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Orthoferrosilite: High-temperature crystal chemistry
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e group Phea) has
900°C, and

980°C. Structural changes between 24°C and 980°C were regular, ¢ f N

vere observed, Mean Si-O bond length:
increasing temperature, whereis mean

structure, Both the 4 and & teirahedral chains in orthoferrosilil

er than that observed for the Fe** -0 bond in the C2/¢ l\udcnhl:i

straighten with inci

temperature and, at 980°C, the o chain is almost completely extended. The chan;
03-03-03 angle is much larger than in C2/c pyrorenes for comparable temperatur

vals. A new notation describing the tetrihedral chain ratation (N or P

nd the contj

around the /2 site is introduced to aid in understnding differences among the varions

pyroxene structures,

Introduction
Although a natural occurrence of pure ferrosilite
(FeSi0;) has not been reported and all polymorphs
of this composition are stable only at high pressure
(Lindsley, 1965), this material is of considerable in-

Because the metal sites in ferrosilite are occupicd
only by Fe?*, the high-temperuture dilfraction experi-
ments on orthoferrosilite discussed in this paper pro-
vide valuable informution on structural thermal ex-
pansion and atomic vibrations. cspecially when

bined with similar data for other end-member

terest because it is one of the end: bers of the
pyroxene  quadrilateral  (MgSiOs-CaMgSi, 0.
CaFeSi;0,-FeSi0,). In a swdy on the stability
of ferrosilite, Lindsley, MacGregor, and Davis
(1964) reported the occurrence of three polymorphs.
Subsequent structural investigation of these poly-
morphs (Burnham, 1966) revealed that one. ferro-
sifite 111 (space group PT), has a pyroxenoid
structure and that the other two, clinoferrosilite
(space group P2,/c) and orthoferrosilite (space group
Pbea), have pyroxene structures,

' Present address: Instint file Kristallographie und  Miner-
alogie der Univ., 8 Minchen 2, Thesesienstr 41, West Germany,

pyroxenes (Cameron, Sueno, Prewitl. and Papike,
1973). In particular, this work represents: (1) the first
high-temperature structural investigation of an end-
member Phea orthopyroxene, und (2) the fiest ther-
mal expunsion data on u pyroxene whose M2 site is
completely oceupiced by iron.

Experimental
N-ray intensity data collection

Single cryswtls of ortholerrosilite, synthesized hy-
drothermally at 800°C and 20 kbar for 16 days, were
kindly supplicd by Dr. D. H. Lindsley. A single crys-
tal, 0.08 X 0.08 X 0.08 mm, was selected for X-ray
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diffraction intensity measurement. [t was mounted
pariliel to the ¢ uss (iber using &
high-temperaisze ecramic cement, and sealed in an
cvacuated sifici capillary to preveat oxidation
of iron. The deiails of the heater and the cement were
described by Brown, Sueno, and Prewin (1973).

The X-ray dillraction intensities (sin 8/ = 0,061 --
0.756) were 1 a1 several temy s {24°C,
JK0°C, 600°C, 800°C, 900°C, und 980°C) on a
Poe.15/35 computes-controlled Picker dilfractometer
in the «-2¢ mode using MoKe radiation
monochromatized with a graphite crystal. All the
ditta were converted to structure factors by applying
Lorentz and polarization corrections, but no absorp-
tion corrections were muide. Just after the intensity
danta collection of each temperature, 20 independent
2 values were measured for cell parameter
determinations, and these data were used to refine the
cell parameters in the PODEX-2 least-squares program
written by Sleight. Final cel) parameters are listed in
Table 1.

Refinement

Full-matrix, least-square structure refinements for
each temperature were carried out using the RFING
program written by L. Finger (Geophysical Lubora-
tory) and atomic scattering Factors for neutral aloms
(Doyle and Turner, 1968). Starting utom coordinates
and temperature lactors for the 24°C structure refine-
ment were taken [rom the room-temperature ortho-
ferrosilite structure given by Burnham (1966). The
starting atom coordi for the high-temperature
structure refinenents were taken from those of the
lower temperature structures,

All observations were weighted according to w =
1/6,* where oy is the stundard error of the structure
factor based on counting statistics {Prewitt and
Sleight, 1968). Al reflections which were indis-
tinguishable from background or which had asym-
metric backgrounds were rejected from the least-
squares refinements. Table 2 lists the number of
reflections collected at each temperature (excluding
the standard reflection which was checked every 20 7e-

Taus | Unit-Cell Parameters of Orthoferrosilite a1 Several
Temperatures

flections), the number used for the final cyele of re-
finement, and the linal weighted R factors?

The results of the high-temperature structure re-
finements of ortholerrosilite are reported as follows:
positional parameters and isotropic temperature lac-
tors. Tuhle 3: interatomic distances in tetrahedral
chains, Table interatomic angles in tetrahedral
chains, Table ¢-O interatomic distances and 0-O
distances in Fe coordination polyhedra, Table 6: se-
lected interatomic angles in Fe-coordination poly-
hedra, Tuble 7: and magnitude and orientation of
thermal ellipsoids, Table 8.

Throughout this paper the term mean thermal ex-
pansion coeflicient (MTEC) is used to describe the
ion of cell di i and interatomic dis-
tances with increasing temperature. The MTEC was
caleutated using the following equation:

I Xe—= Xaw o

ax =R Tr -

where Vg, and Xy are the values of a parameter at
24°C and at some higher temperature, See Cameron
er al (1973) for further explanation.

Discussion

The Pbca orthapyroxene structure

A projection along a* of part of the orthoferrosilite
structure is shown in Figure 1. The M1 and M2 sites
are occupied by Fe?*, and at room temperature both
are six-coordinated with the M1 coordination poly-
hedron being the smaller and more regular of the
two. There are two symmetrically independent tet-
rahedral sites, eacii of which is confined to one chain.
The two distinct chains are designated A and B, fol-
lowing the notation of Burnham (1966). The 8 chain
is the more kinked of the two, and the tetrahedra
comprising this are both larger und more distorted
than those of the A chain. The wetrahedra of both
chains ure completely occupied ky silicon.

There are six crystallographically nonequivalent
oxygen atoms in the structure, O14, 024, O18, und
028 are nonbridging oxygens (each bonded only to
one Si), and O34 and O3B are bridging oxygens
(cach bonded to two Si atoms). The nonbridging
oxygens connect tetrahedral chains and M1 octahe-
dral strips vertically along a* and laterally along &

B00°C
e 1ss) 18]

4]
0 £ 9.160(1)  9.168515,
el i §.2366(4) S.2756(4) §12674(3)  S.MN(3)
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892,901}  sob.10)) 90551

Crrore in preathescs sopresent ane standacd deviatica.
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T 07T
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2 To obtain vbserved structure factors and £y's from the final

order AM-76-011
ess Oflice, Mincralogical Suciety of America, suite
cl. 1909 K Street, N.W.. Washington, D.C, 20006,
Please remit $1.00 for the micrafiche.

cyele of each
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Tank 3. Final Positi and Equi I i Factors (A} for
Orthoferrosilite

Atom  Parameter 2a°C 400°C 600°C 800°C 900°C 980°C

0.37573(3)" 0.37554(4)  0.37517(5) 0.37499(6) 0.37492(6) 0.37467(7)
0.65315(7) 0.65283(8) 0.65204{9) 0.65130(9) 0.6510(1) 0.6505(1)
0.8746(1) 0.8823(2)  0.8869(2) 0.8926{(2) 0.8968{2) 0.8992(2)
0.48{1) 1.0%(2) 1.42(2) 1.80(2) 1.98(2) 2.27{2})

0.37766(4) 0.37724(5) 0.37714(6) 0.37666{7) 0.37641(8) 0.37637(8)

0.48567(7) 0.48683(9) 0.4876(1) 0.4885(1) 0.4885(1) 0.4886(1)

0.3667(1) 0.3748(2) 0.3805(2) 0.3879(2) 0.3926(2) 0.3963{3)
_ 0.82(1} 1.48(2) 2.01{2) 2.55(2) 2.83(3) 3.19(3)

0.27229(6) 0.27223(7) 0.27247(8) 0.27259(9) 0.27267(9) 0.2723(1)
0.3387(1) 0.3384(2) 0.3376(2) 0.3369(2) 0.3371(2) 0.3374(3)
0.0493(2} 0.0562{3)  0.0598(3) 0.0634(3) 0.0675(3) 0.0695(4)
0.47(2) = 0.86(2) 1.0%(3) 1.33(3) 1.51(3) 1.64(3)

0.47310(6) 0.47356(7) 0.47411(8) 0.47462(9) 0.4752(1) 0.4755(1)
0.33448(1) 0.3348(2)  0.3350(2) 0.3358(2) 0.3358(2) 0.3353(3)
0.7891(2) 0.7862(3)  0.7827(3) 0.7783(3) 0.77242(3) 0.7725(4)
0.42(2)  0.82(2) 1.09(3)  1.34(3)  1.47(3)  L.70(4)

0.1848(2) 0.1852(2)  0.1854(2) 0.1855(2) 0.1855(3} 0.1862(3)
0.3396(3) 0.3386(4)  0.3393(5) 0.3390(5) 0.3385(6) 0.3394(7)
0.0387(6} 0.0890{7)  0.0532(8) 0.0605(8) 0.0648(8) 0.0669(10)
0.60(5) 1.18(6) 1.45(7) 1.77(8) 2.15(9) 2.26(10)
0.3118(2) 0.3113(2)  0.3112{(3) 0.3115(3) @.3115(3) €.3120(3)
0.4964(4)  0.4951(4)  0.4932(5) 0.4926(6) 0.4917(5) 0.4910(6)
0.0582(6) 0.0695(7)  0.0756(8) 0.0832(9) 0.0856(10) 0.0921{11)
0.68(5) 1.33(7) 1.92(8) 2.30(9) 2.54(10)  2.67(11)
0.3025(2) 0.3022(2) 0.3014(2) 0.3011(2) 0.3013{2) 0.3005(3)
0.2363(4) 0.2406(5)  0.2433(5) 0.2450(6) 0.2870(7) 0.2491(7)
0.8163(6) 0.8204(8)  0.8192(8) 0.8227(8) 0.8239(8) 0.8225(9)
0.70(5) 1.44(7) 1.80(8) 2.45(10)  2.57(11)  2.87(13)

0.5610(2)} 0.5613(2) 0.5613(2) G.5617(2) @.5622(2) 0.5623(3)
0.3365(a) 0.3380{4) 0.3373(5) 0.3392(5) 0.3396(6) 0.3401{7)
0.7868(6) 0.7838(7)  0.7812(8) 0.7771{9) 0.7731{3) 0.7727(10)
0.71(5) 1.22(6) 1.72(7) 1.94(8) 2.20(9) 2.49(11)

0.4332(2) 0.4334(2) 0.4390(2) 0.4339(3) 0.4382({3) 0.4348(3)
0.4806(3) 0.4806(4)  0.4B25(5) 0.4832(8) 0.4846(6) 0.4847(7)
0.6932(6) 0.6965(8) 0.7011(2) 0.7064(10} 0.7077(10) ©0.7117{11)
0.69(5) 1.39(7) 1.79(8) 2.23(10)  2.41(10)  3.13{13)
0.4476(2)  0.4481(2)  0.4487(2) 0.4488(3) 0.4500(3) 0.4493(3)
0.2028(3) 0.2073(4)  0.2100(5) 0.2167(6) 0.2189(7) 0.2229(8)
0.5865(6) 0.5782{7)  0.5719(8) 0.5604(9) 0.5521{9) 0.5455(10)
] 0.60(5) 1.26(7) 1.76(8) 2.42(10)  2.71(11)  3.29(13)

“errors in parentheses are one standard deviation.
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Several Ty

‘hainsin €

Sia

28°C

600°C

800°C 900°C

MTEC
(x10-5)

Si(A)-01A
02A
03A

03A*
Mean

siB-01B
-028

01A-02A
01A-03A

1.613
1.607
1.652
1.633
1.626

1.621
1.598
1.666
1.662
1.637

2.728(5
2.639(5
2.635(5
2.584(6

2.654

2. 743( 2,

2.66

1.613

e

2.733(6)
2.670(6}
2.633(6}
2.526(7)
2.662(7}
2.6503(4)

2.646

2.742(6)
2.641(6)
2.630(6)
2.575(8;
2.6]5{6
2.718(2
57

0.4358

-
Errors in

are one

TABLE 5.

Chains of Orth

at Saveral Te

ic Angles (°) in T

Atoms

24°c

400°C

600°C 800°C

900°C

01A -5iA-02A
0lA - -03A

018 -5iB-028
01 - -038

SiA -03A-SiA

038'-03B-038"*

ne.n
17

116.64

09,28

138.87

143.76(2

116.73

21
8{20

23

109,37

116.65
106.85

107.23(2

104.88|
109.65

109,48

21
22
15

146, 97

25)  116.20(29)

22)  100.67{2a)
2
2
2
1

109.47

141 98(32)
137.83(3

183.99(4
154, 07(45)

116.42(32
109.47(26
26

29
37
13

31
28
28
31
29
20

141.95(33
139.55(36
182.37(52
155.75(52

108.72
1100
109.47

143.39
140,08/
180.68
158.85

=

Errors in
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whereas the bridging oxygens conneet individual tet-
rahedra in the silicate chains.

(Brown er al. 1972: Smyth and Burnham, 1972;
cron ¢f al, 1973 Smyth, 1973: Smyth, 1974

Thermal expansion mechanisms in pyroxenes

In recent years., numerous pyroxenc structures
have been relined using high-temperature  data

Tame: 6. Fe-O and 0-0 Interatomie Distances in Fe C

of these studies thermal ex;
s much
polyhedra. Volumes

rahedra w

Polyhedra in C

msion of the silicate tet-
ss than that of the M1 and M2
of the tetrahedra changed only
stightly with increasing temperature, and in

ar Several Temperatures

Atom

400°C

Fe-0 distances (8)
600°C

900°C

Fel-01A
~01A*

Fel Octahedron

01A -01A*

018'-028

Fe2 Polyhedron
01A-02A

028-038

wouwwaw

3.083(3)
3.

24°c
2.925{5)
2.634 '};
2.514(4

* o 2.214(4)

3.087(4)
3.137(6)
3.131{6)
z.eaa{s
2.936(5
2.936(5

2.942(6)
2.630(5

LIIIET

=
I

2,393

distances (R)
600°C

800°C

3.110(5)
3.176(7)
3.170(7)

2.509(7)
3.025(7)

3.1z 5;
3.263(7,
3.184(7)
8oo°c

2.9459(5) 2,963(7)
2.629(5 6

2,241(5

3.194(8

900°C
2.983(8)

3.021(8)
2,629(7)

980°C

2.254 6;
2,100(5

3.125(s)

.180(9)
930°c
2.967(9) .
2.623’7;
2.529(8

2.929(7})°
2.875(8)

3.038(9)
2.618(8)

»
Error in
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Tantk: 7. Interatomic Angles (°) in Fe Coordination Polyhedra in Orthofe

al Several T

Atom 24°c 400°C

600°C

800°C 900°C 980°C

01A -M1-01A 12)*
014 - -024 }g

0'| A~
-01B n
-018 12,
-018
-028 12
-018" 12
-028
-01B'
-028
-028

0“\412 024
-034

102.38

17 19) 20,
18] 20) 21
18 98.06(22
15 17,
20,

23
22

10420

Errors in

s od

the of the 472 polyhedron (g )| I
by larger cations such as Ca, Na. Fe**) showed a
higher rate of increase than the /1 pul)hcdron {oc-
cupicd h) atoms such as Mg. Al Fer*, Fe*). This
diffe | thermal exy b the hedi

and polyhedra determines to @ large degree how the

speet to the A octahedral strip to which it is con-
nected through common O1 oxygea atoms. Thomp-
led these O or S rotations becavse in real

e structures he orientations of the silicate

ns are intermediate between the 0 and S ex-
ln.mz:s In this paper, we use O or S orientation when
of ideal structures and O or S rotation to

structures behave with incre: Strue-

: the directi of jon in real str In

tural adap ns (Cameron e al 1973) Y to
the fit t the ahedral chains and

an O orientation or rolation, the busal triangles of the
hedra in the chain point in a direction opposité to

the dral strips include: (1) ing of the
silicate chains (increase of 03-03-03 angle), (2) dis-
tortion of the silicate tetrahedra. and (3) ince in

t-ol-plane tilting of as a result of move-
ment of the 02 atoms farther from the b¢ plane which
contains the O3 atoms.

Toapology of the Phea, P2\/c and C2/c structures

Thompson (1970) di § pyroxene archi
based on ideal close-pucking of oxygen atoms, ie.,
regular tetrahedra and octahedra with equal-length
edges, In these “ideal™ models, the basal wiangle of
an individual hedron or hedron is J
to be -parallel to the bc plane of the wunit cell.
Thompson (1970) pointed out that there are two
possible orientations of a tetrahedral chain with re-

the triangles on the top of the M1 octahedra to

which they are linked (Fig. 2a). In .m S om.nl.mon.
the 1 triangles are dirccted in the same way
as the triangular faces of the oclahedra (Fig. 2b),
Thuc two om.m.luons correspond o cubic close

O ori Yorh | close packing
(S orientations) of the oxygen atoms.

Although the ept of O and S ori ions is
convenient for describing the two possibilities shown
in Figure 2, additional relationships occur when
larger of the are ined. Not
only is it g to attach | chains 10 the
tops and bottoms of octahedral strips in two different
watys, but it is also possible to attach them laterally in
different ways. Following the Thompson theme, we
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Tame 8. Amplitudes and Orientations of Major Axes of Thermal Ellipsoids

Atom

Ellipsoid
axis (r‘

28°C 400°C €90°C

800°C

900°C

980°C

Fe 1

3 ovelovedaved

m
a
b
<

.
a
b
e

a
a
b
c

3 navsTacsFaenl

avsd aesd nenl

.064(2)™" .104(2) .116(2)
33 (7 58 58 (3

29 g:
B (3

.139(2)
2 7 (3)
86 (1)
122 (4)

L146(2)
8 (l()l)

8!
.067(2,
a3

{3)
3)

.090{2)
51 43
(59
(@)

.117;:;
93 (6

22

{10)

0!

7 ’“i?&
(8)
(10)

. 130{2)
2

-109(4)
{6}

10 (5;
60 (6.

$7)

~181(7;
95 6,
10 (3
82 9

.136(2)
57 2

.II7EJ;
n g
8o

.13453)
a8 9)

@
168 (7

.160(3)
al 4

0
18 (5
B (7}

115(4)
3 g)
104
6 55;
141 3;
57 (6
7% (15
144 n

.152(3)
8 {10
a (1
0 Q18

.128{9
o
87 {12)

.161(9)
95 (12)

a3 ;ll;
w2
199(8
0 {6
4 (8

g (12)

.145(2;
0 (3)
94

124
96
& ]
18

e !258;
S W
. l‘ssd}
&0 7
g

.1258?

(0}

i
!
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TaLe: 8, Continued

Atom

Ellipsoid

axfs {r;) 2

600°C 800°C

900°C

980°C

02A

&

.067{11}
15

@

3 avzdaved aved
E &

3 ave
3

127 (39)

.lzam

1 o
anvsd aved nesd nved necwd avsd aved nesn
a E E H H E E E

@

T2

nesdavsd nend

'3

147(9)
a7 (8)

8

J105(11
s Q3
0 (4)
2 (9
uo}
u)
DI (5)

(lz)
.zsa(s;

3
&

I
m

.140(7)
f")

.199(5}
78" (8

.145(10)
[3 6

116§10)

175(3)
72

(17)
(18)

(9.
(18}

251}
58 (6)

0N
.085(10)
97

i

.128(10
a6 19
55 5) 61
36 7) ki)

Tsafo)
15

s (12
w16
u'”“ff?
L
7 (3

17
82

a3

(4)
(9}
J163(9)

i
16)

.150{10)
56 (7

7!

.HS’

8
h

17908}

(M

78 gw

160 13
204(9

ras:

root mean square asplitude (3).

o
Errors in parentheses are one standard deviation.
*a, b, o ropresent anglos (°) of r, with coll edges a, b, c, respactively.




FiG. 1. Projection along a of part of the orthaferrosilite struc-
e,

define ¥ (negative) und P (positive) orientations as
shown in Figure 3. In the ¥ configuration (Fig. 3a),
the basal triangles of the lateral tetrahedral chains
point opposite to the triangles of the ocluhedra to
which they are joined through common 02 oxygen
atoms. In Figure 3¢ the orientations are both P, and
in Figure 3b one of each type is shown.® One aspect of
N and P oricntations is that the combinations ':»
£ und £ result in diflferent geometries and size
Timitations for the 12 site. Although in idenl struc-
tures the M2 site is octahedrul, the f configuration
is the most stuble becuuse tetrahedra and octahedra
do not share edges, and they adjust their shape and
position rclul_ivuly indcpcndcnlly from each other. In
the & and § configurations, one and two edges
are shared, tespectively. Each ¥ occurring in this
notation thus indicates an cdge shared between an
octuahedron and a tetrahedron. Because of constraints
due to edge-sharing, 12 sites in real structures with
% relaionships are able to accept larger cations
and, consequently, have larger volumes.

In order to preserve close-packing relationships in
the ideal structures, only combinations of @ with P
and § N uare possible. For example, a chain with
O orientation could not be attuched to the upper side

11, ). Papike, C. T. Prewiul, S. Sueno, and M. Camcron (1973)

reviewed and di d the logical diffcrences of p of
several differeat Space group symmetries using “ideal” models. In
that paper symbols such as £.2 were introduced 1o describe
the variation of the oxygen configuration around the A2 site
in the vorious pyroxenc structures,

of the octahedra in Figure 3a without violating the
close packing arrangement [Thompson's (1970) par-
ity violation). However, in real silicate structures dis-
tortions permit parity violations to oceur. and the
Pbea orthopyroxene structure has a combination of
O und A fotations (Fig. 4c).

*1-beam™ diagrams for C2/¢, P2,/¢, and Phea sili-
cate pyroxenes with S, O, P, and ¥ symbolism for
describing the rotational modes of tetrahedral chains
and the coordination of 312 s are shown in Figure
4. Each *)-beam”™ represents a tetrahedral-octahe-
dral-tetrahedral unit in a real pyroxene structure. The
(-+) or (~) refers to the “skew™ or “tjlt” direction of
the M) octahedra. The C2/¢ model has the
octuahedral sequence +, +, +. ... and the tetrahedral
chains all have O and P rotations, C2/¢ symmetry is
also compatible with § and N rotations, but this
results in the M2 octahedron sharing two edges. The
octahedral stacking sequence in the P2,/¢ model is
+Fo o+, bul there are two crystallographically dis-
tinct tetrahedral chains: these chains occur in com-
binations of S-¥ and O-P rotation. The octahedral
stacking sequence of the Phea model is
+o+ ==+t and WO symmetrically distinct
chains, the 4 and B chains, are O rotated with both
P and N combinations.

Thermal structural expansion in orthoferrosilite
Mean $i-O bond lengths (Table 4, Fig. 5) und
volumes (Table 9} ol'bn}h the Sid and SiB tetrahedra
decrease slightly with increasing temperature, The
changes are regulur, and over the temperature inter-

FiG. 2, Portion of the pyroxene structure showing 0 and S
i ions of the hedeal chains (after Th 1970).
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N ROTATION
OR (ud}

FiG, 3. 4. % tetrabedral chain conliguration around the A2 site. Note that the tetrahedra and 32 octahedron shas
x

P ROTATION
OR(DD)

v, L VY
o [ ]
cdges.

b. £ tetrahedr) chain conligeration around the Af2 site. Note that the tetrshedra and 32 ocuhedron share one cdge,
v

.4 tetrahiedral chain conliguration around the A2 site, Note that the tetrahedra and A2 octahedron do nat share edges.
B

val studied the decreases are approximately equal
four times the standard deviation of the mean Si-O
bond length at reom temperature. The decrease ob-
served is larger for the larger SiB8 tetrahedra
(0.012A g5 0.007A), thus reducing the size dilference
between the (wo tetrahedrit. This is consisient with
other pyroxenes where the larger silicate tetrahedra
oceur in the more kinked chains. The 03-03 dis-

unees ¢ dilferently in the two chains: o dect

of 0.03A is observed in the larger SiB tewrahedron and
an increase of 0.029A occurs in the Sid tetrahedron,
These comrasting changes. coupled with dilTerent
rates of straightening of the A4 and B chuins. are
important in maintaining the fit between the silicate
chains and octahedral strips with increasing temper-
ature,

Pbco

F1G. 4. *1-heam™ diagrams of three pyroxene structural 1ypes with and P symbolism. See text of paper for explanation,
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1. 5. Variation of mean cation-oxygen distances in orthofer-
rosilite with increasing temperatore.

The Fel and Fe2 polyhedra both expand
significantly with increasing temperature (Tables 6,9,
and Fig. 5). At room temperatuere Fel is coordinated
by four oxygens within 2.125A and by two at approx-
imately 2,195A. With increasing temperature his
coordination is maintained, but the two longest
bonds, Fel-O1. and Fel-O18. exhibit slightly higher
rates of increase (Fig. 6). Changes in individual bond
lengths result in Fel-OlA' and Fel-O18’ becoming
almost equivalent al temperatures close to 980°C.

Tanie 9. Cation Polyhedral Volume Expansion in
Orthoferrosilite

Ra°c 490°C  690°C  890°C  900°C 980°C  WEC

1138

1R.N74
2177
2,198

13.432
18.175
2.162
2.187

3.0
17.937
2174
2,199

5.0133

8.4033
~2.671
-2.073

12.808
16.85)
2.182
2,233

13.030
17.220
2,180
2.221

13139
17.569
2.165
2.216

See tawt of paper for oxplanation.

230———r———

Fel-0 DISTANCE (A)

00
TEMPERATURE °C
ttion of individun) Fet-0 distanees in orthoferrosi-
fite with incseasing temperature,

The same is true for the Fel-024 and Fel-028
bonds.
2 cation is coordinated
by siv oxygens in a very distorted octuhedral arrange-
ment: 014, O18. 024, 028 are within 2.16A, O34 is
at 2.46A. and O38 at 2.60A. The next nearest oxygen,
038" is at 3.10A. With increasing lemperature. the
four short bonds remain rebuively constant. How-
ever, as @ result of the behavior of the three O3
atoms, the coordination number of the Fe2 cation
(arbitrurily chosen as the number of oxygen atoms
less than 3.00A distant) changes from six at 24°C to
seven between 600° and 800°C, and back to six at
higher temperatures, The change in coordination is
related to the thermal expansion of the Fe2
polyhedron and the concomitant straightening of the
tetrahedral chains with incr g temperature (Fig,
7). As the B tetrahedral chain straightens, O38°
moves closer to, and Q38 farther from, Fe2. At ap-
proximately 675°C the two 038 oxygens are atl an
equal distance from Fe2, and angle 038-038-038
approximates 151°. Continued unkinking of the B
chain moves O3B out of the coordination sphere of
The A chain, because of its confipuration and
disposition with respect to the Fe2 site at 24°C, be-
haves in a slightly different maancr with increasing
temperature. The sume Q34 atom remains bonded to
Fe2 even a1 980°C where the A chain becomes almost
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fully extended: the second O34 atom does not enter
the coordination sphere over the temperature range
studied. In ortholerrosilite, the mean thermal expan-
sion coeflicient of the mean Fel-0 distances (Table 6)
is smaller than that of the Fe2 polyhedron (both as
sis- and seven-coordinated). The values of the
coeflicients caleulated for mean Fel-O and Fe2-O
honds in orthoferrosilite are significantly larger than
that obtained for the six-coordinuted I'e** -0 bond in

the /¢ hedenbergite structure (1,05 ¢ 10 °C%:
Cameron ¢f al, 1973).

Tetrahedral chain kinking and tilting
The variation with increasing temperature of the
03-03-03 angles of sis end-member clinopyrosenes
and of the 4 and # chains in orthoferrosilite and
pigeonite are plotted in Figure 7. Both chains in
i straighten  with jncreasing

a cwain
oFs

w
o
@
z
H

cHAIN
1DECH

03-03-03

TETRAMEDRAL

TEMPERATURE *C

16, 7. Variation with increasing temperature of the
03-03-03 Jnglc: of six end-member clinopyroxenes and of the
A and 8 chains in orthoferrosilite and pigeonite.

(meq.r.llun.. and a1 980°C the o chain is almost
completely extended, Thi hout the

range studied, the 8 chain (7 rotated) remains more
Kinkeu than the A4 chain. The rute of \lr.ul.hlmlng. of
both chains is greater al h

tion, the tetrahedral ¢

much farger shsolute change than those of the C2/¢
pyroxencs,

The 03-03-03 angle in the 4 chain ( 7y is
plotied above 180° and that of the B chain below 180°,
1o maintuin the analogy with the 4 and 8 i
low clinapyroxene despite the fact that both ch:
O-rotated in the Phea pyrosenc structure (Thompson.

Papike er al, 1973). Figure 7 helps to show how
the .1 and B tetrahedral chains of the Poea or 12,/¢
pyroxenes approach symmetricaily equivalent chain
angles with increasing temperature and, therefore,
the manner in which the M2 coordination changes
from £ 10 4 above 980°C.

Thermal expansion of unit cell paramerers

The unit-cell parameters of the Phea ortho-
ferrositite of this study (Table V) jncrease repu-
larly with increasing lemperature. Assuming linear
expansion rates. the mean thermal expansion
coeflicients, uTEC, decrease in the order a, > a, > ay
(Table 10), This order differs from that determined
for the C2/c and P2,/c pyToxene structures: ay> tgwo
> «, for C2/c clinopyroxenes (Cameron er af, 1973)
and a, > ap > due for P21/ c clinopyroxenes (Smyth.
1974a: Ohashi, 1973).*

The ¢ axes of both the Pbea and the P2/c
pyroxenes expand at higher rates than do the ¢ axes
of the C2/¢ pyroxenes. This behavior is related
Targely 1o the different magnitudes of straightening or
extension of the tetrahedral chains in the three types
of structures. The 03-03-03 angles in the
tetrahedral chains of Phca orthopyroxenes and £2,/¢
clinopyrosenes approach 180° at a rate of 0.6° to

comparison between  the  orthorhombic and
tems, the MTEC along @* was used because this
b Tayers,

—_—
Lor dire
monoclinie
firection is perpendicul to the
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1 Mean Thermal Expansion Coetticients (X 10 ¢y of
Paroxene Cell Parameters

LEUT

Faca
Feeratypersthens

Cig,015Mg, 30572, 63510y M3g_gfeg, 55105
(20°-850°C) {25°-1060°C)

Crtnofereostite” Bronzite”
Fesivy
(232-380°C)
0.112
0.103
0.163
0.333

nedertergite’”
€afasi 00
{23-1000°C)

Anapsies””
Canyst i
{247-10C*C)

.y

)

Clinohypersthene
€20.015"%. 30570, 6950
{z0°700°c)

Figendy,
39,1575, 555103
(24°-500 £}
0.189

or texc of puper fut explamation.  Frisillo and baltan (19731,
Cameron e al. (1971).
orasht 19731,

rresent atads.
Stk (19720
aen 11974

1.0° (mean of o and 8 chains) per 100°C emperature
increase, but those of the C2/c pyroxenes change
only about 0.1° 10 0.2° per 100°C.

The of the a cell edge (= dy) in Pbca
orthopyroxenes is larger than those of dye, in P2,/¢
and C2/¢ clinopyroxencs. It is conceivable that this
difference is related 1o the different stacking se-
quences of pyroxens units in orthorhombic and mon-
oclinic pyroxenes (Papike er al, 1973).

The MTEC of the unit cell volume of ferrosilite was
compared to that of two other orthopyroxenes (Tuble
10). Frisillo and Buljun (1972) obtained X-ray data

Tantk 11, Rate of Increase of lsotropic
Temperature Factors {X 10°%)

LB/aT
1.83
2.64

1.21
1.29

Atom
el
Fr2
3iA
siB

Irom a powder of composition Mgy sFeq.:Si0;. Smyth
(1973) studied a single crystal having the composition
Cita.aisMgosol¢ues8i05. There is un  inverse
correlation between Fe/Mg ratio and MTEC of the
unit cell volume for the three orthopyroxenes. The
most Fe-rich orthopyroxene has the smallest MTEC
and the most Mgerich orthopyroxene has the largest
srie coeflicient. Similar observations have been re-
ported for other minerals (Cameron er af, 1973).

Equitalent {sotrapic lemperatire factors

The rate of increase of the equivalent isotropic
temperature factors (Table 11) of both cations and
anions is shown in Figure 8, The rates of increase lor
the four-coordinated Si atoms are significamtly lower
than those for the six-coordinated Fel and Fe2, The
temperature factor for Fe. initially larger than that
for Fel, also increases with increasing temperature at
a significantly higher rate. Cameron er af (1973)
showed that the ol increase of isotropic temper-
ature factors of cations is proportional to
coordination number and average A-O distances,
and inversely proportional to charge on the cation
and o electronegativity. Because both Af sites in

20}
8Lt

1.5;

. L s
200 400 600
TEMPERATURE (°C)
Fi. 8. Variation with inct
lent isotrapic temperature
I ilite, Values for oxygens of the A and B ¢f

0!
-273 o

ion:

¥
Assuming lincar expansion rates.

averaged, The data points have been . omiitted 10 avoid
overlap.
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orthoferrosilite contain #¢** and because both are

€2 poly-
ly more distorted than the FFel
polyhedron, and this distortion undoubtedly aflects
the rate ol increased thermal vibration,

The rates of increase of the isotropic temperature
factors of the oxygen atoms lie between those of el
and Fe2, The relative rates determined for
orthoferrosilite (03 > 02 > O1) difler lrom those of
the C2/¢ pyroxenes (02 > O3 > O1). The high rates
of increase for the 03 atoms in the orthoferrosilite
structure reflect their behaving as pivotal points dur-
ing struightening of the tetrahedral chains.
Furthermore, the rates of increase of the oxygens
comprising the B chain, with one exception, are
higher than those of the oxygens belonging 1o the A
chain, This observation is probably related to the fact
that the amount of straightening of the 8 chain is
sngmhc.mlly greater than that of the A4 chain. Rates of

of the i i factors of Si
atoms in the A and & chuins and Fe* cations occupy-
ing M1 and M2 are greater than those in the C2/c
clinopyroxene structure (Cameron er al, 1973).

hedron is cot

Thermal cllipsoids
All atoms in the orthoferrosilite structure are lo-

AL CHEMISTRY

00 500 &0 700 800 500 10
TOwpLASTYRE T

3 of the
nf the three principal axes of the thermal cllipsoids of the Fe2
cation (open tllﬂll!!i) and the Fel cation (crosses).

clinopyroxene (#-C transition: Smyth, 1969; Prewitt,
Brown, and Papike, 1971; Smyth and Burnham,
1972; Brown et af, 1972), However, Ohashi and Fin-
ger found no evidence for such a transformation and
concluded only that the space group of the “high*
orlhnp\mxc.nc would be Pbea as in the “low™ or-

cated on the general positions und thus their
thermal ellipsoids are not constrained either in oricn-
tation or shape. The ellipsoids of vibration of the Fel
and Fe2 atoms (Table 8; Fig. 9) are both triaxial, that

py with “‘regional™ symmetry imposing
non-space-group  extinction conditions for reflec-
tions. The two distinet silicate chains present in the
“low" orthopyroxene slruclun, would be equivalent

for Fe2 being larger, With i ing T
the rates of increase are similar for ail axes with axes
2 and 3 of cach ellipsoid increasing at slightly higher
rates (Fig. 9). The short axes of both ellipsoids arc
oriented approximalely parallel to the bonds in-
volving apical oxygens, 024 and 028 of Fe2 and
014" and O18° of Fel.

The cllipsoids for (he two Si atoms und llu, six
oxygen atoms are also triasial, and their orientation
varies with increasing temperature. In gencral, the
long axes of the ellipsoids of the bridging O3 oxygens
lic at large angles 10 the Si-O-Si plancs,

The possilsility of a displacice transition

in the orthopyrexene structure

- Ohashi and Finger (1973) discussed the possibility
that a high-low phase transition could occur in the
orthopyroxene structure. Because orthopyroxene is
in many ways similar to £2,/c clinopyroxene. one
could infer that transformation to a “*high™ structure
is possible at high as was observed in

by the sy Y of “regional™ 2-fold axes
which arise after the hy polhun.ll transition to the
high structure.
Although the present study indicates that a1 a tem-
perature near 1050°C the 03-03-03 angles of the A
ins (Fig. 7) and the volumes of the 4
and B lmmlud i (Tables 4 and 9) will be very similar,
variations of individual Fel-O bond lengths with in-
ing temperature show that even the regional
symmetry does not exist at high temperature. As
shown in Figure 6. two sets of bonds, Felto O18' and
014" und Fel to 024 and 018, became almost equiv-
alent at high temperature but anolhcr set, Fel-O14 .
and Fel-O18. di with i
The divergence of the latter bond Iunglhs violates the
regional 2-feld axes in the hypothetical *high™ or-
thopyroxene structure, and suggesls that
ortholerrosilite would not have this high-low transi-
tion even if the 03-03-03 angles became equivalent.
Smyth (1974b) suggests another possibility for a
phase transition in orthopyroxene, In a study of an
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orthopyroxene crystal ffom lunar rock 76535, he no-
ticed weak X-raj reflections which violated the &
glide in space group Phea. His conclusion was that
the true space group of this pyroxenc is £2,ca and
that this resulted from the ordering of cations into
twice as many crystallographically different octuhe-
dral sites as in the Pbea structure. The oceurrence of
this space group was predicted by Thompson (1970)
in his study of close-packed ideal models. Smyth
called these two possible structures low and high
orthopyroxene and proposed that there would be a
phase transformation between them. In order 10 test
whether the orthoferrosilite crystal used here might
also huve the P2,cq space group, we refined the struc-
ture again using the 24°C data and a structure con-
taining one st of atoms with the refined coordinates
from Table 3 and one set related to the first sel
through un inversion center at 1/2 172 1/2, In the
first few cycles of refinement the coordinates of set

bonds and tetrahedral volumes of both Sid and
Si8 tetrahedra decrease slightly. The observed de-
crease is larger for the larger SiZ tetrahedron,
The Fel und Fe2 polyhedra both expand signifi-
cantly with increasing temperature. The MTEC of
the mean Fel-O distance is smaller than that of the
mean Fe2-O distance, but both are significantly
larger than that for F2*-O bonds in the C2/¢
pyroxenes.

A new notation describing the direction of rota-
tion (¥ or £) of tetrahedral chains, and the orien-
tation between the tetrahedra and the 412 octahe-
dron is introduced,

A and B tetrahedral chains in ortholerrosilite
show a much larger magnitude of stretching than
those of the C2/¢ pyroxenes, The rate of increase
of the stretching is larger at higher temperature for
both chains.

With increasing temperature, the rates of increase

one were fixed and those of set two were allowed 1o
vary. In subsequent cycles al i were varied
except for those of Fel in set one. The resulting model
h 1 d in the weighted and ighted R's
to 0.037 and 0.055, respectively, Although
Hamilton's (1965) R-factor test indi that thisisa
significant di in R. the ure factors of

twelve of the twenty atoms in the model refined to

of cqui i pic temp factors for Si
aloms are significantly lower than those for six-
coordinated Fe** atoms in the M1 and M2 sites,
The temperature factor for Fe2* in the A2 site is
larger than that of Fe* in the M1 site, and it
increases at a significantly higher rate with
i 2 temperature,

Ohashi and Finger's (1973) hypothetical “*high or-
f " cannot form in orthoferrosilite

non-positive-definite values, and twenty cor
coeflicients had magnitudes greater than 0.90, Fur-
thermore, the refinement did not appear to be con-
verging properly and the interatomic distances be-
came unrealistic, with, eg., Si-O distances greater
than 1.80A or less than 1.57A.

From the experience related above, we conclude
that it is not possible for us to either prove or
disprove the existence of the space group Plca
within the scope of this investigation, even though
our extensive effort to refine the structure in this

Py
even if the 03-03-03 angles of both 4 and B
chains b quivalent at high tempera
Although refinement in space group P2ica was
unsuccessful, the possibility that this space group
exists for certain orthopyroxenes has not been
ruled out.
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space group using the normal criteria for acceptabl

results wus unsuccessful. Perhaps further, more
detailed work would provide 2 different answer.

Conclusions

1. The mean thermal expansion coefficients (MTEC)
of the cell | of ferrosilite d in the
order ae > g > a,. The order for C2/¢ pyroxencs
isay > cuino > o, und for P2,/c pyroxenes, a, > a,
> 0.

2. A linear correlation exists between the MTec of
unit cell volume and Fe/Mg ratio in three or-
thopyroxenes of different compositions.

3. With increasing temperature, the mean $i-O

for synthesizing the orth te crystuls used in this study.
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