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Abstract

Cassiterite-sulfide and polymetallic deposits of the Far Eastern Region (FER) were mined by both open-
pit and underground methods. This resulted in the emerging numerous mine workings and tailings storage
facilities (TSFs) (abandoned without reclamation in latest decades) and the formation of mining technogenic
mineralogical systems. Sulfide component of minerals in the mining technogenic system is subjected to
hypergenic and technogenic processes (oxidation and hydrolysis reactions). As a result, highly concentrated
technogenic solutions are formed, from which minerals of various classes precipitate. In this connection the
purpose of this study was formulated as follows: to show the possibility of crystallization of technogenic minerals
from micropore technogenic solutions. In achieving this goal the following tasks were solved: to demonstrate
the possible reactions of oxidation and hydrolysis of technogenic minerals at the tailings storage facilities; to
identify Eh-pH parameters of their precipitation from highly concentrated solutions; to determine their possible
associations. The studies involved field observations and computations with the use of “Selector” software
package. The study findings allow demonstrating possible chemical reactions and physico-chemical conditions
of mineral formation for the following elements: Fe, Cu, Pb, Zn, Sb, Mg, Al, and Ca, including the following classes
of minerals: oxides and hydroxides, sulfates, carbonates, arsenates and silicates. The paper presented for the first
time the crystallization reactions of secondary minerals (37 ones) and their physico-chemical conditions. It was
found that secondary minerals: jarosite, pitticite, siderite, tenorite, poznyakite, antlerite and ktenasite crystallize
in the interval of positive temperatures, while scorodite, chalcantite, broshantite, cerussite, starkeyite, epsomite
and rostite originate in cryogenic conditions (below 0 °C). All other minerals, the possibility of precipitation
of which was shown in the paper, crystallized in the whole considered temperature interval, from -25 °C to
+45 °C. Field studies and modeling data on formation of technogenic waters (solutions) and crystallization of
secondary minerals on the surface of and inside tailings at the tailings storage facilities of the Far East showed
high intensity of technogenic processes. Since the tailings storage facilities were not reclaimed, the process of
environmental pollution, including the hydrosphere, would last for many decades.
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bopMuUpoBaHMIO TOPHOMIPOMBIIIVIEHHBIX TEXHOT€HHBIX cucTeM. CymbhuIHAasT COCTABIISIONIAS TTOJIE3HBIX UC-
KOTIaeMbIX B TOPHOITPOMBIIIJIEHHOJ TeXHOTeHHO CUcTeMe MOABepraeTcsl TuIiepreHHbIM U TeXHOTeHHBIM
npoiieccaM (peakuysM OKMUCIeHUS U TUAponu3a). B pesynbraTe GopMUpyIOTCS BHICOKOKOHIIEHTPUPOBAH-
HbIe TEXHOTeHHbIE BOJIbI, 3 KOTOPBIX BHITIAAAIOT MUHEPAIBI U3 PA3JIMUHBIX KJIACCOB. B ¢BsI3u ¢ aTum cdop-
MyJIMpOBaHa I1e/Ib JAHHO pabGoThl — IT0Ka3aTh BO3MOKHOCTh KPUCTA/IM3ALMIM TEXHOTE€HHbIX MUHEPAJIOB
3 MMKPOIIOPOBBIX PACTBOPOB TEXHOTEHHBIX BOZ. [IpM JOCTIVOKEHUM OaHHON Liely pellaaucCh Caenyrolue
3aIauy: ITI0Ka3aTh BO3SMOXKHbBIE peaKIMM OKUCIEHUS M TUAPOJIM3a TEXHOTEHHOTO MUHePaoo6pa3oBaHms Ha
XBOCTOXpaHWININAX; BeIIBUTH Eh-pH mapameTphl X BbIMaJleHUS U3 BbICOKOKOHIIEHTPMPOBAHHBIX PACTBO-
POB; OIpeIeNNThb X BO3MOKHBIE accolMany. ViccemoBaHusl IPOBeIeHbI ¢ ITOMOIIIbI0 HATYPHbIX HAOIIO-
JeHUii 1 mporpaMMHOro komiiekca «Cenektop». [losydyeHHbIe pe3yabTaThl MO3BOJISIIOT MPOJEMOHCTPU-
pPOBATh BO3MOXKHBbIE XMMUYECKME Peakuuyu U GU3UKO-XUMUUYECKIE YCI0BUS GOPMUPOBAHUS MUHEPAJIOB:
Fe, Cu, Pb, Zn, Sb, Mg, Al u Ca 13 pa3/JIMUHbBIX KJIACCOB: OKCUIOB U I'MIPOKCUIOB, CyIb(aToB, KaApOOHATOB,
apCeHaTOB U CUJIMKATOB. B cTaThe BlepBble MOKa3aHbl peakuy KPUCTAIN3ALUY BTOPUIYHBIX MUHEDPAIOB
(37 HaMMeHOBaHMIT) U X PU3UKO-XMMUUECKIME YCIOBUS. YCTAHOBIEHO, YTO B MHTEPBaJIe TOIOKUTETbHBIX
TeMIlepaTyp KPUCTAUIM3YIOTCS BTOPUYHBbIE MUHEPAJIbL: SIPO3UT, HUTTULNUT, CULEPUT, TEHOPUT, TTO3HSIKUT,
AHTJIEPUT U KTEHACUT, & B KPUOTEHHBIX YCIOBUSIX: CKOPOIUT, XaJAbKaHTUT, OPOLIAHTHUT, LIEPYCCUT, CTapKe-
UT, 9TICOMUT U POCTUT. Bce ocTajibHble MMUHEepaabl, BO3MOXHOCTb BbINIafleHMSI KOTOPBIX MOKa3aHa B CTa-
The, KPUCTAJIIM3YIOTCSI BO BCEM pacCMaTpUBaeMOM MHTepBajie — oT —25 1o +45 °C. HaTypHble Habm0meHus
U TIOJTyJYeHHbIe TIpY MOZAEIMPOBAHNUY HAaHHbIe MO0 GOPMMPOBAHMIO TEXHOTEHHBIX BOA, M KPUCTAIM3ALIUU
BTOPUYHBIX MMHEPAJIOB HA TTOBEPXHOCTY U B TOJIIIE XBOCTOB 0OOTAI€HNST HAa XBOCTOXPaHWINILAX JlaabHero
BocToka 1o3Boim/au mokasaTh BbICOKYI0 aKTMBHOCTb TEXHOTEHHbBIX IMPOIeccoB. Tak Kak XBOCTOXPaHMINIIA
He peKyJIbTUBMUPOBAHBI, TO MIPOIECC 3arps3HeHMs OKPYKalolleil cpelbl, BKIWOUast ruapocdepy, TpominTcs
Ha MHOTMe JecsITUIEeTHUSI.
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Introduction

Mining industry in the Far Eastern Region (FER)
developed rather intensively in the last 60—-120 years.
This produced significant impact on the Region's envi-
ronment. Cassiterite-sulfide and polymetallic deposits
were mined by both open-pit and underground me-
thods. The main ore minerals in the deposits are cassi-
terite, chalcopyrite, galena, and sphalerite, and, among
the sulfides - pyrite, pyrrhotite, and arsenopyrite are
common, and, for the Dalnegorsk district, argentite,
acanthite, pyrargyrite, and jamesonite should be added
[1,2]. The main extractable ore elements are: Sn, Cu, Pb,
Zn, and associated (minor ones): Ag, In, Bi. It is known
that not more than 2 % of the extracted ore volume are
transformed into concentrate, while the residual 98 %
belong to concentration waste (tailings) stockpiled in
tailings storage facilities. In the Komsomolsky district,
the processing tailings are stored in three tailings sto-
rage facilities with total area of 130.5 ha and volume
of 37.3 million tons, in the Kavalerovsky district, in six
TSFs: 18 hectares and 49 million tons, respectively. In
the Dalnegorsk district, there are two tailings storage
facilities of the Central processing plant (CPP) with
area of 825,000 m? and amount of tailings of 56.6 mln
tons, and two tailings storage facilities at the Krasno-
rechenskaya processing plant (KPP): 300,000 m? and

6.8 million tons. In the processing tailings, sulfides ac-
count for about 4% of the total volume, and the rest
is represented by silicate and carbonate minerals of
the host rocks. In Komsomolsky and Kavalerovsky dis-
tricts, the host rock minerals include quartz, chlorite,
sericite, tourmaline, epidote, calcite, etc., and, in Dal-
negorsk district, they include potassium feldspar, mi-
cas, garnets, calcite, etc. The host rock minerals con-
tain the following elements: K, Na, Ca, Al, Mg, and Si.
At different points of the tailings storage facilities the
percentage contents of sulfides and host rock minerals
differ and range from 5 to 95 % and vice versa from
95 to 5 %. It should be noted that the ratio between
the sulfides themselves and the host rock minerals at
different points in the tailings storage facilities varies
both horizontally and vertically.

The processing tailings are permanently exposed
to various climatic factors, such as changes in daily
and seasonal temperature, precipitation in the form
of rain and snow. Hypergene processes in the form of
oxidation and hydrolysis reactions of the sulfide com-
ponent, which are accompanied by the formation of
sulfuric acid and destruction of minerals of the host
rocks, actively occur in them. This leads to the appea-
rance of highly concentrated micropore solutions and
the formation of slime and drainage waters. A number
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of technogenic minerals precipitate from them (Figu-
res 1-4). Acidic solutions can be partially neutralized
by the carbonate components of processing tailings.
The creation of a mining technogenic system (adits,
pits, trenches, clearings, and tailings storage facilities)
promotes the transition of hypergenic processes to the
technogenic stage. Over time, technogenesis can lead
to the complete destruction of tailings storage facili-
ties (technogenic deposits) and their loss.

The process of technogenic minerals crystalliza-
tion is clearly seen not only in the underground mine
workings, but also in the pit (see Fig. 1) of recycled
tailings (on TSF wall), on the vertical cut (clearing)
surface (see Fig. 2) and on the surface of tailings (see
Fig. 3,4). 35 technogenic minerals of Fe, Cu, Pb, Zn, Sb,
Mg, Al, Ca of different classes: oxides and hydroxides,
sulfates, carbonates, arsenates and silicates were
found by different mineralogical methods in the Far
East Region [2].

Fig. 1. Technogenic formations on the wall of the tailings
storage facility (Komsomolsky district)

S el 4 il e o
Fig. 2. Technogenic formations on the vertical surface
of the clearing (TSF in Kavalerovsky district)
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Research objectives and tasks

The purpose of this study was formulated as fol-
lows: to show the possibility of crystallization of tech-
nogenic minerals from micropore technogenic solu-
tions (slime and drainage waters). In achieving this
goal, the following tasks were solved: 1 - to demon-
strate the possible reactions of oxidation and hydro-
lysis of technogenic minerals at the tailings storage
facilities; 2 — to identify Eh-pH parameters of their
precipitation from highly concentrated solutions; 3 —
to determine their possible associations.

Research techniques
Modeling is one of the methods for analyzing the
processes of alteration of sulfide-containing processing
tailings in the course of interaction with oxygen
and water at tailings storage facilities, formation of
drainage waters and precipitation of technogenic
minerals from them. Similar studies were conducted

Fig. 3. Technogenic formations on the surface
of the tailings storage facility (Kavalerovsky district)

Z 3 164 X 2 3 3 S 2
Fig. 4. Technogenic formations on the surface
of the tailings storage facility (Dalnegorsk district)
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in Namibia [3], Slovakia [4], Brazil [5] and many other
countries [6—9]. Computer physicochemical modeling
is used to solve various environmental problems in
hydro-geochemistry.

These studies were carried out by the authors
using “Selector” software package (its development
leader was I.K. Karpov in A.P. Vinogradov Institute
of Geochemistry of SB of RAS). The software pack-
age implements a convex programming approach to
the calculation of equilibria in heterogeneous sys-
tems by minimizing thermodynamic potentials. One
of the key features of this package is the possibility
of implementing calculation of complex chemical
equilibria in isobaric-isothermal, isochoric and adia-
batic conditions in multisystems, where an aque-
ous electrolyte solution, gas mixture, liquid and
solid hydrocarbons, minerals as solid solutions and
one-component phases, melts and plasma can be
present simultaneously [10]. The calculation of ther-
modynamic properties of the components in the “Se-
lector” is performed for various temperatures, pres-
sures and activity coefficients. In the calculation of
isothermal changes of thermodynamic functions
the following is used: equations of dependence of
changes in the volume of condensed phases on tem-
perature and pressure; semiempirical equations of
gas states at the given parameters. Thermodynamic
properties of aqueous solution components in the re-
gion up to 1000 °C and 5000 bar are calculated us-
ing the modified HKF (Helgeson-Kirkham-Flowers)
model [11, 12]. The activity coefficients of the com-
ponents of the aqueous electrolyte solution are cal-
culated using the Debye-Hiickel equation modified
by Helgeson [11].

Initial thermodynamic information (Gibbs energy,
enthalpy, entropy, and coefficients for the heat capac-
ity equation) was taken from publications! [13-20].
The missing parameters were calculated and provided
by V.A. Bichinsky and A.A. Tupitsyn, employees of the
Vinogradov Institute of Geochemistry, Siberian Branch
of the Russian Academy of Sciences.

The following unified thermo-barometric condi-
tions were used in the modeling: T from -25 to +45 °C
and P = 1 atm. The systems under consideration were
open to the atmosphere. The chemical composition
of the atmosphere was calculated on the basis of the
study of R. Horn [21]. The composition of 10 kg of
the atmosphere in moles includes: Ar — 3.2, C - 0.10,
N - 539.48, O — 144.85. Composition of rainwater is
as follows [22]: N3, N3, NH}, NH,N;, HNO,, NH,NO;,

! Shock E. SUPCRT 1992-1998 Database Database.
Geopig, Arizona State University. URL: http://geopig.asu.edu/
sites/default/files/slop98.dat
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NH,OH, NH,NO,, NH;, H,CO,, NCO;, CO,>, C,0,%,
CH,, 0,, H,, N,, Ar, He, K1, Ne, OH-, H', H,0, NO;, HNO,
(pH = 5.66). In each version of the models, indepen-
dent components were included in the calculations:
the most probable gases, dissolved species, and hy-
pogene and hypergene minerals. Oxidation of the
processing tailings was modeled for the associa-
tion of sulfide minerals and host rock minerals tak-
ing into account their percentage ratio. The sulfide/
host rock ratio was taken at 5:95, 10:90, 20:80, 40:60,
80:20, and 95:5. More than 500 model variants were
simulated and analyzed for each of the considered
districts [23-25].

The study findings allowed demonstrating possible
chemical reactions and physico-chemical conditions of
mineral formation for the following elements: Fe, Cu,
Pb, Zn, Sb, Mg, Al, and Ca, including the following clas-
ses of minerals: oxides and hydroxides, sulfates, carbo-
nates, arsenates and silicates.

Chemical reactions and physico-chemical
parameters of recent mineral formation
at the tailings storage facilities
of the Far Eastern Region

The study findings showed that the following
secondary Fe minerals can crystallize at the tailings
storage facilities: goethite, hydrogoetite, fibroferrite,
jarosite, pitticite, siderite, and scorodite. For their
formation, the presence of iron-containing sulfides:
pyrite, pyrrhotite, arsenopyrite or chalcopyrite is
required, and these minerals are constantly present in
the processing tailings. Where the oxidation reactions
of sulfides and crystallization of minerals from slime
and drainage waters coincide with those published
earlier [26], they will not be presented here for mine
waters.

The temperature conditions and Eh-pH para-
meters of goethite precipitation in tailings are as fol-
lows: 0.5-0.97V, 5.4-13.7, and 0.42-0.95V, 5.1-13.3
(hereafter, Eh-pH parameters will be given for two
temperature intervals of formation, first for tem-
peratures from -25 to 0 °C and then from 0 to 45 °C).
Goethite canoccur in thermodynamically stable asso-
ciation (paragenesis) with all minerals whose crystal-
lization conditions are given below. It was identified
in the whole considered temperature range and prac-
tically at any values of sulfides/host rock minerals
ratio in the processing tailings. Hereinafter, the term
“association” (or “associates with” when a mineral
occurrence is described), is used within the meaning
of “thermodynamically stable association” as a sy-
nonym of term “paragenesis”. Besides, only thermo-
dynamic stability of minerals was analyzed, while the
questions of reaction kinetics were out of scope of
this study.
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Hydrogoetite was identified only in the wastes
of the old tailings storage facility of Krasnorechens-
kaya processing plant, where it was formed at nega-
tive temperatures in the range of Eh-pH parameters
from 0.6 to 0.7 V and ph 9.7-13.7 in paragenesis with
valentinite, gypsum, fibroferrite, calcite and cerus-
site. In addition, it was identified at sulfide content
in the system of 5 to 20 % at 35-45 °C at the sys-
tem parameters of Eh = 1.06—-1.07 V and pH 2.3-2.4,
but in association with goethite, plumbojarosite, and
fibroferrite.

Fibroferrite at the tailings storage facilities preci-
pitates throughout the whole temperature range under
consideration at Eh = 0.58-1.15 Vand pH 1.3-13.7.

The precipitation of jarosite requires potassium,
which was identified in the solution in the form of
KSO, and K* ions. Consequently, the reactions of its
formation due to oxidation of main iron-containing
sulfides (pyrite or pyrrhotite) can be represented as:

1) 3FeS, + KSO, + 13.50, + 3H,0 + 9% —
KFe,[SO,],(OH),+ 550%7;

2)3FeS,+K*+13.50,+3H,0+9¢é —»KFe,[SO,],(OH),+
+4S0%;

3)3FeS+KSO, +7.50,+3H,0+3e—KFe;[SO,],(OH),+
+280%;

4) 3FeS +K*+7.50,+ 3H,0 + 3¢ — KFe,[SO,],(OH),+
+S02.

It crystallizes in the range of positive tem-
peratures at the following solution parameter:
Eh = -0.82-1.16 V and pH 1.1-8.0 and associates
(hereinafter this means “thermodynamically stable
association” or “paragenesis”) with goethite, gypsum,
plumbojarosite and adamine in the Pb-Zn ore pro-
cessing tailings of the Central Processing Plant and
in the 3" tailings storage facility in the Komsomolsky
district. In the latter case, the paragenesis also com-
prises the following minerals: alunogen, antlerite,
ktenasite, vudvardite, pitticite, magnesite, siderite,
smithsonite, olivenite, clinoclase, vivianite, allo-
phane, and nontronite.

The next Fe mineral is pitticite, for the formation
of which oxidation of arsenopyrite is sufficient by the
following reaction:

2FeAsS + 8.50,+ 2H,0 + H" + 66 —
Fe,[AsO,][SO,](OH) - 2H,0 + SO + AsO; .

It was identified in the processing tailings in the
3 tailings storage facility in the Komsomolsky dis-
trict in the paragenesis described above for jarosite.
The mineral precipitates in the interval of 15-45 °C
from solutions with parameters Eh = 0.76-0.84 V and
pH 5.9-8.0.

For the formation of siderite during the oxidation
of pyrite and pyrrhotite, calcite must be present in the
system: FeS, + CaCO, + 40, + 2H,0 + 2é — FeCO, +
+ CaSO, - 2H,0 + SO%™ or/and FeS + CaCO; + 20, +
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+2H,0 — FeCO; + CaSO, - 2H,0~ (Eh =0.76-0.84 V and
pH 5.85-7.98 in the temperature range of 15-45 °C).
It was found in the tailings of the 3" tailings storage
facility in Komsomolsky district in association with
jarosite and gypsum.

Scorodite in the processing tailings was found only
at low temperatures from —-25 to 0 °C and the following
solution parameters: Eh = 0.6-0.97 V, pH 5.3-12.5.
Scorodite can occur in paragenesis with the majority of
the minerals of the technogenic system.

Among the technogenic Cu minerals in the
tai-lings storage facilities, the following ones were
identified: tenorite, chalcantite, poznyakite, wroe-
wolfeite, antlerite, broshantite, olivenite and clino-
clase, and, if Cu and Zn arpresent in the system, kte-
nasite; Cu and Al, vudvardite; Cu and Pb, duftite and
bayidonite.

Tenorite was identified in the processing tail-
ings in the Kavalerovsky district. It was formed as a
result of oxidation of chalcopyrite through the follo-
wing reaction: CuFeS, + 5.50,+ H*+ 5¢ — CuO +
+ FeO - OH + 280%, in the range of positive tempera-
tures, at Eh = 0.42-0.53 V and pH 11.8-13.3, and the
ratio sulfide/host rock of 5:95 and 10:90. It occurs
in paragenesis with goethite, gypsum, fibroferrite,
alunogen, vudwardite, anglesite, magnesite, duftite,
allophane, and montmorillonite.

The parameters of the solutions from which chal-
cantite precipitates are as follows: Eh = 0.51-1.15 V
and pH 1.9-13.2, in the temperature range from
-25 to -5 °C. It associates with goethite, gypsum, fi-
broferrite, vudvardite, wroewolfeite, antlerite, star-
keyite, alunogen, magnesite, allophane, and mont-
morillonite.

Poznyakite was established when simulating the
oxidation process of processing waste of Vysokogor-
skoe deposit, Kavalerovsky district, in the absence of
arsenopyrite in them, in the range of 25-35 °C. It is
formed from the solution with parameters Eh = 0.98 V
and pH 3.9, at the ratio sulfide/host rock of 80:20, in
paragenesis with gypsum, antlerite, wroewolfeite, fi-
broferrite, alunogen and anglesite.

Wroewolfeite was observed in temperature interval
of 0-25 °C in association with poznyakite, where
it precipitated from solutions with the following
parameters: En=0.98-1.1Vand pH 3.9-4.0.In addition,
it was identified in the interval from -25 to 0 °C at
Eh = 1.0-1.1 V and pH 2-4. In this case, posnyakite
and antlerite disappeared from the paragenesis, but
starkeyite and chalcantite were added.

Antlerite in the tailings of TSFs in Komsomolsky
district occurs in association with jarosite, where
it originates at Eh = 0.78-0.84 V and pH 5.9-74,
T = 25-45 °C. In Kavalerovsky district, it was identified
in association with poznyakite at Eh = 0.98-1.0 V and
pH 3.4-3.9, T = 35-45 °C.
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The following conditions are typical for broshan-
tite crystallizing at the tailings storage facility of the
Central Processing Plant in Dalnegorsk district: tem-
perature: -25 to 0 °C, Eh = 0.6-0.7 V and pH 9.5-13.0,
the ratio sulphide/host rock of 5:95 and 10:9, and
the paragenesis: goethite, gypsum, calcite, adamine,
montmorillonite.

Ktenasite crystallizes in the processing tailings
(3¢ tailings storage facility, Komsomolsky district)
when oxidizing chalcopyrite and sphalerite by re-
action: 5CuFeS, + 5ZnS + 30.50,+ 11H,0 + H" + 27¢
— (Cu, Zn),[SO,],(OH), - 6H,0 + 5FeO - OH + 13502~
The conditions for its existence are as follows:
T=15-20°C,Eh=0.76-0.77 V and pH 7.8-8.0. It occurs
in the association with jarosite described above.

Vudvardite precipitates together with goethite
or fibroferrite in the presence of chalcopyrite and
aluminum ions in processing tailings: Al**, AI(OH),’,
AlO; and AlO* following the reactions:

1) 4CuFeS, + 2A1* + 220, + 12H,0 + 20 —
Cu,AL[SO,](OH),, - 4H,0 + 4FeO - OH + 7S0%

or

2) 4CuFeS, + 220, + 32H,0 + 2AI¥ + 12¢ —
Cu,AL[SO,](OH),, - 4H,0 + 4Fe[SO,]J(OH) - 5H,0 + 3S0%,

or

3) 4CuFeS, + 2A1(OH); + 210, + 10H,0 + 16é —
Cu,Al,[SO,](OH),, - 4H,0 + 4FeO - OH + 78075,

or

4) 4CuFeS, + 190, + 30H,0 + 2Al(OH); + 8¢ —
Cu,Al,[SO,](OH),, - 4H,0 + 4Fe[SO,]J(OH) - 5H,0 +
+3S0%, etc.

It associates practically with all minerals of
technogenic and hypergenic mineralization, and
Eh-pH parameters of its crystallization are as follows:
Eh = 0.5-1.15 V, pH 1.8-13.2 and 0.42-0.99 V,
pH 4.9-13.3.

Olivenite, duftite, bayidonite, and clinoclase are Cu
minerals of the arsenate class, which are characteristic
of cassiterite-sulfide ore processing tailings in the
Komsomolsky and Kavalerovsky districts. Chemical
reactions of olivenite, duftite, and bayidonite formation
are given earlier in [26], and those for clinoclase are as
follows: FeAsS + 3CuFeS, + 180, + 23H,0 + H" + 7¢ —
Cu,[AsO,](OH), + 4Fe[SO,](OH) - 5H,0 + 3505 Olive-
nite and bayidonite crystallize from the simulated
solutions throughout the whole temperature range un-
der consideration. Under cryogenic conditions (nega-
tive temperatures) their crystallization parameters
coincide: Eh = 0.5-1.1 V, pH 2.4-13.8. In the interval
of positive temperatures, their crystallization param-
eters are as follows: Eh = 0.86-1.0 V, pH 3.9-6.5 and
Eh =0.86-1.09 V, pH 2.5-6.5, respectively. At negative
temperatures, duftite crystallization parameters are as
follows: Eh = 0.5-1.1 V, pH 2.5-12.5, and in the inter-
val of 0-45 °C, duftite and clinoclase were established
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at Eh=0.42-1.09V, pH 2.5-13.3 and Eh =0.76-0.83 V,
pH 6.2-8.0, respectively. They were found in associa-
tion with many technogenic minerals.

Then let us consider the precipitation of Pb
technogenic minerals from the solutions formed due
to the oxidation of processing tailings: anglesite,
cerussite, plumbojarosite (Pband Fe) and corresponding
Zn minerals: adamine and smithsonite.

Anglesite is more often identified in polymetallic
ore processing tailings. It was found throughout the
whole studied temperature range at the following
Eh-pH parameters: Eh = 0.51-1.2 V, pH 0.9-13.2
and Eh = 0.57-1.15 V, pH 1.3-10.6. It occurs in
association with valentinite, gypsum and fibroferrite
in the Krasnorechenskaya Processing Plant (KPP)
tailings storage facility, and with goethite, fibroferrite,
vudvardite, starkeyite, alunogen, gypsum, chalcantite,
wroewolfeite, allophane and montmorillonite in the
Kavalerovsky district’s TSFs.

Plumbojarosite was identified in simulated solu-
tions of tailings oxidation with the following parame-
ters: Eh=0.7-1.2 V, pH 0.9-10.4, and Eh = 0.76-1.38 V,
pH 1.1-8.0. It is present in paragenesis with most of
the technogenic minerals.

Cerussite is carbonate, and its formation from
solutions requires calcite presence in the system.
The reaction of its crystallization is as follows: PbS +
+ CaCO4 + 20, + 2H,0 — PbCO, + CaSO, - 2H,0.
It was identified in cryogenic conditions in the tem-
perature range from -25 to 20 °C, at Eh = 0.6 Vand pH
13.4-13.7, in the association with valentinite, hydro-
goetite, gypsum, fibroferrite at the KPP tailings storage
facility, at the simulated ratio sulfide/host rock of 5:95
and 10:90.

Adamine was found only in the presence of
sphalerite and arsenopyrite in the processing tailings
and was identified at the Central Processing Plant
(CPP)’s tailings storage facility: Eh = 0.6-1.2 V,
pH 0.9-13.0 and Eh = 0.65-1.2 V, pH 0.9-10.5,
where it associated with goethite, gypsum, epsomite,
broshantite, chalcantite, anglesite and plumbojarosite.

Smithsonite was identified in the models of tailings
oxidation at TSF’s of the Komsomolsky district. The
chemical reaction of its crystallization in conditions of
oxidation of sphalerite in the presence of calcite is as fol-
lows: ZnS + CaCO; + 20, + 2H,0 — ZnCO, + CaSO, - 2H,0,
at conditions: Eh = 0.79-0.97 V, pH 5.3-6.8 (=25 °C),
Eh = 0.75-0.84 V, pH 5.7-8.0. It can associate with
most of the technogenic minerals.

The only Sb mineral was valentinite, which
crystallized in the tailings storage facilities of
Kavalerovsky district. The solution Eh-pH parameters
for valentinite crystallization were as follows:
Eh = 0.56-1.1 V, pH 2.6-13.7, and Eh = 0.66-0.98 V,
pH 3.7-10.0. It was present in the association
mentioned above for calcite.
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Since the oxidation of the sulfide components
of processing tailings and the generation of sulfuric
acid leads to decomposing minerals of host rocks, and
the solutions are enriched with Mg, Al and Ca ions,
it is expedient to connsider the chemical reactions
of formation of starkeyite, epsomite, magnesite,
gibbsite (hydrargillite), alunogen, rostite, allophane,
kaolinite, nontronite, montmorillonite, gypsum
and calcite.

Chemical reaction of starkeyite precipitation
from the aqueous solution is as follows: Mg?" +
+ SO* + 4H,0 — MgSO, - 4H,0. The solution
parameters are as follows: Eh = 0.5-1.14 V and
pH 1.9-13.2, the temperature range is from -25 to
=5 °C. In the tailings of the Komsomolsky district, it
occurs in association with gypsum, alunogen, fibro-
ferrite, anglesite, chalcantite, and nontronite, and, in
the tailings of Kavalerovsky district, goethite, vud-
vardite, wroewolfeite, magnesite, olivenite, duffite,
bayidonite, skodite, allophane and montmorillo-
nite (instead of nontronite) should be added to the
paragenesis.

Epsomite was established in the models at the
Central Processing Plant tailings storage facility at
low temperatures from -25 to -5 °C and the following
Eh-pH parameters of the system: Eh = 0.66-1.2 V,
0.9-11.7, in the presence of sulfides above 20%,
in association with goethite, gypsum, chalcantite,
anglesite, plumbojarosite, calcite, adamine, and
montmorillonite. The reaction of its crystallization is
as follows: Mg* + SO% + 7H,0 — MgSO, - 7H,0.

Magnesite precipitates from the solution by the
following reaction: Mg*" + CO%‘ — MgCO.. It is formed
throughout the whole temperature range under con-
sideration at the solution parameters: Eh =0.5-1.14V,
pH 1.9-13.2 u Eh = 0.42-0.86 V, pH 5.7-13.3. In
the interval of positive temperatures it associates
with goethite, fibroferrite, gypsum, alunogen, vud-
vardite, smithsonite, duftite, allophane and mont-
morillonite, while at negative temperatures the as-
sociation is added with gibbsite, olivenite, bayidonite
and scorodite.

Gibbsite (hydrargillite) can crystallize with involve-
ment of different ion species: AI**, Al(OH);, AlO,, AlO",
existing in slime and drainage water solutions, by
reactions:

1) AI*+ H,0 + O,+ H"+ 3¢ — Al(OH)s;

2) Al(OH); +H* +0.50,+ 2é — Al(OH).;

3) AlO; + H,0 + H"— AlI(OH),;

4) AIO* + H,0 + 0.50,+ H" + 2é — Al(OH).

It was identified in the processing tailings of the
Komsomolsky district. The parameters of the simu-
lated solutions were as follows: Eh = 0.89-0.95 V,
pH 5.7-6.3, between -25 and -5 °C, and at
Eh = 0.77-0.8 V, pH 6.5-7.4, 25-40 °C. Its association
coincides with the paragenesis for magnesite.
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Alunogen crystallization requires presence of the
same ions in the solution, which were established for
the formation of gibbsite. 4 possible chemical reactions
of the mineral crystallization are as follows:

1) 2A13* + 380% + 17H,0 — AL[SO,], - 17H,0;

2) 2AI(OH); + 380% + 15H,0 — AL[SO,]; - 17H,0 +
+0,+4¢;

3) 2Al0; + 3S0% + 17H,0 — AL[SO,]; - 17H,0 +
+20,+ 8e;

4) 2A10* + 3S0%+ 17H,0 — AL[SO,]; - 17H,0 +
+0,+4e.

It was found throughout the whole studied
temperature range at Eh = 0.7-1.15 V, pH 1.3-8.0 and
Eh = 0.53-1.16 V, pH 1.3-13.2. Alunogen occurs in
paragenesis with almost all technogenic minerals in
cassiterite-sulfide tailings in TSFs of the Komsomolsky
and Kavalerovsky districts.

Rostite precipitates from solutions with the
following Eh-pH parameters: Eh = 0.58-0.6 V,
pH 11.8-12.0, in the temperature range from -10 to
-5 °C, at the tailings storage facilities of Komsomolsky
district through the following reactions:

1) AP®* + sO¥ + 5,5H,0 + 0,50, + é —
Al[SO,](OH) - 5H,0;

2) AI(OH); +SO% +4,5H,0 — Al[SO,](OH) - 5H,0 +
+0,50, + ¢€;

3) AlO, + SO% + 5,5H,0 — Al[SO,](OH) - 5H,0 +
+0,+ 36;

4) AIO* + SO% + 5,5H,0 — Al[SO,]J(OH) - 5H,0 +
+0,50,+e.

It was identified in the following association:
goethite, gypsum, alunogen, vudvardite, starkeyite,
magnesite, scorodite, duftite, mimetesite, kaolinite,
montmorillonite.

Allophane formation requires presence of Si in the
system (in addition to Al), which exists in solution in
the form of [Si(OH),]** ion; hence, it is possible to write
4 reactions of its crystallization:

1) 2AI3* + [Si(OH),]** + 7TH,0 + 20, + 8¢ —
Al O, - Si0O, - 8H,0;

2) 2A1(OH); + [Si(OH),]** + O, + 5H,0 + 4e —
Al O, - Si0O, - 8H,0;

3) 2A10;, + [Si(OH),)* +
Al O, - Si0O, - 8H,0 + 0,50,;

4) 2A10* + [Si(OH),]**+ TH,0 + O, + 4 é —
Al O, - Si0, - 8H,O.

It was identified in paragenesis with all the con-
sidered technogenic minerals, at the following Eh-pH
parameters of the simulated solutions: Eh =0.5-0.95V,
pH 5.7-13.7, and Eh = 0.42-0.87 V, pH 5.4-13.3.

Kaolinite can precipitate from the solution by the
following 4 reactions:

1) 2AP*+ 2[Si(OH),]* + 2,50, + 10e — Al,[Si,0.](OH),;

2) 2Al(OH)," + 2[Si(OH),]* + 1,50, + 6e& —
Al,[Si,0(](OH), + 2H,0;

3) 2Al0; + 2[Si(OH),)* + 0,50, + 2& — Al,[Si,0;](OH),;

7THO + & —
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4) 2A10" + 2[Si(OH), ] + 1,50, + 66 — AL[Si,0](OH),.

The conditions of its formation from solution
are as follows: Eh = 0.59-0.73 V, pH 7.9-12.3, in the
temperature range from -10 to +45 °C. It associates
with most of the described technogenic minerals in the
Komsomolsky and Kavalerovsky districts.

Among other minerals from the class of silicates
established in conditions of oxidation of the tailings
were nontronite and montmorillonite. Fe and Si ions are
required for their crystallization from solution. The
chemical reaction of nontronite formation is as follows:

2Fe* + 4HSiO5 + H,0 + 0.50, + 6 —
Fe,[Si,0,,](OH), - 2H,0

and montmorillonite

2Fe* + 4HSiO; + 2A1%" + 2Mg* + nH,0 + 10e —
(Al, Fe, Mg),[Si,0,,](OH), - nH,0 + 2H".

The solution parameters at which nontronite
precipitates: Eh = 0.79-1.15 V, and Eh = 0.75-1.15 V,
in the pH range of 1.3-8.0, and those for montmoril-
lonite: Eh = 0.5-1.1 V, pH 2.7-13.9 m Eh = 0.42-1.0 V,
pH 3.3-13.3. Nontronite is typical for the tailings of
TSFs of Komsomolsky district, and montmorillonite,
for the tailings of TSFs of Kavalerovsky and Dalnegorsk
(Central Processing Plant) districts. They are present
in paragenesis with most of the minerals under
consideration.

Gypsum is one of the most common minerals in
the ore mining-and-processing technogenic systems
of the Far Eastern Region. It can occur in paragen-
esis with all the mentioned minerals. The reaction
of its formation is as follows: Ca* + SO3 + 2H,0 —
CaSO, - 2H,0, at the precipitation conditions of:
Eh = 0.5-1.2 V, pH 0.9-13.9 and Eh = 0.57-1.16 V,
pH1.1-11.6.

Calcite can crystallize by the following reactions:

Ca* + CO3” — CaCoO,
or
Ca* + HCOZ — CaCO; + H* + é.

It was identified only in the tailings of TSFs of the
Dalnegorsk district, where at the CPP it was present
in association with goethite, gypsum, broshantite,
adamine, montmorillonite, and, at the KPP, with valen-
tinite, goethite, hydrogoetite, gypsum, fibroferrite,
cerussite. Parameters of the solutions for its forma-
tion were as follows: Eh = 0.56-0.77 V, pH 8.3-13.7
and Eh =0.66-0.76 V, pH 7.1-9.6.

Conclusion
The use of the “Selector” software package allowed
to analyze the processes of present-day mineral for-
mation in the processing tailings (in tailings storage
facilities) and to present the reactions of their crystal-
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lization from solutions, as well as to estimate the phys-
ico-chemical conditions of the minerals formation:
Eh-pH parameters and temperature intervals, and es-
tablish their paragenesises and ionic composition of
the solutions.

Among the main ions of sulfide ore components,
the following ones were established in the compo-
sition of the slime and drainage water solutions:
Cu, Cu¥, CuOH*, Pb*, PbOH", Pb(SO,)3", Zn*, Zn0O?%",
ZnOH*, Zn(S0,);", As™, AsO,*, Sb(OH);, SbO;, SOy,
HSO,, many of which were toxic [27, 28]. The main
ions of the components of the host rocks were as fol-
lows: Ca*, CaOH*, K*, Mg**, Al**, Al(OH),, AlO;, AlO",
[Si(OH),]*.

The possibility of precipitation of 37 seconda-
ry minerals of Fe, Cu, Pb, Zn, Sb, K, Ca, Mg and Al
from the classes of oxides and hydroxides, sulfates,
carbonates, arsenates and silicates from the tech-
nogenic solutions of tailings storage facilities was
demonstrated. Oxidation of sulfide components of
processing tailings leads to crystallization of sec-
ondary Fe minerals: goethite, hydrogoetite, fibrofer-
rite, jarosite, pitticite, siderite and scorodite. Among
the Cu mine-rals, tenorite, chalcantite, poznyakite,
wroewolfeite, antlerite, broshantite, olivenite, and
clinoclase were established, and together with Zn,
ktenasite, with Al, vudvardite, and with Pb, duftite
and bayidonite. The secondary Pb minerals includ-
ed anglesite and cerussite; in the presence of Fe,
plumbojarosite was formed. Among the hypergene
minerals of Zn, adamine and smithsonite were iden-
tified. The only Sb mineral was valentinite. Action of
sulfate solutions (originated due to oxidation of sul-
fides) on the host rocks in the tailings leads to pre-
cipitation of the following secondary minerals from
the technogenic water solutions: For Mg, starkeyite,
epsomite and magnesite; for Al, gibbsite, rostite,
alunogen, allophane and kaolinite; for Ca, gypsum
and calcite. The presence of Fe or Fe together with
Al and Mg in the highly concentrated technogenic
water solutions leads to the formation of silicates:
nontronite or montmorillonite.

It was found that secondary minerals: jarosite,
pitticite, siderite, tenorite, poznyakite, antlerite and
ktenasite crystallize in the interval of positive tem-
peratures, while scorodite, chalcantite, broshantite,
cerussite, starkeyite, epsomite and rostite originate in
cryogenic conditions (below 0 °C). All other minerals,
the possibility of precipitation of which was shown in
the paper, crystallize in the whole considered tempera-
ture interval, from -25 to +45 °C.

The obtained data can be an important contri-
bution to the mineralogy of hypergene and techno-
genic processes and assessment of environmental
conditions in the Far Eastern Region. pH of the slime
and drainage water ranges from strongly acidic to
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strongly alkaline. After precipitation of technogenic
minerals, the total mass of which reaches 230 g, the
concentration of ore elements in the solution can be
up to 340 g/L.

Field studies [1, 2] and modeling data on forma-
tion of technogenic waters (solutions) and crystal-
lization of the secondary minerals on the surface of
and inside tailings at the tailings storage facilities of
the Far Eastern Region allowed demonstrating high
intensity of the technogenic processes. It was found
that the excess of the baseline concentrations of
both elements of sulfide ores and their host rocks in
the TSF’s slime and drainage waters reaches tens of
thousands times. Consequently, the tailings storage
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facilities polluted the environment and the hydro-
sphere for a century? [29-31], but since they were not
reclaimed, this process would continue for many de-
cades to come.

2 Ulanova D.I. Silica brought sands with dangerous salts.
Pacific Star Newspaper. August 30, 2011. URL: https://toz.su/
newspaper/chp/silinka_prinesla_opasnye_soli_/
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