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Auszug

Die Kristallstruktur von Hardystonit, Ca:ZnSi:0-, wurde auf Grund von
hkl-Interferenzen bis zum Wert R = 5,39/ verfeinert. Die Bindungen Zn-—O
und Si—O sind vorwiegend kovalent. Benachbarte [ZnSizO;]4--Schichten
werden durch Ca2*-Tonen zusammengehalten; hierbei herrscht Ionenbindung
vor.

Abstract

The structure of hardystonite, Ca:ZnSi;O7, was refined to R = 5.3%/p from
three-dimensional diffractometer data. The Zn—O0 and Si—O bonds are predom-
inantly covalent, and the adjacent covalent sheets of [ZnSiO7]¢~ are linked
by Ca2+ ions, with the interlayer bonding being predominantly ionie in character.

1. Introduction

The crystal structure of hardystonite, Ca:ZnSiz07, was determined
first by WaARREN and TrauTz (1930). The reinvestigation was under-
taken as part of a systematic structural study of various members
of the melilite mineral group. Order-disorder of Mg, Al,Si among
tetrahedral sites, and diadochy of Ca,Na, etc. in 8-coordination sites,
are of principal interest in this group of minerals, as explained by
SmrTH (1953) when he reexamined the structure of a melilite. Reexami-
nation of hardystonite structure was specifically chosen since each
cation site is occupied by only one atomic species, and since an ac-
curate determination of structural parameters of this crystal would
assist in discussing problems concerning other chemically more com-
plicated melilites.
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2. Experiments

The specimen chosen for this study is from Franklin, N. J. Three
chemical analyses of hardystonite from this locality are reported by
PavacHE (1935). A mean of these three analyses yields the following
formula when calculated on the basis of 7 oxygen atoms,

(Cay.93Mng.06Na9.04K0.01Pbo.01) [Zng.03Mgo.00Alo.05F€0.04511.63] O7.

The ionic species within the parentheses tend to occur in the 8-coor-
dination site, while those in square brackets tend to occur in the
tetrahedral sites.

After collecting the intensity data for the crystal-structure ana-
lysis, the single crystal of hardystonite from which intensities were
measured was chemically analyzed by the x-ray-emission micro-
analysis technique. Measurements were made at 15kV and 0.5 uA.
Standards used were Zn metal and ZnCOs for Zn, galena for Pb, and
H 39 clinopyroxene (SmrtH, 1966) for other elements. The results of
this analysis, corrected according to the procedure of Smite (1965),
are compared with those reported by ParacHE in Table 1. The micro-
probe analysis shows slightly more CaQ and slightly less MnO and

Table 1. Hardystonite analyses

X-ray-emission microanalysis, Wet chemical analyses quoted
Oxides S.J. LOUISNATHAN, analyst by PavAcHE (1935)
1 2 | 3 | 4
Si0; 36.800/, 38.100/, | 37.789/y | 36.590/,
AlsO3 0.94 - 0.91 0.77
Fesx0Os 0.20* 0.57 0.43 —
FeO — — — 0.42
ZnO 25.56 24.30 25.38 22.47
MnO 0.76 1.50 1.26 1.23
CaO 34.61** 33.85 34.22 35.16
MgO 0.39 1.62 0.26 1.47
K20 — - 0.78 —
NazgO 0.29 — 1.10 —
PbO 0.56 — — 1.99
Ignition — 0.52 0.34 —
Total 100.11 100.46 102.46 100.00

* The microprobe analysis does not distinguish ferrous from ferric iron.
** About 1.59/y random variation within the grain was observed, average
value is given above.



Refinement of the crystal structure of hardystonite 429

MgO. The formula of hardystonite according to the x-ray-emission
analysis is,

(Cai.97Mng.03Nag.02Pbo.oo7) [Zn1.00Al0.03Mgo.03F €p.005511.96] O7 .

This analysis also showed that the single crystal was chemically
homogeneous within 19/g. The atomic factors of the cation sites were
assumed to be those for pure Ca, Si and Zn because of the trivial
effects of the substitution by other ions.

Table 2. Lattice parameters of hardystonite

Method a ¢ Reference
Rotation photograph
Mo radiation 7.83A | 4.99 A | WarreN and TrauTz (1930)
Diffractometer data
CuKo« radiation 7.823 5.013 | L.G. Berry (PDF Card No. 12-453)
Powder photograph
synthetic sample 7.15 (5) 5.01 SeaNTT (1954)

Powder photograph | 7.8287 | 5.0140
FeKux radiation +0.0016 | 4-0.0004 | This work

Diffractometer data | 7.8279 5.0138
CuKo« radiation 4-0.0010 {1-0.0006 | This work

The lattice parameters of hardystonite as measured by different
workers are given in Table 2. In the present study they were obtained
from powder patterns using a diffractometer and a 114.6 mm Buerger-
type camera, with a spectroscopically pure silicon as internal standard.
Ni-filtered CuK« radiation was used for the diffractometer pattern,
and Mn-filtered FeK« radiation for the powder pattern. Measured 20
values were corrected using the known positions of the silicon lines.
Of the 50 or so of the lines measured, 32 lines were used in the de-
termination of cell parameters by least-squares techniques [SmrTH
(1956) and BurnHAM (1962)].

PALACHE (1935) reports a density range of 3.39 to 3.44 g/cm3 for
hardystonites, which is consistent with density (3.42 g/cm3) calculated
using x-ray-emission microanalysis data and the refined cell-dimension
data. There are two formula units of hardystonite in the unit cell,
The space group is P421m or P42, as the only systematic extinctions
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are 00 with 2 odd. WarreN and TravuTz (1930) discarded P42; as
it was not possible to build a reasonable structure in this space group.

A grain of hardystonite free from zoning, twinning or inclusions
was chosen and ground into a sphere of diameter 0.18 mm by the
method of Bonp (1951). Weissenberg and precession photographs
were taken and the space-group extinction conditions were checked.
Intensities were collected on a manual scintillation-counter diffracto-
meter of Weissenberg geometry, using Zr-filtered MoK« radiation.
For the layers hk0O through hk4, the symmetry-related reflections
khl and hkl were measured in addition to kkl. (It should be mentioned
here, that for the space group P42im, F (hkl) is not identical to F (hkl)
when anomalous scattering is taken into consideration). For layers
hkS5 through kS8, only one set of intensities, namely Akl, was measured.
Corrections for Lorentz and polarization factors were applied to the
intensities using a program written by STeEpHENSON and KNOWLES
(private communication). No corrections for absorption were applied.

3. Refinement

The structure was refined with the SORFLS least-squares program
written by R. B. K. DEwAR (private communication). This program
is a local modified version of the ORFLS program of Busing, MARTIN
and LEvy (1962) which includes provision for anomalous dispersion
and a correction for secondary extinction using ZACHARTASEN’s (1963,
1967) formula for a sphere.

The atomic coordinates of WARREN and TrauTz (1930) yielded
R = 229/,. Six refinement cycles with unit weights for all reflections
and isotropic temperature factors, brought R to 15%/,. Introduction
of individual scale factors to the different [ layers during three cycles
of refinement reduced R to 13%/,. Tests made to choose a proper
weighting scheme showed that the errors in Fops were neither depen-
dent on sin 0 nor on the magnitudes of Fops.

There were 151 reflections (or nearly half this number when only
one set of symmetry-related reflections are taken into account) which
showed rather significant differences in |Fops— Fcae|. Of these, eigh-
teen were very bad and were not used in subsequent refinements.
A careful check of the rest revealed a difference of over 109/ in the
background counts on opposite sides of the peak. For such reflections,
intensities were measured again, tracing the peak on a recorder
during the second counting. Most of these peaks were weak, yielding
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Table 3. Observed and calculated structure amplitudes in hardystonite

F P kB x 1 F F h k1 F F h k 1 F F

° e ° c ° [ ° ©
1060 1224 2 1 331 4358 8 1 2 1033 01 110 3 1193 1077
2463 2180 -2 4185 4ai8 -1 1139 1052 11 3 4201 4302
7657 7646 7 2 1 1504 1908 9 1 2 2957 2888 -1 4309 4467
2438 2127 -2 1631 1854 -1 3000 2977 2 t 3 3328 3416
73 174 8 2 1 1432 1570 10 1 2 1895 1420 -1 3478 3397
1635 1655 -2 1597 1494 -1 1419 1426 301 3 3169 3249
1545 1397 9 2 1 1204 1302 11 2 1058 1037 -1 3167 3321
6580 6642 -2 1534 1292 -1 967 1029 L 1 3 3921 3849
3643 3595 10 2 1 k89 1559 1212 73 245 -1 3828 3785
3181 3196 -2 1245 1440 -1 726 232 5 1 3 4602 4531
2483 2418 M2 1 ka1 1052 2 2 2 5764 5754 -1 4284 4283
688 532 -2 988 1034 -2 5676 5671 6 1 3 428 uu7
476 456 12 2 1 1978 1844 3 2 2 2274 2083 -1 342 446
2222 2335 -2 2071 1930 -2 2186 2077 7 1 3 2483 2387
1978 1975 3 3 1 35662 5533 A 2 2 3769 3766 -1 2120 2331
2111 2157 -3 5200 5406 -2 375k 3801 8 1 3 2314 2259
174 1099 4 3 1 k03 306 5 2 2 2086 1854 -1 1962 2207
5076 5027 5 3 1 1202 953 -2 1899 1831 9 1 3 1861 1838
697 807 -3 521 766 6 2 2 1507 1390 -1 2192 2119
6129 6259 6 3 1 936 777 -2 1716 1747 10 1 3 1283 1302
1786 1655 7 3 1 2959 2898 7 2 2 2547 2519 -1 1150 1244
2138 2166 -3 2881 2989 -2 2441 2535 1M1 3 1497 1796
1473 1395 8 3 1 73 k39 8 2 2 2468 2618 -1 1725 1735
2109 2130 -3 73 42k -2 2197 2485 2 2 3 5450 5419
1865 1864 9 3 1 3386 3362 9 2 2 1272 1156 -2 5272 5069
2413 2455 -3 3262 3303 -2 1157 1151 3 2 3 1134 995
782 701 10 3 1 513 505 1 2 2 2037 2120 -2 963 993
4358 4219 -3 627 509 -2 1863 1948 4 2 3 1953 2097
73 2 1M 3 1 545 398 1m-2 2 767 331 -2 2202 2364
3697 3757 =3 579 562 33 2 979 438 5 2 3 2492 2530
2082 1975 4 & 1 5403 5239 -3 864 555 -2 2477 2539
5432 5464 -4 5177 5073 4 3 2 2077 1967 6 2 3 3291 3127
1200 1065 5 & 1 3176 2996 -3 2111 1957 -2 3467 3379
73 13 -4 2978 2961 5 3 2 4033 3956 7 2 3 317 1190
884 918 6 4 1 2547 2698 -3 3772 3833 -2 1091 1259
09 560 -4 2635 2775 6 3 2 875 886 8 2 3 1992 1894
6641 6599 7 & 1 1552 1402 -3 1105 855 -2 1755 1647
1060 773 Y 1500 14231 7 3 2 3792 3789 9 2 3 879 628
73 162 8 4 1 k28 267 -3 3810 3823 -2 812 624
1901 1936 -4 365 496 8 3 2 742 682 W02 3 976 1107
1166 1354 9 4 1 965 6 9 3 2 451 308 -2 976 g8
1198 1077 -5 949 64 -3 681 573 1Mo2 3 252 1017
2533 2490 10 4 1 2183 2314 10 3 2 728 846 -2 118 1042
785 63 -4 2335 2278 -3 855 826 3 3 3 5479 5400
1974 2020 11 4 1 83 1105 113 2 1504 1603 -3 5459 5538
191 1555 -4 1227 1088 -3 1466 1610 » 33 2341 2363
73 53 5 5 1 2549 2441 4 & 2 3672 4001 -3 2353 2361
2037 2045 -5 2359 2431 5 & 2 2012 2011 5 3 3 1382 1411
1633 1618 6 5 1 1206 1299 -4 1994 2060 -3 1033 1169
347 388 -5 1392 1286 6 4 2 1105 1009 6 3 3 750 534
3624 3813 7 5 1 2811 4142 -4 970 914 -3 778 539
494 w17 -5 2734 3197 7 b 2 1545 1607 7 3 3 1879 1910
1800 1794 8 5 1 2052 2013 -4 1561 1668 -3 1883 1812
1540 1455 -5 2086 205k 8 4 2 1791 1642 8 3 3 1125 1190
73 186 9 5 1 566 842 -4 1683 1701 ~3 1017 1184
1475 1329 -5 310 759 9 4 2 73 323 9 3 3 3131 314
1712 1731 6 6 1 73 553 -4 552 334 -3 3217 3302
2159 2358 -6 73 502 10 h 2 1807 1932 003 3 1084 777
1218 1246 7 6 1 748 217 -4 1937 1956 -3 715 772
1581 1568 -6 277 221 M & 2 1297 1216 133 73 561
7041 709% 8 6 1 3226 3170 -k 1340 1254 -3 338 3
3370 3359 -6 3124 3125 5 5 2 2786 2828 4 & 3 2574 2520
3162 3354 9 6 1 850 626 -5 2883 2976 -& 2565 2619
1475 1484 -6 830 621 6 5 2 1202 1053 5 & 3 2332 2057
1412 1406 10 6 1 920 1370 -5 1085 1050 -4 2149 2037
485 265 -6 1468 1364 7 5 2 1525 1747 6 4 3 2781 2754
4469 4605 771 426 k01 -5 1743 1836 -4 2644 2585
509 42k -7 347 34k 8 X5 2 974k 466 7 & 3 2197 2313
1wk 1395 8 7 1 1130 1110 -5 633 4a9 -4 2086 2249
73 45 -7 1188 1087 9 5 2 2659 2592 8 & 3 523 389
566 294 9 7 1 1098 798 -5 2547 2453 -4 331 655
4931 4721 -7 B84 781 10 5 2 1326 1474 9 & 3 73 16
4699 4900 1007 1 1033 943 -5 1299 1481 -5 73 27
2761 2882 -7 1033 940 6 6 2 4530 4637 10 4 3 1448 1545
2838 3020 8 8 1 1994 1982 -6 4354 4533 -4 1507 1622
3699 3571 -8 1800 1949 7 6 2 958 666 5 5 3 3713 3710
3769 3640 9-8 1 633 477 -6 782 658 -5 3706 3942
460k 4721 1.0 2 3226 2964 2 559 657 6 5 3 830 740
4536 4773 2 1243 1447 -6 791 843 -5 7 TN
2071 1823 3 1096 1097 6 2 1073 955 7 5 3 2838 2764
1807 1841 3 882 989 -6 915 962 -5 2668 2756
1732 1522 5 954 890 0 6 2 737 651 8 5 3 1439 1672
1563 1596 6 5705 5679 -6 924 809 -5 1468 1636
2046 2371 7 1850 1780 7 7 2 6oy 817 9 5 3 1581 1548
2246 2399 8 2190 2258 -7 72k -5 1155 1289
1200 1050 12 1874 1913 8 7 2 1394 1268 1 5 3 748 819
1166 918 11 2 2795 2869 -7 1168 1321 -5 1058 770
807 591 -1 2964 3143 9 7 2 1831 1825 6 6 3 1655 1562
787 651 2 1 2 3801 3665 -7 1725 1800 -6 1218 1308
2488 2582 -1 3749 3667 8 8 2 1416 1558 7 6 3 1001 950
2565 2587 3 1 2 784 7734 -8 1175 1475 -6 879 954
491 677 -1 7999 7820 1.0 3 1669 1658 8 6 3 2208 2254
4333 4114 X1 2 a8k 1407 2 4609 4628 -6 2389 2437
4514 4435 -1 1446 1462 3 3639 3610 9 6 3 823 3k
1497 1545 5 % 2 2513 2501 4 3135 3136 77 3 924 891
1437 1526 -1 2039 2313 5 115 129 -7 1006 953
3451 3452 6 1 2 1516 1302 6 406 201 8 7 3 121 1h0a
3226 3371 -1 1272 1328 7 2093 2067 -7 1552 1364
4818 4725 7 1 2 1843 1934 8 3553 3585 9 7 3 852 774
4852 4737 -1 166% 1898 1 1254 1190 -7 830 741
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The table contains 715 reflections. The overall scale factor is 0.916 x 10~2. Determination of absolute
configuration requires that the signs on all Akl’s be reversed. The 18 reflections listed at the end of the

table were not used in the least-squares refinements.

very jagged and irregular traces. All these 129 reflections were then
uniformly weighted at half the weight assigned to the remaining
811 reflections. Such a weighting scheme appeared to be justifiable,
since the quantity ¢ = {[w(|Fobs—KiF caic|)2]/(NO—NV)}/2, (where
NO is the number of observations, NV is the number of parameters
varied, and K is the scale factor of the ¢th [ layer), was always close
to unity (HamiLTown, 1964). Continuing the refinement under these
conditions gave an R value of 9.99/, and R’ value of 9.59/y after six

Table 4. Coordinates and thermal vibration

(Numbers in parentheses are the estimated standard deviations

X

z

Bu

Ca
Zn
Si

o1
O(2
(6]

)
)
(3)

0.3322 (01)
0
0.1393 (02)
3
0.1400 (05)
0.0818 (07)

8

&

O M= O O N
ol

0.5061 (03)

0.9394 (03
0.1771 (15)
0.2551 (11)
0.7847 (09)

0.0055 (01)
0.0025 (01'
0.0020 (01)
0.0098 (10)
0.0055 (05)
0.0145 (09)

P11
Pu1
Bt
B
P

0.0017 (05)

* Since different scale factors were used for the different I layers, fizz of Zn

tropic temperature factors.
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cycles of refinement, where R = X'||Fops| — |KiF carc||/2 |Fons|, and
R = [2w (Fops—KiF care)?'2/[2w Fons2]L’2. Introduction of anom-
alous-dispersion corrections, with f, = 0.30, f;. = 1.50, fi, = 0.20,
foo = 0.35, fg = 0.10, and fg = 0.10 (all values given are for
6 = 0°, and were assumed to be constant for all values of §) in four
cycles of refinement gave B = 8.7/ and R’ = 7.5%/y. Anisotropic tem-
perature factors were introduced, and two parallel sets of refinements,
one on hkl and hkl data and other on Akl and Akl data were done.
After four cycles of refinement the set with Akl and hkl gave R = 8.1/
and R’ = 6.00/y, while the set with kkl and kLl gave R = 6.79/y and
R’ = 5.4%/o. Of the symmetry-related reflections, Akl and kkl, the
set that gave a better R value was retained and the other set removed,
and this left 697 independent reflections for further refinements. In
another four cycles, the refinement on positive ! configuration con-
verged to R = 7.8y, and R’ = 5.89/y, and that on negative ! con-
figuration converged to B = 6.79/, and R’= 5.3%/s. The quantity ¢ at
this final stage was 1.25. The differences in the z coordinates of the
oxygen atoms relative to the Zn atom were of the order of 0.005 to
0.01 A between the two configurations. These differences in R’ and
z coordinates are significant even at a confidence level of 0.19/y (see
Hamizron’s, 1964, significance tests on R values). The final list of
Fons and Fege are shown in Table 3. The final atomic coordinates
and the thermal parameters of the atoms in hardystonite are given
in Table 4.

Interatomic distances and bond angles together with their esti-
mated standard deviations, taking into account both the errors in
cell dimensions and in structural parameters, were calculated using
the SORFFE program, a local modified version of the ORFFE written

parameters of atoms in hardystonite

in the last two decimal places of the preceding quantity)

Bas T B2 ‘ Pis ' Be3
0.0076 (04) 0.0025 (01) 0.0005 (02) —Bus
0.0073* 0 0 0
0.0042 (06) —-0.0001 (02) 0.0003 (03) —Bus
0.0044 (20) —0.0050 (14) 0 0
0.0069 (16) 0.0028 (07) —0.0004 (06) —pis
0.0124 (15) —0.0016 (06) 0.0033 (08) —0.0014 (07)

was not varied after converting the isotropic temperature factors into aniso-

7. Kristallogr. Bd. 130, 4-6 28
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Table 5. Bond lengths and angles in hardystonite
The estimated standard deviations given in parentheses are x 104 for
bond lengths and x 10 for bond angles

Bond lengths ‘ Bond angles
The ZnO4 tetrahedron at point symmetry 4
Zn—0(3) [4x] 1.937 (4) A | O(83)—Zn—0(3") [2x] 112.3 (3)°
0(3)—0(3") [2x] 3.217 (8) 0(3)—Zn—0(3") [4x] 108.1 (1)

0(3)—0(3") [4x] 3.136 (8)

The Si207 group at point symmetry mm2

Si—0(1) 1.649 (3) A | Si—O(1)—Si’ 138.5 (3)°
Si—0(2) 1.583 (1) 0(1)—Si—0(2) 111.0 (2)
Si—0(3) [2X] 1.619 (4) O(1)—Si—0(3) [2X] 101.4 (4)
0(1)—0(2) 2.664 (4) 0(3)—S8i—0(3"") 103.5 (4)
0(1)—0(3) [2x1 2.529 (4) 0(3)—Si—0(2) [2x] 118.5 (2)
0(3)—-0(3"") 2.543 (9)
0(3)—0(2) [4x] 2.752 (4)
The CaOs polyhedron at point symmetry m
Ca—0(3) [2x] 2.412 (5) 0(2)—Ca—0(3) [2x] 66.8 (1)°
Ca—0(2) 2.472 (2) 0(3)—Ca—0(3") 63.6 (2)
Ca—O(1) 2.485 (4) 0(2)—Ca—0(2) 58.8 (2)
Ca—0(3""") [2x] 2.685 (5) 0(2)—Ca—0(3') [2x] 89.7 (1)
Ca—0(2) [2X] 2.700 (1) 0(2)—Ca—0(3""") [2% ] 84.7 (2)
0(1)—0(2") 4.004 (1) 0(1)—Ca—0(3""") [2x] 58.4 (1)
0(3"7")—0(3") 5.043 (8) 0(1)—Ca—0(2") 107.8 (2)
0(3""")—Ca—0(3""") 139.8 (2)

by Busing, MaArTIN and Levy (1964). The bond distances and bond
angles in hardystonite (Table 5) do not include corrections for thermal
movements.

4. Diseussion

This study confirms the structure of hardystonite as obtained by
WARREN and TravTz (1930). The zinc tetrahedra are located at the
corners and base-center of the primitive tetragonal lattice. All four
tetrahedral oxygen atoms are shared by adjacent silicon tetrahedra,
and the silicon tetrahedra are joined in pairs forming SizO7 groups.
The linkage of zinc and silicon tetrahedra results in an heterocyclic
five-membered tetrahedral ring. The rings link together to form
a corrugated sheet parallel to ¢ (001), and the adjacent sheets are
held together by Ca—O bonds.

The Zn—O bonding appears to have considerable covalent charac-
ter. The mean Zn—O distance in zincite is 1.95 A, and it varies from
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2.08 to 1.96 A for different zinc spinels (SLATER, 1965). The sum of
tetrahedral covalent radii of oxygen and zinc is 1.97 A (Pavring,
1960). In comparison, the distance of 1.937 A in hardystonite is
definitely shorter by a significant amount, and this distance compares
well with the covalent Zn—Q distance of 1.936 A as obtained from
the arithmetic mean of the shortest Zn—Zn distance (2.665 A)
in zinc metal and the O—O distance (1.207 A) in the 02 diatomic
molecule. Using Pavuring’s (1960) arguments, this is a strong in-
dication for the presence of covalent-bond character between zinc
and oxygen. The bond angles (108°5’, four times; 112°17,
twice) within the ZnQy tetrahedron are almost regular, suggest-
ing that zine, using its sp3 hybrid orbitals, forms strong ¢ bonds
with the oxygen atoms.

CRUICKSHANK (1961) has proposed the existence of & bonding in
addition to ¢ bonding between Si and O atoms in silicates. For isolated
Si;07 groups he predicts distances of 1.656 A to the bridging oxygen
and 1.621 A to the terminal oxygen atoms. In hardystonite the bridge-
bond distance is 1.649 A and there are two terminal-bond distances
of 1.619 A, which compare very well with predicted distances. The
third terminal-bond distance of 1.583 A is significantly shorter than
the predicted distance.

Every oxygen atom in the structure has four nearest-neighbor
cations in a distorted tetrahedral configuration, suggesting that every
oxygen atom is in a state of partial nonequivalent-sp® hybridization.
This would increase the strength of ¢ bonds between oxygen and zinc,
and of both ¢ and # bonds between oxygen and silicon. The terminal
oxygen atom, O(3), is ¢ bonded both to silicon and zine, indicating
that the Si;O; group in hardystonite cannot be considered as an
isolated pyrosilicate ion. The effect of O(3) sharing its bonds between
Si and Zn is to nearly equalize the Si—O(3) terminal bond and the
Si—O(1) bridge bond, as for example, is found in hemimorphite,
ZnsSiz07(0H)s - HoO (McDoNALD and CRUICKSHANEK, 1967). This is not
observed in hardystonite possibly because, the nonequivalent-sp8 hybrid-
ization of O(3) enhances the overlap between oxygen electrons and the
d electrons of silicon, while the d electrons of zine, buried in the ion
core, do not take part in bonding. The apical oxygen atom, 0(2),
does not share its electrons in bonding with any other tetrahedral
cations in the structure. SMITH and BAILEY (1963) observe that, for
most corrugated SisOs sheets (which are comparable with the ZnSisOy
sheet in hardystonite), the bond length to the unshared oxygen is

28%*
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shorter than those to basal oxygen atoms. The short Si—0(2) distance
in hardystonite is a result of double- to triple-bond character.

The CaOsg polyhedron in hardystonite is a highly distorted square
antiprism. The Ca—O distance for Ca in 8-coordination varies from
2.34t0 2.60 A in different minerals. The bond distances and bond
angles in the Ca polyhedron of hardystonite are given in Table 5.
There is no evidence in these bond lengths for the presence of any
significant covalent bonding. However, from the evidence that all
oxygen atoms have some hybrid characteristics one may expect
a certain amount of covalency in Ca—O bonds, especially in the
Ca—0(3) and Ca—0O(2) bonds. Using the argument of electrostatic-
valence bond counts, SmiTH (1953) has correlated the short Ca—O
distances in melilite with the covalent character in these bonds.
The distortion of the Ca polyhedron is more a consequence of bonding
characteristics within the sheet than of any covalent bonding within
the polyhedron. The mean of half of the bond angles (mean 6) at
calcium is 57°21’. At such an angle, calculations of KEPERT (1965)
show that the ligand-ligand repulsion energies tend to be minimal,
thus enhancing the stability of the central ion in the polyhedron.

A consequence of such a description of bonding within the Si2O7
group in melilite-type structures is that, with different cation sub-
stitutions in the Zn or Ca sites, the dimensions of the Si07; group
also vary. Specifically, with the increase in the covalency of bonding
between oxygen atoms and cations other than Si, due to substitutions
of different atomic species, there will be an increasing degree of equal-
ization of bond lengths between the bridge bonds and terminal bonds
of the pyrosilicate group.

Thus the structure of hardystonite can be summarized as con-
sisting of [ZnSip07]~4 sheets within which the nature of bonding is
dominantly covalent, the adjacent sheets being held together by Ca2t
ions with the interlayer bonding predominantly ionic in character.

Thus ZoLTAT’s (1960) classification of melilites as “two-dimension-
ally non-terminated, single-sheet, structure of tetrahedra” is more
appropriate than the older description in terms of Si;O; isolated soro-
silicate groups.
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