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Morphological and compositional
variations of zircon and their
metallogenetic implications: the example
of the Jamon, Serra dos Carajas and Velho
Guilherme suites, Amazonian Craton

Variacdo morfoldgica e composicional de zircdo e suas implicacées
metalogenéticas: o exemplo das suites Jamon, serra dos Carajds e
Velho Guilherme, Craton Amazonico

Claudio Nery Lamarao’?*, Joseanna dos Santos Silva?,
Régis Munhoz Kras Borges'?, Roberto Dall’Agnol'?

ABSTRACT: Zircon from granites of the Jamon suite (JS), Serra dos
Carajis suite (SCS) and Velho Guilherme suite (VGS) were studied by
scanning electron microscope (SEM) through backscattered electron
and cathodoluminescence images and energy dispersive spectroscopy
(EDS) analyses. Granites and greisens of the VGS have predominantly
anhedral zircons that are altered and intensely corroded, are enriched in
Hf and have the lowest Zr/Hf ratios of the studied suites. In the gran-
ites, these ratios decrease towards the more evolved varieties. Zircons
of the JS are euhedral to subhedral, zoned and slightly altered; they are
also comparatively depleted in Hf and display the highest Zr/Hf ratios,
indicating limited potential for tin-associated mineralization. Zircons
from granites of the SCS are subhedral to anhedral, altered and corrod-
ed, and show Hf contents and Zr/Hf ratios intermediate to those of the
JS and VGS. The granites of the VGS with Sn-, Ta- and W-associated
mineralization contain zircons with Zr/Hf ratios varying from 7 to 22.
It is concluded that ratios of similar magnitude can be used as a pros-
pecting guide for specialized granites. Zircons from the greisens associ-
ated with the Cigano granite of the SCS have average Zr/Hf ratios of
approximately 23, but no cassiterite was found in these rocks, indicat-
ing that the zircons preserved their magmatic geochemical signature.
This study distinguished the three granitic suites in terms of zircon
composition and demonstrated the importance of their geochemical
signature, especially in terms of their Zr/Hf ratio, in the identification
of specialized granites. EDS-SEM analysis can thus be used in a prelim-
inary assessment of the metallogenic potential of tin granites.

KEYWORDS: granitic suites; zircon; SEM techniques; cassiterite;
Zr/Hf ratio.

RESUMO: Zircoes de granitos das Suites Jamon (S]), Serra dos Ca-
rajds (SSC) e Velho Guilherme (SVG) foram estudados em MEV por
meio de imagens de elétrons retroespalhados e catodoluminescéncia e
andlises pontuais por EDS. Granitos e greisens da SVG apresentam
zircoes dominantemente anédricos, alterados e intensamente corroidos,
enriquecidos em Hf e com as mais baixas razoes Zr/Hf, as quais nos
granitos tendem a decrescer no sentido das ficies mais evoluidas. Zircoes
da S] sio euédricos a subédricos, zonados e pouco alterados, compara-
tivamente empobrecidos em Hf e com as mais elevadas razées Zr/Hf,
indicando potencial reduzido para geracio de mineralizagio estanife-
ra. Zircoes dos granitos da SSC sio subédricos a anédricos, alterados e
corroidos e com contetidos de Hf e razoes Zr/Hf intermedidrias a dos
zircoes das S ¢ SVG. Granitos da SVG com mineralizacoes de Sn,
W e Ta apresentam zircoes com razées Zr/Hf entre 7 e 22. Conclui-se
que razdes desta ordem podem ser utilizadas como guia prospectivo de
granitos especializados. Por outro lado, zirces de greisens associados ao
Granito Cigano da SSC apresentaram razdo Zr/Hf média em torno de
23, porém nenhuma cassiterita foi encontrada nessas rochas. Isto in-
dica que estes zircoes preservaram sua assinatura magmdtica original.
O estudo desenvolvido permitiu distinguir as trés suites graniticas em
termos de composicio de zircio, e mostrou a importéncia da assinatura
geoquimica desse mineral, sobretudo da razido Zr/Hf, na identificagio
de granitos especializados. Andlises de zircoes por MEV-EDS podem,
portanto, ser utilizadas na avaliacio preliminar do potencial metaloge-
nético de granitos estaniferos.

PALAVRAS-CHAVE: suites graniticas; zircio; andlises de MEV;
cassiterita; razdo Zr/Hf.
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Zircons of granite suites of the Amazonian Craton

INTRODUCTION

Zircon is a mineral with a high chemical resistance
that is often used in dating rocks, characterizing magmatic
sources, determining the degree of magmatic fractionation
and studying provenance. Zircon crystals often show great
morphological and textural variation, which can aid in the
understanding of their geological history and, by extension,
that of their host rocks. Backscattered electron (BSE) and
cathodoluminescence (CL) images obtained in a scanning
electron microscope (SEM) stand out among techniques
used to study these variations. BSE differentiates between
mineral phases due to the variation of the atomic number
of the elements that constitute the mineral and the variation
in density contrast. The higher the atomic number of the
element present in the sample, the clearer the final image.
This type of image is very useful, particularly in studying
zonation in accessory minerals (Krinsley & Manley 1989;
Paterson et al. 1989). CL is used as a petrological tool as
certain minerals, including zircon, exhibit CL when bom-
barded with electrons. The use of these two techniques has
allowed the identification of (1) distinct patterns of zoning,
a feature typical of magmatic zircon and which indicate vari-
ations in the concentrations of Zr, Si, Hf, Y, P, Th, U, REE,
Ca and other elements present in the crystal structure of
the zircon (Hanchar & Miller 1993; Hanchar & Hudnick
1995; Fowler er al. 2002); (2) inherited cores in magmatic
zircons, which are surrounded by overgrowths (Paterson ez a/.
1992b; Vavra et al. 1996); (3) modifications caused during
the later and/or post-magmatic stages such as an interrup-
tion of zoning, which can cause an appearance of patches
and irregular edges enriched in certain components (e.g.,
Hf and Ca) and (4) the presence of xenocryst inclusions
(i.e., apatite or garnet) or mineral phases introduced after
the formation of the zircon crystal (i.e., thorite, xenotime,
cassiterite, monazite or fluorite). Punctual chemical analyses
by SEM-EDS (energy dispersive spectroscopy) or electron
microprobe are essential for the identification of composi-
tional variations in zircons. However, it has been demon-
strated that zircons of specialized granites have a significant
enrichment of Hf, Y, Th, U and Ca, and have low Zr/Hf
ratios, indicating that the composition of zircons can be a
useful guide for the preliminary assessment of the metal-
logenic potential of tin-mineralized granites and associated
metals (Wang ez al. 2000; Kempe ez al. 2004; Lamarao et al.
2007, 2010, 2012).

Three main Paleoproterozoic A-type granite suites with
ages between 1.89 and 1.86 Ga (Tab. 1), outcropping in
the Carajds Province, Amazonian Craton, were individual-
ized based on geological, petrochemical, geochronological
and isotopic data (Dall’Agnol ez 2l. 2005; Fig. 1): (1) Jamon
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suite (JS), located in the Rio Maria granite—greenstone ter-
rain (RMGGT), represented by Jamon, Musa, Redencio,
Bannach, Marajoara and Manda Saia plutons; (2) Serra dos
Carajds suite (SCS) situated in the domains of the Carajds
basin (CB), represented by Central, Cigano and Pojuca
granites; (3) Velho Guilherme suite (VGS), occurring in
the Xingu region (XR), formed by Antdnio Vicente, Velho
Guilherme, Mocambo, Serra da Queimada, Bom Jardim,
Rio Xingu, Benedita, Ubim Norte and Ubim Sul granites
(Teixeira et al. 2002, 2005; Lamarao et al. 2012).

This paper compares the morphological and composi-
tional aspects of zircon crystals belonging to granitic bodies
of the three above-mentioned suites. The data reported here
were based on BSE-CL images obtained through a SEM
and on semi-quantitative EDS minor element analyses.
The aim is to demonstrate that these three suites can also
be individualized by morphological and geochemical stud-
ies of their zircons and to highlight the efficiency of using
the geochemical signature of this mineral as an indicator of
tin-specialized granites and associated metals.

GEOLOGICAL CONTEXT

The three above-mentioned granite suites (Fig. 1) are
located in the geochronological domain of the Central
Amazonian Province (Tassinari & Macambira 2004) with
the JS and SCS in Carajds Province and the VGS in the
Central Amazonian Province (Santos ez /. 2000; Vasquez
et al. 2008). The regions represented by the CB and the
RMGGT are dominated by Archean rocks (Huhn ez al.
1988; Macambira & Lafon 1995; Souza et al. 2001; Leite
et al. 2004; Dall’Agnol ez al. 2006; Almeida ez al. 2008;
2011; Vasquez ez al. 2008; Oliveira ez al. 2009a; Guimaraes
et al. 2010), which are partially hidden to the east by rocks
of the Neoproterozoic Araguaia belt, whereas the XR is
dominated by Paleoproterozoic volcanic and plutonic rocks
with Archean Nd model ages (Teixeira ez al. 2002; Vasquez
et al. 2008; Juliani & Fernandes 2010). The domains of
the RMGGT, CB and XR were intruded by anorogenic
granites with ages ranging from 1.89 to 1.86 Ga (Tab. 1),
which constitute the three investigated suites. Petrological,
geochemical and isotopic studies (Dall’Agnol et al. 1999a,
2005; Rimo er al. 2002; Teixeira er al. 2002; Dall’Agnol &
Oliveira 2007; Oliveira et /. 2009b) show some contrasts
between these granitic suites apart from the significant dif-
ferences regarding their metallogenic potential. The most
important deposits of gold, iron, copper, and manganese
from Carajds Province are located in the CB region. In
the XR, important deposits of cassiterite and wolframite
are associated with granites of the VGS. In the RMGGT,
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small gold occurrences associated with greenstone belts and
wolframite are linked with the JS (Dall’Agnol ez al. 2005).

PETROLOGICAL ASPECTS
OF THE SUITES

The three above-mentioned suites consist of granitic
batholiths and stocks (Fig. 1) emplaced at shallow crustal
levels and which commonly show sharp contacts and angu-
lar enclaves, suggesting a high viscosity contrast between
magmas and Archean host rocks (Dall’Agnol ez al. 2005;
Oliveira e al. 2009a). The rocks are isotropic, equigranular
or occasionally serial, ranging from fine to coarse grained.
Monzogranites with subordinate syenogranites dominate
the JS. The main accessory phases of the ]S are apatite,
titanite, zircon, allanite, magnetite and ilmenite. Fluorite
appears only in the most evolved facies (Dall’Agnol et al.
1999a; Oliveira ez al. 2009a). In the SCS, the principal

rocks are monzogranites and syenogranites with moderate
mafic mineral contents (M < 15%). The accessory phases
are similar to those of the JS, but titanite is usually absent
as a primary accessory and is more common as a product
of biotite alteration; fluorite and topaz are more common
and tourmaline appears locally (Barros ez al. 1995; Rios
et al. 1995; Villas 1999). In the VGS, syenogranites are
more common than monzogranites, and alkali-feldspar
granites and greisens mineralized in cassiterite and wolfram-
ite occur associated with more evolved rocks. Monazite,
thorite, xenotime, fluorite and columbite are also common
accessories (Teixeira et al. 2002; Lamario et al. 2012).
Magnetic susceptibility (MS) data show higher values for
the plutons of the JS (1.05 x 107 to 54.73 x 107) and
comparatively lower values for the dominant syenogranites
of the Antonio Vicente granite of the VGS (< 1.0 x 1079).
The values of MS found in the SCS are more variable and
generally intermediate between the former two (1.0 x 1073
to 5.0 x 103; Dall’Agnol ez al. 2005).

Table 1. Geochronological data from Paleoproterozoic suites of the Carajas region (modified from Dall’Agnol et al. 2005)

Suite/Granite Method of dating Material Age
Jamon
Musa U-Pb Zircon 1883+5 Ma®?
Jamon Pb - Pb Zircon 1885+32 Ma®
Redencao Pb-Pb Whole-rock 1870+68 Ma®
Serra dos Carajas
Cigano U-Pb Zircon 1883+2 Ma®@
Serra dos Carajds U-Pb Zircon 1880+2 Ma?
Pojuca U-Pb Zircon 1874+2 Ma?
Velho Guilherme
Velho Guilherme Pb-Pb Whole-rock 1874+30 Ma®
Rio Xingu Pb - Pb Zircon 1866+3 Ma®
Pb - Pb Whole-rock 1906+29 Ma®
Mocambo Pb-Pb Zircon 1862132 Ma®
Antonio Vicente Pb-Pb Zircon 1867+4 Ma®
Pb - Pb Whole-rock +kf 1896+9 Ma®
Bom Jardim Pb - Pb Zircon 186741 Ma"”
Serra da Queimada Pb-Pb Zircon 1882+12 Ma"”
Other Paleoproterozoic granite
Seringa Pb - Pb Zircon 1895+1 Mal

Data sources: (1) Paiva Junior (2009); (2) Machado et al. (1991); (3) Dall’Agnol et al. (1999a); (4) Barbosa et al. (1995); (5) Macambira & Lafon (1995); (6)

Teixeira et al. (2002); (7) Pinho (2005). kf= alkali feldspar.
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According to Dall’Agnol e al. (2005), the three inves-
tigated suites exhibit geochemical characteristics of A-type
granites, with SiO, contents > 65 wt.% and K,O/Na,O ratios
typically between 1.0 and 2.0, with higher ratios towards
JS — VGS — SCS. The rocks that constitute these suites are
metaluminous to slightly peraluminous. Their FeOt/(MgO
+ FeOt) ratios are always higher than 0.80 and increase in
the same direction of the K,O/Na,O ratios and, within the
same suite, increase from the less differentiated to the more
evolved varieties. The patterns of rare earth elements show
moderate to pronounced negative Eu anomalies, with a
particularly striking ‘seagull’ pattern anomaly common in
the tin-granites of the VGS and leucogranites of the SCS.
TDM ages of the three suites vary significantly (from 3.35
to 2.60 Ga), whereas €éNd values of the JS and SCS are sim-
ilar (-10.5 to -8.1 and -9.7 to -7.9, respectively) and higher
than those of the VGS (-12.1 to -12.2), with the exception
of the Mocambo granite (-7.9). Despite these variations, the
values are consistent with derivation of the forming magmas

from an Archean crustal source (Rimé ez al. 2002).

MORPHOLOGICAL AND
COMPOSITIONAL STUDY OF
ZIRCONS FROM PALEOPROTEROZOIC
GRANITE SUITES

Analytical procedures

Zircons from the three Paleoproterozoic granite suites
were analyzed through the scanning electron microscope
(LEO-1430; Geosciences Institute, Federal University of
Pard, Brazil). Polished sections of selected samples were coated
with carbon before BSE and EDS analyses. For CL images
they were coated with gold for 30 s. Operating conditions
were as follows: accelerating voltage = 20 kV, beam current =
90 pA, work distance = 15 mm, analysis time = 30 s with
4,000 — 5,000 cycles/s for each analysis. The elements ana-
lyzed were O, Si, Zr, Hf, Ce, Nb, Ta, P, Y, Th, U, Ba and
Ca. A total of 3,490 analyses were performed on the rims
and cores of the zircon grains, and fractures and inclusions
were avoided with the aid of the BSE and CL images. Ce,
P and Ba contents were consistently very low and so were
excluded from Tab. 2. The analyzed zircons were selected
from the Jamon and Redengao plutons of the JS; the Central,
Cigano and Pojuca plutons of the SCS; and the tin-gran-
ites of the Antonio Vicente, Bom Jardim, Mocambo, Serra
da Queimada and Velho Guilherme plutons of the VGS.
Zircons were selected from each of the different facies of
each body, from the least to the most evolved and, in some

cases, from samples of the associated greisens.
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RESULTS

Table 2 presents the average chemical composition from
zircon crystals of granites and associated greisens. A total
of 3,490 EDS analyses were performed, including 571 zir-
con analyses from the JS, 1,565 from the SCS and 1,354
from the VGS.

JAMON SUITE

Jamon and Redengfo granites have predominantly subhedral
to euhedral zoned zircons, which are locally fractured and free of
corrosion. Inclusions of apatite are common (Fig. 2). The mean
contents of Hf are relatively low and show little variability (1.9
-2.3 wt.%), even in the leucogranites of the Redengio pluton
(2.2 wt.%), producing Zr/Hf ratios between 24 and 29 (Tab. 2).
'The average contents of Y are lower than 1.0 wt.%, except for
the zircons of Redencio leucogranite, which presented a mean
Y content of 1.5 wt.%, producing Zr/Y ratios between 64 and
81 for the first case and that of approximately 56 for the sec-
ond. The Nb content in these zircons has a mean value of 1.2
and 0.2 wt.% to Th and U, respectively. The sum of Hf + Y +
Th + U ranged from 4.2 and 3.0 wt.%, with the Redencio leu-
cogranite presenting higher average contents (Tab. 2).

SERRA DOS CARAJAS SUITE

Zircons of the SCS from Central, Cigano and Pojuca gran-
ites are morphologically and compositionally distinct from
those of the JS (Fig. 3, Tab. 2). Subhedral to anhedral crystals
dominate and are often fractured and corroded, assuming sieve
aspect. Alterations in the form of irregular patches, usually with
high Ca contents, and thorite inclusions are observed in many
crystals (Fig. 3). Anhedral crystals of thorite (£50 pm) associ-
ated with zircons are common in greisens of the Cigano granite
(Fig. 3F). Compositionally, zircons of the SCS showed average
Hf contents (3.1 wt.%) higher than those of the JS (2.1 wt.%),
resulting in comparatively lower Zr/Hf average ratios (19.0 for
the ]S and 26.0 for the SCS). Zircons from biotite monzogran-
ite, biotite leucogranite and syenogranite of the Pojuca pluton
showed the highest concentrations of Hf (2.7 — 5.8 wt.%)
and the lowest Zr/Hf ratios (20.5 to 7.6). With the exception
of the leucogranite of the Redengo pluton, the Y contents in
the zircons of the SCS are generally slightly higher than those
of the JS (averaging 1.1 wt.% in the SCS and 0.9 wt.% in the
JS). However, higher contents of this element were found in
zircons from Pojuca leucogranites (1.6 wt.%), yielding a Zr/Y
average ratio lower than that of the rocks of the JS (63.0 versus
70.0 wt.%). The contents of U and Th are also slightly higher
in the zircons from the SCS, yielding values of Hf + Y + U
+ Th between 3.5 and 8.6 wt.% (Tab. 2), which is generally
higher than the maximum value obtained from zircons of the

IS (4.2 wt.%).
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Figure 1. Simplified geological map of the Carajas Province showing the distribution of A-type granites that
comprise the Paleoproterozoic granite suites. (modified from Dall’Agnol et al. 2005).

VELHO GUILHERME SUITE

Zircons of the VGS show subhedral shapes in the less evolved
rocks, becoming dominantly anhedral and rounded in the most
evolved and associated greisens (Figs. 4 and 5). In the latter, the
zircons are strongly corroded, with dark Ca-enriched patches
and frequent inclusions of minerals of Th, U and REE, indi-
cating that the crystals were affected by hydrothermal processes
responsible for formation of these rocks. In syenogranite rocks
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and greisens of the Bom Jardim granite, the zircons are associated
with anhedral crystals of cassiterite and columbite (Fig. 4F), and
show great morphological similarity with those of the evolved
rocks and greisens of the SCS (Fig. 3). Compositionally, zircons
of the VGS have Hf contents higher than 2.5 wt.%, with the
exception of zircons from the less evolved rocks (BASMG and
BMG,) of the Antdnio Vicente granite (1.9 and 2.2 wt.%, respec-
tively) and zircons from the heterogranular syenogranite rocks of
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Table 2. The average chemical analysis (wt.%) of investigated zircon grains performed by EDS

Sy Facies  Sample ) Si Ca Y 2zr Nb Hf Ta Th U 2 zv x
Granite Hf
JAMON
ABMG A%'z)go 262 131 | 01 07 538 12 20 08 02 02 279 786 | 31
AU-375
Jamon (249) | BMGH 126 262 132 | 01 08 537 12 19 08 02 02 286 761 |30
BMG AL(Z;BZ 273 131 05 08 517 12 23 08 02 02 236 812 | 36
ABMG foz'z)GB 249 132 | 01 09 544 11 21 10 02 02 268 640 | 34
Redencao BMG DCR-33B | y69 132 03 08 524 12 23 08 02 02 240 660 | 36
(322) (98)
Leucogr. foéng 264 131 05 15 518 11 22 10 02 03 247 565 | 42
Average = 263 131 03 09 530 12 21 09 02 02 259 704 | 35
SERRA DOS
CARAJAS
ABMG GF&;ZSJ 281 130 06 08 513 11 22 08 02 03 245 675 | 35
ABMG Cng'Sm 289 127 |11 12 496 11 22 08 01 05 233 602 | 40
Central ( )
(462) ]
ABSG Cl?gng 300 | 127 13 10 477 10 27 09 02 05 190 600 | 44
BSG 1\/1(}1%13?8 283 127 | 07 12 484 10 39 08 01 08 159 563 | 60
ABMGP | 34-A(85) 270 | 133 15 11 501 11 21 09 03 05 245 551 | 40
BMG Eii{ﬁ)w 246 133 04 08 541 12 22 09 03 03 258 755 | 36
Cigano (550)
BMSG 96(120) | 241 | 134 07 10 538 12 22 09 03 04 254 635 | 39
. CIG-5
Greisen 214 236 128 04 09 556 18 26 08 02 03 228 623 | 40
ABMG | F-11(117) 269 130 09 08 519 12 26 08 02 04 217 762 | 40
BMG | F-33(131) 267 118 15 09 437 09 37 06 03 06 121 593 | 55
Pojuca (553) = BMSG = F-6(153) 294 127 15 11 475 14 27 10 04 04 205 656 | 46
Leucogr. F-30(72) 302 129 15 16 436 09 55 06 07 08 81 503 | 86
Hydr.L. =~ F-36(80) 286 126 10 16 447 10 58 06 04 06 76 664 | 84

Average 274 128 10 11 494 12 31 08 03 05 193 629 50

Continue...
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Table 2. Continuation

Sulte./ Facies Sample (0} Si Ca Y Zr Nb Hf Ta Th U = Zr/Y | X
Granite Hf
VELHO GUILHERME
BASMG @ IE-02(76) @ 276 127 02 08 521 16 19 09 02 02 | 296 701 | 31
BMG GAI(\ggfs‘l 289 123 06 12 | 499 10 22 10 03 04 231 557 | 41
BSGA A\(’g‘“ 274 126 09 09 512 09 26 10 02 05 220 624 | 42
Antonio
Vicente NEB75
(450) BSGIA 70) 208 123 09 14 478 09 29 09 02 08 181 585 | 53
Greise” A\gg)lo 279 115 05 25 485 11 32 09 09 05 172 | 595 | 7.1
Gre;‘e“ NR{%?GB 285 126 04 11 504 12 25 08 01 04 219 564 | 41
BMG 5(11“2“;)2 333 115 06 64 385 08 37 07 05 11 117 174 |117
BMG S(ji‘ll“i)g 317 | 117 03 12 452 09 39 07 15 08 131 559 | 74
Bom Jardim BSG SAL-49 | 205 118 13 17 440 13 54 07 04 10 85 516 | 85
(439) (81)
Greise“ SA(I;'gl)OO 314 113 05 15 458 07 34 09 07 16 142 529 | 7.2
Greése“ SA(];}'ZE;Gb 306 99 08 35 393 08 58 08 33 25 70 @ 206 |15.1
PSMG Gl\ggf’A 233 117 | 05 15 531 06 37 24 04 12 152 614 | 68
Mocambo GM-17B
200) PSMG 68) 248 117 | 07 21 507 06 40 21 06 09 145 533 | 7.6
Greisen Gl\gg)ﬂ 246 124 06 13 528 07 31 19 02 06 175 520 | 52
Serra da BMG | SQ22(71) 261 117 11 31 487 17 30 09 09 11 170 344 | 81
Queimada
(161) BSG SQ11(90) | 274 121 10 22 483 15 35 08 04 10 150 | 356 | 7.1
NNVG-38
Velho HSG (58) 256 129 02 09 539 10 21 11 02 02 269 647 | 34
Guilherme
(104) ESG NN(ZE)' 31 204 121 10 54 417 08 28 13 07 05 163 266 | 94
Total of
analysis = Average = 284 119 07 22 479 10 33 11 06 08 172 494 70
3,490

ABMG: amphibole-biotite monzogranite; HBMG: heterogranular biotite monzogranite; BMG: biotite monzogranite; PABMG: porphyritic amphibole-biotite
monzogranite; BMSG: biotite monzogranito to syenogranite; BASMG: biotite-amphibole syenogranite to monzogranite; PSMG: porphyritic syenogranite
to monzogranite; HSG: heterogranular syenogranite; ESG: equigranular syenogranite; Leucogr.: leucogranite; Hydr. L.: hydrothermalized leucogranite;
A: altered; I: intensely. Z: sum Hf + Y + Th + U (ppm). Number of analyses in parentheses.
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the Velho Guilherme pluton (2.1 wt.%). Zircon crystals of the
monzogranites rocks of the Mocambo and Bom Jardim granites
and greisens associated with the Antdnio Vicente granite have
clearer and intensely corroded rims surrounding more preserved
and, it seems, older cores (Figs. 4D and 4E and 5A). In the zir-
cons of the Bom Jardim granite, such rims include contents of
up to 3.9 wt.% Hf, 5.1 wt.% Th and 1.8 wt.% U, whereas the
cores showed concentrations of 2.9 wt.% Hf and 0.5 wt.% for
both Th and U. In the Mocambo granite, the Hf contents in the
edges of some crystals reached 5.0 wt.% (Fig. 5A). In the greis-
ens of the Antonio Vicente granite, the Hf contents in the rim
zone of the zircons reached 5.9 wt.%; however, the contents of
Th and U did not exceed 1.0 wt.% (Fig. 4D).

Zircons of the VGS showed a mean Hf content of 3.3 wt.%
and the lowest Zr/Hf mean ratio (17.2) among the three suites.
Y, Th and U show average grades (2.2, 0.6 and 0.8 wt.%,
respectively), slightly higher than those of the zircons from
the other two suites and yielding average Zr/Y ratios compara-
tively lower (49.4, Tab. 2) than the other two suites. Hf + Y +
U + Th of the VGS zircons vary from 3.1 wt.% in amphibole
monzogranites of the Antdnio Vicente granite to 15.1 wt.%
in greisens of the Bom Jardim pluton, with an average value
of 7.0 wt.%. The average content of Nb and Ta is 1.0 and
1.1 wt.%, slightly lower and higher, respectively, compared
with the contents in zircons of the other two granitic suites.

DISCUSSION

Zircon as an indicator
of specialized granites

Systematic studies on the geochemical signature of zircon,
reflected in the abundance of certain trace elements, especially
HYf, indicate that zircon can be used as a geochemical tracer.
Such data may be useful in identifying the nature of their source
rocks and crystallization environment, in the characterization of
magmatic fractionation processes and in provenance studies of
detrital zircons (Heaman et 2. 1990; Uher ez al. 1998; Hoskin
& Ireland 2000; Pupin 2000; Wang ez al. 2000; Belousova &
Grifthn 2002). This is because Zr and Hf have similar ionic
radii and electrical charges. Because most of the Zr and Hf con-
tents in granitic rocks are incorporated into zircon crystals, the
Zr/Hf ratio of this mineral can be considered to approximate
the Zr/Hf ratio of the source magma (Owen 1987). Wang ez /.
(1996) concluded that Hf-rich zircons from S-type granites
of Suzhou (China) have formed as a result of fractional crys-
tallization processes, which would indicate the tendency of
enrichment in that element during magmatic differentiation.
Zircons of peralkaline granites of Laoshan complex, China,
also have Hf-enriched edges, but the same rocks were inter-
preted by Wang ez al. (1996) as resulting from hydrothermal

112

activities. Wang et /. (2000) assumed that zircons from granitic
rocks with high levels of Hf are typical of evolved granites also
enriched in rare metals (Sn, Mo, Ta, W, Li), and high-Hf zir-
con occurrence would mark the passage from granite to peg-
matites with rare metals. Kempe ez 2/, (2004) demonstrated
that granites with topaz and rare metals have extremely low
Zr/Hf ratios, interpreted as a primary signature of evolved
granitic liquids or, alternatively, as a signature produced during
processes of albitization of the host rocks by F-enriched fluids.
Lamario ez 4. (2007, 2010, 2012) performed compositional
and textural studies of zircons by SEM-EDS from granites and
associated greisens from tin provinces of southern Par4, Pitinga
and Rondénia, and compared the data with those provided by
zircons from granites without tin in the south-eastern Amazon
Craton. The zircons from tin granites showed Hf enrichment
and lower Zr/Hf ratios than those of granites without tin, indi-
cating that a geochemical signature of zircon can be used, even
through semi-quantitative EDS analysis, as a preliminary indi-
cator of specialized granites.

Composition of zircons and the
metallogenic potential of the
studied granitic suites

Zircons from tin granites of the VGS are predominantly
anhedral, altered and corroded, especially in the more evolved
rocks and associated greisens (Figs. 4 and 5). Compositionally,
they are more enriched in Hf, Y, Th and U, have lower Zr/
Hf and Zr/Y ratios and the highest values of Hf + Y + U + Th
compared with zircons of the other two suites (Tab. 1). In gen-
eral, these elements tend to increase in the more evolved rocks
(e.g., in the Antonio Vicente and Bom Jardim granites), sug-
gesting that magmatic differentiation plays an important role
in this enrichment (Wang ez 2/ 1996, 2000). In some cases,
zircons of greisens associated with these granites have concen-
trations of these elements that are similar or higher than those
of zircons from magmatic facies formed during the magmatic
stage (e.g., greisens of the Antonio Vicente and Bom Jardim
granites). Furthermore, some zircons have overgrowth edges
that are heavily corroded and enriched in Hf, Y, Th and U
relative to their cores (Figs. 4E and 5A), suggesting that tar-
di-magmatic fluids may have caused textural changes as well as
enrichment in these trace elements in the early zircons (Wang
et al. 1996). Textural features resulting from overgrowth may
also have developed in sub-solidus conditions during the stage
of greisenization, as found in zircons from greisens associated
with the Antonio Vicente pluton (Fig. 4D).

In the SCS, the Pojuca granite (Horbe 1998) has zir-
cons with morphological and compositional character-
istics closer to those of zircons from tin granites of the
VGS (Fig. 3, Tab. 2). The high content of Hf and the low

Zr/Hf ratios present, especially in zircons from leucogranites,
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ABMG (DCR-36B)]

Zrm: zircon; Ap: apatite; Mgt: magnetite; Ilm: ilmenite; Bt: biotite; BMG: biotite monzogranite; A: amphibole; H: heterogranular.

Figure 2. Images of backscattered electron (A, C, E, F and G) and cathodoluminescence (B and D) of zircons from

the Redencdo (A-D) and Jamon (E-G) granites.

suggest that the more evolved varieties of the Pojuca pluton
have the potential to generate tin mineralization. However,
even in these more evolved rocks, the SEM analyses found
no presence of cassiterite, suggesting that factors other than
composition can lead to the development of tin mineraliza-
tion. In Central granites, despite the intense alteration and
corrosion present in zircons (Figs. 3A to 3C), the levels of
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Hf and Y are, except in the syenogranites, lower and have
Zr/Hf and Zr/Y ratios higher than those of the typical tin
granites of the VGS (Tab. 2). Rios e 2l (1995) and Barros
et al. (1995) performed petrographic and metallogenic eval-
uation of the potential in the northern and western portions,
respectively, of the Central granite and did not identify any
evidence of magmatic or hydrothermal tin mineralization,
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Zm: zircon; Thr: thorite; Mgt: magnetite; BMG: biotite monzogranite; A: amphibole; P: porphyritic; S: syenogranite; hydr. leucogr.: hydrothermal leucogranite.

Figure 3. Backscattered electron images of zircons from the Central (A - C), Cigano (D - F) and Pojuca (G - I)
granites of the Serra dos Carajas suite. (A) Altered, fractured and corroded euhedral crystal; dark patches with
high contents of Ca; (B) Anhedral crystal intensely corroded showing sieve texture and fine thorite inclusions;
(C) Fractured and corroded anhedral crystal; (D - F) Altered and fractured subhedral crystals associated with
magnetite and thorite crystals; (G) Subhedral and corroded crystal, displaying sieve aspect on the central portion
and fine thorite inclusions; (H) Compositionally zoned and fractured crystal, showing Ca-enriched dark zones in
relation to light zone; (I) Thin zircon crystal intensely altered.

such as albite granites, greisens or rocks containing sidero-
phyllite and/or topaz. The petrographic and geochemical
characteristics observed contrast with the granites specialized
in Sn. Greisens associated with Cigano granite have zircons
with the Zr/Hf ratios very similar (- 23) to those found in
zircons from monzogranite and syenogranite rocks (24 — 26)
and were also not identified as having Sn mineralization in
this body, indicating that the geochemical signature of mag-
matic zircons was most likely preserved during the stage of
greisenization of the pluton.

In turn, Redengio and Jamon granites have well-developed
zircons that are predominantly euhedral to subhedral, contain
frequent inclusions of apatite (Fig. 2), are depleted in Hf and
have Zr/Hf ratios much higher than those of zircons from the
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other two suites (Tab. 2), which are all geochemical charac-
teristics in agreement with their low potential for generating
tin deposits. However, there are occurrences of wolframite
in the Pedra Preta deposit at western edge of Musa granite
(not investigated here). W can be associated with different
types of granites and has little dependence on the oxidation
state of the magma (Blevin & Chappell 1992, 1995; Blevin
etal. 1996). In the Pedra Preta deposit, the data suggest a met-
amorphic origin for the mineralizing solutions, although the
Musa granite is an alternative for the origin of W (Rios ez al.
2003). Figure 6 shows the variation of the Zr/Hf ratios in zir-
cons of the studied granites and indicates the associated min-
eralization with the same, whereas Fig. 7 compares these ratios
to the contents of Hf + Y + U + Th obtained by SEM-EDS.
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BASMG: biotite-amphibole syenogranite to monzogranite; BMG: biotite monzogranite; BSG: biotite syenogranite; IA: intensely altered; Zrn: zircon;
Thr: thorite; Cst: cassiterite; Col: columbite.

Figure 4. Backscattered electron images with EDS analyses of zircons from Antonio Vicente (A - D) and Bom
Jardim (E and F) granites, Velho Guilherme suite. (A and B) Subhedral and slightly altered crystals of less evolved
facies (BASMG and BMG), with comparatively lower contents of Hf, Th and U; (C) Subhedral and corroded crystals
containing inclusions of thorite and higher contents of Hf, Th and U; (D) Subhedral crystal slightly altered showing
Hf-enriched overgrowth mantle in relation to its core; (E) Crystal with more homogeneous subhedral core and
mantle heavily corroded. Note higher contents of Hf, Th and U in the latter. Subhedral zircon crystals with high
contents of Hf and U, associated with crystals of tin and columbite.
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Figure 5. Backscattered electron images with EDS analyses of zircons from Mocambo (A and B), Serra da Queimada (C and D)
and Velho Guilherme (E and F) granites, Velho Guilherme suite. (A) Altered and corroded crystals with Hf-enriched edges;
(B) Anhedral crystals with higher Hf content at the edges associated to monazite crystals; (C and D) Anhedral and heavily
corroded crystals, resembling to sieve with fine inclusions of thorite (Thr) and high concentrations of Y; (E and F) Subhedral
to anhedral altered and corroded crystals showing variable concentrations of Hf and Y.
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A frequency histogram with the Zr/Hf ratios of the
studied zircons (Fig. 8) shows that the zircons from gran-
ites of the VGS have the Zt/Hf ratios comparatively lower
than those of the JS, with a mode of 15 for the VGS and 25
for the JS. The zircons from plutons belonging to the SCS
have Zr/Hf ratios that span the range of values found in zir-
cons of the VGS and JS, but the mode found for the ratios
of zircons from the SCS was 22. The zircons from evolved
rocks of the Pojuca and Central granites are responsible for
the lower values of this ratio. The VGS samples mineralized
in cassiterite, wolframite and columbite have zircon crys-
tals with the Zr/Hf ratios between 5 and 22 (Figs. 6 to 8).

Composition of
Zircons and Magmatic Series

MS, mineral chemistry and experimental studies (Dall’Agnol
et al. 1999b, 2005; Dall’Agnol & Oliveira 2007; Oliveira
et al. 2009b) demonstrate that the granites of the JS formed
under predominantly oxidizing conditions (coincident or
slightly higher than the buffer nickel/nickel oxide (NNO),
whereas the dominant syenogranites of the VGS (Teixeira
et al. 2002) evolved under reducing conditions (lower than the

fayalite-magnetite-quartz— FMQ — buffer), fitting, respectively,
in magnetite and ilmenite series of Ishihara (1981). In the SCS,
the dominant Fe —Ti oxide mineral is magnetite, suggesting that
these rocks were formed under oxidizing conditions. However,
there is an apparent contradiction because the Fe/(Fe + Mg)
ratios obtained in whole rock, amphibole and biotite are very
high and compatible with those of reduced granites (Dall’Agnol
et al. 2005; Dall’Agnol & Oliveira 2007). For this reason, the
authors conclude that the granites of the SCS formed in mod-
erately reduced conditions, situated above the FMQ buffer, to
justify the presence of magnetite, but near the buffer to explain
the high Fe/(Fe + Mg) ratios. Sn mineralization is commonly
associated with reduced granites of ilmenite series (Ishihara
1980). These may be accompanied by W and Ta mineraliza-
tion, but there are also W-mineralized granites formed under
oxidizing conditions (Blevin & Chappell 1992, 1995; Blevin
et al. 1996). This would explain the occurrence of this type of
mineralization associated with bodies of the JS.

In this context, the zircon compositional data obtained in
this study corroborate the characterization of the metallogenetic
potential of the three suites from Carajds Province, as demon-
strated by the occurrence of hydrothermal mineralization of

VGS
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Figure 6. Distribution of Zr/Hf means ratios of zircons from magmatic and hydrothermal facies associated with each
of the plutons of the studied suites: Jamon suite (JS), Serra dos Carajas suite (SCS) and Velho Guilherme suite (VGS).
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Sn associated with reduced rocks of the VGS, and its absence
in granites of the oxidized JS. The SCS is located in interme-
diate conditions in relation to the other two suites in terms of
oxygen fugacity (Dall’Agnol ez a/. 2005; Dall’Agnol & Oliveira
2007) and shows morphological and compositional variations
of zircons similar to the tin granites of the VGS. Although no
Sn mineralization associated with this suite has been identified,
occurrences of anomalies of tin were detected at the north-west
edge of the Central granite (Barros ez 2. 1995). This indicates
that although this suite is not the most favorable for tin miner-
alization, its characteristics are not entirely incompatible with
those of specialized granites. Therefore, tin mineralization could
occur associated with their more evolved facies, but would likely
be of small volume and less expressive than the mineralization

associated with the VGS.

CONCLUSIONS

Zircons of the three granitic suites show remarkable com-
positional and morphological differences. In the JS, they form
euhedral to subhedral well-developed crystals, without evident
alteration and corrosion. In terms of composition, they have low
contents of Hf, Y, Th and U; their higher Zr/Hf ratios, even in
its most evolved rocks (leucogranites of the Redencio granite),
indicate a very low potential for the generation of Sn deposits
compared to zircons from the granites of the other two studied
suites. Zircons from tin granites of the VGS are subhedral in the
less evolved rocks (BASMG) to dominantly anhedral, altered
and strongly corroded, Hf enriched and have Zr/Hf ratios that
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decrease towards the more evolved rocks and associated
greisens. The greisens mineralized in Sn, W and Ta of this
suite contain zircons with the Zr/Hf ratios between 5 and
22, indicating that zircons from reduced granites with the
Zr/Hf ratios of this order may be used in preliminary pro-
spective studies of specialized granite bodies. Zircons from
the SCS showed medium contents of Hf + Y + Th + U and
Zr/Hf ratios intermediate between those found in the zir-
cons of the JS and VGS (Tab. 2). However, in the frequency
histogram constructed from the total number of analyses
performed in this study, the Zr/Hf ratios of zircons from
the SCS encompass the range of values yielded by the zir-
cons of the JS and VGS. Although zircons of the Pojuca
granite are morphologically and geochemically similar to
those of the VGS, there were no observed occurrences of
tin mineralization in its rocks. The occurrence of tin anom-
alies in stream sediments near the north-western edge of the
Central granite of the SCS (Barros ef a/. 1995) indicates
that the more evolved varieties of this suite can generate
such mineralization. This can be explained by the moder-
ately reducing character of its magma, which, though less
favorable than in the case of the granites of the VGS, is
not incompatible with generating the tin mineralization
associated with their more evolved facies.

Greisens associated with Cigano granite do not have tin
mineralization. The zircons found in these greisens have an
average Zr/Hf ratio that is similar to that of the host gran-
ite. Similar to observations in the Pitinga Province, the pro-
cesses of greisenization apparently preserved the geochemical
signature of the magmatic zircons. Zircon crystals found in
greisens are generally remnants of the host granite.

This study showed the importance of the morpho-
logical features and geochemical signature of zircons,
reflected mainly in their Hf contents and Zr/Hf ratios, on
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Figure 7. Zr/Hf versus Hf + Y + U + Th diagram (wt.%)
of zircons from granites of the Jamon suite (JS), Serra
dos Carajas suite (SCS) and Velho Guilherme suite
(VGS). Symbols and abbreviations as in Fig. 6.
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Figure 8. Frequency histogram showing Zr/Hf ratios of
zircons from granites of the Jamon, Serra dos Carajas
and Velho Guilherme suites. Number of EDS analyses
in parentheses.
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the identification of specialized tin granites. The chemical
differences presented by the zircons of the three studied
granitic suites corroborate the petrological, geochemical,
and MS characteristics, allowing their individualization.
Analysis of zircon by SEM-EDS can therefore be used in
the preliminary evaluation of the granite metallogenetic
potential for Sn mineralization and likely other metals.
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