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ABSTRACT: The Rio Pardo salient, the large antitaxial curve described by the Araçuaí fold-and-thrust belt along the southeastern edge of the São 
Francisco craton, is one of the most prominent and one of the least studied features of the Brasiliano Araçuaí-West Congo orogenic system (AWCO). In 
addition to the Archean/Paleoproterozoic basement, the salient is comprised of metasedimentary rocks mainly from the Neoproterozoic Macaúbas Group 
and the Salinas Formation. Its western limb occupies a portion of the Espinhaço ridge, where the NS-trending structures of the Araçuaí belt progressively 
curve NE and E, thereby defining the hinge zone along the Serra Geral on the Minas-Bahia boundary. The eastern limb is NW-trending and marked 
by a major shear zone. In models postulated to generate the AWCO through the closure of the Neoproterozoic Macaúbas basin, this large curve plays a 
critical kinematic role. Yet, in spite of this, its development is still not fully understood. How did this curve originate? Which factors controlled its gen-
eration? Our field study performed in the northern Araçuaí orogen characterized the kinematic picture of the salient, and led to a model that addresses 
these questions. The results we obtained indicate that the Rio Pardo salient developed in response to four deformation phases. The contractional D1 and 
D2 phases are coaxial and responsible for a craton-directed tectonic transport along the salient’s outer arc, which is coupled with an overall southward 
motion of the inner arc, thereby giving rise to a rather complex kinematic picture. Furthermore, structures of the D1/D2 phases define a zigzag pattern 
with alternating NE- and NW-trending segments along the salient’s leading edge. Along the NE-trending segments, the metasedimentary rocks are thrust 
northwestwards on top of the craton basement, while along the NW-trending segments, the supracrustal rocks are displaced along dextral to reverse-dex-
tral transpressional shear zones located on the basement/cover contact. Structures of the D3 phase, which are well developed in the hinge zone, record a 
final WSW-ENE contraction, which was responsible for rotation of the preexistent fabric elements around NNW-trending axes and the enhancement of 
the salient curvature. The D4 phase is extensional and is recorded by two large-scale structures, the Chapada Acauã and Tingui normal shear zones, as 
well as by the normal-sinistral reactivation of the Itapebi strike-slip shear zone that marks the salient eastern limb. We interpret the initiation of the Rio 
Pardo salient during the collisional 565-575 Ma D1/D2 phases essentially as a primary arc that is mainly controlled by the geometry of the Macaúbas 
precursor basin. The thickened internal portion of the Rio Pardo salient was affected by extensional tectonism at c. 530 Ma, and is recorded by the D4 
deformation phase, which is currently ascribed to the extensional collapse of the Araçuaí-West Congo orogen.
KEYWORDS: Rio Pardo salient; Araçuaí belt; primary curve; bivergent fold-thrust wedge; extensional collapse.
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INTRODUCTION

The map-view pattern of fold and thrust belts (f-t-belts) 
is characterized by straight segments and curves of various 
sizes and shapes currently referred to as salients, recesses, 
arcs, oroclines, and syntaxis. Salients or antitaxial curves are 
defined as convex-to-foreland structures. Recesses or syntaxial 
curves, on the contrary, are concave-to-foreland structures. 
Extremely pronounced syntaxial curves are called syntaxis. 

Salients and recesses, the most common and prominent cat-
egories of f-t-belt curves, attracted the attention of research-
ers already in the first tectonic studies of mountain belts (see 
Marshak 2004 for a comprehensive review). The interest in 
f-t-belt curves has persisted over the years, resulting in a robust 
foundation of knowledge based on their geometric, kinematic 
and dynamic aspects (e.g., Laubscher 1972, Beutner 1977, 
Eldredge et al. 1985, Marshak & Wilkerson 1992, Macedo 
& Marshak 1999, Marshak & Flöttmann 1996, Paulsen & 
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Marshak 1999, Spraggins & Dunne 2002, Gutiérrez-Alonso 
et al. 2004, 2012, Marshak 2004, Weil & Sussman 2004, 
Tull & Holm 2005, Wilkerson et al. 2007, Silva & Oliveira 
2009, Williams et al. 2009, Pastor-Galán et al. 2011, Prasad 
et al. 2011, Rosembaum et al. 2012, Chatzaras et al. 2013, 
Weil et al. 2013, Whisner et al. 2014, White et al. 2016, 
Szaniawski et al. 2017). The majority of these studies are 
based on the critical taper theory of the development of 
thrust wedges (Davis et al. 1983, Boyer 1995).

After examining a large number of f-t-belt curves and sim-
ulating their development in sand-box experiments, Macedo 
and Marshak (1999), Ribeiro (2001) and Marshak (2004) 
concluded that these features develop under the influence of 
several distinct factors. Accordingly, three genetic types of 
curves are distinguished: 

■■ Basin-controlled curves; 
■■ Curves resulting from irregularities in colliding margins; 
■■ Curves generated by other processes. 

Basin-controlled curves form in response to along-strike 
changes in the pre-orogenic features of the basin in which 
they develop. Variations in the thickness of the basin fill 
strata, erosion rates, and the amount of plutonism, as well 
as in the shape and mechanical properties of the detach-
ment surface, are factors that exert major controls on the 
f-t-belt geometries. The action of indenters, buttresses and 
other irregularities in the colliding margins can also lead to 
the generation of curved structures. Other causes for curve 
formation are the interference of nonparallel orogenic fronts 
and strike-slip faulting (Marshak 2004).  

The kinematics of curve development has been intensively 
explored by authors devoted to the study of f-t-belts. From a 
kinematic point of view, f-t-belt curves can be grouped into 
two basic categories. Primary arcs (Weil & Sussman 2004) 
(or non-rotational curves, Marshak 2004) involve faults 
and folds, which begin as curved structures and remain as 
such during the whole f-t-belt generation process. On the 
contrary, rotational curves or oroclines consist of structures, 
which experience a considerable change in their orientation 
as deformation progresses or during a subsequent tectonic 
event (Weil & Sussman 2004, Marshak 2004). 

The Araçuaí orogen in southeastern Brazil corresponds 
to the largest portion of the Ediacaran-Cambrian Araçuaí-
West Congo orogenic system (AWCO) (Fig. 1), which also 
encompasses the West Congolian belt on the African con-
tinent. Confined to an enclave between the São Francisco 
and Congo cratons, the AWCO developed through the 
closure of the Macaúbas basin during the amalgamation 
of West Gondwana (Pedrosa-Soares et al. 2001, Alkmim 
et al. 2006). As indicated by paleogeographic reconstructions, 
the Macaúbas basin was made up of an oceanic sector — a 

branch of the Neoproterozoic Adamastor ocean — and an 
ensialic domain linked to a system of long-lived intracon-
tinental rift basins represented by the Pirapora, Paramirim, 
Nyanga, and Sangha aulacogens of the São Francisco and 
Congo cratons (Pedrosa-Soares et al. 1998, 2001, Alkmim 
et al. 2006, 2017, Cruz & Alkmim 2006, Queiroga et al. 
2007, Reis & Alkmim 2015, Gonçalves et al. 2016) (Fig. 1). 

The Araçuaí orogen occupies the region located between 
the São Francisco craton and the eastern Brazilian conti-
nental margin (Pedrosa-Soares et al. 2001) (Fig. 1). The Rio 
Pardo salient (Cruz & Alkmim 2006) is a c. 170 km-long 
antitaxial curve developed in the orogen’s ensialic north-
ern sector. As the most prominent structure of the orogen, 
the Rio Pardo Pardo salient culminates in the region where 
the intracratonic Paramirim aulacogen (Cruz & Alkmim 
2006, Alkmim et al. 2017) reaches the São Francisco craton 
boundary (Fig. 1). First recognized by Cordani (1973) as 
an arc described by the structures of the “Brasiliano cycle” 
along the Minas/Bahia boundary, the Rio Pardo salient has 
remained the least investigated portion of the external Araçuaí 
orogen since then. Deciphering its internal architecture and 
understanding its kinematic history is, however, crucial for 
testing the models postulated for the development of the 
AWCO as a confined orogenic system. Various models have 
been proposed for the closure of the Macaúbas basin and 
the generation of the AWCO (see Alkmim et al. 2006 for 
a review). In all of these models, the large curve described 
by the Araçuaí orogen along the southeastern boundary 
of the São Francisco craton plays a critical kinematic role. 
How did the Rio Pardo salient originate?  Was its genera-
tion governed by attributes of the Macaúbas basin? If so, 
which pre-orogenic features controlled its development? 
Was the salient generation coupled with any rotation com-
ponent? How was the WSW-ENE shortening documented 
in the intracratonic Paramirim aulacogen accommodated 
inside the salient? In order to provide answers to these key 
questions and to contribute to the understanding of the 
evolution of the Rio Pardo salient and to f-t-belt curves in 
general, we carried out a field-based structural investiga-
tion in the northern Araçuaí orogen, involving the descrip-
tion of c.700 outcrop stations along a 160 km-wide and 
340 km-long area (Fig. 1). 

In this paper, we present the results of our study. After 
addressing the geological context and previous investiga-
tions on the Rio Pardo salient, we provide a description of 
its overall architecture, deformation phases and related fab-
ric elements, which is then followed by a discussion on the 
implications of our data and our interpretations. We con-
clude by postulating a model for the generation of the Rio 
Pardo salient in the tectonic scenario of the development 
of the Araçuaí-West Congo orogenic system. 
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Figure 1. (A, B) The geotectonic setting of the Araçuaí–West Congo orogenic system and the adjoining São Francisco-
Congo craton (SFC) in the Gondwanaland context (modified from Alkmim et al. 2006). (C) A simplified geologic 
map of the Araçuaí orogen, highlighting the main lithotectonic assemblages and tectonic compartments (SER, 
Serra do Espinhaço range fold-and-thrust system, RPS, Rio Pardo salient, ISZ, Itapebi shear zone, CC, crystalline 
core, SFC, São Francisco craton) (modified from Alkmim et al. 2017). Cities: BH, Belo Horizonte; V, Vitória; S, 
Salinas. The dashed box indicates the location of the study area.
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GEOLOGICAL SETTING

The Araçuaí orogen, or the Brazilian portion of the 
AWCO, consists of an external f-t-belt, the Araçuaí belt 
(Almeida 1977), and a crystalline core (Fig. 1). The exter-
nal f-t-belt involves the Archean/Paleoproterozoic basement 
and Paleo, Meso and Neoproterozoic metasedimentary rocks 
metamorphosed under greenschist to amphibolite facies con-
ditions. The crystalline core is made up of amphibolite to 
granulite facies rocks of the basement and Neoproterozoic 
supracrustal assemblage in conjunction with five genera-
tions of Neoproterozoic granites (Pedrosa-Soares et al. 2001, 
2008, 2011a, Alkmim et al. 2006).

The regional structure known as the Rio Pardo salient 
(Cruz & Alkmim 2006) dominates the structural picture 
of the northern Araçuaí orogen. As previously mentioned, 
Cordani (1973) first demonstrated that the map traces of the 
Brasiliano structures describe a large arc in northern Minas 
Gerais. Mapped out by Silva-Filho et al. (1974), the salient 
was later called the Alto do Rio Pardo pericratonic zone by 
Portela et al. (1976). Almeida (1977) defined the Araçuaí 
belt as the Brasiliano orogenic feature that fringes the São 
Francisco craton to the east, emphasizing the curvature of 
its northern segment. Almeida et al. (1978) conducted the 
first stratigraphic, structural and metamorphic investiga-
tion into the northern Araçuaí orogen. In this work, the 
authors detailed the southeast limit of the São Francisco cra-
ton, correlated the units of the Araçuaí belt in the region to 
the Espinhaço Supergroup and the Macaúbas Group, and 
described the regional metamorphic pattern, which increases 
southward from the staurolite zone to the K-feldspar/spi-
nel zone. These studies were followed by a series of others, 
which focused mainly on the stratigraphic framework of the 
region (e.g., Inda & Barbosa 1978, Uhlein 1991, Barbosa 
& Dominguez 1996, Pedrosa-Soares et al. 2001). 

Cruz and Alkmim (2006) portrayed the curvature of 
the northern Araçuaí belt as a salient, along which the 
Brasiliano orogenic front interacted with the preexis-
tent structures of the intracratonic Paramirim aulacogen. 
The Paramirim aulacogen is a long-living basin filled by 
the Espinhaço and São Francisco supergroups of the Paleo/
Meso- and Neoproterozoic ages, respectively (Danderfer 
& Dardenne 2002, Cruz & Alkmim 2006, 2007, Cruz 
et al. 2007, Alkmim et al. 2006, 2017, Danderfer et al. 
2009). Extending over the area of the northern Espinhaço 
ridge and Chapada Diamantina, the aulacogen underwent 
partial inversion during the Brasiliano event (Cordani 
1973, Cruz & Alkmim 2006, Cruz & Alkmim 2007). 
The sector of maximum inversion strains defines a NNW-
oriented deformation zone, currently referred to as the 
Paramirim Corridor (Alkmim et al. 2006). In accordance 

with observations by Almeida et al. (1978), Cruz and 
Alkmim (2006) also portrayed the contact between the 
basement and supracrustal assemblages along the leading 
edge (the trace of the deformation front) of the salient as 
a c. 200 m thick, shallow-dipping mylonitic detachment, 
on which the Araçuaí orogenic front migrated towards the 
São Francisco craton. They also documented a younger 
set of NNW-oriented folds and strike-slip shear zones 
that interfere with older structures, thereby creating the 
sinuous structural traces of the salient’s leading edge and 
dome-and-basin fold interference patterns. 

According to previous mapping projects and stratigraphic 
correlations (e.g., Inda & Barbosa 1978, Uhlein 1991, 
Barbosa & Dominguez 1996, Pedrosa-Soares et al. 2001, 
Wosniak et al. 2013, Knauer et al. 2015) and our own work 
in the region, the units involved in the Rio Pardo salient are 
the following (Figs. 1 and 2):

■■ A basement assemblage made up of units older than 
1.8 Ga and represented by the Porteirinha (Noce et al. 
2007a, 2007b, Silva et al. 2016) and Tingui (Knauer 
et al. 2015, Silva et al. 2016) complexes, as well as the 
Gavião, Itabuna-Salvador-Curaçá and Jequié blocks 
(Marinho et al. 1994, Santos Pinto et al. 1998, Barbosa 
et al. 2003, Noce et al. 2007a, 2007b, Barbosa et al. 2012, 
Cruz et al. 2012a, 2012b, Silva et al. 2016); 

■■ The Serra do Inhaúma Group (Lima et al. 1981, Uhlein 
1991), comprised of a succession of metarhythmite, schist 
and quartzite. These authors correlate these rocks to the 
Espinhaço Supergroup deposited between 1.78 and 1.00 
Ga (Dussin & Dussin 1995, Martins-Neto 2000, Chemale 
Jr. et al. 2012, Santos et al. 2015). This unit is here cor-
related to the lower Macaúbas Group, as described by 
Castro (2014), Kuchenbecker et al. (2015) and Costa 
& Danderfer (2017);

■■ Mafic intrusive, probable correlative of the Pedro Lessa 
Suite dated at c. 900 Ma (Machado et al. 1989, Dussin 
& Dussin 1995); 

■■ The 875 Ma Salto da Divisa anorogenic suite, composed 
of sieno- to monzogranites (Moraes-Filho & Lima 2007, 
Paixão & Perrela 2004, Silva et al. 2008);

■■ The Macaúbas Group and its correlative, the Jequitinhonha 
Complex. The first unit is comprised of a glacially influ-
enced rift to a passive margin succession accumulated 
between ca. 850 and 600 Ma (Noce et al. 1997, Uhlein 
et al. 1999, 2007, Danderfer & Dardenne 2002, Pedrosa-
Soares & Alkmim 2011, Pedrosa-Soares et al. 2011a, 
Babinski et al. 2012, Kuchenbecker et al. 2015, Costa 
& Danderfer 2017). The Jequitinhonha Complex con-
sists mainly of Al-rich paragneisses (Pedrosa-Soares et al. 
2001, 2007, Sampaio et al. 2004, Gonçalves-Dias 
et al. 2011, 2016);
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Figure 2. A geologic map of the study area, based on Grossi-Sad et al. (1997), Pinto et al. (2001), Sampaio et al. 
(2002), Paes et al. (2010). Cities: A, Araçuaí; GM, Grão Mogol; S, Salinas; RPM, Rio Pardo de Minas; MO, Mortugaba; 
SJ, São João do Paraíso; C, Cordeiros; BC, Belo Campo; E, Encruzilhada; IT, Itambé; IP, Itapetinga. Basement blocks: 
ISC, Itabuna-Salvador-Curaçá; J, Jequié; G, Gavião; P, Porteirinha Complex; T, Tingui Complex. 

0
5

1
0

2
0

3
0

4
0
 k

m

A

S

F
S

R
P

M

M
O

B
C

IP

IT

E

C

8340000 82600008300000

2
0
0
0
0
0

2
4
0
0
0
0

2
8
0
0
0
0

3
2
0
0
0
0

3
6
0
0
0
0

7
4
0
0
0
0

7
6
0
0
0
0

8
0
0
0
0
0

8
3
4
0
0
0
0

8280000

8220000

8160000

-4
2
º3

0
’

-4
1
º3

0
’

-16º30’-16º

-15º30’

-4
3
º3

0
’

7
0
0
0
0
0

B
o
u
n
d
a
ry

 b
e
tw

e
e
n
 U

T
M

 2
3
S

 e
 2

4
S

 z
o
n
e
s

U
T

M
 c

o
o
rd

in
a
to

rs

G
e
o
g
ra

p
h
ic

 c
o
o
rd

in
a
to

rs

C
it
ie

s

S
J

4
8

2
5

3
0

7
6

5
7

3
5

2
0

2
5

5
0

8
1

8
0

6
5

4
0

7
0 2

0
8

0

3
0

4
4

2
8

6
8

5
5

5
6

5
5

6
0

7
0

8
5

4
4

6
1

2
7

4
2

6
5

6
0

5
0

8
4

2
0

6
4

8
0

4
2

3
2

4
4

1
5

1
0

2
5

2
7

3
1

8
8

7
0

3
5

4
0

8
0

6
3

7
5

6
4

5
3

6
5

3
0

4
5

6
0

7
0

6
0

6
5

6
1

8
0

8
3

4
0

2
8

6
0

7
0

H
o

ri
z
o

n
ta

l 
d

a
tu

m
:

W
G

S
 8

4

U
n

iv
e

rs
a

l
T

ra
n

s
v
e

rs
e

M
e

rc
a

to
r 

c
o

o
rd

in
a

te
s
y
s
te

m

N

2
5

2
0

7
5

3
0

5
2

3
1

3
6

4
1

2
8

1
0

1
2

6
0

7
5

4
0

6
8

7
1

6
6

2
6

0
5

8
8

2
4

3
5

4
0

6
9

E
s
p
in

h
a
ç
o
 S

u
p
e
rg

ro
u
p

A
R

C
H

E
A

N
A

N
D

 P
A

L
E

O
P

R
O

T
E

R
O

Z
O

IC
 B

A
S

E
M

E
N

T
 (

>
1
.8

 G
a
)

S
e
rr

a
 d

o
 I
n
h
a
ú
m

a
 G

ro
u
p
: 
s
c
h
is

t/
m

e
ta

tu
rb

id
it
e
,

q
u
a
rt

z
it
e

U
n
d
iv

id
e
d
 L

o
w

e
r 

M
a
c
a
ú
b
a
s
 G

ro
u
p

N
o
v
a

A
u
ro

ra
 F

o
rm

a
ti
o
n
 a

n
d
 c

o
rr

e
la

ti
v
e
s
:

m
e
ta

d
ia

m
ic

ti
te

, 
s
c
h
is

t,
 q

u
a
rt

z
it
e
, 
ir
o
n
 f
o
rm

a
ti
o
n

C
h
a
p
a
d
a

A
c
a
u
ã
 F

o
rm

a
ti
o
n
: 
m

e
ta

d
ia

m
ic

ti
te

, 
q
u
a
rt

z
it
e
,

s
c
h
is

t,
 m

e
ta

rh
y
th

m
it
e

J
e
q
u
it
in

h
o
n
h
a
 C

o
m

p
le

x
: 
P

a
ra

g
n
e
is

s
e
s
,

s
c
h
is

t,
 q

u
a
rt

z
it
e
, 
m

e
ta

tu
rb

id
it
e

N
E

O
P

R
O

T
E

R
O

Z
O

IC

G
4
 S

u
p
e
rs

u
it
e
: 
b
io

ti
te

-m
u
s
c
o
v
it
e
 g

ra
n
it
e

A
llu

v
ia

l,
 e

lu
v
ia

l 
a
n
d
 c

o
llu

v
ia

l 
s
e
d
im

e
n
ts

P
A

L
E

O
Z

O
IC

 (
C

a
m

b
ri
a
n
)

P
H

A
N

E
R

O
Z

O
IC

T
h
ru

s
t 
s
h
e
a
r 

z
o
n
e

N
o
rm

a
l 
s
h
e
a
r 

z
o
n
e

T
ra

n
s
p
re

s
s
iv

e
 s

h
e
a
r 

z
o
n
e

T
ra

n
s
p
re

s
s
iv

e
 s

h
e
a
r 

z
o
n
e
 w

it
h

tr
a
n
s
tr

a
ti
v
e
 r

e
a
c
ti
v
a
ti
o
n

S
tr

u
c
tu

ra
l 
lin

e
a
m

e
n
ts

A
n
ti
c
lin

e
 D

S
y
n
c
lin

e
 D

H
in

g
e

 z
o

n
e

S
a
lin

a
s
 F

o
rm

a
ti
o
n
: 
q
u
a
rt

z
it
e
, 
s
c
h
is

t,
 m

e
ta

tu
rb

id
it
e

P
A

L
E

O
/M

E
S

O
P

R
O

T
E

R
O

Z
O

IC

M
e
ta

b
a
s
ic

 r
o
c
k
s

J

IS
C

G

T

P

P,
 T

, 
G

, 
J,

 I
S

C

6
2

3
0

5
3

4
0

4
8

7
5

7
0

5
0

5
3

4
1 7
0

6
0

5
5

7
0

7
0

R
e
g
io

n
a
l 
fo

lia
ti
o
n
 S

1

S
tr

e
tc

h
in

g
 l
in

e
a
ti
o
n
 L

1

C
re

n
u
la

ti
o
n
 c

le
a
v
a
g
e
 S

2

C
re

n
u
la

ti
o
n
 c

le
a
v
a
g
e
 S

3

1
0

5
0

3
3

4
0

5
4

2
0

7
0

2
5

W
e

s
te

rn
lim

b

E
a

s
te

rn
lim

b

A
n
ti
c
lin

e
 D

S
y
n
c
lin

e
 D

1
-2

1
-2

3 3

G
M

29
Brazilian Journal of Geology, 48(1): 25-49, March 2018

Eliza Peixoto et al.



■■ Syn-collisonal granites of the G2 and G3 supersuites 
dated between 585 to 545 Ma (Pedrosa-Soares et al. 
2001, 2011b, Gradim et al. 2014, Peixoto et al. 2015, 
Melo et al. 2017a, 2017b);

■■ The syn-orogenic Salinas Formation, composed of tur-
biditic metasandstones, schists and metaconglomerates 
with a maximum depositional age of c. 580 Ma (Alkmim 
et al. 2017, Lima et al. 2002, Santos et al. 2009); 

■■ Late- to post-collisional 530 Ma to 480  Ma granites 
of the G4 and G5 supersuites (De Campos et al. 2004, 
2016, Pedrosa-Soares & Wiedmann-Leonardos 2000, 
Pedrosa-Soares et al. 2007).

The stratigraphic succession and the lithological content 
of the units listed above vary considerably along the salient, 
as illustrated by Figure 3.  

TECTONIC FRAMEWORK  
OF THE RIO PARDO SALIENT

The map traces of f-t-belt curves resemble the pattern 
defined by the trend lines of folds in the profile. With this 
analogy in mind, Macedo and Marshak (1999) adopted 
the vocabulary currently used for folds in the description of 
salients. According to this terminology, the Rio Pardo salient 
exhibits a moderate hinge zone and two relatively long limbs, 
a western NS-trending one and an eastern NW-oriented 
one. Together, these elements define a NNW-oriented mid 
line and a quite sinuous trend-line pattern, which describe a 
curvilinear trajectory through the region of the towns Grão 
Mogol, Cordeiros, and Itambé (Fig. 4). 

As one of the most remarkable features of the Rio Pardo 
salient, its limbs do not encompass the leading edge of the 

Figure 3. The stratigraphic column for the supracrustal units and intrusive rocks of the study area, emphasizing 
the correlation between the units throughout the Rio Pardo salient. 
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northwestern Araçuaí f-t-belt along the boundary to the 
São Francisco craton. The system of folds and thrusts that 
characterizes the more external portion of the Araçuaí belt 
continues further north into the craton interior as the west-
ern and eastern Paramirim deformation corridor (Fig. 1).     

Our detailed structural analysis revealed that the tec-
tonic structures affecting the supracrustal units along the Rio 
Pardo salient nucleated in the course of four deformation 
phases, here referred to as the D1, D2, D3 and D4 phases. 
The D1 phase is characterized by a family of structures (F1 
folds, S1 foliation, L1 stretching lineation and ductile shear 
zones and thrust faults) that record a systematic tectonic 
motion towards the São Francisco craton. Elements of the 
D2 phase (F2 folds associated with a crenulation cleavage, S2) 
are also ubiquitous and co-axial to the structures of the D1 
phase. The D3 phase, detected only along the salient hinge 
zone, is recorded mainly by regional NNW-trending folds. 
The fabric elements of the D4 phase are comprised of a series 
of extensional structures, such as large-scale normal-sense 
ductile shear zones and normal faults of varying orienta-
tions. In the following sections, we describe the geological 
architecture of the various sectors of the salient, exploring 
the kinematic significance of their fabric elements.   

The western limb
The western limb (Fig. 5) encompasses the eastern por-

tion of the Espinhaço ridge and the adjacent Jequitinhonha 
river valley in northern Minas Gerais. In this part of the 
salient, only structures from the D1, D2 and D4 phases were 
observed. They occur in association with three regional and 
roughly NS-trending structures, namely, the eastern half of 
the southern Espinhaço range fold-thrust system (SER-thrust 
system), the Chapada Acauã normal shear zone (CASZ), 
and the Salinas synclinorium (Alkmim et al. 2006, 2017, 
Marshak et al. 2006, Santos et al. 2009, Peixoto et al. 2018, 
Fig. 5). In addition to the Archean/Paleoproterozoic gneisses 

and granitoids, the metasedimentary units affected by these 
structures include quartzites and phyllites of the Espinhaço 
Supergroup, a thick succession of the Macaúbas Group, 
and the metaturbidites of the Salinas Formation, locally 
cut by granites of the G4 Supersuite (Dussin & Dussin 
1995, Pedrosa-Soares et al. 2001, 2008, 2011a, Lima et al. 
2002, De Campos et al. 2004, 2016, Santos et al. 2009, 
Kuchenbecker et al. 2015) (Figs. 3 and 5).

The fabric elements of the SER-thrust system are mani-
festations of the coaxial and progressive deformation phases 
D1 and D2. The most conspicuous structures of the system 
are the NS-trending thrusts, the reverse faults, the isoclinal 
to close F1 folds, the associated axial plane S1 schistosity, as 
well as the L1 stretching lineation (Figs. 5, 6A, 6B and 6C). 
The F1 folds, which are W-vergent and kinematic indicators 
associated with the older D1 structures attest to a systematic 
W-directed sense of shear (Figs. 6A and 6B). L1 stretching 
lineation is usually on the dip of S1 foliation. Especially 
in the more ductile rocks, the D1 structures are overprinted 
by the elements of the D2 phase, which is comprised of near 
upright, open to close F2 folds. A vertical crenulation cleav-
age (S2) (Fig. 6C) occupies the axial plane position of the F2 
folds. All of these elements have been previously described 
by different authors as the dominant Brasiliano structures 
of various sectors of the southern Espinhaço ridge fold and 
thrust system (e.g., Dussin & Dussin 1995, Uhlein et al. 
1998, Marshak et al. 2006). 

The CASZ is a large-scale, ESE-dipping, normal sense shear 
zone that affects rocks of the Upper Macaúbas Group and 
the base of the Salinas Formation over a c. 40 km-wide 
and 100 km-long area (Fig. 5). The characteristic elements of 
the CASZ are ESE-verging fold trains (F4), whose enveloping 
surfaces also dip ESE. They overprint the D1 and D2 structures 
and are associated with a well-developed WNW-dipping S4 
crenulation cleavage (Fig. 6D). Other structures commonly 
observed within the CASZ are WNW-dipping antithetic nor-
mal faults (Fig. 6E), vertical tension gashes, and ESE-dipping 
detachments. All together the fabric elements of the CASZ 
characterize the D4 deformation phase, which is interpreted 
as a manifestation of the extensional collapse of the AWCO 
(Peres et al. 2004, Alkmim et al. 2006, Marshak et al. 2006). 

The Salinas synclinorium (or the Salinas fold zone, Alkmim 
et al. 2006, Santos et al. 2009) occurs in the hanging wall 
of the CASZ and is bounded to the east by post-collisional 
granite intrusions. Within the synclinorim, a system of W 
to NW verging folds of various sizes and thrust shear zones 
affect the metaturbidites of the Salinas Formation with 
increasing intensity towards the east. However, the Salinas 
metaturbidites are practically undeformed along a syncli-
norum hinge zone. The regionally penetrative S1 foliation 
is only weakly developed in this domain. 

Figure 4. Geometric elements of the Rio Pardo salient 
following the description of Macedo & Marshak (1999).
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Figure 5. (A) A geologic map of the western limb of the Rio Pardo salient, showing the main regional structures: SER-
thrust system, Southern Espinhaço range fold-thrust system; CASZ, Chapada Acauã normal shear zone; and Salinas 
synclinorium. (B) The equally synoptic contoured area plots of the associated main, small-scale fabric elements. 
S0: poles to bedding; S1: poles to main foliation; L1: stretching lineation; b1: hinges of the F1 folds; S2: poles to the D2 
crenulation cleavage; L2(cren): crenulation lineation (D2). (C) The cross-section shows structures of collisional stage 
(D1) overprinted by CASZ ESE-verging fold trains generated during the D4 extensional phase. Rocks of the Salinas 
Formation in the hanging wall of the CASZ configure a synformal structure generated during D1. Cities: S, Salinas; 
NA, Nova Aurora; RP, Rio Pardo de Minas.

C

A
B

The metasedimentary rocks involved in the western 
limb record two metamorphic events. A Barrovian meta-
morphism assisted the D1 deformation phase with P-T 

conditions increasing eastwards along the SER-thrust sys-
tem, and reaching ~8.5 kbar at ~650ºC (Peixoto et al. 2018). 
Age determinations on the monazite indicated that this event 
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took place between 575 and 565 Ma. A second low pressure 
metamorphic event (Buchan-type) is recorded in the eastern 
half of the western limb. It took place under 3 to 5.5 kbar 
and up to 640ºC at around 530 Ma (Peixoto et al. 2018). 

The hinge zone
The hinge zone, extending over the Serra Geral and Rio 

Pardo river valley, is the largest and by far the most complex sec-
tor of the salient (Fig. 7). A large portion of the sector is covered 
by Cenozoic sediments and exposures that are predominantly 
of the Macaúbas Group and correlative units. Occurrences of 
the Serra da Inhaúma Group are restricted to the southwestern 
end of the hinge zone and a narrow strip along its leading edge. 
The salient nucleus is occupied by a large volume of granitic 
intrusions of the G2 (syn-collisional), G4 and G5 (post-col-
lisional) Supersuites (Pedrosa-Soares et al. 2001, 2011b, De 
Campos et al. 2004, 2016, Silva et al. 2011, Peixoto et al. 2018).

The structures of all the deformation phases occur in 
the hinge zone. The orientation of the dominant and co-ax-
ial D1 and D2 structures varies from place to place, giving 

rise to sinuous trend lines in the leading edge and internal 
portion of the salient (Fig. 7). These changes in orientation 
result basically from: 

■■ changes in orientation of the basement-cover contact 
along the leading edge; 

■■ folding of the D1/D2 structures around NNW-oriented 
F3 axes.

The structural traces of the dominant D1 and D2 struc-
tures along the leading edge of the hinge zone have a zigzag 
pattern in map-view. They consist of alternating NE- and 
NW-trending segments (Figs. 7, 8 and 9). Along the N40-
60ºE-trending segments (sectors I, II, III, Figs. 7 and 8) the 
metasedimentary rocks are thrust toward the northwest, on 
top of the basement (Figs. 10A and 10B), while along the 
N40-60oW-trending segments (sectors IV, V VI) they are 
displaced along dextral to reverse-dextral transpressional 
shear zones (Figs. 7, 8 and 9). 

Another remarkable feature of this domain is the ver-
gence reversal of the D1/D2 in the inner arc of the salient 

Figure 6. Structures of the western limb of the Rio Pardo salient: (A) W-verging F1 open fold and the associated 
S1 axial plane foliation affecting metasandstones of the Espinhaço Supergroup. (B) Stretched clast of a Macaúbas 
Group metadiamictite. The sigmoidal shape of the clast and enveloping S1 foliation attest to the reverse, top-to-
the-west sense of shear. (C) Symmetric vertical S2 crenulation cleavage, affecting a micaschist of the Macaúbas 
Group. (D) Prominent NW-dipping S4 cleavage in metadiamictite of the Macaúbas Group. (E) Outcrop-scale 
antithetic normal fault of the D4 extensional phase cutting metapelites of the Macaúbas Group.

B CA
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Figure 7. A geologic map of the Rio Pardo salient hinge zone, showing the main regional structures. The A-A’ 
cross-section, on the western portion of the area, shows the normal-sense Tingui shear zone (TSZ). The B-B’ cross-
section, perpendicular to A-A’, shows structures with reverse top-up-to-the north vergence. Respective A-A’ and 
B-B’ outcrop-scale structures pictures are shown in Figure 11. The C-C’ cross-section represents the NW-trending 
segments of the hinge zone; see Figure 8 (stereograms V), Figure 9 and Figure 10 (outcrop scale structures). 
The C’-C’’ cross-section shows the NE-trending segments; see Figures 8 (stereogram II), 9 and 10. The Chapada 
Acauã Formation occurs on the São João do Paraíso syncline (SJP syncline). The vergence divisor line (VD-line) 
shows structures vergence changing in the region of D1/D2.

34
Brazilian Journal of Geology, 48(1): 25-49, March 2018

The Rio Pardo salient: a basin-controlled fold thrust belt



(sector VII, Fig. 7). The vergence north of the VD-line shown 
in the map of Figure 7 is directed to the São Francisco craton, 
while south of the VD-line, the dominant structures verge 
toward the orogen interior (Figs. 10C and 10D), thus char-
acterizing a double fold-thrust wedge (Fig. 7). Except for the 
change in orientation and vergence, the D1 structures exhibit 
(in this part of the salient) the same characteristics as in the 
western limb. They are especially well developed and exposed 
in NE-trending sectors of the leading edge (Fig. 7), where the 
basal detachment is represented by a mylonitic shear zone ori-
entated at 120/33 (Figs. 7, 8, 10A and 10B). The F1 folds in the 
metasedimentary rocks are tight to isoclinal and NW-verging. 
The S1 schistosity, always associated with a down-dip stretch-
ing lineation, shows the preferred orientation 120/33 (Figs. 7 
and 8). The L1 stretching lineation and the associated kinematic 
indicators, such as rotated porphyroclasts and foliation pods 
attest to a top-up-to-northwest dominant motion.

The imprint of the D2 phase is not as homogenous as 
that of the D1 phase, as it varies strongly with lithotype and 
location. The F2 folds are of regional scale and usually open 
to tight and upright. They show a pronounced asymmetry 
and south vergence in the inner portion of the salient. The 
associated S2 crenulation cleavage is well developed and often 
transposes the S1 foliation in schists and micaceous quartz-
ites.  In many localities, the S2 cleavage appears as the most 
prominent small-scale structure. 

The D3 phase is recorded throughout the whole domain 
by NNW-trending folds of variable scale, and is always asso-
ciated with the S3 crenulation cleavage. Folds of this phase 
overprint preexistent D1/D2 folds, giving rise to dome-and-
basin and locally very complex interference patterns.  

The CASZ, the main regional D4 structure, progres-
sively curves NE in the northern end of the western limb 
and becomes covered by Cenozoic sediments in the inter-
nal portion of the hinge zone.  As shown in the map of 
Figure 7, we inferred the continuation of the CASZ beneath 
this cover and its connection with the strike-slip system 
that marks the eastern limb (see the following section). In 
the outer arc of the salient, the manifestation of the D4 
phase is represented by a normal-sense shear zone devel-
oped along the contact between the Salinas Formation 
and the basement assemblage in the northwestern end of 
the domain (the Tingui shear zone, TSZ). Characterized 
by phylonites and mylonites, this shear zone (Figs. 7 and 
11) shows S-C foliations and asymmetric σ-type feldspar 
porphyroclasts, which indicate a top-down-to-the-east 
motion (Figs. 11B and 11C). 

Two metamorphic events are recorded in the hinge zone. 
A Barrovian metamorphism assisted D1 and D2 deformation 
phases, with P-T conditions increasing toward the north, 
reaching ~7 kbar and ~660ºC in the kyanite zone. Monazite 
dating in this region indicates that the metamorphic peak 

Figure 8. Equally synoptic contoured area plots of regional S1 foliation and associated L1 stretching lineation 
in the hinge zone. NE-trending and NW-trending segments are represented by the segments II and V. The inner 
portion with a southward vergence is represented by the stereogram of region VII (see Fig. 7). 
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of this event was reached at c. 562 Ma. A second event at 
around 525 Ma is also recorded in monazite grains. A later 
resetting is dated at c. 505 Ma. A clockwise PT trajectory 
is deduced for this region through textural and mineralog-
ical relationships (Peixoto 2017).

The eastern limb
The eastern limb of the salient occupies the area located 

between the towns of Belo Campo and Encruzilhada, 
extending between the eastern end of the Serra Geral and 
the Rio Pardo river valley (Figs. 2 and 12). Shaped by the 
NW-trending dextral Itapebi shear zone (Corrêa-Gomes 
2000, Sampaio et al. 2004, Alkmim et al. 2006, Cruz et al. 
2012a) (Fig. 12), the eastern limb is marked by a sub-re-
gional positive flower structure generated during the D1 

phase, which affects the basement, 880 Ma Salto da Divisa 
Suite, and the Macaúbas Group. 

The tectonic framework of this portion of the salient 
resembles the NW-trending segments of the hinge zone in 
many ways. Along the leading edge, rocks of the Macaúbas 
Group are thrust on top or are juxtaposed with basement 
rocks along reverse dextral shear zones. Basement gneisses in 
this region are mylonitic, exhibiting a variety of kinematic 
indicators, such as rotated porphyroclasts, asymmetric bou-
dins and S-C foliation. The S1 foliation shows variable dips 
across the zones and root in the vertical stem of the flower 
structure, which is illustrated by upright and tight to iso-
clinal F1 folds (Figs. 13A, 13B and 13C). The southwest-
ern branch of the structure is characterized by a dominant 
top-up-to-SW vergence and secondary transpressive shear 

Figure 9. A satellite image of the Rio Pardo salient hinge zone (see location in Fig. 7) and sub-regional associated 
folds. The NE-trending segments show straight map-view structural traces (reflecting thrusting contact), while 
the NW-trending segments folds reflect the dextral component of deformation. M-type folds with a N-S axis occur 
between the segments and may represent D3 final shortening. 
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zones (Fig. 12). The L1 stretching lineation plunges prefer-
entially SE, showing, however, significant variations.

D2 fabric elements were rarely observed. Some NW-trending 
open folds affect the S1 foliation in the region (Fig. 13D), 
which is also locally folded around the NS-oriented axes 
of the F3-folds. In many places along the domain, sinistral 

and normal reactivations of the Itabebi system have been 
observed as previously documented by Alkmim et al. (2006). 
The sinistral motions can be associated with the D3 shorten-
ing, whereas the normal sinistral motion probably resulted 
from the SE-down motion along the CSAZ during the D4 
extensional phase.

Figure 10. Structures of the Rio Pardo salient hinge zone: (A, B) Structures of the shallow-dipping detachment 
on the NE-trending segments. Sigmoidal quartz-feldspatic band and sigmoidal feldspar porphyroclast of Gavião 
Block gneiss, attesting to the reverse, top-to-the-northwest sense of shear. (C) Location of vergence changing, 
with upright folds and related subvertical S1 foliation; (D) back-thrusting verging southward. 
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The D1 and D2 phases are associated with the peak of the 
regional metamorphism, which is characterized by amphibolite 
to granulite-facies assemblages in the region (Peixoto 2017).

An integrated kinematic  
picture of the Rio Pardo Salient

Traces of S1 foliation (shown in Fig. 14) describe the 
large arc of the Rio Pardo salient. The motion picture of 
the metasedimentary rocks during the D1 principal defor-
mation across the salient can be visualized in the map in 
Figure 14, which was made by plotting and extrapolating 
the trend of the L1 stretching lineation and the associated 
sense of shear (indicated by the arrows). It is clear from 
this map that motion toward the foreland predominates in 
the western limb and out of the arc of the salient, whereas 
in the inner arc, the flow trajectories are toward the south 
and southwest.

DISCUSSION

Significance of the deformation phases 
To unravel the tectonic significance of the deforma-

tion phases documented in the limbs and hinge zone of 
the salient, we start by examining the D1 and D2 structures 

in the western limb, where they were previously investi-
gated by various authors. As the dominant fabric elements 
of the external Araçuaí orogen, the D1/D2 structures record 
the Brasiliano event in the region, which is in turn viewed 
as a product of a general E-W contraction (Pedrosa-Soares 
et al. 2001, Alkmim et al. 2006). The Barrovian metamor-
phism syn-kinematic to D1 was recently dated in this region 
between 575 and 565 Ma (Peixoto et al. 2018), the age inter-
val of the collisional stage of the Araçuaí orogen (Pedrosa-
Soares et al. 2001, 2008, 2011b).

Keeping the same attributes and crosscut relationships 
of the western limb, the D1/D2 folds and thrusts progres-
sively curve toward the NE and enter the hinge zone, 
where they exhibit considerable variations in orientation 
and form a double-verging deformation wedge. Along the 
leading edge of the hinge zone, these structures preserve 
the foreland-directed vergence, as previously documented 
by Cordani (1973), Almeida et al. (1978), Uhlein (1991) 
and Cruz and Alkmim (2006). They change their charac-
ter in the eastern limb, and are represented by the dextral 
reversal Itapebi shear zone. This fact implies that the salient 
as whole is delineated by the Brasiliano D1/D2 collisional 
structures, and regardless of later modifications, its initial 
development was coupled to a quite complex flow pattern, 
as illustrated by Figure 14.   

Figure 11. Collisional and collapse structures of the Rio Pardo salient on the Tingui shear zone (see Figure 7), 
western region of the hinge zone. (A) Garnet porphyroblasts attesting reverse, top-to-the-west vergence. (B, C) 
Mylonite and phyllonite with S-C folation and feldspar porphyroclast showing normal, top-down-to-the-east 
sense of shear.
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The remarkable zigzag map pattern described by the D1/
D2 structures along the outer arc of the hinge zone could 
result from: 

■■ the generation of an ENE trending hinge zone and, later, 
folding around the NNW-trending F3 axes; 

■■ the generation of an ENE trending hinge zone and sub-
sequent displacement along a system of NW-trending 
dextral strike-slip shear zones; 

■■ the propagation of the deformation front against an 
irregular-shaped basement high and consequent parti-
tion of the strain along ENE-oriented frontal ramps and 
NW-trend lateral obstacles; 

■■ a combination of these processes. 

Our data indicated that this pattern more likely 
resulted from a combination of these mechanisms, for the 

Figure 12. (A) A geologic map of the Rio Pardo salient eastern limb (ISZ, Itapebi shear zone). (B) Equally synoptic 
contoured area plots of the regional S1 foliation and associated L1 lineation. (C) The area is affected by a dextral 
transpressional shear zone reactivated by a sinistral-normal shear sense. The overall scenario reflects a positive 
flower structure, with the main stem passing along the Nova Aurora Formation and the Jequitinhonha Complex 
(juxtaposed by a structural contact). E: Encruzilhada; IT: Itambé; BC: Belo Campo; IP: Itapetinga.
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following reasons. As previously mentioned, the F3 fold-
ing affected the hinge zone, and represents an important 
mechanism for the generation of the sinuous map traces of 
D1/D2 structures, as emphasized by Almeida et al. (1978) 
and Cruz and Alkmim (2006). However, this process alone 
cannot explain the strike-slip motions observed along the 
NW-oriented segments of the leading edge. On the other 
hand, at least in the western part of the leading edge, there is 
no clear evidence for offsets of basement and cover structures 
along the NW-trending strike-slip shear zones, as expected 
in the case of displacements during a late phase of defor-
mation. Rather, our data suggest strain partitioning along 
NE- and NW-trending segments, i.e., a general NNW-
directed motion differentially accommodated in the form 
of frontal displacements in the NE-trending and shallower 
dipping segments, in association with oblique- to strike-slip 
motions along the NW steeply dipping segments, which 
possibly represent preexistent basement features. These local 
motions in fact reproduce the large-scale kinematic picture 
of the leading edge and eastern limb, which accommodate 
the NNW-directed motion along the segmented thrusts 
and the dextral Itapebi shear zone, respectively. A late phase 
reactivation of the NW-oriented structures cannot be ruled 
out. As noticed by Cruz and Alkmim (2006), the NNW-
directed thrusts and associated folds are cut by a system of 
NNW-trending dextral strike-slip shear zones in the south-
ern end of the adjacent Paramirim Corridor (these aspects 
are illustrated in Figs. 15, 16 and 17).

The existence of a D1/D2 bivergent fold-thrust wedge in 
the interior of the hinge zone is another peculiar feature of 

the Rio Pardo salient. As indicated by field observations and 
analogue modeling, double wedges develop in places where 
stresses of almost equal magnitudes and distributions act 
on opposite sides of a rock package (Marshak & Wilkerson 
2004, Gomes et al. 2010, Forte et al. 2014). Our data, as 
shown on the cross-section of Figure 7, demonstrate that the 
double wedge of the Rio Pardo salient is quite asymmetric, 
with a relatively small retro-wedge and a large pro-wedge. 
In contrast to the previously mentioned analogue modeling, 
this asymmetry requires significant differences in the magni-
tude and distribution of stresses on opposite sides of the rock 
package, i.e. on the northern and southern sides of salient. 
Such a stress field could be generated by the underthrusting 
of the southern side of the basin beneath a buttress located 
on its northern side during the D1/D2 phase. This buttress 
very likely corresponds to the basement high that defines 
the zigzag-shaped edge of the Macaúbas basin (Fig. 16). 

The D3 phase corresponds to the last contractional epi-
sode documented in the region. D3 folds were observed only 
in the hinge zone (Fig. 7). The absence of these structures in 
the western limb can be explained in two ways. The ENE-
WSW shortening responsible for their generation was 
accommodated only in the hinge zone or, alternatively, in 
different forms along the whole salient. In the latter case, the 
ENE-WSW shortening could be absorbed by a reactivation 
of the D1/D2 structures in the western limb where they are 
NS-oriented, or even by an advance of deformation front 
further west, toward the craton interior. In fact, the colli-
sional deformation, recorded by a system of thin-skinned 
folds and thrust, affected the Neoproterozoic cover of the 

Figure 13. (A, B, C) Upright to slight inclined tight to isoclinal F1 folds, associated with subvertical S1 foliation in 
the eastern limb (A – plan view; B and C – cross-section view). (D) Open folds affecting S1 foliation, may be related 
to NS-oriented F3-folds.
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Figure 14. An integrated kinematic picture of the Rio Pardo salient, showing: (A) the traces of S1 foliation; (B) 
the tectonic transport, providing evidence for the vergence reversal of the hinge zone. The dashed line is an 
interpreted connection between the CASZ and the ISZ.
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São Francisco craton over c. 50 km west of the leading edge 
of the western limb (Alkmim et al. 2017).

The extensional D4 deformation episode is recorded 
mainly by two regional normal-sense shear zones, the CASZ 
and the TSZ, as well as normal sinistral reactivation of the 
Itapepi shear zone. This phase, represented by a variety of 
structures in the Paramirim aulacogen (Cruz & Alkmim 
2006, Cruz et al. 2007), is currently interpreted as the man-
ifestation of the extensional collapse of the Araçuaí orogen 
(Marshak et al. 2006, Alkmim et al. 2006) (Figs. 5 and 17), 
recently dated at around 530 Ma in the western limb by 
Peixoto et al. (2018).

Controlling factors of the salient generation 
Salients can be generated either as primary arcs or oroclines 

(Marshak & Flöttmann 1996, Paulsen & Marshak 1999, 
Spraggins & Dunne 2002, Wilkerson et al. 2007, Williams 
et al. 2009, Gutiérrez-Alonso et al. 2012, Rosembaum et al. 
2012, Chatzaras et al. 2013, Whisner et al. 2014, White et al. 
2016, Szaniawski et al. 2017). The geological setting of the 
Rio Pardo salient makes its full development as an orocline 
impossible. In other words, its generation through the bend-
ing of an originally straight or considerably less-curved seg-
ment of the Araçuaí orogen would require a large rotation of 
the surrounding cratonic basement around a vertical axis, a 
mechanically unrealistic process. All features and processes 
discussed in the previous section strongly suggest that the 
Rio Pardo salient developed as a basin-controlled primary 
arc, which experienced a slight oroclinal enhancement during 
the D3 deformation phase. Its shape seems to reflect the 
original shape of the Macaúbas basin sector. Furthermore, 
as indicated by the distribution of the Macaúbas Group in 
the Araçuaí orogen, the salient is located in the main dep-
ocenter of the Macaúbas basin (Pedrosa-Soares et al. 2011a, 
Kuchenbercker et al. 2015), which was bounded on all sides 
by basement highs, represented by the Porteirinha block in 
the western limb, the Paramirim block in the culmination 
zone, and the large basement exposure adjacent to the east-
ern limb (Figs. 1 and 2). Another structural high must also 
exist farther south in the area presently occupied by the gran-
ite plutons of the crystalline core (Fig. 1) in order to have 
created the kinematic picture shown in Figure 14. In sum, 
the Rio Pardo salient can be simply viewed as a strongly 
inverted sector of the Macaúbas basin. 

Tectonic relationships  
with the Paramirim aulacogen

Fabric elements of the D1, D3 and D4 deformation 
episodes recognized in the salient have been previously 
documented in the southern Paramirim aulacogen (Cruz & 
Alkmim 2006, Cruz et al. 2007), where they characterize 

the interaction zone between the Aracuaí orogenic front 
and the preexistent intracratonic rift structures (Cruz & 
Alkmim 2006). Fabric elements that could be ascribed 
to the D2 phase in the salient were not recognized in the 
aulacogen. Furthermore, the main accommodation form 
of the Brasiliano inversion in the aulacogen corresponds 
to two embryonic fold-thrust systems of opposite ver-
gences. They are exposed along the northern Espinhaço 
ridge and western Chapada Diamantina, which together 
form the NNW-trending Paramirim deformation corri-
dor, which was nucleated in response to a WSW-ENE-
oriented shortening (Danderfer 2000, Cruz & Alkmim 
2006, 2007, Bersan et al. 2017). In the salient, these 
structures could be represented by the elements of the 
D3 phase. However, the amount of shortening involved 
in the generation of these and the structures of the cor-
ridor are apparently incompatible. A possible solution 
for this problem seems to be, again, a significant strain 
partition between the distinct families of fabric elements 
occurring in both the corridor and the salient. In the 
next section, we present a model for the formation of 
the salient, which may account for this and other prob-
lems discussed above.

An evolutionary model  
for the Rio Pardo salient

The data and interpretations presented here, along with 
worldwide studies on the origin and evolution of curve seg-
ments of f-t-belts, led us to propose the following model for 
the evolution of the Rio Pardo salient during the develop-
ment of the Araçuaí-West Congo orogenic system, as por-
trayed by Alkmim et al. (2006). 

■■ the Macaúbas basin stage (Fig. 15): the Macaúbas pre-
cursor basin probably started to open at around 900 
Ma (Castro 2014, Pedrosa-Soares & Alkmim 2011, 
Kuchenbecker et al. 2015) and after renewed extensional 
pulses, eventually evolved into a large gulf connected 
to various intracontinental rift basins (the Pirapora, 
Paramirim, Nyanga, and Sangha aulacogens) and the 
Adamastor ocean (Fig. 15) at c. 680 Ma (Alkmim et 
al. 2006, 2007). The Macaúbas gulf separated the São 
Francisco peninsula from the Congo continent. Its 
northernmost (present-day coordinates) and ensialic 
portion was likely made up of a series of stepped base-
ment grabens surrounded by basement highs, thereby 
delimiting a large and curved depocenter (Fig. 15); 

■■ the Macaúbas basin closure and the salient formation 
stage (Fig. 16): the Macaúbas basin closure involved 
a progressive motion of the São Francisco peninsula 
against the Congo continent (Alkmim et al. 2006). 
During the convergence, east-direct subduction of the 
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Figure 15. (A) An opening of the Macaúbas basin according to Alkmim et al. (2006). (B) Details of the basin 
geometry on the hinge zone, with stepped and steeply dipping segments in the north (current coordinates) and a 
shallow dipping basement in the inner portions of the orogen (southward).

A B

Macaúbas basin oceanic floor led to the generation of 
the Rio Doce magmatic arc between 630 and 580 Ma 
(Pedrosa-Soares et al. 2001, 2008, Queiroga et al. 2007, 
Gonçalves et al. 2014, 2016). Once formed, the Rio Doce 
arc must have generated a large high to the south of the 
Macaúbas basin ensialic sector (Fig. 16A). With contin-
ued closure, the southern half of the depocenter rotated 
counterclockwise, pushing the Macaúbas rocks towards 
the western, northwestern and northern margins of the 
basin (i.e., the craton margins), and thus initiating the 
development of the salient (Fig. 16B). This process is 
recorded by the fabric elements of the D1 deformation 
phase, which started to define the complex motion pic-
ture of the salient, largely influenced by the pre-orogenic 
basement structures of the basin. These initial motions 
must have been accommodated by relatively small inver-
sion strains in the aulacogens connected to the gulf, 
especially in the Paramirim. As convergence progressed, 
the Paramirim aulacogen underwent major inversion. 
Whilst in the salient, the deformations were accommo-
dated by the D2 structures (Fig. 16B). Full development 
of the Paramirim corridor as a consequence of the final 
closure of the Macaúbas basin was recorded in the salient 
by the D3 deformation phase, which led to the reactiva-
tion of preexistent structures and the enhancement of 
the salient curvature (Fig. 16C). The overall geometry 
of the resulting curvature may be seen as a consequence 

of three main control factors, as illustrated in Figures 
16D, 16E and 16F: 
•• the presence of stepped basement blocks along the 

cratonic margins; 
•• the deformation partitioning of the overall NW tec-

tonic transport along NE- and NW-trending basement 
segments, i.e. a compressional deformation system 
along NE-trending boundaries and a transpressional 
system along NW-trending segments; 

•• the enhancement of the curvature during D3 phase, 
which gives rise to an regional WSW-ENE shorten-
ing. Also, the change of vergence, as illustrated by 
the VD-line (Fig. 7), is attributed to the position of 
the supracrustal rocks in relation to the basement. 

Folds and thrusts show top-up-to-the-south vergence close 
to NW-trending segments, while in NE-trending segments 
this vergence is observed only around 10km away from the 
contact with the basement-supracrustal rocks (Figs. 16E and 
16F). The final closure of the Macaúbas basin is currently 
connected to the collisional stage of the AWCO, which took 
place in the interval of 575–565 Ma (Pedrosa-Soares et al. 
2001, 2011a, Silva et al. 2011, Melo et al. 2017a, 2017b, 
Peixoto et al. 2015, 2018, Richter et al. 2016).

■■ The extensional collapse stage (Fig. 17): the thickened 
internal portion of the Rio Pardo salient was affected 
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Figure 16. (A) The closure of the Macaúbas basin and the formation of the magmatic arc (Alkmim et al. 2006). 
The Macaúbas basin in the ensialic sector is confined to basement horsts in the north and to the magmatic arc in 
the south. (B) Details of the main phases of the collisional stage (D1-2), with supracrustal rocks deformed under a 
vergence reversal system. Deposition of the syn-collisional Salinas Formation along the orogen. (C) Final shortening 
and D3 structures development, with structural trends similar to the Paramirim corridor. (D, E) Details of the strain 
partitioning along the leading edge, represented by thrust zones along NE-trending segments and reversal-dextral 
shear zones along NW-trending segments. (F) Schematic cross-sections of each segment, with the vergence reversal 
occurring nearer to basement-supracrustal contact along NW-trending segments than to NE-trending segments.
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by extensional tectonism at c. 530 Ma (Alkmim et al. 
2006, Marshak et al. 2006, Peixoto et al. 2018), and was 
recorded mainly by D4 large-scale Chapada Acauã and 
Tingui normal-sense shear zones. Starting at this time, 
a large number of post-collisonal plutons intruded the 
Macaúbas Group in the central portion of the salient.  

CONCLUSIONS

Our structural study on the Rio Pardo salient led to the 
following conclusions: 

■■ the salient formed in response to four deformational 
phases. The contractional D1 and D2 phases record a cra-
ton-directed tectonic transport in the outer arc, coupled 
with an overall southward motion in the inner arc, thereby 
characterizing a double fold-thrust wedge. Along the 
salient’s leading edge, structures of D1/D2 phases define 
a zigzag pattern with alternating NE- and NW-trending 
segments. Along the NE-trending segments, the metased-
imentary rocks are thrust northwestwards on top of the 
basement, while along the NW-trending segments, they 
are juxtaposed with the basement through reverse-dex-
tral shear zones. The D3 phase, which is recorded only in 
the hinge zone, led to the nucleation of NNW-trending 
folds, and caused an enhancement of the salient under 
an approximately WSW-ENE contractional stress field. 

The fourth D4 phase is recorded mainly by a set of exten-
sional structures;

■■ the contractional D1, D2 and D3 deformation phases 
represent the collisional stage of the development of 
Araçuaí-West Congo orogen, dated between 575 and 
565 Ma. The D4 extensional phase, dated at c. 530 Ma, 
can be correlated to the extensional collapse of the orogen;

■■ the overall architecture and the kinematic picture we 
describe suggest that the Rio Pardo salient was gener-
ated as a primary arc, and was strongly controlled by 
the shape of the Macaúbas basin. The double fold-thrust 
wedge formed during the D1-D2 phases seems to result 
from the closure of a curved depocenter, bounded to the 
north and south sides by basement highs. During the 
D3 WSW-ENE shortening, the curvature of the salient 
was enhanced; 

■■ the salient evolution characterizes a case of strain par-
titioning during the closure of the Macaúbas basin and 
the generation of the Araçuaí-West Congo orogen.
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Figure 17. The collapse stage of the Araçuaí orogen (Alkmim et al. 2006) and the development of the CASZ, the TSZ 
and the normal-sinistral ractivation of the ISZ. Upper crustal level units (e.g. the Salinas Formation) are brought 
to lower crustal level, as they are located on the hanging wall of these normal-sense shear zones.
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