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As lithospheric plates are subducted, rocks are metamorphosed under high-pressure and ultrahigh-pressure conditions to
produce eclogites and eclogite facies metamorphic rocks. Because chemical equilibrium is rarely fully achieved, eclogites may
preserve in their distinctive mineral assemblages and textures a record of the pressures, temperatures and deformation the rock
was subjected to during subduction and subsequent exhumation. Radioactive parent—daughter isotopic variations within minerals
reveal the timing of these events. Here we present in situ zircon U/Pb ion microprobe data that dates the timing of eclogite facies
metamorphism in eastern Papua New Guinea at 4.3 = 0.4 Myr ago, making this the youngest documented eclogite exposed at the
Earth’s surface. Eclogite exhumation from depths of ~75 km was extremely rapid and occurred at plate tectonic rates (cmyr—").
The eclogite was exhumed within a portion of the obliquely convergent Australian—Pacific plate boundary zone, in an extending

region located west of the Woodlark basin sea floor spreading centre. Such rapid exhumation (>1 cmyr

~") of high-pressure and,

we infer, ultrahigh-pressure rocks is facilitated by extension within transient plate boundary zones associated with rapid oblique

plate convergence.

Oblique collision of major tectonic plates results in rapidly evolving
plate boundaries that often exhibit a range of kinematic behaviour
along strike as zones of deformation evolve from diffuse boundaries
to discrete microplates'. The evolution of plate boundary zones
involves the three-dimensional interplay between both continental
and oceanic lithosphere, and mantle asthenosphere over geologic
timescales. In Papua New Guinea (PNG), plate boundaries and
microplates formed in response to the large-scale oblique collision
of the Australian and Pacific plates™® (Fig. 1). The region preserves a
history of arc convergence, continent/arc collision, and ophiolite
emplacement* followed by continental rifting and seafloor spread-
ing’. In the western Woodlark basin of eastern PNG the transition
from seafloor spreading to distributed extension occurs in the most
rapidly extending active rift system on Earth®’. West of the spread-
ing centre, extensional movement on shear zones® led to the
formation of metamorphic core complexes in the D’Entrecasteaux
Islands™'? and resulted in the rapid exhumation of Pliocene plutonic
and metamorphic rocks', including eclogites interpreted as having
formed during prior subduction'>". The plate boundary zone
evolution can be examined in remnants of high-pressure rocks
that have escaped overprinting by tectonic or thermal events during
subsequent exhumation. We determine the age (4.3 = 0.4 Myr),
and exhumation at plate tectonic rates (tens of kilometres per
million years), of the youngest known eclogite exhumed within
the obliquely convergent Australian—Pacific (AUS-PAC) plate
boundary zone of eastern PNG.

Eastern PNG plate boundary evolution

The present-day tectonic setting of PNG is the result of rapid (10—
11cmyr™ ') oblique AUS—PAC plate convergence>'*'® (Fig. 1). The
AUS-PAC plate boundary zone is complex, has considerable along-
strike variation, and has been a location for microplate formation
and rotation, short-lived subduction and intraplate defor-
mation'®". Seismicity and GPS observations define at least three
microplates in this convergent plate boundary zone: the Solomon
Sea plate, and the North and South Bismark plates. On its northern
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boundary the Solomon Sea plate is subducting beneath the South
Bismark plate at the New Britain trench. At its southern boundary
the tectonic setting is less clear with seismic evidence having been
used to argue both for'*'® and against'® southward subduction of
the Solomon Sea plate beneath the Trobriand platform at the
Trobriand trough. Interaction between the Australian plate and
neighbouring microplates define a plate boundary zone presently
characterized by arc-continent collision in the Huon peninsula
region of PNG (AUS-South Bismark), seafloor spreading in the
Woodlark basin (AUS-Woodlark), and possible subduction in the
intervening region (Solomon Sea—Woodlark).

The Cenozoic evolution of this complex plate boundary zone
involved northwards subduction of the Australian plate beneath the
Pacific plate*'” that led to high-pressure metamorphism'>'** of
Jurassic—Cretaceous sediments and basalts, and southward obduc-
tion of oceanic crust and mantle of the Pacific plate to form the
Papuan ultramafic belt**' (Fig. 1). In eastern PNG the change from a
dominantly convergent plate boundary to a dominantly divergent
plate boundary resulted from counterclockwise rotation of the
Solomon Sea plate* and ultimately led to seafloor spreading in the
Woodlark basin. Since 6 Myr ago the Woodlark basin spreading
centre has propagated westwards, separating the once contiguous
Woodlark and Pocklington rises®.

D’Entrecasteaux Island eclogites

The D’Entrecasteaux Island metamorphic core complexes™'® are
located in a zone of extension west of the Woodlark basin spreading
centre (Fig. 1). They consist of a lower plate of complexly deformed
gneissic domes (up to 2.5km above sea level), separated from an
upper plate of largely undeformed mafic and ultramafic rocks* by
shear zones and detachment faults®. The metamorphic basement is
divided into two structural zones: a core zone and an outer shear
zone®'’. The core zone consists of eclogites, migmatites, gneisses
and mylonitic rocks. Although structural fabrics in the core zone are
highly variable, an early deformation event (D) resulted in gneissic
layering that predates peak metamorphism. A second generation of
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deformation (D,) postdates peak metamorphism and resulted in
folding and boudinage of the gneissic layering and formation of
retrograde tectonic fabrics associated with development of the outer
sheared zone. The earliest retrograde fabrics formed during shearing
under amphibolite facies conditions at pressures of 7-11 kbar and
temperatures of 570-730 °C (ref. 13). Exhumation was facilitated by
kilometre-scale mylonitic shear zones whose thermal histories are
constrained by *’Ar/*’Ar muscovite, biotite and feldspar, and
apatite fission track ages'"".

Eclogite facies mineral assemblages preserve a high-pressure
history and occur as variably retrogressed mafic lenses/layers in
quartzofeldspathic gneisses, metamorphosed mafic dikes that cross-
cut the D, gneissic fabric, and mafic xenoliths in Pliocene grano-
diorites. Major and trace element abundances are comparable with
average MORB values™. Eclogites record metamorphic conditions
that approached 24 kbar and 900°C (refs 12,13). The eclogite
analysed (sample 870921 from Fergusson Island; Fig. 1), preserves
garnet (Almg 49Py0.33Gro.175P0.01; ~30%) + omphacite (Jdg.s7;
~40%) along with plagioclase + quartz (~5%) and retrograde
amphibole (edenite—pargasite) + biotite (~15%) + chlorite
(<<5%). Accessory phases include rutile, titanite, apatite and zircon;
many of these occur as inclusions within garnet. Omphacite also
occurs as inclusions within garnet, as rims on garnet, and as relic
grains within edenite—pargasite—plagioclase symplectite. Wide-
spread rutile exsolution in garnet—common in isothermally
decompressed high-pressure and ultrahigh-pressure (UHP)
rocks”—occurs in this sample, although not in proximity to zircons
analysed, or in the cores of garnet porphyroblasts. Within the
matrix, rutile is rimmed by retrograde titanite and is intergrown
with ilmenite.

Only omphacite and plagioclase inclusions within the core of a
garnet porphyroblast were used for pressure—temperature (P-T)
determinations. It is assumed that the omphacite and plagioclase
inclusions were in local equilibrium with the encapsulating garnet
and that element fractionation reflects ambient P-T conditions.
Omphacite inclusions and adjacent garnet compositions indicate
peak T conditions®** of 870-930°C. Plagioclase and omphacite
inclusions within garnet indicate pressures of 20-24 kbar using the
jadeite—albite—quartz barometer®®*’ (Fig. 2).

To determine the age of zircons in eclogite, in situ ion probe
analyses were performed in thin section, allowing dating of zircons
within a textural context with respect to the mineral paragenesis. The
majority of the zircons analysed (for example, 22, 23, z4, 215, 226, 237)
were relatively small (=50 pm in longest dimension), elongate to
rounded inclusions within garnet porphyroblasts (Fig. 3a). Zircons
not enclosed in garnet include the largest zircon analysed (z33), a
subhedral 300 pm X ~ 70 pm crystal within a retrograde ampbhi-
bole (edenite—pargasite) and plagioclase (Abggg o61) Symplectite
(Fig. 3a). Five analyses were obtained from different portions of this
zircon (z33-1-5), with repeated drilling into some areas. Another
zircon (z34) occurs within an amphibole rim on a garnet
porphyroblast.

The age significance of U/Pb results (Fig. 3b) was determined by
assuming that measured Pb was a simple mixture between a single
concordant radiogenic endmember and common Pb. The zircons
analysed gave a **®U/*°°Pb age of 4.33 % 0.36 Myr (20;
MSWD = 3.3) defined by the intersection with concordia of the
best-fit line passing through the data. Because U-series disequili-
brium would not shift the results by an amount in excess of the
indicated errors®, no corrections were necessary.
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Figure 1 Eastern PNG tectonic and geologic maps*®2'. DD, Dayman dome; DI,
D’Entrecasteaux Islands; G, Goodenough Island; F, Fergusson Island; N, Normanby Island;
MS, Moresby seamount; TP, Trobriand platform; WR, Woodlark rise; PR, Pocklington rise;
HP, Huon peninsula. PUB, Papuan ultramafic belt; OC, oceanic crust; GS, greenschist;
BS, blueschist; EC, eclogite; AM, amphibolite. a, Fergusson Island geology (see box on
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South Bismark plate; SP, Solomon plate.
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Interpreting U/Pb ages with respect to the eclogite’s pressure—
temperature—time—deformation (P-T—#D) history requires estab-
lishing whether the zircon was inherited from the protolith, formed
during subduction, or formed during exhumation. Lead diffusion
in crystalline zircon is too slow to account for complete isotopic
resetting of zircon inherited from a protolith®. Thus, given the
relatively zirconium-poor bulk composition of the mafic protolith
and the lack of identified zircon inheritance, zircon growth most
probably occurred during metamorphic recrystallization. Neo-
crystallization of zircon during metamorphism at P-T conditions
lower than upper amphibolite and granulite grade is rare®. Textural
evidence indicates that most of the zircons were included within
garnets (for example, z2, 73, z15, 226, z37). This textural relation-
ship also argues against an interpretation of melt-controlled or
fluid-controlled zircon growth. Other zircons occur in retrograde
garnet rims (z34) and within symplectite.

To further constrain the P-T conditions under which the zircons
formed, the trace element and rare earth element (REE) geo-
chemistry of zircon and garnet were investigated by in situ ion
microprobe analysis. Figure 3¢ shows chondrite-normalized® REE
plots for zircon (z33) and adjacent garnet (grt33). Zircon exhibits a
positive Ce anomaly relative to chondrite, an overall flat heavy REE
pattern, and no significant negative Eu anomaly. Chondrite-
normalized patterns for coexisting garnet do not reveal Ce or Eu
anomalies. They have steeply positive profiles for Ce to Sm, and
negatively sloping profiles for the heavy REE. Zircon/garnet distri-
bution coefficients for the medium to heavy REE increase from 0.66
for Sm to 7.4 for Lu. The form of these REE patterns and the
distribution coefficients are consistent with contemporaneous
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Figure 2 Pressure—temperature conditions for D’Entrecasteaux eclogites. a, This study;
b, from ref. 10; ¢, from ref. 12. Exhumation path based on compilation of P-T data for
eclogites, shear zone gneisses, and retrogressed core zone gneisses'®. Two possible
prograde paths for the eclogite are indicated as dashed lines with arrows. Metamorphic
facies (abbreviations as in Fig. 1; GR, granulite), coesite = quartz, and

jadeite + quartz = albite reaction curves indicated. Mineral compositions are given in
the Supplementary Information. Subduction zone geotherm, and present-day range of
thermal gradients from the Moreshy seamount region®®, east of the D’Entrecasteaux
Islands, are also shown.
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zircon/garnet growth and are remarkably similar to those deter-
mined for alpine eclogites®*.

The overall similarity to alpine eclogites and the lack of an Eu
anomaly provide convincing evidence for zircon growth under
eclogite facies conditions™. Retrograde formation of symplectic
intergrowths after garnet + clinopyroxene involved significant
plagioclase growth and would have induced a negative Eu anomaly
in retrograde zircon. Hence we are confident in interpreting the
2387/2%Ph age of 4.33 * 0.36 Myr (20; MSWD = 3.3) as marking
the time of zircon growth at eclogite facies conditions.

Exhumation rates

Since the Early Pliocene epoch, exhumation of this eclogite from a
depth of approximately 75 km was facilitated by tectonic (that is,
kilometre-scale mylonitic shear zones®) and erosional processes. We
can use the boundary condition of the present-day surface of the
Earth from which the sample was collected, the U/Pb zircon age and
thermobarometric constraints to calculate average exhumation
rates for this eclogite. This calculation does not rely on assumptions
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Figure 3 U/Pb, trace and REE results. a, Backscattered-electron images of selected
zircons. Grt, garnet; z, zircon. b, Tera—Wasserburg plot with in situ U/Ph ion probe results.
Individual analyses are plotted with 1o errors. Regression (solid line) of U/Pb data,
uncorrected for common Pb, indicates a 222U/2%*Pb age of 4.33 = 0.36 Myr ago

(20; MSWD = 3.3). Also shown is a 2¢ error envelope on the regression. ¢, Trace
element and REE data (average = 1) for zircon (z33) and garnet (grt33), plotted relative
to chondritic values®'. Also shown are zircon/garnet distribution coefficients®®. U-Th—Ph
isotopic and REE data are provided in the Supplementary Information.
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related to closure temperatures, or geothermal gradients. A mini-
mum exhumation rate (~17mmyr~ ") is calculated assuming
vertical exhumation. A higher rate of 35-51 mmyr~ ' is calculated
given that the eclogite was at ~75km at 4.3 Myr ago, was exhumed
from beneath the 20°-30° NNE dipping Mwadeia shear zone® and
was collected from the Earth’s surface (Figs 1 and 2). These average
exhumation rates do not consider possible complicating effects such
as trench migration and changes in the dip of the shear zone and/or
subducting slab. Nor do these rates consider the extent to which
mid-crustal flow contributed to changes in crustal thickness during
the Australian—Solomon Sea/Woodlark plate boundary zone evolu-
tion, addition of mantle derived magmas to the base of the crust,
variable exhumation mechanisms, or transient accelerations in
exhumation rate. These average exhumation rates are, however,
comparable to extension rates near the rift tip (25-40 mmyr ')
(ref. 7), half-spreading rates determined both from magnetic
reversals (20 and 26 mmyrfl) (ref. 2) and GPS crustal motion
surveys (12-40 mm yr_l) (ref. 15) in the D’Entrecasteaux—
Woodlark region.

At present we cannot constrain the P-T—t path followed by this
sample before 4.3 Myr ago. If exhumed from UHP depths, 4.3 Myr
ago marks the timing of retrograde high-pressure metamorphism
(Fig. 2). Alternatively the sample may have reached peak pressure at
4.3 Myr ago and then was subsequently exhumed. Regardless of the
details of the prograde path followed, the data presented provide
compelling evidence for the existence of eclogite at depths of
~75km at 4.3 Myr ago. Movement on major crustal extensional
shear zones facilitated exhumation of previously subducted, but
largely buoyant crustal material, from beneath mafic and ultramafic
rocks™ during rifting. Mineral assemblages preserved in the gneisses
of the lower plates record stages of partial re-equilibration on ascent
towards the surface’. P-T paths suggest nearly adiabatic decom-
pression at high temperatures, so residence time outside the eclogite
stability field must have been short in order to escape total
obliteration of high-pressure minerals. Encapsulation of high-
pressure minerals and zircon inclusions in strong, fluid imperme-
able garnet hosts aided in their preservation®. In eastern PNG,
preservation of relics of high-pressure mineral assemblages in
retrogressed blueschists in the Dayman dome® and Normanby
Island* also requires rapid exhumation at plate tectonic rates,
especially since the present-day Mohorovici¢ discontinuity
(Moho) is elevated relative to crust north and south of the core
complexes””. Some of the deeply subducted material may have
retraced its path by moving rapidly back up the subduction
channel**® at the same time that the spreading tip was propagating
westwards. We infer that rifting reactivated structures within a
former plate boundary that previously separated sediments and
basalts of largely Australian affinity from overthrust ophiolitic rocks
of the Papuan ultramafic belt.

Implications for eclogite exhumation
The D’Entrecasteaux high-pressure rocks are transient crustal
features presently exposed at the Earth’s surface whose P-T—t-D
histories reveal insights into the four-dimensional plate boundary
evolution during the transition from subduction to rifting in east-
ern PNG. This transition was accompanied by an increase in the
geotherm (that is, non-steady-state geothermal gradients; Fig. 2), as
the plate boundary was reorganized during westward propagation
of the Woodlark spreading centre into eastern PNG. As the spread-
ing centre continues to propagate westwards, and crust continues to
be thinned, the D’Entrecasteaux Islands would be expected to
eventually subside and be thermally overprinted at low pressures
owing to impingement of upwelling mantle asthenosphere. This
geologic transience may in part explain why similar metamorphic
core complexes are difficult to recognize in the geologic record of
plate boundary zones.

In the obliquely convergent AUS-PAC plate boundary zone, the
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possible role of microplate rotation in eclogite exhumation at plate
tectonic rates has important implications for models of exhumation
of high-pressure and UHP rocks in other regions. In most high-
pressure and UHP terranes geologists are left to infer what struc-
tural, petrologic, and thermochronologic data represent in terms of
exhumation mechanisms and large-scale plate interactions. Models
for the exhumation of UHP rocks generally call on the buoyancy of
continental crust subducted to mantle depths as the main driving
force for exhumation®, which ultimately manifests itself as regur-
gitated buoyant crustal slices bound above and below by normal and
reverse faults, respectively”. Although satisfactory when considered
in a two-dimensional cross-sectional view, these models are difficult
to reconcile in three dimensions without the presence of major
transfer faults or invoking some element of rotation. An artefact of
the buoyancy model is that the rocks become neutrally buoyant in
the middle crust, thus requiring an additional mechanism to
facilitate exhumation to the surface. In the case of the eastern
PNG high-pressure rocks, a complex interaction of microplates
within the larger AUS-PAC plate boundary zone plays an important
role in their exhumation. Extension in the D’Entrecasteaux Islands
may be kinematically linked to microplate rotation and the
westward propagation of an oceanic spreading centre into pre-
viously subducted crust. For Paleozoic or older high-pressure
rocks®, P-T-t-D evidence for the plate boundary zone evolution
may have long been obliterated and the transition between subduc-
tion and rifting may occur so rapidly that evidence for the timing of
these events would potentially be obscured by analytical errors
associated with isotopic ages. We note, however, that the average
exhumation rate for this eclogite from Fergusson Island is compar-
able to those obtained from exhumed high-pressure and UHP rocks
from other localities (such as Dora Maira and Kokchetav)***!,
Furthermore, it is comparable to exhumation rates of mid-crustal
rocks from other portions of the obliquely convergent AUS-PAC
plate boundary (for example, the Southern Alps of New Zealand)**.

The ***U/**Pb zircon age of 4.33 = 0.36 Myr indicates that the
exhumed lower plate of the D’Entrecasteaux metamorphic core
complexes contains the youngest eclogite known on Earth. It
formed and was exhumed during the complex reorganization of
the Australian—-South Bismark—Solomon—Woodlark plate boundary
zone of eastern PNG. Results indicate that eclogites can be exhumed
at rates that are similar to those at which oceanic crust is created
and/or consumed at plate boundaries (>1cm yr_l). O

Methods

Electron probe analysis

Mineral compositions used for thermobarometry were obtained on a ~2-mm diameter
garnet porphyroblast and its inclusions by wavelength-dispersive X-ray analysis using a
fully automated JEOL 733 electron microprobe at the Rensselaer Polytechnic Institute
operating at 15kV and 21.0 nA. Mineral compositions are given in the Supplementary
Information.

U-Th-Pb analysis

For U/Pb ion probe analyses polished thin sections were mounted in epoxy along with
zircon standard AS-3, ultrasonically cleaned in 1 N HCI, and Au coated. U-Th—Pb isotopes
were measured using the University of California Los Angeles Cameca IMS 1270 ion
microprobe. The mass resolution (5,000) was sufficient to resolve important molecular
interferences in the mass range analysed. During analysis, a 12.5-kV primary O~ beam was
focused on a ~10 X 15 um area of sectioned zircon from which sputtered positive
secondary ions were extracted. The sample surface was flooded with 3 X 107 torr O,
pressure to enhance Pb yields and an aperture was used to block ions derived from the
periphery of the ion pit. Analyses consisted of 20 cycles with count times ranging from 1 to
15s depending on peak intensity for each element.

Trace and REE analysis

Trace and REE data were obtained using the University of California Los Angeles Cameca
IMS 1270 ion microprobe. An O~ primary beam with a current of 10-11 nA and an
accelerating voltage of 12—13 kV was used during analysis. Element to element oxide ratios
were determined on doped standard glasses for La, Ce, Nd, Sm, Eu and Gd to correct for
isobaric interference on heavier REE isotopes. Zircon and garnet concentrations were
derived relative to NIST 610 standard glass concentration, using intensities normalized to
*%Si for both zircon and garnet. Beam diameter was focused to 30 pm on both grains and
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standard glass. Analyses consisted of ten cycles with count times ranging from 0.5 to 10s
depending on peak intensity for each element. Individual concentration values and the
standard deviation of the eight analyses for each element are given in the Supplementary
Information.
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