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a b s t r a c t

TTG suites are the most voluminous granitoid rocks exposed in the Mesoarchean Rio Maria granite-
greenstone terrane (RMGGT), southeastern Amazonian craton. Extensive field work in key areas of the
RMGGT, integrated with petrographic, geochemical, and geochronological studies, the latter employing
the Pb–Pb evaporation and U–Pb LA-MC-ICPMS on zircon techniques, indicates that the TTG magma-
tism in the RMGGT can be divided into three episodes: (1) at 2.96 ± 0.02 Ga (the older rocks of the Arco
Verde tonalite and the Mogno trondhjemite); (2) at 2.93 ± 0.02 Ga (Caracol tonalitic complex, Mariazinha
tonalite, and the younger rocks of the Arco Verde tonalite); and (3) at 2.86 ± 0.01 Ga (Água Fria trond-
hjemite). The new data demonstrate that the Mogno trondhjemite is significantly older than thus far
assumed, reveal the existence of a new TTG suite (Mariazinha tonalite) and indicate that the volume of
TTG suites formed during the 2.86 event was relatively small. The Arco Verde tonalite yielded significant
age variations (2.98–2.93 Ga), but domains with different ages could not be discerned. The tonalitic-
trondhjemitic suites of the RMGGT derived from sources geochemically similar to the metabasalts of the
Andorinhas supergroup that were extracted from the mantle during the Mesoarchean (3.0–2.9 Ga).

Three groups of TTG granitoids were distinguished in Rio Maria: (1) high-La/Yb group, with high Sr/Y
and Nb/Ta ratios, derived from magmas generated at relatively high pressure (>1.5 GPa) from sources with
residual garnet and amphibole; (2) medium-La/Yb group with magmas formed at intermediate pressure
(∼1.0–1.5 GPa), but still in the garnet stability field; and (3) low-La/Yb group with low Sr/Y and Nb/Ta
ratios, crystallized from magmas generated at lower pressures (≤1.0 GPa) from an amphibolitic source
with residual plagioclase. These three geochemical groups do not have a direct correspondence with the
three episodes of TTG generation and a single TTG unit can be composed of rocks of different groups.

A model involving hot subduction underneath a thick oceanic plateau was envisaged to explain the
tectonic evolution of the RMGGT. In this context, the low-La/Yb group was formed from magmas origi-
nated by the melting of the base of a thickened basaltic oceanic crust at comparatively lower pressures
(ca. 1.0 GPa), whereas the medium- and high-La/Yb groups were derived from slab melting at differing

pressures (1.0–1.5 and >1.5 GPa, respectively). Part of the TTG magmas formed between 2.98 and 2.92 Ga
reacted during their ascent with the mantle wedge and were consumed in the process, leaving behind
a metasomatized mantle. 50 m.y. later, at ca. 2870 Ma, thermal events possibly related to slab-break-off
and resultant asthenosphere m
matized mantle to form sanuk
continental crust and could hav
magma.
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antle upwelling or to a mantle plume, induced melting of the metasso-
itoid magmas. These magmas may have heated the base of the Archean
e led to local melting of basaltic crust, forming the Água Fria trondhjemite
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. Introduction

Tonalite–trondhjemite–granodiorite (TTG) associations consti-
ute ∼50% of the rocks exposed in Archean cratons (Condie, 1993).
he TTG associations are the oldest felsic components of cratons,
orm the gneissic basement of preserved Archean continental crust
nd may also form individual, syn- to post-tectonic plutons (Barker
nd Arth, 1976; Barker, 1979; Martin, 1987, 1994; Bickle et al.,
993; Kröner et al., 1996; Martin et al., 1997; Althoff et al., 2000;
ouza et al., 2001; Champion and Smithies, 2007; Moyen et al.,
007). TTG magmatism represents transition from a dominantly
afic crust to a crust with a significant felsic component (Glikson,

979). Crustal stabilization and cratonisation are believed to have
eveloped in short, intense episodes of continental growth, involv-

ng magmatic accretion (e.g. Wells, 1981), tectonic thickening and,
ometimes, high-grade metamorphism (e.g. De Wit, 1998). As a
esult, the TTG rocks form an essential element in the ‘protoconti-
ental’ stage of crustal evolution (Barker, 1979).

TTG suites are the most voluminous granitoid rocks in the
esoarchean Rio Maria granite-greenstone terrane (RMGGT) in the

outhern part of the Carajás province, the largest Archean domain
f the Amazonian craton (Althoff et al., 2000; Souza et al., 2001;
eite et al., 2004; Dall’Agnol et al., 2006; Vasquez et al., 2008). These
ocks were not affected by younger events and generally preserve
riginal igneous structures and textures (Althoff et al., 2000; Leite,
001; Souza et al., 2001; Guimarães et al., 2010), therefore allowing
detailed study of primary magmatic compositions and petrogene-
is of TTG magmas. The studied rocks are relatively well exposed as
hey dominantly occur in deforested areas, and fresh samples are
vailable. In this paper we refine the characterization of the TTG
uites of the RMGGT, building on recent field work, petrography,
ew whole rock geochemical data and zircon geochronology. We
iscuss the geochemical composition and timing of TTG magmatic
vents and and their bearing on crustal evolution.

. Geological setting

The Amazonian craton has been subdivided into several
eochronological provinces that have distinct ages, structural pat-
erns and geodynamic evolution (Tassinari and Macambira, 2004;
antos et al., 2006). Two distinct domains have been distinguished
n the Archean province of the Amazonian craton (Fig. 1b; Souza
t al., 1996; Althoff et al., 2000; Dall’Agnol et al., 2000, 2006;
antos et al., 2006; Vasquez et al., 2008): (1) the Mesoarchean
io Maria granite-greenstone terrane (3.0–2.86 Ga; Machado et al.,
991; Macambira and Lancelot, 1996; Souza et al., 2001; Dall’Agnol
t al., 2006) and (2) the Neoarchean Carajás domain (2.76–2.54 Ga;
achado et al., 1991; Barros et al., 2004; Sardinha et al., 2006).

he basement of the Carajás domain was originated in a similar
eriod as the RMGGT (Macambira and Lafon, 1995; Tassinari and
acambira, 2004; Dall’Agnol et al., 2006). However, the north-

rn domain differs from the RMGGT by having been affected by
eoarchean continental rifting (Gibbs et al., 1986; Macambira,
003), which formed the Carajás basin that is filled voluminous
afic flows and banded iron formations and was metamor-

hosed and deformed during the subsequent closure of the basin.
all’Agnol et al. (2000, 2006) further proposed a Transition domain

Fig. 1b) between the Carajás basin and the RMGGT, intensively
ffected by Neoarchean magmatic and tectonic events of the Cara-
ás domain. Alternatively, the Neoarchean Carajás domain may
orrespond to a magmatic arc (Meirelles and Dardenne, 1991;

eixeira and Eggler, 1994; Lobato et al., 2006; Silva et al., 2006).

Although tonalitic-trondhjemitic associations have also been
ecognized in the Transition domain (Gomes and Dall’Agnol, 2007;
eio, 2009), this paper will focus on the typical Archean TTG suites
hat occur in the RMGGT (Figs. 1b and 2). The rock types of the
Research 187 (2011) 201–221

RMGGT (Fig. 2) are similar in their broad aspects to those found
in other Archean terranes of the world. The RMGGT is composed
of greenstone belts with metakomatiites, metabasalts, metagab-
bros, and subordinate intermediate to felsic metaigneous rocks
with intercalations of metagraywackes (the Andorinhas super-
group; DOCEGEO, 1988; Huhn et al., 1988; Souza et al., 2001).
These rocks are intruded by a variety of 2.98–2.86 Ga granitoids
(Dall’Agnol et al., 2006) (Table 1). Four groups of granitoids have
been distinguished (Dall’Agnol et al., 2006 and references therein):
(1) a 2.98–2.93 Ga TTG series represented by the Arco Verde tonalite
(AVT) and the Caracol tonalitic complex (CTC); (2) the ∼2.87 Ga
Rio Maria sanukitoid suite (Oliveira et al., 2009) composed dom-
inantly of granodiorites, with associated mafic and intermediate
rocks forming enclaves or, locally, small bodies. These rocks are
intrusive into the greenstone belts and the older TTG series and
are intruded by the Água Fria trondhjemite (Leite et al., 2004);
(3) a ∼2.87–2.86 Ga TTG series exposed only in the Rio Maria and
Xinguara areas of the RMGGT, and represented by the Mogno and
Água Fria trondhjemites; (4) ∼2.87–2.86 Ga potassic leucogranites
of calc-alkaline affinity represented by the Xinguara (XG) and Mata
Surrão (MSG) granite plutons and by small granitic stocks (Fig. 2).

Recent studies in the Pau D’Arco area imply the existence of an
additional group of Archean granitoid rocks in the RMGGT. These
Guarantã suite rocks are leucocratic granodiorites to monzogran-
ites (Althoff et al., 2000; Almeida et al., 2010).

The mentioned Archean units of the RMGGT are locally covered
by the sedimentary rocks of the Rio Fresco group (Fig. 2), proba-
bly also of Archean age (Macambira and Lafon, 1995), and were
intruded by the Paleoproterozoic A-type granites of the Jamon suite
and associated dikes (Dall’Agnol et al., 2005).

3. Geology of the TTG suites of the RMGGT

The TTG suites of the RMGGT have thus far been grouped in
two main categories (Table 1): The older TTG suites (Arco Verde
and Caracol tonalitic assemblages) and the younger TTG suites
(Mogno and Água Fria trondhjemites). Our new geochronologi-
cal data, which are tabulated in the supplemental electronic data
table (Appendix A) and summarized in Figs. 3–5, modify this
division substantially. The age and stratigraphic position of the
Mogno trondhjemite is refined and a new TTG suite, the Mariazinha
tonalite, is recognized. We envision four distinct TTG suites that
were formed between 2.98 and 2.92 Ga (Figs. 2 and 10): (1) The Arco
Verde tonalite (2.98–2.93 Ga; Macambira and Lafon, 1995; Rolando
and Macambira, 2003; Almeida et al., 2008); (2) the Mogno trond-
hjemite (∼2.96 Ga; this paper); (3) the Caracol tonalitic complex
(2.95–2.93 Ga; Leite et al., 2004); and (4) the Mariazinha tonalite
(∼2.92 Ga; this paper). The number of younger TTG suites is thus
substantially smaller and includes the Água Fria trondhjemite only.

The Arco Verde tonalite and the Mogno trondhjemite form large
batholiths, whereas the Caracol tonalitic complex and the Mariaz-
inha tonalite are exposed in smaller areas (Fig. 2). The rocks of all
these units are weakly to strongly foliated and commonly show
compositional banding. The intensity of deformation increases in
the vicinity of shear zones, where mylonitic textures are present.
Away from the more intensely deformed zones, igneous textures
are generally well preserved (Althoff et al., 2000).

In the southern sector of the RMGGT, the Arco Verde tonalite
is the dominant unit (Fig. 2). It shows an E–W to WNW–ESE
subvertical non penetrative foliation, includes quartz-dioritic
microgranular enclaves and is cut by veins of leucogranites and

pegmatites (Althoff et al., 2000; Almeida et al., 2008). During
the magmatic stage, vertical layering and, locally, syn-magmatic
shear zones were formed, whereas in the subsolidus stage vertical
schistosity, weak horizontal lineation, and conjugate vertical shear-
zones were developed (Althoff et al., 2000). The Arco Verde tonalite
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Fig. 1. (a) Simplified sketch map of the Amazonian craton showing the geochronological provinces according to proposals of Tassinari and Macambira (2004) and (b)
geological sketch map of the Carajás province showing the Mesoarchean Rio Maria granite-greenstone terrane, Neoarchean Carajás and Transition domains.

Table 1
Geochronological overview of the previous available data for Mesoarchean units of the Rio Maria granite-greenstone terrane.

Stratigraphic unit Rock Method Analyzed material Age (Ma)

Potassic leucogranites
Xinguara granite Leucogranite Pb–Pb Zircon 2865 ± 1 (5)
Mata Surrão granite Leucogranite Pb–Pb Whole rock 2872 ± 10 (11)

Leucogranite Pb–Pb Zircon 2875 ± 11 (3)
Leucogranite Pb–Pb Zircon 2881 ± 2 (3)

Leucogranodiorite–granite group
Guarantã suite Granodiorite Pb–Pb Zircon 2868 ± 5 (10)

Leucogranite Pb–Pb Zircon 2870 ± 5 (9)
Younger TTG series
Mogno trondhjemite Trondhjemite U–Pb Titanite 2871 ± ? (1)

Trondhjemite Pb–Pb Zircon 2857 ± 13 (8)
Trondhjemite Pb–Pb Zircon 2900 ± 21 (8)

Água Fria trondhjemite Trondhjemite Pb–Pb Zircon 2864 ± 21 (5)
Rio Maria sanukitoid suite
Rio Maria granodiorite and rocks related Granodiorite U–Pb Zircon 2874 + 9/ − 10 (2)

Granodiorite U–Pb Zircon, titanite 2872 ± 5 (1)
Quartz diorite Pb–Pb Zircon 2878 ± 4 (7)
Diorite Pb–Pb Zircon 2880 ± 4 (3)
Granodiorite Pb–Pb Zircon 2877 ± 6 (3)

Parazônia tonalite Quartz diorite Pb–Pb Zircon 2876 ± 2 (6)
Tonalite U–Pb Titanite 2858 (1)

Older TTG series
Caracol tonalitic complex (Mariazinha tonalite)a Tonalite Pb–Pb Zircon 2948 ± 5 (5)

Tonalite Pb–Pb Zircon 2936 ± 3 (5)
Tonalite Pb–Pb Zircon 2924 ± 2 (5)a

Arco Verde tonalite Tonalite Pb–Pb Zircon 2964 ± 4 (4)
Tonalite Pb–Pb Zircon 2948 ± 7 (3)
Tonalite Pb–Pb Zircon 2981 ± 8 (3)
Tonalite Pb–Pb Zircon 2988 ± 5 (3)
Tonalite Pb–Pb Zircon 2957 + 25/ − 21 (2)

U–Pb Zircon
Greenstone belts
Andorinhas supergroup Felsic metavolcanic rock U–Pb Zircon 2904 + 29/ − 22 (2)

Metagraywacke U–Pb Zircon 2971 ± 18 (2)
Felsic metavolcanic rock U–Pb Zircon 2972 ± 5 (1)

Data source: (1) Pimentel and Machado (1994), (2) Macambira and Lancelot (1996), (3) Rolando and Macambira (2003), (4) Vasquez et al. (2008), (5) Leite et al. (2004), (6)
Guimarães et al. (submitted for publication), (7) Dall’Agnol et al. (1999), (8) Macambira et al. (2000), (9) Althoff et al. (2000), (10) Almeida et al. (2008), (11) Lafon et al. (1994).

a This rock is correlated with the Mariazinha tonalite in the present paper (see text).
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ig. 2. Geological map of the Rio Maria granite-greenstone terrane showing the loc
uperscript numbers are for references (see Table 1 for references).

uffered a strong regional shortening under conditions ranging
rom high-T (near solidus and subsolidus ductile deformation) to
ow-T (low grade brittle deformation). These structures developed

ostly during cooling of the batholith, under decreasing T gradi-
nt within a regional stress field (Althoff et al., 2000; Dall’Agnol
t al., 2006). The Arco Verde tonalite is intruded by the Guarantã
Almeida et al., 2010) and Mata Surrão granites.

The rocks of the Caracol tonalitic complex are strongly
eformed, but preserve magmatic structures in localized low-
train domains (Leite, 2001). The compositional banding display
W–SE trend and is disturbed by folds or boudins. The tonalites

how enclaves of the greenstone belts and are intruded by the
io Maria granodiorite, Xinguara granite, and Água Fria trond-
jemite.

The Mogno trondhjemite is exposed to the south of Xin-
uara and extends to the north of Bannach (Fig. 2). It is strongly
eformed with NW–SE to E–W trending foliation (Guimarães et al.,
010) and it is intruded by the Mariazinha tonalite (Fig. 2). The
ogno trondhjemite includes mafic enclaves, which probably rep-
esent metabasalts of the Andorinhas supergroup (Souza, 1994).
rondhjemitic stocks intruded by the Paleoproterozoic Bannach
ranite (Fig. 2) have been correlated with the Mogno trondhjemite
Guimarães, 2007) and geochronological studies were done to ver-
fy this hypothesis (cf. Geochronological section).
f the studied samples and a summary of geochronological data currently available.

The Mariazinha tonalite shows conspicuous NE–SW to N–S foli-
ation, commonly accentuated by a banded structure. Its structural
trend contrasts with that of the Mogno trondhjemite. The Mari-
azinha tonalite contains mafic enclaves and it is cross-cut by the
Grotão granodiorite and by veins of leucogranites that are con-
formable or not with the foliation of the tonalite. This unit is also
exposed to the north of the Xinguara pluton and in a quarry located
near its southern border (Leite et al., 2004; this paper).

The youngest TTG generation is represented by the Água Fria
trondhjemite (Fig. 2) that displays NW–SE to WNW–ESE compo-
sitional banding with subvertical dip and includes sparse tonalitic
enclaves that may represent xenoliths of older TTG. The Água Fria
trondhjemite is cross-cut by granitic veins, but the composicional
banding of the trondhjemite is deformed together with concordant
leucogranitic veins from the Xinguara pluton, suggesting that both
units are approximately coeval (Leite, 2001). This evidence was
reinforced by the age of 2864 ± 21 Ma (Leite et al., 2004) obtained
for the Água Fria trondhjemite, almost coincident with that of the
Xinguara pluton (Table 1).
4. Petrography

The rocks of TTG suites of the RMGGT are quite homoge-
nous in texture and mineralogical composition. They have been
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Fig. 3. Diagrams for the dated samples from the Arco Verde Tonalite: (a) Pb-evaporation diagram for the sample MAR-66; (b) Concordia diagram of U–Pb zircon analytical
results for sample MAR-66; (c) Pb-evaporation diagram for the sample MAR-148; (d) Concordia diagram showing discordia line for zircons from sample MAR-148; (e)
Pb-evaporation diagram for the sample MAR-149; (f) Pb-evaporation diagrams for the sample MAR-111. The inserts (b1) and (d1) show representative cathodoluminescence
image of zircon grains. The inserts (b2) and (d2) show the analyses that were included in the age calculation. In the (a), (c) and (e), the vertical gray bar represents the error
for each zircon grain and horizontal thick black bar corresponds to the mean age for the sample.
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Fig. 4. Diagrams for the dated samples from Mogno trondhjemite: (a) single zircon Pb-evaporation age diagram for the sample MFR-53; (b) U–Pb concordia diagram for
zircons from sample MFR-53; (c) Pb-evaporation diagram for the sample FMR-98; (d) Concordia diagram showing discordia line for zircons from sample FMR-98; (e) Pb-
evaporation diagram for the sample FMR-87; (f) Pb-evaporation diagram for the sample AM-03; (g) Pb-evaporation diagrams for the sample MASF-28; (h) Concordia diagram
of U–Pb zircon analytical results for the sample MASF-28. The insert (h1) shows representative cathodoluminescence image of zircon grains. The inserts in (b), (d) and (h2)
show the analyses that were included in the age calculation. In (a), (c), (e), (f) and (g), the vertical gray bar represents the error for each zircon grain and horizontal thick
black bar corresponds to the mean age for the sample.
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Fig. 5. (a–c) Diagrams for the dated samples from Mariazinha tonalite. (a) Single zircon Pb-evaporation age diagram for the sample FMR-25; (b) Single zircon Pb-evaporation
age diagram for the sample AM-02A; (c) Concordia diagram of U–Pb zircon analytical results for sample AM-02A. The insert (c1) shows representative cathodoluminescence
images of zircon grains from sample AM-02A. The inserts (c2) and (d2) show the analyses that were included in the age calculation. In (a) and (b), the vertical gray bar
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epresents the error for each zircon grain and horizontal thick black bar correspond
or sample AM-01 from Água Fria trondhjemite. The insert (d1) shows representativ
d2) show the analyses that were included in the age calculation.

lassified as tonalites or trondhjemites (Appendix A; cf. Le
aitre, 2002). In most units, transition from tonalites to trond-

jemites is generally observed and granodiorites are extremely
are. The only exception is the Água Fria trondhjemite that is
omposed of trondhjemites grading to granodiorites (Appendix
). The contents of mafic minerals vary normally between 1
nd 5 vol.%. The Arco Verde and Mariazinha tonalites and the
aracol tonalitic complex are dominantly composed of tonalites,
hereas in the Mogno unit trondhjemites are largely dominant

ver tonalites and in the Água Fria unit is composed exclu-
ively of trondhjemites. These rocks are composed of calcic
ligoclase, quartz, and biotite as the main minerals. Major horn-

lende is absent in all samples of the studied TTGs (Appendix
). Zircon, allanite, apatite, magnetite, epidote, and titanite are
rimary accessory phases and white mica, chlorite, epidote
replacing plagioclase), hematite, goethite, pyrite, and chalcopyrite
econdary.
e mean age for the sample. (d) Concordia diagram of U–Pb zircon analytical results
odoluminescence images of zircon grains from sample AM-01. The inserts (c2) and

Gray, equigranular, medium- to coarse-grained or seriated rocks
are dominant in most of the TTGs of the RMGGT. Igneous banding
is indicated by alternating biotite- and accessory mineral-rich and
plagioclase- and quartz-rich layers.

In the TTGs, apatite, zircon, magnetite, and allanite are early
crystallized phases. They are followed by plagioclase, which forms
euhedral to subhedral crystals that are usually saussuritized and
zoned (a typical petrographic feature of the Mogno trondhjemite).
Biotite began to crystallize after plagioclase and displays textural
evidence of equilibrium with euhedral epidote. Two magmatic epi-
dote types are distinguished: Epidote with zoned allanite core and
epidote associated with and partially enclosed by biotite. Similar

textural features have been described in the Archean Mata Sur-
rão and Xinguara potassic leucogranites (Duarte, 1992; Leite, 2001)
and in the Rio Maria sanukitoid suite (Oliveira et al., 2009) of the
RMGGT. Quartz probably initiated its crystallization synchronously
or a little later than biotite + epidote; titanite postdates all these
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inerals. Alkali feldspar is a later phase, forming small anhedral
rystals. At the subsolidus stage, chlorite, epidote, and white mica
ere formed.

. Geochronology

We present new geochronological data for the Arco Verde, Cara-
ol, and Mariazinha tonalites as well as the Mogno and Agua Fria
rondhjemites. Besides the Pb–Pb zircon evaporation method, the
A-MC-ICP-MS U–Pb on zircon method was used. For most of the
amples, comparison of the results obtained by these two methods
s now possible.

.1. Sample selection and analytical procedures

Twelve samples of TTG granitoids were selected from four of
he five TTG units of the RMGGT: four of the Arco Verde tonalite
MAR-66, MAR-111, MAR-148, MAR-149); five of the Mogno trond-
jemite (MFR-53, FMR-98, MASF-28, AM-03, FMR-87); two of the
ariazinha tonalite (AM-02A, FMR-25); and one of the Agua Fria

rondhjemite (AM-01). Except for sample AM-01, all were analyzed
y the single zircon Pb evaporation (Appendix A). Six of them were
nalyzed also by LA-MC-ICP-MS (Appendix A) and the sample AM-
1 was analyzed only by that method.

Zircon crystals were concentrated from ca. 10 kg rock sam-
les using a combination of magnetic and gravimetric separation
heavy liquids) and handpicking techniques. For in situ ICP-MS anal-
ses, zircons from the nonmagnetic fractions were hand-picked
nd mounted on adhesive tape, imbedded in an epoxy-resin pellet
nd then polished to about half of their size. Cathodoluminescence
maging of the crystals was carried out using a Mono-CL detector
ttached to a scanning electron microscope (LEO 1430) at the Scan-
ing Electron Microscopy Laboratory of the Geosciences Institute
f Federal University of Pará (UFPA).

LA-MC-ICP-MS U–Pb isotopic analyses were performed at the
eochronology laboratory of the University of Brasília (UnB) and
ollowed analytical procedures described by Buhn et al. (2009).
efore of the analyses, mounts were cleaned with dilute (ca. 2%)
NO3. The mounts were put into an especially adapted laser cell
f a New Wave UP213 Nd:YAG laser (� – 213 nm), linked to a
hermo Finnigan Neptune multi-collector ICPMS. Helium was used
s the carrier gas and was mixed with argon before entering the
CP source. The laser was run at a frequency of 10 Hz and energy
f 0.4 mJ/pulse and a focused laser beam of 20–40 �m in diameter
as employed depending on the sample grain size.

Two international zircon standards were analyzed through-
ut the U–Pb analyses. GJ-1 (Jackson et al., 2004) was used as
he primary standard in a standard-sample bracketing method,
ccounting for mass bias and drift correction. The resulting correc-
ion factor for each sample analyses considers the relative position
f each analyses within the sequence of four samples bracketed by
wo standard and two blank analyses each (Albarède et al., 2004).
QZ was run at the start and the end of each analytical session,
ielding an accuracy around 2% and a precision in the range of 1%.
he errors of sample analyses were propagated by quadratic addi-
ion of the external uncertainty observed for the standards to the
eproducibility and within-run precision of each unknown analy-
es. The instrumental set-up and further details of the analytical
ethod applied are given by Buhn et al. (2009).
The masses of 204Pb, 206Pb and 207Pb were measured with ion

ounters, and 238U was analyzed on a Faraday cup. The signal of

02Hg was monitored by an ion counter for the correction of the
sobaric interference between 204Hg and 204Pb. The signals during
blation were taken in 40 cycles of 1 s each. For data evaluation, only
oherent intervals of signal response were considered. Data reduc-
ion was performed with an in-house Excel spreadsheet, which
Research 187 (2011) 201–221

considers blank values, zircon standards composition and errors,
and error propagation. The 204Pb signal intensity was calculated
and corrected using a natural 202Hg/204Hg ratio of 4.346. Common
Pb correction was applied for zircons with 206Pb/204Pb lower than
1000, applying a common lead composition following the Stacey
and Kramers (1975) model. Plotting of U–Pb data was performed
by ISOPLOT v.3 (Ludwig, 2003) and errors for isotopic ratios are
presented at the 1� level.

Zircon dating by the single grain Pb evaporation method (Kober,
1986) was carried out at the Laboratório de Geologia Isotópica
(Pará-Iso) of the UFPA, Brazil. Isotopic ratios were measured on
a FINNIGAN MAT 262 mass spectrometer and data were acquired
in the dynamic mode using the ion-counting system of the instru-
ment. Three evaporation steps of the Pb from zircon of a maximum
of five minutes each were performed at 1450, 1500, and 1550 ◦C. For
every step of evaporation, a step age is calculated from the average
of the 207Pb/206Pb ratios. The age of the sample is calculated from
the results of the highest temperature step of all crystals. When
different heating steps of the same grain gave similar ages, all of
them were included in the age calculation. Crystals or steps show-
ing lower ages probably reflect Pb loss after crystallization and were
not included in sample age calculation. Weighted mean and errors
on the ages were calculated following Gaudette et al. (1998). Com-
mon Pb corrections were made according to Stacey and Kramers
(1975) and analyses with 206Pb/204Pb ratios lower than 2500 were
rejected, thus minimizing the effects of common Pb correction.
207Pb/206Pb ratios were corrected for mass fractionation by a factor
of 0.12 ± 0.03 per a.m.u, given by repeated analyses of the NBS-982
standard. Analytical uncertainties are given at the 2� level.

5.2. Zircon morphology and internal structure

Most zircon grains from the TTG rocks of the RMGGT are brown-
ish elongated prismatic crystals (width/length ratios varying from
2:1 to 4:1), with length ranging from 150 to 400 �m, euhedral to
subhedral shape and, in some cases, rounded terminations. Under
cathodoluminescence, these crystals show well developed oscil-
latory zoning (insert in Figs. 3b, d, 4h and 5c, d), which indicates
crystallization from a magma. In general, these crystals present
low luminescence, but some grains also have U-enriched, bright
zones (insert in Fig. 3b), preferentially located at the borders of
the crystals and generally coincident with the rounded areas of
the original euhedral crystals, probably reflecting processes of
partial dissolution–reprecipitation of the original zircon grains.
Possible inherited cores were not distinguished in the analyzed
grains. Zircon grains from samples AM-03 (Mogno trondhjemite)
and AM-01 (Água Fria trondhjemite) have distinct morphologies
and internal structures. In sample AM-03 (Mogno trondhjemite),
the dominant zircon population consists of clear, colorless to pink,
transparent crystals (Fig. 4f), which are rounded or shortly elon-
gated (width/length ratios varying from 1:1 to 2:1 and lengths
ranging from ca. 100 to 200 �m). Zircons from sample AM-01 (Água
Fria trondhjemite) are also subhedral to euhedral but differ from
those of the other TTGs by their strongly metamict character and
common occurrence of corroded border zones as well as of partially
dissolved cores with a spongiform aspect (insert in Fig. 5d). These
features suggest a more complex evolution for the zircon of these
rocks when compared with other TTGs of the RMGGT.

5.3. Results
Isotopic analyses for single grain Pb evaporation and LA-MC-
ICP-MS methods and the modal and chemical compositions of the
analyzed rocks are given in Appendix A. The location of the dated
samples is shown in Fig. 2.
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.3.1. Arco Verde tonalite: samples MAR-66, MAR-148, MAR-149,
nd MAR-111

Single zircon Pb-evaporation analyses of seven zircon grains
rom MAR-66 gave a weighted mean age of 2928 ± 2 Ma
MSWD = 3.2; Fig. 3a). An higher age of 2952 ± 2 Ma was observed
n one crystal. Twenty-one zircon grains from the same sample

ere investigated by U–Pb LA-MC-ICP-MS. For the exclusion of
pots from age calculation the following general criteria were used:
1) the common lead content (the 206Pb/204Pb ratio should not be
ower than 1000); (2) the degree of discordance (not using data

here the discordance is higher than 10%); and (3) the analytical
recision (not using the data where the isotopic ratios have error
reater than 3%). Employing these criteria, 13 spots define an upper
ntercept discordia age of 2935 ± 8 Ma (MSWD = 3.6). Reducing the
iscordance to a maximum of 2%, only seven data-points are con-
ordant (Appendix A) and define a concordia age of 2941 ± 5 Ma
MSDW = 0.076; Fig. 3b). We consider this age as the crystalliza-
ion of the MAR-66 sample of the Arco Verde tonalite and interpret
he 2952 ± 2 Ma Pb-Pb age observed in one of the zircon crystals as
nherited.

Five grains from sample MAR-148 yielded a mean Pb–Pb age
f 2926 ± 2 Ma (MSWD = 0.91) whereas two other grains which are
orphologically distinct from the dominant population yielded the

ge of 2961 ± 14 Ma (Fig. 3c) interpreted as inheritance. U–Pb LA-
C-ICP-MS analyses of 21 zircon crystals were performed and 12 of

hem were discarded on the basis of the criteria mentioned above.
he 9 remainder zircon analyzes defined an upper intercept age
Fig. 3d) of 2948 ± 4 Ma (MSWD = 1.6).

Samples MAR-149 and MAR-111 were analyzed only by the
ingle zircon Pb-evaporation method. Five zircon grains from MAR-
49 yielded a mean age of 2937 ± 3 Ma (MSWD = 1.6; Fig. 3e). 11
ircon grains from sample MAR-111 yielded variable 207Pb/206Pb
ges of 2973 ± 11 Ma (MSWD = 10), 2953 ± 8 Ma (MSWD = 5.4), and
932 ± 3 Ma (MSWD = 2.2; Fig. 3f).

The two new U–Pb on zircon LA-MC-ICP-MS ages obtained for
he Arco Verde tonalite vary from 2941 ± 5 Ma to 2948 ± 4 Ma. The
b-evaporation zircon age of sample MAR-149 approach these val-
es (2937 ± 3 Ma). Dating of sample MAR-111 gave inconclusive
esults but one of the three suggested ages (2953 ± 8 Ma) is super-
osed with those given by the other analyzed samples. These data
uggest that the age interval of 2940–2950 Ma could correspond
o the crystallization age of the studied samples of the Arco Verde
onalite. This would imply that the significantly older age yielded
y sample MAR-111 (2973 ± 11 Ma) could be related to inherited
ircon crystals in the same way as the older zircon grains of the sam-
les MAR-66 and MAR-148. These older ages approach some of the
ges available in the literature for this TTG unit (2990–2960 Ma; cf.
able 1). The whole data, therefore, indicate a significant contrast
n age between the dated rocks of the Arco Verde suite. However,
t is not possible so far to distinguish different domains in this unit
sing neither ages, nor geological, petrographic, and geochemical
ata. Moreover, it is necessary a refinement of geochronological
ata in this unit for the understanding of the contrast observed
etween the Pb-evaporation and U–Pb zircon ages. By the moment,
ll the studied rocks are considered to belong to the Arco Verde
onalite suite. A ∼50 m.y. age interval for TTG suites has also been
escribed from other Archean cratons (Barberton, Moyen et al.,
007; Pilbara, Champion and Smithies, 2007; Karelia, Käpyaho
t al., 2006).

.3.2. Mogno trondhjemite: samples MFR-53, FMR-98, FMR-87,

nd AM-03

Three zircon grains from sample MFR-53 yielded a mean Pb–Pb
ge of 2962 ± 8 Ma (MSWD = 8.6; Appendix A) or, excluding the
lightly divergent zircon analyze, an age of 2961 ± 2 Ma (MSWD = 0;
ig. 5a). Additional analyses were made on 21 zircon crystals from
Research 187 (2011) 201–221 209

the same sample by the U–Pb LA-MC-ICP-MS method and ten anal-
yses defined an upper intercept age at 2961 ± 16 Ma (MSWD = 1.17;
Fig. 4b), which coincides with the Pb–Pb age and is interpreted as
the crystallization age of the rock.

Three zircon crystals from sample FMR-98 yielded a mean Pb–Pb
evaporation age of 2968 ± 2 Ma (MSWD = 0.52; Fig. 4c). 28 U–Pb
analyses by LA-MC-ICP-MS were reduced to 12 spots using the
criteria mentioned above. Reducing the maximum degree of dis-
cordance to 7% and eliminating two analyzes with clearly lower
and divergent 235U/207Pb ratios, the remainder 8 analyzes give an
upper intercept at 2972 ± 9 Ma (MSWD = 3.4; Fig. 4d) coincident
with the Pb–Pb age and interpreted as the crystallization age of
sample FMR-98.

The FMR-87 and AM-03 samples were analyzed only by the sin-
gle zircon Pb-evaporation method. Four zircon grains from sample
FMR-87 yielded a mean age of 2959 ± 5 Ma (MSWD = 1.8; Fig. 4e)
and three crystals from sample AM-03 yielded a mean age of
2959 ± 2 Ma (MSWD = 0.048; Fig. 4f). These ages were interpreted
as the crystallization ages of the FMR-87 and AM-03 samples.

The four samples from the Mogno trondhjemite yielded ages
around 2960 ± 10 Ma which should correspond to the crystalliza-
tion age of the Mogno trondhjemite. This differs remarkably from
the three ages available in the literature which are ∼90 to 70 m.y.
younger (Pimentel and Machado, 1994; Macambira et al., 2000; cf.
Table 1). From those ages, an age of 2871 Ma was obtained by U–Pb
in titanite but there is no clear evidence of magmatic origin for the
titanite in these rocks and its formation could be secondary and
related to thermal effects of the Rio Maria granodiorite dated of
∼2.87 Ga (Oliveira et al., 2009; cf. Table 1). The other two ages are
Pb evaporation zircon ages from which the analytical data were
not published and, in fact, we have no means to evaluate objec-
tively the mentioned analyses. However, the consistency of the
results obtained in our work and the contrast with the younger
ages available in the literature suggests that the latter were not
entirely confident and should correspond to rejuvenated or poorly
defined ages.

5.3.3. Trondhjemitic stock to the east of the Bannach pluton:
sample MASF-28

A representative sample (MASF-28) of the thondhjemitic stock
located to the east of the Paleoproterozoic Bannach pluton (Fig. 2)
was selected for zircon dating by the U–Pb LA-MC-ICP-MS and
single zircon Pb-evaporation methods. Pb-evaporation analyses
were performed on eight zircon crystals from sample MASF-28.
Two grains yielded individual ages of 2967 ± 2 Ma and 2978 ± 9 Ma
(Fig. 4 g) that superpose within errors with those obtained by the
U–Pb on zircon ICP-MS method. Twenty-two spot analyses on 18
zircon grains of the sample MASF-28 were also performed by the
U–Pb LA-MC-ICP-MS. However, only 4 of the 22 spots could be
retained employing the criteria previously defined due to the large
discordance and high errors of almost all analyzes. The remainder
for analyzes did not define any confident age.

5.3.4. Mariazinha tonalite: samples FMR-25 and AM-02A
Four zircon grains from sample FMR-25 yielded a Pb-

evaporation mean age of 2925 ± 3 Ma (MSWD = 2.6; Fig. 5a),
interpreted as the best estimate for the crystallization age.

Sample AM-02A was collected in a large quarry, near the town
of Xinguara, in the vicinities of the southern contact between the
Xinguara pluton and the Caracol tonalitic complex (Fig. 2). Three
zircon crystals gave a weighted Pb–Pb average age of 2920 ± 11 Ma

(MSWD = 14; Appendix A) and, discarding the age of the slightly
divergent zircon, a two zircon age of 2917 ± 2 Ma (MSWD = 0.014;
Fig. 5b). Eighteen zircon crystals were analyzed by U–Pb LA-MC-
ICP-MS. 11 zircon analyzes were discarded because of their high
discordande, and six for the large analytical errors. Three ana-
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yzes (grains z1, z4, z18) have defined an upper intercept age of
956 ± 8 Ma (MSWD = 0.075, Fig. 5c) and these grains were inter-
reted as inherited zircons. The analyze z17 was also discarded
ecause of its high 207Pb/235U. The six remainder spot analyses
ielded a concordia age of 2912 ± 5 Ma (MSWD = 1.4; Fig. 5c). This
ge coincides within error with the Pb-evaporation age and is inter-
reted as the crystallization age of sample AM-02A.

Leite et al. (2004) reported the Pb-evaporation age of
924 ± 2 Ma for a tonalite representative of a TTG pluton located
o the northwest of Xinguara (Fig. 2 and Table 1). This pluton was
ncluded by Leite et al. (2004) in the Caracol tonalitic complex. How-
ver, the TTG rocks forming that pluton display a NS to NE–SW
oliation, discordant with the dominant NW–SE to EW foliation
rend of the Caracol tonalitic complex. The structural trend, the
eochemical characteristics and the age of that pluton are coinci-
ent with those of the Mariazinha tonalite and, for this reason, it is

nterpreted here as associated with that TTG unit.
The geochronological data demonstrate that the Mariazinha

onalite is younger than the Mogno trondhjemite and significantly
lder than the Parazônia quartz diorite (2876 ± 2 Ma; Table 1;
uimarães et al., submitted for publication). The Mariazinha

onalite is also older than the Grotão granodiorite (Fig. 2), which
ncludes angular enclaves of the former, and show a yet poorly
efined but apparently younger age (Guimarães et al., submitted
or publication).

.3.5. Caracol tonalitic complex
The only ages available for the Caracol tonalitic complex are

he Pb-evaporation ages in zircon previously published (Table 1;
eite et al., 2004). Those were obtained in samples located to the
outh and west of Xinguara and are, respectively, of 2948 ± 5 Ma
nd 2936 ± 3 Ma. These ages suggest that the Caracol tonalitic com-
lex is significantly younger than the Mogno trondhjemite and a

ittle older than the Mariazinha tonalite from which it differs also
n the dominant structural trend (Fig. 2; Guimarães et al., 2010).
or these reasons, we consider the Caracol tonalitic complex as a
istinct TTG unit.

.3.6. Agua Fria trondhjemite: sample AM-01
Sample AM-01 was analyzed by the U–Pb LA-MC-ICP-MS

ethod. Twenty-seven analyses performed on 23 zircons resulted
n strongly discordant analytical points. These results are consis-
ent with the metamictic and spongiform aspect of most zircon
rystals of this sample. Twenty-two analyses were discarded due to
igh discordance or high analytical errors and two additional anal-
ses due to their divergent 207Pb/235U ratios. Three spots define
discordant line with an upper intercept age of 2843 ± 10 Ma

MSWD = 0.19; Fig. 5d). This age is unconclusive but it is simi-
ar to that obtained by the Pb-evaporation method (2864 ± 21 Ma;
able 1; Leite et al., 2004). Despite the weakness of the obtained age,
t should approach the crystallization age of the Agua Fria trond-
jemite, because their rocks were emplaced simultaneously with
he Xinguara granite and should be coeval with this relatively later
mplaced granite aged of 2865 ± 1 Ma (Leite et al., 2004).

Assuming an age of ∼2860 Ma for the Água Fria trondhjemite,
ts age will be around 100–60 m. y. younger than those obtained for
he other TTG units of the RMGGT, only a few m. y. younger than
he sanukitoid series (Rio Maria granodiorite and similar rocks) and
imilar to that of the potassic leucogranites (Xinguara and Mata Sur-

ão plutons). Moreover, the exclusion of the Mogno trondhjemite
f the younger TTG group makes clear that the contribution of
his younger TTG event to the evolution of the Rio Maria granite-
reenstone terrane was more limited than previously supposed
Dall’Agnol et al., 2006; Vasquez et al., 2008).
Research 187 (2011) 201–221

6. Geochemistry

6.1. Major elements

Representative chemical compositions of the TTG of the RMGGT
are given in Appendix A. The SiO2 contents range between 64
and 73.5 wt.% and most oxides are negatively correlated with SiO2
(Fig. 6a–e). Exceptions are K2O and Na2O, which do not define clear
trends. These correlations are generally shown by the samples of
individual suites, as well as by the whole analyzed samples. A large
majority of the TTG of the RMGGT belongs to the high-Al group
(Barker and Arth, 1976), with subordinate low-Al TTG occurring in
the Arco Verde tonalite, the Caracol tonalitic complex and the Água
Fria trondhjemite. However, variations in Al contents in the differ-
ent studied suites are perceptible. Higher Al contents are shown
by the Mariazinha tonalite and Mogno trondhjemite, and compar-
atively lower Al contents are observed in the Arco Verde tonalite,
Caracol tonalitic complex and Água Fria trondhjemite (Fig. 6a). The
studied TTGs have geochemical affinities with rocks of the sub-
alkaline, calc-alkaline series (Fig. 7a), and most of the analyzed
samples plot in the medium-K series domain, with the Mariaz-
inha tonalite showing lower K2O contents compared to the other
TTG suites, plotting preferentially in the low-K series field (Fig. 6d).
For rocks of similar silica contents, Na2O is generally lower in the
Arco Verde tonalite and Caracol tonalitic complex compared with
the Mogno and Água Fria trondhjemites and Mariazinha tonalite
(Fig. 6e). In the classification of Barker (1979), the studied rocks
are tonalites and trondhjemites, granodiorite is rare (Fig. 7b). They
are ferromagnesian oxide-poor (Fe2O3 + MgO + MnO + TiO2 mostly
≤5%, except for the tonalites with lower silica contents), dis-
play A/CNK values between about 0.9 and 1.1 (Fig. 7c), and have
low K2O/Na2O ratios (generally <0.5) and moderate to low Mg#
(0.45–0.27). The sodic character of the TTG granitoids of the RMGGT
is demonstrated in the K–Na–Ca plot (Fig. 7d; Barker and Arth,
1976; Martin, 1994). All the geochemical characteristics observed
in the studied rocks are typical of TTG rocks (Martin, 1994).

6.2. Trace elements

Considering only high precision ICP-MS data and rejecting
anomalous values, the RMGGT TTG rocks display low con-
centrations of compatible transition elements [Ni (1–24 ppm),
Cr (2–29 ppm) and V (11–75 ppm)], relatively low HFSE [Nb
(2–17 ppm), Ta (0.1–2.9 ppm), Zr (95–254 ppm), Y (2–34 ppm), Hf
(3–8 ppm)], and variable LILE contents, with low Rb (24–137 ppm)
and moderately high Sr (218–771 ppm) and Ba (156–965 ppm)
(Appendix A).

The samples of the TTG suites of the RMGGT show scattered
distribution of LILE and HFSE contents (Fig. 6f, g and h). However,
some relevant geochemical contrasts between rocks of the different
suites can be observed: Ba contents tend to be lower in the Mari-
azinha tonalite compared to the Mogno trondhjemite, and quite
variable in the other TTG units (Fig. 6f). Sr contents are significantly
distinct in the different suites. They tend to increase from the Arco
Verde tonalite (lowest Sr contents of the studied TTGs) to the Mari-
azinha tonalite and Mogno trondhjemite (Appendix A and Fig. 11).
It is also worth noting that, despite the higher silica content of its
rocks, the Mogno trondhjemite shows similar Sr contents as the
Mariazinha tonalite, indicating the relative Sr-rich signature of the
former. The Arco Verde tonalite, Caracol tonalitic complex and Água
Fria trondhjemite are enriched in Rb compared to the Mariazinha

tonalite and Mogno trondhjemite (Fig. 6g). There is also a clear dis-
tinction in Nb contents that are higher in the Arco Verde tonalite
than in the Mariazinha tonalite and Mogno trondhjemite.

The REE patterns of the RMGGT TTGs show enrichment in LREE
and are variably depleted in HREE, allowing, associated with the
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Fig. 6. (a–e) Major element (in wt%) and (f–h) selected trace elements (in ppm) Harker diagrams for the TTG suites of the Rio Maria granite-greenstone terrane. Field in g
according to Peccerillo and Taylor (1976).
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ig. 7. Diagrams showing the distribution of samples of the TTG granitoids of the Ri
971); (b) Normative feldspar triangle (O’Connor, 1965) with fields from Barker (
950); (d) K–Na–Ca plot. Trends for calc-alkaline (CA) and trondhjemite (Tdh) serie
r/Y ratios, the discrimination of three distinct groups (Fig. 8;
able 2): High La/Yb ratio TTGs – This group is characterized by high
La/Yb)N ratios [mostly 40–131 (mean = 78)], absence of significant
u negative anomaly [generally 0.8 < Eu/Eu* < 1.1 (mean = 0.9)]. This
roup includes the majority of the samples and is the dominant

able 2
eochemical characteristics for the TTG groups discussed in this paper.

Types SiO2 (wt%) A12O3 (La/Yb)N ratio Nb/Ta ratio Sr/Y ra

High-La/Yb group 65–73 (70) 14–17(16) 40–131 (78) 6–30 (14) 61–366
Medium-La/Yb group 66–73 (70) 14–16(15) 20–49 (33) 4–17 (9) 28–86
Low-La/Yb group 64–72 (68) 14–17(15) 5–18 (9) 3–8 (6) 5–52(1

15) – average.
ia granite-greenstone terrane. (a) FMA (Fe–Mg-alkali) diagram (Irvine and Baragar,
; (c) [Al2O3/(CaO + Na2O + K2O)] mol vs. [Al2O3/(K2O + Na2O)] mol diagram (Shand,
efined by Barker and Arth (1976). Gray field of Archaean TTG (Martin, 1994).
group for the Mariazinha tonalite and Mogno trondhjemite. How-
ever, it contains also samples of the Arco Verde tonalite, Água Fria
trondhjemite and Caracol tonalitic complex (Fig. 8a); Medium La/Yb
ratio TTGs – The second group displays less fractionated REE pat-
terns [20 < (La/Yb)N < 49; mean = 33] and is also devoid of significant

tio Eu/Eu* #Mg Cr Ni A/CNK

(113) 0.8–1.1(0.9) 0.2–0.4 (0.3) 10–29 (20) 0.7–24 (7) 0.86–1.08(1.01)
(47) 0.7–1.0 (0.9) 0.3–0.5 (0.3) 1.5–26 (14) 0.6–19(7) 0.97–1.18(1.03)
0.5) 0.5–0.7 (0.6) 0.3–0.5 (0.3) 6.5–27 (17) 5–15(10) 0.93–1.06(0.99)



J.d.A.C. de Almeida et al. / Precambrian Research 187 (2011) 201–221 213

terns

n
i
f
T
(
[
e
s
a
t
i
i
A
i

c
r
h
M
r
t
L

Fig. 8. Chondrite normalised (Evensen et al., 1978) REE pat

egative Eu anomalies [0.7 < Eu/Eu* < 1.0 (mean = 0.9)]. This group
s composed of samples of all TTG units, but it is the major group
or the Caracol tonalitic complex (Fig. 8b); Low La/Yb ratio TTGs –
his group is characterized by flat HREE patterns [5 < (La/Yb)N < 18
mean = 9)] and moderate to pronounced negative Eu anomalies
generally, 0.5 < Eu/Eu* < 0.7 (mean = 0.6)]. This group is formed
ssentially by the Arco Verde tonalite, including also an isolated
ample of the Caracol tonalitic complex (Fig. 8c). In La/Yb vs. Sr/Y
nd La/Yb vs. Yb plots (Martin, 1986), the three groups are dis-
inguished (Fig. 9a and b). A concave shape of the HREE patterns
s commonly observed in the Caracol tonalitic complex, Mariaz-
nha tonalite, and in the samples of the high La/Yb group of the
rco Verde tonalite, suggesting that hornblende was probably an

mportant fractionating phase during the evolution of these rocks.
The Low La/Yb group tends to have higher Y and low Sr contents

ompared to the other groups and hence low Sr/Y ratios (5–52). This
atio increases to the Medium-La/Yb group (28–86) and attains the

ighest values in the High-La/Yb group (61–366; Fig. 9b and Table 2).
oreover, there is a positive correlation between Sr/Y and La/Yb

atios (Fig. 9b). The Nb/Ta ratios are variable and normally lower
han the primitive mantle. They tend to decrease from the High-
a/Yb group [6–30 (mean = 14)] to the Medium-La/Yb group [(4–17
for TTG suites of the Rio Maria granite-greenstone terrane.

(mean = 9)], the lowest values are found in the Low-La/Yb group
[3–8 (mean = 6)]. There is a reasonably strong positive correlation
between Nb/Ta and Sr/Y and between Nb/Ta and La/Yb (Fig. 9c).
The different TTG groups do not show remarkable contrasts in their
Mg# [MgO/(MgO + FeOt) = (0.45–0.27)] values, as well as in their Cr
(2–29 ppm) and Ni (1–24 ppm) contents, which are relatively low
in all studied TTG units. These values differ notably from the max-
imum values found in Mesoarchean to Neoarchean TTGs (Martin
and Moyen, 2002). The rocks of the High-La/Yb and Medium-La/Yb
groups are somewhat more peraluminous than those of the Low
La/Yb group.

7. Discussion

7.1. Timing of TTG magmatism in the Rio Maria
granite-greenstone terrane
Our geochronological data (Appendix A) together with previ-
ously reported data, define a sequential evolution for the TTG rocks
in the Rio Maria granite-greenstone terrane (Fig. 10). The earli-
est TTG magmatism is recorded by the 2.98–2.93 Ga Arco Verde
tonalite (Macambira and Lancelot, 1996; Rolando and Macambira,
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Fig. 9. (a) La/Yb vs. Yb; (b) La/Yb vs. Sr/Y; (c) Nb/Ta vs. La/Yb diagrams used to dis-
criminate the different groups of TTG granitoids of the Rio Maria granite-greenstone
terrane.
Research 187 (2011) 201–221

2002, 2003; this study) and the 2.96 Ga Mogno trondhjemite (this
study). The Caracol tonalitic complex (Leite et al., 2004) shows ages
around 2.94 Ga. A subsequent tonalitic-trondhjemitic intrusive
event took place at ∼2.92 Ga and is represented by the Mariazinha
tonalite. The youngest period of TTG generation happened ∼60 m.y
later at ca. 2.86 Ga and is represented by the Água Fria trondhjemite
of limited areal distribution in the RMGGT.

It is now demonstrated that the major activity of TTG magma-
tism in the RMGGT was concentrated between 2.98 and 2.92 Ga
(Fig. 10). The older age defined for the Mogno trondhjemite
(Figs. 4 and 10; Appendix A) indicated that the younger TTG
event (∼2.86 Ga) was less relevant for the evolution of the RMGGT
than previously assumed. The Arco Verde tonalite is the TTG unit
with the largest geochronologic data set and it shows significant
age variations in between 2.98 and 2.93 Ga. The data obtained
in the present work are mostly concentrated around 2.93 Ga and
are generally superposed within errors with those of the Cara-
col tonalitic complex and Mariazinha tonalite (Fig. 10). Some of
the new dated samples with lower ages carry inherited zircons
with ages of ∼2.95 to 2.97 Ga (Figs. 3a, c, f and 5c). The available
data on the Arco Verde tonalite suggest that this TTG unit is not
uniform and includes TTGs with significant age variation. These
TTGs could not be distinguished in the field on the present scale
of mapping. A similar picture also emerges from other Archean
cratons (Barberton, Moyen et al., 2007; Pilbara, Champion and
Smithies, 2007; Karelia, Käpyaho et al., 2006). Overall, three major
events of TTG formation can be identified in the RMGGT (Fig. 10):
2.96 ± 0.02 Ga (Mogno trondhjemite and the older rocks of the Arco
Verde tonalite), 2.93 ± 0.02 Ga (Caracol tonalitic complex, Mariaz-
inha tonalite, and the younger rocks of the Arco Verde tonalite), and
2.86 ± 0.01 Ga (Água Fria trondhjemite).

Whole-rock Nd isotope data for the TTG of the RMGGT have
been obtained by Rämö et al. (2002) and Rolando and Macambira
(2003). The Arco Verde tonalite and Caracol tonalitic complex
show lower values of 147Sm/144Nd compared to the Mariazinha
tonalite and Agua Fria trondhjemite. The TDM ages (De Paolo,
1981) show restrict variation and tend to be a little older in the
Arco Verde tonalite, Mogno trondhjemite, Caracol tonalitic com-
plex, and Mariazinha tonalite (2911–3020 Ma), compared to the
Água Fria trondhjemite (2857–2914 Ma). The restrict variation in
TDM ages, little varying, positive values of εNd (+1.4 to +2.6), and
TDM ages close to the crystallization ages imply that the tonalitic-
trondhjemitic crust of the RMGGT derived from sources that were
extracted from the mantle during the Mesoarchean (3.0–2.9 Ga)
and thus had a short crustal residence time. The probable sources
for the TTG magmas of the RMGGT are the metabasalts of the Andor-
inhas supergroup or rocks with similar geochemical compositions
(greenstone belts; Althoff et al., 2000; Souza et al., 2001; Leite,
2001). Considering the areal distribution of the >2.92 Ga TTGs at
least ca 60% of the Archean crust of the RMGGT was formed at that
time.

7.2. Geochemical characteristics as petrogenetic indicators of the
RMGGT TTG magmas

The distinction between high- and low-Al2O3 TTGs (Barker
and Arth, 1976; Barker, 1979) emphasized the crucial role of,
respectively, garnet + hornblende vs. plagioclase as residual phases.
Barker (1979) defined high-Al2O3 TTGs as those with more than
15 wt.% of Al2O3 at 70 wt.% of SiO2. This TTG group presents gen-
erally low Rb and moderate to high Sr contents, is moderately

enriched in light REEs, but depleted in heavy REE and shows either
no negative Eu anomaly or a small positive or negative one. The
low-Al type has A12O3 < 15% at 70 wt.% of SiO2, low abundances
of Sr and Rb and commonly shows moderately enriched light REE
and flat heavy REE patterns, with negative Eu anomalies. Following
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ig. 10. Summary of geochronological data presented in this study obtained by P
ogether with previously reported data (black bars) for the timing of TTG magmatis

trictly the definition of Barker (1979), almost all analyzed TTGs
f the RMGGT are high-Al2O3 type. However, there are significant
ontrasts in the Al2O3 contents in the studied TTGs (Fig. 6a), with
he Mogno trondhjemite and Mariazinha tonalite showing higher
l2O3, the Caracol tonalitic complex and the Água Fria trondhjemite

ntermediate values, and the Arco Verde tonalite the lowest Al2O3
ontents. A similar picture is shown by Na2O (Fig. 6e), whereas the
2O displays a reverse behavior (Fig. 6d).

Some trace elements (REE, Sr, Y, Nb, and Ta) are extremely
ensitive to the pressure of melting and are partitioned in
arkedly different ways in eclogitic (garnet-clinopyroxene-rutile)

r amphibolitic (amphibole-plagioclase-ilmenite) assemblages
Martin, 1994; Foley et al., 2002; Klemme et al., 2002; Rapp et al.,
003; Xiong et al., 2005; Moyen and Stevens, 2006; Moyen, 2009).

t is also known that the nature and modal proportion of mineral
hases is modified with pressure (e.g., plagioclase destabilizes and
arnet becomes stable at higher pressure). As a consequence, the
bundance of residuals phases showing high partition coefficients
or REE, Sr, Y, Nb, and Ta, controls the geochemical characteristics
nd imply pressure conditions of TTG magmas genesis.

The strongly fractionated REE patterns, with low HREE and Y,
nd the high Sr and Eu contents and Sr/Y ratios exhibited by high-
nd medium-(La/Yb) groups of the RMGGT (Figs. 8 and 9a, b) could
eflect either melting in the presence of garnet and amphibole (both
ave high Kd for HREE and Y) or magma evolution controlled by

ractionation of hornblende and garnet. In contrast, the less frac-
ionated REE patterns, with higher HREE and Y, and the lower Sr
nd Eu contents and Sr/Y ratios displayed by the low-(La/Yb) group
Figs. 8 and 9a, b) indicate the presence of plagioclase among the
ractionated phases (Kd > 1 for Sr and Eu in plagioclase), either
y the presence of residual plagioclase during partial melting or
ia its fractionation during magma differentiation. Previous stud-
es have shown that TTG liquids in equilibrium with garnet were
roduced at pressures of 1 GPa and above (Sen and Dunn, 1994;
olf and Wyllie, 1994; Rapp and Watson, 1995; Winther, 1996;
oyen and Stevens, 2006) and that pressure is the determinant

arameter for garnet or plagioclase equilibrium in mafic assem-

lages. Moyen and Stevens (2006) emphasized that low pressure
elts in equilibrium with plagioclase but not with garnet show low

r and high Y and Yb contents, whereas in high pressure melts in
quilibrium with garnet, the reverse is observed as Sr is released
ue to plagioclase breakdown, while Y and Yb are locked in gar-
on zircon evaporation (gray bars) and LA-ICP-MS on zircon methods (white bars)
he Rio Maria granite-greenstone terrane (references in the text).

net. Furthermore, tonalite liquids are obtained at ca. 1000 ◦C, below
15 kbar, and require higher temperatures as pressure goes up (to
ca. 1200 ◦C at 30 kbar) (trondhjemite liquids are generated at tem-
peratures below 1000 ◦C).

Partial melting of an amphibolitic source composed of relatively
low Mg# amphiboles (Mg# less than about 70) yield low Nb/Ta liq-
uids (Foley et al., 2002). However, Rapp et al. (2003) argued that
Archaean TTG displays a very wide range in Nb/Ta ratios and partial
melting of hydrous basalt in the eclogite facies initially with sub-
chondritic Nb/Ta also produces granitoid liquids with low Nb/Ta.
Therefore, the meanings of the Nb/Ta ratios remain contentious and
they can indicate either distinctive pressure condition or different
source for the TTG magmas.

Similar to most Archean TTG, the Rio Maria TTGs display low
and variable Nb/Ta ratios that increase from the low-(La/Yb) to the
high-(La/Yb) group (Fig. 9c). The Nb/Ta ratios display positive cor-
relation with [(La/Yb); Fig. 9c] and Sr/Y ratios. This behavior can
be explained by pressure variations with the presence of residual
rutile (in the case of an eclogitic source), or by changes in the magma
sources (e.g., low-Mg# amphibolitic source).

The overall geochemical characteristics of the RMGGT TTGs give
strong indication that the high-(La/Yb) group (Mogno trondhjemite
and Mariazinha tonalite) derived from magmas generated at rela-
tively high pressures (ca. 1.5 GPa) from sources able to leave garnet
and possibly amphibole as residual phases. In contrast, the mag-
mas forming the low-(La/Yb) group (dominated by the Arco Verde
tonalite) were generated at lower pressures (ca. 1.0 GPa) from
an amphibolitic source with plagioclase as a residual phase. The
medium-(La/Yb) group (Caracol tonalitic complex, Água Fria trond-
hjemite), was formed at intermediate pressure conditions, but still
in the garnet stability field.

These conclusions are reinforced by geochemical modelling
(Leite, 2001), which indicates that the dominant TTGs from Caracol
tonalitic complex [medium- and subordinate high-(La/Yb) groups;
Fig. 8] were probably originated from partial melting of garnet
amphibolites derived from tholeiites similar in composition to
Archean metabasalts (Martin, 1987) or from the metabasalts of

the Identidade greenstone belt (Souza et al., 2001). The calculated
residue comprised garnet, clinopyroxene, plagioclase, hornblende,
orthopyroxene, and ilmenite, and the degree of partial fusion
required would be 25–30% and 10–15%, respectively, for the aver-
age Archean metabasalts and for the Identidade ones. On the other
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and, the low-(La/Yb) TTGs from the same unit were possibly
ormed from a liquid derived from a garnet-free and plagioclase-
nriched similar source with a degree of partial fusion around 10%.

.3. Comparison with other TTG series

In the East Pilbara Terrane of the Pilbara craton, Champion and
mithies (2007) identified high- and low-Al2O3 series TTG grani-
oids that range in age from ∼3.50 to 3.42 Ga and ∼3.32 to 3.24 Ga,
espectively. The two series are not temporally distinct, in the sense
hat both age groups contain low- and high-Al TTGs. On the other
and, in the Barberton granite-greenstone terrane (Moyen et al.,
007), all TTG suites are included in the high-Al series and divided in
wo sub-series, one composed mainly of leucocratic trondhjemites
ith high Sr and Na2O contents and low Y values (high-Sr sub-

eries) and another of tonalites to trondhjemites and granodiorites
ith lower values of Sr and Na2O and more elevated Y contents

low-Sr sub-series). In contrast to the TTG suites of Pilbara, in Bar-
erton there is a correlation between geochemical signature and
ge of TTG granitoids (Moyen et al., 2007). The older plutons (ca.
.45 Ga) belong to the high-Sr sub-series, whereas the younger
3.23–3.21 Ga) plutons are predominantly of the low-Sr sub-series
ype. In the Karelian and Kola cratons of the Fennoscandian shield,
wo different groups of TTGs could also been distinguished on the
asis of Sr content (Halla, 2005; Käpyaho et al., 2006; Halla et al.,
009): a low silica, high-Sr group and a relatively low-Sr group with
ariable silica content.

In the case of the TTGs suites of the TGGRM, almost all ana-
yzed samples belong to the high-Al group, but there are significant
ontrasts in Al2O3 and Sr between different TTG units (Fig. 6a). In
ontrast to Barberton and similar to Pilbara TTGs, there is no dis-
ernible correlation between geochemical composition and age of
he TTG units of the RMGGT. Some units, such as the Arco Verde
onalite and Caracol tonalitic complex, contain rocks of both groups.
hese TTGs are plotted in an Sr vs. SiO2 diagram (Fig. 11). Data on
he TTGs from Barberton and Pilbara and from the Karelian and
ola cratons are also shown for comparison. The field of the high-
l, high-Sr TTG group of Pilbara is largely superposed with those of

he low-Sr subseries of Barberton and both TTG groups of Karelian
nd Kola. The low-Al, low-Sr TTG group of Pilbara and the high-Sr
ub-series of Barberton define two independent and distinct fields.
ost of the RMGGT TTGs are concentrated in the field of high-Al,

igh-Sr of Pilbara and in the low-Sr sub-series of Barberton (Fig. 11).
owever, a large number of samples of the Arco Verde tonalite
lot in the the low-Al, low-Sr field of Pilbara and the Mogno trond-
jemite samples tend to plot along the border between the low-Sr
nd high-Sr sub-series of Barberton.

The three distinct TTG geochemical groups distinguished in this
aper in the RMGGT [low-, medium- and high-(La/Yb)] can be most
robably correlated to depth or pressure of their magma gene-
is (cf. Moyen et al., 2007; Halla et al., 2009). In the RMGGT, the
igh- to medium-(La/Yb) dominant TTGs are similar in Sr and SiO2
ontents to the high-Al, high-Sr group of Pilbara, to the low-Sr
ub-series of Barberton, and to both Sr groups of Karelian and
ola cratons (Fig. 11). These rocks include samples of all TTG units
nd were probably formed in the stability field of garnet at pres-
ures of 10–15 kbar. The Arco Verde low-Al, low-Sr, low-(La/Yb)
TGs were formed at lower pressures (≤10 kbar) in the stability
eld of plagioclase. Finally, the high-(La/Yb) TTGs of the Mogno
rondhjemite, which fall between the low-Sr and high-Sr fields
f Barberton TTGs (Fig. 11), were derived from magmas formed

n the garnet stability field (≥15 kbar) and probably at somewhat
ower temperature (<1000 ◦C; cf. Moyen et al., 2007). The Mariaz-
nha tonalite magma was also formed at relatively higher pressures
ompared to the dominant TTGs of RMGGT, but probably via a larger
egree of partial melting than the Mogno trondhjemite magma (it
Research 187 (2011) 201–221

has lower silica content than Mogno trondhjemite). This implies a
higher (≥1100 ◦C) melting temperature for the Mariazinha tonalite
magma.

The positive correlation between Nb/Ta and Sr/Y and La/Yb
(Fig. 9c) ratios observed in the RMGGT TTGs is indicative of that
the Nb/Ta ratio is also sensitive to pressure and thus reflects the
depth of magma generation.

7.4. Possible mantle wedge influence in TTG composition

Many authors argue that TTG magmas generated in subduction
zones show high Mg#, Ni, and Cr due to assimilation of mantle peri-
dotite during their ascent (Martin, 1999; Rapp et al., 1999; Martin
et al., 2005). According to Smithies and Champion (2000), some
TTG from the Abitibi subprovince (Superior Province) and Pilbara
craton (e.g., Shaw Granitoid Complex) show geochemical evidence
of mantle interaction. The same is true for adakites, the modern
equivalents of Archean TTG restricted to subduction zones (Martin
and Moyen, 2002).

Martin and Moyen (2002) emphasized the variable influence
of the mantle wedge in the composition of TTGs through geologic
time and claimed that Early Archean TTG were relatively impover-
ished in Mg#, Ni, Cr, and Sr compared to Late Archean TTGs. They
explained these compositional contrasts between TTGs along time
by slab melting at different depths. Higher geothermal gradients
in Early Archean induced slab melting at lower pressures (plagio-
clase stability field) and thus explain the lesser contribution of the
mantle wedge to TTG composition as well as the relatively lower
Sr contents of older TTGs. However, Smithies (2000) and Condie
(2005) argued that these geochemical features are not uniform in
different Archean cratons and could also be explained by partial
melting of the root zones of thick oceanic plateaus.

The TTGs of the RMGGT have ages concentrated between 2.98
and 2.86 Ga (Fig. 10). Their compositions in terms of Mg#, Cr, Ni,
and Sr are not compatible with those of the <3.0 Ga TTGs, according
to Martin et al. (2005) and they generally approach those reg-
istered in >3.0 Ga TTGs. Some subtle differences are observed in
the RMGGT, with the Mogno trondhjemite and Mariazinha tonalite
showing higher Sr contents (Fig. 11), the former also with some-
what higher Mg# and Ni values compared to the other TTG units
(Appendix A). These features reinforce the hypothesis of origin
of the Mogno trondhjemite magma at higher pressures. For the
remainder TTG units of the RMGGT (and to some extent also for the
Mogno trondhjemite) there is little geochemical evidence of signif-
icant interaction with the mantle wedge. This could be explained by
slab melting at shallow depths (Martin and Moyen, 2002), relatively
low temperature of the mantle wedge, or by generation of TTG mag-
mas from the melting of thickened basalt plateaus (Smithies, 2000;
Condie, 2005). The first explanation is less likely, because geo-
chemical contrasts between the TTG units of the RMGGT indicate
significant variations in depth of magma generation with increas-
ing influence of garnet in the melting residue from the low-(La/Yb)
to the high-(La/Yb) groups.

7.5. Petrogenesis of the RMGGT TTGs and geodynamic
implications

There is a general agreement that TTG magmas were generated
by partial melting of hydrous metabasaltic rocks transformed
into garnet bearing amphibolite or eclogite, under a variety of
fluid conditions. These conclusions are supported by geochemical

modelling (Martin, 1994; Martin and Moyen, 2002; Moyen et al.,
2003) and experimental petrology (Rapp, 1994; Sen and Dunn,
1994; Zamora, 2000; Moyen and Stevens, 2006), as well as by
the study of modern analogues such as adakites (Drummond and
Defant, 1990; Martin, 1999).
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ig. 11. SiO2 vs. Sr diagram showing the distribution of samples of the TTG suites o
Champion and Smithies, 2007), Barberton granite-greenstone terrane (Moyen et a
estern Karelian and Kola cratons (Halla et al., 2009) is also shown for comparison

The geodynamic context of TTG sources is subject to contro-
ersy and boils down to whether or not plate tectonics operated
uring the Archaean (De Wit, 2001). Some authors contend that
TGs are generated by melting of metabasalt at the base of a thick-
ned oceanic crust (Smithies, 2000; Condie, 2005), whereas others
elieve that TTGs are produced by partial melting of a subducted,
asaltic oceanic crust (Condie, 1989; Martin, 1994; Rollinson, 1997;
artin and Moyen, 2002; Moyen et al., 2003). Low-angle, and flat

ubduction of oceanic crust has also been proposed as a model for
rchaean crustal growth. In this model, contradicted by van Hunen
t al. (2004), the Archean oceanic crust may have been thickened,
ither underplated through magmatic processes (Rudnick, 1995;
lbarède, 1998) or underthrust during flat subduction (De Wit,
998; Smithies, 2000) and interaction between the TTG magmas
nd the mantle wedge could inexist. More recently, Moyen et al.
2007) proposed that there is no conclusive evidence in favor of
ither hypothesis. An alternative hypothesis would be that deep
elting in the lower part of thick basaltic oceanic crust produced

he low-HREE TTGs and melting of subducting slab and interac-
ions with the mantle wedge in shallower depths generated the

igh-HREE TTGs (Halla et al., 2009).

Althoff et al. (2000) suggested that strong external forces asso-
iated with plate convergence were operative between 2.96 and
.90 Ga in the Rio Maria terrane. Building on this, Leite (2001)
roposed that the evolution of the Xinguara area involved two dif-
io Maria granite-greenstone terrane and the fields for TTG series of Pilbara craton
7) and eastern Finland (Martin, 1987). The average composition of TTGs from the

ferent stages: at 2.96–2.92 Ga, the evolution would not been related
to subduction and was similar to that of Pilbara (Champion and
Smithies, 2007) and Dharwar (Choukroune et al., 1997) cratons;
at ca. 2.87 Ga subduction-related processes generated sanukitoid
series and younger TTG units. Souza et al. (2001) proposed an
intra-oceanic island arc setting for the metavolcanics rocks and
associated plutonic rocks of the RMGGT.

A model to explain the tectonic setting of the RMGGT should
consider the fact that most TTG units were formed during a com-
paratively limited time interval (2.98–2.92 Ga) and show significant
geochemical variations that point to generation of their magmas at
varying depths. These TTGs may have been derived from magmas
formed from slab melting at different depths. This could explain
the geochemical contrasts between TTGs. However, in this case
one would expect a stronger interaction between TTG magmas
and the mantle wedge and there is little geochemical evidence
for that. On the other hand, if the TTG magmas were generated
from melting at the base of a dominantly basaltic thickened crust
with a high geothermal gradient, the minimum melting tempera-
ture should have reached 700–800 ◦C (Condie, 2005) – this would

be realistic. However, it is doubtful that a pressure corresponding
to the stability domain of garnet [necessary to explain the gen-
eration of high-(La/Yb) TTGs], could have been attained. In this
context, a mixed model, similar to that proposed by Halla et al.
(2009), can be envisaged for Rio Maria (Fig. 12). In the case of the
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ig. 12. Schematic representation of the geodynamic setting for the genesis of the
io Maria TTG suites.

MGGT, the low-(La/Yb) group (similar to the high-HREE of Halla
t al., 2009) would have been formed by melting of the base of
thickened basaltic oceanic crust at comparatively lower pres-

ures (ca. 1.0 GPa), whereas the medium- and high-(La/Yb) groups
ould have been derived from slab melting at increasing differ-

nt pressures (1.0–1.5 for the medium (La/Yb) and >1.5 GPa for
he high-(La/Yb) group; Fig. 12a). Some of these TTG magmas then
eacted enroute with the mantle wedge and were totally consumed,

esulting an altered metasomatized mantle (Fig. 12b).

This model requires that the Rio Maria crust at ∼3.0 Ga was thick
nough to generate the low-(La/Yb) TTGs at the pressures required.
0 m.y. later, at ∼2.87 Ga (Fig. 12b), thermal events possibly related
o slab break-off and asthenosphere mantle upwelling (Halla et al.,
Research 187 (2011) 201–221

2009) or advent of a mantle plume, may have induced the melting
of metasomatized mantle reorganized by assimilation of TTG melts
and generation of sanukitoid magmas (Oliveira et al., submitted
for publication). These magmas may have heated the base of the
Archean continental crust and could have lead to the local melting
of the basaltic crust, forming the Água Fria trondhjemite magma.
The lower εNd values of the samples of the later (compared with
those of the remainder TTG suites) are indicative of small yet sig-
nificant crustal residence time for the protoliths of the Agua Fria
trondhjemite and are consistent with the proposed model.

8. Conclusions

The data presented in this paper lead to the following conclu-
sions:

(1) The TTG record in the RMGGT comprises three magmatic events
at at 2.96 ± 0.02 Ga (the older rocks of the Arco Verde tonalite
and the Mogno trondhjemite), 2.93 ± 0.02 Ga (Caracol tonalitic
complex, Mariazinha tonalite, and the younger rocks of the Arco
Verde tonalite), and at 2.86 ± 0.01 Ga (Água Fria trondhjemite).
The new data show that the Mogno trondhjemite is significantly
older than previously thought, reveal a new TTG suite (Mari-
azinha tonalite), and indicate that the volume of TTG suites
formed during the ∼2.86 Ga event was relatively small.

(2) The tonalitic-trondhjemitic crust of the RMGGT was derived
from sources geochemically similar to metabasalts of the
Andorinhas supergroup, extracted from the mantle during the
Mesoarchean (3.0–2.9 Ga).

(3) Three groups of TTG granitoids are distinguished in Rio Maria:
(1) high-La/Yb group, with high Sr/Y and Nb/Ta ratios, derived
from magmas generated at relatively high pressures (>1.5 GPa)
from sources leaving garnet and amphibole as residual phases;
(2) medium-La/Yb group which magmas formed at intermedi-
ate pressure conditions (∼1.0 to 1.5 GPa), but still in the garnet
stability field; and (3) low-La/Yb group, with low Sr/Y and Nb/Ta
ratios, crystallized from magmas generated at lower pressures
(∼1.0 GPa), from an amphibolitic source that left plagioclase as
a residual phase. These three geochemical groups do not have a
straight correspondence with the three episodes of TTG gener-
ation and a same TTG unit can be composed of rocks of different
groups.

(4) A model involving subduction of hot oceanic crust underneath
a thick oceanic plateau explains the origin of the RMGGT.
The low-La/Yb group was formed from magmas generated by
melting of the base of thickened basaltic oceanic crust at com-
paratively lower pressure (ca. 1.0 GPa), whereas the medium-
and high-La/Yb groups were derived from slab melting at
increasingly different pressures (1.0–1.5 and >1.5 GPa, respec-
tively). Some of these TTG magmas reacted during ascent with
the mantle wedge, metasomatizing the mantle lithosphere. 50
m. y. later, at ca. 2870 Ma, thermal events, possibly related to
slab breakoff and asthenosphere mantle upwelling (or man-
tle plume), induced melting of the metasomatized mantle and
generation of sanukitoid magmas. These magmas heated the
base of the Archean continental crust and led to local melting
of basaltic crust, forming the Água Fria trondhjemite magma.
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