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ABSTRACT

The Triassic Rewan Group in the northern Bowen Basin, Queensland, Australia preserves a key record of terrestrial environments
and faunas that have been assumed to document recovery following the end-Permian mass extinction (EPME). The Rewan Group,
consisting of the Sagittarius Sandstone and the Arcadia Formation, accumulated in a retroarc foreland basin during the Hunter—
Bowen Orogeny, but its chronostratigraphy has remained poorly constrained because previous age models relied mainly on limited,
geographically restricted biostratigraphy (esp. palynostratigraphy). Here, we couple detailed lithostratigraphic analysis with high-
density U-Pb detrital-zircon (DZ) geochronology by LA-ICP-MS (ca. 300 analyses per sandstone), calibrated against latest Permian
(ca. 252-251Ma) tuff and tuffaceous reference horizons, and a detrital apatite U-Pb dataset, to establish a robust chronostratigraphic
framework for the Sagittarius Sandstone and Arcadia Formation. We compare several maximum depositional age (MDA) metrics and
show that maximum-likelihood ages (MLA) at 10% discordance provide a stratigraphically coherent MDA estimate, with younger
single-grain and cluster-based estimators used as internal checks and minimum bounds. Preferential zircon picking further shows
that targeted grain selection enriches the youngest Triassic populations, strengthening the robustness of the resulting MDA con-
straints. The resulting MDAs demonstrate that the Rewan Group spans ca. 250-233 Ma (Olenekian to Carnian) and that the lower
Rewan Group contact is strongly time-transgressive. In the Taroom Trough (foredeep), fluvial successions show an overall up-section
younging from the latest Permian reference ages through Olenekian-Anisian Sagittarius Sandstone into the late Ladinian—earliest
Carnian Arcadia Formation (based on sandstone MDAS). In contrast, in the Denison Trough (back-bulge), the latest Permian coal
measures are directly overlain by Middle-early Late Triassic Rewan Group deposits, implying a hiatus or condensed interval of at
least ca. 12-15 Myr based on MDAs. We show that known Arcadia Formation vertebrate fossil-bearing horizons are late Ladinian
(239Ma) to early Carnian (236 Ma) rather than earliest Triassic, with the younger date also corroborated by a detrital apatite lower-
intercept age of ca. 239 Ma. These revised ages show that the Arcadia Formation vertebrate assemblages do not come from the imme-
diate post-EPME interval but from the late Ladinian to early Carnian, across the onset of the Carnian Pluvial Episode.

1 | Introduction the majority of marine species and devastating terrestrial eco-

systems (McElwain and Punyasena 2007; Bernardi et al. 2018;
The end-Permian mass extinction (EPME, ca. 252Ma) was the Retallack 2021; Chapman et al. 2022). This collapse reshaped
most severe biodiversity crisis in Earth's history, eliminating ecological structure, terminated Palaeozoic communities and
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Highlights

» Updated basin-scale chronostratigraphy for the
Triassic Rewan Group using high-density detrital-
zircon U-Pb datasets across core and outcrop.

Targeted zircon picking enriches the youngest Triassic
population, yielding more stable and defensible maxi-
mum depositional ages.

MDAs indicate Rewan Group deposition spans ~250—
233Ma (Olenekian-Carnian) and the base-Rewan
contact is strongly time-transgressive.

Taroom Trough (foredeep) successions young system-
atically up-section, whereas Denison Trough (back-
bulge) strata overlie latest Permian coals, implying a
~12 Myr hiatus.

Arcadia Formation vertebrate fossil localities date
to late Ladinian-early Carnian, reframing “earliest
Triassic recovery” and linking ecosystems to the onset
of the Carnian Pluvial Episode.

was followed by recovery in the Triassic with the rise of the
Mesozoic fauna. Early Triassic ecosystems were generally
characterized by stressed and low-diversity assemblages dom-
inated by opportunistic taxa, and complete reestablishment
of ecological complexity required several million years (Sun
et al. 2012; McLoughlin et al. 2020; Chu et al. 2021; Mays and
McLoughlin 2022). Global records document the absence of
peat-forming mires (“coal gap”) and reef systems (“reef gap”)
for much of the Early Triassic, reflecting the persistence of ex-
treme environmental conditions (Mundil et al. 2004; Retallack
et al. 2005; Botha and Smith 2006; McLoughlin et al. 2020;
Retallack 2021; Chapman et al. 2022). However, recent studies
on marine and terrestrial records suggest that, in some regions,
ecosystems may have reestablished within a few million years
of the extinction, including examples from the US, China and
Norway (Brayard et al. 2017; Guo et al. 2025; Roberts et al. 2025).
Understanding the tempo and nature of this recovery is central
to evaluating how Earth systems reorganize after mass extinc-
tion events.

According to the literature, the Bowen Basin of eastern
Australia has generally been regarded as preserving one
of the most complete continental archives of this recovery
in the southern hemisphere (Figure 1A). Unlike many re-
gions where boundary sections are incomplete, the basin has
been interpreted to preserve a near-continuous succession
from the uppermost Permian Bandanna Formation (and its
equivalents) into the Lower Triassic Rewan Group, consist-
ing of the Sagittarius Sandstone and the Arcadia Formation
(Fielding and Kassan 1996; Grech 2001; Nicoll et al. 2015;
Smith et al. 2017; Figure 2). The Permian-Triassic boundary
has been described as an abrupt shift from coal-mire domi-
nated facies to oxidized fluvial red beds of the Sagittarius
Sandstone, reflecting the collapse of peat-forming vege-
tation and shift to braided streams (Fielding et al. 1996;
Bashari 2000; Grech 2001; Michaelsen 2002). The overlying
Arcadia Formation records fluvial-lacustrine deposition
under semi-arid conditions. It contains diverse vertebrate
fossil assemblages, including temnospondyl amphibians,

fishes and early reptiles, that provide rare insights into Early
Triassic continental ecosystems in Gondwana (Warren 1980,
1985; A. Warren 1981; Warren and Black 1985; Damiani and
Warren 1997; Warren and Marsicano 1998; Northwood 1999,
2005; Warren et al. 2001, 2011). Together, these units comprise
the Rewan Group, a thick (ca. 500m to 5km) stratigraphic suc-
cession that captures both environmental change and biotic
recovery in a high-latitude Gondwanan setting.

Despite its significance, the Rewan Group's chronostratigraphy
remains poorly understood. The absence of volcanic tuffs has
prevented direct high-precision dating, leaving the Sagittarius
Sandstone and Arcadia Formation constrained only by paly-
nostratigraphy (Green et al. 1997; Grech 2001; Lang et al. 2001).
This uncertainty prevents the assessment of depositional dura-
tion, the significance of stratigraphic breaks, correlation with
coeval successions in Australia and globally, and reconstruc-
tion of Triassic foreland basin development. It remains unclear
whether the transition between the Sagittarius Sandstone and
Arcadia Formation reflects continuous sedimentation or a major
hiatus, and whether vertebrate fossil-bearing horizons in the
Arcadia Formation represent rapid post-extinction recovery or
diachronous faunal turnover relative to other Gondwanan ba-
sins (Michaelsen 2002; Benton 2018; Smith et al. 2018; Sobczak
et al. 2024). Without tighter temporal control, the Bowen Basin's
potential to inform debates on the tempo of biotic recovery and
the synchronicity of ecosystem reorganization worldwide re-
mains underexploited.

In this study, we integrate detailed lithostratigraphic analy-
sis with high-density LA-ICP-MS (Laser Ablation Inductively
Coupled Plasma Mass Spectrometry) U-Pb detrital zircon geo-
chronology from sandstones of the Sagittarius Sandstone and
Arcadia Formation constrained by latest Permian dated tuff
and tuffaceous horizons, to establish a revised chronostrati-
graphic framework for the Rewan Group. We also obtain a de-
trital apatite U-Pb age from an Arcadia Formation sandstone
at Duckworth Creek as an independent minimum-age check
on our zircon-based constraints. Our aims are to refine deposi-
tional ages and durations of the Rewan units, evaluate the pres-
ence and magnitude of unconformities or condensed intervals
at major formation boundaries, and reassess the timing of key
vertebrate fossil-bearing horizons within a time-transgressive
flexural foreland model for the northern Bowen Basin. This
framework strengthens intrabasinal correlation, enables more
rigorous comparison with other Gondwanan Triassic basins,
and contributes to global discussions on post-EPME Triassic
ecosystem evolution.

2 | Geologic Background
2.1 | Tectonic Setting

The Bowen Basin of eastern Australia (Figure 1) extends over
60,000km? and contains up to 10km of Carboniferous to
Triassic sedimentary fill (Cadman et al. 1998). During the late
Carboniferous, this sedimentary basin occupied high paleolati-
tudes (ca. 60°-80° S) along the Gondwanan margin, where litho-
spheric extension created a series of half-graben depocentres
within the Sydney-Gunnedah-Bowen Basin system (Cadman
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FIGURE 1

I (A) Map of the northern Bowen Basin, central Queensland, Australia; illustrating Permian units (blue), the Duaringa Formation

(tan) and Triassic units (green). Symbols mark zircon sample sites from GSQ stratigraphic cores (red symbols: Drake NS 27, Taroom 14, Rewan 1,
Theodore NS 150, Brumby Plains 1) and vertebrate fossil localities at Duckworth Creek, The Crater and Oaky Creek. Major structural elements in-
cluding the Denison Trough, Comet Ridge and Taroom Trough and Permian-Triassic basin boundaries are overlain. The black outline denotes the
extent of the northern Bowen Basin, while the detailed Rewan study area shown in the adjacent panel (Figure 1B). (B) Enlarged map of the Rewan
study area (inset in Figure 1A), showing Arcadia and Clematis outcrops at The Crater, Oaky Creek, Early Storms Creek and Mount Round, together
with the location of the Rewan 1 core. (C) Stratigraphic cross-section displaying the three structural regimes as well as projected locations of wells.

et al. 1998; Korsch, Totterdell, Cathro, and Nicoll 2009). This
early phase of back-arc rifting is widely attributed to slab roll-
back along the convergent plate boundary (Collins 1991; Korsch,
Totterdell, Cathro, and Nicoll 2009). The resulting sub-basins
accumulated thick fluvial and coal-bearing successions, includ-
ing the Permian coal measures that underlie much of the Bowen
Basin (Fielding and Frank 2014; Kear and Hamilton-Bruce 2019;
Milan et al. 2021; Chapman et al. 2022; Chen et al. 2022; Fielding
et al. 2022).

During the early to middle Permian, continued extensional
tectonism and subsequent thermal subsidence stabilized the
basin, promoting the accumulation of thick, laterally extensive
sedimentary successions (Golding et al. 2000; Uysal et al. 2000;
Korsch, Totterdell, Fomin, and Nicoll 2009; Figure 2). This
phase laid the structural and stratigraphic foundation for sub-
sequent deformation (Babaahmadi et al. 2021). By the late mid-
dle Permian (ca. 270 Ma), convergence along eastern Gondwana
had begun, giving rise to the Hunter-Bowen Orogeny (Jessop
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Stratigraphy of the Northern Bowen Basin
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FIGURE2 | Stratotectonic chart of the northern Bowen Basin and field localities within the study. The Palynozones are from Smith et al. (2018).
The stratigraphic columns are from Jell (2013) and Phillips et al. (2017). The tectonic phases are after Korsch, Totterdell, Fomin, and Nicoll (2009),
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Hoy (2020), and Campbell et al. (2022).

et al. 2019). Orogenic loading by the advancing New England
Orogen produced flexural subsidence in the Bowen Basin, trans-
forming it from an extensional back-arc setting into a retroarc

foreland basin (Campbell et al. 2017, 2022; Jessop et al. 2019;
Hoy 2020; Rosenbaum et al. 2020). The initial compressional
deformation involved folding, thrusting and inversion of earlier
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extensional structures, accompanied by uplift of the eastern hin-
terland (Korsch, Totterdell, Fomin, and Nicoll 2009; Campbell
et al. 2022). This compressive phase drove enhanced foredeep
subsidence in the Taroom Trough, forebulge development
across Comet Ridge and back-bulge sag in the Denison Trough
(Figure 1C), shifting the dominant allogenic control on sed-
imentation from eustatic to tectonic during the late Permian
(Fielding et al. 1997; Grech 2001; Catuneanu 2004; Campbell
et al. 2022).

Foreland basin subsidence persisted into the Early Triassic,
punctuated by episodic tectonic events (Phillips et al. 2018).
A major deformational pulse at or near the Permian-Triassic
boundary produced uplift, erosion of uppermost Permian strata
and a regional unconformity (Korsch, Totterdell, Cathro, and
Nicoll 2009; Figure 2). This deformational event marks the strati-
graphic transition from the Permian coal-bearing measures to
the Triassic red-bed successions of the Rewan Group. Renewed
subsidence in the Early Triassic, possibly linked to continued
rollback of the subducting plate, facilitated widespread deposi-
tion of the fluvial-lacustrine Sagittarius Sandstone and Arcadia
Formation across the foreland basin (Jensen 1975; Exon 1976;
Grech 2001; Brakel et al. 2009). These units record extensive flu-
vial-lacustrine sedimentation on low-gradient alluvial plains.
While the exact duration and intensity of Triassic contraction
remain debated, there is a broad consensus that Triassic basin
evolution reflects a transition from active orogenesis to thermal
relaxation (Jessop et al. 2019; Hoy 2020; Campbell et al. 2022).

By the Middle Triassic, contractional deformation had dimin-
ished, and foreland subsidence transitioned to post-orogenic
thermal relaxation, setting the stage for the later development of
the overlying Jurassic-Cretaceous Surat Basin. Stratigraphically,
this transition is marked by the top of the Rewan Group, over-
lain by the fluvial sandstones of the Clematis Group and the
lacustrine-deltaic Moolayember Formation (Figure 2), which
together signal the onset of a new depositional regime. These
relationships are examined in detail in the following section on
stratigraphy.

2.2 | Stratigraphy

The upper Permian succession of the northern Bowen Basin
(Figure 2) (Blackwater Group) consists of alternating marine
mudstones, coal measures and fluvial sandstones, reflecting re-
peated transgressive-regressive cycles (Phillips et al. 2017, 2018;
Fielding et al. 2022; Naher et al. 2025; Figures 3 and 4A-C). This
package is sharply overlain by continental red-bed facies of the
Lower Triassic Rewan Group, following the cessation of coal
deposition (Jensen 1975; Fielding and Kassan 1996; Michaelsen
and Henderson 2000; Lang et al. 2001). In the Taroom Trough,
a pronounced erosional disconformity marks the base of the
Rewan Group, where it rests directly upon coal measures,
whereas in the Denison Trough, the contact is more gradational
(Brakel et al. 2009). This basin-wide surface records a relative
fall in base level at the Permian-Triassic transition, linked to
tectonism and the onset of foreland subsidence.

The Sagittarius Sandstone, forming the basal Rewan Group, rep-
resents the initial fluvial influx into the Early Triassic foredeep. It

is composed of fine- to medium-grained sandstones with trough
cross-bedding, ripple lamination, and scour-and-fill channel
bodies, locally capped by wind-rippled bar surfaces that indicate
episodic subaerial exposure in semi-arid conditions (Exon 1976;
Green et al. 1997; Grech 2001; Lang et al. 2001; Figures 3B and
4D-G). Sandstone channels commonly cut into thick, laterally
extensive red siltstone-mudstone floodplain packages (locally
the dominant facies), which in outcrop can be difficult to dis-
tinguish from the Arcadia Formation red-bed intervals. The
base of the Sagittarius Sandstone is widely regarded as a third-
order sequence boundary in the sequence-stratigraphic sense,
that is, a basin-scale surface produced by a regional fall in base
level and associated incision at the Permian-Triassic bound-
ary (Grech 2001). Compositionally, the Rewan Group succes-
sion contains abundant volcanoclastic detritus derived from
the New England Orogen, consistent with contemporaneous
pulses of silicic arc magmatism (Baker 1997; Michaelsen and
Henderson 2000; Chapman et al. 2022).

The overlying Arcadia Formation comprises a several-hundred-
metre-thick succession of fluvial and overbank deposits that
grade upward into red-bed floodplain facies (Figures 3C,D and
4H). The basal member of the Sagittarius Sandstone records a
coarse-grained sandstone, representing a lowstand systems
tract (Grech 2001; Lang et al. 2001). Higher in the succession,
interbedded sandstones and mudstones give way to increasingly
mud-rich intervals with rooted horizons, mottled palaeosols and
calcareous nodules, reflecting more stable floodplain conditions
and fluctuating water tables (Jensen 1975; Exon 1976; Green
et al. 1997; Grech 2001; Lang et al. 2001; Brakel et al. 2009).
An internal sequence boundary is recognized at the base of the
Arcadia Formation, marking another phase of incision and re-
newed channelization. Together, the Sagittarius Sandstone and
Arcadia Formation record progressive Early Triassic foreland
sedimentation under seasonally arid climatic regimes, with
provenance tied to uplifted arc sources along the basin margin
(Baker 1997; Bashari 2000).

A basin-wide shift in depositional style marks the base of the
Clematis Group, where quartz-rich, pebbly sandstones of
braided to meandering rivers commonly rest unconformably
on the Arcadia Formation (Jensen 1975; Kassan 1994; Brakel
et al. 2009; Figure 3E). Increased textural and compositional
maturity relative to the volcanic-lithic-rich strata of the Rewan
Group indicates a provenance shift as Hunter-Bowen tectonism
waned (Michaelsen and Henderson 2000; Grech 2001). Basin-
wide synthesis suggests this shift may also record a major reorga-
nization of dispersal patterns toward greater westerly (cratonic)
input, with quartzose sediment reaching even the eastern basin
margin (Kassan 1994). Subsurface correlations on the west-
ern side of the basin show the Showgrounds Sandstone as the
upper Clematis Group equivalent, locally recording deposition
in standing water (lacustrine to shallow-marine), highlighting
facies variability across the foreland profile (Green et al. 1997).

The Moolayember Formation (Figure 2) (Middle-Late Triassic)
caps the continental Triassic succession with red-green mud-
stone and siltstone, subordinate sandstone and a laterally per-
sistent basal maximum-flooding unit (the Snake Creek Mudstone
Member) recorded across the Roma Shelf (Southwest) and ad-
jacent areas (Green et al. 1997; Grech 2001; Brakel et al. 2009).
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FIGURE 3 | Outcrop localities and formations for field samples used in detrital-zircon U-Pb geochronology. Panels (B-F) are sampled sites.
(A) Bandanna Formation, reference only with no detrital-zircon sample. (B) Early Storms Creek, Arcadia Formation. (C) Oaky Creek, Arcadia
Formation. (D) The Crater, Arcadia Formation, view toward Mount Round. (E) Mount Round, Clematis Group. (F) Duckworth Creek, Arcadia
Formation. See Figure 1 and Tables 1 and 2 for locations.

Regional studies interpret the Snake Creek Mudstone Member et al. 1996; Green et al. 1997; Michaelsen 2002). Up-section,
as lacustrine to marginal-marine, consistent with a flooding the Moolayember Formation coarsens to fluvial sandstones
pulse early in Moolayember Formation (Kassan 1994; Fielding and minor conglomerates before deposition was interrupted by
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FIGURE4 | Core photographs of intervals sampled for U-Pb geochronology across the northern Bowen Basin. Yellow rectangles mark sampled

horizons. Scale bars are 80 cm. Panels (A-C) show latest Permian tuff and tuffaceous horizons dated in this study that provide chronostratigraphic
reference horizons: (A) Drake NS27 at 275.6 m, Rangal Coal Measures tuff, Taroom Trough; (B) Rewan-1 at 563.1 m, Bandanna Formation tuffaceous
mudstone, Denison Trough; (C) Theodore NS150 at 171.5m, tuffaceous debris flow bed immediately above the last coal, Taroom Trough. Panels (D-
H) show detrital sandstones that provide maximum depositional age constraints: (D) Drake NS27 at 131.9 m, Sagittarius Sandstone, Taroom Trough;
(E) Brumby Plains-1 at 183.3 m, Sagittarius Sandstone, Taroom Trough; (F) Rewan-1 at 473.5m, Sagittarius Sandstone, Denison Trough; (G) Rewan-1

at 412.1 m, Sagittarius Sandstone, Denison Trough; (H) Taroom 14 at 1144.4m, Arcadia Formation, Taroom Trough.

Middle-Late Triassic uplift and erosion, prior to Jurassic subsid-
ence (Green et al. 1997; Lang et al. 2001).

Together, the Rewan Group, Clematis Group and Moolayember
Formation show the Triassic evolution of the Bowen Basin from
volcaniclastic-rich foreland infill to quartzose fluvial systems
and finally to widespread floodplain-lacustrine sedimenta-
tion, linking changes in provenance and accommodation to the
waning Hunter-Bowen orogen and basin-scale base-level shifts
(Exon 1976; Kassan 1994; Grech 2001; Brakel et al. 2009).

3 | Methods
3.1 | Sampling

Following a comprehensive basin-wide sampling campaign
across cores and key outcrops, we selected 13 representative rock
samples for detailed zircon U-Pb analysis (Figure 1): 10 silici-
clastic sandstones analysed for detrital zircon maximum deposi-
tional ages (MDAs) and 3 Permian tuff and tuffaceous horizons

analysed separately from the detrital sandstone samples and
used as latest Permian chronostratigraphic reference horizons.
The sampling spans the full stratigraphic range of the Rewan
Group from the lower part of the Sagittarius Sandstone to the
upper part of the Arcadia Formation, and pairs Triassic detrital
targets with underlying Bandanna Formation (and its equiva-
lent) reworked tuff and tuffaceous horizons that constrain the
latest Permian beneath the base of the Triassic sedimentation.
We emphasized volcaniclastic, commonly biotite-bearing sand-
stones and fossil-adjacent floodplain facies because fresh biotite,
volcanic lithic fragments and tuffaceous matrix provide field
evidence for direct volcanic input, and such units are there-
fore the most likely to host juvenile, near-depositional zircon
populations that yield robust MDAs (Bashari 2000; Dickinson
and Gehrels 2009; Barham et al. 2022; Dobbs et al. 2022). For
cores we targeted fine- to medium-grained, biotite-bearing vol-
caniclastic sandstones and tuffaceous mudstones close to key
stratigraphic horizons, such as immediately above the last coal
seams, within the basal and upper parts of the Rewan Group,
and at the base of the Clematis Group. These stratigraphic
positions coincide with major facies shifts and increased
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volcaniclastic influx in the foreland basin and are thus the inter-

§ - < < vals most likely to record zircons derived from syndepositional
§ Q= = = S ash fall or reworked tuff (Tucker et al. 2013; Dobbs et al. 2022;
x5 | & o a i i d led
Q| — II > Carraro et al. 2024). Core material was examined and sample
5 o i,l ;I;I =) § at the Geological Survey of Queensland (GSQ) Exploration Data
g 2 & 3 s Centre in Zillmere, Brisbane and in archived company reposito-
55' S\ N S\ =
£ ries. Each sample comprised of 1-5 kg of fresh, unweathered ma-
2 £ p p g
3 terial. Locations, lithologic summaries, coordinates and depths
2 ) ) g5 é are listed in Figure 1 and Tables 1 and 2.
N = =
221232 22z 2-z2|:
=) 2 = = ) =N IS
SN|TAE o8 B2
H ittari
i S (3].0 :I ga — iﬂ 2 3.1.1 | Lower Rewan Group (Sagittarius Sandstone
% 8|l BNhN BT Nl P g
S0 I s Qs 3 s E and Basal Units)
o0
< .- & e & .. ) 3.1.1.1 | Cores. In the Rewan-1 core (Figures 1B,C
Q| G g 2 9 “o? z 5 g 21z and 4B,F,G) (25.0294° S, 148.4311° E), we sampled a Ban-
d § “As 948 “agld danna Formation tuffaceous mudstone at 563.1m (lat-
I 7 3 5 ® E 7 e est Permian reference horizon beneath the basal Rewan
> g = o = 3 = 2 Group), and within the Sagittarius Sandstone we sampled a
% biotite-bearing fine-grained sandstone at 412.1m and a fine-
"g —_ g ‘2“ g = medium sandstone with coal rip-up clasts at 473.5m (ca. 20m
= : § = = B g above the last coal), as detrital targets within the lower part
23+ i b £ of the Rewan Group channel strata. In the Theodore NS150 core
N’ . . . [
N 8 'E 1 i :‘_ = (Figures 1A,C and 4C) (24.9934° S, 150.0512° E), we sampled
8<g|q o ™ g a Bandanna Formation equivalent tuffaceous debris flow bed
alF-SCH % S g d
[ @ Q 5, = (as described by Grech 2001) at 171.5m (latest Permian refer-
=3
- - - - & ence horizon) immediately above the uppermost coal seam
) 525 9 § = g = £ at the Permian-Triassic transition. In the Drake NS27 core
?:'D k! o b= n b= 0 b= E (Figures 1A,C and 4A) (21.2613° S, 148.0701° E), we sampled a
s =123 S > 8 = A
g :’f fl @ :_rl @ l:l 2 g Rangal Coal Measures tuff at 275.6 m (latest Permian reference
; 'gn — g 2 g : g g horizon for the northern basin sector) and a Rewan Group volca-
—
L@ S e NENE g n g niclastic sandstone at 131.9m as a mid-succession detrital target.
on — . o
: - 0 o o o | & In the Brumby Plains-1 core (Figures 1A,C and 4E) (25.2814° S,
3 = g S8 S 2 g £2 148.8148° E), we sampled a Sagittarius Sandstone biotite-bearing
Bl94E 248 2482 g medium-grained sandstone at 183.3m, ca. 60m above the last
22228 228 228|582 ) :
g7 %‘ g ” %‘ % « %‘ % g8 coal seam along the western Taroom Trough margin. This sam-
o < .
< £ 0 S0 S0 -§ ] ple lies near the base of the preserved foredeep succession.
< O
=
El2g <5 2 |:zz2
S| 85 0 e oIS ==
g £z E E £z 58 3.1.2 | Upper Part of the Rewan Group (Arcadia
| g 25 B £ SE Formation)
2 ©n v ©n é‘g 3.1.2.1 | Outcrops. At Early Storms Creek (Figures 1B
o o o .
= N & o §§ and 3C) (25.0529° S, 148.3302° E), we sampled the Arcadia
& 5 = § § 5 é 5;/ Formation as a medium-grained, trough cross-bedded channel
© g =~ ] = S ﬁ% sandstone from the base of a channel fill, to characterize flu-
S Q Q IN| g E] vial channel facies. Since this sample derives from the base of a
S o . . . . ..
5 channelized sandstone body, its zircon population is interpreted
n | H i m e : v poptiation prete
9 %N o % g8 more conservatively than those from the biotite-rich floodplain
%) g = 7 & 2g and crevasse-splay facies targeted elsewhere. At the location
— — =
% -§ ) § 5 e g % called “The Crater” (Figures 1B and 3D) (25.0554° S, 148.4094°
e poc o 2 g E), we sampled the Arcadia Formation as a biotite-bearing vol-
. ° 2 = X S g caniclastic sandstone from a crevasse-splay in red-bed flood-
?g £ g E g plain facies at the base to obtain an MDA proximal to the fossil
£ | = E = I g 2 e g | E g £ level. At Oaky Creek, Early Storms Station (Figures 1B and 3C)
§ § < § é 3 = g % A I g @ 2 &3 (25.0587° S, 148.3518° E), we sampled the Arcadia Formation as
~ “F A & LB A L 53 a biotite-bearing volcaniclastic sandstone from a crevasse-splay.
_ N a2 8
§ s At Duckworth Creek (Figures 1A and 3F) (23.6162° S, 149.0105°
- . . . .
m % . o _ g by E), we sampled the Arcadia Formation, a volcaniclastic sand-
1 o . . . . . . .
2 g 54: < ;_'q < 59 o %‘J stone that overlies an amphibian-bearing bed, indicating flood-
& @|@ad E A& A& z 8 plain deposition in the northern basin sector. For the upper
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Summary of latest Permian tuff and tuffaceous reference horizons, including sample locations, analytical totals, YGC2o (5%) weighted-mean ages and Concordia ages.

TABLE 2

No.
Analyses

GPS coordinates

GPS coordinates

Concordia Age

YGC(%20) 5%

(Y) Formation

24.9934372°S

X)
150.0512325°E

Well Name -Depth (m)

Sample

251.8+0.7Ma;
MSWD 1.6; 63 grains

250.7+0.9Ma;
MSWD 1.3; 63 grains

167

analyses; 79

Rangal Coal Measures

Theodore NS 150-171.5m

TNS-25-04

Concordant

251.7+1.2Ma;
MSWD 1.3; 37 grains

250.3+1.1Ma;
MSWD 1.0; 37 grains

100
analyses; 37

25.0293992°8S Bandanna Formation

148.4310983°E

Rewan 1-563.1m

RW1-25-03

Concordant

252.6+1.3Ma;
MSWD 1.4;19 grains

251.7+1.7Ma;
MSWD 1.3; 19 grains

148.0701224°E 21.2613481°S Rangal Coal Measures

Drake 27-275.6m

D27-25-03

analyses; 27

Concordant

Note: These samples are treated as chronostratigraphic reference horizons rather than detrital MDA samples.

bounds, at Mount Round (Figures 1B and 3E) (25.0664° S,
148.4144° E), we sampled the basal part of the Clematis Group as
a medium-coarse planar-bedded sandstone to provide an exter-
nal upper constraint on Rewan deposition.

3.1.2.2 | Cores. In the Taroom 14 core (Figures 1A,C
and 4H) (25.1195° S, 149.1433° E), we sampled the Arcadia For-
mation as a fine-grained, biotite-bearing sandstone at 1144.4m,
immediately below the Clematis Group, to constrain the upper
part of the Rewan Group.

To avoid overstatement, samples are described as commonly
biotite-bearing where verified; otherwise, we report facies and
grain size consistently and specify mineral indicators only
when observed in the hand sample. The three Permian tuff and
tuffaceous horizons were analysed separately from the detrital
sandstone samples and are treated as latest Permian chronos-
tratigraphic reference horizons; they were not included in detri-
tal MDA calculations. This formation-first organization (older
to younger), with explicit coordinates and core depths, and with
detrital vs. latest Permian reference horizons made explicit, pro-
vides the stratigraphically constrained framework required for
subsequent provenance, depositional timing, and basin evolu-
tion analyses.

3.2 | Zircon Separation and Imaging

Whole-rock samples were processed for tuff and detrital zir-
con extraction using a suite of standard mineral-separation
techniques at the Mineral Separation Laboratory, James Cook
University, Australia. The entirety of each sample was first
crushed in a tungsten-carbide mill and sieved to the <500um
fraction. The sand-sized fraction was then processed through a
Wilfley table to remove the clay and most of the light mineral
fraction. Samples were then subjected to heavy-liquid separation
in lithium metatungstate (specific density ca. 2.87 g/cm?) to iso-
late the dense mineral phase. Detrital samples were handpicked
in two passes (Figure 5): a random split (ca. 150-200) (Figure 5B)
and a targeted split (ca. 100-150), favouring smaller, blocky, eu-
hedral-subhedral grains with oscillatory zoning (Figure 5A), to
enrich the youngest magmatic component (Coutts et al. 2019;
Foley et al. 2021, 2022; Todd et al. 2022). In total, ca. 300 zir-
con grains were extracted from each siliciclastic sample, and
60-170 grains from each tuffaceous horizon (Figure 6). Our
zircon-picking strategy and dataset-size targets were explicitly
informed by the systematic review and numerical experiments
of Coutts et al. (2019), who showed that maximum depositional
age estimates are most accurate and stable when large numbers
of grains are analysed at low analytical uncertainty. In line
with those results, we aimed to obtain ~300 zircon analyses per
sandstone sample, with 60-170 grains extracted from each tuffa-
ceous horizon. After discordance filtering this typically yielded
150-250 concordant grains per siliciclastic sample, allowing
us to treat the resulting ages as conservative MDAs and to test
explicitly for hiatuses or unconformities at formation bound-
aries within the limits of MDA resolution. Selected zircons
were mounted in 25mm epoxy resin pucks, polished to expose
mid-sections and imaged using scanning electron micros-
copy in both backscattered-electron and cathodoluminescence
modes. Scanning Electron Microscopy—Cathodoluminescence
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FIGURE 5 | Zircon-picking experiments comparing targeted versus random grain selection for Triassic sandstones. (A, C) Targeted split from

the Arcadia Formation sample Taroom 14 (1144.4m), showing euhedral-subhedral, short-prismatic grains in SEM-CL (A) and a younger Triassic-

peaked KDE for concordant ages between 220 and 280Ma (C). (B, D) Random split from Taroom 14, with more variable grain morphologies (B) and a

KDE dominated by older, late Permian-earliest Triassic ages (D). (E, F) KDEs for the targeted (E) and random (F) splits of the Sagittarius Sandstone

sample in Rewan-1 at 473.3m, again showing enrichment of the youngest Triassic grains in the targeted subset. Values shown as N = x/y indicate

the number of concordant grains included in the 220-280 Ma (x) relative to the total number of concordant grains analysed for that split (y). Scale

bars=50um. Background shading indicates Triassic (purple) and Permian (pink).

(SEM-CL) imaging documented internal zoning, cracks and
inclusions, ensuring that subsequent U-Pb analyses targeted
inclusion-free and representative domains within each grain
(Tucker et al. 2016, 2017; Foley et al. 2021, 2022; Figures 5 and 6).

3.3 | LA-ICP-MS U-Pb Dating

U-Pb isotopic analyses were performed at the Advanced
Analytical Centre, James Cook University, Australia. A 193nm
ATF excimer laser ablation system was coupled to a Laser
Ablation Inductively Coupled Plasma Mass Spectrometry (LA-
ICP-MS) to conduct in situ analyses. Analytical conditions were

optimized for accuracy, using a 20 um spot size and a 10 Hz rep-
etition rate to ablate each grain. This small spot size was chosen
to maximize the number of small magmatic zircons analysed.
The ablation cell was flushed with He carrier gas, and Ar was
added downstream prior to introduction to the plasma. Each
analytical session included frequent measurements of zircon
reference materials (e.g., GJ-1 and Temora-2 zircon standards)
bracketing groups of 10 unknown analyses. A NIST 610 silicate
glass standard was analysed periodically to monitor instrument
drift and calibrate U and Th concentrations. During analysis,
each spot underwent a gas-blank measurement (ca. 30s with
the laser shutter closed, no ablation) followed by ca. 30-45s of
sample ablation. A laser energy density of ca. 5-10J/cm? and

Basin Research, 2026
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FIGURE 6 | Cathodoluminescence images of zircon from Permian tuff and tuffaceous reference horizons for U-Pb geochronology. Panels (A-C)
show, respectively, (A) Rewan 1 at 563.1 m, Bandanna Formation tuffaceous mudstone; (B) Theodore NS 150 at 171.5m, tuffaceous debris flow imme-
diately above the last coal; (C) Drake 27 at 275.6 m, Rangal Coal Measures tuff. Individual spot ages in Ma are annotated next to grains. White circles
mark concordant grains used in the age calculation, yellow circles mark concordant grains interpreted as outliers and excluded from the calculation,

and red circles mark grains that did not pass the discordance filter. The scale bar is 50 um in each panel. These latest Permian volcanic horizons pro-

vide reference ages that bracket the base of the Triassic succession.

carrier-gas flows was chosen to minimize Pb/U fractionation
(by tuning to achieve ca. 206Pb/238 U =0.22 on NIST 610, fol-
lowing standard protocols) (Tucker et al. 2013, 2016, 2017; Todd
et al. 2019, 2022; Foley et al. 2020; Cilliers et al. 2021; Henderson
et al. 2022).

Raw time-resolved mass spectra were reduced using the Iolite
(Paton et al. 2011) software package. The software performed
baseline subtraction, downhole fractionation correction and
drift correction using bracketing standards. For each grain, both
206Pb/238U and 207Pb/235U dates were obtained. Individual
analyses were filtered by concordance: only grains with a
206Pb/238 U-207Pb/235U discordance of <10% were retained in
detrital samples. A stricter < 5% discordance filter was used for the
volcanic tuff and tuffaceous samples (Dickinson and Gehrels 2009;

Tucker et al. 2017; Coutts et al. 2019; Vermeesch 2021; Figure 7).
Analyses failing these filters were excluded from age interpreta-
tion. Across the dataset, this procedure yielded hundreds of con-
cordant zircon U-Pb analyses per sample (approximately 200 per
siliciclastic sample) for MDA analysis.

3.4 | Maximum Depositional Age Determination

Multiple MDA metrics were calculated for each zircon dataset
using IsoplotR (Vermeesch 2018) and the Isoplot Excel plugin
(Ludwig 2009). The Youngest Single Grain (YSG) metric rep-
resents the age of the single youngest concordant zircon and thus
provides a speculative lower bound. In contrast, the Youngest
Grain Cluster at 2o (YGC20) is the weighted mean age of the
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FIGURE 7 |

Concordia and weighted-average age analyses for Late Permian reference horizons from three stratigraphic wells in the northern

Bowen Basin. Top row: U-Pb Concordia plots for the Drake 27 tuff at 275.6 m (n =19 of 27 concordant analyses from 64 total analyses; 252.6 £ 1.3 Ma;
MSWD =8.4/1.2]1.4), Theodore NS 150 tuffaceous debris flow at 171.5m (n =63 of 79 concordant analyses from 167 total analyses; 251.8 +0.7 Ma;
MSWD =51[1.2/1.6) and Rewan 1 tuffaceous mudstone at 563.1m (n=19; 251.7+1.2Ma; MSWD =3610.84/1.4). For Drake 27 and Theodore NS150,
older concordant grains excluded from the preferred age calculations are interpreted as inherited and/or reworked components. Reported MSWD

values are, respectively, the MSWD of concordance, the MSWD of equivalence, and the combined concordance + equivalence MSWD for each pre-

ferred age population. Error ellipses denote 2o uncertainty. Bottom row: Corresponding 206Pb/238 U weighted-average age histograms with 2o error

bars; blue lines mark the weighted-mean age for each sample.

youngest set of at least three concordant grains whose 2o uncer-
tainties overlap, which effectively excludes any grain whose age
does not overlap with that of the coherent youngest population
and therefore screens out isolated analytical outliers (Dickinson
and Gehrels 2009). The Youngest Detrital Zircon (YDZ) metric
uses Isoplot's Monte Carlo routine to resample a youngest subset
of grains (here all analyses within five standard deviations of the
single youngest date), repeatedly perturbing their ages within
analytical uncertainty and taking the mode of ~10,000 simulated
youngest ages as a statistically robust youngest-age estimate
with asymmetric uncertainties (Dickinson and Gehrels 2009;
Ludwig 2009; Tucker et al. 2013; Coutts et al. 2019). The Youngest
Statistical Population (YSP) is calculated as the weighted mean
age of the youngest subset of more than two grains whose ages
form a coherent population with a mean square of weighted de-
viates (MSWD) near 1, identified by successively adding grains
to the youngest pair until the MSWD exceeds 1; the subset with
MSWD closest to 1 is taken as the youngest statistical popula-
tion, and its weighted-mean age and uncertainty are reported
as the YSP (Coutts et al. 2019; Herriott et al. 2019). Finally, the
Maximum Likelihood Age (MLA) estimator treats the youngest
part of the age spectrum as a discrete minimum-age component
mixed with an older continuous population and uses maximum
likelihood to fit this two-component model to all single-grain
ages and their individual analytical uncertainties; the age of the
minimum-age component, with its confidence interval, is then
taken as the MDA (Vermeesch 2021). Although YSG yields the
youngest possible age and cluster-based metrics such as YGC2a,
YDZ and YSP improve robustness by using multiple grains, MLA
makes the fullest use of analytical uncertainties and does not

depend on selecting a particular youngest subset. We therefore
treat MLA as our primary MDA estimator because it is based
on an explicit two component mixture model that uses all sin-
gle grain ages and their uncertainties, rather than only a hand-
picked youngest group, and because it behaves as a consistent
estimator in numerical tests. Simulation work shows that tradi-
tional youngest grain estimators can develop either negative or
positive bias as sample size increases, depending on the method
and the abundance of near syn-depositional grains, whereas
MLA converges on a stable value that closely approximates the
true depositional age across a wide range of scenarios (Coutts
et al. 2019; Vermeesch 2021). When MLA is applied to paired
LA-ICP-MS and CA-ID-TIMS datasets from the same samples
it yields MDAs that agree to within about 1%, while differences
between commonly used youngest grain or cluster-based met-
rics on the same data can reach two to 17% (Vermeesch 2021).
On this basis we adopt MLA derived MDAs as the principal
chronostratigraphic constraints for the Rewan Group and report
YDZ, YGC20 and YSP as complementary comparators.

3.5 | Apatite Geochronology (Corroborative)

To provide an independent minimum-age check on the zircon-
based MDA at one key vertebrate fossil horizon, we analysed de-
trital apatite from a volcaniclastic sandstone of the upper Arcadia
Formation at Duckworth Creek (Figure 1A). Heavy-mineral sep-
arates followed the zircon workflow, with hand-picking under a
binocular microscope followed by SEM-CL imaging to exclude
visibly altered, inclusion-rich, or fractured grains. Forty-nine

Basin Research, 2026

13 of 28

85U8017 SUOWILLOD 3A1IE8.1D) 3|qeot|dde 8Ly Aq peusenob afe sajole YO ‘88N JO S8|NJ 104 Akeid18UIIUO /8|1 UO (SUORIPUOD-PLR-SLLLIBYWO A8 | 1M A1 1[BU1|UO//SNL) SUORIPUOD pue SWB | 3y} 89S *[9202/70/92] Uo ARiqiTauliuo AB[IM * AISBAIUN %000 SSUkr - BUdMe A Uewoy AQ ZOTOZ 8.0/TTTT 0T/I0P/W0d A8 |im ArIq1pUl|UO//ST1Y WO1) pepeojumoq '€ ‘9202 ‘L TTZS9ET



apatite grains were analysed by LA-ICP-MS on the same instru-
ment configuration described in 3.3, using a 20pum circular spot,
a repetition rate of 5-10Hz and identical carrier-gas and plasma
conditions. Analytical sessions alternated unknowns with apatite
reference materials, MAD and McClure, every five unknowns.
MAD is treated as primary and McClure as the secondary U-Pb
standards, along with NIST 610 silicate glass to monitor elemental
drift and verify downhole fractionation corrections.

Time-resolved signals were reduced in Iolite (Paton et al. 2011)
using the Vizual Age data-reduction scheme (Petrus and Kamber
2012; Chew et al. 2014). Because apatite commonly contains sig-
nificant common Pb and is more susceptible to Pb loss than zir-
con, ages were calculated on Tera-Wasserburg diagrams with a
7204Pb-based common-Pb correction following Chew et al. 2011
and Xiang et al. (2021) (Figure 8). We report lower-intercept ages
with 20 uncertainties (Schoene 2013). We inspected individual
analyses in time series space and discarded spots with unstable
signals, such as progressive intensity loss, spikes or failure to
reach a plateau, before regression. We then filtered on discor-
dance, excluding analyses with greater than 10% discordance,
and used the remaining population to calculate a single lower
intercept age in IsoplotR (Vermeesch 2018, 2021).

Apatite bearing horizons are sparse in most Rewan Group sand-
stones, and our aim here was to obtain a corroborative check
on depositional timing rather than build a basin wide apatite
framework. For that reason, we restricted apatite dating to a sin-
gle Arcadia Formation sandstone immediately above one of the
fossil amphibian bearing beds at Duckworth Creek. We there-
fore treat the apatite U Pb result as a corroborative minimum
age that is compared directly with the zircon MDA metrics from

Intercept Age:
239.3+6.6 Ma
3 MSWD = 0.79
N=49
< |
o

207pp2%py,
0.4

0.2
1

1000 oS
T T T T T
0 5 10 15 20 25
238, 1,206
U/""Pb

FIGURE 8 | Detrital apatite U-Pb Tera-Wasserburg Concordia
plot for the Arcadia Formation sandstone at Duckworth Creek (Comet
Ridge). Regression of 49 analyses yields a lower intercept age of
239.3+6.6Ma (20; MSWD =0.79); ellipses show 2c uncertainties. The
apatite intercept provides an independent minimum-age constraint that
is consistent, within uncertainty, with the zircon MDA metrics from the
same bed (MLA =235.8 +2.1 Ma; YGC20=233.2+ 1.3 Ma), supporting a
Carnian MDA at Duckworth Creek (see Table 1; Figure 4).

the same bed, rather than as an independent depositional age for
the unit (Finzel et al. 2025).

4 | Results

Detrital zircon U-Pb data were obtained from ten Triassic sand-
stone samples and three underlying latest Permian tuff or tuffa-
ceous horizons distributed across the Denison Trough, Comet
Ridge and northern Taroom Trough (Figures 1, 3, 4; Tables 1
and 2). For each sandstone sample, we calculated multiple MDA
estimators (YSG, YDZ, YGC2o, YSP, MLA) using the filtering
criteria outlined in Sections 3.3 and 3.4. Summary results are
presented in Tables 1 and 2 and additional summary informa-
tion is provided in Appendix A. Complete detrital zircon ana-
lytical data for the Triassic sandstone samples are provided in
Data S1. Complete U-Pb analytical data for the latest Permian
tuff and tuffaceous reference horizons are provided in Data S2.
Sample-specific YGC20 and MLA plots for all detrital-zircon
samples are provided in Figures S1-S10.

4.1 | Permian Tuffaceous Horizons (Bandanna
Formation and Rangal Coal Measures)

The three tuffaceous horizons beneath the Rewan Group yield
clustered latest Permian U-Pb zircon ages. They define a latest
Permian reference interval immediately below the Triassic suc-
cession. Concordant populations from the Bandanna Formation
tuffaceous mudstone in Rewan-1, the tuffaceous debris-flow
deposit at Theodore NS150, and the Rangal Coal Measures tuff
in Drake NS27 give weighted-mean and Concordia ages of ca.
252-251 Ma (Changhsingian—earliest Induan; Figure 7; Table 2).
However, the Concordia statistics differ between the three sam-
ples. Drake NS27 has the lowest MSWD of concordance (8.4),
whereas Rewan-1 and Theodore NS150 show substantially
greater concordance scatter (36 and 51, respectively). By con-
trast, the MSWD of equivalence remains close to 1 in all three
samples (1.2, 0.84 and 1.2), and the combined MSWD values are
much lower than the concordance MSWDs (1.4, 1.3 and 1.6).
This pattern indicates that the excess scatter is concentrated
in concordance rather than in the internal equivalence of the
selected zircon populations and is therefore interpreted as geo-
logical overdispersion related to facies-dependent inheritance,
reworking and/or minor residual Pb loss rather than a single an-
alytical artefact. These ages are consistent with published CA-
IDTIMS constraints for correlative marker horizons and provide
latest Permian chronostratigraphic reference ages for the upper-
most coal measures (Ayaz et al. 2016; Metcalfe et al. 2024).

Cathodoluminescence images of zircon from these latest Permian
tuff and tuffaceous reference horizons (Rewan-1, Theodore
NS150 and Drake 27; Figure 6) show populations dominated by
euhedral to subhedral, short-prismatic to elongate grains with
well-developed oscillatory zoning and only minor rounding.
Zircons from Rewan-1 are generally smaller (Figure 6A), with
long axes of about 70-160um, whereas crystals from Theodore
NS150 and Drake 27 include a higher proportion of larger grains
(Figure 6B,C), with long axes commonly 90-220um and locally
up to ~240um. However, the three volcanic samples are not tex-
turally or sedimentologically equivalent. Geologically, the Drake
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NS27 most closely resembles a primary tuff with signs of rework-
ing, whereas Rewan-1 is a tuffaceous mudstone and Theodore
NS150 is a tuffaceous debris-flow bed. Minor rounding, inherited
cores, resorption features and older grains indicate that these hori-
zons are better treated as a reworked tuff and tuffaceous reference
horizons rather than uniformly pristine single-eruption ash beds.

4.2 | Sagittarius Sandstone (Lower Part
of the Rewan Group)

Sagittarius Sandstone samples are characterized by zircon age
spectra dominated by Triassic populations with subordinate late
Permian components (Figure 9; Table 1). Maximum-likelihood
MDAs for these samples span the Early to—early Late Triassic.
Along the western margin of the Taroom Trough (Brumby
Plains-1, Drake NS27), MLA-based MDAs fall in the Olenekian
to late Anisian (ca. 250-246 Ma), indicating that these strata
were deposited after ca. 250-246Ma. In contrast, Sagittarius
Sandstone samples from the Denison Trough (Rewan-1 core
and associated outcrops) yield younger MLA-based MDAs in
the Ladinian to earliest Carnian (ca. 238-233 Ma), implying that
comparable stratigraphic levels post-date ca. 238-233 Ma.

Across all Sagittarius Sandstone samples, the MDA estimators
display a consistent rank order (YSG/YDZ < YGC20~YSP <
MLA). We therefore adopt the MLA values as the preferred max-
imum depositional age constraints for stratigraphic compari-
son and use the younger single-grain estimators as minimum
bounds that are not themselves interpreted as depositional ages.
All alternative metrics are reported in Table 1 for transparency.

4.3 | Arcadia Formation (Upper Part of the Rewan
Group)

Arcadia Formation sandstones from The Crater, Oaky Creek,
Duckworth Creek and the Taroom 14 core yield concordant
Triassic zircon populations, with the youngest coherent compo-
nents falling within the late Ladinian to early Carnian (ca. 239-
236Ma; Figures 9 and 10; Table 1). MLA-based MDAs for these
samples cluster in this interval, indicating that deposition through-
out the study area occurred after ca. 239-236Ma in the Arcadia
Formation. Denison Trough outcrop samples (The Crater, Oaky
Creek) typically yield late Ladinian MDAs, whereas Comet Ridge
and Taroom Trough samples (Duckworth Creek, Taroom 14) pro-
duce slightly younger early Carnian MDAs. These MDA results
minimally place the vertebrate fossil-bearing horizons at The
Crater and Duckworth Creek within the Middle—-early Late Triassic
rather than in the earliest Triassic, as previously suggested. This
temporal revision has direct implications for palynostratigraphic
correlation and for interpreting the Arcadia vertebrate record and
recovery tempo, which are discussed further in Section 5.4.

Detrital apatite U-Pbdata from the Arcadia Formation sandstone
at Duckworth Creek yield a Tera-Wasserburg lower-intercept
age of 239.3+6.6Ma (20; MSWD =0.79; n=49), corresponding
to a late Ladinian-early Carnian interval (Figure 8; Table 1).
Within uncertainty, this age is consistent with the zircon-based
MLA for the same bed (235.8+2.1Ma), and we therefore treat
the apatite result as a minimum-age constraint that corroborates
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FIGURE 9 | Kernel density estimates of concordant detrital-zircon
ages between 220 and 280Ma for each sample. Curves are scaled to
Number of DZ Grains (y-axis) versus Preferred Age (Ma) (x-axis); an-
notated labels mark modal peaks. Values shown as N = x/y indicat-
ed the number of concordant grains included within the 220-280 Ma
window (x) relative to the total number of concordant grains analysed
for that sample (y). Background shading denotes Triassic (purple) and
Permian (pink); n gives the number of concordant grains within the
window. These spectra provide context for the maximum depositional
constraints (MDASs) summarized elsewhere.
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FIGURE 10 | Maximum depositional age (MDA) estimates for detrital zircon samples from outcrop and core localities in the northern Bowen
Basin, plotted by sample name along the x axis and age (Ma) along the y axis. Background colours denote Permian and Triassic stages (Changhsingian
through Norian), with stage boundaries shown as horizontal lines. Symbols indicate MDA metrics and the apatite minimum age: Maximum likeli-
hood age (MLA, yellow triangles), youngest detrital zircon (YDZ, red asterisks), youngest grain cluster (YGC, green diamonds), youngest single grain
(YSG, red circles), youngest statistical population (YSP, green squares) and U Pb apatite age where available (blue crosses, Duckworth Creek). Error

bars represent 20 uncertainties for each age estimate.

the zircon-derived timing of deposition rather than as an inde-
pendent depositional age estimate.

4.4 | Clematis Group

The basal part of the Clematis Group sandstone exposed at Mount
Round contains a Triassic-dominated detrital zircon population
with the youngest coherent component in the Late Triassic. The
MLA-derived MDA lies in the late Carnian (ca. 227Ma; Figures 9,
10; Table 1), indicating that deposition of the basal Clematis at this
locality occurred after ca. 227Ma, which is stratigraphically con-
sistent with the age for the Upper Arcadia Formation.

5 | Discussion

5.1 | Maximum Depositional Age (MDA)
Comparisons

5.1.1 | Sampling Strategy and Kernel Density
Estimation (KDE) Context

To maximize the robustness of MDAs, we first tested whether
the zircon picking strategy shifts the youngest age modes and

grain yields. We evaluated whether zircon selection influences
the youngest age modes using paired splits from Taroom 14
(Figure 5). A targeted sampling, favouring smaller, blocky, euhe-
dral-subhedral grains with short-prismatic to equant habit and
clear oscillatory zoning, yields a younger coherent mode (KDE
peak ca. 241 Ma) (Figure 5A,B). A random sampling shows a
broader range of morphologies and grain sizes and yields an
older dominant mode (KDE peak at ca. 252Ma) (Figure 5C,D).
Within the <280Ma window, the random sampling produced
107 concordant grains (62 Triassic), including 26 <245Ma and
11<240Ma; the targeted sampling produced 91 concordant
grains (60 Triassic), including 42<245Ma and 24 <240Ma.
Expressed as proportions of concordant grains, the targeted split
enriches the youngest populations (<245Ma: ca. 46% Vvs. ca.
24%; <240Ma: ca. 26% vs. ca. 10%), indicating greater effective-
ness in capturing near-depositional grains.

A second paired experiment in the Rewan-1 core shows the
same behaviour (Figure 5E,F). The targeted split yields 43
Triassic grains, of which 35 are younger than 245Ma and 21
younger than 240 Ma, with KDE peaks at ca. 233Ma and 242Ma
(Figure 5E). The corresponding random split contains 31 Triassic
grains, with only 13 <245Ma and 6 <240Ma, and its youngest
major mode is shifted to ca. 248 Ma (Figure 5F). Expressed as
proportions of Triassic grains, the targeted selection contains
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~81% <245Ma and ~49% <240Ma, compared with ~42% and
~19% in the random subset. These results further demonstrate
that targeted picking systematically enriches the youngest, near-
depositional Triassic zircon populations.

Across the entire dataset, we use kernel density estimates
(KDEs), which plot probability density curves of concordant
U-Pb ages between 220 and 280Ma, to identify the youngest
coherent modes and compare samples (Vermeesch 2012; Coutts
et al. 2019; Figure 9). Most samples display Triassic-peaked
spectra with youngest modes between about 236 and 246 Ma.
Examples include Mt. Round at about 236 Ma, The Crater at
about 239Ma, Oaky Creek at about 244 Ma, Duckworth Creek
at about 242Ma, Rewan-1 at 473.3m at about 245Ma, Rewan-1
at 412.1m at about 241Ma and Drake-27 at about 246Ma
(Figure 9). Other samples retain Permian-peaked distribu-
tions, including Taroom 14 at approximately 252Ma, Brumby
Plains-1 at about 255Ma, and Early Storms Creek at about
257 Ma. We use these spectra as context for MDA selection. The
youngest KDE modes identify coherent young populations, but
KDE peaks do not substitute for formal maximum depositional
constraints and can be biased by sampling density or smooth-
ing choices. This observation aligns with the findings of Tucker
et al. (2013), who evaluated the ‘youngest graphical peak’
(YPP) approach in their Winton Formation (Eromanga Basin,
Queensland, Australia) study and demonstrated that young-
est peak ages consistently yield the oldest apparent MDAs and
are much less sensitive for constraining true depositional ages.
They recommended excluding YPP from comparative analyses
due to this insensitivity and its tendency to overestimate depo-
sitional timing. Consistent with those conclusions, we use KDE
modes only for visual context and do not treat youngest peak or
other graphical methods as quantitative MDA estimators in this
study (Tucker et al. 2013; Dickinson and Gehrels 2009; Coutts
et al. 2019; Vermeesch 2021). For the Early Storms Creek (ES-
23-22), the Permian-peaked KDEs are interpreted as reflect-
ing facies-dependent mixing and/or hydraulic concentration
of recycled zircons, rather than as evidence that the youngest
coherent Triassic zircon populations are not meaningful maxi-
mum depositional constraints. This interpretation is consistent
with studies showing that detrital-zircon populations may vary
systematically between depositional facies, although the rela-
tionship between grain size and age is not universal (DeGraaff-
Surpless et al. 2003; Sylvester et al. 2022; Carraro et al. 2025). In
the present study, finer-grained floodplain facies are enriched
in smaller, younger syndepositional Triassic zircons, similar to
that reported by Sylvester et al. (2022).

5.1.2 | Sensitivity to Discordance Filtering Duckworth
Creek Case Study

To assess how discordance filtering influences MDA estimates,
we recalculated the Arcadia Formation sandstone at Duckworth
Creek using three common discordance thresholds for detrital
samples (<15%, <10%, < 5%; Table 3). All calculations are based
on the same 301 analyses; only the number of concordant grains
varies with the filter (172, 144 and 89, respectively). The results
highlight systematic shifts in the youngest-age estimators and
clarify why we adopt a 10% discordance filter for detrital zircon
samples.

At a 15% discordance threshold, the youngest metrics yield
markedly young apparent ages: YSG and YDZ fall at ca. 219 Ma,
and cluster-based estimators (YGC2g, YSP) at ca. 223-226 Ma
(Table 3). These values are likely younger than any plausible
depositional age of the Arcadia Formation and sit well below
the coherent Triassic modes observed in KDEs (Figure 9). The
corresponding clusters are small (9-5 grains) and moderately
over-dispersed (MSWD =~1.4-1.8). We interpret these grains as
a small population of anomalously young analyses produced by
minor Pb-loss in zircons that pass a permissive discordance fil-
ter, rather than as a genuine near-depositional age component.
However, the MLA at 15% discordance (231.1+2.9Ma) is less
affected by these few anomalously young grains, displaying the
reduced sensitivity of the likelihood-based estimator to Pb-loss
related outliers (Coutts et al. 2019; Vermeesch 2021).

Tightening the filter to 10% discordance removes the apparent
youngest, most discordant analyses and stabilizes the youngest
coherent population. The YGC2o and YSP estimators converge
at ca. 233-235Ma with improved MSWD values (~0.8-1.0) and
larger cluster sizes (24-31 grains), while the MLA increases to
235.9+2.0Ma (Table 3). Further tightening to 5% discordance
reduces the number of concordant grains to 89, slightly shifts
the MLA to 232.8+3.1Ma, and increases the uncertainties on
the cluster-based estimates. We regard the 5% filter as overly
restrictive for these detrital datasets because it sacrifices a sub-
stantial fraction of otherwise acceptable Triassic grains and
does not yield a demonstrably more robust youngest population.

On this basis, we apply a 10% discordance filter to detrital zir-
con MDAs across the stratigraphic successions of both the
Rewan Group and the Clematis Group. For Duckworth Creek,
this threshold rejects grains that are most plausibly affected by
minor Pb-loss, yields well-behaved youngest clusters (YGC2a,
YSP) of adequate size, and produces an MLA that is consistent
with independent chronostratigraphic constraints and with re-
gional Triassic age distributions. Table 3, therefore, illustrates
both the susceptibility of single-grain and simple cluster-based
MDAs to Pb-loss under permissive filtering, and the relative
stability of the MLA estimator when discordance thresholds are
chosen conservatively.

5.1.3 | Behaviour of MDA Estimators

We next evaluate several commonly applied metrics for max-
imum depositional age (MDA) determination, including the
youngest single grain (YSG), youngest detrital zircon (YDZ),
youngest grain cluster at 2 (YGC20), youngest statistical pop-
ulation (YSP) and maximum likelihood age (MLA), in order to
guide the selection of defensible maximum depositional age con-
straints in siliciclastic successions (Dickinson and Gehrels 2009;
Tucker et al. 2013; Coutts et al. 2019; Herriott et al. 2019;
Vermeesch 2021) (Figure 10). Across our dataset, these esti-
mators exhibit a consistent rank order from youngest to old-
est: YSG or YDZ<YGC20~YSP < MLA (Coutts et al. 2019;
Vermeesch 2021). Across all samples, the single grain estimators
yield the youngest apparent ages, the cluster-based estimators
give intermediate ages, and the MLA returns the oldest values.
We therefore adopt MLA as the primary MDA estimator for the
Rewan Group and use YGC2o and YSP as internal checks on
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Summary of detrital zircon U Pb MDA results for the Arcadia Formation sandstone at Duckworth Creek calculated under three discordance thresholds (15%, 10% and 5%).

TABLE 3

YDZ (10%)
(Dickinson and

MLA (%10)
(Vermeesch 2021)

YSG (Youngest

Discordance

filter

YSP (Coutts et al. 2019)

YGC (x20) 10%)

Gehrels 2009)

single grain)

No. Analyses

231.1£2.9Ma

223.0+4.4Ma;

218.7+4.1/-6.0Ma 225.5+3.2Ma;
MSWD 1.8; 9 grains MSWD

218.8 +5.63Ma;
11.55% Discordant

301 analyses; 172 Concordant

15%

1.4; 5 grains

234.5+3.1Ma; 2359+2.0Ma
MSWD

233.2+1.3Ma; MSWD

225.7+43.0/-5.5Ma

228.5+6.21 Ma;
1.25% Discordant

301 analyses; 144 Concordant

10%

0.98; 31 grains

0.8; 24 grains

233.4+1.6Ma; 232.8+3.1Ma
MSWD

234.5+£1.9; MSWD

226.3+3.4/-5.6Ma

228.5+6.21 Ma;
1.25% Discordant

301 analyses; 89 Concordant

5%

1.05; 16 grains

1.5.; 19 grains

Note: For each filter, the table lists the number of analyses and concordant grains, and the corresponding youngest single grain (YSG), youngest detrital zircon (YDZ), youngest grain cluster (YGC, +20), youngest statistical

population (YSP), and maximum likelihood age (MLA) estimates.

this choice. YSG and YDZ are reported as minimum bounds
only and are not interpreted as depositional ages. Any detrital
zircon MDA represents a maximum age constraint, so the true
depositional age of the unit must be no older than its youngest
zircons (Dickinson and Gehrels 2009; Coutts et al. 2019).

MLA is preferred because it combines several grains and their
uncertainties into a single estimate, rather than relying on one
or two outliers, and is therefore less sensitive to anomalously
young analyses produced by minor Pb loss or large analyti-
cal uncertainties. Published simulation work and case studies
show that MLA-based MDAs often agree more closely with in-
dependent ages for volcanic units than single-grain or simple
cluster-based metrics, and our results are consistent with that
behaviour where ash bed ages are available (Coutts et al. 2019;
Vermeesch 2021). Reporting YGC20 and YSP alongside MLA
allows readers to see how the youngest cluster compares with
the likelihood solution and provides a simple internal sensitivity
check (Dickinson and Gehrels 2009; Herriott et al. 2019).

However, we do not apply MLA automatically. An MLA based
on the youngest cluster is not reliable when that cluster is very
small or statistically poorly behaved, for example when it con-
tains fewer than three grains or has a mean square of weighted
deviates (MSWD) greater than 2 without geological justification
(Vermeesch 2021). We favour the younger cluster-based esti-
mate as the more plausible maximum depositional age when
external age control is used as a consistency check and YGC2o
or YSP provides the more coherent and geologically plausible
result within uncertainty. When field or sedimentological evi-
dence indicates extensive reworking or mixing from older strata,
the youngest zircons are likely to be recycled rather than syn-
depositional. In these cases, we again prefer the cluster-based
MDA as a better approximation of depositional timing and still
report MLA for completeness. These rules keep MLA use tied
to geological context rather than to a single default approach.
This caution is particularly relevant for channelised sandstones
where hydraulic sorting may concentrate older zircon popu-
lations (e.g., ES-23-22) compared to finer-grained biotite-rich
crevasse-splays.

5.2 | Revised Stratigraphy of the Triassic
Bowen Basin

New U-Pb constraints from Permian tuff/tuffaceous horizons
and Triassic detrital zircons allow us to refine the chronostratig-
raphy of the northern Bowen Basin across the Denison Trough,
Comet Ridge and northern Taroom Trough (Figure 11; Tables 1
and 2). Throughout this section, MDAs refer to MLA values cal-
culated at a 10% discordance threshold (Section 5.1), and quoted
uncertainties are 2o. Permian tuff ages are treated as latest
Permian chronostratigraphic reference ages that constrain the
base of the Triassic succession in each domain.

5.2.1 | Denison Trough (Back-Bulge)
The upper Permian tuffaceous horizon at Rewan-1 (563.1m;

Bandanna Formation tuffaceous mudstone) yields a Concordia
206Pb/238 U age of 251.7+1.0Ma, placing the top of the
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coal-measure succession in the latest Changhsingian-ear-
liest Induan (Figure 7; Table 2). This result agrees with high-
precision CA-IDTIMS zircon ages obtained for correlative late
Permian tuffs elsewhere in the Bowen and the adjacent Galilee
basins, including 252.24+0.36 Ma at the top of the Bandanna
Formation and 252.81+0.07Ma for the basin-wide Yarrabee
Tuff (Nicoll et al. 2015; Ayaz et al. 2016; Metcalfe et al. 2024).
Together, these ages define a latest Permian reference interval
immediately beneath the Rewan Group in the Denison Trough
back-bulge. Given the mixed zircon textures and tuffaceous
character of Rewan-1, this age is interpreted cautiously as a ref-
erence constraint rather than a pristine single-eruption ash age.

The overlying Rewan Group MDAs in the Denison Trough
are uniformly Middle-early Late Triassic. The Sagittarius
Sandstone in Rewan-1 yields MLA-based MDAs of
237.7+2.5Ma at 412.1m and 233.3+ 2.1 Ma at 473.5m (Table 1).
Arcadia Formation outcrops at The Crater, and Oaky Creek re-
turn MLAs of 239.5+2.7Ma and 239.2+3.2Ma, and the basal
part of the Clematis Group at Mount Round yields an MLA of
227.1+6.1Ma. These data show that Triassic strata preserved

in the Denison Trough post-date ca. 239-233Ma, whereas the
underlying Bandanna ash constrains the end of coal-measure
deposition at 251-252Ma. The slightly older MDAs for the
Arcadia Formation at The Crater and Oaky Creek, compared to
the lower Sagittarius Sandstone in Rewan-1, are best interpreted
as conservative maxima. They most likely reflect lower pro-
portions of concordant Triassic grains and earlier, less targeted
grain picking in those outcrops, rather than a real reversal in
stratigraphic age, and are consistent with the younger Arcadia
MDA at Duckworth Creek and the picking-strategy effects
shown in Section 5.1.1.

The age difference between the latest Permian tuffaceous mud-
stone at Rewan-1 (251-252Ma) and the overlying Middle to
early Late Triassic MDAs for the Rewan Group (ca. 239-233 Ma)
implies a substantial interval between the latest Permian coal-
swamp deposition and the onset of preserved Rewan Group
sedimentation in the Denison Trough. Using the Rewan-1
tuffaceous mudstone (251.7+1.0Ma) and the oldest overlying
Triassic MDAs (Sagittarius Sandstone at 412.1m: 237.7 +2.5Ma;
Arcadia Formation at ca. 239 Ma), the Denison gap is at least
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~12-15 Myr (Figure 11). Considering the younger internal
MDAs (e.g., Sagittarius Sandstone at 473.5m: 233.3+2.1Ma)
and the Clematis Group MDA (227.1 +£ 6.1 Ma) indicates that the
total interval lacking preserved strata may be longer. However,
because MDAS are maximum constraints, we treat these values
as upper bounds on the total duration of the stratigraphic break,
which may reflect both non-deposition and subsequent erosion.
Lower concordance in some Arcadia Formation outcrops in the
Denison Trough (e.g., 39%-58% concordant grains at <10% dis-
cordance) can preferentially exclude the youngest zircon anal-
yses and bias conservative MDA slightly older; however, even
allowing for such effects, there is no evidence for Olenekian
or early-middle Anisian deposition in the preserved Denison
Trough section.

5.2.2 | Taroom Trough (Foredeep)

In the northern Taroom Trough, two Permian volcanic reference
horizons provide latest Permian reference ages immediately
beneath the Triassic red beds. A reworked tuff in the Rangal
Coal Measures at Drake NS27 (275.6m) yields a Concordia age
of 252.6+1.3Ma, and the tuffaceous debris flow at Theodore
NS150 (171.5m), directly above the last major coal, gives
251.8+0.9Ma (Figure 11; Table 2). These ages fall within the
narrow 252-253 Ma window defined by regional CA-ID-TIMS
ages for the Yarrabee/Kaloola volcanic system and allied upper
Permian markers (e.g., Yarrabee Tuff 252.81+0.07Ma; Nicoll
et al. 2015; Ayaz et al. 2016; Metcalfe et al. 2024), and provide
an external consistency check on their correlation as basin-wide
reference horizons at the top of the coal measures.

The overlying Rewan Group in the Taroom foredeep shows
progressive younging of MLAs without requiring a major hi-
atus at our sampling resolution. Along the western margin of
the foredeep, the Sagittarius Sandstone at Brumby Plains 1
(183.3m) yields an MLA of 250.2 +2.3Ma, whereas the mid-
successional Sagittarius Sandstone at Drake NS27 (131.9m)
returns 246.0 + 1.9 Ma; both ages fall within the Olenekian to
late Anisian (Figure 11; Table 1). Farther east and structur-
ally higher in the basin centre well Taroom 14, an Arcadia
Formation sandstone at 1144.4m immediately beneath the
Clematis Group, yields an MLA of 237.7 + 1.7 Ma, correspond-
ing to a late Ladinian-earliest Carnian MDA. The Taroom
Trough data indicate relatively continuous accommoda-
tion and deposition from just above the latest Permian tuffs
through the Early and Middle Triassic, with no clear evidence
at our sampling resolution for the major unconformity and as-
sociated missing section inferred near the top of the Rewan
Group in the basal Clematis Group in the Denison Trough
(Fuentes et al. 2009; Pirouz et al. 2017).

Comet Ridge occupies an intermediate structural position
(forebulge) between the Denison Trough backbulge to the
west and the Taroom Trough foredeep to the east during the
Triassic. The only dated locality in this domain is the Arcadia
Formation sandstone at Duckworth Creek, which yields an
MLA of 235.8+2.1 Ma (early Carnian; Table 1). Detrital apatite
from the same tuffaceous sandstone forms a coherent array on
a Tera-Wasserburg diagram, defining a lower intercept age of
239.3+ 6.6 Ma (Figure 8). All apatite analyses come from a single

volcaniclastic sandstone bed and define a coherent regression
with low MSWD. We therefore interpret the lower intercept age
as a corroborative minimum that is consistent with the zircon-
based MDA for the same horizon, rather than as an independent
depositional age.

At the basin scale, the new ages show that the lower Rewan
Group contact is time-transgressive from west to east
(Figure 11). In the Denison Trough, latest Permian tuffaceous
horizons (ca. 251-252 Ma) lie directly beneath Middle—early Late
Triassic MDAs (ca. 239-233Ma), implying a significant inter-
val of non-deposition and/or erosion at the base of the Rewan
Group. In contrast, in the Taroom Trough foredeep, the same
latest Permian tuffs are overlain by a succession that shows
overall stepwise younging from Olenekian to late Anisian
Sagittarius Sandstone MDAs and then to late Ladinian—earliest
Carnian Arcadia Formation MDAs, with no large stratigraphic
break suggested by the detrital record. Comet Ridge, with its
early Carnian Arcadia Formation MDA and corroborative apa-
tite minimum age at Duckworth Creek, lies between these end-
members both geographically and temporally.

This time transgressive pattern also helps explain why earlier
palynology-based ages for the Rewan Group appear older than
the detrital-zircon framework. In the western Bowen Basin,
palynological control becomes weak in the upper part of the
Rewan Group and the lower part of the Clematis Group, and
many sections have yielded few definitive palynological assem-
blages (Green et al. 1997). The same study also inferred substan-
tial absence of characteristic palynological assemblages in the
western part of the basin. Much of the upper part of the Rewan
Group through the lower part of the Clematis Group interval
is condensed or absent in the western part of Denison Trough
or Roma Shelf, while APT3 assemblages extend down into
the upper part of the Rewan Group in the eastern side of the
Taroom Trough (Figure 11). Independent stratigraphic studies
likewise indicate repeated stratigraphic omission in the Triassic
sedimentary succession. These include sequence boundaries at
the base of the Sagittarius Sandstone and Arcadia Formation,
erosional incision in the upper part of the Arcadia Formation,
and an erosional Rewan Group-Clematis Group contact in
Denison Trough (Grech 2001). These issues were originally rec-
ognized by De Jersey (1970), who noted that parts of the Rewan
Group succession could be missing because of erosion or non-
deposition and that microflora assemblages were strongly facies
dependent. At basin scale, Brakel et al. (2009) also described
the sequence boundary that ended coal deposition and initiated
Triassic foreland fill as a significant hiatus. Smith et al. (2018)
later presented a preliminary recalibration of the Triassic paly-
nozones that is consistent with a younger Middle-Late Triassic
placement of APT3, and the MDAs we obtained agree with that
younger placement (Figure 11). Similar issues have also been
recognized in other Triassic stratigraphic successions. For ex-
ample, in the Triassic Chinle Formation (United States), dif-
ferences in the stratigraphic ranges of some palynomorph taxa
have been linked to local and regional environmental variation
rather than stratigraphic miscorrelation (Lindstrom et al. 2016).
Recent geochronologic work in Triassic basins of South America
also shows that some pollen- and spore-based correlations re-
quire revision (Benavente et al. 2024). The mismatch therefore
most likely reflects sparse palynological recovery together with
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missing sections in western parts of the basin, rather than a fail-
ure of the palynozonation itself.

5.3 | Tectonic Implications of the Updated
Geochronology Framework

The new U-Pb dating constraints allow us to integrate basin
evolution with the timing of the Hunter-Bowen Orogeny. The
onset of slab advance at ca. 265Ma marks the beginning of
foreland loading and thrust propagation outboard of the New
England Orogen, establishing the template for flexural subsid-
ence and basin partitioning (Jessop et al. 2019; Figure 12A).
Latest Permian reference ages from tuff and tuffaceous horizons
immediately below the Triassic succession provide chronostrati-
graphic constraints at the top of the latest Permian Bandanna
Formation (and co-eval strata) to this framework at ca. 252 to
251Ma and demonstrate that accommodation in the northern
Bowen Basin initiated against a latest Permian datum consis-
tent with prior stratigraphic syntheses (Grech 2001; Korsch,
Totterdell, Fomin, and Nicoll 2009; Decelles 2012; Figure 7).

During the foreland loading phase, ca. 255 to 240Ma, sub-
sidence was focused in the Taroom Trough (foredeep), and
the Denison Trough behaved largely as a back-bulge bypass

(Catuneanu 2004), a pattern that is captured by our earliest
Triassic MDAs from foredeep sandstone bodies. The Sagittarius
Sandstone yields MLA-based MDAs of 250.2 £ 2.3 Ma at Brumby
Plains-1 and 246.0+ 1.9 Ma at Drake 27, which require persistent
early accommodation and efficient sediment trapping in the
Taroom Trough (Figure 12B). These values are coherent with a
classic flexural foreland system in which the load concentrated
subsidence is on the cratonic side of the orogenic front, while
the back-bulge region remains sediment starved (Grech 2001;
Korsch, Totterdell, Cathro, and Nicoll 2009; Decelles 2012).
The volcanolithic petrofacies and abundant pyroclastic detritus
in Upper Permian to Lower Triassic sandstones are compati-
ble with sustained arc-derived sediment supply to the foredeep
during this phase (Michaelsen and Henderson 2000).

By ca. 240 to 230Ma, dynamic subsidence related to slab ki-
nematics appears to have overprinted the flexural signal, pro-
moting the transition from bypass to active fill in the Denison
Trough (Figure 12C). Within the Rewan-1 core in Denison
Trough, MLA-based MDAs of 237.7+2.5Ma at 412.1m and
233.3+2.1Ma at 473.5m, the latter approximately 23 m above
the last Permian coal from the Bandanna Formation, document
the timing of renewed accommodation and the encroachment
of Triassic fluvial systems into the back-bulge. Outcrop Arcadia
Formation samples in Denison Trough reinforce this picture
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with MDAs of 239.2 +3.1 Ma at Oaky Creek, and 239.5+2.7Ma
at The Crater. In comparison, the forebulge at Comet Ridge yields
an age of 235.8+2.1Ma at Duckworth Creek. In the Taroom
Trough, the top of the Arcadia Formation is 237.7+1.7Ma, in-
dicating that the upper part of the Arcadia Formation is chro-
nostratigraphically equivalent across foredeep, forebulge and
back-bulge settings within uncertainty. Taken together, these
data imply a lag of approximately 8-12 million years between
the earliest foredeep accumulation and the onset of widespread
back-bulge fill, consistent with along-strike variability in effec-
tive flexural rigidity and changes in dynamic support associated
with asymmetric rollback and arc migration (Li et al. 2012, 2015;
Milan et al. 2021).

The Clematis Group records waning foreland loading and re-
duced flexural accommodation, marking the shift toward
the Late Triassic contractional phase that deformed the
Bowen-Sydney foreland system (Jenkins et al. 2002; Korsch,
Totterdell, Cathro, and Nicoll 2009). Our Mount Round MDA
of 227.4+6.1Ma places the Clematis Group within a late
Carnian to early Norian window and indicates that major flu-
vial aggradation outlasted the main Sagittarius—Arcadia phase
(Figure 12D). After the accumulation of the Clematis Group and
the Moolayember Formation, the basin experienced structural
inversion, followed by post-210Ma peneplanation and the de-
velopment of distributed extensional basins during slab retreat
(Figure 12E). These transitions align with regional accounts of
contractional climax, subsequent reorganization, and late oro-
genic collapse across the Tasmanides, and they remain com-
patible with a flexural foreland system that later incorporated
a strong dynamic component due to slab processes and arc mi-
gration (Korsch, Totterdell, Cathro, and Nicoll 2009; Hoy et al.
2018; Jessop et al. 2019; Hoy 2020; Campbell et al. 2022).

5.4 | Implications for Triassic Vertebrate Fossil
Assemblages and Biodiversity Trends

Two globally significant vertebrate fossil-bearing localities
within the Arcadia Formation, “The Crater” in the Denison
Trough (Figures 1B and 3D) and Duckworth Creek on Comet
Ridge (Figures 1A and 3E), have long been regarded as key
reference sites for Early Triassic continental faunas in eastern
Gondwana (Warren et al. 2001). Hosting diverse temnospondyl-
dominated assemblages together with rarer amniotes and
fishes, these sites have generally been regarded as earliest
Triassic (Induan-Olenekian) in age based on stratigraphic po-
sition and palynology (A. Warren 1981; Northwood 1999). They
have therefore been closely tied to the immediate aftermath of
the end-Permian mass extinction (Benton 2016, 2018; Romano
et al. 2020). The Arcadia Formation vertebrate assemblages have
been incorporated into discussions on post-extinction recovery,
faunal turnover and biogeographic patterns in Early Triassic
continental ecosystems across Pangaea (A. A. Warren 1980,
1985; A. Warren 1981; Warren and Black 1985; Warren and
Hutchinson 1987; Damiani and Warren 1997; Warren and
Marsicano 1998, 2000; Northwood 1999, 2005; Warren
et al. 2001, 2006, 2011; Nield et al. 2006; Rozefelds et al. 2011).

The new detrital zircon U-Pb MDAs presented here substan-
tially revise the temporal context of these assemblages and

warrant an extensive review of their contribution toward our un-
derstanding of Triassic continental ecosystems. Maximum like-
lihood ages place “The Crater” at 239.5+2.7Ma (late Ladinian)
and Duckworth Creek at 235.8 +2.1Ma (early Carnian). These
values are maximum depositional ages and are expected to be
equal to or older than the true depositional ages, but within our
dataset, they provide the most consistent estimate of relative
timing. These results indicate that both assemblages are late
Middle-early Late Triassic rather than earliest Triassic, and that
the two sites are potentially not coeval. The ca. 3-5 Myr age off-
set is supported by the absence of documented species-level over-
lap within the vertebrate fossil record between the two localities
(A. Warren 1981; A. A. Warren 1985; Warren and Black 1985;
Warren and Hutchinson 1987; Damiani and Warren 1997;
Warren and Marsicano 1998, 2000; Northwood 1999; Warren
et al. 2001, 2011; Nield et al. 2006; Rozefelds et al. 2011; but see
Hamley et al. 2021). Rather than representing a single, time-
equivalent fauna, The Crater and Duckworth Creek now appear
to sample different stages of Middle-Late Triassic ecosystem de-
velopment in the northern Bowen Basin. However, it remains
possible that the lack of taxonomic overlap is the result of geog-
raphy and/or environmental factors, providing a different set of
habitats at each locality.

The revised ages also bear directly on interpretations of climatic
and paleoenvironmental conditions. The interval between ca.
239-236Ma spans the onset of the Carnian Pluvial Episode
(CPE) (Benton et al. 2018; Corso et al. 2020). This episode is
marked by higher rainfall, increased runoff, and associated bi-
otic and sedimentary change in many basins (Benton et al. 2018;
Corso et al. 2020; Zhao et al. 2025). Within our chronostrati-
graphic framework, The Crater predates the main phase of CPE
humidification, whereas Duckworth Creek overlaps its early de-
velopment. Consequently, any comparison of facies, taphonomy,
or vertebrate ecology between The Crater and Duckworth Creek
should acknowledge that the ages are MDAs and that small dif-
ferences between them may include effects of sediment routing,
the depositional environment and sampling, not only true time
differences (Tucker and Benton 1982; Zhu et al. 2019; Chapman
et al. 2022).

The new ages also place the Arcadia Formation vertebrate as-
semblages in the same Middle-Late Triassic interval as sev-
eral important continental successions, including the Molteno
Formation at the base of the Stormberg Group in the Karoo Basin,
the Ischigualasto Formation in northwestern Argentina, the
Lossiemouth Sandstone Formation in the Elgin area of Scotland,
the Madygen Formation in Kyrgyzstan and the Popo Agie
Formation in the western United States (Anderson et al. 1998;
Martinez et al. 2012; Hancox et al. 2020; Fitch et al. 2023; Foffa
et al. 2024). These units are widely used to reconstruct Carnian
to early Norian terrestrial environments and faunas. Placing the
Arcadia record in this time frame allows direct comparison with
this global set of basins when assessing patterns of vertebrate
diversity and environmental change.

6 | Conclusions

Following a comprehensive sampling of the Sagittarius
Sandstone and Arcadia Formation, we demonstrate high-density
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U-Pb zircon datasets (around 300 analyses per sandstone), an-
chored to the latest Permian tuff and tuffaceous horizons at
252-251Ma, that define a reproducible chronostratigraphic
framework for the northern Bowen Basin, Queensland, Australia
(Figure 11; Tables 1 and 2). Sagittarius Sandstone MDAS range
from ca. 250-233 Ma, Arcadia Formation MDA s cluster between
ca. 239-236Ma, and the basal part of the Clematis Group at
Mount Round yields an MDA of 227.1 +6.1 Ma. Together with
the Permian tuff and tuffaceous horizons, these ages resolve
ambiguity left by palynology-only schemes and allow consistent
intra- and inter-basinal correlation of Triassic strata.

The base of the Rewan Group is time-transgressive across
the basin. In the Denison Trough (backbulge), latest Permian
tuffaceous mudstone horizon from the Bandanna Formation
at Rewan 1 (251.7+1.2Ma) is overlain directly by late
Middle-early Late Triassic Sagittarius Sandstone and Arcadia
Formation MDAs between ca. 239 and 233 Ma, implying a
Denison Trough chronostratigraphic unconformity of at least
about 12-15 Myr. In the Taroom Trough (foredeep), by con-
trast, deposition appears relatively continuous from latest
Permian tuffs (252.6-251.8 Ma) through Olenekian to late
Anisian Sagittarius Sandstone MDAs (250.2-246.0 Ma) and
into late Ladinian to earliest Carnian Arcadia Formation
MDAs (237.8Ma), with Comet Ridge, represented by the
Arcadia Formation sandstone at Duckworth Creek (MLA
235.8 +2.1 Ma), occupying an intermediate position. This pat-
tern is most simply explained by earlier and more sustained
accommodation in the foredeep and by a more condensed, lo-
cally erosional Triassic fill in the Denison Trough.

The new age framework also substantially revises the timing of
Arcadia Formation vertebrate localities. Maximum likelihood
MDAs place The Crater at 239.5+2.7Ma (late Ladinian) and
Duckworth Creek at 235.8 £2.1 Ma (early Carnian), and a detri-
tal apatite lower intercept age of 239.3 + 6.6 Ma from Duckworth
Creek provides an independent minimum constraint consistent
with the zircon MDA. These sites are therefore Middle-early
Late Triassic, not earliest Triassic, and they are unlikely to be
the same age. The 3-5 Myr difference between their MDAs gives
a clearer time frame for future paleoenvironmental compari-
sons and argues against treating the two assemblages as a single
pooled fauna.

Finally, our workflow combines large detrital zircon datasets,
conservative discordance filters, clear rules for MDA selection
and checks against ash-bed and apatite ages. In this framework,
MLA at 10% discordance is the primary MDA estimator, YGC2o
and YSP are internal checks, and YSG/YDZ are used only as
minimum bounds. Agreement between these metrics and in-
dependent age anchors provides an external consistency check
on our age interpretations and provides a simple template for
refining chronostratigraphy and tectono-stratigraphic models in
other siliciclastic basins.
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Appendix A

Bandanna Formation & Rangal Coal Measures (Permian Tuff and
Tuffaceous Horizons)

Outcrops—none analysed.

Cores—Rewan-1, 563.1 m (Bandanna Formation tuffaceous mudstone).
Zircons grain morphology contains a mixed population dominated
by short prismatic to equant subhedral grains with fine oscillatory to
patchy zoning and sporadic thin bright rims; several grains appear
slightly rounded. Long axes are about 70-160 um. 100 zircon grains ana-
lysed; 37 concordant (5% discordance). Weighted mean=250.3+1.1 Ma
(n=37, MSWD =1.1); Concordia=251.7+1.0Ma (n=37, MSWD =1.3).
These ages correspond to the latest Changhsingian to earliest Induan,
that is, the Permian-Triassic boundary interval. This sample is inter-
preted as a mixed volcaniclastic zircon population, and older grains
were excluded from the preferred age interpretation as inherited and/
or reworked components.

Drake NS27, 275.6m (Rangal Coal Measures tuff). Zircons are chiefly
euhedral prismatic with pronounced oscillatory zoning and sharp ter-
minations; inherited cores and subtle resorption embayments are pres-
ent in a subset. Long axes are about 90-240 um. 64 grains analysed; 27
concordant (5%). Weighted mean=251.7+1.7Ma (n=19, MSWD =1.3);
Concordia=252.6+1.3Ma (n=19, MSWD=1.4). This corresponds to
the Changhsingian (latest Permian).

Theodore NS150, 171.5m (Rangal Coal Measures tuffaceous debris-
flow). Zircons grain morphology are mostly euhedral to subhedral
and elongate prismatic with clear oscillatory zoning and occasional
bright CL rims; a few grains show rounded margins or resorption
features. Long axes are typically about 90-220um. 167 grains an-
alysed; 79 concordant (5%). Preferred YGC2o weighted-mean and
Concordia ages are calculated from a subset of 63 concordant analyses
after exclusion of older concordant grains that fall outside the young-
est coherent population and are interpreted as inherited/reworked
components. Weighted mean=250.7+0.9Ma (n=63, MSWD=1.6);
Concordia=251.8+0.7Ma (n=63, MSWD=1.6). These ages corre-
spond to the latest Changhsingian-earliest Induan, that is, the P-T
boundary interval. Given its sedimentologic heterogeneity and debris-
flow character, Theodore NS150 is treated as a reworked tuffaceous
horizon rather than a pristine ash-fall bed. All three samples contain a
minor older zircon component, including sparse Carboniferous grains,
consistent with limited inherited and/or reworked input.

Sagittarius Sandstone (Lower Rewan)
Outcrops—none analysed.

Cores—Rewan-1, 473.5m (lower part). 300 analyses; 201 concor-
dant (67%). YSG 230.2+4.8Ma; YDZ 227.7 (+2.7/-4.4) Ma; YGC2o
2343+x1.1Ma (n=27, MSWD=1.2); YSP 233.8+2.8Ma (n=22,
MSWD=1.00); MLA 233.3+2.1 Ma. An MLA of ca. 233 Ma corresponds
to the early Carnian (Late Triassic).

Rewan-1, 412.1m (upper part). 302 analyses; 245 concordant (81%).
YSG 230.8+6.0Ma; YDZ 229.7 (+3.7/-5.7) Ma; YGC20 236.7+1.3Ma
(n=14, MSWD=1.14); YSP 236.4+29Ma (n=13, MSWD=1.03);
MLA 237.7+2.5Ma. An MLA of ca. 238 Ma corresponds to the latest
Ladinian-earliest Carnian.

Drake NS27, 131.9m. 300 analyses; 199 concordant (66%). YSG
242.5+5.8Ma; YDZ 240.3 (+2.8/-5.3) Ma; YGC20c 246.7+1.4Ma
(n=20, MSWD=0.61); YSP 247.1 +3.3Ma (n=21, MSWD=1.07); MLA
246.0+1.9Ma. An MLA of ca. 246 Ma corresponds to the late Anisian
(Middle Triassic).

Brumby Plains-1, 183.3m. 300 analyses; 177 concordant (59%). YSG
241.1+6.0Ma; YDZ 238.3 (+4.4/-5.7) Ma; YGC20 247.8+1.5Ma
(n=21,MSWD=0.97); YSP 248.0 +3.0Ma (n=22, MSWD =0.98); MLA
250.2+2.3Ma. An MLA of ca. 250Ma corresponds to the Olenekian
(Early Triassic).

Arcadia Formation (Upper Rewan)

Outcrops—Early Storms Creek (outcrop). 330 analyses; 121 con-
cordant (37%). YSG 234.5+4.7Ma; YDZ 234.3 (+4.3/-4.2) Ma;
YGC20 247.3+2.1Ma (n=6, MSWD=1.2); YSP 247.3+2.1Ma (n=6,
MSWD =1.2); MLA 236.7+3.7Ma. An MLA of ca. 237 Ma corresponds
to the late Ladinian-early Carnian (Middle-Late Triassic).

The Crater. 363 analyses; 133 concordant (37%). YSG 232.3+4.5Ma;
YDZ 229.7 (+3.4/—5.3) Ma; YGC26 237.0+1.0Ma (n =15, MSWD = 1.6);
YSP 235.1+1.6Ma (n=10, MSWD =1.4); MLA 239.5+2.7Ma. An MLA
of ca. 240 Ma corresponds to the late Ladinian (Middle Triassic).

Oaky Creek. 334 analyses; 195 concordant (58%). YSG 229.3+10.3Ma;
YDZ 2279 (+5.3/-10.0) Ma; YGC2c 236.2+2.1Ma (n=13,
MSWD=0.82); YSP 238.3+29Ma (n=21, MSWD=0.99); MLA
239.2+3.1Ma. An MLA of ca. 239 Ma corresponds to the late Ladinian
(Middle Triassic).

Duckworth Creek. 301 analyses; 144 concordant (48%). YSG
228.5+6.2Ma; YDZ 2257 (+3.0/-5.5) Ma; YGC20 233.2+1.3Ma
(n=24,MSWD=0.77); YSP 234.5+3.1Ma (n=31, MSWD =0.98); MLA
235.8+2.1Ma. An MLA of ca. 236 Ma corresponds to the early Carnian
(Late Triassic).

Detrital apatite U-Pb (Duckworth Creek). Forty-nine apatite analyses
from the same sandstone yield a Tera-Wasserburg lower intercept age
of 239.3+6.6Ma (20; MSWD =0.79; n=49; “204Pb based common Pb
correction; Figure 8). This intercept corresponds to the late Carnian
(Late Triassic). Within uncertainty, the apatite minimum age is con-
sistent with the zircon-based depositional constraints for this horizon
(MLA=2359+2.1Ma; YGC20=233.2+1.3Ma; YSP=235.9+2.1Ma),
supporting a Carnian MDA for the Duckworth Creek bed.

Cores—Taroom 14, 1144.4m. 300 analyses; 278 concordant (93%).
YSG 230.5+4.3Ma; YDZ 228.3 (+3.1/-5.7) Ma; YGC20 234.9+1.2Ma
(n=18, MSWD =0.64); YSP 237.1 +3.1Ma (n=40, MSWD =0.98); MLA
237.7+1.7Ma. An MLA of ca. 238 Ma corresponds to the late Ladinian-
early Carnian.

Clematis Group

Outcrops—Mount Round (basal Clematis). 320 analyses; 183 con-
cordant (57%). YSG 223.8+6.9Ma; YDZ 222.1 (+5.6/—6.2) Ma;
YGC20 229.3+3.8Ma (n=7, MSWD=1.7); YSP 227.5+3.9Ma (n=>5,
MSWD=1.15); MLA 227.1 £ 6.1 Ma. An MLA of ca. 227 Ma corresponds
to the late Carnian (Late Triassic).

Cores—none analysed.
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