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ABSTRACT

The crystal structure of caysichite was determined
and refined to R=0.06, using 959 independent reflec-
iions; the space group is CcmZy with a 13,27(L), b
13.91(1), c 9.73G)4,. The crystal chemical formula is
Ye(CagREJ (OH) (HrO)JSisO2ol (COs)'.2HgO, with
two such formula units in the unit cell. Columns of
yttrium, calcium and rare-earth polyhedra are pa-
rallel to [001]. The columns outline a checkered pat-
tern of channels occupied by four-repeat double
chains of silicate tetrahedra. A close tightening of
the polyhedral framework is assured by carbonate
groups wedged between corner-sharing polyhedra.
The chains of silicate tetrahedra are shaped as dou-
ble crankshafts like tlose chains which build up the
structures of feldspars and various other framework
silicates.

SoM14ARE

La structure cristalline de la caysichite a €t6 d6-
termin6e et affin6e jusqu'au r6sidu R=0.06 sur 959
rdflexions ind6pendantes, dans le eroupe spati?l
Ccnr2y La maille (a 13.27(l), b 13.91(l), c 9.73(1)A)
contient deux unit6s formulaires Ya(CagTRJ (OH)
(H!O)s[SisOro] (COrlr'211r9. La structure comporte
des colonnes de polyddres de coordination d'yttrium,
de calcium et de terres rares, paralldles d [001J. Les
colonnes marquent une disposition en damier de
tunnels qui sont occup€s par des chalnes doubles de
t6traddres de coordination du silicium. L'assemblage
des polyddres est renforc6 par des group$ carbo-
nates ins6r6s, tels des coins, entre polyddres i som-
mets communs. Irs chalnes de t6traddres de silicium
ont la forme d'un vilebrequin double, en ceci sem-
blables aux clatnes des feldspaths et autres silicates
i charpente de t6traddres.

Cfraduit par la R6daction)

INrnonuctroN

Caysichite was discovered by Hogarth et al.
(1974) in tle Evans Lou Mine, Quebec, Can-
ada, a locality well-known for its interesting
yttrium and rare-earth silicates (Hogarth 1971,
1972; Miles et al. I97L). In the present paper
rare earths will include elements with atomic
number 57-71 (La-Lu)" but not yttrium. The
formula proposed by Hogarth et al. (1974) is
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(Ca,Y)oSiOro(COg)g'4H,O, with a 13.282(3)'
b 13.925(3), c 9.72a@)4, space grovp Ccrnnx
or Ccm2t Z=4, D(calc) 3.O29g om-', D(obs)
3.039 cms. The rnineral oscurs as coatings on
fractures or as incrustrations, and is most close-
ly associated with hellandite, but is found also
with other rare-earth minerals. Hogarlh et al.
(1974) suggested that caysichite formed by su-
pergene alteration of hellandite.

. , . f

ExPnnrlrsNrer,

A fine specimen of caysichite was kindly givss
to us by Hogarth. We found a small crystal
0.O5x0.03x0.18mm which did not show evi-
dence of subparallel gowth of many individuals,
a feature typical of the minera'l. Rotat'ion and
Weissenberg photographs confirmed the unit-
cell data grven by Hogarth et al. (1974). Cell
parameters, obtained with a Philips PW 1100
single-crystal automatic diffractometer, using
MoKa radiation, are a L3.27(I), b 13.9L(I)'
c 9.73Q)4, with possible space groups Ccmm
(DL,*"), Ccm2t (C12s) or Cc2m (Cr'r"). Intensity
data from one independent octant were collected
on the same diffractometer, using graphite rno-
nochromatized MoKa radiation ()"-0.7107A),
scan width 1.2Oo, scan speed O.04' sec-r, 0--20
scan, from 3o to 35o in d. Among the 2169
available reflections, 1116 were skipped in the
intensity data collection step, as they had It"p -

2VItop(L."r, with Itop and Iu"r indicating peak
intensity and background intensity, respectively.
Lorentz and polarization factors were applied
in the usual way; no absorption correction was
made, owing to the small dimensions of the
crystal. Of the 1053 collected reflections, 94
were considered "not observed'', having observed
structure factors For" less than three times the
corresponding standard deviation q(F"uJ' esti-
mated from counting stat'istics.

Srnuctunp DnrsnrvrtNerloN AND RrnrNEIvrsNT

Crystal structure determination began in the
centrosym.metric space grovp Ccmm. A Patter-
son synthesis located the heavy atom (Y,Ca,RE).
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o, b,

Flc. 1. a) Schematic drawing showing the apparent
situation around the C(2) carbon atom in Ccmm
space group; b) its interpretation in tbe Ccm2,
space group.

Successive Fourier syntheses located all the
atoms in the unit cell, except for hydrogen.
Isotropic refinement dropped the R value to
0.10. The model so obtained was satisfactorv in
terms of the main features of the structure, as
well as the coordination of silicon and (y,Ca,
RE) cations, but showed a severe problem in
the location of a carbonate group. Figure la
shows the apparent situation as indicated by the
peaks in the Fourier syntlesis: tnr aod mz indi-
cate the traces of the reflection planes normal to
b and" c, respectively, in the Ccmm space gloup.

There are two possible interpretations: the first
interpretation assumes a disordered location of
the carbonate gloup on both sides of the sym-
metry plane mz with a water molecule in the
OII position, not linked to the carbon atom.
This interpretation was discarded because when
refining the model in tle space group Ccmm, we
obtained a relatively high R value and standard
deviations too high for the atoms involved in
the disorder, and unrealistic carbon to oxygen
distances. The second interpretation, represented
in Figure lb, assumes an ordered distribution of
carbonate groups and water molecules and re-
quires a decrease in symmetry from Ccmm to
CcmZr.. Hogarth et al. (1974) observed a dome
in caysichite crystals under high magnification
and Mandarino (1976) correctly remarked that
"if the forrn identified as a dome is truly a dome,
the choice of the space group is narrowed to
Cctn2r".

The starting model in the Ccrn2r space group
was not far from centrosymmetric and, in the
refinement, high standard deviations of various
parameters together witl unrealistic bond lenglhs
and angles were obtained. AII this conforms with
the remarls by Rae (1974) concerning the dif-
ficulties of refining nearly centrosymmetric
strucfures. Therefore, we used a version of
ORFLS @using et aI. 1962) modified by G.
Ferraris (priv. comm.) according to the sugges-
tions of Rae (1974). T\vo cycles with anisotropic

TABLE l .  AT0l ' l IC PoSITIoI IAL Ai lD THERMAL PARAITIETERS (ESI.  STANDARD DEVIATI0t{S IN PARENTHESES)

Aton

Y  0 . r 4 0 3 ( r )  0 . 1 7 1 0 ( l )
c a R E  0 . 1 4 7 1 ( l )  0 . 1 6 4 7 ( l )
s i ( r )  0 . 3 9 e 0 ( 2 )  0 . 1 r 0 3 ( 2 )
s r ( z )  0 . 4 0 6 9 ( 2 )  0 . l l l 8 ( 2 )

0 . 0 4 2 2 ( 0 ) r .  0 . 9 6  9 l ( 4 )  ' t 4 7 ( 5 )

0 . 4 5 7 4 ( r )  I . l e  l l 7 ( 6 )  I e 8 ( 8 )
0 . 0 8 8 0 ( 3 )  0 . 3 0  5 6 ( r 4 )  2 l  ( 1 4 )
0 . 4 0 3 e ( 3 )  0 . 1 0  l 8 ( 1 3 )  l 5 ( 1 3 )

2 8 e ( 1 0 )  2 r ( 6 )  - r 3 ( 6 )  5 2 ( 7 )
3 2 0 ( 1 3 )  - 4 0 ( 7 )  2 6 ( 8 )  - 5 8 ( 8 )
e l ( 2 7 )  - 1 0 ( 1 2 )  - 4 1 ( 7 )  e ( t 7 ) .
1 7 ( 2 4 )  - 7 ( l l )  7 ( 1 5 )  2 ( t 6 )

- 2 r  ( 3 8 )  i l 8 ( 5 5 )  5 ( 4 7 )
0  - 9 5 0 ( 2 5 0 )  0
0  3 6 0 ( 1 3 0 )  0

Bzs- 1 3
t a

B s g- 2 2" l IB t

0 ( r )  0 . 3 6 7 2 ( e )  0 . 0
0 ( 2 )  0 . 3 7 7 4 ( 9 )  0 . 0
0 ( 3 )  0 . 4 3 e 0 ( 6 )  0 . 1 ? 2 8 ( 6 )
0 ( 4 )  0 . 3 0 9 2 ( 6 )  0 . 1 8 0 8 ( 7 )
0  ( s  )  0 . 3 1  8 7  ( 6  )  0 . 1  8 3 1  ( 6  )
0 ( 6 )  0 . 4 9 5 3 ( 7 )  0 . 1 3 8 2 ( 7 )

c ( l )
c ( 2 )
0 ( 7 )
0 ( 8 )
0 ( e )
0 ( r 0
0 ( i l

8 5 ( 5 6 )  2 l q 7 )  2 r  ( e r  )  0  - 5 1  ( 6 4 )  0
1 2 e ( 6 5 )  1 2 8 ( 6 3 )  r 3 3 ( i l 0 )  0  l 4 t  ( 6 7 )  0
I 3 0 ( 4 0 )  7 2 ( 4 2 '  1 0 1 ( 7 4 )  - 3 1  ( 3 4 )  - 1 0 3 ( 4 6 )  - 2 e ( 4 6 )
4 ? ( 3 5 )  9 9 ( 4 5 )  r 4 6 ( 7 3 )  0 ( 3 4 )  l e ( 4 2 )  7 7 ( q 8 )

r 0 6 ( 4 0 )  7 t  ( 4 6 )  2 1 2 ( 8 0 )  4 e ( 3 5 )  - 3 0 ( 4 6 )  - 7 e ( 4 8 )
r 3 3 ( 4 2 )  2 3 0 ( 5 0 )  2 ? 4 ( 7 5 '  3 8 ( 4 1 )  l l 5 ( 5 1 )  - 7 7 ( 5 5 )

0 . 2 4 8 2 ( e )  0 . 8 9  t 2 6 ( 4 5 )  1 0 6 ( 4 2 )  ? 5 5 ( 8 0 )
0 . 7 4 4 5 ( 2 8 )  6 . 5 0  8 5 0 ( 2 0 0 )  9 4 0 ( 2 0 0 ) 1 6 5 0 ( 4 0 0 )
0 . 5 2 e 7 ( 1 7 )  2 . 6 2  7 0 0 ( r 5 0 )  e 0 ( 7 5 )  5 8 0 (  1 8 0 )

0 . 7 5 6 ? ( r 3 )  0 . 8 9 ( l e )
0 . r 8 5 1 ( r 8 )  0 . 6 8 ( 2 6 )
0 . 7 7 0 r ( r 2 )  2 . 4 1 ( ? 0 )
0 . 6 4 0 7 ( 9 )  1 . 2 6 (  t 5 )
0 . 8 6 9 3 ( 9 )  r . o e ( 1 4 )
0 . 0 5 8 3 ( r 4 )  1 . 5 9 ( 2 1  )
0 . 2 5 3 8 ( e )  0 . 6 9 ( 1 3 )

* AnisotroPic thernal  parameters (xI05) are of  the forn exp (- (hza1; t<2s22+L2a33+Zhkg12+2hLg.t3+2klo2'11,
Unde r  co l umn  B ,  l so t r oP i c  t he rma l  pa rame te rs  o r  I  equ l va len t  acco rd i ng  t o  Ham i l t on  (1959 ) .

r * z  coo rd i na te  o f  t  a t om was  f l xed  t o  de f l ne  t he  o r l g i n  o f  t he  po la r  can2 l  space  g roup .

0 . 0 6 r 8 ( i l  )  0 . 2 3
0 . 4 3 ' l  l ( 1 1 )  0 . 8 0
0 . 2 4 5 7 ( 8 )  0 , 6 2
0 . 0 5 5 9 ( 8 )  0 . 5 4
0 . 4 5 s 5 ( 9 )  0 . 7 0

- 0 . 0 0 5 4 ( 9 )  l . l 9

0 ( r 2 )  0 . 1 5 2 0 ( 7 )  0 . 2 7 8 0 ( 6 )
0 ( r 3 )  0 . 3 4 7 8 (  1 9 )  0 . 0
0 ( r 4 )  0 . 1 6 e 8 ( 1 4 )  0 . 0

0 . 0 6 8 1 ( e )  0 . 1 5 2 7 ( e )
0 . 1 6 2 2 ( 1 2 )  0 . 0
0 . r 6 3 2 ( 8 )  0 . 1 3 8 1 ( 9 )
0 . 0 2 2 6 ( 7 )  0 . 1 5 9 7 ( 7 )
0 . 0 2 0 0 ( 6 )  0 . 1 6 3 5 ( 7 )

)  0 . 1 3 9 1 ( l l )  0 . 0
)  0 . r 7 2 r ( 6 )  0 . 0 8 0 e ( 7 )
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thermal motion for all the atoms except those of
the carbonate groups, and with the weight of
each reflection assiped as 1/cr(F")2, led the
reliability factor R to 0.06. ln Ccm2r the (Y'
Ca,RE) atoms have to be placed on two 8-fold
general positions whereas they occupy one 16-
fold general trrcsition in Ccmm; the cation dis-
tribution between tle two crystallographically
independent sites was adjusted on the basis of
the chemical analysis, values of the thermal pa-
rameters and the bond-valence balance. One site
is fully occupied by yttrium cations (Y site),
whereas the other site is occupied by calcium
and rare-earth cations with an estimated ratio
Ca:RE=3:1 (CaRE site). This agrees w'ith the
mean values of the cation--oxygen distances in
the polyhedru 2.4O3 and 2.4924 for the Y and
CaRE sites, respectively. A AF synthesis, cal-
culated at this stage, did not show any trouble-
some peak. All the scattering factors for neu-
tral atoms used in structure factors calculations
were taken from International Tables for X-ray
Crystallogxaphy (L962). Final atomic positional
and thermal pararneters are given in Table 1.
Observed and calculated structure factors are
available, at a nominal charge, from the Deposi-
tory of Unpublished Data, CISTI, National
Research Council of Canada, Ottawa, Canada
K1A 0S2.

DrscnrprroN AND DrscussloN oF TIrB
SrnucrnnE

The main features of the crystal structure of
caysichite are illustrated in Figures 2, 3 atd 4.
The structure can be described as built up by
double columns of alternating CaRE (calcium
and rare earths) and Y polyhedra, parallel to
[001]: in each column CaRE and Y polyhedra
alternately share an edge and a corner, with
carbonate gxoups wedged between two succeed-
ing corner-sharing polyhedra. Each double col-
umn is connected to four other double col-
urnns to buitd up a threedimensional framework;
the connections are assured by edge-sharing in
the [100] direction and by corner-sharing in the
[010] direction. Further tightening of the struc-
ture in the [010] direction is assured by wedging
carbonate groups between symmetry-equivalent
corner-sharing Y polyhedra. The double-column
connection defines a checkered pattern of chan-
nels (Fig. 2) in which run four-repeat double
chains of silicon-oxygen tetrahed.la-

Silicate chain

An interesting feature of the caysichite struc-

Frc. 2. Crystal structure of cayuchite, projected on
(001). HeaW stippling indicates Y and CaRE
polyhedra, ligbt stippling indicates si tetrahedra'
black triangles are C(2) carbonate groups and
heavy lines indicate C(1) carbonate $oups'

ture is the presence of so-called double crank-
shaft chains (Figure 4). These chains, cross-
linked in different ways, give rise to the frame-
works of feldspars, paracelsian, isostructural
danburite, hurlbutite, phillipsite, isosffuctural
harmotome, gismondine and phase A, a synthe-
tic compound with composition BaAlSi,O6-
(CI,OH) (Solov'eva et aI. t972).

The repeat distance down a chain is largely
dependent on the contracted or extended form
assumed by the chain. Thus whereas the repeat
distance rarges in feldspars from 8.183A in
anorthite to 8.603A in sanidine (Smith 1974)
and is 8.58A in paracelsian (Bakakin 1963), an
indication that in these minerals the chains are
in a relatively contracted form, the repeat dis-
tance in phillipsite, harmotome, gismondine and
phase A is 10A, corresponding to a chain in the
extended form. A similar value was found in
caysichite (c9,734), where the chains are iso-
laied; they run in the large channels and are
connected to the four double colurnns of CaRE
and Y polyhedra delimiting the channels.

In thi conventional classification of silicates,
caysichite belongs to tle chain silicates, in the
sutgroup characterized by four-repeat double
cnains bf silicon--oxygen tetrahedra together
with narsarsukite @yatenko & Pudovkina 196O;
Peacor & Buerger 1962). According to tle code
developed by Smith & Rinaldi (1962) the chains
in caysichite can be described as connected
four-membered rings of the type UUDD pro-
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s i ( t ) - 0 ( l )
- 0 ( 2 )
- 0 ( 3 )
- 0 ( 4 )

mean

0 (  1 ) - 0 ( 3 )
0 ( l  ) - 0 ( 4 )
0 (  l  ) - 0 ( 6 )
0 ( 3 ) - 0 ( 4 )
0 ( 3 ) - 0 ( 6 )
0 ( 4 ) - 0 ( 6 )

jecting one over the other, whereas those in nar-
sarsukite can be described as a similar connec-
tion of rings of type UDUD,

TABLE 2.80I{D LENOTHS (A), ANctEs (.), AND EOGE LENGTHS (A) IN THE
STLICATE CHATNS (EST. STAilDARD DEVIATIONS lN PARENTHESES]

With regards to the bond lengths in silicon*
oxygen tetrahedra (Iable 2), it is worth noting
that whereas the ̂ length of Si(l)-O(a) non-bridg-
ing bond (1.576A) is significantly shorter than
those of bridging bonds in the sa.me tetrahedron,
the length of Si(2)-O(5) non-bridging bond
(1.615A) does not differ significantly from those
of the bridging bonds in the Si(2) tetrahedron.
The atoms O(4) and O(5) have different sur-
roundings (Table 3): both are linked to Y and
CaRE cations, but whereas the Y-O(4) and
Y-O(5) distances are similar, Z.Z49A and
2.26 5 A^respectively, the CaRE-O (4) bond length
(2.4214) is much larger than that of the CaRE-
o(5) bond Q.z%A\

CaRE, Y polyhedra and carbonate groups

The Y cation is coordinated with two oxygen
atoms of the silicate chain, five oxygen atoms
of the carbonate groups and a water molecule,
with Y-O distances ranging from 2.2494 to
2.6804 (Table 3). The cations in the CaRE site
are coordinated with two oxygen atoms of the
silicate chain, three oxygen atoms of the car-
bonate groups, a water molecule and an oxygen
atom which corresponds, as will be explained in
the following sectiono either to a water molecule
or a hydroxyl anion with equal occupancies:
CaRE-O distances range from 2.2%A to

. T  A N D  C A . P E  P O L Y H E D R A ,  A N D  B O N D  L E N G T H S
C A R E O N A T E  C R O U P S

' r . 6 r 0 ( 5 )  s i ( 2 ) - 0 ( 2 )  1 . 6 2 6 ( 5 )
r . 6 3 r  ( 8 )  - o ( 3 )  r . o o o l e j
l .  ! 7 6  ( 8 )  - 0 ( 5  )  1 . 6 1 5 ( e  )' I  . 6 1 7 ( 9 )  - 0 ( 6 ) v i i  t . o r o l s j
] . 6 0 8  0 e a n  I . 6 1 4

9 ! l l - l l ( l l - 0 ( 3 )  1 0 e . s ( 5 )  0 ( 2 ) - s i ( 2 ) - o ( 3 )
0 ( r ) - s i ( l ) - 0 ( 4 )  i u . 5 ( 5 )  o 1 z 1 _ s r 1 e ) - o i s j
9 ! l l - ! i ! l ) - 0 ( 6 )  n 0 . 3 ( 5 )  c 1 z 1 - s i i z j _ o i o j " i i
9 t l ) - : l ( l ) - 0 ( 4 )  r ' i l . 5 ( 5 )  o ( : ) - s i ( z i - o i s i
0 ( 3 ) - s i ( ' t ) - 0 ( 6 )  1 0 4 . 1 ( 5 )  o 1 s 1 _ s i 1 z 1 _ o i o y " i i
0 ( 4 ) - s i ( l ) - 0 ( 6 )  1 0 9 . 7 ( 5 )  0 ( s ) - s i ( z ) - o ( 6 ) v i r

' r 0 8 . 2 ( 5 )

i l r . 0 ( 5 )
r  0 8 . 8 ( 6  )
r 1 5 . 7 ( 5 )' r 0 7 .  

r ( 5 )
r 0 5 . 7 ( 5 )

2 . 6 r 8 ( 1 2 )
2 . 6 7 1 ( 1 0 )
2 . 6 3 2  ( 1 2 )
2 . 7 2 7  ( 1 2 )
2 . 5 6 2 ( 1 2 )
2 . 5 7 1  ( 1 2 )

2 . 6 4 7 ( 1 2 )  0 ( 2 ) - 0 ( 3 )
2 . 6 3 3 ( 1 0 )  0 ( 2 ) - 0 ( 5 ) v 1 i
2 . 6 4 8 ( 1 2 )  0 ( 2 ) - 0 ( 6 ) . t v
2 . 6 5 1 ( l t )  0 ( 3 ) - 0 ( 5 )
2 . 5 6 2 ( 1 2 )  0 ( 3 ) - 0 ( 6 )
2 . 6 1 2 ( 1 2 )  0 ( 5 ) - 0 ( 6 ) v i i

s r ( r ) - 0 ( 3 ) - s i ( 2 )  1 4 3 . 6 ( 5 )
s l  ( l  ) - 0 ( 6 ) - s l  ( 2 ) i x  1 5 2 . 9 ( 5 )

s i ( r ) - 0 (  l  ) - s j  ( r ) t i i  1 4 4 . 6 ( 5 )
s i  ( 2 ) - 0 ( 2 ) - s , t  ( 2 ) l i  i  t 4 5 . 9 ( 5 )

I n  t a b l e s
a s y 0 m e t r i  c
e q u l v a l e n t

2 , 3 a n d 5
un i  ts  a re
a tons  o f

t h e  a t o n s  o f  t h e  d i f f e r e n t
r e l a t e d  t o  t h e  s y m m e t r y

t h e  f u n d a n e n t a l  u n i t  a s  f o l l o t s s :

i  a t o n  a t
J i  "
i i i
l v
v t r

vl  , ,

v i i
v J i i

1 / 2 ' x
1  / 2 - x

l - x

l - x

T A B T E  3 .  B O N D

Y  1 + z
Y  - l + z

- v

-Y  1  /2+z
l l z - y  1 / 2 + z
1 / 2 - v  - 1 / 2 + z

Y  1  / 2 + z
y  - 1  / 2 + z
Y  - 1 / 2 + z

A N D  E D G E  L E N O T H S  ( A )
( A )  A N D  A N G L E s

FOR

FOR

p o l y h e d r o n

Y - 0 ( 4 )
- 0 ( 5 ) v i
- 0 ( e ) i i
- 0 ( 8 ) v i i i
- 0 ( l o )
- 0 ( r 1 )
- 0 ( 1 2 )
- 0 ( 7 ) i x

c a R E - 0 ( 5 )
- 0 ( 1 r )
. 0 ( 9 ) v l i i
- 0 ( 1 4 )
- 0 ( 4 ) v
- 0 ( 8 )
- 0 ( 1 2 )
- 0 ( 7 )

2 . 2 4 9 ( 8 )  0 ( 7 ) i x - 0 ( 9 ) i x
2 . 2 6 5 ( e )  0 ( 1 0 ) - 0 ( 1 1 )
2 . 3 2 2 ( 9 )  0 ( 9 ) v i 1 - 0 ( B ) v i i i
2 . 3 7 5 ( e l  0 ( a ) - 0 ( 5 ) v i
2 . 3 8 2 ( B )  0 ( 1 1 ) - 0 ( 1 2 )
2 . 4 4 6 ( 8 )  0 ( 1 2 ) - 0 ( 5 ) v i
2 . 5 0 5 ( e )  0 ( 4 ) - 0 ( r r  )
2 . 6 8 0 ( 1 6 )  0 ( l l ) - 0 ( 8 ) v i i , i

0 ( 1 2 ) - 0 ( B ) v i i i

C a R E  p o l y h e o

2 . 2 e 3 ( 8 )  0 ( 7 ) - 0 ( B )
2 . 3 2 4 ( 8 )  0  ( 8  ) - 0  ( e  ) v i , i  J
2 . 3 7 3 ( e )  0 ( 5 ) - 0 ( a ) v
2 . 4 1 8 ( 6 )  0 ( 1 1 ) - 0 ( 1 2 )
2 . 4 2 1 ( e )  0 ( 1 1 ) - 0 ( 1 4 )
2 . 4 3 3 ( 1 7 )  0 ( 1 1 ) - 0 ( 9 ) v i i i
2 . 5 7 2 ( e )  0 ( 1 2 ) - 0 ( e ) v i i i
3 . 1 0 0 ( 1 4 )  0 ( 7 ) - 0 ( r 4 )

0 ( l 2 ) - 0 ( 4 ) v

2 . 1 5 3  0 ( 7 ) i i - 0 ( 5 ) v i  3 . 0 7 1
2 . 2 5 2  0 ( 4 ) - 0 ( r 2 )  3 . 1 i l
2 . 7 0 2  0 ( 9 ) i i - 0 ( 5 ) v i  3 . 1 3 7
2 . 7 2 3  0 ( 1 0 ) - 0 ( 8 ) v i . i i  3 . 1 9 3
2 . 7 5 4  0 ( r 0 ) - 0 ( 9 ) i i  3 . 3 2 6
2 . e 2 4  0 ( 4 ) - 0 ( 1 0 )  3 . 3 7 9
2 . 9 9 1  0 ( r 0 ) - 0 ( 7 ) i i  3 . 3 9 3
3 . 0 l 5  0 ( 4 ) - 0 ( 7 ) i i  3 . 4 2 3
3 . 0 3 1  0 ( 5 ) v i - 0 ( B ) v i i i  3 . s 2 2

r o  n

2 . 2 7 9  0 ( 5 ) - 0 ( l I )  : . r r r
2 . 7 0 2  0 ( 8 ) - 0 ( r 4 )  3 . 1 4 5
2 . 7 2 3  0 ( 8 ) - 0 (  a ) v  3 , 2 s 1
2 . 7 5 4  0 ( 5 ) - 0 ( 1 2 )  3 . 2 7 4
2 . 9 1 6  0 ( 5 ) - 0 ( 1 4 )  3 . 3 0 3
3 . 0 1 3  0 ( 7 ) - 0 ( 1 4 ) v  3 . 3 0 5
3 . 0 1 9  0 ( 1 a ) - 0 ( 9 ) v i i  i  3 . 7 3 4
3 . 0 4 4  0 ( 5 ) - 0 ( 7 )  3 . 7 6 4
3 . 0 9 1  0 ( a ) v - 0 ( 9 ) v i i i  3 . 9 7 2

C a r b o n a t e  g r o u p s

c ( r  ) - 0 ( 7 )  1 . 2 8 6 ( 1 4 )
- 0 ( 8 )  1 . 2 8 0 (  1 6 )
- c ( e )  1 . 2 8 0 ( 1 6 )

c ( 2 ) - 0 ( 1 1  ) x 2  1 . 3 1 5 ( 1 5 )
- 0 ( r 0 )  1 . 2 7 0 ( 1 4 )

0 ( 7 ) - c ( r  ) - 0 ( 8 )
0 ( 7 ) - c ( r ) - 0 ( e )
0 ( B ) - c ( 1 ) - 0 ( e )

0 ( r 0 ) - c ( 2 ) - 0 (  ] . l  )
0 ( 1 r ) - c ( 2 ) - 0 ( i l ) i i i

1 2 5 . 2 ( 5 )
1 r 4 . 1 ( 6 )' r 2 0 . 7 ( 5 )

' r 2 r . l ( 6 )

1 r 7 . 6 ( 5 )
E s t l m a t e d  s t a n d a r d  d e v J a t i o n s  J n  p a r e n t h e s e s
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Frc.3. Projection on (010). The atoms marked Si(l), Si(2), C(2), O(l), O(2), O(3), O(4), O(5), 0(6),

O(10), O(11), O(13') a;d O(14) are obtained irom those of the fundamental asymmefic unit (Table

f l fV tne operation'of the screw arts at y = 7/a and .r = /a (symmetry operation v of footnote in

tatte Z), fhe atoms O(10), O(14), O(1) and O(2) lie on the mirror plane at y = /2.

2.5724. One more oxygen atom of the C(1)
carbonate gxoup, namely O(7), occurs at a dis-
tance of 3.1004 from the CaRE site. However,
as it lies within the rnaximum bonding distance
for Ca-O bonds (Donnay & Allmann 1970) we
consider it as interacting with the CaRE cation.
Both Y and CaRE polyhedra are so-called A-
dodecahedra. The CaRE polyhed.ron is larger
than the Y polyhedron and more distorted.

Frc.4. The four-repeat double chain of silicon tetra-
hedra of caysichite, projected on (110).

, /o6'r

Frc. 5. Schematic drawing of the hydrogen-bond
system in caysiohite.

,
I

H
, , \/ \

. t \/ \
o(3) o(t2, - H
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CaRE and Y polyhedra in caysichite corres-
pond well to the Ca and Y polyhedra in kaino-
site (Rumanova etal. 1967), a mineral similar to
caysichite in chemical composition but differing
from it structurally: it is characterized by iso-
lated four-membered rings of silicon-oxygen
tetrahedra. As pointed out by Rumanova et a/.
(1967), polyhedra of this kind are typical of
many calci,um minerals, (q.g., anhydrite, grossu-
Iar, scheelite and hydroboracite) and zirconium
and yttri.um minerals (e.g,, zsrcon and xeno-
time). They also occur in the crystal structures
of various calcium arsenates, e.g., in pharrna-
colite (Ferraris 1969) and weilite (Ferraris &
Chiari 1970).

Bond lengths and angles within carbonate
groups are given in Table 3.

Borvo-.Var,sNcs Ber,eNcr exo HynnocrN
BoNDING

Table 4 gives the bond valences calculated
according to Donnay & Allmann (1970). The
valence sums of the bonds joining each oxygen,
Ic,, were obtained assuming a ratio RE:Ca=1:3
in the CaRE site. According to the chemical
data of Hogarth et al- (L974), sixteen water
molecules are present in the unit cell. The O(12),
in general position, and O(13) and O(14) in
speciatr posit'ion on symmetry planes normal to

[01O], were first assu.med to be water molecules
on the basis of the bond valence sums.

Taking account of all the O. . .O distances
less tlan 3.15A Clable 5) involving at least one
of the oxygen atoms O(12), O(13) and O(14)
and excluding all those distances corresponding
to the edge of a coordination polyhedron, the
hydrogen-bonding scheme represented in Fig-
ure 5 appeared likely. The O(12) water mole-
cu.le is donor in a relatively. strong hydrogen
bond with O(7) and in a bifurcated hydrogen
bond with O(3) oxygen atom and O(13) water
molecule. This molecule lies on a mirror plane
normal to [010]. One of its hydrogen atoms is
involved in a bifurcated bond with two O(7)
oxygen atoms symmetrically disposed on both
sides of the mirror plane. Two possible sites can
be suggested for the other hydrogen atom
corresponding to hydrogen bonding O(13). . .
O(1) or O(13) . . .OQ); we assumed a dis-
ordered distribution of the hydrogen atom be-
tween the two possible sites, corresponding to
different orientations of the O(13) water rnole-
cule on the mirror plane.

If such a scheme is taken into account and
the bond valence sums are corrected for the
hydrogen bonding by the procedure of Donnay
& Allmann (1970), tle heavy undersaturation of
oxygen atom O(7) is removed (see Table 4. col-
rmn Xc'"). Moreover, the bond valence sums

TABLE 4 .  BOI ID VATENCE BALANCE (Y.U. )  CALCULA1ED FOLLOI I l IG DONNAY & At I I , IANI I  ( I9?O)

Y  C a R E  S t ( l )  s 1 ( 2 )  c ( l )  c ( 2 , )  I . u

0 ( 1 )
0 ( 2 )
0 ( 3 )
0 ( 4 )  0 . 4 8 0  0 . 3 1 5
0 ( 5 )  0 . 4 6 '  0 . 3 7 6
0 ( 6 )
0 (  7 )  0 . 2  1 4  0 . 0 4 0
0 ( 8 )  0 . 3 9 2  0 . 3 0 5
0 ( 9 )  0 . 4 2 6  0 . 3 3 3
0  ( l  0 )  0 . 3 8 7 x 2
0 ( r r )  0 . 3 5 0  0 . 3 5 9
0 ( 1 2 )  0 . 3 1 6  0 . 2 4 9
0 ( r 3 )
0(14)  0 .3 ' t2 \2

) u ,  3 . 0 3  2 . 2 9

0.977\2' I  . 0 1 6

0 . 9 9 9' I  .008
1  . 3 2 2
I  . 3 3 8
1  . 3 4 1

l o <
I  . 9 7
1 . 3 6
t  . 8 4' |  .99
I  . 5 8
2 . 0 3
2 .  l 0

I  . 4 3 8  2 . 2 1
2 x l . 2 8 3 '  1 . 9 9

0 .  5 6
0 . 0

O.997 \2 .

0 . 9 5 7
t  . 0 6 5

0 . 9 8 4

Arl on Jc.',
c!enJ s try
0 :  2 . 0 3  ( a i
0 .  2 . 0 5  ( b )
0 .  2 . 0 4  ( c )
0 _  I  . 8 6
0 -  1  . 8 4
0 -  1 . 9 9
o :  r . 8 z  ( d )
o :  z . o 3
0 - .  2 . t o
0 "  2 . 2 1
0  1 . 9 9
H " O  0 . ? l  ( e )
H ; o  -  - 0 . 0 7  ( r )
( R Z 0 ) 0 . 5 ( 0 H  ) 0 . ,  o . s 0  1 s 1

4 . 0 0  4 . 0 0

I  . 7 0  I  . 7 0
1 . 2 8  I . 3 0
3 . 0 5  3 . 2 5

t a v  :  s u n  o f  b o n d  v a l e n c e s  r e a c h t n g  t h e  c a t l o n -
2 c ; . :  s u n  o f  b o n d  v a l e n c e s  r e a c h l n g  t h e  a n i o n .
2 c - .  r  s u d  0 f  b o n d  v a l e n c e s  r e a c h l n g  t h €  a n j o n ,  c o r r e c t e d  f o r  t h e  p r o p o s e d  h y d r o g e n'  

b o n d l n g  s y s t e d .
I  x 2  f o l l o r l n g  t h e  b o n d  v a l e n q e  i o p l . i e s  i r g  b o n d s  p e r  a n i o n .' 1 2  p r e c e d i n g  t h e  b o n d  v a l e n c e  l n p l l o s  t r o  b o l d s  p e r  c a i l o n .

( a )  :  l t  r e c e l v e s  0 . 5 x 0 . 0 8  f r o o  0 ( 1 3 ) .
( b )  :  i t  r e c e i v e s  0 . 5 x 0 . 0 9  f r o o  O ( 1 3 )  a n d  0 . 5 x 0 . 1 2  f r o d  0 ( 1 4 ) .
( c )  :  l t  r e c e l v e s  0 . 0 7  f r o n  0 ( t Z ) .
( d )  :  l t  f e c e l v e s  0 . 2 0  f r o o  0 ( 1 2 )  a n d  0 . 5 r 0 . 0 7  f r o o  0 ( 1 3 ) .
( e )  |  l t  g l v e s  0 . 2 0  r o  o ( 7 ) ,  o . 0 8  t o  o (  t 3 )  a n d  o . o 7  t ;  o i 3 ) .
( f )  |  l t  r e c e l v e s  0 . 0 8  f r o o  O ( l ? )  a n d  g t v e s  O . O 7  t o  0 1 2 1 ,  O . S T O . O B  t o  0 ( l )  a n d

0 . 5 x 0 . 0 8  t o  0 ( 2 ) .
( g )  :  l t  g l v e s  0 . 5 x 0 . 1 2  t o  0 ( Z ) .

4 . 0 04 . 0 0
L  n a r  3 . 0 5  3 . 2 0  ? . r 3  Z . t 3
L  F e a n  2 . 4 0  2 . 4 9  l . 6 l  l . 6 t
p  3 . 6 9  3 . 5 1  3 . 1 0  3 . l O



STRUCTURE OF CAYSICHITE

clearly indicate that O(12) and O(13) are water
molecules; with regards to O(14), an equal occu-
pancy of this site by water molecules and hy-
droxyl anions is inferred, which assures charge
balance in the structural chemical formula. The
O(14) atom is 2.924 a;way from O(2), indicative
of a possible hydrogen bond. The O(14) position
may be occupied by a water molecule or a hy-
droxyl anion; as "the negative charge on the OH-
ion obviously makes the ion a poor proton
donor" Glamilton & Ibers 1968), we assu'med
that the hydrogen atom involved in the O(14)' ' '

O(2) hydrogen bond has occupancy 0.50 and
its presence corresponds to a location of a rra-
ter .molecule in the O(14) site.

The two kinds of substitutions, calcium-rare
earths and water molecule-hyd{uxyl ion, which
take place in tlte structure, are obviously related
to each other, as follows: rf a water molecule
is located in the O(14) site, both cations linked
to it are likely to be calcium cations, whereas
if a hydroxyl anion is located in that site then
one of the two cations is a trivalent rare-earth
cation. With such a coupled substitution a satis-
factory local balance of charges is obtained.

CoNcr-usroN

A structural invesOigation and the chemical
data of Hogarth et aL (L974) for caysichite lead
to the chemical formula: Ya(CasREJ(OH)(HnO)o
[SieOro](COa)e'2H2O wrth Z=2. The structural
results are in fair agreement with the observa-
tions made by Hogarth et ol. (1974) on the basis
of their thermal and furfrared studies. They in-
dicated a three-step weight loss in the thermo-
gravimetric analysis, the first stage (290-580"C)
rqrresenting dehydration, the two subsequent
stages (58O-895oC and 895-1120'C) represent-
ing a tvo-step decarbonation. In fact the weight
loss in the firrt stage was 8.37o, corresponding
to fifteen water molecules. Moreover, static
heating studies showed tlat nearly one third of
the water content was lost between 29O ahd
350"C; this corresponds, in our view, to the
loss of the O(13) water molecules not bound to
any cations and only engaged in relativd weak
hydrogen bonds. A two.step decarbonation pro-
cess is in keeping with our results, which indi-
cate the presence, in the crystal structure of cay-
sichite, of two crystallogaphically distinct car-
bonate groups, as was also inferred by Hogarth
et aL (L974) from the analysis of the infrared
spectru,m: the weight loss in two subsequent
steps (10.67o and 5.3Vo) clearly corresponds
to the expulsion of COg from the eight C(1) sites
and from the four C(2) sites, respectively.

0 ( 1 3 ) - 0 ( 7 )
0 ( 1 3 ) - 0 ( 1 2 ) v
0 ( r 3 ) - 0 ( t ) i
0 ( 1 3 ) - o ( 2 )
0 ( 1 2 ) v - 0 ( 3 ) ! l i
0 ( 7 ) - 0 ( 1 2 ) v
0 ( 2 ) - o ( 1 4 )

TABLE 5 .  DISTAI . ICES (A)  AND ANCLES (O)  INVOLVED I I I  THE
HYDROCEN BONDINC SYSTEM
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3 . 1 3 ( 2 )  o ( 1 3 ) - o ( 1 2 ) v - 0 ( 7 )  6 4 ' 7 ( 5 )
r . o g i t i  o ( r ) v i t - o ( 1 2 ) v - 0 ( 7 )  1 2 8 . 4 ( 4 )
g . r o i z i  o i t i i - o ( r 3 ) - o ( 7 )  8 8 . 8 ( 7 )
s , o e i z j  o i z ) - o ( 1 3 ) - o ( 7 )  1 0 0 . 7 ( 7 )
3 . r 5 ( r )
2 . 7 3 ( l )
2 . e 2 ( 2 )
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