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CRYSTAL-CHEMICAL CHARACTERIZATION OF CLINOPYROXENES 
BASED ON EIGHT NEW STRUCTURE REFINEMENTS' 

JOAN R. CLARK, DA~IEL E. ApPLEMAN, AXD J. J. PAP IKE 

U. S. Geological SII rz:ey , Washington, D.C. 20242 

Compari...<on of new crystal-structure refinements for spodumene, LiFe"Si:O., synthetic ureyite, acmite, diopside, 
augite, a C21c omphacite, and a P2 omphacite with published refinements for jadeite, johann.senite. Xaln'·Si,O •• 
fassaite, and another P2 omphacite indicates that the structures are strikingly similar throughout the range of 
chemical compositions. The "end-member" c1inopyroxenes are ordered within the limits of resolution. Bonding can 
be satisfactorily explained in terms of an es...<entially ionic model without invok.ing additional covalent eiieds. Except 
for P2 omphacites, the charge and size of the ltf2 cations determine the structure type: if Ml is Ca or ~a, 
C2/c is expected; if J.i2 is Li, C2; and if M2 is Mg or Fe'., P2./c or orthorhombic. PrC(;isc bond distances for 
ordered "end-member" c1inopyroxenes can be Il..<ed in determining T and ltfl site contents of intermediate·composition 
c1inopyroxencs, and ferrous iron is disordered in such clinopyroxenes. "Ideal" P2 omphacite, Ca. .• Xa. . .)f:;. ... -\I..,Si,O •• 
is expected to have Mg and AI fully ordered in the All octahedral chains, but in the M2 sites the maximum amount of 
order in alternating sites is -1 Ca, 1 Xa, and -1 Xa.l Ca. 

IXTRODUCTION 

In a recent review of the crystal chemistry of pyroxenes, 

Zussman (1968) pointed out that before 1959 very few 

details of the crystal structures were known. Since then, 

although the results of several modern refinements have 

been published, the structures of a number of "end

member" pyroxenes, including diopside, CaMgSi2 0 6 , have 

not been examined by modern methods. We have therefore 

carried out precise structure refinements of diopside, acmite 

NaFe3 +Si2 0 G• ureyite :/I."aCr3 +Si20 G• spodumene LiAlSi~06' 

and synthetic LiFe3-Si~O~ (Table 1). The results of these 

refinements are presented here and are compared with those 

previously reported for jadeite, NaAlSi20~ (Prewitt and 

Burnham, 1966). johann~nite. CaMn~·Si~O,; (Freed and 

Peacor. 1967), and synthetic NalnJ+Si~O~ (Christensen 

and Hazell, 1967). In addition, results of refinements for 

three clinopyroxenes of intermediate compositions (Table 

2: a CZ/c omphacite, a nearly Fe·free PZ omphacite. and 

a C2/e augite) are also given here and are compared with 

those for another PZ omphacite (Clark and Papike. 1965) 
and for an AI-rich pyroxene that approximates fassaite 

(Peacor. 1967). In tbe discussion to follow, the crystallo

graphic nomenclature for c1inopyroxenes is essentially that 

proposed by Burnham et al. (1967). The "end-member" 
clinopyroxene crystals that we have studied arc iully 

ordered within the limits of the X-ray diffraction method 

(except for the LiFe"-Si,O •• as explained later), and in the 

following discussion they are all referred to as ordered 

c I inopyroxenes. 

E"PERl}[EKTAL DATA 

Crystallographic, cI:e,.,ical and X-ray diffraction po;;.'der data. 
Crystallographic data and information about the source of the 
crystals used for the ~tructural studies are given in Table 1 for 
ei>;ht ordered c1inopyroxenes and in Table 2 for five c1ino
pyroxenes of intermediate compositions. The relationship of tbe 
cell parameters to ch~mical composition and structure is dis-

I Studies of silicate minerals (13). Publication authorized by 
the Director, U. S. Gt'<>logical Survey. 

cussed at the end of the paper. In most cases, the cell parame
ters were obtained by least-squares refinement oi powder X-ray 
data derived from diffractometer measurements taken with Ni
frItered Cu radiation (Cu KCll, ). = 1.5405 A). The refinement 
program for the IBM 360/65 is described by .-\ppleman and 
Evans (1967). Bulk. chemical and clC(;tron-microprobe analyses 
(Tables 2, 3) indicate that the ordered c1inopyro~enes and the 
Venezuelan P2 omphacite have compositions c1~ to ideal. A 
trace amount of Ca was detected in the synthetic ure);te crys
tals and is attributed to impurity of a reagent used in the 
synthcsi.s (L. Fuchs, oral commun., 1968). The ,synthetic 
LiFe"Si:O. Cf),tals contain about 0.10 atom of Fe" per formula 
unit. a point discussed later, and this occurrence i~ due to partial 
reduction of iron during the quench process (D. B. Stewart. 
oral commun .• 1968). 

Determination of the space groups was confirmed during the 
present study by examination of single-crystal prec~ion photo
graphs and by checking individual reflections manually on the 
single-cry,tal diffractometer. The spodumenes ha"e irom two to 
ten weak reflections of the type hOI with 1= ?n -'- 1, "iolating 
the c-glide symmetry. The P2 omphacites each b"e irom 200 
to 300 weak reflections of the types hkl with h .:.. k = 2 .. + 1 
and hal .... -ith 1= 2n + I. Reflections violatin~ C?/c >ymmetry 
requirem~nts were sought but not obse"'ed i": any of the 
other c1inop~To:tenes. A number of the crystals, includin-~ spodu
mene, were checked for piezoelectricity but nl) respon;e was 
observed . .-\ powdered sample of a known P2 I):nphacite was 
studied by the harmonic oscillator method (Kurtz and Perry. 
1968) and showed no indication of any second narmonic gen
eration (S. K. Kurtz and K. Nassau, written (O,:nmun .. 1963). 
This result is not surprising in view of the nearly centrosym
metric nature of the P2 structure. 
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Observed X-ray diffraction powder data fo~ ;:-,I)st oi these 
c1inopyroxenes are available in the XRDF. ;,~.<i calculated 
patterns are SOon to be published (Borg and Sml:h. in pre'sl. 
Howe"er, po"'der data for synthetic LiFe'·Si:O. ha"e ne\"er 
been given before. so these data are listed in Tahie 4. to~ether 
with data for the Xewry (Maine) spodumcne. 5icnilar data are 
also given for the Kakanui (New Zealand) au;;i;t in Table j. 

Single-crYSIal X-ray diUractiolt dllta. The information on data 
colledion (crystal size, number of independent rtnections. fInal 
R values. ~tc.) is summarized for the eight ",dered clino
pyroxenes in Table 6 and for the fIve intermediate composi
tion pyrox~nes. in Table 7. For this stud~' the ;(:.n ran-~c ,,'a5 
computed according to the equation for ;\[0 Ka X radiation 
suggested by Alexander and Smith (1964). with <,,"stants ad· 
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T.~IlLE I. CRYSTAL DATA FOR EIGHT ORDERED CU:':l'PYROXEXES' 

I 
Spodumenc I 

I 

Jadeite Urcyiteb AcmilC'~ Diopsidc Job.aDn~nilc 

LiAlSi,o. LiFe"Si,o. XaAlSi,o. XaCr'+si,o. N'aFc'-$i.<I. X a In~-+Si:<h C~~ISSi,o. G~ln'+Si,o, 

Prc\\;u and Frondd and Xolan CIo! Christensen Freed and 
Prescot study Pre-scnl study Burnham "lein (1965); Edgar (1<>0.."; and Hazell P!'-escnl study Peacor 

(1 966) prcscn t study present ~t1jo:y (1~67) (196i) 

a (A) 9.~~9(3) 9.666 (2) 9.415(1) 9.550 (16) 9.658,: 9.916 ~.H6 (~) 9.978 (9) 
b (A) 8.386 (I) 8.669 (I) 8.561(2) 8.712 (7) 8.795 ': 9.132 S.899 (5) 9.156 (q) 
, (A) 5.215 (2) 5.29~ (2) 5.21 9 (1) 5.2.3(8) 5.29~ 'I 5.371 5.251 (6) 5.2'13 (3) 
II (0) 110.10 (2) 110.15 (2) 10 •. 58 (I) 107.44 (16) 107.42 t1, 10 •. 0 105.63 (6) 103 .~8 (3) 

Cell \'olume (A') 388.1 (I) ~16.4 (I) 401.20 (15) ~18.6 (I.~) 429.1 (I, -465.1" ~3.1!.6 (3) '466.0-
Space group C2 C2 C2i' C21' Ol( C21, C21' C21, 

z 4 ~ 4 4 4 ~ ~ ~ 

Calc. density, g em'" 3.18~ 3.427 • 3. 3~5" 3.603 3.5;; ~.13 3.278 '3.522" 
Source 01 rna terial natural synthetic natural synthetic natunl synlhelic natural natural 
LocaIit)' or method} XCOI'T)', Maine Santa Rita Gouverneur 

01 syn thesi5 d peak area, . Green ~'e I uk district, Sc:hto-\ 'inceD ti 
Xcv; Idria Fonnatioo. Gou verucur. minc~ Vcnct.ia. 

Peak District, Wyomi=.; ="ew York Italy 
Gliforuia 

.. \'alues in pa..renthc:sc:s arc one standard deviation, i.e., Cor 9.4-49 (3) read 9.~9± OJlOJ .t ."'-n asterisk n:.1..-i...s ,-a.)ues not givcn in rci~cncc and calculatC'd by prC'i<'ot 
autho:1. 

b Cdl parameters obtained by refinement during present stud)' of selected data from Frondd and Kl2 .1965) . 
• Cd! parameters and "",Iume Irom NoW! Uld Edgar (1963); other data lrom present study. 
d Hydrothermal, 700" C. 2 kbar for 16 h"" using Fe,O. and Li,skO. in the LiFe'+si..o. I'lItio . 
• From mdt 01 N.U-S;,o. plus 10 wt % N.,siO, in ojr at 1000' C lor 2 days. 
, Obtained as impurity lrom a hydrothermal preparation 01 rhombohedral indium orick 

TABLE 2. CRYSTALLOGRAPHIC AND CHE!.!ICAL DATA" FOR FIYE CUNOPYROU).<:S OF IXTERMEDIATE CO!.!POSITIOSS 

I 
j 

Omphacites 
I 

:\ugite Fassaite< 

i Present study Clark and Papike \\'arner (19641; Present study Peacor (1967) , (1968) present study'-! 

a (A) I 9.551 (8) 9.596(5) 9.646 (6) 9.699 (1) 9.79-1(5) 
b (A) i 8.75[ (5) 8.77 [ (-I) 8.824 (5) 8.844 (1) 8.906 (5) 
e (A) 5.25-1(4) 5.265 (6) .5.270 (6) I 5.272 ([) 5.3[9 (3) 
f3 (0) 106.87 (8) 106.93 (8) 

I 
106 . .59 (8) 

I 
106.97 (2) 105.90 ,3) 

Cell volume (A') 420.2 (-I) -123.9(-1) -129.9 (.5) 432.5 (1) -1-16.2 
Space group P2 P2 I C2/e I C2/c C2/c I 

Cations per 6 oxygen atoms 

Tetrahedral Si 1.98 1.96 1.995 I 1.83 1.506 
,-\.I 0.02 0.0-1 0.005 

I 
0.17 0.494 ... 2.00 2.00 2.000 2.00 2.000 

.If cations Ca O.·lj 0 .. )[ 0 . .583 I 0.61 0.97':-
~a 0.48 0.48 0.325 

I 
0.09 0.007 

~Ig 0.42 (J.-I-I 0.582 0.90 0.5iO 
Fe-- 0.05 O. [0 0.116 O.l[ 0.063 
Ft"'+ 0.02 O. [0 0.123 

I 
0.10 0.139 I 

,-\.I 0.5[ 0.39 0.233 i O. [6 0.1 i 1 
Ti O.O[ O.O[ 0.002 I 0.02 0.06':-

1.96 2.03 1.9<H 
I 

1.99 2.0[0 

Z 4 4 -I 

I 

4 4 
Calc. density, g cm-' 3.32 3.37 3.36 3.3[ 3 .35 

Loca[ity of min~ral Puerto Cahello, TiiJurrm Peninsula, : Hareidland. 

\ 

Kakanui, Hessercau Hill, 
Vene7.ue!:1. California Sunm~re, :\or.n.:: "ew Zealand Oka, Que~, Canada 

Reference for chemical Morgan (1967), Coleman d ai. Schmilt (19(.3 . I 
analysis, mineralogy s'lmrle Ca,105<) (1965), sample sample 172~ I .\( asotl ,19(/). i'e:1.cor (1967) 

lOO·RGC,S8 

• Values in par~ntheses arc one standard deviation; for 9.55[(8) read <J.55[ ±O.rIA A. 
I. Cell ConSlant$ obtained by refinement durin!; present study of st"lected data (rom Warner (1964). The \,;,:ue for Si of 1.973 (Warner 

1'J{t4) is incorrect; recaicul:1.tiol1 yitlds [.<)<)5. 
c .\1 cations include O.OOi atom :-(n. Cell VOIUtllC calculated by pr<.";;ent authors. 
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justed when nec=ry to increase the range slightly. Background 
counts of 20 seconds duration were made for each reflection at 
the beginning and end of the scan range. The take-off angle 
was 3°. A standard reBection was recorded after each .30 
measul't'ments, and a number of equivalent reflections were 
collected; agreement in all cases was excellent. 

Computer programs, written by Dr. C. T. Prewitt, E. I. du 
Pont de Nemours and Co., Wilmington, Delaware, and modi
fied by D. E. Appleman for the IBM 360/65, were used to 
obtain the diffractometer settings and to reduce the raw data, 
including corrections for the total background count, absorp
tion, Lorentz and polarization fadors (program ACAC .. \). Re
flections for which the IFI was less than four (five for 
ureyite) times the standard deviation in IFI as determined by 
the counting statistics were coded as "less-thans" and were not 
used in the refinment. 

Refinement procedures. Computer programs u.<ed for the initial 
refinements were taken from X-Ray 67, Program System /01' 

X-Ray Crystallography. by]. M. Stewart, Unh'ersity of Mary
land, adapted by D. E. Appleman for the IBM 360/65. The 
initial atomic parameters were those reported for jadeite (Prew
itt and Burnham, 1966), except for the P1. omphacite, for 
which the coordinates were taken from the published P2 
omphacite parameters (Oark. and Papike, 19(8). In the latter 
stages of the refinements, the data for each structure were 
refined with programs written by Dr. L. W. Finger, Geophysi
cal Laboratory, Washington, D.C. Final cycles of least-squares 
refinement were carried out using anisotropic temperature fac
tors with the fonn 

exp 5 - t t h,h;IJ,j l I i_I ;_1 \ 

for each atom, except for the P2 omphacite, for which only 
individual isotropic temperature factors were refined. Correc
tions for anomalous dispersion (Cromer, 1965) were also ap
plied, and site occupancies were refined where necessary and 
possible. The site occupancy refinements were based on a fixed 
total chemical composition, assigned from the results of the 
chemical analyses (Table 2, 5); the principle; gO"erning the 
calculations are disclL<...<ed by Finger (1969). ~o large correla
tions between parameters were noted except for the P2 ompha
cite, d=ibed in that ~tion of this paper. A trial refinement 
of Mg "'J Ca between .Ifl and Al2 sites in diopside confirmed 

:\loms per six atoms of oxygen 
E!cmen .. 

Spodumcne> I ureriteh Acmite" Diopside" 

T.i 1.00 - -
~a 0.01 l.00 0.95 0,02 
Ca - 0.05 0.99 
),1,; - 0.04 0.01 l.01 
;\1"/ 1.00· 0.01 0.01 
Cr" - 0.97 
Fe" I - - 0.99 0.01 
:'-f n'- - 0.01 - -
~.If , 2.01 2.m I. 96 

II 
2.iJ4 

Si 1.99 1.97 2.00 1. 9; 
i I 

, Valut, co""crted ir,'m chcmical analysis "i hulk sample 
(~c\\'ry .. \Iail1c), wt. c';. as follows: I.i,O S.O, Xa:;O 0.18, :\1,0, 
2i.40, Ft/J, 0.03, 5iO: 64.18. Analyst, J. J. Fahtr, F.S.C.S., l.i 
L~' name photometer, J o:-eph 1. Dinnin, U.S.C.S. 

I. EiL'Clflll1 microproht! analy5Cs of selectc'cl sinllie crystals I,), 
.\. T. Andersol1. lj.S.G.:::.; locality or method (,f ~."nthesis arc 
'~I\'cn in Tahk I. 

TABLE 4. X-RAY DIFFIIACTIO:-i POWDER DATA FOR 5!'(JDll~ID:e: 
FROid NEWRY, )'LUNE, At-."D FOR SYNTHETIC L!Fe:l+SI:;O,' 

Spodumenc Li F' c2-$i:O. h 

Ca!culal<d< Oo.erv<d4 Observ<d,1 Caiculat<d° 
...... _ .. -

Peak Peak 
I I hkl dUt(A) .lunA) height height d,w(A) Jw(A) oki 

... ~---- ---
!to 6.095 6.0S 60 90 6.28 6.268 I l/Cl 
200 4.4J6 ".H 30 4.SJl' 200 
III 4.J52 4 .. :!- 20 JS 4.44 4.HJ III 
020 4.19J 4.21) 80 iO 4.JJ 4.J.l4 020 
!tl J.442 J.43; 20 I 23 J.510 J.50'l III 
021 J. t85 J.IS; 30 5 3.268 J.267 021 
220 J.047 J.046 5 J.IJ4 220 
22t 2.914 2.QU 85 100 2.9'12 2.992 ~21 
:llt 2.854 2.!3l 15 1.920 !lll 
JIO 2.789 2. ;90 100 85 2.854 1.856 JtO 
130 2.666 2.665 .10 15 2.75.1 2.75J 130 
202 2.546 2.';45 5 2..i87 :!o2 
112 2.484 12.325 112 

35 2.52J J 
iJI 2.4S0~ '.2.32.1 IJI 

1.449 20 
002 2.«91 35 2.484 1.~85 002 
22t 2.351 2.J..'O 20 oW 2.405 2.40.\ 221 
IJI 2.246 2 2.308 1 . .lO8 III 

:112 2.234 1.171 :112 
400 2.218 2.122 15 1.268 400 
222 2.176 2 2.221 1.221 ~21 
III 2.143 l.U5 10 1.188 III 
022 2.115 2 2.167 2.1<17 040 
112 2.107 2.1C8 10 2.156 022 
040 2.096 5 2.14J 2.142 112 
:131 2.056 2.054 20 20 2.115 2.114 :lJI 
i21 2.048 10 2.100 2. O'l'l i21 
330 2.032 2.032 10 2 2.089 2.0B'} 330 
.02 2.027 S 2.067 2.067 ~02 
420 1.9<>1 2.010 ~20 

041 1.927 I. 92; 20 5 I. 987 I. 987 O~I 

IJ2 t .904 1.956 2~ 

240 1.896 , 1.94'1 Tl2 
202 1.887 '1.919 :!H 

25 I. 91'1 , 
241 1.862 I.86J JO ~l"'jl() 1")2 
.5t1 1.84J I.S-l; 15 10 1.886 1.8a6 .SII 
.22 1.825 2 2 1.866 I.u,r, in 
:lJ2 1.784 S 1.82'1 1.828 ~j2 

i il. 781 J.lI 

I 
-' I. 7i'J J 

i I. ;;r, 510 
I. 7J.! 10 2 I. 7.14 
1. i 2~ 5 I 1$ 1.703 
1.6.'! I 2 .' 1.6'12 
1.6-4; IS 10 1.6.14 

10 1.630 
I.G()' I, 40 

I 
1.606 

I 

1.59} .' I I.Y/' JS I 
1 ) 1.51l 20 I: 

• Sec Table I for cry,uIJographic data. Table 3 for .podumcne chemical 
analysi5. C2/c 

b ""tual composilion do.< 10 Li •.• Fc ...... Fe· .... ..si:O.. 
< All calrula.t<d ,'0.1""" do..." 10 26(C"K",) <.12' arc I:iven for e2/' ilJ:1 only 
d ~{e3surC'mcnts {r()en d.i5ractomct.cf p.&ttC'r~l taken with ~i~nltefed Cu r.l.~!i,,· 

lioo, CUKOl A. - L5405 A. Peak hC'~hts .arc normalized to IQfJ (or the b.t;~t 
observation and a.rC' approu;n.a.tC' only; patterns may be subject to preferrt:'ft 
.orientation effects. 

the assumption of complete ordering within the limits of the 
data. Xo corrections were made for e~tinction, either primary 
or secondary; the data appeared to be relatively unafiected by 
primary extinction. :\ few reflections were stron:; enou:;h to 
swamp the scintillation counter, and these data ",ere not used 
in the tinal refinement.;. 

The atomic scatterin~ factors used durin:; the final cycles of 
refinement were calC1JJated from a nine-coefficient anaIYlic::tl 
function (Cromer .. nd Waber, 196~), usin~ the coefficients of 
Cromer and Mann (lQ68) for 0-' and fully ionized calion> .. At 
the end of the refinement, the ma~nitudcs and orientations of 
the thermal ellipsoids were calculaled. The fmaf b"}flri len:!lh, 
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TABLE 5. X-RAY DIFFKACTI0;> POWDEK DATA FOR AUGITE 

FKOIJ KAKANUI, :\EW ZEALAND" 

Cakulatro~ Ot-rve<J< Calculatro~ Ot-rvro< 

hkl aHl (A) ; dw(A} Peak ukl dHI(A} dw (A) Po\; 
height hei!;ht 

-------
110 6.401 330 2.134 2.135 20 
100 4.638 :i31 2.114 2.125 40 
020 4.422 :j21 2.101 2.101 10 
III 4.415 420 2.054 

. 111 3.622 402 2.0261 2.025 .1.' 021 J.3H J.J25 10 041 2.0251 
220 3.201 J .204 55 240 1.996 
:!21 2.988 2.989 100 202 \.985 1.985 
310 2.919 

, 
2.91 i 100 iJ2 \.964 1.965 t:' 

311 2.895 2.SQ' 25 241 \.941 
IJO 2.810 511 1.889 
IJI 2.552: 2.550 J5 422 \.842 
202 2.548: JJI 1.8J7 
il2 2.525 1.8t6 15 
002 2.520 2.520 25 1.811 20 
221 2.~85 2.485 35 I. 7J8 20 
131 2.367 1.666 10 
~ 2.319 1.628 10 
JII 2.270 2.269 25 1.616 30 
312 2.236 1.600 
0-10 2.211 1.5J5 10 
~22 2.208 1.531 10 
112 2.199, 2.194 10 t .50t 20 
022 2.190; 1.474 5 

1.404 -10 

• Sec Table 2 for cry.talIographic and chemiC1l dat.a. 
" Calculatro values romplete to 2B :5;0.0" (CuKaI, ). - 1.5405 A}. 
e }{easuremenu from diffractometer pattans with NaF as intemal standard. 

CuKo l. Pca\; heighu Dormalized to 100 using JtO, ~21. 

and angl~s with associated standard deviations (s.d.) were ob
tained from the full matrices of the errors in atomic and cell 
parameters, u5ing program BADTEA written by Finger. 

Both unit weights and statistical weight5 were tried in the 
course of the refinern~nts. Statistical weights were computed 
from the formula wit' = l/a(F), where a(F) is one s.d. in 
1F.1 determined from the counting statistics. for unit weights a 
weight of 1.0 was a...-;igned to all reflections. The statistical 
weighting sch~me Wa5 not suitable for the P! omphacites be
cause of the large difference in average int~nsity between the 
group of renections \\;Ih h + k = 2n and the much weaker 
group with h + k = !" + 1. For ordered C!/c pyroxenes such 
as diopside, the two weighting schemes };elded \-irtually identical 
resulfs_ 'For consistency, unit weights were u!«:l for all final re
finements. In Tables 6 and 7 we I~t both the conventional R = 

LI!F.! -IFcII/L IF.!. 
and the 50-Called weighled R = 

We emphasize that w = 1 in aU ca..~. 

Refinement r(sulls. Atomic parameters and th~ir standard devia
tions are compared ~th published values in Table 8 for or
dered clinop}To:tenes, in Table 9 for e2/c int~rmediate composi
lion clinop)To:tenes, and in Table 10 for P! omphacites. The 
anisotropic t~mperatur~ factor tensors for ordered clinopyrox
enes are giv~n in Table 11. O~rved and calculated structure 
factors obtained from the atomic parameters of Tables 8-10 are 
listed in Table 12.' 

I Table I~ may be ordered as X . .l,.PS Document #QO.IS4 from 
ASIS Xational Auxiliary Publications Sen;c~, c/o CCM In
formation Sci~nces, Inc., 22 West 3-4th SI.. Xew York, N.Y. 
10001; remitting in ad\"lInce $1.00 for micronche or $3.00 for 
photocopies, payable to ASIS-NAPS. 

TABLE 6. DATA·COLLECTION Il'FORM.\TIO;> FOR EIGHT ORDERED CLINOPYI1.0XE::-'':S 

I Spodumen~ . Jadeite i Ureyite :'.cmite 
I . 

Li . .l,.ISi,o, LifeHSi,o. :\aAISi,o. : :\aCrHSi:O •• XaFeHSi,o.: :":aln'+Si,o. 

Present Present Prewitt and i l'resen t Present : Christensen 

stud~' study llurnham 
stud~' ;tudr and Hazell 

(1966) (1967) 

~il.e of crystal O.OiXO.llj O.IOXO.IO 0.0-4XU.08 O.OJXO.Oi OJJ;XO.IO O.06XO.06 
'mm) XO.23 XO.16 XO.22 XO.1J XO.20 XO.3 

l< ad ia tion Iii Iter ~[o/XI, ~[o/Nb Cu/Ni ~[o/Xh ~[o/Nh ~[o/not gi\'en 
(,.lIeClion meth,xI 
(rrslal axis (0)' 

ior data . [!d,O ]" [Id,O ]. not given [iio/, 1· [/,/'O I· not given 
colkction 
.\h;;orption no yes yc~ yC!; yes 110 
correction 
~. CI11- 1 11. -no lOlL .1-4. ~2. 56. 

:-;' •. of 11'.: >0 850 1'66 341> ill 83-4 534 
. :R 0.03; O.OS(l 0.04.1 O.O.i(, (l.OS-4 0.055 

[;;otro[>lc\ WId R< 0.04-l 0.058 0.062 0.057 
. . r R 0.031 0.035 0.037 O.(W) 0.035 0.O-t9 

.\~lsotrop1Cl WId R< 0.03') 0.046 0.0-47 (J.03,) 
Standard devi:llion l -L3-4 7.04 3.01 J.76 

in II'I (ani;....,tr.) fl 
•. '(lCmal-I><'·~m. equatorial g.',metr.'". 4-circlc automatic dilTraclometcr. ;cintillation counter, 20 scans . 
• , Equiinciin:llion Wcissenl)(:r:;r. scintillation detector, halanced tilters. 
, Inclination £:eomctry, linear diffractomel<'r. scintillalion counter, i>alan(cd tilt~rs. 

·1 I·:"ui-inclin:ll ion diff ractomt:ter. IlCollOrtional detector. 
.. ~"e text [,'r defInition o[ Rand wtd J<. (so-called wciJ::hted R); w= 1 in ;111 r.onements. 

Diop;ide J ohannsenite 

CaMgSi,o. CaMn'+Si,O, 

Pre5("r.t Freed and 

studr Peacor 
(196i) 

------

O.Q7X(J.I3 i 0.074XO.033 
XO.2(J XO.li3 

Mof.\r, ~ot given 
d 

[{to.'c:- [001] 

n', yes 

20 . not gi"en 
918 398 

OJh3 0.066 
OJh; 
O.(J!J 
o . (J.)fJ 
3.tlJ 
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TABLE 7. DATA-COLl.ECTtON INFORMATION FOR FIVE CLlNOP\""RO:-'-':)'::S OF hT£RMEDIATE COlolPO:;[TtONS 

Omphacites Augite Fa.s5aitc 

Venezuela California 
NO""ay Xew Zealand Quehec 

Present study Clark and Pap ike Present study Present study Peacor (1967) 
(1968) ! 

Sue of crystal (mm) o .20XO .20XO .07 0.20XO.07xO.04 0.16XO.13XO.03 0.30XO.23xO.13 lo .04xo .o.txo.26 
R.ldiation/filter Mo/Nb Mo/none Mo/Xb Mo/Nb Cu/no! givcn 
Collection method Normal beam, equatorial ditiractometer, scintillation counter, 20 scans . 
Ditiractometer 4-circle automatic manual 4-drcle au tornatic -l.-circle automatic manual 
Crystal axis (<I» for} 

data collection 
(001)· (010)- (0101· (0101· c 

Ab$orption correction no yes yes yes yes 
11-. cm- I 18. 22. 24. 23. 239. 

Xo. of I Fol >0 1150 830 724 944 about 390 

I~",p" ft" R' 
0.047 0.080 0.036 0.089 0.073 
0.045 0.060 0.085 

, 
- -

:\ni • R not done not done 0.046 0.049 0.064 
. sotroplc wtd Rb 0.052 0.054 -
Standard deviation} 4.96 - 4.44 11.03 -

in I FI (final) , 

• Equiinclination diffractometer. proportional counter, direct counting methods '\'lith background measurements. 
" See text for definition of Rand wtd R (so-called weighted R); ..0-1 in all refinements. 

CRYSTAL CHEMISTRY 

The clinopyroxene crystal structure. The basic structure of 
tbe clinopyroxenes was nrst determined by Warren and 
Bragg (1928) for diopside. The distinctive features of the 
Hructure are well described and illustrated in papers by 
Prewitt and Peacor (1964) and Zussman (1968), as weI! as 
in the published refinements of jadeite and johannsenite, 
already cited. The oxygen atom 03 links between two Si 
alOms (Fig. 1) and is referred to as "bridging." The other 
l"O crystallographically distinct oxygen atoms 01 and 02 
::.:e each linked to only one Si (Fig. I) and are referred to 

as "nonbridging." The MI site (Fig. 2) is octahedrally 
coordinated and is occupied by the cations Mg, AP'!, Cr. 
1\1n, Fe:- and Fe3+; the M2 site (Fig. 3) is larger than .\f1 

and is usually occupied by Ca, Na and Li. In the following 
discussion, we assume the reader's familiarity with the 
structure and concern ourseives with specific details oi the 
crystal.:hemi:try. 

The ordered clinopyroxenes. Some features of the or
dered ellc clinopyroxenes have been descrihed e15e
where f Appleman and Stewart, 1966: Clark, ApplemJn 

TABLE 8. ATOMIC PARAMETERS COl.lPA~ED FOR EIGHT ORDERED CLt:-;OP\""ROXE~-':S' 

i Spodumcnc 
LiFc'·Si:O. Jaddte Ur~ritc A,,~milt 

:\aln·-;;!D. i Diop~ide Jo!unn::.cnttl:! 
LiAISi:O. ~aAlSi,o.. XaCr'-Si,Q. ~J.Fc'-Si! ... C.~{~Si,o.. C~).( n!~:'L{) • 

. \'.0'" P"r"meter I W.....,..,n and 
Pracnt Prescnt Pre\\;'u anoi Pr_at P,-"",nt Chri.~ttMen \V3t"rcn and; 

Pr~nt 
Freed antt 

I Biscoe study study Burnham stud), f(ud~' 
and Huen IIrau Hc-ly f'CaCQf 

(19JI) (1966) (1"":/ (1'12S) I t4J6; 1 

: ------
E.1.1 r 0.29 0.29~11 (6) 0.29626 (9) 0.29% II: 0.2'121(1) Q. !Q();I 81 0.2<;21 13) O.2Q() O.H/.2.l<.;): (J.18;-1 \1'1 

y .W 0.0<I.H9«j .0895 (1) .O<IJ~ fI, .0<1180) .\l$'HI, ") .08f/J (3) .0'1(1 3tH311.;); .(.fllf ~~) 
.23 0.2560 (I) .2663(2) .21ii (1: .1333 (2) .1.,51 'I, .H:: (5) .236 .22'128 ('1)1 .l.!6J\H 

R 0.15(1) .2Q (1) .11 .. 16 (2) .~q f}1 .228 (7) I .2/>(.ll 
(l:AI z .11 0.109') (2) .11<>8 (21 ~lQQO(11 .IUO(3) .IHI 2, 411'lt f ij .IH .Il;;;; (1) I .120.1 Ie, 

.0<1 0.0823 (2) .08.' \ (.ll .0;6.113 .0;'11 (31 .\1;84' 1: .08'",;) .0'1'1 ,l,';;3 (I) ,lYIlO Ii" 
· I ~ 0.1401(3) .150.1 (4) .12i5 (4, .13;41.\) .1.~·1! • !3J';, 13) .1.1'1 · H!1(2) .1.;U lll' 

I; 0.H(1) .U (3) .36 .42 (4) •• '>1 11: .:;j '.2) .1'1 (8) 
(I' \1 r ~Ji 0.3(>46 (2) .. Hi;1 (.ll • .1608 11 .3.19'1 (3) · .';;8]'2· .35;~ (8) •• 158 .51,11 (1) .. 16.12 (.'> 

.1.; 0.21,;3 (2) .2.';6 (3) .21>.10 U, .2583 (3) :!:'~8 .!, ~14{,; (S) .251 .1:lf)( I) .1UII/,1 
· .12 0.3001 (3) . .lNO(.') .N!?(" .. ,OJ; of)} . .'00\ .~ . .JIt", j 11), •. 120 .3WJI-I) .. Jl·'J~11OI 

II 0.H(2) .6'1 (3) · ~8 .~5 q, · :~\ i3 • .;t, '1) .ti(lJ:\ 

(l: \ I .J6 0 .. 1.\65 (2) . .1.<.'8 (.ll .J5.U il .3~jl 1 J) .. :.'I! 2 .34:1 ri) .34.; • ;~(J5 tI} . U~l \: I 
.'" .01 -0.0\2'1 cn • 1JOOO(.<l .00;0 (3· .01031.1) .\'(1;'1 ! . .OIH!8) .022 JJ!;I,II) .fJ10f) ,()I 

.000 0.05i8 (J) .O.:;.N (~) .0058(~. .()()(,(,(61 .l'IIS I· .01'J3 'tl} .000 - .I!,I; (1) -.IIOH(12) 
Ii 0.41 (1) . ; 1 (3) .4? . .',1(.11 .. ~ 1 f J . .3'1\11 .1'1 (101 

If: ¥ • ~11 0.40(,(, (I) .8"~o; (;) • 'JO<,(J II, .00;6 >II .$"'8''-(, .S'IIr" I} 

I 
~rJt j .('(,s!J (II)! ,'#fI;d\!1 

k 0.11(1) i . .11 (II · ~O .H It) .. :;.1. - .21, (ll l~ I)) 

In y • .11 O.li.ll (") .2(,8.1 (61 . .100<1(2, .-«XJS 1.1/ • !'->W 2) . Jill I '81 ~JO.; · ,;£II;~ (3)' ~(IlIJ ~! , 
II I. I (I) .1.(1) .·'5 .;;(4) .... $ 1 J: 

I - .,111;) \ ;R (,1\ 

)' • .: in cycles. ~ui,·.alcnt U <Al} from .anisotro[,ic fctio('mc:nt, C'~O!I'l jf'H johaons<:nile (i~t:or)k refinement t)rdy). In C2/c o't}·~('n. Si roi}'iirions 8.1, Jf 1 and .lll 
4r with :t' -0, :; -0.25~ l·fe .... ioudy llYblish-01 valu~ convertcrl :Ii necr:-;..;;;,.ry to obtain tho:: '''-It'OC a.~rmmC'trif. ~t (or 311 (Hurnh..lm rl o! . 1'I<Ji ,. Err'Jr'r. In p.u\·n-

'':'~-:lr('(lt'H'!5tamiaN d~\"i~tion; for Q,2f J22 (J) rcad 0.2(122 ± 0.0003. 
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TABLE 9. ,\:roM{C PAR.~YETERS "':''D SITE OcCUPA~CIES FOR 

THREE Cl/c CUNOI'YROXENES OF 

INTERlfEDIATE COlll'OSITIO~S' 

Para.m~ 
Omt>ruocite Au;;ite Fusa.lte 

Atom eters. Xo ..... y Xe ... Zealaad Qu.bec 
atomic 

contents Present study Peacor (1967) 

T • 0.1$8 1 (I) 0.2896 (I) 0.2371 (2) 
y 0.1)Q1~ (I) O.09H(I) 0.0928 (2) 
: O.HOS (2) 0.2353 (1) 0.1272 (3) 
B OAO (I) 0 . .52 (I) 0.23 
Si 2.00 1.82 1.506 
AI O. 0.16 (+.01 Ti) 0.~9~ 

01 x 0.11-10 (3) 0.I1S0 (2) 0.1130 (4) 
~. O.08NH) 0.0865 (3) 0.0878 (4) 
: O. BS, (6) 0.1402 (4) 0.1317 (8) 
n 0.;3 (~) O. ii (l) 0.-10 

-
02 x 0.3604 (4) O.16~i (3) 0.1621 (4) 

Y 0.2531 (-I) 0.2330 (3) 0.25-16 (<I) , 0.3116(6) 0.3260 (5) 0.3189 (8) 
B 0.83 (4) 1.13(3) 0.69 

-
03 x 0.J51J (3) 0.J326 (2) 0.J318 (4) 

). O.ourw 0.0185 (J) 0.0189 IS) 

• -0.0001 (6) 0.0013 (-I) -0.0083 (8) 
B 0.6.1(3) 1.03(J) 0.37 

.!(I y 0.9Q.13 (2) 0.906J (1) 0.9068 (2) 
B 0.;; (3) 0 • .51 (2) 0.32 
AI 0.2-10 0.182 0.111 
Mg 0.543 0.115 0 . .5,0 
Fe 0.21. (i) 0.103 (5) 0.222 
:t 1.000 1.000 1.028 

-
M2 y 0.2<199 (2) 0.2952 (I) 0.3043 (2) 

B 0.8$ (.1) 1.23 (2) 0.66 
Ca 0.590 0.1516 0.975 
Xa 0.320 0.090 0.007 
)fg 0.05; O.IS' -
Fe 

I 
0.033 0.10. -

~ 1.000 1.000 0.'l82 

• x, y, ~ in cycle:<; cquh-aleat is'ltmpk B (At) tU." from a.aisotropk refine
ment. In e21c, T and O. positions 8j;.AfI and !f2, positions 4< ,,-ith x-O, .
O.lS. Errors in pa.renthdd I.fe one staDdard d",iatioD; for 0.2381 (I) read 0.2381 
±O.OOOI. Atomk contents ba..sed oa six oay,en atoms; tetrahedral lit. tilled to 
2.00 with Si aad AI (aL«> Ti lor .~te). For ompb.cite and au,gite, Ca. Na ..... re 
fixed ia M2 • • 'J in All a..nd Fe/)!g occupancy refined. Site occupancies were 
LSSumed for the {..,.,..lte "';th 0.0155 atom Ti .wo in j(1; iu coormutes have 
beeo converted to the ltJ.ndud s<t (l3utnham <J oJ., 1967) by tbe pmeat autho .... 

and Papike. 1965). For the silicate tetrahedra in these 
c1inopyroxenes. the nnal bond lengths and angles ob
tained from the pre5ent study are compared in Table 13 
with the values published for jadeite, johannsenite and 
Na[nlSi~O •. 

Comparison 0 f interatomic distances and angles for 
ordered clinopyroxenes of greatly differing compositions 
shows that certain features of the 5ilicate chains re
main constant throughout the series (Table 13) . For ex· 
ample, the Si-02 bond is the shortest of the four Si·O 
bond lengths for all ei~ht compounds and "aries only be
tween 1.;;55 and 1.398 A, \\'ith a mean of 1.591 A. The 01-
Si-02 angle is the largest O·Si·O angle in each com· 
pound, 5ubtending: the longest tetrahedral edge, 01-02. In 
addition. the Ml·OZ di5tance is the shortest MI·O dis
tance in each compound (Table I~). These constant fea
lures all involve 02. As shown in Table 15 under bond 
strcn~ths in the \'olumns headed "Ideal ionic model", 02 
has an un~alisti ... d char!?:e of from 0.3 to 0.4 electrons 

that is by far the largest charge imbalance of the three 
independent oxygen atoms in these c1inopyroxenes. This 
apparent excess negativity is compensated for by the 
shorter 02-Si and 02-MI bonds and may also be respon
sible for the relative constancy of the Si-02 distances 
throughout the series. The relationships between bond 
lengths and strengths are discussed in detail later in this 
section. The large 01·Si·02 angles may also be due in 
part to the greater repulsion between the more nega
tively charged nonbridging oxygen atoms. a point made 
by McDonald and Cruickshank (1967) in connection wit h 
the refinement of Na:SiOJ , which has a metasilicate 
chain comparable to the clinopyroxene chain. 

There has been considerable discussion recently about 
the influence of d-p 7T bonding in causing the increase in 
length of Si-O bridging bonds over the value observed 
for nonbridging bonds (Cruickshank, 1961; McDonald 
and Cruickshank, 1967; Pant and Cruickshank, 1 % I, 1968). 
In sodium metasilicate, the bridging Si-O bonds average 
1.67Z A. but the nonbridging Si-O bond;; average only 
1.592 A.. These values are similar to those obsen'ed in 
the c1inopyroxenes with Ca in the M2 position, which 
have mean values of 1.682 A. for bridging and 1.5% .-\ for 
nonbridging Si-O bonds. There is much less difference 
between the bridging and nonbridging Si-O distances in 
the c1inopyroxenes with univalent cations in the J[2 po
sition (Table 13). 

In the clinopyroxene series the inc rea...-:e in bridging: 
Si-O bond distance can be directly related to the strength 
of the M2-0 bonds. Each 03 bridging oxygen coordi
nates two Ml cations (except when M2 is Li), and as
suming the electrostatic attraction betv;een 03 and 
Ca:· to be greater than that between 03 and Xa-, and 
5i·03 bridging bonds would be expected to lengthen in 
the Ca clinopyroxenes. In the NazSi03 Hructure, Xa is 
coordinated by only nve oxygens instead of eight as in 
the clinopyroxenes. but each bridging oxygen still hJ.~ 

two Na neighbors. Bond·strength calculations based on 
a simple ionic model show that the o.);a bonds in 
Na:SiOJ have strengths of about 0.2 "alence unit. \'ery 
close to the strengths of the O-D bonds in Ca clinopy
roxenes (Table 15). 50 the bridging orygens in each 
case receive anout 0.4 electron from thi.:; source. The' 
nearly identical lengthening of the brid¥in~ Si·O nond; 
in XazSiOJ and Ca clinopyroxenes is thu5 explained on 
the basis of local charge balance, providing further e\·j· 
dence for the validity of an essentially ic)Oic model f0: 
the bonding in chain silicates. 

The value of the Si-03-SiA2 angle differ:; but litt!", 
throughout the series of compound; (Tanle 13): the 3.\'. 
erage for the six phases with univalent .It! i5 1':0.1 0

, and 
for the two with C3.~" 136.3°. Again the effect oi Ca> 
is apparent. Comparison of a related fea:ure. the line:!.
ity of the chain "backbone", 03Az-03AI-03A2 (+1 in (". 
demonstrates that the straightest chain; are iound ~::1 

jadeite, acmite and synthetic LiFe"Si,O,. (Table i3): i:1 
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TABLE 10. ATOMIC PAR.'-METERS A.'1D SITE OCCUPANCIES COI4PARLD FOR Two P2 OI4PHACITES 

Venezuela 
Present study 

California 
Clark and Papike (1968) 

Site Site I 
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B (A') occupancyb:t y z B (.~') I occupancy" x ' y ; 
------·1--------11--------1-------1-------·1------ -------I 1 ________ 1 ______ __ 

Fe 0.10 (I) 0 0.914 (1) 0 0.5 (1) II Fe 0.19 0 \ 0.9122 (5)1 .If! 

.If! H 

.1£1 (11H 

M2 

M2(1) 

M2H 

MW)H 

~~g~:~~ '1\ M
g
O.81:_ i 

.\1 1.00 0 0.099 (I) 0.5 0.37 (9) AI 0.95 0 I 0.1002 (5); 
Fe 0.05 . I 

Fe 0.08 .404 (I) 0 0.4 (1) Fe 0.18 0.5 ! 0.4045 (5)1 
Al 0.92 Al 0.82 . I 

0.5 

o 

0.5 

o 

0.5 

0.2 (1) 

.3 (1) 

.3 (1) 

.2 (1) Fe 0.10 0.5 .595 (I) 0.5 0.25 (9) I Fe 0.20 0.5 i 0.5957 (5); 
~[gO.90 MgO.80 , ! 

.\'a 0.76 (9)1---0---1--.-303--(-1)-1---0--1--1--1 (-3-) -II Na 0.64 0 i 0.3036 (5)1---0---
1
--.-8-(1-)-

Ca 0.24 . 'I Ca 0.36 I I 
XaO.25(8) 0 .7018(3) 0.5 0.8(2) NaO.36 0 10.7017(5)1 0.5 .7(1) 
Ca 0.75 II Ca 0.64 I I 

.:'\a 0.31 (8) 0.5 .8009 0 0.7(2) 11 Na 0.03 0.5 i 0.8009! 0 .8(1) 

Ca 0.69 I' Ca 0.97 I I 
NaO.6S 0.5 .199(1) 0.5 0.6(2) ill NaO.64 0.5 j 0.1996(5)\ 0.5 .8(1) 
Ca 0.32 Ca 0.36 ' ' I 

---I -------1 . ____ 1 ___ _ 

~i,O~orall 0.2892(5) .0987(8) 0.9775(9) 0.28(6) Ii ~i~6orall; .2890 (5)j 0.0972(5)1
1 

0,9774(5)] Si 1.\ 

Si 2.\ .2872 (5) .9131 (8) .4784 (10) 0.43 (7) I: .2881 (5)1 0.9135 (5) 0.4820 (5) 0.17 (5) 
Si 1C .2123 (4) .5882 (8) .0175 (9) 0.13 (6) Ii .2137 (5) 0.5880 (5) .0196 (5) 

_Si_2_C __ 1 _____ ! __ ·_2_104 __ (_5).1 __ ·403_ 3_(_8_)I _._5_24_5_(_9)_1 __ 0_._27_(_6)_1: .2103 (5) I 0.4027 (5)1_._52_3_2_(5_)_1 ___ __ 

1/,,' .110 (I) .092 (I) .864 (2) 0.3 (I) III .112 (I) 1\ O.ass (I)! .864 (2) 01.\1 
01 ;\2 
01 C1 
01 C2 
02 .\1 
02 ;\2 
02 C1 
02 C2 
03 .\1 
03 .\2 
03 C1 
03 C2 

.108 (I) .931 (1) .399 (2) 0.2 (I) ; : .110 (I) 0.922 (1) I .405 (2) 

.386(1) .574(2) .104(2) 0.6(2):1 .386(1) 0.567(1) I .103(2) 

004 (I), 
for all 0 

.384 (I) .415 (1) .622 (2) 0.5 (2) !, .385 (1) 10.411 (I) I .620 (2) 

.363(1) .264(1) .056(2) 004(2) i: .364(1) 10.263(1): .066(2) 

.350(1) .751(1) .556(2) 0.7(2) .347(1) i 0.747(1) I .551(2) 

.139 (I) .755 (I) .945 (2) 0.3 (I) , .133 (1) ! 0.749 (1) ~ .939 (2) 

.133(1) .245(2) .438(3) 0.6(2) .135(1) 0.244(1)! .446(2) 

.356 (1) .021 (2) .751 (3) 0.5 (2) :: .360 (I) 0.022 (I); .757 (2) 

.351(1) .996(1) .253(2) 0.3(1) I .350(1) 0.994(1); .252(2) 

.155(1) .515(1) .259(2) 0.6(2) .154(1) 0.515(1) I .255(2) 

.143(1)! .489(2) .i42(3) 0.3(2) .147(1).0.489(1): .750(2) 
I 

• .If atoms in positions la, 1b, Ie, Id of P2; M2 H y fixed to ~ign origin. Other alr}ms in positions 2~ of P2. Errors in parentheses 
are O'l" standard deyi:ltion; for 0.2892 (5) read 0.2892 ± 0.0005. 

b Tr}tal occupancy nxed at 1.0; chemical contents fixed from adjusted analysis for \'enezuelan omphacite (see text). The errors in 
parentheses (one standard deviation) indicate those parameters refined. 

, Tr}tal occupanc~' ti.xed at 1.0, but chemical contents allowed to vary durin,; refinewent. 

the latter thc angle is 180 0 within the error of measure· 

ment. The chain,: in the two Ca c1inopyroxencs, how

cveL ha\'c thc largest departures from linearity, with 

an a\'erage angle oi 165 0
• 

The .If I octahedral chains (Fig. 2) are a dominant 

structural feature in thc clinopyroxenes. The average 

M I·f) di~(:Inces obtained in this study for the various MI 

cati(}n; (Tahlc 1-1'1 agree in general with values pre· 

viouoly rrported ~ c/. MacGillavry and Rieck. 1962). The 
anISIc; of Ihe Mg o,'(ahedron in diopside closely approximate 

thoot oj l regular onahedron. The other Ml octahedra are 

al~o iairly regular. the average angular distortion being 

al)(lut 50 and the largest distortion, about 13 0. Zussman 

(1968) sugge~(cd that the l\!n'· cation represents thc 

upper size limit ior .Ill occupancy; the In ' • cation ap· 
pears to be very nearly the same size as Mn'+, so that 

the c1inopyroxtn~s which ha\'e been studied confirm thi~ 

size limitation. The In-In closest approach is, howe\'er, 

appreciably lon~-:r (by about 0.1 :\) than any other ,If I· 

.If 1 contact or,;erved. The Si-O-M 1 angles, as well as 

the Si-O-.Il2 ~Ies (Table 16), vary little across th~ ~c
ries and show no apparent dependence on the kind of J[ I 

or M2 cation. Comparison of acmite with synthetic 

1\'a-FeJ+Ge,OG' which has the clinopyroxene structure (So· 
!o\··eva and Bab-kin, 1961), would be interesting to sho\\' 

the effects on (he structure of substituting Ge for Si. 
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TAULE 11. ANISOTROPIC TEMPERATURE FACTOR TENSOR 

VALUES COMl'ARED FOR. ORDERED CUNOPYROXENES' 

Jadeite 
Spodu- Lifc.1+- NaAl- Ureyitc Acmitc Diopside 

ij mcnc Si.,o. Si.,o. NaC.r1+- NaF'c'+- Ca~(g-

Atum ul LiAlSi,o. Present Prc\\;U Si.,o. Si,o. $t~ 

(!ii Present study and Present Present Present 
study Burnham stud)" study :!tudy 

(1966) 

Si l! 4.2 (5) 13.3(8) 11(1) 150) UI(6) ,;';(4) 
22 6,0 (6) 10.9 (8) 11 (2) 13 (I) 7.3 (i) ;,0 (4) 
3l 15 (2) 1-1 (2) 36(5) 15 (3) l8 (2) 25 ',I) 
12 -1.8 (S) -1.6(6) 0(1) -I (1) -0.8 (5) -0,1 (l) 
IJ 3.0(7) 9 (I) 6 (2) 2(0 -2,9(9) 2,6 (5) 
23 -1.0 (8) -I (1) -1 (2) -2(1) 0(1) -0,9(6) 

01 II 6 (1) 15 (2) 4 (J) 16 (2) (; (2) 6..1 (9) 
22 II (2) 17(2) 20 (l) 18 (l) 12 (2) n (1) 
l3 18 (4) 31 (6) 32 (9) 19 (i) <I<i (6) 35 (3) 
12 -I (I) -I (2) -4(2) -I (2) -I (I) 0,6(8) 
IJ 0(2) II (3) 0(4) 3 (l) -5(2) 1(1) 
23 0(2) -3(3) -7 (4) 4 (4) I (l) 2 (1) 

02 II 1-4 (I) 28 (2) 10(3) 22 (J) 14 (2) I; 0) 
22 12 (2) 15 (2) 20 (l) 15 (l) 8 (2) 9 (1) 
JJ 6-4 (S) 82 (8) 47 (9) 38 (8) 75 (6) 49 (4) 
t2 -6.5 (I) -10 (2) -4(2) -6(2) -5 (2) -5,6 ($) 
tJ IS (2) 28 (4) OW 4(4) 2(3) l (1) 
23 -J(2) -IO(l) 2 (4) -4(4) 0(3) -1(1) 

03 Il 10 (I) 22 (2) 13 (l) 18 (2) Il (2) 9(1) 
22 24 (2) l7 (3) 22 (3) 24 (l) 19 (2) 16 (1) 
33 23 (4) Ji (;) 41 (10) 25 (7) 51 (6) 35 (J) 
12 2 (1) 0(2) -3 (2) 0(3) 2 (2) 0(1) 
13 2 (2) 12(3) 9 (4) 4(3) o (l) Sm 
23 -12 (2) -25 (4) 0(4) -12 (5) -8(l) -; (2) 

All 11 5.l (8) 14.2 (6) 13 (2) 17 (I) 11.1 (5) 7,; (1) 
22 7.2 (9) 9.9 (6) 15 (2) 15 (I) $,6 (5) ; ,; (8 
3J 14 (J) 20(2) 35 (6) 2J (2) 46 (2) 2512) 
Il 2 (1) g, 1(8) .5 (3) 4(1) -2.0 (7) 1(1) 

Al2 II JO (7) 25 (6) 35 (2) 35 (l) 34 (2) It,1 (4) 
22 J8 (8) 22 (7) 26 (J) 17 (l) 20 (2) II.H4) 
33 134(24) 27 (18) H(g) 34 (7) 84 (6) Hit) 
13 20 (11) H(8) -2 (3) -II (4) -II (3) -3,0(6) 

• (J ijXIO': for .Ill and J[2, 8",-8".0. Errors in p;1r<llth""", 2l'< I su,dud 
deviation; for 4,2 (5) read 0,()(\()42:t 0,00005. T~mp"ratur< factor form: 

""P 1- ~. ~ hi hi (Ji; } 
t_./_1 

but unfortunately the errors in bond distances for the 
Ge compound are so large that the comparison would be 
meaningless at present. 

The M2 coordination polyhedron in the ordered dino
pyroxenes is typified by the one in diopside (Fig. 3). 
When }.n is occupied by :\a~ or Ca~+ cations, the coor
dination is irregularly eight fold, with six oxygen neis;h
bors nearby at distances averaging 2.4 ;\, and two rur
ther away at an average distance of 1,$ :\ (Table 16), In 

Fig, 1. The c1inopyro~ene telrahedral ell:!;n as il :JPPC:lC' in 
diopside, Atoms labelkd aeeordin~ to nomenclature used in 
Tables 13, ~ 1. ~~, 

Fig, 2, The Ail octahedral chain as it appears in acmite, Atoms 
labelled according to nomenclature used in Tables 14, 20, 22, 

spodumene and LiFe3·Si~06' where Jf2 is occupied by 
Li., the two most distant oxygen atoms (03C2, 03D2) 
are removed from the coordination polyhedron, so Li+ is 
irregularly coordinated by only six oxygen atoms. The 
average M2-0 distances for Na+ and Ca2 + do not differ 
significantly, but those for Li+ are appreciably smaller. 
The a\'erage Li-O distances obtained in this study are in 
good agreement with the few reliable values in the lit
erature for octahedrally coordinated Li+_ For example, 
the average Li-O distance in lithium dihydrogen citrate 
(Glusker et ai., 1965) is 2.18 A, compared to 2.21 A in spo
dumene. 

Relationships for the bond strengths (II) associated 
with the various bond lengths in these clinopyroxenes 
can be developed following the empirical method used by 
Zachariasen (1963) for B-O bonds. Taking the principles 
established by Pauling (1929), Zachariasen assumed that 
the sum of bond strengths for each atom could be set 
equal to its valence, and that the bond lengths observed 
could be related empirically to the bond strengths. The 
method is independent of the bonding model. The Zacha
riasen curve for B-O bond lengths t·s B-O bond 
strengths, which has been tested by numerous structure 
determinations and found successful, is compared in Fig
ure 4 with a similarly developed curve for the Si-O bond 
in clinopyroxenes. 

To obtain the Si-O (un'e, the bridging bonds in the Ca 
clinopyroxenes were assumed to ha\'c strengths of about O.S 
valence units, and the short Si-Oz bond was assumed to 

\ 
Fig . .:;. The M2-0 coordinati()O Jlolyhedron as it ap[)e:lrs in 

diopside. Atoms labelled according to nomenclature u~d in 
Tables \0, 20. ~.1, 
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TAIH.E 13. BO~D LENcms (A) AND ANCLES (0) FOR. SU.ICATE TETRAHEDRA IN EIGHT OIWERED CLI:>OI'YROXENES 

c::, Jadeite 
Ureyite Acmite 

Diopside J ohannsenite 
Atoms' i "G;;S;:;;:" ii,Q. 

NaAISi,o, 
NaCr'+- Nare:l+-

CaMgSi,Q. CaMnHSi,o. 
" Si,o. Si,o. 

i Prewitt and .... .,tens,-, Freed and 
Source Present Burnham Present Present Present Peacor 

study (1966)b study study study (1967)1> 

Si-Ol 1.629 (2) 1.637 (2) 1.626 (4) 1.629 (2) 1.602 (2) I.(m (6) 
-02 1.596 (3) 1.590 (2) 1_586 (3) 1.59S (2) 1.585 (I) 1.59-1(6) 

m~n, non-brg. 1_612· 1.613 1.606 1.614 1.594 1.599 

Si'()3Al 1.626 (2) . 1.628 (2) 1.640 (4) 1.637 (2) 1.664 (2) 1.6&3 (7) 
-03A2 1.627 (2) 1.636 (2) 1.645 (4) 1.646 (2) 1.687 (2) 1.693 (7) 

me:J.n, brg. 1.626 1.632 1.642 1.642 1.676 1.688 

mean of 4 1.620 1.623 1.624 1.628 1.634 1.044 

01.()2 2.722 (2) 2.773 (3) 2.736(5) 2.H2 (3) 2.731 2.73$ (2) 2.725 (8) 
OI.()HI 2.637 (3) 2.633 (3) 2.644 (5) 2.650(3) 2.640 2.678(2) 2.708 (8) 
0I-03A2 2.654(3) 2.638 (3) 2.636(7) 2.654 (3) 2.657 2.695(3) 2.707 (9) 
02.()3AI 2.648 (3) 2.644 (3) 2.657 (4) 2.651 (3) 2.636 2.658(2) 2 .6i5 (8) 
02·03A2 2.551 (3) 2.575 (3) 2.583 (4) 2.585(3) 2.614 2.570 (2) 2.588 (8) 
03:\1-03:\2 2.647(1) 2.612 (4) 2.643 (5) 2.651 (1) 2.693 2.644 (3) 2.673 (3) 

mean of 6 2.640 2.643 2.646 2.650 2.656 2.665 2.663 2.679 

Si-SiA2 3.043 (I) 3.068(1) 3.061 (1) 3.084(4) 3.079(1) 3.119 3.107 (2) 3.134 (3) 

01·Si·02 116.5 (1) 115.1(1) 118.5 (1) 116.8 (2) 116.4(1) 113.17(39) 118.23 (i) 116.84 (27) 
01·Si·03AI 107.9 (I) IOS.2 (I) 107.5 (I) 108.1 (2) IOS.5 (I) 107.51 (37) 110.11 (8) 110.92 (31) 
01-Si-03:\2 108.6 (I) 109.2(1) 107.4 (1) 107 A (2) 108.3(1) 10i .10 (40) 109.99 (8) 110.32 (31) 
02·Si.()3A 1 111.9(1) 110.6(1) 110.5 (I) 110.9(2) 110.1 (1) 110.68 (44) 109. i8 (7) 109.37 (29) 
02·Si·03A2 104.2(1) 104.6(.) 105.9(1) 106.1 (2) 105.6(1) 106.70 (36) 103 .-1.6 (10) 103.80 (30) 
03 .. U·Si·03A2 107.3 (I) IOS.9 (I) 106.3(1) 107.1 (2) 107.7(1) 10<) .55 (40) 10·Lli (9) 1M. i 1 (24) 

mean of 6 109.4 109 .4 109 .4 109.4 109.4 10').5 109.29 109.3 

Si-03-Si .. U 139.0 (I) 141.2 (2) 139.3 (1) 139. i 139.4 (2) 142. H (40) 135.93 (9) 136.37 (41) 

OB.2·03 .... 1·03.U 170 .. ;;(2) 180(2) 174.7(2) 172.1 1i-l-.O(2) Iii .3 166.38 (II) 163.78(41) 
(+1 in c, 
• );'onlenclature adapted from Burnham et oJ., 1967. Atoms are in the LJasic set unless <Jther\\'isc dcsignated (see Fig. 1). Errors in 

parentheses are one standard deviation; for 1.638 (2) read 1.638±0.OO2 A. 
to Values not ~\'en in the reference were calculated by present authors. 

have a strength of about 1.25 valence units, Because the 
din'opyro,Xenes do not give many points in an intermediate 
range, the bond strength 1.0 was assigned at the length of 
1./)13 .\ an a,'erage value for the amphibole bridging dis
tance Si-07 taken from the rel1nements of glaucophane 
(Papike and Clark, 1968) and tremolite (Papike, Ross and 
Clark. 19(,9. this volume). Least·squares fitting of the em· 
pirical points to polynomials of degrees one to five was 
tried, and the best fIt, both for our Si·O t·s n points and 
for Zachariasen's B·O t'S 11 points. was found for a third· 
del;ree polynomial. For the Si-O vs n data points, the 
follo\\'in~ regression equation applies: Si-O (t\) 3.6 
(4.8::: 1/)) II + (4.0:':: 1.6) Il' (1.1:':: 0.5) n'. 

Similar relationshij)S were de"eloped for the '\fl and 
M2 cations (Table I i) and the results for the clinopyro· 
xenes, divided into three groups according to .\f2, are 
comp:ued in Table 15 with the \'alue5 for the ideal ionic 
model. obtained i rom use 0 [ Pauling's second rule 
(Pauling. 1929). The improvement is evident, but ob
viou'5ly further improvement of these empirical rela
tionships would be desirable, in view of the large errors 
associated with the equation given above. 

Spodumene and its synthetic iron analogue were relined 
in space group C2/(, although a fe\\' weak reflections in 
both crystal" violate the (.glide criterion. Their true space· 
group must he C2. hecause a mirror plane is incompalible 
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TABLE 14. BOND LENGTHS (A) A~D ANGLES (0) FOR THE All OCTAHEDRA IN EIGfIT ORDERED CLlNOI'YROX£::-""ES' 

LiFe>+Si.o •• 1 

Johannse-
Spodumene Jadeite Ureyite Acmite ! Diopside : nite 
LiAISi.o. NaAISi.o. NaCr"+Si.O. NaFe>+Si.O. ; NalnSi.o. Ca:\!gSi.o. ' CaMn'+-

Atomsh 
Si.o, 

Prewitt and Present Present 
j 

Christensen Present Freed and Present Present 
study study Burnham study study I and Hazell study , Peacor 

(1966)<1 (1967)d (1967)d 

.Il1-01AI, BI 1.997 (2) 2.139 (2) 1.996 (2) 2.039 (3) 2.109 (2) 2.211(i) 2.115 (1) 2.231 (6) 
-01A2,B2 1.943 (2) 2.034 (2) 1.933 (2) 2.009 (6) 2.029 (2) 2.158 (6) 2.065 (3) 2.15)(6) 
-02Cl, Dl 1.818 (2) 1.921 (2) 1.856 (2) 1.947 (3) 1.936 (2) 2.056 (8) 2.050(1) 2.134 (6) 

mean of 6 1.919 2.031 1.928 1.998 2.025 2.142 2.0n 2.173 

0IAI-0IBI 2.694 (4) 2.803 (4) 2.726(4) 2.775 (6) 2.798(4) l 2.85 2.i81 (3) 2.845 
02C1-02Dl 2.787 (4) 2.963 (5) 2.790 (4) 2.897 (7) 2.941 (4) 3.10 2.98! (3) 3.064 

(2) O1AI-02C! 2.661 (2) 2.W(3) 2.716(4) 2.815 (5) 2.860 (3) 3.05 

I 
3.013 (2) 3.208 

(2) O1AI-01A2 2.951 (2) 3.030(2) 2.918 (2) 2.975(5) 2.985 (2) 3.06 3.051 (3) 3.147 
(2) 01A2-02C 1 2.70.5 (2) 2.931 (3) 2.677 (3) 2.797 (5) 2.819 (3) 3.04 2.878 (3) 3.009 
(2) 01A2-02Dl 2.697(2) 2.i84 (3) 2.818 (4) 2.904(6) 2.964 (3) 3.13 I 2.979 (3) 3.0i! 
(2) 0IAI-OIB2 2.504 (3) 2.708 (5) 2.458 (4) 2.617 (7) 2.639(4) 2.86 2.813 (3) 3.039 

mean of 12 2.710 2.863 2.724 2.824 2.8.56 : 3.02 
I 

2.936 3.041 

MI-Afl (I) 3.042 (I) 3.177 (1) 3.066(1) 3.089 (4) 3.189(1) i 3.302 i 3.092 (2) 3.164 
j{l·SiAI 3.181 (I) 3.282 (1) 3.306 3.242 (3) 3.289(1) 3.484 3.267 (I) 3.352 
MI-SiA2 3.106 (2) 3.208(1) 3.205 3.165 (8) 3.188 (1) 3.390 3.214 (3) 3.301 

O-MI-O Angles 
01A2.01B2 174.5 (1) 172.1(1) 170.1 (I) 173.4(2) 168.7 (1) 16i.74 (25) Iii.8 (I) 179.2 

(2) 01Al, 0201 167.8 (I) 169.7(1) 166.1(1) 169.2 (I) 167.3 (I) 169.63 (26) 171.3(1) 172.9 
OIAI,OIBI 84.8 (I) 81.9 (1) 86_2 (I) 8.5.8 (2) 83.1 (I) 80.15 (28) 82.2(1) 79.2 
02CI,02DI 100.0(1) 100.9(2) 97.5 (2) 96.1 (2) 98.9 (1) 97.i 93.3(1) 91.8 

(2) 01AI, 02C! SS.3 (I) 88.7 (ll 89.6(1) 89.8 (2) 89.9 (1) 91.33 (29) 92.6 (1) 94.6 
(2) 0IAI, 0lA2 97.0 (I) 93.1(1) 95.9(1) 94.6 (I) 92.3 (I) 88.82 (25) 93.8 (I) 91.i 
(2)01AI,0IB2 i8.9 (I) SO.9 (I) 77.4 (1) 80.6 (I) 79.2 (I) 81. i8 (2.5) 

; 
84.6 (I) 87.7 

(2)01A2,02CI 91.0 (I) 95.6 (1) 89.9 (I) 89.8(2) 90.6 (I) 92.22 (26) , 88.8 (I) 89.1 
(2) OIA2, 0201 91.6 (I) 89.4 (1) 96.1 (I) 94.4 (2) 96.7(1) i 95.84 (26) I 92.8 (1) 91.5 I 

Si·OIAI-j{l 121.9(1) 120.6 (1) 

I 
123.5 124.0 (2) 122.7(1) : 122.1 : 122.4 (I) 121.0 

Si-OI A2·Afl no. 1 (1) 121.9(1) 120.0 120.6 (2) 120.9(1) 121.:- I 122.0(1) 122.1 
Si·02CI-MI 1-t.S.2 (I) I 1·13.8 (2) 147.2 \ 145.8 (2) 145.8 (I) 1-l-l.9 14.U (1) 145.2 

I 

• Errors in parenthe:$e:5 are one standard deviation; {or 1.997 (2) read l.99i ± 0.002 A. 
b \V'hen atoms for only one of the t,,·o symmetrically related distances or angles are designated, reference to Fig. 2 will aid identifl' 

cation of the other pair; e.g., OI.-\I·01CI-OIB 1-01 DI, dc. 
• Actual Ml occupancy close to Fe>-.... Fe-.......... 
d Values not given in the reference were calculated by present authors. 

with the clinopyroxene structure. The refinements pre;ented 
in this paper thus represent average structures, and these 
are almost identical. even in detail, to those of the true 
Cl/e c1inopyroxenes. The major difference is, of course, 
the change in J[2 coordination from eight to six. discussed 
above. Because the synthetic compound contained some 
Fe2 \ as previously mentioned, the occupancy of FeZ' 
against Li- in J[2 was refined, and the true formula for the 
crystal studied is (Li._rFe r :+) (Fe._z3+Fe.c:-)Si:OG. where 
I = 0.048 :':: 0.0::. This substitution affects the bond 
lengths because the average M2-0 distarice for the syn
thetic is slightly longer than the Li·O in spodumene (Tahle 

16) and the average .\/l·O is slightly longer than the FeJ+·O 
inacmite (Table 14). 

Only pyroxenes with eight-coordinated .if2 cations 
have the e2/e (diopside type) pyroxene structure; all 
those with six-coordinated JE? site; are in different 
space-groups: P2';, (clinoen~tatite type), Pbet.l (ensta
tite type), PbclI (propo~ed protoeostatite type). or C2 
(spodumene type.) The diiferen(es in detail among these 
structure types have heen summarized by Appleman ct 
aI. (1966), and specific rcferen(e~ to structure determina
tions are given in Tahle IS. 

[n the spodumene C2 :Hructure. as in the diop;ide C2/c 
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TAnLE 15. BOND STRENGTHS IN ORDERED CLI:\OI'YROXEXES 

Af2= Li+ M2=Na+ i .112=(4'+ I 
Bond strength Bond strength I 

! Bond strength 
i 

Bond Average Average Average I 

I 
, 

distance Ideal distance Ideal distance I Idd 
(A) ionic Present (A) ionic Present 

I (A) ! ionic Present 

model study model study ! model study 
I , 

Ol-Si 1.634 1.000 0.93 1.635 1.000 0.93 1.603 I.M 1.12 
Ol-MI l.996t02.138 0 . .500' 0.42 1. 996, 2. 111 0.500 0.4D 2.119,2.231 O.m 0.21 
OI~M1 1.942 t02 .033 0.500 0.50 1. 933, 2.158 0.500 0.50 2.061,2.155 0.333 0.40 
01·.\12 2.112 0.16i 0.15 2.405 0.125 0.16 2.374 O.l..~ 0.28 

-- -- -- -- -- --
2: 2.16i 2.00 2.125 1.99 1.916 2.01 

02-Si 1.591 1.000 1.26 1.593 1.000 1.25 1..591 1.000 1.26 
02·MI 1.817,1.921 0.500 0.58 i .8.56 t02 .056 0.500 0.59 2.053,2.134 0'" .~'.) OAO 
02-M2 2.223 0.167 0.15 2.4D2 0.125 0.16 2.332 0.2."0 0.3-l 

-- -- -- -- -- --
~ l.66i 1.99 1.625 2.00 1.3..'-3 2.00 

03·SiAI 1.625 1.000 0.90 1.634 1.000 0.93 1.675 1.00) 0.82 
03·SiA2 1.625 1.000 0.90 

I 
1.648 1.000 0.89 1.690 1.00) 0.80 

03·An 2.3.57 0.167 0.20 2.435 0.125 0.11 2.606 0.2~ 0.22 ~ 

03-M2 [3.159) -- --
I 

2.812 0.125 0.07 2.i~ 0.2~ 0.16 
-- -- -- --

I 
, -- --

~ 2.167 2.00 i 2.250 2.00 I 2.500 2.00 I 
, 

I i 

structure, all the tetrahedral chains are equivalent. 
However, in spodumene two crystallographically dis
tinct tetrahedra alternate along this chain, whereas in 
diopside all tetrahedra are of the same kind. Thus the 
chains in spodumene have more freedom to adapt to the 
coordination requirements of the small Li- cation. Table 

8 shows that the principal differences in atomic coordi· 
nates between the spodumene and the otb~r ordered c1i
nopyroxenes are in the M2 coordination polyhedra (MZ 
and 03). This is additional e,idence that 2.ccommodation 
to the small size of the Li· cation is chied)" responsible 
for the degradation in s)mmetry from CZ ( to C2. :\ote 

T.-\BLE 16. BOXD LE:\GT/IS (A) AXD SOUE .-\.."GLES (") FOil. THE M2 CATlO~S r~ EIGHT ORDERED CLIXOPYROX:<::-'C:S· 

Spodumene Jadeite Ureyite Acmite !\aln'-Si~. Diopside Johannsenite 
Atomsb 

Li:\ISi~, 
LiFe-'~Si,O. :\"a.-\lSi:O. 

NaCr'+Si~, NaFe''"Si,o, Christensen Ca~fgSi,o, 
Ca~fn'+Si~. 

Oxygen of Pre-;.ent Present Prewitt and Present Present and Hazell Pr~ent 
Freed and 

M2·0 study study~ Burnham study study (1967)d study Peacor 
(1966)d (1967)" 

............ 
OlAI,OIBI 2.105 (6) 2.120 (5) 2.357 (3) 2.378 (4) ~.398(3) 2.487 (9) 2.360(1) 2 .38-! (6) 
02C2,0202 2 .27S (2) 2.167(3) 2.413(2) 2.389 (7) 2 .·U5 (2) 2.394 (6) 2.353 (3) 2.316 (6) 
03CI,03DI 2.25Q6) 2.459 (5) ~.).6.3(3) 2 :.424 (4) .430]3) 2.517 (9) 2.561 (2) 2.651 (I) 
03C2,0302 l.n:g (5)\ [3.178(4)1 2.741 (2) 2. i64 (4) -1:831 (3) 2.922 (9) 2.; I 7 (I) 2 .iil (6) 
mean of 6 2.211 2.249 2.378 2.397 2.414 2.466 2.425 2.450 
mean of 8 2.469 2.489 2.51S 2.580 2.40$ 2.530 

Angles 

Si-0IAI-M2 114.6 (I) 118.5 (I) 109.S 112.4 (2) 112.9(1) IIS.O II~. _, (I) 119.6 
Si·02C2.M2 93.S (2) IO{J.3 (2) 94.1 95.9(2) 95.S (I) 97.5 102.2(1) 104.6 
Si·03C 1·,"12 116.4 (I) I I Z.4 (I) 10,; .6 102.4 (2) 103.1' (I) H!3 .6 10 I . I (I) 100.4 
Si-03DI·M2 <J3.7 (I) RiU(I) 94.7 93.0 (2) 94.0 (I) 91.2 91.4 (I) 89.2 
Si·03C2·M2 114.7 116.3 (2) 115.9 (I) 117.5 II i .::. '.I) IIS.8 
Si·03D2·M2 89.0 89.5 (2) 88.5 (I) 8/.8 94.6 (I) 95. i 

• Errors in parenth,'x'" are one stan,lard de"iation; for 2.105 (6) read 2.1O.'i±OJl06 A. 
I. See Fi:;::. 3. 
< .\ctual Al2 occupancy close to I.i., ·.;Fe'". 0.;. 

oj Values not given in rderence "'cre calculated I,y I'resent authors. 
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Fig. 4. Empirical curves for bond strengths vs. bond distances 
for boron-oxygen bonds (Zachariasen, 1963) and silicon-oxygen 
bonds in clinopyroxenes. 

that the dedations from (21e symmetry are very small; 
in fact, e\'en the temperature factors for the spodu
menes refined in C2/ e are entirely comparable to those 
found in the other ordered clinopyroxenes. 

One must also explain why spodumene and LiFe3 +Si,Os 
do not crY5tailize with the enstatite or clinoenstatite struc
tures. The closely related enstatite and clinoenstatite 
structure types contain two kinds of tetrahedral chains, 
A and B, segregated by laye~s. Comparison of the 03-03-03 
angles shows that the Si A chains are \'ery like those in the 
diopsidic pyroxenes, but the Si B chains are much more 
strongly kinked (Table IS). This distortion, discussed by 
~forimoto .. -\ppleman and ['-3.ns (I 960). is primarily due to 
a rotation of the tetrahedr? around a line connecting Si B 
with 01 B (e/. Fig. 1). Tht result, in the enstatite and clino
enstatite structures, is to decrease markedly the MZ-OZ bond 
distances and increase the .\[2·03 distances. relative to those 
in spodumene. although the :J'-erage ;\!Z·O distances are \'ery 
similar in all of the structures listed in Table 18. Thi5 
effect is exactly what would be eX[lectecL on the hasis of 
a simple IOniC charge'Jllance model, when doubly 

TAllLE 11. 5TREI'GTII .. \:>:1) I.~:-:GTII Of .If 1'0 Asn ,1(2·0 BO:>:DS 

IN CUSr)PYKOXF::":F5-

,\1 t c3lionslo Ii ,; M2 calionse 
--------------1'------,-------

, Bond I(:n~lh", \ I I I nand len,KlhS 1.\ I Bond 
~lrength 

Hond 

I ~Ir('njrl:th 
..\ Fe" ~II; :--.-. i Ca 

------------ --------
0.20 

• J(J 

. ~O 

.50 
. 60 

1.0$0 
2. U.\ 
2.0.10 

2.12,\ Ii, 0.0;; 2.Q.10 II, 

2.08; .10 2.6.10 

;:::;i~ III :~~ 2 . .105 'I ;:~~~ 
.25 ' --480 
.. ;() : i: 3;" 
. J5- ! ! ~85 

a ralues lal("n irom h'-"":'ot~rll (.·u~·. -: lhroll!.:h empirictl I'oint~. 
I·Six-<oordin:u("1.\' 
e EiJ.!hl-<oortiinJ.lc..'l.1. 

charged Mg'· or Fe'· rather than singly charged Li· is 
presenl in the M Z site. 

On the basis of the evidence considered above, we 
conclude tha t the size and charge 0 f the cations occu
pying the JfZ ~ite chiefly determine the structure type 
of a pyro:'<ene. Large singly or doubly charged M2 ca
tions lead to a diopside structure, small singly charged 
M2 cations to a spodumene structure, and small doubly 
charged JfZ cations, with much stronger M z-O bonds, to 
a clinoenstatite or enstatite structure. The more com
plex PZ omphacite pyroxene structure type represents 
an exception and is discussed later. 

Thermal ellip~ids were obtained for the atoms of 
those ordered clinopyroxenes for which comparable ani
sotropic refinements were carried out (Table 19). As 
might be expected, the largest rms amplitudes of about 
0.13 A are obser\'ed for Li; for Si and the oxygen atoms. 
rms amplitudes range from about 0.04 to 0.11 A. The 
atoms in these ordered structures show relatively little 
anisotropy in their thermal motion, so the errors in the 
orientation of the thermal ellipsoids are rather high. 
For the same rea50n, it is difficult to make a general in
terpretation of the anisotropy. However, the results are 
compatible with the bonding environment of the atoms. 
The relati\'e lack of anisotropy in the thermal ellipsoids 
is consistenl with the predominantly ionic character of 
these structures. 

The equh'alem indi\'idual isotropic temperature factors 
for Si and 0 (Table 8) agree so well for all the structures 
thal they can be taken as values representati\'e for ordered 
pyroxenes, i.e., Si. 0.3 ::!:: 0.1 A'. and oxygen, 0.4 ::±: 0.1 A'. 
There is a tendency for Oz to have a slightly higher value 
than the other tWO oxygens, undoubtedly because it bonds 
to only lhree cations instead of four (Table 15). 

CZ/c clinopyroz-?,teS of intermediate compositions. In 
order to refine the structures of the t\\'o intermediate 
CZ/e clinopyroxtnes, their chemical analyses (Table 2) 

T.\P.LE IS. \·.,"IATIO:>: I:>: 03·03-03 :\SGLES WITII Jl2 
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were used to constrain the total amount of each cation 
present. However, the values from Table 2 were 
slightly altered in some cases by recalculation to bring 
the total occupancies of both Ml and M2 to 1.0. The cell 
contents actually used are given in Table 9 in terms of 
occupancies resulting from the refinements. On the 
basis of size considerations, we assumed that all the N'a+ 
and Ca2+ are in M2 and all the All+ in All. We then re
fined the occupancy of Fe and Mg between Ml and M2, 
assuming each site to be completely filled and using the 
chemical constraints. 

During the site refinement, no distinction was made 
between FeH and Fe3+, and the scattering factors used 
for iron were those for Fe·'. However, assuming the 
cell contents given in Table 9 to be correct, total charge 
balance in the structure enables us to calculate the 
amounts of Feh and Fe2+ present, on the basis of SL't 

oxygen atoms and four cations. For the omphacite this 
process gives 0.08 atom of Fe3• and 0.17 atom of Fe·+; 
the chemical analysis (Warner, 1964) yields approxi
mately 0.11 atom of Fell+ and 0.12 atom of Fe". For the 
augite, the charge balance calculation gives 0.06 atom of 
Fe3+ and 0.15 of Fe!!·, whereas the chemical analysis 
(Mason, 1966) yields approximately 0.10 atom of Fe'· and 
0.11 of Fe2+. In view of these discrepancies, both in the 
same direction, other methods of determining the ratio 
and distribution of ferrous and ferric iron seemed war
ranted. Two methods were tried: (\) the use of 
Mossbauer resonance spectra, and (2) the use of bond 
distances. 

Dr. Stefan S. Hafner, Department of Geophysical Sci
ences, University of Chicago, kindly examined the l\'ew 
Zealand augite by means of Mossbauer spectra, both at 
room temperature and at liquid nitrogen temperature. The 
detailed results of his work will appear elsewhere, but the 
conclusions pertinent to this paper (5. S. Ha f ncr, written 
comm., 1969) are as follows: first, there is \'ery little Fe'+ 
present, and interpretation of the spectra suggests that it is 
in the Ml site, with Fe3 +/total Fe ::::: 0.10 (about 0.02 
atom Fe3 +); second, there is no doubt that FeZ. is present 
in both the Ml and M2 sites; third, the ratio (Fe in MI)/ 
(Fe in Ml+M2) ::::: DAD. By comparison, the calculation 
based on charge balance. discussed in the preceding para
graph, gives Fehltotal Fe ::::: 0.28, and the site occupancy 
refinement gives (Fe in MI)/(Fe in Jfl +M2) 
0.49:'::0.02. 

Another method of checking site occup:lOcies in in
termediate pyroxenes is based on the use of the accurate 
and consistent \'alues for average Jll-O distances ob
tained from the refinements of ordered clinopyroxenes. 
From Table 14, we may take the following average dis
tances: Al-O 1.923:\ (jadeite and spodumene), Mg-O 

2.077 A (diopside) and Fe~--O = 2.025 ..\ (acmite). 
From c1inoferros-ilite and orthoferrosilite t c. W. Burn· 
ham, 1967, and oral comm., 1908) we take the a\'crage 
Fe~-·O = 2.13i :\. If we assume that the avera;;c MI-O 

distance in disordered .If1·sites l.Table 20) is simply a lin
ear combination of the average MI-0 distances for the 
various ions present. in the ratios obtained irom the 
site-accupancy refinements, we can calculate average 
MI-O to be expected for any particular model. 

Let us first assume that in the augite all the Fe3+ is 
in the Ml site, from size considerations and the 
Mossbauer results. Then if Fe l - 0.06 (the value ob
tained from the charge balance calculation), M 1-0 
(ave.) ::;:: 2.048 A (calc_) as compared with 2.054 A ob
served' (Table 20). The lower calculated value indicates 
that too much Fe3• bas been assigned to Ml. In order 
for the bond-distance method to yield the obsen'ed aver
age distance of 2.054 A, the amount of Fe3+ in Jf1 must 
be reduced to approximately 0.01 atom. Using this value, 
a ratio Fe3+j total Fe ::::: 0.1 is found, in excellent agree
ment with the Mossbauer results, but substantially less 
than that obtained from the chemical analysis. 

It has been observed (B. Ma..<cn, oral commun., 1969) 
that Fe34fFe2+ values from chemical analyse:; are fre
quently too high in this type of mineral, due to oxida
tion during the analysis (c/. also Bancroft and Burns, 
1969, this volume). Considering all evidence presented 
above, we conclude, first that there is very little ferric 
iron in this augite and the ratio Fe3-/total Fe is proba
bly between 0.1 and 0.3 (i.e.,O.02 to 0.06 atom Fe'-), and 
second, that virtually all the ferric iron is in the Jfl site 
and that the ferrous iron is disordered between Jf1 and 
M2, with approximately 0.09 atom in .In and 0.11 atom in 
M2 (Table 9). 

No Mossbauer spectral analysL; has been don~ for the 
C2/c omphacite. Using the bond lengths in the same 
way as for the augite, we calculate an avera':l;e '\f1·0 
distance oj 2.044 A compared to the observed 2.0~0 A, as
suming the Fe1• value of 0.08 atOm from the cbarge-bal
ance calculation with all Feh in .\[1. In order to obtain 
the obser\'ed distance, Fe3+ mu,t be approximately 0.12 
atom, in excellent agreement with the chemical analy
sis. As in the augite, the evidence is consistent with the 
assignment of all Fe" to the Jfl ;ite and Fe~- di:ordered 
between the All and '\[2 sites. with approximately 0.10 
atom in .1[1 and 0.03 atom in Jf1 (Table 9). Considering 
the very small amounts of iron pre:'ent in the:.e miner
als, it is hardly 5urpri5ing that there are some discrep
ancies between the \'alues for Ft 1 '. 'total Fe obt.1incd by 
different methods. 

The pre:'ent study io the fmL (0 our knowledge. in 
which detailed structure determinations have bten mad..: 
of C2/c clinopyroxene:; of intermediate com1l()sitions, 
close to augite. The site occupan(ic:i found in thc:,c 
minerals are somewhat unexpected. The small .\13- cat
ion is apparently well (Jfdercd in .1[1. and the large Ca':' 
and Na· cations, in .\[2. How(:\'er. there is a ~on:iidcr· 
able degree of ).1g~·/F(::- di:,orde, between the tWo site:,; 
in both the omphacitt and the augite the ;F,,'" 
ratio in '\f1 is greater than l.0. within the error oj our 



44 CLARK, APPLEMAN AND PAPlKE 

TABLE 19. MAGNITUDES Asn ORIENTATIO:SS OF THER.MAL ELLtl'SOIDS COIolPARED FOR SIX ORDERED CLINOl''iR.OXESE~· 

Ellil""'id Si 01 02 
axis, 

'0 rms rms rms 
~~roJ:cnc. , amplitude. Angle (0) of '. with amplitude. Angle (0) of 'i with ampl!tudc. Angle (0) of 'i with 
ref<:r<:n<:c A A A 

; " • ,,. II b , 
" " b , 

1- ------I-
Spodumcnc. I 0.0 . .14 (3) 

~ ! b 1 
36 (8) I 55 (6) 99 (14) 0.042 (6) 61(H &'112) 49 ~! 0.(}-15 (6) Il2 (6) US (6) 76 (5) 

Li.U;;i:O .. 2 .042 (2) .057 (5) 40(23) <>4(29) .079 (8) 52 (8) 125 (8) 136(12) 
pr""'nt study 3 .051 (2) 57 (7) 144 (6) 89 (II) 

i7 (14)1 96 (12)1 171 (14) 
. ~064 (4) liS (25) 2; (29) 

134 (!~) 
7J (22) .092 (3) 66(9) III (8) SO (12) 

I-
I .03; (4) III (3) 89 (5)! 1 (4) .057 (7) 115 (13)\ 81 (12) 10 (II) .062 P) 62 (8) 28 (6) 95 (11) 

Li F <'''Si.o. 2 .062 (3) ! 110 (7) 159 (i)! 89 (5) .076 (5) 141 (32) Il~ (40) 90 (15) .086 (5) 55 (8) 104 (10) 159 (6) 
pf .... nt study 3 .Oi6 (2) I 30 (6) 111(7) 89 (3) i .082 (5) 63 (36) W (40) 80 (II) .122 (4) : 48 (5) 1!4 (4) . 69 (6) 

.067 (4) 1113 (16) 
1-

.OS6 (9) i 36 (II) 
:-:---

Jadeite. I 83 (11) 9 (8) .035 (16) 34 (14) 'i5 (8) 77 (H) jJ(l2)1 75(15) 
Xa.>JSiA 2 .068 (4) I 163 (16) 92 (20) 107 (IS) .067 (9) 51 (IS) 101 (13) 160 (H) .079 (7): 15 (17) 52 (19). 142 (18) 
Pr"";tt and 
Burnham (1066)0 3 .080 (4) 92(9) i 173(9) 83 (9) .090 (1) 83 (9) 1<>0 \9) 75 (12) .094 (i) 122 (11) 43 (18) 55 (17) 

------1-- --\----
Ure);t~t 

I 
1 .043 (5) 89 W I 83 (6) 10 (4) .047 (10) 92 (10) 101 (Il) 19 (8) .062 (9) I 72 (IO)! 48 (22) 51 (24) 

NaCr"'SiA 2 .071 (3) 18 (13) 14 (12) 100 (1) .079 (7) 133 (32) 13;(31) 87 (IS) .016(i) i 75 (13)1 51 (22) 141 (23) 
P"""llt study 3 .081 (3) 12 (13); 102 (\3) 101 (5) .088 (6) 131 (32) .= (lI) 71 (9) .106 (6) 1 156 (8) 66 (8) 7J (9) 

36 (3) I ;; (10) 
---

Acmi ••• I 1 .<Wl (3) 73 (3) : .041 (8) 37 (5) 12 (11) 71 (5) .045 (8) 61 (6) JO (7) 8Q (4) 
XaFe''ShO.. I 2 .054 (3) 99 (8) I 13 (10) 97 (5) • .069 (5) 90 (10) 12(10) 102 (Q) .081 (5) 132 (7) 61 (7) 109 (8) 
pr ...... t study I J .081 (2) 125 (3) 87 (4) 18(3) .092 (ol) 127 (5) I!O (9) 22 (6) .101 (4) 124 (1) 81 (5) 19 (8) 

-I ---
Diopside. I 1 .049 (2) 21 (17)! 12 (20) 85 (9) .OSI (4) 30(9) 9&(9) 17 (3) .050 (4) 6l (3) JO (4) 8. (5) 

CaM(5iA 2 .053 (2) 67 (10): 135 (17) 106 (11) .069 (3) 65 (14) 4'; (35) 132 (34) .Oi9 (3) 103 (1) il (6) 146 (8) 
P",'Ut Itudy ! 3 .059 (1) 105 (8) : t07 (II) 17 (11) .073 (3) lOS (11) 46 (35) 44 (34) .09~ (3) 149 (5) 61 (4) 56 (8) 

• ElTOrs ill pa ...... th....,. are one stalldard deviation; for ,; (14) read 77± 1'°. 
I> Ori.ntatiolls n:cdcula.ted to conform to thot. of present study using (Ji! values and nns amplituda P''<Q by P"""';tt and Burnham (1966). 

determinations. These results differ from the Fe2+-Mgl+ 
distnbutions in enstatite-like structures such as hyper
sthene (Ghose, 1965) and pigeonite (Morimoto and Guven, 
1965), in which there is a high degree of order and the 
Mg~·/Fe2+ ratios in M2 are very low. It is evident that 
the structures of more C2/c clinopyroxenes of augitic 
Qr near-augi~ic compositions must be investigated to de
termine whellier a pattern of Fel +-Mg2+ distribution exists 
in these minerals. 

The Si-O bonds and O·Si-O angles of Cllc omphacite 
{Table 21), which has no tetrahedral aluminum, agree 
clo:e1y with tho~e found for diopside (Table 13). The 
aui;ite, which has 0.16 atom of tetrahedral AI per six ox
ygen atoms, has longer T-O distances rerlecting this oc
cupancy, as does the fassaite with 0.49 atoms of tetrahe
dral Al per st...;. o:cygen atoms (Peacor, 1967). By using 
the T-02 distances for these three intermediate compo
sition C\inopyro::cenes, a linear relationship between T-
02 distance and the tetrahedral AI contents can be con
structed for clinopyroxenes, following the general 
method developed by Smith (1954) and renned by Smith 
and Bailey (1963). We have already shown that the T-02 
diotance is a better indicator of the amount of AI in a 
pyroxene tetrahedron than is the average T-O distance 
(Clark, Appleman, and Papike, 1963). Re:,ults from fur· 
ther refinement~ of intermediate c1inopyroxenes will be 
needed to test the general applicability of the relation
ship. 

The:;e refinements all indicate that vcry little distor
tion occurs in intermediate C2/c clinopyroxene struc-

tures because of the multiple cation contents. The sili
cate chains are closely comparable to those in the most 
nearly. corresponding ordered clinopyroxene (usually 
diopside). and the other features are also those that 
would be predicted from knowledge of the cation con
tents. Details of the cation distribution in the disordered 
structures can be inferred only indirectly from our re
sults. There is no evidence of streaking or diffuse reo 
flections on X-ray diffraction photographs of these min
erals. so whatever short-range order exists is below the 
threshold of the usual X-ray diffraction analysis. The 
anisotropic temperature factors are larger in all direc
tions in the dL;ordered structures than in the ordered 
ones for the ..\II and M2 cations. The rms displacements 
of the oxygen atoms along the MI-O bonds are about 50 
percent greater in the disordered .structures, and dis
placements along the M2-0 bonds are about 20 percent 
greater. These effects are precisely those to be expected 
around disordered cation sites (Burnham, 1965). 

P2 omplw.cues. The structure of the Venezuelan om
phacite is similar in all respects to that reported for the 
Californian omphacite (Clark and Papike, 1968), de~pite 
the appreciably lower Fe content (0.07 atom of Fe per 
six oxygen atoms, instead of 0.20). The excellent agree
ment between these independent refinements of data 
from different ~pecimens lends confidence to the results, 
which can be assumed applicable in general for P2 om· 
phacites. Because of large correlations (aboout 0.9) be
tween certain parameters, the initial refinement of 
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1 ~-(-27-)-\1--1;1-:;3 (27) 
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-------1-------'i " 'i Ti " 

.101 (.1) 108 (~) , 153 (4) 66 (3) .031 (3) : 90 0 90 .13 (1) 107 (27) ~ 

-------I--------------I------I--------'------I-------I------I-------!,-------\ 
.040 (10) 106 (5) 65 (3) 15 (3) .~6 (2) i 107 (3) 90 3 m .05 (2) 106 (12) 
.093 (5) 162 (6) 80 t6) 88 (6) .061 (1) 90 ISO 90 .09 (1) 90 
.129(4) 98(6)! 13.'\3) 65(3) .077(2) 17(3) 90 9l(3) .10(1) 16(12) 

.067 (9) 

.013 (8) 
146 (5l) 10_, (Ii) U (61) .066 (6) SO (29) 90 17 (29) .089 (5) 69 (4) 
117 (58) 102(20) UJ (61) .074(6) 90 ISO 90 .097 (5) 90 

ISO 
90 

4 (12) 
90 
94 (12) 

l8Hl 
90 

.093(6) 71(13), 161 (H) 9l(l3) .074(6) 8(29) 90 115(29) .136(4) 159(4) 90 52(4) 

--------I-------:-------I-----I-------:;--------I----i·------\--------I------\-----1----
.047 (10) 92 (8) 70 Ii) 26l7) .054 (3) 91 (3) 90 16 (3) .057 (8) 75 (3) 90 33 (3) 
.088 (6) 164 (22) i 76 (20) 80 (13) .075(2) 90 ISO 90 .080 (61 90 ISO 90 
.102 (iI) 106 (22) , 133 (U) 67 (7) .08<$ (1) 1 (3) 90 106 (3) .140 (5) 165 (3) 90 57 (3) 

.064 (6) 

.Oi4 (.') 

.101 (4) 

.058(4) 

.064 (J) 

.085 (ll 

41(16) 
63 (20) 

118 (6) 

113 (27) : 
156(26) 
97 (6) 

8, (19) 
UO,8) 
130(1) 

59(6) 
%(15) 

148 (5) 

67 (15) 
125 (13) 
H (7) 

33 (8) 
98 (23) 
59(5) 

.054 (2) 38 (2) 90 69 (2) .086 (5) 
'OS8 (2) 90 180 90 .086 (5) 
.088 128 (2) 90 21 (2) .149 (l) 

.052 (3) 

.055 (3) 

.06J (2) 

.(~ 90 ft(~ 
90 ISO 90 

146 (10) 90 41 (10) 

.066 (I) 

.068 (I) 

.10l (1) 

90 
118 (3) 
152 (3) 

66 (I) 
90 

156 (1) 

o 
90 
90 

90 
ISO 
90 

90 
134 (ll 
44 (3) 

39 (I) 
90 
50 (1) 

atomic parameters had to be handled as described by 
Clark and Papike (1968) by alternately fixing the param
eters for one set of atoms and refining those of the 
other set. However, once the coordinates were close to 
the final values, it was possible to refine all the parame
ters together, including positions, occupancies, and iso
tropic temperature factors. 

The site occupancy refinement was handled differently 
from the preyiOU5 study (Clark and Papike, 1968), be-

cause the constraints imposed by the chemical composi· 
tion were used (Finger, 1969). During initial refinements 
of positional parameters, site occupancies were taken 
from the previous P2 omphacite study. Consideration of 
the average M1-O distances and Ml temperature factors 
derived from the initial refinement showed that Ml (I! 
was entirely occupied by AP+ within the limits of reso
lution. Using average M1-0 distances from the ordered 
clinopyroxenes, as described above, it was also possible 

TABLE 20. BOSD LE:->CTHS (A) CO~IPARED FOR THE .If 1 A:->D Jf2 CAnONS 1:-> SoIlE C2/e P'll!.OXF;NES OF J:,."TERMEDIATE CO'tl'QSlTIO:->S 

.If! octahedron M2 polyhedron 

Omphacite Augite Fassaite Omphacite :\ugite 
Pre5ent Prescnt Peacor Present Prescnt 
~!Udyb studyh (1967 )' studyL studyb 

.1ft occupancy M2 occupancy 
::-lg 0.3·L) 0.715 0.5iO Ca 0.590 0.616 
:\1 0.24D 0.182 0.17t Xa 0.320 0.090 
fe , O. ~ I j (7) 0.103(5) 0.222 Fe 0.033 0.107 
Ti 0.065 ?Ii; 0.057 0.187 

::-[n 

.Ift-O lengths M2-0 lengths 
OIAI,Otal :LOQj (3) 2.120 (2) 2.132 (4) OtA!.O!B! 2.364 (3) 2.316 (2) 
0lA2,OIH2 2 .tH2 (4) 2.035 (2) 2.05i (5) 02C2,02D2 2.356 (5) 2.278 (3) 
02CL ()ml I.QQ4 (3) 2.007 (:I) 2 .Oli (4) 03CI,0301 2.512(3) 2.363 (.'l) 

I 
03C2,03D2 2.747 (3) 2.760 (3) 

::-!ean (Ii ,i" 2 .l'4D 2.054 2.069 Mean of six 2.411 2.386 , 
Mean of eight 2.495 2.479 I 

• Em,r, in p;Het\the~t'$ arc one standard deviation; for 2.(}95 (3) read 2.095±O.003 A. 
"AI, Ca, "'a occup:1.ncics fixe(l from chemical an:dysis (Table 2 and text); occupancy 01 ;Iolg/Fe re!ined. 
c .\,~jl!ncd from ch.:miQI analys's and 5ize considerations; no sile-occul}ancy refinement. 
,I Calculated hy I'rt":;.:nt authors; the 2.5JO A average value (\'eacor. 1967) appears to be a misprint. 

Fassaitc 
I Peacor 
; (1967)< 

; 
0.975 
0.007 

-
-

0.007 

2.380 (4) 
2.379 (5) 
2.560 (5) 
2.695 (5) 
2.44{)·1 
2.504" 
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TABLE 21. BOND LENCTHS (A) AND .-\:-ICLES (0) COMPARED 
FOR TilE TETRAHEDRA 1:-; SOME Clle PYROXE:-IES OF 

INTERMEDIATE COMI'OSlTIOX5 

Omphacite, .-\ugite, Fassaite,t. 
Atoms' present present Peacor 

study study (1967) 

T·OI 1.612 (3) 1.621 (2i 1.640(5) 
T-02 1.585 (3) 1.604 (3) 1.629(4) 

mean, non-brg. 1.598 1.612 1.634 
T-03 1. 657 (3) 1.662 (2) I. 685 (5) 
T-03A2 1. 668 (3) I. 674 (2) I. 697 (5) 

mean, brg. 1.662 1.668 1.691 
mean of 4 1.630 1.640 1.663 

01-02 2.739 (4) 2. i58 (3) 2.792 (6) 
01-03 2.663(4) 2.682(3) 2.728 (6) 
01-03A2 2.667 (5) 2.689 (3) 2.739 (6) 
02-03 2.661 (4) 2.670(3) 2.711(6) 
02·03A2 2.570(4) 2.588 (3) 2.614(6) 
03-03A2 2.648 (3) 2.656 (1) 2.681 (6) 
mean of 6 2.658 2.674 2.7\1 

T-TA2 3.099 (3) 3.102 (I) 3.131 

01-T -02 117.9 (2) 117.6(1) 117.3(2) 
Ol-T -03 109.1 (2) 109.6(0 110.3(2) 
Ol-T -03.-\2 108.8 (2) 109.4 (I) 110.3(2) 
02-T -03 110.3(2) 109.7(1) 109.7(2) 
02-T-03:1,.2 1O.L4 (2) IO·U (0 103.6 (2) 
03-T-03.-\2 105.6 (I) 105.6 (I) 104.8 (2) 
mean of 6 109.4 109.4 109.3 
T-03-TA2 137.5 (2) 136.8(2) 135.6 

03.-\2-03-03.-\2 
(+Iinc) 168.7(2) 165.8 (2) 166 

• Nomenclature after Burnham rI al. (1967); atoms of ba~ic set 
unless otherwise designated. Errors in parentheses are one stand· 
ard deviation; for 1.612 (3) read 1.612±O.003 A. For tetrahedral 
contents, see Table 9. 

b Values not given in reference were calculated by present au· 
thors. 

to estimate the Mg, AI, and Fe'· contents in the three 
remaining All sites. These occupancy \·alues were used 
as starting parameters for a least-squares refinement of 
occupancies in which (Mg + AI) content was assigned 
the scattering factor of ~!g and refined against Fe'+, 
using appropriate constraints. Finally. Mg contents 
were fixed in three MI type sites on the basis of this 
refinement plus consideration of the bond distances, and 
Fe'+ was then refined against AI. 

Bond distances are not helpful in assigning Na and Ca 
contents among M2 type ~ites, becau:,e these two ca
tions have similar average M2-0 distances. Therefore, 
Jf2 occupancies were refined from an initial model as
signing to each M2 site a composite to.:;"'a + 0.5Ca) 
atom with an individual isotropic temperature factor of 
).8 ;\'. Final parameters obtained for the Venezuelan 
{Jmphacite from these relinements are compared in 
Table 10 with those of the Californian omphacite, and 
the hond distances and an~les are "riven in Tahles 22 to 
24. 

The refined P2 omphacite structures are characterized 
by a high degTee of order in the M 1 octahedral chains, 
which consist essentially of alternating ;1,.[3+ and lUg2+ octa
hedra. Clark and Papike (1963) sugge:'ted that ordering of 
the Ml chains due to the large size difference between AJ3+ 
and Mg'· was the chief reason for the formation of cli
nopyroxenes with the P2 structure and that the partial 
order in the M2 sites (alternating Ca·rich and :1\a-rich) 
was a response to the charge distribution in the ordered 
MI chains. This conclusion is confirmed by the present 
results for the Venezuelan omphacite. in which M 2 oc
cupancies are similar to those obsen·ed in the Califor
nian omphacite. 

The "ideal" P2 omphacite may thus be considered 
as a clinopyroxene in which the .\fl octahedrally co
ordinated cations are one-half Mg and one-half AI, and 
the M2 cations are one-half Ca and one-half Na, i.e. 
Cao.5N30.,Mgo.5Alo.sSi,06. The MI chains are required by 
size and charge considerations to be highly ordered, so that 
the Al octahedra are as far as possible from each other, 
both along the chains and from chain to chain. Each M2 
polyhedron shares oxygen atoms with three consecutive 
M1 octahedra from one Jll chain. Hence, if one M2 poly
hedron has one Ap· and two M g2. neighbors, the next M2 
polyhedron will have one ?dg'· and t\"\"o AP' neighbors. If 
all M1 sites contain AP-, as in jadeite. then all M2 sites 
must have Na+; similarly, if all Ml sites contain ~!g'., as 
in diopside, all M2 sites must have Ca:-. In the "ideal" P2 
omphacite, then, the M2 polyhedron \\;th one AP+ and two 
Mg'· neighbors must have on the a'·erage YJ :1\a- and 
75 Ca:+; the M2 polyhedron with one ~!g:. and two Ap· 
neighbors must have on the average 71 Na· and YJ Ca:+. 
This is the maximum degree of order to be expected. even 
in "ideal" omphacite. The Californian and Venezuelan 
omphacites do have a degree of order approaching this 
maximum. 

X-ray diffraction studies cannot distinguish between 
Fe'+ and FeJ+ except on the basis oi obsen·ed bond dis
tances and charge con;:iderations. For the Caliiomian 
omphacite (Clark and Papike, 1968), Fe was allocated 
among the four M I site;: by assuming: Fe:- to be asso
ciated with Mg'+ and Fe l -, with :1,.1. The Venezuelan 
omphacite has so little Fe l - that only Fe:· was consid
ered during refinement, and it is allocated among three 
MI sites (Table 10). ?lliissbauer spectral studies (Ban
croft. Williams, and Es;:ene, 1969) of samples compara
hie to those from whi(h our omphacite crystal;: were 
selected indicate for both samples tht presence oi Feo. 
in four sites that arc a5;:umed to he the .If I type ;:ites. 
The differences hetween the X-ray difiraction and 
Miissbauer results arc minor but sU'l~est that further 
investigation of the partitioning of Fe in a number of 
1'2 omphacites is neces;:ary in order to determine the na· 
ture and signilicance of the Fe distrihution. 

ReLatiollship of cell parumeters to ch~mi(ill cOlllp<J.<itioll 
{/1/(1 structure. On the basis of the cell parameters 
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TABLE 22. COMPARlSON OF DISTANCE;:; FOR MI T,PE OCT.\HEORA I!\ Two P2 O!dPIIACln:;:: 
•.. 

Bond distances (A)a 

Venezuela. California 
Present study!> Clark and Papike (1968)< 

Oxy!!cn 
of .\l-O Afl MI(I)H MI (I) .lfIH .111 .111 (I)H • .Ill (l) Jl1H 

Mg 0.82 Mg 0.99 AI 1.00 Al 0.91 :\Ig Q.81 :I,[g 0.80 Al 0.95 .\1 0.82 
Fe 0.10 Fe 0.10 Fe O.OS Fe 0.19 Fe 0.20 I Fe 0.05 Fe 0.18 
AI 0.08 

o \:\1 2.12 
0lA2 2.06 
OlCl 
OlCl 
02.\1 
OH1 
02C! 2.00 
02C1 

Mean 2.06 

• Each bond occurs t ... -ice. 
b I standard deviation. 0.01 A . 
• ! standard deviation. 0.02 A. 

1.90 
1.96 

2.06 
2.13 

2.06 

1.89 

2.08 1.92 

known at that time, Wbittaker (1960) suggested that the 
ionic size of both Ml and M2 cations affects the {3 
"alue, the major influence being that of M2 and a "dis
turbing inrluence" being due to Ml. The refined cell pa
rameters currently available (Table 1) indicate that this 
5uggestion is correct. The eight ordered clinopyroxenes 
can be didded neatly into three M2 groups: Li clinopy
roxenes with f3 near 110°, Na clinopyroxenes with {3 
near lOi.S~, and Ca clinopyroxenes with {3 near 105.5°. 

TABLE 23. COldPARISO~ OF DISTASCES FOR .tI2 TYPE 

POLYHEDRA IN Two P2 O~!Pl{ACITES 

Bond distances (A)" 

\"<enez:udJ. California 
Pr~nt studyla Clark and l'apik~ (19603/ 

{J,'\:n:en 
oi .112-0 .11l . JI2(I)H iJlZ(ll Jl2H All AC2(1)11 .Inll 

--~----

:\ .. 0.;0· 0,68 10.25 0.31 0.6.j 0.<..\ OJ,I 
Coll.!.j 0.32 0.15 0.69 0.36 0 .. 16 0.'1; 

----,------:---- ---------
(>l.\l 1.H 'I· 2.3'J 
()I.U 2.38 2 . .'2 : 
()ICI \ I.-W t 2,~1 
() I C! 2 .. 17 2 . .13 
(Jl.\ I 2.39 2.35 
()l.\! 2.-10 
()2CI 1 . .18 
()!C2 ! .. H 
(Jl.\1 
()J.U 

(JlC! 
(JlC2 

2.61 
i 2AI 

l.:q I: 2. ''is 
!. ; 2 I 2.44 

2.S I 
2.110 

---------!----

2.3') 

2 . .31 
2. iJ 

2.(.i 
2 . .jJ 

)Ic:ln ~ . I ,. 
of ; 1.~\l 2.39 I 2.~O 2 . .j4 I' 2.4.1 . 2.3, 

'.. +hQrt~t ! ~ . 

-----~,---- -- ;----

!.klnl' I ' or 8 1.4$ 2..6 2.W; 1.5.1 12 . .>(, 2.H 

, f-:.ach bonti .f)CCUr, \";cC'. 
'. t !tt3ndaM tit',,'utlon. O.Ot .\. 
~ I st;tnri.llti ti~;;H~n. 0.02 .\. 

1.H 

; 1. ~'j 
I 2. ;', 

2.;0 1 
2.4$ : 

1. -Ii ' 2.!5 

2.12 1.91 
2.09 2.03 

2.01 2.0i 1.97 
1.97 2.16 1.99 
1.88 1.91 

2.06 
2.01 

1.88 

1.96 Ii 2.07 2.10 1.9* 1.95 

The "disturbing inrluence" of All is slight (less than 
one degree) within the groups oi ordered clinopyrox
enes presented here. The intermediate composition cli
nopyroxene" (Table 2), which all have appreciable Na 
+ Ca in the Jf2 site. have {3 angles of 106.5 to 107°, "ery 
nearly halfway bet""een the \'alue~ found for the or
dered ~a and Ca groups. 

Surprisingly. the len~h of the ( dimension in the or
dered clinopyroxene; .Table I) appears to be correlated 
with the kind and ;ize of the cation occupying the JII 
site. The e \'alues range from 5.22 .-\ for AI in JlI to 
5.29 .-\ for Fe3 • and ~rn:· in that :,ite and attain a high 
of 5.3; .-\ for the In!- compound. Brown (1960) suggested 
that the e-dimension t;\,'as unlikely to be affected by fac
tors other than sub;litution of tetrlhedral aluminum for 
silicon. but the prescnt observation; indicate otherwise. 

The equation prop<lsed by Clark, A[l[lleman. and Pa
pike d96S) to relate the b-.dimen;;ion to the average J[l
o di:.:tance fits fairly well for the ordered clinopyrox
ene;:, but rather poorly for the intermediate e21e cli
nopyroxene::. Perhap; this means t he equation is appli
cahle only when M2 is tilled with ~a lnd Ca. 

COXCU:SIOX:; 

The most important results 0 f t he present :tudy are 
as iollowi': 

L The bonding in chain silicate;: is largely ionic in 
character, and the dttail" of the :'tructures can be ex
[llained in terms oi an essentially ionic model without 
im'oking additional ((J\'alent effects. 

2. The charge and :i.ze of the M 1 cation arc considered 
rC3[lon;;ible for determining the structure type of most 
[lyro.~ene;;, the Pl Qmphacites cxceptcd. 1~1rge ::ingly or 
douhly chan;ed .\11 (allOnS lead to (he elle difJp.'ide-rY[le 
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TABLE 24. COMPARISO:-: OF BO:-:D DISTANCES (A) AXD BOND ANGLES (0) FOR THE TETRAHEDRA OF Two P2 OyrH.\CITES· 

Al tetrahedron .\1 tetrahedron 
I 

C1 tetrahedron C2 tetrahedron 
I Atoms 

Venezuelab Californiac Vene.zudab Califomiac I Venezuelab California< \"enezuela b California< 

Si-O distances 
Oxygen 

I 01 1.64 1.63 1.6.5 1.64 1.59 1.59 1.59 1.60 
02 1.61 '-- 1.63 1..;5 1.57 1.62 1.60 1.58 1.57 I 

mean, non-brg. 1.62 1.63 1.60 1.60 1.60 1.60 1.59 1.58 
03 (1) 1.65 1.65 1.65 1.66 v 1.65 1.64 1.65 1.68 
03 (2) 1.66 1.66 1.6S I. 70 1.65 1.63 1.66 1.67 

mean, brg. 1.6S 1.66 1.67 1.68 1.65 1.64 1.65 1.68 
mean of 4 1.64 1.64 1.6J 1.64 1.63 1.62 1.62 1.63 

0-0 distances 

01-02 2.77 2.80 2.;1 2.66 2.76 2.82 2.75 2.73 
01-03 (1) 2.65 2.66 2.71 2.72 2.61 2.61 2.60 2.66 
01-03 (2) 2.73 2.71 2.6; 2.73 2.64 2.58 2.64 2.64 
02-03 (I) : 2.65 2.66 2. :-s 2.63 2.65 2.61 2.58 2.66 
02-03 (2) 2.58 2.57 2.67 2.69 2.56 2.51 2.66 2.61 

03 (1)-03 (2) 2.66 2.65 2.61 2.64 2.58 2.65 2.69 2.64 
mean of 6 2.67 2.67 2.66 2.68 2.63 2.63 2.65 2.66 

Si-Si distances 

Si (l)-Si (2) 3.080 3.06 3.093 3.11 I 3.049 3.07 I 3.121 3.12 

Oxygens O-Si-O angles 

01,02 117.2 118 116.6 112 119.0 124 120.5 119 
01,03 (1) 107.6 109 110.5 112 107.4 108 109.2 106 
01,03 (2) 111.6 111 106.-1, 109 109.2 107 106.3 lOS 
02,03 (1) I 108.9 109 113.3 113 108.2 107 110.S 107 I 
02,03 (2) I 104.1 103 105.5 107 103.4 102 105.6 110 

03 (1), 03 (2) 

I 
107.1 106 103.3 104 109.4 109 102.8 103 

mean of 6 109.4 109.3 109 .3 109.5 109 A 109 .5 I 109.2 108.8 

Si-03-Si angles 

Si (1), Si (2) 135.1 132 139.0 139 141. 2 137 135.2 130 

03 (1)-03 (2)-03 (I) angles 

Venezuela 
107.3 

A chain 

• ","omenclature after Burnham tL al. (1967). 

California 
165 

Venezuela 
169.1 

C chain 

California 
165 

b Present study; one standard de,-iation, Si-O, 0.01 A. 0-0, 0.02 A. Si-Si. 0.007 A, O·Si-O. 0.6°, Si-O-Si, Q.i'. 
< Clark and Papike (1968); one standard deviation. Si-O and 0-0, 0.02 A, Si-Si, 0.01.1., angles, 1°. 

structure, small ;ingly charged Jf2 cations to tb~ C2 
spodumene-type ~t ructure, and small doubly char)!"ed .\f 1 
cations to the PZ ,Ie c1inoenstatite-type or orthor~ombic 

structures. 
3. The ayerage J! 1-0 hond distances found for the or

dered clinopyroxene; can be used in linear comhination 
with the ratios of the various J[1 iOlls present in a dis
ordered clinopyroxene to arri'·e at exrected 2·;erage 
:\.11-0 values for any particular compositional mod~1. 

4. The T-02 di;tance in disordered CZlc clino;lyrox
enes containing tetrahedral AI arpears to yar)' linearly 

with the amount of :\1 and is a mc):e sensiti'·e indicator 
than the a'·erage T-O distance. 

S. Ferrous iron is disordered bet·,'·cen .\f! and ,\12 in 
two eZlc clinopyroxenes of inter.nediate composition. 
but ierric iron is ordered entirely in the MI :ite. 

6. "Ideal" PZ omphacite has the iormub 

Ca".~:\aQ.!,~rg-o.,.Al,,-~Si"OG; :vrg and :\[ arc full:· ordered in 
Jfl ~ite:, but (?\a -+- Ca) are p:lrtiall:: ordered in ,\12 site~. 

the maximum panial ordering being ;:1 the Ca .:\:1 ratio of 
1:2 or Z: 1. alternating between ;:itt;. 

i. The c dimensions of "end-memlr.r·' c1inopyroxl'ne,; rl'-
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rlect the nature of the chemical species in the M1 octahedral 

chains. 
8. The silicon and oxygen atoms in "end-member" clino

pyroxenes have individual isotropic temperature factors of 

0.3±0.1 .\~ and 0.4==0.1 A:, respecth·ely; these atoms have 

higher temperature factors in intermediate compositon 

clinopyroxenes. 
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