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Abstract: Thermodynamic modeling was undertaken of hypergene processes in loparite ore concen-
tration tailings at a temperature of 3 ◦C and 20 ◦C. We investigated water evaporation in the top
layers of tailings in the summer months at low filtration coefficients. It was found that the main
anions of pore solutions are CO3

2−, HCO3
−, SO4

2−, HSiO3
−, and cations—Na+ and K+. The main

forms of REE migration have been revealed: lanthanum and cerium. Dominant newly formed phases
in the system were shown to be gibbsite and goethite, minerals of the smectite group, muscovite,
feldspars, silica, mica, apatite, secondary nepheline minerals, and strontianite.

Keywords: thermodynamic modeling; loparite ore concentration tailings; hypergene processes; pore
solutions; newly formed mineral phases

1. Introduction

The Murmansk Region is one of the most developed mining regions of the Russian
Federation’s Arctic zone and is home to major mining and mineral processing operations.
Almost all operations have been active for decades. Mining industry’s activity in Russia’s
Murmansk Region has not only laid the foundation for the region’s prosperity, but also
led to a range of problems associated with itsnegative impact on the environment and
public health.

Lovozerskiy GOK LLC is currently processing the lower horizons of the Karnasurt and
Kedykvyrpakhk blocks of its Karnasurt Mine at the Lovozeroloparite ore deposit. The ores
contain predominantly cerium lanthanides. The mine has enough commercial ore reserves
to support more than 70 years of operation. The loparite ore with an average loparite grade
of 2.4% is processed at the Karnasurt Concentrator in a gravity circuit, followed by cleaner
flotation and upgrading of the rougher concentrate by electric and magnetic separation.
The salable product is a loparite concentrate containing an average of 35–38% TiO2, 28–30%
REE oxides, 7.5–8.0% Nb2O5, and 0.5–0.8% Ta2O5.

When loparite ores are concentrated, processing wastes are formed, including con-
centration tailings, which are sent as part of the slurry to a tailings storage facility. Con-
centration tailings are known to pose a threat to the environment due to the processes of
weathering and transition into a soluble form of environmentally hazardous elements [1].
Observed and predicted climate change is likely to affect the mechanisms and intensity of
hypergene processes during tailings storage and their impact on the environment. Studying
the impact of climate change on the activities of mining operations in the Arctic is an urgent
research and applied task.

Various modeling methods are widely used to study hypergene transformations of
minerals, as well as to assess and predict environmental pollution during ore mining and
storage of mining and ore processing waste [2–10], etc.

Such programs as PHREEQC andGeochemist’s Workbench (GWB) are known abroad.
In Russia, the most famous software products are based on minimizing the Gibbs free
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energy: HCh (GIBBS) Yu.A. Shvarov, Moscow State University, Moscow and “Selektor” I.K.
Karpov et al., Institute of Geochemistry SB RAS, Irkutsk.

The theoretical foundations of physical and chemical modeling include equilibrium
conditions in heterogeneous multicomponent systems with restrictions in the form of linear
mass balance equations. Mathematically, the calculation of multicomponent systems is
reduced to solving the convex programming problem, thermodynamically—to finding the
minimum Gibbs energy of an equilibrium thermodynamic system.

The main difference between the Gibbs free energy minimization method and calcula-
tions based on equilibrium constants is that there is no need to draw up reaction equations,
which is of decisive importance in the study of complex systems in which all reactions may
be unknown or not taken into account.

Thermodynamic calculation has a great advantage, because the mechanism of water-
rock interaction, in addition to solid phases, includes a wide range of water particles of
various forms of existence of elements and their complexes. All this makes it possible to
obtain completely new genetic information that is not available using other methods.

The software suite Selektor is widely used in Russia [11]. Selektor PC is a universal
tool for solving physical and chemical problems based on the calculation of complete,
metastable and intermediate equilibria in systems and mega-systems. At present, the
Selektor software uses a modification of the interior point method (MVT-2), which allows
obtaining ultra-precise calculation results. In particular, in recent years, the software was
used to conduct a number of interesting studies of anthropogenic systems in Siberia and
the Far East [12–14].

Thermodynamic modeling of hypergenesis of the Allarechenskoye deposit overburden
dumps and copper-nickel ore concentration tailings located in the Pechenga region of the
Murmansk region is presented in [15,16].

Previously, we carried out studies of different-age tailings of loparite ore dress-
ing [17–19]. The geotechnical characteristics of the selected samples have been determined
and their material composition and radiation characteristics have been investigated. How-
ever, these data do not allow full determination of the features of hypergene processes, or
the forms of migration of elements, including REE, passing into the aqueous phase. At the
same time, these data are useful not only for assessing and predicting the ecological hazard
of tailings, but also for developing promising technologies for extracting valuable metals.
That is why the purpose of this work was to study the hypergene processes in the tailings
of loparite ores under the conditions of various temperatures and modes of moistening
using the method of thermodynamic modeling using the Selektor software package.

2. Materials and Methods
2.1. Study Area

The tailings storage facility at the Karnasurt Concentrator is made up of two sites
(Figure 1). The first site was active from 1951 to 1985. Loparite ore concentration tailings
deposited over those years amounted to 6.7 million tons. Since 1985, the slurry has
been discharged into the second site of the tailings storage facility, which currently holds
approximately 11 million tons and grows by 400–450 thousand tons annually.

The predominant minerals are nepheline, feldspar, and aegirine. The average loparite
grade of the tailings is 0.63–0.94%, and the eudialyte grade is 0.01–0.09%.

The climate at the tailings storage facility location is characterized by long (up to
7 months) but relatively mild winters. The temperature regime during the year is unstable,
causing frequent thaws in the winter and sudden cooling in the summer. The average
annual air temperature is −1.5 ◦C.

2.2. Thermodynamic Modeling

Physicochemical modeling of hypergene processes in the tailings minerals was carried
out using the Selektor software suite [11]. Selektor has built-in thermodynamic databases
and a module for building models of varying complexity. The algorithm used, based on
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minimizing the Gibbs potential of the system being modeled by convex programming,
supports calculations of complex chemical equilibria in isobaric-isothermal, isochemical,
and adiabatic conditions in multisystems with the simultaneous presence of an aqueous
electrolyte solution, gas mixture, liquid and solid hydrocarbons, and minerals in the form
of solid solutions and single-component phases.
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In this study,the basic water-rock-gas model was applied, which includes a wide range
of independent components (Al—Ba—Ar—He—Ne–C—Ca—Cl—F—Fe—K—Mg—Mn—
N—Na—P—S—Si—Sr—Ce—La—Th—Ti—Nb—Zr—H—O–e−), where e− is an electron.
The model included 996 dependent variables, including 369 in the aqueous solution, 76
in the gaseous phase, 111 liquid hydrocarbons, 440 solid phases, and organic and mineral
substances. The necessary thermodynamic information was adopted from the built-in
databases (Table 1).

Table 1. A quick reference to the thermodynamic databases included in the model.

Database Name Comments

s_Yokokawa Summary of thermodynamic properties of condensed matter
Yokokawa [20]

g_Reid The system of thermodynamic properties of gases, adapted to the PC
“Selektor” [21]

a_Sprons The system of thermodynamic properties of the aqueous solution
components from SPRONS92.DAT, adapted to the PC “Selektor” [22]

s_Sprons98 The system of thermodynamic properties of substances
Sprons92.DAT. Condensed phases [22]

The necessary steps for the development of the model were sampling and studying
the properties of the current production tailings. Since the heterogeneity of the engineering-
geological characteristics and the material composition of the tailings was previously
established, samples were taken directly from the sump at the concentrator before the
slurry was unloaded at the tailings dump.

For sieve analysis, a 200 g sample was taken by quartering and dried to an air-dry
state. The prepared sample was weighed with an accuracy of 0.1 g. Then, the material was
sieved on an AS-200U impact sieve analyzer using sieves 1 mm, 0.5 mm, 0.25 mm, 0.1 mm,
and 0.05 mm in size and a tray. A complete mineralogical analysis of the selected samples



Minerals 2021, 11, 996 4 of 15

was carried out in accordance with the requirements of the guidelines and guidelines
of the Scientific Council for Mineralogical Research Methods (MU NSOMMI) No. 41
“Quality management of mineralogical works”, “Preparation of samples for mineralogical
analyzes”, and MR NSOMMI No. 89 “Semi-quantitative mineralogical analysis of schlich
and crushed samples”.

Based on the results of the analysis of the granulometric composition of the selected
samples, it can be concluded that they are classified as fine and medium-grained sands.
The predominant fractions are −0.5 + 0.25 mm and −0.25 + 0.1 mm. The coefficient of
variation for almost all fractions exceeds 0.33, which indicates the inhomogeneity of the
relative content of particles of a given size in certain samples. Taking into account the
relatively high content of fine particles (the yield of the fraction is −0.1 + 0.05 mm on
average 11.9%, −0.05 mm is about 5%), when the surface of the tailings dumps dries up in
summer and the rapid loss of moisture in the upper layers of tailings due to wind erosion,
there is a high probability of dusting.

Aeolian transport, along with the hypergenesis of minerals, the transition to soluble
forms and the migration of pollutants, must be taken into account as one of the mechanisms
for the spread of pollutants in the environment.

Table 2 shows the mineral composition of the tailings used in the model to calculate
the equilibrium in the water-rock-gas system, where water isatmospheric precipitation,
rock is a 100 g tailings sample, and gas is atmospheric air.

Table 2. Average mineral composition of the loparite ore concentration tailings.

Mineral Formula Content, %

Nepheline (Na,K)AlSiO4 62.20

Feldspars K(AlSi3O8)—Na(AlSi3O8)—Ca(Al2Si2O8) 16.51

Apatite Ca5(PO4)3(OH,F) 1.03

Loparite (Na,Ce,La,Ca,Sr,Th)(Ti,Nb,Fe)O3 0.98

Aegirine NaFe(Si2O6) 18.71

Diopside CaMg(Si2O6) 0.04

Sodalite Na4(Si3Al3)O12Cl 0.17

Lomonosovite Na5Ti2(Si2O7)(PO4)O2 0.19

Lamprophyllite (Sr,Ba,K,Na)2Na(Na,Fe,Mn)2Ti[Ti2(Si2O7)2O2(OH,F,O)2 0.15

Eudialyte Na4(Ca,Ce,La,Fe,Mn)2ZrSi6O17(OH,Cl)2 0.01

Pectolite NaCa2Si3O8(OH) 0.01

Composition of 1 kg of atmosphere, mol: Ar 0.3209, C 0.01036, N 53.9478, Ne 0.000616,
and O 14.48472 [11]. The boundary conditions of the model are the rock composition, the
amount of water, and 1 kg of the atmosphere.

The calculations were carried out at temperatures of 3 ◦C and 20 ◦C and a total
pressure of 105 Pa. The amount of water in the system was 0.5 L. The estimated model
values of the rainwater pH at the indicated temperatures were 5.60 and 5.65, respectively.
The evaporation process was studied at 0.05 and 0.01 L of water.

A temperature of 3 ◦C was chosen as the average temperature in May and fall months
(September, October). In the spring, the snow cover melts at this time, and in the fall a
new one forms in October. The temperature of 20 ◦C corresponds to the average maximum
temperature of the warmest month of the year—July.

At the stage of water transport and storage, there is already a differentiation of the
tailings material in terms of size and density, which then continues during storage as a
result of suffusion and hypergene processes. This leads to a significant heterogeneity of the
mineral composition of the tailings.
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Due to the heterogeneous composition of the tailings, a hypothetical averaged mineral
composition was used in the model. The processes developing in the tailings are much
more complicated.

Thus, the model shows general trends in the course of hypergene processes, changes in
the mineral composition and pore solutions of tailings, depending on external conditions.

The mole number of the solid phase v participating in the interaction, or the degree of
interaction, i.e., the number of tailings that have reacted, simulates the course of a chemical
process by varying the proportion of the reacting substance. The mole number varied from
10−6 to 1. In the figures, the relationships are shown using a logarithmic scale: v = 10ξ or
lg v = ξ.

In order to verify the model, the simulation results were compared with the data of
the analysis of loparite ore dressing tailings aqueous leaching solutions at 20 ◦C [17]. The
selected tailings samples were treated with distilled water in the ratio Solid:Liquid = 1:10;
the resulting solutions were filtered through an MFAS OS—2 membrane filter (pore size
0.45 µm). Water leach solutions were analyzed by different methods: inductively coupled
plasma mass spectrometry (REE), ion exchange chromatography (SO4

2−), and flame atomic
adsorption spectrometry (K, Na, Al, Si et al.), direct potentiometry (F−). Comparison of the
contents of elements in the model and experimental solutions is presented in Section 3.

The thermodynamic model makes it possible to establish equilibrium mineral associa-
tions under given environmental conditions; that is, in the end result, we obtaina list of the
most stable minerals from potentially possible ones. In our work, we specified secondary
materials of hypergene transformation in accordance with the results of mineralogical
analysis of stale tailings stored in open conditions for more than 30 years. These data are
presented in our publications [17,18].

3. Results and Discussion

Table 3 presents the values of the redox potential (Eh) and pH of the system at
different ξ and temperature values. The redox potential is at maximum when the degree
of interaction is equal to 10−6 moles of solid phase, then decreases monotonically. Eh-ξ
curve shape is identical at 3 ◦C and 20 ◦C, while the redox potential of the system at 3 ◦C is
0.02–0.04 V more positive than at 20 ◦C.

The pH values of the system at 3 ◦C and 20 ◦C are practically the same. The lowest
pH value is observed at ξ = −6, followed first by a smooth, then a more significant, shift of
the pH to the alkaline region.

In the earlier conducted field and laboratory studies, the pH of pore solutions in
loparite ore concentration tailings at 20 ◦C was 8.3 ± 0.2. These values correspond to the
degree of interaction in the range from 10−3.0 to 10−2.5 solid phase mole.

Changes in the concentrations of anions prevailing in the system depending on ξ at
3 ◦C and 20 ◦C are shown in Table 3.

One of the main anions in the system is CO3
2−. C-ξ curves are identical at 3 ◦C and

20 ◦C. C -ξ curves show maxima at ξ = −1 at 3 ◦C and 20 ◦C.
The bicarbonate ion is also characterized by high concentrations. C -ξ curves show

maxima at ξ = −1.5 at 3 ◦C and 20 ◦C. Starting from ξ = −1, the concentration of HCO3
−

in the solution is lower at a temperature of 3 ◦C.
Concentration of metasilicic acid anion HSiO3

− grows with an increase in the degree
of interaction. However, the concentration in the solution is lower at a temperature of 3 ◦C.

Lower concentrations of polysilicic acid SiO2* are also observed at a temperature
of 3 ◦C.

The concentration of sulfate ions increases with the degree of interaction. C-ξ curves
are identical at 3 ◦C and 20 ◦C.

The same applies to fluorine ions—concentration thereof increases with increasing ξ.
Changes in the concentrations of metals depending on ξ at 3 ◦C and 20 ◦C are shown

in Table 3.
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Table 3. Change in Eh, pH and concentrations of prevailing ions depending on the degree of interaction at temperatures of 3 ◦C and 20 ◦C.

ξ
Eh, V pH Prevailing Ion Concentrations, mg/L

CO3
2− HCO3

− HSiO3
− SiO2 * SO4

2−

3 ◦C 20 ◦C 3 ◦C 20 ◦C 3 ◦C 20 ◦C 3 ◦C 20 ◦C 3 ◦C 20 ◦C 3 ◦C 20 ◦C 3 ◦C 20 ◦C

−6.0 0.91 0.88 5.7 5.8 2.51 × 10−6 4.15 × 10−6 1.90 × 10−1 1.74 × 10−1 9.73 × 10−6 1.57 × 10−5 9.11 × 10−2 9.12 × 10−2 2.44 × 10−4 2.45 × 10−4

−5.5 0.90 0.87 5.8 6.0 6.26 × 10−6 1.13 × 10−5 2.99 × 10−1 2.86 × 10−1 5.10 × 10−5 8.59 × 10−5 3.01 × 10−1 3.01 × 10−1 6.65 × 10−4 6.69 × 10−4

−5.0 0.88 0.854 6.3 6.4 3.81 × 10−5 7.38 × 10−5 7.37 × 10−1 7.29 × 10−1 4.03 × 10−4 7.00 × 10−4 9.64 × 10−1 9.63 × 10−1 2.01 × 10−3 2.02 × 10−3

−4.5 0.85 0.82 6.7 6.9 2.67 × 10−4 6.90 × 10−4 1.95 2.22 1.32 × 10−3 6.16 × 10−3 1.2 2.77 6.41 × 10−3 6.44 × 10−3

−4.0 0.83 0.79 7.2 7.3 2.44 × 10−3 4.73 × 10−3 5.86 5.8 8.92 × 10−3 1.55 × 10−2 2.67 2.66 2.27 × 10−2 2.27 × 10−2

−3.5 0.80 0.77 7.7 7.8 2.27 × 10−2 4.76 × 10−2 17.8 18.3 3.51 × 10−2 1.37 × 10−1 3.43 7.38 7.96 × 10−2 7.96 × 10−2

−3.0 0.77 0.74 8.2 8.3 2.24 × 10−1 4.42 × 10−1 54.9 54.8 1.12 × 10−1 5.14 × 10−1 3.44 8.99 2.58 × 10−1 2.58 × 10−1

−2.5 0.74 0.71 8.7 8.8 2.32 4 168 157 3.77 × 10−1 1.62 3.44 8.99 8.11 × 10−1 8.16 × 10−1

−2.0 0.71 0.68 9.3 9.3 22.3 32.4 431 385 1.37 5.19 3.43 8.99 2.54 2.55
−1.5 0.66 0.65 10.2 9.8 323 198 760 654 11.4 18.7 3.43 8.99 7.57 7.74
−1.0 0.58 0.56 11.7 11.4 1120 1100 82.2 109 120 218 1.13 3.14 22 22
−0.5 0.54 0.52 12.5 12.1 1110 1100 9.93 22.5 529 413 7.04 × 10−1 1.21 66.1 64.9

0 0.51 0.47 12.9 12.8 851 849 2.03 2.99 594 586 2.56 × 10−1 2.95 × 10−1 199 152

ξ
Prevailing Ion Concentrations, mg/L

Na+ K+ Ca2+ Mg2+ Sr2+ Al(OH)4
− F−

3 ◦C 20 ◦C 3 ◦C 20 ◦C 3 ◦C 20 ◦C 3 ◦C 20 ◦C 3 ◦C 20 ◦C 3 ◦C 20 ◦C 3 ◦C 20 ◦C

−6.0 1.94 × 10−2 1.94 × 10−2 6.89 × 10−3 6.80 × 10−3 1.37 × 10−3 1.37 × 10−3 2.39 × 10−4 2.40 × 10−4 5.13 × 10−4 5.13 × 10−4 2.33 × 10−6 1.48 × 10−5 1.43 × 10−4 1.43 × 10−4

−5.5 6.31 × 10−2 6.32 × 10−2 2.21 × 10−2 2.21 × 10−2 5.26 × 10−3 5.28 × 10−3 8.79 × 10−4 8.73 × 10−4 1.70 × 10−3 1.71 × 10−3 3.50 × 10−6 2.33 × 10−5 4.44 × 10−4 4.44 × 10−4

−5.0 2.01 × 10−1 2.01 × 10−1 7.01 × 10−2 7.00 × 10−2 1.86 × 10−2 1.86 × 10−2 3.25 × 10−3 3.26 × 10−3 5.72 × 10−3 5.75 × 10−3 9.10 × 10−6 6.43 × 10−5 1.40 × 10−3 1.40 × 10−3

−4.5 6.12 × 10−1 6.29 × 10−1 6.39 × 10−2 2.22 × 10−1 6.23 × 10−2 6.24 × 10−2 1.31 × 10−2 1.31 × 10−2 1.85 × 10−2 1.85 × 10−2 2.41 × 10−5 2.01 × 10−4 4.86 × 10−3 4.86 × 10−3

−4.0 1.86 1.86 2.17 × 10−1 2.18 × 10−1 1.62 × 10−1 1.37 × 10−1 4.43 × 10−2 4.43 × 10−2 5.89 × 10−2 5.89 × 10−2 1.51 × 10−5 4.19 × 10−4 1.20 × 10−2 9.56 × 10−3

−3.5 5.97 5.78 2.88 × 10−1 1.06 2.45 × 10−1 2.41 × 10−1 1.43 × 10−1 1.43 × 10−1 1.86 × 10−1 1.86 × 10−1 2.25 × 10−5 1.94 × 10−4 1.24 × 10−2 1.20 × 10−2

−3.0 19 18.8 2.43 × 10−1 1.28 7.38 × 10−1 7.33 × 10−1 4.51 × 10−1 4.50 × 10−1 3.84 × 10−1 2.79 × 10−1 5.15 × 10−5 3.17 × 10−4 3.65 × 10−2 3.65 × 10−2

−2.5 60.4 60.1 1.98 × 10−1 1.09 2.19 2.07 1.37 1.41 × 10−1 3.82 × 10−2 3.16 × 10−2 1.24 × 10−4 7.17 × 10−4 1.16 × 10−1 1.16 × 10−1

−2.0 191 183 1.57 × 10−1 9.13 × 10−1 1.09 3.05 × 10−1 1.56 × 10−1 1.48 × 10−2 4.45 × 10−3 4.35 × 10−3 3.20 × 10−4 1.67 × 10−3 1.58 1.58
−1.5 546 412 1.71 × 10−1 6.85 × 10−1 1.70 × 10−2 7.27 × 10−3 2.13 × 10−3 1.12 × 10−3 2.87 × 10−4 7.00 × 10−4 1.27 × 10−3 4.33 × 10−3 1.16 1.16
−1.0 1070 1030 8.08 × 10−1 22.6 2.04 × 10−4 3.85 × 10−4 4.52 × 10−6 7.59 × 10−7 8.41 × 10−5 1.23 × 10−4 2.32 × 10−2 3.98 × 10−2 3.65 3.65
−0.5 1920 1400 43.1 79.5 3.74 × 10−4 1.66 × 10−4 5.36 × 10−8 3.12 × 10−8 1.55 × 10−4 1.16 × 10−4 3.80 × 10−2 1.96 × 10−1 11.6 11.6

0 3490 2680 337 1240 1.42 × 10−3 6.22 × 10−4 1.05 × 10−8 9.23 × 10−10 4.65 × 10−4 1.48 × 10−4 1.17 × 10−1 8.29 × 10−1 36.9 36.8
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Concentration of sodium ions—the dominant cation—naturally grows with an in-
crease in the degree of interaction, while the C-ξ patterns for a given metal are identical at
3 ◦C and 20 ◦C.

More interesting C-ξ patterns were observed at temperatures of 3 ◦C and 20 ◦C in
potassium ions. Starting from ξ = −4, the increase in the concentration of metal ions slows
down significantly and stops at ξ = −1.5, and then resumes. The transition of potassium
ions is more intense at 20 ◦C.

The concentration of calcium and magnesium ions increases with an increase in the
degree of interaction, reaching a maximum at ξ = −1.5, and then decreases. C-ξ curves for
these metals are similar at 3 ◦C and 20 ◦C.

The C-ξ curve for strontium ions is similar, with the maximum concentration observed
at ξ = −3.

Aluminum in solution is present mainly as the Al(OH)4
− anion. It is characterized by

an increase in concentration with increasing ξ. Further, the concentrations are significantly
(sometimes by an order of magnitude) higher at 20 ◦C.

The behavior of REEs is also of interest. Figures 2 and 3 show changes in the concen-
trations of dissolved forms of lanthanum and cerium as a function of ξ at 3 ◦C and 20 ◦C.
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As can be seen, the gross concentrations of lanthanum and cerium are the same at
3 ◦C and 20 ◦C.

At low ξ, the predominant dissolved forms are La3+ and Ce3+, while LaO(OH)and
CeO(OH), LaO2

− and CeO2
− dominate at high ξ.

Figure 4 shows the content of the main newly formed mineral phases depending on ξ.
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Gibbsite forms at −6 < ξ < −4. At low ξ, this is the dominant mineral in the system.
Goethite content increases slightly at −6 < ξ < −5, then sharply decreases and remains
approximately at the same level. Note that the dependences of the content of these hydrox-
ides on ξ are similar at 3 ◦C and 20 ◦C. Pyrolusite, a manganese oxide, forms in extremely
small quantities.

The main layered hydrosilicates in the system are minerals from the smectite group
and muscovite. Smectites form at −5 < ξ < −1. Maximum content exceeds 50%. Muscovite
forms at −4.5 < ξ < 0 at 3 ◦C and at −4 < ξ < −0.5 at 20 ◦C. Note that the content of this
mineral is higher at lower temperatures.

Higher contents of apatite are observed at 3 ◦C at high ξ levels.
Silica forms at −4 < ξ < −1 at 3 ◦C and at −3.5 < ξ < −1 at 20 ◦C. Its maximum content

is also higher at 3 ◦C.
Feldspars form at high ξ values. The same applies to phlogopite and minerals sec-

ondary to nepheline—natrolite, analcime, and mesolite.
We also note the formation of strontium carbonate—strontianite.
In Figure 5 as an example, the concentrations of the main cations in the resulting

solutions obtained during the experiments are shown in comparison with the model data.
Comparison of data in Table 2 and Figure 4 allows us to conclude that the model adequately
describes the composition of tailings solutions after long-term storage. Probably, under
these conditions the system “solution–rock–atmosphere” is closer to the achievement of
equilibrium. The degree of interaction v is in the range from 10–3.5 to 10–2.5 mole of the
solid phase. The same v regions correspond to the experimentally recorded pH values.
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The concentrations of cerium and lanthanum in the experimental solutions are
0.036 ± 0.009 and 0.019 ± 0.006 mg/L, respectively. These concentrations correspond
to model values of the degree of interaction in the range from 10–1 to 10–0.5 mole of the
solid phase. It is interesting to note that REEs of the light group are concentrated mainly
in the finely dispersed material of the tailings [18,19]. In our model, the reduction in the
particle size of the tailings can be taken into account by increasing v.

The behavior of the system during evaporation was further examined.
Table 4 presents the values of Eh and pH of the system at different ξ and water content.
The redox potential is at maximum when the degree of interaction is equal to 10−6

moles of solid phase. The redox potential curves of the solution are qualitatively similar
and have a pronounced inflection at ξ = −1. At 0.05 L of water in the system, the Eh values
are slightly more positive.

With an increase in ξ, the pH of the solution increases with an inflection in the curves
at ξ = −1. The pH values are slightly more positive when the amount of water in the
system is 0.01 L.

Table 4 presentsthe changes in the concentrations of the anions prevailing in the
system depending on ξ and the amount of water.

With a decrease in the amount of water in the system and with an increase in the
degree of interaction, the main anions become more concentrated in the solutions: CO3

2−,
HCO3

−, SO4
2−, HSiO3

−. Carbonate and bicarbonate ion curves have maxima at ξ = −1
and −1.5, respectively. As the degree of interaction increases, the concentrations decrease,
which is associated with the formation of carbonates. Attention is drawn to a significant
increase in the concentration of fluorine ions in the solutions.

Table 4 presentsthe concentration of metal ions in the solution depending on the
degree of interaction ξ and the amount of water in the system.

The concentrations of the predominant metals—sodium and potassium ions—increase
with increasing ξ. The concentrations of alkaline earth metals—calcium, magnesium, and
strontium—are related to the maxima. At the same time, in a certain range of ξ values,
their concentrations are higher when the amount of water in the system is 0.05 L. Finally,
the concentration of aluminum (the predominant soluble form Al(OH)4

−) grows with
increasing ξ.

Figures 6 and 7 show the change in the concentration of the dissolved forms of
lanthanum and cerium depending on the degree of interaction ξ and the amount of water
in the system.

With a decrease in the amount of water in the system, the gross concentrations of
lanthanum and cerium increase. At low ξ, La3+ and Ce3+ ions dominate. At high ξ, LaO2

−

and CeO2
− become the main water-soluble forms.

Figure 8 shows the content of newly formed mineral phasesdepending on the degree
of interaction ξ and the amount of water in the system.

Gibbsite forms at −6 < ξ < −5.5 and 0.05 L of water, and at −6 < ξ < −5.5 and 0.01 L
of water. Its content is much higher when the amount of water in the system is 0.05 L.
Goethite is stable in the entire ξ range, and the content is higher when the amount of water
in the system is 0.05 L. Small amounts of pyrolusite also form.

The main layered hydrosilicates are smectites and muscovite. Smectites forms at
−5.5 < ξ < −2 and 0.05 L of water, and at −6 < ξ < −2.5 and 0.01 L of water. At low ξ, these
are the main newly formed mineral phases in the system. Muscovite forms at −4.5 < ξ < 0
and 0.05 L of water and at −4 < ξ < −0.5 and 0.01 L of water. The maximum content of this
mineral is over 40%.

Apatite forms at −4 < ξ < −1 and 0.05 L of water, and at −3.5 < ξ < −1 and 0.01 L of
water. Higher contents of apatite are observed at 3 ◦C at high ξ.

Silica forms at −4 < ξ < −1 and 0.05 L of water and at −3.5 < ξ < −1 at 20 ◦C.
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Table 4. Change in Eh, pH, and concentrations of prevailing ions at 0.05 and 0.01 L of water in the system.

ξ
Eh, V pH Prevailing Ion Concentrations, mg/L

CO3
2− HCO3

− HSiO3
− SiO2 * SO4

2−

0.05 L 0.01 L 0.05 L 0.01 L 0.05 L 0.01 L 0.05 L 0.01 L 0.05 L 0.01 L 0.05 L 0.01 L 0.05 L 0.01 L

−6.0 0.85 0.81 6.4 7.0 6.80 × 10−5 1.31 × 10−3 6.97 × 10−1 3.03 6.38 × 10−4 7.89 × 10−3 9.17 × 10−1 2.61 2.32 × 10−3 1.15 × 10−2

−5.5 0.82 0.78 6.9 7.5 6.79 × 10−4 1.19 × 10−2 2.2 9.12 6.12 × 10−3 3.67 × 10−2 2.79 4.03 6.50 × 10−3 3.23 × 10−2

−5.0 0.79 0.75 7.3 8.0 4.65 × 10−3 1.16 × 10−1 5.75 28.3 1.52 × 10−2 2.54 × 10−1 2.66 9.01 2.01 × 10−2 1.00 × 10−1

−4.5 0.77 0.73 7.8 8.4 4.73 × 10−2 1.05 18.2 84.6 1.34 × 10−1 7.60 × 10−1 7.35 8.99 6.41 × 10−2 3.17 × 10−1

−4.0 0.74 0.70 8.3 8.9 4.34 × 10−1 8.75 54.9 242 4.95 × 10−1 2.17 9.01 8.98 2.26 × 10−1 1.11
−3.5 0.71 0.68 8.7 9.3 3.66 64 158 646 1.44 5.85 8.99 8.98 7.84 × 10−1 3.8
−3.0 0.69 0.66 9.2 9.6 29.2 253 439 1260 4.09 11.6 8.99 8.97 2.51 11.7
−2.5 0.66 0.64 9.6 9.9 208 1140 1120 2580 11.2 17.5 8.98 6.36 7.51 32.2
−2.0 0.64 0.62 9.9 10.3 645 5210 1830 5010 19.6 20.6 8.51 3.37 21.9 72.4
−1.5 0.62 0.61 10.3 10.5 3310 12,200 3070 5940 24.3 33.9 3.59 3.03 52.4 180
−1.0 0.58 0.58 11.1 11.0 9000 12,700 1590 2100 59.2 49.6 1.65 1.5 117 688
−0.5 0.48 0.43 12.8 13.6 8580 7240 31.3 3.18 609 2100 3.36 × 10−1 1.61 × 10−1 303 1070

0 0.42 0.35 13.8 15.4 2760 1180 1.05 1.02 × 10−2 2050 4970 1.24 × 10−1 2.77 × 10−2 474 1300

ξ
Prevailing Ion Concentrations. mg/L

Na+ K+ Ca2+ Mg2+ Sr2+ Al(OH)4
− F−

0.05 L 0.01 L 0.05 L 0.01 L 0.05 L 0.01 L 0.05 L 0.01 L 0.05 L 0.01 L 0.05 L 0.01 L 0.05 L 0.01 L

−6.0 1.95 × 10−1 9.23 × 10−1 6.90 × 10−2 2.29 × 10−1 1.37 × 10−2 6.92 × 10−2 2.34 × 10−3 1.18 × 10−2 5.12 × 10−3 2.56 × 10−2 6.18 × 10−5 2.74 × 10−4 1.42 × 10−3 7.10 × 10−3

−5.5 6.32 × 10−1 2.89 2.19 × 10−1 4.13 × 10−1 5.28 × 10−2 2.63 × 10−1 8.17 × 10−3 4.01 × 10−2 1.71 × 10−2 8.55 × 10−2 1.99 × 10−4 3.03 × 10−4 4.37 × 10−3 2.18 × 10−2

−5.0 1.85 9.17 2.20 × 10−1 1.43 1.42 × 10−1 4.02 × 10−1 3.18 × 10−2 1.58 × 10−1 5.72 × 10−2 2.92 × 10−1 4.16 × 10−4 1.92 × 10−4 9.67 × 10−3 1.90 × 10−2

−4.5 5.77 29.9 1.07 1.28 2.47 × 10−1 1.16 1.29 × 10−1 6.25 × 10−1 1.84 × 10−1 1.40 × 10−1 1.93 × 10−4 4.16 × 10−4 1.24 × 10−2 5.91 × 10−2

−4.0 18.8 95.1 1.32 1.15 7.37 × 10−1 3.04 4.35 × 10−1 9.09 × 10−2 3.06 × 10−1 1.78 × 10−2 3.06 × 10−4 8.75 × 10−4 3.65 × 10−2 1.82 × 10−1

−3.5 60.1 296 1.18 1.07 2.11 1.94 × 10−1 1.88 × 10−1 1.32 × 10−2 3.73 × 10−2 2.61 × 10−3 6.51 × 10−4 1.74 × 10−3 1.15 × 10−1 5.76 × 10−1

−3.0 190 682 1.06 1.04 3.97 × 10−1 2.14 × 10−2 2.39 × 10−2 3.58 × 10−3 4.86 × 10−3 7.18 × 10−4 1.36 × 10−3 2.79 × 10−3 3.65 × 10−1 1.82
−2.5 590 1870 9.75 × 10−1 12.1 2.16 × 10−2 1.41 × 10−2 3.34 × 10−3 1.04 × 10−3 7.31 × 10−4 1.81 × 10−4 2.75 × 10−3 2.90 × 10−3 1.15 5.76
−2.0 1200 5940 13.7 40.5 3.73 × 10−2 7.34 × 10−3 1.16 × 10−3 4.39 × 10−4 2.67 × 10−4 4.93 × 10−5 1.83 × 10−3 6.26 × 10−3 3.65 18.1
−1.5 3740 11,500 19.7 515 1.03 × 10−2 4.83 × 10−3 3.19 × 10−4 8.64 × 10−5 5.96 × 10−5 2.79 × 10−5 7.88 × 10−3 4.49 × 10−3 11.5 59.2
−1.0 7510 11,100 307 493 1.53 × 10−3 1.94 × 10−3 3.73 × 10−6 6.78 × 10−6 2.03 × 10−5 2.57 × 10−5 2.06 × 10−2 1.90 × 10−2 36.3 224
−0.5 7710 15,200 2880 15,300 5.41 × 10−3 4.75 × 10−3 1.25 × 10−9 3.09 × 10−11 1.74 × 10−5 2.86 × 10−5 2.39 × 10−1 3.31 × 10−1 118 778

0 12,600 97,100 18,800 216,000 1.57 × 10−2 1.71 × 10−2 1.41 × 10−11 0 5.00 × 10−5 1.50 × 10−4 5.37 × 10−1 5.64 × 10−2 416 7150
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are the main newly formed mineral phases in the system. Muscovite forms at −4.5 < ξ < 0 
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mineral is over 40%. 
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water. In addition, at high ξ, other carbonates also formnatrite Na2CO3 10H2O and trona 
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migrating to adjacent media. When in ionic form in the soil and when interacting with 
solutions containing natural organic matter, REEs will undergo a wide range of chemical 
transformations, and can both be deposited in soils and bottom sediments, and migrate 
further in the form of complexes. 

Modeling has shown that the more precipitation of newly formed stable phases 
and, accordingly, the removal of matter from a highly unstable solution into the sedi-
ment, the greater the ratio of water to rock. Accordingly, with an increase in the amount 
of atmospheric precipitation and flood waters, lanthanum and cerium will be actively 
removed from the tailing dump in solutions, with the possibility of being deposited in 
nearby soils. In our previous work [23], elevated concentrations of REEs, including lan-
thanum and cerium, were found along the perimeter of the tailing dump, which con-
firms this assumption. 
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Thermodynamic modeling of hypergene processes in loparite ore concentration tail-
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(1) The predominant anions in the pore solutions are CO32−, HCO3−, SO42−, and HSiO3−. 
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Calcite forms at −3 < ξ < 0 and 0.05 L of water and at −2.5 < ξ < −0.5 and 0.01 L of
water.Strontianite forms at −4.5 < ξ < 0 and 0.05 L of water and at −5 < ξ < −0 and 0.01 L
of water. In addition, at high ξ, other carbonates also formnatrite Na2CO3 10H2O and
trona Na2Ca (CO3)2(H2O)2 (not shown in Figure 8).

At the initial stages of interaction, La and Ce ions are in solution in the form of
trivalent ions. Considering the strong ability of REEs to complex formation with many
organic and inorganic ligands, it is in this form that they pose a particular danger when
migrating to adjacent media. When in ionic form in the soil and when interacting with
solutions containing natural organic matter, REEs will undergo a wide range of chemical
transformations, and can both be deposited in soils and bottom sediments, and migrate
further in the form of complexes.

Modeling has shown that the more precipitation of newly formed stable phases and,
accordingly, the removal of matter from a highly unstable solution into the sediment,
the greater the ratio of water to rock. Accordingly, with an increase in the amount of
atmospheric precipitation and flood waters, lanthanum and cerium will be actively re-
moved from the tailing dump in solutions, with the possibility of being deposited in nearby
soils. In our previous work [23], elevated concentrations of REEs, including lanthanum
and cerium, were found along the perimeter of the tailing dump, which confirms this
assumption.

4. Conclusions

Thermodynamic modeling of hypergene processes in loparite ore concentration tail-
ings supports the following conclusions:

(1) The predominant anions in the pore solutions are CO3
2−, HCO3

−, SO4
2−, and

HSiO3
−. With an increase in ξ and a decrease in the amount of water in the sys-
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tem to 0.05 and 0.01 L, the concentration of fluorine ions in the solutions increases
significantly.

(2) The concentrations of the predominant metals—sodium and potassium ions—increase
with increasing ξ. The predominant soluble form of aluminum is Al(OH)4

−, anion con-
centrations grow with increasing ξ. At low ξ, La3+ and Ce3+ ions dominate. At high
ξ, LaO(OH) иCeO(OH), LaO2

−, and CeO2
− become the main water-soluble forms.

(3) With a decrease in the amount of water in the system, the solutions become more
concentrated in terms of basic ions.

(4) Dominant newly formed phases in the system are gibbsite and goethite, minerals of
the smectite group, muscovite, feldspars, silica, mica, apatite, secondary nepheline
minerals, and strontianite. With evaporation and a low filtration rate of water in the
top layers of the tailings (an increase in ξ and a decrease in the amount of water in
the system), the composition and ratio of newly formed mineral phases change.

(5) Our modeling showed that the processes progress qualitatively similarly in the system
at 3 ◦C and 20 ◦C. Thus, chemical weathering can occur in both spring and fall.
Increase in average seasonal temperatures and the duration of the frost-free and
snowless periods will lead to a longer period with active hypergene processes and
negative environmental impacts on the surrounding areas.
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