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Introduction

The cornplex is locat ed about 200 km southwest of the ci t y of São Paul o (Fig.

1) and covers an area of about 65 km
2

. It is intrusive at the contact of

tightly folded mica schi sts of the A~ungui Group and a syntectonic granodiorite

bel t , both of Late Precambrian age .

First discovered by Bauer (1877) as an iron ore depos i t , the JAC becarre

world-famous after work by Melcher (1954 , 1966) , who was the f i r s t to suggest a

magmatic or i gi n for the carbonatites which intrude the jacupirangites in the

central part of the complexo This area has been mined for apatite by Serrana S/A

de Minera~ão for several decades.

According to K/Ar determinations f r am Amaral et aI . (1967), anó especially

Amaral (1978), the main phase of the JAC intrusion has an age of 130±3 Ma.

Germann et aI. (in press) present a geological map of the whole complex

(Fi g . 1) which essentially maintains the main divi s i ons and out crop areas

pror:;osed by Melcher ( 1966 ) . Peridotites (dunites), pyroxenites, jacupirangites

and i jol i tes aremai n rocks, with a car bonatiti c plug in the central part of the

southern half , chiefly made up of jacupi r angi t es . Peridotites (dunites according

to Germann et aI., in press) are dominant in the northern part of the complex and

pyroxenes) may be noticed .

part of the complex, a mineralogical gradation to ijolitic terms (wi th sodic

ln the areas close t o the dunitic body, and also in the southern

Typi cal jacupirangite is essentially COffiPJsed of cl inopyroxene (Ti -augite)

serpentine .

ar e essentially comr:;osed of f i ne-grai ned olivine (F0
9 0

) , partiallyaltered to

and Ti -magnetite , with biotite , apatite, nepheline, perowskite and calcite in

minor amounts. ln many pl aces , this rock exhi bi t s a foliated structure.
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Gabbroic dykes, in the western part of the complex, as well as essexitic and

theralitic dyke swarrns, in the eastern part of the transition zone between

dunites and jacupirangites, are r eported by Germann et alo (in press), who also

state that syenitic dykes, which intersect the cited dyke rocks, shaw a gradual

transition to alkali granites. Ijolitic, rnonchiquitic adn tinguaitic dykes are

also referred by Melcher (1966) .

According to this last author, the basic complex was probably emplaced in

two separate intrusive stages: first, the peridotitic-dunitic body, in the

northern part of the structure, being enveloped by pyroxenites; and then, an

alrnost circular plug of jacupirangite, with local differentiation to ijolite, in

the southern region. The core of carbonatites then intruded the central part of

this last .s i l i cat e intrusion.

A complex zone of fenitization occurs along the contacts with the country

rocks. At the contact with granodiorites, fenitization proceeded with a gradual

decrease in quartz content, substitution of biotite by sodic clinopyroxene, and

feldspar recrystallization around the margins of older feldspar grains. Where

metasomatism was stronger, the quartz disappears, and the feldspar is completely

recrystallized to soda-orthoclase or anorthoclase, al so with the formation of

nepheline and minor calcite. The leucocratic alkaline rocks (syenites), found

both to the west and east of the contact between the two major intrusions, may

represent rnostly rheomorphic rnobilization f ram fenites. They are essentially

camposed of alkali feldspar (sodic plagioclase or anorthoclase), with minor

arnounts of nepheline, aegirine-augite, biotite, titanite and apatite. The

distinction between true nepheline syenites and fenites is sometimes difficult,

suggesting that a gradation occurs fram country rock to intrusive nepheline

syenites.

The Jacupiranga carbonatites

The carbonatitic body at Jacupiranga is oval (1000 x 400 m) and crops out in

a hiLl called "t-brro da Mina", which had an initial height of 225 m at the start

of mining activities, which first removed the residual apatite ore formed by
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weathering of the carlxmati t e. Today, the Eres h sur Eace oE t he carlx.mat i t e can

be seen everywhere on the open-pit wal l s : it clearly intrudes the jacupirangites ,

with a steep contact and outward di ps (Fi g . 2).

Melcher (1966) Eound t wo independent pl ugs , the northern and southern

bodies. Gaspar & Wyl l i e (1983 ) identi Eied Eive distinct int rusions ; three oE

them, C1 (s()vi t e ), C2 (dolomitic s()vite) and C3 (s()vi t e ), Eorm the southern

intrusions , while C4 (s()vi t e) and CS (rauhaugite) correspond t o u1e northern

body . The intr usion sequence is C1 the ol des t and CS the younge s t . Hirano et

alo (1987) considered C3 and C1 as belonging t o t he sarne int rus i ve episode , s incE

t~ey present the sarne mineralogical characteristics . Swal~ oE beEorsitic dyke~

occur in SOlT€ areas , but in other places the dolomi tic composition is attributec

t o lT€tasornatic dolomitizat i on oE pr i mary s()vites.

The main mi ner a l ogi ca l anel pet r ogr aphi ca l featur es oE the car bona t i tE

intrusions identified by Ga:+-c'.!: ,s, íAJyll i e (1983) are surrmar i zed in Table 1.

Hirano et a lo ( 1987 ) grouped the minera l oq i ca I var iet i es into four classes :

calcit e carbonatit e (CC); magneti t e-r i ch ca.l c .i.t;c carbonatit e (cOnt ) i apat i t e­

rich calcite ca rbonat i t e (cCap) ; and dolomite carbonatite (DC); main feat ur eE

are s urrunar l zed in Table 2 .

'I'he southern pl ug i s mai nl y cornposed of CC , wi t.h CQnt bands , as well a s

xenol i t hs and bands oE CCap in the marginal portions , the whole mass displaying é

crescent-shap :;d st. r uct.ure , IX: t orm a swar ru of small dykes in the northeasterr

por t i on of t he southern body . ,Jacupirangi t e xenol i ths with reaction bands are

frequent close to the cont act s wi t h s ilicate rocks. l n the southern part oE th i ~

body, CC i ntrudes the jacupirangite as dyke swarms with nearly straigh1

boundaries, whereas plas t ic deEol~tion can be noticed in the host rock, in thl

norther n margin (Hi r ano et al . , 1987) . CC and cOnt exhibit mineral bandi ng dUI

to aligt1lT€nt oE magnetit e concentrations , interpr et ed as flow structures b

Melcher (1966).

The northern body is a pipe-like cornpos i t.e pl.uq , ma inly composed of CC wit

a DC core . COnt bands , i nside CC , present a dist i nct concentric pattern wit
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Ta ble 1 - Petr ography of carbonat .it.es and jacupirangi t e (after~ & íAJyllie 1983)

Sovi t e

Rock type *

Loar se í y ba"dt~ é

Ot her f eatu res

Coarse

Gra i n s i zeMai n ml nera logy "
- - - - - - --- ----- - -----,c::T"":--:-::--

Ca l ~lte , apat ite . magnet I t e ,
oll~l n e , pnagopit e , dal omit e,
sul f i des •

Sout hern ln t rus i ons C2 Dolomi ti c
sovite

Ca lc i t e , ~ u I Ol r , l , e , aoat i t e ,
mag netit e , phlo gopi t e ,
sul ti des .

FIne t o
medl um

F111e1y banded

Sovite
Cal ci te , apat ite , magnet i te ,
phlogopi te , doloml te ,
o1i vi ne , SUlf ides .

Med i um to
coarse

Non-carbonat e mi nera Is
fewer t han ln ot her
sov í t es . Bandi ng l ess
e'l i dent .

No r t hern lntr us l ons

Sa ~ it e

Rauhaug i te

Calcite , apat ite , magneti te ,
ol l v í ne , pnl oqopi t e , dol orn i t e ,
sul t ines .

Do Iomi te , ape t i t e , pnl oqopi t e ,
ma gneti t e, su l f i ues , calc i te .

Medi um

Med i um to
coar se

Ve ry few s i 1 i ca t es ,
Dr.1Ue S an o sul t i oes

p~ l u q o ni L c , al~ a l i am phi bol e , Fi ne to
. : e , ~a g n e t i t e , apat ite , coa rse

1)\.. 'i~· lc1i!~ , 1 ill:L' n i te , c l i nohumi te

Ca!c 1 te , do!01:,1 te , apa t i t e , r·led1um t o
phl ogopi t e , magnet i t e , coars e
sul f i ces •

Do l onn t e , calcite , apat it e Medi um
ma qnet i t e , su1f i des

Di kesou

Rock s fr om t he
contdc t bet Vleen
car bonat ite
ln t rus i ons C2
and C3
Rea ct l 0n zone
between t. he
int rusions (Cj , C3)
and C5) and the
j acup i ranq t t e

S

B

Be fors i t e

Befors l t.e

Sovi t e

Beforsite

React lol1
rock

001 0111 1 te , phlo goplt e ,
magnetI te , ca lci t e

üo l onn t e , ca l c ite , apet i t e ,
mag netit e , phl ogopite ,
s ul f i ce s ,

Med i um t o
fin e

Intr uded 111 t he Cc
sovltte

Offshoot 01' the C~

rauhaugi t e l n t he
C4 s o v~ te

ul f fuse banc t nq

Di f fuse bandi ng

Sl l lc ate rl ch bands
a1t ernat e wi th
car bonat e ri ch bands
{magnet i te occur s i n
t he s il ic at e bands
on1 y

Hos t rock JAC Jacupi ra ngi t e Ti tanoau gi t e , t I t dl1 01l'J gnet i te ~'e d i um

u t hc r roc k t y pes c i ted in t he ce x c . dl vik i t tJ ( ca ": cil c , a pa t. it:o, Jo Lolll i t e , phl o qo p i t.e ) and i jol ite
( c l ino pyro x en c , (lep he l i lJe ) •..
The millerdls a r e c: it n ( ~ 111 an es t i mcltcd áec r ea ssinq orcier of dbulldance...
The c hara c te r is t i cs ci i ea f o r t lJes e cwo d i k es tetor s pe c if i c a l l y to t lJem aOO nor t o cne d i kes .ín ge nera l ch il t
ucc ur i n t l;, e ca r bo na t i t e bo d ies .

ve r t i ca l di p . The mineralogy of the northe rn CC and cCrnt i s es sent i ally the sane

as that of the southern tody, except for the l ack of ol ivi ne-bea r i ng cc and ccap.

Dist r ibution maps for P2ü S ' total Fe P3 adn Mgü were drawn by ~lcher

( 19 66), based on chemical analys is of mure d1an 400 carbonatite samples f r am the

surface (Fig. 3 ) • Although e1e topography has been changing during the last 20

years , a good corr espondence can be seen among these maps and the geologic map

presented by Hi rano et ai . (1987) for the Jacupiranga carbonatites (Fig . 3) , a

f act that i s interpreted by these authors as evi dence of the high-angle chemical

structure of the carbonatite plugs . The distribution pattern of P
2
ü

S
is governed

by the high concentration of t wo apatite-rich t ypes : fine-gr ained apatite in CC

of the northern and southern plugs, and coarse- gr a i ned apatite in ccap i n the

marginal zone of the southern pl ug .
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Roden et alo (1985) r evealed recent l y that the southern carbonatites,

including DC, are isotopically quite homogeneous, whereas

, ha l ' h 1 di 87 / 8 6 .carbonat1tes ve s 19 t Y more ra logen1c Sr Sr rat1os.

the northern

These data may

suggest that the southern carbonatite magma has been less contamined with the

radiogenic continental materials, compared with the northern one.

Morikiyo et a lo (1987) present some data on carbon and oxygen isotope

compos i t ions of ca rbonates from t he Jacupiranga carbonatites . The <S 13 C values

are uniform from -6.4 to - 5. 6 per mil, and the average value is - 6. 07 per mil.

18
Except for one sample, the <S C values of the sarne carbonates are between 7.1 and

8.1 per mil, and the average value is 7.6 per mil. The ó
13C values of dolomites

are about 0.5 per ' mi l higher than those of calcites, a difference which is much

smaller than the previously repor t ed results. The isotopic data for Jacupiranga

in the <s13C vs ó180 diagram (Fig. 4) are considered as representative of prymary

igneous carbonatite values well inside the "primary igneous carbonatite" field

(Taylor et al., 1967) and very close to the "0ka box" defined by Conway & Taylor

(1969).
18The anomalous o O val ue was interpreted as indicative that this calcite

was precipited from the magmatic fluids at a later stage.

" 0 ka box"

ry igneous
bonatite

.. ... O
cr'Q) O

Prima
cor- 8

- 6

- 4

OCC
. DOL Fig.4

6 8 10 12 618 0 (%0)
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The reaction zones

the outermost part of these shells show plastic defol~tion due to intrusions of

across and included in the carbonatites , are enveloped by almost concentric

According to Morbidelli et aI . (in press) , jacupirangi t e blocks, up to 50 mI ~
I '
I
, I
I '

1
i
I'
,

shells whose width varies from a few cm up to 1 m. Not rarely , some portions of

carbonatitic veins .

Starting f rom jacupirangite to carbonatite, t he normal sequence of the shell

is as follows: A (amphi bolic), P (phlogopitic ) and O (ol i vi ni c ) .

She l l A (amph ibol i c )

This shell, which is in contact with the fresh black jacupirangite, is

commonly deep green ln colour, fine-grained and 1-5 cm thick, exceptionally

reachi ng 20 cm; starting a few cm from t he sharp contact with the jacupirangite

(transition zone ) , millimetr i c white carbonate bands are interposed at

i n mineralogical composition, but the jacupi rangite texture is almost completely

daminant phase ) and subordinate phlogopite aggregates, of later formation with

The carbonate bands in this zone are quite r egular, with anhedral calcite

Apatite

are pseudomorphically substitutedcrystalsClinopyroxene

Transition fram the jacupirangite to shell A i s marked by an abrupt change

Magnetite i s the onl y important mineral fram the jacupirangite remaining in

crystals including needle-shaped richterite and laths of phlogopite.

Diffuse ilmenite gr a i ns and elongate clusters of titanite are also described.

preserved.

this shell, but farther away from the transition zone it loses its identity.

respect to the amphiboles, show more than one tyPe of occurrence; the phlogopite

different i a l growth f rom t he jacupirangi t e zone to the outer pa r t ofthis shell .

amphiboles (Mg-arfvedsonite, pargasite, Mg- has t i ngs i t e , besides richterite, the

subcentimetric intervals.

crystals, which are commonly zoned and with reverse pleochroism, exhibit a

fram the carbonatitic magma is also commonly associated wit h the carbonates .

She ll P (phlo go pitic)

This shell, wine in colour and r anging in width Eram cen timetric to 1 m ca.,
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shows a similar configuration to the previous one, but the white veins are not 50

· regular and

white spots

sometimes they lose their planar identitity and assume the forrn of

or lines with oblique orientation relative to .the borders of . the

shell.

The most striking mineralogical dif ference with respect to shell A is the

domi nance of phlogopi t e over amphibole. Phlogopi t e, which here also has reverse

pleochroism and is usually zoned, exhibi ts grain size similar to those developed

in the outer part of that shell. Ilmenite grains, associated with t hi s mineral,

are smaller and in greater number than in the amphibole aggregates fram shell A.

The magnetite crystals in shell Pare partially or completely transforrned 50

that no big crystals occuri their grain size, however, is more developed than

that of ilmenite grains; titanite is virtually absent in this shell.

Amphiboles becorne essentially restricted to large needle-shaped crystals,

with rhornbic section, diffuse along the borders of the protoclinopyroxene

crystals, or associated with calcite; in this shell, only richterite is presento ,

Apat ite minerais are well developed in the car bonat e leveis.

Shell O (olivin ic)

This is the outermost shell; it is several centimeters up to decinEters wide

and distinguishable from the preceding one by its darker, al most black colour,

with no reddish-violet tinto The external shape of this shell is not as regular

as the jacupirangite-shell A contact, s i nce it is f requent ly deforrned by the

intrusion of one or more carbonat itic veins.

As already noted, the r el at i ve thickness of these shells i s quite variable,

but shell P is by fa r the most developed. Shell O may sometimes be absent,

especially when no carbonatite vein is found between two xenoliths .

ln this outer shell, as expec ted, the influence of carbonatite-derived

transformation processes i s st i ll more evident than ln the preceding ones,

especially because it was usually also strongly pervaded by the carbonatite

magma.

This shell is characterized by the presence of abundant olivine, mostly
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I I rounded and with central clouds of thin inclusions of an opague mineral that is

olivine.

PhlO9'0pites are also of two generations: the older one, which can be

included in sorne larger olivine grains, is fine-grained and anhedral, forming

These olivines are strongly

These relict olivine crystals may be easily distinguished by

very difficult to determine, even by microprobe analyses, but should be related

to the finely dispersed ilmenites of shell P. Some larger olivine crstals are of

Clinohumite, forming large crystals, sornetimes titaniferous, with typical

their larger size, irregular shape and intense fracturing, as well as by the

a second generation, and besides these two mineral phases sorne r el i ct olivine can

also be found.

absence of the cloudy inclusions described above.

affected by serpentinization processes.

golden yellow to light yellow pleochroism, sametimes substitute both kinds of

clusters in close association with opague minerais; the second generation forms

relatively large poikilitic crystals which, in turn, include also the second
i, ' generation olivine and opague minerais. The col our , pleochroism and zoning oE

the first generation of phlO9'0pites, in the internal zones of this shell, are

s i mi1ar t o those typical of shell P. ln the externa1 zone of shell O, where the

carbonatitic infiuence is more evident, ali phiogopites bE'corne iess coioured,

rarely zoned, with cores exhibiting mild yellow to green colour and almost

colourless rims .

I
I

I:

,I 'i
L

Opaque minerals - magnetites and ilmeni t es - of large size (0.5-1 rnn) and

irregular shape also occur in this shel l.

As already stressed, the carbonatitic fluids were very pervasive here.

Carbonates constitute isolated laths or well defined veins and, in this case, are

frequently accampanied by apatite, which includes very rare needles of amphibole

at the contact of the carbonates with the silicate bands.

Morbidelli et ai. (in press) carried out detailed study of these reaction

bands in arder to define their most distinctive mineralO9'ical and petr09'raphical

features, bulk chemical compositon (major, minor, trace elements and REE
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distribution) and eheITÜstry of the more significant minerais.
"

Whilst the general structural aspects inherited fram the jacupirangite

protolith are still visible in shell A, shell O appears like a mueh more evolved

levei, as a eonsequence of the direct eontact wi th the ca rbonatitie mass, whieh

pervaded all this · zone and saretirres seems to have disrupted and folded the

preeeding silicate (espeeially phlogopitie) aggregates.

The relations arnong the various quantitatively most important silieate

minerais (arnphiboles, olivines and phlogopites) suggest that the carbonatitie

fluids responsible for t~e jacupirangite transformation initially caused a ehange

of the Ti-augite in caleie, caleie-sedie and sedie arnphiboles; sueeessively,

with the grawing influenee of potassium, and in a still aqueous environrrent,

began the formation of phlogopite.

This last phase, probably awing to a relative alumina defieiency,

erystallized as tetraferriphlogopite eonoorrUtantly with the formation of well

erystallized riehterite grains, in this oxidizing environment.

·Pet rogr aphi e evidenee also indicates that Lhe olivine formed soon after t he

amphibole erystallization was inhibited by the scarcity of scdium in the system,

and that phlogopite erystals developed even after the 01 i vine seggregation. The

formation of this phlogopite was probably carried out in l awer fOz eonditions, as

indicated by its pleochroism and by ehemical analyses of larger erystals in shell

O.

The presenee in shell O of olivine belonging to three generations is

suggestive that the magmatie material responsible for the formation of this levei

had different characteristics fram that one which caused the formation of shell

A.

The chemical, and physical data surrmarized by furbidelli et alo (in press)

indicate that the jacupirangite transformations developed in several stages, with

a oomplex paragenesis . They also shaw that the protolith mineralogical

association suffered the action of both volatile fluids and carbonatitic melts,

characterizing metasarnatic as well as carbonatization phenomena, which are
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found in such jacupirangite or in t he carbonatitic rocks f r am t he whole complex o

remarkaly greater quantitites of major and t race elements (Na, K, Rb) than are

evidenc6d by the presence of calcite vei ns (shells A and P) and rnostly by the

containingvolatile fluids generated ·new metasornatic aggregates~e

calcite impregnation (shell O).

The REE content s of the var i ous shells resulting f r am these feniti zation

processes are intermediate bet ween those of jacupirangite and carbonatite,

pointing out that the penetrative e f fect of these processes was modest and

inversely proportional to the distance from the carbonatitic rocks.

ln the Jacupi ranga complex the fenitization processes a f fected the country

The study of Morbi delli et ai. ( i n press ) el uc i dates an aspect that is somewhat

carbonatitic fluids, like t he proces ses which generated these reaction bands.

magmas, and especiall y their conten t s i n alkalies, can be suggested by the

the or i ginal characteristics of carbonatitic

t ransformations that carbonatite derived f l ui ds a r e able to provoke in ultramafic

rocks over a gr eat areal ext ent, but cannot be related with confidence to

confusing in the l iterature:

country rocks like t he jacupirangites.

According to the chemical balance performed by the sarne authors, itwas

possible to conclude e1at the carbonatitic magma, probably due to its extreme

.1 paucity of silica and alumina, was not capable to maintain ali the alkalies
I I

present in the crystallizing melt during its solidification processo

If on one hand , Morbi dell i et aI . (in press) agree with Gittins et ai.

(1975) and with others which stressed the i mpor t ance of the alkali activity, and

especially Na and K, i n these feniti zi ng f l ui ds , it must be kept in mind that a

relatively low total wei ght of t hese elements would be enough to cause the

e ffect s verified in the Jacupiranga r eaction bands.
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