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A B S T R A C T   

Dioritic-tonalitic-trondhjemitic metamorphic rocks represent the Imbicuí Complex in Western Dom Feliciano 
Belt, São Gabriel Terrane, Lavras do Sul region, Brazil. This complex presents rocks with an adakite-like signature 
showing high Sr contents (573.5–1337 ppm), Sr/Y ratio higher than 64.08, low Y content (< 33.7 ppm), (La/ 
Yb)N > 10, and YbN < 16 being classified as Type 1, high silica and high-Al2O3 adakites. The adakites present a 
low-K calc-alkaline affinity, with a U–Pb LA-ICP-MS in zircon crystallization age of 828 ± 8 Ma, the product of an 
eclogitic melting source. Subordinate, metagabbroic rocks occur with tholeiitic affinity, presenting a U–Pb LA- 
ICP-MS in zircon crystallization age of 845 ± 5 Ma. The adakitic rocks showed εNd(828) (+ 8.2 to + 7.5), 
model ages Nd-TDM of 0.8 and 0.9 Ga, similar to the age of crystallization, suggesting that these magmas 
represent juvenile rocks generated in an orogenic environment mixed with reworked rocks (ratios 206Pb/204Pb 
and 207Pb/204Pb, 17.70 to 18.40 and 15.49 and 15.55) during an oceanic slab melting associated to the closure of 
Charrua Ocean throughout Tonian in the Western Dom Feliciano Belt.   

1. Introduction 

Adakites was a term defined by Defant and Drummond (1990) for 
rocks characterized by a genesis associated with partial melting of young 
and hot oceanic crust (MORB-like) metamorphosed during increasing 
prograde metamorphic reactions in basaltic components of the oceanic 
crust, converted through greenschist amphibolite facies to mineralogies 
of eclogite facies pressure and temperature, producing mainly 
diorite-tonalite-trondhjemite magmas. 

However, the designation and concepts of adakites have evolved. 
Their origin is associated with a broad spectrum of rocks generated in an 
arc environment at different times, ranging from more accepted models 
such as the primary slab melt to slab melt hybridized by peridotite to 
melt derived from peridotite metasomatized by slab melt (adakites from 
France, Rapp et al., 1999; adakites from Japan, Kimura et al., 2014; 
adakites from the Philippines, Jégo et al., 2005) or as derived from the 
partial melting of newly under-plated basaltic crust, as suggested by 

Atherton and Petford (1993) for rocks in the Cordillera Blanca (USA). 
More strictly, the term adakite has been postulated to lower mafic 

crust melting (Central Luzon, Philippines, Yumul et al., 2000), high–P 
fractionation of water-rich mantle melts, the mixture of evolved melts of 
mantle magmas recycled in shallow crustal chambers (Castillo, 2012; 
Ribeiro et al., 2016) or asthenospheric slab window opening, which are 
adakites generated by the melting of asthenospheric windows below 
subduction zone (adakites de Baja California, USA, Ribeiro et al., 2016) 
that in general has a high Nb signature (> 20 ppm) and called 
Nb-enriched basalts (Defant et al., 1992). 

A detailed study classifies adakitic-like rocks in five genetic models 
(Zhang et al., 2019): i) high silica adakites formed by subduction oceanic 
crust, ii) low silica adakites formed by mantle melting reacting with 
silica melts of subducted oceanic crust, iii) high Mg# (HMA) adakitic 
rocks formed by delamination and consequence interaction with the 
mantle, iv) oceanic-type (O-type) mainly formed by basaltic under-
plating and v) continental-type or potassium-type (C or K-type) formed 
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by partial melting of the lower crust. All these adakite-like types can be 
produced in different tectonic settings. 

In the Western Domain of the Dom Feliciano Belt, an orogenic belt 
developed during the configuration of the West Gondwana paleo-
continent in the Brasiliano/Pan-African cycle (Hueck et al., 2018; 
Heilbron et al., 2020), a dioritic-tonalitic-trondhjemitic association is 
found near Lavras do Sul city, southernmost Brazil. These gabbros, di-
orites, quartz diorites, tonalites, and dominant trondhjemites were 
affected by amphibolite facies metamorphism. They were grouped into 
the Imbicuí Orthometamorphic Suite (Kraemer, 1995) and are nowa-
days named Imbicuí Complex (Philipp et al., 2018). 

Thus, in this contribution, we present a petrological study of Imbicuí 
Complex rocks using a petrographic, geochemical (whole-rock 
geochemistry), isotopic (whole-rock Sr-Nd-Pb isotope geochemistry), 
and geochronological (zircon U–Pb LA-ICP-MS dating) approach. This 
paper aims to understand the magma sources and processes and the 
spatial, temporal, and tectonic evolution of the Imbicuí Complex in the 
Dom Feliciano Belt context during the Brasiliano/Pan-African orogenic 
cycle. 

2. Geological setting 

The studied diorite-tonalite-trondhjemite metamorphic rocks 
outcrop near Lavras do Sul city, in the Western Domain of the Dom 
Feliciano Belt. This Neoproterozoic orogenic belt represents the south-
ernmost sector of the Mantiqueira Province (Almeida et al., 1981), 
developed during the configuration of the West Gondwana paleo-
continent in the Brasiliano/Pan-African orogenic cycle (Fig. 1A and B), 
as result of the convergence between several cratons (e.g., Congo, 
Kalahari, Río de la Plata) and minor blocks/microplates (Hueck et al., 
2018; Heilbron et al., 2020). It extends over 1200 km, from Punta del 
Este, Uruguay, to southernmost Brazil (Sul-rio-grandense Shield in Rio 
Grande do Sul, and Catarinense Shield, Santa Catarina). 

In the Sul-rio-grandense Shield, the Dom Feliciano Belt is subdivided 
into four main domains based on geophysical and petrotectonic con-
straints (see reviews in Philipp et al., 2016; Hueck et al., 2018; Ramos 
et al., 2020 and references therein): i) Western Domain (represented by 
the São Gabriel Terrane), ii) Central Domain (comprising the Tijucas 
Terrane and mainly of Camaquã Basin), iii) Eastern Domain (repre-
sented by the Pelotas Terrane) and iv) the Southwestern Domain (rep-
resented by the Punta del Este Terrane). 

These distinct terranes reflect the complex geologic evolution of the 
Dom Feliciano Belt during the Neoproterozoic, which can be divided 
into at least four main orogenic stages: Passinho and São Gabriel 
Orogenies, related to the closure of the Charrua paleo-ocean (e.g., Leite 
et al., 1998; Saalmann et al., 2011; Arena et al., 2016); Piratini Orogeny, 
related to the closure of the Charrua paleo-ocean and simultaneous 
opening of the South Adamastor paleo-ocean (Vieira et al., 2019; Ramos 
et al., 2020); and Dom Feliciano Orogeny, related to the closure of the 
South Adamastor paleo-ocean (e.g., Philipp et al., 2016; Bastos et al., 
2020; Loureiro et al., 2021). 

The metadiorites-tonalites-trondhjemites of Imbicuí Complex are 
located in the São Gabriel Terrane, which is limited to the west by the 
Río de la Plata Craton, represented by the ca. 2.4 Ga Santa Maria Chico 
Granulite Complex (Girelli et al., 2018), and to the east by the Caçapava 
do Sul suture (western limit of the Tijucas Terrane) (Fig. 1C). 

In the São Gabriel Terrane, Tonian oceanic rocks related to the 
Charrua oceanic basin closed during the Passinho and São Gabriel 
Orogenies are found in the Palma Accretionary Prism (Arena et al., 
2016; Philipp et al., 2016, 2018), comprising metamorphosed slices of 
oceanic lithosphere and associated meta-volcano sedimentary se-
quences. Passive margin metasedimentary units are represented by, e.g., 
the Passo Feio and Arroio Marmeleiro Complexes (e.g., Philipp et al., 
2018). Tonian arc-related rocks in this terrane comprise the TTG’s of the 
Passinho Metadiorite (Leite et al., 1998), the orthogneisses, TTG, and 
metagranitoids of the Imbicuí Orthometamorphic Suite (Kraemer, 

1995), and the TTG’s of the Cambaí Complex (e.g., Babinski et al., 1996; 
Leite et al., 1998; Saalmann et al., 2005a, 2005b; Hartmann et al., 2011; 
Philipp et al., 2018). 

The Imbicuí Complex is tectonically interleaved with ophiolitic rocks 
of the Cerro Mantiqueiras Complex and with rocks of the Cambaí 
Complex (Hartmann et al., 2019; Siviero et al., 2021). The study area, 
the Lavras do Sul region (Fig. 2), belongs to the Imbicuí Complex as 
referred by Philipp et al. (2018) and is represented by Metadiorite 
Passinho and its association rocks of Tonian age (879 ± 3 Ma, Leite 
et al., 1998), mainly identified in the previous detailed geological 
mapping (UFRGS, 2004; 2005). In its southern sector, the 
metadiorites-tonalites-trondhjemites of this complex are in tectonic 
contact with quartz-feldspathic metasedimentary rocks of the Arroio 
Marmeleiro Complex, both intruded by post-orogenic granitoids (Dom 
Feliciano Orogeny – e.g., Babinski et al., 1996). 

3. Analytical methods 

Representative fresh samples of the Imbicuí Complex were selected 
for the petrographic (optical and scanning electron microscopy), 
geochemical and isotopic (Sr-Nd-Pb) whole-rock analyses, and 
geochronological (zircon LA-ICP-MS U–Pb dating) investigations. 

Whole-rock geochemistry analyses of fourteen samples were 
powdered to < 200 mesh size in the Núcleo de Preparação de Amostras 
(NPA), Centro de Estudos em Petrologia e Geoquímica (CPGq), Instituto 
de Geociências (IGeo) of the Universidade Federal do Rio Grande do Sul 
(UFRGS), Brazil and analyzed by ICP-MS/OES in Acme Analytical Lab-
oratories Ltd. (Canada). 

Two whole-rock samples were analyzed to Sr-Nd-Pb isotopes in a VG 
Sector 54 Thermal Ionization Mass Spectrometer (TIMS) at the Labo-
ratório de Geologia Isotópica (LGI), CPGq-IGEO-UFRGS. These samples 
were spiked with mixed 87Rb/84Sr and 149Sm/150Nd tracers and pro-
cessed using standard dissolution procedures with HF, HNO3, and HCl in 
a Teflon vial warmed on a hot plate until complete material dissolution. 
Column procedures used cationic AG50W-X8 resin (200–400 mesh) to 
separate Rb, Sr, and REE, followed by Sm and Nd separation using 
anionic LN-B50-A resin (100–150 μm). Pb was separated using exchange 
columns with DOWEX AG-1 X 8 resin (200–400 mesh) eluted with 0.6 N 
HBr and collected with 6 N HCl. The samples were run in static mode. 
Rubidium, Sr, Sm, and Pb were run on Re single filaments. Neodymium 
isotopes were run on Ta-Re-Ta triple filaments. Rubidium was deposited 
with HNO3, while Sr, Sm, Nd, and Pb were deposited with H3PO4. 
Neodymium and Sr ratios were normalized to 86Sr/88Sr = 0.1194 and 
146Nd/144Nd = 0.7219, respectively. Measurements for the Sr NIST 
standard NBS-987 gave 87Sr/86Sr = 0.710260 ± 0.000014, and for the 
Nd La Jolla, standard values of 143Nd/144Nd = 0.511859 ± 0.000010 
were obtained. The total procedures blanks for Rb and Sm were < 500 
pg, for Sr < 60 pg, for Nd < 150 pg, and for Pb < 100 pg. Typical 
analytical errors for 87Rb/86Sr, 147Sm/144Nd, and 206Pb/204Pb ratios are 
equal to or better than 0.1%. Initial 87Sr/86Sr and 143Nd/144Nd were 
calculated using the metatrondhjemite crystallization age (828 Ma) of 
Imbicuí Complex using the GCDKit program (Janoušek et al., 2006). 

U–Pb analyses were performed in zircon of two samples at the Uni-
versité de Montpellier II (France), using a VG Plasmaquad II ICP spec-
trometer coupled to a Geolas Q+ platform housing a 193 nm Excimer 
laser. Zircon crystals from samples were separated using heavy liquid 
and magnetic techniques at the Laboratório de Separação de Minerais, 
NPA-CPGq-IGeo-UFRGS, and mounted in epoxy resin together with 
G91500 standard zircon (Wiedenbeck et al., 1995). Cath-
odoluminescence and secondary electron images of the selected zircon 
grains were taken at the LGI-CPGq-IGeo-UFRGS using a JEOL 
JSM-6610LV scanning electron microscope equipped with a Bruker 
XFLASH 5030 energy dispersive X-ray spectrometer. Analytical condi-
tions were 15 kV, a spot size of 60 μm, and a working distance of 10 mm. 
Isotope data were acquired with spot size between 15 and 77 μm, fre-
quency between 3 and 5 Hz, and energy density of 15 J/cm2. 



Fig. 1. Geological context of the Dom Feliciano Belt (modified from Masquelin et al., 2012; Ramos et al., 2018). A) Simplified map of the West Gondwana pale-
ocontinent, showing the distribution of main cratons and mobile belts; B) Location of Dom Feliciano Belt and related African belts in the West Gondwana; C) 
Simplified geologic map of Dom Feliciano Belt and Río de la Plata Craton in southernmost Brazil (Rio Grande do Sul state) and easternmost Uruguay, showing the 
study area presented in Fig. 2 (black dashed square). DCTSZ = Dorsal de Canguçu Transcurrent Shear Zone. 



Laser-induced elemental fractionation and instrumental mass discrimi-
nation were corrected using the G91500 standard zircon. Uncertainties 
were calculated using error propagation. The ages were calculated using 
Isoplot software (Ludwig, 2003). 

4. Results 

4.1. Field aspects 

The Imbicuí Complex comprises metatonalite and metatrondhjemite 
rocks and subordinately metadiorite, metaquartz diorite, and metagab-
bro. Dominantly outcropping in high strain zones, an mm-cm mafic and 
felsic irregular and discontinuous banding is characteristic. In low-strain 

Fig. 2. Simplified geological map of the Lavras do Sul region, São Gabriel Terrane, showing the main units. Red triangles are the location of outcrops with U–Pb 
samples dated. Modified from UFRGS (1991; 2004; 2005), Kraemer (1995), Laux (2017), and Philipp et al. (2018). 



zones, the magmatic features are more pronounced with relicts of 
magmatic feldspars but always with granoblastic texture. The meta-
gabbros, metadiorites, and metatonalites show interfingered contacts 
when in contact. 

Metatrondhjemite is the dominant rock in the Imbicuí Complex. It is 
light grey, coarse-grained, and constituted by plagioclase, quartz, 
amphibole, and biotite (Fig. 3A). The outcrops of the studied meta-
trondhjemite occur surrounding the region of Cerro Branco, near the 
homonymous ductile, transcurrent shear zone (Siviero et al., 2022). The 
shear zone is about 10 km long, 700 m wide, E-W trending (Fig. 3B), and 
imprinting a heterogeneous deformation characterized by mylonitic 
domains in lithologies of the Imbicuí Complex. Igneous features such as 
feldspars porphyroclasts are preserved in a few areas where deformation 
is less intense. 

The metadiorites and metaquartz diorites in the region are grey to 
green, fine-to medium-grained with granoblastic texture, and meta-
morphic foliation marked by mm bands of amphibole and plagioclase +
quartz (Fig. 3C). The metatonalites are less abundant, pinkish, fine-to 
medium-grained, showing alternating felsic (quartz + plagioclase) and 
mafic bands (amphibole + biotite). 

Locally, the Imbicuí Complex presents a coarse-grained metagab-
broic rock with granoblastic texture (plagioclase + pyroxene), massive 
and crosscutting rocks from the Sanga da Cachoeira Complex (Fig. 3D). 

Structural features that originated during amphibolite to greenschist 
facies deformation of the Lavras do Sul region rocks were divided into 
two broad groups: i) structures which are part of the main regional fabric 
and were formed during the ductile rock flow responsible for the ac-
commodation of the principal deformation, and ii) the late structures, 
particularly open folds and ductile and brittle shear zones that affect and 
control the orientation of the older penetrative fabric. The main 

deformational fabric is a regionally expressed composite banding 
developed in high-strain zones. This foliation has been interpreted as 
being produced along a flat-lying shear zone responsible for the tectonic 
interleaving of the mafic-ultramafic sequence with deformed granitoids, 
as Imbicuí and Cambaí complexes (Siviero et al., 2022). 

4.2. Petrography 

The Imbicuí Complex presents an S = L fabric marked by the alter-
nation of millimetric-centimetric mafic mineral slayers and felsic min-
erals bands, sometimes with millimetric biotite-aggregate boudins 
enveloping layers of quartz and feldspar defining an anastomosing 
metamorphic foliation and its gneissic aspect, which is registered by a 
main W-E sub-vertical metamorphic foliation (Fig. 4A). The rock folia-
tion is arranged in granoblastic domains of quartz-feldspar with domains 
of white mica. Locally, metatrondhjemites present an L > S fabric 
characterized by mullions of quartz-feldspars aggregates (Siviero et al., 
2022), which registers the main subhorizontal SE stretching lineation 
(Fig. 4B). 

The quartz mylonite has a fabric S > L, where millimetric white mica 
bands are intercalated with quartz-feldspar bands. Layers of ribbon 
quartz, thin lamellae of mica, and fractured feldspar denote the mylo-
nitic texture. Feldspathic quartz bands vary between 0.1 and 1 mm. Mica 
occurs as dark aggregates. The mica grains predominate as fish-like 
microstructure or polygonal. Secondary growth of chlorite occurs, 
forming an interlobated contact at the edge of the mica fish. 

The Imbicuí Complex mineral assemblage consists of hornblende +
plagioclase ± quartz ± biotite ± K-feldspar ± garnet ± oxide iron ±
pyrite. The apatite, allanite, and zircon are the main accessory phases. 
The secondary mineral assemblage is composed of the muscovite ±

Fig. 3. Main outcrops of the Imbicuí Complex. A) Main textural aspects of metatrondhjemite (PRE-1B); B) Metatrondhjemite at Cerro Branco Shear Zone (PRE-1B); 
C) Quartz diorite banded showing sub-vertical metamorphic foliation. D) Metagabbroic rock (PRE-13I) crosscutting older unit (grey orange rock). 



Fig. 4. Stereograms of S and L and photomicrography features of the Imbicuí Complex. A) The countoured stereogram (equal area lower hemisphere projection) of 
poles to metamorphic foliation planes; B) The countered stereogram (equal area lower hemisphere projection) of stretching mineral lineation; C) Granoblastic texture 
in metatonalitic rock; D) Plagioclase porphyroclast in metaquartz dioritic rock; E) Garnet porphyroblast in metatrondhjemitic rock; F) Plagioclase and amphibole 
with nematoblastic texture in metadioritic rock, and low-temperature retrogressive mineral assemblage composed of epitote, chlorite and saussuritic plagioclase; G) 
Quartz-alkali feldspars aggregate with ondulose extinction in metatonalite; H) Titanite and pyroxene in metagabbro (PRE-13I sample). Grt = garnet, Pl = plagioclase, 
Amp = amphibole, Kf = K-feldspar, Px = pyroxene, Chl = chlorite, Ep = epidote. 



biotite ± sericite. Hornblende ± plagioclase recrystallization in grano-
blastic texture suggests an amphibolite facies metamorphism to the 
Imbicuí Complex rocks (Fig. 4C). 

Plagioclase occurs as granoblastic grains with wavy extinction and 
size of 0.2–0.5 mm, forming equidimensional grain aggregates with 
quartz and K-feldspar, the formers always with < 0.1 mm, in aggregates 
in the matrix. Locally porphyroclasts of plagioclase occur with a size of 
0.5 cm, subhedral, long and short rectangles, polysynthetic twinned, and 
the composition is andesine (Fig. 4D). The photo-micrograph shows a 
quartz-feldspathic rock comprising equidimensional quartz, plagioclase, 
biotite, and amphibole crystals. Some contacts are lobate-cuspate. All 
the plagioclases show the characteristic albite twins. Some contacts 
between feldspar grains indicate grain-boundary migration recrystalli-
zation and some grain boundary area reduction (triple points). 

Garnet is a common mineral in metatrondhjemites, in general 
euhedral, with 0.5 mm, as porphyroblast (Fig. 4E). Amphibole is the 
mafic phase predominating with anhedral to subhedral sizes between 
0.5 and 1.5 mm, also occurring as granoblastic aggregates, locally with 
0.4 mm, and a nematoblastic texture (Fig. 4F). 

Quartz generally occurs as anhedral grains with a variable size of up 
to 4.0 mm; straight contacts, a wavy extinction, and chessboard patterns 
are present. In some diorites, quartz commonly occurs in a particular 
globular form with a 0.1 mm diameter in alkali-feldspar and amphiboles 
(Fig. 4G). 

Biotite occurs with pleochroism varying from green to brown- 
reddish and sizes of 0.3–2.5 mm, forming aggregates surrounding 
amphibole. The contacts are straight with these minerals and sometimes 
show chlorite substitution and/or the presence of mm chlorite 
aggregates. 

Euhedral iron oxide grains occur disseminated in a quartz grano-
blastic and plagioclase matrix. The pyrite, in general, is euhedral cubes, 
reaching up to 1 mm, happening disseminated, mainly in basic terms. 
The zircon and apatite phases are widely spread into intermediaries to 
acidic lithotypes, generally euhedral and up to 0.5 mm. 

The metagabbro rocks present distinctive petrographic aspects in the 
Imbicuí Complex, mainly registered by the extensive presence of titanite 
crystals and the absence of garnet compared to other rocks in the 
complex. The plagioclase + titanite + pyroxene ± epidote represents the 
metamorphic mineral assemblage, always with granoblastic texture, 
suggesting an amphibolite facies metamorphism for these rocks 
(Fig. 4H). 

Titanite varies from 0.3 to 0.5 mm and has a brown color, with 
dominant anhedral shapes, but also occurs as inclusions in other min-
erals, such as epidote. Plagioclase (0.5–1.2 mm) is euhedral, with 
polygonal texture and intense sericitization. Epidote (0.05–0.5 mm) 
occurs as rounded inclusions or partially replacing the titanite and 
plagioclase. Pyroxenes (0.3–0.7 mm) are subhedral, scattered in the 
sample, and occur as aggregates. Zircon, apatite, and magnetite occur as 
an accessory phase. Chlorite and carbonate represent secondary 
minerals. 

4.3. Whole-rock geochemistry 

The Imbicuí Complex whole-rock geochemistry results are summa-
rized in Supplementary Table 1. These geochemical data were used to 
characterize the magmatic processes, sources, and tectonic environment 
of the rocks of the Imbicuí Complex and to study the elements’ mobility. 
The mobile element data and whole-rock geochemistry analyses were 
compared with the igneous trend presented in the MFW diagram (Ohta 
and Arai, 2007), where samples plotted near this igneous trend, pre-
cluding minor alteration and/or metamorphism element mobility in the 
bulk composition rocks of this complex. 

The complex comprises rocks with high-SiO2 (63.90–72.14 wt%), 
Al2O3 (14.48–19.55 wt%), and alkalis (4.69–8.09 wt%) contents, with 
Na2O (3.67–7.03 wt%) concentrations higher than K2O (0.33–3.05 wt 
%). The Imbicuí Complex is also relatively enriched in CaO (1.3–4.64 wt 

%) and Fe2O3 (1.13–3.23 wt%), concerning MgO (0.17–1.68 wt%). TiO2 
and P2O5 occur only as low trace amounts. 

Regarding the classification using the TAS diagram (Middelmost, 
1994), normative of all rocks of Imbicuí Complex spread over the 
granodiorite-granite fields, showing a sub-alkaline character (Fig. 5A). A 
dominant calc-alkaline pattern is observed for Imbicuí Complex rocks, 
with exception to sample PRE-13I, with a tholeiitic affinity in AFM di-
agram (Fig. 5B). In the K–Na–Ca diagram (Fig. 5C) from Barker (1979), a 
trondhjemitic trend (or low calc-alkaline trend) is observed to Imbicuí 
Complex rocks, also plotting in the adakitic field. In the Shand (1943) 
diagram (Fig. 5D), the samples plot mainly in the metaluminous to the 
peraluminous field (A/CNK < 1.2, represented by the vertical dashed 
line in the diagram), showing a subhorizontal trend. In the Harker dia-
grams for major and trace elements is observed a negative correlation 
regarding the Al2O3, Fe2O3, MgO, MnO, TiO2, P2O5, Rb, Sr, and Ba, a 
scattered correlation in the K2O, Na2O, Ba and Y diagrams. 

The Sr contents are 573.5–1337 ppm for SiO2 > 69.23 wt%. How-
ever, in a sample, the content of Sr is above 1558 ppm for SiO2 = 65.72 
wt%. The Y contents are 4.8–15 ppm resulting in Sr/Y between 67.2 and 
169.92. For samples with SiO2 = 65.72 wt% corresponding Y content 24 
ppm (Sr/Y = 64.08). Adakites are characterized by high LILE, particu-
larly Sr and low Y. Using the proposed classification of Barker (1979), 
Martin (1986), Drummond and Defant (1990), and Defant and Kepez-
hinskas (2001), which separates trondhjemite and tonalite in groups for 
the content of SiO2 and Al2O3, all rocks with SiO2 content 70 wt% and 
Al2O3 content greater than 15 wt% and according to these authors are 
called High-Al2O3 trondhjemites. A high-silica and low-silica adakites 
(HSA-LSA) is a classification based on Sr-(SiO2/MgO)*100-K/Rb trian-
gular diagram (Defant and Kepezhinskas, 2001) and the Imbicuí Com-
plex is classified as high silica adakites-like rocks (Fig. 6A, B, C). 

In the multi-element spidergrams, rocks from Imbicuí Complex show 
similar general patterns, commonly enriched in LILE elements (Rb) and 
lightly depleted in HFSE (Dy, Y, Yb, and Lu), with anomalies of P, Ti, and 
Nb. 

The Imbicuí Complex rocks show regular distribution with slight 
enrichment in LREE, low to moderately fractionated patterns (LaN/YbN 
= 1.0–24.7), Eu anomalies (Eu/Eu* = 0.8–1.2), and ΣREE from 20.8 to 
152.1 ppm. The REE patterns (Fig. 7) show evident enrichment 
compared to the chondrite model (Sun and McDonough, 1989). One 
sample presents a distinct pattern (PRE-13I) with a flat horizontal shape, 
similar to mantle primitive but ten times higher. 

4.4. U–Pb geochronology 

To estimate the crystallization age of the studied rocks, U–Pb (LA- 
MC-ICP-MS) analyses were performed in zircon crystals from samples 
PRE-1B and PRE-13I (Supplementary Table 2). The analyzed zircon 
grains are subhedral to anhedral. Their length and width proportion 
varies between 2:1 and 1:1 (predominance of 2:1), and grain size be-
tween 100 and 200 μm (Figs. 8 and 9). Some zircon grains show internal 
oscillatory zoning in the crystals is interpreted as primary, formed 
during igneous crystallization (Corfu et al., 2003). 

The obtained U–Pb LA-MC-ICP-MS data are given in Supplementary 
Table 2 and plotted on Concordia diagrams (Fig. 10A and B). The dia-
gram of the sample PRE-1B shows a Concordia age of 828 ± 8 Ma, which 
is interpreted as the igneous crystallization age of the protolith. The 
sample PRE-13I shows a Concordia age of 845 ± 3 Ma, interpreted as the 
protolith’s igneous crystallization age, and the zircon crystals with ages 
between 920 and 950 Ma (Supplementary Table 2) are interpreted as 
inherited. 

4.5. Whole-rock Sr-Nd-Pb isotope geochemistry 

Two samples from the Imbicuí Complex were analyzed for Rb–Sr, 
Sm–Nd, and Pb–Pb (Supplementary Table 3). The isotopic values of the 
87Sr/86Sr(828) ratio ranged from 0.703473 to 0.707205. The isotopic 



values of the 143Nd/144Nd(828) ratio ranged from 0.511991 to 0.511952, 
while εNd(828) values range from 8.2 to 7.5, and the Nd-TDM model age 
range from 0.8 to 0.9 Ga. The isotopic values of the 207Pb/204Pb and 
206Pb/204Pb ratio for the Imbicuí Complex ranged from 15.4908 to 
15.5589 and 17.7054 to 18.4040, respectively. 

5. Discussion 

5.1. Geochemistry of adakites in the São Gabriel Terrane 

The dioritic-tonalitic-trondhjemitic rocks of the Imbicuí Complex 
can be classified as adakite-like following the classification of Defant and 
Dumond (1990), as they have intermediate to high SiO2 (> 63%), high 
Sr/Y (~100) and La/Yb (~25), with calc-alkaline affinity. The Yb con-
tent for these complex rocks is generally low (< 3.5 ppm), while the La/ 
Yb ratios are less than 36.29, K2O/Na2O ratios < 0.71, usually similar to 
adakites (respectively, > 0.5; average 20.4; average 0.42) according to 

the classification of adakites by Martin (1999). 
From the classification of high or low SiO2 (Martin et al., 2005; 

Zhang et al., 2019), the adakites of the Imbicuí Complex can be classified 
as of the high SiO2 type, with values, in general, higher than 63%, 
having as the dominant source melting of ocean plate rocks (cf. Moyen, 
2009). 

The Imbicuí Complex has a range of Al2O3 from 14.48 to 18.18 and 
high levels of SiO2 and K2O similar to Type 1 adakites from Lebedev 
et al. (2019). The molar Mg# of Type 1 adakites, in general, are higher, 
equivalent to 55, due to the melting of MORB type rocks and the 
interaction of this magma with the mantle wedge, whereas Type 2 
adakites have lower values, less than 45, without interaction with pe-
ridotites during their ascent. The adakites of the Imbicuí Complex show 
low Mg# values (< 43.97), suggesting little interaction with the peri-
dotitic mantle’s wedge. 

In the Imbicuí Complex, the rocks are rich in Sr (573.5–1538 ppm), 
poor in Y (< 35.5 ppm), and are positioned in the field of adakites and 

Fig. 5. Geochemical diagrams for Imbicuí Complex rocks. A) TAS diagram (Middelmost, 1994). The dashed line separates the field of alkaline and sub-alkaline 
affinity. B) AFM diagram, the black line separates the tholeiitic and calc-alkaline fields. Adakite field (dashed line) from Barker (1979). C) K–Na–Ca diagram 
from Barker (1979) shows the calc-alkaline trend (black line and dashed line) and the trondhjemitic trend. Adakitic fields are displayed, modified from Drumont and 
Defant (1990). D) Molar A/CNK (Al2O3/CaO + Na2O + K2O) vs A/NK (Al2O3/Na2O + K2O) diagram (Maniar and Piccoli, 1989) with the dominance of weakly 
peraluminous rocks in the Imbicuí Complex. Circles represent the main metatrondhjemites and tonalites specimens in the study area, while asterisk is a subordinate 
metagabbro type (sample PRE-13I). 



TTG in the Sr/Y vs Y diagram (Fig. 6A). In the Sr/Y vs Y or (La/Yb)N vs 
YbN diagram, the chemical composition of the rocks of the Imbicuí 
Complex plot in the adakite and TTG fields and the andesite, dacite and 
arc rhyolite fields (Defant et al., 1992). 

A tholeiitic affinity is observed in metagabbros (sample PRE-13I) 
from the Imbicuí Complex, which has the highest Al2O3 content 
(19.55 ppm) and distinct Sr (323.3 ppm) and Y (22.9 ppm) values when 
compared to the main Imbicuí Complex rocks. 

5.2. Sr-Nd-Pb isotopes in adakites from São Gabriel Terrane 

The Imbicuí Complex rocks were compared isotopically with ortho- 
derivated rocks of the Cambaí Complex (Saalmann et al., 2005a, 
2005b; Siviero et al., 2021), and the ultramafic rocks (serpentinites) and 
amphibolites of the Cerro Mantiqueira Complex (Leite et al., 1998). 

The rocks of the Imbicuí Complex present high positive values of 
εNd(828), as shown in the εNd(0) vs age diagram (Fig. 11A). The Nd-TDM 
vary between 0.8 and 0.9 Ga, similar to this unit’s crystallisation ages. 
An age of 828 Ma is proposed in this work, whereas 879 Ma has been 
presented by Leite et al. (1998). When comparing the rocks of the Cerro 
Mantiqueira Complex, the evolution lines are similar, with variations of 
εNd(828) and Nd-TDM, respectively, from − 3 to 2 and 0.8 to 1.2 Ga. 
Compared with the rocks of the Cambaí Complex, they present a similar 
Nd isotopic behaviour. The source of the magmatism of the Imbicuí 
Complex can also be discussed in the Sr–Nd diagram calculated at 740 
Ma (to compare with Cambaí Complex, which presents similar U–Pb 
crystallization age), shown in Fig. 11B, as well as being compared with 
the rocks Cerro Mantiqueira and Cambaí complexes. 

It should be noted that the mantle end-members used (PM, DM, EM-I, 
EM-II, HIMU, Zindler and Hart, 1986; Rollinson, 1993) was used as a 
comparison of similar modern analogues since the Neoproterozoic 
mantle cannot reflect the composition of these current reservoirs (Bli-
chert-Toft et al., 2010). The mantle end-members are the primitive 
mantle (PM), the depleted mantle (DM) and the enriched mantles (EM-I 
and EM-II), and U and Pb enriched mantles due to the recycling of 
basaltic ocean crust (High-μ) as discussed in Faure and Mensing (2005), 
Condie (2005); Gill (2010) among others. About these reservoirs, as well 
as the rocks of the Cerro Mantiqueira Complex, the Imbicuí Complex 
rocks have an εNd(740) behaviour similar to the depleted mantle (DM) 
and primitive mantle (PM) but with 87Sr/86Sr(740) ratios more enriched 
to these. When comparing the Cambaí Complex rocks, the Imbicuí 
Complex shows similar behaviour. Thus, a suitable scenario for the 
generation of the rocks of the Imbicuí Complex may be the melting of 
rocks with isotopic compositions similar to that of the Cerro Mantiqueira 
Complex, that is, the melt of a mantle member, similar to amphibolites 
or PM (primitive mantle) or DM (depleted mantle) end-members. 

The diagram in Fig. 11B was conceived for current rocks, and the plot 
of Tonian rocks is speculative, especially with few samples. The isotopic 
Sr initial ratio of the only two samples is different, denoting heteroge-
neity in the Sr system. Sample PRE-1B shows an 87Sr/86Sr(828) of 
0.704143 representing the primitive Sr isotopic signature, while sec-
ondary processes modified sample PRE-15 B (e.g., saussuritic plagio-
clase), and thus this sample must be carefully used in interpretations. 

In diagram 207Pb/204Pb vs 206Pb/204Pb (Fig. 11C), the behaviour of 

Fig. 6. Discrimination diagrams for Imbicuí Complexá rocks. A) Sr/Y vs Y di-
agram discrimination of adakites and calc-alkaline arc rocks and also the ada-
kite field (grey field), modified from Drummond and Defant (1990); B) 
Chondrite-normalized (La/Yb)N vs YbN diagram discrimination of adakites 
and calc-alkaline arc rocks and also the adakite field (grey field), modified from 
Martin (1986); C) Sr-(SiO2/MgO)*100-K/Rb triangular diagram from Defant 
and Kepezhinskas (2001). LSA = low-SiO2 adakite and HSA = high-SiO2 ada-
kite. Symbols as in Fig. 5. 

Fig. 7. REE chondrite diagram normalized (Sun and McDonough, 1989) of the 
Imbicuí Complex rocks. Detailed sample PRE-13I, with a flat pattern and 
different Eu anomalies. 



the rocks of the Imbicuí Complex is compared to the mantle end- 
members (PM, HIMU, DM, EM-I, EM-II) and the rocks of the Cerro 
Mantiqueira Complex and Cambaí Complex. Samples from the Imbicuí 
Complex plot above the mantle evolution curve and close to the orogen 
evolution curve. These rocks have isotopic compositions similar to those 
of the Cerro Mantiqueira Complex and the Cambaí Complex. A mantle 
source of the HIMU type (High-μ), a signature of rocks generated from 
recycled ocean plates (206Pb/204Pb > 21.5; Weiss et al., 2016), can be 
discarded due to isotopic 206Pb/204Pb analyses lower than 19 to the 
Imbicuí Complex rocks. 

The Sr-Nd-Pb isotopic compositions of the Imbicuí Complex reveal 

an 87Sr/86Sr(i) ratio of 0.704143 for the metatrondhjemite rock of the 
complex’s PRE-1B sample and 0.709107 for the PRE-15 A sample. The 
increased Sr isotope content can be attributed to various geological 
processes (Gill, 2010). Among the key contributors to strontium 
enrichment in rocks are: (i) subduction of sediments, (ii) fluid-rock 
interaction, (iii) enriched mantle melting, (iv) sedimentary contamina-
tion, and/or (v) metasomatic-secondary alterations. The elevated 
strontium content observed in the Imbicuí Complex rocks (e.g., 
0.709107 for the PRE-15 A sample) may arise from one or more pro-
cesses. On the other hand, the 0.704143 ratio for the metatrondhjemite 
rock (PRE-1B sample) reflects a more representative sample, possibly 

Fig. 8. Cathodoluminescence images of Imbicuí Complex’s zircons (PRE-1B). A) Euhedral zircon crystal, with metamict zonation and opaque mineral inclusions. B, 
C, D) Euhedral zircon showing magmatic zonation in the core to rim. E, F) Euhedral zircon showing magmatic zonation in the core. 

Fig. 9. Cathodoluminescence images of zircons of the Imbicuí Complex (PRE-13I). A,B) Euhedral zircon crystal, with fair zonation. C,D,E,F) Subhedral zircon 
showing a fair zonation in the core and a metamict rim. 



less influenced by metasomatic-secondary alterations or indicative of a 
geological process such as crustal contamination. As the lead isotopes 
are less mobile compared to Sr, they are anticipated to be minimally 
impacted by metasomatic-secondary alterations. 

The 143Nd/144Nd(828) values ranging from 0.511991 to 0.511952 
suggest an Nd-isotopic homogeneous source. This interpretation of a 
single and homogeneous source for the generation of adakites. Isotopic 
Sr could be interpreted as i) Sr mobility by post-magmatic processes or 
ii) Sr-isotopically enriched material contamination, such as, for 
example, sediments from oceanic slab melting. 

5.3. Source of adakites in the São Gabriel Terrane 

Recent works by adakites in the world postulate a genesis from 
melting a slab from the oceanic plate. The term “slab” is broader, not 
only representing the portion of “basaltic” rocks but also with the 
contribution of sediments to explain Sr isotopic enriched signatures, 
such as, for example, Gomez-Tuena et al. (2003) for North American 
adakite rocks. Anomalies of Nb and Ta are common, and the variation of 
incompatible elements such as Rb and Ba may be due to the 

incorporation of sediments during slab melting, which can also affect the 
isotopic compositions of adakites (e.g., Bebout et al., 1999). In NW 
China, adakites (375 Ma) described by Zhang et al. (2005) have 
87Sr/86Sr isotopic ratios of 0.70466–0.70490 and εNd between 3.02 and 
4.06, slightly different from typical MORB values (0.70365 and εNd >
5.1; Pyle et al., 1992) and suggest that sediments were incorporated into 
adakites during the slab melting. 

Amphibolite, eclogite, and garnet amphibolite melting curves, a 
petrological model for adakites suggested by Rapp et al. (1999), 
improved by Takahashi et al. (2005) and Zhang et al. (2019) suggest 
altered MORB as the main source of these rocks. In the (La/Yb)N vs YbN 
diagram (Fig. 12), the rocks of the Imbicuí Complex present a behaviour 
similar to those formed by the melting of eclogites or a high amount 
(25%) of garnet amphibolite, suggesting these adakites can be formed 
from by slab melting of an oceanic crust similar to MORB. The evolved 
chemical composition of the rocks in the complex favours this hypoth-
esis since, in general, these rocks have SiO2 contents > 65%. 

The metagabbro rocks from Imbicuí (sample PRE-13I) present a SiO2 
content of 63%, but as suggested in the (La/Yb)N vs YbN diagram (Fig. 12), a 
distinct source can be envisaged for it, with amphibolites as the main source. 

Fig. 10. U–Pb LA-ICP-MS zircon geochronology in the Imbicuí Complex. A) Concordia diagram of metatrondhjemite (PRE-1B) with a crystallization age of 828 ± 8 
Ma. B) Concordia diagram of metagabbro (PRE-13I) with a crystallization age of 845 ± 3 Ma. 



The fractional crystallization of primitive magmas derived from 
mantle wedge melting has also been postulated to generate adakites 
(Takahashi et al., 2005). However, the fractional crystallization curve of 
adakitic magmas with the crystallization of hornblende + biotite +
plagioclase shows that the rocks of the Imbicuí Complex are not close 
together, suggesting that this process was not the most effective. The 
rocks generated by melting fluid-rich wedge mantle peridotite generally 
have high K2O values, positioning the rocks in the medium to high-K 

calc-alkaline field. Still, the rocks of the Imbicuí Complex also show 
low K2O ratios, an overall < 3.05 (mean 1.06), defining these rocks with 
the trondhjemitic character (or low-K calc-alkaline). 

Thus, for the Imbicuí Complex adakites, the high SiO2, Al2O3, and 
Na2O content and low MgO content suggest that the melting of eclogitic 
rocks has been effective. Besides, the content of Y and HREE, especially 
Yb, can mean partial melting of a hydrated basalt or amphibolite garnet 
under specific conditions of pressure and temperature (2.5 kbar, 
850 ◦C), as the garnet is stable in these conditions. At the same time, 
plagioclase is not stable, with depletion in Y and Yb attributed to the fact 
that the garnet remains in the residue, retaining them (Naqvi and Pra-
thap, 2007). High values of Sr suggest the absence of plagioclase in the 
residue, while low values of Y and Yb, high Sr/Y, and La/Yb indicate 
garnet, clinopyroxene, and hornblende in the source (Defant and 
Drummond, 1990). 

The Imbicuí Complex presents low levels of Nb, on average 12 ppm, 
and therefore cannot be called Nb-enriched basalts (Defant et al., 1992) 
or high-Mg adakites (HMA, Zhang et al., 2019) generally associated with 
slab delamination and asthenospheric sources. Sources generated from 
the melting of either the lower mafic crust or underplated mafic magmas 
often produce low SiO2 adakites (Castillo, 2012; Ribeiro et al., 2016), 
while continental adakites (Moyen, 2009) or C-type adakites (Zhang 
et al., 2019) have high K2O/Na2O ratios, incompatible with those of the 
Imbicuí Complex, which present low K2O/Na2O ratios values. 

In the Imbicuí Complex, an isotopic comparison with Cambaí Com-
plex’s rocks, a magmatic arc of 750–700 Ma in the São Gabriel Terrane 
(Saalmann et al., 2005a, 2005b; Siviero et al., 2021) and 
mafic-ultramafic rocks (amphibolites and serpentinites) of the Cerro 
Mantiqueira Complex (Leite et al., 1998), which represent an oceanic 
plate obducted in the region (923-733 Ma, Leite et al., 1998; Arena et al., 
2016), matches the same material in their sources. 

In the εNd(o) vs age diagram (Fig. 11A), the study rocks in the Imbicuí 
Complex show positive εNd(o) and εNd(828) values, similar to those of the 
mafic-ultramafic rocks. However, the rocks of the Cambaí Complex have 
εNd(0) negative and εNd(740) positive. The samples of the Imbicuí 
Complex have model Nd-TDM ages (0.8–0.9 Ga), similar to the crystal-
lization age of the complex (828 Ma, PRE-1B), the Cambaí Complex has 
model Nd-TDM ages (0.7–1.0 Ga) close by its crystallization ages of 740 
Ma (Leite et al., 1998; Siviero et al., 2021), as well as the mafic rocks of 
the Cerro Mantiqueira Complex with ages model Nd-TDM (0.7–1.2 Ga) 
suggesting that the original magmas are juvenile. 

Strontium and Nd isotopes show signatures similar to those of the 
meso-oceanic ridge basalts (MORB) trend, as observed by Kimura et al. 
(2014) in Japan and also suggested by Defant et al. (2012) for French 
adakites. In the Imbicuí Complex, the isotopic values of Sr and Nd show 
a similar trend to that of MORB-Ocean Island for 740 Ma. The complex 
data were also compared with mafic-ultramafic rocks (amphibolites and 

(caption on next column) 

Fig. 11. Isotopic diagrams for the Imbicuí Complex. A) Diagram εNd(0) vs time 
of the Imbicuí Complex (modified from DePaolo, 1981) compared with other 
rocks from the literature in the São Gabriel Terrane. DM = Depleted mantle, 
CHUR = chondritic uniform reservoir. Red lines are metatrondhjemite from this 
study. SMCGC = Santa Maria Chico Granulitic Complex; EC = Encantadas 
Complex; red ellipse represents the crystallization age of the Imbicuí Complex 
(828 Ma). B) Diagram ϵNd(t) vs 87Sr/86Sr(i) for the (modified from DePaolo, 
1981) mantle end-members (calculated for 740 Ma) were extracted from Zin-
dler and Hart (1986) and Rollinson (1993). HIMU (mantle with high U–Pb 
ratio), DM (depleted mantle), PM (primitive mantle); EM-I (enriched mantle I), 
EM-II (enriched mantle II). 1 - Cambaí Complex* = data from Saalmann et al. 
(2005a,2005b); 4 – Cambaí Complex** = data from Siviero et al. (2021); CMC 
= Cerro Mantiqueira Complex from Leite et al. (1998). C) Diagram 207Pb/204Pb 
vs 206Pb/204Pb for the Imbicuí Complex in comparison with the mantle end 
members (Zindler and Hart, 1986; Rollinson, 1993; HIMU (mantle with high 
U–Pb ratio), DM (depleted mantle), PM (primitive mantle); EM-I (enriched 
mantle I), EM-II (enriched mantle II)) and others rocks from the literature in the 
São Gabriel Terrane. CMC = Cerro Mantiqueira Complex from Leite et al. 
(1998); Cambaí Complex data from Siviero et al. (2021). 



serpentinites) of the Cerro Mantiqueira Sequence, showing an isotopic 
composition close to the mantle-derived rocks, with the 
mafic-ultramafic rocks being enriched, with positive εNd values for all 
rocks, ranging from + 1 to + 10. In contrast, the Imbicuí and Cambaí 
complex rocks have an enrichment trend of 87Sr/86Sr(740) with values of 
up to 0.7090 for the Cambaí Complex. 

Stevenson et al. (2009) make a discussion correlating Sr/Y and εNd 
ratios, and in adakite-like samples with the highest εNd values observed 
to this a least contaminated and have Sr/Y ratios (highest values) 
reflecting < 30% of the melting. This assumption agrees with the 
experimental evidence of Rapp et al. (1999), which indicates that 
high-Al adakite-like suites can be produced by 15–40% partial melting 
of basalt-like rock compositions. In the Imbicuí Complex, this relation-
ship is similar, with values of εNd(t) of 8.2 and Sr/Y = 170, and εNd(828) 
of 7.5 and values of 122 ppm, compatible with the interpretation of 
Stevenson et al. (2009) for melting of basaltic derivation rocks at the 
origin of the adakites of the Imbicuí Complex. 

Neoproterozoic adakites (550 Ma) have been reported in the litera-
ture, for example, in the Siberian Craton, the Zimoveyney Massif (Ver-
nikovskaya et al., 2017) suggesting an origin from oceanic crust melting, 
however, mixed with material from the metasomatized mantle, which 
would be responsible for the negative εNd(t)values, which was not 
observed in the Imbicuí Complex, where the mantle-derived contribu-
tion, primordial or metasomatized, did not play an important role. 

In Pb isotopic terms, the 206Pb/204Pb and 207Pb/204Pb ratios suggest 
that the rocks of the Imbicuí Complex have a genesis associated with an 
orogenic environment, plotting with a shift from the mantle evolution 
curve (Enriched Mantle usually contaminated with lower crust, EM-I). 
This same behaviour is observed by the similarity of the Cambaí Com-
plex and the amphibolitic rocks of the Cerro Mantiqueira Complex, 
which suggests a dominant mantle contribution. Still, it does not exclude 
incipient upper-crust contamination (Enriched Mantle contaminated 
with the upper crust, EM-II) in their genesis. 

Thus, the geochemical characteristics suggest that the adakites of the 
Imbicuí Complex are associated with the partial melting of the oceanic 
subduction slab, which was metamorphosed under eclogitic conditions 
with subordinately slab sediment incorporation. In the Lavras do Sul 
region, a mafic rock with garnet was described as an eclogite of 903 Ma 
age (Sue et al., 1992; Pinto et al., 2021) and is suitable to represent the 
source of adakites of the Imbicuí Complex. 

5.4. Age of adakites 

Concerning its age, the adakite term was initially defined for 

Cenozoic rocks (Defant and Drummond, 1990). However, this criterion 
has not been considered for the use of the term since the chemical 
characteristics observed in adakites can be obtained from processes that 
are not directly linked to the age of the rock (Moyen, 2009; Castillo, 
2012; Ribeiro et al., 2016). 

The calc-alkaline rocks enriched in Na2O and HSA of the Imbicuí 
Complex are the leading group (e.g., metatrondhjemite PRE-1A) and can 
be described as adakitic of Tonian age, with the U–Pb (LA-ICP-MS in 
zircon) of 828 ± 8 Ma. However, the sample PRE-13I (metagabbro, 845 
± 3 Ma) has a tholeiitic geochemical signature, different in chemical 
terms compared with adakites, especially in the contents of REE, where 
it presents a horizontal pattern similar to rocks of the type MORB. An 
early tholeiitic dominant magmatism in the region, as observed in 
another Japanese adakitic complex (Yamizo Mountains; Takahashi 
et al., 2005), may represent the most significant fluid present in the early 
stages of subduction to produce adakites. 

The São Gabriel Terrane presents only the Tonian age described by 
Leite et al. (1998), with a U–Pb SHRIMP crystallization age of 879 ± 3 
Ma for Metadiorito Passinho. Again, the time interval for associating 
Metadiorito Passinho to the Imbicuí Complex is vast, around 17 Ma if the 
errors are considered. However, based on the studies by Laux (2017) and 
Philipp et al. (2018), these rocks are mapped and interpreted as linked to 
the same magmatism/island arc unit, all with adakite-like rock char-
acteristics. Thus, these ages varying from 879 Ma, 845 Ma, and 828 Ma 
could be interpreted as i) incremental batches generated in the same 
protracted island arc or ii) a generation interval of different island arcs 
amalgamated with the closure of the Charrua Ocean. 

Discussing the three ages for the rocks of the Imbicuí Complex, the 
presence of a population of zircons inherited from about 920 Ma occurs 
only in the sample (PRE-1A), suggesting: i) participation of an older 
oceanic crust in the generation of these rocks, or ii) the presence of 
zircons of that age in sediments incorporated during oceanic slab 
melting. Also, no Paleoproterozoic contribution in the zircon ages was 
characterized until now, precluding an “older” than 920 Ma crustal 
component in its evolution and adding another evidence to the juvenile 
magmatic character of these rocks. 

The Imbicuí Complex evolution in the São Gabriel Terrane can be 
explained by the subduction of the Charrua Ocean (Fragoso-César et al., 
1986) underneath the Nico Perez Terrane (Paleoproterozoic crust; 
Philipp et al., 2018) or below Arachania (Encantadas) Microplate 
(Paleoproterozoic crust; Ramos et al., 2017). The closure of the Charrua 
Ocean generated the subduction of the oceanic intra arc (island arc), 
where incremental melting events were responsible for the evolution of 
the juvenile arc – Passinho Arc (Hartmann et al., 2000) – beginning at 
879 Ma (Passinho Metadiorite) followed by a tholeiitic at 845 Ma to 
metatrondhjemitic calc-alkaline (low-K) magmatism at 828 Main the 
Imbicuí Complex (Fig. 13). Thus, the rock complexity can be explained 
by the high rate geodynamics hot subducted and extruded oceanic crust 
in an island arc setting. 

6. Conclusions 

The dioritic-tonalitic-trondhjemitic rocks of the Imbicuí Complex 
show characteristics similar to adakites, as observed by the high Sr/Y 
(~100) and La/Yb (~25) ratios. Adakite rocks in the region present calc- 
alkaline affinity with an age of 828 Ma, and subordinately the tholeiitic 
rocks present a crystallization age of 845 Ma. The adakites are classified 
as high-SiO2 (> 63%) and Type 1, with relative enrichment in Al2O3, and 
Na2O, associated with low values of K2O and MgO. 

The source for these adakites suggests oceanic crust melting, prob-
ably eclogitic, with little mantle involvement in its genesis (low Mg#, 
εNd(828) positive). The values of 87Sr/86Sr(i) suggest a MORB-like 
component (0.704) and a sedimentary component (0.709) in the 
origin of the Imbicuí Complex adakites which is also observed with the 
presence of circa 920 Ma inherited zircons. The εNd(828) (+8.2 to + 7.5) 
and model ages Nd-TDM of 0.8 and 0.9 Ga (similar to the age of 

Fig. 12. Diagram (La/Yb)N vs YbN for the Imbicuí Complex rocks in compari-
son with four partial-melting curves from a mid-ocean basalt (MORB) source 
(Zhang et al., 2019). Symbols as in Fig. 5. 



crystallization) suggest that these rocks represent juvenile magmatism 
generated in an orogenic environment (ratios 206Pb/204Pb and 
207Pb/204Pb, 17.70 to 18.40 and 15.49 and 15.55) of an island arc. 

In its initial phase, this arc produces magmas with the release of plate 
fluids and generation of low-deepness tholeiitic magmatic affinity with 
amphibolite as the main source and, subsequently, the high-deepness 
adakitic calc-alkaline rocks with eclogite as the main source. 

The subduction of an intra-oceanic arc linked to the Charrua Ocean, 
and orogenic metamorphism of the oceanic crust, combined with the 
participation of sediments, produced adakite-like rocks of the Imbicuí 
Complex, São Gabriel Terrane, Dom Feliciano Belt. 
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