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Abstract

Foggite, Ca(H;0),[CaAl(OH),(PO,),], space group 42,22, a 9.270(2)A, b 21.324(THA, ¢
5.190(2)A, Z = 4, is structurally related to the pyroxenes. R(hkl) = 0.059 for 888 non-
equivalent reflections.

The underlying feature is an AI(OH)(Op), octahedral edge-sharing zig-zag chain which
runs parallel to the c axis. Its tetrahedral envelope and closely associated Ca(1)O, polyhedron
lead to a sheet oriented parallel to {010} which possesses the composition [CaAl,(OH),
(PO,),]*~. Equivalent sheets are weakly linked along [010] by Ca(2)(Op).(H;O), polyhedra, the
water molecules possessing a disordered character.

Metrically, foggite’s ac plane (9.3 X 5.2 A) corresponds to the ac plane (9.6 X 5.3 A)in the
structure of calcium Tschermak’s pyroxene. Their structural similarity becomes further ap-
parent by writing their formulae as:

Calcium Tschermak’s pyroxene: [CaAl,T,0,,] - CaT,
Foggite : [CaAlP,04(OH),]-Ca(H;0).

The bracketed region in foggite is obtained by eliminating alternate tetrahedra in the pyroxene
chain. The “free” vertices are thus replaced by (OH)~ anions. Average interatomic distances

are ®Ca(1)-0 2.46 A, 4I-'"Ca(2)-0 2.40 A, '9Al(1)-0O 1.91 A, ¥ AI(2)-O 1.89 A, “P-01.54
A.

Introduction

Recently, Moore, Irving, and Kampf (1975) an-
nounced three new species from the Palermo No. 1
pegmatite in North Groton, New Hampshire. This
locality, the most prolific pegmatite source of diverse
species in the world, has provided good single crystals
of species involving Ca®*, Al**, Mn?*, Fe?>*, Fe®*,
and P°* cations and the opportunity to study their
structures—many of which involve novel octahedral
clusters—in detail.

Foggite, CaAl(OH),(H,O)PO,), owing to its
rather simple composition, was a likely candidate for
further investigation, the results of which indicate
that the structure is related to the pyroxenes in a
rather simple way.

Experimental

Weissenberg and precession single crystal
photography and least-squares refinement based on
twenty high angle reflections from the PiCKER diffrac-
tometer afforded a 9.2702)A, b 21.324(7)A, ¢

5.190(2)A, space group A42,22. The cell contents
proposed by Moore, Irving, and Kampf (1975) are
8[CaAl(OH),(H,0)(PO,)]. The space group, unusual
for a mineral structure, was confirmed in the final
three-dimensional refinement of the atomic coor-
dinates.

The very thin tabular aspect of the crystals
presented considerable difficulty in finding a suitable
crystal for study. A tablet, measuring 0.22 X 0.01 X
0.13 mm along the three crystallographic axes,
yielded sharp reflections of low mosaic spread. Utiliz-
ing a PICKER automated diffractometer; graphite
monochromatized MoKa radiation (A = 0.7093A);
scan speed of 1.0°/minute; scan range of 2.0°
background counting times of 20 seconds on each
side of the peak; and maximum 26 = 60°, eight
hundred eighty eight non-equivalent averaged reflec-
tions were obtained. Prior to averaging, careful
measurement of the crystal provided the correction
for absorption by the Gaussian integral method
described by Burnham (1966). For I(hkl) < 2¢ of
I(hkD), the reflections were set as o I(hkl). Structure
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TaBLE 1. Foggite. Cell Multiplicities (M), Atom Coordinates,
and Isotropic Thermal Vibration Parameters*

Atom # ¥ v z BA%)
ca(l) i " 0.0000 0.3614 (1) 0.0000 0.66(3)
ca(2) Il .2500 .50000 L0870 (4) 1.35(8
AL(1) i .0000 L1945 (1) .0000 .52(W
a1(2) 4 .0000 .2622(1) .5000 49 (8
P 8 .2143(2) .3833(1) .5702(3) .u8(3)
o) 5 .3756(5) .3680(2) .6243(9) J7L(7)
0(2) o .1255(5) .3233(2) .6339(9) 68(7)
0(3) 4 .1653(5) .4324(2) .7659 (9) .76(7)
0w E .1881(5) L4040 (2) .2922(9) .87(7)
OH(L) 8 L1067 (5) .2015(2) L6844 (9) .62(7)
OH(2) 3 -.0995(5) .2608(2) .8205(9) .57(7)
oW (1) %(8) .5000 L4512(10) .0000 3.34(40)
ow(2a)  %(16) L4780(25) .4741(9) L2165 () 1.26(38)
ow(zp)  %(16) L4617 (21) 4793(9) .3513(38) .93(28)

*Estimated standard errors refer to the last digit,

factor magnitudes, F(obs), were then obtained
through standard computational procedures.

Solution of the Structure

Three dimensional Patterson synthesis revealed
that most of the electron density was concentrated in
the structure at the levels z = 0 and 1/2. In addition,
all evidence suggested five non-equivalent strong
scatterers in the asymmetric unit. Based on the cell
contents, this meant that three distinct atomic species
were distributed over four independent special posi-
tions of equipoint rank number four and one over the
general position of rank number eight.

A plausible solution which satisfied all the promi-
nent vectors on the map was used as input into the 8
synthesis of Ramachandran and Srinivasan (1970).
Owing to similarities in atomic numbers for Ca?*,
A**, and P°*, no attempt was made to distinguish
these species at that stage of the analysis. Several
repeated 3 syntheses revealed the essential outline of
the structure and the cations could be appropriately
assigned. A final v’ synthesis retrieved all the non-
hydrogen atoms in the structure. Two positions—
corresponding to the water molecules OW(1) and
OW(2)—were of low electron density and possessed
broad contours on the Fourier maps. Three-
dimensional refinement of all non-hydrogen atomic
positions and site occupancies for OW(1) and OW(2)
permitted a more detailed analysis of the disordered
water molecules. OW(1) appeared as a broad but
reasonably spherical distribution but OW(2) was split
into a dumbbell-shaped distribution, the two maxima
denoted as OW(2a) and OW(2b). Site multiplicity
refinement indicated that OW(1) was approximately
half occupied, and the split OW(2a) and OW(2b)
each about one-quarter occupied. As we shall discuss
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further on, the principal feature of the structure is not
seriously affected by these disordered water
molecules.

Full-matrix least-squares refinement converged to

> ||Fobs)| — | F(calc)l|
> | Flobs)|

for all 888 non-equivalent reflections. We employed
scattering curves selected from the data of Cromer
and Mann (1968) for Ca?*, AI**, P°, and O'".
Atomic coordinates and isotropic thermal vibra-
tion parameters are presented in Table [, and the
structure factor data are listed in Table 2.

R(hkl) = = 0.059

Discussion of the Structure

Foggite possesses a new type of Al-O octahedral
polymerization for the basic phosphates studied thus
far (Fig. 1). The underlying feature is an octahedral
edge-sharing chain—AIl(OH),(Op), (where Op = PO,
oxygen)—which runs parallel to the ¢ axis and which
is bridged to symmetry equivalent chains along [100]
by the PO, tetrahedra, defining a dense sheet of com-
position [AI(OH)(PO,)]*~ which is oriented parallel
to {010}. Directly connected to this sheet is the
Ca(1)Os polyhedron, a distorted square antiprism.
For structural reasons, it is appropriate to define the
dense sheet with composition [CaAl,(OH),(PO,),]*".
Symmetry equivalent sheets are weakly linked along
[010] by a Ca(2)(Op)(H.0), polyhedron, where the
water molecules at most occupy only half their sites.
In consonance with the observations of Moore, Irv-
ing, and Kampf (1975), the crystals exhibit perfect
{010} cleavage.

The ordered [CaAl,(OH),(PO,).]*~ sheet is the es-
sence of the structure. Spatially, the ac plane (9.3 X
5.2 A) corresponds to the ac plane (9.6 X 5.3 A) in
the structure of calcium Tschermak’s pyroxene,
CaAl[AlSiO¢], recently reported by Okamura,
Ghose, and Ohashi (1974). To facilitate the visualiza-
tion of the relationship, the structurally similar
region of the pyroxene is shown in Figure 2. The zig-
zag chains of Al-O octahedra in the two structures
are geometrically similar as are the CaO4 and TO,
polyhedra on one side of the chain. In fact, the rela-
tion between the two structures is so striking that the
similarity between a pyroxene and a phosphate which
crystallized under quite different conditions would
suggest that the equivalent configurations in the two
structures are probably electrostatically favorable en-
tities. To proceed from the pyroxene to foggite, alter-
nate tetrahedral centers in the pyroxene chains are
eliminated as well as half the calcium atoms.
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TasLE 2. Foggite. Calculated and Observed Structure Factors
H=0 b | 46.2 49.1 m o 38.4 39.1 8 0 LI 36.0 39.7 2 1 28.8 20,1 T 3 2
12 0 100.2 104.1 1 18.8 13.1 FUA | # B 18.8 18.5 0 o 13.1 11.4 4 32 122
o 3 44.7 55.3 1 48 52.1 3 52.9 51.4 [T 8 3 19,7 2 30,2 2.8 8 0 17.4
0 4 M8 413 1L 3 el 644 2 0 1.5 107 17 B # 1 87.5 4 371 318 5 1 47.3
o0 8 13.0 20.8 11. & 22.5 22. B 1 28.0 32.9 17 1 w0 57.8 & 36.7 38.9 5 3 T
17 28,1 5.9 10 B 31,3 29.2 3 A 8.6 11,8 17 1 100 3 9.2 3 7.1 38.8 4 3 41,5
L8 232 28.5 o 4 74 78.4 4 s 28.3 28.2 s 0 w4 38.6 1 48.9 47.8 P 188
13 31.3 353 i 2 88.2 97.7 24 3 35.0 as.e s 3 0 8 9.9 o 4.2 0.8 3 @ 26.3
1 1 333 238 00 8.3 9.0 94 0 42,8  4l.0 18 4 i s 331 T 4.8 138 a3 37.0
i o 4.3 54.7 8 1 86,2 85.1 - | 48.9 51.3 w8 14 A 88,8 4 43.8 44.5 P al.7
2 2 ai.0 e " 3 76.6 81.2 as a 36.6 34.1 g 2 1 '3 83,6 3 7.4 7.4 2 0 3.7
1 4 @77 ane @ K 214 254 Iz 4 1006 1.9 w1 12 0 25.4 1 23,3 280 T 33.7
g 8 7ol ELL B8 222  22.4 23 22,7 24.7 s 0 i 2 342 o 38.5 312 1. 3 86.7
ki 433 25.9 & 4 68.9 68. [} 10.9 9.8 m 3 2 4 22.0 2 28.5 27.7 o 32 35.7
i s 8. B3 8z 99.6 100.4 t 20 7 5 a0 a4 13 B 28,8 4 43.4 9.7
i 3 13, 12.4 & 0 23.6 19.8 3 48.3 Nl CTEE | 135 B3 22.1 3 44.0 44.9
31 147 1508 LI | 19.2 20.5 4 31.4 7 1 1 13 1 27.9 1 33.7 36.8
1 0 B2, ®oa 82.0 Bl.5 ] 4.8 1 2 0 U 0 4.0 o 64.0 62.8 o a 22.5
4 2 47.2 75 23 0 23.4 a 61.3 [} 1\ a Mo 58,53 @ 47,4 43.3 o 2 27.0
4 4 4.0 g 16.7 20.4 1 11.4 .2 = 4 M4 31.1 H 7.7 8.2 1 1 58.1
4 g 8.8 6 & 28.0 28.4 3 20.0 21 CE | 15 B 54.4 1 6.3 3.4 2 0 4.8
5 74.3 6 4 53.4 56.0 2 53.4 8 I | s 2 34.1 1 17.7 18.2 2 3 32.3
5 & s & 2 90.0 91,1 4 33.0 .8 g8 8 15 1 18,5 o 38.5 38.8 3 1 20.8
5 3 8501 & 0 93.2 89,2 a 60.4 .2 4 2 w0 1 2 41.6  43.6 4 0 $6.0
s 1 70.3 5 1 113.8  116.0 [} 9.2 = 3w 3 @ 8 225 2 43.2 413 i % 20.5
a 3.9 &8 3 134.2 1344 1 28.4 .8 L1 8. 4 56.5 1 34.8 34.7 s 1 35.5
8 3 &IA 5 5 5.0 s8.8 3 485 .4 @ a 17 3 23,8 o 204 19.7 a 0 4.
e 4 5.5 87 42.2 37.9 4 29,1 .0 L 11 1 41,9 2 28.5 28.2 a 2 30.0
g ¢ 0.3 a 4 1.5 5.9 4 47.4 4 a1 s 0 88.8 L 13.6 2. 7. 71.8
77 185 4 4 64.7  61.3 4 27.0 1 0 18 2 86.4 o 49.5  49.7 & 0 5.2
708 337 4 = 331 355 o 48,7 7 w4 333 2 3.6 35.6 a7 12.9
T3 w87 4.0 20.7 21.9 1 18,5 7 g8 27.2 L 0.7 30.2 7 1 28.7
7 1 482 3 1 855 66,7 3 33,2 7 8 1 240 10 @ 20.5
B0 ¥357 3 3. 127.5  123.7 5 32,3 4 271 20 0 4.4 = B 11 17.0
& 3 1153 1% 220 22,4 3 6.9 .6 i 2 0.0% 4.0
8 4 21.8 3 7 313 34.1 4 36,3 w3 ® 0 w4 26.4 L 21.3
8 6 26.8 T 6 13.4 10,6 2 69.9 9 ™ 3 21 3 13.4 3 10.3
9 B 11,8 4 78.1 76,2 o 171 .5 2 a1 43.5 o lo.9
8 3 8.8 sla z 3 33 9 32.1 1 44.7 .8 0 0 12,2 1 59.9
g 1 3lg 4.9 z o 838 72.5 1 908 4 23 |1 1 2 24,7 2 22+8
10 €30 F58 T 32.6 3.4 §  51.2 5 3 3 3 3 az.7 L 16.5
o = 10.8 10.% 1 2 39.5 37.9 @ 39.2 .3 4 a3 4 27.5 1 35.4
o 4 31,1 5.3 I 5 29 6 20,6 4 5.9 0 w2 M 0 55.8 4 3.9
0 8 42, 4.7 L7 16.9 20.2 2 93 4 - 2w 0 M x 33,9 a 8.5
s 70.8 T1.5 0.8 5.0 8.5 4 118.6 5 a1 a4 53.2 o 62.6
1 3 38 Al 0 4 82.1 76.5 1 913 2 3 26 0 2.0 L 6.2
11 6 12.0 B2 20086 1842 3 38 4 .9 20 4 El 22.2
12 0 14,3 20,7 5 26,8 4 20 2 H=7 4 27.6
12 & 53,2 S58.5 =2 £ 39,3 7 w0 2 2137
1z 4 158 11.8 4 65.2 7 1w 1 o 48.8 @ 25.1
1z & 138 2.2 o @ 6.4 11.9 2 54.8 6 ' A 1 22.7 L 35.3
5 5 285 3.8 i | 91.3 62.6 o 87.8 6 18 4 3 28.3 3 34.4
13 2 6.8 110 0 4 1051 985 = 1 428 .6 18 3 0 1es 4 47,9
15 1 uTne 186 o 8 128,2 121.2 5 3 318 .7 18 @ ] 13.6 2 4z2.9
1a @ 3.8 4.4 | 5.3 8.7 i 5 16.8 3 w1 3 27.8 o 21.5
14 = 6.3 4.3 TR 28.2 27 5 B B 11.6 4 17 A 2 55.5 L 16.5
14 4 18.5 20,7 O | 28.8 29 0 R4 62.8 7 ¥ 5 [} 45.8 3 30.1
(U 4.7 2.1 1l 43.5 48 1 L 68.8 B 8 4 i 14.7 H 43.6
LI b4 36,5 2 0 1787 1797 B 0 59.8 9 18 2 3 32.2 2 43.7
15 1 140.5 12,2 i 2 719 68 3 71 73 6 s o 4 32.0 ° 72.6
15 1 64.2 659 4 59.7 585 T 8 228 8 s 2 7.6 1 10.7
E6 0 1443 1446 2 6 14.3 114 T8 30.5 2 15 ¥ 0 8.4 3 52.1
e % 5.0 B4, 4 I 27.3 24 9 8 & 43.2 q s 5 1 43.6 4 1532
4 7.3 4.7 I 8 38.7 41 2 4 35.4 a M4 3 24.8 E 7.9
I 8 w7 16,8 2 3 3.6 7.5 6 1 4.9 6 4 2 4 5.0 o 8.8
1708 10,8 3.3 4 3 115.2 131 E O 785 3 1T i 36 1 45.9
T - am_ Y 41.1 % 0 84.5 8l 2 5 1 1223 0 13 1 0 3.5 4 61.0
71 82.0 £8.8 4 2 33.5 34 9 5 03 1129 1 15 9 1 42.1 5 15.5
s o 17,4 18,0 i 4 12.8 12 6 5 5 651 1 e 1 11.2 4 41.0
w2 4.1 2.8 4 & 9.6 12 4 5 7 26.7 7 12 & 4 13.4 2 56.7
1 4 54 55.2 5 7 269 234 4 & 32 6 124 2 60.0 o 76.1
w2 26.7 W% & B 110 9.4 a4 29.7 2 12 2 o 681 1 33,1
w3 4.1 %8 5 3 6l.5 620 . 2 581 L] o 1 €6.3 a 42.3
18 1 418 384 £ I 1868 1818 4 0 915 2, noo 3 25,9 5 38,1
w0 7l 13,8 0 339 209 3 73.9 8 o2 5 204 1 44.8
% 2 118 8.1 & 2 37.9 36.3 3 3 52.9 [ 1l 6 4 61.0 2 20.8
20 4 @M.z 280 & A 356  36.1 3 & 415 3 1w e 2 618 617 4 0 4.5
2l B 4.7 438 6 & 28.2 29.2 = I B0 1 w4 [ 82,8 B7.0 1 1 34,1
a3 ) 5.3 ¥ 7T 345 31,7 2 a4 403 2 16 2 1 81.3 77,9 3 3 19.5
a1 1 el 54.8 7 & 653 692 z 4 8.0 9 w o 3 421 417 3B 27.6
@ o 8.8 4.3 4 3 921 931 Z 2 1328 o 1 5 100 110 2 4 1.4
1 § 3.0 26 7 1 1416 132,8 o0 919 5 5 3 4 527 500 T ; 64,8
4 R 38 E 0 591 58 5 T 88.3 o g 8 2 399 315 0 34,5
2 3 Bi.4 824 B3 451 47.0 I3 22,2 3 4w o 37.2  38.4 11 6,7
23 1 557 5R.2 B 4 570 561 b8 22,9 1 Ao s 1 16,6 175 108 384
a0 B4 4. h no8 577 59,0 17 12.2 5 82 B 1 329 367 i s 29.5
u oz 4.3 4.1 4 5 265 27.2 [ e 9.8 & 0 B 5 27,3 268 o4 2.3
4 4 448 a0 o 3 188 201 o 4 1176 1129 71 B 4 204 210 o 2 20.4
250 AT BALB N 86.3  85.2 Nz 248 199 T3 @ 3 338 340
35 1 4003 40,9 i6 9 1203 1334 7 5 o0 47,2 44.7
26 O 3.8 2.9 T 577  59.2 Hoe s & & 7 1 45,0 415 oo 98.8
26 @ 198 40.9 10 4 6.7 67 [ 9 a1 407 400 0 2 50.7
a3 1.8 L& w6 36 0 38 2 a o 73.1 72.9 & 2 T & 45.5 45.8 o4 50.9
a7 1 7.6 Fik PR 7.8 5.6 0 3% 2212 2096 6 0 6 4 6l.2 590 13 19,3
M 0 4.7 5.3 11 3 468 482 no& 974 91 5 1 & 3 265 269 o1 31,1
@™ 3 4.8 2.1 1 942 942 no& 10,4 09 8 3 & 0 6.2 346 0 82.2
awn | 5.3 827 1z 0 381 38 9 i 5 203 228 5 5 s 1 1028 101.6 z 2 34,2
W& 5.2 418 12 ¥ 178 17.9 104 24,3 32,7 4 & 5 3 569 57,4 g 4 25.3
1z 4 313 343 11 627 622 i 4 4 5 300 266 § 3 23,9
Wet 1z 8 25 6 23.1 2 0 96,9 B6 9 i 2 4 6 6.2 4.2 3 ] 2.0
13 5 479 sl.9 2 % 72,1 69l 4 0 4 4 180 16,8 i 0 42.0
28z 6.8 13 32 50 4 47.9 2 4 1051 99.9 s 4 1 24.7 24.5 + @ 35,1
28 0 332 131 71,7 130 2 & 297 277 3 3 4 0 178 163 4 4 6.4
27 1 3A.a 4 o 3.6 8.5 3 n 339 326 3B 3 '3 88.8  84.9 5 2 45,2
27 3 8.3 14 2 40,0 429 1 4 388 83 8 3 3 415 4l.6 8. 1 20.4
26 3 a7.0 14 4 35,5 37.5 101 27.7 28.9 2 4 3 4 8.0 LA & 0 37.1
26 & 118 15 [T 11,6 14,5 4 © 202 160 T 2 6 443 4l 6 3 11.1
25 1 a8 11.0 5 & 29,0 29.5 4 2 16,8 14.0 2 0 4 45.9 47.4 5 4 27.2
25 3 9.8 8.8 4.3 E 47.4 50 7 4 4 43,8 43 .1 1 1 2 2 17.7 17.5 T 3 46.9
24 4 zE.5  zE [ 50 103 4 & 160 148 7 3 2 o 440 39,8 701 12.5
24 & 313  ¥.E 1§ o 30,7 276 & & 803 792 18 L X 56.5  56.4 B 0 30.6
24 0 4.2 1.4 16 rd 61,5 67 1 8 o 481 46.1 o 6 1 a 37.4 35.4 B2 16.1
23 1 3.8 3E.E 1 4 43,0 436 51 209 198 ] 1 5 17,4 198 B4 24.2
23 3 8.8 s i & 538 54.0 & o 392 415 ¢ % o & 111 5.3 g A 22,0
22 4 6.9 1¥s 17T & 33 2 36 8 & 2 33.1 33.2 o 4 28.4 26,9 L | 45,9
22 @ ) ] it 3 287 309 6 4 7.4 469 -6 o 3 98,5 981 o0 10,7
22 4 138  la.@ 1 192 2089 & & 9.1 10.2 0. 2 27.3
21 T 4.2 86.0 B0 1356 137.8 1 5 454 434 B o 711 H=8 4 28,0
21 a2 4.2 19,4 18 2 84.4 89 0 T o2 53.0 51.3 o 2 55.7 LS 13,2
21 = 8.4 8.0 LB 4 28 6 31.5 T 139.3  138.6 o 4 1094 o o 130.4 1293 1 47,1
20 4 TR0 3E.A 18 5 248 215 &0 1279 127.7 o & 52.2 0 2 884 886 o 40,4
20 2 261 2.0 18 3 133 159 8 3 467 455 1 s 32.1 o0 4 15,2 14.3 2 40.1
20 o 56.32 a5.4 | 1 34 .2 36 € B4 2.8 32.1 X .3 48.8 1 5 21. 185 3 13.9
19 1 3B 68,3 0 0 59 137 8 & 224 227 11 9.8 1 3 3895 387 1 31,7
19 3 LU ) 7.1 3 26 9 29.5 e 3 is. 9 20.4 i 0 26.0 L L 37.0 37.2 o 3z2.9
19 8 10,3 3.4 20 4 341 261 # 3 13,6 9.9 a 2 123,5 2 o 58.9 57.0 2 4.8
18 4 554 483 21 5 36,5 4.1 5 1 434 506 2 4 593 2 3 35,1 358 1 14.4
18 2 48.3 44,8 21 1 27,1 285 16 0 396 379 2 & 4.2 2 4 54.9 553 o 13.5
18 0 874 E1.6 a1 1 662 63,8 W E 27.5  28.1 3 5 3532 3 5 364 361 2 41.7
17 T1.8 75.1 22 0 25.6 31,8 i 4 47.5 49.5 3 3 83.1 2 3 51 9 48,6 1 53.3
17 3 2.8 28,1 23 1% 36,7 42,5 w0 & 46,5 47.5 F 1 35.6 3 1 3.3 34.8 o 45,1
17 5 3.0 4.8 2 4 30.6 27,9 11 5 42.6 44.0 i 0 68.9 a0 3.3 36.9
8 & 0.8 13.3 23 1 38,5 38.0 b5 - 75.0 74.1 4 2 21. 4 12 13.2 16,0 =11
16 4 380 40,0 W 1 25.2 20.8 i1 36.5 37.0 4 4 2L.1 4 8 11.6 4.1
16 2 8.4 036 4 0 57.1 51.5 2z o 13,1 13.5 4 8 15.5 s 4 39.7 40.9 s o 21.3 15.8
16 8 TR0 748 24 ¥ 483 452 12 g 259 203 5 5 22.1 5 3 383 38,0 15 1 116 16.8
15 1 40.8 43.6 24 4 14,3 123 34 281 32.1 4 31 45.6 5 1 52 49,9 14 o 51,5 452
18 31 47.n 40,8 s 3 363 279 12 & 106 la.2 5 1 1011 & 0 759 71.3 i3 1 230 238
15 &4 103 5.2 b 1 39.1 37,1 i3 B 257 254 & 0 43.0 4 2 40,9 39,2 1z o 543 54.8
14 8 a7 .4 38,7 ® 0O 50, 44.86 13 3 30,0 29.3 i @ 50.6 6 4 37.5 36,0 1z 0 70,1 86.6
14 3 20,7 0.0 w2 36.1 32.3 1 1 9.9 69.4 a8 4 57.1 T B 40,6 37.5 11 1 26.8 25,5
14 3 1.7 16.3 a7 1 9.7 11.5 4 o 2.7 201 & & 280 7 3 79,1 76.6 100 % 18,2 17.6
4 o 7E,1 820 w0 271 23,1 4 = 530 52, 7 5 644 7 1 628 63.6 o 6 201 257
13 1 786 R4 1w oz 180 189 1 4 106 11.0 ¥ o3 7.0 & o 367 375 a 1 8.5 158
13 3 101.4 108 .4 14 a8 26.3 24.5 ki 1 9.6 8 2 30.1 28,2 " 3 33.3 35.4
13 B 339 8.9 H=3 s & 17.8 18.9 B 0 50.6 8 4 19.11 18.0 8 2 27.9 25.2
iz 8 510 a0 i5 3 409 41,1 B 3 255 9 5 28 27.9 8 0 12.4 7.6
12 4« Tl 5.7 3 55,5 56.4 15 L 67,8  6B.2 & 4 206 g 31 340 32,4 T 39.7 412
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Bracketing the equivalent regions and placing the
remaining ions outside, the relationship is:

Calcium Tschermak’s pyroxene:
[CaALT;0y,]. CaT,
Foggite: [CaAl,P,0s(OH),]- Ca(H,0),.

Thus, in foggite, the hydroxyl groups appear at the
locations of the missing tetrahedral vertices when the
alternate tetrahedra in the pyroxene are removed. We

MOORE, KAMPF, AND ARAKI

suggest that the formula of foggite be written
Ca(H,0),[CaAl,(OH),(PO,),] so as to more clearly
emphasize the compound’s crystal chemistry.
Distortions of the polyhedra in foggite adhere to
electrostatic repulsion effects. Interatomic distance
tabulations (Table 3) show that shared edges are
among the shortest for their polyhedra and the
OH(1)-OH(2) shared edge of 2.40 A can be com-
pared with the O14-O1B2 edge of 2.52 A in the

- +”‘

“""'lﬁ

= A\ s
4 X 2 ¥0(3)+046 o
S -
oWn+0-50°<N S owzreoar  \ /7 L
Ny B ~ \\ Lo
\k{’ /,
CRY ~
--+'f4
—--|-|}'4

Fi1G. 1a. Foggite down the a axis with accompanying symmetry diagram (half scale). Only the polyhedra
between —1/2 < x < 1/2 are shown. Heights of atoms are given as fractional coordinates x. The Ca(1)-O
and Ca(2)-O bonds are dashed in. The symmetry diagrams accompanying Figures 1a and 1b facilitate
visualization of the symmetry equivalent polyhedra which have not been included in the sketches of the

structure.
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pyroxene. Such a distortion is particularly strong
since the zig-zag chain results in Al-Al nearest
neighbor repulsion and additional repulsion by the
second nearest neighbors whose central distances are
less than those in the linear chain.

The remainder of the structure shall be discussed
only briefly. As Figure 1b and Table 1 show, the
OW(1), OW(2a), and OW(2b) water molecules are
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disordered, with OW(1) on the 2-fold rotor half-
occupied and OW(2a) and OW(2b) in general posi-
tions each about one-quarter occupied. The OW(2a)
and OW(2b) loci are actually electron density max-
ima which merge to the average position denoted
OW(2) in the structure drawings. These water
molecules reside in large channels in the structure and
are partly zeolitic in character. Steric effects require
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F1G. 1b. Foggite down the ¢ axis with accompanying symmetry diagram (half scale). The polyhedral
diagram shows only half the cell along b. The disordered water molecules, OW(1) and OW(2) occur in
large channels. The Ca(1)-O and Ca(2)-O bonds are dashed in.
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FI1G. 2. A portion of calcium Tschermak’s pyroxene down the a axis and accompanying symmetry diagram (half scale). The coordinates
are from Okamura et a/ (1974). Alternate tetrahedra in the chain are omitted. This diagram can be directly compared with Figure la.

TaBLE 3. Foggite. Polyhedral Interatomic Distances?®

AL(D) AL(2) ca(l)
281(1) - o(wit 1,877 281(2)- 0(2) 1.879 2Ca(l)- 0(2) 2.372
2 —OH(1) 1.919 2 -OH(1) 1.890 2 - 0(3). =2.u473
2 -0H(2) 1.928 2 -0H(2) 1.902 2 - ot 2.us3
average 1.908 average 1.890 2 =0H(@) o1
average 2.460
20H(1) -OH(2) ~ 2.398% 20H(1) -0H(2) 2.398% -
10H(2)  -oH(2)1 2.622 20H(L) - 0(2) 2.615, 2 0(2)-0(3) . 2.u52
1 o()ii- o(1)iii 2 6u3 2 0(2)-0H(2) . 2.658 10H(2)-0H(2) T 2.622}
2 0()ii-on(1)i 2.727 10(2)- 0(2)F  2.711 20H(2)- 0(2) 2.658
2 0(1)ii-0H(2) 2.771 2 0(2)-0H(2)L 2.719 2 0(3)- O(4) . 2.806
2 0(1)1i-0H(1), 2.788 10H(1)-OH(1)T  2.753 2 0(2)-0H(2)T 3.139
20H(1) -0H(2)1 2.864 20H(1) -0H(2)* 2.910 2 o(wy-oH(): 3.216
2 0(3)- o 3.3u5
average 2.697 average 2.672 > OEZ%- qu%% 3 400
L i
7 ca(2) 1 0(3)- 0(3) 3.913
average 3.047
P-0(3) 1.527 2Ca(2)-0W(2a)  2.286(20)
-0(4) 1.528 2 ~ 0(3) 2.340(5)
-0(1) 1.556 2 - 0w 2.378(5) Hydrogen Bonds
-0(2)  1.557 2 -0W(2b)  2.433(20) I
2 -OW (1) 2.580 (20) OH(L) ....0w) L 2 999
average 1.542 oH(2) 1., 0(2)i11 3,126
i average 2.403
0(2)-0(3) 2.u52
0(1)-0(3) 2.u9s
0(1)-0(2) 2.507
0(2)-0(4) 2.538
0(3)-0(4) 2.540
0(1)-0(4) 2.565
average 2.516

®cstimated standard errors: Me-0 * 0.005&, 0-0" % 0.007&, except where stated in
parentheses under Ca(2).

*Al-Al shared edge.
*Al-Ca shared edge.
wk
Ca~P shared edge.

i=-x, vy, -z3 ii = 2+, /2 -y, 1/2 -z; iii = /2 -x, 1/2 -y, 1/2+z referring to the
coordinates in Table 1.
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Fi1G. 3. Loci of the disordered OW(1) and OW(2) molecules in
foggite. These positions are on the average only half-occupied. A
local cooperative ordering scheme is shown as the squared in
positions.

that the OW(1) and averaged OW(2) positions must
be ordered in a cooperative way. Such an ordering
scheme is shown in Figure 3 and suggests a doubled ¢
axis repeat. Since this was not noted on long exposure
photographs, the average distribution throughout the
crystal is probably statistical.

The steric effects would indicate that Ca(2) prob-
ably has a range of coordinations, from a minimum
of 4 (provided by O(3) and O(4)) in the absence of the
water molecules to a maximum of 7 for the composi-
tion Ca(2):H;O = 1:2. Doubtless, this affects the
stability of the entire structure. If the water molecules
are removable without destruction of the structure,
then foggite could conceivably be a rather high
temperature phase (500-700°C). The paragenetic set-
ting suggests that foggite formed at low temperature
(< 350°C), which would indicate that the water
molecules are essential to the stability of the struc-
ture.

Geometrical considerations lead to the locations of
the hydrogen bonds associated with OH(1) and
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OH(2). We propose OH(l) --- O(4)!" = 3,00 A and
OH(2)'-0(2)" = 3.13 A. Owing to the disordered
character of the water molecules, we have not at-
tempted to locate their hydrogen bonds nor have we
examined the electrostatic valence balances in detail.
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