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ABSTRACT

The crystal structure of naturally occurring pure jadeite has been refined by least-
squares methods using single-crystal x-ray intensity data obtained by counter-diffractome-
ter techniques. This jadeite is monoclinic, space group C2/¢, with cell dimensions ¢ =9.418
;\, b=28.562 f\, ¢=5.219 A, and 3=107.58°. The structure is similar to that of the pyroxene
diopside and contains parallel sheets of octahedrally coordinated aluminum and 8-coordi-
nated sodium polyhedra connected by silicate chains running parallel to the ¢ axis. The
mean cation-oxygen distances are $i-0=1.623 A, Al-O=1.928 A and Na-0=2.469 A.

INTRODUCTION

Nearlyv forty vears have passed since the crvstal structure of diopside
(CaMgSisO6) was solved by Warren and Bragg (1928). Since then very
little structural work has been done on the pyroxene minerals, and no
modern refinements have been reported on structures of the diopside
type. This investigation has been undertaken in order to provide precise
information for the crystal structure of jadeite (NaAlSiz(), a compound
with the diopside structure.

Jadeite is particularly interesting because it has often been referred to
as a “‘pressure mineral,”’ that is, a phase whose formation is favored by
high pressure. It is a chemical component of the mineral omphacite and
is, as a consequence, of considerable importance to geophysics and petrol-
ogv. In addition, the availability of detailed structural data on jadeite
and other similar pyvroxenes is critical to a complete understanding of the
phase-equilibrium relations within this important group of rock-forming
silicates.

PrEVIOUS WORK

Wryckoff ef al. (1925) recognized that powder diffraction diagrams of
jadeite and diopside are similar. Warren and Bragg (1928) solved the
structure of diopside, and subsequently Warren and Biscoe (1931)
predicted that jadeite and diopside have the same structure. Morimoto
et al. (1960) determined and refined the structures of the monoclinic
pyroxenes clinoenstatite (MgSi0Q;) and pigenoite (Cap10Mgo.3Feqss-
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Si0y). Although these are clinopyvroxenes, their structures and space
groups are different from those of diopside.

SPECIMEN DESCRIPTION

Crystals of jadeite were obtained from a specimen supplied by Dr.
H. S. Yoder, Jr. (No. 184). The material is from the Santa Rita Peak
area of the New Idria Peak District, California, and occurs in veinlets
cutting across albite-crossite-acmite schists. Descriptions of the locality

TasLE 1. ELECTRON MICROPROBE ANALYSIS OF SANTA RiTA PEAK JADEITE

Weight per cent ‘ Number of atoms
Oxide T Tu <o Ion ) - Ti e
Blue fluor. rauos ‘ Blue fluor. Uraquoise
fluor. | fluor.
Si0. 58.07 57.68 ‘ S+t 1.967 1.953
TiO, (4.05-0.010 0.0-0.03 Tt 0.001-0.003 0.0-0.001
ALO; 24.89 24.59 ‘ APt 0.994 0.981
FeyOs 0.43 0.50 ‘ Fett  0.011 0.013
MgO 0.01 0.46 | Mgt 0.001 0.023
MnO - 0.03-0.05  Mn?*t 0.001
CaO 0.14 0.87 Cazt  0.003 0.031
Na.0O 16.62 16.44 ‘ Nal*t  1.092 1.080
K:0 0.04 0.02 | K¥ 0,002 0.001
100.25-100.30 100.62-100.67
r (O 6.000 6.000

are given by Yoder and Chesterman (1931) and Coleman (1961). The
optics of this material were checked by Professor C. E. Tilley and found
to be essentiallv the same as those reported for Coleman’s sample J31-14,

Professor J. V. Smith kindlv agreed to examine our specimen using the
electron microprobe. He found that two compositional variants could be
distinguished by this technique; one that fluoresced blue, the other green.
The analyses of bulk material of both types, uncorrected for absorption
and atomic number, are listed in Table 1. Electron microprobe examina-
tion of the same crystal used for x-rav intensity measurements showed
that it fluoresced blue with a tendency toward green at either end. Con-
sidering the variation of composition of this crystal, assuming the iron
to be present as Fe*+ and neglecting the cations present in amounts less
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than 0.01 atom per 6 oxvgen atoms, the best approximation to the chemi-
cal formula s (NaH().oxC?lHo.(lz) (Al:‘+(J.991\’1g2+(J.UI)(Si4+l.E)S)Fe:iﬁi.lil)()ﬁ-
This, then, is an unusually pure jadeite specimen, and one could hardly
hope to find much better material occurring naturally.

U~it CELL AND Spack Grour

Some difficulty was encountered in finding a suitable single crystal for
intensity measurement. Many of the crystals we examined showed
streaked spots parallel to the rotation axis on c-axis Weissenberg films,
indicating that the crystals were actually made up of bundles of crystal-
lites slightly misoriented with respect to each other around ¢. A small,

TaisLE 2. UNiT-CELL DIMENSIONS OF SANTA R1TA PEAK JADEITE, AND, FOR

Jadeite, synthetic

lici . .
Jadicite, Santa Rita (Frondel and Klein,

Diopside, synthetic

. ~ . C

Peak 1965) (Clark ef af., 1962)
a, A 9.418+0.001 9.418+0.006 9.745+0.001
b A 8.562+0.002 8.563+0.004 8.925+0.001
¢, A 5.219+0.001 5.2114+0.006 5.248+0.001
8, deg. 107.38+0.01 107.57 +0.05 105.87 +0.01

17, As 401.20 +0.15 400.7 0.6 439.08 +0.07

apparently homogeneous crystal with approximate dimensions 0.04
X0.08X0.22 mm. that exhibited no such streaking was finally selected
for intensity measurement.

From x-rav photographs we could detect no deviations from space
group C2/c¢ such as have been observed on photographs of spodumene
and omphacite (D. R. Peacor, D. E. Appleman, and J. R. Clark, personal
communications).

The unit-cell dimensions were determined by least-squares refinement
of 76 measurements from Straumanis-mounted precision back-reflection
Weissenberg photographs. The refinement procedure includes allowance
for svstematic errors due to specimen absorption, film shinkage, and
camera eccentricity (Burnham, 1962). The results are listed in Table 2
where thev are compared with refined powder diffraction data for pure
svnthetic jadeite and pure synthetic diopside. We have followed the con-
ventional setting of a right-handed coordinate system with the positive
a and ¢ axes enclosing an obtuse angle, 8. Although several authors have
used this setting (see, for example, Deer, ef al. 1963, p. 43), the unconven-
tional setting of Warren and Bragg (1928) with 8 acute still persists in
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the literature (see, for example, Kuno and Hess, 1953). We strongly rec-
ommend that the conventional setting with 8 obtuse be adopted by all
workers, especially those listing indexed powder diffraction data.

INTENSITY MEASUREMENT AND STRUCTURE REFINEMENT

Diffraction intensities were measured using an equi-inclination Weis-
senberg diffractometer, a scintillation detector, and pulse height analvzer
set to pass 90 per cent of the diffracted Ni-filtered CuKea radiation. Of
the 362 hkl reflections measured, 14 had intensities less than the minimum
observable value and were assigned values equal to /.., /3 (Hamilton,
1933); these “‘unobserved” intensities were not used during the refine-
ment procedure. Integrated intensities were corrected for absorption,
using a numerical integration technique (Burnham, 1963a), and for
Lorentz and polarization effects.

Structure refinement was carried out on an IBM 7094 computer using
a modified version of a full matrix least-squares program written by
Prewitt (1962). The modified program uses an analvtic expression for
scattering curves; some technical details concerning this representation
are given in the Appendix. The refinement was carried to convergence
using scattering curves for fully ionized atoms.

Refinement was initiated using the Warren and Bragg (1928) atomic
coordinates of diopside transformed to the conventional unit cell, and
using individual isotropic temperature factors of 0.6 for oxygen atoms,
0.3 for Si, 0.4 for Al, and 0.75 for Na. Calculated structure factors were
scaled to the observed ones using one refineable scale factor, and observa-
tions were weighted in inverse proportion to their variance computed
from consideration of counting statistics. After several cycles of least-
squares during which atomic coordinates, isotropic temperature factors,
and one scale factor were varied, the R value (ZHF,, — [ El/ DI F.D
for 330 observations reached 0.045. Temperature factors were then con-
verted to anisotropic form, and four cvcles of refinement, varying the
scale factor, atomic coordinates, and anisotropic temperature factors,
further reduced the R value to 0.040.

At this point analysis of the data revealed an apparent syvstematic
error that we attributed to extinction. The observed intensities were cor-
rected for extinction according to Zacharaisen’s (1963) method, using

Icurr. S
( - tlobs,)
where t=1X10-%; this value was obtained by comparison of observed
and calculated intensities from the last previous cyvcle of refinement.
Apparent divergence during the first refinement cycle carried out with
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the corrected data led to adoption of a new weighting scheme (Cruick-
shank, 1960), in which the variance of the observed structure factor,
0% ro1, 18 given by

| P = (21«‘mm. + 1<:,+F2~— Fﬂ)
Three cveles of coordinate, anisotropic temperature factor, and scale
factor refinement resulted in convergence to an R value for all observa-
tions (including those with ' F,| < ‘ Folmin.) of 0.037.

One of the important purposes of precise refinements of silicate struc-
tures is the determination of atomic thermal models. If all svstematic
errors in the data are taken into account, and if the chemical composition
1s known, analvsis of apparent atomic vibration ellipsoids can vield in-
dications of the presence or absence of disorder, either substitutional or
positional. Such analysis depends to a large extent on reliable knowledge
of expected thermal models for atoms in pure, ordered structures. Our
knowledge at present is neither reliable nor extensive, chiefly because the
temperature factors determined by least-squares refinement are strongly
affected by svstematic errors due to absorption, extinction, etc. Since our
specimen of jadeite was shown to be quite pure, and since we had applied
a precise absorption correction and made an attempt to correct for ex-
tinction, we felt it would be worthwhile to test the effects on temperature
factors of anomalous dispersion corrections and variations of the ioniza-
tion states of the atoms.

Additional refinement cyvcles were carried out under the following three

conditions:
(a) anomalous dispersion corrections, both real and imaginary, applied to fully ionized

atoms; (b) anomalous dispersion corrections applied to neutral atoms; {(¢) substitution
of the scattering curve of AB* for that of Sit*; anomalous dispersion included.

Some details of the method for correcting for anomalous dispersion are
given in the Appendix. For CuKe radiation the anomalous dispersion
corrections are small; the largest is the imaginary term for Si (0.4 elec-
tron). Throughout these tests the atomic coordinates either remained
unchanged or, in some cases, changed by less than 1¢. The temperature
factors did change, as expected, and when fi+ was substituted for
[si'*, Bs for that atom immediately became negative. Table 3 lists the
atomic coordinates and equivalent isotropic temperature factors from
the final stage of refinement with no anomalous dispersion corrections,
and compares them with the results from cases @ and b above. Equivalent
isotropic temperature factors were computed according to (Hamilton,
1959)
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4
Bequiv. = 3 z Z Bijai-a;
i

where the a; are the axial vectors of the unit cell.
Application of anomalous dispersion corrections increased the equiva-

TavLE 3. CoMPARISON OF ATOMIC COORDINATES AND EQUIVLAENT IsoTrROPIC
TEMPERATURE IFACTORS OBTAINED FROM DIFFERING REFINEMENT CONDITIONS
as IForrows: CoLuMn A, Fuiry ToNiZED AToMs, ANOMALOUS DISPERSION
NoT INcrLupED; Corvmy B, Frory ToNIZED ATOMS, ANOMALOUS
DisrErsioN IncLupep; CoLumy C, NEUTRAL ATOMS,

ANoMALOUS DisPERSION INCLUDED

Atom, parameter A B C
Na, » 0.3009 0.3009 0.3010
B 0.90 0.95 0.96
Al W 0.0940 0.0940 0.0940
B 0.36 0.40 0.42
Si, w 0.2906 0.2906 0.2906
¥ 0.0934 0.0934 0.0934
z 0.2277 0.2277 0.2278
B 0.32 0.41 0.39
0, «x 0.1090 0.1090 0.1089
v 0.0763 0.0763 0.0764
z 0.1275 0.1275 0.1277
B 0.41 0.36 0.43
O, « 0.3608 0.3608 0.3610
v 0.2630 0.2630 0.2629
z 0.2929 0.2929 0.2933
B 0.53 0.48 0.55
O =« 0.3533 0.3533 0.3535
¥ 0.0070 0.0070 0.0070
z 0.0038 0.0058 0.0060
B 0.53 0.48 0.54

lent B’s for all cations, with that for Si** being the most significant; and
decreased the B’s for oxygen atoms by about 0.05. The effect on cation
B’s of changing jonization state is insignificant, whereas the effect on
oxvgen atoms is just about equal in magnitude but of opposite sign to
that of the anomalous dispersion correction.

Comparison of apparent vibration ellipsoids, both as to magnitude and
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orientation, shows that the only significant differences occur between the
Si ellipsoids determined with and without anomalous dispersion effects.
When anomalous dispersion is included, the rms displacements of Si
along the principal axes increase by 0.009 A, which is just over 2o. The
orientation of the ellipsoid does not change. For all other atoms the
changes in rms displacements were <1¢, and there were no changes in
ellipsoid orientations.

These tests indicate that, at the level of precision this refinement
represents, the selection of ionization state is arbitrary and will not sig-
nificantly influence either atomic coordinates or thermal models. The
influence of anomalous dispersion corrections is also negligible if the cor-
rection terms are not greater than 0.1-0.2 electron. If thev are larger,
their effect should be taken into account during refinement to obtain
correct apparent thermal models.

As a test of the influence of weighting scheme on these refinement
results, the last three cvcles of least squares were repeated using the
original weighting scheme based on counting statistics (see Appendix).
These cycles included anomalous dispersion corrections and assumed
ionized atoms. The final results are identical with those obtained with the
Cruickshank-type weighting scheme under the same conditions.

We have selected the parameters resulting from refinement with scat-
tering curves for ionized atoms and including anomalous dispersion cor-
rections as the final, refined values. These are listed with their standard
deviations in Table 4. The observed and calculated structure factors are
listed in Table 5. The observed values contain absorption, Lorentz and
polarization, and extinction corrections and have been reduced to the
absolute scale of the calculated values by division by the least-squares
scale factor. The calculated values contain the correction for both real
and imaginary components of anomalous dispersion (see Appendix),
hence are unsigned.

DisCUSSION OF THE STRUCTURE

Coordination polyhedra. Figure 1 is a diagram of a polvhedral model for
jadeite. The model consists of parallel sheets of aluminum-oxygen and
sodium-oxygen polvhedra connected by silicate chains running in the ¢
direction. The Al is octahedrally coordinated by oxygen, and Na is
coordinated by eight oxygen atoms in a polvhedron which is intermedi-
ate between a cube and a square antiprism.

Some confusion exists in the literature concerning the coordination of
Ca in the diopside structure (or Na in jadeite) and the sharing of oxygens
between the Ca polyhedron and the silicate chains. For example, War-
ren and Bragg (1928) state that Ca in diopside is surrounded by six



FOR ATOMS IN JADEITE. STANDARD DEVIATIONS, o, GIVEN IN PARENTIIESES

Atom |
(equipoint)
Na (4e)
Al (4e)
Si (8f)
O, (80
O, (8f)
0, (8D

0.2906
(M

0.1090
2

0.3608
2)

0.3533
2

.v
0.3009
@

0.0940
(1

0.0934
(n

0.0763
(3)

0.2630
&)

0.0070
3)

1/4
3/4
0.2277

(2)

0.1275
4)

0.2929
4

0.0058
4)

61]
0.0035
(2)

0.0013
(2)

0.0011
(1)

0.0004
(3)

0.0010
(3)

0.0013
3)

0.0026
(3)

0.0015
(2)

0.0017
(2)

0.0020
(3)
0.0020
(3)

0.0022
(3)

(

.0035

(6)

.0036

(5)

0032

()]

.0047

)

0041

(10)

B2

0.0000
(1

—0.0004
2

—0.0004
2

—0.0003

(2)

BIK

—0.0002
(3)

0.0005
(3)

0.00006
(2)

0.0000
4

0.0000
(4)

0.0009
4)

B

—0.0001
2

—0.0007
4)

0.0002
€Y

0.0000
(4)

Tapre 4. I'iNAL ATOMIC COORDINATES, ANISOTROPIC TEMPERATURE [FACTORS, AND [SQUIVALENT [SOTROPIC TEMPERATURE FACTORS

B
(equiv.)

0.95
0.40
0.41
0.36
0.48

0.49

HIALDNALS ALTHAV L
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TABLE 5. OBSERVED AND CALCULATED STRUCTURE FACTORS.
Observed values marked with an asterisk represent statistical assignments
to reflections with intensities less than the minimum observable.

H K L F(OBS) F(CAL) H K L F(OBS) F(CAL)
> 0 o 16412 R.29 AL I | 1.02 2.76
« 0o 0 Y418 17402 -t s 18460
& 0 o] 66452 ERGNT -3 5 1 8494
a0 0 LLIN | 53,40 -1 s 26.78
19 0 [ 52474 &304 1 5 1 2478
1 1 o 14421 13,71 3 5 1 24451
a1 88497 26420 5 5 ) 20482
= 1 0 S8e59 61459 T8 1 14459
71 o0 41415 44426 - 6 9,64
9 1 0 6e06 6402 -6 6 1 16419
o] ? 0 56237 5212 -4 [ 1 16471
> 2 0 4le66 38466 -2 & 14416
“« 2 0 14402 17,61 n o6 1 26469
« 2 0 10404 10467 > 6 1 9.71
R 2 0 10477 10476 “ 6 1 94R2
1 2 0 16417 16,71 & 6 1 4e22
1 2 ¢ Q16 -7 7 1 2.71
a 3 0 4LALAR -5 7 1 69438
= 3 0 26412 -1 7 16457
7 3 a 26440 -1 7 49417
9 2 o 21.238 17 50474
n 4 0 482 17 P
? 4 c Be22 s 7 1 49410
4 & ° 7Re55 -A A 1 27481
& 4 <] 19.76 -4 8 1 Yy
a s 0 18.21 -2 8 71,70
o8 0 71.72 o 8 1 14452
K] « ] ATe0> 2 8 1 5 &
5 L) n 27.%4 “ :} 1 5433
7 5 0 ANL4A -5 9 1 47468
95 5 o 4428 -39 4462
n 6 0 96486 -1 9 6488
2 6 0 71480 22457 19 1 11.02
« & n 26405 24,66 T e 11,22
& 6 0 1.078 n.78 n 10 27447
A6 0 A455 Ro A7 -1n 0 A8 R4
1 7 [l 7548 PRLNQ - n 2 17.59
2 7 n 18,R1 16422 -5 0 ? ATeble
& 7 n 45,90 45,10 -4 ¢ 2 72426
7 7 o LYY 45,04 -7 0 2 47445
n L} 0 TehRE 2437 2 o] 2 4190
> 8 0 1720 20,72 « 0 2 96450
4 8 [¢] 23150 24408 & 0 2 6s27
3 8 o} 11,11 10.99 A 0 2 18631
1 9 0 3.95 LotR -11 1 Fd QK%
1 9 0 2714 28479 EE N S 12,00
0o 10 0 66408 65.66 -7 1 5 1nn.1e
-7 1 17406 18,91 -5 1 2 20418
-= 1 11,7+ 24471 - 1 6e60
- 1 &R,98 70449 11 2 17407
-1 1 11,07 78441 11 2 76467
1o 11.R0 10472 2 2 27411
S R | 67408 69,78 5 1 2 35439
5 1 21443 22,50 T 1 2 53461
701 1 8.27 8430 T 1 2 27,08
9 1 1 18.92 17.94 -6 2 2 19488
1w 2 1 17.60 17451 -a 22 22428
-8 2 1 43418 42485 -5 2 2 20,77
-6 ? 1 14413 15,68 -4 2 2 20,40
-& ? 1 48.0R 49,89 -2 2 2 13.21
=2 2 1 178432 125,53 o > 2 51427
A 2 1 PIRE] an, N8 K 2 H 2N.ak
P 1 9740 "9, 44 « 2 2 Ale?7
PRI | 10479 9450 & 7 2 22460
R2 1 46453 45,491 82 2 37469
-9 3 51¢16 40422 -1 3 2 2013
-7 a1 51467 51.75 -9 3 2 6o
-5 3 1 112.19 118,64 -7 32 182,04
-3 3 73433 70492 =2 27404
-1 3 56477 53,73 -2 Phe0®
1 3 22472 20,54 -2 20417
R 21eus 20455 o2 Fres9
53 1 101447 121,26 N 9e59
7 1 27421 27,86 5 3 2 17072
e 2 41,65 47,07 T2 FeT4
10 6 1 24400 71,81 -10 42 646!
-8 4 1 1.61% n.76 A 42 5482
-6 4 1 11eb4 10,56 -6 4 2 26472
e &1 16439 15.56 -4 4 2 16460
-2 4 51467 52437 -2 a2 19425
[ 1 92.58 90,22 N4 2 42462
2 4 1 20696 20438 > 4 ? 1407
4 4 1 1755 13.78 4 4 2 41,47
& & 1 21466 21416 & 6 3 5,98
L] 4 1 11.08 Q,A% A 4 2 7412 5eNR
a8 2440 nes1 R ] 19,18 19,18
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TABLE 5— (continued)

H K L F(0BS) F(CAL) H K L F(OBS) P(CAL)
-7 5 2 69475 68411 -4 a1 1he06 16e16
-° S 2 Be4? 8.52 -2 ] 1 a7.19 46416
=15 2 105.72 115,07 I 1e07n fea?
-1 5 2 Te3R 54R8 2 8 3 67449 66450
1 bl 2 AT.67 17,77 -1in 0 4 10.n09 27465
25 2 100,45 104,18 -8 0 & 15486 16479
£ oos 2 LYYy 1,66 -6 0 4 106.97 113.%5
7 5 > 474,35 4N, na -4 0 4 41067 4o 50
-8 6 ? T.70 7.05 o [} 4 G489 102,74
-é [ 7 Abe?? LITRE] ? 0 4 le16% 1¢19
-4 & 2 21.8R botls 4 o 4 bba?b 65,37
-2 6 2 57431 59,19 6 © & 15.30 14,82
no6 2 99400 103,32 e %438 4at1
2 6 2 10494 10449 7 1 a4 27467 27,13
“ & 2 264498 26461 sy 4 10421 10,81
& 6 2 be9h 2450 P S S Q4eb? . 91440
-7 2 20,17 20,77 -1 1 s 46061 46482
-1 2 19,91 Jo.nk 1 1 & 2e52 2427
=3 7 2 14047 18,08 ki 1 4 46077 44 oRD
v 1 .10 13,07 £ 1 4 4422 2,66
L B 10455 LR -10 2 & 4a19 Se67
T2 %458 24,80 -8 2 & 1157 14,60
5 7 7 27433 76486 -6 > o 11420 10,81
-6 8 2 1834 17,97 A 1.8 7,54
-4 8 2 Te15% 2471 S 7,78 Aoal
-2 8 2 2436 2427 o 2 4 10e77 11.29
o 8 2 16491 16484 PR 40e06 41,R9
2 B2 164462 16,66 PR B 17.80 18,37
4 A2 12497 12.78 ~a A 15465 19456
-2 e LY 2,70 -7 3 1879 17.72
-1 9 > 7477 T.ne -5 3 6 16499 16413
L 7156 20047 -3 1 & 23.75 26407
2 9 2 ?e54h Z.q7 -1 1 A Tet? TetS
I Aek? 2ePb 1 1 4 16?1 17,63
-7 1 2 16457 17466 L S 21041 21.23
-5 1 3 1162 21,85 L3 a 4 1a.RA 19,43
-1 2 flhotd 64475 -8 4 & 204,48 20404
-1 113 26427 25,62 -6 & & 215 2477
11 2 16499 17409 -4 4 4 11,A4 31,71
212 29,99 31.01 -7 a4 17.07 17.28
£ 3 2a48 .70 0 4 4 10017 9,83
71 2 10,92 a,97 2 4 6 33471 33415
10 ? K} 6416 ReR7 4 4 4 LYYy >4 62488
e 2 K7a14 65,11 -7 s s 69.06 68,92
o2 Te774 Nero -5 5 4 Ten6w 2453
42 21410 72421 B A 71.00 76468
-2 22 99.63 9862 -1 s & 1049 2.8
0 ? 2 BeB3 8,23 1 & 4 Lhe? 42,80
2 2 a2 78453 82410 A5 4 24040 27,08
© 2 2 23430 24,26 -6 6 4 47418 41421
& K] 3 47.56 4B4135 -4 6 4 27.10 LV L]
a2 a 67473 6165 -7 6 4 16471 16460
-7 2 2 24,20 27,49 0 6 4 26.40 26,76
-2 a2 ABL16 67,69 2 6 & 16434 16,01
2 a2 a 1Re56 17494 -5 7 % 2442 1.98
-1 2 2 107,96 106,RR -3 1 & Ge5h .93
12 . 10.79 10,70 -1 7 4 24491 72,96
a2 a €.59 POPH 1T e 13491 13,76
5 3 2 68445 69,52 —: ; ; 0.80% 7-‘8
T A 156 10,60 - 4eld 4o
-8 4 1 30411 20,86 -5 1 s 1426 A1.6R
-6 4 3 17,98 18,07 -1 1 s 17478 11,73
-4 &2 12430 12.29 1 Y s TeRG 7,07
-2 4 a 52,38 S44a02 2 1 5 2024 2457
] 4 2 PRe6? PBe09 -6 2 5 5e01 Le26
2 4 1 1A, 19,21 -4 2 5 27414 22494
PP 15,064 6,65 -2 2 s 346405 32,27
IS o 2 2032 20,42 o] 2 5 Te63 S5e36
-9 5 3 2ekl 1,48 2 2 5 15.68 76405
-7 5 2 1.75% 0472 -7 3 5 24R9 4a7R
-5 5 2 1572 15407 -5 3 L) Y%Ll 46,00
-3 5 3 20420 18,99 -1 kY 5 FARY YN 214587
-1 5 3 20445 20421 -1 1 5 TR.O5 77,90
105 3 25.75 24456 1 3 s Reb6 Re 96
T 5 3 13415 12466 -6 4 5 16467 17.00
5 5 1 9.80 9411 -4 4 5 6035
-2 6 1 6029 SeR1 -2 4 5 8420
-5 6 3 10465 11,237 o 4 5 12468
- 6 1 1.17# 0,60 2 4 5 38.76
-2 & 2 534 2425 -5 5 5 13.70
0 & 2 33409 17446 -3 5 & 20,90
2 6 3 14452 16,14 -1 5 5 7470
“© 6 1 10.60 9479 -4 6 5 2491
-7 7 3 1.19 2.09 -2 6 5 10,53
-5 1 58449 57421 -2 0 & 27401
-3 7 13 18477 19.67 -5 1 & 17412
-1 7 3 55485 56e%7 -1 1 s Te10
11 12 2R.81 29,18 ~% 2 6 0.75%
a7 3 6629 4e18 -2 2 6 20496

905
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oxvgens plus two “‘neutral” oxvgens, each of which is also coordinated to
two Si. Examination of Fig. 1 shows, however, that there arc actually four
oxvgens surrounding Na that are also coordinated to two Si. In another
example, Deer el al. (1963) state that only two of the eight oxygens

T'1c. 1. Polyhydral model for jadeite projected along a direction about halfway between a
and a*. Projection along a* would cause Si and Oy to be nearly superimposed.

around Ca in diopside are also shared by neighboring tetrahedra. This
statement is erroneous, since all the oxvgen atoms in both diopside and
jadeite are coordinated to at least one Si.

The coordination found for Na in jadeite is rather common among
sodium-containing silicates. For example, in pectolite (Prewitt, 1963)
and fluor-magnesio-richterite (Prewitt, 1964), Na has a similar coordina-
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tion, as seen in Fig. 2. In pectolite the coordination is somewhat affected
by the presence of hvdrogen, but it 1s essentially the same as in other
compounds.

Interatomic distances and interbond angles for jadeite are given in
Tables 6 and 7. These were computed using the Busing e/ al. (1964)

C(lzNO H Si3 09

Fic. 2. Coordination polyhedra for Na in jadeite, tluor-magnesio-richterite,
and pectolite.

program ORFFE and the atom coordinates of Table 4. The standard
errors of both the cell parameters and the refined atom coordinates were
used to compute the distance and angle errors.

All the coordination polvhedra in jadeite are distorted, partly because
of extensive sharing of polyvhedral elements and partly because the polyv-
hedra are distorted so that the structure will fit together properly. The
Si-O distances range from 1.390 to 1.637 A, and the tetrahedral 0-O
distances range from 2.375 to 2.773 A. The two shortest O-O distances,
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0:-0y’ (2.575 A) and 04-04" (2.612 A), represent edges that are shared
with the Na polyhedron.

The Al octahedra form “chains” parallel to the silicate chains by
sharing a common edge with length 2.438 A (0,-0,""). Two additional
edges of cach octahedron are shared with Na polvhedra to form the Al,Na
polvhedral sheets. The edges shared with the Na polvhedra have lengths

TABLE 6. INTERATOMIC DISTANCES IN JADEITE

Atom pair Distance, A, +o Atom pair Distance, A, £o-
Si tetrahedron: Al octahedron:
Si-04 1.637+0.002 Al-Oy (2) 1.933+£0.002
Si-0. 1.590+0.002 Al-O, (2) 1.856+0.002
Si-Oy 1.628+0.002 AlLOY (2) 1.996+0.002
Si-0y 1.6364-0.002 — e ——
——— -—— - —| Mean Al-O 1.928
Mean St-O 1.623
0,-0: 2.773+£0.003 O-0/ (2) 2.918+0.002
0,-0; 2.633+0.003 0-0/7 (2) 2.458+£0.004
0:-04 2.638+0.003 0:-0: (2) 2.818+0.007
0:-0; 2.644+0.003 0,-0y (2) 2.677+0.003
00y 2.5754+0.003 0/-0," 2.726+0.004
0403 2.612£0.0004 0,0y 2.790+0.004
— 02 (2) 2.716+0.004
Mean O-O 2.646 - T
Mean O-O 2.714

Si0;2 chain:
Si-Si’ 3.061+0.001 Al-Al 3.066+0.001

(across shared edge)

Na polyhedron:

Na-O: (2) 2.357+0.003

Na-O, (2) 2.413+£0.002

Na-03 (2) 2.363 £0.003

Na-03" (2) 2.741+0.002
Mean Na-O 2.469

of 2.818 A—distances that show no apparent shortening due to sharing
effects. The octahedral edge-sharing geometry may be compared with
that in other structures by considering the following: The average Al-O
distance to oxygen atoms forming the shared edge (there are two svm-
metry-related shared edges per octahedron, hence we need only examine
the geometry of one) is 1.965 A, the shared edge length is 2.458 A, and
the Al-Al separation is 3.066 A. When these values are compared with
similar ones for other octahedra, as has been done in discussing the struc-
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ture of kyvanite (Burham, 1963, Fig. 3), it 1s apparent that the average
Al-O distance is longer than normal, the Al-Al separation is larger than
normal, but the O-O distance along the shared edge i1s within the ex-
pected range. The electrostatic charge balance on Oy, which is coordin-
ated to Si, two Al atoms, and Na, is ++ when computed with classic
valences on cations. Thus, there is an immediate explanation for the long
Al-Oy distances (and the long Si-(); distance as well). The Al-Al separa-

TABLE 7. INTERATOMIC ANGLES IN JADEITE

Atoms Angle, degrees, +¢

Si tetrahedron:

0,-5i-0. 118.54+0.1
0;-Si-03 107.5£0.1
0-8i-0y' 107.4+0.1
0:-51-0; 110.5+0.1
0:-Si-0y' 105.94+0.1
03-Si-03' 106.3+0.1
Si032~ chain:
Si-03-St’ 139.3+0.1
05-04"-03"7 174.740.2
Al octahedron:
0.-AL-Oy/ 95.940.1
01-A1-O 77.4+0.1
0,-Al-0’ 89.9+0.1
O,-A1LOy 86.2+0.1
0:-Al-0’ 97.5+£0.2
1

Oy-Al-0, 89.61+0.

tion is probably longer than expected because of the apparent weakness
of shielding by the two “‘surplus-charged” oxygen atoms.

The classic electrostatic charge balance (Pauling, 1960) fails on all
oxygen atoms. On () the balance is 44, on O, it is —32, and on Oy it is
+34. Tt is apparent from examining bond lengths that the standard
charge distribution is not the correct one. As we have already seen, both
the Al-O; and Si-O4 distances are abnormally long, vet the shortest Na-O
distance is to Oy. The chain-forming oxvgen, O, is coordinated to two Si,
at distances that differ by 0.008 A (=4¢); and to one Na at 2.363 A and
another Na at 2.741 A. This long distance must represent an extremely
weak bond, and the effective coordination of Oy is probably closer to 3
than 4. The distances from both Si and Al to O., the “charge-deficient”
oxyvgen, are significantly shorter than average, as would be expected. The
Na-0, distance, however, is apparently not affected—it is longer than
Na-(O; and one of the Na-0O; distances.
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Morimoto, Appleman, and Evans (1960) remarked on the similarity of
the Si-Si distances in clinoenstatite, pigeonite, and diopside. The distance
in all three structures is 3.05+0.02 A whereas in jadeite it is 3.061 A.
It may be that such fairly uniform distances are significant features of
these compounds since 3.05 A is about the smallest Si-Si distance re-
ported for well-refined chain silicates. Several larger distances are known,
however, including one of 3.17 A in wollastonite (Buerger and Prewitt,
1961).

An unusual feature of the jadeite structure is the “‘straightness’ of
the silicate chain, as revealed by the 03-03"-0O3"" angle of 174.7°. Although
this angle has not generally been reported in pyroxene structure results,
it is probably closer to 180° in jadeite than in any other pyroxenes that
have been investigated in detail. In contrast to this, the Si-O;-Si’
angle of 139.3 is close to the average Si-O-Si angle found in these struc-
tures.

Thermal models. The rms displacements and orientations of the principal
axes of the thermal vibration ellipsoid for each atom are listed in Table 8.
These values were computed using the Busing ef al. (1964) program
ORTFE and the temperature-factor tensors, 8,5, listed in Table 4. This
program was also used to compute rms displacements along interatomic
vectors mentioned in the following discussion.

The equivalent isotropic temperature factors listed in Table 4 for Si,
Al, and the oxvgen atoms are comparable to previously determined
values in well-refined, ordered structures (Burnham, 19634). For Na
there arc at present veryv few reliable values in the literature; our value
of 0.95 is comparable to that of 1.10 found for Na in pectolite (Prewitt,
1965). The rms displacements listed in Table 8 show that the apparent
thermal vibrations of all atoms except Al are significantly anisotropic.
The most noteworthy, and indeed perplexing, feature is the small dis-
placement (0.035+0.016 A) of Oy along axis 7,.

The orientation of the ellipsoid for Oy is such that the rms displace-
ments of O; toward its coordinating cations are 0.081 A (+0.007 A)
toward Na, 0.039 A (+0.014 A) toward Si, and 0.069 and 0.072 A (both
+0.008 A) toward the two Al atoms. If we were dealing with a relatively
simple case of harmonic vibration due to thermal energy alone, we would
expect the vibration amplitude to be inversely proportional to bond
strength; such is not the case, however, since the Si-O; bond is the longest
Si-0 bond and the Na-0O; bond is the shortest Na-() bond. We see roughly
the same situation with O3 Here the rms displacements toward the two
Si to which it is coordinated are both 0.077 A (+0.008 A), but the rms
displacement toward the Na at 2.741 A is 0.072 A (£0.008 A), whereas
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that toward the Na at 2.363 A is 0.088 A (+0.007 A). The displacements
of O, toward its coordinating cations are more uniform, with differences
less than 1g. This is perhaps related to the deficiency of electrostatic
charge on O, as opposed to the surplus on both Oy and Os.

Turning now to the rms displacements of Si and Na toward their co-
ordinating anions, the general relations are opposite from what we might
expect. The Si displacements toward O; and both Oy’s are all 0.070 A

TABLE 8. MAGNITUDE AND ORIENTATIONS OF PRINCIPAL AXES OF THERMAL ELLIPSOIDS

rms Angle (°) with respect to:
Atom, axis displacement, —_— —_—
A @ +a (+0) +b (+o) +e* (£0)
Na, 7, 0.089 (5) 69+4 90 21+4
2 0.097 (5) 90 0 90
rs 0.136 4) 21+4 90 111+4
Al 0.066 (6) 82+29 90 8+29
ra 0.074 (6) 90 0 90
73 0.074 (6) 8429 90 98429
Si, n 0.067 (4) 107+ 16 85+ 11 18+8
re 0.068 (4) 163+ 16 92420 107 £15
ra 0.080 (4) 90+9 5+9 95+9
0y, n 0.035 (16) 33+14 75+8 61+ 14
7o 0.067 (9) 58+15 99+13 147+14
rs 0.090 (7) 98 +9 1819 106412
Oz, 71 0.036 (9) 36+11 72+12 60+15
ra 0.079 (7) 104+ 17 127+19 40+ 18
73 0.094 (7) 122+ 11 42418 66+ 17
O3, 1 0.067 (9) 35+353 78+ 17 122+61
7 0.073 (8) 120+ 58 101+20 148+ 61

73 0.093 (6) 106413 16+14 93+13

(within 1¢), whereas that toward O, (1.590 A away) is 0.078 A (40.004
A). The Na displacement toward Oy (along the shortest Na-O vector) is
0.112 A (£0.003 A), whereas that toward O, is 0.090 A (+0.005 A).
Only the displacements of Na toward the two coordinating O3 atoms bear
the expected relationship: 0.096 A (+£0.004 A) toward O; at 2.363 A and
0.122 A (+£0.003 A) toward O at 2.741 A.

These thermal models present a confusing picture, and since there are
at present so few reliable data on which to base a comparison, a physical
interpretation is virtually impossible. One likely explanation for the rela-
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tively larger displacements of Oy and Oy toward Na along the shorter
bonds is found by analogv to thermal data on disordered structures,
namely that these displacements are non-thermal and are due to the
presence of small amounts of Ca (Table 1) in the Na site.

We are still left with no explanation for the small displacement of Oy
toward Si and the relatively large displacement of Si toward O, The
decision as to whether these are, in fact, real anomalies must be post-
poned until additional data from other precise refinements of diopside-
tvpe pyvroxenes become available.

COMMENTS ON STRUCTURAL STABILITY

For manyv vears it was thought that jadeite was stable only at high
pressure (Yoder, 1930), but today it is known that high pressure is re-
quired for synthesis at temperatures where reactions take place and that
jadeite is probably quite close to, if not in, its stability field at room tem-
perature and pressure. When temperature is raised at atmospheric pres-
sure jadeite breaks down to albite plus nepheline, i.e.,

2NaAlSi,0s — NaAlSi;0s + NaAlSiO,

At room temperature and pressure the combined cell volumes of albite
and nepheline are 22 per cent larger than twice the jadeite cell volume.
This change in volume is a reflection of structural changes because in
jadeite the aluminum coordination is 6 and in the others, 4. Sodium co-
ordination is roughly the same in all three structures, but the average
Na-O distance is about 6 per cent shorter in jadeite than in the other two.

It would be of interest to find some criterion for stability of a structure
under changing conditions of temperature and pressure. This would be,
for example, an interatomic distance which, when extended or com-
pressed bevond some limit, would result in instabilitv. Such analysis of
silicates i1s difficult at present because little is known about how these
structures, determined at room temperature and pressure, max differ
from the actual structures which exist when the phases are formed.
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APPENDIX

Weighting. Observed structure factors were weighted in inverse proportion to their variance
for least-squares reinement. Estimates

1
W Fe| = 3
|

based primarily on counting statistics were obtained using the following relation:

of ¢

Fo
ll )i It 16 0.0 ) & ( )
Ol = “ )}r)) + { 37)s A

Here E is the total counts (peak+background) accumulated during continuous w scan of
the reflection profile; B is the total background computed according to

Bi+ B
B =T, <—lii ) (A.2)
2T

where By and Bs are fixed-time background counts on cach side of the peak; 7' is the time
taken to scan the peak; and 7% is the fixed time for counting each background. The term
(0.037)2 allows for miscellaneous, otherwise unaccounted for, fluctuations.

Intensities were considered to be below the minimum observable if

(I- — 0.6745az) — (B + 0.674505) < 0 (A3)

For those reflections satisfying (A.3) the value of 7y,i,. was computed using (A.3) as an
equality.

Scatlering factors. In our least-squares refinement program scatiering factors were computed
using the expression (Silverman and Simonsen, 1960; Fischer, 1963):

6
fi = exp Z a, (sin 0/)\)”:| (A4)
n=0

The least-squares program was provided with one set of constants ag; through as; for each
kind of atom. The constants were determined by the following method, the basic features of
which were suggested to us by Iischer (personal communications, 1961-1963): The f values
for a particular atom are obtained from tables, curves are drawn, and additional f values are
interpolated for intermediate values of sin /). These are used in a least-squares refinement
in which the f values are treated as a set of t I, These are compared with f values calcu-
lated using the constants g; for a one-atom structure with the atom at the origin of the unit
cell. Consecutive indices 400 arc assigned each ‘“‘observation” which, with appropriate
choice of lattice constant, represent sin 8/X increments of 0.025. Since a,, by definition, is
equal to In Z, where Z is the number of electrons, the value of ¢, is fixed by the ionization
state of the atom, and is not varied. The best values of @; through ag are determined by
several cycles of least-squares refinement of the fictitious structure. In all cases the f values
calculated using the refined values of the a; agree very well with the “observed” values. The
constants «, for fully ionized atoms, valid in the range 0<sin /X <1.3, are given below.

Natt 2.30239 0.02175 —35.02831 1.88387 4.068622 —4.37294 1.98615
Als+ 2.30259 —0.00332 —2.60085 —0.48861 3.32426 —2.12639 0.43425
Sis+ 2.30259 —0.00269 —2.10046 —0.10831 1.44082 —0.56796 0.02120
0O 2.30259 0.10528  —23.00186 58.47558  —04.83647 34.48609 —7.19208

The “observed’ f values for all atoms, both neutral and ionized, with the exception of O,
were taken from the International Tables for X-ray Crystallography, vol. 111, pp. 202-203
(1962). Those for O*~ were given by Suzuki (1960).
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Anomalous dis persion corrections. Anomalous dispersion coefficients, Af, and Af; were taken
from International Tables for X-ray Crystallograply, vol. 11, p. 214 (1962). When these
corrections are included, structure factors for centric crystals such as jadeite are calculated
according to

Fo = [4,2 + A2] (A.5)
where
A, =2 ([ 4 af)Ecos ¢
A = Y Afifcos &

and £ and ¢ are scale and temperature factors and trigonometric parts of the structure fac-
tors.

(A.6)
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