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ABSTRACT

The crystal structure of mosandrite, ideally (Ca3REE)[(H2O)2Ca0.5&0.5]Ti(Si2O7)2(OH)2(H2O)2, from

the Saga mine, Morje, Porsgrunn, Norway, has been refined as two components related by the TWIN

matrix (1̄ 0 0, 0 1̄ 0, 1 0 1): a 7.4222(3), b 5.6178(2), c 18.7232(7) Å, b 101.4226(6)º, V = 765.23(9) Å3,

space group P21/c, Dcalc. = 3.361 g.cm�3, R1 = 3.69% using 1347 observed (Fo > 4sF) reflections. The
empirical formula of mosandrite (EMPA) was calculated on the basis of 4 Si a.p.f.u., with H2O

determined from structure refinement: [(Ca2.89Ba0.01)S2.90 (Ce0.39La0.18Nd0.14Sm0.02Gd0.03
Y0.16Th0.03)S1.01Zr0.09]S4[(H2O)2.00Ca0.32Na0.17Al0.10Mn0.04Fe

2+
0.02&0.35]S3(Ti0.87Nb0.09Zr0.04)S1

(Si2O7)2[(OH)1.54F0.46]S2[(H2O)1.50F0.50]S2, Z = 2. The crystal structure of mosandrite is a framework

of TS (titanium silicate) blocks; each TS block consists of HOH sheets (H-heteropolyhedral, O-

octahedral). In the TS block, there are five fully occupied cation sites, two [4]-coordinated Si sites with

<Si�O> 1.623 Å, [7]-coordinated MH and AP sites occupied by Ca and REE in the ratio ~ 3:1, and one

[6]-coordinated Ti-dominant MO(1) site. There are two H2O-dominant H2O-alkali-cation sites. The

partly occupied MO(2) site has composition [(H2O)0.5&0.33Na0.17], ideally [(H2O)0.5&0.5] p.f.u. The

MO(3) site has ideal composition [(H2O)1.5Ca0.5] p.f.u. In the O sheet, the XO
M and XO

A anion sites have

compositions [(OH)1.54F0.46] (X
O
M) and [(H2O)1.50F0.50] (X

O
A), ideally (OH)2 and (H2O)2 p.f.u. The MH

and AP polyhedra and Si2O7 groups constitute the H sheet that is completely ordered. In the O sheet,

MO(1) octahedra are long-range ordered whereas H2O and OH groups and alkali cations Na and Ca are

long-range disordered. Two SRO (short-range ordered) arrangements have been proposed for the O

sheet: (1) Na [MO(2)], Ca2 [M
O(3)] and F4 [X

O
M and XO

A anion sites]; (2) 2 H2O [MO(2)] and MO(3)] and

(OH)2 and (H2O)2 [X
O
M and XO

A]. Linkage of H and O sheets occurs mainly via common vertices of MH

polyhedra and Si2O7 groups and MO(1) octahedra. Two adjacent TS blocks are related by the glide

plane cy. Mosandrite is an H2O- and OH-bearing Na- and Ca-depleted analogue of rinkite, ideally

(Ca3REE)Na(NaCa) Ti(Si2O7)2(OF)F2. Mosandrite and rinkite are related by the following substitution

at the MO(2,3) and XO
(M,A) sites in the O sheet: M[(H2O)2 + &0.5] +

X[(OH)�2 + (H2O)2] $ M[Na+2 +

Ca2+0.5] +
X[(OF)3� + (F2)

2�].
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Introduction

THE name mosandrite was proposed by Erdman in

1841 (reported by Brögger, 1890) for a mineral

from Låven (Skådön), Langesundsfjorden, Larvik,

Vestfold, Norway. The name rinkite was proposed

by Lorenzen (1884) for a mineral found at

Kangerdluarssuk, Greenland. For a long time, it

was not clear if mosandrite and rinkite were both

valid mineral species. Slepnev (1957, in Russian)

reviewed the minerals of the ‘‘rinkite group’’ and
stated that mosandrite and rinkite were two valid

mineral species, mosandrite being a product of

alteration of rinkite. Fleischer (1958) misinter-

preted the conclusions of Slepnev (1957), saying

that Slepnev had suggested discreditation of the

name rinkite in favour of mosandrite. Rinkite was

not discredited but acquired the status of a

questionable species. Sokolova and Cámara

(2008) studied rinkite, ideally Na2Ca4REE

Ti(Si2O7)2OF3, under the name mosandrite, as it

was a museum specimen labelled mosandrite from

the type locality of mosandrite: Låven, Norway.

Fleisher’s glossary of mineral species 2008 (Back

and Mandarino, 2008) listed mosandrite with the

formula (H3O
+,Na,Ca)3Ca3REE(Ti,Zr)(Si2O7)2

(O,OH,F)4. Bellezza et al. (2009) studied the

crystal structure and chemical composition of

mosandrite, Ti(&,Ca,Na)3 (Ca,REE)4(Si2O7)2
[H2O,OH,F]4·~1H2O, Z = 2, from the type locality,

Låven (Skådön), Langesundsfjorden, Larvik,

Vestfold, Norway, and confirmed it as a valid

mineral species. They reported ‘‘a rinkite-type

structure, characterized by a low occupancy of the

MO(2) and MO(3) sites and chemical composition

characterized by a lower Ca content, very low Na

and F contents and a very high amount of H2O

with respect to the chemical composition of

rinkite.’’ Cámara et al. (2011) studied rinkite

from several localities and confirmed its validity

as a distinct mineral species. Hence in the official

IMA list of minerals (http://pubsites.uws.edu.au/

ima-cnmnc/), rinkite, Na2Ca4CeTi(Si2O7)2OF3, is a

valid mineral species.

However the work of Bellezza et al. (2009) left

some problems unresolved: (1) their empirical

formula of mosandrite, (Ti0.93Nb0.08)S1.01
(&1 . 6 5Ca0 . 9 0Na0 . 2 9Mn0 . 07Al0 . 0 6Fe0 . 03 )S3

(Ca2.80REE0.85Y0.21Zr0.10Th0.04)S4(Si2O7)2
[(OH)3.01F0.92]S3.93·2H2O [H2O = 2 a.p.f.u., OH =

3.01 p.f.u. (with H2O measured by TG-DSC) and

Sanions = 20 a.p.f.u.], differs from its simplified

formula Ti(& ,Ca,Na)3(Ca,REE)4(Si2O7)2
[H2O,OH,F]4·~1H2O, Z = 2 [H2O ~ 2 p.f.u.; OH

~2 p.f.u., Sanions = 19 a.p.f.u.] in the number of

anions, 20 vs. 19 a.p.f.u.; (2) the simplified

formula Ti(& ,Ca,Na)3(Ca,REE)4(Si2O7)2
[H2O,OH,F]4·~1H2O, which was written in

accord with structure-refinement results, does not

agree with those structure-refinement results: the

structure refinement does not account for the

~1 H2O p.f.u. in the mineral formula; hence there

is disagreement between the chemical analysis and

the structure-refinement results (for more details

see Previous work below); and (3) mosandrite has

not been redefined as a mineral species: cf.

formulae (H3O
+,Na,Ca)3Ca3REE(Ti,Zr)(Si2O7)2

(O,OH,F)4[H3O
+ is a dominant species at the

three alkali-cation sites: (H3O
+,Na,Ca)3, Back and

Mandarino (2008)] and Ti(&,Ca,Na)3(Ca,REE)4
(Si2O7)2[H2O,OH,F]4·~1H2O [& is a dominant

species at the three alkali-cation sites:

(&,Ca,Na)3, Bellezza et al. (2009)]. In making

these comments about the results of Bellezza et al.

(2009), we wish to state that we have no intention

of being critical. Mosandrite is extremely difficult

to deal with, and Bellezza et al. (2009) made

major progress with this mineral. Here, we try to

resolve these residual problems and reach an

adequate understanding of mosandrite.

Mosandrite is a Group-I TS-block mineral in

accord with Sokolova (2006) who divided Ti-

disilicate minerals into four groups, characterized

by a different topology and stereochemistry of the

titanium silicate (TS) block. The TS block consists

of the central O (trioctahedral) sheet and two H

(heteropolyhedral) sheets containing Si2O7 groups.

In Group I, Ti = 1 a.p.f.u. and Ti (= Nb, Zr) occurs

in the O sheet: 1 MO = Ti, Nb, Zr; 3 MO = Na, Ca

and rarely Mn; [6],[7]MH = Zr, Ca + REE, Ca, Mn;

AP = Na, Ca, Ca + REE ; XO = anions = O, F.

Sokolova (2006) wrote the general formula for

minerals of Group I as AP
2M

H
2M

O
4 (Si2O7)2X

O
4 .

There are eight Group-I minerals of known

structure: götzenite, hainite, seidozerite, gren-

marite, rinkite, nacareniobsite-(Ce), kochite and

rosenbuschite (Table 1). The stacking order of TS

blocks in Group-I structures is of two types (for

details, see Christiansen and Rønsbo, 2000):

type 1 occurs in rinkite and nacareniobsite-(Ce)

(space group P21/c) and type 2 occurs in

seidozerite, grenmarite, gotzenite, hainite,

kochite and rosenbuschite (space groups P1̄ and

P2/c). Mosandrite is isostructural with rinkite

(Cámara et al. 2011) and nacareniobsite-(Ce)

(Sokolova and Hawthorne, 2008). Here we report

refinement of the crystal structure and a revised

chemical formula of mosandrite.
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Previous work

Here we describe the general topology of the

crystal structure of rinkite, the pseudomerohedral

twinning characteristic of rinkite and nacare-

niobsite-(Ce), and unresolved problems with

mosandrite.

The general topology of the TS block in the
crystal structure of rinkite

For the structure description, we use the

terminology of Sokolova (2006). The topology

of the crystal structure of rinkite is in accord with

the work of Galli and Alberti (1971). The crystal

structure of rinkite is a framework of TS (titanium

silicate) blocks that consist of HOH sheets. The O

sheet is composed of Ti-dominant MO(1)

octahedra, [8]-coordinated MO(2) polyhedra occu-

pied by Na, and MO(3) octahedra occupied mainly

by Na and Ca in the ratio ~1:1, Na > Ca (Fig. 1a).

The H sheet is built of Si2O7 groups and

[7]-coordinated MH and AP polyhedra occupied

by Ca and REE in the ratio ~ 3:1 (Fig. 1b). In

rinkite, the TS block exhibits linkage and

stereochemistry typical of Group I (Ti =

1 a.p.f.u.) of the Ti-disilicate minerals: two H

sheets connect to the O sheet such that two Si2O7

groups link to the trans edges of a Na polyhedron

of the O sheet (Fig. 1c).

Pseudomerohedral twinning

Structure work on rinkite, mosandrite and nacar-

eniobsite-(Ce) is almost always complicated by

pseudomerohedral twinning of their crystals.

Sokolova and Cámara (2008) suggested that

epitactic intergrowth of crystals of this structure

type is possible, with the result that in a ‘‘crystal’’
of rinkite, layers of rinkite in a different orientation

(relative to that required by the space-group

symmetry and unit-cell orientation of the primary

crystal) may occur owing to matching of the unit

cells in two different orientations. As they noted,

such an intergrowth will result in apparent

violation of c-glide symmetry due to the layers in

the second orientation. Cámara et al. (2011)

suggested that this was the origin of the h0l

reflections with h + l = 2n + 1 that seemed to

violate the cy glide of the structure. They dealt with

this situation by incorporating a second component

of the crystal into the refinement, a component that

was related to the first by the transformation matrix

(1̄ 0 0, 0 1̄ 0, 1 0 1). There are two settings for the

space group No. 14, which correspond to space

groups P21/c and P21/n, and the pseudomerohedral

twins correspond to two different cell choices for

space group No. 14. Cámara et al. (2011) showed

that in rinkite the volume of the second component

varied from 1 to 85%. They also reported TEM

studies of rinkite: sample 2909 was pervasively

twinned on (001), which is in accord with the twin

ratio of 0.58 defined from structure refinement of

this sample. The size of every lamella was

<200 nm, too small to resolve by optical

microscopy, which explains the milky and badly

behaved optical character of these crystals.

Mosandrite: problems

Previous work on mosandrite, rinkite and nacar-

eniobsite-(Ce) [prior to (Bellezza et al., 2009)]

was summarized by Bellezza et al. (2009) and

Cámara et al. (2011). The work of Bellezza et al.

(2009) was a breakthrough in the crystal

chemistry of rinkite and mosandrite: this was the

first determination of the crystal structure of

mosandrite which made clear that mosandrite and

rinkite are two distinct mineral species. They

stated that the chemical composition of mosan-

drite differs from that of rinkite in ‘‘low Ca, Na

and F contents and high amount of H2O.’’
However, there are some unresolved problems

with the crystal structure and chemical formula of

mosandrite which we outline here.

Problem 1: Lack of agreement between the
mineral formula and the chemical analysis

The chemical analysis and the empirical

formula for mosandrite of Bellezza et al. (2009)

are given in Table 2. With variable amounts of

H2O (7.50�8.00 wt.% determined by TG-DSC

analysis), the number of H+ varies from 6.99 to

7.45 a.p.f.u. and the number of anions varies from

19.95 to 20.18 a.p.f.u., giving a mean H+ of

7.22 a.p.f.u. and an average number of anions

equal to 20.07 a.p.f.u. Bellezza et al. (2009) gave

empirical and crystal-chemical formulae of

mosandrite which differ in content of H2O and

number of anions (Table 3). They also gave a

simplified formula (1) Ti(&,Ca,Na)3(Ca,REE)4
(Si2O7)2(OH,F)4·~2H2O corresponding to the

empirical formula and a simplified formula

( 2 ) T i (& , C a , N a ) 3 ( C a ,REE ) 4 ( S i 2 O 7 ) 2
[H2O,OH,F]4·~1H2O corresponding to the crystal-

chemical formula. The simplified formula (2) is in

accord with structure-refinement results and has

been given as the formula of mosandrite [see
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Bellezza et al. (2009) and IMA list of minerals].

The crystal-chemical formula contains

5.44 H+ a.p.f.u. and 19 anions p.f.u. (Table 3),

which contradicts the chemical analysis (H+ =

6.99�7.45 a.p.f .u . , Sanions = 19.95�
20.18 a.p.f.u., Table 2).

Problem 2: Lack of agreement between the
mineral formula and the structure-refinement
results

Bellezza et al. (2009) reported the following

site-occupancies for mosandrite: the MO(1) site is

Ti-dominant and gives Ti a.p.f.u.; the MH + AP

sites are occupied by Ca and REE in the ratio ~3:1

and give (Ca,REE)4 a.p.f.u.; the M
O(2) and MO(3)

s i t e s a r e m a i n l y v a c a n t : M O ( 2 ) =

(&0.70Ca0.16Na0.14) p.f.u. (70%-vacancy); MO(3)

= (&1.30Ca0.46Ce0.14Na0.10) p.f.u. (65%-vacancy),

with simplified composition (&,Ca,Na)3; the XO
M

[= OF(1), Bellezza et al., 2009)] and XO
A [= OF(2),

Bellezza et al. (2009)] anion sites are occupied by

[(OH)1.30F0.70] and [(H2O)0.92(OH)0.88F0.20]

p.f.u., respectively [table 9, Bellezza et al.

( 2009) ] , w i th s imp l ified compos i t i on

FIG. 1. The TS block in the crystal structures of rinkite and mosandrite. Rinkite [theMO(2) andMO(3) sites are occupied

by Na and (Na,Ca), respectively; the XO
M and XO

A sites are occupied by (O,F) and F]: (a) the O sheet, (b) the H sheet,

(c) the TS block; Short-range order (SRO) arrangements in mosandrite, SRO-1 [the MO(2) and MO(3) sites are

occupied by Na and Ca, respectively; the XO
M and XO

A sites are occupied by F): (d) the O sheet, (e) the H sheet, (f) the TS

block; SRO-2 [theMO(2) andMO(3) sites are occupied by H2O groups and the XO
M and XO

A sites are occupied by OH and

H2O: (g) the O sheet, (h) the H sheet, (i) the TS block; Si tetrahedra are orange, Ti-dominant MO(1) octahedra are

yellow, Na [8]-coordinated MO(2) polyhedra and (Na,Ca) MO(3) octahedra are blue, Ca-dominant [7]-coordinated MH

and AP polyhedra and MO(3) octahedra are pink, (O,F) and F anions are shown as medium orange and yellow spheres,

respectively; OH and H2O groups are shown as small and large red spheres, respectively; H atoms are shown as small

grey spheres; H2O groups at the MO(2) and MO(3) sites are labelled 2 and 3 in (f). The unit cell is shown by thin black

lines in (a,b,d,e,g,h). The letters H O H indicate the positions of H and O sheets in (c,f,i).
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4 [H2O,OH,F] p.f.u. However they gave an ideal

composition of two anion OF(1) + OF(2) [= XO
M +

XO
A] s i t e s (4 a .p . f .u . , see above) a s

{[(OH)2F(H2O)]·1H2O} (5 a.p.f.u.) [table 11,

Bellezza et al. (2009)].

We sum cation and anion sites in accord with

Bellezza et al. (2009)]: Ti [MO(1)] + (&,Ca,Na)3
[MO(2)+MO(3)] + (Ca,REE)4 [M

H+ AP] +(Si2O7)2
+ [H2O,OH,F]4 [XO

M + XO
A] = Ti(&,Ca,Na)3

(Ca,REE)4(Si2O7)2[H2O,OH,F]4, and this sum

corresponds to the simplified formula (2):

T i (& , C a , N a ) 3 ( C a , R E E ) 4 ( S i 2 O 7 ) 2
[H2O,OH,F]4·~1H2O, except for ~1H2O.

Although Bellezza et al. (2009) suggested that

an H2O group could occur at the MO(2) site, they

did not include an H2O group in the refinement.

Hence there is disagreement between the

chemical formula written in accord with struc-

ture-refinement results and the structure-refine-

ment results.

TABLE 2. Chemical composition and unit formula* of mosandrite.

Oxide
(wt.%)

(1) (2)** (3) (4) Formula unit
(a.p.f.u.)

(1) (2)** (3) (4)

Nb2O5 n.a. n.a. 1.40 1.57 Nb n.a. n.a. 0.08 0.09
ThO2 0.34 0.34 1.04 0.95 Th 0.01 0.01 0.04 0.03
ZrO2 7.43 7.43 1.45 2.04 Zr 0.47 0.47 0.10 0.13
TiO2 5.33 5.33 8.89 9.03 Ti 0.52 0.52 0.93 0.87
SiO2 30.71 30.71 28.64 31.13 Si 4.00 4.00 4.00 4.00
CeO2 6.34 n.d. n.d. n.d. Ce4+ 0.29 n.d. n.d. n.d.
Ce2O3 10.45 16.50 8.22 8.35 Ce3+ 0.50 0.79 0.42 0.39
Yb2O3 n.a. n.a. 0.19 n.d. Yb3+ n.a. n.a. 0.01 n.d.
Er2O3 n.d. n.d. 0.39 n.d. Er3+ n.d. n.d. 0.02 n.d.
Dy2O3 n.a. n.a. 0.32 0.38 Dy3+ n.a. n.a. 0.01 n.d.
Gd2O3 n.a. n.a. 0.31 0.60 Gd3+ n.a. n.a. 0.01 0.03
Sm2O3 n.a. n.a. 0.28 0.50 Sm3+ n.a. n.a. 0.01 0.02
Nd2O3 n.a. n.a. 2.13 3.05 Pr3+ n.a. n.a. 0.06 n.d.
Pr2O3 n.a. n.a. 1.19 0.93 Nd3+ n.a. n.a. 0.11 0.14
La2O3 n.a. n.a. 3.81 3.82 La3+ n.a. n.a. 0.20 0.18
Y2O3 3.52 3.52 2.82 2.34 Y 0.24 0.24 0.21 0.16
Al2O3 n.d. n.d. 0.40 0.66 Al n.d. n.d. 0.06 0.10
Fe2O3 0.56 n.d. n.d. n.d. Fe3+ 0.06 n.d. n.d. n.d.
FeO n.d. 0.50 0.25 0.16 Fe2+ n.d. 0.05 0.03 0.02
BaO n.d. n.d. n.a. 0.15 Ba n.d. n.d. n.a. 0.01
SrO n.d. n.d. n.a. n.d. Sr n.d. n.d. n.a. n.d.
MnO 0.45 0.45 0.60 0.32 Mn2+ 0.05 0.05 0.07 0.04
CaO 22.53 22.53 24.74 23.28 Ca 3.14 3.14 3.70 3.21
MgO 0.63 0.63 n.d. n.d. Mg 0.12 0.12 n.d. n.d.
K2O 0.38 0.38 0.05 n.d. K 0.06 0.06 0.01 n.d.
Na2O 2.44 2.44 1.06 0.67 Na 0.62 0.62 0.29 0.17
Cl n.d. n.d. 0.04 n.d. Cl n.d. n.d. n.d. n.d.
F 2.06 2.06 2.08 2.35 F 0.85 0.85 0.92 0.96
H2O*** 7.70 8.05 7.50�8.00 9.96 H+ 6.69 6.69 6.99�7.45 8.54
–O=Cl n.d. n.d. 0.01 n.d.
–O=F 0.87 0.87 0.88 0.99 Scations 10.09 10.09 10.38 9.63

Total 100.00 100.00 96.92�97.42 101.25 Sanions 19.21 19.19 19.95�20.18 20.00

References: wet chemistry: (1) Brögger (1890); electron-microprobe analysis: (3) Bellezza et al. (2009);
(4) This work.
* Unit formulae were calculated on Si 4 a.p.f.u.
** (2) recalculated from (1): (a) Ce2O3 from {CeO2 = 6.34 wt.% + Ce2O3 [= (Ce,La,Dy)2O3] = 10.45 wt.%}
and (b) FeO from Fe2O3 = 0.56 wt.% in (1).
*** added as difference to 100% (1,2), measured with TG-DSC (3) and calculated from structure refinement (4).
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Bellezza et al. (2009) described mosandrite as

having ‘‘a rinkite-type structure, characterized by

a low occupancy of theMO(2) andMO(3) sites and

chemical composition characterized by a lower

Ca content, very low Na and F contents and a very

high amount of H2O with respect to the chemical

composition of rinkite.’’ Hence vacancy is a

dominant species in the O sheet in the mosandrite

formula, Ti(&,Ca,Na)3(Ca,REE)4(Si2O7)2
[H2O,OH,F]4·~1H2O. However ~2 H2O p.f.u.

(chemical analysis, Table 2) were left unac-

counted for. Consequently, mosandrite must be

re-defined as a mineral species.

So with regard to mosandrite, there are three

questions that need to be answered:

(1) Do H2O groups occur at the alkali-cation

sites with partial occupancy, and what is a

dominant species in the O sheet?

(2) What is the chemical formula of mosandrite

and how many anions does it contain?

(3) What is the relation between mosandrite

and rinkite?

Experimental details

Description of a sample

We studied sample 3859 of mosandrite from the

Saga mine, Morje, Porsgrunn, Norway which

was on loan from the Mineralogical Collection

of Renato and Adriana Pagano. We first

analysed a large grain which was honey

brown in colour, with a dark core and a light

edge. The EMP analysis of the central part

(0.600 mm60.220 mm60.020 mm) of the

grain is in good agreement with the chemical

analyses of Brögger (1890) and Bellezza et al.

(2009), and we concluded that it is mosandrite.

After the EMP analysis, a smaller crystal

(0.100 mm60.100 mm60.020 mm) was cut

from the central part of the grain for the X-ray

data collection. The honey-brown crystal of

mosandrite used in this work is of good optical

quality.

Chemical analysis

A single crystal of mosandrite was analysed using

a Cameca SX-100 electron-microprobe operating

in wavelength-dispersion mode with an accel-

erating voltage of 15 kV, a specimen current of

20 nA, a beam size of 10 mm and count times on

peak and background of 20 and 10 s, respectively.

The following standards, spectral lines and

analysing crystals were used: Si, F: rinkite

(sample YuksFe, Cámara et al., 2011) (SiKa,
TAP; FKa; LTAP); Na: albite (NaKa, TAP); Al:
andalusite (AlKa, LTAP); Ca: diopside (CaKa,
LPET); Nb: Ba2NaNb5O15 (NbLa, LPET); Fe:

fayalite (FeKa, LLIF); Mn: spessartine (MnKa,
LLIF); Zr: zircon (ZrLa, LPET); Ce: CePO4

(CeLa, LLIF); La: LaPO4 (LaLa, LLIF); Nd:

NdPO4 (NdLb, LLIF); Pr: PrPO4 (PrMb, LLIF);
Sm: SmPO4 (SmMb, LLIF); Gd: GdPO4 (GdMb,
LLIF); Dy: DyPO4 (DyMb, LLIF); Ti: titanite

(TiKa, LPET); Ba: baryte (BaLa, LPET); Y:

Y3Al5O12 (YLa, LPET); Th: ThO2 (ThMa,
LPET). Data were reduced using the j(rZ)
procedure of Pouchou and Pichoir (1985). The

chemical composition of the mosandrite is the

mean of 10 determinations and is given in Table 2

[analysis (4)]. The empirical formula of mosan-

drite was calculated on the basis of 4 Si a.p.f.u.:

TABLE 3. Empirical and crystal-chemical formulae of mosandrite calculated on Si = 4 a.p.f.u.; after Bellezza et
al. (2009).

Empirical formula Crystal-chemical formula*

Cations (Ti0.93Nb0.08)S1.01 (Ti0.96Nb0.04)S1
(&1.65Ca0.90Na0.29Mn0.07Al0.06Fe0.03)S3 (&2.00Ca0.62Na0.24REE0.14)S3
(Ca2.80REE0.85Y0.21Zr0.10Th0.04)S4 (Ca2.96REE0.96Zr0.08)S4

Complex oxy-anions (Si2O7)2 (Si2O7)2
Anions [(OH)3.01F0.92]S3.93·2H2O [(H2O)0.92(OH)2.18F0.90]S4·0.71H2O
H2O (p.f.u.) 2 1.63
OH (p.f.u.) 3.01 2.18
H+ (a.p.f.u.) 7.01 5.44
Sanions (a.p.f.u.) 20 19

* in accord with structure-refinement results.
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[(Ca2.89Ba0.01)S2.90(Ce0.39La0.18Nd0.14Sm0.02

Gd0.03Y0.16Th0.03)S1.01Zr0.09]S4[(H2O)2.00Ca0.32
Na0.17Al0.10Mn0.04Fe

2+
0.02&0.35]S3(Ti0.87Nb0.09

Z r 0 . 0 4 ) S 1 ( S i 2 O 7 ) 2 [ ( O H ) 1 . 5 4 F 0 . 4 6 ] S 2

[(H2O)1.50F0.50]S2, Z = 2, Dcalc. = 3.361 g.cm�3,
with H2O determined from structure refinement.

Table 2 also includes chemical analyses (1,2) of

Brögger (1890) and (3) of Bellezza et al. (2009).

Comparison of analyses (4) (sample 3859, this

work) and (3) (Bellezza et al., 2009) shows that

sample 3859 has (a) approximately the same F

content: 2.35 (4) vs. 2.08 wt.% (3); (b) a smaller

CaO content: 23.28 (4) vs. 24.74 wt.% (3); (b) a

smaller Na2O content: 0.67 (4) vs. 1.06 wt.% (3);

and (d) a larger H2O content: 9.96 (4) vs.

7.50�8.00 wt.% (3).

X-ray data collection and structure refinement

X-ray data for mosandrite were collected with a

single-crystal Bruker D8 three-circle diffract-

ometer equipped with a rotating-anode generator

(MoKa radiation), multilayer optics and an

APEX-II detector. Details of data collection and

structure refinement are given in Table 4. The

intensities of reflections with �10 4 h 4 10,

�7 4 k 4 7, �26 4 l 4 26 were collected for

2y 4 60.14º with a frame width of 0.3º and a

frame time of 2 s, and an empirical absorption

correction (SADABS, Sheldrick, 2008) was

applied. The unit-cell parameters were refined

from 9897 reflections with I > 10sI. Refinement

of the crystal structure was done in monoclinic

TABLE 4. Miscellaneous refinement data for mosandrite.

a (Å) 7.4222(3)
b (Å) 5.6178(2)
c (Å) 18.7232(7)
b (º) 101.4226(6)
V (Å3) 765.23(9)
Refl. (Io > 10sI) 9897
Space group P21/c
Z 2
Absorption coefficient (mm-1) 5.42
F(000) 752.70
Dcalc. (g/cm

3) 3.361
Second component (%)* 17.6(4)
Reflections violating
c glide plain (I > 3sI) 151
n glide plain (I > 3sI) 205
Crystal size (mm) 0.10060.10060.020
Radiation/filter Mo-Ka/graphite
2ymax for structure refinement (º) 50.00
R(int) (%) 1.27
Reflections collected** 8948
Independent reflections
Fo > 4sF

1412
1347

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

2

No. of refined parameters 174
Final R (obs) (%)
R1 [Fo > 4sF] 3.69
R1 [all data] 3.84
wR2 11.28
Highest peak, deepest hole
(e Å-3)

1.04
�0.58

Goodness of fit on F2 1.164

* Second component of the crystal is compatible with n-glide symmetry and is related to the first
component, compatible with c-glide symmetry, by the matrix (1̄00, 01̄0, 101);
** in accord with 2y range for structure refinement.
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symmetry using the atom coordinates of Sokolova

and Cámara (2008). The crystal structure of

mosandrite was refined with the Bruker

SHELXTL Version 5.1 system of programs

(Sheldrick, 2008) to R1 = 3.69% (Table 4). We

observed 151 violations of the c-glide extinction

criterion and refined the structure as two

components related by the TWIN matrix (1̄ 0 0,

0 1̄ 0, 1 0 1) (see discussion above), the second

component being 17.6(4)% (equivalent to the

batch scale factor in SHELX, ‘‘BASF’’). There

were few observed reflections at high 2y, and

those that do occur show splitting due to

pseudomerohedral twinning, and refinement of

the structure was done for 2y 4 50º, �8 4 h 4
8, �6 4 k 4 6, �22 4 l 4 22. The occupancies

of five cation sites were refined with the following

scattering curves: MH and AP sites: Y; MO(1) site:

Ti; MO(2) and MO(3) sites: Na and Ca,

respectively. The occupancies of the MH, AP and

MO(1) sites were in good agreement with

occupancies of these sites in rinkite (Cámara et

al., 2011) and with the cations available from

EMP analysis (Table 2). Refinement of the MO(2)

and MO(3) site occupancies converged to 6.2(2)

and 20.6(3) e.p.f.u. (electron per formula unit),

giving in total 26.8 e.p.f.u. The MO(2) and MO(3)

sites give 3 a.p.f.u. The cation content to assign to

these two sites (available from chemical analysis),

equals 0.64 a.p.f.u. and comprises 0.32 Ca + 0.17

Na + 0.10 Al + 0.04 Mn + 0.02 Fe2+, with a total

calculated scattering of 11.09 e.p.f.u. We were

left with 26.8 � 11.09 = 15.71 e.p.f.u., which

corresponds to the scattering of ~2 O atoms, i.e.,

~2 H2O a.p.f.u.

Note that Bellezza et al. (2009) measured the

content of H2O in mosandrite [Table 2,

analysis (3)] and gave the empirical formula

(Ti0.93Nb0.08)S1.01(&1.65Ca0.90Na0.29Mn0.07
Al0.06Fe0.03)S3(Ca2.80REE0.85Y0.21Zr0.10Th0.04)S4
(Si2O7)2[(OH)3.01F0.92]S3.93·2H2O, where H2O =

2 p.f.u.; OH = 3 p.f.u., Sanions = 20 a.p.f.u.; the

latter formula does not agree with their structure-

refinement results. However, both the H2O content

determined by Bellezza et al. (2009) and their

suggestion that an H2O group could occur at the

MO(2) site are in accord with our structure-

refinement results. We conclude that H2O groups

occur at both MO(2) and MO(3) sites. In accord

with the refined site-scattering values (see above),

we assigned available cations and H2O groups to

the MO(2,3) sites and refined the atom coordinates

and displacement parameters of atoms at these sites

with fixed occupancies and with the following

scattering curves: MO(2) site, with Na and O; and

MO(3) site, with Ca and O. The occupancies of the

XO
M and XO

A anion sites were refined using the

scattering curves of F and O. At the final stages of

the refinement, hydrogen atoms were located in the

difference-Fourier map; they belong to the OH

group at the XO
M site and the H2O groups at the

MO(3) and XO
A sites. Hydrogen atoms with fixed

occupancies equal to those of the corresponding O

atoms of the OH and H2O groups were included in

the refinement, and all H(1�5) positions were

softly constrained by setting the O�H distances

equal to 0.98 and the H�H distances equal to

1.50 Å. Scattering curves for neutral atoms were

taken from the International Tables for

Crystallography (Wilson, 1992). Details of data

collection and structure refinement are given in

Table 4, final atom coordinates and displacement

parameters are given in Table 5, selected inter-

atomic distances and angles in Table 6, refined

site-scattering values and assigned populations for

selected sites in Table 7, and bond-valence values

in Table 8. A list of observed and calculated

structure factors has been deposited with the

Principal Editor of Mineralogical Magazine and

is available from www.minersoc.org/pages/

e_journals/dep_mat_mm.html.

Site-population assignment

There are seven cation sites in the crystal structure

of mosandrite: three MO sites of the O sheet and

the MH, AP and two Si sites of the H sheet; site

labelling follows Sokolova (2006). Consider first

the Ti-dominant MO(1) site. The bond lengths

around the MO(1) site vary from 1.963 to 2.053 Å

(Table 6). We assign cations to this site based on

our previous work on rinkite (Cámara et al.,

2011): Ti(+Nb)-dominant sites are always fully

occupied. In mosandrite, the MO(1) site is

occupied mainly by Ti and minor Nb and Zr,

with the calculated scattering of 24.43 e.p.f.u. and

the refined scattering of 22.5(3) e.p.f.u. (Table 7).

Consider next the two [7]-coordinated MH and

AP sites in the H sheet. In rinkite, these sites are

fully occupied by Ca and REE3+ in the ratio ~ 3:1

(Cámara et al., 2011). The cations to be assigned

to the MH and AP sites are Ca, REE3+, Y, Th and

Ba (Table 2). By analogy with (Cámara et al.,

2011), let us decide if we should assign any Na to

these sites. First, we assign all REE3+, Y and Th,

with a total of 1.01 a.p.f.u. (Tables 2, 7). Next, we

assign Zr ([7]r = 0.78 Å, Shannon, 1976) which

substitutes for REE3+, Y and Th; and Ba, a large
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cation ([7]r = 1.38 Å) which substitutes for Ca.

The <MH�j> distance of 2.427 Å is shorter than

the <AP�j> distance of 2.460 Å (where j =

unspecified anion) (Table 6) and the scattering at

the AP site is lower than that at the MH site, and

hence we assign the smaller (compared to REE3+

and Ca ) Zr to the MH site and the larger ([7]r =

1.38 Å) and lighter (compared to REE3+) Ba to

the AP site. We are now left with 2.89 a.p.f.u. to

assign to the MH and AP sites. The total refined

site-scattering for these sites is 121.4 e.p.f.u.

(Table 7). The aggregate site-scattering value

calculated from EMPA for (REE3+ + Y + Th +

Ba + Zr) is 62.99 e.p.f.u. Therefore we must

assign 2.89 a.p.f.u. with a scattering curve (s.c.) of

(121.4�62.99)/2.89 = 20.21 el. The scattering

curve for the cation species to be assigned is

520 el; therefore we must assign Ca (not Na) to

the MH and AP sites (Tables 2, 7).

Consider next the [8]-coordinated MO(2) and

[6]-coordinated MO(3) sites in the O sheet. In

rinkite, these sites are occupied by Na and

(NaCa), respectively. In sample 3859, the

refined site-scattering at the MO(2) site equals

6.2 e.p.f.u. In accord with the crystal chemistry of

rinkite, we assign all available 0.17 Na a.p.f.u. to

the MO(2) site, with a calculated site-scattering of

1.87 e.p.f.u. We are left with the site-scattering of

6.2 � 1.87 = 4.33 e.p.f.u. which corresponds to

~0.5 H2O a.p.f.u. Hence we assign 0.5 H2O +

0.33 & + 0.17 Na to the MO(2) site, with a

calculated site-scattering of 5.87 e.p.f.u.

(Table 7). The refined site-scattering at the

MO(3) site is 20.6 e.p.f.u. We assign all Ca

[remaining after the (MH + AP) site assignments]

and minor Al, Mn and Fe2+ to this site, giving

0.47 a.p.f.u., with calculated site-scattering of

9.22 e.p.f.u. (Table 7). The remaining site-

scattering of 20.6 � 9.22 = 11.38 e.p.f.u.

corresponds to ~1.5 H2O a.p.f.u. Hence we

assign 1.5 H2O + 0.32 Ca + 0.10 Al + 0.04 Mn

+ 0.02 Fe2+ + 0.02 & to the MO(3) site, with a

TABLE 6. Interatomic distances (Å) and angles (º) for mosandrite.

Si(1)–O(5)a 1.607(6) Si(2)–O(4) 1.597(6)
Si(1)–O(1) 1.619(6) Si(2)–O(2) 1.610(6)
Si(1)–O(3) 1.627(6) Si(2)–O(6)a 1.628(6)
Si(1)–O(7) 1.646(7) Si(2)–O(7) 1.648(7)
<Si(1)–O> 1.625 <Si(2)–O> 1.621

Si(1)–O(7)–Si(2) 156.2(5)
Si(1)–O(7)–Si(2)* 203.8(5)

MH–O(6)b 2.337(6) AP–XO
A 2.379(7)

MH–O(5) 2.348(6) AP–O(4) 2.402(7)
MH–O(4)b 2.356(7) AP–O(6) 2.421(6)
MH–O(3) 2.365(6) AP–O(3) 2.422(7)
MH-XO

M 2.401(6) AP–O(5) 2.432(7)
MH–O(6)c 2.533(5) AP–O(5)c 2.542(5)
MH–O(4)d 2.651(7) AP–O(3)d 2.624(6)
<MH–j**> 2.427 <AP-j> 2.460

MO(1)–O(1) 1.963(6) 62 MO(3)–O(1)e 2.282(8)
MO(1)–O(2)b 1.966(6) 62 MO(3)–O(2) 2.285(8)
MO(1)–XO

M 2.053(7) 62 MO(3)–XO
A 2.341(10)

<MO(1)–j> 1.994 MO(3)–XO
A e 2.355(10)

MO(3)–XO
M f 2.431(8)

MO(2)–XO
A 2.229(7) 62 MO(3)–XO

M e 2.441(9)
MO(2)–O(7) 2.349(7) 62 <MO(3)–j> 2.355
MO(2)–O(2) 2.675(7) 62
MO(2)–O(1) 2.737(7) 62
<MO(2)–j> 2.498

* a reflex angle toward the O sheet; ** j - unspecified anion;
a: x, y–1, z; b: x–1, y, z; c: –x+1, y–�, –z+�; d: –x+1, y+�, –z+�; e: –x+1, –y+1, –z; f: x+1, y, z.
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calculated site-scattering of 21.22 e.p.f.u.

(Table 7). Occurrence of H2O groups at partly

occupied alkali-cation sites in the O sheet has

been repor ted fo r de l inde i te , idea l ly

Na2&Ba2Ti3(Si2O7)O2(OH)2(H2O)2, a TS-block

mineral of Group III (Ti = 3 a.p.f.u.) (Sokolova

and Cámara, 2007).

Description of the structure

Fully occupied cation sites

In the O sheet, the MO(1) site is occupied

primarily by Ti with subordinate Nb and minor

Zr, and it is coordinated by four O atoms and two

(OH,F) anions at the XO
M site (Fig. 1d). The ideal

TABLE 7. Refined site-scattering values and assigned site-populations for mosandrite: samples 3589 (this work)
and B (Bellezza et al., 2009).

Sample Site-scattering
(e.p.f.u.)

Assigned site-population (a.p.f.u.) Calculated
site-scattering

(e.p.f.u.)

<X-j>*calc.
(Å)

<X-j>obs
(Å)

——————————————— [6]MO(1) ———————————————
3859 22.5(3) 0.87 Ti + 0.09 Nb + 0.04 Zr 24.43 1.993 1.994
B 0.96 Ti + 0.04 Nb 22.76 1.991

——————————————— [6]MO(2) ———————————————
3859 6.2(2) 0.5 (H2O) + 0.34 & + 0.17 Na 5.87 2.551{ 2.498
B 0.70 & + 0.16 Ca + 0.14 Na 6.50 2.480

——————————————— [6]MO(3) ———————————————
3859 20.6(3) 1.50 (H2O) + 0.32 Ca + 0.10 Al + 0.04 Mn

+ 0.02 Fe2+ + 0.02 &
21.22 2.372{ 2.355

B 1.30 & + 0.46 Ca + 0.14 Ce + 0.10 Na 18.42 2.352

——————————— S[MO(2) + MO(3)] 3 a.p.f.u. ———————————
3859 26.8 2.00 (H2O) + 0.36 & + 0.32 Ca + 0.17 Na +

0.10 Al + 0.04 Mn + 0.02 Fe2+
27.09

B 2.00 & + 0.62 Ca + 0.24 Na + 0.14 Ce 24.92

——————————————— [7]MH ———————————————
3859 68.4(6) 1.22 Ca + 0.69 REE** + 0.09 Zr 68.19 2.424 2.427
B 1.30 Ca + 0.62 Ce + 0.08 Zr 65.16 2.419

——————————————— [7]AP ———————————————
3859 53.0(4) 1.67 Ca + 0.32 REE + 0.01 Ba 52.70 2.437 2.460
B 1.66 Ca + 0.34 Ce 52.92 2.457

——————————— S(MH + AP) 4 a.p.f.u. ———————————
3859 121.4 2.89 Ca + 1.01 REE + 0.09 Zr + 0.01 Ba 120.89
B 2.96 Ca + 0.96 Ce + 0.08 Zr 118.08

Bond-valence sum (vu)*** —————— XO
M ——————

3859 0.85 1.54 (OH) + 0.46 F
B 1.04 1.30 (OH) + 0.70 F

——————————————— XO
A ———————————————

3859 0.50 1.50 (H2O) + 0.50 F
B 0.57 0.92 (H2O) + 0.88 (OH) + 0.20 F

* ionic radii from Shannon (1976); X = cation; j = unspecified anion;
** REE = 0.02 Dy + 0.03 Gd + 0.02 Sm + 0.14 Nd + 0.04 Pr + 0.39 Ce + 0.18 La + 0.16 Y + 0.03 Th;
SREE = 1.01 a.p.f.u.; scattering curve for REE3+ = 58.25 el;
*** bond-valence parameters are from Brown (1981);
{ <X–j>calc.: M

O(2) = Na; MO(3) = Ca.
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composition of the MO(1) site is Ti a.p.f.u. The

longest bond is from the MO(1) cation to the XO
M

anion, MO(1)�XO
M = 2.053 Å. The mean observed

bond-length < MO(1)�j> of 1.994 Å (Table 6) is

in good agreement with the calculated value of

1.993 Å (Table 7).

In the H sheet, there are two tetrahedrally

coordinated Si(1,2) sites occupied by Si and two

[7]-coordinated sites, MH and AP, occupied by Ca

and REE (from here on REE include REE3+ + Y +

Th) approximately in the ratio 3:1 (Tables 5, 7).

The MH site is coordinated by six O atoms and an

XO
M anion, and the AP site is coordinated by six O

atoms and an XO
A anion (Table 6, Fig. 1e). The

shortest AP-anion bond-length AP�XO
A equals

2.379 Å (Table 6). The total of the MH and AP

cations is 2.89 Ca + 1.01 REE + 0.09 Zr + 0.01 Ba

(Table 7), and the two H sheets give (Ca3REE)Si4
(8 a.p.f.u.).

Mixed H2O-alkali-cation sites
In the O sheet, there are two MO(2) and MO(3)

sites occupied by H2O groups, alkali cations,

mainly Na and Ca, and vacancy (&). The MO(2)

site is occupied mainly by an H2O group (50%),

vacancy (33%) and minor Na (17%) (Table 7),

ideally [(H2O)0.5&0.5] p.f.u. Where the MO(2) site

is occupied by Na, it is [8]-coordinated by six O

and two F (= XO
A) atoms, with <MO(2)�j> =

2.498 Å (Table 6, Fig. 1d). The MO(3) site is

occupied mainly by H2O (75%), cations: Ca, Al,

Mn, Fe2+ (24%) and minor & (1%) (Table 7),

ideally [(H2O)1.5Ca0.5] p.f.u. Where the MO(2)

site is occupied by cations (mainly Ca), it is

coordinated by two O atoms, two F atoms at the

XO
A site and two F atoms at the XO

M site, with

<MO(3)�j> = 2.355 Å (Table 6). The H2O-

dominant MO(2) and MO(3) sites of the O sheet

ideally sum to [(H2O)0.5&0.5] + [(H2O)1.5Ca0.5] =

[(H2O)2Ca0.5&0.5] p.f.u. with a total charge of 1+.

TABLE 8. Bond-valence values* for mosandrite.

Atom Si(1) Si(2) MH AP MO(1) MO(2) MO(3) S MO(2) MO(3)
Site occ.
(%)

100 100 100 100 100 17 24 100 100

O(1) 1.05 0.6462; 0.0262; 0.09 1.80 0.1262; 0.38
O(2) 1.07 0.6462; 0.0262; 0.09 1.82 0.1362; 0.38
O(3) 1.01 0.38 0.33

0.21
1.93

O(4) 1.03 0.38
0.20

0.35 1.96

O(5) 0.99 0.40 0.32
0.25

1.96

O(6) 0.98 0.40
0.25

0.33 1.96

O(7) 0.94 0.93 0.0462; 1.91 0.2662;
XO
M 0.35

0.27

0.5162;

0.3862;

0.06
0.06
0.05
0.05

0.98

0.75

0.27
0.26
0.22
0.22

XO
A 0.35

0.28

0.0562;

0.0362;

0.07
0.07
0.08
0.06

0.54

0.45

0.2962;

0.1962;

0.33
0.32
0.28
0.27

Total 3.99 4.01 2.36
2.28

2.14
2.07

3.58
3.32

0.26
0.22

0.44
0.42

1.60
1.40

1.94
1.75

Aggregate
charge

4.00 4.00 2.25 2.25 4.09 0.16 0.42 1.00 2.00

* bond-valence parameters (vu) are from Brown (1981); bond-valence values for cations at the MH, AP, MO(1),
MO(2) andMO(3) sites calculated for the following composition: MH = AP = Ca0.75REE0.25; M

O(1) = Ti, MO(2) = Na
(17%-occupancy) and MO(3) = Ca (24%-occupancy); underlined values calculated using cation-F parameters.
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Further details for the MO(2,3) sites will be given

in the section on Short-range order.

The MO(1�3) sites of the O sheet give

[(H2O)2Ca0.5&0.5]Ti (4 a.p.f.u.). We sum five

fully occupied cation sites and two mixed H2O-

alkali-cation sites to give [(H2O)2Ca0.5&0.5]Ti (O

shee t ) + (Ca3REE )S i 4 (2H shee t s ) =

(Ca3REE)[(H2O)2Ca0.5&0.5]TiSi4 p.f.u., with a

total charge of 30+ and a total number of cations

of 9.5 a.p.f.u. In rinkite, the total number of

cations is ideally 12 a.p.f.u.: (Ca3REE)Na

(NaCa)TiSi4, with a total charge of 33+.

Anion considerations: long-range order

We assign O atoms to the O(1�7) sites that

constitute tetrahedral coordination of the Si(1) and

Si(2) sites; for the O(1�7) atoms, bond-valence

values vary from 1.79 to 1.96 vu (Table 8). Anions

at the XO
M and XO

A sites receive bond valences from

four cations: XO
M from MO(1) (100%-occupancy),

2MO(3) (24%-occupancy), and MH (100%-occu-

pancy), and XO
A from MO(2) (17%-occupancy),

2MO(3) (24%-occupancy), and AP (100%-occu-

pancy), respectively (Tables 7, 8). We expect the

XO
M atom to receive a higher bond-valence as it is

bonded to Ti at the MO(1) site, and the XO
A atom, a

lower bond-valence as it is bonded to Na at the

MO(2) site. Calculation of bond-valence sums at

the XO
M and XO

A anions using cation-oxygen and

cation-fluorine parameters gave 0.98 and 0.75 vu

for the XO
M anion and 0.54 and 0.45 vu for the XO

A

anion (Table 8). We conclude that the XO
M and XO

A

sites are mainly occupied by monovalent anions

(OH and F) and H2O groups, respectively. For

final assignment of anion species to the XO
M and XO

A

sites, we need to consider bond-valence contribu-

tions from the two MO(2,3) mixed H2O-alkali-

cation sites. Table 8 gives bond-valence contribu-

tions from Na and Ca at the MO(2,3) sites where

they are 100% occupied. There is a better

agreement between total and aggregate charges

for the MO(2) site where the Na�F bond-valence

parameters are used, and it seems reasonable to

assume that where the MO(2) site is occupied by

Na, the adjacent XO
A site must be occupied by F.

Final assignment of anions to the XO
(A,M) sites will

be considered in the section Anion considerations:

short-range order

Short-range order

For a better understanding of the role of the mixed

H2O-alkali-cation sites in the O sheet, we need to

consider two short-range order (SRO) models for

the MO(2,3) and XO
(A,M) sites.

SRO-1

Consider the MO(2) and MO(3) sites where they

are fully occupied by Na and Ca, respectively, and

the XO
(A,M) sites are occupied by F (Fig. 1d�f).

SRO-1 arrangement involves MH and AP atoms

[100%], Na at the MO(2) site [17%] and Ca at the

MO(3) site [24%]. Note that this SRO arrange-

ment occurs when all constituent cation sites

(next-nearest-neighbours) are fully occupied, i.e.

at 17%. Table 9 gives bond-valence sums of

2.13�2.22 vu for the O atoms at the O(1,2,7) sites

and 1.09 and 1.02 vu for F atoms at the XO
M and XO

A

sites. The SRO-1 arrangement is in close

agreement with the crystal structure of rinkite

(Fig. 1a�c) except for different chemical compo-

sition of the MO(3) and XO
M sites: MO(3) = Ca2

(mosandrite) and (NaCa) (rinkite); XO
M = F2

(mosandrite) and (OF) (rinkite) (Table 1).

SRO-2

Consider the MO(2) and MO(3) sites where

they are occupied by H2O groups. The SRO-2

arrangement involves MH and AP atoms [100%]

and H2O at the MO(2) [50%] and MO(3) [75%]

sites (Fig. 1g�i). We were able to locate H

atoms of H2O groups at the MO(3) [H(4,5)] and

TABLE 9. Bond-valence values* for the local
arrangement of cations in mosandrite where
MO(2) = Na, MO(3) = Ca, XO

M = XO
A = F.

Atom S1** MO(2) MO(3) S2***

O(1) 1.69 0.1262; 0.38 2.19
O(2) 1.71 0.1362; 0.38 2.22
O(7) 1.87 0.2662; 2.13
XO
M 0.65 0.22

0.22
1.09

XO
A 0.28 0.1962; 0.28

0.27
1.02

Total 1.40 1.75
Aggregate
charge

1.00 2.00

* bond-valence parameters (vu) are from Brown (1981);
** S1 = sum of bond-valences received from Si(1,2),
MH, AP and MO(1);
*** S2 = S1 + bond valence from MO(2) and MO(3)
(Fig. 1d,e,f).
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XO
A sites [H(2,3)] and an OH group at the XO

M site

[H(1)] (Table 5), and details of hydrogen

bonding are given in Table 10. Figure 2 shows

the net of hydrogen bonds in the O sheet of

mosandrite; it involves H2O groups at the

MO(2,3) and XO
A sites, an OH group at the XO

M

site and O atoms at the O(1,2) sites which

belong to the Ti-dominant MO(1) octahedra and

TABLE 10. Hydrogen bonding in mosandrite.

D�H_A D�H (Å) H_A (Å) D_A (Å) ĞDHA (º)

XO
M OH�H(1)_XO

M a OH 0.983(2) 2.26(6) 3.16(1) 152(11)
XO
M OH�H(1)_MO(3)b H2O 0.983(2) 1.82(3) 2.431(8) 117(3)

XO
A H2O�H(2)_O(2)c 0.981(2) 2.43(6) 3.35(1) 158(11)

XO
A H2O�H(2)_MO(2)d H2O 0.980(2) 1.65(6) 2.229(7) 114(5)

XO
A H2O�H(3)_MO(3) H2O 0.980(2) 1.68(3) 2.36(1) 122(3)

XO
A H2O�H(3)_O(1)c 0.980(2) 2.48(3) 3.42(1) 160(5)

MO(3) H2O�H(4)_XO
M e OH 0.980(2) 1.71(3) 2.431(8) 128(3)

MO(3) H2O�H(5)_XO
A H2O 0.980(2) 1.75(4) 2.36(1) 116(3)

Possible hydrogen bonding
MO(3) H2O�H(5)_XO

A c H2O 0.980(2) 2.34(1)
MO(2) H2O_O(7) OH 2.349(7)
MO(2) H2O_O(2) OH 2.675(7)
MO(2) H2O_O(1) OH 2.737(7)

a: x, y–1, z; b: x–1, y, z; c: –x+1, y–�, –z+�; d: –x+1, y+�, –z+�; e: –x+1, –y+1, –z.

FIG. 2. A fragment of the SRO-2 arrangement in mosandrite. Ti-dominant MO(1) octahedra are yellow; O atom of

H2O groups at theMO(2),MO(3) and XO
A sites are shown as large red spheres; O atom of an OH group at the XO

M site is

shown as a medium red sphere; H atoms are shown as small grey spheres; bonds O (D)�H are shown as solid black

lines; hydrogen bonds H_O (A) are shown as dashed black lines; dashed lilac lines show the positions of possible

hydrogen bonds; the O(7) atom is shown as a small red sphere labelled 7, numbers 1 and 2 on yellow show the

positions of the O(1) and O(2) atoms, acceptors of hydrogen bonds.
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the O(7) atom. In the O sheet, the MO(1)

octahedra and H2O groups connect via hydrogen

bonds (Fig. 1g). The MH atom is coordinated by

six O atoms and an OH (XO
M) group, and the AP

atom is coordinated by six O atoms and an H2O

(XO
A) group (Fig. 1h). Hence the number of

cations in the 2H and the O sheet is in the ratio

4:1 (Fig. 1i) (cf. 4:4 in rinkite). The SRO-2

arrangement occurs when all constituent sites

(next-nearest-neighbours) are fully occupied,

i.e. at 50%. Table 11 gives reasonable bond-

valence sums of 1.75�1.87 vu for the O atoms at

the O(1,2,7) sites; 1.69 and 1.89 vu for O atoms

at the XO
M and XO

A sites; 1.98 vu for the O atom of

an H2O group at the MO(3) site and 0.25 vu for

the O atom of an H2O group at the MO(2) site.

We were not able to locate H atoms (50%

occupancy) of the H2O group at the MO(2) site

and, hence, cannot account for possible bond-

valence contributions from H atoms to the O

atom at the MO(2) site and the O(1,2,7) atoms

[see Table 10 for three possible D�A (donor-

acceptor) distances involving an O atom at the

MO(2) site].

Anion considerations: short-range order

In accord with their bond-valence sums (Table 8),

the XO
M and XO

A sites are occupied mainly by

monovalent anions (OH and F) and H2O groups,

respectively (Table 8). Hence the XO
A site must be

occupied mainly by H2O groups. Within the

SRO-1 arrangement, the XO
A anion receives

0.28 vu [AP, 100%-occupancy] + 0.19 [MO(2) =

Na, 17%] + (0.28+ 0.27) [MO(3) = Ca2, 24%] =

1.02 vu (Table 9). What maximal amount of F

shall we assign to the XO
A site, 17 or 24%? The two

local arrangements: (17%) [AP, MO(2) = Na,

MO(3) = Ca2] and (24%) [AP, MO(2) = Na or &,

MO(3) = Ca2] contribute 1.02 and 1.02�0.83 vu to
the XO

A anion (Table 9), sufficient for the F atom.

Hence we assign ~25% F + 75% H2O to the XO
A

site: [(H2O)1.50F0.50], ideally (H2O)2 p.f.u.

The XO
M site must be occupied by monovalent

anions (Table 8, see discussion above). Chemical

analysis gives 0.96 F a.p.f.u. and we assign the

remaining 0.46 F a.p.f.u. to the XO
M site:

[(OH)1.54F0.46], ideally (OH)2 p.f.u. Ideally, the

XO
M and XO

A sites sum to [(OH)2(H2O)2] p.f.u.

The anions sum as follows: O14 [O(1�7)] +

[(OH)2(H2O)2] [X
O
M and XO

A] = O14(OH)2(H2O)2
p.f.u., with a total charge of 30�. We write the

ideal formula of mosandrite as the sum of cation

and anion components: (Ca3REE)[(H2O)2
Ca0.5&0.5]TiSi4 + O14(OH)2(H2O)2 = (Ca3REE)

[(H2O)2Ca0.5&0.5]Ti(Si2O7)2(OH)2(H2O)2, Z = 2,

Sanions = 20 a.p.f.u., H2O = 4 p.f.u., OH =

2 p.f.u.

Structure topology of mosandrite

The crystal structure of mosandrite is a framework

of TS (titanium silicate) blocks that consist of

HOH sheets. The MH and AP polyhedra and Si2O7

groups constitute the H sheet that is completely

ordered. In the O sheet, MO(1) octahedra are long-

TABLE 11. Bond-valence values* for the local arrangement of H2O groups in
mosandrite where MO(2) = MO(3) = H2O, X

O
M = OH, XO

A = H2O.

Atom S1** H(1) H(2) H(3) H(4) H(5) S2***

O(1) 1.69 0.06 1.75
O(2) 1.71 0.06 1.77
O(7) 1.87 1.87
XO
M 0.65 0.74

0.08
0.22 1.69

XO
A 0.28 0.69 0.71 0.21 1.89

MO(2) 0.25 0.25
MO(3) 0.18 0.23 0.78 0.79 1.98

Total 1.00 1.00 1.00 1.00 1.00

* bond-valence parameters (vu) are from Brown (1981) and, for hydrogen bonding,
from Brown and Altermatt (1985);
** S1 = sum of bond-valences received from Si(1,2), MH, AP and MO(1);
*** S2 = S1 + bond-valences from H(1–5) (Fig. 2).
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range ordered whereas H2O and OH groups and

alkali cations Na and Ca are long-range disor-

dered. Figure 3 shows general views of the crystal

structure of mosandrite in accord with the short-

range order arrangements of atoms at the MO(2),

MO(3), XO
M and XO

A sites in the O sheet.

SRO-1 occurs where the MO(2) and MO(3) sites

are fully occupied by Na and Ca, respectively, and

the XO
(A,M) sites are occupied by F (Fig. 3a). The

trioctahedral O sheet is composed of Ti-dominant

MO(1) octahedra, [8]-coordinated MO(2) poly-

hedra occupied by Na, and MO(3) octahedra

occupied mainly by Ca. The H sheet is built of

Si2O7 groups and [7]-coordinated MH and AP

polyhedra occupied by Ca and REE in the ratio ~

3:1 Here, the TS block exhibits linkage and

stereochemistry typical of Group I (Ti = 1 a.p.f.u.)

of the Ti-disilicate minerals: two H sheets connect

to the O sheet such that two Si2O7 groups link to

the trans edges of a Na polyhedron of the O sheet.

SRO-2 occurs where the MO(2) and MO(3) sites

are fully occupied by H2O groups and the XO
M and

XO
A sites are occupied by OH and H2O groups,

respectively (Fig. 3b). The O sheet is composed of

Ti-dominant MO(1) octahedra connected by

hydrogen bonding via H2O groups. The H sheet

is built of Si2O7 groups and [7]-coordinated MH

and AP polyhedra occupied by Ca and REE in the

ratio ~ 3:1 as with SRO-1. Linkage of H and O

sheets occurs mainly via common vertices of MH

polyhedra and Si2O7 groups and MO(1) octahedra.

We suggest that in the crystal structure of

mosandrite (1) the SRO-2 atom arrangement is

dominant as H2O groups are the dominant species

at the MO(2) and MO(3) sites in the O sheet and

(2) SRO-1 atom arrangements occur as islands in a

continuous matrix of SRO-2 atom arrangement.

Summary

Here, we give answers to three questions that we

posed at the beginning of this paper.

(1) Do H2O groups occur at the alkali-cation

sites with partial occupancy and what is a

dominant species in the O sheet?

Structure-refinement results testify to the

occurrence of H2O groups at the MO(2) and

MO(3) sites; H2O is the dominant species in the O

sheet which has the ideal composition

[(H2O)2Ca0.5&0.5]Ti p.f.u.

Mosandrite has a rinkite-type structure. The

MH and AP polyhedra and Si2O7 groups constitute

the H sheet that is completely ordered. In the O

sheet, MO(1) octahedra are long-range ordered

whereas H2O and OH groups and alkali cations

Na and Ca are long-range disordered. Two SRO

FIG. 3. General view of the crystal structure of mosandrite projected on (010): (a) SRO-1; (b) SRO-2. Legend as in

Fig. 1.
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(short-range order) arrangements have been

considered for the O sheet.

(2) What is the chemical formula of mosandrite

(Z = 2), and how many anions does it contain?

The empirical and ideal chemical formulae of

mosandrite, [(Ca2.89Ba0.01)S2.90(Ce0.39La0.18
Nd0.14Sm0.02Gd0.03Y0.16Th0.03)S1.01Zr0.09]S4
[(H2O)2.00Ca0.32Na0.17Al0.10Mn0.04Fe

2+
0.02&0.35]S3

(Ti0.87Nb0.09Zr0.04)S1(Si2O7)2[(OH)1.54(H2O)1.50
F0.96]S4[3.50 H2O, 1.54 OH, 8.54 H+ p.f.u.] and

(Ca3REE)[(H2O)2Ca0.5&0.5]Ti(Si2O7)2(OH)2
(H2O)2[4 H2O, 2 OH, 10 H+ p.f.u.], contain

20 anions.

Comparison of the empirical formula of

mosandrite from this work with those of

Bellezza et al. (2009): (Ca2.80REE0.85Y0.21

Zr0.10Th0.04)S4(&1.65Ca0.90Na0.29Mn0.07Al0.06
F e 0 . 0 3 ) S 3 ( T i 0 . 9 3 N b 0 . 0 8 ) S 1 . 0 1 ( S i 2 O 7 ) 2
[(OH)3.01F0.92]S3.93·2H2O [2 H2O, 3.01OH, 7.01

H+ p.f.u., Sanions = 20 a.p.f.u.] and Brögger

(1890): (Ca2.90Ce
3+
0.85Y0.24Th0.01)S4(&2.04Na0.62

Ca0.24Mn0.05Fe0.05)S3(Ti0.52Zr0.47)S1.01(Si2O7)2
O4.34F0.85H

+
6.69 [2 H2O, 3.01 OH, 6.69 H+ p.f.u.,

Sanions = 19.19 a.p.f.u.] indicate that the sample

3859 (this work) has the smallest Na content and

the largest H2O content (Table 2).

(3) What is the relation between mosandrite

and rinkite?

Mosandrite, ideally (Ca3REE)[(H2O)2Ca0.5
&0.5]Ti(Si2O7)2(OH)2(H2O)2, is an H2O- and OH-

bearing Na- and Ca-depleted analogue of rinkite,

ideally (Ca3REE)Na(NaCa)Ti(Si2O7)2(OF)F2.

Mosandrite and rinkite are related by the

following substitution at the MO(2,3) and XO
(M,A)

sites in the O sheet:

M[(H2O)2 + &0.5] +
X[(OH)�2 + (H2O)2] $

M[Na+2 + Ca2+0.5] +
X[(OF)3� + (F2)

2�].

It seems likely that mosandrite is a product of

alteration of rinkite, in accord with Slepnev

(1957), but the rarity of mosandrite and lack of

textural context do not allow elucidation of any

detail of this process.
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