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Potassium rocks spatially and genetically related to
salt-bearing marine deposits are presently used all over
the world as a raw material for the manufacturing of
potash fertilizer. However, not all halogen formations
contain potassium salts because the generation of a
potassium deposit requires specific paleogeographic,
tectonic, and climatic conditions. The combined influ-
ence of these factors causes cyclic changes in the con-
centration and composition of salt basin brines. Potas-
sium salts precipitate during the final stages of salt
accumulation owing to the oversaturation of oceanic
water under favorable consedimentation movements of
the brines. Time-consuming drilling operations, which
often give no clear indications, are usually executed to
discover such local occurrences among extended salt
rock areas. In some cases, the mining of deposits began
in not the most productive areas. This eventually
resulted in the necessity to change projects and hin-
dered the launching of potassium plants. Therefore,
only 13 of 26 known salt-bearing series containing
potassium salts are presently mined. The expediency of
mining the other series has not been demonstrated [1].

It is evident that comprehensive genetic concepts
are required to improve the methods of prospecting
operations. Fersman noted that correct genetic interpre-
tations are crucial for both prospecting and exploration
operations, whereas incorrect genetic inferences often
lead to gross errors and even fatal results during the
organization of production [2].

Since the composition and texture of rocks reflect
their genesis, the mineral, petrographic, and chemical

analysis of rocks has been the main method to solve
genetic problems and determine the physicochemical
and geochemical conditions of salt accumulation both
during and after sedimentation [3–6].

The salt composition of rocks allows one to carry
out facies analysis and determine the hydrochemical
type of parent brines, which defines to a considerable
extent the physicochemical evolution of the basin. The
composition of salt-associated halopelite material is
controlled by the same processes. The determination of
assemblages of carbonate, clay, and salt minerals clari-
fies the trend and intensity of brine metamorphism and
reveals the role of the facies environment in the compo-
sitional variations of carbonates and terrigenous clays.
There are indicator clay minerals, the authigenic forma-
tion of which is strictly controlled by the composition
of the halogen basin [7].

Trace elements are more sensitive to changes in the
salt-forming environment than major elements forming
mineral assemblages and bear, therefore, important
genetic information. Some salt minerals form during
particular stages of halogenesis, affecting the trace ele-
ment composition of rocks. Consequently, they can be
considered as chemical indicators of the thermody-
namic conditions of sedimentation.

There are different types of interaction between the
major and trace components of brines: (1) chemical
interaction, (2) formation of solid solutions (isomor-
phous series), and (3) no interaction (occurrence as
mechanical impurities in minerals). In the latter case, a
trace element is entrapped with parent brine by growing
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crystals or adsorbed on their faces. Among these mech-
anisms, the most thoroughly studied and informative is
the second type of interaction leading to the formation
of isomorphous series. It is known that the preferable
isomorphic substitution of an atom in a particular min-
eral depends on many variables: chemical nature of the
element, crystal structure, character of interatomic
bonds in the mineral, physicochemical conditions of its
formation, crystallization order, etc.

Isomorphic substitutions are presently studied by a
number of instrumental methods, including X-ray
structural and phase analysis, radiometry, isotope
exchange, laser halography, and others.

The experimental determination of trace element
distribution between solid and liquid phases in systems
(solutions, melts) is used to quantify the formation of
isomorphous series. Valuable information can also be
obtained from a statistical determination of distribution
functions and correlations of major and trace elements
in rocks [8–13]. The thermodynamic analysis of the
distribution of major and trace elements between equi-
librium phases is similar, but in the case of trace ele-
ments, the calculation of distribution coefficients can be
simplified. This is explained by the fact that variations
in trace element content have practically no influence
on the activity coefficient of all components of the sys-
tem, including the trace component. Therefore, only the
distribution of the trace element between solid and liq-
uid phases should be considered instead of the com-
plete phase diagram with the participation of this com-
ponent [10].

Studies of V.G. Khlopin and his school showed that
equilibrium distribution coefficients in crystal–solution
systems can be determined by three methods. Two of
them are based on prolonged recrystallization of sedi-
ment in solution (from above and from below), and the
third method involves precipitation from oversaturated
solutions (isothermal removal of oversaturation). The
latter method had long been the subject of discussion,
and no consensus was reached. However, the obtained
experimental data showed that any of these three meth-
ods provides a homogeneous distribution of trace ele-
ments in major-component sediment, i.e., the attain-
ment of true thermodynamic equilibrium in the system
[14–17].

The function of trace-element distribution depends
on the extent of equilibrium. When true thermodynamic
equilibrium is attained, the Khlopin law can be applied:
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During co-crystallization of isomorphous components,
a trace element is distributed between solid phase and
solution with a constant 
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 up to a certain concentration
limit. This is caused by the fact that crystallization pro-

ceeds slowly enough and the chemical potential of the
trace element becomes uniform over the whole system.
If in each moment of crystallization, equilibrium is
attained only between an elementary layer and solution
rather than over the whole volume of growing crystals,
the distribution can be described by the logarithmic law
of H.A. Doerner and W.M. Hoskins:
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 is the total con-
centration of the trace component in the solution and
crystals, and 
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 is the total concentration of the major
component (in solution and crystals).

The coefficient 
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 is a thermodynamic constant for
the given trace component in the given system, whereas 
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is not constant 
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, because it depends not
only on temperature and component concentration but
also on mixing rate and other experimental conditions.
During slow crystallization, the limiting 
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 value may be
equal to 
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. The distribution coefficient is often calcu-
lated either as a ratio of trace element content (in wt %)
in crystals to its content in the solid residue of liquid
phase (
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) or as a ratio of trace element content in crystal
to its content in liquid phase (
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). The distribution coef-
ficients calculated in such a manner are somewhat dif-
ferent from 
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 and 
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 and widely used in studies of salt
systems and halogenesis. The distribution coefficient is
a relative value; however, it depends on concentration
units (wt %, at. %, mole fractions, and others), which
are usually specified. This is important for a compari-
son of data obtained by different authors [18–20].

Experimental data can be checked by thermody-
namic calculations. The following equation was pro-
posed for the calculation of distribution coefficients:
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) can be calculated as a function of
composition for many isomorphous series in accor-
dance with the energetic theory of isomorphism
[21, 22]. The general formula for components with
identical or similar chemical bonding is
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the type of chemical compounds, number and valences
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tion of the limits of isomorphism is based on the pro-
portionality between the heat of mixing and the param-

eter .

According to the above equations, ideal systems
entrap a trace component (
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 > 1) if its melting temper-
ature (
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°

 

) is higher than the crystallization temperature
of the isomorphous series (
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), and K < 1 if 

 

T

 

 is lower
than 

 

T

 

°

 

. The results of calculations by this model are
consistent with experimental data within 30–40%, but
in some cases, they cannot be performed because of the
lack of thermodynamic data [21–25].

There is extensive literature on the application of
data on trace element distribution in various systems.
These publications have considered different aspects of
this problem. Most often, they focused on the influence
of an impurity on the properties of crystalline matters,
isomorphic substitutions, methods of refinement,
extraction of trace elements for accurate measurement,
and others [26–28 etc.]. This raises the question of the
development of databases of trace-element distribution
coefficients in various systems [29, 30]. The use of
trace-element distribution in salt systems and minerals
of salt deposits for the solution of many problems in
halogenesis, development of prospecting guides for
potassium salts, and technology for the complex utili-
zation of salt resources is one of the most important
problems of halurgy [31].

The choice of trace elements for the analysis of the
genesis of salt-bearing deposits depends on the litho-
logical composition of rocks. This is especially impor-
tant for chloride deposits because of the limited number
of salt phases [32].

Among the numerous trace elements inherited by
evaporites from seawater, bromine is of special signifi-
cance. The content of this element in oceanic water is
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; during evaporation Br is accumulated both
in brine and in precipitating salts, where Br
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 isomorphi-
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 in the crystal lattice, in spite of
its somewhat larger radius (

 

 

 

= 1.81 Å and 
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The crystal–solution distribution of Br in water–salt
systems and during seawater evaporation was studied
by many authors. These studies were begun by Becke
in 1908 and were continued by Yu.V. Morachevskii
(1928–1950), V.I. Nikolaev (1932–1937), S.K. Chirkov
(1933–1946), N.A. Shlezinger (1934–1939), and oth-
ers. M.G. Valyashko together with T.V. Mandrykina
and E.M. Petrova (1943–1949) refined the distribution
coefficients of Br for chlorides crystallizing during sea-
water saturation up to eutonics:  is 0.37 for halite,

0.28 for sylvite, 0.23 for carnallite, and 0.47 for bis-
chofite. These data served as a basis for the construction
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of the scale of typical Br contents and Br/Cl ratios for
sylvinite and carnallite in marine deposits [4, 32–35].

At the beginning of precipitation, halite contains

0.0068% Br and shows a 

 

 of 0.1

 

. These val-

ues increase up to 0.027% and 0.4, respectively, when
sylvite begins to precipitate and up to 0.037% and 0.6
when carnallite begins to precipitate. These data allow
one to address the important question whether the
presence of potassium salts can be deduced from data
on boreholes penetrating a potassium-free salt
sequence [1].

The Br content of crystallizing sylvite increases
from 0.13 in the first crystals to 0.26% during the latest
stages. The Br/Cl ratio changes from 2.9 to 4.21. The Br
content and Br/Cl ratio of carnallite increase from 0.24
to 0.60% and from 6.0 to 14.5, respectively.

These values were also determined for secondary
minerals. Sylvite crystallizing from the brines that
formed during dissolution of primary sedimentation
deposits of this mineral, contains significantly less Br
than primary sylvite. Sylvite formed during the incon-
gruent dissolution of carnallite contains half as much
Br as carnallite. Carnallite formed from the brines that
previously dissolved carnallite deposits also has a
lower Br content, because 

 

J

 

Br

 

 for this mineral is lower
than one [33–36].

In order to estimate the deviation of Br/Cl ratios
from normal values, Petrova [37] proposed to use rela-
tive Br/Cl coefficients. They are calculated as the
observed Br/Cl ratios of the rocks expressed in percent
to normal values taken as 100% [37].

These data serve for the estimation of cycling in salt
accumulation, postsedimentation transformation of
rocks, and for the solution of other problems of halo-
genesis. The Br content, Br/Cl ratio, and relative Br/Cl
coefficient of rocks can be used as geochemical criteria
during prospecting for potassium salts in salt deposits,
in spite of some practical difficulties [1].

Other trace elements used to decipher the formation
conditions of salt rocks and sedimentation are Rb, Cs,
and Tl, which isomorphically substitute for K in its
minerals.

The coefficient of equilibrium co-crystallization of
trace Rb with potassium salts was repeatedly deter-
mined in experiments by different methods and in dif-
ferent systems; however, mainly in saturated KCl solu-
tions with addition of RbCl [38–59 etc.]. It was estab-
lished that JRb is more sensitive to temperature than to
system composition (K/Mg ratio in the solution) [38–40,
43, 46–49]. The mass of solid phase also affects JRb.
This is related to the fact that an increase in the mass of
solid phase during mixing shifts the system closer to
equilibrium owing to the higher probability of crystal
collision, which accelerates the transition of the trace
element into the solid phase and promotes its homoge-
nization. It was noted that the influence of collisions on
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trace element transition depends on the growth rate of
the crystals, because the newly formed layers of solid
phase have more point defects providing disordering
during crystal collisions. The trace component that was
entrapped by crystals above the equilibrium amount
passes into solution [50–52].

According to experimental investigations of salt
systems, the distribution coefficient of Rb varies for
sylvite from 0.113 to 0.652 at 0°ë, from 0.10 ± 0.01 to
0.21 at 25°ë, from 0.09 to 0.984 ± 0.001 at 40°C and
is 0.94, 0.103, and 0.119 at 30, 50, and 80°C, respec-
tively.

Shaderman and Chelishchev [53] studied Rb distri-
bution in the brines of evaporite formations rather than
in experimental synthetic solutions. They obtained a Rb
distribution coefficient of 0.11 for sylvite at its content
in crystals of 0.005% [53].

Carnallite shows JRb from 2.17 to 2.9 at 25°ë and
1.86 ± 0.03 at 50°C. The same variations were observed
in distribution coefficients: a weak correlation with salt
composition and a strong negative correlation with
temperature.

The geochemistry of Rb in halogenesis can be elu-
cidated using data on interphase distribution in salt sys-
tems obtained from experiments on Rb behavior during
seawater evaporation [54–56]. The Rb content in sea-
water is 2 × 10–5%. During evaporations, Rb is accumu-
lated in the solution up to the precipitation of potassium
salt. The Rb content of the solution increases from
0.0008 at the beginning of sylvite crystallization to
0.0011% at the final stages, while the Rb content of
sylvite varies from 0.0017 in the first crystals to

0.0053% in the last ones. The Rb/K ratio 

in the liquid phase varies from 0.32 to 1.02. When car-
nallite crystallization begins, the Rb content of the liq-
uid phase decreases sharply (to 3.5 ppm) because of its
almost complete incorporation into the solid phase. The
Rb content reaches 0.0347% in the first carnallite crys-
tals and decreases to trace amounts by the end of crys-
tallization. The Rb/K ratio of the solution changes from
24.7 at the beginning of carnallite crystallization almost
to zero at the end. Rb is not detected in the solution at
the moment of bischofite crystallization. Such a behav-
ior of Rb during carnallite crystallization is explained
by the fact that this process is accompanied by intense
changes in trace element proportions in the solution: a
decrease in K/Mg and an increase in Ca and Mg. These
variations under the deficiency of unbound water
lead to dehydration of large cations (Rb+, Cs+) with
a lower charge density, which causes their almost
complete transition into the solid phase. During
simultaneous crystallization, the Rb content of car-
nallite crystals is 24.4 times greater than that of
sylvite [45, 48, 49].

Rb does not form its own minerals during halogen-
esis. The majority of researchers believe that the simi-
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larity of properties, ionic radii (  = 1.33 and  =

1.49 Å), and crystal chemical parameters of com-
pounds favor the isomorphic substitution of Rb for K in
the crystal lattice of potassium salts. However, there is
an opinion that K and Rb carnallites form solid solu-
tions. Slivko and Petrichenko [57] argued that both
modes of occurrence are possible; however, solid solu-
tions are predominant in carnallite, and isomorphous
substitutions, in sylvite. The incorporation of Rb in the
crystal lattice of sylvite is hindered by the close packing
of ions in this mineral. Carnallite, sylvite (and kainite)
are classified as Rb-concentrating minerals.

In terms of Rb content and Rb/K ratio, the potas-
sium salts that were subjected to postsedimentation
transformations significantly differ from pegnitoge-
nous ones. For example, primary sedimentary sylvite

contains from 0.0017 to 0.0053% Rb and its (  × 104)

ratio is from 0.32 to 1.02, whereas secondary (redepos-
ited) sylvite contains four times less Rb (from 0.0004 to
0.0019%). The Rb content of sylvite formed through
the incongruent dissolution of carnallite is half that of
the primary carnallite, which is 1.36 times higher than
that of the primary sedimentary sylvite.

In accordance with the distribution coefficient,
recrystallized carnallite (undissolved) contains up to
0.3550% Rb and has an Rb/K ratio of 252 × 10–4, which
is two orders of magnitude higher than the initial value.
These data are used to determine the formation condi-
tions of potassium sequences and are of special impor-
tance for the deciphering of postsedimentation pro-
cesses [60, 61].

The Cs content of seawater is low (3.7 × 10–8%);
data on its behavior and distribution during water satu-
ration and in salt systems are scarce and require refine-
ment. This element shows a less distinct isomorphism
with K as compared with Rb; nonetheless, the similar-
ity of chemical properties and ionic radii (∆  =

9.7%) indicates that Cs behaves similarly to Rb during
halogenesis, but occurs in smaller amounts in rocks
[45, 54, 57, 58]. According to the available data [62, 63],
the potassium salts of the Verkhnekamskoe deposit con-
tain from 0.03 × 10–3 to 0.11 × 10–3% Cs (averaging 5.6 ×
10–3%), i.e., more than an order of magnitude lower
than the Rb content. In carnallite, Cs isomorphically
substitutes for K forming Cs-carnallite. However,
owing to its high solubility, this mineral can form only
during the last stages of carnallite crystallization, and
its findings are extremely rare [57, 59].

The Tl content of seawater is also low (1 × 10–9%),
and Rb : Tl = 100 : 1. Thallium is an element of group
III of the periodic table with valences of +1 and +3.
However, because of the high redox potential of the
Tl3+/Tl1+ pair (1.25 V), thallium occurs only in the uni-
valent state and exhibits lithophile properties under
hypergene conditions. The behavior of Tl as a chalco-
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phile element is unclear; however, low-temperature
hydrothermal deposits with marcasite and pyrite are
especially favorable for Tl accumulation [64–68].

The geochemical evolution of dispersed Tl (similar
to Rb and Ce) is closely related to K owing to similar
ionic radii (  = 1.49 Å), electric affinities, and some

chemical properties [63, 64]. The content of isomor-
phous Tl in K minerals, Tl1+/K+, and Rb+/Tl1+ are used
to evaluate the genesis of igneous rocks [69]. The wide
application of these parameters as genetic criteria for
salt rocks is hampered, because the behavior of Tl dur-
ing halogenesis and in salt systems is poorly known.

The available data indicate that Tl is accumulated in
a liquid phase during halite crystallization (JTl < 1) and
in a solid phase during sylvite and carnallite crystalliza-
tion (JTl > 1). During sylvite crystallization in the KCl–
MgCl2–H2O system, JTl increases from 5.0 to 11.8
when temperature changes from 16 to 60°ë; carnallite
crystallization causes an increase in this value from 3.0
to 6.0 within the same temperature range [40, 58, 67].

Based on experimentally determined relations
between solid and liquid phases during seawater evap-
oration, Tl content in brines during sylvite crystalliza-
tion (0.03 ppm), and distribution coefficients, Boiko
[59] calculated Tl content in chloride evaporites. He
argued that the relatively high Tl content in sylvite was
caused not only by the preceding precipitation stage but
also by the formation of a poorly soluble compound,
TlCl, the solubility of which (0.3 g/100 g ç2é) is
16.3 times lower than that of Tl2SO4 [59, 70].

The presence of 0.03 × 10–4 to 1.2 × 10–4 % Tl in
salts and brines has been reported by several investiga-
tors. Since JTl for sylvite is higher than one, recrystal-
lization should lead to Tl enrichment in secondary
sylvinites. This is confirmed by the elevated Tl con-
tent and Tl/K ratio (7.4–58.8) in the redeposited syl-
vinites of Kalush and Stebnik (Carpathian region)
[40, 58, 66, 71].

The above data were used for a detailed investiga-
tion of geological and structural features of the Gaur-
dak Formation of the Late Jurassic halogen formation
in southern Central Asia [72–74].

These salt deposits occupy an area of about
30 000 km2 within the southwestern spurs of the Gissar
Range and have a thickness from 900 m in the south to
25 m in the northeast. They represent the uppermost
unit of the Jurassic sedimentary sequence and mark a
change from marine to continental sedimentation. The
Gaurdak Formation overlies carbonate rocks and con-
sists of four units: underlying gypsum–anhydrite (145–
200 m), transitional anhydrite–halite (120–138 m), salt
(K-bearing) (320–460 m), and cover gypsum–anhy-
drite (5–35 m) sequences.

Such a structure is preserved in all the deposits;
however, the thickness and lithology of units vary and
strongly depend on the area occupied by the deposit

R
Tl+

within a halogen basin. The deposits located in the
northeast (Tyubegatan, Akbash, Lyalimkan, and others)
have thinner K-bearing beds of mainly sylvinite com-
position and show high contents of halopelite material
in salts. In the deposits of the southwestern part
(Khodzha Ikan, Karabil, Karlyuk, and others), K-bear-
ing beds are greater in thickness and number, being
composed mainly of sylvinite–carnallite and carnallite
rocks. The salt rocks contain no soluble sulfates; the
main rock-forming minerals are halite, sylvite, carnal-
lite, and anhydrite.

The sediments show no seasonal and annular bed-
ding typical of halogen sequences. The salt rocks have
an inequigranular texture with occasional large spotted
crystals. Sylvite inclusions in halite and halite inclu-
sions in sylvite of diverse size, shape, and arrangement
were observed. Some layers contain fine sylvite crys-
tals, the zoned color of which suggests their primary
sedimentary origin. The zoned crystalline structure of
halite occurs rarely and is usually poorly preserved. In
the rock salt, sylvite often associates with carnallite.
They show no distinct boundaries, giving the impres-
sion that sylvite develops after carnallite.

These compositional, textural, and structural fea-
tures have been repeatedly discussed but their interpre-
tation remains controversial. It was supposed that the
Gaurdak sequence was locally affected by extensive
long-term recrystallization; however, the scales and
reasons of this process have not yet been determined.

The compositions of rocks were studied using drill
core samples from nine boreholes of the Tyubegatan
deposit and sections of the Akbash, Lyalimkan,
Khodzhiakan, Karabil, and Karlyuk deposits
(>3000 samples). The major- and trace-element (Br, B,
Li, Rb, Cs, Tl, Cu, Mn, and Fe) compositions of the salt
rocks and associated halopelites were analyzed.

A characteristic geochemical feature of the forma-
tion is the low Br content in the salt rocks relative to
normal contents found in salt minerals, marine rocks,
and compositionally similar rocks from other regions.
The calculated Br/Cl ratios and relative Br/Cl coeffi-
cients for different rock types from a number of bore-
holes revealed a significant depletion in Br. In particu-
lar, the Br content, Br/Cl ratio, and relative Br coeffi-
cient are as follows: 0.001–0.008%, 0.35–0.39, and
3.7–38.0% in the salt rock; 0.014–0.053%, 1.28–3.00,
and 4.1–43.8% in the sylvinites; and 0.055–0.575%,
3.88–4.00, and 33.2–43.9% in the carnallites, respec-
tively. The average deficit of Br relative to Br content in
primary sedimentary rocks of the same composition is
about 60% for halite, 60–80% for sylvinite, and 60–
70% for carnallite.

The Br depletion in the rocks could be caused by the
input into the salt basin of continental runoff, which
bears a considerable portion of low-Br/Cl high-salinity
waters. Eroding halite and potassium salt deposits, such
waters could promote their redeposition and, corre-
spondingly, a decrease in Br content. The process can
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be reinforced by Br sorption on clay matter and carbon-
ates [75]. This is supported by the fact that halopelite-
rich rocks contain 3–4 times more Br than chemogenic
rocks. The correlation coefficient between Br content
and insoluble residue in various rocks indicates distinct
stochastic dependence between the amount of carbon-
ate–clay inclusions and Br content. This correlation
was confirmed by the calculation of relative Br/Cl coef-
ficients in various salt rocks from a series of boreholes
in deposits located in different parts of the basin: KBr
increases from 19 to 45 from the boundaries to the cen-
ter of the salt basin, where salt accumulated in a stable
regime and there was no input of continental waters
supplying terrigenous material.

However, one of the main reasons for the Br deple-
tion is diagenetic recrystallization of salts with the par-
ticipation of descendent solutions migrating into the
consedimentation sagged portions of the salt sequence.
The differences in relative Br/Cl coefficients between
sylvite and halite occurring in direct contact and, hence,
crystallizing from the same brine can be explained by
postsedimentation recrystallization only [76–78].

This suggestion can be supported by the Rb content
and Rb/K ratio of the rocks. Low-grade sylvinites
(KCl < 20%) have a Rb content of 2.5–4.8 × 10–3 (aver-
aging 3.2 × 10–3%) and a Rb/K ratio within 0.17–0.46
(averaging 0.35), which are within the ranges found in
primary sylvite. In high-grade sylvinites (KCl > 20%),
only the minimum Rb contents (0.38 × 10–3%) fall
within this range. Most sylvinite samples have a Rb
content from 16.2 × 10–3 to 36.0 × 10–3 % (averaging

22.02 × 10–3%) and a Rb/K ratio  from

5.0 to 15.3. Very rich sylvinites (KCl > 50%) show the
highest Rb contents (from (55.30 × 10–3 to 102.01 ×
10−3%), which are significantly higher than those of pri-
mary sylvite (from 1.7 × 10–3 to 5.3 × 10–3%) and sylvin-
ites from other deposits [57–59, 79]. The carnallite-
bearing sylvinites (5–10% carnallite) contain 6.6–
42.0 × 10–3% Rb, and carnallites, 9.2–67.1 × 10–3% Rb.
These values are in agreement with the data on second-
ary carnallites from the German Zechstein (3.5–68.0 ×
10–3%) [46].

The lognormal distribution of Rb in the potassium
salts suggests its accumulation in one mineral [13]. To
test this suggestion, pair correlation coefficients were
calculated between the contents of Rb and rock-form-
ing minerals. The obtained results showed a distinct,
almost functional relation between Rb and sylvite (rcalcd =
0.805 r0.05 = 0.22; rcalcd = 0.901 r0.05 = 0.53; etc.).
According to the calculated coefficient and regression
equation, the Rb concentration increases by 0.12 × 10–3%
for each 10% increase of KCl in the rocks [80, 81].

The single-stage recrystallization of sylvite leads to
an almost four-fold decrease in Rb content owing to the
distribution coefficient of this stage, whereas the disso-

Rb
K
------- 104×⎝ ⎠

⎛ ⎞

lution of carnallite produces sylvite containing
1.3 times more Rb than primary carnallite. This leaves
no doubts that the sylvinite rocks were generated by
incongruent dissolution of secondary carnallite, which
was enriched in Rb by a factor of ten compared with
primary carnallite. However, the extent of this process
was not uniform during all stages of salt accumulation
and over the whole basin. This is seen, in particular,
from the statistical heterogeneity of the dispersions of
average Rb contents in the same rocks both within sec-
tions and over the area.

Carnallite decomposition in various portions of the
basin was presumably stimulated by different factors.
In the northeastern portion (Tyubegatan, Akbash, and
other deposits), it could be related to high-salinity con-
tinental runoff. This is confirmed by the presence of
abundant enclaves of carbonate–clay material in the
K-bearing rocks. These influxes differently affected
transformations of Rb-bearing minerals in the rocks.
This resulted in considerable Rb variations and, corre-
spondingly, high dispersion and variation coefficients.
Indirect evidence for this interrelation is provided by
Rb–Li correlation coefficients (e.g., rcalcd = 0.49 and
r0.05 = 0.31); the presence of Li in terrigenous materials
is beyond doubt [82].

Toward the central part of the basin (Karlyuk, Kara-
bil, and other deposits), these influxes were local and
less intense. Salt crystallization occurred there in a
more stable regime. This is supported by the higher
consistency of potassium beds and statistical parame-
ters of Rb distribution (uniform average values, disper-
sion, and distribution functions corresponding to the
normal distribution).

Our investigations showed that the generally
accepted opinion that Rb concentration in potassium
salts is correlated with carnallite content, which is true
for many salt-bearing deposits, was not confirmed for
the Gaurdak Formation. In this formation, there is no
universal correlation between Rb and carnallite, and
sylvite is an Rb-concentrating mineral. This is indi-
cated by both the aforementioned Rb contents and the
calculated correlation coefficients between Rb and
sylvite in the sylvite-bearing rocks (rcalcd = 0.97; r0.05 =
0.63; rcalcd = 0.99, r0.05 = 0.87; etc.). In contrast, there is
no stable Rb–carnallite correlation, which is typical of
other occurrences (Carpathian region, Verkhnekam-
skoe, and others) [83, 84].

The stratigraphic position of sylvinite beds, their
relations with carnallite beds, and a comparison of Rb
contents and Rb/K ratios with those in primary sedi-
mentary K minerals suggest that the high Rb contents
in the sylvinites were inherited from carnallites, which
were incongruently dissolved and produced sylvinite
deposits.

The Cs content of potassium salts of the Gaurdak
Formation is usually almost two orders of magnitude
lower than that of Rb; however, it is higher than the Cs
contents of the variegated (0.11 × 10–4%) and red (0.14 ×
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10–4%) sylvinites and carnallites (0.11 × 10–4%) of the
Verkhnekamskoe deposit and secondary carnallites
from the Kalush and Golyn deposits (5 × 10–4) [57, 59,
62, 63].

Among the samples of potassium rocks, the highest
Cs contents (from 10.41 × 10–3 to 11.14 × 10–3%) were
found in the rich (almost monomineralic) sylvinites of
the Karlyuk and Karabil deposits. Cs content tends to
increase in the sylvite-rich rocks. In particular, the aver-
age Cs content varies from 1.5 × 10–3% in the low-grade
sylvinites (KCl < 20%) to 2.6 × 10–3% in the high-grade
sylvinites (KCl > 20%), reaching 5.56 × 10–3% in the
very rich sylvinites (KCl > 50%). This dependence can
be quantitatively characterized by the Cs–KCl correla-
tion coefficient, rcalcd = 0.96 and r0.05 = 0.80. In addition,
some sylvinite samples containing 62.4–70.47% KCl
have two–three times less Cs (from 2.6 × 10–3 to 1.35 ×
10−3%). Poor and rich carnallite samples from other
portions of the basin (Akbash, Tyubegtan, and other
deposits) show approximately the same average Cs
contents (from 0.88 × 10–3 to 2.10 × 10–3%). In general,
Cs is uniformly distributed in all potassium rocks: the
variation coefficient is always lower than 43.3%, the
distribution is approximated by the normal law, and sta-
tistically significant differences of the average contents
were obtained only in high-grade sylvinites from some
sections, although the dispersions exhibit significant
differences [80, 84, 85].

The obtained data indicate that, in addition to facies
changes, the intensity of postsedimentation processes
controlled the presence of Cs in the potassium salts of
the Gaurdak Formation.

Additional data were obtained from a study of Tl
content and distribution in the rocks [80, 84–86].

The content of Tl in sylvinites from the deposits var-
ies from 0.17 × 10–4 to 0.87 × 10–4%, which is some-
what higher than the experimentally derived value for
this rock type (0.4 × 10–4%), and the Tl/K ratios

 in most samples are close to those calcu-

lated for the secondary sylvinites of the Stobnik and
Kalush deposits [40, 58, 59].

The content of Tl in carnallites varies from 0.21 ×
10–4 to 0.60 × 10–4%. The distribution of Tl is lognor-
mal, indicating its accumulation in a single rock-form-
ing mineral, sylvite. This is confirmed by the Tl–sylvite
correlation coefficients: rcalcd = 0.87 and r0.05 = 0.22.

A comparison of Tl abundances in borehole sections
from different deposits showed that the lower potas-
sium horizons are enriched in Tl compared with the
upper layers by a factor of almost six. For instance, Tl
content in the Akbash deposit varies from 0 to 1.79 ×
10–4% (averaging 0.39 × 10–4%) in the upper potassium
horizon and from 2.28 × 10–4 to 3.67 × 10–4% (averag-
ing 2.68 × 10–4%) in the lower horizon. The presence of
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Tl (from 0.08 × 10–4 to 0.052 × 10–4%) was detected in
some intervals of the underlying rock salt, which can be
explained by the association of Tl with pyrite crystals
occurring in this portion of the salt-bearing sequence.
The presence of Tl in pyrite and marcasite was first
noted by V.I. Vernadsky in 1909; there is evidence on
the accumulation of colloidal Tl in iron (zinc) disulfides
[66–69]. The formation of thallium sulfide in sediments
of stagnate sea zones under H2S contamination was
also reported by other authors [64, 65]. The reducing
H2S regimes of the lower zones of the Gaurdak Forma-
tion caused no doubt. The smell of H2S and bitumen
was noted during crushing of drill core samples from
almost all boreholes. Based on some parameters, the
overlying rocks were formed in a more oxidizing envi-
ronment. In addition, the migration of Tl into solution
was facilitated by the formation of characteristic solu-
ble complex compounds with chlorides [66, 70].

Since the distribution coefficient of Tl (JTl) is higher
than one during sylvite crystallization, recrystallization
should cause Tl enrichment in the secondary sylvinites [40,
45]. The Tl content in the sylvinites of the Gaurdak Forma-
tion is somewhat lower than could be expected from the
experimentally determined JTl values for salt systems. This
discrepancy is presumably related to Tl–Br interaction
leading to the formation of poorly soluble Tl bromide.

Secondary alterations were distinctly recorded in
the potassium salt rocks of the Gaurdak Formation in
the above-described contents of Br, Rb, and Cs. In the
case considered, they should also be considered as the
main reason for the high Tl content and Tl/K ratio.

The obtained data indicate a considerable role of
secondary processes, which caused significant changes
in the pegnitogenous composition, texture, and struc-
ture of salt rocks of the Gaurdak Formation. During
sedimentation, potassium salts precipitated repeatedly
and not simultaneously in different portions of the Late
Jurassic basin; they also differed in composition and
genesis of minerals. A significant portion of primary
sedimentary potassium salts presumably had a carnal-
lite composition. This was provided by the extensive
metamorphism of the brines and their transformation
from the sulfate to chloride hydrochemical types. In
accordance with physicochemical principles, carnallite
can form at a very low MgCl2 content under these con-
ditions [4, 87].

The incongruent decomposition of carnallite plays a
decisive role in sylvinite formation. This is primarily
confirmed by the local development of sylvinite–carnal-
lite rocks bearing evidence for carnallite decomposition,
the abundance of carnallite with excess potassium chlo-
ride, as well as an inversion in the contents of Br–Rb, Cs,
and Tl. The latter is quantitatively supported by the sta-
tistical parameters of distribution of these elements in the
rocks and pair correlation coefficients.

We believe that one of the main reasons for the
extensive transformation of potassium salts was the sig-
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nificant undersaturation of parent brine during meta-
morphism. Calculations showed [88] that during early
metamorphic stages (when sulfate ion content in the
brine decreased to 65% of the initial value), the excess
of water is 20.5% and increases up to 22.8%, when sul-
fate ions completely disappear. The second stage of
metamorphism produces chloride brines and causes an
increase in water excess up to 33.8% and then to 54.4%.
At the same time the Mg deficits reach 74.5% relative
to the value at the beginning of the second phase. Such
changes make the brines aggressive relative to potas-
sium salts and, primarily, carnallite, without any addi-
tional dilution.

The extensive metamorphism of the brines of the
Late Jurassic halogen basin is suggested by the com-
plete absence of soluble sulfate salts in the rocks, the
frequent presence of CaCl2 and rinneite, which are typ-
ical of the chloride system. This is also confirmed by
the high carbonate content in the halopelites and their
magnesite-rich composition [82–89].

A comparison of theoretical salt columns with the
observed sections of the salt-bearing Gaurdak Forma-
tion indicates that the Late Jurassic basin experienced
metamorphism when the brines reached 15% salinity
and halite began to precipitate after a prolonged stage
of marine feeding. This is suggested by the presence of
thick (400–500 m) underlying anhydrite sequences,
confirming that the Thethys waters that fed the basin
had a normal composition, i.e., belonged to the sulfate
hydrochemical type. The evaporation of such solutions
must lead to the precipitation of sulfate salts (epsomite
and polyhalite), which were never found at the deposits
studied. Single findings of loeweite and astrakhanite
are presumably related to the contribution of salt clays
to halogenesis, because these accessory minerals are
always confined to clay interbeds [90]. Certain compo-
sitional, textural, and structural changes in the salts
could be also caused by water liberated during gypsum
dehydration (about 0.486 m3 per ton of rock). It is
known that gypsum dehydration begins during diagen-
esis and continues in the stage of a buried basin without
any change in the primary stratification of salt beds. As
a result, salts within salt sequence can be dissolved and
recrystallized during both the diagenetic and catage-
netic stages of the formation of salt deposits. This
model is based on the investigations of D.S. Korzhin-
skii, who showed that the dissolution of old minerals
and crystallization of new ones occur almost simulta-
neously; the rock remains in a solid state, and the pro-
cess occurs in the volume of pore solutions. According
to Valyashko [91, 92], the primary porosity of salt rocks
is 30 vol %.

It should be noted in conclusion that the traditional
data set (mineral composition of salts and halopelites,
texture of rocks, etc.) that is used for the determination
of the genesis of salt deposits and provides a basis for
the geochemical methods of prospecting for potassium
salts should be extended by the determination of con-

tents and distribution of trace elements in salt rocks and
minerals. These data must be evaluated accounting for
experimentally or thermodynamically determined dis-
tribution coefficients in the corresponding salt systems.
Such an approach can be used to refine genetic con-
cepts.
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