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Abstract--The evolution of structures has been studied in mylonitic quartzo-feidspathic rocks across a shear 
zone in Adrar des Iforas (Republic of Mall). Particular attention has been paid to the brittle behaviour of zircon 
and mesoperthitic feldspar. The size of these minerals decreases towards the centre of the shear zone but attains 
an equilibrium size. The grain shapes do not show any strong evolution. The significance of grain size decrease is 
discussed from a metallurgical point of view. The size of brittle minerals seems to be independent of finite strain 
but dependent on stress. 

Resmmt---Nous aeons ~tudi~ l'¢volution strueturale de mylonites quartzo-feldspathiques dans une zone de 
cisaillement en Adrar des Iforas (Republique du Mall), Une attention particuliere a 6t¢ portee ~ l'~tude du 
coraportement fragile des zircons et des feldspaths raesoperthitiques. La taille de ces mine ratut decroit verb le 
centre de la zone de cisaiilement, raais atteint une taille exluilibre. Le rapport de forme des mineratux ne montre 
pas d'¢volution particuli~re. La signification de la diminution de la taille de grain est discutee ~t ia lumiere de 
queiques travaux en m~taUurgie. La raffle des grains fragiles semble ~tre independante de ia quantit6 de deforma- 
tion finie mais d~pendante de la contrainte. 
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I N T R O D U C T I O N  

1000 Krn ~ ~  
T w o  DIFFERENT' mechan i sms  of  de fo rma t ion  in shear  t J 
zones  are  expressed  by  two different  kinds of  fault  rocks  J 
(Sibson 1977).  The  first g roup  represents  the  cataclast ic 
rocks  which show no  fabric  and  have  an  elast ico- . . 

frict ional behaviour .  T he  second  g roup  co r responds  to  
myloni tes  which have  a quasi-plast ic  behaviour .  T h e  
micros t ruc tura l  characteris t ics  of  plastically d e f o r m e d  ::i 
minera ls  in the  myloni tes  have  b e e n  used  by some  

deformat ion .  I n  fact, d ifferent  minera ls  can behave  ~:~iii: Ii 
different ly in polymineral l ic  rocks.  This has b e e n  
descr ibed,  for  example ,  in alpine per idot i tes  by Nicolas  
et al. (1971) ,  where  olivine is plastically d e f o r m e d  but  t 
enstat i te  is puUed apart .  This is genera l ly  also the case in ~ ! ~ ~  
quar tzo- fe ldspa th ic  myloni tes  in which feldspar  is 
c o m m i n u t e d  in a ducti le matr ix  of  quar tz  and  mica. In  L 
this work,  we are conce rned  with quar tzo- fe ldspa th ic  EBURNEAN $H! E L D 

myloni tes  in which the  fe ldspar  and  z i rcon grains exhibit  ~ ~ ~ ~  
britt le behav iou r  but  the  quar tz  matr ix  has be ha ved  duc-  ~ 
Lily. T h e  feldspars and  zircons show a var ia t ion of  grain 
size which could be  d e p e n d e n t  on  the de fo rma t ion  
parameters .  ~ PAN-AFRICAN MOBILE BELT 

WEST-AFRICAN CRATON 

G E O L O G I C A L  S E T T I N G  
Fig. 1. Location of the studied shear zone in the Pan-African belt. 

A shear  zone  in the Pa n -Af r i c a n  mobi le  belt  of I foras  
(Republ ic  of  Mali)  has been  studied.  T he  shear  zone  (see blocks (Fig. 2): a gneissic assemblage  of  r e w o r k e d  base-  
Fig. 1) is tentat ively in te rpre ted  as a strike-slip fault due  m e n t  with its highly de fo rmed ,  m e t a m o r p h o s e d  and 
to the collision be tween  the  Wes t  Af r ican  C r a t o n  and  an in t ruded  cover  on  the  west  (Kidal assemblage) ;  and,  on  
eas tern  cont inent  (Black et al. 1979, Ber t r and  et aL the east, the I foras  granuli t ic  unit, which is a basemen t  
1980). It is a very  straight l ineament  t rending  010 °, nappe  emplaced  at an ear ly  stage of  the Pan-Af r i can  
approx imate ly  300 k m  long and  r e a d i l y v i s i b l e o n E R T S  event  (Boull ier  et al. 1978, Boull ier  1979). The  study 
photographs .  This shear  zone  separates  two different  has been  concen t ra t ed  on the eastern par t  of  this 
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N 1"50' ' //1~ / (._:1a'20" ~ 1 mvlonitic shear zone i.e. in the granulites. In the studied 
. . . . . .  area, the granulites are represented by a homogeneous 

l ~ ~ 1 9  ~ 2 banded f°rmati°n °f subalkaline leptynites °f Eburnean 
age (= 2150 Ma, Lancelot personal communication). 

40 Km This formation has been migrnatized during the Ebur- 
.... nean event as demonstrated by the quartzo-feldspathic 

i ) ~ ~  ~ - ~  veins which are parallel to or cross-cut the banding and 
_ l l  4 foliation of the leptynites. 

The shear zone cross-cuts all the pre-existing struc- 
• i ~ 5 tures including the banding of the granulites as well as a 

, )~  .i.!!i/ late Pan-African talc-alkaline granite which intrudes 
...... i / e the leptynites. The strong penetrative mylonitic foliation 

/ ~ o  / /  i.:::i is vertical and is defined by the flattening of quartzo- 
~ " "  7 feldspathic lenses and by green amphibole and/or green I ~ ' " '  

J ' ...... biotite layers. The horizontal stretching lineation is I -" 
defined by the elongation of quartz and feldspar aggre- 

i ..... . '  gates which form ribbons, by the orientation of green 
: z amphibole needles and by stringers of small greenish 

ii.. " - biotite flakes and ore minerals (magnetite - ilmenite). In 
.- ~ the centre of the shear zone, the initial banding of the 
... N / / "  ....... ~ leptynites is no longer recognizable: very fine ultramylo- 

/ /  nite containing isoclinal folds forms, with the mylonitic 
foliation axial planar to the folds. The fold axes are 
exactly parallel to the stretching lineation. Conse- 

4 quently, it is suggested (see also Quinquis e t  al .  1978) 
:i that these structures are produced by high strain 

. , progressive simple shear. 
~' ~ No rotation of the foliation was detected in the 500 

metres wide strain transition zone. However, assuming 
:.:.- .... < that the stretching lineation is close to the movement 

..... i;: direction, the shear zone is interpreted as a strike-slip 
o. fault with a probable sinistral displacement. A small 

.. component of flattening normal to the shear zone is also 
< evidenced by ptygmatic structure in previously hori- 

' . \ zontal layers in the western section. The magnitude of 
• ) the displacement is not yet known. 

'1 1 ,  ":"~.. " M i C R O S T R U C T U R E S  

, + , T h e  u n d e f o r m e d  l e p t y n i t e s  (F/g. 3) 

+ ; / _ _ _ . t  These rocks are coarse grained (averaging 1-2 mm) 
+ j  ~ ~ +  with an inequigranular granoblastic texture (Collerson 
/ 1974). No flattening of the primary minerals can be 
+ + . ARHLIA observed and the layering is defined by variations in the 
+~ ~ ~ - 3  / ~ i i  proportions or in the size of the minerals (quartz + 
~ + + + + / + A  mesoperthitic feldspar + clinopyroxene + ilmenite _ 
+ ~ ÷ ~ ÷ ~ ~ / ~  . lS" plagioclase ± green amphibole + titaniferous biotite). 

"---t 1" SO' ) Even in these macroscopically undeformed rocks, there 
~ are some indications of slight straining: the quartz 

0 5 km ~ o , ,  grains show undulatory extinction, prismatic sub-grains 
and lobate quartz-quartz grain boundaries. Dynamic 
recrystallization is rare (less than 1% in volume). 
Clinopyroxene and feldspars do not show any evidence 

Fig. 2. Schematic map  of the studied area: 1. Reworked  Eburnean  o f  plastic deformation although some cracks are present. 
basement  and its highly deformed,  me tamorph ic  and intruded cover. T h e  clinopyroxene is surrounded or partly replaced by 
2. Trend of foliation in the Eburnean  subalkaline leptynites of the small crystals of green amphibole which is  a l s o  u n d e -  
granulitic unit of Iforas. 3. Charnockit ic  intrusion. 4. Pan-Afr ican  calc- 
alkaline granite deformed in the shear  zone. 5. Post-mylonit ic calc- formed. The minerals are rich in CO2 and H20-fil led 

alkaline granite. 6. Fault. 7. Mylonitic shear  zone. fluid inclusions which are arranged i n  t r a i l s .  



Fig. 3. Photomicrograph of an undeformed subalkaline leptynite. Negative print. $c~1¢ bar: 5ram. 

Fi 8. 4. Photomicrograph of a protomyloniti¢ subalkaline leptynite. Note the fracturing of mesoperthitic feldspars M and the 
dynamically recrystallized quartz aggregates Q. Scale bar: 5 ram. 

Fig. 5. Photomicrograph of a mylonitic subalkaline leptynite. Note the round shaped clasts of mesoperthiti¢ feldspars M, the 
polycrystalline quartz ribbon Q, and the tectonic layering. Scale bar: 5 ram. 

Fig. 6. Photomicrograph of an ultramylonitic subalk~dine ieptynite. Note the very fine grmn size and the persistence of 
mesoperthite c lots  M. Scale bar: 5 ram. 

Fig. 7. Photomicrograph of a fractured zircon. The fracture (arrows) are nearly normal to the stretching lineation L. Ordi- 
n ~ y  light. Scale bar: 20 ~. 

Fig. 8. Photomicrograph of a fractured zircon. The scale bar (20 ~.) is parallel to the stretching lineation. The cracks (arrows) 
are nearly parallel to the lineation. Ordinary light. 

2 1 3  





Brittle minerals in a ductile matrix 215 

The protomylonites (Fig. 4) ~ 
,o~F i 

I ! In the protomylonites (see the classifications of Hig- le 
gins 1971 and Sibson 1977), i.e. in the first stage of ~ z,Rco~s 

I deformation, a penetrative foliation appears. It is 
defined by the flattening of quartz lenses, the alignment 
of green amphibole, which grows syntectonically from 12 
relicts of pale green clinopyroxene, and by stretched i 
opaque minerals. Quartz crystals are almost completely 
polygonized and a mosaic of small equant crystals / 
(-- 501J. in dia.) replaces the highly deformed porphyro- s / 
clasts. The plastic behaviour of quartz can be contrasted . / /  
with the more brittle behavi°ur °f  ° ther  minerals such as s ~~, ~ ~ I 

mesoperthite,common, zircon and apatite in which cracks are very 4 ~ l _  

MYG 

The mylonites (Fig. 5) 2! ....... _~_:: :2.2. 
i . . . .  

In the mylonites, the foliation is continuous and 0 100 200 a00 400 s00 o 
M defines a tectonic layering. Quartz forms ribbons of type .... 

II.2 of Boullier & Bouchez (1978), i.e. polycrystalline Fig. 9. Graph of average zircon grain size versus the distance from the 
ribbons composed of an equant mosaic of grains with centre of the shear zone. Vertical lines represent the standard devia- 

c o n s t a n t  grain size (around 50p.). The quartz C-axes do tions. Surfaces of grains have been measured in thin section. 60 
, measurements per sample. The different lines represent three dfffe- 

not show any clearly preferred orientation in these rib- rent sections across the shear zone. MYG is a ealc-alkaline granite 
bons which are deflected by mesoperthite augen which intrusive in the leptynites and deformed in the shear zone. 
recrystallize into albite in their margin. The green 
amphibole is syntectonically replaced by green the strain ellipsoid (X>  Y> Z).  Figure 9 indicates that 
microcrystalline biotite and calcite grains appear in the two initial size groups exist. In rocks with large initial 
feldspathic layers. The fluid inclusions in quartz ribbons zircons, the size decreases rapidly by fracturing of grains 
are concentrated in the grain boundaries. They seem to and then behaves the same as the fraction with a small 
contain only water, grain size. In the shear zone where the qualitatively esti- 

mated strain is increasing, the zircon size does not 
The ultramylonites (F/g. 6) change very much, indicating that the zircons have prob- 

ably attained an equilibrium grain size. There is no clear 
Ultramylonites are present in the centre of the shear variation in the shape ratio 7with increasing strain (Fig. 

zone; the average grain size is very small (about 201J.) 11). The average ratio is constant at 1.4. 
except for some round-shaped relicts of mesoperthites 
(about 100~ in dia.) from the original granulitic mate- Mesoperthite 
rial. At  this stage of large strains the amphibole is In mesoperthitic feldspar, only a few indicators of 
entirely replaced by greenish microcrystalline biotite plastic strain can be observed such as slight undulatory 
which is itself partially chloritized. In places, the mineral extinction and sometimes a thin rim of dynamically 
phases no longer define a tectonic banding but are mixed recrystallized small grains (-- 20~). The main feature is 
together, cracks which generally appear nearly normal to the 

stretching lineation and which result in pulling apart of 
the crystals. These cracks are then infilled by quartz and 

THE BRFITLE MINERALS by very small grains of albite. The appearance of cracks 
in a crystal seems to be dependent also on the crystallo- 

Zircon graphic orientation of the grain relative to the foliation 
No flattening or plastic elongation can be seen in and to the lineation. 

zircon grains, but cracks appear. Some cracks are open The size distribution diagram (Fig. 10) shows that the 
and close to a plane normal to the stretching lineation grain size of feldspars decreases drastically with 
defined in the sample (Fig. 7). In this case they can be increasing strain. It seems that the evolution of grain size 
interpreted as tensional cracks. But others are nearly is the same for feldspars and zircons (compare Figs. 9 
parallel to the stretching lineation indicating a crushing and 10). But some irregularities arise in the curves which 
mechanism (Fig. 8). After  fracturing, zircon grains are can be explained by the effect of initial grain size varia- 
dispersed in the ductile matrix and seem to be passively tion in leptynites. Some samples show pegmatitic veins 
rolled. Some measurements have been carried out on and grain size measurements in and outside the vein 
zircons in samples representing different stages of strain show different values (see for example sample My2 in 
on three sections across the shear zone. These measure- Fig. 10). 
ments were carried out on X Z  thin sections relative to Figure 11 indicates that the shape ratio does not show 



216 ANNE-N{ARIE BOULLIER 

A,,.~ any m a r k e d  var ia t ion but  m a y  increase slightly at first 
su r f~ . e  ~ m m  2 ) 

and then decrease  towards  the shear  zone.  For  the 
sample  My2  three values of  Phave been  plot ted:  inside 

i . . o ~ . r . , r .  and outside the pegmat i t ic  vein, and a bulk value. The  
2, initial increase of  Fprobably  reflects the pulling apar t  of  

! the crystals into slightly e longa ted  f ragments  which then 
i ro ta te  and are f rac tured  again, inducing a progressive 

' 7si decreas ing of shape ratio. 
Summar iz ing  we can deduce  the fol lowing f rom the 

, so~ micros t ructura l  observat ions .  
(i) The  de fo rma t ion  t empera tu re  is relatively low and 

/ /  cor responds  to greenschist  facies condi t ions  
125 P • /..." (300-4000C) .  It seems to  decrease  towards  the cent re  of  

~" the shear  zone  and therefore  to  indicate a decrease  in 
I , t '  

1 ...'~ t empera tu re  with time. 
: /" (ii) The  strain is accompan ied  by the change  in fluid 

./ /  inclusions compos i t ion  in the minerals.  CO2 which is 
0~s ../. very  c o m m o n  in granuli t ic rocks (Toure t  1972),  is 

' ~" ¢ replaced  by H20 which could  have an impor tan t  role in 
! plastic de fo rma t ion  of these rocks (Griggs  & B l a d e  / / '  

0 so ~ ,,, ,: 1964). 
t 

/" (iii) T h e  average  grain size of the rocks decreases  
..... drastically towards  the shear  zone.  It  is due  to  dynamic  0.25 / , , ~ )  

a ' " "  . / " /  ," ./- recrystal l izat ion in the case of  quar tz  and to f ractur ing of  
/ 

. . . .  1 grains in the case of feldspars and zircons. The  lat ter  
,~o ~o ~o .Do ~ o, . . . .  ,,o~ ~" at tain an  equi l ibr ium size which does  not  change  very 

'~' ~' . . . .  much  with increasing strain, and their shape rat io is 
Fig. 10. Diagram of avoral~ grain size of mesoperthite versus the a lmost  constant .  
distance from the centre of the shear zone. Sizes have been measured (iv) M a n y  characterist ics of  the myloni tes  and ultra- 
on photomicrographs; 100 mm~urements per sample. The different 
lines represent three different sections across the shear zone. My2 is a myloni tes  (high strain, very  fine grain size, no  lattice pre-  
sample showing a pegmatitic vein ( see  Fig. 4):  P and L a t e  the average fer red  or ien ta t ion  at least of quar tz  C-axis, and mixing of  
grain size inside and outside the pegmatitic vein respectively; A is the 

bulk value, mineral  phases  which prevent  grain growth)  suggest  a 
bulk superplast ic behav iour  of  the rocks as p roposed  by 

Average 
s,~, ..... Boull ier  & G u e g u e n  (1975)  even if some  minerals  have 

(L,~ a brittle behav iour  and despi te  the low tempera ture .  

3 " :  P .  

D I S C U S S I O N  

. S S O P E A r . , r E S  A recent  review by G o o d s  & B r o w n  (1979)  indicates 
that  two main  mechan i sms  are  involved in the process  of  

2 A particle fracturing in a ductile matr ix (see White  et al. 
, 1980):  
~ ~  (1) the fibre loading mechan i sm which is dependen t  

~s . . . . .  on  the aspect  rat io of  the part icles and on  their or ien ta-  
t ion with respect  to the appl ied stress and 

(2) local work  ha rden ing  a round  the particles which is 
! due to local dislocation storage.  The  latter is a process  

. M,a zJ~eo.s involving stress; a critical value of  stress is necessary to 
break  the interface or  to f racture  the particle itself. This 

1, 5 ~'~" ....... ""-- . . . . . . . . . . . . . . . . . . . . . . . .  ..-a critical value is d e p e n d e n t  on  the particle size. 
In  the case descr ibed  in this work,  it was found  that  the 

i shape ratio of  zircons does  not  change  clearly with 
~6o ~0 38o ,~o r~o o increasing strain and keeps  a m e a n  value of  1.4 (Fig. 11). 

OJst ante from 
the sh ...... Thus  fibre loading is not  the  mechan i sm involved in the 

Fig. 11. Graph of average shape ratio of brittle minerals versus the zircon fracturing. H o w e v e r  the shape rat io of  mesoper -  
distance from the centre of shear zone. MyG: calc-alkaline granite thites shows a slight evolu t ion  with increasing strain 
deformed in the shear zone. My2: sample of subalkaline leptynite (Fig. 11). The  first small increase of  ? is a t t r ibuted to the 
showing a pegmatitic vein (see Fig. 4). P and L are the average shape 
ratio inside and outside the l~gmatitie vein respectively; A is the bulk f ractur ing of  feldspars by cracks near ly  normal  to the 

value, extens ion direction.  T h e n  the individual grains which 
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are  pu l led  apart ,  r o t a t e  and are  f r ac tu red  again m a k i n g  ~ West African craton and the Pan-African mobile belt in Algeria and 
smaller .  Thus ,  the f ibre  load ing  m e c h a n i s m  seems  to be  Mali. In: Correlation du Pr~cambrien. lUGS. (edited by Kratz, O.) 
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