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Abstract---Strain patterns have been investigated around shallow crustal granitic plutons emplaced during weak 
regional deformation in the Western Moroccan Hercynian belt. The plutons are distributed along reactivated 
deep faults and display elliptical shapes which are consistently oriented with respect to the regional strain field. 
Pluton age, orientation and ellipticity can be correlated with strain history. Ductile deformation and contact 
metamorphism are mainly located in the thermally softened aureoles. Finite strain gradients towards plutons are 
accompanied by the development of superimposed microstructures. Finite strain trajectories and variations of 
strain ellipsoid shapes exhibit perturbations of the regional strain field around plutons. Structures internal to the 
plutons are continuous with regional structures. Foliation development in granitoids records a decrease in 
temperature during syntectonic pluton cooling. Geometry and kinematics of deformation reflect the influence of 
both regional deformation and pluton intrusion. 

INTRODUCTION 

SHALLOW crustal plutons give rise to thermal softening 
(White & Knipe 1978, Brun & Cobbold 1980) in the 
surrounding aureoles and induce rheological heterogen- 
cities in the crust. When the final emplacement of 
plutons interferes with regional deformation, thermal 
softening favours the concentration of deformation in 
the aureoles (Pitcher & Berger 1972, Sanderson & 
Meneilly 1981, Meneilly 1982, Bateman 1985). Strain 
patterns around such syntectonic plutons thus reflect 
both regional strain and intrusion effects (Brun & Pons 
1981, Hutton 1982, Paterson & Tobisch 1988). These 
plutons ascend as diapiric tailed bubbles detached from 
their source (Ramberg 1970, Soula 1982, Hanmer & 
Vigneresse 1983) or assemble incrementally in their site 
of final emplacement by successive magma pulses (see 
review in Pitcher 1979). In some cases the final emplace- 
ment of plutons involves radial expansion or ballooning 
(Pitcher & Berger 1972, Brun & Pons 1981, Meneilly 
1982, Bateman 1985). 

This paper presents some characteristics of strain 
patterns around shallow crustal granitic plutons 
emplaced during a weak, low-grade deformation in the 
intracontinental Hercynian belt of Morocco (Fig. 1). 
Structural characteristics discussed are (1) distribution 
of plutons, (2) shape of plutons, (3) orientation of 
plutons with respect to the regional strain field, (4) 

distribution and microstructural evolution of the defor- 
mation in country rock, (5) strain intensity patterns, (6) 
variations of strain ellipsoid shapes, (7) finite strain 
trajectories, (8) syntectonic contact metamorphism and 
(9) foliation development and deformation mechanisms 
in granitoids. 

LATE CARBONIFEROUS PLUTONS OF 
MOROCCO 

Late Carboniferous plutons of Western Morocco 
were emplaced between 330 and 270 Ma (Tisserant 
1977, Mrini 1985) and probably reflect post-collisional 
partial melting of the lower crust and upper mantle 
(Vogel et al. 1976, Mahmood & Bennani 1984, Mrini 
1985). This process generated hot and dry crustal- and 
mantle-derived melts, able to intrude low-pressure re- 
gions of the upper crust (Cann 1970). The plutons 
studied involve three basic petrographic groups: I-type 
and mixed 1-S-type biotite granodiorites (Termier & 
Termier 1971, Ros6 1987, Gasquet et al. 1988), S-type 
two mica monzogranites (Termier etal .  1950, Giuliani & 
Sonet 1982, Mahmood & Bennani 1984, Ait Drear 
1986), and alkaline subsolvus granites emplaced during 
late Hercynian time (270 Ma) (Ait Ayad 1987, 
Mabkhout et al. 1988). 
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Fig. 1. Location of late Carboniferous plutons within the Western Moroccan Hercynian belt and adjacent areas. Inset: 
Western Morocco in the frame of the Hercynian orogeny (from Matte 1986). N.A.: North America. Af: Africa. Eu: 
Europe. 1: Proterozoic (crosses) and Paleozoic basement (dotted) in pre-Sahara foreland (from Choubert 1963). 2: Weakly 
deformed coastal block. 3: Western Moroccan Hereynian belt (from north to south: Central meseta, Rehamna, Jebilet, 
Occidental High Atlas), cleavage trajectories (thin lines) and general vergenee (small open arrows). 4: Late Carboniferous 
plutons, from oldest to youngest, Jebilet granodiorite (1), Zaer granodiorite (2), Oulmes monzogranite (3), Tichka 
granitoids (4), Zaer monzogranite (5), Rehamna monzogranite (6), Merit granodiorite (7), Azegour monzogranites (8), 
smaller scale intrusions Achemeche, Mrirt, Moulay Bou Azza monzogranites (9-10,  plutons recognized by geophysical 
(gravity) investigations (Van den Bosch 1974) (solid black circles) Marrakech, El Bourouj, Oued Zero, Beni Mellal plutons 
(13--16). 5: Basement fractures and late Carboniferous shear zones. 6: Direction of regional shortening. Stereonets: lower- 
hemisphere, equal-area projection of poles to regional schistosity, a: Rehamna, n = 52. b: Amizmiz--Ouirgane area. 

n = 182. c: Tichka n = 144. d: Zaer-Smalaa-Oulmes area n = 122. 

Plutons were emplaced at shallow crustal Paleozoic 
levels (8-10 km depth) during the late Carboniferous 
deformation (Lagarde et al. 1989), the main Hercynian 
tectonic event in Western Morocco (Piqu6 & Michard 
1989). This regional deformation is strongly hetero- 
geneous. Narrow metamorphic and highly deformed 
zones (Lagarde & Michard 1986) contrast with larger 
weakly deformed areas with very low-grade metamor- 
phism (Piqu6 1982) (Fig. 2). In the deformed areas, 
foliation dips steeply, strikes NE-SW (Fig. 1) and con- 
tains a stretching lineation subparallel to the gently- 
plunging fold axes. Such a regional pattern is compatible 
with strike-slip motion related to ductile wrenching 
along pre-existing crustal fractures (Lagarde etal .  1989). 
Wrench faults occur in two sets with SSE sinistral and 
predominant ENE dextral displacements and display an 

asymmetric pattern suggesting a non-coaxial strain 
regime (Choukroune et al. 1987). The occurrence of 
zones containing a flat lying foliation and a down-dip 
stretching lineation indicates that thrusting is locally 
combined with the regional wrench faulting (Lagarde & 
Michard 1986). 

PLUTON EMPLACEMENT AND REGIONAL 
DEFORMATION 

In the Western Moroccan Hercynian belt, various 
features indicate that final emplacement of plutons was 
synchronous with late Carboniferous regional defor- 
mation. 
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Fig. 2. Cross-sections illustrating heterogeneity of late Carboniferous deformation in Western Morocco. Ductile defor- 
mation mainly concentrates in zones of crustal weakness such as thermally softened aureoles around granitic plutons 
emplaced along r e a c t i v a t e d  pre-existing faults. St, regional slaty-cleavage. Cf, Cleavage front. 1: Proterozoic basement. 2: 
Cambrian--Ordovician. 3: Silurian-Devonian. 4: Carboniferous. 5: Late Carboniferous granitic plutons (J, Jebilet, Gu, 

Oulmes, 7., Zaer). 

Distribution of plutons 

Many workers have observed that syntectonic plutons 
tend to be aligned along structural lineaments (Vigner- 
esse & Brun 1983, Burg et al. 1984, Bussel & Pitcher 
1985, Hutton 1988). At map-scale Moroccan plutons are 
aligned NE-SW parallel to the general trend of the belt. 
Autocorrelation analysis (Leymarie 1968, Fry 1979) also 

shows a good clustering along the NE-SW direction. 
Within clusters, however, plutons are distributed along 
ridges striking ENE-WSW and spaced 40-50 km apart 
(Fig. 3). The comparison of pluton distribution with 
map-scale lineaments shows that pluton alignments are 
parallel to NE-SW and ENE-WSW Proterozoic faults 
in the basement (Fig. 1), consistent with magma ascent 
along pre-existing deep faults. These faults were reacti- 
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Fig. 3. Graphical autocorrelation analysis of pluton distribution. On the map of Western Morocco, a point is drawn at the 
center of each pluton (a). The center of a co-ordinate system (OX, Ol  0 ,  drawn on tracing paper, is placed at one of the 
points on the map and the position of every other point (pluton center) is marked. The procedure is repeated for all points 
on the original map. The pattern which results (b) shows the frequency with which points on the map have neighbouring 
points at different distances in different directions (Leymarie 1968). Autocorrelation analysis confirms the clustering of 
Moroccan plutons along the NW-SE trend of the belt and shows that plutons are distributed along discrete ENE-WSW 

ridges spaced 40-50 km apart. Ridges are parallel to deep Proterozoic faults within basement. 
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vated in Hercynian time and formed the locus of both 
granite intrusions and shear displacements (Lagarde 
1985) (Fig. 2). 

Rows of plutons regularly spaced along ridges parallel 
to crustal faults are consistent with experiments which 
model the development of domes and plutons (Ramberg 
1970, 1981). These experiments point out that the occur- 
rence of discontinuities in source layers or overburden 
favours such localized magma ascent. Discontinuities 
control the formation of elongated domes which then 
give rise to spaced smaller-scale intrusions. 

s w  

J 
w i E ~::::::::::~ 

Fig. 5. Vertical shape and depth of pluton floors obtained from 
gravity data showing dominant tabular shapes (from Bernardin 1988) 

(pluton numbers as for Fig. 1). 

Shape of the plutons 

The shape of the plutons is characteristic of the 
regional tectonic environment at the time of intrusion 
(Hutton 1988). Circular shapes are usual in post-tectonic 
or anorogenic intrusions (Bonin 1982). In contrast, the 
interference between pluton ballooning and regional 
simple shear can result in predominantly elliptical 
shapes (Brun & Pons 1981). Shape depends also on the 
ductility contrast between pluton and country rock 
(Ramberg 1970, Woidt 1978, Soula 1982). 

In the Moroccan Hercynian belt, most pluton shapes 
can be approximated by NE-SW ellipses, whose princi- 
pal axes (A) range from 9 to 40 km (Fig. 4). Local 
asymmetrical tear-drop shapes, indicating the sense of 
shear (Berth6 et al. 1979), are observed in plutons 
directly bounded by ductile wrench faults (pluton 4, 
Figs. 1 and 4). Gravity data (Van den Bosch 1974, 
Bernadin 1988) indicate a 3--6.5 km vertical thickness for 
most of the plutons with a minimum value of 2 km for the 
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Fig. 4. Outcrop shape and orientation of Moroccan plutons. 1: S-I- 
type Jebilet granodiorite. 2: I-S-type Zaer granodiorite. 3: S-type 
Oulmes monzogranite. 4: l-type Tichka granitoid. 5: S-type Zaer 
monzogranite. 6: Rehamna alkaline monzogranite. 7: Ment grano- 

diorite. Dotted lines: inner thermal aureole. Scale bar 5 kin. 

deeply eroded Zaer granodiorite (Fig. 5). Pluton eUip- 
ticity (A/B) decreases as a function of emplacement 
timing (Fig. 6a) and axial ratios of pluton cross-sections 
are independent of the size of plutons (Fig. 6b). 

Three basic pluton shapes can be distinguished from 
gravity and field data: flat plutons, tailed bubbles and 
discordant cauldrons (Fig. 7). These shapes are inter- 
preted to be directly dependent on intrusion mechan- 
ism. Flat ptutons are exemplified by the Eastern Jebilet 
granodiorite and the Zaer monzogranite (Chemssed- 
doha 1986, Diot 1989) (plutons 1 and 5, Fig. 1). They 
display gently outward-sloping contacts which are con- 
sistent with a high axial ratio in cross-section (Fig. 6b). 
Such relatively tabular shapes may be related either to 
vertical flattening of diapiric tailed globules when pluton 
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Fig. 6. Characteristics of ptuton shapes and orientations (pluton num- 
bers as for Fig. 1 ). (a) progressive decrease of pluton ellipticity (A/B) 
as a function of emplacement timing (t) in Ma. (b) diagram of 
computed long axis (L/2) (gravity data) vs depth (Z/2). (c) & (d) 
Pluton long axis obliquity to the regional ENE shear plane (,8) and to 
the regional schistosity ~-0) ,  as a function of pluton ellipticity (AIB). 
Smaller obliquities correspond to high axial ratio of older plutons. (e) 
progressive decrease of the shear strain 7 as a function of time (t) in 
Ma, Shear strain 7 is registered by pluton shape (black circles) and by 
pluton obliquity (fl) (tr!angles). Regional shear strain (squares) is 
registered by schistosity obliquity to the regional shear plane (O). The 
difference between strain registered by plutons and the bulk strain is 
related to the delay of pluton emplacement with respect to the 

beginning of regional deformation. 
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Fig. 7. Three-dimensional shapes of Moroccan plutons and related emplacement mechanisms. (a) Tabular shape (eastern 
Jebilet pluton) compatible with pluton emplacement along an extensional E-W fault in a shear zone termination. (b) Tailed 
globule shape (Tichka pluton) consistent with a diapiric ascent inducing a strong deformation of adjacent country rocks (I, 
granitoids; 2, diorites and gabbros). Asymmetric pluton shape (northwards offcentred acidic roof) suggests that pluton did 
not rise vertically. (c) Concentric flat-lying sheets of alkaline granites (Rehamna) indicating local cauldron subsidence and 

pull apart along a major crustal wrench fault (Western Meseta shear zone). 

ascent is stopped, or to emplacement by multiple pulses 
of magma along crustal fractures leading to in situ 
assembled plutons. The long and narrow Jebilet grano- 
diorite is thought to be emplaced along a pre-existing E-  
W crustal discontinuity by wedging into weakly de- 
formed country rocks, giving rise to a tongue-shaped flat 
pluton (Fig. 7a). 

Tailed bubble shapes are exemplified by the Tichka 
pluton (pluton 4, Fig. 1) which shows an inward-dipping 
floor and an outward-sloping roof (Termier & Termier 
1971) (Fig. 7b). The diapiric emplacement of this pluton 
is supported by (i) the large deformed aureole with 
numerous peripheral buckle folds, (ii) strain patterns 
(foliation trends, down-dip stretching lineation, de- 
crease of strain outside the aureole) and (iii) strain 
kinematics indicating the rise of the magma relative to its 
outer margins (Lagarde & Roddaz 1983). The three- 
dimensional asymmetric shape of the Tichka intrusion 
(eccentric foliation trends, northward offcentered acidic 
roof), suggests that the pluton did not rise vertically 
(Talbot 1977) and may further indicate a northward 
inclined melting source interface (Talbot 1974) (Fig. 
7b). Such inclination is consistent with the southward 
thrusting combined with dextral wrench faulting along 
the Tizi n'Test Fault (Mattauer et al. 1972, Petit 1976). 

Discordant cauldrons are exemplified by the fiat-lying 
sheets of alkaline granite (Azegour and Rehamna intru- 
sions, 6 and 8 on Fig. 1). They display flat roofs, steep 
sides, concentric patterns, fracturing of the roof and 
block subsidence (Lagarde 1987) and are compatible 

with pull-apart and local subsidence along large-scale 
fractures (Fig. 7c). 

Pluton orientations 

Many syntectonic plutons are oriented with respect to 
the regional strain field (Brun & Pons 1981, Hutton 
1982, 1988). Pluton orientations are usually described by 
the obliquity of pluton long axis with respect to the 
regional shear plane (fl) and to the regional schistosity 
(riO) (Vigneresse & Brun 1983). 

In Western Morocco, pluton long axes are oriented in 
a NE-SW direction, subparallel to the regional trend of 
the belt. This orientation is consistent with a regional 
NW-SE shortening during pluton emplacement. The 
transverse orientation of the E-W Jebilet granodiorite is 
an exception compatible with pluton emplacement 
along an extensional E-W fault in a shear zone termin- 
ation (Fig. 7a). Pluton long axes are clearly oblique to 
the regional ENE shear plane ~ values) and slightly 
oblique to the regional NE-SW schistosity (if--0) (Figs. 6 
b & c). This obliquity suggests that plutons are less 
reoriented towards the regional shear plane than is the 
schistosity. In terms of regional shear strain, y, this 
angular obliquity corresponds to a difference of about 
0.5-1 y between the regional strain and the local strain 
recorded by plutons (Fig. 6e). Lower obliquities (,8) are 
observed for higher axial ratio of older plutons, i.e. 
older plutons are less oblique to the regional shear plane 
than are younger ones. 



810 J .L.  LAGARDE, S. AIT OMAR and B. RODDAZ 

! k r n  
"1 

N W  F ~ ~ - ~  S E  

\ < ' ' \  

I 

Im 
m 

0 Ikm 

Fig. 8. Deformation patterns and microstruetural evolution around the Oulmes monzogranite. (a) Thermal aureole 
centered on the pluton. 1: muscovite--chlorite zone. 2: Biotite zone. 3: Biotite-andalusite __. cordierite, garnet, sillimanite 
zone. (b) Typologic evolution of schistosity. 1: Discrete cleavage S1.2: Slaty cleavage SI. 3: Composite foliation SI-2. (c) 
Cross-section showing progressive strain increase towards pluton and evolution from weakly developed cleavage (SI), axial 
planar to upright open FI folds (1), to composite SI-2 foliation axial planar to asymmetric folds verging towards pluton (2) 

and (3). 

Distribution and microstructural evolution of  the 
deformation in country rock 

The Western Moroccan Hercynian belt is weakly 
deformed. Deformation consists of a faintly developed 
schistosity (SI), axial planar to NE-SW gently-plunging 
folds. This main regional deformation increases near 
plutons as a result of heating and hydrolitic weakening of 
country rock and there is a close correspondence be- 
tween areas of pluton emplacement and deformed zones 
(Fig. 2). 

Plutons control the microstructural evolution in the 
surrounding rocks. This evolution is characterized by 
the progressive development of superimposed small- 
scale structures and can be observed around most of the 
plutons studied (Zaer and Oulmes monzogranites, and 
Zaer, Tichka and Jebilet granodiorites). In the outer- 
most zones of the aureoles ductile deformation initiated 
by the development of a weak steeply-dipping cleavage 
(St) that is axial planar to upright, open and gently- 
plunging F l folds (Figs. 8c and 9a). Closer to the contact, 
the bedding So is progressively transposed into the S1 

cleavage. Asymmetric F1 folds verge towards the plu- 
tons (Fig. 8c). In the innermost zones of the aureoles 
(0.5-1 km) deformation increases strongly. St cleavage 
and bedding are deformed by F2 folds with $2 axial plane 
foliation. Away from F2 fold hinges, St and $2 are 
parallel and form a composite St-2 foliation accom- 
panied by the growth of contact metamorphic porphyro- 
blasts. 

Where plutons are directly bounded by a regional 
shear zone, as in the Jebilet massif, the strain intensity is 
still higher. F 2 folds are strongly sheared in the SI-2 
composite foliation. F2 fold axes curve in the shearing 
plane and rotate towards the stretching direction giving 
rise to a great variation in plunge (Fig. l lb) .  In the most 
highly sheared zone, only F2 fold hinges are preserved 
(Fig. 9b). The S1_2 foliation is deformed by F3 conjugate 
kink folds (Berth6 & Brun 1980), symmetrically dis- 
posed about the stretching direction and consistent with 
a sinistral sense of shear (Fig. 11). A third cleavage 
develops locally. It consists of $3 shear bands indicating 
extension parallel to St_ z in a non-coaxial regime (Platt 
& Vissers 1980). This microstructural evolution leading 
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Fig. 9 Microstructural evolution of the deformation. (a) Axial planar discrete cleavage (St) (outer aureole of the Oulmes 
pluton). (b) Lit intersection lineation deformed by a fold (/7,,) strongly sheared in the Si-2 composite foliation (inner aureole 
of the Jebilet pluton deformed along the Marrakech shear zone). (c) Elliptical strain markers (elongated contact 
metamorphic spots of cordierite, 2t22 section) within thermal aureoles. (d) Strain markers in granites (dark aggregates of 
quartz-tourmaline, monzogranite dykes, Jebilet pluton). (e) Photomicrograph in crossed nicols of syntectonic andalusite 
porphyroblasts with rotated inclusion trails (Jebilet pluton aureole). Scale bars for (a) 50 cm. (b) & (d) 5 cm. (c) 2 cm, (e) 

500~4m. 
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Fig. 10. Foliation development in granitoids. (a) High-temperature orthogneisses with homogeneous penetrative foliation 
(Oulmes monzogranite). (b) Photomicrograph with nicols crossed of high-temperature solid-state foliation in Oulmes 
monzogranite showing typical fine-grained quartz-feldspar matrix, with no clear shape or crystallographic fabrics. (c) C-S 
orthogneisses characterizing a heterogeneous, medium-temperature solid-state deformation (Jebilet granodiorite). (d) 
Photomicrograph with nicols crossed of initiation of C-surfaces within a C-S orthogneiss (Jebilet granodiorite t. C-surface is 
composed of fine-grained quartz-feldspar _+ mica aggregates concentrated along an imperfectly defined plane (lower 
arrow). Note that adjacent quartz grains display characteristic lobate shapes (upper arrow) which reveal extensive grain 
boundary migration. (e) Photomicrograph in plane light of cataclasites developed along discrete s} nthetic shear planes. C'. 
characterizing brittle shallow crustal conditions (C-S orthogneiss. Jebitet). Scale bars for (b) & (d} 300 ,¢,n and (el 2 mm 
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Fig. 11 Superimposed microstructures across a strongly sheared plu- 
ton aureole (Marrakech shear zone). (a) Sketch depicting bedding 
(So), superimposed cleavages (St, $2, Sl_2, $3), folds (F2, F3), intersec- 
tion lineations (Lil, Liz), stretching lineation Le). (b) F 2 fold axis 
dispersion resulting from shearing along the $1_ 2 foliation (shear 
direction plunges slightly to the south) (n = 110, contour intervals at 1, 
5, 10 and 24%). (c) Dispersion of the ~ l  intersection lineation on the 

F2 folds (n = 55, contour intervals at 2, 10, 12 and 20%). 

to local refolding and complex lineation patterns is 
related to a progressive deformation (Lagarde & 
Choukroune 1982). 

Strain intensity patterns 

The influence of pluton emplacement on strain inten- 
sity patterns may be estimated by finite strain measure- 
ments made on elliptical deformed objects (Fig. 12). 
Most of these deformed objects initially had a subspheri- 
cal form (metamorphic spots of cordierite and reduction 
spots within country rock; aggregates of quartz- 
tourmaline within granitic rocks) (Figs. 9c & d). Deter- 
minations of the ellipses were made by direct measure- 
ment and data are represented on a graph of long vs 
short axes (Ramsay 1967). Where fluctuations in orien- 
tation of the long axes are detected, indicating an initial 
ellipticity, computations followed the Rf/¢ method 
(Dunnet 1969). Estimation of strain intensity is obtained 
from r parameter computation (Watterson 1968). The 
preferred orientation of micas, measured by X-ray tex- 
ture goniometry, is quantified by a fabric intensity index 
Rf (Le Corre 1978) which shows the same variations as 
the r parameter. 

Strain intensity patterns show the following character- 
istics. 

(1) Within country rocks, strain intensity profiles 
show a progressive increase towards pluton boundaries 
(Fig. 13a). This strain increase is consistent with the 
observed microstructural evolution and the tightening of 
folds in the aureole. Highest strain intensities occur near 
pluton margins that are strongly sheared along regional 
transcurrent shear zones (Fig. 13b). Lower strain 
intensities occur in well developed hornfels and in the 
envelopes of the discordant intrusions (Fig. 13c). 

(2) With ifi plul~ofis; strain is generally low but in- 
creases towards pluton margins (Fig. 13a). A good 
assessment of this strain increase is also given by the 
microtexturai evolution from non-foliated granites to 
protomylonites and C--S mylonites (Fig. 14). This evol- 
ution emphasizes that strains concentrate in the outer 
parts of plutons, but the lack of peripheral ultramylo- 
nites and the rather low values of strain measured in 
these zones (Fig. 13a) are not compatible with a strong 
lateral expansion of plutons. Ultramylonites are well 
developed in plutons emplaced in zones with high re- 
gional shear strain (central and eastern Jebilet plutons) 
(Fig. 14a). They cut across peripheral C-S mylonites and 
display an asymmetrical pattern, discussed below. 

Strain intensity patterns have been successfully used 
to estimate the relative timing of intrusion and defor- 
mation (Brun &Pons 1981, Hutton 1982). Where pluton 
emplacement occurs after the beginning of the regional 
deformation, pre-tectonic markers such as reduction 
spots record the bulk strain of country rocks, whereas 
pluton related markers such as metamorphic spots only 
record strain increments since pluton emplacement. 
Strain profiles using strain markers introduced during 
pluton emplacement (contact metamorphic spots) will 
therefore indicate lower intensities than strain profiles 
using pre-tectonic markers. Comparison of strain pro- 
files around the Azegour alkaline intrusion exemplify 
this delay of pluton emplacement in comparison with the 
beginning of the regional deformation (Fig. 13c), 
emphasizing the late tectonic emplacement of the dis- 
cordant alkaline intrusions of Morocco. 

Variations of strain ellipsoid shapes 

Strain ellipsoid shapes are described by the k para- 
meter (Flinn 1962). Around Moroccan plutons, k values 
range from 0.1 to 8.7 suggesting significant changes in 
strain ellipsoid shapes (Fig. 12d). 

In country rocks, the k value progressively decreases 
towards plutons indicating a progressive increase of 
flattening (0.1 -< k < 1). Deformed pluton margins also 
display oblate strain ellipsoids (field circled a on Figs. 
12d and 13a). This progressive flattening is consistent 
with microtectonic observations such as chocolate-tablet 
boudinage of competent layers and with the strong 
planar fabrics of micas measured by X-ray texture gonio- 
metry (Chemsseddoha 1986). A strong flattening strain 
around plutons is predicted both by mathematical 
models of interference between regional simple shear 
and pluton ballooning (Brun & Pons 1981) and by the 
analysis of deformation around a rising diapir modeled 
by creeping flow past a rigid sphere (Cruden 1988). 

At the extremities of plutons, the k value increases. A 
constriction type strain (1 < k < 5) develops in these 
zones (field circled c on Figs. 12d and 13a). The change 
in strain ellipsoid shape is accompanied by a change of 
fabric from L < S tectonites to S < L tectonites. 

Plane strain ellipsoids are measured within shear 
zones. Where shear strain increases, finite strain 
measurements indicate an evolution from plane to pro- 
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Fig. 12. Finite strain measurements. In (a), (b) & (c) boxes contain k (upper) and r (lower) values, where 
r = At/~, 2 + 22/,2, 3 - 1, (a) Data from syntectonic Jebilet pluton (squares) and its aureole (filled circles). Unboxed data are Rf 
(fabric intensity index) values. (b) Data from aureole of late tectonic Azegour intrusion. (c) Data from high strain rocks of 
Rehamna thrust-wrench shear zone. (d) Flinn plot of data from (a) (b) and (e) showing dominantly flattening-type strain 
(0 -< k < 1) in aureoles and plutonic rocks (circled a), a slight trend towards plane strain (k = 1) related to measurements 
along shear zones (circled b), and an evolution to constriction type strain (k > 1) in schistosity triple points (Jebilet) and 

zones of high shear strain (Rehamna). 25-150 strain measurements per symbol. 
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Fig. 13. Profiles of r, k and Re values. (a) Central Jebilet granodiorite r profile shows strain increase towards pluton 
boundaries and low strain in pluton core and peripheral hornfels (h). k profiles show dominantly oblate strain (AB section) 
evolving to prolate strain in schistosity triple point (CD section). (b) Eastern Jebilet granodiorite. Highest strain intensities 
on r and Rt profiles occur across pluton margins deformed along regional shear zones, (c) Late tectonic Azegour 
monzogranite. Right-hand r profile from pretectonic strain markers (reduction spots) records bulk regional strain. Left- 

hand r profile from contact metamorphism spots records strain accumulated since pluton emplacement. 
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Fig. 14. Patterns of internal microstructures. (a) Central and eastern 
Jebilet granodiorites. (b) Oulmes monzogranite. (c) Zaer monzo- 
granite. 1, Weakly deformed zones with discrete S-surfaces; 2, C-S 
protomylonites with dominant S-surfaces; 3, C-S mylonites with 

dominant C-surfaces; 4, ultramylonites. 

late finite strain (Lagarde & Michard 1986) (fields cir- 
cled b and c on Fig. 12d). 

Finite strain trajectories 

Finite strain trajectories (flattening plane and 21 
orientations) reflect the orientation of the strain ellip- 
soid axis. In Western Morocco patterns of finite strain 
trajectories emphasize the synchronism between aur- 
eole structures, internal structures of plutons and re- 
gional structures. The aureole foliation shows a geo- 
metrical continuity with the regional schistosity (Figs. 
15c and 16a) and structures of the aureole are not 
overprinted on regional structures. Trends of pluton 
foliations are generally continuous with those of the 
aureole suggesting a rather low ductility contrast be- 
tween the pluton and the inner aureole. Where schisto- 
sity is lacking outside the thermally softened areas, the 
boundaries of the aureoles show a foliation oriented 
NE-SW, conformable to the regional strain field (Figs. 
15a & b). Most stretching lineations of the aureoles 
present rectilinear patterns oriented in the direction of 
regional stretching. The only observed curvatures of the 
lineation trends are related to transcurrent shear zones 
(Fig. 16a). 

Perturbations of the strain field, related to pluton 
emplacement, can be detected on the maps of finite 
strain trajectories. In the innermost parts of the aur- 
eoles, fold axes and foliations tend to become parallel or 
slightly oblique to the contact of the pluton. They form 

curved or elliptical trend lines contrasting with the 
rectilinear trends observed farther out. Internal helicoi- 
dal foliations show a regular sense of obliquity with 
respect to pluton boundaries (Fig. 15b). Foliation triple 
points develop at the extremities of plutons. They corre- 
spond to weakly deformed triangular zones where a 
foliation parallel to pluton interface initiates at a high 
angle to the NE-SW foliation. In these zones both 
foliations are, in turn, locally shortened and crenulated, 
consistent with their synchronous development. Folia- 
tion triple points have been explained in terms of inter- 
ference between pluton ballooning and simple shear 
(Brun & Pons 1981). 

At the top of plutons, internal stretching lineations do 
not follow the foliation curvature but are slightly plung- 
ing and strike NE-SW parallel to pluton long axes (Figs. 
15a & b). Near the inward-dipping floor of tailed plutons 
stretching lineations become down-dip and display 
radial patterns (Fig. 15c). 

Syn-tectonic contact metamorphism 

The heating of the aureoles by heat loss from the 
magma, gave rise to a contact metamorphism showing 
the following characteristics. 

(1) Thermally softened aureoles around plutons are 
usually 1-2 km wide. They are characterized by low- 
pressure andalusite-sillimanite metamorphism indi- 
cating high geothermal gradients. Aureoles are centered 
on granitoids and metamorphic zonations consist of 
three main zones: muscovite-chlorite zone, biotite zone 
and andalusite-cordierite zone (+sillimanite, garnet) 
(Fig. 8a) 

(2) Contact metamorphism porphyroblasts show a 
syntectonic growth with respect to the foliation. Andalu- 
site exhibits sigmoidal inclusion trails (Fig. 9e). A post- 
tectonic growth of contact porphyroblasts as biotite and 
andalusite is locally observed, which indicates that ther- 
mal relaxation outlasted deformation of the country 
rocks. 

(3) Where plutons were emplaced along a regional 
shear zone, the rotation of contact porphyroblasts is 
consistent with the regional sense of shear (Chemssed- 
doha 1986). 

The metamorphism in the aureoles contrasts strongly 
with the upper epizonal metamorphism associated with 
the regional deformation (Piqu6 1982). K-Ar dating 
(Huon 1985) shows that regional metamorphism miner- 
als in slates and igneous minerals in granitoids (Mrini 
1985) are comparable in age. This emphasizes that 
regional schistosity and pluton foliation are synchronous 
and developed during pluton emplacement. 

Foliation development in granitoids 

Data presented above provide evidence for pluton 
emplacement during regional deformation: internal 
foliations are continuous with regionally developed 
cleavages; porphyroblasts in the contact aureoles are 
syntectonic with respect to the foliation; magmatic and 
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Fig. 15. Foliation (left) and stretching lineation (right) maps. (a) Zaer. (b) Oulmes. (c) Tichka. Foliations are character- 
ized by (i) a dominant NE-SW orientation, (ii) a geometrical continuity between aureole and pluton foliations leading to 
elliptical trend lines, (iii) foliation triple points (dots) at the extremities of pluton ellipses and (iv) helicoidal pattern in (b) 
compatible with transcurrent motion. Stretching lineations display (i) rectilinear trends parallel to the regional stretching (a 

& b) and (ii) radial patterns ncar the inward-dipping floor of the Ticbka granitoids (c). 
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Fig. 16. Foliation (left) and stretching lineation (right) maps. (a) Perturbations of finite strain trajectories (curvature of 
both foliation and stretching lineation) related to pluton emplacement along a regional sinistral shear zone (Jebilet 
granodiorites). (b) Finite strain trajectories around a late tectonic intrusion (Azegour monzogranite). Granitic intrusion 
cuts across regional foliation but stretching direction near granite, indicated by elongated contact metamorphism spots, is 

conformable to the regional stretching direction. 

metamorphic minerals have similar age. Another strong 
piece of evidence is the development of internal foliation 
during pluton emplacement (Gapais 1987, Blumenfeld 
& Bouchez 1988, Paterson et al. 1989). This latter point 
is supported by two basic features, each being diagnostic 
of syntectonic emplacement. The first feature is the 
occurrence of microstructures developed during the 
high-temperature stage of pluton emplacement. The 
second feature is the occurrence of microstructural vari- 
ations recording the decrease in temperature accom- 
panying pluton cooling. 

High-temperature microstructures are preserved 
where intrusive effects predominate and are not over- 
printed by lower temperature regional effects (Oulmes 
and Zaer monzogranites). High-temperature ortho- 
gneisses are located near pluton-country rock inter- 
faces. They display homogeneous penetrative foliations 
(Fig. 10a) and shear bands are unusual (Ait Omar 1986). 
At the microscale, orthogneisses consist of a homogene- 
ous matrix including small quartz and feldspar grains 
with no clear shape fabric (Fig. 10b). The crystallo- 
graphic orientation of quartz grains is very slight sugges- 

ting a progressive reorientation and misorientation of 
subgrains (Poirier & Nicolas 1975, Simpson 1983). Such 
a fabric is consistent with high crystallization rate during 
the high-temperature history of syntectonic pluton 
emplacement (Gapais 1987). No clear microstructurai 
evidence of magmatic flow (suspension-like behaviour) 
(Paterson etal. 1989) can be found in these zones and the 
observed foliations reflect only high-temperature solid- 
state flow (subsolidus plastic deformation) (Gapais 
1987, Paterson et al. 1989). 

Microstructural variations recording the progressive 
decrease in temperature associated with pluton cooling 
are observed where regional deformation effects are 
well developed and outlast the high-temperature history 
of pluton crystallization. In the eastern Jebilet grano- 
diorite, which is strongly sheared along a regional trans- 
current SSE shear zone, increasing strain is marked by 
the transition from an originally non-foliated granite to 
typical C - S  mylonites and uitramylonites (Lagarde & 
Choukroune 1982). Microstructural changes that occur 
during this progressive foliation development may be 
summarized as follows. 
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(1) C - S  structures initiate by the association of a 
weak schistosity (S-surfaces) and of small ductile shear 
bands (C-surfaces). Shear bands consist of small aggre- 
gates of quartz, feldspars and biotites concentrated 
along imperfectly defined planes (Fig. 10d). 

(2) Increasing strain, indicated by finite strain 
measurements (Fig. 13b), is marked by propagation and 
amplification of shear bands (Fig. 10c) during unstable 
solid-state flow. Ouartz, feldspars and micas experience 
internal deformation, grain size reduction and recrystal- 
lization within shear bands. Quart grains exhibit some 
lobate shapes indicating that grain boundary migration 
processes are still active (Gapais & Barbarin 1986). 
Quartz fabrics are characterized by (i) the development 
of (a) axes concentrated close to ~.l, (ii) (c) axes distrib- 
uted within asymmetric crossed-girdles with a maximum 
close to 22 (Fig. 17), (iii) an asymmetry (Lister & 
Williams 1979) consistent with the sense of shear indi- 
cated by shear bands. The fabrics developed at relatively 
low temperature by dominant (a) slip and rotation-re- 
crystallization deformation mechanisms (Gapais & Bar- 
barin 1986). The evidence of quartz grain boundary 
migration indicates, however, a temperature of defor- 
mation around the migration-rotation recrystallization 
transition (-550°C) (Gapais 1987). 

(3) A further decrease in pluton temperature is 
accompanied by the development of cataclasites concen- 
trated along discrete synthetic shear planes (C') (Berth6 
et al. 1979), consistently inclined at 20-30 ° from the C- 
planes (Fig. 10e). In these cataclasites clusters of feld- 
spars, biotites and polycrystalline quartz grains experi- 
enced a strong grain size reduction concomitant with an 
alteration of feldspars and biotites. This cataclastic pro- 
cess characterizes brittle shallow crustal conditions (Sib- 
son 1977). The observed microstructural evolution 

a b 

( l o T ~ )  ~ c 

Fig. 17. Quartz (a) axis and 10i"4 pole figures within C-S orthosneiss 
(Jebilet granodiorite) (after Chemsseddoha 1986). Increasing shear 
strain from (a) to (b) is marked by the progressive concentration of (a) 
axes close to 3. I and by the distribution of (1014) in asymmetric 
crossed-girdles. 1014 pole figures contoured at 1, 2, 3 and 4 times 
uniform distribution (u.d.). (a) axis figures contoured at 1,2.2.5 and 3 

times u.d. 

implies that quartz is stronger than weakened feldspars 
and would indicate tow-temperature deformation 
(<350°C) (Evans 1988). 

The above observations emphasize that the Jebilet 
granodiorites have been emplaced and cooled during 
regional shearing. Microstructures recording the syn- 
tectonic cooling range from intermediate-temperature 
shear bands (=550--600°C) to low-temperature C' catac- 
lastic shear planes (<350°C) formed at the end of the 
thermal re-equilibration of plutons. 

RELATIVE EFFECTS OF INTRUSION 
AND REGIONAL DEFORMATION 

The relative effects of intrusion and regional defor- 
mation control the geometry and the kinematics of 
deformation in zones of syntectonic pluton emplace- 
ment. Geometry and kinematics are deduced from 
analysis of strain patterns (Brun & Pons 1981, Hutton 
1982, 1988, Courrioux 1987) and from shear criteria 
(Berth6 et al. 1979, Simpson & Schmid 1983, Burg 1987, 
Blumenfeld & Bouchez 1988). They provide good indi- 
cations of the tectonic environment during final em- 
placement of plutons (Fig. 18). 

Where regional effects are prominent and outlast 
high-temperature deformation history of plutons, intru- 
sive effects are not clearly registered and strain patterns 
are mainly controlled by the regional wrenching (eastern 
Jebilet granodiorite) (Fig. 18a). 

Where weak intrusive effects interfere in the regional 
strain field, a peripheral fabric develops in granites, but 
without conspicuous registering of the upward motion of 
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Fig. 18. Relative effects of intrusion and regional deformation de- 
duced from strain patterns and shear criteria. (a) Eastern Jebilet 
granodiorite. (b) Central Jebilet granodiorite. (c) Oulmes pluton. (d) 
Tiehka granitoids. (e) Zaer monzogranite. (a) & (b) Strain patterns 
controlled by a prominent regional wrenching. (c) & (d) show the 
combination of intrusive effects (peripheral onhogneisses, normal or 
reverse shears related to pluton ascent) and regional effects (NE-SW 
foliations with helicoidal or signoidal pattern, lateral wrenching): (e) 
shows predominantly intrusive effects (peripheral flat lying foliations 
with concentric patterns, southward sense of shear) consistent with 
southwards spreading of a fiat pluton. 1: Normal shears. 2: Reverse 

shears. 3: Normal or thrust-wrench shears. 4: Wrench shears. 
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the magma (central Jebilet granodiodte) (Fig. 18b). 
Regional effects controlled the development of internal 
structures such as asymmetric conjugate shear zones. 
Shear zones emphasize the interference between intru- 
sion and regional deformation. They initiated during 
pluton cooling (Lagarde 1987), but they show geometric 
and kinematic compatibilities with the regional NW-SE 
shortening. Moreover, their asymmetric pattern is con- 
sistent with the sinistral wrenching described in adjacent 
country rocks. 

Where prominent intrusive effects can be detected, 
the geometry and the kinematics of internal deformation 
are mainly controlled by the shape and the motion of the 
rising pluton (Figs. 18c-e). Within the Oulmes pluton 
intrusive effects led to high-temperature orthogneisses 
and normal shears concentrated in the outer parts of the 
pluton. Nevertheless the lack of microstructures regis- 
tering medium- to low-temperature internal defor- 
mation history indicates that intrusive effects quickly 
abated. Within the lower parts of the Tichka pluton, 
concentric and inward-dipping orthogneisses, down-dip 
stretching lineations, and reverse senses of shear indi- 
cate upward rising of the magma. Within the Zaer 
monzogranite, peripheral flat lying orthogneisses with 
concentric patterns and predominant southward shears 
are consistent with the southwards spreading of a flat 
pluton. 

These intrusive effects progressively decrease in 
country rocks surrounding plutons (Fig. 18). In the 
Oulmes aureole, the helicitic pattern of the flattening 
plane combined with shear criteria attest to regional 
sinistral wrenching during pluton emplacement (Ait 
Omar 1986, Diot et al. 1987). In the Tichka pluton, 
upward movement evolved to dextral wrenching along 
the Tizi n'Test Fault (Petit 1976, Lagarde & Roddaz 
1983). In the Zaer aureole, southwards shearing evolved 
to dextral thrust-wrenching. 

CONCLUSION 

During the late Carboniferous, the Western Moroc- 
can Hercynian belt experienced a phase of regional 
shortening leading to weak and low-grade deformation. 
This regional deformation is concentrated in zones of 
crustal weakness such as Proterozoic faults and ther- 
mally softened aureoles around late Carboniferous plu- 
tons. 

Late Carboniferous granitic plutons of Morocco show 
various indicators of syntectonic emplacement at shal- 
low crustal levels (Fig. 19). 

(1) Plutons are distributed along lines parallel to 
reactivated pre-existing faults and ductile deformation is 
mainly located in the thermally softened area surround- 
ing plutons. These two features suggest that deep Pro- 
terozoic faults focused melts at depth and localized both 
plutons and regional deformation within higher crustal 
levels. 

(2) Plutons have in general elliptical shapes which are 
consistently oriented with respect to the regional strain 
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Fig. 19. Indicators of pluton emplacement during a regional defor- 
mation. 1: Elliptical shape oriented with respect to the regional strain 
field. 2: Finite strain gradients. 3: Increase of syntectonic contact 
metamorphism. 4: Perturbations of finite strain trajectories. 5: Schis- 
tosity triple points. 6: Changes in shape of the finite strain ellipsoid. 7: 
Foliation development in granitoids recording the decrease in tem- 
perature during pluton cooling. 8: Normal (or reverse) senses of shear 
indicating that country rock deformation and internal foliation devel- 

opment are contemporaneous with pluton final emplacement. 

field. Pluton shape (ellipticity), orientation and age can 
be correlated with strain history. 

(3) A syntectonic low-pressure-high-temperature 
contact metamorphism is observed in the aureoles. 
Metamorphic assemblages indicate temperature 
increased towards plutons. Post-tectonic crystallization 
is related to thermal relaxation after intrusion. 

(4) The microstructural evolution around syn- 
tectonic plutons is characterized by the tightening of 
folds in aureole rocks and by the progressive develop- 
ment of superimposed small-scale structures related to a 
progressive deformation. 

(5) Perturbations of the strain field are related to 
pluton emplacement. Deformation is strongly hetero- 
geneous. Finite strain gradients are detected within both 
country rocks and plutonic rocks. The increase in finite 
strain towards plutons accompanies development of 
superimposed structures. Highest strain intensities 
occur where shear zones bound plutons. Finite strain 
trajectories exhibit perturbations of the regional strain 
field around plutons (rotation of the regional flattening 
plane, development of structures conformable or 
slightly oblique to pluton boundaries, schistosity triple 
points). Internal structures, aureole structures and re- 
gional structures are contemporaneous and continuous. 
The strain ellipsoid evolved from dominant flattening 
types inside and outside plutons, to prolate types in the 
schistosity triple points. Plane strain evolving to prolate 
strain ellipsoids occurred in shear zones. 

(6) Foliation development in granitoids shows a con- 
tinuum between high-temperature and low-temperature 
solid-state foliations, related to the decrease of tempera- 
ture during the thermal re-equilibration between pluton 
and country rocks. 

These data point out the contribution of syn-tectonic 
plutons in understanding the record of geometry, inten- 
sity an d kinematics of deformation. The geometry of the 
regional strain field is indicated by pluton orientations, 
and related strain trajectories. It is characterized, in the 
Western Morocco Hercynian belt, by a NW-SE shorten- 
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Fig. 20. Progressive deformation of the Western Moroccan Hercy- 
nian belt registered by late Carboniferous plutons. Each pluton 
records a short increment of the regional strain. Therefore the evol- 
ution with time of pluton eiliptieity and orientation reflects the 
evolution of the incremental strain ellipse and indicates a decreasing 

ENE dextral shear strain. 

ing direction Q.3) and by an horizontal NE-SW stretch- 
ing direction (21). 

Variations in strain intensity are indicated by pluton 
shapes (evolution with time of the ellipticity ratio) and 
by the obliquity of pluton long axes with respect to the 
regional shear plane. Syn-cooling deformation of plu- 
tons only records short increments of the regional strain 
(short-lived pluton cooling <105 years, Spera 1980). The 
evolution of pluton ellipticity and orientation will thus 
reflect the evolution of the incremental strain ellipse. In 
Western Morocco this evolution indicates a progressive 
decrease in strain intensity (decrease of ellipticity ratio 
and increase of pluton obliquity) (Fig. 20), suggesting 
that the Hercynian non-coaxial strain decreased be- 
tween 320 and 280 Ma, and then vanished during the late 
tectonic emplacement of discordant alkaline granites. 

Plutons can tell us a great deal about kinematic 
history. In Western Morocco they record extensive 
strike-slip motion which can be related to crustal-scale 
ENE dextral wrenching between Africa and Western 
Europe. 
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APPENDIX 

The Hercynian granitoids from Western Morocco (petrographic types, Rb--Sr initial ratios, isotopic dating) from: 
(1) Tisserand (1977); (2) Mrini (1985); (3) Ros6 (1987); (4) Gasquet et al. (1988) 

Age 
Location Petrographic types Origin Rb--Sr (Ma) 

1 Jebilet 
Central I-S granodiorite mixed 0.708 332 + 5 (2) 

S monzogranite crustal 0.712 306 _+ 17 (2) 
Eastern I-S granodiorite mixed 319 _+ 10 (1) 

2 Zaer I-S granodiorite mixed 0.705 303 4- 13 (2) 

3 0 u l m e s  S monzogranite crustal 0.710 298 +_ 6 (2) 

4 Tichka I-S grandiorite mixed 285 (4) 

Diorite, gabbro mantle 

5 Zaer S monzogranite crustal 0.709 279 + 11 (2) 

6 W. Rehamna Alkaline granitoids mixed 0.705 268 4- 6 (2) 

7 Ment S monzogranite crustal 0.715 270 4- 3 (2) 

8 Azegour Alkaline granitoids mixed 0.705 271 4- 3 (2) 


