
American Mineralogist, Volume 66, pages 385-391, 1981

The crystal structure of picropharmacolite, CaoMg(HAsOo)r(As O ),' I 1H2O
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Abstract

X-ray diffraction intensities were measured by single-crystal diffractometry (MoKa radia-
tion) on picropharmacolite from Sainte-Marie-aux-Mines (Alsace), and the following struc-
turo parameters were determined: a: 13.547(3), D : 13.500(3), c : 6.710(l)A, a : 99.85(l), f
:96.41(2), y : 91.60(l)"; Z :2, space group PT. The structure was solved by direct methods;
the mixed isotropic (oxygen atoms) and anisotropic (heavier atoms) refinement converged to
R : 0.087 (16l I reflections). As, Ca, and Mg coordination polyhedra sharing edges and ver-
tices form corrugated (100) layers, which are linked by hydrogen bonding only. Four inde-
pendent water molecules are sandwiched between adjacent layers, and build up [001] hydro-
gen-bonded chains. The Mg coordination octahedron and the Ca polyhedra show typical
bond distances, so that no signifcant Ca/Mg substitution should occur in any cation site. The
formula of picropharmacolite can then be written as CaoMg(HrO).,(AsO3OH)2(AsOa)2'
4HrO. A close relationship is observed between this structure and those of the two dimorphs
guerinite and ferrarisite, Car(HAsOo)r(AsOo)2.9HrO; in these minerals the layers of poly-
hedra are also present, but are linked by Ca-O bonds in addition to hydrogen bonds. Cleav-
age and possible [winning are discussed on structural grounds.

Introduction

Picropharmacolite is a member of a family of min-
eral acid arsenates ofdivalent cations (Pierrot, 1964),
and occurs as globular crusts of tiny crystals whose
poor quality prevented a crystal structure determina-
tion until now. The known phases of the family,
whose chemical formula can be wri t ten as
Ml*Hr(AsOo)o'nHrO, can be divided into two
groups: species such as sainfeldite, CarHr(AsOo)o.
4IJ2O, the dimorphs guerinite and ferrarisite,
CarH,(AsOo)o'9HrO (Bai et a/., 1980), and chud-
obaite, (Mg,Zn)rHr(AsOo)o. l0H2O, with only one
type of M'?* (except for isomorphous substitution);
minerals such as irhtemite, CaoMgHr(AsO4)4. 4HrO
(Pierrot and Schubnel, 197 2), and picropharmacolite,
CarMgHr(AsOo)o'llHrO where two diferent, and
presumably ordered, types of M2* are present. The
Ca and Ca/Mg phases often occur together as acces-
sory minerals which originated by reactions of arse-
nic ores with surrounding calcareous rocks. The crys-
tal structures of sainfeldite (Ferraris and Abbona,
1972), guerinite (Catti and Ferraris,1974), ferrarisite
(Catti et al., 1980), and chudobaite (Dorner and We-
ber, 1976) have been determined.
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Diferent crystallochemical formulae have been
proposed for picropharmacolite (Abbona and Fer-
raris, 1976). In most chemical analyses, the CaO/
As,O, ratio is slightly higher than 2.0 and the MgO/
AsrO, ratio fluctuates significantly around 0.5. On
the basis of (l) the results obtained by Gu6nn et al.
(1967) on synthetic picropharmacolite, (2) the criti-
cism of the available chemical analyses, and (3) a
close similarity with the layered structure of gueri-
nite, Abbona and Ferraris favored the hypothesis
that there was no solid solution between Ca and Mg
in picropharmacolite; a limited substitution involving
Ca2*,Mg'*, and H* was, however, not completely ex-
cluded. A structural study of picropharmacolite was
undertaken to clarify its crystallochemical features
and to throw light on its relationships with other
members of the familv.

Experimental

A sample of picropharmacolite from Sainte-Marie-
aux-Mines (Alsace) was kindly supplied by H. Bari
(BRGM, Orl6ans). After a difficult search (which fol-
lowed several unsuccessful attempts made previously
at our institute on other samples), a tiny needle-like
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crystal (0.370 x 0.050 x 0.016 mm) elongated along
[001] proved to be an acceptable single crystal by
Weissenberg photographs, and was selected for all
the subsequent measurements on a Philips PW
ll00 four-circle diffractometer (MoKa radiation).
Through the refinement of 25 measured d values, the
following unit-cell constants were determined, in
agreement with those of Abbona et al. (1969): a :
13.547(3),  b:  13.500(3),  c:6.110(l)A, c:  99.85(l) ,
B :96.alQ), y : 91.60(l)'. The space group was as-
sumed to be Pl on the basis of diflraction intensity
statistics, and later confirmed by the structure solu-
tion. Other crystal data are: V: l200.lA', M.W. :
940.488, D(meas) : 2.629 cm-' (Pierrot, 196l),
D(calc.) :2.608cm-3, Z: 2, F(000) :928, p(MoKa)
: 64.8cm-'. The diffraction intensities were mea-
sured with the following conditions: graphite mono-
chromator, 0/20 scan,0 =25o, Ad: 1.5o, scanning
speed 0.03o sec-', background time l0 sec on both
sides of each peak, attenuating filter inserted for peak
intensities higher than 40,000 counts sec-', three ref-
erence reflections. A set of 1710 independent obser-
vations was obtained, after removng2498 reflections
having I < 2o(I ); this unsatisfactory result is clearly
to be ascribed to the low difracting power of the
crystal and had to be accepted because better crystals
are not known. An experimental absorption correc-
tion based on the ry' scan method (North et al.,1968)
was appted, with the coefficient value ranging from
0.84 to 1.26.

Solution and refinement of the structure

The positions of As and Ca atoms in the unit cell
were determined by the MULTAN program based on

direct methods (Germain et al., l97l); the Mg and
oxygen atoms were located by subsequent Fourier
di-fference maps. By a least-squares refinement with
isotropic thermal parameters, R : 0.111 was ob-
tained. At this stage, 99 weak reflections which
showed a large discrepancy between F" and 4 (with
l4l<l,F"l always) were assumed to be affected by sys-
terratic errors as discussed by Catti et al. (1977) and
were removed; anisotropic thermal factors were then
introduced in the refinement for As, Ca, and Mg
atoms only. The final full-matrix cycle with unitary
weights led to R : 0.087 for the remaining 1611 re-
flections (R was 0.105 including the rejected data).
Fractional coordinates and coefficients of the ex-
pression

are reported in Table I for non-oxygen atoms;
coordinates and isotropic temperature factors of the
other atoms are shown in Table 2. The large values
of the esds are due to the poor quality of the experi-
mental data and to the unfavorable ratio (number of
observations)/(number of refined parameters).
Atomic scattering factors for neutral atoms (Inter-
national Tables for X-ray Crystallography, 1974) and
the programs of the sHELx package (Sheldrick, 1976)
were used for the calculations.'

I To receive a copy of the structure factors, order Document
Am-81-142 from thc Business Ofrce, Mineralogical Society of
America, 2000 Florida Avenue, NW, Washington, D.C. 20009.
Please remit $1.00 in advance for the microfiche.

*r(-+ ! f n,r'rr"r"i)

Table l. Fractional coordinates and enisotropic thermal parameters (A2) of heavy atoms

Rt t 3ur2u3:
l 1

A s ( 2 )
A s ( 3 )
As  (4 )

C a ( 1 )
c a ( 2 )
c a ( 3 )
c a ( 4 )

Mg

o . 4  7 8 0 (  3 )
0 . 3 9 6 6 ( 3 )
o . 7 r 7 1  ( 3 )

o .  8093  (  3 )

o . 6 3 4 t  ( 6 )
o . 4 9 8 7  ( 6 )

o . 5 7 3 3 ( 6 )
0 . 6 9 6 s  ( 6 )

o . 8 7 3 9 ( 9 )

o . 1 3 2 1  ( 3 )
o  . 4 1 6 4 ( 3 )
o .  28s6 (  3 )
0 . o 1 s s ( 3 )

o . 3 3 o s  ( s )
o , 3 1 2 5 ( 5 )
o . 0 8 8 1  (  s )
o . 0 1 9 5 ( s )

0 . 1 9 s 2 ( 8 )

2 . o ( 2 )
r . 5 ( 2 )
1 . 4 ( 2 )
2  . 3  ( 2 )

2 . 9 ( 4 )
2  . e  ( 4 )

r . 8 ( 3 )
2 . 4 ( 4 )

i . 8 ( s )

o . 6 ( 1 )
o . 8 ( 1 )
o . 7  (  1 )
1  . o (  2 )

o . 3 ( 3 )
0 . 4 ( 3 )
1 . 0 ( 3 )
0 . 6 ( 3 )

0 . 8 ( 4 )

0 . 6 ( 1 )
1 . o ( 1 )
o . 7 ( 1 )
o . 9 ( 1 )

o . 9 ( 3 )
o . 8 ( 3 )
1 . 3 ( 3 )
1 . 1 ( 3 )

o  . 7  ( 4 )

o .  2o07  (  5 )
o . 0 6 2 4 ( 5 )
o . 5 5 4 6 ( 5 )
o . 7 8 7 7  ( 5 )

0 . o 7 0 2 ( 1 1 )
o  . 5 6 7  t  ( r o )

o . 7 2 5 6 ( r r )
o .  2 s 5 9  (  1 0 )

o . 2 1 4 9 ( r 5 )

- 0 . 5 ( 1 )  - o . 2 ( 1 )  - o . 4 ( 1 )

0 . 3 ( 1 )  - 0 . 3 ( 1 )  - o . 2 ( 1 )
- o . 2 ( 1 )  0 . 1 ( 1 )  - o . s ( 1 )
- o . 1 ( 1 )  - o . 2 ( 1 )  - o . s ( 1 )

- o . 3 ( 3 )  - o . 4 ( 3 )  - o . 4 ( 2 )
- o . 4 ( 3 )  o . 1 ( 3 )  - o . 2 ( 2 )
- o . s ( 3 )  - o . 2 ( 2 )  - o . 5 ( 2 )
- o . s ( 2 )  o . 6 ( 3 )  - 0 . 1 ( 2 )

0 . 3 ( 4 )  - o . 5 ( 4 )  0 . 1 ( 3 )

E s t i m a t e d  s t a n d a r d  d e v i a t i o n s  a r e  g i v e n  i n  p a r e n t h e s e s  a n d  r e f e r  t o  c h e  l a s t  d e c i m a l  p 1 a c e .
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Table 2. Fractional coordinates and isotropic thermal parameters
(A2) of oxygen atoms

Table 3. Interatomic distances in the Ca and Mg coortiination
polyhedra

o ( 1 )  o . 4 2 1 ( 2 )
o ( 2 )  o . 3 9 4 ( 2 )
o ( 3 )  o . s s 9 ( 2 )
o ( 4 )  0 . 5 4 0 ( 2 )

o ( 5 )  0 . 3 1 o ( 2 )
o ( 6 )  o . 3 3 4 ( 2 )
o ( 7 )  o . 4 6 3 ( 2 )
o ( 8 )  o . 4 1 2 ( ? . )

o (  9 )  o . 6 3 1  ( 2 )
o ( 1 0 )  0 . 6 5 8 ( 2 )
0 ( 1 1 )  O , 8 2 2 ( 2 )
0 ( 1 2 )  o . 7 s 2 ( 2 )

o ( i 3 )  o . 9 r 9 ( 2 )
0 ( 1 4 )  o . 1 8 4 ( 2 )
o ( 1 5 )  0 . 8 1 3 ( 2 )
o ( i 6 )  o . t 1 3 ( 2 )

w ( 1 )  0 . 8 1 8 ( 2 )
t d ( 2 )  0 . 3 1 9 ( 2 )
w ( 3 )  o . 4 o o ( 2 )
w ( 4 )  0 . 8 1 4 ( 2 )

! , J ( s )  o . 9 8 6 ( 2 )
l { (  6 )  o .  e6o(  2 )
rd (7)  o .932(2)
r . r ( 8 )  0 . 8 3 5 ( 2 )

w ( 9 )  0 . 8 8 7 ( 2 )
I , { ( 1 0 )  0 . 8 8 8 ( 2 )
w ( 1 1 )  0 . 9 0 8 ( 2 )

o . 2 2 9 ( 2 )
o .  oso  (  2 )
o . r7 r (2 )
o . 0 6 6 ( 2 )

o  . 3 2 r  ( 2 )
o  . 4 9 9  ( 2 )
o  . 4 5 7  ( 2 )
0 . 3 s 8 ( 2 )

o  , 2 5 3  ( 2 )
o . 3 6 7  ( 2 )
0 . 3 3 8 ( 2 )
o . ) . 9 2 ( 2 )

0 .  o 4 s  (  2 )
0 . 0 8 7 ( 2 )

- o . 1 r o (  2 )
o . o z t  ( 2 )

o . 3 2 5 ( 2 )
o  . 4 1 2 ( 2 )
o . r s 2 ( 2 )

- 0 . 1 1 5 ( 2 )

0 . 1 8 9 ( 2 )
o  . 2 9 9  ( 2 )
o , o 8 2 ( 2 )
o . 1 4 5 ( 2 )

o . 6 s 6 ( 2 )
o  . 5 r 7  ( 2 )
o . 5 0 2 ( 2 )

0 . 3 3 6 ( 3 )
o .  060  (  3 )
o  . 0 6 s  (  4 )
0 . 3 6 0  (  4 )

o  . 0 9 1  (  4 )
-o  . 033  (  4 )

0 . 2 8 s ( 3 )
-o  . 096  (  3 )

0 . 7 1 3 ( 3 )
o . 4 3 0 ( 4 )
0 . 7 o 8 ( 4 )
0 . 3 8 1 ( 3 )

o  . 7  2 7  ( 4 )

] . 01 r  ( 4 )

o .822 (4 )
0 . 6 0 8 ( 3 )

0 . 0 8 7 ( 3 )
o . 5 7 3 ( 4 )
0 . 6 8 6 ( 4 )
o .239 (4 )

0 . o 3 3 ( 5 )
o  . 4 3 7  ( 4 )

0 . 3 4 8 ( 4 )
o . 4 9 3 ( 4 )

o . 0 1 9 ( 4 )
o . 6 1 8 ( 4 )
o  . 2 6 7  (  4 )

c a ( 1 )  -  o ( 3 )

c a ( 1 )  -  o ( 8 )

c a ( 1 )  -  O ( 9 ) v

c a ( I )  -  o ( 1 0 )

c a ( 1 )  -  o ( 6 ' ) v

c a ( 1 )  -  ! l ( 1 )

Ave rage

c a ( 3 )  -  0 ( 3 ) " 1

c a ( 3 )  -  0 ( 4 )

c a ( 3 )  -  o ( 9 )

c a ( 3 )  -  o ( 1 6 )

C a ( 3 )  -  o ( 2 ' ) l v

C a ( 3 )  -  o ( 4 ' ) r v

c a ( 3 )  -  w ( 3 )

Ave rage

2 . 3 5 ( 3 ) + A

2 . 4 2 ( 2 )

2 . 4 s ( 2 )

2 . 3 7  ( 3 )

2 . 3 8 ( 3 )

2 . 4 8 ( 3 )

2 . 4 L

2 . 3 9 ( 3 )

2 . 4 r ( 2 )

2 . 3 8 ( 2 )

2 . 2 9 ( 3 )

2 . 5 6 ( 2 )

2 . 4 9 ( 3 )

2 . 5 2 ( 3 )

2 . 4 3

M e  -  0 ( 1 2 )

M g  -  o ( 1 4 ) v

Mg -  L I ( l )

Mg - l. l(5)

Ms - I^/(6)

M g  -  w ( 7 )

Average

i . 3 ( 4 )
I  . 7  ( 4 )
2 . 1 ( s )
1 . 8 ( 5 )

2 . 3 ( s )
1 . 8 ( s )
1 . 6 ( 4 )
r . 2 ( 4 )

o . 5 ( 4 )
2 . 1 ( s )
r  . 1  ( 4 )
0 . 6 ( 3 )

2 . 3 ( s )
1 . 8 ( s )
2  . 4  ( 5 )
1 . 3 ( 4 )

1 . 4 ( 4 )
1 . 7 ( s )
1 . s ( 4 )
2 . 9 ( 6 )

3 . 8 ( 6 )
2  . 4 ( s )
3 . 1 ( 6 )
2 . 6 ( s )

2 . 9 ( 6 )
2 . 5 ( s )
2 . 4 ( 5 )

c a ( 2 )  -  o ( 1 )  2 . 3 8 ( 2 ) A

c a ( 2 )  -  o ( 7 )  2 . 3 9 ( 2 )

c a ( 2 )  -  o ( 8 ) r r 1  2 . 3 6 ( 2 )

c a ( 2 )  -  o ( 9 )  2 . 7 I ( 2 )

c a ( 2 )  -  o ( 1 o )  2 . 4 4 ( 3 >

c a ( 2 )  -  o ( 7 ' )  2 . 3 7 ( 2 )

c a ( 2 )  -  i l ( 2 )  2 . s 1 ( 3 )

Average 2 .45

c a ( 4 )  -  o ( 4 )  2 . 3 8 ( 3 )

c a ( 4 )  -  o ( 1 2 )  2 . 4 r ( 2 )

c a ( 4 )  -  o ( 1 4 ) v  2 . 4 r ( 3 )

c a ( 4 )  -  0 ( 1 6 )  2 . 3 4 ( 2 )

c a ( 4 )  -  o ( 2 ' ) 1  2 . 3 5 ( 2 )

c a ( 4 )  -  t l ( 4 )  2 . 4 4 < 3 )

c a ( 4 )  -  L , ( 3 ' ) r v  2 , 1 3 ( 3 )

Average 2 ,44

2 . 1 o ( 2 ) A

2 . 0 8 ( 3 )

2 . 1 9 ( 3 )

2 . o s ( 3 )

2 . 0 9 ( 3 )

2 . 0 3 ( 3 )

2 , O 9

E s t i n a t e d  s t a n d a r d  d e v i a t i o n s

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

a r e  g i v e n  i n  p a r e n t h e s e s

p  I  a c e .

E s t i m a t e d  s t a n d a r d  d e v i a t i o n s  a r e  g i v e n  i n

p a r e n t h e s e s  a n d  r e f e r  t o  t h e  l a s t  d e c i m a l  p l a c e .

Discussion

The role of Ca and Mg

Bond distances within the Ca and Mg coordination
polyhedra are reported in Table 3. Magnesium is
characterized by a very regular octahedral coordina-
tion; Ca(2), Ca(3) and Ca(4) are sevenfold coordi-
nated, and Ca(l) shows C.N. :6, but with strong an-
gular distortions from octahedral geometry. A second
coordination sphere is observed for the Ca atoms,
with some Ca-O distanoes perhaps short enough to
reflect a significant interaction: Ca(l)-O(7), Ca(l)-
O( I 2), Ca(2)-W(3), Ca(3)-O( I a), Ca(a)-O(3), Ca(4)-
W(7), which are 3.25, 3.34, 3.48, 3.26, 3.14, 3.244, rc-
spectively. Taking into account the typical values
and the wide gap between the bond distances of the

Mg octahedron and those of the Ca po$edra, no
Ca/ME substitution is likely on any of the five cation
sites. Picropharmacolite is, therefore, definitely
shown to be a species where Ca and Mg are ordered
with an atomic ratio 4: 1. This should also be true for
irhtemite, since this phase can be obtained by dehy-
dration of picropharmacolite (Pierrot and Schubnel,
re72).

Description of the structure

The Ca, Mg, and As coordination polyhedra are
strongly condensed into (100) colTugated layers by
sharing edges and vertices with one another (Fig. l).
The followinB qtuation is observed: the Ca(2) and
Ca(3) polyhedra share their O(9)-O(10) and O(2')*-
O(4')* edges2 with the As(3) and As(l')i' tetrahedra,

2 Symbols with a prime denote atoms subjected to the transfor-
mation I - X, I - y, | - z; roman nurnerals represent thc trans-
lations: i, +o; ii, +b; iii, +c; iv, -b; v, -c; vi, +a - c; vii +a - b;
viii. -b -c.
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Fig. l. Projection onto the (001) plane of the structure of picropharmacolite. As and Mg coordination polyhedra, Ca-O bonds (black
rods), and lattic€ water molecules (circles) are emphasized. Hydrogen bonds are represented as dashed-dotted lines.

respectively; the Mg octahedron is linked to Ca(4) by
sharing the O(12)-0(14)" edge. Ca(l) is linked to rhe
Ca(z)" and Ca(3)" polyhedra by the O(8)-O(9)'and
O(3)-O(9)' edges; Ca(2) shares its O(8)ilt-O(9) and
O(7)-O(7') edges with Ca(l)ur and Ca(2'), respec-
tively; Ca(3) shares O(3)"t-O(9), 0(4)-0(16), and
O(4)*-W(3) with Ca(l)il', Ca(4), and Ca(4')i"; Ca(4)
i5 linked to Ca(3) and Ca(3')i'by sharing the O(a)-
0(16) and O(4)-W(3')t" edges. Vertex-sharing is
omitted, for simptcity. A two-dimensional network
of coordinatioir polyhedra is thus defined in (100)
layers related by a (Fig. 2). These layers take on a
comrgated shape in the (001) plane, because the Mg
octahedra project away from the plane ofthe layer,
and are linked by hydrogen bonds donated by water
molecules, among which W(8), W(9), W(10), and
W(ll) are not coordinated by cations and are sand-
wiched between the layers. In particular, W(9),
W(10), and W(l l) are hydrogen-bonded to rheir cen-

trosymmetrical related molecules and to those related
to them by c, so as to form [001] chains.

Hydrogm bonding

Since hydrogen atoms have not been located, a
scheme of hydrogen bonding can only be inferred on
the basis of distances and angles involving the oxy-
gen atoms. The two H atoms which, according to the
chemical composition, belong to the tetrahedral ani-
ons should be carried by the oxygen atoms O(5) and
O(15), showing the longest As-O bond distances in
the As(2) and As(4) tetrahedra, respectively (Table
4). O(5) is involved in a short distance (2.64A) to
O(2), and O(5). . . O(2) corresponds then to a hydro-
gen bond donated by an anionic OH (Table 5); O(15)
has two long distances to O(2')t'(3.08A) and W(5')"u
(3.07A), and two others to W(4) and W(8)t'(2.81 and
2.744): the shortest one is a good candidate to repre-
sent the hydrogen bond donated by the second an-
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Fig. 2. Projection onto the (100) plane of one layer of the
structure of picropharmacolite.

ionic OH in the structure. If this assumption is ac-
cepted, the hydrogen bonding scheme can be
unambiguously determined for all water molecules
but three, W(9), W(10), and W(l1), which are hydro-
gen bonded to one another with no unequivocal in-
dication of the donor-acceptor functions. The ambi-
guity has not been solved by a bond valence balance
calculation (Brown and Wu, 1976), since the results
obtained for the different possible schemes are not
significantly diferent, owing to the large esd's of
bond distances which propagate onto the bond va-
lence errors. However, the assignment reported in
Table 5 is characterized by slightly more plausible
values of the C. . . B. . . C'angles, particularly as far
as W(9) is concerned.

On the basis of the proposed hydrogen bonding
scheme, and of the observed roles of Ca, Mg and
HrO, the formula of picrophannacotte can be writ-
ten as CaoMg(H,O),(AsOrOH)r(AsOo),' 4}I2O.

The only'direct' (i.e. not vla interlayer water mole-
cules) hydrogen bond which links adjacent layers is
W(7). . . O(13')"'. The interlayer water molecule

W(8) bridges layers by means of the W(8) . . . W(2')
and W(6).. . W(8')^bonds; the [001] chain of the
other water molecules which are not coordinated by
cations [W(9), W(10), W(ll) and their symmetry-re-
lated onesl is linked to the layers of polyhedra by the
w(9). . .  o(5 ' )" ,  w(5). . .w(9')""  w(10). . .  w( l l ) ,
and W(l) . . . W(l l) hydrogen bonds. Each of W(8),
W(9), and W(10) is hydrogen bonded with three H,O
molecules and an oxygen atom, while W(ll) forms
all four hydrogen bonds with water molecules, and
then behaves as HrO in ice. This water molecule is
characterized by a very regular tetrahedral environ-
m e n t ,  w i t h  W . . . W  d i s t a n c e s  a n d  W . . . W . . . W
angles pnging from 2.68 to 2.88A and from 94o to
128o, respectively; only a little distortion is observed
with respect to the bonding configuration of water in
ice phases stable at room pressure, where the hydro-
gen bonds range from 2.75 to 2.80A (Franks, 1972, p.
l18-123). This situation should be compared to the
much more distorted confgurations shown by water
molecules of the same type in crystal hydrates, e.8.n
Mgr(POo), '22}I2O (Catti et al.,l98l).

Since the environ-ment of W(ll) is so similar to
that typical of HrO molecules in ice, disorder of hy-
drogen atoms might occur and would account for the
ambiguous donor--acceptor functions between the
hydrogen-bonded W(ll), W(10), and W(9) lattice
water molecules.

As far as intra-layer hydrogen bonds are con-
cerned, two facts can be pointed out:  the
W(l) . . . O(l l)' bond (2.58A) is unusually short, as
the donor is a water molecule, and the
0(6)"'. . .W(2) . . . O(10) bond angle (75') is very
narrolv with respect to values normally observed in
crystal hydrates (Ferraris and Franchini-Angela,
1972). Two similar cases, respectively, were discussed
by Catti et al. (1977) and by Catti (1979).

Crystallochemical relations with guerinite and fenari'
site

From the chemical point of view, picropharmaco-
lite can be considered as derived from either of the
Ca end-member dimorphs, guerinite and ferrarisite,
by substitution of one out of five Ca atoms with mag-
nesium and addition of two more water molecules'
By examining the crystal structures of the two latter
minerals (Catti and Ferraris, 1974; Catti et al., 1980),
many similarities are observed with that of pic-
ropharmacolite: layers of condensed polyhedra [with
(T0l) orientation in guerinite and (001) in ferrarisitel
are present in all cases, and the cell constants of the
two dimorphs (a: 17.63, b : 6.734, c:23.474, F :
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Table 4. Interatonic distanc€s and O-As-O engles in the AsOa
groups

Table 5. Interatomic distances and angles involving the hydrogen
bonds and water molecule environments

ABA'  CBC IA s ( 1 )  -  o ( r )

A s ( I )  -  0 ( 2 )
A s ( I )  -  0 ( 3 )
A s ( r )  -  0 ( 4 )

A s ( 3 )  -  o ( 9 )
A s ( 3 )  -  o ( 1 0 )
A s ( 3 )  -  0 ( 1 1 )
A s ( 3 )  -  0 ( I 2 )

0 ( 1 )  -  o ( 2 )
o ( 1 )  -  0 ( 3 )
o ( 1 )  -  0 ( 4 )
o ( 2 )  -  0 ( 3 )
0 ( 2 )  -  0 ( 4 )
o ( 3 )  -  0 ( 4 )

o ( 5 )  -  o ( 6 )
o ( s )  -  o ( 7 )
o ( 5 )  -  0 ( 8 )
0 ( 6 )  -  o ( 7 )
0 ( 6 )  -  o ( 8 )
0 ( 7 )  -  0 ( 8 )

r  . 6 1  ( 2 \ -  E
1 . 6 6 ( 2 )
1 . 6 4 ( 3 )
1 . 6 8 ( 2 )
1 . 6 6

r . 1 1 ( 2 )
1 . 6 7 ( 3 )
1 . 7 r ( 2 \
1 . 6 8 ( 2 )
1 . 6 9

2 . 7 8 ( 3 ) A  1 1 3 ( r ) '
2 . 7 3 ( 3 )  r i r ( 1 )
2 . 7 3 ( 3 )  1 o 9 ( 1 )
2 . 7 3 ( 4 )  1 r 2 ( 1 )
2 . 6 4 ( 3 )  1 o 4 ( 1 )
2 . 6 6 ( 4 )  1 0 7 ( r )
2 - 7 I

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

A s ( 2 )  -  o ( 5 )

A s ( 2 )  -  0 ( 6 )
A s ( 2 )  -  0 ( 7 )
A s ( 2 )  -  o ( 8 )

A s ( a )  -  o ( 1 3 )
A s ( a )  -  o ( 1 4 )
A s ( 4 )  -  0 ( 1 5 )
A s ( 4 )  -  0 ( 1 6 )

o ( 9 )  -  o ( r 0 )
o ( 9 )  -  o ( 1 1 )
o ( 9 )  -  o ( 1 2 )
o ( 1 0 )  -  o ( r r )
o ( 1 0 )  -  0 ( r 2 )
0 ( 1 1 )  -  o ( 1 2 )

0 ( 1 3 )  -  o ( 1 4 )
0 ( 1 3 )  -  o ( 1 s )
0 ( 1 3 )  -  o ( 1 5 )
o ( 1 4 )  -  o ( r 5 )
o ( 1 4 )  -  0 ( 1 5 )
o ( 1 5 )  -  o ( 1 6 )

r . 7 7 ( 3 ) A
r  . 5 0 (  3 )
r . 6 5 ( 2 )

1 . 6 7  ( 2 )

1 . 6 1

r . 6 3 ( 3 )
r . 7 r ( 3 )
L . 7 s ( l )
1 . 6 9 ( 3 )
1 . 7 0

2 . 6 7 ( l ) A  1 o 5 ( 1 ) '
2  7 4 < 3 )  1 0 6 ( 1 )
2 . 8 8 ( 3 )  1 r 7 ( 1 )
2 . 8 2 ( L )  1 1 3 ( 1 )
2  7 O ( 3 )  1 0 8 ( 1 )
2  7 5 ( 3 )  1 o 8 ( 1 )
2  7 6

2  7 8 ( 4 )  1 1 2 ( 1 )
2  7 1 ( 4 )  1 o 5 ( 1 )
2 . 8 0 ( 4 )  r r s ( r )
2  8 o ( 4 )  1 o 8 ( 1 )
2 , 7 6 ( 3 )  1 O 8 ( 1 )
2 . 1 5 ( 4 )  r 0 6 ( r )
2  . 1 7

+
c a ( 1 )

I4I( 1)

Mg

c a ( 2 )

l,J( 2)

w ( 8 ' )

ca  (3 )

. r,J( 3)
C a ( { r ; l v

c a ( 4 )
.  t ,J(4)

w (  8 )  
t t

t , r (6)

M s  w ( 7 )

1 1
0 ( 1 5 )

I',I( 8)

r , r ( 6 ' )

I^I( 1o) 
v

.  w ( 9 )

W ( 5 ' ) v 1

I ' (  1 1 )

.  i ' , (10)

I ^ l ( 1 1 ' ) l

I , J (1 )

w ( r 1 )
w( 9)

0 ( s )

0 ( 1 5 )

o (  1 1 ) v  2 . 5 8

r ^ r (11 )  2 .68

o ( 6 ) t t t  2 . 6 9

o ( 1 0 ' )  3 . o o

o ( 1 )  2 . 7 8

o ( 8 ) t t t  3 . o o

o ( r 5 ) v  2 . 8 r

r ' J (7 )  3 .0O

o ( 1 3 ) v  2 . 6 3

Mg r{( 5)
! t ( 9 ' ) v l  2 . 7 7

o ( r 1 )  2 . 1 5

L r ( 8 ' )  
t  

2 . 8 7

o ( 1 3 )  2 . 1 o

o ( 1 3 ' ) v l 1  2 . 7 3

w ( 4 )  
t t  

2 . 7 6

r . r ( 2 ' )  2 . 8 6

o ( 5  '  ) v  2 . 7 3

l { ( 1 1 )  2 . 8 8

o ( 1 1 )  2 . 6 0

t , l ( 9 )  
t t t  

2 . 7 o

1 , r ( 1 0 )  2 . 7 7

I n ( 1 6 ' ; 1  2 . 7 7

o ( 1 )  2 . 6 4

t n ( 8 ) t t  2 . 7 4

E s t i m a t e d  s t a n d a r d  d e v i a t i o n s  a r e  g i v e n  i n  p a r e n l h e s e s  a n d  r e f e r  t o

E h e  l a s t  d e c i m a l  D l a c e ,

9 0 . 6 o  a n d  a : 8 . 2 9 4 ,  b : 6 . 7 2 2 ,  c :  l l . l 9 8 A ,  c  :
106.16, F : 92.94, | : 99.20", respectively) show b
and B values closely resembling c and y of picrophar-
macolite. However, 1[s linking between layers is
quite different in the three structures; in ferrarisite
and guerinite, it is provided by highly hydrated Ca
coordination polyhedra bridging adjacent layers (in
the latter case these Ca atoms are disordered, so tlat
the bonding is weaker), whereas in picropharmaco-
Iite the layers are linked by hydrogen bonds only.
This decreasing strenglh of the interlay"t geading is
partly reflected by the trend of the corresponding in-
terplanar distances, which $e doot: 10.701, dto, :
l4.l2} and dw: l3.M7A in ferrarisite, guerinite,
and picrophannacolite, respectively; values of dis-
tances for guerinite and picropharmacolite are af-
fected by the comrgation of layers.

The crystallization mechanisms of the two
dimorphs of Car(HAsOo)r(AsOo), . 9HrO and of
CanMg(HAsOo)r(AsOo)r. llHro from solutions of
suitable chemical compositions can now be postu-
lated. The highly hydrated Mg2* ions probably have
a tendency to enter the same positions bridging adja-
cent layers which are occupied by Ca2* ions in the Ca
end members, owing to the great stability of such Mg
coordination polyhedra. But, on the other hand, Mg
octahedra are smaller and much less liable to defor-
mation than the calcium polyhedra, so that they are

-The 
es t imated s tandard  dev ia t ions  are  O.O4A and 1 '

f o r  d i s t a n c e s  a n d  a n g l e s ,  r e s p e c t i v e l y .  A '  a n d  C '

a toms be long to  the  l ine  be low the  cor respond ing  B.

less suitable fsl linking different layers; 1[s linkags i5
thus attained through hydrogen bonding of addi-
tional water molecules; each Mg octahedron remains
attached to the surface ofonly one layer.
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Stntcture and physical properties

On the basis of the structural features, the {100}
cleavage is very likely to occur, .lnse hsaking onl!
of weak interlayer hydrogen bonds would be in-
volved; ftlO) and {l l0 } cleavages as well are likely
on crystallochemical grounds, as just a few coordina-
tion bonds would be broken.

Because of the similarity between a and b values
the lattice is dinensionally pseudo-tetragonal, favor-
ing multiple {ftkO} twinning. In particular, (l l0) and
(ll0) planes show similar structural features which
make {l l0} and {r10] twinning even more probable.
Actually some easy parting along [001] is observed in
fibrous needle-like crystals of picropharmacolite, and
that could be either a {hl<! cleavage or an effect of
the fibrousness. On the other hand the [001] texture
could be related to multiple fftkO] twinning.
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