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Abstract
Micaschists that host the Acari batholith (Ediacaran age, 572 to 577 My) are characterized by a large number of quartz 
veins. The veins are more abundant in higher-temperature metamorphic zones and, together with lower metamorphic zones, 
form an aureole centered in the batholith. Most of the fluid inclusions are two-phase (H2O-CO2 and liquid/vapor), but three-
-phase varieties (liquid/vapor/salt cubes; liquid/liquid/vapor) occur locally. The analyzed veins come from the biotite + 
chlorite + muscovite, biotite + garnet, cordierite + andalusite, and cordierite + sillimanite metamorphic zones. CO2 melting 
temperatures (TmCO2) vary from -62.6 to -56.7°C, suggesting CH4 and/or N2. Eutectic temperatures (Te) in quartz veins 
show average values of -30.8°C in the biotite + chlorite + muscovite and biotite + garnet zones, and -38.6°C in the cordie-
rite + andalusite and cordierite + sillimanite zones. Ice-melting temperatures (Tmice) are lower in the higher-temperature 
metamorphic zones. The mode values are -3.8, -5.5, -5.6, and -7.3°C, corresponding respectively to the biotite + chlorite + 
muscovite, biotite + garnet, cordierite + andalusite, and cordierite + sillimanite zones. A fluid characterized by the H2O-Na-
Cl (KCl)-MgCl2-FeCl2-CaCl2 system is defined by: Tmice from near -1.9 to -32°C, the presence of salt cubes mainly in the 
cordierite + andalusite and cordierite + sillimanite zones, and recorded eutectic temperatures (Te) from -16.5 to -59.1°C. 
In addition, total homogenization temperatures (Tht) ranging from 117 to 388°C were obtained for primary aqueous fluid 
inclusions. This indicates a long period of fluid circulation under conditions of falling temperatures. Our results are consis-
tent with an increase in the salinity of the aqueous fluid across the thermal aureole toward the granitic batholith.

Keywords: Fluid inclusions; Quartz veins; Micaschists; Thermal aureole; Fluid composition; Salinity.

Resumo
Os micaxistos que circundam o batólito granítico de Acari (idade ediacarana, 572 a 577 Ma) são caracterizados por elevada 
quantidade de veios de quartzo. Os veios são mais abundantes nas zonas metamórficas com temperaturas mais altas, que so-
madas àquelas de temperaturas mais baixas formam a auréola que envolve o batólito. Os veios analisados são provenientes 
das zonas da biotita + clorita + muscovita, biotita + granada, cordierita + andaluzita e cordierita + sillimanita. Grande parte 
das inclusões fluidas são bifásicas, porém as variedades trifásicas podem ser localmente observadas. As temperaturas de 
fusão do CO2 (TfCO2) variam de -62,6 a -56,7°C. As temperaturas eutéticas (Te) mostram valores médios de -30,8°C nas 
zonas da biotita + clorita + muscovita e biotita + granada e de -38,6°C nas zonas da cordierita + andaluzita e cordierita + 
sillimanita. As temperaturas de fusão do gelo (Tfgelo) são mais baixas nas zonas metamórficas de mais altas temperaturas. 
Os valores das modas são de -3,8, -5,5, -5,6 e -7,3°C, que correspondem respectivamente às zonas de biotita + clorita + 
muscovita, biotita + granada, cordierita + andaluzita e cordierita + sillimanita. Um fluido caracterizado pelo sistema H2O-
-NaCl (KCl)-MgCl2- FeCl2-CaCl2 é definido por: Tfgelo que varia de -1,9 a -32°C; presença de cubos de sal nas zonas da 
cordierita + andaluzita e cordierita + sillimanita; e Te registradas entre -16,5 e -59,1°C. Adicionalmente, foram obtidas 
temperaturas de homogeneização total que variaram entre 117 e 388°C para as inclusões fluidas aquosas primárias. Os re-
sultados são consistentes com o aumento da salinidade dos fluidos aquosos ao longo da auréola, na direção do batólito.

Palavras-chave: Inclusões fluidas; Veios de quartzo; Micaxistos; Auréola térmica; Composição dos fluidos; Salinidade.
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INTRODUCTION

The metapelites of the Seridó Formation, at the top of the 
stratigraphic column of the Seridó Group, have recorded 
most of the evolutionary history of Seridó Belt metamor-
phism (Legrand and Martins Sá, 1986; Lima, 1986; Souza, 
1996) during the Brasiliano orogeny (700 to 500 Ma). 
These metapelites commonly contain important marker 
minerals of metamorphic conditions, such as sillimanite, 
cordierite, andalusite, staurolite, and garnet. At the Seridó 
Formation, represented by a large belt of micaschists, we 
highlight two metamorphic episodes M1 and M2. The syn-
chronism of the tectono-metamorphic event F2/M2 and the 
granitic batholith setting favored increased heat and the 
possibility of aqueous and carbonic fluid circulation in the 
micaschists. Along the aureole, especially in the higher-
temperature zones, it is common for metapelites to develop 
long hydrothermal bands (M2), with widths ranging from 
centimeters to meters, and remarkable growth of cordier-
ite, andalusite, sillimanite, garnet and locally staurolite 
porphyroblasts, plus swarms of quartz veins of micro- to 
decimetric size. In this context, a key foundation for inter-
preting fluid-rock interaction history is the unmatched 
ability of metamorphic quartz veins in metapelites. These 
veins encode and record the fluid chemical composition 
and geothermobarometric conditions in their fluid inclu-
sions, also attending index mineral growth. Therefore, 
along these metamorphic bands (M2), the interaction of a 
fluid phase with the mineral phases enhances hydrolysis/
ionic reactions, which enclose dissolution and precipita-
tion (Bucher and Frey, 1994; Miyashiro, 1994; Souza 
et al., 1996), combined with the solubility of diffusing 
components in the intergranular medium (Carlson et al., 
2015; Souza and Carvalho, 2015). These mechanisms of 
mineralogical transformation allowed the growth of the 
index minerals and the formation of the associated quartz 
veins (Souza, 1996).

Therefore, it is plausible that these quartz veins 
mark the path/conduit through which fluid flow and 
mass transfer could occur (Yardley and Bortrell, 1992; 
Carlson et al., 2015; Souza and Carvalho, 2015), which 
are the target of this work. In this context, the study 
of fluid inclusions in the Seridó Belt has been focused 
on gold mineralized quartz veins hosted in micaschists 
(Luiz Silva, 1995) and tungsten mineralized calc-silicate 
rocks (Salim, 1993). Therefore, this paper investigates 
fluid inclusions in quartz veins hosted by low- to high-
grade metamorphic schists around the Acari granitic 
batholith. The study relates the metamorphic aureole of 
the schists to the lateral variation of the fluid inclusion 
compositions, particularly salinity, in close association 
with the mineral reactions that form the metamorphic 
aureole centered in the Acari pluton.

GEOLOGICAL SETTING

The study site is located in Northeastern Brazil (Figure 1) 
and covers a surface area of approximately 250 km2. 
The micaschists are flysch-type pelitic sediments depos-
ited in the Neoproterozoic Seridó Belt metamorphosed 
during the Brasiliano orogeny (Caby, 1989; Van Schmus 
et al., 1995; Van Schmus et al., 2003; Hollanda et al., 
2015). The micaschists represent the upper unit of the 
Seridó Group that, in turn, rests on an Archean to the 
Paleoproterozoic basement (Dantas, 1997; Dantas et al., 
2004). These metapelites are well represented in the 
Seridó Belt and preserve the record of changes of the 
metamorphic and tectonic conditions that affected the 
belt in the Ediacaran (Souza, 1996). The regional defor-
mation is characterized by dextral shear zones formed 
during a transpressive regime. The shear zones acted as 
pathways that assisted in the injection of synorogenic 
stocks and batholiths (Archanjo et al., 1992, 2013; 
Leterrier et al., 1994). The Acari granitic massif has a 
calc-alkaline affinity with high-K and was emplaced in 
this context. The massif is completely surrounded by 
micaschists, which developed a regional metamorphic 
aureole. Two metamorphic episodes, M1 and M2, are 
distinguished. The first episode (M1) occurred under 
greenschist facies conditions and developed a schistos-
ity S1, which was superimposed by a medium/high-T/
Low-P greenschist/amphibolite facies episode (M2). The 
second event was responsible for the metamorphic aure-
ole centered on the Acari massif. The textural analysis 
of metamorphism M2 minerals allowed us to establish 
several metamorphic zones: 
•	 [1] biotite + chlorite + muscovite (Figure 2); 
•	 [2] biotite + garnet (Figure 3); 
•	 [3] biotite + cordierite + andalusite (Figure 4); 
•	 [4] biotite + cordierite + sillimanite (Figure 5). 

These assemblages, plus plagioclase, quartz (veins), 
and a fluid phase from dehydration and devolatilization 
reactions, evolved continually during the tectono-meta-
morphic M2 episode (Souza, 1996; Souza et al., 2007). 
Conspicuous mineralogical alternations occur along the 
micaschists’ aureole. These alternations or bands (biotite 
+ plagioclase + quartz ± garnet versus biotite + cordie-
rite + andalusite or sillimanite ± plagioclase ± garnet + 
quartz), parallel to schistosity S2, have been enhanced 
by an important growth of the index metamorphic mine-
rals such as garnet, cordierite, staurolite, andalusite, and 
sillimanite. The metamorphic event M2 formed under 
transpression, where the main schistosity S2 usually 
shows a vertical dip. Fluid inclusions data (H2O-rich 
fluid phase) from the quartz vein system (parallel to this 
schistosity S2) are related to the mineral transformations 
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(Souza, 1996). In addition to water-rich fluids, CO2 is 
also present in variable proportions. The dynamics of 
M2 metamorphism allowed a continuous recrystallization 
process to be inferred from early to late metamorphic 
minerals. The metamorphic reactions started with rising 
temperatures (progressive metamorphism from M1 in 
greenschist facies) in the early to the syn-M2 interval. 
During this interval, the peak temperature reached 600 
– 650°C at 3 – 4 kbar in the cordierite + sillimanite zone 
(Souza, 1996), according to PT estimates from Spear and 
Peacock (1990). The syn- to late-M2 period was marked 
by the recrystallization of the index minerals (cordie-
rite, andalusite, sillimanite, staurolite, and garnet) and 
quartz vein formation, but under a regime of decreasing 
temperatures.

ANALYTICAL METHOD

Sample selection of veins

The samples studied in this work are quartz veins parallel 
to the S2 foliation in phyllites and micaschists of the Seridó 
host collected in different metamorphic grades of the meta-
morphic aureole. The location of the veins, their host lithol-
ogy, and metamorphic grade are summarized in Figure 1. 
We prepared fifteen wafers of quartz veins and fluid inclu-
sion microthermometry data from the metamorphic zones 
(Table 1). These quartz veins are usually fine-grained at 
low metamorphic grades and coarse-grained at high meta-
morphic grades. In all metamorphic zones, the quartz veins 
are synchronous with F2/M2 (Figure 6). The sampled veins 

Source: modified from (Souza, 1996).

Figure 1. Neoproterozoic metamorphic aureole in the Acari granitic batholith shows the distribution of metamorphic 
zones in the Seridó micaschists.
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are composed of quartz and sometimes include fragments 
(xenoliths) of the host micaschist. In most cases, the veins 
are composed exclusively of quartz and late fractures cross-
cutting the quartz crystals often filled with opaque minerals, 
Fe-oxide, muscovite, chlorite, and garnet.

Analysis of fluid inclusions

Fluid inclusions were systematically studied as a function 
of host quartz generation and its relationship with succes-
sive deformation and fracture episodes. The fluid inclusion 
populations were described and mapped using a petrographic 
microscope. The petrographic characterization of fluid inclu-
sions was based on the guidelines of Goldstein and Reynolds 
(1994), considering the sizes, shapes, arrangement of fluid 
inclusions etc. Microthermometric measurements of fluid 
inclusions were performed on wafers (< 250 μm in thickness) 
using an R-Chaixmeca heating-freezing stage (DG-UFRN). 
This stage was calibrated using natural CO2 inclusions at 
-56,6°C, benzylic alcohol at -15.3°C, double-distilled water 

at 0°C, and some pure compounds such as benzoic acid at 
122.4°C, Na-nitrate at 306.8°C, and K-dichromate at 398°C. 
The heating rate was monitored to achieve a precision of ± 
0.3°C during freezing, ± 2°C when heating over the 250 – 
350°C row, and ± 3°C over the 350 – 550°C row. The volu-
metric fractions of the aqueous liquid and the volatile-rich 
phase were estimated by reference to the volumetric chart 
of Roedder (1984).

RESULTS

Fluid inclusion petrography

To define different fluid inclusions assemblages (FIA’s), 
which are petrographically associated and formed in the 
same time interval and under similar tectono-thermal con-
ditions, the guidelines of Goldstein and Reynolds (1994) 
were followed. In this sense, the consistency or not of L:V, 
similarities in shape, size, and possible orientations of fluid 

Figure 2. (A) Biotite - chlorite - muscovite phyllite showing a conspicuous foliation S2, overlapping S1, and (B) photomicrography 
(parallel Nicols, 100X) in the same phyllite with biotite, muscovite and chlorite (Bt2 + Chl + Mu zone) defining the schistosity 
S2, in addition to aggregates of plagioclase and quartz (Pl + Qz). This schistosity overlaps the older foliation S1.
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inclusions were considered. Fluid inclusions in the quartz 
veins occur in three different settings. The first one forms a 
cluster with individual isolated inclusions (primary or pre-
cocious). The second setting occurs when internal planar 
trails do not cross the crystal boundaries (pseudo-secondary). 
In contrast, the third one appears as planar trails that cross 
the crystal boundary, sometimes in fractures. The latter 
unequivocally defines secondary inclusions (Figures 7–10). 
The exact characterization of primary or precocious inclu-
sions associated with metamorphic rocks is sometimes dif-
ficult. Nonetheless, clusters and individual fluid inclusions 
isolated from planar trails can be the oldest inclusions in the 
sample (Swanenberg, 1980; Crawford and Hollister, 1986). 
The microthermometric data (Table 1) obtained in this study 
further support syn-retrograde metamorphism (M2) emplace-
ment for these veins and their fluid inclusions. In biotite + 
muscovite + chlorite and biotite + garnet zones, the size of 
fluid inclusion is observed to range from c. 5 – 16 μm to 
c. 5 – 32 μm, occasionally reaching up to 16 and 40 μm, 
respectively. On the other hand, the size of fluid inclusions 

in both cordierite + andalusite and cordierite + sillimanite 
zones ranges from c. 15 – 40 μm, with some inclusions 
reaching up to 76 μm (Figure 11).

Fluid inclusion data

Considering all the metamorphic zones, including the quartz 
veins in the granitic batholith, a reasonable number of mea-
surements (primary/precocious, pseudo-secondary, second-
ary) of eutectic (Te) and CO2-melting (TmCO2) temperatures 
was characterized within the ranges of -59,1 to -16,5°C and 
-62.6 to -56.8°C, respectively (Table 1). These measurements 
indicate two major types of fluids: 
•	 a NaCl [KCl(?)] - dominated fluid with substantial CaCl2, 

MgCl2 and FeCl2, mainly in the high-grade metamor-
phic zones; 

•	 a CO2-rich fluid that was characterized in volatile-bearing 
inclusions by the melting of a solid below -56.6°C, and 
by CO2- melted temperatures as low as -63.3°C for fluids 
displaying CH4-N2 contents that are likely to be important.

Figure 3. Garnet - biotite schist (biotite + garnet zone) showing growth late-S2 of microphenoblasts of garnet (Grt) at the 
biotite (Bt) aggregate levels, (A) granolepidoporphyroblastic and (B) lepidoporphyroblastic textures, beyond quartz (Qz) 
veins and penetrating schistosity S2. (both parallel Nicols, 100X). 
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Fluid inclusions salinity and ice-melting temperature

The salinity of all fluid inclusions (FI; quartz veins from 
micaschists) ranges from 20.8 to 3.1 wt.% NaCl eq., calculated 
using the equation of Brown and Lamb (1989), correspond-
ing to the final ice-melting temperatures ranging from -17.8 
to -1.9°C (primary and pseudo-secondary FI: Bt + Chl + 
Mu zone; primary FI: Bt + Grt, Cd + And, Cd + Sil zones; 
primary and secondary FI in quartz vein in the batholith) 
(Figure 12). In aqueous fluid inclusions, salinity within 
individual metamorphic zones in the micaschists shows a 
systematical variation. The mode values of 6.1, 8.5, 8.7, and 
10.9 wt.% NaCl eq. correspond, respectively, to the biotite + 
chlorite + muscovite, biotite + garnet, cordierite + andalusite, 
and cordierite + sillimanite zones (Figure 13). Saturation salt 
crystals [NaCl, KCl(?)] in aqueous inclusions were found 
only in the high-grade metamorphic zones (cordierite + 

andalusite and cordierite + sillimanite), indicating increased 
salinity. On the other hand, salinity was markedly decreased 
in the low-grade zones (biotite + garnet and biotite + chlorite 
+ muscovite). Such differences are potentially explained by 
metamorphic reactions between minerals (e.g., the loss of 
Cl from biotite and apatite due to dehydration metamorphic 
devolatilization reactions) and probably infiltrating fluids 
genetically related to the Acari pluton emplaced during the 
peak of metamorphic episode M2 (Souza, 1996). This sug-
gests that a heterogeneous fluid was related to quartz vein 
formation in each metamorphic zone, despite the wide range 
of total homogenization temperatures.

Total homogenization temperatures 

The Tht in quartz veins from all metamorphic zones shows a 
wide range of values (Table 1). The Tht for fluid inclusions 

Figure 4. Biotite - cordierite - andalusite schist in 
the cordierite (Cd) + andalusite (And) zone, with 
porphyrolepidoblastic texture point out (A) phenoblasts 
of stretched cordierite, in the S2 foliation, and of 
andalusite (whitish crystals). (B) Photomicrography 
(crossed Nicols, 40X) shows the growth of poikiloblastic 
andalusite and cordierite replacing biotite (Bt) and 
plagioclase (Pl).

Figure 5. Biotite - cordierite - sillimanite schist in 
the cordierite (Cd) + sillimanite (Sil) zone, with (A) 
porphyrolepidoblastic texture represented by megablasts 
of cordierite and sillimanite, syn- to late-foliation S2, beyond 
quartz (Qz) vein in this foliation. (B) Photomicrography 
(crossed Nicols, 40X) characterizes growth, syn- to late-S2, 
of cordierite and sillimanite from biotite (Bt) and plagioclase 
(Pl), beyond aggregates of quartz along S2.
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in the four metamorphic zone ranges from 99.2 to 388°C. 
Each zone shows the mode values of 207.3, 278, 197.8, and 
223.4°C, corresponding, respectively, to biotite + chlorite 
+ muscovite, biotite + garnet, cordierite + andalusite, and 
cordierite + sillimanite zones (Figure 14). The broad range 
of homogenization temperatures may be due to post entrap-
ment changes of the fluid inclusion volume and density 
reequilibration. The variation of fluid inclusion densities 
may be due to three reasons. First, inclusion leakage due 
to fluid overpressures up to 1 kbar, developed during pro-
gressive heating (Crawford and Hollister, 1986) from the 
syntectonic Acari granitic batholith. Second, the continuous 
cooling associated with decreased confining pressure due to 
exhumation (Vityk and Bodnar, 1995) of the micaschists. 
Third, the transpression deformation during or after vein 
emplacement (Souza, 1996). The quartz veins in the Seridó 
region were intensely strained with frequent recrystalliza-
tion parallel to schistosity S2.

However, only a limited number of Th measurements 
from inclusions in quartz from the biotite + chlorite + 

muscovite zone were obtained due to the small size of the 
fluid inclusion. Finally, the differences in Th between inclu-
sions in metamorphic zones are linked to some reequilibra-
tions, mainly during the continuous heating and cooling of 
the Acari batholith and their thermal aureole.

DISCUSSION

The P-T conditions of vein emplacement are essential for 
relating the fluid inclusion compositions and the metamor-
phic reaction evolution. Assuming that chlorite + musco-
vite + biotite, biotite + garnet, cordierite + andalusite, and 
cordierite + sillimanite associations were synchronous with 
fluid inclusion entrapment, P-T conditions can be deter-
mined from biotite - garnet temperatures coupled with fluid 
inclusion isochores.

The isochore interception method of the H2O and CO2 
systems was applied to estimate the P-T conditions of fluid 
inclusion trapping. The application of the isochores, using 
the Flincor 1.4 software (Brown, 1989), took into account 
the values of the mode of Tmice and Tht (aqueous fluids) and 
ThCO2 (carbonic fluid) of primary and pseudo-secondary 
inclusions from biotite + chlorite + muscovite, and biotite 
+ garnet zones, and of primary inclusions only from cor-
dierite + andalusite and cordierite + sillimanite zones. The 
equilibrium equation for the calculation of isochores was 
proposed by Brown and Lamb (1989) for the saline aqueous 
fluids (H2O-NaCl) and by Bottinga and Richet (1981) for 
carbonic fluids. The thermal values for secondary aqueous 
and carbonic inclusions for cordierite + andalusite and cordi-
erite + sillimanite zones were not estimated since the inclu-
sions do not belong to the H2O-NaCl system. Considering 
that fluid inclusions generally provide constraints only on 
minimum trapping pressures and temperatures, and apply-
ing the crossing of the isochores for fluid inclusions, mini-
mal estimates were obtained as follows: pressures of 3.0 
kbar for a temperature of 390°C in the biotite + chlorite 
+ muscovite zone; 1.5 kbar for a temperature of 395°C 
in the biotite + garnet zone; 3.8 kbar for a temperature of 
410°C in the cordierite + andalusite zone; and 3.5 kbar for 
a temperature of 460°C in the cordierite + sillimanite zone 
(Figure 15). These parameters are analogous and consistent 
with the calculated pressures and temperatures of M2 using 
the biotite + garnet thermometer and garnet + plagioclase 
barometer (Souza, 1996).
Results of quartz veins fluid inclusions evidence the aqua-car-
bonic, carbonic, and aqueous fluids in the high-temperature 
metamorphic zones. In contrast, only carbonic, aqueous and 
N2-rich fluids were identified in the low-temperature zones. 
Samples of quartz veins hosted in the Acari granite, in turn, 
provided aqueous, carbonic, and aqua-carbonic types. The 
petrographic and microthermometric similarities found in 

Figure 6. (A) Quartz vein along schistosity S2 in the 
micaschist of the cordierite + andalusite zone and (B) a 
swarm of quartz veins (Qz) in the micaschist, following 
the schistosity S2, associated with growth of the blasts of 
andalusite (And) in the cordierite + andalusite zone.
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Figure 7. Fluid inclusions in quartz vein, in the biotite + chlorite + muscovite metamorphic zone. (A) Primary/early H2O, CO2, 
N2 fluid inclusions in quartz vein. (B, C and D) Details from image (A). (E) Pseudo-secondary trail CO2 fluid inclusions. (250X).

the fluid inclusions of quartz veins from the Acari granite 
and high-temperature micaschists (cordierite + andalusite 
and cordierite + sillimanite zones) suggest that the fluid 
from the granite could have contributed to the mineralogical 
transformations that formed the thermal aureole in the host 
micaschists. The main aspects of fluid inclusions in quartz 
veins from metamorphic zones of micaschists and granite 
include the fact that the size of fluid inclusions progressi-
vely increases towards higher-temperature metamorphic 
zones and, in consequence, to the Acari granite; salinity 

of the aqueous fluid also increases towards higher-tempe-
rature metamorphic zones, and the mode values of Tmice 
= -3.8, -5.5, -5.6, and -7.3°C correspond, respectively, to 
the biotite + chlorite + muscovite, biotite + garnet, cordie-
rite + andalusite, and cordierite + sillimanite zones. Such 
increase in salinity is evidenced by salt cubes in the aqueous 
inclusions of the quartz veins from higher-temperature 
metamorphic zones and also from the Acari granite. Lastly, 
the low temperatures of Tfg measured in the secondary 
aqueous inclusions from the cordierite + andalusite and 
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Figure 8. (A) Primary/early, biphasic H2O, CO2 and pseudo-secondary aqueous fluid inclusions in quartz vein, in the biotite 
+ garnet metamorphic zone. (250X). (B, C and D) Details from image (A).

cordierite + sillimanite zones indicate a chemical system 
composed of H2O-NaCl (KCl)-MgCl2-FeCl2-CaCl2. This 
suggests an efficient process of dissolution of the biotite 
and plagioclase and, mainly, the release of Na+, Ca2+, Mg2+, 
and Fe2+ into the fluid phase, which assists in forming the 
index minerals, such as cordierite, andalusite, sillimanite, 
and quartz veins, according to the reactions that follow 
(Souza, 1996):

plagioclase (25% An) + H+ ↔ andalusite/sillimanite + quartz 
(vein) + Na+ + Ca2+ + H2O;

6 NaAlSi3O8 + 2 CaAl2Si2O8 + 10 H+ = 5 Al2SiO5 + 17 SiO2 
(vein) + 6 Na+ + 2 Ca2+ + 5 H2O;

biotite + plagioclase (25% An) + H+ ↔ cordierite + ilmenite 
+ quartz (vein) + Na+ + Ca2+ + K+ + Fe2+ + H2O;

K2(Mg0.48, Fe0.48, Ti0.04)5.5Al3Si5.5O20(OH)4 + 3.27 NaAlSi3O8 
+ 1.09 CaAl2Si2O8 + 8.69H+ ↔ 2.11 (Fe0.4, Mg0.6)2Al4Si5O18 
+ 0.22 FeTiO3 + 6.94 SiO2 (vein) + 3.27 Na+ + 1.09 Ca2+ + 
2 K+ + 0.62Fe2+ + 6.36 H2O;

biotite + 57.9 plagioclase (25% An) + 51.2 H+ + 11Fe2+ ↔ 
8.25 staurolite + 132.4 quartz (vein) + 2K+ + 13.3 Ca++ + 
44.6 Na+ +23.5 H2O;

K2(Mg0.48, Fe0.52)5.5 Al3Si5.5 O20(OH)4 + 13.3 CaAl2Si2O8 + 
44.6 Na Al2Si3O8 + 51.2 H+ + 11Fe2+ ↔ 8.25 (Fe0.84, Mg0.16)2 
Al9Si4O23(OH) + 132.4 SiO2 (vein) + 2K+ + 13.3 Ca2+ + 44.6 
Na+ + 23.5 H2O.

All the aqueous, carbonic, and aqua-carbonic fluids in the 
quartz veins from the higher-temperature metamorphic zones 
could be assigned predominantly to an initial, homogeneous, 
carbonic fluid. This initial fluid would be originated from 
deep crustal sources (e.g., from the underlying marble of 
the Jucurutu Formation), and its upward migration could 
be related to the emplacement, at depths of ~18 to 19 km 
(Campos et al., 2016), of the Acari batholith. Sirbescu and 
Nabelek (2003), Bhattacharya et al. (2014) and Goldfarb and 
Groves (2015) support this hypothesis. This fluid could be 
mixed with an aqueous fluid from metamorphic reactions in 
the micaschists and batholith’s magmatic fluids. This mixture 
may have been subjected to the immiscibility mechanism, 
allowing simultaneous trapping of aqueous (variable salin-
ity), carbonic, and aqua-carbonic inclusions with variable 
volumetric (10 – 90%) ratios in the high-temperature meta-
morphic zones. The absence of aqua-carbonic inclusions in 
the lower-temperature zones (biotite + chlorite + muscovite 
and biotite + garnet) could be explained in two ways: firstly, 
the mixture and immiscibility of fluids in these zones were 
not achieved; thus, the carbonic inclusions would be sourced 
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Figure 9. Photomicrographs of fluid inclusions in quartz vein in the cordierite + andalusite metamorphic zone showing 
(A) primary/precocious, biphasic, aqua-saline fluid inclusions. (B, C and D) Details from image (A), 250X. (E) represents 
aqua-carbonic fluid inclusions (250X).

from a homogeneous carbonic fluid situated in the deeper 
crust, while the aqueous inclusions of low salinity would be 
derived from magmatic fluid and/or metamorphic reactions 
in the micaschists. This would explain the absence of the 

same population of aqueous and carbonic inclusions in the 
biotite + chlorite + muscovite zone. Secondly, the aqueous 
and carbonic inclusions coexisting in the same population 
in the biotite + garnet zone. Then, it is possible to estimate 
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Figure 10. Photomicrography showing (A) primary/early, biphasic, aqua-carbonic fluid inclusions from quartz vein in the 
cordierite + sillimanite metamorphic zone (250X). (B) Details from image (A).

BCMZ: biotite + chlorite + muscovite zone; BGZ: biotite + garnet zone; CAZ: cordierite + andalusite zone; CSZ: cordierite + sillimanite zone; n: number of fluid 
inclusions considered.

Figure 11. Comparing the size of fluid inclusions from quartz veins in the thermal aureole of the Seridó micaschists and Acari 
batholith. The size of fluid inclusions increases progressively towards high-grade metamorphic zones and Acari granitic batholith. 

that the aqua-carbonic ± (N2 ± CH4) fluids would also 
coexist, at least, in this last metamorphic zone, and that the 
individualization of the carbonic and aqua-saline inclusions 
was affected by the deformation. 

Crawford and Hollister (1986) posit that post-metamorphic 
extraction of H2O from the H2O + CO2 mixture included 
removing the aqueous phase along micro fissures that cross 
the aqua-carbonic inclusions. According to Hendel and 
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Figure 12. Ice-melting temperatures of aqueous fluid inclusions from quartz veins in the thermal aureole of the Seridó 
micaschists and Acari batholith.

Hollister (1981), the trapping of nearly pure CO2 by a sys-
tem composed of two phases is based on the immiscibility 
of the CO2 + H2O fluid. This must occur in the greenschist 
facies and low amphibolite facies. According to Hollister 
(1990), ductile deformation of the quartz associated with 
hydraulic micro fissures possibly constitutes the physical 
mechanism for generating pure CO2 inclusions using the 
withdrawal of water from homogeneous inclusions (CO2 + 
H2O). Due to ductile deformation, water loss leads to the 
enrichment of CO2 fluid beyond that of other components. 
These components include NaCl, CaCl2, and KCl, as well 
as CH4 and N2. The deformation that affected the quartz 
veins along the thermal aureole could subsequently provide 
the total separation of CO2 from H2O in the fluid inclusions 
found in the low-temperature metamorphic zones.

BCMZ: biotite + chlorite + muscovite zone; BGZ: biotite + garnet zone; CAZ: 
cordierite + andalusite zone; CSZ: cordierite + sillimanite zone.

Figure 13. Variation in salinity of primary/precocious and 
pseudo-secondary aqueous fluid inclusions in quartz 
veins from thermal aureole of the Seridó micaschists 
around Acari batholith.
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CONCLUSIONS

The P-T conditions agree with the quartz vein formation 
and fluid entrapment associated with the generation of the 

thermal aureole. When considered collectively, field obser-
vations, calculated P-T, total homogenization temperatures, 
and isochores from primary and pseudo-secondary fluid 
inclusions indicate that the quartz veins were formed during 

Figure 14. Total homogenization temperatures (Tht) of aqueous fluid inclusions from quartz veins in the thermal aureole 
of the Seridó micaschists and Acari batholith.
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Figure 15. Isochores for modal Th showing the P – T conditions of trapping for H2O and CO2-rich fluid inclusions from (A) 
biotite + chlorite + muscovite, (B) biotite + garnet (C) cordierite + andalusite, and (D) cordierite + sillimanite zones of the 
Seridó micaschists around Acari batholith. The isochores were performed with the Flincor 1.4 software (Brown, 1989).

a large temperature range along thermal metamorphic aureole 
from peak metamorphic temperatures of 600°C (cordierite 
+ sillimanite) to 400°C (biotite + chlorite + muscovite).

This paper concludes that the efficient dissolution pro-
cess of the biotite and plagioclase seem to be intensively 
involved in the metasomatic process responsible for form-
ing the metamorphic aureole. The origin of aqueous fluid 
could be related to the dehydration reactions of the Seridó 
micaschists and most likely to the circulation of magmatic 
fluid from the Acari batholith. 

The carbonic fluid is probably related to the metamor-
phic reactions of the metacarbonate rocks underlying these 
micaschists. Graphite was not found in the micaschists, 
which could react with H2O to produce CO2. In turn, the 
granite batholith could have contributed with aqua-car-
bonic, carbonic, and aqueous fluids since these fluids are 
contained in the fluid inclusions of the veins housed in the 
granitic massif. 

The presence of N2 in the biotite + chlorite + musco-
vite zone is a matter of discussion. Still, its origin could 
likely be related to a fluid phase from clay minerals deliv-
ered by pelitic sediment in the initial stages of the regional 
metamorphism.

The variability in quartz vein inclusion salinity from the 
thermal aureole of the Seridó micaschists is mainly linked 
to devolatilization metamorphic reactions. Furthermore, the 
Acari batholith could have contributed to increased salinity 
in the fluids trapped by such veins. This is supported by the 
presence of aqua-saline fluid inclusions in quartz veins within 
the granitic massif. Finally, there was a marked increase in 
fluid salinity towards the higher-temperature metamorphic 
zones due to the dissolution reactions of plagioclases and 
biotites, in addition to the very likely contribution of fluids 
from granitic batholith. Furthermore, in the higher-temper-
ature metamorphic zones, fluid inclusion saturation allowed 
precipitation of salt crystals.
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