Bond (1935 quoted by Hutchinson, 1957)
concerning "inland saline lakes rich in ani-
ons (excepting CI') and frequently in cat-
ions (excepting Na*)", but Bayly’s term has
no connotation concerning ionic propor-
tions,

Cole (1979), refers to NaCl rich waters
similar to marine concentrations or diluted
marine waters (brackish) as "thalasso-
haline", while "athalassohaline waters"
have different ionic composition. According
to Margalef (1983), "thalassohaline” waters
are the last stage in the concentration of
marine waters.

The limit between freshwater and
"athalassohaline water" has been estab-
lished by Williams (1964) at 3 gl aithough
others refer to 5 gl’! (Burgis & Morris,
1987). Beadle (1969) expresses that "set-
ting a salinity limit to freshwater is thus a
very arbitrary proceeding” but later Beadle
(1974) proposed 5 gI'! Nevertheless, Ham-
mer et al. (1990), support Williams’ limit
and classified "athalassic saline waters"
(Hammer et al., 1983) as hyposaline (3-20

Figure 1. Distribution of natural salt lakes. The shadow areas are mostly arid/semi-arid and endorheic.
(Modified from Williams, 1986).
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Figure 2. Allocation of the most important endorheic basins in Mexico. (Modified from Reyes, 1979).

g.l'l), meschaline (20-50 gl}) and hyper-
-~ saline (>50 gI'}).

Besides the above information, the as-
tatie, variable and unstable physical and
chemical nature of most inland saline wa-
ters compared with freshwater or marine
environments turn them into a different

and unique environment (Williams,
1981a).
METHODS FOR MEASURING

SALINITY IN INLAND WATERS

Knudsen (1901 in Riley & Chester,
1971) defined salinity (S%o) as "the weight
in grams of the dissolved inorganic matter
in one kilogram of sea water after all bro-
mide and iodide have been replaced by the
equivalent amount of chloride, and all car-
bonate converted to oxide. The total salt
content is about 0.45% greater than its
salinity, defined in this way", when com-
pared with electrical conductivity as a sa-
linity measure.

Since the linear relationship among
density, salinity and chloride + bromide
content, chlorinity (Cl%c) —the mass in
grams of chlorine equivalent to the mass of
halogens contained in one kilogram of sea
water— is been used for measuring salinity
(8%o0 = 0.03 + 1.8050 Cl%.). Methodological
advances has lead to define salinity accord-

ing to electrical conductivity (Riley & Ches-
ter, 1971).

Inland water salinity is defined by Mar-
galef (1983), as the quantity of the solids
dissolved in one kilogram of water, ex-
pressed in grams.

Inland water salinity estimations are
carried out mainly as Total Dissolved Solids
(TDS) at different evaporation tempera-
tures (103°C, 105°C, 110°C or 180°C), and
secondly by electrical conductivity or by
measuring specific gravity (hydrometer).

The technique for TDS can be found as
technique 209B of the Standard Methods
(APHA et al., 1985) or as technique D-1888-
78, particulate and dissolved matter, solids,
or residue in water of the ASTM Standards
(ASTM, 1989); the electrical conductivity
methed as technique 210A (APHA ef aol.
1985) or D-1125-82 (ASTM, 1989); and the
hydrometric 210B (APHA et al., 1985) or
specific gravity method D-1429-86 (ASTM,
1989).

It is frequently very useful to analyze
not only salinity but also main ienic con-
stituents (K¥, Na*, Ca™, Mg®*, CI', S04,
COs* and HCOg) and other ions such as
borates or silicates that are abundant in
some waters. The best way to determine
ionic composition of water is by atomic ab-
sorption and flame spectrophotometry and
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ionic chromatography (APHA et al., 1985;
ASTM 1989).

INLAND SALINE, WATERS
COMPOSITION

To recognize inland saline waters it is
necessary to establish first what is known
as common or standard freshwater, Living-
stone (1963), ealculated the world’s rivers
mean salt concentration in 120 ppm —as
total dissolved solids (TDS)—, while Rodhé
(1949), established the standard water
composition (% in mEq) as follows:

ANIONS CATIONS
COs%+HOOg 743 Ca®* 63.5
S04 15.6 Mg** 175
or 101 Na* 15.8
K* 34
100
TOTAL TOTAL 100

The usual ionic preponderance of sur-
face waters is: catmns CaZ >Mg2+
Na*>K* and anions COs%>HCO3>S04>
>CI, for a mean salinity of 120 mgl
(Wetzel, 1975). There are many factors
modifying inland waters ionic composition,
such as climate (hydric balance, evapora-
tion-precipitation rate), geography (soil at-
tributes), topography (drainage/catchment
basin characteristics), biological activity
(differential ionic uptake, biclogical-in-
duced galt precipitation) and time —age—
(volume abatement, concentration, differ-
ential salt precipitation). Nevertheless,
freshwater is characterized by d11uted con-
centrations of HCOz", COg% , SO4% and CI
of alkaline (Na & K) and alkaline-earth
metals (Ca & Mg).

There are three main types of saline
water (Hutchinson, 1957) according to an-
jonic dominance: carbonate and bicarbon-
ate (FHCOgz, CO3%), sulfate (S047) and

chloride waters (CI'), although many inter-
mediate mixtures can be found.

~As standard freshwater evaporates,
CaCOg precipitates enriching itself propor-
tionally in C1" and SO47; later CaS04.2H20
{gypsum) precipitates enriching itself in
CI. In this way, the water passes from
carbonate to sulphate-chloride and to chlo-
ride water.

If the bicarbonate concentration is high
and the concentration of the alkaline and
the alkaline-earth metals are similar, after
all the CaCO3 and most of the CaS04.2H=0
have been precipitated, the main salts re-
maining in solution are NazCOz and
Nag(HCOg)2, resulting in earbonate or car-
bonate-chloride water (Hutchinson, 1957).

When marine water is evaporated —hy-
persaline waters— the ionic rates are al-
fered by differential salt precipitation
processes modifying the ealcium concentra-
tion and therefore the pH. If evaporation
contimies, non-marine saline waters are
produced (athalassohaline). During the
last concentration stages, sodium and mag-
nesium became the dominant cations; nev-
ertheless magnesium salts are more
soluble than those with sodium, thus en-
riching the water in magnesium (Margalef,
1983).

The differences between athalasso-
haline waters are given by total concentra-
tion and the quantitative relationships
among the total ionic sa]J.mty different con-
stitutive elements [(Ca , Mg?*, Na* &
K"+(HCOg", CO3%, 804> & Chl.

Most of saline waters are different in
ionic composition from marine waters.
Usually, the closer the body of water is to
the coastline, the higher its sodium concen-
tration is, and the farther it is from the
coastline the higher is its caleium and mag-
nesium concentration (Hutchinson, 1957).
Nevertheless, the farfrom-the-sea Cas-
pian (Azerbaijan, Russian Federation,



Kazakhstan, Turkmenistan, Iran) and Aral
{Uzbekistan, Kazakhstan) Seas resemble
dilute seawater but with a higher sulphate
and magnesium concentration; however, on
the other hand, the hypersaline Dead Sea
(Israel) is dominated by magnesium chlo-
ride (MgClpe) instead of sodium chloride
(NaCl) as seawater (Margalef, 1983). Thus,
generally speaking, sodium chloride type
inland sattlakes parallel seawater but with
a higher sulfate concentration. Alchichica
and Atexcac in Puebla are good examples
(Vilaclara et al., 1993}, but the neighboring
El Carmen -Totolcingo- lageon has sodium
carbonate and sodium bicarbonate as domi-
nant salts.

According to Cole (1979), out of the rela-
tive solubility of some compounds in distil-
late water at 10°C, the solubility of NaCl
being equal to 1, the theoretical order of salt
precipitation formed with the most abun-
dant ions of inland waters is as follows (the
relative solubility is showed in brackets).

The first salts to precipitate are CaCOs3
and MgCOs (0.0004), increasing the rela-
tive SO42" and CI content in the remaining
liquid phase. CaSO4 (0.008) is the next salt
to precipitate enriching the Na* and Mg®*
relative content. These three species are
characteristic of dilute waters due to their
low solubility. Following in the precipita-
tion order, Na2S0y4 (0.3) increases the rela-
tive content in CI'. If there is still 0032', the
next salt in precipitating is NazCOQs (0.4)
and after it, MgSO4 (0.9). Finally the only
salt remaining is NaCl (1.0). Although
MgClz (1.3) and CaClsg (1.5) have the high-
est relative solublhty values, at this stage
neither Ca®* nor Mg'z+ remain free, both
having been previously complexed and pre-
cipitated jointly with COs® and SO4Z.

The Dead Sea (Cole, 1979) is one of the
uncommonest places where the MgClz
(64%) and the CaClz (36%) can be found; it
reaches up to 285 gl ! (Margalef, 1983). The
most soluble salt (CaClg) is scarcely found
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in nature because Ca* is precipitated first
as CaCOs (e.g. Don Juan Pond, Antarctica).

The main type of thalassohaline lakes
are the salterns (NaCl)’ and the bitterns
(represented by Br** and Mg2+ salts).
These two types of lakes are formed when
most of the marine salts have been precipi-
tated. On the cther hand, the main types of
athalassohaline lakes are dilute waters of
Ca003 *and CaSO4 (these waters do not
exist in concentrated form), marl lakes
(CaCO3 and Mg@Oa) , soda or alkaline

lakes (Na2COs3) patash lakes (KzCOs) s
sulphate lakes (CaSO4) , sodium-sulfate
lakes (NazSO4) , borax 1akes (Na2B407)

and, finally, the tnple water type with snm—
lar concentrations of COs%, Cl- and S04%
{Cole, 1979; Hutchinson, 1957). Lakes
marked by one asterisk (*) are generally
known as soda lakes, by two asterisks (**)
as carbonate lakes and by three asterisks
(***} as sulphate lakes.

According to Hutchinson (1957), chlo-
ride-carbonate waters are developed by
bacterial reduction of SO4 te H2S within
bottom mud when they are exposed to air
during low water level periods. It leadstoa
proportional enriching in COgz and Cl; the
latter ion is usually carried by the wind
from marine areas. Sulfate-chloride waters
originate by normal CaCOs prec1p1tat10n
leading to a predominance of S04% and CI'.

MACROSCOPIC STUDIES IN
INLAND SALINE LAKES

The research of the attributes of ecosys-
tems in toto provides significant informa-
tion concerning their functioning. Margalef
(1978, 1981) coined the term "macroscopic”
in the design of this type of study. There is
an inherent tendency (Margalef, 1963 &
1978, Odum, 1969} in ecosystem homeosta-
sis maximization against environmental
fluctuations; this change results in the in-
crease of the complexity of ecosystems from
an instable low complexity to a stable more
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complex ecosystem (Margalef, 1977 &
1983).

Unfortunately, natural succession takes
long periods of time and the extrapolation
of experimental ecosystems (microcosms)is
highly criticized. Nevertheless, athalasso-
haline lakes are exposed to a wide range of
environmental stress and perturbation,
mainly expressed by salinity, resulting in
ample spectra of stability and degree of
complexity. This fact provides the tools for
the examination and testing of the concept
of the macroscopic attributes of ecosystems
(Alcocer & Williams, 1993; Williams, 1972,
1981b & 1993).

Whole-ecosystem studies in freshwater
are difficult and complex undertakings due
to the great diversity of species involved,
habitat heterogeneity, the lack of discreet-
ness (no delimitation), and the complexity
of trophic relationships (Williams, 1981a).
In athalassohaline waters the former diffi-
culties are minimized as follow (Cole, 1979;
Bayly & Williams, 1973; Williams, 1972,
1981a & 1981bh).

Inland salt waters have greatly de-
creased the diversity of species (H’ = 1/S%.);
highly saline lakes lack fish and macro-
phytes or at least its diversity is greatly
reduced. Once eliminated most of the biotic
components, the complexity of the trophic
relationships is lessened and thereby the
trophic-dynamic studies can be hastened.

Common shallowness of most salt wa-
ters exposed to the action of wind, mix the
water throughout the volume of the lake.
Therefore, substrate, and physical, chemi-
cal and biological stratification is avoided
both vertically and horizontally. Inland salt
lakes are the final water stage of endorheic
basins. As a terminus lake, it is a closed
system (no outlet) or, by definition, more
discrete (well delimited) than any other
ecosystem of similar size.

Doubtless, Lake Texcoco is the most
studied Mexican saline lake. The first re-
port we have of limnological studies carried
out in Mexican inland salt lakes is the
observation of the changes in the water
level and the formation of a seiche in Lake
Texcoco priorto 1519 {Deevey, 1957) and its
salt content (Virlet d’Acust, 1865 in Wil-
liams, 1986), as well as the description of
the biota of the Mexico’s basin lake complex
(Alcocer-Durand & Escobar-Briones, 1991,
Alcocer et al., 1993).

Moreover, a suitable Mexican example
to carrying out macroscopic studies on
athalassohaline waters of different com-
plexity is found in the crater-lakes of Los
Llanos de Puebla (Alcocer & Escobar,
1990). Probably, another case could be
found in the crater-lakes of the Valle de
Santiago, Guanajuato.

INLAND SALINE LAKES AS A
NATURAL RESOURCE

In Mézico, the saline Lake Texcoco has
been a very important place for exploiting
aquatic resources. The Aztecs obtained
fish, waterfowl, aquatic insects, from Lake
Texcoco and otherlakes of the Mexico basin
as are depicted in the ancient Nahuatl
codexes (Alcocer-Durand & Escobar-Brio-
nes, 1991, Alcocer et al., 1993).

The main resources obtained from Lake
Texcoco have been sodium chloride and so-
dium carbonate ("tequixquitl™); the blue-
green algae Spirulina ("tecuitlatl"); the
adults ("axayacatl") and eggs ("ahuautli™
of corixid insects; the adults ("amoyotl",
"moyotl” or "muyutl”), pupae ("puxi” or
"poxi”) and larvae ("izcahuitl") of ephydrid
insects; the goodeid fish Gyrardinichthys
spp ("mextlapique” or "cuitlapetlatl”); and
waterfowl (jointly named "canauhtli"} as
mentioned by Alcocer-Durand and Escobar-
Briones (1992).

Williams (1981a) has established a wide
range of economically exploited resources



of salt lakes such as the following. One of
the most important products extracted
from inland mineral waters are salts. Bo-
rax (sodium borate), soda-ash (sodium car-
bonate), sodium sulphate and halite
(sodium chloride) have long been obtained
from salt lake sediments.

From clastic sediments certain types of
clay can be obtained. Evaporative sedi-
ments (evaporites) have also been greatly
exploited as a source of trona (sodium ses-
quicarbonate), soda-ash, gypsum (calcium
sulphate), thenardite (sodium sulphate),
halite, borates, lithium, zeolites (silicates),
and recently uranium. Brines have also
been exploited since ancient times to obtain
potash (potassium chloride) and other salts
similar to those extracted from evaporites,

Nowadays less-saline lakes are being
coneidered for the irrigation of some salt-
tolerant crop species. Highly saline waters
cannot be considered for irrigation pur-
poses but for aquaculture. Fish and inver-
tebrate cultures are growing all over the
world. Artemia salina is widely used as a
live food for fish fry in aquaculture and for
aquariums. Cultures of the algae Spirulina
(e.g., Mexico and Africa) and Aphanothece
halophytica could provide protein-rich food
for animal and human consumption. An-
other salt lake algae, Dunaliella salina, is
been cultured as a source of beta-carctene
(source of provitamin A) (Alcocer & Wil-
liams, 1993, Williams, 1993).

Finally, grazing in arid and semi-arid
areas of Mexico, specially by domesticated
mammals (sheep and catle), become mani-
fest in changes to run-off patterns. The
clearing of deep-rooted trees and its re-
placement by shallow-rooted grasses and
crop species frequently has led to changes
in local hydrology. These changes lead to
changes in the salinity and seasonality of
run-off. Underlying groundwaters (often
saline) may approach the land surface
where capillarity action alone causes it to
reach the surface (Alcocer & Williams,
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1993; Williams, 1993). The soil salinization
phenomena is multiplied when erop land is
watering with salt-rich water, leading to
salinization and sodicity problems (Ez-
curra & Montafia, 1990; Toledo, 1990).
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