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Abstract
The Catolé do Rocha Batholith, situated in the Rio Piranhas-Seridó Domain of the Borborema Province (Northeastern 
(NE) Brazil), is an important example of the post-collisional Ediacaran magmatism that affected this region. It includes 
metaluminous to slightly peraluminous syenogranite and quartz syenite, basic-intermediate rocks and minor microgranite 
dykes; the whole set is intrusive in the Paleoproterozoic basement. This batholith has been interpreted as a member of the 
high-K calc-alkaline magmatic suite with chemical affinities akin to the Caledonian I-type granites. However, there are many 
lithochemical evidence associating the batholith to the A-type magmas. The granites are alkali-calcic to alkaline, have fer-
roan character, significant concentrations of large-ion lithophile elements (LILE) and high-field-strength elements (HFSE) 
and relative enrichment of light rare earth elements (LREE) than heavy rare earth elements (HREE). Their chemical sig-
natures agree with a post-collisional A2-type setting. Geothermobarometric estimates provide crystallization at pressures of 
4.6 – 6.3 kbar (ca. 16 – 24 km in depth) and temperatures in the range of 950 – 750°C, under low oxygen fugacity conditions 
(-4 < ΔFQM < -1). Geochemical data and distinct redox crystallization conditions for the felsic and basic-intermediate rocks 
suggest they represent distinct magma batches, with local mixing and mingling features. The origin of the batholith seems to 
be related to enriched (metasomatized) sources, with differentiation controlled mostly by fractional crystallization processes.
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Resumo
O Batólito Catolé do Rocha, situado no Domínio Rio Piranhas-Seridó da Província de Borborema (Nordeste (NE) do Brasil), 
é um importante representante do magmatismo ediacarano pós-colisional que acometeu essa região. Ele inclui sienogranitos e 
quartzo sienitos metaluminosos a ligeiramente peraluminosos, rochas básico-intermediárias e, subordinadamente, diques e/ou 
bolsões de microgranitos menores. Esse batólito é tido como representante da suíte cálcio-alcalina de alto K, que inclui princi-
palmente granitos de afinidade química próxima aos de tipo-I caledonianos. Contudo, são diversas as evidências litoquímicas 
que aproximam o batólito aos magmas de tipo-A. As rochas graníticas são álcali-cálcicas a alcalinas, possuem caráter ferroano, 
concentrações significativas de elementos litófilos de raio grande (LILE) e de alto potencial iônico (HFSE) e enriquecimento de 
terras-raras leves (LREE) sobre pesados (HREE). Suas assinaturas químicas permitem classificá-los como granitos de tipo‑A2 
pós-colisionais. Estimativas geotermobarométricas apontam cristalização sob pressões de 4,6 – 6,3 kbar (~16 – 24 km de pro-
fundidade) e temperaturas entre 950 – 750°C, em condições de baixa fugacidade de oxigênio (-4 < ΔQFM < -1). Evidências quí-
micas e distintas condições redox estimadas para os granitos e rochas básico-intermediárias do batólito sugerem que se trata 
de magmas distintos, com misturas do tipo mixing e mingling locais. A origem do batólito parece estar relacionada a fontes 
enriquecidas (metassomatizadas), com diferenciação controlada principalmente por processos de cristalização fracionada.

Palavras-chave: Batólito Catolé do Rocha; Granitos tipo-A; Litoquímica; Condições de cristalização; Província Borborema.
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INTRODUCTION

One of the most remarkable features in the Borborema 
Province (Northeastern (NE) Brazil) is the occurrence 
of a voluminous and extensive granitic syn- to late-o-
rogenic magmatism formed at the end of the Brasiliano 
Cycle (~580 Ma). In the region between the Rio Grande 
do Norte and the northern Paraíba states, this magmatism 
encompasses ca. 80 plutons with distinct mineralogical, 
petrographic, lithochemical, geochronological and isotopic 
characteristics that were grouped into six magmatic suites by 
Nascimento et al. (2015): Shoshonitic, Porphyritic High-K 
Calc-Alkaline (CALCKP), Equigranular High-K Calc-
Alkaline, Calc-Alkaline, Alkaline (ALK) and Charnockitic. 
The CALCKP Suite stands out in terms of volume and exposed 
area, with the Catolé do Rocha Batholith (CRB) as one of 
its largest bodies. Located near the homonymous city in the 
Paraíba state and intrusive into the paleoproterozoic rocks 
of the Rio Piranhas-Seridó Domain (PSD), this batholith of 
ca. 900 km2 is composed of a main syenogranite pluton and 
three satellite stocks, as well as minor occurrences of basic-
-intermediate rocks, dykes and/or pockets of microgranites 
(Medeiros et al., 2007).

Previous geochemical and petrographic studies have 
included the CRB in the CALCKP Suite (Nascimento et al., 
2015; Campos et al., 2016) with geochemical characteris-
tics akin to post-collisional I-type granites (Caledonian 
I-type sensu Pitcher, 1983, 1997; cf. Frost et al., 2001; 
Castro, 2019), formed in oxidized crystallization environ-
ments. However, as pointed out by Campos et al. (2016), 
the Catolé do Rocha granites show a contrasting and more 
alkaline signature that are typical of A-type magmas crystal-
lized under more reducing conditions (Whalen et al., 1987; 
Bonin, 2007; Dall’Agnol and Oliveira, 2007).

This work re-evaluates the geochemical and granite typo-
logical classifications of the CRB based on new petrographic, 
lithochemical and mineral chemistry data. We will show that 
the batholith can be classified as “reduced” A2-type granites 
from the ALK Suite (cf. Dalan et al., 2019). Furthermore, 
the intensive crystallization parameters (P, T, ƒO2) will also 
be refined. As a final goal, we expect to contribute to a bet-
ter understanding of the formation and geological implica-
tions of the Ediacaran plutonism in the PSD.

GEOLOGICAL BACKGROUND

The Borborema is a Precambrian Province of the NE Brazil 
(Almeida et al., 1981; Brito Neves et al., 2000; Santos et al., 
2018) formed by the agglutination of large allochthonous 
crustal blocks during orogenic events (Jardim de Sá et al., 
1992; Jardim de Sá, 1994; Santos, 1996; Santos et al., 
2000). Its current configuration includes tectonic domains 

that resulted from the diachronic convergence of the West 
African, Amazonian and São Francisco-Congo cratons during 
the Brasiliano Cycle (Caby et al., 1991; Jardim de Sá, 1994; 
Vauchez et al., 1995; Archanjo et al., 2013; Souza et al., 
2016; Ferreira et al., 2020), with the generation of shear 
zones and a large, chemically diverse, granite plutonism 
(Nascimento et al., 2008, 2015). 

In its northernmost portion, the Borborema Province 
can be divided into three tectonostructural domains called 
São José do Campestre (to the east), Rio Piranhas-Seridó 
(central part) and Jaguaribeano (to the west) (Figure 1A). 
The CRB locates in the western part of the PSD. It is intru-
sive into Paleoproterozoic basement rocks that include metas-
supracrustal sequences sectioned by metaplutonic rocks of 
the Caicó Complex and the Poço da Cruz suite, with ages 
between 2.25 and 2.17 Ga (Jardim de Sá, 1994; Angelim 
et al., 2006; Medeiros et al., 2008b; Hollanda et al., 2011; 
Souza et al., 2007, 2016). Moreover, Cunha et al. (2018) 
recognized the occurrence of Neoproterozoic biotite-amphi-
bole gneisses of the Jucurutu Formation to the northeast of 
the batholith. The CRB is composed of syenogranite and 
quartz syenite, basic-intermediate rocks, as well as dykes 
and/or microgranite pockets. The syenogranite was dated 
at 571 ± 3 Ma (U-Pb in zircon) by Medeiros et al. (2007). 
On structural grounds, the CRB is located near two large shear 
zones (Figure 1A), the Patos Lineament (to the south) and 
the Portalegre Shear Zone (to the northwest). Additionally, 
based on in-depth analysis of regional magnetic data from 
the PSD, Gonçalves (2009) identified significant magnetic 
lineaments attributed to deep-seated shear zones, such as 
the Caicó-Bom Jesus Lineament possibly located in depth 
below the CRB.

This work focuses on the CRB main body, whose rocks are 
grouped into three distinct petrographic facies (Figure 1B): 
Syenogranite I, Syenogranite II and Syenogranite III (or facies 
I, II and III for the sake of simplicity). These units correspond, 
respectively, to the Brejo dos Santos, Alexandria and Maniçoba 
facies (Medeiros et al., 2007, 2008b). The Syenogranite I 
facies includes medium to coarse-grained porphyritic bio-
tite-amphibole syenogranite and leucocratic quartz syenite, 
with microcline megacrysts up to 3.0 cm long (Figure 2A). 
Syenogranite II facies is similar to facies I, although with 
lower amphibole contents and slightly larger microcline 
megacrysts (Figure 2B). Syenogranite III comprises coar-
se-grained hololeucocratic to leucocratic biotite syenogra-
nite (Figure 2C). 

Microgranular dioritic enclaves occur in all facies. 
They show rounded or globular shapes, including min-
gling (Figures 2D and 2E) and mixing/hybridization fea-
tures (Figure 2D), as well as ellipsoidal biotite-rich layers 
(rings ?) and schlierens (Figure 2F). Nevertheless, most of 
the basic and intermediate rocks occurs in the central por-
tion of the Syenogranite III facies (Figure 1B).
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The outer portions of the batholith are characterized 
by oriented, stretched potassic feldspar megacrysts (syn to 
late-tectonic fabric). In turn, magmatic pre-tectonic fabrics 
include a concentric structure situated at Syenogranite III 
facies (Figure 1B) and the magmatic alignment of euhedral 
mafic minerals and potassic feldspar megacrysts and enclaves.

MATERIALS AND METHODS

Representative samples of the CRB granites, basic-interme-
diate rocks and microgranites were selected for petrographic 
and chemical (whole-rock and mineral chemistry) studies. 
Petrographic and textural analysis of selected thin sections 
were done using transmitted and reflected light petrographic 
microscopes of the Departamento de Geologia, Universidade 
Federal do Rio Grande do Norte, following classical petro-
graphic techniques.

Whole-rock composition (major and trace elements) for 
six samples (two syenogranites and four basic-intermediate 

rocks) were obtained by X-ray fluorescence (XRF) at the 
GeoAnalítica-USP core facility, Instituto de Geociências, 
Universidade de São Paulo (analytical routines described 
in Mori et al., 1999). These were added to the litochemi-
cal database (18 samples) compiled from Medeiros et al. 
(2008a, 2008b).

In situ major element compositions of amphibole (n = 12) 
and biotite (n = 7) crystals were obtained by  energy dis-
persive spectroscopy (EDS) semiquantitative microanaly-
ses using a EDX-7000/8000 (Oxford Instruments) equi-
pment, coupled to the scanning electronic microscope 
(SEM), model VEGA3 (TESCAN) of the Laboratório 
de Caracterização de Minerais e Materiais do Instituto 
Federal de Educação, Ciência e Tecnologia do Rio Grande 
do Norte (LACAMM–IFRN/CNAT). Analytical condi-
tions were 20kV for acceleration voltage, 20nA for cur-
rent, and beam diameter of 1 μm, with an average acqui-
sition time of 50s. The results were added to the database 
of Campos et al. (2016) for further geothermobarometric 
calculations. Additionally, zircon and titanite trace elements 

PSD: Rio Piranhas Seridó Domain; JBD: Jaguaribeano Domain; SJCD: São José do Campestre Domain.
Source: modified and updated from Medeiros et al. (2008a) and Cunha et al. (2018).

Figure 1. (A) Geological sketch of the northernmost part of the Borborema Province (NE-Brazil), showing the main tectono-
structural domains, shear zones and location of the study area. (B) Geological setting of the Catolé do Rocha Batholith 
intruded in Paleoproterozoic basement rocks.
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Figure 2. Macroscopic structural and textural aspects of Catolé do Rocha Batholith. (A) Syenogranite of facies I: leucocratic, 
coarse-grained, inequigranular biotite-amphibole syenogranite with potassic feldspar (red), quartz (grey) and interstitial 
and oriented biotite and amphibole crystals (black) defining an incipient (magmatic?) foliation. (B) Syenogranite of 
facies II: leucocratic, coarse-grained, porphyritic biotite syenogranites with potassic feldspar megacrysts (pink) in a 
quartzo‑feldspathic matrix with interstitial biotite ± amphibole (black). (C) Syenogranite of facies III: hololeucocratic, 
coarse-grained, inequigranular biotite syenogranite, with potassic feldspar (red), quartz (grey) and interstitial biotite (black) 
biotite. (D) Microgranular mafic enclave (red dashed line) with potassic feldspar xenocrysts hosted in syenogranite of 
facies I. Note also mafic hybrid portion within the syenogranite suggesting magma mixing processes. (E) Microgranular 
mafic enclaves with rounded and elliptical shapes, the latter with axis parallel to the magmatic fabric in syenogranites of 
facies I (yellow dashed line). (F) Metric ellipsoidal (ring?) schlieren hosted in syenogranites of facies I.

were quantified by laser ablation in the GeoAnalítica-USP 
LA-ICP-MS facility in selected crystals from the syeno-
granite I facies. The ablation experiments were performed 
under an energy fluence of 3.6 J/cm2, repetition frequency 
of 15 Hz and laser diameter of 40 μm. The total acquisi-
tion time was 120 s, with integration and dwell time of 

1.6 and 25 ms, respectively. NIST-SRM 610 and USGS 
BIR-1G reference materials were the external standards, 
and the mean contents (% weight) of CaO (titanite) and 
SiO2 (zircon), obtained for the same sample via EDS, were 
used as internal standards. Data reduction were performed 
with the Glitter software (Griffin et al., 2008). 
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PETROGRAPHIC FEATURES

The batholith consists essentially of syenogranite and 
subordinate quartz syenite. These are coarse to medium-
-grained, leucocratic, inequigranular to porphyritic rocks, 
with potassic feldspar megacrysts up to 3.0 cm. All sye-
nogranite facies have similar mineralogy, with variations 
in the modal contents of the essential minerals. Facies I 
contains microcline (40 – 48% modal), oligoclase (An~22; 
20 – 23%) and quartz (12 – 25%). Main mafic minerals 
are biotite (3 – 6%) and hornblende (hastingsite and fer-
roedenite; 7 – 11%) that eventually are oriented defining 
an incipient magmatic foliation (Figure 2A). Facies II is 
composed of microcline (35 – 40%) (Figure 3A), oligoclase 
(An~23; 19 – 25%) and quartz (18 – 20%), with hornblende 

(ferro-pargasite, hastingsite and ferro-edenite; 4 – 6%) 
and biotite (annite; 6 – 8%) as the mafic phases. Facies III 
consists of microcline (44 – 56%), sodic oligoclase (An~17; 
15 – 20%), quartz (15 – 25%) and biotite (7 – 10%) as the 
chief mafic mineral (Figure 3B). In all cases, accessory 
minerals include titanite (1 – 4%), ilmenite ± titanomagnetite  
(1 – 2%; Figures 3C and 3D) and fluorite (2%; Figure 3B), 
as well as minor occurrences of apatite, zircon and allanite. 
Chlorite, secondary titanite, white mica and carbonates are 
post-magmatic/hydrothermal phases. Microcline is always 
perthitic or mesoperthitic and wartlike myrmekites are 
widespread (Figure 3A). Evidence of superimposed defor-
mation includes deformed, sigmoidal microcline crystals and 
megacrysts, recrystallized quartz in contact with feldspars 
(Figure 3A), and undulose extinction in quartz. 

Qz: quartz; Kf: potassic feldspar; Pl: plagioclase; Bt: biotite; Hbl: hornblende; Ttn: titanite; Opc: opaque minerals; Mgt: titanomagnetite; Ilm: ilmenite; Mim: myrmekite.

Figure 3. Microscopic textural aspects of the Catolé do Rocha granites. (A) Millimetric band of (recrystallized?) quartz 
and myrmekite along the contact between potassic feldspar and plagioclase crystals, as well as wartlike myrmekites in 
syenogranite of facies II. (B) Platy biotite crystal with zircon inclusion in contact with interstitial fluorite in syenogranite 
of facies III. (C) Opaque mineral replaced by secondary titanite (sphenitization), in contact with interstitial hornblende in 
syenogranite of facies I. (D) Titanomagnetite and ilmenite crystals overgrown by titanite (sphenitization) in syenogranites 
of facies II. Inset shows euhedral magnetite with borders replaced by martite. Photomicrographs under transmitted 
(A, B and C) and reflected (D) light with crossed (A) and uncrossed (B, C and D) nicols.
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LITHOCHEMICAL FEATURES

Table 1 presents the compositional ranges (major and trace 
elements) for the CRB, and the compositions of the ALK and 
CALCKP Ediacaran-Cambrian magmatic suites within the 
Rio Piranhas-Seridó and São José do Campestre Domains 
(data compiled from Campos et al., 2000; Nascimento et al., 

2015; Souza et al., 2017). A detailed lithochemical discussion 
for CRB felsic and basic-intermediate rocks can be found in 
Medeiros et al. (2008b). Here we present the main aspects 
that will support our ongoing discussions. 
Overall, the batholith has SiO2 ranging from 62.4 to 75.1 wt.%, 
enrichment in alkalis (Na2O + K2O = 8.3 – 10.6%) relative 
to CaO (0.8 – 2.8%), high K2O/Na2O ratios (1.6 – 2.0%) 

Table 1. Major and trace element compositional ranges for granites of the Catolé do Rocha Batholith (compiled from 
Medeiros et al., 2008a, along with our unpublished data) compared to the compositions of the Alkaline and Porphyritic 
High-K Calc-Alkaline Suites of the Edicaran-Cambrian plutonism in the Rio Piranhas-Seridó and São José do Campestre 
Domains (data compiled from Campos et al., 2000; Nascimento et al., 2015 and Souza et al., 2017).

Fácies Syenogranite I Syenogranite II Syenogranite III ALK CALCKP
Samples (n) 5 5 4 78 71

SiO2 (wt. %)
62.4  – 70.6  

(  = 66.5)
66.1 – 70.9  
(  = 68.5)

73.9 – 75.1  
(  = 74.5)

67.8 – 76.8  
(  = 72.3)

63.4 – 75.0  
(  = 69.2)

TiO2 0.3 – 0.7 (0.5) 0.4 – 0.8 (0.6) 0.17 – 0.2 (0.185) < dl – 0.4 (0.2) 0.1 – 1 (0.55)
Al2O3 14.4 – 16.7 (15.55) 13.5 – 15.0 (14.25) 12.4 – 13.6 (13.0) 12.5 – 16.8 (14.65) 12.6 – 17.2 (14.9)
FeOt 3.1 – 5.3 (4.2) 2.9 – 4.5 (7.4) 1.7 – 2.2 (1.95) 0.2 – 2.4 (1.3) 1.0 – 6.6 (3.8)
MnO 0.04 – 0.09 (0.065) 0.04 – 0.06 (0.05) 0.03 – 0.04 (0.035) < dl – 0.10 (0.05) 0.01 – 0.12 (0.065)
MgO 0.1 – 0.9 (0.5) 0.4 – 0.9 (0.65) 0.19 – 0.2 (0.195) < dl – 0.6 (0.3) 0.1 – 2.2 (1.15)
CaO 1.4 – 2.8 (2.1) 1.1 – 2.3 (1.7) 0.8 – 0.9 (0.85) 0.2 – 1.4 (0.8) 0.8 – 4.1 (2.45)
Na2O 3.2 – 3.8 (3.5) 3.0 – 3.6 (3.3) 3.1 – 3.3 (3.2) 2.8 – 5.9 (4.35) 2.9 – 5.6 (4.25)
K2O 6.2 – 6.8 (6.5) 5.8 – 6.2 (6.0) 5.2 – 6.0 (5.6) 3.1 – 8.4 (5.75) 3.6 – 6.3 (4.95)
P2O5 0.03 – 0.2 (0.115) 0.09 – 0.3 (0.195) 0.03 – 0.06 (0.045) < dl – 0.13 (0.065) < dl – 0.4 (0.2)
A/CNK 0.91 – 0.98 (0.945) 0.93 – 1.0 (0.965) 1.01 – 1.03 (1.02) 0.88 – 1.15 (1.015) 1.11 – 1.53 (1.32)
A/NK 1.13 – 1.27 (1.2) 1.15 – 1.26 (1.205) 1.15 – 1.17 (1.16) 1.00 – 1.29 (1.145) 0.83 – 1.04 (0.935)
K2O/Na2O 1.69 – 1.98 (1.83) 1.73 – 1.95 (1.84) 1.62 – 1.89 (1.755) 0.66 – 2.89 (1.775) 0.84 – 2.14 (1.49)
Na2O + K2O 9.5 – 10.6 (10.05) 8.9 – 9.8 (9.35) 8.3 – 9.3 (8.88) 7.8 – 11.7 (9.75) 7.4 – 10.8 (9.1)
Fe* 0.81 – 0.97 (0.89) 0.83 – 0.89 (0.86) 0.89 – 0.91 (0.90) 0.76 – 1.0 (0.88) 0.61 – 0.93 (0.77)
A.I. 0.79 – 0.89 (0.84) 0.79 – 0.87 (0.83) 0.86 – 0.87 (0.865) 0.76 – 1.00 (0.88) 0.66 – 0.97 (0.815)
Rb (ppm) 160 – 191 (175.5) 128 – 305 (216.6) 242 – 393 (317.5) 27 – 257 (142) 72 – 376 (224)
Sr 109 – 392 (250.5) 167 – 304 (235.5) 95 – 107 (101) 63 – 1937 (1000) 114 – 702 (408)
Ba 576 – 1823 (1199.5) 795 – 1248 (1021.5) 357 – 448 (402.5) 219 – 4594 (2406.5) 338 – 1682 (1010)
Zr 385 – 914 (649.5) 55 – 552 (303.5) 107 – 205 (156) 8 – 322 (165) 22 – 438 (230)
Hf 10 – 21,4 (15.7) 2.1 – 13.6 (7.85) 4.2 – 6.3 (5.25) < dl  –  9 (4.5) < dl
Nb 15 – 45 (30) 23 – 135 (79) 19 – 249 (134) 3 – 58 (30.5) 4 – 37 (20.5)
Y 27 – 57 (42) 33 – 58 (45.5) 18 – 33 (25.5) 4 – 103 (53.5) 5 – 48 (26.5)
La 137 – 271 (204) 113 – 247 (180) 59 – 69 (62.5) 2 – 145 (73.5) 13 – 182 (97.5)
Ce 258 – 388 (323) 207 – 447 (327) 97 – 138 (117.5) 5 – 254 (129.5) 23 – 307 (165)
Nd 88 – 140 (114) 62 – 136 (99) 33 – 41 (37) 4 – 96 (50) 10 – 86 (48)
Sm 13 – 20 (16.5) 10 – 18 (14) 5 – 6 (5.5) 1 – 19 (10) 0.6 – 12 (6.3)
Eu 1.7 – 3.2 (2.45) 1.4 – 2.1 (1.75) 0.6 – 0.7 (0.65) 0.6 – 1.5 (1.35) 0.1 – 2.2 (1.15)
Gd 7 – 13 (10) 7 – 12 (9.5) 3.4 – 4.3 (3.85) 0.8 – 17 (8.9) 0.5 – 11 (5.75)
Tb 1.1 – 1.8 (1.45) 1.1 – 1.7 (1.4) 0.6 – 0.8 (0.7) 0.07 – 2.8 (1.435) < dl
Ho 0.9 – 1.8 (1.35) 1.1 – 1.8 (1.45) 0.6 – 0.9 (0.75) 0.1 – 3 (1.55) 0.04 – 0.3 (0.17)
Yb 2.1 – 5.4 (3.75) 2.6 – 4.3 (3.45) 1.8 – 2.9 (2.35) 0.2 – 7.6 (3.9) 0.1 – 3.2 (1.65)
Lu 0.3 – 0.7 (0.5) 0.4 – 0.7 (0.55) 0.3 – 0.5 (0.4) 0.05 – 1.1 (0.575) 0.02 – 0.5 (0.26)
Sc 3 – 8 (5.5) 3 – 6 (4.5) 1 – 1.5 (1.25) < dl  – 5.4 (2.7) 1 – 7 (4)
V < dl – 37 (18.5) 9 – 31 (20) 5 – 8 (6.5) 1.2 – 47 (24.1) 8 – 53 (30.5)

Continue...
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and FeOt contents (1.7 – 5.3%, in which t denotes total 
Fe as FeO), and low MgO (< 0.9%) and TiO2 (< 0.75%). 
Furthermore, these rocks are characterized by a relative 
high-field-strength elements (HFSE) and rare earth ele-
ments (REE) enrichment. Compositional variations among 
the granitic facies are related to decreasing alkalis, FeOt, CaO 
and Al2O3 contents from facies I to III (Table 1). Compared 
to the ALK and CALCKP suites, the CRB compositions 
differ from the CALKP suite especially on the alkalis, Ca, 
Mg, Fe (i.e., Fe* index = FeOt/FeOt + MgO; Frost et al., 
2001) and HFSE abundances (Table 1). In this sense, the 
CRB approaches the compositions found in the ALK suite, 
as shown in Figures 4 and 5. Moreover, the batholith has 
metaluminous to slightly peraluminous character (A/CNK 
between 0.91 – 1.03 and A/NK 1.13 – 1.27), relative enri-
chment of light rare earth elements (LREE) over heavy 
rare earth elements (HREE) (15.53 < LaN/YbN < 67.37), 
moderate negative Eu anomalies (0.58 < Eu/Eu* < 1.64, 
where Eu* = (Gd*Yb)½), as well as negative Sr, P, Ti and 
Nb-Ta anomalies in chondrite-normalized spider diagrams 
(Figure 5). Nevertheless, the CRB chondrite-normalized REE 
patterns are distinct from most granite bodies in the ALK 
suite that show lower REE contents (especially the HREE) 
and positive Eu anomalies (cf. Nascimento et al., 2015 and 
references therein), except for the Flores stock (Souza et al., 
2017) which is chemically very similar to the CRB.

DISCUSSION

The Catolé do Rocha Batholith typology

Based on petrographical, structural and lithochemical cri-
teria, Nascimento et al. (2015) have included the CRB in 
the CALCKP of the Ediacaran-Cambrian magmatism of 
the northern Borborema Province. The CALCKP suite 

is composed mainly of monzogranite, monzonite, quartz 
monzonite and granodiorite (as well as dioritic enclaves) 
that follow calc-alkaline and subalkaline monzonite (or 
shoshonitic) magmatic trends (e.g., Lameyre, 1987; Nédélec 
and Bouchez, 2015) in the modal Q (quartz) — A (alkali 
feldspar) — P (plagioclase) diagram. Their compositions are 
transitional between calc-alkaline and alkaline, although many 
bodies, such as the Monte das Gameleiras and Barcelona 
plutons, have chemical signatures that are more calc-alkaline 
(sensu Rogers and Greenberg, 1981) and magnesian (sensu 
Frost et al., 2001; Figure 6A). According to the classification 
scheme of Frost et al. (2001; see also Frost and Frost, 2011; 
Castro, 2019), that relates granite types and magmatic series, 
the Fe* ratio (FeOt/FeOt + MgO wt %) is the best criterion 
(based on the major element composition) to distinguish 
between A- and I-type granites (whether they are Cordilleran 
or Caledonian; Pitcher, 1997; Chappell and Stephens, 1988). 
Therefore, A-type granites are characterized by higher Fe* 
ratios that yield typical ferroan signatures, whereas I-type 
granites (calc-alkalines) are characteristically magnesian 
(Figure 6A). This index is independent of alkali contents, 
as the latter are likely to increase with silica in most granite 
suites (e.g., King et al., 1997). However, considering the 
modified alkali-lime (MALI) index (Na2O + K2O-CaO) of 
Frost et al. (2001; Figure 6B), based on Peacock (1931) 
index series, A-type granites form mainly alkalic and alka-
li-calcic series, whereas I-type granites can belong to any 
of the Peacock series, from calcic to alkalic (Castro, 2019).

From the application of the granite typology concept, we 
noted that the CALCKP suite of Nascimento et al. (2015) 
encompasses mainly rocks with chemical signatures akin 
to Caledonian I-type granites sensu Pitcher (1983, 1997); 
i.e., post-collisional high-K calc-alkaline granites (although 
they also include some alkalic and alkali-calcic types), pla-
ced during crustal uplifting, extension and transcurrent tec-
tonics (Figures 6A and 6B). In contrasts with the CALCKP 

A/CNK = (molar Al2O3/(CaO + Na2O + K2O), A/NK = Al2O3/(Na2O + K2O), Fe* = FeOt/(FeOt + MgO) and AI (agpaitic index = molar proportion (Na + K)/Al.)
<dl: concentrations below detection limit; : median.
ALK: Alkaline; CALCKP: Porphyritic High-K Calc-Alkaline.

Fácies Syenogranite I Syenogranite II Syenogranite III ALK CALCKP
Cr < dl < dl < dl < dl < dl
Co 0.9 – 6.6 (3.75) 3.7 – 6.8 (5.25) 1.5 – 2.4 (1.95) 0.03 – 3.1 (1.565) 4 – 5 (4.5)
Ni < dl < dl < dl < dl < dl
Cu 6 – 11 (8.5) 6 – 14 (10) 3.7 – 7 (5.35) 1 – 30 (15.5) 6 – 30 (18)
Zn 29 – 77 (53) 47 – 68 (57.5) 29 – 38 (33.5) 6 – 23 (14.5) 11 – 65 (38)
Ga 19 – 24 (21.5) 18 – 22 (20) 17 – 19 (18) < dl – 47 (23.5) 4 – 31 (17.5)
Pb 2.9 – 9 (5.95) 9 – 25 (17) 5 – 39 (22) < dl 47 – 60 (53.5)
Th 20 – 40 (30) 33 – 56 (45.5) 35 – 48 (41.5) < dl – 72 (36) 12 – 50 (31)
U 1.2 – 2.1 (1.65) 1.2 – 3.3 (2.2) 3.5 – 6.4 (4.65) < dl  – 5.4 (2.7) < dl

Table 1. Continuation.
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Source: modified from Whalen et al. (1987).

Figure 4. Lithochemical binary diagrams (major and trace elements). (A) CaO/Al2O3 versus Zr + Nb + Y + Ce. (B) Na2O + 
K2O/CaO versus Zr + Nb + Y + Ce.

S/C: sample/chondrite.

Figure 5. Multi-element diagrams. (A) Rare-earth element patterns normalized to chondrite values of Boynton (1984). 
(B) Trace element spider diagram normalized to the chondrite values of Thompson (1982). 

signature, the CRB has a notable ferroan composition and 
next to the alkalic and alkali-calcic series (besides the rela-
tive HFSE enrichment; Table 1; Figures 4 and 5), similar to 
the ALK suite of Nascimento et al. (2015; see also update 
in Dalan et al., 2019; Figures 6A and 6B). Some of these 
bodies are intrusive into the PSD, such as the Serra Negra 
do Norte pluton (Campos et al., 2000) and the Flores stock 
(Souza et al., 2017). Likewise, these rocks show alkaline 
signatures in several geochemical diagrams that are more 
typical of A-type granites (e.g., Whalen et al., 1987; King 
et al., 1997; Bonin, 2007). Additionally, the CRB shares 
petrographic, mineralogical, chemical and geochronological 
similarities with several A-type (transalkaline) granites from 

the Alto Moxotó and Alto Pajeú terrains in the Transversal 
Zone Domain of the Borborema Province (e.g., plutons 
Queimadas and Pilõezinhos; Guimarães et al., 2004; Lima 
et al., 2017). The coexistence of A-type and Caledonian 
I-type (high-K calc-alkaline) granite suites is relatively 
common in post-collisional/extensional provinces such as 
the Death Valley region, USA (Calzia and Rämö, 2005) and 
the Itu Province, Southeast of Brazil (Janasi et al., 2009).

However, one has to recognize the drawbacks of using 
solely major elements to differentiate between calc-alkaline 
I-type and alkaline A-type granites. In fact, as pointed out 
by King et al. (1997), the concentration of “diagnostic” ele-
ments changes with the fractionation in both types, and the 
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Figure 6. Magmatic series discriminant diagrams. (A) FeOt/FeOt + MgO (Fe index*) versus SiO2 diagram of Frost et al. (2001). 
(B) Na2O + K2O-CaO (modified alkali-lime index – MALI) versus SiO2 diagram of Frost et al. (2001). (C) Na2O + K2O versus 
SiO2 diagram (Lameyre, 1987) with alkaline-subalkaline boundary after Middlemost (1985) and alkaline, monzonitic (mz), 
granodioritic (gd), trondhjemitic (th) and tholeitic (th) trends. (D) Cationic R1-R2 diagram (De La Roche, 1980). (E) SiO2 
versus log10(K2O/MgO) diagram of Rogers and Greenberg (1981). (F) Discriminant diagram (Al2O3 + CaO)/(FeOt + Na2O + 
K2O) versus 100*(MgO + FeOt + TiO2)/SiO2 for post-collisional granites with SiO2 > 68 wt.% of Sylvester (1989). Data for 
granites from the Porphyritic High-K Calc-Alkaline and Alkaline suites of the ediacaran-cambrian magmatism in the Rio 
Piranhas-Seridó and São José do Campestre Domains were compiled from Campos et al. (2000), Nascimento et al. 
(2015) and Souza et al. (2017).
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more evolved members of the calc-alkaline (= magnesian, 
I-type) series are prone to show the typical ferroan compo-
sition of the A-type granites (Frost et al., 2001; Frost and 
Frost, 2011; Castro, 2019). Castro (2019) proposed two sce-
narios for the magnesian to ferroan transition: 
•	 magmatic differentiation under progressively more oxi-

dizing conditions at the most evolved crystallization 
stages; 

•	 as the result of changing either in the conditions of partial 
melting or the composition of the source areas, where a 
transition from I- to A-type granites is expected. 

Conversely, King et al. (1997) stated that the typolo-
gical classification of more evolved granites can be made 
with greater reliability from the composition of less evolved 
lithotypes of the same suite. In this sense, CRB granites are 
associated with basic-intermediate rocks which also have 
ferroan compositions (Figure 6A), whereas basic-interme-
diate rocks associated with CALCKP granites are predomi-
nantly magnesian (Jardim de Sá, 1994; Antunes et al., 2000; 
Nascimento et al., 2015). This observation corroborates the 
typological classification proposed here for the CRB.

The chemical contrasts among the CRB and other plu-
tons in the CALCKP suite and its affinity with A-type gra-
nites were previously noted by Medeiros et al. (2008b) and 
Campos (2016). Moreover, based on hornblende and biotite 
mineral chemistry, Campos et al. (2016) concluded that the 
CRB belongs to the ilmenite series of Ishihara (1977) and 
crystallized under more reducing conditions, as opposed to 
the more oxidizing conditions for the CALCKP suite (mag-
netite series granites). To emphasize such contrasts, the CRB 
compositions were confronted with the CALCKP and ALK 
suites in several lithochemical diagrams (Figures 6 and 7). 

The discrimination diagrams in Figure 6 clearly show the 
more alkaline character of the CRB in relation to the CALCKP 
suite. In particular, the total alkali vs. silica (Lameyre, 1987) 
and R1-R2 (De La Roche et al., 1980) plots (Figures 6C 
and 6D) allow distinguishing between the CALCKP suite, 
which follows a subalkaline trend (monzonite series in 
Figure 6C), and the ALK suite that plot along an alkaline 
trend, and how the latter overlaps with the CRB samples. 
Similarly, such contrasts also appear in the Sylvester (1989) 
diagram (Figure 6F), where the CRB shows alkaline affi-
nity, whereas the CALCKP suite plots in the calc-alkaline 
field. Furthermore, the Sylvester’s diagram also shows the 
affinity of the ALK suite with alkaline granites of similar 
compositions to highly fractionated I-type granites, which 
is consistent with the previous discussion.

To confirm the A-type affinity of CRB granites, we tested 
several granite typology classification diagrams (Figure 7). 
In those proposed by Whalen et al. (1987; Figures 7A and 
7B), based on major element compositions, the agpaitic index 
(Na + K/Al, molar), and the Ga/Al ratio, CRB granites plot 

mostly in the A-type field, in contrast to the CALCKP suite, 
which is more prone to the “non A-type” granites. Similarly, 
the CRB A-type signature is also confirmed in the diagrams 
of Whalen and Hildebrand (2019; Figure 7C) and Nardi and 
Bitencourt (2009; Figure 7D). They also reinforce the simi-
larity that the CRB shares with the ALK suite and its con-
trasts with the CALCKP suite (“non A-type”; Figure 7D). 

Eby (1992) divided the A-type granites into two varieties, 
namely A1-type and A2-type (see also Grebennikov, 2014). 
A1-type would be generated through fractionation of mantle-
-derived (OIB-like) magmas mainly during extensional regi-
mes, while A2-type magmas may have originated by partial 
melting of mantle materials with crustal interaction or solely 
by the melting of crustal materials (lower crust), and were 
emplaced shortly after and orogenic period (post-collisional 
or post-orogenic environments). Therefore, the CRB grani-
tes classify as A2-type in the diagrams of Figures 7E and 7F.

Zircon trace elements

Zircon trace element composition has been used as a key in 
granite typological studies (e.g., Wang et al., 2012; Breiter 
et al., 2014; Sawaki et al., 2017). In A-type granites, zircon 
is characterized by relatively high Ce, Nb, Ta, U, Th, Hf and 
Y and low Sr and Eu contents, among other elements (Breiter 
et al., 2014; Sawaki et al., 2017). The analyzed CRB zircon 
(n = 2, facies I) register high Hf (up to 7,158 ppm), Y (up to 
1634 ppm), Th (up to 214 ppm), and U (up to 120 ppm), and 
low Sr contents (0.4 ppm) (Figure 8A). Nb abundances are up 
to 2.6 ppm. The U/Th (~0.5–0.6) and Nb/Sr (~7.1) ratios are 
equivalent to those found in zircon crystals of A-type granites 
by Breiter et al. (2014) and Sawaki et al. (2017), respectively. 

Chondrite-normalized rare-earth patterns for the CRB 
zircon are typical of igneous crystals (Hoskin and Ireland, 
2000), being characterized by a relative enrichment of HREE 
over LREE (1,664 < YbN/LaN < 1,730 ppm), and positive 
and negative anomalies of Ce [4.9 < Ce/Ce* < 5.4, where 
Ce* = (LaN x PrN)1/2] and I [0.16 < Eu/Eu* < 0.2, where 
Eu* = (SmN x GdN)1/2] (Figure 8B).

Crystallization conditions

This section aims to refine the geothermobarometric estimates 
of Campos et al. (2016) for the CRB. Based on amphibole 
and biotite compositions (wavelength dispersive spectrometry 
(WDS) data) from facies I, these authors concluded that the 
CRB crystallized at pressures of ~5.3 ± 0.1 kbar and tempe-
ratures of 732 ± 8°C, under relatively low redox conditions 
(∆FQM ~-1.0). Our new whole-rock analysis and mineral che-
mical data (EDS) for amphibole of facies I (n = 3, in which 
n = number of analyzed crystals) and II (n = 9), and biotite 
of facies II (n = 4) and III (n = 3) (Table 2) allowed new and 
broad estimates of the intensive crystallization parameters 
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Figure 7. Granite typology discriminant diagrams. (A) 10000*Ga/Al versus FeO/MgO diagram of Whalen (1987). 
(B) 10000*Ga/Al versus agpaitic index (Na + K/Al, molar) of Whalen (1987). (C) Nb + Y versus Gd + Yb (ppm) diagram of 
Whalen and Hildebrand (2019). (D) Fe* index (FeOt/FeOt + MgO, wt.%) versus alkalis/alumina ratio diagram of Nardi and 
Bitencourt (2009). (E) Yb/Nb versus Rb/Nb classification diagram for A-type granites of Eby (1992). (F) 5(CaO + MgO) 
versus Na2O + K2O versus 5Fe2O3t (wt.%) ternary discriminant diagram for A-type granites of Grebennikov (2014).
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Figure 8. Multi-element diagrams for zircon in syenogranite of facies I. (A) Trace element spidergram normalized to the 
C1-chondrite values of McDonough and Sun (1995). (B) Rare-earth element patterns normalized to the C1-chondrite 
values of McDonough and Sun (1995).

Table 2. Chemical compositions (maximum, minimum and median values; wavelength dispersive spectrometry (WDS) and 
energy dispersive spectroscopy (EDS) analysis) for amphibole and biotite from the Catolé do Rocha Batholith. Cations per 
formula unit (cpfu) based on 13 total cations excluding Ca, Na and K (13eCNK) for amphibole and 22 oxygens for biotite.

Mineral Amphibole Biotite

Facies Syenogranite I Syenogranite II Syenogranite I Syenogranite III

Samples (n) 3 9 4 3

SiO2 (wt. %) 43.8 – 44.0 (  = 43.9) 42.1 – 43.9 (  = 43.0) 38.7 – 39.5 (  = 39.1) 40.5 – 40.6 (  = 40.55)

TiO2 1.7 – 2.0 (1.85) 1.0 – 1.4 (1.2) 3.8 – 4.0 (3.9) 2.2 – 2.9 (2.55)

Al2O3 8.8 – 10.5 (9.65) 9.1 – 10.2 (9.65) 14.1 – 14.6 (14.35) 14.4 – 16.2 (15.3)

FeOt 26.7 – 27.8 (27.25) 25.6 – 27.4 (26.5) 28.4 – 29.5 (28.95) 24.0 – 25.4 (24.7)

MnO 0.5 – 0.6 (0.55) 0.5 – 0.8 (0.65) < dl – 0.32 (0.16) 0.4 – 0.5 (0.45)

MgO 3.3 – 3.5 (3.4) 5.0 – 6.0 (5.5) 4.1 – 4.4 (4.25) 6.9 – 7.2 (7.05)

CaO 9.9 – 10.3 (10.1) 10.8 – 11.4 (11.1) <dl < dl

Na2O 1.9 – 2.1 (2.0) 1.3 – 1.6 (1.45) <dl < dl

K2O 1.4 – 1.5 (1.45) 1.3 – 1.7 (1.5) 9.1 – 9.5 (9.3) 9.4 – 9.8 (9.6)

Si (cpfu) 6.68 – 6.76 (6.72) 6.40 – 6.64 (6.52) 5.85 – 5.94 (5.9) 5.95 – 5.99 (5.97)

Al 1.60 – 1.88 (1.74) 1.62 – 1.82 (1.72) 2.51 – 2.59 (2.55) 2.52 – 2.79 (2.65)

Ti 0.19 – 0.23 (0.21) 0.11 – 0.16 (0.135) 0.43 – 0.46 (0.44) 0.24 – 0.32 (0.28)

Fe3+ 0.18 – 0.22 (0.2) 0.44 – 0.94 (0.69) < dl < dl

Fe2+ 3.2 – 3.4 (3.3) 2.5 – 2.8 (2.65) 3.57 – 3.74 (3.65) 2.95 – 3.14 (3.05)

Mn 0.07 – 0.08 (0.07) 0.07 – 0.10 (0.085) dl – 0.04 (0.02) < dl – 0.06 (0.03)

Mg 0.75 – 0.8 (0.77) 1.15 – 1.34 (1.245) 0.91 – 0.98 (0.945) 1.52 – 1.59 (1.55)

Ca 1.62 – 1.69 (1.65) 1.75 – 1.86 (1.81) < dl < dl

Na 0.56 – 0.61 (0.58) 0.39 – 0.47 (0.43) < dl < dl

K 0.27 – 0.30 (0.28) 0.25 – 0.33 (0.29) 1.73 – 1.83 (1.78) 1.78 – 1.83 (1.81)

Fe(Fe + Mg) 0.81 – 0.82 (0.81) 0.71 – 0.75 (0.73) 0.79 – 0.80 (0.79) 0.65 – 0.67 (0.66)

<dl = concentrations below detection limit.  = median.
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(P, T, ƒO2) using the geothermobarometers and oxibarometers 
listed in Table 3, along with the respective results.

Pressure

The calibrations of Schmidt (1992) and Ague (1997) for the 
Al-in-hornblende geobarometer were used for crystallization 
pressure estimates, based on our new hornblende chemical 
data (Table 2). Results indicate pressures between 4.3 – 6.0 
kbar for facies I and 4.3 – 5.6 kbar for facies II (Table 3). 
These values, along with those from Campos et al. (2016), 
yield an average crystallization pressure of 5.1 ± 0.5 kbar for 
the CRB, which is consistent with the Ediacaran metamor-
phic peak in the region (3.8 – 5.7 kbar; Souza et al., 2007). 

Temperature

For a better overview of the crystallization thermal interval, 
the following geothermometers were used: zircon satura-
tion (TSatZrn; Watson and Harrison, 1983), apatite satu-
ration (TSatAp; Harrison and Watson, 1984), liquid-only 
(Tliquid‑only; Molina et al., 2015), Ti-in-zircon (TTizrn; 
Ferry and Watson, 2007), and Zr-in-titanite (TZrttn; Hayden 
and Watson, 2007). These thermometers have yielded higher 
temperature estimates that are likely to represent Tliquidus. 
Estimates of the Tsolidus were made with the amphibole-
-only geothermometer of Ridolfi et al. (2010). 

The saturation geothermometers (zircon and apatite) retur-
ned values between 785 and 983°C (Table 3). TsatZr tempe-
ratures vary around 785 – 918°C (Figure 9) and increase from 
facies III to I. These values are in the range of temperatures 

Table 3. Intensive crystallization parameters (P, T, ƒO2) for the Catolé do Rocha Batholith. Geotermobarometers and 
oxibarometers references are: S92  –  Schmidt (1992); AS95  –  Anderson and Smith (1995); A97 – Ague (1997); 
WH83  –  Watson and Harrison (1983); HW84 – Harrison and Watson (1984); HB94 – Holland and Blundy (1994); 
FW07 – Ferry and Watson (2007); HW08 – Hayden and Watson (2007); R10 – Ridolfi et al. (2010); M15 – Molina et al. 
(2015); W81 – Wones (1981); SB15 – Smythe and Brenan (2015).

Facies Syenogranite I Syenogranite II Syenogranite III Campos et al. (2016)
Pressure estimates

PS92 (kbar) 4.6 – 6.0 4.7 – 5.7  – 6.1 – 6.3
PAS95 (kbar)  –  –  – 5.2 – 5.6
PA97 (kbar) 4.3 – 5.3 4.3 – 5.1  – 5.4 – 5.5*

Temperature estimates
TsatZrnWH83 (°C) 870 – 918 839 – 880 785 – 810 874
TsatApHW84 (°C) 799 – 914 902 – 983 832 – 904  – 
THB94 (°C)  –  –  – 723 – 739
TTizrnFW07 (°C) 827 – 840  –  –  – 
TZrttnH08 (°C) 684 – 702  –  –  – 
TamfR10 (°C) 773 – 835 803 – 831  –  – 
TliquidusM15 (°C) 740 – 940 889 – 945 859 – 888  – 

Oxygen fugacity estimates
∆FQMW81  –  – – –1
OxibarometerR10 –15 –14 – –
Oxibarometer  
Ce–in–zirconSB15(logƒO2)

–18 – – –

*PA97 values obtained from data from Campos et al. (2016).

Figure 9. Zircon saturation temperature (TsatZr) versus 
SiO2 diagram (symbols as in Figure 4). Gray filed is the 
temperature interval for A-type granites after Eby (2011).
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commonly found in A-type granites (~750 – 900°C; cf. 
Clemens et al., 1986; Patiño-Douce, 1997; King et al., 2001; 
Guimarães et al., 2004; Eby, 2011; Dalan et al., 2019) and 
agree well with the estimate of Campos et al. (2016) for the 
CRB (874°C; Table 3). The TsatAp geothermometer yielded 
temperatures between 799 and 983°C. These estimates over-
lap with TsatZrn temperatures, in agreement with the early 
magmatic precipitation of apatite and zircon in the studied 
rocks. Additionally, Tliquidus estimates with the liquid-only 
geothermometer of Molina et al. (2015) range from 740 to 
945°C and are slightly lower in facies I (Table 3).

The Ti-in-zircon geothermometer (TTizrn; Watson and 
Harrison, 2005; Ferry and Watson, 2007) considers the aSiO2 
and aTiO2 at the time of zircon crystallization, according 
to the Equation 1: 

T(°C) = (-4800/(log(Tizircon) + log(aSiO2)- 
log(aTiO2)-5.711))-273�

(1)

In which:
Tizircon = Ti content (ppm) in zircon). 

Calculations considered Ti contents measured in the 
zircon from facies I (15.6 – 17.4 ppm; cf. zircon trace ele-
ments section), with aSiO2 and aTiO2 fixed at 1.0 and 0.7 
(Claiborne et al., 2010), respectively. Calculated tempera-
tures vary between 827 and 840°C (Table 3), and are con-
sistent with TsatZr estimates. Likewise, the Zr-in-titanite 
(TZrttn) geothermometer of Hayden et al. (2008) calcula-
tes the magma temperature at the time of titanite crystalli-
zation, according to the Equation 2: 

T(°C) = [7708 + 960P]/[10.52-log(aSiO2)- 
log(aTiO2)-log(Zrtitanite)]-273� (2)

In which:
P = pressure (GPa);
Zrtitanite = content of Zr (ppm) in titanite. 

Values for aSiO2 and aTiO2 are the same used in TTizrn 
and the pressure was fixed at 5.5 kbar, as calculated with the 
Al-in-hornblende calibration of Ague (1997) for the titanite 
host-sample. Zr contents in a titanite crystal from facies I 
measured by LA-ICP-MS lie between 118 and 171 ppm, 
yielding Zr-in-titanite temperatures around 684 – 702°C 
(Table 3).

Finally, amphibole crystallization temperatures in 
facies I and II, calculated with the amphibole-only 
geothermometer of Ridolfi et al. (2010), vary between 
773 – 835°C and 803 – 831°C, respectively, and are 
close to the values obtained by Campos et al. (2016) for 
facies I with the hornblende-plagioclase thermometry 
(723 – 739°C; Table 3).

Oxygen fugacity

The CRB granites crystallized under relatively reducing con-
ditions (∆FQM~-1.0; Campos et al. (2016), as opposed to the 
more oxidizing conditions of the CALCKP suite. Therefore, the 
batholith is made of reduced A2-type granites, as confirmed 
by the binary diagram Al2O3/(K2O/Na2O) vs. FeOt(FeOt + 
MgO) (Dall’Agnol and Oliveira, 2007) of Figure 10A.

The reduced nature of the CRB granites is also supported 
by the composition of their mafic minerals. Values for fe# 
(Fe/Fe+Mg) ratio are relatively high in amphibole (0.71 – 0.94) 
and biotite (0.65 – 0.92) (see also Campos et al., 2016), and 
these are consistent with low to intermediate ƒO2 (Hollister 
et al., 1987; Anderson and Smith, 1995; Anderson, 1996; 
Figure 10B). In particular, based on the biotite fe# values, 
granites from facies I classify as “ilmenite-series granites”, 
while those of facies III, with slightly higher ƒO2, belong 
to the “magnetite-series granites” of Anderson et al. (2008) 
(Figure 10C). Of note, titanomagnetite is the main Fe-Ti 
oxide in facies III. Dall’Agnol and Oliveira (2007) argued 
that magnetite crystallization can occur under high Fe# con-
ditions, nevertheless the magma remains reduced. Hence, the 
presence of magnetite in granites is not incompatible with a 
more reduced character of its parental magmas (Anderson 
and Smith, 1995; Dall’Agnol and Oliveira, 2007; Anderson 
et al., 2008; Cunha et al., 2016; Campos et al., 2016).

We used the Ce-in-zircon oxybarometer (Ballard et al., 
2002; Smythe and Brenan, 2015) in order to obtain more 
accurate ƒO2 estimates. The method quantifies the magma 
ƒO2 during zircon crystallization from the Ce4+/Ce3+ parti-
tion between zircon and liquid using the lattice strain model 
(Blundy and Wood, 1994). The Ce-in-zircon oxybarometer 
calibration of Smythe and Brenan (2015) considers the aSiO2 
and aTiO2 of the magma at the time of zircon crystallization 
and these were fixed at 1.0 and 0.7, respectively, as for the 
TTizrn and TZrttn thermometric calculations. Results point 
to logƒO2 around -18 (ΔFQM ~-4) for temperatures between 
840 and 827°C (obtained with the TTizrn thermometer; 
Figure 10D; Table 3). These conditions are compatible with 
the IW (iron-wüstite) and WM (wüstite-magnetite) buffers 
and corroborate reducing conditions during zircon crystal-
lization in facies I (Figure 9D). Conversely, logƒO2 estimates 
based on amphibole composition (cf. Ridolfi et al., 2010) 
are between -15.8 and -14.2 (-2.4 < ΔFQM < -0.8; Figure 9D). 
Such difference from zircon estimates may suggest, at least 
for facies I, magma crystallization under progressively more 
oxidizing conditions, since zircon is an early-crystallizing 
phase and hornblende appears at lower temperatures.

Magmatic differentiation

Based on the geochemical signatures and the behavior of 
major and trace elements in Harker-type variation diagrams 
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(Figure 11), it is likely that the CRB granites, basic-interme-
diate rocks and microgranite dykes do not share the same 
differentiation pathway, which rules out the hypothesis that 
these are cogenetic rocks (Medeiros et al., 2008b). In fact, 
it is possible to recognize two distinct trajectories for the 
felsic and basic-intermediate rocks in the Harker diagrams, 
and the existence of a possible compositional gap around 
SiO2 ~60 wt.% (Figure 11). Moreover, the contrasting redox 

conditions inferred for granites and basic-intermediate rocks 
(Figures 10B and 10C) reinforce that they may represent 
distinct magma batches.

The behavior of incompatible and compatible trace ele-
ments in bi-logarithmic diagrams can be used as a key to 
determine the main (or the latest) magmatic differentiation 
mechanism that shaped the geochemical characteristics of a 
given rock suite (e.g., Cocherie, 1986; Janoušek et al., 2006). 

Figure 10. Estimates of redox crystallization conditions. (A) Binary Al2O3/(K2O/Na2O) versus FeOt(FeOt + MgO) discriminant 
plot for reduced and oxidized A-type granites after Dall’Agnol and Oliveira (2007). (B) AlIV versus fe# [(Fe/(Fe + Mg)] (cations 
per formula unit – cpfu) plot for amphibole, with fields of low, intermediate and high ƒO2 conditions according to Anderson 
and Smith (1995). (C) AlIV + AlVI versus Fe#  (cpfu) plot for biotite after Anderson et al. (2008), compared to Laurentia 
Mesoproterozoic ilmenite-series and magnetite-series granite, with ƒO2 relative to the FQM (fayalite-quartz-magnetite) 
buffer (PH2O = Ptotal) based on the calibration of Wones (1981). (D) LogƒO2 versus crystallization temperature calculated from 
amphibole (Ridolfi et al., 2010) and zircon (Smythe and Brenan, 2015) compositions for syenogranite from facies I and 
II. Buffers for P~6.0 kbar calculated from O’Neill (1988): IW: iron-wüstite; WM: wüstite-magnetite; FQM: quartz-fayalite-
magnetite; NNO: nickel-bunsenite; TMQAI: titanite-magnetite-quartz-amphibole-ilmenite; MH: magnetite-ilmenite. 
Compositions of the mafic-intermediate rocks are plotted for comparison.
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In the bi-logs diagrams of Figures 12A and 12B, the almost 
vertical trend of negative slope observed for the granite sam-
ples suggests fractional crystallization as the dominant pro-
cess for these rocks. Conversely, the basic-intermediate rocks 
plot along a nearly horizontal trend, which points to diffe-
rentiation by partial melting of enriched sources (Janoušek 
et al., 2006). There is not enough geochemical evidence of 
magmas mixing processes in the CRB. However, due to the 
presence of schlierens, as well as rounded-shaped micro-
granular mafic enclaves that eventually show hybridization 
with the host syenogranites, at least locally the occurrence 
of mixing and/or mingling between granitic and basic-in-
termediate magmas cannot be ruled out.

The role of fractional crystallization is also supported by 
petrographic evidence (e.g., concentric zoning in plagioclase) 
and by the pronounced Ti, P and Sr negative anomalies in 
the spider diagram of Figure 5, suggesting ilmenite, apatite 
and plagioclase and/or hornblende fractionation. An attempt 
to relate by fractional crystallization the least evolved gra-
nite composition in the data set (sample VC634, facies I; 
Medeiros et al., 2008b) to the most evolved (daughter liquid) 

Figure 11. Harker-type plots (SiO2 wt% as differentiation index) for selected major and trace elements. Dashed lines are 
the interpreted differentiation trends for the granites (orange) and mafic-intermediate rocks (green).

FC: fractional crystallization; PM: partial melting.

Figure 12. Log(incompatible) versus log(compatible) plots. 
(A) Rb versus Ba, and (B) Rb versus Sr showing that the 
granites evolved by fractional crystallization, whereas 
mafic-intermediate rocks define a partial melting trend.
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composition (sample VC641, facies III; Medeiros et al., 2008b) 
was made through major element least-square, mass-balance 
modeling with the spreadsheet PetroMode (Christiansen, 
2009). The result in Table 4 shows that it is possible to gene-
rate a daughter liquid (CL’) with composition close to sample 
VC641 (CL1) after ~69% total crystallization of the parental 
sample VC634 (CL0) (∑r2 = 0.079). Fractionated minerals 
are orthoclase (47%), Fe-biotite (10%), plagioclase (bytow-
nite, 5%), Fe-hornblende (3%), clinopyroxene (2.5%), tita-
nite (0.8%), apatite (0.5%) and magnetite (0.2%) (Table 4).

Petrogenetic and geotectonic inferences

There are three major petrogenetic models for the generation 
of A-type granites: 
•	 fractionation of mantle-derived (basaltic) magmas (Eby, 

1990; Turner et al., 1992); 
•	 partial melting of (lower) crustal sources (Collins et al., 

1982; Patiño-Douce, 1997; Whalen et al., 1987); 
•	 mixing between mantle-derived mafic magmas and crus-

tal melts (Yang et al., 2006). 

Recently, the generation of A-type magmas through par-
tial melting of either metasomatized lower crustal or lithos-
pheric mantle has been invoked by many authors (e.g., Jiang 
et al., 2018; Vilalva et al., 2019). Furthermore, the required 
high liquidus temperatures to form these magmas suggest the 
involvement of mantle-derived melts, crustal delamination 
and mantle resurgence, especially in post-collisional envi-
ronments (Kay and Kay, 1993; Lustrino, 2005).

Regardless of the petrogenetic model, A-type magma 
generation appears to be mainly associated with post-collisio-
nal and/or anorogenic environments (cf. for instance, Bonin, 
2007; Nédélec and Bouchez, 2015). This is also true for the 
compositions of the CRB that plots within the post-collisional 
and intraplate fields in the tectonic discrimination diagrams of 
Pearce (1996) and Pearce et al. (1984) (Figures 13A and 13B). 
A post-collisional setting is consistent with its emplacement 
at 571 ± 3 Ma (zircon U/Pb; Medeiros et al., 2007) when the 
Rio Piranhas block was deforming by transtension. In fact, 
based on granite fabric patterns and anisotropy of magnetic 

Table 4. Major element least-square mass-balance 
geochemical modeling for the Catolé do Rocha granites.

Sienogranitic facies — CRB Σr2 = 0.079 (1-F) = 0.687

Liquid 
composition

CL0 = VC634 
Facies III

CL1 = 
VC641

Facies I
CL’

Cumulate 
minerals

SiO2 62.73 75.48 75.48 Or (46.9%)
TiO2 0.67 0.23 0.23 Bt (9.8%)
Al2O3 16.73 12.50 12.5 Pl (4.9%)
Fe2O3t 5.92 2.37 2.37 Hbl (3.3%)
MnO 0.09 0.03 0.03 Cpx (2.5%)
MgO 0.61 0.23 0.23 Ttn (0.8%)
CaO 2.79 0.77 0.77 Ap (0.5%)
Na2O 3.76 3.10 3.10 Mt (0.2%)
K2O 6.49 5.23 5.23
P2O5 0.21 0.06 0.06
CRB: Catolé do Rocha Batholith; Or: orthoclase; Bt: Fe-biotite; Pl: plagioclase 
(bytownite); Hbl: Fe-hornblende; Cpx: clinopyroxene; Ttn: titanite; Ap: apatite; 
Mt: magnetite.

Figure 13. Trace element tectonic discrimination plots. (A) Y+Nb versus Rb plot (ppm) of Pearce (1996). (B) Y versus Nb 
plot (ppm) of Pearce et al. (1984).
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susceptibility studies, Archanjo et al. (1998, 2002) proposed a 
transcurrent/extensional environment for the emplacement of 
Ediacaran plutons located to the north of the CRB, in agree-
ment with our geochemical results (see also Caby et al., 1991; 
Jardim de Sá, 1994; Vauchez et al., 1995; Archanjo et al., 1994).

Based solely on the available lithochemical data, we 
rule out the hypothesis of generation of CRB rocks through 
fractionation of mantle-derived magmas. In addition, CRB 
A2-type granites contrast with the Caledonian I-type grani-
tes of the CALCKP suite by having higher Fe* ratio values, 
and REE, large-ion lithophile element (LILE) and HFSE 
(Zr, Nb, Y) abundances (Figures 4, 6, and 7). According to 
Eby (1992), A2-type magmas have geochemical affinities to 
island arc basalts (IAB), suggesting derivation from sources 
previously modified (i.e., metasomatized) by slab-derived 
fluids from previous subducted materials, either the lithos-
pheric mantle or the overlying lower continental crust, in 
post-collisional (or anorogenic) setting. Martin (2006) also 
argued that alkali- and silica-bearing fluids related to mantle 
upwelling in extensional environments can metasomatize 
the lower crust by fenitization type reactions. Based on geo-
chemical data, Medeiros et al. (2008b) also suggest metaso-
matized mantle and deep crustal sources for the CRB mafi-
c-intermediate and felsic magmas, respectively (Figure 14).

Lastly, the studied granites have relatively high contents 
of K, Th and U (Table 1) and can be classified as high hea-
t-producing granites (cf. Rybach, 1988; Bea, 2012), with 
radiogenic heat production (A) between 2.3 and 5.3 μWm-3 
(calculated after Rybach, 1988). These values are much higher 

than average continental crust (1.0 – 1.2 μWm-3; Bea, 2012) 
and should reflect the enrichment of heat-producing elements 
(K, Th, U) in the source-areas due to metasomatic reactions 
driven by the circulation of alkaline fluids (Figures 14A and 
14B; Martin, 2006; Bea, 2012; Vilalva et al., 2019).

In summary, the CRB granites have chemical charac-
teristics that suggest the derivation of their magmas from 
enriched (metasomatized) sources, with evolution controlled 
by fractional crystallization, under low oxygen fugacities. 
Further isotopic studies are needed to better characterize 
the involved sources and magmatic processes.

CONCLUDING REMARKS

The CRB is one of the largest representants of the Ediacaran 
plutonism in the northernmost portion of the Borborema 
Province. This batholith is formed mainly by syenogranite 
and quartz syenite grouped in three distinct facies, micro-
granite and basic-intermediate rocks.

The granites are non-cogenetic with the basic-interme-
diate rocks and have relatively high alkali and low CaO and 
MgO contents, high FeOt/MgO ratios (ferroan granites), and 
significant concentrations of HFSE and REE. Similarly, their 
mafic silicates consist of Fe-enriched hornblende and biotite. 
These chemical features distinguish the batholith from most 
of the high-K calc-alkaline (subalkaline) bodies, and make 
it more akin to the alkaline granites. Therefore, we link the 
CRB to the A2-type granites and suggest that it must to be 

Figure 14. Source discrimination plots of Laurent et al. (2014). (A) Incompatible Nb + Zr + Y (ppm) versus FeOt + MgO 
(wt.%) plot; (B) La concentrations normalized to C1-chondrite value of McDonough and Sun (1995) versus FeOt + MgO 
(wt. %) plot. Dashed line separating compositions of magmas derived from crustal- and enriched mantle sources is 
qualitatively represented by the “intracrustal” differentiation trend, i.e. the line joining upper- and bulk crustal compositions.

UCC: upper continental crust; BCC: bulk continental crust (Rudnick and Gao, 2003); MORB: mid-ocean ridge basalts; OIB: ocean island basalts. 
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included in the Alkaline Suite of the Ediacaran-Cambrian 
magmatism in northern Borborema Province.

The granites crystallized at pressures between 4.6 and 
6.3 kbar (~16 – 24 km deep), at a temperature interval of 
ca. 950 – 750°C, and in a relatively reduced environment 
(-4 < ΔQFM < -1), therefore akin to reduced A2-type granites 
(sensu Dall’Agnol and Oliveira, 2007). The magma would 
result from partial melting of a metasomatized source (either 
the lithospheric mantle or the overlying lower crust) genera-
ted the felsic melts, with further differentiation by fractional 
crystallization processes. The coexistence with non-coge-
netic mafic-intermediate magmas is evidenced by schlie-
rens and microgranular mafic enclaves that locally show 
hybridization with the host granite. Whether these basic-
-intermediate magmas originate from the partial melting of 
metasomatized lithospheric mantle and were the heat source 
for melting the overlying metasomatized lower crust that 
ultimately generated the batholith, remains an open ques-
tion for future studies.
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