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a  b  s  t  r  a  c  t

The  Gurupi  Belt,  in  northern  Brazil,  is  a Neoproterozoic-Early  Cambrian  orogen  developed  at  the  south-
southwestern  margin  of  the  São  Luís-West  African  Craton.  Several  plutonic  bodies  are  exposed  as
basement  units  of  the  Gurupi  Belt  and  represent  a variety  of  granitoid  types  emplaced  at different
ages  and  all  show  zircon  inheritance  and  chemical  and  isotopic  features  that imply  participation  of
reworked  Archean  to  Paleoproterozoic  crust  in the  magma  genesis  in clear  contrast  with  the  juvenile
characteristics  of  the  predominant  magmatic  unit  of  the  neighboring  São  Luís  cratonic  fragment,  the
Tromaí  Intrusive  Suite  of  2167–2147  Ma.  The  weakly  peraluminous,  high-K,  calc-alkaline  biotite-bearing
Cantão  Granodiorite  of 2163  ± 4 Ma has TDM model  ages  of 2.21–2.92  Ga  and  �Nd values  of  +2.7  to  −7.1.
The 2142  ± 9 Ma-old,  weakly  peraluminous,  biotite-  and muscovite-bearing  Jonasa  Granodiorite  under-
went metamorphism  and  deformation  at 525  Ma and shows  TDM model  ages  of 2.14–2.40  Ga,  with  �Nd
values  of  +3.9 to  −0.2. Both  are,  probably,  related  to  a continental  arc setting.  A  relatively  large  event  of
strongly  peraluminous  granitic  magmatism  took  place  between  2116  and  2079  Ma,  and  comprises  the
crust-derived,  biotite-  and  muscovite-bearing  granites  and  leucogranites  of  probable  collisional  setting
belonging  to the  Japiim,  Tamancuoca,  Moç a  and  Maria  Suprema  units.  Despite  broadly  similar,  these
units  show  some  chemical  differences  that  are  interpreted  to result  from  mixtures  of  variable  amounts
of sedimentary  and  igneous  sources  of  Archean  to  Paleoproterozoic  ages.  These  granites  show  TDM model
ages  of 2.19–2.62  Ga and  the  �Nd  values  range  from  +3.9  to −0.2,  and  probably  represent  collision
rocks.  Associated  in space  and  time  with  part  of the  strongly  peraluminous  granites,  the  2100  ±  21  Ma-
old,  metaluminous  to  slightly  peralkaline  granites,  quartz-monzonites  and  quartz-syenites  of  the Anelis
Intrusive  Suite  have  characteristics  of  potassic  to shoshonitic  post-collisional  rocks.  The  suite  shows  TDM

model  ages  of 2.27–2.48  Ga  and  �Nd  values  of  +0.1  to −2.6.  The  last  known  event  is  represented  by the
post-orogenic,  2085  ± 4 Ma-old,  weakly  peraluminous,  high-K,  calc-alkaline,  biotite-bearing  Timbozal
Monzogranite,  with  TDM model  ages  of 2.27–2.58  Ga  and  �Nd  values  of  +1.1 to −2.8.

The strongly  peraluminous  and  different  generations  of  potassic  granitoids  represent  magmatic  events
with  characteristics  that  may  be related  to  both  continental  arc subduction  and  collision  processes  and
indicate  that  the  granitoid  bodies  represent  disrupted  fragments  of  a  Rhyacian  orogenic  belt  (continental

arc and  collision  belt)  that  remains  today  as basement  inliers  within  the  Gurupi  Belt  in  the margin  of  the
São  Luís-West  African  Craton.  These  sequences,  together  with  the  juvenile  rocks  of  the  São  Luís  cratonic
fragment,  are  part  of  a protracted  Rhyacian  orogen  that  evolved  from  ∼2240  Ma  to ∼2050  Ma,  involving

 proc
accretionary  and  collision

lutionary processes  with  Ebur
belts  of  the  Amazonian  Craton
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. Introduction

The Gurupi Belt, in northern Brazil, is a Neoproterozoic-Early
ambrian orogen developed in the south-southwestern margin
f the São Luís cratonic fragment (Fig. 1A). The cratonic frag-
ent is regarded as part of a major Paleoproterozoic orogen that

ncluded part of the Rhyacian-aged Eburnean belts of the West-
frican Craton (Fig. 1B), and that has been left in the South
merican continent after the breakup of the Pangea superconti-
ent (Torquato and Cordani, 1981; Lesquer et al., 1984; Klein and
oura, 2008). Much of the exposed southeastern portion of the
urupi Belt is composed of Paleoproterozoic (Rhyacian) rocks that
re interpreted to be the reworked margin of the São Luís cra-
onic fragment, representing the external domain of the orogen
Fig. 1C). The exposed internal domain is composed especially of
he metasedimentary Gurupi Group (Fig. 1C), which probably rep-
esents a Mesoproterozoic–Neoproterozoic passive margin (Costa,
000; Klein and Lopes, 2011), and much of the domain may be
oncealed beneath the widespread Phanerozoic sedimentary cover
Almeida et al., 1976; Brito Neves et al., 1984; Cordani et al., 1984;
asui et al., 1984; Klein et al., 2005a, 2005b).

Several bodies of granitoids have been mapped along two
ecades in the internal domain of the Gurupi Belt, including
ray biotite-bearing monzogranite to granodiorite and leucocratic
uscovite-bearing granites (Abreu and Lesquer, 1985; Borges et al.,

988; Pastana, 1995; Costa, 2000). These granitoids occur, in gen-
ral, as isolated plutons within the younger metasedimentary
urupi Group. Some of these granitoids have already been dated,
ostly based on the single zircon Pb-evaporation technique (Klein

t al., 2005b; Palheta et al., 2009), indicating that magmatic events
ook place around 2.16–2.14 Ga and 2.10 Ga. These events have
een related, respectively, to accretionary and collisional phases
f a protracted Rhyacian orogeny that built up the São Luís cra-
onic fragment (Klein et al., 2005a, 2005b; Klein and Moura, 2008;
alheta et al., 2009; Klein and Lopes, 2011).

Recent field mapping undertaken by the Geological Survey
f Brazil (Klein and Lopes, 2011, in press), supported by high-
esolution airborne geophysics, showed the existence of other
odies of similar muscovite-bearing granites and of quartz syenite
Fig. 1B) that, in previous maps (Pastana, 1995; Costa, 2000), have
ither been included within undivided basement complexes or
verlooked in areas where supracrustal sequences crop out.

Since granitoids and their source magmas are good indicators
f the tectonic setting in which they form and are emplaced, in
his paper we integrate field, geochemical, geochronological and Nd
sotopic data on different compositional types of granitoids recog-
ized in the basement of the Gurupi Belt in order to investigate and
iscuss the role of these rocks in the Paleoproterozoic magmatic
nd crustal evolution of the Gurupi-São Luís region. The results
nclude the establishment of the age of emplacement (and meta-

orphism, where apply) of the granitoids, the interpretation of the
eodynamic setting in which the granitoids have formed, and spec-
lations on the age and composition of the source rocks that have
een melted to generate the granitoids.

. Geological overview

The São Luís cratonic fragment is composed, from the oldest
o the youngest unit, of: (1) an island arc-related metavolcano-
edimentary sequence (Aurizona Group, 2240 ± 5 Ma;  TDM 2.48 Ga
nd slightly positive �Nd value) that was intruded by (2) shallow

ranophyric rocks at 2214 Ma  and by (3) batholiths and stocks of
ubduction-related, calc-alkaline granitoids (Tromaí Suite) devel-
ped in island arc between 2168 and 2147 Ma  and that show
uvenile Nd signature; (4) andesite, dacite and subordinately basic
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volcanic rocks of the Serra do Jacaré volcanic unit of 2164 ± 3 Ma
(TDM 2.37 Ga and slightly positive �Nd values), formed in mature
arc with minor back-arc component; (5) minor calc-alkaline fel-
sic volcanic rocks of the Rio Diamante Formation of 2160 ± 7 Ma
with limited Archean inheritance (inherited zircon, TDM 2.31 Ga
and slightly positive �Nd value) formed in a continental margin;
(6) peraluminous, collision-type granites of 2086–2091 Ma  and TDM
ages of 2.32–2.50 Ga with positive to negative �Nd values (Tracu-
ateua Suite); and post-orogenic (7) highly evolved/shoshonitic
granite of 2056–2076 Ma  (Negra Velha Granite) and (8) isolated fel-
sic volcanic rocks (Rosilha volcanic unit) of 2068 Ma  and TDM ages of
2.42–2.50 Ga with slightly negative �Nd values (Klein and Moura,
2001; Klein et al., 2005a, 2008, 2009; Palheta et al., 2009). These
Paleoproterozoic associations are interpreted as forming part of a
Rhyacian orogen that record an accretionary (2240–2150 Ma)  and
a collisional phase (ca. 2100 Ma)  that correlate with similar succes-
sions of the Eburnean-Birimian terranes of the West-African Craton
(Klein and Moura, 2008).

The Gurupi Belt is a Neoproterozoic-Early Cambrian mobile belt
developed in the south-southwestern margin of the São Luís cra-
tonic fragment (Fig. 1). The belt consists of rock units of variable
natures with ages ranging from the Archean to the Neoproterozoic-
Early Cambrian (Klein et al., 2005b; Palheta et al., 2009). These rock
units are NW-SE trending successions that follow the general tec-
tonic orientations in the belt. The limit between the Gurupi Belt and
the cratonic area is defined by the Tentugal Shear Zone (Hasui et al.,
1984). This shear zone, however, is a structural and geochronolo-
gical limit not a suture, since rocks on both sides of this structure
show the same age and Nd signature (Klein et al., 2005a, 2005b).

Small lenses of the Igarapé Grande Metatonalite are the oldest
rocks found so far in the belt, with an age of 2594 ± 3 Ma  and inher-
ited zircon of 2662 Ma  (zircon Pb-evaporation ages, Klein et al.,
2005b). This unit represents fragments of an unknown Archean
block that is now part of the basement of the belt. The Paleoprotero-
zoic units include (Fig. 1): (1) foliated to banded orthogneisses of
the Itapeva Complex of 2167 ± 3 Ma  (TDM ages of 2.22–2.31 Ga and
positive �Nd values; Klein et al., 2005b), with limited remnants of
paragneisses and basic-ultrabasic rocks; (2) batholiths of the same
juvenile calc-alkaline granitoids of the Tromaí Intrusive Suite found
in the São Luís cratonic fragment and showing variable degrees
of deformation in the belt; (3) the 2160 Ma  old metavolcano-
sedimentary Chega Tudo Formation (TDM ages of 2.20–2.34 Ga  and
positive �Nd values; Klein and Moura, 2001) that hosts most of the
gold mineralization in the belt; (4) the siliciclastic Igarapé de Areia
Formation younger than 2110 Ma  (Teixeira et al., 2007) that resem-
bles the Tarkwa sedimentary sequence of Ghana, West Africa (Klein
and Lopes, 2009); (5) hydrothermally altered gabbroic rocks inter-
calated (intruded?) in the metavolcano-sedimentary Chega Tudo
Formation (Klein and Lopes, 2011); (6) biotite-bearing monzogran-
ites and granodiorites of 2159–2085 Ma  (TDM ages of 2.21–2.48 Ga
and positive to negative �Nd values; Costa, 2000; Palheta et al.,
2009); (7) several generations of variably deformed peraluminous,
muscovite- and biotite-bearing granites with ages around 2100 Ma
(TDM ages of 2.09–3.23 Ga and positive to negative �Nd values;
Pastana, 1995; Costa, 2000; Palheta et al., 2009; Klein et al., 2005b;
Klein and Lopes, 2011, in press); and (8) highly evolved granite to
quartz-syenite (Klein and Lopes, in press). Units (1) to (5) repre-
sent the reworked margin of the São Luís cratonic fragment. Units
(6)–(8) are the subject of this paper.

In addition to the reworked cratonic margin and basement units,
the Gurupi Belt is also composed of younger units. The metasedi-
mentary Gurupi Group occupies most of the exposed area of the

belt (Fig. 1). It consists predominantly of schists of turbiditic ori-
gin and metamorphic grade varying from lower greenschist facies
to amphibolite facies, and subordinate siltstones, quartzites and
conglomerates of very low metamorphic grade (Costa et al., 1996;
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Fig. 1. (A) Location map of the exposed portions of the Gurupi Belt and São Luís Cratonic Fragment. (B) Cartoon not to scale showing the cratons (WA: West African-São
Luís  Craton; AM:  Amazonian Craton; GS: Guiana Shield, SF: São Francisco Craton; PB: Parnaíba block) and mobile belts (1: Gurupi; 2: Borborema; 3: Araguaia; 4: Rockelide;
Dahomeyde) of South America and West Africa. Modified from Klein and Moura (2008). (C) Simplified geological map of the Gurupi Belt.
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Fig. 2. Outcrop images of the potassic granitoids. (A) Boulder of the equigranular, biotite-bearing Cantão Granodiorite. (B) Rounded microgranular enclave hosted in the
Cantão Granodiorite. (C) Coarse-grained, porphyritic variety of the Cantão Granodiorite. (D) Coarse-grained, porphyritic Timbozal Monzogranite intruding the muscovite-
bearing Japiim Granite. Contact is rather sharp and some phenocrysts of the enclosing monzogranite appear to have mechanically been included in the intruded granite. (E)
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imbozal Monzogranite. (G) Syenogranite of the Anelis Intrusive Suite with several r
uite.  (I) Fine-grained margin of a potassic rock of the Anelis Suite (sy) in sharp con

astana, 1995; Klein and Lopes, 2011, in press). This sequence
s interpreted as a passive margin (Costa et al., 1996) developed
rom the Mesoproterozoic–Neoproterozoic boundary on and that
as inverted (deformed and metamorphosed) during the tectonic

vents related to the orogenic development of the Gurupi Belt
Klein and Lopes, 2011, in press).

The known Neoproterozoic-Early Cambrian magmatic activity
s relatively limited. It is represented by the pre-orogenic alka-
ine intrusion of the Boca Nova Nepheline Syenite of 732 ± 7 Ma
Klein et al., 2005b), the orogenic Caramujinho Microtonalite of
24 ± 16 Ma  (Klein and Lopes, 2011), and the collision-type pera-

uminous Ney Peixoto Granite of 549 ± 4 Ma  (Palheta et al., 2009).

. Granitoid types

Broadly, three major compositional groups of granitoids are con-
idered below: (1) biotite-bearing, high-K granitoids, (2) highly
volved, alkalic granitoids, and (3) muscovite-bearing granites.
ithin these groups, eight different bodies of granitoids are

nvestigated here (Fig. 1). The biotite-bearing rocks include the

antão Granodiorite and the Timbozal Monzogranite; the evolved
ranitoids are included in the Anelis Intrusive Suite; and the
uscovite-bearing rocks comprise the Moç a, Maria Suprema,

apiim, Tamancuoca granites, and the Jonasa Granodiorite. The
ocrysts. (F) Rounded quartz-syenite and irregular calc-silicate rock enclaves in the
d microgranular enclaves. (H) Detail of an undeformed quartz-syenite of the Anelis
ith a fine-grained mafic rock (maf).

exact shape of some plutons and the relationships with their host
rocks are not yet fully understood because of the intense weather-
ing that affected the region. Most of the bodies have been shaped
with the help of high-resolution airborne geophysics. Therefore,
rock sampling has been more or less effective, depending on the
availability of exposures. In this regard, only one exposure of the
Jonasa Granodiorite (the Jonasa quarry) is addressed here and we
are aware about the pitfalls of assuming this exposure as represen-
tative of the unit.

3.1. Cantão Granodiorite

The Cantão Granodiorite has originally been described by Borges
et al. (1988).  It crops out in the northwestern portion of the Gurupi
Belt (Fig. 1B) and consists of light gray biotite-bearing granodio-
rite and subordinate monzogranite and syenogranite with whitish
and greenish tonalities when altered. The rock is medium grained
and both equigranular and inequigranular with subordinate por-
phyritic varieties have been identified. No significant tectonic fabric
is observed and microgranular enclaves and cloths of mafic miner-

als are common features (Fig. 2A–C).

The rocks are composed of quartz (23–42%), plagioclase
(13–52%), microcline (11–42%), and biotite (2–14%). Sericite,
chlorite, epidote, prehnite and calcite occur as alteration minerals
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ver the feldspars and/or biotite, whereas titanite, zircon, apatite,
llanite and opaque minerals are accessory phases. Micrographic
nd myrmekitic intergrowths are a common feature; the plagio-
lase shows concentric zoning and the subordinate porphyritic
arieties have phenocrysts of microcline.

.2. Timbozal Monzogranite

The Timbozal Monzogranite crops out in the central portion of
he Gurupi Belt (Fig. 1B) and has previously been considered as a
ranodioritic facies of the two-mica Japiim Granite (Costa, 2000;
alheta et al., 2009). In fact, the Timbozal Monzogranite intruded
he muscovite-bearing Japiim Granite (Fig. 2D). The distinctive fea-
ure of the Timbozal Monzogranite is its coarse-grained porphyritic
haracter (Fig. 2D and E). The rocks are gray, the phenocrysts of
-feldspar and plagioclase show random distribution, whereas the
atrix is discontinuously foliated. Syn-plutonic dykes are common

nd decimeter-wide enclaves/xenoliths of alkali feldspar quartz
yenite (Anelis type), monzogranite and of calc-silicate sedimen-
ary rocks have been identified (Fig. 2F).

The petrographic composition is rather restricted. Monzogran-
te (with a granodioritic matrix) is by far the main type, whereas
ranodiorite and quartz-monzonite are subordinate. The rocks
re composed of quartz (17–38%), K-feldspar (9–32%), plagioclase
20–50%) and biotite (2–13%). Hornblende has been detected only
n one sample (1%) and muscovite is subordinate (<3%) and is not
biquitous. Titanite, apatite, allanite, zircon and opaque miner-
ls are accessory phases, whereas chlorite, sericite and carbonate
inerals are alteration phases. The main microscopic textures are

ranular, granular hipidiomorphic and porphyritic. Quartz shows
eak undulose extinction; the K-feldspar displays mesoperthite

xsolutions and micrographic intergrowth; the plagioclase shows
scillatory zoning and myrmekitic intergrowth; biotite defines

 well-developed to discontinuous foliation and may  locally be
ccompanied by muscovite.

.3. Anelis Intrusive Suite

The Anelis Intrusive Suite crops out in the central portion of the
urupi Belt (Fig. 1) and has been recognized by Klein and Lopes

in press).  The suite has a distinctive geophysical signature when
ompared with the surrounding units, showing the highest Th con-
ents among the studies granitoids. The magnetic pattern is rather
isturbed and characterized by low magnetic values.

The suite is composed of pinkish to grayish, inequigranu-
ar, locally porphyritic, medium- to coarse-grained rocks, which
re massive to foliated and show centimeter-wide microgranu-
ar enclaves (Fig. 2G) and enclaves of amphibolite. Where present,
he tectonic fabric is defined by planar orientation of feldspars and

afic minerals. Augite-bearing quartz syenite (Fig. 2H), biotite- or
ornblende-bearing syenogranite and hornblende-bearing quartz
onzonite are the petrographic types. The rocks are composed of
icrocline (40–45%), quartz (15–25%), plagioclase (10–15%), augite

up to 25%), hornblende (15–25%), biotite (2–5%) and titanite (up
o 3%). Pyroxene-bearing varieties do not contain amphibole or
iotite and may  contain tourmaline. Opaque minerals, zircon, allan-

te, apatite and epidote are accessory phases, whereas sericite and
hlorite are alteration minerals.

The inequigranular types show anhedral granular texture,
hereas the porphyritic varieties show anhedral microcline and
mphibole or pyroxene phenocrysts set in a quartzo-feldspathic
atrix. Microstructures include quartz with undulose extinction,

riented microcline with local development of subgrains, localized
ones of intense dynamic recrystallization and mylonitic fabric.
 220– 221 (2012) 192– 216

3.4. Moç a Granite

The Moç a Granite has been mapped by Klein and Lopes (2011)
in the central portion of the Gurupi Belt (Fig. 1). Other poorly char-
acterized bodies occurring both to the west and to the east may
belong to the same unit. The main pluton is relatively well defined
as a roughly sigmoidal shape, which is elongated to the NW-SE
direction (Fig. 1). The Moç a Granite intruded into gneisses of the
Itapeva Complex, as indicated by granitic veins crosscutting the
gneisses near the contact between the two  units. The granite is
pink, equigranular, medium grained (Fig. 3A) and bear subcon-
cordant quartz veins and pegmatite. The preferred orientation of
elongated muscovite and biotite flakes defines the tectonic foliation
that strikes to N20◦–60◦W and dips steeply to the northeast.

Muscovite- and biotite-bearing syenogranite and monzogranite
are the predominant types and granodiorite is subordinate. These
rocks are composed of quartz (25–42%), microcline (15–43%), pla-
gioclase (19–55%), muscovite (3–10%) and biotite (1–10%). Apatite,
zircon and opaque minerals are accessory phases. Under the micro-
scope the mylonitic fabric is defined by lens-shaped plagioclase and
microcline porphyroclasts involved by a foliated and locally kinked
quartz-feldspar-mica-bearing matrix. Small recrystallized grains of
K-feldspar and myrmekitic overgrowths occur in the margins of the
porphyroclasts. Quartz crystals are elongated and well-developed
mica flakes show weak undulose extinction.

3.5. Maria Suprema Granite

The Maria Suprema Granite has been defined by Pastana (1995)
and according to Klein et al. (2005b), it consists of discontinuous
meter-thick sheets and layers of leucocratic muscovite- and biotite-
bearing syenogranites and monzogranites that intruded parallel
to the foliation of the Paleoproterozoic basement gneisses of the
Itapeva Complex (Fig. 3B). The rocks are pink, medium-grained and
structurally vary from mylonitic to porphyroclastic, schistose and
gneissic. The foliation strikes to N45◦–60◦W and dips moderately
to steeply (>60◦) both to SW and NE, suggesting that a strike slip
regime affected the unit.

The mineralogy consists of quartz (30–45%), K-feldspar
(15–29%), plagioclase (15–36%), muscovite (7–25%) and biotite
(3–15%). Zircon, apatite, opaque minerals, titanite and allanite are
accessory phases, and Pastana (1995) has also described the pres-
ence of andalusite. Chlorite and epidote are alteration minerals.
The mylonitic texture is defined by plagioclase porphyroclasts
set in a recrystallized quartzo-feldspathic matrix and wrapped
by stretched and oriented flakes of muscovite and biotite. Quartz
grains are also elongated, sometimes forming long stripes.

3.6. Japiim Granite

The Japiim Granite crops out in the central-northwestern por-
tion of the Gurupi Belt (Fig. 1). The pluton is composed of
medium- to coarse-grained, equigranular to inequigranular biotite-
and muscovite-bearing monzogranite (Fig. 3C, D) and subordinate
syenogranite and granodiorite. The rocks are leucocratic with pink
to light gray colors and are variably foliated, but rarely massive,
depending on their relationships with structures. Quartz, quartzo-
feldspathic and granitic veins and dykes are ubiquitous and show
variable orientations.

The rocks are composed of quartz (25–36%), microcline
(16–40%), plagioclase (15–31%), muscovite (7–15%), and biotite
(<1–5%). Zircon, apatite and opaque minerals are accessory phases

and chlorite and epidote are alteration minerals. Microscopic fea-
tures include subhedral to anhedral granular textures, which are
often modified by solid state intra-crystalline deformation, such
as formation of subgrains, undulose extinction of quartz and
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Fig. 3. Outcrop images of the muscovite-bearing granites. (A) Hand sample of the Moç a Granite. (B) Sheets of the Maria Suprema Granite intruding basement gneiss of the
Itapeva Complex. (C) Boulders and (D) hand sample of the Japiim Granite, with bright small muscovite (ms) crystals. (E) Weakly deformed and (F) banded/gneissose varieties
of  the Tamancuoca Granite. (G) Jonasa Granodiorite intruded by granitic pegmatites. (H) Detail of the granodiorite showing orientation of quartz and mica (bright white
crystals). (For interpretation of the references to color in the text, the reader is referred to the web version of the article.)
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uscovite, and kink bands. Muscovite and biotite are oriented,
efining the foliation of the rocks and indicate formation under
quilibrium.

.7. Tamancuoca Granite

The Tamancuoca Granite has been recognized by Klein and
opes (in press) and crops out in the northwestern portion of the
urupi Belt. The rocks are fine- to coarse-grained and leucocratic
ith whitish gray, pinkish and yellowish colors (Fig. 3E). They are

n general foliated, with the foliation defined by the orientation of
uscovite flakes, and oriented generally to NW-SE. Gneissose vari-

ties have also been detected (Fig. 3F). The bodies of this muscovite-
nd biotite-bearing granite are probably tectonically intercalated
ithin the metasedimentary rocks of the Gurupi Group.

Monzogranite is the predominant compositional type, with sub-
rdinate occurrences of syenogranite and granodiorite. The rocks
re composed of quartz (24–34%), microcline (15–40%), plagioclase
12–41%), muscovite (7–24%) and biotite (1–4%). Zircon, apatite,
nd opaque minerals are accessory phases, while chlorite and epi-
ote are alteration minerals. The microscopic textures are fine- to
edium-grained granular with interlobed or polygonal contacts,

nd lepidoblastic. Quartz and microcline are commonly stretched
nd oriented. Subgrains and undulose extinction in quartz indi-
ate dynamic deformation. Myrmekite, perthite and antiperthite
vergrowths are also common features.

.8. Jonasa Granodiorite

Jonasa is a granitoid described by Costa (2000) on the basis of
 single very large outcrop (the Jonasa quarry) that occurs in the
orth-western portion of the Gurupi Belt. Field relationships are
nknown since the granitoid is covered by a thin layer of more or

ess consolidated Cenozoic sediments (Fig. 1). The Jonasa Granodi-
rite is a gray (Fig. 3G), leucocratic to mesocratic, medium-grained
nd foliated to banded rock. The foliation and banding strike to
25◦W,  with moderate to steep dips to SW.  Palheta et al. (2009)

eported low (<10◦) to moderate (25◦) angle stretching lineation
f quartz plunging, respectively, to 325◦–353◦ Az (strike paral-
el) and 263◦–267◦ Az (dip parallel). Timing relationships between
hese two directions are unknown. Concordant and discordant
entimeter- to meter-thick veins and pockets of quartz, granite and
arnet- and beryl-bearing pegmatite are common (Fig. 3H).

The granodiorite is composed of quartz (27–48%), plagioclase
30–44%), microcline (10–19%), biotite (5–13%) and muscovite
2–12%). Titanite, apatite and zircon are accessory phases and
ericite and chlorite are alteration minerals. The contacts between
uartz and feldspar minerals are sinuous and defined by the elon-
ation of micas. Myrmekite has been observed.

. Geochemistry

The analytical procedures are described in Appendix A and
epresentative whole rock geochemical results for the studied gran-
toid units are given in Tables available as supplementary data files.

.1. Cantão Granodiorite and Timbozal Monzogranite

Both the Cantão and Timbozal units have moderate to high SiO2
oncentrations varying from 61 to 72 wt.%, and are high-K2O calc-
lkaline rocks (Fig. 4A, B). The K2O/Na2O ratios are lower than 1.4,
ut they are less variable in the Cantão Granodiorite. The sum of

e2O3 + MgO  + TiO2 ranges from 2.1 to 6.0 wt.%, which is consistent
ith the presence of biotite contents in the rocks. However, the

imbozal rocks are weakly peraluminous, whereas Cantão shows
ore variation in the alumina saturation index, being weakly to
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or  comparison. Dashed lines in plots E and F are from enclaves found in the Timbo

trongly (A/CKN > 1.1) peraluminous (Fig. 4C). In average, the Tim-
ozal Monzogranite is slightly richer in SiO2, CaO, K2O, TiO2 and
2O5 than the Cantão Granodiorite.

The Rb/Sr ratios are relatively low and similar in the two gran-
toids (0.2–0.4), but the Ba/La and Sr/Y ratios are a higher in the
antão Granodiorite than in the Timbozal Monzogranite, indicat-

ng that Cantão is somewhat more differentiated than Timbozal. In
eneral, the Zr, Y and Nb concentrations are higher in the Timbozal
nit. Cantão and Timbozal show similar average Nb/Ta ratios of 12.8

nd 12.4, respectively, which are similar to that of the continental
rust (Rudnick and Gao, 2005).

The rare earth elements (REE) show fractionation between the
ight and heavy elements (Fig. 5). The fractionation is larger and
plots for the potassic granitoids. Crustal values (Rudnick and Gao, 2005) are shown
nzogranite.

more variable in the Cantão Granodiorite (Lan/Ybn = 16–100) than
in the Timbozal Monzogranite (Lan/Ybn = 32–56), but Timbozal
shows somewhat more elevated REE contents. The Eu/Eu* ratios of
1.0–1.1 and 0.9–1.0 in the Cantão and Timbozal types, respectively,
indicate that plagioclase fractionation was not an effective process
in the genesis of the magmas. The chondrite normalized extended
multi-element diagrams are also similar for the two granitoid types
(Fig. 5). They show enrichment of large ion litophile elements (LILE)
in relation to the high field strength elements (HFSE), strongly

negative Nb–Ta and P anomalies (which are more pronounced in
the Cantão Granodiorite), and negative Ti anomalies. However, the
Timbozal type is a little bit more enriched in both HFSE and LILE
when compared to the Cantão type, having also more variable
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lemental concentrations. In addition, the weak Sr anomaly and the
i anomaly are slightly more pronounced in the Timbozal type. Cou-
led Nb–Ta–Ti depletions may  be ascribed to the influence of fluids
erived from a subducting slab on arc magmas or to the presence of
mphibole and titaniferous phases in the residue (Drummond and
efant, 1990; Jahn et al., 2008).

.2. Anelis Intrusive Suite

The Anelis suite presents a rather restricted SiO2 content
58.1–66.9 wt.%) and are rich in alkalis, with very high K2O
>4.3 wt.%) and Na2O + K2O (>7.7 wt.%) concentrations (Fig. 4A, B),
nd with K2O/Na2O ratios in general >1 wt.%. In chemical classifica-
ion diagrams the rocks plot in the fields of syenite, quartz syenite
nd quartz monzonite (figures not included). The rocks are weakly
etaluminous and locally evolve toward weakly peralkaline com-

osition (Fig. 4C). They also show high Rb, Sr, Ba, Zr, Y, and Nb
oncentrations.

The REE concentrations are the highest among the studied units.
he elements show strong enrichment in relation to the chon-
rite and strong fractionation between light and heavy elements,
hich is given by Lan/Ybn ratios of 29–44. The element distribution

n different samples is rather parallel indicating a same parental
agma  source (Fig. 5E). The absence of significant Eu anomaly

Eu/Eu* = 0.9–1.0) suggests that plagioclase has not been signifi-
antly fractionated, or if fractionation has occurred it has been
ompensated by fractionation of other phases.

The trace element pattern is characterized by strong LILE enrich-
ent and moderate HFSE enrichment when compared to the

hondrite (Fig. 5F), indicating fractionation between the two  groups
f elements. Pronounced Nb–Ta, P, and Ti, and weak Sr negative
nomalies are characteristic features. The high average Nb/Ta ratio
f 17.8 is higher than crustal values and similar to the chondritic
nd Bulk Silicate Earth values (Jochum et al., 2000; Rudnick and
ao, 2005). As a whole, the Anelis Suite has characteristics that are
imilar to those of shoshonitic series and A-type granites

.3. Muscovite-bearing granites

The rocks of the Tamancuoca and Japiim granites show
iO2 concentrations between 69 and 77 wt.%, whereas the other
uscovite-bearing granitoids show more restricted variation in

he SiO2 content (71–73 wt.%). The Al2O3 content is rather sim-
lar among all the granitoids, ranging from 13.8 to 16.4 wt.%. All
ocks have high K2O contents and the K2O/Na2O ratios are generally
ower than 1.0, except for the Japiim granite that has ratios up to 1.6.
he sum of Fe2O3 + MgO  + TiO2 ranges from 1.4 to 3.6 wt.%, which
s consistent with the low contents of mafic minerals. According
o the alumina saturation index the rocks plot in the field of the
trongly peraluminous, S-type granites (Fig. 4A). Only the sam-
le of the Jonasa type plots in the limit of the metaluminous and
eraluminous fields.

The REE patterns (Fig. 6) are characterized by strong but vari-
ble fractionation between light and heavy elements. The heaviest
lements, from Er to Lu, show a rather flat pattern, and approach
hondritic values. The Japiim Granite shows greater variation when
ompared to the other types of muscovite-bearing granites, espe-
ially in the light elements pattern. The Eu anomaly is in general
eak (Eu/Eu* = 1.2–0.8), except for a few samples of the Jonasa,

apiim and Maria Suprema granites that show Eu/Eu* ratios of
.6–0.4.

The chondrite normalized multi-element diagrams (Fig. 6) show

roadly similar patterns, for all granitoid units, which are character-

zed by strong LILE enrichment and weak enrichment to depletion
f HFSE, given by very variable Lan/Ybn ratios of 7–247. Moç a
nd Maria Suprema show the highest fractionation, pronounced
 220– 221 (2012) 192– 216

Nb–Ta negative anomalies, and weak to moderate P and Ti negative
anomalies, which are more pronounced in the Maria Suprema type.
Differences presented by the other granite types are the weaker
fractionation, the absence of Ta and P anomalies, and the more
pronounced Ti negative anomaly in the Tamancuoca and Japiim
types. In addition, the Japiim Granite shows very variable elemental
enrichments when compared to the other types.

As a whole, the trace-element patterns indicate the presence
of crustal components in the magma  genesis (e.g., Taylor and
McLennan, 1985). The P anomaly suggests fractionation of apatite
during differentiation and the Nb and Ti anomalies might reflect the
presence of Fe–Ti oxides among the liquidus fractionated phases
(Foley and Wheller, 1990). Average Nb/Ta ratios of 5.6–9.4 (except
for the Maria Suprema Granite, but in this case the Ta concen-
trations are exactly the detection limit) are quite lower that the
continental crust ratio and approximate that of the lower crust
(Rudnick and Gao, 2005). Such low values might have been pro-
duced by fluid fractionation during magma  generation (Münker,
1998; Dostal and Chatterjee, 2000).

5. U–Pb LA-ICP-MS geochronology

The Cantão, Timbozal, Jonasa and Maria Suprema granitoids
have already been dated (Klein et al., 2005b; Palheta et al.,
2009). The reported crystallization ages of these granitoids are,
respectively, 2163 ± 4 Ma,  2084 ± 5 Ma,  2072 ± 8 Ma  (single zircon
Pb-evaporation), and 2100 ± 12 Ma  (zircon U–Pb TIMS).

In this paper we present for the first time U–Pb zircon LA-ICP-
MS data for the Moç a, Tamancuoca and Japiim granites and for the
Anelis Intrusive Suite. We  also present U–Pb data for the previ-
ously dated Jonasa Granodiorite. The summary of isotopic results
are presented in Tables available as supplementary data files, and
the analytical procedures are described in Appendix A. Analyses
were preceded by Cathodoluminescence (CL) and/or Backscattered
Electron (BSE) imaging to check the internal structures of individual
zircon crystals and to select suitable spots for laser ablation.

5.1. Anelis Intrusive Suite

An augite-bearing syenogranite was  selected for dating (EK92).
Zircon crystals show very variable shapes and internal structures
(Fig. 7A). Most of the crystals are prismatic, with aspect ratio of
2:1 to 5:1, and show oscillatory zoning. Many show corrosion and
resorption features, and fractures are ubiquitous.

The isotopic results of 29 spots on 21 zircon grains yielded
strong and variable discordance and the 207Pb/206Pb apparent ages
have high analytical uncertainties. All Th/U ratios are >0.16 and
fall within the magmatic range. Excluding ten crystals with high
common lead contents and three crystals with high analytical
uncertainties the remaining isotope ratios define a regression line
that intercepts the concordia at 2106 ± 53 Ma  and 405 ± 200 Ma
(Fig. 7B). Progressively reducing the number of more discord-
ant crystals (improving the MSWD  parameter), several arranges
give upper intercept ages between 2123 and 2139 Ma  and lower
intercept ages between 555 and 767 Ma,  both with very high
uncertainties (figures not included). Further reduction to ≤13%
discordant ratios returns upper and lower intercept ages of
2123 ± 59 Ma  and 679 ± 390 Ma,  respectively. The least discordant
result (3%) obtained in the core of crystal 37 gives a concordia age
of 2100 ± 21 Ma  (Fig. 7B).

The presence of enclaves of quartz syenite in the Timbozal

Monzogranite and the possible intrusion relationships with the
Cantão Granodiorite bracket the age of the Anelis suite between
2084 ± 5 Ma  and 2163 ± 4 Ma.  Therefore, we interpret the age of
2100 ± 21 Ma  as the best approximation of the emplacement age
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Fig. 6. Chondrite-normalized REE (Boynton, 1984) and multi-element (Thompson, 1982) plots for the muscovite-bearing granitoids. Crustal values (Rudnick and Gao, 2005)
are  shown for comparison.
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ig. 7. (A) Cathodoluminescence images of zircon crystals of the Anelis Intrusive Su
ables;  apparent 207Pb/206Pb ages in Ma.  (B) Concordia plot for sample EK92 of the A

f the Anelis Intrusive Suite. The lower intercept ages, despite the
arge analytical errors, are interpreted as produced by lead loss dur-
ng a Neoproterozoic-Early Cambrian tectono-thermal overprint.

.2. Moç a Granite

Sample EK70 is a biotite- and muscovite-bearing monzogranite
rom the type locality of the unit. Forty spots were done on 19 zir-
on grains and many of them show highly discordant isotope ratios
nd/or high common Pb contents. Furthermore, CL and BSE images
evealed complex internal structure and different morphologies
or the studied crystals (Fig. 8A). Based on these aspects and on
he isotopic results, several age populations are distinguished, and
xamples of each population are as follows.

Crystal 9 shows a fragment of a magmatic-textured core with
scillatory zoning and a thin euhedral and zoned overgrowth.
etween these two domains there is evidence of resorption, which

s more visible in the lower part of the image (Fig. 8A). The mag-
atic core of this crystal has a slightly discordant (2.6%) age of

649 ± 25 Ma.  The core of crystal 33 is also magmatic-textured and
he isotope ratios yield a concordant age of 2316 ± 5.5 Ma.  Both ages
re interpreted as inheritance.

The cores of crystals 1 and 43 show discordance of 6 and 4%,
espectively, low Th/U ratios and rather similar isotopic composi-
ions that show reverse discordance and variable apparent ages.
rystal 1 has a rounded and relatively homogeneous and struc-
ureless core (in BSE image) and a thin, diffusely zoned to spongy
vergrowth (Corfu et al., 2003; Sapienza et al., 2007) also with low
h/U ratio. Crystal 43 is multifaceted and this morphology is typical
f metamorphic zircon (Hoskin and Schaltegger, 2003), surrounded
y a thin, euhedral and zoned overgrowth (Fig. 8A). The two cores

ield an imprecise age of 2198 ± 75 Ma.  Despite the relatively small
iscordance, the apparent ages are very different and the analyt-

cal errors are large and the meaning, if any, of this age remains
ncertain.
ith spot location (circles); numbers correspond to zircon number in supplementary
 Intrusive Suite.

The isotopic ratios obtained in the cores of eight oscillatory-
zoned crystals vary from concordant to less than 10% discordant,
but are not collinear. The two crystals (38, 39) with 207Pb/206Pb
apparent ages higher than 2.2 Ga produce an upper intercept age
of 2242 ± 62 Ma.  Despite the large error, it appears that the grains
belong to an older source (and are interpreted as inheritance),
because excluding these two crystals, the remaining six crystals
produce an upper intercept age of 2162 ± 19 Ma  (MSWD  = 1.5).
The two  groups of ages barely overlap within the limits of ana-
lytical errors. The two more concordant zircons (7 and 28) of
the younger group produce a concordia age of 2149 ± 15 Ma.  If
crystal 19 is included, despite the large apparent errors, an indis-
tinguishable age of 2151 ± 14 Ma  is obtained. The idiomorphic
to sub-idiomorphic morphologies of the cores, the presence of
idiomorphic overgrowths (probably melt-precipitated outer rims
with fine-scale oscillatory zoning) and of resorption features given
by irregular zones with bright CL response between core and over-
growth (e.g., crystals 19, 41 and 44), and the presence of xenocrystic
cores (zircon 7) indicate that these core ages also represent inher-
itance. Furthermore, within this group, crystal 13 shows three
domains (Fig. 8A): (1) a dark gray core with concentric zoning,
(2) a relatively thick and structureless and highly luminescent
intermediate domain with radial fracturing probably indicating
expansion by metamictization, and (3) a dark rim/overgrowth. Core
and rim of this crystal yielded 207Pb/206Pb apparent ages of 2145 Ma
(Th/U = 0.25) and 2108 Ma  (Th/U = 0.02), respectively.

Several crystals have magmatic cores, Th/U > 0.1, and isotope
ratios that correspond to younger apparent ages. Excluding the
spots with large errors, four spots on crystals 16, 26 and 29, yielded
upper and lower intercept ages of 2088 ± 28 Ma  and 699 ± 899 Ma,
respectively. Further reduction, with the exclusion of the more
discordant spot on crystal 16, yielded a more precise, but indis-

tinguishable within errors, upper intercept age of 2099 ± 19 Ma
(Fig. 8B).

Spots on the rims of four crystals (1, 11, 13 and 44)
with low (<0.1) Th/U ratios show variable isotope ratios, and
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ig. 8. (A) Cathodoluminescence and backscattered electron images of zircon crysta
n  supplementary tables;  apparent 207Pb/206Pb (or concordia, where apply) ages in 

iscordance between 0.5 and 15%. Together, the four crystal rims
ielded an upper intercept age of 2096 ± 31 Ma (MSWD  = 2.3).
espite the large error and poor fit, this age is indistinguish-
ble, within errors, from the age presented above, found on
he “younger cores”. Excluding the analyses with larger discor-
ances and errors, the best fit is obtained using the three less
iscordant spots that yielded an intercept age of 2081 ± 36 Ma
MSWD  = 0.35).

All mentioned ages of 2088 ± 28, 2099 ± 19, 2096 ± 31, and
081 ± 36 overlap within analytical uncertainties, which means

hat they are all the same age. Hence, we  regard the more
recise age of 2099 ± 19 Ma  to be the best approximation
mong the data for the crystallization age of the Moç a
ranite.

ig. 9. (A) Cathodoluminescence images of zircon crystals of the Japiim Granite, with spot
pparent 207Pb/206Pb ages in Ma.  (B) Concordia plot for sample EK146 of the Japiim Grani
e Moç a Granite, with spot location (circles); numbers correspond to zircon number
) Concordia plot for sample EK70 of the Moç a Granite.

5.3. Japiim Granite

The sample selected for U–Pb dating (EK146) is a biotite- and
muscovite-bearing syenogranite collected near the type locality of
the unit in the Japiim Village. The isotopic results and apparent ages
combined with morphologic and BSE and CL images of the analyzed
zircon crystals allowed several groups to be separated.

Crystals 25 and 26 show complex internal structure and appar-
ent 207Pb/206Pb ages of 2614 and 2545 Ma,  respectively. Crystal
25 is elongated, rounded (detrital?), fractured and possibly cor-

roded in one of the faces. The internal structure is characterized
by a rounded core showing magmatic zoning and overgrowth
that passes abruptly to a structureless and irregular zone of
high luminescence (Fig. 9A). Part of the outer portion shows

 location (circles); numbers correspond to zircon number in supplementary tables;
te showing the various concordant ages (see interpretation in the text).
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ponge-like texture. The two crystals represent inheritance from
rchean sources. Crystal 25 has a low Th/U ratio of 0.03 that could
epresent a metamorphic age or alteration (see Section 7).

The group formed by grains 4, 6, 9, 10, 12, 15, and 22 shows
rismatic crystals, with or without defined pyramids, and some
re rounded. All the cores show oscillatory zoning. The four more
oncordant data from the cores (crystals 4, 12, 15, and 22) allow us
o calculate a concordia age of 2183 ± 5.5 Ma,  which is interpreted
s inheritance. The Th/U ratios of the cores vary between 0.18 and
.51 and are consistent with a magmatic origin. The rims show
ariable intensity of corrosion and signs of metamictization and
re either zoned (9, 10, 12, 15) or homogeneous (4, 22). Despite
ifferences in their internal structure, the rims show similar isotope
atios and the more concordant ones yielded a concordia age of
143 ± 6.5 Ma.  The Th/U ratios of the rims are consistent with a
agmatic origin. These ages are also interpreted as inheritance.
Crystals 1, 2, and 36 are prismatic with short pyramids and

heir cores show magmatic zoning, some fractures, inclusions and
ossible resorption (Fig. 9A). In some areas the contact between
im and core is not clearly defined. Other areas show a sharp
ontact between the core and well-developed, 10–60 �m-thick
vergrowths. The Th/U ratios of these crystals fall within the mag-
atic range and the isotope ratios of crystals 1 and 2 are concordant

llowing us to calculate a concordia age of 2116 ± 12 Ma  (Fig. 9B),
hich is interpreted to be the crystallization age of the Japiim Gran-

te.
There is a close similarity in the low Th/U (<0.1) and Pb/U ratios

f the rims of crystals 1 and 24. The isotope ratios of the rims of
he two crystal plot on the concordia curve and define an age of
082 ± 18 Ma  (Fig. 9B). Even considering analytical errors, this age
oes not overlap with the crystallization age (see interpretation in
ection 7).

Crystals 20 and 23 show younger concordant ages both in
he cores and rims. Core and rim ages are of 1512 ± 22 Ma  and
406 ± 8 Ma  for crystal 20, and 1860 ± 21 Ma  and 1921 ± 8 Ma  for
rystal 23, respectively. Only the rim of crystal 20 has a low Th/U
atio (outside the magmatic range). This crystal is rounded and
hows structureless and irregular bright and dark gray portions in
athodoluminescence image, with a thin bright rim. Probably the
–Th–Pb system behaved open for these crystals due to metamic-

ization and/or metamorphism, but the cause of the concordance
emains uncertain. The fact that the age of the rim of crystal 23 is
lder than the age of the core supports the disturbance hypothe-
is. Similar situations have been described for undeformed volcanic
ocks of the São Luís cratonic fragment (Klein et al., 2009) and the
aapvaal Craton (Poujol et al., 2005). In these cases the authors
elated the younger concordant ages to Pb loss associated with
artial resorption and reprecipitation of the crystals during known
ounger magmatic events. In the present study region, however,
agmatic events of these ages (1.4–1.9 Ga) are not known to date

nd only detrital zircon crystals recovered from a conglomerate
ave been found, yielding ages around 1500 Ma  (Lucas et al., 2009).
he source of these detrital crystals is still uncertain. Alternatively,
he age of 1512 ± 22 Ma  could represent the crystallization age of
he granite, and all older ages would represent inheritance. How-
ver, this is not consistent with the intrusion relationship with the
imbozal Granite.

.4. Tamancuoca Granite

The sample selected for U–Pb dating is a muscovite-bearing
onzogranite (EK51) sampled at the type area of the unit. The
nalyzed zircon crystals have variable sizes and shapes. The crys-
als consist of long to short prisms; some are rounded, with two
yramids. BSE images show that most of the crystals have cor-
oded margins. The cores of crystals 2 and 17 are subrounded or
 220– 221 (2012) 192– 216

subhedral, more or less fractured and show light gray BSE colors
and oscillatory zoning. The rims of these crystals form more or less
regular overgrowths with spongelike features. Crystal 13 shows
a subrounded, fractured and apparently structureless xenocrystic
core and an irregular overgrowth (Fig. 10A).

The isotopic results show variable discordance and some crys-
tals have high common lead contents (f206 > 3%) and discordance
over 70%. Excluding these crystals, three groups of crystals can
be observed (Fig. 10B). Crystals 10, 12 and 16 have 207Pb/206Pb
apparent ages between 2217 and 2243 Ma  and represent inher-
itance. The isotopic ratios of the majority of the crystals have
207Pb/206Pb apparent ages between ∼2100 and 2155 Ma  and plot
along a regression line that intercepts the concordia at 2141 ± 7 Ma
and 140 ± 43 Ma,  with MSWD  of 1.4 (Fig. 10B). Four crystals with
207Pb/206Pb ratios around 0.12 yield a discordia that intercepts the
concordia at 2079 ± 12 Ma  and 242 ± 54, with MSWD  of 0.45. Zir-
con 1 from this group is concordant, with an age of 2081 ± 9 Ma,
which overlaps the discordia age, and both may  represent the best
approximation to the crystallization age of the Tamancuoca Gran-
ite. The lower intercept ages appear to be meaningless, because
they do not fit in any known event in the region, and probably
represent variable Pb-loss. All the analyzed rims show high com-
mon  lead concentrations and discordance, very variable apparent
ages, and 206U/238Pb and 207U/235Pb ratios tending to younger ages
(Fig. 10B).

5.5. Jonasa Granodiorite

The zircon crystals from sample ML1A are mostly prismatic,
ranging from 100 �m to 250 �m in the longest axis, and with
aspect ratio ranging from 1:4 to 1:1. As shown by BSE images
(Fig. 11A), the crystals are complex, often metamictic, rich in inclu-
sions, with overgrowths and, in places, with zoned cores and porous
and fractured rims. Some have ghost texture. Most of the cores
show oscillatory zoning and a few are structureless. All but grain 34
present high Th/U ratios, which are consistent with the magmatic
field.

Among the selected crystals, it was  possible to complete the
analysis of 17 cores. Analytical data from four crystals that pre-
sented high errors and/or high common Pb contents were not used
in age calculations. In addition, the isotope ratios of the rims could
not be determined due to the instability of the signal associated
with the high concentration of U and common Pb.

As a whole, the isotopic ratios show variable discordance ran-
ging from 3.5% to 44.4%, mostly >10%. The analytical points form
a relatively poor alignment that suggests lead loss in the present.
A closer observation of the concordia plot identifies two groups
that for almost parallel alignments (Fig. 11B). However, no differ-
ence in the morphology and internal structure of the zircon crystals
from the two  groups was  observed. Data from six crystals of the
older group show some scatter. The regression through these data
provided the upper intercept of 2169 ± 33 Ma  (MSWD  of 3.1), inter-
preted as inheritance. Isotopic ratios of the younger group of seven
crystals show a better alignment (MSWD  = 0.96) and include con-
cordant data. These seven crystals define an upper intercept of
2142 ± 9 Ma  (Fig. 11B), which is assumed to better represent the
intrusion age of the Jonasa Granodiorite.

6. Nd isotopes

Sm–Nd isotope compositions have been determined in whole

rock samples of the Cantão, Moç a, Japiim, Tamancuoca, Tim-
bozal and Anelis units. Analytical procedures (Gioia and Pimentel,
2000) are described in Appendix A. The results are presented in
Table 1 along with previously published data. Depleted mantle
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Table 1
Available whole rock Sm–Nd data for the Rhyacian granitoids of the basement of the Gurupi Belt.

Sample/unit Age (Ma) Sm (ppm) Nd (ppm) Sm/Nd f(Sm/Nd)a 147Sm/144Nd 143Nd/144Nd 2� (10−6) �Nd(0) �Nd(t) TDM (Ga)ss TDM (Ga)ds References

Cantão
EK26 (2163) 10.15 41.85 0.242 −0.25 0.1466 0.511564 10 −20.9 −7.1 – 2.92 1
C01  2163E 4.34 25.11 0.173 −0.47 0.1045 0.511279 – −26.5 −0.9 2.48 – 2
C02 (2163) 4.49 26.13 0.172 −0.47 0.1038 0.511454 – −23.1 +2.7 2.21 – 2

Moç a
EK70 2099L 4.884 29.90 0.163 −0.50 0.0987 0.511397 6 −24.2 +2.2 2.19 – 1
EK74  (2099) 3.572 22.37 0.159 −0.51 0.0965 0.511293 9 −26.2 +2.3 2.28 – 1

Japiim
J02  (2116) 5.66 27.32 0.207 −0.36 0.1253 0.511757 – −17.2 +2.2 2.22 – 2
J03 (2116)  3.69 13.67 0.269 −0.17 0.1632 0.512005 – −12.4 −3.3 3.23 2.62 2

Tamancuoca
EK48 (2101) 3.115 13.68 0.227 −0.30 0.1376 0.511755 13 −17.2 −1.3 2.60 – 1
EK51  2101L 3.550 19.82 0.179 −0.45 0.1082 0.511376 13 −24.6 −0.8 2.42 – 1

MSuprema
EK25B  2100T 7.15 41.63 0.171 −0.47 0.1039 0.511390 8 −24.3 +0.7 2.30 – 3

Anelis
EK88 (2100) 29.522 170.98 0.172 −0.47 0.1044 0.511290 7 −26.3 −2.6 2.46 – 1
EK92  2100L 32.034 178.59 0.179 −0.45 0.1084 0.511479 7 −22.6 +0.1 2.27 – 1

Timbozal
EK131A  (2084)E 5.369 27.86 0.192 −0.41 0.1165 0.511393 18 −24.3 −2.8 2.58 – 1
EK135  (2084)E 6.420 36.51 0.175 −0.46 0.1063 0.511452 19 −23.1 +1.1 2.27 – 1

Jonasa
TAG02  (2140)L 2.37 13.96 0.170 −0.48 0.1026 0.511304 – −26.02 −0.2 2.40 2
TAG05 (2140) 2.89 13.50 0.214 −0.34 0.1292 0.511885 – −14.7 +3.9 2.09 2.14 2

ss: single stage; ds: double stage (recalculated from original data – see text for explanation).
Age column: ages in brackets are the estimated age based on dated samples of the same unit; E: single zircon Pb-evaporation; L: zircon U–Pb LA-ICP-MS; T: zircon ID-TIMS.
Key  to Nd data references: 1 – this work, 2 – Palheta et al. (2009), 3 – Klein et al. (2005b).

a Normal range: [f(Sm/Nd)] −0.60 to −0.35; 147Sm/144Nd 0.08–0.13.
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ig. 10. (A) Cathodoluminescence electron images of zircon crystals of the Taman
n  supplementary tables;  apparent 207Pb/206Pb ages in Ma.  (B) Concordia plot for s
oncordia plot showing the isotopic ratios used in the calculation of the crystallizat

TDM) model ages were calculated to the crystallization age accord-
ng to the single-stage model of DePaolo (1981).  In two  cases
Cantão and Japiim units), the results show 147Sm/144Nd ratio
nd/or fractionation factor [f(Sm–Nd)] outside the normal range

or felsic rocks that have not undergone chemical fractionation. In
hese cases the double-stage model of DePaolo (1981) was tenta-
ively used, with the second stage starting at the crystallization
ge.

ig. 11. (A) Backscattered electron images of zircon crystals of the Jonasa Granodiorite, w
ables;  apparent 207Pb/206Pb ages in Ma.  (B) Concordia plot for sample ML1A of the Jonasa G
 Granite, with spot location (pit – circles); numbers correspond to zircon number
e EK51 of the Tamancuoca Granite, showing the results for all analyzed spots. (C)
e.

The Moç a Granite shows TDM model ages of 2.19 and 2.28 Ga, and
�Nd values of +2.2 and +2.3. These results indicate that Paleopro-
terozoic sources predominate in the genesis of the granitic magma
and that Archean sources have been strongly limited. In fact, only

one Archean zircon has been detected during the U–Pb work.

Regarding the Japiim Granite, the analyzed sample furnished a
result that is not suitable for model age calculation. The same apply
to sample J03 of Palheta et al. (2009),  and the model age of 3.23 Ga is

ith spot location (circles); numbers correspond to zircon number in supplementary
ranodiorite, showing the two age populations (crystallization age and inheritance).
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Fig. 12. Time vs. �Nd diagram for the granitoids discussed in this study. The shaded
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rea corresponds to the Nd evolution of the Rhyacian juvenile crust of the São Luís
ratonic fragment, the “São Luís crust”, as defined by Klein et al. (2005a).

ot relevant. Recalculation of this age using the double-stage model
ielded a model age of 2.62 Ga, which combined with the age of
.22 Ga from Palheta et al. (2009) and the moderately positive to
oderately negative �Nd values indicate mixed Paleoproterozoic

nd Archean sources for the protoliths of the Japiim Granite.
The results for the two samples of the Tamancuoca Granite

ielded model ages of 2.42 and 2.6 Ga with slightly negative �Nd
alues. The samples from the Anelis Intrusive Suite returned model
ges of 2.27 and 2.46 Ga, with �Nd values of +0.1 and −2.6, respec-
ively. Similarly, the Timbozal Granodiorite have model ages of
.27 and 2.58 Ga, with �Nd values of +1.1 and −2.8, respectively.

n all these cases, mixed Paleoproterozoic and Archean sources are
ndicated as sources for the protoliths of these units.

The �Nd versus time diagram (Fig. 12)  shows the evolution of the
d system in the studied plutonic rocks. The diagram also shows the
eld of evolution of the Paleoproterozoic “São Luís crust”, as defined
y Klein et al. (2005a), which represents the juvenile Paleopro-
erozoic (2240–2150 Ma)  rocks of the São Luís cratonic fragment.
ccordingly, based only on the Nd evolution, one can observe that

he Maria Suprema, Moç a, Jonasa and Anelis units were formed pre-
ominantly from sources compatible with the São Luís crust. On
he other hand, the Cantão and Tamancuoca granitoids have older
ources, whereas the Japiim and Timbozal granitoids appear to have
ixed sources that include both the São Luís and older crusts.

. Discussion

Table 2 summarizes the geochronological and Nd isotope data
nd Table 3 shows a summary of the main petrographic and geo-
hemical characteristics of the Paleoproterozoic granitoids from
he basement of the Gurupi Belt. The main issues for discussion
re as follows.

.1. The age of the Jonasa Granodiorite

The Jonasa Granodiorite had already been dated by different
echniques. Klein and Moura (2003) used the whole rock Rb–Sr sys-
ematics and obtained an age of 2018 ± 61 Ma  (MSWD  = 1.9) with an
nitial 87Sr/86Sr ratio of 0.7034, which is close to the upper mantle
omposition (Faure, 1986). Klein and Moura (2003) also obtained

n age of 525 ± 20 Ma  from an internal Rb–Sr isochron (MSWD  = 7)
alculated from the isotopic ratios of biotite, muscovite, K-feldspar
nd whole rock. The authors interpreted the older and younger Ta
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Table 3
Summary of the characteristics of Rhyacian granitoid units from the basement of the Gurupi Belt.

Main groups types Potassic granitoids Two mica leucogranites

Cantão Timbozal Anelis Tamancuoca Japiim Moç a Maria Suprema Jonasa

Petrographic types
(QAP)

Granodiorite
(syenogranite,
monzogranite)

Monzogranite
(granodiorite,
quartz-monzonite)

Quartz-syenite,
syenogranite,
quartz-monzonite

Monzogranite
(syenogranite,
granodiorite)

Monzogranite
(syenogranite,
granodiorite)

Syenogranite,
monzogranite
(granodiorite)

Syenogranite
(granodiorite)

Granodiorite

Mafic  mineralogy Biotite (2–14%) Biotite (2–13%)
amphibole (<1%)

Pyroxene (<25%),
amphibole (15–25%),
biotite (2–5%), titanite
(<3%)

Biotite (1–4%) Biotite (<1–5%) Biotite (1–10%) Biotite (3–15%) Biotite (5–13%)

Aluminous
minerals

Muscovite (<3) Muscovite (7–24%) Muscovite (7–15%) Muscovite (3–10%) Muscovite (7–25%) Muscovite (2–12%)

Accessory
mineralogy

Titanite,  apatite,
zircon, allanite,
opaque

Titanite, apatite,
zircon, allanite,
opaque

Zircon, allanite, apatite,
epidote, opaque
(tourmaline)

Apatite, zircon,
opaque

Apatite, zircon,
opaque

Apatite, zircon,
opaque

Titanite, apatite,
zircon, allanite,
opaque

Titanite, apatite,
zircon,

Texture  and
structure

Medium-grained
equigranular,
inequigranular

Very
coarse-grained
porphyritic

Medium- to
coarse-grained,
inequigranular to
porphyritic, massive to
foliated

Foliated Medium- to
coarse-grained,
equigranular,
inequigranular

Medium-grained,
equigranular,
foliated to
mylonitic

Medium-grained,
mylonitic to
porphyroclastic

Medium-grained,
foliated to banded

SiO2 (wt.%) 63–71 61–72 58–67 71–77 69–73 72 71–73 72
K2O (wt.%) 3.4–3.6 3.4–5.3 4.3–7.6 4.3–4.4 3.3–5.5 3.9–4.5 1.9–4.5 4.1
K2O/Na2O 0.7–0.9 0.7–1.4 0.9–1.5 0.9–1.0 0.6–1.6 0.9–1.0 0.4–1.1 0.8
Alumina  saturation

index
Weakly to strongly
peraluminous

Weakly
peraluminous

Weakly metaluminous
to weakly peralkaline

Strongly
peraluminous

Strongly
peraluminous

Strongly
peraluminous

Strongly
peraluminous

Weakly
peraluminous

Fe2O3 + MgO + TiO2

(wt.%)
2.6–6.0 2.1–5.5 4.0–13.2 1.4–2.1 1.4–3.6 3.9–4.5 1.9–4.5 2.3

Rb  (ppm) 122–163 174–206 80–202 155–265 196–308 146–225 32–90 268
Sr  551–817 581–787 809–1860 182–311 67–303 466–662 481–763 335
Ba  905–1434 563–1679 1790–4366 437–609 59–960 864–1333 1515–1985 840
Zr  (ppm) 94–202 138–214 238–646 40–76 21–153 102–118 43–178 100
Y  3.3–9.9 5.8–23.3 15–40 1.8–3.1 3.3–5.7 2.4–2.7 4.7–6.1 1.6
Nb  4.0–8.8 7.6–11.9 7.3–25.9 3.2–10.4 6.9–9.8 11.9–25.4 43.2–47.8 23.5
�ETR  (ppm) 102–186 143–409 278–640 37–83 17–204 54–126 233–238 136
La/Yb(n) 16–100 32–56 29–56 34–90 7–78 45–108 116–247 121
Eu/Eu*  1.0–1.1 0.9–1.0 0.9–1.0 0.8–1.0 0.4–1.2 0.9–1.0 0.6–0.9 0.6
Ba/La  25–91 18–38 19–42 33–59 21–76 35–80 24–27 23
Sr/Y  82–173 55–108 20–106 59–173 20–62 179–276 79–162 213
Rb/Sr 0.2–0.3  0.2–0.4 <0.1–0.2 0.7–1.5 0.8–2.9 0.2–0.5 0.1 0.8
Nb/Ta  11.0–14.7 9.3–15.7 14.6–19.9 2.1–9.5 5.3–18.8 8.8–10.3 24 7.1
Age  (Ma) 2163 ± 4 2084 ± 5 2100 ± 21 2079 ± 12 2116 ± 12 2099 ± 19 2100 ± 12 2142 ± 9
TDM (Ga) 2.21–2.92 2.27–2.58 2.27–2.48 2.42–2.60 2.22–2.62 2.19–2.28 2.3 2.14–2.40
�Nd(t)  +2.7 to −7.1 +1.1 to −2.8 +0.1 to −2.6 −0.8 to −1.3 +2.2 to −3.2 +2.2 to +2.3 +0.7 +3.9 to −0.2

Rock types in brackets are subordinate; references in the text.
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ges as representing, respectively, the crystallization and metamor-
hism/deformation ages of the Jonasa Granodiorite.

Palheta et al. (2009) using the single zircon Pb-evaporation tech-
ique, obtained a mean age of 2072 ± 3 Ma  (from two  crystals out
f >20), correctly interpreted to be the minimum age of crystal-
ization of the granitoid, in keeping with the fundamentals of the

ethod (Kober, 1986). The authors also detected inherited crystals
ith ages between 2325 and 2446 Ma.

It is noteworthy that the samples dated in the studies above and
n our study were collected in the same outcrop of the Jonasa quarry.
onsidering that the granodiorite underwent metamorphism and
eformation, that many zircon crystals show metamictization (also
eported by Palheta et al., 2009), and that variable discordance has
een demonstrated by our data, it is probable that the age reported
y Palheta et al. (2009) reflects Pb loss and is likely meaningless.
herefore, we understand that the age of 2142 ± 9 Ma  obtained by
he U–Pb method represents better the crystallization age of the
onasa granodiorite.

We do not have a clear explanation for the inherited crystals
ound by Palheta et al. (2009),  with ages around 2.3 Ga, and that
ere not detected in our study. Although the six data-points used

o calculate the upper intercept of 2169 Ma,  which was  interpreted
s inheritance, may  not represent a unique population, yet their
07Pb/206Pb apparent ages are younger than 2260 Ma  and cannot
e correlated with the data found by Palheta et al. (2009).

.2. Lower intercept ages

Four investigated units present lower intercept ages between
58 and 679 Ma  with large analytical errors. These errors may
ave been produced by regression of data belonging to dif-

erent populations or, more likely, by variable discordance of
he zircons. Nevertheless, they point to isotope disturbance (Pb
oss) in younger times, which is interpreted as produced by tec-
onic and/or magmatic and/or metamorphic events related to
he Neoproterozoic-Early Cambrian Brasiliano cycle of orogenies.
he disturbance hypothesis is supported by the presence of thin
ndated rims. The timing of the Neoproterozoic metamorphism

n the study region is not yet constrained. Available Rb–Sr and
–Ar mineral and whole rock ages vary between 1000 and 466 Ma

mostly between 580 and 520 Ma  – see review in Klein et al.,
005b). The Boca Nova nepheline syenite and the Caramunjinho
icrotonalite were emplaced at 732 ± 7 Ma  (Klein et al., 2005b)

nd 624 ± 16 Ma  (Klein and Lopes, 2011), respectively. These units
nderwent subsequent metamorphism at amphibolite and green-
chist facies conditions, respectively (Lowell and Villas, 1983; Klein
t al., 2005b; Klein and Lopes, 2011), and no references to meta-
orphism is made in the descriptions of the Ney Peixoto Granite of

49 ± 5 Ma  (Villas and Sousa, 2007; Palheta et al., 2009). Therefore,
he youngest metamorphic event in the study region is estimated
o have occurred in the 624–549 Ma  interval. Alternatively, more
han one metamorphic event may  have taken place in the region.

.3. Ages obtained in low Th/U rims and in multifaceted grains

Low Th/U ratios may  result from the selective partitioning of Th
nd U into the fluid and/or preferential leaching of U relative to
h during amphibolite to granulite facies metamorphism and the
onsequent recrystallization of new zircon crystals and/or growth
f metamorphic rims around pre-existing zircons (Williams and
laesson, 1987; Vavra et al., 1999; Pidgeon et al., 2000; Wu  and
heng, 2004). However, low Th/U ratios in zircon can also be pro-

uced by crystallization from Th-poor magmas, leaching of Th by
uids, and are primarily influenced by factors such as element
vailability within a reaction environment and partitioning of Th
nd U between zircon and co-existing minerals, melts and fluids
 220– 221 (2012) 192– 216 209

(Pidgeon et al., 1998; Geisler et al., 2001; Zinger and Levchenkov,
2003; Harley et al., 2007). Therefore, low Th/U ratios alone are not
enough to characterize the metamorphic provenance of zircons.

In this study, we  show that significant granitoid magmatism
related to anatexis took place in the Gurupi Belt and the presence of
low Th/U leucogranitic anatectic mobilized crosscutting gneisses of
the Itapeva Complex has been described in Klein and Moura (2003).
In consequence, the low Th/U ratios found in several samples are
considered here to have been caused by some process related to
this relatively large scale anatectic event. Probably, the Rhyacian
metamorphism was  associated to this event.

7.4. Possible sources for the inherited zircon

Inherited ages were detected in most of the granitoid types and
indicate that the source materials for these granitoids came from
rocks of several different types and/or ages. Many of them have not
been detected in outcropping unites to date.

Archean ages are grouped in two  intervals: 2.58–2.54 Ga and
2.65–2.61 Ga. The first one is similar to the age of the unique
Archean unit known in the basement of the Gurupi Belt to date, the
Igarapé Grande Metatonalite, and the later is similar to the inher-
ited age found in this same unit (2.59 and 2.66 Ga,  respectively,
Klein et al., 2005b).

The Siderian ages of 2.32–2.39 (2.44) Ga found by Palheta et al.
(2009) were obtained by the Pb-evaporation technique and should
be confirmed by in situ techniques. Nevertheless, assuming that
these ages are meaningful, they represent sources still unknown
in the region. Siderian rocks have limited exposures in the Bacajá
domain of the Amazonian Craton, about 800 km to the southwest
(Vasquez et al., 2008), and in the Médio Coreaú domain of the Bor-
borema Province, about 700 km to the east (Santos et al., 2009).

The ages of 2.21–2.19 Ga are only vestigial in the region. Zir-
con crystals of 2.19 Ga have been found only as inheritance within
2.15–2.16 Ga gneisses belonging to the Itapeva Complex (Klein
et al., 2005b).  However, a similar age was  obtained in the cores
of the two multifaceted grains (especially grain 43) of the Moç a
Granite and indicates limited presence of source materials that
underwent high grade metamorphism at about 2.20 Ga. This event
has not been recognized in the Gurupi region so far. However, high
grade metamorphism is relatively well defined to have occurred in
the neighboring Amazonian Craton at about 2.10–2.07 Ma (Rosa-
Costa et al., 2008; Vasquez et al., 2008).

A significant part of the inheritance is of Rhyacian ages of
2.17–2.14 Ga, which are the ages of most of the Paleoproterozoic
units found in the São Luís cratonic fragment and its reworked
margin (Tromaí Intrusive Suite, Chega Tudo Formation, Itapeva
Complex – Klein et al., 2005a, 2005b).  If these rocks contributed to
the source of the peraluminous granites, terrane exhumation must
have occurred in less than 30 Ma.  The Archean and Rhyacian ages
are also found in the West African Craton (see review in De Kock
et al., 2011).

7.5. Origin of the muscovite-bearing granites and leucogranites

The A/CKN ratios >1.1 define the Rhyacian-aged muscovite-
bearing granites and leucogranites of the basement of the Gurupi
Belt as strongly peraluminous rocks (Sylvester, 1998). This fea-
ture, the presence of muscovite and biotite, and the abundance of
inherited zircon populations with a relatively complex age spec-
tra, are also consistent with the characteristics of S-type granites.
On the other hand, S-type granites commonly have preserved

enclaves/xenoliths of metasedimentary rocks, which have not been
observed in the granites addressed in this study. Furthermore, these
rocks also show characteristics of (highly-) fractionated granitoids
(Fig. 13).
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Fig. 13. Discriminant of granitoid types of (A) Sylvester (1998) 

Strongly peraluminous rocks are in general associated with
arge-scale shear and thrust zones and with subduction and syn- to
ost-collision processes along orogenic belts. These environments
hannel considerable amounts of water favoring the production
f muscovite- and biotite-bearing peraluminous magmas. Further-
ore, strongly peraluminous granites are products of reworking

melting) of ancient crust and its detrital products mixed or not
ith mantle-derived products (Pearce et al., 1984; Barbarin, 1996,

999; Sylvester, 1998; Collins and Richards, 2008; Bagas et al.,
010). Moreover, petrogenetic modeling studies indicate that the
enesis and the causes of chemical variation within granitic rock
eries in general, including leucogranites and S-type granites, stem
rom inheritance of the magma  sources (Villaros et al., 2009;
lemens and Stevens, 2012, and references therein).

Some examples, however, indicate that strongly peraluminous
ay  not be necessarily associated with collision. According to

ollins and Richards (2008),  the S-type granites may  also form
n response to backarc extension. Furthermore, overlapping of I-
nd S-type magmatism in space and time may  be associated to
he change of regional compression to extension at the final stages
f accretionary orogenesis occurring in a convergent plate margin
Cawood et al., 2011).
The absence of associated high-grade rocks and the local pres-
nce of granitic mobilized within gneisses (local migmatization
f the Itapeva Complex, Klein et al., 2005b),  suggest that the
uscovite-bearing granites and leucogranites have been produced

ig. 14. Trace and major element diagrams that investigate possible sources for pe
l2O3 + Fe2O3 + MgO  + TiO2 versus Al2O3/(Fe2O3 + MgO  + TiO2) diagram of Patiño Douce (1
) Whalen et al. (1987). HFCA: highly fractionated calc-alkaline.

by anatexis and that magma  ascent occurred probably in crustal
scale shear zones (e.g., Brown, 1994). The high and restricted SiO2
contents, the low MgO  concentrations, and the presence of primary
muscovite and, in places, pegmatites, indicate that the peralu-
minous granites formed by partial melting of crustal materials
in a volatile-rich system (when pegmatites are present), or for-
mation from highly evolved magmas. Furthermore, in our study,
some lines of evidence indicate that the parental magmas for the
strongly peraluminous muscovite-bearing granites and leucogran-
ites comprise mixtures of different proportions of melts derived
from aluminous crustal materials (pelitic and psammitic sedi-
ments), greywackes and, in general, subordinate basaltic melts or
mantle derived components (except Maria Suprema, that appears
to have a predominant contribution from basaltic magmas). The
evidence include: (1) except for the Japiim Granite that shows a
syn-collision signature, all other granites have volcanic arc signa-
ture (Fig. 15), (2) the Rb/Sr versus Rb/Ba (Fig. 14A) and Al2O3/TiO2
versus CaO/Na2O relationships (Fig. 14A), (3) the moderate to
high Al2O3/(FeO* + MgO  + TiO2) ratios (Fig. 14B), (4) the Nd isotope
signature (Fig. 12), (5) the age spectra of the inherited zircon popu-
lations, and (6) the absence of magmatic enclaves and xenoliths of
metasedimentary rocks.
Archean sedimentary sources are not known in the region so
far, and Archean ages, in general, are very limited in the Gurupi
Belt, as discussed in the previous section. Mafic igneous rocks and
psammites/greywackes appear to be the dominant sources for the

raluminous granites. (A) Rb/Sr versus Rb/Ba diagram of Sylvester (1998); (B)
999).
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oç a and Maria Suprema magmas (Fig. 14). However, the absence
f mafic and restitic enclaves in these leucogranites is not in keeping
ith a major role played by basic magmas. Furthermore, the known

reywackes belong to the Gurupi Group and are quite younger than
he muscovite-bearing granites. A better alternative for basaltic
ources are the juvenile rocks of the São Luís cratonic fragment
Tromaí Intrusive Suite) and basement of the Gurupi Belt (Itapeva
omplex) of 2167–2140 Ma,  which are composed mostly of grano-
iorite and tonalite. Melting of biotite-rich felsic to intermediate
ocks in middle- to lower-crust conditions is a possible source for
eraluminous magmas (Bagas et al., 2010). In fact, field relation-
hips are consistent with local melting and in situ migmatization
f biotite-gneisses of the Itapeva Complex (Klein et al., 2005b; Klein
nd Lopes, 2011). These juvenile units might also be, at least in part,
esponsible for the “greywacke” signature, since the average com-
osition of greywackes is intermediate between the compositions
f granodiorite and tonalite (e.g., Condie, 1981). It is also possi-
le that the magmas that produced the true leucogranites (mafic
inerals <5%, i.e., Tamancuoca and Japiim types) represent pure
elts from the anatectic source. Therefore, mixing of variable pro-

ortions of distinct classes of source materials were responsible for
he variation observed among different bodies of the peraluminous
ranites and further petrogenetic modeling is needed to infer bet-
er the more probable sources for each of the muscovite-bearing
ranites.

.6. Origin of the potassic granitoids

The potassic granitoid units represent two or three (depending
n the use of the analytical errors of the U–Pb data) different stages
f magmatism occurring at about 2.16 Ga (Cantão Granodiorite),
.10 Ga (Anelis Intrusive Suite), and 2.08 Ga (Timbozal Monzogran-

te). Cantão is a high-K, calc-alkaline, I-type pluton and, despite
aving the same age of the juvenile Tromaí Intrusive Suite, it do not
elong to this magmatic suite, as demonstrated by its geochemical
nd Nd signature, all indicating crustal (± mantle) derivation for
his unit.

The Anelis Intrusive Suite is an alkalic association, in the sense
f Frost et al. (2001).  The suite is highly enriched in K2O and Na2O
nd shows high Ba–Rb–Sr and Zr–Ce–Th–Y contents and high Th/Yb
atios. As a whole, the suite has complex chemical characteristics
hat are compatible with those of the shoshonitic series, A-type,
olcanic arc and late-orogenic granites (Figs. 13 and 15).

The Timbozal Monzogranite is a high-K calc-alkaline pluton,
ith geochemical characteristics very similar to those of the Cantão
ranodiorite, despite the age difference. The entrainment of crustal
aterials to the magma  is supported by the presence of xenoliths

f supracrustal calc-silicate rocks and of granitoids in the Timbozal
onzogranite. It is noteworthy that the enclaves of quartz syenite

nd monzogranite are compositionally similar to the Anelis Intru-
ive Suite rocks. This indicates that the Anelis rocks might be part
f the source of the Timbozal rocks or that Anelis is the host rock
or the emplacement of the Timbozal Monzogranite.

The three K-rich suites show, in general, chemical and isotopic
haracteristics that are consistent with both arc (juvenile) and crust
ources. The negative Ba, Nb, Ta, P and Ti negative anomalies might
e produced by fractional crystallization and/or be inherited from a
revious subduction. Alone, the coupled negative Nb–Ta anomalies

ndicate that the rocks have been produced by chemical differen-
iation of arc-derived magmas. This might be, nevertheless, also
n inheritance. Crust participation is indicated by the presence of

nclaves of igneous, metamorphic and sedimentary rocks, and the
ositive U and Pb anomalies relative to primitive mantle values
figures not included) that suggest that the magmas derive from,
r interacted with, upper crustal materials.
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7.7. Timing and tectonic setting of the Rhyacian magmatism in
the basement of the Gurupi Belt

The studied granitoids do not occur as a continuous continental
block, but as isolated bodies within younger metasedimentary suc-
cessions. This fact brings additional difficulties in the interpretation
of the tectonic setting in which they have formed and of possi-
ble sources for the magmas. Notwithstanding, the granitoids occur
in relatively close spatial relationship and an attempt is made to
infer this setting. Geochronology shows that potassic-alkalic gran-
itoids formed at least in two periods (analytical errors included),
2159–2167 Ma  (Cantão), and 2079–2121 Ma  (Anelis, Timbozal) and
that peraluminous granites formed at 2133–2151 Ma  (Jonasa) and
2072–2130 Ma  (Moç a, Japiim, Tamancuoca, Maria Suprema).

In tectonic discriminant diagrams the potassic-alkalic granitoids
show chemical characteristics compatible with those of volcanic
arc, syn-collision and late orogenic granites (Fig. 15). In the same
diagrams, the two-mica granites show both collision and volcanic
arc characteristics, depending on the element relationships, and
only the Japiim type consistently shows syn-collision signature.
However, the arc signature likely reflects the sources of the mag-
mas  instead of the tectonic setting in which the granites formed.
Sylvester (1998) states that the strongly peraluminous granites are
post-collision rocks because their emplacement occurs after the
crustal thickening and that may  be syn- or post-tectonic granites
depending on their relationships with shear zones and deforma-
tion. In the Gurupi Belt all rocks show some degree of deformation,
but only the Tamancuoca and Maria Suprema granites are strongly
deformed. It is uncertain, however, whether this deformation is
related to the Rhyacian or Neoproterozoic-Early Cambrian events,
although Klein et al. (2005b) stated that deformation of the Maria
Suprema Granite was  coeval to its intrusion into the gneisses of
Itapeva Complex. Also according to Sylvester (1998),  the predomi-
nance of pelitic sedimentary sources indicates mature and deeply
eroded continental platforms, whereas the predominance of psam-
mitic sources suggests immature plate margin, such as island arc
and continental arc associations. The strongly peraluminous gran-
itoids addressed in this study, show predominantly characteristics
of clay-poor, psammitic-rich sources.

Integrating field, petrographic, geochemical, geochronological
and Nd isotope information, crustal sources and active continental
margin – collision settings are inferred for the different types of
basement granitoids of the Gurupi Belt. We  are aware, however,
that the hypothesis of a collisional event must be further developed.

8. Regional and global correlations

In previous works, the interpreted orogenic evolution of the São
Luís cratonic fragment in the Paleoproterozoic Era involved the
following stages (Fig. 16): (1) <2260 Ma – opening of an oceanic
basin; (2) 2240–2210 Ma  – early island arc and associated basins;
(3) 2167–2150 Ma – intra-oceanic arc construction associated with
transitional/continental arc development; (4) ∼2100 Ma – collision
and (5) ∼2050–2070 Ma  – late- to post-orogenic/collision potassic
magmatism. Stage “4” has been considered to be better represented
in the basement of the Gurupi Belt (Klein et al., 2005b, 2008, 2009;
Palheta et al., 2009). As such, the understanding is that the rock
units of the present day São Luís cratonic fragment and of the
basement of the Gurupi Belt formed a single crustal block in the
Paleoproterozoic Era. Those units that have not been affected by
the Neoproterozoic-Early Cambrian events that built up the Gurupi

Belt became what is now known as São Luís cratonic fragment. The
results of our study bring additional constraints on the previously
outlined evolution. The Rhyacian rock units addressed in this study
may  be associated in time and type of magmatism with stages “3”
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Fig. 15. Tectonic discriminant diagrams. (A) Yb × Nb plot of Pearce et al. (1984); (B) Hf–Rb–Ta ternary diagram of Harris et al. (1986); (C) R1-R2 cationic plot of Batchelor
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nd  Bowden (1985); (D) Ta/Yb × Th/Yb plot combining the fields proposed by Pea
ines).  The graduated line picrite-crust indicates theoretical mixing lines between p
epresent the composition of the juvenile, arc-related Tromaí Intrusive Suite (as de

Cantão Granodiorite – continental arc), “4” (the strongly peralu-
inous granites – collision), and “5” (the potassic Timbozal and
nelis granitoids – post collision). The role of the Jonasa Granodio-
ite remains poorly understood, however, considering its age, it is
robably associated to the continental arc phase (Fig. 16).

In the eastern portion of the Guiana Shield of the Amazo-
ian Craton (Fig. 1B), i.e., State of Amapá in Brazil and French
uyana, there are rock associations formed approximately in the
ame periods than those described for the São Luís-Gurupi region.
neisses and calc-alkaline granitoids that formed between 2190
nd 2140 Ma  intruded older (>2260 Ma)  metavolcano-sedimentary
ocks, and are associated to coeval metavolcano-sedimentary rocks,
esembling the Aurizona-Tromaí-Chega Tudo association of the São
uís-Gurupi region. These associations have been interpreted as
ormed in magmatic arc setting (Delor et al., 2003; Rosa-Costa et al.,

006 and references therein). A significant difference resides in the

uvenile characteristics of the São Luís rocks. Syn- to post-collisional
ranitoids, including peraluminous types, formed between 2100
nd 2030 Ma  in the Guyana Shield, and are associated with coeval
982) (heavy and dashed lines) and those from Gorton and Schandl (2000) (dotted
ive mantle and upper crust (as calculated by Bagas et al., 2010) and the gray areas
y Klein et al., 2008).

high-grade metamorphism. Metamorphism in the Gurupi Belt is
limited to the amphibolite facies conditions. All these associations
have been related to the Trans-Amazonian cycle (Delor et al., 2003;
Santos et al., 2003; Rosa-Costa et al., 2006 and references therein).

Regarding this cycle, the term Trans-Amazonian is widely and
loosely used in South America to refer to orogenic cycle, orogenic
event, orogeny or even rock ages. In a classical work, based on Rb–Sr
and K–Ar ages, Hurley et al. (1967) defined the Trans-Amazonian
Orogenic Cycle, which is obviously the more appropriate term,
considering that a cycle may  contain several orogenies develop-
ing at the same time, or in different portions of the crust and even
diachronically. Almeida et al. (1973) framed the temporal limits
of the cycle between 2200 and 1800 Ma  and, more recently, and
using a U–Pb dataset, Santos et al. (2003) refined these limits for
the 2264–2011 Ma  range, and extended the influence or occurrence

of the cycle to the entire South American continent. Furthermore, as
discussed in Klein et al. (2008),  Santos et al. (2003) considered the
São Luís cratonic fragment as the type-area of the Trans-Amazon
orogen, based on data published in Klein and Moura (2001 and
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ig. 16. Summary of crystallization ages for the magmatic events recognized in th
ock  units in bold characters are those addressed in this study. The vertical dashed

eferences therein). Moreover, Santos et al. (2003) defined four oro-
enies in this supposed type-area. To Brito Neves (2007) the use of
Trans-Amazonian” should be restricted to the Amazonian Craton,
ut would also be permissive of usage up in West Africa.

Combining the data from the São Luís cratonic fragment and the
iverse granitoid units from the basement of the Gurupi Belt, we
nvisage a protracted accretionary orogenic cycle involving differ-
nt settings (island arc, back-arc, sedimentary basin, continental
argin – Klein et al., 2008, 2009, and this work) that have even-

ually been involved in a collision phase (e.g., Cawood et al., 2009)
gainst a continental block which could be represented, at least
n part, by the Archean Igarapé Grande Metatonalite (Fig. 1C). We
o not have elements to interpret this scenario as a sequence of
our orogenies as proposed by Santos et al. (2003).  Furthermore,
lthough we do not discard the interpretation of Santos et al. (2003)
s a working hypothesis, and following Klein et al. (2008),  we
nderstand that the scenario described above displays similarities
ith juvenile portions of the Rhyacian (Eburnean-Birimian) ter-

anes of the Baoulé-Mossi domain of the West African Craton, in
erms of rock associations, tectonic setting and age of magmatic
vents. As a consequence, São Luís and the Rhyacian basement of
he Gurupi Belt are more likely a fragment (or fragments) of the

est African Craton (Hurley et al., 1967; Klein and Moura, 2008 and
eferences therein). This landmass remained relatively stable until
ts incorporation into the Rodinia supercontinent and subsequently
articipated of the assembly of West Gondwana and that, eventu-
lly, remained in South America after the breakup of Pangea (Hurley
t al., 1967; Condie, 2002; Klein and Moura, 2008 and references
herein).

. Concluding remarks

Previous works have revealed that the Paleoproterozoic evo-
ution of geological units from the basement of the Gurupi Belt
omprise calc-alkaline rocks of 2160–2147 Ma  and peraluminous
ranites of about 2100 Ma.  These associations and periods are con-
istent with the accretionary (2240–2150 Ma)  and the collisional
ca. 2100 Ma)  phases, respectively, described for the neighbor-
ng São Luís cratonic fragment. In this work we  have brought
ore precision to the timing of what we redefined as strongly
eraluminous magmatism and also identified potassic-alkalic and
n older (weakly) peraluminous event. Field (structural, lim-
ted cross-cutting relationships) and petrographic characteristics,
Luís Cratonic Fragment (white bars) and basement of the Gurupi Belt (black bars).
dicates the inferred timing for the Rhyacian metamorphism.

geochronology, and geochemical and isotopic data of the granitoids
of the basement of the Neoproterozoic-Early Cambrian Gurupi Belt
indicate contrasting aspects and record five stages and/or types of
plutonic activity during the Rhyacian period. The stages and gran-
itoid types are:

(1) 2163 Ma-old, weakly peraluminous, high-K2O, crust-derived
and weakly deformed granodiorite to granite, represented by
the Cantão Granodiorite; this event is coeval with the main
phase of subduction-related, juvenile, calc-alkaline granitoid
magmatism of the São Luís cratonic fragment (Tromaí Intru-
sive Suite) and with that detected in protoliths of some gneisses
from the basement of the southeastern portion of the Gurupi
Belt (Itapeva Complex).

(2) 2142 Ma-old, weakly peraluminous, biotite- and muscovite-
bearing granodiorites of crustal origin of the Jonasa Granodi-
orite that underwent metamorphism and strong deformation
at ca. 525 Ma;  this unit is slightly younger and compositionally
distinct from the Tromaí Intrusive Suite and from the Cantão
Granodiorite.

(3) 2116–2079 Ma-old, crust-derived, strongly peraluminous,
biotite- and muscovite-bearing granites and leucogranites
possibly formed in a collisional setting belonging to the Japiim,
Tamancuoca, Moç a and Maria Suprema granites.

(4) 2100 Ma-old, metaluminous to slightly peralkaline, potassic
granites to quartz-syenites, spatially associated with the pera-
luminous magmatism, and represented by the Anelis Intrusive
Suite;

(5) 2085 Ma-old, weakly peraluminous, high-K2O, crust-derived
granite, represented by the Timbozal Monzogranite that
intruded the Anelis Suite.

The intrusion of the strongly peraluminous granites and of the
different generations of potassic/alkalic granitoids is interpreted
to have occurred in a transitional environment from syn-collision
(compressional) to late/post-collision (extensional) event that
resulted from crustal thickening caused by active continental
margin subduction and arc-continent collision occurring around
2100 Ma in the southwestern portion of the São Luís-West African

Craton. This continent is still unknown and might be concealed
under the Phanerozoic cover as suggested by Klein et al. (2005b)
or might be partially represented by the Archean Igarapé Grande
Metatonalite that make also part of the basement of the Gurupi Belt.
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he Cantão Granodiorite likely represents a remnant of the conti-
ental arc, whereas the peraluminous granites define the (syn- to
ost-) collisional stage and the Anelis and Timbozal units are asso-
iated with the latest, post-orogenic/collision events. The weakly
eraluminous event at 2143 Ma  is not yet fully understood and

 more robust chemical and geochemical dataset is required to
esolve this. The studied granitoid types also show evidence of
ariable inherited ages that indicate Archean to Paleoproterozoic
ources involved in magma  genesis.
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ppendix A. Summary of analytical procedures

U–Pb LA-ICP-MS analyses were undertaken at the Laboratório
e estudos geocronológicos, geodinâmicos e ambientais of the Uni-
ersidade de Brasília (UNB), Brasília, Brazil, and one sample was
nalyzed in the Laboratório de Geologia Isotópica of the Univer-
idade Federal do Rio Grande do Sul, in Porto Alegre, Brazil. In
oth laboratories the analyses followed procedures described in
etail in Bühn et al. (2009).  Concentrates of zircon were obtained
y crushing the rock and then sieving, panning and using a
agnetic separator and dense liquid (bromoform). Zircon crys-

als were hand-picked under a binocular microscope, mounted in
poxy resin, and polished with diamond paste; carbon-coating was
pplied before imaging and a conductive gold-coating was applied
ust prior to isotopic analysis. The analyses were performed with

 Thermo Finnigan Neptune multicollector inductively coupled
lasma mass spectrometer with an attached New Wave 213 �m
d-YAG solid state laser. The acquisition followed a standard –

ample bracketing technique with four sample analyses between a
lank and a GJ-1 zircon standard. Ablation was done with a spot
ize of 25–30 �m.  The accuracy was controlled using the stan-
ard TEMORA-2 or UQZ. Raw data were reduced using an in-house
rogram and corrections were done for background, instrumental
ass-bias drift and common Pb, as described in Bühn et al. (2009).

he ages were calculated using ISOPLOT 3.0 (Ludwig, 2003). Anal-
ses for individual spots are plotted on concordia diagrams with
� uncertainties. Where data are combined to calculate an age, the
uoted uncertainties are at 95% confidence level, with uncertain-
ies in the U–Pb standard calibration included in any relevant U–Pb
ntercept and concordia age calculations. Analyses were preceded
y cathodoluminescence and/or Backscattered Electron imagery
one at the Universidade Federal do Pará and Museu Paraense
milio Goeldi, respectively, in Belém, Brazil.

Sm–Nd analyses were also undertaken at the UNB laboratory
nd the analytical procedures for Sm–Nd analyses are described in
ioia and Pimentel (2000).  Fifty mg  of whole rock powders were
ixed with a 149Sm/150Nd spike and dissolved in Savilex vessels.

he Sm–Nd separation used cation exchange Teflon columns with
n-Spec resin, then Sm and Nd were deposited in Re filaments
nd the isotopic ratios were determined on a FINNIGAN MAT  262

ass spectrometer using the static mode. The Nd data were nor-
alized to a 146Nd/144Nd ratio of 0.7219 and uncertainties in the

m/Nd and 143Nd/144Nd ratios were about 0.4% (1�) and 0.005%
1�), respectively, based on repeated analysis of the BHVO-1 and
 220– 221 (2012) 192– 216

BCR-1 standards. The crustal residence ages were calculated using
the values of DePaolo (1981) for the depleted mantle (TDM).

Major and trace elements were determined by ICP-ES and ICP-
MS,  respectively, at Acme Analytical Laboratories Ltd. in Canada,
and after Li metaborate/tetraborate fusion. Chemical diagrams
were partly produced using the GCDkit software (Janousek et al.,
2003).

Appendix B. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.precamres.2012.08.007.
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sudoeste do Cráton São Luís. In: Simpósio de Geologia da Amazônia, 2, Belém.
Anais.. SBG, vol. 1, pp. 7–21.

Almeida, F.F.M., Amaral, G., Cordani, U.G., Kawashita, K., 1973. The Precambrian evo-
lution of the South American cratonic margin south of the Amazon river. In:
Nairn, A.E.M., Stehli, F.G. (Eds.), The Ocean Basins and Margins, vol. 1. Plenum
Pub. Corp., pp. 411–446.

Almeida, F.F.M., Hasui, Y., Brito Neves, B.B., 1976. The Upper Precambrian of South
América. Boletim Instituto de Geociências USP 7, 45–80.

Bagas, L., Bierlein, F.P., Anderson, J.A.C., Maas, R., 2010. Collision-related granitic
magmatism in the Granites-Tanami Orogen, Western Australia. Precambrian
Research 177, 212–226.

Barbarin, B., 1996. Genesis of the two main types of peraluminous granitoids. Geol-
ogy 24, 295–298.

Barbarin, B., 1999. A review of the relationships between granitoid types, their
origins and their geodynamic environments. Lithos 46, 605–626.

Batchelor, R.A., Bowden, P., 1985. Petrogenetic interpretation of granitic rock series
using multicationic parameters. Chemical Geology 48, 43–55.

Borges, M.S., Angélica, R.S., Costa, M.L., 1988. Contribuiç ão à geologia da região de
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