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Abstract 

The Paleoproterozoic structural evolution of the Rio Itapicuru greenstone belt (RIGB, Bahia, Brazil) involves two 
tectonic events of different natures, both associated with magmatism. The first event (D1) developed in response to 
N W - S E  shortening and was responsible for subhorizontal foliation, N W - S E  trending lineation and SE-directed 
thrusts. D1 was coeval with the emplacement of rare 2130 Ma granodioritic plutons. The D2 tectonic event was 
characterized by left-lateral strike-slip tectonics, developed on steeply dipping D1 foliation and within numerous N-S  
elongated ca 2080 Ma plutons. Quartz c-axis analysis within the granites shows that they experienced progressive left- 
lateral shearing from magmatic to solid-state conditions under decreasing temperatures. This fact, in addition to 
microstructural arguments, indicates syntectonic emplacement of these plutons. A zone of maximum deformation (the 
Main Shear Zone) has been identified in the centre of the RIGB on the basis of strain measurements. A tectonic 
model in which D1 thrusting event initiated basin closure before being replaced by D2 strike-slip motion is proposed. 
The Main Shear Zone corresponds successively to the main thrust zone and the main wrench fault during D1 and 
D2 events, respectively. Such a switch from orogen-normal thrusts to orogen-parallel transcurrent movements may 
represent a common progression during evolution of mountain belts in order to accommodate excess crustal thickness. 
However, because low-grade metamorphism and low intensity of the deformation demonstrate that excess crustal 
thickness was not attained, it is argued that granite emplacement and ascent played a significant role in triggering 
strike-slip tectonics in the RIGB. © 1997 Elsevier Science B,V. 
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1. Introduction 

The association of large volumes of grani- 
toids and low grade supracrustal rocks in 
Paleoproterozoic and Archaean granite green- 
stone terranes is frequently a matter of discussion, 
particularly the tectonic setting in which their 
'dome-and-keel' geometry formed (e.g. Platt, 1980; 
Shackleton, 1986; Marshak et al., 1992; Jelsma 
et al., 1993). These terranes also provide good 
locations for the study of the interactions that may 
exist between regional and pluton-related tectonics 
(e.g. Brun and Pons, 1981; Hutton, 1988; Paterson 
et al., 1989; Guglielmo, 1993; Pons et al., 1995). 
Since collisional tectonics seems demonstrated 
within some Precambrian terranes like Canadian 
or South African belts (e.g. Lucas, 1989; Hanmer 
et al., 1992; de Wit et al., 1992), the 
Paleoproterozoic domains of West Africa and 
South America have been interpreted to be a 
consequence of interference folding, pluton bal- 
looning or combination of both processes (e.g. 
Marshak and Alkmim, 1989; Bertrand and Jardim 
de Sfi, 1990; Ledru et al., 1991; Teixeira and 
Figueiredo, 1991; Chauvet et al., 1994). 

This paper presents a detailed analysis of the 
Paleoproterozoic Rio Itapicuru greenstone belt 
(RIGB, Bahia state, NE Brazil) using structural 
and kinematic features, quartz (c )  axis fabrics, 
and finite strain. The Paleoproterozoic structural 
evolution of the area, even if initial stages involved 
thrusting, was dominated by wrench faulting and 
contemporaneous plutonism. We present a tectonic 
model in which the switch from contractional to 
strike-slip tectonic regimes was assisted by the 
ascent and emplacement of granodioritic plutons. 

2. Geological setting 

The RIGB, located within the NE border of the 
Sgo Francisco Craton (Fig. la), is a N-S elongate 
belt ca 100 km long and 60 km wide (Fig. lb). It 
represents one of the numerous granite-greenstone 
belts that make up the craton, in addition to 
Archaean granulitic complexes (Gavin.o, Jequi6 
and Santa Luz domains), Archaean/Paleo- 
proterozoic gneisses ('Salvador-Cura~fi' and 

'Atlantic Coast' mobile belts) and post- 
Paleoproterozoic deposits (Fig. la). The RIGB 
has been affected by the Paleoproterozoic 
Transamazonian orogeny which developed 
between 2209 Ga (age of the supracrustal protol- 
iths) and 1800 Ga (age of the latest granitic intru- 
sions near Santa Luz) (Brito Neves et al., 1980; 
Ga/tl et al., 1987; Silva, 1992; Silva and Vidal, 
1992). The supracrustal pile, estimated to be 
9.5 km thick (Davison et al., 1988) includes from 
base to top: 
(1) 5 km thick E-MORB sea-floor tholeiitic bas- 

alts (Silva, 1992); 
(2) 3.5 km thick andesitic and rhyodacitic lavas, 

similar to those of modern active continental 
margins (Silva, 1992); and 

(3) 1 km thick arkose and conglomerate (Kishida 
and Riccio, 1980) (Fig. 2a). 

Silva (1987) suggested a back-arc environment for 
the deposition of this sequence on the basis of 
geochemical and petrological constraints. 

2.1. The Transamazonian granitoids and Archaean 
basement gneisses 

Field study and aerial photograph analysis 
allowed mapping of the granitic bodies represented 
in Fig. lb. The granodioritic intrusions of calc- 
alkaline affinity (Silva, 1987) were emplaced ca 
2.0Ga (Gafil et al., 1987). We distinguish two 
domains in the region (Fig. lb). In the northern 
domain, the Ambrdsio, Pedra Alta and Polo 
Grande plutons exhibit a N-S elongate shape that 
is less pronounced towards the west (i.e. the 
Nordestina massif, Fig. lb). They display a well- 
developed foliation in their granodioritic/tonalitic 
margins whereas granitic/granodioritic cores are 
more isotropic (Matos and Davison, 1987; Silva, 
1987). In the southern domain, the Barrocas com- 
plex has E W trending long axis and internal 
structure, parallel with the orientation of the 
structural elements in the host rocks. Recent 
2°Vpb/2°6pb zircon ages suggest that the Barrocas 
pluton is older (crystallization age of 2127 _+ 5 Ma) 
than the N S trending granites (crystallization age 
of 2100_+ l0 Ma) (Alves da Silva, 1994; Chauvet 
et al., 1997). U-Pb zircon age of 2.930_+32 Ga for 
a xenolith of banded gneisses found within the 
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Fig. 1. (a) Geological map of the Bahia state, modified from Mascarenhas (1976) and Sabatd et al. (1990). (b) Simplified structural 
map of the RIGB with location of Figs. 2 and 4. Granite names and main gold mines are indicated. (c) Stereographic diagrams 
(Schmidt, lower hemisphere stereonets) of foliation planes and lineations within the N and SE domains of the RIGB. 
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Fig. 2. Detailed E-W and NE-SW cross-sections showing the megastructures of the RIGB. Precise location on Fig. lb. The shape 
of plutons at depth is extrapolated. For each cross section, vertical and horizontal scales are equal. 

h ighly de fo rmed  bo rde r  o f  the A m b r d s i o  p lu ton  
suppor t s  the existence o f  an A r c h a e a n  sialic base-  
men t  a r o u n d  the grani tes  and  be low the supracrus-  
tal  units  (Gafil  et al., 1987; Dav i son  et al., 1988). 

Other  ou tc rops  o f  A r c h a e a n  basemen t  are found  
in the vicinity o f  San ta  Luz  where  a N W - S E  
t rending  succession o f  granul i t ic  gneiss and  mig- 
mat i t e  is exposed  ( L a m a r c k  Argo lo  et al., 1994). 
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2.2. Previous structural data 

Existing models conclude that the architecture 
of the northern RIGB results from an E-W con- 
traction resulting in large-scale folding and N-S 
elongated plutons (Davison et al., 1988; Lamarck 
Argolo et al., 1994). The relationships with the 
E-W trending structures in the southern area was 
not addressed in these interpretations. Other 
authors propose a polyphase evolution to account 
for the complex structure of the southern domain 
(Teixeira, 1985; Reinhardt and Davison, 1990; 
Teixeira et al., 1990). The first attempt to relate 
the northern (N-S trending) and southern (E-W 
trending) domains attributed the southern deflec- 
tion to a late megascopic fold (Alves da Silva and 
Matos, 1991). In this model, the development of 
two successive events, a top-to-the east thrusting 
and a sinistral shearing, respectively, is suggested, 
but no clear evidence for the thrusting was 
provided. 

2.3. Metamorphism 

Three distinct metamorphic events were recog- 
nized within the supracrustal rocks of the central 
RIGB (Silva, 1987). The first one, related to 
oceanic sea-floor hydrothermal activity, consisted 
of spilitization of the volcanic pile (pressure of ca 
0.2 kbar for maximum temperature of 400°C). The 
second event developed under greenschist (350°C 
at 2 kbar) to amphibolite (650°C at 4 kbar) facies 
conditions and was coeval with the emplacement 
of main granitic plutons. Amphibolite facies only 
occur within the contact aureole around the intru- 
sions. A later, and minor, third event seems related 
to contact metamorphism around late-tectonic 
bodies. 

3. Structural analysis 

Two cross-sections drawn across the RIGB 
illustrate the importance of large-scale synforms 
and antiforms in the regional structure (Kishida 
and Riccio, 1980; Davison et al., 1988) (Fig. 2). 
These are open folds with subvertical axial planes 
and sub-horizontal axes that trend N-S in the 

northern RIGB and E-W to NW-SE in the south- 
ern domain (Fig. lb). These folds deform the main 
foliation developed throughout both metasedi- 
ments and granite-gneissic rocks. Within northern 
area, foliation is high-dipping and N-S trending, 
parallel to the large-scale fold axes (Fig. lc). Its 
orientation only changes within fold hinges, thus 
explaining the well defined diagram. A sub-hori- 
zontal stretching lineation assumed to result from 
the D2 tectonic event occur along the foliation 
planes (Fig. lc). The southern area contains a 
more complex pattern that we interpret to be the 
result of the combination of two tectonic events, 
D1 and D2 (Fig. lc). 

3.1. Deformation within the supracrustal units 

3.1.1. D2 tectonic event 
Because D2 structures are the best expressed 

ones within the RIGB, they will be presented first. 
This event developed sub-horizontal stretching lin- 
eation (Fig. lc) and s'.'nistral shearing along N-S 
trending sub-vertical foliation planes. Quartz rods 
and biotite/chlorite streaks are the main elements 
defining the stretching lineation. Common shear 
criteria include S/C fabrics and asymmetric pres- 
sure shadows (Fig. 3a-c). Sinistral shear criteria 
related to the D2 event affect both flanks of the 
large-scale synforms and antiforms thus indicating 
that they were formed after or during these struc- 
tures (Fig. 2a). Along the Rio Itapicuru section, 
pillow-lavas of the basal unit, located to the west, 
are unaffected by the D2 deformation. An eastward 
increase of deformation is indicated by the devel- 
opment of more pervasive and homogeneous folia- 
tions. Close to the Ambr6sio pluton, mainly 
localized along the lithological contact, well-devel- 
oped foliation and lineation define sinistral shear 
zones. The largest gold mines of the northern area 
are located along these shear zones (i.e. Maria 
Preta Gold Mines, Figs. lb and 2a). D2-related 
structures were associated with mineral assemblage 
composed by quartz, biotite, white mica, chlorite 
and more scarcely garnet, andalusite and silliman- 
ite. They define metamorphic conditions close 
to the upper greenschist/amphibolite facies, in 
agreement with previous works that demonstrate 
that the area was affected by a regional metamor- 
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phism characterized by P - T  conditions bracketed 
between 350°C 2kba r  and 650°C-4kbar  (M2 
event, Silva, 1987). 

3.1.2. D1 tectonic event 
Structures related to D1 tectonic event are well- 

preserved within the southern domain of  the 
RIGB. In this area foliation trends E - W  to 
NW-SE.  N W - S E  trending subhorizontal lineation 
is expressed by oriented micaceous aggregates on 
foliation. Both dextral and sinistral shear senses 
occur on steeper foliation planes (Figs. lc and 4). 
The fact that both sinistral and dextral criteria 
occurred on E - W  trending foliations means that 
these structures are not the conjugate of N-S  
trending D2 sinistral shear zones. Large-scale folds 
with E - W  oriented axes have been recognized 
within this area (Fig. 4). Sinistral criteria are found 
within south-dipping limbs while dextral ones are 
observed in north-dipping and inverted south- 
dipping ones (Figs. 2b and 4). Such a geometry 
demonstrates that shear criteria are related to an 
older tectonic event (D1) and folded by D2 or 
latter structures. Because axes were subparallel 
with the lineation direction, folds did not strongly 
change the lineation's initial orientation. Data 
collected along the N E - S W  trending road from 
Araci to Salgadalia confirm this interpretation 
(Fig. 5a, see Fig. 4 for the location). To the east, 
foliation dips 60 ° SW and contains top-to-SE shear 
bands (Fig. 3d). South-westwards, the foliation 
direction turns progressively to an E - W  direction 
and becomes reoriented by N-S  trending sinistral 
shear zones. These zones become more intense 
westward until the appearance of kilometre-scale 
intrusions of  quartz-porphyric rocks, which con- 
tain a pervasive N- S  trending foliation and near- 
horizontal stretching lineation. The intrusion has 

a N-S  trending ellipsoidal shape (Fig. 4) and shear 
criteria such as asymmetric pressure shadows 
around quartz eyes indicate everywhere a sinistral 
ductile shearing (Fig. 3e). Based on geometrical 
arguments, these sinistral shear zones, which over- 
print the earlier top-to-the SE shears, are attributed 
to the D2 tectonics. Another outcrop, found in 
the vicinity of  the Salgadalia pluton, shows the 
same sequence of events (Fig. 5c, see Fig. 4 for 
location). It consists of a D2 foliated pegmatite 
body oriented 040 ° which intrudes and deforms 
the D1 foliation oriented 120 °. The D2-related 
sinistral shear zones are only found within and in 
the vicinity of the pegmatite. 

The D1 tectonic event is characterized by top- 
to-E-SE shearing assumed to have resulted in 
development of shallowly dipping foliation 
(Fig. 6a). Close to the Salgadalia pluton, top-to- 
E-SE shear criteria could be attributed to this 
event (Fig. 4). In the Archaean basement near 
Santa-Luz (Fig. lb),  gneisses and amphibolites 
also bear 120 ° trending stretching lineation. Since 
top-to-SE shearing is observed in these rocks, we 
suggest that Archaean could be overthrusted over 
the Paleoproterozoic. This deformation is geomet- 
rically and kinematically compatible with the 
D1 event defined in the supracrustal units. 
Subsequently, D 1 structures were affected by large- 
scale upright folds, which account for the inversion 
of shear criteria observed along the Araci- 
Salgadalia profile (Fig. 6b). On south-dipping foli- 
ation planes, shearing is sinistral whereas it is 
dextral on north-dipping ones. Within the Weber 
belt, the foliation is overturned and dextral shear 
criteria occur on south-dipping foliation (Fig. 6b). 

Metamorphic conditions related to the D1 event 
are difficult to determine because of the strong 
overprinting by D2. However, the occurrence of 

Fig. 3. Photographs of D1 and D2 structures within supracrustal and magmatic rocks. Foliation is vertical within all photographs 
except (d). (a) D2 asymmetric pressure shadows and shear planes in agglomerate layers along the Itapicuru river section. S, schistosity; 
C, c-plane. (b) D2 shear plane deforming a cordierite porphyroblast crystallized during the syn-D1 metamorphism; Ms, muscovite; 
Tm, tourmaline; S, schistosity; C, c-plane. (c) D2-related shear planes superimposed on syn-Dl biotite (Bt), staurolite (St) and garnet 
(Grt). S, schistosity; C, c-plane. (d) Shear bands showing a top-to-the-SE-motion during D1 event in the sedimentary unit of the SE 
domain of the RIGB. S, schistosity; C, c-plane. (e) D2 left-lateral porphyroclast system within a NS foliated quart~porphyry body, 
located in the SE part of the RIGB. (f) N-S trending sigmoidal schlieren, indicating D2 left-lateral shearing in Pedra Alta pluton. 
(g) Elliptic tonalitic enclave with deflected internal foliation consistent with D2 left-lateral shearing, Pedra Alta pluton (see text for 
explanation). (h) Left-lateral shear bands within the eastern margin of the Pedra Alta pluton. S, schistosity; C, c-plane. 
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early cordierite, staurolite, biotite, garnet, white mica 
and quartz is observed within samples coming from 
the southern part of the studied area where D2 
effects are less marked (Fig. 3b and c). These miner- 
als could indicate that D1 tectonics, also developed 
under greenschist facies conditions, probably D2, 
but the lack of better mineralogical constraint does 
not allow us to be more certain about this. 

3.2. Deformation within the granitoids 

Within granodioritic plutons, biotite and feld- 
spar preferred orientations define a foliation that 
contains a nearly-horizontal mineral lineation 
marked by: elongated feldspar and quartz grains; 
and aligned trains of biotite (Fig. 7). Both foliation 
and lineation are attributed to the D2 tectonic 

event. The foliation defines a concentric shape 
(Fig. 7). Within the Ambr6sio pluton, foliation is 
less steep at the northern and southern extremities 
and dips ca 45°W along the western border 
(Fig. 7b). In the Pedra Alta and Polo Grande 
bodies, foliation is vertical everywhere and, 
because pluton shapes are so elongate, the concen- 
tric geometry is less clear (Fig. 7c). Along pluton 
margins, foliation is due either to mineralogical 
banding or mylonitization whereas in the pluton 
interior, planar and linear elements are less marked 
and magmatic features such as schlieren are 
preserved (Fig. 3f). 

3.2.1. Synkinematic character 
Shear criteria, observed in sections normal to 

the foliation and parallel to the lineation (XZ 
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sections) only  occur  wi th in  the  A m b r 6 s i o ,  Pedra  
Al ta ,  Pogo G r a n d e  and  Sa lgada l i a  granites.  The i r  
na tu re  changes  wi th  respect  to their  loca t ion  
(core or  marg in)  and  the g ran i to id  l i thology.  

U n a m b i g u o u s  sense o f  shear ing is difficult to deter-  
mine  wi thin  the A m b r 6 s i o  and  Sa lgada l ia  p lu tons  
in which dextral ,  s inistral  a n d / o r  undef ined cr i ter ia  
occur  in s imilar  p r o p o r t i o n .  In  contras t ,  the Po?o  
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Grande granite is conspicuously affected by the 
D2 deformation which is characterized by perva- 
sive left-lateral S/C planes. Shear criteria within 
the Pedra Alta pluton also indicate sinistral shear- 
ing, illustrated by pressure-shadow asymmetries, 
sigmoidal feldspars and, more rarely, S/C planes 
(Fig. 3h). Numerous ellipsoidal tonalitic enclaves 
contain an internal foliation with a sigmoidal 
pattern consistent with a sinistral deformation 
(Fig. 3g). One can question if these structures were 
caused by later solid-state deformation or created 
during the magmatic stage. Because similar 
geometry has been observed for a few enclaves, 
we suggest as the most likely interpretation 
that mafic rocks and surrounding granite are 
co-magmatic and both affected by the syn- 

magmatic D2 deformation. It is worth noting that 
schlieren asymmetry (Fig. 3f) indicates the same 
sense of shearing as the sigmoidal tonalitic 
enclaves. 

The widespread occurrence of pervasive ductile 
shear bands is diagnostic of retrograde deforma- 
tion histories typical of syntectonic plutons 
(Gapais, 1989). Thus, pervasive shear bands devel- 
oped within the Polo Grande granite favour the 
occurrence of syn-magmatic deformation. These 
observations, supported by the existence of synki- 
nematic andalusite and garnet porphyroblasts 
within the thermal aureole of the Ambrdsio pluton 
(Matos and Davison, 1987), argue for a syn-D2 
emplacement of the granites. 

The Nordestina and Eficeas plutons have a 
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Fig. 7. Detailed structural map of the (a) Nordestina, (b) Ambr6sio, (c) Pedra Alta, (d) Efic6as and (e) Salgadalia plutons. 
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slightly elongate shape (axial ratio of ca 2; Fig. 7a 
and d) and preserved magmatic structures. No 
shear criteria related to D2 have been observed in 
the plutons. The Ambrdsio and Salgadalia plutons 
exhibit an ellipsoidal shape (axial ratio of ca 4.5; 
Fig, 7b and e) and contain D2 fabrics but the sense 
of shearing is difficult to determine. The Pedra 
Alta and Polo  Grande plutons, located more to 
the east, are more elongated (axial ratio of ca 7; 
Fig. 7c) and have well developed D2 structures 
that yield an unambiguous sinistral sense of shear. 
It is now widely believed in the case of strike-slip- 
related syntectonic granitoids that the elongated 
shape of a pluton results from the interplay 
between regional tectonic-related and pluton- 
related forces (e.g. Brun and Pons, 1981; 
Guglielmo, 1993). Thus, it seems that D2 deforma- 
tion recorded by the syn-kinematic intrusions 
increases in intensity from west to east up to a 
narrow zone that we name the 'Main Shear Zone' 
(MSZ; Fig. lb).  The most elongated plutons are 
those which exhibit clear sinistral shear criteria. 
These are located close to the MSZ. It is worth 
noting that distribution of D2 fabrics within the 
supracrustal units also shows an increasing gradi- 
ent from west to east (see above). 

Ductile shear zones from one decimetre to one 
metre in size occur within highly deformed gran- 
itic margins of the Ambrdsio, Pedra Alta and 
Salgadalia plutons. Since both sinistral and dextral 
shear zones are equally found with same length 
and a constant angle between them (ca 120°), they 
are considered conjugate. Bisecting the obtuse 
angle between dextral and sinistral shear zones, 
the axis of maximum shortening is close to the 
normal of the main foliation. These structures may 
have developed during the late stage of the granite 
emplacement by deformation of the consolidated 
but still ductile outer part of the pluton in response 
to magma injection in the centre (Ramsay, 1989; 
Pons et al., 1995). 

3.2.2. The Barrocas complex 
In the extreme south of the RIGB, an ortho- 

gneissic massif called the 'Barrocas complex' differs 
from other plutons because: it doesn't exhibit a 
N-S  elongate shape; and it occurs within a domain 
where regional foliation is mainly oriented E-W 

(Fig. lb).  Within this complex, two distinct intru- 
sions have been recognized (Fig. 4). An E -W  
trending porphyritic granodiorite forms the north- 
ern part of the Barrocas complex whereas a small 
dioritic-tonalitic body, the Barroquinhas pluton, 
occurs in the south. In the Barrocas complex, 
foliation presents a concentric pattern and linea- 
tion is horizontal with a mean E W  orientation 
(Fig. 4). Shear bands and asymmetric feldspar 
porphyroclast systems occur within the entire com- 
plex, but shear criteria are best developed in the 
northern granodiorite where margins are myloni- 
tized over several metres. Kinematic indicators 
define a dextral sense of shearing (Fig. 8). As for 
the N S trending Polo  Grande intrusion, the 
occurrence of  pervasive grain-scale shear bands 
within intrusive rocks, diagnostic of retrograde 
history and interpreted to develop within syntec- 
tonic plutons, provide reliable indicators of 
syntectonic emplacement for the Barrocas pluton 
(Gapais, 1989). 

The dextral shear criteria within the Barrocas 
complex were first interpreted as D2 shearing 
conjugate to the N S sinistral ones (Alves da Silva 
et al., 1993). In such a case, the Barrocas pluton, 
emplaced within the southern domain, is contem- 
poraneous with the N S trending plutons. 
However, the overprinting of Dl-related shear 
criteria by D2-related one has been demonstrated 
within the supracrustal succession of this domain 
(see above and Fig. 5). The E -W  trending shear 
criteria and particularly dextral ones are consid- 
ered to be generated during D1 thrust event and 
later overturned during D2 (Fig. 6). A similar 
interpretation is applied to the pervasive dextral 
shearing that affects the northern Barrocas grano- 
diorite. This latter is thus assumed, because of its 
inferred syntectonic character, to be contempora- 
neous with D1 tectonics. Monozircon 2°Tpb/2°6pb 
age of 2127_+5 Ma obtained on this granite and 
representative of the crystallization age confirms 
this interpretation (Alves da Silva, 1994; Chauvet 
et al., 1997). Within error bars, this age is slightly 
older than the crystallization age of the D2-related 
granite (2100+ 10 Ma for the Nordestina pluton). 

3.2.3. Mode (~f emplacement 
According to the structural criteria used to 

identify diapiric structures (England, 1990; Jelsma 
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Fig. 8. Pervasive dextral S/C structure indicating D1 dextral shearing, northern margin of the Barrocas pluton. S, schistosity; C, c-plane. 

et al., 1993), the parallel foliation in granite and 
surrounding rocks, the development of synforms 
within host rocks close to the intrusions (rim 
synclines) similar to those developed during ana- 
logue experiments (cf Dixon, 1975; Ramberg, 
1981), the increase of strain intensity towards the 
contact, the size of the Pedra Alta, Ambr6sio and 
Nordestina plutons (ca 10 km large and 20-30 km 
long) and the location of the intrusions within the 
core of the antiforms could be consistent with 
an inferred diapiric emplacement of plutons. 
However, taking into account the controversy con- 
cerning the process of diapiric pluton ascent (e.g. 
Clemens and Mawer, 1992), this interpretation 
still remains hypothetical. At this point, we are 
confident about the syntectonic character of the 
granites whatever the mode of emplacement 
(diapirism or injection and lateral expansion). 

4. Quartz c-axis fabrics 

We analysed quartz c-axis preferred orientation 
in both granitic rocks and quartz-rich supracrustal 

rocks in order to estimate the conditions of defor- 
mation during each tectonic event and to determine 
deformation processes within the granites. C-axis 
preferred orientation was measured in XZ sections 
using a conventional Universal Stage. The results 
are presented in Fig. 9 and the sample locations 
are shown in Fig. 10. 

4.1. Quartz  tex ture  within supracrustal  rocks" 

Quartz c-axis distributions from two samples 
with E-W trending foliation and lineation, col- 
lected within the SE domain display asymmetric 
skeleton patterns that confirm the Dl-related top- 
to-the-SE sense of shear (Fig. 9a). Main maxima 
are located on the edge of the diagrams and close 
to the Z-axis, whereas poorly defined secondary 
maxima occur close to Y-axis. This indicates that 
deformation occurred by basal and prism (a)  glide 
systems, under moderate temperature conditions 
(upper greenschist to lower amphibolite facies) 
(Nicolas and Poirier, 1976; Law, 1987). Sample 
Q1, located close to the MSZ, exhibits a 
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Fig. 9. Quartz ( c )  axis preferred orientation within quartz-rich lithologies of the RIGB. Diagrams are Schmidt, lower hemisphere 
stereonets. Orientation and dip of the foliation are indicated along the equator line of each diagram; lineation is sub-horizontal for 
each sample. Sample location is shown in Fig. 10. (a) Quartz fabrics within supracrustal samples of the southern domain, representative 
of D1 tectonic event. (b) Quartz fabrics within supracrustal samples of the northern domain affected by D2 tectonic event. (c) Quartz 
fabrics within granitic rocks (see text for explanation). 
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mosaic-like recrystallization texture. For sample 
Q2, collected eastward, recrystallization appears 
less complete and relicts of large quartz grains can 
be observed. This variation could be correlated to 
a decrease of the temperature during D 1 tectonics 
along a transverse from the MSZ area (sample 
Q1) toward the east (sample Q2). 

In the N-S trending domain of the RIGB, 
quartz aggregates consist of dynamically recrystal- 
lized grains which are elongated oblique to the 
foliation. C-axis diagram asymmetries (samples 
Q3 and Q4, Fig. 9b) determined for sections 
normal to the N-S vertical foliation plane and 
parallel to the L2 lineation are consistent with the 
sinistral sense of shear given by this shape fabric 
and other D2 shear criteria. C-axis fabrics are 
characterized by maxima close to the edge of the 
diagram and to the Z-axis, indicating relatively 
low-temperature conditions (300-350°C) during 
D2 (e.g. Nicolas and Poirier, 1976; Fueten, 1992; 
Law, 1990). This conclusion agrees with the fact 
that samples are located 5 km away from the 
syntectonic plutons and the MSZ. The poorly 
defined c-axis preferred orientation shown by 
sample Q3 is explained by its location within a 
zone where D2 was weak, in agreement with 
strain analysis section (see below). 

4.2. Quartz textures within granitoids 

Of the six diagrams of quartz c-axis fabrics 
produced for granodiorites (Fig. 9c), two come 
from the E-W trending Barrocas complex (sample 
Q5 and Q6) and four come from the Ambr6sio 
(samples Q7 and Q8) and Pedra Alta (samples Q9 
and Q10) N-S oriented plutons (locations in 
Fig. 10). The two diagrams made for the Barrocas 
complex (sample Q9 and Q10) confirm the dextral 
sense of shear inferred from the pervasive shear 
bands (Fig. 8). For the Ambr6sio and Pedra Alta 
plutons, c-axis measurements have been made on 
samples selected from both the weakly oriented 
core and the mylonitic rim of each pluton. Within 
the core, c-axis figures show a maximum concen- 
tration close to the stretching lineation direction 
X (sample Q8 and Q10). Conversely, along the 

pluton margins (sample Q7 and Q9), maxima are 
located close to the Z-axis. Kinematics inferred 
from fabric asymmetry is consistent with the D2 
sinistral shearing. 

C-axis preferred orientation obtained for granite 
margin samples suggest the activation of basal (a )  
glide system at low temperature because maxima 
are situated close to the diagram edge (Lister and 
Williams, 1979; Fueten, 1992). Conversely, the 
occurrence of c-axis maxima close to the X direc- 
tion for samples collected within the core of the 
pluton can be interpreted as the result of the 
prismatic (c)  slip activation at high temperature. 
However, as quartz occurs in the form of numerous 
and interstitial grains without evidence of internal 
deformation, it seems more justified to consider 
the crystallographic fabrics to have resulted from 
oriented grain growth rather than prismatic (c)  
glide (Tommasi et al., 1994). This process has 
been previously described within syntectonic gran- 
ites (Gapais and Barbarin, 1986; Dell'Angelo and 
Tullis, 1988). The undeformed quartz microstruc- 
ture in the core of the intrusion, drastically 
different from the dynamically recrystallized struc- 
ture observed within pluton margins and surround- 
ing supracrustal rocks, could thus be compared 
with 'pre-full crystallization' fabrics of Hutton 
(1988) (magmatic deformation developed in the 
presence of melt sufficient enough to minimize 
grain interaction). Indeed, pluton cores record 
high-temperature magmatic deformation whereas 
pluton margins were affected by low-temperature 
crystal plastic deformation due to the D2 left- 
lateral shearing. 

The occurrence of one c-axis maxima located 
close to the stretching lineation (oriented grain 
growth) and another close to the foliation pole 
(low-temperature deformation) has been observed 
within sample Q7 (Fig. 9c), located along the 
Ambr6sio pluton rim. This transition from relict 
magmatic and high-temperature fabrics to later 
low-temperature ones records the thermal evolu- 
tion of the pluton during its deformation history 
and confirms that the plutons are syntectonic, 
deformed during a progressive decrease in temper- 
ature (Gapais and Barbarin, 1986; Gapais, 1989; 
Bouhallier et al., 1993). 
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5. Strain analysis 

5.1. Procedure 

In the study area, strain markers include pillows 
in basalts flows, agglomerate clasts in supracrustal 
strata, and mafic enclaves and quartz phenocrysts 
within granitic and porphyritic rocks respectively. 
Strain measurements were performed in the field 
and in oriented hand-samples by measuring axial 
ratio (RO and pitch of the principal axes (qb) of 
elliptical markers within the XZ and YZ planes. 
A minimum of 30 measurements for each site is 
necessary to obtain reliable results. Methods of 
linear correlation of strain axes (r) developed by 
Mukhopadhyaya (1973) have been applied to data 
from each station in order to verify if the markers 
could be considered to come from a single popula- 
tion with a certain axial ratio. The Rf/~b method 
(Dunnet, 1969; Ramsay and Huber, 1983) was 
then used to obtain the values of Rs (finite strain) 
and Ri (initial shape) ratio. Finite strain has also 
been estimated using the harmonic mean value (H, 
Table 1) and fluctuation F has been computed in 
order to validate the use of the Rf/4) method 
which is considered inapplicable for F values < 3 
(Hutton, 1979; Ramsay and Huber, 1983). We 
calculated the logarithmic variation of Rf (Hutton, 
1979) for four stations selected in the supracrustal 
units in order to determine the possible effects of 
D2 overprinting upon D1. 

5.2. Results and interpretation 

Results of the strain analysis are summarized in 
Table 1 and depicted graphically in Fig. 10. Only 
results obtained on section XZ are represented 
(except for sample $6). They have been classified 
with respect to the different lithologies. For each 
analysed sample, the dip and strike of the stretch- 
ing lineation, assumed to represent the longest axis 
of the finite strain ellipsoid (X), are also indicated. 
We describe the principal results below. 
(1) The homogeneous nature and relatively high 

values (close to 1) of the linear correlation 
factor (r, Table 1) indicate that the strain 
markers can be considered as initially random 
elliptical objects with similar axial ratios 

(2) 

(3) 

(Mukhopadhyaya, 1973). This is confirmed 
by the quite homogeneous value of Ri. Two 
supracrustal samples are characterized by 
lower r value ca 0.8. This reflects the existence 
of a preferred orientation before deformation 
or, as argued below, the existence of polyphase 
deformation (sample S1). 
Because the initial shape ratio R i appears to 
be quite similar for all analysed samples, the 
variations of the finite strain ratio Rs are 
assumed to reflect changes in the intensity of 
the deformation. Finite strain Rs and harmonic 
mean H are higher for the granitoids than for 
supracrustal and quartz-porphyric samples 
(Table 1 ). The large strain ratios obtained for 
the Pedra Alta and Pedra Vermelha plutons 
confirm the existence of the MSZ in the central 
RIGB (Fig. 10). Finite strain is relatively low 
within the supracrustals of the SE part of the 
RIGB. Only one agglomerate sample ($9), 
located within a shear zone, yields Rs and H 
values close to 15 (Table 1). R~ is also low for 
the majority of the supracrustal samples 
located within the N-S oriented part of the 
RIGB except for sample S1, located close to 
the Ambr6sio intrusion. 
Additional measurements on section YZ, not 
listed in Table 1, have been obtained for four 
samples in order to apply the logarithmic 
variation method. The occurrence of two 
deformation stages has been demonstrated 
within sample S1 [illustrated by the difference 
between the logarithmic factors of Ri in section 
XZ and YZ, Table 1, see Hutton (1979) for 
explanation]. This may account for the low 
value of the linear correlation r obtained for 
this sample (0.842, Table 1). The existence of 
both D1 and D2 tectonic events within the 
northern domain is thus demonstrated. Sample 
$9, collected within a major shear zone, 
records the effects of an intense single phase 
deformational event attributed to D 1. For two 
other samples collected far from the contact 
with the Ambr6sio granite ($3 and $8), R~ 
values are similar to the typical values for the 
supracrustal rocks and thus do not contain 
evidence of polyphase tectonics. 
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Table 1 
Results of strain analysis 

Samples X R s R~ H F r log Rixz log R~yz 

Supraerustal rocks 
S1 
$2 
$3 
$4 
$5 
$6" 
$7 
$8 
$9 

25~340 
25¢345 
05'340 
10~340 
25'345 
15~088 
05'090 
25'340 
15'080 

6.9 1,7 5.90 10 0.842 0.23 0.36 
3.7 1,8 3.68 21 0.955 - -  
4.3 2,1 3.70 46 0.839 0.32 0.29 
3.1 1,3 3.20 10 0.990 --- - -  
2.7 2.4 2.65 58 0.916 - -  - -  
2.1 1.8 2.00 50 0.976 --- 
2.5 2•2 2.58 55 0.909 - -  
3.2 2.0 3.18 33 0.956 0,31 0.29 

19.4 2.8 15.40 - -  - -  0,86 0.86 

Granites 
Pedra Alta 
SIO 10/350 8.2 3.6 7.07 20 0.829 
Sl l  10/360 5.3 1.4 5.40 7 0.993 
S12 10/160 7.0 2.3 6.22 8 0.949 
S13 05/130 5.1 3.2 4.88 35 0.865 
Efic~as 
S14 05/045 3.3 1.8 3.15 23 0.975 
Pedra Vermelha 
S15 20/355 7.2 2.8 6.61 20 0.803 
Cansan¢~o 
S16 05/055 2.4 2.0 2.04 49 0.914 
S17 05/055 3.0 2.0 2.58 34 0.956 

Basement 
$18 10/020 4.4 3.4 3.12 49 0.838 

Quartz-porphyric rocks 
S19 20/360 2.6 2.2 2.10 52 0.930 
$20 15/160 1.2 2.1 1.90 >90 0.983 
S21 05/120 1.8 1.6 1.58 48 0.966 
$22 25/110 2.2 1.8 1.90 45 0.957 
$23 30/095 1.8 2.0 2.00 >90 0.924 
$24 05/120 1.7 1.8 1.80 >90 0.942 
$25 05/120 1.5 1.6 1.60 180 0.950 

For each sample, parameters shown are plunge of the stretching lineation (X); finite strain ration (Rs); initial shape ratio (Ri); 
harmonic mean value (H); fluctuation (F); linear correlation factor (r). Log R~xz and log Rcvz have been calculated for samples S1, 
$3, $8 and $9 in order to apply the logarithmic variation method, r is calculated using x~ and z i that are measured length of the 
elliptical marker following the X and Z direction, respectively (not listed herein)• H is calculated using the ellipticity (Rf) measured 
for each marker. 
*YZ section• 

Rs (R2-1 )  
F = t a n  -1 

((RE R 2 - 1 ) (R 2 -- R2)) ~/2 

n 
H =  

(R~ I +Rf2 ~ +R/31 ... +Rf~ ~) 

i ~ n  

~,XiZi 
V - -  

v \ i = l  / \ i = l  / 
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(4) Seven samples of quartz-porphyric rocks were 
analysed (see localization in Fig. 10). Two of 
them provided from N-S elongate bodies that 
were affected by the N-S trending D2 sinistral 
shearing (sample S19 and $20). The five others 
come from the SE domain and were affected 
by D 1 only. For all these samples, the Rs and 
Ri values are very close (Table 1) in spite of 
well-developed macroscopic structures (folia- 
tion and lineation). This, and the low axial 
ratio of quartz eyes, suggest that quartz eyes 
remained undeformed while phyllitic matrix 
suffered most of the deformation. Indeed, 
measurements within quartz-porphyries lead 
to an underestimate of the total amount of 
strain. 

(5) In the Pedra Alta pluton, the decrease of the 
finite strain from the pluton margin towards 
the core is demonstrated by the diminution of 
the Rs value (sample S10, Sll ,  S12 and S13). 
High strain along pluton margins reflects the 
combined effects of intrusion-related and 
tectonic-related deformation and confirms 
the syntectonic character of this pluton 
(Guglielmo, 1993). 

6. Structural evolution of the Rio Itapicuru 
greenstone belt 

6.1. Main results 

The main results of the structural analysis of 
the RIGB are summarized below and integrated 
within a block diagram (Fig. 11 ). 
• Two structural and metamorphic events, D1 

and D2, are recognized both within metasedi- 
mentary and granitic rocks. The D1 event is 
best preserved in the southern part of the study 
area and involves top-to-SE shear. The D2 
event is better developed and characterized by 
sinistral ductile shearing along NS-trending ver- 
tical foliation planes. Kinematic information 
deduced from quartz c-axis analyses are consis- 
tent with the results inferred from structural 
analysis. 

• D1 and D2 deformations occur under quite 
similar greenschist/amphibolite facies PT 

conditions. However, quartz deformation was 
controlled by prism and basal (a)  glide during 
D1 event whereas basal (a)  glide characterized 
D2 thus suggesting that temperatures during 
D 1 were slightly higher than during D2. 

• Synkinematic granodioritic plutons were 
emplaced during the two tectonic events. The 
Barrocas pluton intruded coeval with D 1 tecton- 
ics whereas others plutons and N-S trending 
porphyries of the southern domain are contem- 
poraneous with D2. This conclusion is consis- 
tent with available geochronological data. The 
syntectonic character of intrusion has been 
determined on the basis of microstructural 
arguments and quartz (c) axis fabrics. Quartz 
deformation mechanism evolves from high tem- 
perature oriented grain growth to low temper- 
ature basal (a)  glide from the core to the rim 
of the N-S trending plutons, respectively. 
Contrasting quartz deformation processes 
between country rocks and granite support 
our proposal that the pluton were emplaced 
synkinematically (Gapais and Barbarin, 1986; 
Hutton, 1988). 

• A MSZ is inferred from the following features: 
the elongated syntectonic plutons (Polo Grande 
and Pedra Alta), which record the higher strain 
values, are located along this zone; 
D2 shearing is better developed within the Pogo 
Grande and Pedra Alta intrusions than within 
other plutons, such as the Ambr6sio and 
Salgadalia ones, where shear criteria are difficult 
to observe. 

• Large-scale upright folds occur throughout the 
area. In the north, fold axes are oriented nearly 
N-S whereas they are E-W to NE-SW and 
generally more open in the S-E (Fig. 11 ). Close 
to the MSZ, folds are tighter, in agreement with 
the higher strain values found in this area. 

6.2. Structural evolution 

6.2.1. Nature and regional distribution o f  D1 and 
D2 tectonic events 

The contact between supracrustal units and 
gneiss is not exposed so we could not determine 
whether the metasediments represent the cover to 
the gneisses, or if they tectonically overlie the 
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Fig. 11. Block-diagram illustrating the main structures of the entire RIGB. 



A. Chauvet et al. / Precambrian Research 84 (1997) 139-162 159 

gneisses. However, the development of D1 
SE-verging tectonic lineations on a subhorizontal 
foliation suggests that the contact is tectonic. Thus, 
D1 tectonism involving thrust transport toward 
the SE caused the main foliation to form. 
Imbrications and intrafolial folds found in the 

metasediments (Alves da Silva, 1983; Teixeira, 
1985; Teixeira et al., 1990; Kishida et al., 1991) 
could be correlated to this event. Although the D1 
event is only observed within the southern domain, 
strain analysis demonstrates its existence within 
other domains of the RIGB. The D2 event is 

a- Closure of  the basin 
controlled by D 1 
SE-vergent thrusting. 
(ca. 2120 Ma) 

01-re,a,e shearc,ter,a 

b- Foliation folded by \ 
pluton uprising and "~ 
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Fig. 12. Schematic structural evolution of the RIGB showing the combination between horizontal tectonics (DI event), left-lateral 
transcurrence (D2 event) and vertical emplacement of granites during NE-SW oriented shortening (see text for explanation). 
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characterized by strike-slip tectonics particularly 
well-expressed within numerous synkinematic 
granites. It is worth noting that, within the south- 
ern RIGB, the D2 tectonic event has been recog- 
nized only within magmatic rocks such as N S 
trending quartz-porphyric intrusions and pegma- 
tites (Figs. 4 and 5). 

6.2.2. Structural evolution and closure of the RIGB 
A tectonic model for the closure of the RIGB 

involving NW-SE directed contraction and integ- 
rating both D 1 and D2 tectonics is herein proposed 
(Fig. 12). The closure of the basin was controlled 
by a west-dipping thrust zone located along the 
MSZ (Fig. 12a). During the first stages, and in 
response to a NW-SE oriented direction of con- 
traction, D1 deformation yielded subhorizontal 
SE-verging thrusts within supracrustal units and 
created the main foliation. The first indication of 
plutonism is represented by the 2127Ma-old 
Barrocas massif, which was emplaced during D1 
and thus reflects the kinematics of this earlier event 
(Fig. 12a). Transcurrent D2 tectonics occurred ca 
2100-2070 Ma, when most of the RIGB granitoids 
were emplaced. Granite ascent probably help the 
formation of kilometre-scale folds and the rotation 
of D1 foliation planes into steep dips (Fig. 12b). 
The NW-SE trending contraction acted upon sub- 
vertical N-S trending foliation planes and induced 
the sinistral shearing, characteristic of the D2 
event. The left-lateral ductile shearing is expressed 
within the N-S oriented syntectonic granites and 
is particularly well developed along the MSZ 
(Fig. 12c). At this time, the southern part of the 
RIGB is affected by large-scale E W  folds that 
reoriented Dl-related structures (Fig. 12b). The 
formation of these folds could be related to the 
NNW SSE shortening developed in response to 
the D2 left-lateral movement along the MSZ. 
North-directed thrusts developed along the north- 
ern border of the Barrocas pluton and within the 
Weber belt (Figs. 2b and 4) could be a result of 
the same process. 

6.3. Discussion and conclusion 

The Paleoproterozoic structural evolution of the 
RIGB involved a switch in tectonic style from 

SE-verging thrusting (D1) to sinistral wrenching 
and granite emplacement (D2). The regional distri- 
bution of DI and D2 events suggests that this 
change affected both sides of the MSZ, but D2 
fabrics dominates west of the MSZ (northern 
domain) whereas D1 dominates to the SE (south- 
ern domain). Two alternative interpretations are 
suggested. 
(1) The MSZ, marked by higher strain values, 

concentrated D2 deformation and localized 
the granite ascent thus explaining their 
emplacement along or close to this zone. 

(2) Syn-D2 granites were mainly emplaced west 
of the MSZ enhancing the development of D2 
strike-slip tectonics by straightening out the 
foliation during their ascent. 

In this latter case, the absence of syn-D2 granites 
east of the MSZ could explain the lack of D2 
tectonic fabrics there, except within small-size 
intrusive bodies. Several lines of arguments favour 
the second hypothesis. Within contemporary oro- 
gens, large-scale strike-slip tectonics is frequently 
related to post-collision lateral extrusion that 
accommodates the ongoing plate convergence 
when the maximal crustal thickness sustainable by 
the lithosphere is reached (e.g. Tapponnier et al., 
1982; Peltzer and Tapponnier, 1988). Such an 
interpretation is unsatisfactory to explain the 
development of D2 event in the RIGB because 
evidence for significant crustal thickening and 
high-pressure metamorphism associated to D1 and 
D2 events are lacking. Indeed, it is suggested that 
granite emplacement and ascent, because they 
caused rotation of the D1 foliation into steep dips, 
could play a significant role in the development of 
the strike-slip tectonics. 
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