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Abatract

Structure reflnement data of natural and heated orthopyroxenes with different Fe/
(Fe + Mg) ratios were used for a systematic analysis of structural variations as a function of
chemical composition and ordering degree. The mean T-O bond distances do not vary
significantly with increasing iron content and therefore any change of (TB-O) distances may
provide a measure of Si/Alrv substitution, which occurs only at the TB site. The mean Ml-O
distance increases linearly with iron content as a consequence of a homogeneous expansion of
Ml site. The mean M2-O distance also increases with iron content, but the linear plot is the
sum of very different trends of the individual bond lengths; among these, the M2-O3 dis-
tances exhibit a peculiar behavior consistent with a 4 + 2 coordination of the M2 polyhedron.
The R3+ cations, which enter the structure with the Si/Altr substitution, appear to order
totally in the Ml site.

Introduction Fe2* prefer Ml and M2 respectively; the Mg2+-Fe2+ par-
A crystal-chemical study of Mg2+-Fe2+ order-disorder titioning between Ml and M2 depends on the Mg/Fe ratio

in orthopyroxenes was undertaken by using X-ray diffrac- in the crystal and on temperature, which controls the ex-
tion techniques. The data obtained in natural and heated change reaction Mg2*(M1) + Fe2+(M2)e Fe2*1M1;
(disordered) samples allow a systematic analysis of struc- + Mg'z+(M2). The larger cations such as Ca2+ and,Mnz+
tural variation as a function of order-disorder and chemi- prefer M2; Cr3*, Alvr and Fe3* prefer Ml, but no con-
cal composition. vincing evidence has been reported to date for the R3*

All the crystal-chemical data published on pyroxenes cations distribution between Ml and M2.
until 1980 was exhaustively reviewed by Cameron and We have carried out crystal structure refinements at
Papike (1981). The structure of Pbca orthopyroxenes con- room temperature of natural and heated crystals taken
sists of alternating tetrahedral and octahedral layers. The from three rock samples labelled 274, L0 and 10/68 (Saxena
tetrahedral layers show two non-equivalent tetrahedra TA and Ghose, 1971).
and TB (TA smaller and more distorted than TB). These The samples were chosen to cover a wide range of Fe/
are linked in A and B chains respectively, parallel to c, to (Fe + Mg) ratios and to avoid as much as possible the
form A and B layers parallel to the (100) plane. O-rotation presence of minor elements. Among them, aluminum plays
occurs in both chains and a violation of the parity rule a peculiar role because even in small amounts it causes
occurs in the A layer (Thompson, 1971). The octahedral significant changes in some structure parameters of ortho-
layers consist ol zig-zag chains of regular Ml octahedra, pyroxenes. Therefore, the presence of a small amount of
parallel to c and joined by larger and distorted M2 poly- Alrv (see Table 1) in sample 10 required a comparison with
hedra. Si/AlIv substitution occurs only in TB. Mg2 + and some unpublished data on aluminous orthopyroxenes
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Table l. Electron microprobe analyses oforthopyroxenes

F " 2 * / F . 3 *  p a r t i t i o n e d  a c c o r d i n g  t o  p a p i k e  e t  a I . ,  1 9 7 4

(from ultramafic nodules of Victoria, Australia; A. Dal
Negro pers. comm., 1984; see Table 2). Structural parame-
ters of synthetic enstatite (Ganguly and Ghose, 1979) and
of synthetic ferrosilite (Sueno et al., L976) were also plotted
in the diagrams of this paper.

Experimental

Samples

The following samples were used: (l) Opx 274: Fel
(Fe + Mg):0.180 Iron Formation, Gagnon Region, Canada
(Butler, 1969); (2) Opx 10: Fe/(Fe + Mg) :0.462 Arendalite,
Norway (collected by Saxena); (3) Opx 10/68: Fel
(Fe + Mg) : 0.755 Charnokite, Varberg, Sweden (Saxena, 1968).

Procedures

The following procedure was applied to every crystal:
(1) X-ray data collection and structure refinement of the natural

crystal;
(2) a series of heating experiments conducted on the same crys-

tal at 700"C until it reached a close approach to the Mg2+-Fe2+
exchange equilibrium; X-ray data collection and structure refine-
ment after every heating;

(3) microprobe analysis of the same crystal, after the last X-ray

data collection. Temperature and duration of heatings are report-
ed in Tables 3.4 and 5.

X-ray single crystal dffiactometry

X-ray diffraction data were collected with a Philips PW 1100
four circle diffractometer, using graphite monochtomated MoKa
radiation. The equivalent pairs hkl and hkl were measured up to
d < 30" using the crr-scan mode.

The intensities were corrected for absorption following the
semi-empirical method of North et al. (1968) and the values of
equivalent pairs were averaged.

The resulting discrepancy factors: Rsym :

2^rr(I u, - I)/E'*,I where I : (Imt + I-nd/2

range between t.5 and 2.8%.
The unit-cell parameters were determined using a locally im-

proved version (Cannillo et al., 1983) of the Philips LAT routine.

Structure refinement

The refinements were carried out in space group Pbca without
chemical constraints using a locally rewritten version of the pro-
gram ORFLS (Busing et al., 1962). The program allows assign-
ment to every site involved in isomorphous replacements of two
scattering curves fl and f2 and refinement of the occupancy factors
x(f) with the constraint that x(fl) + x(o): 1. The adopted ioniza-
tion scheme (Rossi et al., 1983) was 2.0 positive charges for Si, 1.5
negative charges for oxygens and complete ionization for Mg and
Fe. The atomic scattering curves were taken from the International
Tables for X-Ray Crystallography (1974) and, for 02-, from To-
konami (1965).

The reflections with / > 3o(I) were considered as observed, and
were utilized for the refinements with equal weight. The extinction
correction of Coppens and Hamilton (1970) was applied. All the
atoms were treated anisotropically, starting with the atomic and
thermal parameters of Ganguly and Ghose (1979). All the parame-
ters were varied simultaneously during the refinements and no
correlation greater than 0.7 was observed. All the final difference
Fourier maps were featureless. Final atomic parameters and ob-
served and calculated structure factors are available in Tables 6a
to 6i.1

A preliminary systematic examination of the correlations be-
tween structural parameters was carried out using program
coRoRTo (E. Cannillo, pers. comm., 1983).

Heating experinents

The crystals were sealcd in small quartz tubes under a nitrogen
pressure of 1 atm, in the presence of iron fillings to catch residual
oxygen, and were then heated in a temperature-controlled furnace
(+3'C, Pt/Pt-Rh thermocouple). Quenching of the crystals was
done by dropping the tubes into cold water. The total quenching
time from 700'C to 25"C was estimated to be ca. one second.

Tzble 2. Al content in Al-rich samples of orthopyroxenes
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Table 3. Crystal and refinement data (space $ottpi Pbca)
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Microprobe analyses

An energy dispersive spectromcter EDs EG&c connected to a sEM
AUTloscAN electron microscope operating at 15 kv was ernployed
to anzlyze the single-crystals. A MAGrc program (Colby, 1967) in
the oRTEc MAGtc rv M. vcrsion was used to convert X-ray counts
into oxide weight percent. The analyses reported in Table 1 refer
to the same three crystals used for X-ray data collection and
heating experiments. They are averagcd over 4 to 6 spots for every
crystal; all the crystals were rather homogeneous.

Results and discussion

Chemical analyses are reported in Table 1; crystal-
chemical data in Tables 3.4 and 5.

Tetrahedra

The variations in the T-O bond lengths, the distortion of
the tetrahedra and the kinking of the chains (Table 4) are
correlated with the iron content deduced by site occupancy
refinement (Table 5).

The tetrahedral bond lengths are plotted against
XF.r-(M1) + XF.r*(M2), i.e., against total Fe2+ content, in
Figure 1. In Al-free orthopyroxenes both TA and TB tetra-
hedra show a slight shortening of the (T-O) bridging dis-
tances and a concomitant slight lengthening of the (T-O)
non-bridging distances with increasing total iron. The net
result is that the (TA-O) and (TB-O> distances are not
significantly modified by any variation of total iron. It is
also evident from the plots that Si/AlN substitution occurs
only in the TB site, where both (T-O) bridging and
(T-O> non-bridging distances increase significantly with
increasing Al content (see LE 4,LE 8, LE 11 and 10 sam-
ples). In the TA site, only the (T-O) non-bridging dis-
tances increase slightly: but this is due to the shortening of

the Ml-Ol and M1-O2 bond lengths, due to the presence
of R3+ cations in Ml (see below). As the (TB-O) distance
is not influenced by the octahedral population, it may be a
reliable parameter for measuring the amount of Si/Alry
substitution in orthopyroxenes. No appreciable changes of
T-O bond lengths are noted with increasing Mg-Fe2+ dis-
order in the crystals.

The tetrahedral quadratic elongation (TQE, Robinson et
al., l97l) shows a Significant decrease in TA with increasing
iron content (see Table 4). This is mainly due to an increase
in the angle O2A-Si-O3A as a consequence of the length-
ening of the edge O2A-O3A, shared between the TA and
M2 sites. Nevertheless the edge O2A-O3A always remains
remarkably short, ranging from 2.4894 in enstatite to
2.5144 in ferrosilite, The TB tetrahedron. which does not
share any edge with other polyhedra, shows very small
variations of TQE with increasing iron content; also the
presence of Altv does not affect this parameter significantly.

The kinking of the chains varies significantly with the
total iron content as shown in Figure 2. The O3-O3-O3
angles increase in both chains with total iron as the unit-
cell parameter c increases. The straightening of the chains
is caused by the expansion of the octahedral layer with
respect to the tetrahedral layer. It is worth noting that
similar behavior, but due to thermal expansion, was de-
scribed by Smyth (1973) in an iron-rich orthopyroxene. The
O3A-O3A-O3A angle is more affected by the total iron
content than O3B-O3B-O3B because of the smaller di-
mension of the TA tetrahedra. At a constant iron content
the presence of AlIv does not influence the O3A-O3A-O3A
angle but it causes a decrease of the O3B-O3B-O3B angle,
because of the increase in the size of TB.

The disorder induced by heating causes a small contrac-
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Table 4. Interatomic distances (e.s.d. < 0.002A), relevant angles (e.s.d. in parentheses) and other geometrical parameters* of tetrahedra
and octahedra
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t .ooa3 1 .oo78
2 5 .  0 9  2 3 . 9 8

2 . 1 2 9  2 , I ? O
2.092 2  r24
2 . 0 5 0  2 . 0 5 6
2.  OOO 2.  OO5
2 . 3 2 2  2 . 3 7 9
2 . 4 4 5  2 . 5 1 0
2.  180 2 .20 '7
2 .  06A 2 .  Oag

t2  .446 13 .  r95
1 . 0 5 5 7  1 . 0 6 4 1

2 . 9 7 4  2 . 9 9 6
2 . 4 3 0  2 . 4 5 6
3 . 1 4 1  3 . 1 2 6
2.49a 2 .507
2 . 5 8 8  2 . 5 9 8
2.63a 2 .629
2 . 7 5 4  2 . 7 4 9

+ T Q E  ( t e t r a h e d r a l  q u a d r a t i c  e t o n g a t i o n )  =  
, ! ,  

t , , Z , o ) ' / 4  w h e r e  1 0  i s  t h e  c e n t e r - t o - v e r t e x  d i s t a n c e  f o r  a  r e g u l a r  t e t r a h e d r o n

w h o s e  v o l u m e  i s  e q u a l  t o  t h a t  o f  r e a f  t e t r a h e d r o n  w i t h  b o n d  l e n g t h S  I  .  T A V  ( t e t r a h e d r a l  a n g l e  v a r i a n c " )  =  . 9 f ( o .  -  r o " . o ,  ) ' / u

w h e r e  A . ' s  a r e  t h e  t e t r a h e d r a l  a n g l e s  0 - T - O .  T I L ' "  i s  t h e  o u t - o f - p l a n e  t i l t i n g  o f  t h e  b a s a l  f a c e  o f  t h e  t e t r a h e d r a  a n d  t h e  p l a n e
' o

( 1 O O ) .  O Q E  ( o c t a h e d r a l  q u a d r a t r c  e l o n g a t i o n )  =  t ] l I l / I o ) - / 6  w h e r e  1 o  i s  t h e  c e n t e r - t o - v e r t e x  d i s t a n c e  f o r  a  r e g u l a r  o c t a h e d r o n

w h o s e  v o l u m e  i s  e q u a f  t o  t h a t  o f  a  r e a l  o c t a h e d r o : ,  w i t h  b o n d  ] e n g t h s  I  .  O A V  ( o c t a h e d r a l  a n g l e  v a r i a n c e )  =  
, l i  

, O ,  -  g O  ) 2 / t t

w h e r e  A .  ' s  a r e  t h e  a n g l e s  O - M - o  ( R o b i n s o n  e t  a l . ,  1 9 7 1 ) .
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Table 5. Site populations in Ml and M2 sites
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Sanpl e x  ( N l 1 )
Mg

X  2 + { M l )
F e

X- 2+ ( 1.12 ) xr,la( r'lz ) X _  2 + ( l { 1 )  +  X -  2 + ( M 2 )
t e  t e

274

274 46 7c00C

274 1-OOh 7000C

1 0

10 15m TOOoC

10 45m TOOoC

1Ol68

10168 lom 70ooc

10168 2Om TOOoC

0 . 9 8 2  (  9  )
0 . 9 4 8  ( 1 1 )

0 . 9 3 2  (  I  )

o .882 (  8  )
o , 7 s 7  ( 7 )

o . 7 3 7  ( 8 )

o . 4 3 8  (  9  )
o . 3 7 3  ( 1 1 )

o . 3 7 7  (  8  )

o . o r . 8  ( s )

0 . 0 5 2  ( 1 1 )

0 . 0 6 8  (  e  )

0 . 1 1 8  (  I  )
o . 2 4 3  ( 7  )
o . 2 6 3  (  8  )

o . 5 6 2  ( 9 )

o . 6 2 7  ( r 7 )

0 . 6 2 3  (  I  )

0  4 2 0  ( 1 0 )
o . 3 8 0  ( 1 2 )

o . 3 7 1  ( 1 0 )

0 . 8 6 8  ( 1 0 )

o . 7 4 7  \ A )
o . 7 2 3  ( 9 \

0 . 9 7 5  ( 1 0 )

o . 9 0 8  { 1 2 )
0 . 9 0 9  (  9  )

0 . 5 8 0  ( 1 0 )

o . 6 2 0  ( 1 2 )

0 . 6 2 9  ( 1 0 )

o . 1 3 2  ( 1 0 )

0 . 2 5 3  (  8  )
o . 2 7 7  ( 9 )

o . o 2 5  ( 1 O )

o . 0 9 2  ( 1 2 )

0 . 0 9 1  (  9  )

0 . 4 3 8
o  . 4 3 2
o .  4 3 9

o.  986
o.  990
0 . 9 8 6

r . 5 3 7
1 . 5 3 5
1 .  5 3 2

T h e  n u m b e r s  i n  p a r e n t h e s e s  (  =  e . s , d .  x  3 )  g i v e  a  r e a l i s t l c  e v a l u a t i o n  o f  t h e  a c c u r a c y  o f  t h e  m e t h o d .

tion of O3-O3-O3 angles (see Table 4); however this vari-
ation is not accompanied by a shortening of the c unit-cell
parameter and it is correlated with a small lengthening of
the O3-O3 edges.

MI polyhedron

The Ml site is a nearly regular octahedron and its dis-
torsion, defined by the parameter OQE (Robinson et al.,
1971), does not vary significantly from the mean value of
1.@8 with increasing XF",*(M1) (Table 4).

All the individual Ml-O bond lengths increase with iron
content. Thus in the R3+ poor samples the (Ml-O) bond
length (Fig. 3) shows a fairly linear correlation with
XF",*(M1) in agreement with the results of Morimoto and
Koto (1969). It can be noted that sample 10, characterized
by a Fel(Fe + Mg) of 0.46, lies close to sample 274 with a
Fe/(Fe + Mg) of 0.18 due to the ordering of Fe2+ in the
M2 site (see the pattern of the Mg2+-Fe2* distribution
between Ml and M2 in orthopyroxenes, Saxena and
Ghose, 1971).

In heating experiments the displacement of Fe2+ from
M2 to Ml is accompanied by an increase in the (Ml-O)
bond length. This increase shows the same slope as for the
natural series: this suggests that temperature and Fe/Mg
composition have similar effects on the size of the Ml poly-
hedron, which depends only on its own site population.

In the Allv-rich samples the presence of R3+ cations,
which balances the Si/Alrv substitution, clearly affects the
(Ml-O) distance, which shows a shortening proportional
to the R3+ content.

M2 polyhedron

The M2 site is a distorted polyhedron and the plots of
the individual M2-O bond lengths vs. XF",*(M2) show dif-

1 To obtain a copy of Tables 6a to 6i, order Document AM-85-
277 ftom the Business Ollice, Mineralogical Society of Americ4
2000 Florida Avenue, N.W., Washington, D.C.20009. Please remit
$5.ffi in advance for the microfiche.

ferent shapes. The M2-O2A and M2-O2B distances are
the shortest and least affected whereas M2-O3A and
M2-O3B are the longest and the most variable.

M2-OI bond lengths. The M2-O1B bond distance in
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Fig. 1. Variation of mean tetrahedral bond lengths with total
Fe2+ content. Solid symbols: squares, present paper unheatcd
samples 274, 10, 10/68; (see Tables 4 and 5) diamonds, synthetic
enstatite (Ganguly and Ghose, 1979) and ferrosilite (Sueno et al.,
1976). Open symbols reprcs€nt aluminous orthopyroxenes of ul-
tramafic nodules from Victoria, Australia (A. Dal Negro, pers.
comm., 1984); circle LE 8, square LE 11, triangle LE 4, with Alrv
content of 0.030, 0.052 and 0.1 l0 respectively (Table 2).
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0 0  r 0  -  2 . 0 -
X re;;*X5t;.,

Fig. 2. Variation of O3-O3-O3 angles in A and B chains with
total Fe2+ content. Same symbols as for Fig. I.

Al-rich and Al-free orthopyroxenes increases regularly with
iron content (Fig.  ) whereas the data in the corresponding
M2-O1A plot are more scattered. Also in these diagrams
the position of sample 10, now lying close to 10/68, reflects
the distribution of Fe2* between M2 and Ml. Samples
with the highest AlIv, and consequently the highest R3+
content, show longer M2-OIA bond distance compared
with that of samples without Alrv. The different behavior

0 0  0 5  r 0

X rel'
Fig. 3. Variation of mean Ml-O bond lengh with Fe2* con-

tent of Ml site. Same symbols as for Fig. l; solid circles connected
to the solid square represent the same crystal after heating experi-
ments (see Tables 4 and 5).
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Fig. 4. Variation of M2-OIA and M2-OIB bond lengths with

Fe2* content of M2 site. Same symbols as for Fig.3. The insets
sketch the environment of the oxygens OIA and OlB.

between the M2-O1A and M2-O1B distances in Alry-rich
samples can be explained by the different environment of
the oxygens OIA and O1B (see insets to Fig. 4). The con-
traction of the Ml-OlB distance, due to R3+ cations in
M1, is compensated by the lengthening of the TF-OIB
bond (due to the entry of Alrv in TB) whereas the shorten-
ing of the Ml-OlA distance is essentially balanced by a
lengthening of the M2-OIA bond, TA-O distances being
constant.

The negative slope of the curves of Figure 4, in the range
of the more Fe-rich samples, is strictly related to the steep
slope in the same region of the plots of M2-O3A and
M2-O3B vs. X.",*(M2) (see below).

M2-O2 bond lengths. The two shortest distances of the
M2 site, M2-O24, andM242B, involve the underbonded
oxygens 02 and therefore they show little variation with
XF.',(M?). Nevertheless the distribution of the points in
the plots of Figure 5 shows some analogies with that of
Figure 4. The explanation is similar: the lengthening of the
M2-O2A distances in the Allv-rich samples is caused by
the presence of R3+ cations in Ml, whereas the shape of
both curves is related to that of the variation in M2-O3A
and M2-O3B vs. X"",*(M2).

M243 bond lengths. M2-O3A and M2-O3B are the
longest distances of the M2 polyhedron, with M2-O3A
ranging kom 2.294 in enstatite to 2.46L in ferrosilite and
M2-O3B from 2.45A to 2.60A, respectively. These values
secm to be very high for an octahedral Fe2* and Mg2*
coordination. Furthermore the curves of the plots
M2-O3A vs. X..:*(M2) and M2-O3B vs. Xp"z*(M2) in
Figure 6 show a peculiar shape: the distances increase with
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Fig. 5. Variation of M2-O2A and M2-O2B bond lengths with

Fe2 + content of M2 site. Same symbols as for Fig. 3.

increasing XF,,,(iNd2) but the slope of the curves becomes
surprisingly steep near the ferrosilite pole. The reason is
that the lengthening of the distances M2-O3 is mainly due
to an increase of Fe2*(M2) in the Fe-poor orthoyroxenes
and to an increase of Fe2+(Ml) in the more Fe-rich sam-
ples, while the M2 site is already iron-saturated. In other
words M2-O3A and M2-O3B are initially controlled by
XF.r*(M2) and then by Xp"r*(Ml), or by the site popu-
lation and consequently by the dimensions of the entire
octahedral layer. This is confirmed by the high linear corre-
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0 0  1 0  ^ _  2 . 0 .

X Feriil;"X,
Fig. 7. Variation of M2-O3A an M2-O3B bond lengths with

total Fe2+ content. Same symbols as for Fig. L The correlation
coeffrcients are respectively 0.999 and 0.998 (the second one is
obviously calculated among Al-free samples).

lations (Fig. 7) between M2-O3A and M2-O3B and
XF.,,(M2) + XF",*(Ml) (correlation coellicients R:0.999
and R : 0.998 respectively).

The expansion of the octahedral layer causes, as pre-
viously reported, a lengthening ofthe tetrahedral chains by
increasing the O}O3-O3 angles (Fig. 2) and the unit-cell
parameter c. Consequently the M2-O3A and M2-O3B
bond lengths are strictly related to the position reached by
the oxygens O3A and O3B because of the straightening of
the chains. This position appears to be only slightly con-
trolled by the cations occupying the M2 site. Accordingly,
the steep increase of Fe2* in M1 in the more Fe-rich sam-
ples, which moves the 03 oxygens away from M2, causes a
slight charge imbalance at this site, which is compensated
by a shortening of the M2-Ol and INtr242 distances (Figs.
4 and 5). On the basis of these arguments M2 in Pbca
orthopyroxenes has to be considered a site with a 4 + 2
coordination, in agreement with the results obtained by
Smyth (1973) from high temperature structure refinements.

The low bond strength between M2 and 03 makes it
more dfficult to explain the short edge O2A-O3A on the
basis of Pauling's (1960) rules concerning the cation-*ation
repulsion in edge-sharing polyhedra.

As far as the Allv-rich members are concerned, it appears
from plots of Figure 6 that the M2-O3B bond distance
(and not M2-O3A) decreases with increasing Alry content.
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<M2-O> bond length. The plot of the mean M2-O dis-
tance vs. X8"",(M2) shows a fairly linear positive trend
(Fig. 8). The linearity of this plot is not caused, as for Ml,
by a linear variation ofeach individual bond length but by
the sum of their previously mentioned complementary
trends due to local charge balance requirements. Conse-
quently, the OQE parameter increases with iron content.

The displacement of Fe2* from M2 to Ml caused by
heating induces a shortening of the (M2-O) bond length
following the trend ofthe natural series.

Rt+cation disnibution. One of the more interesting
questions about the M2 site is: does it host trivalent cat-
ions? The answer to this question is very important for its
implications in the thermodynamic modelling of the ortho-
pyroxene solution. Ganguly and Ghose (1979) suggested
the possiblity of a "Opy" component in orthopyroxene
with the composition Mg.AlrSirO' that mixes with
MgnSioOl2. In such a component during disordering some
Alvr is required to occupy the M2 site.

From our plots it appears that in natural ortho-
pyroxenes with some Fe2* in the M2 site, Alvr does not
enter that site. This conclusion is based on the following
observations:

(1) Unlike Ml-O bond distances, the four short M2-O
bond lengths do not decrease with increasing R3+ content
in the unit formula: on the contrary two of them (M2-O1A
and M2-O2A) increase as explained above.

(2) Among the longest bond distances, M2-O3A does
not vary with R3+ content: therefore the shortening of
M2-O3B can not be ascribed to the entry of R3* cations
into M2 but must be caused by charge balance require-
ments of O3B, which is linked to two TB sites where some
Si/Allv substitution takes place.

A general statement regarding the systematic absence of

0 0  0 5  ^  l 0

X rei,
Fig. 8. Variation of mean M2-O bond length with

tent of M2 site. Same symbols as for Fig. 3.

I ror sa

I

I zto

1,0 2.0

X Feil.XFe'?;'
Fig. 9. Variation of unit cell volume with total Fe2+ content.

Same symbols as for Fig. 3.

R3* in the M2 site of natural orthopyroxenes requires fur-
ther confirmation of X-ray crystal-chemical study on a
series of aluminous samples. Such a study is in progress.

It can be noted that "Opy" may not be a real component
according to the present data but its use as a component of
orthoyroxene solid solution as proposed by Ganguly and
Ghose (1979) is still possible if it is defined as a fictive
component (Saxena, 1982).

Unit-cell pqrameters

The a, b and c unit-cell parameters increase with Fe
content according to the data of Brown (1967). The plot of
Figure 9 displays the increase of the unit-cell volume with
Fe2*-total in the 274,10 and 10/68 samples, natural and
heated. The heating, which displaces the larger Fe2* ions
from M2 to Ml, induces a small but significant increase in
unit-cell volume. This emphasizes the major effect of the
polyhedron Ml in determining the dimensions of the entire
octahedral layer and allows one to estimate the contri-
bution of disordering to the thermal expansion in ortho-
pyroxenes.

Conclusions

The main original results of this study on the structural
changes in Pbca orthopyroxenes as a function of chemical
composition and Mg2+-Fe2+ distribution are the follow-
ing:

(1) The mean T-O distance in TA and TB tetrahedra are
not significantly affected by the chemical composition of
the neighboring octahedral sites; therefore any change of
(TB-O) distance may provide a measure of Si/Alrv substi-
tution at the TB site.

(2) Our data indicate that R3+ cations, entering the
structure with the Si/Allv substitution, are totally ordered
at the Ml site.

(3) The mean bond distance M2-O increases with iron
content of the M2 site; this linear relationship is due to a
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sum of complementary trends of the individual bond dis-
tances. The longest distances, M2-O3, which are controlled
in part by M2 and in part by Ml site population, increase
with the expansion ofthe entire octahedral layer. The slight
charge deficit at the M2 site due to the large increase of
M2-O3A and M2-O3B in the more Fe-rich samples is
balanced by a contraction of the other M2-O distances. In
this way the M2 site exhibits a 4 * 2 coordination.

(a) The unit-cell volume increases slightly with
Mg2+-p.z+ disorder induced by heating.
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