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Abstract: Valleriite, (Cu,Fe)S2n(Mg,Al,Fe)(OH)2, and related layered minerals are of interest due 
to their unusual two-dimensional structure, formation mechanisms, physical and chemical 
properties, and potential involvement into mineral processing and materials science applications. 
Here, we have studied Kingash Cu-Ni ore samples containing 10-25% of valleriite in association 
with serpentines (lizardite and chrysotile) and magnetite using scanning electron microscopy and 
electron microprobe analysis, Mössbauer spectroscopy, X-ray photoelectron spectroscopy (XPS), 
thermal analysis and zeta potential measurement. The data are compared with those for Al-doped 
valleriite synthesized via a hydrothermal route. It was found that the Kingash valleriite contains 
excessive iron relative to CuFeS2 stoichiometry, which mainly occurs, leaving aside magnetite, as 
Fe3+-OH species in hydroxide layers of valleriite and minor Fe centers in serpentines. Thermal 
dihydroxylation of hydroxide layers of valleriites occurs near 500 oC in inert atmosphere; in air, 
sulfide sheets oxidize with an exothermal peak at 447 oC, and sulfur oxides don’t volatilize but 
react with hydroxide groups of valleriite rather than serpentines. Zeta potential measurements of 
coarse ore particles using the flow potential technique suggested that the surface of valleriite is 
negatively charged in a wide pH range while the positive values at low pHs for fine particles are 
inflicted by serpentine. The findings demonstrate close resemblance of the natural and synthetic 
Al-doped valleriites, and the key role of valleriite, despite its moderate content, for the interfacial 
characteristics of the valleriite-bearing ores. 
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1. Introduction 
Valleriite is a layered mineral composed of alternating quasi-monolayers of Cu-Fe sulfide and 

brucite-type hydroxide, with Al and Fe replacing a share of magnesium cations (Mg,Al,Fe)(OH)2 
[1-12]. The composition and characteristics of valleriites substantially depend on accompanying 
minerals [9-16]; moreover, some layered minerals with essentially different composition both of 
the sulfide and hydroxide parts have been found [17,18]. Valleriite-group minerals are rather rare 
but several ore deposits in Western Siberia in Russia, particularly Noril’sk “cuprous” ores [19-22] 
and Kingash Cu-Ni ores [23,24] contain commercial values of copper, nickel and other heavy and 
precious metals as valleriite and/or other minerals accompanied by valleriite. The Kingash ores 
located in Eastern Sayan contain pyrrhotite, pentlandite, chalcopyrite, valleriite and some other 
metal sulfides disseminated in ultrabasic and basic-ultrabasic intrusive rocks, and epimagmatic 
and hydrothermal rocks, including metamorphized varieties [25-27], with valleriite occurring in 
essentially serpentinized rocks. The overall resources of the deposit amount to 5.5 million tons of 
nickel and 2.3 million tons of copper [23], but the ores are not in commercial exploitation yet since 
the metal recovery by flotation is unsatisfactory [28] and no chemico-metallurgical technologies 
are realized as well, due to special and still poorly understood behavior of valleriite and its dense 
overgrowth with serpentines [28-31]. So, physical and chemical properties of valleriites as a 
unique two-dimensional composite material are of fundamental interest for mineral processing, 
Earth sciences, and materials science.  

The crystalline lattice of valleriite has been established [5,7-10] to be formed by rhombohedral 
sulfide sublattice (space group R3m) and hexagonal hydroxide sublattice (space group P3m1). In 
the sulfide layers, Cu and Fe cations are in a distorted tetrahedral coordination with sulfide anions, 
and metals are in approximately octahedral environment of OH- in the hydroxide layers. Many 
questions about the valleriite structure, in particular, the partition and oxidation state of Fe in both 
layers and the interactions between the layers, surface state and reasons of poor flotation and so 
forth, still need to be answered.  

Recently, we explored two valleriite samples from Noril’sk ores [32,33] associated either with 
pyrrhotite or serpentine and chalcopyrite using X-ray absorption spectroscopy, X-ray 
photoelectron spectroscopy (XPS), Mössbauer spectroscopy and other techniques. Also, we 
managed to perform a successful hydrothermal synthesis of single-phase valleriite nanoflakes [34]. 
The differences observed between the valleriite samples depended on their origin in case of natural 
valleriites and the proportions of precursors used in the synthesis. It was established, among other 
things, that Mössbauer signals of paramagnetic Fe3+ almost disappeared and the internal hyperfine 
magnetic fields arose due to magnetic ordering at cryogenic temperatures; no clear signatures of 
ferrous iron were found in both layers [33,34], in contrast to previous studies [12,35-37].  

In this contribution, the samples originated from the Kingash ore deposit were examined 
applying SEM/EDX, XRD, Mössbauer spectroscopy, XPS in conjunction with their thermal 
behavior and zeta-potential measurement. To elucidate small contributions of valleriite, the results 
have been compared with those for a similar synthetic phase. The aim was to reveal specific 
features of the mineral co-existing with high concentrations of serpentines and magnetite, in order 
to shed more light onto the structure and properties important for potential mineral processing and 
materials science applications of valleriite. 

2. Materials and Methods  
Kingash rock samples were obtained from the Museum of Geology of Central Siberia 

(Krasnoyarsk, Russia). Mineral assembles containing valleriite, which form 2-5 mm thick coatings 
above rock-forming minerals (Figure 1), were separated by a diamond saw. The results presented 
below are obtained either from the natural growth surfaces (XPS, SEM/EDX), or from the 
specimens ground in a jasper mortar to the particle size less than 44 m (for XRD, Mössbauer 
spectroscopy, thermal analysis); a fraction with the particle size -125 +75 m was used in zeta 
potential measurement. Synthetic valleriite was prepared as flakes about 100-200 nm in lateral 
dimensions and 10-20 nm thick using a hydrothermal reaction at 160 oC; detailed characteristics 
of the material can be found in ref. [34].  



 
Figure 1. Photos of a typical rock slab (left: upper view of valleriite and accompanying minerals, 
right: side view showing the thickness of the upper valleriite-bearing layer.  

Scanning electron microscopy (SEM), backscattered electron imaging microanalysis (SEM–
BSE), and energy dispersive X-ray analysis (EDX) studies were preformed utilizing a Hitachi 
TM4000 Plus instrument (Hitachi High-Tech Corp., Japan) operated at acceleration voltage of 15 
kV, equipped with a XFlash 630Hc EDS analyzer (Bruker, Germany). X-ray powder diffraction 
patterns were obtained using a PANalytical X'Pert Pro diffractometer (Eindhoven, The 
Netherlands) with Cu Kα radiation (30 mA, 40 kV). The diffraction analysis, including Rietveld 
analysis, was conducted using the HighScore suite software (PANAlytical). 

57Fe Mössbauer experiments were carried out with an MC-1104Em spectrometer (Cordon, 
Rostov-on-Don, Russia) operating in the constant acceleration mode with triangular velocity 
profile. A moving 57Co(Rh) source with the activity of about 50 mCi was used. The measurements 
were performed in a transmission mode with powdered samples (about 3 mg/cm2 of Fe in 
thickness) attached to an Al sample holder at room temperature. The width of Lorentzian lines of 
sodium nitroprusside was 0.24 mm/s. Isomer shifts ()are given relative to α-iron. The spectra 
composed of 512 points were processed using the UnivemMS software package.  

The photoelectron spectra were recorded with a SPECS spectrometer (SPECS, Berlin, 
Germany) equipped with a PHOIBOS 150 MCD9 hemispherical energy analyzer using 
monochromatic Al Kα radiation of the dual anode X-ray tube at the analyzer transmission energy 
of 20 eV for the survey spectra and 10 eV for high-resolution narrow region scans. A low-energy 
electron source FG 20 was applied to eliminate heterogeneous electrostatic charging (an electron 
energy of 0.05 eV and current of 10 A); the binding energies were calibrated against the C 1s 
line of the adventitious carbon (285.0 eV). Atomic concentrations of elements were calculated 
from survey spectra. The high-resolution spectra were fitted after subtraction of the Shirley-type 
nonlinear background with the Gauss-Lorentz peaks utilizing the CasaXPS software package 
(version 2.3.16, Casa Software, Teignmouth, UK).  

The thermogravimetric (TG/DTG) measurement and differential scanning calorimetric (DSC) 
analyses were performed in an interval from ambient temperature to 1000 oC using a STA449 F1 
Jupiter instrument (Netzsch, Germany) at a heating rate of 10 oC/min in inert (Ar) and oxidative 
(N2 80% O2 20%) gas flow with a rate of 50 mL/min.  

Zeta-potentials were measured employing an electrokinetic analyzer SurPASS 3 (Anton Paar, 
Graz, Austria) from the mineral fraction -125+75 um. The 0.01 M KCl solution was used as 
background electrolyte adjusted to a required pH with 0.01 M solutions of sodium hydroxide and 
hydrochloric acid starting both from an initial pH values of 3.0 and 10.5. The samples were 
equilibrated with the solution in three rinsing cycle, and then four measurement cycles were 
conducted at each pH value. The measurements were also carried out with ore samples ground to 
-20 um and synthetic valleriite colloids using the electrophoretic method with a Zetasizer Nano 
instrument (Malvern, Great Britain).  

3. Results 
3.1. XRD, SEM and EDX analysis 

X-ray diffraction patterns (Figure 2) show that the major component of the rock samples are 
serpentine group minerals lizardite and chrysotile having similar composition Mg3(Si2O5)(OH)4 
and crystalline structure [38-41], and weaker reflections of valleriite and magnetite. The diffraction 



pattern of valleriite well agrees with the literature data [5-10] and that of synthetic material (pattern 
b) [34]. The most characteristic and clearly discernible features of valleriite are the (003) and (006) 
reflections [5-10,] while the other ones may overlap with those from serpentines and/or shifted 
owing to various composition and morphology of crystals. The Rietveld analysis of the 
diffractogram found the concentrations of serpentines, valleriite and magnetite phases of 81, 14, 
and 5 wt.%, respectively; in general, the content of valleriite ranged from 10 to 25 wt.% for various 
specimens examined.  

 
Figure 2. X-ray diffraction pattern of (a) Kingash valleriite ore in comparison with (b) synthetic 
valleriite (the main interplanar distances are denoted). Reflections from mineral phases are 
marked as V belong to valleriite (PDF 01-073-0517), M is magnetite (01-089-3854), L is 
lizardite-1T high (01-089-6206), C is chrysotile (00-010-0380).  

Figure 3 shows a representative scanning electron microscopy image and elemental maps of 
the natural growth surface of a valleriite-containing rock sample; the results of microprobe analysis 
in selected spots are presented in Table 1. The images demonstrate a micrometer-scale intergrowth 
of three main minerals. The composition in spots (1) and (2) is characteristic of valleriite, though 
with an excess of iron. The average composition can be described by a formula 
Cu0.87Fe1.45S2Mg1.42Al0.21Si0.28(OH)4.48. Noteworthy, Si is usually all but absent in valleriites 
[4,11] so Si can be due to minor inclusions of gangue phases and contaminations, probably together 
with insignificant amounts of Al, O, Mg and Fe. The composition of the most abundant phase (spot 
3) with the Mg/Si atomic ratio of 1.6 is close to the nominal formula of lizardite and chrysotile 
Mg3(Si2O5)(OH)4 [38-41]. A number of crystals (e.g., point 4) of 5-20 m in size are composed of 
magnetite Fe3O4.  

Table 1. Chemical composition (at. %) determined using microprobe EDX analysis. 

 Fe Cu S O Mg Al Si Phase 
Spot 1 13.8 8.8 18.9 40.6 13.0 2.1 2.6 valleriite 
Spot 2 13.2 7.4 18.4 43.1 13.4 1.9 2.6 valleriite 
Spot 3 2.2 0.3 0.6 64.2 19.0 2.0 11.8 serpentine 
Spot 4  28.0 3.1 8.2 48.9 9.4 0.5 1.9 magnetite 

 

 



 
Figure 3. Scanning microscopy image and elemental maps of natural growth surface of a typical 
valleriite-containing rock sample from Kingash deposit. Numbers in SEM image designate spots 
whose composition is presented in Table 1. 



3.2. Mössbauer spectroscopy 
57Fe Mössbauer spectroscopy is a powerful element-specific method that allows 

discriminating the chemical states of Fe atoms and magnetic ordering in various phases [12,33-
37,42-44]. Typical Mössbauer spectrum of the valleriite-bearing samples (Figure 4; Table 2 
represents fitting parameters) consists of two intense Zeeman sextets with the ratio close to 1:2 
and hyperfine parameters well agreed with the ones of magnetite Fe3O4 [42-44]. The first sextet 
s1 originates from Fe3+ cations located in the tetrahedral positions and the second one (s2) is due 
to Fe2+ and Fe3+ cations in octahedral coordination with O2- anions (denoted as Fe2.5+(6O) in Table 
2) that are not resolved in the spectra because of fast electron hopping. The smeared third sextet 
s3 is most likely due to diamagnetic dilution in magnetite, possibly with Al and Mg.  

 

 
Figure 4. 57Fe Mössbauer spectrum (points) of a Kingash rock sample measured at room 
temperature. The lines are the results of fitting; the difference between experimental spectrum 
and and fitted one also shown was typically within 3 rel.% of the spectrum area. The fit 
parameters are given in Table 2.   

Table 2. The 57Fe Mössbauer parameters of valleriite-containing Kingash sample and synthetic 
valleriite measured at 300 K. δ is the isomer shift relative to α-Fe (mm/s),  is the quadrupole 
splitting (mm/s) with the doubled quadrupole shift ( = 2ε) given for magnetically split 
components, W34-16 is the width of absorption lines (mm/s), Heff is the internal magnetic field 
(kOe), A is the relative area of a spectrum component.  

 δ±0.01 Heff±5 ±0.02 W34-16 ±0.02 A±5 (%) Cation(position) Phase 
Kingash ore sample 

s1 0.27 493 -0.04 0.22-0.26 19 Fe3+(4O) magnetite 
s2 0.67 463 0.02 0.26-0.36 33 Fe2.5+(6O) magnetite 
s3 0.57 230 3.64 1.83-2.02 17 Fe2.5+(6O) magnetite 
d1 1.15  - 2.67 0.34 14 Fe2+(6O,OH)  serpentine 
d2 0.32  - 0.53 0.52 14 Fe3+(4S)  valleriite 
d3 0.41 - 0.96 0.39 3 Fe3+(6O,OH) valleriite, 

serpentine 
synthetic Al-doped valleriite [33] 

d1 
d2 

0.36 
0.42 

- 
- 

0.57 
1.02 

0.40 
0.26 

78 
22 

Fe3+(4S)  
Fe3+(6O) 

 valleriite 
valleriite 

 
The hyperfine parameters of the first of three doublets (d1) with isomer shift δ of 1.15 mm/s 

and quadrupole splitting  of 2.67 mm/s are typical for ferrous iron in octahedral coordination 
with oxygen; in particular, similar values have been found for Fe2+ cations in serpentines [39-42]. 
Chistyakova et al. [35] have detected such small feature for synthetic valleriite-containing products 
and assigned it to di- and trivalent iron in the hydroxide layers but we didn’t observe this doublet 
in pure valleriites [34]. The second doublet with δ of 0.32 mm/s and  = 0.5 mm/s is attributed to 



Fe3+ cations in tetrahedral coordination with sulfide anions in valleriite [12,33-37] as it is close to 
the species in synthetic valleriite (Table 2) and clearly differs from Fe3+ tetrahedrally bounded to 
oxygen in serpentines, for which δ of about 0.16 mm/s and  of 0.25-0.42 mm/s have been reported 
[39-42]. A smaller paramagnetic doublet with the isomer shift δ  0.4 mm/s and quadrupole 
splitting of 0.96 mm/s observed both in synthetic and natural valleriites [12,33-37] can be assigned 
to octahedral Fe3+-OH sites in the hydroxide layers and partially in serpentines [39-42]. The excess 
of Fe found in spots 1 and 2 (Figure 2) suggests that up to 30-40% of the iron in valleriite occurs 
in the hydroxide layers. 

3.3. X-ray photoelectron spectroscopy 
XPS determines the composition of near-surface mineral region of few nanometers in depth, 

averaged over the sample surface because of the lack of lateral resolution; the high-resolution 
spectra provide information on oxidation state and chemical bonding of specific elements. The 
concentrations of elements at the ore surface presented in histogram (Figure 5) are in a reasonable 
agreement with the EDX data, with the contents of Cu and S being more than twice lower in 
comparison with synthetic valleriite, as these elements are absent in other minerals. In both 
samples, the photoelectron Cu 2p3/2 peak with the binding energy (BE) of 932.5 eV and no shake-
up satellites at 944-948 eV, as well as the position of Auger L3MM line at 917 eV are indicative 
of sulfur-bonded copper +1 species in the sulfide layers of valleriite, with some broadening at the 
BEs of 933-936 eV being due to a minor contribution of oxidized copper species or/and “shake-
off” satellites [32,33,45-47]. The position of the major S 2p3/2 peak at 161.7 eV is characteristic of 
monosulfide in valleriites [32-34]. The spectra are better fitted using contributions of disulfide 
(162.5 eV) and polysulfide (163.4 eV) and a satellite at 164.5 eV similar to bulk Cu-Fe sulfides 
[45-47]. The small intensities of the di- and polysulfide components with the sum intensity of 10% 
total sulfur together with negligible concentrations of sulfate and other oxysulfur species (BE 
above 167 eV) imply insignificant oxidation of the sulfide sheets enclosed by hydroxide layers in 
the natural and synthetic minerals. 

 
Figure 5. X-ray photoelectron spectra, and atomic concentrations (histogram) derived from the 
survey spectrum for (a) Kingash valleriite-containing sample and (b) synthetic valleriite 
(patterned columns in the concentration histogram). 

The Fe 2p spectra include contributions from several phases and species, each of them 
exhibiting multiplet sets of lines [48,49]. While the spectra of pure valleriite can be well fitted with 
two five-line sets for Fe3+-S (first peak at 707.8 eV) and Fe3+-OH (711 eV) species, at least one 
more maximum centered at the BE of 709.8 eV with the intensity of 15-20 rel.% attributable to 



high-spin O-bonded Fe2+ should be added for the ore samples. Correspondingly, the Fe 3p spectra 
can be deconvoluted using two or three doublets centered at 54 eV (Fe-S species), 55.4 eV (Fe2+-
O) and 57 eV (Fe3+-O). Both Fe 2p and 3p spectra confirm, therefore, that Fe2+ species occurs in 
the Kingash rock sample but absent in synthetic valleriite. Some difference in the component 
intensities is likely due to surface oxidation as the probing depth for Fe 3p spectra is larger by a 
factor of 1.4 than that for the Fe 2p spectral region. The signals of Fe2+/3+ cations from magnetite 
appear to be small because of a low visible surface area of the Fe3O4 crystals (Figure 3), and the 
peaks of ferrous iron are mostly due to serpentines. The Mg 2p spectra show two maxima at the 
BEs of 50 eV and 48.8 eV, probably from valleriite and serpentines, respectively. The main O 1s 
peak at 531.7 eV is due to OH groups in serpentines and valleriite and the one (about 20 rel.%) at 
530.5 eV arises from O2- anions in magnetite, serpentines and valleriite; a maximum at 533.2 eV 
originates from surface water and oxygen in carbonaceous contaminations. Consequently, the XPS 
shows the comparable surface areas of serpentines and valleriite and insignificant magnetite in the 
Kingash ore specimen. The spectra also prove that the chemical states of elements in synthetic and 
natural valleriites are very similar.  

3.4. Thermal behavior 
The thermal reactions of valleriites are of interest for understanding the mechanisms of 

mineral formation, stability, ore processing and for material applications. Heating the rock sample 
in inert environment (Figure 6, a) results in minor endothermal effects and loss of about 1.3 % of 
total weight in the temperature range from 460 oC to 580 oC which may be due transformation of 
serpentines and valleriite releasing water from the hydroxide layers. Valleriite has been reported 
to be generally stable up to the temperature of 600-650 oC [13,50] while lizardite and chrysotile 
are known to gradually dehydroxilate through a wide temperature interval [51-53], masking the 
reactions of valleriite. Synthetic valleriite (Figure 6, c) exhibits desorption of water starting from 
50 oC, the endothermal reaction occurring at 500 oC and a smaller second step at about 580 oC. 
Similar processes in brucite correspond to the formation of defect MgO keeping the structure and 
residual OH groups and finally of the cubic bulk MgO [54], though at lower temperatures. Hence, 
minor features discerned for the natural samples near 500 oC (Figure 6, a) can be attributed to the 
reactions of valleriite, i.e., transformation of metal hydroxide layers to metal oxides releasing 
water. Bulk decomposition of serpentines in the Kingash sample with the loss of about 11 wt.% 
peaked at 723 oC and a second stage started at 900 oC. 

The ore sample heated in the oxidative atmosphere shows (Figure 6, b) an exothermic peak at 
447 oC associated with an increase in the sample weight by 4% and a smaller stage at 510 oC. 
The pure valleriite reveals the major maximum at 496 oC with two minor reactions at 346.6 and 
about 620 oC. Li and Cui [9] have observed similar effects starting from 480 oC and described 
those as “a structural change and the formation of a new phase”. It is clear that these effects are 
related to oxidation of sulfide yielding SO2/SO3 and their reactions with (hydr)oxide layers (or 
products of their dehydroxilation) in valleriite producing metal sulfates; the exact mechanisms of 
the reactions still need to be understood. It is worth underlining that no or very minor sulfur species 
are released into the environment from the sulfide sheets confined by hydroxide layers of the 
composite mineral, and the role of surrounding serpentines is insignificant. The endothermic 
transformations of serpentines losing OH/H2O are somewhat shifted in air as compared with inert 
atmosphere.  



 
Figure 6. Thermogravimetric (TG), differential thermogravimetric (DTG), and differential 
scanning calorimetry (DSC) curves for heating (a),(b) valleriite-containing Kingash sample and 
(c),(d) synthetic valleriite in (a),(c) inert Ar and (b),(d) air flow. 

3.5. Zeta potential 
Zeta potential is an important indicator of the state of solid/aqueous interfaces. Hydrophilic 

magnesium serpentines and brucite [29-31,55,56] are known to have positive zeta potentials in pH 
interval of 7-11 important for froth flotation, adhering to negatively charged sulfide mineral 
surfaces and suppressing their flotation recovery [28-31]. One could expect that valleriites 
exposing brucite-like outermost layers at the interface also has an isoelectric point at the pH about 
11 [55], and, moreover, Al3+ cations substituting Mg2+ induce a positive charge of hydroxide layers 
whereas sulfide sheets are charged negatively [8-10]. The experiments performed with synthetic 
valleriites, however, found an opposite trend [34], with the submicrometer flakes having negative 
zeta potentials almost independent on pH (Figure 7, curve a).  

 
Figure 7. Zeta potentials of (a) synthetic valleriite nanoflakes and Kingash ore samples 
measured using (b,c) the flow potential method from the fraction -125 + 75 m with (b) 
increasing and (c) decreasing pH and (d) electrophoretic mobility for the fraction -20 m. 

In the current research, zeta potentials vs pH plots for the Kingash ore samples were 
determined by measuring the flow potentials (plots b, c) of rather coarse, from 75 to 125 m, 
particles, in comparison with the conventional electrophoretic measurements (plots a,d) involving 



much finer particles, in order to elucidate the contributions of valleriite and serpentine entities. 
Zeta potentials of the coarse ore particles are generally negative although the magnitude between 
-10 mV and -25 mV is lower than that of the synthetic phase. The potential values depend also on 
the direction of pH changing; the negative magnitude is larger in the case of decreasing pH but it 
reduces at pH < 5. The plot (d) acquired using electrophoretic method from fine ore particles show 
an isoelectric point near pH 6.5. These findings imply that valleriite in the Kingash rocks has 
negative zeta potentials similar to synthetic phase, and the positive charge is imposed by fine 
serpentine particles, mainly at lower pHs. 

4. Discussion and Conclusions 
Valleriite in the Kingash rock samples is associated with serpentines and magnetite but not 

sulfide minerals, in contrast, for example, to valleriite ores from Noril’sk deposits [32,33]. It 
contains excessive, relative to the CuFeS2 stoichiometry, iron that occurs mainly as Fe3+ cations 
in brucite-like hydroxide layers substituting Mg2+. The Kingash mineral appears close to Noril’sk 
valleriite associated with pyrrhotite and magnetite in absence of serpentines rather than the one 
associated with chalcopyrite and lizardite that is a product of incomplete reaction between Cu-
bearing sulfides and serpentines and contains lower Fe in hydroxide layers. The Fe3+-O as well as 
Al3+-O species unexpectedly induced a more negative rather than positive, electric charge of the 
hydroxide sheets and so positive charge of the sulfide part, and negative zeta potential, similarly 
to synthetic material [34]. Mössbauer spectra show, apart from Zeeman sextets of magnetite, three 
doublets of paramagnetic Fe. The comparison with EDX and XPS data, previous studies [12,33] 
and synthetic valleriite [34] allows to conclude that the doublet with δ  0.30 mm/s and quadrupole 
splitting  of 0.56 mm/s is due to Fe3+ sites in the sulfide sheets of valleriite. The feature with δ 
= 1.14 mm/s and  = 2.64 mm/s appears to originate from ferrous iron in serpentines. The third, 
lower, doublet is attributable to oxygen-bonded ferric iron in valleriite and partially in serpentines. 
The photoelectron spectra of Fe revealed contributions of S- and O-bonded ferric iron, originating 
mostly from valleriite, and Fe2+ in serpentines. The spectra of sulfur and copper are very similar 
for natural and synthetic valleriites. 

Thermal analysis experiments showed that sulfide part of valleriite oxidizes in air at 447 oC 
with exothermic effect and an increase in the sample weight, so sulfur confined between the 
hydroxide layers doesn’t volatilize as SO2 or S. In inert atmosphere, the samples decay yielding 
water in endothermic reaction(s) at about 500 oC both for natural and synthetic valleriites. The 
temperatures of the non-oxidative and oxidative decomposition are close, suggesting that sulfur 
oxides appear to react with metal hydroxide layers and their decomposition products rather than 
with serpentines. The decomposition temperatures are lower than those for serpentines, and this 
may be employed for chemical separation and extraction of metal values.  

Zeta potentials measured using the flow potential method at rather big particles imply that 
valleriite surfaces are negatively charged; positive zeta potentials found utilizing electrophoretic 
techniques and finely ground minerals are due to serpentine particles. The characteristics of the 
ore surfaces are substantially affected by valleriite, despite its content is lower than that of 
serpentines, possibly due to its easier exfoliation. The experiments suggest that higher pH in the 
flotation or pretreatment with alkaline solutions may promote the recovery of valleriite from 
serpentine-rich ores. The results should be taken into consideration for developing technologies of 
mineral beneficiation and chemical processing of the Kingash ores or similar resources.  
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