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ABsrRAcr

The cation distribution over the two non-equivalent sites Ml and M2 in an iron rich
orthopyroxene, Cas.0aMg6.26Fe1.zoSrzOo, has been determined by least-squares refinement
of X-ray diffraction data and from gamma-ray resonant absorption spectra. The site
occupancies are 0.25Mg2++0.75Fe2+ for Ml and o.o46uz+10.96Fe2+ tol M2. Aimost all
the Mg ions occur in the Ml site. comparison of X-ray diffraction and resonant absorp-
tion data suggests that static non-spherical electronic effects due to partially covalent
bonding contribute, perhaps significantly, to the atomic thermal eliipsoids oi vibration
apparent to the X-ray experiment for cations at the M2 sites, and possibly for one or more
oxygen atoms.

INrnooucrroN

Studies over the past several years have shown that the cation distri
bution among the octahedrally coordinated sites in chain silicates fre-

accuracy.

ray resonant absorption (Mrissbauer effect).
Ghose (1965) showed, using X-ray diffraction, that in an intermediate

orthopyroxene, Mgo.ssFe1.67Si2O6, from a metamorphic rock Fe2+ prefers
the M2 site. Refined structural parameters have been reported for

I Mineralogical Contribution No. 481, Harvard University.
2 Present address: Geophvsicar Laboratory, carnegie rnstitution of washington,

Washington, D.C. 20008.
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synthetic orthoferrosil i te, FerSizOo, by Burnham (1967), and for ortho-

enstatite, Mg2Si2O6, by Morimoto and Koto (1969)' No further X-ray

determinations of hypersthene have been carried out' However, Fe2+

d,istributions over Ml and. M2 in orthopyroxenes with variable Fe/

(Fe*Mg) ratios have been determined approximately from gamma-ray

resonant absorption spectra of 57Fe by Evans et' al ', (1967) and, with

somewhat different results, by Bancroft, et. al ., (1967)' The primary

purpose of this study is to establish a correlation between X-ray diffrac-

lion ana resonant absorption data with respect to cation distribution

numbers and vibrational properties of the atoms at the sites'

ExpnnIueNtler,

ments with his 200 kv electron microscope. No lamellae structure was observed in addition

with previously published analyses of XYZ in Table 1'

X-ray difraclion. Unit-cell dimensions were measured using a back-reflection precision

weissenberg camera. Data for both cuKar and Kaz wavelengths were refined by least-

.qrur". -"thods (Burnham, 1962) using 69 measurements and making allowance for

systematic errors due to specimen absorption, film shrinkage, and camera eccentricity'

The refined cell dimensions are:

a : 1 8 . 4 0 5  + 0 0 0 1  A ,

b :  9 .0338 + 0.0007 A,

c : 5.2390 + 0.0004 A.

The cell volume is 871.08+0.14A3; there are eight formula units (Z:8) per cell' Careful

examination of glide-plane extinction criteria confirms space group Pbca for this sPecimen'

Intensity measurements were made with a four-circle computer-controlled diffractom-

eter using Nb-filtered MoKq radiation. A11 reflections in one octant of reciprocal space

r Samples are available from S. S Hafner'
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Tanr,o 1. Cnuurclr Iionuur,a ol Onrnopvroxr.Ne
SprcrnoN XYZ Basnl or.r Srx Oxycnr.rs

Ca Mg Fe:* Fe3* Mn Ti AtOr) Si Al(rv) O

o
6
6
6

with

wnere

F: observed structure factor,
L p :Lor entz-polarization factor,

?: transmission factor,
o:attenuator factor (if a Nb attenuator lvas not imposed, o is 1, otherwise o is the

absorption factor of the attenuator).
C:total counts accumulated during scan,

7": scan counting time in seconds,
Bt, Bt:6s.p*round counts on each side of peak.

T6:background counting time in seconds,
Zar : gs1funr,.d standard deviation of integratecl intensity.

0 042 0.248 1
0 . 0 3 8  0  2 5 q
0 038 0 .239

537 0 059
1 680
1 700

0 . 0 1 3

0 002 0  011 0 .042
0 003 0 .004 0  010

0 . 0 1 7
0.008
o 021

(1) Wet chemical analysis, analyst B. Bruum (Ramberg and De\rore, 1951).
(2) Electron microprobe analysis of XyZ-yl (Howie and Smith, 1966)
(3) Electron microprobe analysis (\rirgo and Hafner, 1969) of our XyZ specimen; (2) was used as standard

for Mg, Fe, Si.
(4) From Miissbauer spectra. The determined area ratio Feg+ resonant absorption to total resonant absorptron

of  i ron is  0.0810.02 (S.D.) .

Most of the structure refinement was carried out on an rBM 2094 computer using a
modified version of SFLSQ, a full-matrix ieast squares program written by c. T. prewitt.
All observations were weighted according to u:1/opz, where o7 is the estimated standard

1 The estimated standard deviation of an observation, orr was computed according to

", : olc * (#,)' {n, + B)l'''
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Scattering factors for the ions Fe2+, Mg2+, Ca2+, Sia+, and 02- were used in refinement

with SFLSQ. The scattering power of each ion was evaluated using

: exp I a,(sin olx)"
fL:0

constants. a*,lor thecations have been tabulated by onhen and Fischer (1968); those for

02- were listed by Prewitt and Burnham (1966).

occupancy factors is mathemalically possible.

Our first attempt to refine site occupancies was unsuccessful-the indicated amount oI

Fe\n M2 increased to more than 100 percent, and totaliron reached 1.82 atoms, consider-

known preference of Ca for the analogous M2 site in the diopside-hedenbergite series.

Subsequent least-squares cycles using anisotropic temperature factor rnodels reduced

the R vaiue to 0.031. Throughout this refinement stage, the content of ca in M2 was

fixed at 0.04 atom and the sum of l'e and Mg was fixed at 0.96 atom. The results indicate

0.4 for both metal sites. The correlation between ,441 and M2 occupancy factors was 0 5.

Because the amount of Mg occupf ing M2 appears to be so smal1' rn'-e felt that further

refinement assuming only Fe and Ca atoms occtpy M2 would give a valid check on Ca

content. Accordingil', the occupancies were ofiset by 5 percent, and all parameters except

the scale factor were varied through two additional clrcles to yield the occupancies listed in

row 2 of Table 2 These results are very similar to the previous ones (row 1, Table 2), and

the Ca determination is close to the 0.038 atom of Ca obtained by microprobe anall'sis'

R values lor different sets of site occupancy factors were calculated using 366 obser

vations sampled uniformly from the whole data set. Figure 1 shows the variation of R with

occupancv, and demonstrates the existence of a fairly rvell-defined convergence minimum'

When the structure refinement was nearly complete, a new least-squares program,

ITFINE (written by L. W. Finger), became available to us for use on the IBM 360/65

computer. Since RFINE allows external constraints on total chemistry to be imp,osed dur-

1 Correlation coefficients, pii, are the obtained from the least-squares variance-

covariance matrix according to

PI l  
_

(olaiz)l
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40
R
o/o 30

n
10

09
0.8

0.8
0.9

Fe(Ml)
Fe(M2)

Fe(M1)+Fe{M2}=1.70
Frc. 1. Plot of R-value vs. Fe occupancy factors. The open circle denotes the final R for

the accepted least-squares solution

ing site occupancy refinement (Finger, 1969), we felt that further occupancy variation

subject to the condition that Fe total to 1.7 atoms would provide a check of the SFLSQ

results. Two cycles of least squares using RFINE yielded essentially the same site popula-

tions, listed in row 3 of Table 2 Atomic positional parametels changed only in the fourth

decimal place.

The apparent atomic thermal ellipsoids obtained from RFINE anisotropic temperature

factors show the same degree of anisotropl' and the same orientations (within the standard

error) as those from S['LSQ. However, the magnitudes of vibration are lower by approxi-

mately 15 to 20 percent for metal atoms, by 5 to 10 percent for Si, and by approximately 5

percent for oxygen atoms. The equivalent isotropic temperature factor of M1 decreased

irom 0.59 to 0.38, that ol M2 from 0.82 to 0.60, and those for Si and oxygen atoms de-

creased by smaller amounts. The atomic scattering Iactors used with RFINE are those

given by Cromer and Mann (1968) for ionized cations and O-r, derived from Hartree-Fock

wave functions neglecting relativistic effects. Above about 0.5 in sing/I the Hartree-Fock

values are lower than those of the Thomas Fermi-Dirac model used by SFLSQ. This dif-

ference causes the discrepancy in apparent vibration magnitudes, which combine to yield

the same effective room-temperature scattering power'

Since discrepancies in vibration magnitudes represent compensation for discrepancies

in high-angle scattering powerr any analysis of apparent thermal motion based on absolute

magnitrrdes of vibration is not very meaningful. Yet the relative apparent anisotropy and

the orientation of the thermal ellipsoids seem insensitive to inaccuracies in at-rest scat-

tering power, and it is these properties of the vibrational models upon which our discussion

will be based.
Final R values are listed in Table 3. Atomic parameters and tempelature factors are

given in 
'f able 4, bond distances and angles in Table 5, and thermal eilipsoid data in Table 6.1

1 A table listing observed and calculated structure factors may be ordered as NAPS

Document 01.381 from National Auxiliary Publications Service of the A.S LS., c/o CCM

Information corporation, 909 Third Avenue, New York, N.Y. 10022; remitting in advance

$2.00 for microfiche or $5.00 for photocopies, payable to CCMIC-NAPS'

5.0

1.0
0:l

0:l
1.0
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Tesr;n 3. Drscrnr,,q.lrcv Facrons, ,R, ror XyZ OxrnopvroxnNr

Ali observations (1926) Iinreiected observations
Refinernent
conditions Unweighted Weighted Unrveighted Weighted

R  R  R  R  N o . o f o b s .

0 .04  Ca  i n
M2, fixed

Mg omitted
fuon M2

'Lotal 
Ire

fixed at
1 .700

.046

.045

.045

.037

.035

.038

.031

.035

.029

.023

.02+

.023

1496

1501

1197

Runweiglted : " l l r ' ,1  
-  ln " l l

) l F o r
- l-)zo(Fo 

- Fc)21t12
n s c i e h h d : L  

: . ^ ,  _ 1

Resonant Absorption Erperim.enls. our gamma-ray spectrometer consisted of a 400 channel
analyzer operated in time mode in conjunction with a constant acceleration electromag-
netic velocity generator. The velocity wave form was a symmetric triangle with peak
velocities of *4 cm/sec. The velocity increment per channel was 0.04 cm/sec., and the
deviation from constant acceleration never exceeded two percent. The frequency of the
generator was 12 5 HZ which corresponded to 200 psec per channel rhe gamma-rav source
r,vas moved with respect to the fixed absorber with an amplitude of less than 0.1 mm, and
the source-absorber distance was at least five inches; solid angle effects were tested by use
of two difierent absorber discs with 1 and 0.5 inch diameters.'rhey were found to be neg-
ligibly small. The full widths at half-peak height of an 0.001 inch thick metallic iron ab-
sorber were under optimum conditions 0.23+0 01 (standard error) mm/sec for the two
inner peaks and 0.27+0.01 rnm/sec for the two outer peaks (Table 7). Homogeneously
distributed absorbers were prepared by mixing the powdered XyZ specimen with transop-
tic powder and pressing to a disc. 'r'he 

XYZ powder consisted of equant grains; no pre
ferred orientation in the discs could be detected. This was concluded from Mdssbauer
spectra taken with the disc oriented in perpendicular as well as in a 45o position with
respect Lo the gamma beam.

The resonant absorption spectrum of 5?l'e in orthopyroxene consists of two superimposed
quadrupole-split doublets which can be assigned to Fe2+ at the M1 and M2 positions (l'ig.
2).'rhe splitting ol the Ml doublet depends on the temperature, esoecially between 30c
and 100oK; the splitting of tl.e M2 doublet is nearly invariant in that temperature range.
At room temperature, the two doublets overlap considerably, whereas at liquid nitrogen
temperatures they are well separated (Fig 2). rn the present study, spectra of absorbers
held at both room and at liquid nitrogen temperatures were analyzed.

Room' Temperahue Sputra. Care was taken to keep scattering radiation effects as small as
possible. r'or this reason a weak source of 5 mC 5?co difiused into palladium with an active
area of 0.3 cm2 was used. Four absorbers with different thicknesses were prepared (cf. Table
7). Saturation efiects such as line-width broadening and deviation of the line shape from
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'Ienrr 5. BoNp DrsreNces amo Ancr,ns rN XYZ OnrnopvnoxrNr

M-O Distances, A

M1 Octahedron
M1(r)-OrA(r0)
r,[r(r)-orA(r3)
M1(r)-O2A(1r)
M1(1)-O1B(r2)
M1(r) -OrB(e)
1,r1(r) o2B(r)

Mean

M2 Octahedron
142(r)-o1A(1o)
M2(t)-OrB(s)
M2(r),O28(r)
M2(r) -O2A(r)
M2(r)-O3A (7)
M2(r)-O3B(r4)

Mean

2 . 0 7 6
2 . 1 7 8
2.086
2.186
2 106
2. t06
2.123

2 .161
2.130
1.997
2 .035
2 .M4
2 .576
2 .224

Estimated Standard Drror ,?1-O :0 . 002 A

O-O Distances in Cation Octahedra, A

,441 Octahedron
o1,4 (10)-O1,4 (13)
o1,4 (10)-02,4 (11)
o1l (10) o1B(r2)
o1,4 (10)-O2B(1)
o1B(9)-O1,4 (13)
orB(e)42A(rr)
orB(e)*orB(r2)
olB(e)-o2B(r)
orA(r3)-o2A(tr)
o2A(r1)-O2B(r)
02B(r)-orB(r2)
orB(t2)4rA(r3)

Mean

M2 Octahedron
3.073 A 01/(10)-O1B(s)
3.098 OrA(r0)-o280)
2.900 olA(r0)-o2a(1)
2.823 O1.4 (10)-03,4(7)
2.900 o1B(s)-o2Bi1)
2.8e8 OrB(s){2A(r)
3.048 O1B(5)-O3B(14)
3.162 O2B(r),O3A(7)
3 .09s o2B(1)-O3A(14)
2 946 O2A(r),OsA(7)
3.2O2 O2A(r)-O3B(r4)
2.84r O3A(7)438(r4)
2.999 Mean

2 7 4 0 4
2.823
2 929
3 . 7 7 9
3 .025
2 . 8 9 8
J . 5 t  I

3 .691
3. f f iz
2 .503
3 .088
2 941
3 . l t 6

Estimated Standard Error O-O:0.003 A

O-M-O Angles, deg.

,411 Octahedrol
orA(r0)-M r(r) o1.4 (13)
o I A (10) - M | (r) -o2 A (r r)
o 1 A (r0) - M 1 (r) -o 1 B (12)
o1A(ro)-Mr(r)-o2B(r)
o I A (r3)-M | (r),o2A (rr)
o1A(ls)-Mr(r) orB(t2)
o I A (r3) - I,t | (r)-o 1 B (e)
o2A(rr)-Mr(r)-o18(e)
02A(1t)-M1(r)-O2B(1)
otB(r)-Mr(r)-o1B(e)
orB(r) ,Mt(r)-o2B(r)
orB(e)-Mr(1)-o2B(r)

Mean
o1A(ro)-Mr(r)-o1B(e)
olA(13)-Mr(r)-O2B(r)
o 2 A (r r), M | (r) -o I B (r2)

NIean

M2 Octahedron
au00)-M2(r)-o1B(s) 82.e
orA(r0),M2(r)428(r) 8s.4
o1A (r0),r,r2(r)42A(1) 88. s
orA(r0)-a,r2(r)-o3.4(i) rr0.2
orB(s),M2(r)428(1) e1.2
orB(s),M2(r),o2A(r) 88.1
otB(s)-r[2(r)-o3B(14) er.2
o2B(1),M2(r)43A(7) rr2.r
o2B(r)-M2(r)-OsB(14) 103.2
o2A(1)-M2(r)43A(7) 67 .2
o2A(r)-M2(r)-O3B(r4) 83.2
o3A(7)-M2(r)-O3B(14) 7r.7

Mean 89.  8
orA(lo)-M2(r)-o3B(14) 170.0
orB(s) ,M2(r) -o3A(7)  ls l .1
o2B(1)-M2(r) ,O2A(r)  r73.1

Mean 164.7

92.5
96.2
8 5 . 7
84.9
9 3 . 1
8 t .2
8 5 2
8 i  . 5
8 9 . 3
9 0 5
96.  5
9 7  . 3
9 0 . 0

1 7 5  . 8
t 7 6 . 6
174.1
r / J . . ' )

Estimated Standard Error O-M-O 0.08"



Teer,n 5.- (Co ntinu ed.)

Si-O Distances, A

SL4 Tetrahedron

si,4 (1)-o1,4 (1)
si.4 (1)-o2.4 (1)
si.4 (1)-03.4 (1).
si,4 (1)-o3.4 (7).

Mean
+ Bridging Oxygen Atoms

SiB Tetrahedrot '

siB(1)-o1B(1)
siB(1)-o2B(1)
siB(1)-O3B(7)*
SiB(1)-o3B(1)x

Mean

1 . 6 1 4
1 .595
1 . 6 3 8
I . O ) I

1 .625

t .  2 2
L . f f i z
1 .660
| , 6 7 2
1 . 6 3 9

Estimated Standard Error Si-O 0.002

O-O Distances in Si-O Tetrahedra, A

Si,4 Tetrahedron

o2.4 (1) -O3.1(1)
o2A(r)-o3A(7)
o2A(r)4rA\r)
o3A(r)-o3A(7)
o3.4 (1)-O1,4 (1)
o3.4 (7)-O1.4 (1)

Mean

Estimated Standard Error O-O 0.Offi A

SiB Tetrahedron 
"

2 .630 A j2B(1)-O3B(71 2 '662 A

2.s03 o2B(r) -o3B( l  2 's98

2.74A O2B(t) -orB(D 2 '748

2 .632 O3B(7)-O3B(11 2 '7 s5

2.631 O3B(7)4rB(r1 2 6+0

2.6s8 O3B(1)-O1B(1) 2 '64s

2.6L8 IVIean 2'675

O-Si-O Angles, deg.

Si,4 Tetrahedron

o2.4 (1)-Si,4 (1)-03,4 (1) 1r2.0

o2,4(1)-Si.4(1)-O3A(7) 110.e

o2.4 (1)-Si,4 (1) 41a(r) rr7 -2

o3,4 (1)-Si.4 (1) -O3Al7) 106.3

o3.4(1)-St4(1)-01.4(1) 108.4

o3.4(7)-Si,4(1)-O1,4(1) 111.,t

Mean 111.0

Estimated Standard Error O-Si-O 0.1o

SiB Tetrahedron

o2B(1)-SiB(1)-O3B(7) 10e.4

o2B(1)-SiB(1)-o3B(1) los o

o2B(1)-SiB(1)-O1B(1) rr7 .0

o3B(7)-SiB(1)-o3B(1) 11r '6

o3B(7)-Si8(1)-O1B(1) 1r7 |

o3B(l)-SiB(1)-O1B(1) 106.8

Mean l l l .2

Tetrahedral Chains

,4 Chain

si,4 (1)-si.4 (14) 3 .078  A
o3,4 (7)-03,4 (1)-03,4 (14) 168.8" .

Estimated Standard Errors Si-Si 0.001 A

o3-o3-o3 0 ' 1'

B Chain
siB(1)-siB(14) 3.036 A

o3B(7)438(r)-O3B(14) r43 'e

Coordinate transformations indicated in patentheses above are as follows:

(8) t l2-lx, Y, rf 2-z
(9)  1-x '  t -Y,2-z

( lO) r lz-x ,  l -Y, l /2*z
( l l )  x ,  Y , l l z
(12)  1 -x ,  ! /2*Y,3 /2-z
(r3) r/2-x, r/21-Y' I- lz
( r 4 )  x , t / 2 - Y '  - r / 2 I z

(1)
(2)
(3)
(4\

(s)
(6)
(7)

x r Y t z

r l2 lx ,  r /2 -y ,  -z
- x ,  l / 2 1 y , l l 2 - z
l l2 -x ,  -y , l /2 Iz

I - x , l - y ,  l - z
l l2 -x ,  1 /2 !y ,  z
x ,  l / 2 - y , l / 2 * z
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'l'asr,E 
6 Tnrnuel Elr,rpsoro Dere non XyZ OntsopvRoxENrft

-

Atom 
Principal Rms

Amplitude,
A

Angle With Respect To

* c+b

,{
TT

z

MI

SiB

olA

o2A

o3A

otB

02B

03B

0.081 (1)
.087 (1)
.0e0 (1)

0.08s (1)
.10s (1)
.114  (1 )

.060 (2)

.o7 1 (2)

.082 (2)

.06s (2)

.07r  (2)

.082 (2)

.061 (6)

.086 (s)

. oe3 (s)

.074 (6)

.08s (s)

.0e4 (s)

.073 (6)
07s (6)

.116 (4)

.06s (6)

.094 (s)

.Oee (s)

.080 (6)

.08.5 (s)

.  111 (4)

.078 (6)

.07e (6)

.113 (4)

s6 (8)"
40 (12)

109 (1s)

s2 (2)
s8 (3)

126 (3)

164 (6)
e8 (10)
76 (s)

18 (13)
7e (re)
7s (6)

173 (10)
e6 (11)
86 (e)

6r (r2)
8e (2s)

1s1 (11)

121 (209)*
r49 (2Oq*
87 (s)

1 (8)
e0 (e)
e1 (8)

138 (e)
8s (38)
48 (7)

t55 (122)*
111 (137)*
'i7 (6)

ee (7)"
6r (r7)
30 (16)

86 (2)
4s (4)
4s (4)

101 (s)
10s (e)
161 (8)

106 (7)
82 (10)
18 (7)

8e (10)
133 (31)
rs7 (s1)

36 (16)
6e (24)
63 (1s)

7s (47)
102 (s8)
160 (s)

e0 (e)
s0 (33)
40 (33)

s6 (40)
s0 (38)
s8 (8)

8e (78)
124 (8)
146 (6)

3s (7).
1 1s (10)
67 (.e)

38 (2)
1 18 (3)
67 (3)

7e (10)
i64 (e)
78 (e)

82 (re)
167 (14)
80 (e)

83 (10)
137 (sr)
47 (3r)

7r (23)
rse (24)
81 (2s)

35 (170)*
118 (193)*
70 (s)

e0 (8)
140 (33)
s0 (33)

68 (43)
rlo (s2)
s8 (8)

6s (117)*
r38 (90)*
se (6)

x
v
Z

A

Z

M2

sil

I

Z

X

Z

X

Z

Z

I

TT

Z

X

z

X

Z

. " standard errors in parentheses; errors markecl with asterisks indicate that the posi-
tions of x and l- axes in the plane normal totheZprincipal axis are essentially iod.,"r-
minant. I'his is erpected when the cross section of the thermar ellipsoid ,ror-ur to z i.
circular or nearlv so.
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TAsr,e 7. Frrrno LrNr Wrorrrs or rsl HvpBnltNn Slncrnuu

ol 5?Fr rr Ontropvnoxnun XYZ" 'q'r 77'K

861

Num-
ber oI

Widths (FWIIE)"
(mm/sec)

Average

Widths con-

strained to
be equal"
(mm,/sec)

o 273
(0.006)

0 . 2 8 0
(0 .008)

mg natu-
ural Fe

"hper cm'-

XYZ ortho'
pyforene

3 - 4

to.2

o 287 0 250 0 258

(o  028)  (o  016)  (0 .012)

0 . 2 6 9  0 . 2 7 1  0  2 7 9

(o.oo8) (o 008) (o 006)

0 . 2 7 8  0 2 8 5  0 2 8 2

(0 .008)  (0 .008)  (0 .008)

0.287 0 280 0 285

0 .267
(0.0 16)

0 .270
(0.010)

o - 2 7 5
(0 .0  12 )

o .278

0.266
(0 .010)

0 . 2 7 2
(0 004)

o 219
(0.004)

0 282
( 0 . 0 1 2 )

o 234 0.265
(o 010) (o oo4)

;i'?""i:'-X"J"'J'i*Til:fffi sieved transoptic powder of.equal grain size until thev were opticallv

completely honog"o*o,. Uo pv'o*"o"-if"-t*ittt iclouis in the disc) could be visually detected'

"'"1-.1t" "o6 
"right" counted separately'

d 13-variable fits; A 
""a 

s u'" i;];J iigh-velocitv peaks and 1 aud 2 refer to Ml and M2' respativelv'

e 10-variable fits.

Lorentz ianshapewefefoundtobenear lynegl ig ibte.Absorberth icknessescorresponding
to 3-5 mg natural iron p". .t;n' torntotiy used for orthopyroxene spectra (Evans' e' dl''

1967, Virgo and Hafner, fS6Sl to" be considered ls. 
very thin' No thickness corrections

needbeappl iedwheno"tyo'""* t io 'ofdoubletswi thsimi lar intensi t iesareofconcern'as
in the case of the XYZ -thop;;ll;"" (c/' Table 7' footnote a)' The ratio of maximum

resonant absorption Go*-u"fotiiy peak Jthe M2 doublet) to the ofi-tesonance count rate

*". f f p**"ffor the XYZ absorber with 4'8 mg natural iron per cmz'

Li'quid Ni'trogm Spectra' The absorbers were held at atmospheric.p::ttt" 
l1-1 ,tvo*u'

isorated with styrofoam, as described by virgo and Hafner (1969). The source (approx-

imately 10 mC 5?Co ainor"i i"io fuffudium) *as held at room temperature' The contribu-

tion of scattering effects to the background was approximately 10 percent higher than in

room-temperatur" ,p".,'u' In order 
-to 

exclude large temperature gradients over the ab-

sorberareatheabsorber** .oo' t "abetweentwoberyl l iumdiscsandwel lshie ldedina
vacuum cryostat. frr" t"-i"'ut"'" *u" t**"dtt the center as well as at the rim of the

absorber area. rt rruri"a t"i, it u' a degree. No difierence compared to the spectra of the

styroloam cryostat could he detected'

Room and liquid nitrogen temperature spectra were decomposed into four Lorentzian

curves by least-squares niti"g- oi 'u* analyte' data using 13 variables: one lor the ofi-

resonance count rate ("ltotttsiotta") and ihree for each Lorentzian' No corrections were

appiied for such factors ,,l?rr,r" 
"-i.ble 

accelera tion of the moving source or solid angle

lhi.r. ,A. very small peak du"e to Fer+ could be observed in the XYZ spectra at approx-

imately 0.7 mm/sec tz7"Kiu"t ir'it peJ *as generally ignored in most of the fits' The 13-



862 CEARLES W. BURNHAM ET AL,

z
o
F
o-
E.
o
U'
cl

F
z.
z
o(/,
lrJ
E,

E.ogo---r

-3.o-l

J

l
o
@
uJ
(ts 1 5 .

2 t
_t :  I  I  I  : !  |  |  I-3.75 -1zs -75 o .rs 

-dE 
s.7s

mm/sec



CATION DISTRIBUTION IN ORTHOPY ROXEN E 863

iron absorber.
Line widths of the fitted room temperature specrra are shown in Table 7. The widths of

a1l four peaks are the same within experimental error. The widths oI the fitted Lorentzians

have standard errors larger than those of the heights; this result is more pronounced with

the liquid nitrogen spectra. Nevertheless no correlation was observed between appalent

width and height. When the spectra were fitted to four Lorentzians constrained to have

equal widths, f inc.eased by an average of 0.005-0'020 units per channel (one to four

,r.rit. p". spectrum). One may assume, therefore, that the areas of the peaks are propor-

tionai to their heights.

At temperatures beiow 77oK considerable complexities occur in thexYZ spectrum due

to paramagnetic relaxation phenomena of the ferrous ions (Shenoy, el al'',1960) At Iiquid

oitiog"n temperature, horteuer, no significant difierential broadening of the lines or devia-

tions from Lorentzian shape could be detected.

If the absorber is very thin the fractions (distribution numbers) t,ur and tuz ofFe2+ at

the M1 and M2 sites will be related to the aleas A,ur and A'.z of the two 57Fe hyperfine

doublets according to the relation

t t r , / taz:  (1v1/Jv) l (AuzlJmz) (1)

t 12: (r;-Xe)zhd, where nr is the observed count rate and Xt the calculated rate'

<<(

data are plotted below each spectrum.
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Terr,n 8. Fa2+ DrsrnrsurroN ovER M1 exl M2 tN XyZ OnrnopvnoxrNr
Drtnnurxro molt Mrisseauon SprctnAs

l;e2+ distribution numbers
Temperature

of
absorber

Room temperature
13-variable fits

Room temperature
10-variable fits

0 . 4 3 8  0 . 5 6 2
(0.004) (0.004)

0 . 4 3 8  0 . 5 6 2
(0.003) (0.003)

0 .447 0 .553
(0.002) (0.002)

0 438 0.562
(0.00s)  (0.00s)

0.438 0.562
(0.003) (0.003)

0 426. 0.574"
(0.004) (0.0r4!

Number
of

spectrab
from peak heights from peak areas

lut LM!ti[2,MT

" Standard errors in parentheses.
b r(Left)' and "right" counted separately.
o The discrepancy between the peak "area" and peak height ratios is due to a small

increase oI the apparent widths fitted to the M2 peaks compared to the r,.r,,iclths of the,4.f1
peaks. The apparent increase may be due to small deviations i' the peak trails from
Lorentzian shape at 77'K.

fat : f:trz

the fractions lur and ,,v2 referred to one I,'e2+ are obtained from the relations

tvt : Aat/(Ayr -f ANr) : (I,h * Inr)/(1.t, -F In I l,tz I Inz)
taz : Auz/(Aat -l Av") : (Iez I Inz)/(Iet * I.ar i Idz I Ia").

(.2)

(3)
Here r is the peak height and the subscripts A1, 81, A2,82 refer to the low and high
velocity peaks of the,411 and M2 dottbrets, respectively. The very small amount of ferric
iron (Fe3+/Fe1o1=0.08) can be safely neglected. tvland. tv2 determined by use of equations
(2,3) are shown in Table 8.

'fhe 
nuclear quaclrupole splittings and isomer shifts at room temperature and zToK

are listed in Tabie 9.
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Tnnrr 9. Nucr,nen QuADRUPoLE St'n:rtrxcs eNo Isounn

Snrlts oF 5?IiE rN XY Z OPtttopvRoxENE

Isomer shi{t''"
(mm/sec)

tuIl
Absorber

temPerature

Room temP'

77"K

1 . 1 7
| . 2 9

1 . 1 3
| . 2 6
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;H'jffi J"#l?:'J5#:y.::",,:.TTf;.',n'..:ffi i1,1";,l:.:_*..T:tTsimple' as it is in this .ur"' porrilie iiffraction effects of minor con-stituents can be ignored and one can nrofireht_,
constraints. fn essence we have m
content, since similarly scattering
are either very minor or absent con

,veen X_ray diffraction and resonant
rt for the liquid_nitrogen temperature
agreement among the determinations
less than the stated standard errors,
X_ray experiments, and *0.002 to

n results. The discrepancy between
rnd the others is on the order of 4a.
stated,,, h ",:T:;l ;,'.T :'Jff i:HffiJij
Itment of X_ray data ignored minor
nical analysis (although Al and Mn
:ctively), and included no secondary
if ionization state wil l afiect scatter_
ttering angles where few X_ray data
tal Fe, Ca, and (Mg*Al) contents
ee with the microprobe data (Table
the selected ionization states were

i not significantly influence X_ray

gnore the possible efiects of minor
rs in the assumption that the recoil_
tion is the same at both sites wil l
I slight changes in the recoil_free

explain the discrepancy between
e resonant absorption results.

Mr and M2 Coord'ination poryhedra. Thecoordination polyhedron aroundthe M2 atom is -or" gi**.r; f.;;;l*.rru. octahedron than thataround Ml. The M2 octahed,ron has r;; i;"g M_O distanc es,2.444A
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and2.576A, to o*1rg.rrs that are bonded to two sil icons (O-3A and O3B)'

whereas the other four M2-O distances are between I'gg7 hand 2'161 A'

In contrast, the mean M-O bond distance for the Ml octahedron is

2.ln Land the maximum deviation from this value is 0'06 A' The mean

value of the O-M-O angle for antipodal oxygen atoms has, \n the Ml

octahedron, a deviation of 5o from the ideal value of 180". This angular

deviation inthe MZ octahedron is 15o.

The mean bond distances, M-O, of both Ml and M2 polyhedra in-

crease with the site occupancy ratio Fe/(Fe*Mg)(Fig' 3)' Morimoto

and Koto (1969) have indicated a linear variation of mean M1-O distance

with occupancy, but our new data clearly show this not to be the case,

even when one considers standard errors in both distance and occupancy

determinations. Departure from the line joining orthoenstatit.e and

orthoferrosilite values appears greatest for low iron occupancy' yet a new

refinement of Mg-rich hypersthene (Takeda, personal communication,

1g70) with about 10 p.r..trt Fein Ml shows a mean Ml-o distance lying

below the linear curve. we believe the assumption of linear variation of

M1-O with Fe/(Fe*Mg) ratio in orthopyroxene is incorrect on the basis

of data now available, and that mean M1-O values do not provide a

reliable confirmation of occupancy values.

The nature of mean M2-O distance variations with composition is

essentially unknown at this time. Because of extreme distortion of the M2

polyhedron and the presence of small but varying amounts of Ca in most

Lypersthenes, use of mean M2-O distance as anything more than a very

crude indicator of occupancy is unwarranted.

The observed trends in the nuclear quadrupole splittings ol the MI

and, M2 hyperfine doublets are consistent with the distortions oI the MI

and, M2 octahedra in orthopyroxenes. The smaller splitting generally

reflects rhe higher distortion (Fig. 2). The M2 splitting is larger tnxYZ

than in orthoferrosilite corresponding to a somewhat less pronounced dis-

tortion, whereas the Ml splitting is very nearly the same in both crystal

structures. Therefore, the two doublets are less separated inXYZ than in

orthoferrosilite. The centers of gravity (isomer shifts) of the two doublets

appear to be related to the sn'tallest M-O distance of each site' The differ-

ence between the smallest MI-O and M2-O distances is less in XYZ, than

in orthoferrosilite, corresponding to a smaller difference in the isomer

shifts of the Mt and, M2 doublets. This is indicative of a somewhat

smaller covalency difference in the bonding state of Fe2+ at the two dif-

ferent sites inXYZ.

Ml and, M2 Thermal Ellipsoid,s. The principal axes of apparent thermal

vibration of the MI and, M2 atoms are almost parallel to the directions of

M-O bonds. This tendency is more conspicuous in the more distorted M2
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2.n^

2.24

Mz-o

-2.15t

21s

.2 .137

210

237

Fe occuprncy factor
Frc. 3. variation of mean M-o bond distance with Fe occupancy of Ml ancl, M2 sites

in orthopyroxenes. Data are for enstatite (Morimoto and Koto, 1969), hypersthene (Ghose,
1965), orthoferrosilite (Burnham, 1971), and XyZ orthopyroxene.

octahedron. The degree of anisotropy is also more markedin M2. The
axis of maximum rms displacement corresponds to the direction between
the two antipodal oxygens furthest apart in the octahedron, and the axis
of minimum rms displacement to the shortest antipodal direction. These
relations are shown stereographically in Figure 4.

The apparent equivalent isotropic temperature factors lor Ml and, M2
are 0.59 and 0.82 respectively. These values are very close to the values of
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MI MZ
Irrc. 4. Stereographic projections of oxygen atoms coordinating the Ml and M2 sites

in relation to the principle axes of apparent thermal vibration ellipsoids oI Ml and M2

cations. Cations are at the center of each sphere. X, Y, and Z indicate the principle axes

of apparent thermal vibration with Z normal to the plane of the diagram. X is the shortest

axis, Z the longest; see Table 6 for magnitudes. Solid circles are oxygen atoms in the upper

hemisphere, open circles are oxygen atoms in the lower hemisphere Figures indicate M-O

distances in A.

0.66 and 0.81 determined for the analogous Fe-containing sites in ortho-

ferrosilite (Charles W. Burnham, in preparation). Such agreement tends

to confirm the almost total lack of Mgz+ in M2. If, in fact, more Mg2+

were in M2 the true scattering power of that site would be less than that

attributed to it by the model, and compensation would have been made

by increasing the apparent temperature factor to a higher value.

Comparison of apparent thermal vibration data obtained by X-ray

diffraction with intensity relationships observed in the hyperfine spectra

yield some interesting conclusions. The recoil-free fraction,/,u, of the 14'4

keV gamma rays at equivalent iron positions, M,is equal to

/.u : exp i- 4"'1t'/Xzl

Here, -1t2 is the mean square of the Fe2+ vibrational displacements in the

direction defined by the gamma ray and tr is the wave length of the

gamma ray (0.861 A;. Using the equivalent isotropic temperature fac-

tors (B"o.i ' .:8r2tt2) for either XYZ or orthoferrosil i te, one derives a

difference in / at the two sites of somewhat more than 10 percent. Our

analysis of the resonant absorption spectra can not support such a large

difference. We suggest, therefore, that the differences between the ap-

parent equivalent isotropic thermal parameters for the two sites do not

O2Blt2).

91"ttt' z oorAtr3r 2''"6
o z,lrt

02Alill
2,att

" \O3A{71 2sr6
2.144 O3B(l1l

o
z : - - . - ^ .  o tB ts l .
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represent purely vibrational differences but reflect, in part, differences in
static electronic distribution at the sites.

Both Ml and, M2 hyperfine doublets are non-svmmetric with respect
to the intensities of the low and high velocity peaks. As a measure of this
non-symmetry, we define the parameter cY as

o:  (A -  B) / (A + B)

where ,4 and. B are the areas of the low and high velocity peaks of the
doublet. a is -0.04 for the,411 doublet and *0.04 for the M2 d,oubletl . A
non-zero value of ot may De indicative of anisotropy in the recoil-free
fractions lm and, lut (Karyagin-Goldanski effect). However, the in-
sensitivity of a with temperature suggests that the recoil-free fractions
cannot be highly anisotropic and thermal vibration anisotropy may not
be the onlv explanation for a non-zero a. At any rate, there is no indica-
tion from the hyperfine spectrum of 57Fe that a significant d.iference in
vibrational anisotropy exists at the two sites.

The separation of temperature factors determined by X-ray diffraction
into intrinsic vibrational contributions and static contributions due to
non-spherically distributed electron density is a complex and essentially
unsolved problem. However by comparing diffraction and resonant ab-
sorption data, we believe that the M2 thermal ellipsoid, and possibly the
Ml therrnal ellipsoid as well, exhibit some static effects of bonded
electrons. This is consisient with the alignment of the principle axes of
the cation ell ipsoids parallel to M-O directions (Fig. a).

Comparison of the X-ray determined apparent thermal ellipsoids for
the two cation sites suggests that the static effects are more pronounced
in M2; this is also consistent with the smaller observed isomer shift of
57Fe at this site compared to MI (Table 9). Although slight positional
disorder of Ca at M2 couJd contribute to the anisotropic electron density
distribution at this site, equivalence of the XYZ ellipsoid with that for
M2 in orthoferrosil i te both in magnitude and orientation argues that we
are observing primarily the behavior of Fe2+. We conclude that the
anisotropy of the M2 ellipsoid and the isomer shift are both indicative of
a slightly enhanced covalent participation in the Fe2+-oxygen bonds at
M2 in agreement with the suggestion made by Ghose (1965) on the basis
of bond distance relationships alone.

An additional contribution to the asymmetry parameter a of theXYZ
hyperfine spectra may be due to paramagnetic relaxation phenomena of
ferrous iron. fn fact, using the simple stochastic model of Shenoy, et al,.
(1969) it can be shown that c has the correct sign for both doublets.
However, since no significant l ine broadening could be observed between

r The standard errors of q are approximately 20 percent.
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77" and 300oK, relaxation effects are considered to be small in this tem-
perature range.

Silica Tetraheilra. In the silica tetrahedron there are two different kinds
of Si-O bonds: bridging bonds to 03, and non-bridging bonds to 01 and

02. As shown in Table 5, the bridging bonds are significantly Ionger
than the non-bridging bonds in both the SiA and SiB chains. This feature
is common in the sil ica tetrahedra of all pyroxenes, and has been dis-

cussed in detail by several authors. Clark, Appleman, and Papike (1969),

and Burnham (1967) argue from an ionic point of view that the long dis-
tances are expected because of the local surplus of charge on 03 atoms; or
alternatively, that local charge balance is obtained on 03 atoms only if

the bonds from Si to 03 are weaker, and hence longer, than those to O1
and 02.

Morimoto and Koto (1969) suggested that Si-O bond distances change
Iinearly according to the Fe/(Fef Mg) ratio of orthopyroxenes. The

mean distances of brid.gizg bonds obtained in our study, 1.645 A in the
SiA tetrahedron and 1.666 A in the SiB tetrahedron fall on the curves
which Morimoto and Koto proposed. However, the mean distances of
non-br'i.d,ging bonds, therefore those of all Si-O bonds, do not agree with
their l inear relationship (Fig. 5).

The apparent thermal motion of the Si atoms is not markedly aniso-
tropic. There is, however, a tendency for the shortest principle axis, X, to
lie nearly normal to the plane containing two bridging oxygen atoms and

sil icon. The longest axis, Z,l ies close to the bisector of the O3-Si-O3
angle (Fig. 6). It is physically quite reasonable that the largest vibration
amplitude should be directed along the bisector of the two longer Si-O
bonds in each tetrahedron.

O*ygen Atoms. Crvstallo-chemically two kinds of oxygen atoms can be
distinguished. Each O3A and O3B is bonded to two silicon atoms and
therefore is called a bridging oxygen atom. Among the non-bridging
oxygen atoms, O1A and O1B have much more regular coordinations than
O2A and O2B. O1A and O1B are surrounded tetrahedrally by Si (Si-O,

1.62 A) and three metal atoms (M-O,2.08-2.19 A), (f ig. 7a). The coor-
d inat ion of  Si  (Si -O,  1.60 A)  and two metal  atoms (M-O, 2.00,2.19 h)
around O2A and O2B is nearly planar (Fig. 7b).

Three types of thermal vibration ellipsoids, corresponding to the above
mentioned geometrical features, are observed: O1A. and O1B have prin-
ciple axes of vibration corresponding approximately to oblate spheroids
in which the shortest axes, X, are characteristic; the principle axes of
O2A and O2B correspond to triaxial ellipsoids; and O3A and O3B have
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.1.671

BRIDGING Si.O

o1.648 .r"nJ

o1.6Gp

1.663

r.644

1.609
1.6071.606

LbSio3 FeSiO3

Fro. 5. Variation of mean Si-O distance with composition in orthopytoxene (Ca con-
tent ignored). Open circles are mean SiA-O distances, solid circles are mean SiB-O dis-
tances Bridging Si-O is the mean of distances to two 03 atomsl non-bridging Si-O is the
mean of distances to 01 and 02. References are the same as those for Fig. 3.

vibration amplitudes that may be described as prolate spheroids in
which the longest axes, Z, are characteristic (Table 6). Because the point
symmetry of each atom is 1, there is no symmetrical constraint on the
shape or orientation of the thermal ellipsoids. The thermal vibration
ell ipsoids of O1A and O1B are oriented so that the shortest axis, X, is
parallel to the bond to the closest-neighboring Si atom. In O3A and 03B,
each of which is bonded to two Si atoms, the longest axis, Z, is roughly
normal to the plane containing Si-O-Si. In the cases of O2A and O2B, the
longest axis, Z, tends to be normal to the direction of the short O2-Si
bonds.

It appears that the shape of thermal ell ipsoids is governed by the
configuration of coordinating atoms and that the shortest axis, X, is
oriented parallel to the direction of the bond to the closest neighboring
atom, or the longest axis, Z, is normal to that direction. Furthermore, the
thermal models exhibit no positional disorder effects as might arise con-
sequential to the random distribution of Fe2+ and Mg in the Mt site.
Individual Fe2+-O distances in the MI polyhedra will differ from the cor-
responding Mg-O distances by about 0.06 A 1fig. 3); rhe influence of this

NON-BRIDGING S'.0
^ 1.599
r  t .s97

0.5
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S,,A Si,B
Frc. 6. Stereographic projections of oxygen atoms forming the Si,4 and SiB tetrahedra

in relation to the principle axes of apparent thermal vibration ellipsoids of Si,4 and SiB

cations. Convention for orientation and relative magnitudes of principle axes X, Y, and

Z arc Itre same as in Fig. 4. / indicates the direction bisecting two Si-03 vectorsl / indi-

cates the direction of the normal to the plane containing Si and its two coordinating 03

atoms. Figures indicate Si-O dis lances in A.

difference on the apparent oxygen vibration ellipsoids is probably very

small, and, in any event, is masked by the intrinsic vibrational contribu-

tion plus the competing efiects of bonding to silicon and M2 (Fig. 7a, b).

In conjunction with our previous discussion ol the M2 electron density

distribution, it is significant to note that the Z principle axes of O2B,

O3A, and O3B have magnitudes significantly larger than those of the

Iongest principle axes of other oxygen atoms. Furthermore these three

principle axes are aligned almost parallel to M2-O vectors, two of which

are the extraordinarily long M2-O distances, and the third is along the

shortest M2-O bond (Fig. 7). It is quite possible that these apparent

vibration magnitudes do contain a contribution from static electron

density anisotropy due to bonding effects, particularly in the case of

O2B, whose distance along the Z principle axis to M2 is only 1.997 A. In

the case of O3A and O3B, a true vibration of the observed magnitude

along the Z principle axis is not unlikely since the Z axes are essentially

normal to the Si-O3-Si bridging planes. Comparison with oxygen ellipsoids

in orthoferrosilite suggests that the degree of anisotropy is slightly en-

hanced in XYZ, probably due to the Ca in M2, but that the relative

orientations of corresponding ellipsoids is approximately the same. Un-

fortunately, attempts to specifically separate vibrational from static
electron density effects at this time would amount to little more than con-

o o2B
1.302

; z b 3 B- tstz



871 CIIARLES W. BLIRNHAM ET AL

wsA OsB
Frc. 7a, b, c. Stereographic projections of atoms coordinating oxygen atoms in relation

to the principle axes of apparent thermal vibration ellipsoids of oxygen atoms; 7a plots
oxygens 01, 7b plots 02, 7c plots bridging oxygens 03. Convention for orientation and
relative magnitudes of principle axes X, Y and Z are the same as in Fig. 4. In Fig. 7c, //
indicates the direction of the normal to the plane containing the 03 oxygen and its two
coordinating Si atoms. Figures indicate interatomic distances in A.
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jecture. Such analysis must await equally precise apparent vibration data

obtained at low temPerature.
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