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Injection of enriched lithospheric mantle magmas
explains the formation of microgranular enclaves in
the Rio Jacaré Batholith, Borborema Province, Brazil

Carlos Santana Sousa'?** @, Hiakan Santos Soares'? @, Maria de Lourdes da Silva Rosa?* @,
Herbet Conceicdo'>* ®

Abstract

The Rio Jacaré Batholith (RJB; 617 + 4 Ma) is inserted in the Pogo Redondo Domain, Sergipano Orogenic System. This batholith is formed
by monzodiorite, quartz monzodiorite, monzonite, and quartz monzonite, with abundant microgranular enclaves (MEs). The MEs vary from
black to light gray and exhibit globular to slightly elongated shapes with clear-cut, crenulated, and cuspate, or, more rarely, diffuse contacts.
They correspond to diorites, monzodiorites, quartz monzodiorites, and monzonites, and textural features indicate mixing of magmas, such as
compositional zoning in plagioclase, inclusion zones in plagioclase phenocrysts, poikilitic alkali feldspar, acicular apatite, and ocellar quartz.
Calculations of linear correlations of major elements showed that the smallest fraction of mafic magma involved in the mixing was 0.43. MEs
represent the breakdown and cooling of a mafic magma that was injected into a cooler felsic magmatic chamber. Emplacement of this mafic
magma occurred at different stages of crystallization of the RJB magmatic chamber. The MEs are magnesian and metaluminous, with affinity
to the shoshonitic series. Ratios for Ba/Nb (>23), Ba/La (> 15),and Nb/La (0.22-0.69) are characteristic of magmas generated from partial
melting of an enriched lithospheric mantle source. Batch melting modeling suggests that source melting rates of less than 3% are necessary to
generate magmas similar to those of the RJB MEs.
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INTRODUCTION of the keys to understanding the genesis and evolution of granites
According to Elburg (1996), there are four types of enclaves (Didier 1973, Barbarin and Didier 1991, Sarjoughian et al. 2017).
formed by different processes: Some authors consider the presence of MEs with cooled
* restite is a solid residue resulting from magma generation edges and xenocrysts in granites as evidence of the coexis-
(e.g., Chen et al. 1990); tence of magmas with different viscosities (e.g., Vernon 1984,
*  xenoliths are fragments of country rock (e.g.,, Hall 1991); Kumar and Rino 2006, Siuda and Bagiriski 2019). The rocks
* enclaves are formed through the segregation of early mafic formed have characteristic textures (e.g., rapakivi texture, ocel-
minerals (e.g., Dodge and Kistler 1990); lar quartz, inclusion zones in phenocrysts, compositional zon-
* microgranular enclaves (MEs) are cooled droplets of mafic ing in plagioclase, and biotite blades) that indicate the actions
magmas that intruded host granitic magmas (e.g,, Didier of mingling between magmas (Hibbard 1991). Geochemical
1973, Clemens et al. 2017, Siuda and Bagiriski 2019). data can also preserve evidence of mixing; the mixing can

cause, for example, the predominance of intermediate com-

ME:s are the most common types of inclusions in granitic positions, resulting from the mixture of basic and acid mag-

bodies (Barbarin and Didier 1991) and are considered to be one mas, and linear trends in Harker-type diagrams (e.g., Nardi

and Lima 2000, Reubi and Blundy 2009, Ruprecht et al. 2012,
Kumar et al. 2017).

In the Sergipano Orogenic System (SOS; Conceigdo et al.
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arlcss@uiba.br, hiakanss@ufba br, herbet@academicoufs.br few decades (e.g., Santos and Souza 1988, Davison and Santos

1989, Santos et al. 2001, Bueno et al. 2009, Oliveira 2014,
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This study presents and discusses the geological, petrographic,
and geochemical data of the MEs of the Rio Jacaré Batholith
(RJB), which is an important intrusion in the Pogo Redondo
Domain (PRD), located in the northern sector of the SOS.

REGIONAL CONTEXT

The SOS (Fig. 1A) is inserted in the southern portion of
the Borborema Province (Almeida et al. 1977). This orogen
is interpreted to be the result of the collision between the
Sanfranciscana plate, to the south, and the Pernambuco-Alagoas
Domain, to the northeast, during the Brasiliano Orogeny (D'l
Rey Silva 1992, Oliveira ef al. 2006, 2010). The seven geolog-
ical domains of the SOS are limited by shear zones (Davison
and Santos 1989, Silva Filho and Torres 2002 ): Estancia, Vaza-
Barris, Macururé, Marancd, Pogo Redondo, Canindé, and Rio
Coruripe. The Macururé, Marancé, Pogo Redondo, and Canindé
domains are characterized by abundant presence of granites.

The RJB occurs in the PRD (Fig. 1B), which, accord-
ing to Santos et al. (2001), represents the deepest crustal
exposure of the SOS. This domain is formed by the Pogo
Redondo Migmatitic Complex (Santos and Souza 1988)
and by Neoproterozoic granites (Carvalho 2005, Pinho
Neto et al. 2019, Sousa et al. 2019). The PRD is limited to
the north by the Canindé Domain and the Macururé Shear
Zone (Fig. 1A) and to the south by the Marancé Domain
and the Po¢o Redondo Shear Zone.

Microgranular enclaves in the Sergipano
Orogenic System

In the SOS, MEs have been described in several intru-
sions (Table 1). These enclaves, according to several authors
(e.g., Gentil 2013, Silva 2014, Lima 2016, Lisboa et al. 2019,
Pereira et al. 2019, Santos et al. 2019, Fernandes et al. 2020),
show globular and elliptical shapes. Their sizes range from
centimetric to metric.
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Figure 1. Geological schemes that contextualize the regional and local geology of the Rio Jacaré Batholith. (A) Sergipano Orogenic System
(Oliveira et al. 2006, after Pinho Neto et al. 2019); (B) Rio Jacaré Batholith (Sousa et al. 2019). Sao Francisco Craton (SFC); Pernambuco-
Alagoas Massif (PEAL). Shear zones: Macururé (MCSZ); Belo Monte Jeremoabo (MBJSZ); Sao Miguel do Aleixo (SMASZ); Itaporanga
(ISZ). Domes: Itabaiana (ID); Simao Dias (SDD); and Jirau do Ponciano (JPD).
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In the granites of the Macururé and Pogo Redondo domains
(e.g., Oliveira 2014, Silva 2014, Lisboa et al. 2019, Sousa et al.
2019, Fernandes et al. 2020), multiple enclaves, some with chilled
margins, are described. These enclaves are randomly distributed
in the intrusions or gathered in syn-plutonic dikes. In several
of these enclaves, alkaline feldspar xenocrystals attributed to
the host granites occur. These features provide evidence for
mixing between mafic and felsic magmas during the evolution
of these intrusions (e.g., Lisboa et al. 2019, Sousa et al. 2019).

The ME:s of the Ediacaran bodies in the SOS have com-
positions ranging from diorite, quartz diorite, monzodiorite,
quartz monzodiorite, monzonite, syenite, and alkali-feldspar
syenite to alkali-feldspar-quartz syenite (Fig. 2A). The mafic
minerals in these rocks are hornblende, biotite, diopside, and
titanite, as accessory minerals, magmatic epidote, apatite,
opaque minerals, and zircon are found. These rocks have sil-
ica contents varying from 44% to 63%, pointing to distinct
degrees of evolution (Fig. 2B), and they have an affinity with
shoshonitic series (Fig. 2C).

Rio Jacaré Batholith

TheRJB (167km?*) hasaU-Pb,, -
age of 6174 Ma (Sousa et al. 2019). It is intrusive to the Pogo
Redondo Migmatitic Complex and Sitios Novos Batholith
(Sousa et al. 2019). This batholith is composed of monzodi-

orite, quartz monzodiorite, monzonite, and quartz monzon-

zircon crystallization

ite, which occur in two petrographic facies, inequigranular,
and porphyritic (Fig. 1); they always present abundant MEs.

The Inequigranular Facies (Fig. 3A) is predominant in the
RJB and consists of gray rocks with a medium to fine inequi-
granular texture. Eventually, these rocks have magmatic folia-
tion and the elongated enclaves appear parallel or subparallel
to the foliation of the host rocks. The Porphyritic Facies (Fig.
3B) differs from the previous facies due to the presence of
alkali feldspar phenocrysts to macrocrystals, with sizes rang-
ing from 1 to 5 cm. The rocks of these facies are composed of
plagioclase (An,  _.), 1<03)» quartz, biotite (0.3
< Fe/(Fe + Mg) < 0.6), Mg-hornblende, titanite, magmatic
epidote, F-apatite, magnetite, ilmenite, and zircon.

microcline (Or

Table 1. Characteristics of the host plutons of MEs in the Macururé and Pogo Redondo Domains of the Sergipano Orogenic System.
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Q: quartz; A: alkali feldspar + albite with < 5% anorthite; P: plagioclase (anorthite > 5%); 1: Diorite; 2: quartz diorite; 3: tonalite; 4: monzodiorite; S:
quartz monzodiorite; 6: monzonite; 7: syenite; 8: alkali-feldspar syenite; 9: alkali-feldspar-quartz syenite. GNS: Gléria Norte Stock (Lisboa et al. 2019); CB:
Curituba Batholith (Gentil 2013); LRS: Lagoa do Rogado Stock (Silva 2014); MAS: Monte Alegre Stock (Oliveira 2014); GSS: Gléria Sul Stock (Conceigao
et al. 2016); CP: Capela Pluton (Pereira et al. 2019); FLS: Fazenda Lagoas Stock (Fernandes ef al. 2020).

Figure 2. Modal and chemical diagrams applied to the enclaves of different bodies of the geological domains of the SOS. (A) Streckeisen’s
(1976) QAP triangular diagram. (B) TAS diagram with fields proposed by Middlemost (1985). (C) Ta/Yb versus Ce/Yb diagram with fields

defined by Pearce (1982).
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The RJB rocks are magnesian and metaluminous, and
have a high-K calc-alkaline affinity and geochemical signature
consistent with a post-collisional environment (Brito 1996,
Sousa et al. 2019).

According to Oliveira et al. (2015), the RJB was probably
formed by a mixture of mantle-derived and crustal magmas.
These authors support this hypothesis based on (*’Sr/*Sr),
ratios ranging from 0.70656 to 0.70789, with € between

'Nd(617 Ma)

-1.15and -2.55 and T, ranging from 1.2 to 1.3 Ga.

MATERIALS AND METHODS

The studied samples correspond to MEs, with colors
ranging from light gray to dark gray. These rocks show no evi-
dence of alteration and have magmatic textures. In this study,
only samples from the central parts of the enclaves were col-
lected in an attempt to avoid possible interactions between the
periphery and the host magma. After grinding, the feldspar
xenocrysts present in some enclaves were manually removed
in order to obtain chemical data that corresponded as close as
possible to the composition of the original magma that orig-
inated these rocks.

In this study, rocks were named using the International
Union of Geological Sciences recommendations (Le Maitre
etal. 1989), and the modal data were obtained from the mod-
ified CIPW standard norm for hornblende-bearing rocks.

The geochemical analysis of major elements was obtained from
pressed pellets using a Shimadzu XRF-1800 x-ray fluorescence
spectrometer at the Condominium of Multiuser Laboratories of
Geosciences of the Federal University of Sergipe. The pellets were
made by mixing the samples with boric acid, which was sprayed
onto the samples, with a ratio of samples to boricacid of 3:1. Then,
the sample/boric acid mixtures were pressed in a hydraulic press
with a pressure of 60 kN for 30 s. The degree of confidence of the
analysis was evaluated through a comparison with certified ref-
erence materials (e.g, AVG-1, DTS-1, and QLO-1). The loss of
ignition was determined by calcinating the samples at a constant
temperature of 1,000°C in a muffle furnace for 2 h.

A L SO Xy

The trace elements were performed at the ALS commercial
laboratory (details can be obtained on the lab website — www.
alsglobal.com), Canada, through the package ME-MS81D. The
method consists of lithium borate fusion prior to acid disso-
lution and ICP-MS analysis.

MICROGRANULAR ENCLAVES OF THE
RIO JACARE BATHOLITH

Geology

The RJB MEs are fine-grained and show sizes from 2 cm
to 2 m, black to light gray colors, globular to elliptical shapes,
and clear-cut, crenulated, and diffuse types of contacts.

In the eastern portion of the RJB, the MEs have smaller
sizes, round shapes (Fig. 4A), and black color, and they are iso-
lated. In the western region, the MEs are more abundant, have
larger sizes, and occur more frequently in syn-plutonic dikes
(Figs. 4B-4D). These dikes are subvertical and have widths
ranging from 1.5 to 6 m, and their lengths are greater than 10
m. In the western sector, there is a greater variety of enclave
shapes exhibiting rounded to elongated features. They tend to
present varying shades of gray.

Globular to elongated MEs with clear-cut contacts (Fig. 4E)
predominate throughout the RJB. The elongated types are ori-
ented parallel to the batholith’s magmatic foliation. In the western
region, the MEs are also clear-cut but with more complex con-
tacts (Fig. 4F), including crenulated (Fig. 4G), lobate, sinuous,
and cuspate. The MEs with crenulated contacts are typically 15
cm long, while the MEs with other types of contacts are larger.

Some MEs have a grain size that decreases from the nucleus
to the border (Fig. 4E). Alkali feldspar and quartz xenocrysts in
the MEs are recurrent features and can be identified by their grain
size, which is similar to that of the host granite and larger than the
grain size of the MEs (Fig. 4H). In some cases, multiple MEs are
observed in the center of the R]B (Fig. 41); these enclaves are gray
and contain smaller, black enclaves. These black enclaves occur

both within the gray enclaves and in the host granite.

s

Figure 3. RJB rocks in the field. (A) Inequigranular Facies and (B) Porphyritic Facies. Note the centimetric sizes of the alkali feldspar crystals
and the finer grain of the matrix. Pinkish minerals with rectangular sections correspond to alkali feldspar crystals, white minerals correspond
to plagioclase, and black minerals correspond to biotite and hornblende. The diameter of the black circle is 7 cm.
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Petrography

The RJB MEs have dioritic, monzodioritic, quartz mon-
zodioritic, and monzonitic compositions (Fig. ). These rocks
sy 37-64% in
volume), microcline (1-15%), quartz (2-17%), hornblende
(3-26%), and biotite (8-33%). The accessory minerals are
titanite, epidote, allanite, F-apatite, magnetite, ilmenite, and

are composed essentially of plagioclase (An

zircon. MEs have a massif structure with fine-grained, porphy-
ritic, and hypidiomorphic textures (Fig. 6A). In the porphyritic
rocks, there are plagioclase phenocrysts and microcline and
ocellar quartz xenocrysts (Figs. 6B and 6C). All the textures
observed in these rocks are igneous and show no evidence of
solid-state deformation or recrystallization.

Plagioclase occurs as phenocrysts (1.7-5.8 mm) and in
the matrix (0.1-1.4 mm). These crystals are subhedral and
show albite and albite-Carlsbad twinning and frequent com-
positional zoning. The zoning is parallel to the crystal faces
and marked by the presence of opaque, biotite, and horn-
blende mineral inclusions (Fig. 6D). In some crystals, zon-
ing develops from rounded plagioclase nuclei, suggesting

Figure 4. Field images showing different structures of the various types of MEs identified in the RJB. (A) MEs with globular to elongated

dissolution (Fig. 6E). Patchy, boxy, cellular, and stepwise
textures can occasionally occur, indicating complex evolu-

tion during crystallization. Sometimes, saussuritization is

-60% Q
!
I
!
[
1
!
I
{ 20%
A

Q: quartz; A: alkali feldspar + albite with < 5% anorthite; P: plagioclase

(anorthite > 5%). 1: Diorite; 2: quartz diorite; 3: tonalite; 4: monzodiorite;
S: quartz monzodiorite; 6: monzonite; 7: syenite; 8: alkali-feldspar syenite;
9: alkali-feldspar-quartz syenite.

Figure S. Classification of the RJB MEs using the QAP diagram
(Streckeisen 1976). The orange area represents the composition of
the RJB rocks. The green area represents the compositions of the
other SOS MEs.

shapes and clear-cut straight contacts. (B, C, and D) Set of elongated enclaves with different sizes interpreted as syn-plutonic dikes. Note the
feature in the left corner of image D suggesting that the enclave’s magma was undergoing rupture as it generated MEs. (E) ME with clear-cut
contacts, showing a grain size increase from the edges to the center. Note the darker edges. (F) ME with crenulated to lobate margins. (G)
Round ME with a crenulated contact in its left portion. (H) Alkali feldspar xenocrysts in ME. It is possible to observe crystals penetrating the
enclave edges. (I) Multiple MEs in the RJB. Note the black enclaves inside the larger gray enclave.
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observed in the grain nuclei of some crystals. A myrmekitic
texture is occasionally present.

Perthitic microcline is anhedral, poikilitic, and occurs in
the matrix (0.1-1.5 mm) and as xenocrysts (1.7-11.7 mm). It
often shows albite-pericline twinning, but occasionally rem-
nants of Carlsbad twinning are found. Quartz presents a weak
undulose extinction. It occurs in the matrix (0.1-1.3 mm) and

sometimes as xenocrysts (1.5-4.3 mm) in the ocellar texture

(Figs. 6B and 6C), which shows zones of biotite and horn-
blende inclusion at the edges.

Brown biotite is subhedral and has brown to yellow
pleochroism. It is frequently associated with hornblende
crystals in mafic aggregates. Titanite crystals and anhe-
dral opaque minerals occur as inclusions in grain margins
and in cleavage planes. Green hornblende is subhedral to

euhedral and presents pleochroism in shades of green. It

LGRS

Figure 6. RJB ME textures. (A) General view of the ME texture (parallel nicols). (B) Macroscopic image of ME showing the quartz ocellar
texture (note black minerals at the edges of the crystal). (C) Quartz with ocellar texture. Note hornblende inclusions only at the edges of the

crystal. (D) Compositional zoning and inclusion zone in plagioclase. Note that the compositional zoning and the inclusion zone are parallel
to each other. (E) Plagioclase showing a nucleus with rounded faces and compositional zoning at the edges. (F) Acicular apatite crystals.
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commonly occurs in clusters along with biotite, titanite,
and opaque minerals.

Epidote is subhedral or anhedral. Anhedral crystals are
usually observed in the contacts with biotite, hornblende, and
plagioclase. The subhedral crystals are considered to be mag-
matic, showing dissolution features. They can also occur as
rims around allanite crystals. Rarely, vermicular quartz inclu-
sions are observed in the epidote. Allanite occurs sporadically
and subhedral titanite occurs as inclusions in most minerals
and locally formed clusters. Apatite is euhedral and acicular
(Fig. 6F), and, as individual elongated grains, it may be found
often included in various minerals (e.g., in plagioclase and
biotite). Zircon is euhedral (~0.1 mm) and occurs as inclu-
sion. Anhedral opaque minerals (magnetite and ilmenite) no
larger than 0.4 mm are associated with biotite, hornblende,

and titanite crystals.

Geochemistry

The chemical data of representative samples of the RJB
MEs are shown in Tables 2 and 3.

In the Na,O + K, O versus SiO, diagram, MEs are placed
in the monzogabbro, monzodiorite, monzonite, and quartz
monzonite fields (Fig. 7A). Most samples show SiO, contents
of 53-61 wt%, except for sample SOS-850B, which has 48%
$i0,. The MgO (2.5-7.17%), K, O (2.05-7.54%), Fe,O, (5.5~
12.21%), CaO (3.5-8.21%),and Na,O (2.1-4.63%) contents
of the MEs also show wide variation. The AL O, content varies
little (13.61-16.69%). The total amount of alkalis (Na,0+K,0)
in the studied rocks ranges from 5.87% to 9.64%, and the K,O/
Na, O ratio ranges from 0.46 to 3.59.

The RJB MEs are metaluminous (Fig. 7B) and belong to
the magnesian suite (Fig. 7C). The K,0-8i0,, K,0-Na,0,
and Ce/Yb-Ta/Yb relationships indicate a shoshonitic affin-
ity (Figs. 8A-8C). There is an increase in K O in a group
of samples with SiO, contents between 58 and 61%, split-
ting the population into two groups: one is positioned in
the calc-alkaline field and the other in the shoshonitic field
(Fig. 8A). This K,O variation may be due to an increase
in the volume of alkali feldspar. The rare earth element
patterns (Fig. 9) show enrichment in light rare earth ele-
ments (LREEs) rather than in heavy rare earth elements
(HREEs). The [La/Yb] and [La/Sm] ratios range from
9.08 to 33.26 and from 2.04 to 4.77, respectively. Negative
Eu anomalies are present with Eu/Eu* ranging from 0.48
to 0.88. It is observed that the samples are distributed into
three groups of spectra (Fig. 9): 1: the sample SOS 850B
(48.09% SiO,), which has a higher sum of ETR; 2: a set
of samples with weak negative Eu anomalies (0.68-0.88);
and 3: samples SOS 844B and SOS 867B, which show the
most negative Eu anomalies (0.48-0.65).

DISCUSSION

The MEs found in the RJB are easily observed in the field
due to their abundance, high frequency in outcrops, and dark
color, and because they are fine-grained, differing from the
light-colored rocks that dominate this batholith. According
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to Kumar et al. (2004), enclaves with grain sizes finer than
the host granites and lacking cumulate texture are not the
residuum of a fractional crystallization that might have gen-
erated the host. According to Torkian and Furman (2015),
the presence of MEs with fine-grained margins, microgranu-
lar or/and porphyritic textures, plagioclase crystals showing
disequilibrium textures, and compositional variation indi-
cates that these enclaves are products of magmatic mingling.
These features are found in the RJB MEs and suggest that
they were formed from magma and do not represent cumu-
lates or restites. Therefore, the nature of these enclaves must
reflect magmatic processes, such as the mixing of magmas
and fractional crystallization.

Evidence for mixing and mingling processes

Mixing

The RJB MEs show a large variation in their SiO, con-
tent (48-61%), but intermediate compositions predominate.
According to Reubi and Blundy (2009) and Ruprecht et al.
(2012), the generation of rocks with intermediate composi-
tions results, in most cases, from the coexistence and mixing of
contrasting magmas. According to Janousek et al. (2004), the
compositional variation of MEs can be considered the mixing
of a mantle-derived mafic magma with crustal magmas. Some
authors (e.g., Barbarin and Didier 1991, Shukla and Mohan
2019) consider some features that are also found in the RJB
ME:s (e.g., variation in the color of the MEs, presence of multi-
ple MEs, and diffuse contacts), a reflection of different degrees
of homogenization and the role of mixing between the paren-
tal mafic magma and the felsic host.

The mixing of two magmas only occurs when their viscos-
ities are similar (Fernandez and Barbarin 1991, Weidendorfer
et al. 2014). According to Winter (2014), the catazone is a
region in the crust where rocks experience high temperatures
and the viscosity difference between different materials is rel-
atively low. According to Sousa et al. (2019), the RJB rocks,
the host rocks of the studied MEs, were crystallized at a depth
of 25 km with a Mg-hornblende crystallization temperature
0f 826°C. Probably, these emplacement conditions of the RJB
allowed its magma and the ME magma to have similar viscos-
ities, favoring mixing processes to occur.

Mixing between magmas can often be inferred by
identifying linear trends in binary diagrams. The samples
studied in the CaO/SiO2 versus FeOt/SiO2 diagram show
an alignment that suggests that mixing between magmas
has occurred (Fig. 10A). This trend is consistent with two
mixing components: a mafic magma (enclaves) and a felsic
magma (host granite).

The variation in the SiO, content of the RJB MEs suggests
that the compositions represent different degrees of hybrid-
ization. Therefore, the relative contributions of the mafic and
telsic magmas were estimated using the linear correlation of
major elements with the mixing algorithm of Fourcade and
Allegre (1981). According to these authors, if mixing occurs,
this process will affect each chemical element of the magmas,

so that it will satisfy the following relation (Eq. 1):
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C -C.=m(C -C) (1) C' = the concentration in the mafic magma;
m = the fraction of the mafic magma in the mixture.
Where:
C' = the concentration of element i in the hybrid magma; Using the algorithm by Fourcade and Allegre (1981), the
C'.= the concentration in the felsic magma; samples SOS 850B (48% SiO,) and SOS 854 (72.6% SiO,,

Table 3. Representative chemical analysis of trace elements of RJB MEs. Values are in parts per million.

SOS SOS SOS SOS SOS SOS SOS SOS SOS SOS SOS SOS
850B 876B 867B 849B 844B 861M 853D 861P 861E 861T 848B 861C

Ba 1,162 626 770 564 300 819 655 819 947 896 817 862
Rb 208.4 98.8 158.0 120.0 174.0 234.0 132.5 233.0 233.0 243.0 115.5 213.0
Sr 969 683 540 678 316 463 585 450 491 489 561 521
Zr 271 230 237 228 177 240 196 242 250 242 264 212
Nb 15.35 10.70 9.80 8.74 13.00 11.00 12.36 11.40 10.50 11.30 9.60 11.00
La 50.4 34.5 45.1 33.2 18.8 45.9 354 48.2 41.5 42.0 43.5 46.9
Ce 109.3 76.9 80.4 723 46.3 98.2 78.4 104.0 95.4 90.9 88.8 84.1
Pr 14.41 9.48 8.28 9.35 5.97 11.45 10.28 12.05 11.35 10.7 10.25 10.2
Nd 64.8 38.6 29.3 41.7 22.9 42.5 44.2 45.6 44.9 40.2 37.0 379
Sm 13.1 7.39 5.82 8.80 4.80 7.66 8.40 8.29 8.25 6.90 7.24 6.93
Eu 3.34 2.16 1.32 1.70 1.3§ 1.29 2.02 1.36 1.39 1.28 1.32 1.69
Gd 10.37 6.74 4.10 6.70 3.79 5.30 6.49 5.60 5.37 4.80 4.67 5.27
Tb 1.23 0.83 0.46 0.83 0.41 0.53 0.84 0.65 0.62 0.50 0.52 0.57
Dy 5.85 4.37 2.62 4.15 2.57 3.14 4.05 2.89 3.17 3.02 293 3.3
Ho 0.82 0.85 0.46 0.69 0.47 0.51 0.71 0.51 0.55 0.45 0.53 0.57
Er 2.12 2.16 1.32 2.01 1.35 1.29 1.95 1.36 1.39 1.28 1.32 1.69
Tm 0.24 0.27 0.18 0.28 0.21 0.18 0.27 0.19 0.20 0.16 0.21 0.22
Yb 1.50 1.70 0.99 1.70 1.38 0.92 1.70 1.01 1.11 1.13 1.03 1.32
Lu 0.20 0.29 0.19 0.23 0.23 0.19 0.26 0.18 0.17 0.17 0.19 0.20
Y 24.23 20.30 11.20 19.84 13.20 13.30 21.30 13.40 13.40 12.70 13.00 14.80
Cs 25.00 5.82 7.30 10.36 13.15 13.40 6.71 15.15 17.00 18.65 4.74 14.15
Ta 0.71 0.90 0.70 0.44 0.90 0.90 0.92 0.80 0.70 1.00 0.80 0.90
Hf 7.96 5.80 6.10 6.55 5.50 6.00 5.88 6.40 6.20 6.00 6.70 5.60
Ga 31.9 23.7 23.6 27.1 29.7 24.8 27.1 25 24 25.3 242 25.1
Sn 8.4 4.0 6.0 4.1 9.0 5.0 1.1 5.0 4.0 4.0 4.0 4.0
Th 8.40 5.66 9.86 4.60 5.81 10.80 8.80 11.25 9.59 9.84 13.10 10.80
\% 227 172 137 133 118 113 110 120 123 102 125 98
w 4.9 276.0 274.0 <0.1 4.0 720.0 <0.1 693.0 529.0 542.0 7.0 428.0
Eu/Eu* 0.88 0.82 0.48 0.68 0.65 0.81 0.84 0.81 0.81 0.87 0.77 0.76
(YI];SI/\] 22.40 9.61 30.37 13.02 9.08 33.26 13.88 31.82 24.92 24.78 28.16 23.69
(La/

Sm)N 2.37 2.04 4.77 2.32 2.41 3.69 2.59 3.58 3.09 3.74 3.70 4.16
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Figure 7. Chemical classification diagram applied to the RJB MEs. (A) Na,O + K, O versus SiO, diagram with fields defined by Middlemost
(1985). (B) Aluminum saturation A/CNK (ALO,/(CaO + Na,O + K,0)) versus A/NK (AL,0,/(Na,O + K,0)) diagram of Maniar and
Picolli (1989). (C) FeOt/(FeOt+MgO) versus SiO, diagram (Frost et al. 2001). The orange area corresponds to the RJB rocks, and the gray
area, in diagram A, represents the field of medium alkalinity rocks.
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obtained from Sousa et al. 2019) were considered as repre-
sentatives of the mafic and felsic magmas, respectively. To
represent the hybrid magma, ME SOS 816C, which has a rel-
atively high SiO, content (61.9%), was used, because it is the
ME with the highest degree of hybridization (high SiO, and
low V). A good linear correlation was obtained with the ana-
lyzed rocks, with R”=0.991 (Fig. 10B). The angular coefficient
obtained represents the fraction of the mafic magma involved
in the mixing; for the SOS 816C sample, it is 43%.

Mingling
According to Perugini and Poli (2012), the evolution

of the rheological contrast between magmas can be rebuilt

from the study of magmatic enclaves. The various forms of

MEs can be controlled by the differences in the viscosities/

rheologies of the magmas, and the more complex the forms,

the greater these differences will be (Fernandez and Barbarin

1991, Perugini and Poli 2011). According to Petford (2003),

several studies estimate that, regardless of composition, the

transition from Newtonian to non-Newtonian behavior for

magmas occurs when the magma is between 30% and 50%

crystallized. Fernandez and Barbarin (1991) acknowledged

that the injection of mafic magma at different stages of felsic
magma crystallization can generate varied structures:

*  when the felsic host magma has a Newtonian behavior (up
to 30% crystallized), active convection induces the disper-
sion of mafic magma droplets, generating globular MEs;

* when the felsic magma has a viscoplastic behavior (30
to ~50% crystallized), the ME shapes can be deformed;

* when the felsic magma is 70-90% crystallized, early frac-
tures can be formed and allow the mafic magma to be

injected, which will result in syn-plutonic dikes.

The formation of these syn-plutonic dikes can occur in two
ways, depending on their thickness. When the mafic magma
is injected as thin dikes, it quickly reaches a thermal balance
by cooling down and becoming rigid. During the subsequent
movements of the host magma, the dikes are broken, result-
ing in a syn-plutonic dike composed of MEs with angular
contacts. When the mafic dike is thicker, its cooling is slower
and it can overheat the host magma at the contacts, which will
undergo limited partial melting. Local convection, caused by
the increase in the thermal gradient, willinduce the dispersion

of the mafic magma as bubbles of various sizes, transforming
the mafic dike into a corridor of MEs (syn-plutonic dike).

In the RJB, MEs with globular, elongated shapes and well-de-
fined contacts (crenulated, cuspate, lobate, and sinuous) are found,
in addition to syn-plutonic dikes composed of various enclaves of
different shapes and sizes. These features indicate that mafic mag-
mas were injected during two different crystallization stages in the
RJB magmatic chamber. According to the model of Fernandez
and Barbarin (1991), MEs with globular shapes were formed
when mafic magma was injected into the felsic magmatic cham-
ber of the RJB, with up to 30% crystallized, and disaggregated by
convective movements; this also agrees with the interpretations
of other authors about the genesis of globular MEs (e.g., Vernon
et al. 1988, Castro et al. 1991, Liu et al. 2013, Shukla and Mohan
2019). Since MEs with such features are well distributed through-
out the RJB, we believe that the input of mafic magma in this stage
was important. It is believed that the RJB MEs with crenulated,
cuspate, lobate, and sinuous contacts were formed when the fel-
sicmagmatic chamber had a degree of crystallization greater than
30%, as a greater difference in viscosity is necessary to generate
these more complex forms (e.g., Perugini and Poli 2011). The
input of mafic magma was probably more restricted at this stage,
as enclaves with these types of contacts in the RJB only occur in
the western region of the batholith.

The syn-plutonic dikes observed in the RJB indicate

the occurrence of mafic magma pulses in the late stages of

1000
3 —e— ME-RJB

E o —
E oo > 3R SOS 8508
[50S aana.)k:h'\'\" 4

Yb
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1 La Pr Pm Eu
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ME-RJB: microgranular enclaves of the Rio Jacaré Batholith.
Figure 9. Chondrite-normalized (Nakamura 1974) REE diagram
for the RJB MEs. Composition of the metasomatized mantle of

Kaczmarek et al. (2016).
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Figure 8. Geochemical diagrams for magmatic affinity inference. (A) K,O versus SiO, diagram of Peccerillo and Taylor (1976). (B) K,O
versus Na,O diagram of Turner et al. (1996), characterizing the nature of the ME magma. (C) Ta/Yb versus Ce/Yb, with fields defined by

Pearce (1982). The orange area corresponds to the RJB compositions.
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crystallization, when 70-90% of the felsic magmatic chamber
was crystallized, and that the presence of this mafic magma
increased the local temperature, provoking the partial melt-
ing of the felsic magma. It is suggested that the contribution
of mafic magma in the late stages of the crystallization of the
RJB was restricted, as the syn-plutonic dikes are limited to the
western region. The RJB’s multiple ME types also suggest the
occurrence of more than one mafic magmatic pulse during the
evolution and formation of this batholith.

Some textures found in the RJB MEs also indicate that
these enclaves probably represent the breakdown of the mafic
magma that was injected and cooled in a cooler felsic mag-
matic chamber:

* zones of inclusion in plagioclase and ocellar quartz crys-

tals (Hibbard 1991);

* aboxy cellular plagioclase texture (Hibbard 1991);
* acicular apatite (Wyllie et al. 1962, Hibbard 1991).

According to Torkian and Furman (2015), these textures
and the crenulated and cuspate contacts between the MEs
and the host rocks can be attributed to the mingling/mixing
of magmas.

Feldspar and quartz xenocrystals in the ME can be observed
in the field. The presence of xenocrystals in these enclaves
indicates that the phenocrysts of the host magma surpassed
the ME edges and were trapped inside (Barbarin and Didier
1991, Perugini et al. 2003). This indicates that the mafic and
felsic magmas interacted with each other and had different rhe-
ologies, allowing the exchange of crystals between them in a
mingling process (e.g., Perugini et al. 2003, Yang ef al. 2015).

Therefore, it is suggested that the studied rocks are a prod-
uct of partial chemical equilibrium between mafic and felsic

magmas, representing a mingling/mixing process.

Magma of the microgranular enclaves
MEs in granites have been interpreted (e.g., Bonin 2004,
Janousek et al. 2004, Chen et al. 2007) as mantle-derived mafic

magmas that underwent mixing/mingling after being injected

into a deep crustal felsic magmatic chamber. The chemical com-
positions of the MEs studied reveal their affinity with the magne-
sian series and indicate that this mafic magma was hydrated and
crystallized in an oxidizing environment, as suggested by Frost
and Lindslay (1991) for rocks in this series. High fO, can also
be inferred from the presence of titanite, quartz, magnetite, and
hornblende (e.g,, Wones 1989). Furthermore, most of the RJB
ME:s have high K O, with K,O/Na,O > 1, which is the charac-
teristic of shoshonitic rocks (Figs. 8A-8C). K, O is high regard-
less of the rocks” SiO, content, and according to Turner et al.
(1996), rocks with these characteristics probably reflect a potas-
sium phase not only during fractionation but also at the source.

According to Furman and Graham (1999), an increase in
the Rb/Sr ratio in relation to the primitive mantle may suggest
that phlogopite was the hydrated mineral present at the source,
while high Ba/Rb ratios suggest the presence of amphibole.
The Rb/Srratios of the RJB MEs range from 0.14 to 0.55, and
the primitive mantle has a ratio of 0.03 (Sun and McDonough
1989), suggesting mingling and can also indicate that the phlo-
gopite in the source participated in the partial melt responsi-
ble for the magmas that generated the studied MEs (Fig. 11).

Shoshonitic magmas have as their main source the sub-
continental lithospheric mantle or the asthenospheric man-
tle, which were both previously enriched in incompatible ele-
ments by subduction (e.g., Aldanmaz et al. 2000). The studied
MEs show depletion in Ti, Nb, and Ta (Fig. 12) and high Th/
Yb ratios, which are typical signatures of magmas generated
in an orogenic environment and represent contributions from
the subducted plate (e.g., Foley and Wheller 1990, Ringwood
1990, Pearce 2008). RJB MEs have higher Th/Yb ratios than
mantle evolution curves defined for MORBs and OIBs, which
suggest subduction-induced source metasomatism (Fig. 13).
The Hf, Th, Zr, Ce, and Nb content of the studied rocks indi-
cates that this magma is formed in a post-collisional orogenic
environment (Figs. 14A and 14B).

High LILE and high Ba/Nb (> 13) and Ba/La (> 8) ratios
are suggestive of enriched mantle sources (Ryan et al. 1996,
Kepezhinskas et al. 2016). Such ratios in the RJB MEs are above
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Cf: element concentration in felsic magma; Cm: element concentration in mafic magma; Ci: element concentration in hybrid magma; m: fraction of mafic

magma in the mixture; R?: correlation coefficient.

Figure 10. Geochemical diagrams used to simulate the mixture of mafic and felsic magmas. (A) CaO/ SiO, versus FeOt/ SiO, diagram of
Berzina et al. (2014). (B) Test diagram of the mixing of larger elements of Fourcade and Allegre (1981), which indicate the role of the mixing
of the ME and RJB magmas. The orange area corresponds to the RJB compositions.
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23 and 15, respectively, so they are compatible with enriched man-
tle sources. In addition, the low values of the Nb/La ratios (0.22—
0.69) are consistent with a lithospheric mantle source (Fig. 15).
Sample SOS 850B is considered to be the most primitive of
the RJB MEs, without evidence of cumulatic texture, low SiO,
content (48%), moderate MgO (5.2%), and high CaO (8.2%)
and V (227 ppm). It is also the only sample that presents nor-
mative olivine. Although the MgO content of this sample is not
the highest among the MEs, its composition is similar to the
compositions described for shoshonitic basalts (Morrison 1980)
or trachybasalts of the Roman Province (Miiller and Groves
2019). When calculating the partial melting of the metasoma-
tized mantle by using the mantle composition (which consists
of clinopyroxene (43%), amphibole (34%), phlogopite (22%), Figure 13. Nb/Yb versus Th/Yb diagram (Pearce 2008) applied to
and spinel ( 1%)) of Kaczmarek et al. (2016), employing the the RJB MEs. The green area represents the compositions of other
batch melting model, the result points to a partial melting rate SOS MEs.
ofless than 3% to generate magmas with compositions similar
to that of sample SOS 850B (Table 4 and Fig. 16). According to
Conceigdo and Green (2004), low melting rates are necessary

Figure 14. (A) Hf-Th-Nb/2 diagram (Krmicek et al. 2011) and (B)
Nb*S0 - Zr*3 - Ce/P,0, diagram (Miiller et al. 1992) applied to
the RJB MEs, showing the post-collisional orogenic affinity. The
green area represents the compositions of other SOS MEs.

SCLM: subcontinental lithospheric mantle; PM: primitive mantle (Sun and

McDonough 1989).

Figure 11. Ba/Rb versus Rb/Sr diagram after Furman and Graham

(1999), suggesting the presence of phlogopite in the mantle source

of the RJB MEs. The green area represents the compositions of the Figure 15. La/Yb versus Nb/La diagram (Smith et al. 1999)

other SOS MEs. applied to the RJB MEs.
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Figure 12. Chondrite multi-elemental diagrams for the RJB MEs (Thompson 1982). Composition of the metasomatized mantle from Kaczmarek
et al. (2016). The colored lines correspond to the average compositions from enclaves of the Gléria Norte Stock [GNS; Lisboa et al. 2019];
Curituba Batholith [CB; Gentil 2013]; Lagoa do Rogado Stock [LRS; Silva 2014]; Monte Alegre Stock [MAS; Oliveira 2014]; Gléria Sul Stock
[GSS; Conceigio et al. 2016]; Capela Pluton [CP; Pereira et al. 2019]; and Fazenda Lagoas Stock [FLS; Fernandes et al. 2020].
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for the formation of shoshonitic magmas; this is consistent
with the values obtained in this work.

Sousa et al. (2019) found normal zoning in plagioclase
crystals of the RJB MEs. This type of zoning in plagioclase sug-
gests that magmatic fractionation occurs during the process of
mixing magmas. The occurrence of pronounced valleys in Ba
and Sr, and the negative Eu anomalies in multielementary dia-
grams (Fig. 12) may indicate the fractionation of plagioclase.
The predominance of P peaks (Fig. 12) may suggest the chem-
ical diffusion of P from the host magma to the enclave magma,
leading to the crystallization of apatite (Nardi and Lima 2000).
The decrease in the P,O, and (La + Ce) content with the evo-
lution of the ME magma supports the assumption that the frac-

tional crystallization of apatite was an active process (Fig. 17).
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Figure 16. Chondrite multi-elemental diagram (Nakamura 1974) of the
partial melting of the metasomatized mantle (Kaczmarek et al. 2016).
The blue lines were obtained from the batch melting calculation. The
partition coefficients used in the calculation are from Foley et al. (1996),

Zacket al. (1997), Grégoire et al. (2000), and Elkins et al. (2008).

Table 4. Values obtained from the calculation of the partial melting of the metasomatized mantle (MM; Kaczmarek et al. 2016) using the batch
melting method. Partition coefficients in the calculations from Foley et al. (1996), Zack et al. (1997), Grégoire et al. (2000), and Elkins et al. (2008).

PM 1% PM 2% PM 3% PM 4 % PM 5 % MM SOS 850B
La 68.75 56.87 48.49 4226 37.45 3.17 50.4
Ce 132.17 117.79 106.23 96.74 88.80 10.10 109.3
Nd 52.77 50.49 48.39 46.46 44.68 9.62 64.8
Sm 12.56 12.09 11.65 1124 10.86 2.58 13.1
Lu 0.19 0.18 0.18 0.17 0.17 0.07 02

PM: partial melting rate.
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Figure 17. Binary Sr versus CaO, (FeO* + MgO) versus S, P,O, versus (La + Ce), and V versus TiO, diagrams applied to the RJB MEs,
showing vectors that correspond to the fractionation of plagioclase, amphibole, apatite, and titanite.
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The Ti valleys in multielementary diagrams, in addition to rep-
resenting a signature of the magmatic source, also suggest the
fractionation of titanite and opaque minerals. By observing the
behavior of compatible elements in some minerals (Srand CaO
in plagioclase, Sr and (FeO* + MgO) in amphibole, P,O, and
(La+ Ce) in apatite and V and TiO, in titanite) and the degree
of ME magma evolution, it was observed that there is a decrease
in these chemical elements with the evolution of the ME mag-
mas (Fig. 17). This reinforces the hypothesis that the fractional
crystallization of these minerals may have also contributed to
the compositional variation of the MEs studied.

Inference about the nature of mafic
magmas in the Sergipano Orogenic System

In the SOS, MEs are found mainly in intrusions of the
Macururé and Pogo Redondo domains, such as in the Gléria
Norte Stock (Lisboa et al. 2019), Curituba Batholith (Gentil
2013, Lima 2016), Lagoa do Rogado Stock (Silva 2014), Monte
Alegre Stock (Oliveira 2014), Gléria Sul Stock (Conceigao
et al. 2016), Fazenda Lagoas Stock (Fernandes et al. 2020),
RJB (Sousa et al. 2019), and Capela Stock (Pereira et al. 2019).
Many of these plutons are more than 10 km apart and have
ages varying from 631 to 588 Ma.

The geochemical data of the studied samples were compared
with those ME of other plutons of the SOS. The geochemis-
try indicated that all these MEs are metaluminous and mag-
nesian, and they have shoshonitic affinity. The abundances of
trace elements and REEs in the MEs are also similar, and this
isreflected by similar incompatible element patterns (Fig. 12).

Despite their different ages, the MEs from the Macururé and
Pogo Redondo plutons have similar characteristics, which suggest
that the mafic magma responsible for the formation of these MEs
had a similar source to the magma of the RJB MEs: the lithospheric
mantle enriched in incompatible elements. This type of source
was also attributed to K-diorites from the Borborema Province
by Hollanda ef al. (2003) and is confirmed when comparing the
variation of the (¥/Sr/*Sr), ratios (between 0.7059 and 0.71202)
and of €, (from -9.3 to -20.1). It is likely that the source of the
RJB MEs is the same as the source described by Hollanda et al.
(2003 ) for the potassic mafic magmas of the Borborema Province.

CONCLUSIONS
The origin of the RJB MEs can be summarized in four

steps (Fig. 18):

e Step 1: A 3% rate of partial melting of the lithospheric man-
tle previously enriched in incompatible elements by sub-
duction, originating the shoshonitic mafic magma respon-
sible for the generation of the MEs of the RJB;

*  Step 2: The injection of this mafic magma when the RJB
magmatic chamber had crystallization rates ranging from
0 to 30% allowed mixing between these magmas, the dis-
aggregation of the mafic magma by convection currents,
and the subsequent formation of MEs with globular shapes
throughout the RJB;

*  Step 3: Newinjections of shoshonitic mafic magma, which

occurred when the RJB magmatic chamber was more than

Stage | - Origin of the mafic magma by partial melting of 3 % of the lithospheric mantle
and enrichment in LILE by subduction

/Parﬁal melting of 3 %

— Dehydratation

Stage Il - Injection of the magma mafic in RJB magma chamber < 30 % cristallized
forming globular enclaves and mixing

Stage IIl - Injection of the magma mafic in RIB magma chamber > 30 % cristallized
forming enclaves with complex forms and crenulated contacts

Stage IV - Injection of the magma mafic in RJB magma chamber 70-90 % cristallized
forming syn-plutonic dykes
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Mafic magma: red color; MEs: black color.
Figure 18. Schematic model of the different steps of the formation
of MEs in the RJB.

30% crystallized, generating MEs with complex shapes and
crenulated, sinuous and cuspate contacts in the western
region of the batholith;

*  Step 4: The late injection of mafic magma in the western
region of the RJB magmatic chamber (which was 70-90%
crystallized) resulted in the formation of syn-plutonic dikes.

The chemical data of the studied MEs suggest that the mix-
ing between the ME mafic magma and the RJB felsic magma
was important, and also that the smallest fraction of mafic
magma involved in this process was 43%. Mixing was respon-

sible for the generation of MEs with various colors (black to
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gray) and contributed to the compositional variation of these
rocks, which have diorite, monzodiorite, quartz monzodiorite,
and monzonite compositions. Furthermore, the fractionation
of plagioclase, hornblende, titanite, and apatite may have also
contributed to the compositional variation of the RJB MEs.
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