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II. INTRODUCTION 

The unique K a r a - ~ G o l  Gulf basin is the largest salt basin on Earth The Gulf is a 
renewable natural source of raw materials for the industrial production of sulfates and 
chlorides of sodium, magnesium, potassium, boron wmpwnds, bromine and some tare 
elements. The mineral resources are present in surface brine, in second sah level brine, in 
solid salt precipitations and in overflow b r i m  &om active plaots. The K a r a - B ~ ~ J u G ~  wh 
deposits are of a marine type. The surface brines contain twice the p o t a s h  and 
microelements than the buried brines. 

The Kara-BogazGol Gulf is connected to the Caspian Sea by eleven kilometers sblit 
The composition of surface brines is determined by the fluctuatioos of the Caspian Sea kvd~ 
The maximum area of the Gulf reaches about 20 km'. In 1980, after complete damming the 
strait, the surface brines dried during 2.5 years. Later, in the middle of eightieq in order to 
reanimate the Gulf, 11 pipes were installed in the dam to draw s e a m  h m  tbe Caspian 
!%a, ca 2 Ian3 per year. This allowed the surface brine level to putially recum. In 1992 the 
dam h e e n  the Kara-EbgazGol Gulf and the Caspian Sea was completely demolished. 
Afier the destruction of the dam, the volume of seawater entering h m  the sea to the Gulf 
was determined by the difference between the levels of the sea and the gulf This differme 
decreased from 6.50 m in 1991 to ca 0.49 m in 1996 and remained wnsant for the oc?d six 
years (Fig. 1). The formation of new surface brines started betng w n d i t i i  by both the 
eMpoFation of entering seawater and the interaction of seawater and brines with wh depowts 
formed during the Gulf evaporation. At first, the volume of seawater entering Kan-Bogaz- 
Go1 Gulf was about 50 km3 per year. However, during the las~ years this volume dropped to 
about 20 km3 per year. The Gulf reached its natural dimensions at presad shorelines The 
volume of the s w f k  brines is 25-30 m3, the Gulf water area is ca 20.000 km2 and hs 
maximum depth is about 8-10 m. The naiwal variation of the Caspian Sea level, umil the mid 
eighties, was discussed by Akovetskii and Bogdanov (1988). 

Fluctuations of the water level changes at the Kara-BogazGd are determined d y  
by a d  water influx &om the Caspian Sea and by water evaporation from the Gulf mdke 
At present, there seem to be a stabilization of seawater influx (18-19 km31year). howev~ ,  tk 
volume of influx seawater is slightly less than that of water evaporatioo h m  the gulf aufscc 
(Table 1). As a result of the negative water balance, incFeased mineralization of Gulf brines 
was noted. 

The surface brioes reached sodium sulfate sanrratioa and during tbe last years 
mirabilite crystallization was observed in the Gulf Over the last s d  yearg the chemical 
analysis of surfdce brines for the content of major ions @a', M~", ~ a " .  K', CI; SO," 
HC@) and minor ions (T%& Br'. Li*, heavy m d s )  demommted that the c&mical 
composition of brines began to be stable with mineralization r e a c h  29-3196. Tbe 
wocentratioos of the industrially imponant componems (mifat+ pocasshrm, bromide and 
boron ions and microelements) increase averagely by 5 % per year and reached the following 
values: 2.72-2.88% SO;', 0.1 1-0.12°/0 K', 150 mgA Br-. 130 rngn H a  5-6 mg4 Li-. The 
amen1 brines, as compares to the brines prior to the comt~ction of tbe dam are depleted of 
sulfate and potassium ions but richer in boron, bromine and rare maals. The canposition of 
the surface brine in wintertime is located on the solubility diagram of the system Na', &fg2-. 
CI', SO,' - H B  at O"C in the field of Na.301 aynallizabon. The Kan-BogazGd Gulf has 
reamed to be a unique basin for industrial mineral precipitation. 

The surface brines were used for industrial scale produdon of sodium sulfate in 
1934-1956. At present time, industry uses underground and buried brines of the second level 
of Kara-Bogaz-Gol Gulf for production of glauberite ~ ~ ~ S O I . I O H ~ O ) ,  birhofite 



(MgCh-6&0), epsomite (MgSOc7HzO) and other minerals. These brines at density of 1.23- 
1.24 g-cm3 contain more than 7.7% sodium sulfate and l a s  than 8.5% mgne&um chloride. 
The technological process of mirabilite production will be d i d  l am The most 
promising raw materials are the surface brines, since they are renewable, inexhaustible ((1- 
2)-10" kg of mineral salts reach the Kara-Bogaz-Gol Gulf with seawater each year) aad are at 
the Gulf surface. These factors determine the minimum expenses for transport and 
production. 

The best place for sampling surface brine was at the northwest &ore in the vicinity of 
the existing mineral production plant. The sampling was done in an area ca 500 m h m  a 
dam. between Kamukut Bay, the central zone and a canal, which conoeded Karantlolt Bay 
and the central zone (Fig. 2). It was found that mineralization of Kara-BogazGol b r k  in 
various parts of the lagoon appeared to be different. The mixing zone, where the water of the 
Caspian Sea flows into the gulf; bad variable composition and the lowest sah conmtrstions. 
The highest mineralization was absented in the central zone and in the northwest coastal 
zone. The coordinates of sampling stations in these zones, which have been used since are 
presented in Table 2. Statistical analysis of the chemical composition of Kara-EkqpzGd 
water since 1995 has shown that the composition of brines in the central zone. in !hrm Bay 
and ca. 500 m &om a dam between Karasukut Bay and the central mne are almost identical. 
At these stations, at the same sampling period, the difference b e ~ ~ r m  concemrPtioos of 
partialar ions and total salts content is less than 5%. The data for comparison is presemed in 
Table 3. All the above mentioned allowed us to assume that compositioo of brine sampled 
500 m from a dam between Karasuhrt Bay and the central zone is avaage for n o d m e  
shore zone. 

2. The composition of Kan-Boga-Gd su~.Tacc brines 

Brine samples were kept in glass bottles with grcund glass stoppas. Cootents of 
major ions in the brines were determined using the following standard tachniqua: 

The standard sohitions were prepared by using solutions resembling the arrfaa brines. 
The natural solutions and solid phases, formed in the evaporation process, were either diluted 

4 



or dissolved in distilled water. The relative precision of the CI., SO,", HCW, cal*, ~ g " ,  K' 
and Na' determination was as follows: 0.100/0, 0.05%. 0.20?/q 0.20?/1. 0.0596. 11%. 045?6. 
respectively. 

The physical properties and composition of  the Kara-BogazGd surface brines and 
sediments are presented in Table 3. Tbe obtained data indicated that the mxmtnbn of sahs 
incream during the summer. The largest mineralization (26.12%) was obsernd in .hpst In 
November. when temperature of the brine reached less than I O T .  p r r c l p i o n  of mirabilite 
ocmrred. At present, the shore zone is covered by a layer of mirabilite containing small 
quantities of  halite and epsomite (Table 3). Due to a combination of favMable conditions, the 
Gulf represents a Mtural pool for precipitation of mirabilite (Na2S04-IOHfl). Tbe brine for 
investigating the mirabilite precipitation and solar evaporatioo was sampled at Station it?. 
Existing observations for seasonal changes of chemical brine composition demonstnued that 
maximum mineralization was reached in September-Odober before the rainy season The 
brines were found to be formed only due to seawater influx of and water eMporation 6-om the 
Gulf surface. h is possible that the dissolution of boaom m i d s  senkd during the 
phenomenon of gulf dry-up when the gulf was separated from the Caspian Sea by a dam is 
completely accomplished. The analysis of  the data obtained allows us to conclude that the 
depth of surface brines mixing does not exceed 3 m. At present. there are no conditions for 
massive mineral precipitation &om Kara-BogazGol waters. O d y  the precipitation of 
mirabilite during winter months (January-February) was obsaved. 

The composition of KaraBogazGol buried brines 6om two pmductioo wells used at 
the present for the production of mirabilite, epsomite and bischofite are also presented in Table 
3. The composition of the surface brines and the buried ones are almon identical. The only 
difference we f o d  is that buried brines are relatively richer in magnesium and sulfate ions 
and in conteni of HzS (150-280 mgn). 

The composition of the Kara-BogazGol surface brines is presented in Table 4. The 
comparison of brine compositions, sampled in 2002 and in 2003, at tbe same sason 
demonstrates the stability of the wrhce brine. In November 2002 and 2003, when tanpcnture 
of the brine reached less than 10°C. precipitation of mirabilite (Na2S04-IOHfl) oawed. The 
precipitation of  other minerals was not observed. 

3. Drainage of Caspian S a  water to Kur-BogaCd 

The data related to the drainage of Caspian Sea wata into Kara-FhguGd (Table 5) 
shows that that after the stabilization of the drainage on the level 18-19 km31year 1997- 
2001 the drainage began to decrease during 2m and 2003. This pheoomenon is \-cry 
important for the formation of the d a c e  brines of Kara-BogazGd. 

The main process of  brine preparation for industry takes phce in p o d .  This mcdmd 
allows using the advantage of the arid climate of Turkmenistan: high summer tempemwe, low 
air humidity, more than 300 sunny days per year. The solar eveporation of  Kara-Ebpz-Gol 
surface brines was studied in two ways: 
a) thenncdynamic modeling of water -ration developed by Prof Boris Knrmg& 
b) experimental brine evaporation in laboratory conditions. 

The experiments and modeling calculations of the sampled brines were carried out on 
the sample taken on 13.06.2003 at #2 sampling station with coordinates N4197', E52O44' 
(Kam&ut dam - a zone of the Gulf close to the plant). 



5. Experiment on solar mapontion of surface brine 

Surface brine is the raw material for produdon of mineral salts. Tbuefore. prepadon 
of surface brine in the pond method is the basis for fi~ture technology. The study of solar 
evaporation of surface brine was done to determine the codlions d a  which the existing 
technology for processing the buried brines can be used for procxsing surfaoe brines. The 
purpose of our q w h e n t  was to detemine the sequence of mineral c r y s t a l h i  and the 
distribution of major brine components between liquid and solid phsses during the process of 
solar evaporation that depend on initial brine composition. 

The study of solar brine evaporation was canied OUI in laboratory conditions by the 
method developed in the Turkmenistan Institute of Chemistry (Khod-v a af., 1991: 
Davletova et al, 1988). The method developed was very similar to natural conditions. .4 
shallow glass vessel was filled with brine and left o u t h  exposed to wind and sw. The 
temperalure was measured every day at 10 A.M. and at 4 P.M. The mean values of air and 
brine temperature were 32OC in the morning and 37°C in the &eroooa uable 6). The initial 
brine volume was 10.0 dm3. The separation of liquid and solids was done by vaanuo filnation 
when approximately 10?A of the water was evaporated or if new solid aystals were formed. 
The weights of liquid and solids were measured with an auwacy of *I0 g (at the beginning of 
the process) and M.03 g (when the brine reacbed 1.0 dm3). Tbe process lasted h m  9 072003 
to 25.08.2003, when the eutedic point was reached. 

6. Results and discussion 

The. compositions of liquids and solids formed during solar evaporrtion of arrfaa 
brine, sampled at 13.06.2003 are presented in Table 7. After separation of liquids and solids, at 
each step of evaporation, only liquids were conditioned for funher maporation 'Ihe 
compositions of solids are compositions of new precipitates. 

The gypsum mineral is the first to crystallize and cover the sd&e of brine as drin film. 
Then starts the crystallization of halite. The joint precipitation of gypsum and halite occurs at 
ionic strength between 8.72 and 9.98. It should be noted that halite precipitates during tbe 
entire evaporation process and its crystals are present in all solids. Starting h m  the ionic 
strength 9.98 the precipitation of bloedite takes place. The mildun of bloedite and W i e  
crystallizes until reaching the ionic strength 12.67. Then joint precipitations of epsomite and 
halite are obseaved. The f k k r  brine evaporation to the ionic stmgtb lug= thao 18.0 leads to 
precipitation of complex potassium and magnesium minerals (carnallite, kxahydritc, and 
kainite). The bischofite crystallization starts at ionic strength higher thm 18.36. 

Crystal formation was determined by chemical analysis of tbe solids and slggested by 
graphic calculation using SchrainemaLer's method for solubility diagmm of aqueous salt 
systems, microscope and X-ray investigations. The photos of solids sampled at various stages 
of brines evaporation demonstrated the following m i n d s -  







The X-ray spedrum of solid phases demo- that the halite precipitated a all 
precipitation phases. The spectrum allowed determination of bloedie (specenrm of phases K?- 
4). gypsum (spec&um of phases M), hexahydrite (spectrum of phases #3-6). Lainite (spearurn 
of phases #6) and bischofite (spectrum of phases #7). Thus, we ceseived under the 
experimental study of solar evaporation of the Kara-BogazGd Gulf brine the followkg 
sequence of minerals precipitation: gypsum, halite, bloedite, hexabydrite. epsomite. kainite. 
camallite, and bischolite. 

The obtained resuhs will be basis for the development of the technology for he 
production of various minerals !?om surfax Kara-Bogaz-Gol brioes. It PharM be emphasized 
here that we succeeded to receive brine with the content of potassium ions equal to 1.26.i. wt 
(liquid phase #5), which is very promising for the production of mixed potassium f e t i l i .  

7. The dcvdopmeat of the dynamic modd for matnrrl watrr cv.polrtha 

The application of physim-chemical modeling for undasrandi the evohmjoo of 
natural water bodies is very useful. Since the early work of Van't Hoe ~eocbrmists haw 
coapred. as common practice, the results of natural water analysis with compded satwah 
levels in order to obtain information about mineral precipitation and d i s s o h  in n d  
brines. This approach provided the basis for interpreting field data in tams of the chemical 
behavior, which iduenced the formation of evaporative sediments (Garrefs and Tho- 
1%2; Helgeson, 1%9). The semi-empirical approach developed by P i  and his school 
(Pitzer, 1973, 1979, 1991 and references therein) allowed the estimation of salt soturnioo 
conditions in very concernrated electrolyte solutions, including various h y p a s a l i  brim. 
The composition of most natural brines includes the major ions Na'. K', M~", ca2'. s?. 
~ a " ,  CT, Br-, HCa-, ~4'- and SO:-. Such chemical composition describes seama- 
derived brines, waters associated with continental waporites, formation brims of mixed 
origin, deep-sea hydrothermal vents, QC. The approach developd by P i ' s  scieotific 
school, though semi-empirical in character, has been quite successlid in pradiaing the 
thermodynamic properties of mixed electrolyte solutions over a wide range of solution 
w n c a t d o m .  This approach is based on a set of theoFaically and empirical-daived 
equations that kccount for the ioteraaions betweem the particular ions present in a solutioo 
and for indued forces arising !?om the ion-solvent i n t d o n s  Predictinn Mnow 
thermodynamic properties of m~l~~le-elecudyte solutions by P i ' s  appmacb -"based oa 
the use of so-called ion interaction parameters, calculated 6om the appropriate expaimmd .. . 
data for single and ternary electrolyte sotutions. This model avoided som of the h 
or assumptions required by previous models such as the iuninsic limitatii to low or 
moderate concentmiom or the e x m p o h h  of some of the sohrtioa propatia bepod dte 
solubility limit of elmlyte-s in pure water. The P i  appnxch p r o d  to be m l y  
effective for predicting various thamodynamic propaties of n d  hypersaline brims of 
large complexity. Harvie and Weare (1980) and Hawie a d. (1980, 1982, 1%) were he 
fust who successfully applied the P h r  ion interaction approach to the g-cal 
development of natural brines. This was done by calculating the variation of seawater 
composition and mineral precipitation during isothermal evaporation During nam yean, 
Krumgafi has intensively applied Pitzer's approach to geochemical Jhdies in, both, Dead Sea 
waters and in its various miaures with Mediemanean Sea water (Knrmgalz and Millero. 
1982, 1983, 198% KrumgaiS 1996, 1997,2001). 

The dissohAon-precipitation equilibrium of an ionic m i n d  of a fornula 
M,, Xvx .nHzO can be described as: 



where w, vx, ZM and z~ are the ionic amounts in a mineral molecule aod the charges of  
cations (M) and anions 0, respectively, n is the number of water molemles in a mineral 
molecule, and K W , ~  

"M XYS -a@ is the thennodynamic equilibrium constant of the 

dissolution-precipitation equilibrium of this ionic mineral A thermodynamic equilibrium 
constant can be calculated if the standard state chemical potentials of the solid and aquews 
species are available at the temperature and pressure of interest. The equilibrium wmtaot for 
the above dissolution-precipitation process is expressed as: 

*e 150. P&. POX and pilO are the standard chemical potentials of a m i d  (in solid 

state), of a cation and anion in solution, and of water, respectively, R is the gas wrrstam, and 
T is the temperature in Kelvin degrees. If the aaivity of the solid phase is considered to be 
equal to 1, this constant is defined as: 

where a ~ , ~ .  a- . m- and mxat are the adivities and molal of 

cation and anion, respectively, in the liquid phase saturated with respect to the solid phase, 7~ 
and ys are the conventional single-ion activity coefficients of cation and anion at a paper 
concentration, respectively, and aH,O is the water adivity of the liquid phase, dehned as - 

when p and p, are the saturated vapor pressure of &tion and pure solvent n tbe same 
tanperaarre, respectively, 4 is the osmotic coefficient of a pattiarfar solution, and E m i  is 

i 
the surummatioo of molalities of all sotute species, including ionic +es and n d  
substances in the solution. The standard chemical potential of water and the water actitit). 
should not be included in Eqns. 2 and 3, respectively, if a m i n d  molcmle does not coatain 
water molecules. 

In general the degree of sahmtbn (0) of  m i n d s  of the fwrmlas eithu Mvu XVx 

or MVM Xv, . nHZO is defined by the foUowing equations: 



where the m ~ j  and m ~ ,  are the mold concentrations of cation and anion in a particular 

system, respedively. The most modern and complete Pitrer's equations for conventional 
single ion activity coefficients and water activity are: 

The detailed information regarding the meanings and calarlati of all paramaus in 
Eqns. 7-9 can be found in Kmmgalz and Millero (1982, 1983). H a ~ e  a a l  (1984). F'ilzer 
(1991). Eqns. 7-9 take into consideration various inteaactions of oppositedargaI ions, like- 
charged ions, triple ionic inteaactions, and asymmetrical electrostatic mixing effects 
Throughout this equation, the subscripts "M" and "c" refa to cations. while the subscripts 
"X' and "a" refer to anions. The values me and m. are the mold conmudons  of a proper 
d o n  and anion, mpectively, while the symbols C . C and 1 indicate the summarion 

a c n 
of the properties respectively to all anions, all cations and all rmhd  species, respeaively. 
The double llummation indices, . 11 . 11 . 11 and , dawte the 

c <c' a a' n c n a n <n' 



propa sum over all possible pairs of variations of all cations, anions or their pain with 
neutral species, respectively. 

1. Thewodymmic model for water evaporation and miaarl prscipit.th hpm 
natural brines. 

A short description of the developed thermodynamic model for water Mporation and 
mineral precipitation h m  n m r d  brines is given below The inprt data for the model 
includes ionic concentrations (in mold units), thermodynamic produds of miwal solubility 
and P i e r ' s  ion interaction parameters. Sometimes. the values of the thedynamic  
products of m i n d  solubility and the Pitzer ion interaction parameters in literature differ 
considerably (Pitzer, 1979, 1991; Kim & Frederick, 1988a.b and Marshall a al., 1995). 
Therefore, the seieuion of the thennodynamic produds of mineral solubility and the ion 
interaction panunetas for the calculations in multiple component systems should be carried 
out very cautiously. Table 1.4 (in Appendix) contains the most reliable thermodynamic 
solubility products at 25'C of all possible minerals formed h m  various combinations of 
major ions of natural waters: Na', K*, M~", ~ a " .  s?, ~ a " ,  CI-, Br-, HCW, ca2- and SO? 
, reviewed from the eGsting literature data The latest extended review of the ion interadion 
parameters was presented by Pitzer (1991). while some additions and revisions of those fw 
major ions have been recently proposed by Knungalz (1997). Tables 2A a d  3A (in 
Appendix) summarize the Pitzer ion interaction parameters for all possible ion c o m b i i  
for major ions of natural waters. The products of solubility and P i ' s  ion ioteraaioo 
parameters hm Tables 1 A-3.4 were used for developing a database. This datsbsse was tbeo 
embedded in the simulation program with an interface that enabled the e x ! d  cormah of 
data. In the final form of our pmgmn, the temperature dependencies of the parametas in 
Tables 1 A-3A were also taken into account. 

Although mineral precipitation &om natural waters under i s o t h d  eMporation is 
controUed by kinetic and by thennodynamic factors, only the latter w a t  &en into 
consideration and each mineral with Ri>l is considered to precipitate until its degree of 
d o n  reaches the value f ? , < l . W . 0 0 0 1 .  A! each stage of precipitation, a mined aab 
the largest f?, will precipitate. At the initial step, the model calculates single-ion activity 
co&cients, wata adivity of the brine at a proper temperature and the degees of vlhuatioa 
of all possible minerals. Three possible cases are discussed below: 
a) If the initial brine is undersaturated with respect to all minaals, and their degrees of 

saturation (a) in the system are less than 1.0, theq the water eMporrtion m y  be 
simulated by removing Hz0  from the brine by iteration in s e v d  steps. The dranges in 
ionic coocerctrations and the degrees of m i n d  saturation arc calculated at each step of 
the water removal. If during water removal the solution becomes o w ~ W u m a i ,  tbe 
model retreats one-step and then subuads smaller amounts of water, until the saturatioa 
with respeu to any possible mineral is reached (f?,=l . W . 0 0 0 1 ) .  

b) If the initial brim is oversaturated with respect to any m i n d  (S1>1.0001). another 
subroutine simulates the process of m i n d  precipitation h m  this brine up to its 
sahmdon state. When more than one m i d  has values of 21>1.0001, precipitation 
takes p h  d i n g  to the nl's value$ starting with the highest During precipitatii 
R values change and the supersaturated m i n d s  may precipitate imermittcntly 
simulating a mineral "simuhaneour" sedimentation. At this stage, the prec~pi ta t i  of 
the mineral is expressed by subtracting a m a i n  ponion (for instance 1 W )  of the 
smallest concmnation amongst the ions forming this particular mineral If the amount 
of the precipitated mineral is too large and the obtained solution becomes 
undersaturated with respect to this mineral, the model retreats one step Thea by 



s h a d i n g  half of the initial portion of the mineral, the calculation pnmdure is 
repeated until saturation (with respect to this mineral) is reacbed (Q=1.0000-L0.0001). 
The process is repeated for all other minerals with fQl, as well. 

c) The solution is saturated with respea to at least one single m i d  
( a = 1  .OOOOHl.0001). This case includes the final stages of cases "a" and 3" as well. A 
subroutine simulates the process of water evaporation from such saturated brine. The 
user determines the amount of evaporated water and the obtained oversaturated brine is 
treated as in case -b". 
The rmnstruaion of the evolution history of natural brines subjeded to ewpodon  

requires knowledge of the wncenaation changes of one or more comenative constituents. 
Such a u~servative constituent must never precipitate during the evapomkm of a 4 
brine, nor participate in diagenic reactions A h  iineralogicd-environ&ent. Comideing the 
composition of various highly saline natural brines, it is ponible to cowhie tbpt only 
bromide (amongst major ions) meets the above requirements. Thus, the "inert" charaaer of 
the bromide during the evaporation of natural waters makes it ideal for tracing the chemical 
evolution of natural brines subjected to evaporation. M i e r ,  Riaenhouse (1%7) used h e  
changes in bromide concentration for to determine the origin of some oil-field brines The 
degree of brine evaporation can be characterized by an enrichment kctor, fcmLb, defined as 

fearicb = 
[conservative ion] 

[wnsenative ion] ~w 

where G ~ z ~  ~ H , O ) ~  are the weights of water in the initial brine at h e  beginning 

of the evaporation process, and the weight of water removed From the brine at each stage by 
water evaporation andlor precipitation of a hydrated mineral, respectively; [comervativc ion& 
and [conservative ion]- are the concentrations of a conservative ion at a given d- of 
brine eMporaton and in initial brine, respedvely. As we mentioned above, the Br- ion warM 
be b the r  considered as a conservative ion for natural brine evmomioa since no bromide 
containing minerals precipitate in the lake during its evaporation and no koolide patkipation 
in diagenic reactions with mineralogical environment is known Removal of wata fiwn kine  
is g o i d  by evaporation 4 toa lesser amount, by the precipitatioo of hydrated m i d s  
such as KMgC1,-6H20, MgCh.6H20, Mg2CaCb-1 WtO. CaCl~4Hfi. etc. 

9- Raults of thclaodynamic modeling for water cvapontiom a d  
prreipitatioa fram hn-Bogaz-Gd brim 

The process of solar evaporation of surfice brine iiom KJ3G Gulf was modeled using 
the thennodynamic model for water evaporation and mineral precipitation from nand brines 
developed by Prof. Krumgalz. The calculations were done at 3OT, nearly avaage fbr a day 
during solar evaporation The obtained resutts were compared with the cxpeaimemal data 
The compositions of liquid and solid phases formed during expenmental solar evaporation of 
surface brine are presented in Table 7, while the compositions of liquid phase determined by 
model calculations are wesented in Table 8. It nnrst be noted that the maiw imic 

a 

concentrations determined experimentally and by calculation are in good agreement at 
approximately identical ionic strengths (Fig. 3) except for potassium ions (Fig 4). 



The composition of  the solids formed during solar evaporation are pr& in Table 
9 while the mineralogical compositions of solids obtaioed under model calculation of  solar 
evaporation are presented in Table 10. In genaal, there is good wwxmme betwaeo 
experimental and calculated data However. it should be noted that there are some 
differences. For hstane, at the beginning the precipitation of calcium sulfales acd carbonates 
occur as shown by model calculations. However, the used e m e n d  t&qw could not 
dded these minerals due to theii small trace amounts. To explain this, it should be noted that 
the model calculations reflects ideal t h e d y n a m i c  situation that does not exist in nature In 
natlrral conditions, the iduence  of kinetic factors and the formation of the overslnirated 
solutions can explain either the delayed precipitation of some m i n d s  or their absence. It is 
known that the amount of water molecules combined with magnesium sulfate under natural 
waters evaporation depends on the condition of the evaporation: temperahue. humidity, wind. 
Therefore, the d i f f e r e m  in the water content in magnesium sulfate m i n d s  obtained io 
experimental evaporation and in model evaporation in isothermal conditions are Ratural 
Thus, it was demonstrated that the developed model of the evaporation of nahlral waters 
could be successlity applied to solar evaporation of surface brines of Kara-BogazGol  gulf^ 

IV. DEVELOPMENT OF A TECHNOLOGY SCHEME FOR 
COMPLEX PROCESSING OF SURFACE BWTERVS OF 
KARA-BOGAZGOL GULF 

Based on the above, the experimental results and model caiarlations of the 
composition of liquid and solid phases fonned in the process of solar eMporation of the 
surface brines of Kara-BogazGd Gulf we chose the degrees of solution evaoomh which 
allow organizing the prod&ion of halite, epsomite, pot&ium sahs and chlo&e-nqnchm 
defoliant. W o w  are two suggested variants for the complex production of sdace gulf brina 

This variant corrPists of the following sequence of salt exbadon from evrponsion 
basin: halite - sodium sulfate - epsomite - potassium minerals - bischofite (Fig. 5a) Brine 
&om the Gulf is pumped into a storage pond (I) where the preliminary brine -ng 
takes place until the starting of halite precipitation (at ionic strength equal to 8.74) Tben 
liquid phase gravity flows to the second pond (LI). In this pond the preapilatioo of  the major 
quantity of very clear halite m n .  After the halite precipitation and h e n  the sdutioa 
density reaches 1.252 g/l the brine is pmped  into the pood (m). In this pond h b u  
precipitation of  the halite takes place with simultaneous conmwaring of  sodium and 
magnesium sulfates. In order to exclude the precipitation of sulfate containing minaalg small 
quantity of seawata is supplied to this pond. Then, the concentrated brine is pumped into the 
fourth pond wbere after reaching sulfate conwmtmkn of 7.5-8.0%. the foUowing 
minerals precipitate: b l o d i e  ( a w e )  and halite. The precipitate obtained in this pond 
contains about 60.7 sulfate salts (sodium and mamesium) and about 40% of halite. 
According to this variant ofcompiexbrocessing the Pr&pitate~obtaind in the fourth pood is 
dissolved in seawater and is coded to 0°C. At these conditions N&SOI.IOH.~ is precipitated 
from the cooled brine. N&S04.10H20 production can be conducted either 6 iodustrial 
method (artificial cooling) or by pond method (mural d i n g  during winter). The formed 
brine is pumped in the fifth pond (V) called epsomite basin. In this pond the precipitation of 
epsomite occurs and the brine is enriched in potassium and magnesium. The epsomite motba 



brine with potassium chloride concernration 2.3-2.4% is transferred to the sixth waporati~lg 
basin (VI) where the precipitation of socalled raw potassium salt takes place. The raw 
potassium salt in layers is wasbed by rain and is drained h m  the mother brine. Tben the salt 
is collected in clamps dried by wind and sun, and used in the production of chloride kee 
potassium fertilizer as raw material. Then the mother brine with high content of magnesium 
chloride (till 29-31%) is transferred to the seventh pond (W), which serves as storage for 
potassium, sodium and sulfate ions. AAa the s e v d  pond, the brine is d e m d  to the 
plant for bischofite production, which, in turn, is raw material for the production of 
magnesium chloride defoliant. 

2. Second variant 

This variant consists of the following sequence of  salt extraction h m  eMporotioo 
basin: mirabilite (either by industrial method or by pond one), halite - epsomite - potassium 
minerals - bischofite. At industrial method of mirabilite extraction the temperahrre of surface 
brines decreases at 0°C in special tanks where the precipitation of mirabilite taka place. The 
mother brine moves into storage tank for concentrating and halite precipitation. The further 
techwlogjcal steps are identical with the first variant of brine processing. In the case of the 
sodium sulfate production by the pond method the surface brine is pumped in the first pond 
and concentrated preliminarily (Fig. Sb). In order to avoid the sulfate precipitation t o g a h a  
with halite the brine is diluted, if necessary, with seawater. During the winter, when the brine 
temperature reaches +S°C+OOC, the mirabilite precipitation b n s  The mother brine after the 
mirabiiite extraction is moved into evaporation ponds. Then all fiuther processa and the 
sequence of minerals extraction are the identical to the 6rst variant of brine processing 

3. Crystlllivtion of mirabiite and the evapontion of minbilite m o t k r  brhe 

It is known that two sorts of solutions containing sulfate ions are the moa pFaaicai. 
Solutions &om which either mirabilite or epsomite crystallize unda woling (Lcpe&kov, 
Bujnevich and Sedelnikov, 1981). Since the Kara-BogazGol brines are awsidasd as dK 
unique raw material for rnirabilite production, we have been investigaiq the possibifity of  
producing pure rnirabilite from surface brine. The figwative brine composition point oo the 
solubility diagram of aqueous salt system 2Na-, M ~ ~ ' / ~ c I - .  SO? - H B  at P C  is sitwted in 
the field of  mirabilite aystallization, but at 25OC figurative brine composition point is 
situated in the field of halite crystallization and NaCl comaation is high We suggested 
that mirabilite could precipitate together with halite. Such a precipitation is a negative 
technological fabor. 

Mirabilite was precipitated by slow decrease of brine tempemwe to OOC in pamancnt 
mixing. This imitates industrial production of mirabilite. Mirabilite was crystallized withan 
any addition of seed crystal. The obtained pulp was separated with Buchner ttnwl by using a 
vacuum pump. The preliminary study of the process of  mirabilite c ryd iza t ion  was carried 
out for 2 brines: surface brine and an evaporated surFace brine (about 1% of brine's wata 
was evaporated). The second brine was used because the salt concentration in surfsoes brine 
has increased every year and we would like to know the composition of mirabilite produced 
in the future. The composition of initial brines and sediments are presented in Table 11 
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Fig Sa Principal process flow sheet of Kara-BopGol surfice brine complex technology (variant 
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Fig. 5B. Rincipal process flow sheet of Kara-Bogaz-Gol surface brine complex technology (variant 
#2) 



From the present d c e  brine the almost pure mirabihte suitable for the produaioa 
of medical Glauber's salt was obtained. The quality of the precipitated mirabilite bas to 
be poor as surface brine increases. Mirabilite precipitated h m  the c ~ p ~ ~ u e d  s w k e  brine 
includes up to 5% of NaCI. However, wen from such mirabilite the medical Giauber's dt 
can be obtained by washing out the NaCl inclusions. The yields of mirabilite from nrrfhcc 
brine and &om the evaporated brine are 119 and 142 kg.m3, respectively. These rarmbers are 
comparable with mirabilite yield h m  buried indushial brines. Therefore, in the near future 
the most perspective technology will be the technology based on the mirabilite cryaallizatii 
This technology will use either pond method in wintertime or industrial d i n g .  LepeshLw 
and others (1981). Bujnevich and otbers (1992). Atadjanov and Kurilenko (1991) showed tbat 
the mirabilite yield increases until the astrakanite precipitation s!aits. T b q  a c m d q  to the 
results of model evaporation of surface brine, the technology based on d i l i t e  
crystallization can be applied until it reaches solution ionic strrngth of about 9.5. 

We studied also the possibility to utilize the mirabilite mother brine in the pood 
method. The experimental procedure was identical to tbose used for the solar evaporaDioa of 
surface brine. The compositions of liquid and solid phases obtained during the s o h  
evaporation experiments are summarized in Tables 12 & 13. In the evaporation process in the 
ionic range 6.5-13.4 only the precipitation of halite was observed. Then, the precipitatioo of 
minerals with high content of magnesium and sodium sulFates started. In ionic strength large 
than 15.3, the mixture of sahs with high content of potassium was formed. It sbouM be noted 
that, in solar evaporation, salt mixture containing more than Wh potassium salts and about 
300/0 crystalline hydrates of magnesium sulfate formed in both arrface brine aod mirabilite 
mother brine. This shows that potassium fertilizers can be produced from tbese two mw 
materials. In view of the above results, we suggest complex processing of surFm brines 
based on mirabilite crystallization with hrtha evaporation of mirabilite mother brine in p o d  
system (Fig. 5b). In contrast to the first variant, brine from the storage pond 0 is m o d  fw 
sodium sulfate extraction, which can be done either by the industrial or by the pood e. 
The formed mirabiiite mother brine is then processed as in the first varim. 

4. Devdopmcnt of tabudogg for prodectiom of potassium mtfatc f m  
smrfarr bitterns 

The production of raw potassium salts &om various brines in various mnditiom of 
Kara-Bogaz-Gol Gulf had been studied by LepeshLov and Fradkina, 1959; Sedel'nikov, 
1%8; Nuryagdyev, Pasev'eva and Elomanova, 1984; Pasev'eva, R v  d 
Grishchenko, 1991; Atadjaoov and Kurilenko, 1991; Atadjanov, Pasev'eva aod 
Khodzhamamedov, 1995. It was found that the precipitated salts with composition given in 
Table 14 are formed from various raw materials (mirabilite mother brine, buried kiaa. 
surfice brines before dam constmaion) when emporating to the potassium -em 1.20- 
1.25%. The technology of p d n g  raw potassium salts into p n a s s h  faciliEcn was 
developed by Pasev'eva and others, 1986; Pasev 'e~ ,  Khodzbamamedov and Grishchdo, 
1991. For developing an efficient method for miwral produdion, the expaimerml data of 
salt solubility in five-components system K-, Na-, M~'*, Cr. SO? - H@ at t- 25, 
40, 55 and 75°C (Kaschkarov, Pasev'eva and Nuryagdyev, 1975; Nuryagdyev, Pasev'eva and 
Elomanova, 1981; Pasev'eva, Nuryagdyev and Kaschkarov. 1977, 1978) was used. The 
above range includes the compositions of raw potassium salt obtained by us in the process of 
solar evaporation of surFace brine and of mirabilite mother brine. Therefore, the technology 



developed earlier for production of potassium sulfate and otber potassium fadlizen can also 
be used for investigating new raw materials. 

The technology for producing potassium sulfate 6om raw potassium sah entails 
processing raw p0tass~m At and potassium regeneration from lye in the following two main 
steps: 

a) Schoenite (K2SOqMgSOc6H20) is formed by interaction of raw potassium 
A t  containing kainite (KCl.MgS01.3H20). camallite (KCI.MgCl2-6Hfi) and 
magnesium sulfate (MgS0~kH20) with water as per below reaaions: 

nKCl.MgS04.3H~0 + mH2O + K ~ S O ~ M ~ S O C ~ H ~ ~  + schoenite lye (12) 

nKCI-MgCIz-6HzO + mMgS04.kH~O -+ K ~ S O C M ~ S O , - ~ H ~ ~  + shoerite lye (13) 

The obtained pulp is separated by filtration onto schoenite and schoenite lye, which is the 
mother solution left after the scboenite crystallization. A o w  step process yields 10-15',& 
schoenite. To inaease yield, a two-step process is employed by adding sevaal parts water. la 
the first step, the quantity water added to raw potassium salt suffices for the formation of 
kainite from camallite: 

KCI.MgC12.6H20 + MgS0~kH20 + pH?& K C I - M ~ S O W ~ H Z ~  + kainite lye (14) 

In the second step, the kainite is decomposed by water according to r e a a h  (12) la this 
process, the potassium yield in scboenite reaches 6045% (Pasev'exa and 0 t h  1986). 

Processing schoenite and kainite lyes (the later lye is the mother solution left a k  the 
kainite crystallization) for potassium regeneration is conducted by a two-phase evapontion 
process of lyes mixture. In the fust step of evaporation, halite and some of the water are 
removed. The mother solution is divided into two flows: one flow is replaced by water. while 
the second undergoes the second evaporation step in which water is removed and sah 
identical to initial raw potassium salt is crystallized Then this salt is returned to tbe first  step^ 
The mother solution constitutes of the coocentrated chloride-magnesium brine, which is 
proposed for production of bischotite and magnesium chlorite defoliant. 

The optimal conditions for converting raw potassium sah into scboenite are the 
following: salt decomposition at 70-75°C for 15-20 minutes, pulp coding to 35-4O"C for 30- 
35 minutes, solidniquid phase ratio for salt decomposition by water 1 :(0.13-1.20) and by 
mother solution 1 : 1 .SO. The degree of potassium extraction from s c h o e ~ e  in thc closed cycle 
reached 90-95% (Elomnova and Pasev'eva, 1993). 

Tbe production of potassium sulfate is based on schoenite decomposition by water. By 
using the one-step P~~XPSS, the mixture of potassium sulfate and l d e  is formed. By addiog 
more water, potassium sulfate almost pure of leonite can be obtained. However, this 
decreases signiticaatly the yield of potassium sulfate in the final produa. Mi to 
circumvent this process, the schoenite decomposition is conducted in two -. At the tim 
stage of conversion the decomposition of scboenite is conducted by sulfate s o b  of lecmite 
(L) from the second stage of conversion (the production of this sohrtion will be shown 
below). At this stage the precipitate, wotaining the miaures of potassium sulfate and l e o h  
and the mother solution are formed: 



At the second stage of the conversion the obtained solid phase is decomposed by 
water with the formation of solid phase containing potassium sulfate and the mother (sulfate) 
solution L according to the reaction: 

K ~ S O ~ M ~ S O ~ ~ H ~ O $  + K~SO.~+  yH:0+ K ~ S O ~  + mother solution L (16) 

The optimal conditions of this process are the following: tempemhm 45-5WC, 
process duration 45-50 minutes and continues mixing. Wah the purpose of the utilization of 
potassium sulfate the regeneration of the formed mother solutions by evaporation of the water 
excess was provided At this process lwnite and mother solution are formed the fxmed 
leonite is returned to the fist conversion step and tbe mother solution is moved into 
evaporative pond of raw potassium salt. 

5. Devdoprncat of technology for production of nugnairm cblontc from 
surface bitterns 

Kul'maksimov et al., 1986, Kul'nmksimov and Tukhtaev, 1989. developed the 
method of producing chlorate-magnesium defoliant. This method used the chloride- 
magnesium brine left after the evaporation of potassium lyes of buried brines in the KBG 
Gulf This method differs from the technology based on fus'mn of birhotite and sodium 
chlorite (Eqn. 17) at 130- 140°C: 

The defoliant obtained by the later method contains sodium chlorik which is 
accumulated in soil and leads to its salinization. The data p remed  in Table 15 show3 that 
the compositions of chloride-magnesium brines obtained at the proccsing of buried and 
surfice solutions are identical. Therefore, we can use the developed tshnology in complex 
processing of s thce  brines. 

V. Conclusions 

a. Crystallization of surface brines at Kara-BogazGol Gulf by solar water evapontioo has 
been experimentally studied. 

b. Modeling isothermal evaporation of a solution, resembling the compositioo of the autbce 
brines of Kara-BogazGol, was done by using the model dewloped by Prof Krumgalz 

c. It was demonstrated that the w h s  of model caiwlations mmspond with elcpaimeocll 
data 

d. The possibility of replacing buried brines by surface brines for produaioa of d u m  
sulfate and other valuable prhltuas was substantiated. 

e. Based on experimental and calculated data of evaporation of surface KBG brines, the 
crystallization paths were studied and the technology of complex pnxessing of surface 
Kara-BogazGol brines was developed. 



VI. Recommendations for industrial implementation of tbe 
developed technology 

For the application of the developed technology of complex processing of d a c e  
Kara-Bogaz-Gol brines to industrial production it is necessary to carry out serious additional 
studies related to the development of new processes, reconstruction and modernization of the 
existing plants. 

a. To develop the basic data for designing of technology of complex processing of 
surface brines of Kara-BogazGol Gulf 

b. To develop the technical and economic assessment of complex processing of arrface 
brines of Kara-Bogaz-Gol Gulf. 

c. To conduct the marketing study for various produas (sodium sulfate, potassium 
sulfate, epsomite, bischofite, halite, etc.), this can be produced at complex processing 
of surface brines of Kara-Bogaz-Gol Gulf. 

d. To work out the reconstruction plan of the pond system of the ptam 
" K a r a W f a t " .  

e. To prepare the basic data for general reconstruction and modernization of the plmt 
"Karabogazsuifat". 

f To develop the investment strategy for the realization of the developed technology of 
complex processing of d a c e  brines of Kara-Bogaz-Gol Gulf 
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vIn. TABLES 

Table 1. Water balance of Kara-BogaAhl for 1%2001 

* Tbe annual volume of rains was regarded as average for many years. 
** Water evaporation from the lagoon bittern surface depends w brim miwralizatioo and 

was regarded as about 1.1 dyear (Lepeshkov et al., 198 1). 

Tabk 2. Coodioates of sampling stations (Pi 2). 







Tabk 4. Composition of surface b r i n a  of Kan-Bog.zGol 

The precipitation of  rnirabilite occurred (mmposition of sediment. % wt : NazSO, 30.12, 
MgCb 0.311, KC1 0.017, NaCl 1.04) 

Table 5. D~ainagc of Caspian Sea ra t&  to Kan-Bog.zGol for 1992-2003 

T a b k  6. Air u d  briae tempentares d a h g  tk proam 
ofsolar rvapontion exper ie~at  of nrfacc brime 

- 
Year 
1 992 
1993 
1 994 
1995 
1 9% 
1997 
1998 
1 999 
2000 
2001 
2002 
2003 

Water volume, km' 
11.3 
36.6 
40.8 
52.2 
25.1 
17.7 
18.0 
18.5 
19.4 
18.0 
13.7 
15.8 



Tabk 7. Ionic composition of liquid and solid phues fowed during solar napontho of 
surface brine (experimental data) 

Tabk 8. Ionic composition of Equid pbwe fowed duriug irotbcrul rvapontio~ of 
surface brine (aimhted data) 
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Tabk 12. lwic composition of liquid pbue forred dmMg %ohr" 
evaporation of mirabiiic mother mlntion 

Tabk 13. M i  cooteot ( O h  wt) in solid p b w  beiog ia eqoitibrin- d b  proper 
brine ("solar" evaporation of mirabilitc mother solution) 

Table 14. The composition of the n w  potassium ult obtained by v a h  ictL.Q 
froa the Kan-BogaCol brines 



TaMc 15. Composition of chkridtnugnamm b ~ e  obtained from the Karm- 
Bogacd Gtllf briaa 

Source of the chloride- 
magnesium brine 

r 

Buried brine 
Surface brine 

The composition of chloride-magnesium brine, % at 
NaCl 
0.28 
0.09 

KC1 
0.21 
0.12 

M&OI 
3.78 
3.47 

MgC12 
32.22 
32.42 

Hz0 
63.51 
63 90 



Fig. I .  Levels of Caspian Sea and Kara-Bogaz-Gol from 19% till 2001. 

01.01.96 26.12.96 21.12.97 16.12.98 11.12.99 05.12.00 30.11.01 
Date 

Caspian Sea + Kam - Bogaz - Gol 

Fig. 2. Map of sampling locations. 



Fig. 3. Ionic concentration changes for ihe solar evaporation of Kara-BogazGol surfice 
brine: points are the experimental data: lines are the calculated (modeling) data. 

Ionic strength 

-Na -Up -Ct So, em .Up A 0  S q  eCa'l 

Fig. 4. Potassium ionic concentration changes for the solar evaporation of Kara-EhgazGol 
surface brine: points are the experimental data: lines are the calculaled (modeling) 
data. 

6 8 10 12 14 16 18 20 
Ionic strength 

ExpRirnental Jata + CalatMed data 



Table 1.4. Thermodya.mic solubility products &)of minerah formed fmm major iw of 
natural waters at 25°C. 

chloride MgCh4Hfl 



Tabk 2A- The .n interaction p n m & n  $?]. p u ,  $(*I and C?. at 2s-X 
1.1 .I 

schoe.de @iaomerite) 
Strontium bromide 
Sylvite 
Syngenite 
Tachyhydrite 
Thenardite 

K2Mg(S0,h.6H20 
SrBrx 
KC1 
K2Ca(SOa)?-H20 
MgzCaCk. l W20 
Na2S04 

4.704-10-~ 
3.433-10" 
7.941 
3.563.10~ 
2.421-10" 
5.159.10" 

Harvie ec d., 1984 
Robie a d., 1978 - 
Harvieetd., 1984 
Hanie a d., 1984 
Harvie et d.. 1984 
Hameetd. ,1984 



Tabk3A. Higber order interaction terms 8i,j and ~ i , j k  at 25°C for Pitzcr's qmtiocu 

with electrostatic terms. 



XI. MANAGERIAL ISSUES 

The current project had a very difficult 'birth". The official agreement bemem the CDRC.4R 
administration and IOLR was signed only on 26& August 2001. The complex political situation in the 
region of Central Asian Republics at the time postponed the signing of the Subgra~  to Gram ;sio. TA- 
MOU4O-CA20-072 agreement between IOLR and Sci. Research Cooperation ^GLW (91- Esgerier St.. 
Ashgabat, Turkmenistan) until the middle of the November 200 1. 

Prof A Khodjamamedov and Dr. N.N. Kazantseva had numerous problems in opening a new 
foreign currency account for this project. This account was opened only on the if of April 2002. about 
8 months later than the project starting date: 1.08.2001. The fun installment of the money \*as 

received only at the eud of November, i.e., 16 months late. 'his situation led to the delay of the *inter 
field sampling of water from the Kara-Bogaz-Gd. which was planned for September-Oaober 2001. 
and the first water sampling in Kara-Bogaz-Gol, which should have been carried wt during March- 
May 2002. The money required for equipment has not yet reached the Turkmenistan scientific team. 
even haft the time into the project duration. 

XLI. COLLABORATION AND TRAVEL 

Both sides discussed in detail, scientific plans for hlfillment of the projaq financial and 
scientific reports, results of experimental work and necessary future steps for succeaful fulfillment of 
the project 
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