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Abstract: Information on the associations of clay minerals in Upper Proterozoic and Phanerozoic
marine evaporite formations suggests that cyclic changes in the (SO4-rich and Ca-rich) chemical
type of seawater during the Phanerozoic could affect the composition of associations of authigenic
clay minerals in marine evaporite deposits. The vast majority of evaporite clay minerals are
authigenic. The most common are illite, chlorite, smectite and disordered mixed-layer illite-smectite
and chlorite-smectite; all the clay minerals are included regardless of their quantity. Corrensite,
sepiolite, palygorskite and talc are very unevenly distributed in the Phanerozoic. Other clay minerals
(perhaps with the exception of kaolinite) are very rare. Evaporites precipitated during periods
of SO4-rich seawater type are characterized by both a greater number and a greater variety of
clay minerals—smectite and mixed-layer minerals, as well as Mg-corrensite, palygorskite, sepiolite,
and talc, are more common in associations. The composition of clay mineral association in marine
evaporites clearly depends on the chemical type of seawater and upon the brine concentration in the
evaporite basin. Along with increasing salinity, aggradational transformations of clay minerals lead to
the ordering of their structure and, ideally, to a decrease in the number of minerals. In fact, evaporite
deposits of higher stages of brine concentration often still contain unstable clay minerals. This is
due to the intense simultaneous volcanic activity that brought a significant amount of pyroclastic
material into the evaporite basin; intermediate products of its transformation (in the form of swelling
minerals) often remained in the deposits of the potassium salt precipitation stage.

Keywords: clay minerals; marine evaporites; seawater chemical type; pyroclastic material;
Phanerozoic

1. Introduction

Authigenic clay minerals of marine evaporites can be used to identify the dependence of clay
mineral association of evaporite deposits on the chemical type of seawater. Allogenic aluminosilicates,
brought into a hypersaline environment of an evaporite basin as terrigenous and pyroclastic material,
were destroyed or transformed, giving rise to authigenic, neoformed and transformed clay minerals [1,2].
It is assumed that the vast majority of clay minerals of evaporites are authigenic [3–5]. The previous
study of clays indicated that from Archean to recent times their potassium content was decreasing,
and the sodium content was increasing from the Archean to Late Mesozoic, and then was decreasing [6,7].
From the Proterozoic to the Recent, the illite-chlorite association in sedimentary rocks is more complex
by the appearance of kaolinite and swelling minerals. Already in Mesozoic, the amount of kaolinite,
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smectite, and mixed-layer minerals is equal to that of illite and chlorite [7,8]. The estimation of relative
distribution of kaolinite, palygorskite, smectite, and corrensite-like minerals, as well as the total carbonate
and dolomite content, is presented in [9], with further detailing of the evolution of mineral composition
of layered silicates on continents and in the Atlantic Ocean from Precambrian to modern time [10].

The concept of cyclic changes of seawater composition based on the analysis of the mineral
composition of marine limestones and potassium salts [11–13] was confirmed by the study of fluid
inclusions in halite, which indicated that the chemical type of seawater composition during the
Phanerozoic was changing from SO4-rich to Ca-rich and vice versa [14–18]. The purpose of our
study was to reveal if there were secular changes in the distribution of clay minerals of marine
evaporites during the Phanerozoic and to find out the role and significance of the global (seawater
chemistry, regularities of transformation processes) and local (volcanic material contribution) factors
on the formation of associations of authigenic clay minerals (both neoformed and transformed) in
evaporite deposits.

2. Material

Our research is based on the published results of clay mineral studies of the Phanerozoic and
Upper Proterozoic evaporites, from both the pelitic fraction of water-insoluble residue and clay bands
in evaporites. The data are taken from 74 publications concerning 38 Phanerozoic marine evaporite
formations from various continents. Twenty-three formations were formed during the periods of
SO4-rich seawater: 3 in Neogene, 4 in Paleogene, 4 in Triassic, 7 in Permian, 3 in Pennsylvanian,
and 2 in late Proterozoic times. Fifteen formations were formed during the periods of Ca-rich type
of seawater—2 in Cretaceous, 2 in Jurassic, 2 in Mississippian, 5 in Devonian, 2 in Silurian, and 2 in
Cambrian times. The largest number of studied formations are the Permian (7) and Devonian (5);
there are no data for the Ordovician. All considered evaporite formations are located on the continents
of the Northern Hemisphere (Table 1, Figure 1).
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Thailand; 9—SW branches of Hissar Range, Tajikistan; Jurassic: 10—SW branches of Hissar Range, 
Tajikistan; 11—Foredobrudzha, Ukraine; Triassic: 12—Atlas-Oran Basin, Western Moroccan Basin, 
North Africa; 13, 14—Keuper, Muschelkalk, Germany, Great Brittain, France; 15—Buntsandstein, 
German Basin; Permian: 16, 17—Delaware Basin, USA; 18—Southern Permian Basin, Zechstein, 
Poland, Germany; 19, 20,—Uralian Foredeep, Russia; 21—Uralian Foredeep, Russia, Caspian Depression, 
Kazakhstan; 22—Donbas, Ukraine; Carboniferous: 23, 24—Eastern European Platform, Russia; 25—
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Depression, Belarus; 29—Dnipro-Donets Depression, Ukraine; 30—Saskatchewan Basin Canada; 31—
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Basin, USA; Cambrian: 35, 36—Irkutsk Amphitheatre, Russia; Upper Neoproterozoic: 37—Salt Range, 
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Figure 1. The location of Phanerozoic marine evaporite formations analysed (green colour indicates
formations deposited from seawater of SO4-rich chemical type, and yellow colour indicates formations
deposited from seawater of Ca-rich chemical type). Neogene: 1, 2, 3—Carpathian Foredeep, Ukraine,
Poland; Transcarpathian Depression, Ukraine; Paleogene: 4, 5—Fergana Basin, Uzbekistan; 6—Alsace,
France; 7—Bahadur Khel Formation, Pakistan; Cretaceous: 8—Maha Sarakham Formation, Thailand;
9—SW branches of Hissar Range, Tajikistan; Jurassic: 10—SW branches of Hissar Range, Tajikistan;
11—Foredobrudzha, Ukraine; Triassic: 12—Atlas-Oran Basin, Western Moroccan Basin, North Africa;
13, 14—Keuper, Muschelkalk, Germany, Great Brittain, France; 15—Buntsandstein, German Basin;
Permian: 16, 17—Delaware Basin, USA; 18—Southern Permian Basin, Zechstein, Poland, Germany;
19, 20,—Uralian Foredeep, Russia; 21—Uralian Foredeep, Russia, Caspian Depression, Kazakhstan;
22—Donbas, Ukraine; Carboniferous: 23, 24—Eastern European Platform, Russia; 25—Paradox Basin,
USA; 26—Saltville Basin, USA; 27—St. Louis Formation, USA; Devonian: 28—Prypiat Depression,
Belarus; 29—Dnipro-Donets Depression, Ukraine; 30—Saskatchewan Basin Canada; 31—Baltic
Syneclise; 32—Central Tuva deep, Russia; Silurian: 33—Michigan Basin, USA; 34—Appalachian
Basin, USA; Cambrian: 35, 36—Irkutsk Amphitheatre, Russia; Upper Neoproterozoic: 37—Salt Range,
Pakistan; 38—Irkutsk Amphitheatre, Russia.
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Table 1. Clay mineral association in Phanerozoic marine evaporite formations were analysed in this study. Minerals: ch—chlorite, ch*—swelling chlorite,
ch-s—chlorite-smectite, ch-v—chlorite-vermiculite, co—corrensite, hb-v—hydrobiotite-vermiculite, i—illite, i-s—illite-smectite, k—kaolinite, p—palygorskite,
s—smectite, se—serpentine, sp—sepiolite, t—talc, t-s—talc-smectite.

Formation
Number

System, Series Stage, Formation, Suite,
Horizon

Basin, Deposit, Country
Clay Minerals in Evaporites Deposited

at Different Concentration Stages Ref.
Sulfate-Carbonate Halite Potassium Salts

1 Neogene, Miocene 2

Badenian, Tyras Suite

Carpathian Foredeep, Bil’che-Volytsya zone,
Ukraine

ch, s, i [19]

s, i, ch, ch-s, i-s [20,21]

Carpathian Foredeep, Kalush-Holyn’
potassium salt deposit, Ukraine1 i, ch [22,23]

Carpathian Foredeep, Hrynivka area, Ukraine s, i, ch, ch-s, i-s,
co [24]

Carpathian Foredeep, Silets’-Stupnytsya area,
Ukraine

i, ch, ch-s, i-s,
co [25]

Badenian, Wieliczka
Formation

Carpathian Foredeep, Wieliczka and Bochnia
rock salt deposits, Poland s, i-s, ch-s, i, k [26,27]

Badenian, Krzyża- nowice
Formation

Carpathian Foredeep, Badenian gypsum,
Poland i, i-s, k [28]

2 Neogene, Miocene 2 Badenian, Tereblya suite Transcarpathian Depression, Ukraine i, ch, i-s [29–31]

3 Neogene, Miocene 2 Eger-Eggenburgian,
Vorotyshcha Suite

Carpathian Foredeep, Stebnyk potassium salt
deposit, Ukraine i, ch [22,32]

Carpathian Foredeep, Boryslav, Strutyn areas,
Ukraine i, ch, i-s [25]

4 Paleogene, Oligocene 2 Suzak (upper part) Fergana Basin, Uzbekistan sp, s, i [33,34]

5 Paleogene, Oligocene 2 Fergana Basin, Kamish-Kurgan rock salt
deposit, Uzbekistan s, ch [35]

6 Paleogene, Oligocene 2 Sanuasian

Rhein Graben, Alsatian potassium salt deposit,
France i [32]

Mulhouse Horst, Alsatian potassium salt
deposit, France i, i-s [36]
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Table 1. Cont.

Formation
Number

System, Series Stage, Formation, Suite,
Horizon

Basin, Deposit, Country
Clay Minerals in Evaporites Deposited

at Different Concentration Stages Ref.
Sulfate-Carbonate Halite Potassium Salts

7 Paleogene, Eocene (lower) 2 Bahadur Khel Salt
Formation Kohat-Potwar Plateau, Pakistan ch*, ch-s, k, i,

ch [37]

8 Cretaceous–Paleogene 3 Maha Sarakham
Formation K-118 borehole, NE Thailand i, ch, ch-s i, ch, ch-s [38]

9 Lower Cretaceous 3 Almurad Suite SW branches of Hissar Range, Karabil,
Tajikistan i, ch [39]

10 Upper Jurassic 3 Kimmeridgian-Tithonian,
Gaurdak Suite

SW branches of Hissar Range, Tubegatan,
Tajikistan i, ch [39]

SW branches of Hissar Range, Kizil-Mazar,
Ak-Bash, Tajikistan i, ch, k i, ch, k [39]

Tajik Depression, Tut-Bulak, Tajikistan i, k i, ch, sp, k [39]

11 Upper Jurassic 3 Kimmeridgian, Kongaz
Suite

Foredobrudzha, Ukraine
i, ch, s [40]

i, ch, ch-s, i-s [41]

12 Upper Triassic 2

North Africa i, ch, co, k [42]

Atlas-Oran Basin Demnate, Morocco i, ch i, ch [43]

Western Moroccan Basin, Morocco s, i, ch*, sp, p [43]

13 Upper Triassic 2 Carnian and Norian,
Keuper

Stuttgart, Germany i, ch, co [44]

Germany i, co [45]

Midlands, England
sp, i [46]

i, ch* [47]

South Devon Coast, England i, ch, i-s, sp, p [48]

Western Approaches, Great Britain i i, ch, co [48]

Lorraine Basin, France
i, ch, hb-v [36]

i, ch, co, ch-s i, ch, co [43]

14 Upper, Middle Triassic 2 Keuper, Muschelkalk
Jurassic Basin, France i, ch, co, ch-s [43,49]

Paris Basin, France i, ch, co [43]
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Table 1. Cont.

Formation
Number

System, Series Stage, Formation, Suite,
Horizon

Basin, Deposit, Country
Clay Minerals in Evaporites Deposited

at Different Concentration Stages Ref.
Sulfate-Carbonate Halite Potassium Salts

15 Lower Triassic 2 Buntsandstein German Basin, Eastern Bavaria, Germany i, ch, co, ch-s [50]

16 Upper Permian 2 Castile Formation Delaware Basin, NM, USA sp, s, ch [51]

17 Upper Permian 2 Salado Formation Delaware Basin, NM, USA
s, i, ch, t i, ch-s, ch, t, t-s [51]

ch-s, ch-v, co, i,
ch [52]

18 Upper Permian 2 Zechstein

Southern Permian Basin, Western Poland s, i, ch, p, ch-s [53]

Southern Permian Basin, Western Germany

i, ch, t, s, ch-s, i-s,
co i, ch, co i, ch [54,55]

ch, t i, ch i, ch, co, ch-s, t,
sp [56–58]

co, i, ch, t ch, i [59]

co, ch, i, t co, ch, i [58]

t, co, s, i, ch [60]

19 Middle Permian 2 Kazan
Uralian Foredeep, Russia i, ch, co, ch-s [61]

Uralian Foredeep, Buguruslan-Sorochinsk
Basin, Russia ch, ch-s, co, i, s i, ch [4]

20 Middle Permian 2 Ufa, Kazan, Tatar (lower
part) Uralian Foredeep, Southern part, Russia s, i, co, ch [62]

21 Lower Permian 2 Kungurian

Uralian Foredeep, Upper Kama potassium
salts deposit, Russia i, ch [63]

Caspian Depression, Inder potassium salts
deposit, Kazakhstan

i, ch [32]

s, i, ch, co, ch-s,
ch-v, se, t [4]

22 Lower Permian 2

Sakmarian, Kramatorsk
Suite Dnipro-Donets Depression, Ukraine i, ch, i-s, ch-s [64,65]

Asselian, Mykytiv and
Kartamysh Suits

Dnipro-Donets Depression, Ukraine i, ch, i-s, ch-s, k i, ch, i-s, k [64]

Western Donbas, Ukraine i, ch, co i, ch, co [66]
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Table 1. Cont.

Formation
Number

System, Series Stage, Formation, Suite,
Horizon

Basin, Deposit, Country
Clay Minerals in Evaporites Deposited

at Different Concentration Stages Ref.
Sulfate-Carbonate Halite Potassium Salts

23 Carboniferous 3;
Pennsylvanian 2 Gzhelian, Kasimovian Eastern European Platform, Russia p, sp, s [34,67]

24 Carboniferous 3;
Pennsylvanian 2 Kashir horizon Eastern European Platform, Russia p, sp, i [34,67]

25 Carboniferous 3;
Pennsylvanian 2 Hermosa Formation Paradox Basin, UT, USA i, ch co [51]

26
Carboniferous 3;
Missisippian 3 Maccrady Formation Saltville Basin, Cumberland Plateau, VA, USA i, ch [68]

Saltville Basin, Cumberland Plateau, TN, USA s, i, co, ch-v [69,70]

27
Carboniferous 3;
Missisippian 3 St. Louis Formation

Southwestern Indiana, IN, USA i, ch, i-s [71]

IN, USA i, ch [52]

28 Upper Devonian 3 Famennian, Maksakov
Suite

Prypiat Depression, Starobin potassium salt
deposit, Belarus

i [72–74]

s, ch [75]

i, ch [76]

i, ch, ch-s, s [77]

i, ch, ch-s, ch-v [78,79]

Prypiat Depression (western part), Petrikov
potassium salt deposit, Belarus i, ch, i-s [80,81]

29 Upper Devonian 3

Famennian, Frasnian Dnipro-Donets Depression, Ukraine i, ch [82]

Famennian Dnipro-Donets Depression, Ukraine ch, i, s [65]

Frasnian Dnipro-Donets Depression, Ukraine
i, ch, k [64]

i, ch, i-s, s, k,
ch-s [65]

30 Middle Devonian 3 Prairie Formation Saskatchewan Basin, Canada ch, i, sp, s, ch-s [83]

31 Middle Devonian 3 Eifelian, Tartu and Narva
horizons Baltic Syneclise i, ch, co [4,62]
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Table 1. Cont.

Formation
Number

System, Series Stage, Formation, Suite,
Horizon

Basin, Deposit, Country
Clay Minerals in Evaporites Deposited

at Different Concentration Stages Ref.
Sulfate-Carbonate Halite Potassium Salts

32 Middle Devonian 3
Upper Eifelian, lower

Givetian, Ihedushin-golsk
Suite

Central Tuva deep, Tuz-Tag rock salt deposit,
Russia ch, i [84]

33 Silurian (upper
Wenlock-Pridoli) 3 Salina Formation Michigan Basin, MI, USA i, ch i, ch [85]

34 Silurian (upper Wenlock) 3 Vernon Formation Appalachian Basin, Retsof deposit, NY, USA
i, ch [86]

i, ch, t [51,87]

35 Lower, Middle Cambrian 3 Angara Suite East Siberian Platform, Irkutsk Amphitheatre,
Russia t, i, ch t, i, ch [88]

36 Lower, Cambrian 3
Aldan, Lena; Motsk,

Usolsk, Belsk and Angara
suites

East Siberian Platform, Irkutsk Amphitheatre,
Russia i, ch [89]

37 Upper Neo-proterozoic 2 Salt Range Formation Salt Range, Pakistan co, ch, i, ch-s, s [90]

38 Upper Neo-proterozoic 2 Tyrsk, Oskobin Suite East Siberian Platform, Irkutsk Amphitheatre,
Russia t [91]

1 The age is subject to discussion; may be older (Karpatian—[92–94]); 2 indicates formations deposited from seawater of SO4-rich chemical type; 3 indicates formations deposited from
seawater of Ca-rich chemical type.
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For this study, only those publications have been considered in which clay minerals were
determined by the X-ray method. In the 1960s and 1970s, when XRD methods began to be widely used
for mineralogical research, numerous papers were published, listing associations of clay minerals of
evaporite deposits in different regions. However, in some works in the early 1960s, when terminology
and modern methods for clay minerals determination were still being developed, the authors did not
determine the separate mixed-layer phases and described them as “several varieties of expandable
random mixed-layer clay minerals” [95], and such publications have been ignored. In some cases,
we have omitted, in Table 1, “impurities of paragonite? and rectorite?”, punctuated by a question
mark [38], “possible traces of vermicullite in several samples”, and septechlorite [83]. Several minerals
were reported to occur only once—serpentine, talc-smectite and hydrobiotite-vermiculite.

One methodological problem is related to a long period of preparation of publications and to the
terminology that differs in particular languages. In order to make the results comparable, we have
unified the names of clay minerals used by various authors. The names of clay minerals from the
articles written in Ukrainian and Russian are changed to those accepted in English-language geological
literature: hydro-mica and montmorillonite are changed to illite and smectite, respectively. In articles
written in English and German, muscovite in the papers published around 1960 [55,58,59,68] and
mica [48] are changed to illite. We have reduced the accuracy of determination of clay minerals,
which are defined as mineral species in some publications, to the group rank: clinochlorite [86] is
changed to chlorite, and leucophillite (magnesium illite [80]) to illite.

For the Lower Permian and Devonian evaporite formations of the Dnipro-Donets Depression,
Ukraine [65], we used only clay mineral association of “primary sedimentary type” rock salt, as those
are bearing information on the seawater chemistry.

When comparing clay mineral association, a simple list of all the minerals occurring in evaporite
formations is not very informative, since it does not allow us to distinguish between a mineral that is
reported in every study concerning a certain evaporite formation and the mineral that is described
only once. To reduce the impact of minerals that occur rarely, we calculated the relative occurrence
of minerals for formations, concentration stages, and seawater chemical types. To find the relative
occurrence of a mineral within a formation, we divided the number of papers that mention this
mineral by the number of papers concerning a formation. The relative occurrence of a mineral within
the concentration stage is the mean of the relative occurrence of all the formations of this stage.
Thus, if the relative occurrence of illite at the potassium salt precipitation stage is 100%, it means
that illite was described in every paper concerning the stage. The same way we obtained the relative
occurrence of a mineral for seawater type, and these data were used to compare the composition of
clay mineral association.

In our calculations, we cannot consider the quantitative content of the mineral. Basic mineral
and the admixture are considered in the same way in calculations, which to a certain degree obscures
the results. Usually, authors do not give the contents of particular clay minerals. Table 1 shows the
associations in the order given in particular publications, from more common to those occurring as
an admixture. In our calculations, this order of minerals (from a greater to smaller concentration)
disappears, and thus the basic mineral and the admixture are considered in the same way in calculations;
thus, the results are obscured. For example, smectite or chlorite-smectite are reported to be quite
common at the halite stage or potash stage (cf. Figure 5), but our experience indicates that the content
of those minerals is quite small as they occur in the form of admixture.

Clay minerals are sensitive to changes in the brine concentration. In this study, clay mineral
association were compared separately for different lithological types of rocks: gypsum-anhydrite
or carbonate-gypsum-anhydrite facies, rock salt facies and potassium salts facies, i.e. we consider
them by stages of K+ concentration. According to [96], the potassium concentration ranges are, in g/L,
1.5–3.9 for the sulfate-carbonate concentration stage, 3.9–26.1 for the halite stage and more than 26.1 for
the potassium salts stage.
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The evaporite formations that we generalized are unevenly distributed over the Phanerozoic
periods. This is caused by the uneven age distribution of evaporite deposits. The number of
evaporite formations for SO4-rich and Ca-rich seawater types is also different. Nevertheless, in our
opinion, the evaporite formations considered are representative enough for justifying the dependence
of clay minerals on the stage of brine concentration and on the seawater chemical type during
Phanerozoic times.

3. Results

3.1. Associations of Clay Minerals of Phanerozoic Evaporites at Different Stages of Brine Concentration

All considered publications provide descriptions of one to eight clay minerals in a water-insoluble
residue of evaporite deposits. The associations contain mostly two or three minerals; for the SO4-rich
seawater chemical type, such associations make up 52.7–55.5%, for the Ca–rich type—50–83.3%. For the
SO4-rich seawater chemical type, associations of 5–8 minerals occur at all stages of brine concentration,
and for the Ca-rich type, there are usually not more than four minerals in association (once 5 and once
6 minerals). There are two histograms of the quantitative distribution of minerals in associations that
contain two maxima each (Figure 2).
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Associations of clay minerals of evaporites are formed mostly under the impact of basin
brine—some clay minerals (kaolinite, smectite, corrensite, and disordered mixed-layer minerals)
are unstable in the hypersaline environment and transform in order to adapt to new conditions.
This also reduces their content—from the basic minerals, they move into the category of admixture.
This eventually leads to their disappearance and decrease in the number of minerals in the association.

The typical change in the associations of clay minerals at different stages of brine concentration
can be illustrated by the Badenian (middle Miocene) evaporite deposits of the Ukrainian Carpathian
Foredeep (for more details, see [97]). Here, smectite is predominant in the sulfate-carbonate
stage deposits; there are smaller amounts of illite, chlorite and admixture of illite-smectite and
chlorite-smectite. Consequently, five minerals [21] or three minerals [19] are reported there. At the halite
stage, besides illite and chlorite, the Badenian deposits contain smectite, the content of illite-smectite
and chlorite-smectite increases, and corrensite appears. Thus, six minerals [24] or five minerals [25] are
found. Small amounts of smectite occur at the beginning of the halite stage. Then, smectite, mixed-layer
minerals and corrensite disappear with increasing concentration, and only illite and chlorite remain
in the deposits at the end of the halite stage [25]. At the potassium salts stage, clay minerals are
represented by illite and chlorite [23,97–99]. The decrease in the number of clay minerals with increasing
concentration of brines for the Miocene evaporite basin of the Carpathian Foredeep is obvious.

A clear decrease in the number of clay minerals along with the progressive brine concentration
is noted in the Upper Permian Zechstein evaporites of West Germany [55]. Deposits of the
sulphate-carbonate stage of concentration contain not only illite and chlorite but also smectite,
mixed-layer minerals and corrensite (7 minerals in total). At the halite stage, corrensite is the only
swelling mineral left (only 3 minerals in total), and at the potassium salts stage, only illite and chlorite
are present.

For some evaporite formations, observations coincide with theoretical ideas about the course
of transformation processes under the impact of progressive brine concentration. However, in the
material generalized for 38 Phanerozoic formations, we did not see a decrease in the number of clay
minerals along with increasing salinity. Dependence on concentration became noticeable when we
used the relative occurrence of individual minerals instead of a simple list of minerals (Table 2).

Table 2. Relative occurrence of most common clay minerals in Phanerozoic marine evaporite formations
at different stages of brine concentration.

Seawater Chemical Type
Brine Concentration Stages

Sulfate-Carbonate Halite Potassium Salts

SO4-rich seawater chemical type (23 formations)

The number of analyzed formations for each concentration stage 16 12 7
The number of described clay minerals 12 11 11

Illite relative occurrence, % 78.8 83.3 100
Chlorite relative occurrence, % 70.3 83.3 80.0
Smectite relative occurrence, % 42.8 30.3 8.6

Total relative occurrence of swelling minerals (smectite,
ch-s—chlorite-smectite, ch-v—chlorite-vermiculite, co—corrensite,

i-s—illite-smectite), divided by minerals number, in %
28.5 32.8 19.1

Ca-rich seawater chemical type (15 formations)

The number of analyzed formations for each concentration stage 6 10 5
The number of described clay minerals 7 8 9

Illite relative occurrence, % 100 100 98
Chlorite relative occurrence, % 67 100 94
Smectite relative occurrence, % 16.7 7.5 24

Total relative occurrence of swelling minerals (smectite,
ch-s—chlorite-smectite, ch-v—chlorite-vermiculite, co—corrensite

i-s—illite-smectite), divided by minerals number, in %
18.8 10.8 19.5
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In particular, as the concentration increases, for the SO4-rich seawater type, the relative occurrence
of illite rises, and decreases for smectite and mixed-layer minerals. In turn for the Ca-rich type,
the relative occurrence of smectite and mixed-layer minerals first falls from the sulphate-carbonate to
the halite stage, and then increases at the potassium salts stage. For seawater of both types, the relative
occurrence of chlorite slightly decreases at the stage of potassium salts precipitation (Figure 3).
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In most of the 74 publications analyzed, the associations of clay minerals of one concentration
stage are described, and only in 19 publications the authors provide data on association for two or
three concentration stages for the same formation. We can expect that local factors equally affect the
deposition in all stages and do not distort the results, so we considered these results separately (Table 3).
Of those formations discussed in Table 3, 15 publications give information about the clay minerals of
evaporites that formed during the periods of SO4-rich seawater type, and 4—Ca-rich type.

In formations, in which more than one concentration stage is described in one paper, with the
progressive increase of brine salinity, the number of clay minerals in the associations changes as follows:
decreases in nine cases (all of them belong to the SO4-rich seawater chemical type); remains the same
in six cases (four of them belong to the Ca-rich seawater type); and increases in four cases (three of
which belong to the SO4-rich type). For the SO4-rich type of seawater, with increasing concentration,
the theoretically expected decrease in the number of clay minerals in the associations is mainly observed,
and for the Ca-rich seawater type, the unchanged number of minerals is more often characteristic.

The expected direction of transformations is contradicted by the composition of the clay mineral
association of potassium-bearing rocks—evaporites of the highest stage of brine concentration,
which contain mostly three-four minerals. In some cases, they contain a greater number—five–eight,
including two-three mixed-layer minerals and even smectite. It is explained by the impact of
coeval intense volcanism. Some evaporite basins (Salado Formation and Zechstein—both Upper
Permian; Caspian Basin, Inder Dome; Dnipro-Donets Depression—Lower Permian; Maha Sarakham



Minerals 2020, 10, 974 12 of 24

Formation—Cretaceous–Paleogene; Pripyat Basin, Starobinsk deposit of potassium salts—Upper
Devonian; Prairie Formation—Middle Devonian) received a significant amount of pyroclastic material
at this stage. The intermediate products of its transformation (in the form of swelling minerals) are
present in the potassium-bearing deposits of these formations.

Table 3. Changes in clay minerals at different stages of brine concentration. Formation number as in
Table 1; ch—chlorite, ch-s—chlorite-smectite, co—corrensite, i—illite, i-s—illite-smectite, k—kaolinite,
s—smectite, sp—sepiolite, t—talc, t-s—talc-smectite.

Formation
No.

Change in the Number
of Minerals with Rising

Concentration
System, Series

Clay Minerals in Evaporites Deposited
at Different Concentration Stages

Sulfate-Carbonate Halite Potassium
Salts

1 Decrease Neogene,
Miocene i, ch, i-s, ch-s, co i, ch

3 Decrease Neogene,
Miocene

i, ch

i, ch, i-s

8 No change Cretaceous—Paleogene i, ch, ch-s i, ch, ch-s

10
No change

Jurassic, Upper
i, ch, k i, ch, k

Decrease i, k i, ch, sp, k

12 No change Triassic, Upper i, ch i, ch

13
Increase

Triassic, Upper
i i, ch, co

Decrease i, ch, co, ch-s i, ch, co

17 Increase Permian,
Upper s, i, ch, t i, ch-s, ch, t, t-s

18

Decrease

Permian,
Upper

i, ch, t, s, ch-s, i-s,
co i, ch, co i, ch

Increase ch, t i, ch, i, ch, co, ch-s, t, sp

Decrease co, i, ch, t ch, i

Decrease co, ch, i, t co, ch, i

19 Decrease Permian,
Middle s, i, ch, co, ch-s i, ch

22
Decrease Permian,

Lower

i, ch, i-s, ch-s, k i, ch, i-s, k

No change i, ch, co i, ch, co

25 Decrease Carboniferous,
Pennsylvanian i, ch co

33 No change Silurian (upper
Wenlock-Pridoli) i, ch i, ch

35 No change Cambrian,
Middle, Lower t, i, ch t, i, ch

3.2. Dependence of Clay Mineral Association of Phanerozoic Evaporite Formations on the Seawater
Chemical Type

Evaporites that formed from the SO4-rich or Ca-rich seawater differ in the clay minerals (Figure 4).
For the SO4-rich seawater type, the total number of minerals in the deposits of all the stages of
concentration is greater and is 12–11–11 for three stages, versus 7–8–9, for the Ca-rich type (Table 2).
It was noted that the SO4-rich seawater type shows a greater number of minerals in associations
(Figure 2) and a greater variety of clay minerals. Common minerals for both types are illite and chlorite.
Smectite and mixed-layer minerals—illite-smectite, chlorite-smectite, chlorite-vermiculite—although
characteristic of both types, are more common in SO4-rich seawater. However, there are some clay
minerals associated mainly with evaporites, formed during the periods of SO4-rich seawater—these
are magnesium-rich clay minerals: Mg-corrensite, palygorskite, sepiolite and talc (Figure 5).
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Figure 4. The compositions of clay mineral association of Phanerozoic and Upper Proterozoic
evaporite formations deposited from seawater of SO4-rich and Ca-rich chemical types. Minerals:
ch—chlorite, ch*—swelling chlorite, ch-s—chlorite-smectite, ch-v—chlorite-vermiculite, co—corrensite,
hb-v—hydrobiotite-vermiculite, i—illite, i-s—illite-smectite, k—kaolinite, p—palygorskite, s—smectite,
se—serpentine, sp—sepiolite, t—talc, t-s—talc-smectite.
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Figure 5. Relative occurrence of clay minerals of Phanerozoic evaporite formations deposited from
seawater of SO4-rich and Ca-rich chemical types. Minerals: illite (i), chlorite (ch), smectite (s), corrensite
(co), chlorite-smectite (ch-s), illite-smectite (i-s), swelling chlorite (ch*),chlorite-vermiculite (ch-v),
hydrobiotite-vermiculite (hb-v), talc-smectite (t-s), sepiolite (sp), palygorskite (p), talc (t), serpentine
(se), kaolinite (k).

Magnesium-rich minerals in the Phanerozoic evaporites are rather unevenly distributed—they
occur in 24 evaporite formations (out of 38). In the evaporites formed from SO4-rich seawater,
several magnesium-rich minerals are described in each formation, namely Permian (7 formations),
Triassic (4 formations), Pennsylvanian (3 formations), Upper Neoproterozoic (2 formations), as well
as Neogene and Paleogene (one formation in each system). In the Jurassic, Mississippian, Silurian
and Cambrian deposits, there is one formation in each system (and two formations in the Devonian),
each containing one magnesium-rich mineral—all these formations were formed during the time
intervals characterized by Ca-rich seawater (Table 4, Figure 6).
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Table 4. Occurrence of magnesium-rich clay minerals of Phanerozoic evaporite deposits formed from
concentrated SO4-rich and Ca-rich chemical types of seawater. In brackets the number of findings
in deposits formed at different stages of concentration (sulfate-carbonate—halite—potassium salts)
is given.

Mg-Rich Clay
Mineral SO4-Rich Seawater Chemical Type Ca-rich Seawater Chemical Type

Mineral, Total
Number of Findings

Number of
Mineral
Findings

System; Formation
Number

as in Table 1

Number of
Mineral
Findings

System; Formation
Number as in

Table 1

Corrensite, 29 27 (13–10–4)

Neogene 1; Triassic 12, 13,
14, 15; Permian 17, 18, 19, 20,

21, 22; Pennsylvanian 25;
Upper Neoproterozoic 37

2 (2–0–0) Mississippian 26;
Devonian 31;

Sepiolite, 10 8 (6–1–1)
Paleogene 4; Triassic 12, 13;

Permian 16, 18;
Pennsylvanian 23, 24

2 (0–1–1) Jurassic 10; Devonian 30

Palygorskite, 5 5 (3–2–0) Triassic 12, 13; Permian 18;
Pennsylvanian 23, 24 0

Talc, 13 10 (5–2–3) Permian 17, 18, 21; Upper
Neoproterozoic 38 3 (0–2–1) Silurian 34; Cambrian 35

Sepiolite is described seven times in association with smectite and/or with mixed-layer minerals
(with corrensite—only once), three times—without them. Palygorskite is described four times
in association with sepiolite, once occuring without it. Talc is described six times in association
with corrensite, smectite, and mixed-layer minerals, and only once with sepiolite. Serpentine and
talc-smectite are described once in Permian evaporite deposits; their presence further emphasizes the
elevated magnesium content in Permian basin brines.

Thus, when comparing clay mineral associations of evaporites of different ages, it is revealed
that the characteristic features of the evaporites that formed during the periods of SO4-rich seawater
dominance are both a greater number of minerals in associations that more often contain smectite
and mixed-layer minerals and the appearance of additional clay minerals—corrensite, palygorskite,
sepiolite and talc.

4. Discussion

4.1. Dependence of Clay Minerals of Phanerozoic Evaporites on the Stages of Brine Concentration

Clay minerals are indicators of the physical and chemical conditions of the environment, to which
they react sensitively by transformations. In particular, increasing salinity accelerates the ordering of
their structure.

The data used in this study often do not fit the theoretical scheme of clay minerals transformations.
In our opinion, this is primarily because of the fact that the precipitation of evaporite deposits in
addition to general global factors (seawater chemical type, regularities of the process of clay minerals
transformation) is also influenced by other, local factors.

Some clay minerals become unstable and easily transformed in the evaporite basin under the action
of highly mineralized brines. Clay minerals like smectite, mixed-layer minerals and kaolinite that are
unstable in a hypersaline environment are transformed into stable ones (illite, chlorite) [1,2,4,100–102].
This is due to the capture of cations in the interlayer spaces of the swelling minerals and the ordering
of their structure. With progressive brine concentration in the evaporite basin, the transformation
processes become more intense. In this case, the amount of clay minerals in the association decreases
and only illite and chlorite remain in the deposits of the potassium salt precipitation stage [32,97,98].

Smectite, allogenic dioctahedral, or authigenic trioctahedral (formed from volcanic glass in the
evaporite basin) is transformed through mixed-layer minerals of illite-smectite and chlorite-smectite
composition (disordered; or ordered—corrensite) to illite and chlorite [1,2,100]. Kaolinite is unstable in
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the evaporite basin, and disappears in the deposits of potassium salt precipitation stage. It may occur
in the deposits precipitated at the sulfate-carbonate stage and the beginning of the halite stage [10,48],
sometimes in the marginal part of the basin, at the periphery [42], which, in such cases, can be explained
by an insufficient concentration of brines to transform this mineral.

The decrease in the number of clay minerals with increasing concentration, which is clearly
noticeable in the Neogene evaporite deposits of the Carpathian Foredeep and the Upper Permian
evaporites of West Germany, is caused by aggradation transformation processes. In both formations,
the deposits of all stages of concentration contain illite and chlorite; at the initial, sulphate-carbonate
stage, smectite and mixed-layer minerals are also present. In the Zechstein deposits, in addition to
these minerals, there are also corrensite and kaolinite, that is, there are minerals that will transform into
illite and chlorite, which will reduce the number of minerals. At the halite stage, the brine concentration
range is quite large, which leads to changes in clay mineral association. At the beginning of the stage,
the transformations cause a decrease in the relative occurrence of smectite and an increase in corrensite
and disordered mixed-layer minerals, and then their complete disappearance in deposits by the end of
the stage. This is clearly seen in the Miocene of the Carpathian Foredeep. The halite stage deposits
show an increase in the amount of clay minerals to five–six, and corrensite appears.

The Phanerozoic data summarized in Table 2 and Figure 5 indicate that the SO4-rich seawater type
shows an increase in total frequency of occurrence of swelling minerals from 28.5% (sulphate-carbonate
stage) to 32.8% (halite stage). At the end of the halite stage, the concentration of brines becomes
high enough with the completion of transformation processes and the clay minerals association
can contain only illite and chlorite. The presence of magnesite at the end of the halite stage [25],
which is characteristic of potassium deposits [103], also confirms brine concentration close to that of
the potassium salt precipitation stage. Apparently, the Zechstein rock salt, in which corrensite is the
only swelling mineral, precipitated near the end of the halite stage. In the deposits of potassium salt
precipitation stage, only illite and chlorite remained in both formations.

Although illite and chlorite are considered stable minerals of higher stages of concentration,
the relative occurrence of chlorite in the deposits of potassium salt precipitation stage decreases by
3–6% compared with the halite stage; also, the relative occurrence of illite for the Ca-rich seawater type
decreases by 2% (Table 2). This needs to be clarified. It is possible that chlorite becomes less stable at
high stages of concentration, although we have not found evidence of such behaviour of this mineral
in the literature.

When clay minerals are simply listed without taking into account how often each mineral occurs,
the pattern is not obvious. The number of minerals does not change with increasing concentration and
amounts to 12–11–11 minerals for SO4-rich seawater and to 7–8–9 minerals for the Ca-rich seawater
type (Table 2, Figure 5). The relative occurrence of minerals is much more informative. When using it
for the same data, it becomes clear that, with increasing concentration, transformations occur in the
expected direction: the percentage of illite and chlorite increases, and that of smectite and mixed-layer
minerals decreases. This is especially noticeable for clay minerals of evaporite deposits, which formed
from SO4-rich seawater. The input of volcanic material into the evaporite basin changes this pattern
by increasing the number of unstable minerals. A significant amount of pyroclastic material was
supplied to some evaporite basins at the potassium salt precipitation stage. Despite the high brine
concentration, it was not fully transformed. These evaporite formations are characterized by a number of
intermediate transformation products in the evaporites of the potassium salts stage of both the SO4-rich
(five formations, mainly Permian) and the Ca-rich (three formations, mainly Devonian) seawater.
Unexpectedly, in potassium-bearing deposits that formed from each type of seawater, there are only
two formations in each seawater type, which do not contain swelling minerals (out of seven formations
described for SO4-rich, and five for Ca-rich seawater type). Coeval volcanism at the stage of potassium
salt precipitation was manifested quite often, i.e. in two-thirds of evaporite formations.

Swelling minerals in potassium-bearing deposits are unevenly distributed. Thus, from potassium
salts of the Starobinsk deposit (Pripyat depression, Devonian), where the presence of volcanic
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material was detected at different levels of potassium-bearing and oversalt deposits [104],
four publications [72–74,76] report the occurrence of only illite and chlorite in the pelitic fraction,
and the other four [75,77–79] the presence of smectite and/or mixed-layer minerals of chlorite-smectite
and chlorite-vermiculite composition. These swelling minerals are the products of incomplete
transformation of tuffogenic material that entered the evaporite basin as a result of intense volcanism,
synchronous with salt deposition. It must be mentioned that in the potassium-bearing strata of this
deposit, there are layers of green clays with a thickness of 1 to 10 cm and even up to 1 m [80], displaying a
vitroclastic texture, in which the pyroclastic material is replaced completely by monomineral (95%)
leukophyllite (magnesium illite) [79], without any admixture of smectite or mixed-layer minerals.

Volcanic material entered the evaporite basins also at the sulfate-carbonate and halite stages of
concentration, but it is not always possible to unambiguously identify traces of its transformation in the
clay mineral association. In the Carpathian Foredeep, the presence of a set of swelling minerals (smectite,
corrensite, mixed-layer minerals) is due to Badenian volcanism, coeval with halite precipitation [25,97].
The influence of repeated simultaneous volcanic activity on the evaporite basins at the halite stage
of brine concentration is evidenced indirectly by the bimodal distribution of clay minerals in the
associations (Figure 2). They may indicate the imposition of two processes—in our case it can be an
increase in the concentration of brines and the input of pyroclastic material into the evaporite basin.
The increase in the relative occurrence of associations containing five clay minerals, which creates
another maximum, is characteristic only of rock salt formed from the SO4-rich seawater type.

In 19 cases, the clay mineral association of deposits of more than one stage of brine concentration
for one formation are described (Table 3). When analyzing these data, we have noticed that smectite and
mixed-layer minerals occur in those nine formations where the amount of clay minerals decreases along
with progressive brine concentration. They can be transformed into illite and chlorite, which will result
in a decrease in the number of minerals. In those six formations (four of which are Ca-rich), where the
number of minerals remains unchanged, there are no swelling minerals that could be transformed,
and consequently, there is a decrease in the number of minerals. So, the question arises, why smectite
and mixed-layer minerals are absent in these four evaporite deposits that formed from the Ca-rich
seawater type? In all 15 Phanerozoic formations formed from the Ca-rich seawater type, the relative
occurrence of swelling minerals is lower than in that of SO4-rich type (Table 2, Figure 5). We assume that
the low relative occurrence of swelling minerals may indicate the absence of synchronous volcanism or
its low activity. This conclusion does not coincide with the time distribution of volcanic activity during
the Phanerozoic, the activity of which correlates with the periods of Ca-rich seawater [3,105,106].

Thus, with increasing concentration, the number of minerals (in the deposits of the final halite
stage and of the stage of potassium salt stage) decreases due to aggradation transformation processes,
by converting swelling minerals into illite and chlorite. However, in some cases, we notice the increase
in the number of clay minerals in the associations of potassium salts that was supposedly caused
by intense volcanic activity synchronous with the evaporite deposition. Consequently, a significant
amount of volcanic ash was brought into the evaporite basin, and if the transformation process was not
completed, the products of incomplete transformation (smectite, mixed-layer minerals and corrensite)
remained in the association of clay minerals of the halite stage or the potassium salt stage.

4.2. Dependence of Clay mineral association of Phanerozoic Evaporite Deposits on the Seawater Chemical Type

By comparing the data on the deposits of the respective stages of precipitation of 38 Phanerozoic
evaporite formations, we found that the SO4-rich seawater type is characterized by both a larger
number of clay minerals in associations and a greater variety of clay minerals. Evaporites that formed
from the SO4-rich seawater type contain magnesium-rich clay minerals: Mg-corrensite, palygorskite,
sepiolite and talc [107,108]. They occur in 24 evaporite formations, 18 of which were deposited from
the SO4-rich seawater type, and each contains several magnesium-rich minerals. At the stages of
Ca-rich seawater, single magnesium-rich minerals are described from six formations (Figure 6).
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It is known that the tendency of slightly elevated magnesium content is inherent in almost all
(except illite) clay minerals of evaporite deposits (e.g. [5,100]).

For magnesium-rich minerals (sepiolite, palygorskite, talc and corrensite), the path of direct
precipitation from silica-, alumina-, and magnesium-rich solutions under certain physical and chemical
conditions (pH, salinity, activity of silicon, aluminum, etc.) is the most acceptable process of formation
and is confirmed by experimental work [5,109–112]. Silica and alumina entered the evaporite basin as
a result of the destruction of unstable silicate or aluminosilicate minerals and volcanic ash, and the
source of magnesium was concentrated SO4-rich seawater, which is characterized by elevated Mg
content (Figure 6). Corrensite, in addition to precipitation from solutions, can be formed as an
intermediate product of the conversion of smectite to chlorite [113]. The data considered by us
show that there are sixteen cases in which corrensite occurs without chlorite-smectite, which may
indicate its crystallization from aluminosilicate gel, and thirteen cases in which it is associated with
chlorite-smectite, i.e. formed during the transformation of smectite into chlorite; thus, corrensite was
formed in both of these ways. Pyroclastic material is required for the formation of magnesium-rich clay
minerals: for corrensite—mainly of acidic rhyolite-trachyte, sometimes andesitic composition [114,115],
for sepiolite and palygorskite—of alkaline basic composition [34,110]. This explains the fact that
palygorskite is associated mainly with sepiolite, while corrensite (with one exception) does not occur
with sepiolite. Thus, the formation of magnesium-rich minerals is usually associated with an elevated
Mg content in seawater of SO4-rich chemical type and the input of pyroclastic material into the
evaporite basin. Figure 6 shows that there are exceptions, as exemplified by the excursions of Mg in
the Early Jurassic and Mississippian. The presence of magnesium clay minerals in some evaporite
deposits was noted earlier [4,100], but at that time, there was no information about variations in the
seawater chemistry during the Phanerozoic, and thus the global cause of uneven age distribution of
these minerals could not be revealed.

Only five formations deposited from seawater of SO4-rich type, all of Paleogene and Neogene
age, contain no or very few magnesium-rich minerals. Two of them are Neogene formations of the
Carpathian Foredeep—the Tereblya and Vorotyshcha suites (two finds of corrensite are reported from
the third formation of this region—the Tyras suite). Their specific feature is a relatively low magnesium
content. This is manifested not only by the absence of Mg-rich minerals, but also by the fact that
chlorite has a Fe-Mg and Fe composition [23,97]. This may be due to a significant amount of terrigenous
material brought into the Carpathian Foredeep evaporite basin. Single finds of magnesium-rich
minerals—sepiolite (Upper Jurassic, Middle Devonian), corrensite (Mississippian, Middle Devonian)
and talc (Upper Silurian, Lower and Middle Cambrian)—were also observed in clay mineral association
of six evaporite formations deposited from the Ca-rich seawater type. This indicates the existence of
some additional sources of magnesium for the formation of magnesium-rich clay minerals of these
evaporite deposits.

The correlation of changes in clay mineral association with secular variations in seawater chemistry
indicates that global processes in the history of the Earth have influenced the formation of associations
of clay minerals of marine evaporite deposits.
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5. Conclusions

The synthesis of published data concerning 38 Phanerozoic marine evaporite formations indicates
that the composition of clay mineral association of evaporites correlates with the change in the seawater
chemical type. Associations of clay minerals, which formed at the periods of SO4-rich seawater type,
are characterized by a larger number of minerals, among which smectite and mixed-layer minerals
are frequent, and a common appearance of magnesium-rich clay minerals (corrensite, palygorskite,
sepiolite and talc). In contrast, the clay mineral association of Ca-rich seawater show a smaller number
of minerals, and magnesium-rich minerals are described only in isolated cases. The higher content
of magnesium in the SO4-rich seawater type is the major factor in the formation of magnesium-rich
silicates of evaporite deposits.

The composition of clay mineral association depends upon the concentration of brines in the salt
basin; with its increase, unstable minerals are transformed, which theoretically leads to a decrease
in the number of minerals in the associations. However, it was found that evaporite deposits of
higher stages of brine concentration often still contain unstable clay minerals—products of incomplete
transformation of pyroclastic material, a significant amount of which was introduced into the evaporite
basin due to volcanic activity simultaneous with the evaporation process.

The study showed that the major factor determining the composition of clay mineral association
of Phanerozoic evaporite formations was the seawater chemical type.
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