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Abstract~In the eclogitie micaschists of the Monte Mucrone area (Sesia-Lanzo zone, Italian Western Alps), we 
have measured in detail the eclogitic lineation at several outcrops. We present observations at the markers scale, 
this scale allowing the whole range of progressive deformations to be described. Populations of glaucophanes and 
jadeites show different statistical features which must be, at least for a part, produced by the distinct mechanical 
behavior for these markers during the alpine history. The glaucophanes show a positive correlation between the 
intensity of preferred orientation and their aspect ratio, due to a mainly rigid behavior. The observed differences 
in shape and orientation of jadeites also show different behavior, related to different retromorphic overprints. 
We briefly discuss the implications of these observations on the significance of metamorphic lineations. 

INTRODUCTION 

POPULATIONS of elongate, more or less competent  in- (a) 
clusions, defining an overall 'mineral lineation' or 
'stretching lineation' within a tectonic foliation are wide- ,o ¢ 
spread and on a regional scale are used as fundamental ,'~ 
data for several recent kinematic syntheses (e.g. Shack- 
elton & Ries 1984, Choukroune et al. 1986, Ratsch- ..... ¢.O// ÷¢~ - 

bacher 1986, Burg et al. 1987). The understanding of uS / _.c, ~ -oss'~L -~ 
their development,  that is of the markers behavior, is ~ ~ / L - ' ~  ~ ~  
therefore critical. ~ /  q'~'" ~ ~  

Any progressive deformation lies within the conti- / / / / / / ~ / ~ o ~ / / I  
nuum between coaxial straining and rigid-body rotation / I - - ._  ~ 
(Fig. 1) (Ramberg 1975, McKenzie 1979, Means et al. 
1980, De Paor 1983, Lister & Williams 1983, Ramsay & / / HIS r O~l~ S 

Huber  1983, Passchier 1986, 1988). Deformation may be 
partitioned between strain and rigid-body rotation at Time 
various scales, as a function of mechanical heterogeneity 

( M c K e n z i e  a979, Means  et al. 1980, Lister & Wi l l iams  ( b ) , , i l t t  t o O w ~ k O l / / ~  / 
1983, Passchier 1986). In the case of Shape Preferred • 
Orientations (SPO), such heterogeneity may occur be- 
tween the marker and the matrix. The way marker wk=0 
populations record the progressive strain undergone by 
the matrix depends on various terms, such as the 'visco- , i / ,  ~H////~/f///¢//// 
sity contrast' between marker and matrix (e.g. Gay 0 ~  
1968), or the concentration of markers when they are 
rigid (Ildefonse 1987, Ildefonse & Fernandez 1988). Wk=l 
This short contribution considers some data obtained 
from detailed observations on lineations in eclogitic 
micaschists of the Monte Mucrone area of the Sesia- • 0 ~ / f ~ ' ~ ' ~ ' ~ ' ~ ' ~ ' , ~ ' ~ J g D s I ~ ' ~ ~ W  
Lanzo zone, Italian Western Alps (Fig. 2). Amphibole Wk,1 
and jadeite SPO has been measured in detail in the 
foliation plane at four outcrops. Optical microscopic and Fig. 1. Range of possible progressive deformation between coaxial 

deformation (Wk = 0) and rigid-body rotation (Wk = :~). Wk is the 
statistical data from these samples demonstrate different kinematic vorticity number (ratio of the rotational to stretching 
mechanical behaviors for amphibole and jadeite. This components of the velocity field. See Means et aL 1980, Lister & 

Williams 1983, Passchier 1987). (a) Plot of logarithm of the ratio of the 
maximum to minimum principal stretches against time (Means et al. 

* Present address: Geologisches Institut, ETH-Zentrum, CH-8092 1980). (b) Finite strain ellipse sequences for various Wk (after Ramsay 
Ziirich, Switzerland. & Huber 1983). 
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Western  ,4/ps ~ (Stfinitz 1989) and in the intensity of the late-alpine 
deformation (Spalla et al. in press). Four main gener- 

I ~ ations of structures have been recognized (Gosso 1977, 
• . . . . . . . . . . . . .  Gosso et al. 1979, 1982, Pognante et al. 1980, Passchier et • f~ffve 

al. 1981, Lardeaux et al. 1982, 1983, Spalla et al. 1983, 
Williams & Compagnoni 1983, Stfinitz 1989). The first 
(D1) deformation event gave rise to the development of 
a strong transposed foliation plane and isoclinal rootless 
folds under eclogitic conditions. This event is described 
as a composite one, with successive structures develop- 

]Crtnobte / ing in a major non coaxial-strain zone related to subduc- 
4 / :  ~ i  •Twit~ tion. The second (D2) and third (D3) events  produced 

coaxial open folds and axial foliation planes. The struc- 
tures of the second generation show only weak or no 
retrogressive transformation. A combination of eclogi- 

SO am , ~  tic foliations (D1 and D2) leads to the main regional 
~ ~ ~v,~ foliation plane in the eclogitic micaschists (Williams & 

Compagnoni 1983, Hy 1984). The retrogressive 
greenschist-facies overprint is mainly related to third 

[ ~  1 ~ ~ generation structures. A fourth generation, represented 
[ - ~  2 ~ 5 by open kink folds with sub-vertical axial planes, is 

3 ~ 6 locally developed. 
In the whole Sesia-Lanzo zone, the eclogitic linear 

Fig. 2. Geographical and geological situation of the Monte Mucrone fabric is genera l ly  s t rong,  well preserved  and  t rends  
area (after St6ckert 1985). SZ = Sesia zone. I. = Helvetic basement; abou t  N W - S E  (Vuichard  1986). Never theless ,  the last 
2 = Penninic realm, undifferentiated; 3 = Piemonte zone (Penninic); three events of deformation are represented by large- 
4 = Monte Rosa, Gran Paradiso and Dora Maira nappes (Penninic 
basement); 5 = Austroalpine units; 6 = Southern Alpine basement, scale s t ruc tures ,  so that  the overal l  geomet ry  is very 

The Mucrone area is indicated by the arrow, complex ,  and  early l inea t ion  and  fold direct ions  vary,  

sometimes considerably as in the Monte Mucrone area, 
because of redistribution by later deformation events 

has to be considered in future work about the way (Compagnoni et al. 1977, Gosso et al. 1979, Passchier et 
eclogitic lineations reflect the structural history of the al. 1981, Hy 1984, Ildefonse 1987). The iineation is in 
Monte Mucrone area. In a more general way, this paper fact a composite fabric, defined by quartz rods, pressure 
demonstrates the necessity for marker-scale invest•- shadows around garnets, and the shape preferred orien- 
gations when considering the significance of SPO in tat•on of glaucophanes and jadeites. The latter, in the 
relation to the structural history of metamorphic rocks. Monte Mucrone area, are defined by very large grains 

(at the scale of several centimeters), particularly suitable 
for data collection in the field. Both jadeite and glauco- 

GEOLOGICAL CONTEXT phane porphyroblasts are associated with the first gener- 
ation of structures, but in detail the relative timing of 

The studied lineation lies within the foliation plane of growth is unclear. From several studies in different areas 
eclogitic micaschists in the Monte Mucrone area (Fig. of the eclogitic micaschists, it is argued that glaucophane 
2). The Sesia-Lanzo zone represents a slice of continen- porphyroblasts are slightly younger than jadeite (Com- 
tal crust subducted and then uplifted during the alpine pagnoni & Maffeo 1973, Dal Piaz et al. 1973, Pognante et 
orogeny (Dal Piaz et al. 1972, Hunziker 1974, Compag- al. 1980), but glaucophane can also be older because the 
non• et  al. 1977). Various lithotypes such as micaschists, early alpine pre-eclogitic assemblage has been shown to 
marbles, metagranites and metabasites were subjected be ofblueschist facies (e.g. Reinsch 1979, Pognante etal .  
to high-pressure and low-temperature (eclogite-facies) 1980, Lardeaux 1981). It is seen from all the studies that 
metamorphism (Compagnoni 1977, Reinsch 1979, Lar- jadeite destabilization started between D~ and D2, 
deaux 1981, Vuichard & Ball6vre 1985). An important whereas glaucophane remained stable during D2 (e.g. 
characteristic of these metamorphic rocks is the good Dal Piaz et al. 1973, Gosso 1977, Hy 1984). 
preservation of the high-pressure mineralogical assem- 
blages, through the retrogressive P - T  path followed 
during uplift of the Sesia-Lanzo zone (Lardeaux et al. RESULTS 
1982, Rubie 1984). Stfinitz (1989) explains the preser- 
vation of high-pressure assemblages by a fluid deficiency The two-dimensional distribution of glaucophane and 
during the retromorphic (greenschist-facies)overprint, jadeite on the foliation plane has been systematically 
resulting in incomplete reactions. At the scale of the measured in four outcrops localized between Monte 
Sesia zone, the heterogeneity of the greenschist-facies Cam•no and Monte Rosso, north of Monte Mucrone 
overprint is related to differences in initial lithologies (Fig. 3). Outlines of markers were drawn on large sheets 
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", contrast with, for instance, the good alignment of the 
, ut c ~ .  A . . . . . . . . .  _ quartz rods. When classifying the glaucophane popu- , , ~ "  

' / lations with respect to aspect ratios, the higher this ratio, 
A . ~  ~ the stronger the preferred orientation (Fig. 5). The BALMA OI t ( ~ A  

u ~ ¢ ~ /  explanation for this must be found in the behavior of 
[ ~ glaucophane in the flowing rock. Many theoretical and 

X experimental works (e.g. Jeffery 1922, Gay 1966, Ghosh 
c o . t ~  & Ramberg 1976, Freeman 1987) have demonstrated 

~ t~Lt~ C~v  ̂ that the rotation of isolated rigid markers, in a given flow 
/ regime, is a function of their aspect ratio (Fig. 6), and the 

/ intensity and the orientation of fabrics defined by rigid 
_.A~ markers must, therefore, also depend on the aspect ratio 

, of the markers (e.g. Willis 1977, Fernandez 1984, 1987). 
[ ~t aozso Glaucophanes do not show any optical features of intra- 

" granular deformation, except for very minor undulose 
J extinction. Pressure shadows develop around some of 

^La. s them and very frequently, they are boudinaged, the 500 m 
' microfractures being sealed by quartz, phengites and 

Fig. 3. Location of the studied outcrops (indicated by crosses), retrogressive amphiboles. Thus, both optical and staffs- 
Cartographic maps: "lvrea-Biela e bassa valle d'Aosta", 1:50,000, 
Istituto Geografico Centrale, Torino. "Lillianes", 1:25,000, Istituto tical observations indicate that the glaucophane acted as 

Geografico Militare ltaliano, a rigid marker during at least the retrogressive part of 
the alpine history. 

of tracing paper and these tracings subsequently digi- 
tized and analyzed in the laboratory. The collected data Jadeite populations 
have been statistically analyzed to obtain aspect ratio 
and orientation frequency distributions for each The two measured jadeite populations show very 
measured population. The program also gives the fabric different patterns (Fig. 7). The squat porphyroblasts 
ellipse axial ratio (R~) and orientation (a), using the (A86-Hj) are unretrogressed jadeites. They may be 
eigenvalue method described in Harvey & Laxton affected by both intracrystalline strain (unduloseextinc- 
(1980). tion, subgrains) and microffactures, but Hy (1984) 

reported that fresh jadeites are rarely strained in the 
Glaucophane populations Mucrone area. Most commonly, jadeite porphyroblasts 

are replaced by albite to a great extent. This is the case 
The glaucophanes show a wide range of aspect ratios, for the elongate porphyroblasts defining the population 

and their preferred orientation is rather weak (Fig. 4) in A86-J. The elongate jadeite was thus stretched during 
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Fig. 4. Orientation frequency (roses) and aspect ratio (histograms) distributions for the glaucophane populations. A86- 
G: 920 measures, A86-E :762 measures, A86-HG: 442 measures, n = aspect ratio, N = number of markers. 
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Fig. 5. Increase of the SPO intensity with the axial ratio in glaucophane populations. (a) Roses drawn for A86-G subfabrics 
corresponding to each value of aspect ratio (_+0.5) from 2 to 9. The number of markers is indicated for each rose. (b) Plot of 

the subfabric ellipses axial ratios against the glaucophanes aspect ratio. 

the retrogressive deformation and acted as a rather ships has been shown to provide useful information 
passive marker compared to glaucophane, although it about the kinematics of progressive deformation. 
sometimes shows significant competency contrast with Nevertheless, care should be taken in the present case 
the matrix (pinch-and-swell structures). In fact, there is when comparing glaucophane and jadeite SPO, because 
no evident correlation between t h e  aspect ratio and of lack of information about the initial distributions and 
fabric intensity (Fig. 8). relative ages. Indeed, as pointed out above, it seems 

The difference in shape and orientation between the likely that the two minerals did not appear at the same 
two measured jadeite populations can be related to the time in the eclogitic assemblages. It is also clear that the 
differing degree of retromorphic overprint. The occur- time-behavior, at least for the retrogressed jadeite, has 
rence of both fresh and retrogressed jadeite in the same changed during the deformation history. 
unit is probably due to different reaction kinetics and/or Because of the complex relations between rigid 
fluid activity (see geological context above), markers and the deformation history (Fig. 6), the SPO 

cannot be simply related to the finite strain of the matrix. 
In the case of intermediate behavior between rigid and 

DISCUSSION passive markers, this relation is particularly complex; 
the velocity field in the marker may be of the pulsating 

If populations of minerals with different time- type (see Fig. 1) when the strain in the matrix is non- 
behaviors can be described in a common time and space coaxial (e.g. Gay 1968, Bilby et al. 1976, Lisle et al. 

reference frame, like feldspars and their recrystalliza- 1983). Mechanical interactions between competent 
tion tails (Passchier 1987) or quartz c-axis fabrics and markers must also be considered in natural SPO. As 
rotated garnets (Vissers 1989), analyzing their relation- shown experimentally, this phenomenon can strongly 
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Fig. 6. Stable and metastable positions (~) of rigid markers as a function of their aspect ratio (n) and of vorticity number 
( W k )  (lldefonse 1987, from the equations given in Ghosh & Ramberg 1976). Continuous curves are for stable positions and 
dashed one is for metastable positions. When the vorticity is greater than the shape factor ( K  -- (n 2 - 1)/(n 2 + 1)),  markers 

cannot reach stable positions and undergo periodical rotation. 

reduce the intensity and change the orientation of the markers SPO when their aspect ratio is >5. This is 
fabric (Ildefonse 1987, Ildefonse & Fernandez 1988). probably illustrated by the fact that in two of the 
So, SPO defined by competent markers are most useful measured glaucophane populations, the subfabric inten- 
as kinematic indicators (e.g. Fernandez 1984, Passchier sity increases very significantly for aspect ratios >5 (Fig. 
1987, Blumenfeld & Bouchez 1988). Nevertheless, 5). Moreover, the RFvalues are then comparable to the 
theoretical studies show that very elongate rigid markers ones obtained for the elongate jadeite population (Fig. 
have a behavior very close to the one of passive markers; 7). 
for aspect ratios >10, the rotation of a rigid marker is 
almost identical to that of a passive marker line. It was 
pointed out in Ildefonse & Fernandez (1988) that, for CONCLUSION 
likely geological strain (axial ratios ranging between 1 
and 25, Pfiffner & Ramsay 1982), the behavior of rigid In the Monte Mucrone area, the eclogitic lineation is a 
markers SPO may be approximated to the one of passive composite fabric. The glaucophane and jadeite SPO 
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Fig. 7. Orientation frequency (roses) and aspect ratio (histograms) distributions for the jadeite populations. A 8 6 - H j :  119 
measures, A 8 6 - J  :204  m e a s u r e s ,  n -- aspect ratio, N = number of markers. 
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