
s
o
u
r
c
e
:
 
h
t
t
p
s
:
/
/
d
o
i
.
o
r
g
/
1
0
.
7
8
9
2
/
b
o
r
i
s
.
8
4
8
8
9
 
|
 
d
o
w
n
l
o
a
d
e
d
:
 
2
4
.
4
.
2
0
2
4

The contorted New England Orogen (eastern Australia):
New evidence from U-Pb geochronology of early Permian
granitoids
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[1] A series of sharp bends (oroclines) are recognized in the Paleozoic to early
Mesozoic New England Orogen of eastern Australia. The exact geometry and origin of these
bends is obscured by voluminous magmatism and is still debated. Here we present
zircon U-Pb ages that confirm the lateral continuation of early Permian (296–288 Ma)
granitoids and shed new light on the oroclinal structure. Orogenic curvature is defined
by the alignment of early Permian granitoids parallel to the structural grain of the
orogen, as well as the curved geometry of sub-vertical deformation fabrics, forearc basin
terranes, and serpentinite outcrops. Alternative geometrical interpretations may involve two
bends (Texas and Coffs Harbour Oroclines), three bends (+Manning Orocline), or even four
bends (+Nambucca Orocline). We argue that the model involving four bends is most
consistent with available data, although further kinematic constraints are required to confirm
the existence of the Manning and Nambucca Oroclines. A subsequent phase of younger
magmatism (<260 Ma) cuts across the curved structural grain, providing a minimum age
constraint for orocline development. Assuming a structure of four oroclines, we suggest a
tentative tectonic model that involves an early stage of subduction curvature during slab
rollback at 300–285 Ma, followed by bending associated with dextral transpression. A final
tightening of the curved structures was possibly obtained by E-W shortening during the late
Permian to Triassic (265–230 Ma) Hunter-Bowen orogeny.

Citation: Rosenbaum, G., P. Li, and D. Rubatto (2012), The contorted New England Orogen (eastern Australia): New evidence
from U-Pb geochronology of early Permian granitoids, Tectonics, 31, TC1006, doi:10.1029/2011TC002960.

1. Introduction

[2] Curved mountain chains, commonly referred to as
oroclines, have fascinated geologists since the early work by
Carey [1955], and are still the focus of much research
[Marshak, 2004; Sussman and Weil, 2004; Van der Voo,
2004]. Tight curvatures are recognized globally in both
modern [Lonergan and White, 1997; Johnston, 2001;
Ghiglione and Cristallini, 2007] and ancient [Kent, 1988;
Weil et al., 2001; Abrajevitch et al., 2007; Gutiérrez-Alonso
et al., 2008] orogenic belts. However, the tectonic pro-
cesses responsible for this curvature are still a matter of
debate. Relatively gentle oroclines are common in fold-
and-thrust belts (e.g., Appalachians) and are normally
restricted to shallow crustal levels [Marshak, 1988; Weil
et al., 2010]. In contrast, tighter subduction-related bends
(e.g., in the Mediterranean Sea), can involve bending and
tearing of the whole subducting lithosphere [Cifelli et al.,

2007; Rosenbaum et al., 2008]. Tectonic models for the
formation of such oroclines have been attributed to rollback
of narrow subduction segments accompanied by rotations of
crustal blocks around vertical axes [Kastens et al., 1988;
Royden, 1993; Rosenbaum and Lister, 2004; Cifelli et al.,
2007], ‘escape’ tectonics in response to plate convergence
[Mantovani et al., 1996] or crustal-scale buckling [Johnston
and Mazzoli, 2009].
[3] A major challenge is the reconstruction of oroclines in

ancient orogenic belts where there are only patchy constraints
on the oroclinal structure and related kinematics. Paleozoic
oroclines in Variscan Europe and Central Asia have been the
subject of structural and paleomagnetic studies that demon-
strated the role of block rotations around vertical axes during
oroclinal bending [Weil et al., 2000, 2001; Abrajevitch et al.,
2007; Xiao et al., 2010]. However, the geodynamic setting
associated with these rotations is generally poorly understood.
Oroclinal structures have also been described in the Paleozoic
to early Mesozoic subduction-related New England Orogen of
eastern Australia (Figure 1) [Cawood and Leitch, 1985;
Korsch and Harrington, 1987; Rosenbaum, 2010], but there
is little agreement regarding the geometry and nature of these
oroclines.
[4] The aim of this paper is to unravel the large-scale

structure of the New England oroclines, which occur in the
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southern part of the orogen and are recognized in gravity and
magnetic images (Figure 1). Only limited information is
known on the kinematics associated with these bends;
therefore, the term “orocline” is used here in a general sense
as describing orogenic curvature, rather than the strict sense
that refers to secondary bending associated with vertical-axis
block rotations [Weil and Sussman, 2004]. Moreover, some
of the structural characteristics defining these bends are
ambiguous, and as a result, there are a number of contrasting
structural models involving two [Offler and Foster, 2008],
three [Korsch and Harrington, 1987] or four [Rosenbaum,
2012] bends. In this paper, we provide a critical evaluation
of data supporting oroclinal bending and discuss alternative
models for the contorted structure.
[5] The structure of the Texas and Coffs-Harbour Oro-

clines (Figure 1) define a large (�350 km wide) Z-shaped
fold, which according to some authors, formed in response
to a N-S dextral transform boundary [Murray et al., 1987;
Offler and Foster, 2008]. The existence of a third orocline
farther south, the Manning Orocline is less clear in geo-
physical images (Figure 1b), but has been advocated by
some authors based on the arcuate shape of a serpentinite

belt and paleomagnetic data from rotated forearc basin
terranes (Figure 1a) [Cawood and Leitch, 1985; Korsch
and Harrington, 1987; Geeve et al., 2002; Glen, 2005;
Klootwijk, 2009; Cawood et al., 2011b]. Other workers
have considered this evidence as tenuous, arguing that no
significant data support the existence of the Manning Oro-
cline [Offler and Foster, 2008]. We demonstrate that the
spatial distribution of early Permian (Cisuralian) granitoids
from the southern New England Orogen is a marker that
defines the oroclinal structure. We present new SHRIMP
U-Pb ages, and show that a number of granitic suites, which
were previously considered to represent two episodes of
magmatism, were in fact emplaced simultaneously over a
short time interval at 296–288 Ma. The contorted lateral
continuation of these granitoids suggests an oroclinal struc-
ture that is far more complex than previously recognized.

2. Geological Setting

[6] The New England Orogen is the youngest and
easternmost component of the Tasmanides orogenic col-
lage of eastern Australia [Glen, 2005]. It occupied a supra-

Figure 1. (a) Geology of the southern New England Orogen and sample locations (filled circles).
Geological mapping is after 1:250,000 map sheets (Singleton, Newcastle, Tamworth, Hastings,
Manilla, Dorrigo-Coffs Harbour, Inverell and Grafton) and 1:100,000 map sheets (Ashford, Clive, Texas,
Stanthrope, Drake, Inglewood and Allora). BT, Barrington Tops Granodiorite; DF, Demon Fault; G,
Greymare Granodiorite; H, Hillgrove Suite; K, Kaloe Granodiorite; MFZ, Manning Fault Zone; MYY,
Mt You You Granite; Nb, Nambucca Block; PFZ, Peel Fault Zone. (b) Total magnetic intensity image
of the southern New England Orogen [after Milligan et al., 2010].
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subduction position from the Late Devonian to the Early
Triassic, as indicated by the occurrence of Devonian to
Carboniferous volcanic arc, forearc basin and accretionary
wedge rocks, as well as a large volume of Permo-Triassic
magmatic rocks [Leitch, 1974; Murray et al., 1987].
[7] The oroclines are found in the southern part of the

New England Orogen. The majority of the rocks in this area
record a Devonian-Carboniferous west-dipping subduction
zone represented by forearc basin and accretionary wedge
rocks (Figure 1a, Tamworth Belt and Tablelands Complex,
respectively). The Devonian-Carboniferous volcanic arc is
found farther west, but is predominantly covered by younger
sedimentary rocks [McPhie, 1987].
[8] The Tamworth Belt is characterized by an arc-related

basin fill, which was deposited on a shelf that was gradually
deepening from west to east [Crook, 1964; Roberts and
Engel, 1987]. Correlative stratigraphic successions are
found in a number of, supposedly displaced, forearc basin
terranes (Emu Creek, Rouchel, Gresford, Myall and Hast-
ings Blocks; Figure 1a), with the Hastings Blocks showing
water deepening from east to west [Lennox and Roberts,
1988], i.e., opposite to the sense of sedimentation in the
Tamworth Belt.
[9] Rocks in the Tablelands Complex are typically deep

marine volcaniclastic turbidites and cherts, mafic volcanic
rocks, and olistostromal deposits [Leitch and Cawood, 1980;
Cawood, 1982; Fergusson, 1984]. These rocks were sub-
jected to varying metamorphic conditions (from prehnite-
pumpellyite/lower greenschist to amphibolite-facies), and
are characterized by a penetrative steeply dipping structural
fabric [Binns et al., 1967; Korsch, 1981; Dirks et al., 1992;
Li et al., 2012].
[10] The boundary between the Tamworth Belt and the

Tablelands Complex is a tectonic contact, the Peel-
Manning Fault System (Figure 1a), which is characterized

by exposures of serpentinites, blueschists and eclogites.
The age of high-pressure metamorphism is middle Orod-
vician [Fukui et al., 1995], indicating that this suture is most
likely a recycled component of the Lachlan Orogen [Glen,
2005].
[11] Early Permian rocks in the southern New England

Orogen seem to indicate a major change in the tectonic set-
ting, possibly associated with eastward subduction rollback
[Jenkins et al., 2002]. This is indicated by evidence for early
Permian backarc extension [Korsch et al., 2009a], and the
occurrence of S-type, possibly backarc-related, magmatism
in the former forearc region [Shaw and Flood, 1981]. The
geodynamic setting of S-type magmatism has been dis-
cussed by Collins and Richards [2008], who suggested that
S-type granites in eastern Australia were associated with
episodic subduction rollback, with their emplacement her-
alding the formation of backarc extensional basins. The
emplacement of S-type granitoids in the southern New
England Orogen occurred simultaneously with the develop-
ment of rift basins filled with clastic sedimentary rocks (e.g.,
Nambucca Block, Figure 1a) and bimodal volcanism
[Asthana and Leitch, 1985; Leitch, 1988; Caprarelli and
Leitch, 2001].
[12] Early Permian (300–285 Ma) granitoids were

emplaced in two major suites, the S-type Bundarra Granite
and the Hillgrove Suite, and in a number of other smaller
S- and I-type plutons (e.g., Mt You You Granite, Kaloe
Granodiorite; Figure 1a). Earlier publications, mainly based
on Rb-Sr geochronology, have considered ages of 290–280
Ma for the Bundarra Granite and 310–300 Ma for the
Hillgrove Suite [Flood and Shaw, 1977; Mensel et al.,
1985; Collins et al., 1993; Kent, 1994]. However, recent
U-Pb zircon ages [Cawood et al., 2011b] and results of this
study show that the two S-type suites were emplaced
simultaneously at 296–288 Ma. The I-type Kaloe Granodi-
orite has recently been dated at 292 Ma [Cawood et al.,
2011b].
[13] Following the first stage of magmatism in the early

Permian, the southern New England Orogen experienced a
long period with scarce magmatism (�285–260 Ma,
Figure 2). The only known granitoids of these ages are the
Barrington Tops Granodiorite (267 Ma [Cawood et al.,
2011b]) and Greymare Granodiorite (280 Ma [Donchak
et al., 2007]), located in the southern and northern parts of
the southern New England Orogen, respectively (Figure 1a).
The end of the magmatic gap coincides with the onset of
�E-W contractional deformation, locally known as the
Hunter-Bowen orogeny [Collins, 1991; Holcombe et al.,
1997b; Korsch et al., 2009b], which commenced at
�265 Ma and continued until �230 Ma. This deformation
involved westward-propagating retro-thrusting of the early
Permian rift basins, which evolved into foreland systems
[Fergusson, 1991; Korsch et al., 2009b]. In the southern
New England Orogen, deformation during the Hunter-
Bowen Orogeny affected early Permian sedimentary rocks of
the Nambucca Block (Nb in Figure 1a), giving rise to the
development of penetrative ductile fabrics [Johnston et al.,
2002; Offler and Foster, 2008].
[14] A second stage of Permian-Triassic magmatism

occurred at 260–220 Ma and was partly overlapped with the
Hunter-Bowen orogeny (Figure 2). It produced voluminous
I-type granitoids and calc-alkaline volcanic rocks, which

Figure 2. Diagram showing the timing of magmatism in
the southern New England Orogen based on published data
[Shaw, 1994; Bryant et al., 1997b; Kleeman et al., 1997;
Vickery et al., 1997; Donchak et al., 2007; Cross et al.,
2009; Cawood et al., 2011b].
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were supposedly emplaced in a continental subduction arc
setting [Flood and Shaw, 1975; Bryant et al., 1997a].

3. Geochronology

3.1. Sampling Locations

[15] Sampling was targeted to obtain precise age con-
straints on the timing of emplacement of early Permian
granitic plutons. We analyzed samples from 19 different
localities across the entire southern New England Orogen
(Figure 1a). Sampling was particularly close-spaced within
the Bundarra and Hillgrove Suites, with the addition of a few
other isolated bodies to complete the profile. For a litho-
logical description of all samples, see Table 1.
[16] Sample NE1005 is from Mt You You Granite, which

is a narrow and elongated (�14 km long) intrusion in the
eastern limb of the Texas Orocline. The pluton is charac-
terized by a relatively heterogeneous composition associated
with biotite monzogranite, syenogranite and minor horn-
blende-biotite monzogranite. In the sampling location, the
granite incorporates mafic enclaves, and is weakly deformed
as indicated by a spaced foliation. The sample analyzed is
granitic in composition, consisting of medium grained K-
feldspar, quartz, plagioclase and minor biotite and chlorite.
[17] Samples NE1016, NE1017, NE1018, NE1019 and

NE1021 were taken from five different localities within the
Bundarra Granite. All five samples are characterized by a
roughly similar mineral composition, consisting of large K-
feldspar phenocrysts (1–2 cm), plagioclase, quartz and biotite.
[18] The majority of analyzed samples were taken from

plutons of the Hillgrove Suite, which is subdivided into two
sectors, a western sector of intrusions oriented roughly N-S in
the central part of the study area, and an eastern sector ori-
ented NW-SE west of Coffs Harbour (Figure 3a). Within
these two sectors two other granitic plutons, termed here
the Rockisle Granite and Gandar Granodiorite, were also
sampled. Ten samples were analyzed from the western
sector, which included S-type monzogranites (NE1048,
NE1046, NE1053, NE1078, NE1030 and NE1028), grano-
diorite (NE1042), granites (NE1056 and NE1023), and dio-
rite (NE1047 from the Cheyenne Complex). Many of these
plutons are internally deformed by localized ductile shear
zones and spaced foliation. Three samples were analyzed
from the eastern sector, which included S-type granodiorites
(NE1075 and NE1071) and a diorite (NE0801).

3.2. Methodology

[19] Zircon grains were separated after rock crushing
using conventional heavy liquid and magnetic properties.
The grains were mounted in epoxy resin and polished to
expose a near equatorial section. Cathodoluminescence (CL)
investigation was carried out on two different scanning
electron microscope supplied with an ellipsoidal mirror for
CL at the Australian National University in Canberra: a
HITACHI S2250N and a JEOLJSM-6610A operating at
similar conditions of 15 kV and 20 mm working distance.
[20] The zircons were analyzed for U, Th and Pb using the

sensitive high resolution ion microprobes (SHRIMP II and
SHRIMP RG) at the Australian National University. Instru-
mental conditions and data acquisition 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 over several
analytical sessions using the same standard, with analytical
sessions having calibration errors between 1.4 and 2.5%
(2 sigma), which was propagated to single analyses. The
measured 206Pb/238U ratio was corrected using reference zir-
con from the Temora granodiorite (TEM) [Black et al., 2003].
The analyses were corrected for common Pb using three dif-
ferent methods based on 204Pb, 207Pb and 208Pb following
Williams [1998]. All three corrections returned results iden-
tical within error. The common Pb composition was assumed
to be that predicted by the Stacey and Kramers [1975] model.
We present data on Concordia diagrams based on the 204Pb or
208Pb common Pb correction and report weighted mean
206Pb/238U ages at 95% confidence level (c.l.) and relative
MSWD, after exclusion of outliers. In most samples the
average 206Pb/238U ages, which typically have a 0.5–0.7%
error (95% c.l.) are forced to 1% to account for external errors.
Data evaluation and age calculation were done using the
software Squid 1 and Isoplot/Ex [Ludwig, 2003].

3.3. Results

[21] Zircon crystals separated from all samples are euhe-
dral and generally elongated, as typically observed in felsic
granitic rocks. Their internal structure is characterized by
oscillatory zoning (Figure S1 in the auxiliary material).1 In
most samples, a percent of crystals contains cores with
zoning that is truncated by the oscillatory zoning of the rim.
U-Pb analyses (Tables S1–S19 in Text S1 in the auxiliary
material) were concentrated on the zircon rims. They sys-
tematically yielded reproducible ages, and their averages
were taken as the age of granite crystallization (Figure S2).
[22] In most samples, a few analyses on grain cores

returned significantly older ages (335–304 Ma), indicating
an inherited nature of the cores. Notably, some cores are
only marginally younger than the main zircon population
and could thus represent early product of the same magmatic
system. Analyses returning apparent ages younger than the
main population are present in six samples and correspond to
crystal rims. Such analyses are interpreted as localized dis-
turbance of the U-Pb system and were excluded from the age
calculation. Discordant analyses were also excluded when
calculating average ages.
[23] Average ages of all samples (Table 1 and Figure S2)

indicate that the granitoids belong to the first episode of
Permian magmatism (Figure 2). The oldest components
of this magmatism (�296–294 Ma) are represented by
the Mt You You Granite, the Rockisle Granite, the Blue
Knobby Monzogranite and the Dorrigo Mountain Com-
plex (Figure 3). The five samples from the Bundarra Granite
yielded consistent ages from 287.9 � 2.9 to 289.5 � 2.9.
Samples from the Bundarra and the Hillgrove largely overlap
in age. The dioritic sample from the Cheyenne Complex
yielded a significantly younger age of 280.0 � 2.8 Ma.

4. Tectonic Implications: The Contorted Early
Permian Magmatic Belt

[24] Our geochronological data indicate that magma
emplacement within a relatively narrow belt that follows the

1Auxiliary materials are available in the HTML. doi:10.1029/
2011TC002960.
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shape of the oroclines occurred at 296–288 � 3 Ma
(Figure 3a). The oroclines can be defined by the lateral
continuation of this magmatic belt (Figures 3b–3d). In the
north, the western limb of the Texas Orocline is defined by
the northern part of the Bundarra Granite (290–288� 3 Ma).
The continuation of the oroclinal structure is recognized in a
series of internally deformed S-type granites, dated at�298–

291 Ma and oriented parallel to the eastern limb of the
Texas Orocline (Bullanganag, Mt You You, Ballandean,
and Jibbinbar; Figure 3a). Farther east, the �292 Ma
Kaloe Granodiorite [Cawood et al., 2011b] is interpreted
as the eastern continuation of this belt (Figures 3b and 3c).
[25] One of the most important implications of the geo-

chronological data is that magma emplacement in the

Figure 3
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Bundarra (290–288 Ma) and Hillgrove (296–288 Ma) Suites
took place during a relatively short time interval lasting
approximately �10 Ma. The only exception is the Cheyenne
Complex in the Hillgrove Suite, for which we obtained a
younger age of 280.0 � 2.8 Ma. A number of other samples
from the Hillgrove Suite yielded identical ages to those
obtained in the Bundarra Granite (e.g., Moona Plains Com-
plex 289.0 � 2.9 and Hillgrove Monzogranite 288.0 � 2.9).
Accordingly, we propose that this belt of contemporaneous
magmatism defines the inner hinge of the Manning Orocline
(Figures 3c and 3d).
[26] The emplacement ages of granitoids from the eastern

part of the Hillgrove Suite (296–289 Ma) demonstrate that

the early Permian magmatic belt continues farther east. These
plutons are aligned NW-SE, parallel to the Kaloe Granodio-
rite. Three alterative interpretations can explain these rela-
tionships (Figures 3b, 3c, and 3d): (1) the eastern Hillgrove
plutons and the Kaloe Granodiorite are parts of two parallel,
but unrelated, magmatic belts (Figure 3b); (2) the eastern
Hillgrove plutons, together with the Kaloe Granodiorite
form a broad magmatic belt surrounding the Coffs Harbour
Orocline (Figure 3c); and (3) the two parallel magmatic belts
are part of a continuous belt, which is curved around the
Texas, Manning and a fourth orocline, which we term here
the Nambucca Orocline (Nb in Figure 3d). The first model,
which assumes that the Manning Orocline does not exist,
cannot explain the southward convergence of the two belts
(see question mark in Figure 3b). The second model implies
an abrupt and unexplained termination of the early Permian
granitoids north of the plutons of the Hillgrove Suite (indi-
cated by a question mark in Figure 3c). The third model
explains the lateral continuity of early Permian granitoids
and implies a strongly contorted structure of four bends
(Figure 3d). As discussed below, we think that this model is
most consistent with structural observations.

5. Supporting Structural Data

[27] Structural information from the New England oro-
clines is relatively patchy due to limited exposures of
pre-oroclinal strata, poor outcrop conditions, and exten-
sive coverage of younger sedimentary and magmatic
rocks. The available structural evidence is consistent with
the oroclinal structure, particularly in the Texas and Coffs
Harbour Oroclines.
[28] One of the most important observations is that within

the Tablelands Complex, structural fabrics (bedding and
secondary foliations) are ubiquitously steeply dipping or
sub-vertical (Figures 4 and 5). This may suggest that the
recognized map-view curved patterns are real bends around
vertical axes rather than projections of shallow dipping
structures intersecting the topography. Alternatively, it is
possible that the steep curved patterns resulted from fold
interference. The superposition of upright �N-S and �E-W
trending folds, for example, could potentially produce sim-
ilarly curved patterns (Figure 6c). However, no evidence for
such interference patterns has been found in mesoscale
structures.

Figure 3. (a) Map showing the spatial distribution of early Permian granitoids and their inferred contorted structure (thick
dashed line). U-Pb SHRIMP ages are based on results of this study, complemented by data from Donchak et al. [2007] (Bu),
Cross et al. [2009] (J), Cawood et al. [2011b] (two samples from the southern Bundarra Granite, K, Ab, Rv, D, Ti and Ki),
and an unpublished age from Geoscience Australia (Ba). Ab, Abroi Granodiorite; Ba, Ballandean Granite; BK, Blue Knobby
Monzogranite; Bu, Bullaganang Granite; Ch, Cheyenne complex; D, Dundurrabin Granodiorite; DM, Dorrigo Mountain
Complex; EL, East lake Monzogranite; G, Gandar Granodiorite; H, Hillgrove Monzogranite; HR, Henry River Monzogra-
nite; J, Jibbinbar Granite; K, Kaloe Granodiorite; Ki, Kilburnie Monzogranite; Ko, Kookabookra Granodiorite; MP, Moona
Plains Complex; MYY, Mt You You Granite; R, Rockisle Granite; Rv, Rockvale Granodiorite; SS, Sheep Station Creek
Complex; Ti, Tia Granodiorite; To, Tobermory Monzogranite; W, Winterbourne Monzogranite. Alternative interpreta-
tions for the lateral continuation of the early Permian belt, involving (b) two oroclines (Texas and Coffs Harbour),
(c) three oroclines (Texas, Coffs Harbour and Manning), and (d) four oroclines (Texas, Coffs Harbour, Manning and
Nambucca). Nb, Nambucca Orocline. Bold lines indicate alternative traces of the oroclinal structure and dashed lines
indicate axial plane orientations. (e) Timing of early Permian magmatism based on our data (black bars) and published
data (gray bars). Localities are projected along the contorted dashed line (A-B in the map) and appear in the horizontal
axis as the distance from the Kaloe Granodiorite.

Figure 4. Map showing Devonian to early Permian rocks
around the Texas, Coffs Harbour and Nambucca Oroclines
and orientations of the dominant structural fabrics (thin
dashed line). Structural data are taken from Li et al. [2012]
(Texas Orocline), Korsch [1981] (Coffs Harbour Orocline)
and Moule [2011] (Nambucca Orocline). B, Baryulgil Ser-
pentinite; EC, Emu Creek Block.
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[29] In the Texas and Coffs Harbour Oroclines, a domi-
nant structural fabric defined by slaty cleavage is recognized
within the accretionary wedge rocks of the Texas Beds and
Coffs Harbour Association (Figure 4). This fabric, which is
generally sub-parallel to bedding, is aligned parallel to the
oroclinal structure [Korsch, 1981; Lennox and Flood, 1997;
Li et al., 2012]. It is considered, therefore, as a pre-oroclinal
fabric, which was most likely generated within the accre-
tionary wedge during the Carboniferous [Graham and
Korsch, 1985]. In the area of the Texas Orocline, a local
overprinting fabric parallel to the axial plane of the orocline
is recognized but is not penetrative, indicating that the overall
strain associated with oroclinal bending was relatively low

(<30% shortening) [Li et al., 2012]. N-S-trending meso-
scopic folds in the area of the Coffs Harbour Orocline were
interpreted by Korsch [1981] as pre-oroclinal folding
because of their varying orientations across the oroclinal
structure. Similarly to the deformation in the Texas Orocline,
syn-oroclinal overprinting structures in the Coffs Harbour
Orocline are not well developed.
[30] In addition to the curved geometry of the sub-vertical

structural fabrics, the existence of the Texas and Coffs-
Harbour Oroclines is supported by a number of additional
observations. First, the forearc basin exposed in the southern
part of the western limb of the Texas Orocline (Tamworth
Belt), is represented in the eastern limb by the Emu Creek
Block (Figure 4), which is characterized by a comparable
Carboniferous tectonostratigraphy [Cross et al., 1987].
Second, the exposure of a serpentinite block in the eastern
limb of the Texas Orocline, the Baryulgil Serpentinite
(Figure 4), is consistent with the curvature of the serpentinite
belt around the orocline. Third, magnetic fabric results show
an increase in the intensity of deformation toward the hinges
of the oroclines, supposedly in response to oroclinal defor-
mation [Aubourg et al., 2004].
[31] New structural data from the hinge of the Nambucca

Orocline is consistent with the curved geometry [Moule,
2011], although further structural investigation is required.
Steeply dipping dominant structural fabric is curved around
the orocline (Figure 4), and locally, there is an overprinting
NW-SE secondary fabric parallel to the axial plane of minor
folds. A spaced cleavage that follows the curvature of the
Nambucca Orocline is also recognized in the early Permian
(�293 Ma) Henry River Granite.
[32] Evidence supporting the structure of the Manning

Orocline is the curved arrangement of forearc basin terranes
and the curvature of the serpentinite belt (Figure 5). Paleo-
magnetic constraints on vertical-axis block rotations are
incomplete [Cawood et al., 2011a]. However, available data
from the forearc basin terranes (Rouchel, Gresford and
Myall Blocks) are consistent with oroclinal bending, show-
ing increasing amounts of counterclockwise block rotations
(80°, 80° and 120°, respectively) [Geeve et al., 2002]. In the
Hastings Block, in contrast, Schmidt et al. [1994] interpreted
130° clockwise rotation relative to the Australian craton,
which is inconsistent with oroclinal bending. However,
Klootwijk [2009] has recently reinterpreted these paleo-
magnetic data by comparing the Namurian (326–313 Ma)
paleopole with the northern Tamworth Belt, suggesting a
150° counterclockwise rotation. These results are compatible
with a model for oroclinal bending (see section 6.3 and
Figure 7).
[33] One of the major problems with the interpretation of

the Manning Orocline is that bedding and secondary folia-
tions are predominantly oriented N-S (Figure 5). Curved
structural fabric is only vaguely recognized in the eastern
limb (Figure 5), whereas the dominant �N-S fabric seems to
represent syn-oroclinal deformation parallel to the axial
plane of mesoscopic folds. The hinge of the Manning Oro-
cline, in the area of Tia metamorphic complex, is a high-
grade zone associated with the emplacement of the Tia
Granodiorite [Dirks et al., 1992; Dirks et al., 1993]. The
latter has been emplaced at �296 Ma [Cawood et al.,
2011b], and was synchronous with the development of a
dominant structural �N-S fabric [D5 of Dirks et al., 1992].

Figure 5. Geological map of the southernmost New Eng-
land Orogen in the area of the Manning Orocline. The oro-
cline is defined by the arrangement and block rotations of
forearc basin terranes, the curvature of the serpentinite belt
(thick dashed line) and the curved shape of the early Permian
granitoids. Thin dashed lines indicate dominant trends of
secondary foliations, possibly comprising a combination of
syn- and post-oroclinal �N-S fabrics and pre-oroclinal fab-
rics (e.g., E-W orientations in the Tia complex). Fabric ele-
ments are based on our own observations, complemented
by data from Binns et al. [1967] and Dirks et al. [1992].
Paleomagnetic block rotations are after Geeve et al. [2002]
(Rouchel, Gresford and Myall Blocks) and Klootwijk
[2009] (Hastings Block). MB, Manning Basin. Legend is
similar to Figure 4.
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An earlier pre-magmatic, and possibly pre-oroclinal, fabric
(D4) is oriented E-W [Dirks et al., 1992], i.e., perpendicular
to the axial plane of the orocline (Figure 5).

6. Discussion

6.1. How Many Oroclines?

[34] The exact geometry of the oroclinal structure remains
controversial and warrants additional structural and kine-
matic constraints. In particular, structural observations
from the hinges of the Manning and Nambucca Oroclines
are relatively scarce and/or ambiguous. Therefore, our
suggestion that these areas represent major orogenic cur-
vatures should be tested in future studies. The proposed
four-orocline structure is consistent with available data and
is used here as the basis for our tectonic reconstruction
(Section 6.3). We note, however, that alternative geomet-
rical models (Figures 3b–3c) cannot be ruled out.
[35] In a two-orocline model [e.g., Offler and Foster,

2008], the Nambucca Orocline can be considered as the
inner hinge of the Texas Orocline (Figure 3b). A slightly
modified version of this interpretation is illustrated in
Figure 6a, showing that the axial plane of the Texas-
Nambucca orocline is curved, possibly in response to the
post-Triassic dextral offset (20–25 km) along the Demon
Fault [Korsch et al., 1978; McPhie and Fergusson, 1983].
The continuation of this axial plane farther to the southeast
could possibly be represented by folding in the Hastings
Block (“Hastings bend” in Figure 6a), although the link
between the two axial plane segments is unclear.
[36] The two-orocline model postulates that deformation

in the Manning region was not associated with oroclinal
bending, thus explaining the difficulty in observing the
curvature of bedding and structural fabrics in this area. If this

model is correct, then an alternative structural configura-
tion is required in order to account for rotations and
displacements of forearc basin terranes and the apparent
folding of the serpentinite belt in the southernmost New
England Orogen (Figure 5). For example, in a model
suggested by Collins [1991], the kinematic evolution of
this region was predominantly attributed to faulting and
folding during the Hunter-Bowen orogeny (265–230 Ma).
However, based on paleomagnetic data [Geeve et al.,
2002], it appears that vertical-axis block rotations had
occurred earlier (see next section).
[37] The three-orocline model (Figure 3c) is the one that

was considered in a number of previous publications
[Cawood and Leitch, 1985; Korsch and Harrington, 1987;
Glen, 2005; Klootwijk, 2009]. It explains the curved pattern
of serpentinites and early Permian granitoids in the area of
the Manning Orocline (Figure 5). The reason why this cur-
vature is not reflected in the bedding orientations of the
(supposedly rotated) forearc basin terranes remains
unknown. According to the three-orocline model, the eastern
limb of the inferred Nambucca Orocline is the western limb
of the Coffs Harbour Orocline [Korsch, 1981], meaning that
the Nambucca Orocline does not exist (Figure 3c).
[38] The four-orocline model (Figure 3d) explains the

spatial distribution of early Permian granitoids (Figure 3d)
and is supported by preliminary structural data from the
hinge of the Nambucca Orocline [Moule, 2011]. A version
of this model has recently been discussed by Cawood et al.
[2011a], who described two doubly vergent pairs of oro-
clines (Texas-Coffs Harbour and Manning-Hastings).
[39] From a purely geometrical point of view, the complex

four-orocline geometry could be explained as an orogenic-
scale refolded fold (Figure 6b), in which an earlier steeply
plunging or vertical fold (Manning Orocline) was refolded

Figure 6. Alternative models for the geometry of the New England oroclines (thick gray line). The spa-
tial distribution of forearc basin terranes (gray) and early Permian granitoids (brown) is shown in the back-
ground. Major magnetic lineaments (Figure 1b) are also shown. (a) A two-orocline structure of the Texas
and Coffs Harbour Oroclines (see also Figure 3b). Note that bending in the Nambucca and Hastings
regions is interpreted here as the southwestward continuation of the axial plane of the Texas Orocline
(red), which was possibly affected by post-Triassic strike-slip faulting. (b) A geometrical model for four
oroclines showing an early generation Manning Orocline (F1) folded around NW-SE F2 folds. (c) An alter-
native four-orocline geometrical model showing the interference of two orthogonal fold hinges.
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around NW-SE axial planes (Texas, Nambucca and Coffs
Harbour Oroclines). However, this geometry requires sub-
stantial tectonic transports and isoclinal folding of the whole
orogenic belt. Therefore, if this model is correct, it has major
implications on the tectonic evolution of eastern Australia.
Alternatively, one could consider a large-scale interference
pattern associated with the superposition of N-S and E-W
folds (Figure 6c). This geometry implies that non-cylindrical
N-S fold hinges link the Manning and Texas Oroclines, as
well as the Coffs Harbour and Nambucca Oroclines. The
link between the two latter oroclines, however, does not
seem to correspond to the curved pattern of Early Permian
granitoids around the Nambucca Oroclines (see question
mark in Figure 6c).

6.2. Timing of Oroclinal Bending

[40] Our results indicate that oroclinal bending occurred
during and/or after the emplacement of early Permian (296–
288 Ma) granitoids and terminated prior to the onset of the
second phase of Permian-Triassic (260–230 Ma) magma-
tism. This second phase of mostly I-type magmatism is
characterized by a broadly linear spatial distribution oriented
NE-SW, truncating the oroclinal structure (Figure 1).
[41] Time constraints on the development of the Texas and

Coffs Harbour Oroclines are based on structural and paleo-
magnetic data from early Permian rocks [Aubourg et al.,
2004; Li et al., 2012]. A conglomerate layer at the base of
this rock succession includes volcanic material dated at 293–

Figure 7. Schematic conceptual model for the development of the New England oroclines. (a) West-
dipping subduction in a gently curved Andean-type subduction zone. (b) Subduction rollback leading
to slab segmentation in the north and asymmetric backarc extension in the south. (c) Culmination of
subduction rollback and the development of the Manning Orocline during wholesale crustal extension.
(d) Plate reorganization resulting in the establishment of a dextral transform boundary and associated
oroclinal bending in the Texas, Coffs Harbour and Nambucca Oroclines. (e) Reestablishment of an
Andean-type subduction zone accompanied by voluminous calc-alkaline magmatism and crustal short-
ening. Bw, Bowen Basin; CH, Coffs Harbour Block; EC, Emu Creek Block; Gn, Gunnedah Basin; Gr,
Gresford Block; Hs, Hastings Block; Mn, Manning Basin; My, Myall Block; Nb, Nambucca Block;
Ro, Rouchel Block; Sd, Sydney Basin; Tm, Tamworth Belt; Tx, Texas Block.
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291 Ma [Roberts et al., 1996], whereas the youngest strata in
this succession are Artinskian (�285–275 Ma [Briggs,
1993]). Magnetic fabric data indicate that oroclinal bending
commenced prior to deposition of the conglomerate layer,
and that a second stage of oroclinal bending continued after
the deposition of the overlying sedimentary rocks [Aubourg
et al., 2004].
[42] Paleomagnetic data from forearc basin terranes in the

Manning Orocline [Geeve et al., 2002] suggest that coun-
terclockwise rotations occurred prior to the Asselian (299–
295 Ma). This time constraint, however, should be treated
with care, due to the limited paleomagnetic data set and the
lack of coeval paleopoles from the different blocks [Cawood
et al., 2011a]. If this time constraint is correct, then block
rotations occurred prior to the second stage of development
of the Texas and Coffs Harbour Orocline, and possibly
during the development of extensional rift basins (e.g.,
Nambucca Block and Manning Basin, Figure 5). An I-type
volcanic rock from the base of the Nambucca Block has
recently been dated as 292.6 � 2.0 Ma [Cawood et al.,
2011b], i.e., simultaneously with the emplacement of S-
type granitoids in the Bundarra and Hillgrove Suites. Given
these time constraints, it appears that the curved structure of
the early Permian granitoids reflects a primary or a pro-
gressive arc (i.e., progressive curvature of the belt during
orogenesis [Weil and Sussman, 2004]), rather than a sec-
ondary bending of an originally linear belt.
[43] Based on the combined structural, geochronological

and paleomagnetic data it appears that oroclinal bending
occurred in multiple stages. The earlier stage occurred prior
or during the development of the early Permian rift system.
It involved block rotations in the Manning Orocline, an
earlier stage of bending in the Texas and Coffs Harbour
Oroclines, and the emplacement of S-type granitoids parallel
to the curved structure (i.e., as a primary or progressive arc).
The second stage of oroclinal bending is constrained to
285–260 Ma, i.e., after the deposition of the early Permian
succession and prior to the onset of the second phase of
Permian-Triassic magmatism. This deformation mainly
affected the Texas and Coffs Harbour Orocline.

6.3. Tectonic Reconstruction

[44] The complex structure of the New England oroclines
has profound implications to tectonic reconstructions of
eastern Australia during the Late Paleozoic. Here we propose
a conceptual reconstruction model accounting for the devel-
opment of the four oroclines. We emphasize, however, that
all pre-Mesozoic reconstructions are based on patchy data
sets and are therefore inevitably incorporating numerous
assumptions and potential errors. The aim of our recon-
struction, therefore, is only to highlight potential mechanisms
that can be tested in future studies.
[45] Previous reconstructions have considered a simpler

oroclinal structure, restricted to the Z-shaped geometry of the
Texas and Coffs Harbour Oroclines, which was attributed to
oblique convergence and dextral strike-slip faulting [Murray
et al., 1987; Offler and Foster, 2008]. This model could
account for the development of the Texas and Coffs Harbour
Oroclines, but cannot explain the opposite sense of curvature
associated with the Manning Orocline. Furthermore, as
recently demonstrated by Li et al. [2012], oroclinal bending
by dextral strike-slip faulting would impose relatively high

strain (>50% shortening) in the area of the Texas Orocline,
inconsistently with the observed low strain and the lack of
localized shear zones. In our proposed model, therefore, we
assume a more complex tectonic history, in which dextral
strike-slip faulting is only one stage in the process of orocl-
inal bending (Figure 7d).
[46] The schematic reconstruction (Figure 7) takes into

account the following three mechanisms that are known to
generate curvatures in modern orogens: subduction rollback
[e.g., Royden, 1993; Schellart et al., 2002; Rosenbaum and
Lister, 2004], strike-slip faulting [e.g., Kamp, 1987] and
tightening of previous curvatures by bulk shortening.
6.3.1. Subduction Rollback
[47] The reconstruction assumes an originally gently

curved shape of the Carboniferous subduction zone (320–
310 Ma), similarly to the present-day Bolivian Orocline
(Figure 7a). This west-dipping subduction complex was
associated with a volcanic arc, a series of forearc basins and
a well-developed accretionary wedge. The initial (Carbon-
iferous) orientation of forearc basin terranes (EC, Tm, Gr,
Ro, My and Hs in Figure 7a) is back-rotated using infor-
mation from paleomagnetic data on block rotations around
vertical axes (see Section 5). The originally curved structure,
particularly in the area of the future Texas Orocline, could be
attributed to an inherited bend in the continental margin
(e.g., in the boundary between the Lachlan and Thomson
Orogens [Li et al., 2012]). Alternatively, it is possible that
subduction curvature was attained by the onset of sub-
duction rollback, at 310–305 Ma, in the northern New
England Orogen [Little et al., 1992] and in the southern
part of the southern New England Orogen [Jenkins et al.,
2002], but not in the area in between (Figure 7a). Such
variations in rollback velocities along the strike of the
subduction zone would result in progressive curvature of
the subduction zone, similarly to the way that the Bolivian
Orocline may have formed [Schellart et al., 2007].
[48] Subduction rollback in our model is the major

mechanism responsible for the formation of the East Aus-
tralian Rift System in the early Permian. These basins are
widest in the north (Bowen Basin) and in the south (Gun-
nedah and Sydney Basins), but are relatively narrow in the
area west of the Tamworth Belt (Figure 7b) [Korsch et al.,
2009a]. Accordingly, we propose that in this area the sub-
duction zone was pinned.
[49] We propose that asymmetric subduction rollback in

the south was responsible for the formation of the Manning
Orocline (Figures 7b and 7c), in a similar way to the modern
tectonic evolution of the South Fiji Basin [Schellart et al.,
2002]. Oroclinal bending was accompanied by backarc
extension, giving rise to the development of the early Perm-
ian rift basins in the Nambucca Block and Manning Basin
(Figure 7b). A relatively early (�300–290 Ma) development
of the Manning Orocline is supported by paleomagnetic data,
which suggest a minimum age of counterclockwise rotations
in the Asselian (299–295 Ma) [Geeve et al., 2002; Klootwijk,
2009]. It also explains the distinctly different structural and
metamorphic history recorded in the area of the Manning
Orocline in comparison with the deformation around the
three other oroclines.
[50] North of the pinning zone, eastward rollback resulted

in widespread extension, involving the development of gra-
bens and half grabens [Holcombe et al., 1997a]. We propose
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that subduction rollback north of the pinning zone resulted
in the segmentation of the subduction zone, giving rise to the
emplacement of relatively small plutons with heterogeneous
composition, including both S- and I-type granitoids and
some mafic components (e.g., Mt You You Suite). In con-
trast, magmatism in the area opposite the pinned subduction
segment was characterized by the voluminous S-type Bun-
darra Granite and was much more homogenous (Figure 7c).
6.3.2. Plate Boundary Reorganization
[51] Only minor magmatism occurred in the period from

285 Ma to 260 Ma (Figure 2), and this is interpreted as
indicating plate reorganization and a temporal cessation of
subduction processes. The reconstruction follows previous
suggestions for oblique convergence and a dextral transform
boundary [Murray et al., 1987; Offler and Foster, 2008],
responsible for oroclinal bending in the Texas, Coffs Har-
bour and Nambucca Oroclines (Figure 7d). A local collision
between the early Permian Nambucca Block and the Coffs
Harbour Block was possibly responsible for the develop-
ment of penetrative deformation within the early Permian
sedimentary rocks at 264–260 Ma [Offler and Foster, 2008].
6.3.3. Hunter-Bowen Orogeny
[52] The final stage in the development of the New

England oroclines involved tightening by E-W shortening
(Figure 7e). This tectonic episode is attributed to the
Hunter-Bowen orogeny, which commenced at �265 Ma
and was associated with folding and thrusting [Collins,
1991; Holcombe et al., 1997b; Korsch et al., 2009b].
Regional contractional deformation has also affected the
early Permian Sydney-Gunnedah Basins, and was respon-
sible for the development of overprinting N-S structural
fabric in the Nambucca Block [Johnston et al., 2002].
Deformation was accompanied by widespread calc-alkaline
magmatism, indicating that an Andean-type subduction
zone was reestablished.

7. Conclusions

[53] In this paper, we presented 19 new U-Pb zircon
ages from early Permian granitoids in the southern New
England Orogen. All ages, except of one, are clustered at
296–288 Ma consistently with other recently published
geochronological data [Cawood et al., 2011b]. The new
time constraints on granite emplacement enable us to
recognize a continuous belt of early Permian granitoids
that define a complex oroclinal structure.
[54] The recognition of a contorted belt of early Permian

granitoids and rift sequences highlights the geometry of the
New England oroclines. We propose that the early Permian
magmatic belt is curved along the Manning Orocline
(Figure 3), thus supporting earlier suggestions on the exis-
tence of this orocline [Cawood and Leitch, 1985; Korsch
and Harrington, 1987]. Furthermore, we propose the exis-
tence of a fourth oroclinal structure, the Nambucca Orocline,
which appears as the refolded eastern limb of the Manning
orocline (Figure 7d). Future structural and paleomagnetic
studies should test the proposed quadruple oroclinal geom-
etry, which appears as one of the most complex contorted
orogens worldwide.
[55] The geodynamic setting responsible for the formation

of this oroclinal structure remains speculative. We propose a
conceptual model, involving an early development of the

Manning Orocline by asymmetric subduction rollback, fol-
lowed by oroclinal bending by dextral traspression, and
tightening of the oroclines by a subsequent event of regional
E-W shortening.
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