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Abstract 

A T.E.M. study of omphacites from the western Italian Alps (Sesia Lanzo Zone and Monviso 
eclogites) has revealed a bimodal size distribution of antiphase domains: (a) 250-350 ]k, (b) >- 2500 ~.  
In addition observed dislocation substructures and 'large-scale' antiphase domains are intimately 
interconnected. 

A model is presented that can explain modification of the antiphase domain sizes by the interplay of 
cooling/growth and dislocation glide and/or creep mechanisms. Subsequent coarsening of the modified 
antiphase domains is inferred to be the result of surface free-energy processes. The model clearly 
illustrates that only the 'relatively undeformed' areas containing the small-scale antiphase domains can 
be used for thermometric methods. 

KEYWORDS: western Italian Alps, omphacite, antiphase domain, 1/2<110> dislocation. 

Introduction 

ONE of the aims of metamorphic petrology is to 
determine the evolution of the physical conditions 
which prevailed in orogenic terrains. In the 
domain of high-pressure metamorphism (blue- 
schists and eclogites) a thermometric method has 
been proposed by Carpenter (1981a,b). This 
method is based on the coarsening behaviour of 
antiphase domains (APDs) in omphacite, which 
are formed due to an order/disorder phase 
transformation (Champness, 1973; Phakey and 
Ghose, 1973). 

Carpenter (1981a,b) proposed the following 
relationship between APD size (A), temperature 
(T, ~ and annealing time (t, years) for 
omphacites: 

(APD size) s = 8 x 6 x 103s exp. (-75000/RT)t. 

The equation parameters were derived experi- 
mentally, while the form of the equation is 
equivalent to the known coarsening behaviour of 
APDs in metals. 

This thermometric method, which is sensitive 
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at temperatures below 650 ~ to the peak meta- 
morphic temperature (T) rather than the isother- 
mal time (t) or the cooling stage parameters 
(Carpenter, 1981a; Nisio, 1985), yields results 
which are consistent with that of more 'classical' 
thermometers in eclogites such as the cationic 
(Fe, Mg) exchange reactions between garnet, 
clinopyroxene, orthopyroxene and phengite 
(Rfiheim and Green, 1975; Ellis and Green, 1979; 
Carswell et al., 1985; Lardeaux et al., 1986). 

However, results obtained by Carpenter (1981a 
and Fig. 1) on APD sizes in omphacites from the 
western Italian Alps (Sesia Zone) are inconsistent 
with other available data obtained by conven- 
tional methods such as mineral assemblages, 
thermometrical calculations and geological data. 
This discrepancy arises from the large APD sizes 
(/>2500 ]~) reported by Carpenter (1981a) in 
omphacites from the Sesia Lanzo Zone, despite 
the moderate peak metamorphic conditions 
under which they formed. However, our trans- 
mission electron microscopy (T.E.M.) investi- 
gations on omphacites from two different meta- 
morphic terrains in the western Italian Alps 
(Monviso and Sesia Lanzo Zone eclogites) have 
elucidated a bimodal APD size distribution in 
omphacites from both areas. In both areas the 
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FIG. 1. Temperature versus APD size diagram. Modified after Carpenter (1981a). Note: for Sesia Zone Carpenter 
reports only APD sizes _>2500 A. 

smaller APD sizes are consistent with Carpenter's 
(1981a) predictions. 

Earlier workers have interpreted a bimodal 
APD size distribution in terms of different 
nucleation mechanisms, viz. homogeneous versus 
heterogeneous nucleation (along pre-existing 
defects), or by homogeneous versus hetero- 
geneous coarsening mechanisms (see Buseck 
et al.,  1980, and references therein). 

The purpose of the present contribution is to 
examine whether the bimodal APD size distribu- 
tion in omphacites can be explained by the 
interaction of APD coarsening and intracrystal- 
line deformation mechanisms. 

Geological context and sample description 
For a detailed geological description of the 

Monviso eclogites the reader is referred to Dal 

F~6. 2. Electron micrograph showing the observed 
range in APD sizes in omphacite from Monviso. Bottom 
left side: _>2500 •; right side 250-350 ~. 
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Fro. 3. (A) Schematic view of disordered C2/c ompha- 
cite in the (001) plane. (B) The M 1 octahedral strip in 
C2/c omphacite. (C) Schematic view of ordered P2/n 
omphacite in the (001) plane. (D) The M1 octahedral 
strip in P2/n omphacite. 
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Piaz (1974); Caby et al. (1978); Lombardo et al. 
(1978); Nisio (1985); Nisio et al. (1987) and 
Philippot (1988 and 1990) and for the Sesia Lanzo 
Zone eclogites to Compagnoni et a'l. (1977); 
Lardeaux et al. (1982); Vuichard (1989) and 
Lardeaux and Spalla (1991). 

Temperature estimates are 450 +_ 50~ for 
Monviso eclogites (Kienast, 1983; Lardeaux 
et al . ,  1986) and 500.600~ for the Sesia Lanzo 
Zone (Compagnoni et al. ,  1977; Koons, 1982; 
Lardeaux et al. ,  1982 and Vuichard and Ball6vre, 
1986). In both cases detailed field studies and 
optical observations on omphacites demonstrated 
deformation-induced recrystallisation micro- 
structures such as undulatory extinction, sub- 
grains and recrystallised new grains. Associated 
dislocation substructures have been described by 
Nisio (1985), Buatier and Lardeaux (1987) and 
Buatier et al. (1991). The dislocation substruc- 
tures consist of isolated [001] and 1/2<110> 
dislocations, dissociated 1/2<110> dislocations, 
nodal points, tiltwalls, complex dislocation 
networks and (010) planar defects. We have 

verified, except for the (010) planar defects, all 
above-mentioned defects by electron diffraction 
experiments. Our results were identical. How- 
ever, we have not made a detailed study of the 
(010) planar defects, and their nature remains to 
be resolved. In addition, APD sizes measured by 
us and repeated by others show a bimodal 
distribution of small (250-350 A) and large (-> 
2500 .~) APDs for both metamorphic terrains 
(Carpenter, 1981; Nisio, 1985; Fig. 2). Because of 
the intimate intergrowth of dislocation substruc- 
tures with the larger APD sizes, Nisio (1985) and 
Lardeaux et al. (1986) suggested a modification of 
the APD size distribution by deformation. How- 
ever the details of the mechanism remained to be 
resolved. 

Crystal structure 

Before we go into the details of omphacite 
deformation mechanisms, a short description of 
the crystal structure of C2/c  and P 2 / n  clinopyrox- 
enes will be useful. C2/c  omphacite can be 
described as an alternating sequence of tetra- 
hedral and octahedral layers parallel to (100) 
(Fig. 3). The tetrahedral layer is built up by chains 
of Si-O tetrahedra parallel to [001]. The layer 
improperly called octahedral contains zig-zag 
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Fro. 4. Model of an APD boundary in P2/n omphacite. 
The displacement vector (R = 1/2<110>) is indicated 
by the arrow. Note: there is no control on cation 
positions in the APD boundary. 
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Fic. 5 (A) Model of a simple dipole (two 1/2<110> edge dislocations labelled P and Q respectively) in the C2/c 
omphacite structure. Projection parallel to (001). Note extra half planes parallel to (100) and (010). (B) Model of 
identical dipole as in Fig. 5A in the P2/n crystal structure. Note fault (crystallographic shear plane) connecting both 
partial dislocations P and Q. The displacement vector across the fault is 1/2<110> and is indicated by the arrow. 
(C) Dislocation Q (Fig. 5B) has slipped along (110) dragging the fault behind it. 

chains of Ma octahedra and M2 eight-coordinated 
cations. The chemical formula of omphaci te  is 
M2MtT206 with T = Si; Mi = Mg, A1, Fe 2+, 
(Fe3+), (Cr), (Ti), and M2 = Ca, Na,  (FEZ+). In 

the high-temperature C2/c polymorph the distri- 
bution of the M~ and M 2 cations is homogeneous  
giving rise to identical tetrahedral  chains and 
identical MI/M2 chains (parallel to [001]) in the 
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C-centred unit cell (Fig. 3A and B). However in 
the low-temperature P2/n polymorph the M1 and 
M2 cations are systematically ordered, giving rise 
to two distinct adjoining Si-O tetrahedra in the 
primitive unit cell (Fig. 3C and D). For more 
elaborate information on the crystal-chemical 
structure of omphacite the reader is referred to 
Rossi (1988). Note also that the degree of 
ordering in omphacite is a function of compo- 
sition and possibly of temperature (Rossi et al., 
1983; Kienast et al., 1991). 

Due to the ordering of M1 and m 2 cations and 
the distinct Si-O tetrahedra, APDs can be 
produced in the low-temperature P2/n structure 
(Fig. 4). The displacement vector along an 
antiphase domain boundary is 1/2<110> 
(Champness, 1973; Phakey and Ghose, 1973). 
APD production arises during the polymorphic 
phase transformation of 'high-temperature'  C2/c 
to ' low-temperature'  P2/n crystal structures. Also 
in the case of omphacite growth directly in the 
P2/n stability field, metastable growth of C2/c 
omphacite predates cationic ordering processes 
(Champness, 1973). 

Deformation mechanisms 

Depending on which physical parameters (con- 
fining pressure, deviatoric stress, strain rate, 
temperature, impurity contents) are operating, 
clinopyroxene microstructures reveal a wide 
range of deformation mechanisms ranging from 
brittle, brittle-ductile to completely ductile defor- 
mation and recrystallisation (Av6-Lallement, 
1978; Van Roermund and Boland, 1981; Van 
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Roermund, 1984; Kirby and Kronenberg, 1984; 
Boland and Tullis, 1986 and Buatier et al., 1991). 
Within the plastic-deformation field the following 
slip systems have been reported: (100)[001]; 
{110)[001] and 1/2<110>{110}. In addition, 
Ratterson and Jaoul (1991) and Ingrin et al. 
(1991) have demonstrated that at elevated tem- 
peratures the influence of the (100)[001] slip 
system becomes limited. Therefore a combi- 
nation of these slip systems, aided by climb 
processes, enables clinopyroxenes to deform 
plastically. In addition, a third geometrically 
necessary dislocation with Buergers vector 
1/2<112> is observed in complex dislocation 
networks, defined by triple point junctions, allow- 
ing the generation of the dislocation reaction 
[001] + 1/2<110> - >1/2<112> (Van Roer- 
mund and Boland, 1981). 

Modification of APD sizes can only be pro- 
duced by dislocation glide and/or creep processes 
if the size and direction of the displacement vector 
(R) of the APBs and dislocations are identical. 
For this reason we will restrict ourselves to the 
1/2<110>{110} slip system (Fig. 4). It is import- 
ant, however, to realise that all high-temperature 
deformation studies have been performed on 
C2/c clinopyroxenes. However, the common 
1/2<110> dislocation is a perfect dislocation in 
high-temperature C2/c clinopyroxenes, but 
becomes imperfect (or partial) in low-tempera- 
ture P2/n crystal structures where, for instance, 
stacking faults are associated with the gliding 
1/2<110> dislocations and complex faults with 
climbing 1/2<110> dislocations. Some natural 
examples of imperfect 1/2<110> dislocations in 
P2/n omphacite are given by Buatier et al., 

. ) 

: ) ? :  

: ! i: 

Fl6. 6. Bright and dark field electron micrographs (g = 10l) illustrating the interaction between APD boundaries 
and a (110) tiltwall in P2/n omphacite. Note (1) APD boundaries end at dislocations, (2) stacking faults connect two 
adjacent partial 1/2<110> dislocations, (3) identical fringe patterns in bright and dark field modes for both type of 
faults, and (4) all defects are invisible for g = 001. 
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(1991), while a dislocation model illustrating the 
geometrical differences between 1/2<110> dislo- 
cations in the C2/c and P2/n crystal structures is 
given in Fig. 5. In the dislocation model of Fig. 5A 
and B we have chosen a simple dipole consisting 
of a positive (P) and a negative (Q) 1/2<110> 
edge dislocation. The dipole model was chosen 
because, in the case of an isolated 1/2<110> edge 
dislocation, a fault is introduced in the crystal. 
However, the geometry of the fault depends on 
the previous history of the dislocation, i.e. on 
whether it arrived at its position (P or Q) by climb 
or slip (Fig. 5B). As a consequence of this starting 
situation, the fault between dislocations P and Q 
in Fig. 5B is a crystallographic shear plane, since 
the displacement vector does not lie in the fault 
plane. Fig. 6C illustrates that a slipping (or 
climbing) 1/2<110> dislocation in the P2/n 
crystal structure will always drag the fault behind 
it. Comparison of the nature of the fault in Fig. 5B 
(R = 1 /2<a+b>)  with that of the APD boundary 
in Fig. 3 (R = 1 /2<a+b>)  shows that, despite 
their contrasting origins, both defects are identi- 
cal in geometry. 

Simulation studies 

An example of the interaction between defor- 
mation-induced faults and the APD boundaries 
produced by cationic ordering in some naturally 
deformed omphacites from the Sesia Lanzo Zone 
is given in Fig. 6. It can be seen that the APD 
boundaries produced by cationic ordering end at 
1/2<110> dislocations. This observation illus- 
trates the interaction between the two processes. 
Furthermore, neighbouring 1/2<110> disloca- 
tions in the {110} tiltwall are connected by 
stacking faults (R = 1/2<110>). 

A model of the effect of 1/2< 110> { 110) slip on 
the geometry of APD boundaries is illustrated in 
Figs. 7 and 8. In the model of Fig. 7 our starting 
situation (Fig. 7A) is the slipping 1/2<110> Q 
dislocation of Fig. 5B, but an APD boundary, 
produced by cationic ordering, is introduced in 
the bottom right side of the model. In Fig. 7B 
deformation has continued and the slipping 
1/2<110> Q dislocation has passed the APD 
boundary. It can be seen that the APD boundary 
configuration is dramatically changed. This is due 
to the fact that, when the slipping 1/2<110> Q 

dislocation crosses the APD boundary, it 'cuts' 
the APD boundary in two pieces (APD boundary 
1 and 2; Fig. 7B). Subsequently, APD boundary 1 
attaches itself to the fault produced by the Q 
dislocation because both defects have the same 
displacement vector. APD boundary 2 attaches 
itself to the slipping Q dislocation and becomes 
subsequently dragged by it if deformation 
continues (Fig. 7C). 

Fig. 8 illustrates the effect of APD boundary 
modification by dislocation glide at a smaller 
scale. For practical reasons we have used the 
simplif ied/-beam model of Papike et al. (1973). 
Also, the P2/n structure of omphacite in Fig. 8 is 
greatly oversimplified by the use of alternating 
black and whi te / -beam layers parallel to (010). 
These simplifications do not influence the results 
of our simulation studies. Fig. 8A shows the 
undeformed state with an APD boundary pro- 
duced by cationic ordering. The NE-SW tracing 
line marks the slip plane of a future partial 
1/21110] dislocation [gliding in (110)]. In Fig. 8B 
this dislocation has passed through the crystal. 
Consequently the lower part of the crystal has 
been translated by 1/2 [-110] along (110). A 
dramatic change in the configuration of the 
antiphase domain boundary can easily be recog- 
nised. In Fig. 8C a 1/21110] dislocation has passed, 
now gliding along (-110) and leaving behind a 
deformation-induced stacking fault. The nature 
of the latter, however, cannot be recognised from 
the image alone since both structures are identical 
in geometry and the associated partial disloca- 
tions are now outside the P2/n crystal. 

In Figs. 7 and 8 we have illustrated the effect of 
one partial 1/2<110> dislocation on the config- 
uration of one APD boundary. It is well known, 
however, that partial dislocations travel in pairs. 
Consequently one might argue that the original 
APD size configuration will be completely re- 
stored when the second partial dislocation has 
also passed. Our observations on the width of the 
deformation-induced faults between two partial 
1/2<110> dislocations showed that its m i n i m u m  
width is many  times the size of the small APDs. 
This observation is very important for the follow- 
ing reason. In Figs. 7 and 8 we introduced only 
one APD boundary. However, due to the fact 
that the deformation-induced fault width is many 
times the size of the small APDs,  other APD 

FIG. 7. Model of interaction between APD boundary and slipping partial 1/2<110> dislocation in P2/n omphacite. 
Projection parallel to (001). See text for further description. (A) Starting situation. (B) Situation after dislocation Q 
has crossed the APD boundary. (C) Dislocation Q has left the crystal. 
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boundaries will be present close to the deforma- 
tion-induced faults. Imagine in Fig. 7A a second 
APD boundary at a distance of one tetrahedral 
layer away from the deformation-induced fault 
and running parallel to it. In such a situation the 
APD boundary will react with the deformation- 
induced fault to reduce the total length of the fault 
boundaries and so decrease the internal free 
energy of the crystal. We are currently unaware of 
such interactions in metallic or ceramic systems, 
but we regard it as being most likely, since the 
mobility of APD boundaries (and identical defor- 
mation-induced faults) have been documented by 
many authors (e.g. Carpenter, 1981a). 

Discussion 

From the foregoing it is concluded that APD 
sizes can be modified by dislocation slip and/or 
creep processes. However such processes alone 
cannot explain the observed bimodal APD size 
distribution. The biomodal size distribution 
results from a combination of the following 
processes: (1) APD formation by cationic order- 
ing, followed by domain coarsening according to 
Carpenter 's model (1981). If no deformation 
takes place, this gives rise to the observed, small, 
but relatively uniform APD sizes (250-350 A). 
Corresponding temperature estimates are in 
reasonable agreement with other available ther- 
mometric methods (450-600~ Fig. 1). (2) If 
P2/n omphacite is deformed by deviatoric stresses 
during orogenesis, dislocation glide and/or creep 
processes will be superimposed on process 1. 
After deformation has ceased, the final APD sizes 
are produced by the operation of surface free- 
energy processes, leading to a reduction of the 
total length of APD boundaries. The ultimate 
APD size will vary from place to place, depending 
on the local deformation history. This results in 
the observed wide variation in coarse APD sizes. 
tt is obvious, however, that the size of the coarse 
APDs cannot be used as a geothermometer. 
Detailed microstructural studies of internal defor- 
mation-induced phenomena (undulose extinc- 
tion, subgrains, twinning etc.) combined with 
crystallographic fabric studies are therefore a 
prerequisite before APD sizes can be used for 
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geothermometry (Carpenter, 1981). Emphasis on 
crystallographic fabric studies are especially 
important in high-temperature eclogites (garnet-  
omphacite-bearing rocks), since late-stage 
annealing processes can completely wipe out, on 
an optical scale, all internal deformation-induced 
defect structures in the omphacite. In such cases 
omphacite appears in thin section as optically 
strain-free crystals and the deformation history 
can only be recognised by crystallographic fabric 
and electron microscopic studies. If the orien- 
tation-distribution diagram of such omphacites 
reveals a clear crystallographic fabric defined by 
[001] parallel to L and [010] in a great circle 
distribution perpendicular to S and L, one should 
be careful with interpreting the APD sizes, Such 
crystallographic fabrics can only be explained by 
the operation of 1/2<110>{110), {110)[001] and/ 
or (100)[001] slip assisted by dislocation climb. 
The same is true for omphacite orientation- 
distribution diagrams defined by [010] perpen- 
dicular to S and [001] and [100] lying in a great 
circle distribution parallel to S. Although the 
latter cannot be explained by the operation of the 
presently known crystallographic slip systems in 
omphacite, a deformation origin is most likely. So 
far, however, no detailed electron microscopic 
studies have been performed to unravel the 
underlying dislocation substructures. 

Another equally important consequence of the 
contrasting geometries of 1/2<110> dislocations 
in C2/c and P2/n omphacite crystals is that it may 
be possible to determine if the omphacite crystal- 
lised in the C2/c or P2/n stability field. If perfect 
deformation-induced 1/2<110> dislocations are 
present, the omphacite crystal must have crystal- 
lised and been deformed subsequently within the 
C2/c stability field. During cooling these perfect 
1/2<110> dislocations become 'frozen-in' while 
the matrix omphacite transforms into the P2/n 
structure with associated APD formation. As 
long as the omphacite is not deformed, the perfect 
1/2<110> dislocations will not affect the size 
distribution of these newly formed antiphase 
domains in the manner described above. How- 
ever, the 1/2<110> dislocations still bear witness 
to the earlier high temperature C2/c nature of the 
omphacite. Alternatively, if the omphacite crystal 
is redeformed, after ordering takes place, migrat- 

F~6. 8. Simplified model of P2/n omphacite illustrating the effect of two partial 1/2<110> dislocations on the 
original APD boundary geometry. Projection parallel to (001). See text for further descriptions. (A) Original APD 
boundary geometry. The future 1/2<110>{ 110} slip plane is indicated by the arrows. (B) The partial dislocation 
(b = 1/2 [- 110]) has slipped through the crystal on (110). (C) Another dislocation (b = l/2 [110]) has slipped through 
the crystal along (-110). Arrows mark slip plane/slip direction. 
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ing 1 / 2 < 1 1 0 >  dislocat ions will p roduce  faults  
beh ind  them.  Such omphac i te  crystals thus con- 
ta in  dislocat ion subs t ruc tures  tha t  bea r  witness to 
bo th  de fo rmat ion  events .  In the  p resen t  case, for 
bo th  m e t a m o r p h i c  terra ins ,  the  composi t ions  of 
the  omphac i tes  and  the  peak  m e t a m o r p h i c  tem- 
pera tu res  indicate  tha t  omphac i te  growth  took  
place within the  P2/n stabili ty field. The  above  
m e n t i o n e d  T .E .M.  observa t ions  on  the  contras t -  
ing proper t ies  of 1 / 2 < 1 1 0 >  dislocat ions are thus  
in ag reemen t  with  the  Champness  (1973) meta-  
s table growth  model  of C2/c omphac i tes  within 
the  P2/n stabil i ty field. Cat ionic  order ing  was pre-  
and  pos tda ted  by high t em pe r a t u r e  crystal plastic 
de format ion .  
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