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Abstract. The article deals with the features of mineral composition of gold-bearing waste from the gold concentration 
plant. The tailings material consists primarily of a finely dispersed, silty fraction. The structure of the accumulated 
tailings resembles a layered pie: three horizons of different compositions are distinguished. They were formed during 
the processing of mixed, and primary (sulfide) ores oxidized in different years. The most common ore minerals in 
the tailings dump deposits are pyrrhotite, arsenopyrite, pyrite, stibnite, magnetite, and iron hydroxides. In addition, 
native bismuth, native gold, bismuth and tellurium sulfides, scheelite, and secondary antimony and arsenic minerals 
(valentinite, tripugiite, and scorodite) are also noted.The composition of the tailings dump’s recirculating water and 
sludge was studied. Vertical variability in the chemical composition of the tailings storage facility’s recycled waters 
was established. Sharp variability in water composition is observed at depths of 6–8 meters. To study the direction 
and rate of dissolution and precipitation of substances in the liquid phase of the tailings dump field experiments were 
conducted. During the experiments, samples of minerals and man-made materials including rubber, sulfur, mercury 
amalgam on copper, copper, steel, graphite, native gold in quartz, pyrite and pyrrhotite, arsenopyrite were placed in 
recycled sludge water at various depths to be extracted in batches with the exposure times of 1, 2, and 3 months. 
The experiment revealed the etching traces of native gold and a diverse range of newly formed mineral phases in-
cluding gypsum, iron hydroxides, scorodite, iron and manganese cyanides, copper sulfates and thiocyanates, and 
others. The Selector-Windows software package was selected for physicochemical modeling of the hypergene pro-
cesses occurring in the tailings sludge waters. The Selector-Windows software package features a system of built-in 
thermodynamic databases and a module for generating models of varying complexity and architecture. Performed 
thermodynamic modeling using the software package allowed the authors to calculate the parameters and direction of 
technogenic processes occurring in the concentration tailings, determine the elemental and ionic composition,  Еh-pH 
parameters of forming solutions, crystallizing minerals, and their associations as well as to propose a mechanism for 
secondary gold concentrations in the silt fraction of tailings.
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Современное минералообразование и термодинамическое 
моделирование процессов формирования вторичных 
концентраций в шламовых водах хранилища хвостов  

золотоизвлекающей фабрики
Н.А. Поповаa, В.А. Макаровb, Б.М. Лобастовc

a–cСибирский федеральный университет, Красноярск, Россия

Резюме. Целью проведенного исследования являлось рассмотрение особенностей минерального состава золо-
тосодержащих отходов фабрики. Материал хвостов представлен преимущественно тонкодисперсной, пылеватой 
фракцией. По своему строению толща накопленных хвостов напоминает слоеный пирог: выделяются три гори-
зонта разного состава, образовавшихся при переработке в различные годы окисленных, смешанных и коренных 
(сульфидных) руд. Из рудных минералов в отложениях хвостохранилища чаще всего встречаются пирротин, 
арсенопирит, пирит, стибнит, магнетит и гидроксиды железа. Кроме того, отмечаются самородный висмут, само-
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родное золото, сульфиды висмута и теллура, шеелит, вторичные минералы сурьмы и мышьяка (валентинит, три-
пугиит, скородит). Изучен состав оборотных вод и илов хвостохранилища. Установлена изменчивость химизма 
оборотных вод хвостохранилища по вертикали. Резкая изменчивость состава вод отмечается на глубине 6–8 м.  
С целью изучения направленности и скорости протекания процессов растворения и осаждения вещества в жид-
кой фазе хвостохранилища выполнены натурные эксперименты. В ходе экспериментов в оборотные шламовые 
воды на различные глубины помещались образцы минералов и техногенных материалов: резина, сера, ртутная 
амальгама на меди, медь, сталь, графит, самородное золото в кварце, пирит и пирротин, арсенопирит, которые 
устанавливались и извлекались партиями с экспозицией 1, 2 и 3 месяца. По результатам экспериментов выявле-
ны следы травления самородного золота и разнообразный спектр новообразованных минеральных фаз – гипс, 
гидроокислы железа, скородит, цианиды железа и марганца, сульфаты и тиоцианаты меди и другие. Для фи-
зико-химического моделирования гипергенных процессов, протекающих в шламовых водах хвостохранилища, 
был выбран программный комплекс «Селектор-Windows», снабженный системой встроенных баз термодина-
мических данных и модулем формирования моделей различной сложности и архитектуры. В результате выпол-
ненного термодинамического моделирования рассчитаны параметры и направленность техногенных процессов, 
протекающих в хвостах обогащения, определены элементный и ионный составы, Еh-pH параметры формиру-
ющихся растворов, кристаллизующиеся минералы и их ассоциации, а также предложен механизм вторичных 
концентраций золота в илистой фракции хвостов. 

Ключевые слова: экспериментальная минералогия, золоторудное месторождение, хвостохранилище, техноген-
ные месторождения, золотоизвлекающая фабрика, термодинамическое моделирование, программный комплекс 
«Селектор», вторичные концентрации золота
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Introduction
The article presents the results of studying the 

mineral composition of tailings from an operating 
tailings dump of a gold concentration plant locat-
ed in the Severo-Yeniseysky district of the Kras-
noyarsk Territory [1, 2]. Modern tailings dumps 
of gold concentration plants represent complex  
natural-technogenic systems where, alongside 
the processes of tailings material accumulation, 
intensive processes of their chemical trans-
formation and technogenic mineral formation  
occur1 [3, 4]. Based on field observations, ex-
perimental data, and computer physicochemical 
modeling, the nature of the variability in the chem-
ical composition of recirculating waters, the scale 
and rate of formation of secondary (technogenic) 
minerals, the modes of occurrence of residual 
gold concentrations and associated elements, as 
well as the pattern of their distribution within the 
liquid and solid phases of the tailings dump, were 
assessed. The relevance of this study is deter-
mined by the fact that the scale of gold ore pro-
cessing in this region is extremely large (plac-
er and primary gold have been actively mined 
for over a hundred years), and, consequently, 
a large volume of mining waste has been accu-
mulated. The latter, while posing a certain envi-
ronmental hazard, often contain precious metals 
and other useful components in concentrations 

close to industrial grades [5]. Their re-extraction 
is impossible without knowledge of the mineral 
forms and an understanding of the processes of 
modern mineral formation occurring in the tail-
ings dump [6, 7].

Materials and methods
Objects and methods of analytical research. 

To study the mineral composition of the alluvial 
tailings deposits, sludge, recirculating waters, 
and experimental products, the authors employed 
a wide range of methods: optical study of heavy 
fraction minerals of the tailings, scanning electron 
microscopy, energy-dispersive X-ray spectrome-
try, X-ray fluorescence analysis, X-ray diffraction 
analysis, fire assay, analysis of samples using 
inductively coupled plasma mass spectrometry 
and atomic absorption spectrometry, as well as 
chemical analyses of recirculating waters. 

The tailings material was obtained from the 
core of 5 wells drilled to the full depth of the tail-
ings dump. The sludge was sampled by dredging 
along a profile within the flooded part. 

Methods of field experiments. To directly study 
the processes of dissolution and precipitation of 
substances in the tailings dump environment, two 
field experiments were conducted. In the first ex-
periment, samples of minerals and technogenic 
materials – rubber, sulfur, mercury amalgam on 

1 Alekseenko V.A. Ecological Geochemistry: а textbook. Moscow: Logos; 2000, 627 p.
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copper, copper, steel, graphite, native gold in 
quartz, pyrite and pyrrhotite, arsenopyrite (Fig. 1) 
– were placed in recirculating waters at a depth 
of 9–10 m. The samples were fixed on an insulat-
ed aluminum wire in the form of garlands, which 
were installed and extracted in batches with ex-
posure times of 1, 2, and 3 months.

The second experiment was conducted with 
a modified composition of samples: chemically 
pure gold, copper, mercury amalgam on copper, 
steel, sulfur, graphite. The samples were placed 
at a shallower depth (2–3 m) in close proximity 
to the pumping station, which ensured intensive 
water exchange and made it possible to observe 
a higher rate of secondary mineral formation pro-
cesses.

Thermodynamic modeling method. To model 
the hypergene processes of sludge water forma-
tion, the Selector-Windows software package, 
featuring a system of built-in thermodynamic da-
tabases, was used. The algorithm of the package 
allows for the calculation of chemical equilibria 
in multisystems that include aqueous electrolyte 
solutions, gas mixtures, solid phases, and melts. 
Modeling was conducted for a system consist-
ing of the atmosphere, water, and concentra-
tion tailings under isobaric-isothermal conditions 
in the temperature range from 5 to 30 °C at a 
pressure of 1 bar. The calculations accounted for 
the chemical composition of the tailings (based 
on the data in Table 1) and the recirculating wa-
ters. The equilibrium phase composition was de-

termined by the method of minimizing the Gibbs 
free energy [8].

Results and discussion
Mineral and chemical composition of tailings 

and sludge. The tailings material consists primar-
ily of a finely dispersed, silty fraction. The struc-
ture of the accumulated tailings resembles a lay-
ered pie: three horizons of different compositions 
are distinguished, formed during the processing 
of oxidized, mixed, and primary (sulfide) ores in 
different years. The color varies from light gray, 
greenish-gray (products of processing unoxi-
dized ores) to light brown (tailings from oxidized 
ore processing). The mineral composition of the 
tailings dump deposits is presented in Table 1. It 
is in good agreement with the mineral composi-
tion of the host rocks and ores of the deposit – 
quartz-mica and garnet schists. Among the non-
ore minerals, as seen in Table 1, the most com-
mon are quartz, micas (muscovite, biotite), and 
chlorite. Carbonates, amphiboles of the tremo-
lite-actinolite series, tourmaline, zircon, rutile and 
anatase, monazite, and gypsum are present in 
subordinate amounts.

Among the ore minerals, the most common 
in the tailings dump deposits are pyrrhotite, arse-
nopyrite, pyrite, stibnite, magnetite, and iron hy-
droxides. In addition, native bismuth, native gold, 
bismuth and tellurium sulfides, scheelite, and 
secondary antimony and arsenic minerals (val-
entinite, tripuhyite, and scorodite) are also noted. 

a b c
Fig. 1. Samples of materials used in the experiment: 

a – as packings; b – as garlands; с – placed on the ice of the recycled water settling pond
Рис. 1. Образцы материалов, используемых в эксперименте: 

a – в качестве закладок; b – связанные в гирлянды; 
с – размещенные со льда пруда отстойника оборотных вод 

10 cm
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In total, about 40 mineral species were identified 
in the tailings dump deposits. The average gold 
content is 0.3 с. u. in tailings from oxidized ore 
processing and 0.6 с. u. in tailings from primary 
ore processing.

The mineral and chemical composition of the 
tailings dump sludge, sampled by dredging along 
a profile within the flooded part of the tailings 
dump, differs significantly from the tailings studied 
from core samples. An increased gypsum content 
(up to a maximum of 14  %) is recorded in the 
sludge. Also characteristic are elevated contents 
of iron (up to 7.12 % compared to the tailings av-
erage of 3.52  %), arsenic (1.14/0.13  %), sulfur 
(2.73/0.44  %), zinc (0.033/0.009  %), potassium 
(2.80/2.42 %), and lower silicon (19.55/29.58 %). 
Gold content also increases with depth: from  
0.3 c. u. in the beach zone to 1.5 c. u. at depths 
greater than 8 m. This correlates well with both 
a decrease in the proportion of quartz in the silt 
fraction and a corresponding increase in the 
amount of micas, as well as with the accumula-
tion (in addition to gypsum) of newly formed X-ray 
amorphous finely dispersed phases of iron and 
arsenic, which sorb less common components 
(zinc, selenium, etc.) onto their active surfaces. 
The X-ray amorphous nature of the newly formed 
phases is indicated by the absence of diagnosed 
iron and arsenic minerals by X-ray diffraction anal-
ysis, while the high contents of these elements 
were determined by inductively coupled plasma 
mass spectrometry.

Chemical composition of recirculating waters. 
Vertical variability in the chemical composition of 
the tailings dump’s recirculating waters was es-
tablished. Sharp variability in water composition 
is observed at depths of 6–8 meters. A change 

in pH from 7.5 (near the surface) to 6.6 was not-
ed; the thiocyanate content increases significantly 
from approximately 1400 mg/l near the surface to 
1600 mg/l; iron is not detected in the near-surface 
water layer (< 0.1 mg/l), but its content with depth 
averages 0.88 mg/l; the contents of copper (from 
6 to 8 mg/l) and calcium (from 650 to 750 mg/l)  
also increase.

Results of field experiments. As noted above, 
to study the dynamics of processes occurring in 
the tailings dump (dissolution – precipitation of 
substances), two field experiments were conduct-
ed by placing various materials in the recirculating 
waters of the settling pond.

In the first experiment, three sets of samples 
were submerged to a depth of 9–10 m, with ex-
posure times of 1, 2, and 3 months, respectively. 
The sample placement point was chosen taking 
into account the movement of recirculating wa-
ters – it was intended to be a non-stagnant zone –  
so the samples were installed approximately be-
tween the pulp discharge points and the water 
intake.

In the second experiment, the samples were 
placed in close proximity to the pumping station 
at a depth of about 2–3 m, which also allowed 
for more intensive water exchange around the 
samples. As it turned out, this solution made it 
possible to observe a very high rate of mineral 
formation processes. An important objective of 
the experiment was to observe the effect of recir-
culating water on native gold. It was found that the 
native gold particle had practically not changed 
morphologically after one month, despite the rath-
er high content of residual cyanides in the tailings 
dump’s recirculating waters. Upon detailed ex-
amination of the gold grain surface in the first ex-

Table 1. Mineral composition of tailings
Таблица 1. Минеральный состав хвостов

Abundance
Mineral composition of tailings

Tailings from primary ore processing Tailings from oxidized ore processing

Major
Quartz (75.9–36.0/54.3)

Muscovite + Biotite (29.1–8.57/18.3)
Calcite (14.8–6.6/9.93)

Chlorite (16.3–2.38/10.1)

Quartz (90.4–60.0/81.2)
Muscovite + Biotite (17.7–5.25/11.83)

Minor
Dolomite (3.76–0/2.05)

Albite (6.7–0/2.89)
Gypsum (4.4–0.16/1.52)

Calcite (4.8–0/1.15)
Dolomite (0.96–0/0.36)
Chlorite (19.3–0/4.1)
Albite (3.76–0/0.65)

Rare Rutile (0.9–0.11/0.2)
Scheelite (0.16–0/0.01)

Rutile (0.79–0/0.23)
Gypsum (1.6–0/0.16)

Note: The parentheses show the content range from maximum to minimum (numerator) and the average content 
(denominator), %.
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periment, crystals of newly formed gypsum were 
discovered (Fig. 2, a). No significant changes 
were observed on the gold grain surface. In the 
second experiment, traces of partial etching were 
observed, manifested as fine rippling even after 
the first month of exposure (Fig. 2, b).

Other manifestations of modern mineral 
formation include the following. Arsenopyrite 
underwent significant changes. On its sur-
face, islands (patches) of aggregates of sec-
ondary minerals were encountered – mainly 
scorodite (an oxidation product of arsenopyrite,  
FeAsO₄·2H₂O), the newly formed crystals of 
which have a cubic appearance (Fig. 3, a). On 
the native sulfur sample, small (first microns) 
cubic crystals formed, presumably of iron and 
manganese cyanide (Fig. 3, b). 

The crystal sizes in both the first and second 
experiments ranged from the first microns up to 5,  
rarely up to 10 microns across. This is presum-
ably iron and manganese cyanide. Its unambig-
uous identification is difficult, but it can be done 
based on a number of features. Unfortunately, 
due to the uneven surface of the sample, it was 

not possible to determine the stoichiometry, but 
based on a large number of analyses, the fol-
lowing statistics were accumulated: nitrogen –  
15–20 %, oxygen – 18–22 %, sulfur – 0.5–1.5 %, 
iron – 8–14  %, manganese – 5–10  %, and an 
unknown amount of carbon, the quantity of which 
cannot be accurately determined due to the coat-
ing of the studied samples with a conductive car-
bon layer. Based on indirect evidence – a sharply 
higher amount of carbon in the actual spectrum 
than in the theoretical one – a significant carbon 
content in the sample can be inferred.

A considerable amount of copper thiocyanate 
formed on the copper plate (Fig. 4, a).

In addition, large accumulations of tiny (from 
hundreds of nanometers to the first microns 
across) globules of iron hydroxides are observed 
on the surface of metallic copper. A distinctive 
feature of the latter is the constant presence of 
arsenic – 2.5–2.8   wt  %. The same was noted 
in the aggregates of iron hydroxides that formed 
on the iron plate. This may indicate both the high 
sorption properties of iron hydroxides and the 
significant amount of arsenic dissolved in the tail-

a b
Fig. 2. Surface of gold samples after exposure to tailings pond recycled water   

using scanning electron microscopy: 
a – gypsum crystals on natural native gold – experiment 1 (a backscattered electron image); 

b – etching traces on the surface of a plate of chemically pure gold – experiment 2 
(a secondary electron image)

Рис. 2. Поверхность образцов золота после экспозиции в оборотных водах хвостохранилища 
методом сканирующей электронной микроскопии: 

а – кристаллы гипса на природном самородном золоте – эксперимент 1
(изображение в обратно-отраженных электронах); 

b – следы травления на поверхности пластины химически чистого золота – эксперимент 2 
(изображение во вторичных электронах)

2 mcm2 mcm 50 mcm50 mcm
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a b

Fig. 3. Newly formed phases on the surface of samples obtained by scanning electron microscopy:
a – crystals of presumed iron cyanide on arsenopyrite (a backscattered electron image); 

b – aggregate of crystals of presumed iron and manganese cyanide on the surface of sulfur 
(a secondary electron image)

Рис. 3. Новообразованные фазы на поверхности образцов,
полученные методом сканирующей электронной микроскопии: 

а – кристаллы предположительного цианида железа на арсенопирите 
(изображение в обратно-отраженных электронах); 

b – агрегат кристаллов предположительного цианида железа и марганца на поверхности серы 
(изображение во вторичных электронах)

ings dump’s recirculating waters. Copper sulfate, 
repeatedly encountered in the sample, does not 
form good crystals, only thin films found in aggre-
gates with other phases.

New mineral phases were found on the mer-
cury amalgam on the copper plate. There was 
virtually no mercury left – only isolated tiny (tens 
of microns in size) mercury-containing phases 
(close to copper-mercury) in lacy aggregates 
composed of copper oxides and sulfate (Fig. 4, b).  
Occasionally, minor (up to 1 %) contents of ox-
ygen (thin oxide films on the surface) and sulfur 
are noted.

Results of thermodynamic modeling and their 
interpretation. To assess and predict the pro-
cesses occurring in the tailings dump, identified 
during field and experimental studies, thermody-
namic modeling was performed. The application 
of computer thermodynamic modeling made it 
possible to calculate the technogenic processes 
occurring in the concentration tailings, determine 

the elemental and ionic composition, Eh-pH pa-
rameters of the forming solutions, crystallizing 
minerals, their associations, and the formation of 
secondary gold concentrations2 [9, 10].

In this work, the Selector-Windows software 
package was selected for the physicochemical 
modeling of hypergene processes observed in 
the tailings sludge waters. The Selector-Windows  
software package features a system of built-in 
thermodynamic databases and a module for gen-
erating models of varying complexity and archi-
tecture [11].

Several scenarios of system evolution were 
calculated: in the first scenario, secondary (hy-
pergene and technogenic) minerals did not form 
– their elements passed into solution; in the sec-
ond, these secondary minerals precipitated from 
the solution. The process under consideration 
is the formation of sludge waters on the surface 
of tailings dumps as a result of the interaction 
of weathering agents with tailings from the pro-

5 mcm5 mcm 5 mcm5 mcm

2 Frolov K.R., Zvereva V.P., Kostina A.M. Modeling of technogenic and natural systems: a laboratory manual.  
 Vladivostok: Far Eastern Federal University; 2017, 72 p.
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cessing of primary and oxidized ores containing 
gold and silver. The chemical composition of the 
model forms the independent components of the 
system – stoichiometric constituents from which, 
through their linear combination, the composi-
tions of all phases and components can be ob-
tained. According to the methodology of physi-
cochemical (thermodynamic) modeling [11], the 
models consisted of 10 kg of atmosphere, 1 kg 
of water, and 0.1 kg of concentration tailings. 
Uniform thermobarometric conditions were es-
tablished: a temperature range from 5 to 30 °C  
and a pressure of 1 bar [12, 13]. The calculations 
considered dependent and independent com-
ponents: dissolved species, minerals, and solid 
solutions, i. e., the most likely hypogene gases, 
as well as hypergene and technogenic minerals 
[14, 15]. Among other things, thermodynamic 
parameters from the software package and the 
relevant literature were used [8, 16–18]. The 
chemical composition of the atmosphere was 
calculated based on the work of R. Horne [19].  
The composition of tailings from the processing 

of primary and oxidized ores is given in Table 2  
and was compiled based on X-ray diffraction and 
elemental analysis data of core samples. The 
models also account for the chemical compo-
sition of recirculating waters [2]. By minimizing 
the Gibbs free energy and in accordance with 
the algorithms embedded by the developers, the 
Selector-Windows program calculates the equi-
librium composition of the gas, liquid, and solid 
phases of the systems [8]. The main modeling 
results represent qualitative and quantitative 
characteristics for all phases of the primary and 
oxidized ore systems in the temperature range of 
5–30 °C.

The following characteristics were considered 
in this work: 

– for the aqueous phases: Eh-pH parame-
ters, qualitative ionic and molecular composition 
of solutions, their quantitative elemental compo-
sition; 

– for the solid phases: qualitative and quanti-
tative composition of hypergene and technogenic 
minerals crystallizing in the systems.

a b

Fig. 4. New surface formations of copper samples obtained as a result of scanning electron microscopy: 
a – a rosette of copper thiocyanate crystals surrounded by copper sulfate and copper oxides 

(a backscattered electron image); 
b – an aggregate of crystals of the phase of copper-mercury tetrathiocyanate composition  

with gypsum and copper oxides in place of mercury amalgam (a backscattered electron image)
Рис. 4. Новообразования на поверхности медных образцов, 

полученные методом сканирующей электронной микроскопии: 
а – розетка кристаллов тиоцианата меди, окруженная сульфатом и оксидами меди 

(изображение в обратно-отраженных электронах); 
b – агрегат кристаллов фазы состава тетратиоцианата меди-ртути с гипсом и оксидами меди  на месте 

ртутной амальгамы (изображение в обратно-отраженных электронах)

2 mcm2 mcm20 mcm20 mcm
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Parameters of the Aqueous Environment. 
Modeling showed that solutions with an oxida-
tive redox potential (Eh) of about 0.83–0.84 V 
and a pH close to neutral values (6.36–6.98) 
are formed in the system. The solutions of the 
modeled system contain the following compo-
nents:

–	 ions and molecules: (Al(NO3)2)+, 
(Au(OH)2)-, (HCO3)-, AuOH, CO2*, Ca(NO3)2*, 
H2CO3*, H4SiO4*, KHSO4*, KNO3*, Mg(NO3)2*, 
NaNO3*; Si(OH)4*, SiO2*, CO2*, CO3

-2, HCO3-, 
N2*, O2*, SO4

-2, SiO2*;
–	 elements of sulfide ores: KHSO4, 

NaAsO4
2-, NaSO4

-;

–	 elements of ore-hosting rocks: Ca(HCO3)+, 
SiO2.

The concentration of sulfide ore elements 
in the solutions is, g/l: gold – up to 0.00043; 
nitrogen – up to 5.69 and 1.46; magnesium – 
up to 1.39 and 0.51; calcium – up to 4.72 and 
5.64; oxygen – up to 22.7 and 7.87 (for pri-
mary and oxidized ores, respectively). These 
data are in good agreement with the results of 
chemical analyses of actual recirculating wa-
ters.

Composition of the solid phase. In the consid-
ered temperature range, the model predicts the 
crystallization from solutions of solid phases of 

Table 2. Modeling results of ore processing tailings oxidation with the formation 
of technogenic minerals
Таблица 2. Результаты моделирования окисления хвостов переработки руд 
с образованием техногенных минералов

Primary ores Oxidized ores

T, °C 5 10 15 20 25 30 5 10 15 20 25 30

Independent components, mg/l

C 6.14E+01 1.87E+01 6.57E+00 2.79E+00 1.50E+00 1.04E+00 4.59E+01 1.38E+01 4.73E+00 1.91E+00 9.43E-01 5.87E-01

N 5.62E+03 5.45E+03 5.72E+03 5.69E+03 5.67E+03 5.66E+03 1.46E+03 1.31E+03 1.46E+03 1.44E+03 1.42E+03 1.41E+03

S 7.47E+02 7.46E+02 2.00E-01 3.92E-02 1.04E-01 3.67E-01 4.81E+02 4.80E+02 1.41E-01 6.39E-02 1.38E-01 3.09E-01

Ag 5.05E-02 5.04E-02 5.05E-02 5.05E-02 5.05E-02 5.05E-02 5.03E-02 5.03E-02 5.04E-02 5.04E-02 5.04E-02 5.04E-02

As 9.01E-01 8.98E-01 8.95E-01 8.90E-01 8.77E-01 8.44E-01 8.25E+02 8.98E-01 8.98E-01 8.98E-01 8.98E-01 8.98E-01

Cu 6.75E-01 6.65E-01 6.54E-01 6.47E-01 6.54E-01 6.99E-01 6.67E-01 6.99E-01 6.65E-01 6.54E-01 6.47E-01 6.40E-01

Au 4.34E-01 4.34E-01 4.34E-01 4.34E-01 4.34E-01 4.34E-01 4.33E-01 4.33E-01 4.33E-01 4.33E-01 4.33E-01 4.33E-01

Al 1.30E+02 3.66E+01 1.12E+01 3.74E+00 1.31E+00 4.06E-01 9.87E+01 2.81E+01 8.62E+00 2.93E+00 1.13E+00 4.41E-01

Ca 4.72E+03 4.72E+03 4.73E+03 4.73E+03 4.73E+03 4.73E+03 5.64E+02 5.64E+02 5.65E+02 5.65E+02 5.65E+02 5.65E+02

Fe 3.80E-06 1.17E-06 4.14E-07 2.15E-07 2.03E-07 2.75E-07 3.78E-06 1.17E-06 4.13E-07 2.15E-07 2.03E-07 2.76E-07

K 9.10E+02 9.10E+02 9.11E+02 9.11E+02 9.11E+02 9.11E+02 5.86E+02 5.86E+02 5.86E+02 5.86E+02 5.86E+02 5.86E+02

Mg 1.39E+03 1.39E+03 1.39E+03 1.39E+03 1.39E+03 1.39E+03 5.14E+02 5.13E+02 5.14E+02 5.14E+02 5.14E+02 5.14E+02

Na 6.65E+02 6.65E+02 6.66E+02 6.66E+02 6.66E+02 6.66E+02 3.21E+02 3.21E+02 3.22E+02 3.22E+02 3.22E+02 3.22E+02

Si 9.95E+02 2.54E+02 7.23E+01 2.71E+01 1.67E+01 1.56E+01 1.00E+03 2.56E+02 7.29E+01 2.73E+01 1.68E+01 1.57E+01

H 1.71E+02 6.09E+01 1.04E+01 3.46E+00 1.71E+00 1.34E+00 1.63E+02 5.26E+01 1.03E+01 3.43E+00 1.69E+00 1.33E+00

O 2.27E+04 2.05E+04 1.96E+04 1.94E+04 1.94E+04 1.94E+04 7.84E+03 5.75E+03 4.99E+03 4.86E+03 4.82E+03 4.81E+03

System characteristics

Eh, V 0.84 0.84 0.84 0.84 0.84 0.83 0.84 0.83 0.83 0.83 0.83 0.83

pH, units 6.86 6.76 6.66 6.55 6.44 6.40 6.98 6.88 6.78 6.66 6.50 6.36

Total dissolved 
solids, mg/l 37880 34586 33002 32786 32729 32716 12883 9762 8464 8262 8210 8199

Phases of the system, g

Aqueous phase 1029 1026 1023 1023 1023 1023 1006 1004 1001 1001 1001 1001

Gas phase 9982 9983 9981 9982 9982 9982 9993 9994 9993 9993 9993 9993

Goethite FeOOH 5.98 5.98 3.93 3.93 3.93 3.93 1.77 1.77 0.44 0.44 0.44 0.44

Limonite Fe2O3 4.57 4.57 4.58 4.58 4.63 1.41 1.68 1.61 1.62 1.69 1.57 1.48

Fibroferrite  
Fe[SO4](OH)·5H2O

8.67 8.67 14.65 14.65 14.65 14.64 8.75 8.75 12.60 12.60 12.60 12.60

Allophane 
SiO2

.2Al2O3
.8H2O

16.03 16.38 16.47 16.50 16.51 16.51 8.26 8.53 8.60 8.62 8.63 8.63

Quartz SiO2 59.12 60.64 61.01 61.10 61.12 61.12 82.97 84.52 84.89 84.99 85.01 85.01

www.nznj.ru


2025;48(4):418-429
Earth sciences and subsoil use / ISSN 2686-9993 (print), 2686-7931 (online) 

Науки о Земле и недропользование / ISSN 2686-9993 (print), 2686-7931 (online)

www.nznj.ru426

secondary (hypergene and technogenic) miner-
als of various classes:

–	 class of oxides and hydroxides, g: iron – 
goethite – up to 5.98 for primary ores and up to 
1.77 for oxidized ores; limonite – up to 4.63 for 
primary ores and up to 1.68 for oxidized ores;

–	 class of silicates, g: aluminum – allophane 
– up to 16.51 for primary ores and up to 8.63 for 
oxidized ores;

–	 class of sulfates, g: fibroferrite – up to 
14.64 for primary ores and up to 12.6 for oxidized 
ores.

The crystallization of these solid phases is 
possible only from saturated solutions contain-
ing high concentrations of sulfide ore elements, 
which indicates the formation of saturated solu-
tions with high concentrations of iron, aluminum, 
and sulfate ions in the system as a result of sul-
fide oxidation.

Possibilities of secondary gold concentration. 
The modeling results, which are consistent with 
experimental data (absence of massive gold dis-
solution, sorption of arsenic onto iron hydroxides), 
allow us to draw an important conclusion. At neu-
tral pH values and oxidative Eh, the most likely 
mechanism for secondary gold concentration in 
the tailings dump sludges is its sorption and pos-
sible subsequent reduction onto the highly active 
surface of newly formed iron hydroxides (goethite, 
limonite). This explains the observed increase in 
gold content with depth in the silt fraction.

Conclusion
A comprehensive mineralogical and geo-

chemical study of the gold concentration plant 
tailings dump has established that its deposits 
contain a wide range of minerals (about 40 spe-

cies) inherited from the ores and host rocks, and 
the average gold content is 0.3–0.6 c. u.

Using scanning electron microscopy and  
energy-dispersive X-ray spectrometry during 
field experiments, the processes of modern min-
eral formation were demonstrated for the first 
time under these conditions: the formation of 
gypsum on gold and arsenopyrite; the formation 
of presumed iron and manganese cyanides and 
copper thiocyanate; intensive oxidation of arsen-
opyrite to scorodite and of mercury amalgam to 
copper compounds.

It was established that the mineral and chemi-
cal composition of the sludges differs significantly 
from the original tailings and is characterized by the 
accumulation of X-ray amorphous phases of iron  
and arsenic, as well as elevated (up to 1.5 c. u.)  
gold concentrations, which increase with depth.

Using thermodynamic modeling with the Se-
lector software package, it was shown that during 
the oxidation of tailings, neutral (pH ~6.4–7.0),  
oxidative (Eh ~0.83–0.84  V) solutions are 
formed, from which secondary minerals crystal-
lize: goethite, limonite, fibroferrite, allophane. 

The combination of experimental and mod-
eling data indicates that the main mechanism of 
secondary gold concentration in the silt fraction 
of the tailings dump is its sorption onto the high-
ly developed surface of newly formed nano- and 
microcrystalline iron hydroxides. 

The obtained results have important applied 
significance for assessing the technogenic min-
eral resource potential of tailings dumps and 
developing technologies for recovering residual 
gold, as well as for predicting environmental risks 
associated with the migration of heavy metals 
and arsenic.

References

1.  Makarov V.A., Bragin V.I., Malykhin E.V. Mineralogical-geochemical features and recycling assessment of gold ore 
processing tailings at Olimpiadinkii mining and processing plant. In: Non-ferrous metals and minerals: collected papers 
from the 9th International Congress. 11–15 September 2017, Krasnoyarsk. Krasnoyarsk: OOO “Nauchno-innovacionnyj 
centr”; 2017, р. 834-840. (In Russ.). 

2. Bragin V.I., Makarov V.A., Usmanova N.F., Samorodskii P.N., Lobastov B.M., Vashlaev A.I. Mineralogical exam-
ination of gold processing plant tailings. Journal of Mining Science. 2019;1:163-171. (In Russ.). https://doi.org/10.15372/
FTPRPI20190118. 

3.  Alekseenko A.V., Alekseenko V.A. Chemical elements in geochemical systems. Soil clarkes of residential land-
scapes. Rostov-na-Donu: Southern Federal University; 2013, 388 р. (In Russ.). 

4.  Abramova V.A., Parshin A.V., Budyak A.E. Physical and chemical modeling of the influence of nitrogen compounds on 
the course of geochemical processes in the cryolithozone. Earth’s Cryosphere. 2015;19(3):32-37. (In Russ.). 

5.  Zaretskii M.V., Gorbatova E.A., Ozhogina E.G. Assessment of mineral resource potential of technogenic raw ma-
terials. In: Technological mineralogy of natural and technogenic deposits: collected articles of the 9th Russian seminar on 
technological mineralogy. 22–24 April 2014, Petrozavodsk.  Petrozavodsk: Karelian Research Centre of the RAS; 2015, 
р. 30-35. (In Russ.).  

6.  Meretukov M.A., Rudakov V.V., Zlobin M.N. Geotechnological studies for gold recovery from mineral and man-
made raw materials. Moscow: Gornaya kniga; 2011, 438 p. (In Russ.).

https://doi.org/10.15372/FTPRPI20190118
https://doi.org/10.15372/FTPRPI20190118


2025;48(4):418-429Popova N.A., Makarov V.A., Lobastov B.M. Modern mineral formation and thermodynamic modeling...
Попова Н.А., Макаров В.А., Лобастов Б.М. Современное минералообразование... 

www.nznj.ru 427

7.  Naumov V.A. Features of precious metals formation and distribution in Ural man-made placers and dumps. Miner-
als and Mining Engineering. 1994;8:39-50. (In Russ.).

8.  Karpov I.K., Kiselev A.I., Letnikov F.A. Computer simulation of natural mineral formation. Moscow: Nedra; 1976, 
256 p. (In Russ.).

9.  Zvereva V.P., Frolov K.R., Lysenko A.I. Chemical reactions and conditions of mineral formation at tailings stor-
age facilities of the Russian Far East. Mining Science and Technology. 2021;6(3):181-191. (In Russ.). https://doi.org/ 
10.17073/2500-0632-2021-3-181-191. 

10.  Abramova V.A., Ptitsyn A.P., Budyak A.E., Ptitsyn A.P. Geoinformation modeling of sulfide frost weathering in the 
area of Udokan deposit. Journal of Mining Science. 2017;53(3):591-597. https://doi.org/10.1134/S1062739117032559.

11.  Eremin O.V., Vinnichenko S.V., Yurgenson G.A. Evaluation of standard Gibbs potentials of copper sulfates using 
linear programming problems. Vestnik otdeleniya geologii, geofiziki, geohimii i gornyh nauk Rossijskoj akademii nauk. 
2006;1:19-20. (In Russ.).

12.  Johnson J.V., Oelkers E.H., Helgeson H.C. SUPCRT92: A software package for calculating the standard molal 
thermodynamic properties of minerals, gases, aqueous species, and reactions from 1 to 5000 bar and 0 to 1000 °C. Com-
puters & Geosciences. 1992;18:899-947. https://doi.org/10.1016/0098-3004(92)90029-Q. 

13.  Kulik D.I., Dmitrieva S.V., Chudnenko K.V., Karpov I.K., Sinitsyn V.A., Aja S.U., et al. User’s manual for Selector-A: 
monograph. Brooklyn-Kiev; 1997, 270 p.

14.  Shock E. SUPCRT 1992–1998 Database. Available from: http://geopig.asu.edu/sites/default/files/slop98.dat. 
[Accessed 27th September 2025].

15.  Tanger J.C., Helgeson H.C. Calculation of the thermodynamic and transport properties of aqueous species at high 
pressures and temperatures: Revised equations of state for the standard partial molal properties of ions and electrolytes. 
American Journal of Science. 1988;288:19-98.

16.  Eremin O.V. The calculation of Gibbs standard potentials for complex sulfates. In: Proceedings of the 2nd  
All-Russian Symposium with International Participation and the 8th All-Russian Readings in Memory of the Academician  
A.E. Fersman: abstracts of reports. 24–27 November 2008, Chita. Chita: Zabaikalsky State Humanitarian and Pedagogical 
University Rankings; 2008, p. 98-99. (In Russ.). 

17.  Eremin O.V., Epova E.S., Rusal’ O.S., Bychinskii V.A. Calculation of standard thermodynamic potentials of Cs-con-
taining zeolites. In: Proceedings of the All-Russian annual seminar on experimental mineralogy, petrology and geochem-
istry. 19–20 April 2016, Moscow. Moscow: Vernadsky Institute of Geochemistry and Analytical Chemistry, RAS; 2016,  р. 
155-156. (In Russ.). 

18. Bekturganov N.S., Gogol’ D.B., Bisengalieva M.R., Mukusheva A.S., Koizhanova A.K., Osipovskaya L.L. Calcula-
tion of thermodynamic properties of gold and silver complexes of mixed composition. Russian Journal of Inorganic Chem-
istry. 2014;59(4):492. (In Russ.). https://doi.org/10.7868/S0044457X14040035. 

19. Horne R. Marine chemistry: The structure of water and the chemistry of the hydrosphere; 1969, 400 p. (Russ. еd.: 
Morskaya himiya (struktura vody i himiya gidrosfery). Moscow: Mir; 1972, 400 р.

20.  La Brooy S.R., Linge H.G., Walker G.S. Review of gold extraction from ores. Minerals Engineering. 1994;7(10):1213-
1241. https://doi.org/10.1016/0892-6875(94)90114-7. 

Список источников

1.  Макаров В.А., Брагин В.И., Малыхин Е.В. Минералого-геохимические особенности хвостов обогащения зо-
лотых руд Олимпиадинского ГОКа и оценка возможности их повторной переработки // Цветные металлы и ми-
нералы: сборник докладов IХ Международного конгресса (г. Красноярск, 11–15 сентября 2017 г.). Красноярск:  
ООО «Научно-инновационный центр», 2017. С. 834–840.  

2.  Брагин В.И., Макаров В.А., Усманова Н.Ф., Самородский П.Н., Лобастов Б.М., Вашлаев А.И. Минералогические 
исследования техногенного сырья хвостохранилища перерабатывающей фабрики // Физико-технические проблемы 
разработки полезных ископаемых. 2019. № 1. С. 163–171. https://doi.org/10.15372/FTPRPI20190118.  

3.  Алексеенко А.В., Алексеенко В.А. Химические элементы в геохимических системах. Кларки почв селитеб-
ных ландшафтов. Ростов н/Д: Изд-во ЮФУ, 2013. 388 с.  

4.  Абрамова В.А., Паршин А.В., Будяк А.Е. Физико-химическое моделирование влияния соединений азота на про-
текание геохимических процессов в криолитозоне // Криосфера Земли. 2015. Т. 19. № 3. С. 32–37.  

5.  Зарецкий М.В., Горбатова Е.А., Ожогина Е.Г. Оценка минерально-сырьевого потенциала техногенного сырья //  
Технологическая минералогия природных и техногенных месторождений: сборник статей IX Российского семинара 
по технологической минералогии (г. Петрозаводск, 22–24 апреля 2014 г.). Петрозаводск: Изд-во КарНЦ РАН, 2015. 
С. 30–35.  

6.  Меретуков М.А., Рудаков В.В., Злобин М.Н. Геотехнологические исследования для извлечения золота из 
минерального и техногенного сырья. М.: Горная книга, 2011. 438 с.

7.  Наумов В.А. Особенности формирования и распределения благородных металлов в техногенных россыпях 
и отвалах Урала // Известия высших учебных заведений. Горный журнал. 1994. № 8. С. 39–50.

8.  Карпов И.К., Киселев А.И., Летников Ф.А. Моделирование природного минералообразования на ЭВМ.   
М.: Недра, 1976. 256 с.

9.  Зверева В.П., Фролов К.Р., Лысенко А.И. Химические реакции и условия минералообразования на 
хвостохранилищах Дальнего Востока России // Горные науки и технологии. 2021. Т. 6. № 3. С. 181–191. https://doi.
org/ 10.17073/2500-0632-2021-3-181-191.  

10.  Abramova V.A., Ptitsyn A.P., Budyak A.E., Ptitsyn A.P. Geoinformation modeling of sulfide frost weathering 

www.nznj.ru
https://doi.org/10.17073/2500-0632-2021-3-181-191
https://doi.org/10.17073/2500-0632-2021-3-181-191
https://doi.org/10.1134/S1062739117032559
https://doi.org/10.1016/0098-3004(92)90029-Q
http://geopig.asu.edu/sites/default/files/slop98.dat
https://doi.org/10.7868/S0044457X14040035
https://doi.org/10.1016/0892-6875(94)90114-7
https://doi.org/10.15372/FTPRPI20190118
https://doi.org/10.17073/2500-0632-2021-3-181-191
https://doi.org/10.17073/2500-0632-2021-3-181-191


2025;48(4):418-429
Earth sciences and subsoil use / ISSN 2686-9993 (print), 2686-7931 (online) 

Науки о Земле и недропользование / ISSN 2686-9993 (print), 2686-7931 (online)

www.nznj.ru428

in the area of Udokan deposit // Journal of Mining Science. 2017. Vol. 53. Iss. 3. P. 591–597. https://doi.org/10.1134/
S1062739117032559. 

11.  Еремин О.В., Винниченко С.В., Юргенсон Г.А. Оценка стандартных потенциалов Гиббса сульфатов меди 
при помощи задач линейного программирования // Вестник отделения геологии, геофизики, геохимии и горных наук 
Российской академии наук. 2006. № 1. С. 19–20.

12.  Johnson J.V., Oelkers E.H., Helgeson H.C. SUPCRT92: A software package for calculating the standard molal 
thermodynamic properties of minerals, gases, aqueous species, and reactions from 1 to 5000 bar and 0 to 1000 °C // 
Computers & Geosciences. 1992. Vol. 18. P. 899–947. https://doi.org/10.1016/0098-3004(92)90029-Q. 

13.  Kulik D.I., Dmitrieva S.V., Chudnenko K.V., Karpov I.K., Sinitsyn V.A., Aja S.U., et al. User’s manual for Selector-A: 
monograph. Brooklyn – Kiev, 1997. 270 p.

14.  Shock E.L. SUPCRT 1992–1998 Database. Режим доступа: http://geopig.asu.edu/sites/default/files/slop98.dat. 
(дата обращения: 27.09.2025).

15.  Tanger J.C., Helgeson H.C. Calculation of the thermodynamic and transport properties of aqueous species at high 
pressures and temperatures: Revised equations of state for the standard partial molal properties of ions and electrolytes // 
American Journal of Science. 1988. Vol. 288. P. 19–98.

16.  Еремин О.В. Расчет стандартных потенциалов Гиббса для комплексных сульфатов // Труды II Всерос. сим-
позиума с междунар. участием и VIII Всерос. чтений памяти акад. А.Е. Ферсмана: тез. докл. (г. Чита, 24–27 ноября 
2008 г.). Чита: Изд-во ЗабГГПУ им. Н. Г. Чернышевского, 2008. С. 98–99.  

17.  Еремин О.В., Эпова Е.С., Русаль О.С., Бычинский В.А. Расчёт стандартных термодинамических потенци-
алов Cs-содержащих цеолитов // Труды Всерос. ежегодного семинара по экспериментальной минералогии, петро-
логии и геохимии (г. Москва, 19–20 апреля 2016 г.). М.: Изд-во ГЕОХИ РАН, 2016. С. 155–156.  

18.  Бектурганов Н.С., Гоголь Д.Б., Бисенгалиева М.Р., Мукушева А.С., Койжанова А.К., Осиповская Л.Л. Расчет 
термодинамических свойств комплексов золота и серебра смешанного состава // Журнал неорганической химии. 
2014. Т. 59. № 4. С. 492. https://doi.org/10.7868/S0044457X14040035.  

19.  Хорн Р. Морская химия (структура воды и химия гидросферы) / пер. с англ. Ю.П. Алешко-Ожевского,  
Г.Н. Батурина; ред. А.М. Блоха. М.: Мир, 1972. 400 с.

20.  La Brooy S.R., Linge H.G., Walker G.S. Review of gold extraction from ores // Minerals Engineering. 1994. Vol. 7. 
Iss. 10. P. 1213–1241. https://doi.org/10.1016/0892-6875(94)90114-7. 

Natalia A. Popova,
Postgraduate Student, 
School of Non-Ferrous Metals,
Siberian Federal University,
Krasnoyarsk, Russia,
* knyazhenika25@gmail.com
https://orcid.org/0009-0009-7301-7720
Попова Наталья Анатольевна,
аспирант,
Институт цветных металлов,
Сибирский федеральный университет,
г. Красноярск, Россия,
* knyazhenika25@gmail.com  
https://orcid.org/0009-0009-7301-7720

Vladimir A. Makarov,
Dr. Sci. (Geol. & Mineral.), Professor,
Head of the Department of Deposit Geology and Exploration Methods,
School of Non-Ferrous Metals,
Siberian Federal University,
Krasnoyarsk, Russia,
vmakarov58s@mail.ru 
https://orcid.org/0009-0005-5971-8070
Макаров Владимир Александрович,
доктор геолого-минералогических наук, профессор,
заведующий кафедрой геологии месторождений и методики разведки,
Институт цветных металлов,
Сибирский федеральный университет,
г. Красноярск, Россия,
vmakarov58s@mail.ru
https://orcid.org/0009-0005-5971-8070

Information about the authors / Информация об авторах

https://doi.org/10.1134/S1062739117032559
https://doi.org/10.1134/S1062739117032559
https://doi.org/10.1016/0098-3004(92)90029-Q
http://geopig.asu.edu/sites/default/files/slop98.dat
https://doi.org/10.7868/S0044457X14040035
https://doi.org/10.1016/0892-6875(94)90114-7
mailto:knyazhenika25%40gmail.com?subject=
https://orcid.org/0009-0009-7301-7720
mailto:knyazhenika25%40gmail.com?subject=
https://orcid.org/0009-0009-7301-7720
mailto:vmakarov58s%40mail.ru?subject=
https://orcid.org/0009-0005-5971-8070
mailto:vmakarov58s%40mail.ru?subject=
https://orcid.org/0009-0005-5971-8070


2025;48(4):418-429Popova N.A., Makarov V.A., Lobastov B.M. Modern mineral formation and thermodynamic modeling...
Попова Н.А., Макаров В.А., Лобастов Б.М. Современное минералообразование... 

www.nznj.ru 429

Boris M. Lobastov,
Senior Lecturer of the Department of Geology, Mineralogy and Petrography,
School of Non-Ferrous Metals,
Siberian Federal University,
Krasnoyarsk, Russia,
lbm02@ya.ru  
https://orcid.org/0000-0002-6075-968X
Лобастов Борис Михайлович,
старший преподаватель кафедры геологии, минералогии и петрографии,
Институт цветных металлов,
Сибирский федеральный университет,
г. Красноярск, Россия,
lbm02@ya.ru
https://orcid.org/0000-0002-6075-968X

Contribution of the authors / Вклад авторов

Natalia A. Popova – investigation, formal analysis, visualization, writing – original draft, writing – editing.
Vladimir A. Makarov – conceptualization, data curation, supervision.
Boris M. Lobastov – investigation, formal analysis, visualization, writing – original draft.
Н.А. Попова – проведение исследования, формальный анализ, визуализация, написание черновика рукописи, 

редактирование рукописи.
В.А. Макаров – разработка концепции, курирование данных, научное руководство.
Б.М. Лобастов – проведение исследования, формальный анализ, визуализация, написание черновика рукописи.

Conflict of interests / Конфликт интересов

The authors declare no conflict of interests.
Авторы заявляют об отсутствии конфликта интересов.

The final manuscript has been read and approved by all the co-authors.
Все авторы прочитали и одобрили окончательный вариант рукописи.

Information about the article / Информация о статье

The article was submitted 06.11.2025; approved after reviewing 19.11.2025; accepted for publication 10.12.2025.
Статья поступила в редакцию 06.11.2025; одобрена после рецензирования 19.11.2025; принята к публикации 

10.12.2025.

www.nznj.ru
mailto:lbm02%40ya.ru?subject=
https://orcid.org/0000-0002-6075-968X
mailto:lbm02%40ya.ru?subject=
https://orcid.org/0000-0002-6075-968X

