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AssrRAct

Loveringite and baddeleyite are found within layers of chromian spinel in gabbroic cumulates from the ophiolitic Bracco Unit,
Liguri4 northem Apennines, Italy. Altered plagioclase or olivine represent the major phases interstitial to the cbromian spinel;
loveringite and baddeleyite, together with magnesian 6 mangsnoan ilmenite, sodium phlogopite, Ti-dch pargasite, rutile, Zr-rich
titanite, apatite, Cu and Ni sulfides, are accessory phases. Electron-microprobe analyses indicate low REE contents in loveringite,
and relatively high Cr and Mg contents in both loveringite and baddeleyrte.An origin involving an intentitial liquid enriched in
incompatible elements introduced by metasomatic infiltration during fractionation of chromian spinel seems likely. The presence
of such minerals provides important evidence that it is possible to crystallize rare incompafible-element-rich oxides in a pile of
cumulates il a tholeiitic ophiolite.

Kewords: baddeleyite, loveringite, oxides, mineral chemistry, ophiolite, Apennines, Liguria ltaly.

Sovn,tane

Nous documenlons Ia pr6sence de loveringite et de baddeleyite dans des niveaux de spinelle chromifbre dans des cumulals
gabbroi'ques de I'unit€ de Bracco, de narure ophiolitique, en Ugure, dans le secteur nord des Apennins, en Italie. k plagioclase et
I'olivine alt6r6s constituent les phases interstitielles au spinelle cbromifdre. I.a loveringite et la baddeleyite, avec ilmdnite magn6-
sienne ou manganifdre, sodium phlogopite, pargasite titanifdre, rutile, titanite zirconifdre, apatite, et sulfurqs de Cu et de Ni sont
les min6raux accessoires. Les analyses i la microsonde dlectronique d6montrent de faibles teneurs des terres rares dans la loveringite,
et des teneurs 61ev6€s en Cr et en Mg dans la loveringite et la baddeleyite. Une origine d partir d'un liquide interstitiel emichi en
6l6ments incompatibles intrduitparinfilfiation m6tasomatique au cours du fractionnementdu spinelle cbromifEre semble probable.
Ia prdsence de tels min6raux d6montre qu'il est possible de cristalliser des oxydes enrichis en 6l6ments incompatibles dans un
amzs de cumulajs dans ul massif ophiolitique i tendance thol6iitique.

(Iraduit par Ia R6daction)

Mots-cl4s: baddeleyite, loveringite, oxydes, composidon des minemu(, ophiolite, Apennins, Ugure, Italie.

IurnooucnoN

Loveringite is a relatively uncommon mineral
generally occuning in ultramafic-mafic layered intrusions
(Gatehouse et aI. 1978, Campbell & Kelly 1978, Kelly
etuI lng, NaFnfr 1982, Alapieti & hhtinen 1986, Tbrkian
&Mutanen1987,I-nrandaal1987,Merkle1992,Bakov
et al. 1994).It represents the Ca end-member of the
crichtonite group of minerals (general formula: AM21O3g).
The other isostructural members, subdivided according
to the dominant cation occupying the large A site, are

landauire (Na), davidite (REE + (D, crichtonite (Sr),
lindsleyite @a), mathiasite (K) and senaite (Pb). The M
posidon is mostly occupied by Ti an4 in minor amounts,
by other small cations such as Fe, C4 7t, Nb, Mn, Zn,
and V (Haggerty I 99 I , and references therein). Loveringite
nonnally exhibits a variable emount of solid solution
with davidite. In their investigation of the high-pressure
synthetic memb€rs of the loveringito-davidite solid-sohrion
series, Green & Pearson (1987), partitioned the lght
rare-earth elements (LREE on theA site and the heavy
rare-earth elements (HREE) on the M site.

I E-mail address: cabella@dister.unige.it
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Ftc. l. Ophiolite complexes of the northem Apennine belt, Italy.

Baddeleyrte Qfi) is one of the more imporant mineral
carriers of 7,r and Hf in magnatic rocks; Ti, Fe and U
commonly are present as minor elements. In the past, it
was considered as auniquely lunaand meteoriticmineral
but ithas recently been found in alarge variety of terresfrial
rrcks. Acomprehensive review of baddeleyite occurrences,
their petrology and geochemistry has been published
by Heaman & LeCheminant(1993), who grouped the
occurrences in terms of mafic and ultramafic rocks,
nlkaline rocks, "mantle" baddeleyite and metacarbonates.

Many authors, such as lorand eraL (1987) and Heaman
& I-e.Cheminant (1993), have pointed out that the relative
paucity of data about these minerals is mostly due to
oversight during routine microscope analysis. However,
the presence of loveringite and baddeleyite has important
petrological and geochemical implications as evidence
of local enrichment of some incompatible elements in a
basic-ultrabasic magmatic intrusive system.

Loveringite and baddeleyite have been idenffied by
reflected-light microscopy and by electron-microprobe
investigation in pods of chromian spinel in melatroctolites
of the sequence of gabbroic cumulates from the ophiolitic
Bracco unit, Val di Vara Supergroup, Liguria northern
Apennines, Italy (Cortesogno er al. 1987).T:bts is the first

Italim occumnce of loveringite and, accorrding to the review
of Talkington erat (1984), the first discovery of loveringite
and baddeleyite included in chromite from an ophiolitic
complex.

GEoLocIcALFhAlEwoRK

The Bracco Unit (BID represents one of the larger
outcrops of Jurassic ophiolites of the northemApeDrines
(Frg. l).The gabbro massifoccurs as abody 500 m in
thickness and several kilometers in widtb, infrudingupper
mantle lherzolites. It is represented by a pile of troctolitic
and clinopyroxene gabbro cumulates, with minor
melatroctolite, plagioclasite, and dunite @ezzi & Piccardo
1971, Cortesogno et aI. 1987). A volcano-sedimentary
sequence, consisting ofophiolitic breccias, basals and
cherts capped by calcareous shales, directly overlies the
ulnamafic and gabbroic rocks.

The mafic and ultramafic rocks record a sequence of
ocean-floor metamorphic events, which partiafly affected
the breccias and basalts also. In the basement to the
ophiolitic sequence, metamorphism evolved from a
high-T amphibolite facies to low-T hydrothermal
conditions (Cortesogno & Lucchetti 1982, 1984). The
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Ftc. 2. Reflected-light micrograph of exsolution-induced rods of rutile in cbromian spinel;
the field of view is ca 1 mm in maximum rlimension.
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whole ophiolitic se{luence was atrected during theAlpine
orogeny by a tectono-met4morphic overprint under
conditions of the prehnite-pumpellyite facies (Cortesogno
et al. 1987).

PerRocRAprtrc FtsAnrRFs op rne Clfi.orvtrAN Spnw- Leyms

Cbromian spinel is a common constituent of dunites
and melatroctolites. The small disseminated grains
(0. l-3 mm) show a euhedral to subhedral habit. Locally,
the cbromian spinel occurs as chromitite bands 0.1 to
l0 cm thick, showing cumulus textures. Plagioclase and
olivine were the main interstitial minerals, and have been
replaced by metamorphic phases. Grains of chromian
spinel are most commonly concentrated in irregularly
shaped pockets up to I 5 cm thick, in a plagioclase matrix.
Exceptionally, layers of cbromian spinel 1-7 cm thick
occur rhytbmicaly interbedded between melatroctolite
and leucoffoctolite, which grade to anorthosite layers. In
some cases, the chromian spinel grains have undergone
partial to complete replacement by ferrian chromite
('Tenirchromit") or magnetite, during metamorphism and
alteration.

Grains of chromian spinel commonly contein solid
inclusions having polygonal (negative crystal) to
subrounded shapes. The inclusions rarely exceed I mm
across, most being less than 100 pm. They contain
silicates, sulfides and oxides, in decreasing order of
abundance. These minerals, where unaltered, exhibit
anomalous abundances of incompatible elements. The
silicates 41e mainly phlogopite and sodium phlogopite,
Tl-rich pargasite and suborrdinate clino- and orthopyroxenes.
Both micas and amphiboles commonly exhibitlamellae

of Ti-rich oxides. Chalcopyrite, pentlandite and pynhotile
ar's dsminant among primary sulfides, with bomite and
pyrite defuitely subordinate. The oxide minerals in the
inclusions are well represented by rutile (Fig. 2) and
magnesian or manganoan ilmenite, and minor loveringlte
and baddeleyitei q;afrte andT-t-i&titanite are rarely found"
The inclusions arecharactgnzdby minqals siliched in
incompatible elements CIi, Z, Nq Cu, Mn).This may
indicate that qpinel crystellization possibly bas been atrected
by interaction with the intercumulus liquid (Lorand &
Conin 1987a).

Tnxrunrs SgowN Bv LovERTNGTTEAND Beoonrl'vrre

Iovoingite occurs in one of four ffierent texural sites:
a) as a member of unaltered silicate- or sulfide-rich
inclusions (Figs. 3, 4 and 5), b) as monomineralic
inclusions, c) as small $ains on the surface of cbromian
spinel @g. 6), and d) as interstitial grains. Loveringite
crystals of type a and b are subhedral to euhedral or,
rarely, form elongate rods. The dimensions ofthe grains
vary from 2 x 2 trtm to approximately l0 x 10 pm.
Tlpe-a crystals commonly are located along the walls of
the inclusion" with the major axis parallel or subparallel
to the cleavage of the enclosing silicate.

In many cases, loveringiteis hostedwithinTl-rich sodium
phlogopite associated with rutile or sulfides such as
chalcopyrite or pentlandite @ig. 3). In a few cases (types
b and c), crystals occur within grains of chromian spinel
or as micrometric crystals located at grain boundaries
(Fig. 6). A very few crystals (type d), up to 50 x 30 pm,
were found as lobate grains interstitial to olivine in the
groundmass.



902 THE CANADIAN MINERAI,OGIST

Flc. 3. Reflected-light micrograph of loveringite ftght gray),
pentlandite (white), and silicate (phlogopite and pargasite,
dark gray) in chronian spinel. Maximum dimension of
loveringite grain is ca. 35 pm.

Iom,rrF'IcATroN AND ANALyTTcAL METHoDS

In reflected light, loveringite is opaque, with a grey
tone and a pinkish hue similar to ilmenite, from which it
is distinguished quite easily by its isotropism (farkian
& Mutanen 1987). It can be confused with Cr-Z+tranng
armalcolite, having a very similal chemical comFosition
(Conan et aL 1993). However, Cr-Z-bearing armalcolite
appears to be anise66pic and to have a more bluish hue
(Andenon eraL 1970, Williams & Taylor 1974). Unfor-
tunately, the very small dimensions of the loveringite
grains prevented discrimination between loveringite and
armalcolite by single-crystal diffractomefiy. The identi-
fication of baddeleyite in reflected-light microscopy is
not simple because of its similarlty to rutile. However,
where the two coexist, baddeleyite shows higherreflectance
and deeper yellow internal reflections.

Qualitative chemical analyses were carried out in the
e,nerg5idispersion mode on m electron microscope (Pbilips
SEM 515) equipped with an X-ray analyzer (EDAX
PV9100), using an accelerating voltage of 15 kV and a

FIc. 4. Ioveringite included in chromian spinel; on Ieft: back-scattered electron (BSE) image;
on righu X-ray distribution image for Ti. Dvisions on scale bar: 5 pm.

Baddeleyite is rarer than loveringite, the proportions
being roughly 1:5; no grains ofbaddeleyite were found
outside grains ofchromian spinel. Itoccurs solely in silicate
inclusions, either alone or with rutile (Fig. 7). Where prrssent
in an unaltered inclusion, baddeleyite is subhedral to
euhedral, whereas in altered inclusions, it has irregular
boundaries. Generally, the dimensions vary from
41tmto4 x 5 !rm.

beam current of about 2 nA. Quantitative chemical
analyses wereperformed with anARI-SEMQ microprobe
in wavelength-dispersion mode, using an accelerating
voltage of 20 kV a sample current of 20 nA, a peak
counting rime of 20 seconds, an off-peak counting 

.'me

of 5 seconds, and a minimum beam-spot size of about
4 pm. The following standards were used: diopside for
Ca Mg and Si, chromite for Cr, Fe andAl, monazitefor



Ce, [a" Nd and Pr, rhodoniteforMn, rutileforTi,zhcoria
for Z, metals for Y Ni, Hf and Nb, ThOz glass for Th,
and YzOg glass forY; the synthetic glasses REEI, REEL,
REE3, REM (Drake & Weill 1972) were used to verify
and eliminate interferences due to peak overlap
(Roeder 1985). The REE content of loveringite and
baddeleyite is near the detectioa limits; hence, some very
low reporled values may have no quantitative meaning.
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Table I lists representafive minel4l compositions.
The chromian spinel shows a high TiOz content
(>O.3wtvo),conelating with the observation of rutile or
ilmenite inclusions formed as exsolution lamellae.
This high TiOz value is not characteristic of podiform
(ophiolitic) chromite, but is simil416 11a1for stratiform

LOVERINGIIE AND BADDEIT,YTIE. BRACCO OPHIOLITE

Hc. 5. Ioveringite and pentlandite included in chromian spinel; on left: X-ray distribution
i-age for Tl; on right X-ray distribufien image for Ni + S. Divisions on scale bar: 5 Um-

Frc. 6. Micrometric crystal of loveringite located at the rim of a grain of cbromial spinel.
Divisions on scale bar: 5 pm. On left: BSE i-age; on right: X-ray distribution image
for Ti.
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ftc. 7. BSE image of baddeleyite (ight gray) in silicale ilclusion in chromite. Divisions on
scale bar: 50 um.

TABLE I. REPRESENTATIVE COMPOSMONS OF
OXIDE MINERALS FROMLAYERS OF CHROMIAN SPINEL

BRACCO INIT

TABLE Z REPRESENTATIVE COMPOSMONS OF
LOVERINGTTEFROM I,AYERS OF CHROMIAN SPINEL

BRACCOIjNIT

SiO2 rrflo
Tio2
zf,O2
Nbro,
Arot
Crrot
F€O tota.l
Mso
M!O
NO
CaO
%03
Yrot
la2ol
cqo.
hrot
N40r
II02
fro,
To&l

% FeTiO3 31.60 73.60 57.80
o/oMgTi\ 0.50 6.30 39.30
% Mtr]io3 67.00 19.00 2.40
Ms(Mg + Ff)
Cr(Cr+ Al)

0.00 0.t2 0.00 0 00 0.00 0.00
52.30 52.9t 56.9t t.44 0.37 0.91
0.2t 0.00 0.@ rd. n.d n.d.
0.00 0.00 0.00 trd. n.d. rd
0 00 0.07 005 2465 35.22 r.9r
0.91 0.86 0.82 35.83 33.73 49.27

14.95 35.36 29.52 _70 14.24 33.03
0.13 1.70 I 1.30 t1.93 't6.47 6.56

31.2E 9 .01  1 .19  0  @ 0 .@ 0.65

trd. n.d. od. trd. n.d- cd.
n.d. [d. [d. !.d. ad. [d.
ad. trd. trd. nd. n.d. [d.
n.d. od. nd. trd. ed. nd.

9.n too.02 999s 1@55 100.03 9.40

0.000 0.002 0.001 7.073 9.496 2.881
0.989 0.990 0.993 0.29 0.0&1 0.186
0.003 0.@ 0.@ n.d. cd. rd.
0.01E 0.017 0.0t7 6.8q7 6.101 10.603
0.000 0.0(m 0.000 L502 0.276 2.144
0.005 0.0e1 0.391 4.329 5.616 2.61
0.3t7 0.737 0.57s 3.934 2.448 5.375
0.667 0.189 0.023 0.000 0.000 0.150
0.000 0.0@ 0.000
0.003 0.003 0.@l
0.000 0.0@ 0.000
0.000 0.000 0.000

0.14 0.16 0.13 0.10 0.@ 0.t2 0.10 0.05 0.03
64.5t U.n 65.38 65.08 65.46 67.34 6.00 65.9t 65.62
3.76 3.7r 3.75 3.67 3.63 3.42 3.68 3.56 3.61
0.00 0.04 0.00 0.0s 0.00 0.00 0.00 0.07 0.02
1.59 t.sl 1.58 1.55 1.53 I37 1.60 1.53 1.60
7.80 7.94 8.27 8.01 8.09 7.48 7.95 7.9s 8.06

13.63 I3.9 t3.35 t2.94 t2.89 12.25 t2.78 t2.63 12.72
2.40 236 2.37 2.41 233 2.03 2.24 2.28 239
0.28 0.30 0.b 0.26 0.20 023 025 023 023
0.06 0.03 0.M 0.03 0.03 0.06 0.06 0.03 0.04
3.72 3.72 3.62 3.55 3.68 3.28 334 3.39 3.39
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 00 0.00
o. l t  0 .08  0 . l l  0  14  0 .15  o . r t  0 . r5  0 .16  0 .15
0.00 0.00 0.01 0.02 0.00 0.02 0.00 0.01 0.05
0.00 0.@ 0.00 000 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.01 0.00 0.01 0.03 0.00 0.01 0.00
0.02 0.03 0.01 0.05 0.00 0.M 0.m 0.05 0.04
0.07 0.m 0.06 0.09 0.M 0.r0 0.@ 0.09 0.0?
0.00 0.00 0.02 0.00 0.00 0.03 0.03 0.00 0.02

98.15 98.59 .9 n.9s 98.tt n.9 98.20 q7.94 98.01

0.m9 0.045 0.036 0.0n 0.027 0.033 0.027 0.015 0.008
0.538 0.508 0.529 0.s24 0.513 0.461 0.536 0.515 0.537

13.904 13.905 13.952 14.014 14.055 l4.it09 14.138 14.156 14.096
0.525 0.517 0.519 0.513 0.s05 0.474 0.511 0.496 0.503
t.767 1.793 1.855 1.813 1.t25 1.682 r.790 r.795 t.819
0.000 0.000 0.000 0.0@ 0.000 0.000 0.000 0.000 0.000
1.024 1.003 r.001 l.o29 0.991 0.862 0.952 0.970 t.015
3.258 3.341 3.t67 3.88 3.078 L9t5 3.M5 3.016 3.039
0.068 0.072 0.071 0.063 0.048 0.055 0.061 0.05? 0.055
0.015 0.007 0.009 0.008 0.008 0.013 0.013 0.006 0.009
Ll43 Ll,+0 1.099 1.088 1.125 0.99 1.018 1.036 1.037
0.47 0.0t3 0.017 0.021 0.u22 0.027 0.023 0.025 0.a2
0.@ 0.000 0.001 0.002 0.0@ 0.002 0.000 0.001 0.005
0.0m 0.000 0.000 0.000 0.0m 0.000 0.000 0.0@ 0.000
0.0@ 0.0@ 0.001 0.000 0.001 0.004 0.000 0.001 0.0@
0.002 0.c03 0.001 0.005 0.0@ 0.@r 0.0€ 0.00s o.c{x
0.005 0.0@ 0.005 0.m7 0.0m 0.008 0.000 0.@7 0.005
0.000 0.0$ 0.00r 0.000 0.000 0.002 0.002 0.0@ 0.001
0.000 0.005 0.000 0.006 0.000 0.000 0.000 0.0@ 0.003
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

1.187 Ll63 t.ta t.D4 l. ls6 1.051 1.059 1.074 1078
21.138 21.189 21.135 2t.64 2t.M5 20.89 21.060 21.036 21.0t0
26.4t 26.s0 26.88 27.32 z?.Ca 30.q 27.61 28.y 28.02

ILMENITE RUTILE

0.16 0.06
96.32 97.t3
0.58 0.83
0.01 0.@
0. r 8 0.08
0.51 b.67
0 40 0.30
0.16  0 .07
0.02 0.01
0.02 trd.
0.v2 0.33
I.08 rd
0 . l l  0 .00
0.00 0.@
0.00 0.00
0.00 0.00
0.00 0.@
006 0 .@
0.06 0.00

9469 99.44

SiOrf,%
Tio,
7rO2
NQo'
Alro,
CrrO3
F€O bbl
M8o
MnO
Nio
CaO
vro,

L4ot
cqo'
hro,
Nd"o,
Hml
Tbq
ToEl

Si
AI
Ti
Zt
LI

Fe+
Mg
t6
lvtu
Ni
Ca
Y
la
Ce
Pr
Nd
Hf
Th
Nb

0.00 0.00 0.@ trd. n.d. ad.
0.12 0.09 0 06 ! .d.  n.d. ! .d.
0 00 0.00 0.@ trd. n.d. nd.
rd. rd.  n.d. rd.  rd.  n.d
trd. n.d. ed. Ld. n.d. n.d.
ad. [d.  n.d. [d.  [d n.d

AI
Ti
Zr
Cr

MC
Fd-
Mtr
Ni
Ca
Nb

o 52 0.70 0.33
0.49 0.39 0.79

A
M
Tinr

The orpfuiel fomlae re elculaed mrding b tle g@qal forntlrc ABO2
(ileqite) ed i4eRborl (rpircl).

@ili@l b@he w el@.lqted ar.qding b tie g@eal ftrmh,4l4or
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Frc. 8. Ca versus I-a + Ce + k + Nd in atoms per formula vntt (apfu). Loveringite from Bracco (filled circles), loveringile il
layered intrusions (open circles: Barkov et aI. 1994, Gatehouse et aL l9l8,Lnrand et aI. 7987, Tarkian & Mutanen 1987).
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chromite (Drke 1983). Ilm.enite has a wide compositional
field, ranging from Mg-rich (MgO up to 12 wt%o), to
Mn-rich (MnO up to 35 wtVo). Textures suggest that
manganoan ilmenite crystallized as a residual phaseo
aftermagnesian ilmenite.Ruile has an anomalously high
Cr content; some grains also contain up to I wtVo 7rOz.

L.overingite compositions and empirical formulae,
calculated on the basis of 38 oxygen ionso according to
the general formula of the crichtonite-group minerals,
AMzrOte, are listed in Table 2. Commonly, Ca is the
dominanl lilgs cation in the A site, patially substituted
by REE, whereas the small M cation is mostly Ti, with
Feo Mg, Cr and Zr as minor constituens. Unfornrnately,

TABLE 3. REPRESENTATIVE COMPOSMONS OF
BADDELEYITE FROM TTIE BRACCO TJNTT

these analyses were taken from interstitial grains (type d)
only. Other crystals are too small to be analyzed without
serious interference from the host chromite. Nevertheless.
some qualitative and semiquantitative analyses exhibit
low Zr and very low REE contents.

The loveringite grains from the Bracco Unit have
homogeneous compositions, with verylow REE contents;
thus, compared with other occlurences, they have very
low proportions of ttre davidite component (Fig. 8),
indicating a strong depletion of. REE in the interstitial
mell The electon-microprobe data indicate relatively high
Cr, and a distinct negative correlation between Ti and
Mg + Fe (Frg. 9).The negative correlation between Ti
and Zr reported by many authors (Campbell & Kelly 1978,
Cameron 1978,1-prand et al. 1987) is less evident. Spot
analyses performed across the largest grain of loveringite
did not reveal any heterogeneity or zonation.

Analytical data fa badfuleyite are reported in Table 3 .
They show relatively low Zr, ffi Ti and Fe contents, and
an enrichment in Cr and Mg. The low levels of Hf and
Ti are comparable to those for baddeleyite ftom other
gabbroic complexes [Heaman & L,eCheminant (1993)
and references therein; Fig. I0l. Owing to the very small
grain-size, we cannot exclude that the relatively high Cr,
Mg, and Al contents could be related to secondary
fluorescence effects from the host spinel and silicates.
Alternatively, the enrichment of Cr and Mg could be due
to crystallization in equilibrium with a primitive melt.

DIScUSSION

Tarkian & Murlnen (1987) and Barkov et al. (1994)
argued, on the basis of textural and mineralogical
evidence, that loveringite could have crystallized after

0.80.6

t 2

SiO, wtolo O.70 O.34
Tio, 0.66 0.64
ZrO2 9l.66 95.65
Nb2o' 0.@ 0.@
ArO. 1.47 0.07
Crrq 1.30 1.26
FeO total 1.01 0.85
MgO 1.05 0 40
MnO 0.01 O.Oz
NiO 0.04 0.@
CaO 0.03 0.00
V.O. 0.@ 0.00
YrO, 0.00 0.03
Ia2Or 0.@ 0.00
CqO, 0.l3 0.'11
PrrOr 0.01 0.00
N4O, 0.02 0.@
Ilo2 1.06 0.98
fro, 0.@ 0.06
Total 9914 l(n.42

3 4

o.43 0.44
0.93 0.74

91.74 93.73
0.00 0.00
r.39 0.84
1.36  l .3  l
1.92 1.22
0.,16 0.53
0.06 0.03
0.09 0.05
0.09 0.u
0.00 0.@
0.@ 0.02
0.@ 0.00
0.00 0.06
0.00 0.0r
o.o2 0.01
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0.(D o.o2
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H.

Ftc.9. CrzOg, FeOl+ MgO and Zro2versusTrO2rnloveringite
from the Bracco unit and layered intrusions. Symbols and
references as in Figure 8.

contamination of magma. They cited the coexistence with
Mn-rich ilmenite as the main line of evidence. Alterna-
tively, Williams (1978) and Lorand eraL (1987) proposed
infiltration metasomatism as the principal mechanism of
formation. This may have occurred as enrichment of
incompatible elements (such as Z andTl) afterfractionation
of olivine and chromian spinel and subsequent filter
pressing of the interstitial liquid through the pile of
cumulates (Irvine 1980). This is the genetic mechanism
proposed for the occurrence in the Laouni layered intru-
sion (Lorand & Couin 1987b, Iorand et al. 1987).MerkLe
(1992) found a similar assemblage in chromitites from
the Bushveld complex and argued that chromite inclu-
sions (and loveringite + baddeleyite + srilankite as well)
were formed by resorption of cbromite crystals during

60 65 70 75

l-ri-%-l

magma mixing. Although he focused his work on PGM
formation, the hypothesis is not so different ftom that of
Lorand et al. (1987).

Both models were applied to layered mafic-ultramafic
complexes where the textural relations ofloveringite and
baddeleyite appear to be mainly interstitial or included
in cumulate phases (Iarkian & Mutanen 1987). In many
occurrences, the assemblage of interstitial minerals
associated with loveringiteis represented by minerals very
rich in incompatible elements, such as phlogopite, Ti-rich
pargasite, Mn-rich ilmenite,rutilg K-feldspar, zircoD, quaE
and various Cu- and Ni-rich sulfides. Unfortunately, the
primary interstitial assemblage in the chromian spinel
layers of the Bracco Unit has been modified by several
low-Tmetamorrphic evenb (Cortesogno a aL 1987,PrJncrpt
a aL lW2).Howevq,the unalteredminemls from inclusions
in grains of cbromian spinel are nearly coincident with
the mineral assemblage reported here.

We contend that the crystallization of loveringite and
baddeleyite in chromian spinel layers of the ophiolitic
Bracco Unit may be due to an enrichment of incompatible
elemenb, zuch asTl andZ, inthecrystal mushby aprocess
like infiltration metasomatism, producing Ti-rich spinel
and Ti- andh-ich oxides. Iocally, this process could
lead to crystallization of discrete interstitial Ti-Zr phases,
such as loveringite. This poins to a common genesis
for both minerals, probably involving a Zr-Tl-enriched
interstitial liquid, sufficiently hot to re-eqrrilibrate the
chemical composition and texture of the chromian
spinel.
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