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Abstract
Changes in seawater chemistry, amounts and ordering of salts precipitated under a closed isotherm evaporation conditions 
of (45 °C) were probed in the present study to simulate the depositional modeling of salts sequence in nature under similar 
circumstances. The seawater samples were collected from two shorelines in the territory of Egypt facing the M.S. (Medi-
terranean Sea) and R.S. (Red Sea). The results reveal that during the process of evaporation (from 0 to 80% water loss), 
the investigated seawater chemistry exhibits an increase in TDS (total dissolved solids), salinity, density, and (EC) electric 
conductivity leading to the formation of  MgSO4-enriched seawater brine. As well, the measured pH decreased from 8.9 to 
7.57 (M.S.) and from 8.13 to 7.37 (R.S.) toward the formation of a semi-neutral aqueous medium. XRD analysis exhibits 
the aragonite  (CaCO3) was first to precipitate out from both marine waters at ≤ 20% of the water evaporated, while more 
soluble halite (NaCl) precipitates from the brine at approximately 75% or even > 80% of the water evaporated. The total 
amounts of salts precipitated from a 1 L of M.S. and R.S. water were 47.85 g/L and 53.68 g/L, respectively. The average 
rate of evaporation was 16.63 mL/day and 14.0 mL/day, which was inversely proportional to the induced seawater salinity 
(M.S. = 31%) and (R.S. = 34.5%). Ultimately, the percentage of salts obtained from 1 L of M.S and R.S water was 21.46  cm3 
and 24.62  cm3, respectively, which corresponded to a thin lamina of 2.78 cm and 2.91 cm as appeared in the vertical cross-
section for the respective seawater.

Keywords Evaporation sequence · Salt volumes · Arid environments · Mediterranean and Red seawaters · Messinian 
salinity crisis

Introduction

Evaporites are a type of chemically deposited sedimentary 
rock. They also mentioned a type of hydrogenous deposits 
formed when dissolved salts are precipitated via evapora-
tion and concentration of anions and cations in any natural 
saline aqueous medium (Hardie 1991; Robert 2009; Tucker 
and Jones 2022). According to Babel and Schreiber (2014), 
evaporation is a process that brings the under-saturated 
solution into the state of saturation and supersaturation that 

promoting the precipitation of salts from a more saturated 
one. The efficiency or rate of this process depends upon 
many factors of temperature (both the brine and ambient), 
humidity, air movement, and salinity. Other natural geologi-
cal factors affecting the precipitate of salts within hyper-
saline basins may include isolated tectonic, eustatic, and 
climatic change (Khalil et al. 2021; Elhossainy et al. 2022). 
Nonetheless, evaporite minerals have an important role as 
palaeo-climate indicators, they are restricted to form under 
a specific hot climate and arid regions of low latitude, where 
temperatures are considerably high and the rate of evapora-
tion exceeds the rate of precipitation (rainfall) (Tucker 2001; 
Nash and McLaren 2011; Nichols 2022).

Accordingly, present-day arid and hyper-arid climate 
zones extending across North Africa of a great Sahara 
desert provide favorable conditions to precipitate evaporite 
salts in an aquatic body of saline water which may occur as 
perennial saline water lakes and/or closed coastal lagoons. 
The hyper-arid zones and arid zones of these regions are 
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characterized by precipitation (P)/evapotranspiration (ET) 
ratios ranging between 0.03 and 0.20 (Einsele 2000; Tucker 
2001; Leeder 2011; Talebmorad et al. 2021).

The present study aims first to provide a general deposi-
tional model from a geological point of view of the precipi-
tated evaporite salts that are deposited from an isolated sea-
water body by progress evaporation in a hot environmental 
condition like that occurs in arid climate regions.

The second aim focuses on making the simplest guide 
for any geologist to calculate and/or estimate several of the 
primary basic evaporites characteristics concerning: (a) the 
depositional sequence of evaporites minerals in nature; (b) 
estimating the rate of evaporation; (c) the role of salinity 
and density and their effect on the salt-type precipitate; (d) 
types of salt precipitate and its relation to stages of progress 
evaporation.

Additionally, the authors shed light on the predic-
tion of a quantity of salt precipitate from the seawater 
and its thickness that should appear in the ancient geo-
logical cross-section. Moreover, the present study mod-
eling applies to understanding the depositional of a huge 

evaporate sequence in the Red Sea and the Mediterranean 
Sea regions during the Messenian Salinity Crisis (MSC) 
of the Miocene age.

Materials and methods

Sampling

Eight 25-L jerry cans of seawater were collected off the 
coastal shores of El-Alamein and El-Quseer cities at the 
Mediterranean and the Red Seas, respectively (Fig. 1). 
Samples were collected 10–15 m away from the shore-
lines to ensure that a representative sample was taken from 
each sea. The samples were transferred to the lab and were 
sieved through 100 mesh (150 µm) to eliminate any detri-
tal silt, sediments or floating algae, planktons, and aquatic 
plant remains in preparation for isothermal evaporation 
procedures.

Fig. 1  A map of Egypt showing seawater sampling from the shorelines of El-Alamein city (1) representing the Mediterranean Sea and from the 
shorelines of El Quseer city (2) representing the Red Sea
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Methodology

Figure 2 illustrates the experimental and methodological 
scheme for both water and salt sampling during the pro-
gress of evaporation. Isothermal evaporation experiments 
were conducted in the lab using two drying ovens each hav-
ing a capacity of ten 1-L beakers. The temperatures of the 
ovens were fixed at 45 °C. For each seawater sample, nearly 
24 1-L clean and dry beakers were filled to the mark before 
putting into the oven. The samples were monitored for vol-
ume loss at (20, 40, 60, 80, and 100%). At the designated 

volume loss, the precipitated (salt crystals) were collected 
from the solution via filtration using Whatman filter paper 
(no. 1) and were left to dry at room temperature to a constant 
weight overnight. The time of evaporation at each volume 
loss was expressed in days and the mathematical average 
rate of evaporation was statistically determined. The ionic 
content  (Na+,  K+,  Ca2+,  Mg2+,  CO3−,  HCO3−,  Cl−,  SO4

2−) 
(mg/L), total dissolved solids (TDS) (mg/L), salinity (%), 
density (g/cm2), electric conductivity (EC; mS/cm), and pH 
of the seawater during the progress of the isothermal evapo-
ration were determined analytically by Karl-Fisher Titrator 

Fig. 2  A schematic diagram 
illustrating the experimental 
and methodological scheme 
for water–salts sampling and 
analyses
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instrument model (KF-9) at the Central Laboratories of the 
Egyptian Mineral Resources Authority, Giza, Egypt (Fig. 2).

The filtered salts at each stage of evaporation were left to 
be completely dry at room temperature for about 2–3 days, 
and then weighed to determine the amount of the salt pre-
cipitated in grams. The types of salt crystals gathered through 
the various water loss stages of isothermal evaporation were 
determined using a powder X-ray diffraction instrument. The 
salt precipitate was analyzed using PANalytical X’Pert Pro 
MRD, a multipurpose X-ray diffractometer equipped with a 
Cu K α source. The diffraction charts and relative intensities 
obtained were compared with ICDD files for the identification 
of salts, chemical composition, structure, and percentages. 
X-ray diffraction is carried out at the Central Laboratories 
of the Egyptian Mineral Resources Authority, Dokki, Egypt.

The time of evaporation per each water loss stage was 
expressed in days and the average rate of evaporation was 
statistically determined by Origin Lab Pro Software v.12.

Results

The experimental results concern the chemistry of water 
samples and the amount of salts precipitated during each 
stage of the evaporation are summarized in Tables 1, 2, 3, 4 
and Figs. 3 and 4. Tables 1 and 2 show the amounts of salts 
precipitated per 1 L (g/L), percentages of salts precipitate 
in each stage of evaporation process to reach 100% water, 
and periods to reach a certain percentage of water loss for 
both the Mediterranean and Red Sea water. The time to reach 
100% of water loss of R.S. was recorded as 71 days notably 
that takes a long time than that was recorded for M.S. of 
64 days for complete dryness.

Tables 3 and 4 provide a detailed counting of the ionic 
content  (Na+,  K+,  Ca2+,  Mg2+,  CO3

2−,  HCO3
−,  Cl−,  SO4

2−) 

(mg/L), TDS (total dissolved solids; mg/L), pH, salinity (%), 
density (g/cm2), and EC (electrical conductivity; mS/cm) 
during each evaporation stages for each analyzed seawater. 
It is worth noting that for the M.S., the TDS progressively 
increased to become 4.42 times (189820 mg/L; at 80% water 
loss) higher than its initial recorded value of 42980 mg/L 
(at 0% of water loss) (Table 3). The TDS recorded in the 
R.S. reached (280529 mg/L; at 80% water loss) consid-
ered 5.93 times higher than its initial TDS measurement 
of (47300 mg/L) at 0% water loss. (Table 4). The increase 
in TDS was accompanied by an increase in salinity, EC, 
and density. On the other hand, the measured pH showed a 
trend of decreasing value toward a neutral aqueous medium 
in both investigated seawaters, as shown in Tables 3 and 4.

Examination of ten salt samples collected (eight by filtra-
tion and two after complete dryness) of seawater by XRD tech-
niques shows that the aragonite salt is dominated in stages 
of 40% and 60% water loss in the case of M.S. and within 
the stage of 40% water loss in R.S. The threshold precipita-
tion of aragonite salt was recorded in the XRD pattern at the 
stage of 40–60% of water loss in (M.S.) and at the stage of 
40% water loss in (R.S.) (Figs. 3 and 4). The second major 
evaporite salt recorded in the XRD pattern was gypsum, and 
its threshold precipitation was recorded at 80% of water loss 
in M.S. and < 80% water loss in R.S. The halite salt recorded 
with a threshold precipitate peak of 100% water loss in M.S. 
and at 90–100% water loss in R.S. (Figs. 3 and 4).

The XRD pattern shows an overlap between the precipita-
tions of two evaporate salts of both aragonite and gypsum at 
60% water loss in R.S. (Fig. 4). The overlap is also occurring 
between two other precipitated salts of gypsum and halite at 
80% water loss of R.S. (Fig. 4), and the overlap between the 
same salts of gypsum and halite is shafted toward 90% water 
loss in case of M.S. (Fig. 3).

Table 1  Weight of salts 
precipitated (g/L) from the 
Mediterranean Sea water during 
isothermal evaporation

Volume of water
Loss parameters

40% 60% 80% 90% 100%

Amounts of water (liter) (Beakers used in each stage) 20 18 15 9 7
Quantity of total filtrated evaporite salts (g) 3.4 29.7 139.8 92.07 185.36
Quantity of evaporite salts per 1 L (g/L) 0.17 1.65 9.32 10.23 26.48
Percentages of salt precipitate in each stage (%) 0.35 3.45 19.48 21.38 55.34
Progress time span (day) 24 38 53 56 64

Table 2  Weight of salts 
precipitated (g/L) from the Red 
Sea water during isothermal 
evaporation

Volume of water loss
Parameters

40% 60% 80% 90% 100%

Amounts of water (liter) (Beakers used in each stage) 20 18 15 9 7
Quantity of total filtrated evaporite salts (g) 4 4.86 50.4 115.83 258.86
Quantity of evaporite salts per one liter (g/L) 0.20 0.27 3.36 12.87 36.98
Percentages of salt precipitate in each stage (%) 0.38 0.50 6.26 23.98 68.88
Progress time span (day) 26 41 56 64 71
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Discussion and conclusions

Ionic contents and development of marine brine 
type

Warren (2008) distinguished the three major brine types 
in nature during the evaporation of seawater accord-
ing to the concentration relationship between  Ca2+ and 
 HCO3

2− in marine brine next to the precipitation of  CaCO3 

(aragonite) to differentiate alkaline Na–K–Mg brine type 
 (HCO3

2− >  Ca2+) from  MgSO4-enriched and depleted 
brine types  (Ca2+ >  HCO3

2−). Furthermore, he used the 
 Ca2+ and  SO4

2− concentration for further subdivision of 
the  MgSO4-enriched seawater  (SO4

2− >  Ca2+) from the 
 MgSO4-depleted seawater  (Ca2+ >  SO4

2−) (Fig.  5). To 
conclude, the development type of present studied sea-
waters brine, the concentration of  Ca2+,  HCO3

2−, and 
 SO4

2− are counted once after the aragonite precipitation 
at 60% of seawater loss and second after gypsum precipi-
tate at 80% of seawater loss of both M.S. and R.S. (Figs. 3 
and 4). At 60% seawater loss after the precipitation of 
aragonite, the  Ca2+ measured as 1301 mg/L (M.S.) and 
1218 mg/L (R.S.) showing values much higher than the 
concentration of  HCO3

2 of measured values of 41.9 mg/L 
(M.S) and 63.4 mg/L (R.S.) (Tables 3 and 4). Where at 
80% water loss after the gypsum precipitation, the con-
centration values of  SO4

2− in the brine have a much 
higher of (12728 mg/L; M.S.) and (16925 mg/L; R.S.) 
than the concentration of  Ca2+ of values (1108 mg/L; 
M.S.) and (626 mg/L; R.S.) toward the formation of the 
 MgSO4-enriched seawater type (Fig. 5; Tables 3 and 4).

A cross-plot of the main ionic content versus the 
degree of evaporation of both seawaters concluded that 
the dominant anions and cations in descending order were 
 Cl− >   Na+   >   S O4  

2− >  Mg 2+ >   K+  ≥  C a 2+    >    HCO 3 
− >  CO3 

2 −  
for both seawaters (Fig .  3a  and b). At evaporation stages of 
60% to 80%,  th e   C a2+ content exhibited a slight decrease 
in both brine, which may be due to the consumption of 
 Ca2+ by the precipitation of aragonite  (CaCO3) and gyp-
sum  (CaSO4.  2H2O) at the earlier stages of evaporation 
(Fig. 6a and b). Almost dissolved solids gradually increase 
toward the final stage of complete desiccation. Both the 
 Cl− and  Na+ show a predominant content in both seawater 
mediums over any other cations and anion is responsible 
for the latter precipitation of the halite salt (NaCl) out of 
both brines in significant amounts.

Salts’ precipitation and saline‑type stages 
of seawater

The order of the precipitation of certain evaporite salts 
from the seawater brine depends essentially upon its 
solubility. The salt solubility in any aqueous medium is 
inversely proportional to the salinity and/or density of 
seawater. Three saline stages were recorded in the present 
study's evaporation progress. They are mentioned as meso-
haline, penesaline-A, and penesaline-B stages. The 40% 
salinity represents the borderline separating the euhaline 
(natural seawater) from the mesohaline stage. The mes-
ohaline and penesaline-A stages were separated by the 
salinity of 140%, while salinity of 250% is marked as the 

Table 3  Variation in the ionic content  (Na+,  K+,  Ca2+,  Mg2+,  CO3
2−, 

 HCO3
−,  Cl−,  SO4

2−) (mg/L), TDS (total dissolved solids; mg/L), pH, 
salinity (%o), density (g/cm2), and EC (electrical conductivity; mS/
cm) for the Mediterranean Sea water during isothermal evaporation

Volume of water loss
Parameter

0% 20% 40% 60% 80%

pH 8.90 7.92 7.93 7.72 7.57
Na+ (mg/L) 11,910 15,668 21,853 38,488 57,048
K+ (mg/L) 478 607 860 1461 2147
Ca2+ (mg/L) 476 607 958 1301 1108
Mg2+ (mg/L) 1825 2450 3075 5050 7300
CO3

2− (mg/L) 52.8 14.4 24 33.6 38.4
HCO3

− (mg/L) 4.88 68.3 48.8 43.9 53.7
Cl− (mg/L) 22,727 30,435 41,998 73,762 107,519
SO4

2− (mg/L) 3300 4230 6140 10,213 12,728
TDS (mg/L) 42,980 55,260 76,280 131,160 189,820
Salinity (%) 31 41.2 59.9 116.1 190.2
Density (g/cm2) 1.01 1.02 1.03 1.08 1.14
EC (MS/cm) 67.16 86.34 119.19 204.94 297.59

Table 4  Variation in the ionic content  (Na+,  K+,  Ca2+,  Mg2+,  CO3
2−, 

 HCO3
−,  Cl−,  SO4

2−) (mg/L), TDS (total dissolve solids; mg/L), pH, 
salinity (%o), density (g/cm2), and EC (electrical conductivity; mS/
cm) for the Red Sea water during isothermal evaporation

Volume% loss
Parameter

0% 20% 40% 60% 80%

pH 8.13 8.01 7.89 7.73 7.37
Na+ (mg/L) 13,150 17,208 23,323 33,208 85,718
K+ (mg/L) 508 680 893 1281 3163
Ca2+ (mg/L) 520 656 844 1218 626
Mg2+ (mg/L) 2050 2275 3075 4900 10,550
CO3

2− (mg/L) 38.4 28.8 24 28.8 33.6
HCO3

− (mg/L) 63.4 53.7 63.4 63.4 117
Cl− (mg/L) 23,856 32,960 43,460 63,661 162,807
SO4

2− (mg/L) 3514 4724 6000 8934 16,925
TDS (mg/L) 47,300 60,080 77,700 113,720 280,520
Salinity (%) 34.5 45.4 61.2 97 340
Density (g/cm2) 1.02 1.02 1.04 1.06 1.27
EC (MS/cm) 73.91 93.88 121.41 177.69 438.21
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Fig. 3  XRD spectrum of the quantity and quality of evaporate salts precipitate during the various stages of the isothermal evaporation of the 
Mediterranean Sea water
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Fig. 4  XRD spectrum of the quantity and quality of evaporate salts precipitate during the various stages of the isothermal evaporation of the Red 
Sea water
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pensaline-A from the pensaline-B stages (Ostad-Ali-Askari 
et al. 2017; Warren 2021). The chemistry of each stage 
promotes the precipitation of certain specified evaporite 
salts more than the others. Mesohaline is the stage of the 
precipitation of aragonite salt, penesaline-A is the stage of 
the precipitation of gypsum salt, and penesaline-B is the 
stage of the precipitation of halite salt (Fig. 7a and b).

The double plot of TDS versus salinity and density for 
both the M.S. and R.S. is illustrated in Fig. 7a and b. In the 
case of M.S. water, the evaporation stages from 20 to 60% 
lay within the mesohaline stage characterized by the pre-
cipitation of aragonite salts, while at 80% of the evaporation 
process lay within the penesaline-A stage characterized by 
the precipitation of gypsum salt (Fig. 7a). In case of the R.S. 
water, the evaporation stages from 20 to 60% lay within the 
mesohaline stage, characterized by the precipitation of arag-
onite salts, while at 80% of evaporation process lay within 
the penesaline-B stage characterized by the precipitation of 
halite salts. The pensaline-A stage of gypsum salt precipita-
tion is recorded within the evaporation process from higher 
than 60% to less than 80% of R.S. water (Fig. 7b).

Theoretical estimation and statistical measurement 
of the evaporation rate

Generally, no equation till the present study was used to esti-
mate the evaporation rate of isolated seawater bodies. The 
problematic is happen due to the continuously changing in 
the evaporation rate as a function of changes in the salinity 

and density by progressing evaporation. Therefore, the equa-
tions used to detect the evaporation rate are restricted to 
applied on the isolated freshwater body instead. The pre-
sent study makes a possibility to estimate the average rate 
of evaporation of an isolated body of salt brine in nature 
statistically.

According to Engineering ToolBox (2004), the factors 
affecting the rate of evaporation from the surface of the 
freshwater body can be calculated as the following equation:

where gh is the quantity of water evaporated per hour (kg/h), 
θ = (25 + 19 v) is the coefficient of evaporation (kg/m2h), v is 
the air velocity above the water surface (m/s), A is the sur-
face area of water  (m2), xs is the ratio of maximum humid-
ity (kg  H2O in kg dry air), and x is the air humidity ratio (kg 
 H2O in kg dry air).

The above equation was applied for laboratory conditions 
using the standard water surface area (0.0095  m2) of the 
beaker surface, air velocity (0), a ratio of maximum humidity 
(0.054 kg/kg), air humidity ratio (0.033 kg/kg), and the gh 
amounts of water evaporation per hour = 0.00499 kg/h. The 
estimated evaporation rate for that volume of standard one 
beaker of fresh water was calculated as equal to 119.76 mL/
day. From which the rate of evaporation for a complete dry-
ness of 1 L of a freshwater beaker in laboratory conditions 
takes a theoretical 8.35 days. This theoretical calculation 
of the rate of evaporation coincides with the experimental 
measurement that was done by the present study by filling 
1 L with freshwater and measuring its evaporation rate at a 
fixed temperature of 45 °C. The complete dryness was taken 
approximately 9 days. From the above-mentioned conclu-
sion, it appears the applicability of the previous equation to 
use as a basis for the next statistical steps to determine the 
average rate of the present study marine waters.

To determine the average rate of evaporation for the 
studied marine seawater samples, a cross-plot between the 
degree of evaporation and time of evaporation is presented 
in Fig. 8 as a statistical polynomial regression. Polynomial 
regression for 71 reading and 67 reading throughout the 
experiments had a graphical slope line close to being verti-
cal in the case of the normal stage (euhaline) with an angle 
of inclination of 64° for M.S. and 45° for R.S. at the initial 
stage of the evaporation process. This angle shifted to 35° 
and 28° at the end of the penesaline-B stage of evaporation 
in respective order (Fig. 10b). Warren (2021) attributed the 
increase and decrease in the rate of evaporation depend-
ing on the change in the chemistry of the saline water 
medium. He mentioned that the initial stage of hypersaline 
may exhibit an evaporation rate four times than the nor-
mal marine (euhaline), while it increases by 7–11 times in 

gh = �A (xs − x),

Fig. 5  The sequence of development of the three natural major brine 
types showing the framework of oceanic chemistry according to War-
ren (2008)
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penesaline-A and -B stages and may reach > 11–60 times 
in the super-saline stage.

From statistical regression diagrams, the initial rate 
of evaporation for M.S. was 48.53  mL/day, which was 
decreased to 15.24 mL/day with an average of (15.63 mL/
day; 0.00395 kg/h) until reaching complete dryness after 
64 days. While the rate of evaporation of R.S. was initiated 
as 22.75 mL/day and reached 12.73 mL/day with an average 
of (14.08 mL/day; 0.00356 kg/h).

Other linear statistical strong negative correlation coef-
ficient (r = − 0.99) is carried out between TDS and gh [quan-
tity of water evaporated per hour (kg/h)] as provided in 
Fig. 9 for three samples involved points represented a fresh-
water of TDS equal 500 mg/L, M.S. water of TDS equal 

42,980 mg/L, and R.S. water of TDS equal 47300 mg/L. 
The above-mentioned relationship considers as an attempt 
by the present study to estimate the average rate of evapora-
tion for an isolated marine water body in nature at a hot-arid 
climate zone.

Evaporite salts’ depositional modeling

Quantitative and qualitative models

The obtained results from the seawater chemistry of col-
lected water samples with the XRD analysis of the pre-
cipitate salts collected during the present study evaporation 
process were merged to give a real illustrated depositional 

Fig. 6  Cross log plots of TDS 
versus the degree of evapora-
tion: a for the M.S. water and b 
for the R.S. water
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model (Figs. 10 and 11). The modeling shows the quantity 
and quality of evaporite salts that were precipitated dur-
ing each stage of the present experiment. Additionally, the 
author mentioned the favorable deposition condition related 
to the formation of each evaporite salt from the works of 
literature to build up a general aspect of salts modeling.

At the 40% volume loss stage, the gain of the evaporite 
salts was tiny (0.17 g/L) and (0.2 g/L) precipitate in the 
form of calcium carbonate  (CaCO3) which exists in nature 
in two forms of orthorhombic and trigonal atomic lattice, 
namely aragonite and calcite, in which the carbonate ions 
are packed differently (Borchardt-Ott 2012). Aragonite was 
favored to precipitate from aqueous solutions more than 
calcite at elevated temperatures. Nonetheless, Zhong and 
Mucci (1989) reported in similar experimental procedures 

that the precipitation of aragonite was always faster than 
calcite at 25 °C. As well, they noted that while aragonite 
was more soluble than calcite, the precipitation of calcite 
may be preferred if the solution was supersaturated with 
calcite. While, under-saturated and/or at equilibrium, sea-
water medium aragonite preferred to precipitate than calcite.

Sylvite (KCl) and ianthinite (U4 +  (UO2)  5O7·10H2O) 
were associated with aragonites as an accessory within the 
40–60% water loss stage (Figs. 10 and 11). The ianthinite 
occurrence is very rare in nature (< 2%) due to its instabil-
ity in the presence of oxygen (Singh et al. 2014). As well, 
knowledge of the stability of ianthinite in natural waters 
was reported to be limited as it decreased with the increase 
in temperature. Moreover, ianthinite was reported to be 
formed under oxygen-deprived atmospheric conditions or 

Fig. 7  Roles of the density 
and the salinity to distinguish 
different types of saline stages 
(mesohaline, penesaline-A, and 
penesaline-B) of M.S. (a) and 
R.S. (b) according to Warren 
(2021)
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in reducing environments at 25 °C and 1 bar of atmospheric 
pressure (Hazen et al. 2009). As well, they mentioned that 
most of the uranium enters lakes, inland seas, and oceans 
with drainage waters, probably delivered as highly soluble 
uranyl ions or as complex ions containing a uranyl radical, 
which may explain the occurrence of ianthinite as an acces-
sory mineral in R.S. waters. In the case of the M.S. at 40 
and even 60% water loss, sylvite was noted to precipitate 
with halite at the initial stages. The sylvite mineral inter-
grown with halite makes a finely granular halite matrix that 
is referred to as sylvite (Sonnenfeld and Perthuisot 1989). 
Garrett (1996) reported that sylvite-dissolved halite may be 
precipitated out of the brine at a temperature range from 
39 to 71 °C. As well, it may precipitate out of brines in the 
presence of NaCl:KCl:MgCl2 in ratios ranging from 8:1:17 

to 1:3.75:17 depending on the temperature of the solute 
medium.

At the 60% volume loss stage, the number of evaporites 
deposited was between 0.27 and 1.65 g/L which was equiva-
lent to (0.5–3.45%) for the respective case study seawaters 
(Tables 1 and 2). Evaporite salts that were precipitated in the 
Mediterranean seawater at this stage were the same as in the 
previous stage characterized by the dominance of aragonite 
with 98% and accessories of sylvite < 1% (Fig. 10). While in 
the case of Red Seawater, aragonite decreased to be 4% and 
was replaced by the dominant gypsum  (CaSO4.2H2O) with 
40%, sulfur (S) with 36%, and epsomite  (MgSO4.10H2O) 
with 20%. Gypsum (instead of anhydrite) was reported to be 
the dominant sulfate-precipitated salt at salinities near halite 
precipitative saturation (Hovorka 1992). With a continuous 

Fig. 8  Statistical polynomial 
regression between the degree 
of evaporation and time-con-
suming until complete dryness: 
a for M.S. water and b for R.S. 
water



3354 Modeling Earth Systems and Environment (2023) 9:3343–3359

1 3

decrease in the volume of the seawater brine, halite exten-
sively replaces the gypsum crystals formed. The source of 
sulfur and/or sulfide precipitation in the Red Sea brines was 
reported to be due to the inorganic reduction of sulfate via 
the mixing of hydrothermal fluids with ambient seawater 
(Garrett 1996). Sulfate thermochemical reduction caused 
by hydrocarbons leads to the formation of  H2S and ulti-
mately elemental sulfur, where both sulfur-bearing reaction 

products are present in fluid conditions. On the other hand, 
the precipitation of elemental sulfur may precipitate directly 
from sulfate, and occur naturally in seawater occasionally 
at the beginning process of leaving sulfate marine aque-
ous medium. Youssef (1989) also studied the formation of 
elemental sulfur in Red Sea waters. He reported that some 
formulas may be applied to show how gypsum can be altered 
to carbonate and elemental sulfur. Through these reactions, 
it was postulated that there was an initial step of  H2S oxi-
dation to form colloidal sulfur in the presence of excess 
 SO4

2− which lead to the concomitant alteration of gypsum 
in situ to dense calcite. Furthermore, the formed  H2S may 
react with  Ca2+ and  SO4

2− to form calcium polysulfides in 
the water system. These polysulfides then react with  CO2 
(produced by the oxidation of hydrocarbons) to cause the 
simultaneous precipitation of sulfur and calcite crystals. 
This suggested that sulfur was formed in a localized micro-
environment in which the free interchange of sulfate with the 
surrounding environment was restricted. The precipitation 
of the epsomite  (MgSO4.7H2O) in the R.S. water was an 
indication of the excess of  Mg2+ in an aqueous solution that 
follow the precipitation of aragonite (Fermani et al. 2017). 
This may be explained by the fact that  Mg2+ absorbs into 
the calcite nuclei, thus preventing the integration of  Ca2+ 
into the calcite crystal lattice, leading to the formation of the 
more compact aragonite crystal structure. This was apparent 

Fig. 9  Linear correlation coefficient relationships between total dis-
solved solids (TDS; mg/L)) and gh (quantity of water evaporated per 
hour; kg/h) for fresh and marine seawaters (M.S. and R.S.)

Fig. 10  Sequential depositional 
model showing the order of 
evaporite salts, amounts, and 
types reference to water loss 
percentages during the isother-
mal evaporation of M.S. water
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in the case of R.S. water, in which epsomite was formed dur-
ing the complete precipitation of aragonite.

At the 80% evaporation stage, evaporite precipitation 
was between 3.36 g/L (6.26%) and 9.32 g/L (19.48%) for 
the two respective seawaters. This stage represented the 
threshold precipitate of gypsum in the M.S. that reached 
99% but with equal amounts of gypsum (52%) and hal-
ite (NaCl) (48%) for the R.S. water which may indicate 
gypsum threshold precipitate in the Red Sea that occurs 
at nearly 70% of the water loss (Figs. 6 and 7). As seen 
from these salts modeling Figs. 10 and 11, halite (NaCl) 
was the major end-product in the evaporite sequence that 
is characterized by being more soluble than the previous 
salts with the lowest density. The precipitation of halite 
was initiated with the depletion of gypsum deposits as the 
brine became richer in  MgSO4 and the chlorinity of water 
did increase. At this stage, the water chemistry may be 
characterized by Ca ≈ Mg and  HCO3

− <  <  Ca2+  +  Mg2+ 
and salinity reaches 250% (Nichols 2022).

At the 90% and 100% water loss, the maximum accumu-
lative amount of precipitated salts were (36.71 g/L; M.S.) 
represented by 76.72% and (49.85 g/L; R.S.) represented 
by 92.86%. These stages are the threshold accumulation 
of a considerably high amount of halite (NaCl) salt. While 
at 90% water loss of M.S., there is still an overlap between 

depletion of gypsum (60%) and initiation of halite (40%) 
that transforms to complete halite precipitate during the 
next stage of absolute halite formed (Fig. 11).

From Figs. 10 and 11, it can be observed that the domi-
nant salt in the case of the Mediterranean Sea was halite 
(64.12%). While in the case of the Red Sea, it comprises 
(95.37%) of the total salt precipitate. The second main 
dominant salt was gypsum comprised (32.11%; M.S.) and 
(3.96%; R.S.). Aragonite was the third main dominant salt 
with percentages of (3.73%; M.S.) and of (0.39%; R.S.). 
Other precipitate salts occur as an accessory to the total 
amount of a salt precipitate composed of sylvite (0.04%; 
M.S.), sulfur (0.18%; R.S.), epsomite (0.10%; R.S.), and 
ianthinite (0.004%; R.S.) (Figs. 10 and 11).

Volumetric models

The volume is a function of both mass (weight) and density 
characterizing each salt precipitate during the evaporation 
process. The volumetric model for evaporite salts precipi-
tate in a geological sense mostly focuses on the ordering 
(sequence) and the vertical thickness of each deposited salt 
stratum. The present study volume models were illustrated 
to provide new prospects to the geologist whose interest in 
the salt industry concerning the quantity of deposited salts 

Fig. 11  Sequential depositional 
model showing the order of 
evaporite salts, amounts, and 
types reference to water loss 
percentages during the isother-
mal evaporation of R.S. water



3356 Modeling Earth Systems and Environment (2023) 9:3343–3359

1 3

and sequence of salts that precipitated out from both seawa-
ters after complete evaporation. The densities of the main 
evaporite salts were 2.17 gm/cm3 (halite), 2.3 gm/cm3 (gyp-
sum), 2.93 g/cm3 (aragonite), 2.06 g/cm3 (sulfur), 1.67 g/cm3 
(epsomite), 1.99 g/cm3 (sylvite), and 5.16 g/cm3 (ianthin-
ite) according to Nesse (2016) and Okrusch and Feimmel 
(2020).

Based on the salt densities and their percentages in bulk 
weight for the individual seawaters. The calculated average 
density of bulk salt deposited by evaporation of the M.S. 
water was approximately 2.23 g/cm3, representing an evapo-
rite salt weight equal to 47.85 g/L, which represented a total 
volume of 21.43  cm3. For the R.S. water, the calculated bulk 
densities of bulk salt deposited were approximately 2.18 g/

cm3, representing an evaporate weight of 53.68 g/L which 
represented a total volume of 24.67  cm3.

The cubic root of volume in each case was visualized 
as the volumetric models of total evaporite salts, as shown 
in Fig. 12. From 2.78 cm as appears in a cross-section of 
evaporite salts deposited from  1000cm3 of M.S. water, volu-
metric models of salts as appearing in the cross-section are 
composed of halite (1.83 cm), gypsum (0.87 cm), aragonite 
(0.08 cm), and sylvite (0.0012 cm) (Fig. 12). While in the 
same case of volume models, of the R.S. water salts appear 
as 2.91 cm in cross-section composed of halite (2.86 cm), 
gypsum (0.11 cm), aragonite (0.01 cm), sulfur (0.006 cm), 
epsomite (0.004  cm), and ianthinite (0.00005  cm) in 
descending order (Fig. 12).

Fig. 12  Volumetric models of total gain evaporite salts from  1000cm3 (one liter) of seawaters as appear in vertical cross-section after complete 
evaporation of the M.S. and the R.S. waters
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Applicability of the present study to understand 
the Messinian Salinity Crisis (MSC) and the Red Sea 
evaporite salts

Messinian and Red Sea evaporite basins are the youngest 
global Cenozoic–Mesozoic brine basins, ranging from 10 
to 5 Ma (Evans 1990; Warren 2014). Messinian Salinity 
Crisis resulted in widespread salt precipitation due to the 
decrease in the Mediterranean Sea level equal to 1.5 km due 
to evaporation (Warny et al. 2003; Garcia-Castellanos and 
Villaseñor 2011; Karakitsios et al. 2017; Mousouliotis et al. 
2018). MSC was therefore responsible for the deposition of 
significant quantities of salts, representing the giant second 
evaporite basin throughout the earth's history. However, the 
chemistry and salinity of oceanic seawater, since 10 Ma has 
remained the same chemistry as the present-day oceans (Hay 
et al. 2006).

One of the important facts of the present study is that 
the amounts of salt precipitated from highly saline seawater 
were much higher than in the case of the same volume from 
less saline seawater (Fig. 12). This fact may be responsi-
ble for the increase in thickness of evaporite strata depos-
ited from high salinity water relative to low salinity water 
sources during the same period. Generally, the threshold 
quantity of halite salts recorded was at 90–100% desiccation 
within the penesaline-B stage for brine development (Fig. 5).

Messinian evaporites that occupied the Red Sea and 
Mediterranean region during this period were estimated to 
result from salty water volume of 2,250,000  km3 for the 
Mediterranean basin and 900,000  km3 for the Red Sea basin 
(Ryan 2008). The north Nile Delta oil concession within 
Egypt recorded a so-called Rosetta Formation (Fm) that was 
composed of four evaporite cycles of anhydrite alternated by 
a streak of argillaceous limestone and mudstone reaching a 
maximum thickness of 408 m (Ismail et al. 2010; Farouk 
et al. 2014, 2021; Edress et al. 2022). The same equivalent 
of salt deposits was recorded within the Red sea region as 
the so-called Zeit Fm which was identified by anhydrite and 
halite with calcareous shale of a maximum thickness attain 
515 m (Abd El Naby et al. 2017).

Based on the present study, the volume of evaporite 
deposited during the Messinian time was estimated to be 
67,917,312  m3 relative to the 136,590,865  m3 attained from 
the modern-day Mediterranean Sea based on the conver-
sion of thickness to volumetric amounts. The increase in 
evaporite volume and the presence of halite salts in the Red 
Sea (Zeit Fm) increased its salinity to the penesaline-B stage 
earlier than the Mediterranean Sea, which did not reach the 
penesaline-A stage during the MSC time (Fig. 5). This may 
be attributed to the dilution effect, as significant input from 
major river systems reached the Mediterranean basin com-
pared with the Red Sea basin. Moreover, the presence of two 
additional older anhydrite evaporites formations in the Red 

Sea basin, namely the Belayim Fm (237–280 m) consisting 
of anhydrite and calcareous shale and the South-Gharib Fm 
(219–581 m) consisting of salt (halite), anhydrite and calcar-
eous shale of Late Serravallian-Tortonian (11.63 Ma) may 
indicate that the drying out of the Red Sea earlier than that 
of the Mediterranean Sea before the onset of the Messinian 
time (5.96–5.33 Ma) (Bosworth and McClay 2001; Evans 
1990; Abd El Naby et al. 2017). Nevertheless, the present 
study estimation has appeared in a good sense in a general 
view. The Paleo evaporites’ volumetric estimation thick-
ness should be used restrictedly. Where the paleo-evaporites 
thickness, as recorded from the Red sea according to Smith 
and Santamarina (2022) exceeded ~ 1.5 times the present-day 
current thickness.

Conclusion

Depositional modeling of evaporite salts precipitated by 
evaporation of seawater of both R.S. and M.S. water was 
established in the present study based on the cooperation 
of analytical results of both water chemistry and types and 
quantity of salt precipitated isothermal hot climate condi-
tions. The average rate of evaporation is measured statisti-
cally based on polynomial regression and linear correlation 
coefficient relationship between TDS and quantity of water 
evaporated per hour to be valid for further estimation of 
evaporation for any closed seawater body in any hot-arid 
regions. The major evaporite salts deposited from the pre-
sent-day seawater of the M.S. and the R.S. are aragonite, 
gypsum, and halite in descending order where any other 
salts precipitate occurring as accessories. As the salinity of 
seawater increases as the end-product of halite salt increases 
in both the quantities and their volume appearance reach 
95.37% in R.S of the saltiest seawater (salinity 34.5%) to 
64.12% of fewer saltiest seawater (salinity 31%). The evap-
oration process led to the development of the brine from 
both seas, toward the formation of the  MgSO4 rich-seawater 
type. The present study modeling may help to estimate the 
amounts of gain salts or even the amount of water required 
for the production of a certain amount of salts for the geolo-
gist who is interested in the salt industry. Also, they give an 
idea of the time-consuming to accomplish of this process. 
Also, the volumetric models constructed from the present 
study may benefit in geological pastime in two ways: either 
to recognize the cumulative volume of salts required for a 
depositional of evaporite strata and/or to identify the stages 
of desiccation in the past related to the types of salt. In light 
of the present study, the volume of the evaporite salts depos-
ited during the Messinian time in the Red Sea was twice 
the 136,590km3 that the evaporites volume deposited in the 
Mediterranean Sea (67,917km3) which may be attributed to 
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the increase in salinity of the Red Sea relative to the Medi-
terranean Sea waters at the Messinian time.
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