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A B S T R A C T   

Zircon geochemistry and geochronology are powerful tools in the study of multistage cratonic settings, yielding 
information on ages and distinguishing terranes. The Carajás Mineral Province (CMP) SE of the Amazonian 
Craton is renowned for its complex tectonic evolution and notable mineral deposits endowment, such as the giant 
iron-oxide-copper-gold (IOCG)-type Sossego and Salobo. Tectonic, magmatic, metamorphic, and hydrothermal 
event sequences imprint their records regionally and deposit scales that, in most cases, are difficult to identify. 
Basement and wall-rock samples from the southern portion of the CMP’s, Sossego area were selected and 
analyzed using sensitive high-resolution ion microprobe (SHRIMP). Cathodoluminescence images guided the 
morphological and textural characterization and spot location. U-Pb and rare earth elements (REE) analyses 
using SHRIMP provided ages and trace element contents leading to classification of zircon type as magmatic, 
hydrothermally altered magmatic, or hydrothermal zircon. Hydrothermal zircon is characterized by anomalous 
morphology and REE and U contents, and these features have prompted the identification of an Archean hy
drothermal event in the province. These zircon classifications indicate a circa 2.54 Ga hydrothermal event in the 
southern region of Carajás, likely associated with main shear zone movements (Carajás Fault). The 2.54 Ga event 
is well constrained to the Carajás northern zone and has not been indicated in the southern region. The magmatic 
and hydrothermally altered zircons indicate ages around 2.95 Ga and 2.74 Ga, coinciding with the zone’s known 
ages, with better resolution achieved using SHRIMP. The use of zircon type classification in cratonic terranes to 
track hydrothermal events offers original possibilities and represents new frontiers in mineral exploration.   

1. Introduction 

Zircon is an accessory mineral that has been widely used for several 
decades in U-Pb dating. More recently, its rare earth elements (REE) 
content has gained traction as a tool in provenance determination, hy
drothermal evaluation, and estimation of magma and melt signatures 
(Ballard et al., 2002; Fu et al., 2009; Hanchar and Van Westrenen, 2007; 
Hoskin, 2005; Zhong et al., 2018). The hydrothermal effect or genesis of 
zircon has been described with respect to different geological environ
ments, from cratonic terranes (Claoué-Long et al., 1990; Corfu and 
Davis, 1991; Hoskin, 2005) to porphyry and volcanic-hosted massive 
sulfide (VHMS) deposits (Loader et al., 2017; Toscano et al., 2014). 
However, no consensus has yet been reached with regard to how hy
drothermal fluids act on zircon lattice and trace element behavior, 
although studies have indicated geochemical differences compared to 

magmatic zircons (Lawrie et al., 2007; Rubin et al., 1989; Toscano et al., 
2014; Zhong et al., 2018). Most findings highlight hydrothermal zircon’s 
anomalous Eu and Ce contents and enrichment in other light rare earth 
elements (LREE), such as La and Pr, compared to magmatic zircon 
(Ballard et al., 2002; Smythe and Brenan, 2016 and references therein); 
however, in most cases, the La contents lie under the equipment’s 
detection limit. 

The Carajás Mineral Province (CMP) (Vasquez et al., 2008) lies 
within the Amazonian Craton (Santos et al., 2000; Tassinari and Mac
ambira, 1999) in northern Brazil and is well endowed with several 
mineral deposits, including the giant Salobo and Sossego iron-oxide- 
copper-gold (IOCG) deposits (Bettencourt et al., 2015; Grainger et al., 
2008; Monteiro et al., 2008; Xavier et al., 2012 and references therein). 
Several authors (Feio et al., 2013; Machado et al., 1991; Moreto et al., 
2015b; Sardinha et al., 2006; Tallarico et al., 2004; Tassinari et al., 
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2003) have presented geochronological data for regional rocks and ore 
deposits. These findings indicate Archean and Paleoproterozoic ages for 
rocks and ore, locating mineralization events at circa 2.7 Ga, 2.5 Ga, and 
1.88 Ga, coincident with magmatism, and most deposits indicate more 
than one period with respect to ore bearing. 

A hydrothermal event around 2.2–2.3 Ga, so far unrelated to mag
matism, has been proposed for the province (Borba et al., 2019), and 
these ages were registered at the Sossego deposit, the Corta Goela 
prospect, and in basement rocks (Borba et al., 2019; Marschik et al., 
2003; Moreto et al., 2015a; Pollard et al., 2018; Tavares, 2015). These 
occurrences each exhibit a close relationship with the regional structure 
of the Carajás Fault (Pinheiro et al., 1997) and may represent evidence 
of structural movement. Alkaline magmatism occurred at 1.88 Ga 

(Machado et al., 1991) throughout the province, and some IOCG de
posits mineralizations are coeval with this magmatism (Grainger et al., 
2008; Moreto et al., 2015b; Tallarico et al., 2005; Xavier et al., 2012, 
among others). 

This study aims to date the hydrothermally altered basement and 
wall-rocks and to analyze the influence of hydrothermal processes on 
REE in zircon. To comprehend and identify the REE patterns and to use 
them as a tool for mineral exploration, three types of zircon were 
distinguished: magmatic, hydrothermally altered magmatic, and hy
drothermal. We present cathodoluminescence images of zircon grains 
combined with the U-Pb dates of six granitoids with different hydro
thermal alterations. The REE and U contents are used to determine 
zircon type. Terranes with superimposed tectonic cycles and successive 

Fig. 1. Geological map of the study area. a) Location in the South American Platform, AC = Amazonian Craton; CP = Carajás Province. b) Geological map of Carajás 
Province and samples location (Vasquez et al., 2008). 
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hydrothermal occurrences are challenging for geological surveys, and 
hydrothermal zircon geochemistry has significant potential as a proxy 
for mineral exploration. 

2. Geological setting 

The Amazonian Craton is composed of two shields, Guyana to the 
north and Central Brazil to the south, separated by the Paleozoic Sol
imões-Amazonas Sedimentary Basin. The CMP lies in the southeast of 
the craton and is divided into two tectonic domains, the Neoarchean 
Carajás (Fig. 1) to the north and the Mesoarchean Rio Maria to the south 
(Santos, 2003). To the north, the province is limited by the Bacajá 
Domain, with Proterozoic to Cenozoic sequences of the Amazon Basin, 
with the Cinzento Shear Zone marking the contact (Pinheiro et al., 
1997). The eastern border of the province is formed by the Neo
proterozoic Araguaia Belt, while to the west lie the Paleoproterozoic 
plutonic and volcanic sequences with the Santana do Araguaia Domain 
to the south (Tassinari and Macambira, 1999). The Rio Maria Domain is 
composed primarily of greenstone belt associations, mafic-ultramafic 
rocks, and granites of Mesoarchean age (Almeida et al., 2010; Dall’A
gnol et al., 2005; Macambira et al., 2009; Oliveira et al., 2009). The 
Carajás Domain basement comprises the mafic granulites of the Pium 
Complex (Vasquez et al., 2008) and various rocks from the Xingu 
Complex (Pidgeon et al., 2000; Almeida et al., 2011; Feio et al., 2013; 
Moreto et al., 2015a and references therein) with ages around 2.95 to 
3.0 Ga. 

The Itacaiúnas Supergroup, in the central portion of the province, is a 
2.76- to 2.74-Ga sequence that forms part of the Neoarchean Carajás 
Basin and is composed primarily of bimodal metavolcanics, metasedi
mentary rocks, and banded iron formations (DOCEGEO, 1988; Machado 
et al., 1991; Trendall et al., 1998; Tallarico et al., 2005). Upwards in the 
stratigraphy the Rio Novo Group (Hirata et al., 1982) is composed of 
tholeiitic metavolcanics, gabbro, schists, and meta-graywacke. The ul
tramafic layered intrusions, the Luanga and Cateté Intrusive Suites, 
intrude into the Rio Novo Group at 2.76 Ga (Machado et al., 1991; 
Teixeira et al., 2015 and references therein). A prominent 2.76- to 2.57- 
Ga succession of granitic plutons (Machado et al., 1991; Sardinha et al., 
2006; Feio and Dall’Agnol, 2012; Feio et al., 2013; Moreto et al., 2015b) 
occurs in the area (e.g. Estrela, Serra do Rabo, Planalto, Plaquê, Bom 
Jesus, Cristalino, Igarapé Gelado, among others). These units are 
covered by the Águas Claras Formation sedimentary sequences (Vasquez 
et al., 2008). 

Paleoproterozoic alkaline granites with ages around 1.88 Ga. 
(Machado et al., 1991) were emplaced during the extensive tectonic 
regime. Certain granites are considered to contribute to mineralizations, 
such as Breves (Tallarico et al., 2004), Gameleira (Machado et al., 1991; 
Marschik et al., 2005) and Estrela (Lindenmayer et al., 2005). This 
granitogenesis also contributed directly to Sossego and 118 Paleo
proterozoic mineralization deposits (Grainger et al., 2008; Moreto et al., 
2015b and references therein). 

Another hydrothermal episode circa 2.2–2.3 Ga without magmatic 
relation in the province has been posited (Borba et al., 2019), based 
primarily on 40Ar-39Ar geochronology. Ages obtained from hornblende 
and biotite from the Sossego deposit, Corta Goela prospect, and base
ment rocks (Borba et al., 2019; Marschik et al., 2003; Pollard et al., 
2018; Tavares, 2015) and U-Pb in monazite at Sossego (Moreto et al., 
2015b) indicate this Rhyacian hydrothermal event. The existence of 
magmatism at this time is unknown in the southern region of the CMP. 
However, samples from these ages are closely related to the regional 
structure of the Carajás Fault (Pinheiro et al., 1997) and may be a record 
of these structures’ movements. Although some researchers considered 
that this Rhyacian age may be a reflex of the 1.88 Ga magmatism that 
produced recirculation of hydrothermal fluids affecting the isotopic 
system (Moreto et al., 2015b; Pollard et al., 2018), other studies have 
argued that this is an isolated event (Borba et al., 2019; Marschik et al., 
2003; Tavares, 2015) that is structurally controlled. Notably, the CMP 

presents a succession of igneous intrusions and extensional events of 
transpressive and transtensional character (Pinheiro et al., 1997; 
Holdsworth and Pinheiro, 2000), demonstrating a complex tectonic 
evolution from Archean to Paleoproterozoic. 

3. Sampling and analytical procedures 

Multiple outcrop basement and deposit wall-rock samples (Table 1) 
were collected for U-Pb and REE in zircon using sensitive high- 
resolution ion microprobe (SHRIMP). This study was carried out on 
the VALE samples collection, and these rocks are related to the main 
structure associated with the IOCG deposits. Complete petrography and 
thin section descriptions were developed at the mining company’s 
request (VALE, 2015), before these isotopes studies. Selected samples 
were crushed (~2 kg) and sieved, and the zircon grains were concen
trated using an isodynamic magnetic separator and heavy liquids 
(methylene iodide). The zircon concentrate was handpicked, and 
80–100 crystals were mounted on a double-sided adhesive plate along 
with the standards (TEMORA 2 and NIST 610). Subsequently, epoxy 
resin was added and dried, and the mount was polished to reveal the 
zircons surfaces. 

Scanning electron microscope and cathodoluminescence (SEM-CL) 
imaging using a Quanta 250 FEI with XMAX CL detector (as per Sato 
et al., 2014) at the Geochronological Research Center at the University 
of São Paulo exposed the zircon’s internal complexities. 

The analyses were conducted using the SHRIMP-IIe at the High- 
Resolution Geochronology Laboratory at the University of São Paulo, 
and the equipment conditions and procedures were similar to those 
described by Williams (1998). Suitable zircon crystals from each sample 
were analyzed, avoiding where possible fractured and/or metamitic 
grains and microinclusion areas (e.g., apatite). Data acquisition was 
performed with six mass range scans for zircon with one standard for 
every four zircons. Age calculations required adjustments for common 
Pb using the measured 204Pb and the relevant common Pb compositions 
from Stacey and Kramers’ (1975) model. For data evaluation and ages, 
SQUID-2.5 (Ludwig, 2009) and ISOPLOT3 (Ludwig, 2003) were used 
(complete procedures are described in Sato et al. (2014)). 

To measure the zircon’s REE isotopic composition, the spots were 
placed near the U-Pb spot. The elements analyzed were Zr, La, Ce, Pr, 
Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu. Data were obtained as 
masses and then reduced into CI-chondrite-normalized (McDonough 
and Sun, 1995) elements. The complete procedure and equipment 
setting are described in Sato et al. (2016), and the detection limits for 
SIMS are accordance with Wiedenbeck et al. (2004). 

4. Results 

The sample descriptions indicate that CJT1 is a deformed tonalite of 
porphyritic texture and foliated matrix comprising quartz and 

Table 1 
Summary of selected samples and its classification and related hydrothermal 
minerals.  

Sample 
Id 

Geological 
context 

Lithology Hydrothermal minerals 

CJT1 Campina Verde 
Tonalite 

Tonalite Fluorite, scapolite, albite, 
magnetite 

CJT2 Umuarama 
Granite 

Monzogranite Biotite, magnetite, amphibole, 
fluorite, chlorite, apatite 

CJT3 Umuarama 
Granite 

Pegmatite Tourmaline, biotite 

CJT5 Canaã dos Carajás 
Granite 

Monzogranite Scapolite, fluorite, apatite, 
calcite 

CJT6 Planalto Granite 
Suite 

Monzogranite Biotite 

CJT7 Bom Jesus 
Granite 

Monzogranite Albite, scapolite, fluorite  
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plagioclase, with oriented biotite (5–8%). The rock presents plagioclase 
and quartz veinlets. Discrete hydrothermal alteration is observed, 
marked by silicification and chloritization. Sample CJT2 is a foliated 
monzogranite with phaneritic texture, composed of quartz, k-feldspar, 
plagioclase, biotite, and amphibole. Sample CJT3 is a pegmatite vein 
associated with the CJT2 monzogranite, presenting a porphyritic 
texture, and composed of quartz, k-feldspar, and biotite with sparse 
amphibole. Sample CJT5 is a foliated monzogranite, with phaneritic 
texture, composed of quartz, k-feldspar, plagioclase, biotite, and 
amphibole. CJT5 presents slight hydrothermal alteration, structurally 
oriented, marked by silicification and sparse fluorite. Sample CJT6 is a 
foliated monzogranite, with phaneritic texture, and a quartz, k-feldspar, 
plagioclase, and biotite mineral assembly. This sample shows slight 
hydrothermal alteration with amphibole, chlorite, and chalcopyrite. 
Sample CJT7 is a monzogranite with phaneritic texture, formed by 
quartz, k-feldspar, plagioclase, biotite, and muscovite, hydrothermal 
fluorite, and scapolite. The main hydrothermal minerals are indicated in 
the Table 1 and were consulted on VALE (2015). 

SEM-CL images indicate variations in zircon morphology, internal 
zonation and hydrothermal alteration grade according to the sample 

(Fig. 2). The Campina Verde Tonalite (CJT1) grains are euhedral and 
fractureless, and most crystals are not metamictized, with inherited 
cores in some cases and sizes ranging from 200 to 400 μm (Fig. 2A). 
These crystals have oscillatory zonation, with diffuse gray borders, 
suggesting moderate hydrothermal alteration (Fig. 2B). Umuarama 
Granite (CJT2) zircons are subhedral and range from 100 to 200 μm. 
They are typically dark gray, and devoid of oscillatory zonation. Several 
crystals showed metamictization and microinclusions and were divided 
into two groups: light gray with massive appearance and dark gray to 
black with spongy texture (Fig. 2A). Additionally, the Umuarama 
Pegmatite (CJT3) presents the same type of zircon as the associated 
sample previously described (Fig. 2A). The Canaã dos Carajás Granite 
(CJT5) zircons are subhedral and range from 50 to 400 μm in length. 
These crystals can be subdivided into two types: the first comprises light 
gray crystals with oscillatory zoning, few fractures, and diffuse borders; 
the second type is dark gray with spongy texture, suggesting hydro
thermal alteration (Fig. 2A). 

Planalto Granite (CJT6) zircon crystals also occur in two types 
(Fig. 2A), and the first type is subhedral and ranges from 150 to 250 μm 
in length, has remnant oscillatory zoning, light gray colors, and partial 
metamictization. This grain type was found in only two crystals in the 
sample. The second type was the dominant population in the sample, 
and consisted of zircons that were dark gray, ranging from 80 to 150 μm 
in length, with diffuse borders and spongy texture (here called “bread- 
crust” texture). This is considered to be hydrothermal zircon (Fig. 2B). 

The Bom Jesus Granite (CJT7) zircons are subhedral, ranging from 
150 to 250 μm in length, are light gray in color, and have some inherited 
cores and oscillatory zoning remnants. Several crystals have diffuse rims 
and spongy texture, indicating at least partial hydrothermal alteration 
(Fig. 2A). 

The SEM-CL images made it possible to define the crystals’ 
morphology and internal textures and to distinguish at least three types 
of zircon prior to the SHRIMP analyses: (i) magmatic; (ii) hydrother
mally altered and (iii) hydrothermal (Fig. 2B). 

4.1. SHRIMP II U-Pb zircon ages 

Fig. 3 provides a summary of U-Pb SHRIMP ages diagrams, and the 
tables of analytical data are included in the Supplementary Material 1. 

Sample CJT5 is the Canaã dos Carajás Granite, of which sixteen spots 
were analyzed. The U content ranges from 95 to 345 ppm, and the 
232Th/238U ratio is 0.49–169. The analyses indicate a 206Pb/238U versus 
207Pb/235U upper intercept age (Fig. 3D) of 2943 ± 9 Ma (mean square 
weighted deviation, MSWD = 1.7) and lower intercept at 891 ± 76 Ma. 

Thirteen spots were analyzed from the Campina Verde Tonalite 
(CJT1). The U content ranges from 116 to 518 ppm and the 232Th/238U 
ratios are between 0.23 and 0.69. The analyses indicate a 206Pb/238U 
versus 207Pb/235U upper intercept age of 2938 ± 18 Ma (MSWD = 5.7) 
(Fig. 3A) and lower intercept at 501 ± 150 Ma. While discordant zircons 
excluded a concordia age (Fig. 3A′), 2938 ± 4.4 Ma (MSWD = 1.8) is 
interpreted as the magmatic crystallization age. 

Sixteen spots were analyzed from the Umuarama Granite sample 
(CJT2) and the U content ranged from 459 to 949 ppm and the 
232Th/238U ratio is 0.40–0.89. The 204Pb corrected 206Pb/207Pb indi
vidual ages, indicating discordances among the crystals in response to 
Pb loss; however, a 206Pb/238U versus 207Pb/235U concordia age 
(Fig. 3B) of 2744 ± 32 Ma (MSWD = 14) provided the crystallization age 
for the Umuarama Granite. Fourteen spots of the spatially associated 
Umuarama Pegmatite (CJT3) were analyzed, and the U content ranged 
from 577 to 1192 ppm and the 232Th/238U ratio was 0.19–0.90. The 
analyses indicate a 206Pb/238U versus 207Pb/235U upper intercept age 
(Fig. 3C) of 2732 ± 22 Ma (MSWD = 7.7) and lower intercept at 474 ±
44 Ma. 

The Planalto Granite sample (CJT6) presented strongly variable U 
content (U = 134–2849 ppm), so this sample was analyzed in two 
rounds. The first attempt considered all crystals while the second 

A

B
Magmatic zircon 

50 µm

Hydrothermal zircon 

Hydrothermally-altered magmatic zircon 

CJT1

CJT6

CJT5

CJT3

CJT2

CJT7

Zircon types texture guide
50 µm

 Symbol 

Fig. 2. SEM-Cathodoluminescence images of zircon with discrimination of 
proposed types of grains. (A) SEM-CL images of selected zircon grains from 
studied samples. The spot is tagged to identify the zircon type according to the 
proposed classification (B). (B) Proposed zircon type classification guide ac
cording to morphology and textures (color-coded symbols corresponding to 
zircon type). (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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considered only the hydrothermal crystals. Among the analyzed crystals, 
only two zircon grains presented regular oscillatory zoning and suitable 
U and Th contents, in relation to the magmatic samples (Hoskin and 
Schaltegger, 2003). These selected grains (2.1, 2.2, 3.1, and 3.2, Fig. 3F) 
are prismatic and euhedral, with crystal lengths ranging from 200 to 
250 μm and U content ranging from 134 to 445 ppm, with a 232Th/238U 
ratio of 0.17–0.63. To better illustrate the uranium content, a color scale 
was used to designate this variation. Once all results are plotted in the 
diagram, the 206Pb/238U versus 207Pb/235U upper intercept age is 2580 
± 420 (MSWD = 27) (Fig. 3F), but if only the four selected spots from the 
zircon with lower U contents are plotted, the 206Pb/238U versus 
207Pb/235U upper intercept age is 2739 ± 19 Ma (MSWD = 1.13) 

(Fig. 3F′), considered to be the crystallization age of the Planalto 
Granite. The second round of analyses for the sample CJT6 was con
ducted on the hydrothermal zircon population. Twenty analytical spots 
were conducted, and the 206Pb/238U versus 207Pb/235U upper intercept 
age was 2546 ± 56 (MSWD = 7.5) (Fig. 3E) with U content varying from 
869 to 2359 ppm. The age of 2.54 Ga is considered to be the timing of the 
hydrothermal alteration. 

Fifteen Bom Jesus Granite (CJT7) zircons were analyzed, and the U 
content was found to range from 49 to 163 ppm, with the exception of 
one grain that had 678 ppm (metamict crystal, spot 9.1), and the 
232Th/238U ratio was 0.44–1.33. The analyses indicate a 206Pb/238U 
versus 207Pb/235U upper intercept age of 2739 ± 8.5 Ma (MSWD = 0.78) 

Fig. 3. 206Pb/238U vs. 207Pb/235U diagrams of zircon—SHRIMP analyses of the studied samples. (A) and (A’) CJT1 – Campina Verde Tonalite; (B) CJT2 – Umuarama 
Granite; (C) CJT3 – Umuarama Pegmatite; (D) CJT5 – Canaã dos Carajás Granite; (E) CJT6 – Planalto Granite – hydrothermal ages; (F) CJT6 – Planalto Granite with 
indication of U contents; (F’) CJT6 – Planalto Granite – magmatic ages; (G) CJT7 – Bom Jesus Granite – magmatic ages. 
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and lower intercept at 425 ± 100 Ma (Fig. 3G). 

4.2. Rare earth elements geochemistry 

The CI-chondrite-normalized (McDonough and Sun, 1995) and total 
REE contents of the zircon samples are indicated in the Supplementary 
Material 2. REE data were used to classify the zircon as magmatic, hy
drothermally altered magmatic, or hydrothermal. 

The REE contents of magmatic zircons ranged from 95 to 490 ppm 
(average 204 ppm, σ = 105.38), and the total LREE contents ranged 
from 6 to 41 ppm (average 21 ppm, σ = 13.62); for the hydrothermally 
altered grains, the total REE contents ranged from 128 to 1517 ppm 
(average 565 ppm, σ = 361.04) and the total LREE contents ranged from 
4 to 1139 ppm (average 162 ppm, σ = 241.01); the hydrothermal zircons 
have total REE contents ranging from 274 to 640 ppm (average 379 
ppm, σ = 122.01) and LREE contents vary from 22 to 237 ppm (average 
73 ppm, σ = 64.34). Eu/Eu* (Eu anomaly amplitude), where EuN =

concentration of Eu CI chondrite-normalized, represented by subscript 
“N” (McDonough and Sun, 1995), and Eu* = (SmN ⋅ GdN)1/2 are also 
indicated for the three zircon types. The magmatic zircon type has Eu/ 
Eu* ranging from 0.19 to 5.09; the hydrothermally altered crystals have 
values from 0.10 to 4.35; and the hydrothermal crystals range from 0.59 
to 3.8. 

The analyzed zircons have prominent REE concentrations, particu
larly for LREE, as La, Ce, and Pr. The La content ranges from 0.027 to 
82.99 ppm when all zircon crystals are considered regardless of type. 
The La ranges from 0.027 to 1.47 ppm in the magmatic zircon and from 
0.034 to 82.99 ppm (with an isolated value of 428 ppm) in the hydro
thermally altered zircons. Hydrothermal zircon has a La content that 
ranges from 0.69 to 50.7 ppm, and La is usually below the detection limit 
for zircon (Hoskin, 2005; Hoskin and Schaltegger, 2003). Ce, Pr, Nd, and 
Sm also present higher contents than are found in magmatic types as a 
result of hydrothermal alteration. Samples of the indicated zircons were 
selected to build the REE versus CI-chondrite diagram (McDonough and 
Sun, 1995), and the REE patterns are distinguished according to type 
(Fig. 4). The hydrothermal type is enriched with LREE and does not 
present the Eu anomaly, showing flattened curves and high REE values. 

The SEM-CL images combined with the La and U contents and Eu/ 
Eu* and U/Th ratios (Fig. 5) illustrate the differences among zircon 
types. Magmatic zircons (Fig. 5A, D, E, and E′) show oscillatory zoning; 
the U contents range from 112 to 435 ppm; Th/U ranges from 0.17 to 
1.27; La contents (0.21–051 ppm) are low; and Eu/Eu* is higher than in 
the other types. Zircon from Figs. E and E′ were not analyzed for REE, 
because these were from the first attempt for sample CJT6. Hydrother
mally altered crystals (Fig. 5A′, B, B′, C, C′, D′, I, and I′) are subhedral 
with massive texture and higher U contents than the previous type. 
These zircons have a U-content range of 282 to 995 ppm, while their La 
contents range from 0.07 to 26.19 ppm. The hydrothermal zircon type 
(Fig. 5F, F′, G, H, and H′) presents anhedral morphology and “bread- 
crust” texture, distinct from the other types. The U contents of hydro
thermal zircons range from 993 to 1477 ppm and the La content ranges 
from 0.63 to 7.09 ppm. 

5. Discussion 

5.1. Ages of intrusions and hydrothermal events 

U-Pb ages and REE contents of zircon samples from the southeastern 
region of the CMP were carried out to track hydrothermal alteration and 
evaluate its influence on zircon U-Pb ages and trace element behavior. 

The U-Pb zircon ages of Canaã dos Carajás Granite and Campina 
Verde Tonalite are 2943 ± 9.3 Ma (MSWD = 1.7, n = 14) and 2938 ±
4.4 Ma (MSWD = 1.8, n = 5), respectively. These ages are more closely 
related to those obtained for the Bacaba Tonalite (Moreto et al., 2011), 
Sequeirinho Granite, and Pista metavolcanic rock (Moreto et al., 2015a, 
2015b). The age of 2943 ± 9.3 Ma for the Canaã dos Carajás Granite is 
older than the 2859 ± 2 Ma (U-Pb zircon, LA-ICPMS) obtained by Feio 
et al. (2013), and the same is the case for the Campina Verde Tonalite, 
for which the presented ages are older than the 2876 ± 5.4 and 2871 ±
7.7 Ma, U-Pb SHRIMP in zircon, obtained by Moreto et al. (2015a) for 
the same unit. The crystallization of these rocks occurred within a 90-Ma 
time interval, forming the Serra dos Carajás basement during the Mes
oarchean. The Rio Verde TTG (tonalite-trondhjemite-granodiorite) as
sociation and Serra Dourada Granite dated by Moreto et al. (2011) also 
show ages close to 2.86 Ga, denoting a slightly younger event in this 
region. These ages are coincident with or close in time to those obtained 
for the Xingu and Pium Complex (Avelar et al., 1999; Machado et al., 
1991; Pidgeon et al., 2000), marking a regional event around 2.9–2.8 Ga 
that formed the Carajás Basin basement. 

The Umuarama, Planalto, and Bom Jesus granites are part of the 
Neoarchean granitogenesis circa 2.75 Ga. The obtained ages imply that 
these granites are coeval and may be related to the extension event 
responsible for the Carajás Basin initiation (Trendall et al., 1998). 
Campina Verde Tonalite and Umuarama Granite and Pegmatite indi
cated lower intercept ages about 500 Ma (501 ± 150 Ma, 498 ± 35 Ma, 
and 474 ± 44 Ma, respectively). These ages were also observed at the 
Sequeirinho and Serra Dourada Granites (Moreto et al., 2015b; Moreto 
et al., 2011) and the Formiga Granite (Grainger et al., 2008). These 
Neoproterozoic ages may reflect a U-Pb disturbance caused by Araguaia 
Belt collision in the eastern border of the Amazonian Craton. 

The Planalto Granite presents a substantial hydrothermal zircon 
population, indicating a 2.54-Ga event in the southern zone of the CMP. 
This age is in close agreement with registered hydrothermal events in 
the northern zone of Carajás, as the Salobo deposit (Machado et al., 
1991; Tassinari et al., 2003), although it has not been identified in the 
southern region. This episode is likely related to the main strike-slip 
structural movements, such as the Carajás Fault (Pinheiro et al., 
1997). It is essential to note that these shear zones and strike-slip sys
tems record successive periods of reactivation (Holdsworth and Pin
heiro, 2000; Pinheiro et al., 1997) and that extensional and 
contractional tectonic inheritance are known in the lithosphere (Salazar- 
Mora et al., 2018). These data suggest that these shallow-crustal struc
tures operated as channels for hydrothermal fluids at various times. 

Fig. 4. CI-Chondrite-normalized REE patterns of selected zircon types. The red 
dashed line separates magmatic zircon from hydrothermally altered zircon, and 
the light purple area indicates the hydrothermal zircon geochemical signature 
for these elements. The most prominent differences among these zircon types 
are in the LREE enrichment rather than in the other REE. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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Multistage hydrothermal events must surely account for the geology 
of the Carajás southern zone, and continuous magmatic-hydrothermal 
pulses from 2.7 to 2.54 Ga are not possible. The 2.54 Ga hydrothermal 
record is likely linked to strike-slip fault activations and these structures’ 
function as fluid channels. The hydrothermal event record from circa 
2.5 Ga is notable throughout the province, particularly in the north, and 
should also be considered in mineral exploration in the southern region. 

5.2. Implications of REE in zircon characterization 

The zircons in the studied samples present different degrees of hy
drothermal alteration, which is reflected in the REE patterns (Table 2). 
The magmatic zircon REE contents are those expected for igneous zircon 
(Hoskin and Schaltegger, 2003), and the total REE contents range from 
95 to 490 ppm, while the total LREE contents range from 6 to 41 ppm. 
These grains also present U contents of 100 to 400 ppm and preserved 
oscillatory zoning, indicating that the hydrothermal alteration was not 
pervasive. The Eu/Eu* indicates high amplitudes ranging from 0.19 to 
5.09, suggesting that the magmas were enriched in Eu, compared to Sm 
and Gd (Burnham and Berry, 2012; Loader et al., 2017). Another 

implication of elevated Eu/Eu* is titanite co-crystallization, a parameter 
in magmas (Loader et al., 2017), and the same effect may be observed in 
REE-rich hydrothermal fluids. 

Hydrothermally altered zircons present massive textures, subhedral 
morphology, and diffuse rims, notably distinct from the magmatic type. 
The REE contents range from 128 to 1517 ppm and total LREE varies 
from 4 to 1139 ppm, indicating enrichment in these elements compared 
to the magmatic type. These zircons also present higher U and Th con
tents than the first type as well as significantly increased LREE, which is 
characteristic of hydrothermal alteration (Hoskin, 2005; Hoskin and 
Schaltegger, 2003; Takehara et al., 2018; Toscano et al., 2014; Zhong 
et al., 2018). Eu/Eu* values range from 0.10 to 4.35, which is indis
tinguishable from the magmatic type. These similar Eu/Eu* ratios may 
indicate that the hydrothermal fluids have comparable REE signatures to 
the melts that originate from the magmatic rocks. It is also possible that, 
during pervasive hydrothermal leaching, altered zircon geochemically 
re-equilibrated with the altered rocks. 

The hydrothermal zircons are anhedral and massive with diffuse rims 
and “bread-crust” texture. These zircons have total REEs ranging from 
274 to 640 ppm and LREE contents ranging from 22 to 237 ppm. 

Fig. 5. SEM-Cathodoluminescence images of zircon 
crystals from analyzed samples from Carajás Prov
ince. (A) CJT1 – Campina Verde Tonalite has domi
nant magmatic zircon type (A), but some 
hydrothermal alteration is suggested by La enrich
ment and elevated Eu/Eu* (A′); (B) CJT2 – Umuar
ama Granite presents dominant hydrothermally 
altered zircon type, with elevated U contents and 
expressive variation of La contents (B and B′); (C) 
CJT3 – Umuarama Pegmatite presents the same 
geochemical behavior as CJT2 hydrothermally 
altered grains, with elevated U contents and variable 
La (C and C′), and both CJT2 and CJT3 present low 
variations on Eu/Eu*; (D) CJT5 – Canaã dos Carajás 
Granite is magmatic zircon, with preserved oscilla
tory zoning and regular U and La contents, and (D′) is 
a hydrothermally altered crystal, with euhedral 
morphology and U and La enrichment and slightly 
high Eu/Eu*. (E) CJT6 – Planalto Granite magmatic 
zircon type (E) with low U contents and preserved 
oscillatory zoning. A zircon grain (E′) present slight 
hydrothermal alteration, suggested by its massive 
texture. (F, G and H) CJT6 – Planalto Granite hy
drothermal zircon type. These crystals present 
spongy texture, bread-crust texture (F, F′ and H′) 
diffuse rims (F, F′, G, H and H′), and anhedral 
morphology and are enriched in U and La and present 
elevated Eu/Eu*. (I) CJT7 – Bom Jesus Granite zir
cons are magmatic (I) with slight hydrothermal 
alteration (I′), suggested by elevated La contents and 
massive texture.   
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Hydrothermal grains are enriched in U, with contents above 900 ppm 
and reaching 1500 ppm. These zircons are also LREE enriched, with La 
contents reaching 37 ppm, which is remarkably elevated (Hoskin, 2005; 
Hoskin and Schaltegger, 2003; Zhong et al., 2018). 

Consequently, samples CJT1 and CJT5 have predominantly 
magmatic zircons with some hydrothermally altered grains, while CJT2, 
CJT3, and CJT7 primarily contained hydrothermally altered zircon type. 
Sample CJT6 presents the three grain types and it was possible to 
distinguish the hydrothermal type and obtain the U-Pb age. 

The (Yb/Gd)N and Eu/Eu* diagram (Fig. 6A) illustrates that 
magmatic zircons present an inverse relationship to these proposed ra
tios, with low (Yb/Gd)N and high Eu/Eu*. This diagram indicates that 
the hydrothermally altered magmatic grains are dispersed but show 
dominantly low (Yb/Gd)N and high variations on the Eu/Eu*. The hy
drothermal type (CJT6) indicates variable (Yb/Gd)N and Eu/Eu*, 
although it is possible that the majority of the samples have high (Yb/ 
Gd)N and low Eu/Eu*. In the (Sm/Ce)N versus (Tb/Yb)N diagram 
(Fig. 6B), the hydrothermal zircons of sample CJT6 are grouped and 
distinguishable from those with significant magmatic zircon populations 
(CJT1 and CJT5), which present higher (Tb/Yb)N and lower (Sm/Ce)N 
than the hydrothermal zircon, reflecting the LREE enrichment of hy
drothermal zircon. 

It is also noteworthy to point out that hydrothermal zircons are 
enriched in U, Th, and La, while hydrothermally altered zircons are 
LREE-enriched in most cases (Fig. 6C). The magmatic zircons generally 
have U contents below 500 ppm and consequently have low LREE 

contents (Fig. 7A). 
Hydrothermal zircon differs clearly from the other two types with 

respect to REE content and texture. Hydrothermally altered zircons 
present REE-enriched contents; however, it is likely that they reflect 
hydrothermal disturbance rather than hydrothermal bearing. Hydro
thermal zircons present U-, Th- and LREE-enriched signatures (Fig. 7A) 
compared to the other proposed classes of zircons. These studied zircons 
also present ascending enrichment in U and Th contents (Fig. 7B), 
grading from magmatic to hydrothermally altered to hydrothermal 
zircons, although the hydrothermally altered zircon types present sig
nificant variation with respect to LREE contents (Fig. 7A). 

Although the analyzed rocks are barren, they are spatially related to 
important regional strike-slip structures and are closely related to IOCG 
deposits. These REE patterns in zircon suggest oxidized signatures for 
these hydrothermal fluids, however, for unknown reasons, no ore pre
cipitate is immediately associated with these samples. Nevertheless, 

Table 2 
Summary of applied zircon classification main features. Morphology and tex
tures observed in SEM-CL images. Main geochemical features indicate the 
average values (σ = standard deviation) contents for selected elements and are 
expressed in ppm. Eu/Eu* is absolute number obtained by the expression Eu* =
(SmN ⋅ GdN)1/2. Ages(Ma) are according to zircon type, based on classification 
used in this research.  

Zircon type Morphology and 
textures 

Main geochemical 
features (average 
values) 

Ages(Ma) 

Magmatic Euhedral to subhedral; 
fractureless; oscillatory 
zoning, inherited cores 
(rare, but present) and 
microinclusions. 
Dominant color is light 
gray 

Sum LREE: 21.64 (σ 
= 13.62); Sum REE: 
204.24 (σ =
105.38); U: 229.65 
(σ = 195.97); (Th +
U): 389.51 (σ =
361.91); La: 0.456 
(σ = 0.506); Eu/ 
Eu*: 1.919 (σ =
1.455) 

2943 ± 9.3; 
2938 ± 18; 
2739 ± 8.5; 
2739 ± 19 

Hydrothermally 
altered 

Subhedral; massive 
texture (few remnant 
oscillatory zoning); 
diffuse borders. 
Dominant colors are 
gray to dark gray 

Sum LREE: 162.66 
(σ = 241.017); Sum 
REE: 565.82 (σ =
361.045); U: 529.77 
(σ = 322.69); (Th +
U): 803.99 (σ =
497.96); La: 25.783 
(all samples) (σ =
69.667); 14.608 
(except 428.0612) 
(σ = 19.191); Eu/ 
Eu*: 1.710 (σ =
1.396) 

2744 ± 32; 
2732 ± 22 

Hydrothermal Bread-crust texture; 
spongy texture; diffuse 
borders. Dominant 
colors are gray, dark 
gray and black 

Sum LREE: 72.734 
(σ = 64.346); Sum 
REE: 379.631 (σ =
122.017); U: 
1427.578 (σ =
361.463); (Th + U): 
2275.654 (σ =
737.003); La: 
10.964 (σ =
15.962); Eu/Eu*: 
1.889 (σ = 1.123) 

2546 ± 56  

Fig. 6. REE diagrams. (A) Contrasting (Yb/Gd)N and Eu/Eu* and (B) (Sm/Ce)N 
versus (Tb/Yb)N diagrams for the analyzed samples. (C) U(ppm) and LaN dia
grams for the analyzed samples with color-coded fields and symbols for 
magmatic, hydrothermally altered (altered for shortening) and hydrothermal 
zircon. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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these structures presumably acted as channels, transporting fluids and 
ore that precipitated elsewhere around 2.54 Ga. Therefore, this age must 
be considered in mineral exploration in the southern region of the CMP. 

6. Concluding remarks 

Multistage magmatic and hydrothermal activities are indicated in 
the southern portion of Carajás Mineral Province based on U-Pb zircon 
ages and zircon REE signatures. The studied samples present three types 
of zircon: magmatic, hydrothermally altered magmatic, and hydro
thermal, with classification based on SEM-CL images and REE and U 
contents. Hydrothermal zircon is distinguished by its anhedral 
morphology, massive and “bread-crust” texture, and diffuse rims; it is 
also characterized by its rich REE and U contents. The proposed classi
fication permitted the identification of distinct grains for the same 
sample, and a hydrothermal event was dated separately from the 
magmatic at 2.54 Ga. The hydrothermal zircon age is closely related to 
strike-slip structures and confirms that these structures were active from 
the Archean age. The use of zircon classification highlights new frontiers 
in the study of cratonic areas aimed at tracking hydrothermal events 
through mineral exploration. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.gexplo.2020.106679. 
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