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The crystal structure of kovdorskite, ideally Mg2PO4(OH)�-

3H2O (dimagnesium phosphate hydroxide trihydrate), was

reported previously with isotropic displacement paramaters

only and without H-atom positions [Ovchinnikov et al. (1980).

Dokl. Akad. Nauk SSSR. 255, 351–354]. In this study, the

kovdorskite structure is redetermined based on single-crystal

X-ray diffraction data from a sample from the type locality, the

Kovdor massif, Kola Peninsula, Russia, with anisotropic

displacement parameters for all non-H atoms, with all H-

atom located and with higher precision. Moreover, incon-

sistencies of the previously published structural data with

respect to reported and calculated X-ray powder patterns are

also discussed. The structure of kovdorskite contains a set of

four edge-sharing MgO6 octahedra interconnected by PO4

tetrahedra and O—H� � �O hydrogen bonds, forming columns

and channels parallel to [001]. The hydrogen-bonding system

in kovdorskite is formed through the water molecules, with the

OH� ions contributing little, if any, to the system, as indicated

by the long H� � �A distances (>2.50 Å) to the nearest O atoms.

The hydrogen-bond lengths determined from the structure

refinement agree well with Raman spectroscopic data.

Related literature

For background to kovdorskite, see: Kapustin et al. (1980);

Ovchinnikov et al. (1980); Ponomareva (1990); Lake & Craven

(2001). For biomaterials studies of hydrated magnesium

phosphates, see: Sutor et al. (1974); Tamimi et al. (2011);

Klammert et al. (2011). For applications of hydrated magne-

sium phosphates in the refractories industry, see: Kingery

(1950, 1952); Lyon et al. (1966); Sarkar (1990). For applications

of hydrated magnesium phosphate in fertilizers, see: Pelly &

Bar-On (1979). For Raman spectra of related systems, see:

Frost et al. (2002, 2011). For correlations between O—H

streching frequencies and O—H� � �O donor–acceptor

distances, see: Libowitzky (1999).

Experimental

Crystal data

Mg2PO4(OH)�3H2O
Mr = 214.65
Monoclinic, P21=a
a = 10.4785 (1) Å
b = 12.9336 (2) Å
c = 4.7308 (1) Å
� = 105.054 (1)�

V = 619.14 (2) Å3

Z = 4
Mo K� radiation
� = 0.65 mm�1

T = 293 K
0.10 � 0.09 � 0.09 mm

Data collection

Bruker APEXII CCD area-detector
diffractometer

Absorption correction: multi-scan
(SADABS; Sheldrick, 2005)
Tmin = 0.938, Tmax = 0.944

8463 measured reflections
2231 independent reflections
2008 reflections with I > 2�(I)
Rint = 0.026

Refinement

R[F 2 > 2�(F 2)] = 0.022
wR(F 2) = 0.056
S = 1.07
2231 reflections

129 parameters
All H-atom parameters refined
��max = 0.50 e Å�3

��min = �0.34 e Å�3

Table 1
Hydrogen-bond geometry (Å, �).

D—H� � �A D—H H� � �A D� � �A D—H� � �A

OH5—H1� � �OW6i 0.892 (17) 2.497 (18) 3.2408 (10) 141.3 (15)
OH5—H1� � �OH5ii 0.892 (17) 2.511 (18) 3.2033 (14) 134.9 (15)
OW6—H2� � �O1iii 0.90 (2) 1.77 (2) 2.6518 (10) 165.3 (19)
OW6—H3� � �O2iv 0.869 (18) 1.849 (19) 2.7097 (10) 170.4 (17)
OW7—H4� � �O4 0.88 (2) 1.93 (2) 2.7221 (11) 149.4 (17)
OW7—H5� � �O2iv 0.83 (3) 2.07 (3) 2.8513 (11) 157 (2)
OW8—H6� � �O4 0.83 (2) 1.99 (2) 2.7647 (11) 156.7 (18)
OW8—H7� � �O1i 0.79 (3) 2.19 (3) 2.9294 (11) 156 (2)

Symmetry codes: (i) x; y; zþ 1; (ii) �x;�yþ 1;�zþ 1; (iii) �xþ 1
2; yþ 1

2;�z; (iv)
�x þ 1

2; yþ 1
2;�zþ 1.

Data collection: APEX2 (Bruker, 2004); cell refinement: SAINT

(Bruker, 2004); data reduction: SAINT; program(s) used to solve

structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine

structure: SHELXL97 (Sheldrick, 2008); molecular graphics: Xtal-

Draw (Downs & Hall-Wallace, 2003); software used to prepare

material for publication: publCIF (Westrip, 2010).

The authors gratefully acknowledge support of this study by

the Arizona Science Foundatioh and NASA NNX11AN75A,

Mars Science Laboratory Investigations.

Supplementary data and figures for this paper are available from the
IUCr electronic archives (Reference: WM2577).
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Redetermination of kovdorskite, Mg2PO4(OH)·3H2O

S. M. Morrison, R. T. Downs and H. Yang

Comment

The pseudo-ternary MgO–P2O5–H2O system has been the subject of numerous studies because magnesium phosphates

elicit industrial interest. They are used as bonding in refractories (Kingery, 1950; Lyon et al., 1966) and mortars (Kingery,
1952) or as rapid-setting cements (Sarkar, 1990). They also play an important role in the fertilizer industry due to their
solubility properties (Pelly & Bar-On, 1979) and in medical research. In particular, newberyite, Mg(HPO4).3H2O, is a

constituent of human urinary stones (Sutor et al., 1974) and has been found to act as a self-setting cement for synthetic
bone replacements (Klammert et al., 2011). Moreover, newberyite and cattiite, Mg3(PO4)2.22H2O, have shown promising

results during in-vivo bone regeneration experiments (Tamimi et al., 2011). In addition to newberyite and cattiite, there
are eight other known hydrated Mg-phosphate minerals, including althausite Mg2PO4(OH), raadeite Mg7(PO4)2(OH)8,

kovdorskite Mg2PO4(OH).3H2O (or with formula [Mg2(OH)(H2O)3]PO4 that better represents the crystal-chemical situ-

ation), garyansellite Mg3(PO4)2.3H2O, phosphorrösslerite Mg(HPO4).7H2O, barićite Mg3(PO4)2.8H2O, and bobierrite

Mg3(PO4)2.8H2O.

Kovdorskite from the Kovdor massif, Kola Peninsula, Russia was originally described by Kapustin et al. (1980) with
monoclinic symmetry in space group P21/c and unit-cell parameters a = 4.74 (2), b = 12.90 (4), c = 10.35 (4) Å, β = 102.0 (5)°.

Its structure was subsequently determined by Ovchinnikov et al. (1980) based on space group P21/a and unit-cell parameters

a = 10.35 (4), b = 12.90 (4), c = 4.73 (2) Å, β = 102.0 (5)°. The resultant R factor was 8% with isotropic displacement
parameters for all atoms and no locations of H atoms. However, in a meeting abstract, Lake & Craven (2001) reported that
kovdorskite crystallizes in space group P21/n with unit-cell parameters a = 4.724, b = 12.729, c = 10.134 Å, β = 102.22°,

without presenting other structure information, such as atomic coordinates and displacement parameters. Further chemical
and physical analyses on kovdorskite by Ponomareva (1990) revealed that the variation of trace Fe content gives rise to
green to blue coloration in this mineral whereas traces of Mn cause a pink coloration.

In the course of identifying minerals for the RRUFF project (http://rruff.info), we noted that the powder X-ray diffraction
pattern of kovdorskite we measured on a sample from the type locality displays some obvious inconsistencies with that
calculated from the structure model given by Ovchinnikov et al. (1980) (Fig. 1). For comparison, plotted in Fig. 1 are also
the powder X-ray diffraction data tabulated in the original description of the mineral (Kapustin et al., 1980), which clearly
agree with our measured data. In seeking the reason behind the discrepancies between the measured and calculated powder
X-ray diffraction data and to better understand the relationships between the hydrogen environments and Raman spectra of
hydrous minerals, we re-determined the structure of kovdorskite by means of single-crystal X-ray diffraction.

The crystal structure of kovdorskite is characterized by clusters of four edge-sharing MgO6 octahedra that are intercon-

nected by PO4 tetrahedra and hydrogen bonds to form columns and channels parallel to [001] (Figs. 2, 3). Within each

cluster, there are two special corners where three octahedra are joined. These corners are occupied by hydroxyl ions (OH5).
The hydrogen-bonding system in kovdorskite is mainly formed by the H atoms of H2O groups, which are all directed toward
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the channels. The H1 atom (bonded to OH5) contributes little, if any, to the hydrogen bonding system, as indicated by the
long H···A distances to the nearest OW6 (2.50 Å) or OH5 (2.51 Å).

An examination of our structure data indicates that the discrepancy in the previously published crystallographic data
for kovdorskite (Kapustin et al., 1980; Ovchinnikov et al., 1980; Lake & Craven, 2001) and the mismatch between the
measured and calculated powder X-ray diffraction pattern result from the inconsistent choice of the unit-cell settings versus
space groups by Kapustin et al. (1980) and Ovchinnikov et al. (1980). The space group P21/a and atomic coordinates given

by Ovchinnikov et al. (1980) actually correspond to a unit-cell a = 10.45, b =12.90, c = 4.73 Å, and β = 104.3°, which can be
derived with the transformation matrix (1 0 1 / 0 1 0 / 0 0 1) from their reported cell parameters. The powder X-ray diffraction
pattern calculated using this new unit-cell setting, along with reported space group and atomic coordinates, then matches that
measured experimentally. In our case, if we choose the unit-cell setting with a = 10.3164 (1), b =12.9336 (2), c = 4.7308 (1)
Å, and β = 101.231 (1)°, then the corresponding space group is P21/n. However, if we adopt the setting with a = 10.4785 (1),

b =12.9336 (2), c = 4.7308 (1) Å, and β = 105.054 (1)°, we have space group P21/a. The matrix for the transformation from

the former setting to the latter one is the same as that given above. In this study, we have adopted the latter unit-cell setting
to facilitate a direct comparison of our atomic coordinates with those reported by Ovchinnikov et al. (1980).

There have been numerous Raman spectroscopic measurements on a variety of phosphates, including barićite, bobierrite
(Frost et al., 2002), and newberyite (Frost et al., 2011). Presented in Figure 4 is the Raman spectrum of kovdorskite. A
tentative assignment of major Raman bands for this mineral is made according to previous studies on hydrous Mg-phosphate

minerals (e.g. Frost et al., 2002, 2011). The most intense, sharp peak at 3681 cm-1 is ascribed to the OH5—H1 stretching

mode, whereas three relatively broad bands at 3395, 3219, and 2967 cm-1 are attributable to the O—H stretching vibrations

of the H2O molecules, and the very broad bump at 1550 ±100 cm-1 to the H2O bending vibrations. The O–H···O hydrogen

bond lengths inferred from the measured spectrum are in the range 2.62–2.90 Å (Libowitzky, 1999), which compare well
with those determined from our X-ray structural analysis (2.65–2.93 Å). Stretching vibrations within the PO4 group are

responsible for the bands between 840 and 1120 cm-1 and bending vibrations for weak bands between 300 and 600 cm-1.

The bands below 300 cm-1 are attributed to lattice vibrational modes and Mg—O interactions.

Experimental

The kovdorskite specimen used in this study is from the type locality Kovdor Massif, Kola Peninsula, Russia and is in
the collection of the RRUFF project (deposition No R050505, http://rruff.info). The chemical composition of the sample
was analyzed with a CAMECA SX50 electron microprobe. Only Mg and P, plus very trace amounts of Mn and Ca, were
detected. The empirical chemical formula, calculated on the basis of 4.5 O atoms, is Mg2.00PO4.00(OH).2.67H2O, where

the amount of H2O was estimated by the difference from 100% mass totals.

The Raman spectrum of kovdorskite was collected from a randomly oriented crystal at 100% power on a Thermo Almega
microRaman system, using a solid-state laser with a wavenumber of 532 nm, and a thermoelectrically cooled CCD detector.

The laser is partially polarized with 4 cm-1 resolution and a spot size of 1 µm.
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Refinement

All H atoms were located from difference Fourier syntheses and their positions were refined with isotropic displacement
parameters. For simplicity, an ideal chemistry, Mg2.00PO4.00(OH).3H2O, was assumed during the final refinement. The

highest residual peak in the difference Fourier maps was located at (0.1815, 0.3311, 0.4211), 0.73 Å from O3, and the
deepest hole at (0.7791, 0.7157, 0.4322), 0.50 Å from P1.

Figures
Fig. 1. Comparison of the powder X-ray diffraction patterns for kovdorskite. The patterns are
shown vertically offset for clarity: (a) by Kapustin et al. (1980), (b) our measurement, (c) cal-
culated pattern based on the data given by Ovchinnikov et al. (1980), and (d) calculated pat-
tern with space group and atomic coordinates reported by Ovchinnikov et al. (1980), but a
transformed unit-cell setting (see text).

Fig. 2. The crystal structure of kovdorskite viewed down c. Green octahedra represent the
MgO6 groups and pink tetrahedra the PO4 groups. H atoms are given as blue spheres.

Fig. 3. The crystal structure of kovdorskite viewed down c, showing atoms with displacement
ellipsoids at the 99% probability level. Green, pink and red ellipsoids represent Mg, P and O
atoms, respectively. H atoms are given as blue spheres with an arbitrary radius.

Fig. 4. Raman spectrum of kovdorskite.

dimagnesium phosphate hydroxide trihydrate

Crystal data

Mg2PO4(OH)·3H2O F(000) = 440

Mr = 214.65 Dx = 2.303 Mg m−3

Monoclinic, P21/a Mo Kα radiation, λ = 0.71073 Å
Hall symbol: -P 2yab Cell parameters from 4644 reflections
a = 10.4785 (1) Å θ = 2.7–32.5°
b = 12.9336 (2) Å µ = 0.65 mm−1

c = 4.7308 (1) Å T = 293 K
β = 105.054 (1)° Cuboid, colorless

V = 619.14 (2) Å3 0.10 × 0.09 × 0.09 mm
Z = 4
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Data collection

Bruker APEXII CCD area-detector
diffractometer 2231 independent reflections

Radiation source: fine-focus sealed tube 2008 reflections with I > 2σ(I)
graphite Rint = 0.026

φ and ω scan θmax = 32.5°, θmin = 3.2°
Absorption correction: multi-scan
(SADABS; Sheldrick, 2005) h = −15→13

Tmin = 0.938, Tmax = 0.944 k = −15→19
8463 measured reflections l = −7→7

Refinement

Refinement on F2 Secondary atom site location: difference Fourier map
Least-squares matrix: full Hydrogen site location: difference Fourier map

R[F2 > 2σ(F2)] = 0.022 All H-atom parameters refined

wR(F2) = 0.056
w = 1/[σ2(Fo

2) + (0.0278P)2 + 0.150P]
where P = (Fo

2 + 2Fc
2)/3

S = 1.07 (Δ/σ)max = 0.001

2231 reflections Δρmax = 0.50 e Å−3

129 parameters Δρmin = −0.34 e Å−3

0 restraints
Extinction correction: SHELXL97 (Sheldrick, 2008),
Fc*=kFc[1+0.001xFc2λ3/sin(2θ)]-1/4

Primary atom site location: structure-invariant direct
methods Extinction coefficient: 0.014 (2)

Special details

Geometry. All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated using the full covariance mat-
rix. The cell e.s.d.'s are taken into account individually in the estimation of e.s.d.'s in distances, angles and torsion angles; correlations
between e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of
cell e.s.d.'s is used for estimating e.s.d.'s involving l.s. planes.

Refinement. Refinement of F2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F2, convention-

al R-factors R are based on F, with F set to zero for negative F2. The threshold expression of F2 > σ(F2) is used only for calculating R-

factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F2 are statistically about twice as large
as those based on F, and R- factors based on ALL data will be even larger.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2)

x y z Uiso*/Ueq

Mg1 0.15418 (3) 0.48809 (3) 0.04828 (7) 0.00906 (8)
Mg2 0.49666 (3) 0.21171 (3) 0.93433 (7) 0.00854 (8)
P1 0.21969 (2) 0.321419 (19) 0.59573 (5) 0.00682 (7)
O1 0.34918 (7) 0.26654 (6) 0.58522 (15) 0.01002 (14)
O2 0.13841 (7) 0.24609 (5) 0.73290 (15) 0.01022 (14)
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O3 0.14008 (7) 0.35212 (6) 0.28575 (14) 0.01018 (14)
O4 0.25621 (7) 0.41919 (6) 0.78609 (15) 0.01050 (14)
OH5 0.01976 (7) 0.56414 (5) 0.22485 (15) 0.00943 (13)
OW6 0.16539 (8) 0.64623 (6) −0.12401 (16) 0.01279 (14)
OW7 0.32209 (8) 0.53186 (7) 0.35888 (18) 0.01745 (16)
OW8 0.48594 (8) 0.34594 (7) 1.16317 (18) 0.01686 (16)
H1 0.0319 (18) 0.5627 (14) 0.419 (4) 0.034 (5)*
H2 0.160 (2) 0.6770 (16) −0.298 (5) 0.051 (6)*
H3 0.2345 (18) 0.6736 (13) −0.005 (4) 0.030 (4)*
H4 0.3228 (19) 0.5108 (14) 0.536 (4) 0.035 (5)*
H5 0.353 (3) 0.591 (2) 0.371 (5) 0.070 (8)*
H6 0.4269 (19) 0.3840 (15) 1.068 (4) 0.038 (5)*
H7 0.468 (3) 0.3322 (18) 1.312 (6) 0.063 (7)*

Atomic displacement parameters (Å2)

U11 U22 U33 U12 U13 U23

Mg1 0.00832 (15) 0.00862 (16) 0.00998 (15) 0.00010 (12) 0.00191 (11) −0.00105 (11)
Mg2 0.00828 (15) 0.00792 (16) 0.00926 (15) 0.00010 (12) 0.00198 (11) −0.00018 (11)
P1 0.00668 (11) 0.00727 (12) 0.00646 (11) 0.00097 (8) 0.00160 (7) 0.00004 (7)
O1 0.0086 (3) 0.0122 (3) 0.0093 (3) 0.0028 (3) 0.0025 (2) −0.0001 (2)
O2 0.0105 (3) 0.0093 (3) 0.0120 (3) 0.0004 (3) 0.0051 (2) 0.0011 (2)
O3 0.0106 (3) 0.0101 (3) 0.0082 (3) 0.0000 (3) −0.0006 (2) 0.0015 (2)
O4 0.0115 (3) 0.0097 (3) 0.0105 (3) −0.0007 (3) 0.0033 (2) −0.0028 (2)
OH5 0.0103 (3) 0.0095 (3) 0.0082 (3) 0.0003 (2) 0.0018 (2) 0.0000 (2)
OW6 0.0143 (3) 0.0130 (3) 0.0106 (3) −0.0037 (3) 0.0024 (3) 0.0006 (3)
OW7 0.0181 (4) 0.0163 (4) 0.0149 (4) −0.0043 (3) −0.0011 (3) −0.0001 (3)
OW8 0.0172 (4) 0.0150 (4) 0.0162 (4) 0.0034 (3) 0.0004 (3) −0.0031 (3)

Geometric parameters (Å, °)

Mg1—O4i 2.0407 (8) Mg2—OW8 2.0644 (9)

Mg1—OH5ii 2.0553 (8) Mg2—O1 2.0720 (7)

Mg1—OW7 2.0573 (9) Mg2—O3v 2.0991 (8)

Mg1—OH5 2.0641 (8) Mg2—OW6iv 2.2798 (8)
Mg1—O3 2.1124 (8) P1—O3 1.5390 (7)
Mg1—OW6 2.2162 (8) P1—O4 1.5419 (7)

Mg2—O2iii 2.0365 (8) P1—O1 1.5434 (7)

Mg2—OH5iv 2.0427 (8) P1—O2 1.5436 (7)

O4i—Mg1—OH5ii 89.62 (3) O2iii—Mg2—O1 91.09 (3)

O4i—Mg1—OW7 93.92 (3) OH5iv—Mg2—O1 92.98 (3)

OH5ii—Mg1—OW7 173.58 (4) OW8—Mg2—O1 89.96 (3)

O4i—Mg1—OH5 167.00 (3) O2iii—Mg2—O3v 90.97 (3)

OH5ii—Mg1—OH5 79.87 (3) OH5iv—Mg2—O3v 84.20 (3)

OW7—Mg1—OH5 97.28 (3) OW8—Mg2—O3v 92.33 (3)

O4i—Mg1—O3 94.58 (3) O1—Mg2—O3v 176.63 (3)
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OH5ii—Mg1—O3 83.55 (3) O2iii—Mg2—OW6iv 172.77 (3)

OW7—Mg1—O3 90.82 (3) OH5iv—Mg2—OW6iv 78.34 (3)

OH5—Mg1—O3 91.84 (3) OW8—Mg2—OW6iv 87.62 (3)

O4i—Mg1—OW6 95.35 (3) O1—Mg2—OW6iv 87.90 (3)

OH5ii—Mg1—OW6 101.25 (3) O3v—Mg2—OW6iv 89.74 (3)
OW7—Mg1—OW6 83.77 (3) O3—P1—O4 109.62 (4)
OH5—Mg1—OW6 79.40 (3) O3—P1—O1 110.58 (4)
O3—Mg1—OW6 168.99 (3) O4—P1—O1 108.00 (4)

O2iii—Mg2—OH5iv 94.57 (3) O3—P1—O2 109.98 (4)

O2iii—Mg2—OW8 99.54 (3) O4—P1—O2 110.63 (4)

OH5iv—Mg2—OW8 165.53 (4) O1—P1—O2 107.99 (4)
Symmetry codes: (i) x, y, z−1; (ii) −x, −y+1, −z; (iii) x+1/2, −y+1/2, z; (iv) −x+1/2, y−1/2, −z+1; (v) x+1/2, −y+1/2, z+1.

Hydrogen-bond geometry (Å, °)

D—H···A D—H H···A D···A D—H···A

OH5—H1···OW6vi 0.892 (17) 2.497 (18) 3.2408 (10) 141.3 (15)

OH5—H1···OH5vii 0.892 (17) 2.511 (18) 3.2033 (14) 134.9 (15)

OW6—H2···O1viii 0.90 (2) 1.77 (2) 2.6518 (10) 165.3 (19)

OW6—H3···O2ix 0.869 (18) 1.849 (19) 2.7097 (10) 170.4 (17)
OW7—H4···O4 0.88 (2) 1.93 (2) 2.7221 (11) 149.4 (17)

OW7—H5···O2ix 0.83 (3) 2.07 (3) 2.8513 (11) 157 (2)
OW8—H6···O4 0.83 (2) 1.99 (2) 2.7647 (11) 156.7 (18)

OW8—H7···O1vi 0.79 (3) 2.19 (3) 2.9294 (11) 156 (2)
Symmetry codes: (vi) x, y, z+1; (vii) −x, −y+1, −z+1; (viii) −x+1/2, y+1/2, −z; (ix) −x+1/2, y+1/2, −z+1.
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Fig. 1
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Fig. 2
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Fig. 3
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Fig. 4
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disorder in main residue; R factor = 0.023; wR factor = 0.055; data-to-parameter

ratio = 16.1.

Nioboaeschynite-(Ce), ideally Ce(NbTi)O6 [cerium(III)

niobium(V) titanium(IV) hexaoxide; refined formula of the

natural sample is Ca0.25Ce0.79(Nb1.14Ti0.86)O6], belongs to the

aeschynite mineral group which is characterized by the

general formula AB2(O,OH)6, where eight-coordinated A is

a rare earth element, Ca, Th or Fe, and six-coordinated B is Ti,

Nb, Ta or W. The general structural feature of nioboaeschy-

nite-(Ce) resembles that of the other members of the

aeschynite group. It is characterized by edge-sharing dimers

of [(Nb,Ti)O6] octahedra which share corners to form a three-

dimensional framework, with the A sites located in channels

parallel to the b axis. The average A—O and B—O bond

lengths in nioboaeschynite-(Ce) are 2.471 and 1.993 Å,

respectively. Moreover, another eight-coordinated site, desig-

nated as the C site, is also located in the channels and is

partially occupied by A-type cations. Additionally, the

refinement revealed a splitting of the A site, with Ca displaced

slightly from Ce (0.266 Å apart), presumably resulting from

the crystal-chemical differences between the Ce3+ and Ca2+

cations.

Related literature

For background on the aeschynite mineral group, see: Zhabin

et al. (1960); Aleksandrov (1962); Jahnberg (1963); Fauquier &

Gasperin (1970); Ewing & Ehlmann (1975); Rosenblum &

Mosier (1975); Giuseppetti & Tadini (1990); Bonazzi &

Menchetti (1999); Yang et al. (2001); Golobic et al. (2004);

Ercit (2005); Škoda & Novák (2007); Thorogood et al. (2010).

For studies on the semiconducting properties of compounds

with aeschynite-type structures, see: Kan & Ogawa (2008);

Sumi et al. (2010). For studies of phosphorescent compounds

with aeschynite-type structures, see: Ma et al. (2007); Qi et al.

(2010). For information on ionic radii, see: Shannon (1976).

Experimental

Crystal data

Ca0.25Ce0.79(Nb1.14Ti0.86)O6

Mr = 363.83
Orthorhombic, Pnma
a = 11.0563 (15) Å
b = 7.560 (1) Å
c = 5.3637 (7) Å

V = 448.33 (10) Å3

Z = 4
Mo K� radiation
� = 12.06 mm�1

T = 293 K
0.06 � 0.06 � 0.05 mm

Data collection

Bruker APEXII CCD area-detector
diffractometer

Absorption correction: multi-scan
(SADABS; Sheldrick, 2005)
Tmin = 0.532, Tmax = 0.584

3666 measured reflections
883 independent reflections
737 reflections with I > 2�(I)
Rint = 0.026

Refinement

R[F 2 > 2�(F 2)] = 0.023
wR(F 2) = 0.055
S = 1.09
883 reflections

55 parameters
2 restraints
��max = 2.07 e Å�3

��min = �0.80 e Å�3

Data collection: APEX2 (Bruker, 2004); cell refinement: SAINT

(Bruker, 2004); data reduction: SAINT; program(s) used to solve

structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine

structure: SHELXL97 (Sheldrick, 2008); molecular graphics: Xtal-

Draw (Downs & Hall-Wallace, 2003); software used to prepare

material for publication: publCIF (Westrip, 2010).
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Nioboaeschynite-(Ce), Ce(NbTi)O6

Shaunna M. Morrison, Robert T. Downs, Kenneth J. Domanik, Hexiong Yang and Donald Doell

Comment 

Minerals of the aeschynite group exhibit the CaTa2O6-structure type with space group Pnma and Z = 4. They can be 

characterized by the general formula AB2(O,OH)6, where 8-coordinated A is a rare earth element (REE), Ca, Th, Fe, and 

6-coordinated B is Ti, Nb, Ta, W. There are eight members of this group in the current list of minerals approved by the 

International Mineralogical Association (IMA), including aeschynite-(Ce) (Ce,Ca,Fe,Th)(Ti,Nb)2(O,OH)6, 

aeschynite-(Nd) Nd(Ti,Nb)2(O,OH)6, aeschynite-(Y) (Y,Ca,Fe,Th)(Ti,Nb)2(O,OH)6, nioboaeschynite-(Ce) (Ce,Ca)

(Nb,Ti)2(O,OH)6, nioboaeschynite-(Y) (Y,REE,Ca,Th,Fe)(Nb,Ti,Ta)2(O,OH)6, tantalaeschynite-(Y) Y(Ta,Ti,Nb)2O6, 

vigezzite (Ca,Ce)(Nb,Ta,Ti)2O6 and rynersonite CaTa2O6. Aeschynite-type materials have been the subject of numerous 

investigations for their industrial and scientific importance, for example, as phosphors (Ma et al., 2007; Qi et al., 2010) 

and as semiconductors for their microwave dielectric properties in ceramics (Kan & Ogawa, 2008; Sumi et al., 2010). 

There have been a number of structure studies on synthetic aeschynite-group materials, such as CaTa2O6 (Jahnberg, 

1963), LaNbTiO6 (Fauquier & Gasperin, 1970; Golobic et al., 2004), and REETiTaO6 (REE = La, Ce, Pr, Nd, Sm, Eu, Gd, 

Tb, Dy, Ho, Er, Tm, Yb and Lu) (Thorogood et al., 2010). However, due to prevalent metamictization in natural samples, 

only the crystal structures of aeschynite-(Ce) (Aleksandrov, 1962), aeschynite-(Y) (Bonazzi & Menchetti, 1999), 

vigezzite (Giuseppetti & Tadini, 1990), and rynersonite (Jahnberg, 1963) have been reported thus far. Among them, the 

structure of aeschynite-(Y) is of particular interest, because, besides the A and B sites, an additional, partially occupied 

cation site, designated as the C- site, was observed (Bonazzi & Menchetti, 1999). The coordination environment of the C-

site in this mineral is similar to that of the A- site, but the shortest C—O bond length (C—O4) is only ~2.10 Å, similar to 

that of the B—O bonds. As all five natural aeschynite-(Y) samples examined by Bonazzi & Menchetti (1999) contain 

excess B-type cations (B > 2.0 atoms per formula unit; apfu) and are deficient in A-type cations (A < 1.0 apfu) with 

respect to the ideal chemical formula, a B-type cation (W) was thus assigned to the C-site. Yet, due to the close proximity 

of the A- and C-sites (~2.5 Å apart), Bonazzi & Menchetti (1999) assumed that the occupancy of the C-site is coupled 

with a vacancy in the A-site, giving rise to the structure formula A1-xB2Cx(O,OH)6.

Nioboaeschynite-(Ce) from the Vishnevy Mountains, Russia was first described by Zhabin et al. (1960) and later from 

the Tanana quadrangle, central Alaska by Rosenblum & Mosier (1975). In both studies unit-cell parameters were 

determined, but not the crystal structures. Owing to its metamict nature, subsequent studies involving 

nioboaeschynite-(Ce) were mainly focused on chemical variations within the group and compositional trends between the 

aeschynite group and the closely-related euxenite group (Ewing & Ehlmann, 1975; Yang et al., 2001; Ercit, 2005; Škoda 

& Novák, 2007). Notably, the aeschynite-(Ce) sample used in the structure refinement by Aleksandrov (1962) contained 

50.5% Nb and 49.5% Ti, thus making it effectively nioboaeschynite-(Ce), according to current IMA nomenclature. 

Regardless, the structure of this mineral was only determined on the basis of photographic intensity data with R = 12.5%. 

In the course of identifying minerals for the RRUFF project (http://rruff.info), we found a well crystallized 

nioboaeschynite-(Ce) sample from the Upper Fir carbonatite, Kamloops mining division, British Columbia, Canada and 
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determined its structure by means of single-crystal X-ray diffraction.

The structure of nioboaeschynite-(Ce) is very similar to that of the aeschynite-(Y) reported by Bonazzi & Menchetti 

(1999), including the presence of an additional, partially occupied C-site. The general structural feature of 

nioboaeschynite-(Ce) are edge-sharing dimers of [(Nb,Ti)O6] octahedra that share corners to form a three-dimensional 

framework, with the 8-coordinated A- and C-sites located in the channels running parallel to the b axis (Figs. 1,2). The 

average A—O, B—O, and C—O bond lengths are 2.471, 1.993, and 2.474 Å, respectively, which are all longer than the 

corresponding ones (~2.393, 1.979, and 2.39 Å) in aeschynite-(Y) (Bonazzi & Menchetti, 1999). Interestingly, the 

shortest bond length within the [CO8] polyhedron is the C—O4 bond in aeschynite-(Y) (~2.11 Å) (Bonazzi & Menchetti, 

1999), whereas it is C—O3 in nioboaeschynite-(Ce) [2.27 (1) Å]. This difference appears to correlate with the increase in 

the C—O4 distance associated with decreasing Ti content (or increasing Nb and Ta content) in the B-site, while the C—

O3 bond length is essentially invariable with Ti content (Fig. 3). In this study, we assigned some A-type cations to the C-

site, because (1) the shortest C—O bond in our specimen is significantly longer than that in aeschynite-(Y) (Bonazzi & 

Menchetti, 1999) and (2) our sample contains excess A-type cations, rather than excess B-type cations, as in the 

aeschynite-(Y) samples analyzed by Bonazzi & Menchetti (1999). Accordingly, we propose the structural formula 

AB2CxO6 for the nioboaeschynite-(Ce) from the Upper Fir carbonatite. Our results, coupled with that of the Bonazzi & 

Menchetti (1999) study, indicate that there is great flexibility in the formula of the aeschynite groups minerals due to the 

occupancy variations permitted by the C-site. Furthermore, we detected a splitting of the A-site in our refinement, with 

Ca displaced slightly from Ce (0.266 Å apart). Although this site splitting may be related to the presence of some A-type 

cations in the C-site to minimize the cation-cation repulsion due to the short A—C distance (~2.4 Å), a 25% occupancy of 

A′ by Ca does not agree with the 3.8% occupancy of C. The observed site splitting in our sample is, therefore, more likely 

a result of the different crystal-chemical behavior of the Ce3+ and Ca2+ cations.

From a mineralogical point of view, ideal chemical formulas are treated differently from those reported for synthetic 

compounds by chemists. There are no two grains of a mineral that will have exactly the same measured chemical 

composition; therefore, the ideal chemical formula of a mineral, as defined by the IMA, comes with understood 

tolerances. Ideal formulas are necessary to distinguish and designate one mineral species from another. In the case of 

nioboaeschynite-(Ce), the current IMA formula is (Ce,Ca)(Nb,Ti)2(O,OH)6, where we understand Ca, Ti, OH to be minor 

chemical components. An ideal formula given in this format has two possible meanings. One is that the Ca substitution at 

the Ce-containing A-site is minor, but essential to constrain the mineral into its observed crystal structure, as likewise for 

Ti at the Nb site, and OH is variable to account for charge balance. The other possibility is that the original workers 

described the formula this way because, while they could not decide if the minor elements were essential or not, the 

minor elements were common enough that they listed them in the formula anyway. However, the structural studies on 

synthetic aeschynite group crystals, including REETiTaO6 (REE = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb 

and Lu) compounds (Thorogood et al., 2010) and LaNbTiO6 (Fauquier & Gasperin, 1970; Golobic et al. 2004), prove that 

the aeschynite structure is stable in the complete absence of Ca, and with an ideal 1:1 ratio of Ti:(Ta,Nb). Furthermore, 

because Nb5+ and Ta5+ have the same charge, the same ionic radius of 0.64 Å (Shannon, 1976), and exhibit similar 

chemical behavior, they can substitute for each other without affecting the Ti content (Škoda & Novák, 2007). Therefore, 

it seems reasonable to consider that the ideal nioboaeschynite-(Ce) chemical formula should be the charge-balanced 

Ce(NbTi)O6, with (Nb,Ti) variations charge-balanced by variations in A-site chemistry, such as Ca2+ or Th4+. The 

modified ideal formula, Ce(NbTi)O6, however, is problematic because it is likely the same ideal formula is applicable to 

aeschynite-(Ce), Ce(TiNb)O6 (Aleksandrov, 1962). The two minerals are unnecessarily distinguished by the dominant 

cation at the B-site.
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Experimental 

The nioboaeschynite-(Ce) specimen used in this study is from the Upper Fir carbonatite, Kamloops mining division, 

British Columbia, Canada and is in the collection of the RRUFF project (deposition No. R110056; http://rruff.info). The 

chemical composition was measured with a CAMECA SX100 electron microprobe at the conditions of 25 keV, 20 nA, 

and a beam size of 10 µm. An average of 26 analysis points yielded (wt. %): P2O5 0.02, CaO 3.72, TiO2 18.38, FeO 0.59, 

SrO 0.18, Nb2O5 40.12, Y2O3 0.52, La2O3 5.39, Ce2O3 15.25, Pr2O3 1.79, Nd2O3 6.29, SmO 1.02, Gd2O3 1/2, Ta2O5 0.07, 

WO3 0.06, PbO 0.03, ThO2 4.08, UO2 0.22. The empirical chemical formula, calculated based on 6 O atoms, is 

(Ce0.35Nd0.14La0.12Pr0.04Sm0.02Y0.02Gd0.01Ca0.25Th0.06 Fe0.03Sr0.01)Σ=1.05 (Nb1.14Ti0.85)Σ=1.99O6. The formula is charge balanced and 

there is no evidence of OH in the sample's Raman spectra or structural analysis.

Refinement 

During the structure refinement, due to similar X-ray scattering lengths, all rare earth elements were treated as Ce. A 

preliminary refinement revealed the presence of some cations in the C-site. Since our sample contains excess A-type 

cations (0.05 apfu), we subsequently refined the occupancy of the C-site using the scattering factors of Ce with an 

isotropic displacement parameter, which reduced the R1 factor from 0.0313 to 0.0281 and yielded a site occupancy of 

0.04 Ce apfu. However, because of the chemical complexity of our sample, it is difficult to determine exactly what 

element(s) preferentially reside(s) in the C-site. According to the refinement, the C-site contains approximately 2.22 

electrons. Based on the electron microprobe chemistry data, (Ce0.35Nd0.14La0.12Pr0.04Sm0.02Y0.02Gd0.01Ca0.25Th0.06 

Fe0.03Sr0.01)Σ=1.05(Nb1.14Ti0.85)Σ=1.99O6, there is no single element whose abundance would supply the C-site with the required 

number of electrons. However, the electrons supplied by a combination of REE and Th from the excess 0.05 atoms in the 

A-site, based on their respective abundances, is approximately 2.30. Worth noting is that if the excess 0.05 atoms were 

designated to be Ca, only one electron would be allotted to the C-site. Additionally, while the average C-site bond length 

does correspond to that of Ca—O, it also corresponds to that of the average bond length of (REE + Th). The average (8-

coordinated) Ca2+ ionic radius is 1.12 Å (Shannon, 1976) and the average (REE + Th) ionic radius is 1.126 Å (based on 

their abundances as determined by the microprobe chemistry data and their radii by Shannon, 1976). Therefore, Ce was 

chosen to represent (REE + Th) in the C-site. Moreover, from difference Fourier synthesis, we noticed a significant, 

positive residual peak that is ~0.2 Å from the A-site. An A-site splitting model was then assumed, with Ce occupying the 

A-site and Ca occupying the A′-site, which led to a further reduction of the R1 factor from 0.0281 to 0.0234. The refined 

occupancies are ~0.75 for the A-site and ~0.25 for the A′-site, matching the measured chemical component of Ca 

remarkably. In the final refinement, we assumed that the A- and B-sites are fully occupied by Ce/Ca and Nb/Ti, 

respectively, and their ratios were constrained to those determined from the electron microprobe analysis. Because of the 

strong correlation in the displacement parameters between the A- and A′-sites and the low occupancy at the C-site, only 

isotropic displacement parameters were refined for the A′- and C-sites. The highest residual peak in the difference Fourier 

maps was located at (0.5269, 1/4, 0.0261), 0.77 Å from the A-site, and the deepest hole at (0.3258, 0.7007, 0.0253), 0.50 

Å from the C-site.

Computing details 

Data collection: APEX2 (Bruker, 2004); cell refinement: SAINT (Bruker, 2004); data reduction: SAINT (Bruker, 2004); 

program(s) used to solve structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine structure: SHELXL97 

(Sheldrick, 2008); molecular graphics: XtalDraw (Downs & Hall-Wallace, 2003); software used to prepare material for 

publication: publCIF (Westrip, 2010).
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Figure 1

The crystal structure of nioboaeschynite-(Ce). Purple octahedra and small blue spheres (with arbitrary radius) represent 

the [(Nb,Ti)O6] groups and C-site cations, respectively. Large green displacement ellipsoids at the 99% probability level 

represent the A-site cations. 

Figure 2

The crystal structure of nioboaeschynite-(Ce) represented with displacement ellipsoids at the 99% probability level. Blue, 

purple and green ellipsoids represent (Nb,Ti), A-site Ce, and O atoms, respectively. Purple spheres, with arbitrary radius, 

represent C-site Ce atoms. For clarity, the A-site splitting is not shown. 
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Figure 3

Variations of the two shortest C—O bond lengths with the Ti content in the C-site of aeschynite-(Y) and 

nioboaeschynite-(Ce). Nioboaeschynite-(Ce) data points are from this study and all other data points for aeschynite-(Y) 

are taken from Bonazzi & Menchetti (1999). 

calcium cerium(III) niobium(V) titanium(IV) hexaoxide 

Crystal data 

Ca0.25Ce0.79(Nb1.14Ti0.86)O6

Mr = 363.83
Orthorhombic, Pnma
Hall symbol: -P 2ac 2n
a = 11.0563 (15) Å
b = 7.560 (1) Å
c = 5.3637 (7) Å
V = 448.33 (10) Å3

Z = 4

F(000) = 650
Dx = 5.315 Mg m−3

Mo Kα radiation, λ = 0.71073 Å
Cell parameters from 1243 reflections
θ = 4.6–32.6°
µ = 12.06 mm−1

T = 293 K
Tabular, metallic gray
0.06 × 0.06 × 0.05 mm

Data collection 

Bruker APEXII CCD area-detector 
diffractometer

Radiation source: fine-focus sealed tube
Graphite monochromator
φ and ω scan
Absorption correction: multi-scan 

(SADABS; Sheldrick, 2005)
Tmin = 0.532, Tmax = 0.584

3666 measured reflections
883 independent reflections
737 reflections with I > 2σ(I)
Rint = 0.026
θmax = 32.8°, θmin = 4.2°
h = −15→16
k = −11→4
l = −8→8

Refinement 

Refinement on F2

Least-squares matrix: full
R[F2 > 2σ(F2)] = 0.023

wR(F2) = 0.055
S = 1.09
883 reflections
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55 parameters
2 restraints
Primary atom site location: structure-invariant 

direct methods
Secondary atom site location: difference Fourier 

map

w = 1/[σ2(Fo
2) + (0.0239P)2 + 1.525P] 

where P = (Fo
2 + 2Fc

2)/3
(Δ/σ)max = 0.001
Δρmax = 2.07 e Å−3

Δρmin = −0.80 e Å−3

Special details 

Geometry. All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated using the full 
covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation of e.s.d.'s in distances, angles and 
torsion angles; correlations between e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry. 
An approximate (isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving l.s. planes.
Refinement. Refinement of F2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F2, 
conventional R-factors R are based on F, with F set to zero for negative F2. The threshold expression of F2 > σ(F2) is used 
only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F2 
are statistically about twice as large as those based on F, and R- factors based on ALL data will be even larger.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2) 

x y z Uiso*/Ueq Occ. (<1)

CeA 0.45727 (9) 0.2500 0.03835 (14) 0.00893 (11) 0.7500 (1)
CaA′ 0.4338 (9) 0.2500 0.050 (2) 0.018 (3)* 0.2500 (1)
NbB 0.35726 (3) 0.50690 (5) 0.53830 (8) 0.01227 (11) 0.5700 (1)
TiB 0.35726 (3) 0.50690 (5) 0.53830 (8) 0.01227 (11) 0.4300 (1)
O1 0.2875 (2) 0.4417 (3) 0.8720 (5) 0.0126 (5)
O2 0.5259 (2) 0.4615 (3) 0.7310 (4) 0.0105 (4)
O3 0.6221 (3) 0.2500 0.3389 (7) 0.0124 (7)
O4 0.3560 (3) 0.2500 0.4526 (7) 0.0123 (6)
CeC 0.1586 (16) 0.2500 0.578 (3) 0.063 (6)* 0.038 (2)

Atomic displacement parameters (Å2) 

U11 U22 U33 U12 U13 U23

CeA 0.0122 (3) 0.0059 (2) 0.0087 (2) 0.000 0.0005 (2) 0.000
NbB 0.01110 (19) 0.01448 (19) 0.01123 (19) 0.00121 (13) −0.00065 (13) 0.00082 (14)
TiB 0.01110 (19) 0.01448 (19) 0.01123 (19) 0.00121 (13) −0.00065 (13) 0.00082 (14)
O1 0.0133 (11) 0.0109 (10) 0.0137 (12) 0.0014 (9) 0.0041 (9) 0.0014 (10)
O2 0.0127 (10) 0.0096 (10) 0.0091 (11) −0.0004 (8) 0.0016 (8) 0.0005 (9)
O3 0.0114 (15) 0.0062 (14) 0.0195 (19) 0.000 0.0016 (13) 0.000
O4 0.0123 (15) 0.0066 (14) 0.0179 (18) 0.000 0.0016 (13) 0.000

Geometric parameters (Å, º) 

CeA—O2i 2.418 (2) CaA′—O3 2.596 (12)
CeA—O2ii 2.418 (2) NbB—O1v 1.873 (2)
CeA—O3 2.433 (4) NbB—O2iii 1.953 (2)
CeA—O4 2.488 (4) NbB—O3iii 1.9655 (14)
CeA—O2iii 2.515 (2) NbB—O4 1.9959 (10)
CeA—O2iv 2.515 (2) NbB—O1 2.011 (3)
CeA—O1i 2.534 (3) NbB—O2 2.159 (2)
CeA—O1ii 2.534 (3) CeC—O3vi 2.270 (19)
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CaA′—O4 2.327 (12) CeC—04 2.282 (18)
CaA′—O1i 2.372 (9) CeC—O2vii 2.401 (13)
CaA′—O1ii 2.372 (9) CeC—O2viii 2.401 (13)
CaA′—O2iii 2.519 (6) CeC—01 2.573 (16)
CaA′—O2iv 2.519 (6) CeC—O1ix 2.573 (15)
CaA′—O2i 2.551 (9) CeC—O1x 2.647 (9)
CaA′—O2ii 2.551 (9) CeC—O1v 2.647 (9)

O1v—NbB—O2iii 100.81 (11) O3iii—NbB—O1 88.61 (13)
O1v—NbB—O3iii 93.71 (13) O4—NbB—O1 87.91 (13)
O2iii—NbB—O3iii 93.23 (13) O1v—NbB—O2 177.17 (10)
O1v—NbB—O4 94.95 (13) O2iii—NbB—O2 78.59 (11)
O2iii—NbB—O4 87.34 (13) O3iii—NbB—O2 83.57 (12)
O3iii—NbB—O4 171.06 (15) O4—NbB—O2 87.80 (12)
O1v—NbB—O1 98.46 (6) O1—NbB—O2 82.32 (10)
O2iii—NbB—O1 160.48 (10)

Symmetry codes: (i) x, −y+1/2, z−1; (ii) x, y, z−1; (iii) −x+1, −y+1, −z+1; (iv) −x+1, y−1/2, −z+1; (v) −x+1/2, −y+1, z−1/2; (vi) x−1/2, y, −z+1/2; (vii) 
x−1/2, −y+1/2, −z+3/2; (viii) x−1/2, y, −z+3/2; (ix) x, −y+1/2, z; (x) −x+1/2, y−1/2, z−1/2.
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Robertsite, ideally Ca2Mn3O2(PO4)3�3H2O [calcium manga-

nese(III) tris(orthophosphate) trihydrate], can be associated

with the arseniosiderite structural group characterized by the

general formula Ca2A3O2(TO4)3�nH2O, with A = Fe, Mn; T =

As, P; and n = 2 or 3. In this study, single-crystal X-ray

diffraction data were used to determine the robertsite

structure from a twinned crystal from the type locality, the

Tip Top mine, Custer County, South Dakota, USA, and to

refine anisotropic displacement parameters for all atoms. The

general structural feature of robertsite resembles that of the

other two members of the arseniosiderite group, the structures

of which have previously been reported. It is characterized by

sheets of [MnO6] octahedra in the form of nine-membered

pseudo-trigonal rings. Located at the center of each nine-

membered ring is a PO4 tetrahedron, and the other eight PO4

tetrahedra sandwich the Mn–oxide sheets. The six different

Ca2+ ions are seven-coordinated in form of distorted penta-

gonal bipyramids, [CaO5(H2O)2], if Ca—O distances less than

2.85 Å are considered. Along with hydrogen bonding invol-

ving the water molecules, they hold the manganese–phosphate

sheets together. All nine [MnO6] octahedra are distorted by

the Jahn–Teller effect.

Related literature

For information on the arseniosiderite group minerals, see:

Moore & Ito (1974); Moore & Araki (1977); van Kauwen-

bergh et al. (1988); Voloshin et al. (1982). For details of

sailaufite, see: Wildner et al. (2003). For studies on para-

robertsite, see: Roberts et al. (1989); Kampf (2000). For

research involving Mn3+ pairing in phosphate minerals, see:

Fransolet (2000). For information on crystalline manganese

phosphate-based adsorbers, see: Kulprathipanja et al. (2001).

Experimental

Crystal data

Ca2Mn3O2(PO4)3�3H2O
Mr = 615.94
Monoclinic, Aa
a = 17.3400 (9) Å
b = 19.4464 (10) Å
c = 11.2787 (6) Å
� = 96.634 (3)�

V = 3777.7 (3) Å3

Z = 12
Mo K� radiation
� = 4.26 mm�1

T = 293 K
0.07 � 0.06 � 0.06 mm

Data collection

Bruker APEXII CCD area-detector
diffractometer

Absorption correction: multi-scan
(SADABS; Bruker, 2004)
Tmin = 0.755, Tmax = 0.784

28397 measured reflections
12635 independent reflections
9678 reflections with I > 2�(I)
Rint = 0.037

Refinement

R[F 2 > 2�(F 2)] = 0.045
wR(F 2) = 0.107
S = 1.02
12635 reflections
677 parameters
2 restraints

��max = 1.74 e Å�3

��min = �1.09 e Å�3

Absolute structure: Flack (1983),
5755 Friedel pairs

Flack parameter: 0.676 (18)

Table 1
Hydrogen-bond geometry (Å).

D� � �A D� � �A

Ow1� � �O17 2.964 (7)
Ow1� � �O33 2.889 (8)
Ow2� � �O33 2.815 (7)
Ow2� � �Ow8 2.655 (8)
Ow3� � �O1i 2.957 (4)
Ow3� � �O17 2.821 (6)
Ow4� � �O29 2.764 (7)
Ow4� � �Ow9 2.631 (8)
Ow5� � �Ow7ii 2.682 (8)

D� � �A D� � �A

Ow5� � �O25iii 2.792 (7)
Ow6� � �O13iv 2.977 (6)
Ow6� � �Ow9ii 2.651 (7)
Ow7� � �O9v 2.768 (7)
Ow7� � �Ow3vi 2.645 (7)
Ow8� � �O13 2.710 (8)
Ow8� � �Ow1 2.635 (7)
Ow9� � �O12v 2.989 (7)
Ow9� � �O21vii 2.743 (8)

Symmetry codes: (i) xþ 1
2;�yþ 1

2; zþ 1
2; (ii) x; y; zþ 1; (iii) x þ 1

2;�yþ 1; z; (iv)
x; y� 1

2; zþ 1
2; (v) x þ 1

2;�yþ 1
2; z� 1

2; (vi) x; yþ 1
2; z� 1

2; (vii) x; y; z� 1.

Data collection: APEX2 (Bruker, 2004); cell refinement: SAINT

(Bruker, 2004); data reduction: SAINT; program(s) used to solve

structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine

structure: SHELXL97 (Sheldrick, 2008); molecular graphics: Xtal-

Draw (Downs & Hall-Wallace, 2003); software used to prepare

material for publication: publCIF (Westrip, 2010).

We are very grateful to A. R. Kampf and T. A. Loomis for

providing the rare pararobertsite samples to the RRUFF

project. Support of this study was given by the Arizona

Science Foundation, CNPq 202469/2011-5 from the Brazilian

government, and NASA NNX11AN75A, Mars Science

Laboratory Investigations. Any opinions, findings, and

conclusions or recommendations expressed in this material

are those of the author(s) and do not reflect the views of the

National Aeronautics and Space Administration.

Supplementary data and figures for this paper are available from the
IUCr electronic archives (Reference: WM2672).
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Robertsite, Ca2MnIII
3O2(PO4)3·3H2O

Marcelo B. Andrade, Shaunna M. Morrison, Adrien J. Di Domizio, Mark N. Feinglos and Robert 

T. Downs

Comment 

Robertsite is a member of the arseniosiderite-type compounds adopting a sheet structure that is characterized by layers of 

nine-membered pseudo-trigonal rings of octahedra. They exhibit the general formula Ca2A3O2(TO4)3.nH2O, with A = Fe, 

Mn; T = As, P; and n = 2 or 3. There are five members of this group in the current list of minerals approved by the 

International Mineralogical Association (IMA), including arseniosiderite, [Ca2Fe3+
3O2(AsO4)3.3H2O], kolfanite, 

[Ca2Fe3+
3O2(AsO4)3.2H2O], mitridatite, [Ca2Fe3+

3O2(PO4)3.3H2O], sailaufite, (Ca,Na)2Mn3+
3O2(AsO4)2CO3.3H2O, and 

robertsite [Ca2Mn3+
3O2(PO4)3.3H2O]. Because of ubiquitous twinning in this group, only the structures of mitridatite 

(Moore & Araki, 1977) and sailaufite (Wildner et al., 2003) have previously been reported. Arseniosiderite, mitridatite 

and robertsite exhibit monoclinic symmetry with space group Aa. Kolfanite can also be assigned in space group Aa, but 

with weak unindexed reflections (Voloshin et al., 1982). Sailaufite has been reported in space group Cm and a doubled 

cell presumably due to ordering of the carbonate group that substitutes the tetrahedral group.

Robertsite and pararobertsite (Roberts et al., 1989; Kampf, 2000), are dimorphs with composition 

Ca2Mn3+
3O2(PO4)3.3H2O, and are the only phosphate minerals known to date with Ca2+ and Mn3+ cations (Fransolet, 

2000). They occur in altered pegmatites and sedimentary phosphate ores as typical products of weathering (van 

Kauwenbergh et al., 1988), and are thus important to our understanding of the alteration processes of primary phosphate 

minerals. Crystalline manganese phosphates are also of particular interest for technological applications. For example, 

they have been studied as potential adsorbers of metal contaminants, such as Ag, Hg, and Pd, from industrial waste 

(Kulprathipanja et al., 2001). Robertsite was previously investigated by Moore & Ito (1974) using powder X-ray 

diffraction, but its crystal structure was not refined owing to the rarity of suitable single crystals. This study presents the 

first crystal structure determination of robertsite. The single-crystal data was obtained from a sample from the Tip Top 

mine.

The structure of robertsite is built from sheets of [MnO6] octahedra sandwiched between layers of PO4 tetrahedra. The 

[MnO6] octahedra share edges to form nine-membered pseudo-trigonal rings that pack in monolayers (Fig. 1). The Mn3+ 

cations sit on their own Kagome net, as a result of the repulsion between them (Kampf, 2000). All [MnO6] octahedra are 

distorted, characteristic of the Jahn-Teller effects for high-spin Mn3+ with d4 electromic configuration. Among the nine 

[MnO6] octahedra, that of Mn7 is flattened, while the others are elongated. For example, the Mn1 cation is surrounded by 

four short equatorial O atoms at 1.967 (5), 1.992 (5), 1.956 (4), and 1.862 (4) Å and by two axial O atoms at 2.137 (4) 

and 2.138 (4) Å. In contrast, the two-axial O atoms, O7 and O23, bonded to Mn7 are at 1.952 (5) and 1.898 (5) Å, 

respectively, whereas the four equatorial O atoms are at approximately 2.05 Å. Situated at the center of each nine-

membered ring is a PO4 tetrahedron. The sheets of [MnO6] octahedra and PO4 tetrahedra are stacked together along the a 

axis by water molecules and a double layer of Ca2+ cations. All Ca2+ cations can be described as seven-coordinated, 
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[CaO5(H2O)2], in form of pentagonal bipyramidal polyhedra, if distances less than 2.85 Å are considered. Each 

[CaO5(H2O)2] polyhedron shares an edge with another one to form [Ca2O10(H2O)2] dimers, which may be the reason for 

the symmetry reduction from trigonal to monoclinic for this mineral (Fig. 2). In addition, one-third of the water 

molecules are loosely bonded in cavities of the structure. Although H atoms were excluded from the refinement, it is 

obvious from O···O distances that medium-strong hydrogen bonds are present in the structure. In Table 1, a possible 

hydrogen-bonding scheme devised from O···O distances is presented.

Figure 3 displays the Raman spectrum of robertsite, along with that of parabobertsite for comparison. Evidently, the two 

spectra are similar. The major Raman bands for the two minerals can be grouped into four different regions. The bands in 

the high-frequency region (800–1250 cm-1) are attributed to the P—O symmetric and asymmetric stretching modes within 

the PO4 group. The bands in the middle-frequency region (520–790 cm-1) originate from the O—P—O bending 

vibrations. The bands between 250 and 520 cm-1 may be ascribed to the stretching vibrations of the Mn—O bonds. The 

bands below 250 cm-1 are of a complex nature, mostly resulting from Mn–O and Ca—O interactions, lattice vibrations 

and librations, as well as rotational and translational motions of PO4. Noticeably, many Raman bands for pararobertsite 

are split compared to those for robertsite, related to the lowering of symmetry (P21/c for pararobertsite versus Aa for 

robertsite).

Experimental 

The robertsite specimen used in this study comes from the type locality, the Tip Top mine, Custer County, South Dakota 

and is in the collection of the RRUFF project (deposition No. R120040; http://rruff.info). The chemical composition, 

Ca1.93(Mn2.92Fe0.07)Σ=2.99O1.84(PO4)3.04.2.72H2O, from the type specimen was reported by Moore & Ito (1974).

The Raman spectra of robertsite and pararobertsite (R120119) were collected from a randomly oriented crystal at 100% 

power on a Thermo Almega microRaman system, using a solid-state laser with a wavenumber of 532 nm, and a 

thermoelectrically cooled CCD detector. The laser is partially polarized with 4 cm-1 resolution and a spot size of 1 µm.

Refinement 

Due to the similar scattering power of Mn and Fe, any minor Fe was treated as Mn and therefore the ideal chemical 

formula was assumed during the refinement. The structure, in space group Aa, was refined on basis of data from a crystal 

twinned by inversion with a ratio of 0.676 (18):0.324 (18) for the twin components. The maximum residual electron 

density in the difference Fourier maps was located at (0.0711, 0.2978, 0.8376), 0.71 Å from Ca2 and the minimum at 

(0.1865, 0.4867, 0.0185) 0.68 Å from P7. H-atoms from water molecules could not be assigned reliably and were 

excluded from refinement. To keep consistent with the previous report on mitridatite (Moore & Araki, 1977), the non-

standard space group setting of space group No. 9 in Aa was adopted here, instead of the conventional Cc setting.

Computing details 

Data collection: APEX2 (Bruker, 2004); cell refinement: SAINT (Bruker, 2004); data reduction: SAINT (Bruker, 2004); 

program(s) used to solve structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine structure: SHELXL97 

(Sheldrick, 2008); molecular graphics: XtalDraw (Downs & Hall-Wallace, 2003); software used to prepare material for 

publication: publCIF (Westrip, 2010).
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Figure 1

The projection of the [Mn9O6(PO4)]12 sheet in robertsite viewed down the a axis. The MnO6 octahedra and the PO4 

tetrahedra are yellow and blue, respectively. 
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Figure 2

The [Ca2O10(H2O)2] dimers in the robertsite structure. 
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Figure 3

Raman spectra of robertsite and pararobertsite. 

Dicalcium trimanganese dioxide tris(phosphate) trihydrate 

Crystal data 

Ca2Mn3O2(PO4)3·3H2O
Mr = 615.94
Monoclinic, Aa
Hall symbol: A -2ya
a = 17.3400 (9) Å
b = 19.4464 (10) Å
c = 11.2787 (6) Å
β = 96.634 (3)°
V = 3777.7 (3) Å3

Z = 12

F(000) = 3600
pseudohexagonal
Dx = 3.238 Mg m−3

Mo Kα radiation, λ = 0.71073 Å
Cell parameters from 5282 reflections
θ = 2.4–31.7°
µ = 4.26 mm−1

T = 293 K
Block, brown
0.07 × 0.06 × 0.06 mm

Data collection 

Bruker APEXII CCD area-detector 
diffractometer

Radiation source: fine-focus sealed tube
Graphite monochromator
φ and ω scan
Absorption correction: multi-scan 

(SADABS; Bruker, 2004)
Tmin = 0.755, Tmax = 0.784

28397 measured reflections
12635 independent reflections
9678 reflections with I > 2σ(I)
Rint = 0.037
θmax = 32.6°, θmin = 2.1°
h = −26→26
k = −24→29
l = −17→17

Refinement 

Refinement on F2

Least-squares matrix: full
R[F2 > 2σ(F2)] = 0.045
wR(F2) = 0.107
S = 1.02
12635 reflections

677 parameters
2 restraints
0 constraints
Primary atom site location: structure-invariant 

direct methods
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Secondary atom site location: difference Fourier 
map

w = 1/[σ2(Fo
2) + (0.0478P)2] 

where P = (Fo
2 + 2Fc

2)/3
(Δ/σ)max = 0.001

Δρmax = 1.74 e Å−3

Δρmin = −1.09 e Å−3

Absolute structure: Flack (1983), 5755 Friedel 
pairs

Flack parameter: 0.676 (18)

Special details 

Geometry. All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated using the full 
covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation of e.s.d.'s in distances, angles and 
torsion angles; correlations between e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry. 
An approximate (isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving l.s. planes.
Refinement. Refinement of F2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F2, 
conventional R-factors R are based on F, with F set to zero for negative F2. The threshold expression of F2 > σ(F2) is used 
only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F2 
are statistically about twice as large as those based on F, and R- factors based on ALL data will be even larger.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2) 

x y z Uiso*/Ueq

Ca1 0.58062 (8) 0.03854 (7) 0.82279 (11) 0.0137 (3)
Ca2 0.58141 (8) 0.17089 (7) 0.36808 (11) 0.0124 (3)
Ca3 0.57448 (8) 0.37140 (7) 0.83846 (13) 0.0179 (3)
Ca4 0.41585 (9) 0.29044 (7) 0.23054 (12) 0.0119 (3)
Ca5 0.41628 (8) 0.49350 (7) 0.68142 (11) 0.0165 (3)
Ca6 0.41167 (8) 0.15870 (8) 0.70426 (13) 0.0227 (3)
Mn1 0.25209 (6) 0.46201 (6) 0.50350 (8) 0.0086 (2)
Mn2 0.24576 (6) 0.20322 (5) 0.29198 (8) 0.0083 (2)
Mn3 0.24562 (6) 0.22294 (5) 0.79390 (8) 0.00849 (19)
Mn4 0.24453 (7) 0.04194 (5) 0.27166 (8) 0.00814 (19)
Mn5 0.24564 (6) 0.05107 (5) 0.76962 (8) 0.00691 (19)
Mn6 0.25012 (6) 0.37523 (5) 0.27271 (8) 0.00717 (19)
Mn7 0.25291 (6) 0.38379 (5) 0.77123 (8) 0.00791 (19)
Mn8 0.25065 (6) 0.29440 (5) 0.03965 (7) 0.0095 (2)
Mn9 0.23926 (6) 0.12877 (5) 0.53689 (7) 0.0081 (2)
P1 0.10655 (11) 0.28822 (8) 0.18234 (14) 0.0097 (3)
P2 0.10885 (11) 0.46008 (8) 0.64796 (14) 0.0081 (3)
P3 0.10188 (10) 0.14070 (8) 0.68711 (14) 0.0076 (3)
P4 0.39169 (10) 0.46640 (8) 0.35583 (14) 0.0081 (3)
P5 0.38516 (11) 0.12096 (8) 0.39767 (15) 0.0090 (3)
P6 0.39221 (11) 0.30491 (9) 0.89494 (14) 0.0108 (3)
P7 0.20597 (11) 0.45712 (8) 0.01054 (14) 0.0089 (3)
P8 0.28687 (10) 0.12488 (8) 0.04287 (13) 0.0126 (3)
P9 0.28811 (10) 0.29252 (8) 0.54105 (14) 0.0127 (3)
O1 0.0210 (3) 0.2875 (2) 0.1690 (4) 0.0178 (10)
O2 0.1379 (3) 0.2231 (2) 0.2543 (4) 0.0135 (10)
O3 0.1394 (3) 0.3527 (2) 0.2542 (4) 0.0135 (10)
O4 0.1381 (3) 0.2862 (2) 0.0600 (4) 0.0132 (10)
O5 0.0237 (3) 0.4560 (2) 0.6302 (4) 0.0152 (10)
O6 0.1364 (3) 0.5263 (2) 0.7164 (4) 0.0131 (10)
O7 0.1426 (3) 0.3972 (2) 0.7196 (4) 0.0110 (9)
O8 0.1411 (3) 0.4594 (2) 0.5248 (4) 0.0135 (10)
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O9 0.0155 (3) 0.1437 (2) 0.6814 (4) 0.0148 (10)
O10 0.1370 (3) 0.2045 (2) 0.7596 (4) 0.0134 (10)
O11 0.1339 (3) 0.0742 (2) 0.7528 (4) 0.0116 (9)
O12 0.1277 (3) 0.1421 (2) 0.5601 (4) 0.0112 (9)
O13 0.4788 (3) 0.4702 (2) 0.3630 (4) 0.0145 (10)
O14 0.3614 (3) 0.3989 (2) 0.2923 (4) 0.0090 (9)
O15 0.3540 (3) 0.5296 (2) 0.2856 (4) 0.0111 (10)
O16 0.3643 (3) 0.4666 (2) 0.4812 (4) 0.0124 (9)
O17 0.4724 (3) 0.1198 (3) 0.4171 (4) 0.0168 (11)
O18 0.3551 (3) 0.1868 (2) 0.3275 (4) 0.0082 (9)
O19 0.3541 (3) 0.0575 (2) 0.3226 (4) 0.0088 (9)
O20 0.3502 (3) 0.1198 (2) 0.5191 (4) 0.0124 (10)
O21 0.4794 (3) 0.3056 (2) 0.9025 (5) 0.0190 (11)
O22 0.3572 (3) 0.2402 (2) 0.8253 (4) 0.0114 (9)
O23 0.3593 (3) 0.3692 (2) 0.8256 (4) 0.0117 (10)
O24 0.3642 (3) 0.3047 (2) 0.0216 (4) 0.0157 (10)
O25 0.1216 (3) 0.4394 (2) 0.9774 (4) 0.0171 (10)
O26 0.2491 (3) 0.3998 (2) 0.0859 (4) 0.0129 (10)
O27 0.2220 (3) 0.5242 (2) 0.0796 (4) 0.0134 (10)
O28 0.2486 (3) 0.4628 (2) 0.8960 (4) 0.0152 (10)
O29 0.3736 (3) 0.1122 (3) 0.0715 (4) 0.0210 (11)
O30 0.2470 (3) 0.0691 (2) 0.9604 (4) 0.0141 (9)
O31 0.2625 (3) 0.1932 (2) 0.9804 (4) 0.0215 (10)
O32 0.2460 (3) 0.1243 (2) 0.1567 (4) 0.0168 (9)
O33 0.3751 (3) 0.2796 (3) 0.5684 (4) 0.0242 (11)
O34 0.2656 (3) 0.3556 (2) 0.4631 (4) 0.0167 (10)
O35 0.2452 (3) 0.2315 (2) 0.4746 (4) 0.0159 (9)
O36 0.2496 (3) 0.3018 (2) 0.6558 (4) 0.0156 (9)
O37 0.2128 (3) 0.1183 (2) 0.3716 (4) 0.0155 (10)
O38 0.2705 (3) 0.1411 (2) 0.7083 (4) 0.0094 (9)
O39 0.2767 (3) 0.2855 (2) 0.2121 (4) 0.0085 (9)
O40 0.2210 (3) 0.3076 (2) 0.8749 (4) 0.0123 (9)
O41 0.2217 (3) 0.4622 (2) 0.3310 (4) 0.0105 (9)
O42 0.2790 (3) 0.4644 (2) 0.6681 (4) 0.0144 (10)
Ow1 0.4965 (3) 0.2707 (2) 0.4139 (4) 0.0188 (11)
Ow2 0.4817 (3) 0.3812 (2) 0.6588 (4) 0.0243 (13)
Ow3 0.4978 (3) 0.0622 (2) 0.6478 (4) 0.0163 (10)
Ow4 0.4916 (3) 0.1935 (2) 0.1817 (4) 0.0175 (11)
Ow5 0.5066 (3) 0.4716 (2) 0.8740 (4) 0.0161 (10)
Ow6 0.4881 (4) 0.1223 (2) 0.8902 (4) 0.0232 (12)
Ow7 0.4218 (4) 0.4531 (2) 0.0558 (5) 0.0209 (11)
Ow8 0.5761 (4) 0.3807 (3) 0.4894 (5) 0.0324 (14)
Ow9 0.5819 (4) 0.2115 (3) 0.0122 (5) 0.0358 (15)

Atomic displacement parameters (Å2) 

U11 U22 U33 U12 U13 U23

Ca1 0.0091 (6) 0.0167 (6) 0.0148 (6) −0.0031 (5) −0.0010 (5) 0.0005 (5)
Ca2 0.0095 (6) 0.0146 (6) 0.0129 (5) 0.0000 (5) 0.0001 (5) −0.0005 (5)
Ca3 0.0098 (6) 0.0196 (6) 0.0236 (6) 0.0037 (5) −0.0009 (5) −0.0084 (5)
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Ca4 0.0088 (6) 0.0119 (6) 0.0145 (6) 0.0011 (5) −0.0008 (5) −0.0008 (5)
Ca5 0.0086 (6) 0.0254 (7) 0.0155 (6) −0.0027 (5) 0.0013 (5) −0.0090 (5)
Ca6 0.0070 (6) 0.0360 (8) 0.0246 (7) −0.0014 (6) 0.0000 (5) −0.0201 (6)
Mn1 0.0078 (5) 0.0103 (4) 0.0073 (4) −0.0007 (4) −0.0009 (3) −0.0002 (3)
Mn2 0.0077 (5) 0.0054 (4) 0.0113 (4) −0.0002 (4) −0.0012 (4) 0.0006 (3)
Mn3 0.0076 (5) 0.0058 (4) 0.0116 (4) 0.0015 (4) −0.0010 (4) −0.0019 (4)
Mn4 0.0079 (5) 0.0077 (4) 0.0084 (4) −0.0001 (4) −0.0003 (3) 0.0004 (4)
Mn5 0.0075 (5) 0.0058 (4) 0.0075 (4) 0.0007 (4) 0.0010 (3) 0.0000 (3)
Mn6 0.0065 (5) 0.0060 (4) 0.0087 (4) 0.0008 (4) −0.0002 (3) −0.0004 (3)
Mn7 0.0084 (5) 0.0066 (4) 0.0084 (4) 0.0005 (4) −0.0005 (3) −0.0013 (3)
Mn8 0.0098 (5) 0.0082 (5) 0.0092 (4) 0.0021 (3) −0.0038 (4) −0.0029 (3)
Mn9 0.0075 (5) 0.0077 (4) 0.0090 (4) −0.0006 (3) −0.0002 (3) 0.0016 (3)
P1 0.0081 (8) 0.0072 (7) 0.0131 (7) −0.0006 (6) −0.0024 (6) 0.0020 (6)
P2 0.0069 (7) 0.0096 (7) 0.0073 (6) −0.0018 (6) −0.0011 (5) 0.0006 (5)
P3 0.0061 (7) 0.0058 (7) 0.0107 (6) 0.0007 (5) 0.0003 (6) −0.0006 (5)
P4 0.0067 (7) 0.0086 (7) 0.0086 (6) 0.0009 (6) −0.0007 (5) −0.0009 (5)
P5 0.0086 (8) 0.0060 (7) 0.0120 (7) −0.0002 (6) −0.0001 (6) 0.0007 (6)
P6 0.0093 (8) 0.0103 (7) 0.0122 (7) 0.0023 (6) −0.0015 (6) −0.0047 (6)
P7 0.0105 (9) 0.0081 (7) 0.0081 (6) −0.0008 (6) 0.0012 (6) −0.0008 (6)
P8 0.0108 (8) 0.0156 (8) 0.0112 (7) −0.0001 (6) −0.0004 (6) −0.0038 (6)
P9 0.0098 (8) 0.0152 (7) 0.0125 (7) −0.0012 (6) −0.0005 (6) 0.0020 (6)
O1 0.010 (2) 0.014 (2) 0.028 (3) 0.0019 (18) −0.0028 (19) 0.0032 (18)
O2 0.013 (2) 0.006 (2) 0.021 (2) 0.0005 (17) −0.0004 (19) 0.0025 (16)
O3 0.012 (2) 0.006 (2) 0.022 (2) −0.0023 (17) 0.0002 (18) −0.0019 (16)
O4 0.009 (2) 0.016 (2) 0.014 (2) −0.0021 (17) −0.0033 (17) 0.0022 (16)
O5 0.010 (2) 0.017 (2) 0.019 (2) 0.0008 (18) 0.0036 (19) −0.0007 (18)
O6 0.013 (3) 0.009 (2) 0.016 (2) 0.0003 (17) −0.0028 (18) 0.0007 (16)
O7 0.012 (2) 0.0086 (19) 0.0120 (19) −0.0049 (16) −0.0013 (17) 0.0003 (15)
O8 0.009 (2) 0.018 (2) 0.012 (2) −0.0045 (17) −0.0041 (17) −0.0030 (16)
O9 0.009 (2) 0.014 (2) 0.021 (2) −0.0013 (18) −0.0010 (18) −0.0009 (17)
O10 0.010 (2) 0.012 (2) 0.018 (2) 0.0022 (17) 0.0026 (18) −0.0027 (16)
O11 0.013 (2) 0.008 (2) 0.015 (2) 0.0011 (17) 0.0040 (18) 0.0020 (16)
O12 0.007 (2) 0.015 (2) 0.0115 (19) −0.0003 (17) −0.0004 (16) 0.0048 (16)
O13 0.006 (2) 0.016 (2) 0.022 (2) −0.0022 (17) 0.0015 (18) −0.0011 (17)
O14 0.004 (2) 0.011 (2) 0.0118 (19) 0.0009 (16) −0.0015 (16) −0.0052 (15)
O15 0.008 (2) 0.011 (2) 0.014 (2) 0.0006 (16) −0.0025 (17) 0.0037 (16)
O16 0.013 (2) 0.0106 (19) 0.0125 (19) 0.0006 (16) −0.0018 (17) 0.0000 (16)
O17 0.006 (2) 0.022 (3) 0.022 (2) 0.0027 (19) 0.0000 (19) 0.0058 (19)
O18 0.006 (2) 0.0079 (19) 0.0111 (18) −0.0001 (16) 0.0010 (16) 0.0026 (15)
O19 0.008 (2) 0.0077 (19) 0.0109 (19) −0.0005 (16) 0.0006 (16) −0.0032 (15)
O20 0.014 (2) 0.014 (2) 0.0096 (19) −0.0039 (18) 0.0027 (17) 0.0004 (16)
O21 0.007 (2) 0.018 (2) 0.031 (3) 0.0003 (18) −0.0004 (19) −0.0054 (19)
O22 0.009 (2) 0.010 (2) 0.015 (2) −0.0006 (16) −0.0016 (17) −0.0078 (16)
O23 0.010 (2) 0.012 (2) 0.0131 (19) 0.0044 (16) 0.0000 (17) 0.0006 (15)
O24 0.020 (3) 0.018 (2) 0.0088 (19) 0.0033 (19) −0.0033 (17) −0.0060 (16)
O25 0.016 (3) 0.015 (2) 0.021 (2) −0.001 (2) 0.003 (2) −0.0009 (18)
O26 0.019 (3) 0.011 (2) 0.0078 (19) 0.0009 (19) −0.0038 (18) −0.0015 (17)
O27 0.018 (2) 0.009 (2) 0.012 (2) −0.0071 (17) −0.0014 (18) −0.0016 (15)
O28 0.019 (3) 0.016 (2) 0.011 (2) −0.002 (2) 0.0075 (19) −0.0013 (18)
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O29 0.008 (2) 0.026 (2) 0.027 (3) 0.0065 (19) −0.0070 (19) −0.009 (2)
O30 0.014 (2) 0.014 (2) 0.014 (2) −0.0024 (17) 0.0003 (17) −0.0057 (16)
O31 0.026 (3) 0.016 (2) 0.023 (2) −0.0009 (19) 0.002 (2) 0.0011 (19)
O32 0.014 (2) 0.023 (2) 0.014 (2) 0.0051 (18) −0.0009 (17) −0.0058 (17)
O33 0.010 (2) 0.034 (3) 0.027 (3) 0.003 (2) −0.005 (2) −0.004 (2)
O34 0.027 (3) 0.012 (2) 0.0115 (19) −0.0068 (18) 0.0014 (18) 0.0029 (15)
O35 0.014 (2) 0.012 (2) 0.021 (2) −0.0047 (17) 0.0007 (18) 0.0015 (17)
O36 0.011 (2) 0.018 (2) 0.017 (2) 0.0004 (17) 0.0024 (17) 0.0048 (17)
O37 0.013 (2) 0.018 (2) 0.014 (2) −0.0048 (18) −0.0029 (18) 0.0045 (17)
O38 0.007 (2) 0.0105 (19) 0.0115 (19) −0.0017 (16) 0.0019 (16) −0.0034 (16)
O39 0.009 (2) 0.0048 (17) 0.0112 (18) −0.0014 (15) −0.0012 (16) −0.0004 (15)
O40 0.012 (2) 0.010 (2) 0.0134 (19) 0.0045 (17) −0.0019 (17) −0.0073 (16)
O41 0.011 (2) 0.0119 (19) 0.0090 (18) −0.0010 (17) 0.0009 (17) 0.0032 (15)
O42 0.008 (2) 0.027 (2) 0.0075 (18) −0.0011 (18) −0.0023 (17) −0.0029 (17)
Ow1 0.027 (3) 0.014 (2) 0.014 (2) 0.004 (2) −0.004 (2) −0.0036 (18)
Ow2 0.027 (3) 0.019 (2) 0.025 (2) 0.002 (2) −0.004 (2) −0.0063 (19)
Ow3 0.018 (2) 0.017 (2) 0.012 (2) −0.001 (2) −0.0034 (18) −0.0009 (18)
Ow4 0.022 (3) 0.015 (2) 0.014 (2) 0.003 (2) −0.0015 (19) −0.0037 (17)
Ow5 0.019 (3) 0.014 (2) 0.016 (2) 0.001 (2) 0.0055 (19) −0.0038 (17)
Ow6 0.032 (3) 0.021 (3) 0.017 (2) 0.001 (2) 0.004 (2) −0.0049 (19)
Ow7 0.026 (3) 0.014 (2) 0.024 (2) −0.005 (2) 0.008 (2) −0.0063 (19)
Ow8 0.038 (4) 0.028 (3) 0.030 (3) −0.011 (2) 0.004 (3) −0.008 (2)
Ow9 0.048 (4) 0.026 (3) 0.036 (3) −0.018 (3) 0.014 (3) −0.010 (2)

Geometric parameters (Å, º) 

Ca1—O13i 2.296 (5) Mn4—O42viii 2.038 (5)
Ca1—Ow3 2.348 (5) Mn4—O32 2.062 (5)
Ca1—O8ii 2.396 (5) Mn4—O28viii 2.079 (5)
Ca1—O41ii 2.437 (5) Mn5—O15i 1.913 (5)
Ca1—Ow6 2.467 (6) Mn5—O41i 1.924 (4)
Ca1—O3ii 2.508 (5) Mn5—O38 1.949 (4)
Ca1—O11iii 2.540 (5) Mn5—O11 1.976 (5)
Ca2—O17 2.261 (5) Mn5—O30 2.178 (4)
Ca2—O4ii 2.420 (5) Mn5—O27i 2.199 (5)
Ca2—O40iv 2.449 (5) Mn6—O41 1.901 (5)
Ca2—O7iv 2.469 (5) Mn6—O39 1.949 (4)
Ca2—Ow4 2.507 (5) Mn6—O3 1.957 (5)
Ca2—Ow1 2.525 (5) Mn6—O14 1.971 (5)
Ca2—O25iv 2.531 (5) Mn6—O26 2.158 (5)
Ca3—O21 2.270 (5) Mn6—O34 2.166 (4)
Ca3—Ow5 2.335 (5) Mn7—O23 1.898 (5)
Ca3—O37ii 2.393 (6) Mn7—O7 1.952 (5)
Ca3—O2ii 2.394 (5) Mn7—O40 2.004 (5)
Ca3—Ow2 2.445 (5) Mn7—O42 2.034 (5)
Ca3—O12ii 2.576 (4) Mn7—O36 2.055 (4)
Ca3—O6v 2.710 (5) Mn7—O28 2.090 (5)
Ca3—Mn2ii 3.4002 (18) Mn8—O40ix 1.888 (4)
Ca3—Mn9ii 3.4199 (17) Mn8—O39 1.953 (4)
Ca3—P6 3.540 (2) Mn8—O4 1.997 (5)
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Ca3—Mn4ii 3.5519 (19) Mn8—O24 2.013 (5)
Ca3—Ca5 3.896 (2) Mn8—O31ix 2.096 (5)
Ca4—O9iv 2.271 (6) Mn8—O26 2.116 (5)
Ca4—Ow1 2.389 (5) Mn9—O37 1.878 (4)
Ca4—Ow4 2.398 (5) Mn9—O38 1.961 (4)
Ca4—O39 2.400 (5) Mn9—O20 1.964 (5)
Ca4—O24 2.438 (5) Mn9—O12 1.999 (5)
Ca4—O14 2.444 (5) Mn9—O27i 2.119 (4)
Ca4—O18 2.575 (5) Mn9—O35 2.125 (4)
Ca5—O5v 2.240 (5) P1—O1 1.474 (6)
Ca5—O19vi 2.375 (5) P1—O4 1.542 (5)
Ca5—O16 2.391 (5) P1—O3 1.565 (5)
Ca5—O42 2.434 (5) P1—O2 1.567 (5)
Ca5—Ow2 2.488 (5) P2—O5 1.469 (6)
Ca5—Ow5 2.562 (5) P2—O7 1.542 (5)
Ca5—O29vi 2.684 (5) P2—O6 1.549 (5)
Ca6—O1ii 2.241 (5) P2—O8 1.557 (5)
Ca6—O20 2.357 (5) P3—O9 1.492 (6)
Ca6—O22 2.359 (5) P3—O12 1.549 (5)
Ca6—Ow6 2.452 (5) P3—O11 1.561 (5)
Ca6—O38 2.478 (5) P3—O10 1.570 (5)
Ca6—Ow3 2.526 (5) P4—O13 1.506 (6)
Ca6—O33 2.838 (5) P4—O16 1.542 (5)
Ca6—O15i 2.892 (5) P4—O14 1.558 (5)
Mn1—O42 1.862 (4) P4—O15 1.563 (5)
Mn1—O41 1.956 (4) P5—O17 1.503 (5)
Mn1—O8 1.967 (5) P5—O19 1.558 (5)
Mn1—O16 1.992 (5) P5—O20 1.561 (5)
Mn1—O34 2.137 (4) P5—O18 1.563 (5)
Mn1—O30vii 2.138 (4) P6—O21 1.505 (5)
Mn2—O2 1.909 (5) P6—O23 1.547 (5)
Mn2—O18 1.919 (5) P6—O24x 1.561 (5)
Mn2—O39 1.942 (4) P6—O22 1.568 (5)
Mn2—O37 1.994 (5) P7—O25ix 1.507 (6)
Mn2—O35 2.133 (5) P7—O27 1.528 (5)
Mn2—O32 2.164 (4) P7—O26 1.542 (5)
Mn3—O10 1.913 (5) P7—O28ix 1.564 (5)
Mn3—O38 1.936 (4) P8—O29 1.521 (5)
Mn3—O40 1.954 (4) P8—O32 1.537 (5)
Mn3—O22 1.956 (5) P8—O30ix 1.540 (4)
Mn3—O31 2.168 (5) P8—O31ix 1.540 (5)
Mn3—O36 2.192 (4) P9—O33 1.525 (5)
Mn4—O6viii 1.931 (5) P9—O34 1.534 (4)
Mn4—O19 1.944 (5) P9—O36 1.534 (5)
Mn4—O37 1.981 (5) P9—O35 1.547 (4)

O42—Mn1—O41 178.1 (2) O40—Mn7—O42 176.3 (2)
O42—Mn1—O8 90.9 (2) O23—Mn7—O36 92.47 (19)
O41—Mn1—O8 88.1 (2) O7—Mn7—O36 87.76 (18)
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O42—Mn1—O16 89.4 (2) O40—Mn7—O36 78.86 (17)
O41—Mn1—O16 91.7 (2) O42—Mn7—O36 103.18 (18)
O8—Mn1—O16 178.9 (2) O23—Mn7—O28 90.1 (2)
O42—Mn1—O34 102.50 (19) O7—Mn7—O28 89.6 (2)
O41—Mn1—O34 79.25 (17) O40—Mn7—O28 96.68 (18)
O8—Mn1—O34 97.7 (2) O42—Mn7—O28 81.14 (17)
O16—Mn1—O34 83.30 (19) O36—Mn7—O28 174.9 (2)
O42—Mn1—O30vii 101.58 (19) O40ix—Mn8—O39 176.3 (2)
O41—Mn1—O30vii 76.85 (17) O40ix—Mn8—O4 88.0 (2)
O8—Mn1—O30vii 92.17 (19) O39—Mn8—O4 89.7 (2)
O16—Mn1—O30vii 86.73 (18) O40ix—Mn8—O24 92.6 (2)
O34—Mn1—O30vii 153.77 (17) O39—Mn8—O24 89.62 (19)
O2—Mn2—O18 177.7 (2) O4—Mn8—O24 178.60 (19)
O2—Mn2—O39 92.6 (2) O40ix—Mn8—O31ix 80.77 (18)
O18—Mn2—O39 85.1 (2) O39—Mn8—O31ix 102.39 (18)
O2—Mn2—O37 86.8 (2) O4—Mn8—O31ix 95.48 (19)
O18—Mn2—O37 95.5 (2) O24—Mn8—O31ix 85.9 (2)
O39—Mn2—O37 179.1 (2) O40ix—Mn8—O26 95.79 (18)
O2—Mn2—O35 92.82 (19) O39—Mn8—O26 81.27 (17)
O18—Mn2—O35 87.48 (18) O4—Mn8—O26 90.5 (2)
O39—Mn2—O35 105.53 (17) O24—Mn8—O26 88.2 (2)
O37—Mn2—O35 75.24 (17) O31ix—Mn8—O26 173.0 (2)
O2—Mn2—O32 93.90 (19) O37—Mn9—O38 177.9 (2)
O18—Mn2—O32 86.98 (18) O37—Mn9—O20 91.1 (2)
O39—Mn2—O32 103.55 (18) O38—Mn9—O20 87.09 (19)
O37—Mn2—O32 75.77 (18) O37—Mn9—O12 90.9 (2)
O35—Mn2—O32 149.79 (17) O38—Mn9—O12 90.9 (2)
O10—Mn3—O38 90.9 (2) O20—Mn9—O12 177.1 (2)
O10—Mn3—O40 89.4 (2) O37—Mn9—O27i 95.57 (19)
O38—Mn3—O40 177.80 (19) O38—Mn9—O27i 85.62 (17)
O10—Mn3—O22 178.4 (2) O20—Mn9—O27i 95.9 (2)
O38—Mn3—O22 87.6 (2) O12—Mn9—O27i 86.0 (2)
O40—Mn3—O22 92.1 (2) O37—Mn9—O35 77.82 (18)
O10—Mn3—O31 99.5 (2) O38—Mn9—O35 101.11 (18)
O38—Mn3—O31 104.59 (18) O20—Mn9—O35 87.99 (19)
O40—Mn3—O31 77.50 (18) O12—Mn9—O35 90.35 (18)
O22—Mn3—O31 81.37 (19) O27i—Mn9—O35 172.40 (18)
O10—Mn3—O36 95.68 (18) O1—P1—O4 111.4 (3)
O38—Mn3—O36 101.16 (17) O1—P1—O3 111.3 (3)
O40—Mn3—O36 76.65 (17) O4—P1—O3 109.8 (3)
O22—Mn3—O36 84.06 (18) O1—P1—O2 109.3 (3)
O31—Mn3—O36 149.72 (17) O4—P1—O2 107.8 (3)
O6viii—Mn4—O19 178.4 (2) O3—P1—O2 107.2 (3)
O6viii—Mn4—O37 88.8 (2) O5—P2—O7 110.0 (3)
O19—Mn4—O37 92.4 (2) O5—P2—O6 111.1 (3)
O6viii—Mn4—O42viii 92.1 (2) O7—P2—O6 108.7 (3)
O19—Mn4—O42viii 86.7 (2) O5—P2—O8 109.7 (3)
O37—Mn4—O42viii 178.9 (2) O7—P2—O8 107.9 (3)
O6viii—Mn4—O32 90.06 (19) O6—P2—O8 109.3 (3)
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O19—Mn4—O32 89.03 (19) O9—P3—O12 110.8 (3)
O37—Mn4—O32 78.44 (18) O9—P3—O11 110.7 (3)
O42viii—Mn4—O32 100.86 (18) O12—P3—O11 109.1 (3)
O6viii—Mn4—O28viii 93.3 (2) O9—P3—O10 108.5 (3)
O19—Mn4—O28viii 87.7 (2) O12—P3—O10 109.4 (3)
O37—Mn4—O28viii 99.29 (19) O11—P3—O10 108.2 (3)
O42viii—Mn4—O28viii 81.34 (18) O13—P4—O16 111.3 (3)
O32—Mn4—O28viii 175.9 (2) O13—P4—O14 110.4 (3)
O15i—Mn5—O41i 91.2 (2) O16—P4—O14 107.5 (3)
O15i—Mn5—O38 88.6 (2) O13—P4—O15 110.4 (3)
O41i—Mn5—O38 179.6 (3) O16—P4—O15 107.9 (3)
O15i—Mn5—O11 179.5 (2) O14—P4—O15 109.3 (3)
O41i—Mn5—O11 89.4 (2) O17—P5—O19 110.2 (3)
O38—Mn5—O11 90.9 (2) O17—P5—O20 111.0 (3)
O15i—Mn5—O30 92.51 (18) O19—P5—O20 108.7 (3)
O41i—Mn5—O30 76.54 (17) O17—P5—O18 110.9 (3)
O38—Mn5—O30 103.22 (17) O19—P5—O18 107.5 (3)
O11—Mn5—O30 87.52 (18) O20—P5—O18 108.4 (3)
O15i—Mn5—O27i 96.3 (2) O21—P6—O23 109.3 (3)
O41i—Mn5—O27i 96.52 (17) O21—P6—O24x 111.4 (3)
O38—Mn5—O27i 83.76 (17) O23—P6—O24x 109.2 (3)
O11—Mn5—O27i 83.68 (19) O21—P6—O22 111.3 (3)
O30—Mn5—O27i 168.88 (19) O23—P6—O22 107.3 (3)
O41—Mn6—O39 178.6 (3) O24x—P6—O22 108.2 (3)
O41—Mn6—O3 86.9 (2) O25ix—P7—O27 115.8 (3)
O39—Mn6—O3 91.8 (2) O25ix—P7—O26 111.5 (3)
O41—Mn6—O14 92.5 (2) O27—P7—O26 106.8 (3)
O39—Mn6—O14 88.88 (19) O25ix—P7—O28ix 110.4 (3)
O3—Mn6—O14 179.3 (2) O27—P7—O28ix 106.6 (3)
O41—Mn6—O26 99.65 (18) O26—P7—O28ix 105.1 (3)
O39—Mn6—O26 80.28 (17) O29—P8—O32 111.2 (3)
O3—Mn6—O26 92.8 (2) O29—P8—O30ix 112.2 (3)
O14—Mn6—O26 87.44 (19) O32—P8—O30ix 106.3 (3)
O41—Mn6—O34 79.70 (17) O29—P8—O31ix 116.7 (3)
O39—Mn6—O34 100.54 (17) O32—P8—O31ix 105.1 (3)
O3—Mn6—O34 94.25 (19) O30ix—P8—O31ix 104.6 (3)
O14—Mn6—O34 85.51 (19) O33—P9—O34 115.3 (3)
O26—Mn6—O34 172.9 (2) O33—P9—O36 111.4 (3)
O23—Mn7—O7 178.2 (2) O34—P9—O36 106.5 (3)
O23—Mn7—O40 91.4 (2) O33—P9—O35 112.4 (3)
O7—Mn7—O40 86.90 (19) O34—P9—O35 105.0 (2)
O23—Mn7—O42 91.6 (2) O36—P9—O35 105.5 (3)
O7—Mn7—O42 90.1 (2)

Symmetry codes: (i) x, y−1/2, z+1/2; (ii) x+1/2, −y+1/2, z+1/2; (iii) x+1/2, −y, z; (iv) x+1/2, −y+1/2, z−1/2; (v) x+1/2, −y+1, z; (vi) x, y+1/2, z+1/2; (vii) x, 
y+1/2, z−1/2; (viii) x, y−1/2, z−1/2; (ix) x, y, z−1; (x) x, y, z+1.

Hydrogen-bond geometry (Å) 

D—H···A D···A

Ow1···O17 2.964 (7)
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Ow1···O33 2.889 (8)
Ow2···O33 2.815 (7)
Ow2···Ow8 2.655 (8)
Ow3···O1ii 2.957 (4)
Ow3···O17 2.821 (6)
Ow4···O29 2.764 (7)
Ow4···Ow9 2.631 (8)
Ow5···Ow7x 2.682 (8)
Ow5···O25v 2.792 (7)
Ow6···O13i 2.977 (6)
Ow6···Ow9x 2.651 (7)
Ow7···O9iv 2.768 (7)
Ow7···Ow3vii 2.645 (7)
Ow8···O13 2.710 (8)
Ow8···Ow1 2.635 (7)
Ow9···O12iv 2.989 (7)
Ow9···O21ix 2.743 (8)

Symmetry codes: (i) x, y−1/2, z+1/2; (ii) x+1/2, −y+1/2, z+1/2; (iv) x+1/2, −y+1/2, z−1/2; (v) x+1/2, −y+1, z; (vii) x, y+1/2, z−1/2; (ix) x, y, z−1; (x) x, y, 
z+1.
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Key indicators: single-crystal X-ray study; T = 296 K; mean �(O–C) = 0.007 Å; H-

atom completeness 0%; R factor = 0.020; wR factor = 0.057; data-to-parameter

ratio = 15.4.

Lanthanite-(Nd), ideally Nd2(CO3)3�8H2O [dineodymium(III)

tricarbonate octahydrate], is a member of the lanthanite

mineral group characterized by the general formula

REE2(CO3)3�8H2O, where REE is a 10-coordinated rare earth

element. Based on single-crystal X-ray diffraction of a natural

sample from Mitsukoshi, Hizen-cho, Karatsu City, Saga

Prefecture, Japan, this study presents the first structure

determination of lanthanite-(Nd). Its structure is very similar

to that of other members of the lanthanite group. It is

composed of infinite sheets made up of corner- and edge-

sharing of two NdO10-polyhedra (both with site symmetry ..2)

and two carbonate triangles (site symmetries ..2 and 1) parallel

to the ab plane, and stacked perpendicular to c. These layers

are linked to one another only through hydrogen bonding

involving the water molecules.

Related literature

For background to the lanthanite mineral group, see: Berzelius

(1825); Blake (1853); Coutinho (1955); Shinn & Eick (1968);

Ansell et al. (1976); Dal Negro et al. (1977); Cesbron et al.

(1979); Roberts et al. (1980); Fujimori (1981); Svisero &

Mascarenhas (1981); Nagashima et al. (1986); Atencio et al.

(1989); Coimbra et al. (1989); Graham et al. (2007). For

information on dawsonite, see: Corazza et al. (1977). For

details of rigid-body motion, see: Downs et al. (1992). For

resources for bond-valence calculations, see: Brese &

O’Keeffe (1991).

Experimental

Crystal data

Nd2(CO3)3�8H2O
Mr = 612.64
Orthorhombic, Pccn
a = 8.9391 (4) Å

b = 9.4694 (4) Å
c = 16.9374 (8) Å
V = 1433.72 (11) Å3

Z = 4

Mo K� radiation
� = 7.25 mm�1

T = 296 K
0.20 � 0.18 � 0.02 mm

Data collection

Bruker APEXII CCD area-detector
diffractometer

Absorption correction: multi-scan
(SADABS; Sheldrick, 2005)
Tmin = 0.325, Tmax = 0.869

9235 measured reflections
1570 independent reflections
1373 reflections with I > 2�(I)
Rint = 0.018

Refinement

R[F 2 > 2�(F 2)] = 0.020
wR(F 2) = 0.057
S = 1.12
1570 reflections

102 parameters
H-atom parameters not refined
��max = 0.81 e Å�3

��min = �0.59 e Å�3

Table 1
Hydrogen-bond geometry (Å).

D—H� � �A D� � �A

OW1� � �O1 2.645 (4)
OW1� � �OW1i 2.772 (5)
OW1� � �OW4ii 2.792 (5)
OW1� � �OW3iii 2.795 (4)
OW2� � �O1iv 2.645 (3)
OW2� � �OW2i 2.786 (5)
OW2� � �O5 2.815 (4)
OW2� � �OW4i 2.833 (5)
OW3� � �O2v 2.626 (5)

D—H� � �A D� � �A

OW3� � �OW1iv 2.795 (4)
OW3� � �O5 2.928 (4)
OW3� � �OW3vi 2.994 (6)
OW4� � �OW1vii 2.792 (5)
OW4� � �OW2i 2.833 (5)
OW4� � �OW4viii 2.909 (9)
OW4� � �OW2i 3.231 (6)

Symmetry codes: (i) �xþ 1
2;�yþ 1

2; z; (ii) �xþ 1
2; y; z� 1

2; (iii) xþ 1
2;�yþ 1;�zþ 1

2;
(iv) x� 1

2;�yþ 1;�zþ 1
2; (v) x;�yþ 3

2; zþ 1
2; (vi) �xþ 1

2;�yþ 3
2; z; (vii)

�x þ 1
2; y; zþ 1

2; (viii) �xþ 1;�yþ 1;�zþ 1.

Data collection: APEX2 (Bruker, 2004); cell refinement: SAINT

(Bruker, 2004); data reduction: SAINT; program(s) used to solve

structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine

structure: SHELXL97 (Sheldrick, 2008); molecular graphics: Xtal-

Draw (Downs & Hall-Wallace, 2003); software used to prepare

material for publication: publCIF (Westrip, 2010).
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Lanthanite-(Nd), Nd2(CO3)3·8H2O

Shaunna M. Morrison, Marcelo B. Andrade, Michelle D. Wenz, Kenneth J. Domanik and Robert 

T. Downs

Comment 

Crystals of the lanthanite group minerals exhibit a thin, platy habit and are characterized by the general formula 

REE2(CO3)3
.8H2O, where REE is a 10-coordinated rare earth element. The group consists of lanthanite-(La), 

lanthanite-(Ce) and lanthanite-(Nd). The first of these minerals was found by Berzelius (1825) during one of his 

excursions to Bastnäs, Västmanland, Sweden, where he studied the local minerals and formulated the fundamentals of 

modern chemistry. Over 150 years later, Dal Negro et al. (1977) refined the crystal structure of the Bastnäs lanthanite and 

reported it in the non-standard setting Pbnb of space group No. 56. The chemistry of a different sample from this locality 

was later determined to be dominated by Ce (Atencio et al., 1989). Of the lanthanite group minerals, the structure of 

lanthanite-(Ce) is the only one previously determined from a natural sample. However, Shinn & Eick (1968) synthesized 

lanthanite-(La) and performed a refinement in the standard setting Pccn of space group No. 56.

Lanthanite-(Nd) from Bethlehem, Pennsylvania, US, was first described by Blake (1853), although it was not possible 

to discriminate the Nd-dominance at that time. It was not until Atencio et al. (1989) analyzed a Bethlehem sample that it 

was found to be Nd-rich. Lanthanite-(Nd) has since been reported from other localities, including Curitiba, Brazil 

(Coutinho, 1955; Ansell et al., 1976; Cesbron et al., 1979; Roberts et al., 1980; Fujimori, 1981; Svisero & Mascarenhas, 

1981); Saga Prefecture, Japan (Nagashima et al., 1986); Santa Isabel, São Paulo, Brazil (Coimbra et al., 1989); and 

Whitianga, Coromandel Peninsula, New Zealand (Graham et al., 2007). With the exception of those found in Whitianga, 

all lanthanite-(Nd) samples from these localities, including the one used in this study, exhibit a predominance of Nd with 

sub-equal La and a notable depletion of Ce. In reference to this phenomenon, Atencio et al. (1989) stated that lanthanite 

minerals comprise two distinct groups: one in which the proportions of La, Ce and Nd are similar and another in which 

La and Nd are similar in abundance while Ce is severely depleted or entirely absent. This trend presumably stems from 

differences in formational conditions, but the exact mechanism(s) remain(s) unclear.

Many of the studies referenced above reported lanthanite-(Nd) unit-cell parameters, but none reported the crystal 

structure. This study presents the first crystal structure refinement of lanthanite-(Nd). In the course of identifying 

minerals for the RRUFF project (http://rruff.info), we found an un-twinned lanthanite-(Nd) sample from Mitsukoshi, 

Hizen-cho, Karatsu City, Saga Prefecture, Japan and performed single-crystal X-ray diffraction.

The general structure feature of lanthanite-(Nd) is that of infinite sheets of corner- and edge-sharing NdO10- and 

carbonate-polyhedra (Fig. 1) parallel to the ab plane, and stacked perpendicular to c. The layers are linked to one another 

only by hydrogen bonding between water molecules (Fig. 2). This accounts for the micaceous cleavage of the lanthanite 

minerals (Fig. 3) (Dal Negro et al., 1977). There are two distinct Nd-sites (Nd1 and Nd2 at Wyckoff positions 4 c and 4 

d), as well as two C-sites (C1 and C2 at Wyckoff positions 4 d and 8 e). Nd1 and Nd2 share an edge (O3 and O4) in the 

a-direction, forming a chain. The chains are linked in the b-direction by NdO10 polyhedra sharing a corner (O5) and 
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sharing edges with the C2 carbonate group. Nd1 is bonded to two water molecules (OW1 and OW2) while Nd2 is bonded 

to one (OW3) that protrude from the primary sheet in the c-direction. The C1 carbonate group also projects from the 

sheet along c. According to bond valence calculations (Brese & O′Keeffe, 1991), without accounting for hydrogen 

bonding, each O-atom of the C1 carbonate group is under-bonded, with bond valence sums of 1.64 and 1.47 bond valence 

units for O1 and O2, respectively. The two O1 atoms are bonded only to Nd2 and C1, resulting in an underbonding that is 

satisfied by hydrogen bonding as an acceptor of OW1 and OW2 (Table 1). The apex O-atom, O2, is not bonded to any 

cation other than C1 and therefore has much larger thermal displacement parameters and a shorter bond length (1.243 (8) 

Å) than usually found in carbonate groups. The C1—O2 bond is close to satisfying the rigid-body criteria of equal 

displacement amplitudes of C1 and O2 along the C1—O2 bond direction. The bond length, corrected for rigid-body 

motion is 1.268 Å (Downs et al., 1992). O2 is also the acceptor of an hydrogen bond from the OW3 atom of the adjacent 

sheet, thus connecting the two sheets. There are not many minerals with dangling O atoms in CO3 groups, but these 

features are also observed in the crystal structures of isotypic lanthanite-(La) (Shinn & Eick, 1968), lanthanite-(Ce) (Dal 

Negro et al., 1977) and in dawsonite, NaAlCO3(OH)2 (Corazza et al., 1977). The last water molecule, OW4, is not 

bonded to any cation, but instead is situated between the OW1 of a given polyhedral layer and OW2 of the adjacent layer, 

linking the two layers together through hydrogen bonds.

Experimental 

The lanthanite-(Nd) specimen used in this study was from Mitsukoshi, Hizen-cho, Karatsu City, Saga Prefecture, Japan, 

and is in the collection of the RRUFF project (deposition No. R060993; http://rruff.info). The experimental empirical 

formula, (Nd0.95La0.61Pr0.17Sm0.12Gd0.08Y0.04Eu0.03)Σ=2(CO3)3
.7.97H2O, was based on 17 O atoms and was determined from 

data of a CAMECA SX100 electron microprobe at the conditions of 15 keV, 10 nA, and a beam size of 20 µm. An 

average of 23 analysis points yielded (wt. %): H2O 23.50 (by difference), CO2 21.60, Y2O3 0.70, La2O3 16.32, Pr2O3 4.56, 

Nd2O3 26.06, Sm2O3 3.49, Eu2O3 0.87, Gd2O3 2.40, Tb2O3 0.12, Dy2O3 0.45.

Refinement 

Due to similar X-ray scattering lengths, all rare earth elements were treated as Nd. The highest residual peak in the 

difference Fourier maps was located at (1/4, 3/4, 0.3413), 1.03 Å from Nd2, and the deepest hole at (0.2515, 0.8358, 

0.2813), 0.81 Å from Nd2. H-atoms from water molecules could not be assigned reliably and were excluded from 

refinement.

Computing details 

Data collection: APEX2 (Bruker, 2004); cell refinement: SAINT (Bruker, 2004); data reduction: SAINT (Bruker, 2004); 

program(s) used to solve structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine structure: SHELXL97 

(Sheldrick, 2008); molecular graphics: XtalDraw (Downs & Hall-Wallace, 2003); software used to prepare material for 

publication: publCIF (Westrip, 2010).
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Figure 1

Looking down on a sheet of the lanthanite-(Nd) structure. NdO10 polyhedra are represented in blue and carbonate 

triangles are represented in green. 
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Figure 2

The crystal structure of lanthanite-(Nd) represented with displacement ellipsoids at the 99% probability level. Blue, 

green, red and cyan represent Nd, C, O atoms and H2O molecules, respectively. 

Figure 3

Photograph of the lanthanite-(Nd) specimen analyzed in this study, illustrating its platy habit. 
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Dineodymium(III) tricarbonate octahydrate 

Crystal data 

Nd2(CO3)3·8H2O
Mr = 612.64
Orthorhombic, Pccn
Hall symbol: -P 2ab 2ac
a = 8.9391 (4) Å
b = 9.4694 (4) Å
c = 16.9374 (8) Å
V = 1433.72 (11) Å3

Z = 4

F(000) = 1160
Dx = 2.838 Mg m−3

Mo Kα radiation, λ = 0.71073 Å
Cell parameters from 6318 reflections
θ = 2.3–27.5°
µ = 7.25 mm−1

T = 296 K
Platy, pink
0.20 × 0.18 × 0.02 mm

Data collection 

Bruker APEXII CCD area-detector 
diffractometer

Radiation source: fine-focus sealed tube
Graphite monochromator
φ and ω scan
Absorption correction: multi-scan 

(SADABS; Sheldrick, 2005)
Tmin = 0.325, Tmax = 0.869

9235 measured reflections
1570 independent reflections
1373 reflections with I > 2σ(I)
Rint = 0.018
θmax = 27.5°, θmin = 3.2°
h = −11→11
k = −10→11
l = −21→19

Refinement 

Refinement on F2

Least-squares matrix: full
R[F2 > 2σ(F2)] = 0.020
wR(F2) = 0.057
S = 1.12
1570 reflections
102 parameters
0 restraints

Primary atom site location: structure-invariant 
direct methods

Secondary atom site location: difference Fourier 
map

H-atom parameters not refined
w = 1/[σ2(Fo

2) + (0.0225P)2 + 5.4801P] 
where P = (Fo

2 + 2Fc
2)/3

(Δ/σ)max = 0.001
Δρmax = 0.81 e Å−3

Δρmin = −0.59 e Å−3

Special details 

Geometry. All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated using the full 
covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation of e.s.d.'s in distances, angles and 
torsion angles; correlations between e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry. 
An approximate (isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving l.s. planes.
Refinement. Refinement of F2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F2, 
conventional R-factors R are based on F, with F set to zero for negative F2. The threshold expression of F2 > σ(F2) is used 
only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F2 
are statistically about twice as large as those based on F, and R- factors based on ALL data will be even larger.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2) 

x y z Uiso*/Ueq

Nd1 0.2500 0.2500 0.250082 (15) 0.01450 (9)
Nd2 0.2500 0.7500 0.280450 (15) 0.01381 (9)
C1 0.2500 0.7500 0.1061 (3) 0.0211 (11)
C2 0.4597 (4) 0.4972 (3) 0.28322 (19) 0.0142 (6)
O1 0.3229 (3) 0.6575 (3) 0.14676 (14) 0.0181 (5)
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O2 0.2500 0.7500 0.0327 (3) 0.069 (2)
O3 0.0234 (3) 0.3837 (3) 0.20815 (16) 0.0210 (5)
O4 0.0234 (3) 0.6160 (3) 0.23732 (16) 0.0216 (5)
O5 0.3158 (3) 0.4931 (3) 0.29412 (15) 0.0192 (5)
OW1 0.3170 (3) 0.3820 (3) 0.12154 (16) 0.0232 (5)
OW2 0.1140 (3) 0.3219 (3) 0.37844 (16) 0.0261 (6)
OW3 0.1241 (3) 0.6457 (3) 0.40530 (17) 0.0343 (7)
OW4 0.3878 (6) 0.3889 (5) 0.4972 (3) 0.0749 (15)

Atomic displacement parameters (Å2) 

U11 U22 U33 U12 U13 U23

Nd1 0.01417 (13) 0.01111 (16) 0.01822 (16) 0.00172 (9) 0.000 0.000
Nd2 0.01354 (13) 0.01037 (16) 0.01752 (16) −0.00126 (9) 0.000 0.000
C1 0.018 (2) 0.022 (3) 0.023 (3) 0.003 (2) 0.000 0.000
C2 0.0165 (15) 0.0119 (17) 0.0143 (14) 0.0004 (12) −0.0013 (12) 0.0014 (12)
O1 0.0181 (11) 0.0150 (12) 0.0212 (12) 0.0022 (9) −0.0017 (9) −0.0018 (10)
O2 0.095 (5) 0.094 (5) 0.017 (2) 0.070 (4) 0.000 0.000
O3 0.0224 (12) 0.0121 (13) 0.0284 (13) 0.0055 (10) −0.0016 (10) 0.0001 (10)
O4 0.0188 (11) 0.0131 (14) 0.0329 (14) −0.0039 (10) −0.0022 (10) −0.0029 (10)
O5 0.0128 (11) 0.0165 (13) 0.0284 (13) 0.0006 (9) 0.0027 (10) 0.0008 (10)
OW1 0.0280 (13) 0.0159 (13) 0.0255 (13) −0.0007 (11) 0.0012 (11) −0.0012 (10)
OW2 0.0171 (12) 0.0357 (17) 0.0254 (13) −0.0010 (11) 0.0007 (10) 0.0006 (12)
OW3 0.0303 (15) 0.050 (2) 0.0228 (13) −0.0153 (14) 0.0008 (11) −0.0011 (13)
OW4 0.089 (3) 0.077 (3) 0.059 (3) −0.028 (3) 0.035 (2) −0.029 (2)

Geometric parameters (Å, º) 

Nd1—O5 2.491 (2) Nd2—O5 2.513 (2)
Nd1—O5i 2.491 (2) Nd2—O1iv 2.514 (2)
Nd1—O3i 2.492 (2) Nd2—O1 2.514 (2)
Nd1—O3 2.492 (2) Nd2—OW3iv 2.591 (3)
Nd1—OW1i 2.581 (3) Nd2—OW3 2.591 (3)
Nd1—OW1 2.581 (3) Nd2—O3ii 2.759 (3)
Nd1—OW2 2.582 (3) Nd2—O3v 2.759 (3)
Nd1—OW2i 2.582 (3) Nd2—C1 2.953 (6)
Nd1—O4ii 2.762 (3) Nd2—C2iv 3.040 (3)
Nd1—O4iii 2.762 (3) C1—O2 1.243 (8)
Nd1—C2 3.051 (3) C1—O1 1.291 (4)
Nd1—C2i 3.051 (3) C1—O1iv 1.291 (4)
Nd2—O4 2.499 (3) C2—O4ii 1.263 (4)
Nd2—O4iv 2.499 (3) C2—O3ii 1.272 (4)
Nd2—O5iv 2.513 (2) C2—O5 1.300 (4)

O5—Nd1—O5i 145.15 (12) O4iv—Nd2—O5 109.18 (8)
O5—Nd1—O3i 111.28 (8) O5iv—Nd2—O5 169.43 (12)
O5i—Nd1—O3i 78.92 (8) O4—Nd2—O1iv 72.75 (8)
O5—Nd1—O3 78.92 (8) O4iv—Nd2—O1iv 76.70 (8)
O5i—Nd1—O3 111.28 (8) O5iv—Nd2—O1iv 71.64 (8)
O3i—Nd1—O3 146.88 (12) O5—Nd2—O1iv 118.74 (8)
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O5—Nd1—OW1i 139.03 (8) O4—Nd2—O1 76.70 (8)
O5i—Nd1—OW1i 75.53 (8) O4iv—Nd2—O1 72.75 (8)
O3i—Nd1—OW1i 72.68 (8) O5iv—Nd2—O1 118.74 (8)
O3—Nd1—OW1i 79.45 (8) O5—Nd2—O1 71.64 (8)
O5—Nd1—OW1 75.53 (8) O1iv—Nd2—O1 51.48 (11)
O5i—Nd1—OW1 139.03 (8) O4—Nd2—OW3iv 141.63 (9)
O3i—Nd1—OW1 79.45 (8) O4iv—Nd2—OW3iv 72.13 (9)
O3—Nd1—OW1 72.68 (8) O5iv—Nd2—OW3iv 69.98 (9)
OW1i—Nd1—OW1 64.96 (12) O5—Nd2—OW3iv 101.07 (10)
O5—Nd1—OW2 67.38 (8) O1iv—Nd2—OW3iv 135.64 (9)
O5i—Nd1—OW2 83.13 (9) O1—Nd2—OW3iv 139.06 (9)
O3i—Nd1—OW2 139.15 (9) O4—Nd2—OW3 72.13 (9)
O3—Nd1—OW2 73.95 (8) O4iv—Nd2—OW3 141.63 (9)
OW1i—Nd1—OW2 136.78 (8) O5iv—Nd2—OW3 101.07 (10)
OW1—Nd1—OW2 133.78 (8) O5—Nd2—OW3 69.98 (9)
O5—Nd1—OW2i 83.13 (9) O1iv—Nd2—OW3 139.06 (9)
O5i—Nd1—OW2i 67.38 (8) O1—Nd2—OW3 135.64 (9)
O3i—Nd1—OW2i 73.95 (8) OW3iv—Nd2—OW3 70.59 (13)
O3—Nd1—OW2i 139.15 (9) O4—Nd2—O3ii 120.36 (9)
OW1i—Nd1—OW2i 133.78 (8) O4iv—Nd2—O3ii 62.32 (9)
OW1—Nd1—OW2i 136.78 (8) O5iv—Nd2—O3ii 130.16 (8)
OW2—Nd1—OW2i 65.29 (12) O5—Nd2—O3ii 48.87 (7)
O5—Nd1—O4ii 48.95 (8) O1iv—Nd2—O3ii 116.91 (8)
O5i—Nd1—O4ii 127.62 (8) O1—Nd2—O3ii 70.95 (8)
O3i—Nd1—O4ii 62.36 (9) OW3iv—Nd2—O3ii 74.51 (9)
O3—Nd1—O4ii 120.53 (9) OW3—Nd2—O3ii 98.79 (9)
OW1i—Nd1—O4ii 119.54 (8) O4—Nd2—O3v 62.32 (9)
OW1—Nd1—O4ii 68.74 (8) O4iv—Nd2—O3v 120.36 (9)
OW2—Nd1—O4ii 103.32 (8) O5iv—Nd2—O3v 48.87 (7)
OW2i—Nd1—O4ii 68.87 (8) O5—Nd2—O3v 130.16 (8)
O5—Nd1—O4iii 127.62 (8) O1iv—Nd2—O3v 70.95 (8)
O5i—Nd1—O4iii 48.95 (8) O1—Nd2—O3v 116.91 (8)
O3i—Nd1—O4iii 120.53 (9) OW3iv—Nd2—O3v 98.79 (9)
O3—Nd1—O4iii 62.36 (9) OW3—Nd2—O3v 74.51 (9)
OW1i—Nd1—O4iii 68.74 (8) O3ii—Nd2—O3v 171.97 (11)
OW1—Nd1—O4iii 119.54 (8) O2—C1—O1 122.2 (2)
OW2—Nd1—O4iii 68.87 (8) O2—C1—O1iv 122.2 (2)
OW2i—Nd1—O4iii 103.32 (8) O1—C1—O1iv 115.5 (5)
O4ii—Nd1—O4iii 171.14 (11) O4ii—C2—O3ii 125.6 (3)
O4—Nd2—O4iv 146.01 (13) O4ii—C2—O5 117.4 (3)
O4—Nd2—O5iv 109.18 (8) O3ii—C2—O5 117.0 (3)
O4iv—Nd2—O5iv 74.05 (8) O4ii—C2—O1 113.5 (2)
O4—Nd2—O5 74.05 (8)

Symmetry codes: (i) −x+1/2, −y+1/2, z; (ii) x+1/2, −y+1, −z+1/2; (iii) −x, y−1/2, −z+1/2; (iv) −x+1/2, −y+3/2, z; (v) −x, y+1/2, −z+1/2.

Hydrogen-bond geometry (Å) 

D—H···A D···A

OW1···O1 2.645 (4)
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OW1···OW1i 2.772 (5)
OW1···OW4vi 2.792 (5)
OW1···OW3ii 2.795 (4)
OW2···O1vii 2.645 (3)
OW2···OW2i 2.786 (5)
OW2···O5 2.815 (4)
OW2···OW4i 2.833 (5)
OW3···O2viii 2.626 (5)
OW3···OW1vii 2.795 (4)
OW3···O5 2.928 (4)
OW3···OW3iv 2.994 (6)
OW4···OW1ix 2.792 (5)
OW4···OW2i 2.833 (5)
OW4···OW4x 2.909 (9)
OW4···OW2i 3.231 (6)

Symmetry codes: (i) −x+1/2, −y+1/2, z; (ii) x+1/2, −y+1, −z+1/2; (iv) −x+1/2, −y+3/2, z; (vi) −x+1/2, y, z−1/2; (vii) x−1/2, −y+1, −z+1/2; (viii) x, −y+3/2, 
z+1/2; (ix) −x+1/2, y, z+1/2; (x) −x+1, −y+1, −z+1.
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Introduction: The CheMin instrument on the Mars 

Science Laboratory rover Curiosity performed X-ray 
diffraction analysis on Martian soil [1] at Rocknest in 
Gale Crater. In particular, crystalline phases from 
scoop 5 were identified and analyzed with the Rietveld 
method [2]. Refined unit-cell parameters are reported 
in Table 1. Comparing these unit-cell parameters with 
those in the literature provides an estimate of the 
chemical composition of the crystalline phases. For 
instance, Fig. 1 shows the Mg-content of Fa-Fo olivine 
as a function of the b unit-cell parameter using litera-
ture data. Our refined b parameter is indicated by the 
black triangle.  
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Figure 1. Mg-content of Fa-Fo olivine as a function 
of b unit-cell parameter, indicating Fo56 for the 
composition of the Rocknest olivine with an error 
of 3%. 
 

Composition as a Function of Unit-Cell Parame-
ters:  Unit-cell parameters and chemistry were ob-
tained from the literature for the target minerals, and 
relationships similar to Fig. 1 were observed. Some 
relationships, like that for olivine, are very well de-
fined, whereas others, such as that for plagioclase in 
Fig. 2, reflect a larger range of solid solution. In the 
case of plagioclase, this range is a consequence of var-

iation in Al-Si ordering and possibly of small amounts 
of K, not accounted for in this analysis. Augite and 
pigeonite were constrained to the Ca-Fe-Mg system. A 
simple binary plot, as shown in Fig. 1 and 2, did not 
fully describe the variations. Therefore, in both cases, 
Mg-content was estimated from the b unit-cell parame-
ter because it forms a linear trend (Fig. 3a). Ca and Fe 
were discriminated by the β angle for augite (Fig. 3b) 
and by unit-cell volume for pigeonite (not shown). 
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Figure 2. Ca content of K-free plagioclase as a 
function of the b unit-cell parameter. The large 
scatter of data results in an error of 12%. 
 
 

Chemical Composition of the Major Phases: The 
following chemical compositions were obtained from 
the regressions illustrated in Fig.1-3: 

 
olivine: (Mg0.56(3)Fe0.44)2SiO4 
andesine: (Ca0.52(12)Na0.48)(Al1.53Si2.48)O8 
augite: [Ca0.77(4)Mg0.67(10)Fe0.56]Si2O6 
pigeonite: [Mg1.40(9)Fe0.22(10)Ca0.38]Si2O6 
 
 

 
 
Table 1. Refined unit-cell parameters of the crystalline components from the Rocknest scoop 5 soil.  
 

Mineral  Wt.%  2σ  a (Å)  b (Å)  c (Å)  α (°)  β (°)  γ (°) 

andesine  42.9%  3.4%  8.175(5)  12.868(8)  7.117(5)  93.46(6)  116.31(2)  90.16(4) 

forsterite  20.5%  2.6%  10.323(8)  6.034(4)  4.769(5)  90  90  90 

augite  16.7%  3.5%  9.765(9)  8.96(1)  5.251(6)  90  106.10(6)  90 

pigeonite  11.4%  3.9%  9.68(1)  8.89(1)  5.28(1)  90  108.4(1)  90 
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Figure 3a. Variation of Mg-content with b unit-cell 
parameter in augite obtained from literature data. 
The estimated Mg-content of the Rocknest augite 
was determined from this regression and is marked 
with the black triangle. Blue diamonds represent 
Ca = 0.8 and red squares are Ca = 1. 
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Figure 3b. The Ca-content in augite is obtained by 
scaling the separation between the two trends of 
Mg-content versus β angle at Ca = 1 (red squares) 
and Ca = 0.8 (blue diamonds) apfu. The black tri-
angle represents the Mg-content from Fig. 3a at the 
refined β angle.  

 
Comparison with Bulk Chemistry Measured by 

APXS: The bulk chemistry of the crystalline compo-
nent was computed from the estimated chemical com-
positions weighted by abundances and is shown in 
Table 2. Our results agree with those estimated by [3], 
to a standard deviation of 0.8 weight %, providing a 
measure of consistency between reported chemistry of 
martian meteorites and CheMin results. We assumed 
that the crystalline component, C, plus the “amor-
phous” component, A, summed to the total measured 
by APXS [4], T, where α is a scaling factor:  

αC + (1-α)A = T 
Then α ≤ 0.63 to insure consistency with the APXS 
total (requires that all MgO is crystalline), implying 
that the amorphous component ≥ 37 % in the CheMin 
sample, compared with estimates of 36% [3], and 27% 
± 13.5 [2]. If we assume α = 0.63 and subtract the 
CheMin crystalline component from the APXS total, 
we obtain the bulk composition of the amorphous 
components shown in Table 3. Our values agree with 
those from [3] to a standard deviation of 1.7 weight %. 
 
Table 3. Amorphous component bulk composition 
(wt.%) obtained by T-αC 

Component This study [3] 
SiO2 36.2 35.3 

Fe-oxides 34.1 29.4 
SO3 13.2 13.0 

Al2O3 4.5 3.9 
TiO2 3.7 3.5 
CaO 4.0 6.3 
Na2O 2.1 1.6 
MnO 1.2 0.7 
K2O 1.0 1.3 

 
Table 2. Comparison of the calculated bulk chemis-
try of the crystalline component with the measured 
bulk chemistry of the Rocknest sample in wt.%.  
 

Component Crystalline Bulk 
 This study [3] APXS 

CaO 9.5 8.0 7.4 

MgO 10.4 9.9 6.5 

Fe-oxides 14.2 16.2 21.0 

SiO2 49.1 48.4 43.7 

MnO 0.0 0.3 0.4 

Na2O 2.4 2.6 2.2 

Al2O3 12.7 12.7 9.6 

TiO2 0.4 0.4 1.5 

K2O 0.4 0.2 0.6 

SO3 0.8 0.7 5.2 

 
 
References: [1] Blake et al. (2013) LPS XLIV, Ab-

stract. [2] Bish et al. (2013) LPS XLIV, Abstract. [3] 
Morris et al. (2013) LPS XLIV, Abstract. [4] Yen et al. 
(2013) LPS XLIV, abstract. 
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