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(622.3 ± 7.6  Ma). The upper unit, the Serra da Natureza 
Klippe, bears a typical high-pressure granulite mineral 
assemblage that is composed of kyanite, garnet, K-feldspar, 
rutile, and leucosome, as well as a metamorphic peak at 
604.5 ± 6.1 Ma. This tectonic assembly, with inverted and 
non-inverted metamorphic patterns and generation of klip-
pen structures, is consistent with exhumation models and a 
strong indentor located in the lower continental crust.

Keywords Brasília Orogen · High-pressure granulite · 
Inverted metamorphism · Metamorphic field gradient · 
Monazite dating · Exhumation model

Introduction

Several major thrust zones exhibit a juxtaposition of rocks 
of a higher metamorphic grade over rocks of a lower grade. 
This configuration may indicate, but does not require, 
that the temperature gradients were temporarily inverted 
near the fault. Many examples of inverted metamorphism, 
where the pressure–temperature (P–T) conditions of rocks 
decrease with the structural depth, have been described, 
such as in the Caledonides (Andreasson and Lagerblad 
1980), the Appalachians (Gibson et  al. 1999), the Vari-
scan Belt (Pitra et al. 2010), the Himalayas (Harrison et al. 
1999; Mottram et al. 2014; Vannay and Grasemann 2001), 
and the Brasília Orogen (Garcia and Campos Neto 2003; 
Simões et al. 1988).

Currently, the leading model to explain extrusion and 
inverted metamorphism in continental collision settings 
is channel flow (Godin et  al. 2006; Jamieson et  al. 2011, 
2004; Warren et  al. 2008), which describes a protracted 
flow of a weak, viscous crustal layer between relatively 
rigid yet deformable bounding crustal slabs. Other models 

Abstract The Southern Brasília Orogen is a Neoprotero-
zoic belt that occurs along the southernmost border of the 
São Francisco Craton where the Andrelândia Nappe Sys-
tem represents the subducted sedimentary domain and is 
divided into three allochthonous groups, of which the ages 
and P–T conditions of metamorphism are studied here. The 
basal unit, the Andrelândia Nappe, exhibits an inverted 
metamorphic pattern. The base of the structure, composed 
of staurolite, garnet, biotite, kyanite, quartz, and muscovite, 
marks the metamorphic peak, whereas at the top, the asso-
ciation of the metamorphic peak does not contain stauro-
lite. The Liberdade Nappe, the middle unit, presents a nor-
mal metamorphic pattern; its base, close to the Andrelândia 
Nappe, shows paragneiss with evidence of in  situ partial 
melting, and towards the top, coarse-grained staurolite 
schist is found. The staurolite-out and melt-in isograds 
are coincident and parallel to the main foliation. Thus, 
the shear zone that limits the nappes is syn-metamorphic, 
reheating the underlying Andrelândia Nappe and influenc-
ing the establishment of metamorphic inversion. This sug-
gestion is supported by the monazite chemical ages, which 
indicates that the Andrelândia Nappe metamorphic peak 
(586 ± 15 Ma) is younger than that of the Liberdade Nappe 
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include the exhumation of rocks from the middle to the 
lower continental crust, either as a variation of the chan-
nel flow model with a heterogeneous or homogeneous 
crust (Beaumont et al. 2006) or with flow in shear zones, 
such as hot fold nappes-style flow (Beaumont et al. 2006; 
Searle and Rex 1989), or even as a ductile flow in variable-
strength continental crust (Jamieson et al. 2007).

In this paper, the geology, age, P–T conditions, and 
causes of real and apparent inverted metamorphism within 
the Andrelândia Nappe System are presented, and a model 
of extrusion based on textures, thermobarometry, and 
in situ monazite chemical dating is proposed.

Regional geological context

The Brasilia Orogen extends to the western and southern 
margins of the São Francisco Craton, and was transported 
by a system of nappes during the Neoproterozoic. In its 
southern portion, it is characterized by a metamorphic 
stack of nappes, resulting from the collision between the 
San Franciscan and Paranapanema Plates (Campos Neto 
and Caby 1999). It is also referred to as the Southern Bra-
sília Orogen in its southernmost portion (Fig. 1). During its 
development, a variety of tectonic settings were operating, 
and they are currently represented and organized by rocks 
in three main regional scale structures from W–SW to 
E–NE: the topmost is the Socorro-Guaxupé Nappe, which 
is composed of granulite, diatexite, metatexite, and suites 
of granite, and charnockite, and is characterized as the root 
of the magmatic arc; these rocks overthrust the Andrelân-
dia Nappe System that is divided into three groups of nap-
pes (Campos Neto et  al. 2005), that is, the Três Pontas-
Varginha Nappe and the associated klippen, Pouso Alto, 
Carvalhos and Serra da Natureza, the Liberdade Nappe, and 
the Andrelândia Nappe, also known, in its western portion, 
as the Carmo da Cachoeira Nappe. The Andrelândia Nappe 
System is composed of gneiss, pelite schist, quartzite, calc-
silicate, mafic, and ultramafic rocks, metamorphosed under 
high P from amphibolite to granulite facies conditions, 
although lenses of retrogressed eclogite occur, separating 
one nappe from another. Gneiss and migmatite lenses of 
the infrastructure are common (Campos Neto et  al. 2007; 
Trouw et al. 2000b). These rocks represent the sedimentary 
domain of subducted continental crust (Campos Neto et al. 
2007). The Carrancas and Lima Duarte Nappes, which are 
mainly composed of quartzite and metapelite, represent the 
rocks deposited in a passive margin that was involved in the 
collisional process (Campos Neto et al. 2007).

An inverted metamorphic pattern is recognized within 
the Andrelândia Nappe System, where rocks of high-pres-
sure and temperature override those of lower temperature 
(Campos Neto and Caby 1999, 2000; Garcia and Campos 

Neto 2003; Heilbron et al. 2004; Santos et al. 2004; Trouw 
et  al. 1983, 2000a, b). The metamorphic inversion occurs 
not only due to the superposition of deeper rocks over shal-
low ones but also within some nappe stacks, and it has been 
shown that lower temperature rocks are disposed in the 
basal portion (Garcia et al. 2003).

Geology of the investigated area

The study area consists of a metamorphic pile, in which 
parts of three allochthons of the Andrelândia Nappe Sys-
tem crop out, as defined by Campos Neto et al. (2005): the 
Andrelândia Nappe represents the lower unit, the interme-
diate unit is the Liberdade Nappe, and the upper unit is the 
Serra da Natureza Klippe (Fig. 2a). Geometrically, they are 
articulated by the  S2 main foliation that runs parallel in the 
three structures and is defined by the metamorphic peak 
paragenesis (Fig. 2b–e).

The Serra da Natureza Klippe presents a tabular form 
with an apparent thickness of 300  m, lying over rocks of 
the Liberdade Nappe, which, in turn, are in lateral contact 
with rocks of the Andrelândia Nappe, with the foliation 
attitude folded in a synform structure (Fig. 2b). The Serra 
da Natureza Klippe consists of high-pressure granulite 
facies rocks, with a main paragenesis defined by orthoclase, 
kyanite, garnet, rutile, quartz, and melt as represented by 
leucosome veins; biotite and plagioclase are also present, 
but it is not always possible to determine if they were in 
solid state or even present at the metamorphic peak.

The Liberdade Nappe has an elongated structure, form-
ing a synform trough, with a bent axis ranging from NE 
to NNE in its northern portion. This thrust unit of the 
Andrelândia Nappe and the fault zone that define their con-
tact extend from a thrust fault to an extensive upright sin-
istral shear zone in the NNE direction; as the foliation is 
upright and the stretching lineation is strike-slip, this shear 
zone is considered to be a lateral ramp (Fig. 2). At the base 
of the Liberdade Nappe, pelite paragneiss, calc-silicate 
rocks, and amphibolite can be observed. The pelite parag-
neiss has kyanite, no staurolite, and abundant leucosome, 
attesting to its migmatitic character. At the top of the unit, 
staurolite coexists with kyanite and no leucosome is recog-
nized. This is consistent with a normal metamorphic pat-
tern from bottom to top.

The Andrelândia Nappe forms the bottom of the meta-
morphic stack and two metasedimentary units are iden-
tified in the study area: the basal Santo Antônio schist/
gneiss is composed of muscovite, garnet, plagioclase, 
biotite, quartz, and rutile, with or without staurolite and 
kyanite, and it is in normal contact with the Serra da Boa 
Vista schist, that is, in reality, an alternation of pelite and 
psammite layers; the pelite layers exhibit paragenesis of 
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quartz, muscovite, garnet, kyanite, plagioclase, biotite, 
and rutile, with or without staurolite, and lenses of mus-
covite quartzite are interspersed. A series of repetitions 
of this stratigraphy can be observed within the structure, 
which is interpreted as caused by faults, either strike-
slip or thrust faults. It is observed that near the contact 
between the Andrelândia and Liberdade Nappes, rocks 
of the former have no staurolite, which is common away 
from this zone.

Petrography, textural relationships, and inferred 
reactions

The investigation of the metamorphic mineral assem-
blages is first performed by comparing the minerals in 
different textures with reactions and divariant fields in a 
KFMASH petrogenetic grid drawn by Spear and Cheney 
(1989) and Powell et al. (1998).

Fig. 1  Geological framework of the Southern Brasília Orogen. The black box indicates the study area and the location of Fig. 2. Orogen’s loca-
tion and its relation with Neoproterozoic Cratons are shown in the lower right corner
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The Andrelândia Nappe

In the study area, the western and basal portion of the 
Andrelândia Nappe crops out where the metamorphic 
peak paragenesis of staurolite, kyanite, garnet, musco-
vite, quartz, plagioclase, biotite, and rutile occurs. The 
chlorite inclusions in garnet porphyroblasts indicate a 
progressive P–T path from a temperature lower than 
the staurolite stability field [reaction (1)—all abbrevia-
tions after Kretz (1983)], that is, temperatures lower than 
530 °C, and pressures higher than 3 kbar (Fig. 3a). This 
set the metamorphic peak paragenesis for the western and 
basal portion of the Andrelândia Nappe within the stau-
rolite stability field, between conditions of the chlorite 
(reaction 2) and staurolite breakdown reactions (reaction 
3).

In the eastern and top portions of the Andrelândia 
Nappe, at the contact with the Liberdade Nappe, the met-
amorphic peak paragenesis defines the  S2 foliation, con-
sisting of kyanite, garnet, muscovite, quartz, plagioclase, 
biotite, and rutile, and is staurolite-free (Fig.  3b). This 
indicates an inverted metamorphic pattern inside of this 
structure, as at its top, rocks of the Andrelândia Nappe 
crossed the upper limit of the staurolite stability field 
(reaction 3) with conditions above 650 °C.

The intergrowths of biotite and sillimanite at the gar-
net rims, interpreted as formed by decompression and 
cooling after the metamorphic peak, as well as garnet 
and staurolite partially replaced by chlorite, are evidence 
of retrometamorphism. Thus, a clockwise P–T path is 
inferred for the two portions of the structure, with pro-
gression from chlorite to staurolite + the kyanite field, 
reaching the metamorphic peak by the presence of bio-
tite, kyanite, and garnet, without staurolite. This con-
dition was attained only at the top of the structure, fol-
lowed by a decompression stage, defined by the presence 
of sillimanite and biotite and the subsequent growth of 
chlorite.

(1)Chl + Grt + Ms ↔ St + Bt + Qtz + H2O,

(2)Chl + St + Ms ↔ Bt + Ky + H2O,

(3)St + Ms ↔ Grt + Bt + Ky + H2O.

The Liberdade Nappe

Two metamorphic zones occur inside the Liberdade Nappe. 
The top mineral assemblage is composed of quartz, garnet, 
kyanite, staurolite, muscovite, biotite, and rutile, whereas 
the basal portion has the addition of leucosome, but is 
devoid of K-feldspar and staurolite, indicative of anatexis 
(Fig. 3c). This suggests the breakdown of staurolite (reac-
tion 3), followed by the incongruent melting of muscovite 
and plagioclase in the presence of water and inside the 
kyanite stability field via reaction (4):

This implies minimum conditions of 680 °C and 
7.5  kbar, that is, within the kyanite field. Amoeba-like 
quartz inclusions in garnet and kyanite suggest that these 
minerals may be the peritectic residue of the incongruent 
melting reaction, as previously suggested by other studies 
(Barbey 2007; Waters 2001). In the leucosome, some pla-
gioclase grains present straight edges and concentric opti-
cal zoning (Fig. 3d), whereas quartz was the last phase to 
crystallize, as it is interstitial to other phases. Garnet corona 
developed around biotite, bearing several quartz inclusions 
with the same optical orientation. The texture also seems 
to be related to partial melting, as noted by other authors 
(Sawyer 2008; Vernon 1999). Similar textures are observed 
in boudins of calc-silicate and mafic rocks, as their partial 
melting may be facilitated by a  H2O-rich fluid influx ema-
nating from the dehydration reactions of nearby metapsam-
mite and metapelite, generating melt and a residual mineral 
association of clinopyroxene, hornblende, garnet, plagio-
clase, epidote, and titanite.

At the top of the Liberdade Nappe, the metamorphic 
peak mineral assemblage is muscovite, biotite, garnet, stau-
rolite, kyanite, quartz, and rutile (Fig. 3e), with local inclu-
sions of staurolite in kyanite, indicating crystallization of 
the latter from the former via reactions (2) and (3) (Fig. 3f). 
The absence of leucosome indicates that the rock did not 
exceed the conditions of any partial melting reaction (e.g., 
reaction 4), constraining the metamorphic peak conditions. 
Chlorite inclusions in garnet porphyroblasts suggest that 
the progression of metamorphism began within the chlorite 
stability field under P–T conditions lower than that of reac-
tion (2). Retrometamorphism is registered by the muscovite 
corona, with or without staurolite, and in the presence of 
kyanite, which is consistent with reaction (3), from high 
to low temperature, implying re-hydration at temperatures 
below 650 °C. In some samples, only a kyanite pseudo-
morph is left, and because garnet is involved in this reaction 
as a reactant, staurolite presents a decrease in XMg values 
at the rims. The garnet also presents signs of retrometamor-
phism due to the presence of biotite and chlorite at its rims. 
Rutile is replaced by ilmenite, following a decompression 

(4)Qtz + Ms + Ab + H2O ↔ Ky ± Bt + M.

Fig. 2  a Geological map of the study area with isograds and meta-
morphic zones (UTM zone 23 S); AN Andrelândia Nappe, LN Liber-
dade Nappe, SNK Serra da Natureza Klippe. All cases of paragenesis 
are rutile-bearing. b Outcrop along A–A′. The red arrows show the 
approximate location of analyzed samples and their results using Zr-
in-rutile thermometry and chemical ages of monazite. These data are 
discussed further in the text. The black arrows point to photos c–e, 
which show the  S2 main foliation in the Andrelândia Nappe, Liber-
dade Nappe and Serra da Natureza Klippe, respectively

◂
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path from 10 kbar, as inferred from the position of reaction 
(5), and experimentally calibrated (Bohlen et al. 1983) as:

In mafic and calc-silicate rocks, clinopyroxene is 
replaced by hornblende, which, in turn, is replaced by a 
greenschist facies association, with actinolite, epidote, and 
carbonate. Rutile is only observed as inclusions within 
clinopyroxene and garnet porphyroblasts, and in the matrix, 
only ilmenite and titanite occur. Thus, it is possible to infer 
a clockwise P–T path for the Liberdade Nappe, with pro-
gression of metamorphism from the garnet + staurolite 
stability field, crossing kyanite + staurolite and consump-
tion of the latter, achieving melting reactions of musco-
vite, quartz, and  H2O, with or without albite at its base. 
The metamorphic peak is followed by a near-isothermal 
decompression stage, represented by biotite + plagioclase 
symplectite, which replaced the garnet rims in mafic and 
calc-silicate rocks, whereas rutile was replaced by ilmenite 
or titanite.

Serra da Natureza Klippe

The rocks of the Serra da Natureza Klippe have an abun-
dant garnet and kyanite-bearing leucosome, whereas the 

(5)Alm + Rt ↔ Ilm + Ky + Qtz.

granulite residue consists of quartz, orthoclase, garnet, 
kyanite, biotite, and rutile (Fig.  4a), as part of the peak 
mineral assemblage, for which the stability of biotite is 
uncertain. Staurolite is observed as inclusions in garnet 
(Fig. 4b), and muscovite is observed as a retrograde prod-
uct of kyanite breakdown (Fig.  4c). The presence of this 
high-pressure granulite facies mineral assemblage defines 
a metamorphic jump in relation to rocks of the Liberdade 
Nappe and the top rocks with paragenesis, where staurolite 
and muscovite are stable. The absence of muscovite in the 
Serra da Natureza rocks indicates that the muscovite break-
down reaction crossed inside the kyanite field following 
reaction (6) (Vielzeuf and Holloway 1988):

The observed mineral assemblage is characteristic of 
high-pressure granulite facies, as discussed by O’Brien and 
Rotzler (2003). These rocks only rarely exhibit a biotite-
rich melanosome as they generally consist of garnet, rutile, 
and kyanite, which is consistent with the biotite melting 
reaction crossing inside the kyanite stability field (reaction 
7), with a minimum temperature of 850 °C and pressures 
higher than 10 kbar. The leucosome contains kyanite and 
garnet, both with either amoeba-like or rounded inclusions 
of perthite and quartz (Fig.  4d), which are interpreted, 

(6)Ms + Qtz ↔ Kfs + Ky + Bt + M.
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Fig. 3  a Staurolite–garnet–biotite–muscovite–quartz–plagioclase 
paragenesis with chlorite inclusion in garnet, from the base of the 
Andrelândia Nappe (SN-27); b kyanite–garnet–biotite–muscovite–
quartz–plagioclase paragenesis without staurolite from the top of 
the Andrelândia Nappe (SN-160); c stromatic migmatite with biotite 
selvedge from the base of the Liberdade Nappe (SN-128); d plagio-
clase grain presenting straight edges and concentric chemical zon-

ing in leucosome, Liberdade Nappe (SN-128; cross polarized light); 
e metamorphic peak paragenesis without evidence of partial melting 
and staurolite-bearing, top of the Liberdade Nappe (SN-64); f stauro-
lite inclusions in kyanite, which indicate crystallization at the expense 
of staurolite, Liberdade Nappe (SN-11). All photomicrographs were 
taken with parallel polarized light, unless otherwise noted



2413Int J Earth Sci (Geol Rundsch) (2017) 106:2407–2427 

1 3

respectively, as partially dissolved and peritectic phases of 
reaction (7), with feldspar and quartz products of the same 
reaction:

Textures related to retrometamorphism are common, 
as it was an intense process in all rocks of the Serra da 
Natureza Klippe. Kyanite is partially replaced by skel-
etal intergrowths of biotite and sillimanite (Fig.  4e) due 
to the crossing of reaction (7) from high to low tempera-
ture in minimum conditions of 850 °C and 10  kbar. In 
addition, in some samples, a groundmass of fine-grained 
muscovite occurs around kyanite (Fig.  4c), even forming 
pseudomorphs.

It is considered that the rocks of Serra da Natureza 
Klippe achieved the metamorphic peak at high-pressure 
granulite facies, progressing from the staurolite stabil-
ity field, crossing muscovite and biotite melting reactions 
within the kyanite field at 815–850 °C and 16 kbar, which 
was followed by decompression, and cooling when the 
rocks crossed re-hydration reactions within the sillimanite 
field.

(7)Bt + Ky + Qtz ↔ Grt + Kfs + M.

A metamorphic map is drawn with the distinct mineral 
assemblages from all units (Fig.  2). In the Andrelândia 
Nappe domain, the staurolite-out isograd is drawn paral-
lel to the tectonic contact with the Liberdade Nappe, with 
the presence of staurolite at the top of the structure and 
its absence at the base. In the Liberdade Nappe domain, 
the staurolite-out and melt-in isograds are coincident due 
to a small overlap between the highest temperature por-
tion of the staurolite field with the melting-in reactions 
involving a reaction that uses muscovite and albite as 
reactants for the first generation of melt in very low quan-
tities, as discussed previously (Spear et al. 1999), until its 
widespread recognition. Within the stack of the Serra da 
Natureza Klippe rocks, no isograd is recognized and all 
of them present the same high-pressure granulite facies 
mineral assemblage. The isograd disposition indicates 
an inverted metamorphic pattern inside the Andrelândia 
Nappe domain and a normal metamorphic pattern inside 
the Liberdade Nappe domain. An apparent metamor-
phic inversion occurs due to the overthrusting of high-
pressure granulites of the Serra da Natureza Klippe over 
amphibolite facies rocks of the Liberdade Nappe. Thus, 
a true metamorphic inversion is only observed inside the 
Andrelândia Nappe.
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Fig. 4  a High-pressure granulite paragenesis with rutile–kyanite–
garnet-orthoclase, Serra da Natureza Klippe (SN-99); b stauro-
lite inclusion in garnet used to infer progression of metamorphism 
from the staurolite zone in the Serra da Natureza Klippe (SN-107); 
c amoeba-like quartz inclusions in kyanite, all with optical continu-
ity, and leftover grains consumed during kyanite growth, Serra da 
Natureza Klippe (SN-96; cross polarized light and gypsum plate); d 

kyanite partially replaced by retrometamorphic skeletal intergrowth 
of biotite and sillimanite, Serra da Natureza Klippe (SN-69); e ret-
rometamorphic replacement of kyanite by muscovite, and rutile by 
ilmenite, Serra da Natureza Klippe (SN-14); f rutile partially replaced 
by ilmenite and zircon along cracks inside garnet, Serra da Natureza 
Klippe (SN-96). All photomicrographs were taken with parallel 
polarized light, unless otherwise noted
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Mineral chemistry

The chemical compositions of minerals were analyzed 
in the Institute of Geosciences, São Paulo University, 
using a JEOL Electron Microprobe, model JXA-8600, 
under conditions of 15 kV and 20 nA, with a beam diam-
eter ranging between 5 and 15  µm and natural minerals 
used as standards for all elements. For rutile analyses, the 
protocol established by Zack et al. (2004) was followed. 
Seven samples were analyzed (Tables  1, 2, 3, 4): two 
from Andrelândia Nappe, one from Santo Antônio schist 
from the base of the structure with staurolite (SN27), and 
one from Serra da Boa Vista schist at the top of struc-
ture without staurolite (SN160); three samples from the 
Liberdade Nappe, with a metatexite at its base (SN161); 
another from the intermediate portion of the structure 
(SN128); and a staurolite–kyanite–biotite–garnet schist at 
its top (SN64); two samples from the Serra da Natureza 
Klippe were analyzed, both rutile–kyanite–garnet–ortho-
clase granulite (SN52 and 96).

Garnet was analyzed in all samples. Overall, cores of 
garnet grains are enriched in pyrope, grossular, and spes-
sartite, decreasing towards the rim, whereas almandine 
has lower concentrations in the core and increases gradu-
ally towards the rim (Fig. 5; Table 1). In all units, alman-
dine is the highest end member and spessartite is the low-
est. Pyrope is commonly higher than grossular; in garnet 
cores in the Andrelândia Nappe, the grossular content is 
higher than that of pyrope. In the Liberdade Nappe and 
Serra da Natureza Klippe, the end members exhibit flat 
behavior.

Biotite occurs in all samples, and analyses were normal-
ized to 11 oxygen atoms. In both samples of the Andrelân-
dia Nappe, biotite XMg is 0.55 and the Ti contents are 
0.1  apfu. Biotite in samples of the basal portion of the 
Liberdade Nappe has a similar XMg, between 0.47 and 
0.49, but the Ti contents are predominantly lower, between 
0.088 and 0.138 apfu. At the top of the Liberdade Nappe, 
XMg is similar to that in the other samples in the matrix 
grains (0.47), but the inclusions in garnet exhibit a higher 
XMg of ~0.56, whereas the Ti contents are lower than in 
the other samples (0.077–0.106  apfu), with no distinc-
tion between its textural context. In the Serra da Natureza 
Klippe, grains have higher Ti contents than in the other 
units (between 0.210 and 0.236 apfu), and XMg is 0.42 in 
matrix grains and 0.49 in garnet inclusions (Table 2).

Muscovite analyses were also normalized to 11 oxy-
gen atoms. Muscovite takes part in the peak metamorphic 
paragenesis of samples of the Andrelândia and Liberdade 
Nappes and is only present in the retrograde phase in the 
Serra da Natureza Klippe samples, where it was not ana-
lyzed. The Mg content in the samples of Liberdade Nappe 
(SN161, 128 and 64) are between 0.06 and 0.08 apfu and 

are lower than those of the Andrelândia Nappe (SN27, 
160), that is, between 0.05 and 0.1 apfu (Table 3).

Staurolite only occurs in samples of the Andrelân-
dia Nappe base (SN27) and at the Liberdade Nappe top 
(SN64). In the Andrelândia Nappe, the XMg values range 
from 0.21, at the grain cores, to 0.18, at the rims, and Ti 
ranges from 0.16 to 0.08  apfu. In the Liberdade Nappe, 
there is no variation in staurolite composition from core 
to rim, with an average XMg of 0.15, and Ti of 0.12 apfu 
(Table 3).

Plagioclase occurs in samples of the Andrelândia Nappe 
and in two samples of the basal portion of the Liber-
dade Nappe. In the Santo Antônio schist (SN27) of the 
Andrelândia Nappe, the plagioclase composition is An30, 
and in the Serra da Boa Vista schist (SN160), it is An22. At 
the base of the Liberdade Nappe (SN161), the plagioclase 
composition is An29, whereas for the intermediate portion 
sample (SN128), it is An25 (Table 4).

Orthoclase is only present in samples of the Serra da 
Natureza Klippe (SN52 and 96), with an average com-
position of Or86 and an exsolution composition of An25 
(Table 4).

Rutile was analyzed in all samples. The highest concen-
tration of Zr, Nb, and V occurs in the samples containing 
leucosome, that is, samples from the Serra da Natureza 
Klippe and those from the base and intermediate portions 
of the Liberdade Nappe (Table 5).

Thermobarometry

Pressure and temperature determinations were performed 
on samples of all three units using Zr as a rutile thermom-
eter (Fig.  6), experimentally calibrated by Tomkins et  al. 
(2007), and the program THERMOCALC, v.3.32, using 
the average P–T mode (Powell and Holland 1994). All of 
the results are summarized in Table 6.

The P–T conditions calculated with THERMOCALC 
for the Andrelândia Nappe base, with staurolite-bearing 
paragenesis, are 668 ± 15 °C and 9.1 ± 0.7  kbar (Fig.  7a), 
whereas the Zr provides an average of 610 °C and a maxi-
mum of approximately 622 °C. For the top of the Andrelân-
dia Nappe, using paragenesis without staurolite, THER-
MOCALC calculates 665 ± 17 °C and 10.45 ± 0.74  kbar 
(Fig. 7a) and Zr yields a value of 649 °C, on average, with a 
maximum temperature of 686 °C. Because the stack of the 
Andrelândia Nappe is not thick in the study area, the differ-
ences in the calculated P–T conditions are not significant; 
even if it has been determined as an inverted metamorphic 
pattern from the observed paragenesis, the rutile thermom-
etry records a higher temperature variation.

For the Liberdade Nappe samples, the results obtained 
with THERMOCALC for the base, intermediate, 
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and top portions are, respectively, 714 ± 29 °C and 
10.22 ± 1.03  kbar, 678 ± 60 °C and 8.4 ± 1.39  kbar, and 
642 ± 28 °C and 7.53 ± 2.95  kbar (Fig.  7b). The data 
obtained with the Zr show averages of 711, 714 and 692 °C 
for the base, intermediate, and top portions, respectively. 
The maximum temperatures calculated from Zr-in-rutile 
are 754, 740, and 743 °C, respectively. The results show a 
strong gradient of decreasing temperatures towards the top 
of the structure, implying a normal pattern for metamor-
phism. The results of pressure are consistent with the thick-
ness of the stack.

The P–T conditions calculated with THERMOCALC 
for the Serra da Natureza Klippe samples are 815 ± 47 °C 
and 16.6 ± 5.8 kbar, and 801 ± 49 °C and 13.7 ± 6.4 kbar 
(Fig.  7c). The Zr yielded considerably lower tempera-
tures, averaging between 764 and 758 °C, with a maxi-
mum between 782 and 790 °C, which are probably related 
with retrometamorphism; because most rutile grains are 

associated with ilmenite and sometimes zircon grains 
(Fig. 4f). The texture is mainly related to the destabiliza-
tion of rutile, which loses Zr to form zircon via reaction 
(8). Even if most of the analyzed grains are inclusions in 
garnet, with no apparent retrometamorphic texture, low 
calculated temperatures might result from analyses of 
grains trapped before the metamorphic peak:

Integrating information from mineral assemblages, 
reaction textures, and thermobarometry, three parallel 
P–T paths were inferred for each of the three allochthons 
(Fig. 7a–c). They are all portions of clockwise P–T paths, 
whose rocks achieved their peak in the kyanite stabil-
ity field, presenting different retrogression paths, but all 
crossed the sillimanite field after reaching their metamor-
phic peak.

(8)Zr(in Rt) + Grt ↔ Zrc + Ilm.

Table 2  Selected analyses of biotite

ANB Andrelândia Nappe base, ANT Andrelândia Nappe top, LNB Liberdade Nappe base, LNI Liberdade Nappe intermediate, LNT Liberdade 
Nappe top, SNK Serra da Natureza Klippe

Sample SN27 SN27 SN160 SN160 SN161 SN161 SN128 SN128 SN64 SN64 SN52 SN52 SN96 SN96
Location ANB ANB ANT ANT LNB LNB LNI LNI LNT LNT SNK SNK SNK SNK

SiO2 36.31 36.38 35.93 36.13 35.12 35.25 35.5 35.78 36.23 35.49 36.05 35.98 35.64 35.52
TiO2 1.59 1.7 1.89 1.48 2.17 1.76 2.06 2.17 1.64 1.66 2.78 2.92 3.83 3.76
Al2O3 19.05 18.87 19.2 19.75 19.18 19.67 18.83 19.5 19.53 19.12 18.7 19.14 18.8 18.59
Cr2O3 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fe2O3 0 0 0 0 0 0 0 0 0 0 0 0 0 0
FeO 16.57 16.76 17.27 17.27 19.06 18.97 18.36 19.07 16.01 19.8 17.84 18.01 18.07 17.36
MnO 0.09 0.1 0.01 0.04 0 0.05 0.04 0.02 0.02 0.03 0 0.03 0.01 0
MgO 11.98 11.96 11.29 11.32 10.05 9.92 10.23 10.08 12.2 9.76 9.82 9.78 9.42 9.5
CaO 0 0 0 0 0 0.03 0 0 0 0 0 0 0.03 0.02
Na2O 0.23 0.31 0.21 0.15 0.23 0.28 0.29 0.28 0.36 0.22 0.12 0.16 0.15 0.14
K2O 9.18 8.99 9.35 9.36 9.01 8.99 9.19 9.23 8.95 8.89 9.88 9.71 9.97 9.53
Total 95.02 95.08 95.18 95.5 94.83 94.93 94.52 96.14 94.95 94.98 95.2 95.73 95.94 94.41
Oxygens 11 11 11 11 11 11 11 11 11 11 11 11 11 11
Si 2.725 2.729 2.705 2.706 2.677 2.68 2.708 2.687 2.709 2.705 2.729 2.707 2.685 2.704
Ti 0.09 0.096 0.107 0.083 0.124 0.1 0.118 0.123 0.092 0.095 0.158 0.165 0.217 0.215
Al 1.685 1.669 1.704 1.744 1.724 1.763 1.693 1.726 1.721 1.718 1.669 1.698 1.67 1.669
Cr 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fe3+ 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fe2+ 1.04 1.052 1.087 1.082 1.215 1.206 1.172 1.198 1.001 1.262 1.129 1.133 1.139 1.105
Mn 0.006 0.006 0.001 0.002 0 0.003 0.003 0.001 0.001 0.002 0 0.002 0.001 0
Mg 1.34 1.337 1.267 1.263 1.142 1.125 1.163 1.128 1.36 1.109 1.108 1.097 1.057 1.078
Ca 0 0 0 0 0 0.002 0 0 0 0 0 0 0.002 0.001
Na 0.033 0.045 0.031 0.022 0.033 0.042 0.044 0.041 0.052 0.032 0.018 0.023 0.022 0.02
K 0.879 0.86 0.899 0.896 0.877 0.873 0.895 0.885 0.854 0.865 0.954 0.932 0.959 0.927
Sum 7.799 7.794 7.801 7.798 7.792 7.796 7.796 7.790 7.792 7.790 7.765 7.757 7.753 7.720
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Monazite dating

Monazite can be used as a chemical dating method. In this 
study, quantitative determinations of elements were per-
formed in the Institute of Geosciences, São Paulo Univer-
sity, using a JEOL JXA-8600S electron microprobe, with 
a 15  kV accelerating voltage, a current of 300  nA, and a 
beam diameter of 2–4  µm. In Brazil, the technique was 
developed by Vlach and Gualda (2000) and improved by 
Martins et  al. (2009), and their standardization protocol 
is followed here. Two in-house natural monazite stand-
ards (Em-013A and S3-167; Vlach 2010) were used for 

EPMA U–Th–PbT dating calibration and the standard data 
are reported in Table  S1 (Supplementary material). The 
data were collected in a single analytical session and the 
standard was analyzed before and after the session. Table 7 
presents the measurement results and the associated uncer-
tainties in 2σ for U, Th, and Pb. In each spot, data were 
calculated following the procedures of Vlach (2010). The 
mean ages (at 95% confidence level) were calculated using 
the weighted average tool of Isoplot 3.0 (Ludwig 2003), 
considering only the internal errors.

In rocks of the Andrelândia Nappe, monazite is scarce, 
and only one grain was recognized in the matrix of the 

A D

B

C

E

F

G

Fig. 5  Changes in almandine, pyrope, spessartine, and grossular 
components along garnet porphyroblasts. a Andrelândia Nappe bot-
tom; in this grain, the almandine and grossular increase from the core 
to rim, whereas spessartine and pyrope decrease; the last two points 
show a retrograde rim with increasing spessartine and decreasing of 
the other members. b Andrelândia Nappe top; spessartite exhibits a 
flat pattern with a slight decrease. Pyrope and almandine display 
opposite behavior to grossular, which has high grades in the core, 
low shoulders with slight increases in the intermediate part, and a 
negative slope toward to the rim; c Liberdade Nappe bottom; spessa-

rtine and grossular exhibit a flat pattern, almandine slightly increases 
toward the rim, and pyrope slightly decreases; d Liberdade Nappe 
intermediate portion; the grain has a flat distribution of its end mem-
bers; e Liberdade Nappe top; the garnet shows a flat distribution; f 
Serra da Natureza Klippe; the garnet exhibits enrichment of alman-
dine and pyrope, which decrease towards the rim, and spessartine 
occurs only in the core. There is a fine retrograde rim where grossular 
increases and almandine and pyrope decrease. g Serra da Natureza; 
the grain has a flat pattern of distribution of end members with a 
slight decrease of pyrope toward the rim
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Santo Antônio schist, which is xenoblastic and associated 
with the minerals that define the main foliation,  S2, and 
was developed during the metamorphic peak. The grain has 
just one compositional domain and the dates resulted from 
each analyzed point are homogeneous, with an average of 
586 ± 15 Ma (Fig. 8a).

At the top of the Liberdade Nappe, in the staurolite-
garnet schist, five monazite grains were analyzed. Grains in 
the matrix and in garnet were chosen for the analysis. Both 

types of grains are xenoblastic, with elongated zones that 
present different chemical compositions, which, however, 
do not yield different dates. The average age of all textures 
and grains is 622.3 ± 7.6 Ma (Fig. 8b).

Seven monazite grains from one sample of the Serra da 
Natureza Klippe were analyzed. All were xenoblastic and 
occurred in the matrix, wider than 10 µm, or as inclusions 
in garnet, smaller than 10 µm. both domains yield an aver-
age age of 604.5 ± 6.1 Ma (Fig. 8c).

Models and discussion

The topmost unit, the Serra da Natureza Klippe, is char-
acterized by high-pressure granulites with a mineral 
assemblage composed of rutile–kyanite–garnet–ortho-
clase–quartz, which attained a metamorphic peak above 
800 °C and 13 kbar (Fig. 7; Table 6). Monazite ages suggest 
metamorphic peak at 604.5 ± 6.1 Ma by isothermal relaxa-
tion. This age is a little younger than the data obtained 
from rocks in related units, that is, the Três Pontas-Var-
ginha Nappe and the Carvalhos Klippe (Campos Neto et al. 
2010; Reno et  al. 2012; Trouw et  al. 2008). Although a 
strong geological correlation is found between the Serra da 
Natureza Klippe and the Três Pontas-Varginha Nappe, the 
former may represent a slightly colder crustal fragment, as 

Table 5  Analyses of rutile 
showing the highest Zr amount 
in each sample

ANB Andrelândia Nappe base, ANT Andrelândia Nappe top, LNB Liberdade Nappe base, LNI Liberdade 
Nappe intermediate, LNT Liberdade Nappe top, SNK Serra da Natureza Klippe

Sample SN27 SN160 SN161 SN128 SN64 SN52 SN96
Location ANB ANT LNB LNI LNT SNK SNK

TiO2 98.57 99.12 100.75 92.59 97.99 92.27 92.67
SiO2 0.04 0.03 0.01 0.05 0.02 0.01 0.01
Cr2O3 0.15 0.17 0.04 0.04 0.05 0.09 0.12
Al2O3 0.13 0.14 0.13 0.17 0.16 0.12 0.14
Nb2O5 0.37 0.87 0.32 0.42 0.45 0.45 1.17
FeO 0.56 0.48 0.62 1.11 0.56 0.17 0.81
V2O5 0.41 0.48 0.35 0.39 0.44 0.52 0.59
ZrO2 0.03 0.06 0.13 0.12 0.10 0.14 0.14
SnO2 0.01 0.01 0.03 0.03 0.01 0.02 0.02
Total 100.253 101.359 102.369 94.91 99.784 93.777 95.648
Oxygens 2 2 2 2 2 2 2
Ti 0.98646 0.98387 0.98598 0.97699 0.98544 0.98900 0.97543
Si 0.00028 0.00022 0.00008 0.00041 0.00013 0.00010 0.00008
Cr 0.00083 0.00097 0.00020 0.00022 0.00028 0.00050 0.00069
Al 0.00056 0.00061 0.00056 0.00078 0.00073 0.00060 0.00063
Nb 0.00215 0.00504 0.00183 0.00260 0.00265 0.00280 0.00716
Fe 0.00728 0.00613 0.00784 0.01515 0.00725 0.00240 0.01103
V 0.00191 0.00224 0.00159 0.00193 0.00206 0.00260 0.00288
Zr 0.00037 0.00075 0.00156 0.00150 0.00128 0.00179 0.00177
Sn 0.00016 0.00017 0.00036 0.00042 0.00019 0.00030 0.00033

Fig. 6  Diagram of temperature versus Zr content in rutile based on 
the Tomkins et  al. (2007) thermometer, which was calculated with 
pressures obtained by THERMOCALC (Table 6)



2421Int J Earth Sci (Geol Rundsch) (2017) 106:2407–2427 

1 3

the metamorphic peak P–T conditions are slightly lower. 
For example, the conditions calculated for rocks of the 
Carvalhos Klippe are 850 °C at 15  kbar (Campos Neto 
et al. 2010; Cioffi et al. 2012; Motta et al. 2010; Reno et al. 
2012), whereas those for the Três Pontas-Varginha Nappe 
are calculated as 840–880 °C and 15–13 kbar (Garcia and 
Campos Neto 2003; Martinez 2015). Alternatively, the 
metamorphic peak conditions for rocks of the Serra da 
Natureza Klippe might be underestimated, because retro-
metamorphism textures are very common. These include 
replacement of rutile by ilmenite + zircon, replacement of 
kyanite by muscovite, and rims of myrmekite surrounding 
K-feldspar, which implies that some minerals have changed 
composition in a partially open system, after the metamor-
phic peak.

The intermediate unit, the Liberdade Nappe, has a stau-
rolite–kyanite-bearing paragenesis at its top, which reached 
a metamorphic peak at 642 ± 28 °C and 7.5 ± 2.9  kbar 
(Fig.  7; Table  6). The structure base has a staurolite-free 
paragenesis, with kyanite and leucosome present. For this 
portion, the metamorphic peak was attained at 714 ± 29 °C 
and 10.2 ± 1  kbar (Fig.  7; Table  6). For the intermediate 
portion of the structure, staurolite-free and kyanite and leu-
cosome-bearing paragenesis can be identified, and the cal-
culated P–T conditions are 678 ± 60 °C and 8.4 ± 1.4 kbar 
(Fig. 7; Table 6). This metamorphic set indicates a normal 
metamorphism pattern within the unit. The thickness of the 
pack, recognized during fieldwork, does not support such a 
pressure variation, which could be caused by unidentified 
secondary thrusts, although it still forms a coherent pack 
of rocks. The age of metamorphism is 622.3 ± 7.6 Ma, as 
determined by the monazite chemical dating using an elec-
tron microprobe.

The Andrelândia Nappe, that is, the lower unit, exhib-
its staurolite-bearing kyanite-free paragenesis that changes 
upward to staurolite–kyanite-bearing paragenesis. How-
ever, thermobarometric calculations do not support signifi-
cant differences, 668 ± 15 °C at 9.1 ± 0.7 kbar, for kyanite-
free paragenesis, and 665 ± 17 °C at 10.4 ± 0.7  kbar, for 

kyanite-bearing paragenesis (Fig. 7; Table 6). Nevertheless, 
the paragenesis and data of the previous works (Westin 
2008) suggest an inverted metamorphic pattern within the 
unit. The monazite chemical age records the metamorphic 
peak at 586 ± 15 Ma.

Thus, in the study area, there are three allochthonous 
units, the Andrelândia Nappe, the Liberdade Nappe, and 
the Serra da Natureza Klippe, which present an inverted 
metamorphic pattern as a whole, but in detail, they frame 
a more complex picture. A true inverted pattern is only rec-
ognized within the Andrelândia Nappe, but both units at its 
top exhibit an increase in P–T conditions from top to bot-
tom, demonstrating a normal metamorphic pattern. This 
pseudo-inverted metamorphism occurs by thrust faults, 
which were still active after the metamorphic peak.

Evolution of the Andrelândia Nappe System initiated 
with the collision between the San Franciscan and Parana-
pamena Plates. The Andrelândia basin was shortened and 
involved in the crustal thickening, disturbing the isotherms, 
and by 622  Ma, the Liberdade Nappe reached its meta-
morphic peak and experienced partial melting (Fig.  9a). 
After the crustal thickening and thermal relaxation com-
bined with denudation of the upper crust, rocks of the Três 
Pontas-Varginha Nappe reached their metamorphic peak 
in 604 Ma (Fig. 9b). This process generated a hot surface 
with ductile rheology, which led to ascending flow of rocks, 
similar to channel flow extrusion. At this point, rocks from 
the margin of the São Francisco Craton were involved in 
the subduction process and progressively transported to 
the lower crust as a strong indenter into the orogen. The 
arrival of this colder and resistant block changed the tec-
tonic style of the Neoproterozoic orogeny, and the leading 
edge of the indenter acted as a lower crustal ramp, upon 
which the Andrelândia Nappe System could be transported 
up, and exhumed by the combination of underthrusting 
and surface erosion. Rocks of the Liberdade Nappe, which 
were still hot, overthrusted those of the Andrelândia Nappe, 
folding the isotherms and hence inducing the inverted 
metamorphic pattern in the Andrelândia Nappe at 586 Ma 

Table 6  Thermobarometry 
results

Zr-in-rutile thermometry is performed with pressures obtained by THERMOCALC, and they are the high-
est results of many analyses

Andrelândia Nappe Liberdade Nappe Serra da Natureza 
Klippe

Sample SN27 SN160 SN161 SN128 SN64 SN52 SN96

Position Base Top Base Intermediate Top

THERMOCALC (Powell and Holland 1994)
 T (°C) 668 ± 15 665 ± 17 714 ± 29 678 ± 60 642 ± 28 815 ± 47 801 ± 49
 P(kbar) 9.1 ± 0.7 10.45 ± 0.74 10.22 ± 1.03 8.4 ± 1.39 7.53 ± 2.95 16.64 ± 5.8 13.7 ± 6.4

Zr-in-Rt (Tomkins et al. 2007)
 T (°C) 622 686 754 740 743 782 790
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(Fig. 9d). There are many exposures of the basement rocks 
within the Andrelândia Nappe System, and they are corre-
lated chronologically and spatially with the São Francisco 
Craton (Cioffi et al. 2016). When the Três Pontas-Varginha 
Nappe and the indenter reached each other, some fragments 
were detached due to extreme stretching, which generated 
several klippen, such as the Serra da Natureza Klippe. This 
exhumation process fits the numerical model developed 
for the western portion of the Grenville Orogen (Jamieson 
et al. 2007, 2010), as well as the emplacement of this rigid 
block into the lower crust in the generation of the klippen 
and the isotherm folding.

If the P–T paths of the two uppermost allochthons are 
examined as a whole; in addition to their respective meta-
morphic peak conditions, the defined metamorphic field 
gradient is not typically barrovian (Fig.  10), as it plots 
between a series of high P/T and moderate P/T conditions 
compared to the rocks of the Greater Himalayas (Fraser 
et  al. 2000; Vannay and Hodges 1996). The Andrelândia 
Nappe System defines a metamorphic field gradient with a 
shape similar to ocean–continent subduction zones (Winter 
2001), although with higher P–T conditions, this is typical 
of the portions of the subducted lower continental crust.

Conclusions

The study segment of the Andrelândia Nappe System pre-
sents three allochthons: the Andrelândia and Liberdade 
Nappes, as well as the Serra da Natureza Klippe, and 
each one presents related yet independent metamorphic 
and tectonic evolutions. The distribution of the mineral 
assemblages within the Andrelândia Nappe indicates a 
metamorphic inversion, with rocks that record the highest 
P–T conditions located at the top of the structure. In the 
western portion of the area, which represents the closest 
exposure of the structure base, the association of staurolite, 
biotite, kyanite, quartz, and muscovite is the metamorphic 
peak paragenesis. In the eastern portion, the association 
of biotite, garnet, kyanite, quartz, and muscovite, with-
out staurolite, is the metamorphic peak, which disappears 
along the contact with the Liberdade Nappe. The meta-
morphic peak mineral paragenesis of the Liberdade Nappe 
top is staurolite-bearing, whereas at its base, neither stau-
rolite nor orthoclase is recognized, although leucosome 

C

B

A
Fig. 7  P–T paths for the three allocations of the Andrelândia Nappe 
System, which show parallelism. a Andrelândia Nappe; path a is 
from the nappe base and path b is from the top; b Liberdade Nappe; 
path a–c are from the base to the top; c Serra da Natureza Klippe: 
1 Powell et  al. (1998); 2 Spear et  al. (1999); 3 Spear and Cheney 
(1989); 4 Powell and Holland (1990); 5 Bohlen et  al. (1983); 6 
Vielzeuf and Holloway (1988); 7 Vielzeuf and Montel (1994); 8 
Green and Ringwood (1967); and 9 Green and Lambert (1965)
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and melanosome developed parallel to the main foliation, 
demonstrating that the rocks underwent partial melting and 
suggesting a normal metamorphic pattern. The staurolite-
out and melt-in isograds are probably coincident and are 
parallel to the main foliation and geological contact. In the 
Serra da Natureza Klippe, the metamorphic peak paragen-
esis is composed of rutile, orthoclase, kyanite, garnet, and 
quartz, typical of high-pressure granulite facies conditions. 
These conditions were attained with the rock moving out 
of staurolite stability field, with muscovite and biotite melt-
ing reactions crossing inside the kyanite field, leading to 
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Fig. 8  Variation of ages and their uncertainties obtained using an 
electron microprobe: a Andrelândia Nappe; b Liberdade Nappe; c 
Serra da Natureza Klippe. Vertical bars represent the specific ages 
with 2σ associated uncertainty. Horizontal bars represent the average 
ages obtained for the appropriate population, which were defined by 
compositional domains in the monazite grains. The instrumental con-
ditions were 15 kV, 300 nA, and 2–4 µm for the accelerating voltage

Pre-orogeny

622 Ma
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S
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700 °C

S
700 °C

S

700 °C

S
klippen

A
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D

Fig. 9  Model for isotherms and tectonic evolution of the Andrelândia 
Nappe System. a Pre-orogenic state of units with bilateral relations; 
b age of the metamorphic peak of the Liberdade Nappe in 622 Ma; c 
isotherm relaxation and metamorphic peak of the Serra da Natureza 
Klippe in 604 Ma; d overthrust of the hotter stack of rocks above the 
Andrelândia Nappe, that is, its metamorphic peak. SFC São Fran-
cisco Craton, AN Andrelândia Nappe, LN Liberdade Nappe, TPVN 
Três Pontas-Varginha Nappe, SGN Socorro-Guaxupé Nappe, S Suture 
point. See text for discussion

Fig. 10  Metamorphic field gradient. In curve 1, the Andrelândia 
Nappe System has the same slope as the Greater Himalayas (Fraser 
et al. 2000; Vannay and Hodges 1996), whereas in curve 2, it shows 
an increase in pressure and temperature between the high P/T and 
medium P/T series in Winter (2001)
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the metamorphic peak and the subsequent near-isothermal 
decompression P–T path crossing the sillimanite stability 
field.

The beginning of the tectono-metamorphic progression 
of the Andrelândia Nappe System occurred following the 
closure of the Goianides Ocean, with subduction of the 
continental crust leading to the metamorphic peak in its 
mid-section, which is represented by the Liberdade Nappe, 
at 622  Ma. Higher pressure and temperature rocks of the 
Serra da Natureza Klippe reached their peaks slightly later, 
as the isothermal relaxation was able to bring these rocks 
to their metamorphic peak at 604 Ma, that is, 18 Ma later. 
With the migration of the orogenic front, as previously pro-
posed (Campos Neto et al. 2004), the whole stack of rocks 
of the Liberdade Nappe and Serra da Natureza Klippe was 
emplaced to shallower crustal levels, overthrusting the 
rocks of the Andrelândia Nappe, which achieved a meta-
morphic peak at 586  Ma, thereby producing an inverted 
metamorphic pattern. This scenario is compatible with 
extrusion by synconvergent ductile flow models with the 
folding of isotherms due to the emplacement of a cold and 
rigid indenter block related to rocks of the São Francisco 
Craton. The Andrelândia Nappe System metamorphic field 
gradient is consistent with that established for the rocks of 
the Himalayas, although the pressure and temperature are 
higher (i.e., between high and medium P/T series).
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