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INTRODUCTION

The new mineral was first found by Nefedov [1]
near the Tashelga River in the southeastern region of
Western Siberia. This mineral was named “lodochni�
kovite” and described as a blue�green complex alu�
minum magnesium calcium iron oxide (the formula
of the mineral was not reported) belonging to the
monoclinic system (a = 23.6 Å, b = 17.1 Å, c = 5.7 Å).
The mineral is biaxial negative with a small 2V angle;
Ng = 1.746, Nm = 1.744, Np = 1.732, Ng – Np = 0.014.
The crystals exist as very thin needles with a length of
up to 2 mm, and they form intergrowths. Samples for
our X�ray diffraction study and the formula

, which was calculated based on
the results of an electron probe microanalysis, were
kindly supplied by S.A. Anan’ev.

EXPERIMENTAL AND STRUCTURAL 
REFINEMENT

The oxidation state of iron was determined by
N.V. Chukanov by X�ray emission spectroscopy (from
the intensity ratio of the lines FeKβ5 and FeKβ1), and
it was shown that iron in the mineral exists predomi�
nantly in the Fe2+ state (the ratio Fe2+ : Fe3+ = 9 : 1).
The chemical composition of the mineral was rede�
termined by local X�ray spectral analysis. The empir�
ical formula, which was calculated for 34 anions with

С
+( , ) 3

3 2 14 27a Mg Fe Al O

consideration of the bond�valence parameters and
the measured Fe2+ : Fe3+ ratio, can be written as fol�

lows:  ·
.

The X�ray diffraction data were collected within a
full sphere of reciprocal space (sinθ/λ < 1.146 Å–1) on
an Oxford Diffraction Xcalibur diffractometer
equipped with a CCD detector. The averaging of the
equivalent reflections gave 4473 |F | > 7σ(F). An anal�
ysis of the reflections gave evidence for the orthor�
hombic system (space groups P212121, P21212, P2122,
and P222). However, the determination and refine�
ment of the structural model presented problems. The
structure was solved by reducing the symmetry to the
monoclinic space group Pc, which is inconsistent only
with two weak h0l reflections with l = 2n + 1. All cal�
culations were carried out with the use of the AREN
program package [2]. The characteristics of the crystal
and the X�ray data�collection and refinement statistics
are given in Table 1.

The structure of the cationic fragment was solved
using direct methods by manually specifying the num�
ber of normalized structure amplitudes E(400) and the
number of triple�phase relationships (2000). As a
result, 292Ehkl were generated and 6000 triple products
were calculated. The E synthesis characterized by the
best R factor (R = 33.2%) was processed by the auto�
matic successive approximation procedure [3] with a

+ +2 3
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gradual increase in the number of selected peaks from
10 to 120. The iteration procedure included a calcula�
tion of Fourier maps; the location of the highest peaks
in each step; and an interpretation of the peaks based
on the composition of the mineral, the site multiplici�
ties, and the electron density in these sites. After sev�
eral iterations, the R factor was reduced to 21% and a
complete model of the structure consisting of
116 atomic positions was obtained. Since the accurate
chemical data were absent, the atomic positions in the
model were identified based on the crystal�chemical
criteria. As a result, the previously proposed chemical
formula of the mineral was refined. Thus, the missing
Mg atom, four Al atoms, and seven O atoms were
revealed.

The isotropic refinement of the model by the least�
squares method while taking into account the twin
plane perpendicular to the z axis (the twin components
were 0.47 and 0.53) converged to R = 11.11%. The
absorption correction was applied using the DIFABS
program [4], after which the anisotropic refinement
converged to the R factor of 5.16%. The final atomic
coordinates and thermal parameters are given in
Table 2.

The OH groups were determined by the bond�
valence method according to Brese [5] (Table 3) and
confirmed by IR spectroscopy. The IR spectrum
recorded by N.V. Chukanov shows a rather broad OH
band with a maximum at 3000–3050 cm–1. The low
frequencies of O–H stretching vibrations indicate that
these groups are bound to the cation with amphoteric
properties (in the mineral under consideration they
are bound to the aluminum cation in a tetrahedral
coordination).

RESULTS AND DISUCSSION

The main compositional and structural features of
the mineral are reflected in its crystal�chemical for�

mula (Z = 4)  ·

, where the Roman numer�
als designate the coordination of the atoms; the rib�
bons consisting of Al octahedra, as well as the Al
diortho groups comprised of double tetrahedra and
two types of Al tetrahedra (OH�free and hydrated)
located between the layers, are enclosed in square
brackets.

Aluminum plays diverse roles in the structure. The
majority of aluminum atoms—Al(1–23)—are in an
octahedral coordination environment (the Al–O dis�
tances are in the range of 1.68– 2.14 Å). The octahe�
dra share edges to form wide ribbons (running along
the short х direction and inclined to the y and z axes),
which are an integral part of the spinel layer (Fig. 1).

The Al(24–28) atoms also form octahedra with the
distances varying in the range of 1.76–2.06 Å. These
octahedra are located between adjacent ribbons and
serve as “separators” between the latter. The ribbons
are shifted with respect to each other along the y axis,
resulting in the formation of a step�like layer in which
the two�ribbon thickness alternates with the three�rib�
bon thickness. The second (“overturned”) layer is
related to the first layer by the с plane. The mean
planes of both layers are parallel to the y axis (Fig. 2).

The aluminum atoms Al(29–32) are in a tetrahe�
dral coordination and form diortho groups. The Al–O
distances vary from 1.65 to 1.85 Å. These groups con�
nect the step�like layers together to form a three�
dimensional structure. The two tetrahedra—Al(33–
34)—with Al–O distances in the range of 1.62–1.89 Å
are located on the outer side of the layers and connect
the layers together through shared vertices. The
Al(35–36) tetrahedra (Al–O = 1.69–1.89 Å) also

( )+2 IV IV
2 2 2Ca Mg Fe

VI
14 31Al O OH ][ ( )

IV IV IV
2[Al O][Al ][Al OH( )]

Table 1.  Crystallographic data and X�ray data�collection and
refinement statistics

Chemical formula Ca2Mg2 Al18O32(OH)2

a, Å 5.6973(1)

b, Å 17.1823(4)

c, Å 23.5718(5)

β, deg 90

V , Å3 2307.5(7)

Dx, g/cm3 3.64

М 5058.96

Absorption coefficient, cm–1 26.207

Sp. gr., Z P1c1, 4

Radiation; λ, Å MoK
α

; 0.71073

Crystal dimensions, mm 0.03 × 0.02 × 0.35

Diffractometer Xcalibur Oxford Diffrac�
tion, CCD�detector

Scan mode Ω

θmax, deg 55

hkl Ranges –12 < h < 11, –36 < k < 38,
–50 < l < 47

Rmerge 0.035

Total number of reflections 9907I > 3σ

Number of independent re�
flections

4773 |F | > 7σ(F)

Number of independent posi�
tions

116

Number of refined parameters 1130

R factor upon isotropic–aniso�
tropic refinement

0.0516

Computational program AREN [2]

Program for absorption cor�
rection

DIFABS [4]

Fe2
2+
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Table 2.  Atomic coordinates and equivalent displacement parameters (Beq)

Atom x/a y/b z/c Beq/Biso*, Å2 Atom x/a y/b z/c Beq/Biso*, Å2

Al1 0.951(1) 0.1671(2) 0.0342(2) 0.78(8) O11 0.983(2) 0.3948(8) 0.6680(4) 1.1(2)
Al2 0.460(1) 0.1678(2) 0.0341(2) 0.65(8) O12 0.207(1) 0.2646(5) 0.6968(4) 1.0(3)
Al3 0.952(1) 0.2859(3) 0.6478(2) 1.1(5) O13 0.708(6) 0.4740(7) 0.1334(4) 1.6(2)
Al4 0.457(1) 0.2862(2) 0.6494(1) 0.40(9) O14 0.213(2) 0.3157(3) 0.5992(2) 0.6(3)
Al5 0.698(2) 0.2470(4) 0.4475(3) 0.43(8) O15 0.477(2) 0.1766(7) 0.6170(4) 0.8(2)
Al6 0.447(1) 0.1088(2) 0.4790(2) 0.69(9) O16 0.705(4) 0.1478(4) 0.9840(3) 1.1(4)
Al7 0.951(1) 0.1116(3) 0.4801(2) 0.7(2) O17 0.197(2) 0.3717(6) 0.4666(4) 1.2(4)
Al8 0.450(1) 0.4428(2) 0.0864(1) 0.45(8) O18 0.209(4) 0.1413(4) 0.9854(4) 0.9(4)
Al9 0.955(1) 0.4427(3) 0.0855(2) 0.92(8) O19 0.720(4) 0.3610(5) 0.4673(3) 0.7(2)
Al10 0.217(2) 0.4717(2) 0.8825(1) 0.64(9) O20 0.429(3) 0.0092(6) 0.4533(4) 1.2(2)
Al11 0.704(3) 0.1940(3) 0.8320(2) 1.6(1) O21 0.188(7) 0.1308(5) 0.4290(4) 1.4(6)
Al12 0.207(2) 0.4242(2) 0.6154(1) 0.86(9) O22 0.730(6) 0.089(1) 0.851(1) 3.7(3)
Al13 0.953(1) 0.3868(3) 0.4129(2) 1.0(2) O23 0.205(4) 0.4242(3) 0.0306(2) 1.0(5)
Al14 0.455(1) 0.3898(4) 0.4144(2) 1.0(2) O24 0.696(3) 0.4095(3) 0.0391(1) 1.3(3)*
Al15 0.702(2) 0.3055(2) 0.0634(1) 0.54(8) O25 0.727(1) 0.3461(6) 0.9150(4) 0.8(5)
Al16 0.202(2) 0.0791(2) 0.2796(2) 1.3(1) O26 0.432(3) 0.4502(6) 0.5546(4) 0.7(2)
Al17 0.199(1) 0.0303(3) 0.0070(1) 1.1(1) O27 0.930(3) 0.219(1) 0.506(1) 3.1(5)
Al18 0.965(1) 0.2145(3) 0.2464(2) 1.0(2) O28 0.713(3) 0.2959(6) 0.5986(4) 1.2(3)
Al19 0.446(1) 0.2146(4) 0.2451(3) 1.7(2) O29 0.213(2) 0.3701(6) 0.9067(6) 1.9(6)
Al20 0.954(1) 0.0599(3) 0.8084(2) 1.2(2) O30 0.692(4) 0.1994(4) 0.2999(3) 1.0(3)
Al21 0.946(1) 0.3274(3) 0.8576(2) 1.4(2) O31 0.424(3) 0.0493(7) 0.3358(4) 1.1(5)
Al22 0.451(1) 0.0545(4) 0.8081(3) 1.8(2) O32 0.973(3) 0.4374(8) 0.8358(5) 1.8(2)
Al23 0.446(1) 0.3330(3) 0.8592(2) 1.3(2) O33 0.199(1) 0.0777(6) 0.8682(3) 4.3(7)
Al24 0.204(2) 0.4729(1) 0.4995(1) 0.7(1) O34 0.453(2) 0.4413(3) 0.8352(5) 0.5(3)
Al25 0.701(2) 0.1982(2) 0.5651(2) 0.7(1) O35 0.960(2) 0.1626(7) 0.7829(3) 0.7(4)
Al26 0.713(2) 0.2528(5) 0.9489(4) 1.0(1) O36 0.983(2) 0.0076(5) 0.4536(4) 0.6(3)
Al27 0.707(2) 0.3031(3) 0.3289(1) 1.6(1) O37 0.225(1) 0.3048(7) 0.8124(4) 1.3(9)
Al28 0.196(2) 0.0278(3) 0.3952(1) 1.6(1) O38 0.503(3) 0.2164(6) 0.5043(8) 2.2(6)
Al29 0.703(2) 0.4504(2) 0.6819(1) 1.1(1) O39 0.923(2) 0.2699(5) 0.0041(5) 0.5(3)
Al30 0.701(2) 0.5087(2) 0.3176(1) 0.4(1) O40 0.473(4) 0.1664(9) 0.7860(7) 2.1(7)
Al31 0.701(2) 0.0041(2) 0.0751(1) 0.9(1) O41 0.929(2) 0.2931(4) 0.3920(3) 0.9(3)*
Al32 0.713(1) 0.0521(3) 0.2156(2) 1.3(1) O42 0.445(2) 0.0682(3) 0.0564(3) 0.3(1)
Al33 0.188(1) 0.2153(3) 0.7664(2) 0.6(1) O43 0.697(3) 0.4990(9) 0.2445(4) 2.4(5)
Al34 0.206(2) 0.2789(2) 0.1272(1) 0.4(1) O44 0.722(2) 0.0292(4) 0.7596(3) 0.5(3)
Al35 0.192(2) 0.1233(3) 0.6050(1) 0.7(2) O45 0.20(1) 0.182(2) 0.298(1) 9.0(5)
Al36 0.203(3) 0.3744(2) 0.2862(2) 0.8(1) O46 0.728(2) 0.4145(6) 0.3545(3) 0.7(5)
Fe1 0.200(1) 0.2812(1) 0.5172(1) 1.17(4) O47 0.992(2) 0.0439(8) 0.3403(4) 1.0(5)
Fe2 0.702(1) 0.0547(1) 0.9351(1) 1.55(5) O48 0.983(3) 0.4514(8) 0.5587(9) 2.2(5)
Fe3 0.705(1) 0.1103(1) 0.3513(1) 1.32(5) O49 0.466(2) 0.2781(5) 0.0076(4) 0.7(5)
Fe4 0.209(1) 0.3315(1) 0.9867(1) 1.78(6) O50 0.717(4) 0.2981(7) 0.8106(4) 1.0(3)
Mg1 0.211(2) 0.1683(3) 0.9078(2) 1.0(2) O51 0.714(6) 1.0004(5) 0.1488(4) 1.5(4)
Mg2 0.698(2) 0.3884(2) 0.5456(1) 0.3(1) O52 0.478(1) 0.2816(5) 0.3869(2) 0.4(3)
Mg3 0.200(1) 0.2190(2) 0.3744(1) 0.4(1)* O53 0.966(3) 0.0542(8) 0.0607(3) 1.4(5)
Mg4 0.705(1) 0.4434(1) 0.9588(1) 0.3(1)* O54 0.929(3) 0.2269(7) 0.8917(4) 1.2(3)
Ca1 0.197(2) 0.4165(2) 0.7514(1) 2.4(1) O55 0.215(4) 0.4209(5) 0.3590(3) 1.1(4)
Ca2 0.209(1) 0.0841(1) 0.1430(1) 0.6(1) O56 0.728(2) 0.1369(7) 0.4331(4) 1.0(3)
Ca3 0.702(2) 0.3742(1) 0.2009(1) 1.3(1) O57 0.433(3) 0.5026(7) 0.9384(3) 1.2(5)
Ca4 0.705(2) 0.1281(1) 0.6947(1) 1.4(1) O58 0.957(3) 0.3212(9) 0.2762(7) 1.5(3)
O1 0.943(2) 0.3403(4) 0.1170(4) 0.2(1) O59 0.996(2) 0.493(1) 0.4394(7) 2.3(3)
O2 0.673(1) 0.2015(5) 0.0839(4) 0.2(1) O60 0.477(4) 0.224(2) 0.8899(8) 4.5(3)
O3 0.204(4) 0.4706(5) 0.1342(3) 0.6(1) O61 0.171(2) 0.0275(7) 0.7635(4) 0.8(5)
O4 0.212(4) 0.0874(6) 0.5364(6) 2.0(3) O62 0.468(3) 0.3165(8) 0.2728(4) 1.4(5)
O5 0.460(3) 0.3375(6) 0.1134(6) 2.1(6) O63 0.957(3) 0.1025(6) 0.2243(4) 1.0(5)
O6 0.728(1) 0.0870(4) 0.5323(3) 0.2(1) O64 0.471(2) 0.1058(9) 0.2225(5) 1.4(6)
O7 0.227(5) 0.2418(6) 0.1940(4) 1.7(3) OH1 0.213(4) 0.0485(4) 0.6547(2) 1.0(1)
O8 0.446(3) 0.3932(3) 0.6691(4) 0.9(2) OH2 0.231(1) 0.4438(7) 0.2294(7) 5.1(6)
O9 0.214(4) 0.1979(5) 0.0838(4) 1.1(1) OH3 0.727(2) 0.2625(6) 0.7011(4) 1.0(5)
O10 0.955(2) 0.1807(4) 0.6175(4) 0.3(1) OH4 0.682(3) 0.2341(5) 0.1992(4) 1.0(2)
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connect the layers together, but through hydrogen
bonds with the participation of the OH groups occu�
pying the free vertex of each tetrahedron.

The Mg(1–4) atoms form tetrahedra with Mg–O
distances varying from 1.81 to 2.04 Å. These tetrahe�
dra are located in the layers and share vertices with the
Al octahedra to form ribbons. All iron atoms are in a
tetrahedral coordination with the Fe–O distances
varying in the range of 1.79–2.07 Å. The iron tetrahe�
dra alternate with the Mg(1–4) tetrahedra located in
the layers and serve to connect the ribbons to form lay�
ers.

In the three�dimensional framework, the layers are
also linked together by calcium atoms. The calcium
atoms are located between the layers and form the fol�
lowing two types of polyhedra: the Ca(1–2) octahedra

with the Ca–O distances varying in the range of 2.30–
2.49 Å and the Ca(3–4) seven�vertex polyhedra with
the Ca–O distances in the range of 2.29–2.61 Å
(Fig. 3). These polyhedra share edges with the Al octa�
hedra of the layer and the Al diortho groups and share
vertices with the Al tetrahedra.

The step�like layers are one of the characteristic
features of the unique mineral structure. This type of
layer was found in the afwillite structure [6], in which
the calcium seven�membered polyhedra share edges
and form triple ribbons, which, in turn, are shifted
with respect to each other along the x axis and form a
step�like layer.

The tetrahedral coordination is most typical of alu�
minum. However, aluminum atoms in an octahedral
environment also form various structural elements
from discrete octahedra (chloraluminite) to frame�
work structures (diaspore).

The columns consisting of edge�sharing Al octahe�
dra were found, for example, in khaidarkanite [7]. The
edge�sharing Al octahedra form two types of layers
(spinel and corundum). In the spinel layer, the paral�
lel�chain system intersects the system of the chains
running at angles of 120° and 60° to form six�mem�
bered rings (Fig. 1). The spinel layer differs from the
corundum layer (which is also composed of six�mem�
bered rings but is formed by zigzag chains running in
the same direction) in that each six�membered
ring in the spinel layer shares one octahedron with
the adjacent rings, whereas two octahedra are
shared in the corundum layer. The corundum�type
layers are present in bayerite, gibbsite, doyleite,
and nordstrandite (in corundum, the layers are
directly superimposed to form a three�dimensional
framework).

The stoichiometry of the cations Ca/(Al, Fe, Mg) =
1/11 in the mineral under study is most similar to that
of hexagonal diaoyudaoite [8], where Na/Al = 1/11.
In the diaoyudaoite structure, the Al octahedra form
spinel�type layers which are linked in pairs by discrete
Al octahedra and tetrahedra and form double layers.
However, these minerals are chemically and structur�
ally different. Thus the double layers in diaoyudaoite
are “smooth,” have a uniform thickness, and are con�
nected together to form a three�dimensional frame�
work by Na atoms and Al diortho groups, which are
also arranged in their own layers (Fig. 4).

Table 3.  Bond�valence parameters (Brese [5])

Atom Al18 Al19 Al27 Al28 Al35 Al36 Ca1 Ca2 Ca3 Ca4 Vi

OH1 0.78 0.41 1.19

OH2 0.69 0.26 0.06 1.01

OH3 0.62 0.39 0.40 1.41

OH4 0.77 0.48 0.30 1.55

a

b c

Al

Al

Fig. 1. Fragment of the crystal structure of the mineral; the
ribbon of edge�sharing Al octahedra (an integral part of the
spinel layer).
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ab

c

Al
OH

Ca

FeMg

Al

Al

Al
Al

Al

Fig. 2. General view of the mineral structure; the step�like layers composed of the superimposed ribbons of edge�sharing Al octa�
hedra.

a

b
c

OH

OHCa

Al

Fig. 3. Two types of calcium polyhedra, which connect the layers together to form a three�dimensional structure.

c

b

Na

Al

Al

Al

Al
Al

Fig. 4. Structure of diaoyudaoite.
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CONCLUSIONS

The structure of the natural complex aluminum
magnesium calcium iron oxide was solved for the first
time, and its chemical formula was refined. The struc�
ture of the mineral is unique in its complexity and
diversity. This structure contains functionally different
Al atoms in two different coordination environments.

The above�described mineral will be submitted for
approval as a new mineral species to the Commission
on New Minerals, Nomenclature, and Classification
of the International Mineralogical Association.
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