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The studied tonalitic and trondhjemitic granulites are located in the SSE granulitic domain of the Sdo
Francisco craton, Bahia, Brazil, where they represent most of the southern part of the Archean and
Paleoproterozoic Itabuna-Salvador-Curaga Block (ISCB). Chemically, the tonalitic and trondhjemitic
granulites belong to a low-K calc-alkaline suite; their REE patterns are steep with strong LREE/HREE
fractionation and no significant Eu anomaly. Garnet-bearing mafic granulites that occur as enclaves in the
tonalitic and trondhjemitic granulites were derived from basalts and/or gabbros of tholeiitic affinity.
Geochemical modelling showed that the tonalitic and trondhjemitic granulites were produced by
moderate fractional crystallization of an assemblage of hornblende and plagioclase, with subordinate
amounts of magnetite, apatite, allanite and zircon. The garnet-bearing mafic granulites would be the
source of the magmas that generated these rocks. Partial melting left a residue made up of plagioclase,
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garnet, orthopyroxene and hornblende.
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1. Introduction

The Archean—Paleoproterozoic boundary marks changes in
petrogenetic mechanisms at this time (Martin, 1986; Barbosa,
1990; Barbosa and Sabaté, 2002, 2004). At about 2.5 Ga komati-
ites almost stopped to be produced and also the tonalite,
trondhjemite and granodiorite (TTG) association became scarcer.
During the Archean, continental crust had TTG composition, and
was supposed to be generated by melting of hydrated basalt,
probably in a subduction environment (Martin, 1986). After 2.5 Ga
its growth was due to additions of the basalt, andesite, dacite and
rhyolite (BADR) suite, generated by hydrous mantle peridotite
melting in a subduction environment. This major petrologic
change is classically interpreted as reflecting the progressive
cooling of the Earth (Martin and Moyen, 2002). If it is possible to
demonstrate a progressive change in TTG composition throughout
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the Archean at the world scale, maybe the transition was not
abrupt at ca. 2.5 Ga. On the contrary, it was progressive since some
TTG are found in Paleoproterozoic terrains. In addition, sanuki-
toids, which have chemical composition intermediate between
TTG and BADR, were emplaced until the end of the Archean to the
Paleoproterozoic, but now also includes younger rocks (Stern,
1989; Stern and Hanson, 1991; Smithies and Champion, 1999; De
Souza et al., 2007; Lobach-Zhuchenko et al., 2008).

Tonalite and trondhjemites are abundant in the Itabuna-Salva-
dor-Curaga Block (ISCB), which is Paleoproterozoic in age and
formed over a period of 200—300 Ma when the Itabuna-Salvador-
Curaca Block was squeezed between the Archean Gavido, Jequié
and Serrinha blocks. This led to the formation of an important
mountain range which is now completely eroded in the centre of
the block where the high-grade metamorphic rocks of its roots are
now exposed. This forms one of the world’s most important gran-
ulite provinces (Barbosa, 1986).

The aim of this article is to present new data on the geology,
petrography and rock geochemistry, as well as the results of
geochemical modelling of the genesis of the tonalitic and trondh-
jemitic granulites and of the garnet-bearing basic granulites which
are found in the southern part of the ISCB (Pinho, 2005).
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2. Geological setting

The Sdo Francisco Craton which stabilized at the end of the
Paleoproterozoic orogeny, before Espinhaco rifting, is located in the
central-eastern part of South America. It is surrounded by
the Aracguai, Brasilia, Rio Preto, Riacho do Pontal and Sergipana fold
belts. In the stable part of the craton, Mesoproterozoic siliciclastic
and Neoproterozoic carbonate sediments cover an Archean-Paleo-
proterozoic basement (Alkmim et al., 1993; Fig. 1). In this basement,
Barbosa and Sabaté (2002) identified four distinct crustal segments,
the Gavido (GB), Jequié (JB), Serrinha (SB) and Itabuna-Salvador-
Curacga (ISCB) blocks (Fig. 1).

The Gavido Block (GB) (Fig.1) is made up of various orthogneisses
including TTG suites with ages ranging from 3.5 to 2.7 Ga. They were
metamorphosed and partially recycled, with migmatites and gran-
ites dated at ca. 2.6—2.5 Ga (Marinho, 1991; Martin et al., 1991;
Santos Pinto, 1996; Bastos Leal et al., 2003; Peucat et al., 2003).
Disrupted supracrustal belts are considered to be Archean. They
generally consist of mafic to ultramafic flows overlain by felsic lavas
with pyroclastic intercalations and siliciclastic sediments (Marinho,
1991; Cunha and Frées, 1994; Mascarenhas and Silva, 1994).

The Jequié Block (JB) (Fig. 1) crops out between the Gavido Block
and the Itabuna-Salvador-Curaca Block. It consists of two main rock

units. The older unit, dated at 3.0 Ga by Wilson (1987), is made up
of heterogeneous felsic orthogranulites with subordinate mafic
facies associated with kinzigites, iron formations, orthopyroxene-
bearing garnet quartzites and graphitites. The second unit is
younger, with ages ranging from 2.7 to 2.6 Ga, and contains
enderbitic, charno-enderbitic and charnockitic granulites (Alibert
and Barbosa, 1992; Barbosa et al., 2004).

The Serrinha Block (SB) (Fig. 1) crops out at the northeastern
extremity of the Sdo Francisco Craton. It is composed of tonalite,
granodiorite orthogneiss and amphibolites. In some places partial
melting took place, and the migmatites produced ages ranging
from 3.1 to 2.8 Ga (Oliveira et al., 1999, 2000; Melo et al., 2000; Rios
et al,, 2005). The 2.0—2.2 Ga (Silva, 1996) Rio Itapicuru and Capim
greenstone belts cover this basement, and were intruded by a wide
variety of granites (Alves da Silva, 1994) with ages between 2.25
and 2.07 Ga (Rios et al., 2005).

The Itabuna-Salvador-Curaca Block (ISCB) (Fig. 1) is located
between these three blocks (Barbosa and Sabaté, 2002, 2004). The
northern part is composed of TTG with imbrications of supracrustal
rocks which are cut by products of anatectic melts, including
granites. The southern part of the ISCB contains at least three
major groups of granulites including: (1) mafic granulites associ-
ated with (3); (2) granulites derived from sedimentary rocks; (3)
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Fig. 1. Schematic geological map showing the limits, the marginal fold belts and the major structural units of the Sdo Francisco Craton. GB — Gavido Block; JB — Jequié Block;
SB — Serrinha Block; ISCB — Itabuna-Salvador-Curaca Block. The grey rectangle indicates the studied area. (Adapted from Alkmim et al., 1993).
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Paleoproterozoic tonalitic and trondhjemitic granulites (Silva et al.,
2002; this work). In this area, the granulite facies metamorphism
has been dated at 2.06—2.07 Ga (Ledru et al., 1994; Silva et al.,
2002), with temperatures between 926 and 980 + 40 °C, and at
pressures of about 6.9—8.6 & 2 k bar (Pinho, 2005).

The studied tonalitic and trondhjemitic granulites are tectoni-
cally interlayered with Archean enderbitic relics, monzonitic and
syenitic granulites. They are represented in Fig. 2 as undifferentiated
granulites. These rocks are dark grey, medium-grained and foliated.
Mafic bodies, now parallel to the regional foliation, are found in
these granulites. Based on their mineralogical composition, Pinho
(2000) referred them as garnet-bearing mafic granulites. They are
grey to dark grey, medium-grained, foliated or banded rocks.

The Geological evidence coupled with structural, metamorphic
and isotopic data suggest a collision of these four crustal segments
(GB, JB, SB, and ISCB) (Fig. 3A), during the Paleoproterozoic,
resulting in the formation of an mountain belt with an N-S length of
approximately 600 km and a mean E-W width of 150 km. The traces
of this collision are found not only in the structural features, but
also by studying the pre-and syntectonic Paleoproterozoic rocks
that are intruded into the above mentioned crustal segments,
mainly in the Gavido Block (Marinho, 1991; Santos Pinto, 1996;
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Bastos Leal et al., 2003), Itabuna-Salvador-Curacd Block (Ledru
et al, 1997; Barbosa et al., 2004) and Serrinha Block (Oliveira
et al., 1999, 2000; Melo et al., 2000; Rios et al., 2005). During the
sinistral collision, slices of the Jequié Block may have been incor-
porated in the Itabuna-Salvador-Curaga Block.

3. Petrography
3.1. Tonalitic and trondhjemitic granulites

The tonalitic and trondhjemitic granulites are leucocratic to
mesocratic rocks with inequigranular, interlobate to polygonal
granoblastic textures. They mainly consist of a quartz and plagio-
clase (An43) association with minor amounts of orthopyroxene,
clinopyroxene and opaque minerals. Perthitic K-feldspar is rare, and
hornblende and biotite are retrograde minerals. The main accessory
phases are apatite and zircon together with scarce crystals of allanite
and garnet. Nevertheless, the size and textures of some plagioclase,
quartz and pyroxene crystals indicate that they belonged to the
original plutonic paragenesis that re-equilibrated during granulite
metamorphism. Modal compositions (Table 1) plotted in the QAP
diagram of Streckeisen (1976) fall in the tonalite and trondhjemite
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Fig. 2. Simplified geological map of the studied area showing the Paleoproterozoic tonalitic and trondhjemitic granulites and the associated basic granulites (Modified from

Barbosa, 1990).
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Fig. 3. A: An—Ab—Or diagram (O’Connor, 1965) for the tonalitic and trondhjemitic granulites. B: AFM diagram (Irvine and Baragar, 1971) showing that the tonalitic and trondh-
jemitic granulites (open circle) plot in the calc-alkaline field whereas the garnet-bearing basic granulites (filled squares) fall in the tholeiitic field.

field (Pinho, 2005). Microstructures such as wedge-shaped plagio-
clase with slightly bent albite twins, fractured quartz grains with
undulose extinction, as well as fractured pyroxenes, show that the
rocks underwent both ductile and brittle deformations after their
emplacement. Their Sm—Nd TDM model ages vary from 2.8 Ga to
2.4 Ga, while zircon SHRIMP dates of 2119 + 10 Ma and 2213 + 11 Ma
are interpreted as the age of different magmatic inputs. On the other
hand, metamorphic zircon crystals yielded an age of 2083 17 Ma
(Peucat et al., in preparation).

3.2. Garnet-bearing mafic granulites

The mafic granulites are mesocratic with granoblastic textures.
They are composed of plagioclase, clinopyroxene and orthopyrox-
ene, together with garnet, quartz, opaque minerals, apatite and
zircon as accessory minerals, and hornblende and biotite as

secondary phases. Most of the rocks are gabbros, but some are
quartz diorites (Table 2) (Pinho, 2005). Symplectitic and coronitic
textures result from reactions between garnet, plagioclase, quartz
and pyroxenes. Exsolution of orthopyroxene from clinopyroxene is
also observed.

4. Geochemical characteristics
4.1. Analytical methods

Analyses of major, trace and rare earth elements were obtained in
the laboratory of GEOSOL — Geologia e Sondagem S.A. Major
elements, except for low concentrations of Na and K, were obtained
by X-ray fluorescence. Atomic absorbtion spectrophotometry was
used to determine low concentrations of Na and K. Co, Cr, Cu, Ni, Pb,
and REE were analyzed by ICP-OES after HF + HClO4 digestion. F was
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Modal analyses of tonalitic and trondhjemitic granulites. Symbols: Pl= plagioclase; Qtz = quartz; Mi= microcline; Afs=Feldspate alkaline; Opx = orthopyroxene;
Cpx = clinopyroxene; Hbl = hornblende; Bt = biotite; Grt = garnet; Mo = opaque minerals; Ap = apatite; Zr = zircon.

Samples Modal Analyses (%)

Pl Qtz Mi Afs Opx Cpx Hbl Bt Grt Mo Ap Zr
TD-6 50 2443 - - - 9.14 - 143 11.43 2 0.86 0.71
TD-12 56 15 - — 11.71 11.86 — - - 3.29 1.43 0.71
TD-15 38.86 46.63 - - 10.57 - - 0.86 - 3 - 0.28
BJ-61A 413 45.71 - - 1.14 2.71 - 4.86 - 3.43 0.71 0.14
ID-32 44.36 40.22 — — 3.71 6 — 0.71 — 4 0.29 0.71
ZM-4 49.5 45.57 - - - - - - - 3.5 1.71 0.29
ZM-6 51.63 11.62 - - 9.75 9.25 5.75 1.25 4 2.62 0.13 -
JF-139A 44 29.15 - - 9.71 9.71 - 3.14 - 3 0.86 0.43
JE-142A 53.21 29.07 — - 13.57 — — 0.57 — 3 0.29 0.29
JP-27B 31.71 45.02 - - 8.14 - - 7.71 - 3 0.14 0.28
Jp-28 45.3 193 - - 11 - 103 7.3 - 4 2 0.8
MM-24 45.2 47.05 — 1.25 2.6 — — 0.75 — 1.2 0.05 0.15
PR-66 40.71 3343 - - 8.14 8.43 - 5.43 - 3 0.57 0.29
YJ-8 49 35 - 3 10 - - - - 2 - 1
YJ-23B 37.7 9.45 - 21.65 16.5 4.95 0.35 - 7.6 - 1.80
ID-09 48.15 4245 — - 5 — — 1 — 2 — 1
JP-42C 49.57 35.14 - - 8 - - 3.43 - 3.14 - 0.29

determined by specific ion electrode after alkaline fusion. The
MINPET software (Richard, 1995) was used for preparation of
graphics.

4.2. Tonalitic and trondhjemitic granulites

The tonalitic and trondhjemitic granulites display a wide range
in both SiO; (53—71%) and MgO (4.5—0.59) contents (Table 3). In
the normative An—Ab—Or triangle of O’Connor (1965), where only
samples with more than 10% normative quartz should be plotted,
most samples fall in the tonalitic field, whereas only 4 are
trondhjemites (Fig. 3A). From this point of view, they differ from
Archean TTG sequences that are richer in Na and therefore rich in
trondhjemites (Martin, 1994). In the AFM diagram of Irvine and
Baragar (1971), all these granulites perfectly fall in the calc-alka-
line domain where they define a smooth trend (Fig. 3B). In Harker
diagrams all elements show differentiation trends and are nega-
tively correlated with SiO,, except for K,0 that is positively corre-
lated, and Na;O which displays almost no variation during
differentiation (Fig. 4).

The behaviour of V, Y and Zr is that of compatible or partly
compatible elements, while in spite of its concentrations Sr behaves
as an incompatible element (Fig. 5). In a chondrite normalized
diagram Light Rare Earth Elements (LREE) contents are enriched
relative to Heavy Rare Earth Elements (HREE), thus resulting in high
(La/Yb)y ratios (11.5—75.0). The patterns lack significant Eu
anomalies (Fig. 6), Eu/Eu* ratios ranging from 0.7 to 1.1 (Table 3).
These characteristics are typical of Archean TTG (Martin et al,,

Table 2

2005). In primitive mantle normalized multi-element diagrams
(Fig. 7) all elements are enriched relative to primitive mantle.
However, the degree of enrichment varies widely: LILE are more
enriched (10—100x ) than HREE (1—10x). Ba and Zr display positive
anomalies, while Sr, Nb, Ti and P have negative anomalies.
According to Martin (1999) the negative anomalies for the last
three elements are common in Archean-Paleoproterozoic TTGs and
are thought to result from fractionation of apatite and Fe—Ti oxide
minerals during differentiation (Martin, 1999; Foley et al., 2000).

4.3. Garnet-bearing mafic granulites

The mafic granulites are MgO-poor (2.7%—7.2%) and
FeO + Fey0s3-rich (11.2%—19.7%; Table 4). In the AFM diagram
(Irvine and Baragar, 1971), they plot in the tholeiite field, (Fig. 4B).
REE patterns (Fig. 6) are moderately fractionated with (La/Yb)y
ranging from 1.0 to 3.2, and no significant Eu anomaly is apparent
with Eu/Eu* ranging between 0.78 and 0.97. All these values are
typical of tholeiitic magmas.

5. Geochemical modelling
5.1. Mechanisms of differentiation

Our approach is based only on the whole rock geochemistry,
performed on samples of several kg in weight. Consequently, it is
assumed that they represent the composition of the magma, and
that granulitic metamorphism, was not able to change the whole

Modal analyses of garnet-bearing mafic granulites. Symbols: Pl = plagioclase; Cpx = clinopyroxene; Opx =orthopyroxene; Am =amphibole; Qtz = quartz; Bt = biotite;

Grt = garnet; Mo = opaque minerals; Ap = apatite; Zr = zircon.

Samples Modal Analyses (%)

Pl Cpx Opx Am Qtz Bt Grt Mo Ap Zr
216B 45.00 20.00 18.00 4.00 4.00 1.00 3.00 5.00 - -
JB-26 46.30 29.80 - 4.60 1.80 - 13.80 3.50 0.20 -
M-05 45.31 27.71 14.33 1.00 0.86 343 2.86 3.50 0.86 0.14
M-06 33.71 14.43 11.29 3.00 9.00 0.29 22.14 5.00 1.00 0.14
M-09 4243 2.29 19.57 - 6.71 - 22.86 4.00 2.00 0.14
M-11 45.00 6.00 6.00 — 8.00 — 25.00 4.00 — —
PR-51 43.28 2143 24.00 5.86 1.86 - 0.43 3.00 0.14 -
PR-68 39.70 28.57 - 10.57 4.14 - 12.60 4.00 0.28 0.14




Table 3

Representative major and trace element analyses of tonalitic and trondhjemitic granulites.

Samples TD-6 TD-12 ZM-4 JF-142A  JF-139A ZM-6 PR-66 TD-15 JP-42C JP-27B JP-28 ID-32 YJ-23B YJ-42 MM-24C Y]-8 BJ-61A ID-09
SiO; 53.2 59.70 59.80 60.20 60.40 62.20 62.70 64.80 65.30 65.90 66.40 66.50 67.8 68.10 68.80 69.60 71.00 71.10
TiO, 1.00 0.78 0.91 0.54 0.73 0.89 0.72 0.61 0.63 0.45 0.49 0.54 0.35 0.37 0.13 0.55 0.34 0.28
AlLO3 17.8 16.10 16.10 19.10 16.90 16.00 16.20 15.10 15.80 15.40 16.10 15.10 121 15.30 17.00 14.10 13.80 14.70
Fe;03 4.6 2.60 4.30 0.70 0.57 3.70 2.80 2.00 1.80 1.00 1.90 2.40 4.2 2.40 0.74 0.21 2.30 0.82
FeO 5.00 4.30 3.80 3.60 4.80 3.10 3.10 4.10 3.70 3.90 2.80 2.90 2.6 130 2.10 4.40 1.80 2.40
MnO 0.18 0.17 0.16 0.05 0.08 0.09 0.17 0.15 0.11 0.10 0.10 0.11 0.11 0.05 0.05 0.05 0.14 0.09
MgO 4.50 3.30 2.60 2.00 3.20 3.00 3.00 2.00 2.60 3.20 1.80 1.70 240 1.20 1.00 1.80 0.59 0.92
Cao 8.70 5.50 5.30 5.40 6.00 5.50 5.00 3.90 3.10 3.30 4.30 5.40 6.60 2.80 2.90 3.50 4.70 2.70
Na,0 3.20 3.80 4.40 5.70 4.40 3.70 4.30 3.60 4.90 4.30 4.10 3.90 230 4.50 4.90 3.60 3.30 4.90
K0 0.90 2.50 1.60 1.60 1.60 1.60 1.20 2.70 1.20 1.50 1.20 0.57 0.49 2.10 1.70 1.90 0.93 1.40
P05 0.44 0.32 0.31 0.29 0.25 0.22 0.21 0.27 0.15 0.14 0.16 0.11 0.11 0.20 0.16 0.20 0.07 0.08
Total 99.52 99.07 99.28 99.18 98.93 100.00 99.40 99.23 99.29 99.19 99.35 99.23 99.06 98.32 99.48 99.91 98.97 99.39
\% 91 78 58 71 53 58 30
Rb 17 20 5 27 36 17 7 5 21 5 16 22

Ba 592 1348 684 880 840 2580 585 1131 750 445 493 367 208 788 888 590 546

Sr 440 440 545 656 605 291 540 339 1022 618 375 608
Nb 6 13 12 20 20 13 5 7 9 9 9 13 6 8 10 8 5 6
Hf 10 8 8 8 8 10 8 8 8 10 8 8 8

Zr 250 154 228 127 196 440 183 74 131 318 54 199

Y 20 20 17 23 20 11 15 20 21 10 19 13 7

La 32.06 58.28 40.12 2333 48.01 24.25 17.24 39.79 51.89 20.40 54.41 3741 11.45 10.92 34.38 72.82 14.62 29.44
Ce 74.67 130.00 73.53 46.70 92.83 43.15 38.24 78.56 108.90 47.93 98.20 74.04 23.93 21.64 71.70 125.80 30.13 56.66
Nd 31.60 54.30 27.51 21.57 36.47 17.45 20.32 29.28 40.97 21.42 29.30 24.72 11.79 8.84 30.54 46.94 11.48 17.88
Sm 6.18 9.06 4.59 3.44 5.66 3.63 3.17 4.86 5.94 3.86 4.38 4.48 2.81 1.68 4.73 7.95 2.10 2.50
Eu 1.37 1.64 0.94 1.13 1.48 1.10 0.94 1.07 1.70 1.00 1.03 0.94 0.70 0.52 1.26 1.55 0.63 0.61
Gd 443 4.56 247 229 3.55 2.47 2.04 2.72 3.92 3.04 2.61 3.02 2.38 1.55 239 5.04 132 1.68
Dy 2.87 2.98 1.55 1.56 2.90 1.36 1.63 1.83 2.92 2.51 1.77 2.49 1.69 0.97 1.40 247 1.08 1.13
Ho 0.56 0.56 0.27 0.32 0.64 0.27 0.32 0.34 0.58 0.47 0.33 0.50 0.39 0.20 0.46 0.21 0.20
Er 1.31 135 0.50 0.79 1.64 0.60 0.84 0.81 1.58 1.14 0.75 1.31 0.92 0.43 0.59 1.05 0.53 0.44
Yb 0.86 0.82 0.29 0.53 1.24 0.42 0.58 0.51 1.38 0.90 0.48 0.98 0.66 0.26 0.44 0.64 0.45 0.31
Lu 0.11 0.11 0.04 0.10 0.20 0.08 0.08 0.07 0.21 0.11 0.06 0.14 0.08 0.04 0.06 0.10 0.08 0.05
(La/Yb)n 24.56 46.82 91.13 29.00 25.50 38.03 19.58 51.39 24.77 14.93 74.67 25.15 11.50 27.67 51.47 74.95 21.40 62.56
Eu/Eu* 0.77 0.70 0.78 1.17 0.95 1.07 1.07 0.83 1.02 0.87 0.87 0.74 0.81 0.98 1.03 0.71 1.09 0.87

Eu/Eu* = Euyn/(Sm + Gd)n/2.
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Fig. 4. Major element Harker (1909) diagrams for the tonalitic and trondhjemitic granulites.

rock composition. Such a metamorphism proceeds in the redistri-
bution of chemical elements between old and/or new minerals, at
a cm scale, but is unable to change the whole rock composition in
large samples.

In the Harker diagrams for major and trace elements the Pale-
oproterozoic tonalitic and trondhjemitic granulites have trends
which are usually straight lines but are sometimes curves (MgO,
P20s5, TiOz). These curves demonstrate that the process which
produced the trends cannot be mixing or mingling, which should
strictly give straight trends. Consequently, the petrogenetic
processes involved in tonalitic and trondhjemitic granulite genesis
is either partial melting or fractional crystallization.

In Fig. 5 the behaviour of Sr is an incompatible element, while V,
Y and in part Zr behave as compatible elements or partly compat-
ible elements. In spite of the relative scattering of Sr data, in log-
scale diagrams of a compatible element (V or Zr) versus an
incompatible element (Sr) the trends observed are steep-sloped

lines typical of fractional crystallization (Fig. 8). They do not show
any sign of the horizontal trend that should result from partial
melting. Consequently, in order to account for the trends observed
in Harker diagrams, we will first attempt to quantify fractional
crystallization in the tonalitic and trondhjemitic suite.

To perform the geochemical modelling we used the Genesis
software of Teixeira (1997).

In a first step, the process is modelled using mass balance
calculations based only on major elements (Stormer and Nicholls,
1978) to yield the modal and chemical compositions of the cumu-
late and the degree of fractional crystallization. In the second step,
these computed values are entered into trace-element models
using the Rayleigh (1896) equation.

The compositions of mineral phases used for our geochemical
modelling are those included in the Genesis software (Teixeira,
1997) and the results obtained are shown in Table 5. The natural
sample TD-12 that is the least differentiated (lower SiO; and higher
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Fig. 5. Trace element Harker (1909) diagrams for tonalitic and trondhjemitic granulites.

MgO contents) is considered as the representative of the parental
magma. Sample BJ-61A having the higher SiO, and lower
MgO contents is assumed to represent the most differentiated
magma. The computed cumulate contains plagioclase Angs
(46%) + hornblende (29%) + biotite (22%) + ilmenite (1.6%) -+ apatite
(1.4%). This cumulate probably represents a residue of partial
melting of aluminous basic rocks that after metamorphosed to

1000

100

Samples/chondrites

0,1
La Ce Nd Sm Eu Gd Dy Er Yb Lu

Fig. 6. Chondrite normalized (Masuda et al., 1973) REE pattern for the tonalitic and

trondhjemitic granulites and the garnet-bearing mafic granulites.

a great degree, produced the garnet-bearing mafic granulite. The
sum of squared residues (SSR: 0.54) shows that the model closely fits
the analytical data, the main contribution to SSR being due to the
alkali oxides, especially K,0. The degree of fractional crystallization
is about 52%.

The modal and chemical compositions of the cumulate, as well
as the degree of fractionation calculated from major-element data,
are now used in trace-element modelling. The mineral/liquid
partition coefficients (Kd™") were taken from literature compila-
tions (Martin, 1987; Rollinson, 1993) (Table 6).

When the cumulate composition and the degree of fractionation
calculated from major-element data are used in REE modelling, the
model does not fit the analytical data at all. Consequently, it was
assumed that accessory phases could have played a significant role.
Fig. 5 shows that Zr is compatible. As zircon is quite abundant (but
still an accessory mineral) in the tonalitic and trondhjemitic gran-
ulites, it could have participated in the fractional crystallization.
The same can be done with LREE which may be fractionated by an
LREE-rich phase such as allanite that is present in subordinate
amounts in the studied rocks. We note that allanite is a widespread
accessory phase in all Archean and Paleoproterozoic tonalites and
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Fig. 7. Primitive-mantle normalized (Taylor and McLennan, 1985; Sun, 1980;
Thompson, 1982) multi-element diagram for the tonalitic and trondhjemitic granulites.



Table 4
Representative major and trace element analyses of garnet-bearing mafic granulites.

Sample 216B ]JB-26 PR-51 PR-68 M-05 M-06 M-11 M-09

Sio, 4554 4750 4890 49.40 5021 5056 5192 53.46
TiO, 0.52 1.80 1.50 2.50 1.31 2.50 2.66 213
Al,03 19.08 1420 14.20 14.00 1459 1240 1417 1292
Fe,03 5.31 6.00 3.10 2.60 1.06 4.34 1.05 0.66

FeO 6.65 1130 1040 13.70 10.22 1542 1511 16.17
MnO 0.22 0.24 0.20 0.25 0.20 0.33 0.33 0.31
MgO 7.21 5.90 6.30 4.60 5.51 3.13 3.16 2.69
Cao 11.86 9.70 12.10 9.70 11.06 7.81 6.37 7.03
Na,0 1.25 1.60 2.30 2.20 2.74 2.61 1.93 2.51
K>,0 0.37 0.18 0.07 0.30 0.80 0.42 0.38 0.71
P,0s5 0.03 0.40 0.13 0.31 0.44 0.76 0.71 0.80
Total 98.04 98.82 99.20 99.56 98.14 100.28 97.79 99.39
Cr 41 60 124 66
Ni 40 61 81 19 15 14 2 2
Co 32 27 47 41
\% 249 270 292 381
Cu 71 156 40 54 194 45
Rb 15 155 9 8 18 18 2 2
Ba 86 5 31 147 1540 15 141
Sr 246 735 172 76 780 780 298 184
Nb 10 5 5
Zr 75 115 83 66 145 215 117 210
Y 10 16 22
La 5.31 595 1543 23.11
Ce 13.60 18.04 39.79 59.16
Nd 13.26 13.16 26.87 39.95
Sm 4.19 3.17 6.27 11.46
Eu 1.16 1.01 1.70 3.12
Gd 5.07 3.21 6.29 11.74
Dy 5.54 3.49 7.39 13.14
Ho 0.67 1.47
Er 3.79 1.65 3.95 7.59
Yb 3.47 1.26 3.15 8.27
Lu 0.51 0.16 0.39 1.23
SETR 559 511 112.70 178.77
La/YbN 1.01 3.12 3.23 1.85
Eu/Eu* 0.78 0.97 0.83 0.82
000 7 T T T A
> 100 F E
10— . M — e H
g 100 2
10 M | sl P
10 100 1000 10000
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Fig. 8. Log compatible (V and Zr) versus log incompatible (Sr) elements. The smooth
almost vertical curves show that fractional crystallization was the prominent process
of differentiation of the studied tonalitic and trondhjemitic granulites.

Table 5

Comparison of the major, trace and REE elements compositions of computed
differentiated magma (Cl) and the model differentiated magma (Cl = BJ-61A). The
composition of the parental magma (Co=TD-12) is also given as well as the
mineralogical composition of the extracted cumulate. The best fit is obtained for 52%
fractional crystallization.

Parental magma Differentiated Computed
Co = TD-12 magma differentiated
Cl = BJ-61-A magma Cl
% Oxyde
SiO, 59.7 71.0 71.06
TiO, 0.78 0.34 0.37
Al,05 16.1 138 13.65
FeOtot 7.16 43 427
MgO 33 0.59 0.53
Cao 5.5 4.7 4.22
Na,0 3.8 33 3.52
K20 2.5 0.93 1.78
P,05 0.32 0.02 0.06
ppm
La 58.28 14.62 14.35
Ce 130.00 30.13 28.62
Nd 54.30 11.48 10.81
Sm 9.06 2.10 1.87
Eu 1.64 0.63 0.68
Gd 4.56 1.32 1.04
Dy 2.98 1.08 0.98
Er 1.35 0.53 0.58
Yb 0.82 045 0.38
Nb 13 5 9
Sr 440 375 382
Zr 250 54 58
% Mineral in cumulate
Plagioclase Angs 46
Hornblende 29
Biotite 22
[lmenite 1.6
Apatite 14
(sD?) = 0.54 X=(1-F) =52%

trondhjemites (Martin, 1987). Table 5 and Fig. 9 shows the result of
REE modelling. The calculated amounts of cumulative zircon and
allanite necessary to adjust the model to data are very small: 0.06%
and 0.3% respectively. The calculated Eu content is higher than in
the natural sample BJ-61A, thus defining a small positive anomaly.
Contrary to most REE behaviour, Kd™reral/liauid yajyes for Eu in
minerals such as feldspars are very sensitive to oxygen fugacity. A
small change in this parameter would significantly change the
partition of Eu, but as we have no real constraints on these
parameters we made no attempt to adjust the model further.

5.2. Magmatic sources

Modelling of fractional crystallization shows that sample TD-12
can be considered as representative of the parental magma of the

Table 6
Partition coefficients (Kd) used in the modelling of tonalites/trondhjemites granu-
lites (Martin, 1987; Rollinson, 1993).

Hornblende Plagioclase Magnetite Allanite Apatite  Zircon
La 02 0.32 0.22 960 25 2.0
Ce 03 0.22 0.26 940 35 2.64
Nd 08 0.15 03 750 58 2.2
Sm 1.1 0.1 0.35 620 64 3.14
Eu 13 1.21 0.26 56 30 3.14
Gd 1.8 0.067 0.28 440 64 12
Dy 2.0 0.05 0.28 200 58 101.5
Er 1.9 0.045 0.22 100 40 135
Yb 1.7 0.041 0.18 54 22 527
Nb 05 0.025 0.00001 1.0 0.00001 140
Sr 06 44 0.00001 0.00001  0.00001 0.00001
Zr 0.044 0.5 0.00001 0.00001 0.01 3800
Y 25 0.06 0.00001 1.0 0.00001 3800
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Fig. 9. Chondrite normalized (Masuda et al., 1973) REE pattern showing the result of
the modelling of fractional crystallization of BJ-61A from TD-12.

Table 7

Comparison of the major, traces e ETR elements compositions of computed melt
composition (Cl) and melt composition (TD-12). The composition of the solid source
(average garnet granulite) is also given as well as the mineralogical composition of
the residue of melting. The best fit is obtained for 20% partial melting. Batch melting
equation of Shaw (1970): C;= Co/F [1 — (1 — F)"/°] where C, = concentration of the
element in the liquid, C,= concentration of the element in the solid source;
F = degree of melting; and D = bulk partition coefficient.

Solid source average  Melt composition = Computed melt

garnet granulite TD-12 composition Cl
% Oxyde
SiO, 50.44 59.7 59.72
TiO, 1.72 0.78 0.62
Al,03 14.78 16.1 16.87
FeO 15.15 7.16 7.18
MgO 4.93 33 3.44
Cao 9.18 5.5 5.68
Na,0 2.14 3.8 3.82
K,0 0.65 2.5 2.69
ppm
La 12.07 58.28 57.1
Ce 30.8 130 131.7
Nd 21 54.30 68.0
Sm 5.64 9.06 11.91
Eu 1.6 1.64 2.19
Gd 5.99 4.56 5.98
Dy 6.77 2.98 3.1
Er 3.91 1.35 1.26
Yb 3.83 0.82 0.99
Nb 6.66 13 13.2
Sr 349 440 465
Zr 119 250 284
% Mineral in residue
Plagioclase 26
Clinopyroxene 19
Garnet 21
Orthopyroxene 19
Hornblende 10
Opaque 5
(=D?) =04 F=20%

tonalitic and trondhjemitic suite. Consequently, the question now
is to know how this parental magma could have been generated.
Due to the low SiO; and high MgO contents of TD-12, it can be
concluded that this magma cannot be generated by recycling of
a felsic crustal source. Here too, as for fractional crystallization
modelling, calculations were performed initially with two
compositions: the first one located between spinel lherzolite
xenolith (peridotite KLB-1C) from Takahashi (1986), and a molten
basalt from Rapp et al. (1999) and the second, located between the
spinel lherzolhite xenolith (peridotite KLB-1C) from Takahashi
(1986) and adakite (Zamora, 2000).The results of the calculation
of mass balance with resolution of major elements, considering the
two compositions discussed above, were quite satisfactory.
However, when modelled the rare earth elements, using these two
compositions, the results between the real and the calculated
model were totally unsatisfactory. Due to the impossibility of
setting the rare earth elements, all these possibilities were dis-
carded. Then, the third model tested had as basis the average
composition of the garnet-bearing granulite which occurs as
enclaves within tonalitic—trondhjemitic granulites, and was chosen
as a possible source.

The calculated modal composition of the residue consists of
plagioclase (26%) + garnet (21%) + clinopyroxene (19%) +
orthopyroxene (19%) + hornblende (10%) + magnetite (5%). The
degree of melting (F) is 20%, and (=D?)= 0.4 (Table 7). The REE and
other trace element behaviour has been modelled using the batch
melting equation of Shaw (1970). Fig. 10 and Table 7 shows the
results of REE behaviour modelling. The figure shows that the
computed model fits the TD-12 REE composition for both LREE and
HREE, whereas it predicts slightly higher amounts of MREE. This
could reflect the presence of small amounts of residual apatite,
which would also account for the lower P,05 content of TD-12
when compared with average garnet-bearing granulite.

500
i —o— Cl=TD-12
Co = average
. mafic granulite
—2— (1 = calculated
100 —
g %]
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o
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~ ]
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Fig. 10. Chondrite normalized (Masuda et al.,, 1973) REE pattern showing the result of
the modelling of partial melting of average mafic granulite in order to generate TD-12.
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6. Discussion and conclusions

Preserved primary minerals are uncommon in the tonalitic and
trondhjemitic granulites of the Itabuna-Salvador-Curaca Block, since
they were obliterated by deformation and high-grade metamorphism
have obliterated them. Nevertheless the size and textures of some
plagioclase, quartz and pyroxene crystals indicate that they belonged
to the original plutonic paragenesis that re-equilibrated during gran-
ulitic metamorphism. In contrast, the mafic granulites were totally re-
crystallized during metamorphism. Biotite and hornblende mostly
form rims around pyroxenes or are in contact with these minerals, and
are considered as secondary or retrograde minerals formed during
destabilization of both orthopyroxene and clinopyroxene.

Whole rock geochemistry indicates that the Paleoproterozoic
tonalitic and trondhjemitic granulites have low-K calc-alkaline
affinities. Oxides such as TiO5, Al,03, FeO, MgO, Ca0, P,05 and trace
elements such as V, Y and Zr show compatible behaviour, while
Nay0, K>0 and Sr behave incompatibly during magmatic differen-
tiation. These granulites have strongly fractionated REE patterns.
The garnet-bearing mafic granulites have tholeiitic affinity, and
their REE patterns are almost flat or slightly LREE-enriched with
insignificant or no Eu anomalies.

In geochemical modelling the solid extract is mainly made up of
plagioclase + hornblende + biotite with subordinate amounts of
magnetite, apatite, allanite and zircon. The degree of crystallization is
moderate (<52%). Many extracts were tested, and all those containing
clinopyroxene totally failed to account for differentiated liquid
composition. When small amounts (<5%) of orthopyroxene are
included in the extract, acceptable results are obtained. The adjust-
ment of the calculations to analytical data, however, is far better in the
absence of pyroxenes. Therefore, it is concluded that pyroxene frac-
tionation never played a significant role in the genesis of the tonalitic
and trondhjemitic magmas. This leads to the conclusion that the
magma did not crystallize under granulitic metamorphic conditions
but rather under amphibolite facies metamorphic conditions.

The best model accounting for the composition of the tonalitic
and trondhjemitic magmas consists in the melting of a meta-
morphosed basalt source having the same chemical composition as
the garnet-bearing basic granulites. The residue of melting being
made up of an assemblage of plagioclase, clinopyroxene, garnet,
orthopyroxene and hornblende.
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