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A B S T R A C T

In the southern New England Fold Belt, the Peel-Manning Fault System (PMFS) is a major structural element char-
acterized by tectonic blocks in a serpentinite mélange. We document a large (11 km), intensely deformed block of
noncumulate and cumulate hornblende gabbro from the PMFS. Cumulate layering is preserved in some outcrops,
and relicts of magmatic plagioclase, magnesio-hornblende, and minor clinopyroxene are recognizable microscopically
despite the gabbro having undergone amphibolite facies and subsequently prehnite-pumpellyite facies metamorphism.
The composition of the magmatic clinopyroxenes and amphiboles indicates low-pressure crystallization, suggesting
formation in a shallow crustal reservoir. Zr/TiO2 ratios, chondrite-normalized rare earth elements ([La/Yb] pN

), and rock/MORB (mid-ocean ridge basalt) patterns indicate that the gabbros have a calc-alkaline, basaltic6.4–2.7
magmatic affinity and a composition transitional between oceanic and continental arc rocks. The mafic rocks in-
termingled with and intruding the gabbro have a calc-alkaline arc to tholeiitic back-arc basin affinity ([La/Yb] pN

). Y/15-La/10-Nb/8 plots confirm the arc affinity of these rocks. Peak metamorphic assemblages formed at2.8–1.2
temperatures of ∼590�C and pressures of 550 MPa, suggesting that a geothermal gradient of ∼29�C/km operated during
deformation. Single-zircon U-Pb analyses from two rock samples by laser ablation quadrupole inductively coupled
plasma mass spectrometry (ICPMS) yielded a combined age of Ma (2j). Further, Lu-Hf TDM model ages444.7 � 2.4
obtained from single zircons from the same samples analyzed by laser ablation multicollector ICPMS were calculated
as Ma (2j). The similarity of zircon crystallization ages (U-Pb) and TDM model ages (Lu-Hf) suggests little447 � 25
if any crustal residence between the time of partial melting of depleted mantle to produce the gabbro magma and
the time of zircon crystallization. This study provides evidence for Late Ordovician arc magmatism and links all the
early Paleozoic arc–related events recognized previously.

Online enhancements: appendix tables.

Introduction

Mélanges containing tectonic blocks in a serpen-
tinite or argillite matrix are common in many high-
PT metamorphic terrains (Cowan 1978; Nozaka
1999). Their close association with ophiolites and
accretion complex and volcanic arc sequences sug-
gests that their formation is in some way involved
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with subduction processes. Geochemical, meta-
morphic, and structural studies of the blocks
within the mélanges have provided insights into
the timing of subduction, exhumation, metamor-
phic conditions prevailing during subduction, and
the tectonic setting of the source from which they
were derived (Cowan 1978; Maekawa 1989; Ma-
ruyama et al. 1996; Nozaka 1999; Tsujimori and
Itaya 1999; De Jesus et al. 2000; Spaggiari et al.
2002).

In the southern New England Fold Belt (SNEFB),
New South Wales, Australia (fig. 1), tectonic blocks
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Figure 1. Top, geological map showing the location of the hornblende gabbro tectonic block, the serpentinites that
enclose it, and the sediments/volcanics of the Gamilaroi and Djungati Terranes (modified from Offler and Gamble
2002). The small inset shows the location of the New England Fold Belt, and the large inset shows the location of
the southern New England Fold Belt and study area (Glenrock). Belt. Bottom, geological map of theTB p Tamworth
hornblende gabbro and associated serpentinites, enlarged from top panel.
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of varying composition, metamorphic grade, and
size occur in a serpentinite mélange. The mélange
occurs within the Peel-Manning Fault System
(PMFS) or the Great Serpentine Belt of Benson
(1913), a major structure that separates the upper
Silurian to Carboniferous arc and forearc basin se-
quences of the Tamworth Belt on the west from
the Silurian to lower Carboniferous accretionary-
subduction sequences of the Tablelands Complex
on the east (fig. 1). It contains fragments of dis-
membered ophiolite of supra-subduction origin
(Aitchison et al. 1994; Yang and Seccombe 1997),
the oldest of which is Cambrian in age (U-Pb zircon,
530 Ma; Aitchison and Ireland 1995). Several stud-
ies have been carried out on these blocks, partic-
ularly the blueschists (Offler 1982, 1999; Cross
1983; Fukui et al. 1995), eclogites (Shaw and Flood
1974; Watanabe and Iwasaki 1988; Allen and Leitch
1992; Watanabe et al. 1998), and amphibolites (Of-
fler 1982). Earlier studies concentrated on petrog-
raphy, mineral chemistry, and determination of PT
conditions, and more recent studies on determining
the age of metamorphism using K-Ar and U-Pb ra-
diogenic techniques (Fukui et al. 1995; Watanabe
et al. 1998; Fanning et al. 2002). However, in only
a few of these investigations have the protoliths
been determined using major- and trace-element
geochemistry (Cross 1983; Offler 1999). Knowledge
of the composition of the protoliths and the setting
in which they formed is essential in any recon-
struction of the tectonic history of the SNEFB.

This article presents major-, trace-, and rare earth
element (REE) analyses of a deformed and partly
recrystallized hornblende gabbro tectonic block in
a serpentinite mélange, Glenrock Station area (fig.
1), together with U-Pb and Lu-Hf single-grain zir-
con isotopic studies to determine the age, tectonic
setting, and source-rock components of this rock.
Estimates of the P-T conditions prevailing during
deformation are also given.

Geology

The hornblende gabbro occurs approximately 3 km
northwest of the Glenrock Station homestead,
SNEFB (fig. 1), within an Early Cambrian mélange
of disrupted, partly or completely serpentinized,
supra-subduction zone rocks and tectonic blocks
(the Weraerai Terrane; Aitchison et al. 1992, 1994;
Aitchison and Ireland 1995; fig. 1) that crop out
along the PMFS. Tectonic blocks include blue-
schists, greenschists, metabasalts, metagabbros,
amphibolites, hornblende cumulate rocks, plagio-
granite, and locally derived rocks (Offler 1982;
Cross 1983; Aitchison and Ireland 1995; Sano et al.

2004). Fault bounded against the serpentinite mé-
lange are Late Silurian to Devonian intraoceanic
arc volcanics and volcanogenic sediments (Gami-
laroi terrane; Aitchison et al. 1992; Offler and Gam-
ble 2002; fig. 1) and Silurian to Devonian red
ribbon-bedded cherts, minor basalts, and volcano-
genic sediments (Djungati terrane; Aitchison et al.
1997; Stratford and Aitchison 1997).

Features of the Hornblende Gabbro

The hornblende gabbro consists of a series of ir-
regularly shaped bodies surrounded by schistose
and massive serpentinite, the largest 11 km in
length. Outcrops are poorly to moderately exposed,
with most occurring as well-defined pavements in
Schofields Creek (fig. 1). The gabbro is generally
highly deformed, with porphyroclasts of igneous
plagioclase recognizable in many outcrops associ-
ated with an amphibole-rich layering (S1). Poorly
developed asymmetric tails adjacent to some por-
phyroclasts, typical of mylonites, are observed in
some outcrops. Previous descriptions have referred
to this body as diorite-amphibolite (Offler and
Gamble 2002) and metadiorite (Sano et al. 2004).
The hornblende gabbro, although strongly de-
formed, retains evidence of magmatic crystalliza-
tion, cumulate layering, and magma interaction
(fig. 2). Generally, however, deformation has mod-
ified most recognizable igneous features through
the development of a strong foliation (S1) defined
by irregularly shaped plagioclase feldspar and
amphibole-rich layers 1–3 cm thick that are
strongly crenulated in some locations. Overall, S1

trends NNW to NW, dips steeply SW or NE, and is
folded about an axis plunging 82� in a direction 91�
(fig. 3a). In some outcrops, rare enclaves of mag-
matically layered cumulates are preserved that vary
in size from several to tens of centimeters across.
Individual blocks consist of plagioclase-rich and
amphibole-rich bands 0.2–4 cm wide alternating in
a pattern of cyclic layering (fig. 2) reminiscent of
the Skaergaard intrusion. Evidence of convective
magmatic erosion, caused by newly formed mineral
layers across the cumulate surface of the magma
chamber, includes truncated layering and flame-
type structures (fig. 2). Locally, mushroom-shaped
diapirs of felsic units dome into adjacent mineral
layers, and contemporaneous faulting with varying
degrees of offset between successive layers is pre-
sent (fig. 2). In what appears to be a more advanced
stage of crystallization, cumulate layering in some
blocks has been disrupted by mafic- and felsic-rich
differentiates to produce lobate intrusions. The
well-developed cumulate layering (SL) is planar or

This content downloaded from 23.235.32.0 on Sun, 29 Nov 2015 01:09:22 AM
All use subject to JSTOR Terms and Conditions



214 R . O F F L E R A N D S . S H A W

Figure 2. Outcrop photo of cumulate rocks with alter-
nating plagioclase-rich (P) and amphibole-rich (H) layers.

; structure; . Younging di-F p fault FS p flame D p diapir
rection of layers is toward lens cap.

Figure 3. a, Layering in hornblende gabbro; b, rose di-
agram showing orientation of dikes; c, shear joints in
hornblende gabbro.

slightly folded and varies in orientation from out-
crop to outcrop. In general, SL is discordant with S1

and confirms our interpretation that the layered
series (SL) blocks have been tectonically rotated.
Intermingled with the layered host are irregular
mafic bodies; thin felsic dikes 1.5 cm wide and
mafic dikes 1–28 cm wide that trend NW, NNW,
and NE also crosscut the host (fig. 3b). Contacts
between the host and dikes are planar, and those
between the host and mafic bodies are cuspate and
irregular. In some outcrops, elongate augen-shaped
(aspect ratio 4 : 1) and irregular mafic enclaves of
variable size occur in the hornblende gabbro, in-
dicating more extensive magma interaction. Close
to the northeastern boundary of the outcrop in
Schofields Creek, intense epidotization of the gab-
bro is apparent. The epidote occurs in pods or frac-
tures up to 1 cm thick.

Cutting all outcrops are several generations of
shear veins that are intensely developed locally.
They commonly exhibit slickenfiber or slicken-
lines and displace vein arrays, dikes, and crosscut

S1 and SL, and they rarely develop as conjugate sets.
The dominant set strikes NE and dips NW or SE;
less common sets trend E–W and N–S (fig. 3c). Si-
nistral strike-slip movement is dominant on the
NE-trending veins.

Analytical Methods and Formula Calculations

X-Ray Fluorescence and INAA Analyses. All
analyses were done on rock powders produced by
grinding rock chips in a Tema tungsten-carbide
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Table 1. Average Composition of Zircons

SC1 RO/RB29A

SiO2 32.20 � 1.95 31.93 � 2.41
HfO2 1.43 � .25 1.41 � .29
ZrO2 65.51 � 3.72 65.08 � 4.51
Y2O3 .14 � .09 .13 � .10
U2O3 .08 � .05 .06 � .05
ThO2 .03 � .03 .03 � .03

Total 99.39 98.62

Note. Values are given �1j. For SC1, ; forn p 28
RO/RB29A, .n p 49

mill. Ta content was determined from samples
ground in a ceramic mortar and pestle. Major and
trace elemental analyses were carried out on fused
disks (majors) and pressed mounts (traces) at the
Victoria University of Wellington, using a Siemens
SRS 300 x-ray spectrometer, and at the University
of Newcastle, using either a Philips PW 1404 Wave-
length Dispersive Sequential XRF or a SPECTRO
X-LAB 2000. On some samples, REE, Hf, Ta, and
Th content were determined by instrumental neu-
tron activation analysis (INAA) at Becquerel Lab-
oratories, Lucas Heights, and Australian National
University, Canberra.

EDS and WDS. The compositions of magmatic
and metamorphic minerals were determined using
a JEOL JSM-840 SEM (University of Newcastle),
attached to which is an Oxford ISIS 200 EDS sys-
tem, operating at 15 kV and 2.5 mA. Data reduction
was carried out on a computer using SEMQUANT.
A limited number of analyses to determine the con-
tents of Cl and F in amphiboles were obtained on
a Cameca Camebax SX50 at 15 kV, 20 mA (Mac-
quarie University).

Mineral Formula Calculations. Amphibole for-
mulas were calculated on the basis of 23 oxygens
and a cation total of 13, excluding (Na�K�Ca). The
method of calculating amphibole formulas using a
cation total of 15, excluding (Na�K) or K (15-NK),
by adjusting Fe2� and Fe3�, was not found to be
acceptable for actinolite because Si was overesti-
mated or Ca was allocated to the C site (15-K). All
calculations were made using the charge-balance
method described by Robinson et al. (1982). Plot-
ting of data was carried out using Minpet, version
2.0, and classification of amphiboles follows Leake
et al. (1997).

Zircon Grain Preparation and Analytical Meth-
ods. Zircon grains were concentrated from sieved
0.5-mm crushed rock powder of samples SC1 and
RO/RB29, using conventional gold-panning dish
methods and hand picking with a low-power ob-
jective. The selected grains were mounted in an
epoxy resin and surface polished. Final identifica-
tion and selection of zircon was verified by electron
microprobe analysis (EMPA). All three analytical
procedures (EMPA, U-Pb, and Lu-Hf [176Hf/177Hf]
isotopic analyses) were conducted on the same ep-
oxy block at the Geochemical Analysis Unit of
Macquarie University.

Electron microprobe analyses of Hf, Y, Th, and
U, carried out on a Cameca Camebax SX50 at 15
kV and 20 mA, were used to determine composi-
tional variation and the suitability of grains for U-
Pb age dating. Table 1 lists the average zircon com-
positions from samples SC1 and RO/RB29.

U-Pb age analyses were made by a laser ablation
microprobe attached to a quadrupole inductively
coupled plasma mass spectrometer (LAM-ICPMS),
following the instrumental procedures of Jackson
et al. (1996) and using the data reduction program
GLITTER (van Achterbergh et al. 2001). Because of
the relatively large laser spot size (typically 50 mm),
it was impossible to use the same grain for both U-
Pb and Lu-Hf isotopic analyses.

Lu-Hf (TDM model age) isotopic analyses were
made by LAM-MC-ICPMS, following the method
of Griffin et al. (2000) and using in-house data
reduction program LAMTRACE. Griffin et al.
(2000) developed an elegant correction procedure
for 176Hf /177Hf in single zircons that allowed an
analytical precision of �0.00004 (2j). This corre-
sponds to an �Hf difference of ∼1.5 units, that is, a
TDM model age difference of ∼50 m.yr.

Structure. Structural data were plotted using
the software Georient, designed by R. Holcombe,
University of Queensland.

Petrography

Hornblende Gabbro. Samples collected from var-
ious outcrops show considerable variation in min-
eralogy and texture owing to the deformation and
associated alteration that have affected the gabbro
and the dikes after their emplacement. Magmatic
plagioclase is preserved in most samples, but the
mafic minerals are commonly replaced by several
generations of amphiboles that have different com-
positions reflecting the varying conditions (upper
amphibolite to prehnite-pumpellyite facies) under
which they have formed (table 2; fig. 4). Amphi-
boles of possible magmatic origin show no preferred
orientation, replace clinopyroxene (uncommon),
and are replaced by metamorphic amphiboles.

In the least deformed samples, euhedral to sub-
rounded magmatic plagioclase occurs that exhibits
lobate boundaries (An66–71; sample SC5; table A1,
available in the online edition or from the Journal
of Geology office) and poorly developed zoning. The
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Table 2. Mineral Assemblages in Analyzed Samples

Sample

Magmatic Metamorphic Veins/alteration products

Pl Amph Qtz Ap Opaque Pl Amph Qtz Opaque Ttn Ep Prh Ab Chl Cal Qtz Opaque

11911 x x x (x) x x x x x x x x
AW93a x x x h x x x x x x x
AW94 x (x) x l x x
AW95 x x (x) (Py) x l, h x (Ilm) (x) x x x x
SC1 x x (x) x h (x) x x x x x
RO/RB02/2 x x x (x) (x) x x
RO/RB29A x (x) x l, h x x x x x
SC2 x (x) (Py) (x) h x x x x x
RO/RB/02/2D x x x
RO/RB03/1 x x x
SC3 x x (Mt, Py) l x x x
11910 x x x l x x x x x x
AW116 x x x l, h (x) x x x
AW100 h
SC4a x h x (Ilm) x x x x
SC4 (Leuc) x x x
SC5b x x Py l Mt, Ccp x x
99072208B x h x
99072207 x x (Py, Ilm) x l (Mag, Ch) (x) x x x

Note. Pl, plagioclase; Amph, amphibole; Qtz, quartz; Ap, apatite; Ttn, titanite; Ep, epidote; Prh, prehnite; Ab, albite; Chl, chlorite; Cal, calcite; Py, pyrite; Ilm, ilmenite;
Mt, magnetite; Ccp, chalcopyrite. Minor components are given in parentheses; all others are major components. ; grade; grade.Leuc p leucosome l p low h p high
a Biotite present.
b Clinopyroxene present.
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Figure 4. Composition of magmatic amphiboles (a),
higher-grade metamorphic amphiboles (b), and lower-
grade metamorphic amphiboles (c). Classification after
Leake et al. (1997). .Hbl p hornblende

subrounded habit of the plagioclase is most appar-
ent in the amphibole-poor and quartz-rich variants.
Less commonly preserved are magmatic, Ti-rich,
Cl-bearing amphiboles (magnesio-hornblende; ta-
ble A2, available in the online edition or from the
Journal of Geology office; fig. 4a). The main mafic
minerals are metamorphic amphiboles, two or
more of which may occur in the same sample (e.g.,
SC5; 99072208B). Ti-rich, high-grade magnesio-
hornblende ( ; SC5; table A2; fig. 4b)Z p green

develops earliest and is subsequently replaced
by lower-grade, bladed aggregates of less Ti-rich
magnesio-hornblende with less intense pleochro-
ism ( bluish green) and/or actinolite (tableZ p pale
A2; fig. 4c). The sequential development of these
amphiboles suggests that metamorphic conditions
changed progressively from upper to lower am-
phibolite facies and eventually to greenschist or
prehnite-pumpellyite facies. In other samples (e.g.,
99072208B), tschermakitic hornblende develops.
Many grains have zonally arranged magnetite and
titanite inclusion trails that are possibly clinopy-
roxene to amphibole reaction products; others are
free of inclusions. Clinopyroxene is rarely pre-
served and is present in only the least strained rocks
as optically continuous patches within magnesio-
hornblende (Fs15; SC5; table A1). Quartz is com-
monly present in magnesio-hornblende as inclu-
sions or as highly strained aggregates in the
groundmass. It is a possible by-product of the re-
placement of clinopyroxene by amphibole. Acces-
sories are apatite, zircon, ilmenite, magnetite, and
pyrite; in rare instances, apatite occurs in layers
(SC1), suggesting a cumulate origin.

With increasing strain, strongly oriented, finer-
grained, Ti-bearing tschermakites (sample AW95;

green) or magnesio-hornblendes (Z p deep Z p
green; table A2; fig. 4b, 4c) define S1 thatbluish

wraps around magmatic plagioclase. The latter am-
phibole may also appear in fractures, as idioblastic
crystals in plagioclase, and as replacement of the
tschermakite and clinopyroxene. Minor dynamic
recrystallization of the magmatic plagioclase (An43;
AW95) is a feature of some rocks. Magnetite and
chalcopyrite are uncommon alteration phases. In
rare instances, at very high strains, the gabbro is
converted to a strongly foliated amphibolite (SC4)
consisting of magnesio-hornblende (Z p slightly
bluish deep green), plagioclase (An 38.7–41.2), and, less
commonly, magnetite, titanite, and biotite partly
replaced by chlorite. Leucocratic veins discordant
with S1 and containing quartz, euhedral plagioclase
(An30.9–31.7; table A1), and chloritized biotite are also
present. As with most samples in the study area,
partial dynamic recrystallization of quartz and, to
a lesser degree, plagioclase is manifest in this sam-
ple. The presence of igneous textures suggests that
the minerals in the veins crystallized from a melt.

Dikes. The mafic dikes show deformation fea-
tures similar to those of the hornblende gabbros,
namely, variable strain, relict igneous textures
and minerals, and a variety of metamorphic miner-
als produced during later deformation events. In
the least deformed samples, one or, in some in-
stances, two metamorphic amphiboles (magnesio-
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Figure 5. Composition of hornblende gabbro and dikes
plotted on the modified Winchester and Floyd (1977) di-
agram of Pearce (1996). Cumulate rocks are excluded.

Figure 6. Chondrite-normalized rare earth element pat-
terns. a, Hornblende gabbro; b, amphibole-rich (AW116)
and plagioclase-rich (11910) cumulate rocks; c, dikes
(RO/RB29A, RO/RB03/1, 99072207). Normalizing values
from Sun and McDonough (1989). Data for 99072207 and
9907220/8B are from Sano et al. (2004).

hornblende, actinolite) replace what may have been
clinopyroxene aggregates or tschermakite, the latter
appearing as green cores in metamorphic amphi-
boles (samples RO/RB29A, SC2). The plagioclase
(An58–64; table A1) retains a magmatic zoning and
occurs as phenocrysts and laths in the groundmass.
Secondary pyrite and magnetite are common ac-
cessories. With increasing strain, the amphiboles
and opaque minerals define a schistosity enclosing
plagioclase; zoning is absent. Amygdules, when
present, are elongated parallel to the schistosity
(RO/RB03/3). By contrast, the felsic dikes retain
their igneous texture and mineralogy, namely,
quartz and sodic plagioclase, and show minor ef-
fects of plastic (undulose extinction, grain bound-
ary suturing, minor dynamic recrystallization) and
brittle deformation (vein arrays).

Magmatic Layered Series. Samples of the enclaves
(RO/RB/03/5, 9, 10) show alternating amphibole-
and feldspar-rich layers; the former are made up of
an interlocking aggregate of idioblastic to semi-
idioblastic magnesio-hornblende ( green)Z p bluish
and minor grains of titanite within or at the grain
boundaries of the amphiboles. Grain boundaries of
the magnesio-hornblende are commonly sutured in
highly strained samples, and domainal extinction is
well developed. In the feldspar-rich layers, large cir-
cular, semicircular, and ellipsoidal subhedral mag-
matic plagioclase is present. It is partially replaced

This content downloaded from 23.235.32.0 on Sun, 29 Nov 2015 01:09:22 AM
All use subject to JSTOR Terms and Conditions



Journal of Geology H O R N B L E N D E I N S E R P E N T I N I T E M É L A N G E 219

Figure 7. Rock/mid-ocean ridge basalt normalization
diagrams. a, Hornblende gabbro; b, hornblende-rich and
plagioclase-rich cumulate rocks; c, dikes. Data for sam-
ples 99072207 and 9907220/8B are from Sano et al.
(2004).

by small dynamically recrystallized plagioclase and
surrounded by ribbonlike aggregates of quartz show-
ing subgrain growth and minor recrystallization.
Grain boundaries between plagioclase and quartz are
typically lobate.

Veins. Overprinting all samples are cataclasite-
filled fractures and veins containing one or more
of the following in various proportions: epidote,
prehnite, chlorite, calcite, albite, and quartz (table
2). Alteration associated with the formation of
these veins results in the replacement of magmatic
and higher-grade metamorphic mineral phases by
actinolite, epidote, prehnite, and chlorite.

Geochemistry: Major Element, Trace Element, and
REE. Major-element, trace-element, and REE con-
tents of the gabbros and dikes are presented in table
A3, available in the online edition or from the Jour-
nal of Geology office. The gabbros are dominantly
basaltic in composition (fig. 5) and show patterns
that are light rare earth element (LREE) enriched (fig.
6a; [ ]). Negative Eu anomalies inLa/Yb p 6.4–2.7N

some samples (AW93, 11911) and a positive Eu
anomaly in AW95 suggest plagioclase fractionation
and accumulation, respectively (fig. 6a). The mafic
dikes are basalts, show higher MgO, Cr, and Ni con-
tents than the gabbros (table A3), and exhibit slightly
LREE-enriched ( ) or flat chondrite-[La/Yb] p 2.8N

normalized patterns ( ; fig. 6c);[La/Yb] p 0.9N

hornblende-rich cumulate rock (AW116) shows
LREE-enriched chondrite-normalized patterns sim-
ilar to those of the gabbros ( ; fig. 6b).[La/Yb] p 2.5N

Plagioclase-rich cumulate rocks, on the other
hand, show flat chondrite-normalized patterns
( ) and marked positive Eu anomalies,[La/Yb] p 1.0N

indicating their cumulate origin (11910).
Most rock/MORB (mid-ocean ridge basalt) plots

of the gabbro show high field strength element
(HFSE) concentrations near that of MORB and en-
richment in light lithophile elements (LILEs; fig.
7a). The cumulate rocks (AW116; 11910) are de-
pleted in HFSEs relative to MORB, particularly Zr
and P, and less enriched in LILE than the gabbros
(fig. 7b). The strong depletion in Zr and P is a re-
flection of cumulate formation before zircon and
apatite saturation in the melt (Hanchar and Watson
2003). Overall, the dikes exhibit patterns slightly
different from the gabbro’s in that they are less de-
pleted in HFSE, show less LILE enrichment, and
have lower Nb contents (fig. 7c). Sample 99072207
is different from other dike samples in that it ex-
hibits a marked positive Eu anomaly and very low
REE contents.

Zircon U-Pb and Hf Isotope Data. Typically, zir-
cons vary between 50 and 200 mm in the direction
of elongation and, like zircon populations from
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Figure 8. Backscatter/cathode luminescence photo-
graphs of zircon grains showing lobate embayments and
regrowth across truncated zoning (A) and broad bands of
light and dark zoning (B). Truncated zoning suggests
much larger original zircon crystals.

mafic rocks, are anhedral to fragmental (Corfu et
al. 2003). Faces of pyramidal form are absent. Back-
scatter/cathode luminescence electron imaging
suggests a complex history that includes fragmen-
tation of once-larger grains and resorption, as in-
dicated by lobate embayments and subsequent re-
growth across truncated zoning (fig. 8A). Many
grains show broad bands of dark and light zoning
that traverse the grain (fig. 8B). Other fragments
lack zoning and appear homogeneous. Grain shape
and grain complexity are similar to descriptions,
photos, and figures of those found in lower crustal
xenoliths, high-grade metamorphic rocks, and kim-
berlitic rocks (Belousova et al. 1998; Corfu et al.
2003). Compositionally, however, Hf/Y and Y/U
abundances are typical of zircons from mafic rocks
(e.g., dolerite; figs. 3a, 4a in Belousova et al. 2002).
There is no evidence of metamorphic rimming of
any grain, although some boundaries display lobate
embayments. This suggests that either the zircon
grains are restitic and were entrained in a magma
that had not reached zircon saturation temperature
(Hanchar and Watson 2003) or changes in T or

affected the stability field of crystallizing zir-PH O2

con in the melt phase. Influx of a new batch of
magma could also be an explanation for these
features.

U-Pb age data for SC1 (16 analyses) and RO/RB29
(22 analyses) are presented in table 3 and plotted
on a concordia diagram in figure 9. The combined
age yields Ma, and the elongation of444.7 � 2.4
the error ellipses (fig. 9) indicates Pb contamination
that is common but insufficient to displace the ma-
jority of points away from concordia.

Table 4 lists the Hf isotopic data from SC1 (10
analyses) and RO/RB29 (9 analyses). The zircon �Hf

values range from �3.47 to �9.90 but group around
�5.7. The Lu-Hf model age (TDM) of the combined
19 analyses is Ma (2j), but if analyses455 � 28
(table 4) with a model-age error greater than 44 Ma
are excluded, the remaining 12 analyses yield

Ma (2j). Because the zircon analyses with447 � 25
larger errors tend to lie at the higher and lower ends
of the data range, their exclusion appears justified.
Figure 10 is a plot of 12 data points that satisfy the
error criteria, the vertical black line of each rep-
resenting the calculated TDM error.

The U-Pb age of Ma (2j) is remark-444.7 � 2.4
ably similar to the Lu-Hf model age (TDM) of

Ma (2j), suggesting that magmatic crys-447 � 25
tallization of zircon closely followed magma gen-
eration from depleted mantle. Older TDM ages
would imply either greater magma residence time
in the crust before crystallization or a source com-
ponent of older crustal material.

Discussion

Tectonic Setting, Age, and Source. The geochem-
ical data obtained from the gabbro and dikes, in
combination with the data collected by Sano et al.
(2004), allow constraints to be placed on the tec-
tonic setting in which the gabbro formed. In gen-
eral, the samples show LREE-enriched chondrite-
normalized patterns, high REE contents (fig. 6a),
and rock/MORB plots characteristic of calc-
alkaline arc rocks (fig. 7a; Pearce 1983). Further, Y/
15-La/10-Nb/8 (Cabanis and Lecolle 1989; fig. 11)
and Hf/2-Th-Nb/16 discrimination diagrams con-
firm the calc-alkaline arc affinity (data not shown;
Wood 1980). The slight enrichment in Nb relative
to MORB in AW95, the most primitive of the sam-
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Table 3. Zircon Pb/U Single-Grain Analyses

Isotope ratios Age estimates (Ma)
206Pb/238U 207Pb/235U 207Pb/206Pb 206Pb/238U 207Pb/235U 207Pb/206Pb

SC1-2 .06977 � .00186 .54231 � .01852 .0563 � .00176 434.8 � 11.2 439.9 � 12.2 463.4 � 69.2
SC1-3 .07042 � .00184 .54993 � .01554 .05654 � .00136 438.7 � 11.0 444.9 � 10.2 472.7 � 53.0
SC1-4 .06937 � .00180 .57304 � .01576 .05976 � .00138 432.4 � 10.8 460.0 � 10.2 594.5 � 50.3
SC1-7 .07092 � .00194 .65399 � .02066 .06672 � .00184 441.7 � 11.6 510.9 � 12.7 829.2 � 57.3
SC1-8 .07248 � .00214 .57939 � .02484 .05789 � .00234 451.1 � 12.9 464.1 � 16.0 525.5 � 88.1
SC1-9 .07131 � .00202 .56185 � .01814 .05705 � .00156 444.1 � 12.2 452.7 � 11.8 493.0 � 60.6
SC1-11 .07148 � .00200 .56361 � .01804 .05712 � .00158 445.1 � 12.1 453.9 � 11.7 495.6 � 60.6
SC1-12 .07081 � .00198 .55572 � .01636 .05688 � .00136 441.0 � 11.9 448.7 � 10.7 486.4 � 52.8
SC1-13 .07155 � .00218 .67014 � .02560 .06793 � .00232 445.5 � 13.1 520.8 � 15.6 866.3 � 70.3
SC1-14 .07005 � .00194 .55443 � .01546 .05735 � .00126 436.5 � 11.6 447.9 � 10.1 504.7 � 48.0
SC1-15 .07032 � .00192 .54413 � .01540 .05608 � .00128 438.1 � 11.6 441.1 � 10.1 455.2 � 49.6
SC1-16 .06976 � .00192 .54969 � .01618 .05709 � .00140 434.7 � 11.6 444.8 � 10.6 494.4 � 54.0
SC1-17 .07096 � .00192 .56392 � .01542 .05758 � .00126 441.9 � 11.6 454.1 � 10.0 513.3 � 47.0
SC1-18 .07065 � .00190 .54612 � .01512 .05601 � .00124 440.1 � 11.5 442.4 � 9.9 452.3 � 48.3
SC1-20 .07191 � .00230 .55868 � .02992 .05636 � .00296 447.7 � 13.8 450.7 � 19.5 465.7 � 115.6
SC1-21 .07028 � .00194 .56485 � .01760 .05823 � .00154 437.9 � 11.7 454.7 � 11.4 537.7 � 58.8
RO/RB29-1 .07023 � .00190 .56052 � .01516 .05786 � .00122 437.5 � 11.5 451.9 � 9.9 524.2 � 46.3
RO/RB29-2 .07053 � .00196 .54714 � .01742 .05624 � .00154 439.4 � 11.8 443.1 � 11.4 461.0 � 60.1
RO/RB29-3 .07207 � .00206 .58212 � .02562 .0585 � .00250 448.6 � 12.4 465.8 � 16.4 548.6 � 91.6
RO/RB29-5 .07362 � .00200 .58199 � .01924 .05731 � .00170 457.9 � 12.0 465.7 � 12.3 502.9 � 64.3
RO/RB29-6 .07229 � .00190 .56791 � .01534 .05694 � .00126 449.9 � 11.4 456.7 � 9.9 488.5 � 49.0
RO/RB29-7 .07297 � .00192 .55681 � .01564 .05531 � .00130 454.0 � 11.5 449.4 � 10.2 424.6 � 51.7
RO/RB29-8 .07095 � .00194 .56952 � .02240 .05811 � .00220 441.9 � 11.6 457.7 � 14.5 533.4 � 82.7
RO/RB29-9 .07164 � .00188 .552 � .01642 .05587 � .00144 446.0 � 11.3 446.3 � 10.7 447.0 � 56.1
RO/RB29-10 .07253 � .00190 .58684 � .01764 .05866 � .00156 451.4 � 11.4 468.8 � 11.3 554.7 � 57.3
RO/RB29-10A .0726 � .00192 .55623 � .01684 .05557 � .00148 451.8 � 11.5 449.1 � 11.0 434.8 � 57.8
RO/RB29-10B .07253 � .00190 .62485 � .02024 .0625 � .00186 451.4 � 11.5 492.9 � 12.6 691.2 � 62.6
RO/RB29-11 .07219 � .00184 .56074 � .01490 .05639 � .00124 449.3 � 11.1 452.0 � 9.7 467.0 � 48.9
RO/RB29-12 .07152 � .00182 .55976 � .01460 .05679 � .00122 445.3 � 11.0 451.4 � 9.5 482.8 � 47.5
RO/RB29-13 .07576 � .00208 .63226 � .01910 .06057 � .00156 470.7 � 12.4 497.5 � 11.9 624.0 � 55.0
RO/RB29-14 .07325 � .00192 .58282 � .01790 .05777 � .00158 455.7 � 11.5 466.3 � 11.5 520.9 � 59.7
RO/RB29-15 .07231 � .00184 .57827 � .01530 .05802 � .00128 450.1 � 11.1 463.3 � 9.8 530.0 � 48.6
RO/RB29-16 .07175 � .00186 .55861 � .01730 .05651 � .00156 446.7 � 11.2 450.6 � 11.3 471.7 � 61.4
RO/RB29-17 .07253 � .00182 .56061 � .01440 .05608 � .00120 451.4 � 10.9 451.9 � 9.4 455.3 � 46.4
RO/RB29-18 .06902 � .00190 .5265 � .02090 .05539 � .00210 430.3 � 11.5 429.5 � 13.9 427.7 � 82.1
RO/RB29-18A .07186 � .00182 .56513 � .01648 .05707 � .00148 447.4 � 11.0 454.9 � 10.7 493.5 � 57.3
RO/RB29-19 .07137 � .00178 .55557 � .01462 .05648 � .00128 444.4 � 10.7 448.6 � 9.5 470.4 � 50.1
RO/RB29-19A .07137 � .00176 .55489 � .01532 .0564 � .00140 444.4 � 10.6 448.2 � 10.0 467.2 � 54.6

Note. Values are given �2j.

ples (fig. 7a; ), and Ta/YbZr/TiO # 0.0001 p 0.0082

ratios (0.08–0.21) suggest that these rocks have
compositions transitional between oceanic and
continental arc basalts (Pearce 1983). The calc-
alkaline arc character is also reflected in their V/
Ti ratios (fig. 12). Chondrite-normalized REE and
rock/MORB patterns and La/10-Y/15-Nb/8 con-
tents (fig. 11) of the mafic dikes confirm the arc
setting. However, they show greater variability in
composition and magmatic affinity than their hosts
(fig. 11). Further, they have lower Nb and LILE con-
tents, and three of the samples (RO/RB03/1, AW94,
and RO/RB/29A) have V-Ti/1000 ratios and rock/
MORB plots resembling back-arc basin basalts
(Gamble et al. 1993). If the chemical signatures of
the dikes are a true indication of their tectonic set-
ting, then the dikes must be younger than their host

and may reflect the early stages of extension of the
arc below which the gabbros formed.

The presence of cumulates as well as clinopy-
roxenes and amphiboles with compositions reflec-
ting low-pressure crystallization (clinopyroxenes:

; table A1; amphiboles:viAl p 0.019–0.029
, ; table A2;Al O p 7.97–9.04 Ti p 0.178–0.2482 3

DeBari and Coleman 1989; Ernst and Liu 1998) sug-
gests that crystal growth and settling took place in
a magma reservoir at shallow depths beneath the
arc. Contact relationships between the gabbro and
some of the mafic intrusions show that intermin-
gling took place in the chamber.

The U-Pb data obtained from zircons indicate a
Late Ordovician crystallization age for these rocks.
Depleted-mantle Lu-Hf model ages (TDM) are
similar and confirm that the gabbro was derived
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Figure 9. Combined concordia plot of zircon ages from
samples SC1 ( ) and RO/RB29 ( ).n p 16 n p 19

from an isotopically primitive mantle source that,
according to Sano et al. (2004), was depleted
( ). The dominance of amphiboles withNd p 0.5445

minor Cl contents in the gabbro indicates that at
the time it crystallized, the magma was extremely
hydrous and Cl bearing. Such a magma could have
been derived from a mantle wedge contaminated
by saline fluids sourced from the slab (Kent et al.
2002). However, further studies are necessary to
confirm this.

PT Conditions

Magmatism. The moderately high TiO2 and low
Al2O3 contents of the amphiboles (table A2) indicate
very low pressure and high temperature of crystal-
lization ( MPa; ; ErnstP p 100–200 T p 800�–875�C
and Liu 1998). The pressure estimates are supported
by the Ti-Aliv variation shown in figure 13, which
closely corresponds to the variation shown by mag-
matic amphiboles at pressures between 100 and 300
MPa (Colombi 1989; Zenk and Schulz 2004). How-
ever, the temperatures of 800�–875�C suggested by
the Al2O3, TiO2, and Ti contents of these amphiboles
(Helz 1973; Ernst and Liu 1998) must be regarded as
minimum because these contents have replaced
clinopyroxene.

Metamorphism. In contrast to the magmatic am-
phiboles, those developed during the metamorphic
events are richer in Al2O3 and poorer in TiO2 (fig.
13), suggesting that pressures increased and temper-
atures decreased during deformation and alteration
of the gabbro and mafic dikes (Ernst and Liu 1998).

However, pressures did not increase dramati-
cally;composition plots of Laird and Albee (1981) in-
dicate that all metamorphic amphiboles plot in a
zone where medium- (kyanite-sillimanite) and low-
pressure (andalusite-sillimanite) facies series overlap
(data not shown). This is confirmed by the Si and
Al contents of the amphiboles, which suggest that
pressures of 550 MPa (range 481–606 MPa; ;x p 13

MPa) existed during metamorphism, ac-jn p 40
cording to the thermobarometer of Gerya et al.
(1997).

The temperatures prevailing during metamor-
phism have varied because amphiboles of different
composition formed during different events. The
earlier high-grade metamorphism took place at
high temperatures, as evidenced by the quartz-
plagioclase-biotite–bearing leucosomes present in
some rocks (e.g., SC4). To determine temperatures
of melting, we used the H2O-saturated tonalite sys-
tem of Johannes and Holtz (1996) to allow for the
presence of biotite in the leucosomes. Based on the
anorthite content of the plagioclase (An30) in the
leucosome, and assuming MPa and H2O-P p 500
saturated conditions, temperatures of ∼690�C are
indicated. Temperatures of 714�C, determined from
coexisting magnesio-hornblende and plagioclase
(An40) in the amphibolitic host (Holland and Blundy
1994), are in accord with this estimate. However,
these temperatures conflict with those indicated by
the thermobarometer of Gerya et al. (1997), namely,
594�C (range 559�–625�C; ; ). Wex p 13 jn p 24�C
believe that the lower temperature is more realistic
because the geothermal gradient of 29�C/km, de-
termined on the assumptions that MPaP p 550
and 100 km, is in accord with the con-MPa p 3.7
ditions suggested by the compositional plots of
Laird and Albee (1981).

Formation in many samples of low-Ti-bearing,
bluish-green magnesio-hornblende suggests that
temperatures fell after peak metamorphic condi-
tions were attained because Ti contents are con-
trolled by the temperature-dependent substitution
[6]Ti [4]Al2

[6]Mg�1
[4]Si�2 (Ernst and Liu 1998). Esti-

mation of temperatures of formation for these am-
phiboles is not possible because they show com-
positional heterogeneity and because plagioclase
that formed synchronously with these amphiboles
could not be found. The presence of actinolite in
most samples and later crosscutting veins with
prehnite-pumpellyite facies assemblages suggests
that temperatures fell to !350�C, the upper tem-
perature limit for prehnite-epidote-chlorite assem-
blages (Powell et al. 1995).

The presence of amphiboles formed under lower
temperatures and the ubiquitous occurrence of
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Table 4. Zircon 176Hf/177Hf Single-Grain Analyses

176Hf/177Hf 176Lu/177Hf 176Yb/177Hf �Hf (0)
Crystallization

age (Ma)

176Hf/177Hf
(initial) �Hf (initial) TDM model age (Ma)

SC1-H1 .282939 � .000022 .001398 � .000072 .041432 � .001800 6.01 439 .282927 15.60 434 � 33
SC1-H2 .282907 � .000019 .000897 � .000220 .029159 � .007600 4.88 439 .282899 14.62 472 � 29
SC1-H3 .282933 � .000026 .001569 � .000240 .043129 � .006800 5.80 439 .282920 15.33 444 � 40
SC1-H4 .282934 � .000030 .000589 � .000032 .017136 � .000960 5.84 439 .282929 15.66 431 � 43
SC1-H5 .282918 � .000024 .000933 � .000078 .025643 � .001900 5.27 439 .282910 14.99 457 � 35
SC1-H6 .282885 � .000030 .000809 � .000220 .019652 � .005200 4.10 439 .282878 13.86 501 � 45
SC1-H7 .282892 � .000028 .001028 � .000118 .030174 � .003800 4.35 439 .282883 14.04 494 � 41
SC1-H8 .282867 � .000040 .000926 � .000220 .022696 � .006000 3.47 439 .282859 13.19 527 � 60
SC1-H9 .282881 � .000030 .000816 � .000220 .022142 � .006800 3.96 439 .282874 13.72 506 � 45
SC1-H10 .282895 � .000034 .000448 � .000020 .014869 � .000700 4.46 439 .282891 14.33 482 � 48
RO/RB29-H1 .282981 � .000024 .001379 � .000050 .057713 � .002600 7.50 445 .282969 17.22 375 � 35
RO/RB29-H2 .282890 � .000022 .000606 � .000066 .021450 � .002600 4.28 445 .282885 14.24 491 � 32
RO/RB29-H3 .282877 � .000032 .000406 � .000064 .015989 � .002600 3.82 445 .282873 13.84 506 � 46
RO/RB29-H4 .282928 � .000026 .001200 � .000040 .045705 � .001400 5.62 445 .282918 15.40 447 � 38
RO/RB29-H5 .282981 � .000024 .001253 � .000070 .048775 � .003600 7.50 445 .282970 17.26 374 � 35
RO/RB29-H6 .282905 � .000054 .000764 � .000072 .028888 � .002200 4.81 445 .282898 14.72 473 � 77
RO/RB29-H7 .283049 � .000036 .001616 � .000220 .057640 � .008000 9.90 445 .283035 19.56 282 � 54
RO/RB29-H8 .282918 � .000026 .000505 � .000034 .016643 � .000740 5.27 445 .282914 15.26 452 � 37
RO/RB29-H9 .282899 � .000022 .000752 � .000044 .023763 � .001100 4.60 445 .282893 14.51 481 � 32

Note. Values are given �2j. Constants used: 176Hf/177Hf (DM), 0.28325;176Lu/177Hf (DM), 0.0384; 176Lu decay donstant (yr), 1.93E�11.
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Figure 10. Weighted-average diagram for Hf model age
data ( ) obtained from SC1 and RO/RB29, usingn p 12
LAM-MC-ICPMS analyses of single zircon grains.

squares of weighted deviates.MSWD p mean

Figure 11. La/10-Y/15-Nb/8 discrimination diagram of
Cabanis and Lecolle (1989). Samples are the same as
those in figure 5. 1A, Calc-alkaline basalts; 1B, overlap
between 1A and 1C; 1C, volcanic arc tholeiite; 2A, con-
tinental basalts; 2B, back-arc basin basalts; 3A, alkali
basalts from intercontinental rift; 3B–3C, enriched mid-
ocean ridge basalt (MORB); 3D, normal MORB. Samples
of cumulate origin are not included.

veins with subgreenschist facies assemblages and
associated epidotization/cataclasis indicate that
parts of the original island arc–back-arc assemblage
were raised to and deformed at lower temperatures
at higher crustal levels. The timing of this uplift
event is not known but is most likely to be the
Middle Permian Hunter-Bowen Orogeny that is re-
sponsible for the folding and faulting in the Paleo-
zoic arc-forearc basin sequences (Veevers 2000).

Paleozoic History of the SNEFB. The Paleozoic
history of the NEFB and particularly the associated
Lachlan Fold Belt (fig. 14) has been discussed by a
number of authors (Murray 1997 and references
therein; Gray and Foster 2004). In the SNEFB, ear-
lier petrographic and more recent geochemical, pa-
leontological, and radiogenic isotope studies have
revealed island arc–related activity during the Early
Cambrian (U-Pb zircon, 530 Ma [Aitchison and Ire-
land 1995]; Sm-Nd, Ma [Sano et al. 2004])536 � 28
and Middle or early Late Cambrian (Cawood 1976;
Stewart 1995; Leitch and Cawood 1996). It contin-
ued in the Early Ordovician (U-Pb zircon, 479 Ma;
Fanning et al. 2002), Early Silurian (U-Pb zircon,
436 Ma; Kimbrough et al. 1993), Late Silurian to
Middle Devonian (Cawood and Flood 1989; Aitch-
ison and Flood 1995; Offler and Gamble 2002), and
Late Devonian (Greentree 1998). Recent paleon-
tological studies of marine sequences with arc ba-
sin affinities adjacent to the PMFS confirm the ear-
lier studies and show that the sequences vary in
age from Middle Cambrian to Late Ordovician
(Furey-Greig et al. 2000; Furey-Greig 2003a, 2003b).

This study provides evidence for arc magmatism
at the end of the Late Ordovician and links all the
early Paleozoic arc–related events recognized pre-
viously. Thus, subduction-related island arc vol-
canism/plutonism occurred off the eastern margin
of Gondwana continuously from the Cambrian to
the end of the Devonian, revealing a more complete
history of the SNEFB at this time than shown in
recent paleogeographic reconstructions (e.g., Li
and Powell 2001). There is general agreement that
in the Early Carboniferous, the tectonic setting
changed as a result of the accretion of intraoceanic
island arcs to Gondwana (Aitchison et al. 1992),
leading to the development of a continental calc-
alkaline arc that remained active until the end of
the Carboniferous (Roberts et al.1995; Scheibner
and Basden 1998). At that time, slab rollback took
place, leading to the creation of a new arc in the
accretion-subduction complex of the SNEFB, ap-
proximately 250 km to the east of the former arc
(Jenkins et al. 2002 and references therein).

Tectonic Blocks: Derivation and Timing of Transpor-
tation. Plate-tectonic models of the NEFB sug-
gested by various authors involve the subduction
and accretion of the Paleo-Pacific plate to the Aus-
tralian continent during the Paleozoic (Leitch 1974;
Scheibner and Basden 1998 and references therein).
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Figure 12. V-Ti/1000 discrimination plot of Shervais
(1982). Shaded area indicates calc-alkaline rocks. Samples
of cumulate origin are not included. Symbols used are
the same as those in figure 5.

Figure 13. Ti-Aliv plot of magmatic and metamorphic
amphiboles. Note that Ti and Aliv decrease from mag-
matic to low-grade metamorphic amphiboles. Symbols
are as in figure 4.

In the SNEFB, the PMFS forms a fundamental
structural element ∼350 km in length separating
the Silurian to lower Carboniferous accretion-
subduction complex sequences of the Tablelands
Complex on the east from the upper Silurian to
Carboniferous arc and forearc sequences of the
Tamworth Belt on the west (fig. 1). Thrust and sub-
sequent left lateral displacement on the PMFS has
been postulated (Corbett 1976; Offler and Williams
1987; Cao and Durney 1993); the latter appears to
have taken place before the emplacement of the
Moonbi Adamellite (247–249 Ma; Shaw 1994), a
stitching pluton cutting the Peel Fault (Collins
1991 and references therein). The PMFS has been
interpreted by some as the suture along which sub-
duction occurred (Blake and Murchey 1988) or as
an ancestral fault system that formed during the
initial subduction process (Collins 1991). Recent
seismic studies of the SNEFB, however, have re-
vealed the presence of a moderately west-dipping
reflection to the east of the Peel Fault that appears
to intersect this structure at shallow crustal levels
(Korsch et al. 1997). According to Korsch et al.
(1997), the serpentinites emplaced along the Peel
Fault were derived at depth from this west-dipping
structure. If this interpretation is correct, the in-
corporation and transport of the tectonic blocks in
the serpentinite mélange took place on this struc-
ture and were subsequently transported to higher
crustal levels along the PMFS. The presence of tec-
tonic blocks of Cambrian to Late Ordovician age
incorporated in a serpentinite mélange derived

from ophiolites with a supra-subduction zone af-
finity (Aitchison and Ireland 1995) supports this
interpretation.

Age of the Crust and Mantle beneath the Southen
New England Fold Belt. The New England and
Lachlan Fold Belts developed as part of the Tasman
Fold Belt System (Scheibner and Veevers 2000),
which was initiated during the breakup of Rodinia
(Direen and Crawford 2003). The time of breakup
is considered to be between 830 and 730 Ma, with
a second rifting event between 600 and 585 Ma
(Direen and Crawford 2003).

To date, the Attunga eclogite (Shaw and Flood
1974), with a U-Pb zircon igneous crystallization
age of ca. 650 Ma (Watanabe et al. 1998), is the
oldest rock found in the SNEFB. Further, a meta-
morphic age of ca. Ma (Fanning et al.536 � 18
2002) from the same zircons in the eclogite indi-
cates that subduction was already well established
by the Early Cambrian. Sm-Nd studies of a diorite
block in the PMFS confirm this age (Sm-Nd iso-
chron, Ma; Sano et al. 2004). By contrast,536 � 38
the oldest rocks found in the northern NEFB have
ages of Ma (Sm-Nd isochron; Marlbor-562 � 22
ough ophiolite; Bruce et al. 2000). These data sug-
gest that the NEFB developed on oceanic crust at
least late Neoproterozoic in age. Rb/Sr and Nd/Sm
isotope studies of S- and I-type granitoids and sed-
iments from the New England Batholith in the
SNEFB (Hensel et al. 1985) indicate a crustal source
possibly as old as Late Proterozoic. More recently,
Hf isotopic data obtained by Flood and Shaw (2001)
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Figure 14. Proposed tectonic evolution for the Australia-Antarctica part of the Gondwana margin during the early
to middle Paleozoic. Modified from Gray and Foster (2004). Lachlan Orogen; Lach-WLO p western CLO p central
lan Orogen; Lachlan Orogen; England Orogen (synonymous with New England FoldELO p eastern NEO p New
Belt); Metamorphic Belt. The Tablelands Complex forms the southern part of the Wandilla-WOMB p Wagga-Omeo
Shoalwater accretionary complex. The alterations to the 400–380-Ma and 360–340-Ma time periods follow Scheibner
and Veevers (2000) and Bryan et al. (2004).
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and Shaw and Flood (2002) reveal TDM ages varying
from 870 to 250 Ma, from single zircons extracted
from the I-type Moonbi Supersuite pluton. The
older ages are consistent with magma being derived
from source rocks that may be as old as Late Pro-
terozoic. Similar ages have been obtained from spi-
nel peridotite xenoliths in Tertiary basalts from the
Tablelands Complex and the Tamworth Belt of the
SNEFB (Powell et al. 2004). Re-Os isotope analyses
of sulfides in these rocks revealed Re depletion
model ages that are Proterozoic or older. The con-
sistency of Proterozoic model ages obtained from
Nd, Hf, and Re data, and the U-Pb and Sm-Nd iso-
topic data suggest that much of the crust and man-
tle of New England was associated with the
breakup of Rodinia and initiation of the Pacific
plate. The availability of this more recent data than
existed previously allows for a better understanding
of the nature of the crust in the SNEFB.

Conclusions

Major-element, trace-element, and REE analyses of
deformed hornblende gabbros from a large tectonic
block in a serpentinite mélange in the Glenrock Sta-
tion area, New South Wales, have revealed that the
rocks have a calc-alkaline magmatic affinity and a
composition transitional between intraoceanic and
continental arc rocks and that dikes associated with
them have both calc-alkaline and tholeiitic back-arc
basin basaltic arc composition. Cumulate layering
and the presence of relict magmatic plagioclase, Ti-
rich, Cl-bearing hornblende, and rare clinopyroxene
with low Alvi contents suggests that the original
magma was strongly hydrous, contained minor
quantities of Cl, and crystallized as a hornblende
gabbro in a shallow crustal chamber.

Subsequent deformation occurred at peak meta-

morphic conditions of ∼590�C and pressures of 550
MPa, producing a tectonic layering (S1) defined by
hornblende wrapping around partly recrystallized,
magmatic plagioclase in the hornblende gabbro
and, under high strain, an amphibolite with leu-
cosomes. Continuing deformation at higher crustal
levels led to the replacement of both magmatic and
high-grade metamorphic minerals by lower am-
phibolite and, finally, prehnite-pumpellyite facies
assemblages.

Zircon U-Pb analyses yielded a combined Late Or-
dovician age of Ma (2j) in accordance444.7 � 2.4
with Lu-Hf TDM model ages from the same samples
( Ma [2j]). The similarity of zircon crystal-447 � 25
lization ages and TDM model ages suggests little if
any crustal residence between the time of partial
melting of depleted mantle to produce the gabbro
magma and the time of zircon crystallization. This
study provides evidence for Late Ordovician arc
magmatism and links all the Early Paleozoic arc–
related events recognized previously. It further
shows the value of studying tectonic blocks to de-
cipher the geological history of fold mountain belts.
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