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THE LUJAVRITE AND KHIBINITE BODIES IN THE POÇOS DE CALDAS ALKALINE

MASSIF, SOUTHEASTERN BRAZIL: A STRUCTURAL AND PETROGRAPHIC STUDY

HORSTPETER H. ULBRICH & MABEL N. C. ULBRICH

RESUMO OS COR\OS DE LUJA4RTTO E KHTBTNTTO DO COMPLEXO ALCALINO.PP.PgÇOS DE çALDAS, SUDESTE DO BRASIL:

UM ESTUD7 Esrnu ìuh¡lËFnfRõGiúFIòo 
- 

Dois pequenos corpos de lujavritos e khibinitos, oriental e ocidental, afloram no anel norle

ãó mac4o alcatino a" lãiä, a" cJárr, sg ¿" Biasil. Mapeãmènto detalüado revela, no centro da estrutura do corpo ocidental, melhor ex.posto,

um eudialita nefetina sieniio ãe granuiáçao g.oso, ."råä áiico e de aspecto gnáissico (lujavrito, Lu I),.c.op-fol-i93ã9 subhorizontal, e variedade

mais fina (Lu ul ¿e uorda. õoÃåãnuètop" 
""*t"tno, 

opoi*trl dois nefeiina siãnitos (NeS)iraquitóides (NeS I e II), circundados por um eudialita

ñ"S grorr"iro ti.ttiUinito òu Ñ"s III). A èstrutura doJ àloi. .o_rpor-"itad_os é similar à de um lopolito, com umâ seqüência concordante (em parte

i,rãã,fip1ãio no òrientatj moitrando ís facies Lu I - Lu ä- N.si - NeS II, com nrergulhos modðrados a foÉes na *cião.9_"-:9.ll"j: ?1T:-tjTl,l]?I
iäio, 

"ipãifro-." 
o NeS III. As r.ochas encaixantes são tinguaitos e um NeS cinza anterior, NeS IV Tinguaitos são as plimellas lochas rntrustvas

(idades de 76-g0 Ma), .å!uiJ^ p"io inrrusão dos NeS iiãoJ"r si*ilares), com iuttusão do NeS IV anterior à dos luiavlitos e facies associadas'

Aintrusãodoscorpos¿eI-ut-IIeNeSl-llfoi urnpioà"..oðontinuò,iliciaclo"o*ïinuoraofoLçaãisubhorizoniaìde.magma.khìbinítico O

surgimenro o" *og*o ,u¡.ãqìènie comprimiu o *d* roÈrn¿iica inicial, gerando pot' cotnlactaeâ9 
-e 91t¡Le^19de 

líQuidos residuais uma capa

lujavr.ítica,con]estruturafoiiadasubhórizontaleLuIIniborda.Aonesmotempo,ocot'ieueipansão.lateral dacâmaramagnrática Neste

maciç0, magmar ogpoìii"oi ráãsempre intrusões taøias. Uma compalação com outras ocorr'ências de lujavritos (llímaussaq, Lovozero,

pilansbery, rranr-pecðsiJuü; ãi;'";1"*çáo ro.çoaaãì rirogn* cl'eve ðer o processo que controlâ a geráção das estruturas e texturas de

Iujavritos.

Pak¡tras clruve.s: Lujavitos - chibinitos - Nefelina sier.ritos - Maciços alcalinos

ABSTRACT Two snrall lujavr.ite-khibinite bodies, an eastern and a western.one, ale exposed.at the nofthel'n edge of the alkaline Poços de

Caldas ntassif, southeasteill Brazil. Detailed n,appirç iåveats at the center oi the bãttel exposed western body a coalse-gÍained' nìesocratic'

facies (Lu II). Two rrachytoidnepheline syenites tNei'l anJ lt;Ñr * 
^" " 

elope to the centrai lujavrites, followed by an outer shell of coarse-

grai'ed eudiatyre N"s ¿ñ;S* Itï;;'iìiiËti-ií{ rrt"_ i1t"ri^i ü.rãui" ái-uoiliuo¿i"r i, thar of a saucer, with successive foliated shells (in part absent

in rhe easrern bodvl .o*iitut"¿ by i;l - Lí n- Nes l-Ñis älÇiùi r^tñ"1 qç9n_dips at rhe contacts between the differerrt facies; all ate surrouuded

by rhe outer Nes III. counrry rocks are_ringuait". 'å'o 
g!åy ÑËs Ñãs rvll TiÄguaites were the earliest rocks (intruded some 76-80 Ma ago),

followed by the coar.ser. rocks, with NeS lV emplaceã uifol"ìl'r" lù.¡"vlites'and.a-ssociated types. The emplacernent of the lujavrite bodies was

a conrinuous process, i"lir1"ä with forceful .úunorirònioii,iirusión of st,'ongly agpaitic tiãg.ot. Magma upwellins compressed the initial

magnra batch, gener.ating the lujavrite caps uv .ornp".iioiiø iìq"ìã r*tr".tioir, "witËa foliated"subhorizõntal siructuÍe (Lu I) and an ouler shell

(Lu II). The inrrusion fãîced atihe sarne'timé o r^tótoiË^po"ri;;;¡lht;"tiñ chamber. In this massif, agpaitic magtnas appear always as late

intrusions. A comparison witr, oüiã.o""ur."nces tilí¡nau'séaq, iãuõr",o, Pilínsberg, the Texan Trans-Pecos plovince) suggests that emplacement

u,i¿ái- for""ful 
"oit¿itiðnr 

tnoy U" o controlling fàctol in shäping the final fabric of lujavrites.

Ke)¡'vorrls:Lujavr.ites-Khibinites-Nephelirresyenites.Alkalinemassifs

INTRODUCTION The late Cretaceous Poços de Caldas alkaline

ir.társif, soutl.t"asteln Brazil (Fig. l), with its over 800 km2, was first

nrentioned in early classic petlographic papers (e.g., Derby 1887'

Machado 1888). TÍre first geologic map was made available by Ellert,

Coutinho and Björnberg (pttert igSg, Björnberg 1959, cf. also Utsurni

et al. 1971, Putzer 1916). Tinguaites and phonolites (cornplising

togetlìer 80Vo oti outcrops) and nepheline syenites (NeS, 177o) are

prãdominant (Fig. 1). Also observed is a narrow N-S trending inegular

ïrench, close ìo íhe.western margin of the district, comprising po-orly^

exposed lava flows and predorninant-pyroclastic rocks (3Vo of
out.ropt, showing tuftì, breòcias and agglomerates, with fragments of
ankaratrites, pheñocrystic rocks, etc'). Recently, additional data were

presented on ihe petrógraphy and rninelalogy of thenepheline syenite^s

tN"s) (ulurl"tt tþs:, Útdriõh 1984, ulbrich et al. 1984, schorscher &
Shea 1992).

Earlier k-Ar geochronological data (Arnaral et al' 1967 ' Bushee

1974) suggested ã long magmatic history (frorn 87 Ma for ankaratrites

to 53 Mãior phonolite dikes; data corrected to the 1977 Steiger' &
Jaeger constants lower these figures by about 2.57o; Sonoki & Garda

l98i). fwo whole-rock Rb/Sr isochrons were obtained b¿Kawashita

et al. (1984), with ages of 89.8 (t2.8) Ma and an initial Srn'/ SLnn ratio

of 0.7ò50 (Jl ) (gLei t teS and a lluorite-bearing NeS), and 86'3 (t6'0)
Ma (i.r., O'.1051t1-; lujavrites and khibinites). Shea (1992) presents

two Rb-Sr isochrons, one based on 4 whole-rock sarnples of the

centr:ally-located Pedreira NeS type (age of 74.2 ¡6.3 Ma, i'r' of
0.7051 1 ti ), the other a combined mineral and whole-rock isochron (7

data points; age of 77.9 +3.1 Ma, i r. of 0'70512 tl; Ulbrich 1984,

UlbLif h & Ulb"rich 1992, Chapman et al' 1992; for ages, see especially

Shea 1992).
The massif, probably emplaced as a caldera-like structure (Ellert

1959), shows at its present shallow erosion level still significant
amounts of engulf'ed sandstones, mostly attributed to the aeolian

Botucatú Formãtion (Ellert 1959, Björ'nberg 1959, Oliveira et al'

r 984).-- 
À''.o,rporite intrusion (about 3 krn2¡ is found on the

topographióally prominent Poços de Caldas northern tinguaite rim,

mainly constituted by eudialyte NeS ("lujavrite and khibinite" in Fig'

1). Lujavrites are obierved as two disconnected small bodies within

the more abundant khibinites.
The present contribution is mainly concerned.with a structural

study oi'these two northern lujavrite-khibinite bodies, based ol
detaíled rnapping of the several petlographic facies encountered in

these outcrops (see inset in Fig. 1).

PETROGRAPHY AND MINERALOGY Relevant rnaps are

olesented in figules 2and3. Two lujavrite types (Lu I and II) wete

iãentified, shorling transition into one another. Th'ee additional NeS

(NeS I, II and III)ãre found as envelopes to the central lujavrites; all

àre Na-rich rocks. NeS IV is an earlier K-rich l'ock Ail phanelitic

rocks are intrusive into the northern-rim tinguaites' Macroscopic and

microscopic features are clepicted in figures 4, 5 and 6; rnodes are

presented in Table l.

Macroscopic descriptions The type I lujavrite (Lu I) is a

mesocratic, tbliatecl, coarsè-grained inequigranular NeS Feldspars a.e

fresent as oriented idiomorphic th-in plates.(up to 2-3 cm in lengtli)'

Ñepheline appears as smaller buff-colored or reddish idiornorphic
graìns, Aegirìåe occul's as thin lnm-sized needles fonning wavy sheafì

Ëut withoít a pronounced lineation. The rock stfucture is that o1 an

augen or tlasei gneiss (cf. Shand 1947, also Sorensen 1914b,p' 401)'

nr"þht reddistr-þint to pinkish purple eudialyte, a main constituent,

uooËurc as irresularlv diltributed eudialyte-rich patches (sizes varying

i'-,r, on" to 4-5 cm); the individual grains are anhedral to subhedral

The ty¡te-ll luiavrite (Lu II) is medium-grained and more palallel-

textured'than Lu I; eudialyte is usually a minor component'

N¿S / is a leucocratic fine- to rnedium-grained rock with a

trachytoid texture; aegirines are isolated, euhedral, mm-sized prismatic.

to acícular grains. Aicessories are eudialyte, fibrous aggregates-o1

golden-broún astrophyllite (plus some.lamprophyllite) and felty

inasses of a whitish acicular mineral (rinkite?).

N¿S /1 is a coarser-grained equivalent of NeS I, with less eudialyte

and other accessories.
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t;igure t - Caoktgic ntu¡t ol llte Poço,t tle Cultlus tttu:;,ti.l,,slules ol Stio I'uukt
(SP) ancl Minas Gerais (MG), solttlrcostern Braz.il, ufter Ellert 1959. Tlte area
sltowtt in.figu'e 2tL is outLined.
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Figure 2 - ø) Map o.f the nuo lujavrite occurrences, nortltern bortler ol tlrc
nassif(cf. Fig. l). Contacts are approxitnale or inferred. CZ: contact zone,
mainly suprucrustal nigmatitic-grunulitic rocks o.f the Cautnde Conrplex, cut
by mas.sive,.fine-grained tinguaite clikes, veins, and lense,s. Lu: Ittiavrite; NeS:

nepheline syenites (for,facies, see text); PC: Precantbrian Caconde Complex;
Ti: tingltoites. b) Geoktgicul sectio,l. alo,tg line GH, based on nups ttf .figures
2a und 3a.
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Figure 3 - (a) - Detuilecl nru¡t of'westent Luitrvrite bodl', þ¿¡.çu¿ on ¿t l:5000
¡tlane-tuble slu've)t. Dirt rttads and truils nnrked tvith conventiottttl Ð'núol.ç.
ActuaL outcrops t¡utlined by light dashed line.ç. Heavy cotttittt'Lott.ç Line.ç are

obsen,etl ot'uppt'oximote conîacts. Triangles identii¡' a¡¿¿¡¡ vvitlt ttt¿ttt)'

tinguaite xenoliths. Legend: 1; tittguuite; 2: khibinite, NeS Ill; 3: cour.çer

¡rach),u¡irl NeS II; 4:.fine-gruinecl trach)'toid NeS I; 5: cocu'se lujattrite, Lu I;
6:.fine-grained ltlavrite, Lu II; 7: NeS IV; F:.fàu.lts.(lt) - GeobgictLl .çectitttt.r

across lhe westent lujavrite boþ. Base Jot' vertical scule i.s un arbitraD' alti-
tude o.f 300 m at the initial plute-table 'çtatiot't (narked a.s heav¡'dot' ttctuttL

altinde: 1350 nt). Legends as in Fig. 3a(3-4: I¡otlt NeS I and II). TIrc tltree
.segmerxts t¡Í'Iujavriles and NeS I-ll inprofile CD àre probably cttnneclecl as
purts r¿f an ercded slrcet; ¿ips oJ'cotttuct.t.fttr tlti's slrcel, itx tlrc soutllenx pll't
rfi'CD, have been extggerutecl.

fb)

Figure 4 - Macrcsco¡tic aspect of tlrc cliflèrent ¡thanet'itic tttck t¡'¡tes' Aegirine
itt bluck, eudialyte-riclt patches identified b)' tk¡ts, dontinunt.fèldspar und
subortlinate ne¡theline witlt tn ontanrctxl. Bu rePre'çents one cn1.4: Lu I; b: Lu
II; c: NeS I; d: NeS II; e: NeS III (khibinite); f: ttvo vurieties oÍ NeS IV

,''.,/ ì I -\r^
i I : \d \

i¿ + {i,;--:\
!i!,./'\ ùóþ o\

r., "'.-.'f, 
j

:/ .,
-t

'.-.-{'u

@

ffiG)

7
,.""i:

€)

o
¿-õ,5"hÞ#èr{c

@

W



Revista BrasÌleira de Geociências, Volume 30, 2000 617

.fiont photogruplts.

1974,p.214). Irregular to acicular aegifine and platy biotites occur as

isolated grains or aggregates. Astrophyllite and pink eudialyte are

obselved as accessories in samples close to the contact with khibinites;
these minerals are late metasomatic phases, crystallizing fì'om fluids
derived fi-orn khibinite magmas, adding volatiles together with Na, Fe

andZrto thc NeS IV (cf. also Gualda 1998, Gualda & Vlach 1996).
Pegnntite veins are tbund in Lu I, as irregulal patches ol lenses,

rarely over I or 2 rn in length, and in NSe III as dikelets within
tì'actures (lenghts of a i'ew m to tens of rn, thickness of up to 25 crn).

Ting r.øites (i.e., fi ne-grained to aphani tic greenish- gley equivalents
of phonolites) are usually Inassive, aphyric or witli some sanidine or
nepheline phenocl'ysts. Tinguaite xenoliths, observed in all NeS, valy
lì'orn small crn-sized specimens to blocks of mappable dirnensions (see

Fig. 3).

Microscopic descriptions and m¡neral chemistry Some
microscopic details of these locks are sltown in fìgule 5. Data on ni-
rreral chernistry are quoted in Table 2 (Ulbrìch 1983,1993, fol rock
chemistry, see Ulbriclt 1984).

Ltt I is, as all described NeS in this paper', a hypersolvus lock.
Nepheline is distinctly euhedral or subhedraì, usttally mucli slnaller'
than K-feldspar'. It is a meso-potassic variety (1.0 to 2.0 K atorns per'

fbnnula). Aegirine occurs as pleochroic, slightly zoned needles and

slender prisrns, with growth faces palallel to tl.ìose oi the felsic
rninelals. Flequently, the bolders of lnicrocline clystals at'e crowded
with aegirine needles, leaving the central part of the grain with an eye-
like appearance (Fig. 5). Minor arfvedsonite (about I 7o) is lbund as

largel anhedral plates with inclusions ofeuhedral aegirine. Eudialyte-
eucolyte, restricted to the patchy al'eas, appeals as interstitial grains
typically with an irlegular sector-zoniug; it is fÌequently altered to
catapleiite and other unidentified mirlerals. Main alter-ation pliases o1'

fèlsic lninerals are analcime, natrolite attd caucrinite (Table l).
LtL II (Table I ) is usually albite-bearing. The albite is vety fì'esh,

with irregular- borders; its orientation, in genet'al, cuts at a low angle
the planar structure of the rock. Some tninor arfvedsonite is obset'ved

as aegirine replacernent. Anothel irnportant lnafic rninelal is eudialyte.
Accessory phases are astrophyllite, larnpropliyllite, a rinkitelike mine-
ral, pectolite, normandite and in tninute proportions several
unidentif ied rninerals (cf. data in Gualda, 1998).

Tlre textures of khibinites (NeS III; Table l) are partly fbyaitic,
partly hypidiomorphic inequigranular; K-f'eldspars at'e observed as

prirnary euhedral laths, as irregular plates, and also as interstitial grains

and overgrowths. Nepheline shows larger compositional variations
than in lujavlites (Table 2). Aegirine is observed as valiety I
(subordinate, slightly pleochroic, occurring as slnall euhedral prisrns),

the pledominant variety II (typical laLge poikilitic grains, with sector'

Figwe 6 - Deforntation.feature,¡ itt NeS and lujavrite's. Bar re¡tresents 0.2 ntnt.

Lurger dot.s: neplrcline; blattks, clots or short dashe.s: K-feldspat or albite;
I.ong dashes: aegit'ine. ø bent cr),iÍuls oJ alkali.feld.ytur in Lu I, rvith irtci¡tient
nortar slrLilLue, in a matrix ot' eudittlyte, catapleiite arrcl oegirine (not
representerl as single phases); b: a blude-like alkali.fekl.sput; btoken ancl
partl),tuutealed at one of its entls (itt NeS III); c: tt lortg bruken ueg,iritte
neeclle in Lu I (center of'.figure); d: albit¿ ct')tstal w th incipiaú nloú¿u'
structltrc, in NeS I (outlinetl futnuúns with ntarked clifÍèrences in extittclit¡tt).
D raw rt.f nt nr p lto t o grap lx.

N¿S 111 is a khibinite (Johannsen I 938, p. 107- 108, Gelasirnovsky et

al. 1974, p.214 fl. Textures are usually massive, sometimes lbliated.
Subidiornorphic whitish laths of K-f'eldspar and slnall nepheline grains
fbnn a foyaitic fäblic which includes large (up to 1-3 cm)
subìdiomorphic poikilitic aegirines, with jagged borders and il'eguìar
terminal outlines. Eudialyte is concentrated in cm-sized conspicuous
patches. Strongly fbliated varieties wet'e also obselved locally; they are
eitlier ahnost massive and hololeucoct'atic, ot' show a faint banding
rnalked by an alternation of felsic and subordinate mafìc layers.

N¿S 17 is a leucocratic grey tnassive tock, mostly coarse- to very
coarse-grained. Subhedral K-feldspars (up to 3-4 crn) poikilitically
encloses lound lnillirnetric grains of nepheline (similar to the
rischon'ites, but without sylnplectitic intergrowths; Gerasirnovsky et al.



TabLe I - Modtrl contpositiou of lLtjuvrites antl ¿tssociatetl rccks, Poço.r cle Calcltt,ç.

Facies Lrr I LUI Lu II NeS I NeS I NeS III NeS IV NeS IV NeS IV
Sarlple number' P46

(2)
Pl0/5

(2)
P t6t / 134

(2)
Pr63
0)

Pt64
(l)

P47 /t73
(2)

P205/t-1'7
(coalse)

l?l

P49d
(¡nedium)

0)

Pl3l
(mediur¡)

0)
K feldspar

Albite

Nepheline I

Natlolite 2

Analcime 3

Zeolites a

S odalite

Cancl inite

Na-pyloxene

Anrphibole 5

B iotite

Rinkite nlineral

Lamprophyllire 6

Eudialyte 7

Catâpleiite

Opaques

Others I

38.2

24.8

tr

tr

tI

tT

27.3

0.7

7.6

tr:

tf

4.4

33.8

t7.2

il.5

2'7.4

0.8

<0. I

3.'l

3.8

1.5

46.0

0.8

aÁ o

tI

8.8

tr'

t7.l

tl'

I.6

0.8

49.3

1.0

27.1

8.5

tr

tr

8.6

tl'

<0. I

4.t

0.8

49.2

))
30.2

0.5

7.0

5.8

fI

0.9

4.3

59.0

18.6

tT

tr'

l0.l

II

tI

1.9

59.t

25.1

4.5

8.7

o.7

0.9

0.1

64.4

27.O

0.2

5.6

tr.

tl

tl'

3.0

58.0

2-l.4

2.6

0.4

1.6

0.2

0.9

2.9
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l, sot.,r" alte,atiou includecl; 2: alteration of Kf/l.le; 3: mostly alteration of Ne; 4: analcime + natrolite; 5: rriostly arfvedsonite;

6: larnprophyllite and astlophyllite;7: eudialyte-eucolyte;8: sphene, fluotite, unidentified species, also opaques.

ln palenthesis, number of counted thin sections.

and ilregular oscillatory zoning; Fig. 5) and the hydlothermal late
aegiline variety III (stlongly pleochroic, parallel or radiating fibers).
Sporadically, arfvedsonite replaces aegirine. Eudialyte is sector-zoned
and interstitial to the rnain minerals (although partly idiomorphic) and

partially altered to catapleiite. Analysis of eudialyte and other rare
silicates can be fbund in Gualda & Vlach (1996). A few grains of small
(0.2 rnrn) euhedral sodalite are enclosed within K-feldspar. The lnost
tì'equent accessol'y minerals are a l'inkite minel'al, acicular astl'ophyllite
and anhedral to subhedral sphene, a late stl'ongly colot'ed violet
fluorite, and several unidentifìed rare-metal silicates. Alteration is
widesplead: interstitial cancrinite, replacing both feldspar and

nepheline, and analcime and platy natrolite are secondary lninerals.
N¿S l and NeS II are very similar tlachytoid rocks (Table 1; Fig. 5).

Nephelines show a large q¿ number (Table 2). The aegirines are usually

idiomorphic prisms; in NeS II, the lalgest aegirine prisrns are filled
with inclusions (ttansition to NeS III). Laths of albite are present in
both rocks. Eudialyte is less frequent in NeS II. Additional phases irr

NeS I are astrophyllite and a rinkite lnineral, together with solne

unidentified subotdinate species. Secondary analcilne and natrolite are

fì'equent. Solne analcime is probably a pl'ilnaly mineral (fbr other
minelals, cf. also Gualda, 1998).

N¿.S 1V shows a K-feldspar/nepheline l'atio usually well over 2:1. K-

TiúLe 2 - TexttLres, color index at.td ntineral clrcntistr'1' ol lujavrite.s antl associated rocks, Poçtts de C¿LIda.¡.

Luiavrite I (Lu I) iavritc II ll-u lI) NcS I NsS Il NeS III (khil¡inites) NcS IV lsrcv Ns)

Tcxturc
Grain size
Color lndcx

KF:Ne ratio
KF Or;Ab:Atr

ßc2O3 %

Albite Ab:4tr

Ne Nc:Ks:Qz
Fc2O3 ?o

/rcgirinc Di:Hd:Ac

Arfvcdsorritc MnO 7o

Tioz E"

lliotite MnO 7o

TIOZ 7o

"Gneissic" fal¡ric
Coarse to nlediutn
>33

<2:l
86-95: I 3-5:-0.2

0.54-0.6

70-73:25-23:3-5
0.4,0.6

C 6-9:12-16:68-15
B l-4:2-9:73-88

3.4-6.0
up to 1.5

Parallel-textured
Mediurn to fine

-t 0-25

!2:l
84-88:16-12:<0.2

I .5-2.0c/c

>99: <l

'14:19-21:6-'l

L5-2.0

C 8-12:l'l-22:62-68
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1èldspal encloses small euhedral to subhedral nepheline (Fig. 4);
nepheline is also in part interstitial. Mafic rninerals ale mainly clusters
of zoned aegirine with rninor biotite (Fig. 4); biotites ale irlegularly
zoned (Fe biotites with a strong yellowish-blownish pleochroistn, Mg
biotites with a yellowish uniforrn color),

Deformation Signs of deforrnatioti are obse¡ved in NeS I, II and
III, and especially in lujavrites, but are restlicted to individual grains
and do not afTèct the rock as a whole (see broken or bent tninerals in
Fig. 6).

Order of crystallization and the fluid-rich nature of the
magmas The observed textures show that in these agpaitic rocks
nepheline is tlie fìrst main miuelal to clystallize, either together with K
fèldspaL, or shortly before it. Aegirines, also rnostly magmatic
minelals, crystallize later; the exceptioll at'e the smaller euhedlal type-
I aegirines in khibinites and the pyroxene plisms in NeS I and II,
wliich apparently crystallized early in the nragmas. The fiequently
observed f-ace-to-face contact between these three tninerals suggests
the coexistence of all three phases at a late, but still magmatic stage.

They were probably drawn togethet'as "cumulates" by dynarnic pro-
cesses. Interstitial glowth of aegirine and feldspar is important only in
khibinites and to some extent in coarse lujavrites. It is the result of
either intercumulus crystallization (e.g,, feldspar: borders in NeS III) oL,

as in the case of fìbrous aegirines, of late-magrnatic to deuteÍic addition
of rnaterial, with metasomatic introduction of Fe, Na, F, etc. Other
impoltaut rnafic minerals (eudialytes in all NeS; alfvedsonite as an

accessol'y phase in Lu I) ale late and in part reaction-replacement
phases (arfvedsonite). Albite laths ate fbund only in Lu II, NeS I and

NeS II, and wele formed by exsolution, reoldering and

lecrystallization of K-f'eldspars, aided plobably by the addition of Na.
This sequence of tbnnation cort'esponds to the "agpaitic older of

crystallization" in nepheline syenites, with f'onnation of early
nepheline and K-feldspal and late pyloxene, in contrast to the
"miaskitic order" with early mai'ic minerals (altel Kogarko & Gulyaeva
1965, as cited in Kogarko 1974).

The oliginal magmas were very rnobile and plobably lich in several

volatiles, latet'concentrated in deuteric fluid phases, a f'eature lef'lected

in the composition of some minerals (F in fluorite and arfVedsonite, Cl
in eudialyte, H.O in alteration tninerals, CO, also in sotne canclinites;
cf. also Sorensên 1974a, Kogarko I 974, Soiensell & Lalsen I 978).

Twinning patterns of K-feldspars The K-feldspars in the

describecl NeS show a typical tliclinic 'lnultiple twinning" (Ulbrich,
1983, 1993), previously described in sotne other NeS (Mackenzie
1954, Smith & Mclaren 1983). The patterl'ì rcsembles that of a "chess-

board" albite twinning. Several twinning types are recognized'
chalacterized by incleasing Al-Si ordering (Ulbrich I 983, 1 993): a) in
ittcipíent twituùng, only srnall cloudy veins and patches are twinned,
irregularly distlibuted in an otherwise monoclinic K-feldspar; b) in
poor t,vitutittg, rnost of the grain is taken over by the turbid twinned
areas, with subordinate clean monoclinic patches; c) in good twirtttittg,
the whole K-feldspar is twinned and turbid; d) the next step is a v¿t)'

good twirtrtirtg, in which the entile crystal is clear, with well-developed
iwin individuals or dolnains (akin to the "tiled microclines" of Smith
& Mclaren 1983). Several of these twinning patterns can coexist in
any rock, or even in a thin sectiolt, but one of them is usually the
predominant type.

The twinning pattern is, in general, well-developed along the

strained areas of tl're K-fèldspar host that surround both albite laths and

the microperthitic albite, although it is not restricted to these areas. The
coarser Lu I and NeS III show predominantly the bettel developed
twinning ("type b"); incipient ("type a") and "type b" twinning are

rnostly found in the iiner-grained Lu II, NeS I and II, together with
albite laths, tbrmed by exsolution-recrystallization of their K-f'eldspar
host. Good twinning ("type c") is also found in NeS IV (Ulbrich,
1993).

Geothermometry The nepheline and the nepheline-feldspar re-

equilibration geothermometels (Harnilton & McKenzie 1960, Hatnil-
ton 1961, Powell & Powell 1977) yield several estimates for the
rnagmatic crystallization temperatures of the Poços de Caldas locks,
fol a H.O pressute up to about I kb (Ulbrich 1983, 1985, 1993). Ex-
perirneñtal figures (Sood 1981) show that lujavrite lnaglnâs are very
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cold, with a solidus close to 40CI'C (1 kb H.O pressule), or even below
it, although the liquidus is near 8500 C (witfr K-lèldspar as the liquidus
phase); ternperatures for khibinitic tragrnas are plobably quite sirnilar.
Miaskitic magmas, on the other hand, crystallize completely at about
620" C (1 kb), with a liquidus temperatule around 8200 C. FoL Lu II
and NeS I-II, the recorded magmatic re-equilibration temperâtures
(RT) between the two felsic minerals are 580-600" C, and around 540-
500" C fbr the coarset'-grained Lu I and khibinites, ol even lower. NeS
IV yields -500u C as its lowest RT.

STRUCTURE A sketch map and geologic sections of the two
lujavlite outcrops are shown in figure 2.

Western body Lu I is the facies fbund at the center of this body,
passing into the border facies Lu II (Fig. 3a, 3b). Two small sheets of
plojecting Lu II can be found along the S contact, and some metet'-
sized Lu II outcrops appeal within tinguaites, spatially unconuected to

the rnain Lu I (Fig. 3a). Lu II thickness varies from about 2-3 m to as

much as 20 m (profìles BA and EC, Fig. 3b). In one instance, a few Lu
I veins cut the Lu II foliation at a very low angle (Fig. 7a). NeS I and

NeS II form an outer shell to the lujavrites, with vely rapid passage of
one into the other; NeS I is frorn 4 to 15-20 m thick, NeS II is up to 50
rn thick (Fig, 3b). NeS II glades rapidly into khibinite. NeS I and NeS
II structures ale concordant with the Lu II foliations.

The shell-like feature of tlte structure is etnphasized by the

sequence Lu I- Lu II - NeS I - NeS II, with NeS III on tlle outside;
some f'acies may be missing (see sections in Fig. 3b). NeS III, not in
direct contact with lujavrites at the present level of exposule, probably
thins out at the root zone (section FA, Fig. 3b).

Tlie planar structul'es of Lu I go frotn subholizotltal to the tnodetate

or even steep concordant dips of the Lu II and NeS I-ll tbliations (Fìg.

3a). Observations along sorne profìles (e.g., line FA, Fig. 3b) indicate
that the successive sheets are flatter towards the outside (so, NeS III
wedgcs out towards the lujavrites and may in fact be very tllin, oreven
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absent, beìow tlrem). As a result, the lujavrites ancl associated rocks
rnay have a rnaximum thickness ofabout 80 to 100 m at the root zone
(see section FA, Fig. 3b). The structure is that of a flat asymmetric
saucer, with its major axis h'ending E-W and steeper dips of f'oliations
to the E (Fig. 3a). Poles offbliation emphasize the overall concordant
attitudes (Fig. 8). Pegmatite veins within NeS III are preferentially
Iocated along two conjugate fì'acture systems (Fig. 8).

FoÌiated and banded structures within khibinites are developed only
locally, with a thickness varying from decirneters to several meters and
extensions of up to 10 m; rather abruptly, massive khibinites take their
place, On the othel hand, the structural attitude of these foliations
shows no general relationship with the overall geornetry of the entire
body. A minor banded and foliated leuco-syenite structure (Fig. 9) is
fbund at the western rnargin of this body, intrusive into NeS IV (see

the NeS III-IV contact in Fig. 3a) this foliated NeS III is surrounded,
and in part clearly invaded, by rnassive khibinite, which is also
intlusive into NeS IV. These observations suggest that the khibinite
tluid-r'ich lnagulas were very mobile and subjected to local controls
that generated foliated stl'uctures (e.g., in minor convection cells), in
part destroyed and invaded by subsequent rernobilization of the
rernaining liquid portions of the magma charnbet:

The present structural interpretation ibr these lujavrite bodies
difïels fiom that ploposed by Bushee (1974), who rnapped all the cited
NeS as valieties of a single rock type, with the exceptioll of the
lujavrites.

Eastern body The eastern lujavrite body tneasures about 2 x 0.75
km. The alea is deeply weathered and covet'ed mostly by talus,
vegetation and coffee plantations. To the N, NE and S, the lujavrites
ale in contact with tinguaites and NeS IV (see also map in Bushee,
1974), showing planar subhorizontal structures (dips up to l0-15").
Lujavlite outcrops are rnissing along the southern lujavrite-tinguaite
contact, but the straigth tl'ace suggests that it is plobably vertical. Lu II
is obselved only along the irregulal western edge of this body,
accompanied on the outside by NeS I and NeS II and finally by
khibinites. In a few exposures on this western edge the lelationships
indicate intrusion of NeS I into Lu II (Fig. 7b).

AGE RELATIONSHIPS Tinguaites crystallized as the oldest
rocks, since they are present as xenoliths in lujavrites and in the rest of
the NeS (including NeS IV).

In the western body, the fìve agpaitic facies (Lu I-ll, NeS I-II-III)
ale lelated to each other in a predictable shell-like stl'uctural pattern,
constituting a single intrusive unit. NeS III is also intrusive into tlte
rniaskitic to intelmediate NeS IV. In some cases, NeS I-II present a
closs-cuttir.rg relationship in contacts with Lu II (Fig. 7b) and Lu I is
also seen as veins that cut the Lu II fbliation (Fig. 7a); these fèatules
are interpreted as the equivâlent of "synplutonic" dikes. The sequence
ofintlusion is thus tinguaite -+ NeS IV -+ lujavrites and other agpaitic
facies. The same pattern can also be applied to the easteln lujavrite
body.

THE STRUCTURAL RELATIONSHIP BETWEEN THE
EASTERN AND WESTERN LUJAVRITE BODIES The
lujavlite in the eastern body seerns to lie dilectly in contact with the
tinguaites that formed the floor of the fblrner magma chamber'. The

Figure 9 - Bturled ut¿l lanútruted Leuut-s¡,etLite outcroP, tuithitt khibitùles
(inlnLsive into NeS IV), at the westent conÍuct ot' lhe vestern khibinite boely
(cf. Fig. 3a).
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westen.r body shows around its central lujavrite a well-developed
"halo" of khibinites (NeS III), which howevel tl.rins out under tlie
lujavrites (e.g., profile FA in Fig. 3b).

The two lujavrite bodies ale not directly connected at the present
level of erosion (Fig. 2), and they plobably clystallized in difl'erent
parts of the sarne lnagma chamber or even in two unconnected separate
small rnagma chambers. In any case, tlie parental magmas are
khibinitic and are probably related to the other agpaitic Poços de Cal-
das intrusions showing eudialyte as their identifying rnineral (e.g.,
Ulbrich & Ulbrich 1992). All these agpaitic magmas clearly oliginate
at depth and were ernplaced as late separate intrusions, as sliown by
geologic relationships.

MECHANISM OF EMPLACEMENT In the Poços de Caldas
occurrences, the rnechanism of ernpÌacement has to explain the
following aspects (Ulbrich 1983, Ulb¡ich 1984):

a) the structural relationship between all five facies of lujavlites and

khibinites and the origin of the nragtnatic foliations, as well as the
sequence of intrusion-tnobilization (cf. Figs. 3, 7);

b) the lack, or relative paucity, ofeudialyte, aegiline and other Inatic
minerals in NeS I and II;

c) the strong indications ofrecrystallization and reordering shown in
all five facies (e.g., the different tv/in patterns and Al-Si ordering in
K-fÞldspars; albite laths only in Lu I, NeS I and II; etc.).

The actual structules at theil ernplacelnent site cannot be explained
in terms of simple in-situ crystal settling controlled by density curl'ents
ol gravity (e.g., inclined structures in Lu II, NeS I and II; Figs. 2, 3).

The proposed ernplacement mechaltism is envisaged as a

continuous process during the injection of strongly agpaitic, fluid-rich
khibinitic rnagmas (not rnushes, see Defolnation, above) that combi-
nes tbrceful etnplacetnent with corrpaction and the 1'oltnation of a cap

of clystallizing lujavrite, all the while accompanied by lateral
spreading and enlargetnent of the oliginal magma chambet (Fig. l0a,
b, c). The initially rnostly liquid kliibinite magma enteled tlilough a

central channel, under a local stless legirne leading to sill f'or-rnation (s.

vertical, Fig. 10a), and was trapped under a crystallized but still very
hot tinguaite cover. This maglra was enriched in volatiles and also in
Na, Fe, Mn, and solne rare metals, leading to conditions wliereby K-
feldspar (and nepheline) were the liquidus phases, with somewhat later
rnagrnatic crystallization of the lathel abundant l¡atìc lninelals
(aegirine, also eudialyte). Around this initial blob, a contact envelope
was lbrmed, not cooler but certainly more viscous than the core, on
account of some volatile loss. In the inside, volatiles were held
concentrated, together with the eletnents they could transport (Fe,Zt,
Na, rale rnetals). The kinetic conditions for the crystallization ol a

coarser Lu I at the core of the magrna blob were thus created, in
contrast to the rnarginal Lu II.

The khibinite magma continued its intrusion, under and alongside
the lujavrite cap, in contact with tinguaite to the S (with NeS IV to the
N and W). Tlie etÏect is threefold: a) a mostly lateral expansion and

significant enlargement of the original maglra chamber; b) a forceful
but slow horizontal flattening of the crystallizing lujavrite cap (now a

rnush) together with its compaction , and c) the lbnnation of Lu II as

well as NeS l-ll as a lnore viscous rnagnratic contact etivelope around

Lu I. The compaction is certainly coupled with the migration and loss

ol interstitial magmas, togetlter with the reat'r'agernent of the

crystallizing minet'als into oliented patterns, both in the tnore viscous

envelope as well as in the central lujavlites (Lu I; Fig. l 0B).
The re-equilibt'ation tetnperatures RT, taken as indications of the

lower crystallization ranges, show that Lu I and probably also NeS III
(RT about 500-540 " C) were still at least partly liquid under'

conditions where the volatile-depleted Lu II and NeS I-II (RT of580-
600" C) had already crystallized (cf. ref'erences, above). These contact
làcies were thus subjected to an additional "cooking" by tlte cooling
centlal Lu I and the sut't'ounding khibinites, and exposed to the passage

of sorne percolating deuteric f'luids. These conditions favouled the

exsolution ofalbite (both as rnicroperthites and laths) in Lu II and NeS

I - II by leconstitution of theil K-feldspars, plobably with Na addition
by percolating fluids (some colnments on the behavior of interstitial
magmas are put forward in Gualda, 1998).

The conversion of disordered K-f'eldspars to lnict'ocline in Lu I and

NeS III stalted under solidus conditions at a lower ternpelatule (cl.
Geothermometry) than in Lu II and Nes l-ll; there is no indication that
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rnicrocline fonned at a maglnatic stage in the coarse rocks. lt is not
clear, however, why the multiple twinning is better developed in the
coarser-glained rocks, while Lu II and NeS Ill show mostly incipient
twinning. The exsolution of albite frorn the original monoclinic alkali
f'eldspar in Lu II and NeS I-II may not favor the concomitant or later
"microclinization" process, or perhaps the incipient twinning is the
type that is achieved at higher temperatures in these contact facies,
later to be stopped sirnply by unfavourable kinetic conditions,

The initial upwelling of the magma occurred along a curved or
straight vertical f}acture path (Fig. 2a), possibly representing the
equivalent of a late ring flacture, betbre spreading laterally into the
plesent empl acelnent site.

The whole process took place under a Iithostatic and maximum
H,O plessules of up to I kb (UlbLich 1984). The ovelall initial
inír'usion temperatures (> 650 or'> 700" C; Sood, l98l ) were certainly
liighel than tlie recorded geothelrnometric RT fìgules; the passage
fì'om magrnas into mushes occurred rnainly at the emplacement site.
These conditions place the in situ clystallizing "mushes" into the field
of ductile behavior, thus making it easier to produce melt extraction,
compaction, and structural rc-arrangement of already f'onned tninerals.
Brittle defonnation (Fig. 6) is kept at a minilnurn.

It is tempting, but probably rnisleading, to compare the cited
stratigraphy with the one that appeals at Ilírnaussaq (Sorensen 1970,
Ferguson 1970, Paslick et al. 1993). The Poços de Caldas kltibinites
would then correspond, as tlie lowennost unit, to the Ilímaussaq
bottorn kakortokites, the lujavlites representing the rniddle hot'izon.
But there ale no dilect or indirect structut'al or mineralogical
indications that a fock such as tlre Ilírnaussaq uppel naujaite (=sodalite
NeS) flotation unit ever existed on top of the Poços de Caldas
lujavrites: on the one hand, the diffèrences in geological setting and

thickness are very large between the two occul'rences (e.g., Larsen &
Sorensen 1987, Bailey &. Gwozdz 1994), while sodalite, on tlre other,
is a rare mineral in the Poços de Caldas NeS.

A PETROGRAPHIC AND STRUCTURAL COMPARISON
WITH ROCKS FROM OTHER OCCURRENCES The
Lovozelo lujavrites, with an age o1 290 Ma, are more leucoct'atic (as

little as l57o rnafìcs; Fig. ll) and some are r-ich in amphibole (black
lujavrites); the rnain accessory phases are larnprophyllite, murtnanite,
toparite, rarnsayite, rinkite-rinkolite, villiaumite, sphene and apatite,
and sodalite is also an essential prirnary mineral (Vlasov etal. 1966,
Sorensen 1970). The Ilírnaussaq lujavlites, age of ll30 Ma, are
divided into green (aegirine) and black (amphibole) vat'ieties, and
albite and sodalite as important minerals; also cited are streenstrupine,
aenigmatite, monazite, lovozerite, ussingite, villiaurnite, pyrochlore,
and others (Sorensen 1970, Ferguson 197Q, Paslick et al. 1993,
Blaxland et al. 1976, 1978). Minor minerals found in the Diablo
Plateau lujavrite, belonging to the Trans-Pecos Cenozoic alkalic
province of Texas and Arizona (ages of 35 Ma; Potter 1996), are

aenigmatite, biotite and fayalite (Barker et al. 1977, Barker 1987).

621

Eudialyte nray be absent lì'om some lujavrites, ol plesent only in minor
amounts (e.g., Shand 1929, Vlasov et al. 1966). The aver:age
Illirnaussaq kakortokite is sirnilar to the Poços de Caldas lujavrite (cf.
Ferguson 1970; Table 1, Fig. 11).

The type khibinite from Khibina (Johannsen 1 93 8; age of 365 Ma,
cited in Zaitsev 1996) is modally as variable as the Poços de Caldas
equivalent rocks, especially in their KF-Ne ratios; some Khibina
specimens rnay be poor in eudialyte, while others show biorite, alkali
amphibole and aenigmatite (e.g., Sorensen 1970).

Sirnilarities, as well as differences, ale fbund in the stluctulal
setting. In cross-sections, the Lovozero lujavrites ar-e depicted as a
finnel-shaped structure with subhorizontal fluidal foliation, dipping
gently to moderately towards the center; they afe separated on
structural glounds into two units, consideled to be late intrusions
(Sorensen 1970, Gerasirnovsky et al.1914). The Iìírnaussaq lujavrite
is located between the bottoln layeled kakoltokites and the naujaite
flotation cumulate, and has been interpreted as the reinjected residue
forrned fì'orn a large agpaitic magrna batch after the extraction of tl.re

naujaite and kakortokite components (Ferguson & Pulvertaft i963).
Cumulate processes have also been proposed to intelpret the formation
of the Ilímaussaq lujavrites (Upton 1974, p.231, Larsen & Sorensen
1987), to the extent that the basal aegirine lujavrites are defined as

orthocumulates (Bailey & Gwozdz 1994); sorne geologic relationships
suggest thât compaction must have played a significant role in
controlling texture and structure at their final ernplacetneut site
(Felguson & Pulvertaft 1963, Sorensen 19'74a, p.44). The Pilansbelg
lujavlite (age of 1250 Ma) is lestlicted to some localized outcrops
within the ring of "gleen fbyaite" (Shand I929, p.I12); newel wolk by
Retief (cited in Mathias 191a, p.196) shows that these locks constitute
rnoderately to steeply dipping sheets. The Trans-Pecos (SW Texas)
lujavrites, on the other hand, appear within small alkaline intt'usious in
SW Texas, intennittently injected as a magmatic mush, since eally
lujavrite foliations are disturbed by later ones (Barker et al. 1971), at
pressures probably lower than those registered fbr the other lujavrite
occurfences.

The Texas occurrence suggests that magrnas akin in cornpositiorr to

lujavlites may have existed and were ernplaced either as rnushes (as

clairned by Barker et al. 1977) or, altelnatively, as more liquid rrixtures
(e.g,, Larsen & So¡ensen 1987, Bailey &.Gwozdz 1994), witlt lesidual
melt extracted during a later compaction episode. In Poços de Caldas,
a more complex intrusion mechanistn for the formation of these t'ocks

is fàvored (Fig, l0). The information on other occurrences (Ilímaussaq,

Lovozero, Pilansberg) can be reittterpreted, suggesting that lnagrra
ernplacement coupled with a compaction episode was probably the
main lesponsible f'actor detennining the final lujavlite fabric.
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