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The rocks of 2.87 Ga Rio Maria sanukitoid suite of the eastern Amazonian craton include granodiorites, inter-
mediate rocks, layered rocks and mafic enclaves. Their REE patterns and the behavior of Rb, Ba, Sr, and Y
allowed the distinction of a granodioritic (granodiorite and intermediate rocks) and a monzonitic (mafic en-
claves) sanukitoid series. Petrogenetic modeling indicated that the granodiorites and intermediate rocks
are not related by fractional crystallization. The internal evolution of the intermediate rocks were leaded
by fractionation of amphibole + biotite + apatite, whereas the granodiorites evolved by fractionation of
plagioclase 4+ amphibole + biotite. The layered rocks were probably derived from the granodiorite
magma by an accumulation of 50% of amphibole (dark layer) and of 30% of amphibole + plagioclase (gray
layer). The petrogenesis of the Rio Maria suite required melting of a modified mantle extensively metaso-
matized by addition of about 30% TTG-like melt to generate the granodiorite (11% of melt) and intermediate
magmas (14% of melt), and ~20% TTG-like melt in the case of mafic enclave magma (9% of melt).
Modeling and geochemical data, particularly the behavior of Sr and Y, suggest that mafic enclave and
granodiorite magmas were originated at different depths and should have mingled during their ascent
and final emplacement. The modal and geochemical differences observed between the granodioritic and
monzonitic sanukitoid series of Rio Maria are apparently a general feature of the Archean sanukitoids.
This indicates the existence of at least two distinct sanukitoid series and suggests that the nature of the
sanukitoid series is strongly dependent of the pressure of magma generation.

Our results indicate that the sanukitoid magmas were originated in a two stage process. The envisaged
model admits an active subduction tectonic setting in the Rio Maria terrane in between 2.98 and 2.92 Ga
when the TTG magmas responsible by the mantle metasomatism were generated (first stage). At
~2.87 Ga, a tectonothermal event, possibly related to slab-break-off or due to the action of a mantle
plume, induced the partial melting of the metasomatized mantle and generated the Rio Maria sanukitoid
magmas (second stage).
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1. Introduction

In several cratons, Meso to Late Archean evolution (<3.0 Ga) was
characterized by intense magmatic activity. The TTG suites are the
more voluminous rocks formed in Archean terranes, but the rele-
vance of high-Mg granitoids (sanukitoids) was also demonstrated
(Stern et al., 1989; Moyen et al., 2003; Smithies et al., 2004; Halla,
2005; Heilimo et al., 2010). Sanukitoid rocks display geochemical
characteristics similar to both mantle- and crust-derived magmatic
rocks and were identified in various Archean terranes (cf. Heilimo
et al., 2011 and references therein). Independent of the processes
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responsible for their origin, it is widely accepted that TTG series de-
rived from partial melting of hydrated metabasalts (Martin, 1994,
1999; Bédard et al., 2003; Smithies et al., 2004; Condie, 2005; Martin
et al., 2005). On the other hand, the role of TTG magmas in the origin
of sanukitoid suites remains controversial and the petrogenesis of the
latter is not well constrained.

To explain the origin of sanukitoid magmas several processes have
been tested. Stern et al. (1989) modeled contamination of basaltic or
komatiitic magmas by a LILE-rich felsic crust. They concluded that the
interaction between mafic or ultramafic melts and crustal material
could not have produced the compositions of primitive sanukitoids.
However, Pb isotopic data indicate a significant crustal influence in
sanukitoid magma evolution and their generally high Ba and Sr con-
tents were attributed to recycling of sedimentary rocks associated
with the slab (Halla, 2005). Additionally, partial melting of mantle pe-
ridotite that had been previously metasomatized by TTG melts (Evans
and Hanson, 1997; Smithies and Champion, 2000) or slab-melts
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that had assimilated peridotite during ascent through mantle wedge
(Martin et al., 2005; Rapp et al., 2010), offer an alternative explana-
tion for the petrogenesis of these rocks (Rapp et al., 1999, 2007,
2010). Another hypothesis advocates that fluids liberated by slab
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dehydration processes would be responsible for the mantle metaso-
matism (Halla, 2005).

Smithies and Champion (2000) showed that sanukitoids are late-
to post-kinematic intrusions (Stern et al., 1989; Evans and Hanson,
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Fig. 1. (a) Location of the studied area in the Amazonian craton; (b) Geological map of the Rio Maria granite-greenstone terrane (modified from Leite, 2001).
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Fig. 2. Geological map of Bannach area (Oliveira et al., 2006).

1997), which are in general not temporally associated with the TTG
magmas (Lobach-Zhuchenko et al., 2005; Heilimo et al., 2011). High-
Mg suites are the only Archean granitoid series that appears to be de-
rived from the mantle (Moyen, 2011), and an understanding of its pet-
rogenesis, tectonic setting and possible relationship to the TTG series
may clarify the processes involved in the Archean crustal evolution.
Typical sanukitoid rocks have been identified in the Rio Maria
granite-greenstone terrane, southeast of the Amazonian craton and
form the ~2.87 Ga old Rio Maria suite (Althoff et al., 2000; Oliveira

Q
/\

et al,, 2009, 2010). These rocks are post-kinematic intrusions into
2.98 to 2.90 Ga supracrustal sequences and TTG suites. This paper pre-
sents extensive geochemical data on the sanukitoid rocks from the
Bannach area representative of the Rio Maria suite. The aim of this
paper is to explore geochemical data with modeling techniques to dis-
cuss the contrasts between granodioritic and monzonitic sanukitoid
series, the sources and evolution of the sanukitoid magmas, and to
contribute to clarifying the role of convergent plate margin processes
and mantle metasomatism in the origin of sanukitoid series.
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Fig. 3. QAP and Q-(A + P)-M plots for the rocks of the Rio Maria suite. Data sources: Granodiorites and intermediate rocks (Oliveira, 2005); Mafic enclaves (Oliveira et al., 2010).
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Table 1
Chemical composition of the rocks of the Rio Maria suite (Bannach area).
Layered rocks Mafic enclaves
Facies Dark layer Gray later EBAD to EBAQMz
Sample MFR-07B  MFR-12B  ADR-1  MFR- CR-71 MFR-12A°  MFR-27C MD-02C MD-03A 299 MD-02A ADR-2 MD-02B MD-03B
Si0y(wt.%) 50.92 52.60 54.04 50.14 52,60 53.41 50.51 51.38 52.89 53.03 533 54.98 55.46 56.64
TiO, 0.73 0.56 0.63 0.97 0.70 0.78 0.88 0.72 0.69 0.72 0.69 0.61 0.55 0.85
Al,03 12.11 10.91 13.02 13.08 13.21 14.76 16.19 13.77 15.63 13.56 12.29 14.34 13.09 13.28
Fe,03 4,16 3.28 341 363 11.89 4,07 5.06 11.15 9.58 10.49 10.2 3.59 8.94 9.05
FeO 5.96 5.96 3.41 7.08 n.d. 4.83 4.46 n.d. n.d. n.d. n.d. 414 n.d. n.d.
MnO 0.15 0.15 0.13 0.15 0.15 0.13 0.13 0.2 0.17 0.18 0.19 0.14 0.17 0.16
MgO 9.94 10.51 7.37 8.48 9.17 5.98 5.65 7.38 6.28 8.39 7.43 5.82 6.61 6.61
Ca0 8.21 9.3 8.15 8.81 8.55 7.88 7.61 8.36 7.66 7.79 7.42 6.73 6.24 6.52
Na,0 2.49 2.06 2.86 2.60 2.36 2.99 4.06 3.53 4.72 2.87 2.31 3.86 2.59 3.83
K0 2.04 1.03 1.74 1.72 1.94 2.00 233 1.94 1.1 2.32 423 3.07 4.96 1.76
P,05 0.22 0.15 0.17 0.17 0.24 0.23 0.45 0.37 0.33 0.25 0.31 0.27 0.29 0.31
LOI 2.10 2.50 2.30 2.00 n.d. 2.10 1.90 0.80 0.60 n.d. 1.20 1.60 0.60 0.60
Total 99.03 99.01 99.10  98.83 100.81 99.16 99.23 99.56 99.65 99.60 99.57 99.15 99.50 99.61
Ba(ppm) 511 442 527 608 nd. 711 344 468 199 1145 1088 876 1382 417
Rb 118 39 80 77 115 84 140 89 56 98 125 94 101 77
Sr 477 335 507 494 422 604 800 508 544.8 445 357.7 463 338 436
Zr 97 81 92 87 116 99 165 140 151 129 118 105 103 153
Nb 5 4 5 5 5 5 7 8 7 11 11 11 7 7
Y 17 17 17 23 15 19 23 23 22 24 25 23 19 23
Ga 17 14 17 18 n.d. 20 25 19 20 n.d. 16 20 15 17
Th 8 6 6 6 n.d. 6 1 2 2 n.d. 2 5 2 3
Ni 105 61 80 82 n.d. 57 46 40 18 n.d. 40 47 40 52
Cr 253 417 239 212 nd. 171 103 397 226 n.d. 506 281 465 335
La 33 243 25.4 31.8 n.d. 27.6 28.5 25.00 25.4 n.d. 224 29 184 30.8
Ce 62.8 43.7 55.2 67.2 n.d. 53.9 77.1 67.2 60.4 n.d. 64.8 721 50.2 71.00
Pr 6.47 5.28 5.69 6.97 n.d. 6.54 10.11 10.41 9.85 n.d. 10.43 9.42 7.99 10.41
Nd 25.1 20.9 24.5 28.9 n.d. 271 44 41.6 435 n.d. 43.00 404 32.8 41.8
Sm 4.80 4.10 4.50 6.10 n.d. 5.30 8.60 8.40 8.35 n.d. 8.61 7.50 6.62 7.91
Eu 1.29 1.14 133 1.69 n.d. 1.59 1.73 1.58 1.62 n.d. 1.75 1.52 1.27 1.59
Gd 4,04 3.59 3.64 5.06 n.d. 4,74 5.71 6.65 6.64 n.d. 6.92 5.8 5.4 6.7
Tb 0.60 0.51 0.58 0.82 n.d. 0.72 0.86 0.97 0.88 n.d. 0.96 0.98 0.74 0.88
Dy 2.82 2.79 2.89 3.90 n.d. 337 435 4.94 4.36 n.d. 4.66 4.00 3.83 4.50
Ho 0.54 0.53 0.6 0.77 n.d. 0.69 0.78 0.87 0.81 n.d. 0.87 0.74 0.71 0.8
Er 1.51 1.52 1.68 2.14 n.d. 1.82 2.05 2.41 214 n.d. 2.33 2.04 1.88 2.16
Tm 0.23 0.24 0.19 0.33 n.d. 0.26 0.29 0.37 032 n.d. 0.38 0.27 0.28 0.35
Yb 1.55 1.36 141 1.8 n.d. 1.48 1.7 2.24 1.85 n.d. 2.3 1.73 1.69 1.88
Lu 0.22 0.2 0.23 0.3 n.d. 0.25 0.25 0.32 0.28 n.d. 0.34 0.29 0.26 0.28
SREE 144.97 110.16 127.84 157.78 nd.  135.36 186.03 172.96 166.4 n.d. 169.75 175.7 132.07 181.06
(La/Yb)n 14.37 12.06 1216 11.92 n.d. 12.59 11.32 7.53 9.27 n.d. 6.57 11.31 7.35 11.06
(La/Sm)n 433 3.73 3.55 3.28 n.d. 3.28 2.09 1.87 1.92 n.d. 1.64 243 1.75 245
(Dy/Yb)n 1.18 133 1.33 1.41 n.d. 1.48 1.66 143 1.53 n.d. 1.32 1.5 1.47 1.56
Eu/Eu* 0.9 0.91 1.0 0.93 n.d. 0.97 0.75 0.65 0.67 n.d. 0.69 0.7 0.65 0.67
Rb/Sr 0.25 0.12 0.16 0.16 0.27 0.14 0.17 0.18 0.10 0.22 0.35 0.20 0.30 0.18
Sr/Ba 0.93 0.76 0.96 0.81 n.d. 0.85 2.32 1.09 2.74 0.39 0.33 0.53 0.24 1.04
K/Na 0.54 033 0.40 0.44 0.54 0.44 0.38 0.36 0.15 0.53 1.20 0.52 1.26 0.30
FeOt/(FeOt + MgO) 0.49 0.46 0.47 0.55 0.54 0.59 0.61 0.58 0.58 0.53 0.55 0.56 0.55 0.55
Mg# 0.64 0.67 0.61 0.59 0.60 0.55 0.55 0.56 0.56 0.61 0.59 0.58 0.59 0.59

Data source: Oliveira (2005). Chemical ratios: Mg# molecular ratio Mg/(Mg + Fe); K/Na molecular ratio. Eu/Eu* =EuN/(0.5 (SmN + GdN)). E = epidote; B = biotite; A= amphi-
bole; Qz = quartz; D = diorite; MzD = monzodiorite; Mz = monzonite; GD = granodiorite; MzG = monzogranite.

2. Geologic setting

The Rio Maria sanukitoid suite is exposed in the Carajas province
of the eastern Amazonian craton (Machado et al., 1991; Macambira
and Lafon, 1995; Ramo et al., 2002; Dall'Agnol et al., 2006). The Cara-
jas province comprises mostly Archean rocks intruded by Paleopro-
terozoic anorogenic granites (Dall'Agnol et al., 2005).

The Carajas province is divided into the Rio Maria granite-green-
stone terrane (3.0 to 2.86 Ga; Macambira and Lafon, 1995; Dall'Agnol
et al., 2006, 2011), and the Carajas domain (3.0 to 2.55 Ga; Machado
et al, 1991; Macambira and Lafon, 1995; Barros et al., 2001). The
Rio Maria granite-greenstone terrane (RMGGT; Fig. 1b) consists of
greenstone belts and Archean granitoids partially covered by sedi-
ments of the Rio Fresco group.

In the RMGGT, the greenstone-belts (Andorinhas supergroup) are
composed mostly of komatiites and tholeiitic basalts (2.98-2.90 Ga;

Huhn et al., 1988; Souza et al., 2001). The Archean granitoids have
ages between 2.98 and 2.86 Ga and five principal groups have been
distinguished (Dall'Agnol et al., 2011): (1) An older tonalitic-trondh-
jemitic series (TTG) represented by the Arco Verde, Caracol and Mar-
iazinha tonalites and the Mogno trondhjemite (~2.98 to 2.92 Ga;
Althoff et al., 2000; Leite et al., 2004; Guimaraes et al., 2010; Almeida
etal, 2011); (2) The 2.87 Ga Rio Maria sanukitoid suite formed by the
different occurrences of the Rio Maria granodiorite and associated
rocks (Medeiros, 1987; Macambira and Lancelot, 1996; Althoff et al.,
2000; Leite et al., 2004; Oliveira et al., 2009, 2010); (3) A 2.87 Ga leu-
cogranodiorite-leucogranite group (Guaranta suite and similar rocks;
Almeida et al., 2010); (4) A younger TTG series represented by the
Agua Fria trondhjemite (2.86 Ga; Leite et al., 2004; Almeida et al,,
2011); and (5) 2.87 to 2.86 Ga Xinguara and Mata Surrdo calc-alka-
line potassic leucogranites (Lafon et al., 1994; Leite et al., 2004;
Almeida et al., 2010). The last shearing deformational event occurred
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Intermediate rocks

Granodiorites

Facies EBAQzD to EBAQzMD EBAGD to EBAMzG

Sample ADR-4A ADR-4B ADR-5 MFR-102 MFR-100D ADR-7  MFR-114 MFR-27 MFR-111 MFR-29 ADR-3A MFR-112 MFR-91A MFR-80A
Si02(wt.%) 58.47 60.51 61.75 62.15 63.29 63.61 62.52 63.23 63.66 63.66 63.9 64.58 64.72 66.49
TiO2 0.47 0.44 0.43 0.39 0.38 037 0.46 0.49 0.42 0.45 0.43 0.42 0.39 0.33
Al203 14.02 14.03 1396 145 14.97 14.94 15.23 14.82 14.87 14.84 14.82 14.65 14.98 14.55
Fe203 2.46 237 2.89 234 2.51 3.12 291 2.8 2.81 3.00 291 2.86 271 227
FeO 3.94 343 2.44 2.56 1.96 141 1.97 1.89 1.64 1.48 1.65 1.47 1.49 1.32
MnO 0.09 0.09 0.07 0.07 0.06 0.06 0.07 0.06 0.06 0.06 0.06 0.06 0.06 0.05
MgO 5.81 5.37 4.62 411 2.89 2.86 2.61 2.49 2.31 2.31 2.39 2.28 2.06 1.85
Ca0o 5.88 4.73 4.84 4.65 4.18 4.03 44 4.36 3.99 4.17 4.02 3.77 4.08 3.02
Na20 3.77 4.04 3.98 4.21 4.36 4.4 43 4.21 4.19 4.09 4.05 4.04 4.29 4.13
K20 221 2.16 2.31 2.24 2.57 2.66 293 3.01 3.32 3.22 3.21 3.44 2.98 3.75
P205 0.17 0.18 0.16 0.14 0.15 0.13 0.17 0.15 0.15 0.14 0.14 0.15 0.12 0.14
LOI 1.90 1.90 1.90 2.00 2.00 1.80 1.60 1.80 1.90 1.90 1.80 1.50 1.50 1.40
Total 99.19 99.25 9935 99.36 99.32 99.39 99.17 99.31 99.32 99.32 99.38 99.22 99.38 99.30
Ba(ppm) 812 701 847 830 1008 1090 1139 1175 1052 1022 1098 1064 1044 1089
Rb 73 72 72 74 87 82 98 103 113 112 109 122 101 116

Sr 745 618 724 828 872 905 692 661 615 611 576 567 632 512

Zr 94 94 101 94 95 103 113 126 103 131 109 110 113 122
Nb 6 5 6 5 6 7 8 9 8 8 7 11 9 10

Y 11 10 11 10 10 12 16 13 11 15 11 12 17 12
Ga 18 18 19 20 20 20 20 20 19 20 20 19 20 19
Th 3 2 5 5 6 5 7 7 7 8 5 11 8 12

Ni 79 89 81 72 43 57 31 29 28 29 31 29 26 25

Cr 308 253 274 219 130 144 48 68 55 96 68 55 41 55

La 23.7 233 25.1 252 422 338 373 36.9 337 343 20.0 40.7 535 48.0
Ce 51.1 50.3 514 47.6 68.3 58.6 72.8 71.9 64.1 64.1 45.7 70.8 72.2 64.2
Pr 535 5.35 53 535 7.37 7.35 7.19 7.57 6.32 6.53 4.94 7.04 8.51 6.81
Nd 214 214 193 20.8 26.1 29.2 272 27.8 229 24.7 21.7 25.6 31.6 239
Sm 3.60 3.40 3.30 3.60 4.10 430 4.40 4.90 3.70 4.30 3.70 3.90 4.50 3.40
Eu 1.02 0.95 0.98 0.99 1.05 1.23 1.25 1.35 1.06 1.14 1.05 1.07 1.30 0.95
Gd 2.78 249 2.58 242 2.82 3.19 3.47 3.56 29 32 2.63 2.71 337 243
Tb 0.45 0.37 0.37 0.4 0.35 0.48 0.56 0.53 0.42 0.47 0.41 0.40 0.52 0.36
Dy 225 1.84 1.98 1.75 1.67 220 241 2.19 1.92 2.19 1.86 1.90 231 1.56
Ho 0.38 0.34 0.33 0.34 0.31 0.42 0.48 0.42 0.34 0.42 0.41 0.4 0.49 0.32
Er 1.03 0.97 0.88 0.95 0.78 1.13 13 1.15 0.92 1.19 1.02 0.92 1.25 0.81
Tm 0.13 0.1 0.1 0.1 0.11 0.13 0.14 0.17 0.11 0.17 0.1 0.23 0.17 0.12
Yb 0.93 0.83 0.81 0.9 0.69 1.00 1.00 1.06 0.92 1.09 0.87 0.83 0.99 0.73
Lu 0.15 0.14 0.12 0.13 0.12 0.15 0.16 0.16 0.11 0.15 0.14 0.15 0.15 0.13
>REE 11427 111.78 11255 110.53 155.97 143.18  159.66 159.66  139.42 14395 104.53  156.65 180.86 153.72
(La/Yb)n 17.20 18.95 2092 18.90 41.28 22.81 25.18 23.50 24.72 21.24 15.52 33.10 36.48 44.38
(La/Sm)n 4.14 431 4.79 4.41 6.48 4.95 5.34 4.74 5.73 5.02 3.40 6.57 7.49 8.89
(Dy/Yb)n 1.57 1.44 1.59 1.26 1.57 143 1.57 1.34 1.36 1.31 1.39 1.49 1.52 1.39
Eu/Eu* 0.99 1.00 1.03 1.03 0.94 1.02 0.98 0.99 0.99 0.94 1.03 1.01 1.02 1.01
Rb/Sr 0.1 0.12 0.1 0.09 0.1 0.09 0.14 0.16 0.18 0.18 0.19 0.22 0.16 0.23
Sr/Ba 0.92 0.88 0.85 1.00 0.86 0.83 0.61 0.56 0.58 0.6 0.53 0.53 0.61 0.47
K/Na 0.39 0.35 0.38 0.35 0.39 0.40 0.45 0.47 0.52 0.52 0.52 0.56 0.46 0.60
FeOt/(FeOt + MgO) 0.52 0.51 0.52 0.53 0.59 0.60 0.64 0.64 0.64 0.64 0.64 0.64 0.66 0.65
Mg# 0.62 0.63 0.62 0.61 0.55 0.54 0.50 0.50 0.50 0.49 0.49 0.50 0.48 0.49

at around 2.87 Ga (Althoff et al., 2000; Souza et al., 2001; Leite, 2001)
and, subsequently, the RMGGT remained stable until the emplace-
ment of 1.88 Ga A-type granites.

3. Geologic and geochronologic aspects

The Bannach area was selected for this study because it contains
the largest expositions of mafic and intermediate rocks associated
and cogenetic with the Rio Maria granodiorite (Oliveira et al., 2009).
In the Bannach area, the dominant variety of rock is an epidote-bio-
tite-hornblende granodiorite and the associated intermediate and
mafic rocks occur in two domains. Near Bannach, it is exposed a
stock composed mostly of quartz diorites and quartz monzodiorites
and along the road between Rio Maria and Bannach, there is an occur-
rence of layered rocks (Fig. 2). More detailed information about these

rocks, as well as about the mafic enclaves and their relationships with
host granodiorites, is provided by Oliveira et al. (2009, 2010).

Zircon dating by the Pb-evaporation method (Kober, 1986) was
accomplished at the Laboratério de Geologia Isotépica (Para-Iso) of
the Universidade Federal do Pard, Belém. Analytical methods were
described by Gaudette et al. (1998) and are available in the Supple-
mental data.

Representative samples of the Rio Maria granodiorite from differ-
ent areas of the RMGGT yielded remarkably uniform U-Pb and Pb-
Pb evaporation zircon ages (~2.87 Ga; Supplemental data Table A1).
Two intermediate sanukitoid rocks dated by the single zircon Pb-
evaporation method gave ages of 2878 +-4 Ma (a restrict occurrence
near Xinguara; Dall'Agnol et al., 1999) and 287542 Ma (Parazonia
quartz diorite; Guimardes et al, in press). In the present work,
zircons from an epidote-biotite-hornblende quartz diorite of Bannach
(sample MFR-102; Oliveira et al., 2009) were dated by the Pb-
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evaporation method (Fig. 2). Zircons are generally prismatic, yellow-
ish, and translucent and six analyzed grains (Supplemental data
Table A2, Supplemental Fig. A1) indicated an age of 2860+ 2 Ma
(20; MSWD = 0.99). This age is interpreted as the emplacement age
of the intermediate rocks and indicates that these rocks are a little
younger than the dominant granodiorites.

4. Petrography

The general petrographic aspects of the Rio Maria suite from the
Bannach area have been discussed by Oliveira et al. (2009, 2010).
All facies of the Rio Maria suite present a strongly saussuritized pla-
gioclase and contain amphibole 4 biotite - magmatic epidote as
their principal mafic minerals. M’ values (the total modal content of
mafic minerals as a percentage) vary between 10 and 25 in the grano-
diorites, 20 and 40 in the intermediate rocks, and are >40 in the
mafic enclaves (Fig. 3). The accessory minerals are apatite, magnetite,
titanite, allanite, and zircon, the latter being absent only in the lay-
ered rocks.

The epidote-biotite-hornblende granodiorite displays an equigra-
nular, medium- or coarse-even-grained texture and the quartz dio-
rites and quartz monzodiorites show equigranular, medium- to fine-
grained texture. The mineral assemblages and textural relationships
between different minerals are very similar in the different rock vari-
eties despite their modal variations.

The mineralogy of the layered rocks is similar to that of the Rio
Maria granodiorite and intermediate rocks. The textural variations
are directly related to the different layers of the rock (dark and gray
layers, reflecting variation in modal content of mafic phases). The cu-
mulus material is formed by centimeter-sized euhedral pargasite to
magnesium-hornblende crystals, whereas the intercumulus material
is mainly composed of intensely saussuritized plagioclase, with sub-
ordinate quartz, amphibole, biotite, and epidote. The accessory min-
erals are allanite, titanite, magnetite, and apatite.

The mafic enclaves have dioritic to quartz monzonitic composi-
tions (Oliveira et al., 2010) and follow a monzonitic trend in the
QAP plot (Lameyre and Bowden, 1982), whereas the granodiorites
and intermediate rocks follow a granodioritic trend. In the enclaves,
the mineral assemblage is very similar to those found in the other
rock varieties of the suite, but, considering their low modal contents
of quartz, the enclaves have relatively higher modal alkali feldspar
(Fig. 3). In the enclave samples, the presence of coarse poikilitical K-
feldspar crystals including medium- to fine-grained euhedral amphi-
bole is remarkable.

5. Geochemistry
5.1. General aspects

Chemical analyses of representative samples of the Rio Maria suite
are given in Table 1. Major and trace elements were analyzed by ICP-
ES and ICP-MS, respectively, at the Acme Analytical Laboratories Ltd.
in Canada (Detection limits: 0.01 to 0.04 wt.% for major elements;
0.1 to 1.0 ppm for trace elements; 0.01 to 0.3 ppm for rare earth ele-
ments. Duplicate analyses of at least one sample were done systemat-
ically for each lot of samples).

The layered rocks, mafic enclaves, intermediate rocks, and grano-
diorites have in common a typical sanukitoid signature indicated by
their metaluminous character, and high Mg#, Cr, and Ni, conjugate
with elevated contents of large ion lithophile elements (LILE), espe-
cially Ba and Sr (Oliveira et al, 2009, 2010). Layered rocks and
mafic enclaves have similar silica contents varying from 50.14 to
56.64 wt.% (Table 1), which illustrates a compositional gap between
these rocks and the intermediate rocks and granodiorites (Fig. 4).

The alkali contents in the studied rocks are high compared to a
typical calc-alkaline series. In the TAS diagram (Fig. 4; fields for
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Fig. 4. The total alkali-silica diagram (TAS) showing the composition of rocks of the Rio
Maria suite. TAS diagram classification according to Le Bas et al. (1986).

volcanic rocks of Le Maitre, 2002, are shown for comparison), the in-
termediate rocks and granodiorite samples plot along the divide be-
tween the oversaturated and saturated domains. On the other hand,
the enclaves plot dominantly in the saturated field of that diagram,
which is consistent with their affinity with the monzonitic series
(Fig. 3). In the case of layered rocks, which were previously inter-
preted as cumulate rocks (Oliveira et al., 2010), it is clear that the an-
alyzed samples do not correspond to real liquids and their chemical
compositions are given for comparison.

Al,O5 contents (Table 1) are lower than those found in rocks of sim-
ilar silica contents of typical calc-alkaline series (Irvine and Baragar,
1971; Ringwood, 1975; Wilson, 1989) and are similar in the enclaves,
intermediate rocks and granodiorites, reaching the lowest values in
the layered rocks. Mg# values vary from 0.67 to 0.48, decreasing from
the layered rocks to the granodiorites (Table 1). The Mg# in the en-
claves is generally intermediate between those of layered and interme-
diate rocks and granodiorites (Fig. 5c). K/Na ratios do not show
accentuated variation in the different groups (Table 1), except for the
quartz monzonitic enclaves which are enriched in K;O compared to
dominant rocks and display K/Na ratios of >1.

5.2. The behavior of trace elements

The trace elements are useful in estimating the extent of fraction-
ation and whether magmatic evolution was dominated by fractional
crystallization, partial melting or more complex processes (Hanson,
1978, 1989; Rdmo, 1991; Rollinson, 1993; Dall'Agnol et al., 1999;
Rapp et al., 1999; Smithies and Champion, 2000; Martin et al., 2005;
Moyen, 2009).

5.2.1. Rb, Sr, and Ba

Rb behaves incompatibly in all varieties of the studied rocks
(Table 1, Fig. 5a). In the granodiorites and mafic enclaves, the increase
of Rb along magmatic differentiation is more accentuated than that in
the intermediate rocks. Sr behavior contrasts in these rocks, as it is
compatible in the granodiorites and mafic enclaves but incompatible
in the intermediate rocks. Ba is clearly incompatible in the intermedi-
ate rocks and mafic enclaves and shows limited variation in the
granodiorites. Rb and Sr show a positive correlation in the intermedi-
ate rocks, and a negative correlation in the granodiorites and mafic
enclaves; Sr and Ba display a positive correlation in the intermediate
rocks and a negative correlation in the mafic enclaves and granodio-
rites (Fig. 5a, b). In the Rb/Sr vs. Sr/Ba plot (Fig. 5c), a negative
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of plagioclase and amphibole (Table 1; Fig. 5a, b). Moreover, the men-
tioned diagrams show that these two varieties derived from two en-
tirely distinct liquids and the proportions of fractionated amphibole
and plagioclase also differ. The trends defined by the intermediate
rocks indicate fractionation of amphibole and biotite, reflected in
the important increase of Sr and Ba and small variation in Rb along
differentiation.

522.Srand Y

The Sr and Y contents in the magmas are dependent of the compo-
sition of their sources (Moyen, 2009), but for similar sources the pres-
ence or absence of plagioclase or garnet between the fractionating
phases during magma genesis and differentiation is also extremely
relevant. Sr concentrations tend to be significantly lower in melts
generated at relatively low pressures in the plagioclase domain of sta-
bility (Zamora, 2000; Martin et al., 2005). Y geochemical behavior is
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Fig. 5. (a) Rb vs. Sr; (b) Sr vs. Ba; (c) Rb/Sr vs. Sr/Ba plots for rocks from the Rio Maria
suite (Bannach area). The vectors indicate the influence of fractionation of plagioclase
(Plg), potassium feldspar (KF), hornblende (Hbl) and biotite (Bt) in the composition of
the residual liquids. The arrows show possible trends during fractional crystallization
into of granodiorites, intermediate rocks and mafic enclaves.

correlation between these ratios in the granodiorites is apparent,
with an important increase in the Rb/Sr ratio parallel to increasing sil-
ica, whereas the Sr/Ba ratio remains almost constant. In the mafic en-
claves, the correlation is also negative but, in this case, it is the Sr/Ba
ratio that shows a larger variation. Finally, in the intermediate rocks,
the Rb/Sr and Sr/Ba ratios do not show significant variations.
Granodiorites, intermediate rocks, and mafic enclaves display dis-
tinct geochemical trends in the Rb vs. Sr, Sr vs. Ba, and Rb/Sr vs. Sr/Ba
plots (Fig. 53, b, ¢). If we assume an evolution by fractional crystalliza-
tion for each variety of rock, the trends shown by the granodiorites
and mafic enclaves can be explained by simultaneous fractionation
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Fig. 6. (a) Sr/Y vs. Y; (b) Cr/Ni vs. TiOy; (c) Cr/Ni vs. Mg# plots for rocks from the Rio
Maria suite (Bannach area).
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similar to that of Yb, and a low Y content in the melt is also generally
seen as an indication of the presence of significant amounts of garnet
in the residue. Consequently, the Sr/Y ratio behavior is similar to that
of the La/Yb ratio during melting events that produce garnet and con-
sume plagioclase (Moyen and Stevens, 2006). In addition, because of
the strong influence of pressure conditions in plagioclase and garnet
stability, for similar source compositions, Sr/Y ratios are a good pres-
sure indicator.

The studied intermediate rocks have the highest Sr/Y ratios and
the lowest Y contents (Table 1; Fig. 6a), the mafic enclaves show
the highest Y contents and the lowest Sr/Y ratios values, and the
values found in the granodiorite are in between those of intermediate
rocks and mafic enclaves.

5.2.3. Cr and Ni

Mantle peridotites have a Cr/Ni ratio around 1.5 (Taylor and
McLennan, 1985; McDonough and Sun, 1995) and its possible metaso-
matism by TTG melts would not significantly modify their Cr/Ni ratio be-
cause the Crperidotite/Crrre and Niperidotite/Nitrg are very high (10 and 20,
respectively). Consequently, the Cr/Ni ratio of the magmas derived from
a metasomatized mantle is strongly dependent on the residual assem-
blage of mantle melting (Martin et al., 2005). Several possible residual
phases of mantle melting have a Kdc,/ni) ™™™ greater than one (ortho-
pyroxene = 2.5; garnet = 4.4; pargasite =4; Rollinson, 1993) but their
effect could be buffered by olivine (Kd(crni) ™™"9~0.1; Rollinson,
1993). The range of Cr/Ni ratios vary from 1.5 to 3.0 in the granodi-
orites and between 2.5 and 4 in the intermediate rocks. In the mafic
enclaves Cr/Ni ratios attain their highest values (>5 and, generally,
>10; Fig. 6b, c). These values point to differences in the residual as-
semblage of the mafic enclaves, in one hand, and intermediate rocks
and granodiorites, in the other hand, and suggest the presence of
mineral phases with Kdcyni) ™™"9<1 (e.g. olivine) in the mafic en-
claves magma residue and its probable absence or little influence in
those of other varieties.

5.2.4. Rare earth elements

Granodiorites and intermediate rocks display similar patterns
(Fig. 7) of rare earth elements (REE), with a pronounced enrichment
in light rare earth elements (LREE) and strong to moderate fraction-
ation of heavy rare earth elements (HREE) (La/Yby ratios of 15.52 to
44,38, granodiorites; 17.20 to 41.28, intermediate rocks), associated
with a small or absent Eu anomaly (Eu/Eu* from 0.94 to 1.03, in
both granodiorites and intermediate rocks; Table 1). The patterns of
REE in the layered rocks and mafic enclaves show a less pronounced
enrichment in LREE and a minor fractionation of HREE compared to
granodiorite and intermediate rocks (La/Yby ratios of 6.57 to 11.32,
enclaves; 11.92 to 14.37, layered rocks). This feature is associated
with a small or absent (layered rocks; Eu/Eu* from 0.90 to 1.00) or
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Fig. 7. Chondrite-normalized REE patterns for the rocks of the Rio Maria suite of Bannach
area (normalization values from Evensen et al., 1978).

moderate negative europium anomaly (mafic enclaves; Eu/Eu* from
0.65 to 0.75).

The lack of a significant variation in the Eu/Eu* ratio from the in-
termediate rocks to the granodiorites is an evidence that these rocks
were not linked by fractional crystallization process (Fig. 7) and that
they could be derived from at least two distinct magmas, both with
sanukitoid affinity, but originated from different degrees of melting
of a modified mantle source (Oliveira et al., 2009).

Granodiorites and intermediate rocks show REE patterns with a
concave shape of the HREE branch (Fig. 7), which suggests that am-
phibole was probably an important fractionating phase. This is not
observed in the REE patterns of the layered rocks, and, along with
the minor fractionation of HREE in those rocks compared with the
granodiorites and intermediate rocks, it suggests that the process of
amphibole accumulation determined the REE signature of these
rocks (Oliveira et al., 2010). Besides their higher contents of HREE
and important negative europium anomaly, the REE patterns of
mafic enclaves display a convex shape of the LREE branch pattern.
These aspects and the geochemical evidence shown above indicate
that the mafic enclaves and the other varieties of rocks of the studied
sanukitoid suite are not comagmatic and that, in the case of the for-
mer, plagioclase was a more important residual or fractionating
phase than garnet during partial melting or fractional crystallization
processes.

6. Geochemical modeling and petrogenesis

The geochemical data presented above demonstrate that the
granodiorites, intermediate rocks, mafic enclaves, and layered rocks
of the Bannach area all have sanukitoid characteristics in common.
However, a preliminary evaluation of trace element data indicates
that the three former varieties are cogenetic but not comagmatic
rocks (this paper; cf. also Oliveira et al., 2009, 2010). Nevertheless, a
possible relationship between these rocks by fractional crystallization
was also evaluated by modeling. The hypothesis of a magmatic link
between the layered rocks and granodiorites or intermediate rocks
was also tested. Additionally, we evaluated whether or not different
degrees of metasomatism of a mantle source or of assimilation of pe-
ridotite by slab-melts could explain the contrasting geochemical as-
pects of the studied rocks. Finally, the effect of variable degrees of
partial melting of the source in the primitive magma composition
was considered.

Thus, we have tested fractional crystallization, assimilation and
partial melting models quantitatively in order to establish constraints
for the petrogenesis of the Rio Maria sanukitoid suite. The nature of
the magma source of these rocks, including the possible influence of
processes of mantle metasomatism or assimilation of peridotite by
slab-melts, was also investigated. This investigation was done using
major elements, as well as selected trace elements, including REE.

6.1. Methodology of modeling

We performed mass balance calculations for the major elements
using the program GENESIS (Teixeira, 2005). The model is calculated
by adjusting the relative proportions of fractionating or residual min-
erals from the initial melt or source, respectively, to reproduce the
composition of the expected melt. The quality of the model is evalu-
ated using the sum of the squared residuals (3_R?), and the model
is consistent if }_R?<1. For trace elements modeling, Excel tables cre-
ated by Sergio C. Valente (Universidade Federal Rural do Rio de
Janeiro, Brazil) were employed. The mineral/liquid partition coeffi-
cients (Kq) used in the modeling are available from Supplemental
data Tables A3 and A4. Most of them are from Rollinson (1993).

The compositions of the initial liquids of the intermediate rocks,
granodiorites and mafic enclaves are not precisely known and need
to be estimated. In the case of intermediate rocks and granodiorites,
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Major elements compositions of minerals used for the major element modeling of crystallization and accumulation processes related to the rocks from Rio Maria suite (Bannach area).

Layered rocks Mafic enclaves

Intermediate rocks Granodiorites

Mineral

Amphibole Biotite Amphibole Biotite Amphibole Biotite Amphibole Biotite
Si0, (wt.%) 43.36 37.75 47.01 37.32 48.36 37.38 47.50 37.53
TiO, 1.59 1.12 1.06 1.16 0.47 0.39 0.92 1.03
Al;04 11.68 16.02 6.98 15.67 5.96 16.00 7.36 15.09
FeO 10.42 15.13 15.37 18.24 13.85 14.84 14.92 16.31
MnO 0.13 0.17 0.35 0.23 0.28 0.19 0.35 0.22
MgO 14.91 13.81 12.99 12.72 13.90 14.89 12.58 13.65
Ca0 12.61 0.02 12.23 0.04 12.44 0.00 12.27 0.05
Na,0 1.77 0.05 1.09 0.11 0.88 0.11 0.94 0.08
K>0 0.84 9.88 0.74 9.52 0.47 9.32 0.68 9.49
Total 97.31 93.95 97.82 95.01 96.61 93.12 97.52 93.45

Data source: Oliveira et al. (2010). Total Fe reported as FeO.

although some comparisons with other samples have been made, the
samples with the lowest silica contents of each group were used as
representatives of the initial liquids (ADR-4A and MFR-114, respec-
tively; Table 1). In the case of the mafic enclaves, the sample with
the lowest silica content was not assumed as a representative, and
the next sample in the range of silica was used (MD-02C; Table 1).

The compositions of the fractionating amphibole and biotite were
taken from selected representative analyses (Oliveira et al., 2010) of
these minerals found in intermediate rocks, granodiorites, mafic en-
claves, and layered rocks of the Rio Maria suite (Table 2). The compo-
sitions of plagioclase, potassium feldspar, apatite and zircon are those
corresponding to magmatic compositions found in Archean granit-
oids (Martin, 1985). In our partial melting and assimilation modeling,
the compositions of the residual mineral phases tested include those
given by Nixon et al. (1981), Rapp et al. (1999), and Moyen et al.
(2001) (see more details below).

6.2. Fractional crystallization modeling

We have examined the following hypotheses: (1) whether the in-
termediate rocks and granodiorites could be related by fractional
crystallization and, (2) if each group evolved internally by that pro-
cess. Additionally, we have evaluated a possible magmatic link be-
tween the layered rocks and granodiorites or intermediate rocks
through accumulation processes. A derivation of the intermediate
rocks and granodiorite from the mafic enclave magma by fractional

Table 3

crystallization was also tested but results were not acceptable
(>_R?>10). A similar conclusion was also suggested by geochemical
evidence and, for this reason, that hypothesis was discarded.

In the fractional crystallization modeling assuming that granodio-
rites derive from intermediate rocks, the sample ADR-4B (Table 1)
was assumed as the parent and the sample MFR-114 (Table 1) as
the daughter. The best models obtained were fractionating (1) am-
phibole + biotite, and (2)+ plagioclase. However, even in these
cases, the sums of the squared residuals are relatively high
(3_R?>2, Table 3) and both fractionates give a bad fit for the REE
(Fig. 8a, c). Other trace elements, especially Ba, Y, Nb, and Zr
(Fig. 8b, d), decrease with fractionation, which is the opposite of in-
creasing trend observed in the analyzed samples of intermediate
rocks and granodiorite. Hence, for the derivation of the granodiorite
magma from that of intermediate rocks, it is concluded that an ac-
ceptable model was not obtained. This observation reinforces the hy-
pothesis that these rocks are not comagmatic.

To test if internal variation in the group of intermediate rocks was
compatible with fractional crystallization, the sample ADR-4A was
used as the parent and sample MFR-102 as the daughter. Two major
element models fractionating amphibole + biotite 4- apatite (Table 3)
gave consistent results and were selected for trace element modeling.
The lowest sums of the squared residuals (Y R?>=0.773, model 1,
Table 3) occur when apatite is also fractionated, and in this case, the
fractionating phases, composed of 73% of amphibole, 22% of biotite,
and 5% of apatite, represent 17% of the original liquid. For rare earth

Modeling major element compositions and fractionated mineral assemblages for differentiation of the Rio Maria suite (Bannach area).

Intermediate to Intermediate rocks

Granodiorites

Intermediate rock to layered rock Granodiorite to layered

Varieties granodiorite rock
Sample/Model MFR-114 1 2 MFR-102 1 2 MFR-80A 1 2 MFR-12B  MFR-12A Dark layer Gray layer Dark layer Gray layer
Si0, (wt.%) 62.52 62.78 62.80 62.15 6198 61.69 66.49 66.48 6637 52.60 53.41 50.40 51.87 52.49 53.32
TiO, 0.46 044 044 039 047 046 033 048 049 0.56 0.78 0.69 0.85 0.59 0.80
Al,05 15.23 1529 1527 145 1498 15.05 14.55 1453 14.62 1091 14.76 11.97 14.97 11.20 14.79
Fe,03 5.10 470 472 573 516 491 374 405 411 990 9.44 8.9 9.03 9.81 9.40
MgO 2.61 363 364 411 408 383 1.85 161 1.65 1051 5.98 125 7.24 10.61 5.99
Ca0 4.40 379 377 465 500 527 3.02 289 265 930 7.88 121 9.78 9.22 7.98
Na,O 430 457 456 421 442 445 413 443 441 2.06 2.99 1.20 2.00 1.90 2.79
K,0 2.93 238 239 224 196 199 375 356 375 1.03 2.00 0.45 2.45 0.99 1.98
P,05 0.17 028 027 0.14 012 0.16 0.14 013 013 0.5 0.23 0.20 0.25 0.16 0.24
Plagioclase - - 240 - - - - 5440 5540 - - - 10.27 - 10.27
Amphibole - 89.10 8730 - 7320 6726 - 3840 44.60 - - 100.00 89.73 100.00 89.73
Biotite - 10.90 1030 - 21.80 32.74 - 720 - - - - - - -
Apatite - - - - 500 - - - - - - - - - -

SR? - 204 204 - 077 121 - 033 045 - - 14.53 12.25 043 0.14
% Crystallization - 15.00 15.00 - 17.00 19.00 - 25.00 25.00 - - - - - -

% Accumulation - - - - - - - - - - - 50.00 30.00 50.00 30.00

Total Fe reported as Fe,0s.
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Fig. 8. Fractional crystallization (FC) modeling from the intermediate rocks (parent) to granodiorites (daughter). (a, c) REE patterns (normalization values from Evensen et al.,
1978); (b, d) Trace elements plots; (a, b) model 1; (c, d) model 2; FC is percentage of crystallization.

elements and additional trace elements, in the two models the pat-
terns (not shown) of the assumed parent magma, calculated liquid
and intermediate rocks are superimposed and thus inconclusive.

In the case of granodiorites, the sample MFR-114 was used as the
parent and MFR-80A as the daughter. Two major element models,
both showing Y_R?<1 and plagioclase and amphibole as the major frac-
tionating phases (~55% and 38% to 45%, respectively; Table 3), were se-
lected for trace element modeling. In one of these models, biotite was
also included in the fractionating phases (7%; model 1, Table 3). In
these models, the fractionating assemblages correspond to 25% of the
original liquid, and both fractionates gave a good fit for the REE
(Fig. 9a, ¢) and the other evaluated trace elements (Fig. 12b, d).

Assuming a cumulate origin for the layered rocks (Oliveira et al.,
2010), we tested whether these rocks could be derived from the pa-
rental liquids of the granodiorites or intermediate rocks. For the
granodiorites and intermediate rocks, the samples with the lowest
silica contents were assumed as representatives of the initial liquid
from which the layered rocks could have derived. We have examined
whether the initial liquid was able to generate the dark (sample MFR-
12B) and gray (sample MFR-12A) layers, which compose these rocks,
by accumulation of amphibole, mainly. Assuming the intermediate
composition as the initial liquid, trace element models give poor fits
for REE and other trace elements between calculated liquid composi-
tions and that of the layered rocks (Supplemental Fig. A2a, b, ¢, d), On
the other hand, when we have tested the granodiorite magma as the
initial liquid, in the major element models, best fits (3_R?<1, Table 3)
were obtained with the composition of both, dark and gray layers.
According to the major and trace element models, the accumulation
of 30% and 50% of amphibole + plagioclase from the initial liquid
would be able to generate the gray and dark layers, respectively

(Table 3). These models gave an excellent fit for REE and other trace
elements (Fig. 10a, b, ¢, d).

Assuming a cumulate origin for the layered rocks (Oliveira et al.,
2010), we tested whether these rocks could be derived from the pa-
rental liquids of the granodiorites or intermediate rocks. For the
granodiorites and intermediate rocks, the samples with the lowest
silica contents were assumed as representatives of the initial liquid
from which the layered rocks could have derived. We have examined
whether the initial liquid was able to generate the dark (sample MFR-
12B) and gray (sample MFR-12A) layers, which compose these rocks,
by accumulation of amphibole, mainly. Assuming the intermediate
composition as the initial liquid, trace element models give poor fits
for REE and other trace elements between calculated liquid composi-
tions and that of the layered rocks (Supplemental Fig. A2a, b, ¢, d), On
the other hand, when we have tested the granodiorite magma as the
initial liquid, in the major element models, best fits (}_R?<1, Table 3)
were obtained with the composition of both, dark and gray layers.
According to the major and trace element models, the accumulation
of 30% and 50% of amphibole £ plagioclase from the initial liquid
would be able to generate the gray and dark layers, respectively
(Table 3). These models gave an excellent fit for REE and other trace
elements (Fig. 104, b, ¢, d).

6.3. Protoliths of the Rio Maria suite

The geochemical and isotopic characteristics of the Rio Maria suite
suggest that both the mantle and subduction-related components must
play an important role in the petrogenesis of these rocks (Oliveira et
al., 2009). In addition, the P-T-H,0-fO, estimate (Oliveira et al., 2010)
points to oxidized and wet conditions for their precursor magmas,
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which are two typical features of present-day arc magmas, including
those with a strong slab melt signature, such as Pinatubo (Scaillet and
Evans, 1999; Prouteau and Scaillet, 2003). The principal implication is
that the characteristics of the Rio Maria Sanukitoid are compatible with
a subduction zone geodynamic setting during the Archean in that area.
In other Archean terranes containing high-Mg suites, a similar tectonic
setting has also been proposed (Superior province, Stern and Hanson,
1991; Pilbara craton, Smithies and Champions, 2000; Karelian craton,
Kovalenko et al., 2005; Halla, 2005; For an alternative model, see Bédard,
2006).

Two principal petrogenetic models involving a slab component
have been proposed for the sanukitoid genesis. In the two-stage
model, it is noted that sanukitoids are produced by the melting of a
mantle source that has been extensively metasomatized by the as-
similation of slab melts or fluids (Smithies and Champion, 2000;
Kovalenko et al., 2005; Halla, 2005). In the single-stage model, it is
proposed that a slab melt rising through peridotite mantle is able to
assimilate olivine, which results in a “hybridized slab melt” with
chemical composition similar to sanukitoids (Rapp et al, 1999,
2010). We have tested these possibilities using geochemical model-
ing and the results are presented and discussed below.

Rapp et al. (1999, 2010), Scaillet and Prouteau (2001) and Prouteau
et al. (2001) have shown that the “effective” slab melt:peridotite ratio
and the nature of the metasomatizing agent play an important role in
the genesis of metasomatized mantle derived magmas. According to
experiments performed by Rapp et al. (1999, 2010), that ratio could
even determine the nature of the process. When the slab melt:perido-
tite ratio is approximately 3:1 to 2:1, the reaction product is a Mg-
rich, high-SiO,, hybridized melt. On the basis of experimental evi-
dence, Rapp et al. (2010) demonstrate that this sanukitoid-like melt

will be in equilibrium with a garnet websterite or garnet orthopyrox-
enite residue. However, when the slab melt:peridotite is nearly 1:1,
the slab-derived TTG-like melt is fully consumed by metasomatic re-
actions that produce alkali-rich amphibole, pyrope-rich garnet, and
both low-Mg# and high-Mg# orthopyroxene.

Prouteau et al. (2001) have also suggested that mantle metasoma-
tism by slab melt is a more common and ten times more efficient pro-
cess than metasomatism by hydrous fluids. Despite these restrictions,
we have tested the hypothesis of origin of the Rio Maria sanukitoid
magmas from the partial melting of a mantle source that was previ-
ously metasomatized by fluids derived from subducted sediments
(Halla, 2005). Geochemical modeling showed that this kind of source
for the Rio Maria sanukitoid magmas is unlikely. The obtained initial
liquids have always lower silica contents compared to those of grano-
diorites and intermediate rocks and the fit for trace elements is unsat-
isfactory. Meantime, we cannot discard entirely a possible influence
of subducted sediments in the genesis of Archean granitoid magmas
of Rio Maria, even because Pb isotope data on these rocks are lacking
(cf. Halla, 2005).

Anyway, the compositions of metasomatized mantle or hybridized
slab melts able to originate the Rio Maria suite magmas are not pre-
cisely known, being necessary to estimate the compositions of the
pristine slab-melt and peridotite mantle involved in the metasoma-
tism or assimilation process. We tested two peridotite compositions
representative of both depleted and primitive mantle, corresponding
to harzburgite and spinel lherzolite, respectively, used by Rapp et al.
(1999) in their experiments (their Table 7). The initial results of the
modeling using depleted mantle compositions are not shown here,
however the results indicated that the Ca and Al-poor, and Ni-rich
harzburgite composition (Supplemental data Table A5) modified by
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metasomatism or assimilation processes is not able to generate the Rio
Maria suite magmas. Thus, a primitive mantle composition corre-
sponding to spinel lherzolite (Supplemental data Table A5) was used
in the modeling.

Independent of the adopted model (single or two-stage), the
magma source of the Rio Maria sanukitoid suite should apparently re-
sult from the interaction between a TTG slab-melt and a primitive
mantle. For an effective interaction between the TTG melt and the
mantle, a subduction tectonic setting is required. Partial melting ex-
periments undertaken by Prouteau et al. (2001) and Scaillet and
Prouteau (2001) demonstrated that slab hydrous metabasalts sub-
mitted at ca. 3.0 GPa pressures, in the garnet stability field, yield
trondhjemitic melts, while dehydration melting at equivalent pres-
sures of basalt underplated beneath the continental crust may yield
silicic melts, but they will be granitic instead of trondhjemitic. This
was explained by the fact that less water is available in the lower
crust and dehydration melting reactions are favored. Based on these
previous works, we have assumed that the slab-melts involved in
the mantle assimilation or metasomatism had trondhjemitic instead
of tonalitic compositions. Thus, in the geochemical modeling, we
only tested representative trondhjemitic samples of the Mogno
trondhjemite (~2.96 Ga; Almeida et al.,, 2011), Arco Verde tonalite
(2.98-2.93 Ga; Macambira, 1992; Almeida et al., 2008) and Caracol
tonalitic complex (2.95-2.93 Ga; Leite et al., 2004) of the Rio Maria
granite-greenstone terrane as possible slab melt-derived TTG. The
best fits were obtained using a sample of the Mogno trondhjemite
(Supplemental data Table A5).

The modeling of different degrees of assimilation (5% to 40% of
mantle component) of the peridotite mantle by slab melts (TTG;
Mogno trondhjemite) gave a reasonable fit for 30% of harzburgitic

mantle, admitting a peritetic residue composed of garnet (18%), clin-
opyroxene (72%) and orthopyroxene (10%). The mass balance for
Al;03, Ca0, MgO, and LREE was less satisfactory than for the other el-
ements. On the other hand, the results of modeling of partial melting
of the metasomatized mantle by slab melt were more consistent.
Thus, both hypotheses corresponding to the one stage and the two
stage model gave suitable fits according to the modeling. The first hy-
pothesis has also been supported by experimental data (Rapp et al.,
2010) and the second one by geochemical modeling (Smithies and
Champion, 2000). However, geological and geochronological evi-
dence to be discussed below indicate that in the Rio Maria terrane
the two stage model is favored and, for this reason, it will be detailed
in the following section.

6.3.1. Granodiorites

To test the hypothesis mentioned above, the granodiorite sample
MFR-114, adopted as representative of the initial liquid of this rock
type in previous modeling, was also assumed as the liquid resulting
of the partial melting of the modified mantle source.

The metasomatized mantle source required to produce the grano-
diorite liquid by partial melting was obtained by mixing ~30% TTG
into the spinel lherzolite mantle. The pertinent modified mantle
whole rock composition is shown in Table 4. However, the composi-
tions of the mineral phases that were present in this mantle at the
time of melting are not known. Thus, different mineral compositions
were tested: (1) those from peridotite xenoliths from South African
kimberlites (Nixon et al., 1981); (2) those formed during metasomat-
ic reactions between a slab melt and a peridotite (Rapp et al., 1999),
and; (3) those from the incomplete metasomatic assemblage of
Moyen et al. (2001).
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Table 4

Chemical compositions of metasomatized mantle used in the protolith modeling of the

rocks of Rio Maria suite.
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Metasomatized mantle

Thus, we have tested this hypothesis in mass balance calculations
and trace element modeling. A metasomatized mantle source (~30%
TTG melt into a spinel lherzolite mantle) and residual phases identical
to those employed in the discussion of the origin of the granodiorite
liquid were considered. The assumed primitive intermediate liquid
should correspond in composition to the ADR-4A sample (Table 5).
An excellent fit (3_R?=0.724; Table 5) was obtained with a small
increase in the melt proportion (14% melt, as compared to 11% in the
case of the granodiorite liquid). In the residue, the proportions of
orthopyroxene (60% vs. 58%) and garnet (28% vs. 26%) increased,
and the proportions of clinopyroxene (2% vs. 3%) and amphibole
(10% vs. 13%) decreased when compared to those observed in the
case of the granodiorite liquid (Table 5). The REE pattern of the calcu-
lated primitive intermediate liquid (Fig. 13a) is consistent with the
assumed intermediate magma composition, which is slightly more
impoverished in HREE than the granodiorite one. This model also
gave a good fit for the other trace elements considered (Fig. 12b).

6.3.3. Mafic enclaves

Despite their typical sanukitoid signature, the mafic enclaves
show geochemical and petrographical peculiarities which should re-
flect differences in the origin of these rocks in relation to those of
the granodiorite and intermediate rocks. To verify this premise,
mass balance calculations involving the partial melting of a metaso-
matized mantle (with 30% of added TTG melt, which is identical to
the case of granodiorite and intermediate rocks) to produce an initial
liquid similar to the assumed mafic enclave composition (sample

Oxide 20% TTG-like melt 30% TTG-like melt 40% TTG-like melt
Si0;, (wt.%) 50.03 52.75 55.47
TiO, 0.17 0.17 0.18
Al,O3 5.81 6.92 8.03
Fe,03 7.62 6.93 6.25
MnO 0.10 0.09 0.08
MgO 31.47 27.59 23.71
Ca0 335 331 3.27
Na,O 1.20 1.65 2.10
K,0 0.27 0.40 0.53
P,05 0.02 0.03 0.04
Total 100.04 99.84 99.66
Ba (ppm) 120 178 236
Rb 12 17 23

Sr 143 208 274
Y 5 5 5

Zr 32 45 58
Nb 1 1 2

Th 2 3 3

Ni 1494 1308 1123
Cr 2470 2164 1858
La 5.45 8.14 10.84
Ce 9.95 14.72 19.49
Pr 1.19 1.73 227
Nd 4.48 6.32 8.16
Sm 0.78 0.97 1.17
Eu 0.23 0.27 0.31
Gd 0.87 0.98 1.08
Tb 0.14 0.15 0.15
Dy 0.89 0.91 0.92
Ho 0.18 0.17 0.17
Er 0.57 0.55 0.53
Tm 0.06 0.06 0.06
Yb 0.45 0.43 0.41
Lu 0.09 0.09 0.08

Incongruent melting modeling using mineral phases from Rapp et al.
(1999) and with olivine and orthopyroxene in the residue gave incon-
sistent results (Y>_R?>15). Similar inconsistencies were obtained in cal-
culations using the mineral compositions of Moyen et al. (2001) and the
same mineral phases in the residual assemblage (3>_R?>17). These re-
sults indicate that our assumed modified mantle with the mineral phase
compositions used by Rapp et al. (1999) and Moyen et al. (2001) and ol-
ivine + orthopyroxene in the residue is probably not able to generate
the initial liquids of the Rio Maria suite by partial melting processes.
On the other hand, our mass balance calculations using the mineral
phases of peridotite xenoliths from South African kimberlites and a res-
idue without olivine gave excellent results (Y>_R?<1). The best fit model
(3_R?=0.646, Table 5) was achieved with a proportion melt:residue
ratio of 11% to 89%, the latter consisting of orthopyroxene (58%), garnet
(28%), amphibole (11%), and clinopyroxene (3%). These same propor-
tions of melt and residual mineral phases were tested in the trace ele-
ments modeling. The resulting model gave an excellent fit between
the calculated initial liquid, which was generated from incongruent
melting, and the assumed primitive granodiorite magma for REE and
other trace elements (Fig. 11a, b).

Mass balance calculations including plagioclase as an additional re-
sidual phase also gave good fits for major elements (Y_R?=0.579),
but when compared with the assumed granodiorite primitive liquid,
the trace element modeling indicated that this is a not acceptable
model, because of the poor fit for REE and, especially, Ba and Sr.

6.3.2. Intermediate rocks

Based on the geochemical and petrographical data, Oliveira et al.
(2009) suggested that intermediate rocks and granodiorites were
generated from different degrees of melting of a similar source.

Table 5

Mass-balance models for metasomatized mantle melting.

Granodiorite

Metasomatized mantle

Proportions of melt

Oxide (sample MFR-114) by 30% TTG-like melt  and residual minerals
Si0, (wt.%) 62.52 52.75
TiO, 0.46 0.17 Clinopyroxene = 0.03
Al,05 15.23 6.92 Orthopyroxene = 0.58
Fe,03 5.10 6.93 Garnet =0.26
MnO 0.07 0.09 Amphibole =0.13
MgO 2.61 27.59
Ca0 4.40 3.31 Sum of the squared
residuals = 0.646
Na,0 4.30 1.65
K,0 2.93 0.40
P,05 0.17 0.03 Melt fraction=11%
Intermediate rock Metasomatized mantle Proportions of melt
(sample ADR-4A) by 30% TTG-like melt  and residual minerals
Si0, (wt.%) 58.47 52.75
TiO, 047 0.17 Clinopyroxene = 0.02
Al,03 14.02 6.92 Orthopyroxene = 0.60
Fe,03 6.84 6.93 Garnet =0.28
MnO 0.09 0.09 Amphibole =0.10
MgO 5.81 27.59
Ca0 5.88 331
Na,O 3.77 1.65 Sum of the squared
residuals =0.724
K,0 2.21 0.40
P,05 0.17 0.03 Melt fraction = 14%
Mafic enclave Metasomatized mantle Proportions of melt
(sample MD-02C) by 20% TTG-like melt  and residual minerals
Si0, (wt.%) 51.38 50.03
TiO, 0.72 0.17 Olivine =0.38
Al,03 13.77 5.81 Orthopyroxene = 0.43
Fe,03 11.15 7.62 Plagioclase =0.14
MnO 0.20 0.10 Amphibole = 0.05
MgO 7.38 31.47
Ca0 8.36 335
Na,O 3.53 1.20 Sum of the squared
residuals = 0.024
K,0 1.94 0.27
P,05 0.37 0.02 Melt fraction = 9%
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Fig. 11. (a) REE patterns (normalization values from Evensen et al., 1978); (b) Other
trace elements. Comparison of the REE and other trace elements of the assumed prim-
itive granodiorite magma composition with calculated liquids modeled by mixing 30%
TTG melt in the peridotite mantle, following by 21% partial melting. The primitive and
modified mantle compositions are shown in Eletronic Supplemental datatable 5, 4 and
9. The melt proportions of metasomatized mantle suitable to generate intermediate
magma and residual phase proportions are given in Table 5.

MD-02C) were performed. The resulting model shows that for a pro-
portion of 21% of melt and a residue comprised of olivine, orthopyr-
oxene and plagioclase, a good fit was obtained for major elements
(3_R?>=0.363). However, for trace elements, and especially for the
REE which are lower in the calculated liquid than in the mafic en-
claves, the model gave a poor fit. Based on these results, we decided
to examine the possibility of a different composition of the metaso-
matized mantle source.

Assuming a mantle that was modified by assimilation of 20% of
TTG melt, major element modeling showed that 9% of partial melting
of that mantle, leaving a residue comprised of olivine (38%), ortho-
pyroxene (43%), amphibole (5%), and plagioclase (14%), was able to
generate an initial liquid composition compatible with that of the as-
sumed primitive mafic enclave liquid (}_R?>=0.024). Mass balance
calculations also indicated a good fit (>_R?=0.074) in the case of a
model involving 11% of melting of the same source mentioned
above, but without amphibole in the residual phase. For both models,
trace element modeling gave good fits for REE and other trace ele-
ments. However, the model with amphibole as residual phase gave
the best fit for the HREE, mainly Nd, Eu, Tb, and Ho, and was taken
as representative of the melting process (Fig. 13a, b).
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Fig. 12. (a) REE patterns (normalization values from Evensen et al., 1978); (b) Other
trace elements. Comparison of the REE and other trace elements of the assumed prim-
itive intermediate magma composition with calculated liquids modeled by mixing 30%
TTG melt in the peridotite mantle, following by 24% partial melting. The primitive and
modified mantle compositions are shown in Eletronic Supplemental datatable 5, 4 and
9. The melt proportions of metasomatized mantle suitable to generate intermediate
magma and residual phase proportions are given in Table 5.

7. Discussion
7.1. Genesis of the Rio Maria sanukitoid magmas

The petrogenesis of the Rio Maria suite requires melting of a mod-
ified mantle source. Modeling suggests that the mantle source of the
Rio Maria sanukitoid was extensively metasomatized by the addition
of about 30% TTG-like melt to generate the granodiorite and interme-
diate magmas, and ~20% TTG-like melt in the case of mafic enclave
magma. The partial melting processes that produced the granodiorite
(11% of melt) and intermediate magma (14% of melt) left a residual
assemblage formed by orthopyroxene, clinopyroxene, amphibole,
and garnet. This is consistent with the experimental results obtained
by Rapp et al. (2010), which indicate that liquids similar in composi-
tion to the Rio Maria granodiorite can be formed by partial melting of
metasomatized mantle at high pressures.

In the case of the mafic enclave, the degree of melting was more
limited (9%) and the residual assemblage showed relevant changes,
plagioclase instead of garnet and presence of olivine. The first fact
suggests that the magma of the mafic enclaves was originated at a
lower pressure compared than that of the granodiorite and interme-
diate rocks. The lowest Sr/Y ratios, highest Y contents, and moderate
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ate magma and residual phase proportions are given in Table 5.

negative Eu anomaly of the mafic enclaves are consistent with the
presence of plagioclase as a residual phase and reinforce the results
of the modeling. The presence of olivine in the residual phase is pos-
sibly reflected in the higher Cr/Ni ratios compared to granodiorites
and intermediate rocks.

The adopted model implies the existence of an enriched mantle
beneath the Rio Maria granite-greenstone terrane at approximately
2.87 Ga. The mantle enrichment could be caused by fluids liberated
from a mantle plume (Jayananda et al., 2000) or from a subducted
slab (Martin et al., 2005). However, our modeling suggests that a
mantle modified by fluids will not have the adequate composition
to generate the Rio Maria sanukitoid magmas. It also indicates, as
the most likely hypothesis, that the Rio Maria mantle was previously
enriched by TTG melts related to earlier subduction events (Shirey
and Hanson, 1984; Stern et al., 1989; Stern and Hanson, 1991; Rapp
et al.,, 1999; Smithies and Champion, 2000; Kovalenko et al., 2005).

The TTG series of Rio Maria were originally subdivided into older
TTG series (2.98 to 2.92 Ga) and younger TTG series (~2.87 Ga) (Althoff
et al,, 2000; Leite et al., 2004; Dall'Agnol et al., 2006). However, recent
geological and geochronological data (Guimardes et al., 2010; Almeida
et al, 2011) have demonstrated that almost all TTG units were formed

in between 2.98 and 2.92 Ga (Arco Verde tonalite, Caracol tonalitic com-
plex, Mogno trondhjemite, Mariazinha tonalite). The younger TTG units
are, at present, limited to the Agua Fria trondhjemite (ca. 2.86 Ga; Leite
etal., 2004) exposed in a small area to the north of Xinguara (Fig. 1). The
2.87 Ga Rio Maria suite occurs in different areas of the Rio Maria terrane
and, like sanukitoids elsewhere in the world (cf. Heilimo et al., 2011), its
rocks are 110 to 50 Ma younger than those of the largely dominant TTG
magmatism of that terrane (Leite et al., 2004; Almeida et al,, 2011).

Althoff et al. (2000) and Souza et al. (2001) admitted a plate tec-
tonic setting for the Rio Maria terrane in between 2.96 and 2.90 Ga.
Leite et al. (2004) also suggested that its evolution at ca. 2.87 Ga
was subduction-related. Our modeling results indicate that an active
subduction tectonic setting was present in the terrane in between
2.98 and 2.92 Ga to explain the extensive formation of TTG magmas
and the proposed metasomatism of the mantle by these magmas, be-
fore the melting process responsible for the origin of the sanukitoid
magmas. In summary, the adopted model (cf. Almeida et al., 2011)
implies: (1) an extensive generation of TTG magmas, at least in part
derived from the partial melting of a mafic slab in a subduction set-
ting; (2) the interaction of these TTG magmas with the mantle, result-
ing in a metasomatized mantle with a significant TTG component
(20% to 30% in volume); (3) a tectonothermal event at ~2.87 Ga,
which is possibly related to the slab-break-off that caused astheno-
sphere mantle upwelling, or to the action of a mantle plume, may
have induced the melting of the metasomatized mantle and the gen-
eration of sanukitoid magmas; (4) the nature of the magmas depends
of the degree of melting and on the depth (pressure) in which the
melting process occurred; (5) the magmas ascended into the crust
and evolved by fractional crystallization; (6) the magmas were
emplaced at relatively shallow crustal levels, possibly forming lacco-
liths or sheet-like plutons (Souza et al., 1992).

Available Sm-Nd isotope data on the Rio Maria sanukitoid suite
(RAmoO et al., 2002) are limited to five samples (four granodiorites
and one intermediate rock; Supplemental data Table A6). All samples
gave eng (t=2.87 Ga) varying between 0.2 and 1.2 and Tpy model
ages of 2923 to 3010 Ma, which suggests a juvenile character for the
suite and the absence of an imprint of a preexistent crust. The coinci-
dence between these Tpy; model ages and the assumed crystallization
ages of the Rio Maria older TTG suites can be seen as an additional ev-
idence for a two stage process in the origin of the sanukitoid magmas
in that region (cf. Kovalenko et al., 2005).

7.2. The role of pressure variation in the characteristics of sanukitoid
series

The sanukitoid suites described in different Archean terranes con-
sist of rocks that follow two distinct trends in modal Q-A-P diagrams.
The dominant series varies from diorite and quartz diorite to the
more abundant granodiorite and evolved along a granodioritic calc-
alkaline trend (Fig. 3; Lameyre and Bowden, 1982). However, there
is also an apparently subordinate series that is composed of monzo-
diorites, quartz monzodiorites, monzonites, and quartz monzonites,
and follows a monzonitic trend (cf. Stern and Hanson, 1991, their
Fig. 3). The latter series is represented in the Rio Maria terrane by
the mafic enclaves (Fig. 3). Rocks representative of both series are
commonly described in the Archean sanukitoid suites (Stern and
Hanson, 1991; Smithies and Champion, 2000; Moyen et al., 2003;
Halla, 2005; Lobach-Zhuchenko et al., 2005; Kdpyaho, 2006; Heilimo
et al., 2007), but a clear distinction between the mentioned series is
commonly lacking. At least in the case of the Rio Maria suite as dis-
cussed above, the difference between both series is also evident in
geochemical data. The observed differences suggest that these series
cannot be derived from the same magma by fractional crystallization
and are the result of the processes responsible for the origin of the
magmas of each series. Our modeling indicated that the partial melt-
ing processes which generated the primitive magmas of the studied
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rocks produced different residual assemblages. In the case of the
granodiorite and intermediate rock magmas, garnet was a residual
phase, whereas in the mafic enclave magma, garnet was absent and
plagioclase was a residual phase. It was deduced that the mafic en-
clave magma was generated in the plagioclase stability domain and
consequently at lower pressures, whereas the granodiorite and inter-
mediate magmas were formed at comparatively higher pressures.
This implies that the contrast in pressure in which the partial melting
of the metasomatized mantle happened determines the differences in
modal and geochemical composition between both granodioritic and
monzonitic sanukitoid series.

To test our working hypothesis, we have selected chemical com-
positions of rocks which we have assumed as representative of both
series from sanukitoid suites of different Archean terranes. Consider-
ing the fact that Sr, Y, and, Sr/Y ratios are generally seen as good indi-
cators of the pressure of melt formation (Defant and Drummond,
1990; Drummond and Defant, 1990), we decided to evaluate the geo-
chemical behavior of the mentioned elements in classical sanukitoid
suites and to establish comparisons with those of Rio Maria. In the
Sr/Y vs. Y plot (Fig. 14), monzonites and quartz monzonites from
the Karelian craton (Lobach-Zhuchenko et al., 2005) and monzonites
from the Dharwar craton (Moyen et al., 2003) have low Sr/Y ratios
and high Y contents, which are similar to those of the mafic enclaves
of the Rio Maria suite. In contrast, granodiorites, quartz diorites, and
diorites of different sanukitoid intrusions from eastern Finland
(Arola suite, Kdpyaho, 2006; Lieksa granodiorite, Halla, 2005; Kaapin-
salmi tonalite, Heilimo et al., 2007) and the Pilbara craton (Smithies
and Champion, 2000) have high to moderate Sr/Y ratios and low Y
contents and are concentrated in the diagram in the same domain
as the granodiorite and intermediate rocks of the Rio Maria suite
(Fig. 14). This approach indicates that the contrasts observed be-
tween the granodioritic and monzonitic sanukitoid series are a gener-
al feature of these rocks. Our data also suggest that the origin of these
series is strongly dependent on the pressure of the magma generation
and, as a consequence, that the nature of the series could indicate the
approximate depth of formation of its magma. If correct, this observa-
tion implies that the two fields shown in Fig. 14 are indicative not
only of the nature of sanukitoid series but also of their pressure of for-
mation. The field labeled A corresponds to rocks of the monzonitic se-
ries, which are supposed to be derived from relatively low pressure
magmas and the field B includes rocks of the granodioritic series,
which derived from magmas formed at higher pressures. For an
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Fig. 14. Sr/Y vs. Y plot for rocks from the Rio Maria suite (Bannach area) and from sanu-
kitoid suites of the Eastern Finland (Halla, 2005; Kadpyaho, 2006; Heilimo et al., 2007),
Karelian craton (Lobach-Zhuchenko et al., 2005) and Dharwar craton (Moyen et al.,
2001, 2003). Fields A — monzonitic sanukitoid series, and B — granodioritic sanukitoid
series.

alternative hypothesis to explain the variation of the La/Yb and Sr/Y
ratios see Moyen (2009).

7.3. The relationship between mafic enclaves and granodiorite magma

In all the occurrences of the Rio Maria suite, abundant and regular-
ly distributed centimetric-sized mafic enclaves are systematically in-
cluded in the host granodiorites (Oliveira et al., 2010). The
modeling and geochemical data suggest that mafic and granodiorite
magmas were originated at different depths and that the granodiorite
magma was generated at a higher pressure than the mafic enclave
magma. Field and petrographic aspects suggest a low viscosity con-
trast between enclaves and the Rio Maria granodiorite and indicated
that the two magmas coexisted when both were still partly molten
(Althoff et al., 2000; Leite, 2001; Oliveira et al., 2010). Thus, it was de-
duced that the granodiorite and mafic enclave magmas should min-
gled during their ascent and final emplacement. Only a limited
interaction between both magmas should have occurred. This is indi-
cated by field evidence and also by the relatively uniform geochemi-
cal behavior of each rock variety and the distinct trends displayed by
their rocks in different modal and geochemical diagrams (Figs. 3, 4,
and 5).

According to our modeling data, the sanukitoid granodiorite
magma resulted from a partial melting of 11% of the metasomatized
mantle at a pressure of >1000 MPa, whereas the enclave magma
was generated at a pressure of <1000 MPa and resulted from a simi-
lar degree of partial melting (9%). It can be inferred that the enclave
magma was at a higher lithospheric level and probably it should
have lower volume compared to the granodiorite one. We can thus
propose that the granodiorite magma ascended due to viscosity and
gravity instabilities, attained the level of enclave magma formation,
interacted with that magma, and ascended to the upper crust. The
lower volume of the mafic magma caused its disruption in bubbles in-
cluded and dispersed in the granodiorite magma. Both magmas were
in a partially molten state and initiated their interaction. However,
the relatively rapid ascent of the magmas prevented an intense re-
equilibration and their essential primitive features were well
preserved.

8. Summary and conclusions

The 2.87 Ga Rio Maria suite consists of Archean sanukitoid rocks of
the Rio Maria granite-greenstone terrane and intrudes greenstone
belts and TTG series. In the Bannach area, it is composed of four prin-
cipal groups of rocks: granodiorites, intermediate rocks, layered rocks
and mafic enclaves. Geochemical data demonstrated that these rocks
have a sanukitoid signature and are not related by fractional
crystallization.

Petrogenetic modeling, indicates that the internal evolution of in-
termediate magma was caused by the fractionation of amphibole
+ biotite 4- apatite, whereas granodiorites evolved by the fraction-
ation of plagioclase +amphibole + biotite. Layered rocks have been
derived from the granodiorite magma by an accumulation of 50% of
amphibole, in the case of dark layer, and an accumulation 30% of am-
phibole + plagioclase, in the case of the gray layer.

Geochemical data and modal compositions indicated that mafic
enclaves (monzonitic series) and granodiorites or intermediate
rocks (granodioritic series) follow two distinct trends in modal Q-
A-P and geochemical diagrams and a link by fractional crystallization
is not consistent. These two series are also found in other Archean
cratons and their clear distinction is extremely relevant for the under-
standing of the origin and evolution of sanukitoid series.

According to modeling, the petrogenesis of the Rio Maria suite re-
quired the melting of a modified mantle source that was extensively
metasomatized by the addition of about 30% TTG melt to generate
the granodiorite (11% of melt) and intermediate magmas (14% of
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melt) and ~20% TTG melt in the case of mafic enclave magma (9% of
melt). In the case of the granodiorite and intermediate rock magmas,
garnet was a residual phase, whereas in the mafic enclave magma,
garnet was absent and plagioclase was a residual phase. The lowest
Sr/Y ratios, highest Y contents, and moderately negative Eu anomaly
of the mafic enclaves, are consistent with the presence of plagioclase
as a residual phase and reinforce the results of modeling. This obser-
vation suggests that the contrast in pressure, in which it occurred the
partial melting of the metasomatized mantle could be determinant in
the differences in modal and geochemical composition between both
the granodioritic (granodiorites and intermediate rocks) and monzo-
nitic (mafic enclaves) sanukitoid series.

In summary, the adopted model for the generation of the rocks of
the Rio Maria suite implies: (1) an extensive generation of TTG
magmas, at least in part derived from the partial melting of a mafic
slab in a subduction setting; (2) the interaction of these TTG magmas
with the mantle, resulting in a metasomatized mantle with a signifi-
cant TTG component (20% to 30% in volume); (3) a tectonothermal
event at ~2.87 Ga, possibly related to the slab-break-off, causing as-
thenosphere mantle upwelling, or to the action of a mantle plume,
may have induced the melting of the metasomatized mantle and
the generation of sanukitoid magmas; (4) the nature of the magmas
depends on the degree of melting and on the depth (pressure) in
which the melting process occur; (5) the granodiorite magma
ascended and mingled with the less voluminous mafic enclave
magma; (6) the magmas ascended to the crust, evolved by fractional
crystallization and were emplaced at relatively shallow crustal levels,
possibly forming laccoliths or sheet-like plutons (Souza et al., 1992).

Supplemental data — Analytical methods were described by Gaudette
etal. (1998): Isotopic ratios were measured in a FINNIGAN MAT 262 mass
spectrometer and data were acquired in the dynamic mode using the ion-
counting system of the instrument. For each step of evaporation, a step
age is calculated from the average of the 2°”Pb/2°Pb ratios. When differ-
ent steps yield similar ages, all are included in the calculation of the crystal
age. If distinct crystals furnish similar mean ages, then a mean age is cal-
culated for the sample. Crystals or steps showing lower ages probably re-
flect Pb loss after crystallization and are not included in sample age
calculation. Common Pb corrections were made according to Stacey and
Kramers (1975) and only blocks with 2%6Pb/2%4Pb ratios higher than
2500 were used for age calculations. 2°7Pb/2%Pb ratios were corrected
for mass fractionation by a factor of 0.12% per a.m.u, given by repeated
analysis of the NBS-982 standard, and analytical uncertainties are given
at the 20 level.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.lithos.2011.08.017.
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