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INT RODUCTlON
A largo numhcr o! geochronological dala (mainly K­

Ar anti Rb-Sr) are kuown ror lhe ulkulinc rocks of lhe
Poços de Caldas alkalinc musxil. stales 01' São Paulo anti
Minas Gera is <C.g., T hompson ct al., 19lJH ; Ulbrich ct al.,
2( 02), mostly lrom oldcr puhlications. In purt, lhe data
are inco mp.uiblc with gcolog fcul rc latio nships OI' thcir
prcci sion is vcry low, and no consc nsus has been rcachcd
ahout lhe hcst age und age intcrval ror lhe cmplaccmcnt
of lhe main Icls ic alkalinc anti rcl.ucd ui tramafi c
mugmauc cvcnts in that district . Il igh prccision and wcll­
constrained age dctcnuinar ions are nccdcd lo so lve lhe
proh lcm.

Ullramalic rockx dosL'i y rdaled lo lhe main Iclsic
POl,:OS de Caldas magnu uism LTOp our ncar lhe nort hcrn

coutuct of lhe massif, inlrud illg Ncoprotcrozoic haxcrucnr

rocks. Thcy comprisc ultnuu ufic l.unp rophyri « lypes alld
silico-carhonalilic rocks with axxuc iatcd late carhon.uitic
vcms,

We prcxcnt in lhis repor! IIlillLTalogica l data .uul
inc rc mcnral laser slep-healillg "'1\1'/ 1111\1' ages ror a
phlogopir « uf onc oI' lhoselal c hydroll lérlllal w ills. T hc
resulls suggesl a II linimun l age oI' ahoul 04 Ma ror lhe
phlogopil e eryslalli zalion ;11 )(1 w ill rOl"lllal ioll. l'o ssihlL
llIeanillgs o I' lhis resull are addressnl ill lhe li!'hl o I' lhe
exisling geo log ical and geochrollo log ical dal:~ lil!' lhe
alkaline and related rocks' wilhi n lhe I'o~'os de Caldas
Illassi r.

GENERAL GEOLOGY AND PETROGRAPII Y
The ullramarie rocks app e;lred ill lhe I\ pril, I()()(l.

"~ini~l g rr~lI11. as a number oI' sub-verlieal lo sleepl)'
lhpplllg dlkes up lo 2m wide and a sOlllewhal laruer
hrecc ia zone (up lo I S- 201ll), in lhe Minas Pedras qua~ry
(UTM coord inales: 7SlJ2S73N J J I lJS4E). They cross cul
high ly deforllleu and par!iall y llIigJ11al ilic Neoprolerozoic
quarl Z-llIangeriles anti are d oselv associaled wilh laruer
phonolilie dikes doubllessly reialed lo lhe Po~'os ~k
Caldas fe lsic Illagma lislll.

T he Illain lilholypes are an apIJanilie silico­
carbonalilic rock (up lo 40 (}(, vol. carbonale ). mass ive OI'
\~ilh l"Iow slruc.ture, a Illassive fine grained phlogop ile­
neh roek wlth abundam earbonale ocelli and
pseudolllorphosed lllacroLl'ysls arter 01ivine and/o r
pyroxcnc (now phlogopil e-pym xene-alllphibole-illlleni le
aggregates l. and a lalllinated Illediulll-grained faeics wilh

altcmating phlogo pitc-rich and carhonatc -rich luycrs, ' I'hc
hrccc ia tacicx conlains fraglllenls oI' lhe country rocks
anti si lico-curho n.uitic. phlugopi tc-rich material in
variahlc umounrs. Prulimiunry pclrographi l', chcmicul,
und isotopic dw raderi l.alions o I' Ihl'Sl' rneks werc
prcscntcd hy V luch L'I aI. ( I()()(l . I ')()X) ;11 1< 1 I Ilhrich l'l aI.
( I lJ9H).

Thc mussivc vari cricx 111;1)' /le sou ic wluu YOlII Iger than
lhe phonulitcs, as thcy l'ollla in clIl·sil,ed, part ially
Icnitizcd, enclaves oI' lirl' l.un-r. hut [/\\,se k ;lllln's cou ld
also hc duc lo lhe VL'l")' cOlllr;lslillg vis,'()sili,'s oI' such
magmas .uul thcir L' II 1placL" II1l'II1l'l llrl d Ill' rOllghl )' cor val,

Se VL' ra l late. hydrothcnual. c II IJonalili,' vciux (,)-20
U lI widc ) cul ali Ih,'se rocks. S()IIIl' ol th cru ;In' 11Iad,: IIp
ul' allllosl pun- l';r1 cill' , olhl'ls cOlllaill caleilc l· Iluoritc,
calcitc + phlogop ilL' I, tluon n-, caieill' I' phlogopil L' +
magnctitc + aputitc, cak ilL'l plrl())',ol'ill' I lIuorile ±

albitc. (lccasionally li\\')' l'J"('sl'l ll lhorill'. I{I\E­
l"Iu orcar lJollales. ;11 )( 1 othcr r;II'l' an'l'ssor)' rui ucra ls,

ANAL\'TI<.'AL METIIOUS
Cka ll ellhedra l plrlogopi ll' l'I'yslals (O I . I 2 111111

di;lIl1elcr 011 IJasal scc liolls ) rnllll ;1 sl'lL'l' IL'l1 caleile +
pIJ logopil e + l"I lIor ile I'ei ll wnL' carcl'ully h;lIld/licked
ulILkr a slereolllicroscope li l! X ray dillralolllL'lry (XI{(» ,
ek L'l roll IlIiL'l"opro/le (I ':I' I'vI i\) , ;lI ld isolopi c sllld ies ;11 lhe
laIJ ()(,;II()('ies oI' lhe Inslillllo dl' ( ieoc i l~ n l' i a s or ll nivl'l'si ly
oI' S;jo Palllo.

A X I~ I) po\Vdcr pallen, \Vas ohlainL'd in lhe S -(,S" 2e
inlerval for lhe C'uKlY. r;ldialion : I'lIre quarl/. W;IS added as
an illlernal slalldan l. ;\ IJo lI l ,lO Id k L'l ions \Vere chos,'n lilr
cell rcrinelllenl wilh lhe J.( 'I..')() so rtwarc (/l lll'll hal11,
Il)(l:2) . T lle IWMi\ work inL'luded c1eL'l ron hack-scallcrecl
illlaging (BSE ) and chelllical qll;lnlilal iVl' spol analysis
(W/)S) . The ana lylical cOlILliliollS wL'I"e I,) ke V, 20 nA
alld I (BSE ) OI' S (WDS ) pJlI ror lhe he;lIJ1 accek ral ing
vollage, ClllTelll. anti dialllcler, rl:specli vcly. MineraIs anel
synlhelic cOlllpounds \Vere used as chelllical sla lldards .
Malrix e llecls in qllanlilalive aJl alysis \Vere cor rcL'l ecl
\Vilh a PROZA prOl:edu re.

·l lI l<) •

Ar! Ar dallllg analyses hy lhe laser slcp hcaling
Illclhod were lIIadc aI lhe Cenlro de Pesqu isas
Geoc rono!lÍgicas on lhree phlogopil e grains. pre viously
washed wllh pure alcohol. Analytical procetlures aml data
lreallllenl are uescribed in Vasconcelos e( aI. (2002).

- 702 -



Short Papa s - IV South Amc rican Symposium 0/1 lsotope Geology

8.6 -!-- -,-- ---,--,-- -,--- -y-- -,-- ----,

8.6 +---,-- --,-- --,-- --,-- --,----1

•

0.84

•

•

I I

• I-

•••
•

I-

0.80

EB

•

•
EB

I

10.0

FcO (\\'1.% )

0.76

mgll

••

I

9.0

•
•

OEB

o O

O

0.72

0 0

c

B

8.0

9.2 _ A

8.8 -

9.2

9.2

•
Symb ols: EB O
. : core;
L.. : intermediate zones;
-+-: ri ms

8.8

I

.--,

~

~ 9.0
-:::.
O....
~N

.--,

~

! 9.0

Ó·
:i'

8.8

~

~i 9.0-

O....

:i'

Table I. Representativ o chc mical ph logopitc ana lyscs (\VDS ).
c = core, r = rim, bd = bclow detcction limit.

Spot 4, c 2, r 4, c 2, r

Oxides Cations
Si02 42.63 43.75 Si 6.356 6.463
Ti02 1.55 1.1 0 Ti 0. 174 0.123
AJ20 3 9. 10 8.80 AI 1.596 1.531

Cr20J bel bel Fe ll 1.372 1.088
FeO 10.92 8.8 1 Cr 0.000 0.000
MnO 1.58 1.43 Mn 0.199 0. 178
MgO 18.01 19.30 Mg 4.000 4.250
NiO 0.04 bel Ni 0.000 0.000
ZnO 0. 10 0.10 Zn 0.0 10 0.0 10
CaO bel bel Ca 0.000 0.000
BaO 0.04 0.06 Ba 0.002 0.004
Na20 0.35 0.34 Na 0.10 1 0.098
K20 9.94 10.08 K 1.889 1.900
F 4.78 4.86
CI bel bel Sum 15.669 15.635
(O:=:F) 2.0 1 2.05
Sum 96.89 96.49 mg# 74.46 79.62---

MINERAL DATA
In petrographic thin sections, the phlogopite crystals

from the studied carbonatitic vein are very clean. They elo
not present any kind 01' altcratio n or inclusions, anel show
a wcak pleochrai c scheme in pale yellow (o:) to orange (B
'" y). They present a elist inct zoning pattern, with euhedral
cores surrounded by also euheelral discrete rims with
somewhat less intense pleochroic co lours,

The computeel cell parameters, in Angstroms, for the
stuel ieel phlogopite are ao :=: 5.3489 ( I) , bo:=: 9.2560 (3), Co

:=: 20.2460 (7), Bangle 94.730° ( I), with a cell volume :=:
998.96 ( I) AJ. These results are compatible with a 2M 1

structural polytype.
BSE imaging 01' phlogopite grai ns shows that the

cry stal rirns have low back-scaterred coe fficients anel that
both cores anel ri ms prescnt a very wcak recurrent
compositional zoning. Rcpresentative WDS analytical
data ror core anel rims uppcur in Tublc I.

Figure 1 (A,I3,C). Variation diagrums showing the main
che mical trend s for a sing le phlogopi te crystul.

Il1g# = Mg/(M g+F e l'), ca tion rati o.

40ArP9Ar DATING RESULTS
The elating results for the three analysed phlogopite

grains are presenteei in Tab le 2. Ali crystuls gave well­
e1efineel plateau anel also integrateel ages. Apparent ages
for grains I anel 2 are very concorelant, in lhe 83.7 - 84.3
Ma range, while grain 3 yields a somewhat younger but
close result, about 83.1 - 83.5 Ma.

The phlogopite from the carbonatitic vein has more
than 6 Si c.p.f.u. anel low AI contents. Ali AI cations are
in tetraheelral sites. Ti anel Ba contents are relatively low,
F contents anel mgll numbers are in the range 4.4 - 5. 1
wt . % anel 74.4 (core) anel 79.7 (rirns) , respectively.

The compositional variations e1epict a slightly inverse
anel recurrent zoning pattern in the studi ed crystal, anel its
core is somewhat richer in Ti , AI, Fe, anel Mn anel poorer
in Mg, Ba, anel F than the rirns. The main chcmical
variations within core, intenneeliate zones anel rims are
illustrateel in Figures 1A, B, anel C) for that single crystal.
In general, AI203 shows a negative correlation with mgll
in ali those zones, a positive one with FeOT anel Ti02 in
the core anel intermeel iate zones anel a slightly negative
one in crystal rims,

1.0 1.2 I A

T i02 (\\'1.% )
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T a ble 2. 3'1ArrllAr dating rcsults for vc in phl ogopitc.

The step heating .1') Ar relcusc paucrn Irom lhe grain I
phlogopit c, prcscnting two dose and goo d pluicau ages,
is reproduccd in Figure 2.

A summary including ali data is prcscntcd in lhe
ideogrum displayed in Figure 3, which dc pic is a
sornc what higher probabilit y age pcak al uhout 84.3 Ma
and a minor one al 83.5 Ma. A valuc o f 83.C) ± 0.3 (2<J),
lhe wci ghtcd uveruge 01' ali mcasurcmcnt s, is co uxidc rcd

hcrc as lhe best estimare for lhe age 0 1' lhe Ar ixoiopic
systcm closure within lhe studicd phlogop iic .

Cumulative % Ar Release d

Figll n~ 2. Sle p healillg incrcn u-ntal \"A r relc ase pnu cru plott cd
agai ll sl upparcm õ1 ).'.es for Ih,', veiu phl o).'.op i l l' (gl'õ1 i ll I ).
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DISCUSSION
Our results put so me additional constraints un lhe

geoc hronology of lhe Poços de Caldas aiku linc massi f
and assoc iatcd rocks, and ulso pinpoinl lhe nccd for more
geologically co nstruincd gcoc hro nologica l work lo
elucidate lhe muin age patterns within lhe mussif .

In a rece nt review bascd on gco log icul, palcomagnctic
data, and alI puhlishcd ages for lhe p(}{,'OS lhe Ca ldas
rocks, Ulbrich et aI. (2002) suggcs r a valuc 01' ahou t 7C)
Ma as lhe hcsl mean age for lhe cmplacc mcnt 01' lhe maiu

nepheline syenites and phonolircs in lhe district. Thc
uuthors suggcst ulso a short lime interval 01' ahout 1-2 Ma
for lhe wholc felsic magmat ism.

Prcviou s dating of Poços de Ca ldas ultuuuaf i c rocks
comprise two older K-Ar rcs ul rs for lrom nukurntrite»
(ca. 89 and 78 Ma, whole rock, (I Amara l ct al., 1% 7)
and two 40 A,/ "Ar ages (75 .7 ± lU and 76 .2 ± O.S Ma) for
phlogopite from a írcsh lamproph yric dike cutting acrosx
hydrotherm ally altercd nephelin e syenites and phonolitcs,
lhe so-callcd "potassic rocks" , in lhe Osa mu Utsumi open
pit uranium mine (Shcn, 19( 2). A Rb-Sr isochron
prcscntcd by Shea for thcsc lclsic hydrothcnnalizcd rocks
gave a similar value 01' 76 (± I) Ma. Ulbrich el aI. (2002)
reporl also an age 01' 79 (±3) Ma oblained for lhorile
grains from anolh er carhonalilic vein 01' lhe "vlinas Pedra s
quarry, wilh lhe Th-U-Iolal Pb dalin g melhod by lhe
eleclron microprobe.

The co nlrasling resulLs oblained for lhe ulLramallc
rocks from Osamu UIsumi and Minas Pedras need some
addilional discussion, since Ihere is no d ea r geological
argumenl indicalin g one or more ullram afic rock
emplacemenl evenls in lhe massif. There is always lhe
possibilily Ihal one oI' lhe 40 Ar/ .1'IAr ages, or bolh , rellecl
eilher Ar exeess or loss in lhe phlogopil e syslem,

19 . I . Ialthough lhe ' Ar release patlern s 111 our ( ala, or 111 I ]ose
presenled by Shea ( 1992), do nol suggesl signifiea nl
dis lurbance. This queslion ca n only be corree tly
addresscd wilh independenl new high-preeision age
delerminalio ns.
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Figllre J . ldc ogr.uu ShOlVi ll g lhe upparc ut õ1 ).'.e distriluuious
agai lls l prohahilit y for vci n phlo gopirc (grõlins 1. 2. .uul .I l.

M is lhe wciglucd uvc ragc .

Wilh thcsc rcmur ks in mind. thc lollowing
conclusions can bc rcach ed with thc dala ai luuul:

I. Bolh dating rcsults may hc vcry closc lo lhe real
phlogop ite crys lallizalion age aml. lherefore, oI' lhe age 01'
vein and dike formalion . In lhe Minas Pedra s caSc, lhe
phlogopil e cryslallized under a loW-lclllpcralure
hydrolhermal envirollmcnl. possihly nol Illuch higher
lhan (,CI. 300-3 50° C, lhe clos ure lemperalure for lhe
.IIIA1/ "Ar sys lelll and so lhe app arenl ages should he very
d ose lo lhe real cryslalli zalion ages. The phlogop ile in
lhe Osalllu UIsullli dikc forllled aI a high Illaglllalic
tempera llll'e, and lhe Illeasured ages will approach real
ages on ly if lhe cooling down lo m . 3000 C was fasl. Ir
lhis were lhe case, Ihen aI leasl lwo main episodes of
carbonalilic-rcla led ullram alle magmalism did oce ur.

T he geo logieal e" idence aI lhe Minas Pedras quarry
su~~esl s Ihal aI leasl some oI' lhe ulLramallc rocks
cr~;la ll i zed ai lhe samc lime as lhe felsic phonolil ic
dikes. Similarly, lhe phlogopil e-bearing mck in lhe
Osamu UIsull1i pil daled by Shca ( 1( 92) is aI leasl coeva l
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with th e m ain hyd rothe rmal eve nt th at fo llowed th e

emplacement o f th e nephel in e syenites a nd ph onolites . Ir

th e se figures a re mcan ingful , thcn lh e Mi nas Pe d ras a nd
Osamu Utsumi 4oAli~A r ages cou ld date lhe beg inning

a nd the e nd or the magmatism in lhe district, in a

minimum inte rval of about 8 Ma.

A rneun age around 80 Ma for th e fe lsi c magmatism
peak (U lbric h e t a I., 2002), constra ined by palcomagnetic
dat a, which was considered a lso as a minimum reference
age by Thompson e t al. (1998) for th e whole massif. is in

this context sti ll a good reference value, until h igh­

preci si o n ages \ViII be available.
2. Despire its fresh aspect. a no ther possibi lity is lh al

lh e lhe u lt ra m afic dike from th e Osamu Utsumi opcn pit
may have been subjected to lat e re setting ai around 76
M a, as hyd rothermal a lte ra t io n is w idespread in lhe

inte rna i pau s of th e Po ço s de Ca ldas Massi f. In thi s case,

cons ider ing w ho le rock th e Rb/Sr data, a minimum
inte rval fo r lh e who le magm atism of about 5 M a would

fit better the available geoc rhonolog ic a l data .
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