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a b s t r a c t

On the D’Entrecasteaux Islands, southeastern Papua New Guinea (PNG), a series of domes expose the

variably deformed leucosomes, dikes, and plutonic bodies. In order to understand (1) the timing of melt

emplacement relative to the UHP metamorphism and (2) the complete exhumation and deformational

history of the eclogites and surrounding gneisses, a series of leucosomes, dikes, and eclogites from the

Mailolo dome in western Fergusson Island were analyzed by U–Pb ID-TIMS zircon geochronology.

Zircons extracted from the eclogite at the UHP locality yield 206Pb/238U TIMS dates from 5.6070.22 to

4.6170.18 Ma. Zircons from three foliation-parallel leucosomes are interpreted to record melt

crystallization from 3.4970.01 Ma to 2.9870.02 Ma. In comparison, weakly deformed granitic–

granodioritic dikes that cut the leucosomes yield zircon 206Pb/238U dates of 2.4870.01

Ma–2.42070.002 Ma. Based on these new and previously published results, the eclogites may have

undergone UHP metamorphism for several million years, from 7.170.7 Ma to 4.6170.18 Ma; based on

TIMS dates alone, a more restricted interval of 5.6–4.6 Ma is proposed. Following UHP metamorphism,

the eclogite and gneisses were exhumed to lower crustal depths, intruded by foliation-parallel

leucosomes by ca. 3.5–3.0 Ma and by ca. 2.45 Ma late discordant dikes. Multiple generations of

leucosomes and dikes allow a timeline for the exhumation of the PNG UHP terrane to be constructed:
mantle (�100 km depths) to the base of the crust in �1 my, storage in the lower crust for �1 my, and

final emplacement into the shallow crust �1 my later.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Evidence from a variety of different isotope systems (e.g.,
carbon: Sobolev and Sobolev, 1980; Sobolev, 1984; sulfur:
Chaussidon et al., 1987; lead: Armstrong, 1991; Eldridge et al.,
1991) suggests that crustal material is recycled into the mantle
despite its low density (e.g., Schreyer, 1995). Some of the crustal
rocks that are subducted to mantle depths return to the surface
(UHP) terranes. Rare
tain coesite, indicating
s (e.g., Chopin, 1984;

All rights reserved.
Smith, 1984). Even rarer diamond inclusions suggest that crust
locally reached even greater pressures/depths (440 kbar/
130 km) before being returned to Earth’s surface (e.g., Sobolev
and Shatsky, 1990; Dobrzhinetskaya et al., 1995; Nasdala and
Massone, 2000). Most geodynamic models argue for buoyancy as
the main force exhuming these rocks at least to the base of the
crust (e.g., Ernst et al., 1997; Ernst and Liou, 2000; Gerya and
Stöckhert, 2006; Warren et al., 2008).

Some UHP terranes achieved higher temperatures than pre-
dicted by models for subduction of oceanic lithosphere (Syracuse
et al., 2010)—temperatures at which mica undergoes dehydration
melting (Hacker, 2006). Crustal rocks in the Kokchetav Massif and

the Bohemian Massif are interpreted to have reached such
temperatures, 41000 1C (Shatsky et al., 1995; Zhang et al.,
1997; Massone, 1999) and to have undergone anatexis, resulting
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Fig. 1. Tectonic and geologic map of eastern Papua New Guinea showing the major rock units, structures and the location of the D’Entrecasteaux Islands (after Baldwin

et al., 2004). Also shown is the location of the Woodlark basin, where sea-floor spreading transitions to the west into continental rifting. The white-dashed line shows the

location of the Bruhnes chron. The box shows the location of the geologic map presented in Fig. 2. Inset: contemporary plate tectonic map of eastern Papua New Guinea. G:

Goodenough Island; F: Fergusson Island; PUB: Papuan ultramafic belt.
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Fig. 2. Geologic map of Fergusson Island, part of the D’Entrecasteaux Islands (after

Hill, 1994; Little et al., 2007). The map shows the main structural zones of the

domes: the carapace and core zone. The map also shows the location of the

collected samples and the interpreted ages of UHP–HP metamorphism dated by

U–Pb ion microprobe and Lu–Hf (ages from Baldwin et al., 2004; Monteleone et al.,

2007; Zirakparvar et al., 2011).
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in a buoyant melt/crystal mush that ascended from 4200 km
depth (Massone, 2003). Most UHP terranes do not record such
high temperatures, but do contain large tracts of migmatitic
gneiss hosting eclogite (e.g., Labrousse et al., 2011). Little is
known about the timescales and effects of partial melting (e.g.,
o30% melt produced) of continental crust during subduction to
and exhumation from mantle depths.

In eastern Papua New Guinea (PNG), Pliocene UHP–HP eclo-
gites are contained in migmatitic host gneisses (Figs. 1 and 2).
The PNG UHP terrane is unique in that it is exposed within an
active, rapidly extending (420 mm/yr) continental rift, the Woo-
dlark Rift (Fig. 1; Ruppel, 1995; Abers, 2001; Wallace et al., 2004).
In addition, this terrane may have the largest volume of crystal-
lized partial melt of all UHP terranes, with (a) abundant leuco-
somes (�10–20 vol.% of most outcrops and up to 40 vol.% in the
core of at least one dome), (b) dm- to m-thick dikes (5–70 vol.% of
the outcrop), and (c) large (tens of km in diameter) granodioritic
to leucogranitic plutons (Figs. 3; Table 1).

The migmatites and eclogites exposed in PNG represent an
excellent locality to determine when the leucosomes and dikes
crystallized and how melting was related to deformation and
rapid exhumation. Unlike most older examples, the PNG UHP
terrane has not been overprinted by a younger orogenic event.
Here we report new U–Pb zircon chemical-abrasion isotope-
dilution thermal ionization mass spectrometry (CA-TIMS) and
laser-ablation inductively coupled plasma mass spectrometry
(LA-ICPMS) zircon results that reveal the timescales of melt
crystallization and deformation relative to the timing of UHP–
HP metamorphism. The new geochronology identifies multiple
generations of melt that crystallized during a few million years of
Pliocene exhumation.



strongly deformed
leucosomes: 3.5–3.0 Ma

weakly deformed
dikes: ~2.4 Ma

Fig. 3. Field photos revealing the abundant leucosomes and dikes found through-

out the D’Entrecasteaux Islands: (A) outcrop structures of the two main types of

leucosomes and dikes from the Mailolo dome carapace: (1) strongly deformed,

layer-parallel leucosomes yield �3.5–3.0 Ma crystallization dates; and (2) weakly

deformed, discordant dikes yield �2.4 Ma crystallization dates. The area marked

as the weakly deformed, discordant dike is where PNG0920C was collected;

(B) Goodenough Island outcrop, PNG06034, that contains 69 vol.% crystallized dike

(Table 1); and (C) Goodenough Island outcrop, PNG06039, that contains 54 vol.%

crystallized dike (Table 1).
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2. Geologic setting

2.1. Regional context

The 10–11 cm/yr convergence between the Australian and
Pacific plates has dominated the Cenozoic tectonic setting of
eastern Papua New Guinea (Fig. 1; Benes et al., 1994; Pegler
et al., 1995; Tregoning et al., 1998; Wallace et al., 2004).
This convergence led to the northward subduction and (U)HP
metamorphism of a rifted fragment of the northeast part of the
Jurassic–Cretaceous Australian continental margin (including the
rocks studied in this paper) beneath an island arc (variously called
the Cape Vogel, Dabi or Inner Melanesian arc). The convergence
caused southwest emplacement of the arc onto what is now the
southeastern peninsula of Papua New Guinea; the exposed sub-
strate of that arc is the Papuan ultramafic belt (PUB; Davies and
Smith, 1971; Davies, 1980; Davies and Jacques, 1984; Davies and
Warren, 1992; Hill and Baldwin, 1993; Van Ufford and Cloos,
2005). The collision began by 58 Ma (Lus et al., 2004), as dated by
40Ar/39Ar of hornblende extracted from the metamorphic sole,
and apparently ceased by 35–30 Ma, based on cooling ages of the
underlying Owen–Stanley metamorphics and the age of clastic
material derived from erosion of the collision belt (Worthing and
Crawford, 1996; Smith and Davies, 1976; Rogerson et al., 1987;
van Ufford and Cloos, 2005).

Since this collision, the Australian–Pacific plate-boundary zone
near Papua New Guinea has fragmented into several microplates
(Fig. 1). The tectonic setting is further complicated by the
rapid northward subduction of the Solomon Sea plate along the
New Britain Trench since at least 6 Ma, which resulted in rifting of
the Woodlark Plate from the Australian plate and sea-floor
spreading in the Woodlark basin, east of the Papuan Peninsula
(Weissel et al., 1982; Fang, 2000; Taylor and Huchon, 2002;
Wallace et al., 2004; Westaway, 2007). Spreading is propagating
westward, where it transitions into a continental rift �30–100 km
east of the D’Entrecasteaux Islands (Fig. 1; Taylor et al., 1999).
The continental crust of southeastern PNG is inferred to have
extended �220 km since �6 Ma (Taylor et al., 1999); crustal
thickness decreases from �30 to 35 km beneath the southwest
and northeast flanks of the rift to �26–29 km beneath domes (see
below) exposed on the D’Entrecasteaux Islands in the central part
of the rift (Abers et al., 2002; Ferris et al., 2006). Little et al. (2011)
argued that the similarity in crustal thickness across the rift
implies that the lower crust is weak and has flowed out from the
rift margins on a several million-year timescale (e.g., Bird, 1991).
These deformed lower crustal rocks are now exposed on the
D’Entrecasteaux Islands.

2.2. D’Entrecasteaux Islands

The D’Entrecasteaux Islands lie in the center of the continental
Woodlark rift zone and expose (U)HP eclogite and migmatitic
quartzofeldspathic gneisses in the lower plates of several domes
(Fig. 2; Davies and Warren, 1988; Hill et al., 1992). The domes are
located on Fergusson and Goodenough Islands and are bounded
by active normal faults on their northeast flanks. These 30–401
dipping faults cut an older, more gently dipping, regionally
extensive fault zone. This fault zone is inferred to have initiated
in the Paleogene as the basal thrust of the PUB. Later reactivation
of the fault zone in the late Neogene is expressed by a profound
metamorphic juxtaposition of UHP rocks beneath upper crustal
rocks of the PUB (Little et al., 2011). The hanging wall of this fault
zone consists of fault-bounded slivers of ultramafic rock, com-
monly thought to represent a part of the Papuan Ultramafic Belt.
The Belt has resided at shallow crustal levels since at least the
early Miocene (Davies and Warren, 1988; Hill, 1994). In contrast,
strongly deformed lower-plate gneisses that host mafic blocks
were subjected to regional eclogite-facies metamorphism in the
late Miocene to Pliocene, followed by widespread amphibolite-
facies metamorphism (and partial melting) during exhumation
(more detailed summary below).

The lower plates of the domes are composed of migmatitic
quartzofeldspathic gneiss that encloses 5–10 vol.% deformed
mafic blocks; some of these blocks are—or once were—eclogite,
but most are now amphibolite. The structurally higher carapace of
the domes’ lower plate (o1 km thick) is strongly foliated and
lineated, whereas foliation in the core of the domes is more
chaotic. The domes contain leucosomes and dikes that increase in
volume structurally downward (�15 vol.% average in the cara-
pace, increasing to �70 vol.% in the deeply eroded core of Good-
enough dome; Table 1). For the samples dated and described
herein, ‘‘leucosome’’ refers to quartzofeldspathic layers



Table 1
Proportion of leucosome and dike exposed at sample localities throughout the D’Entrecasteaux domes

Sample Location Easting

(m)a

Northing

(m)a

Percentage meltb Percentage dikeb Percentage dike and meltb,c

PNG10024 Goodenough carapace 202,458 8,969,364 2 – –

PNG06028 Goodenough core 183,898 8,961,495 47 2 49

PNG06034 Goodenough core 199,663 8,967,706 – 69 –

PNG06039 Goodenough core 198,635 8,967,405 – 54 –

PNG10033 Goodenough core 200,982 8,968,532 – – 38

PNG10034 Goodenough core 200,727 8,968,649 27 2 –

PNG10039-01 Goodenough core 198,221 8,967,202 – 28 –

PNG10039-02 Goodenough core 198,221 8,967,202 – 32 –

PNG09002f Mailolo carapace 227,854 8,963,870 – 16 –

PNG09020 Mailolo carapace 227,631 8,963,533 – 11 –

PNG09020c Mailolo carapace 227,631 8,963,533 – 61 –

PNG09005 Mailolo core 227,930 8,960,496 – – 12

PNG09008 Mailolo core 227,845 8,959,248 – – 11

PNG09010 Mailolo core 227,888 8,958,859 11 – –

PNG09014 Mailolo core 227,915 8,960,382 15 – –

PNG09019 Mailolo core 227,670 8,961,159 – – 9

PNG09035 Mailolo core 229,698 8,953,526 10 – –

PNG09037 Mailolo core 229,753 8,953,886 6 18 24

PNG09048 Mailolo core 230,960 8,952,806 9 – –

a GPS measurements using Australia Map Grid 66 (zone 55).
b Percentages were measured using a 50 cm2 quadrat to quantitatively constrain the amount of crystallized melt in leucosome present at an outcrop.
c It could not be determined whether the crystallized melt was dike or leucosome; thus, they are listed together.
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concordant to the foliation, whereas ‘‘dike’’ implies sharp dis-
cordance to the foliation. The leucosomes are interpreted as
crystallized melt based on (Little et al., 2011): (1) coarse-grained,
euhedral plagioclase (most with fine oscillatory zoning) and/or
hornblende that are internally nondeformed; (2) grain long axes
rotated towards parallelism with the shear zone boundaries in the
middle of the shear zones (tiling of grains); (3) melanocratic
borders enriched in coarse-grained hornblende or garnet; and (4)
diffuse or nebulitic margins. The deformation in the core of the
domes is interpreted to have been coeval with partial melting and
with the intrusion of the abundant dm- to m-thick granodioritic
to leucogranitic dikes based on a variety of microstructures,
including prism-[c] slip lattice-preferred orientations and chess-
board-subgrains in quartz, and shape-preferred orientations of
euhedral (magmatic) feldspar crystals. All these microstructures
suggest high-temperature deformation in the presence of inter-
granular melt (Fig. 3; Little et al., 2011).

Largely non-deformed granitoid plutons (e.g., the Omara
pluton; Baldwin and Ireland, 1995) are the largest bodies of
igneous rock and locally cut the D’Entrecasteaux Islands fault
zone (Fig. 2). The plutons have granodioritic to leucogranitic
compositions similar to the migmatitic gneisses and overlapping
initial 87Sr/86Sr isotopic ratios of 0.7038–0.7060 (Korchinski,
2012), consistent with the plutons representing local melts of
the host gneisses.

The eclogites that are found throughout the lower plates of the
domes achieved peak (U)HP conditions of �700 1C and 27 kbar
(Monteleone et al., 2007; Baldwin et al., 2008), although retrogression
of the eclogites is extensive, rendering assessment of peak meta-
morphic conditions difficult. To date, only one coesite-bearing eclo-
gite has been found (Baldwin et al., 2008). Secondary ion mass
spectrometry (SIMS) U–Pb in situ dating of zircon in this eclogite
indicated (U)HP metamorphism at 7.971.9 Ma (238U/206Pb–207

Pb/206Pb Tera–Wasserburg intercept age; Monteleone et al., 2007),
as does a Lu–Hf garnet—whole rock age of 7.170.7 Ma (Zirakparvar
et al., 2011). Retrogressed eclogites yielded U–Pb zircon SIMS
dates that are young from east to west: 4.370.4 Ma on Mailolo
Dome, Fergusson Island to 2.170.5 Ma on Goodenough Dome,
Goodenough Island (238U/206Pb–207Pb/206Pb Tera–Wasserburg inter-
cept ages; Baldwin et al., 2004; Monteleone et al., 2007). Trace-
element analyses of zircons extracted from the HP eclogites revealed
no negative Eu anomaly and a flat HREE pattern (Monteleone et al.,
2007), indicative of zircon (re)crystallized at high pressure (e.g.,
Rubatto, 2002).

Subsequent to the UHP metamorphism, the eclogites under-
went near-isothermal decompression to 7–14 kbar during rapid
exhumation and (ultimately) dome formation (Hill and Baldwin,
1993; Baldwin et al., 2004; Baldwin et al., 2008; Korchinski,
2012). 40Ar/39Ar thermochronology on hornblende, white mica
and biotite extracted from mainly felsic gneiss and granodiorite
throughout the Islands have yielded dates from 3.970.3 Ma –
1.570.5 Ma, recording the rapid cooling and exhumation of the
domes (Baldwin et al., 1993).

In this study, we focus on the Mailolo Dome of northwest
Fergusson Island, where the coesite-bearing eclogite was discov-
ered (Fig. 2; Baldwin et al., 2008), to study the role of partial
melting in UHP exhumation. We have analyzed leucosomes and
granitoid dikes with a variety of textures from different structural
levels of the dome, and we report their ages relative to UHP
metamorphism and subsequent exhumation.
3. Approach

Samples were collected from two main localities in Mailolo
Dome on Fergusson Island. The first, Tumagabuna Island, is on the
southwest flank of the dome off the coast (Fig. 2). This islet
consists of core-zone rocks: granodioritic orthogneiss, foliation-
parallel leucosomes and discordant granite–granodiorite dikes
(some of which are pegmatitic), as well as the coesite-bearing
eclogite (Baldwin et al., 2008). At the second locality, Mwadeia
Gorge, on the northeastern margin of the dome (Fig. 2), samples
were collected from the north and south flanks of the dome,
including both the carapace and the core of the dome.

The goal of the study is to obtain the most accurate and precise
results for the timing of the metamorphism and the melt crystal-
lization. While in situ geochronometric methods (e.g., ion microp-
robe and ICPMS) can detect gross inheritance patterns within
complex zircon crystals, typical spot analyses have two sigma
errors on the 206Pb/238U dates that are typically more than an
order of magnitude less precise than with the TIMS method. There
is always a trade-off between precision and spatial resolution;
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thus for this study, we have chosen to use both LA-ICPMS for
coupled trace-element/U–Pb analyses, but rely on TIMS geochro-
nology for the most reliable geochronological constraints. For all
methods, the low abundance of 207Pb in small, relatively low U
zircons is an analytical challenge and the uncertainty in the
207Pb/235U date is much larger than the 206Pb/238U date (Fig. 4).
We consider the analyses to be at the limits of precision and
accuracy.

The Tumagabuna island coesite-bearing eclogite was pre-
viously dated in situ by ion microprobe; nine analyses on four
zircons yielded a 238U/206Pb–207Pb/206Pb Tera–Wasserburg inter-
cept age of 7.971.9 Ma (MSWD¼9.2; Monteleone et al., 2007).
The high MSWD reflects dispersion of the data beyond that which
can be explained by quoted analytical uncertainties; the indivi-
dual 206Pb/238U dates range from 11.571.7 Ma to 5.970.8 Ma.
Discounting analytical problems, this dispersion suggests real
variation in the dates of the zircon spots or the composition of
the common Pb used to correct the measured ratios, making the
dates difficult to interpret. In either case, the individual common
Pb corrected 206Pb/238U dates are the best way to view this data.
A Lu–Hf garnet–whole rock date of 7.170.7 Ma on the same rock
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the heavy rare earth element (HREE) pattern reflects whether the
zircon crystallized in the presence or absence of garnet, and the
strength and sign of a Eu anomaly reflect the presence or absence
of plagioclase (e.g., Rubatto and Hermann, 2003). The LA-ICPMS
results are presented in a standard concordia diagram in Fig. 7
and Tables 3 and 4, and the zircon CA-TIMS data for the eclogites,
leucosomes, and dikes in Fig. 5 and Table 2. The purpose of the
LA-ICPMS analyses was to obtain trace-element and U–Pb data
from the same volume, not high precision U–Pb geochronology.
4. Results

4.1. Eclogites

Eight zircons extracted from the coesite-bearing eclogite
yielded 206Pb/238U CA-TIMS dates, corrected for initial Th exclu-
sion, from 5.8270.20 Ma to 4.7870.17 Ma (Fig. 5A and B).
Twenty-three individual spot in situ LA-ICPMS measurements
yielded 206Pb/238U dates from 7.471.1 Ma to 4.171.3 Ma from
the fresh portion of the eclogite, and the zircons in the altered
parts of the sample reveal 206Pb/238U dates of 9.170.6 Ma to
3.871.0 Ma (Fig. 7a). Most of the zircons do not have a distinct
negative Eu anomaly, and most have a flat HREE pattern (Fig. 7b).

Zircons were also extracted for CA-TIMS analysis from an
eclogite on the south flank of Mailolo dome, about 15 km east
of the UHP locality. The sample, PNG09036C, is retrogressed, with
�10% amphibole and plagioclase. The 206Pb/238U dates range
from 73.8570.17 Ma to 55.8370.05 Ma (n¼6; Fig. 5A and B) and
do not constrain the timing of metamorphism. Some zircons have
a relatively complex zoning pattern (Fig. 4), suggesting a complex
thermal/growth history.
4.2. Leucosomes and dikes

Variably deformed dikes and leucosomes were also collected
from Tumagabuna Island as well as Mwadeia Gorge (Fig. 3). From
Tumagabuna Island, a 10 cm-thick foliation-discordant dike
(PNG08010E) was sampled from within the granodioritic orthog-
neiss that hosts the coesite-bearing eclogite. This sample is
strongly deformed, with biotite defining an amphibolite-facies
fabric. Six zircons analyzed by CA-TIMS yielded a cluster of
206Pb/238U dates from 3.4970.01 Ma to 3.4070.02 Ma (Fig. 5C
and D). A few older zircons have 206Pb/238U dates of 86.86 Ma to
6.33 Ma (n¼8; Fig. 5C).

The remaining migmatitic samples were collected from the north
and south flanks of the Mailolo dome and represent a deformation
suite, from intensely to weakly deformed leucosomes and dikes.
The granodioritic leucosome, PNG0649b, is a strongly deformed,
foliation-parallel sheet within the carapace-zone gneisses. Zircons
yielded 206Pb/238U CA-TIMS dates of 3.1070.01 Ma to 3.0670.02 Ma
(Fig. 5C and D). Two zircons yielded older 206Pb/238U dates of 5.697
0.07 Ma and 78.8070.45 Ma (Fig. 5c), indicating assimilation of older
material; the oldest of which has a minimum age of 78.8 Ma. Nearby,
a strongly deformed and boudinaged granodioritic dike (PNG0920A)
within the carapace zone gneiss has rare zircons; five were dated.
Two grains have 206Pb/238U dates of 34.7370.17 Ma and 15.457
0.06 Ma, and the other three are 2.9970.02 Ma, 2.9870.02 Ma, and
2.3970.05 Ma (Fig. 5C and D). A weakly deformed (tabular, non-
boudinaged, nonfolded) granodioritic dike (PNG0920C) from this
region reveals fold mullions at the contact between the dike and
the quartzofeldspathic host gneiss, indicating minor post-intrusion
deformation. Four zircons have 206Pb/238U dates ranging from
2.41670.004 Ma to 2.48170.007 Ma (Fig. 5C and D), whereas
another is 53.9470.09 Ma. Finally, a discordant, �30 cm-thick
granodioritic dike, PNG09002F, was analyzed. The sample is �201
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discordant to foliation; flanking fold structures on its margin indicate
weak post-intrusion deformation (e.g., Passchier, 2001). Two of the
zircons are young (2.3770.06 Ma and 2.4270.02 Ma), three are
slightly older (2.9870.03 Ma; 3.0670.03 Ma; 3.0670.07 Ma;
Fig. 5g), and one gave a 206Pb/238U date of 76.0370.41 Ma (Fig. 5C
and D).
5. Discussion

5.1. Time of UHP metamorphism

During the Paleocene, a rifted fragment of Jurassic–Cretaceous
Australian-margin sediments was subducted to mantle depths
(Davies and Warren, 1992; Hill and Baldwin, 1993), and this
material is now exposed as the migmatitic gneisses and eclogite
pods in the D’Entrecasteaux Islands. Similar composition, but
lower-grade, pumpellyite–actinolite and blueschist-facies accr-
eted rocks of the Owen–Stanley metamorphics occur beneath the
PUB on the Papuan Peninsula mainland to the southwest (Fig. 1).
These Australian margin-derived protoliths include the Late
Cretaceous Gorupu and Emo metabasalt units on the Papuan
mainland (e.g., Smith and Davies, 1976; Davies, 1980; Smith,
1982; Davies and Jacques, 1984; Davies and Williamson, 1998;
Lus et al., 2004; Daczko et al., 2009). Late Cretaceous inherited
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and nearly concordant zircons from eclogite PNG09036C (Fig. 5A)
are consistent with a similar protolith for a HP eclogite of the
D’Entrecasteaux islands.

Prior to this study, the PNG coesite-bearing eclogite was inter-
preted to have recrystallized at UHP at �7 Ma, based on a Lu–Hf
garnet–whole rock date (Zirakparvar et al., 2011) and 206Pb/238U SIMS
dates from 11.571.7 Ma to 5.970.8 Ma (Monteleone et al., 2007).
The new CA-TIMS 206Pb/238U dates from the same rock are younger
and define a narrow range: 5.6070.22 Ma – 4.6170.18 Ma (Fig. 5B);
whether those represent eclogite- or post-eclogite facies recrystalli-
zation is unknown. The LA-ICPMS 206Pb/238U dates from 9.170.6 Ma
to 3.871.0 Ma are similar to the SIMS data (Fig. 8). However, it is
difficult to assess the significance of the wide dispersion in the U–Pb
dates by ICPMS, as there is no evidence that altered or unaltered parts
of the eclogite yield systematically different dates (Fig. 7a). Most of
the zircons analyzed by ICP have REE signatures compatible with
(re)crystallization in the presence of garnet and absence of feldspar,
but the variations in REE among the zircons indicate disequilibrium
between zircon and coexisting phases, inheritance of a REE pattern, or
resetting of REE (Fig. 7b). There are no obvious correlations between
trace-element concentrations and U–Pb dates.

In summary, the Lu–Hf date is older than the zircon TIMS dates
and many of the SIMS and ICPMS dates (Fig. 8). At this time, it is hard
to evaluate the greater dispersion seen in the in situ data, and it will
require more CA-TIMS geochronology. These data from in situ
analysis of eclogitic zircon are permissive of an eclogite-facies event
that began by 9.170.6 Ma and ended by 3.871.0 Ma or that the
younger dates reflect post-eclogite facies recrystallization. Overall,
Fig. 9 summarizes the geochronology from Fergusson Island and
shows the differences between the in situ methods and CA-TIMS. The
CA-TIMS data for the three main events, UHP metamorphism, crystal-
lization of strongly deformed leucosomes and dikes, and crystal-
lization of the weakly deformed dikes are consistent with field
relationships and thermochronology. In comparison, the ICPMS and
SIMS analyses yield a much broader range of dates that overlap with
younger events dated by TIMS and Ar–Ar (Fig. 9). In any case, using a
white mica Ar–Ar cooling age from Tumabaguna Island (Baldwin
et al., 1993), the subducted crustal material was cooled to �300 1C by
3.570.1 Ma at the coesite–eclogite locality.

5.2. UHP–HP metamorphism and exhumation

The UHP–HP eclogites and gneisses in Papua New Guinea crop
out within an active rift, which must have had an impact on the
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exhumation of the high-grade rocks. Below, we integrate the
tectonic model of Little et al. (2011) with temporal constraints
based on the previous SIMS U–Pb dates, the Lu–Hf garnet whole-
rock date, and our new U–Pb CA-TIMS and LA-ICPMS results.

The multiple generations of leucosome, dike, and granitoid
intrusions throughout the D’Entrecasteaux islands provide a
semi-continuous record of the exhumation and dome-formation
history. Asthenospheric circulation associated with the westward
propagation of the Woodlark spreading ridge probably induced
previously subducted nappes of Australian margin material to
break away from the paleosubduction channel, where they had
been lodged at (U)HP conditions (Little et al., 2011; Ellis et al.,
2011). These bodies of Australian margin material then ascended
rapidly at 42 cm/yr rates as near vertical diapirs (Little et al.,
2011; Ellis et al., 2011) due to their low density relative to the
surrounding mantle. Melting associated with the near-isothermal
decompression (e.g., Auzanneau et al., 2006) assisted in the
buoyant rise. Two- and three-dimensional modeling of UHP
diapirs in the Woodlark Rift by Ellis et al. (2010) indicated that
partial melting would cause not only a significant reduction in
density of the exhuming crustal body (to as low as 2600 kg/m3),
but also a dramatic decrease in viscosity (44 orders of magni-
tude less than the mantle). Moreover, the pressure reduction
associated with thinning of coevally extending Woodlark Rift
above the rising body may have provided another important force
aiding exhumation (Ellis et al., 2011).

Subsequent to the buoyancy-driven rise, the former UHP
terrane most likely stalled near the base of the crust, as a result
of reduced density contrasts (e.g., Walsh and Hacker, 2004). This
marks the end of the near-isothermal decompression path and
the former UHP terrane most likely began to cool. Stromatic and
patch-shaped bodies of leucosome formed subparallel to the
foliation, where they later crystallized due to the cooling and
were deformed. In addition, abundant granitoid dikes and plutons
were emplaced syntectonically and deformed within the main
fabric of the gneiss (Fig. 3). The three strongly deformed leuco-
somes and dikes dated in this study (PNG08010E, PNG06049B and
PNG0920A) record the time of crystallization of partial melts,
during an early phase of the stalled body of crustal material
and lateral extension at the base of the crust, at 3.4970.01
–3.4070.02 Ma on Tumagabuna Island and 3.1070.01 –2.987
0.03 Ma within the Mailolo dome (Fig. 5). All the strongly
deformed leucosomes contain plagioclase, suggesting crystalliza-
tion at crustal levels.

The migmatitic quartzofeldspathic gneisses and the strongly
deformed leucosomes and dikes have strong, amphibolite-facies
fabrics throughout the domes. Our new geochronological data
suggest that the main foliation-forming deformation in the lower
crust was younger than (or in part overlapped) the �3.5–3.0 Ma
crystallization of the oldest and strongly deformed leucosomes
and dikes. We interpret this as the time of granitoid-dike intru-
sion that occurred prior to (or during) arrival and stalling of the
former-(U)HP body at the base of the crust. This was followed by
ductile thinning of the body and its east–west lateral extension
parallel to the rift margin, a process modeled by Ellis et al. (2011).
This ductile deformation resulted in the formation of the domi-
nant, amphibolite-facies foliation, which was originally subhor-
izontal (Little et al., 2011).

During the storage of this former-(U)HP material at the base of the
crust, at least in the Mailolo dome, there was a second phase of
granitoid dike intrusion �1 my after the initial crystallization of the
highly deformed leucosomes and dikes. The weakly deformed dikes
record this event. For example, five zircons from dike PNG09002F
were dated: three grains are older, 3.0670.04 Ma, 3.0670.07 Ma,
and 2.9870.03 Ma, and two grains are younger, 2.4270.02 Ma and
2.3770.06 Ma (Fig. 5C and D). We interpret the ca. 3.0 Ma zircons to
be inherited and likely reflect that this dike represents a �3 Ma
crystallized leucosome or gneiss that melted. However, the 2.4 Ma
dates from PNG0920C and the 2.48–2.37 Ma from the other weakly
deformed dike PNG09002F (Fig. 5C and D) record the crystallization
during the waning phases of the main amphibolite-facies deformation
(Little et al., 2011).

5.3. Papua New Guinea: an unusual UHP terrane?

The (U)HP terrane of Papua New Guinea is unusual in the
exposure of Pliocene eclogites, the large amounts of leucosome
and dikes, and in its active tectonic setting; however, in other
aspects, the PNG eclogites and their history are similar to other
UHP terranes. The PNG eclogites, the leucosomes, and the dikes
record a multi-phase history that tracks subducted crustal mate-
rial from mantle depths to the upper crust at cm/yr rates. Melt
likely formed during this stage via decompression and may be
represented by the early, strongly deformed leucosomes and
dikes. Later, perhaps upon reaching the base of the crust, this
body stalled, flattened, and was intruded by dikes and pods of
partial melt (Little et al., 2011; this study). Subsequently, a
combination of buoyancy and upper-crustal extension allowed
final emplacement of the former-(U)HP body into the upper crust
beneath the PUB. Little et al. (2011) proposed that the Papua New
Guinea domes ascended as diapirs. Similar multi-stage exhuma-
tion models involving the ascent of crustal diapirs followed by
residence in the lower crust have been proposed for some of the
other UHP terranes (e.g., Gerya & Stöckhert, 2006), such as
northern Tibet (Yin et al., 2007).

There are at least two types of UHP terranes (Kylander-Clark
et al., 2012): small terranes subducted and exhumed rapidly
(timescales of o10 my) and large terranes subducted and
exhumed slowly (timescales of 10–30 my; Rubatto et al., 2003).
We now compare the Papua New Guinea UHP terrane to
other UHP terranes that achieved similar peak P–T conditions.
The Western Gneiss Region (WGR) is a large (�60,000 km2)
UHP–HP body that was exhumed as a coherent slab (e.g.,
Hacker, 2007; Kylander-Clark et al., 2009). Like PNG, the Western
Gneiss Region is thought to have undergone significant
coaxial vertical thinning at amphibolite-facies conditions prior
to final exhumation mainly driven by upper-crustal extension
(e.g., Andersen and Jamtveit, 1990; Andersen et al., 1994; Milnes
et al., 1997). The timescales of processes within the Western
Gneiss Region, however, are vastly different from PNG, with UHP
metamorphism lasting �25 my (�425–400 Ma; Kylander-Clark
et al., 2009; Krogh et al., 2011) and cooling and exhumation
another �20 my (�400–380 Ma; Terry et al., 2000; Krogh et al.,
2004; Tucker et al., 2004; Hacker and Gans, 2005; Kylander-Clark
et al., 2008), ultimately yielding mean exhumation rates from the
mantle to the surface of �7 mm/y for this very large UHP terrane.
In addition, the Western Gneiss Region does not contain plutons
associated with the UHP metamorphism, and much of the
migmatites formed during earlier tectonic events (e.g., Tucker
et al., 1990; Skår & Pedersen, 2003).

Like PNG, the Dora Maira UHP terrane is small and was
exhumed at rates of 3.4–1.6 cm/y (e.g., Rubatto and Hermann,
2001). However, unlike PNG, the Dora Maira UHP terrane lacks
evidence for significant partial melting associated with either the
UHP metamorphism or subsequent decompression; some studies
have invoked melting early in the metamorphic history, repre-
sented by jadeite–quartzite layers in the massif, but it is not
considered to be significant during exhumation (e.g., Schreyer
et al., 1987; Sharp et al., 1993; Philippot, 1993). Dora Maira is also
different in comparison to PNG in that the exhumation of the UHP
rocks is thought to have occurred within a convergent tectonic
setting (e.g., Avigad, 1992). Besides PNG, several other UHP
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terranes, including Kokchetav and the Bohemian Massif, under-
went extensive melting; however, these terranes reached peak
temperatures (41000 1C; Shatsky et al., 1995; Zhang et al., 1997;
Massone, 1999) much higher than most UHP terranes (Hacker,
2006), and thus are not directly comparable to a UHP terrane
like PNG.

The results from this study of a young UHP terrane that lacks
significant tectonic overprinting can be used to understand how
a small (�40–50 km diameter), melt-rich UHP terrane was
exhumed: (1) buoyancy-driven exhumation to the base of the
crust, accompanied by decompression-driven partial melting;
(2) stalling/ponding for �1 my, accompanied by granodioritic
dike emplacement; and (3) final emplacement in the upper crust
of an active continental rift within domes caused by plate
extension and buoyancy of the ponded partially molten diapir.
6. Conclusions

New U–Pb zircon geochronology from Fergusson Island of
Papua New Guinea constrains the timing and duration of (U)HP
metamorphism �572 Ma for the coesite-bearing eclogite. Fol-
lowing UHP metamorphism, the eclogites rose to the base of the
crust, where they stalled, developing a flattening fabric (Little
et al., 2011). The strongly deformed, foliation-parallel leucosomes
dated in this study reveal that this phase began by �3.5–3.0 Ma.
Weakly deformed, �2.4 Ma dikes interpreted to have been
emplaced during the waning stages of this intermediate (lower-
crustal) part of the exhumation indicate that lower crustal storage
lasted ca. 1 my. By 1.5 Ma, the domes were exhumed to shallow
depths along the D’Entrecasteaux fault, as recorded by apatite
(U–Th)/He and fission-track ages (Fitzgerald et al., 2008),
revealing exhumation rates of 41 cm/y. Whereas multi-stage
exhumation models, including some type of protracted residence
at the base of the crust with development of flattening fabrics,
have been invoked for many UHP terranes, the D’Entrecasteaux
Island leucosomes and dikes preserve a comprehensive record of
this exhumation path.
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Chaussidon, M., Albaréde, F., Sheppard, S.M.F., 1987. Sulphur isotope heterogene-
ity in the mantle from ion microprobe measurements of sulphide inclusions in
diamond. Nature 330, 242–244.

Chopin, C., 1984. Coesite and pure pyrope in high-grade blueschists of the Western
Alps: a first record and some consequences. Contrib. Mineral. Petrol. 86,
107–118.

Daczko, N., Caffi, P., Halpin, J.L., Mann, P., 2009. Exhumation of the Dayman dome
metamorphic core complex, eastern Papua New Guinea. J. Meta. Geol. 27,
405–422.

Davies, H.L., 1980. Folded thrust fault and associated metamorphics in the
Suckling–Daymon massif, Papua New Guinea. Am. J. Sci. 280A, 171–191.

Davies, H.L., Smith, I.E., 1971. Geology of eastern Papua. Geol. Soc. Am. Bull. 82,
8299–8312.

Davies, H.L., Jacques, A.L., 1984. Emplacement of ophiolite in Papua New Guinea.
Geol. Soc. Lon. Spec. Pub. 13, 341–350.

Davies, H.L., Warren, R.G., 1988. Origin of eclogite-bearing, domed, layered
metamorphic complexes (core complexes) in the D’Entrecasteaux Islands,
Papua New Guinea. Tectonics 7, 1–21.

Davies, H.L., Warren, R.G., 1992. Eclogites of the D’Entrecasteaux Islands. Contrib.
Min. Petrol. 112, 463–474.

Davies, H.L., Williamson, A.N., 1998. Buna, Papua New Guinea, 1:250,000 Geolo-
gical Series. Geol. Survey Papua New Guinea Explanatory Notes SC/55-3, Port
Moresby, Papua New Guinea.

Dobrzhinetskaya, L.F., Eide, E.A., Larsen, R.B., Sturt, B.A., Trønnes, R.G., Smith, D.C.,
Taylor, W.R., Posukhova, T.V., 1995. Diamond in metamorphic rocks of the
Western Gneiss Region in Norway. Geology 23, 597–600.

Eldridge, C.S., Compston, W., Williams, I.S., Harris, J.W., Bristow, J.W., 1991. Isotope
evidence for the involvement of recycled sediments in diamond formation.
Nature 353, 649–653.

Ellis, S., Little, T.A., Wallace, L., Hacker, B., Buiter, S., 2011. Feedback between
rifting and diapirism can exhume ultrahigh-pressure rocks. Earth Planet. Sci.
Lett. 311, 427–438.

Ernst, W.G., Liou, J.G., 2000. Overview of UHP metamorphism and tectonics in
well-studied collisional orogens. In: Ernst, W.G., Liou, J.G. (Eds.), Ultrahigh-
Pressure Metamorphism and Geodynamics in Collision-Type Orogenic Belts.
Bellwether Publishing, Columbia, MD, pp. 3–19.

Ernst, W.G., Maruyama, S., Wallis, S., 1997. Buoyancy-driven, rapid exhumation of
ultrahigh-pressure metamorphosed continental crust. Proc. Natl. Acad. Sci 94,
9532–9537.

Fang, J., 2000. Styles and Distribution of Continental Extension Derived from the
Rift Basins of Eastern Papua New Guinea. Ph.D. Thesis, Columbia University,
New York.

Ferris, A., Abers, G.A., Zelt, B., Taylor, B., Roecker, S., 2006. Crustal structure across
the transition from rifting to spreading: the Woodlark rift system of Papua
New Guinea. Geophys. J. Int. 166, 622–634.

Fitzgerald, P.G., Baldwin, S.L., Miller, S.L., Perry, S.E., Webb, L.E., Little, T.A., 2008.
Low-temperature constraints on the evolution of metamorphic core com-
plexes of the Woodlark rift system. AGU, EOS Transact., San Francisco, CA.
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