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Abstract The Cana Brava complex is the northernmost of
three layered complexes outcropping in the Goids state (central
Brasil). New field and geochemical evidences suggest that
Cana Brava underwent hyper- to subsolidus deformation dur-
ing its growth, acquiring a high-temperature foliation that is
generally interpreted as the result of a granulite-facies metamor-
phic event. The increase along the stratigraphy of the incom-
patible elements abundances (LREE, Rb, Ba) and of the Sr
isotopic composition, coupled with a decrease in eNd79q), in-
dicate that the complex was contaminated by the embedded
xenoliths from the Palmeirdpolis Sequence. The geochemical
data suggest that the contamination occurred along the entire
magma column during the crystallization of the Upper Mafic
Zone, with in situ variations determined by the abundance and
composition of the xenoliths. These features of the Cana Brava
complex point to an extremely similarity with the Lower
Sequence of the most known Niquelandia intrusion (the central
of the three complexes). This, together with the evidences that
the two complexes have the same age (c.a. 790 Ma) and their
thickness and units decrease northwards suggests that Cana

Editorial handling: F. Gervilla

Electronic supplementary material The online version of this article
(doi:10.1007/s00710-016-0472-0) contains supplementary material,
which is available to authorized users.

P4 Tommaso Giovanardi
tommaso.giovanardi @ gmail.com

Instituto de Geociéncias, Universidade de Sao Paulo, Rua do Lago,
562, Cidade Universitaria, Sdo Paulo 05508-900, Brazil

Dipartimento di Geoscienze, Universita degli Studi di Trieste, Via
E.Weiss, 8, 1-34128 Trieste, Italy

Dipartimento di Scienze Chimiche ¢ Geologiche, Universita di
Modena e Reggio Emilia, Via Campi, 103, I-41125 Modena, Italy

Brava and Niquelandia are part of a single giant Brasilia body
grown through several melt impulses.

Keywords Mafic complex - Goids - Cana Brava -
Niquelandia - Geochemistry

Introduction

The Cana Brava mafic-ultramafic complex is the northernmost
of three large layered complexes that form a discontinuous,
300 km long, North-trending belt within the Brasilia Belt
(Goias state, central Brasil) (Girardi et al. 1978; Correia et al.
1997; Correia and Girardi 1998; Ferreira Filho et al. 2010). The
three complexes (from South to North: Barro Alto, Niquelandia
and Cana Brava) are elongated parallel to the Maranhdo thrust
belt, a major tectonic boundary formed during the Brazilian
(Panafrican, ~600 Ma) collision of the Amazonian and Sao
Francisco cratons (Pimentel et al. 2000). A large positive gravi-
metric anomaly overlaps the alignment of the complexes sug-
gesting that the three complexes may be tectonically separated
fragments of a single body, tilted and uplifted during the
Brazilian event (Feininger et al. 1991; Marangoni et al. 1995;
Ferreira Filho et al. 2010; Correia et al. 2012). Among the three
layered complexes, Niquelandia is the best studied (Rivalenti
et al. 1982, 2008; Girardi et al. 1986; Pimentel et al. 2004a,
2006; Correia et al. 2007, 2012), whereas Barro Alto and Cana
Brava are less known (Matsui et al. 1976; Girardi et al. 1978;
Fugi 1989; Suita et al. 1994; Correia et al. 1997, 1999; Correia
and Girardi 1998; Moraes and Fuck 2000; Ferreira Filho et al.
2010; Della Giustina et al. 2011; Giovanardi et al. 2015).

The magmatic textures of the rocks of the three complexes
are obliterated by a super-imposed foliation parallel to their
alignment and direction. This foliation is intepreted as meta-
morphic, according to the observation that the complexes
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were re-crystallized in granulite- to amphibolite-facies
(Pimentel et al. 2004b; Ferreira Filho et al. 2010; and
references therein). Conversely, Correia et al. (2012) re-
interpreted structural, textural and chemical features of the
Niquelandia complex, providing evidences that its intrusion
occurred through significant shear under hyper- to sub-solidus
conditions during the growth and cooling of a crystal mush.
Their U-Pb SHRIMP zircons data constrain the Niquelandia
intrusion at ~790 Ma (Rivalenti et al. 2008; Correia et al.
2012), an age similar to those reported by Ferreira Filho
et al. (2010) and Giovanardi et al. (2015) for the Cana Brava
intrusion. Correia et al. (2012) report also a detailed study of
the contamination of the Niquelandia complex, due to the
assimilation of xenoliths from the upper metavolcanic-
metasedimentary sequence (the Indaianopoélis Sequence). In
a previous study, Correia et al. (1997) suggest that also the
Cana Brava complex was affected by crustal contamination;
however, no details about the contamination are reported.

In this paper, we present new geochemical data of the Cana
Brava complex and a comparison with literature data, as well
as structural observations, of Niqueldndia. The data are
discussed in order to: i) constrain the occurrence of the con-
tamination process during the growth of the Cana Brava com-
plex, ii) evaluate the style of the contamination process, iii)
discuss the evidences of metamorphism versus syn-magmatic
deformation, and iv) discuss the possibility that Cana
Brava and Niquelandia are separated fragments of one
giant layered complex.

Geological setting
The Cana Brava layered complex

The Cana Brava layered complex is about 40 km long with a
10°-20° NNE main strike and 30°-50° dip (Fig. 1; Correia and
Girardi 1998). Its estimated thickness decreases progressively
from about 12 km in the southern side, vanishing to the North.
To the East, the Cana Brava complex overthrusts the Rio
Maranhao Thrust Zone (formed by thrust of rocks of different
regional units such as the Serra da Mesa Group, the Arai
Group and the Araxa Group). The western contact of the com-
plex is intrusive in the metasediments and metavolcanics of
the Palmeiropolis Sequence (Ribeiro Filho and Teixeira 1981;
Girardi and Kurat 1982; Correia et al. 1997; Correia and
Girardi 1998). The igneous nature of the western contact is
consistent with the absence of mylonites near the con-
tact (Correia and Girardi 1998) and with the occurrence
of xenoliths from the Palmeirdpolis Sequence (SP) within the
upper levels of the Cana Brava complex (Correia et al. 1997;
Correia and Girardi 1998; Giovanardi et al. 2015). To the
South and North the complex is bounded by normal and
strike-slip faults (Fig. 1).
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Correia et al. (1997) and Correia and Girardi (1998) divid-
ed the Cana Brava complex in five units, however, in this
study, we will use the simpler subdivision in three units based
on the lithological criteria proposed by Ferreira Filho et al.
(2010). From the lower unit (East) to the top (West), the com-
plex consists of:

1) A Lower Mafic Zone (LMZ) mainly formed by epidote-
bearing amphibolites and interlayered gabbros common-
ly with mylonitic texture. Rare porphyroclastic textures
and pyroxenes partially substituted by amphibole
(Tremolite-Actinolite) are recognized (Correia and
Girardi 1998). Correia and Girardi (1998) suggest that
the mylonitic texture and the pyroxenes and plagioclase
substitution are a consequence of pervasive fluid perco-
lation within this unit during the tectonic emplacement
of the Cana Brava complex.

i)  An Ultramafic Zone (UZ) mainly of meta-peridotites
with locally interlayered meta-pyroxenites.
Serpentinites and amphibolites are the result of fluid-
assisted low-grade metamorphism and hydrothermal
processes, which affected dunites, peridotites and py-
roxenite layers (Dreher et al. 1989; Correia et al. 1997;
Correia and Girardi 1998; see Biondi 2014, for a
detailed study). Locally, it is possible to recognize the
primary cumulus texture. The top of the unit consists
mainly of cumulate websterite (orthopyroxene between
15 and 25 %, clinopyroxene between 75 and 85 %).
Approaching the top of the websterite layer, a grada-
tional modal increase of orthopyroxene and plagioclase
and a decrease of clinopyroxene are observed (Correia
and Girardi 1998). Plagioclase is generally interstitial.
Pyroxenes are sometimes replaced by amphibole and
biotite (Correia and Girardi 1998). The transition to
the Upper Mafic Zone is gradational with an increase
of gabbro layers approaching the boundary. The thick-
ness of the UZ is around 1.9 km in the southern part of
the body and decreases progressively northwards. In the
northern part, the UZ locally disappears, in a sort of
boudinage. The websterite layer at the roof of the UZ
has a thickness of ~500 m in the southern part of the
complex and tends to disappear northward (Fig. 1).

iii)  An Upper Mafic Zone (UMZ) mainly consisting of
gabbros, gabbronorites and norites, with subordinate di-
orites, quartz-rich gabbros, quartz-rich diorites and, lo-
cally, tonalites mostly near the complex roof (Correia
and Girardi 1998). The rocks commonly show igneous
textures overprinted locally by a high temperature folia-
tion, defined by the orientation of orthopyroxene,
clinopyroxene and plagioclase (Correia and Girardi
1998). Minor/accessories phases are quartz, biotite, am-
phibole, spinel, apatite, titanite, rutile and zircon.
Epidote and calcite are secondary phases. Approaching
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the roof of the complex, the rocks of the UMZ show an
increase in biotite, amphibole and quartz and a decrease
in orthopyroxene and clinopyroxene.

The contact with the stratigraphic upper Palmeirépolis
Sequence is magmatic (Girardi and Kurat 1982; Correia and
Girardi 1998). Xenoliths of the rocks of the Palmeirdpolis
Sequence are common in this unit, especially in the proximity
of the roof, and may occur as both isolated fragments or
layers parallel to the foliation. In the southern and cen-
tral part of the Cana Brava complex, the majority of the
crustal xenoliths are amphibolites, whereas quartzite levels
have been observed in the northern part (Correia et al. 1997;
Correia and Girardi 1998).

The Palmeirdpolis Sequence is the most extended (c.a.
80 km long and up to 35 km wide) among the metavolcanic-
metasedimentary sequences in contact with the Goias layered
complexes (the others are the Juscelandia Sequence at Barro
Alto and the Indaianopdlis at Niquelandia). The
Palmeiropolis, Indaianopélis and Juscelandia sequences share
similar stratigraphy and lithologies (Ferreira Filho et al. 2010

and references therein). These sequences mainly consist of
metasediments (i.e. metacherts, metapelites and calc-silicate
rocks) with interbedded amphibolites, gneisses and intrusive
and sub-volcanic granites with typical MORB-like affinity
(Brod and Jost 1991; Araujo et al. 1995; Araujo 1996;
Moraes and Fuck 1994, 1999; Moraes et al. 2003, 2006;
Ferreira Filho et al. 2010). The metavolcanics have both E-
MORB and N-MORB affinities and this bi-modal volcanism
has been ascribed to a transitional setting from a continental
rift to an oceanic basin (Aratjo 1996; Moraes et al. 2003,
2006). The rocks show metamorphic recrystallization, from
amphibolite-facies, near the contacts with the complexes, to
greenschist-facies (Araijo 1996; Moraes et al. 2003, 2006;
Ferreira Filho et al. 2010 and references therein). Local
granulite-facies conditions were also reported (Ferreira Filho
et al. 2010 and references therein).

Comparison of Cana Brava and Niquelandia stratigraphy

The Niquelandia layered complex is the best known among
the three Goias layered complexes. It is about 40 km long and
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Fig. 1 Geological map of the Cana Brava complex, modified from Correia et al. (1997) and Ferreira Filho et al. (2010)
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20 km wide and lies in tectonic contact with the rocks of the
Rio Maranhdo Thrust Zone to the E and in magmatic contact
with the highest stratigraphic portion of the metavolcanic-
metasedimentary sequence of Indaianopdlis to the W
(Correia et al. 2012 and references therein). The stratig-
raphy of the Niquelandia complex has been defined in
various ways (see Ferreira Filho et al. 2010 and Correia et al.
2012). According to Correia et al. (2012), we divide the
Niquelandia complex in two main sequences: the Lower
Sequence (LS) and the Upper Sequence (US).

The LS is similar to the Cana Brava complex. From the E to
the W it is formed by:

1) The Basal Gabbro Zone (BGZ), formed by gabbros
interlayered with pyroxenites and peridotites. These rocks
are commonly recrystallized by tectonic deformation, and
correspond to the LMZ of the Cana Brava complex.

2) The Basal Peridotite Zone (BPZ) formed by massive cu-
mulus dunites and harzburgites.

3) The Lower Ultramafic Zone (LUZ) formed by
interlayered pyroxenites and peridotites with subordinate
gabbros. The entire unit of BPZ and LUZ corresponds to
the UZ of Cana Brava.

4) The Layered Gabbro Zone (LGZ) mainly formed by
gabbros, gabbronorites and norites with subordinate
biotite- and amphibole-gabbros, quartz-diorites and, lo-
cally, tonalites near the roof (the so-called ‘Hydrous
Zone’, HZ). In this unit, bands and swarms of xenoliths
of the same lithotypes from the upper portion of the
Indaianopolis Sequence also occur. This unit corresponds
to the UMZ of Cana Brava.

The US is divided in two units: the Upper Gabbro-
Anorthosite Zone (UGAZ) and the Upper Amphibolite (UA):

5) The UGAZ is formed by olivine-gabbros, gabbros and
anorthosites.

6) The UA mainly represents the magmatic, gradation-
al contact between the Niquelandia complex and the
Indaianopolis Sequence. This unit is formed by the
alternation of amphibole-gabbro (considered as part
of the complex) and garnet-bearing amphibolite
(considered as part of the metavolcanic-
metasedimentary sequence, which is similar to the
Palmeirdpolis Sequence).

A comparison of the Niquelandia and Cana Brava stratig-
raphy reveals that the US rocks are missing in the Cana
Brava complex. The estimated thickness of the whole
Niquelandia complex is c.a. 18 km. The estimated thick-
nesses, considering direction and dip, of the Niquelandia LS
and the Cana Brava complex in its southern part (c.a. 12 km)
are similar.
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Age of the intrusion

Several intrusion ages of the Cana Brava complex have been
published in the literature. Matsui et al. (1976) provided two
Ar-Ar whole-rock isochrones on gabbros, norites and amphib-
olites of 1935 + 110 Ma and 475 + 15 Ma and several K-Ar
ages distributed over a wide time span from 3950 Ma to
480 Ma. Girardi et al. (1978) dated two gneisses from the
Palmeirdpolis Sequence and the Serra da Mesa Group with
Rb-Sr whole-rock isochrones at 1157 £ 150 Ma and
644 + 27 Ma, respectively. They interpreted these ages as
two distinct metamorphic events, which recrystallized the
gneisses under amphibolite facies.

Fugi (1989) provided a Sm-Nd whole-rock isochron for the
Cana Brava complex at 1970 + 69 Ma, interpreted as the
intrusion age. Correia et al. (1997) reported a Rb-Sr whole-
rock isochron and an internal Sm-Nd isochron (plagio-
clase + biotite + pyroxene), which yielded ages of
1350 £ 35 Ma and 770 + 43 Ma, respectively. They calculated
the regression of the Sr isotopes evolution curve of the Cana
Brava complex, obtaining a minimum age for mantle differ-
entiation at 2250 Ma, interpreted as the time of the Cana Brava
intrusion, whereas the younger isochron ages (i.e.
1350 + 35 Ma and 770 + 43 Ma) were attributed to two dif-
ferent metamorphic events.

The large age range given by whole rock “isochrones” is
likely an artefact of the variability of the initial isotopic ratios
of these largely contaminated rocks, as proposed by Ferreira
Filho et al. (2010). Contamination processes are well known
for the Niquelandia complex (Correia et al. 2007, 2012;
Rivalenti et al. 2008) and have also affected the Cana Brava
complex, as shown in this paper. In such circumstances, the
best methodology to obtain reliable ages is by U-Pb zircon
geochronology. Ferreira Filho et al. (2010) determined U-Pb
TIMS zircon ages at 782 £ 3 Ma and 779 = 1 Ma on two
samples from the UMZ and UZ (four and three analyses,
respectively) and interpreted them as the intrusion age of the
Cana Brava complex. U-Pb SHRIMP-II analyses on zircons
from 4 samples of the Cana Brava complex (from the UMZ)
reported by Giovanardi et al. (2015) provided concordia ages
between 791.9 +£ 9.0 Ma and 778.0 &+ 6.7 Ma, consistent with
those obtained by Ferreira Filho et al. (2010).

Post igneous evolution of the Cana Brava complex

Girardi and Kurat (1982), Correia et al. (1997), Correia and
Girardi (1998), Ferreira Filho et al. (2010) and Biondi (2014)
recognized that several metamorphic episodes have affected
the Cana Brava complex. According to Correia et al. (1997), a
first metamorphic event was responsible for the re-
equilibration of pyroxenes and plagioclase under granulite-
facies conditions at about 900 °C and 6-7 kbar. However,
Girardi and Kurat (1982) and Correia and Girardi (1998)
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suggested that this recrystallization “event” could be the con-
sequence of the slow cooling of the Cana Brava complex. In
contrast, Ferreira Filho et al. (2010) and Biondi (2014) docu-
mented a later granulite-facies event, which would have oc-
curred around 770-760 Ma. According to all, the first meta-
morphic event caused the penetrative, high-temperature folia-
tion and lineation of the rocks, a re-orientation of the igneous
layering and the formation of mylonites and shear zones.
Moreover, Correia et al. (1997) proposed that the tectonic
transport of the Cana Brava complex occurred during this
phase. The second metamorphic event proposed by Girardi
and Kurat (1982) and Correia et al. (1997) occurred in
upper-amphibolite facies as the retrograde event related to
the first metamorphic peak (i.e. the granulite-facies metamor-
phism). During a late reactivation of faults and shear zones,
hydrous fluids migrated from the deformed area through the
complex and produced the substitution of pyroxenes by am-
phibole (Girardi and Kurat 1982; Correia et al. 1997).

The last metamorphic event occurred as a low-grade epi-
sode under hydrothermal conditions, with fluids introduction
in the lower units of the Cana Brava complex (i.e. the LMZ
and UZ) and the formation of serpentinites, low-grade am-
phibolites and rodingites (Girardi and Kurat 1982; Dreher
et al. 1989; Girardi et al. 1991; Correia and Girardi 1998;
Ferreira Filho et al. 2010; Biondi 2014). According to
Correia and Girardi (1998), Ferreira Filho et al. (2010) and
Biondi (2014), this event was concurrent to the exhumation
and the overthrust of the Cana Brava complex above the Serra
da Mesa Group at 630 Ma, during the continental collision
between the Sdo Francisco and Amazonian cratons.

Field observations

A recent study of the Niquelandia complex re-interpreted the
structural features and provided new evidences suggesting
that the deformation of the complex occurred during its
growth under hyper- to sub-solidus conditions (Correia et al.
2012). New field studies were conducted in the Cana Brava
area to provide new constraints on the dispute about metamor-
phic vs syn-magmatic deformation. These field works were
also performed in order to better define the nature of the west-
ern contact of the complex and the relationship between the
Cana Brava complex and the Palmeiropolis Sequence.

The websterite layer at the roof of the UZ is about 500 m
thick in the southern sector of the Cana Brava complex
(Correia and Girardi 1998). In the central sector, it grades in
a < 10 m thick swarm of thin layers (mm-to-cm, Fig. 2a) of
pyroxenite interfingered with gabbro. This layered package is
locally anastomosed and vanishes to the north. The layering is
parallel to the foliation, and both are locally cut by unde-
formed gabbro or pyroxenite dykes (Fig. 2a). Some of these
undeformed dykes crosscut a boulder at the base of UMZ in

the central sector of the complex formed by foliated gabbro in
contact with a major felsic domain (Fig. 2b) and late swarms
of felsic veins and layers in the UMZ gabbros (Fig. 2c).

Most igneous rocks of both Cana Brava and Niquelandia
are affected by granoblastic re-crystallization and high-T foli-
ation parallel to the modal banding. These features were
interpreted by various authors as evidences of a granulite-
facies metamorphic event (Ferreira Filho et al. 1992, 1998;
Ferreira Filho and Pimentel 2000). However, Correia et al.
(2012) observed that, in Niquelandia, the high-T foliation is
locally cut by undeformed veins of leuco-gabbro (Fig. 3), as
commonly found in other large mafic intrusions (e.g., Ivrea-
Verbano, Quick et al. 1992, 1994).

Similar structures are also present in Cana Brava
(Fig. 2), providing evidences for melt percolation after
the development of the foliation. This leads to conclude
that, rather than evidence of a later granulite-facies
metamorphic event, the high-T foliation is the result of
hyper-solidus shear, which affected a largely crystallized crys-
tal mush during the growth of the igneous body. The
stretching that caused the high-T foliation may also be respon-
sible, at least in part, for the progressive thinning northwards
of the entire igneous complex.

In general, the abundance of hydrous phases in-
creases approaching the top of the Cana Brava complex;
however, it is not constant along the roof, showing a
heterogeneous distribution. Their maximum amount is
recognized in patches of amphibole- and biotite-rich,
locally garnet-bearing diorites, which in general contain
abundant xenoliths (amphibolites) from the Palmeiropolis
Sequence (Fig. 4a). The xenoliths are rimmed by a micro-
gabbro chilled margin (Fig. 4b). Banding is parallel to a
high-T foliation defined by iso-orientation of plagioclase, bi-
otite = amphibole (Fig. 4b).

The dimension of the Palmeirdpolis Sequence xenoliths
seems to decrease from the base to the top of the UMZ. At
the deepest levels of the UMZ, crustal inclusions are mainly
quartzite layers of big size (cm-to-m thick and hundreds of
meters long, elongated parallel to the foliation), which are
predominant in the northern sector of the complex. At higher
levels, in the central UMZ, the xenoliths are mainly separated
fragments (rarely longer than 1 m). Locally, crustal xenoliths
from the Palmeirdpolis Sequence are surrounded by unde-
formed leucosome, which may eventually fill the pressure
shadow of pseudo-boudinage structures, suggesting that the
xenoliths were partially molten during the shear that caused
the foliation (Figs. 4c, d). Frequently, the xenoliths are elon-
gated parallel to the foliation, as observed in the “Hydrous
Zone” in Niquelandia (Figs. 3 and 4).

In the central and upper parts of UMZ, the xenoliths
are mainly garnet-bearing amphibolite and amphibolite.
Subordinate xenoliths of quartzites and garnet-bearing schists
rich in biotite occur approaching the complex roof.
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Similar rocks are common in the lower Palmeirdpolis
Sequence near and at the contact with the Cana Brava com-
plex (Figueiredo et al. 1981). Minor quartzite, metachert
and iron banded layers are intercalated within the am-
phibolites (Figueiredo et al. 1981), and are similar to
the quartzite septa included in the lower UMZ (Correia
and Girardi 1998; this study). The similarities between
xenoliths and rocks of the complex suggest that, if not
from the Palmeiropolis Sequence, the xenoliths derived
from an extremely similar metavolcanic-metasedimentary
sequence.

Analytical methods

A total of 34 new samples from the Cana Brava complex were
analysed for bulk rock major and trace elements to integrate
the dataset of Correia and Girardi (1998) and to compare the
geochemical variations of Cana Brava and Niquelandia. Ten
of these samples were selected for mineral chemistry (for both
major and trace elements) and their petrography is reported in
Online Resource A.

Fig. 2 Selected images of the
field relationships from the Cana
Brava complex: a deformed
websterite layers in the northern
part of the Cana Brava complex
crosscutted by late undeformed
vein; b gabbro of the lower UMZ
in contact with a felsic domain
crosscutted by pyroxenites and
anorthositic veins; ¢ late felsic
veins parallel to the gabbro
foliation. A schematic sketch of
the major features of each picture
is also presented
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Major element bulk rock analyses were performed by X-
ray fluorescence, using a wavelength dispersive Philips PW
2400 spectrometry, using fused glass disks according to
procedures described by Mori et al. (1999). Accuracy
was greater than 2 %. Trace element analyses in selected sam-
ples were performed by Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS) using the procedure described by
Navarro et al. (2008). Accuracy, determined with respect to
the reference standards BHVO-2 and BR, was 0.5-2 %. Data
are reported in Online Resource B.

On selected samples, Sm-Nd and Rb-Sr isotopic determina-
tion were carried out by Isotope Dilution Thermal lonization
Mass Spectrometry (ID-TIMS), following the procedure de-
scribed in Sato et al. (1995). The isotopic ratios of the studied
samples were measured on a VG Iso-mass 354 automated mass
spectrometer using five Faraday collectors in static mode. Data
are reported in Table 1. The '**Nd/'**Nd ratio was corrected to
standard JNdi-1 (Tanaka et al. 2000) with a reference value
BNA/M™Nd = 0.512097 (+ 0.000009, 7 = 23). The ¥’Sr/%°Sr
ratio was corrected to standard NBS-987 (Moore et al. 1982)
with a reference value ¥’Sr/®*°Sr = 0.710235 (= 0.000025 be-
tween March and April 2015).

Deformed pyroxenite
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Major element in mineral were analysed by Electron Probe
Micro Analyses (EMPA) with a JEOL 8200 Super Probe (data
are reported in Online Resource C) after thin section carbon
coating. Analytical conditions were 15 kV of acceleration volt-
age, 15 nA of primary current beam, 10 s counting time for
each element and 5 s counting time for the background. Data
were checked and corrected using cation mass balance with
different O normalization for each phases (Amphibole and
Biotite: 23 O; pyroxenes: 6 O and 4 cations p.f.u.; Titanite:
5 O and 3 cations p.f.u.; Ilmenite: 3 O and 2 cations p.f.u.;
Garnet: 12 O and 8 cations p.f.u.; Plagioclase: 8 O and 5
cations p.fu.; Fer as Fe?*). Average analyses of the mineral
phases are reported in Table 2 and full analyses are reported in
Online Resource C.

Trace elements spot analyses on the same samples were
determined by Laser ablation-inductively coupled plasma-
mass spectrometry (LA-ICP-MS), using a ThermoFisher
Scientific Mass Spectrometer coupled to a laser ablation
New Wave UP 213. Data reduction was achieved with the
Thermo Fisher Scientific PlasmaLab® software using
NIST610, NIST612 and NIST614 as external standards. The
isotope **Ca was used as internal standard for Amphibole,
Clinopyroxene, Plagioclase and Garnet and >°Si for Biotite
and Quartz. Laser spot size was calibrated at 80 pm and laser
beam fluency at 20 microJoule for cm®. Data are reported in
Online Resource C.

Quartz internal structures of the quartzite sample CB1425
were observed by CathodoLuminescence (CL) images obtained
during EMPA analytical sessions by JEOL 8200 Super Probe
and a CL-C detector (JEOL). Analytical conditions were: high
voltage =15 kV, work distance =11 mm, detector = PMT, fila-
ment emission =15 nA, and magnification range = 40 to 65 X .

Fig. 3 Selected images of field
textures from the Niquelandia
complex: a late undeformed
pyroxenite vein crosscutting the
superimposed foliation; b
undeformed gabbroic layers
crosscutting the foliation and a
deformed pyroxenite layer; ¢
deformed xenoliths parallel to the
gabbro foliation in the LGZ; d
xenolith aligned to the gabbro
foliation in the LGZ

Results
Chemical variations vs stratigraphy

In Figs. 5, 6 and 7 we present plots of the chemical variations
vs. stratigraphy of the most significant trace elements for Cana
Brava (this paper and Correia and Girardi 1998) and the lower
Niquelandia (Correia et al. 2012). Given that the upper
Niquelandia sector has a different stratigraphy when com-
pared to Cana Brava, we disregard it in this comparison.

The most prominent feature is a sudden increase in incom-
patible elements abundances (K, Rb, Ba, and others) in the
uppermost 2 km of the section approaching the roof of Cana
Brava. Similar features are also observed in the “Hydrous
Zone” of Niquelandia (Rivalenti et al. 2008; Correia et al.
2012; Fig. 7). In addition, an increase in the scattering of
(La/Yb)y up section is observed. This ratio, which is roughly
indicative of the REE pattern, reaches the highest values at
levels where xenoliths are particularly abundant, especially in
the proximity of the roof and on a specific level at about 8 km
from the bottom of the sequence.

The K,0, Ba, Rb and La abundances are constant through-
out the UMZ, with local enrichments between 6 and 8 km and
a strong enrichment at the roof of the complex. The K,O
content ranges between 0.03-0.44 wt% in the UMZ and be-
tween 0.09-2.62 wt% at the roof (Figs. 5 and 6). The Ba
content varies between 8 and 142 ppm in the UMZ and be-
tween 11 and 1760 ppm in the uppermost 2 km. The Rb
content varies between 0.4—74 ppm in the UMZ and between
1.3-105 ppm at the roof of the complex. The La content varies
between 1 and 24 ppm in the UMZ and between 6 and 40 ppm
in the uppermost 2 km.
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Moderately incompatible elements such as Sr, Nd and Y
show two distinct enrichment peaks, the first in the central
UMZ (corresponding to the 6-8 km level) and the second at
the roof of the complex (Fig. 5). The Nb and Zr content shows
a similar behaviour. In the central UMZ, Sr = 20-1124 ppm,
Nd=4-31.5ppm, Y =5-57 ppm, Nb =2-91 ppm and Zr = 6—
224 ppm, whereas at the roof of the complex Sr = 95—
327 ppm, Nd = 7-47.4 ppm, Y = 7-91.3 ppm, Nb = 5—
26 ppm and Zr = 23-605 ppm. The enrichment in incompat-
ible elements approaching the roof of the complex is also
shown by the REE patterns (Fig. 8). Samples from LMZ are
slightly enriched in LREE and show flat trends for MREE and
HREE (Fig. 8). Samples from UZ show depleted and flat
trends consistent with cumulus of pyroxenes. Samples from
UMZ show flat to slightly enriched LREE patterns (Fig. 8).
Samples from the uppermost 2 km of the complex are
enriched in LREE. Eu anomalies range from negative to pos-
itive (Fig. 8).

The (La/Sm)y ratio increases along the stratigraphy simi-
larly to the (La/Yb)y ratio (Fig. 6). The highest variations
occur between 6 and 8 km ((La/Sm)y = 1.19-2.74; (La/
Yb)y = 1.25-4.90) and at the roof of the complex ((La/
Sm)y = 2.38-4.03; (La/Yb)y = 2.53-17.98).

Fig. 4 Selected images of field
relationships from the Cana Brava
complex: a amphibolite xenolith
in a garnet-bearing diorite of the
roof complex; b section of the 4a
xenolith and host diorite with
highlighted areas of different
composition; ¢ deformed mafic
enclaves and felsic ‘pressure
shadow’ domain; d undeformed
xenoliths aligned with the gabbro
foliation and occurrence of late
felsic domains along the
deformation at the top of the
complex

Deformed

diorite

Anorthosite

Micro gabbro

Xenolith
(amphibolite)

b
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The spread and increase of incompatible and moderately
incompatible elements approaching the complex roof is con-
comitant with the increase of hydrous phases and the maxi-
mum abundance of xenoliths within the complex. However,
local enrichments are also present throughout the entire UMZ,
in particular between 6 and 8§ km (Figs. 5 and 6). These local
enrichments occur in gabbros in contact/near xenoliths (some-
times clustered in levels).

Several amphibolites from the Palmeirdpolis Sequence
were analysed by Correia and Girardi (1998). Amphibolites
show heterogeneous compositions, with some samples
enriched in incompatible elements (e.g. Ba, Rb, Sr and Nd;
Figs. 5 and 6): K,0 = 0.12-2.81 wt%, Ba =12—-1711 ppm,
Rb=2-101 ppm, Sr=9-1150 ppm, Nd =9-38 ppm, Y = 12—
54 ppm. Amphibolite compositional ranges are similar to
those of xenoliths within the complex (Figs. 5 and 6) and only
few xenoliths from the complex roof, which are representative
of the subordinate quartzites and garnet-bearing schists, show
higher values for K,O, Nd and Y. The similar compositions of
amphibolites from the Palmeiropolis Sequence and from xe-
noliths within the complex, suggest that the latter were rocks
of the Palmeirdpolis Sequence incorporated during the growth
of the complex.
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Sr and Nd isotopes

Table 1 reports Sr and Nd isotopic compositions determined
on 10 new samples and 3 samples analysed by Correia et al.
(1997). All isotopic ratios are recalculated at 790 Ma.
Pyroxenite sample CB1133 has a 87Sr/868r(790) ratio of
0.708243 (which is the lowest value within the Cana Brava
sample collection) and an eéNd(79¢y of —0.78 (Table 1; Fig. 9).
Across the stratigraphy, the 87Sr/8(’Sr(790) ratio shows a con-
tinuous increase approaching the roof of the complex (Table 1;
Fig. 9), reaching a maximum value of 0.730470 in the Garnet-
diorite sample (CB1482) and of 0.736590 in an Amphibole-
bearing gabbro (sample CB1490). These values are higher
than the two samples reported by Correia et al. (1997) at the
roof of the complex (*”Sr/**Sr79¢, = 0.724609 and 0.725265),
resulting in a large spread in 87Sr/868r(790) in the uppermost 2
Km, similar to what is observed in LIL elements (Table 1;
Figs. 5 and 9). Conversely, the eNd 79, trend decreases only
moderately approaching the top, where it reaches values of
—8.42 in the diorite sample and of —8.47 in the gabbro sample
(Table 1; Fig. 9). Comparing 87Sr/868r(790) and eNd799y an
inverse correlation between the two values is evident
(Fig. 10). Only sample CB 1434 deviates from this trend show-
ing an eNd790) value of 1.70, with a 87Sr/868r(790) ratio
(0.711978) (Table 1; Figs. 9 and 10).

The xenolith shows 87Sr/868r(790) ratio and eNd 790y com-
parable with the gabbroic rocks (0.728076 and —8.01 respec-
tively; Fig. 9). Conversely, the Palmeiropolis Sequence sam-
ple has a clear mantle signature, with 87Sr/86Sr(790) =0.703278
and 8Nd(790) =12.81.

Mineral chemistry

Mafic phases in igneous rocks of Cana Brava are generally in
equilibrium as shown by the good correlation trends for Mg#
(R? between 0.95-0.98; Fig. 11). Mineral compositions along
the stratigraphy vary according to bulk-rock variation (Online
Resource D). Amphibole (classified as Pargasite, Pargasite-
Edenite and Mg-Hornblende in the rocks of the complex)
cores are enriched in TiO, and FeO relative to the rims, but
are depleted in Al;O5 (Tab. 2). In amphibole, the CaO content
is higher in the cores than in the rims in the rocks of the lowest
statigraphic levels (between 0 and 6 km), whereas the opposite
zoning is observed at the highest levels (Tab. 2). Along the
UMZ stratigraphy, amphibole shows enrichments in TiO,,
FeO and CaO and depletion in Al,O;. The Na,O and K,O
content shows depletion trend up to 8 km and enrichments
approaching the complex roof. Similar trends are recognizable
for clinopyroxene and orthopyroxene (except for K,O, Tab.
2). Clinopyroxene cores are enriched in FeO and depleted in
CaO (Tab. 2). Conversely, the orthopyroxene cores are
enriched in CaO in rocks at stratigraphic levels underneath
8 km and became depleted afterwards (Tab. 2). Plagioclase

Rb-Sr and Sm-Nd bulk-rock isotopic compositions by Isotopic Dilution Thermal Ionization Mass Spectrometry (ID-TIMS) for selected samples

Table 1

871308y 20 87Sr/868r(790)

20

8TRb/*Sr

Rb

ENd(790)

20

147Sm/144Nd 143Nd/144Nd

Nd

Sm

Unit

Sample

(ppm)

(ppm)

(ppm)

(ppm)

0.708243
0.711978
0.715871
0.716988
0.717300
0.722506
0.736590
0.730470
0.728076
0.703278
0.717540
0.724609
0.725265

0.000064
0.000046
0.000057
0.000038
0.000057
0.000065
0.000063
0.000057
0.000070
0.000063
0.00061

0.710639
0.712132
0.715977
0.717050
0.717464
0.722621
0.736846
0.736912
0.728774
0.704907
0.71772

0.73642

0.73693

0.212365
0.013688
0.009405
0.005453
0.014495
0.010154
0.022718
0.571063
0.061859
0.144361

7.4 100
0.016

-0.78
1.70

-5.65
-5.78
-6.87
-5.48
-8.47
-8.42
-8.01

0.000009
0.000008
0.000007
0.000007
0.000008
0.000007
0.000009
0.000010
0.000007
0.000007

0.512519
0.512516
0.512341
0.512225
0.512181
0.512187
0.511852
0.511841
0.511864
0.513183

0.181402
0.156308
0.195159
0.174039
0.176302
0.163794
0.128606
0.125985
0.126365
0.175417

16
89

6.

1.86
2.57

uzZ

CB1133

0.723

9.

uMZ
UMZ
uMZ
uMZ
uMZz
uMZ

uMZ

CB1434

122
233

0.396
0.439

2.87
5.75

6.

1

0.932
1.66
1.87
3.39
7.98
2.19
2.76
4.08

CB1464

CB1424

114
182

0.569
0.639
1.33
40

37
2.5

CB1414

CB1475

169

37
1
1
1

CB1490

0.5
3.1

4.0

CB14382

215

4.59
7.45

Xen UMZ
PAL

CB1060
SP0003

12.81

0.001

59.4

0.3

LMZ

CB1006

0.00022
0.00018

1.047 0.021
1.034 0.017

209.4
285.6

5.5
101.8

uM
UM

The lower three lines quote Rb-Sr data of Correia et al. (1997)

CB1029
CB1099
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Clinopyroxene average

Table 2 (continued)

Phase

@ Springer

83.61

79.27
20.65

75.24
24.57

80.26
19.54
0.21

83.44
16.46
0.10

76.89 77.41 81.11
22.78

80.64
19.23
0.13

79.22
20.62

88.08
11.85
0.07

87.19

78.40
21.26
0.34

78.95 66.86 68.88 76.10
20.88

77.69
22.12

16.34
0.05

18.79
0.10

2231

12.70

0.11

23.46
0.44

30.77

0.36

32.74
0.41

Ab

0.08

0.19

0.28

0.33

0.16

0.16

0.19

Or

Strat Pos (m) is the stratigraphic position in meters: i.e. the recalculated stratigraphic height from the base of the complex, taking into account the attitude of the layers

Mg# was calculated as Mg>* /(Mg>* +Fe®* ) molar ratio

An, Ab, and Or = anorthite, albite, and orthoclase molar fractions are reported for plagioclase analyses

For abbreviations of rock units (Unit) see the geological setting chapter

crystals show a reverse zoning, with rims enriched in
anorthite (An) relative to cores (with the exception of
sample CB1482; Tab. 2). Minerals from the garnet-am-
phibolite xenolith (sample CB1060) within the complex show
no or poor zoning.

Amphibole and clinopyroxene, when co-existing, show
similar REE patterns and equilibrium in the partition of trace
elements (Fig. 12). When only clinopyroxene occurs, it shows
higher trace element abundance compared to samples contain-
ing also amphibole (Fig. 12).

In the UZ pyroxenite sample CB1042, amphibole and
clinopyroxene show similar patterns depleted in LREE
(Fig. 12; (La/Sm)y = 0.41 and between 0.29-0.35 respective-
ly; (La/Yb)y = 0.22 and between 0.15-0.19; values normal-
ized to the Primitive Mantle, PM, Hofmann 1988). Both am-
phibole and clinopyroxene show a slightly negative Eu anom-
aly ((Euw/Eu*)y = 0.86 and between 0.88—1.00), very
low U, Th, Nb and Ta contents (<1) and similar Zr
and Hf contents (Fig. 13; Zr = 12.06 ppm in amphibole
and between 10.63-13.71 ppm in clinopyroxene;
Hf = 0.59 ppm in amphibole and between 0.54-0.64 ppm in
clinopyroxene).

Amphibole and clinopyroxene from UMZ gabbroic sam-
ples (samples CB1414, CB1464 and CB1475) have REE pat-
terns depleted in LREE similar to the UZ sample (Fig. 12; (La/
Sm)y = 0.58-0.62 in amphibole and between 0.25-0.61 in
clinopyroxene; (La/Yb)y = 0.78-0.89 and 0.31-0.84, respec-
tively). All the gabbroic samples cited above have a negative
Eu anomaly (Fig. 12; (Eu/Eu*)y = 0.35-0.47 for amphibole
and 0.22-0.61 for clinopyroxene) related to plagioclase frac-
tionation. Clinopyroxenes have similar (Th/U)y, (Zt/Hf)y and
(Nb/Ta)y ratios (Fig. 13; higher than 1 for (Th/U)y and lower
for others respectively).

The two diorite samples (CB1424 and CB1482) show REE
patterns enriched in LREE (Fig. 12; (La/Sm)y = 1.03-2.63 for
amphibole and between 1.36-1.53 for clinopyroxene; (La/
Yb)y = 1.28-186.58 and 1.56-1.65 respectively). Whereas
amphiboles from sample CB1424 show t MREE-HREE
trends almost flat and those from sample CB1482 show a
strong depletion in MREE and HREE (Fig. 12). This may be
an artefact of the co-existence of amphibole with garnet.
Compared to gabbroic samples, clinopyroxenes from diorite
CB1424 have a positive Eu anomaly ((Euw/Eu*)y = 1.57-1.68
and 1.98-2.29 respectively). This feature was also observed in
other layered complexes (e.g. the Val Sesia complex;
Mazzucchelli et al. 1992) and was interpreted as the evidence
of mixing between a mantle-derived melt and a crustal com-
ponent derived from anatexis of granulite-facies
metasediments. Amphibole and clinopyroxene from diorites
have (Th/U)y, (Zr/Hf)y and (Nb/Ta)y ratios similar to gabbros
(Fig. 13).

Amphibole from the garnet-amphibolite xenolith (classi-
fied as Tschermakite, sample CB1060) is depleted in HREE,
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Fig. 5 Plot of bulk-rock trace element concentrations (in ppm) along the stratigraphy of the Cana Brava complex

suggesting equilibrium with Garnet (Fig. 12; (Sm/ sample (SP0003) has positive (Zt/Hf)y and (Nb/Ta)y ratios
Yb)y = 5.61-19.48), and in LREE, suggesting depletion dur-  (Fig. 13). Differently from the amphibole, clinopyroxene from
ing the incorporation within the complex (Fig. 12; (La/  sample SP0003 has negative (Zr/Hf)y ratio (Fig. 13).

Sm)y = 0.08-0.13). Conversely, amphibole (classified as

Hornblende) and clinopyroxene from the amphibolite of the

Palmeirdopolis Sequence show almost flat REE patterns, witha ~ Discussion

slight enrichment in LREE of clinopyroxene compared to am-

phibole (Fig. 12; (La/Sm)y = 0.74-0.98 and 1.32-1.94 re-  Metamorphic overprint versus syn-magmatic
spectively; (La/Yb)y = 0.58-0.87 and 0.89-1.37). deformation

Amphibole from garnet-bearing amphibolite (sample

CB1060) has negative (Th/U)y, (Zt/Hf)y and (Nb/Ta)y ratios The widespread high-T foliation and common hypersolidus
(Fig. 13), while amphibole from Palmeirdpolis Sequence  deformation structures (see the field evidences chapter) indicate
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that the Cana Brava complex underwent hyper-to-sub solidus
deformation during its intrusion, in the same way of the
Niquelandia complex (Correia et al. 2012). The close similarity
of the metamorphic age (770-760 Ma of Ferreira Filho et al.
2010) and the crystallization ages (800-770 Ma of Ferreira
Filho et al. 2010 and Giovanardi et al. 2015) reported in the
literature, reinforce the interpretation that the granulite facies
foliation and re-crystallization are not related to a later meta-
morphic event but a consequence of stretching during the in-
trusion growth. The 770-760 Ma recrystallization age of
Niquelandia, inferred as metamorphic by Pimentel et al.
(2004a), was later reinterpreted by Ferreira Filho et al. (2010)
as indicative of the regional metamorphism that affected also
Cana Brava and Barro Alto. This age is based on a concordant
U-Pb SHRIMP analysis on low Th/U zircon rims from sample
CF-04 (765 + 8 Ma) (Pimentel et al. 2004a) and on a Sm-Nd
garet age of a metasediment sample (MR-137 A) from the
Mara Rosa Arc at 760 + 75 Ma (Junges et al. 2002). As pointed
out by Correia et al. (2012), sample CF-04 is likely a xenolith
incorporated within Niquelandia (Pimentel et al. 2004a de-
scribe the sample as a ‘quartz-rich mylonitic rock from a shear
zone cutting through gabbros of the Upper Complex’ and con-
taining garnet and quartz with accessory plagioclase, kyanite
ilmenite and zircon). Sample MR-137 A, instead, belongs to a
unit outcropping more than 100 km away from the Niquelandia
complex and seems unrelated to the complexes intrusion. We
infer that the rims of several zircons from sample CF-04 record
the incorporation of the xenoliths in the mafic magma rather
than a separate metamorphic overprint. Moreover, the Sm-Nd
garet age from the metasediment of the Mara Rosa Arc, if
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related to the studied area, records an age indistinguishable,
within error, from the crystallization age of the complexes.
Therefore, we conclude that, like in Niquelandia, the Cana
Brava complex did not experience a later metamorphic event
(Correia et al. 1997) or granulite-facies metamorphism (Ferreira
Filho et al. 2010; Biondi 2014), and that the high-T
“metamorphic” features are a consequence of shear of a crys-
tallizing crystal mush during the growth of the complex. This
hypothesis is also supported by mineral geochemistry. Minerals
from the complex show igneous zoning (Table 2). The reverse
zoning of plagioclase is common in several magmatic contexts
and is generally interpreted as the evidence of i) diminishing P
conditions, ii) mixing with a new input of mafic melt or iii)
increase of the H,O in the residual melt (Sisson and Grove
1993; Singer et al. 1995 and references therein). The increase
of CaO content in all phases along the stratigraphy (Table 2)
rules out that the reverse zoning is an effect of subsolidus re-
crystallization because it should have depleted the other phases
in Ca. However, the present data does not allow discriminating
the process responsible for the inverse plagioclase zonation.
Mg# correlation between the main mafic phases (i.e.
clinopyroxene, orthopyroxene and amphibole) shows excellent
linear trends (Fig. 11; R? = 0.95-0.98). Trace elements distri-
bution between coexisting amphibole and clinopyroxene
shows equilibrium patterns (e.g. samples CB1042, CB1414
and CB1424, Fig. 13). Magmatic zonations and the trace ele-
ments equilibrium between amphibole and clinopyroxene are
consistent with crystallization of these phases from the same
melt and not with metamorphic recrystallization. Amphibole
absence results in higher trace elements abundance in
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clinopyroxene (Fig. 13), possibly because this is the only
phase that can incorporate them.

In contrast, phase composition and textural evidences of the
amphibolite sample from the Palmeiropolis Sequences
(SP0003) suggest that amphibole and clinopyroxene are not
in equilibrium in this rock. In particular, clinopyroxene occurs
as relict often partially substituted by amphibole in small-grain
bands. The trace element distribution show that clinopyroxene
is slightly enriched in LREE ((La/Sm)y 1.32—1.94) whereas
amphibole is slightly depleted ((La/Sm)y 0.74-0.98; Fig. 12).
Clinopyroxene major element composition is similar to that one
reported by Ferreira Filho et al. (1999) for the metamorphic
clinopyroxene of the Juscelandia Sequence metabasalt (i.e
Si0, > 52 wt%, Al,O3 < 2 wt% and CaO > 22 wt%;
Table 2), whereas the plagioclase composition is similar to the
igneous plagioclase in the metabasalt (i.e. An =78.5-85.0 %,
Ferreira Filho et al. 1999; Table 2). These observations suggest
that sample SP0003 is only partially recrystallized by the meta-
morphic event that affected the metavolcanic-metasedimentary
sequences (Ferreira Filho et al. 2010 and references therein).
Conversely, amphibole from the garnet-amphibolite within the
complex (CB1060) does not show crystal zonation and the
plagioclase zonation is minor compared to the Palmeirdpolis
amphibolite (Fig. 13). The amphibole has trace elements pat-
terns in equilibrium with the garnet (Figs. 12 and 13). The
absence of phase zonation and the amphibole/garnet trace ele-
ments equilibrium and LREE depletion suggest that sample
CB1060 was more re-equilibrated than the amphibolite of
Palmeirdopolis (sample SP0003). The more evolved re-
equilibration of the xenoliths in comparison to the partial re-
equilibration of the Palmeiropolis amphibolite, is consistent
with the protracted entrapment (or sinking) of the xenolith with-
in a substantial amount of magma.

Geothermometry

We used four different geothermometers to evaluate the tem-
perature of the Cana Brava parent melt and the temperature
reached by the xenoliths. Data are reported in °C in Table 3.
For gabbroic rocks of the complex, we used the Fe-Mg ex-
change between clinopyroxene and orthopyroxene (Wells
1977), the Ca and Al in orthopyroxene and clinopyroxene
(Mercier 1980) and the amphibole-plagioclase equilibrium
(Holland and Blundy 1994). Two xenolith samples were in-
vestigated: the garnet-amphibolite CB1060, using the Holland
and Blundy (1994) geothermometer, and the quartzite
CB1425. Quartz crystals from the latter were studied in
cathodoluminescence (Fig. 14) and analysed for Ti by LA-
ICP-MS to estimate the “Ti in quartz temperature” according
to Thomas et al. (2010). The temperature of an amphibolite of
the Palmeirdpolis Sequence was estimated using the Holland
and Blundy (1994) geothermometer.

Temperatures of the gabbroic rocks obtained with the
geothermometers of Wells (1977) and Mercier (1980)
range between 819 and 993 °C and 879-1144 °C,

@ Springer



306

T. Giovanardi et al.

12 12 uUs
kD =
A
X A
10 X X I 10 Hy-Z
o e e PR ) S - S SUU R (U A
£ o XHy-Zone E
= A 2 alez A =
c 8 ° 8
2 A g muz A o
umz ’g' A Z eBGZ A 21 LGz
o O Xenoliths 8.
£ 6 g aumz 7y 6.2
& 3 muz o
[ A 5 A A o1
2 A A S eLmz A % a .50
(0 (s oo o S e ] (e e o F====1
&4 -4 5
————— - ——— —.— —— o e e e e e e e e e —' ———— o —— m b
. .}' . Lz
uz m uy
————— k. 4 I e IR X R P I I
2 < X3 o® 2
34 * * e
LMz BGZ
. .
_____ 0 - hd : 0 L - - -
Cana Brava 07 071 072 073 0.74 20 -10 0 10 20 Niquelandig
8751 /268K 1760) €Nd(790)

Fig.9 Plotof ¥ Sr/**Sr ratio and €Nd recalculated to 790 Ma of samples from the Niquelandia (Correia et al. 2012) and Cana Brava complexes along the

stratigraphy

respectively, and differ by about 150 °C. Temperatures
obtained with the Holland and Blundy (1994)
geothermometer show intermediate values in the range of
879-995 °C, but closer to those calculated according to
Wells (1977) (Table 3; Fig. 15). Notwithstanding the dif-
ferences, all temperatures are high and we interpret them
as closure temperatures of the different systems during the
crystallization of the complex.

The temperatures estimated for the garnet-amphibolite xe-
nolith according to the thermometer of Holland and Blundy
(1994) range from 866° to 956 °C and are comparable to those
obtained for the gabbroic rocks (Table 3; Fig. 15). This sug-
gests that the xenolith attained granulite-facies conditions after
its incorporation into the complex.

We used the Ti in quartz geothermometer of Thomas et al.
(2010) to estimate temperatures along two cm-large crystal

Fig. 10 Plot of eNd and Sr/*°Sr 15
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much lower than the other, ranging between 669 and 886 °C
and 735°-1157 °C, respectively (Table 3; Fig. 15). Possibly, the
highest values represent the heating of the quartzite layer during
its permanence in the magma batch, consistent with its location
in the complex at a level deeper than the garnet-amphibolite.
The high T reached by the xenoliths is consistent with their
restitic composition after melt extraction.

Contamination process and comparison
with the Niquelandia complex

Based on Sr isotopic ratios, Correia et al. (1997) proposed that
the Cana Brava complex was affected by crustal contamina-
tion. The new isotopic data and the revision of the geochem-
ical data support this hypothesis as explained here below
(Figs. 9 and 10).

@ Springer

The K,O, LILEs, Rb and Ba content in the rocks of the
Cana Brava complex show constant values or a mild enrich-
ment along stratigraphy, followed by higher values and a large
spread approaching the roof (from 10 km; Figs. 5 and 6). The
UZ pyroxenites show LREE depletion and flat trends (Fig. 8)
consistent with cumulates from a MORB magma similar to
the one estimated as the Cana Brava parental melt by Correia
and Girardi (1998). The LREEs in the UMZ whole rock show
a continuous increase upwards ((La/Sm)y range from 1.18 to
4.01; Figs. 6 and 8). Similarly to the (La/Sm)y;, the Rb-Sr and
Sm-Nd isotopes along the Cana Brava stratigraphy show
a gradual increase of contamination approaching the
roof (Fig. 9). These features suggest that the contami-
nation affected the entire magma column during the
UMZ crystallization and was more intense in the igne-
ous rocks containing abundant xenoliths, particularly in the
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Table3 Minimum, maximum, average and median temperature values
(in °C) for selected samples, calculated based on the Fe-Mg exchange
between clinopyroxene and orthopyroxene (Wells 1977), the Caand Al in

orthopyroxene and clinopyroxene (Mercier 1980), the amphibole-
plagioclase equilibrium (Holland and Blundy 1994) and the Ti-in quartz
(Thomas et al. 2010)

Wells (1977) Mercier (1980) Holland and Blundy (1994) Thomas et al. (2010)

Sample Unit Strat Pos (m) min max mean median min max mean median min max mean median min max mean median
CB1042 UZ 3514 780 905 851 853 733 972 879 896 973 1012 995 998

CB1434 UMZ 4858 926 1094 993 996 1096 1248 1144 1133 870 889 879 880

CB1425 Xen 4865 669 1157 801 715
CB1464 UMZ 4874 792 858 819 815 985 1046 1005 999

CB1424 UMZ 7053 823 888 848 844 1045 1117 1071 1071 791 989 898 906

CB1414 UMZ 7456 859 962 905 899 1031 1131 1072 1069 945 1008 977 972

CB1060 Xen 9260 866 956 926 930

CB1475 UMZ 8221 808 950 852 834 1014 1149 1065 1048 870 903 886 886

CB1482 UMZ 10,557 763 1017 942 953

SP0003 SP 13,530 766 919 859 873

Strat Pos (m) is the stratigraphic position in meters: i.e. the recalculated stratigraphic height from the base of the complex, taking into account the attitude

of the layers

For abbreviations of rock units (Unit) see the geological setting chapter

uppermost 2 km of the complex. Locally, an increase of
the contamination due to xenoliths contribution is sup-
ported by the spread of 87Sr/868r(790) ratios observed at
the roof of the complex (*’St/**Sr(799) = 0.724609—
0.736590), where xenoliths are more abundant, and by
isotopes of the two samples at the base of the UMZ
(CB1434 and CB1464, ¥'St/**Sr 790, = 0.711978, 0.715871
and eNd799) = 1.70, —5.65 respectively; Table 1; Figs. 9 and
10), which are close to a quartzite layer (sample CB1425).
These geochemical features are extremely similar to what
has been observed in the Lower Sequence of the Niquelandia
complex by Rivalenti et al. (2008) and Correia et al. (2012).
They demonstrated that the lower units of the Niquelandia
complex reached maximum contamination in the Hydrous
Zone (Fig. 9; Correia et al. 2012). Conversely, the upper unit
of Niquelandia (i.e. the Upper Gabbro-Anorthosite Zone,
UGAZ of Girardi et al. 1986) is poorly or not contaminated
(Fig. 10). In the Hydrous Zone, the contamination is shown by

Fig. 14 Selected CL images of
quartz grains in sample CB1425.
Circles are LA-ICP-MS

analysis points

an anomalous increase of the most incompatible elements
(e.g. K;O, LREE, Rb and Ba) and by the Rb-Sr and Sm-Nd
isotope ratios (Rivalenti et al. 2008). Based on the random
variation of the contamination degree along the stratigraphy
of the Niquelandia complex (Fig. 9), Rivalenti et al. (2008)
and Correia et al. (2012) proposed that crustal contamination
began later and locally, during the growth of the complex,
when the parental melt had already fractionated the ultramafic
units (i.e. the Basal Gabbro Zone, BGZ, the Basal Peridotite
Zone, BPZ and the Layered Ultramafic Zone, LUZ; Girardi
etal. 1986). According to them, the anorthositic crystal mush,
which crystallized the upper Niquelandia sequence, was seg-
regated during this first stage, and the buoyant crystal mush
escaped the contamination that later affected the mafic magma
in the proximity of the incorporated crustal levels (Rivalenti
et al. 2008; Correia et al. 2012).

Apart from the absence of anorthosites, the Cana Brava com-
plex shares many characteristics with the Lower Sequence of

x55 108m

x40  100Bpm

@ Springer



310

T. Giovanardi et al.

Niquelandia. The parental melts estimated for the two com-
plexes by Correia et al. (2012) and Correia and Girardi (1998)
are very similar and inferred to be picritic MORB in
composition. Thus, we propose that the contamination in Cana
Brava has occurred as in Niquelandia, beginning after the
fractionation of the ultramafic units, as proposed by Rivalenti
et al. (2008) and Correia et al. (2012), and coupling an in situ
effect driven by the abundance and composition of crustal xe-
noliths with a process at the scale of the whole complex (an AFC
as proposed by Rivalenti et al. 2008).

Evidences for a single large intrusion

Ferreira Filho (1998) were the first one to propose, based on
the similarity of ages and stratigraphy, that the three large
layered intrusions constitute an originally continuous
magmatic structure. Carminatti (2006) suggested a similar hy-
pothesis based on gravimetric and geophysical evidences.
However, Ferreira Filho et al. (2010) inferred that the three
complexes might be distinct intrusions, because of the slightly
younger age of the Cana Brava complex compared to the ages
of Barro Alto and Niquelandia (Cana Brava c.a. 780 Ma,
Niquelandia and Barro Alto c.a. 800-790 Ma).

More recently, SHRIMP ages obtained by Giovanardi
et al. (2015) for Cana Brava yielded an ~800-780 Ma
age, slightly older than the age obtained by Ferreira Filho et al.
(2010) and close to the age of Niquelandia by Correia et al.
(2012). Therefore, we conclude that the three complexes have,
within errors, the same age and possibly could be part of a
single body.

Fig. 16 Comparison of the Niquelandia and Cana Brava complexes. The P>
Niquelandia map is modified from Correia et al. (2012) and the Cana
Brava map is from this work

Not taking into account the Barro Alto complex, we will
compare now the Niquelandia and Cana Brava complexes.
Both Cana Brava and Niquelandia grew in a syn-magmatic
stress field that caused hypersolidus foliation and re-crystal-
lization of the igneous textures. Attitudes of banding
and foliation in both complexes are similar (10-20°
NNE, 30-50°W dip). Considering the two bodies as
fragments of a single mafic batolith, it is possible to
notice a progressive, northwards attenuation of the
banding. In particular, the thickness of the cumulus pe-
ridotite decreases from ~2 km in the southern side of
Niquelandia to ~1 km in the southern Cana Brava body
and vanishes towards the North (Fig. 16). Moreover, the
pyroxenite band, which is about 1 km thick in southern
Niquelandia, diminishes to about 500 m in southern
Cana Brava, turns northwards into a swarm of thin pyrox-
enite bands interlayered with gabbro and disappears in the
northern sector (Fig. 1). In addition, in Niquelandia the upper
anorthositic sequence of the complex is thick in the south and
reduced northwards, and does not exist in Cana Brava
(Fig. 16).

We re-calculated the estimated thickness of Cana Brava in
the southern part of the complex to about 12 km (Figs. 1 and
16) and this value matches the thickness of the Niquelandia
Lower Sequence at its northern end (Correia et al. 2012). The
stratigraphic, structural, geochronological and geochemical
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(maximum, average and
minimum) calculated using the L e CBI0M2 —e-cBlass
geothermometers of Wells —re—x —eCB1430 —ACB1424
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similarities between the two sequences support the hypothesis
that the Cana Brava and Niquelandia complexes are part of a
single large intrusion. In Cana Brava, hydrous phases increase
in gabbroic and dioritic rocks approaching the roof, same as in
the Hydrous Zone of Niquelandia. In both cases, the increase
in hydrous phases is associated to the common presence of
crustal xenoliths. Similarly, both complexes show an
increase in contamination along the stratigraphy and up
to the roof. The isotopic and geochemical variations are com-
parable (Figs. 6, 7, 9 and 10).

At the southern end of Cana Brava, the convergence of
banding and foliation suggests a sort of mega-boudinage of
the entire complex (Figs. 1 and 16) (Correia et al. 1997;
Correia and Girardi 1998; Ferreira Filho et al. 2010), possibly
caused by tectonics during the exhumation of the complexes.
According to Rivalenti et al. (2008) and Correia et al. (2012),
the Upper Sequence of the Niquelandia complex consists
mainly of anorthosites formed by segregation of the anortho-
sitic crystal mush after fractionation of abundant peridotite
cumulates. In Cana Brava, their absence is associated to a
reduced thickness of the cumulus peridotite. Possibly, the an-
orthositic crystal mush formed only above the most important
feeding centre(s), located somewhere in correspondence of
Niquelandia. The decrease in thickness of the Upper
Sequence of the Niquelandia complex to the North suggests
that the anorthosite bands tend to disappear in this direction.
However, the lack of outcrops between Cana Brava and
Niquelandia hides this feature in the field. Therefore, based
on all new and old geochemical data and field observations we
conclude that Cana Brava and Niquelandia are fragments of a
single body.

Conclusions

Field and geochemical evidences are consistent with an
incremental growth of the Cana Brava body in a stress
field that produced a sin-magmatic to high-T foliation
and a granoblastic recrystallization. Structural, geochro-
nological and mineralogical data indicate that the folia-
tion and re-crystallization were not related to a later
metamorphic event as formerly proposed, but were the
consequence of stretching during the emplacement of
the complex. The new chemical and isotopic data pre-
sented in this paper demonstrate that the Cana Brava
complex was contaminated during its growth, similarly
to what has been observed in the Lower Sequence of
Niquelandia. The contamination in the Cana Brava com-
plex shows an effect at the local scale as revealed by
the spread of trace elements and isotope values near
xenoliths-rich layers and a general enrichment along
the stratigraphy, suggesting a progression of the contam-
ination during the growth of the complex.

@ Springer

The Cana Brava complex and the Lower Sequence of
Niquelandia share very similar chemical and textural charac-
teristics and have, within error, the same age. Considered col-
lectively, the two complexes show a continuous northwards
thinning of the entire body as well as of individual bands (e.g.
the ultramafic level). All these observations lead us to con-
clude that, most likely, the two complexes are separate parts of
a single, large mafic body.
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