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Abstract 

Structural study of the KukEs ultramafic massif which belongs to the Albanian Mirdita zone is of great interest for 
reconstruction of Alpine tectonic environments. From bottom to top, the following lithological succession is observed in the 
ultramafic-mafic section: harzburgites, harzburgites with dunitic lenses, dunites, an intermediate zone and gabbros. The 
ultramafic rocks are apparently weakly deformed. The textures indicate a high-temperature deformation and slight locally 
superimposed low-temperature deformation. This is confirmed by olivine lattice-preferred orientation which indicates that 
(010)[100] was the activated glide system in olivine (i.e., at high temperature). The kinematics of deformation have been 
determined from the lattice-preferred orientation of olivine; an inversion of the shear sense occurs at the base of the dunite 
zone and is interpreted as being due to asthenospheric flow. A simple geometric reconstruction indicates that the KukEs 
ultramafic massif could correspond to the eastern flank of a NNW-SSE-orientated paleo-ridge. 

1. Introduct ion 

The Mirdita zone (Albania)  corresponds to a large 
alpine ophiolit ic complex in which two alignments 
are recognized and dist inguished on the basis of 
petrology of  the ultramafic section (Shallo et al., 
1985). The eastern belt belongs to the harzburgite 
ophiolite type (HOT, Rocci et al., 1975; Boudier  and 
Nicolas, 1985) and contains several chromite and 
platinum group mineral deposits. The western belt is 
of  the lherzolite ophiolite type (LOT, Rocci et al., 
1975; Boudier  and Nicolas,  1985). Both belts are in 
continuity under the central synclinorium (FrashEri et 
al., 1991) which is filled by thick volcanics and 
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post-Jurassic sediments (Fig. l). Thus, the Mirdita 
zone is the continuation of  the two ophiolitic belts 
recognized by Pamic (1983) to the north of  the 
ShkodEr-PejE (Dinarides) and to the south of Alba-  
nia (Hellenides) and is a unique case in which two 
ophiolite types are juxtaposed in the same belt. 

To date, a very good petrological and petrographi- 
cal database has been available on the two ophiolitic 
belts of  the Mirdita zone (Shallo et al., 1985). How- 
ever, there have been no structural nor kinematic 
studies even though the eastern belt is of  great 
economic interest for exploration and exploitation of  
chromite deposits. The geometry of  the mineralized 
bodies, including the alignment and elongation of  
chromite lenses, cannot be understood without a 
structural study of  the deformed surrounding peri- 
dotites: the determination of  the plane and direction 

0040-1951/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved 
SSDI 0 0 4 0 -  I 95 1 ( 9 5 ) 0 0 0 1 6 - X  



218 M. Hoxha, A.-M. Boullier / Tectonophysics 249 (1995) 217-231 

of high-temperature flow allows the alignment of 
mineralized bodies to be determined and thus pro- 
vides some guide for exploration and exploitation of 

Fig. 1. (A) The ophiolitic complex of the Mirdita nappe (sim- 
plified from the Geological map of Albania, 1983). 1 = Upper 
Triassic-Lower Jurassic limestones; 2 = volcano-sedimentary 
complex; 3-eastern belt (HOT = harzburgitic ophiolite type); 
4 = western belt (LOT = lherzolitic ophiolite type); 5 = gabbro- 
norites; 6 - Volcanic rocks (basalts, spilites, keratophyre, dacites. 
andesites, etc...); 7 = Lower Cretaceous limestones; 8 = 
Tithonian-Lower Cretaceous breccia with ophiolitic elements; 
9 - heterogenous ophiolitic melange; 10 = Paleogene-Quaternary 
sedimentary rocks (limestones, sandstones, flyshs and conglomer- 
ates). Ti = Tirana; Ku = KukEs. (B) Place of the Mirdita nappe in 
the Dinaro-Albano-Hellenide Alpine Belt. 

chromite deposits (Cassard, 1980). Moreover,  such a 
structural study may shed some light on the kinemat- 
ics of  mantle deformation be[bre the emplacement  of  
the ophiolites onto the continent by comparison with 
what is known in Oman and in other ophiolitic 
massifs (see Nicolas, 1989). 

This paper is concerned with the Kukes massif  
which belongs to the eastern belt of  the Mirdita zone 
(Figs. 1 and 2). The Kukes massif  contains all the 
components of an ophiolite (Anonymous,  1972). It 
shows a complete cross-section of oceanic litho- 
sphere, from mantle rocks ( 6 - 7  km under the paleo- 
Moho) to mafic crust (gabbros and gabbro-norites, 
Fig. 3). This study will focus on structures of the 
ultramafics and mafics as mapped in the field and 
observed in thin section, and on the kinematics that 
may be deduced from lattice-preferred orientations 
of minerals such as olivine. 

2. Geological environment of  the Kuki~s massif  

The Upper Tr ias s i c -Lower  Jurassic limestones 
(Fig. 2) southeast of the Kuk~s ultramafic massif  are 
composed of  grey neritic limestones, locally contain- 
ing stromatolites and fragments of  megalodontes. 
The thickness of  the limestones is on the order of  1 
kin. The degree of recrystallization increases up- 
wards in the formation, i.e., northwestwards. 

The volcano-sedimentary complex lies in strati- 
graphic continuity above Triassic-Jurassic  lime- 
stones (Kodra et al., 1993). This complex,  of Late 
Jurassic age, has a large extension along the eastern 
boundary of  the Mirdita ophiolites and may be com- 
pared to the "d iabase-cher t"  formation in the Dinar- 
ides (Ciric, 1984). The complex is comprised of  
green shales, which become black (organic matter) 
or reddish (iron oxides) towards the summit of  the 
cross-section. Some lO-m-thick reddish pelagic lime- 
stones are locally observed. Volcanics are interlay- 
ered in these sedimentary rocks and are represented 
by effusive basic rocks, such as spilites, diabases and 
variolites, which have suffered different degrees of  
chloritization, epidotization, carbonatization and 
pyritization. 

The metamorphic sole of the KukEs massif  is 
observed locally between the ultramafics and the 
volcano-sedimentary complex with which it appears 
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in con t inu i ty .  It is cons t i t u t ed  o f  two  types  o f  rocks:  

( l )  F ine ly  l ayered  a m p h i b o l i t e s  s h o w i n g  a m e t a m o r -  

phic  fo l ia t ion,  a s t r e t ch ing  l inea t ion  and  a g rano-  

l ep idob las t i c  t ex ture  (Bard ,  1990).  T h e  th i ckness  o f  

these  a m p h i b o l i t e s  va r ies  f rom 200  to 500  m. T he  

m e t a m o r p h i c  p a r a g e n e s i s  is a m p h i b o l e  ( t remol i te -  

act inol i te) ,  ep ido te  (cl inozo' i te)  and  albite.  (2)  Mica -  

ceous  quar tz i t es  and  mica sch i s t s  wi th  ga rne t  deve l -  

oped  d u r i n g  l ow-g rade  reg iona l  m e t a m o r p h i s m  

(Turku ,  1987). T h e s e  rocks  exh ib i t  a l ep idob las t i c  

tex ture  and  the i r  pa ragenes i s  is garnet ,  quar tz ,  mus -  

covi te ,  b io t i te  and  p lag ioc lase .  T h e i r  t h i cknes s  var ies  

Fig. 2. Schematic geological map of the KukEs ultramafic massif. 1 = gabbro-norites; 2 = intermediate zone between the dunites and the 
gabbro-norites; 3 = dunites; 4 = harzburgites; 5 ~ Lower Cretaceous limestones; 6 = Upper Triassic-Lower Jurassic limestones; 7 = 
volcano-sedimentary complex and metamorphic sole; 8 = Alluvium; 9 = fault (a = supposed, b = observed); 10 = lithologic boundary 
(a = between different lithological facies, b = stratigraphic unconformity); 11 = thrust; 12 = cross-sections used to construct the logs in 
Fig. 3. Lithological zones: Hz = Harzburgites; HzD = harzburgites-dunites; DHz = dunites-harzburgites; D = dunites; ZI = intermediate 
zone; G = gabbros. 
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from 20 to 30 m, but may locally reach 100-150 m 
due to folding. 

The northeastern and southern parts of  the massif 
are covered by transgressive limestones of  Early 
Cretaceous age. Therefore, the continental emplace- 
ment of the Kukfis massif occurred at the Upper 
Jurassic-Lower Cretaceous boundary. 

3. The ultramafic and mafic rocks 

The Kuk~s ultramafic massif is subdivided into 
five N-S-elongated lithological zones which are from 
bottom to top or from east to west (Fig. 2): the 
harzburgite zone (Hz); the harzburgite-dunite zone 
(HzD); the massive dunite zone (D); the intermediate 
zone (Zi) constituted by intercalated pyroxenites, 
wehrlites and lherzolites; and the gabbros (G). 

3.1. The harzburgite zone (Hz) 

The contact between the metamorphic sole and 
the harzburgites is topographically easily visible but 
difficult to observe in outcrops. The average compo- 
sition of the harzburgites is 80% olivine (forsterite), 
17% orthopyroxene (enstatite), 3% clinopyroxene 
(diopside) and 2% spinel. The harzburgite zone pre- 
sents some dunite lenses (less than 10% orthopyrox- 
ene, Streckheisen, 1973). Its thickness increases from 
south to north, where it reaches 2500 m (Fig. 3). 

3.2. The harzburgite-dunite zone (HzD) 

Depending on the relative amount of  dunite and 
harzburgite, the harzburgite-dunite zone may be di- 
vided into two sub-zones: (1) the lower harzburgite- 
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Fig. 3. CozTelation between different lithological logs in the Kuk~s ultramafic massif. I -  isotropic gabbros; 2 -  layered gabbros; 
3 = intermediate zone between dunites and gabbros; 4 -  dunites; 5 -  harzburgites-dunites; 6 harzburgites; 7 -  tectonic contact; 8 -  
amphiboli tes and garnct-micashists;  9 = volcano-sedimentary complex: 10 = Upper Triassic limestones; 1/ = Paleo-Moho; 12 = trace of 
the foliation plane. M - M ' ,  L-E ,  K - K ' ,  P-P ' ,  E-E': l i thological logs constructed from the cross-sections in the KukEs massif  (see Fig. 2 
for location). 
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dunite zone (HzD) where one finds some dunite 
lenses within the harzburgite; and (2) the upper 
dunite-harzburgite zone (DHz), in which the abun- 
dance of dunite lenses increases upwards. Both zones 
do have the same mineral paragenesis (olivine, or- 
thopyroxene, clinopyroxene and spinel). The thick- 
ness of the harzburgite-dunite zone increases from 
1000 m in the south to 2000 m in the north (Fig. 3). 
The chromite-rich deposits in this zone are of great 
economic interest. 

3.3. The dunite zone (D) 

The dunites are well developed in the KukEs 
massif. They contain some chromite layers, bodies or 
lenses that are currently exploited. In the northern 
part of the massif, very fresh dunites are mined for 
refractories. The dunites are massive and composed 
of olivine, spinel (chromite in the mineralized bod- 
ies), orthopyroxene (2-3%) and interstitial clinopy- 
roxene (less than 3%). Locally, a secondary amphi- 
bole develops along orthopyroxene cleavages. The 
chromitic layering is locally folded or displaced along 
normal shear zones (Hoxha, 1993; Hoxha et al., 
1993). The thickness of the massive dunite zone 
varies from 1.5 km to the south to 2.5 km to the 
north (Fig. 3). 

3.4. The intermediate zone 

The intermediate zone (Zi) corresponds to a pro- 
gressive transition between the massive dunites (D) 
and the gabbros (G). This zone is comprised of 
intercaled olivine-clinopyroxenites, wehrlites, 
olivine-websterites and lherzolite lenses. Some dunite 
lenses identical to the massive dunites are also ob- 
served. The thickness of the intermediate zone varies 
from 300 to 450 m. 

3.5. The gabbros 

The gabbros are concordant on the top of the 
ultramafic unit to the west of the massif, but, to the 
north, the contact is faulted and vertical (Fig. 2). The 
gabbros at the base are layered, and become more 
isotropic toward the top (Fig. 3). The 1- to 10-cm- 
thick layering is defined by variation of the amounts 
of olivine, clinopyroxene, orthopyroxene and plagio- 

clase. Therefore, some gabbros, gabbro-norites and 
plagioclase-bearing ultramafic rocks may be recog- 
nized (Streckheisen, 1973). Some secondary amphi- 
boles are locally developed at the expense of pyrox- 
e n e s .  

4. Structural study 

The structural study of the KukEs ultramafic mas- 
sif has been conducted using the methods proposed 
by Nicolas et al. (1972), Nicolas and Poirier (1976) 
and Nicolas (1989). The orientations of planar (layer- 
ing, foliation), linear (lineations) and tabular (veins) 
structural elements have been systematically mea- 
sured (Figs. 4 and 5). The definition of spinel or 
pyroxene lineations used in the present work is the 
one proposed by Darot and Boudier (1975). 

The layering observed in the different lithological 
zones is subparallel to the foliation. The structural 
maps show that the planar and linear structures are 
homogeneous in the upper part of the massif (Fig. 4). 
The average orientation of the foliation plane is 

Fig. 4. Map of foliation trajectories in the KukEs ultramafic 
massif. 1 = high-temperature foliation trajectories, the barbed lines 
showing the direction and the dip value; 2 = pyroxenite dyke; 
3 = gabbro dykes. 
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145°W45 °, i.e., parallel  to the Albanides ,  whereas  

the average  orientat ion o f  the stretching l ineation is 

60°W40 ° to 60 °. In most  cases, the l ineation is down 

dip in the foliat ion plane. The  foliat ion is secant  on 

the boundaries  o f  the pyroxeni te  lenses in the dunite 

zone and is truncated at the base o f  the gabbro zone. 

In the northern part o f  the massif,  the foliat ion is 

sl ightly def lected in a narrow zone along the bound- 

ary fault and the py roxene  l ineation defines a fan in 

the harzburgi te  zone (Fig. 5). In the southern part o f  

the massif,  some  perturbat ions affect  the foliat ion 

plane which shows some  dip inversions (Fig. 4). 

This indicates the presence  o f  some  folds at the map 

scale but they have  not been observed  in the field. 

The l ineation is regular  in that area and has an 

average  55°W75 ° or ientat ion (Fig. 6). 

Numerous  c l inopyroxen i te  veins with comb- l ike  

texture intrude the harzburgi tes  and dunites. Gabbro  

dykes are observed  in the upper part o f  the ultra- 

mafics,  near the base o f  the layered gabbros,  and 

postdate the extens ional  structures (normal fault ing) 

in the chromit ic  dunites.  The  average  orientation o f  

the ul t ramafic  and maf ic  intrusive veins is 115°N40 °, 

i.e., at a high angle  to the stretching lineation. 
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Fig. 5. Map of stretching lineations in the KukEs ultramafic 
massif. 
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Fig. 6. Stereographic projection of the structm'al elements from 
Kukes ultramafic complex (Schmidt diagram, lower hemisphere 
projection). (A) Foliation (555 measurements) in the ultramafic 
unit. Contours at 0.18, 1.26, 2.58, 3.78, 5.05 and 6.31%. (B) 
Lineation (195 measurements) in the ultramafic unit. Contours at 
0.15. 1.54 and 3.08%. (C) Poles of pyroxenite and gabbro dykes 
in the ultramafic unit (168 measurements). Contours at 0.59, 2.38 
and 3.57%. • = best axis of the distribution. (D) Best axes of the 
ditribution of remarkable planes and lines following different 
lithological zones in the Kuk~Ss ultramafic massif. Fh--foliation 
in harzburgite zone (140 measurements): Fhd= foliation in 
harzburgite-dunite zone (247 measurements): Fd- fo l ia t ion  in 
dunite zone (207 measurements); F t -  l~liation in the whole 
massif (555 measurements); Gr-layering in thc gabbros (35 
measurements); Dt = dykes and veins (168 measurements): L h -  
stretching lineation in the harzburgite zone (58 measurements); 
Lhd = stretching lineation in the harzburgite-dunite zone (70 mea- 
surements); /1./- stretching lineation in the dunite zone (83 mea- 
surements); Lt = total stretching lineation in the whole massif 
( 195 measurements). 

5. Textural study 

The descript ion o f  the textures observed  in the 
Kuk~s mass i f  is based on the classif icat ions pro- 
posed by Harte (1977) and Merc ic r  (1985). T w o  

main types of  textures have  been recognized.  

5.1. H i g h - t e m p e r a t u r e  t e x t u r e s  

Most  o f  the ul tramafic rocks have equant  or tabu- 

lar granoblast ic  textures (Hoxha,  1993; Hoxha  et al., 
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Fig. 7. Photograph of wide subgrains in olivine with straight (100) subgrain boundaries indicating a high-temperature deformation. Sample 
no. 45. The section is normal to the foliation plane with the lineation parallel to the long side of the photograph. Crossed nicols. Compare 
with Fig. 9. 

Fig. 8. Photograph of a porphyroclastic texture with a bimodal grain size of olivine (small neoblasts and large deformed porphyroclasts). 
Sample no. 44. The section is normal to the foliation plane with the lineation parallel to the long side of the photograph. Crossed nicols. 
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1993). Olivine crystals are coarse grained (1-3 mm) 
and contain sharp, straight and 100- to 150-/xm- 
spaced (100) subgrain boundaries (Fig. 7). In some 
samples from the northern boundary of the massif, 
the grain size distribution is bimodal and typical of a 
porphyroclastic texture, i.e., large olivine porphyro- 
clasts are surrounded by recrystallized grains (Fig. 
8). The size of these neoblasts (0.1-0.15 /xm in 
diameter) suggests high-temperature or low-stress 
deformation (Mercier et al., 1977; Ross et al., 1980; 
Gu6guen and Darot, 1980; Karato et al., 1980; 
Karato, 1984). In the granoblastic dunites, spinel is 
locally included in the olivine crystals, suggesting 
that olivine grain growth occurred by grain boundary 
migration. 

The intermediate zone and the base of the gabbro 
unit also exhibit high-temperature-deformation tex- 
tures (kink bands in orthopyroxene, wide subgrains 
in olivine, deformed plagioclase). 

5.2. Low-temperature textures 

The first evidence of low-temperature deforma- 
tion in the ultramafic rocks is the development of 

narrow (5- to 10-/xm-spaced) and fuzzy (100) sub- 
grain boundaries in olivine leading to undulatory 
extinction (Fig. 9). It generally corresponds to very 
low strain which does not induce elongation among 
the recrystallized grains formed at high temperature 
nor obliterate the previous high-temperature textures; 
deformation never reaches the porphyroclastic stage 
(no fine-grained recrystallized olivine). This low- 
temperature deformation is localized in a 2- to 3- 
kin-wide band along the northern boundary of the 
KukEs massif. 

6. Strain estimation 

Strain has been estimated in the KukEs peridotites 
by measuring the elongation of minerals in the field 
or in XZ thin sections. Depending on the amount of 
serpentine present and on the grain size of the rock, 
20 to 60 grains have been measured in each sample 
and the arithmetic mean calculated. The measured 
minerals show slight (1.5-2.8 for olivine) to moder- 
ate (1.3-3.6 for spinel) elongation throughout the 
whole massif. The values are somewhat irregular in 

Fig. 9. Photograph of narrow olivine subgrains with fuzzy (100) subgrain boundaries indicating a low-temperature deformation, sample no. 
45. The section is normal to the foliation plane with the lineation parallel to the long side of the photograph. Crossed nicols. Compare with 
Fig. 7. 
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the harzburgite and harzburgite-dunite zones (espe- 
cially for spinel), but regular in the dunite zone 
where elongation decreases progressively upwards. 
Therefore, a significant elongation limit may be 
placed at the bottom of  the dunite zone, above which 
olivine and spinel elongation becomes lower than 2. 

7. Kinematic analysis of the Kuki~s massif 

In peridotites, the lattice-preferred orientation of  
minerals (L.P.O.) acquired by intracrystalline defor- 
mation is strongly dependent on the active glide 
system (Nicolas et al., 1973), itself dependent on the 
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Fig. 10. Lattice-preferred orientation of olivine in some representative samples from the Kuk~s massif. Schmidt canevas, lower hemisphere. 
• = best axis of the distribution; [] = pole of the best plane of the distribution. The foliation (solid line) and the stretching lineation (0)  
are E-W oriented. Localization of the samples on Fig. 11. (A) Sample no. 237 (Hz zone), olivine, 70 measurements; contours at 1.42, 4.28, 
7.14, 10.10, 12.85 and 15.71%. (B) Sample no. 233 (HzD zone), olivine, 100 measurements; contours at 1, 3, 5, 8 and 10%. (C) Sample no. 
26 (DHz zone), olivine, 80 measurements; contours at 1.25, 2.5, 5, 7.5, I0 and 15%. (D) Sample no. 44 (D zone), olivine, 60 measurements; 
contours at 1.66, 3.33, 8.33 and 11.66%. 
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temperature and strain rate (Carter and Ave Lalle- 
mant, 1970). In order to determine the active glide 
system in olivine and the shear sense in peridotites, 
the olivine L.P.O. was measured in the XZ plane for 
nineteen samples distributed randomly over the whole 
massif. For  each sample, the foliation plane was 
defined either in the field or on HF-bleached sections 
by the elongation of  minerals such as spinel and 
orthopyroxene; it was then compared with the elon- 
gation of olivine porphyroclasts  in thin sections. We 
will describe below the stereograms of  some repre- 
sentative samples (Fig. 10; see Hoxha, 1993 for a 
complete study). For  samples showing a porphyro- 
clastic texture, only the porphyroclasts  have been 
measured, since they are better kinematic indicators 
than the recrystall ized neoblasts (Karato, 1987). 
However,  some comparat ive measurements of  both 
olivine neoblasts and porphyroclasts  have been per- 
lormed in a single sample and confirm that no 
significant difference exists between the L.P.O. of 
both types of  grains. 

Fig. 1 I. Map of shear sense in the KukEs ultramafic massif. 1: 
black arrows show the sense of movement of the upper block 
relative to the lower one in the peridotites. 2: Sense of movement 
of the upper block relative to the lower one in the metamorphic 
sole. 3: Number of the samples studied for lattice-preferred 
orientation. 

In this study the shear senses in peridotites of the 
Kuk~s massif  were determined from the obliquity 
between the best axis of  the [100] olivine distribution 
(indicative of  the shear direction or C-plane) and the 
foliation-lineation trace in XZ thin sections. Because 
the foliation has an average westward dip and the 
lineation is generally down dip in the foliation, the 
shear sense is described by considering the relative 
movement of  the upper block relative to the lower 
block (Fig. 11). 

7.1. Harzburgite and harzburgite-dunite zones 

Sample no. 237 

This harzburgitic sample has a porphyroclastic 
texture showing incipient (20%) high-temperature 
recrystallization. Evidence of  low-temperature defor- 
mation is also observed. A 15.71% [001] concentra- 
tion appears in the foliation plane (150°SW20 °) and 
perpendicular to the lineation (240°SW20 °, Fig. 10A). 
The axes [010] and [100] are distributed in girdles at 
the periphery of  stereograms. The angle ( a )  between 
the best axis of  [100] and the lineation direction is 
13 ° and indicates a top-to-the-N60 ° shear sense. 

Sample no. 233 

This sample comes from a dunite lens within 
harzburgites (Fig. 11). The rocks have a granoblastic 
tabular texture with an incipient dynamic recrystal- 
lization. The direction of  the foliation plane is 
150°W30 °, whereas the lineation direction is 
240°W30 °. The olivine L.P.O. is similar to that in 
sample no. 237 except that [100] and [010] are more 
concentrated in the outer girdle (Fig. 10B) and show 
a different symmetry relative to the lineation. Both 
samples 233 and 237 display similar deformation 
features (2.1 elongation of  olivine). The angle be- 
tween the [100] best axis and the lbliation-lineation 
trace is 23 ° and the sense of shear is top-to-the-N240 °. 

Sample no. 26 
This sample is a flesh harzburgite from the upper 

harzburgite-dunite zone located near the northern 
boundary fault (Fig. 11). Its structure is medium 
grain-size tabular granoblastic. The olivine L.P.O. is 
strong: [001] is perpendicular to the lineation in the 
foliation plane (Fig. 10C). The pole of  (100) is close 
to the lineation. The shear sense is top-to-the-N260 °. 



M. Hoxha, A.-M. Boullier / Tectonophysics 249 (1995) 217 231 227 

7.2. The dunite zone 

Sample no. 44 
This sample is a fresh dunite with a porphyroclas- 

tic structure (Fig. 8). The olivine porphyroclasts 
display wide kink bands and a few wavy low-tem- 
perature kink bands. [100] defines a maxima near the 
lineation and [010] is well concentrated (11.66%) 
near the pole of the foliation plane. The [010] and 
[100] maxima lie in the outer part of the stereograms. 
Their position relative to the foliation-lineation trace 
indicates a top-to-the-N255 ° shear sense. 

All the measured olivine L.P.O. in the Kuk~s 
peridotites originated from the activation of the 
(010)[100] glide system and corresponds to high- 
temperature deformation (Carter and Ave Lallemant, 
1970; Nicolas and Poirier, 1976). The (100) mea- 
sured orientation of the subgrain boundaries is con- 
sistent with that inferred glide system. However, it 
was not possible to determine the glide plane from 
the orientation of the subgrain boundaries and the 
external rotational axis due to the imprecision of the 
universal stage measurements for small rotation an- 
gles. 

The L.P.O. measured in the Kuk~s massif are 
somewhat different from those described in other 
ophiolites such as in Lanzo (Boudier, 1976), Oman 
(Boudier and Coleman, 1981), Bay of Island 
(Girardeau, 1979; Girardeau and Nicolas, 1981) and 
Xigaze (Girardeau and Mercier, 1988). In most peri- 
dotite massifs described by these authors, the ob- 
served olivine lattice-preferred orientations show a 
maximum of [100] axis close to the lineation but 
girdles of [010] and [001] subperpendicular to the 
lineation. Such a girdle disposition is interpreted by 
the authors as produced by the activation of the 
(0kl)[100] glide system in olivine which is activated 
at a lower temperature than the (010)[100] system 
(Carter and Ave Lallemant, 1970). 

Concerning the kinematic interpretation of the 
olivine L.P.O., the Kuk~s samples generally indicate 
a top-to-the-E shear sense in the harzburgite and 
harzburgite-dunite zones, except for two samples 
close to the northern boundary fault in which the 
shear sense is reversed. On the contrary, most sam- 
ples in the dunite zone except one, show a top-to- 
the-W shear sense. Therefore, the base of the dunite 

zone is not only a lithological limit but also a 
kinematic boundary. 

The angle between the foliation and the shear 
plane, as indicated by the angle between the elonga- 
tion lineation and [100] maximum on the L.P.O. 
stereograms, varies between 13 and 23 ° in the sam- 
ples described in this paper. This angle c~ is theoreti- 
cally linked to the shear strain y by the relationship 
y =  2 cot 2c~ (Nicolas et al., 1973) and corresponds 
to y values of 4.1 to 1.9. These high y values are 
inconsistent with the low elongation measured for 
spinel and olivine crystals in the ultramafics. 

Concerning the shear sense in the metamorphic 
sole, only three samples (Fig. 11) have been studied, 
giving conflicting results based on rotated garnets or 
average orientation of subgrain boundaries in quartz 
(top-to-the-SSE or SSW shear sense). Theretore, it is 
not yet possible to determine the sense of movement 
of the ophiolitic nappe. 

8. Discussion 

The Kukfis ultramafic massif represents a classical 
ophiolite as described by Nicolas (1989). The 
harzburgites present quite irregular foliation trajecto- 
ries (Fig. 4) that could correspond to the deformation 
induced by a rising asthenospheric diapir close to the 
ridge (Ceulener et al., 1988). However, the dimen- 
sions of the massif do not allow confirmation of this 
hypothesis (Hoxha et al., 1993). All structural ele- 
ments (foliation, lineation, dykes) are more coherent 
above the harzburgite zone, indicating homogeneous 
flow whose kinematics may be approached by the 
study of olivine lattice-preferred orientations. 

The foliation trajectories are deflected along the 
northern faulted contact between the ultramafic and 
mafic units (Fig. 4). This fault, which extends to the 
west and east outside of the mapped area, is parallel 
to the Shkodfir-Pej~ line (Fig. 1) and is underlain by 
a strong asthenospheric deformation (presence of 
porphyroclastic structure, Hoxha and Boullier, un- 
published data) and by a local inversion of shear 
sense in the northern part of the harzburgite-dunite 
zone (Fig. 11). A low-temperature lithospheric defor- 
mation is also observed along this fault which could 
therefore be described as a transform fault (Prinz- 
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hofer and Nicolas, 1980; S~,cher, 1981) whose orien- 
tation is more or less subparallel to the flow direc- 
tion (lineation). Taking into consideration (1) the 
parallelism with the ShkodEr-PejE (Skadar-Pec) 
transform fault (Pamic, 1983) and (2) the orientation 
of different veins in the vinicity of this shear zone 
compared to those documented by Prinzhofer and 
Nicolas (1980) and Nicolas (1989), this fault can be 
interpreted tentatively as a dextral transform fault 
(Fig. 13). 

In general, the KukEs peridotites are apparently 
weakly deformed although L.P.O. seems to indicate 
very strong deformation. The X / Z  olivine and spinel 
elongation is variable in the harzburgite and harzbur- 
gite-dunite zones but slightly and regularly decreases 
from the bottom to the top of the massif. The low 
elongation of spinel could be explained by the refrac- 
tory character of this mineral and by its low ductility 
(Doukhan et al., 1984): chromite grains frequently 
display extensional fractures where olivine crystals 
are plastically deformed. On the contrary, the low 
elongation of olivine is not compatible with the 
small c~ angle or high y values determined from the 
L.P.O. of olivine crystals. Therefore, these conflict- 
ing observations are interpreted as resulting from 
annealing and recrystallization processes in olivine 
(grain growth or grain boundary migration) occur- 
ring at high temperature in the dunite zone. Numer- 
ous spinel grains entirely enclosed in olivine crystals 
in dunites are also indicative of such processes. 
Percolation of magma through harzburgites and 
dunites (Hoxha, 1993) could have enhanced recrys- 
tallization by grain boundary migration. Another 
consequence of recrystallization by grain boundary 
migration is that the relationship between olivine 
L.P.O. (c~ angle) and shear strain is not reliable. 

The systematic study of olivine lattice-preferred 
orientation (Hoxha, 1993) suggests that the 
(010)[100] glide system was activated in olivine. 
Therefore, deformation occurred at high temperature. 
In some samples, the [100] and [010] olivine crystal- 
lographic axes are scattered in outer girdles (Fig. 
10A and C) .  Such a disposition could be explained 
by the superimposition of two deformations: a high- 
temperature deformation and a low-temperature de- 
formation characterized by the activation of a 
(110)[001] or (100)[001] glide system (Carter and 
Ave Lallemant, 1970). The low-temperature defor- 

mation was of variable intensity but was never suffi- 
cient to crush its own foliation. In all cases, the 
high-temperature deformation predominates. 

The lattice-preferred orientation that we have de- 
termined is relatively comparable with that deter- 
mined by Girardeau et al. (1988) at the Galicia 
margin, Mercier and Nicolas (1975) in the peridotite 
xenoliths from basalts and Boullier and Nicolas 
(1975) and Boullier (1977) in the peridotite xenoliths 
from kimberlites. Extrapolating the experimental data 
for olivine (Raleigh, 1968; Carter and Ave Lalle- 
mant, 1970; Raleigh and Kirby, 1970; Nicolas et al., 
1973) to geological deformation rates (e.g., l0 -14 
s -  t ), we may deduce that the KukiSs peridotites were 
deformed at a minimum temperature of or some 
hypersolidus condition ( >  1200°C, Nicolas and 
Vialon, 1980). 

Taking into consideration the remarkable homo- 
geneity of different structures such as loliation, lin- 
eation and veins (in pyroxenites, gabbros, dunites, 
etc...) as well as the absence of major perturbations 
(later strike-slip faults) in the different lithological 
zones, one can integrate the structural data in a 
kinematic framework for the creation of oceanic 
lithosphere in the KukEs massif. In order to do that, 
we used the approach of Juteau et al. (1977), Nicolas 
(1986) and Nicolas (1989) in defining the paleo- 
horizontal plane and the direction of the paleo-ridge 
axis. In ophiolites, the paleo-horizontal plane may be 
defined as the base of the mafic unit, generally 
composed of layered gabbros. This limit, correspond- 
ing to the seismic Moho in the oceanic lithosphere 
(Nicolas, 1989), was considered as paleo-horizontal 
in this study. The transport direction in the dunites 
and the harzburgites is given by the stretching lin- 
eation. Its average direction is east-northeast-west- 
southwest after rotation of the paleo-Moho to the 
horizontal (Fig. 12). Nicolas and Poirier (1976) con- 
sider that the lineation is at a high angle to the ridge 
axis, whereas Vogt and Johnson (1975) and Bird and 
Philips (1975) described some cases of obliquity 
between the plastic flow and the accretion zone; this 
obliquity was found also in other ophiolitic massifs 
(Nicolas, 1989). In order to define the accretion 
geometry of the lithosphere (ridge axis), the orienta- 
tion of the sheeted dyke complex may be used as 
well, as suggested by Nicolas and Poirier (1976) and 
Nicolas (1989). However, no structural data on the 
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Fig. 12. Structures in the KukEs ultramafic mass i f  after rotation of  
the base of the layered gabbros (paleo-Moho) to the horizontal 

(Schmidt canevas, lower hemisphere projection). The ridge axis is 
supposed to be parallel to the average orientation of  veins in the 
ultramafic unit. Ft = total foliation plane in the ultramafic unit; 

Lt = total stretching lineation in the ultramafic unit; Gr = layering 
in the gabbros; Dr= pyroxenite and gabbro veins; ARDt= 
direction of paleo-ridge est imated from the average orientation of  
the veins; ARLt = direction of  paleo-ridge est imated from the 
average orientation of the stretching lineation. 

sheeted dyke complex are available in the KukEs 
massif. In the absence of these data, we equated the 
orientation of the veins within the ultramafics (py- 

roxenites and gabbros) with the orientation of the 
paleo-ridge axis. The veins are orientated in a regular 
manner within the massif (Fig. 2) and their average 
orientation after rotation of paleo-Moho to the hori- 
zontal becomes N142 ° (Fig. 12). This direction is 
subparallel to the sheeted dyke complex of the 
Mirdita ophiolitic nappe (Geological map of Albania, 
1983). In the KukEs massif, the veins are at a high 
angle to the lineation (Fig. 12). 

After rotation of the paleo-Moho to the horizontal 
plane, it can be observed that (Figs. 12 and 13): 

(1) In the layered gabbros, the plane of magmatic 
accumulation is weakly inclined (5-10 °) to the 
southeast, i.e., towards the axis of the magma cham- 
ber under the ridge. 

(2) In the peridotites (dunites and harzburgites), 
the dip of the foliation plane is in the opposite sense 
and increases downwards. In the dunites, the folia- 
tion plane is subparallel to the major lithological 
contact (the paleo-Moho). 

(3) The lineation is at a high angle to the veins 
and thus to the constructed ridge axis. That disposi- 
tion gives a classic image of an accretion zone. 

(4) The shear sense deduced from olivine lattice- 
preferred orientation, and its inversion at the base of 
the dunite zone, are consistent with the model of 

4 km 

SSW NNE 

/ NNW / / r J  

I /  / ~\@" / ////A'"b 

/ T r a n s f o r m /  ' - -  ~ e N I  

Rising asthenosphere 

Fig. 13. Kinematic model for the creation of oceanic li thosphere in the KukEs ultramafic massif  established from structural data after 
rotation of the paleo-Moho to the horizontal. Gi = isotropic gabhros; Gr = layered gabbros; Zi = intermadiate zone; D = dunite zone; 
D-Hz = dunite-harzburgite sub-zone; HzD = harzburgite-dunite sub-zone; Hz = harzburgite zone; L = stretching lineation in the ultramafic 
massif; black arrow = displacement  of the upper block relative to the lower one as determined from the lattice-preffered orientation. 
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forced plastic flow diverging from a diapiric intru- 
sion beneath the ridge (Rabinowicz et al., 1984). 

From the observations and the reconstruction pre- 
sented above, it appears that the KukEs ultramafic 
massif could correspond to the eastern flank of a 
NNE-SSE-oriented ridge. 

Pdtrographiques et Gdochimiques in Nancy (France) 
and by the Laboratoire de G~ologie Structurale de 
I'ENSG (Nancy). C.R.P.G. contribution 1138. 
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9. Conclusion 
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intracrystalline gliding indicates that high-tempera- 
ture flow was predominant. A low-temperature de- 
formation occurred on the northern margin of the 
massif but was never sufficient to obliterate the 
previous high-temperature structures. As indicated 
by the foliation trajectories, the flow is irregular at 
the base of the section and regular in the dunite zone. 
The apparent low finite strain of olivine is inter- 
preted as the result of high-temperature recrystalliza- 
tion and fluid-enhanced grain boundary migration. 
An inversion of the shear sense is observed along the 
dunite-harzburgite boundary and is attributed to a 
forced plastic flow due to a velocity gradient change 
below the paleo-Moho (Rabinowicz et al., 1984). 

After rotation of the paleo-Moho to the horizontal 
plane, the structural data show that the KukEs ultra- 
mafic massif could represent the eastern flank of a 
NNW-SSE-oriented paleo-ridge. Complementary 
structural studies of the other ultramafic massifs in 
the Mirdita zone in Albania are necessary to confirm 
this reconstruction and to better understand the kine- 
matics of low-temperature obduction onto a conti- 
nental environment. 
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