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Abstract The chemical analysis of the water of Gaet’ale Pond, a small water body located

in Danakil Depression, Ethiopia, resulted to be the most saline water body on earth with

total dissolved solids (TDS) of 433 g kg-1. The composition of the water indicates the

predominance of two main salts: CaCl2 and MgCl2 at a proportion of Ca:Mg = 3.1 (w/w).

Traces of K?, Na? and NO3
- are also detected, as well as Fe(III) complexes that give the

water a characteristic yellow color. Density measurements, elemental analysis, thermo-

gravimetrical analysis (TGA) and powder X-ray diffraction data are consistent with the

composition and salinity determined. The water of this pond has a similar composition to

Don Juan Pond, Antarctica, but a higher salinity, which can be explained in terms of

temperature and solubility of the main components.
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1 Introduction

A saline lake is a closed water body that contains a significant concentration of salts

([3 g L-1). Saline lakes can be originated from marine environments by evaporation;

hence, their composition of salts is similar to that of seawater and is then said to have a

thalassohaline origin. The second type of saline lakes is those originated by dissolution of

preexisting salt deposits or saline soils. In this case, such basins generally have a chemical

composition different than that of seawater (Meybeck 1995), i.e., their origin is

athalassohaline.
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When the concentration of salts is particularly high, the deposit is called hypersaline

lake. They contain saline levels much higher than those of ocean water (3.5%). Table 1

gives some information about the chemical composition for some of the most saline water

bodies of the world.

Hypersaline lakes are a source of minerals, so they have always been interesting from

the geological point of view, but in addition, they have also attracted the attention of

biologists. In fact, these water bodies are unique ecological environments that can host an

interesting biodiversity (Green and Lyons 2009). Particularly, halophilic bacteria have

been reported to be specially abundant in saline waters (Ventosa and Arahal 2009).

Moreover, study of life in extreme conditions has a special interest for the field of exo-

biology since they can recreate environments present out of our planet (Horneck and

Baumstark-Khan 2002). Also, some saline lakes and seas have been exploited as spa

therapy centers and by the cosmetic industry. The most remarkable example is the Dead

Sea (Riyaz and Arakkal 2011).

Don Juan Pond is a small and shallow lake located in the Wright Valley, within the area

of the McMurdo Dry Valleys, Antarctica. It does not have any inlet or outlet. It has a size

of 300 9 100 m and a depth of approx. 10 cm (Torii et al. 1980). It is considered to be the

most saline water body on earth with a maximum salinity of 403 g of salt per kilogram of

water. Its main component is CaCl2 (ca. 95%), and it also contains a small amount of

MgCl2 (1–2%). It is proposed that the pond is originated as a discharge zone for a regional

groundwater originated beneath the east Antarctic ice sheet (Cartwright and Harris 1978).

Lake Vanda is also located in the Wright Valley, at about 9 km east of Don Juan Pond.

Salinity of this lake is highly dependent on depth, and the main component is CaCl2
(Angino and Armitage 1963), which is originated from the same source (Green and Lyons

2009) than Don Juan Pond.

Table 1 Salinity and composition of some of the most saline water bodies on earth

Name Location Salinity
(%)

Main
components
([10%)

Reference

Don Juan
Pond

Antarctica 24–40 CaCl2 Torii et al. (1980) and Torii and Osaka (1965)

Kara-
Bogaz-
Gol

Turkmenistan 27–35 NaCl Meybeck (1995) and Kosarev et al. (2009)

Lake
Assal

Djibouti Max.
30.4

NaCl Meybeck (1995)

Dead Sea Israel/Jordan 29.8 MgCl2, NaCl,
CaCl2

Meybeck (1995) and Steinhorn (1983)

Great
Salt
Lake

USA 28.5 NaCl Meybeck (1995) and Utah Water Research
Laboratory ( 1972)

Lake
Urmia

Iran 24 NaCl Alipour (2006)

Lake
Vanda

Antarctica Max. 12 CaCl2, MgCl2,
NaCl

Torii et al. (1980), Angino and Armitage ( 1963)
and Green and Lyons ( 2009)
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Kara-Bogaz-Gol is a large lagoon located to the east of the Caspian Sea. It receives

water from the latter through a strait. The high levels of evaporation concentrate the salt in

the water to values up to 35% (Kosarev et al. 2009). Lake Assal in Djibouti has a similar

salinity as Kara-Bogaz-Gol. It is located in the Rift Valley in a cryptodepression, well

below the sea level. Its water is also of marine origin, but in this case the seawater seeps

and it is directly evaporated by a geothermal heat source (Meybeck 1995). The Dead Sea,

Great Salt Lake and Lake Urmia (Steinhorn 1983; Utah Water Research Laboratory 1972;

Alipour 2006) are tectonic-origin hypersaline lakes with no outlet. The water composition

is very similar to that of the ocean except for Dead Sea: MgCl2 (50.3%), NaCl (30.1%),

CaCl2 (14.3%) (Steinhorn 1983).

The Danakil Depression is an area of intense volcanic activity located at the northern

part of the Rift Valley, on the border between Eritrea and Ethiopia. It is part of the Afar

Depression originated from the junction of three tectonic plates. It is one of the hottest and

driest places on earth. It also includes Dallol springs near Dallol crater (Ethiopia), a

remarkable geological phenomenon, where meteoric water enters a salt dome where it

saturates. Subsequently, it is heated by conduction from a cooling intrusion and creates hot

hypersaline brine (salinity up to 420 g kg-1, rich in Na?, Mg2? and Cl-). The overflow of

this brine causes salt mounds (Hochstein and Browne 2000). Nowadays, the beauty of this

phenomenon has converted Dallol into a tourist attraction of Ethiopia. This area is also

known for having significant deposits of potash and has attracted the interest of the mining

industry (Gebresilassie et al. 2011). Figure 1 shows the location of Dallol within Ethiopia

and details of the area.

At about 4 km southeast of Dallol springs, there are a set of small brine ponds. The

biggest of them is commonly known as Gaet’ale (Fig. 2). This pond is located over a hot

spring, and for this reason its water is warmer than the environment (50–60 �C) and

bubbling. According to people living in the nearby village of Ahmed’ela, the thermal

spring was reactivated and the lake originated following an earthquake in January 2005

(Master 2016).

Gaet’ale Pond is crescent-shaped with ca. 60 m diameter; the GPS coordinates are

14�12047.100N and 40�19017.300E. Its water (Fig. 3) has a yellowish color, and it is also oily,

likely due to high concentration of salts (Master 2016). The water of this lake is used by the

locals as a body oil so it may have a potential interest from the cosmetic industry point of

Fig. 1 Left: location of Dallol within the map of Ethiopia. Right: Google Earth view of the area (red
rectangle from the left image)
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view. Very scarce reports about the chemical composition of its waters are found in the

literature. (Gebresilassie et al. 2011) reported TDS values between 96.4 and 110.4 ppm.

They also detected the presence of sulfate, sulfide and organic carbon in low concentra-

tions. No further reports about the salinity and composition are found. In this paper, we

present a detailed chemical analysis of the major ions dissolved in the water of Gaet’ale

pond to provide information about a hypersaline environment relatively unknown until

now. Thus, this pond can be envisaged the object of future researches in the field of

microbiology, exobiology, or even cosmetic industry.

2 Materials and Methods

Date of sampling was on March 4, 2014. Only one sample was collected because it was the

maximum allowed to us by the local inhabitants. The sample was collected directly from

the surface, at the edge of the pond in a PET bottle previously rinsed. The sample was

transferred to a glass bottle and capped with a stopper. It was stored at room temperature

Fig. 2 Images of Gaet’ale Pond. Left: Google Earth view. Right: general view of the Pond

Fig. 3 Water of Gaet’ale Pond.
Notice some precipitate at the
bottom caused by lowering the
temperature
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conditions (20–25 �C). During transport and storage, a small amount of needle-shaped

crystals precipitated on the bottom of the bottle, most likely due to the decrease in the

solubility of the salts at lower temperature.

Density of the water was determined by weighing the mass contained in a 100-mL

weighing bottle at room temperature (25.5 �C). The value obtained was 1.42 g mL-1. The

water (namely wet sample) was dried in a rotary evaporator at 70 �C. A pale yellow solid is

obtained. This solid is highly hygroscopic, so it had to be stored under hermetic conditions;

it corresponds to 70.9% (w/w) of the total wet sample. pH of the wet sample was deter-

mined using a Jenway 3505 pH meter previously calibrated with two commercial buffers at

pH = 4 and 7. A value of 1.7 was obtained.

Prior to any analysis, wet sample was heated to redissolve the crystals precipitated and

diluted in distilled water. Dilution was done in volumetric flasks by accurately weighing

the sample. Quantification of anions was carried out from the wet sample using an ion

chromatograph (IC) Dionex DX-100. Chloride, nitrate, nitrite, sulfate and phosphate were

targeted. Mostly Cl- and traces of NO3
- are detected. Quantification of cations was done

by inductively coupled plasma-optical emission spectrometry (ICP-OES).

Quantification of cations was done as follows: In a preliminary analysis, relative

amounts of Si, Al, Li, Ca, Mg, K, Na were determined using a PerkinElmer Optima

2000DV ICP-OES (detection limit was\0.01 g kg-1 in the wet sample). Total Ca2? and

Mg2? were determined using a VARIAN 125-EZ ICP-OES.

The dry sample was analyzed for carbon, nitrogen, hydrogen and sulfur using a EA

1112 Flash 20 CHNS/O-analyzer. This elemental analysis technique consists of calcining

the sample in an oxidative atmosphere and quantifying the combustion gases obtained by

gas chromatography.

Further tests were done to the sample to obtain additional proofs of the composition

such as thermogravimetrical analysis (TGA) and powder X-ray diffraction (PXRD).

3 Results

The target of the analysis was the major ions dissolved in the water. Out of the targeted

cations, mostly Ca2? and Mg2? were detected along with traces of Na? and K?. From the

PerkinElmer ICP-OES, the following (w/w) ratios were determined: Ca:Mg = 3.15;

Ca:K = 45.6; Ca:Na = 86.7. Concentration of Ca2? and Mg2? in the wet sample deter-

mined by the VARIAN ICP-OES was 109 and 34.9 g kg-1, respectively. From these

values and the ratios determined above, the absolute amounts of Na? and K? can be

calculated. Measurements were taken in triplicate. A 2% uncertainty for the determination

of ions is estimated from the standard deviation and a coverage factor k = 2.

No detectable amounts of C, N and S were obtained by CHNS elemental analysis. The

dry sample contained a proportion of hydrogen in %(w/w) of 4.09 ± 0.17. This hydrogen

most likely accounts for crystallization water of CaCl2 and MgCl2.

A summary of the chemical analysis of the wet sample (anions, cations and water) is

presented in Table 2.

The chemical analysis indicates that the water of Gaet’ale Pond has a total salinity of

43.3 ± 0.9%. It is mainly composed by CaCl2 and MgCl2, accounting for ca 98% of the

total dissolved solids. Traces of K?, Na? and NO3
- are also detected. No any other of the

targeted cations or anions are detected. NO3
- was detected by ICP-OES but not detected
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by elemental analysis probably because 3.9 g kg-1 accounts only for 0.5% of the dry

sample, which is lower than the detection limit of CHNS analyzer.

TGA profile was also obtained for the wet sample resulting in mass losses at 120, 170

and 200 �C, possibly indicating dehydration of MgCl2�6H2O, CaCl2�6H2O and CaCl2-

2H2O, respectively (Lide 2000–2001; Perry and Green 1984). The wet sample was also

treated with 1 M NaOH resulting in a white precipitate. Powder X-ray diffraction (PXRD)

of that solid indicated the presence of Ca(OH)2 and Mg(OH)2 in a proportion of ca. 60%.

Results are shown in Figs. 4 and 5, respectively.

Regarding the color of the water, in nearby Dallol springs, the presence of yellow

chloroferrate (III) complexes has been detected (Pittwell 1972). It has been proposed that

Table 2 Chemical analysis of the water of Gaet’ale Pond

Cation C/
g kg-1

C/mol kg-1 Anion C/
g kg-1

C/mol kg-1 Water C/g kg-1

Ca2? 109 2.72 Cl- 281 7.93 Crystallization 261 ± 12

Mg2? 34.9 1.43 NO3
- 3.9a 0.062

K? 2.4 0.061 NO2
- nd nd

Na? 1.3 0.043 SO4
2- nd nd Evaporable 291

Li? nd nd PO4
3- nd nd

Si nd nd CO3
2- ndb nd

Al nd nd

Total 148 ± 3 4.25 ± 0.09 Total 285 ± 6 7.99 ± 0.16 Total 552 ± 12

Total
charge

8.40 ± 0.17 Total
charge

7.99 ± 0.16

Total dissolved solids = 433 ± 9 g kg-1

pH = 1.7
Mass

balance = 985 g kg-1

a Detected by IC but not detected by elemental analysis
b Not targeted by IC but not detected by elemental analysis

Fig. 4 TGA profile for the wet sample. (Black solid lines): weigh loss; (gray solid lines): derivative
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this may also be the cause of the yellow color in the water of Gaet’ale Pond (Master 2016).

To confirm that, 0.5 mL of wet sample was mixed with 1 mL of KSCN 1 M solution.

Immediately a red color was observed confirming the presence of iron (III).

Composition of the gas emanations was not analyzed, but according to (Master 2016)

they are likely to be volcanically derived CO2. Moreover, these gases seem to be toxic,

because bird and insect corpses have been found around the pond.

4 Discussion

Water of Gaet’ale Pond consists of a highly concentrated solution of CaCl2 and MgCl2
with a total salinity of 43.3%, higher than that of Don Juan Pond, establishing a new record

for salinity in water bodies. (Gebresilassie et al. 2011) reported values of TDS for Gaet’ale

Pond three orders of magnitude lower but those data must be considered with caution

because they include no details about the experimental technique to determine TDS. On the

other hand, it may also be possible that the salinity of the water has increased along the

years because it has not been monitored since the spring was reactivated.

The measured density is consistent with high values of salinity. The highest measure-

ment of salinity measured for Don Juan Pond (December 1976), TDS = 402 g kg-1,

corresponds to a density of 1.396 g mL-1 (Torii et al.1980). A higher value for Gaet’ale

Pond (1.42 g mL-1) may indicate higher salinity since the compositions are similar.

An estimation of the density for a solution of CaCl2 ? MgCl2 at the composition of

Gaet’ale Pond and 25 �C was done by interpolation from (Perry and Green, 1984).

Interpolated values obtained at 25 �C for 43.3% (w/w) aqueous solutions of CaCl2 and

MgCl2 were 1.431 and 1.399 g mL-1, respectively. To estimate the density of an aqueous

solution of CaCl2 ? MgCl2 at the composition of Gaet’ale Pond (xCaCl2 (aq) (w/

w) = 0.654) and at a total concentration of solids = 43.3% and 25 �C, a weighted average

of the corresponding values for aqueous solutions of CaCl2 and of MgCl2 was done:

qmix ¼ qCaCl2 aqð Þ � xCaCl2ðaqÞ w=wð Þ þ qMgCl2 aqð Þ � xMgCl2ðaqÞ w=wð Þ ¼ 1:420 g=mL

The calculated value for the density agrees with the measured one.

In terms of chemical properties of salts, it is reasonable that the highest salinities are

found in waters containing CaCl2 and/or MgCl2, since these components are highly soluble

Fig. 5 PXR diffractogram for
the wet sample treated with
NaOH
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in water, much more than other chlorides and bromides (Perry and Green 1984). During the

formation of evaporite minerals, those based on magnesium chlorides such as carnallite

(KMgCl3�6H2O) and bischofite (MgCl2�6H2O) precipitate at the very last stages of evap-

oration (Wenk and Bulakh 2004). Minerals based on CaCl2 are rare. Natural occurrence of

CaCl2�6H2O (antarcticite) was first reported in Don Juan Pond (Torii and Osaka, 1965).

CaCl2�2H2O (sinjarite) was discovered near Sinjar, Iraq, in 1980 (Aljubouri and Aldabbagh

1980). They are described as ephemeral minerals, due to their high hygroscopicity and

solubility in water.

The maximum salinity of Don Juan Pond was detected at a temperature of 11.2 �C, with

a value of 40.2% (Torii et al.,1980), very close to the solubility of pure CaCl2 (65 g in

100 mL of water at 10 �C = 39.4% salinity) (Perry and Green 1984). Hence, salinity of

Don Juan Pond water may be limited by the solubility of the salts dissolved. Thus, changes

in temperature would trigger precipitation of CaCl2 as it is observed in the formation of

antarcticite (Torii and Osaka 1965). The water of Gaet’ale Pond is mainly composed by

CaCl2 and MgCl2, but the temperature of the water is relatively high. Solubility of CaCl2
and MgCl2 in water at 60 �C is 136.8 and 61 g in 100 mL of water, corresponding to 57.8

and 37.9% salinity, respectively (Perry and Green 1984). Solubility of a mixture of

CaCl2 ? MgCl2 follows a dependence almost linear to the composition of the salts at

75 �C (Lightfoot and Prutton 1947). Assuming that at 60 �C the same linearity behavior

occurs, the solubility of the mixture, Smix, at the latter temperature can be estimated as:

Smix ¼ SCaCl2ðaqÞ � xCaCl2ðaqÞ w=wð Þ þ SMgCl2ðaqÞ � xMgCl2ðaqÞ w=wð Þ ¼ 50:9%

The limit established by solubility is therefore higher in Gaet’ale Pond than in Don Juan

Pond. Crystals of what may be an evaporite mineral were observed at the border of

Gaet’ale Pond. Antarcticite is discarded because at the temperature of the water, CaCl2
precipitates in the dihydrated form (Perry and Green 1984) but formation of sinjarite is

highly probable. Carnallite and bischofite could also be formed.

The main component of the waters of Gaet’ale Pond (CaCl2) is also found in Don Juan

Pond, Lake Vanda and Dead Sea in appreciable concentrations. The second most abundant

component, MgCl2, is also found in Lake Vanda and in Dead Sea. The origin of the water

for the latter lakes is athalassohaline, and the same seems to happen in Gaet’ale Pond. It is

likely that the Gaet’ale spring was produced by seismically induced reorganization of

hydrothermal plumbing connected to a near-surface magma chamber of the nearby Dallol

crater (Carniel et al. 2010). It is also possible that the brines of this basin are generated by a

similar process than the salt mounds in Dallol springs.

5 Conclusions

Water analysis of Gaet’ale, a hypersaline Pond in Danakil Depression, Ethiopia, has set a

new record for the most saline water bodies on earth. Water is mainly composed of a

highly concentrated solution of CaCl2 and MgCl2 (total dissolved solids of 433 g/kg).

Composition is similar to the Don Juan Pond, Antarctica, the most saline reported to date,

but the salinity of Gaet’ale is higher. One of the causes may be the higher solubility of salts

in Gaet’ale Pond due to higher temperatures.
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