
Abstract
Ferroan granites (585–530 Ma) in the Transversal subprovince of the Borborema Province (BP) comprise two groups: G1) slightly peralu-
minous to metaluminous, alkali-calcic rocks (Aroeiras Complex and Serra Branca — Coxixola dike swarms (SBCDS)); G2) metaluminous 
to slightly peraluminous, alkalic to alkali-calcic rocks (Queimadas and Prata intrusions). G1 are transitional from collision to transcurrence 
(ca. 585 Ma), or transcurrence to transtension (ca. 545 Ma). G2 represents the granitoids intruded during post-collisional crustal thinning 
(ca. 550 Ma), or coeval with deposition of intracratonic basins (ca. 530 Ma). The large-ion lithophile elements (LILE) and high field strength 
elements (HFSE) enriched geochemical signature of these granitoids are recognizable in gamma spectrometric maps of regional scale, highest 
values of K(%), eTh(ppm), and eU(ppm) contrast significantly with country rocks and magnesian granites. This study shows that gamma-ray 
spectrometric regional maps reflect the geochemical characteristics of the ferroan intrusions. Moreover, in the local maps for each intrusion, 
it is possible to identify internal heterogeneities in these plutons, which correlate to geological processes, geochemistry, and petrography. 
Diorites and gabbros show low to medium values of K (1–3%), eTh (5–20 ppm) and eU (0.2–2 ppm), contrasting with the high values of 
regions with a dominance of ferroan granitoids (K, 3–6%; eTh, 15–60 ppm; eU, 2–4 ppm).
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INTRODUCTION
Ferroan (A-type) granites have higher Fe# (FeOt/FeO + 

MgO) ratios than cordilleran granites, and are rich in incom-
patible trace elements, as large-ion lithophile elements (LILE) 
and high field strength elements (HFSE). Nevertheless, they 
exhibit low contents of compatible trace elements in mafic sil-
icates and feldspars (Loiselle and Wones 1979, Whalen et al. 
1987, Eby 1992, Bonin 2007, Frost and Frost 2011). Hereof, air-
borne gamma-ray spectrometry constitutes an important tool 
for the identification of these intrusions, since it uses natural 
decay of U and Th (HSFE), and K (LILE) elements as param-
eters for differentiation of geological lithotypes.

Ferroan plutons of the Borborema Province (BP) are geo-
chemically diverse, intrude in different geochronological inter-
vals, mark shifts in the tectonic regime during some of the stages 
of the Brasiliano (= Pan-African) orogeny (Guimarães et al. 2004, 
2005, Amorim et al. 2019, Dalan et al. 2019, Lages et al., 2016 

and Santos et al., 2014). Furthermore, they pre-date and occa-
sionally occur close to mineralized granitic pegmatites and skarns 
(Baumgartner et al. 2006, Hollanda et al. 2010, 2017). 

In the Transversal subprovince, the Aroeiras Complex 
is the oldest intrusion (585 ± 6 Ma). It marks the transition 
from the compressive stages, into the onset of the transcur-
rent event. The Queimadas Pluton (550 ± 6 Ma) is related to 
post-collisional and heterogeneous crustal thinning during 
the strike-slip event. The SBCDS and the Aroeiras Complex 
leucocratic late dikes mark the transition from strike-slip tec-
tonics to uplift and transtension, around 545 Ma. The Prata 
Complex is the youngest intrusion (ca. 530 Ma), coeval with 
deposition of intracratonic sedimentary basins in a transten-
sional setting (Amorim et al. 2019).

Magmatic differentiation, tectonic environment and geo-
chemical events (e.g., hydrothermal fluids action, chemical 
erosion, and metamorphism) can affect radioelements con-
centration and distribution observed for a specific intrusion, 
through the dissolution, increased mobility, or replacement of 
the elements. Thus, in any granitic suite, differences observed 
in geochemical patterns and their geological history have direct 
influence over their gamma-ray spectrometric signature.

Several authors used radioelements ratios to characterize 
granites suites around the world. For instance, Pagel (1982) 
reported 0.5% of UO2 in the Transversal part of the Vosges 
granites, in France, with a marked enrichment in the borders 
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(up to 3.5% of UO2). Johan and Johan (1994) studied granites 
intrusions in Cinovec (Zinnwald), Czech Republic. In these 
granites, the zircon grains show magmatic zoning in both the 
hydrothermal dome and main granite body, and high contents 
of H2O (up to 18.5% in weight) and F (up to 2.41%) partly 
replaced by monazite and xenotime. Broadly, hydration and flu-
oridation encourage the ingress of rare earth elements (REE), U, 
and Th in zircon crystals by the substitution reaction (ETR, Y, 
Sc)3++ P5+ ↔ Zr4+ + Si4+ ( Johan and Johan 2005). According to 
Johan and Johan (2005), monazite crystals of Li-rich granites 
exhibit a positive correlation between Th content and Ca+Si, 
suggesting two types of substitution: Th4+ + Si4+ ↔ (ETR)3+ 
+ P5+ and Ca2+ + Th4+ ↔ (ETR)3+. Allanite appears in several 
types of granites, especially in those metaluminous and per-
alkaline, either as a primary mineral with contents of ThO2 
(0.5–3%) higher than UO2 (0.3%) or as a secondary mineral 
phase (Pagel 1982, Bea 1996).

Uranium and Potassium become soluble in supergene 
conditions, unlike thorium, which has the lowest geochemical 
mobility of the three elements. This phenomenon is known 
as the antagonism between thorium and potassium described 
by Ostrovsky (1975). This geochemical behavior can be used 
not only to characterize differentiated granites intrusions 
(Ulbrich et al. 2009, Ribeiro et al. 2014) but also to identify 
possible new targets for exploration associated with hydro-
thermal processes (Ribeiro and Mantovani 2016). 

In this paper, we focus on the study of the four distinct 
ferroan intrusions of the Transversal subprovince and iden-
tify their mutual gamma-ray spectrometric features and dif-
ferences. The better knowledge of their radiometric signature 
will significantly contribute to the comprehension of the fer-
roan granites and their role in the BP geological evolution. 

REGIONAL GEOLOGY
The BP (Fig. 1) (Almeida et al. 1981) comprises 

metasedimentary rocks and a Paleoproterozoic basement 
with complex tectonic history from Archaean until late 
Neoproterozoic, culminating in the assembly of western 
Gondwana, with the collision of major cratonic landmasses 
(São Franciso-Congo and São Luís-West Africa Cratons) 
along the Cryogenian-Ediacaran period (Van Schmus et al. 
2008, references therein).

Van Schmus et al. (1995) used the Pernambuco and Patos 
E-W trending strike-slip shear zones (Fig. 2A) to divide the 
BP into three domains, subsequently renamed to subprov-
inces (Van Schmus et al. 2011). The Northern subprovince 
lies north of the Patos shear zone. The Transversal subprov-
ince between the Pernambuco and Patos shear zone and the 
Southern subprovince stands between the Pernambuco shear 
zone and the São Francisco Craton.

Primarily, the Transversal subprovince comprises (Fig. 2B): 
Paeleoproterozoic basement orthogneisses (2.5 – 2.0 Ga) 
with  tonalite-trondhjemite-granodiorite (TTG) affinities, and 
small Archaean blocks (Santos 1995, Van Schmus et al. 1995, 
2008, 2011, Neves et al. 2006, 2015, Santos et al. 2015, 2017); 
Mesoproterozoic (ca. 1.5 Ga) anorogenic orthogneisses and 

anorthosites (Sá et al. 2002, Accioly 2000); Tonian orthogneisses 
and supracrustal sequences of the Cariris Velhos event ( Jardim 
de Sá et al. 1988, Brito Neves et al. 1995, 2001, Santos 1995, 
Kozuch 2003, Guimarães et al. 2012, 2016); Cryogenian to 
Ediacaran supracrustal sequences deposited before the main 
collisional event (Neves et al. 2006, Neves 2015); and Ediacaran-
Cambrian plutons (Fig. 2B) (Almeida et al. 1967, Sial 1986, 
Brito Neves et al. 2003, Guimarães et al. 2004). During the 
late-Neoproterozoic, the whole Transversal subprovince was 
cut by strike-slip E-W trending dextral kinematic and NE-SW 
trending sinistral kinematic shear zones (Vauchez et al. 1995, 
Neves et al. 1996, 2000).

The Ediacaran-Cambrian magmatism in the Transversal 
subprovince has been the subject of extensive studies through-
out the last decades (e.g., Almeida et al. 1967, Sial 1986, Brito 
Neves et al. 2003, Guimarães et al. 2004, 2011, Sial and Ferreira 
2016). Guimarães et al. (2004) used geochemical and geochro-
nological data to categorize the granitoids from the Transversal 
subprovince within four groups: 

	• 640–600 Ma medium to high-K calc-alkaline granitoids; 
	• 590–581 Ma high-K calc-alkaline and shoshonitic granitoids; 
	• 570–550 Ma alkaline post-collision granites and ultrapo-

tassic intrusions; 
	• 540–510 Ma A-type post-orogenic extension-related asso-

ciated with subvolcanic bimodal magmatism.

Amorim et al. (2019) identified two geochemical groups 
of ferroan intrusions within the last three age intervals groups of 
Guimarães et al. (2004). The first group comprises slightly 
peraluminous to slightly metaluminous alkali-calcic gran-
itoids; with low #Fe (FeOt/FeOt + MgO) biotite, which 
crystallized under intermediate fO2 conditions (585 Ma — 
Aroeiras Complex; 545 Ma — SBCDS). The second group 
encompasses metaluminous to slightly peraluminous, alkalic 
to alkalic-calcic rocks, with high #Fe biotite and crystallized 
under low fO2 conditions (550 Ma — Queimadas Pluton; ca. 
530 Ma — Prata Complex).

GEOLOGICAL SETTING OF THE 
STUDIED FERROAN INTRUSIONS

Aroeiras Complex
The Aroeiras Complex (Fig. 2B) intruded into an older 

Ediacaran pluton (Serra do Inácio Pereira), Cryogenian supra-
crustal sequences of the Surubim Complex, and Rhyacian 
orthogneisses and migmatites. The main granitic pluton 
intrudes ENE-WSW structural trending, suggesting that 
its emplacement during synchronous movements of E-W 
trending dextral Coxixola shear zone and NE-SW trend-
ing sinistral Batista shear zone. Granitic sheets and dioritic 
bodies, respectively related to mylonitic foliation and shear 
zone terminations, were subsequently cut by granitic dikes. 
The bimodal character of this intrusion is distinctive in exten-
sional environments.

The Aroeiras Complex encompasses equigranu-
lar to porphyritic hornblende-biotite-monzogranite and 
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biotite-syenogranite. Accessory phases are prismatic crystals 
of allanite and zircon, acicular apatite. The Aroeiras granit-
oids show typical textures of processes involving interac-
tions between felsic and mafic magmas, and ilmenite crys-
tals mantled by titanite suggesting later fluid percolation. 
Microgranular mafic enclaves (MME) are hornblende-bi-
otite diorites or quartz diorites. Droplets of ovoid MME 
with crenulated borders, double enclave relations, granitic 
venules, and hybrid rocks with rapakivi texture are indicative 
of mingling and mixing processes that acted throughout the 
evolution of this intrusive complex.

Queimadas Pluton
The Queimadas Pluton (Fig. 2B) intruded Rhyacian 

gneisses. It has an E-W elongated 50 km2 body, showing S-C 
dextral foliation with C foliation parallel to the E-W trending 
of the Campina Grande Shear Zone. A late transcurrent dex-
tral shear zone 60Az trending disrupts the body in a mega-
boudin-like shape (Almeida et al. 2002).

Petrographically, it comprises leucocratic (less than 10% 
of mafic phases) porphyritic biotite-amphibole granodiorites 
to monzogranites. Accessory phases comprise euhedral crys-
tals of allanite, apatite, prismatic or rounded crystals of zircon, 

Br/PA: Brasiliano/Pan-African Belts; PaleoPr: Paleoproterozoic crust. Subprovinces and domains – NSP: Northern subprovince; TSP: Transversal subprovince; 
SSP: Southern subprovince; PEAL: Pernambuco-Alagoas domain; SD: Sergipano domain; MK: Mayo Kebi terrane; NWCD: NW Cameroon domain; AYD: Adamawa-
Yadé domain; YD: Yaoundé domain; OU: Oubanguides fold belt. Shear zones and faults – PaSZ: Patos shear zone; PeSZ: Pernambuco SZ; TBL: Transbrasiliano 
Lineament; TBF: Tcholliré-Banyo fault; AF: Adamawa fault. Cities – N: Natal; R: Recife; S: Salvador; D: Douala; G: Garoua; K: Kaduna area of Nigeria.
Figure 1. Sketch map of a part of west Gondwana, in pre-drift reconstructions, modified from Van Schmus et al. (2008).
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subhedral crystals of ilmenite hosted by biotite or amphibole, 
and rare monazite crystals. Quartz-monzonitic and quartz-dio-
ritic bodies occur close to the contact with country rocks, and 
microgranular mafic enclaves are locally observed in the por-
phyritic monzogranites and granodiorites (Almeida et al. 2002).

Brittle-ductile conditions deformed the Queimadas Pluton 
during the ductile to brittle transition stage of the Brasiliano/
Pan-African Event (Almeida et al. 2002). Quartz ribbons, mosaic 
texture, and kinks of biotite represent textural aspects of ductile 
deformation, disrupted sigmoidal porphyroclasts of plagioclase 
with patchy extinction, while necking, disruption and boudin-like 
shape of the Queimadas Pluton are the results of the brittle system.

Serra Branca – Coxixola dike swarms
The SBCDS intruded into Paleoproterozoic orthogneisses, 

Neoproterozoic supracrustal sequences, and magnesian alka-
li-calcic Ediacaran plutons of the Transversal subprovince 
(Fig. 2B). The main NE-SW trending dike population cross-
cuts the flat-lying foliation of supracrustal sequences, as well as 
basement rocks. Closer to the dextral E-W trending Coxixola 
shear zone, dikes intruded concordant with the steeply-dipping 
mylonitic foliation, with no signs of deformation, suggesting 
that the intrusion succeeded the transcurrent stage.

The dike sets contain a monotonous mineral assemblage, 
constituted by porphyritic hornblende-biotite granite and equi-
granular biotite granite. However, accessory mineral phases are 
abundant in the hornblende-biotite granites, comprising pris-
matic crystals of zircon, allanite and subhedral crystals of ilmenite.

Prata Complex
The Prata Complex (Fig. 2B) intruded Siderian to 

Rhyacian orthogneisses and migmatites. It comprises 
several granitic intrusions, as dikes and elongated stocks 
(Melo 1997, Guimarães et al. 2005, Hollanda et al. 2010). 
Swarms of MME occur near the eastern boundary of the 
Complex and follow an NNE and E-W trending of diabase 
dikes. Solid-state deformation is rare and restricted to the 
western boundary of the Prata Complex, where it is in con-
tact with the Prata Shear Zone. 

Biotite-syenogranite and hornblende-biotite mon-
zogranites are the main facies of the Prata Complex. 
Additionally, intermediate to mafic rocks, such as monzo-
diorite to quartz monzonite, diorite and norite, occur as 
MME. Enclave swarms of norite separate the Prata Complex 
into two main granitic plutons (Guimarães et al. 2005). 
The southern intrusion (Santa Catarina Pluton — Hollanda 
et al. 2010) comprises biotite syenogranites, whereas the 
northern (Sumé Pluton — Hollanda et al. 2010) com-
prises hornblende-biotite monzogranites (Melo 1997, 
Hollanda et al. 2010). The main accessory phases are 
allanite rimmed by epidote, titanite, apatite, and zircon. 
Several MME and syn-plutonic dikes observed in the SE 
limit of the Sumé Pluton display crenulated contacts and 
ovoid feldspar crystals mantled by plagioclase (rapakivi 
texture). Such characteristics are indicative of mingling 
and mixing processes between granitic and dioritic mag-
mas (Melo 1997, Guimarães et al. 2005).

NSP: Northern subprovince; TSP: Transversal subprovince; SSP: Southern Subprovince; BP: Parnaíba Basin; CSF: São Francisco Craton; PSZ: Prata shear 
zone; CGSZ: Campina Grande shear zone; CxSZ: Coxixola shear Zone; Intrusions – 1: Aroeiras Complex; 2: Queimadas Pluton; 3: Serra Branca-Coxixola 
dike swarms area; 4: Prata Complex.
Figure 2. (A) Sketch map of brasiliano intrusions of the Borborema Province. (B) Simplified map with the studied intrusions and associated shear zones.
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ANALYTICAL METHODS

Whole-rock geochemistry
A total of 18 geochemical analyses were performed in the 

Aroeiras Complex and the SBCDS. Major elements concentra-
tion were obtained by LiBO2 fusion inductively coupled plasma 
emission spectrometry (ICP-AES), whilst trace elements con-
centrations were determined by LiBO2 fusion inductively cou-
pled plasma mass spectrometry (ICP-MS) at Acme Laboratories 
Canada. Representative analyses are presented in Table 1.

Whole-rock compositions of the Queimadas Pluton and 
Prata Complex included in this work have been collected from 
the literature. In addition, trace element data have been recal-
culated to reasonable comparison (Almeida et al. 2002, Melo 
1997, Guimarães et al. 2005).

Geophysical data
Airborne gamma-ray data were acquired from two 

surveying projects of the CPRM (Brazilian Geological 

Survey) (CPRM 2008, 2010). Acquisition parameters 
were nearly the same for both sur veys, as presented 
in Table 2. Gamma-ray spectrometers used were the 
EXPLORANIUM model GR-820, and the Radiation 
Solutions Inc. model RS-500.

Table 1. Major and trace element data for representative samples of the Aroeiras Complex and Serra Branca - Coxixola dike swarm. 

Sample ARO-
01A

ARO-
05A

ARO-
43A

ARO-
43B

ARO-
45

ARO-
46

ARO-
75

ARO-
100

ARO-
101B

ARO-
101C

ARO-
101D

ARO-
102A

ARO-
102B

ARO-
104

MA-
03

MA-
10A

MA-
11

MA-
18

MA-
50

SiO2 72.51 69.88 52.44 70.92 71.14 51.31 70.3 66.38 65.62 67.59 53 52.93 66.56 65.49 72.74 72.64 73.24 72.96 71.77

TiO2 0.18 0.367 2.03 0.28 0.32 2.22 0.29 0.54 0.67 0.52 1.77 2.5 0.52 0.58 0.23 0.2 0.19 0.28 0.22

Al2O3 14.18 14.35 14.65 14.41 13.92 14.5 14.43 15.83 15.41 14.71 14.9 14.29 14.92 14.84 13.95 13.77 13.76 13.86 13.88

Fe2O3 1.98 3.61 14.33 2.49 2.94 14.63 3.08 4.35 5.11 4.47 13.75 12.96 4.96 5.74 1.86 1.91 1.5 2.11 2.32

MnO 0.04 0.053 0.19 0.05 0.05 0.21 0.06 0.06 0.06 0.05 0.19 0.18 0.07 0.09 0.02 0.03 0.02 0.03 0.03

MgO 0.28 0.49 1.84 0.34 0.43 2.47 0.35 0.86 0.9 0.73 1.86 2.7 0.73 0.75 0.29 0.24 0.24 0.25 0.21

CaO 1.57 1.93 4.77 1.42 1.61 5.15 1.38 2.78 2.5 2.33 4.72 5.39 2.47 2.56 1.03 1.1 0.94 1.05 1.19

Na2O 3.37 3.61 3.86 3.55 3.46 3.81 3.99 3.42 3.89 3.36 3.66 3.5 3.61 3.51 2.97 2.98 2.93 3.07 3.19

K2O 5.22 4.77 3.85 5.5 4.91 3.14 4.96 4.22 4.09 4.59 3.62 2.97 4.38 4.61 5.87 5.91 5.82 5.63 5.86

P2O5 0.03 0.128 1.22 0.06 0.08 1.57 0.15 0.16 0.23 0.18 1.17 1.16 0.19 0.25 0.05 0.05 0.05 0.05 0.06

LOI 0.8 0.7 0.8 1 0.9 0.8 0.9 1 1.1

Total 99.36 99.188 99.18 99.02 99.66 99.01 99.69 99.4 99.48 99.43 99.44 99.48 99.41 99.52 99.01 98.83 98.69 99.29 98.73

Trace-element compositions (ppm)

Ba 1,540 1,572.6 1,901.2 1,701 1,326 1,564 1,342 2,660 2,021 2,079 2,187 1,530 2,318 2,225 851 662 730 667 620

Sr 255.2 267.9 415.2 219.2 180 432.5 169.1 348.6 272 255.2 4,19.3 446.4 241.2 251.7 182.7 142.9 154 104.8 99.5

Rb 95 101 56.1 95 116.2 60.4 129.7 96.1 103.9 100.1 56.2 63.2 89.7 91.6 219.5 204.1 228 267.7 237.2

Th 12.2 13.4 6.3 17.7 17.8 6.1 21.4 19.2 18.4 22.7 7 6.1 20.1 16.7 32.8 43.6 43.4 63 39.9

Ni 2.2 2.6 4.7 3.8 4.1 8.6 3 6.7 5.9 3.2 4.1 12.2 6.2 5.9 < 20 < 20 < 20 < 20 < 20

Y 36.5 38.8 78.7 25.8 25 63.7 34.3 35 37.1 40.1 76.9 59.9 48 43.4 13.4 14.7 15.6 22.7 12.2

Nb 18.8 19.8 41.1 16 19.4 39.9 31.4 19.9 24.9 26.2 41.1 37 29.9 29.2 14.6 17.3 16.9 24.3 19.1

Zr 201.3 201 903 291 285.7 640.9 324.2 453.3 463.3 501.5 801.8 654.4 549.8 595.5 219.8 190.4 183.1 266.5 236.9

Hf 5.8 5.8 18.1 7.7 8.1 14.6 8 11.5 11.1 11.6 16.8 14.3 12.9 13.8 6.5 6.4 5.1 7.6 7.2

Ta 1 1 2.1 0.8 0.8 2.4 1.6 0.7 0.9 1.1 2.2 2.1 1.7 1.1 0.7 0.8 1.2 1 0.8

La 55.2 72.5 87.9 84.8 87.1 92 85.2 134.8 131.2 139.8 110 87.5 128.1 112.5 97.4 103.5 94 157.7 141.7

Ce 109.9 129.7 181.8 152.7 163.9 190.5 157.2 241.2 237.7 267.7 224.1 182.4 240.3 216.2 173.9 188.2 161.1 273.9 275.0

Nd 40.4 53.38 94.1 57 56.6 89.6 51.7 86.6 87 98.4 103.3 84.3 87.5 83.9 58.2 64.1 52.7 87.4 81.8

Sm 8 8.5 16.6 9.05 8.83 16.71 9.05 12.87 13.25 14.72 19.14 15.58 13.83 13.86 8.09 9.56 7.55 12.84 11.02

Eu 1.62 1.68 4.38 1.73 1.36 4.3 1.21 2.16 2.14 2.11 4.86 3.97 2.25 2.33 0.72 0.61 0.61 0.79 0.81

Gd 6.86 7.4 15.65 6.7 6.68 15.23 7.61 9.88 10.91 11.6 17.6 14.23 11.09 11.46 5.28 6.52 5.49 8.86 7.14

Tb 1.16 1.2 2.55 1.02 1.06 2.45 1.27 1.26 1.34 1.5 2.46 1.96 1.47 1.53 0.58 0.73 0.69 1.01 0.68

Dy 6.55 6.65 13.79 4.73 5.26 12.58 6.21 7.21 7.66 8.65 14.23 11.71 8.9 8.73 2.95 3.3 3.42 4.84 2.84

Er 3.58 3.54 7.41 2.69 2.74 7.62 3.95 3.33 3.56 4.22 7.62 5.89 4.78 4.31 1.22 1.42 1.4 1.98 1.01

Yb 3.43 3.74 6.7 2.57 2.42 6.59 3.55 2.9 3.5 3.74 7.44 5.42 4.49 4.05 1.18 1.29 1.34 1.65 0.67

Lu 0.5 0.51 0.98 0.39 0.36 1.02 0.53 0.46 0.48 0.53 1.08 0.83 0.69 0.59 0.18 0.21 0.21 0.25 0.11

ARO: Aroeiras granitoids and diorites; MA: SBCDS granitoids.

Table 2. Technical specifications of each airborne survey.

Project
Borda Leste 

do Planalto da 
Borborema

Pernambuco-
Paraíba

Year 2007–2008 2009

Flight line spacing 500 m 500 m

Flight nominal height 100 m 100 m

Flight line direction N-S N-S

Control line direction E-W E-W

Control line spacing 10 km 10 km

Sampling time 1.0 s 1.0 s

Source: CPRM 2008, 2010.
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Gamma spectrometric data was collected considering, 
simultaneously, four energetic intervals. Since 238U and 232Th 
do not emit gamma radiation, the products of their decay are 
used for gamma-ray quantification: 214Bi and 208Tl, respec-
tively. The energy windows for each element were: 40K (1.37 – 
1.57 MeV), eTh (1.66 – 1.86 MeV), eU (2.41 – 2.81 MeV) 
and total count (0.41 – 2.81 MeV). The Brazilian Geological 
Survey has done the airborne gamma-spectrometric data pro-
cessing and respected recommendations of IAEA (1991). 
Available data had corrected the Compton effect, flight effec-
tive height, cosmic background removal from the airplane, 
atmospheric Radon and altimetric correction. Parallax effect 
was not identified, and no correction was necessary.

RESULTS AND DISCUSSION

Geochemistry of the ferroan intrusions
Granitoids are ferroan, Fe# (FeOt/MgO + FeOt) > 0.81; 

metaluminous to peraluminous, alumina saturation index 
(ASI) ranging from 0.93 to 1.06; displaying alkali-calcic to a 
slightly alkalic character with the modified alkali-lime index 
(MALI) ranging from 4.86 to 8.8. The Aroeiras Complex dio-
rites are ferroan (Fe# > 0.81); metaluminous, with ASI values 
between 0.79 and 0.87; and alkalic with MALI values ranging 
from 1.08 to 2.94 (Fig. 3).

The chondrite-normalized (Nakamura 1974) REE patterns 
(Fig. 4) of the Aroeiras Complex granites are fractionated, with 
(Ce/Yb)N ratios ranging from 8.15 to 21.15, and exhibit nega-
tive Eu anomalies (Eu/Eu* = 0.45 to 0.68). The granitoids of 

the Queimadas Pluton display negative Eu anomalies with (Ce/
Yb)N ratios varying from 10.14 to 17.47. The Serra Branca — 
Coxixola samples exhibit significant negative Eu anomalies 
(Eu/Eu* = 0.23 to 0.34) and (Ce/Yb)N ratios ranging from 
30.58 to 104.39. The REE patterns of granitoids from the Prata 
Complex rocks are fractionated, with (Ce/Yb)N ratios between 
6.8 and 19.76, and characterized by negative Eu anomalies 
(Eu/Eu* = 0.21 – 0.65). 

The incompatible element patterns (Fig. 5) of the stud-
ied granitoids normalized to the values suggested by Sun 
and McDonough (1989) show peaks in Th and U, variable 
troughs at Nb and Ta, deep troughs at Sr, P and Ti, and Ba 
troughs (except in the Aroeiras granitoids). Aroeiras Complex 
diorites exhibit peaks in Ba, lowest contents of K, and small 
troughs in Th, U, Sr, and Ti.

The studied granitoids have high HSFE content (Zr + 
Nb + Ce + Y > 350 ppm), plotting in the A-type granites field 
(Fig. 6A) of Whalen et al. (1987). In the trace-element dis-
crimination diagrams (Pearce et al. 1984), most of the studied 
samples plot in the within-plate (Fig. 6B) and post-orogenic 
granites fields with (Y + Nb) > 50 ppm.

Attributes of ferroan intrusions  
in radioelement distribution maps

On a regional scale, it is possible to identify several ferroan 
intrusions already described in the Transversal subprovince 
(Fig. 7). Due to considerable LILE and HFSE contents, regions 
mapped as ferroan intrusions exhibit in the radioelements 
distribution map the highest abundances of these elements 
compared to their country rocks, or other granitic intrusions.

Figure 3. Studied rocks in the (A) FeOt/(FeOt + MgO) versus SiO2 diagram; (B) Alumina saturation index diagram; (C) Modified alkali-
lime index versus SiO2 diagram.
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Aroeiras Complex
In the ternary radioelements distribution map (Fig. 8A), it 

is possible to identify three distinct zones within the Aroeiras 
Complex: the northeastern sector shows high contents of the 
three elements (K% > 3%; eTh, 15–20 ppm; eU, 2–3 ppm), 
whereas the southwestern and transversal sector show medium 

to low values of K (1.5–2.13%) and eU (0.5–1.5 ppm), and low 
values of eTh (5–9 ppm) (Figs. 8B, 8C, 8D), and an unclear 
pattern of elements distribution surrounding those sectors.

In the northeastern zone, leucocratic ferroan alkali-calcic 
biotite syenogranites are the main lithological facies. They have 
high modal concentration, up to 1%, of apatite, allanite and 

Figure 4. Studied intrusions chondrite-normalized rare earth elements (REE) patterns (Nakamura 1974).

Figure 5. Incompatible trace elements diagram for the studied intrusions normalized to the values suggested by Sun and McDonough (1989).
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zircon, which explain the high values of U and Th, since these 
minerals are responsible for carrying almost all the contents 
of these elements in rocks. 

The presence of hornblende-biotite diorite bodies marks 
the southwestern sector of the Aroeiras Complex (Fig. 8). 

Despite their alkalic character, K2O weight percentages in the 
diorite bodies are lower (2–3%) than in the granite (4–5%), 
close to those observed in gamma spectrometric maps. 
The low to intermediate values of K contrasts with the north-
western sector, which is dominated by biotite syenogranites. 
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FG: Fractionated Felsic Granites; OTG: Unfractionated M-, I-, S-type Granites; WPG: Within-Plate Granites; VAG + syn-COLG: Volcanic Arc Granites + 
syn-Collisional Granites.
Figure 6. Studied ferroan intrusions in tectonic discriminant diagrams. (A) FeO/MgO versus Zr + Nb + Ce + Y (Whalen et al. 1987); (B) 
Nb versus Y (Pearce et al. 1984).

TCSZ: Coxixola shear zone; CGSZ: Campina Grande shear zone; BZS: Batista shear zone.
Figure 7. Radioelements distribution map of the sector within the Transversal subprovince with the studied granitoids and several other 
ferroan intrusions (Red, Green, Blue (RGB) ternary image).



Surrounding those sectors, the Aroeiras Complex comprises 
a heterogeneous rock association, mostly hybrid porphyritic 
rocks, enclosing dioritic enclaves and leucocratic equigranu-
lar biotite granites. Mingling and processes between granitic 
and dioritic rocks are often chaotic (Flinders and Clemens 
1996). Hence, there is an unclear gamma-spectrometric sig-
nature related to this process identifiable in this sector of the 
Aroeiras Complex.

Queimadas Pluton
The ternary image of the Queimadas Pluton (Fig. 9A) con-

trasts with the country rocks due to elevated values of K (val-
ues higher than 3%), eTh (19–30 ppm) and eU (2–3.3 ppm). 
Nevertheless, eTh and eU concentrations seem higher in the 
eastern intrusion rather than the western. This signature is 
evident on the individual counting maps (Figs. 9B, 9C, 9D).

The alkalic to alkali-calcic nature of the granitoids reflect 
the high K values of the intrusion. The presence of accessory 
phase zircon, allanite and monazite (Almeida et al. 2002), which 

are minerals with high contents of radiogenic elements in their 
structure, explain the high values of eU and eTh observed in 
the pluton. This mineral assemblage should occur in higher 
amounts in the west body. 

Deformational processes and textures described by 
Almeida et al. (2002) did not lead to K and U enrichment. 
Closer to the shear zone disrupting the Queimadas Pluton, 
values of K (~1.8%) are lower (Fig. 9B). Deformation processes 
in brittle-ductile conditions, like those described by Almeida 
et al. (2002), lead to perthite formation and albite replace-
ment in K-feldspar (Pryer and Robin 1995). Consequently, 
Na values increase as K values decrease, explaining lower 
abundance on K counts.

Serra Branca: Coxixola dike swarms
In the SBCDS region, the ternary distribution (Fig. 10A) 

does not provide much information, apart from high con-
tents of K (4.3–5%), eTh (~ 40 ppm) and eU (> 3 ppm). 
Instead, individual channels (Figs. 10B, 10C, 10D) were used 

Figure 8. Gamma-ray spectrometric maps of the Aroeiras Complex: (A) ternary composition (RGB); (B) K(%); (C) eTh (ppm); (D) eU (ppm).

Figure 9. Gamma-ray spectrometric maps of the Queimadas Pluton: (A) ternary composition (RGB); (B) K(%); (C) eTh (ppm); (D) eU (ppm).

9

Braz. J. Geol. (2020), 50(2): e20190080



to trace the main dike population, since they are too small for 
the flight line spacing (Tab. 2). In these maps, positive con-
trasts with NE-SW trends in the K and eU concentrations 
often coincide with outcrops of dike swarms (black dots in 
Fig. 10). It is not possible to make any further connections 

with magmatic processes occurring in these dikes due to 
their outcrop scale.

Although the Uruçu gabbro (Hollanda et al. 2010) (Figs. 7 
and 10) is coeval with the SBCDS, its composition differs dis-
tinctively from the ferroan granitoids. Mafic rocks usually display 
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Figure 10. Gamma-ray spectrometric maps of the Serra Branca-Coxixola Dike Swarms (SBCDS) area: (A) ternary composition (RGB); (B) 
K(%); (C) eTh (ppm); (D) eU (ppm). Black dots indicate SBCDS outcrops.

Figure 11. Gamma-ray spectrometric maps of the Prata Complex: (A) ternary composition (RGB); (B) K(%); (C) eTh (ppm); (D) eU (ppm).



minor contents of K, Th, and U in radioelements distribution 
maps. Hence, gamma spectrometric signature presents low to 
medium values of eTh (8–20 ppm) and eU (0.2–1.2 ppm), as well 
as medium values of K (2.3–3%). Medium values of K are either 
related to assimilation and magma mixing processes with granit-
oids of the SBCDS, or the K-enriched nature of the lithospheric 
mantle beneath the Borborema Province, which leads to the gener-
ation of K-rich mafic to intermediate rocks (Silva Filho et al. 1993, 
Ferreira et al. 1997, Neves and Mariano, 1997, 2004, Neves et al. 
2000, Mariano et al. 2001, Hollanda et al. 2003, Guimarães et al. 
2005). However, magma mixing processes between gabbro and 
leucogranites, as described by Silva et al. (2016), should explain 
the medium K contents of Uruçu gabbros.

In the triangular area (NW sector of the SBCDS), there 
are only a few dike outcrops. In this region, orthogneisses with 
higher mafic contents are abundant. Similar patterns are recog-
nizable in the areas surrounding regions with high occurrence 
of dike swarms. Accordingly, a lower concentration of radio-
elements is observed.

Prata Complex
In the ternary map of radioelements distribution, it is 

possible to identify the three distinct domains (Fig. 11) com-
parable with the ones described by Guimarães et al. (2005). 
The southern pluton exhibits high contents of K (~ 6%), eTh 
(27–60 ppm) and eU (2–4 ppm), which is related to mineral 
abundances with high percentages of microcline (~ 50%), bio-
tite (10%) and allanite (1.5%) (Melo 1997). Low contents of 
K (1–2%) and eTh (9–20 ppm) and low to medium counts 
of eU (1–2 ppm) dominate its Transversal sector. Guimarães 
et al. (2005) described this region as mafic rocks of compris-
ing norites with depleted in incompatible elements signatures, 
probably related to the rise of the asthenospheric mantle in 
an extensional setting. The north pluton is heterogeneous 
and characterized by medium to high values of K (3–5%) and 
variable contents of eU (0.5–4 ppm) and eTh (10–46 ppm). 
The western part of this pluton has medium contents of K and 
eU, and low contents of eTh, as the eastern portion has a region 
of high contents of the K, eTh, and eU. The north pluton com-
prises hornblende-biotite-granites, minor amounts of biotite 
(~6%) and allanite (0.5%). We suggest that minor radioele-
ments concentration in this granitic intrusion is related to its 
mineralogical composition, and the widespread presence of 
dioritic enclave swarms.

CONCLUSIONS
This study shows that, compared to magnesian granitoids 

and country rocks, ferroan granitoids radioelements distribution 
reflect the general characteristics of this cohesive geochemical 
group of intrusions, as LIL and HFS elements enriched nature, 
showing higher abundances of K, eTh and eU. 

Individually, and in detail, radioelements distribution 
reflects geochemical changes in response to geological pro-
cesses (e.g., mineralogical composition, mingling, assimilation, 
hybridization) syn to post granite emplacement, resulting in 
remarkably heterogenous intrusions.

For instance, in the Queimadas Pluton, a NE-SW dextral 
sense shear zone disrupts the granitic body and shear in brit-
tle-ductile conditions are associated with K decrease in con-
tact with this intrusion. 

Geochemical analyses and gamma-ray spectrometric maps 
exhibit good correspondence, as concentration intervals overlap. 
Chemical differences between granites, diorites, and gabbros 
are compatible with those observed in the radioelements dis-
tribution maps. For instance, diorites and gabbros have lower 
contents of K2O (2–3%), Th (1–7 ppm) and U (0.5–3 ppm), 
than the ferroan granites K2O (4.2–6.4)%, Th (16–40 ppm) 
and U (2–5 ppm), feature also observed in gamma spectro-
metric maps (Gabbros and Diorites: K, 1–3%; eTh, 5–20 ppm; 
eU, 0.2–2 ppm; Granites: K, 3–6%; eTh, 15–60 ppm; eU, 
2–4 ppm). Similar behavior is possible to observe in the nor-
malized patterns of incompatible elements.
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