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the nodules and kimberli ti c fluids. The
Mg enr ichment or depletion is prob abl y
cont rolled by varia tions in the Mg/ (Mg +
Fe) of the fluids, oxygen fugacity , an d
temperature. Such vari ati ons might also
account for the observed reaction rims in
kimberli ti e olivines (Boy d and Clement,
Y ear B ook 76, pp. 485-493).

In the Liqhobong kimberli te, the
presence of Ti-rich spinels in ilmeni te re­
acti on mantles and in the groundmass,
and the high REE content in perovski te,
suggest that the fluid phase was rieh in T i,
REE, and CO2.

IRON-TITAN IUM OXIDE AND SUI~FIDE

MINERALS IN CAHBONATITE ~'IWM

J ACUPIRANGA, BRAZIL

Nabil Z . Hoctorand D. P. Svisero"

In the las t few years, there has been a
growing interest in the relati onsh ip be­
tw een kimberlite and carbonatit e (e .g.,
Dawson , 1966b; Dawson and Hawthorne,
1973; Gittins et al., 1975). Iron- ti tanium
oxide min erals ar e common to both rock
types. Detailed studies of kimberl it ic
spinels and ilmeni te (Boy d and Nix on ,
1973 ; Hagger ty , 1975 ; Mitchell, 1977a )
have provided va lua ble informati on on
the evolut ion of kimberlitic magma and
the physical-chemical condit ions during
it s emplacement and cooling. Iron-ti tan­
ium oxide mineral s in carbonatites, how­
ever, hav e received less atten ti on t han
t hose in kimberli tes.

The carbonatit e of Jacupiranga , Bra zil,
form s a small ova l body in a large alka line
igneous com plex tha t comprises perido­
tite, pyr oxeni te, ijolite, jacupirangite, and
fenites. The carbonatite was conside red
to be a typica l sovite (Melcher, 1966) ,
and was therefore selecte d for study . It is
composed of calcite , dolomite, pholgopite
with varying amounts of apatite, for­
ste rite, iron-ti tanium oxides, an d acces­
sory sulfide minera ls.

• Univers ity of Siio Paulo, Siio Paulo, Brazil.

C A R N EG I E INSTITUTION

I ron-T itanium Oxide AIinerals

Iron-t itanium oxide min erals in tilt'
sovite ar e represen ted by magnetite an .l
ilmeni te. Magnetite forms crystals rang
ing in size from a few millimeters to abou t
1 em. It commonly contains ovoidal
inclusions of calcit e, corroded crystals of
apatit e with calcite rims, or pri smatic
crystals of ph olgopi te. Magneti te is either
homogeneous or shows exsolu tion lamellae
of ilmeni te parallel to its octahedral
plan es. Exsolved magn eti te is less en­
riched in Mg rela tive to magnetite that
shows no ilmenite exsolut ions (T able 46 ;
F ig. 159) .

In addit ion to its presence as exsolut ion
lamellae in magneti te, ilmenite occurs as
subhedral crystals enclosed in magnetite
or as aggregates of tabular crystals a t the
interface between magnetite and the car­
bona te minerals. Mg and Mn arc enriched
in ilmeni te rela tive to magnetit e (T able
46, Figs. 160A, 160B ) .

Sulfide M inerals

Sulfide minerals arc represen ted by
pyrrhotite, cha lcopy ri te, pyri te, and val­
leriite (T able 47). Pyrrhoti te, chalcopy­
rite, and py rite are intersti ti al betw een
large calcite and dolomite crys tals and
occasionally form veinlets t ra nsecting t he
carbona te min eral s or replacing them
along their cleavage plan es. Valleriite
[Fel .07CuO.93S2]· 1.526 [l\Igo.68Alo .32(OH) 2]*
occurs as aggregates of radial crystals at
the inter faces between pyrrhoti te or
chalcopyrite and carbonate min erals or
an in tersti tial phase betw een pyrrhotite
and magn eti te. The stability rela tions of
valleriite arc not know. H eating experi­
men ts on natural vall eriite (Yund and
Kullerud , 1966) show, however , that it
breaks down to chalcopyrite, Al and Mg
oxides, and water at temperatures above
450°C. The sulfide min eral s in Jac upiranga

• Theoreti cal formula accord ing to E vans and
AHma nn, 1968.
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TABLE 46. Representative E lectron Microprobe Analyses of Magnetite and Il menite
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Magnetite Il menite

I" 2t 3: 4§ 5§ 611

SiD. 0. 05 0.10 0.03 0. 01 0.01 0.01
TiD. 0. 81 1. 88 1.38 55 .55 55.18 55 .74
AbO, 0.80 0.04 0.30 0. 11 0.02 0 .13
Cr.O, 0 .02 0.03 0.04 0.01 0.02 0 .03
F e.O, 67.64 64.80 65 .06 5 .30 4.40 3.69
F eD 22.74 28.53 29.40 21.4 8 21. 04 24.3 2
MnO 1.21 0.96 0 .67 3.40 3 .54 3 .23
MgO 5.86 3.06 2 .24 14.37 13 .73 12.61
CaD 0.05 0.01 0.01 0.01 0.01 0 .01

99.18 99.40 99.12 100.22 99. 84 99.78

" Analysis 1. Magnetite from phlogop ite sovite.
t Analysis 2. Magnetite from olivine sovite ,
: Analys is 3. Exsolved magnetite in phlogopite sovite,
§ Analyses 4 and 5. Lamellar ilmeni te .
IIAnalysis 6. Subhedra l ilmenite crys ta l.
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vite an d other carbonatites and alkaline rocks.

TABLE 47. Represen tative Electron Mi croprobe Anal yses of Su lfide M ine ra ls

E lement * Pyrrhotite Chalcopyrite Valleriite

Fe 60.49 59 .77 60.29 29 .76 29 .83 23 .32 22 .92 22 . 13
Co 0 .29 0 .23 0.45 0 .06 0 .05 0 .05 0 .01 0 .04
Cu <0 .01 <0 .01 0.01 34 .0 3 34 .00 18 .0 4 17.32 l!J.16
S 39.66 39 .81 39 .36 35 .95 35 .73 23 .01 23 .22 22.55
Mg 11.42 11. 57 10.89
Ca 0 .0 1 0 .01 0 . 11
Al 3 .54 3 .5 1 4 .03

- - - - - -
Total 100.44 99 .81 100 .11 99. 80 99.61 79 .38 78 .54 79 .28

* Na and Ni not detect ed .
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sovite crystallized later than magneti t e
and form mantles on this min eral or
veinlets t ra nsecting it . Magneti te has oc­
cas ionally undergone extensive sulfuriza­
ti on t o pyrrhotite and pyrite.

Discussion

Magneti te in J acupiran ga ca rbonatite
belongs mainly to the magnetite-mag­
nesioferrite solid solution series . It is
similar in composit ion to magneti te from
African carbonatite ( Prins, 1972) , al­
though it does not display zonati on with
respect to Mg , Ti , and Mn as pronounced
as that in the African ca rbonatites . It
differs, however, from magn etit e from
Oka carbonatite (Gold, 1966 ; M cM ahon
and Hagger ty , 197(i, 1977) , which belongs
to the rnagnetite-jacobsite solid-solut ion
series and contains up to 12 wt % MnO.

Magnetite from J acupiranga a nd other
carbonatites differs markedly from spinel
phases in kimberlite. Kimberli ti c spinels
belong eit her to the system FeCr20.,­
MgCr20~-FeAI20rMgAI204 or to the sys­
tem Mg2TiO~-Fe/l'i04-FeAI20~-MgAI20~

and show trends towards magnesioferrite
and magneti te (Hagge rty, 197.'5 ) . Spinels
from kirnb erli tic-carbonati tic dikes ( Git­
tins et al., 1975) ar e more enriched in
Ti, AI, and Mg relative to magnetite from
carbonatite and bear more similarity to
magnesian t itaniferous magnetite in re­
acti on mantles on kimberli tic ilmeni te
(Bocto r and Meyer , 1977 ; Hagger ty et al.,
1977) than to magnetite in carbo na tite,
The only kimberlitic spinel t hat bears
any similarity to magn eti te in carbonat ite
is the Ti -poor magnetite in assoc iation
with calcite veinlets tran secting ilmenite
nodules in Green Mountain kimberlite
(Bocto r and Meyer, 1977) and in Peuyuk
kimberlite (M itc hell and Clarke, 1976) . In
general , however , till: da ta on magnetite
from Jacupiranga and ot.hc r carbonatites
sho w that their chemical composition
bears greater simila rity t.o InaglH:ti tc from
alkaline rock associations t.hnu to spinels
in kimberlites.

Ilmenite in J aoupir.uura (:a. r-I Hlna tit(:
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is a solid solut ion of Mg'I'i'Os, Fe'I'rOs,
MnTiOa, and Fe20a (F igs . 161A, 161B ).
The Mg conte nt of the ilm enite is mu ch
higher than that of ilmenite from other
carbonatite and alkaline rocks (Prins,
1972; Bergstel, 1972; Griffin and T aylor,
1975) but is similar to that of ilmenite in
kimberlites. The Mn conte nt of ilmenite
from Jacupiranga, however, is much
high er and the Cr conte nt significant ly
lower than that of primary kimberlitic
ilmenite. Secondary ilmenite mantles on
rutile-ilmenite intergrowths in carbonate­
bearing kimberlite (Bocto r and Meyer,
1977) may have l\In conte nt as high as
that observed in Jacupiranga ilmenite,
though it is usually depleted in Mg. The
Mn enr ichment in ilmenite from Jacupi­
ranga, however , is not as pr onounced as
that of ilmenite from Oka carbonat ite,
which may contain up to 50 mole %
Mn'Ti O,' in solid solution (Mc Mahon
and Haggerty, 1976).

The partitioning of Mg in favor of
ilmeni te relative to magnetite in Jacupi ­
ranga carbonat ite is consiste nt with the
experimental data of Pinckn ey and
Lindsley (1976) , who found that in the
temperature range 700o-9.'>0°C and at
oxygen fugacities cont rolled by Fl\IQ and
NNO buffers, Mg is preferen ti ally con­
cent ra ted in ilmenite. This trend becomes
more pronounced with decreasing tem­
perature, regardless of ! 02' Therefore, the
Mg-enrichment of ilmenite in magnetite­
ilmenite intergrowths from Jacupiranga
relative to ilmenite from other carbonatite
can be explained in either of two possible
ways: eit her the activity of Mg in the
liquid from which the original t itano­
magnetite solid solut ion crys tallized was
high or , after exsolution, the magnetite­
ilmenite intergrowths at Jacupiranga
equilibra ted to lower temperatures than
their analogues in other carbonatities.The
presence of Fe20a in solid solution in
ilmeni te is also consistent with the data
of Mazzullo et al. (1975 ) who found that
the presence of MnTiOa in solid solu tion
in ilmeni te increases its Fc20a/FeTiOa•

The sulfide min erals in Jncupiranga
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F ig. 161. (A) . Composition of ilmenite in terms of MgTi 0 3, l\fnTi03, a nd FeTi03 end members.
(B). Composition of ilmenite in terms of MgTi03, Fe203, and FeTi03.

differ from those at a ka in mineral ogy
and mo de of occurrence. The sulfides at
aka, for example , are represented by
pyrrhotite that occurs as inclusions in
magnetite and sho ws cobalt ian pentl and­
ite exsolut ions (8- 15 wt % Co; M cMahon
and H agger t y , 1976). At J acupiranga ,
the sulfides appear to have crystallized
later t han t he silicate , ca rbona te , and
oxide minerals and bear some similarity
t o t he sulfide mineral assemblages in
Palabora Carbonatite, South Africa (Pa­
labora Mining Company Limited Mine
Geolog ica l and Min eralogical St a ff,
1976) . Both carbonatit cs are charac­
t erized by t he presence of valleriite and
chalcopyrit e.

The presence of vallcri ite in the sulfide
mineral ass emblage in Jacupiranga car­
bonatite, the sulfurization of magneti te,
and t he lack of textural evide nce of sul­
fide liqu id immiscibility suggest that t he
sulfide mine rals may have formed by ac­
t ion of lat e-st age su lfur-bearing fluids in
t he fina l stages of crystallizati on of the
parent magma. In this resp ect , t he sulfide
minerals in Jacupiranga ca rbo natite see m
t o differ from primary sulfide minerals in

kimberli t es that appear to have crystal­
lized from immiscible sulfide liquids .

In conclusion, the data on iron-titanium
oxide minerals in Jacupiranga carbo na­
t ite do not support a genetic relation
between carbo nat ite and ki mberlite. The
iron-titanium oxide minerals in J acupi­
ranga and ot he r ca rbonatites bear more
sim ilarity to those from alkalin e rock as­
socia t ions than to primary spinels and
ilmenite in kimber lites. Sulfide minerals in
Jacupi ranga carbonat it e also seem to have
an origin different from t hat of primary
sulfides in kimberlites.

EVALUATION OF SPHALEHITE

GEOBAROI\lETRY IN BODENI\IAIS OnE ,
BAVAHIA

N abil Z. Boctor

The sulfide deposits near Bodenmais,
Bavaria , form an elonga ted mass in highly
metamorphosed migmatitic cordi erite­
sillimanite gneisses. T he metamorphic
conditions of the or e and country rocks
at Silberberg , Bodenmais, were studied
by Schreyer et al. (1964) . On a more


