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ASSTRACT

The Labrieville anorthosite massii 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 Iithologic 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/KzO
by a factor of 2, magnetites become impoverished in VzOa/FezOa 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:Oa content of the (hemo)

ilmenites fron 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 I{zlF{zO ratio) and 3) isocompositional titaniferous mag-
netites.

The FerOr content of hemo-iimenite 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 ol qtartz, 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 earliestliquid. 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.

INtnoouct toN

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-i to 35 per cent
dark minerals). A survey of published information reveals that the
plagioclases of St. Urbain type domical anorthosites (Anderson and
\,Iorin, 1964), the best known of which is the Adirondack anorthosite,
are more sodic and potassic than those of all but the verl '  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 l:ryered basic intrusions.

Goldschmidt (1958, p. 152), following Kolderup, emphasized the impor-
tance of the compositions of the feidspars of domical anorthosites and
related rocks: "Their gabbroid members are characterized .. . b1'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
instabil ity of biotite in the (presumed anhydrous) parent magma of
domical anorthosites and later differentiates could account for their less
sil iceous bnt more potassic nature.

Domical anorthosites and their differentiates are distinct, therefore,
from both la1's1s4 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, oxygen fugacity and the ternary feldspar system by
means of chemical mineraiogy.

A mineralogic rather than a l ithologic approach has been used through-
out this study and wil l also be adhered to in the following presentation.
This approach is chosen because it is easier to relate crystal-l iquid frac-
tionation and phase equil ibrium studies to cryptic compositional changes
of constituent minerais than to l itholoeic or modal variations.

Tn,nltrNorocv

The meaning of the word "plagioclase" is restricted to an optically
homogenous feldspar in the usual sense. "Antiperthite" denotes a f eldspar
intergrowth in which plagioclase is the predominant (host) phase and
potassium feldspar is the subordinate (guest) phase. "\rlesoperthite" de-
scribes a f eldspar intergrowth in which plagioclase and potassium f eldspar
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 wil l 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-ilmenitel and/or
ferrian i lmenite.

GBorocrc Srrurqo

The Labrievil le 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 quarlz diorite composition. Rocks of granite
composition (sensw-str,icto) 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 t1.pes of gneiss. Within several hundred meters of
the anorthosite, zircons are commonly overgrown, and within about ten
meters of the anorthosite, mafic qnarlz 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.

GBNBn.q.r PBrnor,ooy

The field relations, rock tvpes, and mineralogy of the Labrievil le
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 (Nlichot, 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 Labrievil le anorthosite (N{orin, 1956) as well as to the geologic
report to be published by Quebec (l,Iorin, et al. rn prep.).

A diagrammatic map of the Labrievil le anorthosite massif is shown in
Fig. 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

I An exsolution intergrowth of hematite in ilmenite.
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Frc. 1. Diagrammatic plan and cross-section of the Labrieville

anorthosite massif , shorn'ing sampie localities.

anorthosite, and 3)]thefunnel-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, f ield 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, porphyrit ic 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 i lmenite, magnetite, olivine, orthopyroxene, amphibole,
garnet, spinel and biotite in addition to plagioclase.

PBrnocn.cpurc SuMMARrr

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. fn 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 wav 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 massif; 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.
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The petrographic data are summarized below:

1677

(a) Feldspar The rocks of the Labrieville massif contain three varieties of feldspar

megacrysls and matrix feldspar The most prevalent feldspar megacryst is of antiperthite.

Orthoclase occurring in antiperthite lacks grid twinning and has 2V: -55 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 megacrl'sts range in size from several miilimeters 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 {acies contain rodlets and platelets of hemo-ilmen-

ite or ilmeno-hematite up to a few tens of microns in diameter or width (FiS.3). The

amount of opaque inclusions in the various megacrysts are given in table 1.

(6) (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 lameilae 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 approachecl.

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.
(c) Ilmeno-magnetite. The ilmenite lamellae in the ilmeno-magnetites are 5 to 20 mi-

crons wide and are widest in the coreandborder facies. Spinel occurs within the ilmenite

lamellae in patches and also as independent lamellae (n:l783) 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  necessar i ly  wi lh quar lz.

In the massive hemo-ilmenite deposit, magnetite is similarly rare and occurs primarily

as iameilae 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

s)renite some grains have exsolution lamellae parallel to the (001) plane of a monoclinic

ancestor.
Clinopyroxene is rare in core facies r,vhere 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 commoniy schillered by opaque platelets and may

contain fine exsolution lamellae of orthopl'roxene

Other minerals. Biotite is 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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i lmenite 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 ilmeniLe
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.

Arger,yrrcar Mnruols

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.

Refraclive index determinations. Plagioclase refractive indices were deter-
mined bv 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 state ileterminations. 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. AII 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 clar.ssical 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 iaboratories 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, n'{g, Fe, Mn, AI, 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.

Occygen isotope onal,yses. 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 620o 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., t950). The results are reported in (per mil).

6 : [oyq!=rr. 
_ O,s/o,6"t""u".al 

r,ooo
L Or8/Or6*tu.d.,.r I

The reported deltas were corrected for spectrometer valve mixing and

CLzfCl2 ratio according to the equations of Craig (1957) and are relative

to the standard mean ocean waler (SMOW) standard of Craig (1961)'

The deltas are precise relative to one another within 0.2 per mil, but their

accuracy relative to SI{OW 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 CaO, NazO, and KzO 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/KzO ratio for the total feldspar of 4'604 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/KzO ratio obtained by probe for the orthoclase rodlets in

the antiperthite of 4'408 and the classically analvzed BaO/KzO 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 (I,{t) 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 i lmeno-magnetite from A.569 and .4604 were cor-
rected for impurit ies (2.6/6 hemo-ilmenite-l l.O7o orthopyroxene in

Tarr,n 2. ANer-vses or LesnrovrJ-r-n l'nr-nspens

A9b1 A128r ,{168 4!^252 A408 A569

SiOr
Al:Os
Mgo
CaO
SrO
BaO
KrO
NarO
FeO
Fe:Or
TiOr
MnO
PzOr
VrOr
HrO+
Total
CaAbSirOe3
SrAbSi:Os
BaAlrSizOs
KAlSiaOe
NaAlSirOr

100BaO/kzO
Fs3+/Psr+f Psz+

58 60  58  92
24 68  25  09
0 0 4  0 0 3
7  5 5  7 . 1 4
0 1 6  0 3 9
0  1 1  0  1 1
1 . 3 8  1  3 2
6  3 1  5 . 9 7
0 . 0 8  0  0 6
o . 2 3  0  2 4
0 0 2 5  0 0 8
o o02 0 002
0 0 2  0 0 2
0  0 0 1  n d
0 1 1  0 0 5

99 30  99 .42
3 6 3  3 6 1
0 4  1 1
0 2  0 2
7 9  8 0

5 4 9  5 4 6

8  , 0  8 . 3
o . 7 2  0  7 5

5 8  2 1  5 S  0 8
24 91  25  02

n  d .  0 . 0 8
7 1 8  7 0 i
0 1 5  0 1 7
0 1 3  0 1 3
1 . 3 3  1  3 0
6 7 6  6 2 6
0 . 0 5  0  0 6
0  2 3  0 . 2 4
o o 2 7  0 0 8
0 001 0 002
o 0 2  0 0 1
0  0 0 1  n d
0  2 0  0  1 7

99 20  99  97
3 4 0  3 4 9
0 . 4  1  3
0 2  0 2
7 5  7 6

s 7 . 9  5 5  9

9 8  1 0 0
0 6 7  0 7 5

62 13  59  50  59  21
2 l  t - 3  2 3 . 9 5  2 4  5 4
n d  n d  n d
3  4 8  6 . 4 7  6  6 9
n d  n d .  n d
0 3 9  0 1 4  0 1 1
5 3 8  1 4 8  1 5 5
5 7 8  6 8 3  6 4 8
0 0 3  0 0 8  0 1 9
0 3 1  0 0 3 0  0 2 3
0 020 0  028 0  006
n . d  n d  n c i
0 0 1 4  0 0 2  0 0 2
n d  n d .  n d
0 0 9  0 1 2  0 2 0

99 35  98  64  99  23
1 6 9  3 1 2  3 2 8
n d  n d .  n d .
0 7  0 3  0 2

3 1 . 1  8 5  9 0
5 0 . 8  5 9  6  5 7  5

7 2  9 5  7 1
0 9 0  0 7 7  0 5 2

5 8  7 6  5 8 . 9 4
25 03  24  85

n d  n d .
7 3 8  7 2 0
n d  n d
0  0 7  0 . 0 7
1 4 1  1 5 1
6 4 6  6 4 3
0 t 2  0 0 8
0 0 7  0 1 6
0  0 1 7  0  0 1 5
n d  n .d .
o 0 2  0 0 2
n d ,  n d
0 1 0  0 1 6

99 41 99 43
3 5 4  3 4 7
n d .  n d
0 1  0 . 1
8 0  8 7

5 6 0  5 6 0

5  0  4 6 2
0 . 2 r  0  4 7

2 Value believed in error: microprobe analysis of orthoclase rodlets suggests 100BaO/KrO:7.2 by com-
parison with A408

s Molecular percents.

4569 and 8.I/6 hemo-ilmenite in 4.604) before calculating their molar
compositions or their VzOe/Fe:Oa ratios and distribution coemcients.

Chiba reports r2O5, whereas the Quebec anal)rsts report VzOr. Chiba's
rzor determinations were converted to comparable vzoa values by nor-
malizing according to the ratio of YzOef rzOs (;.e. 0.5) reported by the
Quebec analysts and Chiba respectively on AA252 ilmeno-magnetite.

RBsur,rs

(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 l isted in Table 3. For the most part the antiperthites have
relatively consistent compositions of about An 35 Or 8, however, the
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BaO/KzO ratio of the antiperthites increases from 5.0 to 9.8 from core
facies norit ic anorthosite to oxide-rich gabbro in the Sault-aux-Cochon
complex. Plagioclase megacrysts have slightly more variable composi-

Tlnr,o 3. Fnlospar Mrcnopono Arar,vsns

lImFeCnOrAn SrO

'\9bP
A9bPM s7 7
AgbK 6 6
A117PM
A117PM
A117PM
A117PM
A117PM
A 1 1 7 P P
A117PP
A117KP
A128P
A128PM 57 6
4128K 6  2
A168PM 56 1
A168PP 73 5
A168KP 5  8
AA24IP 61  5
AA24IPM 54 O
AA241K 8 3
AA2.52P 60 5
AA252PM 56 8
AA252PP
AA252KP
A408P
A408PM 59 2
A408K 6 9
A569P 56,8
4591P
A591PM
A591K
A6O4P
A604PM 57 3
A604K 5 5

3 8 7  3 2
3 7 . 5  3  8

8 7  . 3
3 8 0  2 8
3 6 5  2 8
3 3  0  2 . 8
2 8 0  2 r
2 7 . 5  2 . 5
2 2  3  0 . 1
2 0 2  0 3
o . 2  9 1  8

3 6 4  + 9
3 6 . 9  5  4
o . 7  8 3  7

3 8 2  2 6
2 6 8  0 2
o 2  8 9 8

3 6 . 9  2 . 2
3 7 . 6  3  2
0 . 6  8 7 . 4

3 4  6  3 . 1
3 9 5  4 5
3 4 . +  1 8
0 2  9 3 8

3 6 . 2  3  0
3 6 . 1  3  8
0 . 6  8 9  0

3 7 6  3 4
3 6  7  3 . 1
3 6 0  3 6
0 2  q 7 5

3 7 . 6  3 . 2
3 8 . 3  4 . 1

8 7 8

0 2 5  0 0 8 1
o 2 7  0 0 8 7  0 0 0 7
o . 2 7  0  0 2 6

0 1 6  0 0 2 7

0 1 2  0 0 2 9

o 21  0 .021
0 3 1  0 0 7 5
0 . 2 7  0 . 0 8 3  0 . 0 0 9
0 3 9  0 0 2 r

0 1 1  0 0 5 0
o . 2 2  0  0 1 7

o 23  0  090 0 .012
0.20  0  086
0 3 0  0 0 3 2
o . 2 6  0 . 0 7 0
o . 2 5  0 0 9 5  0 0 1 0

0  2 6  0 . 1 0
0 2 5  0 0 8 1
0 . 2 3  0  0 8 6
0 2 7  0 0 2 1
0 26  0 .091
o 2 5  0 0 8 0
o 2 4  0 0 2 2

t . 5 4 7 2  3 6  5
5 3  1 . 5 4 6 5  3 5

(1211 1 5469 36

1  . 5 4 7 5  3 7
17 1  .5466 35

t .5425 27

1 5460 34
6 5  t . 5 4 7 4  3 7

38 1  .5475 37

1 5470 36
57 1  .5468 36

1 5466 35
1 .5463 35

(7s)  1  s466 3s

1 . 5 4 7 3  3 6  5
1  5475 37

3 8

2 2

3 3

3 3

Abbreviations: P:average plagioclase, PM:plagioclase phase of plagioclase or antiperthite megacryst'

K:orthoclase occurring in antiperthite, PP :plagioclase phase of mesoperthite, KP :potassium feldspar phase

of mesoperthite. Also IIm:average mol per cent Feroa in rhombohedral oxide inclusions in megacrysts, An

deduced {rom the reported rcfractive iudex a according to the curve of Hess (1960).

r Values in parentheses visual estimates.

t ions about An 38 Or 4. In particular the Or contents of plagioclase
ntegacrysts 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 profi le crossing the contact between
the labradorite xenolith, AA242, and its host andesine antiperthite anor-
thosite. The results of this profi le 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.

t r o

G{
t !

' t r - 3 4

Frc. 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 splitt ing of the
(131), (130) or (111) l ines. The potassium feldspar is therefore called
orthoclase (Goldsmith and Laves, 1954).

(b) Iron-titanium oxide minerals. The standard analyses of the i lmeno-
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
quicklv cooled basic igneous rocks (Buddington and Lindsley, 1963), the
Labrievil le magnetites have very low titanium contents. The hematite
content of the Labrievil le (hemo-) i lmenites varies between 34 per cent
in core facies norit ic anorthosite to 5 per cent in Sault-aux-Cochon oxide-
rich gabbro and syenite. The average hematite content of the opaque

c w v

s
o
=

40
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inclusions in feldspar megacrvsts is always greater than in the coexisting
(hemo-) i lmenite in the groundmass, but is related to it as shown in

Fig. 3. Both the VzOa/FezOr ratio of the magnetites and the NInO/FeO

ratio of the ilmenites show large changes, both of which are correlated

with the BaO/KzO 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, 4'128, revealed that the

Tesln 4. Plecroclese Srnucruner, Srlru Peuunruns

Gamma Delta

AgbP
AgbPM
A117PM
A128P
A128PM
A168PM
AA241P
AA241PM
AA252PM
A4O8P
A408PM
A569P
A591P
A591PM
A604P
A604PM

0.40
0 . 3 2
0 . 4 0
0.43
0 . 4 1
O M
0 3 7
0 . 3 5
0 3 9
0 . 4 0
0 . M
0 . 3 9
n.d .
( , . . J J

0 3 7
0 .34

t . 7 3
r . 7 0
r 7 4
l .  / J

1 . 7 4

1 . 7 2
1 . 7 1
I . I J

r . 7 3
r . 7 5
I  .  / . )

| . 7 2
r  . 7 l
1 . 7 2
t . 7 r

J 6 .  /

. 1 / . J

3 6 .  s
3 6 . 4
36 .9
38.2
3 6 . 9
J / . O

39 .5
36.2
3 6 .  1
J / . O

36.7
36 .0
. J / . O

3 8  . 3

3 . 2
3 . 8
2 . 8
4 . 9
. )  - 4

2 . 6
2 . 2
3 . 2
A <

3 . 0
3 . 8
3 4
3 . 1
3 . 8
3 . 2
A 1

Gamlma : 2o (220) + 20 (r3 1) - 40 (131) .
D elta : 20 (13 r) - 20 (r31) .
Abbreviations as in Tables 1-2.

lamellae have identical iron and titanium abundances and 018/016 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:Or/FerOe 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 VzOa/FezOs 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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Frc. 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). c : fnclusions
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 (verticalaxis).
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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.

Terr,r 6. Pvnoxrve Ax,q,r,vsns

Clinopyroxenes
Agb A128 A168 AA252 A408 A569 A604

Ca
Mg
Fe
Mn
A1
Ti

Mo]. :  Mg/Mg*Fe

1 5 . 6
6 . 5
9 4
0 . 2 5
t . 2 2
0 . 1 6
0 . 6 1

A569 A604

1 5 . 3  1 4  6  1 4 . 3  1 4 . 5  1 6 . 3
6 . 7  6 . 7  4 . 9  6 . 2  7 . 1
9 . 4  9 . 6  1 3 . 8  1 0  5  8 . 0
o . 2 4  0  3 3  0 . 3 3  0 . 3 0  0 . 2 3
| . 2 7  1  3 4  0 . 8 1  1 . 0 1  t . 4 2
0 . 1 1  0 . 1 6  0 . 1 2  0 . 1 2  0 . 1 7
0  6 2  0 . 6 2  0 . 4 5  0 . 5 8  0 . 6 7

Orthopyroxenes
Agb At28 A168 AA252 4408

Mol.:  Mg/MgfFe
Wt.: Mg/MgfFe
Wt.: Mn/Fe

(Mg/MgfFe)oPx

0  38  0 .45  0 .60  0 .42  0 .41
1 0 . 4  1 0 . 5  6 . 6  9 . 4  1 1 . 5
2 r  . 7  2 r  . 8  28  |  24 .6  20 .7
0  54  0 .70  0 .76  0  76  0  51
0 .56  0  70  0  38  0 .52  0 .76
0 07 0.08 0.08 0.07 0.09

1 . 7 2 3  r . 7 r 9  1 . 7 3 5  1  7 2 4  1 . 7 1 5
53 57 43 52 60

0 .52  0 .52  0  35  0 .47  0 .56
o . 3 2  0 . 3 2  0 . 1 9  0 . 2 8  0 . 3 6
0.025 0.032 0.027 0.031 0 025

t .709
65

Ca
Mg
Fe
Mn
A1
Ti

7
EN1

0 . 3 6  0 . 4 1
13.3  r0 .7
1 8 .  1  2 t  . 6
0 . 2 7  0 . 5 9
0 . 8 9  0 . 6 9
0 . 0 8  0 . 0 9

1 . 7 2 0
55

0 63  0 .53
0 .42  0 .  33
0.015 0 027

0 8 7Mol. : 0 . 8 4  0 . 8 5  0 . 7 8  0 . 8 1  0 . 8 4
(Mg/MgfFe)CPX

I 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.

(/) 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. 5.
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DrscussroN

Recrystallizot'ion. 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

o
tr
I

a

\ ^
\ A

\

o

,/ir/ \
\

= IOOO(MnO/FeO) | lmenite
= IOO(BoO/KzO) Feldspor
= lo(Fe /fs + lvlg) oPX.
=  f  OO(C l  /F  +C l l  Apo l i t e
=  l O ( C e  + Y + Y b + E u )  A p ,
= ( C e /  Y )  A p o t i l e

\o
ott

to

FI

!  \ - - - r r5  \  r a - - ! -

.-- ' \r .
-\

o
\

O O - _ - . \ _ A - _ ]

IOOO (V2O3/Fe.O.) Mognel ile

Frc4variousf""ll;:);':,31,:'#:':T?HL,fil,i:rentiationand

observations indicate that recrystallization of the Labrieville rocks,
whereas profound on a scale of a few mill imeters, 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-

to
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Tasln 7. Aplrrro Awar,vsns

L128a A128br A408 A408II B11-92 811-131.5

PzOs

CaO
Meo
MnO
FeO
Fe:os
NarO
KzO
LirO
AleOs
TiOz

SiOs
F

CI
HzO total
CO:
Sr
Ba

40.81 39 .92 39 .92 4I  .39 40.85
5+ 82 54.1 54.23 54.68 53.69
0 . 0 8  0 . 1 0  0 . 1 1  0 . 1 1
0 .04  0 .07  0 .04  0  . 02
0 . 0 0  0 . 0 6  0 . 0 6  0 . 0 6  0 1 9
0 .17  0 .00  0 .10  0 .00  0 .24
0 05 0.07 0.07 0.05
0  01  0 .01  0 .01  0  01
0 00 0.00 0.00 0 00
0 .10  0 .06  0  16  0 .06
o 02 0.02 0.02 0.008
0 .53  0 .51  0 .57  0 .01  0  30
3 . 0 0  3 . 1 0  3 . 3 8  3 . 3 8  3 . 6 6
0 . 1 8  0 . 2 r  0 . 2 0  0 . 0 8  0 . r 2
o . 2 3  0 . 1 8  0 . 1 3  0 . 1 5  0 . 3 9
0.00 n.d.  0 03 0.06
0 . 1 0  0 . 1 5  0 . 1 6  0 . 0 8
0.001 0.001 0.001 0.001

0 .31  0 .60  0 .58  0 .16  0 .07
0 001 0.005 0.005 0.001 0.002
0 . 1 5  0 . 2 r  0 . 1 8  0 1 0  0 . 0 9
0.006 0 007 0.007 0.003 0.004

4 1 . 5 9
5 3 . 1 4

0.  53
0.40

0 . 1 1
3 . 5 5  3 . 5 2
0 .10  0 .09
0 .45  0 .37

Ce
Eu
Y
Yb

0 .06  0 .04
0.002 0.002
0.04 0.04
0.002 0.002

99.83
1 . 5 0

98.33

> 100.61  99 .38  99 .96  100.41  99 .60
I e s s  O  f o r  F ,  C l  1 . 3 0  1 . 3 5  1 . 4 7  1 . 4 4  1 . 5 7
>r 99.31 98 03 98.49 98.97 98 03

c l lF+c l  0  057 0 .063 0 .056 0 .023 0 .032 0 .028 0 .025
E u / Y b  0 . 2  O . 7  O . 7  0 . 3  0  5  1 0  1 . 0
C e / Y  2 . 1  2 . 9  3 . 2  1 . 6  0 . 8  1 5  1 . 0
Y * C e * Y b * E n  0  4 7  0 . 8 2  0 . 7 7  0 . 2 6  0 . 1 7  0 . 1 0  0 . 0 8

1 Not treated with 6:1 HNOa.

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-

Tesr-B 8. Brorrrr ANer,vsrs

4569 4408 Agb Ar28

SiOz
AlzOg
FesOa
l-eO

CaO
Mgo
TiOz
NarO
KzO
Liro
MnO
HrO
F
Total

3 7 . 7 r  3 5 . 7 8
13.52 13.39

I . J J  / . . 1 J

1 3 . 5 5  7 . 5 6
0 .06  0 .34

14 .53  13 .59
5 . 5 5  6 . 2 9
0 . 1 3  0 . 1 9
8 .97 6 .54

0.007 0.007
0.019 0.014
3.46 7 .93
0 .33  0 .53

99.37 99.51

2-(OH+F) 0.98 0 . 2 6  0 . 1 9  0 . 0

r(004)/r(00s)

B
pX 1(}-o

37 .89 38 .37
14 .03 12 .92
t  . 2 7  1 . 1 5

11 .38  12 .42
0 .28  0 .34

17.00 17.29
5 .24  5 .03
0  25  0 .20
9 . 7 0  9 . 2 1

0.005 0 006
0.009 0.014
1  .72  1  . 86
0.60 0 95

99.37 99.76

1 .633  1 .632
22 25

0  .734  0 .  54 0 . 6 1 0.64

L.642
23

I(004)/I(005):ratio of intensity of r-ray diffraction peaks measured by weighing cut-
outs of difiractrometer tracings. Samples were prepared by precipitating finely ground
biotite onto glass disks which were dried and *-raved using a spinner attachment.

0: the refractive index of biotite flakes lying on a cleavage surface.
pN10 6: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, l-e, Ti)B *(Al, Fe, Ti) (Si, AI)BOr6(OH, F, O)r.

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. Dif erenliat'ion (o) 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

Taeln 9. Oxvcnn Isoropn AN.tr-vsrs

Bulk Feldspar
Apat l te I lmenrte

I eldslar lvl egacrvsls

Ilmenite

Magnetite Lamellae in

Magnetite

A9b
At17
A128
A168
AA24I
1'4252
AA242 host
AA242 xenolith
A408
A569
A591
A604
B1t 92
811-166.5
B 13-77-80

7 - 4

8 . 0
7 . 7

7 9
/ . J

7 . 0
8 . 4
7 . 2

/ . . )

7 . r
7 . 0
7 . 6

2 . +

3 . 0  1  8
2 . 1  - o . 2

2 . 8  l . +

3 . 3  2 . 2
2 . 2  1 . 0

2 . O  1 . 0
4 . r
4 . 8
4 . 9

0 9

7 . 2

8 . 0

7 . 0

8 . 0

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

and Epstein, 1963) and suggests relatively lower temperatures of recrys-
tall ization. However, there is a convincing correlation between the oxv-
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 recrystall ization: as tempera-
ture decreases the fractionation of oxygen isotopes between oxides and

silicates increases, and material balance within a localiy closed system re-

quires that the resultant oxygen isotopic composition of aII minerals
participating in the retrograde recrystall ization reflects the modal com-

position of the rock. Accordingly all minerals in a rock initially rich in
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iron-titanium oxide minerals will acquire an Ols-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 ratiol therefore,
the primarv plagioclase-ilmemite oxygen isotopic fractionation may be
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Frc. 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.r 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 Labrievil le anorthosite would be less than 2.5 per
mil, which is precisely the plagioclase-magnetite fractionation deter-

I 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).

^18tb*"

907050? nto
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mined for a basalt (Anderson and Clal'ton,1966).It seems safe to con-

clude that the primary separation of i lmenite 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 (\{uir and Tilley,

Taslr 10. Fnlospln CouposrrtoNs
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Antrim, U. K.
Mauna Kea, Hawaii
Puukawaiwai, Hawaii
Tristan da Cunha
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Labrieville, Que.
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r References: 1 Emmons (1953)i 2 Sen (19-59 and 1960); 3 Horvie (1955);'1 Wager and MitcheU (1951); 5

Muir and Til ley (1961); 6 Carmichael (1963 and 1965); 7 this paper.

1961). Andesines in granodiorites, qtartz 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

I{uir and Tii ley (1961) is only a few per cent poorer in An than the

corresponding plagioclase. Likewise, the deduced normative plagioclase of

the Skaergaard residual l iquid 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 l ikely
that the relatively constant An/(Abf 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 -4117) are compositionally similar to the anorthoclase found in
larvikite (Muir and Smith, 1956) and mugearite and hawaiite (Muir and
Til ley, 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

Frc. 6. Labrieville feldspar compositions. (The proportions of plagioclase and potassrum
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 l iquid from which these feldspars
crystallized had a composition which would plot to the Ab side of the tie
Iines. 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

/ iN\\ AA252 Mesoperthife
, '  \ \ \  (60,40)

^ - \ r  ( 5o '50 )
\ - - - -=- \^ l t : / -

A l17 Mesoperthite 
---\ri-- 

{- :-
(50, 50) 

------------------ \---._-\:
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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-

qrg'
'rr9"

AN40
4 8 5 0

Frc. 7. The cryslallization 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/KzO ratio of the Labrievil le feldspars changes blr a factor
of two throughout the l ithologic sequence. Whether this is to be regarded
as a large or small change depends upon the fractionation factor relating
the BaO/KrO ratio in the feldspar crystals and the l iquid from which
they crystall ized. Values of (BaO/KzO)f eldspar/(BaO/KrO) l iquid
(hereafter called Rl) are l isted below:

An Rl Reference

55.7 0 98 Walker, Vincent and Mitchell, 1952
54 0.55 Wager and Mitchell, 1951 (B, table 6, p. 154)
40 1 | Wager and Mitchell, 1951 (D, table 6, p. 154)
37 2.8 Wager and Mitchell, 1951 (E, table 6, p. 154)
17 2.67 Carmichael and McDonald, 1961 (8F and 12G)
11 >3.75 Carmichael  and McDonald,196l  (7F and 3G)

oRT t
na25

Or
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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/KzO is ob-
served. Assuming Rl equal to 0.5 as a lower limit, the Rayleigh distilla-
tion equation shows that an increase in BaO/KrO by a factor of 2 requires
that at least 75 per cent of the feldspar components present in the l iquid
when the rock A569 crystall ized must have crystall ized by the stage of
crystall ization of oxide-rich gabbro A.128. In these terms the observed
two-fold increase in BaO/KzO in the antiperthites is large and requires
a great deal of fractional crystallization of feldspar constituents with a

Terr,n 11. FnacrroN.nrron Srlcps

,{569 ,{408 ,{604 Agb 4128 4252 A168

f  (PL)
f (PL).
f (PX)
f(ox)

100 50 .54 39 26 38
1 0 0 7 1 0 3 . 6 . 8
100 .56 14 40 41 21
r00 7+ 62 61" 44 44

(BaO/KzO)XLl(BaO/KrO)LIQ :0 s
(BaO/KrO)XLl(BaO/KzO)LIQ :0 87

7 (MgO/MeOfFeO)XLl(MgO/MsO+FeO)LIQ:1 3e
16 (VzO/FezOr)XLl(%Or FezOa)LIQ : 1 67

. / R r u * \ / t \ , R c " y s r a r st  :  
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\  , : /  

where  a  :  
* , ; ; ; ,  

assumedconstan t  dur inq  c rvs ta l l i za t ion .  and where  R

may be any of the listed ratios.

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

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

The BaO/KzO ratio of the mesoperthite in .4168 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 RI fractionation factor
between an alkali feldspar and liquid, which would cause the residual
l iquids 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 prii.nary frac-
tionation factor (Rl) 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 crf Fe}+ ratio of the rocks.

Although a ratio of Rl: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 Rl:0.5 is assumed. If RI is assumed to be 0.7 for the Morin
anorthosite (a better assumption in the l ight of published data; see
above), then the Rl factor for the Labrievil le 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/KrO ratio for the Labrievil le l iquid would have been 0.059 and for
the X'Iorin liquid 0.050 compared to 0.046 for Anterrctic mugearite, 0.042
for  hawai i te  and about  0.034 for  t  hole i i te  and a lkal i  o l iv ine basal t  (Gunn,
1965). If the Labrievil le 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
f usion.

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).1 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 f eldspar 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-t itano-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-i lmenite solvus. Carmichael's
(1961) determination indicates that the crest l ies at about 950o C. Even
allowing for an undercooling of 100o C., the compositions of the hemo-
ilmenite and ilmeno-hematite rodlets require exsolution from their plagio-
clase host at temperatures above 850o 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.

I 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,

ill"H: 

pubiished photograph (Plate 12, Fig. 2) clearly reveals their highly hematitic
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(c) 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., 10-1e 5 atm fqr), and syenite, A168 (640' C., 16-tt s atm fer).

The FezO.r 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 (magnetitefulvospinel) solid solution according to the reaction: FezO:
*FezTiOn : FeaOr*FeTiOa;

(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 A591 revealed only 0.5+0.1 and 0.8*0.1 per cent hemo-
ilmenite respectively, relative to 100 per cent feldspars. If the feldspar in
A'569 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 herno-ilmenite in A.569 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
f act, the composition difference is just as great in AA24I and 4.591 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



1698 ALFRED T. ANDERSON, JR.

core facies rocks: one sort occurs as relativell, ' large masses (more than a
few square mill imeters on polished surface) associated with pyroxene,

biotite and apatite. These larger masses have a composition near Hm 30.
In addition there are appreciable quantit ies 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 l ikely that the separation
procedure used to obtain a rhombohedral oxide separate from A569
selectively concentrated hemo-iimenite from the large masses of rhombo-
hedral oxide in the rock. Therefore, it is concluded that the analysed
composition of A569 hemo-ilmenite fairly adequateiy reflects the compo-
sition of the primary rhombohedral oxide in that rock and that occur-
rences of intergranular i lmeno-hematite represent recrystall ized 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
i lmenite 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
FerOe*FerTiOa:FerOa*FeTiOr 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 H2/H2O ratio (or

constant bulk composition), although slightly reducing relative to the
isocompositional cooling of ilmenite, is strongll' oxidizing relative to the
isocompositional cooling of t itaniferous 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 i lmenite is re-
quired to accomplish any reduction of ilmenite during closed svstem
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" i lmenite (from oxida-
tion of titaniferous magnetite) identical in composition to that already
present in the rock, and there wil l 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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Frc. 8. The oxygen fugacity-tempetature crystallization trend of the Labrieville massif

compared to various univariant curves. Curves 14 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 et 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 (1969 at 1300" C. The lines A/-A and B,-B are
possible crystallization paths for the Labrieville massif. The curves are: l) Usp 80, 2) Usp
60, 3) Hm 10, 4) Hm 100+Mt 100, 5) tridymitefpyroxenefmagnesioferritefliquid,
6) olivinefpyroxenef magnesioferritef liquid, 7) tridymitef olivinef magnesioferrite
fliquid, 8) olivinefpyroxeneftridymite+liquid, 9) Ni meit containing 0.2/p oxygen,
10) Fe melt containing 0.2/s oxygen, 11) HzO*Hz* Oz, FIz/IIrO constant.

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.l Likewise, the absence of magnetite associated with the ilmeno-

1 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 AL252, A128 and A,168 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 Fezos-

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 850o C. or greater-tempera-

tr.rres much higher than the completion of oxidation of the titaniferous

magnetites.)
Conceivably, water in excess might reduce some FezOs in ilmenite to

Fe3Oa 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 cry-stallized.
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 crystallizaLion difierentiation 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 magnelites, if a crystallization

interval of 400o 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 1380o C. and 880o C., in which case the difierentiation would have

followed approximately the l ine A-A',on Fig.8. If the more normal

crystall ization interval of 1250o to 1050o C. applied, then the l ine R-B'

would have been followed. Line B-B' is very nearly parallel to those of

the ferrite-bearing, univariant, crystalfliquid assemblages studied by

Muan and Osborn (1956).

Goldschmidt (1954) and Wager and Nlitchell (1951), among others,

have shown that the vanadium content of magnetite decreases during

crystailization differentiation. The vzoa/FezOr ratio of the Labrieville

ilmeno-masnetites correlates with the BaO/KzO 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 9.66: (V2Oe/FezOe)Iiquid/ (YzOt/FerO3)magnetite

A408 of the Labrieville massif. A proportion of magnetite to ilmenite of

! 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

The Mno/Feo ratio of the (hemo-) ilmenites correlates with the

VzOa/FezOa ratio of the coexisting magnetites as shown in Fig' 4' AI-

though most of the manganese is in the iron-titanium oxides, much of

it is also in the pyroxenesl 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 \{nO/FeO by a factor of

4.3, whereas the Skaergaard i lmenites 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

iilicates 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 sil icates (Wager and Mitchell, 19S1). This prediction
agrees with the observed high proportion of iron-titanium oxides to
pyroxenes in the Labrieville anorthosite massif.

Both the nInO/FeO ratio of the (hemo-) i lmenites and the VzOa/FerOs
ratio of the i lmeno-magnetites show fair correlations with the FerOs 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.1

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

(e) 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
disti l lation 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 l iquids 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
is obviously present in the rocks, but the modal data are not adequate
to evaluate anv persistent trend in enrichment in oxides relative to
pyroxenes. The crystall ization 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-
l ized upon their compositions.

(/) Apatites. The Eu/Yb, Ce/Y and Cl/(Ff Cl) ratios of the analyzed
apatites all show negative correlation with the VzOr/FezOa 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. rn addition, the later apatites have hieher contents
o f  Y*Ce*Eu*Yb .

I 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 Fezos content of the (hemo-) ilmenites. probably the
FezO: 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/FeO and V:Oa/
Fe:oa ratios to assess difierentiation 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

ro 20 30
Mol .7o  Hm

Frc. 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 Feros than

it is at present; therefore, to allow the highest possible water fugacity an

original ilmenite composition of Hm 15 is assumed. A KAlSirOs activity

of 0.3 and a FesOa activity oi 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

(Il
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of melting curve is at about 880" c. and 2000 bars water fugacity. These
figures represent the lowest reasonable temperatdre and highest water
fugacity for the biotite-bearing rocks of the Labrievil le massif.

The fractionation stage of the feldspars in the oxide-rich gabbro,
4128, suggests that the earliest l iquid (from which the minerals in A569
noritic anorthosite crystallized) had no more than about 30 per cent as
much dissolved water as did the l iquid from which the 4128 minerals
crystall ized, assuming the more feldspathic composition compensates for

soo tooo tsoo 2000 2500
f r.o bot'

Frc' 10. Temperatur*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 solubil ity. The water fugacity of the
earliest l iquid was therefore no greater than about 500 bars.

Sunrlranv oF CoNCLUSToNS

Reuystallizat,ion

(a) Oxidation and reduction. The present compositions of the i lmeno-
magnetites coexisting with (hemo-) i lmenite suggest that they have ex-
perienced granule oxidation exsolution of ferrian ilmenite. The oxidation
agent may have been water or the coexisting ferrian i lmenite or a com-
bination of both. In any case, the "exsolved" i lmenite probably had a
composition close to that of the coexisting (hemo-) ilmenite, especially
in rocks containing appreciable hemo-ilmenite. only trivial amounts of

-  A n n  2 5  + H m  l 5  +  M f  7 0  +  O r 3 0
\_ \_ \_ . \ - -

\

Beginn ing  o f  Me l t ing
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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 FezOa 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 oi the biotites and the FezOs 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.

C r y s t alliz ati o n C o nditi o n s D ur in g D if er enti ati o n

(o) Temperature. The deduced 2.0 per mil oxygen isotopic fractiona-

tion between ilmenite and plagioclase conclusively demonstrates that the

primary crystallization of the Labrieville massi{ 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.
(b) 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 Hr/HrO 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 l ight of the
beginning of melting curve for oxidized hawaiite (Yoder and Tilley,
1963), l imit water fugacities of the eerrl iest l iquid to less than about 500
bars and of the latest l iquid to less than about 2000 bars.

(d) Composition. Residual l iquids of the Labrievil le massif became en-
riched in BaO/KzO, FerOr/VrOe, FeO/FeOfNIgO, MnO/FeO, CI/F,
Ce/Y and Eu/Yb 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-
l ized, then the composition of the original l iquid, from which A569 norit ic
anorthosite crystall ized, 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 l iquid 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 Labrievil le anorthosite; the gabbroic
anorthosite, A9b, is a compositionally congruent aliquot of the l iquid
from which it crystallized.

The Brwle Loke Hemo-Ilmenite Deposi,t

The manganese, vanadium and FezOa 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

Iiquids 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-

Tizat\on andfor 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 immiscibilitv

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 lYote on the Labrieail'l'e 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 qtartz 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
-fpotassium 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 Origi,n of the Labrieaille Parent Li'quid'

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
Til ley (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 l iquid 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-lMg) 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 i lmenite of Hm 33,I1 67 and a magnetite of NIt 50, Usp 50 at
about 1200o 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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