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Contact metamorphism and amphibole-bearing veins
in Archean metabasic rocks from the Carajas Mineral
Province, northern Brazil
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Abstract

In the Carajds Province, many Au and Cu deposits are hosted in Archean metabasic rocks belonging to the Itacaitinas Supergroup. These meta-
basic rocks underwent seawater metamorphism of greenschist facies concomitantly to the volcanic activity and banded iron deposition. In the
Carajds Province, synkinematic granite magmatism occurred at ca. 2.75 Ga as represented by the Estrela, Serra do Rabo, Planalto, and Igarapé
Gelado granites. Emplacement at relatively shallow levels created thermal aureoles of albite-epidote hornfels to hornblende hornfels facies.
Metabasic xenoliths show assemblages of hornblende hornfels. Regional stresses and lateral expansion of the syntectonic granites promoted
high-temperature low-pressure metamorphism and ductile deformation in the host metabasic rocks. Dehydration reactions increased the flu-
id pressure permitting hydraulic fracturing and veining in the metabasaltic rocks. These conditions increased the kinetic energy of minerals so
that pressure solution and dissolution of minerals were enhanced. The material transfer caused by the advective flow of supersaturated fluids
leads to the formation of amphibole-bearing veins and subordinate quartz-bearing and plagioclase-bearing veins. Progressive reactions during
thermal metamorphism promoted the replacement of actinolite to ferropargasite/edenite and Na-plagioclase to Ca-plagioclase. Silica pro-
duced in these reactions was transported by fluids and deposited in veins that crosscut the amphibolites.
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INTRODUCTION Ferry 1993, Dutrow and Norton 1995, Etheridge et al. 1984,
The mechanisms of space creation during granite plutons Hanson 1992). These conditions are expected in contact meta-
emplacement have been debated for decades. Among the dif- morphism due to dehydration/devolatilization reactions that

ferent processes that contribute to the ascending and final occur in previously hydrated rocks (Walther and Orville 1982,
emplacement of granites, ballooning is responsible for plas- Russ-Nabelek 1989, Elmer et al. 2006, Yardley and Cleverley

tic aureole deformation and the final emplacement of plu- 2015). Therefore, discussions on mass transfer mechanisms
tons (Paterson et al. 1991, Weinberg and Podladchikov 1994, (Bell and Cuff 1989) and veins formation may contribute to
Vigneresse and Bouchez 1997, Miller and Paterson 1999). the understanding of the thermal evolution of a terrain (Fischer
Emplacement of shallow-level granite places side-by-side brit- etal.2019) and may guide the prospection of vein-hosted ore
tle country rocks metamorphosed under greenschist facies deposits (Bons et al. 2012), especially considering the fertile
(hydrated assemblages) with plastically deformed counter- characteristic of Archean greenstone belts (Wang et al. 1993).
parts (dry or less hydrated assemblages). The lateral expansion This paper discusses the origin of amphibole-bearing veins
of plutons and aureole deformation, coeval to compressional in the context of contact metamorphism in the Carajis Mineral
regional stresses, enhance a rheological change and the plastic Province (CMP) (Amazon craton) where fertile Archean
flattening of the thermal aureole of country rocks next to the metabasic rocks are crosscut by synkinematic granites. In this
granite intrusion (Bateman 1985, Brun et al. 1990). The tem- study case, we will present examples of amphibole-bearing
perature contrast enhances prograde metamorphism, which veins hosted in metabasic rocks. The discussion is based on
controls dehydration reactions and increases fluid pressures, field data, petrography, and mineral chemistry.

hydraulic fracturing, and veining (Cesare 1994, Davies and
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The structures and textures of the metabasic rocks, their
location with respect to the synkinematic granites, and the
zoning (cf. Laird and Albee 1981) in amphibole crystals were
crucial to understanding the tecnometamorphic evolution of
these amphibolites and the origin of amphibole-bearing veins,
albite aggregates and veins of quartz.

The mineral chemistry data were obtained in 23 samples of
metabasic rocks. The mineral analyses were carried out in the
Microanalysis Laboratory of the University of Lorraine, Nancy
(France) with a Cameca SX 50 microprobe equipped with four
wavelength dispersive spectrometry (WDS) detectors, under
these conditions: 10 A current, 15 kV voltage, and 10 s counting
timebeam diameter. The THERMOCALC 3.33 program (Powell
and Holland 1988, 1994) permitted the calculation of average
temperatures and pressures. For such estimating values, one has
employed mineral chemical data of a garnet-biotite amphibolite,
which is located 400 m away from the contact with the Estrela
Granite Complex (CAP 3). For these temperature calculations,
the error is furnished by the program as “sigfit” whose value

must be smaller than indicated when calculations are finished.

Carajas Mining
™ Province

Amphibole compositions were determined from 252 analyses.
However, we present the more representative ones for each rock
texture variation. Fe O, values were calculated from the FeO
analyses. In the “Results” section, we present the representative
mineral chemistry analyses from the metabasites according to
textural variation and distance from the synkinematic granite
plutons. For pressure calculations, we have tentatively employed
the geobarometer amphibole-chlorite proposed by Laird (1991)
for rocks that underwent low-grade metamorphism. The cho-
sen sample for the pressure estimating is a metaultramafic schist.
The pressure values were calculated with the Eq. 1:

P(kbar) = 10.5 In [(Mg/Fe) _/(Mg/Fe), ] (1)

GEOLOGICAL SETTING

The CMP, which is situated in the SE Amazon craton
(Almeida et al. 1981), is a notable worldwide known region due
to the importance of its ore resources (Fig. 1A). In the CMP,

the Mesoarchean basement (Fig. 1B) comprises charnockitic
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Figure 1. (A) Location map of the Carajis Mining Province. (B) Geological map of the Carajas Mining Province (after DallAgnol et al. 2017).
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to enderbitic gneisses of the Chicrim-Cateté Orthogranulite
(3002 + 14 Ma; Pidgeon et al. 2000, Machado et al. 1991),
tonalitic to trondhjemitic gneisses and migmatites of the
Xingu Complex (2974 £ 15 Ma; Avelar ef al. 1999; 2932
+ 20 Ma; Silva et al. 2021), and greenstone belt fragments
(2968 * 15 Ma; Moreto et al. 2015). It is also intruded by
Mesoarchean granitoids of ca. 3.0 to 2.8 Ga (e.g, Canai dos
Carajas, Bom Jesus, Cruzadio and Bacaba; Moreto et al.
2011, Feio et al. 2013).

Over this basement, a large Archean basin was formed and
covered supracrustal rocks, now represented by basic to fel-
sic metavolcanic rocks, banded iron formations, metapelites,
and quartzites (Itacaitinas Supergroup) (Beisiegel et al. 1973,
Docegeo 1988, Olszewski et al. 1989). U-Pb zircon ages obtained
from metabasalts and rhyolites vary from 2774 to 2748 Ga
(Wirth et al. 1986, Olszewski et al. 1989, Machado et al. 1991,
Tallarico et al. 2005, Toledo et al. 2019). According to Toledo
et al. (2019), the age of 2.77 Ga records a tectonometamor-
phic event on the supracrustal rocks. These supracrustal rocks
underwent greenschist metamorphism and a further event
of high-temperature and low-pressure (HT/LP) (750°C and
~2 kbar) conditions (Lindenmayer ef al. 1994). Rare cord-
ierite-anthophyllite rocks described in the region were attributed
to HT/LP metamorphism on previously altered metabasites
(Docegeo 1988).

At the south of the Itacaiinas Supergroup, major plas-
tic shear zones have been described and attributed to several
phases of tectonic reactivation (Pinheiro and Holdsworth
1997). This transpressive structure represents an import-
ant mineralized corridor. The supracrustal rocks are cut by

pre-1888 Ma brittle-ductile strike-slip fault (Caraj4s Fault).
Voluminous data have been produced on the ore deposits ori-
gin in this part of the worldwide known CMP, where several
iron oxide copper gold and volcanogenic massive sulfide ore
deposits are described (Schwarz and Frantz 2013, Moreto et al.
2015, Hunger et al. 2018, Craveiro et al. 2019).

The Itacaitinas Supergroup is crosscut by 2760 to 2743 Ma
synkinematic granites (Barros et al. 2001, 2009) which show
a WNW elongated shape (Fig. 1B). Among these granitic plu-
tons, several bodies are distinguished: Estrela (Fig. 2), Serra do
Rabo, Igarapé Gelado, and Planalto. Some of these intrusions
have A-type chemical signature and they would have been
crystallized from hot magmas produced by partial melting
of dry crustal sources (Barros et al. 2009). These granitoids
show igneous layering, subsolidus magmatic foliation, and
syn-emplacement hot mylonites (Barros et al. 2001) which
testify the thermal signature of decreasing temperatures and
increasing deformation during cooling (Barros ef al. 2001,
2009). The presence of pegmatites showing graphic texture
and amphibole with sieve texture in granites suggests the
shallow level of emplacement to these plutons (Candela
1997). Because of elevated iron contents in amphibole from
the synkinematic granites, the pressure calculations produce
overestimated pressure values (Barros et al. 2001, 2009,
Sardinha et al. 2006).

Anorogenic granites (e.g, Central de Carajas and Cigano
plutons) of 1888 Ma intruded the Archean rocks (Machado
etal. 1991, Macambira and Lafon 1995) and Paleoproterozoic
sandstones from the Aguas Claras Formation (Fabre et al.
2011) as discordant batholiths (Fig. 1). These granites have
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Figure 2. Geological map of the Estrela granite complex and its country rocks. Numbers 1, 2, and 3 indicate plutons that constitute the granite

complex. Black dots are outcrop locations of analysis samples, samples mentioned in the text and shown in some figures.
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crustal A-type signature, massive structure, and local rapakivi
texture (Dall’Agnol et al. 1994).

RESULTS

The Itacaitinas Supergroup is predominantly composed of
metabasalts, amphibolites, banded iron formation belts, and
minor ultramafic schists. Metagabbros are locally found and
spatially associated with the metabasalts, both having iron-
rich tholeiitic signature.

The spatial relationship between metabasic rocks and
2.76 to 2.74 Ga synkinematic granites leads to the discrim-
ination of four domains: the outer aureole, the transition
domain, the inner aureole, and the xenoliths, where struc-
tural, textural, and mineralogical differences are noted and
described below.

The inner aureole is around 2 km wide and it comprehends
the domain located closer to the Archean 2.76 to 2.74 Ga

synkinematic granites. There, these metabasites underwent
HT/LP metamorphism.

Outer aureole

The beginning of the outer aureole is located approximately
4.0 km away from the 2.76 to 2.74 Ga sinkynematic granites.
The boundary between the outer aureole and the inner aure-
ole is nearly 1.5-2.0 km far from the contact with the synki-
nematic granites (Fig. 2).

The fine-grained metabasalts and subordinated medium- to
coarse-grained metagabbros that belong to the outer aureole
(Figs. 2 and 3A) are characterized by dark gray color, massif
structure, generalized blastophitic texture, and assemblage
composed of actinolite, epidote, and chlorite, which indicates
greenschist assemblage (Fig. 4A). Pseudomorphic pale green
amphibole replaced primary clinopyroxene. Locally, metaba-
sites are crosscut by a WNW steeply dip foliation (S, ) outlined

by low-temperature minerals (chlorite and biotite). In these

Figure 3. (A) Outcrop of an Archean isotropic metagabbro from the Carajis Mineral Province (outer aureole) (see in the geological map
the outcrop CD62 location). (B) Photomicrograph (crossed polarizers) of ultramafic schist from the transition between the outer and inner
aureoles. The S schistosity is defined by the strong preferred orientation of chlorite and biotite. Note the tremolite prophyroblasts evidencing
the thermal effect. (C) Photomicrograph (crossed polarizers) of a tremolite schist from the inner aureole (S,). (D) Strongly foliated (S,)
amphibolite from the inner aureole (see in the geological map the outcrop CDS2 location).
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b)

d)

f)

Figure 4. (A) Scanning electronic microscope image of blastophitic metabasalt from the outer aureole (CD22). Note the light gray
margins and the dark gray cores of zoned amphibole crystals. (B) Photomicrograph (parallel polarizers) contrasted oning of amphibole
is demonstrated in the Al(IV)+AI(VI)+Fe(3+)+ 2Ti vs. Site A diagram. (C) Metabasalt from the transition outer aureole-inner aureole
(CD61). Note the less contrasted zoning in amphibole. (D) Al(IV)+AI(VI)+Fe(3+)+ 2Ti vs. Site A. (E) Photomicrograph (crossed
polarizers) of massive amphibolite (xenolith) showing granoblastic texture. Note that amphiboleis notzoned. (F) Al(IV)+Al(VI)+Fe(3+)+
2Ti vs. Site A diagram of massive amphibolite. Black circle indicates crystal margin; gray circle indicates intermediate position; and white

circles indicate crystal nuclei (CAP26).

rocks, amphibole (Table 1) has a well-defined chemical and
optical zoning (Figs. 4A and 4B) defined by cores of pale
green actinolite (XMg = 0.541-0.694) that contrast with the
bluish-green to olive green margins of magnesiohornblende
or ferropargasite (XMg = 0.34-0.46). This contrasted zoning

is well marked by variations of Al, Fe, Ti, Na, and K contents

5117

(Fig. 4B). Plagioclase may preserve its primary lath shape
and the oscillatory zoning. Saussuritization of plagioclase is
variable but more pronounced in the grain core. Less altered
plagioclase preserves the primary composition and zoning
(An75 core and An40 rims) (Table 2). Corroded skeletal

magnetite displays some preserved trellis array. Fine quartz
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Table 1. Representative chemical analyses of amphiboles from the metabasic rocks and amphibolites that host the Estrela granite complex.

Blastophitic metabasites (outer aureole)

CD22c¢ CD22i CD22m CD 65m CDé65c CD65i CD 65m CD 65m
Ferro Ferro Ferro Ferro Ferro
Actinolite tschermakite  tschermakite pargasite Actinolite  Actinolite hornblende  pargasite
SiO, 53.24 42.52 39.52 40.97 51.61 49.07 43.64 40.48
TiO, 0.12 0.33 0.40 0.25 0.14 0.18 0.23 0.59
AlZO3 2.86 14.08 16.35 12.07 3.47 5.89 10.96 13.32
FeO 12.27 17.83 18.04 21.37 17.12 17.22 20.85 21.95
MgO 15.68 8.42 6.51 7.05 12.53 11.60 7.78 6.47
MnO 0.02 0.33 0.04 0.19 0.52 0.32 0.26 0.22
CaO 11.96 1191 11.62 11.63 11.65 11.59 11.56 11.1§
Na,O 0.24 1.23 1.59 1.44 0.46 0.68 1.17 1.62
K0 0.00 0.47 0.68 0.78 0.24 0.26 0.43 0.93
Total 96.63 97.12 95.13 96.01 97.75 97.01 96.98 96.85
Si 7.692 6.392 5.891 6.367 7.522 7.192 6.654 6.276
Ti 0.013 0.037 0.045 0.030 0.015 0.019 0.026 0.069
AlY 0.308 1.608 2.109 1.633 0.478 0.808 1.346 1.724
AV 0.179 0.881 0.763 0.577 0.118 0.209 0.624 0.710
Fe’* 0.000 0.155 0.000 0.369 0.000 0.000 0.214 0.177
Fe?* 1.491 2.086 2.345 2.408 2.111 2.149 2.445 2.669
Mn 0.003 0.00S 0.025 0.025 0.064 0.040 0.034 0.029
Mg 3.378 1.886 1.447 1.632 2.721 2.534 1.768 1.495
Ca 1.852 1.919 1.855 1.936 1.819 1.820 1.888 1.851
NaM 0.066 0.081 0.145 0.064 0.130 0.180 0.112 0.149
Na* 0.000 0.278 0.314 0.369 0.000 0.014 0.235 0.338
K 0.000 0.089 0.129 0.155 0.044 0.049 0.083 0.184
XMg 0.694 0.457 0.382 0.370 0.563 0.541 0.399 0.344
Foliated amphibolites (inner aureole)
CAP8m CAPS8i CAP8i CAPS8c CAP15m CAP15m CAP15c CAP 15i CAP 15¢
tschl:::a)kite p;;;rs(;te pal:';l;l;(i)te p:'::s(;te Mg hbl Mg hbl Mg hbl Mg hbl Mg hbl
SiO, 41.88 41.98 42.11 4222 48.62 47.28 48.29 46.79 48.12
TiO, 1.35 1.26 1.28 1.13 0.58 0.55 0.46 0.51 0.46
ALO, 9.42 9.49 9.65 9.80 8.14 891 7.75 8.80 7.78
FeO 22.80 23.44 22.56 23.05 14.96 15.56 14.92 16.79 16.20
MnO 0.00 0.01 0.14 0.08 0.11 0.14 0.08 0.06 0.15
MgO 6.94 6.99 7.13 6.83 11.88 11.45 11.88 10.86 11.86
CaO 10.70 11.09 11.24 11.29 12.15 11.89 12.03 11.74 11.80
Na,O 1.76 1.79 1.77 1.79 0.81 0.77 0.82 0.84 0.73
K0 1.35 1.22 1.26 1.46 0.30 0.42 0.31 0.58 0.36
Total 96.21 97.27 97.14 97.74 97.55 96.97 96.54 96.97 98.16
Structural formula (23 oxygens and 15 cations)
Si 6.281 6.558 6.245 6.230 7.017 6.875 7.040 6.990 7.064
Ti 0.152 0.148 0.143 0.125 0.063 0.060 0.050 0.057 0.051
AlY 1.665 1.442 1.687 1.704 0.983 1.12§ 0.960 1.010 0.936
AV 0.000 0.305 0.000 0.000 0.402 0.402 0.371 0.540 0.410
Fe¥* 0.000 0.056 0.000 0.000 0.000 0.000 0.000 0.001 0.069
Fe?* 3.014 3.006 2.945 3.003 1.840 1.930 1.855 2.096 1.920
Mn 0.000 0.001 0.018 0.010 0.013 0.017 0.010 0.008 0.019
Mg 1.551 1.628 1.576 1.502 2.556 2482 2.581 2418 2.595
Ca 1.719 1.856 1.786 1.785 1.879 1.852 1.879 1.879 1.856
NaM* 0.281 0.144 0.214 0.215 0.121 0.148 0.121 0.121 0.144
Na# 0.231 0.398 0.295 0.297 0.108 0.069 0.111 0.123 0.064
K 0.258 0.243 0238 0.275 0.055 0.078 0.058 0.111 0.067
XMg 0.340 0.351 0.349 0.333 0.581 0.563 0.582 0.537 0.575
Continue...
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Table 1. Continuation.

Garnet-biotite amphibolite (inner aureole) Amphibolite (xenolith)
CAP 3¢ CAP 3¢ CAP 3i CAP 3m CN39i CN39m CN39m CN39c
Sample Ferro Ferro Ferro Ferro Ferro Ferro Ferro Ferro
tschermakite tschermakite tschermakite tschermakite tschermakite tschermakite pargasite edenite

SiO, 39.98 40.17 41.23 40.66 42.72 42.30 42.19 42.03
TiO, 047 0.34 0.42 0.34 1.51 1.65 1.61 131

Ale3 16.21 16.47 15.52 16.10 11.13 11.28 11.23 9.92

FeO 20.75 20.30 19.32 20.06 18.53 19.15 19.47 18.97
MnO 0.16 0.00 0.00 0.04 0.18 0.22 0.16 0.22

MgO 6.47 6.57 7.13 6.58 8.37 7.59 7.80 8.67

CaO 10.58 10.45 10.85 10.57 11.61 11.50 11.53 11.66
Na,O 1.50 1.34 1.45 1.32 1.80 1.72 1.83 1.49

K0 0.27 0.33 0.32 0.34 0.84 0.91 0.95 0.91

Total 96.36 96.03 96.40 96.05 96.78 96.40 96.83 95.31

Structural formula (23 oxygens and 15 cations)

Si 6.125 6.159 6.087 6.233 6.272 6.268 6.214 6.551
Ti 0.054 0.039 0.047 0.039 0.167 0.184 0.178 0.154
AlY 1.875 1.841 1913 1.767 1.728 1.732 1.786 1.449
Al 1.052 1.135 0.788 0.141 0.198 0.238 0.163 0.373
Fe®* 0.216 0.155 0.000 0.083 0.000 0.000 0.000 0.115
Fe? 2443 2.448 2.467 2.489 2.383 2.485 2.516 2.358
Mn 0.021 0.000 0.000 0.000 0.022 0.028 0.020 0.029
Mg 1.477 1.501 1.569 1.503 1.832 1.676 1.712 2.014
Ca 1.737 1.717 1.716 1.736 1.970 1.826 1.820 1.947
Na* 0.263 0.283 0.284 0.264 0.174 0.174 0.180 0.373
Na* 0.182 0.115 0.131 0.128 0.339 0.320 0.342 0.397
K 0.053 0.06S 0.060 0.066 0.157 0.172 0.178 0.181
XMg 0.357 0.366 0.389 0.369 0.435 0.403 0.405 0.449

c: core; i: intermediate; m: margin.

Table 2. Representative chemical analyses of diopside from the massive amphibolites (xenoliths).

Clinopyroxene amphibolite (xenoliths)

CRN32¢ CRN32m CRN32m  CRN32i CN39m CN39i CN39c CN 39i CN 39c
SiO, 52.15 51.78 52.46 5291 52.92 52.55 52.86 53.11 53.09
TiO, 0.06 0.12 0.02 0.09 0.06 0.10 0.04 0.01 0.07
ALO, 0.68 0.66 0.70 0.79 0.59 0.49 0.50 0.50 0.48
FeO 12.48 12.51 12.84 11.27 11.6 11.61 10.61 10.84 11.20
MnO 0.46 0.36 0.36 0.57 0.15 0.31 0.17 0.18 0.26
MgO 10.93 10.98 12.26 10.99 12.07 11.93 12.11 11.87 11.90
CaO 22.87 23.29 22.84 2391 22.90 22.68 22.97 22.72 22.92
Na,O 0.17 0.19 0.23 0.23 0.18 0.09 0.16 0.16 0.25
K0 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.03 0.00
Total 99.84 100.04 100.77 100.76 100.49 99.87 99.46 99.47 100.23
Structural formula (six oxygens)
Si 1.987 1.968 1.978 1.992 1.990 1.992 2.004 2.017 2.001
Ti 0.002 0.003 0.001 0.003 0.002 0.003 0.001 0.000 0.002
AlY 0.013 0.030 0.022 0.008 0.000 0.008 0.000 0.000 0.000
AV 0.018 0.000 0.009 0.027 0.021 0.014 0.022 0.022 0.021
Fe®* 0.003 0.040 0.027 0.000 0.000 0.000 0.000 0.000 0.000
Fe?* 0.355 0.334 0.329 0.336 0.300 0.299 0.287 0.300 0.300
Mn 0.015 0.012 0.011 0.018 0.000 0.010 0.005 0.006 0.008
Mg 0.621 0.622 0.633 0.617 0.669 0.674 0.684 0.672 0.669
Ca 0.934 0.949 0.923 0.964 0.926 0.921 0.933 0.924 0.926
Na 0.013 0.014 0.017 0.017 0.018 0.007 0.012 0.012 0.018
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000
%En 31.56 31.42 32.09 31.56 34.19 34.16 34.93 34.52 34.19
%Fs 20.97 20.67 21.12 19.09 18.48 19.16 17.4§ 17.99 18.48
%Wo 47.47 4791 46.79 49.35 47.33 46.68 47.62 47.50 47.33

c: core; i: intermediate; m: margin.
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aggregates dispersed in the matrix show relict shapes of the

primary graphic texture.

Transition domain

Two kilometers far from the granites in the transition
between the outer and inner aureoles, the metabasic rocks pres-
ent in the assemblage are composed of labradorite (An 54.12~
63.01) (Table 2), magnesium-rich chlorite (MgO = 20.29-
24.41; FeO = 11.65-20.41), tremolite (XMg = 0.764-0.805),
or pale green magnesiohornblende (XMg = 0.627-0.652)
(Table 1). Labradorite most probably is a heritage from the
primary composition. Blastophitic texture can coexist with
localized and weak preferred orientation of minerals that record
the initial development of a schistosity. Amphibole crystals
exhibit more gradual chemical zoning outlined by pale green
actinolite of the core toward the olive green ferropargasite or
magnesiohornblende of the intermediate and margins parts
(Fig. 4C). This transitional variation is reflected by contin-
uous enrichment in Al, Ti, Fe, Na, and K toward the rims
(Fig. 4D). In these transition domains, the metabasalts are
affected by 30-cm-wide steeply dip schistosity (S,) striking
E-W. In association with metabasalts, there are rare ultramafic
schists characterized by a fine-grained matrix composed of
chlorite and biotite, both showing strong preferred orien-
tation (S,). This matrix is crosscut by tremolite porphyro-
blasts (Fig. 3B). In places, this schistosity (Sl) is crosscut by
amphibole crystals which are laid on the foliated matrix by
oriented in different directions. This indicates that the folia-
tion defined by chlorite and biotite (S,) was formed before
the amphibole growth, which would have occurred under
weak compressional stress.

In this transition zone, banded iron formations display
steeply dip foliation concordant to the contacts with the 2.76
to 2.74 Ga synkinematic granites. The thermal metamorphism
in these ironstones is evidenced by coarse-grained muscovite
randomly oriented.

Inner aureole

In the 2-km-wide inner aureole (Fig. 2), the foliated amphi-
bolites present strong schistosity (S, ) defined by the preferred
orientation of amphibole, plagioclase, and, sometimes, biotite
(Figs. 3C and 3D). Foliation is subvertical and concordant
with contact with the synkinematic granites. In some places,
steep plunging mineral lineation occurs. Besides the western
and eastern parts of the Estrela Granite Complex, the schis-
tosity along the host thermally metamorphosed amphibolites
display a rather triangular foliation trajectory. The same behav-
ior is observed to the north of the Estrela Granite Complex.
There, within the domain of triangular foliation trajectory, one
also observes L-tectonites. Foliated amphibolites (CAP 15)
have nematoblastic texture, and the boundaries of the crys-
tals are generally straight. Amphibole (Table 1) is olive green
magnesiohornblende (XMg ~ 0.57) characterized by the
absence of zoning. Amphibole compositions are distinguished
by higher Al, Fe, Ti, Na, and K contents when compared with
the amphibole compositions of the outer aureole metabasites.

Plagioclase is devoid of strong saussurite alteration and its
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composition varies from oligoclase to labradorite (An 23-62)
(Table 2). Ilmenite occurs as fine lamellar grains that show
moderate to strong preferred orientation.

Locally, in the inner aureole, a foliated amphibolite (CAP
8) is distinguished by the assemblage composed of pla-
gioclase (An 43 to 36), ferrotschermakite and ferropargasite
(XMg ~ 0.35), cummingtonite, biotite, scapolite, and quartz.

To the south and southeast of the Estrela Granite Complex,
an outcrop of foliated garnet-biotite amphibolite (CAP 3),
located 400 m away from the contact with the pluton, is dis-
tinguished by the presence of very-coarse and numerous gar-
net porphyroblasts (Fig. SA). Major-elements analysis of this
rock permits to compare its composition to that of the andes-
ite basalt. Curved inclusions of fine-grained aligned ilmenite
within the rounded porphyroblasts have continuity outside
of the matrix domains. Another manner in which garnet por-
phyroblast occurs is as an elongated crystal parallel to the
schistosity. Besides garnet crystals, quartz is common, or as
aggregates or as strain shadows. Amphibole and tourmaline
may exhibit dissolution discontinuities orthogonal to the
planar structure, giving rise to the tablet-of-chocolate texture
(Fig. SC). Amphibole is pale to olive green ferrotschermakite
(XMg ~ 0.38) that shows strong preferred orientation and
straight contacts. Plagioclase crystals (An 45-52) are devoid
of alteration, display strong preferred orientation, and exhibit
straight boundaries. In these wall rocks, the foliation strikes
NB8SE/8SNW. It is very strong and defined by the preferred
orientation of olive-green amphibole, plagioclase, biotite,
tourmaline, and * ilmenite. The mineral lineation, which is
marked by biotite and amphibole, plunges 85/330. Oriented thin
section permitted us to determine that in this southern inner
aureole, the rocks experienced an inverse sense of movement
from north to south.

Locally, in the inner aureole, foliated amphibolites host
meter-wide veins of quartz with associated pyrite. Until recently,
from this small mine called Serra Verde, gold had been exploited.

Xenoliths

Within the Estrela Granite Complex, there is a set of
amphibolites that may both represent xenoliths and pos-
sibly rests of a septum close to the contacts between plu-
tons. These rocks are massif and display granoblastic texture
(Fig. 4E), brownish amphibole, or olive-green amphibole
* clinopyroxene. Locally, these rocks show coarse-grained
crystals that have polygonal contacts. Amphibole crystals
(Table 1) are not zoned and present high values of Al, Ti,
Fe, Na, and K (Fig. 4F). Amphibole varies in composition
from ferropargasite to ferrotschermakite (XMg = 0.35-
0.45). Clinopyroxene (Table 3) has diopside composition
(En = 34.08-34.11%; Fs = 18.48-21.30%; Wo = 47.33-
44.58%), may reach 25% of the rocks, and occurs as fine-
to medium-grained crystals that show straight contacts.
Plagioclase (An 62 to 48) (Table 2) is characterized by a
limpid aspect and polygonal crystals. Few biotite crystals are
present and distinguished by reddish-brown colors.

A summary of rock types, textures, and mineral composi-

tions is presented in Table 4.
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Figure 5. Amphibolites crosscut by amphibole-bearing veins or hydraulic fractures. (A) Amphibolite from the inner aureole crosscut by
decimeter-wide amphibole-bearing vein (parallel to the compass). Notice the very coarse-grained amphibole filling the vein (CD20).
(B) Amphibolite xenolith crosscut by amphibole- and amphibole-plagioclase-bearing veins. Note some veins in en-échelon array (CAP26).
(C) Amphibole-bearing vein showing brecciated aspect (CD20). (D) Conjugated hydraulic fractures (CAP3). (E) Zoned veins filled with
amphibole and plagioclase (1129). (F) Multidirectional hydraulic fractures (CAP-10). (All photos were taken in the plant.).

HYDRAULIC FRACTURES AND VEINS

Ampbhibole-bearing veins, plagioclase veins or aggregates,
and veins of quartz are abundant in amphibolites from both
inner aureole and the xenoliths. The veins’ shapes and their
spatial relation with the schistosity developed during the con-
tact metamorphism are described below.

*  Hydraulic fractures and veins orthogonal to the S, schistosity
are abundant in the foliated amphibolites from the inner
aureole. The veins are filled with coarse-grained and sub-
euhedral amphibole. Locally, a 50-cm-wide vein is filled
with very coarse-grained 10-cm-long amphibole crystals
(Fig. 6A) and shows pegmatitic texture. Most of these

amphibole-bearing veins show massive structure, but a few
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amphibole crystals can have grown orthogonally to the vein
walls. Amphibole composition varies from actinolite to fer-
ropargasite (Table S). In some veins, two amphibole types
are intergrown in a complex array. In general, they are simi-
lar to the amphibole of the metabasite that hosts the veins;
En échelon veins and fractures are also found in foliated
amphibolites along the inner aureole and in the xeno-
lithes (Fig. 6B);

Amphibole-bearing veins with brecciated aspect (Fig. 6C).
In these veins, angular fragments of the host metabasites
are enclosed by the coarse-grained amphibole. There, the
host-foliated amphibolites may show a whitish-gray color
close to the vein walls;
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Table 3. Representative chemical data of amphiboles that fill the veins.

Samples CAP9 1I-29 1I-29 CAP10 CAP10 CAP10 CAP 10 CAP11
Actinalite  Actinolite  Actinolite (WO e pargette  pargste

Sio, 52.57 50.79 50.51 47.90 42.02 42.40 40.72 39.52
TiO, 0.04 0.27 0.13 0.24 0.43 0.55 0.32 0.04
AlZO3 2.33 3.36 3.78 6.05 10.39 10.57 12.01 12.81
FeO 17.98 19.75 19.06 19.90 22.49 22.46 24.08 24.32
MnO 0.00 0.00 0.18 0.13 0.19 0.09 0.07 0.16
MgO 11.81 1141 10.89 9.21 6.48 6.29 5.16 5.03
CaO 12.35 11.42 12.12 11.66 11.72 11.50 11.15 11.58
NazO 0.22 0.97 0.59 1.01 1.42 1.58 1.57 1.70
K0 0.09 0.37 0.23 0.29 0.99 1.14 1.13 1.31
Total 97.39 98.44 98.09 96.41 96.27 96.58 96.21 96.47
Structural formula (23 oxygens and 15 cations)

Si 7.749 7.386 7.407 7.147 6.581 6.338 6.433 6.238
Ti 0.004 0.030 0.014 0.027 0.051 0.062 0.038 0.005
AlY 0.251 0.576 0.593 0.853 1.419 1.662 1.567 1.762
AV 0.154 0.000 0.060 0.211 0.499 0.200 0.669 0.621
Fe’* 0.000 0.000 0.000 0.000 0.154 0.000 0.114 0.347
Fe?* 2.228 2.460 2.382 2.543 2.791 2.940 3.068 2.864
Mn 0.000 0.000 0.022 0.016 0.025 0.011 0.009 0.021
Mg 2.595 4.473 2.380 2.048 1.513 1.401 1.218 1.183
Ca 1.950 1.779 1.904 1.864 1.967 1.842 1.887 1.958
NaM 0.050 0.221 0.096 0.136 0.033 0.158 0.113 0.042
Na# 0.013 0.053 0.072 0.156 0.398 0.300 0.368 0.479
K 0.017 0.069 0.043 0.055 0.198 0.217 0.228 0.264
XMg 0.538 0.501 0.500 0.446 0.339 0.323 0.276 0.269

Table 4. Representative chemical data of plagioclase crystals from amphibolites.

Blastophitic metabasic rocks (outer aureole)

CD22c CD22c¢ CD22i CD22i CD65c CD65r CD6Si CD65r
SiO2 50.47 50.24 54.16 53.58 53.39 55.85 58.58 59.19
Ale3 30.28 30.42 23.70 23.93 29.37 27.27 25.81 25.13
TiO2 0.00 0.04 0.01 0.00 0.01 0.05 0.00 0.59
FeO 0.74 1.64 0.15 0.14 0.66 0.55 0.19 1.11
MnO 0.00 0.12 0.00 0.02 0.11 0.04 0.00 0.05
MgO 0.27 0.12 0.00 0.00 0.04 0.06 0.00 0.20
CaO 13.26 13.70 9.95 10.25 12.41 9.41 8.05 6.86
NaZO 3.85 3.34 8.13 8.42 4.59 6.08 7.37 7.29
KZO 0.00 0.09 0.23 0.29 0.10 0.41 0.02 0.23
Total 98.60 100.09 96.38 96.64 100.68 99.73 100.03 100.66
Si 9.334 9.705 10.645 10.545 9.648 10.116 10.488 10.571
Ti 0.000 4.420 3.504 3.542 0.001 0.007 0.000 0.079
Al 6.600 0.009 0.002 0.000 6.255 5.821 5.446 5.289
Fe* 0.114 0.265 0.025 0.023 0.100 0.083 0.028 0.166
Ca 2.627 2.835 2.095 2.161 2.403 1.826 1.544 1.313
Na 1.380 1.251 3.098 3.213 1.608 2.135 2.558 2.524
K 0.000 0.022 0.058 0.073 0.023 0.095 0.00S 0.052
Total 20.056 18.507 19.427 19.556 20.038 20.082 20.070 19.994
%An 65.53 69.03 3991 39.68 59.53 45.03 37.59 33.77
%Ab 3441 30.40 59.01 58.99 39.88 52.61 62.30 64.89
%Or 0.07 0.56 1.08 1.33 0.59 2.36 0.11 1.34
Continue...
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Nematoblastic amphibolites (inner aureole)

CAP3i CAP3c CDSi CDSc CDSc CAP15c CAP15c CD20c CD20i CD20c

SiO, 57.24 55.98 58.59 59.18 59.43 55.67 53.24 59.47 61.99 59.36
ALO, 27.24 28.07 25.96 26.27 25.80 23.39 23.74 25.67 24.52 25.45
TiO, 0.04 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
FeO 0.04 0.00 0.00 0.00 0.14 0.01 0.00 0.12 0.00 0.21
MnO 0.06 0.00 0.00 0.00 0.00 0.01 0.09 0.00 0.05 0.03
MgO 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01
CaO 9.22 10.71 7.68 7.53 7.80 9.11 11.28 7.54 4.95 7.73
Na,O 5.95 5.40 7.37 7.12 7.08 8.62 7.36 7.51 8.78 7.4S
K0 0.08 0.07 0.11 0.13 0.09 0.33 0.35 0.08 0.25 0.08
Total 99.92 100.29 99.82 100.25 100.35 97.22 96.08 100.40 100.55 100.32
Si 10.266 10.045 10.503 10.529 10.573 10.416 10.148 10.583 10.942 10.586
Ti 0.005 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000
Al 5.758 5.936 5.484 5.508 5.410 S5.158 5.333 5.383 5.100 5.349
Fe* 0.006 0.000 0.000 0.000 0.021 0.002 0.000 0.018 0.000 0.031
Ca 1.772 2.059 1.47S 1.435 1.487 1.826 2.303 1.437 0.936 1.477
Na 2.069 1.879 2.561 2.456 2.442 3.127 2.720 2.591 3.004 2.576
K 0.018 0.016 0.025 0.030 0.020 0.079 0.085 0.018 0.056 0.018
Total 19.893 19.934 20.048 19.959 19.953 20.608 20.588 23.030 20.039 20.037
%An 45.91 52.07 36.31 36.61 37.63 36.29 45.09 35.51 23.42 36.29
%Ab 53.62 47.51 63.05 62.63 61.85 62.14 53.24 64.03 75.18 63.29
%Or 0.47 0.01 0.64 0.76 0.52 1.57 1.67 0.47 141 0.43

CAP26i CAP26c CRN32r CRN32c¢c CN39r CN39c
Sio, 57.60 55.98 56.52 53.27 54.82 53.16
ALO, 26.77 27.09 27.69 29.97 2591 28.76
TiO, 0.00 0.00 0.00 0.00 0.01 0.01
FeO 0.21 0.04 0.09 0.00 0.04 0.05
MnO 0.00 0.00 0.03 0.14 0.00 0.01
MgO 0.00 0.00 0.01 0.02 0.00 0.01
CaO 8.44 9.39 10.67 13.06 10.41 12.56
Na,O 6.93 6.10 5.71 4.36 6.03 4.37
K0 0.10 0.03 0.06 0.08 0.03 0.07
Total 100.07 98.68 100.78 100.95 97.43 99.00
Si 10.325 10.185 10.100 9.584 10.169 9.723
Ti 0.000 0.000 0.000 0.000 0.001 0.001
Al 5.655 5.809 5.832 6.354 5.664 6.199
Fe? 0.031 0.006 0.013 0.014 0.006 0.008
Ca 1.621 1.830 2.043 2.517 2.069 2.461
Na 2.408 2.152 1.978 1.521 2.169 1.550
K 0.023 0.007 0.014 0.018 0.007 0.016
Total 20.063 19.989 19.980 20.008 20.085 19.959
%An 40.00 45.88 50.63 62.06 48.74 61.12
%Ab 59.44 53.94 49.03 37.49 51.09 38.48
%Or 0.56 0.18 0.34 0.45 0.17 041

c: core; i: intermediate; r: rim.

Conjugated veins and fractures occur in metabasites from
the inner aureole (Fig. 6E) and also in some xenoliths
(Fig. 6D). The conjugate planes are steeply dip to 100
110° and 280-290°. The spacing of the fracture planes
varies from 5 to 10 cm;

Banded veins. Amphibolites may be crosscut by alternating

and parallel veins of plagioclase and veins of amphibole
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so that a conspicuous banding is developed (Fig. 6E).
When these parallel veins are prominent and strongly
deformed, the outcrop displays a zebra aspect;

Hydraulic fractures with various directions (Fig. 6F) occurin
large numbers in amphibolites located to the north of the
Estrela Granite Complex, where the country rocks form

a concavity near the plutons 1 and 3 (Fig. 2);
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Pl: plagioclase; Hbl: hornblende; Bt: biotite; Spn: sphene; Tour: tourmaline; nb: neoblasts of plagioclase; kb: kink band on plagioclase.

Figure 6. (A) Foliated garnet-biotite amphibolite from the inner aureole. Note the garnet porphyroblast and quartz aggregates (CAP3).
(B) The same outcrop from the previous photo displaying folded quartz-bearing veins, veins parallel to the schistosity, and conjugate fractures
(CAP3). (C) Photomicrograph (parallel polarizers) of foliated garnet-biotite amphibolite showing tablet-of-chocolate texture in tourmaline
(CAP3). (D) Amphibolite crosscut by plagioclase + amphibole aggregate (CAP9). (E) Photomicrograph (crossed polarizers) showing a
detail from the previous photograph. Plagioclase aggregate crosscut by narrow amphibole-bearing veins. (F) Detail from the previous
photomicrograph (crossed polarizers) displaying kink bands and neoblasts.

Table S. Summary of rock types, mineralogy, mineral chemistry, textures and temperature estimating. Domain

Minerals Amphibole chemistry Structures Textures Temperature °C
Actinolite, chlorite, o Blastophitic;
Outer Massive in contrasted zonin:
epidote; plagioclase, Low Al, Fe, Ti, K metabasalts and . . J 300-400
aureole in amphibole;
. metagabbros
magnetite .
skeletal magnetite
Actinolite; Coexistence
ferro pargasite; plagioclase Low to moderate Al Massive or of blastophitic
Transition o Fe. Ti. K ’ weakly foliated texture with 400-500
biotite, i Y initial preferred
magnetite orientation
Ferro pargasite
Innerl ’ High A], Fe, Ti, K lS:rong Nematoblastic 550-630
aureole plagioclase, & biotite, ilmenite schistosity
Ferro pargasite, ferro tschermakite,
Xenoliths plagioclase, £ biotite, Al Fe, Ti, K Massive Granoblastic 630-700
ilmenite
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*  Centimeter-wide decimeter-long veins and fractures paral-
lel to the S, schistosity are common in the inner aureole.
Several veins are filled with quartz and subordinate coarse-
grained tourmaline. To the southeast of the Estrela Granite
Complex, one can describe foliated garnet-biotite amphi-
bolites that are characterized by abundant coarse-grained
garnet porphyroblasts. Close to these garnet porphyroblasts,
quartz veins and quartz aggregates are common (Fig. SA).
Some veins, emplaced orthogonally to the S, schistosity,
are moderate to tightly folded (Fig. SB);

*  Whitish-gray decimeter albite aggregates are found within
some foliated amphibolites from the inner aureole, to the
north of the Estrela Granite Complex. These aggregates
show a whitish-gray color and are composed of coarse-
grained albite (Fig. SD). These plagioclase portions are
crosscut by narrow and erratic amphibole-bearing veins
(Figs. SD and SE). Albite aggregates may occur parallel to
the schistosity of foliated amphibolites. Plagioclase from
these aggregates exhibits kink bands and fine-grained neo-
blasts along the contacts with amphibole veins (Fig. SF).
These deformation features are very similar to the mantle-
and-core texture (cf White 1975);

*  Decimeter- to meter-large quartz pockets are hosted by foli-
ated amphibolites. A significant example is the small Serra
Verde gold deposit, where quartz is associated with pyrite,
chalcopyrite, and amphibole megacrystals. Veins filled
with coarse-grained amphibole are associated with the

quartz pockets.

DISCUSSION

The metamorphic evolution of the country metavolca-
no-sedimentary rocks that host the 2.76 to 2.74 Ga synkine-
matic granites is marked by three conditions in a prograde con-
text. Initially, a widespread seawater hydrothermal alteration
of greenschist facies promoted pervasive hydration replacing
magmatic clinopyroxene with actinolite & chlorite + epidote.

The second phase is related to regional subhorizontal
shortening which has given rise to steeply dip decimeter-wide
foliated domains in the supracrustal rocks under temperatures
between 300 and 400°C. These brittle-plastic structures are
printed only in the outcrops far from the 2.76 to 2.74 Ga syn-
kinematic granites.

In the inner aureole, the amphibolites exhibit strong schis-
tosity S2 which, in general, is parallel to the foliation S1 and to
the major axes of the synkinematic granites. The parallelism
between the foliation S1 with the schistosity S2 developed in
the amphibolites from the inner aureole suggests that regional
deformation, granitogenesis, and thermal metamorphism
were coeval. Along the outer aureole, temperatures may have
reached 400-500°C (albite-epitode hornfels facies). Hence, in
the studied metabasic and amphibolites, these conditions are
marked by the gap of miscibility of plagioclase (An < 10 to
An > 17) and amphibole (actinolite to ferropargasite) in the
transition conditions comparable with those of the green-
schist to amphibolite facies (cf. Liou et al. 1974, Maruyama
et al. 1983, Elmer et al. 2006).

Even taking into account the problems concerning the
stability reached in low temperatures and the related chem-
ical diffusion difficulties, one has tried to estimate the pres-
sure of the country rocks during granite emplacement and
thermal effects. The geobarometer amphibole-chlorite (Laird
1991), employed in metaultramafic schists that underwent
low-grade metamorphism, furnished a pressure range from
2.2 to 3.1 kbar. Similar pressures were estimated through the
calculations with the Thermocalc program, which was devel-
oped by Powell and Holland (1988). For pressure estimation,
one has tested a garnet-biotite amphibolite (sample CAP 3).
The average pressure is 3.36 £ 0.67 kbar, considering that the
statistical requirements were attained (sigfit = 0.71, when the
sigfit must be lower than 1.61). These pressure values agree
well with the estimates done when amphibole compositions
of the studied rocks are similar to the low-pressure amphiboles
from the Abukuma type (cf Laird and Albee 1981).

For the inner aureole, estimations were done with chem-
ical analysis of a garnet-biotite amphibolite (sample CAP 3,
Table 1). Based on the garnet-hornblende geothermometer (cf.
Graham and Powell 1984) and on the assemblage plagioclase
(An > 17) and ferropargasite, temperatures from 520 to 610°C
(hornblende hornfels facies) were estimated. The set of inde-
pendent reactions obtained with the THERMOCALC pro-
gram is equivalent to 95% reliability for which the sigfit value
must be lower than 1.73. The average temperature calculated
is 629  35°C, considering the good statistical requirements
(sqrt [MSWD] < 1.54; sigfit = 0.87).

Another temperature estimation of the inner aureole and
xenoliths is based on the paragenesis plagioclase + ferropar-
gasite + cummingtonite, which formed by the disappearance
of epidote and chlorite. In foliated and massive amphibolites,
according to Liou et al. (1974), the presence of ilmenite and the
absence of chlorite indicate low oxygen fugacity conditions and
temperatures higher than $50°C. Bucher and Grapes (2011)
show that in low-pressure conditions (~ 3 kbar), plagioclase
(An > 17), hornblende, and even clinopyroxene occur in lower
temperatures compared with those of the regional metamor-
phism. In the amphibolite xenoliths, metamorphic clinopy-
roxene indicates temperature interval between 600 and 750°C
(hornblende to pyroxene hornfels facies). This temperature
interval is confirmed by the absence of orthopyroxene in the
amphibolite xenoliths.

After hydration during seawater metamorphism, the meta-
basites from the Itacaitinas Supergroup underwent contact
metamorphism and plastic deformation during the emplace-
ment of 2.76 to 2.74 Ga syntectonic granites (Estrela, Serra
do Rabo, and Igarapé Gelado plutons). The inner aureole
developed under 550 to 630°C, and the xenoliths recrys-
tallized under the temperature of approximately 680°C.
In these two domains, amphibole-bearing veins are wide-
spread in amphibolites.

The increase in temperature due to contact metamorphism
promoted dehydration reactions and progressive changes in
amphibole chemistry. Reactions similar to those proposed
by Cooper (1972) could have occurred in the amphibolites,

both to explain OH- and silica releasing, increasing of fluid
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pressures, and consequently the generation of hydraulic frac-
tures and veins.

3MgFe, AlSi O, (OH)  +12Ca,ALSi. O, (OH), +4SiO,
chlorite Al epidote quartz
N
100Ca, MgF ALSi O, (OH), +4CaALSi,0, + 2H,0.
tschermakite anorthite  fluid

The brittle behavior of supracrustal country rocks changed
when shallow-level (~3 kbar) syntectonic granites intruded
(Barros et al. 2001, 2009). Aureole flattening associated with
contact metamorphism and regional subhorizontal shortening
created a thermal aureole deformed in plastic conditions, sim-
ilar to the cases presented by Evans et al. (1998) and Morgan
et al. (1998).

Lateral expansion stresses during the granite emplacement
coeval with regional shortening produced the foliated amphi-
bolites from the inner aureole. The increase in temperatures
around the host supracrustal rocks has changed the rheological
behavior in the inner aureole, which was plastically deformed.
There, the rocks show a strong schistosity across approximately
2 km. Therefore, the strong mineral preferred orientation of
these amphibolite rocks reflects the heating coeval with the
inner aureole flattening. Considering thermal evolution, wide-
spread dehydration reactions occurred within the inner aure-
ole rocks and in metabasic xenoliths. In response to the high
volatile production, the fluid pressures increased significantly
and overcame the lithostatic pressure.

In the foliated amphibolites from the inner aureole, amphi-
bole and plagioclase crystals show strong preferred orienta-
tion, rare intracrystalline deformation, and straight margins.
These minerals can exhibit polygonal contacts. These textures
indicate that pressure solution was the main recrystallization
mechanism, which was followed by initial grain boundary area
reduction. Mineral dissolution, when controlled by deforma-
tion, has been attributed to the increase of chemical potential
on the crystal faces orthogonally with respect to the stress field
(Vernon 1976, Bell and Cuff 1989). The role of the fluids, pro-
duced by dehydration reactions, is to enhance the transport of
chemical components (Nakashima 1995) released by mineral
dissolution. The transported components and the nature of
the matter-filling veins will be controlled by the country rock
composition involved in the tectono-metamorphic evolution.
This could explain the large number of amphibole-bearing veins
in the studied amphibolites. During the formation of nema-
toblastic and granoblastic textures, the rock framework may
have the porosity progressively decreased and maintenance and
cyclic increase in fluid pressure. This scenario was favorable
to hydraulic fracturing and repeated production of veins. It is
difficult to ascertain the amount of external fluids that could
contribute to fluid pressure increase. It seems that most fluids
were produced by dehydration reactions. However, some fluid
could have also been furnished by granites.

Fractures and veins arranged in conjugate pairs or in ten-
sion gash position indicate coaxial components during the

aureole deformation. Tightly folded veins formed in tension

gashes, whereas the veins parallel to the schistosity were con-
trolled by fluids channelized along the foliation. Where the
amphibolites form a concavity to the north of the Estrela
Granite Complex, numerous multidirectional hydraulic frac-
tures seem to reflect a complex stress field. At that place, the
WNW plutons would have imposed flattening striking NNE
whereas the N-S pluton would have forced the wall rocks to
W. Besides these stress directions related to the lateral expan-
sion of granite plutons and aureole plastic deformation, the
coeval regional NNE (Pinheiro and Holdsworth 1997, Barros
etal.2001) shortening also contributed to increasing the stress
field complexity. As discussed by Brun and Pons (1981) and
Brun et al. (1990), such coexisting forces resulted in areas of
wholly constrictive strain. This complex stress field would have
controlled the erratic distribution of the hydraulic fractures.

Another question that needs to be investigated is how very-
coarse amphibole crystals formed in the veins. Taking into
account the presence of a considerable volume of fluids
released by dehydration reactions, nucleation and crystalli-
zation conditions would have been close to those expected
in pegmatites. The low nucleation rate and high diffusion
might result in few crystal nuclei so that coarse-grained crys-
tals fill the veins. Simmons and Webber (2008) consider
that, in pegmatite systems, slow cooling and crystallization
enhance tabular or equant crystal shapes, different from the
acicular crystals. In the studied amphibolites from the inner
aureole and xenolithes, the fact that the veins are cyclic and
filled by tabular equant amphibole crystals is coherent with
the slow cooling of the host rocks in response to the effects
produced by hot A-type granites. The garnet porphyroblast
growth seemingly occurred in two steps. First, a syn-rota-
tional garnet would have been formed during lateral expan-
sion of the plutons. Hence, in some places, the heated inner
aureoles experienced minor inverse movement in plastic con-
ditions. After the main porphyroblast rotation, the residual
regional flattening may have played a role together with the
late thermal influence of the granites. At that time, the elon-
gated garnet porphyroblasts had grown along the schistos-
ity and wrapped the rounded crystals. It is another evidence
of prolonged thermal effect and cooling of the wall rocks.

The size and shape of these amphibole crystals are very
similar to the amphibole that fills the veins in neighboring
gold mineralized domains (e.g., Serra Verde gold mine).
Considering the temperatures in the inner aureole and xeno-
liths, the fluid production, and the dissolution of minerals, one
could expect hot fluid migration which would be favorable to
gold transport and ore-deposit origin.

Yardley and Botrell (1992) studied the relationship between
metamorphism and veining and argued that silica solubil-
ity decreases with decreasing temperatures and pressures.
Therefore, as fluid pressure decreases, in response to local
space opening, Si-bearing volatiles precipitate to form veins
and pockets. Those authors also discuss the silica origin and
transport. Fluid distribution from the host rock throughout
small distances and the migration of components could be
enhanced by fluid advective and diffusion. To discuss the ori-

gin of quartz-bearing veins that crosscut the amphibolites, it
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is necessary to compare the chemical composition of amphi-
boles. Actinolite formed during sweater metamorphism has
lower contents of Ti, Al, and K when compared with the fer-
ropargasite and ferrotschermakite that originated during contact
metamorphism. The increase of Al observed in the higher-tem-
perature amphiboles was accompanied Si decrease. The reac-
tion proposed by Cooper (1972) would have occurred in the
studied rocks and could explain the silica production during

thermal metamorphism:

NaAlSi,0, + Ca MgFe $i,0, (OH), — NaCa MeFe AlSi O, (OH), +4Si0,
albite actinolite edenite quartz

The presence of albite aggregates in amphibolites suggests
that plagioclase also underwent some degree of dissolution
during thermal effects and deformation. As the amount of
albite pockets is by far less abundant when compared with
amphibole-bearing veins, one could suggest that plagioclase was
more resistant to dissolution than amphibole. Deformation of
plagioclase close to thin amphibole veins is attributed (cf.
Etheridge et al. 1984, McCaig and Knipe 1990) to the high
temperature of the steam and the related increase in fluid
pressure. The scape tendency of hot fluid would have been

responsible for the intracrystalline deformation of plagioclase.

CONCLUSIONS

The metabasic rocks from the Itacaiunas Supergroup
underwent hydrothermal seawater alteration before contact
metamorphism. Hot anhydrous granitic magmas, chemically
comparable with the A-type granites, emplaced in shallow lev-
els, synchronously to subhorizontal shortening. Plastic defor-
mation during granite emplacement coeval with regional com-
pressional stresses created thermal aureoles, which deformed
in plastic conditions. Dehydration reactions coeval during
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compressional stresses favored an increase in fluid pressure
and hydraulic fracturing. The increased chemical potential
induced the effective dissolution of minerals whose compo-
nents were transported by volatiles. Replacement of actinolite
by ferropargasite and ferrotschermakite released silica to fluids.
It explains the presence of quartz veins in the amphibolites.
High volatile contents during veining created conditions
similar to those present during pegmatite crystallization.
Slow cooling in the inner aureole around granitic magmas
favored the growth of coarse-grained and equant amphibole
crystals filling most veins. Veins in a prograde metamorphism
context, as that noticed in contact aureoles, might indicate places
where matter transfer was effective. Heating and deformation
of previously hydrated assemblages is one of the most propi-
tious scenarios for fluid production, pressure solution mecha-
nism, transfer of matter, and vein generation. Considering the
mobility of chemical components expected in the metamor-
phic evolution of the synkinematic granites country rocks,
veins and hydraulic fractures may represent interesting tracks
for ore deposit prospection in the Archean greenstone belts
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