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The relevance. Air pollution due to the activities of the mining and metallurgical industries is a serious problem for the environment. This 
study was conducted to determine the possible mechanisms of migration and the sources of elements in the atmosphere above the surface 
of tailings. 
The main aim of the research is to show that chemical elements can be trapped by the water vapor and can migrate with the vapor phase 
during the desorption and dehydration of hydrous sulfates.  
Object: samples from the surface of the Belovo waste heaps (Belovo zinc processing plant, Belovo, Russia). 
Methods. Powder X-ray diffractometry (XRD) was used to determine the phase compositions of the crystalline substances, their quantita-
tive phase relationships and transformations. An Agilent 8800 ICP-MS instrument (Tokyo, Japan), equipped with a MicroMist nebulizer, was 
used to determine the elements in the water samples (pore solution and condensates). Also, we used binocular microscope and physico-
chemical modeling methods. 
Results. By analyzing the condensates, it was determined that a wide range of chemical elements can migrate with vapor-gas streams from 
secondary hydrous sulfates under relatively low-temperature conditions (60 °C). Condensate from the wet sample contains high element 
concentrations due to the input of elements from the pore solution and hydrous sulfates. Alterations in mineral structure and water release 
are indicated by losses of sample weight. With dehydration, cations and trace elements can be extracted from the crystal lattice, replaced by 
protons, and can then enter the vapor-gas phase when the solution evaporates. 
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Introduction 

Studies of air pollution due to the activities of the min-
ing and metallurgical industries are aimed at the investiga-
tion of wind erosion of the surface of tailings [1–9], the 
composition of aerosol particles of different dimensions 
[10–13], nanoparticles [14] and sulfur dioxide emissions 
[2]. A detailed analysis of the sources, forms of migration 
of elements in aerosols, and the extent of atmospheric pol-
lution in the territories under the influence of the mining 
industry is contained in the review of J. Csavina et al. [15]. 

Concerning the gas component of sulfide technogenic 
bodies, most attention has been paid to oxygen as an oxi-
dizing agent [16–19]. The problem of low-temperature 
migration of gases and metals from anthropogenic sources, 
particularly sulfide tailings, is poorly studied and dis-
cussed in the literature. Mainly, studies have investigated 
the gas transport of mercury [20–23], radon and thoron 
[24], as well as the production of greenhouse and sulfur-
containing gases [25]. A small number of studies have fo-
cused on the emission of sulfur gases and metalloids, such 
as antimony, tellurium, arsenic and bismuth [26–29]. The 
transfer of metals from tailings in the vapor-gas phase has 
been the focus of some works [30, 31]. 

Our previous work established that air streams over 
sulfide tailings are complex mixtures of sulfur-containing 
gases: sulfur dioxide, dimethyl sulfide, dimethyl selenide, 
carbon disulfide and others. Anomalies of these gases in 
the air above the sulfide tailings were detected by direct 
measurements using a portable gas analyzer GANK-4 and 
the gas chromato/mass spectrometer MCMS «NAVAL» 
after field gas collection on the sorbent [31–33]. In addi-
tion, inorganic components, including rock-forming ele-
ments (Ca, Mg, Na, K, Si, Fe, Al, and Mn), metals (Cu, 
Zn, Pb, Ni, and Sn), and metalloids (As, Te, and Sb), can 
migrate in a vapor-gas stream under ambient conditions. 
The elemental composition of low-temperature gas flows 
was determined by collecting condensates in situ using a 
special experimental setup with a Peltier refrigerator [34]. 
During laboratory experiments, we determined that chem-
ical elements can be transferred by vapor-gas streams 
from both solutions and dry solid tailings. When the vapor 
separates from the solutions, the mobility of the elements 
depends on their chemical species. The potential for ele-
ment migration in the vapor phase is determined by the 
percentage of hydrated ions; thus, as the proportion of aq-
ua ions increases, the mobility of the element also in-
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creases. Furthermore, elements in complexes accumulate 
in the salt residue. 

The concentrations of elements in condensates from 
solids increased depending on the oxidation state of the 
tailings matter, and there is a direct correlation with the 
amount of water-soluble species of elements [34]. It was 
shown that secondary sulfates forming on tailings surfaces 
can be a significant source of chemical elements because 
of their volatilization and transport by vapor-gas flows 
[34–36]. The investigation of sulfates and hydrated sulfate 
minerals plays a key role in the interpretation of the hy-
drochemical history of anthropogenic toxic tailings (and 
rock dumps) [36–41]. 

To understand the mechanism of element migration 
from sulfates, a determination of the composition of the 
vapor-gas mixture that separates from sulfates and a de-
tailed study of the changes in some sulfates under slight 
heating were performed. 

Materials and methods 

For experiments with individual fractions of sulfates, 
the efflorescence samples were collected from the surface 
of the Belovo waste heaps (Belovo zinc processing plant, 
Belovo, Russia). The waste material of the plant is clinker, 
which is a product of pyrometallurgical smelting. The 
plant extracted Zn from a sphalerite concentrate, which 
was obtained from a polymetallic sulfide deposit mined in 
the Salair ore field. The mineralogy and internal structure 
of the Belovo waste heaps are described in detail in previ-
ous works [32, 42, 43]. Clinker is a loose, coarse-grained 
material resembling slag. It consists primarily of silicate 
glass with the inclusion of potassium feldspar, olivine, 
spinel, alloys and some amount of sulfides. Due to impuri-
ties in the original sphalerite concentrate, the clinker con-
tains high levels of metals: up to 15 % of Zn, 8,5 % of Cu, 
0,7 % of Pb and other metals and metalloids. A large 
amount of fine-grained coke breeze occurs in the waste 
material, which leads to spontaneous combustion in the 
inner part of the heaps [32, 39]. Due to the high amount of 
remaining metals and the intensive transformation of the 
slags under the influence of oxidizing agents, intensified 
by combustion, abundant efflorescence consisting of sul-
fates of Fe, Cu, and Zn was formed on the surface.  

Field sampling 

During fieldwork under hot, dry weather conditions, 
efflorescence samples were collected from the surface of 

the waste heaps (Fig. 1). A bulk sample consisting of in-
tergrowths of sulfates was collected from a lens formed in 
clinker material. The sample was kept tightly packed in 
polyethylene bags to prevent contact with air and the 
evaporation of pore waters. Individual sulfates were taken 
from encrustation at the lens boundary and placed in 
sealed plastic containers. 

 

 
Fig. 1.  Photograph of secondary sulfates on the heap sur-

face 

Рис. 1.  Фотография линзы сульфатов на поверхности 

отвала 

Laboratory experiments and analyses 

The bulk sample was divided into two sets (Fig. 2). 
The first set was intended for pore solution squeezing and 
determination of liquid composition. The pore solution 
was squeezed from 0,5 L of the bulk sample using a la-
boratory press at pressure of 100 kPa. The second part of 
the sample was stored in a sealed package in a refrigerator 
before the experiment. The experiments were conducted 
on a dry sample consisting of a mixture of various sulfate 
minerals and on a wet sample containing a liquid phase in 
addition to sulfates. 

To obtain condensates, 100 g of the bulk samples (be-
fore and after pore water squeezing) were placed in a 
heat-resistant beaker covered with a funnel that was con-
nected to the bubbler inlet with a silicone hose (Fig. 2). 
An air-gas mixture was pumped out of the ice-cooled 
bubbler through an exit port by means of a back-pressure 
pump (pumping speed ~2,4 l/min). The beaker was heated 
to a temperature of 60 °C on the digital magnetic stirrer, 
and the condensates were dropped into the bubbler. 

 

 
Fig. 2.  Scheme of the laboratory experiments and analyses 

Рис. 2.  Схема лабораторных экспериментов и анализов 
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The contents of silicate group oxides in the bulk sam-
ple of the lens were determined via X-ray fluorescence 
analysis from a 3 g sample aliquot (IGM SB RAS, Labor-
atory of X-ray Spectral Analysis Methods). The elemental 
composition of the lens material was determined by ener-
gy-dispersive X-ray fluorescence analysis using synchro-
tron radiation (XRF-SR) at the Siberian Center for Syn-
chrotron and Terahertz Radiation of the Center for Col-
lective Use «SCSTI» at the INP SB RAS at the station of 
local and scanning X-ray fluorescence elemental analysis 
«Complex VEPP-4–VEPP-2000» [44]. 

An Agilent 8800 ICP-MS instrument (Tokyo, Japan), 
equipped with a MicroMist nebulizer, was used to deter-
mine the elements in the water samples (pore solution and 
condensates, NIIC SB RAS, Analytical Laboratory). 
High-purity Ar (99,95 %) was used as the plasma-
forming, transporting, and cooling gas. A solution of 7Li, 
59Co, 89Y, and 205Tl in 2 % nitric acid, with a concen-
tration of 1 g/L for each determined element (Tuning So-
lution, USA), was used for the adjustment. All measure-

ments were conducted in three replicates (n=3) for each 
element. The relative standard deviation did not exceed 
13 % in all measurements. 

Initially, a collection of samples, different in color and 
morphology, was set up for the study of individual sul-
fates (Fig. 3). Then, uniform grains were separated from 
each of the samples, neatly crushed in an agate mortar to 
a fraction of 0,1–0,25 mm and sorted by hand picking un-
der a binocular microscope to achieve monomineral sam-
ples to the extent possible. Final samples were prepared 
for experiments as follows. 

100 mg of each sample was abraded in an agate mor-
tar into a powder with a particle size of approximately 10 
μm with the addition of ethanol to preserve the structure. 
Then, the sample was applied to a glass substrate 25×25 
mm in size with an even thick layer at the rate of 25 mg 
per 1 cm

2
 of the substrate so that the layer thickness al-

lowed us to analyze the sample directly, not the substrate. 
X-ray phase analysis was carried out after drying the 
powder at room temperature. 

 

    

   
 

Fig. 3.  Photographs of the studied sulfates: а) antlerite (BS-1); b) goslarite (BS-2); c) siderotil (BS-5); d) gunningite (BS-6), 

and prepared samples for XRD 

Рис. 3.  Фотографии исследуемых сульфатов: а) антлерит (BS-1); b) госларит (BS-2); c) сидеротил (BS-5); d) ган-

нингит (BS-6), и приготовленные препараты для РСТА 

Each sample was heated on a digital magnetic stirrer 
WiseStir MSH-20D-Set (DAIHAN Scientific) at a temper-
ature interval of 40–60°C for 1 h for each 10 °C step under 
ambient air conditions. Before the experiments and after 
each heating step, the samples were weighed and measured. 
Powder X-ray diffractometry (XRD) was used to determine 
the phase compositions of the crystalline substances, their 
quantitative phase relationships and transformations. The 
XRD studies were performed on an ARL X’TRA powder 
diffractometer (Thermo Fisher Scientific, Ecublens, SARL, 
Switzerland) using CuK radiation, a voltage of 40 kV, and 
a current of 25 mA. The diffraction patterns were scanned 
at 2Ɵ intervals from 2 to 65° in steps of 0,02, and the anal-
ysis speed was 4 per minute. 

Physicochemical modeling 

To describe the chemistry of the interaction in the 
pore solution, equilibria were calculated in the tempera-
ture range from 20 to 60 °C with a step of 5 °C. In the 

calculations, the software package «Selector» with a 
built-in thermodynamic database [45, 46] was used [47]. 
For each temperature step, we determined the dissolved 
species of all discussed elements and solid phases that 
could be formed in the solution under specified condi-
tions. Thus, the features of the element behavior in the 
pore solution were determined, and the processes of pre-
cipitation/dissolution of the forming phases with increas-
ing temperature were quantitatively described. 

Results 

Chemical and mineralogical composition of the bulk sample 

The chemical composition of the lens material is dom-
inated by Cu, Zn and Fe, which are the main mineral-
forming elements (Table 1). Sulfur accounts for almost 
40 %. In addition to these elements, rather high concen-
trations of Ni, Co, and As are determined in the lens ma-
terial. Rock-forming components (Si, Al, Ca, Mn, etc.) 
are in small amounts. 
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Table 1.  Chemical composition of the lens 

Таблица 1.  Химический состав линзы 

Elements 
Элементы 

% 
Elements 

Элементы 
ppm 
г/т 

SiO2 2,3 Ni 2540 

Al2O3 0,34 Co 1850 

TiO2 0,11 Pb 36 

CaO 1,1 Ag 13 

MnO 0,42 Cd 2,7 

MgO 0,22 As 3200 

K2O 0,51 Sb 31 

Na2O 0,42 Te 1,3 

BaO 0,64 Sr 38 

Fe 10 Y 17 

Cu 20 Zr 13 

Zn 19 Mo 4,4 

S 39 Sn 2,8 
 

The mineral composition of the lens is a mixture of 
different sulfates of Ca, Cu, Zn, Fe, Mg, K, and Na (Ta-

ble 2). The major minerals are aqueous sulfates that con-
tain a different number of water molecules: chalcantite, 
goslarite, sideronatrite, starkeyite, siderotil, gunningite, 
and hydroxo-sulfate antlerite. Other crystalline hydrates 
of the same elements are present in smaller amounts. 
Traces of melanterite, dolerophanite, and lead and copper 
arsenate thometrekite were identified.  

The composition of the pore solution  
and results of physicochemical modeling 

The pore solution squeezed from the bulk sample is a 
highly mineralized acidic sulfate Cu-Zn brine with high 
concentrations of Na, Fe, and Mg and total dissolved sol-
ids greater than 300 g/L. The main trace elements are Mn 
and As (Table 3). The high element concentrations in the 
pore water are the result of sulfide oxidation and sulfate 
dissolution in the waste material. 

Table 2.  Mineral composition of the lens 

Таблица 2.  Минеральный состав линзы 

Major/Основные Minor/Второстепенные Trace/Следы (<<1 %) 

Antlerite 

Антлерит 

Cu3(SO4)(OH)4 

~40±5 % 

Mirabilite 

Мирабилит 

Na2SO4×10H2O 

≈2±0,3 % 

Melanterite 

Мелантерит 
FeSO4×7H2O 

Goslarite 

Госларит 

Zn(SO4)×7H2O 

~20±5 % 

Moorhouseite 

Мурхаузит 

(Co, Ni, Mn)SO4×6H2O 

≈1±0,1 % 

Dolerophanite 

Долерофанит 
Cu2O(SO4) 

Gunningite 

Ганнингит 

ZnSO4×H2O 

~15±2 % 

Gypsum 

Гипс 

CaSO4×2H2O 

≈1±0,1 % 

Thometrekite 

Тометрекит 

PbCu2(AsO4)2×2H2

O 

Siderotil 

Сидеротил 

Fe(SO4)×5H2O 

~10±2 % 

Bianchite 

Бианхит 

(Zn, Fe)SO4×6H2O 

≈1±0,1 % 
  

Starkeyite 

Старкиит 

MgSO4×4H2O 

~3±0,5 % 

Cyanocroite 

Цианокроит 

K2Cu(SO4)2×6H2O 

≈0,4±0,1 % 
  

Sideronatrite 

Сидеронатрит 

Na2Fe(SO4)2(OH)×3H2O 

~2±0,3 %   
  

Note/Примечание: * – approximate content in the sample/приблизительное содержание в образце. 

Table 3.  Element concentrations in the pore solution, mg/L 

Таблица 3.  Концентрации элементов в поровом рас-
творе, мг/л 

Elements 

Элементы 

Content 

Содержание 

Elements 

Элементы 

Content 

Содержание 

SO4
2–* 187 Si 29 

Ca 360 Cd 19 

Mg* 8,6 Cr 16 

Na* 15 Co 82 

K 23 As 870 

Fe* 13 Sb 14 

Mn 970 Ba 0.46 

Al* 1,2 Sr 1,8 

Cu* 29 Ti 3,6 

Zn* 47 V 3,8 

* – elements in g/L/элементы в г/л. 

The calculation of equilibria in a solution with this com-
position using physicochemical modeling was carried out to 
describe the chemistry of the element behavior in the exper-
iments. The results indicate the complexity of redistribution 
of elements between the true solution and the resulting solid 
phases during heating. In the temperature range under dis-
cussion, the elements Mg, Mn, Na, Cd, Al, and Co were 
completely in solution (Fig. 4). However, their species were 
different. Mg and Mn were in two main forms: Me

2+
 and 

MeSO4 (aq); the sulfate complex was predominant, and the 
aqua ion form was 3–9 % of the total content. The forms of 
Na are almost evenly distributed between the anionic sulfate 

complex MeSO4 and the Me
+
 aqua ions. Cadmium and co-

balt are almost entirely in the form of aqua ions: Cd
2+

 and 
Co

2+
. Arsenic in solution is present in the form of meta-

arsenous acid (HAsO2), a highly toxic compound of As(III). 
Vanadium forms the vanadil-ion VO

2+
. 

In contrast to the described elements, Ca, Sr, and the 
metals Cu, Zn, and Fe in the pore solution can form a sol-
id suspension, and their amount in the true dissolved form 
changes with increasing temperature. The percentage of 
dissolved Ca decreases from 28 to 15 % with increasing 
temperature from 20 to 60 °C (Fig. 5), and an anhydrite 
suspension may be formed. Thus, a major amount of dis-
solved Ca (97 %) forms a neutral sulfate complex, and 
only 3 % is in the form of aqua ions. The percentage of 
dissolved Sr as a whole decreases from 61 to 26 %, alt-
hough in the range of 20–45 °С the solubility of its com-
pounds increases, reaching a maximum at 45 °С, but then 
it goes into suspension in the form of celestine with in-
creasing temperature and remains completely in solution 
in aqua-ionic form. Cu, Zn, and Fe at 20 °С actively in-
teract with SO4

2–
, forming a suspension of sulfates (chal-

canthite, goslarite, and melanterite) at the beginning of 
heating, which then is dissolved at 50–60 °С, and the 
metals are released into solution as aqua-ionic species 
(Fig. 5). Antimony is precipitated in the form of servan-
tite (Sb2O4), and no more than 1,5 % of the total content 
in solution is in the form of meta-antimony acid. 
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Fig. 4.  Concentration of element aqua-ions in the pore solution when heating 

Рис. 4.  Концентрация аква-ионных форм в поровом растворе при нагревании 

 
Fig. 5.  Changes in the dissolved forms of elements with increasing temperature 

Рис. 5.  Изменение растворенных форм элементов с увеличением температуры 

Composition of condensates 

The obtained condensates from both wet (before pore 
water squeezing – BL-1) and dry (after squeezing – BL-2) 
samples contain a wide range of elements (Table 4). 

Table 4.  Element concentrations in condensates, Ca–Sr 

in mg/L; Al–Li in µg/L 

Таблица 4.  Концентрации элементов в конденсатах, 

Ca–Sr в мг/л; Al–Li в µг/л 

 
BL-1 BL-2 

 
BL-1 BL-2 

Ca 1,8 1,1 Al 5,2 4,6 

Mg 0,39 0,16 Cd 1,6 3,0 

Na 0,25 0,18 Cr 0,19 1,9 

K 0,30 0,25 Co 0,58 0,50 

Fe 0,013 <0,005 Ag 0,052 0,021 

Mn 0,034 0,034 As 10 7,9 

Si 0,45 0,38 Sb 0,092 0,025 

Cu 0,089 0,030 Rb 0,65 0,76 

Zn 0,11 0,023 Ti 0,31 0,29 

Ba 0,0077 0,0048 V <0,3 0,74 

Sr 0,011 0,0072 Li 0,38 0,36 

 
Calcium is the major cation, and Mg, Na, Si, and K 

are less abundant. Among the metals, the highest concen-
trations are found for Zn and Cu as mineral-forming ele-
ments. At the same time, the concentration of iron is 
much lower than we would expect. The concentration of 
iron is below the detection limit in the condensate from 
the dry sample, although the sample contains hydrous fer-
rous minerals, i. e. sideronatrite and siderotil, and iron is 

present as an impurity in all other sulfates. The low vola-
tility of iron in comparison with other metals was noted 
previously [31, 32]. Trace elements, such as Ba, Sr, Al, 
and As, are determined in condensates at low but measur-
able concentrations. This means that chemical elements, 
both main mineral-forming and trace elements, are capa-
ble of being captured by water and migrating with the va-
por phase. 

Sample mineralogy and its transformation under heating 

To detail the separation of the vapor-gas mixture from 
the solid, individual mineral phases were studied. Experi-
ments to determine changes in minerals when heated were 
performed with reference to various sulfates that make up 
the lens. Experimental mineral samples consist of second-
ary hydrous sulfates of Cu, Zn, Fe, and Mg (Table 5). 

In addition to the main mineral-forming elements, sul-
fates contain admixtures of many metals and metalloids 
and thin mutual intergrowths due to the complex compo-
sition of pore solutions from which they were crystallized. 
The typical admixtures in goslarite are Cu, Ni, Fe, Al, K, 
and Ca, and the elements As, Ba, and Co are less com-
mon. Siderotil contains Cu, Zn, Ni, Co, Mn, Mg, and Ag. 
Starkeyite is characterized by elevated concentrations of 
Cu, Zn, Ni, Fe, and Mn. 

The first step of heating (at 40 °C) led to a reduction 
in weight in all of the studied samples. The greatest 
weight loss (23 %) was recorded in sample BS-2, consist-
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ing mainly of goslarite with impurities of sideronatrite 
and cyanochroite. Samples BS-5 and BS-6 became 13 % 
lighter. In addition, antlerite (sample BS-1) lost only 0,18 % 
of its weight (Table 5). 

As follows from the results of XRD analyses, the dif-
fraction pattern of antlerite after heating at 40 and 50 °C 
remained without alteration based on comparison with the 
initial pattern (Fig. 6). A slight weight reduction occurred 
due to the separation of sorbed water. 

Table 5.  Transformation of minerals of the studied samples during heating 

Таблица 5.  Изменение минералов изучаемых образцов при нагревании 

No 
Mineral 

Минерал 
Formula 
Формула 

transformation during heating 

преобразование во время нагрева 

40 °C 50 °C 

w.l., % 
ппн, % 

new-formed minerals 

новообразованные 

минералы 

w.l., % 
ппп, % 

new-formed minerals 

новообразованные  

минералы 

BS-1 
antlerite 

антлерит 
Cu3(SO4)(OH)4 0,18 

n.a. 
б.изм. 

1,4 
n.a. 

б.изм. 

BS-2 

goslarite 

госларит 
Zn(SO4)×7H2O 

23 

gunningite 

ZnSO4×H2O 
ганнингит  

7,8 

n.a. 

б.изм. 

sideronatrite 
сидеронатрит 

Na2Fe(SO4)2(OH)×3H2O 

Na-jarosite 

NaFe3(SO4)2(OH)6 

Na-ярозит  

n.a. 
б.изм. 

cyanochrocite 
цианохрокит 

K2Cu(SO4)2×6H2O 

poitevinite 

(Cu,Fe)SO4×H2O 

поитевинит  

brochantite 

Cu4(SO4)(OH)6 

брошантит 

BS-5 

siderotil 

сидеротил 
Fe(SO4)×5H2O 

13 

became less 

стало меньше 

8,9 

parabutlerite Fe(SO4)×2H2O 

парабутлерит  

starkeyite 
старкеит 

MgSO4×H2O 

structure was loosened 

структура  

разрыхлилась 

structure was even more loos-

ened 
структура еще  

более разрыхлилась 

BS-6 
gunningite 
ганнингит 

ZnSO4×H2O 13 
n.a. 

б.изм. 
19 

n.a. 
б.изм. 

Note: w.l. – weight losses; n.a. – no alteration. 

Примечание: ппн – потеря веса при нагревании; б.изм. – без изменений. 

 
Fig. 6.  Diffraction patterns of sample BS-1 

Рис. 6.  Дифрактограмма образца BS-1 

However, the diffraction pattern of sample BS-2 
changed significantly (Fig. 7, a). At the first step of heat-
ing (40 °C), peaks of some minerals disappeared (goslar-

ite, sideronatrite, and cyanochroite), and peaks of other 
minerals appeared (Na-jarosite, gunningite, and poi-
tevinite+brochantite). Obviously, this process occurred 
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due to the separation of molecules of structural H2O and 
the transformation of the minerals to another phase. At 
the second heating step (50 °C), the diffraction pattern 

was insignificantly altered, and changes were related to 
reciprocal substitutions of poitevinite-brochantite. 

 

 
 

 
Fig. 7.  a) diffraction patterns of sample BS-2; b) comparative IR spectrum of the initial sample BS-2 and heated to 40 °C 

Рис. 7.  а) дифрактограмма образца BS-2; b) сравнение ИК-спектров исходного образца и после нагрева до 40 °C 

To confirm the mineral transformations for this sam-
ple, we compared the IR data of the initial sample and the 
sample heated to 40 °C (Fig. 7, b). The characteristic ab-

sorption bands of goslarite, sideronatrite and cyanochroite 
are clearly visible in the initial spectrum. In the sample 
heated to 40 °C, the transitions of goslarite to gunningite, 

b 

а 
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sideronatrite to Na-jarosite, and cyanochroite to poi-
tevinite are noticeable. 

Sample BS-5 was mainly siderotil, and starkeyite was 
a minor phase. After heating at 40 °C, the amount of sid-
erotil decreased, and only traces remained (Fig. 8). The 
first peaks of parabutlerite appeared, indicating the sepa-
ration of 3 H2O molecules from siderotil and its transfor-
mation to a new phase. Starkeyite began to prevail in the 
sample, but its structure became less clear. Then, at 50 °C, 

the siderotil disappeared completely and was replaced by 
parabutlerite, and the structure of starkeyite became even 
looser. 

Sample BS-6, consisting of mainly gunningite and 
siderotil as a minor phase, was partly altered (Fig. 9). 
Gunningite remained without alteration at 40 and 50 °C, 
but peaks of siderotil disappeared. As in sample BS-2, 
weight loss was caused by the release of sorbed and struc-
tural water. 

 

 
Fig. 8.  Diffraction patterns of sample BS-5 

Рис. 8.  Дифрактограмма образца BS-5 

  
Fig. 9.  Diffraction patterns of sample BS-6 

Рис. 9.  Дифрактограмма образца BS-6 
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Discussion 

From the resulting X-ray diffractograms, the scheme 
of mineral transformation can be presented as follows 
(Fig. 10). In sample BS-2, goslarite lost 6 molecules of 
water and transformed to gunningite. It is known that dur-
ing dehydration, goslarite first transitions into bianchite – 
6 aqueous sulfate, then into boleyte, and only then into 
guanningite [48, 49]. In our experiment, goslarite trans-
formed into gunningite instantaneously. Sideronatrite lost 
3 water molecules and was replaced by Na-jarosite. In 
addition, cyanochroite transformed to poitevinite after the 
loss of 5 water molecules. In total, the sample lost 23 % 

of its weight due to separation of sorbed and structural 
water. At the next temperature step, weight loss was due 
to separation of sorbed water only and therefore was 
much less. In sample BS-5, siderotil began to decompose 
at 40 °C (Fig. 11). Its amount became less due to the sep-
aration of 3 water molecules, and the first grains of pa-
rabutlerite appeared; then, at 50 °C, it replaced siderotil 
completely. The structure of starkeyite was loosened. 
Thus, the weight losses of this sample were mainly due to 
the separation of sorbed water, with a small contribution 
of the loss of structural water. 

 

 
Fig. 10.  Scheme of mineral transformation upon heating sample BS-2 

Рис. 10.  Схема изменений минералов при нагревании образца BS-2 

 
Fig. 11.  Scheme of mineral transformation upon heating sample BS-5 

Рис. 11.  Схема изменений минералов при нагревании образца BS-5 

Thus, collected condensate from the dry sample is 
both sorbed and structural water is released during sample 
heating. Condensate from the wet sample also contains 
some part of water from the pore solution and is charac-
terized by higher concentrations of almost all elements, 
obviously due to the input of elements from two sources: 
the solid matter (sulfate minerals) and the pore solution. 
However, the excess concentrations of elements in con-
densates from the wet sample are not as large as one 
would expect, based on the high salinity of the pore solu-
tion. The concentrations of Cd, Cr, Rb, and V are higher 
in the condensate obtained from the dry samples. The 
concentrations of Mn, Li, K, Ti, and Co are almost the 
same in both types of condensates. 

A wide variety of element species in the pore solution 
and the highly active interactions determine the com-
plexity of their behavior during the separation of the va-
por phase and the absence of correlation between the total 
element concentrations in the solution and in the resulting 
condensate. Some features of the condensate composition, 
and therefore, the behavior of the elements during the 
separation of the vapor phase from the solution, were ex-
plained by the analysis of the results of physicochemical 

modeling. In general, rather similar concentrations of el-
ements in condensates from the wet and dry samples are 
apparently determined by the element speciation in the 
pore solution, namely, the high percentage of sulfate 
complexes of most elements. As our previous research 
has shown, water vapor transports elements in the form of 
aqueous ions, whereas complexed species (such as Me-
SO4(aq), Me(OH), etc.) are characterized by inert behav-
ior during separation of the vapor phase and remain in the 
salt residue [34]. In particular, the low V concentrations 
in condensates from the wet sample were caused by the 
formation of vanadyl ions in a solution, which are less 
mobile than the aqua ions. The phase composition is of 
great importance and determines whether an element is 
found in true solution or in the form of a suspension. As 
numerical modeling showed, many of the elements under 
discussion are able to form solid phases in the pore solu-
tion and can then be dissolved or precipitated. The inert 
behavior of iron, as mentioned before, is a mystery be-
cause at the temperature of the experiment (60 °C), 99 % 
of the iron is in the dissolved form, and the aqua ion Fe

2+
, 

by analogy with other metals, should be rather mobile. 
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The observed features of the vapor phase composition 
from the dry sample were apparently determined by the 
crystalline structure of the minerals. The effect of leach-
ing cations and admixtures from minerals is known to oc-
cur when minerals interact with water. The cations then 
go into solution and are replaced by H

+
 ions. Such a reac-

tion can occur in the near-surface layer of a mineral when 
it comes into contact with water sorbed on the surface of 
the grain. The increase in temperature accelerates the dis-
solution of the surface of grains by sorbed water and the 
transfer of elements into the solution, which then evapo-
rates in the form of a vapor-gas phase. In this case, con-
densation of the formed vapors on less heated areas of the 
surface and structural defects are possible because the 
sample is heated unevenly. The condensed vapors also in-
teract with the grains, and further dissolution occurs. 

Using physicochemical calculation of equilibrium during 
the heating of goslarite, the phase transition observed in the 
experiment was itemized and quantitatively described. The 
temperature of transition of goslarite to gunningite in the cal-
culations was 45 °С, while approximately 1 % of zinc con-
tained in the mineral passed into the separated structural wa-
ter in aqua ion form. Further transport of zinc into the vapor 
phase can possibly occur by a mechanism comparable to the 
flotation. Water molecules can act as flotation reagents, cap-
turing zinc ions and lifting them into the vapor phase. 

When hydrous sulfates are heated, dehydration occurs, 
and water, which is part of the mineral structure, is added 
to the sorbed water. The resulting water reacts with the 
surface of the solid phase, and the surface of the grain is 
dissolved. However, it is possible that with dehydration, 
cations can be extracted from the crystal lattice and re-

placed by protons. This is evidenced by a high concentra-
tion of elements in condensates from Cu- and Zn-sulfates. 

Conclusion 

By analyzing the condensates, it was determined that a 
wide range of chemical elements can migrate with vapor-
gas streams from secondary hydrous sulfates under 
relatively low-temperature conditions (60 °C). 
Condensate from the wet sample contains high element 
concentrations due to the input of elements from the pore 
solution and hydrous sulfates. 

Vapor from the dry sample consists of sorbed and 
structural water. The destruction of goslarite, sideronatrite, 
cyanochroite, and siderotil with the separation of water 
occurs at 40 °C. Structural water separates from these 
minerals, after which new minerals are formed 
(gunningite ZnSO4×H2O from goslarite Zn(SO4)×7H2O, 
Na-jarosite NaFe3(SO4)2(OH)6 from sideronatrite 
Na2Fe(SO4)2(OH)×3H2O, and poitevinite (Cu,Fe)SO4×H2O 
and brochantite Cu4(SO4)(OH)6 from cyanochroite). 
Antlerite, gunningite and starkeyite remain stable over the 
studied temperature range (up to 50 °C). 

Alterations in mineral structure and water release are 
indicated by losses of sample weight. With dehydration, 
cations and trace elements can be extracted from the 
crystal lattice, replaced by protons, and can then enter the 
vapor-gas phase when the solution evaporates. 
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УДК 550.46  
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Актуальность. Загрязнение воздуха в результате деятельности горнодобывающей и металлургической промышленности 
является серьезной проблемой для окружающей среды. Это исследование проводилось с целью определения возможных меха-
низмов миграции и источников элементов в атмосфере над поверхностью хвостохранилищ.  
Основная цель исследования – показать, что химические элементы могут захватываться водяным паром и могут мигри-
ровать с паровой фазой во время десорбции и дегидратации водных сульфатов. 
Объект: образцы с поверхности отвалов, Белово (Беловский цинкозавод, Белово, Россия). 
Методы. Порошковая рентгеновская дифрактометрия (XRD) использовалась для определения фазового состава кристалли-
ческих веществ, их количественных фазовых соотношений и превращений. Для определения элементов в пробах воды (поро-
вый раствор и конденсаты) использовали прибор Agilent 8800 ICP-MS (Токио, Япония), оборудованный распылителем MicroMist. 
Также использовались бинокулярный микроскоп и методы физико-химического моделирования. 
Результаты. Путем анализа конденсатов было определено, что широкий спектр химических элементов может мигриро-
вать с парогазовыми потоками из вторичных гидросульфатов в относительно низкотемпературных условиях (60 °C). Кон-
денсат влажного образца содержит высокие концентрации элементов из-за поступления элементов из порового раствора и 
водных сульфатов. На изменение минеральной структуры и выделение воды указывает потеря веса пробы. При дегидрата-
ции катионы и микроэлементы могут быть извлечены из кристаллической решетки, заменены протонами и затем могут 
перейти в парогазовую фазу при испарении раствора. 
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