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Abstract The mechanisms that drove Permian-Triassic orogenesis in Australia and throughout the
Cordilleran-type Gondwanan margin is a subject of debate. Here we present field-based results on the
structural evolution of the Gympie Terrane (eastern Australia), with the aim of evaluating its possible role
in triggering widespread orogenesis. We document several deformation events (D1–D3) in the Gympie
Terrane and show that the earliest deformation, D1, occurred only during the final pulse of orogenesis
(235–230 Ma) within the broader Gondwanide Orogeny. In addition, we found no evidence for a crustal
suture, suggesting that terrane accretion was not the main mechanism behind deformation. Rather, the
similar spatiotemporal evolution of Permian-Triassic orogenic belts in Australia, Antarctica, South Africa, and
South America suggest that the Gondwanide Orogeny was more likely linked to large-scale tectonic
processes such as plate reorganization. In the context of previous work, our results highlight a number of
spatial and temporal variations in pulses of deformation in eastern Australia, suggesting that shorter cycles of
deformation occurred at a regional scale within the broader episode of the Gondwanide Orogeny. Similarly to
the Cenozoic evolution of the central and southern Andes, we suggest that plate coupling and orogenic
cycles in the Late Paleozoic to Early Mesozoic Gondwanide Orogeny have resulted from the superposition of
mechanisms acting at a range of scales, perhaps contributing to the observed variations in the intensity,
timing, and duration of deformation phases within the orogenic belt.

1. Introduction

Orogenic cycles are commonly attributed to episodes of enhanced plate coupling intermitted by periods of
tectonic relaxation and/or crustal extension [Beltrando et al., 2007; Collins, 2002; Lister et al., 2001]. In accre-
tionary orogens, such episodes may be triggered by local changes in the subduction dynamics that were
associated with, for example, terrane accretion [Huang et al., 2000] or the arrival of anomalously thick oceanic
crust at the subduction zone [Cloos, 1993; Lallemand et al., 1992; Rosenbaum and Mo, 2011]. Alternatively,
enhanced coupling may correspond to global tectonic plate reorganization events [e.g., Silver et al., 1998]
that may trigger a cascade of plate tectonic changes. Such orogenic processes play a fundamentally impor-
tant role in the tectonic evolution of continents, and their recognition is therefore crucial for understanding
and reconstruction of past tectonic events.

The Pacific/Iapetus margin of Gondwana (cf. Terra Australis Orogen) has been affected by intense orogenesis
from the Late Paleozoic to Early Mesozoic (~300–230 Ma) in what is known as the Gondwanide Orogeny
[Cawood, 2005; Du Toit, 1937; Veevers and Morgan, 2000]. Enhanced coupling has been linked to accretion of
exotic terranes, particularly along the West Gondwana part of the orogen [Vaughan and Pankhurst, 2008].
However, it has also been suggested that enhanced coupling was driven by increased convergence rates
following a plate reorganization event [Cawood, 2005]. In the Australian sector of the Gondwananmargin, oro-
genesis mostly occurred in association with repeated cycles of subduction zone advance and retreat [Collins,
2002], and although exotic terranes have been suggested to play a role, there is some disagreement with
regard to the autochthonous or allocthonous origin of some suspected exotic terranes, including the
Gympie Terrane (e.g., Aitchison and Buckman [2012] versus Li et al. [2015]). Whether the Gondwanide orogen-
esis in the Australian segment, locally known as the Hunter-BowenOrogeny, has resulted from large-scale plate
kinematic changes [Cawood and Buchan, 2007] or from local features within the subduction zone [Buckman
et al., 2015; Jenkins et al., 2002; Korsch et al., 2009b; Li et al., 2012; Nutman et al., 2013] is still an open question.

The Permian-Triassic Gympie Terrane is located in eastern Australia (Figure 1) and was originally thought to
be an anomalous tectonic association that did not fit the predicted distribution of more widespread orogenic
rocks [Day et al., 1978]. Correlations with terranes in New Zealand and New Caledonia, on the basis of
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Figure 1. (a) Late Paleozoic configuration of Gondwana [Domeier and Torsvik, 2014] showing the approximate extent of the
Terra Australis Orogen. Latitude and longitude grid spacing is 30°; (b) crustal elements of Australia and peri-Gondwanan
terranes of the SW Pacific [after Collot et al., 2012]. Gympie Terrane and suggested correlatives highlighted in blue;
(c) simplified geological map of eastern Australia (data from Geoscience Australia).
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geochemical and petrographic similarities [Harrington, 1974; Sivell and Waterhouse, 1988; Waterhouse and
Sivell, 1987], were interpreted to suggest that a laterally extensive exotic island arc terrane had been
accreted to the Gondwanan margin [Cawood, 1984; Korsch et al., 2009b; Waterhouse and Sivell, 1987].
Accordingly, it has been suggested that the Hunter-Bowen Orogeny was directly linked to the accretion
of an exotic island arc [Buckman et al., 2015; Harrington and Korsch, 1985; Nutman et al., 2013].
Geochemical and detrital zircon data, however, do not support this interpretation, suggesting that the
Gympie Terrane did not originate far from the Australian continental crust [Korsch et al., 2009c; Li et al.,
2015; Sivell and McCulloch, 2001]. Whether the Gympie Terrane is completely autochthonous, as
suggested by Li et al. [2015], or paraautochthonous with respect to eastern Australia, has remained unre-
solved. However, there is only limited information available regarding the deformation history of the
Gympie Terrane, which remains a major impairment in assessing the origin of the terrane and its
relationship with the Hunter-Bowen Orogeny. The Gympie Terrane therefore presents an opportunity to test
the mechanisms that drove cycles of deformation in the Gondwanide Orogeny.

This paper presents new field-based data on the style of deformation in the Gympie Terrane. These new
structural data are complemented by a synthesis of existing structural and geochronological constraints on
Hunter-Bowen deformation. The results provide insights into the episodic nature of deformation in an
ancient cordilleran-type accretionary orogen, with specific implications for the fundamental controls on plate
coupling along the active Gondwanan margin during the Late Paleozoic to Early Mesozoic.

2. Geological Setting

The Terra Australis Orogen formed at the paleo-Pacific margin of Gondwana and can be traced along the
margin from Australia to South America (Figure 1a) [Cawood, 2005]. It consists of a Neoproterozoic rift and
passive continental margin assemblage and a succession of Paleozoic convergent plate margin assemblages
that are well preserved in the Tasmanides of eastern Australia (Figure 1b) [Cawood, 2005; Glen, 2013]. The
youngest and most easterly assemblage in the Tasmanides (New England, Figures 1b and 1c) mainly consists
of the following: (1) Devonian to Carboniferous subduction-related rocks, (2) Early Permian rift-related rock
units, and (3) middle Permian to Late Triassic continental arc-related rocks that formed simultaneously with
Hunter-Bowen Orogeny [Day et al., 1978; Holcombe et al., 1997a, 1997b; Korsch et al., 2009a; Murray et al.,
1987]. The Hunter-Bowen Orogeny is mainly recognized in three main periods of contractional deformation:
an initial ~270–260 Ma phase of deformation (HBO 1), renewed ~253 Ma deformation and rapid foreland
loading (HBO 2), and a final ~235–230 Ma phase of deformation (HBO 3) [Holcombe et al., 1997b]. At the con-
tinental scale, Hunter-Bowen Orogeny transformed the New England zone into a doubly vergent fold belt
[Holcombe et al., 1997b]. Hunter-Bowen crustal loading led to increased subsidence and the formation of
an ~1600 km long retroforeland basin to the west, in the Permian-Triassic Bowen, Gunnedah, and Sydney
basins (Figure 1c) [Korsch and Totterdell, 2009]. The underlying cause (or causes) of these periods of increased
plate coupling is not well understood, with many different models proposed including flat-slab subduction
[Jenkins et al., 2002; Korsch et al., 2009b; Li et al., 2012], increased convergence following plate reorganization
[Cawood and Buchan, 2007], or the accretion of a suspect oceanic arc comprising the Gympie Terrane and its
now-dispersed along-strike correlatives (Figure 1b) [Buckman et al., 2015; Cawood, 1984; Korsch et al., 2009b;
Nutman et al., 2013; Waterhouse and Sivell, 1987].

The Gympie Terrane is situated in eastern Australia, in the central part of the New England zone, and is sepa-
rated by a tectonic contact from Devonian-Carboniferous accretionary complex rocks to the west (Figures 1b
and 1c). However, the nature of this tectonic contact and its kinematics is poorly understood. Some authors
contend that the Gympie Terrane is an exotic terrane with island arc geochemical affinities [Sivell and
Waterhouse, 1988] with the tectonic contact possibly representing a crustal suture zone. Alternatively, the
Gympie Terrane may have developed at or near the eastern margin of the Australian plate as an arc
fore-arc assemblage [Sivell and McCulloch, 2001; Li et al., 2015] that was either autochthonous or paraau-
tochthonous. If so, the tectonic contact may only represent a fault associated with the Permian-Triassic
Hunter-Bowen Orogeny and/or younger wrench reactivation [e.g., Babaahmadi and Rosenbaum, 2014a,
2014b]. In any case, 40Ar/39Ar—biotite cooling ages of 237 ± 0.4 Ma to 234 ± 0.4 Ma [Tang, 2004] on stitching
plutons suggest that the terrane was adjacent to the New England accretionary complex before the end of
the Hunter-Bowen Orogeny in the Late Triassic.
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Geochemical and Sm/Nd isotope studies [Sivell and Waterhouse, 1988; Sivell and McCulloch, 2001] suggest
that the Gympie Terrane formed in a convergent plate margin setting, with tholeiitic basalts in the lowermost
unit sourced from a depleted asthenospheric mantle source that was metasomatized by hydrous fluids from
the subducted lithosphere [Sivell and McCulloch, 2001]. While this process could represent juvenile oceanic-
arc magmatism, the overlying dacitic rocks formed as products of extensive melt fractionation [Sivell and
Waterhouse, 1988; Sivell and McCulloch, 2001], which suggests a more mature arc setting. The overlying inter-
mediate volcanic rocks are dominant and are thought to require the incorporation of a substantial amount of
continental-derived greywackes into the melts [Sivell and McCulloch, 2001], thus further supporting the idea
that the Gympie Terrane did not originate as a typical juvenile intraoceanic arc.

Rocks in the Gympie Terrane are predominantly marine extrusive and pyroclastic volcanic rocks, as well as
volcanogenic sedimentary rocks (Figure 2) [Arnold, 1996; Cranfield, 1999; Murphy et al., 1976; Runnegar and
Ferguson, 1969; Waterhouse and Balfe, 1987; Stidolph et al., 2016]. The lower part of the succession is domi-
nated by basaltic to dacitic volcanic and deep marine sedimentary rocks of the Highbury, Mary, and Dawn
formations. The depositional environment shallows upward into volcanogenic sandstone and conglomerate
with subordinate andesitic volcanic and volcaniclastic rocks, followed by impure limestone (Rammutt Group
and South Curra Limestone). These rocks are overlain by rhythmically interbedded marine sandstones and
siltstones of the Tamaree Formation, which are in turn unconformably overlain by terrestrial conglomerate
and coarse sandstone of the Keefton Formation. The Kin Kin beds are the uppermost unit in the Gympie
Terrane, comprising a tectonically thickened sequence of slate, shale, cleaved sandstone, and phyllite that
dominates the eastern part of the terrane.

Regional mapping shows that a number of fault systems dissect the Gympie Terrane into a mosaic of blocks
[Cranfield, 1999], which are most apparent in the Permian rocks within and surrounding the Gympie Goldfield
(Figure 3). The Gympie Terrane records at least two phases of contraction and thrust faulting; early contrac-
tion folded the succession and generated a slaty cleavage in the central and eastern part of the terrane, while
later contraction involved, for example, a bedding subparallel postmineralization décollement that cuts the
cleaved country rock and synmineralization magmatic rocks, truncating the top of the Gympie ore body at

Figure 2. Stratigraphic framework of the Gympie Terrane and coeval foreland basin. Stratigraphic units of the Gympie Terrane [after Stidolph et al., 2016] with
age control based on fossils [Runnegar and Ferguson, 1969; Waterhouse and Balfe, 1987] and U-Pb zircon geochronology [Li et al., 2015]. Seismic unconformities
of Korsch et al. [2009b] are adjusted to a recalibrated Bowen Basin stratigraphy and timescale [Nicoll et al., 2015; Laurie et al., 2016].
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Figure 3. Map showing solid geology and structure of the Gympie Terrane. Modified and revised from Cranfield [1999] based on field observations and interpretation
of tilt angle-filtered aeromagnetic data (line spacing 50 m, data from Geological Survey of Queensland). Note that the labeled yellow markers correspond to field
photograph locations and are oriented to show the view direction.
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the base of the South Curra Limestone (Curra Break Fault, Figure 3) [Arnold, 1996; Crawford, 2003; Stidolph
et al., 2016]. Late stage E-W striking normal faults are present, as well as late NW-NNW striking strike-slip faults
such as the Laing Fault [Arnold, 1996; Cranfield, 1999;Matthai et al., 1991; Stidolph et al., 2016], which is amajor
structure in the Gympie Terrane and one of many NNW striking faults throughout eastern Australia. Although
early reverse movement is suggested by the juxtaposition of Lower Permian against Upper Permian rocks in
map view (Figure 3), the dominant motion on the fault is related to late-stage reactivation with predomi-
nantly sinistral strike-slip kinematics [Stidolph et al., 2016], possibly during Mesozoic and/or Cenozoic wrench-
ing [e.g., Babaahmadi and Rosenbaum, 2014a, 2014b].

3. Methods

We collected structural and lithological observations (n ≈ 1200) from 700 field sites in the Gympie Terrane
(see mapping coverage inset in Figure 3). These were complemented by observations from existing maps
produced by the Geological Survey of Queensland (n ≈ 2400) and Gympie Eldorado Gold Mine (n ≈ 1500).
To understand the overall structure of each outcrop, we measured the orientation of structures using a
geological compass and documented the local lithology, fabric intensity, deformation style, crosscutting rela-
tionships, overprinting criteria, and kinematic indicators. Most outcrops showed evidence for one or more
phases of deformation that were each characterized on the basis of the deformation style and overprinting
relationships to determine the local structural history at each outcrop (see section 4). Throughout the terrane,
we correlated the different structural features on the basis of their distinct deformation style and recognized
a consistent pattern in the relative timing of structures. This information was then used to construct a regio-
nal deformation history for the Gympie Terrane (section 5). Note that the location of all insets and field photo-
graphs appear in the relevant map figures as black boxes and yellow circles, respectively.

4. Structural Observations From the Gympie Terrane

A number of major road cuttings provide excellent exposures of the Kin Kin beds that clearly demonstrate
structural and overprinting relationships of deformation and intrusive rocks in the southern Gympie Terrane
(Figure 4a). Bedding planes (S0) are commonly preserved as thin sandstone beds or interlaminations, and a
strong slaty cleavage (S1) is ubiquitous. The S1 cleavage orientation changes at each outcrop (Figures 4b–4h)
indicating a polyphase deformation history. Moderately inclined, overturned F1 folds are observed at the
small (~101 m) scale and are evident at outcrop (>102 m) scale from bedding cleavage relationships, changes
in fold vergence, and structural facing (Figure 4i). Folds are noncylindrical and four structural domains
(Figures 4e–4h) are present within the area of the cross section (Figure 4i). A series of 2–60 m (commonly
6–7 m) thick mafic to intermediate dykes and a 15–20 m thick felsic dyke are observed in outcrop
(Figures 4a and 4f), coinciding with anomalies in tilt angle-filtered magnetic data. The dykes are steeply dip-
ping and strike NW to NNW and are observed to cut the S1 slaty cleavage at a low angle and thus were
intruded after S1. Minor faults cut both the S1 slaty cleavage and dykes (Figure 4j), as do small kink bands
and large kink folds, which refold the first generation folds and strongly influence the S1 orientation
(Figures 4b–4f). Some kink-style folds appear to have formed at the tips of faults, similar in style to fault pro-
pagation folds (Figure 4j), whereas others are unrelated to faulting. Kinematic indicators from some NE dip-
ping faults, such as Riedel shears, asymmetrical strain shadows around resistant clasts, asymmetrical foliation,
and dragging of the S1 cleavage, provide evidence that brittle style reactivation involved normal kinematics
(Figure 4k) that postdated a more ductile phase of reverse movement preserved in the hanging wall rocks
adjacent to the fault (Figure 4l). The normal-sense offset of kink folds intersecting the NE dipping faults
(Figures 4i and 4m) indicate that normal faulting postdates the kink folds.

The relationship between first-generation overturned folds and the penetrative slaty cleavage is demon-
strated in an E-W transect along Coles Creek Road (Figure 5). In this region, S0 has been folded parallel to
the S1 axial planar cleavage to form kilometer-scale F1 folds that are steeply inclined, overturned, and plunge
moderately toward the north (Figures 5a and 5b). The dominant S1 cleavage dips steeply toward the ENE and
is a continuous foliation defined by the alignment of fine white and brown mica, pressure dissolution seams,
and strain shadows around sand-sized particles. S0 is commonly clearly defined by thin sandy layers or vol-
canogenic interlaminations (Figures 5c and 5d), which appear as a characteristic lithology in the southern
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Figure 4. (a) Structural map of the southern Kin Kin beds. See Figure 3 for location; (b–h) equal-area projections for structural domains highlighted in map and cross
section. Lines (measured planes), circles (poles, open are overturned), and triangles (fold hinges) are color coded to represent S0 (black), S1 (red), kink folds (blue), and
dykes (green); (i) cross section with faults (thick black lines) and reconstructed F1 folds (greyscale); (j) SW dipping thrusts (black) and kink folds (blue) with accom-
modation faults; (k) foliated cataclastite in fault core showing S-C0 fabrics and asymmetric boudinage indicating normal kinematics; (l) asymmetric strain cap and
shadow around clast in hanging wall of fault indicate reverse kinematics; and (m) fault cutting kink fold axial plane.
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part of the Kin Kin beds. S0 is steeper than S1 in the forelimb, suggesting that the rocks are structurally over-
turned with vergence toward the west. The backlimb is not overturned and dips moderately ENE.

The southern part of the Gympie Goldfield has a complex structure related to several phases of deformation,
each with a distinct structural style. In this area, rocks from all stratigraphic levels form an approximately
homoclinal sequence that dips moderately toward the east. A first generation (S1) cleavage is consistently
recognized in both Permian and Triassic rocks throughout most of the area (Figure 6a). The intensity of the
S1 cleavage ranges from millimeter spacing in psammites and volcanic rocks to completely penetrative in
pelites, and we also recognize an increase in S1 intensity toward the contact with the Triassic rocks to the east.
Near this contact, we observed bands of protomylonite displaying downdip stretching lineations and reverse
kinematics (Figure 6b), which are interpreted as a fault contact that cuts across both bedding and the S1
cleavage between the Permian Tamaree Formation and Triassic Keefton Formation (Figure 6b, see
Figures 3 and 6e for location). Farther west, we observed an east dipping fault, subparallel to bedding, within
weakly cleaved rocks of the Tamaree Formation at the intrusive contact with a weathered dyke (Figures 6c
and 6d). Subsidiary faults parallel to the main fault displace the intrusive contact with reverse kinematics
(Figure 6c), suggesting early reverse movement on the fault, while dragging of early-formed structures and
an oblique foliation in the main fault core (Figure 6d) suggest that this fault was reactivated with normal kine-
matics. While we did not observe the Curra Break Fault, other workers [Arnold, 1996; Crawford, 2003] have
documented a similar two-phase history for the Curra Break Fault (Figure 6e). The Laing Fault is the youngest
structure in this area and dips steeply toward the ENE (Figure 6e).

In the northwestern part of the study area, excellent exposures of the South Curra Limestone and part of the
Rammutt Group occur in a large quarry (Figure 7a). Bedding is steeply dipping to the NE and structural over-
turning of the succession is supported by both a young zircon age from the structurally lowermost rocks
(258.3 ± 2.6 Ma) [Li et al., 2015] and an inverted faunal succession [Runnegar and Ferguson, 1969].
Overturning may also be supported by the vergence of minor recumbent folds nearby (Figures 7b and 7d),
although they could also be related to dragging and reverse movement on the numerous bedding-parallel
faults (Figures 7a and 7d). Regardless of the origin of the folds, the overturned succession is cut by two shal-
lowly NE dipping thrusts (Figures 7a and 7c) that display steeply pitching slickenlines and congruous fracture
steps (Figure 7e), indicating reverse kinematics. These structures are in turn cut by several bedding-
subparallel normal faults, which are recognized from the slight truncation of bedding as well as the develop-
ment of 5–50 cm fault breccia zones. A weak to moderate asymmetrical cleavage is commonly observed in or
near these fault surfaces (Figure 7f) and may be interpreted as either dragging of a preexisting S1 foliation or
as a localized fault-related fabric. In either case, the geometric relationship with the adjacent faults indicates
normal kinematics. The youngest deformation recognized in this location was a subvertical, NW striking fault

Figure 5. (a) Cross section of overturned F1 folding within the Kin Kin beds along Coles Creek Road. See Figure 3 for loca-
tion; (b) stereoplot showing poles to S0 (black circles normal younging and open circles reverse younging), S1 planes
(red stroke), L10 intersection lineation (red triangles), and calculated beta axis (black diamond); (c) steepening S0 and
spaced S1 cleavage in F1 anticline; and (d) hinge of F1 synform.
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that cuts the earlier structures and juxtaposes the overturned South Curra Limestone in the quarry pit against
shallowly dipping South Curra Limestone and Rammutt Group to the east. Disparate bedding attitudes on
either side of the fault zone suggest that the offset on this fault is relatively major. The sheared fault rock
contains blocks of coal with tuffaceous partings, which may correlate with the Lower Jurassic Tiaro Coal
Measures from the unconformably overlying Maryborough Basin (Figure 3).

In the south of the Gympie Terrane, we observed the Triassic Kin Kin beds and Keefton Formation juxtaposed
against the Paleozoic accretionary complex rocks by a tectonic contact (Figure 8, see marker in Figure 3 for
location). The fault contact strikes N-S with a subvertical dip, and rocks in this area display a steeply dipping
macroscopic scaly fabric that suggest predominantly dextral kinematics (Figures 8a and 8b). At the micro-
scale, rarely preserved dextral kinematic indicators such as S-C fabrics and en-échelon gash veins are over-
printed by brittle-ductile deformation with sinistral kinematics in association with carbonate and Fe-oxide

Figure 6. Key observations from the southern Gympie Goldfield. See Figure 3 for location. (a) Main foliation in Tamaree
Formation, S1, is slightly steeper than S0; (b) zone of thin protomylonite bands with steeply pitching stretching lineation
(yellow arrows) marks the fault contact between Tamaree and Keefton formations; (c) intrusive contact between dyke and
Tamaree Formation (dotted line) offset by minor reverse faults in footwall of main fault (Figure 6d); and (d) main fault
immediately to the east of Figure 6c. Faults preserved in the hanging wall define a small duplex, and local dragging of S0
suggests reverse kinematics, but well-developed dragging and lensoid structures in the footwall damage zone suggest
significant normal movement; (e) structural map of the southern Gympie Goldfield (legend as per Figure 3). Note that the
spacing of S1 form lines represents the intensity of the fabric.
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alteration (Figures 8c and 8d). Reactivated zones are distinguishable by the occurrence of red Fe-(hydr)oxide-
rich fault breccia and cataclasite that overprints the foliated country rock. The sinistral reactivation appears to
have been localized on discrete subvertical N-S striking fault surfaces that are parallel to, and within, the
larger dextral fault zone.

5. Structural Interpretation
5.1. First Deformation (D1)

S1 is the dominant tectonic fabric that was recognized in the Permian to Triassic rocks of the Gympie Terrane.
The S1 foliation is recognized as a penetrative slaty or phyllitic cleavage. At the mesoscale, the spacing of S1
changes in response to lithology from continuous in pelites (Figure 9a) to mm to cm scale in psammites
(Figure 9b). Microscopically, S1 is defined by the alignment of fine mica grains, elongation of quartz grains,
pressure shadows around resistant clasts, and pressure dissolution seams (Figure 9c). S1 is also recognized
as an axial planar cleavage (Figure 9d) associated with west vergent macroscopic and mesoscopic F1 folds
that range from tight to isoclinal and asymmetrical to overturned. F1 folds are steeply to shallowly inclined
with gently plunging hinges. Based on the consistent orientation of S1 in areas where D2 and D3 are less

intense, and the orientation of F13 kink fold hinges farther to the east, the original orientation of S1 is thought
to dip moderately toward the ENE.

Figure 7. (a) Panoramic photograph (looking NW) of overturned strata in the South Curra Limestone with many bedding-subparallel faults (thick black lines). Quarry
pit dimensions are ~100 m × 200 m. See Figure 3 for location; (b) overturned fold cut by minor bedding-parallel fault; (c) shallow fault with well-developed slick-
ensides displaying steps and striations indicating reverse kinematics. Arrows show movement direction of the hanging wall; (d) minor recumbent fold in footwall of
fault indicates dragging during reverse kinematics or recumbent fold cut by bedding-parallel fault; and (e) close-up of footwall slickenside from Figure 7c. Steeply
pitching slickenlines and congruous fracture steps indicate reverse kinematics; (f) steep fault subparallel to S0. Footwall rocks are slightly more pelitic and have a
poorly developed S1 cleavage that is parallel to the axial plane of recumbent folds (Figures 7b and 7d).
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The spatial distribution and intensity of D1 deformation is heterogeneous within the Gympie Terrane, with a
strain gradient that increases toward the contact with the Triassic rocks to the east (cf. section 6.1 and
Figure 6e). S1 cleavage and F1 folds appear to be less well developed or entirely absent from some volcanic
and sedimentary rocks of the western part of the terrane. Within the Gympie Goldfield, Permian rocks situ-
ated between the Laing Fault and Triassic rocks to the east (Figures 3 and 7) are weakly cleaved in the west,
ranging to moderately dipping and moderately cleaved in the east. A zone of more intense D1 deformation
occurs in siltstone, slate, and phyllite of the Kin Kin beds farther the east (Figures 3 and 7), where large-scale
overturned F1 folds and ubiquitous S1 cleavage are evident. The abrupt boundary between the moderately
dipping and moderately cleaved rocks and the intensely deformed Triassic rocks to the east was observed
to be a post-D1 fault in one locality (Figure 6b). Although this boundary was not directly observed in other
areas, we can place it between outcrops near the edge of the Kin Kin beds in several places throughout
the southern part of the terrane, which we interpret as a fault.

Constraints on the timing of D1 deformation are obtained from hornfelsed slate that is developed adjacent
to intrusive contacts with the Woondum Granite (Figure 3). This rock shows evidence for contact meta-
morphism that has affected the foliated Kin Kin beds, resulting in the authigenic growth of cordierite poiki-
loblasts containing S1 inclusion trails (Figures 9e and 9f). The presence of S1 mica inclusions, together with
the lack of D1 strain shadows around the cordierite, suggests that D1 deformation occurred prior to intru-
sion. Other evidence of magmatism following D1 deformation includes the presence of one or more swarms
of crosscutting dykes that intrude at a low angle to the S1 fabric of the Kin Kin beds (Figures 9g and 9h). The
dykes cut the S1 cleavage locally faulted and/or folded (Figure 9h). In many places these intrusions are asso-
ciated with localized fine-scale kinking within the aureole that seems unrelated to the deformation phases
outlined herein.

Figure 8. Tectonic contact between Gympie Terrane and D’Aguilar Block. (a, b) Map view photographs show a predominantly dextral component of deformation
in the damage zone of the terrane bounding fault. See Figure 3 for location; (c, d) map view photomicrographs of oriented sample 1 m from Figure 8b show
evidence for fault reactivation with opposing kinematics. While dextral kinematic indicators such as en-échelon gash veins and S-C fabrics are only rarely preserved in
this part of the fault zone (Figure 8d), they are clearly overprinted by carbonate and Fe-oxide alteration as well as brittle-ductile deformation associated with sinistral
kinematics, as constrained by incipient S-C fabrics (Figure 8c) and en-échelon gash veins (Figure 8d).
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5.2. Second Deformation (D2)

Overprinting the S1 foliation andmagmatic rocks are a series of thrust and reverse faults attributed to the sec-
ond phase of deformation. D2 structures are much weaker than D1 structures. They occur in the Gympie
Goldfield region (Figures 3 and 6e), where D2 is correlated with a postmineralization décollement with top

Figure 9. D1 deformation and post-D1 magmatism. See Figure 3 for locations and view directions. (a) Pervasive S1 slaty cleavage and relict S0 in slate of the Kin Kin
beds; (b) S1 in interbedded sandstone and siltstone from the Kin Kin beds; and (c) photomicrograph of slate from the Triassic Kin Kin beds. Note that S1 is
weakly developed in psammitic lithologies at microscale and mesoscale; (d) west verging parasitic F1 fold in the Kin Kin beds; (e) cordierite poikiloblasts (now partly
altered to Pinite) overprinting S1 in hornfelsed slate. Kink bands are attributed to localized deformation during intrusion (field of view (FOV) ~ 35mm); (f) inclusions of
S1 fabric within cordierite poikiloblasts and lack of S1 strain shadows provide evidence for post-S1 intrusion; (g) weathered mafic dyke cuts S0 and S1; and
(h) weathered mafic dyke cuts S1 in Kin Kin phyllite. Both S1 and the dyke are folded during later kink-style deformation.
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to the SW kinematics (Curra Break Fault) [Crawford, 2003]. In addition to the Curra Break Fault, other east
dipping faults with reverse kinematics cut both S0 and S1 (Figures 6c–6e) and are correlated with D2. D2

structures are also developed in the eastern part of the terrane, where cleaved psammopelitic rocks are
cut by several E to NE dipping thrust faults (Figure 3). Relatively minor faults exhibiting ramp-flat geometry
and small duplexes are the most common structures (Figure 10a). However, some of these faults show
evidence for reverse kinematics, exhibiting drag folding and brecciated zones up to several meters wide
(Figure 10b), indicating that they are more significant thrusts. While the kinematics of major structures in

Figure 10. D2 and D3 deformation. See Figure 3 for locations and view directions. (a) West vergent thrust fault cuts bedding
and S1 cleavage; (b) west vergent thrust fault cuts bedding and S1, displaying drag folding and well-developed damage
zone in the footwall; (c) low-angle normal fault with folding showing normal kinematics in footwall damage zone,
which truncates and locally reactivates D2 thrust; (d) normal fault cutting cleaved bedding with well-developed fault gouge
and associated drag fold; (e) shallowly inclined kink fold causes steep S1 to dip in opposite directions; (f) microphotograph
showing conjugate kink folds and fault propagation folds in Kin Kin beds slate (FOV ~35 mm); (g) moderately inclined
kink fold parallel to quartz veins in shallowly dipping limb of larger conjugate kink fold; and (h) well-developed spaced
kink fabric.
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the area is well constrained, kinematic indicators were not observed on many minor faults, which were thus
inferred from their correlation with better-constrained faults nearby (e.g., Figure 10b). Several D2 thrusts such
as the Curra Break Fault and other unnamed faults documented herein (Figures 4k, 4l, 6c, 6d, and 10c) show
evidence that D2 reverse kinematics was followed by reactivation with normal kinematics, which we attribute
to D3 extension (section 5.3).

Although D1 and D2 are vaguely similar in terms of orientation and kinematics, the abundance of post-S1
dykes at an angle approaching parallelism with contractional structures such as S1 implies a major relaxation
of contractional deformation during magmatism. This is also supported by the lack of a synkinematic mag-
matic foliation in the Woondum Granite. These observations, coupled with the faulted eastern margin of
the Woondum Granite against the Kin Kin beds (Figure 3), suggest that the granite was emplaced in the
period between deformation phases D1 and D2. Thus, the age of the Woondum Granite provides both a
minimum age constraint for D1 and amaximum age constraint for the later thrust-related deformation D2 (cf.
section 6.1). On the basis of these observations, we consider D1 and D2 to be separate deformation events
that were punctuated by widespread magmatism.

5.3. Third Deformation (D3)

The third phase of deformation (D3) involved east block down kinematics on steeply dipping normal
faults and widespread kinking. Some D2 thrusts and reverse faults appear to have a complex history
as they also show evidence of normal kinematics, suggesting they have been reactivated during D3

(Figures 4k, 4l, 6c, 6d, and 10c). The dragging of S0 and early formed fault structures, as well as the
development of D3 cataclasite and fault gouge (Figure 6d), suggests that the dominant motion on some
faults occurred during D3 extension. Several NE dipping faults in the southern Kin Kin beds are asso-
ciated with D2 (reverse) drag folds and asymmetric strain shadows indicating reverse kinematics
(Figure 4l), while the fault core contains oblique-foliated cataclasite indicating a stage of normal kine-
matics (Figure 4k) and suggesting they have been reactivated. In addition to reactivation of preexisting
fault slip surfaces, D3 normal faults also form shortcut faults that are subparallel to earlier thrusts
(Figure 10c), or isolated normal faults displaying drag folding of S1 and S0 and well-developed fault
gouge zones (Figure 10d).

Most normal faults observed were inferred to have relatively minor offsets based on the lithological conti-
nuity between hanging wall and footwall rocks. However, some normal faults appear to have more signifi-
cant offsets as indicated by the juxtaposition of different lithologies (Figure 10d). We note, however, that the
general lack of stratigraphic markers in the Gympie Terrane and particularly the Kin Kin beds makes it
difficult to accurately assess the throw of most faults. At a larger scale, major extensional deformation is indi-
cated from the stratigraphic juxtaposition of Triassic hanging wall rocks in the east of the terrane that were
thrust up and against Permian rocks in the footwall to the west during D1 and D2. To explain this relation-
ship, we speculate that the magnitude of D3 extension on this fault boundary was equal to or greater than
the cumulative uplift during D1 and D2.

Late stage development of kinks is recognized in the strongly cleaved metapelites of the Kin Kin beds, asso-
ciated with widespread spaced kink bands and kink folds. F3 kink folds and S3 kink bands generally dip shal-
lowly to moderately (Figure 10e), but the dip direction varies considerably due to conjugate kinks and/or
younger deformation. F3 kinks within the Kin Kin beds are heterogeneous; some areas exhibit major kink
folds with interlimb angles becoming as tight as ~90°, while other areas show smaller kink bands. In many
cases, kinks are associated with minor synthetic accommodation faults that either splay off or join with the
S1 cleavage (Figure 10f). In places, kinks are coincident with parallel thin quartz veins (Figure 10g).
Conjugate sets of kinks are recognized in thin section (Figure 10f) and outcrop (Figure 4) and may be inferred
in other areas with less contiguous outcrop by changes in kink fold vergence. A single orientation of kinks is
dominant in other areas (Figure 10h).

The interpretation that many conjugate kinks formed during D3 extension is supported by deformation
experiments on foliated rocks [Cobbold et al., 1971; Dewey, 1965; Gay and Weiss, 1974; Paterson and Weiss,
1966;Weiss, 1980], which show that conjugate kink bands can form up to 120° apart, with the maximum com-
pression direction bisecting the obtuse angle between the kink bands. In outcrops where the vergence and
orientation of kinks clearly demonstrate that they are a conjugate set, the obtuse bisector is steeply dipping
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and approximately parallel to the bulk orientation of the S1 cleavage, thus suggesting that the kinks formed
during subvertical shortening associated with extension or exhumation.

While we consider that widespread kinking occurred in association with D3, we also recognize more than one
set of kinks, including some kink folds that appeared to be associated with D2 contraction (e.g., Figure 4j).
Furthermore, the origin of several kilometer-scale angular to subangular open folds in the S1 cleavage within
the Kin Kin beds (Figure 3) remains somewhat ambiguous. One such fold occurs in the area just northeast of
the Gympie goldfield, where the S1 fabric in the Kin Kin beds makes a sharp deviation toward the east, defin-
ing a large SE plunging syncline-anticline pair (Figure 3). Cranfield [1999] mapped a fault-bounded sliver of
the Tamaree Formation and South Curra Limestone, as well as an outlier of Maryborough Basin rocks, which
appear to occupy the cores of the anticline and syncline, respectively. The involvement of Maryborough Basin
rocks (Figure 2) in this deformation is also supported by the map view curvature of the regional unconformity
north of the Gympie Terrane (Figure 3) despite modest topographic relief. If this unconformity has indeed
been folded along with the previously described syncline-anticline pair, then deformation is of regional
extent and likely occurred during or after the middle Mesozoic. While more work is needed, these folds
may be related to a weakly developed pressure solution-crenulation cleavage in parts of the Kin Kin beds that
was previously described by Cranfield and Scott [1993].

6. Discussion
6.1. Tectonic Significance of D1 Deformation in the Gympie Terrane

Our structural analysis indicates that rocks of the Gympie Terrane were subjected to multiple phases of defor-
mation. The earliest deformation (D1) is significantly more pronounced than later phases and is responsible
for the formation of the dominant S1 cleavage and most of the folding in the study area. The presence of
kilometer-scale overturned F1 folds with east dipping S1 axial planar cleavage (Figure 5) suggests that D1

involved west vergent deformation. While lithology appears to be one control on the response to deforma-
tion, the increased intensity of D1 in the proximity of the western edge of the Kin Kin beds suggests that the
boundary between the Permian and Triassic rocks of the Gympie Terrane may be a major fault that was active
during D1. If this interpretation is correct, the strong partitioning of strain into the Kin Kin beds may be inter-
preted as preferential deformation in the hanging wall of a thrust sheet or décollement, while footwall rocks
to the west are only deformed in the immediate vicinity of the fault itself.

The timing of D1 must be younger than ~240 Ma, which is the maximum depositional age of the Kin Kin beds
(Figure 2) [Li et al., 2015]. A minimum age constraint is provided by the ~232 Ma 40Ar/39Ar biotite and 223–
226 Ma K/Ar ages of the crosscutting Woondum Granite ([Webb and McDougall, 1967], recalculated by
Cranfield [1999], and Easter [2000, unpublished thesis]). Hornfelsed slate from the intrusive contact displays
abundant cordierite poikiloblasts that lack S1 strain shadows and contain abundant inclusions of fine mica
parallel to S1 (Figures 9e and 9f). These features are indicative of post-D1 contact metamorphism, suggesting
that west vergent contractional deformation (D1) in the Gympie Terrane occurred between 240 Ma and
232Ma. Furthermore, an increase in the intensity of post-S1 thrusting near the easternmargin of the intrusion
(Figure 3) suggests accumulation of strain against a rigid body during D2 deformation. If the ~232 Ma age
reflects crystallization rather than cooling, the Woondum Granite also provides a constraint for the maximum
age of later thrust-related deformation D2. Both the style and timing of D1 deformation matches well with
previous observations for predominantly foreland-verging deformation associated with the Hunter-Bowen
Orogeny (Figure 11). We therefore consider that D1 in the Gympie Terrane corresponds to the last phase of
the Hunter-Bowen Orogeny (HBO 3) at 235–230 Ma.

The constraints on the age of D1 deformation in the Gympie Terrane are consistent with evidence for HBO 3
deformation in the Esk Trough and Nymboida Coal Measures (Figures 1b and 11). The Esk Trough is an Early
Permian to Middle Triassic basin situated in the central part of the fold belt, between the foreland basin and
the Gympie Terrane (Figure 3). Deformational features in the Esk Trough are associated with a large asym-
metric east vergent synclinorium, which has been attributed to backthrusting during HBO 3 [Campbell,
2005; Holcombe et al., 1997b]. This deformation must have occurred after deposition of the Middle Triassic
strata but prior to the emplacement of an undeformed Upper Triassic volcanic cover sequence at ~228 Ma
[Holcombe et al., 1997b]. The Middle Triassic Nymboida Coal Measures are possible correlatives farther south
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Figure 11. Time-space plot showing timing, distribution, and correlation of deformation features associated with the
Hunter-Bowen Orogeny in eastern Australia [Babaahmadi et al., 2017; Campbell, 2005; Collins, 1991; Dirks et al., 1992;
Fergusson, 1991; Fergusson et al., 1990, 1993; Glen and Beckett, 1997; Glen and Roberts, 2012; Harbort et al., 2001; Holcombe
and Little, 1994; Holcombe et al., 1997a, 1997b; Hoy et al., 2014; Korsch et al., 2009b; Korsch and Harrington, 1981;
Landenberger, 1995; Leitch et al., 1993; Leitch et al., 1994a, 1994b; Morand, 1998; Murphy et al., 1987; Offler and Foster, 2008;
Phillips et al., 2016; Pisarevsky et al., 2016; Price, 1997; Shaanan et al., 2014, 2015; Wartenberg et al., 2003; Woodward, 1995;
Yan et al., 2016]. See also Figure 12.
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(Figure 1c) (also recognized by Babaahmadi et al. [2015]) and contain a basalt unit dated by 40Ar/39Ar—
plagioclase at 237.0 ± 0.4 Ma [Retallack et al., 1993] that is unconformably overlain by extension-related
basin succession dated by K/Ar at ~232 Ma [Purdy et al., 2013]. The maximum and minimum constraints on
the age of deformation in the Nymboida Coal Measures are therefore ~237 Ma and ~232 Ma, respectively.

6.2. Time-Space Variations and Deformation Cycles of the Hunter-Bowen Orogeny

An increasing volume of data indicates that the Middle Permian to Late Triassic Hunter-Bowen Orogeny in
eastern Australia was not continuous but rather involved pulses of contractional deformation and crustal
thickening [Holcombe et al., 1997b; Korsch et al., 2009b; Scheibner, 1996; Veevers and Morgan, 2000] inter-
spersed with periods of extension and transtension [Babaahmadi et al., 2015; Korsch et al., 1989]. These pulses
of Hunter-Bowen deformation show significant variations in timing, duration, and deformation intensity both
along and across the fold belt (Figures 11 and 12). The three broad phases of contraction discussed here
(HBO1, 2, and 3) are in line with the interpretation of Holcombe et al. [1997b].

The first pulse of Hunter-Bowen contraction (HBO 1) began in the Middle Permian at around 265 Ma
[Holcombe et al., 1997b], although the exact timing is not well constrained. Deformation associated with this
phase is widely recognized in the northern [Fergusson, 1991; Fergusson et al., 1990, 1993], central (D’Aguilar
Block) [Holcombe and Little, 1994; Sliwa, 1995] and southern [Collins, 1991; Phillips et al., 2016; Shaanan
et al., 2014; Woodward, 1995] parts of the fold belt. However, during this interval, the Gympie Terrane was
a site of more-or-less continuous deposition and experienced no deformation. The lack of conclusive evi-
dence for HBO 1 deformation in the Gympie Terrane is in contrast with observations for contemporaneous
deformation in the adjoining D’Aguilar Block to the west [Holcombe and Little, 1994; Sliwa, 1995], thus indicat-
ing a significant strain partitioning between inboard and outboard parts of the fold belt. Unlike the central
part of the fold belt, early Hunter-Bowen deformation in the southern and northern parts involved prolonged
westward propagating contraction that continued from HBO 1 to HBO 2 [Collins, 1991; Fergusson, 1991;
Fergusson et al., 1990, 1993; Glen and Beckett, 1997; Phillips et al., 2016].

The second pulse of contractional deformation (HBO 2) likely initiated at around the Permo-Triassic boundary
and was associated with a major increase in the rate of foreland basin subsidence, while sediments shed from
the thickened hinterland flooded the basin and brought a change from marine to terrestrial deposition
[Brakel et al., 2009; Korsch and Totterdell, 2009; Waschbusch et al., 2009]. Sedimentation in the Gympie
Terrane mimics that in the foreland basin during HBO 2, with a transition from a marine to terrestrial deposi-
tional environment and an increase in the proportion of basement-derived (e.g., Late Devonian-
Carboniferous) detrital zircons [Li et al., 2015]. Although the sedimentological response to HBO 2 is relatively
consistent along the fold belt, pronounced along-strike changes are recognized in the timing and distribution
of deformation between the northern, central, and southern parts of the fold belt (Figures 11 and 12). The
most pronounced effects of HBO 2 are recognized in the north, where out-of-sequence thrusting reinitiated
in the outboard part of the fold belt and involved nappe-style tectonics associated with the emplacement of
the Marlborough Terrane (Figure 11) [Harbort et al., 2001; Holcombe et al., 1997b]. The advancing HBO 2 thrust
front caused sequentially younger deformation toward the west [Fergusson, 1991; Fergusson et al., 1990,
1993] that deformed the synorogenic retroforeland basin sequence during HBO 3 [Babaahmadi et al.,
2017; Holcombe et al., 1997b; Korsch et al., 2009b]. HBO 2 in the southern part of the fold belt is associated
with continuing deformation on several foreland-verging thrust systems that likely initiated during HBO 1
[Glen and Beckett, 1997]. While it is possible that some evidence for HBO 2 deformation in the foreland basin
may be concealed by Mesozoic cover, available observations suggest that HBO 2 was weaker or entirely
absent in the central part of the fold belt, in comparison to the northern and southern parts (Figures 11
and 12).

The final phase of Hunter-Bowen deformation (HBO 3) at approximately 235–230 Ma is recorded in the
Gympie Terrane and Esk Trough (in the outboard central part of the fold belt) and is also well developed
in the northern parts of the retroforeland basin (Figure 12). Middle Triassic rocks in the foreland basin were
involved in widespread folding and uplift during HBO 3 in the Middle to Late Triassic [Babaahmadi et al.,
2017; Campbell et al., 2017; Korsch et al., 2009b]. This deformation resulted in regional folding, west
directed thrusting, reactivation of normal faults, basin inversion, and up to ~4 km of erosion prior to the
deposition of latest Triassic rocks above a significant angular unconformity [Korsch et al., 2009b]. Middle
Triassic strata in the central and southerly parts of the foreland basin were also involved in this
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Figure 12. Pulses of deformation andmagmatism (HBO 1–3 are color coded) related to Late Paleozoic to EarlyMesozoic orogenesis in eastern Australia. The age versus
latitude diagram (left) shows age ranges or age errors for magmatism on the horizontal axis. The latitude on the vertical axis also corresponds to the grid on the map
of eastern Australia to the right, which highlights the location of geochronological data points representing magmatism (circles) and Hunter-Bowen deformation
(thick lines). The compiled age data presented herein are provided in supporting information S1. See Figure 11 for references and correlation of deformation.
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deformation [Totterdell et al., 2009]. However, when compared to the northern part, deformation was more
restricted to the region surrounding the eastern boundary faults (Figure 12), Babaahmadi et al., 2017]. In
the central part (Gympie Terrane and Esk Trough), major HBO 3 deformation occurred outboard from much
of the contemporaneous fold-thrust belt in the retroforeland basin, rather than by continued foreland propa-
gation of the thrust front, indicating strain partitioning between the inboard (foreland basin) and outboard
parts of the fold-thrust belt. It appears that overall, HBO 3 deformation was stronger and more widespread
in the northern and central fold belt in comparison to the southern part (Figures 11 and 12), suggesting
further strain partitioning along strike of the fold belt.

6.3. Geodynamic Implications on the Episodic Behavior of Accretionary Orogens

Previous authors have suggested that the Gympie Terrane was an exotic intraoceanic island arc that collided
with the continent at either ~253 Ma or ~235 Ma (corresponding to our HBO 2 and HBO 3, respectively) and
triggered Hunter-Bowen contractional tectonism [Buckman et al., 2015; Harrington and Korsch, 1985; Nutman
et al., 2013; Scheibner, 1996]. However, arc-continent collision during HBO 2 or HBO 3 cannot explain the ear-
lier onset of orogeny (i.e., HBO 1), especially given that the Gympie Terrane was not exotic or isolated from the
continent [Sivell and McCulloch, 2001; Li et al., 2015]. Our field observations from the contact between the
Gympie Terrane and D’Aguilar Block do not support the idea that this contact is a major lithospheric-scale
suture zone, but rather, these faults only show evidence for moderate strike-slip displacement (Figure 8).
While our mapping of the terrane boundary could not completely rule out a paraautochthonous origin of
the Gympie Terrane, the contribution of Australian continental crust to the magmas and sedimentary rocks
of the Gympie Terrane [Sivell and McCulloch, 2001; Li et al., 2015; Korsch et al., 2009c] suggests autochthoneity
with respect to the adjoining rocks [Li et al., 2015] and hence that orogenesis could not have been primarily
driven by arc-continent collision. Alternatively, it is possible that the Gympie Terrane magmatic arc was built
on an outboard migrating continental ribbon following rifting in the Early Permian [Collins and Richards,
2008], although this remains to be tested by means of paleomagnetic and structural investigations. Even if
we assume that a paraautochthonous Gympie Terrane (±continental ribbon substrate) was reaccreted to
the continent following the closure of a marginal sea that separated the crustal mass from the Australian
Continent [Collins and Richards, 2008], docking must have been preceded by a pull-push switch in the mode
of tectonism [e.g., Lister and Forster, 2009]. In other words, a tectonic mode switch occurred from Early
Permian extension and slab retreat [Holcombe et al., 1997a; Korsch et al., 2009a] to slab advance [Holcombe
et al., 1997b]. In this model, the accretion of a crustal mass may have contributed to a localized and transient
increase in plate coupling at the time of accretion, but docking occurred as a consequence of the switch to
slab advance, implying that Hunter-Bowen Orogeny was triggered by another geodynamic mechanism.

The suggestion that Hunter-Bowen Orogeny was not necessarily driven by accretion of an individual terrane
or the subduction of anomalously buoyant crust appears reasonable when one considers the scale of con-
temporaneous deformation (i.e., the Gondwanide Orogeny, Figure 13) along the length of the paleo-Pacific
margin of Gondwana [Cawood, 2005; Cawood et al., 2011; Trouw and De Wit, 1999; Veevers, 1989]. Such epi-
sodes of Permian-Triassic deformation are recognized in the Ellsworth Mountains (Antarctica), Cape Fold
Belt (South Africa), Falkland Islands, and La Sierra de la Ventana (Argentina) [Curtis, 1997, 2001; Hansma
et al., 2015; Johnston, 2000; López-Gamundí, 2006; Mukasa and Dalziel, 2000; Vaughan and Pankhurst, 2008].
The length of the Gondwanide Orogen is too extensive to be caused solely by factors that influence coupling
at the subcontinental scale. It is more likely that pulses of deformation recognized locally throughout the
south Gondwanan margin were parts of a larger orogenic cycle [e.g., Lister et al., 2001] that were perhaps ulti-
mately controlled by a global tectonic plate reorganization. For example, Cawood and Buchan [2007] pro-
posed that the change in plate configuration during the final assembly of Pangea led to a change in the
number of plates and their kinematics, potentially allowing greater convergence rates and coupling at the
exterior subduction boundaries. However, much of the Pangean margin experienced widespread extension
immediately following terminal Variscan deformation at approximately 320–300 Ma [Veevers, 2013]. The
resumption of arc magmatism and increased coupling along the south Gondwananmargin appeared to have
initiated in the western sector in the Early Permian, propagating toward the east until the entire margin was
affected from the Middle Permian onward [Veevers, 2004]. In contrast, the north Gondwanan margin experi-
enced continued extension from the Late to Early Permian onward with the opening of the Meso-Tethyan
Ocean and northward translation of the South Qiangtang, Sibumasu, and Lhasa terranes (i.e., the
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Cimmerian continent) [Metcalfe,
2013] temporally linked with the
widespread Gondwanide defor-
mation at ~275–270 Ma. Although
the geodynamics of post-Pangean
plate reorganization appears to be
quite complex, changes to the
number of tectonic plates and their
motion provide a feasible expla-
nation as to how enhanced cou-
pling could simultaneously affect
much of the paleo-Pacific margin
of Gondwana without requiring
the subduction of anomalously
buoyant crust or terrane accretion
to occur simultaneously over
thousands of kilometers along the
margin. Although we suggest that
widespread orogenesis was trig-
gered by these large-scale plate
kinematic changes, processes that
operate at shorter length and
timescales, such as ribbon or
microcontinent accretion, as well
as variations in the buoyancy,
thickness, and bathymetric relief
of the subducted lithosphere, may
all contribute to variations in the
timing, intensity, and partitioning
of specific deformation phases
within the larger orogenic cycle.

The suggestion that plate coupling
during orogenesis is affected by
the superposition of different
mechanisms acting at a range of
scales has been documented in
modern orogenic belts. For exam-
ple, intense orogenesis throughout
the Andes from around 30 Ma was
thought to result from coupled
plate kinematic changes asso-
ciated with an abrupt deceleration
in the northeastward motion of
the African Plate and the conse-
quent acceleration of the west-
ward moving South American
Plate [Silver et al., 1998; Sobolev
and Babeyko, 2005]. At the regional
scale, spatiotemporal variations in
the intensity of deformation result
from terrane accretion or from
more subtle changes in the sub-
duction dynamics associated, for

Figure 13. Reconstruction of Gondwana at ~270 Ma (GPLATES orthographic
projection centered on 85°S 142°E) [after Domeier and Torsvik, 2014] showing
the distribution of deformation and magmatism related to the Gondwanide
Orogeny. Permian-Triassic Hunter-Bowen deformation and magmatism in
east Australia is from this work and references herein. Volcaniclastic deposits
in the central Transantarctic Mountains at ~260–240 Ma from Elliot et al.
[2016]. Marie Byrd Land geology based on Mukasa and Dalziel [2000].
Tectonic setting of the Antarctic Peninsula after Burton-Johnson and Riley
[2015] with Permian-Triassic metamorphism and magmatism after Millar
et al. [2002], Riley et al. [2012], and Castillo et al. [2016]. The position of New
Zealand’s south island and the Brook Street Terrane during arc accretion are
from Davey [2005] with revised timing according toMcCoy-West et al. [2014].
South African Cape Fold Belt deformation at ~276–246 Ma is from Hansma
et al. [2015] and explosive volcanism at ~274–250 Ma is from McKay et al.
[2015] and references therein. Carboniferous-Permian collision of Patagonia
with South America after Pankhurst et al. [2006]. Permian volcanism in South
America and Africa is after López-Gamundí [2006].
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example, with variations in slab buoyancy or lithospheric thickness [e.g., Capitanio et al., 2011; Horton and
Fuentes, 2016; Martinod et al., 2013; Rosenbaum and Mo, 2011]. While it appears that large-scale plate kine-
matics were the primary control on widespread Andean orogenesis in the Cenozoic, the superposition of
both continental and regional scale mechanisms resulted in major along-strike differences, which are evident
in the difference between the spectacular central Andes and the more subdued southern Andes. The recog-
nition that widespread Andean orogenesis was triggered by a kinematic change in African Plate motion, and
that local variations in subduction dynamics can influence heterogeneity within the orogen, provides an intri-
guing modern analogue for the fundamental processes that affected orogenic cycles in ancient orogens.

7. Conclusions

The Hunter-Bowen Orogeny involved several phases of deformation spanning the Middle Permian to the
Middle to Late Triassic. Permian to Middle Triassic rocks of the Gympie Terrane were affected by overturned
folding and related cleavage development that likely occurred during the third and final phase of the Hunter-
Bowen Orogeny at approximately 235–230 Ma. This terminal Hunter-Bowen deformation was widespread in
eastern Australia and was responsible for uplift and development of a regional angular unconformity in both
the foreland and hinterland regions. Similarly to many other parts of eastern Australia, Hunter-Bowen
deformation in the Gympie Terrane was related to a foreland-verging fold-and-thrust system, albeit one that
occurred outboard from much of the contemporaneous fold-and-thrust belt. The Middle-Late Triassic
deformation was strongest in the northern and central part of the fold belt, suggesting that Hunter-Bowen
deformation was associated with along-strike variations in the amount of coupling across the subduction
zone. Although local perturbations occur in the timing and intensity of individual short-lived phases of defor-
mation, deformation features that mark the Gondwanide Orogeny may be correlated throughout eastern
Australia and more widely along the Gondwanan margin. Our results do not support previous suggestions
that the Hunter-Bowen Orogeny was caused by the accretion of the Gympie Terrane, and we see no need
to invoke a unique mechanism for orogenesis at this part of the orogenic belt. Rather, the Hunter-Bowen
deformation was inevitably linked to the other sectors of the Gondwanide Orogen, which was possibly
initiated by changes in global plate configuration and increased convergence rates.
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