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ABSTRACT

The Labrieville anorthosite massif is an example of crystallization differentiation in a
plutonic environment. As in other St. Urbain-type anorthosites (characterized in par-
ticular by andesine anti-perthite and hemo-ilmenite), the lithologic sequence is: anorthosite
(earliest), gabbroic anorthosite, iron-titanium oxide-rich gabbro and syenite (latest). In
this sequence the following trends are observed: antiperthites become enriched in BaO/K:0
by a factor of 2, magnetites become impoverished in V,0;/Fe.03 by a factor of 0.5, hemo-
ilmenites become enriched in MnO/FeO by a factor of 4.3, pyroxenes decrease in Mg/Mg
~+Fe by a factor of 0.5, and apatites become enriched in Cl/F, Ce/Y and Eu/Yb. These
changes are associated with a progressive decrease in the Fe,O; content of the (hemo-)
ilmenites from. 34 per cent in anorthosite to 6 per cent in oxide-rich gabbro and syenite, in-
dicating that the residual liquids became highly reducing relative to temperature: 1) oxy-
gen fugacity cooling curves for isocompositional ferrian ilmenites, 2) water of constant
bulk composition (or constant H./H,O ratio) and 3) isocompositional titaniferous mag-
netites.

The Fe,03 content of hemo-ilmenite in a massive hemo-ilmenite deposit (about 25 per
cent) indicates that the deposit formed at a relatively early stage of the differentiation. The
deposit contains appreciable corundum, whereas pockets of quartz, perthite and pyrite oc-
cur in the anorthosite, requiring physical isolation of the deposit from the anorthosite and
subsequent crystallization differentiation of both, which implies that separation occurred
by means of silicate liquid—iron-titanium oxide liquid immiscibility.

The 2.0 per mil deduced primary fractionation of oxygen isotopes between ilmenite and
plagioclase indicates that separation of iron-titanium oxides from silicates occurred at a
temperature near or above 1100° C. The biotite compositions limit the lowest crystalliza-
tion temperature to a value greater than 880° C. and the highest water fugacity to a value
less than 2000 bars at the late oxide-rich gabbro stage.

Analysis of the changes in the compositions of the minerals in the Labrieville massif in
terms of published data on the Skaergaard intrusion (Wager and Mitchell, 1951) and the
Rayleigh distillation equation reveals that the Labrieville feldspars are more than 75 per
cent perfectly fractionated and that residual liquids became enriched in iron-titanium
oxide and pyroxene components relative to feldspar components. According to these argu-
ments, the earliest liguid evident from the Labrieville data consisted of at least 84 per cent
feldspar constituents and was characterized by a water fugacity of less than 500 bars.

INTRODUCTION

About a generation ago Daly (1933) and Buddington (1939) pointed
out several major differences between Precambrian domical anorthosites
and the anorthosite layers of stratiform basic intrusions: Domical anor-
thosites are large plutons comprised of predominant very coarse-grained

1 Present address: U. S. Geological Survey, Washington, D. C.
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anorthosite and subordinate amounts of gabbroic anorthosite (10 to
22-% per cent dark minerals) and anorthositic gabbro (22-% to 35 per cent
dark minerals). A survey of published information reveals that the
plagioclases of St. Urbain type domical anorthosites (Anderson and
Morin, 1964), the best known of which is the Adirondack anorthosite,
are more sodic and potassic than those of all but the very latest differen-
tiates of stratiform intrusions; also hemo-ilmenite is the dominant iron-
titanium oxide mineral in St. Urbain type anorthosites, whereas titanif-
erous magnetite is the principal oxide mineral in layered basic intrusions.

Goldschmidt (1958, p. 152), following Kolderup, emphasized the impor-
tance of the compositions of the feldspars of domical anorthosites and
related rocks: “Their gabbroid members are characterized . . . by very
early potash feldspar. This feldspar has often formed solid solutions with
plagioclases of andesine or oligoclase composition giving very charac-
teristic antiperthites and perthites.” Goldschmidt added that the potas-
sium feldspar characteristically forms contemporaneously with andesine
plagioclase feldspar. Goldschmidt contrasted these attributes with those
of potassium poor granodiorites and trondjemites and suggested that the
instability of biotite in the (presumed anhydrous) parent magma of
domical anorthosites and later differentiates could account for their less
siliceous but more potassic nature.

Domical anorthosites and their differentiates are distinct, therefore,
from both layered basic intrusions and rocks of the granodiorite suc-
cession.

The major purpose of this investigation has been to elucidate the na-
ture of the primary magma of a small St. Urbain type domical anortho-
site and its differentiation and cooling (recrystallization) history in terms
of temperature, oxyvgen fugacity and the ternary feldspar system by
means of chemical mineralogy.

A mineralogic rather than a lithologic approach has been used through-
out this study and will also be adhered to in the following presentation.
This approach is chosen because it is easier to relate crystal-liquid frac-
tionation and phase equilibrium studies to cryptic compositional changes
of constituent minerals than to lithologic or modal variations.

TERMINOLOGY

The meaning of the word ‘“plagioclase’ is restricted to an optically
homogenous feldspar in the usual sense. ““Antiperthite” denotes a feldspar
intergrowth in which plagioclase is the predominant (host) phase and
potassium feldspar is the subordinate (guest) phase. “Mesoperthite’” de-
scribes a feldspar intergrowth in which plagioclase and potassium feldspar
phases are of approximately equal abundance. Some discussion concerns
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the potassium feldspar occurring as the guest phase in antiperthite. This
feldspar is called “orthoclase occurring in antiperthite.” It is hoped that
it will be clear to the reader that by this is meant the actual potassium
feldspar phase in the antiperthites and not the potassium feldspar com-
ponent occurring in solid solution in the various feldspar phases.

The terminology of the iron-titanium oxide minerals is that suggested
by Buddington et al. (1963, p. 140). In addition the expression “(hemo-)
ilmenite” is introduced to denote collectively hemo-ilmenite! and/or
ferrian ilmenite.

GEOLOGIC SETTING

The Labrieville anorthosite massif is near the southeast margin of the
Lake St. John (labradorite) anorthosite in a terrain of regionally meta-
morphosed amphibolite grade rocks in which biotite-hornblende-micro-
cline granitic gneisses predominate. However, the massif is surrounded
by a halo of biotite-poor, plagioclase-rich, hypersthene and orthoclase
gneisses of approximate quartz diorite composition. Rocks of granite
composition (sensu-siricto) are rare within about one km of the anortho-
site, farther away locally discordant lenses of granitic gneiss are present,
but at distances exceeding about ten km granite gneiss is generally con-
formable with other types of gneiss. Within several hundred meters of
the anorthosite, zircons are commonly overgrown, and within about ten
meters of the anorthosite, mafic quartz diorite gneiss is anomalously rich
in zircon. Hemo-ilmenite in the gneiss is common within about a kilom-
eter of the anorthosite, bur farther away its place is taken by ferrian
ilmenite.

GENERAL PETROLOGY

The field relations, rock types, and mineralogy of the Labrieville
anorthosite are similar to those of the following massifs: the St. Urbain
(Baie St. Paul) massif (Mawdsley, 1927), the Adirondack massif (Bud-
dington, 1939), the Egersund massif (Michot, 1939) and the Allard
Lake massif (Hargraves, 1962). For field and petrographic details the
reader is referred to these descriptions and to the original work of Morin
on the Labrieville anorthosite (Morin, 1956) as well as to the geologic
report to be published by Quebec (Morin, ef al. in prep.).

A diagrammatic map of the Labrieville anorthosite massif is shown in
Tig. 1. There are three structural facies:

1) a domical core facies comprised primarily of strongly foliated anorthosite, 2) a surround-
ing border facies a few hundred meters thick composed mostly of weakly foliated, gabbroic

! An exsolution intergrowth of hematite in ilmenite.
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F1e. 1. Diagrammatic plan and cross-section of the Labrieville
anorthosite massif, showing sample localities.

anorthosite, and S)Zthe funnel-shaped Sault-aux-Cochon complex made up of massive gab-
broic anorthosite, anorthosite, oxide-rich gabbro and syenite.

As is the case in other St. Urbain type anorthosite masses, field relation-
ships suggest a lithologic sequence starting with anorthosite (oldest) and
continuing through gabbroic anorthosite to oxide-rich gabbro. Syenites in
the Sault-aux-Cochon complex are here regarded as the latest igneous
rocks of the Labrieville anorthosite massif.

The contact relationships between the marginal gabbroic anorthosite
and the gneissic envelope are exposed in several places. In general the
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contact is blurred over a few meters, and the affinities of the observed
rock types cannot be unambiguously assigned, but along the southern
margin of the Sault-aux-Cochon complex fine-grained, porphyritic gab-
broic anorthosite is in sharp contact with both syenite and gneiss.

A massive hemo-ilmenite deposit is located in the core facies anortho-
site. It is a tabular body about 50 m thick which dips gently, approxi-
mately parallel to the attitude of the surrounding foliated anorthosite.
Apatite-rich ilmenitite occurs as a local capping over the massive hemo-
ilmenite. Small pods and lenses of massive ilmenite of the order of several
meters in maximum extent are particularly common in the nearby anor-
thosite. The smaller lenses are in sharp but irregular contact with the
surrounding anorthosite, and similar contact relationships characterize
the main deposit. Although fragments of anorthosite occur in the deposit,
dispersed crystals of antiperthite are rare, the principal transparent min-
erals besides apatite are corundum, sillimanite, calcite and siderite.

Xenoliths of labradorite anorthosite occur in the rocks of the Labrie-
ville massif. The xenoliths are sharply bounded: the plagioclase compo-
sition of one xenolith (sample AA242) changes from An 55 to An 38 over
a few millimeters. Xenoliths of gneiss are common in syenite but rare in
anorthosite and gabbroic anorthosite.

Labradorite metagabros occur in the surrounding gneisses and as
xenoliths in the Labrieville massif. The metagabbros have variable
proportions of ilmenite, magnetite, olivine, orthopyroxene, amphibole,
garnet, spinel and biotite in addition to plagioclase.

PETROGRAPHIC SUMMARY

The most abundant mineral in nearly all of the rocks of the massif is
antiperthite; for the most part dark minerals occur in interstitial aggre-
gates. In the foliated rocks of the core and border facies the dark mineral
aggregates are lens shaped and their preferred orientation defines the
foliation. The mineralogy and abundance of the aggregates of dark min-
erals vary in such a way as to delimit compositional layers several centi-
meters to several meters thick. In contrast to the core and border facies
foliated rocks, the massive rocks of the Sault-aux-Cochon complex con-
tain dark mineral aggregates which are in subophitic relationship to
antiperthite. With the exception of rare instances of tabular orthopyrox-
ene, all dark minerals are anhedral and interstitial to feldspar in all
rocks of all facies of the massil; specifically: there are no structures or
textures reminiscent of gravitational accumulation of any mineral other
than feldspar.

As a guide to the mineralogic make-up of the various rock types of the
massif, several modes are presented in Table 1.



ALFRED T. ANDERSON, JR.

1676

apELs Y481 Spnpug ¢
s3sA1eSowr redspyay ur suotsnpout Anbed() Juad Bl AWMOA = JO
PHLREION ="JU
payruRpt ARanEed 108 =¢
L ="1
“Aquo ponpoxd vopnposi =x

€0 17°0 n 0zo do
) I S 1 (43 £y T 1 80 14 4 T B 1 amedy
g d d d d n Fu Ju Tu 1 yu I i i ANLBPIS
d d < g é i3 Fu i Fu é yu I B o Ju AuuUy
RS T A el 1 n o] Fu 1 ‘Ju ‘n ‘Fu Ju é Tu ] NRIRD
1 ¢ yu 1 Ju n Ju Tu ‘Ju 1 ‘n | 1) ‘n n | aoo11y7
Ju Ju Fu ‘Ju ‘Fu ‘Ju Fu il 1 ‘n ‘n 1 ‘n n gl zyrend)
‘n ‘Tu T I 7o n Tu Tu ‘ru Fu Tu ‘Fu Ju ru ‘Fu wnpunioy
Ju B Fu 1 d d Fu I 1 I 3 £ g | ¢ [ noyusg
Ju ‘n Tu ‘n z ¢ pail 13 " 1 ‘1 1 1 25 el NIk
1 @ I z 1 be ‘Tu X X X X X X X X [puidg
é i Ju d < 0 Fu yu Y Jidl Tu yu R Ju E i ammy
x Fu é 1 x 9 80 1°0 9 9 £ 198 Z 13 nude
86 86 08 <9 4y £ 8°0 ¥'o (114 € € S I s tuaty
é < é Hu ] Fu 10 0 1 il iy [ T €0 |norg
Fu L Fu Fa Y 6 4 X 3 A 9 0z 9 L suoxo1sdouty
Ju ‘Tu Ju yu ‘n i 4 71 z 1 8 €1 ¥ £ JuaxorLdoyyin
*Hiu _ d d | “Iu Fu 2 X X X 81 LL n S8 X TedsppRg
wnissejoq
yuo | on 1) L ! Fu 09 16 86 g8 ¥S 14y X 194 4 08 ampradnuy
_ * -ssepoidelq
LL S70E1 LT $99T SIeT o6 5
€14 _ 118 T -11g 119 -1 T¢€T YooV 165V 695V 80YV | TSTVV | 891V _ 871V LIy 7 26V

SADO0Y TTIIAUTELY'] L0 SHAOJA[ 'T 4TIdV],



LABRIEVILLE ANORTHOSITE 1677

The petrographic data are summarized below:

(@) Feldspar. The rocks of the Labrieville massif contain three varieties of feldspar
megacrysts and matrix feldspar. The most prevalent feldspar megacryst is of antiperthite.
Orthoclase occurring in antiperthite lacks grid twinning and has 2V = —355 to 60°. The sec-
ond kind of feldspar megacryst is of sodic andesine and possesses a dark, vitreous appear-
ance in hand specimen. Mesoperthite megacrysts comprise the third group of feldspar
megacrysts. Antiperthite megacrysts are restricted to anorthosite, gabbroic anorthosite and
oxide-rich gabbro; mesoperthite metacrysts are limited to the rare rock, syeno-gabbro and
syenite. The megacrysts range in size from several millimeters to several tens of centimeters
in maximum dimension.

The relatively finer-grained matrix feldspar of all of the rocks is rather similar to that of
the megacrysts,

Feldspar megacrysts in all structural facies contain rodlets and platelets of hemo-ilmen-
ite or ilmeno-hematite up to a few tens of microns in diameter or width (Fig. 3). The
amount of opaque inclusions in the various megacrysts are given in table 1.

(b) (Hemo-) ilmenite occurs as irregular grains associated with other dark minerals in
all rocks and facies. In addition to hematite and ilmenite, the hemo-ilmenites also contain
occasional lamellae of magnetite.

Wherever hemo-ilmenite is adjacent to ilmeno-magnetite, a relict zoning is observed:
the hematite lamellae of the hemo-ilmenite become gradually thinner and less continuous
and finally disappear altogether as the contact with the ilmeno-magnetite is approached.
No relict zoning exists adjacent to any of the silicates. In addition there is, in many cases,
an irregular and thin zone of spinel immediately to the hemo-ilmenite side of the grain
boundary with ilmenomagnetite.

In some core facies rocks there is an apparent relationship between the bulk composi-
tion of the hemo-ilmenite and its grain size. Grains smaller than about 0.2 mm in diameter
are usually richer in hematite; and in many cases they are ilmeno-hematite.

(¢) Tlmeno-magnetite. The ilmenite lamellae in the ilmeno-magnetites are 5 to 20 mi-
crons wide and are widest in the coreand border facies. Spinel occurs within the ilmenite
lamellae in patches and also as independent lamellae (»=1.783) in the ilmeno-magnetites.

There is less than 0.1 per cent ilmeno-magnetite in noritic anorthosite (sample A569) of
the core facies. Where observed it is associated with orthopyroxene and hemo-ilmenite, but
not necessarily with quartz.

In the massive hemo-ilmenite deposit, magnetite is similarly rare and occurs primarily
as lamellae in hemo-ilmenite and as small grains associated with pyrite.

(d) Pyroxenes. Orthopyroxene is common to all rocks and facies and generally has
exsolution lamellae of clinopyroxene parallel to (100}, but in some oxide-rich gabbro and
syenite some grains have exsolution lamellae parallel to the (001) plane of a monoclinic
ancestor.

Clinopyroxene is rare in core facies where its presence may be due to recrystallization
after exsolution from orthopyroxene. Its abundance increases in gabbroic anorthosite,
oxide-rich gabbro and syenite where it is commonly schillered by opaque platelets and may
contain fine exsolution lamellae of orthopyroxene.

Other minerals. Biotiteis a minor, but ubiquitous, constituent of all rocks except syeno-
gabbro and syenite in which it is altogether absent.

Apatite is another minor, but ubiquitous, constituent of all rocks. It is particularly
abundant in the oxide-rich gabbros and in the massive ilmenite deposit.

Pyrite is present in very minor amounts and is typically associated with the iron-
titanium oxides and other sulfides, namely chalcopyrite and pyrrhotite.

Zircon is common as irregular grains associated with ilmeno-magnetite and hemo-
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ilmenite in the oxide-rich gabbros. It is also present in some gabbroic anorthosites of the
Sault-aux-Cochon complex. Stout crystals of euhedral zircon occur together with minor
amounts of anhedral zircon in the syenites.

Rutile is of rare occurrence in some oxide-rich gabbros and in the massive ilmenite
deposit.

Quartz was identified in all of the major feldspathic rock types. Small amounts are
associated with the aggregates of dark minerals, especially orthopyroxene; quartz is abun-
dant only in rare, isolated pockets of perthite, quartz and pyrite which are surrounded by
turbid feldspar, chloritized orthopyroxene, and leucoxenic ilmenite.

Calcite is the most common carbonate but is found only in certain layers in the border
facies, in the oxide-rich gabbros and in the massive ilmenite deposit. Siderite is present
locally and may be accompanied by ankerite,

Corundum, spinel, and sillimanite are minor minerals found only in the massive ilmenite
deposit.

ANALYTICAL METHODS

Feldspar, apatite, biotite, pyroxene and iron-titanium oxide mineral
separates were obtained from seven rock specimens by means of heavy
liquids, Frantz magnetic separator and hand picking.

Refractive index determinations. Plagioclase refractive indices were deter-
mined by a universal stage technique similar in all essential aspects to
that described by Smith (in Hess, 1960). The refractive indices of the
orthopyroxenes were determined by the flat stage rotation technique of
Hess (1960).

Structural stale determinations. The structural state parameters Gamma
(Smith and Gay, 1958) and Delta (Yoder and Smith, 1956) were deter-
mined on a Norelco diffractometer at Princeton University using a spin-
ner attachment.

Some variation in the character of the (131) plagioclase peak from
identical samples is believed due to the irregular effect of grinding on
liberating orthoclase from antiperthite. The (131) orthoclase peak and
the (131) plagioclase peak nearly coincide in this composition range.

Chemical analyses. All feldspar, apatite and the larger iron-titanium
oxide mineral separates were analyzed by Zoltan Katzendorfer and
Henri Boileau at the laboratories of the Quebec Department of Natural
Resources, using mostly classical methods. The smaller iron-titanium
oxide mineral separates and the biotites were analyzed by Y. Chiba at
the Japan Analytical Chemistry Research Institute, Tokyo, using rapid
methods of analysis. The ilmeno-magnetite separated from AA252 was
split and analyzed by both laboratories to provide an internal basis of
comparison.
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Electron microprobe analyses. Selected feldspars were analyzed for Ca,
Na, K, Ba, Sr, Fe and Ti on the ARL electron microprobe at the Univer-
sity of Chicago using feldspar and ilmenite reference standards. The
ortho and clinopyroxenes were analyzed for Ca, Mg, Fe, Mn, Al, and Ti
using pyroxene, feldspar and ilmenite reference standards. The analyses
were corrected for background and matrix absorption (Birks, 1963) but
not for atomic number effects.

Rodlets of hemo-ilmenite and ilmeno-hematite in selected antiperthite
and plagioclase megacrysts were analyzed on the electron microprobe
after attempted homogenization by heating in air for about 30 hours
at 850° C.

Oxygen isolope analyses. Aliquots of the analysed feldspar, apatite and..
iron-titanium oxide mineral separates were reacted with bromine penta-
fluoride at temperatures of about 475, 620 and 620° C. respectively, ac-
cording to the technique described by Clayton and Mayeda (1963). The
oxygen yields from the reactions were 100 per cent within about 2 per
cent. The oxygen was converted to carbon dioxide and analyzed in a
double-collecting Nier type mass spectrometer (Nier, 1947, McKinney
et al., 1950). The results are reported in (per mil).

5= [Ols/olesample — Ols/ols.standard

1000
Olg/olsstand:\rd ] 2

The reported deltas were corrected for spectrometer valve mixing and
C13/C® ratio according to the equations of Craig (1957) and are relative
to the standard mean ocean wajt;e‘r (SMOW) standard of Craig (1961).
The deltas are precise relative to one another within 0.2 per mil, but their
accuracy relative to SMOW depends upon the accuracy of the carbon
dioxide-water fractionation determined by Compston and Epstein(1957).

Calculation Procedures. The molecular per cents of An, Ab and Or in the
chemically analyzed feldspars were calculated from the reported amounts
of Ca0, Nay0, and K,0 and normalized to 98.0 per cent total to make
allowance for the amounts of SrO and BaO reported in A9b and A128.

The BaO/K,0 ratio for the total feldspar of A604 was calculated from
the electron micro-probe analysis of the orthoclase rodlets in antiperthite
and normalized to the wet chemical values of the other feldspars by
using the BaO/K,0 ratio obtained by probe for the orthoclase rodlets in
the antiperthite of A408 and the classically analyzed BaO/K,O ratio of
the feldspar from A408.

The molecular compositions of the analyzed (hemo-) ilmenites and
ilmeno-magnetites were computed in terms of ilmenite (Il) and hematite
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(Hm) and magnetite (Mt) and ulvospinel (Usp) according to the scheme
outlined by Buddington and Lindsley (1964) except that they were not
normalized to 100 per cent totals but left as the actual mole fractions.

The analyses of the ilmeno-magnetite from A569 and A604 were cor-
rected for impurities (2.69, hemo-ilmenite+1.0%, orthopyroxene in

TaBLE 2. ANALYSES OF LABRIEVILLE FELDSPARS

Al A9bt Al28  A1281  A168 AA252  A408 AS69 Afib4

SiO: 58.60 58,92 58.21 59.08 62.13 59.50 59,21 58,76 58.94
AlOg 24.68 25.09 24.91 25.02 21.73 23.95 24.54 25.03 24.85
03 n.d. 0.08 n.d,

MgO 0,04 0. n.d. n.d. n.d. nd.
Ca0O 7.55 7.14 7.18 7.07 3.48 6.47 6.69 7.38 7.20
SrO 0.16 0.39 0.15 0.47 n.d. nd. n.d. n.d. n.d.
BaO 0.11 0.11 0.13 0.13 0.39 0.14 0.11 0.07 0.07
K:0 1.38 1.32 1.33 1.30 5.38 1.48 1.55 1.41 1.51
Na20 6.31 5.97 6.76 6.26 5.78 6.83 6.48 6.46 6.43
FeO 0.08 0.06 0.05 0,06 0.03 0.08 0.19 0.12 0.08
Fe:03 0.23 0.24 0,23 0.24 0.31 0.030 0.23 0.07 0.16
TiOz 0.025 0.08 0.027 0.08 0.020 0.028 0.006 0.017 0.015
MnO 0.002 0.002 0.001 0.002 n.d nd nd. n.d. n.d.
P20s 0.02 0.02 0.02 0.01 0.014  0.02 0.02 0.02 0.02
V205 0.001 n.d. 0.001 nd, n.d. n.d. n.d n.d. n.d.
H.0+ 0.11 0.05 0.20 0.17 0.09 0.12 0.20 0.10 0.16
Total 99,30  99.42 99.20 99.97 99.35 98.64 99.23 99 .44 99 .43
CaAlsSi»Ogt 36.3 36.1 34.0 34.9 16.9 3132 32.8 35.4 34.7
SrAl:SizOs 0.4 1.1 0. 13 n.d. n.d. n.d. n.d n.d
BaAlSisOs 0.2 0.2 0.2 0.2 0.7 0.3 0.2 0.1 0.1
KAISizOs 7.9 8.0 i 7.6 31.1 8.3 9.0 8.0 8.7
NaAlSizOs 54.9 54.6 57.9 55.9 50.8 59.6 S 56.0 56.0
100Ba0/k:0 8.0 8.3 9.8 10.0 =2 9.5 7.1 5.0 4.62
Fe#t/Fedt+Fert 0.72 0.75 0.67 0.75 0.90 0.77 0.52 0.21 0.47
 40-80 mesh.

2 Value believed in error: microprobe analysis of orthoclase rodlets suggests 100BaO/K 20 =7.2 by com-
parison with A408,
8 Molecular percents.

A569 and 8.19, hemo-ilmenite in A604) before calculating their molar
compositions or their V,0;/Fe,O; ratios and distribution coefficients.
Chiba reports 1,05, whereas the Quebec analysts report Vo0;. Chiba’s
1,05 determinations were converted to comparable V205 values by nor-
malizing according to the ratio of Vy0,/1,05 (i.e. 0.5) reported by the
Quebec analysts and Chiba respectively on AA252 ilmeno-magnetite.

RESULTS

(a) Feldspars. The standard chemical analyses of the feldspars are
presented in Table 2; the electron micro-probe analyses and least refrac-
tive indices are listed in Table 3. For the most part the antiperthites have
relatively consistent compositions of about An 35 Or 8, however, the



LABRIEVILLE ANORTHOSITE 1681
BaO/K,0 ratio of the antiperthites increases from 5.0 to 9.8 from core

facies noritic anorthosite to oxide-rich gabbro in the Sault-aux-Cochon
complex. Plagioclase megacrysts have slightly more variable composi-

TaBLE 3. FELDSPAR MICROPOBE ANALYSES

Ab An Or Cn S0 Fe Ti Hm nee An
A9bP 38.7 3.2 0.25  0.081 1.5472  36.5
A9HPM 57.7  37.5 3.8 0.27  0.087  0.007 33 1.5465 35
A9bK 6.6 87.3 3.8 0.27  0.026
A117PM 38.0 2.8
A117PM 36.5 2.8 0.16  0.027 12y 1.5469 36
A117PM 33.0 2.8
A117PM 28.0 231
A117PM 27.5 2.5
A117PP 22,53 0.1 0.12  0.029
A117PP 20.2 0.3
A117KP 0.2 91.8 0.21  0.021
A128P 36.4 4.9 0.31  0.075 1.5475 37
A128PM 57.6  36.9 5.4 0.27  0.083  0.009 17 1.5466 35
A128K 6.2 0.7  83.7 5.1 0,39 0.021
A168PM 56.1  38.2 2.6
A168PP 73.5  26.8 0.2 c.11  0.050 1.5425 27
A168KP 5.8 0.2 898 0.22  0.017
AA241P 61.5  36.9 2.2 1.5460 34
AA241PM 54.0  37.6 3.2 65 1.5474 37
AA241K 8.3 0.6  87.4 %2
AA252P 60.5 34,6 3.1
AA252PM 56.8  39.5 4.5 0.23  0.090  0.012 38 1.5475 37
AA252PP 34.4 1.8 0.20  0.086
AA252KP 0.2 93.8 0.30  0.032
A408P 36.2 3.0 0.26  0.070 1.5470 36
A408PM 59.2  36.1 3.8 0.25  0.095  0.010 57 1.5468 36
A408K 6.9 0.6 89.0 a3
A569P 56.8  37.6 3.4 0.26  0.10 1.5466 35
A591P 36.7 3.1 0.25  0.081 1.5463 35
A591PM 36.0 3.6 0.23  0.086 (75) 1.5466 35
AS91K 0.2 97.5 0.27  0.021
A604P 37.6 3.2 0.26  0.091 1.5473  36.5
A604PM 57.3  38.3 4.1 0.25  0.080 1.5475 37
A604K 5.5 87.8 3.3 0.24  0.022

Abbreviations: P =average plagioclase, PM =plagioclase phase of plagioclase or antiperthite megacryst,
K =orthoclase occurring in auntiperthite, PP =plagioclase phase of mesoperthite, KP =potassium feldspar phase
of mesoperthite. Also. Hm —average mol per cent Fe;Os in rhombohedral oxide inclusions in megacrysts, An
deduced from the reported refractive index a according to the curve of Hess (1960).

1 Values in parentheses visual estimates.

tions about An 38 Or 4. In particular the Or contents of plagioclase
megacrysts in the oxide-rich gabbros and syeno-gabbro are greater than
they are in syenite. Plagioclase megacrysts in syenite are zoned adjacent
to mesoperthite rims: as the mesoperthite rim is approached, the plagio-
clase becomes less calcic and less potassic. The composition of the
plagioclase phase in mesoperthites varies between An 20 Or 0.2 and An
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34 Or 1.8. The potassium feldspar phase occurring as antiperthite and
mesoperthite is rather similar in composition: about Or 90 Ab 7. The
potassium feldspar in antiperthite and mesoperthite is generally slightly
richer in strontium and much poorer in iron than the plagioclase asso-
ciated with it.

Spot analyses were made along a profile crossing the contact between
the labradorite xenolith, AA242, and its host andesine antiperthite anor-
thosite. The results of this profile are shown in Fig. 2; the plagioclase
changes composition from An 55 to An 38 over a distance of about 3 mm,
most of the change occurring on the xenolith side of xenolith-host con-
tact as deduced from the first appearance of antiperthite.

= 0 I|:| T T !
m
g 2 Hg |
B
2 Ya
a0+ I L
| 1 | 1
| 2 3 4
mm.

Fi1G. 2. The feldspar compositional variation across the contact between a labradorite anor-
thosite xenolith (open squares) and the andesine antiperthite host (solid squares).

Structural state parameters, Delta and Gamma, of the plagioclases
are given in Table 4. All of the plagioclases are of low to low-intermediate
structural state.

Two powder photographs of potassium feldspar occurring in anti-
perthite in the oxide-rich gabbro (A128) revealed no splitting of the
(131), (130) or (111) lines. The potassium feldspar is therefore called
orthoclase (Goldsmith and Laves, 1954).

(b) Iron-titanium oxide minerals. The standard analyses of the ilmeno-
magnetite and (hemo-) ilmenite separates are given in Table 5 together
with the averages of the electron micro-probe analyses of the opaque in-
clusions in coexisting feldspar megacrysts. Compared to magnetites from
quickly cooled basic igneous rocks (Buddington and Lindsley, 1963), the
Labrieville magnetites have very low titanium contents. The hematite
content of the Labrieville (hemo-) ilmenites varies between 34 per cent
in core facies noritic anorthosite to 5 per cent in Sault-aux-Cochon oxide-
rich gabbro and syenite. The average hematite content of the opaque
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inclusions in feldspar megacrysts is always greater than in the coexisting
(hemo-) ilmenite in the groundmass, but is related to it as shown in
Fig. 3. Both the V;0;/Fe;0; ratio of the magnetites and the MnO/FeO
ratio of the ilmenites show large changes, both of which are correlated
with the BaO/K:O ratio of the antiperthites, as shown in Fig. 4.
Electron probe and oxygen isotope analysis of the ilmenite lamellae
in ilmeno-magnetite from the oxide-rich gabbro, Al28, revealed that the

TABLE 4. PLAGIOCLASE STRUCTURAL STATE PARAMETERS

Gamma Delta An Or
A9bP 0.40 1.73 38.7 3.2
A9bPM 0.32 1.70 37.5 3.8
A117PM 0.40 1.74 36.5 2.8
A128P 0.43 1.75 36.4 4.9
A128PM 0.41 1.74 36.9 5.4
A168PM 0.44 38.2 2.6
AA241P 0.37 1.72 36.9 2.2
AA241PM 0.35 1.71 37.6 3.2
AA252PM 0.39 1.73 39.5 4.5
A408P 0.40 1.73 36.2 3.0
A408PM 0.44 1.75 36.1 3.8
AS69P 0.39 1.73 37.6 3.4
A591P n.d. 1.72 36.7 3.1
A591PM 0.35 1.71 36.0 3.8
A604P 0.37 1.72 37.6 3.2
A604PM 0.34 1.71 38.3 4.1

Gamma = 26(220)+426(131) —46(131).
Delta=26(131)—28(131).
Abbreviations as in Tables 1-2.

lamellae have identical iron and titanium abundances and 0'8/0' ratios
to those of the coexisting ilmenite.

(¢c) Pryoxenes. The electron micro-probe analyses of the coexisting
pyroxenes are listed in Table 6, together with their refractive indices.
The iron content of the pyroxenes increases irregularly from core facies
noritic anorthosite to Sault-aux-Cochon syenite and correlates with the
V,03/Fe;0; ratio of the magnetites as shown in Fig. 4.

(d) Apatites. The standard chemical analyses of the apatites are listed
in Table 7. The rare earth and chlorine content of the apatites correlates
with the V,0;/Fe;O; ratio of the magnetites, Fig. 4.

(e) Biotites. Standard chemical analyses of the biotites are reproduced
in Table 8, together with their physical properties. The contents of water
plus fluorine increase from the core facies noritic anorthosite to the
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Fi1c. 3. Exsolution rodlets and platelets of rhombohedral oxide from feldspar. a: Inclu-
sions in antiperthite megacryst, A591 (estimated average composition=Hm 75). b: Inclu-
sions in antiperthite megacryst A92 (analysed average composition = Hm 53). ¢: Inclusions
in zoned plagioclase—antiperthite megacryst A128 (analysed average composition=Hm
17). d: The composition of oxide inclusions exsolved from feldspar (horizontal axis) plotted
against that of co-existing matrix (hemo-) ilmenite (vertical axis).
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oxide-rich gabbro in the Sault-aux-Cochon complex. Three of the ana-
lyzed biotites are deficient in water plus fluorine and are therefore
oxybiotites. The biotite from A128 oxide-rich gabbro is low in potassium
and high in water, suggesting hydronium substitution for potassium.

TABLE 6. PYROXENE ANALYSES

Clinopyroxenes
A9b  A128  A168 AA252 A408 AS69 A604

Ca 15.3 14.6 14.3 14.5 16.

6.3 15.6

Mg 6.7 6.7 4.9 6.2 7.1 6.5

Fe 9.4 9.6 13.8 10.5 8.0 9.4

Mn 0.24 0.33 0.33 0.30 0.23 0.25

Al 1.27 1.34 0.81 1.01 1.42 1.22

Ti 0.1t 0.16 0.12 0.12 0.17 0.16

Mol.: Mg/Mg+Fe 0.62 0.62 0.45 0.58 0.67 0.61

Orthopyroxenes

A9b  A128 A168 AA252 A408 AS569 A604

Ca 0.38 0.45 0.60 0.42 0.41 0.36 0.41

Mg 10.4 10.5 6.6 9.4 11.5 13.3 10.7
Fe 21,7 21,8 281 246 20.7 18.1 21.6
Mn 0.5 0.70 0.76 0.76 0.51 0.27 0.59
Al 0.56 0.70 0.38 0.52 0.76 0.89 0.69
Ti 0.07 0.08 0.08 0.07 0.09 0.08 0.09
b% 1.723 1.719 1.735 1.724 1.715 1.709 1.720
EN! 53 57 43 54 60 65 55
Mol.: Mg/Mg+Fe 0.52 0.52 0.35 0.47 0.56 0.63 0.53
Wt.: Mg/Mg+Fe 0.32 0.32 0.19 0.28 0.36 0.42 0.33
Wt.: Mn/Fe 0.025 0.032 0.027 0.031 0.025 0.015 0.027
(Mg/Mg+Fe)OPX
Mol: ——M 0.84 0.85 0.78 0.81 0.84 0.87

(Mg/Mg-+Fe)CPX

1 Mol percent enstatite deduced from the curves of Hess (1960).

Biotites from gabbroic anorthosite and oxide-rich gabbro in the Sault-
aux-Cochon complex are slightly richer in lithium than are those in the
border facies oxide-rich gabbro and core facies noritic anorthosite.

(f) Oxygen isotope analyses. The results of the oxygen isotope analyses
of the feldspars, apatites and iron-titanium oxide minerals are reproduced
in Table 9. There is a conspicuous correlation between the oxygen isotopic
compositions of the minerals and the modal abundances of iron-titanium
oxide minerals in the rock samples which are plotted in Fig. 3.
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DiscussioNn

Recrystallization. In order to interpret the chemical and mineralogic at-
tributes of the Labrieville massif in terms of any primary processes, the
effects of recrystallization must be understood. The following summarized

)

’ . "6 =1000(MnO/FeO) limenite
20k y o\ O = 100(8a0/K,0) Feldspar |
s ® =10(Fe/Fe + Mg) OPX.
L o/ ‘. @ =100(CI/F +Cl) Apatite ]
\ A =|0(Ce+Y+Yb+EuU)Ap
L \A =(Ce/Y) Apatite =

/
17
1.
e a
1
1
[ ]
I
I
/
Ly
b

t000 (V,0,/F e, 0,) Magnetite

F16. 4. Various parameters of crystallization differentiation and
the V203/Fes0; ratio of magnetite.

observations indicate that recrystallization of the Labrieville rocks,
whereas profound on a scale of a few millimeters, has had no detectable
effect over dimensions much greater than a few centimeters.

The 3-mm wide rim of zoned plagioclase surrounding the labradorite
anorthosite xenolith demonstrates that extensive homogenization of the
feldspars is out of the question. Likewise the zoning of mesoperthite-
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TABLE 7. APATITE ANALYSES

A9h Al28a  A128b! A408 A408I1 B11-92 B11-131.5

P20; 40.81 39.92 39.92 41.39 40.85 41.59

CaO 54.82 4.1 54.23 54.68 53.69 53.14
MgO 0.08 0.10 0.11 0.11

MnO 0.04 0.07 0.04 0.02

IreO 0.00 0.06 0.06 0.06 0.19 0.53
Fex0y 0.17 0.00 0.10 0.00 0.24 0.40
Na,O 0.05 0.07 0.07 0.05

K0 0.01 0.01 0.01 0.01

Li;O 0.00 0.00 0.00 0.00

AlOs 0.10 0.06 0.16 0.06

Ti0, 0.02 0.02 0.02 0.008

SiO; 0.53 0.51 0.57 0.01 0.30 0.11
F 3.00 3.10 3.38 3.38 3.66 3.55 3.52
Cl 0.18 0.21 0.20 0.08 0.12 0.10 0.09
H,0 total 0.23 0.18 0.13 0.15 0.39 0.45 0.37
CO: 0.00 n.d. 0.03 0.06

Sr 0.10 0.15 0.16 0.08

Ba 0.001 0.001 0.001 0.001

Ce 0.31 0.60 0.58 0.16 0.07 0.06 0.04
Eu 0.001 0.005 0.005 0.001 0.002 0.002 0.002
Y 0.15 0.21 0.18 0.10 0.09 0.04 0.04
Yb 0.006 0,007 0.007 0.003 0.004 0.002 0.002
z 100.61 99.38 99.96 100.41 99.60 99.83
less O for F, Cl 1.30 1.35 1.47 1.44 1.357 1.50
>t 99.31 98.03 98.49 98.97 98.03 98.33
Cl/F+Cl 0.057 0.063 0.056 0.023 0.032 0.028 0.025
Eu/Yb 0.2 0.7 0.7 0.3 0.5 1.0 1.0
Ce/Y 2.1 2.9 3.2 1.6 0.8 1.5 1.0
Y+Ce+Yb+Eu 0.47 0.82 0.77 0.26 0.17 0.10 0.08

! Not treated with 6:1 HNO;.

mantled plagioclase megacrysts in syenite is developed over a small di-
mension of a few millimeters. The greater Or content of the plagioclase
phase of antiperthite and plagioclase megacrysts compared to that of
matrix plagioclase and antiperthite indicates that equilibrium was limited
to a few millimeters during subsolvus cooling.

The difference between the chemical composition of opaque rodlets in
feldspar megacrysts and the composition of large grains of (hemo-)
ilmenite in the matrix of the rocks indicates that oxygen fugacity gra-
dients existed over dimensions of several millimeters during the early
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(pre-hematite-ilmenite exsolution) cooling history. Similarly, the relict
zoning of hemo-ilmenites adjacent to magnetite indicates the extremely
local influence of oxidation-reduction agents.

The systematically variable compositions of individual minerals con-

TABLE 8. BIOTITE ANALYSES

AS569 A408 A9Db A128
Si0: 37.89 38.37 3i7s71 35.78
AlO;3 14.03 12.92 13.52 13.39
Fez03 1.27 1.15 1.53 7.35
FeO 11.38 12.42 13.55 7.56
CaO 0.28 0.34 0.06 0.34
MgO 17.00 17.29 14.53 13.59
TiO: 5.24 5.03 5.55 6.29
Na;zO 0.25 0.20 0.13 0.19
K:0 9.70 9.21 8.97 6.54
Li;0 0.005 0.006 0.007 0.007
MnO 0.009 0.014 0.019 0.014
H-0 1.72 1.86 3.46 7.93
F 0.60 0.95 0.33 0.33
Total 99.37 99.76 99.37 99.51
2-(OH4-F) 0.98 0.26 0.19 0.0
1(004) /1(005) 0.734 0.54 0.61 0.64
B 1.633 1.632 1.642
uX1078 22 25 23

1(004)/I(005) =ratio of intensity of x-ray diffraction peaks measured by weighing cut-
outs of diffractrometer tracings. Samples were prepared by precipitating finely ground
biotite onto glass disks which were dried and x-rayed using a spinner attachment.

B=the refractive index of biotite flakes lying on a cleavage surface.

X 107¢=the mass magnetic susceptibility determined according to the method of
Hess in his notes on the operation of the Frantz Isodynamic Magnetic separator.

2—(OH+F) =the “oxy content” of the biotites calculated according to a unit biotite
formula of the form: K(Mg, Fe, Ti); x(Al, Fe, Ti)(Si, Al);0:0(OH, F, O)s.

clusively prohibit equilibrium communication between rocks during any
part of their crystallization and cooling history, since it is quantitatively
impossible to account for the compositional variations on the basis of
infra-rock redistribution of chemical components between the observed
minerals during recrystallization.

The correlation between the oxygen isotopic compositions of the sev-
eral minerals and the modal abundance of iron-titanium oxide minerals
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in the rocks indicates not only that redistribution of oxygen isotopes did
take place between coexisting minerals, but also that this redistribution
was limited to the local (modally unique) environment.

Crystallization and Differentiation (a) Oxygen isotope measurements. The
oxygen isotopic fractionation between coexisting (hemo-) ilmenite and
plagioclase is larger (about 4.5 per mil) than that observed between the
same minerals from the Skaergaard intrusion (about 3.3 per mil, Taylor

TABLE 9. OXYGEN ISOTOPE ANALYSES

Tlmenite
Fellgclllsll[:ar Mi;f:izasrts Apatite Ilmenite ~ Magnetite Lamellaein
- Magnetite
A9 7.4 7.1 2.4 0.9
A117 7.0
A128 8.0 7.6 7.2 3.0 1.8 3.0
Al68 7 2.1 =102
AA241 7.4
AA252 7.9 2.8 1.4
AA242 host 7.3
AA242 xenolith 7.0
A408 8.4 8.0 3.3 2.2
AS569 7.2 2.2 1.0
A391 7.0
A604 'S 2.0 1.0
B11-92 8.0 4.1
B11-166.5 4.8
B13-77-80 4.9

All numbers are per mil deviations from the SMOW standard of Craig (1961).

and Epstein, 1963) and suggests relatively lower temperatures of recrys-
tallization. However, there is a convincing correlation between the oxy-
gen isotopic composition of the (hemo-) ilmenites and the modal abun-
dance of ion-titanium oxide minerals in the rocks, Fig. 5. This correlation
is independent of the differentiation sequence and cannot be due to crys-
tallization differentiation of oxygen isotopes. The correlation is a natural
consequence of closed system, retrograde recrystallization: as tempera-
ture decreases the fractionation of oxygen isotopes between oxides and
silicates increases, and material balance within a locally closed system re-
quires that the resultant oxygen isotopic composition of all minerals
participating in the retrograde recrystallization reflects the modal com-
position of the rock. Accordingly all minerals in a rock initially rich in



LABRIEVILLE ANORTHOSITE 1691

iron-titanium oxide minerals will acquire an O'-rich composition as a
result of retrograde recrystallization relative to those in a rock initially
rich in feldspar. The (hemo-) ilmenite in an ilmenite rock will retain
the primary oxygen isotopic composition of the ilmenite, and the feld-
spar in a feldspar rock will retain its primary isotopic ratio; therefore,
the primary plagioclase-ilmemite oxygen isotopic fractionation may be

[ T T T T T T T T
5 ]

. . O (9] B
]
]
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8'?0/00 4 . -
3 e ® . Legend: |
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F16. 5. The oxygen isotopic composition of various minerals and the modal
abundance of iron-titanium oxide minerals.

deduced. From Fig. 5, it is about 2.0 per mil, or 1.3 per ml smaller than
that observed in the Skaergaard intrusion.! At high temperatures, the
magnetite-ilmenite fractionation is less than 0.5 per mil (Anderson,
in preparation), indicating that a primary plagioclase-magnetite frac-
tionation for the Labrieville anorthosite would be less than 2.5 per
mil, which is precisely the plagioclase-magnetite fractionation deter-

! Compositions of coexisting magnetite and ilmenite in the Skaergaard intrusion sug-

gest relatively low temperatures of (re) crystallization (about 900°C, Vincent and Phillips,
1954; Buddington and Lindsley, 1963).
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mined for a basalt (Anderson and Clayton, 1966). It seems safe to con-
clude that the primary separation of ilmenite from plagioclase in the
Labrieville anorthosite occurred at very high temperatures, as high
or higher than those characteristic of the crystallization of magnetite and
plagioclase in basalt (probably about 1100° C).

(b) Feldspars. The Labrieville antiperthites, like other antiperthites
(Sen, 1961), are compositionally similar to the potassic plagioclases of
rhomb porphyrites and of mugearites and hawaiites (Muir and Tilley,

TasLE 10. FELDSPAR COMPOSITIONS

Mol Mol Mol Wt Wt Wt Wi BaO
% % % % % % % Wt——X100 Locality Refl
An Or Cn SrO Fe Ti0: BaO KiO

Anorthosite 48.

1 3.6 0.18 0.16 0.04 0.02 3.5 Adirondack, N. Y. 1

Rectangle Porphyry 44.7 7.8 0.16 0.37 0.13 9.5 QOslo graben, Norway 2
Charnockite 37.7 6.3 Madras, India 3
Ferro Gabbro 41.0 2.7 0.41 0.50 0.00 Skaergaard, Greenland 4
Granodiorite 372 1.9 0.08 0.03 0.02 0.03 9.4 Crestmore, Calif. 1
Andesite 35.4 4.4 0.33 0.30 0.097 Germany 2
Alkali Basalt 41.9 5.8 0.30 0.41 0.092 Germany 2
Hawaiite (4) 33.3 11.8 Mauna Kea, Hawaii 5
Mugearite (17) 26.7 11.1 Puukawaiwai, Hawail 5
Trachyte (6B) 37.5 6.7 Tristan da Cunha fs
Rhomb Porphyry 34.7 11.5 0.36 0.38 0.14 0.16 8.1 Oslo graben, Norway 2
Anorthosite (9b) 36.1 8.0 0.39 0.22 0.08 0.11 8.3 Labrieville, Que. 7
Pitchstone (12B) 15.5 7.8 Antrim, U. K. )
Mugearite (17) 15.6 20.6 Mauna Kea, Hawaii 3
Hawalite (4) 11.6 27.9 Puukawaiwai, Hawaii 3
Trachyte (6A) 2.4 50.2 Tristan da Cunha [
Pitchstone (12A) 2.2 66.1 Antrim, U. K. &
Syeno-gabbro 21 38 0.25 0.1 Labrieville, Que. 7
7

Syenite 17 31 0.7 7.2 Labrieville, Que.

1 References: 1 Emmons (1953); 2 Sen (1959 and 1960); 3 Howie (1955); 4 Wager and Mitchell (1951); §
Muir and Tilley (1961); 6 Carmichael (1963 and 1965); 7 this paper.

1961). Andesines in granodiorites, quartz monzonites and granites and
their volcanic equivalents are generally much less potassic (Sen, 1961;
Carmichael, 1960). Some typical feldspar compositions are listed in Ta-
ble 10 for comparison. Sen (1961) concluded that the relatively high
potassium contents of antiperthites most probably result from high tem-
peratures of crystallization with bulk liquid composition playing a sec-
ondary role.

The normative plagioclase in the mugearite and hawaiite described by
Muir and Tilley (1961) is only a few per cent poorer in An than the
corresponding plagioclase. Likewise, the deduced normative plagioclase of
the Skaergaard residual liquid was only slightly more sodic than the crys-
tals in the andesine range (Wager, 1960). In contrast, the Ab/An crystal
liquid fractionation in the pure plagioclase system is about 30 per cent
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at a crystal composition of An 35 (Bowen, 1913). Therefore, it is likely
that the relatively constant An/(Ab-+An) ratio of plagioclase and anti-
perthite in the Labrieville massif is a result of a relatively small crystal-
liquid fractionation of An relative to Ab.

The mesoperthites in the syeno-gabbro (AA252) and syenites(A168
and A117) are compositionally similar to the anorthoclase found in
larvikite (Muir and Smith, 1956) and mugearite and hawaiite (Muir and
Tilley, 1961).

Yoder, Stewart and Smith (1957) pointed out that the slope of the
feldspar tie lines in the Ab, An, Or system is a fair indicator of water

40 x ~ ~ ~

AA 252 Mesoperthite
(60:40)

l A 168 Mesoperthite
A\ (50:50)

\ -~
\s\‘\\\
All7 Mesoperthite AT :Q~\
R — . F e~
(50:50) =
AB 20 40 60 80 OR

Fi16. 6. Labrieville feldspar compositions. (The proportions of plagioclase and potassium
feldspar in the mesoperthites were determined by point count analysis of polished single
crystals at 2400X magnification.)

pressure (or temperature) of crystallization. The coexisting feldspars in
the mesoperthite and plagioclase bearing rocks of the Labrieville massif
have tie lines suggesting relatively low water pressures (or high tem-
peratures) of crystallization.

The analyzed feldspars of the Labrieville massif are plotted on Fig. 6.
Judging from the location of the feldspar tie lines from the syenite,
A168, and the syeno-gabbro, AA252, the liquid from which these feldspars
crystallized had a composition which would plot to the Ab side of the tie
lines. Using the bulk feldspar analyses of these two nearly mono-felds-
pathic rocks as a rough guide, the more highly differentiated syenite
liquid was richer in Or than the syeno-gabbro parent liquid.

A diagrammatic pseudo-binary projection of the presumed course of
feldspar crystallization in qualitative terms is given in Fig. 7.

The positive correlation between An and Or content of the plagioclase
phase of mesoperthite-mantled plagioclase megacrysts in syenite suggests
that the Al/Si ratio of the feldspar controlled the extent of exsolution of
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orthoclase: the higher the Al/Si ratio of the primary feldspar, the more
difficult and sluggish the exsolution of orthoclase.

Both the orthoclase occurring in antiperthite and that occurring in
mesoperthite is much poorer in Fe than the plagioclase phase. There is
a crude positive correlation between the ratio: Fe(plagioclase) Fe/(ortho-
clase) and the An content of the plagioclase, suggesting that the distribu-
tion of iron between plagioclase and orthoclase is compositionally con-
trolled: the more aluminous the plagioclase, the more the available
substitutional sites for iron, thus more iron.

Similarly the distribution of strontium between plagioclase and ortho-

AN40
AB 60

F16. 7. The crystallization trend of Labrieville feldspars, schematic.

clase reflects the An content of the plagioclase: the more the substitu-
tional (Ca) sites in the plagioclase, the higher is the ratio: Sr(plagio-
clase)/Sr(orthoclase).

The BaO/K;0 ratio of the Labrieville feldspars changes by a factor
of two throughout the lithologic sequence. Whether this is to be regarded
as a large or small change depends upon the fractionation factor relating
the BaO/K,0 ratio in the feldspar crystals and the liquid from which
they crystallized. Values of (BaO/KsO)feldspar/(BaO/K,0) liquid
(hereafter called R1) are listed below:

Or An R1 Reference
2.8 55.7 0.98 Walker, Vincent and Mitchell, 1952
2 54 0.35 Wager and Mitchell, 1951 (B, table 6, p. 154)
3 40 11 Wager and Mitchell, 1951 (D, table 6, p. 154)
2 37 2.8 Wager and Mitchell, 1951 (E, table 6, p. 154)
S 17 2.67 Carmichael and McDonald, 1961 (8F and 12G)
12 11 >3.75 Carmichael and McDonald, 1961 (7F and 3G)
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An obvious correlation exists between An and R1. Although interpolation
of this data ignoring data points at An 37 and An 11 suggests an Rl value
slightly greater than 1 for the Labrieville antiperthites, it is concluded
that Rl was, in fact, less than 1, since an increase in BaO/K,0 is ob-
served. Assuming Rl equal to 0.5 as a lower limit, the Rayleigh distilla-
tion equation shows that an increase in BaO/K,0 by a factor of 2 requires
that at least 75 per cent of the feldspar components present in the liquid
when the rock A569 crystallized must have crystallized by the stage of
crystallization of oxide-rich gabbro A128. In these terms the observed
two-fold increase in BaO/K,0 in the antiperthites is large and requires
a great deal of fractional crystallization of feldspar constituents with a

TABLE 11. FRACTIONATION STAGES

A569 A408 AG604 A9b A128 A252 A168 Basis
f(PL) 100 50 54 39 26 38 (BaO/K20)XL/(BaO/Ky0)LIQ =0.5
f(PL)* 100 7 10 3 .6 .8 (BaO/K+0)XL/(BaO/K-0)LIQ =0.87

f(PX) 100 56 44 40 41 24 7 (MgO/MgO+4FeO)XL/(MgO/MgO+FeO)LIQ =1.39
f(0X) 100 74 62 61 44 44 16 (V20y/FedO09)XL/(V203.Fex05)LIQ =1.67

Rase 1 Rerystat 4 on_pe
f= (*f* exp | —— ) wherea = YRS, assumed constant during crystallization, and where R
R l—a Riiquid

may be any of the listed ratios.

f(PL, PX, OX) =fraction of plagioclase, pyroxene or oxide constituents remaining in the liquid at each rock
stage relative to A569.

less than 25 per cent approach to equilibrium crystallization. Fractiona-
tion stages for the various rocks calculated according to the above as-
sumptions are given in column 1 of Table 11:

The BaO/K;0 ratio of the mesoperthite in A168 syenite is smaller
than it is in oxide-rich gabbro and mesoperthite gabbro. This is expected
in view of the probably large value (>1) of the Rl fractionation factor
between an alkali feldspar and liquid, which would cause the residual
liquids to become depleted in barium relative to potassium.

Papezik (1965) reports increasing Ba/K ratios in the progressive dif-
ferentiation sequence: anorthosite, gabbroic anorthosite, oxide-rich
gabbro (called ferrogabbro by him) of the Morin anorthosite which has
plagioclase mostly near An 48. The Ba/K ratios found by Papezik in-
crease by a factor of 4. The smaller increase by a factor of 2 in the Labrie-
ville anorthosite can easily be explained on the basis of a primary frac-
tionation factor (RI) closer to 1 due to its more sodic plagioclase.
Papezik pointed out that the Ba/K ratios correlate positively with the
Co/Ni ratio and negatively with the cr/Fe3* ratio of the rocks.

Although a ratio of R1=0.5 was assumed to calculate the minimum
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amount of feldspar crystallization, this value is unreasonably small in
view of Papezik’s (1965) data on the Morin anorthosite, suggesting it to
be at least 94 per cent perfectly fractionated at the ferrogabbro stage if
the same RI=0.5 is assumed. If Rl is assumed to be 0.7 for the Morin
anorthosite (a better assumption in the light of published data; see
above), then the Rl factor for the Labrieville anorthosite would be 0.87
to achieve the same degree of fractionation at the ferrogabro or oxide-
rich gabbro stage. According to these fractionation factors, the original
BaO/K,0 ratio for the Labrieville liquid would have been 0.059 and for
the Morin liquid 0.050 compared to 0.046 for Antarctic mugearite, 0.042
for hawaiite and about 0.034 for tholeiite and alkali olivine basalt (Gunn,
1965). If the Labrieville anorthosite came from a source similar to that of
basaltic rocks, then it is either a highly fractionated residuum (less than
30 per cent of the original liquid) or a product of less complete partial
fusion.

The average compositions of rodlets and platelets of rhombohedral
oxide occurring in feldspar megacrysts in core and border facies anortho-
site and gabbroic anorthosite is approximately 70 per cent hematite
(Fig. 3).! Later rock types have megacrysts whose hemo-ilmenite inclu-
sions are poorer in hematite and decrease to about 15 per cent in syenite.
In all cases, there is a higher proportion of hematite in the opaque rodlets
exsolved from feldspar megacrysts than there is in coexisting matrix
(hemo-) ilmenite. Since the titanium remaining in solid solution in the
feldspar is trivial (Table 3) and since the iron in the feldspar lattice is con-
stant within about 10 per cent of the amount present (Table 3), it is con-
cluded that the compositional difference between the opaque rodlets and
the matrix (hemo-) ilmenite is due to exsolution of iron and titanium
oxides from a ferri-titano-ferrous plagioclase ancestor and that the
rodlets derived their compositions from the ferrous and ferric iron and
titanium ratios of the plagioclase ancestor.

Several megacrysts contain exsolved opaque rodlets with an average
composition near the crest of the hematite-ilmenite solvus. Carmichael’s
(1961) determination indicates that the crest lies at about 950° C. Even
allowing for an undercooling of 100° C., the compositions of the hemo-
ilmenite and ilmeno-hematite rodlets require exsolution from their plagio-
clase host at temperatures above 850° C., a conclusion which is in agree-
ment with Sen’s (1960) data indicating that only at quite high tempera-
tures is as much as a few tenths of a per cent of iron and titanium ac-
cepted into the plagioclase lattice.

1 Although the opaque inclusions occurring in silicates usually are not positively iden-
tified, as early as 1936 Newhouse identified the opaque inclusions in anorthosite feldspars,
and his published photograph (Plate 12, Fig. 2) clearly reveals their highly hematitic
nature.
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(¢) Structural state measurements. The plagioclase phase of the
Labrieville feldspars has a low structural state indicative of slow cooling.

Although the plagioclase phase has a low structural state, the potas-
sium feldspar in antiperthite has the properties of orthoclase (Goldsmith
and Laves, 1954) rather than microcline. The cause of this is unknown.

(d) Iron-titanium oxide minerals. With two exceptions, the composi-
tions of coexisting ilmeno-magnetites and (hemo-) ilmenites cannot be
used to deduce actual temperatures and oxygen fugacities of equilibra-
tion because the compositions plot in the highly oxidizing, uninvesti-
gated part of Lindsley’s diagram (Buddington and Lindsley, 1964). The
two exceptions are the Sault-aux-Cochon oxide-rich gabbro, A128 (about
620° C., 1071%% atm fo,), and syenite, A168 (640° C., 107188 atm fo,).

The I'e;O; content of matrix (hemo-) ilmenite decreases progressively
from about Hm 34 in core facies anorthosites and noritic anorthosite to
about Hm 6 in Sault-aux-Cochon oxide-rich gabbro and syenite. Several
factors may contribute to the composition of (hemo-) ilmenite in any
particular rock:

(1) granule exsolution of relatively ferric iron-rich hemo-ilmenite or ilmeno-hematite
from feldspar;

(2) granule exsolution of relatively Hm poor ilmenite from ilmeno-magnetite;

(3) loss of ferric iron in primary (hemo-) ilmenite consumed by the oxidation of ulvo-
spinel in (magnetite+ulvospinel) solid solution according to the reaction: Fe:O3
+Fe,TiOy=Fe;04+FeTiOs;

(4) reduction of primary ilmenite by water during cooling.

Since most of the rocks studied contain more than several times as
much (hemo-) ilmenite as could be derived by means of granule exsolu-
tion of feldspar (Table 1), the quantitative effect of such a process is gen-
erally negligible. However, most of the core facies rocks contain less than
about 1 per cent rhombohedral oxide. Areal analysis of polished slabs of
A569 and A3591 revealed only 0.5+0.1 and 0.84+0.1 per cent hemo-
ilmenite respectively, relative to 100 per cent feldspars. If the feldspar in
AS569 initially contained 0.2 per cent of iron-titanium oxide of the likely
composition of Hm 75, complete exsolution would contribute 0.15 per
cent hematite to the matrix hemo-ilmenite. The amount of hematite in
matrix hemo-ilmenite in A569 is 0.17 per cent. Obviously such a process
might account for the present Hm-rich composition of the matrix hemo-
ilmenite in the core facies. However, if the major part of the matrix
hemo-ilmenite were derived ultimately from feldspar, then the composi-
tion difference between exsolution rodlets and matrix hemo-ilmenite
would be greatly diminished in rocks poor in matrix hemo-ilmenite. In
fact, the composition difference is just as great in AA241 and A591 as it is
in A408 (there are no megacrysts in A569). The solution to this paradox
appears to lie in the two sorts of matrix rhombohedral oxide evident in
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core facies rocks: one sort occurs as relatively large masses (more than a
few square millimeters on polished surface) associated with pyroxene,
biotite and apatite. These larger masses have a composition near Hm 30.
In addition there are appreciable quantities of intergranular rhombo-
hedral oxides which cover relatively small areas (less than one square
millimeter) in many of which the predominant phase is hematite and the
bulk composition is near Hm 70. It appears likely that the separation
procedure used to obtain a rhombohedral oxide separate from A569
selectively concentrated hemo-ilmenite from the large masses of rhombo-
hedral oxide in the rock. Therefore, it is concluded that the analysed
composition of A569 hemo-ilmenite fairly adequately reflects the compo-
sition of the primary rhombohedral oxide in that rock and that occur-
rences of intergranular ilmeno-hematite represent recrystallized rhombo-
hedral oxide exsolved from feldspar.

In rocks such as the oxide-rich gabbro, A128, and syenite, A168, in
which ilmeno-magnetite is the predominant iron-titanium oxide mineral,
the possibility exists that significant amounts of ilmenite have been added
to the matrix (hemo-) ilmenite by external granule “exsolution” of
ilmenite from magnetite (see Buddington and Lindsley, 1964). If cooling
occurs under dry, closed system conditions, then the primary ferrian
ilmenite and titaniferous magnetite will react according to the equation
Fe;034Fe; TiOs= Fe;0,+FeTiO; because of the opposing trends of the
two isocompositional cooling curves in terms of oxygen fugacity (Fig. 8).
On the other hand, the cooling of water at constant Hs/H,O ratio (or
constant bulk composition), although slightly reducing relative to the
isocompositional cooling of ilmenite, is strongly oxidizing relative to the
isocompositional cooling of titaniferous magnetite. Buddington and
Lindsley (1964) point out that although a small proportion of water to
titaniferous magnetite suffices to oxidize ulvospinel to ilmenite and
magnetite, a much higher proportion of water to ferrian ilmenite is re-
quired to accomplish any reduction of ilmenite during closed system
cooling of a rock. In a rock containing both primary titaniferous magne-
tite and ferrian ilmenite together with a small proportion of water, the
composition of the primary ilmenite will largely govern the oxygen
fugacity of the environment during cooling, the water serving to supply
the oxygen needed to oxidize the ulvospinel. Therefore, in contrast to
dry, closed system cooling, cooling in the presence of water and ferrian
ilmenite in a closed system will produce ““exsolved” ilmenite (from oxida-
tion of titaniferous magnetite) identical in composition to that already
present in the rock, and there will be no net effect on the resultant com-
position of the final (hemo-) ilmenite.

Apparently the proportion of titaniferous magnetite to water will
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F1G. 8. The oxygen fugacity—temperature crystallization trend of the Labrieville massif
compared to various univariant curves. Curves 1-4 are copied from Buddington and
Lindsley (1964), curves 5-8 calculated from the data of Muan and Osborn (1956), curves
9 and 10 from Wriedt and Chipman (1956), curve 11 was taken from the tabulation of
Wagman ef al. (1945). The points labeled a—d correspond to the following compositions:
a (Hm 12), b (Hm 37), c (Hm 45), d (Hm 80) and were obtained from the data of Webster
and Bright (1961) at 1200° C and Taylor (1964) at 1300° C. The lines A’~A and B’-B are
possible crystallization paths for the Labrieville massif. The curves are: 1) Usp 80, 2) Usp
60, 3) Hm 10, 4) Hm 100-+Mt 100, 5) tridymite+pyroxene+magnesioferrite+liquid,
6) olivine-+pyroxene4magnesioferrite+liquid, 7) tridymite-olivine4-magnesioferrite
+liquid, 8) olivine+pyroxenetridymite+liquid, 9) Ni melt containing 0.2% oxygen,
10) Fe melt containing 0.2, oxygen, 11) HyO-+H,+0,, Ha/H20 constant.
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determine how much reduction of ferrian ilmenite takes place during
subsolidus cooling of ferrian ilmenite plus titaniferous magnetite as-
semblages. The selective zoning of hemo-ilmenites adjacent to ilmeno-
magnetite suggests that the ferrian ilmenites served as oxidizing agents,
at least during the final stages of oxidation of the titaniferous magne-
tites.! Likewise, the absence of magnetite associated with the ilmeno-

! The compositions of the ilmeno-magnetites suggest, in the light of Lindsley’s experi-
ments (Buddington and Lindsley, 1964), that the zoning of hemo-ilmenite adjacent to
magnetite developed either below about 600° C. or in association with magnetites which
contained considerably higher proportions of ulvospinel in solid-solution than is now in-
dicated by the existing ilmenite lamellae in the coexisting ilmeno-magnetites.
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hematite and hemo-ilmenite rodlets exsolved from antiperthite and
plagioclase megacrysts suggest local rather than general control of oxida-
tion and reduction during cooling. Since reduction and oxidation seem
to have been so locally controlled, it is likely that the ilmenite in the
magnetite-rich rocks AA252, A128 and A168 has been somewhat re-
duced. However, the extent of reduction can hardly have been very
significant because the compositions of hemo-ilmenite rodlets exsolved
from plagioclase megacrysts in these rocks suggest, by analogy with the
other rocks, that the magnetite-rich rocks contained a relatively Fe,Os-
poor ferrian ilmenite to begin with. (It was argued in (a) above that the
abundance and compositions of the rodlets exsolved from feldspar mega-
crysts indicate exsolution temperatures of 850° C. or greater—tempera-
tures much higher than the completion of oxidation of the titaniferous
magnetites.)

Conceivably, water in excess might reduce some Fe;O; in ilmenite to
Fe;04 during cooling. It seems likely that the rare magnetite lamellae in
hemo-ilmenite have developed by reduction because they are not ac-
companied by comparable amounts of rutile. Perhaps in the massive
ilmenite rocks where magnetite is almost absent, some magnetite
lamellae may have resulted from reduction by water.

All things considered, it is concluded that the presently observed com-
positions of the (hemo-) ilmenites closely approximate those which
originally crystallized.

In view of the change in composition of the (hemo-) ilmenites from
Hm 34 to Hm 6 during differentiation, it may be concluded from Fig. 8
that progressive crystallization differentiation of the Labrieville massif
led to a reducing residuum relative not only to the cooling curves of
isocompositional ferrian ilmenites, but also to that of water and even to
those of isocompositional titaniferous magnetites, if a crystallization
interval of 400° C. or less is assumed. As will be shown below, the crystal-
lization of the Labrieville massif may be limited within the limits of
about 1380° C. and 880° C., in which case the differentiation would have
followed approximately the line A—A’ on Fig. 8. If the more normal
crystallization interval of 1250° to 1050° C. applied, then the line B—B'
would have been followed. Line B— B’ is very nearly parallel to those of
the ferrite-bearing, univariant, crystal4liquid assemblages studied by
Muan and Osborn (1956).

Goldschmidt (1954) and Wager and Mitchell (1951), among others,
have shown that the vanadium content of magnetite decreases during
crystallization differentiation. The V,0;/Fe:0; ratio of the Labrieville
ilmeno-magnetites correlates with the BaO/K;O ratio of the feldspars
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as shown in Fig. 4. This correlation implies that crystallization of iron
and titanium oxide minerals accompanied the crystallization of feldspar
during consolidation of the Labrieville massif.

The stages of fractionation of iron-titanium oxide components were
calculated according to the Rayleigh distillation equation using a frac-
tionation factor of 0.60=(V,0s/Fe;0s)liquid/(V20s/Fe,0z)magnetite
plus ilmenite. This fractionation factor was derived from Skaergaard
data by averaging the data on the B and C liquids and magnetites
(Wager and Mitchell, 1951), and using a 1.4 fractionation between ilme-
nite and magnetite on the melanocratic rock #2308 (Vincent and Phillips,
1954). The latter data agree with that measured on the oxide rich gabbro
A408 of the Labrieville massif. A proportion of magnetite to ilmenite of
1 was assumed for the Labrieville crystallization. This procedure amounts
to using the vanadium analyses of the magnetites to monitor the crystal-
lization differentiation of vanadium relative to ferric iron assuming that
the controlling reaction was the separation of ilmenite. The magnetite
analyses are used in preference to the ilmenite analyses because they
contain more vanadium, thereby permitting more precise analyses, and
because an adjustment factor relating analyses done in Quebec to those
done in Japan is available for the magnetites. If the oxide minerals in the
Skaergaard are assumed to be recrystallized (all ilmenite derived by
oxidation from titaniferous magnetite), then fractionation factors of 0.40
(average of B and C) and 0.50 (B only) are derived. Although there are
great uncertainties in the fractionation factor, it is noteworthy that a
comparison of the fractionation stages determined by the Rayleigh dis-
tillation equation for feldspar and iron-titanium oxides predicts that the
residual liquids become enriched in iron-titanium oxide components rela-
tive to feldspar components, in qualitative agreement with the observed
trend toward rocks rich in iron-titanium oxides and poor in feldspar.

The MnO/FeO ratio of the (hemo-) ilmenites correlates with the
V,0;/Fe,0; ratio of the coexisting magnetites as shown in Fig. 4. Al-
though most of the manganese is in the iron-titanium oxides, much of
it is also in the pyroxenes; therefore, it cannot be easily used to predict
the fraction of oxide components crystallized. It is, nevertheless, signifi-
cant that the Labrieville ilmenites increase in MnO/FeO by a factor of
4.3, whereas the Skaergaard ilmenites increase in MnO/FeO by a factor
of only 3.5 (Vincent and Phillips, 1954). This difference suggests that a
greater proportion of iron-titanium oxides relative to ferromagnesian
silicates were involved in the Labrieville crystallization differentiation
than in the Skaergaard, since the fractionation factors for manganese
relative to ferrous iron are greater for ilmenite and magnetite than for
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ferromagnesian silicates (Wager and Mitchell, 1951). This prediction
agrees with the observed high proportion of iron-titanium oxides to
pyroxenes in the Labrieville anorthosite massif.

Both the MnO/FeO ratio of the (hemo-) ilmenites and the V,0:/FeyO;
ratio of the ilmeno-magnetites show fair correlations with the Fe,O; con-
tent of the (hemo-) ilmenites, suggesting the direct influence of the
crystallization of the iron-titanium oxide minerals on the trend toward
more reducing crystallization conditions during progressive differentia-
tion.!

The composition of the hemo-ilmenite comprising the massive hemo-
ilmenite deposit at Brule lake in the Labrieville massif is about 30 per
cent Fe;O; (Table 5). This composition places the deposit at a fairly early
stage in the differentiation of the massif.

(¢) Pyroxenes. The Fe/(Fe+Mg) ratios of the orthypyroxenes cor-
relate with the other parameters of differentiation as shown on Fig. 4.
Using again the data of Wager and Mitchell (1951), stages of crystalliza-
tion of pyroxene components can be calculated according to the Rayleigh
distillation equation. The results are given in Table 11. A comparison
with the results based on the barium in the feldspars and the vanadium
in the magnetites indicates that the residual liquids became enriched in
pyroxene as well as oxides relative to feldspar, and in oxides relative to
pyroxenes. The trend toward pyroxene enrichment relative to feldspar
1s obviously present in the rocks, but the modal data are not adequate
to evaluate any persistent trend in enrichment in oxides relative to
pyroxenes. The crystallization stages based upon the pyroxenes are
probably the least reliable, owing to the possible influence of oxidation-
reduction reactions during differentiation and the influence of the oxidiz-
ing intensity of the liquid from which the successive pyroxenes crystal-
lized upon their compositions.

(f) Apatites. The Eu/Yb, Ce/Y and Cl/(F+Cl) ratios of the analyzed
apatites all show negative correlation with the V,03;/Fe,O; ratio of the
coexisting magnetites (Fig. 4), as would be expected on the basis of the
argument that the later apatites should be enriched in the elements with
the larger ionic radii. In addition, the later apatites have higher contents
of Y4 Ce+Eu+Yb.

! As may be deduced from the data in Table 5, there is a pronounced dependence of the
distribution of vanadium and manganese (as well as aluminum) between (hemo-) ilmenite
and ilmeno-magnetite upon the Fe,Os; content of the (hemo-) ilmenites. Probably the
Fe;03 content of the (hemo-) ilmenites controlled the extent to which the minor elements
could enter the ferrian ilmenite lattice during cooling. Also the effect of temperature on the
distribution factors may be large. Therefore, the use of the observed MnO/FeQ and Vi0s3/
Fe0; ratios to assess differentiation may be misleading to some extent. Since the same
trends persist for the total oxide assemblages as for the individual minerals, although to a
subdued extent, the qualitative relationships remain the same.
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The apatites in the deposit of massive hemo-ilmenite are relatively
poor in rare earths and chlorine, indicating the early separation of the
deposit.

(g) Biotite. The four analyzed biotites span the main part of the dif-
ferentiation sequence. Their oxy contents, determined by calculation of
the unit formula deficiency in OH+F, correlate with the Hm content of
the coexisting (hemo-) ilmenites, Fig. 9. The variable oxy contents of the
biotites are easily explained in terms of the control of the hyper-solvus
hematite-ilmenite solid solutions on the oxygen fugacity of the environ-
ment at any particular temperature: the higher the Hm content of the
homogenous ferrian ilmenites, the higher the oxygen fugacity developed
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Fic. 9. The oxy content of biotite and the Hm content of coexisting (hemo-) ilmenite.

at any particular temperature, thereby leading to a low OH+F content
in the biotite.

Wones and Eugster (1965) have provided a basis for deducing the wa-
ter fugacity from the composition of biotite in_equilibrium with mag-
netite and potassium feldspar. If it is assumed that the temperature of
equilibration lies below that of the beginning of melting of the mineral
assemblage containing the biotite, then a maximum water fugacity may
be determined for any particular (hemo-) ilmenite and biotite composi-
tions. Since it is reasonable to expect the water fugacity to increase dur-
ing crystallization, the late stage oxide-rich gabbro, A128, probably
crystallized at the highest water fugacity of any of the biotite-bearing
rocks. The primary ilmenite in A128 may have been richer in Fe;Os than
it is at present; therefore, to allow the highest possible water fugacity an
original ilmenite composition of Hm 15 is assumed. A KAIS;Os activity
of 0.3 and a Fe;O, activity of 0.7 are assumed. The curve for the begin-
ning of melting of oxidized hawaiite (Yoder and Tilley, 1962) is taken
as the most applicable beginning of melting curve for the oxide-rich
gabbro. As shown on Fig. 10, the intersection of the temperature, water
fugacity curve for A128 biotite coexisting with Hm 15 with the beginning
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of melting curve is at about 880° C. and 2000 bars water fugacity. These
figures represent the lowest reasonable temperature and highest water
fugacity for the biotite-bearing rocks of the Labrieville massif.

The fractionation stage of the feldspars in the oxide-rich gabbro,
A128, suggests that the earliest liquid (from which the minerals in A569
noritic anorthosite crystallized) had no more than about 30 per cent as
much dissolved water as did the liquid from which the A128 minerals
crystallized, assuming the more feldspathic composition compensates for

! I T T T

BOO} \Ann25+HmI5+Mt 70 +0r30 g

900
T°C

1000

Beginning of Melting 1

| | 1 1 |
500 1000 1500 2000 2500
f bars
HZO

F16. 10. Temperature—water fugacity relationship of a biotite-bearing assemblage
(A128) calculated according to formula 6” of Wones and Eugster (1965) and the beginning
of melting of oxidized hawaiite (from Yoder and Tilley, 1962).

the higher temperature in terms of solubility. The water fugacity of the
earliest liquid was therefore no greater than about 500 bars.

SummMArRY OF CONCLUSIONS
Recrystallization

(a) Oxidation and reduction. The present compositions of the ilmeno-
magnetites coexisting with (hemo-) ilmenite suggest that they have ex-
perienced granule oxidation exsolution of ferrian ilmenite. The oxidation
agent may have been water or the coexisting ferrian ilmenite or a com-
bination of both. In any case, the “exsolved” ilmenite probably had a
composition close to that of the coexisting (hemo-) ilmenite, especially
in rocks containing appreciable hemo-ilmenite. Only trivial amounts of
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the magnetite can have resulted from the oxidation of ortho-pyroxene
or the reduction of ferrian ilmenite. In rocks with a high proportion of
magnetite to ilmenite, the primary composition of the ilmenite may have
been somewhat richer in Fe,Qs than it is at present, due to the reducing
influence of isocompositional cooling of titaniferous magnetite in the
absence of water.

The zoning of hemo-ilmenite and the contrasting compositions of
matrix (hemo-) ilmenite and rodlets of hemo-ilmenite and ilmeno-hema-
tite exsolved from plagioclase and antiperthite megacrysts, as well as the
correlation between the oxy contents of the biotites and the FeyO; con-
tents of the coexisting (hemo-) ilmenites, indicate that oxygen fugacity
gradients existed at temperatures above the beginning of hematite-
ilmenite exsolution.

(b) Zoning and exsolution of feldspars. The correlation between the
potassium and calcium contents of mesoperthite-rimmed plagioclase
megacrysts probably reflects the quantitative influence of the Al/Si ratio
of the feldspar ancestor on the rate of exsolution of the two phases. The
lower potassium contents of matrix plagioclase are probably due to the
influence of physical granulation in promoting exsolution.

The three mm-wide rim of zoned feldspar surrounding the xenoliths
of labradorite anorthosite demonstrates the limited extent of redistribu-
tion of feldspar constituents during crystallization and cooling of the
Labrieville massif.

(c) Redistribution of oxygen isotopes. The correlation between the
oxygen isotopic composition of the (hemo-) ilmenites and the modal
abundance of iron-titanium oxide minerals in the rocks demonstrates
that retrograde recrystallization has occurred but that it has been
limited in extent.

Crystallization Conditions During Differentiation

(¢) Temperature. The deduced 2.0 per mil oxygen isotopic fractiona-
tion between ilmenite and plagioclase conclusively demonstrates that the
primary crystallization of the Labrieville massif took place at very
high temperatures similar to or in excess of the 1100° C. characteristic of
the crystallization of plagioclase and magnetite (or ilmenite) in basalt.

The high potassium content of the antiperthites in the early rocks and
the compositions of coexisting plagioclase and mesoperthite in the later
rocks similarly argue for a high temperature of primary crystallization
such as would be expected for hawaiite, mugearite and trachyte.

Solidus temperatures of the residual oxide-rich gabbros exceeded about
880° C. as indicated by the composition of biotite.

() Oxygen fugacity. The compositional change in matrix (hemo-)
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ilmenite during differentiation indicates that the residual liquids be-
came reducing relative to the isocompositional cooling curves for ferrian
ilmenite, water of constant H,/H,O ratio, and even titaniferous mag-
netite, if the crystallization occurred over a temperature interval of
400° C. or less.

(c) Water fugacity. The biotite compositions, viewed in the light of the
beginning of melting curve for oxidized hawalite (Yoder and Tilley,
1963), limit water fugacities of the earliest liquid to less than about 500
bars and of the latest liquid to less than about 2000 bars.

(d) Composition. Residual liquids of the Labrieville massif became en-
riched in BaO/K,0, Fe,0:/ V505 FeO/FeO+MgO, MnO/FeO, CI/F,
Ce/Y and Eu/YDb at different rates indicating that the residual liquids
either became relatively enriched in iron-titanium oxide and pyroxene
components relative to feldspar components, or that the degree of frac-
tional crystallization of iron-titanium oxides and pyroxenes was lower
than for feldspars. If any one of the rocks studied can be assumed to be
an approximately congruent aliquot of the liquid from which it crystal-
lized, then the composition of the original liquid, from which A569 noritic
anorthosite crystallized, can be calculated. The best rock for this purpose
is A9b, gabbroic anorthosite, which is massive, uniform and subophitic.
Keeping in mind that the feldspar fractionation stage is a minimum based
upon a fractionation factor of 0.5, the data on A9b suggest that the
earliest liquid was at least 84 per cent feldspar constituents with 5 per
cent oxide and 11 per cent pyroxene components. The bulk composition
of the massif is 90 per cent feldspars plus or minus about 5 per cent. This
close agreement is probably coincidental; nevertheless, it is real and
based on only two assumptions: fractionation factors deduced for the
Skaergaard intrusion apply to the Labrieville anorthosite; the gabbroic
anorthosite, A9b, is a compositionally congruent aliquot of the liquid
from which it crystallized.

The Brule Lake Hemo-Ilmenite Deposit

The manganese, vanadium and Fe,O; contents of the hemo-ilmenites
and the chlorine and rare earth contents of the apatites in the Brule Lake
hemo-ilmenite deposit clearly indicate that the chemical separation of the
deposit took place at a very early stage of differentiation.

The iron-titanium oxide deposits in anorthosites have long been re-
garded by many workers as products of liquid immiscibility. But the
prevailing impression, gained from textural and structural observations,
has been that they are paragenetically late (Osborne, 1928). The present
writer concurs with this textural point of view, but believes that the
chemical evidence is so compelling that an hypothesis of early separation
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(relative to the crystallization of the whole mass) is required. After early
separation the dense, oxide-rich liquid probably intruded the plagioclase
mush at the crystal-liquid interface on the floor of the chamber of liquid.

The presence of corundum in the Brule Lake hemo-ilmenite deposit
supports the liquid immiscibility hypothesis. At the outset, the two
liquids must have been in equilibrium with the same crystalline phases.
However, the corundum in the deposit cannot be an equilibrium associate
of the quartz in the surrounding anorthosite; according to any hypothesis
it must owe its existence to the physical isolation and subsequent crystal-
lization and/or recrystallization of the deposit. The absence of corundum
associated with hemo-ilmenite in anorthosite, oxide-rich gabbro and some
massive hemo-ilmenite indicates that the corundum is not an exsolution
product. The quartz in the perthite-quartz-pyrite pockets is almost cer-
tainly the product of late crystallization of trapped liquid. Therefore, it
is concluded that the corundum in the hemo-ilmenite deposit is due to
the independent crystallization differentiation of the iron-titanium oxide
liquid, subsequent to its physical separation from a silicate liquid in
which excess silica eventually crystallized.

The early separation of the hemo-ilmenite deposit is expected accord-
ing to Bowen’s (1928) general arguments on liquid immiscibility. Also
Fisher (1950) provided an experimental basis for liquid immiscibility
between some iron oxide-rich and silicate-rich liquids. In 1961 Park de-
scribed a magnetite lava flow from Chile. In the writer’s judgment the
liquid immiscibility hypothesis to account for massive iron-titanium
oxide deposits in anorthosites is on very firm ground.

A Note on the Labrieville Aureole

If any appreciable proportion of the crystallization of the Labrieville
anorthosite took place in its present structural setting, then large
amounts of country rock would have been melted. The several hundred
meter thick halo of mafic quartz diorite gneiss, poor in potassium feld-
spar and quartz but anomalously rich in zircon, is suggestive of a refrac-
tory residuum resulting from the partial fusion and selective removal of
lowest melting (granitic) constituents. The absence of biotite in (quartz
+potassium feldspar+magnetite) gneiss within two kilometers of the
anorthosite, stratigraphically, is probably due to either the effect of par-
tial melting by lowering water fugacity, or to higher temperatures near
the anorthosite, or a combination of both.

The Origin of the Labrieville Pavent Liquid

Previous considerations of the origin of anorthosite parent liquids
have primarily focused upon the nearly monomineralic bulk composition
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of anorthosite massifs. These attempts, recently summarized by Budding-
ton (1961), Turner and Verhoogen (1960) and added to by Yoder and
Tilley (1962, p. 461), are unsatisfactory. Either it is necessary to postu-
late the existence of genetically associated rocks, for which there is no
convincing evidence, or to assume water pressures for which there is no
unambiguous field or mineralogical support. This predicament is not
alleviated by the findings of the present work, but rather augmented.

The bulk composition of a rock is, of course, an extensive parameter
and inherently difficult to treat in termodynamic terms. As a result of
the present findings on the Labrieville anorthosite, it is possible to review
the origin of the parent liquid in terms of several intensive variables that
are essential attributes of the parent liquids of the St. Urbain-type
anorthosites.

In the first place, it is clear that the parent liquid was very hot (near
or above 1100° C.) and had a fairly low water fugacity (less than 500
bars). Secondly, the parent liquid was uniquely highly oxidizing, and
differentiated to produce a relatively reducing residuum. Finally, the
liquid was unusually high in Fe+Ti/(Fe+Ti+Mg) and produced an
immiscible iron-titanium oxide liquid at an early stage of crystallization.
It is difficult to see how such a highly oxidizing liquid could be derived
from that part of the mantle which has produced basalts.

Anhydrous partial melting of Lake St. John anorthosite offers an at-
tractive explanation of the highly oxidizing character of St. Urbain type
anorthosites. The magnetite and ilmenite now present in the Lake St.
John anorthosite have nearly pure end member compositions (work in
progress) and are probably present in the average proportion of 60:40
(ilmenite: magnetite) judging from the typical compositions of unoxidized
magnetites in massive magnetite deposits in the Lake St. John anortho-
site (e.g. the LaBlache Lake deposit, work in progress). Simple arith-
metic shows that, upon heating, the magnetite and ilmenite would react
to give an ilmenite of Hm 33, 11 67 and a magnetite of Mt 50, Usp 50 at
about 1200° C. The highly oxidizing character of St. Urbain type anor-
thosites strongly suggests that they are the products of partial fusion of
a previously oxidized rock like the Lake St. John anorthosite.
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