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The mafic eclogites of the Lanterman Range are the first record of mineral ages. The inferred P–T path, the microtextural features

a well-preserved high-pressure assemblage from the Pacific end of and the overlap of the Sm–Nd garnet ages with the range of the

the Transantarctic Mountains. They occur among pods and lenses 238U–206Pb rutile–whole-rock ages indicate fast cooling and suggest
(from <1 to ~30 m in size) of mafic and ultramafic metamorphic that the time of the high-pressure event was ~500 Ma. These data
rocks that constitute a narrow zone intercalated with amphibolite- place both the formation and exhumation of eclogite within a
facies metasediments. This zone extends along the faulted contact convergent plate margin setting, thus documenting the subduction–
between the Wilson Terrane and the Bowers Terrane, in northern accretional nature of the early Palaeozoic Ross Orogen in northern
Victoria Land. Most of the amphibolites and retrogressed eclogites Victoria Land.
analysed have geochemical compositions that resemble transitional

to E-type mid-ocean ridge basalt (MORB) and Nd isotope data

indicative of differentiation from a depleted mantle source. The age

of the igneous precursors is not well determined, but Sm–Nd whole-
KEY WORDS: Antarctica; chronology; eclogite; high-pressure metamorphism;rock data indicate a Neoproterozoic age, most probably around
Ross Orogen700–750 Ma. For this group of metabasites a tectonic setting of

an incipient ocean basin is proposed on geological and geochemical

grounds. In contrast, the well-preserved eclogites are characterized

by strong enrichment in more incompatible elements and pronounced
INTRODUCTIONnegative Ta and Nb anomalies in MORB-normalized element
Metabasites with eclogite assemblages can occur as layerspatterns. Geochemical and Nd isotope data suggest that they are
and lenses of variable size within medium- to high-gradederived from a different mantle source with an enriched signature.
metasediments. These rocks are of particular interest asThe age of the protolith of the well-preserved eclogites, however,
they may reveal the sites of ancient subduction zones,remains unconstrained. In the well-preserved eclogite samples the
and therefore provide information for geodynamic re-reaction textures testify to three main metamorphic stages: (1) an
constructions.eclogite facies stage, (2) a medium-pressure amphibolite facies stage,

For kinetic and equilibrium reasons, mafic rocks tendand (3) a low-pressure amphibolite facies stage. The high-pressure
to preserve high-pressure assemblages relative to non-event occurred at temperatures of up to ~850°C based on garnet
mafic rocks (Koons & Thompson, 1985). This could beand omphacite thermometry and at a minimum pressure of ~15
one of the reasons for the long-lasting controversy aboutkbar based on the jadeitic content of omphacites. Internal Sm–Nd
the different tectonic interpretations of mafic eclogitesisochrons from two well-preserved eclogites are 500±5 Ma (rutile,
intercalated in medium- to high-grade metasedimentsclinopyroxene, amphibole, whole rock and garnet) and 492±3 Ma
(see Smith, 1988), and in particular about whether the(rutile, clinopyroxene, whole rock and garnet). Rutile–whole-rock

238U–206Pb ages (~500 Ma) overlap the range of the Sm–Nd host-metasediments were present with the mafic rocks
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during the high-pressure event (the in situ eclogite model) (Weaver et al., 1984), and (3) the Wilson Terrane, com-
prising low- to high-grade metamorphic rocks extensivelyor whether the mafic eclogites were tectonically emplaced

in lower-pressure continental rocks (the foreign eclogite intruded by the Granite Harbour Intrusives, a calc-
alkaline association with magmatic arc affinity and ofmodel).

In spite of metamorphic and tectonic reworking during Cambro-Ordovician age [Armienti et al. (1990) and ref-
erences therein]. During the Early Palaeozoic Ross Oro-the high-pressure event and subsequent retrogression,

most mafic eclogites also retain the geochemical signature geny, both the Bowers and Robertson Bay rocks
experienced low-grade metamorphism (Buggisch &of the protolith, thus providing information on the tec-

tonic framework preceding the high-pressure stage. Kleinschmidt, 1989), whereas a much more complex
metamorphic pattern is evident in the Wilson Terrane.Nevertheless, the contribution of mafic eclogites to any

plate tectonic reconstruction is complete only when the In the Deep Freeze Range (Fig. 1), the Wilson Terrane
comprises a metasedimentary sequence (including rem-timing of the eclogite facies metamorphism is constrained.

Different isotope systematics have been used for this nants of a polymetamorphic granulite complex—Castelli
et al., 1991) which records a low- to high-grade meta-purpose, and these have been reviewed by Vidal &

Hunziker (1985) and Gebauer (1990). In the last decade, morphism of low-pressure type (Grew et al., 1984; Ta-
larico et al., 1992) with counter-clockwise P–T pathsmany papers have demonstrated that the Sm–Nd dating

technique is one of the most feasible methods, as garnet (Palmeri et al., 1994). In the Lanterman, Salamander and
Mountaineer ranges (Fig. 1), an intermediate-pressureis an abundant mineral phase in eclogites. However,

Sm–Nd garnet ages appear to be strongly dependent on belt is characterized by scattered kyanite in metapelites
(Grew et al., 1984; Ricci & Tessensohn, 1997b). At thethe cooling history. Thus in slowly cooled terranes the

question arises as to whether the ages represent mineral boundary with the allochthonous Bowers Terrane, a
chain of pods and lenses of mafic and/or ultramafic rocksgrowth or subsequent cooling (Mezger et al., 1992; Burton

et al., 1995). In contrast, in eclogites that experienced occurs. This chain includes metabasites with eclogitic
assemblages (Fig. 1—Ricci et al., 1996).very fast tectonic burial and uplift (Schmädicke et al.,

1995), or in low-temperature eclogites (Thöni & Jagoutz,
1992), the lack of complete isotope homogenization dur-

The Lanterman Range and the eclogiteing the metamorphism can yield spurious mineral ages.
In some medium-temperature eclogites, the overlap of occurrence at Husky Pass
ages derived from different isotopic systems, with very The metamorphic sequence of the Wilson Terrane in
different blocking temperatures, is strong evidence for the Lanterman Range comprises a wide variety of pelitic
fast cooling (Kalt et al., 1994; Chavagnac & Jahn, 1996), to quartzo-feldspathic gneisses, and minor calc-silicates,
thus making the closure temperature of a specific amphibolites and metamorphosed ultramafic rocks (Ro-
isotopic system of secondary importance land et al., 1984; Kleinschmidt et al., 1987). Large granitic
(Schmädicke et al., 1995). to tonalitic plutons are apparently restricted to the western

The purpose of this paper is twofold. One is to present side of the range (Fig. 1) and have been assigned to the
the first available mineralogical, geochemical, petro- Granite Harbour Intrusives (Roland et al., 1984; Kreuzer
logical and geochronological data on newly discovered et al., 1987). The metamorphic pattern of the Lanterman
well-preserved eclogites and associated amphibolites from Range is mainly due to a major event that occurred
the Lanterman Range. The Lanterman Range is at the under amphibolite facies conditions (Roland et al., 1984;
Pacific end of the Transantarctic Mountains, and these Kleinschmidt et al., 1987). Pelitic gneisses that show
rocks may therefore place significant constraints on the incipient migmatization are confined to the northern part
reconstruction of the thermotectonic history of the Ant- of the range (Mt Bernstein and Carnes Crags—Fig. 1).
arctic palaeo-Pacific margin of Gondwana. The second The Husky Pass eclogites (Ricci et al., 1996) occur as
objective is to address, in a broad perspective, the prob- lenses of centimetric to metric thickness in the gneisses
lems inherent in dating high-pressure mafic rocks. at the eastern margin of the Wilson Terrane (Fig. 1),

~2 km from the tectonic contact with the Bowers Terrane.
The mafic lenses show prominent zonation with in-
creasing degrees of retrogression of the eclogite as-

GEOLOGICAL SETTING semblage from the centre to the edge. Ultramafic rocks
Three tectonometamorphic terranes are recognized in (mainly serpentinites) occur locally as levels of decimetric
northern Victoria Land (Fig. 1—Bradshaw & Laird, thickness within the retrogressed eclogites. The host-
1983): (1) the Robertson Bay Terrane, made up of a rocks are mainly augen quartzo-feldspathic and pelitic
thick flysch-type sequence of Cambrian–lower Or- gneisses and minor garnet-bearing quartzites. The oc-
dovician sedimentary rocks, (2) the Bowers Terrane, a currence of thin lenses of quartzites and quartzo-felds-

pathic gneisses in the internal portions of the thickestCambrian oceanic volcanic arc and related sediments
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mafic bodies may indicate primary intrusive relationships. slight zoning for Ca, whereas Mn is nearly constant. In
In addition, thin layers of serpentinites in some mafic the ~0·3 mm sized garnets, Mg and, to a lesser degree,
lenses may indicate local preservation of primary igneous Ca generally decrease from the core to rim, whereas Fe
layering. The main foliation in both gneisses and the shows an inverse trend (Fig. 3). The larger grains (up to
mafic–ultramafic lenses is deformed by isoclinal folds ~0·6 mm) are characterized by more complex patterns
with axial surfaces parallel to the Ross regional trend (Fig. 3) that are interpreted, on the basis of compositional
(Capponi et al., 1995). maps, as the result of the coalescence of small garnet

nuclei (coinciding with the highest Mg contents) growing
during the eclogite climax and followed by later over-
growth around the coalesced centre. CpxI are unzonedPETROGRAPHY AND MINERAL
omphacites (Fig. 2b) with a jadeite component of 30–42

CHEMISTRY mol %, acmite 1–14 mol % and augite 56–57 mol %.
Eclogites The correlation between acmite and jadeite contents

is irregular and indicates different Fe3+/Fe2+ ratios atThe eclogites are fine- to medium-grained rocks with
different points in the same grain. CpxII of the M2grano-nematoblastic textures. Three main metamorphic
assemblage is a sodic augite (Fig. 2b) with a jadeitestages have been recognized: (1) an eclogite facies stage,
component of 6–10 mol % and acmite 11–16 mol %.(2) a medium-pressure amphibolite facies stage, and (3)
The first amphibole formed during early retrogressiona low-pressure amphibolite facies stage. The eclogitic
(M2 assemblage) is a barroisite (Leake, 1978) char-mineral assemblage (M1) consists of omphacite (CpxI),
acterized by high AlIV and very low Ti contents (Table 1).garnet and rutile, together with accessory quartz, apatite
Samples that experienced extensive retrogression showand zircon. Phengite and ilmenite are rarely present.
CpxII+ albite–oligoclase symplectite replaced by largeOmphacite occurs as aligned elongated crystals that
poikiloblasts of amphibole (M3 assemblage). The latterimpart a strong compositional layering and a penetrative
is barroisite in the core region, and tchermakitic-horn-lineation to the eclogite. Garnets occur as small subidio-
blende towards the rim (Table 1).blastic grains, usually 0·3 mm in size; larger grains (up

to ~0·6 mm) are rare. Small inclusions of quartz, rutile,
zircon and rare omphacite are enclosed in some garnets.

The first retrogressive event affecting the eclogite
Amphibolites(medium-pressure amphibolite facies stage—M2 as-
They are fine to medium grained with a grano-nemato-semblage) induced the breakdown of CpxI to a crypto-
blastic texture. The mineral assemblage consists of horn-crystalline symplectitic intergrowth of an Na-poor clino-
blende, epidote, plagioclase and quartz, with titanite,pyroxene (CpxII) and albite-rich plagioclase. During this
ilmenite and rare rutile as accessory minerals.stage, garnet is still stable, rutile is usually associated with

Garnet, clinopyroxene and cummingtonite are presentilmenite and there is the first appearance of amphibole.
in some samples. Garnet contains quartz and rutileAmphibole forms either isolated crystals in apparent
inclusions and always shows resorbed edges surroundedequilibrium with the eclogite paragenesis or poikiloblasts
by medium-grained amphibole±plagioclase±epidoteon garnet and omphacite.
kelyphite. Clinopyroxene together with plagioclase formsThe final stage of retrogression is characterized by
granoblastic sites surrounded by nematoblastic am-extensive development of amphibole (low-pressure am-
phibole. These features, already observed in the M3phibolite facies stage—M3 assemblage). The symplectitic
assemblage of eclogites, strongly suggest that garnet andintergrowth of M2 assemblage was replaced by a micro- to
clinopyroxene are relics of a high-pressure assemblage.medium-grained symplectite of amphibole+ plagioclase,
Cummingtonite occurs as nematoblasts that grew to-and garnet was rimmed by kelyphitic amphibole+
gether with hornblende in millimetric layers, sometimesepidote±Fe oxides±plagioclase.
forming poikiloblasts with inclusions of green amphibole.Mineral chemistry was performed on three well-pre-
Rutile is generally enclosed in garnet and it and ilmeniteserved eclogites and selected microprobe analyses are
are rimmed by titanite.given in Table 1. Garnet compositions show the following

Mineral chemistry was determined on an amphiboliteranges: almandine 36–54 mol %, pyrope 25–44 mol %,
sample with relics of the high-pressure stage (samplegrossular 12–22 mol %, spessartine 1–2 mol % and
CP28—Table 1). Garnet consists of 45–55 mol % ofandradite 0–6 mol %. In the pyrope–
almandine, 16–27 mol % of pyrope, 18–24 mol % of(almandine+ spessartine)–grossular ternary diagram
grossular, 4–9 mol % of spessartine and 0–5 mol % of(Fig. 2a), garnets mainly plot within the group B eclogite
andradite. It shows retrograde zoning with higher Mgfield of Coleman et al. (1965), whereas the outermost rim
and lower Fe contents in the core than in the rim,compositions plot in the C field. All grains show a

complementary zoning pattern for Fe and Mg, and very whereas Ca and Mn are nearly constant. Clinopyroxene
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Table 1: Representative microprobe analyses of well-preserved eclogites (TC13, TC16 and CP21),

retrograded eclogite (CP28) and host-gneisses (CP37 and TC2)

Garnet

Rock type: Well-preserved eclogites

Sample no.: TC13 TC13 TC13 TC13 TC13 TC13 TC13 TC13 TC13 TC13 TC16

Grt1 Grt1 Grt1 Grt1 Grt1 Grt1 Grt1 Grt2 Grt2 Grt2 Grt1

rim p3 p8 p11 core p22 p24 rim core p14 core

SiO2 40·22 40·05 39·73 40·19 39·51 40·50 39·97 39·58 39·87 38·77 39·83

TiO2 — — — — — — — — — — —

Al2O3 22·45 22·30 22·39 22·63 22·33 22·78 22·25 22·27 22·51 21·85 22·49

FeOt 19·92 19·05 21·77 18·50 21·59 19·24 22·05 23·20 19·76 23·17 20·89

MnO 0·72 0·70 0·65 0·69 0·67 0·55 0·83 0·70 0·69 0·67 0·61

MgO 10·94 11·55 9·08 10·41 9·79 11·72 9·99 8·61 9·99 8·45 10·40

CaO 6·51 6·82 7·34 8·30 6·81 6·46 6·43 6·63 7·63 6·56 6·44

Total 100·76 100·48 100·96 100·72 100·70 101·26 101·52 100·99 100·45 99·47 100·66

Si 3·00 2·99 2·99 3·00 2·98 2·99 2·99 3·00 2·99 2·98 2·99

Al 1·97 1·96 1·99 1·99 1·98 1·98 1·96 1·99 1·99 1·98 1·99

Ti — — — — — — — — — — —

Fe3+ 0·03 0·06 0·03 0·01 0·06 0·04 0·06 0·01 0·03 0·06 0·03

Fe2+ 1·21 1·13 1·34 1·14 1·30 1·15 1·32 1·45 1·21 1·43 1·28

Mn 0·05 0·04 0·04 0·04 0·04 0·03 0·05 0·04 0·04 0·04 0·04

Mg 1·22 1·28 1·02 1·16 1·10 1·29 1·11 0·97 1·12 0·97 1·16

Ca 0·52 0·54 0·59 0·66 0·55 0·51 0·51 0·53 0·61 0·54 0·51

Total 8·00 8·00 8·00 8·00 8·01 8·00 8·00 8·00 7·99 8·00 8·00

Garnet

Rock type: Well-preserved eclogites Retrogressed eclogites

Sample no.: TC16 TC16 TC16 CP21 CP21 CP28 CP28 CP28 CP28

Grt1 Grt2 Grt2 Grt Grt Grt1 Grt1 Grt2 Grt2

rim core rim rim core rim core rim core

SiO2 39·55 39·89 39·55 39·34 39·46 38·39 38·88 38·14 39·44

TiO2 — — — — — — 0·24 — —

Al2O3 22·39 22·03 21·95 22·87 22·66 21·87 21·73 21·97 22·00

FeOt 22·79 20·26 22·34 22·76 22·17 24·32 22·33 26·03 22·08

MnO 0·51 0·58 0·64 0·64 0·74 2·38 2·28 1·78 2·05

MgO 9·07 10·87 9·49 7·87 9·29 5·31 6·87 5·46 8·08

CaO 6·33 6·62 6·40 7·89 6·95 8·03 8·39 7·51 7·07

Total 100·64 100·59 100·37 101·37 101·27 100·30 100·72 100·96 100·72

Si 2·99 2·99 3·00 2·97 2·96 2·98 2·98 2·95 3·00

Al 2·00 1·95 1·96 2·03 2·00 2·00 1·96 2·00 1·97

Ti — — — — — — 0·01 — —

Fe3+ 0·02 0·07 0·04 0·00 0·03 0·03 0·06 0·10 0·03

Fe2+ 1·42 1·20 1·37 1·44 1·35 1·54 1·37 1·58 1·38

Mn 0·03 0·03 0·04 0·04 0·05 0·16 0·15 0·12 0·13

Mg 1·02 1·22 1·07 0·88 1·04 0·61 0·78 0·63 0·92

Ca 0·51 0·53 0·52 0·64 0·56 0·67 0·69 0·62 0·58

Total 8·00 8·00 8·00 8·00 7·99 7·99 8·00 8·00 8·00
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Table 1: continued

Garnet Clinopyroxene

Rock type: Host-gneisses Rock type: Well-preserved eclogites

Sample no.: CP37 CP37 CP37 TC2 TC2 Sample no.: TC13 TC13 TC13

Grt1 Grt1 Grt1 Grt Grt Cpx1 Cpx2 Cpx3

rim core p22 rim core rim core

SiO2 37·34 37·84 37·06 38·44 38·45 SiO2 53·74 54·78 55·0

TiO2 — — — — — TiO2 — — —

Al2O3 21·25 21·33 21·20 22·30 22·24 Al2O3 10·31 9·17 10·20

FeOt 25·32 23·46 24·27 23·80 23·72 Cr2O3 — — —

MnO 12·85 13·82 12·58 0·27 0·41 FeOt 6·44 6·56 5·52

MgO 3·15 3·12 3·40 3·74 3·74 MnO — — —

CaO 0·91 1·47 1·16 12·20 12·00 MgO 8·60 8·53 8·84

Total 100·82 101·05 99·67 100·75 100·56 CaO 14·07 14·29 14·33

Na2O 5·73 5·89 5·91

Si 2·98 3·00 2·99 2·97 2·98 K2O — — —

Al 2·00 2·00 2·01 2·03 2·03 Total 98·89 99·22 99·85

Ti — — — — —

Fe3+ 0·03 0·00 0·01 0·02 0·01 Si 1·95 1·99 1·97

Fe2+ 1·66 1·56 1·62 1·52 1·53 AlIV 0·05 0·01 0·03

Mn 0·87 0·93 0·86 0·02 0·03 AlVI 0·39 0·38 0·40

Mg 0·37 0·37 0·41 0·43 0·42 Ti — — —

Ca 0·08 0·12 0·10 1·01 1·00 Cr — — —

Total 7·99 7·98 8·00 8·00 8·00 Fe3+ 0·06 0·04 0·03

Fe2+ 0·13 0·16 0·14

Mn — — —

Mg 0·46 0·46 0·47

Ca 0·55 0·55 0·55

Na 0·40 0·41 0·41

K — — —

Total 4·00 4·00 4·00

is a salite with low acmite and jadeite components (~1 minerals include zircon, apatite, ilmenite, allanite and
rutile. In the pelitic gneisses, garnet is euhedral, up tomol %). Plagioclase ranges in composition from anorthite

48 mol % in the kelyphite to anorthite 24 mol % where 3 mm in size, and generally shows inclusion-rich cores
and inclusion-free rims. The inclusions consist of quartz,it is associated with clinopyroxene. Amphibole is unzoned

and ranges in composition from tschermakite hornblende plagioclase, biotite, muscovite and ilmenite, which also
constitute the matrix of the rocks. In the quartzo-felds-to Mg-hornblende (Leake, 1978) (Table 1).
pathic rocks and quartzites, garnet (up to 0·2 mm in size)
is sub-euhedral to anhedral and is surrounded by fine-
grained symplectite consisting of plagioclase+
biotite+ quartz. Similar symplectites are also found

Host-rocks around relict phengite. Sillimanite shows wisp-like needles
The rocks hosting the metabasites are medium-grained associated with biotite and quartz, and
gneisses with minor quartzites and are characterized sometimes resembles ‘disthene-sillimanite’ (Marchand,
by a grano-lepidoblastic texture consisting of quartz, 1974). Clear relict kyanite, however, has only been found
plagioclase, biotite, muscovite, ±K-feldspar, ±epidote, in plagioclase (B. Ghiribelli, personal communication,

1996).±amphibole,±garnet,±fibrolitic sillimanite. Accessory
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Table 1: continued

Clinopyroxene Amphibole

Rock type: Well-preserved eclogites Retrogressed Well-preserved eclogites

eclogite

Sample no.: TC13 TC16 TC16 TC16 TC16 CP21 CP28 TC13 TC13 TC16

Cpx Cpx1 Cpx1 Cpx2 Cpx2 Cpx Cpx1 Cam Cam Cam

symplectite rim core rim core core matrix core rim rim

SiO2 50·10 54·60 54·65 54·12 53·88 54·37 51·84 45·85 45·43 45·72

TiO2 0·24 — — — — 0·20 — 0·37 0·33 0·20

Al2O3 7·23 8·92 9·20 8·87 9·02 8·85 1·15 13·25 15·47 15·33

Cr2O3 — — — — — — — — 0·09 —

FeOt 10·23 7·09 7·82 7·04 7·45 7·77 11·82 11·19 11·75 11·67

MnO — — — — — — — — — —

MgO 11·33 8·86 8·38 9·14 8·42 8·71 11·39 12·95 11·78 11·46

CaO 17·83 13·96 13·95 13·90 13·35 14·91 22·99 8·52 8·72 8·62

Na2O 2·35 5·84 5·85 5·66 6·29 5·57 0·36 3·35 3·22 3·38

K2O — — — — — — — 0·36 0·21 0·20

Total 99·31 99·27 99·85 98·73 98·41 100·38 99·85 95·84 97·00 96·58

Si 1·87 1·97 1·97 1·97 1·96 1·96 1·97 6·66 6·46 6·55

AlIV 0·13 0·03 0·03 0·03 0·04 0·04 0·03 1·34 1·54 1·45

AlVI 0·19 0·35 0·36 0·35 0·35 0·34 0·02 0·88 1·06 1·14

Ti 0·01 — — — — 0·01 — 0·04 0·04 0·02

Cr — — — — — — — — 0·01 —

Fe3+ 0·10 0·07 0·07 0·08 0·13 0·07 0·01 0·79 0·81 0·65

Fe2+ 0·19 0·14 0·16 0·13 0·10 0·14 0·36 0·54 0·59 0·74

Mn — — — — — — — — — —

Mg 0·63 0·48 0·45 0·50 0·46 0·47 0·64 2·74 2·50 2·45

Ca 0·71 0·54 0·54 0·54 0·52 0·58 0·94 1·30 1·33 1·32

Na 0·17 0·41 0·41 0·40 0·44 0·39 0·03 0·92 0·89 0·94

K — — — — — — — 0·07 0·04 0·04

Total 4·00 3·99 3·99 4·00 4·00 4·00 4·00 15·29 15·26 15·30

Microprobe analyses (Table 1) were performed on up to 3·2–3·3 atoms on 11 oxygens and Na/(Na+K)
up to 0·08]. Plagioclase is homogeneous and ranges ingarnet, biotite, muscovite and plagioclase from a pelitic
composition from anorthite 13 mol % in the pelitic gneissgneiss (sample CP37) and a quartzo-feldspathic gneiss
to anorthite 30 mol % in the quartzo-feldspathic sample.(sample TC2). In the pelitic gneiss, garnet is spessartine-

rich almandine with slight zoning characterized by a
higher spessartine and grossular component and lower
almandine component in the core with respect to the THERMOBAROMETRY
rim (Table 1). In the quartzo-feldspathic gneiss, garnet

Mafic rocksis homogeneous spessartine-poor almandine with a high
Eclogite facies stagegrossular component (Table 1). Biotite is compositionally

homogeneous with X Mg=0·50 in pelitic gneiss and 0·57 Temperatures were estimated using different geo-
in the quartzo-feldspathic gneiss. Muscovite is char- thermometer calibrations based on Fe–Mg exchange

reactions between garnet and clinopyroxene (see Table 2).acterized by low phengite and paragonite contents [Si
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Table 1: continued

Amphibole Biotite

Rock type: Well-preserved Retrogressed eclogites Host-gneisses

eclogites

Sample no.: TC16 CP21 CP28 CP28 CP28 CP37 CP37 CP37 TC2 TC2

Cam Cam Cam3 Cam1 Cam2 Bt1 Bt3 Bt4 Bt1 Bt2

core core matrix kelyphite kelyphite matrix matrix matrix matrix

SiO2 46.48 46·37 42·42 42·85 42·40 36·11 35·97 36·30 37·39 37·56

TiO2 0·37 0·40 0·72 1·36 1·13 2·58 2·66 2·93 2·29 2·37

Al2O3 13·95 12·59 14·29 13·16 13·66 19·87 19·68 19·60 17·71 17·69

Cr2O3 — — — 0·13 0·05 — — — — —

FeOt 10·85 14·88 17·12 17·28 16·74 17·22 17·93 17·28 16·76 16·56

MnO — 0·07 0·30 0·30 0·19 0·39 0·46 0·46 — —

MgO 13·61 11·83 9·12 9·27 9·40 10·44 10·03 9·82 12·78 12·88

CaO 8·35 8·51 11·70 11·60 11·83 — — — — —

Na2O 3·96 3·39 1·39 1·45 1·33 0·13 0·13 0·11 0·07 —

K2O 0·42 0·10 0·95 0·87 0·87 10·07 10·00 9·97 9·27 9·16

Total 97·99 98·14 98·01 98·27 97·61 96·81 96·98 96·56 96·24 96·22

Si 6·53 6·67 6·27 6·33 6·29 5·36 5·36 5·41 5·54 5·56

AlIV 1·47 1·33 1·73 1·67 1·71 2·64 2·64 2·59 2·46 2·44

AlVI 0·84 0·81 0·76 0·62 0·68 0·84 0·82 0·85 0·63 0·64

Ti 0·04 0·04 0·08 0·15 0·13 0·29 0·30 0·33 0·25 0·26

Cr — — — 0·01 0·01 — — — — —

Fe3+ 0·89 0·84 0·53 0·48 0·45 — — — — —

Fe2+ 0·39 0·76 1·58 1·65 1·63 2·14 2·23 2·15 2·08 2·05

Mn — 0·01 0·04 0·04 0·02 0·05 0·06 0·06 — —

Mg 2·85 2·54 2·01 2·04 2·08 2·31 2·23 2·18 2·82 2·84

Ca 1·26 1·31 1·85 1·84 1·88 — — — — —

Na 1·08 0·95 0·40 0·41 0·38 0·04 0·04 0·03 0·02 —

K 0·08 0·02 0·18 0·16 0·16 1·91 1·90 1·89 1·74 1·73

Total 15·41 15·28 15·43 15·41 15·43 15·58 15·58 15·49 15·54 15·52

The thermometric data of the eclogitic stage were cal- largest ones. Minimum pressure estimations on the basis
culated using garnet and omphacite in well-preserved of the jadeitic content of omphacite in the presence of
microtextural sites, where the absence of retrograde quartz (Holland, 1983) were ~15 kbar at 800°C.
phases suggested that the eclogite paragenesis recorded
the climax conditions. Moreover, the fact that the K D

determined between garnet and omphacite varied in a
Medium-pressure amphibolite facies stagenarrow range in a single sample (Table 2), is indicative of
Retrograde zoning in garnets suggests that rim com-chemical equilibrium in the sites where thermobarometry
positions of garnet and omphacite in mutual contact,was evaluated. For garnet, core compositions of smaller
even in sites where eclogite assemblage is well preserved,crystals or the inner rim of larger garnets were used; for
can be used to constrain early retrograde conditions.omphacites low acmite content omphacites were utilized.
Temperatures in the range 630–750°C were obtained inTemperatures estimated using the Ai Yang (1994)
both small and large garnets [calibration of Ai Yangcalibration (Table 2) were in the range 720–850°C for
(1992), Table 2].smaller garnets and around 840°C for larger garnets.

Pressures were evaluated using the jadeitic content ofAn important observation was that the temperatures
obtained in the smallest garnets overlapped those in the clinopyroxene in symplectite (Holland, 1983) and by
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Table 1: continued

Muscovite Plagioclase

Rock type: Host-gneisses Rock type: Host-gneisses

Sample no.: CP37 CP37 TC2 TC2 Sample no.: CP37 CP37 CP37 TC2 TC2

Ms1 Ms2 Ms1 Ms2 Pl1 Pl1 Pl2 Pl Pl

matrix matrix matrix rim core core rim core

SiO2 45·89 46·21 50·53 49·35 SiO2 65·27 65·55 65·04 59·68 59·25

TiO2 0·75 0·81 0·83 0·68 Al2O3 22·99 22·49 22·57 25·15 25·70

Al2O3 36·13 36·60 27·98 29·29 CaO 2·57 2·25 2·64 6·22 7·20

Cr2O3 — — — — Na2O 9·55 9·76 9·35 8·77 7·97

FeOt 1·86 1·74 3·65 3·45 K2O 0·07 0·22 0·30 0·26 —

MnO — — — — Total 100·45 100·27 99·90 100·13 100·16

MgO 0·96 0·86 2·92 2·33

CaO — — — — Si 2·85 2·87 2·86 2·66 2·64

Na2O 0·33 0·55 — — Al 1·18 1·16 1·17 1·32 1·35

K2O 9·53 9·79 10·49 10·73 Ca 0·12 0·10 0·12 0·30 0·34

Total 95·46 96·59 96·40 95·83 Na 0·81 0·83 0·79 0·76 0·69

K 0·01 0·01 0·02 0·01 —

Si 6·07 6·05 6·70 6·60 Total 4·97 4·97 4·96 5·05 5·02

AlIV 2·36 2·35 1·30 1·40

AlVI 3·27 3·30 3·08 3·21

Ti 0·07 0·08 0·08 0·07

Cr — — — —

Fe3+ — — — —

Fe2+ 0·21 0·19 0·40 0·38

Mn — — — —

Mg 0·19 0·17 0·58 0·46

Ca — — — —

Na 0·08 0·14 — —

K 1·61 1·64 1·77 1·83

Total 13·43 13·52 13·91 13·95

Ferrous and ferric iron contents for garnet and clinopyroxene were calculated according to Ryburn et al. (1976). Ferrous and
ferric iron contents for amphibole were determined by charge balance. Structural formulae were calculated on the basis of
12 oxygens for garnet, 6 for clinopyroxene, 13 for epidote, 22 for micas, 8 for plagioclase and 23 oxygens and 13 cations
excluding Ca+Na+K for amphibole.

the plagioclase–clinopyroxene–garnet–quartz barometer experimental calibration of Plyusnina (1982) based on
Ca and Al concentrations of coexisting plagioclase and(Newton & Perkins, 1982) using symplectite phases and

garnet rim. However, the barometer could only be used amphibole. These results were compared with those
obtained by the qualitative methods of Spear (1980)in a few microstructural sites, which yielded pressures of

10 kbar at 700°C (Table 3). Pressures evaluated through and Brown (1977). In the retrogressed eclogite CP28,
temperature was also estimated through the Fe–Mgthe jadeitic content of CpxII at 700°C were 5–6 kbar,

but the low jadeitic content of CpxII yields less precise exchange between garnet rims and the kelyphitic am-
and semiquantitative pressure estimations (Godard, 1988) phibole (Graham & Powell, 1984). The Plyusnina (1982)
compared with the eclogitic stage pressure. calibration yielded a wide range of values for temperature

and pressure. Temperature ranged from 525 to 625°C
and pressure from 4 to 8 kbar. A similar temperature

Low-pressure amphibolite facies stage range (500–650°C) was obtained using the method of
Spear (1980). Higher temperatures (670–730°C) wereExtensive development of amphibole in the mafic rocks

allows temperatures and pressures to be estimated by the estimated through the Fe–Mg exchange between garnet
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Fig. 2. Garnet (a) and pyroxene (b) compositions plotted after Coleman et al. (1965) and Essene & Fyfe (1967), respectively. Pyroxene end-
members are augite (Aug), jadeite ( Jd) and acmite (Acm). Garnet end-members are almandine+ spessartine (Alm+ Sps), grossular (Grs) and
pyrope (Prp). A, B and C fields represent the compositional variations of garnets in eclogites associated with kimberlites and peridotites (A), with
gneisses (B) and with blueschists (C). Open symbols represent rim compositions. In the garnet diagram (a), square symbols refer to well-preserved
eclogites and circles to retrogressed eclogite. Open circles in the pyroxene diagram (b) represent sodic augite in symplectite.

Fig. 3. Atomic profiles across two garnets of different size of a well-preserved eclogite (sample TC13).

and amphibole in kelyphites (Table 3). A qualitative tschermakitic hornblende developed at relatively constant
temperature and lower pressure than barroisites (Un-pressure evaluation, based on AlIV and Na (M4) of

amphibole (Brown, 1977) indicated higher pressures of garetti et al., 1981; and personal communication, 1996).
formation (7 kbar) for early barroisitic amphibole
(medium amphibolite stage) than for late tschermakitic
and Mg-hornblende (3 kbar). The latter empirical es-
timate agrees with the microstructural and chemical Host-rocks

Temperatures were evaluated using the thermometerdata on barroisites and tschermakitic hornblende, as the
increase in AlIV and Ca in the M4 site indicates that based on the Fe–Mg exchange between garnet and biotite
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Table 2: Equilibrium temperatures ( °C) for well-preserved eclogites based on the Fe–Mg distribution

in coexisting garnet–omphacite pairs ( P=16 kbar), using the calibrations of Ellis & Green (1979;

EG); Krogh (1988; K); Ai Yang (1994; AI); Powell (1985; P)

Sample XMg XMg XCa mg-no. ln KD EG K AI P

Grt Cpx Grt Grt (°C) (°C) (°C) (°C)

TC13

Grt1p24–Cpx1rim 0·46 0·78 0·14 45·68 1·44 817 739 702 796

Grt1p22–Cpx1rim 0·53 0·78 0·15 52·87 1·15 930 874 822 914

Grt1p11–Cpx1rim 0·50 0·78 0·22 50·43 1·25 956 940 867 943

Grt2rim–Cpx3 0·40 0·77 0·17 40·08 1·61 790 730 689 770

Grt2core–Cpx3 0·48 0·77 0·19 48·07 1·29 915 881 821 900

TC16

Grt1rim–Cpx1rim 0·42 0·77 0·16 41·80 1·56 795 729 690 775

Grt1core–Cpx1core 0·48 0·74 0·16 47·54 1·13 941 889 852 926

Grt2rim–Cpx2rim 0·44 0·79 0·15 43·85 1·13 779 706 664 757

Grt2core–Cpx2 0·50 0·79 0·14 50·41 1·33 854 782 734 835

CP21

Grtrim–Cpxrim 0·38 0·77 0·21 37·93 1·70 799 758 707 780

Grtcore–Cpxcore 0·44 0·77 0·17 43·51 1·47 834 779 733 815

Mineral analyses are from Table 1.

(Ferry & Spear, 1978; Indares & Martignole, 1985; retrogressed eclogites and five amphibolites) are reported
in Table 4. They show normative parameters rangingPerchuck et al., 1985). Pressures were calculated using
from Ne-normative to Hy-normative basalts and, exceptthe garnet–sillimanite–plagioclase–quartz barometer
for retrogressed eclogite CP20, are characterized by TiO2(Newton & Haselton, 1981; Perchuck et al., 1985), the
enrichment correlated with Fe enrichment. Sample CP20phengite content of muscovite (Massonne & Schreyer,
has anomalous compositions for most of the elements1987), and the garnet–muscovite–biotite–plagioclase
considered (e.g. low TiO2 and low Zr/Y ratio) and couldthermo-barometer (Ghent & Stout, 1981). The highest
have been involved in chemical modification phenomenatemperatures (625–730°C, Table 3) were obtained using
during the metamorphic events. The other samples docore and/or inner rim compositions of the mineralogical
not display collinear distribution for most of the immobilephases of the matrix whereas the lowest temperatures
elements, suggesting that they are not cogenetic.(585–630°C, Table 3) were obtained using rim com-

When plotted on different discrimination diagramspositions of phases in mutual contact. The highest pres-
(Pearce & Cann, 1973; Pearce & Norry, 1979; Wood etsure (12 kbar, Table 3) was obtained with the
al., 1979; Pearce, 1982; Mullen, 1983; Meschede, 1986),garnet–sillimanite–plagioclase–quartz barometer in
most of the samples analysed fell in the mid-ocean ridgesample CP37. In the same sample, the Ghent & Stout
basalt field (both N- and E-type MORB). It is noteworthy(1981) barometer gave lower pressures (~7 kbar) in-
that the two well-preserved eclogites (TC13 and TC16)dicating that muscovite recorded lower-pressure con-
plotted in the field representative of the volcanic-arcditions. In quartzo-feldspathic rock (sample TC2), a
basalts or mafic rocks modified by continental crust, inpressure of 10 kbar was obtained for core and rim
the Th–Hf–Ta triangular diagram (Wood et al., 1979).compositions of the mineral phases, using the barometers
However, the distribution of the data points in the Ti/of Ghent & Stout (1981) and Massonne & Schreyer
Cr vs Ni (Beccaluva et al., 1979), Ti vs Cr (Pearce, 1975)(1987).
and Ti vs V (Shervais, 1982) discrimination diagrams
did not coroborate a volcanic-arc affinity. Most of the
samples analysed had La/Ta ratios (Fig. 4) between 18

GEOCHEMICAL AND ISOTOPE DATA and 11 (~18·5 and ~10 are typical for N-MORB and E-
Major and trace elements MORB, respectively; Saunders, 1984). As for Th–Hf–Ta
Whole-rock major and trace element data for nine se- relationships, the two well-preserved eclogites strongly

deviated from this range, with La/Ta ratios up to 47.lected metabasites (two well-preserved eclogites, two
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Table 4: Major and trace element results

Sample: TC7D TC13 TC16 CP10 CP20 CP24 CP28 CP34 JT12

A WPE WPE A RE A RE A A

Major elements (wt %)

SiO2 44·40 46·85 46·13 45·68 51·54 47·82 48·80 44·71 48·59

TiO2 1·73 1·43 1·72 2·03 0·29 1·14 1·61 1·25 0·75

Al2O3 14·67 14·22 14·45 13·88 14·47 14·73 14·04 12·77 14·99

Fe2O3t 13·70 12·96 14·46 16·45 11·02 11·07 11·92 10·55 10·20

MnO 0·26 0·20 0·19 0·30 0·19 0·16 0·18 0·16 0·16

MgO 8·84 8·49 8·45 6·68 7·84 7·67 6·55 8·06 8·56

CaO 9·48 11·82 10·89 10·73 9·57 11·11 11·25 17·40 12·59

Na2O 2·73 3·51 3·28 2·69 3·13 2·88 2·80 1·66 1·90

K2O 1·23 0·044 0·18 0·21 0·59 1·02 0·76 0·43 0·74

P2O5 0·32 0·36 0·26 0·25 0·09 0·16 0·21 0·18 0·12

LOI 1·64 0·16 0·22 0·70 0·75 2·08 1·31 2·13 0·60

Sum 99·00 100·04 100·23 99·60 99·48 99·84 99·43 99·30 99·20

mg-no. 54·2 61·0 56·4 52·7 59·8 63·3 61·8 73·9 67·9

Trace elements (p.p.m.)
Ni 159 162 54 95 94 72 55 63 137
Co 50 51 51 36 43 41 38 34 42
Cr 442 468 118 161 303 245 149 152 322
V 233 271 270 430 238 285 259 237 270
Sc 24 32 35 32 31 27 26 27 29
Cu 22 18 17 18 9·6 37 7·6 57 47
Zn 90 108 114 95 71 78 84 67 57
Ga 20 14 15 20 13 17 18 16 15
Pb 4·8 4·2 1·5 2·3 6·1 1·7 13 4·2 2·9
Sr 66 49 32 103 36 84 136 155 164
Rb 41 2·0 9·1 1·9 24 47 25 11 23
Ba 305 3·2 15 6·9 65 42 60 45 109
Zr 118 93 107 127 14 70 114 82 43
Hf 3·0 2·4 2·9 3·4 0·4 1·9 2·9 2·1 1·2
Nb 15 5·0 6·0 2·0 1·2 2·7 9·1 5·3 2·1
Ta 0·97 0·38 0·48 0·16 0·12 0·20 0·70 0·38 0·17
Th 2·6 6·2 3·4 0·18 0·38 0·36 0·98 0·42 0·33
U 0·12 0·64 0·38 0·11 0·29 0·23 0·81 0·27 0·23
Y 28 26 32 54 15 29 32 29 16
La 12 18 12 2·9 1·3 2·9 9·4 5·1 2·5
Ce 34 41 27 9·3 2·9 8·1 22 13 6·7
Pr 4·2 5·4 3·4 1·8 0·35 1·3 3·1 2·0 1·0
Nd 19 22 15 11 1·8 7·4 15 9·9 5·1
Sm 4·3 5·3 3·4 4·8 0·65 2·7 4·9 3·5 1·7
Eu 1·1 1·1 0·68 1·9 0·27 1·0 1·5 1·16 0·72
Gd 3·6 3·4 2·4 6·2 1·0 3·3 4·63 3·6 2·0
Tb 0·64 0·49 0·49 1·4 0·26 0·68 0·91 0·76 0·4
Dy 4·6 3·6 4·2 8·8 2·1 4·4 5·5 4·8 2·5
Ho 1·1 1·0 1·3 2·0 0·53 1·1 1·2 1·1 0·64
Er 2·6 3·0 3·4 5·2 1·5 2·7 3·0 2·7 1·6
Tm 0·40 0·49 0·56 0·83 0·28 0·44 0·45 0·43 0·23
Yb 2·6 3·3 3·5 5·7 2·2 2·8 3·1 2·7 1·7
Lu 0·37 0·52 0·57 0·89 0·34 0·47 0·51 0·48 0·25
(La/Sm)N 1·84 2·19 2·22 0·39 1·25 0·69 1·24 0·95 0·95
(La/Yb)N 3·39 3·93 2·35 0·36 0·42 0·74 2·20 1·35 1·07
Eu/Eu∗ 0·87 0·77 0·72 1·06 1·03 1·04 0·96 1·00 1·19

WPE, well-preserved eclogites; RE, retrogressed eclogites; A, amphibolites; mg-no., molar Mg/(Mg+Fe2+) assuming Fe2O3/
FeO=0·15.
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Fig. 4. La vs Ta diagram for well-preserved eclogites, retrogressed
eclogites and amphibolites from Lanterman Range.

The REE distribution patterns for retrogressed eclo-
gites and amphibolites (Fig. 5b and c) ranged from light
rare earth element (LREE) depleted (i.e. sample CP10)
with (La/Sm)N=0·39 and unfractionated heavy REE
(HREE), essentially unfractionated patterns (e.g. sample
CP34) at abundances of ~20× chondrite, to LREE
enriched (i.e. sample TC7D) with (La/Sm)N=1·84 and
abundances of ~50× chondrite for La. Sample CP20
had low REE abundances (La 5·5× chondritic value)
and a pattern similar to some anomalous profiles as
described for eclogite rocks elsewhere (Griffin & Brueck-
ner, 1985; Paquette et al., 1989; Bernard-Griffiths et

Fig. 5. REE chondritic patterns for well-preserved eclogites (a), retro-al., 1991). Most of the samples lacked pronounced Eu
gressed eclogites (b) and amphibolites (c). Chondritic values are fromanomalies, except for sample TC7D, which showed a
Sun & McDonough (1989).slight negative anomaly (Eu/Eu∗=0·87), and sample

JT12, characterized by a positive Eu anomaly (Eu/Eu∗=
1·19). The latter feature may be attributed to minor negative Ta and Nb anomalies. The latter feature is
cumulate plagioclase. The two well-preserved eclogites particularly important as it is indicative of crustal in-
(Fig. 5a) showed strong LREE enrichment [(La/Sm)N>2] fluence in the pre-metamorphic evolution of the protolith.
with abundances of ~50–75× chondrite for La and
negative Eu anomaly [(Eu/Eu∗)=0·77–0·72].

In Fig. 6a–c expanded REE patterns and a range of
Isotope dataincompatible elements are used to show geochemical
Sm/Nd whole-rock data of metabasic rocksanomalies with respect to normal MORB (Pearce, 1983).

Even excluding Sr, K, Rb and Ba, which may have been Seven whole-rock samples (two well-preserved eclogites,
mobile at any stage of the evolution of these rocks, only one retrogressed eclogite, two amphibolites and two
sample CP10 showed a pattern similar to normal MORB; migmatite gneisses from the Deep Freeze Range) were
most of the retrogressed eclogites and amphibolites selected for Sm–Nd isotope analyses. The analytical
showed variable enrichments for most of the more in- results are shown in Table 5. No isochron relationships
compatible elements. These compositions resemble those can be inferred from the five metabasites. Nevertheless,
of transitional- to E-type MORB. The two well-preserved excluding the two well-preserved eclogites, the other
eclogites (Fig. 6a) were characterized by strong en- three samples scatter along a line with a slope of ~700

Ma and eNd(i) of 6·7. Present-day eNd(0) ranges from stronglyrichment in Th, Ce and P relative to Zr, and pronounced
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contrast to what we found with duplicate analysis of the
whole rock, clinopyroxene and amphibole, the re-
producibility of the 147Sm/144Nd and 143Nd/144Nd ratios
of replicate garnet analyses was well outside analytical
uncertainty. Although the very low Sm and Nd contents
(~0·2 and ~0·1 p.p.m., respectively—Table 5) of the
garnets make this phase susceptible to contamination by
the other mineral phases (e.g. clinopyroxene, epidote and
apatite) during mineral purification, significant zoning in
the Sm and Nd contents of garnet is likely (Getty et al.,
1993; Brueckner et al., 1996), especially if we take into
account the occurrence of chemical zoning for major
cations.

Figure 7a and b shows the Sm–Nd isotope data of
whole rocks and minerals of samples TC13 and TC16
in isochron diagrams. For sample TC13, all mineral
fractions and whole rock formed a well-defined isochron
of age 500±5 Ma [mean square weighted deviation
(MSWD)=1·13] with a eNd(i)=–3·28±0·14 (Fig. 7a). No
significant variation in age and initial ratio was observed
when the amphibole data point was excluded from the
regression calculation. Least-squares linear regression of
all minerals and whole rock from sample TC16 (Fig. 7b)
yielded an age of 491±7 Ma (MSWD=2·89) with eNd(i)=
–3·18±0·31. The MSWD of 2·89 indicates an excess of
scattering according to the criterion of Wendt & Carl
(1991). If the amphibole data are excluded from the
calculation, we obtain a better fit corresponding to an
age of 492±3 Ma, eNd(i)=–3·28±0·14 and an MSWD
of 0·21.

Regarding the U–Pb data, in contrast to other results
in pelitic systems (Mezger et al., 1989a; Burton & O’Nions,

Fig. 6. MORB-normalized spidergrams for well-preserved eclogites 1991; Vance & O’Nions, 1992; Vance & Holland, 1993)(a), retrogressed eclogites (b) and amphibolites (c). Normalizing values
no significant variations were observed between the Pbare from Pearce (1983).
isotope ratios of the garnet and the respective whole rock
(Table 6), making garnet in these rocks unsuitable for

negative values for the two well-preserved eclogites (–7·0 U–Pb age determination. In contrast to other docu-
and –7·4) to positive values for the other samples (from mented findings [see Ludwig & Cooper (1984), Corfu &
4·0 to 11·3). Nd model ages (Table 5) relative to a linear Muir (1989), Mezger et al. (1989b) or Tonarini et al. (1993)
depleted mantle evolution (Michard et al., 1985) are for mafic rocks], the rutile separates were characterized
around 1·5 Ga for the two well-preserved eclogites and by low contents of radiogenic lead. Radiogenic Pb in the
between 0·50 and 0·93 Ga for the other samples. The rutiles only accounted for ~10% and ~18% of total Pb
two migmatite gneisses had exceedingly unradiogenic in samples TC13 and TC16, respectively. Nevertheless,
present-day composition and Nd model ages around 2·0 their U/Pb ratios were sufficiently higher than those of the
Ga (Table 5). whole rock, giving two-point isochrons with acceptable

precision. The 235U–207Pb and 238U–206Pb two-point (ru-
Sm/Nd and U/Pb data for minerals from well-preserved tile–whole-rock) ages of each sample were discordant,
eclogites but the most reliable 238U–206Pb results (radiogenic 206Pb

was up to 19× higher than radiogenic 207Pb) yieldedTwo well-preserved eclogites were selected for Sm–Nd
essentially identical ages of 495±6 and 503±6 Ma forisotope mineral analyses and for U–Pb analyses of rutile
TC13 and TC16, respectively (with a weighted mean ofand whole rocks. One garnet fraction was also analysed
499±4 Ma). All four data points of the two samplesfor lead content and isotope compositions. The results
scattered in a 206Pb/204Pb vs 238U/204Pb diagram along aare given in Tables 5 and 6. The garnet size (mostly
line with an age of 502±17 Ma (MSWD=5·7). Hence~0·3 mm) of the samples was too small to allow separation

of different portions, so whole grains were analysed. In we consider the 238U–206Pb ages to be the best
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Table 5: Sm–Nd analytical results

Sample Sm (p.p.m.) Nd (p.p.m.) 147Sm/144Nd 143Nd/144Nd ±2rm eNd(0) T (DM) (Ga)

Well-preserved eclogites

TC13 Rt 0·5843 2·637 0·1339 0·512271 ±8 −7·2

TC13 Cpx 3·016 12·91 0·1413 0·512284 ±6 −6·9

TC13 Cpx/d 3·054 13·08 0·1412 0·512286 ±6 −6·9

TC13 Grt 0·2365 0·1312 1·091 0·515419 ±37 54·2

TC13 Grt/d 0·2371 0·1096 1·309 0·516080 ±50 67·1

TC13 Am 0·4374 1·550 0·1706 0·512383 ±40 −5·0

TC13 Am/d — — — 0·512427 ±39 −4·1

TC13 WR 5·278 23·02 0·1386 0·512254 ±40 −7·5

TC13 WR/d 5·308 23·20 0·1386 0·512280 ±6 −7·0 1·52

TC16 Rt 0·4456 2·091 0·1288 0·512243 ±9 −7·7

TC16 Cpx∗ 7·039 33·23 0·1281 0·512237 ±6 −7·8

TC16 Grt 0·2049 0·1186 1·045 0·515212 ±74 50·2

TC16 Grt/d 0·2014 0·1102 1·105 0·515384 ±14 53·6

TC16 Am 0·2382 0·7935 0·1812 0·512430 ±11 −4·1

TC16 Am/d — — — 0·512390 ±35 −4·9

TC16 WR 3·284 14·76 0·1345 0·512258 ±6 −7·4 1·49

Retrogressed eclogite

CP28 WR 4·536 15·40 0·1781 0·512845 ±7 4·0 0·50

Amphibolites

CP10 WR 4·859 11·60 0·2531 0·513216 ±6 11·3 0·93

CP34 WR 3·279 10·33 0·1918 0·512994 ±7 6·9 0·61

Migmatitic) Gneisses (Deep Freeze Range)

L11A WR 6·871 38·47 0·1080 0·511518 ±6 −21·85 2·12

CF8 WR 7·488 42·10 0·1075 0·511637 ±10 −19·53 1·96

Mineral symbols according to Kretz (1983). WR, whole rock; /d, full duplicate analysis. Epsilon notation was calculated with
respect to a chondritic reservoir with present 147Sm/144Nd=0·1967 and 143Nd/144Nd=0·512638. The model ages were calculated
assuming a linear depleted mantle evolution with present 147Sm/144Nd=0·222 and 143Nd/144Nd=0·513114 (Michard et al.,
1985).
∗May be contaminated by epidote.

Table 6: U–Pb analytical results

Sample U (p.p.m.) Pb (p.p.m.) 235U/204Pb∗ 238U/204Pb∗ 208Pb/204Pb∗ 207Pb/204Pb∗ 206Pb/204Pb∗

Well-preserved eclogites

TC13 Rt 0·654 0·463 0·746 102·8 40·951 16·066 26·229

TC13 Grt 0·0632 — — — 38·965 15·675 18·655

TC13 WR 0·638 4·27 0·0710 9·79 40·394 15·683 18·808

TC16 Rt 1·23 0·476 1·51 208·2 40·440 16·702 34·948

TC16WR 0·377 1·40 0·133 18·3 42·305 15·728 19·537

Mineral symbols according to Kretz (1983). WR, whole rock.
∗Corrected for blank and mass fractionation.
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Fig. 7. Sm–Nd isochron diagram for the two well-preserved eclogite samples. Mineral symbols according to Kretz (1983). WR, whole rock.
Excluding the amphibole data, we obtained an age of 500±5 Ma (MSWD=1·35) and 492±3 Ma (MSWD=0·21) for samples TC13 and
TC16, respectively.

approximation of the age of cooling through the rutile DISCUSSION AND PETROGENESIS
closure temperature. It is noteworthy that these ages

Characteristics and age of the protolithsoverlap the range of the Sm–Nd garnet ages. The 235U–
Characterization of the geochemical affinity of ancient207Pb ages of the two samples were younger and older
metabasic rocks can sometimes be difficult because thethan the 238U–206Pb age (~500 Ma), yielding ages of
geochemical features may be the result of complex in-456±26 and 543±23 Ma for TC13 and TC16, re-

spectively. terplay between the magmatic evolution of the igneous
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precursor and chemical modification promoted by re- eclogite from the Lanterman Range (Fig. 8a) with the
data reported by Borg et al. (1990) and Rowell et al.crystallization and deformational processes during meta-

morphism. For example, anomalous REE patterns for (1993) is noteworthy. All whole-rock samples, including
the three samples from the Lanterman Range, scattereclogite rocks have previously been described elsewhere

(Griffin & Brueckner, 1985; Paquette et al., 1989; Bernard- along a line with a slope of ~700 Ma and an eNd(i) of 6·8,
whereas all 11 data points (including the plagioclase andGriffiths et al., 1991) and attributed to REE fractionation

during metamorphism in a closed system (metamorphic the clinopyroxene separates from the gabbro of the
Cotton Plateau and the three different concentrates fromlayering) or in an open system with LREE loss (Bernard-

Griffiths et al., 1991). Except for the retrogressed eclogite the basalt of the Skelton Glacier) yield an age of 725±89
and an eNd(i) of 6·5. In addition, samples CP28 and CP10CP20, such anomalous patterns were not observed among

the samples analysed, and the consistency shown by high define a line of age 754±31 Ma and eNd(i)=5·9±0·9.
This linear array of the samples on an isochron diagramfield strength elements (HFSE) and REE in most samples

suggests that their distribution and contents may reflect is surprising because of their different geochemical sig-
natures and the wide geographical distribution. If wethe magmatic characteristics of the protoliths. As stated

above, the amphibolites and retrogressed eclogites con- consider that this correlation is not fortuitous, two
alternative explanations are possible: (1) the correlationstituted a heterogeneous group with a compositional

range from N-MORB to E-MORB. Moreover, the oc- represents a mixing line or (2) it is geochronologically
meaningful. The first possibility implies broad-scalecurrence of Eu anomalies in some samples may indicate

shallow-depth fractionation involving plagioclase. mixing between a high eNd and Sm/Nd component and
a low eNd and Sm/Nd end-member, and as a con-Nd isotope data place further constraints on source

compositions and the timing of these metabasites. Among sequence, the linear array would indicate a maximum
age. The second possibility requires that the retrogressedthe retrogressed eclogite and amphibolites, sample CP34

has an 147Sm/144Nd ratio of 0·192, close to that of eclogite and amphibolite protoliths were derived from a
mantle with a relatively uniform Nd isotope composition.chondrite, making its eNd value practically insensitive to

age correction. This means that sample CP34, with a In support of the latter interpretation is the fact that the
~700 Ma array is similar to the mineral–whole-rock agepresent-day eNd(0) of 6·9, must be derived from a mantle

source that was depleted for a substantial period of time. of the mafic rock of the Cotton Plateau (Borg et al., 1990).
The above arguments may therefore indicate that maficAs far as the age of these metabasites is concerned,

unmetamorphosed mafic rocks older than the magmatic magmatism with an affinity typical of a spreading setting
and a depleted signature in terms of Nd isotope com-activity of the Ross Orogen are known from the Cotton

Plateau (Nimrod Glacier area; Borg et al., 1990) and from position occurred in northern Victoria Land at ~700–750
Ma.the Skelton Glacier area (Rowell et al., 1993). Borg et al.

(1990) reported an Sm–Nd three-point mineral–whole- The two well-preserved eclogites are enriched in more
incompatible elements and have high La/Ta and Th/rock isochron age of 762±24 Ma for the gabbro and

basalt of the Cotton Plateau with eNd(i)=6·85. Rowell et Ta ratios that distinguish them from the amphibolites
and retrogressed eclogites. The pronounced negative Taal. (1993) inferred a maximum crystallization age of

700–800 Ma for the basalt of the Skelton Glaciers on and Nb anomalies of these rocks strongly suggest crustal
influence of the pre-metamorphic magmatic evolutionthe basis of Sm–Nd model ages. These mafic rocks were

considered to be of oceanic type (Borg et al., 1990) or by intracrustal contamination or the effects of a metaso-
matized sub-continental lithosphere on the generation ofcontinental rift affinity (Rowell et al., 1993). Borsi et al.

(1995) also described remnants of a mafic dyke swarm, the parental magma. In addition, the two well-preserved
eclogites display unradiogenic Nd isotope compositionrecrystallized and metamorphosed during the Ross Oro-

geny, in the Deep Freeze Range (Wilson Terrane). They and low 147Sm/144Nd ratios (Fig. 8). These compositions,
along with trace element evidence, cannot be simplyinferred an origin of the basaltic parental magma in a

heterogeneous sub-continental lithosphere, and an em- attributed to different emplacement ages but are the
product of a magmatic process. Simple mixing of anplacement age of 800–900 Ma.

Figure 8 shows an eNd(0) vs 147Sm/144Nd diagram of the igneous protolith with a depleted signature (similar to
that of the retrogressed eclogites and amphibolites ana-analysed metabasites from the Lanterman Range and

the data reported by Borg et al. (1990), Rowell et al. lysed) and a crustal component (similar in composition
to the migmatite gneisses) at 700–750 Ma, would require(1993) and Borsi et al. (1995). Figure 8 also includes two

migmatite gneisses from the Deep Freeze Range (Wilson a crustal contribution of at least 20% to account for the
unradiogenic composition of the well-preserved eclogites.Terrane). The inset shows the Nd evolution for the

samples relative to the reference reservoir (CHUR) com- These samples, however, have low silica and relatively
high MgO and transition element contents, not so com-pared with the Depleted Mantle and migmatite gneisses.

The overlap of the two amphibolites and the retrogressed patible with crustal contamination en route of an igneous
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Fig. 8. eNd(0) vs 147Sm/144Nd diagram for the metabasites from Lanterman Range. Data for basic rocks from the Nimrod Glacier area (Borg et
al., 1990), Skelton Glacier area (Rowell et al., 1993) and for metabasic rocks from the Deep Freeze Range (Borsi et al., 1995) are plotted for
comparison. Half-filled symbols refer to whole-rock data (see text). Depleted mantle compositions (DM) according to: (1) Goldstein et al. (1984);
(2) Michard et al. (1985); (3) DePaolo (1981). The inset shows the Nd evolution of the analysed sample. The upper limit for the depleted mantle
evolution curve is from Goldstein et al. (1984) and the lower limit from DePaolo (1981).

protolith similar in composition to the retrogressed eclo- The nature and time of the source enrichment as well
as the age of the igneous precursor of the two well-gites and amphibolites. These arguments suggest that the

well-preserved eclogites could be derived from a different preserved eclogites remain, at present, unconstrained.
However, the evidence presented above indicates thatmantle source with an enriched signature. Consequently,

the ~1·5 Ga Nd model ages (Table 5) must be regarded along the suture between the Wilson Terrane and the
allochthonous Bowers Terrane in the Lanterman Range,as meaningless and not the true mantle separation age.
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different protoliths, possibly of different ages, may have by the symplectitic intergrowth consisting of
biotite+ plagioclase+ quartz, are consistent (Godard,experienced eclogite facies metamorphism.
1988) with a drop in pressure, and the reaction
phengite+ omphacite= biotite+ plagioclase+ quartz
can be regarded as responsible for symplectite de-

Metamorphic evolution velopment on phengite. We therefore believe that the ‘in
The petrological data and mineral chemistry of eclogites situ eclogite model’, in which the metabasites and at least
from the Lanterman Range provide information on only part of the host-rocks first underwent pervasive eclogite-
the retrograde part of the P–T path of the rocks. The facies metamorphism, is more likely for the Lanterman
metamorphic evolution from the eclogite stage to the Range. Temperatures up to 850°C would even have
amphibolite facies retrogression, inferred from the petro- generated melting in the KFMASH system of pelitic rocks
logical data and the experimentally determined reaction under fluid-absent conditions (Le Breton & Thompson,
curves, is summarized by the P–T path in Fig. 9. The 1988; Vielzeuf & Holloway, 1988). In quartzo-feldspathic
box of the eclogite facies stage is based on estimated rocks, because of the high thermal stability of the as-
temperatures and on the jadeite content of omphacite. semblage biotite+ plagioclase+ quartz at pressures >10
The first post-eclogite stage (medium-pressure am- kbar, temperatures well above 850°C would have been
phibolite facies stage) is documented both by the de- required to produce melt (Vielzeuf & Montel, 1994). The
stabilization of omphacite, giving rise to the symplectitic absence of evidence of melting in the pelitic gneisses
association CpxII+ Pl, and by the first appearance of supports the interpretation that the mafic rocks could
amphibole (barroisite). Roermund & van Boland (1983) only have been associated with quartzites and quartzo-
suggested that the degree of equilibration and the size feldspathic rocks during the eclogite facies stage, whereas
of the retrometamorphic microstructures on omphacite the pelitic gneisses were possibly juxtaposed at a later
are diffusion limited and temperature controlled. As the stage during exhumation of the high-pressure rocks. The
symplectite on omphacite is always cryptocrystalline, it estimated P–T conditions for the two amphibolite stages
presumably formed when the rocks were at relatively low in the host-gneisses overlap the physical conditions of
temperatures. As the decompressional path after the mafic rocks of the corresponding stages (Fig. 9). The
eclogitic peak was therefore characterized by a decreasing formation of rare migmatites at Carnes Crags and Mt
temperature, any granulitic stage was excluded. The Bernstein is attributed to the medium- to low-pressure
P–T box of this stage in Fig. 9 is based on estimated amphibolite stages.
temperatures (630–750°C) and pressures (6–10 kbar). In conclusion, the post-peak path of eclogites from
The subsequent low-pressure amphibolite facies stage the Lanterman Range is characterized by decreasing
characterized by the extensive development of ts- temperature and pressure, and overlaps the path of all
chermakitic hornblende is constrained by the ex- the host-rocks from medium- to low-pressure amphibolite
perimental curves for amphibole (Plyusnina, 1982) and facies stage. As discussed by Koons & Thompson (1985),
by the absence of chlorite (Fig. 9). this path probably reflects rapid tectonic

As far as the metamorphic evolution of the host-rocks exhumation and would be appropriate to retain
is concerned, whether they were associated with mafic equilibration temperatures related to the depth of for-
rocks during the high-pressure stage or had a different mation.
evolution is one of the most debated aspects of high-
pressure terranes (Smith, 1988). In the Lanterman Range,
field relationships such as lenses of quartzites and quartzo-

Significance of Sm/Nd and U/Pb mineralfeldspathic gneisses in large mafic bodies may reflect
ages and age of the high-pressureprimary intrusive relations between the mafic rocks and
metamorphismpart of the host-rocks. The petrographic data and P–T

estimates in pelitic and quartz-feldspathic lithologies, In the last 10 years, many papers have demonstrated the
potential of the Sm–Nd system to give high-precisionhowever, contain no evidence of an eclogite stage. Never-

theless, the lack of high-pressure relics in pelitic and ages in garnet-bearing metamorphic rocks [see Mezger
et al. (1992) and references therein]. Garnet is also onequartzo-feldspathic rocks is expected, as kinetic and equi-

librium factors tend to preserve high-pressure mineralogy of the main minerals used to establish P–T paths in
medium- to high-grade metamorphic rocks, allowingmore in mafic rocks than in intermediate–felsic rocks

(Koons & Thompson, 1985). However, the presence of direct correlation with age determinations. Nevertheless,
large variations in the closure temperature (T c) hy-relics of kyanite and phengite (Si4+ ~3·3 atoms per

formula unit), and the microstructural features in the pothesized for garnet, i.e. from ~600°C to ~900°C
(Cohen et al., 1988; Mezger et al., 1992; Hensen & Zhou,quartzo-feldspathic gneisses and garnet-bearing quartz-

ites, in which garnet and phengite are surrounded 1995), require careful evaluation of whether garnet dating
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Fig. 9. P–T path (grey arrow) of the studied rocks. Aluminium silicate triple point is according to Holdaway (1971). Albite=jadeite+ quartz
and stability of omphacite ( jd=10, 30, 45) are after Holland (1983). Isopleth of Si4+ content in phengite barometer is after Massonne & Schreyer
(1987). The curve representing the breakdown of amphibole is after Ellis & Thompson (1986). Chlorite+ plagioclase+ quartz+ calcite=
hornblende+ zoisite+CO2+ vapour and Altot content of hornblende are after Plyusnina (1982). Reactions in pelitic gneisses involving biotite
and muscovite are according to Le Breton & Thompson (1988) and Vielzeuf & Holloway (1988), respectively. Mineral symbols are according
to Kretz (1983).

represents the mineral growth or cooling age. This is Brueckner, 1985; Brueckner et al., 1991; Becker, 1993;
Miller & Thöni, 1995; Schmädicke et al., 1995). Fur-particularly true for slow cooling terranes (1–5°C/m.y.),

such as erosionally exhumed granulites, in which the thermore, Sm–Nd dates on high-pressure mafic rocks
could be spurious where temperature was not highSm–Nd garnet age may considerably postdate mineral

growth ages (Mezger et al., 1992; Burton et al., 1995). enough (see, e.g. Thöni & Jagoutz, 1992) or when the
high-temperature stage was too short (see, e.g.On the other hand, many papers on mafic eclogites have

shown that, as the eclogite facies stage is usually followed Schmädicke et al., 1995) for complete equilibration of
garnet with the other mineral phases (mainly clino-by fast cooling, the Sm–Nd system on garnet records

ages that are close to the high-pressure event (Griffin & pyroxene). Garnet could also preserve zoned Sm–Nd
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dates when the host-rock experienced multistage histories higher than the 30°C/m.y. estimated by Goodge &
Dallmeyer (1996). If we also consider the petrographic( Jamtveit et al., 1991; Brueckner et al., 1996) and, as a

consequence, yield mixed ages if garnet is analysed as a observations and the P–T trajectory, fast cooling must
have been accomplished by concomitant rapid ex-whole.

As far as the present eclogites are concerned, the humation.
The above arguments support the interpretation thatpetrographic data do not indicate a polymetamorphic

history, for which much more scatter would be expected the age of ~500 Ma obtained by the Sm–Nd method on
garnet and the U–Pb method on rutile closely approachesbetween the garnet fractions of a single sample and/or
the time of the eclogite facies metamorphism.between the internal isochrons of the two samples. Be-

sides, incomplete isotopic equibilibration during the eclo-
gitization process is not compatible with the good fit of
the internal isochrons. The theoretical T c (Dodson, 1979) PALAEO-TECTONIC IMPLICATIONScan be calculated for garnet provided diffusion data for

The eclogites of the Lanterman Range are the firstSm and Nd and cooling rates are known. In our case,
reported record of a well-preserved high-pressure meta-diffusion data for the Sm and Nd at temperatures relevant
morphic event along the Antarctic palaeo-Pacific marginto the eclogite stage and independent estimates of the
of Gondwana. Indeed, to our knowledge, the only evi-post-eclogitic cooling rate are not available. However,
dence of eclogites in Antarctica, albeit cryptic, is from themany workers [e.g. Chakraborty & Ganguly (1990) and
Nimrod Group of the central Transantarctic MountainsJamtveit et al. (1991)] agree that the diffusion parameters
(Goodge et al., 1992). In the Tasmanian and easternof Mg may represent the upper limit of the diffusion rate
Australian segments of the palaeo-Pacific margin ofof Sm and Nd in garnet. Regarding the cooling rate,
Gondwana, mafic rocks preserving eclogite facies relicsGoodge & Dallmeyer (1996) inferred a cooling rate as
are known from the Tyennan region and the Newfast as 30°C/m.y. on the basis of 40Ar/39Ar mineral ages
England Fold Belt, respectively. The eclogites of Tas-for metamorphic rocks of the southeastern Lanterman
mania and eastern Australia show strong similarities withRange after the amphibolite facies metamorphism. This
the new findings from Antarctica, as they have similarestimate may be a minimum value, as a higher cooling
field characteristics (i.e. lenses in continental type meta-rate can be expected for the initial stage of cooling after
sediments and/or blocks in serpentinite melange) andthe eclogite event. Assuming the self-diffusion data for
P–T conditions of metamorphism (14–17 kbar, ~700°C).Mg from the combined data set of Chakraborty &
The Tasmanian eclogites (Franklin Metamorphics), pre-Ganguly (1990), spherical geometry and a cooling rate
viously considered Neoproterozoic (780 Ma; Raheim &of 30°C/m.y., garnet diameters of 0·3 and 0·6 mm yield
Compston, 1977) were recently dated by SHRIMP andT c of ~670°C and ~710°C, respectively. These tem-
yielded a zircon age of ~500 Ma (Turner et al., 1995).peratures can be regarded as the lower limit for Sm and
The age of the Australian eclogites was inferred to beNd diffusion in garnet of the present eclogites.
Early Ordovician or, more likely, Cambrian (WatanabeAs mentioned above, the two well-preserved eclogites
et al., 1993) from K–Ar age determinations on phengitesyield essentially identical 238U–206Pb rutile–whole-rock
from surrounding glaucophane schists.ages of ~500 Ma that overlap the range of Sm–Nd garnet

ages. Experimental diffusion data of U and Pb in rutile
are not available, but comparison with other decay

The pre-orogenic settingsystems and/or different mineral ages strongly indicates
that U–Pb ages of rutile reflect cooling below the T c The pre-orogenic history of Lanterman metabasites is
rather than mineral growth age (Mezger et al., 1989b, constrained by independent lines of evidence, including
1991). On the basis of direct comparison between U–Pb (1) the compositional features of the enclosing gneisses,
ages of rutiles and K–Ar in hornblende and biotite in slow (2) possible primary intrusive relations with part of the
cooling terranes (0·5–1°C/m.y.), Mezger et al. (1989b) surrounding gneisses and (3) their geochemical com-
inferred a closure temperature of ~420°C for rutile with positions. As stated above, excluding the well-preserved
a radius of 0·09–0·21 mm. Assuming activation energies eclogites, the retrogressed eclogites and amphibolites
for U and Pb in rutile similar to those of Fe and Ti (in show a prevailing transitional- to E-type MORB affinity.
the range of 40–60 kcal/mol; Mezger et al., 1989b), a Although the ‘MORB’ geochemical signature may be
cooling rate of 30°C/m.y. and the largest rutile grain consistent with different geotectonic settings (open ocean,
size observed (up to ~0·2 mm), then the extrapolated T c embryonic narrow ocean, back-arc basin), the geological
for rutile of the studied eclogites is around 500°C. The relationships inferred between sill-like mafic intrusions,
T c calculated for garnet (670–710°C) and rutile (~500°C), together with continental-type sediments and the pre-
and the overlap of the rutile and garnet ages strongly dominance of samples with a transitional- to E-type

MORB affinity are more consistent with an incipientsupport a high initial cooling rate for the eclogites, even
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oceanic basin rather than a large, mature, oceanic do- subsequent fast exhumation of eclogites is a convergent
plate margin. These rocks consistently document themain. The age hypothesized for protolith formation of

‘MORB-type’ Lanterman metabasites (700–750 Ma) is subduction–accretional nature of the early Palaeozoic
Ross Orogen in northern Victoria Land (Kleinschmidtsimilar to those of other mafic rocks with similar geo-

chemical character scattered throughout the Tran- & Tessensohn, 1987; Borg & DePaolo, 1994). The chro-
nological coincidence of the formation and exhumationsantarctic Mountains (Cotton Plateau, Skelton Glacier

area). This evidence supports the view that diffuse mafic of eclogite outboard the continental margin, and the
generation and emplacement of calc-alkaline granitoidsmagmatism of spreading setting type occurred along the

Pacific margin of eastern Gondwana during Neo- inboard the margin are consistent evidence that the Ross
Orogen developed in the framework of a long-lastingproterozoic time. Nevertheless, the data do not clarify

the meaning of the protoliths of the well-preserved eclo- subduction–accretion process which affected the Ant-
arctic margin of Gondwana around 500 m.y. ago.gites and their tectonic setting.
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separates were digested with a mixture of concentrated spectometry analyses were performed with a Finnigan
Mat 261 multicollector mass spectrometer. Nd was runHF and HNO3 in screw-top PFA Teflon beakers on a
as metal and the isotope ratios were normalized to 146Nd/hot plate. Two separate aliquots were spiked with mixed
144Nd=0·7219. During the course of this study La Jolla150Sm–148Nd and 235U–208Pb spikes, respectively. Single
Nd standard gave an average of 0·511848±8 (2r, n=235U and 208Pb spikes were used for whole rocks. The REE
6). For all isochron calculations a minimum uncertaintywere separated as a group using TRU-SPEC (medium)
of±0·002% (2r) was assumed for isotope compositions.chromatographic extraction material and 2N HNO3 as
Sm and Nd concentrations were determined followingeluant, whereas Sm and Nd were separated by HDEHP
the procedure of Hebeda et al. (1988). The uncertaintyTeflon columns. Pb was separated by HCl–HBr chemistry
for the Sm/Nd ratio was taken to be ±0·4%. The Sm/using AG1x8 (200–400 mesh) anion exchange resins. U
Nd ratio for rock standard BHVO-1 was 0·2472 (Sm=was separated using U-TEVA SPEC (medium) chro-
6·121 p.p.m., Nd=24·76 p.p.m.). All measured Pb iso-matographic extraction material and 2N HNO3 as eluant.
tope ratios were corrected with a mass fractionationSample weights were in the 0·2–0·5 g range for rutile,
factor of 0·14±0·01% per mass unit based on repeated

clinopyroxene, amphibole and whole rock, and 1·3–1·5 g analyses of the NBS SRM 981 Pb standard, and for
and ~0·5 g for garnet in the Sm–Nd and U–Pb de- blank contribution. The blank correction was insignificant
terminations, respectively. Sm and Nd blanks were for whole-rock data. Reproducibility of the 208Pb/204Pb,
<50 pg and <100 pg for garnet, and <20 pg and <50 pg 207Pb/204Pb and 206Pb/204Pb ratios for the standard was
for the other minerals or the whole rocks, respectively. within 0·12% (2r), 0·02% (2r) for the 207Pb/206Pb ratio
Pb blanks were 100 pg for whole rocks andΖ300 pg for and 0·03% (2r) for the 208Pb/206Pb ratio, and was assumed
rutile and garnet. U blank was <50 pg. as minimum uncertainty for age calculations. U was run

All isotope analyses except for two garnet Nd isotope with an electron multiplier and corrected with a mass
compositions (Grt/d, Table 5) that were run as NdO+

fractionation factor of 0·21% per mass unit based on
at the Department of Geology, Royal Holloway Uni- repeated analyses of the U500 standard. The estimated
versity of London, following the procedure of Thirlwall error on U/Pb ratios was less than ±1%.
(1991), were performed at the Faculteit der Aardwet- Isochron calculations were performed using the ISO-

PLOT program of Ludwig (1990).enschappen of the Vrije Universiteit of Amsterdam. Mass

1417


