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

JOAN R. CLARK, DA~IEL E. ApPLEMAN, A:\"DJ. J. PAPIKE

U. S. Geological Surz:ey, TVashington, D.C. 20242

ABSTRACT

Compari..<on of new crystal-structure refinements for spodumene, LiFe"Si~., synthetic ureyite, acmite, diopside,
augite, a C2/c omphacite, and a P2 omphacite with published refinements for jadeite, johannsenite, Xaln"Si,O.,
fassaite, and another P2 omphacite indicates that the structures are strikingly similar throughout the range of
chemical compositions. The "end-member" clinopyroxenes are ordered within the limits of resolution. Bonding can
be satisfactorily explained in terms of an es..<entially ionic model without invoking additional covalent effects. Except
for P2 omphacites, the charge and size of the Al2 cations determine the structure type: if Mz is Ca or ~a,
C21c is expected; if M2 is Li, C2; and if }.{2 is Mg or Fe'.. P2./c or orthorhombic. Precise bond distances for
ordered "end-member" clinopyroxenes can be u..<edin determining T and Afl site contents of intermediate-composition
clinopyroxenes, and ferrous iron is disordered in such clinopyroxenes. "Ideal" P2 omphacite, Ca...:\a.,..)fg...AL...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 Na, and 1-Na, 5 Ca.

I~TRoDUCTION

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 modem rennements have
been published, the structures of a number of "end-
member" pyroxenes, including diopside, CaMgSi206, have
not been examined by modem methods. \Ve have therefore
carried out precise structure rennements of diopside, acmite
NaFe3+Si20G, ureyite KaCr3+Si20., spodumene LiAISi~06'
and synthetic LiFe3-Si~O~ (Table I). The results of these
rennements are presented here and are compared with those
previously reported for jadeite, NaAISi~O~ (Prewitt and
Burnham, 1966), johanmenite, CaMn~+Si~O,; (Freed and
Peacor, 1967), and synthetic NaIn3+Si~O. (Christensen
and Hazell, 1967). In addition, results of rennements for
three clinopyroxenes of intermediate compositions (Table
2: a C2/c omphacite, a nearly Fe-free P2 omphacite, and
a C2/c augite) are also given here and are compared with
those for another P2 omphacite (Clark and Papike, 1965)
and for an AI-rich pyroxene that approximates fassaite
(Peacor, 1967). In tbe di5cussion to follow, the crystallo-
graphic nomenclature for clinopyroxenes is essentially that
proposed by Burnham et aI. (1967). The "end-member"
clinopyroxene crystals that we have studied are fully
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
clinopyroxenes.

E"PERL\tEKTAI. DATA

CrystallograPhic, chemical Gnd X-ray diffraction po;;,'der data.
Crystallographic data :md information about the source of the
crystals used for the structural studies arc gi\'en in Table 1 for
eight ordered clinopyroxenes and in Table 2 for five clino-
pyroxenes of intermediate compositions. The relationship of the
cell parameters to ch~mical composition and structure is dis-

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

cussed at the end of the paper. In most cases, the cell parame-
ters W~ obtained by least-squares refinement of powder X-ray
data derived from diffractometer measurements uken with Ni-
filtered Cu radiation (Cu Kat, ).=1.5405 A). The refinement
program for the IBM 360/65 is described by Appleman and
Evans (1967). Bulk chemical and electron-microprobe analyses
(Tables 2, 3) indicate that the orderffi clinopyro~enes and the
Venezuelan P2 omphacite have compositions cl~ to ideal. A
trace amount of Ca was detected in the synthetic ureyite crys-
tals and is attributffi to impurity of a reagent used in the
synthesis (1. Fuchs, oral commun., 1968). The synthetic
LiFe"Si:O. crystals contain about 0.10 atom of Fe'- per formula
unit, a point di.<cussed later, and this occurrence is 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 precession photo-
graphs and by checking individual reflections manually on the
single-cf);,tal diffractometer. The spodumenes ha\'e from two to
ten weak reflections of the type hOI with I = ~11-'- 1, \'iolating
the c-glide symmetry. The P2 omphacites each b,'e from ZOO
to 300 weak reilections of the types HI with h ..:..k = Z.. + 1

and hal ",-jth 1= 2n + 1. Reflections viob.tin~ C/c symmetry
requirements Were sought but not obsen'ed i',; any of the
other clinopyroxenes. A number of the crystals, includin~ 5podu-
mene, were checked for piezoelectricity but n0 respon;e was
observffi. .-\ powdered sample of a known PZ 0:-nphacite \\'as
studied by the harmonic oscillator method (Kurtz and Perry,
1968) and showed no indication of any second harmonic gen-
eration (S. K. Kurtz and K. Nassau, written C0mmun.. 1963).
This result is not surprising in view of the nearly centrosym-
metric nature of the P2 structure.

Obsen:ffi X-ray diffraction powder data for ;:-,05t oi these
clinopyroxenes are available in the XRDF. ;,::<1 C:11culated
patterns are soon to be published (Borg and Sml:h. in pre>,L

Howe"er, powder data for synthetic LiFe"Si:O. h;I\'e ne\'er
been given before, so these data are listed in Tahie ~. to::ether
with data for the :\ewry (Maine) spodumene. Si:-nilar data arc
also gi,'en for the Kakanui (New Zealand) au;;i:t in Table 5.

Single-crySIal X-ray diffractiorL dllia. The information on data
colledion (crystal size, number of independent rtneclions, tinal
R values, ete.) 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 study the ;c:.n ran'~e \\':1'
computed according to the equation for !\lo K<l X radiation
suggested by Alexander and Smith (196~), ",ith «.n,tants ad-

31



I

Spodumene I

I

Jad<ite Ureyiteb Acmit(~ Diopsid< Johann~niu:

LiAlSi,o. LiFe"Si,o. X aAlSi,o. X a Cr' 'Si,o. N'aFe'""$i.<\ Xaln"Si,o. C.1MSSi,o. G~f n''Si,o.

Pre\\;tt and Frondd and 1\olan ~Christensen Freed and
Pr~Dt study Prescnt study Burnham Klein (1965); Edgar (1"<>.."; and Hazell P;~nl study Pacar

(1966) pr~nt study present ~t1jo:Y (1'167) (196i)

a (A) 9.HO(3) 9.666 (2) 9A1S (I) 9.550 (I6) 9.658 ,~ 9.916 9.H6 (~) 9.9i8('I)
b (~) 8.386(1) 8.669 (1) 8.561 (2) 8. il2 (i) 8.i95'~ 9.132 8.899(5) 9.156 ('II
e (A) 5.215 (2) 5.294 (2) 5.2Io(I) 5.2i3(8) 5.29~ .1 5.3i! 5.251 (6) 5.293 (5)

II (O) 110.10 (2) 110.15 (2) 10, .58 (1) 10i.44 (I6) 10i .42 t1, 10, .0 105.63 (6) 105.48 (3)

Cdl ,'olume (A') 388.1 (1) 416.4 (I) 401.20 (I5) 418.6 (1.4) 429.1 (I. -465.1" 43.8.6(3) '466.0"
Space group C2 C2 C2/< C2/e C2/r C2/e C2/e C2/e

Z 4 4 4
"

4 4 4 4
Calc. density, II:cm-> 3.184 3.42i '3.345" 3.603 3.577 4.13 3.2i8 '3.522"
Source of material natural synthetic n3 tUI41 synthetic ""tun] synthetic natural natural
LocaIit). ar method}

Xewf)', ~{aine Santa Rita Gou\'crncur
'If synthesi5 d pak a.rea, . Green ~.t< f uk district. Schi<>-Vincen Ii

Xcv; Idria Fann.&rioc. Gouverneur, mine~ Vcnct.ia.
Peak District, Wyomi:.o Xcw York Italy

GlifonUa.

I Omphacites
I

.-\ugite Fassaite<
i
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~(5)
b (A) i 8.751 (5) 8.771 (4) 8.824 (5) 8.844 (1) 8.906(5)
e (A.) 5 .25~ (4) 5.265 (6) 5.270 (6) I 5.272(1) 5.319 (3)

~(0) 106.87 (8) 106.93 (8)

I

106.59 (8)

I

106.97(2) 105.90 ,3)
Cell volume (A» 420.2 (4) ~23.9(4) 429.9(5) 432.5 (I) 446.2

Space group P2 P2 I C2le I C21c C21cI

Cations per 6 oxygen atoms

Tetrahedral Si 1.98 1.96 1.995
I

1.83 1.506
.-\.l 0.02 0.04 0.005

I

0.17 0.494
~2.00 2.00 2.000 2.00 2.000

.II cations Ca 0.47 0.51 0.583 I 0.61 0.97':-
~a 0.48 0.48 0.325

I

0.09 0.007
Mg 0.42 (J.44 0.582 0.90 0.570
F~'"+ 0.05 0.10 0.116 I 0.11 0.06.3
Fe>+ 0.02 0.10 0.123 i 0.10 0.1':-9
AI 0.51 0.39 0.233 i 0.16 O. Ii I
Ti 0.01 0.01 0.002

I

0.02 0.06':-

I 1.96 2.03 1.964
I

1.99 2.010
!

Z 4 4 4 i 4 4
Calc. density, g cm-> 3.32 3.37 3.36

I

3.31 3.35

Locality of mineral Puerlo Cahello, Tiburr:>n Peninsula, : Hareidland.

I

Kakanui, Hessereau HilL
Venezuela California Sunmlirc, :\'OfA<';: :\e\\' Zealand Oka, Quc~. Canada

j{derence for chemical
Morgan (1967), Coleman d ai.

Schmitt (1963 . I

analysis, mineralogy s:lmple Ca. I059 (1965), sample
sample 1725 I .\fason ,19(/,. Peacor (1967)

lOO-IZGC-58
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T.~I3LE 1. CRYSTAL DATA FOR EIGHT ORDERED CU:':l'PYROXEXES'

.. \'alues in parentheses are ODCstandard deviation. i.e., Cor9.449 (3) read 9.+-I9::tO.OOJA..-\.n astcris1.:~~ values not givcn in rdC"encca.ndcaJculatC'dby prC'i<Dt
autho:1.

b Cdl parameters abtained by refinement during present Study of selected data from Frondd and Klei: .1965}.
. Cd! parameters and volume fram NoW> and Edgar (1963); ather dala from present study.
d Hydrothermal, 700" C. 2 kbar far 16 hrs, using Fe,O. and Li,skOo in the LiFe'-Si.~ ralio.
. From mdt of NaCr>-si:O. plus 10 wt % Na,siO, in air at 1000' C far 2 da~....
f Obtained &5 impurity from a hydrathmna! preparatian 'If rhombohedral indium orick

TABLE 2. CRYSTALLOGRAPHIC AND CHEJ.1ICAL DATA" FOR FIYE CUNOPYRO:cr::-'"ES OF I~TERJ.1EDIATE COJ.1POSITIOSS

"
Values in parentheses arc one slandard dcvialion; for 9.551(8) read 9.551 :to.OO>; A.

I. Cell conslant$ obtained by refinemcnt durin!; presenl sludy of st'!ccled data from "'arncr (I <;(4). The "::':uc for Si of 1.973 (Warner
I'Jft4) is incorrect; recalculation yields 1.99.').

< .\1 cations include 0.007 alom
"f n. Cell v(\lul1\c calculalcd by pr<.":;ent authors.



Elemen,
S[Jodumen~ i ure);te" Acmite" Diopside"

Li 1.00
~:l 0.01 1.00 0.95 0.02

Ca 0.05 0.99
2\[g 0.04 0.01 1.01
:\I\'f 1.00. 0.01 0.01
CrH 0.97
FeJ. 0.99 0.01
2\[n'- O.Ot

~.I{ 2.0t 2.m I. 96 2,fJ-l
Si I.W 1.97 2.00 1. 97

Spodumenc

II

LiFe.1""Si:O."

Calculated' Obscrvcrld Obscrvedd Calculaled.

hkl dAk/(A) dH/t.\)
Peak Peak

dUI('\) J HI (l\) hkl
height hcight

-- - - - --
110 6.095 6.00 60 90 6.28 6.268 110
200 4.436 4.H 30 4.337 200
III 4.352 4.'"

20 33 4.44 4.443 II!
020 4.193 4.20 80 70 4.33 4..1.14 020
111 3.442 J.-43: 20 25 3.510 3.S()<' III
021 .1.185 3.18. .10 5 .1.268 .1.267 021
220 .1.047 .1.046 5 .I .1.14 220
22t 2.914 2.9(4 85 100 2.992 2.992 221

~II 2.854 2.8:J 15 2.920 ~Il
310 2.789 2. ;90 100 83 2.854 2.836 3lO
130 2.666 2.663 30 13 2.753 2.75.1 130
202 2.546 2.S45 5 2..i87 202
112 2.484 j2 .525 112

35 2.52.1 J
131 2.450~ 1.2.323 131

2.449 20
002 2.449) 33 2.484 2.483 002
22t 2.351 2..150 20 40 2.405 2.405 221
t.ll 2.246 2 2.308 2.308 IJI

~12 2.2J4 2.277 ~12
400 2.218 2.222 15 2.268 400
222 2.176 2.221 2.221 222
.lIt 2.143 2.B3 10 2.188 J II
022 2.115 2.167 2.167 040
112 2.107 2.ICS 10 2.156 022
040 2.096 3 2.143 2. B2 112

~.II 2.056 2.034 20 20 2.115 2.114 3JI
.21 2.048 10 2.100 2.0?9 421
330 2.0.12 2.0.12 10 2 2.089 2.08'1 330
.02 2.027 2.067 2.061 402
420 1.961 2.010 420
041 I. 921 1. 92; 20 I. 987 1. 987 041
132 1.904 I. 936 140
240 I. 896 1.94'1 112
202 1. 887 '1. 919 ~4I

23 1. 91'1
241 1.862 I.UJ 30 ~1.') If) 2<12
511 1. 843 1.84; 15 10 1.886 1.886 .SII
422 I. 825 2 2 I. 866 1.8f,(, 412
332 1.784 1.82'1 1.828 3J2

1 r1. 781 JJI

Ii

1. 779
)

[I. ;76 310
1. ;~ 10

'1
2 1. 7.14

l.iH 5

I:

1$ 1.70J
1.6.! 1 2 1.692
1.(,4. 15 10 1.6.14

10 1. 630
1.60. I:; 40 1.606
1. 59 J I1.5f/, 35 I
1.523 20 I
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justed when nece:;sary 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 .;o. A standard reflection was recorded after each 30
measurements, and a number of equivalent reflections were
collected; agreement in all cases was excellent.

Computer programs, written by Dr. C. T. Prewitt, E. 1. 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 ilie total background count, absorp-
tion, Lorentz and polarization fat10rs (program ACACAL 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-thal1$" and were not
used in the refinment.

Refinement procedures. Computer programs u..<cdfor ilie initial
refinements were taken from X-Ray 67, Program System for
X-Ray Crystallograph)', by J. M. Stewart, University 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 P2 omphacite, for
which ilie coordinates were taken from ilie published P2
omphacite parameters (Oark and Papike, 1968). 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 wiili the form

for each atom, except for ilie 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 ilie results of the
chemical analyses (Table 2, 5); the principles go\'erning the
calculations are discu..,-<edby Finger (1969). ?\o large correla-
tions between parameters were noted except for the P2 ompha-
cite, described in that section of this paper. A trial refinement
of Mg ..', Ca between .If 1 and Al2 sites in diopside confirmed

T AP.LE 3. CHEMICAL DATA FOR fOUR CLI:-;OPYROXE1'."ES

:\Ioms per six atoms of oxygen

---,
., Valut> converted ir,)m chemical analysis "i hulk sample

!:-\ewry. ~raine), wt. c;. as follo\\'s: !.i.,Q 8.0, :\a:O 0.18, AI,O,
2/.40, Fe/J, 0.03, SiO, 6--1.18. Analyst, J. J. Fahey, F.S.G.S., I.i

f,~' /lame photometer. Jo;.eph 1. Dinnin, U.S.G.S.
.. Electron microprohe analyses of sclected sin!;lc crystals hy

.\. T. .\nders...n. U.S.G.:':.; locality or method 'If synthesis arc

'~"'CII in Tahle I.

TABLE 4. X-RAY DIFFRACTIO:-; POWDER DATA FOR S"O()l)}(E:-;E
FROio( NEWRY, ~L.\INE, AIo."DFOR SYNTHETIC LIFEJ+SI,O,'

. See Table 1 (or crysullographic d.Ll,l, T 2blc 3 ror 5rodum~nc chemic.a(
analyUs. C2/e

b Actual composition ~ to Lio._Fc~.'QFc.1"..si:Oc.
. All calculated values do"", to 28(CuJ..:Q,) <.'2. are given lor C21'

I,k{ only
t.Il\.{easurcmcnts from diSr~ctomcter p,l.tte;;;s taken with ~i.filterro Cu radia.-

tion, CuKal ).-t.~-t05 A. Peak heis;:hts ,arc normaJizcl to IQlJ(or the Ioir;c:"t
observation ano arc approum.J.tc onlr; p,aucrns may ~ subj~l to rrderre-rl
orientation effects.

ilie assumption of complete orderin£: within the limits of the
data. 1'\0 corrections were made for e~tinclion, either primary
or secondary; the data appeared to be relatively unaffected by
primary extinction. .\ few reflection> were stron~ enou:;h to
swamp the scintillation counter. and these data ,,'ere not u>cd
in the linal refinement.!.

The atomic scalterin~ factors used durin~ the final cycles of
refinement were calculated from a nine-coefficient analytical
function (Cromer and Waber, 196,), usin!; the coefficients of
Cromer and Mann (1963) for 0-' and fully ionized calion,. At
the end of the refinement, the ma;:nilUdes and orientations of
the thermal ellipsoids ere calculaled. The f,nal b')T1d lenzlh"



TABI.E 5. X-RAY DIFFRACTI0:> POWDER DATA FOR AUGITE

FROM KAKANUI, XEW ZEALAND"

CakulatcdL O'-rve<J< CalculatedL O'-rved<

hk! dW(A} i dw (A) Peak uk! dw(A) dhkl (A) Peak
height height

----
110 6.~01 330 2.134 2.135 20
200 ~.638 331 2.12~ 2.125 ~O
020 ~.422 421 2.101 2.101 10
III ~.~15 ~20 2.05~

. 111 3.622 402 2.0261 2.025 .1.'021 3.3H 3.325 10 041 2.0251
220 3.201 3.20~ 55 240 I. 996
:!21 2.088 2.089 100 202 I. 985 1.985
310 2.919 2.9\i 100 132 1.9~ I. 965 I:"
31\ 2.895 2.M7 25 241 1.941
130 2.810 511 1.889
131 2.552:

2.550 35 422 I.M2
202 2 .5~8; 331 1.837
112 2.525 1.816 15
002 2.520 2.520 25 1.81 I 20
221 2.~83 2.485 33 I. 738 20
131 2.367 1. 666 10

~2.319 1.628 10
31 I 2.270 2.269 23 1.616 30
312 2.236 1. 600
O~ 2.211 1.535 10
222 2.208 1.531 10
112 2. 199~ 2.194 10 1.501 20
022 2.190; 1.474 5

1.404 40

CLARK, APPLEMAN AND PAPlKE

Both unit weights and statistical weights were tried in the
course of the refinements. Statistical weights were computed
from the formula w.t:

= l/".(F), where u(F) is one s.d. in
IF.I determined from the counting statistics. for unit weights a
weight of 1.0 was a,..-;igned to alt reflections. The statistical
weighting scheme was not suitable for the Pl omphacites be.
cause of the large difference in average intensity between the
group of renections \\;th h + k = 2n and the much weaker
group with h + k = 1" + 1. For ordered Cllc pyroxenes such
as diopside, tbe two w~ghting schemes };elded \'irtually identical
resulrs. 'For consistency, unit weights were u:.ed for all final re-
finements. In Tables 6 and 7 we list both the conventional R =

LI'F.j -IF<II/L IF.!.
and the so.called weighted R =

We emphasize that w = 1 in all c:a..~.

Refinement refults. Atomic parameters and their standard devia-
tions are compared v.-ith published values in Table 8 for or-
dered clinop~Toxenes. in Table 9 for C2/c intermediate composi-
tion dinop~Toxenes, and in Table 10 for Pl omphacites. The
anisotropic temperature factor tensors for ordered clinopyrox-
enes are given in Table 11. Observed and calculated structure
factors obta.ined from the atomic parameters of Tables 8-10 are
listed in Table 12.'. S~Table2 for CTystallographic and cb<mical data.

"
Calculated values complete to 28 :5:"0.0. (CuKaI, ).

- 1.5405 A}.
t: Mea.surem<:nu from diffractometer pattnus with NaF as intemaI standard.

CuRal. Peak heighu normalized to 100 using 310,221.

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

I Table 11 may be ordered as X..1,.P5 Document #00-154 from
ASIS Xational Auxiliary Publications Sen;ce, c/o CCM In-
formation Sciences, Inc., 22 West 34th 51.. Xew York, N.Y.
10001; remitting in ad\-ance $1.00 for microiiche or $3.00 for
photocopies, payable to ASIS-NAPS.

Spodumene

TABLE 6. DATA.COLLECTtON bFOR:.!ATtO:> FOR EIGHT ORDERED CLINOPYIl0XE:-'-':S

Diop>ide

Present
study

Present
study

~i7.e of crystal

'mm)
!<adiation/tilter
C"lIection meth,xJ
Crystal axis (0)'

ior dala :.

colkction
.\h;;orption
correction
~. cn1-1

:-;'" of iF.: >0
. :R

[;;<)tro[>lc\
wtd R<

. . r R.\!1I;;otroplCl
".td R<

Standard deviation I
In IF' (ani><.,tr.) II

O.OiXO.l/j
XO.23

~!o/X'}

O.IOXO.IO
XO.16

~!o/Nb. .
(IdtO ], (1t1tOj"

no yes

II.
850

0.03;
0.0-4
0.031
0.03'.1

.L3-l

.n.

1'66
0.050
0.058
0.035
0.046

7.04

Jadeite

"aAISi~,

Prewitt and:
Burnham ;

(1966) !

0.04 X 0.08
XO.22
Cu/Ni

b

not given

lOiL
3-li>

0.045

-
0.03/

-

--

l'resen t
;;tudy

Presen t
>ludy

:Christensen
and Hazell I

(1967)

CaMgSi,Q,

PreS('r.t
study

O.07X(J.13
XO.1CJ
Mof.\b

20.
918

0.(~3
O.(~i
O.()!]

o .cJ.)£J

3.tll

-
J ohannsenite

.

Freed and
Peacor
(1961)

i0.074XO.033
XO.li3

X ot given
d

0.03XO.Oi
XO.13

~[o/Xh

OJ); XO.IO
XO.20

~Io/Nh
b c

(oo! j

not gi ,'en
398

0.066

-
-
-
-

O.06XO.06
XO.3

;.Io/not given.
(hOhI" [/d10

'"
not given

ycs yes no

J.L
711

0.05()
0.062
O.<W>
(!.O-l7

3.01

-l1.
834

(J.05-l
(j.057

('.035
(1.039

56.
534

0.055

-
0.049
-

J.76 -

. :\<>rmal.I><,'''m. equatorial gt',metry. 4-cirde automatic ditiraclolllcter. ><:intillation counter, 20 scans.
i. Equiinclination \VeissenIKr~. scintillation detector, halanced tilters.
,

Inclination geometry. linear diffractometl'r. scintillation counter, halan(ed filters.
.j

1':'lui.inclin:l1ion diffractomtter, prollOrtion:>.\ detector.
.. ~,'e text f,'r definition of Rand wtd I<.(so.called weiJ::ht<:d R); w= I in all rtenements.



Omphacite:; Augite Fas5aite

Venezuela California Norway :\ew Zealand Quehec
Present study Clark and Papike Pre:;ent sludy Present study Pcacor (1967)

(1968)

Size of crYSlal (mm) 0.20XO.20XO.07 0.20XO.07xO.<H 0.16XO.13XO.03 0.30XO.23XO.13 0.04XO.<HXO.26
Radiation/filter Mo/Nb Mo/none Mo,!:\b Mo/Nb Cu/not given
Collection method Normal beam, equatorial diffractometer, scintillation counter, 20 scans

,

Diffractometer 4-circle automatic manual 4-circle au toma lic +circle automatic manual
Crystal axis (</» for} [001]- [010]- [010]- [010]- c

data collection
Ab;orption correction no yes yes yes YC5

IJ..cm-1 18. 22. 24. 23. 239.
:\0. of IFol >0 1150 830 724 944 about 390

I~'mpk
ft. R'

0.047 0.080 0.056 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 - 4.4-4 11.03 -in IFI (final) ,

Spodumcnc
LiFe>'Si:O. Jadeite

! LiAISi,Q. Xa.-\lSi~

'I
WaITen and

Pres<:nt Prescnt
Prt:\\;tl an.-.t

i Biscoe stud)' stud)"
Burnham

I (19JI) (196<">
)

I
I

O.N 0.29~1! (6) 0.29626 (9) 0.2906 (1:i
I .OQ 0.OQ-H9 (n .0895 (I) .OQJ~ II,

i .25 0.2560 (I) .26(.3 (2) .22;i (2:

I - 0.15 (I) .29 (I) .11
I .11 O. 109? (2) .11<\8 (2) .1()QO (21
, .()Q 0.0823(2) .08.~1 tJ) .0;6.1 (3
, .It 0.1402 (J) . 150.1 (~) .1175 (.;!

! -
0.24(2) .~2 (.I) ..16

: .Ji O. J(>46 (2) . J6i 1 (3) .360811
.2$ 0.2(,7.1 (2)

.2" i6 (.n .26.10 (3..
. .12 0..1009 (J) ..1290 (-') .N2? (1,,
- OA~ (2) .69 (.I) . ~8
..\<- 0..15(,5 (2) ..\.,~8 (3) . 3~.U 12
.01 -0.012'1 (21 I .0000 (.n .00;01.1,
.\XIO 0.05;8 (.I)

\

.G.,,,t) (5) .0058 (1,
!

-"
0.11 (2) .;2 (.I) .W

I .'It 0.90M(I) .8'JM6i (i') .<JO<.oII,

- 0.17 (I) ..11 (II . ~O

I ..11 0.17.\2 (")
I

. 2GB.' (6) ..!O<N(2,

- I. I (I) .t. (I) ,
.t'5I

0.2921 (I) 0.!OO-'18, 0.2912 (.I) 0.290 O.l~/,lJ C.;): (1.1871 \1'1
.OQIS (I) .,"'Q~(, ", .08'/1 i .II .0'10 .r1"iJJI 1.\); .frHi t:?)
. 2JJJ (2) _ ~_~51'1,

.21;; (5) .2.36 .1!'"/18 (?)I . 2.\fd (1)

.J612, _~Q
It' . ns I;) I .2(, (JI

.II~O (3) .Iltl 1, .11'/4('7) .12~ .II;~(I) I .120.\ \<'1

.0;91IJ) .1.);84'! : .08'..... r;) .0')<) .I..;: .I II) .rtHO
\-".IJ;~ (5) . 1.<80 I' .153'; ilJ) .1.lQ . H22 (2) .1.;11 liP

.41(4) ..N 12: .>3 ,2)
.1'1 (8)

. .159'11.1) ..(~81 .!' ..15;. '8) .-'58 .Y,ltfl) ..\6.\2 (.'1

.!58JIJ) . ~;.;.8.!. .2';',; (8) .25 t .1,'10 I I) .lU1 \(01
_.'OJ; d,)

.-'001
.;. .JH', '11) ..120 .3WJ(.I) .U(}:'Ill),

.:':'1..1, . ~.'
ij ....., '21 . ~;(<J'

.3:.Jl 1.1) . .:.'18 1 .J~;l r;) .3-'$ .;:iJj (t) . U81 \: I

.0105 '.I, .\-..>:" .1, .0111 .S) .022 ./JI:I.lt) JJI06 \(11

.006(, (6) ."118 I. .01'.; ill) .000 -.1"1; (2) -./1'1'14.1\12)

.-'.1(.\, ..'1.j. . .I'. '.1) .1(1( 1(11

.<10;6'1, .:,-u8f~"
; _8(}4Jj!I)

I

.'/1
j

.''<182.\ «(I)~ .fIfJ~J \2 J

. ~2II, .-';'1. - .11, f1) \S
(j I

..«JU8 '.\, .~ 1, .JO\j '8) _.10.; . .;i1l51 (5): ~(II
'I ~!I

.7;(';, .~S 13:
- . ;111.) I

'8
(.1)

---.---

CRYSTAL-CHEMICAL CHARA.CTERIZATION OF CLlNOPYROXENES 3S

TABLE 7. DATA-COLLECTION INFORMATION FOR FIVE CUNOP\"RO:-..t::,>t:S OF IXTERMEDlATE COYPOSITlONS

,
Equiinclination diffractometer, proportional counter, direct counting methods \\;th backgTound measuremen15.

:. See text for definition of Rand wtd R (so-caUed weighted R); w= 1 in all refinements.

CRYSTAL CHEMISTRY

The clinopyroxene crystal structure. The basic structure of
!be clinopyroxenes was first determined by Warren and
Bragg (1928) for diopside. The distinctive features of the
:Iructure are well described and illustrated in papers by
Prewitt and Peacor (1964) and Zussman (1968), as weIl as
in the published refinements of jadeite and johannsenite,
already cited. The oxygen atom 03 links between two Si
aioms (Fig. 1) and is referred to as "bridging." The other

1"'0 crystaIlographically distinct oxygen atoms 01 and 02

"-:~each linked to only one Si (Fig. 1) and are referred to

as "nonbridging." The M1 site (Fig. 2) is octahedrally
coordinated and is occupied by the cations l\Ig, AI,.t, Cr,
Mn, Fe:~ and Fe3+; the M2 site (Fig. 3) is larger than .\11
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 of the
crystal chemi:try.

The orJued clinopJroxenes. Some features of the or-
dered Cllc clinopyroxenes have been descrihed else-
where t":\ppleman and Stewart, 1966: Clark, :\pplem:1n

TABLE 8. ATOJ.!IC PARAJ.ITTERS COJ.lPARED FOR EtGHT ORDERED CU:-;OPYROXE/-.t:S'

I
I
I

:\:':.:-:1
!

Paramet.er

-I
0:".1I

i
fJ:.\ I I

(J' \ I !
I

i
i

)'

B

II

B

Urcdtc
I

I

;\ mil~ \. _. I Diop~id('
:\aCr;-Si,o. XaFe'-Si!x I:\a!n''''':!J'1 Ct:-'!~5i,o.

Pr~nt P':"~nt I ChrislcMCn ' \Varrcnand; Pr<:scnt
study Study

I
and Huell Brags: Huriy(19(,;1 (1928)

Johann~~nitc:
C:A~( n:~~i.06

Freed ;tnd
f'eacor
ft'16;)

--

\ r. )'. ; in cyd~, ~ui,"alcnt U ("') (rom :anisolror,ic rdin('menl, e~cepl j.,r johaonscnite (i~l:-Of.oic rcllnement Qrlly). In C2/c o~n:cn. Si r,i)"iilions Hr, .\f I ~nd Jf 2
;.rr.:tion$ ";r with r -0. ~-0.25. IJrc ious.Jy fMJblishM valu~ con C'1'tC'o3S n~'=".:..ary to obtain the' o...1mc:i.~rmmc-tri<. ~t (or;all (Hurnh;J,rn rl o! . 1'1<,.;).E~r'J(~ in p;Ht'n.
!:~ :11'"t"4.mcstanrlaro dr.-i;1t.ion; for 0.2(122 (3) r~ad O.2f)22:t O.OOOJ.



Param-
Omphacite

I

Augite Fassaite

Atom den. Xorway Xe,.. Zealand Quebec
atomic

con tcn ts Present study Peacor (1967)

T x 0.2$81(1) 0.2896 (1) 0.2871 (2)
y 0.0024 (1) 0.0924 (1) 0.0928 (2)
: 0.B03(2) 0.2353 (I) 0.2272 (3)
B 0040 (1) 0.52 (1) 0.23
Si 2.00 1.82 1.506
AI O. 0.16(+.01Ti) 0.494

01 x 0.1140 (3) 0.1150 (2) 0.1130 (4)

~. O.OSN (4) 0.0865 (3) 0.0878 (4)

: O.13S; (6) 0.1402 (4) 0.1377 (8)

IJ I 0.;; (4) 0.77 (3) 0.40

02 x 0.3604 (4) 0.3647 (3) 0.3621 (4)
y 0.2S31 (4) 0.2530 (3) 0.2546 (4)
, 0.3136 (6) 0.3260 (3) 0.3189 (8)

B 0.83(4) 1.13 (3) 0.69

03 x 0.3SI3 (3) 0.3326 (2) 0.3318 (4)

)' O.OU; (4) 0.0185 (3) 0.0189 (5)

: -0.0002 (6) 0.0013 (4) -0.0083 (8)

B 0.63(3) 1.03 (3) 0.3;

!II y 0.90-18 (2) 0.9063 (1) 0.9068 (2)
B O.SS (3) 0.51 (2) 0.52
AI 0.240 0.182 0.171
Mg 0.343 0.713 0.570
Fe 0.217 (7) 0.103 (3) 0.222
:!: I. 000 1.000 1.028

M2 y 0.2999 (2) 0.2952 (I) 0.3043 (2)

B 0.80 (.1) 1.23 (2)

I

0.66
Ca 0.590 0.616 0.9;5
Xa 0.320 0.090

I

0.007
){g 0.03; 0.18. -
Fe

I

0.033 0.10;

I

-
~1.000 I. 000 0.982
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TABLE 9. ATOMIC PARAYETERS .~~m SITE OcCUPANCIES FOR

THREE Cl/c CUNOPYROXE:>."ES OF

IN"TEIUlD>IA TE COID'OSITIO~S'

. z. y, s in cycles; equi a.Icnt isotropic B (At) takCD from anisotropic rdine-
ment. In C2/', T and O. ;>osition> 81'; All and Jf2. positions 4, ith x-O, s-
0.23. Errors in puenth...". are one standard d.,.-iation; for 0.2881 (1) read 0.2881
:t;O.OOOl.Atomic contCDU b&!cd OIl sU oxygen atoms~ tctrahtd.ral site 6llcd to
2.00 ..-ith Si and Al (al'O Ti for au3ite). For ompbacite and aUj;ite, Ca. Na ere
fixed in !f2, AI in Af I and F e/~fg occupancy refined. Site occupancies were

assumed lor the fa5Sa![( ..;th 0.065 atom Ti also in Jll; its coordinates have
b«.n convcrtt'd to the 5t.1..nd::uds.cl (Burnham d oJ., 196;) by tbe pr~cDl authors.

and Papike, 1965). For the silicate tetrahedra in these
clinopyroxenes, t he final bond lengths and angles ob-

tained from the present study are compared in Table 13
with the values published for jadeite, johannsenite and

NaIn,Si~O".
Comparison of interatomic distances and angles for

ordered clinopyroxenes of greatly differing compositions
shows that certain features of the silicate chains re-

main constant throughout the series (Table 13) . For ex-
ample, the Si-OZ bond i3 the shortest of the four Si-O

bond leng:ths for all eight compounds and varies only be-
tween 1.:':35 and 1.:'98 .-\, with a mean of 1.591 A. The 01-

Si-02 angle is tbe largest O-Si-O angle in each com-
pound, subtending the longest tetrahedral edge, 01-02. In

addition. the MI-02 distance is the short cst MI-O dis-
tance in cach compound (Table 14). These constant fea-
tures all involve 02. As shown in Table 15 under bond
stren~ths in the (olumns headed "Ideal ionic model", 02
has an unsatistit.'d char!:!c of from 0.3 to 0.4 electrons

that is by far the largest charge imbalance of the three
independent oxygen atoms in these clinopyroxenes. This
apparent excess negativity is compensated for by the
shorter 02-Si and 02-Ml 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 with
the refinement of Na~Si03, which has a metasilicate
chain comparable to the clinopyroxene chain.

There has been considerable discussion recently about
the influence of d-p 70 bonding in causing the increase in
length of Si-O bridging bonds over the \-alue observed
for nonbridging bonds (Cruickshank, 1961; McDonald
and Cruickshank, 1967; Pant and Cruickshank, 1% 7, 1968).
In sodium metasilicate, the bridging Si-O bonds average
1.672 A but the nonbridging Si-O bonds average only
1.592 A. These values are similar to th05e observed in
the dinopyroxenes with Ca in the M2 position, which
have mean values of 1.682 A for bridging and 1.5% A for
nonbridging Si-O bonds. There is much less difference
between the bridging and nonbridging Si-O distance5 in
the clinopyroxenes with univalent cations in the M2 po-
sition (Table 13).

In the clinopyroxene series the increa..-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 M2 cations (except when M2 is Li), and as-
suming the electrostatic attraction between 03 and
Ca~. to be greater than that between 03 and ::\a., and

Si-03 bridging bonds would be expected to lengthen In
the Ca clinopyroxenes. In the Na,Si03 structure, );'a is
coordinated by only five oxygens instead of eight as in
the clinopyroxenes, but each bridging orygen still has
two Na neighbors. Bond-strength calculations based on
a simple ionic model show that the O-)!a bonds in
Na~Si03 have strengths of about 0.2 \'alence unit. \'ery
close to the strengths of the o-Ca bonds in Ca c!inopy-
roxenes (Table 15), so the bridging ox:'gens in eac h
case receive ahout 0.4 electron from thi5 source. The'
nearly identical lengthening of the brid~ng Si-O hond"
in Xa,SiOJ and Ca clinopyroxenes is thus explained ou
the basis of local charge balance, providing further e\'i-
dence for the validity of an essentially ionic model f(\:
the bonding in chain silicates.

The value of the Si-03-SiA2 angle diffcrs but litt1e'
throughout the serics of compound5 (Table 13): the a\'-
erage for the six phases with univalent .IfZ is 1 l1 c, and
for the t\\'o with Ca'+, 136.3°. Again the effect oi Ca-=-
is apparent. Comparison of a related fea,ure. the linea.-
ity 0 f the chain "backbone", 03A2-03A }-03:\2 (-:-} in <'' .
demonstrates that the straightest chains are iound :...
jadeite, acmite and synthetic LiFcJ'Si20,. (Tabk 13): i:1



Site
B (.~') IA((.'n1.1. occupancyb x y z

t.If! Fe 0.10(1) 0 0.914(1) 0 0.5 (I)
~[gO.82

II

.-\1 0.08
MltO Al 1.00 0 0.099 (1) 0.5 0.37 (9)

.1(1 H Fe 0.08 0.5 .404 (1) 0 0.4 (1)
Al 0.92

Ml\IIH Fe 0.10 0.5 .595 (1) 0.5 0.25 (9)

II

~[gO.90

M2 :-.ia 0.76 (9) 0 .303 (1) 0 1.1 (3)
Ca 0.24

I:M2(1) Xa 0.25 (8) 0 .7018 (3) 0.5 0.8 (2)
Ca 0.75 II

M2H Xa 0.31 (8) 0.5 .8009 0 0.7 (2)

'I
Ca 0.69

'\[Ul)H Na 0.68 0.5 .199 (1) 0.5 o .6 (2)
Ca 0.32

Si L\ 1. 0 for all 0.2892 (5) .0987 (8) 0.9775 (9) 0.28 (6) 11

Si,O I;
SiH .2872 (5) .9131 (8) .4784 (10) 0.43(7) ':
Si IC .2123 (4) .5882 (8) .0175 (9) 0.13 (6)

Ii
Si 2C .2104 (5) .4033 (8) .5245 (9) 0.27 (6) I
01.-\1 I .110 (1) .092 (1) .864 (2) 0.3 (I) I

01.-\2

!

.108 (1) .931(1) .399 (2) 0.2(1)
I

01 CI .386 (I) .574 (2) .104 (2) 0.6 (2) ,
01 C2 : .384 (I) .415 (I) .622 (2) 0.5 (2)

i02.-\1 .363 (I) .264 (1) .056 (2) 0.4 (2)
02.-\2

I .350 (I) .751 (I) .556 (2) 0.7(2)
02 Cl I .139 (I) .755 (1) .945 (2) 0.3 (I)

,

02 C2 I .133(I) .245 (2) .438 (3) 0.6 (2)
03.-\1 .356 (1) .021 (2) .751 (3) 0.5 (2)
03.-\2 .351 (I) .996 (1) .253 (2) 0.3 (I) I
03 CI ~.155(I) .515 (I) .259 (2) 0.6(2)
03 C2 I . 143 (1) ! .489 (2) .742 (3) 0.3 (2)

I I

CRYSTAL-CHEMICAL CHARACTERiZATION OF CLlNOPJ'ROXENES

TABLE 10. ATOMIC PAlL'-METERS Al'iD SITE OCCUPASCIES COMPARED FOR Two P2 OMPHACITES
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Venezuela
Present study

Site
occupancy"

Fe 0.19
MgO.81

Al 0.95
Fe 0.05
Fe 0.18
Al 0.82
Fe 0.20
MgO.80

Na 0.64
Ca 0.36
Na 0.36
Ca 0.64
Na 0.03
Ca 0.97
Na 0.64
Ca 0.36

1.0 for all
Si,O

i.,- i
i 0.1002 (5);
! i

0.5
!

0.4045 (5)1

0.5
i

0.5957(5)1
. I

i 0.3036 (5)1

\ 0.7017 (5) I

I I

i 0.8009 !
I I

0.5 i0.1996 (5)\,
II .

.2890 (5)

1

:
0.0972 (5)

1

' 0.9774(5)

]

.2881 (5)
1

0.9135 (5) 0.4820 (5)
.2137 (5) 0.5880 (5) .0196 (5)
.2103 (5)1 0.4027 (5)1 .5232 (5)

.112 (1) I 0.0S8 (I)! .864 (2)

.110 (I)

I

0.922 (1) i .405 (2)
.386 (I) 0.567 (I) I .103 (2)
.385 (I) I 0.411 (I) I .620 (2)
.364 (I) I 0.263 (1) i .066 (2)
.347 (1) i 0.747 (I) I .551 (2)
.133(1) ! 0.749(1)! .939(2)
.135(1) 0.244(1)! .446(2)
.360 (I) 0.022 (1) i .757 (2)
.350 (1) 0.994 (1); .252 (2)
.154 (I) 0.515 (I) I .255 (2)
.147 (1) . 0.489 (I)' .750 (2)

California
Clark and Papike (1968)

x )'

i I
! 0.9122(5)1

B (A')

o 0.2 (I)o

o

o

o

0.5

0.5 .3 (I)

.3 (1)

.2 (1)

o

0.5

o .8 (1)

.7(1)

.8 (1)

.8 (1)

0.5

o

0.5

0.17(5)

0.4 (1),
for all 0

. .If atom5 in p05irions la, Ib, Ie, Id of P2; }'(2 H )' fixed to assign origin. Other arr}ms in positions 2~ of P2. Errors in parenthese5
are O'lt standard de\'i:ltion; for 0.2892 (5) read 0.2892:t 0.0005.

b Tr}!al occupancy nxed at 1.0; chemical contents fixed from adjusted analysis for \'enezuelan omphacite (see text). The errors in
parenrhese5 (one standard deviation) indicate those parameters refined.

, Tr}!al occupancy nxed at 1.0, but chemical contents allowed to vary during refint:::.enL

the latter the angle is 180° within the error of measure-
ment. The chain:, in the two Ca clinopyroxenes, how-
ever, ha\'e the brgest departures from linearity, with

an a\'erage angle oi 165°.
The J[ I octahedral chains (Fig. 2) are a dominant

struCtural feature in the clinopyroxenes. The average
Ml.r) di~t:mces obrained in this study for the various MI

cati(Jno (Table I.n agree in general with values pre.

viouoly reported ~cf. MacGillavry and Rieck. 1962). The

anl\leo of the 1\lg o,.tahedron in diopside closely approximate
thoo(; (Ji a regular octahedron. The other Ml octahedra are

also iairly regular. the average angular distortion being
al)(Jut SO and the largest distortion, about 13°. Zussman

(1968) suggem.d that the 1\1n'. cation represents the
upper size limjt for Jf1 occupancy; the In3. cation ap-
pears to be very nearly the 5-3.mesize as Mn'+, so that
the clinopyroxenes which ha,-e been studied confinn thi:;
size limitation. The In-In clo~est approach is, howe\'cr,
appreciably lon?-:r (by about 0.1 .-\) than any other .1£1-
J[ 1 contact ob:erved. The Si-O-M I angles, as well a:;

the Si-O..\f2 ~Ies (Table 16), vary little across th~ ~e.
rie,; and show no apparent dependence on the kind 0f J[ 1
or M2 cation. Comparison of acmite with synthetic
1\"a-Fe3+Ge,OG'which has the clinopyroxene structure (So-
lo\.'eva and Bab-kin, 1967), would be interesting to show
the effects on the ~tructure of substituting Ge for Si.



Jadate
Spadu- LiFc~.~ NaAl- Ureyite Acmile Diopside

mene Si,o. Si,o. NaCr1+. NaFe.a+- u~[g-
LiAlSi:O. Present Pre,,-itt Si:O. Si:O. 5i:Oc

Present study and Present Present Pr(S~n t
study Bumh>.m stud}" study study

(1%6)

4.2 (5) 13.3 (8) I I (I) IS (I) 4.9 (6) ;.5 (4)
6.0 (6) 10.9 (8) 17 (2) 13 (I) 7.3 (7) ;.0 (4)

15 (2) 14 (2) 36 (5) 15 (3) 38 (2) 2; '.1)
-1.8 (5) -1.6 (6) 0(1) -1(1) -0.8 (5) -0.2 (3)

3.0 (7) 9 (I) 6 (2) 2 (I) -2.9 (9) 2.6 (5)

-1.0 (8) -1 (I) -1 (2) -2 (I) 0(1) -0.9(6)
6 (I) 15 (2) 4(3) 16 (2) 6 (2) 6..1 (9)

11 (2) 17(2) 20 (3) 18 (3) 12 (2) 12 (1)
18(4) 31 (6) 32 (9) 19 (7)

-'6
(6) 35 (3)

-1 (I) -1 (2) -4(2) -1 (2) -1 (I) 0.6(8)
0(2) 11 (3) 0(4) 3 (3) -5 (2) I (1)
0(2) -3(3) -7 (4) 4 (4) 1 (3) 2 (2)

14(1) 28 (2) 10(3) 22 (3) 14(2) 15 (I)

12 (2) 15 (2) 20 (3) 15 (3) 8 (2) 9 (I)

64 (5) 82 (8) 47 (9) 38 (8) 75 (6) 49 (I)

-6.5 (1) -10(2) -4 (2) -6(2) -5 (2) -5.6(8)
15 (2) 28 (4) OW 4 (4) 2 (3) 3 (2)

-3(2) -10(3) 2 (4) -4 (4) 0(3) -I (2)

10 (I) 22 (2) 13 (3) 18 (2) 11 (2) 9(1)

24 (2) 37 (3) 22 (3) 24 (3) 19 (2) 16 (I)
23(4) 37 (i) 41 (l0) 25 (7) 51 (6) 35 (3)

2 (1) 0(2} -3(2) 0(3) 2 (2) 0(1)

2 (2) 12 (3) 9 (4) 4 (3) 0(3) 512)

-12 (2) -25 (4) 0(4) -12 (5) -8(3) -; (2)
5.3 (8) 14.2 (6) 13 (2) Ii (I) 8.1 (5) ;.5 (1)
7.2(9) 9.9 (6) 15 (2) 15 (I) 8.6 (5) ; .5(8

14(3) 20 (2) 35 (6) 23 (2) 46 (2) 25 (2)

2 (I) 8.1 (8) 5 (3) 4 (1) -2.0 (7) 1(1)

30 (7) 25 (6) 35 (2) 35 (3) 34 (2) 18.1 (4)

38 (8) 22 (7) 26 (3) I7 (3) 20 (2) 11.4(1)
134 (24) 2i (l8) i4 (8) 34 (7) 84 (6) 42 i1)
20 (11) 14(8) -2(3) -11 (4) -11 (3) -3.0(6)
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TAULE 11. ANISOTROPIC TEMPER.nUKE FACTOR TENSOR

VALUES COMI'ARED FOR ORDERED CLiNOPYKOXENES'

ij
Atom o[

eij

Si 11
22
33
12
13
23

01 11
22
33
12
13
23

02 11
22
33
12
13
23

03 11
22
33
12
13
23

Ml 11
22
33
13

M2 II
22
33
13

a fJ ijX1Q~; for lf1 and J/1. 6~-8:J-O. Errors in parentheses ar~ 1 sL1:Jda.rd
de iation; for 4.2 (5) read O.Q(I().;2z0.00005.Temperature factor form:

-p ~ ~ ~ h . h . R. (
(- -:--,~ I J ~I) ~'-oJ-t

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 clino-
pyroxenes is typified by the one in diopside (Fig. 3).
When .Hl is occupied by :\a+ or Ca'+ cations, the coor-
dination is irregularly eightfold, with six oxygen nei!Sh-
bors nearby at distances averaging 2 A :\, and two fur-
ther away at an average distance of 2.S :\ (Table 16). In

\
01.

Fig. 1. The clinopyro~~ne tetrahedral ch:tin :IS il :tPPC;JC' In
cJiopside. Atoms labelled accordin;; to nom~nclature us.:d in
Tables 13, ~1, ~4.

Fig. 2. The All oct:lhedral chain as it appears in acmite. Atoms
labelled accordirig 10 nomenclature used in Tables 14, 20, 22.

spodumene and LiFe3+Si20,;, 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 Ca'+ 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 tbe lit-
erature for octahedrally coordinated Li+. For example,
the average Li-O distance in lithium dihydrogen citrate
(Glusker et aI., 1965) is 1.18 A, compared to 1.21 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 ,'S B-O bond
strengths, which ha> been tested by numerous structure
determinations and found successful, is compared in Fig-
ure 4 with a similarly de\'eloped curve for the Si-O bond
in clinopyroxenes.

To obtain the Si-O curve, the bridging bonds in the Ca
clinopyroxenes were assumed to ha\'e strengths of about O.S
valence units, and the short Si-02 bond was assumed to

Fig. 3. The M2-0 coordination polyhedron as it appears in
diopside. Atoms labelled according to nomenclature used In
Tables 10, ~o. ~.1.



Spooumene Jadeite
Ureyite Acmite

Diopside Johannsenite
Atoms' LiFe'+Si:O. NaCr'+- NateH- J\alnHSi:O.

LiAlSi:O. ~aAISi.o, Si,o. Si:O.
CaMgSi:O. CaMnHSi,o.

Prewitt and Christensen Freed and
Sou rce Present Presen t Burnham Present l'resen t and Hazell Presen t Peacor

study study (1966)b study study ( 1967)b study (1967)b

Si-Ol 1. 638 (2) 1.629 (2) 1.637 (2) 1.626(4) 1. 629 (2) 1. 6-B (7) 1.602 (2) 1.604 (6)
-02 1. 586 (2) 1.596 (3) 1.590 (2) 1.586 (3) 1.598 (2) 1.595 (8) 1. 585 (1) 1.594(6)

mean, non-brg. 1.612 1.612
. 1.613 1.606 1.61~ 1.618 1. 594 1. 599

Si-03Al 1. 622 (2) 1.626 (2) - 1.628 (2) 1.640 (4) 1.637 (2) 1.633 (8) 1.664 (2) 1.6~ (7)
-03:\2 1.626 (2) 1.627 (2) 1.636 (2) 1.645 (4) 1.M6(2) 1.664 (7) 1.687 (2) 1.693 (7)

mean, br~. 1.624 1.626 1.632 1.642 1. 642 1.648 1.676 1.688

mean of 4 1.618 1. 620 1. 623 1.624 1.628 1.633 1. 634 1.644

01-02 2.742 (2) 2.722 (2) 2.773 (3) 2 . 736 (5) 2. H2 (3) 2.731 2.735 (2) 2.725 (8)
01-03Al 2.635(2) 2.637 (3) 2.633 (3) 2.644 (5) 2.650(3) 2.640 2.678 (2) 2.708 (8)
01-03:\2 2.651 (3) 2.654 (3) 2.638 (3) 2.636 (7) 2.654(3) 2.657 2.695 (3) 2.707 (9)
02-03.-\1 2.658 (2) 2.648 (3) 2.644 (3) 2.657 (4) 2.651 (3) 2.656 2.658 (2) 2.675 (8)
02-03:\2 2.535(2) 2.551 (3) 2.575(3) 2.583 (4) 2.585 (3) 2.614 2.570 (2) 2.588 (8)
03.-\1-03A2 2.616(1) 2.647(1) 2.612 (4) 2.643 (5) 2.651(1) 2.693 2.64-H3) 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 (1) 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) 115.17(39) 118.25 (7) 116.84 (27)
01-Si-03:\1 107.9 (1) 108.2 (1) 107.5 (1) 108.1 (2) 108.5 (1) 107.51 (37) 110.11 (8) 110.92 (31)
01-Si-03.-\2 108.6 (1) 109.2 (1) 107.4 (1) 107.4 (2) 108.3 (1) 107.10 (40) 109.99(8) 110.32 (31)
02-Si-03.-\ 1 111.9 (1) 110.6 (I) 110.5(1) 110.9(2) 110.1 (1) 110.68 (44) 109.78 (7) 109 .37 (29)
02-Si-03A2 104.2(1). 104.6 ft) 105.9(1) 106.1 (2) 105.6 II) 106.70(36) 103.~6 (10) 103.80 (30)
OHl-Si.03.-\2 107.3 (1) 108.9(1) 106.3 (1) 107.1 (2) 107.7(1) 109.55 (40) 10~ .17 (9) 104.71 (2~)

mean of 6 109.4 109 .4 109 .4 109 .4 109.4 109.5 109.29 109.3

Si-03-Si:\2 139.0(1) 1~1.2(2) 139.3 (1) 139.7 (2) 139.4 (2) 142.24 (40) 135.93 (9) 136.37 (~1)

03.-\2-0.3.-\ 1.03.-\2

\

170.5 (2) 180 (2) 174.7(2) 172.1(2) 1i4.0(2) 171 .3 166.38 (11) 163.78 (oli)
(+1 in c) II
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TABLE 13. BO~D LENGTHS (A) AND ANGLES (0) FOR SILICATE TETRAHEDRA IN EIGHT ORDERED CLlNOI'\"ROXENES

. ::\omendature adapted from Burnham tI ai., 1967. Atoms are in the basic !;et unless <Jlher\\"isedesignated (see Fig. 1). £rrors in
parentheses are one standard deviation; for 1.638 (2) read 1.638:t0.OO2 A.

b Values not :::i\'en in the reference were calculated by present authors.

have a strength of about I.Z5 valence units. Because the
clin"opyroxenes do not gi\'e many points in an intermediate
range, the bond strength 1.0 was assigned at the length of

1.1>13 .\, an a\'erage value for the amphibole bridging dis-
tance Si-Oi taken from the refmements of glaucophane
(Papike and Clark, 1963) and tremolite (Papike, Ross and

Clark. 1969, this volume). Least-squares fitting of the em-
pirical points 10 polynomials of degrees one to five was

tried, and the best fit, both for our Si-O t'5 n points and

for Zachariascn's B.O t'5 11 points, was found for a third-

de~rce polynomial. For thc Si-O 'V5 n data points, thc
following regression equation applics: Si-O (A) = 3.6
(4.3 ::: I /)) II + (-1.0 ::+::1.G) 11" - (l.l ::+::0.5) n'.

Similar relationshirs wcrc de\'eloped for the Jll and
J[Z cations (Table 1i) and thc rcsults for the clinopyro-

xenes, di\'ided into three groups according to JfZ, are

compared in Table 15 with thc valucs for the ideal ionic
model, obtaincd irom usc of Pauling's second rulc
(Pauling. 19Z9). The improvement is evident, but ob-
viously further imrrovement of these empirical rela-

tionships would be desirablc, in view of the large crrors

associated with the equation givcn abo\'c.
Spodumene and its synthetic iron analogue were rcfined

in space group Cz/c, although a few weak reflections in

both crystaL; violatc the c-glidc critcrion. Their true space-
group must hc CZ, r.ecausc a mirror plane is incompatible



Spodumene Jadeite

I

Urevite Acmite ! I Diopside
LiFe>+Si.o.e NalnSi.,o.

I

,

Li.\ISi.,o. NaAISi.,o. NaCr>+S110. NaFeJ+Si,O.
'

Ca~lgSi,o. :

Atoms"
I
I

Prewitt and
I

i Christensen
I

Present Present Present Presen t Present
study study Burnham study study I and Hazell study(1966)4 (1967)d

,
,

.lfl-0lAl, B I 1.997 (2) 2.139 (2) 1.996 (2) 2.039(3) 2 . 109 (2) i 2.211 (7) 2.115(1)
-01A2, B2 1. 943 (2) 2.034 (2) 1.933 (2) 2.009 (6) 2.029 (2)

I

2.158 (6) 2.065 (3)
-02Cl, Dl 1.818 (2) 1.921(2) 1.856 (2) 1.947 (3) 1. 936 (2) 2.056 (8) 2.050(1)

mean of 6 1.919 2.031 1.928 1.998 2.025
I

2.142 2.0n

0IAI-0IBI 2.694(4) 2.803 (4) 2.726(4) 2.775 (6) 2.798 (4)
:

2.85 2.781(3),,
02CI-0lDl 2 . 787 (4) 2.963 (5) 2.790(4) 2.897 (7) 2.941(4) i 3.10 2.981(3)

(2) 01AI-02Cl 2.661 (2) 2.843 (3) 2.716(4) 2.815 (5) 2.860(3) i 3.05 3.013 (2)
(2) OlAI-OlA2 2.951(2) 3.030 (2) 2.918 (2) 2.975 (5) 2.985 (2) , 3.06

I

3.051 (3)
(2) OlAl-02Cl 2 .705 (2) 2.931 (3) 2.677 (3) 2.797 (5) 2.819 (3) ! 3.04 2.878 (3)
(2) 01Al-OlDi 2.697 (2) 2.784(3) 2.818 (4) 2.904(6) 2.964 (3) I 3.13 2.979 (3)
(2) 0IAI-0IB2 2.504 (3) 2.7OS (5) 2.458 (4) 2.617 (7) 2.639(4)

I 2.86 2.813 (3)
I
I

mean of 12 2.710 2.863 2.724 2.824 2.856
,

3.02 2.936
I, ,

MI-Afl (1) 3.042 (1) 3.177 (1) 3.066(1) 3.OS9 (4) 3.189 (1) I
3.302

I 3.092 (2)I I

MI-SiAI 3.181 (1) 3.282 (1) 3.306 3.242(3) 3.289(1) I 3.484 I 3.267 (1)
M1-SiA2 3.106 (2) 3 .2OS (1) 3.205 3.165 (8) 3.188 (1) I 3.390

1

3.214 (3)
i

O-MI-O Angles I I

01Al,01B2 1i4.5 (1) 172.1(1) 170.1 (1) 173.4 (2) 168.7(1)
!

167.74 (25) ! 177.8 (I)
(2) 01Al, 02Dl 167.8 (1) 169.7 (1) 166.1 (I) 169.2(1) 167.3 (1) ! 169.63 (26) I 171.3(1)

01AI,01Bl &1.8 (1) 81.9 (1) 86.2 (1) 85.8 (2) 83.1 (I) I 80.15(28) I 82.2 (I)
! I

02CI,02Dl 100.0 (1) 100.9 (2) 97.5 (2) 96.1 (2) 98.9 (1) 97.7 I 93.3(1)

I

I(2) 01Al, 02Cl 88.3 (1) 88.7(1) 89.6(1) 89.8 (2) 89.9(1) 91.33 (29) I 92.6(I)
(2) 01AI, 01A2 97.0 (1) 93.1(1) 95.9(1) 94.6 (1) 92.3 (1) 88.82 (25) I 93.8(I)
(2) 01Al, 01B2 78.9 (1) 80.9(1) 77.4 (1) 80.6 (1) 79.2 (1) i 81.78 (25) : 84.6 (1)
(2) 01Al, 02Cl 91.0 (I) 95.6(1) 89.9 (1) 89.8 (2) 90.6 (I) i 92.22 (26)

,
88.8 (I)

(2) 0lA2, OlD 1 91.6 (I) 89.4 (I) 96.1 (I) 94.4 (2) 96.7 (I) i 95.84 (26) I 92.8 (1)
I I
,

Si-0IA1-MI 121.9(1) 120.6 (1) 123.5 124.0(2) 122.7 (I) I 122.7 : 122A (1)
Si-QIA2-Ml 120.1 (1) 121. 9 (1) 120.0 120.6(2) 120.9 (1) 121.:- I 122.0 (1)
Si-02CI-Ml 14S.2(l) I 143.8 (2) 147.2 145.8(2) 145.8 (I) 144.9 145.7(1)

I
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TABLE 14. BOND LENGTHS (A) AND ANGLES (0) FOR THE Ml OCTAHEDRA IN EIGHT ORDERED CLlIWPYROXE:--':S'

Johannse-
nite

CaMn1+-
Si,o.

Freed and
Peacor
(1967)d

2.231 (6)
2.15'> (6)
2.134 (6)

2.173

2.845
3.064
3.208
3.147
3.009
3.071
3.039

3.041

3.164
3.352
3.301

179.2
172.9

79.2
91.8
94.6
91.7
87.7
89.1
91.5

121.0
122.1
145.2

.Errors in parenth~ are one standard deviation; for 1.997 (2) read 1.99i:tO.002 A.
b When atoms for only one of the two symmetrically related distances or angles are designated, reference to Fig. 2 will aid identifi.

cation of the other pair; e.g., 01.\1-0ICI-0IBI-01Dl, ac.
e Actual All occupancy close to Fe> Fe--+......
d Values not gh'en 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
C21c c1inopyroxenes. The major difference is, of course,
the change in J[2 coordination from eight to six. discussed
above. Because the synthetic compound contained ~ome
Fe", as pre\'iously mentioned, the occupancy of Fe"
against Li' in .\[2 was refined, and the true formula for the
crystal studied is (Li,_rFez") (Fe,_r3'Fe./-)Si,OG' where
I = 0.048 == 0.03. This substitution affects the hond
lengths because the avera~e M2-0 distarice for the syn-
thetic is slightly longer than the Li-O in spodumene (Table

16) and the average '\[1-0 io slightly longer tban the FeJ'-O

inacmite (Table 14).
Only pyroxenes with eight-coordinated Jf2 cations

have the C21c (diopside type) pyroxene structure; all

those with six-coo.din:lted Jf2 sites are in difierent
space-groups: P2,/c (clinoenstatite type), Pbcl1 (ensta-

tite type), PbclI (proposed protoenstatite type), or C2
(spodumene type.) The differences in detail among these

structure types have been summarized by Appleman et

ai. (1966), and specific reference:, to structure determina-

tions are given in Tahle 1S.
In the spodumene C2 structure. as in the diopside C2/c



M2=Li+ M2=Na+ i .1[2=(3'+
I

Bond strength Bond strength
I

I Bond strength
Bond Average Average Average I

I
,

distance Idea! distance Ideal distance I Id~l
(A.) ionic Presen t (A.) ionic Prcscn t

I

(A) ! ionic Presen t

mode! study mode! study
!

model study

Ol-Si 1.634 1.000 1.635 0.93 1.603
,

1.<00 1.120.93 1. 000
Ol-MI 1.996to2.138 0.500- 0.42 1.996, 2.111 0.500 0.4D 2.119,2.231 O..W 0.21
OI:M1 1.942 to2 .033 0.500 0.50 1. 933, 2.158 0.500 0.50 2.061,2.155 0.33.3 0.40
OI-M2 2.112 0.167 0.15 2 .405 0.125 0.16 2.3i4 0.2.~ 0.28

- - - - - -
2: 2.167 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
Q2-Ml 1.817,1.921 0.500 0.58 i .856to2 .056 0.500 0.59 2.053, 2.134 0.333 0.40
02-M2 2.223 0.16i 0.15 2.4D2 0.125 0.16 2.332 0.2.~ 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 1.6i5 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
OJ-A£2 2.357 0.16i 0.20 2 .435 0.125 0.11 2.606 0.250 0.22
~03-M2 [3.159) - -

I

2.812 0.125 0.07 2.i~ o .23-0 0.16
- - - -

I

I - -
X 2.16i 2.00 i 2.250 2.00 I 2.500 2.00

I
I

I i

TABLE 16. BO);D LE:\GTflS r.l.) A:-:DSOliE .\..\;GLES(0) FOR"!HEM2 CATtO:-:SIN EtGHT ORDEREDCLI:\OPYROXE::-'"1:s'

Spodumene Jadeite Ureyite Acmite 1\aIn'''Si~. Diop$ide Johannsenite
Atomsb Li.\ISi,o, LiFe-'''Si,O, Xa.\lSi,o, NaCrJ+si,o. NaFe''"Si.o. Christensen Ca~fgSi,01 Ca~{n'+Si,o.

Oxygen of
PrC$Cnt Prescn t Prewitt and Presen t Present and Hazell PrC$ent Freed and

M2-0 study study~ Burnham study stUdy (I96i)d study Peacor
(1966)d (196i)"

..--..
OIAI,OIBI 2.10.'(6) 2.120(5) 2.35, (3) 2.378 (4) ~.398

(3) 2 .48i (9) 2.360 (I) 2.384 (6)
Q2C2, 02D2 2.2,8 (2) 2.167 (3) 2AI3(2) 2.389 (7) 2.415 (2) 2.39-1 (6) 2.353(3) 2.316 (6)
03CI,03DI 2.251~6) 2.459 (5) ~'}_6.3(3) 2.:.424(4) .430 }3) 2.51i (9) 2.561 (2) 2.651 (i)
03C2,03D2 (3 -:-i:g (S)! [3.li8 (4)j 2.i41(2) 2.764 (4) -1:831 (3) 2 .922 (9) 2., I i (1) 2.i71 (6)
mean of 6 2.211 2.249 2.3iS 2.397 2AU 2.466 2.425 2.450
mean of 8 2 .469 2 .489 2.518 2.580 2.498 2.530

An~les
Si-OIAI-M2 114.6 (1) 118.5 (1) I()<).~ 112.4 (2) 112.9 (I) II.' .0 115.5 II} 119.6
Si-Q2C2.M2 93.S (2) J(XU (2) 9.L I 95.9 (2) 95.8 (I) 9/.5 102.2(1) IO-L6
Si-03CI-,ln 116.4(1) 112.4 (1) 10,; .6 102.4 (2) 103 . ~(1) 103.6 101.1 (11 100.4
Si-03DI-M2 93. / (1) RiU(I) 94./ 93.0 (2) 94.0 (I) 91.2 91.4 (1) 89.2
Si-03C2-M2 114. ; 116.3 (2) 115.9 (I) II i. 5 11, .S '.1) 118.8
Si-03D2.M2 89.0 89.5 (2) 83.5 (1) 8i.8 94.6 (I) 95. i

. Errors in parcnthc'x'" are one standard dc\'iation; for 2.105 (6) read 2.10510.006 A.
,.

See Fi::;. 3.

< .\ctual Al2 occupancy close to I.i" .,;Fe'>...;.
oj

Values not givcn in refercnce ""cre calculated flY I'rescnt authors.
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TABLE 15. BOND STREl'iGTHS IN ORDERED CU:\OI'YROXE:\ES

structure, all the tetrahedral chains are equivalent.
However, in spodumene two crystallograpbically dis-
tinct tetrahedra alternate along this chain, whereas in
diopside all tetrahedra are of the same kind. Thus tbe
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 other ordered cli-
nopyroxenes are in the M2 coordination polyhedra. (MZ
and 03). This is additional e\idence that accommodation
to the small size of the Li+ cation is chitdy responsible
for the degradation in s)mmetry from C2 ( to C2. Xote
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!~HO DISTANCE (A)

Fig. 4. Empirical curves for bond strengths vs. bond distances
for boron-oxygen bonds (Zachariasen, 1963) and silicon-oxygen
bonds in clinopyroxenes.

that the deviations from C21e 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~06
do not crY5tallize 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 very 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 (1960). is primarily due to
a rotation of the tetrahedr2. around a line connecting Si B
with 01 B (ef. Fig. I). Tht result, in the enstatite and clino-
enstatite structures, is to decrease markedly the M2-02 bond
distances and increase the .In.03 distances. relative to those
in spodumene. although tht J"erage ;\f2-0 distances are \'ery
similar in all of the structures listed in Table 18. This
effect is exactly what would be expected, on the hasis of
a simple ionic charge-jalance model, when doubly

TAIJLE Ii. 5TREI'GTII A:--:D r.~:-."GTII Of .If 1-0 Asn ,1[2-0 BO:--:DS

IN CLl~r)PYI<OXF::-':f.::'''

------
a \'aJucs tal("n irom ht."-:'ot~fit t..u~'. ~ lhrouJ.:h C'mpiricd I'()int~.
I'Six-<OQrdin:Lt("1.!.
C' EiJ.:ht-("oordinJ.tl.."1.1.

charged l\fgz+ or FeZ+ rather than singly charged Li+ is
present in the M 2 site.

On the basis of the evidence considered above, we
conclude that the size and charge of the cations occu-
pying the M 2 site chiefly determine the structure type
of a pyroxene. 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 Jf2 cations, with much stronger M2-0 bonds, to
a clinoenstatite or enstatite structure. The more com-
plex P2 omphacite pyroxene structure type represents
an exception and is discussed later.

Thermal ellip><>ids were obtained for the atoms of
those ordered cIinopyroxenes 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 obsen'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 reason, 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 relative lack of anisotropy in the thermal ellipsoids
is consistent with the predominantly ionic character of
these structures.

The equi,'alem individual isotropic temperature factors
for Si and 0 (Table 8) agree so well for all the structures
that they can be taken as values representative for ordered
pyroxenes, i.e., Si. 0.3 ::!::0.1 A~. and oxygen, 0.4 :!:: 0.1 A'.
There i> a tendency for 02 to have a slightly higher value
than the other tWOoxygens, undoubtedly because it bonds
to only three cations instead of four (Table 15).

C2/e
order
C2/e

clinopyroI"'teS of intermcdwte compositions. In
to retine the structures of the t\\'o intermediate
clinopyroxtnes, their chemical analyses (Table 2)
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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 M1 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 1\a.
and Ca'+ are in M2 and all the AP+ in M1. We then re-
fined the occupancy of Fe and Mg between M1 and }.f2,
assuming each site to be completely filled and using the
chemical constraints.

During the site refinement, no distinction was made
between Fe'+ 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 Fe3+ and Fe'+ present, on the basis of SL"<:
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 0.12 atom of Fe3+ and 0.12 atom of Fe2+. 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 Fe3+ and
0.11 of Fe'+. In view of these discrepancies, both in the
same direction, otber methods of determining the ratio
and distribution of ferrous and ferric iron seemed war-
ranted. Two methods were tried: (1) 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 New
Zealand augite by means of Mossbauer spectra, both at
room temperature and at liquid nitrogen temperature. The
detailed results of his work wiII appear elsewhere, but tbe
conclusions pertinent to this paper (5. 5. Ha fner, written
comm., 1969) are as follows: first, there is yery little Fe3+
present, and interpretation of the spectra suggests that it is
in the M1 site, with Fe3+/total Fe ::::: 0.10 (about 0.02
atom Fe3+); second, there is no doubt that Fe'+ is present
in both the MI and M2 sites; third, the ratio (Fe in M1)1
(Fe in MI +M2) ::::: DAD. By comparison, the calculation
based on charge balance, discussed in the preceding para-
graph, gives Fe3+/total Fe ::::: 0.28, and the site occupancy
refinement gives (Fe in M1)/(Fe in Jf1+M2)
0.49:::0.02.

Another method of checking site occupancies in in.
termediate pyroxenes is based on the use of the accurate
and consistent values for average .~,fl-O distances ob-
tained from the refinements of ordered clinopyroxenes.
From Table 1-1. we may take the following average dis-
tances: Al-O = 1.923 :\ (jadeite and spodumene), l\1g-0

= 2.077 A (diopside) and Fe1'-0 = 2.025 ..\ (acmite).
From clinoferro::ilite and orthoferrosilite t C. W. Burn.
ham, 1967, and oral comm., 19(3) we take the average
Fe'-.O = 2.137 ..\. If we assume that the a\'craJ;e MI-O
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distance in disordered Jfl'sites (Table 20) is simply a lin-
ear combination of the average M1-0 distance:: for the
various ions present, in the ratios obtained from the
site-occupancy 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 M1 site, from size considerations and the
Mossbauer results. Then if Fe3. = 0.06 (the \-alue 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
tbat too much Fe3+ has been assigned to M1. In order
for the bond-distance method to yield the obser\'ed aver-
age distance of 2.054 A, the amount of Fe3+ in J[l must
be reduced to approximately 0.01 atom. Using this value,
a ratio Fe3+/ total Fe ::::: 0.1 is found, in excellent agree-
ment witb the Mossbauer results, but substantially less
tban that obtained from the cbemical analysis.

It has been observed (B. Ma.<Qn,oral commun., 1969)
tbat Fe3+jFe'. values from cbemical analyse:: are fre-
quently too bigh in this type of mineral, due to oxida-
tion during the analysis (cf. also Bancroft and Burns,
1969, tbis volume). Considering all evidence presented
above, we conclude, first tbat there is very little ferric
iron in tbis augite and the ratio Fe3+/total Fe is proba-
bly between 0.1 and 0.3 (i.e., 0.02 to 0.06 atom Fe1+),and
second, tbat virtually all the ferric iron is in tbe Jf1 site
and that the ferrous iron is disordered between Jf1 and
}.f2, witb approximately 0.09 atom in .\[1 and 0.11 atom in
M2 (Table 9).

No Mossbauer spectral analysi.3 ha:: been don.:: for the
C21c omphacite. Using the bond lengths in the ::ame
way as for the augite, we calculate an avera~e .\f1-0
distance of 2.044 A. compared to the obser\'ed 2.0";0 A, as-
suming the Fe1+ value of 0.03 atom from the charge-bal.
ance calculation with all Feh in J[I. In order to obtain
the obser\'ed distance, Fe3+ must be approximately 0.12
atom, in excellent agreement with the chemical analy-
sis. As in the augite, the evidence i:: consistent with the
assignment of all Fe3. to the Jfl site and Fe'. di::ordered
between the AIl and .\f2 sites. with approximately 0.10
atom in .\II and 0.03 atom in M2 tTable 9). Considering
the very small amounts of iron pre,;ent in theoe miner-
als, it is hardly surprising that there are some discrer'
ancies between the values for Fe", 'total Fe obtained by
different methods.

The pre::ent study is the fust. to our know!edge. in
which detailed structure determinations have be.::n made
of C21c clinopyroxene:: of intermediate compositions,
close to augite. The site occupancies found in the,e
minerals are somewhat uncxpected. The small .\1'- cat-
ion is apparently well (Hdered in J[I. and the large Ca'"
and Na+ cations, in .\12. However. there is a con::ider.
able degree of :.tg"/Fe> disorder uetween the two site,;

in both the omphacilt and tht aug-ite the ).!g1','Fe>
ratio in .\12 is ~reater than 1.0, within the error of our



I

EIlif'50id Si 0\ 02
axis.

"
rms rms rms

Pyroxenc, , amp(itudc. Angle (0) o(
'i

\vith amplitude, Angle (0) o(
'i

with ampl~tudc. Angle (0) o(
'i

with
rdcrcn<c A A A

i '0 a b

\

C 'i d h c '0 a h C
- - -

Spodumene, \ O.O.H (3) 36 (8) 55 (6) 99 (14) 0.042 (6) 6\ (\4) 81>\12) 49 (IS) 0.045 (6) 132 (6) IJ8 (6) 76 (5)

LLllii:O.. 2 .042 (2) 77 (14) 96 (\2)117\ (14) .057 (5) 40 (23) ~\29) \34 (18) .019 (8) 52 (8) 125 (8) \36 (12)

pre1-<nt study 3 .05\ (2) 51 (7) \44 (6) 89 (II) .,~064 (4) 115 (25) 2; \29) 73 (22) .092 (3) 66 (9) III (8) SO (12)

- - -
\ .03> (4) 11\ (3) 89 (j) 1(4) .057 (7) 115 (13) 82(\2) 10 (II) .062 (1) 62 (8) 28 (6) 95 (II)

Li f e'""Si.o. 2 .062 (3) \10 (7) 159 (1) 89 (5) .076 (5) 14\ (32) \24(40) 90 (15) .086 (5) 55 (8) \04 (10) \59 (6)

pr...,nt study 3 .016 (2) 30 (6) 11\ (7) 89 (3) .082 (5) 63 (36) W(4O) 80 (II) .\22 (4) 48 (5) 1\4 (4) 69 (6)

- - -
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83 (6) 20 (4) .047 (\0) 92 (10) \0\ (II) \9 (8) .062 (9) 72 (10) 48 (22) 57 (24)
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27 (17)\ 72 (20)
- -

Diopside. I I .049 (2) 85 (9) .OS\ (4) 30(9) 98(9) 77 (8) .050 (4) 62 (3) 30 (4) 87 (5)

COtgSiA
I

2 .053 (2) 67 (20): \55 (17) 106 (II) .069 (3) 65 (14) 4S (35) 132 (34) .079 (3) 103 (7) i2 (6) 146 (8)

pr""'nt study I 3 .059 (\) 105 (8)
I \07 (11) 17 (II) .073 (3) IOS (17) 46 (35) 44 (34) .094 (3) \49 (5) 67 (4) 56 (8)

;
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TABLE 19. MAGI':ITUDES AND ORIENTATIONS OF THERMAL ELLII'SOiDS COMPARED FOR SIX ORDERED CLINOPYROXENES'

. Enon in parentheses are one standard deviation; for 77 (14) read 77:1:\4°.
b Orientations n:calculated to conform to those o( present study using (Jij values and rms amplitudes rh..,n by Prewitt and Burnham (1966).

determinations. These results differ from the Fe~+-MgH
distnoutions in enstatite-like structures such as hyper-
sthene (Ghose, 1965) and pigeonite (Morimoto and Gliven,
1965), in which there is a high degree 0 f order and the
Mg~./Fe2+ ratios in M2 are very low. It is evident that

the structures of more C2/c clinopyroxenes of augitic
<>r near-augi~ic compositions must be investigated to de-
termine whetlier a pattern of Fe7+-?\Ig~+di~tribution exists
in these minerals.

Tbe Si-O bonds and O-Si-O angles 0 f C2/ C omphacite
(Table 21), which has no tetrahedral aluminum, agree
clo:;ely with tho::e found for diopside (Table 13). The
<J.ug-1te,which has 0.16 atom of tetrahedral Al 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 AI per SL't o:rygen atoms (Peacor, 1967). By using
the T-02 distances for these three intermediate compo-
sition clinopyroxenes, a linear relationship between T-
02 distance and the tetrahedral Al contents can be con-
structed for clinopyroxenes, following the general
method developed by Smith (1954) and relined by Smith
and Bailey (1963). We have already shown that the T-02
di"tance is a better indicator of the amount of Al in a
pyroxene tetrahedron than is the average T.O distance
(Clark, Appleman, and Papike, 1963). Re::ults from fur-
ther refinement~ of intermediate clinopyroxenes will be
needed to test the general applicability of the relation-
ship.

These refinements all indicate that very 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 he inferred only indirectly from our re-
sults. There is no evidence of streaking or diffuse re-
flections on X-ray diffraction photographs of these min-
erals, so whatever short-range order exists is below the
threshold of tbe usual X-ray diffraction analysis. The
anisotropic temperature factors arc larger in all direc-
tions in the di::ordered structures than in the ordered
ones for the M1 and M2 cations. The rms displacements
of the oxygen atoms along the M1-0 bonds are about 50
percent greater in the disordered .structures, and dis-
placements along the M2-0 bonds arc about 20 percent
greater. These effects are precisely those to be expected
around disordered cation sites (Burnham, 1965).

P2 omphacites. 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. Becau::e of large correlations (aboout 0.9) be-
tween certain parameters, the initial refinement of
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'I I
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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
from the previous study (Clark

was handled differently
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-D distances and M1 temperature factors
derived from the initial refinement showed that M 1(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. BO:-;D LE:>:GTHS (..\.) CO~[PARED FOR THE Jll A:>:DJf2 CATIONS 1:\ SoWE C2le P'lII.OXENF.S OF I:-;TERMEDIATI: CO~{POSIT!O:-;S

. 1':rr<Jrs in parenthe~e5 are one standard deviation; for 2.095 (3) read 2.095::!:O.003 A.
I. AI, Ca, 1'\a occup:lncies fixed from chemical an:dysis (Table 2 and text); occupancy of Mg/Fe relined.
,

,\,si;:ncd from ch.:mical analysis and size consideration5; no site-occupancy refinement.
.1 Calculated h~' pr,,:;.:nt authors; the 2.530 A :\\'era~c value (I'eacor, 1967) appears to he a misprint.



TABLE 21. BOND LENGTHS (A) AND .-\:-IGLES (0) COMPARED
FOR TilE TETRAHEDRA IX SOME C2le PYROXENES OF

INTERMEDIATE COMI'OSITIO:-;S

Omphacite, .-\ugite, Fassaite,1'
Atoms' present present Peacor

study study (196i)

T-Ol 1.612 (3) 1.621 (2) 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) 1. 685 (5)
T-03A2 1. 668 (3) 1. 674 (2) 1. 697 (5)

mean, brg. 1. 662 1.668 1.691
mean oC4 1.630 1.640 1.663

01-02 2.739 (4) 2.758 (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 oC 6 2.658 2.674 2.711

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

01-T-02 117.9 (2) lli.6(l} 117.3 (2)
01-T-03 109.1(2) 109.6 (l) 110.3(2)
01-T -03:\2 108.8 (2) 109.4 (1) 110.3 (2)
02-T -03 110.3 (2) 109.7(l} 109.7(2)
02- T -03:\2 104.4 (2) 104.3 (1) 103.6 (2)
03-T -03.-\2 105.6 (1) 105.6 (1) 104.8 (2)
mean oC 6 109 .4 109.4 109.3
T -03-T:\2 137.5 (2) 136.8 (2) 135.6

03.-\2-03-03_-\2
(+linc) 168.7(2) 165.8 (2) 166

. Nomenclature aCter Burnham d at. (1967); atoms of ba~ic set

unless otherwise designated. Error~ in parenth~s are one stand-
ard deviation; for 1.612 (3) read 1.612:!:0.003 A. For tctrahedral
contents, see Tablc 9.

b Valucs not given in reference were calculated hy present au-
thors.
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to estimate the Mg, AI, and Fe'+ contents in the three
remaining Ai 1 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 0 f ~Ig and refined against FeH,
using appropriate constraints. Finally. Mg contents
were fixed in three Mt 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 sites, becau5e 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.5:'\a + 0.5Ca)
atom with an individual isotropic tempaature factor of
:).8 A'. Final parameters obtained for the Venezuelan
(,mphacite from these refinements are compared in
Table 10 with those of the Californian omphacite, and
the hond distances and an1;les arc !,riven in Tahles 22 to
24.

The refined P2 omphacite structures are cha racterized
by a high degTee of order in the MI octahedral chains,
which consist essentially of alternating ;\13+and lUg'+ octa-
hedra. Clark and Papike (1963) suggc;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 CHich and :t\a-rich)
was a response to the charge distribution in the ordered
Ml chains. This conclusion is confirmed by the present
results for the Venezuelan omphacite. in which M2 oc-
cupancies are similar to those obsef\'ed in the Califor-
nian omphacite.

The "ideal" P2 ompbacite may thus be considered
as a clinopyroxene in which the Jll 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.~N30.,Mgo.~AJo.sSi,06' The Ml 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
Ml octahedra from one Jf1 chain. Hence, if one M2 poly-
hedron has one AP- and two Mg" neighbors, the next M2
polyhedron will have one Mg'. and t\\O AP+ neighbors. If
all Ml sites contain AP-, as in jadeite. then all M2 sites
must have Na+; similarly, if all Ml sites contain ~fg"'" 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 !\a- and
75 Ca:+; the M2 polyhedron with one ~Ig'+ and two AI'.

neighbors must ha"e on tbe average 31 !\a- and YJ Ca'+.
This is the mn;cimum degree of order to be expected. even
in "ideal" omphacite. The Californian and Venewelan
omphacites do ha\'e a degree of order approaching this
maximum.

X-ray diffraction studies cannot distinguish between
Fe" and Fe'+ except on the basis oi obsen'ed bond dis-
tances and charge con:;iderations. For the Cali iomian
omphacite (Clark and Papike, 1968), Fe was allocated
among the four M1 sites by assuming Fez. to be asso-
ciated with Mg'+ and Fe3-, with .\1. The Venezuelan
omphacite has so little Fe3- that only Fe:- was consid-
ered during refinement, and it is allocated among three
Ml sites (Table 10). ;\Iossbauer spectral studies (Ban-
croft. Williams, and E55ene, 1969) of samples compara-
hie to those from whi,h our omphacite crystal;: were
selected indicate for both samples the presence 0 i Fez'
in four sites that arc a55umed to he the .Ill type :;ites.
The differences hetween the X-ray diffraction and
Mi;ssbauer results are minor but su'Z~est that further
investigation of the partitioning of Fe in a number of

1'2 omphacites is necessary in order to determine the na-
ture and significance of the Fe distrihution.

Relatiollship of cell parull!eters to ch~mi(al comp<J5itioll
(//1(1 structure. On the basis of the cell parameters



Bond distances (A)a

Venezuela

II

California
Present studyb Clark and Papike (1968)<

Oxy~en
Iiof .If-O Afl Ml(I)H AIl (1) .II1H
!I

.lfl .If! (I)H .Ill (1) .IflH

Mg 0.82 Mg 0.99 Al 1.00 Al 0.91
;i

~Ig0.81 ~Ig0.80 :\1 0.95 .\1 0.82'I
Fe 0.10 Fe 0.10 Fe O.OS

I'
Fe 0.19 Fe 0.20 Fe 0.05 Fe 0.18

Al 0.08 ,I

1\

-
01.-\1 2.12 1.90 2.12 1.91
01.\1 2.06 1.96 II 2.09 2.03
01Cl 2.06 2.01 d 2.07 1.97
01Cl 2.13 1.97 Ii 2.16 1.99
02:\.1 1.88 11 1.91
02:\.1 2.06 I! 2.06
02Cl 2.00 Ii 2.01

"02Cl 1.89
!: 1.88

I

" -
Mean 2.06 2.08 1.92 1.96 P 2.07 2.10 1.94 1.95

"
,I
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TABLE 22. COMPARISON OF DISTANCE:> FOR.MI TYPE Ocn.HEoRA I~ Two P2 OMPIIACITES

.Each bond occurs t ice.
b 1 standard deviation, 0.01 A.
< 1 standard deviation. 0.02 A.

known at that time, Whittaker (1960) suggested that the
ionic size of both Ml and M2 cations affects the {3
Ya]ue, the major influence being that of M2 and a "dis-
tUrbing influence" being due to Ml. The refined cell pa-
rameters currently available (Table 1) indicate that this
suggestion is correct. The eight ordered clinopyroxenes
can be dhided neatly into three M2 groups: Li clinopy-
roxenes with f3 near 110°, Na cIinopyroxenes with f3
near 107.3', and Ca clinopyroxenes with {3 near 103.5°.

TABLE 23. COMPARISON OF DISTANCES FOR M2 TYPE
POLYHEDRA IN Two P2 O~!PIIACITES

Bond distanc<s (1\)'

V<nezucU
Pr~nt studyli

Californi3
Clark and l'apik< (1968:'

O.1n:~n
~i .112-0' .1/2

.
.lI2(I)H jJI2(0 M211 M2 AC2(I)1I M!(O I .\I!II

-~ i-:\aO.;(). 0.68

1

0.25 0.31 0.64 O.M 0.30 I OJ!.!
Cal).!~ 0.32 0.15 0.69 0.36 0..16 0.64 \ 0.'1;

----------
(JI l
(JI.U
(JI CI
(JI C!
()2

t
()2 !

('2CI
()!C2

()!.-\ I
()J.U
()ICI

(HC2

IUS
I
\

2..13
2.35

1.J~ 2.39

2040
2.31 :

;2.~
2..17
2..IY

i
iUS

2.67 i2AI I
1.$~ I 2.13
1.:2 . I 2..H

---!-- I
2.39 I 2.40 2.H

I

2. S I
2.W

;
1. .'1

I 1. :'1
2.;c. I
2. ~S ~

2. SI
2.73

; ,-'

2.37 2. 38 ~1. tlj2.1.1

--1-- ------- . .
.\!<an I 'or8 !.~S 2.46 I 2.4'1 2.5.1

I :
2.H

,
Each bonti 4Ccur~ t ..\;cc.

", I !ttOindarr1 ti('\.~tion. 0.01 .\.
~

I st:tntbtrj rj(,\;:1tion, 0.02 .\..

The "disturbing influence" of M I is slight (less than
one degree) within the groups of ordered clinopyrox-
enes presented here. The intermediate composition cli-
nopyroxenes (Table 2), which all have appreciable Na

+ Ca in the Jf2 site. have f3 angles of 106.5 to 107°. '"ery
nearly halfway between the values found for the or-
dered Xa and Ca groups.

Surprisingly, the len~h of the c dimension in the or-
dered clinopyroxenes 'Table 1) appears to be correlated
with the kind and size of the cation occupying the J[ 1
site. The e ,'alues nnge from 5.22 ..\ for Al in MI to
5.29 ..\ for Fe3. and :\1n:. in that ,:ite and attain a high
of 3.37..\ for the In1- compound. Brown (960) suggested
that the e.dimension was unlikely to be affected by fac-
tors other than substitution of tetrJhedral Jluminum for
silicon. but the present obscC\'ations indicate otherwise.

The equation propQsed by Clark, Appleman. and Pa.
pike "196S) to relate the b-dimension to the average Jf1-
o distance fits fairly well for the ordered clinopyrox-
enes, but rather poorly for the intermediate [2/e cli-
nopyroxenes. Perhaps this means t he equation is appli-
cable only when M2 is filled with Ka Jnd Ca.

!.H
CO:\CU;SIO:>:S

The most imponant results of t he present stUdy are
as iollows:

1. The bonding in chain silicates is largely ionic in
character, and the details of the :'tructurcs can be ex-
plained in Icrms oi an essentially ionic model without

im"oking additional uJ\'alent effect:,.
2. The charge and size of the AI 2 cation arc considered

respon:>ible for detcrmining the st ructure type of most
pyroxene,:, the P2 omphacites excepted. I~lrge singly or

doubly charlfcd .\f 2 (at ions lead tu (he C 2/ c dirJp.'ide-type



A 1 tetrahedron .\2 tetrahedron Cl tetrahedron C2 tetrahedron

Venezuelab California" Vene.zuelab California" Venezue!ab California" Venezuela b California"

Si-O distances

1.64 1.63 1.6" 1.64 1.59 1.59 1.59 1.60
1.61 1.63 1.55 1.57 1.62 1.60 1.58 1.57
1.62 1.63 1.60 1.60 1.60 1.60 1.59 1.58
1.65 1.65 1.65 1.66 v

1.65 1.64 1.65 1.68
1.66 1.66 1.65 1. 70 1.65 1.63 1.66 1.67
1.65 1.66 1.67 1.68 1.65 1.64 1.65 1.68
1.64 1.64 1.63 1.6-1 1.63 1.62 1.62 1.63

0-0 distances

2.77 2.80 2.72 2.66 2.76 2.82 2.75 2.73
2.65 2.66 2.71 2.72 2.61 2.61 2.60 2.66
2.73 2.71 2.67 2.73 2.64 2.58 2.64 2.64

: 2.65 2.66 2. :-s 2.63 2.65 2.61 2.58 2.66
2.58 2.57 2.67 2.69 2.56 2.51 2.66 2.61
2.66 2.65 2.61 2.64 2.58 2.65 2.69 2.64
2.67 2.67 2.66 2.68 2.63 2.63 2.65 2.66

Si-Si distances

3.080 3.06 3.093 3.11
I

3.049 3.07
I

3.121 3.12

O-Si-O angles

117.2 118 116.6 112 119.0 124 120.5 119
107.6 109 110.5 112 107.4 108 109.2 106
111.6 111 106.~ 109 109.2 107 106.3 108

I 108.9 109 113.3 113 108.2 107 110.8 107I

I 104.1 103 105.5 107 103.4 102 105.6 110
107.1 106 103.3 104 109.4 109 102.8 103
109 .4 109 .3 109.3 109.5 109.4 109.5 I 109.2 108.8
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TABLE 24. COMPARISO:\ OF BO:\D DrSTANCES (A) ..1.:\1>BOND A:\GLES (0) FOR THE TETRAHEDRA OF Two P2 OYI'II.\CrTEs'
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Atoms

Oxygen
01
02

mean, non-brg.
03 (1)
03 (2)

mean, brg.
mean of 4

01-02
01-03 (1)
01-03 (2)
02-03 (1)
02-03 (2)

03 (1)-03 (2)
mean of 6

Si (1)-Si (2)

Oxygens

01,02
01, 03 (1)
01, 03 (2)
02, 03 (1)
02, 03 (2)

03 (1), 03 (2)
mean of 6

Si (1), Si (2)

Si-03-Si angles

135.1 132 130139.0 139 141.2 137 135.2

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

A chain C chain

Venezuela
107.3

California
165

\' enezue!a
169.1

Caliiorni:J.
165

. ","omenclature after Burnham d al. (1967).
b Present study; one standard de\'i.ation, Si-O, 0.01 A. 0-0, 0.02 A. 5i-Si, 0.007 A, 0.5i-0. 0.6°, 5i-0-5i, 0.io.
e Clark and Papike (1968); one standard deviation, 5i-O and a-a, 0.02 A, Si.5i, 0.01 A, angles, 1°.

structure, small singly charged Jf2 cations to th:: C2
spodumene-type structure, and small doubly char!!,cd '\[2

cations to the P2,1e clinoenstatite-type or orthor~ombic

st ructures.
3. The a\'erage -'fl-O hond distances found for the or-

dered clinopyroxenes can be used in linear comhination
with the ratios of the various .\fl ions present in a dis-
ordercd clinopyroxene to arrive at expected 2';erage

M 1-0 values for any particular compositional mod~1.
4. The T-02 distance in disordered C2/c clinopyrox-

encs containing tet rahcdral AI appears to va ry !jOlearl)'

with rhc amount of AI and is a meJ:c sensiti\'e indicator

than the a\'cragc T-O distance.
5. Ferrous iron is disordered bet'.,'ecn -'f1 and -'12 in

two C2/e clinopyroxenes of internediate composition.
but ierric iron is ordcred entirely in the MI ::ite.

6. "Ideal" P2 omphacite has the iormuia

Ca".:-:\aQ.!,~[go.,.Al,,-~Si"OG; :'vig and :\[ arc fully ordercd in
JfL si[e5, but (?\a -+- Ca) arc partiall:: ordered in .\f2 sitc::.

the maximum partial ordering being ;:1 thc Ca '::\a ratio oi
L:2 or 2: 1. alternating between site,.

i. The c dimen,ion5 of "end-memrr.r" clinopyroxl'nc:i rl"
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flect the nature of the chemical species in the Ml octahedral
chains.

8. The silicon and oxygen atoms in "end-member" clino-
pyroxenes have individual isotropic temperature factors of
0.3:t:0.1 .-\~and 0.4==0.1 A:, respecti\'ely; these atoms have
higher temperature factors in intermediate compositon
clinopyroxenes.
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