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Crystal structure of nanlingite — the first mineral with a [Fe(AsO3)¢]
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Abstract: Nanlingite was first described as a new mineral from a dolomitic limestone along a contact between greisenized granite and
dolomitic limestone in the Nanling area, Hunan Province, China. The structure was solved and refined on single-crystal X-ray data in
space group R 3 m, with a = 10.2114(10), ¢ = 25.689(3) Av=23 19.2(6) A3, toR1 =0.021, wR2 = 0.049. The chemical formula of
nanlingite is Na(Ca, Li, Na)s(Mg, Fe)2(AsO;3),[Fe(AsO3)g] Fi4 with Z = 3 according to the crystal structure refinement.

The complex framework is formed by edge- and corner-sharing of distorted NaFjg and CaF,04 cubes, MgF,0, octahedra, and AsOj3
trigonal pyramids. The lithium atom occupies (22 %) the split site at 0.58(2) A from the main Ca site and exhibits a five-fold
coordination with <Li—(O,F) > 2.21 A. The iron atom (at 3b, site symmetry 3 m) is surrounded by six As atoms of AsO5 groups at a
distance of 2.40 A with the lone- -pair electrons pointing towards the central atom. This [Fe(AsO3)e] cluster is a novel configuration in
the crystal chemistry of mlnerale According to Mdssbauer spectra and electron energy-loss spectroscopy data the oxidation state of
Fe in nanlingite is mainly Fe" with a low-spin state. In the configuration of arsenite groups, the distance <As(2)—0> = 1.73 A of the
[Fe(AsO3)e] clusters is shorter than the normal range. The empirical crystal-chemical formula for nanlingite is (NaggoLio.10)
s21.00(Cag.41 Lit.os Mgo.17 Nag .06 Mng.os [Jo.25)576.00(M&11.38 F63+0430A10.29Tio.03)212.00 (AsO3), [FGH(ASOS)G](F13.77OHO416) $°13.93-
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1. Introduction

Nanlingite is a rare mineral and was first described as a
new mineral (Gu et al., 1976) from a dolomitic limestone
along a contact between greisenized granite and dolomitic
limestone in the Nanling area, Hunan Province, China. Till
now this is the only occurrence known. The mineral was
associated with fluoborite, fluorite, zinnwaldite, magne-
sian dolomite, asenopyrite, pyrrhotite, gahnite and niger-
ite. Nanlingite forms brownish-red tabular crystals up to 2
mm in size. It is optically uniaxial negative (w = 1.82, & =
1.78) and transparent with vitreous luster, hardness about
2.3 on the Mohs scale.

The mineral was reported to be trigonal (space group R3m or
R3m,a=10.24(5),c=25.76(5) A, Z=15,0ora = 10.42(5) A,
o= 58.83°, Z = 5). From wet chemical analysis Gu et al.
(1976) gave the empmcal fonnula (Nag»16Cag.775)(Mgs 300
Lig303Mng 1 11:e 0.051)(AS, 651Fe 0.278Al0,071)O5,004(OH)
0247 Faes0 and the general formula CaMg3(AsOs),F,. The
formula was also suggested as (CagogNag»7) (Mg2,33Fe3+0_41
Lig 37A10,00Mng 01)(A8O3)2.04F3 28(0H)0 30 Op02 and the gen-
eral formula CaMg,(AsOs),F, with Z = 4 by Fleischer er al.
(1977). However, the crystal structure of nanlingite remained
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unknown and the chemical formula unconfirmed. We have
now determined the crystal structure of nanlingite for the type
material and report a revised formula.

2. Experimental procedures

Crystal fragments were taken from the type nanlingite
specimen found in the Nanling area, Hunan Province,
China. Electron-microprobe analyses (EMPA) were per-
formed by wavelength dispersive spectroscopy on a JXA-
8100 electron microprobe analyzer. Accelerating voltage
and specimen current were kept at 15 kV and 20 nA. The
beam diameter was 2 pm. The following minerals and
synthetic materials were used as standards: jadeite for Na
and Al; fluorite for F; bustamite for Mn and Ca; rutile for
Ti; kaersutite for Mg and Fe; GaAs for As.

In order to check the presence of Li in nanlingite,
Cameca 1280 Secondary Ion Mass Spectroscopy (SIMS)
was used. The single crystal of nanlingite was subjected to
bombardment by O ions at 23 keV energies. The beam
diameter was 20 pm. Specimen current was kept at 6.7 nA.
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Mossbauer spectra were measured at room temperature
(RT) using a constant acceleration transmission mode with

a >’Co/Rh source. The Doppler velocity was calibrated
w1th 25 pm thick foil of natural o-Fe, and the isomer
shift (IS) is relative to the o-Fe. The spectra were analyzed
using MossWinn (Klencsar et al., 1996).

The electron energy-loss spectroscopy (EELS) experi-
ments were performed at 200 kV using a JEOI 2010F Field
Emission Transmission electron microscope (TEM) with a
Gatan GIF 200. The EELS spectra were acquired in the
diffraction mode under the conditions of 0.1 eV/channel
energy dispersion.

Single-crystal X-ray data were collected at room tem-
perature using monochromatic MoKo X-radiation on an
Enraf Nonius diffractometer with kappa-geometry and a
CCD-area collector. The crystal structure was determined
by direct methods (SHELXS-97, Sheldrick, 1997) and
subsequent Fourier and difference Fourier syntheses.
Based on the scattering power an occupation at site 3b
(site symmetry 3 m) by iron seems plausible. The incor-
poration of Li into the Mg(1) and Mg(2) sites was not
successful during structural refinement. Part of Li has to
be put on the Ca site. Because Li is much smaller and there
were residual electrons close to Ca site, this position had to
be split, which significantly improved the refinement. Ca
occupies mainly (73 %) one position, and Li occuples (22
%) the additional site, at 0.58(2) A from the main Ca site.
The new site has much closer distances to ligands, which is
more plausible for lithium. The site occupancy factors (sof)
for the Mg(1), Mg(2) and Na sites were constrained as Mg
+Fe=1,Mg+ Fe =1, and Na + Li = I, respectively. The
structure was solved and refined in space group R 3 m, with
a=10.2114(10),c = 25.689(3) A, V=2319.2(6) A, to R1
= 0.0208, wR2 = 0.0487. The formula of nanlingite is
Na(Ca, Li, Na)s(Mg, Fe)2(AsO3),[Fe(AsOs3)¢] Fi4 with Z
= 3 according to the crystal-structure refinement.

Crystal data, data-collection information and refinement
details for nanlingite are listed in Table 1. The final posi-
tional and displacement parameters are given in Table 2,
and selected interatomic distances and angles in Table 3.

3. Description of the crystal structure

In the crystal structure of nanlingite as shown in Fig. 1 and
2a, b, Na and Ca are 8-coordinated by 8F and by 4F + 40,
respectively, to form distorted cubes. The split site [0.58(2)
A apart from Ca] is occupied by Li exhibiting a five-fold
coordination with <Li—(O,F) > 2.21 A and forming a
distorted tetragonal pyramid as shown in Fig. 3. Mg is
coordinated by 2F and 40 atoms in the shape of a distorted
octahedron. The As atom is coordinated by three oxygen
atoms to form trigonal pyramids. AsOsz groups can be
further classified into two subgroups: the As(1)O3 group
has the oxygen base of the pyramid roughly parallel to
(001), while the As(2)O5 group has the base of oxygens
roughly perpendicular to (001).

In order to illustrate the rather complex framework struc-
ture, the following, purely formal description is used.

Table 1. Crystal data, data collection information and refinement
details for nanlingite.

Na(Ca,Li,Na)s(Mg,Fe);2(AsO3),

Formula [Fe(AsO3)6]F 14
Formula weight 1809.63

Space group R3m

a, c (A) 10.2114(10), 25.689(3)
V(AY), Z 2319.8(4), 3

(mm ") 10.308

Crystal dimensions (mm) 0.100 x 0.125 x 0.075

F (OOO) Pea 110( cm ) 2570, 3.886

Diffractometer
A (MoKa)(A), T(K)

Nonius KappaCCD system
0.71073, 293(2)

0 range for collection (°) 3.92-40.22
h,k,l ranges —18 — 18, —15 — 15, —46 — 46
Total reflections 6439

measured

Unique reflections
Refinement on

RI(F), wR2(F*)[1>20(1)]
R1,(F), WR2,;1(F?) 2.63 %, 5.02 %
Extinct. coefficient 0.00096(4)

No. of refined parameters 75

GooF on F* . 1.104

Apmin, Apmax (e/A*)  —1.06, 1.10

1821 [R(int) = 2.38 %]
P

2.08 %, 4.87 %

Approximately, NaFg distorted cubes, MgF,O, octahedra
and As(1)Os; groups form a ‘‘sheet” of [-Na—Mg(2)—
As(1) —] by edge- and corner-sharing parallel to (001) as
shown in Fig. 4, while CaF,0, distorted cubes, MgF,0,
octahedra and As(2)Os groups form another ‘“‘sheet”, i.e.
[—(Ca, Li)—Mg(1)—As(2) —] as shown in Fig. 5. One
““sheet” of [-Na—Mg(2)—As(1) —] and two ‘‘sheets’ of
[—(Ca, Li)—Mg(1)—As(2) —] are alternately stacked along
the ¢ axis to form the framework of the structure shown in
Fig. 1. Iron occupies the cavity at site 3b, site symmetry 3 m,
between two [—(Ca, Li)— Mg(1)—As(2) —] units and is
surrounded by six As atoms of As(2)O5 groups as illustrated
in Fig. 5 and 6.

4. Discussion

4.1. Configuration of the [Fe(AsO3)¢] cluster

The novel feature in the crystal chemistry of nanlingite is a
[Fe(AsOs)e] cluster. In this cluster, Fe as the central atom is
octahedrally surrounded by six As atoms of As(2)O3
groups at a distance of 2.40 A with the lone- -pair electrons
pointing towards the central atom. The As(2) atoms are
distributed at the vertices of an octahedron (Fig. 7a).
Among minerals, similar arrangements of arsenite groups
coordinating cations have rarely been observed. In mag-
nussonite, Mn;g[Mn(AsOj3)e]Cl,, formally monovalent
Mn is bound to six As atoms with an average <Mn-As>
distance of 2.65 A as in Fig. 7b (Moore & Araki, 1979) In
the [Mn(AsOs3)g] cluster the centre site is split. Cu'" is
bound to four As atoms of arsenite groups in distorted
tetrahedral coordination (Araki & Moore, 1981) with
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0.00238(5)
0.00300(6)
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Uiz
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0
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0.00030(2)
0
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0
0

Uss
0.00569(10)
0.00532(6)
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0.0075(2)
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0.0221(3)
0.0087(8)

U22
0.00569(7)
0.00574(5)
0.00599(12)
0.00950(17)
0.0068(2)
0.01744(18)
0.01744(18)
0.0184(6)

Ul 1
0.00569(7)
0.00574(5)
0.00599(12)
0.0096(2)
0.0079(2)
0.01744(18)
0.01744(18)
0.0184(6)

Ueq
0.00569(5)
0.00582(4)
0.00564(9)
0.00886(13)
0.00770(15)
0.01874(14)
0.01874(14)
0.0152(4)

0.340985(11)
0.116669(6)

0.5
0.10159(2)
0.11426(3)
0.0928(9)

0

0.781195(9)
0.11377(3)
0.1245(10)

0.45201(3)
0

0

0.218805(9)
0.90403(6)
0.65072(6)
0.88623(3)
0.8755(10)

0
0

Table 2. Atomic coordinates and displacement parameters with e.s.d.’s in parentheses for nanlingite.

As(1)
As(2)
Mg(1)
Mg(2)
Ca

Li

Na
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| 2.26 and 2.40 A distances of <Cu—As> in dixenite,
g], % % '2/ § g/ E/ g CuMl’l14FC(OH)6(ASO3)5(SiO4)2(ASO4). In freedite, Pbg
2ed2235 (29 Cu(As03),05Cls, the Cu'™ atom is tetrahedrally coordi-
== === =t % nated to two Cl atoms and two As atoms belonging to
! &5 (AsOs3) groups with a 2.38 A distance of <Cu—As,CI>
22 (Pertlik, 1987). In the synthetic compound, PbeCu
S _ S (AsO53),C1,, the distance of <Cu—As> is 242 A
TIY QT |22 (Pertlik, 1986). The distance of <Fe—As> in nanlingite
Sl =] QN g
e2e ag | OF is close to <Cu—As> in dixenite and freedite, but shorter
S0 oD )
333033 |49 than <Mn—As> in magnussonite, as shown in Table 4.
gj = The Fe—As distance of 2.40 A in the [Fe(AsOj3)e] cluster
d.l in nanlingite can be compared to the Fe—As distances
= Foj; (2.36~2.38 A) in 16llingite (FeAs,), which possesses the
g I 2 Z marcasite (FeS,) type structure (Ondrus et al., 2001). In the
TS oa | 2R e .
S8 98g | $8 161lingite structure, the Fe atoms are surrounded by six As
=sS2S2 < g atoms in an almost regular octahedral coordination, and the
. £ § As atoms are surrounded by three Fe and one As atoms in a
® Q distorted tetrahedral coordination.
T~ PR Eﬁ The character of the chemical bond between the metal
Teoeocnd | D g atom and the As atom as well as the valence state of the two
ICLTEY =8 t d the As at 11 as the val tate of the t
S5 | 2% elements are not clearly defined (Pertlik, 1986). In dixenite
SO O A — — ST ) >
SSSsSSS | =E Araki & Moore (1981) mentioned ““‘metallic [As®>"-Cu' "]
SocscsS & 0
,ii S clusters in an oxide matrix”’. But it was argued by Pertlik
zi (1986) that the crystals of freedite and PbsCu(AsO;),C1,
ITRIT2EA ] 5 ﬁo are transparent, and a covalent bond between the As and Cu
SLILGR ‘%g atoms was assumed. According to As atoms of As(2)O3
83833 |¢3 groups with the lone-pair electrons pointing towards the
cocococoo I e . ST
E o central atom with similar Fe—As distance in I6llingite, we
l % assume that in the [Fe(AsOj3)¢] cluster of nanlingite a coor-
cacamn| 8 = dinate covalent bond between Fe and As exists.
SEFI SR E%’ In magnussonite, the stability of the [Mn(AsO3)e] clus-
ggZ8=Z | 2o ter was interpreted as satisfying the 18-electron rule with 2
SSScoSS lE i x 6 = 12 electrons donated by As>" plus six 3d° electrons
= %‘) from Mn'" (Moore & Araki, 1979). In dixenite, for the
) 2 :;Zag [Cu(AsO3)4] cluster all lone-pair electrons (2 x 4 = 8
55@@@5 =2 electrons) from As®" point into the central cavity which
5200 = & | houses Cu'™ (d'°) and the cluster is believed to be stabi-
csg2S2S | E % lized by the 18-electron rule (Araki & Moore, 1981).
IT& s The stability of the [Fe(AsOs3)¢] cluster in nanlingite can
% = also be understood according to the 18-electron rule. In the
e o e é‘ﬁ § [Fe(AsOs3)s] c£uster there are 2 x 6 = 12 electril%s cgn—
Faaas I |23 tributed by As” " plus 6 electrons contributed by 3d° Fe”*.
N —< aln O g 0
g g E % % § %5 According to Hybridisation tgleo3ry, Fe octahedrally sur-
ScocSso | g2 rounded by six As atoms has d“sp” hybridisation orbitals.
e 2.2 For hybridisation the six 3d° electrons of Fe** must spin
3 g pairs to vacate d” orbitals. Based on this assumption, the
e 26 é 3 oxidation state of iron in the [Fe(AsOs)e] cluster should be
IST ZZlg8 divalent with a low-spin state.
Sez §7)35
SSSosa |ES
28 4.2. Interpretation of the Mossbauer and EELS data
~| 22
~ o~ ~ ~—~ N N — . : .
SR x| 8g The RT Mossbauer spectrum of the nanlingite sample is a
Scwn S=| 8¢ . . .
E E % E g 2 i s'1ngle close quadrupole (.10ublet (F}g. 8). The refined hyper-
ez _dd a S fine parameters are IS (isomer shift) = 0.33(2) mm/s, QS
Z < (quadrupole splitting) = 0.25(2) mm/s, and FWHM (full
e width at half maximum) = 0.33(2) mm/s.
c8eacga ,'%3 S It has been concluded that iron atoms with lower IS values
SOSEEE | =2 belong to Fe* ", and those with higher IS values are Fe*". But
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Table 3. Selected interatomic distances (A) and angles (°) for nanlingite.
AS(1)03 FC[AS(2)03]6 CaO4F4
As(1)-0O(1) x3 1.7851(11) As(2) -0(3) 1.7309(12) Ca-F(1) 2.1551(11)
<As(1)-0> 1.7851 —0(2) x2 1.7359(8) -F(2) 2.1868(15)
O(1")-As(1)-0O(1) x3 101.63(4) <As(2)-0> 1.7342 -F(3) 2.4329(12)
< O’-As(1)-0> 101.63 0(3)-As(2)-0(2) x2 97.17(4) -F(2) 2.5804(15)
0(2°)-As(2)-0(2) 103.03(6) -0(3) x2 2.5003(11)

Mg(1)O4F, <O’-As(2)-0> 99.12 -0(2) x2 2.6315(10)
Mg(1)-F(2) x2 1.9841(7) <Ca-O,F> 2.4524

-0(3) 1.9926(13) Fe—-As(2) x6 2.3985(2)

-0O(1) 2.0714(12) <Fe-As(2)> 2.3985 LiO,F;

-0(2) x2 2.0969(9) As(2)-Fe-As(2) x6 85.9997(10) Li - F(3) 1.86(2)
< Mg(1)-O,F> 2.0377 As(2)-Fe-As(2) x6 94.0002(10) -F(2) 2.107(19)

<As-Fe-As> 90.0000 -F(1) 2.213(18)

Mg(2)0O4F, -0(2) x2 2.430(6)
Mg(2)-F(3) x2 1.9723(7) NaFg <Li-O,F> 221

-0(2) x2 2.0808(8) Na -F(1) x2 2.164(3)

-0O(1) x2 2.1333(9) -F(3) x6 2.5017(12)
<Mg(2)-0O,F> 2.0621 <Na-F> 2.417

Note: For LiO,F; only Li—O and —F bonds shorter than 2.8 A are given.

Fig. 1. Perspective view of the nanlingite structure. The red octahe-
dra are occupied by Fe. The yellow distorted cubes illustrate NaFg.
The light and dark blue octahedra are occupied by Mg. The Ca atoms
are shown as small green spheres. As-O bonds are given in yellow.

if iron is in low-spin state the IS values are even lower in both
valence states (Li & Ying, 1996). The refined hyperfine
parameters indicate that the iron in nanlingite is in the
range of Fe"" with a low-spin state, or Fe>™ with a high-spin
state in octahedral coordination. There are two octahedral
sites in nanlingite occupied or partially occupied by iron, but
only one single doublet with an isomer shift of octahedral
Fe®". This indicates that the isomer shifts of octahedral Fe in
the two structural sites are overlapped.

The Fe L,3 edges from nanlingite, pyrite (FeS,) and Fe,0O5
containing Fe" and Fe® " in six-fold coordination are shown in
Fig. 9. The measured separation of the Fe L3 and L, maxima
from FeS, and Fe,O3 are: 723.6-710.8 = 12.8 eV and 728.4 —
715.2=13.2 ¢V for Fe*" and Fe*", respectively, which are in
good agreement with the published data (van Aken &
Liebscher, 2002). The Fe" L; edges in pyrite display a sharp
maximum at 710.8 eV and a weak shoulder at 715.4 eV. The
Fe’" Ly edge in Fe,O5 shows a sharp maximum at 715.2 eV.

The measured separation of the Fe L3 and L, maxima for
nanlingite is 724.8 — 712.0 = 12.8 eV. The Fe L; edges in
nanlingite display a sharp maximum at 712.0 eV and a weak
shoulder at 715.6 eV. The Fe L,; edges from nanlingite are
similar to those from pyrite. This indicates again that Fe in
nanlingite is mainly Fe’". However, the Fe L; edges from
nanlingite show a chemical shift of 1.2 eV with a maximum
at 712.0 eV compared to pyrite at 710.8 eV, suggesting that
the Fe L; edges contain a superposition of Fe’* L; edge
spectrum. According to the analyses from the EELS and
Mossbauer spectrum, it can be concluded that the oxidation
state of Fe in nanlingite is mainly Fe"" with a low-spin state,
and minor Fe is Fe*™ with a high-spin state.

Therefore, the main Fe"" in nanlingite can be assigned to the
Fe site in the [Fe(AsOs)g] cluster. It is in agreement with the
assumption from hybridization orbitals of ¢°sp’ in Fe octahed-
rally surrounded by six As atoms, where six 3d° electrons of
Fe? " must spin pairs to vacate d” orbitals. The minor Fe " with
a high-spin state can be assigned to the Mg(1) and Mg(2) sites.

The oxidation state of Fe in the [Fe(AsOs)g] cluster is
similar to that in 16llingite, which possesses the marcasite-
type structure, and is a low-spin Fe" compound (Ondrug
et al., 2001). The refined hyperfine parameters for 161lin-
gite are IS = 0.30 mm/s, QS = 1.68 mm/s. The IS value for
I6llingite is close to that (IS = 0.33) for nanlingite. The
larger QS value can be interpreted by the stronger distor-
tion of octahedral coordination polyhedron in lollingite
(Fe—As distances: 2.36~2.38 A) than that in nanlingite
(Fe—As distances = 2.40 A).
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b)

Fig. 2. Schematic drawing of the nanlingite structure in projections
on (a) (100) and (b) (001), emphasizing only the arrangement of
distorted NaFg (yellow) and CaF,O, (green) “‘cubes’’.

4.3. Geometry of the arsenite group

In the crystal structure of nanlingite, both [As(1)O5] and
[As(2)O3] groups are trigonal pyramids. Compared with the
non-cluster As(1)O3 group, the As(2)O; group in the
[Fe(AsO3)g] cluster is somewhat distorted. In the non-cluster
(AsO3) group the <As(1)—O> bond length is 1.78 A and the
<O—As(1)—0O> angle is 101.63°. The <As(2)—O> bond
length of the [Fe(AsOs;)g] cluster is 1.73 A and the
<0O—As(2)—0> angle is 99.12°. The <As—O> bond dis-
tance in the [Fe(AsOs)¢] cluster is shorter than that in the non-
cluster (AsOs3) group, and the <O—As(2)—0O> angle in the

F2

c

Fig. 3. Drawing of the split Ca site. Ca is 8-coordinated to form a
distorted CaO4F, cube; Li, separated by 0.58(2) A from the main Ca
site and with a site occupation of 22 %, forms a distorted tetragonal
pyramid.

Fig. 4. View of the nanlingite structure along the c-axis illustrating
structure details around z ~ 0, a “‘sheet’” of [-Na— Mg(2)—As(1) —

[Fe(AsOz)g] cluster is smaller than that in the non-cluster
(AsO3) group. The comparable <As—O> bond length of
[Mn(AsOs)e] in magnussonite is 1.76 A and the <O—
As—O> angle in the cluster is 98.3° (Moore & Araki, 1979).

The bond distances and angles of 25 (AsO3) groups from
11 arsenite minerals have been summarized by Hawthorne
(1985). The individual As-O bond lengths and O—As—O
angles are in the range of 1.72 to 1.85 A and 89.3° to
106.6°, the respective mean values are between 1.76 to
1.80 A and 94.8° to 102.8°. In addition, in trippkeite,
CuAs,0y, the As-O distances are: 1.89(x2) and 1.69 A
(av. 1.82 A) (Zemann, 1951).

In nanlingite the individual As-O distances (1.73-1.78 A)
<As(1)-0> (1.78 A) the individual O-As-O angles
(97.17°~103.01°), and <O-As-O> angles (99.12°-101.63°)
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Fig. 5. View of the nanlingite structure along the c-axis at around z ~
1/9, a “‘sheet” of [—(Ca, Li)— Mg(1)—As(2) —] along with the [Fe
(AsO3)g] cluster.

Fig. 6. View of the nanlingite structure along the c-axis between
z~1/9 and z ~ 2/9.

are in good agreement with the known values. However,
<As(2)-O> = 1.73 A is somewhat shorter than the typical
average range.

44. Crystal-chemical formula of nanlingite

The analytical results of nanlingite by (EMP + SIMS)
analyses are shown in Table 5. The present results are
similar to the originally reported composition (Gu et al.,
1976). The differences between all those data obviously
result from the respective standards and corrections used.
A small, quite variable amount of Ti was detected in the
present study. Li was proven by SIMS analyses. The F and
As contents are reasonable. The formulae were calculated
on the basis of 38 (O + F + OH) atoms per formula unit
(apfu). The total cation number is 27.73 apfu for sample
Nan3, indicating that there exists a cation deficiency in the
formula as compared to the ideal value of 28 apfu. A

detailed cationic distribution is given in Table 6. The
assigned populations were calculated taking into account
the unit formula as well as the refined site-scattering.

As(2) and As(1) sites are filled by As exclusively. The
Fe site is occupied by Fe' with a low-spin state according
to Mossbauer and EELS analyses. On the basis of the
determination of the crystal stmcture the Mg(2) site is
close to be fully occupied by Mg*"

The Mg(1) site is an octahedral s1te The coordination num-
bers for both of the Ca site and Na site are eight. According to
Shannon (1976), the effective ionic radius for Mngr is0.72 A
in six-fold coordination. Based on ionic radius and valence,
APT (r=0.535 A), Ti*" (r = 0,605 A) and Fe*" (r = 0.645
A) compared with Li (r = 0.76 A) are preferentially incorpo-
rated at the smaller Mg(1) site in six-fold coordination. The
Mg(1) site is fully occupied by these cations. Li is distributed to
the Ca site and the Na site in eight-fold coordination.

The calculated site-scattering values at the Mg(1) site and
the Ca site are 12.80 and 15.89 epfu, respectively, about 9
and 1 % different from the refined values [Mg(1) site =
14.10, Ca site = 15.81 epfu]. These discrepancies can be
related to the replacements of different cations at these sites.

Calculated bond-valencies and the assigned site popula-
tions are given in Table 7. The bond-valence at the Ca site is
lower than expected. This can be interpreted by the presence
of monovalent cations and deficiency of cations. The bond-
valence at the As(2) site is higher than normal due to the
shorter As-O distance.

On the basis of 38 (O+F+OH) (apfu), the empirical
crystal-chemical formula for nanlingite is (NagogLig.10)
so1.00(Cag 41 L11 o6 Mgo17 Nagos Mngos Co. 25)3°6.00
Mgy 35 Fe’*30Al020Tio 03)5°12.00(As03), [Fe'(AsO3)q]
(F13.770Hy.16)5~13.93- The general formula can be expressed

as Na (CasLi) 36 Mg 2(AsO3), [Fe (ASO3)6] Fu, Z = 3.
Monovalent cations may replace Ca in the Ca site in order to
maintain charge balance.

5. Conclusions

Nanlingite is the first mineral with a [Fe(AsOs)e] configura-
tion. The cluster of [Fe(AsOs)e] is the third example of a rare
metal-As cluster besides [Cu(AsO3)4] and [Mn(AsOsz)e]. The
iron in nanlingite was interpreted to be Fe' in a low-spin state
based on RT Mossbauer spectrum and EELS data.

Lithium is an important constituent in nanlingite, where
it occuples (22 %) the split site at 0.58(2) A distance from
the main Ca site and exhibits a five-fold coordination with
<Li-(O,F) > 2.21 A.

The revised formula obtained in the present work by
crystal- structure refinement is Na (CasLi) 6 Mg, (As
03), [Fe' (AsO3)6]F|4 indicating that the previous formu-
lae, either CaMg3(AsO3),F, or CaMg,4(AsO3),F,, are erro-
neous and should be corrected.

Acknowledgements: We are grateful to emer. o. Prof. Dr.
Josef Zemann, Univ. Vienna, for constructive discussion.
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(a) (b)

Fig. 7. Topological comparison of the [Fe(AsO3)g] cluster in the nanlingite structure (a) with the [Mn(AsO3)¢] cluster in the magnussonite
structure (b). Selected interatomic distances (A) and angles (°) are indicated.

Table 4. <As—O> and <Me—-As,CI> in selected arsenite minerals with the clusters

Mineral name Cluster <As-O> <Me-As> <Me-CI> References
PbsCu(AsO3),Cl1, [Cu(AsO3)Cls] 1.76 2.34 2.44 Pertlik (1986)
Freedite [Cu(AsO3),Cl,] 1.78 2.32 2.43 Pertlik (1987)
Dixenite [Cu(AsO3)4] 1.78 2.26 Araki & Moore (1981)

[Cu(AsO3)4] 1.76 2.40

Non-cluster (AsO3) 1.75
Magnussonite [Mn(AsO3)s] 1.76 2.65 Moore & Araki (1979)
Nanlingite [Fe(AsO3)s] 1.73 2.40 This work

Non-cluster (AsO3) 1.79

Note: Formula of freedite, PbgCu(As0O3),05Cls; dixenite, CuMn;4Fe(AsO3)s5(Si04),(As04)(OH)s; magnussonite, Mng[Mn(AsO3)6]Cl;
nanlingite, Na(Ca,Li,Na)s(Mg,Fe);»(AsOs), [Fe(AsO3)e]F4.
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Fig. 8. Room-temperature Mossbauer spectrum of nanlingite. Fig. 9. Fe L,; edges from nanlingite, pyrite and Fe,Os.
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Table 5. Chemical composition and unit formulae of nanlingite.

N1 N2 Nanl Nan2 Nan3
Na,O 1.81 1.86(12) 1.88(10) 1.51(8) 1.64(6)
CaO 11.74 13.40(44) 12.30(18) 13.73(19) 13.61(22)
Li,O 1.22 1.00 1.13 0.95 0.95
MgO 25.04 24.10(54) 23.27(43) 25.77(22) 25.61(25)
MnO 0.21 0.15(3) 0.16(4) 0.16(3) 0.19(3)
FeOyotal 5.41(32) 5.69(17) 5.10(11) 5.13(11)
FeZO3tota1 7.09
FeO?* 3.97 3.81 3.95 3.95 3.95
Fe,05" 2.59 1.82 1.97 1.31 1.34
Al,O3 0.98 0.70(78) 0.46(7) 0.51(24) 0.82(15)
As,03 44.11 40.36(41) 43.72(27) 43.45(21) 43.53(27)
TiO, 0.91(97) 3.24(35) 0.28(5) 0.14(4)
H,O 0.60 0.00 0.06 0.09 0.08
F 13.64 14.10(41) 14.07(19) 14.36(10) 14.39(17)
O=F —5.74 —5.94 —-5.92 —6.05 —6.06
Sum 100.16 96.27 100.29 100.01 100.19
Na 1.058 1.131 1.103 0.888 0.962
Ca 3.793 4.504 3.987 4.460 4.413
Mn® 0.054 0.040 0.041 0.041 0.049
Li 1.479 1.262 1.375 1.158 1.156
Mg 0.191 0.172 0.192 0.182
Sum 6.575 7.109 6.506 6.740 6.762
M 11.056 11.098 10.495 11.456 11.371
Fe’t? 0.587 0.428 0.449 0.298 0.304
Ti 0.215 0.737 0.064 0.032
Al 0.348 0.259 0.164 0.182 0.292
Sum 12.000 12.000 11.845 12.000 12.000
Fe' 1.0 1.0 1.0 1.0 1.0
As 8.079 7.690 8.034 8.002 8.001
OH 1.207 0.0 0.121 0.182 0.161
F 13.008 13.989 13.463 13.770 13.772
Sum 14.215 13.989 13.584 13.952 13.933

Note: Formulae were calculated for O + OH + F = 38 apfu. Sample N1: Gu et al. (1976); N2: Average of nine EMP analyses; Li,O was
estimated by semi-quantitative SIMS analysis (by Beijing group); Nanl: Average of 20 EMP analyses; Li,O, H,O, B (0.14 ppm) and Be (0.06
ppm): 1 SIMS analysis (by Vienna group); Nan2: Average of 29 EMP analyses; Li,O, H,O, B (0.18 ppm) and Be (0.02 ppm): 1 SIMS analysis
(by Vienna group); Nan3: Average of 37 EMP analyses; Li,O, H,O, B (0.20 ppm) and Be (0.05 ppm): 1 SIMS analysis (by Vienna group); Si,
Cl, Cr and Sb are below detection limit.

FeO and Fe,05 were calculated, Fe' was fixed to 1.0 apfu on the basis of the crystal-chemical formula, Mossbauer and EELS analyses.
PMn was calculated as MnO.

Table 6. Refined site populations (RSP, apfu), refined site-scattering values (RSS, epfu), assigned site populations (ASP, apfu), and
calculated site-scattering values (CSS, epfut) for nanlingite.

Site RSP RSS ASP CSS
As(1) 1.00As 33.00 1.00As 33.00
As(2) 1.00As 33.00 1.00As 33.00
Fe 1.00Fe 26.00 1.00Fe 26.00
Mg(1) 0.85Mg + 0.15Fe 14.10 0.90Mg + 0.05Fe + 0.05Al1 4 0.01Ti 12.80
Mg(2) 0.98Mg + 0.02Fe 12.25 1.00Mg 12.00
Ca 0.73Ca + 0.22Li + 0.05Na 15.81 0.74Ca + 0.18Li + 0.03Mg + 0.01Mn + 0.01Na + 0.04[] 15.89
Na 0.90Na + 0.10Li 10.20 0.90Na + 0.10Li 10.20

Note: The assigned site populations were calculated from Sample Nan3.

The authors acknowledge the help of Dr. Lin Jun, Shanghai  Heidelberg, for EMP and SIMS analyses. We are grateful
Institute of Applied Physics, Chinese Academy of for helpful comments by Dr. Giinther Redhammer, Univ.
Sciences, for measuring the Mossbauer spectra of nanlin- Salzburg. The project was supported by the National
gite, and Dr. H.P. Meyer and Dr. T. Ludwig, Univ. Natural Science Foundation of China (No. 40872044).
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Table 7. Bond-valence table (vu) for nanlingite.

As(1) As(2) Mg(1) Mg(2) Ca Na S
o(1) 1.011 x 3] 0.379 0.304 x 2 2.00
0(2) 1.154 x 2| 0.354 x 2| 0.351 x 2] 0.103 x 2| 1.96
0(3) 1.170 0.469 0.147 x 2 1.93
F(1) 0.274 x3— 0.246 x 2| 1.07
F(2) 0.355 x 2 0.251, 0.087 1.05
F(3) 0.347 x 2 0.129 0.099 x 6| 0.92
s 3.03 3.48 227 2.00 1.24 1.08

Note: The bond-valences were calculated from the bond lengths given in Table 4, and from the assigned site populations of Table 6, with the

parameters of Brese & O’Keeffe (1991).
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