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Abstract New geochemical, metamorphic, and isotopic data are presented from high-pressuremetamorphic
rocks in the southern New England Orogen (eastern Australia). Conventional and optimal thermobarometry
are augmented by U-Pb zircon and 40Ar/39Ar phengite dating to define pressure-temperature-time (P-T-t)
histories for the rocks. The P-T-t histories are comparedwith competing geodynamicmodels for the Tasmanides,
which can be summarized as (i) a retreating orogen model, the Tasmanides formed above a continuous, west
dipping, and eastward retreating subduction zone, and (ii) a punctuated orogenmodel, the Tasmanides formed
by several arc accretion, subduction flip, and/or transference events. Whereas both scenarios are potentially
supported by the new data, an overlap between the timing of metamorphic recrystallization and key stages of
Tasmanides evolution favors a relationship between a single, long-lived subduction zone and the formation,
exhumation, and exposure of the high-pressure rocks. By comparison with the retreating orogen model, the
following links with the P-T-t histories emerge: (i) exhumation and underplating of oceanic eclogite during the
Delamerian Orogeny, (ii) recrystallization of underplated and exhuming high-pressure rocks at amphibolite
facies conditions coeval with a period of rollback, and (iii) selective recrystallization of high-pressure rocks at
blueschist facies conditions, reflecting metamorphism in a cooled subduction zone. The retreating orogen
model can also account for the anomalous location of the Cambrian-Ordovician high-pressure rocks in the
Devonian-Carboniferous New England Orogen, where sequential rollback cycles detached and translated parts
of the leading edge of the overriding plate to the next, younger orogenic cycle.

1. Introduction

The southern Tasmanides of eastern Australia record a 320 million year history (520–200Ma) of active margin
tectonism and prolific continental growth [Glen, 2005; Kemp et al., 2009]. The evolution of the southern
Tasmanides is divided into three main orogenic stages, which represent key periods of development [Glen,
2005]. From west to east, these stages are the (i) Delamerian Orogeny, (ii) Lachlan Orogeny, and (iii) New
England Orogeny (Figure 1a). Whereas the influence of subduction is widely acknowledged as the driver of
orogenesis during each stage, the number and polarity of subduction zones, along with the mechanism(s)
responsible for the transition from one stage to the next, remain widely contested [Crawford and Berry,
1992; Collins, 2002; Fergusson, 2003; Gray and Foster, 2004; Glen, 2005; Foden et al., 2006; Offler and Murray,
2011; Cayley, 2011; Aitchison and Buckman, 2012]. Central to the debate is whether the Tasmanides formed
as a retreating orogen above a continuous subduction zone [Collins, 2002] or by punctuated collision and
accretion events that resulted in polarity reversals or transference to a new or existing subduction zone
[Aitchison and Buckman, 2012]. In the retreating orogen model, the Tasmanides formed in a suprasubduction
setting with tectonism driven by a dominant, west dipping, eastward retreating subduction zone [Collins,
2002]. This model relies on periods of rollback to explain the outward retreat of the subduction zone, which
in turn results in the initiation of the next, younger orogenic stage. Based on this model, continental growth
largely manifests in the back-arc region of the orogen through basin development, extensive sediment
deposition, and juvenile magmatism [Foster and Gray, 2000; Collins, 2002; Kemp et al., 2009]. In contrast, the
punctuated collision and accretion model involves collisions, terrane accretions, and subduction transference
to explain the outward growth of the orogen [Aitchison and Buckman, 2012]. In this case, continental growth
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is facilitated by the frontal accretion of
magmatic arcs or outboard terranes in
the fore-arc region of the orogen. The
subsequent blocking of the subduction
zone can result in a flip of subduction
polarity or outboard transference to an
existing subduction zone [Stern, 2004].

To explore the applicability of the two
geodynamic models, we examine blocks
of high-pressure metamorphic rocks
that are situated in serpentinite matrix
mélange shear zones in the southern
New England Orogen (Figures 1a and
1b). Ambiguity surrounds the rele-
vance of these rocks, as sparse U-Pb
[Aitchison et al., 1992; Aitchison and
Ireland, 1995; Fanning et al., 2002]
and potentially imprecise K-Ar [Fukui
et al., 1995] age data yield Cambrian
and Ordovician ages, which are at
least 100 million years older than the
timing of continent margin subduction
(360–300Ma) [Leitch, 1974]. If these
data accurately constrain the timing of
subduction zone metamorphism, the
pressure-temperature-time (P-T-t) his-
tories recorded by these rocks have
the potential to provide insight into an
early and poorly understood stage of
the New England Orogen. To test the
competing models, we compare these

Figure 1. Locality maps of regional geology
and the study locale. (a) Simplified map of
eastern Australia showing the main orogenic
stages that define the development of
the Tasmanides. Dashed lines represent
the main sectors of the Delamerian
Orogen. Abbreviations: A = Adelaidean
Belt; K = Koonenberry Belt. (b) Enlarged
map of the southern New England Orogen
showing the distribution of the main tec-
tonostratigraphic units. The high-pressure
metamorphic rocks were collected from
the Peel-Manning Fault System at Attunga,
Glenrock, and Pigna Barney. The locations
of enlarged maps shown in Figures 2a
(Attunga) and 2b (Glenrock and Pigna Barney)
are provided. Note the location of the
seismic line from which the cross section
shown in Figure 1c was constructed.
(c) Cross section through the Manilla
region showing the fore-arc accretionary
wedge architecture. The cross section was
constructed from depth-converted seismic
data, mapped geology, and the interpre-
tation of Korsch et al. [1997].
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P-T-t histories with coeval stages of Tasmanides development. For continuous subduction, high-pressure
rocks should record metamorphic ages that span the longevity of the Tasmanides and P-T histories that
reflect important evolutionary stages of the Delamerian and Lachlan orogens. In the case of punctuated
subduction, subduction complexes should get progressively younger across the Tasmanides (fromwest to east)
and be located inboard of accreted intraoceanic arcs. Following arc-continent collision, flip or outboard trans-
ference of subduction results in the isolation of an obducted subduction complex from the new active margin.
This model therefore predicts the high-pressure rocks in the New England Orogen to have formed in a subduc-
tion zone that was unrelated to the development of the Delamerian and Lachlan orogens.

In this paper, we present new metamorphic, geochemical, and geochronological data from high-pressure
metamorphic rocks in the Peel-Manning Fault System. To date, these rocks have received limited attention,
with few attempts made to quantify the conditions of metamorphism or to determine P-T-t histories [Shaw
and Flood, 1974; Offler, 1999]. Linking of the metamorphic and temporal records is also yet to be attempted,
resulting in uncertainty in the available U-Pb age data (i.e., protolith crystallization or metamorphism). The
timing of exhumation, as recorded by rocks metamorphosed at blueschist facies conditions, is also unclear
due to the widespread application of whole-rock K-Ar dating and the potential problems associated with
excess argon [Fukui et al., 1995; Arnaud and Kelley, 1995]. This ambiguity makes it difficult to reconcile the evo-
lution of high-pressuremetamorphic rocks with geodynamicmodels of the New England Orogen and greater
Tasmanides. To overcome these problems, we present new data from four high-pressure metamorphic rocks,
which specifically includes (i) whole-rock trace element composition to determine the protolith of the high-
pressure metamorphic rocks, which has bearing on exhumation mechanics, (ii) detailed petrology to identify
mineral reaction textures and to determine the relative timing of metamorphic mineral growth, (iii) mineral
compositional data to identify compositional zoning in the minerals and to obtain pressure and temperature
conditions of metamorphism by conventional and optimal thermobarometry, (iv) U-Pb isotopic and trace
element geochemistry of zircons from eclogite to ascertain the timing of metamorphism, and (v) 40Ar/39Ar
dating of phengite from blueschists to determine the timing of exhumation. Using these data, we attempt
to reconcile the formation of the high-pressure metamorphic rocks and the encompassing serpentinite
matrix mélange with geodynamic models of the Tasmanides.

2. Background Geology
2.1. The Tasmanides

The southern Tasmanides formed during three main orogenic stages, which from west to east (present-day
coordinates) are (i) the Delamerian Orogen, (ii) the Lachlan Orogen, and (iii) the New England Orogen [Glen,
2005] (Figure 1a). The Delamerian Orogeny affected the Neoproterozoic passive margin of eastern Australia
from early Cambrian to early Ordovician times (520–490Ma) [Foden et al., 2006; Greenfield et al., 2011]. A
Gondwana-wide synthesis of the Delamerian Orogen is provided by Cawood [2005], with critical information
concerning the evolution of the Australian mainland presented herein. The effects of the Delamerian
Orogeny are well preserved in the Koonenberry and Adelaidean belts (Figure 1a), where Cambrian-aged
igneous rocks of calc-alkaline, tholeiitic, and boninitic affinity are interpreted to represent parts of an active
margin [Crawford et al., 1984; Foden et al., 2006; Greenfield et al., 2011; Glen, 2013]. In the Koonenberry Belt,
Greenfield et al. [2011] suggest that the easternmargin of Australia was in an Andean-type setting duringmid-
dle to late Cambrian times, a view that is challenged by the work of Crawford et al. [1997], who suggest that
calc-alkaline rocks in the Koonenberry Belt formed in an immature continental rift setting. Glen [2013]
expands on the Andean-type model of Greenfield et al. [2011] to provide a mechanism that also explains
the presence of Cambrian-aged rocks in the Peel-Manning Fault System. Given that these rocks are slightly
older (>530Ma) and located ~1000 km to the east of the Koonenberry Belt, Glen [2013] suggests that two
subduction zones were active during the Early to Middle Cambrian: the first active between 530 and
520Ma in an intraoceanic setting located outboard of the continental margin and a second, west dipping
subduction zone active between 520 and 500Ma below the continental margin. The main implication of this
model is that it requires the rocks located in the Peel-Manning Fault System to have formed in a subduction
zone that was unrelated to the main west dipping subduction zone responsible for the Delamerian orogenic
stage of the Tasmanides. The timing of convergent deformation related to the Delamerian Orogeny is
defined by isotopic dating of magmatic units that show prekinematic to postkinematic relationships
with the regional finite strain pattern [Foden et al., 2006; Greenfield et al., 2011]. In the Koonenberry Belt,
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U-Pb zircon dating of prekinematic and postkinematic dykes restricts the timing of convergence to between
504.5 ± 2.6Ma and 496± 3.1Ma [Greenfield et al., 2011]. In the Adelaidean Fold Belt (Figure 1a), U-Pb isotopic
dating of pretectonic and posttectonic magmatic rocks signifies a longer period of convergence between
514± 3Ma and 490± 3Ma [Foden et al., 2006]. The cessation of active margin convergence is marked by a
regional disconformity in the Koonenberry Belt and the emplacement of postorogenic magmatic rocks in
the Adelaidean Belt [Crawford et al., 1984; Foden et al., 2006; Greenfield et al., 2011].

Following the Delamerian Orogeny, evidence of subduction-related magmatism is preserved in the Macquarie
Volcanic Province [Crawford et al., 2007], which comprises a linear belt of Ordovician-Silurian volcanic rocks that
are located approximately 700 km to the east of the Koonenberry Belt (Figure 1a). Where it is yet to be unequi-
vocally shown, there is growing support that the transfer from the Delamerian to Lachlan orogenic stage was
caused by rollback of the subduction zone [Foden et al., 2006; Cayley et al., 2012]. A wealth of information is
available for the Lachlan Orogen, and a detailed synthesis of the geology of the orogen is provided by Gray
and Foster [2004] orGlen [2005, 2013]. Herein, we provide a brief discussion of the salient features of the orogen
which have led to the publication of numerous conflicting geodynamic models. The orogen contains sparse
exposures of Cambrian-aged mafic rocks comprising boninite and low-Ti andesite-tholeiite [Crawford et al.,
1984], along with voluminous Lower-Middle Ordovician quartz-rich turbidites and lesser Late Ordovician black
shales that are intruded/extruded by Silurian-Devonian-aged granites (Figure 1a) [Fergusson and Coney, 1992;
Vandenberg, 1999; Meffre et al., 2007; Kemp et al., 2009]. Confined to narrow north-south striking belts, the
basaltic-andesitic rocks of the Macquarie Volcanic Province are interpreted to represent the remnants of a mag-
matic arc [Glen et al., 1998; Crawford et al., 2007] or partially melted parts of enriched upper mantle that were
later exposed during back-arc extension [Quinn et al., 2014]. Given the predominant distribution of turbidites
in the west and the subduction-related volcanic rocks of the Macquarie Volcanic Province in the east, most
workers support a model where the Lachlan Orogen formed in a broad back-arc setting behind an east facing
magmatic arc (i.e., Japan Sea-type setting) [Powell, 1983; Fergusson and Coney, 1992; Glen et al., 1998; Collins,
2002]. However, whether the Macquarie Volcanic Province represents the remnants of that arc remains a topic
of considerable debate [Quinn et al., 2014; Fergusson, 2014]. The identification of major fault zones locally
containing blueschists in the turbidite package also led Gray and Foster [1997] to expand on the back-arc
basin model and suggest a multiple-subduction scenario similar to that of the Philippine Sea. In contrast to
the back-arc models, Aitchison and Buckman [2012] suggest that the Macquarie Volcanic Province formed
as a magmatic arc above an east dipping subduction zone, which was accreted to the eastern margin of
Australia in the late Ordovician-early Silurian. This collision resulted in the termination of east dipping sub-
duction and transference to an existing west dipping intraoceanic subduction zone that was located to the
east of the collision zone. Irrespective of the contrasting geodynamic settings, emergence of the Lachlan
Orogen by the Late Devonian to Carboniferous times is shown by the presence of a thick molasses-like
overlap sequence [Foster and Gray, 2000]. By this time, subduction-related orogenesis had migrated further
to the east, manifesting as the New England Orogeny.

The Southern New England Orogen is made up of five main tectonostratigraphic units: (i) Cambrian-Silurian,
tectonized and serpentinized ultramafic to mafic rocks in the Peel-Manning Fault System, (ii) Late Devonian-
Carboniferous rocks of the Tamworth Belt, which also contain narrow (<1 km) horizons of Cambrian-
Ordovician volcaniclastic sedimentary rocks near the Peel-Manning Fault System [Leitch and Cawood, 1987],
(iii) Silurian-Carboniferous accretionary complex rocks of the Tablelands Complex, (iv) Permian-Triassic plutonic
and volcanic rocks of the New England Batholith, and (v) Early Permian sedimentary rocks of the Barnard Basin
(Figure 1b) [Leitch, 1974]. Cambrian-Devonian-aged rocks located in the eastern part of the Tamworth Belt (col-
lectively called the Gamilaroi Terrane) [Aitchison and Flood, 1994] provide insight into the early history of the
orogen. The Cambrian-Ordovician volcaniclastic sequences are interpreted to represent sediments derived
from an intraoceanic volcanic arc located to thewest, thus placing theNew EnglandOrogen in a fore-arc setting
at this time [Cawood, 1983; Leitch and Cawood, 1987]. Devonian-aged volcanic rocks show geochemical signa-
tures that are consistent with derivation in an island arc to proximal back-arc setting [Aitchison and Flood, 1994;
Offler and Gamble, 2002; Offler and Murray, 2011], which are interpreted to reflect a variety of different geody-
namic scenarios, ranging from (i) a single west dipping subduction zone [Offler and Gamble, 2002], (ii) a single
east dipping subduction zone followed by arc accretion and subduction flip [Aitchison and Flood, 1994], and
(iii) simultaneous east and west dipping subduction zones [Offler and Murray, 2011]. Whereas the number
and polarity of subduction zone(s) during the Late Silurian-Devonian evolution of the southern New England
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Orogen are unresolved, the facing of fore-arc and accretionary components supports an east facing Andean-
type setting for the orogen throughout the Carboniferous [Leitch, 1974]. In situ evidence of continental arcmag-
matism associatedwith west dipping subduction is rare [Wilkinson, 1971], but extensive horizons of calc-alkaline
ignimbrites recording Carboniferous U-Pb zircon ages are interlayered with volcaniclastic- and lithic-rich sand-
stones of the Tamworth Belt [McPhie, 1984, 1987; Roberts et al., 2003, 2004, 2006]. To the east of the Tamworth
Belt, progressive accretion of lower plate sequences has resulted in a general west to east younging of rocks in
the Tablelands Complex [Aitchison et al., 1988; Ishiga et al., 1988]. Rocks of the Permian-Triassic New England
Batholith dominantly intrude the Tablelands Complex and comprise a chemically and isotopically diverse suite
of felsic plutonic and volcanic rocks (Figure 1b) [Shaw and Flood, 1981; Hensel et al., 1985; Kemp et al., 2009;
Phillips et al., 2011]. The emplacement of these magmatic rocks from the Early Permian is interpreted to repre-
sent a switch in thermal gradient, which coincided with a change from accretionary to back-arc [Dirks et al.,
1992; Jenkins et al., 2002; Phillips et al., 2008] or transformmargin setting [Aitchison and Flood, 1992]. The deposi-
tion of deep-shallow marine sediments comprising the Barnard Basin [Leitch, 1988] occurred coevally with
the incipient stages of Batholith emplacement, which was probably related to crustal extension associated
with the change in geodynamic setting [Jenkins et al., 2002]. The late-stage emplacement of plutonic rocks with
geochemical and isotopic signatures consistent with postorogenic magmas signifies the cratonization of the
New England Orogen by the late Triassic [Phillips et al., 2011].

2.2. The Peel-Manning Fault System

The Peel-Manning Fault System in the Southern New England Orogen is a tectonic boundary between the
Tamworth Belt and Tablelands Complex (Figure 1b). The fault system is curvilinear, striking in a north-south
orientation in the north and a northwest-southeast orientation in the south (Figure 1b). Seismic imaging
across the fault system at Manilla (Figure 1b) reveals a general west dipping structure that is truncated by
an east dipping décollement surface that separates rocks of the fore-arc basin from the continental basement
(Hunter-Mooki Fault; Figure 1c). The Peel-Manning Fault System is characterized by fault-bounded sequences
of serpentinite matrix mélange, norite, gabbro, pyroxenite, dolerite, basalt, plagiogranite, and chert [Cross,
1983; Blake and Murchey, 1988; Aitchison et al., 1994]. Relict blocks of harzburgite, along with exotic blocks
of eclogite, blueschist, amphibolite, plagiogranite, basalt, and chert are located in the serpentinite matrix
mélange; which is interpreted to represent a heavily tectonized harzburgite layer of the original ophiolite
sequence [Cross, 1983; Blake and Murchey, 1988; Aitchison et al., 1994; O’Hanley and Offler, 1992; Offler,
1999]. Even though fault bounded, the sequence of rocks in the Peel-Manning Fault System is interpreted
to represent a dismembered and attenuated ophiolite (termed the Peel-Manning Ophiolite herein) [Cross,
1983; O’Hanley and Offler, 1992; Yang and Seccombe, 1997; Aitchison et al., 1994]. Where a coherent strati-
graphic section is yet to be identified, facing of the fault-bounded sequences indicates that the ophiolite
probably faces to the west [Cross, 1983; Aitchison et al., 1994; Yang and Seccombe, 1997].

Geochemical analysis of relict chromite in harzburgite and immobile trace elements in dolerite from the Upper
Bingara region (Figure 1b) indicates that the ultramafic to intermediate rocks of the ophiolite formed in a back-
arc setting [Yang and Seccombe, 1997]. In the south at Pigna Barney (Figure 1b), whole-rock analyses of basaltic
rocks have a low-Ti signature that is consistent with crystallization from amore refractorymelt generated from a
depleted source [Cross, 1983]. Given that these basalts are interlayered with boninites, Cross [1983] interpreted
the sequence to have formed in an island arc to fore-arc setting. Most of the exotic blocks in the serpentinite
matrix mélange layer preserve the effects of low-grade metamorphism (prehnite-pumpellyite facies), which
has partially recrystallized the original igneous textures and mineral assemblages [Offler, 1982; Cross, 1983;
Sano et al., 2004; Offler and Shaw, 2006]. Oxygen isotope thermometry on serpentine-magnetite mineral pairs
from samples atWoodsreef (Figure 1b) reveals temperature in the range of 350 to 220°C for the serpentinization
of the harzburgite [O’Hanley and Offler, 1992].

Temporal constraints on the formation of the ophiolite are provided by isotopic dating of exotic blocks
contained in the serpentinite matrix mélange. Blocks of plagiogranite located at Upper Bingara, Woodsreef,
and Manilla yield U-Pb zircon ages of ca. 530Ma [Aitchison et al., 1992; Aitchison and Ireland, 1995]. The blocks
are interpreted to represent late-stage differentiates of basic magmas and, therefore, provide a crystallization
age for the ophiolite [Aitchison et al., 1992; Aitchison and Ireland, 1995]. In the southern part of the fault system
at Glenrock (Figure 1b), Sm-Nd dating of a block ofmetadiorite yielded an age of 536±38Ma [Sano et al., 2004].
This age is interpreted to represent the timing of protolith crystallization. Isotopic dating of rocks recording the
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effects of subduction zonemetamorphism has also been attempted. U-Pb dating of zircon from a block of retro-
gressed eclogite at Attunga (Figure 1b) yielded an age of 536+18Ma [Fanning et al., 2002]. However, because
magmatic zircon can survive eclogite facies metamorphism [e.g., Rubatto et al., 1998] it remains unclear
whether this age represents the timing of protolith crystallization or metamorphism. The exhumation of rocks
containing blueschist facies mineral assemblages during the early Ordovician (480–465Ma) is based on K-Ar
dating of phengite from samples at Glenrock and Pigna Barney (Figure 1b) [Fukui et al., 1995, 2012]. Again,
the relevance of this age is uncertain due to the potential problems associated with excess argon in high-
pressure metamorphic rocks [Kelley, 2002].

3. Samples

Four samples recording the effects of subduction zone metamorphism were collected from key localities
along the Peel-Manning Fault System (Table 1). These samples are as follows: (i) sample AT2 is from
Attunga and preserves a retrogressed eclogite facies mineral assemblage (Figure 2a); (ii) sample 7936 from
Glenrock and samples 47302 and PB3C from Pigna Barney record blueschist facies assemblages (Figure 2b).
All of the samples come from allochthonous blocks contained within serpentinite matrix mélange.
Extremely poor bedrock exposures at the Attunga locality prevent documentation of the stratigraphic
and structural relationships between the eclogite block, serpentinite matrix mélange, and hosting fault sys-
tem. At better exposed localities to the north in the Woodsreef and Upper Bingara regions (Figure 1b), a
dismembered west facing sequence of schistose serpentinite, layered wehrlite-clinopyroxenite, layered
gabbro, intrusive gabbro-dolerite, and chert has been identified [Blake and Murchey, 1988]. Given the
widely acknowledged inference that the exotic blocks are located in the serpentinized harzburgite layer
of the original ophiolite sequence [Blake and Murchey, 1988], we suggest that the eclogite block at
Attunga is located in the basal part of a west facing ophiolite sequence. Sample AT2 comprises thoroughly
retrogressed patches of a chlorite and actinolite assemblage that is dispersed among higher-grade, garnet-
bearing parts of the rock. The sample lacks internal foliation or microstructure in groundmass minerals and
shows no evidence of ductile deformation. Samples 7936, PB3C, and 47302 were collected from meter-
scale blocks of lawsonite-bearing blueschist at Glenrock and Pigna Barney (Figures 1b and 2b). Coherent
structural relationships between the metamorphic blocks and encompassing serpentinite are lacking at
both Glenrock and Pigna Barney, with structural fabrics in the serpentinite wrapping around the compe-
tent high-pressure metamorphic knockers. The degree of internal deformation of the lawsonite-blueschist
blocks is variable, ranging from the development of a disjunctive foliation in sample 7936 to a fine-grained
continuous foliation that is crenulated in sample 47302. Consequently, it is difficult to reconcile the timing
of deformation in the tectonic blocks with finite strain patterns recorded by the encompassing serpentinite
matrix mélange.

4. Methods

Bulk rock and mineral composition data were collected from the samples to (i) discriminate the tectonic set-
ting of protolith formation, (ii) characterize themainmetamorphic mineral phases, and (iii) determinemineral
compositions and end-member activities for thermobarometry. For samples AT2, 47302, and PB3C, major and
trace elements were determined by XRF at The University of Newcastle (SPECTRO X-LAB 2000) and induc-
tively coupled mass spectrometry (ICP-MS) at Genalysis Laboratory Services, Adelaide. For sample 7936,
major elements were determined by XRF at The University of Newcastle and rare earth element (REE), Th,
Ta, and U determined by neutron activation analysis at Becquerel Laboratories, Lucas Heights. The bulk rock

Table 1. Summary Table of Sample Locations and Calculated U-Pb or 40Ar/39Ar Isotopic Ages

Sample Locality

Coordinates

U-Pb Age

40Ar/39Ar Age

Latitude Longitude Step Heating Laser

AT2 Attunga 30°50′39.7″ 150°54′45.2″ 514 ± 6Ma na na
480 ± 5Ma na na

7936 Glenrock 31°43′05.7″ 151°28′29.6″ na 479 ± 1Ma 482 ± 1Ma
47302 Pigna Barney 31°47′26.1″ 151°34′52.1″ na na na
PB3C Pigna Barney 31°47′25.2″ 151°36′52.1″ na 478 ± 1Ma 482 ± 2Ma
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compositional data are provided in Table 2. Mineral compositions were determined on a PHILIPS XL30
scanning electron microscope with attached IS200 energy-dispersive spectrometer at The University of
Newcastle, Australia. Operating conditions involved a counting time of 60 s, an average beam diameter of
0.5μm, and an accelerating voltage of 15 keV and 0.2 nA. Mineral composition data were collected as weight

Figure 2. Geological maps of the sample localities. (a) Geological map of the Attunga region showing the location of eclogite
sample AT2. (b) Geological map of the Glenrock and Pigna Barney regions showing the locations of samples 7936, PB3C, and
47302. Maps are extracted from the Geological Survey of NSWSeamless Statewide Geology Geodatabase [Colquhoun et al., 2015].
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percent oxides, and ideal stoichiometric
formulae calculated on a per formula
unit (pfu) basis. Standards of known
elemental composition were measured
at the beginning and end of each analy-
tical session to ensure the accuracy of
measured data and to monitor for
machine drift. Representative mineral
compositional data are given in Tables 3
and 4. Conventional and optimal ther-
mobarometry were carried out using
these data and numerous techniques
(see section 5.3) [Brown, 1977; Holland,
1980; Powell and Holland, 1994; Ernst
and Liu, 1998; Krogh-Ravna, 2000].

For U-Pb age determination, zircons were
separated from sample AT2 after rock
crushing using conventional heavy liquid
andmagnetic properties. The grains were
mounted in epoxy resin and polished
down to expose the near equatorial
section. Cathodoluminescence (CL) in-
vestigation was carried out on a HITACHI
S2250N scanning electron microscope
(SEM) supplied with an ellipsoidal mir-
ror for CL at the Research School of
Earth Sciences, The Australian National
University (RSES-ANU) in Canberra,
Australia. Operating conditions for the
SEM were 15 kV/60 μA and 20mm
working distance. The zircons were
then analyzed for U, Th, and Pb using
the sensitive high-resolution ion micro-
probe (SHRIMP II) at the RSES-ANU.
Instrumental conditions and data acqui-
sition are described by Williams [1998].
The data were collected in sets of six
scans throughout the masses, and a
reference zircon was analyzed each
fourth analysis. U-Pb data were collected
in one analytical session having a 2 sigma
calibration error of 1.0%, which was
propagated to single analyses. The mea-
sured 206Pb/238U ratio was corrected
using reference zircon from the Temora
granodiorite (417Ma) [Black et al., 2003].
The fraction of nonradiogenic 206Pb

(f206) was calculated from the measured 207Pb/206Pb (7/6Rm) and the nonradiogenic 207Pb/206Pb (7Rc)
according to Williams [1998], i.e., f206 = (7/6Rm� 7/6R*)/(7/6Rc� 7/6R*), where 7/6R* is the expected radio-
genic 207Pb/206Pb assuming concordance at the approximate age of the sample. The 7Rc composition was
assumed to be that predicted by the Stacey and Kramers [1975] model. Age calculations were achieved using
the software Squid 1 and Isoplot/Ex [Ludwig, 2003]. Average ages are quoted at the 95% confidence level with
uncertainties forced to at least 1% to account for external errors.

Table 2. Bulk Composition of Samples Showing Major Element
Concentrations as Oxide Percent and Trace Element Concentrations
as Parts Per Million

Sample

AT2 7936 47302 PB3C

Major Elements
SiO2 46.7 57.66 48.99 51.54
TiO2 1.21 0.34 3.37 1.76
Al2O3 15.2 15.64 13.47 13.57
Fe2O3 12.57 7.3 15.13 14.84
MnO 0.18 0.13 0.25 0.2
MgO 9.1 4.33 6.91 6.14
CaO 12.66 5.92 7.13 7.28
Na2O 2.18 2.2 3.95 4.35
K2O 0.1 3.4 0.49 0.18
P2O5 0.11 0.38 0.3 0.12
Total 100.01 97.32 99.99 99.98

Trace Elements
Ba 138.9 930 106.5 43.3
Be nd - 1.1 0.7
Ce 7.9 46 25.6 14.2
Cr 300 277 48 62
Cs 0.94 - 0.89 0.46
Cu 94 - 94 54
Dy 4.53 - 6.98 6.25
Er 2.87 - 4.12 3.9
Eu 1.04 1.21 1.91 1.54
Ga 16.9 16 20.8 17.9
Gd 3.69 3.3 6.41 5.53
Hf 2 1.5 4.4 3.2
Ho 0.96 0.4 1.41 1.29
La 2.7 25 10.3 5.3
Lu 0.41 0.2 0.6 0.57
Mo 0.3 - 0.8 0.1
Nb 3.7 7 15.1 3.6
Nd 7.6 21 18.5 12.2
Ni 104 25 18 55
Pr 1.37 - 3.86 2.34
Rb 4.4 74 7.6 10.8
Sm 2.82 4.1 5.66 4.38
Sr 115 - 133.1 59.3
Ta 0.3 0.3 1 0.3
Tb 0.65 - 1.05 0.9
Th 0.3 5.1 1.08 0.44
Tl nd. - 0.06 0.02
Tm 0.46 - 0.61 0.6
U nd. 2.2 0.27 0.24
V 321 141 409 405
Y 29.9 15 41.5 38.1
Yb 2.77 1.22 3.62 3.68
Zn 84 - 115 114
Zr 66 90 145 96
La/Sm 0.96 6.10 1.82 1.21
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Trace elements of individual zircon grains were determined by laser ablation ICP-MS at the RSES-ANU
(Table 5). The instrument includes an ANU “HelEx” laser ablation cell built to receive a pulsed 193 nm wave-
length ArF excimer laser with 100mJ output energy at a repetition rate of 5 Hz and coupled to an Agilent
7700s quadrupole ICP-MS. The instrument was tuned for maximum sensitivity and minimum production of
molecular species, maintaining ThO+/Th+ at<0.5%. The laser was operated in drilling mode with a spot size
of 27 μm. Total analysis time was 60 s, the first 25 s of which was background acquisition prior to ablation.
Synthetic glass NIST 612 was used for external calibration, and reference values were taken from Pearce
et al. [1997]. Internal standards were SiO2 of 32.45 wt%. The BCR-2G natural glass was used as a secondary
standard to monitor accuracy, which was within 10% of the reference value. Data evaluation was achieved using
an internal spreadsheet compiled at RSES-ANU. Chondrite values for normalization are from McDonough
and Sun [1995].
40Ar/39Ar isotope analyses were carried out on phengite from lawsonite-blueschist samples PB3C and 7936.
Samples were analyzed by conventional furnace step-heating techniques at the University of Melbourne, fol-
lowing the published analytical procedures of Phillips et al. [2007]. The data yielded from these analyses did
not meet the requirements for the calculation of plateau ages, which are defined as (i) incorporating more
than three contiguous gas fractions, (ii) together representing more than 50% of the total 39Ar released,
and (iii) having ages on individual temperature steps within 2 sigma error of the mean age [Fleck et al.,
1977]. As a result, weighted mean ages were calculated using the Isopleth software [Ludwig, 2003]. Owing
to the potential for contamination by excess argon in high-pressure rocks [Kelley, 2002], a two-increment
step-heating laser approach was also employed on single grains of phengite. The laser analyses were again
carried out at The University of Melbourne, employing the analytical procedures outlined by Phillips and
Harris [2008]. This approach was used to screen for any significant intrasample variance in argon content that
may be an artifact of (i) multiple generations of mica growth or (ii) varied degrees of isotopic resetting or

Table 3. Mineral Compositional Data From Eclogite Sample AT2a

Phase

Garnet

omp di gl fe-hb act Albite Epidote Chlorite

Texture

Core Rim

SiO2 37.16 39.20 54.44 53.40 56.77 42.07 55.18 68.05 38.13 26.71
TiO2 0.11 0.08 0.22 0.25 0.04 0.20 0.06 0.05 0.14 0.09
Al2O3 20.92 21.82 7.84 8.13 10.91 12.90 1.61 19.31 25.16 19.39
Cr2O3 0.00 0.00 0.00 0.05 0.02 0.02 0.00 0.06 0.11 0.11
FeO 26.32 21.78 9.42 5.00 10.80 19.01 12.10 0.22 10.15 27.06
MnO 3.36 0.31 0.25 0.07 0.02 0.30 0.05 0.02 0.00 0.23
MgO 2.01 7.83 7.20 10.55 8.86 7.51 15.23 0.07 0.12 14.32
CaO 10.27 9.22 14.21 18.74 0.43 11.76 11.01 0.06 23.51 0.14
Na2O 0.00 0.02 6.36 3.42 7.27 2.45 1.15 11.35 0.00 0.26
K2O 0.00 0.04 0.00 0.00 0.00 0.67 0.14 0.00 0.00 0.02
Total 100.15 100.30 99.94 99.61 95.12 96.89 96.53 99.19 97.32 88.33
Si 2.95 2.98 1.98 1.94 8.03 6.45 7.97 2.99 3.00 2.82
Ti 0.01 0.01 0.01 0.01 0.00 0.02 0.01 0.00 0.01 0.01
Al 1.96 1.96 0.34 0.35 1.82 2.33 0.27 1.00 2.33 2.41
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
Fe3+ 0.13 0.07 0.15 0.00 0.00 0.00 0.01 0.01 0.62 0.00
Fe2+ 1.62 1.32 0.14 0.15 1.28 2.44 1.46 0.00 0.04 2.39
Mn 0.23 0.02 0.01 0.00 0.00 0.04 0.01 0.00 0.00 0.02
Mg 0.24 0.89 0.39 0.57 1.87 1.72 3.28 0.01 0.01 2.25
Ca 0.87 0.75 0.55 0.73 0.07 1.93 1.71 0.00 1.98 0.02
Na 0.00 0.00 0.45 0.24 1.99 0.73 0.32 0.97 0.00 0.05
K 0.00 0.00 0.00 0.00 0.00 0.13 0.03 0.00 0.00 0.00
Sum 8.00 8.00 4.00 4.00 15.05 15.79 15.06 4.98 8.01 9.99
Jadeite 30 25

aAbbreviations: omp = omphacite; di = diopside; gl = glaucophane; fe-hb = ferroan hornblende; and act = actinolite.
Jadeite = Na/(Na + Ca).
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excess argon contamination within individual grains. Using the single-grain laser approach, spurious isotopic
results from a single-grain analysis can be removed from the mean age calculations, again carried out using
the Isoplot software [Ludwig, 2003]. In order to integrate our 40Ar/39Ar age data with the P-T histories, we
assume a temperature of 350°C for the closure of argon diffusion in white mica [Hames and Bowring, 1994].

5. Results
5.1. Petrography

Eclogite sample AT2 comprises large (<1 cm), shattered porphyroblasts of garnet that are imbedded in amatrix
of diopside, actinolite, chlorite, albite, and titanite (Figure 3a). Garnet is subidioblastic in shape and contains
small inclusions (<10μm) of glaucophane, lawsonite, omphacite, rutile, epidote, and quartz. The inclusion
assemblage occupies intact fragments of garnet, with cracks filled with albite and chlorite. The inclusion-rich
cores are encased by thin (<2mm) inclusion-free rims. Reaction textures and compositional zoning away from
the garnet-diopside interfaces are lacking (Figure 3b), which we tentatively interpret to represent equilibrium
between these phases. Amphibole in the groundmass is dominantly actinolite, yet grains of actinolite compris-
ing relicts of sodic amphibole and ferroan hornblende are present (Figure 3c). Retrograde minerals in the
groundmass include chlorite and albite, all of which lack preferred tectonic alignment.

The mineral assemblage in the lawsonite-blueschist samples 7936 and PB3C is made up of white mica,
amphibole, lawsonite, epidote, titanite in a groundmass of albite, and quartz. A well-developed foliation con-
sists of aligned grains of amphibole, white mica, lawsonite, and titanite (Figure 3d). Two contrasting types of
compositional zoning are evident in amphibole, which can be summarized as (i) a patchy to complete

Table 4. Mineral Compositional Data From Blueschist Samples 7936, PB3C, and 47302a

Sample

7936 PB3C 47302

Texture

Inclusion Core
Foliation
(early) Early Foliation Foliation Inclusion Foliation Foliation Peak Peak Foliation Foliation

Foliation
(early) Early

Phase

ph act-hb mg-hb ep gl ph ph ph gl g g ph gl mg-hb ep

SiO2 53.91 49.31 42.79 37.73 56.37 47.59 54.95 46.56 55.95 36.77 36.69 53.04 55.06 44.63 38.53
TiO2 0.12 0.26 0.76 0.01 0.25 0.88 0.28 0.43 0.08 0.21 0.19 0.10 0.00 0.53 0.00
Al2O3 21.00 6.40 11.75 25.49 9.31 27.19 21.38 27.14 11.28 20.46 20.36 19.75 8.00 14.17 29.51
Cr2O3 0.09 0.10 0.07 0.01 0.02 0.04 0.07 0.02 0.00 0.03 0.05 0.06 0.00 0.11 0.04
FeO 2.64 12.83 12.92 10.07 13.33 3.95 3.01 3.36 13.08 21.92 24.94 4.44 21.32 15.67 4.61
MnO 0.00 0.37 0.29 0.30 0.11 0.01 0.11 0.05 0.09 7.95 6.11 0.16 0.14 0.02 0.75
MgO 4.76 13.27 12.57 0.15 8.77 2.84 5.49 2.70 7.77 1.04 1.24 4.60 5.28 9.51 0.10
CaO 0.13 9.24 11.04 22.83 0.97 0.04 0.14 0.07 0.46 11.09 9.49 0.05 1.43 9.57 23.52
Na2O 0.00 2.14 1.98 0.00 6.81 0.13 0.00 0.33 7.12 0.00 0.00 0.00 6.51 3.50 0.00
K2O 9.79 0.20 1.23 0.02 0.01 9.51 11.15 9.56 0.05 0.00 0.03 10.23 0.01 0.26 0.00
Totals 92.44 94.12 95.40 96.61 95.95 92.18 96.58 90.22 95.88 99.47 99.10 92.43 97.75 97.97 97.06
Si 3.69 7.34 6.44 2.98 7.99 3.28 3.64 3.28 7.93 2.95 2.97 3.68 7.96 6.54 3.00
Ti 0.01 0.03 0.09 0.00 0.03 0.05 0.01 0.02 0.01 0.01 0.01 0.01 0.00 0.06 0.00
Al 1.69 1.12 2.08 2.38 1.56 2.21 1.67 2.26 1.89 1.94 1.94 1.62 1.36 2.45 2.71
Cr 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Fe3+ 0.00 0.33 0.32 0.66 0.21 0.16 0.00 0.11 0.09 0.13 0.11 0.00 0.32 0.19 0.26
Fe2+ 0.15 1.27 1.31 0.01 1.37 0.07 0.17 0.09 1.46 1.35 1.58 0.26 2.26 1.73 0.04
Mn 0.00 0.05 0.04 0.02 0.01 0.00 0.01 0.00 0.01 0.54 0.42 0.01 0.02 0.00 0.05
Mg 0.49 2.94 2.82 0.02 1.85 0.29 0.54 0.28 1.64 0.13 0.15 0.48 1.14 2.08 0.01
Ca 0.01 1.47 1.78 1.93 0.15 0.00 0.01 0.01 0.07 0.96 0.82 0.00 0.22 1.50 1.96
Na 0.00 0.62 0.58 0.00 1.87 0.02 0.00 0.05 1.96 0.00 0.00 0.00 1.83 0.99 0.00
K 0.85 0.04 0.24 0.00 0.00 0.84 0.94 0.86 0.01 0.00 0.00 0.91 0.00 0.05 0.00
Sum 6.89 15.34 15.79 8.00 15.11 6.92 6.99 6.96 15.09 8.00 8.00 6.96 15.22 15.67 8.03

aAbbreviations: ph = phengite, act-hb = actinolitic-hornblende, gl = glaucophane, mg-hb =magnesiohornblende, ep = epidote, g = garnet.

Tectonics 10.1002/2015TC003920

PHILLIPS ET AL. LONG-LIVED ACCRETIONARY OROGENESIS 1988



Ta
b
le

5.
LA

-IC
P-
M
S
Tr
ac
e
El
em

en
t
A
na

ly
se
s
of

Zi
rc
on

G
ra
in
s
Fr
om

Ec
lo
gi
te

Sa
m
pl
e
A
T2

Sp
ot

N
am

e

A
T2
-1
5A

A
T2
-2
1

A
T2
-5

A
T2
-2
4

A
T2
-3
3

A
T2
-4

A
T2
-1
1

A
T2
-1
2

A
T2
-1

A
T2
-7

A
T2
-3
0

A
T2
-1
6

A
T2
-1
4

A
T2
-9
A

A
T2
-1
8

A
T2
-8

C
L
D
om

ai
n

C
L
D
ar
k
C
or
e

C
L
D
ar
k
C
or
e

Ri
m

Ri
m

Ri
m

Ri
m

C
or
e

Se
ct
or

Ri
m

Se
ct
or

C
or
e

Ri
m

Ri
m

Ri
m

Ri
m

C
or
e

Ri
m

Ri
m

P
47

1.
6

12
9.
6

55
.4

63
.5

54
.3

57
.3

64
.9

64
.9

10
1.
5

53
.8

56
.0

56
.0

61
.2

65
.0

57
.0

88
.6

Ti
30

.6
11

.6
3

2.
23

4.
20

3.
04

5.
58

3.
28

5.
04

5.
26

13
.6
9

11
.0
7

9.
98

2.
88

2.
97

8.
69

3.
76

Sr
1.
3

0.
19

0.
15

0.
14

0.
13

0.
31

0.
13

0.
15

0.
20

0.
14

0.
16

0.
16

0.
14

0.
09

0.
14

0.
16

Y
19

74
.2

33
1.
76

17
.1
4

28
.7
1

37
.7
5

13
1.
08

34
.9
8

39
.9
9

20
7.
93

24
.3
1

38
.7
0

44
.8
8

31
.7
3

31
.2
0

38
.4
5

62
.8
0

N
b

2.
2

1.
46

0.
43

0.
39

0.
43

0.
42

0.
42

0.
42

0.
43

0.
38

0.
40

0.
41

0.
39

0.
40

0.
40

0.
51

La
2.
46

0.
01

5
<
0.
00

3
<
0.
00

3
<
0.
00

3
<
0.
00

3
<
0.
00

3
0.
00

4
<
0.
00

3
<
0.
00

3
0.
00

3
<
0.
00

3
<
0.
00

3
<
0.
00

3
<
0.
00

3
0.
00

3
C
e

14
.6

1.
91

0.
00

7
0.
02

2
0.
01

2
0.
04

1
0.
00

6
0.
02

7
0.
17

8
0.
08

6
0.
02

1
0.
02

0
0.
00

6
0.
04

3
0.
01

4
0.
08

3
Pr

2.
6

0.
02

<
0.
00

3
<
0.
00

3
<
0.
00

3
<
0.
00

3
<
0.
00

3
<
0.
00

3
0.
00

3
0.
00

8
<
0.
00

3
<
0.
00

3
<
0.
00

3
0.
00

3
<
0.
00

3
<
0.
00

3
N
d

28
.7

0.
32

<
0.
00

6
<
0.
00

6
<
0.
00

6
0.
01

7
0.
01

2
0.
01

3
0.
04

7
0.
09

4
0.
00

7
<
0.
00

6
<
0.
00

6
<
0.
00

6
0.
02

5
<
0.
00

6
Sm

20
.2

0.
90

<
0.
02

0.
05

0.
03

0.
05

<
0.
02

0.
05

0.
28

0.
31

0.
04

0.
02

<
0.
02

0.
07

0.
04

0.
18

Eu
8.
5

0.
71

0.
01

0.
06

0.
01

0.
07

0.
01

0.
04

0.
20

0.
15

0.
03

0.
03

0.
01

0.
08

0.
04

0.
19

G
d

61
.2

6.
09

0.
07

0.
71

0.
26

0.
65

0.
19

0.
34

2.
74

1.
05

0.
39

0.
36

0.
24

0.
86

0.
43

1.
54

Tb
11

.8
1.
86

0.
04

0.
31

0.
17

0.
44

0.
08

0.
17

1.
23

0.
29

0.
22

0.
18

0.
15

0.
36

0.
18

0.
51

D
y

12
4.
7

23
.6
4

0.
89

3.
07

2.
77

7.
86

1.
71

2.
19

16
.0
1

2.
46

2.
91

2.
76

2.
36

3.
46

2.
53

5.
10

H
o

44
.6

8.
39

0.
38

0.
74

0.
97

3.
22

0.
80

0.
99

5.
68

0.
61

0.
96

1.
12

0.
81

0.
83

0.
96

1.
48

Er
20

9.
9

40
.6
3

2.
16

2.
10

4.
00

14
.6
0

4.
17

5.
74

26
.1
7

1.
99

4.
26

5.
75

3.
56

2.
52

4.
34

7.
24

Tm
48

.5
9.
88

0.
60

0.
32

0.
77

3.
17

0.
93

1.
58

6.
08

0.
36

0.
84

1.
30

0.
77

0.
41

0.
89

1.
64

Yb
50

9.
8

10
5.
95

5.
85

2.
30

6.
71

27
.9
1

8.
04

16
.6
2

64
.3
6

2.
88

7.
45

11
.7
6

6.
38

2.
96

7.
93

17
.0
8

Lu
11

7.
2

23
.5
1

1.
13

0.
37

1.
12

4.
32

1.
24

3.
56

11
.7
2

0.
45

1.
22

2.
07

1.
05

0.
46

1.
34

3.
15

H
f

84
25

87
93

10
80

6
10

38
7

11
53

7
10

31
7

10
22

7
10

75
9

87
99

10
38

6
10

64
9

10
85

0
10

91
1

88
12

10
89

5
10

00
4

Ta
1.
7

1.
04

0.
05

0.
05

0.
05

0.
05

0.
05

0.
05

0.
06

0.
04

0.
05

0.
04

0.
06

0.
06

0.
04

0.
06

Pb
4.
3

1.
92

<
0.
02

<
0.
02

<
0.
02

<
0.
02

<
0.
02

0.
12

0.
09

0.
14

<
0.
02

<
0.
02

<
0.
02

<
0.
02

<
0.
02

<
0.
02

Th
95

.1
45

.4
8

0.
00

0.
04

0.
02

0.
06

0.
01

0.
09

1.
76

0.
18

0.
09

0.
13

0.
02

0.
06

0.
11

0.
03

U
12

65
64

7.
62

0.
12

5.
21

1.
64

2.
38

0.
30

2.
52

13
.6
3

4.
67

2.
50

2.
34

0.
97

11
.1
9

2.
00

25
.1
2

Th
/U

0.
08

0.
07

0.
02

0.
01

0.
01

0.
03

0.
04

0.
03

0.
13

0.
04

0.
04

0.
06

0.
02

0.
01

0.
05

0.
00

Eu
/E
u*

a
0.
68

0.
69

0.
58

0.
31

0.
68

0.
72

0.
45

0.
73

0.
50

0.
52

0.
60

0.
64

0.
74

Lu
N
/G
d N

b
15

.5
31

.2
13

0.
3

4.
2

35
.5

53
.6

52
.0

85
.4

34
.6

3.
5

25
.5

46
.3

35
.9

4.
3

25
.3

16
.5

Lu
N
/D
y N

b
9.
4

9.
9

12
.8

1.
2

4.
0

5.
5

7.
2

16
.2

7.
3

1.
8

4.
2

7.
5

4.
4

1.
3

5.
3

6.
2

Lu
/H
f×

10
00

13
.9

2.
67

0.
10

0.
04

0.
10

0.
42

0.
12

0.
33

1.
33

0.
04

0.
11

0.
19

0.
10

0.
05

0.
12

0.
31

Pb
/U

A
ge

47
4

48
1

39
9

42
1

42
2

44
6

45
1

47
3

47
8

48
2

48
4

48
4

48
6

48
8

49
4

±
1
si
gm

a
2

1
11

23
39

39
18

7
19

26
17

27
5

20
6

a E
u*

=
(G
d N

+
Sm

N
)/
2.

b
N
=
el
em

en
t
no

rm
al
iz
ed

to
ch
on

dr
ite

ab
un

da
nc
e.

Tectonics 10.1002/2015TC003920

PHILLIPS ET AL. LONG-LIVED ACCRETIONARY OROGENESIS 1989



Ta
b
le

5.
(c
on

tin
ue

d)

Sp
ot

N
am

e

A
T2
-3

A
T2
-3
5

A
T2
-9

A
T2
-1
A

A
T2
-1
7

A
T2
-1
7

A
T2
-6

A
T2
-1
0

A
T2
-1
3

A
T2
-3
2

A
T2
-2
9

A
T2
-2
8

A
T2
-2
7

A
T2
-2
5

A
T2
-3
1

A
T2
-1
9

A
T2
-3
4

A
T2
-2
2

C
L
D
om

ai
n

C
or
e
Se
ct
or

Ri
m

Ri
m

Ri
m

+
C
or
e

C
or
e
Se
ct
or

C
or
e
Se
ct
or

C
or
e
Se
ct
or

C
or
e

C
or
e

C
or
e
se
ct
or

Ri
m

Ri
m

Ri
m

Ri
m

Ri
m

Ri
m

Ri
m

Ri
m

56
.7

62
.8

11
5.
0

88
.8

54
.0

51
.2

70
.8

60
.7

67
.0

57
.5

74
.3

57
.2

69
.3

49
.2

55
.1

72
.8

51
.8

56
.0

3.
34

3.
64

8.
88

5.
20

4.
31

4.
81

8.
09

4.
62

4.
62

4.
44

5.
86

3.
09

3.
12

4.
41

3.
16

9.
53

5.
20

5.
90

0.
12

0.
16

0.
44

0.
19

0.
13

0.
12

0.
13

0.
12

0.
17

0.
14

0.
27

0.
15

0.
12

0.
18

0.
12

0.
20

0.
14

0.
20

10
3.
99

31
.3
6

44
9.
63

15
9.
65

33
.8
5

26
.7
8

72
.3
4

89
.7
8

11
6.
24

90
.0
2

14
6.
55

54
.1
5

57
.1
8

28
.4
1

27
.0
8

57
.2
1

31
.0
0

47
.7
2

0.
38

0.
40

0.
66

0.
51

0.
38

0.
40

0.
43

0.
41

0.
43

0.
42

0.
54

0.
43

0.
46

0.
41

0.
38

0.
45

0.
42

0.
45

<
0.
00

3
0.
00

3
0.
00

2
0.
02

<
0.
00

3
<
0.
00

3
<
0.
00

3
<
0.
00

3
<
0.
00

3
<
0.
00

3
0.
01

<
0.
00

3
<
0.
00

3
0.
00

3
<
0.
00

3
0.
02

5
<
0.
00

3
0.
00

6
0.
01

6
0.
01

0
0.
08

5
0.
14

6
0.
05

0
0.
05

0
0.
08

1
0.
02

9
0.
03

5
0.
02

2
0.
07

5
0.
03

5
0.
00

9
0.
02

5
0.
01

7
0.
10

5
0.
02

7
0.
03

0
<
0.
00

3
0.
00

3
<
0.
00

3
0.
01

7
<
0.
00

3
<
0.
00

3
<
0.
00

3
<
0.
00

3
<
0.
00

3
<
0.
00

3
<
0.
00

3
<
0.
00

3
<
0.
00

3
<
0.
00

3
<
0.
00

3
0.
02

3
<
0.
00

3
<
0.
00

3
<
0.
00

6
0.
01

3
<
0.
00

6
0.
08

6
0.
03

5
0.
05

1
0.
01

7
0.
01

0
0.
01

5
<
0.
00

6
<
0.
00

6
<
0.
00

6
0.
00

7
<
0.
00

6
0.
00

6
0.
19

0
0.
02

3
0.
01

7
0.
06

0.
06

0.
08

0.
18

0.
05

0.
08

0.
04

0.
19

0.
04

<
0.
02

0.
04

0.
07

<
0.
02

0.
02

0.
03

0.
18

0.
08

<
0.
02

0.
05

0.
04

0.
15

0.
12

0.
05

0.
07

0.
06

0.
24

0.
04

0.
03

0.
06

0.
08

0.
02

0.
03

0.
04

0.
08

0.
03

0.
06

1.
11

0.
32

2.
58

1.
69

0.
38

0.
41

0.
55

2.
78

0.
64

0.
47

0.
81

1.
09

0.
19

0.
22

0.
46

0.
84

0.
40

0.
59

0.
63

0.
13

1.
46

0.
73

0.
14

0.
12

0.
19

1.
12

0.
33

0.
25

0.
35

0.
42

0.
12

0.
12

0.
18

0.
30

0.
20

0.
27

8.
59

2.
11

26
.3
0

10
.1
3

1.
86

1.
46

3.
44

10
.8
3

6.
59

4.
86

6.
44

5.
36

2.
69

1.
73

2.
12

3.
67

2.
46

3.
70

2.
58

0.
77

11
.7
3

3.
97

0.
81

0.
62

1.
68

2.
40

2.
95

2.
32

3.
75

1.
46

1.
38

0.
70

0.
74

1.
38

0.
80

1.
18

9.
43

3.
75

50
.3
8

21
.1
4

3.
78

3.
34

10
.0
4

6.
88

14
.9
0

12
.9
0

28
.8
3

4.
42

9.
04

3.
43

2.
72

6.
58

3.
13

4.
84

1.
67

0.
79

8.
77

5.
06

0.
80

0.
75

2.
72

1.
09

3.
47

3.
07

9.
95

0.
70

2.
58

0.
81

0.
48

1.
44

0.
63

0.
90

13
.8
0

7.
18

66
.0
2

51
.7
7

6.
78

6.
91

27
.0
5

7.
76

31
.0
6

30
.5
7

13
2.
72

5.
20

29
.5
1

6.
79

4.
36

12
.5
7

5.
27

7.
57

1.
98

1.
25

11
.7
0

11
.5
0

1.
10

1.
18

5.
10

1.
13

5.
56

5.
68

30
.9
5

0.
77

6.
52

1.
15

0.
76

2.
31

0.
90

1.
42

94
55

10
25

0
94

27
98

88
10

77
6

11
27

5
98

81
96

11
10

21
0

98
07

11
17

0
10

53
5

90
96

11
18

5
11

11
0

11
32

3
11

42
3

11
44

8
0.
05

0.
05

0.
08

0.
10

0.
05

0.
05

0.
05

0.
04

0.
05

0.
04

0.
10

0.
05

0.
09

0.
05

0.
05

0.
06

0.
05

0.
05

<
0.
02

<
0.
02

<
0.
02

<
0.
02

<
0.
02

<
0.
02

<
0.
02

0.
03

0.
10

0.
02

0.
08

0.
07

<
0.
02

0.
05

<
0.
02

0.
04

<
0.
02

0.
78

0.
03

0.
07

0.
33

0.
37

0.
04

0.
04

0.
21

0.
06

0.
10

0.
02

0.
74

0.
06

0.
04

0.
07

0.
04

0.
22

0.
10

0.
06

1.
26

1.
72

25
.1
7

19
.5
9

0.
73

0.
78

2.
06

4.
28

2.
72

0.
73

11
.4
8

4.
75

7.
18

2.
52

1.
59

7.
09

1.
32

2.
44

0.
03

0.
04

0.
01

0.
02

0.
05

0.
05

0.
10

0.
01

0.
04

0.
03

0.
06

0.
01

0.
01

0.
03

0.
03

0.
03

0.
07

0.
03

0.
30

0.
61

0.
40

0.
45

0.
87

1.
02

0.
73

0.
56

0.
35

0.
50

0.
49

0.
72

0.
56

0.
54

0.
48

14
.4

31
.1

36
.7

54
.9

23
.6

23
.0

75
.7

3.
3

70
.2

98
.7

30
7.
9

5.
8

28
1.
1

42
.3

13
.3

22
.3

18
.1

19
.6

2.
3

5.
9

4.
4

11
.4

5.
9

8.
1

14
.9

1.
0

8.
4

11
.7

48
.1

1.
4

24
.2

6.
7

3.
6

6.
3

3.
7

3.
8

0.
21

0.
12

1.
24

1.
16

0.
10

0.
10

0.
52

0.
12

0.
54

0.
58

2.
77

0.
07

0.
72

0.
10

0.
07

0.
20

0.
08

0.
12

49
6

50
3

50
5

50
7

50
8

50
8

50
9

51
1

51
1

51
5

51
7

52
0

52
0

52
2

52
9

53
3

54
2

60
0

30
13

7
8

40
40

21
27

16
31

11
14

10
17

23
12

24
30

Tectonics 10.1002/2015TC003920

PHILLIPS ET AL. LONG-LIVED ACCRETIONARY OROGENESIS 1990



replacement of calcic-amphibole by sodic-amphibole in amphibole grains that define the foliation
(Figure 3c) and (ii) a core-rim zoning between early formed cores of calcic-amphibole and thin rims
(<50μm) of sodic-amphibole. Lawsonite can be elongated and aligned with the dominant foliation, as well
as equant and overgrowing the foliation, signifying a synkinematic to postkinematic relationship
(Figure 3e). In addition to the laths of white mica that define the foliation, small white mica inclusions
are located within the amphibole defining the foliation. Epidote shows ragged grain boundaries, indicating
that it probably formed prior to the amphibole, white mica, and lawsonite that define the foliation.
Lawsonite-blueschist sample 47302 comprises a similar mineral assemblage to samples 7936 and PB3C,
with amphibole, white mica, lawsonite, and titanite defining a well-developed foliation. Zoning in
the amphibole is again defined by an early formed calcic-amphibole rimmed or partly replaced by

Figure 3. Photomicrographs showing key petrographic relationships between mineral phases. (a) Sample AT2: shattered
peak P garnet porphyroblasts (g) that are surrounded by retrograde clinopyroxene (diopside = di), actinolite (act), chlorite
(chl), and albite. (b) Sample AT2: close-up of garnet (g)-diopside (di) interface showing the lack of reaction textures. (c) Sample
AT2: back-scattered image of a zoned amphibole in the groundmass showing relicts of glaucophane (gl) and ferroan horn-
blende (fe-hb) in actinolite (act). (d) Sample 7936: magnesiohornblende (mg-hb) partially replaced by glaucophane (gl) that
defines the foliation in association with phengite (ph). (e) Sample 7936: close-up of the foliation comprising glaucophane
(gl) and synkinematic to postkinematic lawsonite (law) surrounded by albite (ab). (f) Sample 47302: highly fragmented garnet
(g) that preserves a prekinematic textural relationship with amphibole defined by early formed magnesiohornblende (green)
overprint by glaucophane (blue).
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sodic-amphibole. In contrast to samples
7936 and PB3C, fragmented relicts of
garnet are preserved in sample 47302
(Figure 3f). The foliation wraps around
the relict garnet porphyroblasts, indi-
cating that the garnet formed earlier
than the blueschist facies assemblage.

5.2. Geochemistry

Trace elements known to be immobile
during metamorphism were (i) normal-
ized to normal mid-oceanic ridge basalt
(N-MORB) [Sun and McDonough, 1989]
and plotted on a standard spider dia-
gram (Figure 4a) and (ii) plotted on the
Th/Yb versus Nb/Yb discrimination dia-
gram of Pearce [2014] (Figure 4b). On
the spider diagram, samples AT2, 47302,
and PB3C show an enrichment of Th
and the light rare earth elements com-
pared to N-MORB, as well as relatively flat
heavy rare earth element patterns
(Figure 4a). Nb is slightly enriched in
sample 47302 and depleted in samples
AT2 and PB3C (Figures 4a and 4b). Low
La/Sm ratios recorded by samples AT2
(0.96) and PB3C (1.21) are characteristic
of magmas derived in a transitional
mid-oceanic ridge basalt (MORB) set-
ting. The slight Nb depletion shown
by samples AT2 and PB3C also indi-
cates a possible back-arc basin affinity.
Sample 47302 shows a higher La/Sm
ratio (1.82) and has a more enriched-
MORB magmatic affinity, which is also
shown on the Th/Yb versus Nb/Yb plot
(Figure 4b). Samples AT2, 47302, and
PB3C are accordingly interpreted to
have formed in a mid-ocean ridge set-
ting. Sample 7936, in contrast, shows
a significant depletion in Nb, Ti, and

the heavy rare earth elements and a considerable enrichment in Th and the light rare earth elements
(Figures 4a and 4b). These geochemical features are characteristic of andesitic magmas that form in con-
tinental arc settings [Pearce, 1983, 2014].

5.3. Mineral Compositions and Pressure-Temperature Calculations

Garnet analyses are normalized to 12 oxygens with Fe2+/Fe3+ contents estimated using the AX program.
The heavily fractured porphyroblasts of garnet in eclogite sample AT2 show discontinuous zoning with
a grossular content decreasing toward the rim (core: pyrope8almandine55grossular30spessartine, rim:
pyrope30almandine44grossular25spessartine1; Table 3). Fragmented garnet in lawsonite-blueschist sample
47302 is a pyrope4almandine45grossular32spessartine18 solid solution that compares closely to the garnet
cores analyzed in eclogite sample AT2 (Figure 5a and Table 4). Given the highly fragmented and pseudo-
morphed nature of garnet in sample 47302, the rim composition could not be analyzed. Pyroxene formulae
are calculated by normalizing data to six oxygens, with Fe2+/Fe3+ contents estimated by normalizing the

Figure 4. (a) Rock/N-MORB plot. Normalizing values are from Sun and
McDonough [1989]. Trace elements known to be highly mobile during
metamorphism (i.e., Sr and Ba) have been excluded from the plot. Note
the slight enrichment of Th and Nb in samples 47302, PB3C, and AT2
relative to N-MORB. Based on their La/Sm values, samples AT2 and PB3C
have affinities with transitional MORB. The La/Sm ratio for sample 47302 is
consistent with derivation as an evolved MORB. The light REE enrichment,
Nb depletion, and high Th content in sample 7936 is characteristic of
magmas derived in a continental arc setting. (b) Th/Yb versus Nb/Tb
tectonic discrimination plot after Pearce [2014]. Note that the same
symbols from Figure 4a are used for each sample. Samples AT2, 47302,
and PB3C plot in the normal- to enriched-MORB field of the diagram.
Sample 7936 plots in the continental arc field of the diagram.
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analyses to four cations. In eclogite sample AT2, pyroxene inclusions located in the garnet cores are
enriched in Na and AlVI and are omphacite in composition (jadeite30aegirine15wollastonite-enstatite-ferro-
silite55; Figure 5b and Table 3). Pyroxene in the groundmass has lower Na and higher Ca contents than the
omphacitic inclusions and is dominantly diopside in composition (Figure 5b; jadeite25wollastonite-ensta-
tite-ferrosilite75).

Amphibole analyses are normalized to 23 oxygens and classified using the scheme of Leake et al. [1997].
Amphibole shows a wide spectrum of compositions across the four samples with some variation associated
with textural setting (Figure 5c and Tables 3 and 4). In eclogite sample AT2, glaucophane has a similar composi-
tion (NaB: 1.94 pfu; Al

VI: 1.82 pfu) irrespective of textural setting (i.e., as inclusions in garnet and in the ground-
mass). In addition to the relicts of glaucophane in the groundmass amphibole, which is dominantly actinolite
(Si: 7.97 pfu; Ca: 1.71 pfu; AlVI: 0.25 pfu), small patches of ferroan hornblende (Si: 6.45 pfu; Ca: 1.93 pfu; AlVI:
0.27 pfu) are present. In lawsonite-blueschist samples 47302, PC3B, and 7936, the amphibole defining
the foliation is dominantly glaucophane (Figure 5c; NaB: 1.93–1.80 pfu; Al

VI: 1.76–1.28 pfu) with minor
amounts of earlier formed magnesiohornblende (Si: 6.39–6.51 pfu; Ca: 1.76–1.50 pfu; AlVI: 0.46–0.95 pfu)
(Table 4). The grains of calcic-amphibole rimmed by glaucophane are actinolitic-hornblende and have higher
Si and lower Ca contents than the magnesiohornblende component of the foliation defining amphibole

Figure 5. (a) Composition of garnet in samples AT2 and 47302 in terms of almandine (Al), spessartine (Sp), grossular (Gr),
and pyrope (Py). Note the similarity of garnet chemistry in both samples and that they plot in the Group C eclogite field
(grey shaded) of Coleman et al. [1965]. (b) WEF (wollastonite-enstatite-ferrosilite)-jadeite-aegirine ternary diagram
showing the composition of high-pressure and high-temperature pyroxene in sample AT2. (c) AlVI versus Na/(Ca + Na)
plot of amphibole composition from all four samples. Arrows between data points represent the relative timing of
amphibole growth. In sample AT2, early formed glaucophane (gl) is followed by higher-temperature hornblende (hb)
and then actinolite (act). In samples 7936 and 47302, early formed magnesiohornblende is pseudomorphed or over-
grown by glaucophane. (d) Si versus Altotal plot showing the contrasting pressure conditions of metamorphism during the
growth of the early formed phengite inclusions compared to the foliation parallel phengite. Arrow shows the relative timing of
mineral growth.
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(Si: 7.34 pfu; Ca: 1.47 pfu; AlVI: 0.40 pfu). Owing to the low Ti contents of both magnesiohornblende and
actinolitic-hornblende (<0.8% TiO2), they are not assumed to be a primary igneous phase [cf. Offler, 1999].

Phengitic white mica formulae are normalized to 11 oxygens with total iron assumed to be Fe2+. The silica
content of white mica in all three samples of lawsonite-blueschist falls in the range of 3.64 and 3.28 pfu
(Figure 5d and Table 4). In sample 7936, the inclusions of white mica encased in glaucophane have higher
silica contents (3.69 pfu) than the phengite laths (3.28 pfu; Figure 5d) defining the foliation, as noted pre-
viously by Offler [1999]. Epidote formulae are normalized to 12.5 oxygens with total iron assumed to be
Fe3+. In all samples, epidote has a pistacite content (Fe3+/Fe3+ +Al +Mn) of 0.20 to 0.22. Stoichiometric for-
mulae of retrograde chlorite in eclogite sample AT2 are normalized to 28 oxygens with total iron assumed
as Fe2+. Compositionally, chlorite is an Fe-Mg solid solution where XMg(XMg/XFe + XMg+ XMn) = 0.48.
Feldspar in the groundmass of all samples has a restricted compositional range between Ab0.96 and Ab1.0
albite (Ab=Na/Ca).

Pressure-temperature (P-T) estimates of metamorphism for sample AT2 have been determined using optimal
[Powell and Holland, 1994] and conventional thermobarometry techniques [Holland, 1980; Krogh-Ravna,
2000]. For optimal thermobarometry, end-member activities of garnetcore, omphacite, glaucophane, and
epidote were calculated from the mineral compositional data using the AX program. Using the end-member
activity data and pure end-members of H2O, quartz and lawsonite, conditions of P=22.4± 1.9 kbar and
T=556±23°C were determined (Figure 6a). To verify this estimate, temperature conditions during the growth
of garnetcores and omphacite were derived using the garnet-clinopyroxene thermometer of Krogh-Ravna
[2000]. Temperature estimates between 465 and 545°C were determined using the mineral composition data
over a range of pressure conditions (5–25 kbar). These results overlap with the P-T estimate determined using
the optimal thermobarometry (Figure 6a). An approximate estimate of the pressure conditions during the
growth of omphacite was also determined assuming an ideal pyroxene mixing model [Essene and Fyfe, 1967]
and the experimentally determined albite = jadeite +quartz reaction [Holland, 1980]. However, given the
absence of albite in the peak mineral assemblage, this estimate is regarded as a minimum approximation of
the peak pressure conditions. Using a jadeite content of 0.3mol proportion, pressures in the range of 9.6 to
13.0 kbar were calculated for the temperature range 500 to 750°C (Figure 6a).

Figure 6. The results of thermobarometry and pressure-temperature paths compiled from these data. (a) P-T history for
eclogite sample AT2. Orange ellipse is based on overlapping garnet-clinopyroxene thermometry [Krogh-Ravna, 2000] and
jadeite in clinopyroxene barometry [Essene and Fyfe, 1967; Holland, 1980]. (b) P-T history for lawsonite-blueschist samples
7936, PB3C, and 47302. Green ellipse is based on isopleth-derived amphibole (magnesiohornblende-Mg-hbld) thermobaro-
metry of Ernst and Liu [1998]. Low-pressure barometry (gl) is based on the Al2O3 content in sodic-amphibole barometer of
Maruyama et al. [1986], the NaM4 versus Al

IV in glaucophane barometer of Brown [1977], and the presence of synkinematic
lawsonite (law). Given the presence of garnet in sample 47302, an extended history from peak P eclogite conditions to
amphibolite conditions is shown by a dashed black line.
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A tentative estimate of the P-T conditions of metamorphism during exhumation was calculated using the com-
positional data from texturally latemineral phases, namely, the garnet rims and diopside. Whereas an equilibrium
relationship between these phases cannot be unequivocally proven, it is clear on textural grounds that these
phases grew after the peak P garnetcore, omphacite, and glaucophane assemblage. Furthermore, as reaction
textures and/or compositional zoning is lacking along the interfaces between the garnet and diopside, an
equilibrium relationship between these phases can be reasonably inferred. The garnet-clinopyroxene thermo-
meter of Krogh-Ravna [2000] approximates temperature conditions for the growth of the garnetrims and diopside
to between 661 and 774°C (P=5–25 kbar; Figure 6a). An approximate estimate of the pressure conditions during
the growth of diopside was determined using the albite= jadeite+quartz reaction and a jadeite content of
0.25mol proportion. Pressure conditions in the range of 7.8 to 8.4 kbar were calculated for the temperature range
600 to 800°C (Figure 6a). Given the presence of albite in the groundmass of the sample, we interpret this estimate
to approximate the pressure conditions of metamorphism. Combining the results of the garnet-clinopyroxene
thermometry and pyroxene barometry yields an estimate of 7.5–10.0 kbar and 650–700°C (Figure 6a).

A complex metamorphic paragenesis is inferred from the petrological relationships recorded in lawsonite-
blueschist samples 7936, PB3C, and 47302. In order of relative timing, these stages of mineral growth are as
follows: (i) growth of prograde garnet, as recorded by relicts in sample 47302, (ii) growth of phengite that is
located as inclusions in the foliation defining amphibole, (ii) replacement of magnesiohornblende by glauco-
phane in the foliation defining amphibole, which was probably coeval with the growth of phengite, and (iv)
the synkinematic to postkinematic growth of lawsonite. The presence of relict garnet in sample 47302 signifies
that the dominant glaucophane-phengite assemblage formed during the retrograde part of the P-T history.
Whereas the presence of garnet alone does not provide a necessary equilibrium assemblage for thermobaro-
metry, the composition of these garnet fragments is comparable to the garnet cores in retrogressed eclogite
sample AT2, both of which plot in the Group C eclogite field of Coleman et al. [1965] (Figure 5a) We therefore
suggest that sample 47302 experienced an early eclogite stage of metamorphism (Figure 6b).

Using the Al2O3 (11.75–13.00wt% oxide) and TiO2 (0.66–0.76wt% oxide) isopleth approach of Ernst
and Liu [1998], the growth of early formed magnesiohornblende can be restricted to P-T conditions of
12.5–17.5 kbar and 620–700°C (Figure 6b). Pressure conditions associated with the subsequent growth of
glaucophane (NaB: 1.93–1.80 pfu; Al

VI: 1.76–1.28 pfu) can be approximated to between 6.5 and 7.5 kbar
based on the empirical calibration of Brown [1977]. This estimate overlaps with those provided by the
Al2O3 in sodic-amphibole barometer (8.00–11.28 wt% oxide) of Maruyama et al. [1986], which yields

Figure 7. (a–f) Selected cathodoluminescence images of dated zircons. Numbers indicate 206Pb/238U ages ±Ma (1 sigma).
Circles represent the location and size of the SHRIMP analysis (continuous line) and the laser ablation ICP-MS analysis (dotted
line). The SHRIMP spot is 20 μm in diameter. Refer to text for details of age, trace element content, and textural relationships.
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estimates of between 6.0 and 7.0 kbar.
These conditions are, however,
regarded as a minimum estimate
due to the lack of actinolite in the
equilibrium assemblage. Accordingly,
we suggest that ~7.5 kbar is a reason-
able estimate of the pressure condi-
tions of metamorphism during the
growth of the glaucophane-phengite
foliation assemblage. Given that law-
sonite is both aligned and overgrows
the glaucophane-phengite foliation, a
synkinematic to postkinematic timing
for mineral growth is assumed.
Conditions for the stability of lawsonite
are predicted thermodynamically by
Frey et al. [1991] and provide a further
constraint on the P-T evolution of the
blueschist samples (Figure 6b). The
composition of phengite cannot be
used to quantify the pressure condi-
tions of metamorphism due to the lack
of a suitable buffering assemblage, yet
the relative decrease in Si content from
the early formed inclusions to the folia-
tion defining phengite (Figure 5d)
signifies a decrease in pressure during
foliation development.

5.4. Geochronology
5.4.1. Zircon U-Pb Dating
and Geochemistry
Zircon crystals in sample AT2 are gener-
ally weakly zoned with sector/fir tree-
zoned cores and rims comprising weak
oscillatory zoning (Figures 7a–7f). A few
crystals have a CL dark core in which no
zoning can be recognized. The zircons
are poor in U (0.1–32.0 ppm) and very
poor in Th (<1ppm), with the exception
of the CL dark cores (600–1280ppm U
and 36–75ppm Th) (Table 6). Th/U is
generally below 0.1 in all domains, with
other trace elements varying signifi-
cantly from crystal to crystal (Table 5).
Ti concentrations are between 2 and
13ppm, which corresponds to Ti-in-
zircon temperatures between 610 and
770°C [Ferry and Watson, 2007].

Chondrite-normalized REE patterns (Figures 8a and 8b) vary between steep patterns with HREE enrich-
ment up to 1000 times chondrite concentrations and moderate enrichment with HREE as low as 10 times
chondrite. Negative Eu anomalies are minimal in all analyses (Eu/Eu* 0.3–1.0). The LuN/DyN ratio
(N= normalized to chondrite values), which reflects the steepness of the pattern, varies between 1 and
48 (Figure 8c).

Figure 8. Summary plots of trace element data from zircon. (a) Zircon trace
element patterns normalized to chondrite values [McDonough and Sun, 1995]
for the ca. 480Ma age population. Note that the CL dark cores have a steep,
REE-rich pattern suggesting a magmatic origin (shown in blue). (b) Zircon
trace element patterns normalized to chondrite values [McDonough and Sun,
1995] for the ca. 514Ma age population. (c) Normalized La/Dy ratio in zircon
versus zircon age; La/Dy ratios<4 are indicative of growth in the presence of
garnet, which are common in both age populations.
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The very low U content makes U-Pb dating particularly challenging because of low Pb concentrations of
radiogenic Pb and relatively high proportion of surface common Pb versus radiogenic Pb (f206 up to 5.7%;
Table 6). The resulting ages are thus affected by variable errors (1–8% for 1 sigma). Calculated dates scatter
between 400 and 600Ma, with most analyses grouped in two clusters (Figure 9a). Data defining each cluster
were used to calculate mean ages of 480 ± 5Ma (mean square weighted deviation (MSWD) = 1.05) and 514
± 6Ma (MSWD=0.91) (Figure 9b). The variation in age data does not correspond to zircon texture, as analyses
from the weakly zoned zircon cores and rims fall into either age population and two of the analyzed CL dark
cores are dated at 474 ± 2 and 473± 8Ma (Figures 7a and 7c). In a few crystals where both core and rim were
analyzed, the cores surprisingly returned younger dates than the rim (i.e., Figure 7c).
5.4.2. 40Ar/39Ar Thermochronology
The step-heating analysis of phengite defining the foliation in sample 7936 (Figure 3d) shows a general
increase in age with increasing temperature steps (Figure 10a and Table 7). Significant discordance at the
low- and high-temperature steps is probably due to the degassing of Ca-rich contaminant phases. A correla-
tion between decreasing K/Ca ratios and increasing ages supports this inference (Figure 10a). A weighted
mean age of 479 ± 1Ma was calculated from four continuous steps showing low K/Ca ratios representing
31.7% of 39Ar released (MSWD=2.3; Figure 10a). The two-increment laser heating analyses reveal a bimodal
distribution of age data with a general grouping between 480 and 490Ma (n=22; Figure 10b and Table 7).
Compared to the furnace step-heating age data, a slightly older weighted mean age of 482 ± 1Ma (n= 8;
MSWD=3.6) is calculated. This age is interpreted to represent the cooling of sample 7936 through the bulk
closure temperature of argon diffusion in phengite (Tc ~ 350°C).

Phengite defining the foliation was also separated from sample PB3C for 40Ar/39Ar analysis. The age spectrum
yielded from the step-heating analysis consists of discordant low- and high-temperature steps (Figure 10c
and Table 7). Owing to the relatively consistent K/Ca ratios for each heating step, age discordance could
be due to a number of factors ranging from slow cooling, variations in cooling ages between grains of differ-
ent sizes, or recoil artifacts causing Ar and/or K loss. From the age spectrum, a weighted mean age of 478
± 1Ma was calculated from two continuous steps representing 63.3% of 39Ar released. Two-increment heat-
ing experiments were carried out on single grains from the same sample to verify this age as the timing of
closure for argon diffusion in phengite. A probability plot compiled from 18 analyses shows a slight bimodal
distribution in the age data. From these data, a weight mean age of 482 ± 2Ma (n= 9; MSWD=6.1) is calcu-
lated (Figure 10d and Table 7), which is interpreted to represent the cooling of sample PB3C through ~350°C.

6. Discussion
6.1. Relevance of Zircon U-Pb and Geochemistry

To determine if the calculated ages represent protolith crystallization or metamorphism of sample AT2, we
examined the relationship between zircon texture, U-Pb isotope, and chemical composition. The textural

Figure 9. Summary plots of the U-Pb zircon data. (a) Probability density plot of 206Pb/238U ages showing the two groupings
of age data. (b) Tera Wasserburg plot for U-Pb analyses uncorrected for common Pb. Average 206Pb/238U ages (±95%
confidence level) are reported for the two main clusters (grey and yellow ellipses). Ellipses represent 2 sigma errors.
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relationship between dark CL cores and light CL rims (Figure 7a) indicates two stages of growth. To some
degree, the geochemical data support this interpretation as the dark CL cores can have a distinct magmatic
composition (rich in U and Th, high HREE content, and a steep pattern; Figure 8a) that is in contrast with
metamorphic zircon [Rubatto, 2002]. The age data, however, confound this interpretation, because (i) cores
can have younger ages than the rims (Figures 7a and 7c) and (ii) analyses defining the older age grouping
are not necessarily only from the dark CL cores (Figures 7e and 7f). This disconnection between zircon texture,
trace element composition, and U-Pb age supports the concept that trace element content is more resistant
to resetting than isotopic U-Pb [Cherniak et al., 1997; Cherniak andWatson, 2001]. We propose that in our sam-
ple the U, Th, and HREE compositions of the CL dark cores reflect magmatic growth conditions (of unknown
age), yet their U-Pb composition was later reset. This scenario has been documented in eclogites of the
Dabie-Sulu terrain, where abundant inherited cores frequently preserve distinct chemistry but U-Pb ages
were reset during metamorphism [e.g., Xia et al., 2009].

The lack of systematic correlation between texture, HREE enrichment, and Ti content is taken as reflecting zir-
con growth in an evolving equilibrium volume duringmetamorphism. It is however of significance that zircon
grains defining both 514 ± 6 and 480± 5 age group show flat HREE signatures (LuN/DyN< 4, Figure 8c).
Notably, flat HREE patterns have never been observed in magmatic zircons and are typical of zircons that
have grown in a garnet-rich assemblage [Rubatto, 2002; Hermann and Rubatto, 2003]. We therefore suggest
that zircon growth/recrystallization in sample AT2 took place at both 514± 6 and 480 ± 5 in an equilibrium

Figure 10. Summary plots of 49Ar/39Ar isotopic data. (a) Step-heating analysis of sample 7936. Steps used to calculate the
mean age are shaded in blue. (b) Cumulative frequency plot of total data from the two-increment single-grain laser fusion
analysis for sample 7936. Blue shading shows the range determined by the weighted mean age calculation. (c) Step-heating
analysis of sample PB3C. Steps used to calculate the mean age are shaded in blue. (d) Cumulative frequency plot of total data
from the two-increment single-grain laser fusion analysis for sample PB3C. Blue shading shows the range determined by the
weighted mean age calculation.
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volume containing garnet.
Accordingly, sample AT2 must have
been at blueschist to eclogite facies
conditions by at least 514 ± 6Ma,
and the U-Pb system of some zircon
domains was significantly reset at
480 ± 5Ma. The possible cause of this
resetting is discussed below.

6.2. History of High-Pressure Rocks
in the Peel-Manning Ophiolite

Prior to their incorporation into the
Peel-Manning Ophiolite, high-pressure
metamorphic rocks formed under
eclogite to blueschist facies conditions
during the Cambrian. Based on our
U-Pb zircon data, the timing of eclo-
gite facies metamorphism recorded
by eclogite sample AT2 can be revised
to 514± 6Ma (Figure 11) [cf. Fanning
et al., 2002]. As subduction is a contin-
uous process, we interpret this age to
reflect the timing that eclogite sample
AT2 was detached from the down-

going slab; otherwise, continued subduction would have resulted in further burial and development of a
higher-Pmineral assemblage. Exhumation and underplating of sample AT2 were probably facilitated by return
flow in the subduction channel [Cloos, 1982; Gerya et al., 2002]. Recrystallization of eclogite sample AT2 at
amphibolite facies conditions (7.5–10.0 kbar and 650–700°C) was responsible for the growth of the garne-
trims-diopside assemblage (Figure 11). Where an unequivocal link between the growth of this mineral assem-
blage and the zircon U-Pb isotope data cannot be made, we favor an interpretation where metamorphic
recrystallization at amphibolite facies conditions was coeval with the resetting of U-Pb systematics at 480
±5Ma (Figure 11). This interpretation is supported by the zircon trace element data, which indicate zircon
growth/recrystallization at this time was in the presence of garnet (i.e., LuN/DyN< 4; Figure 8c).

Themetamorphic histories of all three lawsonite-blueschist samples are defined by an early to middle amphi-
bolite stage (P-T conditions of 12.5–17.5 kbar and 620–700°C) followed by a blueschist stage (P-T conditions
of ~7.5 kbar and 300–350°C; Figure 11). Given that the amphibole grains defining the foliation comprise early
formed magnesiohornblende overprinted by glaucophane and that phengite and lawsonite are aligned with
the same foliation, we interpret the amphibolite and blueschist stages as synkinematic. There is also evidence
that some of the lawsonite-blueschist samples probably attained eclogite facies conditions prior to the
amphibolite stage, which comes from the identified relics of eclogitic garnet in sample 47302. Our
40Ar/39Ar data place timing constraints on the P-T history of the lawsonite-blueschists by limiting the time
that the samples cooled through the closure temperature of argon diffusion in white mica (Tc ~ 350°C).
Given that our estimate of T for the blueschist (300–350°) stage overlaps with the closure temperature
of argon diffusion in white mica, the age data provide an absolute timing constraint on the
synkinematic-postkinematic history of the lawsonite-blueschist samples. Accordingly, we suggest that the
lawsonite-glaucophane-phengite assemblage probably formed between 485 and 480Ma. Furthermore, given
the synkinematic relationship between the minerals grown during the amphibolite and blueschist stages, we
suggest a continuous P-T history as opposed to two separate metamorphic events separated by a significant
interval in time. Accordingly, 490–480Ma is probably a reasonable approximation for the timing of
amphibolite-blueschist metamorphism of the lawsonite-blueschist samples (Figure 11).

6.3. Geodynamic Implications of Pressure-Temperature-Time Histories

Previously available geochronological data from an eclogite block at Attunga are used in support of a
multiple-subduction-zonemodel for the early Cambrian evolution of the Tasmanides [Glen, 2013]. This model

Figure 11. Summary of pressure-temperature-time histories for eclogite
sample AT2 (green) and lawsonite-blueschist samples PB3C and 7936
(blue). Note that the amphibolite stage represents the late part of the
preserved P-T evolution of sample AT2, and the early part of samples PB3C
and 7936. The relevance of this observation is discussed in the text.
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is largely based on (i) a 536 + 18Ma U-Pb zircon age for eclogite facies metamorphism [Fanning et al., 2002],
which, as argued by Glen [2013], was approximately 10–20 million years older than the postulated onset of
the Delamerian Orogeny (ca. 520Ma) and (ii) the considerable distance (approximately 1000 km) between
the Delamerian margin (i.e., the Koonenberry Belt) and the Peel-Manning Fault System (Figure 1b).
Accordingly, Glen [2013] prefers a model where the eclogite blocks located in the Peel-Manning Fault System
formed in an older intraoceanic subduction zone (530–520Ma) that was located to the east of the Australian
continental margin. Given that the main line of argument is based on the age of subduction zone metamorph-
ism in the Peel-Manning Fault System, we refute the reconstruction of Glen [2013], as our new U-Pb zircon data
revise the timing of eclogite formation from 536+18Ma to 514±6Ma. As our revised timing of subduction
zone metamorphism better overlaps with the early stages of the Delamerian Orogeny, we cannot dismiss
the possibility that a genetic link exists between the formation and exhumation of sample AT2 and subduction
responsible for the Delamerian Orogeny. This conclusion, however, poses a significant question, namely, how
did high-pressure rocks formed during the Cambrian Delamerian Orogeny become translated and exposed
in the Devonian-Carboniferous New England Orogen? We discuss this in the following section.

Amphibolite facies metamorphism of high-pressure rocks in the Peel-Manning Fault System at ca. 485Ma
overlaps with a major geodynamic event in the Tasmanides, namely, the transition between the
Delamerian and Lachlan orogenies. East directed rollback of the subduction zone is the preferred mechanism
for the relocation of subduction, which may have been triggered by a decrease in the negative buoyancy
force of the subducting slab due to it reaching the 650 km mantle discontinuity [Foden et al., 2006].
Subduction zone rollback has been shown to inject new mantle material into the mantle wedge [Kincaid
and Griffiths, 2003], a process that we argue is recorded by the high-pressure metamorphic rocks studied
here. For in the high-pressure metamorphic rocks underplated prior to rollback heating (i.e., sample AT2),
the high-temperature amphibolite stage occurs relatively late in the P-T evolution and overprints an earlier
formed eclogite facies mineral assemblage (Figure 11). For samples exhumed and/or underplated during roll-
back, the amphibolite stage is recorded in the early to middle stages of the P-T evolution (i.e., samples PB3C
and 7936; Figure 11). After rollback, cooling of the subduction zone would follow the establishment of a
stable subduction hinge, as the cold slab refrigerates [Peacock, 1996] the recently injected hot mantle mate-
rial. In samples containing hydrous mineral phases and/or receiving a significant influx of fluid from an exter-
nal source, metamorphic recrystallization during exhumation and cooling would produce a pervasive
blueschist overprint (i.e., samples PB3C and 7936). In samples comprising anhydrous eclogite mineral assem-
blages, fluid availability would be limited to external sources, and the effects of metamorphism at blueschist
facies conditions would probably be limited (i.e., sample AT2).

6.4. Postulated History of the Peel-Manning Ophiolite and High-Pressure Rocks

The geochemical signatures of ultramafic to mafic rocks of the Peel-Manning Ophiolite indicate derivation
from a highly refractory mantle source, which is consistent with formation in an extended intraoceanic arc
setting [Cross, 1983; Aitchison et al., 1994]. Age control on ophiolite formation comes from blocks of plagio-
granite entrained in the serpentinite matrix mélange zones, which record U-Pb zircon ages of ca. 530Ma
[Aitchison et al., 1992; Aitchison and Ireland, 1995]. Given these data, we propose a model where the Peel-
Manning Ophiolite formed in an intraoceanic suprasubduction setting during the Early Cambrian history of
the Delamerian Orogeny (Figure 12a). However, to explain the continental protolith of some of the high-
pressure rocks (e.g. sample 7936), we propose that the subduction zone formed close to the continental mar-
gin and experienced an immediate eastward retreat into an intraoceanic setting. Hinge retreat extended the
overriding plate and resulted in the rifting of continental ribbons from the leading edge of the continent;
parts of which were later detached by tectonic erosion and subsequently subducted (Figure 12a). Our model
supports the work of Crawford et al. [1997], who proposed that Cambrian-aged calc-alkaline magmatism in
the Koonenberry Belt formed by the partial melting of subcontinental lithospheric mantle in an immature
continental rift setting (as opposed to an Andean-type continental arc as proposed by Greenfield et al.
[2011] and Glen [2013]). Cambrian-aged, island arc-derived volcaniclastic rocks in the Tamworth Belt, along
with the mafic igneous complexes in the Lachlan Orogen [Crawford et al., 1984] may have also formed in this
intraoceanic setting. Once subduction was established, it is likely that the exhumation of high-pressure meta-
morphic rocks took place by returned flow in the subduction channel [Gerya et al., 2002], which resulted in
their accumulation below the ophiolite (Figure 12a). Widespread crustal shortening heralded the end of
the Delamerian Orogenic stage, which may have been driven by the arrival of an asperity on the downgoing
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plate. In regions were the distance between the trench and continental margin was limited, upper plate con-
vergence potentially resulted in arc-continent collision [Crawford et al., 1984].

As previously discussed, east directed retreat of the subduction zone is a potential mechanism that can
account for the transition from the Delamerian to Lachlan orogenic stages [Foden et al., 2006]. It has been
recently hypothesized that subduction zone rollback can result in the rifting and translation of rocks from
the leading edge of the overriding plate [Buys et al., 2014]. This concept is based on the identification of inher-
ited zircon grains comprising Australian age populations in island arc magmas from the New Hebrides Ridge.
These authors suggest that the zircon grains were derived from a continental ribbon, which became
detached from the Australian mainland by back-arc extension related to the retreating southwestern
Pacific subduction zone [Schellart et al., 2006]. This model provides an elegant mechanism for how rocks
formed during an earlier orogenic stage can be translated to the next younger stage during long-lived sub-
duction. Based on this mechanism, the amount of translation would be dependent on the magnitude of
retreat and the detached rocks could remain in the fore-arc position of the subduction system. With respect
to the evolution of the Tasmanides, it is possible that the retreat of the subduction zone detached parts of the

Figure 12. Simplified conceptual model showing a mechanism for how the Peel-Manning Ophiolite and high-pressure rocks were continually translated into the
fore-arc of the next orogenic stage. (a) Delamerian Orogeny marks the inception of the Tasmanides. The Peel-Manning Ophiolite (PMO) forms in a suprasubduc-
tion setting above a west dipping subduction zone. Exhumation of high-pressure rocks by forced flow resulted in the development of a subduction complex below
the ophiolite. Abbreviations: Aust. = Australia; East Ant. = East Antarctica. (b) Rollback responsible for the transition from the Delamerian to the Lachlan orogenies. East
directed retreat rifted and detached components of the leading edge of the overriding plate for translation into an outboard position. Consequently, ophiolitic and high-
pressure rocks are translated to the east and relocated into a fore-arc position of the new orogenic stage. For simplicity, only the main west dipping subduction zone
is shown. We do not preclude the potential for other subduction zones operating in the back-arc region of the Lachlan Orogen such as that currently operating in
the Philippine Sea. (c) Second phase of rollback marking the transition from the Lachlan to the New England orogenies. Refer to text for discussion regarding
subduction polarity during the formation of the Gamilaroi Terrane. Abbreviations: TSB = Tyennan-Selwyn Block; GT = Gamilaroi Terrane.
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Peel-Manning Ophiolite and underlying subduction complex from the overriding plate and translated them a
considerable distance to the east. Therefore, in addition to the previously discussed metamorphic conse-
quences of rollback, the eastward retreat of the subduction zone can account for the translation of parts of
the ophiolite and underlying subduction complex from the Delamerian Orogen to a fore-arc position in
the Lachlan Orogen (Figures 12a and 12b).

If rollback is not invoked as themechanism responsible for the transition from the Delamerian to Lachlan oro-
genic stages, the alternative model for the Early Ordovician history of the Tasmanides involves two subduc-
tion zones, namely, (i) an east dipping subduction zone that was below a magmatic arc (i.e., represented by
the Macquarie Volcanic Province) and (ii) a west dipping intraoceanic subduction zone that was located
further to the east [Aitchison and Buckman, 2012]. In this model, collision and arc accretion along the east dip-
ping subduction zone resulted in lockup and a transference of subduction to the preexisting west dipping
subduction zone. Based on this model, the Peel-Manning Ophiolite and high-pressure rocks could form in
one of two locations, either within the east dipping or west dipping subduction zones. It is unlikely that
the ophiolite and subduction complex formed in the east dipping subduction zone, because collision and
accretion would have resulted in the obduction of the ophiolite to the west of the arc (i.e., the Macquarie
Volcanic Province). Given that the Peel-Manning Ophiolite is located to the east of the Macquarie Volcanic
Province, this cannot be the case. The two-subduction-zone model, therefore, requires the Peel-Manning
Ophiolite and high-pressure rocks to have formed in the west dipping intraoceanic subduction zone, which
was located in an outboard and isolated position to the main Tasmanides subduction system until the early
Devonian. Although this scenario is permissible by our data, we feel that it fails to account for the uncanny
overlap between the P-T-t histories of high-pressure rocks now located in the New England Orogen and
major evolutionary stages of the Delamerian and Lachlan orogenies. Accordingly, we favor a model where
the Peel-Manning Ophiolite and associated high-pressure metamorphic rocks formed in the same subduc-
tion system responsible for the Delamerian, Lachlan, and New England orogenic stages.

A relatively stable convergent margin setting characterized the evolution of the Lachlan Orogen until the
Early Silurian [Cayley et al., 2012; Moresi et al., 2014]. At this time, a second phase of rollback is interpreted
to have resulted in the development of a complex and contorted subduction zone; which was due to the pre-
sence of the Tyennan-Selwyn continental block (Figure 12c). In the north, however, rollback was more sym-
metrical and resulted in the inception of the New England Orogen [Phillips and Offler, 2011]. As with the
transition from Delamerian to Lachlan orogens, we suggest that the retreat of the subduction zone was
responsible for the translation of the Peel-Manning Ophiolite and underlying subduction complex to the
New England Orogen (Figure 12c). However, unlike the first rollback stage, where evidence for a spike in
geothermal gradient is recorded by the P-T-t histories of the high-pressure rocks, a comparable increase in
mantle temperatures is not apparent during the Silurian. This can be explained by the continuous exhuma-
tion and underplating of high-pressure rocks during the Ordovician-Silurian history of the subduction zone,
which would effectively shield the high-pressure rocks located just below the ophiolite from any temperature
fluctuations in the mantle wedge.

Our understanding of the Devonian history of the New England Orogen is largely based on studies of the
Gamilaroi Terrane, which have led to models involving arc collision and subduction flip [Aitchison et al.,
1994] or the presence of east and west dipping subduction zones [Offler and Murray, 2011]. We suggest that
the formation of the Gamilaroi Terrane can be accounted for by a suprasubduction setting, where the terrane
formed in the extending fore-arc region of the main west dipping subduction system (Figure 12c). The alter-
native model, which is also permissible in our reconstruction, is that the Gamilaroi Terrane formed above an
east dipping subduction zone [Aitchison et al., 1994]. If this was the case, we envisage the east dipping sub-
duction zone to form part of a complex back-arc subduction system that developed behind the main west
dipping subduction zone (i.e., Philippine Sea-type setting). Subsequent collision and accretion of the
Gamilaroi Terrane in the Late Devonian terminated this subduction zone and resulted in the reconfiguration
of the New England Orogen into an east facing Andean-type setting for the Carboniferous.

Final exhumation and exposure of the ophiolite took place along the Peel-Manning Fault System during
the Carboniferous-Permian (Figures 13a–13c). It is important to note the structural setting of the high-
pressure metamorphic rocks, in that they are located as exotic blocks in the tectonized harzburgite layer
of the ophiolite (albeit highly dismembered and serpentinized) as opposed to coherent slabs in a
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subduction complex (cf. Franciscan) [Wakabayashi, 2015]. We suggest that the incorporation of high-
pressure metamorphic rocks into the basal part of the ophiolite took place by shearing along the under-
lying subduction complex (Figures 13a and 13b). Blocks of high-pressure metamorphic rocks that were
exhumed and underplated during the Cambrian-Devonian history of the subduction zone were therefore
plucked from the subduction complex and incorporated within the basal shear zone of the overlying
ophiolite. An important implication of this model is that it accounts for the relative scarcity of high-
pressure rocks in the New England Orogen when compared with other long-lived accretionary orogens
[Wakabayashi, 2015].

Figure 13. Simplified conceptual model illustrating the emplacement of the Peel-Manning Ophiolite in the southern
New England Orogen. (a) Convergence along a west dipping subduction zone during the Carboniferous. Components
of earlier subduction stages are present as underplated ophiolitic and high-pressure rocks. Abbreviations: Hz = harzburgite.
(b) Thrusting associated with active margin convergence results in shearing of high-pressure rocks from the underlying
subduction complex for intercalation within the basal shear zone of the ophiolite. Incipient exhumation of the ophiolite
through the crust probably took place during convergence. (c) Extension of the overriding plate during the early
Permian results in exposure of the attenuated, heavily serpentinized ophiolite. The high-pressure rocks are located as
exotic blocks in the basal, tectonized harzburgite layer of the ophiolite.
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Thrusting related to convergence probably facilitated the initial transport of the ophiolite along the Peel-
Manning Fault System during the Carboniferous (Figure 13b). The identification of serpentinite detritus in
the basal sequences of the early Permian Barnard Basin signifies that the exposure of the ophiolite must have
taken place by this time (Figure 13c) [Allan and Leitch, 1990]. The formation of high-temperature/low-
pressure metamorphic complexes [Dirks et al., 1992; Craven et al., 2012], emplacement of the S-type plutonic
rocks of the New England Batholith (Figure 13c) [O’Neil et al., 1977; Shaw and Flood, 1981; Hensel et al., 1985;
Cawood et al., 2011; Rosenbaum et al., 2012], and development of the Barnard Basin [Leitch, 1988] all coin-
cided with this time period. Extension in the overriding plate is suggested as the primary mechanism respon-
sible for the development of these geological features [Jenkins et al., 2002; Phillips et al., 2008; Rosenbaum
et al., 2012], which may have been caused by east directed rollback (Figure 13c) [Jenkins et al., 2002] or a
change from a convergent to transform setting [Aitchison and Flood, 1992]. Irrespective of the geodynamic
setting, the aforementioned temporal correlation supports a relationship between extension and transten-
sion of the overriding plate resulting in the final exposure of the ophiolite by normal faulting in the early-
middle Permian (Figure 13c).

7. Summary

Pressure-temperature-time histories of high-pressure metamorphic rocks in the Peel-Manning Ophiolite cor-
relate in time with a major geodynamic event in the Tasmanides. Our new U-Pb zircon age revises the timing
of eclogite facies metamorphism to 514 ± 6Ma, which overlaps with the early stages of the Delamerian
Orogeny. We therefore suggest that the multiple-subduction zone model for the early Cambrian evolution
of the Tasmanides [Glen, 2013] is not required. Exhumation and recrystallization of high-pressure rocks at
amphibolite-blueschist facies conditions took place between 490 and 480Ma, which coincides with the tran-
sition from the Delamerian and Lachlan orogenies. This transition was probably driven by rollback of the sub-
duction zone, which resulted in the injection of new material into the mantle wedge and heating of the
subduction zone. The associated temperature increase is recorded in all high-pressure samples by the growth
of amphibolite facies mineral assemblages. Following this, recrystallization of selective samples at blueschist
facies conditions is consistent with exhumation and metamorphism in a stable and cooling subduction zone.

In addition to the thermal response, rollback also detached parts of the Peel-Manning Ophiolite and high-
pressure rocks of the underlying subduction complex from the fore-arc region of the Delamerian Orogen,
translating them outboard to the Lachlan Orogen. A second phase of east directed rollback in the Late
Silurian again translated the ophiolite and subduction complex to the New England Orogen where it was sub-
sequently exhumed through the crust along the Peel-Manning Fault System. Exposure of the ophiolite was
probably related to a combination of early thrusting driven by active margin convergence, followed by exten-
sion of the upper plate. Shearing of the ophiolite over the underlying subduction complex during exhuma-
tion through the crust incorporated blocks of high-pressure metamorphic rocks into the basal, tectonized
harzburgite layer of the ophiolite. This is why high-pressure rocks in the Tasmanides are only exposed as rare
exotic blocks rather than large coherent tracts of a subduction complex.

Given the temporal overlap between the P-T-t histories recorded by high-pressure metamorphic rocks and
major geodynamic events in the Tasmanides, we support a link between the evolution of these rocks and
a long-lived west dipping eastward retreating subduction zone. This study also highlights a potential link
between subduction rollback and far-traveled outboard translation of fore-arc components.
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Erratum

In the originally published version of this article, the Figure 10 caption was incorrect. The caption has since
been corrected, and this version may be considered the authoritative version of record.
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