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Abstract
Nickelalumite, ideally  NiAl4(SO4)(OH)12(H2O)3, is a newly approved mineral from the Batken region, Kyrgyzstan, where it 
occurs in the Kara-Tangi and Kara-Chagyr uranium deposits. It formed in a zone of hydrothermal alteration of U–V-bearing 
carbonaceous siliceous schists, in association with quartz, calcite, alumohydrocalcite, allophane, crandallite, kyrgyzstanite, 
ankinovichite and an unknown Al–OH-mineral. It occurs as aggregates of colourless to pistachio-green radiating bladed 
crystals from 0.05 to 0.50 mm long. It is vitreous to transparent in thin flakes, has a white streak, and shows no fluorescence 
under long-wave or short-wave ultraviolet light. Cleavage is perfect parallel to {001} and no parting was observed. Mohs 
hardness is 2, it is brittle and has a splintery fracture. The calculated mass density is 2.231 g  cm–3. In transmitted plane-
polarized white light, nickelalumite is non-pleochroic, biaxial, α = 1.542(2), γ = 1.533(2), β could not be measured due 
to the almost negligible thickness of the flakes. EPMA chemical analysis gave  Al2O3 39.94,  SiO2 0.17,  SO3 15.20,  V2O3 
0.29, FeO 0.15, NiO 8.00, ZnO 6.21,  (H2O)calc. 31.87, total 101.83 wt%,  H2O was determined by crystal-structure analysis, 
and the empirical formula is as follows:  (Ni0.55Zn0.39V0.02Fe0.01)Σ0.97(Al3.99Si0.01)Σ4.00  (SO4)(OH)12(H2O)3 based on 4 (Al + 
Si) cations. There is considerable variation in substitution of Zn, Cu, Fe and  V3+ for Ni and  V5+ for  S6+. Nickelalumite is 
monoclinic, P21/n, a = 10.2567(5), b = 8.8815(4), c = 17.0989(8) Å, β = 95.548(1)°, V = 1550.3(2) Å3, Z = 4. The crystal 
structure of nickelalumite was refined to an R1 index of 5.66% and consists of interrupted  [NiAl4(OH)12] sheets intercalated 
with layers of {(SO4)2(H2O)3}; nickelalumite is a member of the chalcoalumite group.

Keywords Nickelalumite · New mineral species · Sulfate · Crystal structure · EPMA chemical analysis · Chalcoalumite 
group V-bearing schists · Kara-Tangi

Introduction

Nicke la lumi t e ,   (N i 0 .75Cu 0.25) Σ1 .00A l 4[SO 4] Σ0 .75 
 (NO3)Σ0.50(OH)12(H2O)3, was first described from the 
Mbobo Mkulu cave, Nelspruit district, eastern Transvaal, 
together with two other minerals: mbobomkulite, (Ni,Cu2+)
Al4[(NO3),(SO4)]2(OH)12(H2O)3, and hydrombobomkulite, 
(Ni,Cu2+)Al4[(NO3),(SO4)]2(OH)12(H2O)12 (Martini 1980). 
Mbobomkulite and hydrombobomkulite were approved by 
IMA (International Mineralogical Association)-CNMMN 
(Commission on New Minerals and Mineral Names) but 
nickelalumite was rejected because of some problems with 
chemical composition (Jacques Martini, personal communi-
cation). Nickelalumite was stated to be the nickel analogue 
of chalcoalumite,  CuAl4(SO4)(OH)12(H2O)3, a 17.090 Å, b 
8.915 Å, c 10.221 Å, β 95.88°, space group P21 (Larsen and 
Vassar 1925; Williams and Khin 1971).
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During investigation of vanadium-bearing schists from 
Kyrgyzstan, we found nickelalumite as a constituent of crys-
talline crusts at Kara-Chagyr and Kara-Tangi (Karpenko 
et al. 2004a). The nickelalumite crystals at the Kara-Tangi 
are of reasonable quality and allowed the structure of the 
mineral to be refined (Uvarova et al. 2005) and properties 
to be measured accurately. Thus we chose Kara-Tangi as the 
type locality for nickelalumite which has been approved as 
a new mineral species by the IMA-CNMNC (Commission 
on New Minerals, Nomenclature and Classification), 2022-
071. Dr. Martini declined to participate in the IMA approval 
procedure, stating that he is now out of mineralogy; how-
ever, he welcomed our initiative to formalize the mineral. 
Here we describe nickelalumite from all three localities. 
The holotype sample from Kara-Tangi is deposited in the 
systematic collection (# 98105) at the A.E. Fersman Min-
eralogical Museum, Moscow, Russia.

Occurrence

In the southern part of the Fergana valley, a belt of out-
crops of black carbonaceous schists extends for 100 km 
along the foothills of the Alai range. The schists are part 
of the South Fergana mélange involving large blocks of 
Early Paleozoic carbonaceous siliceous rocks in a matrix 
of serpentinite. Initially investigated by Scherbakov (1924), 
Preobrazhensky (1926) and many others, the schists contain 
extensive U-Ni-Zn-V mineralization. The most significant 
exposures are at Kara-Tangi and Kara-Chagyr in the Bat-
ken region, Kyrgyzstan (Karpenko et al. 2004a) and show 
extensive Ni-Zn-V mineralization (Agakhanov et al. 2005; 
Karpenko et al. 2004a, b, 2009, 2011, 2016), and nickelalu-
mite was found at both these localities. At Kara-Tangi, there 
is a minor U-deposit that was worked in the 1960–1970s 
(V. Rogovoy, personal communication) and is located in a 

gorge (Fig. 1a) with the same name on the northern slope of 
the Katran-Tau mountains, Batken region, Kyrgyzstan. The 
deposit occurs in a zone of strongly folded chlorite-sericite 
slates (Fig. 1b) of Upper-Silurian age, and the mineraliza-
tion occurs in boudinaged carboniferous black schists. The 
size of the lenses ranges from one metre to several tens of 
metres in length.

Nickelalumite was found on the surface of carbonaceous 
siliceous schist in the dumps of the mine adit on the right 
side of Kara-Tangi gorge (GPS coordinates 40° 07′ 09′′ 
N, 71° 17′ 50′′ E). It forms pale-blue to greenish crusts 
of radiating lamellar aggregates of crystals up to 1.5 mm, 

Fig. 1  The Kara-Tangi deposit: (a) a view of the deposit; the locations of the blocks of black schist mined for uranium are indicated by black 
arrows; (b) sketch of the geology across the Kara-Tangi valley (from Porshnyakov et al. 1991)

Fig. 2  A typical hand-specimen (6.0 cm × 7.5 cm) of carbonaceous 
U–V-bearing black schist (black), penetrated by quartz veins and 
covered with very light greenish-bluish crystalline crust mainly of 
nickelalumite and kyrgyzstanite, Kara-Tangi dumps. Arrows shows 
typical aggregations of nickelalumite and kyrgyzstanite, which are 
widespread on the surface of the specimen. Their hue is sometimes 
yellowish (bottom arrow) because of Fe-secondary oxides
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and also occurs in cracks and small cavities (Fig. 2) associ-
ated with quartz, calcite, alumohydrocalcite, kyrgyzstanite, 
ankinovichite and boehmite. Some aggregates are replaced 
by allophane. Nickelalumite crystals are lamellar and split 
(Fig. 3a, b), and resemble kyrgyzstanite, the zincian ana-
logue of nickelalumite (Agakhanov et al. 2005).

At Kara-Chagyr, nickelalumite occurs as crusts of radi-
ating fibrous aggregates up to 1.5 mm which are com-
monly intercalated with allophane and are closely asso-
ciated with ankinovichite, Zn-Ni-bearing volborthite, 
allophane, tyuyamunite and rare tangeite (Fig. 4a). In cavi-
ties in the rock, it can form almost ideal spheres up to 1.5 
mm in diameter growing on lamellar skeletal crystals of 
volborthite (Fig. 4b). Here, nickelalumite shows complex 
zoning (Fig. 4c, d), and for this reason, nickelalumite from 
Kara-Tangi was chosen as the holotype material.

Analytical characterization

Physical properties

Nickelalumite occurs as aggregates of radiating bladed crys-
tals from 0.05 to 0.50 mm long (Fig. 3); individual crys-
tals disaggregate into fibres and flakes that deform under 
the slightest touch. Colour varies from almost colourless 
through light blue to pistachio green depending on crystal 
size and V content. Nickelalumite is vitreous to transpar-
ent in thin crystals, has a white streak, and shows no fluo-
rescence under long-wave or short-wave ultraviolet light. 
Cleavage is perfect parallel to {001} and no parting was 
observed. Mohs hardness is 2, it is brittle and has a splintery 
fracture. The calculated mass density is 2.231 g  cm–3 and it 
is soluble in hot (1:1) HCl.

Fig. 3  An aggregation of lamel-
lar split crystals of nickela-
lumite from Kara-Tangi: (a) 
secondary electron image of 
the unprepared specimen; (b) 
polished section in BSE mode. 
Photos by Ilya B. Afanasyev

Fig. 4  Spherulite aggrega-
tions of nickelalumite from 
Kara-Chagyr: (a) ankinovichite 
(Ank) overgrowth on nickelalu-
mite (Nick); (b) spherulites of 
V-bearing nickelalumite covered 
with volborthite (Volb); (c) BSE 
image of cross-cut ankinovichite 
(ank) – nickelalumite (nick) crust 
with kaolinite (kaol); (d) BSE 
image of cross-cut of nickelalu-
mite (1) and Si-V-rich nickelalu-
mite (2) as part of the complex 
zoned spherulite; frame shows 
area covered by images in Fig. 7. 
White-light photographs (a) and 
(b) by Natalya A. Pekova
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In transmitted plane-polarized white light, nickelalumite is 
non-pleochroic. A spindle stage was used to orient a crystal for 
measurement of refractive indices in white light (Bartelmehs 
et al. 1992). Nickelalumite is biaxial, α = 1.542(2), γ = 1.533(2), 
β could not be measured due to the almost negligible thickness 
of the flakes. Extinction is oblique (~ 40°). The average refrac-
tive index for vanadium-bearing nickelalumite  (V2O5 6.0 wt%) 
from Kara-Chagyr is ~1.575–1.580, in accord with the refractive 
indices of ankinovichite, the vanadium analogue of nickelalu-
mite (Karpenko et al. 2004a, b).

Raman spectroscopy

The Raman spectrum of nickelalumite from Kara-Tangi 
(Fig. 5a) was obtained at room temperature on a polished 
crystal using a Thermo DXR2xi Raman imaging confocal 
microscope with a green laser (532 nm). The output power 
of the laser beam was 8 mW (at 80% power), the holographic 
diffraction grating had 400 lines  cm–1, and the spectral resolu-
tion was 2  cm–1. The diameter of the focal spot on the sample 

was 2 μm. The backscattered Raman signal was collected with 
a 100× objective; signal-acquisition time for a single scan of 
the spectral range was 0.3 s and the signal was averaged over 
30 scans. The spectrum was processed using Omnic software. 
Two sharp lines at 3674 and 3614  cm–1 correspond to (OH)-
stretching. There are two distinct (OH) groups in the struc-
ture: (1) those where the donor O bonds to two [6]Al, and (2) 
those where the donor O bonds to two [6]Al plus [6]Zn. The 
latter will have stronger hydrogen bonding resulting in lower 
stretching frequency, and hence will occur at lower Raman 
shift: 3614  cm–1. There is a broad absorption in the range 
2800–3500  cm–1 that corresponds to  (H2O) stretching. An 
intense band at 987  cm–1 and a weak band at 1108  cm–1 cor-
respond to the ν1 symmetric and ν3 antisymmetric stretching 
of the  (SO4) tetrahedra; the band at 604  cm–1 corresponds to 
bending vibrations of  (SO4); and the weak band at 468  cm–1 
is associated with  (SO4) and  (AlO6) bending modes. A similar 
spectrum was obtained from tiny flakes of nickelalumite (sam-
ple #MGS 18211) obtained from the National Museum of 
Natural History, Pretoria, Republic of South Africa, Council 
for Geoscience, South Africa (Fig. 5b).

Fig. 5  Raman spectra of 
nickelalumite: (a) Kara-Tangi, 
Kyrgyzstan; (b) Mbobo Mkulu, 
R.S.A
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Chemical composition

In order to understand why nickelalumite was not approved 
originally by IMA-CNMMN, we examined powder sample 
#MGS 18211 in BSE (back-scattered electron) mode. It con-
sists of thin plates of pure nickelalumite mixed with Al–Si-
rich material, probably allophane (Martini 1980), 
that resulted in excess Si in the formula.

The original analysis of nickelalumite from Mbobo Mkulu, 
South Africa (Martini 1980) (analysis 1, Table 1) included 
4.70 wt%  N2O5 and a deficiency in S (0.75 apfu, atoms per 
formula unit), suggesting replacement of  (SO4)2– by  (NO3)2–. 
In this regard, Williams et al. (2011) reported the synthesis of 
 ZnAl4(NO3)2(OH)12(H2O)x with highly disordered interlayer 
 (NO3)– oxyanions. They dehydrated their disordered material 
to  [ZnAl4(OH)12](NO3)2 and showed that the structure con-
tains  [ZnAl4(OH)12] layers topologically the same as those in 
nickelalumite, supporting the idea that  (NO3)2– may replace 
 (SO4)2– in the nickelalumite structure.

The composition of nickelalumite was obtained for the crys-
tal used for X-ray diffraction. It was mounted on a Perspex disc, 
ground, polished, carbon-coated and analyzed with a Cameca 
SX 100 electron probe micro-analyser (EPMA) operating in 
wavelength-dispersion mode with an accelerating voltage of 15 
kV, a specimen current of 3 nA, a beam size of 20 μm and count-
ing times on peak and background of 20 and 10 s, respectively. 

Table 1  Chemical composition (wt%) for nickelalumite (1–4) and 
kyrgyzstanite (5)

1, 2: Mbobo Mkuku, R.S.A. (Martini 1980) (1: blue nodules in allophane, 
wet chemistry; 2: crust on gypsum, microprobe); 3, 4: nickelalumite, used 
for crystal-structure refinement, Kara-Tangi, Kyrgyzstan, our data (3: 
average from 10 microprobe analyses; 4: range of composition); 5: kyr-
gyzstanite, Kara-Tangi, Kyrgyzstan, average from 6 microprobe analyses 
(Agakhanov et al. 2005)
Empirical formulae:
1:  (Ni0.75Cu0.25)Σ1.00Al4[SO4]Σ0.75(NO3)Σ0.50(OH)12(H2O)3 (Martini 1980)
3: (Ni0.55Zn0.39V0.02Fe0.01)Σ0.97(Al3.99Si0.01)Σ4.00(SO4)(OH)12(H2O)3 
(Agakhanov et al. 2005)

Components 1 2 3 4 5

Al2O3 39.3 41.65 39.94 38.99–40.63 38.45
V2O3 – – 0.29 0.11–0.40 0.06
SiO2 8.95 – 0.17 0.11–0.23 0.33
SO3 10.28 13.53 15.2 14.82–15.56 15.00
NiO 6.59 10.08 8.00 7.54–8.62 4.13
ZnO n.d. n.d. 6.21 5.73–6.88 10.02
CuO 2.35 0.93 n.d. 0.58
FeO – – 0.15 0.04–0.25 0.32
N2O5 4.70 – n.d. 0.00
C <0.30 – n.d. n.d.
H2O 28.53 – 31.87 30.10
Total 100.7 101.83 98.99

Table 2  Chemical composition (EPMA results) and calculated mineral formulae for nickelalumite

1–8: nickelalumite, Kara-Tangi (light-blue radiate-fibrous segregations); 9–14: nickelalumite, Kara-Chagyr (9: light-blue needle-shaped, 10–12: 
light-green spherulites of V-bearing nickelalumite; 13, 14: dark-green spherulites of high-vanadium nickelalumite); 1–4, 13, 14: our data; 5–12: 
Karpenko et al. (2004a)
* Calculated based on 6 (Ni + Zn + Cu + Fe + V + Al + Si + S) atoms per formula unit

Component 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Major oxides (wt%)
Al2O3 39.24 39.54 37.36 38.59 37.76 37.67 37.73 38.83 38.05 36.35 38.99 38.77 38.01 39.02
V2O3 0.40 0.52 0.78 0.68 0.00 0.17 0.09 0.00 0.00 4.42 4.59 4.15 8.06 7.18
SiO2 0.15 0.00 0.00 0.00 0.38 0.41 0.64 0.69 0.77 1.08 0.61 1.10 3.79 1.33
SO3 15.71 16.07 15.67 16.18 14.38 14.11 14.54 14.80 14.45 11.99 13.10 11.96 9.46 11.83
NiO 9.06 11.01 11.50 10.45 7.05 9.87 8.08 10.03 12.07 10.03 8.87 7.77 10.81 9.90
ZnO 5.12 3.86 3.50 3.93 6.64 4.88 6.24 4.83 0.66 1.15 0.34 2.25 2.86 1.46
CuO 0.00 0.00 0.00 0.00 0.72 0.10 0.52 0.22 0.00 1.10 0.31 0.95 2.21 1.92
FeO 0.00 0.00 0.00 0.00 0.00 0.29 0.33 0.00 0.00 0.00 0.00 1.80 0.00 0.42
Total 69.68 71.00 68.81 69.83 66.93 67.50 68.17 69.40 66.00 66.12 66.81 68.75 75.20 73.06
Calculated mineral formulae* (apfu)
Ni+2 0.63 0.75 0.81 0.73 0.51 0.71 0.57 0.70 0.87 0.73 0.63 0.54 0.71 0.67
Zn+2 0.33 0.24 0.23 0.25 0.44 0.32 0.41 0.31 0.04 0.08 0.02 0.14 0.17 0.09
Cu+2 0.00 0.00 0.00 0.00 0.05 0.01 0.03 0.01 0.00 0.08 0.02 0.06 0.14 0.12
Fe+2 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.00 0.00 0.82 0.00 0.13 0.00 0.03
V+3 0.03 0.04 0.05 0.05 0.00 0.01 0.01 0.00 0.00 0.32 0.33 0.29 0.43 0.40
Al+3 3.99 3.95 3.87 3.93 4.00 3.95 3.93 3.96 4.03 3.88 4.07 3.96 3.65 3.85
Si+4 0.01 0.00 0.00 0.00 0.03 0.04 0.06 0.06 0.07 0.10 0.05 0.10 0.31 0.11
S+6 1.02 1.02 1.03 1.05 0.97 0.94 0.96 0.96 0.98 0.82 0.87 0.78 0.58 0.74
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Fig. 6  Compositional variation 
in nickelalumite from Kara-Tangi 
(green circles), Kara-Chagyr 
(brown circles) and Mbobo 
Mkulu (large brown triangle); the 
red diamond is the end-member 
composition of nickelalumite; 
(a) (Zn + Cu + Fe) versus Ni; 
the pale-blue diamond is the 
end-member composition of 
kyrgyzstanite and the yellow star 
is the composition of the crystal 
structure refined here; (b) V 
versus S; the dark-blue diamond 
is the end-member composition 
of ankinovichite

Fig. 7  X-ray maps of the area in 
the frame on Fig. 4d



225Nickelalumite, ideally  NiAl4(SO4)(OH)12(H2O)3, a new‑old mineral from the…

1 3

The following reference materials and crystals were used for K 
X-ray lines: Al: andalusite; Si: titanite; S: anhydrite; V:  VP2O7;  
Ni:  Ni2Si; Zn: gahnite; Fe: fayalite; Cu:  CuFeS2. Data were 
reduced using the Φ(ρz) procedure (Merlet 1992). The amount 
of  H2O was derived from structure refinement. Table 1 gives the 
chemical composition and empirical formula unit based on 4 (Al 
+ Si) cations:  (Ni0.55Zn0.39V0.02Fe0.01)Σ0.97(Al3.99Si0.01)Σ4.00[SO4]
(OH)12(H2O)3. The composition of kyrgyzstanite, a Zn-analogue 
of nickelalumite, is given for comparison (analysis 5, Table 1).

Variation in chemical composition of nickelalumite at 
both Kara-Tangi and Kara-Chagyr was examined with Jeol 
Superprobe 733 and JXA-50A electron probe micro-analyser 
equipped with Link energy-dispersive spectrometers. The 
experimental conditions for the Jeol Superprobe 733 were: 
accelerating voltage 20 kV, specimen current 1 ×  10–9 A, 
reference materials  Al2O3 (Al), ZnS (S), magnetite USNM 

(Fe), metallic V and Cu (V, Cu), NiO (Ni), quartz (Si). 
Experimental conditions for the JXA-50A instrument were: 
accelerating voltage 20 kV, specimen current 3 ×  10–9 A; 
for calibration microcline USNM 143966 (Si, Al), ilmenite 
USNM 96189 (Fe), gahnite USNM 145883 (Zn), metallic V 
and Cu (V, Cu), NiO (Ni), baryte (S) were used. The three 
USNM materials are Smithsonian “microbeam standards” 
(Jarosewich 2002). Following ZAF corrections, formulae 
were calculated based on 6 (Ni + Zn + Cu + Fe + V + Al + 
Si + S) apfu and are given in Table 2.

Variation in Ni content is linear with (Zn + Cu + Fe) con-
tent (Fig. 6a). The data for Kara-Tangi fall almost exactly  
along the line (Ni + Zn + Cu + Fe) = 1 apfu and show isomor-
phism between Ni and Zn, which leads to the nickelalumite– 
kyrgyzstanite series. The data for Kara-Chagyr are  
slightly displaced below the line, suggesting that there is an 
additional element at the Ni site in Kara-Tangi nickelalumite.  
In the interlayer, V shows an inverse linear correlation with 
S (Fig. 6b), primarily in the Kara-Chagyr samples, and there 
is a positive correlation between the intensity of (green) col-
our and the V content. It is possible that incorporation of 
some  V3+ could also occur at the Ni site via the substitution 
 (VO4)3– +  V3+ →  (SO4)2– +  Ni2+ which would account for 

Table 3  X-ray powder-diffraction pattern for nickelalumite

a = 10.219(10) Å, b = 8.863(12) Å, c = 17.103(15) Å, β = 
95.26(10)°
V = 1543(2) Å3

I dobs (Å) dcalc (Å) h k l

10 8.35 8.515 0 0 2
3 6.67 6.684 1 1 0
3 4.62 4.556 2 0 –2
9 4.27 4.258 0 0 4
2 3.71 3.693 1 1 –4
5 3.30 3.317 2 2 –1
4 3.16 3.177, 3.179 2 2 –2, 0 1 5
6 3.02 3.049 2 2 2
6 2.683 2.701 0 2 5
2 2.592 2.598 2 1 5
8 2.508 2.501, 2.510 4 0 –2, 2 3 1
7 2.276 2.291, 2.278 2 3 3, 4 0 –4
3 2.222 2.216 0 4 0
2 2.067 2.065 1 1 –8
9 1.981 1.987 4 0 –6
3 1.824 1.823 5 2 1
3 1.811 1.814 4 0 6
4 1.740 1.740 1 2 –9
4 1.710 1.712 4 0 –8
1 1.647 1.653 4 1 7
3 1.556 1.555 2 3 –9
6 1.480 1.476 6 3 –1
6 1.455 1.456, 1.456 6 3 1, 0 6 2
4 1.400 1.397 6 3 3
4 1.361 1.359 4 0 10
1 1.302 1.306, 1.298 6 3 –7, 2 3 11
1 1.272 1.272, 1.272 8 0 0, 4 6 –2
1 1.241 1.239, 1.242 4 6 –4, 8 0 2
1 1.217 1.216 0 0 14
4 1.189 1.189, 1.188 8 0 4, 2 3 –13

Table 4  Miscellaneous refinement data for nickelalumite

a (Å) 10.2567(5)

b (Å) 8.8815(4)
c (Å) 17.0989(8)
β (°) 95.548(1)
V (Å3) 1550.3(2)
Space group P21/n
Z 4
Absorption coefficient  (mm–1) 1.71
F(000) 1064.0
Dcalc. (g  cm–3) 2.231
Crystal size 0.10 mm × 0.06 mm × 0.02 mm
Radiation/filter MoKα/graphite
2θ-range for data collection (°) 44.42
R(int) (%) 2.82
Reflections collected
Unique reflections

26624
15173

Independent reflections
Fo > 4σF

1959
1554

Refinement method Full-matrix least squares on F2, 
fixed weights proportional to 
1/σ Fo

2

Goodness of fit on F2 1.059
Final R(obs) (%)
[Fo > 4σF]

R1 = 5.66

R indices (all data) (%) R1 = 7.04
wR2 = 16.72
GoF = 1.054
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the displacement of most of the Kara-Chagyr samples below 
the line in Fig. 6a. Karpenko et al. (2004ab) suggested the 
substitution  (SO4)2– +  Al3+ ↔  (VO4)3– +  Si4+, which leads 
to V–Si-bearing nickelalumite (analyses 13 and 14, Table 2). 
The complexity of the compositional variations involving (Ni, 
Zn), Al, V and S in nickelalumite–ankinovichite is apparent 
on the characteristic X-ray maps of those elements (Fig. 7).

X‑ray powder diffraction

X-ray powder diffraction data for nickelalumite were col-
lected on a 57.3 mm RKD powder camera using Ni-filtered 
CuKα X-radiation and the data are listed in Table 3. The 
pattern was indexed using the cell dimensions and meas-
ured reflection intensities from the single-crystal X-ray data. 
Unit-cell parameters refined from powder data are as fol-
lows: a = 10.219(10), b = 8.863(12), c = 17.103(15) Å, β = 
95.26(10)°, V = 1543(2) Å3, Z = 4.

Single‑crystal X‑ray data collection and refinement

X-ray diffraction data for nickelalumite were collected with a 
Bruker P4 diffractometer equipped with a 4K CCD detector 
(MoKα radiation) from a single-crystal of nickelalumite with 
dimensions 0.10 × 0.06 × 0.02 mm. The intensities of 7103 
reflections with –10 < h < 10, –9 < k < 9, –18 < l < 18 were 
collected to 59.99° 2θ using 30 s per 0.2° frame: an empiri-
cal absorption correction (SADABS, Sheldrick 2008) was 
applied. The refined unit-cell parameters were obtained from 
3365 reflections with I > 20σI. There were no data in the 
region between 59.99° and 45°, and the data were truncated 
to 44.42°. The crystal structure of nickelalumite was solved 
using the Patterson method and refined to R1 = 5.66% and 
a GoF value of 1.059 for 1554 independent reflections (281 
refined parameters including extinction) with the Bruker 
SHELXTL version 5.1 system of programs. Site occupancy 

Table 5  Hydrogen bonding in the crystal structure of nickelalumite

*  W: oxygen atom of an  (H2O) group

D – H…A D – A (Å) D – H (Å) H – A (Å) ∠D – H…A (°)

*W(1)–H(1)–
O(16)

2.926(5) 0.98(1) 2.03(1) 151.4(6)

W(1)–H(1)–
O(14)

3.277(4) 0.98(1) 2.67(1) 139.9(1)

W(1)–H(2)–
O(14)

2.863(4) 0.98(1) 1.89(1) 174.5(5)

W(1)–H(2)–
O(13)

3.406(4) 0.98(1) 2.80(1) 120.7(5)

W(2)–H(3)–
O(15)

2.870(5) 0.99(3) 1.95(1) 154.1(4)

W(2)–H(3)–
O(13)

3.442(5) 0.99(3) 2.68(1) 134.2(4)

W(2)–H(4)–
O(15)

2.958(4) 0.97(2) 2.03(1) 158.9(4)

W(3)–H(5)–
O(16)

2.869(5 ) 0.98(1) 1.91(1) 163.8(5)

W(3)–H(5)–
O(15)

3.294(4) 0.98(1) 2.65(1) 123.5(1)

W(3)–H(6)–
W(1)

2.805(4) 0.98(1) 1.86(1) 162.8(1)

∠H(1)–W(1)–
H(2)

109.1(1.7)

∠H(3)–W(2)–
H(4)

110.7(3.0)

∠H(5)–W(3)–
H(6)

109.4(1.8)

O(1)–H(7)–
W(2)

2.822(5) 0.99(1) 1.88(1) 157.7(1)

O(2)–H(8)–
O(14)

2.625(5) 0.99(1) 1.70(1) 153.6(1)

O(3)–H(9)–
W(1)

2.765(4) 0.99(1) 1.79(1) 170.2(1)

O(4)–H(10)–
W(2)

2.837(4) 0.99(1) 2.04(1) 137.1(1)

O(5)–H(11)–
W(3)

2.998(5) 0.99(1) 2.02(1) 168.9(1)

O(6)–H(12)–
W(3)

2.858(4) 0.99(1) 1.93(1) 156.6(1)

O(7)–H(13)–
O(16)

2.782(4) 0.99(1) 1.81(1) 169.5(1)

O(8)–H(14)–
O(15)

2.707(5) 0.99(1) 1.72(1) 174.0(1)

O(9)–H(15)–
W(3)

2.944(5) 0.99(1) 1.98(1) 165.6(1)

O(10)–H(16)–
O(13)

2.904(3) 0.99(1) 1.94(1) 164.1(1)

O(11)–H(17)–
O(13)

2.698(4) 0.99(1) 1.73(1) 166.2(1)

O(12)–H(18)–
O(13)

2.762(5) 0.99(1) 1.82(1) 157.4(1)

Table 6  Refined site-scattering values (epfu) and assigned site-populations 
(apfu) for nickelalumite

*  Calculated by summing constituent ionic radii; values from Shannon 
(1976)

Refined 
site-
scattering

Site 
population

Calculated 
site-
scattering

<X–
φ>calc.*

<X–φ>obs.

M 27.63(15) 0.55Ni + 
0.39Zn + 
0.02V + 
0.01Fe

27.82 2.089 2.079
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was refined for the M site (occupied primarily by Ni and Zn, 
plus minor V and Fe).

Details of the data collection and structure refinement are 
given in Table 4, details of hydrogen bonding in Table 5, 
and refined site-scattering values and assigned populations 
for selected sites are given in Table 6. Tables of final atom 
parameters and selected interatomic distances and angles are 
included in Supplementary Materials. Further details of data 
collection and structure refinement can be retrieved from the 
Crystallographic Information File (CIF), also included in 
Supplementary Materials.

Crystal structure of nickelalumite

Cation sites

There are five octahedrally coordinated sites in the nickela-
lumite structure. The M site is occupied by Ni and Zn with 
minor V and Fe:  (Ni0.55Zn0.39V0.02Fe0.01)Σ0.97, <M–OH> = 

2.079 Å. There are four sites occupied solely by Al, with 
<Al–OH> = 1.900 Å. There is one tetrahedrally coordinated 
S site with <S–O> = 1.468 Å. There are twelve anion sites 
occupied by (OH) groups and three sites fully occupied by 
 (H2O). The refined and calculated site-scattering values and 
the observed and calculated <X–φ> distances (φ = unspeci-
fied ligand) are in accord with the site populations in Table 6.

Structure topology

In the nickelalumite structure, Al octahedra are connected 
through common edges to form six-membered rings with 
an octahedron at the centre of the ring. Half of these octa-
hedra are occupied by Ni and Zn, and half are vacant. M 
and Al octahedra form a [(Ni,Zn)Al4(OH)12]2+ sheet par-
allel to (001) (Fig. 8a). The  (SO4) tetrahedra and  (H2O) 
groups occupy interstitial space between sheets of M–Al 
octahedra (Fig. 9a), and  (SO4) tetrahedra link by hydrogen 
bonds involving donor O-atoms of  (H2O) groups and accep-
tor O-atoms of  (SO4) tetrahedra (Figs. 9a, 10a, Table 5). 

Fig. 8  (a) The  [NiAl4(OH)12] 
sheet in nickelalumite and (b) 
the analogous  [ZnAl4(OH)12] 
sheet in alvanite. Ni octahedra: 
green; Al octahedra: yellow; Zn 
octahedra: orange

Fig. 9  Interleaved sheets of 
 [M2+Al4(OH)12] and layers of 
{(TO4)n(H2O)m} in (a) nickela-
lumite and (b) alvanite. Legend 
as in Fig. 8;  (SO4) groups: 
mauve;  (VO4) groups: pink; 
O atoms: pale-blue circles; H 
atoms: small red circles
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Hydrogen bonds link donor O-atoms of (OH)-groups to 
acceptor O-atoms of  (H2O) groups and  (SO4) tetrahedra 
(Figs. 9a, 10a) to link the [(Ni,Zn)Al4(OH)12] structural unit 
to the interstitial {(SO4)(H2O)3} layer.

Relation to other structures

Nickelalumite has a stoichiometry (Table 2) similar to that of 
kyrgyzstanite: (Zn, Ni)(Al4(SO4)(OH)12(H2O)3, (Agakhanov 
et al. 2005), mbobomkulite:

(Ni,  Cu2+)Al4[(NO3),(SO4)]2(OH)12(H2O)3, hydrombobo-
mkulite: (Ni,Cu2+)Al4[(NO3),(SO4)]2(OH)12  (H2O)12 (Martini 
1980) and chalcoalumite:  CuAl4(SO4)(OH)12(H2O)3 (Larsen 
and Vassar 1925; Williams and Khin 1971). The crystal struc-
tures of nickelalumite and kyrgyzstanite were solved by Uvarova 
et al. (2005) and Agakhanov et al. (2005), and the structure of 
chalcoalumite was eventually refined by Hawthorne and Cooper 
(2013) on a rotating-anode diffractometer. The similarity of the 
stoichiometries, cell dimensions and space groups of mbobom-
kulite and hydrombobomkulite (Table 7) suggest that the former 
is isostructural with chalcoalumite (the earliest named member 
of the group) and the latter has a related structure.

The crystal structure of nickelalumite involves a 
 [NiAl4(OH)12] sheet (Fig. 8a) topologically identical to the 
analogous  [ZnAl4(OH)12] sheet (Fig. 8b) in alvanite, ideally 
 ZnAl4(VO3)2(OH)12(H2O)2 (Pertlik and Dunn 1990), and 
ankinovichite  NiAl4(VO3)2(OH)12(H2O)2 (Karpenko et al. 
2004b). In the structure of nickelalumite,  [NiAl4(OH)12] 
sheets are connected through isolated  (SO4) tetrahedra and 
 (H2O) groups (Figs. 9a, 10a) whereas in alvanite and ankinovi-
chite, layers of octahedra are linked by hydrogen bonds to 
unbranched  [TO3] chains (Figs. 9b, 10b), a very common link-
age of tetrahedra in minerals (Day and Hawthorne 2020, 2022). 
The differences between the nickelalumite-type structure and 
the alvanite-type structure are best shown by their interstitial 
layers (Fig. 10). In the nickelalumite structure, sulfate tetrahe-
dra are linked by hydrogen bonds involving interstitial  (H2O) 
groups (Figs. 9a, 10a), whereas in the alvanite structure, 
 [VO3]1– chains of tetrahedra link via hydrogen bonds involving 
chains of hydrogen-bonded  (H2O) groups (Figs. 9b, 10b). The 
different two-dimensional packing arrangements of these two 
interstitial layers accounts for the different content of  (H2O) 
in each structure type:  (H2O)3 in nickelalumite (Fig. 10a) and 
 (H2O)2 in alvanite (Fig. 10b).

Fig. 10  The interstitial layers in 
(a) nickelalumite and (b) alvan-
ite. Legend as in Fig. 9;  OW–H 
bonds are shown as solid black 
lines and hydrogen bonds are 
shown as dashed black lines

Table 7  Comparison of data for nickelalumite, kyrgyzstanite, mbobomkulite, hydrombobomkulite, chalcoalumite, alvanite and ankinovichite

References: (1) Uvarova et al. (2005); (2) Agakhanov et al. (2005); (3) Martini (1980); (4) Hawthorne and Cooper (2013); (5) Pertlik and Dunn 
(1990) (6) Karpenko et al. (2004b)

Mineral name Ideal formula Space group a, Å b, Å c, Å β, o Z Ref.

Nickelalumite NiAl4(SO4)(OH)12(H2O)3 P21/n 10.2567(5) 8.8815(4) 17.0989(8) 95.548(1) 4 (1)
Kyrgyzstanite ZnAl4(OH)12(SO4)(H2O)3 P21/n 10.246 8.873 17.220 96.41 4 (2)
Mbobomkulite (Ni,Cu2+)Al4[(NO3),(SO4)]2

(OH)12(H2O)3

undetermined 10.171 8.865 17.145 95.37 4 (3)

Hydrombobomkulite (Ni,Cu2+)Al4[(NO3),(SO4)]2
(OH)12(H2O)12

undetermined 10.145 17.155 20.870 90.55 4 (3)

Chalcoalumite CuAl4(SO4)(OH)12(H2O)3 P21/n 10.228(3) 8.929(3) 17.098(6) 95.800(11) 4 (4)
Alvanite ZnAl4(VO3)2(OH)12(H2O)2 P21/n 17.808(8) 5.132(3) 8.881(4) 92.11(3) 2 (5)
Ankinovichite NiAl4(VO3)2(OH)12(H2O)2 P21/n 17.8098(8) 5.1228(2) 8.8665(4) 92.141(1) 2 (6)
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Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00710- 023- 00832-3.
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