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ABSTRACT
Complex polymetamorphic granulites have been dated in the Santa Catarina granulite complex of southern
Brazil through SHRIMP study of zircon. This complex is dominated by intermediate-acid plutonic rocks
and contains small volumes of mafic and ultramafic rocks, and minor quartzite and banded iron formation.
Porphyroblasts of orthopyroxene, clinopyroxene and plagioclase in mafic and acid rocks are interpreted as
magmatic remnants in a volumetrically dominant granoblastic aggregatediMhe same minerals and
hornblende. Hornblende formed during a later Metamorphic event constitutes rims around pyroxene, but
the hornblende is also rimmed by granoblastic simplectites of orthopyroxene, clinopyroxene, hornblende and
plagioclase in a second granulite facies eveng)(MChlorite and epidote occur in shear zoneg(MThis
granulite terrain is part of a Neoproterozoic craton, because it was little affected by the Brasiliano Cycle. The
two granulite-facies events (and Mg) are dated by U/Pb zircon SHRIMP at about 2.68 and 2.17 Ga, while
the magmatic protoliths formed at about 2.72 Ga. The amphibolite facies evgnpdbably occurred close
to the 2.17 Ga granulitic metamorphism.

Key words: granulites, SHRIMP, U/Pb geochronology, Santa Catarina granulite complex, Brazil, symplec-
tites, zircon.

INTRODUCTION systematics. The high resistance of zircon to modi-

Precise dating of the initial magmatic crystallization fications _by geqlog|cal processes has made '_t avery
useful mineral in geochronology. U/Pb dating of

and subsequent metamorphism of granulite facies’

. e . zircon has led to a considerable advance in our un-
rocks is a difficult task, because the intense defor-

mation and extensive geochemical reorganization Ogerstandmg of the evolution of complex high-grade

. . . terrains (e.g. Heaman & Parrish 1991). Neverthe-
such rocks tend to partially reset and blurr isotopic ) o
less, the partial recrystallization, or new growth of

*Member of the Academia Brasileira de Ciéncias some of these zircon crystals during metamorphism
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cathodoluminescence (CL) studies of the internalktudy (Fig. 1) occur in the state of Santa Cata-
structure of the crystals (e.g. Hanchar & Miller rina and extend to northern Parana state as remnant
1993, Vavra et al. 1999, Remus et al. 1999, Re-blocks in Neoproterozoic granitic-gneissic terrains
mus et al. 2000a, b, Silva et al. 1999, Silva et al.(Hartmann 1988, Basei et al. 1998, Fornari 1998).
2000, Hartmann et al. 2000) in order to identify the These Santa Catarina granulite complex rocks occur
different growth events preserved in the zircon crys-along the coast (e.g. BarraVelha) and 60 km inland,
tals. The use of the high spatial resolution (30 mm)where they are covered by the sedimentary and vol-
capability of the sensitive high-mass resolution ioncanic rocks of the Parana Basin. The granulites are
microprobe (SHRIMP), as demonstrated by Friendpoorly exposed along the coast but are well exposed
and Kinny (1995) and Hartmann et al. (1999a), may30 km inland in the Luis Alves mountains- (500
be necessary to reach geologically meaningful rem high). Thick forest cover minimizes outcrops in
sults from zircon crystals from high grade terrains. the mountains, but fresh samples may be obtained
The complex internal structures of granulite along creeks and from abundant boulders. A quarry
facies zircon crystals in the Santa Catarina granwas selected for sampling, because the structure of
ulite complex of southern Brazil provide an oppor- the rocks is well exposed. The analysed rock was
tunity to test the capability of these techniques tocollected in the Luis Alves quarry, located on the
unravel the evolution of continental crust, in a re- northeast side of the Itajai-Luis Alves highway, 18
gion composed of complex granulites. The pres-km northwest of the Br-101 highway bridge over the
ence of three generations of ortho- and clinopyrox-tajai River. In the quarry, the sample was collected
enes in one rock highlight even further the impor-2 m above the ground and 5.5 m from the northwest
tance of such investigation. Previous geochronol-end of the cliff.
ogy results for rocks from the Santa Catarina com- The granulite complex is covered in the south
plex yielded variable results for metamorphism andby the weakly deformed late Neoproterozoic sedi-
magmatism from Archean to Paleoproterozoic (Ba-mentary and volcanic rocks of the Itajai basin which
sei et al. 1998) and this requires clarification in theis a foreland basin of the Brasiliano Cycle (Gresse et
context of the current study. The precise timing ofal. 1996). A few Neoproterozoic peralkaline gran-
eventsis also of significance for the establishment oftes also intrude the northern part of the granulite
the correct orogenic succession and the reconstrucomplex in Santa Catarina state. Within the com-
tion of supercontinents in this southwestern portionplex, presenttopography is mostly controlled by EW
of Gondwana. The objective of this investigation isand NS, brittle to brittle-ductile fault zones along
to unravel the isotopic memory of zircons of a trond- valleys (Hartmann et al. 1979a).
hjemite from the Santa Catarina granulite complex.  Although rocks of the granulite-facies predom-
inate, some areas contain amphibolite facies rocks.
The relationship between the two metamorphic
events is complex, but the generation of hornblende
Brazil has extensive granulite terrains, comparableseems in general to be younger than the main meta-
to Precambrian regions of other continents (Almeidamorphic event which generated orthopyroxenes and
& Hasui 1984). Brazilian granulites are mostly of clinopyroxenes (Basei et al. 1998). Bimodal basic-
the low-pressure type (4-6 kb), as in the Amazonacid rocks are common, but intermediate compo-
and Bahia (Wernick & Almeida 1979, lyer et al. sitions predominate. It is unclear whether magma
1987). One of the deepest crustal sections in Brazitmixing and mingling were operating at the time of
is in Rio Grande do Sul (Hartmann 1998, Camposformation of the rocks, or whether later tectonic
Neto & Caby 1999) and extends across the bordemixing was a major process in the generation of
into Uruguay. The granulites investigated in this the abundantintermediate granulites (Fornari 1998).

GEOLOGICAL SETTING
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Fig. 1—Geological map of the Santa Catarina granulitic complex, showing location of dated sample,
AL-1. South of the map area, the geology is dominated by the Paleoproterozoic Camboril granitic-
gneissic complex and by the Neoproterozoic Florianépolis K-granitic batholith. Insets show location
of study area in South America and regional geology.

Also occurring in the complex are tens of boudi- NE-oriented, subvertical foliation, which bends
naged pyroxenite bodies 100 to 1000 m in lengthnorthwestward in the northern part of the area
and about 3 1 length:width ratios, probably origi- (Fornari 1998). The complex structure of the gran-
nated from accumulation of clinopyroxenes in maficulite complex and poor exposure have precluded the
magma chambers (Figueiredo et al. 1996, Fornardetermination of the precise sequence of the mag-
1998), later deformed during granulite facies con-matic and sedimentary/volcanic protolithic units.
ditions. Peridotites are known only in the northernHence they provide a good test of the usefullness of
extension of the granulite complex in Parana statezircon geochronology to resolve a specific tectonic
(Girardi & Ulbrich 1980). One 10-km long body problem.
of K-syenite occurs near the coast, and a 20 km-
large charnockite body occurs in the Pomerode re- PREVIOUS GEOCHRONOLOGY
gion (Fornari 1998). Supracrustal rocks are suborrhe granulite complex was little affected by the Neo-
dinate and consist mostly of orthopyroxene-bearingygterozoic Brasiliano Cycle orogenic events, be-
quartzites and iron formations. cause only a few K-Ar mineral ages of about 600
A dominant plutonic origin is preferred for the 15 (Basei et al. 1998) are present mostly along
granulites (Figueiredo et al. 1996), possibly in tWO shear zones. However, tectonic stabilization had
suites — mafic-ultramafic and intermediate-acidyeen attained by 1.8 Ga, as shown by some K-Ar
(Fornari 1998). The tectonic environment of crustal pineral ages (Basei et al. 1998). The Ar-
accretion was probably similar to an island arc, ashaean/Paleoproterozoic history of the complex ter-
indicated by whole-rock geochemistry of the rain presumably involved five steps, identified by
intermediate-acid suite (Basei et al. 1998). Theseyeral isotopic techniques (Sm-Ngyi, Rb-
granulitic gneisses have a diffuse to well-developedg, \whole rock isochrons, Pb/Pb, Sm-Nd mineral
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isochrons and conventional U/Pb zircon ages), acration before hand-picking using a binocular micro-
cording to Basei et al. (1998). Two events of ac-scope. Selected crystals were mounted in an epoxy
cretion of juvenile mantle material presumably oc- disc with chips of the CZ3 zircon standard (564
curredat27—2.8 Gaand Z—2.4 Ga, igneousrock Ma), ground and polished until nearly half of each
intrusion at 2.6 Ga, granulite facies metamorphismcrystal was removed. The zircon crystals were mi-
at 2.3 Ga and amphibolite facies metamorphism atrophotographed in transmitted and reflected light,
2.0 Ga. and imaged for their internal morphology using an
The use of different isotopic dating techniquesenvironmental scanning electron microscope (i.e.
in several rocks renders the comparison of the reback-scattered electron and charging contrast). The
sults difficult. A 2.2 Ga Sm/Nd mineral isochron mount was then cleaned and gold coated in prepa-
age from diopside, hornblende, titanite and allaniteration for SHRIMP analyses.
of a syenite gneiss (Hartmann et al. 1999b) and sev- BSE and CL images were made of rock texture
eral other ages of 2.2 Ga from other isotopic systemsind zircon morphology in a thin section of sam-
were interpreted as the time of granulite facies metaple AL-1 with a CAMECA SX-50 electron micro-
morphism. Sm/Nd py (~ 2.6 —2.7 Ga) and Rb/Sr probe installed at “Centro de Estudos em Petrolo-
geochronology pointto juvenile accretion and possi-gia e Geoquimica / IG / UFRGS”, in Porto Ale-
bly granulite facies metamorphism of the protoliths gre, Brazil. WDS quantitative chemical analyses of
in the late Archaean (Basei et al. 1998). The age®rthopyroxene, clinopyroxene and hornblende fol-
obtained between.2— 2.8 Ga and 2.2 Ga may cor- lowed the methodology of Hartmann et al. (1997).
respond to partial resetting of isotopic componentsCharging contrast images (CCI) were made in a
during the Paleoproterozoic event, which requiresJEOL superprobe at UWA, these images are made in
further testing. SHRIMP U/Pb zircon spot dating very low vacuum conditions and are overall similar
helps unravel part of this complex geologic evolu-to CL images.
tion, as shown below. The isotopic composition of the zircons was
determined using a SHRIMP Il instrument installed
at Curtin University, using methods published by
Compston et al. (1992), Smith et al. (1998) and De
Field mapping was undertaken in 1977, in the LuisLaeter and Kennedy (1998). Circularto oval areas of
Alves region, at the 1:50,000 scale, by undergrad20— 30um were analysed from homogeneous areas
uate students of Universidade do Vale do Rio dogchosen within zircon crystals, together with repli-
Sinos and supervised by the first author. Additionalcate analyses of the CZ3 standard in the same epoxy
field investigations were undertaken by the authorgnount. Correction for common Pb was made using
and other researchers (Hartmann et al. 1979b, Githe measure#*Pb and the Pb isotopic composition
rardi & Ulbrich 1980, Moreira & Marimon 1980, for Broken Hill galena. The level of common Pb
Silva 1987, Kaul & Teixeira 1982, Hartmann 1988, is similar to that observed in the CZ3 standard and
Figueiredo et al. 1996, Basei et al. 1998, Fornaris considered to be largely from the gold coat. The
1998). uncertainty in all reported ages is at 95% confidence
Zircon crystals from the dated sample, AL-1, level, unless otherwise stated.
were separated at the University of Western Aus-
tralia laboratories by grinding crushed fragments
in a ring mill to pass through a 60# nylon dispos-
able sieve, washing and decanting fines with waterSample AL-1 is a trondhjemite, representative of
The crushed samples were passed through heavy lighe acid lithologies of the granulite complex. Basic
uid (LST and di-iodomethane) and magnetic separocks also occur in the quarry. See Appendix 1 for

METHODOLOGY

GEOCHRONOLOGY

An. Acad. Bras. Ci., (2000)72 (4)



SHRIMP DATES COMPLEX GRANULITE FROM SOUTHERN BRAZIL 563

sample description. a) a4

Three generations of two-pyroxene formation 2730+ 10 Ma
are observed. The first generation is remnant mag-Js
matic (M), strongly exsolved. The second genera-
tion is metamorphic (), and corresponds to the
strong granulite facies event observed in the com-
plex. The metamorphic eventMs the formation
of rims of hornblende around the pyroxenes, while a
most significant texture is the presence of simplec-
tites of two-pyroxenes (i) around the hornblendes
(Appendix 2).

Zircon crystals in sample AL-1 are mostly
rounded but some have prism and pyramid forms
in thin section; they are pinkish brown, and occur
mostly included in plagioclase but also in orthopy-
roxene. The observation of 150 crystals in BSE and
CCI showed them to be little metamict with vari-
able intensity of fracturing. Intensely metamict por-
Fions of crystals are ide_ntified because they are dark Fig. 2 — BSE images of zircon crystals from dated
in both BSE and CCI images. The least fractured

granulite, sample AL-1; SHRIMP spots indicated as
crystals were chosen for the SHRIMP analyses. All \ite circles: ages of spots shown. (a) Soccer-ball

crystals exhibit rounded edges, even the elongated,zircon crystal, formed during Archean granulite facies
nearly euhedral crystals (Fig. 2). Fractures are still event. (b) Rounded, elongated crystal; age is inter-
present in the medium gray magmatic portions, but preted as lead loss due to a younger event (2.2 Ga?).
are sealed in the portions of the fractures which are (c) M2 + M3 metamorphic events dated on rim and (d)
bright (in BSE). This alteration process is similarto core of subhedral crystal, interpreted as corresponding
the crystals described by Hartmann et al. (1997). to amphibolite and recurrent granulite facies.
Some crystals have a soccer-ball shape (Fig. 2a),
typical of granulite facies zircons (e.g. Vavra et al.
1999, Hartmann et al. 1999a). Mineral inclusionscrystal with distinctive core. This indicates the pres-
are rare and when present are small in the zirconce of very complexinternal structures, because the
crystals. investigation did not allow the clear identification of
Fourteen U/Th/Pb isotopic spot determinationsthe geological events on the BSE/CL images before
on 13 zircon crystals from sample AL-1 (Table I, the SHRIMP dating.
Fig. 3) yield a spread of PB/P?% ages between The age of 2716 17 Ma is considered the
~ 2.7 and~ 2.2 Ga, although most ages are Ar- minimum age of the magmatic crystallization of the
chaean. High U contents in many of the zirconzircons. The age of the metamorphic events can
crystals probably caused incipient metamictizationonly be estimated, because of the small number of
of the zircons, not observed in BSE/CL/CClimages,sputtered SHRIMP analytical spots.The youngest
and consequently these are more prone to later leagge (2168t 18 Ma) is considered the time of M
loss. These ages between Archean and Paleopréxigh-grade granulite facies metamorphism, because
terozoic are independent of the internal structure oft was obtained on rims of zircon crystals. The spots
the zircon under the analysed spot, except for théocated between 2.5 and 2.7 Ga are interpreted as
~ 2.2 Garesults, which were obtained in the rim of adue to partial resetting of magmatic and btystals
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TABLE |

SHRIMP zircon isotopic data of Santa Catarina granulite, sample AL-1.

Spot U | Th | 204 | 41206 ]  20'Pb/ 08P b/ 208P b/ 7Py Z08P b/ Age Conc.
ppm | ppm 206 (%) 206py, 206py, 238 23%y 2321h %
bi1 | 682 | 124 | 0.00016 | 0.248 | 01373 7 | 0.0520- 11 | 0392t 6 | 7.42:13 | 0.1120030 | 2193t 9 97
b10-1 | 294 | 128 | 0.00016 | 0.039 | 0.189G:9 | 0.126G-12 | 0.519+9 | 13.52t24 | 0.150130 | 2733t 8 99
bi1-1 | 663 | 232 | 0.00016 | 0.010 | 0.1825:6 | 0.0982:7 | 05218 | 13.12t22 | 0.1460:26 | 2676:5 | 101
b.13-1 428 8 0.00002 | 0.217 0.1760+ 8 0.0044+ 11 0.48H 8 11.82+ 21 0.1140t 278 2616+ 8 98
b.14-1 947 21 0.00001 | 0.132 0.1615-5 0.0044+ 6 0.458+ 7 10.20+ 17 0.091H 117 2472+ 6 98
b.2-1 1116 46 0.00014 | 0.007 0.1886+ 11 0.0104+ 9 0.444+- 7 11.54+ 21 0.1131 101 2730+ 10 87
b.3-1 360 92 0.00008 | 0.275 | 0.185# 11 0.071Gt 15 0.48148 12.34 23 0.1334t 37 2704+ 9 94

b.4-1 888 75 | 0.00000 | 0.074 | 0.183Gt5 0.02415 0.503t 8 | 12.69t21 | 0.143H4 36 2680+ 4 98
b.5-1 151 124 | 0.00017 | 0.380 | 0.1884-36 | 0.215H72 | 0.433+9 | 11.25+33 | 0.113Ct 46 2728+ 31 85
b.6-1 741 399 | 0.00005| 0.074 | 0.1865t9 0.1436t 12 | 0.473t8 | 12.16+21 | 0.1260t 24 2712+ 8 92
b.7-1 318 64 | 0.00066 | 1.057 | 0.1802-21 | 0.047739 | 0.493t9 | 12.25£27 | 0.116A 99 2655+ 19 97
b.8-1 1135 | 361 | 0.00013 | 0.212 | 0.1324t6 0.0712t 9 0.29A 5 5419 0.0664t 14 2130+ 8 79
b.9-1 1421 | 150 | 0.00005 | 0.086 | 0.1728t 4 0.0268t 4 0.483t8 | 11.5Gt19 | 0.1226t 27 2585+ 4 98
b.9-2 1398 48 | 0.00005 | 0.087 | 0.1754t 4 0.0083t 4 0.49G+ 8 | 11.84-19 | 0.1174t 62 2610+ 4 98

Notes: Age 297Pb20%pp age

4206 = (commorf96Pb) / (total measuretPPb), based on measuré®Pb and on the Broken Hill Pb composition.
%conc. = percentage of concordance, as 10888b / 238U)t[207Pp' /206pp ).

Pb isotope ratios are for radiogenic components only.

Concurrent analyses calibrated to the cz3 standard, withchtter.

during Mz metamorphism. Many spots show recentmay actually correspond to a metamorphic event;
lead loss, presumably caused by weathering. Thadditional work is required. Alternative geochrono-
preservation of magmatic ages in the zircons fromlogic interpretations could be considered, particu-
this polydeformed trondhjemite reinforces the ob-larly for the age of the amphibolite facies event,
servation of the resilient nature of zircon (e.g. Hart-which is the age of I hornblende crystallization,

mann et al. 1999a). but we interpret the two granulite facies events as
The M, granulite facies event is interpreted asabout 2.67 and 2.17 Ga.
having occurred about 2.67 Ga, while the; lgr- An alternative interpretation of the data places

thopyroxene crystallization probably occurred nearthe magmatism and the granulite facies metamor-
2.17 Ga. The timing of hornblende crystallization phism M, near 2.7 Ga, and considers progressive
cannot be established from the data. The age dead loss along a concordia from 2.7 Ga towards
the M, event is well established, because metamorabout 2.0 Ga. The second granulite facies event
phic ovate (soccer-ball) crystals were dated, but th€M3) occurred at a younger age, according to this
significance of the 2.17 Ga age is open to evaluainterpretation. Additional work is necessary to clar-
tion. Interpretation is not straightforward, becauseify these relationships, particularly the absolute age
of the complex field geology and microstructure of of (M;) hornblende and Morthopyroxene crystal-
the granulites and their zircon crystals, but this age idization.

consistent with the 2.2 Ga Sm/Nd dating of amphi- Zircon Th/U ratios are about 0.4 in the spots
bolite facies minerals by Hartmann et al. (1999b).interpreted as magmatic (Fig. 4), but are near 0.02
The analytical spot at 24785 Ma is interpreted as in the metamorphic M spots. The two spots in-
partial resetting; according to this interpretation, thedicating the age of ca. 2.1 Ga have ratios about
number has no geological meaning. But24B8Ma 0.3, similar to the ratios determined by Basei et al.
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Fig. 3 — Concordia diagram of granulite, sample AL-1. Interpretation of magmatism
(Archaean) M granulite facies (Archaean) ardd, + M3 amphibolite+ recurrent
granulite facies (Paleoproterozic). Analytical spots close to 2.58 and 2.48 Ga are
interpreted as lead loss during the Paleoproterozoic event. Many spots indicate modern
lead loss, because they align to 0 Ma. Oldest blank spots are interpreted as magmatic
about 2716 Ma; youngest blank spots are interpreted as metama#gtabout 2168

Ma; shaded spots are interpreted as metamorphiebout 2675 Ma; black spots are
interpreted as due to partial resetting.

(1998). The ratios near 0.3 may be due to differentArchean age were, by this interpretation, metamor-
fluid compositions or physical conditions during this phosed during three events - granulite facieg M
event. Th/U ratios of about 0.4 are considered typi-amphibolite facies Mand granulite facies i) over
cal of magmatic zircons in granitic rocks, while low atime period of about 500 million years from the Ar-
ratios about 0.02 or less are considered characterig¢haean to the Paleoproterozoic. No events younger
tic of metamorphic zircons (Corfu 1987, Barrie & than about 2.2 Ga are registered in the zircons dated.
Krogh 1996, Rubatto et al. 1998, Silva et al. 1999,0nly K-Ar ages about 1.9 Ga were obtained in a
Vavra et al. 1999). The Th/U ratios, in associa-few samples of the complex (Basei et al. 1998).
tion with the zircon structure in BSE images and theThe granulite complex became a stable craton after
SHRIMP ages, support the interpretation of the geo41.9 Ga, and remained as a largely undeformed block
logical significance of the isotopic results presentedduring the Neoproterozoic Brasiliano Cycle oroge-
in this paper. nies, and thus formed the Luis Alves craton (Kaul &
In the light of SHRIMP U/Pb zircon isotopic Teixeira 1982).
studies in other granulite terrains (Friend & Kinny
1995, Hartmann et al. 1999a), we interpret the ACKNOWLEDGEMENTS
spread of spots between the Archaean and PaleoprgHRIMP mount preparations and SEM imaging
terozoic as due to partial resetting of the isotopic syswere undertaken at UWA: Marion Dahl and Brendan
tem during the youngest event. Magmatic zircons ofGriffin are acknowledged for the former and latter,
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a trondhjemitic granulite selected for dating. Sam-
ple AL-2 is a mafic gneiss from the quarry. Sam-
ple 9 was collected 100 m north of the quarry; it
is a mafic granulite with important simplectitic mi-
crostructures.
The trondhjemite, sample AL-1, is medium
. grained, greenish gray orthogneiss with a diffuse fo-
i " " liation. Simplectites of orthopyroxene, clinopyrox-
0.0 . | e w1 ‘ ene, plagioclase and hornb_lende are present between
2000 2300 2600 M, hornblende and Mplagioclase and locally be-
Age, Ma tween orthopyroxenes or clinopyroxenes and plagio-
clases (Fig. 5). The simplectite minerals show a gra-
Fig. 4—Agex Th/U diagram of zircons, sample AL-1,  Noblastic equilibrium texture. The mineral phases
showing a decrease in Th/U ratio from the magmatic were identified by electron microprobe using EDS
(~ 0.4) to the metamorphic~ 0.02) compositions.  and then chemically analysed with WDS techniques.
The 0.3 ratios near 2.1 Ga may be due to variation in The AlLO3; content of the M orthopyroxenes is
fluid composition or physical conditions. around 1.3 wt% and drops to 0.9 wt% in the sim-
plectitic M, orthopyroxenes (Table II).
Sample AL-2 has abundant medium-grained
respectively. Zircon analyses were carried out ONornblende and plagioclase. Clinopyroxene, pla-

a Sensitive High Resolution lon Micro Probe rnassgioclase, hornblende and titanite are only present as
spectrometer (SHRIMP I1) operated byaconsortiumminute simplectites around hornblende (no orthopy-
consisting of Curtin University of Technology, the ,,ene in the simplectites). Sample 9, in contrast,
Geological Survey of Western Australia and the Uni'contains abundant orthopyroxene and clinopyrox-
versity of Western Australia with the support of the ene, in addition to plagioclase and hornblende in
Australian Research Council. Paul Potter is thankeqhe simplectites; larger hornblende occurs rimming
for his contribution to the manuscript. The authorspyroxene crystals. A distinctive microstructure in
benefitted from the review of an early version of the o 1 afic granulite, sample 9 (Fig. 6), is the pres-
manuscript by U. Schaltegger, J. M. Hanchar and R
White.
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Magmatism

Th/U

ence of simplectites of orthopyroxene, clinopyrox-
ene, plagioclase and hornblende as rims on horn-
blende, which crystallized between crystals of py-
roxene and plagioclase. The microstructuresinthree
SAMPLES rock samples involving plagioclase and pyroxene are
In the Luis Alves quarry, rocks are exposed in aconsistent with ductile deformation.
nearly vertical face of 80 m length by 40 m height.
Narrow (~ 1 m) vertical shear zones cut the sub-
vertical granulites; epidote and chlorite occur in the
shear zones and in veinlets. Secondary garnet is
present in very small amounts. The rocks are preMagmatic textures are poorly preserved in the gran-
dominately intermediate with less bimodal basic-ulites (Fornari 1998), although strongly exsolved
acid rocks present. The basic rocks occur mostly aporphyroclasts of orthopyroxene, clinopyroxene and
small (0.5-1.0 m) remnant blocks. The basic rocksplagioclase are a strong indication that the high-
mixed tectonically with the enclosing acid rocks grade deformation did not entirely erase the mag-
many with gradational contacts. Sample AL-1 is matic memory ofthe gneisses. The thermal eventac-

APPENDIX 1

APPENDIX 2
METAMORPHISM
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Fig. 5 — Backscattered electrons (BSE) and cathodoluminescence (CL) images from a thin section of the
dated sample AL-1. All minerals were identified by electron microprobe. (a)-(d) Numbered spots are
locations of chemical analyses by electron microprobe (Table I). Metamoighiorthopyroxene (large
crystals) shownM3 orthopyroxene crystals in symplectites also shown. (e) Zircon crystal in intercrystalline
position, surrounded in part by chlorite. Zircon has euhedral to subhedral form and some rounding due to
metamorphism. (f) Same zircon crystal as Figure (e). Marked diffusional replacement of cores in the two
crystals of (e)-(h) and also of rim in (h). Remnant (unsealed) radial fractures seen in preserved magmatic
mantle in (e). Arrows in (g) and (h) in same relative position with respect to the crystal rim.
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TABLE Il

Chemical analyses by electron micropraobe of mineralsfrom Santa Catarina gran-
ulite, sample AL-1.

Analysis 1 2 4 5 6 7 8 9 10
Mineral opx cpx opx cpx opx cpx opx cpx opx
Event M1 M1 M3 M3 M3 M3 M3 M3 M1
SiOy 50.30 | 51.74 | 50.50 52.1 50.30 | 52.30 51.30 52.63 50.72
TiO2 0.11 0.19 0.06 0.03 0.11 0.19 0.07 0.14 0.00
Al»03 1.13 1.98 0.99 1.8 0.98 1.83 0.93 1.85 111
FeO 32.60 | 13.06 | 32.20 | 11.40 | 32.60 | 11.20 31.80 12.45 32.72
FeO3 0.74 0.00 0.00 1.14 0.00 0.47 0.00 0.00 0.63
MnO 0.82 0.29 0.86 0.29 0.78 0.32 0.81 0.37 0.83
MgO 14.60 | 10.91 | 14.90 115 14.7 11.4 14.9 11.41 14.85
CaO 0.62 20.96 | 0.38 22.1 0.45 22.26 0.47 21.62 0.48
NapO 0.00 0.35 0.00 0.35 0.00 0.48 0.00 0.34 0.00
Total 101.00 | 99.48 | 99.90 | 101.00 | 99.90 | 100.5 | 100.00 | 100.80 | 101.30
Analysis 11 12 13 14 15 16 17 18 19
Mineral cpx opx cpx opx cpx opx opx opx hb
Event M1 M3 M3 M3 M3 M1 M3 M3 Mo
SiOy 51.82 | 49.92 | 5230 | 50.00 | 51.66 | 51.55 51.79 51.42 41.7
TiO2 0.28 0.12 0.17 0.03 0.20 0.05 0.00 0.19 1.09
Al>03 2.06 0.91 1.58 0.92 1.73 0.92 0.68 1.04 12.40
FeO 14.06 | 32.23 | 11.17 33.2 12.47 | 29.16 29.13 28.68 17.50
FeO3 0.42 0.00 0.00 0.05 0.13 0.18 0.00 0.00 0.00
MnO 0.35 0.83 0.27 0.77 0.31 0.71 0.69 0.67 0.10
MgO 10.82 | 1441 | 1141 14.2 11.05 | 17.55 17.58 17.37 9.99
CaO 20.51 0.38 | 22.39 0.46 21.17 0.41 0.31 0.29 115
NapO 0.46 0.00 0.33 0.00 0.49 0.00 0.00 0.00 0.10
Total 100.80 | 98.83 | 99.64 | 99.60 | 99.24 | 100.60 | 100.30 | 99.72 97.60

Note: Content 0.00 = below detection limit.

companying deformation — metamorphic event M bly occurring while temperature decreased. The M
was in the granulite facies, as shown by the volu-hornblende has Tipcontents around 2.2 wt%. The
metrically dominant association of two pyroxenesremarkable simplectitic texture of two pyroxenes
in mafic lithologies and by the widespread occur-plus plagioclase and hornblende indicates metamor-
rence of orthopyroxenes in the acid lithologies. Or-phic conditions in the granulite facies during & M
thopyroxene is well crystallized in quartzites and metamophic event, presumably during increasing
iron formations, which is typical of Mcrystals; My  temperature after the formation of the hornblendes
orthopyroxenes were only observed in fine grainecor more extensive dehydration of the rocks. Tem-
symplectites around hornblende. peratures are estimated at 886G0°C for the Mg

The temperature of Mmetamorphic event is event, based on two-pyroxene thermometry (Brey
estimated about 80C based on two-pyroxene ther- & Kohler 1990); data used are chemical analyses of
mometry (Girardi & Ulbrich 1980, Hartmann 1988, two pyroxenes by electron microprobe.
Basei et al. 1998, Fornari 1998). Pressure during  Granulite facies simplectites are uncommon
M, was estimated at 6 kb by Girardi and Ulbrich (e.g. Passchier & Trouw 1996), but Schenk (1984,
(1980), an estimate consistent with the lack of garnePLATE 5B) presents several types of symplectites,
formed in the mafic granulites in the Mvent. mostly garnet-bearing, but also orthopyroxe, pla-

Because hornblende mantles the btthopy-  gioclase and ilmenite bearing coronas around horn-
roxene and clinopyroxene, ajvhetamorphic event blende. Harley (1988) describes the decompres-
in the amphibolite facies can be presumed, possision formation of symplectites of orthopyroxene +
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Fig. 6 —Sample 9, mafic granulite. BSE images in (a)-(f) and microphotographs in (g)-(h). Granoblastic
texture of orthopyroxene, clinopyroxene and plagioclase, rimmed by hornblende, which in turn is

rimmed by granoblastic simplectites of orthopyroxenelinopyroxene+ plagioclase+ hornblende.

All minerals were identified by electron microprobe. Numbered spots are chemical analyses by electron
microprobe (Table I).
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