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ABSTRACT

The evolution of mineral assemblages, compositions and modes with pressure, temperature and bulk-rock composition were
investigated in coronitic and granoblastic high-pressure granulites derived from a Labradorian anorthosite suite in the Lelukuau
terrane, northeastern Grenville Province, Quebec. The textural evolution of the coronitic samples was mainly controlled by
compositional gradients between former domains of olivine and plagioclase, and involved pseudomorphism of olivine by
orthopyroxene and development of garnet and clinopyroxene coronas between orthopyroxene and plagioclase. The metamorphic
assemblages in the granoblastic samples overprint recognizable igneous textural domains that, in contrast to the coronitic sam-
ples, lack evidence of former olivine. The sequence of mineral assemblages in the granoblastic samples was influenced by
changing P and T as well as bulk-rock composition caused by the growth of porphyroblasts of zoned garnet. In samples with high
Ca and high Mg#, this sequence involved: (1) growth of Ca-rich garnet porphyroblasts, kyanite and quartz at the expense of Ca-
rich igneous plagioclase and development of Al-rich clinopyroxene, under high-pressure conditions; (2) subsequent growth of
less calcic garnet and plagioclase at the expense of kyanite and clinopyroxene during heating and decompression, and (3) produc-
tion of plagioclase and Al-poor clinopyroxene at peak-temperature conditions. Samples with low Ca and Mg# lack kyanite and
are characterized by (1) development of garnet, Al-rich clinopyroxene and quartz at the expense of igneous plagioclase and
clinopyroxene under high-pressure conditions, followed by (2) production of plagioclase and Al-poor clinopyroxene at peak-
temperature conditions. The P-T pseudosections adequately predict the sequences of mineral assemblages and variations in
mineral zoning observed in the granoblastic samples, and are consistent with chemical differences between these rocks and the
coronites. The calculated P-T conditions of the thermal peak overlap in the range of 14-18 kbar and 800-900°C for most sam-
ples. Relatively fast cooling and decompression are indicated by the restricted retrograde textural overprint and preservation of
mineral zoning.

Keywords: high-pressure granulites, coronitic samples, granoblastic samples, mineral zoning, P-T pseudosection, bulk-rock com-
position, Lelukuau terrane, Grenville Province, Quebec.

SOMMAIRE

Nous avons étudié I’évolution des assemblages de minéraux, leurs compositions et leurs proportions en fonction de la pression,
la température et la composition globale des granulites coronitiques et granoblastiques de pression élevée, dérivées aux dépens
d’une suite anorthositique labradorienne dans le socle de Lelukuau, secteur nord-est de la Province du Grenville, au Québec.
L’évolution texturale des échantillons coronitiques a surtout été régie par les gradients de composition entre les domaines d’olivine
et de plagioclase, et a impliqué une pseudomorphose de 1’olivine par I’ orthopyroxene et le développement de couronnes de grenat
et de clinopyroxene entre I’orthopyroxene et le plagioclase. Les assemblages métamorphiques des échantillons granoblastiques
obliterent les domaines texturaux ignés reconnaissables, qui semblent avoir été sans olivine, a la différence des échantillons
coronitiques. La séquence des assemblages de minéraux des échantillons granoblastiques a été influencée par des changements en
pression et en température, aussi bien qu’en composition globale résultant de la croissance de porphyroblastes de grenat zoné.
Pour les échantillons riches en Ca et a Mg# élevé, cette séquence a impliqué (1) croissance de porphyroblastes de grenat calcique,
de kyanite et de quartz aux dépens du plagioclase igné calcique et le développement d’un clinopyroxene alumineux, sous condi-
tions de pression élevée, (2) par la suite, croissance d’un grenat et d’un plagioclase moins riches en Ca aux dépens de kyanite et
de clinopyroxéne au cours d’un réchauffement et d’'une décompression, et (3) production de plagioclase et de clinopyroxene a
faible teneur en Al aux conditions de température maximale. Les échantillons a faible teneur en Ca et a faible Mg# sont dépourvus
de kyanite et montrent (1) un développement de grenat, de clinopyroxéne alumineux et de quartz aux dépens du plagioclase igné
et du clinopyroxéne sous conditions de pression élevée, suivi (2) d’une production de plagioclase et de clinopyroxene a faible
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teneur en Al aux conditions de température maximale. Les pseudosections P-T prédisent adéquatement les séquences des assem-
blages de minéraux et les variations en zonation observées dans les échantillons granoblastiques, et concordent avec les différences
en composition entre ces roches et les coronites. Les conditions de P et de T calculées pour le paroxysme thermique se recroisent
dans D'intervalle 14—18 kbar et 800-900°C pour la plupart des échantillons. Un refroidissement relativement rapide et une
décompression semblent indiqués afin d’expliquer les effets texturaux rétrogrades limités et la conservation de la zonation des

minéraux.

(Traduit par la Rédaction)

Keywords: granulites de pression élevée, échantillons coronitiques, échantillons granoblastiques, zonation des minéraux,
pseudosection P-T, composition globale, socle de Lelukuau, Province du Grenville, Québec.

INTRODUCTION

High-pressure granulites variably associated with
eclogites occur in a number of high-P belts (O’Brien &
Rotzler 2003), and are tectonically significant in that
they raise the issue of heat-generating processes in seg-
ments of the deep crust during continental collision.
However, high-T textural equilibration and chemical
homogenization of individual phases at the thermal
peak, together with subsequent retrograde resetting, tend
to obliterate the record of their P-T evolution.

In the northeastern Grenville Province, high-pressure
granulites are exposed in an orogen-parallel discontinu-
ous high-P belt that developed at ca. 1.05 Ga, during
the main compressional event of the Grenvillian orog-
eny (Fig. 1a; Indares et al. 2000, Rivers et al. 2002).
Among them, those derived from gabbroic components
of an anorthosite suite in the Lelukuau terrane (Fig. 1b)
mainly occur as granoblastic rocks that were completely
recrystallized during the high P-T metamorphism, and
only rarely are found as coronites that variably retain
relics of igneous phases separated by high P-T coronas.
A pilot study (Indares 2003) revealed that the grano-
blastic rocks preserve textural evidence of their high-P
evolution, as well as prograde zoning in refractory
phases. These features provide a unique opportunity to
infer the tectonothermal evolution of deeply buried crust
during orogenesis. Indares (2003) also suggested that
the textural evolution was strongly influenced by the
bulk-rock composition. In this contribution, reaction
textures and mineral zoning of coronitic and
granoblastic rocks from the Lelukuau terrane are com-
bined with P-T pseudosection modeling (Hensen 1971,
Connolly 1990, Powell et al. 1998) to constrain the in-
fluence of bulk-rock composition on the stability fields
of the mineral assemblages observed, and to elucidate
the P-T evolution of these rocks.

GEOLOGICAL SETTING

The Grenville Province mainly consists of a mosaic
of Paleo- to Mesoproterozoic terranes that developed
along, or were accreted to, the northeastern margin of
Laurentia and were subsequently involved in continen-
tal collision between 1.2 and 0.99 Ga (Rivers et al.

1989). The final configuration of the Grenville Prov-
ince was achieved during a 1.08-0.99 orogenic episode
(the Ottawan orogeny, Rivers 1997). The main tectonic
elements of the province include the Parautochthonous
belt, which consists of foreland units reworked during
late stages of the Ottawan orogeny and shows a
Barrovian metamorphic gradient, and, structurally
above, the orogenic core (hinterland) that consists of a
mosaic of middle- to high-Ottawan crustal levels (Fig.
1a, Indares & Dunning 2004). The northwestern rim of
the hinterland is marked by a discontinuous belt of high-
P granulites locally associated with eclogites. The best-
documented section of this belt is the Manicouagan
Imbricate Zone (MIZ) of the northeastern Grenville
Province; together with the adjacent high-P Molson
Lake terrane (Indares & Rivers 1995), it is exposed be-
tween the Parautochthonous Gagnon terrane (Rivers et
al. 1993) and Mesoproterozoic units of the hinterland
(Fig. 1b).

The MIZ consists of two lithotectonic packages, the
structurally lower Lelukuau terrane (LT) and the over-
lying Tshenukutish terrane (TT, Indares er al. 1998,
2000). The LT, on which this study focuses, consists of
a Labradorian (1650 Ma) anorthosite suite that was im-
bricated, deformed and recrystallized under high P-T
conditions (1518 kbar and 800-900°C, Indares 2003)
at ca. 1.05-1.03 Ga (Indares et al. 1998). Development
of assemblages of granoblastic minerals was pervasive
both in shear zones and in apparently massive tectonic
domains in the interior of the LT. The extent of meta-
morphic recrystallization and the lack of correlation
with fabric development are consistent with high-tem-
perature deformation (Indares 2003). Coronitic rocks are
scarce and occur mainly at the edges of the terrane.

Metamorphism is attributed to tectonic burial dur-
ing crustal shortening, followed shortly after by a ther-
mal perturbation related to the emplacement of
within-plate gabbro dykes in shear zones (Indares et al.
1998). Exhumation is consistent with extrusion from the
lower levels of the thickened crust, controlled by ther-
mal weakening (and development of ductile flow) dur-
ing the high-T event and by the presence of a ramp of
crustal scale (Archean basement in the underlying
Gagnon terrane, Fig. 1b) over which tectonic transport
was channeled (Indares et al. 2000).
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FiG. 1. (a) Location of the study area in the Grenville Province. (b) Simplified geological framework of the high-P belt of the
northeastern Grenville province (Indares et al. 2000) and locations of samples examined in the study.
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This study focuses on three representative grano-
blastic samples (KW4A, KW4C and KW4F) and three
coronitic samples (416, 92 and KW4D) of metagabbro
from the LT. The coronitic samples 416 and 92 were
collected at the edges of the terrane, whereas the rest of
the samples come from a single locality in the eastern
LT (Fig. 1b).

ANALYTICAL TECHNIQUES AND BuLK COMPOSITION

Minerals were analyzed using a CAMECA SX-50
automated microprobe with a LINK ED spectrometer
at Memorial University of Newfoundland with an ac-
celerating potential of 15 kV, a counting time of 60 s,
and a beam current of 20 nA, with the exception of pla-
gioclase, which was analyzed with a beam current of 10
nA and a broader beam to avoid loss of Na. Data were
reduced by a ZAF correction program. X-ray maps were
acquired with wavelength-dispersion spectrometers at
15 kV and 50 nA with 100 to 200 ms counting times.
Whole-rock determinations were made by X-ray fluo-
rescence analysis at the Memorial University of New-
foundland using the analytical procedures described in
Longerich (1995).

Bulk compositions of the six samples are given in
Table 1. SiO, contents and Mg# [= MgO/(MgO + FeO)]
values range from 46.5 to 52.2 wt% and from 0.42 to
0.68, respectively. The coronitic samples are poorer in
Si0O, than the granoblastic samples (Fig. 2a). Contents
of Al,O3 and CaO range from 15.52 (KW4F) to 22.57
wt% (KW4C) and 10.77 (KW4A) to 18.09 wt%
(KW4F). The three granoblastic samples are character-
ized by: (a) high Mg#-Ca and low Al (KW4F), (b) high
Mg*~Ca-Al (KW4C), and (c) low Mg#—Ca and high Al
(KW4A; Figs. 2b and c¢). Among the coronitic rocks,
samples 416 and 92 have high Mg# and intermediate
Al, and sample KW4D has high Mg#-Al (similar to

TABLE 1. BULK COMPOSITION OF SEVEN SAMPLES OF
HIGH-PRESSURE GRANULITE FROM THE NORTHEASTERN
GRENVILLE PROVINCE. QUEBEC

92 416 KW4A KW4A' KW4C KW4D KWw4ar
§i0. wi% 47.0 4651 5217 5192 5163 4917 5037
TiO, 05 0.34 0.51 0.00 0.19 .16 0.29
ALO, 189 17.38 22,14 1989 2257 2175 13.52
FeO! 7.1 7.94 8.42 7.60 4.82 4.67 3.24
Ma0O 119 10.17 6.04 572 775 939 11.33
MnO 0.1 012 0.11 0.00 011 009 011
Ca0 8.4 1329 1077 1088 1309 1537 18.09
Na, O 25 1,66 2,63 363 1.08 072 <Dl
K.O 0.5 G.19 0.33 0.00 0.23 0.19 0.1t
Total 97.0 97.00 10312 99.64 10147 10L51 10126
Mg# .63 0.56 0.42 0.42 0.62 067 0.68

? Feas FeO. Mg# = MgO/(MgQ + Fe0). * Bulk composition estimated by removing
high-Ca and high- Al core of gamct and clinopyroxene, respeetively. < DL.: below
detection limit.
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sample KW4C). Contents of Na,O are below 2 wt%
except for sample KW4A (2.63 wt%).

PETROGRAPHY

The mineralogy of the six samples is given in Table
2. Relict igneous minerals occur in the coronitic samples
92 and 416 only and include plagioclase, clinopyroxene
and subordinate biotite. The metamorphic assemblage
consists of garnet — clinopyroxene — plagioclase + quartz
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FiG. 2. (a) A plot of bulk-rock SiO, versus Mg# [=MgO/
(MgO + FeO)], (b) Al,O3 versus Xjig0, and (c) CaO versus
Xwmgo of the samples of high-P granulites studied.
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and is characteristic of high-P mafic granulites (Pattison
2003). The granoblastic samples KW4F and KW4C also
have kyanite as inclusions in garnet. The coronites are
characterized by the absence of quartz; among them,
sample 92 has corundum and kyanite inclusions in pla-
gioclase domains, whereas sample 416 has corundum
inclusions in plagioclase. Additional minor phases in-
clude amphibole, K-feldspar, scapolite, apatite, calcite,
dolomite, biotite, phengite, rutile, pyrite and chalcopy-
rite (Table 2).

Coronitic rocks

The coronitic samples 92 and 416 from the edge of
the LT have relics of igneous clinopyroxene and pla-
gioclase, and rounded aggregates of orthopyroxene that
are separated from plagioclase by clinopyroxene—gar-
net coronas (Figs. 3a, b). This type of of orthopyroxene
aggregates, with occasionally relict olivine in their
cores, commonly observed in coronitic metagabbros
(Mgrk 1985, Indares 1992, Rivers & Mengel 1988), is
interpreted as being pseudomorphic after olivine. Igne-
ous clinopyroxene consists of large prisms with
exsolution lamellae and blebs of Fe-Ti oxides and rutile
in the core, and a clear rim, suggesting a breakdown of
ferri- and titan-Tschermak components following igne-
ous crystallization. Plagioclase occurs as large laths of
igneous origin that preserve the original prismatic
shapes and twinning. However, it also contains numer-
ous inclusions of metamorphic corundum and kyanite
(sample 92) and corundum (sample 416).

Garnet coronas consist of an outer zone with inclu-
sions of corundum and idiomorphic terminations against
the plagioclase domains, and an inner zone with
clinopyroxene inclusions and that locally invades the
adjacent clinopyroxene corona. These textures are con-
sistent with the outer zone growing in the plagioclase
domain, and the inner zone growing in the adjacent fer-
romagnesian igneous domain. Clinopyroxene coronas

TABLE 2. MINERAL ASSEMBLAGES IN THE HIGH-PRESSURE
GRANULITES FROM THE NORTHEASTERN GRENVILLE PROVINCE,

QUEBEC
Sample Grt CpxOpx Pl Kfs Quz Ky CrnHbl Bt Phg Rt Scp Dol Ce Ap Cpy
Coronitic
92 x xR P R x x x R X X%
416 x xR P R X X x X x
KwdD x % x X * x
Granoblastic
KW4A x % x x xI x x % x
KwaC X X X x xlI X I x x X x
KW4F X X x I X X %

P pseudomarph, R: igneous relics, I inclusions in garnet, Mineral abbreviations
from Kretz (1983), except for Pha: phengite.
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consist of small grains (a few hundred pwm across) whose
long axis is perpendicular to the corona boundaries
(Figs. 3a, b).

FiG. 3. Photomicrographs of textures in coronitic rocks. (a—
b) Samples 92 and 416 showing garnet— clinopyroxene
coronas around orthopyroxene in the domains of former
olivine (samples 92 and 416), amphibole—garnet coronas
around biotite (sample 92), and corundum + kyanite inclu-
sions in plagioclase domains. (c) In sample KW4D, olivine
domains are completely replaced by clinopyroxene. Lines
across minerals represent locations of zoning profiles
shown in Figure 5. Cpx; represents igneous clinopyroxene.
Field of view across the photomicrographs is 17 mm.



F1G. 4. Photomicrographs of granoblastic samples. (a) Sam-
ple KW4A showing recrystallized Pl; domains separated
by a discontinuous network of granoblastic garnet and
clinopyroxene. (b) Sample KW4C showing recrystallized
Pl; domains with coalesced porphyroblasts of garnet. Gar-
net porphyroblasts contain kyanite + quartz (+ scapolite +
phengite). (c) Sample KW4F showing plagioclase domains
extensively replaced by garnet, clinopyroxene and
scapolite. Garnet cores have kyanite inclusions, and rims
adjacent to Pl, and Cpx; are corroded. Dotted lines in gar-
net porphyroblasts in KW4C and KW4F represent areas
with inclusions. Lines across minerals represent locations
of zoning profiles shown in Figure 7. Field of view across
the photomicrographs is 17 mm.
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In contrast to the coronitic samples from the edges
of LT, sample KW4D is characterized by complete re-
crystallization of the igneous phases (Fig. 3c). Former
igneous mafic domains are replaced by aggregates of
granoblastic clinopyroxene, that is in turn variably re-
placed by amphibole. The overall rounded shape of
some of these domains suggests that they may be former
sites of olivine. Laths of igneous plagioclase have been
replaced by aggregates of granoblastic plagioclase that
lack inclusions of Al-rich phases. Garnet is inclusion-
free and occurs as a discontinuous corona around the
ferromagnesian domains and also as small grains (a few
hundred pm in diameter) within the plagioclase
domains.

Granoblastic rocks

These samples are characterized by complete meta-
morphic recrystallization; they lack relict igneous
phases, rounded aggregates of pyroxenes and coronas.
They consist of clinopyroxene- and plagioclase-rich
domains, the proportions and distribution of which de-
pend upon the Al content, with garnet occurring as
porphyroblasts or framboidal aggregates.

The low Mg#-Ca and high-Al sample KW4A con-
sists of lath-shaped domains of recrystallized plagio-
clase (P1;) separated by clinopyroxene-rich domains that
also contain garnet, and subordinate rutile and green
amphibole (Fig. 4a). Garnet occurs as small (~1 mm)
subidiomorphic grains with rare inclusions of rutile.
Two textural types of clinopyroxene are distinguished:
Cpx forms aggregates with interstitial plagioclase (Pl,),
and blebs and trains of small grains (Cpx,) extend from
garnet to plagioclase, or rim quartz. The general distri-
bution of phases in the domains resembles an original
igneous texture consisting of large plagioclase laths and
ferromagnesian domains.

The high Mg#-Ca—Al sample KW4C consists of
elongate polycrystalline aggregates of plagioclase (P1;),
interstitial granoblastic clinopyroxene, and garnet
porphyroblasts that occur within the Pl; domains, to-
gether with subordinate quartz (Fig. 4b). Clinopyroxene
occurs in two textural types that are the same as in
sample KW4A. The garnet porphyroblasts (2 to 5 mm
in diameter) commonly consist of a small number of
coalesced subgrains, the cores of which contain abun-
dant inclusions of kyanite and quartz, and locally pla-
gioclase and phengite. Garnet displays straight
boundaries with P1;, but is slightly resorbed in the pres-
ence of Cpx;, and quartz. Textures and mineralogy of
the high Mg#—Ca and low-Al sample KW4F are similar
to those of sample KW4C described above, except that
original domains of plagioclase are extensively replaced
by garnet porphyroblasts and scapolite (Fig. 4c), and
quartz is absent from the matrix.



HIGH-P GRANULITES FROM THE LELUKUAU TERRANE, QUEBEC

Summary

The textures described above suggest that coronas
developed exclusively around former sites of olivine,
both in samples that contain relics of igneous phases
(samples 92 and 416) and in sample KW4D, which has
experienced complete metamorphic recrystallization.
The distribution of metamorphic minerals in the
granoblastic samples also has been influenced by the
original distribution of the igneous plagioclase and fer-
romagnesian domains and by bulk composition. The
latter appears to have controlled: (a) the modal amount
of P1;, which is proportional to the bulk Al content (see
also Indares 2003), and (b) the location of garnet and
the type of inclusions in it. In the high Mg#-Ca samples
(KW4F and KW4C), garnet occurs exclusively in the
plagioclase domains and contains kyanite inclusions,
whereas in the low-Mg#-Ca sample KW4A, the garnet
is kyanite-free and occurs within the ferromagnesian
domains. In the high-Mg#-Ca samples, the presence of
kyanite as inclusions in garnet cores suggests a textural
evolution that started in the stability field of kyanite,
but moved subsequently out of it. Finally, in all the
granoblastic samples, large domains of metamorphic
clinopyroxene (Cpx;) have Pl, inclusions and a garnet
rim adjacent to Cpx,, and quartz is corroded.

MINERAL COMPOSITION AND ZONING

Representative compositions of garnet, the py-
roxenes and plagioclase are given in Tables 3-5. Gar-
net is rich in pyrope and grossular (0.36 < Xp, < 0.56,
0.15 < Xgs <0.30). Clinopyroxene is characterized by
high Xy, [= Mg/(Mg + Fe)] (between 0.79 and 0.90).
Values of Xjq and Xc,rsrange from 0.03 to 0.10 and from
0.01 to 0.11, respectively (Table 4). Orthopyroxene ag-

TABLE 3. REPRESENTATIVE COMPOSITIONS OF GARNET IN THE
LELUKUAUTERRANE,NORTHEASTERN GRENVILLE PROVINCE. QUEBEC

92 416 Kw4aA KW4C KW4D KW4F
corona coronma  core rim rim  corona rim
Si0, wi% 4069 39.58 4065 4093 4180 4154 4123
ALO, 2295  22.50 22.05 22.35 23.30 2289 2256
Fe® 13.99 1551 19.84 2055 14.90 15.64 12.51
MgO 12,67 1004 8.55 9.56 1490 1438 1543
MnO 027 024 0.37 0.16 0.50 0.42 027
Cal 9.21 1149 9.24 7.57 5.90 6.07 7.22
Total 99.78 9936 (0070 101.13 101.33 10096  99.50
Si apfu 6.005 5060 6104 6.099 6036 6045 6042
Al 3991 3993 3902 3925 3965 3926 3.896
Fe™ 17260 1853 2491 2561 1799 1903  1.533
Mg 2787 2254 1914 2124 3208  3.420 3371
Mn 0.034 0031 0047 0.020 0061 0052 0.034
Ca 1456 1854 1486  1.209 0913 0946 1134
Xy 0.618 0536 0434 0453 0.641 0621 0.687
X 0288 0321 0419 0433 0301 0316 0.253
i 0464 0370 0322 0359 0536 0518 0555
Ko 0.006 0005 0008  0.003 000 0009  0.006
Xen 0243 0304 0250 0204 0153 0157 0.187
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gregates are Mg-rich (Xy, = 0.9). Plagioclase composi-
tions vary from anorthite to andesine (Table 5).

Coronitic rocks

Zoning profiles across garnet coronas in sample 416
are asymmetrical and display an increase in Xpy, from
0.40 to 0.47 and a monotonic decrease in Xg,s from 0.26
to 0.16 away from the plagioclase domains (Fig. 5a).
Locally, X, displays a slight reversal in contact with
clinopyroxene. Zoning gradients are strongest in the

TABLE 4. REPRESENTATIVE COMPOSITIONS OF CLINOPYROXENE
AND ORTHOPYROXENE [N ROCKS OF THE LELUKUAU TERRANE

Clinopyroxcne Orthopyroxene

92 416 KWdA KWAC KW4D KW4F 92 416
COrOnY CoTona Cpx, Cpx, corona Cpx, corona corona
outer  outer  core rim rm outer rim rm rim
Si0, 5430 3270 5115 5294 5430 53.09 51.33 5589 5377
TiO, 019 <DL 060 062 040 042 030 <Dl <DIl.
ALO, 490 442 813 551 380 519 848 140 289
FeOQ 303 403 679 641 300 343 279 1080 1164
MgO 1390 1386 1089 1328 1580 1480 13.03 30064 2036
Ca0 20004 2216 22,10 2290 2370 2382 2081 029 020
Na,0O 252 159 145 113 070 118 164 <DL. <DL
Total 98.69 9876 102.29 102.54 102.18 101.93 9946 9902 97.86
Siapfu 1978 1938 1842 1.899 1638 1.892 1869 1986 1940
Ti 0005<DL. 0016 0017 0011 0011 0003 <DL, <D.L.
RN 0.022 0062 0158 0101 0062 0108 0131 0014 0.060
VAL 0188 0.130 0.187 0431 0.102 0110 0233 0045 0.062
lig™ 0.000  0.078 0.165 0168 0093 0.044 0.085 0321 0.351
Mg 0755 0760 0638 0710 0840 0786 0707 1623 1.579
Ca 0.782 0873 0853 0880 0806 0909 0851 0011 0.008
Na 0178 0113 0,101 0079 0048 0082 0116 <DL. <DL
X 0.893 0907 0795 0808 0801 0947 0893 0835 0818
Xy (1839 0.865 0766 0817 0892 0872 0.813
X 0050 0042 0091 0088 0049 0.024 0043
Xy 0098 0060 0056 0041 0020 0044 0.065
Xearn 0.012 0033 0087 0053 0033 0059 0074

<D.L.: below detection limit. Analytical data are reported in witGe.

TABLL 5. REPRESENTATIVE COMPOSITIONS OF PLAGIOCLASE [N
ROCKS OF THE LELUKUAU TERRANE

Sample 92 416 Kwiaa Kw4C Kw4D KW4F
Pl Pl PI, Pl, P, Pl Pl
rim rim core rim rim rim rim

Si0, wi%  58.63 55.56 58.16 59.05 54.10 49.73 5521

ALO, 26.09 27.54 24.79 26.02 26.80 32.81 27.41

Cal 7.89 9.35 770 7.57 11.70 15.39 943

Na.O 7.55 579 7.02 6.75 4.60 3.11 6.32

K,0 014 0.32 0.48 0.44 027 <D.L. 021

Total 100.30 08.36 98.31 99.86 10049  101.45 98.70

Si apfu 2617 2531 2.650 2.640 2431 2.244 2.520

Al 1.372 1.478 1.330 1.370 1.578 1.745 1.475

Ca 0.378 0.456 0.380 {.360 0.563 0.744 0461

Na 0.653 0511 0.620 0,580 0.401 0,272 0,560

K 0.008 0.019 0.030 0.030 0.015 <D.L. 0012

Xao 0.37 047 0.37 0.37 0.58 0.73 045

<D.L.: below detection limit.
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FIG. 5. Zoning profiles of garnet (a—c), clinopyroxene (d—f), plagioclase (g—i) and orthopyroxene (j and k) from coronitic
samples 416, 92 and KW4D. See Figure 3 for the locations of profiles. Minerals contacting the analyzed minerals are indi-
cated next to arrows.
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corundum-bearing outer zone of the corona. This type
of asymmetrical zoning reflects differences in chemical
potential between the plagioclase and mafic domains,
rather than changes in metamorphic conditions (Mgrk
1985, Rubie 1990, O’Brien et al. 1992). Garnet coronas
of sample 92 display similar patterns of zoning. How-
ever, in this sample, zoning is most pronounced in the
inner zone of the coronas, whereas the corundum-bear-
ing outer zone displays a reversal in the Xp;p and Xgs
trends, interrupted by humps (Fig. 5b). A Ca X-ray map
(Fig. 6a) reveals the humps in the zoning profiles to be
cores of small grains of garnet (<100 wm in diameter)
coalesced along the margin of plagioclase domain,
forming necklaces. Individual grains in the necklaces
display a sharp concentric decrease in Xg from 0.30 to
0.21 toward the rim, accompanied by an increase in Xpy,
from 0.41 to 0.49. Garnet coronas in KW4D are chemi-
cally homogeneous except for the contacts with
clinopyroxene (inner rims), where Xy, decreases (Fig.
5c), and toward plagioclase, where a slight increase in
Xars occurs. The lack of strong chemical gradients in
these coronas may be either an original growth-related
feature, or a result of post-growth chemical homogeni-
zation under high temperatures. Either case is consis-
tent with more efficient chemical communication
between plagioclase and mafic domains and advanced
metamorphic recrystallization in sample KW4D.

Relict igneous clinopyroxene in samples 416 and 92
displays an outward decrease in Xy, and an increase in
Al and Xc,rs contents (not shown). Clinopyroxene co-
ronas are relatively homogeneous in terms of Xy, ex-
cept for the rim adjacent to orthopyroxene and
amphibole, and, locally, garnet, in which Xy, slightly
increases (Figs. 5d—f). Al contents generally increase
toward garnet (i.e., the plagioclase domains) probably
reflecting the gradient in chemical potential of Al be-
tween the plagioclase and the mafic domains. However,
the Al trend locally displays a slight reversal near the
contact with garnet. The zoning trend of Xc,7s is paral-
lel to that of Al, whereas Xjq decreases in both rims. The
aggregates of granoblastic clinopyroxene in sample
KW4D are characterized by a general outward increase
in Xy, and decrease in Al contents. However, these
trends are irregular in detail, probably owing to the pres-
ence of amphibole (Fig. 3c). Orthopyroxene aggregates
in samples 416 and 92 are homogeneous in terms of Xy,
but display compositional breaks in the zoning of Al and
Na (Figs. 5j, k), with higher Al and Na contents in the
rim of the aggregates. The relatively low-Al-Na cores
of the aggregates may represent orthopyroxene that re-
placed olivine during cooling of the igneous protolith,
whereas the rim may have been produced during the
high-P metamorphism under the influence of the differ-
ence in chemical potential of Al and Na.

Zoning profiles in plagioclase in all coronites show
a general decrease in Xu, toward the rims (Figs. 5g—i),
with sharp gradients at subgrain boundaries and at the
rim adjacent to garnet coronas. This is interpreted to
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represent relict zoning of the original igneous plagio-
clase that has been modified during partial recrystalli-
zation under the high-P metamorphism.

Granoblastic rocks

Garnet porphyroblasts located within plagioclase
domains (samples KW4C and KW4F) display a high-
Xars and low-Xpyp core (Figs. 7a, b) that are locally rich
in kyanite—quartz inclusions. From core to rim, Xgs
decreases sharply from 0.31 to 0.21 in sample KW4C
and from 0.22 to 0.18 in sample KW4F. A Ca X-ray
map of sample KW4C shows a grain of garnet that con-
sists of three coalesced subgrains, each one of which
has its own zoning and inclusion-rich core. This garnet
is locally resorbed by Cpx; and fine-grained plagioclase
that is referred to as Pl;, (Fig. 6¢). In contrast, the inclu-
sion-free grains of garnet that occur in ferromagnesian
domains (sample KW4A) are relatively homogeneous,
with only occasional Ca-rich cores (green domains with
diffuse boundaries, shown by arrows in Fig. 6e).

The composition of the clinopyroxene is relatively
homogeneous in terms of Xy, (0.82-0.85), with values
depending upon the bulk-rock Mg#. The Al content,
Xcars (0.01-0.1) and, to a lesser extent, Xjq (0.05-0.17),
are higher in Cpx; than in Cpx,, and in both types of
grains they decrease toward the rim (Figs. 7c, d). The
composition of plagioclase depends upon the type of
sample and the textural setting. Plagioclase domains in
sample KW4C are Ca-rich and display a wide range of
compositions (0.55 < Xa, < 0.88). They are character-
ized by high-Ca subdomains (Fig. 6c¢) that cut across
grain boundaries and may represent relict zoning of the
original igneous laths. These subdomains are occasion-
ally transected by garnet porphyroblasts. However, rela-
tively high Xa, (~0.7) in Pl,, (see Fig. 6¢) formed
between resorbed garnet and clinopyroxene is likely a
relatively late metamorphic feature. Plagioclase inclu-
sions in garnet are more calcic (0.88 < X4, < 0.90) than
matrix grains, suggesting that garnet nucleated in the
most Ca-rich parts of the plagioclase domains. Plagio-
clase in sample KW4F displays a relatively homoge-
neous core (Xa, = 0.51) and a Ca-enriched rim (Xa, =
0.55, Fig. 7f), with grains adjacent to the rim of resorbed
garnet being the most calcic (Xa, = 0.75). Plagioclase in
sample KW4A is less calcic (0.33 < Xa, < 0.40) than in
the other two samples, and is generally homogeneous
except for an increase in X4, in the rim of some grains.
In the three granoblastic samples, the composition of
PI, overlaps with that of the rim of the plagioclase do-
mains.

METAMORPHIC REACTIONS

Some reactions consistent with textural observations
and mineral zoning in the granoblastic rocks from the
LT are given in Indares (2003). In this section, we dis-
cuss reactions in the coronitic rocks in the anhydrous
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F1G. 6. X-ray maps of samples 92 (a and b), KW4C (c and d) and KW4A (e and f). Locations of inclusions in samples 92 are
indicated by arrows. In sample KW4A, locations of high-Ca and high-Al cores of garnet and clinopyroxene are indicated by
arrows. Warm colors represent higher concentrations.
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FiG. 7. Representative compositional zoning profiles of garnet (a and b), clinopyroxene (¢ and d) and plagioclase (e and f) in
granoblastic samples KW4C and KW4F. See Figure 4 for the locations of zoning profiles.
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model system Na,O-CaO-FeO-MgO-Al,03-Si0, and
present an updated summary of reactions for the
granoblastic rocks that incorporates the new observa-
tions presented here.

Coronitic samples

The presence of orthopyroxene pseudomorphs after
olivine separated by clinopyroxene and garnet from
corundum-bearing plagioclase (samples 92 and 416)
suggests a generalized reaction such as:

12 An + 12 (Fo, Fa) = 3 (En, Fs) + Grs
+ 4 (Prp, Alm) + 9 (Di, Hed) + 7 Crn R1)
which also is consistent with the average composition
of the garnet corona. The systematic arrangement of the
corona phases as well as the asymmetrical zoning in
garnet and clinopyroxene coronas indicate that chemi-
cal communication between the former olivine and pla-
gioclase domains was limited and that R1 was operating
under the strong influence of chemical potentials. Co-
rundum inclusions in plagioclase domains are consis-
tent with an excess of Al left behind when Ca and Si
(which are more mobile elements) diffused toward the
olivine domains during early stages of corona forma-
tion (Mongkoltip & Ashworth 1983). This excess Al in
the plagioclase domain is “balanced” by an Al deficit in
the core of the olivine domain, as indicated by the pres-
ence of orthopyroxene.

The presence of kyanite inclusions in plagioclase but
not in the corundum-bearing outer part of garnet coro-
nas in sample 92 indicates that the reaction:

3 An + Crn = Grs + 3 Ky (R2)
occurred during a late stage of corona development at
the expense of corundum. Garnet necklaces may have
been produced by R1 and R2 along with the outer parts
of the garnet coronas when diffusion of Fe and Mg ex-
ceeded the interface between garnet and plagioclase. We
note, however, that the formation of garnet necklaces is
not entirely related to the growth of kyanite, as they also
occur in kyanite-free coronites (samples 416 and
KW4D). In sample KW4D, textural evidence of the
former presence of olivine and the lack of corundum
and kyanite inclusions is consistent with a generalized
reaction of the type:

5 An + 5 (Fo, Fa) + 4 (En, Fs) = Grs
+ 4 (Prp, Alm) + 2 (Di, Hed) (R3)
Granoblastic rocks

These rocks preserve no evidence of the original fer-
romagnesian phases; therefore, the metamorphic reac-
tions that led to the elimination of these phases cannot
be determined. However, there is abundant textural in-
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formation on the evolution of the dominant Grt—Cpx—
PI assemblage (Indares 2003). In samples KW4C and
KW4F, the exclusive occurrence of garnet in the pla-
gioclase domains, as well as the presence of inclusions
of high-Ca plagioclase in garnet cores, suggest that gar-
net nucleation may have been favored by the high con-
tents of Ca in these domains. High-Ca cores of garnet
porphyroblasts and the presence of abundant kyanite and
quartz inclusions in the cores suggest that the reaction:

3 An = Grs + 2 Ky +Qtz (R4)
made a considerable contribution to the early stages of
garnet growth, with, in addition, efficient diffusion of
Fe and Mg from the ferromagnesian sites to account for
the almandine and pyrope components of this garnet
(Indares 2003). The presence of phengite inclusions in
the core zone of garnet in sample KW4C is consistent
with early growth of garnet at elevated pressures, im-
plying a significant overstepping of the garnet-in reac-
tions. The lack of inclusions and the relatively low level
of Ca in the garnet rim, as well as the absence of kyan-
ite in the matrix, suggest a second stage of garnet
growth, leading to the final assemblage Grt—-Cpx—Pl-
Qtz in these rocks. This is consistent with a reaction that
is proposed here for the first time:

14 Ky +12 (Di, Hd) = Grs + 4 (Prp, Alm)
+9An+50Qtz (RYS).
This reaction is balanced in a way that reflects the com-
position of the inclusion-free rim of garnet and produces
more garnet and plagioclase at the expense of clino-
pyroxene and kyanite, with elimination of the latter
marking the boundary of the stability field of kyanite.
Widespread occurrence of garnet in the ferromagnesian
domains of sample KW4A, lack of kyanite inclusions
and scarcity of a grossular-enriched core suggest that
this garnet grew outside the stability field of kyanite by
a reaction of the type:

3 An + 3 (Di, Hd) = 2 Grs + (Prp, Alm)
+3Qtz (R6)
This reaction is consistent with the low contents of Ca
in plagioclase (and lower bulk Ca), which likely pre-
vented garnet from nucleating preferentially in the core
of the plagioclase domains. In all three granoblastic
samples, the resorption of the rims of garnet associated
with new growth of Cpx; and Pl,, in quartz-bearing ar-
eas suggests the subsequent operation of reaction R6 in
the opposite direction. We note, however, that the for-
mation of Plj, in the vicinity of garnet porphyroblasts
(Fig. 6¢) in samples KW4C and KW4F probably started
earlier, by reaction RS.

The reactions described above do not account for the
jadeite and Ca-Tschermak contents of clinopyroxene
and their variations. The presence of a relatively high-
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Al and high-Na core in Cpx; grains is consistent with
reactions:

Ab =Jd + Qtz (R7)
and
An = CaTs + Qtz (R8)

which are favored at high pressures. The presence of
abundant Pl in the clinopyroxene-rich domains as in-
clusions and interstitial grains, together with decreasing
Al and Na contents toward the rims, suggest the subse-
quent operation of these two reactions in the opposite
sense. In this context, the Al and Na contents in the core
of Cpx; probably represent minimum values. Lower Al
and Na contents of Cpx; relative to the cores of Cpx;
are consistent with textural evidence for relatively late
growth of Cpx,.

PHASE RELATIONS
IN THE HIGH-PRESSURE GRANULITES

P-T pseudosections provide a way to assess changes
of mineral assemblages, mineral compositions and
modes with pressure, temperature and bulk-rock com-
position (Connolly 1990, Powell et al. 1998, Vance &
Mabhar 1998, Carson et al. 1999, Zeh 2001, Zhao et al.
2001, Nagel et al. 2002). A critical step in calculating
pseudosections involves establishing an “effective bulk-
composition” (EBC; e.g., Stiiwe 1997, Marmo et al.
2002). In the case of the originally dry and coarse-
grained gabbroic rocks investigated, the EBC cannot be
unambiguously determined, as many minerals are zoned
and equilibrium volumes, especially in coronitic
samples, cannot be well constrained. The EBC can also
change progressively during the growth and breakdown
of refractory minerals.

With the above caveats in mind, P-T pseudosections
were calculated for the bulk-rock compositions of three
granoblastic samples (KW4A, KW4C and KW4D) and
two of the coronites (KW4D and 416). The calculations
were performed using the program PerPLEX (Connolly
1990) with the thermodynamic database and solution
models of Holland & Powell (1998). Phase relations
were modeled in the system NCFMAS, and the follow-
ing phase-components were considered: almandine,
pyrope, grossular, diopside, hedenbergite, Fe-Tschermak
pyroxene, Mg-Tschermak pyroxene, Ca-Tschermak
pyroxene, jadeite, enstatite, ferrosilite, forsterite, fayalite,
anorthite, high albite, kyanite, sillimanite, corundum,
spinel, hercynite and quartz.

Although the bulk composition of a sample does not
reflect the EBC for practically any stage in the rock’s
history, it may be close to the EBC at the early stages of
metamorphic recrystallization, if the original igneous
minerals were not significantly zoned and if they were
of similar size. Among the three granoblastic samples,
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KW4A best complies with this criterion as its plagio-
clase and ferromagnesian domains are of comparable
sizes, and plagioclase domains have a relatively homo-
geneous composition (Figs. 6e, f). On the other hand,
growth of grains of early Ca-rich garnet (with kyanite
and quartz inclusions) in plagioclase domains in samples
KW4C and KWA4F reflects an EBC that was enriched in
Ca and Al, and depleted in Fe and Mg values, relative
to the measured bulk-composition. However, this EBC
cannot be quantified because these sites of garnet growth
were not isolated, as indicated by the almandine and
pyrope components in the garnet, which require diffu-
sion of Fe and Mg from the ferromagnesian sites.

In the coronitic samples, limited chemical commu-
nication between the plagioclase and ferromagnesian
domains and unequal rates of diffusion of the migrating
elements make it impossible to determine the EBC for
any stage of their metamorphic evolution. However, P—
T pseudosections calculated with the bulk composition
of these rocks allow one to establish the P-T distribu-
tion of stability fields of possible assemblages of min-
erals if chemical communication was complete, and
compare them (a) with the observed mineralogy, and
(b) with the mineralogy of the granoblastic rocks. The
latter may provide insights into the potential role of bulk
composition on corona development.

P-T phase diagrams for the granoblastic samples

Figure 8 (a—d) shows the calculated P-T phase rela-
tions for the three granoblastic samples. In addition, a
second P-T pseudosection was constructed for sample
KW4A (Fig. 8b), to account for the effect of fraction-
ation during growth of: (a) zoned garnet, and (b) a sec-
ond generation of clinopyroxene (Cpx,) with different
Al content than the first one (Cpx;). The EBC used for
this pseudosection is based upon mineral compositions,
and modes estimated by the X-ray maps excluding high-
Ca cores of garnet and high-Al cores of Cpx;. This EBC
is interpreted to be valid for the growth of the majority
of garnet in that sample. The P-T diagrams calculated
for the granoblastic samples display the same sequence
of alternating tetravariant and trivariant fields and are
characterized by a wide field of stability of quartz and
the absence of corundum and spinel, in the P-T range
500-1000°C and 8-22 kbar (Figs. 8a—d).

Starting at the high-T and low-P side of the P-T
range mentioned above, and with increasing pressure,
the Grt—Cpx—Opx—PI assemblage (middle-P granulite)
gains quartz and then loses orthopyroxene, across the
boundary with the high-P granulite field. Next, the re-
sulting Grt—Cpx—P1-Qtz assemblage (referred to herein
as Qtz granulite) gains kyanite (Grt—Cpx—PIl-Ky-Qtz
assemblage; Ky—Qtz granulite) across a boundary that
coincides with R4. Finally, plagioclase is eliminated
across the boundary of the eclogite field (Grt—Cpx—Ky—
Qtz assemblage; kyanite eclogite).
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(a) P-T pseudosection diagrams for samples (a) KW4A (bulk composition), (b) KW4A (bulk composition minus the
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fields are in white, trivariant fields are in light grey, and tetravariant fields are in dark grey. Mineral symbols from Kretz

(1983).

The locations and slopes of the Qtz-in, Ky-in and
Pl-out boundaries, and consequently the widths of the
different fields, depend upon the bulk-rock composition,
and are consistent with textural observations. For in-
stance, the Ky-granulite field for the low-Mg#-Ca
sample KW4A is displaced at higher-P or lower-T con-
ditions relative to the high-Mg# —Ca samples KW4C
and KW4F (Fig. 8a), and this is consistent with lack of
kyanite in sample KW4a. The width of the stability field
of plagioclase is inversely related to the bulk-Ca con-
tent, and consistent with the lowest PI; modes in sample
KWA4F, which has the highest bulk-Ca content (Fig. 8d).

The peak-T mineral assemblage in samples KW4A,
KW4C, and probably KW4F, is Grt—Cpx—P1-Qtz, with
Qtz having been completely consumed by subsequent
reactions (e.g., R6, R7and R8 in the opposite sense) in
KWA4F. This assemblage is stable in the tetravariant field
between the Opx-out and the Ky-in curves (Figs. 8a—d).
Kyanite and quartz inclusions in the Ca-rich core of
garnet grains in samples KW4C and KW4F indicate that
garnet started growing in the Ky—Qtz granulite field.
The transition from Ky—-Qtz to the Qtz granulite field
can be achieved by increasing temperature or decreas-
ing pressure conditions (or both). However, the role of
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changing EBC on the P-T location of this transition also
must be considered, as indicated by the shift of the Ky—
Qtz granulite field to the left during the growth of the
rim on garnet grains in KW4A (Fig. 8b).

Pseudosection modeling of KW4A illustrates the
effect of changing EBC on the transition between the
Ky—Qtz and the Qtz granulite fields, assuming that the
initial EBC was similar to that of bulk-rock composi-
tion. P-EBC and T-EBC diagrams (Figs. 9a, b) con-
structed at 15 kbar and 850°C show that the changes in
EBC from garnet core to rim reduce the stability field
of the Ky-Qtz granulite by displacing the Ky-in bound-
ary (R4) in a lower-T or (because the slope of the reac-
tion is positive) a higher-P direction. Therefore,
transition from Ky—-Qtz granulite to Qtz granulite field
may also occur under constant pressure and tempera-
ture conditions by shifting the EBC from being more
Ca- and Al-rich (nucleation of garnet cores) to less Ca-
and Al-rich (subsequent growth of garnet rims) in
samples KW4C and KW4F. We note that both modeled
change in EBC (starting with the bulk-rock composi-
tion) and the change involving a starting Ca- and Al-
rich EBC relative to the bulk-rock composition follow
the same trend, i.e., they evolve toward lower Ca and
Al contents. Therefore, they both displace the Ky-in
boundary in the same direction.

Variations in mineral compositions
and modes along the P-T path

Mineral compositions and volumes for sample
KW4A were contoured to evaluate their changes in the
P-T space, compare them with observed mineral zon-
ing and textural relations, and constrain the P-T path

22 T T T T T T e .
L (a) Grt-Cpx-Ky-Qtz | At 850 °C |
20 ]
Grt-Cpx-PI-Ky-Qtz
18 —
KW4C KW4F__—— _
=16 S
5 E KW4A ]
B >
e
S
o l4F ]
Grt-Cpx-P1-Qtz
12 F ]
10 - Grt-Cpx-Opx-Pl-Qtz =
b - Grt-Cpx-Opx-Pl |
g . | A 1 i\ 1 N L L
0.0 0.2 0.4 0.6 0.8 1.0
core/(coretrim)
FiG. 9.

457

(Figs. 10a-h). Isopleths are tighter in the trivariant
fields, where most dramatic changes occur, with only
minor changes in the tetravariant fields. In the Ky-Qtz
and Qtz granulite fields, Xy, Xgrs and volume isopleths
of garnet have positive slopes (Figs. 10a—c), with Xgs
decreasing regularly toward higher-temperature or
lower-pressure conditions. The Xy, of garnet increases
in the same direction within the Ky—Qtz granulite field,
but remains constant in the next field. During the transi-
tion from the Ky—Qtz to the Qtz granulite field, the vol-
ume of garnet increases, and then decreases. The Xy,
isopleths of clinopyroxene are near-vertical to negative
in the Ky—Qtz granulite field, and switch to a positive
slope in the quartz granulite field, with values decreas-
ing in both cases toward higher temperatures (Fig. 10d).
The Al content and volume isopleths of clinopyroxene
have positive slopes, with values decreasing toward
higher temperature with a reversal at the left side of the
quartz granulite field (Figs. 10e, f). Values of X4, and
volume isopleths of plagioclase have positive slopes,
both increasing strongly toward higher-T or lower-P
conditions in the Ky—Qtz granulite field (Figs. 10g, h).
The P-T phase relations in the middle-P granulite fields
are consistent with those modeled by Spear &
Markussen (1997). The general trend of the various
types of isopleths are the same in the other granoblastic
samples (not shown), but the values differ to some ex-
tent because they are a function of bulk compositions.
Nevertheless, these trends can be used to interpret tex-
tural relationships and mineral zoning in terms of the
P-T path for all the granoblastic samples.

Qualitative segments of P-T paths that meet the tex-
tural observations and chemical zoning of minerals in
the three granoblastic samples are drawn in the P-T
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(a) P-EBC and (b) T-EBC diagrams at 850°C and 15 kbar, respectively.
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contour diagrams (Figs. 10a—h). The presence of Pl; in
the main assemblage indicates that the P-T path did not
cross the Pl-out curve. In the high-Mg#-Ca samples
KW4C and KW4F, Ca-rich cores of garnet with Ky—
Qtz inclusions grew in the Ky—Qtz granulite field fol-
lowing significant overstepping, together with Al-rich
clinopyroxene, whereas the inclusion-free and Ca-poor
rims were subsequently produced by reaction RS, at the
transition between the Ky—Qtz and the quartz granulite
fields. In contrast, the inclusion free and relatively Ca-
poor garnet in the low-Mg#—Ca sample KW4A grew
entirely in the quartz granulite field. Subsequently, and
within the Qtz granulite field, new, but relatively Al-
poor Cpx, and more Ca-rich plagioclase (Pl;,) grew at
the expense of garnet and quartz in all three granoblastic

samples by reaction R6 in the opposite sense. General
textural equilibrium and lack of notable retrograde zon-
ing in both types of granoblastic samples suggest that
the thermal peak was achieved at that stage, within the
Qtz granulite field. We emphasize that the two types of
rocks come from the same location and have followed
the same P-T path, and that the difference between the
two paths in Figure 10 is an artefact of the two different
bulk-compositions.

Phase relations in the coronitic rocks
P-T phase diagrams for samples KW4D and 416 are

shown in Figure 11. Sample 416 is characterized by: (a)
quartz stability in a more restricted field than the
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granoblastic rocks, and (b) stabilization of spinel in the
middle-P granulite field and corundum at lower-T con-
ditions (Fig. 11a). As a consequence, the Ky-absent,
Grt—Cpx—P1 domain of this diagram is divided into four
fields: Grt—Cpx—PIl-Crn, Grt—Cpx—P1-Sp, Grt—Cpx—PI,
and Grt—Cpx—P1-Qtz fields next to the Ky—Qtz granu-
lite field. These phase relations suggests that the absence
of quartz in this rock is most likely due to silica
undersaturation.

Sample KW4D, which experienced pervasive meta-
morphic recrystallization, displays similar phase-rela-
tions to the granoblastic rocks except for the middle-P
granulite field, which is displaced to higher pressures
(Fig. 11b). This shift raises the question about the ab-
sence of quartz in this sample. Lack of quartz from the
final assemblage can be attributed to reaction R6, which
may operate in the opposite sense during late stages of
the metamorphic evolution, resulting in discontinuities
in the garnet corona. The operation of reactions R7 and
R8 in the opposite sense can also remove quartz from
the rock, but there is no textural evidence for them (as,
for instance, clinopyroxene with plagioclase inclusions).

THERMOBAROMETRY

The application of thermobarometry to coronitic
rocks is complicated by the fact that coronas attest to
general disequilibrium. Nevertheless, local equilibrium
may be assumed at the interfaces between adjacent co-
rona layers and textural domains (Indares & Rivers
1995). In all three coronitic samples, temperatures were
calculated by using adjacent rims of garnet and
clinopyroxene devoid of retrograde zoning. Pressure
conditions were estimated by the R2 in sample 92 and
by the reaction:

2 Crn + 3 (Di, Hd) = (Prp, Alm) + Grs (R9)
in sample 416, using outer rims of garnet corona with
adjacent plagioclase. The problem with this approach is
that P-T conditions are calculated by using different
textural domains in the sample. However, lack of late
textures overprinting the coronas of garnet and clino-
pyroxene and interfaces between garnet and plagioclase,
as well as lack of retrograde zoning, indicate that in both
textural settings, equilibrium was likely achieved (see
also Indares & Rivers 1995). Sample KW4D lacks as-
semblages suitable for barometry; therefore, it will not
be considered further. In the granoblastic samples
KW4A, KW4C and KWA4F, reaction R6 and the Fe—-Mg
exchange reaction between garnet and clinopyroxene
were applied using garnet rims devoid of resorption and
retrograde zoning, with adjacent clinopyroxene and pla-
gioclase in textural domains that contain quartz. How-
ever, because of the possibility of compositional
resetting during early stages of cooling from high tem-
peratures, the calculated P-T conditions should be con-
sidered as minimum (Pattison & Bégin 1994).
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The P-T conditions of the thermal peak were calcu-
lated with the program TWQ 2.02 (Berman 1991). The
P-T conditions of the samples from the eastern LT fall
in the range of 800-900°C, and overlap with that of
coronitic sample 416, indicating no significant thermal
gradient across the terrane (Fig. 12). Lower estimates
of temperature (~100°C) from sample 92, from the west-
ern part of LT, may be attributed to partial resetting of
the equilibrium compositions of minerals during retro-
gression or to a regional metamorphic gradient (Indares
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FiG. 11. P-T pseudosections for coronitic samples (a) 416

and (b) KW4D. Note that in sample 416, the stability field
of quartz is reduced by corundum and spinel in the middle-
P granulite field.
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FiG. 12. P-T diagram showing the peak P-T conditions in the mafic high-P granulites
from Lelukuau terrane. A thick solid line represents the Pl-out reaction for sample
KW4A. Peak-T conditions are constrained by the intersections of the garnet —
clinopyroxene geothermometer and garnet — kyanite — quartz — plagioclase and garnet —
clinopyroxene — quartz — plagioclase geobarometers.

& Dunning 2001). The pressure conditions of the
coronitic rocks are less well constrained, but largely
overlap with those of the granoblastic samples. Pres-
sures of metamorphism estimated in granoblastic
samples range from 14 to 18 kilobars.

DiscussioN AND CONCLUSIONS

Both the coronitic and granoblastic high-P granulites
from the Lelukuau terrane preserve evidence of the
original igneous texture that has been partly to com-
pletely overprinted by high-P mineral assemblages. All
the coronitic samples are characterized by domains of
former olivine, which are replaced by orthopyroxene
aggregates rimmed by clinopyroxene and garnet
(samples 416 and 92) or clinopyroxene aggregates
rimmed by garnet (sample KW4d). In the latter sample,
metamorphic recrystallization was complete, whereas
samples 416 and 92 preserve large prisms of clino-
pyroxene and plagioclase laths of igneous origin, with
kyanite or corundum inclusions. The textures and min-

eralogy of these samples are typical of gabbroic rocks
incompletely recrystallized under high-P conditions
(Indares & Rivers 1995, Lang & Gilotti 2001) and are
attributed to slow rates of element diffusion between
textural domains of contrasting compositions in mas-
sive, coarse-grained and dry rocks (Mgrk 1985, Zhang
& Liou 1997).

The distribution of metamorphic minerals in the
granoblastic samples was controlled by the original laths
of igneous plagioclase and interstitial ferromagnesian
domains. The lack of a corona texture is likely due to
original characteristics of these rocks, such as: (a) the
presence of high-Ca igneous plagioclase that promoted
nucleation of garnet in the interior of the plagioclase
domains rather than at their boundaries with the ferro-
magnesian domains (samples KW4C and KW4F), and
(b) the lack of “large” grains of igneous olivine in the
original assemblage, consistent with higher SiO, con-
tents in the granoblastic than in the coronitic rocks.
Pseudosections valid for the bulk compositions of the
three granoblastic samples display two multivariant
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fields in the P-T domain of high-P granulites: (a) a rela-
tively low-T and high-P field with the assemblage Grt—
Cpx—PIl-Ky-Qtz (Ky—Qtz granulite), and (b) a higher-T
and lower-P field with the assemblage Grt—Cpx—P1-Qtz
(quartz granulite). Textures and mineral zoning in
samples KW4C and KW4F, compared to the distribu-
tion of mineral composition and volume isopleths in the
pseudosections, are consistent with an evolution from
the Ky—Qtz to the Qtz granulite fields. This evolution
involves: (a) development of high-Al Cpx;, Ca-rich
garnet, Kyanite and quartz in the Ky—Qtz granulite field
by largely overstepped reactions, as indicated by inclu-
sions of phengite in the cores of garnet porphyroblasts,
(b) progressive growth of Ca-poor rims of garnet grains
and new plagioclase after Cpx; and kyanite, until elimi-
nation of the latter at the boundary between the two
fields, and (c) local corrosion of garnet and production
of new, low-Al clinopyroxene (Cpx;) and additional Pl,
within the Qtz granulite field. In addition, stages (b) and
(c) were also characterized by growth of plagioclase
(Pl,) as inclusions in clinopyroxene at the expense of
Al and Na components of Cpx;. Sample KW4A did not
evolve through the Ky—Qtz granulite field because of
low bulk-Ca (and, consequently, low level of Ca in the
original plagioclase), which displaces reaction RS to
higher pressures. However, in both cases, the overall evo-
lution is consistent with increasing temperature under
constant pressure or conditions of decreasing pressure.

The above assumes that during textural evolution,
the EBC was the same as the measured bulk-rock com-
position; however, several lines of evidence suggest that
this was not the case. For instance: (a) the high-Ca core
of garnet grains with the inclusions of kyanite grew in
particularly Ca-rich areas of zoned large igneous pla-
gioclase, implying an EBC enriched in Ca and Al rela-
tive to the bulk-rock composition, and (b) strong
compositional gradients between the high-Ca core and
the rim, as well as strong Al-zoning in Cpx;, imply that
garnet rims may have grown in an EBC depleted in Ca
and Al relative to the bulk-rock composition. The deple-
tion of Ca and Al in the EBC displaces the Ky-in bound-
ary to lower temperature in P-T space during the growth
of garnet (Figs. 8a, b, 9a, b), implying that the observed
textural evolution may also occur at a constant P-T con-
dition by changing EBC.

The relative importance of changing EBC versus P—
T conditions in the transition from the Ky—Qtz to quartz
granulite fields is difficult to evaluate. Nevertheless, we
strongly suggest an increase of temperature across the
Ky—Qtz granulite and quartz granulite fields (whether
or not their boundary shifted with changing EBC) and
achievement of the thermal peak at the end of stage (b),
because (i) the strong decrease of Al contents in Cpx is
linked with production of coarse inclusions and inter-
stitial grains of Pl that are in textural equilibrium, and
(i) pervasive textural equilibrium occurred at the end
of garnet growth, as attested by the straight boundaries
of garnet, Cpx; and P1; In summary, differences in EBC
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may have played a key role in the evolution of textures
and mineral compositions of the granoblastic samples.
At the same time, there is compelling evidence that these
changes occurred during a P-T evolution from the baric
toward the thermal peak. Finally, limited retrograde tex-
tural overprint and preservation of mineral zoning in
most coronitic and granoblastic high-P granulites sug-
gest rapid subsequent cooling and decompression, con-
sistent with thrusting of the high-P belt toward the
foreland shortly after the peak of metamorphism.
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