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abSTRaCT

The crystal structure of nalivkinite, ideally Li2 Na Fe2+
7 Ti2 (Si8 O24) O2 (OH)4 F, a new lithium member of the astrophyllite 

group, from the moraine of the Dara-i-Pioz glacier, the Alai mountain ridge, Tien-Shan Mountains, northern Tajikistan, triclinic, 
a 5.3745(6), b 11.9299(15), c 11.6509(14) Å, a 113.325(3), b 94.524(2), g 103.080(2)°, V 656.2(2) Å3, space group P1, Z = 1, 
Dcalc. 3.293 g/cm3, has been refined to R1 = 6.3% for 2041 unique (F0 > 4sF) reflections, collected on a Bruker single-crystal 
P4 diffractometer with a 4K CCD detector and MoKa X-radiation. Electron-microprobe analysis gives SiO2 36.11, Al2O3 0.58, 
Na2O 1.88, K2O 2.68, Cs2O 0.93, CaO 1.24, MgO 0.11, FeO 30.84, MnO 4.86, ZnO 0.23, TiO2 9.48, Nb2O5 2.40, Ta2O5 0.61, 
ZrO2 1.47, SnO 0.89, PbO 0.39, F 1.45, Li2OICP–MS 1.30, (H2O)calc 2.75, sum 100.2 wt.% (H2O determined from crystal-structure 
analysis). The empirical formula based on 31 (O + OH + F) anions is (Li1.14 K0.75 Cs0.09 Na0.02)S2.00 (Na0.78 Ca0.22)S1.00 (Fe2+

5.64 
Mn0.90 Sn0.09 Ca0.07 Mg0.04 Zn0.04 Pb0.02□0.20)S7.00 (Ti1.56 Nb0.24 Zr0.16 Ta0.04)S2.00 [(Si7.89 Al0.15)8.04 O24] O2 (OH)4 F. The crystal 
structure of nalivkinite is topologically identical to that of triclinic astrophyllite. For nalivkinite, a general formula for the 
astrophyllite-group minerals, A2 B C7 D2 (T8 O24) O2 (OH)4 X0–1, ideally has A = Li; B = [10]Na; C = [6]Fe2+; D = [6]Ti; T = [4]Si 
and X = F. In the nalivkinite structure, four T sites are mainly occupied by Si with minor Al, with <T–O> = 1.623 Å. The M(1–4) 
sites are occupied by (Fe2+

1.71Ca0.07Pb0.02□0.20), Fe2+
2.00, (Fe2+

1.10 Mn0.90) and (Fe2+
0.83 Sn0.09 Zn0.04 Mg0.04), with <M(1–4)–O> 

= 2.164, 2.146, 2.140 and 2.140 Å, respectively. The D site is occupied by (Ti1.56 Nb0.24 Zr0.16Ta0.04), with <D–O> = 1.959 Å. 
There are two interstitial sites, A and B, ideally occupied by Li and Na. The B site is occupied by (Na0.78Ca0.22), with <B–O> 
= 2.612 Å. The A site splits into two half-occupied sites, A(1a) and A(1b), with A(1a)–A(1b) = 1.28(4) Å. The [13]A(1a) site is 
occupied by K, Li, Cs and Na (K0.75Li0.14Cs0.09Na0.02 apfu), with <A(1a)–O> = 3.310 Å. The [5]A(1b) site is occupied by Li (1.0 
Li apfu), with <A(1b)–O> = 2.28 Å. The aggregate content of the A site is (Li1.14 K0.75 Cs0.09 Na0.02)S2.00 or, ideally, Li2. In the 
structure, an O sheet of Fe2+ octahedra and two heteropolyhedral (H) sheets of (Si4O12) ribbons and Ti octahedra form an HOH 
block of composition Fe2+

7 Ti2 (Si4 O12)2 O2 (OH)4 F. The HOH blocks link via common vertices of Ti octahedra (F atoms) along 
[001] and contain interstitial cations at the A and B sites. Nalivkinite is a Li analogue of astrophyllite, and the two structures are 
related by the isovalent substitution Li (nalivkinite) ↔ K (astrophyllite) at the interstitial A site.

Keywords: nalivkinite, new Li mineral species, astrophyllite group, crystal structure, positional disorder.

SOmmaiRE

Nous avons établi la structure cristalline de la nalivkinite, de composition idéale Li2 Na Fe2+
7 Ti2 (Si8 O24) O2 (OH)4 F, 

nouveau membre riche en lithium du groupe de l’astrophyllite, provenant de la moraine du glacier Dara-i-Pioz, sur les flancs de 
l’arête Alai dans les montagnes Tien-Shan, dans le nord du Tajikistan. La structure est triclinique, a 5.3745(6), b 11.9299(15), 
c 11.6509(14) Å, a 113.325(3), b 94.524(2), g 103.080(2)°, V 656.2(2) Å3, groupe spatial P1, Z = 1, Dcalc. 3.293 g/cm3; nous 
l’avons affiné jusqu’à un résidu R1 de 6.3% en utilisant 2041 réflexions uniques (F0 > 4sF) prélevées avec un diffractomètre 
Bruker P4 pour monocristaux muni d’un détecteur 4K de type CCD et avec rayonnement MoKa. Une analyse à la microsonde 
électronique a donné: SiO2 36.11, Al2O3 0.58, Na2O 1.88, K2O 2.68, Cs2O 0.93, CaO 1.24, MgO 0.11, FeO 30.84, MnO 4.86, 
ZnO 0.23, TiO2 9.48, Nb2O5 2.40, Ta2O5 0.61, ZrO2 1.47, SnO 0.89, PbO 0.39, F 1.45, Li2OICP–MS 1.30, (H2O)calc 2.75, pour 
un total de 100.2% (par poids; la quantité de H2O a été déterminée à partir de l’ébauche de la structure). La formule empirique, 
fondée sur 31 anions (O + OH + F) est (Li1.14 K0.75 Cs0.09 Na0.02)S2.00 (Na0.78 Ca0.22)S1.00 (Fe2+

5.64 Mn0.90 Sn0.09 Ca0.07 Mg0.04 Zn0.04 
Pb0.02□0.20)S7.00 (Ti1.56 Nb0.24 Zr0.16 Ta0.04)S2.00 [(Si7.89 Al0.15)8.04 O24] O2(OH)4 F. La structure cristalline de la nalivkinite est 
topologiquement identique à celle de l’astrophyllite triclinique. Dans le cas de la nalivkinite, la formule générale des minéraux 
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de ce groupe, A2 B C7 D2 (T8 O24) O2 (OH)4 X0–1, se traduit idéalement par A = Li; B = [10]Na; C = [6]Fe2+; D = [6]Ti; T = [4]Si et X 
= F. Dans la structure de la nalivkinite, quatre sites T sont surtout des sites Si, avec Al accessoire; <T–O> = 1.623 Å. Les sites 
M(1–4) sont peuplés par (Fe2+

1.71Ca0.07Pb0.02□0.20), Fe2+
2.00, (Fe2+

1.10 Mn0.90) et (Fe2+
0.83 Sn0.09 Zn0.04 Mg0.04), avec <M(1–4)–O> 

= 2.164, 2.146, 2.140 et 2.140 Å, respectivement. Le site D contient (Ti1.56 Nb0.24 Zr0.16Ta0.04), avec <D–O> = 1.959 Å. Il y a deux 
sites interstitiels, A et B, idéalement remplis par Li et Na. Le site B contient (Na0.78Ca0.22), avec <B–O> = 2.612 Å. Le site A est 
subdivisé en deux sous-sites à moitié occupés, A(1a) et A(1b), avec A(1a)–A(1b) = 1.28(4) Å. Le site [13]A(1a) contient K, Li, Cs 
et Na, (K0.75Li0.14Cs0.09Na0.02) apfu, avec <A(1a)–O> = 3.310 Å. Le site [5]A(1b) contient le lithium, 1.0 Li apfu, avec <A(1b)–O> 
= 2.28 Å. Le contenu global du site A est (Li1.14 K0.75 Cs0.09 Na0.02)S2.00 ou, de façon idéale, Li2. Dans la structure, un feuillet 
d’octaèdres contenant Fe2+ et deux feuillets hétéropolyédriques (H) de rubans (Si4O12) et des octaèdres Ti forment un bloc HOH 
de composition Fe2+

7 Ti2 (Si4 O12)2 O2 (OH)4 F. Ces blocs HOH sont liés grâce aux coins communs des octaèdres Ti (les atomes F) 
le long de [001]; ils contiennent des cations interstitiels aux sites A et B. La nalivkinite est l’analogue lithinifère de l’astrophyllite, 
et les deux structures sont reliées par la substitution isovalente Li (nalivkinite) ↔ K (astrophyllite) au site interstitiel A.

(Traduit par la Rédaction)

Mots-clés: nalivkinite, nouvelle espèce minérale à Li, groupe de l’astrophyllite, structure cristalline, désordre de position.

single-crystal diffraction, electron-microprobe analysis 
and Mössbauer spectroscopy), and generalized the 
crystal chemistry of the astrophyllite-group minerals. 
Piilonen et al. (2003a, b) wrote the general formula 
as A2 B C7 D2 T8 O26 (OH)4 X0–1, where A = [10]–[13](K, 
Rb, Cs, Na, H3O+, H2O or □); B = [10](Na or Ca); C =  
[6](Fe2+, Mn, Fe3+, Na, Mg or Zn); D = [6](Ti, Nb, Zr); 
T = Si, Al and X = F, OH, O, □. In the crystal structure 
of astrophyllite-group minerals, a sheet of close-packed 
M octahedra (O sheet) and two heteropolyhedral (H) 
sheets of (Si4O12) ribbons and D (= Ti, Nb) octahedra 
form an HOH block [the HOH notation of Ferraris 
(1997)] of composition C7 D2 (Si4 O12)2 O2 (OH)4 X0–1. 
The HOH blocks link along [001] via common vertices 
of D octahedra (F atoms) and have interstitial cations 
at the A and B sites. Currently, there are nine minerals 
in the astrophyllite group, including two polytypes of 
kupletskite, one of monoclinic (2M) and one of triclinic 
(1A) symmetry (Piilonen et al. 2001). In Table 1, we 
present ideal formulae and references covering descrip-
tions and structure work on newly defined astrophyllite-
group minerals.

CHEmiCal COmPOSiTiOn

The crystal of nalivkinite used for X-ray diffrac-
tion was mounted on a Perspex disc, ground, polished, 
carbon-coated and analyzed with a Cameca SX 100 
electron microprobe operating in wavelength-dispersion 
mode with an accelerating voltage of 15 keV, a spec-
imen current of 20 nA, a beam size of 10 mm, and count 
times on peak and background of 20 and 10 s, respec-
tively. The following standards were used for K and L 
X-ray lines: Si, Ca: diopside; Al: andalusite; Na: albite; 
K: orthoclase; F: topaz; Mg: pyrope; Ti: titanite; Mn: 
spessartine; Fe: fayalite; Zn: gahnite; Nb: BaNaNbO4; 
Ta: tantalite-(Mn); Sn: SnO2; Cs: pollucite; Zr: zircon; 
Pb: galena. Data were reduced using the x-PHi procedure 
(Merlet 1992). The amount of H2O was calculated from 
the structure refinement. The single crystal of nalivki-
nite was analyzed by inductively coupled plasma – mass 

inTROduCTiOn

Nalivkinite, ideally Li2 Na Fe2+
7 Ti2 O2 (Si8 O24) 

(OH)4 F, was described from the moraine of the Dara-
i-Pioz glacier, the Alai mountain ridge, Tien-Shan 
Mountains, northern Tajikistan (Agakhanov et al. 2008). 
In that moraine, nalivkinite occurs in a coarse-grained 
quartzofeldspathic rock in association with quartz, 
microcline, calcybeborosilite-(Y) (up to 3 cm long), 
bafertisite (up to 5 cm), green thorite (up to 0.3 cm long), 
fluorite, aegirine and polylithionite. Nalivkinite is a new 
lithium-dominant member of the astrophyllite group. 
The presence of Li in astrophyllite-group minerals is 
unique. Piilonen et al. (2003a) analyzed 15 samples 
from Mont Saint-Hilaire using inductively coupled 
plasma – atomic emission spectrometry (ICP–AES); 
reported lithium contents were in the range from 42.7 
to 453.3 ppm. In nalivkinite, the A site is dominated 
by Li. The morraine of the Dara-i-Pioz glacier is well 
known for its great diversity of rare minerals of Cs, B, 
the rare-earth elements (REE), Zr, Ba, Be and Li. Quite 
a few lithium minerals occur at the Dara-i-Pioz massif: 
milarite-group minerals (sogdianite, dusmatovite, dara-
piozite, berezanskite), neptunite, zektzerite, baratovite, 
sokolovaite and faizievite. Here, we report the crystal 
structure and crystal chemistry of nalivkinite, and adopt 
the notation of Piilonen et al. (2003b).

PREViOuS WORK

Astrophyllite-group minerals are alkali-rich titano-
silicates that can be divided into two main subgroups, 
Fe2+- and Mn2+-dominant species. Astrophyllite, a Fe2+-
dominant member, was first described as a new mineral 
species by Weibye (1848). A hundred years later, 
kupletskite, a Mn-dominant member, was described 
as a new mineral species (Semenov 1956). There 
has been extensive work on the astrophyllite group 
of minerals, both in mineralogy and crystallography. 
Piilonen et al. (2003a, b) summarized previous work, 
performed additional experimental analyses (X-ray 
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spectrometry (ICP–MS). The amount of Li determined 
is 6040 ppm, which corresponds to 1.30 wt.% Li2O. In 
Table 2, we give the chemical composition and empirical 
formula unit based on 31 (O + OH + F) anions: (Li1.14 
K0.75 Cs0.09 Na0.02)S2.00 (Na0.78 Ca0.22)S1.00 (Fe2+

5.64 
Mn0.90 Sn0.09 Ca0.07 Mg0.04 Zn0.04 Pb0.02□0.20)S7.00  
(Ti1.56 Nb0.24 Zr0.16 Ta0.04)S2.00 [(Si7.89 Al0.15)S8.04 O24] 
O2 (OH)4 F, Z = 1.

x-RaY daTa COllECTiOn  
and STRuCTuRE REFinEmEnT

X-ray-diffraction data were collected with a Bruker 
P4 diffractometer equipped with a 4K CCD detector 
(MoKa radiation) from a single-crystal of nalivkinite 
with dimensions 0.24 3 0.12 3 0.01 mm. The intensi-
ties of 6447 reflections with –7 < h < 7, –15 < k < 15, 
–16 < l < 16 were collected to 59.99°2u using 45 s per 
0.3° frame: an empirical absorption correction (SadabS, 
Sheldrick 1998) was applied. The refined unit-cell 
parameters were obtained from 4340 reflections with 
I > 20sI. During the refinement stage, the data were 
truncated at 49.98° because there was no significant 
intensity of diffracted beams beyond 2u = 50°. Using 
atom coordinates from Piilonen et al. (2000), the crystal 
structure of nalivkinite was refined to R1 = 0.063 and 
a GoF value of 1.101 for 2041 independent reflections 

(251 refined parameters including extinction) with the 
Bruker SHElxTl version 5.1 system of programs (Shel-
drick 1997). Hydrogen atoms were included at the last 
stages of refinement, and both H positions were softly 
constrained by setting the O–H distances equal to 0.98 
Å. Site occupancies were refined for the M (occupied 
primarily by Fe), D (occupied primarily by Ti), B 
(occupied by Na) and A(1a) and A(1b) sites (occupied 
by Li, K, Na and Cs). Details of data collection and 
structure refinement are given in Table 3, final atom 
parameters are given in Table 4, selected interatomic 
distances in Table 5, refined site-scattering values 
and assigned populations for selected cation sites are 
given in Table 6, and bond-valence values in Table 7. 
A table of structure factors may be obtained from the 
Depository of Unpublished Data, on the MAC website 
[document Nalivkinite CM46_651].

dESCRiPTiOn OF THE STRuCTuRE

Topology of the structure

The crystal structure of nalivkinite is topologically 
identical to that of (triclinic) astrophyllite (Piilonen et 
al. 2003b). In this structure, (SiO4) tetrahedra link via 
common vertices to form astrophyllite ribbons (Si4O12) 
along [100]. The astrophyllite ribbons and Ti octahedra 
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share common vertices in the heteropolyhedral (H) sheet 
of composition (TiSi4O12)4–. The M(1), M(2), M(3) and 
M(4) octahedra form a sheet of close-packed octahedra 

(O) of ideal composition (Fe2+
7O14). An O sheet and 

two adjacent H sheets link through common vertices of 
(SiO4) tetrahedra, Ti-octahedra and M-octahedra to form 
an HOH block parallel to (001). Along [001], HOH 
blocks link through common vertices of Ti octahedra, 
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which are F atoms. The interlayer space contains the A 
and B sites (Fig. 1).

Cation sites

There are four tetrahedrally coordinated T sites in 
the crystal structure of nalivkinite, with <T–O> = 1.623 
Å (Table 4), occupied primarily by Si with minor Al. 
There are five octahedrally coordinated sites. Four 
Fe2+-dominant sites occur in the O sheet (Fig. 1). The 
M(1) site is occupied by (Fe2+

1.71Ca0.07Pb0.02□0.20) and 
coordinated by five O atoms and one OH group with 
<M(1)–O,OH> = 2.164 Å. The M(2–4) sites are coor-
dinated by four O atoms and two OH groups; the M(2) 
site is occupied by Fe2+

2.00 with <M(2)–O,OH> = 2.146 
Å; the M(3) site is occupied by (Fe2+

1.10Mn0.90) with 
<M(3)–O,OH> = 2.140 Å; the M(4) site is occupied by 
(Fe2+

0.83Sn0.09Zn0.04Mg0.04) with <M(4)–O,OH> = 2.140 
Å. The D site occurs in the H sheet; it is occupied by 
(Ti1.56Nb0.24Zr0.16Ta0.04) and is coordinated by five O 
atoms and one F atom, with <D–O,F> = 1.959 Å.

Interstitial sites

In the structure of astrophyllite-group minerals, there 
are two interstitial sites, A and B. The [10]-coordinated 
B site is occupied by (Na0.78Ca0.22) with <B–O> = 2.612 
Å, and this in accord with the pattern in astrophyllite-
group minerals (Piilonen et al. 2003b). The A site 
is usually [13]-coordinated, both in the triclinic and 
monoclinic structures (Fig. 2a) (in the monoclinic 
structure, there are two A sites, both of which are 
[13]-coordinated). In several triclinic structures, the A 
site splits into two sites, A(1a) and A(1b) (notation of 
Piilonen et al. 2003b). Originally, positional disorder 
at the A site was documented for kupletskite-1A by 
Christiansen et al. (1998) and later found in three struc-
tures: two kupletskite-1A (Piilonen et al. 2001, 2003b) 
and niobokupletskite (Piilonen et al. 2000; Table 8). In 
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FiG. 1. General view of the crystal structure of nalivkinite. (SiO4) tetrahedra are orange, 
Fe2+-dominant M(1,2,3,4) octahedra are blue, Ti-dominant D octahedra are yellow; 
A(1a) = K, A(1b) = Li and B = Na atoms are shown as mauve, orange and purple circles, 
respectively. The F atoms are shown as small yellow circles.
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nalivkinite, the A site, which gives 2 apfu, splits into two 
sites, A(1a) and A(1b), with a short A(1a)–A(1b) distance 
= 1.28(4) Å (Tables 6, 8, Figs. 2b, 2c). Therefore, the 
A(1b) and A(1a) sites can be only partially occupied. 
The [13]-coordinated A(1a) site is occupied mainly by 
K [[13]r = 1.68 Å (Shannon 1976)], with subordinate Li, 
Cs and Na, which gives (K0.75 Li0.14 Cs0.09 Na0.02□1.00) 
apfu, and it is coordinated by twelve O atoms and one 
F atom, with <A(1a)–O,F> = 3.310 Å. The [5]-coordi-
nated A(1b) site is half-occupied by Li ([5]r = 0.68 Å) 

with <A(1b)–O> = 2.28 Å, which gives 1.0 Li apfu. The 
A(1b) site is coordinated by 4 O atoms and one F atom. 
The <A(1b)–O> bond length (2.28 Å) is longer than the 
mean <Li–O> bond length for [5]-coordinated Li, which 
is 2.10(6) Å (Wenger & Armbruster 1991). This obser-
vation can be explained by partial occupation of the 
A(1b) site: the Li–O distance increases as the occupation 
factor decreases (Shannon 1976). The aggregate content 
of the A site is (Li1.14 K0.75 Cs0.09 Na0.02)S2.00. Note that 
prior to the discovery of nalivkinite, positional disorder 

FiG. 2. Details of coordination of the interstitial A site in the 
triclinic astrophyllite-type structure: (a) the [13]-coordi-
nated K atom at the A site; (b) positional disorder of the 
A site in nalivkinite, where Li and K are dominant cations 
at the A(1b) and A(1a) sites, respectively; (c) arrangement 
of interstitial cations in nalivkinite viewed down [001]. 
Legend as in Figure 1; oxygen atoms are shown as red 
circles in (a) and (b).
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of the A site was documented only for Mn-dominant 
members of the astrophyllite group, in three samples of 
kupletskite and niobokupletskite (Table 8). Details of 
positional disorder of the A site in nalivkinite correlate 
well with those of kupletskite-1A (Christiansen et al. 
1998 and NOR17 from Piilonen et al. 2003b), where 
[12]-coordinated A(1a) and [5]-coordinated A(1b) sites 
are occupied by a large K atom ([12]r = 1.64 Å) and a 
smaller Na atom ([5]r = 1.00 Å), respectively.

Hydrogen bonding

Details of hydrogen bonding in nalivkinite are given 
in Table 9. Hydrogen bonds occur between OH groups 
of the O sheet and apical O atoms of (SiO4) tetrahedra. 
There is very weak hydrogen bonding in nalivkinite. 
Brown (1976) has examined the issue of very weak 
hydrogen bonds in inorganic structures. He showed 
that significant hydrogen bonds occur in perchloric acid 
hydrates in the range H…O between 2.3 and 3.1 Å. The 
H…O distances in nalivkinite are in the range 2.58–2.65 
Å, well within the range given by Brown (1976), indi-
cating that these interactions are significant. The H(1) 
atom of the (OH) group at the O(4) site is involved in 
a bifurcated hydrogen-bond with D–H...A angles of 143 
and 137°, respectively.

SummaRY

Nalivkinite, ideally Li2 Na Fe2+
7 Ti2 (Si8 O24) O2 

(OH)4 F, is a new lithium-dominant member of the 
astrophyllite group. It is a Li-analogue of astrophyl-
lite, and the two structures are related by the isovalent 
substitution Li (nalivkinite) ↔ K (astrophyllite) at the 
interstitial A site.
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