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PETROGENESIS OF THE MONZONITIC-MONZODIORITIC PIRACAIA MASSIF, STATE'
OF SÃO PAULO, SOUTHERN BRAZIL: FIELD AND PETROGRAPHIC ASPECTS

VALDECIR DE ASSIS JANASI* AND HORSTPETER H.G.J . ULBRICH*

ABSTRACT Th e Piracaia Massif , located within a migmatized seq ue nce of ortho- and
paragneisses, is petrographically and st ructurally very com plex . Detailed mapping has iden ti fied
abo u t 30 petrographic varie ties (facies) . Composition varies from diorites to q uartz alka li feld spar
sye nites, with pr edornlnant monzodiorites and monzonit es. Th e overall in trusive seq ue nce is fro m
more mafic to more felsic un íts. Main prim ary mi nerais are plagio clase , biotite , augite and a!ka li
feld spar , wit h hypersthene restricted to some monzonites and quartz appearing in more
d ifferentiated rocks. Most ro ck s show, at lea st in part , tectonic foliation (corre late d with th e
regional Fn+2 phase o f deformation ) and post-magmatic recry stallization. Early facies were
frequen tly permeated by quartz monzonite and quartz syeníte veln s, defining the migm atite
" look" of many outcrops. Some monzodiorites and monzonites sho w segregatio n str ucture s such
millirn et er to centim eter as sized oc elli and styctolithic veins. Th e frac tio natio n of th e ear liest rock
t ypes (d io rites to leuco-monzonites) was partly contro lled by ex trac t lo n o f plagioclase , biotite ,
and aug ite from a pr edominantly Iiquid mush of monzodioritic compo sition . More fe lsic varieties
apparently were form ed by segregat io n, star t ing with oc ellar st ruc tures and gíving rise , by
increasing co llectio n of material, to larger magmatic ma sses, Recr ystallization wit hin th e ma ssif
star te d as a segrega tío n-re late d "syn-deform atio na l" plutonic event , wit h an increase in a (H 2 0);
igneous mafic miner ais were chem ícally re-equilibrated , and granoblasti c textures were locally
fo rme d . Lat er metamorphism at diminishing temperature s generated bro wn bio tit e and
hornblend e (ma inly frompyroxe nes) whi ch , in turn , wer e replaced by lowe r-grade assemblages
with greenish biotite and epido te .

RESUMO O Maciço de Piracaia , localizado em uma área composta por orto- e paragnaisses
migmatizados, é ba stante co mplexo petrográfica e estruturalmente . O mapeam ento de detalhe
revelou a pr esen ça de cerca de 30 variedades petrográficas (fácies). As composições variam entre
d ioritos e álcali feld spato-quartzo sienitos, com monzodioritos e monzonitos como tipos
dominantes. A seq üê nc ia de intrusões é, de um modo geral , das unidad es mai s máficas para as mais
félsicas. Os princip ais min erais primário s são: plagioclásio , biotita, augita e fe ldspato alcalino , com
o hip ei stênio restr ito a alguns monzonitos e o quartzo aparecendo na s ro chas mai s d iferenciadas. A
maioria da s ro chas mo str a, ao menos em parte, fo liação tectônica (corre lacio nada à fase Fn+ 2 de
deformação regional) e recri stalização pó s-magm áti ca . Os fácies antigos do maciço são
freqüen te me n te perm eado s por veio s quartzo-mon zon ítico s a quart zo-slen ítícos, de fin indo um
aspecto migm at í t ico em muito s afloram entos. Alguns monzodiorito s e monzonitos mo stram
est rutu ras de segregação , co mo o celo s (de ce ntrimé tricos a milimétricos) e veios estic to lí tic os. O
fra cionamento do s Iitotipos mai s antigo s (d iorito s a leuco-monzonitos) foi parcialmente
co ntro lado pela ex t ração de plagioclásio , biotita e augita de um magma dominantemente líquido
de co mpos ição monzodiorítica. As variedades mais félsicas parecem ter-se formado por
segregaçã o, que se in iciou co mo estru turas ocelares e gerou , por co leta m ais avançada de mat eri al ,
ma ssas mag m áticas maiores. A recristalização no int erior do ma ciço teve in íci o como um event o
"sin-deformacío nal" re lacio nado à segregaç ão . Com um aumento na ativ idade de H2 O, minerais
máfico s íg neos fo ram reequilibr ado s quimicamente , e localmente se forma ram tex tu ras
granoblásti cas. Metamorfismo po sterior a temperaturas decrescen te s gerou biotita marrom e
hornblend a (p rincipalme nte a partir do s piroxênios), que , por sua vez , fo ram subst ituídas por
associações de mais bai xo gra u com biotita esverde ada e epídoto.

INTRODUCTION About 200 main granitoid occur­
rences are known to exist within the Precambrian
basement of São Paulo State. The Piracaia Massíf, located
80 km NE ofthe city ofSão Paulo , is unique among them ,
on account of its mostly intermediate composition (wíth
predominant monzodiorites and monzonites) and its
structural complexity. The massif was first described by
Cavalcante & Kaefe r (1974) . Campos Neto & Artur
(1983) , who studied it with more detail, identified 7 main
rock associations , but recognizing further heterogeneities
at mesoscopic scales.

Additional field work by one of us (V.A. Janasi)

showed that abou t 30 different facies had to be defined, in
order to describe the large petrographic and tex tural
variations that do occur in the massif ; these are due , to a
large extent , to the complex history of the massif , where
previously solidified igneous rocks underwent partial (in
part also complete) recrystallization under the influ ence
of metamorphic overprints (Janasi 1986). The described
facies were then grouped, for mapping purposes (o n a
1:25,000 scale) , into several mappable facies associations ,
much along the lines already used in the detailed mapping
of alkaline and other granitoid massifs in sou thern Brazil
(Ulbrich 1984, Vlach 1985 ). The observed field
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relationships guided subsequent laboratory work an d the
interpre tation of data.

Textures, petrography, and metamorphic reaction
sequences, as described in the following pagés, were
studied by conventional op tical microscopy. The
chemistry of the main minerais (bio ti tes, feldspa rs,
pyroxenes, amphiboles) was determined with a ma nu al
ARL mi croprobe (for procedures and applied corrections,
see Janasi 1986).

In this paper, emphasis is placed on the descriptive
aspects and the metamorphic history. A forthcoming
paper (J anasi & Ulbrich in prep. ) will deal with chemical
aspects of the igneous evolu tion.

REGIONAL GEOLOGY The Guaxupé Median Mas­
sif, within which the Piracaia Massif is located, is
composed ofpre-Brasiliano rocks, in part reworked during
the Brasiliano cycle (Wern ick 1978). Recent studies
consider that the Piracaia Massif intruded an allo ch tho­
nous block, emplaced by nappe tectonics of early
Brasiliano age (Campos Neto et aI. 1984).

Two main litostratigraphic units are described in the
region. One is the Piracaia Metamorphic Complex (PMC),
of uncertain age, with peraluminous, hornblende-bio tite ,
and calc-silicate gneisses of supracrustal origin , wh ile the
other is the unit of Socorro o rthogneisses, of Upper
Proterozoic age, intrusive in to th e PMC and in pa rt
showing transitions to undefo rmed ho rnblende-biot ite
granitoid rocks (Fig. 1).

Figure 1 - Simplified geologic map of Piracaia region
(based on unpublished compilation fr om M.C. Campos
Ne to and A .C.B.C. Vasconcellos). 1. Atibaia Massif; 2 .
Naz aré and Quatro Canto s Suites; 3. Piracaia Massif; 4 .
Socorro augen-gneisses; 5. Socorro even-grained gneisses;
6. São Roque Group ; and 7. Piracaia Metamorphic
Complex

Within the PMC, small mapp ... ble gran it oid areas are
observed (muscovite-biotite and garnet-biotite granites of
the Quatro Can tos and Nazaré Paulista suites, respec tively ;
cf. CamposNetoetal. 1983).

Several deformational phases are recognized in these
rocks. The Sn+1 transposition foliation in the PMC is
affected both by the mesoscopic Fn + 2 folds, showing
subvertical ENE axial planes, and by the regional Fn + 3
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megafolding (Cam pos Neto et ai. 1983 , Morales et a/o
1985). Sn+ 1 is the primary tectonic foliation in the
Socorro orthogneisses.

The pr incipal me tamorphic event in the PMC is roughly
coeval with the Fn+1 phase. In the Piracaia area,
high-grade metamorphism in these rocks (with the pair
sillimanite/K-feldspa r in peraluminous lithotypes) was
accompanied by intense migmatization (leucosomatic
veins are either coe val or slight1y later than Sn+d. The
ne bulitic granitoids of the Quatro Cantos and Nazaré
Pau lista suites were emplaced apparently during the Fn+ 2
phase (Campos Neto eta/. 1983).

GEOLOGY AND PETROGRAPHY OF THE PIRACAIA
MASSI F The Piracaia Massif has an ellipsoidal form
(14.5 x 3.5 km ) with a N35E trend (F íg, 2). Igneous rocks
within the massif occupy a total area of about 28 km? .
Th eir contacts with the country rocks are always intrusive ;
in parts, they have been tectonized, principally along the E
and W borders.
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Figure 2 - Slmplifie âgeologic map of the PiracaiaMassif.
Symbols rele r to metamorphic assemblages. Open
squares: hornblende + brown biotite stable ; filled circles :
epidote +green ish biotite stable

Detailed faciological mapping identified 29 primary
and secondary facies , which were grouped into 17
mapping units (J anasi 1986). Secondary processes (such as
deformation , metamorphism , and segregation), overprin-
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ting primary igneous rocks, were active in most areas of
the massif and are in part respons íble for the large number
ofidentified facies.

AlI cole cted samples show, macroscopically or at Ieast
under the microscope, incipient to st rong post-magmatic
recrystallization. Within the adopted nomenclature , care

. was taken to define as "met am orphic equivalen ts" of the
primary igneous rocks alI the types showing welI­
developed metamorphic structures and" textures, and
presenting low-ternperature re-equílibration (with stable
pair epidote and green biotite ; cf. Fig . 2). In the folIowing
descriptions, each facies type is defined by its primary
mineralogy and texture ; descriptions of the recrystallized
facies are added.

Representative modaI anal ysis of the main units of the
massif are presented in table 1. Trends defined by these
modaI analysis (Fig. 3) show an almost continuous
variation from diorites to quartz alkalí-feldspar syenites.
Whenever possible , strongly recrystalIized rocks were
discarded for modal purposes, on account of mineral
changes. Primary igneous equivalents of the most
di fferentia ted rocks were not found ; in this case , the
metamorphic mineralogy was modalIy counted, and some
corrections were then applied , to estimate the prim ary
igneous proportions (mainly to discount albite exsolved
from primary perthite , and secondary quartz formed by
breakdown reactions involving mafic mineraIs). The
observed modaI trend (F ig. 3) is akin to the granitoid
" alkaline" and " sub-alkaline" series of Lameyre &
Bowden (1982), but without an int ermediat e modaI gap
(Bonin & Giret 1983). Observed proportions of
outcropping rocks in the Piracaia Massif are as folIows :
diorites, Iess than 1% ; monzodiorites, about 45 % ;
monzonite s, 30% ; syenites , 4% ; quartz monzonites, 15% ;
quartz syenit es to alkali -feldspar granites, Iess than 5% .

Description of the units

Fine- and medium-grained monzodiorit es (Mdf, Mdm)
Rocks belonging to these units make up about
40 % of th e mass if , cropping out mainly in its core
area (F ig. 2). Most of the se ro cks are metamorphosed
and sho w gneissic structures; preserved primary mineraIs
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Figure 3 - Modal analy sis of roeks f rom the Piraeaia
Massif in the QAP diagram: filled circles - Mdf and Mdm
units; open circles - Mfc; op en squares - Mdr ; X - Sem;
fille d diamond - Qs darker quartz monzonites; open
diamonds - Qs felsie quartz monzonites and quartz
syenites; crosses - Qs more differentiatedfaeies

and textures are found mainly in the central-western
portion of the massif. Also found, besides the dominant
medium- and fine -grain ed ro ck typ es, are a f íne -grained
porphyrit ic facies with tabu lar plagioclase, and a darker
very fine , mostly even -grained facies.

The fine and med íum-grained monzodiorites (Mdf,
Mdm ) are mostly equigranular dark grey rocks, typicalIy
he terogeneous even at an outcrop scale. The Mdm facie s
apparently grades regionalIy into the predominan t Mdf
facies, which occupies the core area of the m ain map ped
occurrence (F ig, 2). Mdf and Mdm show som e plagioclase
as Iarger strongly zon ed tabular ph enocrysts (1-2 mm in
Iength in the Mdf rocks) (core , An45-52; rim , An 26- 31) ;
mostly , however, it is a groundmass mineral (An26- 31) '

Table 1 - Modal analy sis of represen tative samples f or the Piracaia Massif: tr = trace amounts; (1) includes 28,5 % of
phenocrysts, with the relative proportions: plagioclase, 64; biotite, 31; Ca-pyroxene , 5; (2) includes 2,1% ofhypersthen e;
(3) 60% ofplagioclase as albite (A nO-5);(4 ) 50% ofplagioclaseasalbite (A nO-5 )

Unit Mdf Mdm Mdr Mfe Mp Sem Qs

Sample 170a(1) 171 /1 75 185 259 256 179b 358a 179a 40 26b 43a 270a

Qu art z - - - - 0 .2 0 .8 1.3 Ir. 004 2.1 0 .7 6 .8 9 .7
Plagioclase 50. 2 54. 0 4 8.0 44 .5 5 2.0 54 .6 48 .7 4 8.8 49 .8 22 .3 34 .<13) 30 .2 38.6(4 )

Alkali feldspar 11.7 0 .5 2 1.1 24.5 12.3 29 .9 25.3 28.6 33.1 47.7 48 .1 46 .7 44 .2
Biotite 28.6 31.3 18.7 22 .5 20.3 804 15.8 12.8 8.6 15.0 8.0 11.0 4.3
Ca-pyroxene 4.7 0 .3 2.9 1.7 2.6 1.5 2.5 4 .6 3.5(2 ) - - - -
Amphibole 0.6 6.8 4.8 1.7 5.0 1.0 1.8 0.9 1.3 6.0 6 .6 1.8 -
Ore 2.2 4 .3 2.1 2.6 4.2 1.8 3.0 2.9 2.6 1.0 0 .1 0 .7 0.7
Apat íte 1.4 0.9 Ir. 2.0 2.5 1.7 0 .8 0 .9 004 0.6 0 .5 0.6 0. 2
Sph ene 0 .4 1.5 1.1 0.2 0.9 Ir . - - - 1.1 0 .7 0.7 tr.
Oth ers 0. 2 0 .4 1.3 0 .3 0 .1 0 .3 0 .5 0 .5 0 .2 4.2 0.5 1.5 2.3

Co la r Ind ex 38 .1 45 .5 30 .9 31.0 35 .5 14 .7 24 .7 22 .6 16.7 27 .9 16.3 16.3 7 .5
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Alkali fe ldspar is perthi tic an d inte rstitial. Brown biotite
and greenish to colorless, generally po ik ilitic augite, are
the main prim ary mafic mineraIs; accessories are apatite,
magnetite, ilmenite, and subordinate zircon and allanite.

The plagioclase-rich por phyritic fine- grained rock is
much rarer and was observed in a few outcrops in the W
margin of the main Mdf-M dm occu rrence (Fig. 2) .
Plagioclase phenocrysts show sometimes biotite and
magnetite inclu sions, an d frequently form synneusis
textures. The compo sition of' . these rocks is mainly
monzodioritic, bu t locally there are diorit ic rocks with
little groundrnass.

The very fine-graine d ty pes, usu ally equigranular, are
found as enclaves; a single large r outcrop area was found in
the central-western p art of the m assif. These rocks are
modally heterogeneous , but monzodiorites predominate.
One described sam ple (PI -17 0a) presents phen ocry sts of
plagioclase (with caleic co res, Anss -60), of brown biot ite
(as large flakes, up to 3 x 0.5 mm , with irregular borders
and no inclusions) and of an extremely poiki litic augite
(up to 50 % of inclusi ons of biot it e , ore , and plagioclase) in
a "granoblastic" groundmass with plagioclases in the range
An32-34 ' Augite , sometimes having inverted pigeonite
exsolution lamellae, is frequen tly observed as aggre gates
of two or more phenocrysts; in other cases, phenocryst­
like aggregates are foun d, constituted by a polym ineralic
mass of small crystals, with clinopyroxene as predorni­
nant mineral.

Post-m agm atic recrystallization is p resen t in all these
rocks, and all sorts of grada ti ons to fully m etam o rphic
equivalents are obse rved. The principal mineralogical
features in the less modified samples are the formation of
greenish horn blende fr om Ca-pyroxene, the growth of
sphene on ilmenite crystals and within biotit e , and the
appearance of br own biot ite aro und m agnetit e and at the
expense of clinopyroxene and feldspar.

Metamorphic equivalents The recrystallized varieties
are by far predominan t. Tex tu res are metamorphic.
Renmants of former plagioclase phenocrysts are some­
times observed, with their co res strongly altered into
aggregates of epidote an d green bio tit e. Main mineraIs are
oligoclase (AnlS-2~' cross-twinne d microcline* , irregular
crystals of greenish biot ite , and green ísh-b luish hornblen­
de (so metimes showing lighte r, more actinolitic patches,
or relicts of Ca-pyroxenes in its inte rior). Som e secondary
quartz is also ob served , derived fr om metamorphic
reactions. Bio tit e in th ese roc ks can derive from an
originally brown biotite (it shows then sphene inclusions)
or from reactions which involve ho rnblend e (in which case
it can have wormlike quartz inclus ions) (cf aIso section on
metamorphic reactions).

Coarse purple-grey monzodiorites (Mdr) These rocks
are coarser, mainly m assive and m ore homogeneous
than the Mdf and Mdm varieties; co1or is a1so
different, due to the presence of pu rp le-greyish feldspar.
The Mdr rocks constitute about 5% of the m assif
and are concentrated at its SW portio n (Fig. 2). Two facies
are rec ogni zed: one is darke r, of dioritic to m onzo diorit ic
composition, and the other is ligh ter, subordinate, and
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mainly of monzoniti c compositi on (color indices 30 and
15, respectively).

The main textu ral featu res of these rocks are the large
(4 -5 x 1 mm) ta bular plagioclase megacrys ts, usualy
grouped in synneusis textures, in turn surrounded by
biotite flake s. Smaller plagioclase crystals may form
grano bl astic tex tu re s. Augite forms isolated crystals , and
alkali fel dspar is in te rst it ial.

Plagioclase meg acrysts are strongly zoned (from
An50-5S in the cor e to Àn 25 -2S at the rim in one analyzed
ligh t-colored sam ple); the granoblastic plagioclase of the
matrix has An25-2S' Alkali feldspar, rare or absent in the
diorites, is fine ly pe rthitic and xenomorphic , reaching 4
mm in som e monzonites. Brown biotite appears as
aggregates of flakes , surrounding the larger plagioclases;
most acesso ries (apatite , magnetite , and ilmenite) are
associated with, and in part enclosed by , the biotites.
Augite, with some in clusions (biotite, apatite , and ore) , is
subidiornor phic-prisrnati c and shows sometimes pigeonite
exsolu tion lam ellae orien ted parallel to (001).

Most Mdr ro cks were affected by some degree of
metamorph ic recrystallization ie .g., ilmenite lamellae
with in bio tites, form ed by Fe-Ti release; augites partially
transforme d in to hornblendes, sometimes with actinol í­
tic cores etc.) , bu t en tirely "metarnorphic" equivalents
were not rec ognized.

Grey medium- to fine-grained monzonites (Mfc)
R ocks be longing to this unit cover about 22% of
the total ou tcrop area ; two are as were mapped where
this unit predominates , in the W and SE portions of
the massif (Fi g. 2). Constituent rocks are heterogeneous;
six facies were rec ognized. Two facies occur only in dikes
and veins (one is grey-colored, the other is whitish). The
dominant Iess-recryst allízed variety is a med íurn- to
fine-graine d grey facies, Less abundant are other two
facies: a fine- graine d greyish type identified in only one
outcrop , an d a m ed ium-grained greenish-grey rock. Most
abunda nt , though, are the metamorphosed types, with
gneissic structures, which were here grouped into a single
facies.

The domin an t less recry stallized me dium- t o flne­
grained facies is homogeneous, somewhat inequigranúlar ,
with plagioclase p redominant over microcline , and a color
index of ab out 25. Plagioclase in the groundmass is
oligoclase (A n25.29), but the rare larger crystals show
caleic cores (A n47-49)' Microcline is perthitic and shows
inclusions of all other mineraIs ; the estimated original
composition is in the range Or54Ab 38 Ang-Or68 Ab 28 An4 '
Mafic mineraIs are brown biotite and augite , together with
apatite , magneti te , ilmenite , and rare zircon and allanite.

The fine -graine d grey facies is equigranular, with a
similar mine ralogy as described above. Plagioclase ,
predom inant, is olígoclase (An23.26); augite , almost
withou t bio t ite inclusions, shows large pigeonite lamel­
lae . Cumm íngtonite-bear íng pseudornorphs may represent
former hy persthene crystals.

The green ísh-grey facies was found only in two
outcrops; it s col or index is about 15. Megacrysts of
plagioclase show fain t zoníng; composition is around
An23 .26. Alkali feldspar is relatively abundant

* The name mieroeline refer s to alkali feldspars with well-develo ped ero ss-twins,



528

(Or7oAb27An3 to Or8oAbISAn2)' Mafic minerals are
brown biotite , augite , and prismatic to equidimensional
hypersthene (with biotite , ore , and zircon inclusions).

The other two facies , appearing as veins and dikes, are
somewaht lighter than the previous types. Alkali feldspar
is more abundant than oligoclase. Mostly recrystallized
brown biotite is the main mafíc mineral in the grey facies,
while in the whitish facies it is accompained by
homogeneous olive-green hornblende.

Metamorphic equivalents The gneissic equivalents of
the Mfc rocks, all strongly recrystallized, seem to derive
mainly from the grey medium- to fine-grained facies ; to
the SE of the massif, however, gneissic Mfc varieties are
microcline-rich and may be the metamorphic equivalents
of the greenish-grey facies. Tex tural and mineralogical
changes observed in these rocks are roughly as described
for the gneissic equivalents ofMdf-Mdm units.

Metamorphic reactions are very evident in the Mfc
rocks , and will be discussed in more detail in a specific
section. The formation of secondary hornblende is clearly
observed (as rims on Ca-pyroxenes, as patches near
inclusions within the pyroxenes etc.), associated with
quartz, carbonate, and occasional magnetite (in part ,
reaction products). Zoned, usually fibrous actinolite, is
found as cores in Ca-pyroxenes, together with carbonate,
quartz , and abundant magnetite ; with the reaction 's
progress, hornblende is finally formed at the expense of
this actinolite. Hyperthene is replaced by biotite (along
fractures , or along its borders, where biotite may appear
together with some cummingtonite). In some samples, a
mass of a vividly-colored fibrous serpentine-like mineral,
with an ou ter actinolite rim (which grades, on the ou tside ,
into green hornblende), was identified. Some quartz-rich
aggregates (with brown biotite and hornblende , as well as
subordinate amounts of carbonate and magnetite) may
appear, and may represent a final breakdown product of a
reaction sequence which started with the above­
mentioned "serpentine" pseudomorphs.

" Microporphyritic" monzonites (Mp) The Mp unit
is petrographically heterogeneous , and is mainly
characterized by the presence of alkali-feldspar rich,
light-colored, centimeter-sized ocellar patches, set in a
dark-grey, fine- to medium-grained matriz. The ocellar
structures, which at first sight mimick phenocrysts, are
coarser-grained than the matrix and appear in varying
proportions. Within them, or irregularly distributed in the
matrix, m ílímeter-sized mafic m ínerals (usually hornblen­
de) are observed.

A mappable unit of Mp was identified in the northern
half os the massif (Fig. 2 ; 11% of total areal. There , Mp
rocks predominate and a gradation into locally abundant
Mdf monzodiorites appears to take place, mainly by
decrease in size and number of ocelli. Mp rocks are
petrographically very variable , presenting a broad modal
range, which goes from monzodioritic to syenitic
compositions, mainly on account of the irregular
distribution ofthe ocelli.

The matrix of the Mp rocks is usually fine-grained ,
dark-grey, with a metamorphic tex ture (foliated and
granoblastic, resembling equigranular gneissic equivalents
of Mdf). Brown biotite and oligoclase are dominant ,
sometimes with relictic textures te.s. , traces of former
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plagioclase phenocrysts in synneusis arrangement) ;
well-recrystallized Mp rocks , which are predominant over
less-recrystall ízed types, show epidote and greenish
biotite.

The ocelli are alkali-feldspar syenitic to syenitic in
composition, and they are coarser (0.7-1 mm) than the
matrix. Microcline predominates, associated with few
hornblende megacrysts (which may show relict Ca­
pyroxene in its core). Plagioclase is normally a
subordinate , finer-grained mineral. Biotite, when obs er­
ved, is mostly a breakdown product of hornblende. The
contact between ocelli and matrix is always very sharp.

Medium-grained syenites (Scm) This unit (abou t 4%
of total are a) crops out as an elongated band, at the NW
border of the massif (Fig. 2). Constituent rocks are
medium-grained light-grey , slightly foliated syenites.

The rocks are always recrystallized , and primary
mineralogy and textures are not preserved. Some of the
cross-twinned microcline grains are megacrysts (up to 2
mm), showing albite as iso-oriented perthitic bands and
twinned patches. Albite and microcline appear, in the
matrix, as grains with irregular contacts, suggesting an
origin from ex treme unmixing of formerly perthitic alkali
feldspars. Matrix albite (An2 -6) is also observed as
granoblastic patches. More calcic plagioclase (An 9-ll)
only occurs as irregular relicts within larger microcline
grains or as very rare isolated crystals.

Greenish-bluish hornblende (up to 0.5 mm) is the main
mafic mineral; it appears as evenly distributed grains, in
part showing passage to epidote and biotite with small
quartz inclusions. Greenish biotite also occurs as isolated
flakes ; rarely it shows brownish cores. Allanite prisms (up
to 2 mm) are conspicuous, with inclusions of ore and
brown biotite ; also observed were zircon, apatite ,
magnetite , and ilmenite with sphene rims.

COARSE OUARTZ MONZON ITES TO OUARTZ
ALKALI FELDSPAR SYENITES (Os) Rocks of this
unit cover about 5 km 2 ( 18% of total areal and were
mapped in two main occurrences : one to the SE with a
"V" form and another as an elongated band , to the NE of
the massif. Several other minor occurrences were also
observed ; two ofthese are large enough to be mapped (Fig,
2).

This unit is petrographically very variable. The main
features of the constituting facies are the coarse grain size,
the presence of quartz and of larger amounts of alkali
feldspar, and the lighter coloro All rocks within this unit
show at least some tectonic foliation ; locally (mainly in
the occurrence to the NE), the rocks are actually
augen-gneisses. It is thus very difficult to define more
precisely both primary mineralogy and tex tures of these
rocks.

The more mafic varieties (color index about 20) are
(quartz) monzonites which occur as border facies in the
larger mapped occurrences of Qs and also form the two
smaller outcrop areas. More abundant are the light-colored
leuco-quartz monzonites and leuco-quartz syenites (color
index apr. 10) that predominate in the two larger
occurrences and also constitute most of the veins which
invade rather frequently the earlier more mafic units. Even
more differentiated types (quartz alkali-feldspar syenites
and alkali-feldspar granites) were observed only as veins
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and small intrusive bodies in the northern half of the
massif, where they usually intrude Mp roeks.

The texture of the Qs rocks is hypidiomorphic with a
deformational overprint: larger feldspar crystals are set in
a seriated, somewhat granoblastic matrix , the proportion
of which increases with deformation. The mafie mínerals ,
especially in the lighter rocks, are mostly present as
polymineralic aggregates.

Among the larger crystals, cross-twinned xenomorphic
perthitic microeline is predominant: it may include, in
part or totally, some matrix grains. Less frequent are
megacrysts of a more idiomorphic alkali feldspar, with few
inclusions and Carlsbad twins. Albite is found, within the
microcline, both as fine and coarse perthitic blebs and as
larger Iso-oriented patches. Also present are inclusions of
somewhat altered sodic oligoclase, biotite , hornblende,
sphene, quartz, and magnetite. Larger plagioclase
megacrysts are usually absent in the lighter Qs roeks; they
are however common features in the more mafic varieties,
where com positions are around An 18 -23, In some
light-colored samples, they form grains with oligoclase
cores (up to An lVand albite rims.

Greenish biotite is the main mafic mineral. It is
xenomorphic and frequently grows into nearby feldspar
and hornblende crystals. In the less deformed roeks,
hornblende is observed as larger single erystals, while in
the more deformed ones it is replaced by biotite­
hornblende aggregates in which the amphibole appears as
relietic iso-orien ted patches.

Zireon and allanite are, as acessories, mueh more
abundant in the Qs varieties than in other less
differentiated rocks of the massif. Allanite, in particular,
is frequently observed as large (up to 2 x 1.5 mm) strongly
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zoned prisms. Sphene appears as a reaction product of
both ilmenite and biotite. Granular epidote results from
breakdown of caleic plagioclase and hornblende. Apatite
and magnetite are found sparsely.

A special roek type is a whitish coarse-grained
quartz-alkalí feldspar syenite, mainly constituted by
mesoperthites (with inclusions of smaller augite prisms)
and some interstitial quartzo The mesoperthites appears as
large (up to 1 em) composite microlíne-albite grains.

Structural geology Many units of the Piraeaia Massif
have a definite migmatité "look" ; given by the appearance
of several late Qs (quartz monzonites to quartz
alkali-feldspar syenites) veins and sheets within earlier
monzonitic and monzodioritic varieties. These veins are
probably near the areas where mappable occurrenees of
the late facies are found, and they tipically do not present
mafie selvagesagainst the invaded more mafic rocks.

Other features are clearly segregation structures.
Foremost among them are the centimeter-sízed ocelli,
with a syenitie to alkalí-feldspar syenitie composition. In
the N half of the massif', they are so abundant as to form
the mappable unit of the ~ "microporphyritic" Mp·
monzonites (Photo 1). Some veins of styetolithic aspeet
are locally associated with the oeelli. They are sometimes
diseontinuous and show irregular to difuse contaets with
the country roeks (Photo 2) ; and are considered
representatives of a more advanced stage of segregation
than the ocelli.

The Piraeaia Massif presents xenoliths of the Socorro
orthogneisses (showing their Sn+ 1 foliation) in some of its
border facies, and its emplacemerít is thus later than Fn + i .
Deformation, sometimes very intense, is observed in most

Fn+ i ? - - - - - - - - -- - - - - --

D Md D Md D Md DMd +
+ + + + + + + +

1
~

1
Mdr~ j~Mfem;; ~Mf e ?

- ' + +/ i(+I [m,
Sem .. .. : .Fn+2?

+

1 Qm I@al , me
Qs

Fn+2

Fn+3 ---------------- - --------------

Figure 4 - Sequence ofevents in the PiracaiaMassif. Md corresponds to both Mdfand Mdm units;Qm/Qs correspond to Qs
unit. Other abbreviations are as utilized in text
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rocks of the massif; ensuing foliation is oriented mainly
NE-SW, parallel to the length of the massif, and is
attributed to the Fn+2 phase. The beginning of
segregation Cocelli formation etc.) probably occurred at
this time and continued from there on (some styctolithic
veins clearly cut the foliation wíthin the massif). The last
stages of magmatic evolution of the massif seem to be,
thus, related to the Fn+2 phase, at a time when the massif
was still crystallizing and behaved as a ductile, rather than
a cold, mass.

Age relationships A schematic summary of the age
relationships in the Piracaia Massíf, based on geological
observation, is shown in figure 4.

Earliest facies are the fine to medium-grained
monzodiorites (Mdf, Mdm). IÍ'Ís not known which of the
recognized varieties is earlier; they may be more or less
coeval, as pointed out by some observed gradational
contacts. Contacts with basement rocks are either parallel
or tectonic.

The coarse Mdr monzodiorites are later than the rocks
of the PMC, although direct observations were not
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available (the Mdr outcrop pattern cuts, on the map, both
banding and foliation of PMC gneisses). In one case,
intrusion into Socorro orthogneisses was observed.
Rounded enclaves of very fine-grained , dark monzodiori­
tes are common in Mdr rocks. Darker Mdr facies is earlier
than the lighter one, in turn followed by light monzonitic
veins (some with pegmatite cores).

The Mfc monzonites present xenoliths of both Socorro
orthogneisses and PMC migmatized rocks. the Mfc
fíne-graíned grey facies is intruded by the medium- to
fine-grained one; lighter colored facies are only observed
as late veins in truding monzodiorites. Occasionally,
enclaves of Mdf are also present within the earlier Mfc
facies.

Ocellar features and other types of segregations, shown
by rocks of the Mdf, Mdm, and Mfc units (including the
whole Mp mapped unit) are apparently contemporaneous
with the Sn+ 2 tectonic foliation.

The Sem syenites invade Mdf and Mdm types, and show
also Socorro augen-gneísses as xenoliths.

More evolved rock types CQs quartz monzonites to
quartz alkali-feldspar syenites) are definitely late facies.

Plate L: Photographies: 1 - Monzodioritie roek with abundant segregation struetures: syenitie oeelli , with assoeiated
hornblende megaerysts, grading into vein struetures. Diameter of seale is appr. 6 em; 2 - Syenitie veins with styetolithie
strueture in Mdfmonzodiorite; 3 - Angularxenoliths ofoeelli-bearing monzodiorites ingrey quartz monzonite. Xenoliths
have a feldspathie border surrounded by a lighter-eolored quartz monzonite matrix, probably due to assimilation; 4 ­
Light Qs quartz monzonites later than drak-grey Qs quartz monzonites, both showing ellipsoidal Mdf monzodioritie
enclaves
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They invade Socorro and PMC rocks, and most of the
other units of the massif, particularly Mdf, Mdm , and Mp
ty pes (Ph ot o 3). Relationships with Mdr and Sem are not
known. Within this late Qs unit , darker facies are earlier
than mo re felsic ones (Photo 4).

Observations on the late Qs facies suggest a rather large
mechanical contrast between the corresponding magmas
and the country rocks: gneissic xenoliths are frequently
very angular, and locally oriented textures and structures
are very marked, indicating forceful injection. On the
other hand, rounded enclaves of monzodiorites and
monzonites are observed within late facies (Qs and Sem),
usually elongated parallel to mutual contacts (Photo 4),
suggesting invasion of late magmas into rather plastic
previous units, under a forceful intrusion regime (cf Marre
1982).

Migmatization of the metamorphic country rocks was
repeated several times. Some migmatite veins are late
phenomena; very locally, monzodioritic rocks are cut,
along the southern border of the massif, by some of these
late veins.

IGNEOUS PETROLOGY Primary magmatic mineralo­
gy Most of the units mapped in the Piracaia Massif
show at least some sign of metamorphic recrystallization.
Main primary magmatic minerals are plagioclase, alkali
feldspar , brown biotite , and a Ca-pyroxene (generally
augite). Hypersthene is found in a few monzonites, while
quartz, which occurs in minor amounts in some
interm ediate rocks, may be plentiful in the more
differen tiated varieties.
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Mafic minerais The ' absence of primaryhorn­
blende and the presence õf pyroxene and abundant biotite
suggest magmatic crystallization under conditions of low
to intermediate water activities (cf Maalée & Wyllie 1975 ,
Naney 1983). At the same time , the appearance ofbiotite
as an early crystallizing phase points to high K+activity in
the magmas. The restriction of hypersthene to monzonitic
compositions seems to be a common feature in the
"alkaline" granitoid series of Lameyre & Bowden (cf
Bonin & Giret 1983).

Microprobe analysis of brown biotite (some selected
analysis appear in table 2) show a decreasing mg index
(Mg/Mg + Fe total) with differentiation (varying from 55
in the less differentiated monzodiorites to 43 in alkali
feldspar-rich monzonites), which is the normal tendency
in igneous suites. Primary biotites may have reached even
lower mg values in more differen tiated rocks (down to 25
in Sem syenites) , as suggested by the compositions of the
analysed greenish biotites (recrystallization of brown to
greenish biotites seems to have little effect on mg
indices).

Clinopyroxenes (Tab. 2) are Ca-rich, mostly exsolved
varieties (in part with rather broad pigeoníte lamellae),
and an estimate of their primary composition is difficult
to obtain. Analysis of optícally homogeneous clinopyro­
xenes shows a trend of decreasing mg from monzodiorites
(mg = 68) to alkali feldspar-rich monzonites (mg = 56),
accompanying the trend of both biotite and rock
chemistry.

Table 2 - Representative mieroprobe analysis of some biotites and clinopyroxenesfrom the Piracaia Massif: n.a. = not
analysed; (1) Ca, Mg, Fe =Ca,Mg, Fe* converted into 100%; Fe* =Fe total as Fe2+

BIOTITES CLlNOPYROXENES I

Unit MdC MCe Sem Unit MdC .MCe

Sample 170a/3 358a/4 175/1 175/3 26b/6 Sample 170a/l0 358a/8 179a/F 179a/G

Si02 36.84 36.62 36.67 37.27 35 .71 Si02 51.38 50 ,74 51.16 52 .57
AI203 13.97 12.71 13.16 13.83 14.09 AI203 3.32 1.78 1.50 1.16
TiO2 4.21 5.01 4.13 4.04 2.27 Ti02 0.25 0.25 0.27 0.18
FeOT 18.75 20.17 22.54 21.63 29.33 FeOT 11.03 12.13 16.43 12.39
MnO 0 .16 0.21 0.26 0.23 0.65 MnO 0.64 0.64 0.72 . 0.58
MgO 12.21 10.77 9.51 9.50 5.27 MgO 12 .30 11.33 11.57 11.46
CaO 0.00 0.22 0.10 0.22 0.03 CaO 20 .53 22.07 17.93 21.67
Na20 0.09 0.11 0.08 0.11 . 0.04 Na20 0.55 0.52 0.60 0.53
K20 9.47 9.44 9,50 19,14 9.76 - - - - -
BaO 1.34 0.55 0.15 0.24 n.a. - - - - -

Total 97.04 95.81 96.10 96.21 96.82 Total 99.99 99.46 100 .19 100.56

Si 5.575 5.637 5.666 5.703 5 .660 Si 1.931 1.942 1.958 1.982
AI 2.425 2.305 2.334 2.297 2.340 AI 0.069 0.058 0.042 0.018

AI 0.066 0.000 0.064 0.197 0 .280 AI 0.078 0.032 0.026 0.034
Ti 0.479 0.508 0.480 0.464 0.211 Ti 0.007 0.007 0.008 0.005
Fe 2.373 2.597 2.913 2.768 3.825 Fe* 0.347 0.388 0.526 0.391
Mn 0.020 0.027 0.034 0.030 0.086 Mn 0.020 0.021 0.023 0.019
Mg 2.755 2.472 2.190 2.167 1.312 Mg 0.689 0.646 0.660 0.644

Ca 0.000 0.036 0.017 0.036 0.005 Ca 0.827 0.905 0.735 0.876
Na 0.025 0.033 0.023 0.032 0 .013 Na 0.040 0.039 0.045 0.039
K 1.828 1.854 1.873 1.784 1.944 Ca(l) 43 .8 46.2 37.8 45.4
Ba 0.079 0.033 0.009 0.015 - Mg 36.6 33.0 33.9 33.4

Fe 19.6 20 .8 28,2 . 21.2
Total 15.625 15.574 15.603 15.493 15.736

mg 53 .7 48 .8 42 .9 43 .9 25 .5 mg 66 .5 62.5 55 .6 62 .2
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Felsic minerais Plagioclase is the first feldspar to
crystallize in practically aII the rocks of the massif. In
some monzodiorites, early plagioclase crystaIlization is
followed by a interval where both feldspars crystallize
together, and finally by a stage of plagioclase resorption
(Tuttle & Bowen 1958, Rahman & MacKenzie 1969) and
isolated precipitation of alkali feldspar. In these rocks,
plagioclase phenocrysts show irregular borders and are
mantled by alkali feldspar. The plagioclase of the more
differentiated, usualy quartz-bearing rocks, still an early
phase, reaches more sodic compositions. These observa­
tions are compatible with those of various authors (e.g.,
Carmichael1965 , Rahman & MacKenzie 1969), showing
that alkali feldspar and plagioclase are joined by tie
lines with a steeper slope in "rhyolithic" magmas.

MAGMATlC EVOLUTION Both chemical and field
data suggest a two-stage model of magmatic differenti­
ation for the rocks of the Piracaia Massif. The first stage
defines the relation between diorites, monzodiorites,
and monzonites, while the second stage controls the
evolution of the late felsic facies.

Whole rock chemistry , as well as trace element data,
indicates that diorites, monzodiorites, and most monzoni­
tes (up to alkali-feldspar-r ích varieties) define a chemical
trend that is compatible with simpIe crystal fractionation,
by separation of plagioclase, biotite, augite, and some
accessories, in due proportions, from a presumably
monzodioritic parental magma (cf Janasi 1986, Janasi &
Ulbrich in prep.). It is not known which is the actual
mechanism of crystal fractionation , but at the first stage it
probably involved withdrawal of liquidus phases from
largely liquid mushes (compare with the segregation
process proposed for stage two, below). Some textural and
structural observations indicate that crystal accumulation
preceded fractionation (plagioclase phenocrysts, for
instance, appear frequently as synneusis glomerules,
augites form polycrystalline aggregates etc.). Others may
indicate different mechanisms (e.g., many varieties of
more primitive rocks, such as monzodiorites, differ main­
ly in their phenocryst-to-groundmass ratios, suggesting
liquid withdrawal rather than dynamic crystal separation).
None of the characteristics which are distinctive of
stratiform massifs were encountered, and so the actual
crystal "fractionation" mechanism in this case (as also in
most granitoid massifs) may not operate by a combination
of gravity settling and density currents, as proposed for
crystallization in many basaltic magma chambers.

Further magmatic evolu tion corresponds to the second
stage and would be responsible for the appearance and
emplacement of the more differentiated yarieties of the Qs
units. ChemicaI data corresponding to this stage show, in
variation diagrams, a slight deflection from the trend
devised by the earlier rocks. The differentiation can be
chemically modelled by the removal of the same mineral
assemblage as in the previous stage (but with a greater
amount of plagioclase, and possibly aIso with tne late
removal of alkali feldspar; J anasi 1986). Magmas, at this
stage, are envisioned as being largely crystalline mushes,
with slightly different overall compositions and also
different stages of solidification. Textures and structures
such as ocelli , veins, and larger sheets are interpreted as
being "frozen" representatives, caught at different stages,
of an essentially continuous segregation process. The
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beginning of this process would be signalled by the
appearence of the alkaIi feldspar syenitic ocelli, whose
composition is in accordance with that expected from
residualliquids derived from monzodioritic (or monzoni­
tic) mushes (as deduced from petrography, and
substantiated by phase diagramas, early precipitated
plagioclase should reach a stage, in this chemical system,
where resorption sets in , leaving aIkali feldspar as the only
feldspar to precipitate, together with some clinopyroxe­
ne), From a crystaIlizing mush, minor amounts of residual
liquids would be plastically ex tracted, aided by the
beginning of regional deformation , to be locally
concentrated as ocelli. More effective concentration
would give rise to veins and sheets; finally, the late Qs
facies would represent larger volumes of collected
segregations which detached themselves from their root
zones and invaded as true magmatic liquids. The
important modal and chemical variations seen in the
crystallized segregation products probably reflect the
differences both in composition of the original mush and
of its degree of crystallization; needless to say, larger
segregated magma volumes may themselves be subjected
to further "normal" magmatic differentiation. The whole
second-stage segregation process is broadly "syndeforma­
tional" and was apparently accompanied by an increase in
the a(H 2 O) of the system (particularly along the margins
of the massif, with water flowing in from the more
water-rich gneisses).

The migmatization of the massif can be considered an
appealing alternative hypothesis to the second-stage
segregation mode!. The coarser grain of "leucosomes",
contrasting with that of the groundmass "mesosomes",
together with the presence of megacrysts of mafic
mineraIs (styctolithic structure in the leucosomes) , for
instance, are reminiscent of many structures found
commonly in migmatite terrains. There the veins are
usually interpreted as the products of a rather
low-temperature anatexis, with the mafic mineraIs
representing drier residua of formerly more hydrated
mineraIs (e.g. , Lappin & Hollister 1980). Several field and
mineraIogical observations, however, point against it.
Granitic migmatite veins invading the Piracaia rocks are
rarely seen, although the massif was emplaced into an area
of strongly migmatized rocks. Xenoliths of migmatized
country rocks are found within early Piracaia facíes,
clearly indicating that their emplacement was later than
the Fn+ 1 phase of deformation, which also probably
signals peak metamorphic temperatures. After this event ,
there are no indications that the whole area was heated up
to the high temperatures needed to melt the rather dry
intermediate, mostly quartz-free, Piracaia protolith. On
the other hand, dehydration-triggered melting should not
take place, since biotite is a stable phase in the groundmass
of ocelli-bearing rocks.

METAMORPHIC REACTlONS Several stages of
metamorphic reactions are recognized in most rocks ofthe
Piracaia Massif. The first stage is a high-ternperature late
magmatic event and is succeeded by stage two, ma inly
characterized by the breakdown of pyroxenes, and finally
by stage three oflowest temperatures.

The hígh-ternperature metamorphic event accompanies
the formation of ocelli (stage one , Fig. 5). As seen earlíer ,
this event largelly coincides with the late magmatic history
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the small crystals.
Stage two (Figs. 2 and 5) is main1y characterized by the

breakdown of primary pyroxenes and the appea rence of
hornblende and another generation of brown bio tite as
main mafic mineraIs. Metamorphic reactions are complex
and may present some intermediate products (e.g. ,
actinolite or cummingtonite) before leading to the final
stab le assemblage. Written reactions are in part simplified
from Beach ( 1980).

Ca-pyroxene conversion into hornblende is some times
direct wíth intervening plagioclase

Cpx·+Plag+H+~Hb+Ca2++Si02 +H 20 (1)
or it may involve the formation of actinolite as an
intermediate phase

Cpx+H+~Act+Ca2++Si02+H20 (2)
which , when in contact with plagioclase , reacts to form
hornblende in a similar way to the former reaction. The
actinolite isusuall y Mg-richer than the parent Ca-pyroxene
and the small grains of ore inc1uded in the amphibole may
represent sinks for the Fe excesso

Hypersthene is usually altered direc t1y into brown
biotite :

Opx + AF+ H20 +H+~Bio + Si02 + K" (3)
Some cummingtonite may form from hypersthene
Opx+Si02+H20~Cumm (4)

which, when in contact with plagioclase , leads to
hornblende formation

Cumm-r Plag r Siô , +Ca2+~Hb+H+ (5)
Some hypersthene grains pass in to the cited unidenti­

fied serpentine-like mineral (cf for comparison the
hypersthene " alteration products" described by Kerr
1979 and Vielzeuf 1982 ). The thin amphibole reaction
rim around the " serpentine" must result from interaction
with feldspar generates the quartz-rich aggregates that
seem to represent the final breakdown products of
hypersthene.

. In stage three , green biotite and epidote are the main
mafic mineraIs, formed main1y at the expense of earlier
hornblende and brown biotite. Stage three reactions affec t
about three quarters of the massif (Fig . 2) and are more
noticeable near its border, especially near contacts with
the PMCgneisses.

Direct passage of brown into green biotite takes place
with Ti loss and AI increase , suggesting an exchange
reaction such as: 3 Ti =4 Alvi. Green biotite is richer in Mn
and poo rer in Ba than the brown varieties; mg indices
remain practically the same.

Green bio tite also forms by breakdown of hornblende
with addition of K":

Hb + K++ H+~ Bio + Si0 2 + (Mg, Fe) 2+ + Ca2++ Na" +
H20 (6)

where K-feldspar is the probable major source of K+ (for
instance, biot ite flakes are seen projecting into
K-feldspars). Epidote is usually associated with newly
formed bio tite , probably built up from such breakdown
products as Ca2+ etc. The ' silica released frorn such
reactions may turn up as quartz , in part as wormy
intergrowths with biotite.

Stage three metamorphism also recrystallizes some
preserved calcic cores of plagioclases , frequently conver-

::0 (b r) } Groundmoss
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of the massif, with the extraction of residualliquids and
concomitant formation of metamorphic mosaic textures
in the solidified portions of the mushes. The effects of this
stage are also evident in the unusual zoning pattern
observed in the mafic minerals. Megacrysts of "magmatic"
brown biotites show centers with lower mg values than
their borders and the biotites in the groundmass (Table 2)
which, at the same time, may have lower Ti and Ba and
higher AQ values. The mg increase could be ascribed to
increasing f O 2 (Wones & Eugster 1965 , Czamanske &
Wones 1973) in the course of the rock crystallízatlon , to
which however there is no independent evidence (on the
contrary, groundmass biotite is seen growing around
magnetite). The global chemical changes are thus
attributed to increasing a(H 20) during the recrystalliza­
tion process, under temperatures lower than those of the
primary crystallization of the biotites. Pyroxene crystals
are a1so re-equ ílibrated (inverted pigeonite lamellae are,
for instance, evident) ; in some cases, cores of the larger
crystals show more salitic compositions (i.e.• indicating
lower temperatures) and higher mg than their borders and

~-AC! ( ~ O z + Co z + l

+ PI - Hb l ( ~ Oz ~"Coz~ )

Hbl + AF-Bio (or ) +Ep i (~Oz+ Co z ~)

Bio l br) ( ~ A I -T i -Bo)"- Blo tçr )

PI (Co ll ~ K ~ Fe ~ MO )-Epi + Bio lor ) ~ PI INo}

AF-Micr+Alb

11 ~ Co z + + SiOz - Spn « Fe

Hbl-PI~@E]+ AF-Bio {br )~Oz

Cumm - + oz------'serpl

+
Bio {br l! Hbl !Oz ! COz ~

Figure 5 - Main post-magmatic "metamorphic stages"
obsenied in the Piracaia Massif: Act - actino/ite; AF ­
alka/ifeldspar; Alb - albite; Bio(br) brown biotite; Bio(gr)
- greenish biotite; Cpx - c/inopyroxene; Cumm ­
cummingtonite; Epi - epidote; Hbl - hornblende; Hy ­
hypersthene; 11 - ilmenite; Micr - microcline ; Mt ­
magnetite; Opx - orthopyroxene; PI - plagtoclase; Qz ­
quartz; Serp - serpentine-like mineral;Sph - sphene

IGNEOUS
ASSEMBLAGE

• Abreviations used in the reactions: Cpx= cly nop yroxene: Op x= orthcpyroxene; Plag= pl agíoclase: Hb > hornblende ; Ac t= actinolite ;
Cumm= cummingtonite ; Bio = biotite ; AF= alkali feldspar.
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ting them into aggregates of green biotite + epidote +
calcite ± clinozoisite. Ot herwise, plagioclases tend to be
very homogeneous in most rocks which recrystallized
under stage three condit ions (An 18-2 2 in monzodiorites to
quartz monzonites ; albite or sodi c oligoclase in more
differentiated typ es). K-feldsp ars are very Or-rich (around
Or92 ) and exsolu tion tex ture s are very marked, often
leading to near complete unmixing: albite migrates to the
border of its hosts and ma y form independent crystals.
Newly formed non-perthitic microcline is also observed ,
either as independen t grains and megacrysts or as borders
around earlier perthitic alkali-feldspars,

SUMMARY ANO CONCLUOING REMA RKS The
Piracaia Massif show s, very clearly, an earlier history of
magmatic evolu tion , followed by several episodes of
recrystallization.

The sequence of igneous rocks can be ex plained by
simpie fractionation , whereby withdrawal of plagioclase,
biotite , and augite leads to a series of diorites,
monzodiorites, and monzonites (stage one of magmatic
evolution). This stage is followed by the formation of
more differentiated rock types (quartz monzonites,
quartz syenites, and quartz alkali- feldspar syenites). In
this case , segregation processes would extract liqu ids from
largely crystalline magmatic mushes; the corresponding
sol ídified masses would app ear as ocelli and veins, and
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eventually also as larger masses of di fferen tia te d rocks.
A high-temperature lat e magmatic recrystallizat ion

accompanies the segregation process, chemically re­
equilibrating some of the primary igneous min erais (e.g. ,
brown igneous bio tites) and annealing groun dm ass
crystals (e.g., grano blast ic matr ix in ocell i-bearing rocks).
A stage of pyroxene breakdown follows, equilibra ting
hornblende and another gene ration of bro wn biotite . A
last , low-temperature recrysta llizat ion follow s, leading to
the appearence of the pair epido te-greenish biotite. Th e
observed sequ ence of pos t-rnagmatic mineral assemb lages
is thought to be largel y au tometamorphic , recordi ng the
progressive cooling of the massi f in a syn-d eforma tional
environment, with wa ter flowing in from country gneisses.
Thus , only the last metamorphic event (with epidote and
greenish biotite) seems to be compa tible with the
contemporaneous low-temperature met amorphism seen
in the country rocks.

Acknowledgements V.A. Janasi gratefu lly acknow­
kedges financiai support from Fundação de Amparo à
Pesquisa do Estado de São Paulo (FAPESP). F ield and
laboratory work were fin anced , in part , by grant s from
FAPESP, Conselho Nacional do Desenvolvimen to Cien t í­
fico e Tecnológico (CNPq) and F inan ciadora de Estudo s e
Projetos (Finep) (to H.H. Ulbrich),

REFERENC ES

BEA CH , A. - 19 80 - Retrogr essive metamorphic pro cess in shear
zones with special referen ce to the Lew isian Complex o
J. Stru ct. Geol. , 2 :257-263 .

BONIN . B. & GIR ET . A. - 198 3 - Th e plutonic alka line series:
th e pr o blem of th eir o rigin and d iffer entiation , t he role of
th eir min eralogical assemblages. Phy s. Earth Planet. Int., 35:
212-221. ·0

CAM POS NETO . M.C. & ARTU R. A.C. - 1983 - A su í te quartzo
monzon ítica a dior ít ica de Pir acaia (SP) . In : SIMP . REG.
GEOL. . 4 . São Paulo . 1983. A tas.... São Paulo . SBG . p .79-90 .

CAMP OS NETO . M.C. ; BASEI , M.A.S .; ARTUR . A.C.; EG (DIO
DA SILVA , M.; MACHADO . R.; DIAS NETO. C.M.; FRA­
GOSO-CtSAR . A.R .; SO UZ A . A.P. - 1983 - Geologia da s
Folhas de Pir acaia e Igaratá. In: JORNADA CA RTA GEOL.
EST . SÃO PA ULO EM 1:50 .000 .1 . São Paulo . 19 83. Atas.. .
São Paulo . Pró-Minério . p. 55-79 .

CAMPOS NETO . M.C. ; BAS EI , M.A.S. ; ALV ES , F.R .; VASCON­
CELOS , A.C. - 1984 - A nappe d e cavalgamento de So corro
(SP-MG) . In : CONG R. BRAS. GEOL. . 33 . Rio de Janeiro ,
1984. Anais... Rio de Janeiro . SBG . v. 4 . p .180 9-1822 .

CARMICHAEL . I.S .E. - 1965 - Trach ytes and their fel dsp ar
phenocry sts. Mineral. Mag.. 34 :107-1 25 .

CAVALCANTE . J .C. & KA EF ER , L.Q . - 1974 - Complexo de
Piracaia - Estudo s pr elim in ares. In : CONGR. BRAS . GEOL. ,
28 . Porto Alegre . 19 74 . Anais... Porto Alegre . SBG. v. 5 .
p.lOl-l 06 .

CZAMANSKE. C.K . &WONES , D.R . - 19 73 - Oxidation during
magmatic differ entiation , F in nma rka Complex , Oslo ar ea ,
Norway . Part 2 . the mafic silicates. J. Petrol..• 4 : 348-380 .

JANASI, V.A. - 1986 - Geologia e petrologia do m aciço monzo·
diorftico-monzon ft ico de Piracaia, SP. São Pau lo , 281 p .
(Dissertação de Mestrado , In stituto de Geociên cia s da USP ).

KERR , A. - 1979 - Th e retrogressive breakdown of ortho­
pyroxene in granulite fa cies ro ck s, Sutherland. Mine ral. Mag.•
4 3 : 443-445 .

LA PPIN , A.R . & HOLLISTER, L.S . - 1980 - Partial melting in
the Central Gn eiss Complex near Prin ce Ruppert , British
Columbia.Amer. J.Sci. , 280:518-545.

MAALlpE , S. & WYLLIE. 1'.1. - 1975 - Water conten t of a
granite magm a dedu ced from the seq uence of crysta lliza tio n
determ in ed ex pe rirnentalIy with wa te r-un de rsatu re d
co nditions. Contrib . Mineral. Petrol. , 52: 175-19 1.

MARRE , 1. - 19 82 - Méthodes d 'analyse str uc turale des
granito Ides. Manuels & Mé thodes, 3 . BR GM. Paris, 128 p .

MORALES , N.; OLI VEIRA, M.A.F.; SI MÕES . L.S.A . - 1985 ­
As est ruturas do bradas da região de At ibaia-SP. In : SIMP.
REG. GEOL. . 5 . São Pau lo . 1985 . A tas.. . São Paulo.
SBG . v.1 .p.1 59 -168.

NAN EY , M.T. - 198 3 - Phase equilibria of rock-forming
ferromagnesian silicates in granitic sy stems, A mer. J. Sci.,
2 83 :9 9 3-10 33.

RAHMAN . S. & MACK ENZIE . W.S. 19 69 - The
cry sta llizatio n of ternary fe ldspa rs : a stu dy fro m natu ral
ro ck s.Amer. J. Sei. , 267A :3 9 1-4 06 .

TUTTLE. O.F. & BOWE N, N.L. - 19 58 - Or igin of gra nite in
light of expe rime nta l stud ies, Geol. Soe. Amer. Mem. , 74 :
153 p .

ULBRICH , H.H.G,J . - 198 4 - A petro grafia , a estru tu ra e o qui­
mismo d e n efelina sienitos do ma ciço alcalino d e Po ço s de
Caldas, MG·SP. São Paulo . 4 77 p . (Tese de Livre-Do cência,
Instituto d e Geo ciências USP) .

VIELZEUF , D. - 1982 - The retrogressive bre akdown o f ortho­
p yroxene in an inte rmediate cha rn oc kite fro m Saleix
(Fren ch Pyr én ées). Bull. Minéral.• 105:6 81 -6 90 .

VLACH , S.R .F. - 1985 - Geologia, petrografi a e geo cronologia
das partes m eridional e orien tal do Complexo d e Morungaba ,
SP. São Paulo . 252 p . (Disse rtação de Mestr ado . In st ituto
d e Geo ciên cias USP) .

WERNICK , E. - 19 78 - Con tribu ição à geologia do m aciço de
Guaxupé , SI' e MG. An. Acad . Brasil. Ci ênc. , 50: 3 37-35 2.

WON ES . D.R . & EU GSTE R. H.P. - 1965 - Stab ilit y of biotite:
experiment, th eory and ap p licatio n. Amer. Mineral. , 50 :
1228-1 278.

MANUSCRITO 431
Recebido em 12 de março de 1987

Revisão aceita em 16 de junho de 1987




