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Abstract 

A suite of orthopyroxenes from spinel lherzolite xenoliths associated with basauites occurring in the 
Victorian (Australia) post-Pliocene 'Newer Volcauics' province was investigated by means of a crystal 
chemical methodology which provides accurate site occupancy and site configuration parameters. 

The.4+M1 configuration is essentially constrained by A1 w rather than Fe 2 +. In additmn,' " Fe 3 +, Cr 3 + 
and TI are confined to M1 (Molin, 1989) and A1 Iv to TB. M2 is controlled by Fe~2 ~ Mgxt2, 
constrained by (Fe 2+ + Ca)M2 > 0.14 atoms per formula unit (p.f.u.). Cation substitution in TB and 
M2 constrains the sum of the volumes of the respective polyhedra VTB+ VM2 to remain essentially 
constant. Therefore, M2 favours the retention of the large Fe 2+ up to melting-point, causing non- 
ideality of this iron-depleted orthopyroxene. As a consequence, the investigated orthopyroxene can be 
considered an ultimate Fe 2+ carrier during partial mantle melting. 

KEYWORDS: orthopyroxene, crystal chemistry, spinel lherzolite. 

ln~oducfion 

A CRYSTAL chemical study based on single crystal 
X-ray diffraction techniques combined with 
microanalysis of the same crystal was carried out 
on a suite of  orthopyroxenes from high-pressure 
lherzolite xenoliths associated with basanite at Mt 
Leura and Mt  Porndon,  in the Victorian 
(Australia) 'Newer Volcanics' (Irving, 1974; Frey 
and Green, 1974; Ellis, 1976; O'Reilly et al., 1989). 
A similar study on the coexisting clinopyroxene 
had demonstrated that intracrystalline relation- 
ships are dominated by cations smaller than Mg 2 + 
in ionic radius, particularly A13+, which is 
strongly depleted with increasing the Mg/ 
(Mg+Fe  2+) ratio (mg) (Dal Negro et al., 19+84). 
The FeM2 is more stably retained than FeM1 in 
clinopyroxene from more refractory harzburgitic 
assemblages. This implies that Fe 2+ partitioning 
to mantle-derived melts is a function of the degree 
of melting. 

The M g - F e  2+ ordering in M1-M2 respectively 
is pressure-dependent as well as mg-dependent 

(Cundari et aL, 1986). Consequently, knowledge 
of intracrystalline relationships is essential in 
constraining hypotheses of melting processes as 
well as applications of order-disorder relationships 
to geothermometers. 

The extent of M g - F e  2+ ordering in M1-M2 
respectively, as a function of temperature and bulk 
composition, was undertaken (Molin, 1989) on two 
orthopyroxene crystals of  xenoliths from Mt. 
Leura, samples LE4 and LE10, characterized by 
similar Mg/Fe 2+ ratios and different contents in 
trivalent ions R 3+, (R 3+ = AI vI + Cr 3+ + Ti 4+ 
+ Fe3+). Disordering was more easily achieved 
when the R 3 + content was low; up to the highest 

o 3+ temperatures (1050-1150 C) R restricted to M1. 
The aim of this study was to investigate the 

intracrystaUine behaviour of the orthopyroxene in 
the xenoliths, compared to that of the coexisting 
clinopyroxene. Petrographic descriptions of the 
specimen material is given in Dal Negro et al. 
(1984) and represents the modal variation reported 
for Mt. Leura (LE) and Mt. Porndon (PD) 
lherzolitic xenoliths. 
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It will be demonstrated that, as in the 
coexisting clinopyroxene, the most significant 
variations relate to the configuration of M1, but 
most of the Fe 2+ is locked in M2 at the highest 
subsolidus temperatures. 

Experimental 

All the analysed orthopyroxenes were selected 
under a petrographic microscope from rock 
sections about 100 ttm thick. Only optically 
homogeneous crystal fragments, usually from the 
crystal core, were hand-picked. The degree of 
intra- and intercrystalline homogeneity in crystals 
from the same nodule was investigated by several 
point analyses and by the structural refinement of 
two crystals  f rom LE12, one completely 
surrounded by olivine (LE12i) and one in 
contact with clinopyroxene (LE12c). 

Structural X-ray refinements and electron 
microprobe analyses were carried out on the 
same crystal fragment. Experimental conditions 
were described in detail by Molin, (1989). 

The cation distribution among sites (Table 1) 
was obtained by the minimization of the squares 
of the following constraints: (1) balance between 
atomic fractions and site electron densities for 
both M2 and M1 sites; (2) complete site occupancy 
of T, M2 and M1 sites; (3) bulk valence balance; 
and (4) char+ge balance between A1TM and 
octahedral R 3 trivalent ions. The ions Ca 2+ 
and Mn 2+ were assigned to M2 and AI vI, Fe 3+, 
Ti 4+ and Cr 3+ to M1. Calculat ions were 
performed by means of MINUIT (James and 
Ross, 1975). The Fe E+ and Mg atomic fractions 
were independent variables with completely 
random initial values in the range 0 -1  for M1 
and M2 sites. 

TABLE 1 Chemical composition and site occupancy of orthopyroxenes based on M1 M2 T2 06. 

LE4 LE8 LE9 LE10 LEll LE12i LE12c LE20 PD2 PD5 PD6 

SiO2 54.7 57.4 57.1 56.8 56.7 57.2 57.1 55.2 56.4 56.6 55.2 
TiO2 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.15 0.05 0.00 
A1203 4.0 0.9 0.4 1.2 2.2 0.9 0.8 3.8 3.2 1.6 4.1 
FeO 6.8 5.2 5.8 5.4 5.5 5.4 5.6 6.7 5.5 5.1 6.8 
MnO 0.24 0.00 0.00 0.14 0.19 0.16 0.21 0.12 0.20 0.15 0.10 
MgO 33.1 35.3 35.1 35.4 34.3 35.2 34.9 33.0 33.8 35.1 33.0 
CaO 0.80 0.68 0.31 0.45 0.80 0.64 0.64 0.74 0.80 0.75 0.79 
Cr203 0.26 0.41 0.46 0.48 0.51 0.62 0.72 0.34 0.47 0.66 0.32 

Total 100.03 9 9 . 8 9  9 9 . 1 7  99 .87  100.20 100.12 9 9 . 9 7  99 .90  100.52 99 .35  100.31 

T site 

Si 1.891 1 . 9 6 8  1 . 9 8 5  1 . 9 5 5  1 . 9 4 2  1 . 9 6 2  1 .970  1 . 9 0 6  1 . 9 2 7  1 . 9 4 3  1.901 
AI Iv 0.109 0.032 0 . 0 1 5  0 . 0 4 5  0 . 0 5 8  0 . 0 3 8  0 . 0 3 0  0.094 0 . 0 7 3  0.057 0.099 

2.000 2 . 0 0 0  2.000 2.000 2 . 0 0 0  2 . 0 0 0  2 . 0 0 0  2 . 0 0 0  2.000 2.000 2.000 

M1 site 

Mg 0.892 0 . 9 5 7  0 . 9 6 5  0.956 0 . 9 2 9  0 . 9 5 3  0 . 9 4 9  0 .891  0 . 9 0 1  0.944 0.886 
Fe z+ 0.000 0 .011  0 . 0 2 1  0 . 0 0 0  0 . 0 1 3  0 . 0 0 9  0 . 0 2 0  0 . 0 1 5  0.027 0.000 0.014 
Fe 3+ 0.044 0.016 0.002 0 . 0 2 6  0 . 0 1 5  0 . 0 2 1  0 . 0 1 2  0.026 0.000 0 . 0 2 8  0.025 
Cr 0.007 0 .011  0.012 0 . 0 1 3  0.014 0 . 0 1 7  0 . 0 1 9  0 . 0 0 9  0.013 0 . 0 1 8  0.009 
Ti 0.003 0.000 0.000 0 . 0 0 0  0 . 0 0 0  0 . 0 0 0  0 . 0 0 0  0 . 0 0 0  0.004 0 . 0 0 1  0.000 
AI w 0.054 0 . 0 0 5  0.000 0 . 0 0 5  0 . 0 2 9  0 . 0 0 0  0 . 0 0 0  0 . 0 5 9  0 . 0 5 5  0 . 0 0 9  0.066 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

M2 site 

Mg 0.813 0 . 8 5 6  0 . 8 4 5  0 . 8 5 2  0 . 8 3 5  0 . 8 4 8  0 . 8 4 2  0 . 8 1 8  0.833 0.852 0.810 
Fe 2+ 0.151 0 . 1 1 9  0.144 0 . 1 2 8  0 . 1 3 1  0 . 1 2 4  0 . 1 2 9  0.152 0.132 0.117 0.158 
Ca 0.029 0 . 0 2 5  0 . 0 1 1  0 . 0 1 6  0 . 0 2 9  0 . 0 2 3  0 . 0 2 3  0 . 0 2 7  0.029 0.027 0.029 
Mn 0.007 0.000 0.000 0.004 0 . 0 0 5  0 . 0 0 5  0 . 0 0 6  0 . 0 0 3  0.006 0.004 0.003 

1.000 1 . 0 0 0  1 . 0 0 0  1 . 0 0 0  1 . 0 0 0  1 . 0 0 0  1 . 0 0 0  1 . 0 0 0  1 . 0 0 0  1 . 0 0 0  1.000 

mg 0.918 0 . 9 3 1  0.916 0.934 0.924 0 . 9 3 1  0 . 9 2 3  0 . 9 1 0  0.916 0.939 0.908 
K(ff tl-nt2) 0.00 0.08 0.13 0.00 0.09 0.60 0.14 0.09 0.19 0.00 0.08 



CRYSTAL CHEMISTRY OF ORTHOPYROXENE 327 

.o 

o 

0 

o 

o 

o 

~ ~ N M M N N M M M ~  N M N M M M M M ~  ~ ~ N ~ o  . . . . .  N ~  

M M M N N N M M ~  N N M ~ M N N M ~  ~ ~ M ~ o  . . . . .  N ~  

~ m ~ m  

m ~  

M ~ ,  ~ N M M M M N N N ~  M M M M N M N N ~  . . . .  ~ N ~ o  . . . . .  N ~  

k ~ 

o 

o 

I 

4 

C 

~3 

t) 



328 G. MOLIN AND M. STIMPFL 

0.030 

0.010 

0.0~ 

0.020 

0030 

0.01C 

0.96C 

0.9t, O 

0.92C 

0.9QC 

008 

0.04 

0.100 

1106 

O.OZ 

C r  

l I i 

F~" �9 

A O  

i I 

( 3"T 

,~,O 

. (Mg) MI 

~ O  

I i 

AL w 

& 

At ~ 

I i 

g ,  

�9 $ 

~ . . . .  ~ . - , ~ - -  

�9 | � 9  

t 

~ ' O  

0 4  

11 

.g ,  ~, 

�9 @ 0  
| .  

5 

12i QIO 
|a 

Mg/Mo.F : 
0.930 0.91,0 

0200 

0.150 

o.100 

I I 

0.80C ( M g )  M2 

I 

A 

i i 

:F~)M2 A 
�9 �9 

I 
l 

l 

Ca 
I 6 

2O 

I 

i 

I 
i 
I 

~ o 
�9 �9 

I I I 

Z~ O o �9 

�9 

2 4 �9 
A l l  

12T e12i 

I0 
9 

' .  Mg/Mg.Fr 
900 I l I I I O. 0.910 0.920 0.900 0.910 0.920 0.930 0.9/.0 

FIG. 1. Compositional variations of orthopyroxene in terms of cations in structural formula v s .  Mg/ 
(Mg + FEZ+). Filled circles: Mt. Leura samples (LE); open triangles: Mt. Pomdon samples (PD). 

Crystal-chemistry 

Crystal structure parameters, site occupancies and 
chemical composition of the selected orthopyrox- 
enes are given in Tables I and 2. 

The selected orthopyroxenes are characterized 
by a moderate compositional variation, Mg 
ranging from 1.70 to 1.82 atoms p.f.u, and by a 
relatively large variat ion in R 3+ (R 3+ = 
0.014-0.108 atoms p.f.u.) with dominant A1 vz 
(0.00-0.066 atoms p.f.u.). The Fe 2+ content 
(0.117-0.172 atoms p.f.u.) is highly ordered in 
the M 2  site (Table 1). Figure 1 illustrates the 
variations of  site occupancies with mg. 

The MI polyhedron is a nearly regular 
octahedron largely filled by Mg 2+ (0.89-0.98 
atoms p.f.u.), Fe z+ being particularly low 
(0.02-0.00 atoms p.f.u.). Its volume variation is 
mainly controlled b y  A1 vI, whose ionic radius 
(I.R.=0.56 A) is smaller than that of  Mg 2+ 
( I .R .=0 .72  A) (Shannon, 1976), while no 
significant effects can be ascribed to Fe~r The 
relationships between the volume of M1, VMl and 
AI vI ~ Mg z+ substitution is illustrated in Fig. 2. 
The VMt decrease is related to the shortening of all 
the < M 1 - O  > bond distances. 
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One of the most important parameters of the 
T=chain variations is the 0 3 - 0 3 - 0 3  angle 
(kinking angle; Papike et al., 1973). The 
O 3 B - O 3 B - O 3 B  angle is lower than the 
O 3 A - O 3 A - O 3 A  angle ~_Table 2) due to the 
larger size of TB. As Si 4 substitutes for AI Iv, 
the O3B-O3B-O3B angle tends to increase (Fig. 
4). The decrease in the O 3 A - O 3 A - O 3 A  angle is 
explained in terms of the position of oxygen O2A, 
strictly controlled by the shortening of  the 
< M 2 - O 2 A >  bond length (Table 2) which in 

The crystals with least A1 vz (LE8, LE9, LE10, 
LE12i, LE12c) are characterized by an M1 161.00 
configuration close to that of synthetic enstatite ~, 0o 
(V~n = 11.81 A; < M 1 - O >  =2.078 A) (Ganguly ' 60 
and Ghose, 1979). (~  

The variance of  octahedral angles (OAV) , 40 
O~Mi.M~+(Robinson et al., 1971) increases slightly ~ z0 
with R ~ (Tables 1, 2), like that of the M1 site of 16o.0o 
the coexisting clinopyroxene (Dal Negro et aL, 

1984). 14~00 
The TB tetrahedron is the only one in which 

Si -AI  vI substitution takes place. This is closely ~ 80 
related to the M g 2 + - R  3+ occupancy in the M1 '~ 60 
site, due to charge balance requirements. As AI TM (~ r 
(larger than Si 4 ) occupies TB, the < T B - O >  ,~ 20 
distances are extended and the TB volume Vra 
increases (Fig. 3). No relationship between TB ~13~t0o 
occupan_cy and its tetrahedral angle variance eo 
(TAV) (~rB, (Robinson et al., 1971) is observed, 
while the TA shows an increase in its TAV, c2A, as 
the orthopyroxene becomes poorer in R 3+ (Table 
2). Geometrical variations in the TA site are very 
small and accounted for in terms of the M1 
configuration (Domeneghetti et al., 1985). 
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turn+depends on the substitution of Fe~.~ by 2.cs0 
M g ~ .  The latter is the main occupant of M2 
(MgM2 = 0.81--0.86 atoms p.f.u.) with minor 
amounts of Fe 2+ (Fe~2 = 0.12-0.16 atoms p.f.u.) 2.4~0 
and Ca 2+ (0.01-0.03 atoms p.f.u.). The F e ~  ~- 
Mg2~2 substitution is the most important varia- 
tion, constrained by (Fe 2+ + Ca~+)~r2 > 0.14 "~..~.z.4~0 
atoms p.f.u. The OAV variations, 0~2, corre- co sponding to the Fe~2 ~ M g ~  substitution, are o,, 
also particularly large for virtually constant ,r 
< M 2 - O >  mean bond lengths (2.163-2.165 ~)  ~-  
and small volume variations (12.59-12.64 .~3). 
Figure 5 shows that the variation of the mean 2.410 
< M 2 - O >  bond length with Mg~,~2 depends 
main ly  on the c o m p l e m e n t a r y  t rends  of  
< M 2 - O 1 A > ,  < M 2 - O 2 A >  and < M 2 - O 3 B >  z/,oo 
bond lengths. AI T M  strongly controls the O3B 
position and consequently the < M 2 - O 3 B >  
bond length (Fig. 6) (Domeneghetti et al., 1985). 

The highest volumes of M2 (VM2) are generally 
found in crystals with the lowest contents of large 
cations (i.e. Fe 2§ and Ca2+). This is surprising 
and depends mainly on the T B - M 2  relationship 
(Fig. 6). Increasing VM2 with loss of Fe depends 
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on the configuration of other polyhedra and, 
particularly, on the concurring contraction of Vrn 
due to loss of A1TM, which varies so as to maintain 
(VM2 + Vrn) essentially constant. Notably, the 
behaviour of  F e ~  in the coexisting clinopyroxene 
is distinct in that virtually all F e ~  is lost with 
increasing mg (Dal Negro  et al., 1984). 
Consequently, Fe~/2 is more stably retained in 
orthopyroxene, even in relatively Fe-poor compo- 
sitions. 

With increasing (A1TM ~,~ Si)rn substitution, the 
increment of Mg in M1 is about double that for 
MgM2 (Fig. 7). The double substitution A1TM A1 vl 
,~  Sira MgMl corresponds to an increase in V M I  

(0.18 A s = 15%) and Vm2 ~0.05 ,~3 = 0.4%) and 
a decrease in VrB (0.035 A 3 = 1.5%) and VrA 
(0.009 ~3 = 0.4%). These variations are distinct 
and significant. The variation of VM1 is more than 
three times that of Vm2 while the latter is similar 
but opposite in sign to that of VTB. Consequently, 
the variation of Vml largely controls variations in 
cell volume, a and particularly b showing strong 

dependence on the octahedral cations, while c is 
less sensitive (Brown, 1967). 

Discussion and concluding remarks 

The degree of intra- and intercrystaUine homo- 
geneity among orthopyroxenes from the same 
xenolith is very high, as indicated by LE12i and 
LE12c. This encourages us to believe that 
equilibrium relationships are likely to apply to 
inter- and intracrystalline cation exchanges, at 
least within the hand specimen domain. 

The crystal chemical characteristics of  the 
investigated orthopyroxenes are mainly due to 
the substitution (Fig. 1) 

(Fe 2+ A1VI) A1TM ~ Mg 2+ Si 4+ (1) 

This substitution is related to an increase in Vml 
(and minor Vm2) and a decrease in VrB (and minor 
VrA). The combined effect of (A1 vI + F e ~ )  
depletion, according to the ratio 4:1 (Fig. 1) is 
related to an increase in VM1, mainly due to the 
substitution A1 vI ~ Mg2~. A complementary 
increase in Mg2~v~ and Cr a+ according to the 
ratio 6:1 is indicated, correlated with the 
occupancy of TB by Si 4+ and M2 by Mg 2+. The 
interplay of  the various cations is largely 
dependent on AI TM and A1 vI '  due to their 
crystallographic effects on the TB and M1 
polyhedra, respectively. The Cr 3+ behaves as a 
'refractory' element relative to A1 vz, as in the 
coexistent clinopyroxenes (Dal Negro et al., 1984). 

VM1 variations, related to the large A1 vI ~.~ 
Mg~v~ substitution (Fig. 2) compared to the less 
important Vrn and VM2 variations, highlights M1 
as the most important site in unit cell modifica- 
tions (Fig. 7). The Fe2+depletion occurs in both 
M1 and M2. 

2 +  However, as Fern1 is very low (often unde- 
tected), the orthopyroxene shows a considerable 
amount of 2+ FeM2 (about 0.120 atoms p.f.u.) to the 
highest mg values (Fig. 1). This is distinct from the 
Fe~2 depletion in the coexisting clinopyroxene, 
and is interpreted as a 'structural necessity' of the 
orthopyroxene to preserve a relatively high Fe~2 
content up to melting point. An explanation of  this 
is found in the configuration of M2, which tends to 
increase in volume with decreasing (Fe 2+ + 
Ca2+)m2. Consequently, M2 favours the retention 
of these large cations, causing non-ideality of this 
Fe-depleted orthopyroxene solid solution (Virgo 
and Hafner, 1970; Saxena and Ghose, 1971). 

According to high-temperature experiments on 
LE4 and LE9 orthopyroxenes (Molin, 1989), 
disordering of R 3 + between M1 and M2 is not 
supported. 
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Lastly, the above orthopyroxene must be 
considered an ult imate Fe 2+ carrier  during 
partial mantle melting. 
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