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Abstract—The aim of this study is the experimental investigation of the synthetic analogs of cobaltomenite,
CoSeOj; - 2H,0, ahlfeldite, NiSeO; - 2H,0, members of the cobaltomenite—ahlfeldite solid solution series
(Ni,Co; _,)SeO; - 2H,0, and singularities of their dehydration and dissociation. The intermediate members
of the cobaltomenite (CoSeOs - 2H,0)—ahlfeldite (NiSeO; - 2H,0) series have been synthesized and studied
with a combination of X-ray diffraction, scanning electron microscopy, and the simultaneous application of
thermogravimetry (TG) and differential scanning calorimetry (DSC) within the temperature range from 25
to 640°C. The complete solid solution series corresponds to the monoclinic space group P2,/n. Unit-cell
dimensions decrease in all crystallographic directions as the amount of Ni increases. The angle [ increases
from 98.82(1) (cobaltomenite) to 99.05(1)° (ahlfeldite). It has been established that CoSeO5; - 2H,0O and
NiSeOj; - 2H,0 dehydrate at 120—340°C through two stages apparently corresponding, to the formation of
intermediate hydrated species CoSeOs - H,O and NiSeOj; - 1/3H,0. The reaction enthalpies for each dehy-
dration stage of CoSeOjs - 2H,0 and NiSeOjs - 2H,0 have been determined. Changes of the unit-cell dimen-
sions and dehydration temperatures are rationalized in terms of the Co and Ni site occupancy in the structure

of the cobaltomenite—ahlfeldite solid-solution series members.

DOI: 10.1134/S5107570151507003X

INTRODUCTION

This study continues a series of investigations of
thermal stability and dehydration features of hydrous
selenites (Fokina et al., 2014; Charykova et al., 2014),
which are formed under seasonal fluctuation of tem-
perature in a near-surface setting involving aqueous
solutions and ambient pressure and are found, as rule,
in the oxidation zone of sulfide- and selenide-bearing
ores. Cu, Co, Ni, and Fe are species-defining cations
of these minerals (ahlfeldite, chalcomenite, cobal-
tomenite, mandarinoite).

The synthetic analogs of cobaltomenite, CoSeO; -
2H,0 and ahlfeldite, NiSeO; - 2H,0, and (Ni,Co; _,)SeOs -
2H,0 solid solution members were studied, because
natural ahlfeldite and cobaltomenite form complete
solid-solution series (Sturman and Mandarino, 1974;
Larrafiaga et al., 2005). Ahlfeldite and cobaltomenite
are rather rare minerals precipitated only in the oxida-
tion zone of sulfide and selenide ores.

Cobaltomenite was discovered from the Cerro de
Cacheuta deposit in Argentina in association with
chalcomenite, molybdomenite, olsacherite, cerussite,

Corresponding author: M.V. E-mail:

m.charykova@spbu.ru

Charykova

and azurite (Bertrand, 1882). Ahlfeldite was described
for the first time from the Pacajake deposit, Bolivia in
oxidized ores in association with chalcomenite, cobal-
tomenite, molybdomenite, native selenium, olsacher-
ite, and mandarinoite (Herzenberg and Ahlfeld, 1935;
Aristarain, Hurlbut, 1969).

The thermal behavior of synthetic CoSeO; - 2H,0
and NiSeO; - 2H,0 has previously been studied by
Makatun et al. (1973), Vlaev et al. (2005, 2006), and
Larranaga et al. (2005). However, despite sufficiently
detailed study, some aspects remain not quite clear.
First, this is related to the dehydration features of
CoSe0O;- 2H,0 and NiSeO; - 2H,0 and probable for-
mation of intermediate hydrated species as a result of
thermal dehydration. These species, which are syn-
thetic crystal hydrates of Ni and Co selenites contain-
ing 1 and 1/3 water molecules, are reported in the lit-
erature (e.g., Makatun et al., 1974, 1975); their struc-
tural parameters are reported by Wildner (1991) and
Engelen et al. (1996), respectively. The intermediate
phases as dehydration products of CoSeO; - 2H,0 and
NiSeO; - 2H,0 during thermal analysis are not identi-
fied in any aforementioned articles (Makatun et al.,
1973, 1974; Vlaev et al., 2005, 2006; Larranaga et al.,
2005).
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Fig. 1. Morphology of synthesized crystals of (a) cobaltomenite and (b) ahlfeldite.

a- and B-CoSeO; - 1/3H,0 and a- and B-NiSeO; -
1/3H,0 (along with two crystal hydrates) were
obtained by Vlaev et al. (2005, 2006) as a part of the
experimental study of solubility in the CoSeO;—
Se0,—H,0 and NiSeO;—SeO,—H,0 systems within
the temperature range from 25 to 300°C. The transi-
tion of NiSeO; - 2H,0 and CoSeO;- 2H,0 to mono-
hydrate crystal hydrates was not established.

The stages of dehydration of CuSeO; - 2H,0 (syn-
thetic analog of chalcomenite) and ZnSeO; - 2H,0
were previously established by Fokina et al. (2014) and
Charykova et al. (2014). In this study, the dehydration
of CoSeO;- 2H,0 and NiSeO; - 2H,0 is discussed.

SYNTHESIS OF AHLFELDITE
AND COBALTOMENITE ANALOGS

The slightly modified method elaborated by Vlaev
et al. (2005, 2006) has been applied to the synthesis of
Co and Ni selenites from the solutions of Co and Ni
nitrates and Na selenite acidified by nitric acid solu-
tion. The 0.2N solution of NaSeO; (pH 6.0—6.2) was
added slowly drop-by-drop to a 0.2N solution of Ni or
Co salt (pH 5.2—5.3) heated to 50°C. After heating for
2—3 h and weak stirring, the solution with precipitate
matured for 20 days at room temperature; then the
precipitate was decanted, washed with distilled water,
and dried at room temperature.

The substances obtained are pink-purple (Co
selenite) or green (Ni selenite) fine columnar crystals
(Fig. 1). The synthetic solid phases were determined
with the X-ray powder diffraction (Rigaku Miniflex I1
powder diffractometer) and IR spectroscopy
(BRUKER VERTEX 80 IR-Fourier spectrometer).
The chemical composition of solid phases was mea-
sured on a Hitachi S-3400N SEM and ICP-MS (after
acid decomposition). The concentration of Co, Ni,
and Se in the solutions was determined with ICP-MS
on an ELAN-DRC-e PERKIN ELMER instrument.
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COMPLEX THERMAL ANALYSIS

The behavior of CoSeO; - 2H,0 and NiSeO; -
2H,0 was investigated on a STA 449 F3 Jupiter syn-
chronous thermal analyzer allowing simultaneous
determination of weight loss (thermogravimetric anal-
ysis) and thermal effects (differential scanning calo-
rimetry) with linear temperature programming. Dehy-
dration of the sample was studied within the range
from 25 to 640°C; a corundum crucible was used. The
weight of the samples was 13.611 mg (CoSeO;- 2H,0)
and 17.979 mg (NiSeO; - 2H,0), with a heating rate of
2°/min. The results were processed with the program
NETZSCH Proteus Thermal analysis v. 5.2.1. The
Peak Separation v. 2010.09 was used for additional
detailed processing of the DSC curve and separation
of the effects; the DSC curve was fitted with Gaussian
function.

The results of thermal analysis of CoSeO;- 2H,0
(TG, DTG, and DSC curves) are shown in Figs. 2 and 3.
Figure 2, pertaining to the temperature range of sam-
ple dehydrationm exhibits two endothermic effects
accompanied by weight loss on the DSC curve. The
first effect appears within the temperature range 120—
195°C (T« = 165.8°C), the second effect appears
within the range 235—275°C (T,,,x = 255.7°C). The
total weight loss of both effects is 16.21 wt %. The
value obtained is consistent with the calculated weight
change (16.24%) with removal of two water molecules
from cobaltomenite according to the reaction:

COS€O3 * 2H20 e d COSGO:; + 2H20.

In the sample studied here, the weight loss at each
stage is 8.03 and 8.18%. Thus, cobaltomenite is sug-
gested to be dehydrated in two stages with loss of one
water molecule at each stage; i.e., monohydrate
CoSeO; - H,0 is an intermediate phase. We have cal-
culated dehydration enthalpies for each stage: AH, =
44.1 kJ/mol and AH, = 30.4 kJ/mol; total is
74.5 kJ/mol. Previously, Fokina et al. (2014) and
Charykova et al. (2014) calculated dehydration
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Fig. 2. Results of complex thermal analysis (DSC, TG, DTG curves) of CoSeOj - 2H,0 within temperature range 25—380°C
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Fig. 3. Results of complex thermal analysis (DSC, TG, DTG curves) of CoSeOj5 - 2H,O within the temperature range 350—650°C

enthalpies for CuSeO; - 2H,0 67.4 kJ/mol and
ZnSeO; - 2H,0 98.33 kJ/mol, respectively.

The further heating of the sample (Fig. 3) results in
an exothermal effect at 448.3°C apparently corre-
sponding to the crystallization of amorphous anhy-
drous cobalt selenite. Then, CoSeO; decomposes
within the temperature range 533—608°C with peaks
at 558.3 and 596.2°C. Total weight loss (57.6%) is con-
sistent with the calculated value (59.7%) with the
decomposition of anhydrous cobalt selenite according
to the reaction:

CoSe0O; = CoO + Se0,.

Calculated decomposition enthalpy is 196.7 kJ/mol.

The results of thermal analysis of NiSeO; - 2H,0
are shown in Figs. 4 and 5. Two endothermic effects
within the temperature range 140—340°C are observed
on the DSC curve (Fig. 4). The first effect is related to
the maximum at 210.8°C; the second effect is very
fuzzy on the DSC curve, but is clear on the DTG curve
with a peak at 323.0°C. The both effects are accompa-
nied with a total weight loss of 16.29%, which is con-

sistent with the calculated value of weight change
(16.25%) for the removal of two water molecules from
ahlfeldite according to the reaction:

NiSeO; - 2H,0 — NiSeO, + 2H,0.

The correct determination of weight loss for each
effect on the TG curve is impossible; however, it could
be done in regard to the relationship of peak areas on
the DTG curve: weight loss ratiois 5 : 1; i.e., the loss of
1/3 water molecule corresponds to the second effect.
Thus, ahlfeldite is suggested to dehydrate during two
stages; however, in this case, the intermediate phase is
NiSeO; - (1/3)H,0 in contrast to monohydrate in the
case of cobaltomenite.

The calculated total enthalpy of dehydration is
98.7 kJ/mol. Vlaev et al. (2006) published a value of
89.0 kJ/mol.

For further heating within the temperature range
from 510 to 640°C (Fig. 5), the sample breaks down
during two stages at 564.0 and 624.1°C. The effects are
well seen in the DSC and DTG curves; the areas of
corresponding peaks on the DTG curve are not equal.
2015
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Fig. 4. Results of complex thermal analysis (DSC, TG, DTG curves) of NiSeO5 - 2H,0 within temperature range 25—420°C.
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Fig. 5. Results of complex thermal analysis (DSC, TG, DTG curves) of NiSeO5 - 2H,0 within temperature range 400—640°C.

Total weight loss of 57.9% is consistent with the calcu-
lated value (59.8%) related to decomposition of anhy-
drous Ni selenite according to the reaction:

NiseO3 = Nlo + 5602.

The calculated total enthalpy of decomposition is
166.6 kJ/mol. Vlaev et al. (2006) obtained
181.5 kJ/mol.

Our results of thermal analysis of cobaltomenite

and ahlfeldite as compared with data from the litera-
ture are given in Table 1.

SYNTHESIS AND PROPERTIES
OF COBALTOMENITE—-AHLFELDITE
SOLID SOLUTIONS

The thermal analysis of synthetic analogs of cobal-
tomenite and ahlfeldite has shown a significant differ-
ence in their behavior under the effect of heating, in
particular as concerns the formation of distinct inter-
mediate phases in the course of dehydration. There-
fore, the study of the intermediate members of the
(Ni,Co,; _,)Se0O; - 2H,0 solid solution series is of spe-

Table 1. Results of thermal analysis of CoSeO; - 2H,0 and NiSeO5 - 2H,0O as compared with published data

Temperature range, °C
Process
Larrafiaga et al., 2005 Vlaev et al., 2005, 2006 Our data
Dehydration
CoSeO - 2HO 260 (T nax) 120—275
NiSeO; - 2H,0 <350 290 (Trax) 140—340
Decomposition
CoSeO; - 2H,0 450—525 487—680 533—-608
NiSeO; - 2H,0 600—700 510—640
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Fig. 6. Morphology of solid solution crystals: (a) (Niy 55C0( 45)SeO3 - 2H,0 and (b) (Nig 74Co 26)SeO3 - 2H,0.

cial interest. Solid solutions of Co and Ni selenites
were synthesized according to the procedure applied
for synthesis of the end members. Synthesis was car-
ried out from the solutions prepared by mixing of 0.2N
Co and Ni nitrate solutions and Na selenite acidified
by nitric acid. The synthesized phases were identified
with the aforementioned techniques.

The synthesized phases (Ni,Co,_,)SeO; - 2H,0
(x ranges from 0.05 to 0.83) are bright to pale pink fine
crystals (Fig. 6). It is noteworthy that even crystals
with the highest Ni content synthesized from the solu-
tions with a Ni : Co value of 93 : 7 are pink—beige
rather than green.

The relationships of Ni and Co in initial solutions,
from which solid phases of variable composition were
synthesized, are shown in Table 2. The mole fraction
of Ni(NO;), in the mixed solution of Ni and Co

nitrates X, is m(Ni(NO,),)/[m(Ni(NO3),) +
m(Co(NO;),)], where m is molar concentration and

the mole fraction of NiSeO; - 2H,0 in solid solutions
is (Ni,Co, _,)SeO; - 2H,0.

The compositions of aqueous solutions formed
during the 30-day interaction of the synthesized solid
phases with water and proportion of Ni selenite in total
molar concentration of selenites in saturated solutions

Xy, = m(NiSeOs)/[m(NiSeO;) + m(CoSeOs)] are
given in the three last columns of Table 2. These data
were obtained as a result of the experimental determi-
nation of solubility in the CoSeO;—NiSeO;—H,0 sys-
tem with isothermal saturation in ampoules at 25°C
for solid solutions (Ni,Co; _,)SeO; - 2H,0 with x = 0,
0.05, 0.08, 0.11, 0.19, 0.35, 0.47, 0.60, 0.65, 0.83, and 1.
The experimental procedure was described by
Charykova et al. (2012), when it was applied to the
study of solubility in the binary CoSeO;—H,0 and
NiSeO;—H,0 systems. A small amount of solid phase
was covered with distillated water and placed into
thermostat shaker for 30 days; then the precipitate

Table 2. Compositions of liquid and solid solutions during synthesis of cobaltomenite—ahlfeldite solid solution analogs and
for experimental determination of their solubility in water at 25°C

Fraction of Ni . . Content in saturated solution, mmol/L . .
in Co + Ni sum in F_racthn of Nl_ (x) _Fractlon c_>f Ni
Sample initial nitrate in solid solution ] in Co + Nisum
solution (Ni,Co; _,)SeO; - 2H,0 CoSeO4 NiSeO; in saturated solution
1 0 0 0.058 0 0
2 0.10 0.05 0.062 0.004 0.058
3 0.21 0.08 0.056 0.005 0.082
4 0.29 0.11 0.063 0.008 0.11
5 0.46 0.19 0.067 0.013 0.16
6 0.55 0.35 0.063 0.033 0.34
7 0.65 0.47 0.060 0.047 0.44
8 0.74 0.60 0.028 0.025 0.47
9 0.85 0.65 0.021 0.024 0.53
10 0.93 0.83 0.010 0.027 0.73
11 1 1 0 0.029 1
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Fig. 7. (a) Compositions of liquid and solid phases during synthesis of (Ni,Co _,)SeOj3 - 2H,O0 solid solutions, (b) partition of

Ni and Co selenites between liquid and solid solutions after 30-day saturation at 25°C. X;i is Ni fraction in solid phase; Xﬁi is

Ni fraction in total molar concentration in solution. Dashed line corresponds to equal fractions of Ni in solid and liquid phases.

Filled triangles denote composition of solutions during synthesis;

of solid selenites with water.

separated by centrifugation and filtration was exam-
ined with X-ray powder diffraction, and contents of
Co, Ni, and Se were determined in a saturated solu-
tion. It should be noted that we do not name these
concentrations as equilibria; as previously shown, the
obtained concentrations of saturated solutions actu-
ally are certain stationary contents of constituents
resulted from interaction of solid selenites with water,
which do not correspond to true thermodynamic equi-
librium.

The same data are shown for clarity in Fig. 7: the Ni

fraction in solid phase is denoted as X}ii (on x-axis)
and its fraction in total molar concentration of salts

dissolved in liquid phase is Xﬁ“ (on the y-axis). The

compositions that correspond to the partition of com-
ponents between solid phases and the solutions from
which synthesis has been performed are marked by tri-
angles (Fig. 7a) and partition between solid and liquid
solutions after isothermal saturation is marked by cir-
cles (Fig. 7b). Dashed line in this figure corresponds to

equal fractions of Ni in liquid and solid phase (X‘; ;

X,f“ ). The data in Table 2 and Fig. 7a show that the

solid phase is substantially depleted in Ni as compared
with the solution from which it was synthesized. After
the interaction of the (Ni,Co,_,)SeO; - 2H,0O com-
pounds with water over 30 days, the proportion of Ni
and Co in the solution remains almost the same as in
the solid phase, when the Ni mole fraction is lower
than ~ 0.05. Above X ~ 0.6, an appreciably less amount
of Ni than that of Co passes into solution over the same
time and under the same saturation conditions.

Martens et al. (2005), who studied solid solutions
of Co and Ni arsenates (synthetic analogs of the eryth-
rine—annabergite solid solution), established a rela-
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circles denote composition of solutions after 30-day interaction

tionship similar to that shown in Fig. 7a. As possible
explanation of a higher Co content in solid solution as
compared with that in the initial liquid solution, from
which synthesis has been performed, the authors sug-
gest a difference in the solubility of Co;(AsOy), - 8H,O
and Ni;(AsO,), - 8H,0 or distinct positions of Co and
Ni ions in the structure of mixed (Co,Ni);(AsO,), -
8H,O0 arsenates: Co ions preferably occupy site M(2),
whereas Ni ions occupy site M(1) with proportion of
these sites at 2 : 1. The preferred second explanation is
supported by the relationships of the unit-cell dimen-
sions and compositions of solid solutions, as well as IR
and Raman spectroscopic data (Martens et al., 2005).
As concerns difference in solubility product of eryth-
rine and annabergite by three orders, Charykova et al.
(2013) has noted that the literature data on the solubil-
ity of the minerals mentioned by Martens et al. (2005)
are suspicious and require refinement.

Our experimental data on the solubility are shown
in Fig. 8 as isotherm in coordinates of mole fractions.
In contrast to Fig. 7b, the mole fractions of Ni, Co,
and water in liquid and solid phases are related to the
CoSe0;—NiSeO0;—H,0  system, ie., Xy =
n(NiSeO;)/[n(NiSeO;) + n(CoSeO;)+ n(H,0)],
Xoo = n(CoSe0;)/[n(NiSeO;) + n(CoSeO;) + n(H,0)],
and Xyo = n(H,0)/[n(NiSeO;) + n(CoSeO;) +
n(H,0)], where n is the number of moles of compo-
nents. Inasmuch as concentrations in liquid phase are
extremely low, they are shown in the figure on an aug-
mented scale. Despite conditional character of the
data (see above), we can state with confidence that the
isotherm contains two branches of solid phase crystal-
lization. Charykova et al. (2007) calculated the solu-
bility isotherm in the CoSeO;—NiSeO;—H,0 system
at 25°C using data from the literature on InSP of
CoSeO; - 2H,0 and NiSeO; - 2H,0 under the
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H,O 0.002 0.6 0.8 CoSeO;
Fig. 8. Solubility plot of CoSeO3;—NiSeO3—H,O system at

25°C in coordinates of mole fractions. Compositions of
solutions and solid phases are solid circles and triangles,
respectively.

assumption of an ideal continuous series of solid solu-
tions. The isotherm calculated in this way is one
branch of crystallization of solid phases and does not
contain nonvariant points. The experimental data do
not support this assumption. To all appearances, there
is a certain change in structure of the (Ni,Co, _,)SeO;
- 2H,0 solid solutions, and the solubility diagram con-
sists of two branches corresponding to the crystalliza-
tion of solid solutions based on CoSeQO;- 2H,0 (nearly
vertical line in Fig. 8, outgoing from the composition
of saturated solution in the CoSeO;—H,0 system) and
NiSeO; - 2H,O0 (line outgoing from the composition of
saturated solution in the NiSeO;—H,0O system).
Unfortunately, we failed to establish the intersection of
these two branches corresponding to eutonic equilib-
rium of solution with two solid phases in experiments.
Therefore, this segment of the solubility isotherm is
shown in Fig. 8 as conjectural by a dashed line.

The relationships between unit-cell dimensions
and composition of solid solutions are shown in Fig. 9.

CHARYKOVA et al.

As follows from this figure, the unit-cell dimension
decreases from cobaltomenite to ahlfeldite in accor-
dance with smaller ion radius of Ni as compared with
that of Co (0.69 and 0.75 A, respectively). A decrease
in all three parameters a, b, and ¢ becomes more sharp,
when the Ni mole fraction is reaching 0.7—0.8. Addi-
tional spectroscopic and crystallographic study is
required for interpreting these relationships (change of
slope in all three plots). It is probably caused by the
ordering of Ni and Co in the crystal structures of these
compounds as has been established by Martens et al.
(2005) in the erythrine—annabergite solid solution
series.

Complex thermal analysis was performed for the
Ni,Co,_,)SeO; - 2H,0 (x = 0.12, 0.27, 0.42, 0.55,
0.62, 0.74, 0.80) solid solutions. The experimental
conditions are similar to those reported for CoSeO; -
2H,0 and NiSeO; - 2H,0. The weight of samples was
from 11.017 to 34.563 mg. The generalized dehydra-
tion and decomposition temperatures are given in
Table 3 and Fig. 10. According to these data, all mem-
bers of the solid solution series were dehydrated during
two stages with increasing dehydration temperature at
the first and the second stages as Ni concentration
increases; in addition, the character of dehydration
changes. In the samples with Ni fraction X < 0.42,
water is lost as in the pure cobaltomenite, i.e., via the
formation of monohydrate crystalline hydrate
(Ni,Co,; _,)Se0; - H,0, whereas since the sample with
X = 0.42, crystalline hydrate (Ni,Co,_,) - SeO; -
1/3H,0 has become an intermediate phase. For sam-
ples with Ni concentrations ranging from 0.42 to 0.80,
an additional endothermic peak appears in the ther-
mal curves in the region corresponding to dissociation.
It can be suggested that this peak corresponds to the
transition of a-(Ni,Co,_,) - SeO; - 1/3H,0 to the
modification.

Table 3. Results of thermal analysis of samples of the (Ni,Co; _,)SeO5 - 2H,0 isomorphic series

Ni fraction (x) in the Dehydration temperature, °C Decomposition temperature, °C
(Ni,Co; _,)Se0O5- 2H,0

solid solution T, T, T T, T,
0 165.8 255.7 558.3 596.2
0.12 176.5 260.8 568 628.2
0.27 175.2 261.5 614.3
0.42 189 266.9 281.7 627.7
0.47 197.5 270 284.5 620
0.55 193.4 278 294.5 613.9
0.62 198.2 284 299.4 612.7
0.74 185.3 285.1 290 611.3
0.8 198.7 296.8 — 615.5
1 210.8 323 — 564 624.1

GEOLOGY OF ORE DEPOSITS Vol. 57 No.7 2015
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Thus, the results obtained assume three probable
variants of thermal dissociation in the cobaltomenite—
ahlfeldite solid solution:

(I) (Ni,Co,_,)SeO; - 2H,0 — (Ni,Co, _,)SeO; -
H,0 — (Ni,Co, _,)SeO; for cobaltomenite and solid
solutions with the Ni fraction X < ~4;

(IT) (Ni,Co, _,)SeO; - 2H,0 — (Ni,Co, _,)SeO; -
1/3H,0 — (Ni,Co,_,)SeO; for ahlfeldite and solid
solutions with the Ni fraction X> ~0.8;

(I (Ni,Co, _,)Se05 - 2H,0 — a-(Ni,Co,_,)
SeO; - 1/3H,0 - B-(Ni,Co,_,)Se0; - 1/3H,0 —
(Ni,Co, _,)SeO; for solid solutions with the Ni frac-
tion ~0.4 < X< ~8.

The data obtained suggest the probable formation
of not only members of the cobaltomenite—ahlfeldite
solid solution in the oxidation zone of selenium-bear-
ing sulfide ores, but other Ni and Co selenites with
variable content of crystallization water.
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Fig. 10. Temperature of dehydration and decomposition of
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