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INTROOUCTION
The large Poços ele Caldas alkaline massif (PC) crops

out as a subcircular structure over 800 kmz in lhe states of
Minas Gerais and São Paulo, southcastern Brazil (ElIert,
1959; Ulbrich & Ulbrich, 1992). The main rock types are
phonolites anel nepheline syenites, cmplaced mainly at
about 79-80 Ma ago (Ulbrich et al., 2002) . It is the site of
U, Th, anel Zr minera lization, a corollary of widespread
hyelrothermal alteration that lasted to around 76 Ma
(Shea, 1992).

Some SI' anel NeI isotopic data for regional phonolites
anel nephcline syenites within the massif were alrcady
presenteei by Shea (1992).

We report here new Rb-Sr anel Sm-NeI data as well as
the first Pb-Pb data for scvcral selecteel samples of
phono lites anel nepheline syenites anel draw some
prelimin ary petrologieal inferences from the results.

GEO LOG Y ANO PETROGRAPH Y
The Poços de Caldas massif is mainly constituteel by

subvolcanie phonolites (tinguaites), nepheline syenites
(NeS), anel mostly altered volcanic phonolites, in part
enclosing the overlying co lian Botucatu sandstoncs anel
some Serra Geral diabases (ElIert et al., 1959; Ulbrich &
Ulbrich, 1992). Related mafic anel ultrarnafic rocks with
pyroxene, analcime anel olivine as the main minerais, are
scen as fragments of lava flows, agglomerates, lapilli , anel
tuffs, within its western bordel', at the Vale elo Quarte l
(VQ) .

Other minor ultramafic occurrcnccs appcar in thc
Osarn u Utsumi open pit (mainly lamprophyres), within
the elistrict, anel intruel ing metamorphic country rocks,
closc to the massif s northeastern limit (lamprophyres anel
associateel silico-carbonatitic rocks at the Minas Peelras
quarry, MP).

The NeS are mineralogically monotonous, with more
Kvfcldspar than nepheline anel lesser propor tions of Na­
pyroxcues, together with an assorted number of accessory
rare silicates, some of which present as rock-forming
minerais (e.g., euelyalite in lujavrites anel khibinites),
constantly accompanicd by late anel post-magmatic
phases (Iate aegirine, cancr inite, natrolite, fluorite, anel
rare minerais), a e1ear inelication of the activity of late
Iluids rich in F, Fc, Na, COz, anel rare metais. These rocks
are in most cases clearly intrusive into tinguaites,
appeari ng as el iscrete boelies, each charac tcrized by a

elominanl petrographi c facics, defined by structure,
texturc, anel mineralogy.

The accessory mineralogy, eudialytc in particular, can
be useel in the ficld to separa tc agpaitic NeS (with
agpaitic indcx over 1.1 anel larger amounts of Zr, REE,
Ti , U, Th, ele.) frorn intcn nediate anel miaskitic variet ies
(cf Ulbrich & Ulbrich, 1992).

The largest boely of NeS is the Peelrei ra intermeei iate­
miaskitic type, with an outcrop surface over 80 km",
while other types are present as much smaller boelies.

GEOCHEMICAL BAC KG RO UNO
Ali the NeS present rather similar whole rock

chemistry for most major anel minor components (own
elata), with the following mean values (wt. %): SiOz:
53.55, AbO}: 19.58, TiOz: 0.52 , MnO: 0.30, !VIgO: 0.22,
CaO: 1.63, NazO: 7.74, KzO: 8.3 1, anel PzOs: 0.05. The
larger varia tions are seen for KzO anel Na-O, which are
negatively corre iateei, anel to a greater extent for FezO}T

varying from 3-5 wt. % in most rocks to up to 11.2 wt. %
in the mesocrat ic lujaurit es. Usually the molar ratio
NazO/KzO is over I; the agpa itic inel ices range from 0.98
to as high as 1.33.

The trace element contents (own elata), on the other
hand, present a wide range, especially within the agpaitic
types, as shown (in ppm): Ba 16 to 1200, Rb 92-6 14, SI'
4 10-6360, Ta ~2-273, Nb 127-1000, nr 7.7-82.40 , Zr
383-4450, Y 8- 125, Th 18.70-124, U 2.78-30 .60, V 30­
286, Pb 0-77, Zn 101-514, La 75.60-1080, Ce 8 1- 1450,
Yb 0.93- 13.40, Lu 0.12-2.00. Ni, Co, Cu, and Cr are
below eletection limits. This is a common feature of most
large massifs with significam amounts of agpaitic rocks
(e.g ., Khibina anel Lovozero; cf Kramm & Kogarko,
1994).

The tinguaites show a similar spread of values for
major, minor anel trace element contents, with less
enrichment. Chemical data of tinguaites plot closcly to
those of less eli fferent iateel NeS, while more agpaitic NeS
show very high abundanccs in trace elements, possibly
inelicat ing a post-magrnatic enr ichment reIateei to Iluid
activity.

Chonel rite-nonnalizeel REE diag ra rns for NeS anel
tinguaites show a elistinct concave pattern , significantly
enricheel in LREE, with no Eu anomaly, La/Yb ratios
varying from about 50 to up to 100.
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Figure 2. C4JNel/l44NeI)80vs SIl1/Nd plot for the Poços de
Caldas NeS, tinguaites and assoeiateei VQ and MP

ultrumafic rocks. Error bars at 2a.
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ISOTOPE Sr-N d-Pb DATA
Isotopie Sr-Nd-Pb data werc obtained for 18 assorted

Poços de Ca ldas roeks (10 NeS anel 8 tinguaites)
representat ives of lhe main pelrographi e facies within lhe
massir.

The ncw Sr, NeI , anel Pb isolopie analyses were made
ai lhe Laboratoire ele Geoehimie Isotopique of the
Université Libre ele Bruxelles. Errors are quoted at the
95% confielence leveI. Previous Sr-NeI elata presented for
lhe mafic-ult ramaphi c samples from VQ (Thompson et
al., (998) anel MP (Vlaeh el al., 1998) are also eonsielereel
for eompa rison purposes, Ali presenteei initial ratios werc
computcd for a 80 Ma referenee age.

87 Rb/86Sr anel 87Srr Sr measureel values plot close to a
80 Ma referenee line with an initial (87Sr/87Sr)so ratio
about 0.705 15 (Figure I). The elata elo not fit a real
isochron elue lo inher ited S7 Sr/86Sr eontrasts in the
magmas, or lale to post-magmatic isotopie
rccquilibration, or both. (87SrrSr)so values range from
0.70475 lo 0.70552 anel ther c is no significa m el ifference
among NeS anel tinguaites .

The corre lation arnong (87Sr/87Sr)su anel
(14JNeI/144NeI)su rat ios is elepicted in Figure 4. The felsic
PC roeks plot to the right of anel below the Bulk Ear th
(BSE) value (at 80 Ma); they have similar Sr but more
primitive NeI isotopie eharaeteristies than lhe EMI
referenee reservoir, anel plot at the lower limit of the 0 18
fielel (cf Zinel ler & Hart, 1986). The Sr isotope variations
in the ultramafi c roeks cover the same range as the felsie
samples, with the exeeption ofthe si lico-carbonatitic roek
from MP anel one of the agglomerates from VQ. Sr anel
NeI isotope e1ata for lhe Lovozero anel Khibina massifs,
emplaced at about 370 Ma in the Kola Alkaline Provinee
(Krarnm & Kogarko, 1994), are also representeel for
comparativo purposes, showing that PC roeks have
similar Nd, but great ly evolved Sr isotopic
characteristics; the PC rocks plot to the right of, anel
Lovozero anel Khibina to the lefl of the BSE (at their
crystallization ages) .

The e 06pb/204pb)s0, e 07PbPU4Pb)so , anel eOSPbP04 Pb)80
isotopie ratios of lhe NeS anel tinguaite rocks are similar
anel range between 17.9-18.3, 15.43-15.48, anel 38.10­
38.55, respectively. With the exeeplion of two NeS anel

. . 208 b/204Pb) 1 (207 Pb/204Pb)one tmguaite samples, ( P 80 ane so
have a gooel positivo correlation with e 06PbP04 Pb)80 . In
the e 07PbP04Pb)80 vs e (J(' PbP04Pb)80 el iagram (Fig. 5) lhe
data array plots close to lhe NHRL (Northern Hemisphere
Reference Line, e.g ., Zineller & Hart, 1986) anel define a
ca. 2.2 Ga reference line, which probably represents some
kinel of a mixing array. The citcd tinguaite anel one of the
NeS plot close to the Geoehron In Figure 6, a plot of
(S7Sr/87Sr)so aga inst e06PbP04Pb)80, the data cluster
relatively close to the EM! referenee reservoir.
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Figure I. 87Sr/87Sr vs 87Rb/86Sr diagram for lhe Poços ele Caldas
NcS and ting uaites . Error bars at ;no

The (1 4JNeI/144NeI)s0 ratios show a significant range
Irem 0.5 1233 lo 0.5 1239; three NeS stanel out as the more
evolveel roeks (Fig . 2) . Th e VQ anel MP ultramali e roeks
are clearly more primitivo than the NeS anel tinguaites as
shown by the respeetive initial ratio. With the exeeption
of one VQ sample, lhe ultramafic rocks present also
higher Sm/Nd ratios, reflecting its less fraclionated REE
pattem . Depleteel mantlc model ages (DePaolo, 19.81) of
lhe fclsie rocks vary within 650-75 0 Ma anel give an
almosl normal distributi on with a mean of 692 ± 54 Ma
(2a), whilc VQ and MP samples range between 630-8 10
and 580-640 Ma, respcctively (Fig . 3).
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Figure 3. Isolope evolution OfCNd against lime for NeS and
tinguaitcs (dark arca), VQ (dashed lines) and MP (solid lines)

rocks from lhe Poços de Caldas Massif.
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Figure 5. e U7PbPlJ.lpb)su vs e (J('PbPlJ.lpb)su diagram showing lhe
distribution of the NeS and tinguaites from Poços de Caldas
and lhe present day compositions of some mantle reservoirs.
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Figure 4. Sr-Nd isotope corrclation diagram for lhe Poços de
Caldas felsic and ultramafic rocks, showing also lhe present
day compositions of typical mantle reservoirs. Symbols as

for Figure 2. Inverlcd fillcd trianglcs: Khibina; normal
trianglcs: Lovozero. Crossesare Bulk Earth

compositions for lhe indicated ages.

Figure 6. (S7Sr/S7Sr)su vs e U6PbPlJ.l pb)su diagram showinglhe
distribution of the Poços de Caldas NeS and tinguaites.

Symbols and reservoirs as in previous figures.
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PR ELlMI NARY DISCUSSIO N
The original NeS-phonolite magmas are clearly

represenlative of end-member liquids collected in the
undersaturated "low ternperature valley" of the residual
nepheline-kalsilile-quartz phase diagram, the data
clustering around lhe minimum temperatures for a H20

pressure of about I kbar. The absence of compatiblc
clcments (Cu, Ni, Cr and Co below d.\.) anel the very low
conlenls of MgO in almost ali NeS anel tinguaites
strougly suggest extreme different iation. The REE
palterns are compatible with removaI of clinopyroxene,
titani te and/or apatite.

Three main hypotheses may account for the observed
geochemical patlerns: ( I), a "wehrlitic" fraclionation
schernc Irough lhe removaI of c1inopyroxene and

Mg-olivine from parentaI ultrabasic ncphelinite-like
magmas; (2), low degree of partial melting of a similar
alkaline ultrabasic protolith ; and (3), low degree of
fractional melting of an enr iched mantle sourcc followeel
by melt collection and homogeneizat ion dur ing ascent
(e.g ., Kramm & Kogarko, 1994; Draper & Grcen, 1997).
This lalter possibility is less likely, on accounl of the
absence of those incompatible elcmcnts anel lhe low MgO
values.

Our Sr-NeI isotope data, as well as those presented by
Shea (1992) inel icale contrasteel sources for the VQ, MP,
anel lhe fclsic rocks; the MP rocks are lhe most primit ive
in terms of the NeI isotopes. The data for NeS anel
tinguaites dcpict a1so some significanl varia tions,
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considered at least in part as inh erited features , each body
of NeS anel tinguaite presenting similar but proper isotope
charactcristics, in agreement with the petrograph ic anel
geochemica l evidence (e.g., Ulbrich anel Ulbrich, 1992).
Other var iat ions could be acquired later e1uring magma
evolution and some of them rnay be related to localized
felsic-ultramafic mag ma mixin g phenomena. It is worth
noti ng that most miaskiti c NeS (the Pedreira syenites)
and also some of lhe lin guaites conlain augitic-bear ing
ultramafic enclaves and/or augite xenocrysts.

The isotope initial compositions of lhe felsic rocks do
not support simple mixin g relations betwcen two 01' more
of lhe lypical mantlc reference reservoirs in order to
construin the isotope cornpositions of their sources . A
simple DMM -P REMA mixin g relation, as suggesteel by
lhe initi a l Pb composition variations in Figure 5, does not
ag ree wcll with the observeel Sr-Nd anel Pb-Sr isotope
initia l rat ios.

The enric hment in alca lies anel trac e elements in the
NeS and tinguaites ind icates that the magma generation
evenl must have collec ted these elements from very large
masscs of mantl e rocks, probab ly trough a preceeling
mctasomatic ep isode, crea ting an enr iched man tle source
for later rnclting (e.g., Krarnm and Kogarko, 1994).

In an y case, it appea rs that lhe main NeS and tinguaite
bodies crysta llized Irom discrete magma batehes rath er
than being deri ved by crystal fractionat ion from lhe sarne
parentaI magm a.
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