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Abstract

The spectral data of Dowty and Clark for the titaniferous pyroxene in the Allende

meteorite have been reinterpreted. Arguments are presented in support of an alternative
assignment of the two absorption bands at 21,000 cm-'and 16,500 cm-'as both being due

to crystal field transitions in Ti3* ions. Not only are two such bands expected for Ti"* ions

in distorted Ml coordination sites of clinopyroxenes, but the derived spectral parameters

a and A. are consistent with other Ti(III) compounds. The occurrence of Ti'* ions in the

clinopyroxene structure is attributed to the enhanced crystal field stabilization energy ac-
quired in the Ml site.

fnhoduction

Dowty and Clark (1973) have described the
crystal chernistry of an intriguing titaniferous pyrox-
ene from the Allende meteorite, to which they
ascribe the chemical formula:

ca, orMg6.3rTi63jo Tioi i ,  Al0 s7sir .2606

Absorption bands in the optical spectra were ob-
served at 21,000 cm-1 and 16,500 cm-' in good
agreement with results obtained for titaniferous py-
roxenes from Apollo 11 rocks (Burns, Abu-Eid and
Huggins, 1972). Burns e/ al (1972) assigned the
two bands at 21,500 and 16,000 cm-l in the lunar
pyroxenes to crystal field transitions in Ti3.. How-
ever, Dowty and Clark (1973) assigned only one
band (21,000 cm-1) in their spectra to a Ti3* crystal
field transition. The other band (16,500 cm-1) they
attributed to a Ti3--Tia* charge-transfer transitio,n.

We wish to prove that the spectral assignment pro-
posed by Dowty and Clark (1973) is unlikely and
to demonstrate that both bands are due to crystal
field transitions in Ti3", the excited state of which is
split into two energy levels in a distorted coordina-
tion site. We shall also indicate the significance of the
results to the electronic structure and stabilitv of
TiS* ions in clinopyroxene structures.

Interpretation of the Spectra

To support our interpretation that titanium-related
spectral features of the Allende and Apollo 11 py-

roxenes in the visible region are due only to crystal
field transitions in Ti3. ions, we cite arguments based

on (a) correlations with the spectra of Fe2* ions in

calcic clinopyroxenes; (b) analogies with the spectra
of Ti(III) salts and complexes; (c) the nature of the

Ml coordination site in calcic clinopyroxenes; (d)

crystal field states of Fe2* and Ti3* ions in the MI

sites; (e) positions of absorption bands in relation

to the spectro-chemical series; and (f) intensities of

absorption bands for metal-metal charge transfer

transition.

(a) Correlations with Fe2. Spectra in Calcic
Clinopyroxenes

Absorption spectra of clinopyroxene minerals are

often complicated by contributions frorn Fe" ions

in two coordination sites, Ml and M2, and by Fe'--

Fes* charge transfer bands. The spectra of diopsides-
hedenbergites containing negligible Fe'- ions and

with Ca'. ions completely filling M2 positions show

two absorption bands centered at 9,600 cm-1 and
8,500 cm-'. The most intense band occurs at 9,600

cm-' in the b = beta polarized spectrum and is dis-

tinctly polarization dependent. The spectra represent
crystal field transitions in Fe2. ions located in Ml

positions of the clinopyroxene structure. In calcium
deficient pyroxenes additional bands around 1000

nm (10,000 cm-') and 22OA nm (4,500 cm-1) ap-
pear from Fe2t ions in the M2 positions, while the
presence of FeS* ions leads to a charge transfer band

centered between 700 and 800 nm (approximately
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12,000-14,000 cm-1). The latter feature is demon-
strated by the spectra (Fig. 1) of a hedenbergite,
Ca6.e5Mg,r zoFeo.erSizO6, containing about 5 percent
ferric iron. The spectra show a prominent Fe2*-Fe3*
charge transfer band around l2,2OO cm-'. The most
significant features of the iron clinopyroxene spectra
to the present discussion are: (1) the pronounced
polarization dependence of the Fe'z- crystal field
spectra; (2) the presence of the Fe2*-Fe3* charge
transfer band in all three polarized spectra; and (3)
the 1000-1500 cm-' splitting in the crystal field
spectra of Fe2* ions in M1 positions. Similar split-
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Frc. 1. Polarized absorption spectra of a hedenbergite. The

calcic clinopyroxene has the formula Cao *Mgo -Feo *SinOu
and contains 25.78 percent FeO and 1.53 percent FerO", It
is spccimen 28 in Mueller (1960) Amer. l. Sci.25E,449.

a spectrum;- B spectrum; ---- ^t spectrum
(Optic orientat ion: q:a - 34"; F = b; l :c - 48").

tings are observed in the spectra of Ti(III) com-
pounds.

(b) Analogies with the Spectra ol Ti(I\) Compounds

In a classical study of several hydrated Ti(III)
compounds, Hartmann and Schleifer (1951) demon-
strated that the spectra of octahedral Ti(HzO)63*
ions consist of an asymmetric absorption band with
a prominent shoulder on the long wavelength side.
The spectrum of cesium titanium alum, for example,
was resolved into two peaks at 19,900 cm-l and
18,000 cm-l (Schl?ife4 1964), indicating a splitting
of about 1,900 cm-r in the high energy crystal field
states of Ti3-. Similar energy separations of up to
4000 cm-l have been observed in the absorption
spectra of a variety of Ti(III) compounds (Hart-
mann et al, 1957; Hoff and Brubaker, l97l;
Clark, 1968, p. 153). Clark (1968, p. 156) cites
one exceptionally large splitting, involving the
[Ti(HrO)4F2]* ion, which appears to be as much
as 8000 cm -1. Other examples are given in Table 1.
Similar energy separations have also been demon-
strated in simple Fe(II) cornpounds (Cotton and
Meyers, 1960). Thus, asymmetric or double-maxima
absorption bands are prevalent in the crystal field
spectra of octahedrally coordinated Fe} anrd Tl3+
ions.

(c) Nature ol the Clinopyroxene MI
Coordination Site

Warren and Bragg (1928) originally demonstrated
that the oxygen environment about the M1 position
in diopside is appreciably distorted from octahedral
symmetry (Figure 2). This has been confirmed
and demonstrated in recent crystal structure refine-
ments of a variety of clinopyroxenes, (Prewitt and
Burnham, 1966; Freed and Peacor, 1967; Peacor,
1967; Christensen and Hazel| 1967; Clark et al,
1969; Schropfer, l97I). In diopside, for example,
metal-oxygen distances in the Ml site range from
2.115 A to 2.050 A (Table 2), while there is con-
siderable variation of oxygen-oxygen distances and
O-MI-O bond angles around the Ml "octahedron"
(Clark et al, 1969). The structural data cited by
Dowty and Clark (1973) for the titaniferous py-
roxene in the Allende meteorite further demonstrate
tho asymmetry of the Ml. coordination site. The
range of metal-oxygen distances, 2.12A n 1.993 A,
is almost twice that observed in the diopside Ml
site, suggesting increased distortion of the Allende
pyroxene ML site (containing Ti3.) compared to
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diopside. Such distortion profoundly affects the
energy levels of Ti3* ions in the Ml site.

(d) Crystal Field St,ates of Ti\. and Fest in a
Dis torted C o ordination Sit e

The field-free Fe2. and Ti3- ions both have D
spectroscopic ground terms, which give rise to T2o
ground states and ,Eo excited states when the ions
are in octahedral coordination in an oxide or silicate
structure (Figure 3). The electronic configuration
of the Ti3* ion, l{l3dr, is particularly simple in an
octahedral crystal field. The ground state config-
uration, (tro)t(eo)', is three-fold degenerate and
is designated 2'720. The single 3d electron is excited
into an eo orbital by visible radiation, giving the
excited state configuration (l2o)o(er)1 which is
doubly degenerate and is designated by 2Eo. As a
result of the dynamic Jahn-Teller effect (Cotton
and Meyers, 1960), ^Eo excited states are resolved
into two levels. Transitions to these levels produce
asymmetric or two-peaked spectra in the visible
region.

The crystal-field states are split further when the
environment about the Ti3- ions is distorted from
octahedral symmetry. In low-symmetry environ-
ments, such as the clinopyroxene M1, site (Figure
2), the t2s and eo orbitals are resolved into a max-
imum of three and two energy levels, respectively
(Figure 4). The representative spectral data of
Ti(III) complexes summarized in Table 1 show
typical splittings (a) for the eo orbitals to be up
to 4000 cm-l. Splittings are smaller tor the t2o
orbitals; magnetic data indicate B values (Figure
4)  of  up to 500 cm-1.  (Clark,1968,  p.  154) .

The ground state configuration of Ti3* corresponds
to electron occupancy of the lowest energy t2o-type
orbital. Visible light excites this electron to each of
the orbitals of the eo-type orbital level, while tran-
sitions to the upper level produce the band at 21,000
cm ' (Figure 4). The energy separation, 4,500 cm-1,
is thus a direct consequence of the splitting of the
es-type orbitals of Ti3* in the distorted Ml site. Note
that the baricenter of the eo levels of Ti3- ions in the
Allende pyroxene is approximately 18,750 cm-'
above the ground state (Figure 4), which is identical
to that derived for Ti3* in the Apollo 11 clinopyrox-
enes (Table 1) .

The electronic configurations and crystal field
states of Fe'*, 3do, are similar to Ti3. (Figure 3).
The quintet 5T2o state corresponds to the ground-
state configuration (tro)a(en)z. -Ihe sixth 3d elec-
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Ftc. 2. (100) projection illustrating the distortion of the
Ml coordination site in clinopyroxenes. Metal-oxygen and
oxygen-oxygen distances are in A. Data from Clark et aI
( 1969).

tron of Fe2* occupying a t2o orbital behaves like the
single 3d electron of Ti3-, giving rise to analogous
absorption bands around 1000 nm in the near infra-
red region (Figure 1). The smaller energy separa-
tion (1000-1500 cm-') between the split eg-type
orbital energy levels of Fez* in diopside is due partly
to the reduced distortion of the diopside Ml site
compared to that in the titanian fassaite and partly
to the lower charge on the Fe2* ion.

In summary, double-band crystal field spectra are
oredicted and observed for both Fe'* and Ti3* in
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Ftc. 3. Schematic energy level diagram for Ti"*(d) and
Fe*(d) in an octahedral crystal field. (a) Spectroscopic
ground terms (b) Splitting of D terms in octahedral crystal
field. (c) Crystal field states in octahedral coordination.
(d) (e) Electronic configurations of the gromnd state and
excited states of Ti"* and Fe"*, respectively.



2rooo

958 MINERALOGICAL NOTES

(,
c
rg
z
TI

A;l8sOO
-t9sOO

q b

Frc. 4. Energy levels of 3d orbitals of Ti"*. (a) Typical
values for Ti(I[) oxide cornpounds. (b) Values derived
from absorption spectra of the titaniferous pyroxene in the
Allende meteorite. All energies in cm-'units.

distorted Ml sites of calcic clinopyroxenes. Thus,
we believe that the bands at 21,000 cm-1 and 16,500
cm*1 reported by Dowty and Clark (1973) both
represent crystal field transitions in Tis*.

(e) Positions ol Absorption Bands in Relation to
the Spectrochemical Series

The octahedral crystal field splitting parameter,
Ao, for all transition metal ions depends on the type
of anion or ligand coordinated to the cation. An
abb.reviated order of increasing Ao (that is, the
spectrochemical series) is: halides
oxides ( NHs and amides < cyanides. Values of
Ao are derived experimentally frorn positions of ab-
sorption bands. Examples for Ti(III) compounds
are given in Table 1. Note that Ao for cyanide com-
plexes is about 20,600 cm-1, which exceeds the values
for oxygen complexes by about 2000 cm-'.

Dowty and Clark (1973) assign only the 21,000
cm-1 band in the spectrum of the Allende pyroxene
to a crystal field transition in Ti3* ions. This implies
that ,Ao for TiS. in this pyroxene is approximately
21,000 cm-1 or higher, which exceeds the value for
Ti(III) cyanide cornplexes. Clearly, this is at vari-
ance with trends shown in the spectrochemical series
for other transition elements. If the band at 21.000

cm-1 in the Allende pyroxene is assigned to a crystal
field transition in Tis*, then there m:ust (group theo-
retical selection rules permitting) be a second crystal
field band located at lower energy, such as 16,500
cm-1, in order to lower the value of an to a value
expected for Ti3* coordinated to oxygen. Therefore,
the spectrochemical series provides ano her argu-
ment in support of the assignment of the 16,500
cm-1 band in the Allende pyroxene to a crystal field
transition in Ti3. ions.

(l) Band Intensities lor Metal-Metal Charge
Tra,nsfer Transitions

Dowty and Clark (1.973) argue from the polariza-

tion dependence oif the band at 16,500 cm-l that
this band represents a charge transfer transition be-
tween Ti3* and Tia* ions in the neighboring Ml
positions of the Allende pyroxene. This assignment
may be negated by reference to the Fe2*-Fe3* charge
transfer band in hedenbergite (Fig. 1 ). The chemical
analysis of the hedenbergite shows 25.78 percent
FeO and 1.53 FezOs (J. H. Scoon, personal corn-
munication, in Bancroft et al, 1967), giving a
Fe3*:Fe'* ratio of 1,:20. ln spite o'f the small pro-
portion of Fest ions, and therefore small probability
of adjacent Fe'*-FeS* ion pairs, the charge-transfer
band around 12,000 cm-1 has an intensity com-
parable to that of the Fe'?- crystal field transition
around 10,000 cm-'. This conforms with group

theory selection rules which predict greater prob-
ability of a charge transfer transition relative to a
d ,-> d crystal field transition. Note, also, that the
charge transfer band in hedenbergite is not polariza-
tion dependent.

The chemical formula of the Allende fassaite
derived by Dowty and Clark (1973) shows a
Tia*:Ti3* ratio of approximately 2:7, indicating a
considerably higher probability of Ti3* and Tia. ion
pairs in adjacent M1 positions than of Fe2*-FeS* ion
pairs in the hedenbergite. If the 16,500 cm-1 band
were a Ti3*-Ti4* charge-transfer transition, its in-
tensity would have to be considerably higher than
the TiS. crystal field band proposed at 21,000 cm-l.
Furthermore, by analogy with the Fe2*-FeS* charge
transfer band in hedenbergite, the 16,500 cm-'band
should not show polarization dependence. However,
by analogy with the crystal field spectra of Fe'* ions

shown in Figure 1, bo h the relative intensity and
polarization dependence of the 16,500 cm-l band
of the Allende pyroxene may be readily explained
as crystal field transitions in Ti3* ions.

l29
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Teerp 1. Crystal Field Spectra of Ti(III) Compounds

9s9

compound

Absorp t ion  Bands sp l i t t ing  o f ren  APPro l l

( . ^ - 1 )  I e v e t s ,  ( c m  - )  ( c n  )

A o

References

K 3 T i  ( C N )  6 . 2 K C N

m i 3 * - a ^ - o a  a t  ^- " r ' -  " -2 "3

C s T a  ( S 0 4  )  2 . 1 2 H 2 O

T i  ( H 2 0 )  
6 c 1 3

( N H 4 ) 3 [ r i F 6 ]

q - T i C l 3

2 2 , 3 0 0  r 8 , 9 0 0

2 0 , 3 0 0  1 8 , 4 5 0

1 9 , 9 0 0  1 8 , 0 0 0

2 0 , r 0 0  1 7 , 0 0 0

1 9 , 0 0 0  1 5 , 1 0 0

1 3 . 8 0 0  1 2 , 0 0 0

3 , 4 0 0

1 ,  8 5 0

1 ,  9 0 0

3 , r 0 0

3 , 9 0 0

r , 8 0 0

2 0 , 6 0 0  r

1 9 , 3 7 5  2

1 8 , 9 5 0  3

1 8 , 5 7 5  4

1 7 , 0 5 0  s

1 2 . 9 0 0  6

1 8 ,  7 5 0  7

1 8 , 7 5 0  8

( 1 8 , 7 5 0 )  *  9

A p o l , I o  1 1  p y r o -  2 ! , 5 0 0  1 6 , 0 0 0  5 , 5 0 0
* e n e  ( 1 0 0 4 7 )

A l l e n d e  f a s s a i t e  2 1 , 0 0 0  1 6 , 5 0 0  4 , 5 0 0

N a T i S i 2 o 6  = ( 2 2 ' O 0 O l *  1 5 ' 6 0 0  - ( 6 ' 3 0 0 ) *

*  ln fe r red ,  see  tex t .

1 .  H , L .  S c h l d f e r  a n d  R .  c 6 t z ,  Z .  a ^ o r g .  a l L g e m .  C h e n . ,  3 0 9 ,  1 0 4  ( 1 9 6 I ) .
2 .  D . S .  M c C l u r e ,  J .  C b e n .  P h y s , ,  3 6 ,  2 7 5 7  ( L 9 6 2 )
3 .  H. f .  Sch ld fe r ,  Proc .  Smp.  The- ry  S t ruc t .  Conp lex  Comp. ,  Wroc law,  1962

Pergamon,  Press ,  p .  181.
4 .  H.  Har tmnn,  H.L .  Sch le fe r  and K.H.  Hansen,  A .  anorg .  a l lgem.  Chen. ,

2 8 4 ,  I s 3  ( 1 9 s 6 ) .
5 .  I l . D .  B e d o n ,  S . M .  H o r n e r  a n d  S . Y .  4 / r e e ,  I n o r g .  C h e m . ,  3 ,  6 4 7  ( L 9 6 4 \ .
6 .  R . J . H .  C l - a r k ,  J .  C h e m .  S o c . ,  4 f 7  / 1 9 6 4 )
7 .  R . G ,  B u r n s ,  R . M .  A b u - E i d  a n d  F . E .  H u g g i n s ,  P r o c .  3 r d  L u a r  S c i .  C o n f . ,

s u p p l . 3 ,  v o 1 .  I , 5 3 3 - 5 4 3  ( 1 9 7 2 ) .
8 .  E .  D o w t y  a n d  J . R .  C l a r k ,  A m e r .  I 4 i n . ,  5 8 ,  ( 1 9 7 3 ) .
9 .  C.T .  Prewi t t ,  R .D.  Shannon and W.B.  WhTte .  Cont r .  M inera l .  Pe t ro l . ,  35 ,' 1 7  ( I 9 7 2 )

Discussion

The arguments presented in the previous section
not only demonstrate that two crystal-field absorp-
tion bands are to be expected for Ti3* ions in dis-
torted six-coordinate sites. but also invalidate the
assignment of the band centered between 15,500-
16,500 cm-1 in titaniferous pyroxenes to a Ti3*-Tia*
charge transfer transition. In support of their inter-
pretation of the Allende fassaite spectra, Dowty and
Clark (1973) cite diffuse reflectance spectral data
for synthetic NaTi3.Si2O6 (Prewitt et al, 1972). The
spectrum illustrated by Prewitt et al (1972) shows
a weak, broad band at 15,600 cm-' and an intense
absorption edge commencing around 500 nm
(20,000 cm-') and obliterating the blue region of
the spectrum. They interpreted the 15,600 cm*l
band as ". . . a charge transfer process between Ti3*
ions and some residual Til* along the face-sharingl

'Presumably "edge-sharing Ml octahedral chains" is in-
tended. Face sharing of octahedra does not occur in the
pyroxene structure, in accord with Pauline's third rule.

Ml octahedral chains." No explanation was offered
for the missing crystal-field features necessitated by
the abundant Ti3* ions in a stoichiometric NaTis*
Si2O6 pyroxene, nor for how Tia. could be present in
the Ml sites. To demonstrate that the 15,600 cm-l
band in the spectrum of synthetic NaTiSizOo is also
a crystal-field transition in TiS* ions, we now cite
structural data for several clinopyroxenes.

Selected interatomic distances for a variety of
clinopyroxenes (Table 2) show for each structure
a wide range of metal-oxygen and oxygen-oxygen
distances in the coordination polyhedron about the
M1 positions. This indicates considerable distortion
of the ML coordination sites from octahedral sym-
metry. Note that the larger distortion of the Ml site
(based on ranges of MI-O distances) in acmite
compared to that in ureyite appears to be correlated
with the larger ionic radius of Fe3* (0.645 A) rela-
tive to Cr3. (0.615 A) for these transition-metal-
bearing sodic pyroxenes. Although crystal structural
data for synthetic NaTi3.Si2O6 are not yet available
(Prewitt, personal communication), the larger ionic
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TesrE, 2. Selected Bond Lengths in Certain Clinopyroxenes

Bond and
{mul t ip l i c i t y  }

Diopside Al lende*
caMgsiror  Fassai te

( r )  -  "  ( 2 )

Jade i te  Urey i te  Acml te
NaAIS i rO.  Nacrs i rc )6  NaFeSi206

( 3 ) '  "  ( 4 \ '  "  ( s ) -  -

Mr -0  rA l  ,
Ml-0  lA2  ,
M l - 0 2 l C l ,

Mean MI -O

O I A l - O I B I
0  2c r -  0  2Dr
0 tAl-0 2ct
0 1A1- 0 lA2

0 lA2-0 2ci
0 lA2-0 2DI
0 rAL-0 182

Mean  0 -0

2 . 1 1 5
2 . 0 6 5
2 . 0 5 0

2 . 0 7 ' 1
0 . 0 6 5

2 . 7 8 r
2 . 9 A L
3 . 0 I 3
J . U f , f

2 . 8 7 I
2 . 9 7 9
Z . 6 L J

2 . 9  J 6

0 . 2 7 0

2. L20
2 . 0 6 4
1 . 9 9 3

2 . 0 5 9
0 . L 2 7

z . l 6
,  o a

)  a a

3 . 1 0

2 . 9 L

2 . 8 8

1 . 9 9 5
r . 9 3 3
1 . 8 5 5

1 . 9 2 8
0 .  1 4 0

2 . 7  2 6
2 . 7  9 0

2 . 9 r 8

2 . 8 1 8
2 .  458

0 . 4 6 0

2 . 0 3 9
2  . 0 0 9
L . 9  4 7

1 . 9 9 8
0  -092

2 . 7 7 5
2  . 8 9 7
2 . 8 1 5
)  0 1 <

)  1 0 a

2 . 9 0 4
2 . 6 L 7

2 . 8 2 4
0 .  3 5 8

r  1 n o

2 . 0 2 9
1 . 9 3 6

2 . 0 2 5
0 .  1 7 3

2 - 7 9 8
2 . 9 4 r
2 .  8 6 0
2 . 9 8 s

2 . 8 I 9
2 . 9 6 4

2 . 8 5 6
0 . 3 4 6

B I  { 2 }
8 2  { 2 }
D I  { 2 }

{ 6 }

r r 1

{ 2 }

t a t

l Z I

I L Z J

*  0 -0  d is tances  ca lcu la tea l  f rom data  o f  Dowty  and C lark  (1973) .

( I )  J . R .  c l a r k '  D . E .  A P P l e m a n  a n d  J . J .  P a p i k e ,  M i n .  s o c '  A m e r . ,

2 ,  3 r  ( 1 9 6 9 ) .
( 2 ' , )  E .  D o w t y  a n d - J . R .  C l a r k ,  A m e r .  M i n . ,  5 8  ( 1 9 7 3 ) .

( 3 )  C . T .  P r ; w i t t  a n d  C . W .  B u r n h a m '  A m e r .  M i n . '  5 l '  9 5 5  ( 1 9 5 6 ) ;

e t  a l . ,  l o c .  c i t .
( 4 )  J . R .  c l a r k  9 ! - 3 5 ,  I o c .  c i t .
( 5 )  J . R .  c l a r k  e t  a I . ,  l o c .  c i t .

S p e c .  P a P . ,

J . R .  C l a r k

radius of Ti3. (0.67) and the trends shown by the
data in Table 2 suggest that considerable distortion
of the M1 coordination site fro,m octahedral sym-
metry is to be expected in NaTi3-Si2O6.

Therefore, the spectrum of NaTiSizOe should con-
tain two absorption bands representing crystal field
transitions in Ti3*, one at 15,600 cm-l and another
at higher energy. Assuming the crystal field splitting
parameter, Ao, to be comparable to the value 18,750
cm-1 derived for Ti'. ions in the Allende and Apollo
11 pyroxenes (Figure 4 and Table 1), the high
energy band would be predicted to lie at about
22,OOO cm-1. In this location it would be obscured
by the intense absorption edge beyond 500 nm ob-
served by Prewitt et al (1972).

The occurrence of Ti3* ions in clinopyroxenes
provides yet another example of the stabilizing in-
fluence o,f a distorted coordination site in a silicate
structure on the crystal chemistry of certain transi-
tion metal ions (Burns, 1970, pp. I l9-124). The
importance of this site-distortion effect is demon-
strated not only by the well documented fractiona-
tions of Fe2' ions (which have an electronic con-
figuration analogous to Ti3*, Figure 3 ) into the most
distorted sites of silicate minerals, but also by the
occurrence of unstable cations such as Mn3* and
Cr'. in epidotes and lunar olivines, respectively. By
analogy, the distorted Ml coordination site of clino-
pyroxenes not only enhances the crystal field stabil-

ization energy of Ti3", but also leads to the frac-
tionation of this relatively unstable cation into the
clinopyroxene structure. Failure to take into account
this relatively new principle of crystal chemistry
inevitably leads to misinterpretatio'n of experimental
data, such as incorrect assignments of absorption
bands in crystal-field spectra.

Note Added. Our discussion of the broad ab-
sorption band at 21,000 cm-' in the Allende titanian
fassaite should not be confused with interpretations
of the sharper peak at 22,000 cm-l observed in the
absorption spectra of terrestrial titanaugites. Current
work on the Mcissbauer and absorption spectra of
several terrestrial titanaugites suggests that the spec-
tral feature fo,und at 22,000 cm-r is due to abso,rp-
tion by Fe3* ions in octahedral and tetrahedral co-
ordination in the pyroxene structure (Burns,
Abu-Eid, and Leung, 1972).
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