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1 Introduction

Studying analyzes of the chemical composition of natural
waters, Vernadsky expressed the opinion about the many
possible types of water in the Earth’s crust [1], which are
formed in natural water-rock systems due to various com-
binations of water and rocks.

We consider this process from the position of phase
equilibria. The water—rock—gas system can be represented
schematically as a trihedral pyramid with a base in the form
of an equilateral triangle, the top of which is H,0O, the left
corner of the base of the triangle is the composition of
well-soluble minerals H (salts, carbonates, secondary sili-
cates), the right corner of the base is the composition of
poorly soluble minerals L (oxides, diasporas, goethite), the
composition of the gas phase (O,, CO,) vertically (Fig. 1).
The compositions of the aqueous solution are points in the
field between the top of the triangle and the phase equilib-
rium curve (thick line). Points 4 and [ are the solubilities of
phases H and L, respectively. The ratio of the mass of the
rock and water R/W (water exchange parameter) is the ray
from the top of the triangle to the base. The point at which
the ray of the parameter R/W cuts the curve separating the
field of the aqueous solution and the field of mineral phases
is the composition of the aqueous solution and the equilib-
rium mineral association.

From a consideration of the phase diagram of the water—
rock—gas system and model calculations performed in the
HCh software environment [2, 3] (Tables 1 and 2), the

O. A. Limantseva ((<)) - B. N. Ryzhenko

Vernadsky Institute of Geochemistry and Analytical Chemistry,
Russian Academy of Sciences, 19 Kosygin St., Moscow, 119991,
Russia

e-mail: wri-lab@geokhi.ru

Yu.V. Shvarov
Geological Department, M.V.Lomonosov Moscow State
University, Leninskie gory, 1, Moscow, 119234, Russia

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023

reason for the variety (quite natural) of the observed com-
positions of natural waters and the reliability of the mecha-
nisms of composition change in various climatic zones of
mountain-folded are clear regions of Central Eurasia [4],
which can be considered as an illustration of the position of
Vernadsky [1] on the variety of chemical types of natural
waters in the Earth crust.

2 Research Methods

The efforts of many experts were directed to elucidating the
causes and mechanism of the formation of the chemical
composition of natural waters [5, 6]. The chemical and mineral
composition of rocks, water exchange, landscape, climatic and
tectonic conditions were considered by them as basic, deter-
mining factors. But the establishment of the dependence of the
chemical composition of waters on these factors was usually
not quantitative (numerically expressed). Only with the
development of methods of mineral and isotope equilibria
[2, 7-11] and the development of computer modeling of
water—-rock—gas systems [2, 3, 6, 10, 12-15] it became
possible to quantitatively consider the processes of formation
of the chemical composition of Earth crust natural waters.

In [12] it was shown that the chemical composition of
natural waters is determined by:

(a) the chemical potentials of inert and perfectly mobile
components (PMC, according to Korzhinsky) of the
water—rock—gas system, i.e. chemical and mineral
composition of reacting rocks and water, and partial
pressure (volatility) of gases;

(b) the mass ratio of reacting rocks and water (R/W), i.e.
water exchange;

(c) temperature and pressure.

As can be seen, the necessary natural characteristics can
be obtained by studying the object, and the thermodynamic
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Decrease W/R

Fig. 1 Diagram (scheme) of the three-component system H,O-well
soluble component H-poorly soluble component L

characteristics of the components can be taken from the
thermodynamic literature [13, 16].

3 Computer Simulation

In [1], the results of studying the chemical composition of
natural waters and corresponding mineral associations in
various landscape and climatic zones are presented and the
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mechanisms of their formation are proposed. It seems
appropriate to simulate the water—-rock—gas systems studied
on natural material and compare the results of a traditional
study of natural objects and their thermodynamic models.

A study of the regions of the Polar Urals and Lake
Poyanhu (China) in [4] are established the dissolution of
rocks and the transition in to an aqueous solution the
hydrolyzed elements Fe, Al, Mn, as well as rare earth ele-
ments (REE) and silicon. The formation of the chemical
composition of water is due to the combined action of dis-
solution of rock minerals and complex formation of dis-
solved forms of the elements.

Under permafrost conditions, the geochemical environ-
ment contributes to the accumulation of elements in an
aqueous solution, and in a subtropical climate, the geo-
chemical groundwater environment helps to remove these
elements from the solution and their accumulation in the
secondary mineral phase. In the studied areas, bicarbonate
calcium, calcium-magnesium waters are common. A similar
ionic composition and low water salinity is determined by
the short time of interaction with rocks. Only in the condi-
tions of permafrost this is due to the presence of water in the

Table 1 “Clay rock-water” system open in respect to the atmosheric gases, O, (0.2 bar) and CO, (0.0004 bar) at 5 °C

Step modeling R/W = 100 x 1.2 ~ (=75 + step number)

RIW 0.00019 0.00071 0.0010 0.0012
Mineral assemblage, mole

Apatite-F 0 0 0 0

Calcite 0 0 0 0
Clinochlore 0 0 0 0
Diaspore 4.00E-07 1.11E-06 2.36E-07 0
Goethite 0 7.22E-12 1.13E-11 1.40E-11
Kaolinite 0 1.64E—07 9.15E—07 1.24E—-06
Muscovite 0 0 0 0
Pyrolusite 0 0 2.92E-13 7.82E—13
Stilbite 0 0 0 0
Dissolved element bulk concentrations, mg/dm3

Al 1.39E-05 9.87E—06  9.24E—06 8.17E-06
Ca 4.61E-02 1.64E—01 2.37E-01 2.84E-01
Fe 1.34E-07 7.65E—08 5.73E-08 4.94E-08
K 7.00E-04  2.51E—03 3.61E-03 4.34E-03
Mg 2.77E-03 9.97E—03 1.43E—02 1.72E—-02
Mn 1.26E—08 4.51E—08 4.89E—08 3.49E—08
Na 4.28E—04 1.53E-03 2.20E-03 2.64E—03
Si 2.68E—02 8.68E-02 8.68E—02 9.61E—02
P 1.37E-01 3.09E-01 4.27E—-01 5.05E-01
HCO; + CO3 2.69E—01 6.09E—01 8.42E—01 9.94E-01
pH 5.733 6.087 6.227 6.301

0.011 0.057 0.14 0.29 3.76

0 1.01E—-11 8.20E—-11 1.73E-10 | 2.24E—-09
0 0 5.57E-05 8.91E-04 1.91E-02
0 0 0 4.08E-06  4.08E—04
0 0 0 0 0
1.32E-10 6.83E-10 1.70E—09 3.52E—09  4.52E-08
1.06E—-05 2.78E-05 6.50E—05 1.30E—04 1.32E-03
0 0 0 0 2.83E—05
1.26E-11 6.52E—11 1.62E-10  3.37E—-10 | 4.32E-09
4.31E-07 2.92E-05 7.69E—05 1.60E—04 | 2.00E—03
2.01E-06 1.79E—05 6.20E—05 6.41E—05 7.30E—05
2.52E+00 1.19E+01 2.72E+01 2.52E+01 1.95E+01
1.18E-08 7.86E—09  7.31E—09 7.29E—09 7.25E—09
3.86E-02 1.99E—01 4.97E—-01 1.03E+00 1.16E+01
1.53E-01 7.91E-01 1.97E+00 3.57E+00 2.76E+00
5.07E-10 2.56E—-11 5.98E—-12 5.60E—-12  4.48E-12
2.35E—-02 1.21E-01 3.01E-01 6.26E—01 7.73E+00
7.97E-01 3.25E-01 2.06E—01 2.06E—01 2.07E-01
4.34E+00 2.06E+01 4.67E+01 4.86E+01 5.58E+01
8.55E+00 4.07E+01 9.30E+01 9.68E+01 1.11E+02
7.229 7.897 8.245 8.262 8.32
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solid state for most of the year, and in the conditions of the
subtropical climate-with active water exchange.

It is interesting to compare the results of the field study
with the model of formation of the composition of natural
waters proposed by Kraynov [12]. For this purpose, equi-
librium model concentrations of chemical elements and
mineral phases were calculated in the system
“water-clay-rock-atmospheric gases”, thermodynamically
open by O, (0.2 bar) and CO, (0.0004 bar) of the atmo-
sphere at 5 °C (Table 1) and graphs were constructed
“Model concentrations as a function of the R/W parameter
(water exchange characteristic)” (Fig. 2). Analytically
established minimum and maximum concentrations of dis-
solved elements are plotted on the same graphs (Table 3,
Fig. 2).

It should be noted that the accumulation of macrocom-
ponents in the aqueous phase of the thermodynamic model,
corresponding to the observed concentrations in natural
objects of the active water exchange zone, occurs in the
range of R/W values from 0.01 to 0.9 (Table 3). As can be
seen, the model concentrations are consistent with the ana-
lytical concentrations of the dissolved elements; on the other
hand, the range of model R/W values indicated in Table 3
corresponds to the real groundwater flow velocities of the
active water exchange zone, 1072-1072 cm/s [6]. Thermo-
dynamic calculations show decrease the number of minerals

Fig. 2 Comparison of

0. A. Limantseva et al.

for which the model solution is saturated with the growth of
runoff (decrease of R/W value), which increases the potential
diversity of hydrochemical type of natural water [17].

At the initial stages of the evolution of the water—rock—
gas system (Table 1), the accumulation of Fe, Al, Mn
hydrolyzates, as well as REE and Si, occurs in the natural
waters of the humid regions. Under the conditions of a
subtropical climate, the formation of colloidal compounds
Fe and Al, as a result of the deposition of which these ele-
ments are removed from the solution and accumulate in the
secondary mineral phase. A type of water is formed in
equilibrium with the hydroxides of aluminum and iron at
R/W = 0.00014-0.00071. With an increase in the R/W pa-
rameter, the iron—aluminum type of water reaches equilib-
rium with kaolinite and turns into the aluminum-silicon type
[4] (R/W > 0.000713).

In a system open to atmospheric oxygen, the manganese
content is negligible due to the formation of pyrolusite
(R/'W > 0.001). With a further increase (R/W > 0.011)
in an aqueous solution, saturation with fluoroapatite
(R/IW > 0.057) is achieved and stilbite precipitates (at
R/W > 0.01), and further accumulation of K, Ca, Mg, Mn,
Si, precipitation of calcite (at R/W > 0.14), clinochlor (at
R/W > 0.29) and muscovite (at R/W > 3.76). Curves of
changes in the analytical concentrations of dissolved ele-
ments (Fig. 2) indicate a change in water types: siliceous

; X Aqueous element concentrations versus W/R Agueous element concentrationsversus W/R
analytically determined and 7

model concentrations of elements " ... S .

. .

in the system “water-clayey i3 .

rock-atmospheric gases” at 5 °C i

at equilibrium with the
association of mineral phases

Consentrations, mg/dm®

Consentrations, mg/dm!

Consentrations, mg/dm"

Consentrtions, mg /dm’
——
4}

Consentrations, mg/dem’

/

Mg

Comentrations, mg/dm'

Minerals as semblage

Minerals assemblage
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Table 3 Determination of the value of the R/W parameter by comparing analytically determined and model concentrations of elements in the

system “‘water-clayey rock-atmospheric gases” at 5 °C

Components of the Analytical
aqueous phase concentrations, concentration value
mg/dm?
min. ~ max  Mean
Ca 093 = 8587 8.6 0.039
K 0.024 =747 039 0.10
Mg 0.61 =259 451 0.29
Na 0.05 =-4249 1.89 0.873
HCO; 4.7 +3245 579 0.082
Feoral 0.05 = 2789 1.6 -
Al 0.01 = 42.1 019 -
Si 0.1 =744 3.7 0011
Mn 0.003 = 37.1 03 -

Ca-Mg-Na type of water is replaced by aluminum-siliceous,
then a siliceous carbonate-calcium type of water is formed in
equilibrium with calcite, kaolinite, stilbite (at R/W = 0.141).

In water-rock systems of the main composition-gases
(Table 2) goethite, pyrolusite and kaolinite precipitate at
R/W > 0.00014, a further increase in R/W > 0.00034 leads
to the dissolution of kaolinite. Stilbite is stable in the mineral
association at R/W > 0.00034, quartz—at R/W > 0.00071,
clinochlore—at R/W > 0.00123, F-apatite—at R/W > 0.00916,
rutile—at R/W > 0.118.

As Ca, Mg, Na, K accumulates in the aqueous phase at
R/W > 0.00442, Ca-saponite and calcite are formed, silic-
eous Ca, Mg, Na type water forms in equilibrium with
Ca-saponite. As sodium and potassium accumulate in the
aqueous phase, Na-saponite (R/W > 7.789) and K-saponite
(R/IW > 57.87) are formed. The formation of minerals of the
saponite group is favored by an increase in the pH of the
aqueous phase.

In orogenic regions with carbon dioxide releases [4], the
considered water—rock—gas systems are retained as thermo-
dynamically open in CO,, but at a partial pressure of CO,
substantially higher than atmospheric value, the type of
aqueous solution changes to carbon dioxide-siliceous-
carbonate-calcium in equilibrium with calcite, at an
increased partial pressure of CO,, saponites are not formed.

Oxidation of sulfides adds sulfates to the composition of
water, and leaching of sodium chloride-chloride ion, con-
verting water to siliceous-sulfate-sodium in equilibrium with
calcite and clays and siliceous sodium chloride in equilib-
rium with calcite and clays. Aqueous solutions of the above
compositions do not produce significant changes in the
composition of the equilibrium mineral association, except
for the appearance of sulfate minerals.

R/W corresponding to the average analytical

Remark

Max model concentration 3.5 mg/dm3

The model concentration values are 10 8-
1077 mg/dm?

The model concentration values are 10 °-
1075 mg/dm?®

Max model concentration 0.79 mg/dm®

The model concentration values are
1072 - 107® mg/dm’

4 Conclusion

Based on physicochemical factors [12] and using modern
computer programs for calculating the equilibrium state of
water—rock—gas systems [3, 9, 14, 18], as well as the rate of
reaching the equilibrium state [16, 19], it is possible to
predict the equilibrium compositions of water phase and
mineral associations, and evaluate the time to reach equi-
librium. Materials on the study of natural waters and mineral
associations of Central Asia published in [4] confirm the
conclusion of Vernadsky that many mineral associations and
types of water are formed in the Earth crust. Also water and
time are responsible for countenance of the rock planets.
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