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a b s t r a c t
A manifestation of the Pan-African-Brasiliano orogeny (700–550 Ma) in northeastern Brazil was the emplacement of widespread Neoproterozoic granitoids in diverse tectonic terranes. Among these plutons are
the magmatic epidote-bearing Conceição das Creoulas, Caldeirão Encantado, Murici, and Boqueirão plutons,
located close to the boundary between the Alto Pajeú and Cachoeirinha–Salgueiro terranes. The plutons
are high-K calc-alkalic granodiorites to monzogranites, with tabular K-feldspar megacrysts.
Pistacite [atomic Fe + 3/(Fe3++ Al)] in epidote in these granitoids ranges from 21 to 27%. High oxygen fugacity
(log fO2 − 19 to − 13) and the preservation of epidote suggest that the magma was oxidized. Al-inhornblende barometry indicates hornblende solidiﬁcation between 6 and 8 kbar, at 620 to 780 °C according
to the hornblende–plagioclase thermometer. Zircon saturation thermometry attests to a near-liquidus temperature range from 794 to 853 °C.
Partial corrosion of magmatic epidote in these four plutons occurred during an interval of no more than 10–
30 years, which corresponds to maximum magma ascent rates of 650–1000 m/year. Diking, associated with regional shearing, probably facilitated rapid transport of granitic magma through hot continental crust at peak metamorphism, and permitted survival of epidote that was out of equilibrium at the low pressure of ﬁnal emplacement.
Similarities between mineralogical composition, chemistry, and isotopic compositions (εNd(0.60Ga) between −2
and −5,TDM from 1.2 to 1.3 Ga, δ18O valuesN 10‰, V-SMOW) of these four plutons and Neoproterozoic magmatic
epidote-bearing plutons elsewhere in northeastern Brazil, argue for similar metabasaltic/maﬁc sources that had
previously experienced low-temperature alteration.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
The chemical and mineral compositions of magmatic rocks are combined outcome of the chemical composition of the source, nature of the
processes of melt segregation, ascent and emplacement, and accompanying mineral fractionation and wall-rock assimilation. Detailed geochemical studies provide insight into these source attributes and
subsequent magmatic processes, and the tectonic environment. Chemical compositions of amphibole, feldspar, biotite, epidote, titanite, and
Fe–Ti oxide minerals reﬂect physicochemical parameters (pressure, temperature, and oxygen fugacity) during crystallization (e.g., Abbott, 1985;
Abbott and Clarke, 1979; Speer, 1987). Al-in-hornblende is considered to
be a reliable barometer (e.g., Anderson and Smith, 1995; Hammarstrom
and Zen, 1986; Schmidt, 1992) and the hornblende–plagioclase pair is
considered to be a reliable thermometer (Blundy and Holland, 1990;
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Holland and Blundy, 1994), provided that assumptions are fulﬁlled
upon which these methods are based. Magmatic epidote (mEp) can be
also used for estimating pressure and oxygen fugacity during magma
crystallization (e.g., Naney, 1983; Zen and Hammarstrom, 1984). Titanite
composition, being P–T dependent (Enami et al., 1993) has also been
employed, in conjunction with Fe–Ti oxide compositions, to estimate oxygen fugacity (Wones, 1989).
High-K calc-alkalic granitoids have high-K contents and are
enriched in other incompatible elements (e.g. U, Th, Rb and some rare
earth elements) compared to low-K calc-alkalic granitoids. High-K
I-type granitoids, although prominent features of orogenic belts, are
surprisingly the least understood granitoids in terms of processes and
source materials (Roberts and Clemens, 1993) despite the use of trace
element geochemistry, isotope systematics and experimental petrology. Uncommon chemical characteristics have attracted attention to
high-K calc-alkalic granitoids (e.g. Ague, 1987; Speer, 1987; Vyhnal et
al., 1991). Empirical thermodynamic calculations have been applied to
chemical compositions of mineral pairs of calc-alkalic and high-K calcalkalic plutons and results together with bulk rock chemistry, help to
classify them, work out their crystallization history and gain a better understanding of their tectonic meaning.
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The Borborema Province, in northeastern Brazil, covers an area of
about 380,000 km 2, developed during the Brasiliano Cycle (Almeida
et al., 1981). It is limited by the São Francisco and Parnaíba provinces
as well as by coastal basins and part of the continental margin. Geochemical and isotopic (U–Pb zircon; whole-rock Sm–Nd) studies
have helped to subdivide the Borborema Province into different tectonic domains (e.g., Almeida et al., 1981; Fetter et al., 2000; Hackspacker
et al., 1990; Van Schmus et al., 1995 among others). Neoproterozoic plutonic magmatism in this province consists of several associations
(Ferreira et al., 1998, 2004; Sial, 1986; Sial et al., 2008), of which
the high-K calc-alkalic (with a minor magmatic epidote-bearing
component) rocks are the most voluminous. Plutons in this association
intrude different tectonostratigraphic terranes of the Borborema
Province.
Notable characteristics of Borborema high-K calc-alkalic granitoids include well-preserved internal structures (e.g., Tavares pluton;
Weinberg et al., 2001), their emplacement at mid-crustal levels closely
related to active shear zones (Weinberg et al., 2004), and their petrology (e.g., Ferreira et al., 2004, 2011; Sial, 1986; Sial et al., 1999, 2008).
In an effort to further understand these intriguing plutons, we selected four of them (Conceição das Creoulas, Caldeirão Encantado, Murici,
and Boqueirão) to gain insight through mineral chemistry into the P–T
conditions at which they formed and crystallized. Additionally, we examined their Nd and O isotope compositions, and attempted to estimate
their rates of upward magma transport. These plutons are exposed along
the southwestern margin of the NE–SW trending Alto Pajeú terrane,
which is one of the many terranes comprising the Borborema Province
(Fig. 1).
2. Geologic setting and petrography
Accretion of tectonostratigraphic terranes is a plausible model for
the development of the Borborema Province (e.g., Brito Neves et al.,
1995, 2000; dos Santos and Medeiros, 1999; dos Santos et al., 1995,
1997, 2010; Rodrigues and Brito Neves, 2008). Maﬁc to ultramaﬁc complexes, some of them interpreted as remnants of oceanic crust (Beurlen
et al., 1992) occur near suspect terrane boundaries, and were used by
dos Santos et al. (1997) as evidence for the collision of continental

blocks. Other authors present an alternative hypothesis, based on geochemical signatures of high-K calc-alkalic and associated dioritic rocks
(e.g. Mariano et al., 2001, 2009; Neves et al., 2000, 2009), as well as
on the absence of ophiolites or other indicators of a continental margin,
to argue for an intracontinental origin for the province (e.g., Neves,
2000).
The Alto Pajeú terrane, which is composed of a metavolcano-sedimentary sequence, experienced peak metamorphism during the
960 Ma contractional Cariris Velhos event (dos Santos et al., 2003).
According to Ferreira et al. (2004), this terrane was reworked during
the late Neoproterozoic and it was characterized by intense granitic activity in three time intervals beginning with emplacement of magmaticepidote bearing high-K calc-alkalic, calc-alkalic, and shoshonitic
magmas during the 650–620 Ma interval (Ferreira et al., 2004; Ferreira
et al., 2011; Sial et al., 2008). The second time interval (590–570 Ma) is
marked by abundant intrusions of magmatic epidote-free high-K calcalkalic magmas, followed by unique ultrapotassic magmas (e.g., Triunfo
pluton; Ferreira et al., 1994). The ﬁnal interval (545–520 Ma), characterized by peralkaline granitoids and rare A-type magmas, marked the end
of the Brasiliano cycle in this region (da Silva Filho et al., 1993; Ferreira
and Sial, 1997).
The Conceição das Creoulas pluton is located between two northeast-trending sinistral shear zones. The pluton, covering approximately 120 km 2 (#1, Fig. 1), has an elliptical outcrop pattern and its
ENE-trending greater axis lies in an angular relationship with the regional tectonic fabric (NE–SW) of the Alto Pajeú terrane. This pluton
is weakly deformed in its interior, but solid-state deformation increases toward its margins where quartz is recrystallized and myrmekite developed. This pluton is intrusive into the Mesoproterozoic
Riacho do Forno/Recanto Formation gneiss–migmatite basement
(dos Santos, 2000). The wall-rock foliation is concordant with the
semi-elliptical shape of the pluton, and its internal foliation has gentle
dips (b40°) at the margins, becoming gentler or nonexistent toward
the core. Foliation is generally concordant with the pluton shape, consistent with a forceful expansion of the pluton.
The Caldeirão Encantado pluton forms a very peculiar structure (# 2,
Fig. 1), consisting of a set of high-K calc-alkalic granodiorite sheets.
These sheets have intruded gneisses and quartzites of the basement,

Fig. 1. Geologic map of the study area showing distribution of the studied plutons (numbered 1 through 4) within the Alto Pajeú terrane, Neoproterozoic Borborema Province,
northeastern Brazil. In the index map to the right, rectangle outlines the study area: (a) Phanerozoic undeformed sedimentary cover, (b) granitoids and syenitoids and (c) São Francisco
Craton, (AP) Alto Pajeú terrane.
Modiﬁed from Ferreira et al. (1998, 2004) and Brito Neves et al. (2003).
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determining two “bull's-eye” substructures in plan view. Within these
substructures, granitic sheets dip inward in an arrangement somewhat
similar to cone-sheet structures. This pluton, also emplaced into Mesoproterozoic gneiss/migmatite of the Riacho do Forno/Recanto Formations (dos Santos, 2000), is located near a sinistral shear zone.
The strongly deformed Murici pluton is approximately circular (# 3,
Fig. 1) and was emplaced into Mesoproterozoic gneisses. Its solid-state
deformation increases toward the margins, where granites have recrystallized quartz grains, myrmekite, and K-feldspar crystals with recrystallized tails (as a result of solid-state deformation of zoned K-feldspar
megacrysts).
The Boqueirão pluton is about 45 km long in an ENE direction, parallel to the Serra do Boi Morto sinistral shear zone, and located close
to the boundary between the Alto Pajeú and Cachoeirinha–Salgueiro
terranes (# 4, Fig. 1). This pluton intrudes along the major contact between Mesoproterozoic gneisses (both ﬁne-grained and augen) of the
Recanto/Riacho do Forno Formation, and biotite schists of the Riacho
da Barreira Complex (dos Santos, 2000). Its western portion intrudes
Paleoproterozoic gneisses and amphibole schists. In this internally
homogeneous pluton, the magmatic/solid state foliation has relatively
high dips (N40°) that are parallel to foliation of the host rock. Xenoliths
of schist commonly are elongate parallel to the rock's foliation.
All of these plutons are characterized by extraordinary magmatic
and solid-state structures (examples shown in Fig. 2): (a) maﬁc-rich
layers generally aligned parallel to the regional foliation, with a few
curved semi-circular schlieren, (b) irregular distribution of megacrystic aggregates, (c) incipient ladder dikes similar to those reported by
Weinberg et al. (2001) for the Tavares pluton (a similar pluton in this
Province), and (d) recrystallized tails resulting from solid-state deformation of zoned K-feldspar megacrysts in the Murici pluton. Ladder
dikes are characterized by concave maﬁc-rich layers with biotite
and epidote as main mineral components (Sial et al., 2008) that alternate with felsic-rich layers having a mineral composition similar to
the host granite and, in a number of cases, K-feldspar aggregates
that in cross section occupy the nucleus of concentric ellipsoids in
horizontal exposures. The K-feldspar aggregates are 10 cm to a few
meters in size. According to Weinberg et al. (2001) this type of feature results from convective currents set up by the underplating of
maﬁc magma which creates a temperature contrast within the magma
chamber.
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These plutons are petrographically and mineralogically similar,
and comprise coarse porphyritic granodiorites and monzogranites
(Fig. 3). However, they show extreme variations in the ratio of K-feldspar
megacrysts to groundmass, even at outcrop scale. The groundmass
texture is mostly medium- to coarse-grained, comprised of quartz,
K-feldspar, and plagioclase as the main mineral phases, with minor
biotite and hornblende, and trace abundances of epidote, titanite,
allanite, apatite, zircon, and Fe–Ti oxides.
K-feldspar megacrysts are coarse perthitic microcline, up to 8 cm
long, typically displaying Carlsbad twinning, possibly overprinted by
cross-hatched twinning, suggesting orthoclase–microcline inversion
that was incomplete on account of prevalent low water pressure during crystallization. Their megascopic shape is rectangular and subhedral, but microscopically they have rounded corners and irregular
edges that are rimmed by anhedral intergrowth of very ﬁne-grained
plagioclase, microcline, quartz, biotite, hornblende, and myrmekite.
Most K-feldspar megacrysts exhibit megascopic oscillatory zoning
and oriented inclusions of plagioclase near the core, in addition to inclusions of biotite, titanite, hornblende, and epidote.
Less abundant plagioclase megacrysts are smaller (2 to 0.5 cm),
comprising the major feldspar in the groundmass. The larger plagioclase grains commonly contain minor inclusions of hornblende, biotite, and epidote. Some crystals show weak oscillatory zoning with
slightly less sodic rim compositions, and with variable degrees of sericitization. Anhedral quartz grains, with inclusions of hornblende,
have characteristic undulatory extinction and are intergrown with
feldspar. Hornblende occurs as subhedral crystals (0.2 to 5 mm) and
as small inclusions in quartz and feldspar. Some twinned hornblende
grains are also observed. Long axes of glomerocrysts are commonly
aligned parallel to ﬂow foliation of the host granitoids. Dark green biotite
is the most abundant maﬁc mineral (up to 10 vol.%), occurring as ﬂakes
ﬁlling interstitial spaces and as anhedral to subhedral glomerocrysts
with large variation in size (0.5 to 30 mm) and generally aligned parallel
to the foliation. Apatite, hornblende, epidote, titanite, and zircon are
common inclusions in biotite.
Epidote is the most abundant accessory phase (ranging from 1.5 to
5 modal%) and it occurs in a number of textural relationships resembling those in magmatic epidote-bearing plutons elsewhere in the
Borborema Province described by Sial et al. (2008): (a) as euhedral
to subhedral crystals with allanite cores, included in biotite, some

Fig. 2. Magmatic and solid-state structures: (A) incipient ladder dike, exhibiting K-feldspar cumulates in its upper end; Conceição das Creoulas pluton; (B) magma differentiate as a
result of ﬁlter pressure in the Conceição das Creoulas pluton; (C) irregular distribution of crystal aggregates, a common feature in all four studied plutons; (D) recrystallized tails as a
result of solid-state deformation of oscillatorily zoned K-feldspar megacrysts in the Murici pluton.
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Titanite occurs as slightly pleochroic subhedral crystals, up to a few
millimeters long, present in feldspar, along margins of hornblende and
biotite crystals or as euhedral grains in the groundmass, and as zoned
and secondary ﬁne-grained crystals associated with biotite. Apatite occurs as slightly elongated euhedral crystals (0.05 to 0.15 mm) included
in hornblende and biotite, or as an early-crystallized phase. Fe–Ti oxide
minerals are rare, occurring as minute grains within or adjacent to biotite and titanite, except in the Murici pluton where they occur as large
euhedral to subhedral magnetite crystals.
Microgranitoid maﬁc enclaves (quartz diorite to quartz monzodiorite) of a variety of sizes and shapes are common throughout
these four plutons and the mineralogical composition of the enclaves
is essentially the same as the host granitoids, but with greater modal
abundance of biotite and amphibole.

3. Age, neodymium, and oxygen isotopes

Fig. 3. QAP modal diagram for the studied plutons (Streckeisen, 1976). Trends from
Lameyre and Bowden (1982): T—tholeiitic series; A—alkalic series; calc-alkalic series:
(a) low K calc-alkalic, (b) medium K calc-alkalic, (c) high K calc-alkalic.

with partly resorbed margins in contact with felsic minerals. In a few
cases, allanite cores also display twining and compositional zoning
(Fig. 4A) (‘type a’ epidote); (b) as allanite-free, euhedral to subhedral
grains occurring as inclusions within biotite (Fig. 4B) (‘type b’ epidote); (c) as partly embayed subhedral grains within plagioclase laths
(Fig. 4C), and relatively smaller compared to epidote grains associated
with biotite (‘type c’ epidote); (d) as a late-crystallized phase, observed
in intergranular spaces between plagioclase, biotite, and hornblende
(‘type d’ epidote); (Fig. 4D). In a few cases, biotite and hornblende are
seen as inclusions in epidote.
Distinctive textural attributes of epidote grains such as: (a) euhedral to subhedral habit, (b) twinning and strong compositional zonation, (c) allanite-rich cores; (d) crystallization after hornblende but
before or contemporaneous with biotite, (e) in some cases embayed
where in contact with the feldspar crystals, and (e) the lack of biotite
alteration to chlorite and fresh appearance of plagioclase, are diagnostic of their magmatic origin.

A Neoproterozoic age for the Conceição das Creoulas pluton (the
only one dated among the four studied plutons) has been established
by a whole-rock Rb–Sr isochron (5 samples) analyzed at the Federal
University of Pará, Belem, Brazil. The determined age and initial
ratio are t = 638 ± 29 Ma, Sr0 = 0.7093 ± 0.004, MSWD = 4.96 (Brasilino et al., 1999).
Sm–Nd analyses were made of 9 whole-rock samples at the Geochronological Laboratory, University of Brasilia, Brazil, by conventional
cation exchange techniques using Teﬂon columns containing LN-Spec
resin (HDEHP—diethylhexyl phosphoric acid supported on PTFE powder). Sm and Nd were loaded on Re evaporation ﬁlaments of double ﬁlament assemblies, and the isotopic measurements were carried out on a
multi-collector Finnigan MAT 262 mass spectrometer in static mode.
Uncertainties for Sm/Nd and 143Nd/144Nd ratios are better than ±0.4%
(1σ) and ±0.005% (1σ) respectively, based on repeated analyses of international rock standards BHVO-1 and BCR-1. 143Nd/144Nd ratios were
normalized to 146Nd/ 144Nd of 0.7219, and the decay constant used was
6.54× 10− 12 a − 1.
Model ages are within the 1.2–1.5 Ga (TDM) interval, and εNd (at
0.60 Ga) ranges from values in the −2.0 to −2.6 interval (Conceição
das Creoulas pluton) to values in the −4.1 to −5.0 interval (Boqueirão,
Caldeirão Encantado, and Murici plutons). Five samples from the

Fig. 4. Textural attributes of magmatic epidote: (A) euhedral magmatic epidote with allanite core; (B) subhedral magmatic epidote in biotite; (C) partly embayed subhedral magmatic epidote enclosed in plagioclase; (D) subhedral magmatic epidote partly enclosed in biotite, showing resorbed margins in contact with the melt.

R.G. Brasilino et al. / Lithos 127 (2011) 441–454

Conceição das Creoulas pluton yield TDM values in a narrow range of
1.28 to 1.34 Ga (Table 1).
Values of εNd (at 0.60 Ga) and TDM obtained for the Conceição
das Creoulas pluton are similar to those observed in calc-alkalic
and high-K calc-alkalic magmatic epidote-bearing plutons elsewhere, described by Sial et al. (1999) and by Ferreira et al. (2011).
Disparity of εNd (0.60 Ga) for this pluton (− 2.0 to − 2.6) relative
to the other three plutons (− 4.1 to − 5.0) implies different sources,
or similar sources but with different proportions of the same endmembers.
For oxygen isotopic analysis, we concentrated zircon, titanite, epidote, and quartz from several kilograms of sample using standard
procedures including initial crushing, gold panning, sieving (300 μm
meshes), heavy liquid, and Frantz magnetic separations. Final hand
picking under a binocular microscope ensured purity of mineral separates. Zircon separates were cleaned in cold hydroﬂuoric acid followed by cold sulfuric acid. Only the least magnetic fraction of
zircon was analyzed. Oxygen isotope compositions of 1–2 mg mineral
separates (2–3 mg for zircon) and whole rocks were analyzed by laser
ﬂuorination at the Stable Isotope Laboratory (LABISE) of the Federal
University of Pernambuco, Brazil, using a CO2 laser-based high-vacuum
extraction line and BrF5 as the major reagent. Oxygen (gas) released
from the reaction between the silicates and BrF5 was converted to CO2
at 800 °C. Isotope ratios were determined with a dual inlet, triple collector Thermoﬁnnigan Delta V Advantage mass spectrometer. Results are
reported as ‰ deviation with reference to V-SMOW (Table 2).
The values of δ 18O for the mineral separates in these plutons vary
little from sample to sample, and are in the expected order for equilibrium, i.e. δ 18O titanite b epidote b zircon b quartz, and this suggests
internal isotopic equilibrium in these plutons.
Zircon, the mineral phase that better preserves the original oxygen
isotope signatures, yielded high δ18O values between +9.2 and
+9.8‰, V-SMOW. This pattern is observed in magmatic epidote-bearing granitoids elsewhere (Ferreira et al., 2003, Ferreira et al., 2011).
According to the Valley et al. (1994) or Lackey et al. (2008) equations
to estimate δ 18O for the host magma based on zircon δ 18O and corresponding SiO2 of the same rock, it implies δ 18O values N10‰ for the
host magmas. Whole-rock δ 18O values (relative to V-SMOW) are all
above +10‰, V-SMOW as well and for quartz, δ18O N +12.5‰
(Table 2). For comparison, the table shows similar high δ18O values
for quartz and whole rock in the calc-alkalic, magmatic epidote-bearing
Pedra Branca and Boa Ventura plutons in the Cachoeirinha–Salgueiro
terrane.
The high δ18O values, and low magnetic susceptibility (average b
0.5 × 10− 4 SI), are consistent with a metasedimentary source (δ18O N
10‰; O'Neil et al., 1977). However, these granitoids are not typical
S-type as observed by Ishihara (1977) and Takahashi et al. (1980), but
rather, the mineralogy comprised of hornblende, titanite, and biotite, favors an I-type source for their parental magmas. Fe+ 3 is tied up in epidote, and not in iron oxide minerals, which explains the observed low
magnetic susceptibility.

Table 1
Sm-Nd data for the four plutons.
Pluton

Sample

Conceição das CC-33
Creoulas
CC-26
CC-16
CC-07
CC-27
Caldeirão
CALEN S
Encantado
CALEN34
Murici
PM2
Boqueirão
BQ4

147

Sm/144Nd

0.113
0.105
0.113
0.112
0.11
0.1167
0.0994
0.1159
0.0970

143

Nd/144Nd εNd
εNd(0)
(0.60 Ga)

0.512153
0.51213
0.512159
0.512167
0.512172
0.512067
0.511966
0.512085
0.512035

− 2.64
− 2.43
− 2.52
− 2.28
− 2.02
− 5.01
− 5.65
− 4.60
− 4.12

−9.46
− 9.29
− 9.34
−9.19
− 9.09
−11.14
− 13.12
− 10.78
− 11.76

TDM
(Ga)
1.34
1.28
1.33
1.31
1.28
1.51
1.42
1.47
1.31
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The high δ 18O values for these magmas can be explained by the
participation of a volumetrically important metabasaltic/maﬁc rock
in the source that has undergone low-temperature interaction with
water. This mechanism is similar to what happens in the ocean
where hydrothermal alteration of seaﬂoor basalts leads to high δ 18O
without disturbing the original Nd-isotope signature (Muehlenbachs
et al., 1986).
4. Bulk rock chemistry
Major and trace element analyses were carried out by X-ray ﬂuorescence (1 mg of sample/5 mg of lithium tetraborate fused bead, and
Kα radiation in a RIX-3000 Rigaku XRF unit), in the Department of
Geology of the Federal University of Pernambuco. Some additional
trace elements and REE were analyzed by inductively coupled plasma
(ICP) spectrometry at the Geosol-Lakeﬁeld Laboratory, Minas Gerais,
after being concentrated through ion-exchange chromatography.
(Major, trace, and REE analyses referred to in the text are found in
Supplemental electronic data Tables 1 through 3, Appendix A, in the
online version).
The major element chemistry is characterized by an SiO2 range of
65–75%, alkali contents around 6.5%, MgO varying from 0.91 to 1.8%,
and CaO from 2.4 to 3.5%. The rocks are high-K calc-alkalic, metaluminous to slightly peraluminous, with most samples showing minor normative corundum. These rocks are enriched in Ba (650–1737 ppm) and
Sr (500–1737 ppm), and have moderate Rb (87–147 ppm). The Zr content ranges between 189 and 345 ppm, while Nb is relatively low
(b20 ppm).
Negative correlations of SiO2 with TiO2, CaO, MgO, MnO, Fe2O3 and
P2O5 are observed. The alkalis (Na2O and K2O) show a positive correlation with SiO2, while Al2O3 does not show any systematic variation.
Such major element trends point to fractional crystallization as the
important petrogenetic process, further supported by some trace element patterns such as positive correlations between Ba/Rb vs. Zr/Rb,
and Zr/Rb vs. Sr/Rb (Fig. 5A).
The ORG-normalized incompatible elements pattern (a spidergram, not shown) is characterized by high LILE/HFSE ratios. ΣREE
ranges from 119 to 247 ppm (except for the Murici pluton, which
has a lower range: 80–94 ppm). The REE patterns indicate enrichment in LREE relative to HREE (Fig. 5B), indicating signiﬁcant fractionation (Lan/Lun = 40–60), except for the Murici pluton, which has
Lan/Lun (91–94), attesting that fractionation in this pluton was less
effective. Eu anomalies are minor to absent and suggest that either
feldspar fractionation was insigniﬁcant, or that fO2 was relatively
high during magma crystallization.
5. Mineral chemistry
Feldspar, amphibole, biotite, epidote, titanite, and apatite were
analyzed by electron microprobe: JEOL JXA-8600 (University of São
Paulo, Brazil) and CAMECA SX50 (University of Brasilia, Brazil). The
operating conditions were maintained at 15 kv, 10 μA with beam exposure time of 6 s, applying ZAF correction. Chemical compositions
and structural formulas are listed in Supplemental electronic data
Tables 1 through 5, in Appendix B. The mineral analyses have been
recalculated into mineral formulas and cationic proportions using
MINFILE for DOS (Aﬁﬁ and Essene, 1988), MINPET for WINDOWS
(Richard, 1995), AMPHICAL (Yavuz, 1998), and LIMICA (Yavuz,
2001).
5.1. Feldspar
Plagioclase compositions (Supplemental electronic data Table 1,
Appendix B) range between An21–30 (oligoclase–andesine) for the
Conceição das Creoulas pluton and An18–30 (oligoclase–andesine)
for the Caldeirão Encantado, Boqueirão, and Murici plutons (Fig. 6).
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Table 2
Oxygen isotope data (V-SMOW ‰) for whole-rock and mineral separates from the four plutons.
Pluton

Zircon

Conceição das Creoulas
CC
RCC-02
9.73
RCC-3a
RCC-4
RCC-5
RCC4/5
8.83
Caldeirão Encantado
CALEN-V
CALEN-11
CALEN 34
9.74
Scalen-v
Murici
PM-1
9.29
PM-2
9.16
PM-3
9.26
PM-10
9.34
PM-11
Boqueirão
BQ-4
BQ-9
BQ-13
BQ-15

9.31
9.54

Quartz

Epidote

Titanite

13.85
13.78
14.29
13.36
13.77

9.16
8.47

8.86
8.72

9.35
9.56

8.72
8.63

13.10
13.46
13.37

8.65
9.24
8.83
8.88

8.35
8.1
8.4
8.57

12.83
13.01
12.55
12.95

8.55
8.99
7.64
9.00

7.59
7.78
7.50
7.64

13.06
13.58
13.23

9.28
9.03
8.98

8.37
7.98
8.35
8.32

Feldspar

w.r.

zirc-tit

qz-epid

qz-zir

qz-tit

zirc-epid

1.01

4.69
5.31

4.05

4.99
5.06

1.26

12.07

qz-feld

epi-tnt

SiO2

Zr

calc. w.r.

0.30
−0.25

70.4

232

11.63

0.63
0.93

66.1
66.9

234
275

68.84

247

11.69

11.68

11.3
11.6
10.9
10.91
10.6
10.8
10.5

12.20
11.82
12.65

11.56
11.80
11.84

Boa Ventura
BV-1
BV-2
BV-3

11.97
12.79
12.59

11.62
11.30
10.12

4.64
5.14

4.45
4.22

4.75
5.36

1.34

1.42
0.91

4.49

4.8

0.3
1.14
0.43
0.31

1.7
1.38
1.76
1.7

4.28
4.02
4.91
3.95

3.54
3.85
3.29
3.61

5.24
5.23
5.05
5.31

0.74
0.17
1.52
0.34

0.96
1.21
0.14
1.36

63.69
63.11
63.06
62.96
69.86

210
193
292
218
284

10.80
10.64
10.74
10.81
10.59

1.33

3.78
4.55
4.25

3.75

5.08
5.23
4.91

0.03

1.30
0.68
0.66

64.31
68.98
65.27

189
239
291

10.86

1.22

Pedra Branca
PB-1
PB-2
PB-3

4.01
4.21

They show mild reverse zoning with the core slightly enriched in Na.
Microprobe analyses of K-feldspar indicate that the proportion of albite
component in solid solution is in the range of 6–9%, and a composition

3.69

0.56

11.15

range within Or89–Or93 for the Conceição das Creoulas, Or90–Or94 for
the Boqueirão, and Or91–Or98 for the Caldeirão Encantado and Murici
plutons, with a gradual increase in albite molecule toward the rim.

Fig. 5. (A) Ba/Rb vs. Zr/Rb, and Zr/Rb vs. Sr/Rb diagrams, for the studied plutons; (B) chondrite-normalized REE patterns for representative samples from the studied plutons.
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Fig. 6. Classiﬁcation of the feldspars from the studied plutons.

5.2. Hornblende
Analyses of amphibole in the porphyritic granitoids and maﬁc enclaves (Supplemental electronic data Table 2, Appendix B) classify
them as calcic amphiboles according to the scheme of Leake (1978).
Hornblende in the porphyritic granitoids and enclaves is edenite to ferropargasite, very close to the ﬁeld of ferro-edenite, whereas hornblende
data from Boqueirão plot in the ferroedenite to ferro-tschermakite ﬁelds
(Fig. 7). The Mg/(Mg+ Fe) ratio (0.40–0.58) is in accordance with the

Fig. 7. Classiﬁcation of amphiboles from the studied plutons (ﬁelds after Leake, 1997).
Symbols are the same as in Fig. 3.

ranges prescribed for calc-alkalic granitoids (Mason, 1985), while the
Fe/(Fe + Mg) ratios suggest crystallization of this phase under moderately high fO2. The Si content varies from 6.3 to 6.5 atoms per formula
unit (afu). Fig. 8 illustrates a positive correlation between AlIV and AlT
in the amphiboles, similar to that reported by Hammarstrom and Zen
(1986).

Fig. 8. Relationship between AlIV and AlT in amphiboles from the studied granitoids.
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5.3. Biotite
Microprobe analyses of biotite (Supplemental electronic data
Table 3, Appendix B) indicate compositions lying approximately midway between phlogopite and annite (Fig. 9). The range of molar
Fe/(Fe + Mg) is relatively higher (0.46–0.6), with intermediate Al
content. Biotite compositions for porphyritic granitoids and maﬁc enclaves are similar, and show slightly enriched Mg concentration
(8.78–12.2 wt.%) and FeO/MgO ratios between 1.5 and 2.2. Biotite
from calc-alkalic granitoids has relatively lower Mg content, with an
average FeO/MgO ratio of 1.76, consistent with the ranges reported
by Abdel-Rahman (1994). In an MgO vs. Al2O3 diagram (Fig. 10A),
the biotite compositions plot in the calc-alkalic ﬁeld, showing a slight
tendency toward elevated Al content. Porphyritic granitoids and
maﬁc enclaves show slight negative correlation between Al T and Mg
(Fig. 10B). Nachit et al. (1985) proposed this diagram as a means to
identify magmatic series that evolved through distinctive crystal fractionation processes. The alumina saturation index of biotite (ASI,
Al T/Ca + Na + K) is signiﬁcantly low (1.0–1.5), and reﬂects low alumina activity in the crystallizing magma (Zen, 1988).

5.4. Epidote
Supplemental electronic data Table 4, Appendix B, provides microprobe data of representative mEp grains. mEp grains in the Conceição
das Creoulas pluton are typically zoned, with Fe+ 3 contents increasing
from core to rim. The pistacite (Ps) content varies systematically from
the highest values encountered in epidote with allanite core [type “a”
(Ps 24–25)], followed by those rimmed by biotite [type “b” (Ps21–23)]
and inclusions in feldspar [type “c” (Ps20–21)]. In the Conceição das
Creoulas pluton, a limited variation in Ps probably reﬂects a narrow
range of fO2 in the system. The Ps range of epidotes with allanite cores
(around Ps25) is consistent with crystallization along the NNO buffer
(Liou, 1973).
Epidote grains in the Caldeirão Encantado and Boqueirão plutons
have Ps contents between 22 and 27%, with high values of Ps25–26 encountered in epidote with allanite cores in Caldeirão Encantado; Ps
contents in the Murici pluton show broader compositional variation
(Ps20–29). Some of the observed variation in Ps content is related to
inclusions in feldspar (Ps21–22); mEp rimmed by biotite (Ps22–24), epidote with allanite cores (Ps24–26), and mEp associated with magnetite (P26–27). As a whole, the Ps range for epidotes in all four plutons
is consistent with crystallization between the NNO and HM buffers.

Fig. 10. (A). MgO vs. Al2O3 diagram (after Abdel-Rahman, 1994) showing biotite compositions plotting in the calc-alkalic ﬁeld. A = alkalic, C = calc-alkalic, P = peraluminous.
(B) AlTvs. Mg diagram for biotite (Nachit et al., 1985) of the studied rocks, emphasizing
fractional crystallization as the most important petrogenetic process in development of
these rocks.

In these four high-K calc-alkalic plutons, magmatic epidote seems to
have survived dissolution attack by the host magma because it was totally armored by biotite or was within interstices of K-feldspar aggregates.
These examples suggest that upward transport was sufﬁciently rapid for
epidote to survive dissolution, accompanied by rapid near-solidus
growth of K-feldspar.
Schmidt and Thompson (1996), (Fig. 3) demonstrated experimentally that epidote and plagioclase can coexist around 10 kbar in tonalitic magmas. This situation permits one to estimate rates of magma
upward movement where partially dissolved epidote is armored by
plagioclase, or epidote has grown with near-solidus K-feldspar at
pressures estimated from Al-in-hornblende barometry.
We estimated magma transport rates in the present study using
the following approach described in detail by Sial et al. (2008):

Fig. 9. AlT vs. Fe/(Fe + Mg) diagram for biotites from the studied granitoids. Symbols
are the same as in Fig. 3.

(1) selection of mEp on the basis of their mol% Ps, consisting of
highly corroded subhedral grains that are partially shielded
by plagioclase, biotite, or K-feldspar;
(2) inferring original shapes of corroded grains, and measuring the
maximum dissolution zone width;
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(3) estimating the duration of corrosion by using the minimum
apparent diffusion coefﬁcient of 5 × 10− 17 m 2 s− 1 for Si, Al, Ca,
and Fe between tonalitic magma and epidote at 750 °C (Brandon
et al., 1996) as follows: dz = [(Dapp × t)1/2 ]
where
dz
Dapp
t

width of dissolution zone (m);
apparent diffusion coefﬁcient (5 × 10 − 17 m 2 s − 1); and
time for partial dissolution of epidote (s)

Accordingly,
!
"
2
−17
t ¼ dz = 5x10
;

(4) depth of host magma emplacement was inferred from Al-in
hornblende barometry;
(5) the rate of magma transport is the ratio of the route length
(difference between the emplacement depth and the source
depth) to the average time of corrosion of epidote exposed to
the host melt. For melt of tonalite composition at water-saturated
conditions and fO2 buffered by NNO, plagioclase and epidote may
coexist from a depth ~10 kbar (Schmidt and Thompson, 1996,
Fig. 2). We infer the route length as the difference between
10 kbar and the emplacement depth. Accordingly,

Table 4
Temperatures for the studied plutons, determined from zircon saturation.
Conceição das Creoulas pluton

Caldeirão Encantado pluton

Sample

Zr (ppm)

T °C

Sample

Zr (ppm)

T°C

CC-04
CC-07
CC-29
CC-28
CC-09
CC-05
CC-06
CC-02
CC-21
CC-16A
CC-20
CC-22
CC-24
CC-26
CC-29
CC-33

234
222
266
302
290
275
230
232
212
244
245
269
265
247
248
267

827
822
833
852
848
843
826
826
819
831
832
840
839
832
839
839

CE5
CE-6
CE-7
CE-8
CE-9
CE10
CE11
CE13
CE14
CE16
CE19
CE24
CE32
CE34
CE41A
CE9D
CE11D
CE32D
CE-6E

264
320
328
295
239
277
247
295
207
256
290
239
290
296
333
422
217
240
588

839
857
860
849
829
843
832
849
816
836
848
829
848
850
861
886
820
830
921

Sample

Zr (ppm)

T °C

Sample

Zr (ppm)

T°C

PM 01
PM 02
PM O3

210
193
292

817
809
848

PM 09
PM 10

198
218

812
821

Murici pluton

Maﬁc enclaves

Boqueirão pluton

Tr ¼ Lr =t
where
ascent rate (m/year)
route length = (10 − Pe).10 4/3 (m)
pressure of emplacement (kbar)
time of partial dissolution of epidote (year)

Tr
Lr
Pe
t

Calculations using this approach can provide only a maximum speed.
This is because the calculations assume implicitly that epidote starts
reacting with the host magma as pressure drops below 10 kbar and,
therefore, assumes the minimum possible time for corrosion of epidote
grains.
Table 3 contains estimates, following this approach, for upward
transport rates of the magmas that formed these plutons. Magmas
in the Caldeirão Encantado and Boqueirão plutons show maximum
ascent rates around 1000 m.year − 1 and for the other two plutons,
around 650 m.year − 1.
A close examination of this approach ﬁnds some limiting assumptions as already pointed out by Sial et al. (2008): (a) determination of
the route length of magma transport; consequence of the magnitude
of the error brackets on the Al-in-hornblende barometry, typically in
the order of ±0.6 kbar, as well as of the appropriateness of the selection
of the correct hornblende generation, (b) use of appropriate diffusion
coefﬁcients for Ca, Al, Si, and Fe for each magma composition, (c) bias

Sample

Zr (ppm)

T °C

Sample

Zr (ppm)

T°C

BC 01
BC 02
BC 06
BC13
BC 14
BC 15
BC18
BC 21
BC-22

212
282
177
239
297
291
264
216
262

818
845
795
829
850
848
838
820
837

CC-5E
CC-19E
CC-20E
CC-24E
CC-32E
CC-33E
CE11E1
PM-10E
BQ-15E

279
162
198
174
174
165
190
190
232

826
812
800
800
793
801
808
808
826

in measuring dissolution zone widths of mEp grains (only subhedral
grains are used and anhedral grains ignored), (d) dependency of the apparent width of the dissolution zone upon the orientation of the examined section, and (e) decreasing rate of epidote dissolution (Fig. 2 of
Brandon et al., 1996), leading to an underestimate of digestion time.
Despite these uncertainties, the method clearly provides a good
general indication of rapid magma ascent. This is primarily due to
the very short calculated dissolution times, i.e., they can be increased
by two orders of magnitude and still be short. The rapid rate of upward
magma movement suggests diking, and not diapirism, as the ascent
mechanism.
5.5. Titanite
Titanite is a widespread accessory mineral in both igneous and
metamorphic rocks. Evans and Patrick (1987), Franz and Spear (1985)

Table 3
Estimated rates of magma transport based on magmatic epidote partial dissolution for the Conceição das Creoulas, Caldeirão Encantado, Murici and Boqueirão plutons.
Pluton

Ps epidote
(mol%)

Average measured dissolution zone width (mm)
of epidote—number of measurements (n)

Time taken for partial
dissolution (years)a

Pressure (kbar)
Al-in-hbl A and S

Temperature
(°C) H and B

Rate of upward
transport (m/year)

Conceição das Creoulas
Caldeirão Encantado
Murici
Boqueirão

21 to
27 to
27 to
27 to

0.143
0.113
0.143
0.114

13
8
13
8.3

6.5 to 8.5

670
670
650
640

640
1040
640
1000

a

24
29
29
29

(10)
(10)
(7)
(12)

Apparent diffusion coefﬁcient = 5 × 10− 17 m2 s− 1, A and S = Anderson and Smith (1995); H and B = Holland and Blundy (1994).

to
to
to
to

720
685
700
670
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and Tropper et al. (2002) showed strong positive correlation between
Al and F contents in aluminous titanite at high pressure. Titanites
from the studied plutons are compositionally different from typical
magmatic titanites in granitoids (Enami et al., 1993) and show intermediate Al content (0.2–0.54 afu, Supplemental electronic data Table 5)
but show positive correlations between Al and F, with slight dispersion.
This suggests high pressure of crystallization for titanites in these granitoids. Inferences on the temperature of crystallization were also made.
According to Enami et al. (1993), titanite composition depends on pressure and temperature: high temperature titanites with Al+ Fe 3+
(afu) b 1.4. In the studied granitoids, titanite has Al+ Fe 3+ (afu) around
0.6, within the range typical for high-temperature titanites, an observation supported by textural relationships which point to early crystallization of this mineral in these rocks.
5.6. Apatite
Apatite contains relatively high F (2.6–5 wt.%, supplemental electronic data Table 5, Appendix B). Argiolas and Baumer (1978), Girault
(1966), and Wyllie et al. (1962) demonstrated a relationship between
shape of apatite, and pressure and temperature of magma crystallization. According to Girault (1966), euhedral, slightly elongated apatite
grains, such as those in the studied plutons, indicate a relatively slow
crystallization process (Wyllie et al., 1962). Homogeneous elongate
ratios imply a consistency in the physico-chemical parameters during
crystallization.
6. Thermobarometric estimates

According to Anderson (1996) and Anderson and Smith (1995),
temperature, fO2, and total pressure inﬂuence maﬁc silicate mineral
chemistry, but fO2 is the main controlling factor. They demonstrated
that this barometer yields a falsely elevated pressure when applied
to low-fO2 plutons with iron-rich hornblende, even if hornblende is
accompanied by the full barometer assemblage. With increasing fO2,
the Fe/(Fe + Mg) ratio for hornblende and biotite markedly decreases,
independent of the whole rock Fe/Mg ratio.
Given these limitations, we have applied the correction proposed by
Anderson and Smith (1995) only if the mineral assemblage includes
quartz, ferromagnesian silicates, euhedral titanite, and magnetite, and
Fe/(Fe + Mg) in hornblende is in the 0.40–0.65 range, characteristics
of magmas with relatively high oxygen fugacity. The calculated pressures (Table 5) are 7.5–8.0 kbar for the Conceição das Creoulas pluton,
6.0–7.5 kbar for the Caldeirão Encantado, Boqueirão, and Murici plutons, and 6.4 to 7.0 kbar for maﬁc enclaves.

6.2. Solidus temperature estimates
6.2.1. Hornblende–plagioclase thermometry
The amphibole–plagioclase thermometry proposed by Blundy and
Holland (1990) is valid for a temperature range of 500–1000 °C for
plagioclase with b7.8 Si afu. The level of uncertainty in these calculations was subsequently reduced from ±75, to ±35 °C (Holland and
Blundy, 1994). The bulk of calculated crystallization temperatures
for the studied plutons lie between 632 and 778 °C, the highest temperatures being recorded from the Murici and Conceição das Creoulas
samples, and the lowest temperatures from the Boqueirão pluton. Enclaves exhibit a temperature range of 670 to 690 °C.

6.1. Al-in-hornblende barometry
The linear variation of Al content in hornblendes of calc-alkalic granitoids with crystallization pressure/depth has been used in geobarometric estimates (Schmidt, 1992). The empirical barometric equation
that was proposed by Hammarstrom and Zen (1983, 1986) has been
subjected to reﬁnement and further calibration to increase the precision
level to 1 kbar (Hollister et al., 1987; Johnson and Rutherford, 1989).
Schmidt (1992) experimentally calibrated the ﬁeld-based barometric
equation of Hammarstrom and Zen (1986), expanding its applicability
up to the 13 kbar pressure level, and maximum Al t up to 3.37 afu and
have used that for H2O saturated melts.

6.3. Liquidus temperature estimates
6.3.1. Zr thermometry
Whole-rock Zr abundances can be used to estimate the crystallization temperature of zircon in Zr-saturated granitic melts (Watson,
1987). Watson and Harrison (1984) showed experimentally that
zircon solubility is correlated with SiO2. This method assumes that
the zircon is not inherited from the source and does not represent
a cumulate phase, and is based on the fact that zircon is usually
the ﬁrst mineral to crystallize. Zr thermometric estimates are

Table 5
Summary of mineral chemistry and intensive parameters for the studied high-K calc-alkalic plutons.

Plagioclase
Xab = (Na/Ca + Na + K)
Hornblende
Xmg = (Mg/Mg + Fe2+)
Total Al (apfu)
Biotite
Xmg = (Mg/Mg + Fe)
ASI = (AlT/Ca + Na + K)
Epidote
Pistacite content (Fe3++/Fe3++Al)
Titanite
Al + Fe3+
F (wt.%)
Apatite
Al + Fe3+
F (wt.%)
Pressure kbar (Al-in hornblende)
Temperature °C (pl-hornblende pairs)
Temperature °C (Zr-saturation)
Oxygen fugacity (log fO2)
Depth of emplacement (km)
Viscosity ηm (Pa.s)

Conceição das Creoulas

Caldeirão Encantado

Murici

Boqueirão

Maﬁc Enclaves

0.65–0.70

0.71–0.76

0.69–0.63

0.70–0.79

0.69–0.73

0.37–0.53
2.19–2.33

0.40–0.42

0.48–0.53
1.93–2.12

0.46–0.53
1.8–2.18

0.48–0.53
1.96–2.1

–

0.23–0.79

0.14–0.89

0.14–1.09

–

0.20–0.25

0.24–0.27

0.20–0.28

0.22–0.27

0.20–0.31
0.5 0–0.61

0.25–0.27
0.5–1.13

0.20–0.29
0.16–0.54

0.21–0.25
0.11–1.04

0.15–0.29
–

–

3.24–3.46

–

3.14–3.45

–

7.5–8.2
668–722
819–852
− 17.1 to − 17.88
25–27
1.3 × 104 to 4.4 × 104

6.5
673–681
829
−17.4
21.5
2.9 × 104

6.5–7.1
693–778
809–848
− 14.4 to − 17.03
21.5–23.5
1.4 × 104 to 3.2 × 104

5.9–7.4
632–667
795–848
−16.0 to − 19.18
20–25
1.4 × 104 to 4.6 × 104

6.6–7.0
645–700
793–826
− 17.4 to −18.7
22–23
–
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appropriate for deducing the minimum liquidus temperature, which
can be expressed as: T(°C) =−273 + 12900/[17. 8− ln(Zr)].
Apatite in maﬁc enclaves closely follows the 880 °C isotherm
(Supplemental electronic data Table 5 in Appendix B; Fig. 11). Apatite
in granitoids forms clusters that could be interpreted as showing
some kind of accumulation as well.
These calculations are important, being that they provide the only
evidence of minimum liquidus temperatures that may be comparable
to minimum melting temperature.
6.3.2. Apatite thermometry
Watson (1980) quantiﬁed the conditions under which apatite can
precipitate in common magma types, and has shown that temperature and silica content of the magma are critical in determining the
P2O5 content in the magma required for apatite to crystallize. Green
and Watson (1982) experimentally demonstrated a close, pressureindependent, relationship between apatite saturation and SiO2 concentration in the melt, establishing P2O5 abundance as a function of
silica content at which apatite starts crystallizing. This can be applied
as a tool to estimate the minimum liquidus temperature using the
whole rock P2O5 and SiO2 contents. These experiments were performed
in hydrous high-K calc-alkalic rocks, which make them applicable to estimate the minimum liquidus temperatures for these granitoids.
In the P2O5 vs. SiO2 diagram (Fig. 11; superimposed isotherms
after Green and Watson, 1982), data for these granitoids display a
well-deﬁned trend between 800 and 950 °C isotherms at 7.5 kbar
pressure. This trend represents the temperature under which apatite
started crystallizing, and approximates a near-liquidus temperature
of the magma. Calculated values are in accord with estimates based
upon the zircon saturation method.
In general, pressures and temperatures estimated by different
methods are in mutual accord, and point toward moderately higher
P–T conditions for granodiorites in relation to granites.
7. Oxygen fugacity estimate
The oxygen fugacity of the magma is closely governed by its source
material, and it is difﬁcult to use the end product (granitoids) to establish the oxygen fugacity of primary magmas. According to Enami et al.
(1993), some inferences can be made using the rock mineral assemblage and mineral chemistry. Presence of Mg-rich amphiboles and
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early crystallizing biotite, euhedral titanite, and magnetite in felsic
rocks indicate that the host magma was relatively oxidized. Wones
(1989) also demonstrated that the titanite+ magnetite+ quartz assemblage in granitic rocks allows an estimate of relative oxygen fugacity, as follows:
log f O2 ¼ −30930=T þ 14:98 þ 0:142ðP−1Þ=T;
where T is temperature (Kelvin) and P is pressure (bar).
Accordingly, the above equation yields the lowest log oxygen fugacity
for the Boqueirão pluton (−19 to −16), maximum for the Murici pluton
(−17 to −14) and intermediate for the Conceição das Creoulas pluton
(−17 to −18) (Table 5).
8. Melt viscosity
Melt viscosity depends strongly upon chemical composition (especially SiO2 content), temperature, and H2O (and other volatile contents). An increase in temperature and water content decreases
polymerization and lowers the viscosity of the melt. Under isothermal
conditions, a lower SiO2 content also decreases the viscosity. Decisive
progress in the determination of the viscosity of hydrous silicate
melts has been made in recent years, and several empirical equations
are now available (e.g., Baker, 1998; Hess and Dingwell, 1996; Holtz
et al., 2001). We have adopted the equation proposed by Baker
(1998). Despite multiple factors affecting melt viscosity, the ﬁrstorder parameters and the focus of available equations are H2O, silica
content, and temperature:
logηm ¼ −1:86 XH2 O–0:09511 T þ 15:6293
where T is the temperature in Kelvin, ηm is the viscosity in Pa.s, and
XH2O is mol%.
Baker (1998) has also suggested the following necessary conditions: (a) H2O content between 0.3 and 12 wt.%, (b) SiO2 in the
range of 69–77 wt.%, (c) temperature between 577 and 1200 °C at
crustal pressures. For XH2O determination, he has proposed to use
the Burnhan (1979) method.
We have considered samples with extreme and medium values of
SiO2 content (63.9 to 70.4%), and have used an inferred 3% water content based on the modal composition of hydrous minerals and the
near-liquidus temperature of magma (based on the Zr saturation method; Watson, 1987). For the variation of water solubility (XH2O) we have
used the Burnhan (1979) equation as suggested by Baker (1998).
Calculated magmatic viscosities for these plutons vary from
1.1 × 10 4 to 4.6 × 10 4 Pa.s (Table 5).
9. Summary and conclusions

Fig. 11. Whole-rock P2O5 vs. SiO2 plot for representative samples of the studied rocks
displaying a trend between the 880 °C and 950 °C isotherms (dashed lines) at
7.5 kbar pressure (Green and Watson, 1982). Solid lines are for temperature as proposed by Watson (1980) for one atmosphere pressure.

In these plutons, extraordinary structures—incipient semi-circular
schlieren, ladder dikes, dioritic enclaves, and megacrystic aggregates
aligned parallel to the regional foliation—are attributed to convective
currents set up as underplating of maﬁc magma created temperature
contrasts within the magma chamber (see Weinberg et al., 2001). The
ﬁner-scale oscillatory zoning and rows of biotite inclusions common
in K-feldspar megacrysts also suggest origin in a convective magma
chamber, or varying physico-chemical conditions during crystallization.
The four plutons are petrographically and mineralogically similar.
Presence of early crystallizing hornblende, biotite, euhedral titanite,
and magnetite indicates that the magma was relatively oxidized.
Fe–Ti oxide minerals are rare—a common feature in the mEp granitoids
in northeastern Brazil (see Sial et al., 1999). Schmidt and Thompson
(1996) observed that magnetite is the main Fe3+ containing phase at
temperatures above epidote stability, whereas at lower temperatures
Fe 3+ tends to enter epidote. In these plutons, it is probably true that epidote and titanite accommodated Fe 3+ and Ti 4+: the magma did not
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exhibit oxide saturation (Murici pluton is the only one which carries
rare minute magnetite crystals).
The absence of alteration in biotite, and the fresh appearance of
plagioclase in these plutons suggest that, in most of the cases, the
rocks have been subjected to minimal weathering and low temperature (subsolidus) alteration, supporting an igneous origin for almost
all epidote grains in these plutons.
The compositional variation of epidote (20–29% Ps) is consistent with
values proposed by Johnston and Wyllie (1988), and by Tulloch (1979)
for magmatic epidote. The Ps range of epidote in the Conceição das
Creoulas pluton is consistent with crystallization around the NNO buffer,
and the Ps range for epidote in the Conceição das Creoulas, Caldeirão
Encantado, Boqueirão, and Murici plutons is consistent with crystallization between NNO and HM buffers. Minor to absent negative Eu anomalies also suggest that fO2 was relatively high during magma crystallization.
The highest values of oxygen activity (reﬂecting high water content of the
magma) are recorded in the Murici pluton, and the lowest values are from
the Boqueirão pluton.
The aluminum-in-hornblende barometer and hornblende–plagioclase
thermometer indicate pluton emplacement within a pressure interval
from 6 to 8 kbar (20–25 km). For these plutons, we estimate a solidus
temperature between 620 and 780 °C based on plagioclase–hornblende
pairs, and a near-liquidus temperature from 794 to 853 °C based on zircon
saturation.
Presence of magmatic epidote in various textural relationships indicates extended temperature range of crystallization, above its stability
ﬁeld of ~6 kbar (Schmidt and Thompson, 1996), with subsequent
rapid transport upward. Alternatively, the stability ﬁeld of magmatic
epidote could have extended to shallower crustal levels if fO2 had
been sufﬁciently high.
The observed positive correlations between Ba/Rb vs. Zr/Rb, and
Zr/Rb vs. Sr/Rb are consistent with fractional crystallization as an important petrogenetic process according to Askren et al. (1997). Fusion
of a hornblende-rich source, probably in the lower crust could have
generated these high-K calc-alkalic and metaluminous to slightly peraluminous plutons. The similarities of mineralogy, bulk chemistry,
and isotopic behavior (εNd(0.60Ga) from − 2 to −5, TDM from 1.2 to
1.3 Ga, very high δ 18O for zircon, quartz, and whole rock) for these
plutons and mEp-bearing plutons elsewhere in the Cachoeirinha–Salgueiro and Alto Pajeú terranes (Ferreira et al., 2011; Sial, 1993; Sial et
al., 1999) suggest similar origins in which a metabasaltic/maﬁc source
interacted with water at low temperature.
In northeastern Brazil, magmatic epidote occurs both in some
younger (0.58 Ga) and in older (0.65–0.63 Ga) plutons in the Transversal Zone (Ferreira et al., 2011), being more abundant and better
preserved in the older group of plutons. Bittar (1999) estimated
peak of metamorphic conditions for the western portion of the Alto
Pajeú Terrane, at P = 4.4 ± 1.0 kbar and T = 700 °C, conditions
warmer than a normal continental geotherm (Brown, 2008). Leite
et al. (2000) reported a concordant titanite U–Pb age of metamorphism
of 612 ±9 Ma for orthogneisses intrusive in the São Caetano complex
in the Alto Pajeu Terrane. In the present study, survival of magmatic epidote happened at peak of metamorphism during the main stage of an
orogenic cycle. Field relationships support similar ages for the four studied plutons, therefore, the assumption that rapid magma emplacement
happened during peak of metamorphism likely applies to all four
plutons.
Epidote survived less well in younger (0.58 Ga) plutons elsewhere
that intruded a cooler environment after peak of metamorphism
(Ferreira et al., 2011). The reason magmatic epidote has less chance
of survival in magmas intruding cooler terranes (more brittle, more easily fracturing allowing magma dikes to shoot up fractures), while it survives better when magmas intruded warmer terranes, is an unanswered
intriguing question.
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.lithos.2011.09.017.
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