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Abstract: Plate tectonic reconstructions of Papua New Guinea prior to the late Cenozoic are charac-
terized by a lack of provenance data to constrain the relative origin of the allochthonous terranes.
At present, plate tectonic reconstructions of this region infer that the accreted New Guinea terranes
at the northern Australian continental margin are likely autochthonous or para-autochthonous in
nature. This study presents the results of an investigation into zircons derived from Miocene-Pliocene
volcanics and volcaniclastics of the Papuan Peninsula. Results from U-Pb zircon geochronology
inform the recent geological history of the Papuan Peninsula, with magmatism active in the late
Miocene and early Pliocene, between approximately 9 Ma and 4.5 Ma. More significantly, however, is
the recognition of extensive inherited zircon grains within the volcanic and volcaniclastic sequences.
These inherited zircon grains are most likely sourced from the Owen Stanley Metamorphics, which
form the basement rocks of the Papuan Peninsula. Provenance of the inherited zircon grains imply
that the Cretaceous volcaniclastic protolith of the Owen Stanley Metamorphics must have had input
from continental detritus, but this cannot be derived from North Queensland, Australia as inferred
by current reconstructions. Instead, zircon U-Pb age spectra correlate with probable source regions
further to the south, adjacent to the Shoalwater Formation of the Central Queensland margin, and
New Caledonia. These findings suggest that late Mesozoic and Cenozoic regional reconstructions
of eastern Australia and the Southwest Pacific require major revision and that additional work is
undertaken to inform the provenance of such allochthonous terranes.

Keywords: Papua New Guinea; Southwest Pacific; volcanic; volcaniclastic; zircon; U-Pb dating;

provenance

1. Introduction

Papua New Guinea is located in a complex tectonic intersection between the Australian
continent, the Southwest Pacific, and Southeast Asia. Resolving the plate tectonic evolution
of this region has proven difficult to date due to the plethora of contradicting geologic
models that stem from a lack of constraining regional datasets. However, a growing body of
analytical data over recent decades has led to a progressive shift in our understanding of the
plate tectonic history. For example, tectonic models of New Guinea have progressed from a
largely autochthonous or para-autochthonous terrane model [1-3] to one of allochthonous
terranes that accreted to the northern margin of the Australian continent [4-6].

Copyright: © 2023 by the authors.
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at the northern margin of the Australian continent, there is insufficient work to establish
the origin of these terranes. Provenance studies to date have been limited in both scope and
spatial distribution [7-9]. Such limitations have led authors of previous reconstructions for
Papua New Guinea to interpret the location of the Papuan Peninsula close to that of the
present day—adjacent to northeast Australia (Figure 1)—throughout the Cretaceous and
4.0/). early Cenozoic [3,5,10-12]. These reconstructions infer that the Papuan Peninsula formed

This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /

Geosciences 2023, 13, 324. https:/ /doi.org/10.3390/ geosciences13110324 https:/ /www.mdpi.com/journal /geosciences


https://doi.org/10.3390/geosciences13110324
https://doi.org/10.3390/geosciences13110324
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/geosciences
https://www.mdpi.com
https://doi.org/10.3390/geosciences13110324
https://www.mdpi.com/journal/geosciences
https://www.mdpi.com/article/10.3390/geosciences13110324?type=check_update&version=1

Geosciences 2023, 13, 324

2 0f29

10°S —

20°S

140°E

together with the Eastern and Papuan plateaus of the northwest Coral Sea, and that these
terranes were transported northward relative to Australia by opening of the Coral Sea
in the Paleocene and early Eocene [13]. Such an autochthonous or para-autochthonous
terrane model has formed the accepted plate tectonic interpretation for the region. This is
despite the presence of a younger fossil subduction zone between the Papuan Peninsula
and Coral Sea [14-16]; no conclusive studies to test the link between the basement of the
Papuan Peninsula and the northwest Coral Sea plateaus, nor the provenance of the Papuan
Peninsula against northeast Australia have been performed.

150°E 160°E 170°E

Figure 1. Location of the study area in the wider Southwest Pacific. Rectangle indicates area of
focus and sampling in the Papuan Peninsula of Papua New Guinea; see Figure 2 and Table 1 for
more details.
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Table 1. Location details and description of samples used for this study. All coordinates are in
WGS84-UTM Zone 55.

Sample Formation Easting  Northing Locality Brief Description
Mt Davidson Bakoiudu Village Coarse-grained volcaniclastic sandstone; deeply
103021 Volcanics 480508 9046783 roadside weathered with relict plagioclase, amphibole and biotite.
. o Medium-grained volcaniclastic sandstone with
103220 Mt Dav1<.:lson 484681 9056640 Tale ng.hx./v.a Y intermediate volcanic pebble clasts, plagioclase, biotite
Volcanics Jailobo—Ninifi 2 .
and minor quartz.
103252 Yalf% 484973 9060133 le.ﬁ 1, Mona Highly degraded mudstone to claystone; no thin section.
Formation Highway
103253 Yalfa. 484952 9059892 Nlm.ﬁ 2, Mona Highly degraded sandstone to mudstone; no thin section.
Formation Highway
103254A Apmal.pl 466423 9035278 Mona Highway Matrix-supported I:?ejbble. to cobe.e conglome.rate with
Formation clasts comprising intermediate volcanics.
103256 Apma{pl 466423 9035278 Mona Highway Tuffaceous sandstone. with mterm?dl.ate volcanic pebble
Formation clasts, and plagioclase and biotite fragments.
103257 Yalfg 496928 9006075 Doa Plantation Mudstone to siltstone with minor shards of biotite.
Formation
103258 Yalfa. 496928 9006075 Doa Plantation Fine-grained tuffaceou.s sandston.e; plagioclase, biotite
Formation and pyroxene; minor volcanic pebble clasts.
Mt Davidson Basaltic volcanic agglomerate; clasts predominantly
103259 Volcanics 498999 9005213 Doa Plantation comprise porphyritic basalt with phenocrysts of
plagioclase, and pyroxene.
Basaltic volcanic agglomerate; clasts predominantly
103261 Astrolabe 542733 8958003 Rouna. Power comprise porphyritic basalt with phenocrysts of
Agglomerate Station 2 . .
plagioclase and olivine.
103271 Korg 591677 8893242 Kore Vl}lage Clast of porphyritic 1F)asal’tlc andesite derived from
Volcanics roadside volcanic conglomerate.
103272 Korg 591677 8893242 Kore Vl.l lage Clast of basalt derived from volcanic conglomerate.
Volcanics roadside
103273 Kore. 591736 8893276 Kore Vl}lage Tuffaceo.us sandstc.)n.e with basaltic pebble clasts, and
Volcanics roadside plagioclase, olivine and pyroxene fragments.

In this study we report the results of an investigation into Miocene-Pliocene volcanic

and volcaniclastic rocks of the Papuan Peninsula. New U-Pb zircon geochronology results
are used to determine the maximum depositional age for the volcanic and volcaniclastic
successions, however, the same rocks also yielded unexpected populations of inherited
zircon grains. Analysis of inherited zircon grains can provide a powerful means of resolving
the provenance history of potentially displaced terranes [17]; we therefore compare the
resulting age distribution of the Papuan Peninsula units with the zircon age spectra and
crustal history of possible source regions. The results from this work provide valuable data
constraining the age for recent geologic events on the Papuan Peninsula, but also offer new
insights into the provenance of the basement rocks of the Papuan Peninsula and challenge
the currently accepted plate tectonic models for the region.
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Figure 2. Geological map of the Papuan Peninsula study area and sample locations. The map
shows key geological units of the Papuan Peninsula and the sampled units. Sample locations and
descriptions are included in Table 1.

2. Geological Setting

The Papuan Peninsula, situated on the eastern part of the Papua New Guinea main-
land between approximately 146° E and 151° E (Figures 1 and 2), consists of two main
geological components: the Owen Stanley Metamorphic Complex in the south, transition-
ing to the Milne Terrane in the southeast, and the Papuan Ultramafic Belt, which makes
up the northern half of the peninsula. The Owen Stanley Metamorphic Complex is com-
prised of two main rock units: the Kagi Metamorphics and the Emo Metamorphics. The
Kagi Metamorphics are primarily composed of pelitic and psammitic volcaniclastics with
minor intercalated volcanics. These rocks have undergone folding and metamorphism to
greenschist facies [5,18]. The Emo Metamorphics overlie the Kagi Metamorphics in the
northeast and form a 1-2 km thick carapace dipping shallowly to the north and northeast.
The Emo Metamorphics consist mainly of metabasite derived from low-K tholeiitic basalt,
dolerite, and gabbro, with minor volcaniclastic sediments [19,20]. This package of rocks
was metamorphosed to greenschist and blueschist metamorphic facies [5,18]. The Owen
Stanley Metamorphic Complex is interpreted to be of middle Cretaceous age based on
U-Pb dating of zircon and preserved macrofossils [8,21,22].

Moving southeast, the Milne Terrane lies in an equivalent structural domain to
the Owen Stanley Metamorphics and comprises the Goropu Metabasalt and Kutu Vol-
canics [19,20]. The Goropu Metabasalt consists of low-grade MORB-type metabasalts with
minor intercalated metamorphosed limestone and calcareous schist. Submarine basaltic
volcanics with interbedded lenses of pelagic limestone and minor terrigenous sediments
form the interpreted protolith for the Goropu Metabasalt [20,23,24]. The Kutu Volcanics are
considered the unmetamorphosed continuation of the Goropu Metabasalt and consist of
predominantly basaltic lava with minor gabbro and ultramafics, along with agglomerate,
tuffaceous, and calcareous sediments [20,23]. The depositional age of the Milne Terrane is
constrained to the period between the Late Cretaceous (Maestrictian) and the Eocene [23].
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The Papuan Ultramafic Belt is situated on the northeast side of the Papuan Penin-
sula, juxtaposed above the Owen Stanley Metamorphic Complex along the Owen Stanley
Fault [5,25]. This belt is interpreted as an ophiolite complex consisting of oceanic crust
and lithospheric mantle from the Late Cretaceous [5,26,27]. The obduction of the Papuan
Ultramafic Belt and metamorphism of the Owen Stanley Metamorphic Complex occurred
at 58.3 & 0.4 Ma, derived from the cooling age of amphibole within the high-grade meta-
morphic contact between the two terranes [5,28].

The Papuan Peninsula was subsequently intruded by a major phase of subduction-
related magmatism, which commenced during the middle Miocene and has continued to
the present day [9,29-33]. The volcanic arc extends from the Papuan Peninsula southeast-
ward through the D’Entrecasteaux Islands into the Louisiade Archipelago. It comprises
various high-K calc-alkaline rocks, volcanic and plutonic shoshonite suites [30-32], pre-
dominantly basaltic andesite and andesite, and also includes basalt, dacite, and rhyolite
with typical arc-type geochemical signatures [32]. This volcanic province shows a transition
from early submarine-subaerial activity to entirely subaerial volcanism during the Pliocene
and Quaternary periods, indicating the emergence of eastern Papua New Guinea during
the latter part of the Cenozoic [5]. Additionally, the opening of the Woodlark Basin was
accompanied by the introduction of peralkaline rhyolites along the northern side of the
southeast Papuan Peninsula [33-35].

For more information on the Miocene-Pliocene units sampled in this study, please
refer to the next section.

3. Samples

This study sampled five Miocene-Pliocene stratigraphic units of the Papuan Peninsula
(Table 1; Figures 2—4; see also Figure Al in Appendix A for sample photographs). The
samples that comprise this study are derived from an array of volcanic-sedimentary
environments. These form a representative population of different depositional settings,
which are characterized by a wide spectrum of grain sizes and angularity. This sampling
procedure accounts for variations in the size, shape, and concentration of detrital minerals,
which may otherwise lead to bias in detrital zircon U-Pb age populations [36] through
clustering or sorting influenced by the dynamics of sediment transport [37—-40].

The Kore Volcanics are up to 250 m in thickness and comprise basaltic and andesitic
pyroclastics, lava, volcanic sandstone with volcanic conglomerate towards the base, and
lenses of marine tuff. The Kore Volcanics are interpreted to have been deposited during the
Miocene as subaerial and shallow marine volcanics and pyroclastics [41]. Three samples
from the Kore Volcanics are included in this study (Table 1; Figures 2—4): 103271 and
103272 are basaltic-andesite and basalt boulder clasts, respectively, derived from a volcanic
conglomerate; sample 103273 is a tuffaceous sandstone with basaltic pebble clasts.

The upper Miocene to lower Pliocene Yaifa Formation comprises massive, tuffaceous
sandstone with pebble horizons that grade through paraconglomerate into massive cobble
conglomerate with tuffaceous sandstone matrix; lenses of soft siltstone, mudstone, and
claystone [41]. The Yaifa Formation has been interpreted to have been deposited as fluvial
and lake sediments, possibly transitioning to shallow marine, and in part derived from
and deposited over earlier volcanics and accumulated locally during periods of volcanic
quiescence [41]. The formation is up to 300 m in thickness [41]. The Yaifa Formation was
sampled across three separate localities (Table 1; Figures 2—4). Samples 103252 and 103253
are from a highly weathered and degraded outcrop of clay-rich mudstone to sandstone.
Samples 103257 and 103258 comprise a mudstone and tuffaceous sandstone, respectively,
and represent grain-size variation in a single outcrop adjacent to the Doa Rubber Plantation.
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(F) Kore Volcanics

3

(G) Kore Volcanics

Figure 3. Examples of outcrop sample locations for the Apinaipi Formation, Mt Davidson Volcanics,
Yaifa Formation, Astrolabe Agglomerate, and Kore Volcanics. Details of sample locations and rock
type descriptions are included in Table 1.
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103254A Apinaipi Formation 103256 103258 Yaifa Formation
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103259 Mt Davidson Volcanics 103021 103220
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Figure 4. Petrographic mosaic photographs for samples used in this study. For each sample, the
image on the left is observed under plane-polarized light, and the right under cross-polarized light.
See Table 1 for sample descriptions.
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The Pliocene Astrolabe Agglomerate is up to 300 m in thickness and comprises basaltic
and minor andesitic laharic agglomerate and tuff with interbeds of volcanically derived
conglomerate and sandstone [41]. The Astrolabe Agglomerate is interpreted as nuee
ardente-type and airfall pyroclastics and also comprises reworked volcanics in the form of
avalanches, lahars, and volcaniclastic sediments in shallow lakes associated with tectoni-
cally controlled depressions. No volcanic center has been identified [41]. The Astrolabe
Agglomerate was sampled at the Rouna Power Station locality on the margin of the Sogeri
Plateau (Figure 2). Sample 103261 comprises a basaltic volcanic agglomerate and rep-
resents a bulk sample including both small volcanic clasts and matrix material (Table 1;
Figures 3 and 4).

The Mt Davidson Volcanics comprises basaltic and minor andesitic agglomerate,
tuff, lava, lava breccia, with intercalated volcanically derived coarse conglomerate and
sandstone [41]. The volcanics are up to 600 m in thickness and are interpreted to be
deposited during the Pliocene as subaerial volcanics, pyroclastics, and brecciated lava
with intercalated laharic and fluvial sediments. No eruptive centers have been identified.
Locally, the Mt Davidson Volcanics overlies the Yaifa Formation with a paracomformity,
and grades into and is overlain by the Apinaipi Formation [41]. Sampled outcrops of the
Mt Davidson Volcanics were isolated and without a context with regard to adjacent rock
types. Samples 103021 and 103220 (Table 1; Figures 2—4) are volcaniclastic sandstones, most
likely derived from intermediate volcanics. Sample 103259 is a volcanic agglomerate of
basaltic to basaltic-andesite derivation.

The Apinaipi Formation is up to 2000 m in thickness and comprises an immature
calcareous tuffaceous sandstone, pebble and cobble conglomerate, siltstone, mudstone,
minor reefal limestone, volcanic agglomerate, tuff, and brecciated lava [41]. The formation
is interpreted to have been deposited predominantly during the Pliocene but extending into
the late Miocene, during a period of rapid uplift and volcanism with rapid facies variations
from fluvial to deltaic to littoral to shallow-water marine environments. The Apinaipi
Formation may be locally derived from, and partly overlies the Mt Davidson Volcanics [41].
Samples 103254A and 103546 (Table 1; Figures 2—4) are from a series of fining upwards
packages of tuffaceous clastics on the Mona Highway. Sample 103254A is a bulk sample
representative of the matrix and finer clasts within a coarse volcanic conglomerate. Sample
103256 is the finer-grained endmember of the tuffaceous sedimentary package.

4. Methodology

In the laboratory setting, samples were visually screened and washed to remove
contamination from attached soil prior to mineral separation. Samples were dried for
several days at 100 °C to reduce the moisture content prior to processing. A subset of each
sample was prepared for thin section production (Figure 4). The friable and clay-dominated
nature of samples from the Yaifa Formation were not amenable to petrographic thin section
preparation.

The process of mineral separation to extract zircon crystals followed standard pro-
cedures. Initially, samples were crushed and milled to 500 um. Separation was achieved
using a Wilfley table (smaller samples were hand washed to remove the clay fraction) and
a combination of heavy liquid density separation and magnetic separation. Zircon crystals
were then handpicked without bias towards specific zircon morphologies. The selected
zircon crystals were mounted in epoxy and carbon-coated. Cathodoluminescence (CL)
images of all zircon crystals used a Jeol JSM5410LV scanning electron microscope equipped
with a Robinson CL detector, housed at the Advanced Analytical Centre (AAC), James
Cook University (JCU; see Supplementary Material for complete CL images).

All U-Pb dating work was carried out at the AAC, JCU. The dating of zircons was car-
ried out using a Coherent GeolasPro 193 nm ArF Excimer laser ablation system connected
to a Bruker 820-ICP-MS. The methodology used for U-Pb dating follows the approach
outlined in Holm et al. [42]. The selection of zircon grains for ablation was not biased by
their crystal morphology, and all zircons were analyzed with a beam spot diameter of 44 um.
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Some smaller zircon grains were not analyzed due to the spot size, which may incorporate a
source of bias into the data. First-cycle volcanogenic zircons that are closest to the eruptive
age are likely to be from the smaller populations given the shorter crystallization times
during volcanism. The choice of analytical sample spots was guided by CL images.

Data reduction, instrumental drift correction, and analytical processing were per-
formed following the methods described in Holm and Poke [9]. Glitter software (ver-
sion 4.4.3) was used for data reduction [43]. Drift in instrumental measurements was
corrected by analyzing drift trends in the raw data using measured values for the GJ1
primary zircon standard (608.5 £ 0.4 Ma [44]). Secondary zircon standards Temora 2
(416.8 £ 0.3 Ma [45]) and AusZ2 (38.8963 £ 0.0044 Ma [46]) were used to verify GJ1 after
drift correction (see Figure A2 in Appendix B).

Age regression and data presentation for all samples were carried out using Isoplot [47].
Corrections for initial Th/U disequilibrium during zircon crystallization, which leads
to a deficit of measured 2°Pb as a decay product of 20Th [48,49], were applied to all
Cenozoic-aged analyses. The corrections were based on Th and U concentrations for
zircon determined during LA-ICP-MS analysis, assuming a melt Th/U ratio of 3 & 0.3
for all zircon analyses due to their reworked nature in secondary deposits. Uncertainties
associated with the correction were propagated into errors on the corrected ages following
the approach by Crowley et al. [50]. Common Pb was accounted for by visualizing the
results on Tera-Wasserburg Concordia plots [44,51]. Spot ages were corrected for common
Pb using the Age7Corr algorithms in Isoplot, with the isotopic common-Pb composition
modeled from Stacey and Kramers [52].

Isotopic data from detrital and xenocrystic zircon grains were discriminated based on
age, following the methodology in Holm and Poke [9]. Grains with ages exceeding 1000 Ma
were primarily reported using the 29’Pb/2%Pb age system, and discordance between the
207pp /2%Pb and 2%°Pb /238U age systems was assessed. Grains with ages below 1000 Ma
were reported based on the 2°°Pb /238U age system, with evaluation of the discordance
between the 2%’Pb/2%Pb and 2°Pb /238U, and 2%°Pb/?*U and 2"Pb/23°U age systems.
Analyses with discordance beyond a 20% threshold were excluded from further data re-
duction. The preferred ages used for analysis were a combination of 2%Pb/2%Pb and
206Pb /238U ages. All errors were propagated and reported at a 10 level, unless stated
otherwise. A similar methodology was applied to Miocene and younger ages, using a 30%
discordance cut-off to account for the increased uncertainty in young U-Pb ages. Addi-
tionally, previously published data were used for comparison, with the same discordance
criteria applied for consistency (references cited in the associated text and figures). Original
datasets were sourced wherever possible for the previously published data.

Maximum depositional ages (MDA) for the samples were calculated via the “youngest
three zircons” (Y3Zo) and “youngest single grain” (YSG) methods [53], and the “maximum
likelihood age” (MLA [54]). The Y3Zo maximum depositional age was calculated from
the weighted average, weighted by date uncertainty, of the youngest three zircons that
overlap within a 20 uncertainty [53,55,56]. The uncertainty of the calculated MDA is the
uncertainty of the weighted average. The YSG MDA is the age and uncertainty of the
youngest measured grain [55]; the uncertainty is reported as the 95% confidence value.
Weighted mean 2%°Pb /23U age calculations were carried out using Isoplot and reported at
95% confidence. The MLA age was calculated using the radial plot function of IsoplotR [57].
Cumulative probability and histograms were plotted using Isoplot; kernel density estimates
(KDE) were plotted according to Vermeesch [58].

Integration of the results from multiple samples simultaneously was carried out
using cumulative age distribution (CAD) and multi-dimensional scaling (MDS) plots using
IsoplotR [57]. The standard Kolmogorov-Smirnov (KS) statistic is given by the maximum
vertical difference between two CAD step functions. The MDS plot of IsoplotR uses the
Kolmogorov-Smirnov (KS) statistic coupled with a dimension-reducing technique that
takes a matrix of pairwise age dissimilarities between objects as input and produces a ‘map’
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as output, on which the statistical distance between age distributions of similar samples
cluster closely together and dissimilar samples plot far apart [57].

5. Results

The results of the U-Pb zircon dating are compiled from 1050 analyzed zircon grains
that yielded 803 concordant ages. Results from the U-Pb zircon dating returned ages
ranging from the middle Pliocene up to the Paleoarchean. Of the concordant age data,
221 zircon grains were Cenozoic in age, with 217 of these recording middle Miocene to
Pliocene ages. A total of 583 concordant ages were older than the Cenozoic; 46 of these
were Cretaceous. These results are presented as two distinct sets of age data. The first
comprises the Cenozoic ages, with the majority between middle Miocene and Pliocene
age, the youngest age being 4.34 £ 0.13 Ma (1o error). Most samples yielded Miocene—
Pliocene zircon grains; sample 103259 of the Mt Davidson Volcanics, 103261 of the Astrolabe
Agglomerate, and samples 103272 and 103273 of the Kore Volcanics did not yield Miocene—
Pliocene zircon grains.

The Miocene-Pliocene zircon grains are predominantly euhedral and prismatic with
oscillatory zoning (see Supplementary Material), and Th/U ratios ranging from 0.14 to 2.21,
with an average of 0.70. These characteristics are consistent with an igneous origin for the
Miocene-Pliocene zircons [59-62].

Given the samples that yielded zircon grains for this study are largely sedimentary
and volcaniclastic in nature, we will report the maximum depositional ages. As outlined
in the previous section, we applied three different methods for reporting the maximum
depositional age, the youngest single grain (YSG), the youngest three zircons (Y3Zo), and
the maximum likelihood age (MLA). The latter is considered the more statistically robust of
the three methods [54], however, Y3Zo age is preferred in this study to represent the most
geologically reasonable maximum depositional age, due to the MLA ages incorporating
outlying single analytical results that lack a plausible geological justification. In Table 2 and
Figure 5, we report the YSG maximum depositional age for each sample and formation,
and the Y3Zo and MLA maximum depositional age at the formation level. The maximum
depositional age for each formation is considered to be more important on a regional
basis as opposed to individual samples that may represent only local depositional ages.
Probability—density histograms for the Miocene-Pliocene age results are shown in Figure 5.

The two samples from the Apinaipi Formation yielded YSG ages of 6.53 + 0.27 Ma
(103254A) and 4.34 £ 0.26 Ma (103256) and associated formation maximum depositional
ages of 4.52 £ 0.43 Ma (Y3Zo) and 5.08 & 0.03 Ma (MLA), providing an early Pliocene
maximum depositional age for the Apinaipi Formation. Of the four samples derived
from the Yaifa Formation, sample 103253 and 103257 returned the oldest YSG ages of
6.38 = 0.40 Ma and 6.36 £ 0.26 Ma, respectively; sample 102353 yielded a YSG age of
5.81 £ 0.67 Ma, and 103258 provided the youngest YSG age of 5.27 + 0.80 Ma. The
Yaifa Formation yielded a latest Miocene maximum depositional age with a Y3Zo age of
5.8 £ 1.1 Ma and MLA age of 6.76 £ 0.1 Ma. Two of the three samples derived from the Mt
Davidson Volcanics yielded latest Miocene—earliest Pliocene YSG ages of 4.59 + 0.54 Ma
(103021) and 5.47 &= 0.81 Ma (103220). An early Pliocene maximum depositional age was
calculated for the Mt Davidson Volcanics at 4.66 £ 1.7 Ma (Y3Zo) and 4.97 + 0.09 Ma
(MLA). Sample 103271 of the Kore Volcanics yielded a single concordant Miocene age of
5.64 £ 0.40 Ma; no Y3Zo age was possible for the Kore Volcanics but the MLA yielded a
maximum depositional age of 5.66 & 0.49 Ma.
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Table 2. Summary of zircon U-Pb geochronology results.
Number of Number of Number of Number of Cenozoic Cenozoic Cenozoic Interpreted Interpreted Interpreted
. Number of . Cretaceous Cretaceous Cretaceous
Formation Sample Concordant Cenozoic Cretaceous Ages YSG Y3Zo MLA
Analyses Analyses Ages Ages > Cenozoic (Ma =+ 20) (Ma £ 20) (Ma £ 20) Source YSG - Source Y3Zo  Source MLA
y 8 8 (Ma =+ 20) (Ma + 20) (Ma =+ 20)
Apinaipi 103254A 91 77 2 10 75 6.53 +0.27 - 6.54 + 0.31 1035 + 3.1
Formation
103256 74 71 70 1 1 4.34 + 0.26 452 + 043 4.78 + 0.09 100.8 +2.9
Formation 165 148 72 11 76 434 +0.26 4.52 +0.43 5.08 + 0.03 100.8 +2.9 1029 +5.2 1023 +£3.2
Yaifa 103252 100 60 37 3 23 581+£067  610+035 621 +0.22 103.9 + 34
Formation
103253 102 61 31 8 30 6.38 + 0.40 6.59 + 0.19 6.73 + 0.12 969 + 3.4
103257 65 51 1 2 50 6.36 + 0.26 - - 105.8 + 3.4
103258 55 36 7 0 29 5.27 + 0.80 7.81 +0.31 5.70 + 0.84 -
Formation 322 208 76 13 132 5.27 + 0.80 58 +1.1 6.76 + 0.1 969 + 3.4 103.1 £ 6.8 98.0 £ 5.5
Mt Davidson 103021 100 71 42 2 29 459 + 0.54 4.66 +0.18 484 +£0.19 96.7 + 3.1
Volcanics
103220 91 48 29 5 19 5.47 +£0.81 5.79 + 0.22 6.00 + 0.14 76.5 + 2.5
103259 86 72 0 0 72 - - - -
Formation 277 191 71 7 120 4.59 + 0.54 466 +£1.7 4.97 + 0.09 76.5 + 2.5 - 76.95 + 3.7
Astrolabe 103261 55 53 1 6 52 369+ 17 - 37.0 £22 98.1+2.8 999 + 15 99.8 + 1.8
Agglomerate
Kore
. 103271 55 49 1 2 48 5.64 + 0.40 - 5.66 + 0.49 101.2 +£ 29
Volcanics
103272 76 72 0 7 72 - - - 964+ 2.8
103273 100 82 0 0 82 - - - -
Formation 231 203 1 9 202 5.64 + 0.40 - 5.66 + 0.49 964+ 2.8 1035 £ 5.6 97.6 £3.7
Total 1050 803 221 46 582




Geosciences 2023, 13, 324

12 of 29

Age (Ma)

Age (Ma)

Age (Ma)

Number

5.1

4.9

4.7

4.5

43

4.1

39

3.7

53

51

4.9

4.7

4.5

4.3

4.1

3.9

37

7.2

6.8

6.4

6.0

5.6

52

4.8

4.4

4.0

36

60

50

40

30

data point error symbols are 2o

=

l

Apinaipi Formation
Y3Zo Maximum Depositional Age
Mean =4.52 + 0.43 Ma (95% confidence)
Weighted by data-point errors only
MSWD = 1.7, Probability = 0.19

data point error symbols are 2o

I

|

l

l

Mt Davidson Volcanics
Y3Zo Maximum Depositional Age
Mean = 4.66 + 0.17 Ma (95% confidence)
Weighted by data-point errors only
MSWD = 0.033, Probability = 0.97

data point error symbols are 2o

Yaifa Formation
Y3Zo Maximum Depositional Age
Mean = 5.8 + 1.1 Ma (95% confidence)
Weighted by data-point errors only
MSWD = 1.5, Probability = 0.23

[] Kore Volcanics

B Apinaipi Formation
B Mt Davidson Volcanics
[ VYaifa Formation

9
Age (Ma)

1

All ages <20 Ma
n=214

Number Number

Number

Aupgegoig aanepy

30

25

20

w4

Apinaipi Formation
Ages <20 Ma
n=70

6
Age (Ma)

fupgeqoid saney

@

w4

Mt Davidson Volcanics
Ages <20 Ma
n=71

9
Age (Ma)

Ajjiqeqoug anneay

Yaifa Formation
Ages <20 Ma
n=72

10
Age (Ma)

Aungeqoid aanepay

Figure 5. Zircon U-Pb dating results for the Miocene-Pliocene resultant ages of the Apinaipi Forma-

tion, Mt Davidson Volcanics, and Yaifa Formation; see Table 2 for summary results; Kore Volcanics

and Astrolabe Agglomerate yielded insufficient Miocene-Pliocene U-Pb ages to interpret weighted

average ages. Weighted average Y3Zo plots are constructed from zircon U-Pb-calculated ages
corrected for initial Th disequilibrium and 2Pb/2%Pb common Pb (detailed isotopic data in Supple-
mentary Material). Probability—density histograms and KDE (red lines) are shown for the Apinaipi

Formation, Mt Davidson Volcanics, Yaifa Formation, and a summary plot including results from the

Kore Volcanics.
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Although the rocks investigated for this study are Miocene-Pliocene in age, the
majority of zircons analyzed were inherited grains with 582 concordant zircon analyses
dated as Cretaceous to Paleoarchean in age. The distribution of age populations between
individual samples and formations do not vary significantly (Figure 6); this will be explored
further below. Here, we report on the compiled results for the ages of inherited zircon grains
for all samples combined; results for individual samples are available in the Supplementary
Material. In this study, the term inherited is defined as all zircon grains derived from an
older source and includes both xenocrystic and detrital zircon grains. Within the inherited
grains of Cretaceous and older ages, significant age populations within the dataset include
a Cretaceous population (46 grains [8%]) that peaks at ca. 100 Ma; a Carboniferous—Triassic
(ca. 359-201 Ma) population that comprises just 20 grains (3%); a Devonian-Silurian (ca.
444-359 Ma) population of 42 grains (7%); 65 grains of Ordovician age (ca. 485-444 Ma;
11%) with a peak at ca. 470-460 Ma; 39 Cambrian grains (ca. 541-485 Ma; 7%); 60 Ediacaran
grains (ca. 635-541 Ma; 10%); 74 Tonian—-Cryogenian grains (1000-635 Ma; 13%) with
relative peaks at ca. 690 Ma and ca. 950 Ma; 65 grains of Stenian age (1200-1000 Ma;
11%), peaking broadly between ca. 1200 and 1100 Ma; 60 Calymmian—Ectasian grains
(1600-1200 Ma; 10%); 72 Paleoproterozoic grains (2500-1600 Ma; 12%) with a peak at ca.
1650 Ma; and 35 grains of middle Paleoarchean to Paleoproterozoic age (3400-2500 Ma; 6%).

Given the prevalence and importance of the Cretaceous-aged zircons in this study,
and from similar previous studies of the Papuan Peninsula [8,9,21,22], we also report
interpreted Cretaceous depositional ages for samples analyzed during this study (Table 2;
Figure 7).

The approach to calculating the Cretaceous YSG, Y3Zo, and MLA depositional ages
utilized the same methods as those for Cenozoic ages outlined above. The results presented
here will be explored in further detail in the discussion. Samples 103254A and 103256 from
the Apinaipi Formation yielded Cretaceous YSG ages of 103.5 4= 3.1 Ma and 100.8 + 2.9 Ma,
respectively, with associated Cretaceous ages of 102.9 £ 5.2 Ma (Y3Zo) and 102.3 & 3.2 Ma
(MLA). Three of the four samples derived from the Yaifa Formation yielded Cretaceous
ages with samples 103252, 103253 and 103257 returning the YSG ages of 103.9 & 3.4 Ma,
96.9 £ 3.4 Ma and 105.8 & 3.4 Ma, respectively. The Yaifa Formation yielded Cretaceous
ages of 103.1 £ 6.8 Ma (Y3Zo) and 98.0 = 5.5 Ma (MLA). Sample 103259 of the Mt Davidson
Volcanics did not yield any Cretaceous ages; the remaining two samples yielded Cretaceous
YSG ages of 96.7 + 3.1 Ma (103021) and 76.5 & 2.5 Ma (103220). It was not possible to
calculate a Y3Zo age, however, the MLA returned an age of 76.95 =+ 3.7 Ma. The Astrolabe
Agglomerate yielded sufficient Cretaceous zircon ages with a YSG age of 98.1 = 2.8 Ma, a
Y3Zo age of 99.9 &+ 1.5 Ma, and an MLA age of 99.8 &+ 1.8 Ma. Samples 103271 and 103272
of the Kore Volcanics returned Cretaceous YSG ages of 101.2 & 2.9 Ma and 96.4 + 2.8 Ma,
respectively; sample 103273 did not yield any Cretaceous zircon grains. A Cretaceous
Y3Zo age of 103.5 & 5.6 Ma and an MLA age of 97.6 &= 3.7 Ma was calculated for the Kore
Volcanics. The middle Cretaceous Y3Zo age results are consistent with previous studies of
the Owen Stanley Metamorphic Complex based on U-Pb dating of zircon and preserved
macrofossils [8,21,22].
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Formation, Kore Volcanics, Astrolabe Agglomerate, and summary plots of aggregated U-Pb dating

results for all samples in this study.
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Figure 7. Zircon U-Pb dating results for inherited Cretaceous zircon grains of the Apinaipi Formation,

Yaifa Formation, and Kore Volcanics; see Table 2 for summary results. Weighted average Y3Zo

plots are constructed from zircon U-Pb calculated ages corrected for initial Th disequilibrium and

207Pp /206Ph common Pb (detailed isotopic data in Supplementary Material). Similar plots were
constructed for comparison of the (1) Cloudy Bay Volcanics [9] and (2) metasediments of Wau-
Bulolo [8]. The Mt Davidson Volcanics yielded insufficient Cretaceous U-Pb ages. A probability—

density histogram and KDE (red line) is shown for the aggregated Cretaceous ages of the Apinaipi

Formation, Mt Davidson Volcanics, Yaifa Formation, Kore Volcancis, Astrolabe Agglomerate, and the

cited sample suites from the Cloudy Bay Volcanics and Wau-Bulolo area.
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6. Discussion
6.1. Miocene—Pliocene Volcanism and Sedimentation

The detrital composition of volcaniclastics in this study (e.g., Apinaipi Formation,
Yaifa Formation and Mt Davidson Volcanics) are dominated by quartz-poor clastic rocks
that were derived from a nearby volcanic source, and volcanic-lithic detritus dominates the
lithic component. Some of the volcaniclastic rocks contain detrital pyroxene or amphibole,
confirming their first cycle and immature nature. The presence of feldspar in many of the
samples is interpreted to represent first-cycle volcanics and crystal tuffs that may have
undergone some reworking by fluvial systems. The immature nature of the volcaniclastic
rocks sampled is also consistent with the presence of the primary volcanics, volcanic
agglomerates, and volcanic conglomerates (e.g., Kore Volcanics, Astrolabe Agglomerate,
and Mt Davidson Volcanics).

Samples of basaltic volcanics and volcaniclastic sediments of basaltic derivation did not
yield any Miocene-Pliocene zircon grains; this included sample 103259 of the Mt Davidson
Volcanics, the Astrolabe Agglomerate, and samples 103272 and 103273 of the Kore Volcanics.
Sample 103271, a basaltic-andesite from the Kore Volcanics yielded only a single zircon
with an analyzed Miocene-Pliocene U-Pb age. In contrast, volcaniclastics of the Apinaipi
Formation, samples 103021 and 103220 of the Mt Davidson Volcanics, and samples from
the Yaifa Formation generally returned more abundant Miocene-Pliocene U-Pb zircon ages.
This result is not surprising considering these latter volcanic and volcaniclastic formations
are derived from compositionally more intermediate volcanism where the source magma
had likely undergone sufficient fractionation to allow the crystallization of zircon.

The U-Pb zircon dating carried out as part of this study provides new constraints for
the timing of activity of the Kore Volcanics and magmatism that contributed material to the
volcaniclastic Apinaipi Formation, Mt Davidson Volcanics, and Yaifa Formation along the
southern Papuan Peninsula. Zircon U-Pb dating results indicate that magmatic activity,
with sufficiently fractionated magma to fractionate zircon, was primarily constrained to the
late Miocene—early Pliocene along the southern Papuan Peninsula, and between ca. 9 and
4.5 Ma in age. However, the zircon record extends back to ca. 12 Ma, and even ca. 15 Ma if
minor zircon age populations are taken into consideration. This age range does not account
for zircon crystallization post-dating the deposition of the volcanics and volcaniclastics that
were sampled as part of this work.

Deposition of the Yaifa Formation and Kore Volcanics is constrained by Messinian
maximum depositional ages. These ages correlate with the mapped age of the Yaifa
Formation and Kore Volcanics as late Miocene—early Pliocene and Miocene, respectively.
The dating results for the Kore Volcanics, however, are not considered conclusive, with only
one concordant Messinian age and several additional discordant Tortonian ages. The Kore
Volcanics sampled during this study are interpreted to have been deposited as subaerial
and shallow marine volcanics and pyroclastics, whereas the Yaifa Formation represents
deposition during periods of volcanic quiescence in fluvial and lake sediments, possibly
shallow marine in part [41].

The timing for deposition of the Mt Davidson Volcanics and Apinaipi Formation
are well constrained by Zanclean maximum depositional ages, in agreement with the
mapped Pliocene age of both formations. Deposition of the Mt Davidson Volcanics and
Apinaipi Formation during the Zanclean is interpreted to coincide with a period of uplift
and volcanism with rapid facies variations, represented in outcrop by the large range of
grain size and sorting characteristics. No eruptive centers have been linked with the Mt
Davidson Volcanics or Apinaipi Formation [41].

The Astrolabe Agglomerate failed to yield any concordant Miocene or Pliocene anal-
yses but has been mapped as being of Pliocene age. No identified volcanic center has
been linked to the Astrolabe Agglomerate, which is interpreted as nuee ardente-type
and airfall pyroclastics, and reworked volcanics in avalanches, lahars, and volcaniclastic
sediments [41].
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The range of ages from the U-Pb analyses of ca. 15 Ma to 4.5 Ma encompasses the range
of volcanism known from the southern Papuan Peninsula. Older magmatic events within
this age range are recorded by, for example, the Fife Bay Volcanics dated at 12.6 Ma [23,33];
high-K basalts of Woodlark Island dated at 11.2 Ma [33,63]; and plutons and dyke swarms
that intrude the eastern Milne Basic Complex, and dated at 16-12 Ma [30,33]. More recent
regional volcanism within the U-Pb dating range comprises andesites and shoshonites
north of and adjacent to the D’Entrecasteaux islands, dated at 5.5 Ma, a granite intrusive
complex at Mt Suckling dated at 6.3 Ma [23,33], and the Cloudy Bay Volcanics dated
at between ca. 7 and 5 Ma in age [9]. This latter volcanism marked a transition from
early submarine—subaerial activity to entirely subaerial volcanism during the Pliocene and
Quaternary, reflecting the emergence of eastern Papua New Guinea [5].

6.2. Origin of the Inherited Zircons

The majority of zircon grains analyzed from the sampled Miocene—Pliocene volcanics
and volcaniclastics are of pre-Cenozoic age (78% of concordant analyses; Table 2; Figure 6),
and represent xenocrystic or detrital zircon grains inherited from a foreign source. Such
inherited zircons have also been found in recent studies from the Papuan Peninsula. Os-
terle et al. [24] investigated samples from the Bonenau Schist, intercalated within the
Goropu Metabasalt (youngest concordant subpopulation ages of 103.3 £ 2.7/4.9 Ma and
71.8 £1.1/3.1 Ma), the Suckling Granite (3.7 & 0.03/0.2 to 3.3 &= 0.05/0.1 Ma), Mai’iu Mon-
zonite (2.9 £ 0.12/0.2 to 2.0 £ 0.08/0.1 Ma), and the Bounua Porphyry (3.4 &+ 0.07/0.2 Ma).
The study found extensive zircon inheritance dating back to at least the Paleoproterozoic,
but with common Cretaceous age peaks. The Bonenau Schist returned age peaks of ca. 103
and 71 Ma, whereas the Suckling Granite, Mai’'lu Monzonite, and the Bonua Porphyry all
yielded age peaks of ca. 100 Ma [24]).

Holm and Poke [9] found similar results in a study of the Cloudy Bay Volcanics of
the southeast Papuan Peninsula, where the ca. 7-5 Ma aged volcanics contained a high
proportion of inherited zircons dating back to the Mesoarchean. The study of Holm and
Poke [9] also found a significant population of euhedral and prismatic zircon grains with
a broad ca. 120-100 Ma Cretaceous age range. The origin of these Cretaceous and older
inherited zircons was interpreted to be the regionally extensive Owen Stanley Metamorphic
Complex with an Albian-Cenomanian depositional age [9,21,22]. This does not preclude
the existence of an older continental basement beneath the Owen Stanely Metamorphic
Complex, however, there is currently no direct evidence for such older crust [3,5,8,21,23].
Holm and Poke [9] also noted that the abraded and rounded morphology of the majority
of pre-Cretaceous zircon grains indicated they were detrital in origin and may not have
originated from the Papuan Peninsula.

Results of the U-Pb zircon dating in this study yielded similar inherited zircon ages.
Four of the five Miocene—Pliocene volcaniclastic formations selected for this study yielded
sufficient Cretaceous zircon to derive Y3Zo ages (Table 2; Figure 7). Three of these forma-
tions, the Apinaipi Formation, Yaifa Formation, and Kore Volcanics, yielded maximum
depositional Albian Y3Zo ages of ca. 103 Ma; the Astrolabe Agglomerate yielded a maxi-
mum depositional Cenomanian Y3Zo age of ca. 100 Ma.

Figure 8 utilizes the CAD and MDS plots described above as a measure of similarity or
dissimilarity to compare the sample suite of this study to other detrital zircon studies from
the wider Papuan Peninsula. The potential source areas for comparison include results
from Wau-Bulolo, Morobe [8,64], and Cloudy Bay, eastern Papuan Peninsula [9]. Although
this is still a relatively small dataset, the interpreted similarity of zircon inheritance within
the Miocene-Pliocene samples is indicated by clustering of the data points, compared
with the more dissimilar Wau-Bulolo sample points. This demonstrates that the parent
Cretaceous volcaniclastic rocks, from which the Miocene-Pliocene rocks in this study were
derived, were likely deposited at a similar time with derivation from a common source at
the regional scale.
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The maximum depositional ages interpreted in this study are similar to the Albian—
Cenomanian maximum depositional ages found for the Goropu Metabasalt [24] and base-
ment ages inherited within the Cloudy Bay Volcanics [9], indicating the samples utilized in
this study were most likely derived from a similar basement protolith at the regional scale;
the source for zircon inheritance in this study, either through xenocrystic or detrital origins,
is interpreted as the Owen Stanley Metamorphics. The middle Cretaceous maximum depo-
sitional age appears to be widespread across the Papuan Peninsula and is likely of regional
significance for the basement rocks. The context and source for the spectrum of zircon
inheritance in the Owen Stanley Metamorphics will be interpreted in the next section.

6.3. Regional Zircon Provenance

The majority of zircon grains recovered from the sampled volcanics and volcaniclastics
are of pre-Cenozoic age and represent inherited zircon grains from a foreign source. Within
the inherited grains, significant age populations comprise Cretaceous ages as outlined
above, and also Carboniferous—Triassic ages (ca. 359-201 Ma), Devonian-Silurian ages
(ca. 444-359 Ma), Ordovician ages (ca. 485-444 Ma), Cambrian ages (ca. 541-485 Ma),
Ediacaran ages (ca. 635-541 Ma), Tonian—Cryogenian ages (1000-635 Ma) with relative
peaks at ca. 690 Ma and ca. 950 Ma, Stenian age (1200-1000 Ma), peaking broadly between
ca. 1200 and 1100 Ma, Calymmian-Ectasian grains (1600-1200 Ma), Paleoproterozoic grains
(2500-1600 Ma) with a peak at ca. 1650 Ma, and a broad range of middle Paleoarchean
to Paleoproterozoic ages (3400-2500 Ma). Figures 7 and 8 demonstrate that the parental
Cretaceous volcaniclastic rocks, from which the zircon grains in the Miocene—Pliocene rocks
in this study were interpreted to be derived, were likely deposited at ca. 100 Ma, with
derivation from a similar or common source at the regional scale.

Here, we discuss the potential sources for the zircon inheritance, and by association,
the wider tectonic and depositional context of the parental Cretaceous basement underlying
the Papuan Peninsula. To achieve this, we compare the results from this study with previ-
ous studies of regional late Mesozoic rocks and potential sediment sources of northeastern
Australia and the Southwest Pacific, and utilize qualitative age distribution assessments
and the MDS plot described above as a measure of the similarity and dissimilarity. The
areas for comparison include lower to middle Permian and Cretaceous rocks of the Wau-
Bulolo region, Morobe—northwest Papuan Peninsula [8,64]; Miocene—Pliocene Cloudy Bay
Volcanics, eastern Papuan Peninsula [9]; eastern New Guinea Highlands, upper Permian
to Early Triassic Omung Metamorphics and Goroka Formation, and Upper Triassic Bena
Bena Formation [7]; (the Goroka and Bena Bena Formations are combined on the basis
of spatial proximity and age spectra similarity); Far North Queensland basement inliers,
late Mesoproterozoic Iron Range Province [65], and Proterozoic Georgetown Inlier [66];
Northeast Queensland basement inliers, Silurian and Devonian Mossman Orogen, and
late Neoproterozoic to Cambrian Charters Towers Block and Anakie Inlier [67]; North
Queensland inland Mesozoic basins, Northern Eromanga Basin, Lower and Middle Jurassic
Hutton Sandstone, and Blantyre Sandstone [68], and middle Cretaceous Winton Formation
and Makunda Formation [69]; Central Queensland coastal Mesozoic basins, middle Car-
boniferous Shoalwater Formation and Beenleigh Block [70]; upper Carboniferous to lower
Permian rocks of the Queensland Plateau [71]; and rocks of New Caledonia ranging in age
from Permian to Upper Triassic [72] and Upper Cretaceous to lowermost Eocene [73].

Figure 9 presents CAD and MDS plots to illustrate the similarity and dissimilarity
of samples in this study to regional late Mesozoic rocks and potential sediment sources
of northeastern Australia for different age ranges. Results from this study are plotted
according to the geological formation or unit, as well as an inclusive population repre-
senting all results from this study together with results from Cloudy Bay (eastern Papuan
Peninsula [9]) on the basis of similarity in Figure 8. Over the full age spectrum (Cretaceous
and older ages; Figure 9A,B) the inherited zircon ages of this study are most similar to age
spectra from the Queensland Plateau, and the Beenleigh Block and Shoalwater Formation
of the central Queensland coastal area. Age populations from basement inliers of Northeast
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Queensland (Charters Towers Block, Anakie Inlier and Mossman Orogen) plot in a broad
cluster; age populations from New Caledonia, the Winton, and Makunda Formations, and
populations from the eastern New Guinea Highlands and northwest Papuan Peninsula
(Wau-Bulolo, Goroka and Bena Bena Formations, and Omung Metamorphics), similarly
form a broad cluster, indicating a degree of similarly. This comparison, although useful at
the broadest scale, is affected by inherent biases in the range of younger ages, derived from
the differences in depositional ages. For example, Iron Range represents an older basement
inlier that lacks younger age components and plots distal or dissimilar to other sample
populations as a result. By subdividing the evaluated age ranges into older Precambrian
basement age generations (e.g., ages > ca. 400 Ma; Figure 9C,D) and younger ages spanning
the convergent margin history of the eastern Australia Tasmanide Orogen (approximately
the Cambrian to the Hunter Bowen Orogeny, ca. 230 Ma [67,74]; Figure 9E,F), we can better
understand the implications for similarities and differences in regional-scale zircon provenance.

Older inheritance ages (ca. > 400 Ma) are representative of potential basement prove-
nance that may include both primary and secondary recycling of zircon grains from their
original source (Figure 9C,D). Most zircon age spectra used in this study demonstrate a
marked similarity in older age inheritance with a large cluster encompassing the majority
of sample sets, including samples from the Papuan Peninsula. Two end-member basement
populations illustrate potential distinct sources; these are the Iron Range and Georgetown
Inlier of Far North Queensland, and the Charters Towers Block and Anakie Inlier of North
Queensland. It is worth noting that the Omung Metamorphics and Goroka and Bena Bena
Formations of the eastern New Guinea Highlands plot adjacent to the basement inliers of
Far North Queensland, consistent with the interpretation of Van Wyck and Williams [7],
which may imply derivation of basement grains from a common provenance or recycling
of these basement rocks through multiple phases of deposition and erosion. The main
sample cluster, including the Papuan Peninsula, represents a distinct population with either
a different or mixed basement provenance.

The largest diversity in age spectra is evident within the age range spanning activity of
the Tasmanides of eastern Australia (Figure 9E,F; Cambrian to the Hunter-Bowen Orogeny,
ca. 230 Ma). This range in evaluated ages excludes basement inliers with a significantly
older depositional age and zircon inheritance that may have undergone multiple phases
of recycling, and therefore may be distal from its original source. Instead, this age range
highlights likely primary and proximal provenance regions and adjacent depositional basins.
Interestingly, Figure 9E,F indicate that the Papuan Peninsula shares a similar inheritance age
spectrum with the Central Queensland Mesozoic basins (Beenleigh Block and Shoalwater
Formation) and New Caledonia, but is quite dissimilar to the Far North and North Queensland
sample populations. Samples from Wau-Bulolo and eastern New Guinea Highlands are most
similar to the North Queensland Mesozoic basins and New Caledonia and are again dissimilar
to the Georgetown Inlier population that represents Far North Queensland.

This comparison of age spectrum similarity provides consistent results, where zircon
age inheritance of the Papuan Peninsula is not compatible with potential source regions of
North and Far North Queensland, in that they lack significant late Paleozoic and early Meso-
zoic age populations, and are instead more similar to the Central Queensland Beenleigh
Block, Shoalwater Formation, and New Caledonia. The Papuan Peninsula and Shoalwa-
ter Formation zircon age spectra share Ediacaran to Silurian (ca. 650420 Ma), middle
Mesoproterozoic to early Neoproterozoic (ca. 1250-950 Ma), and late Paleoproterozoic
(ca. 1700-1550 Ma) age peaks, and in both sample sets the Carboniferous-Permian zircon
population that is characteristic of the North Queensland Kennedy Igneous Association
(330-270 Ma [75]) are notably absent. Previous tectonic reconstructions [3,5,10,12,14] in-
dicate that the Papuan Peninsula was positioned next to Far North Queensland at ca.
100 Ma. However, these models need to be questioned in light of the detrital zircon age data
presented here. The age populations of zircon derived from the basement of the Papuan
Peninsula are interpreted to have originated further south, adjacent to the Central Queens-
land margin (Figure 10). These findings provide a robust evidence-based provenance
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model that confirms that many of the terranes are allochthonous in nature and indicates
that existing tectonic reconstructions require major revision.
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Figure 8. (A) Locations for sample suites used for comparison for discussion. References for samples
suites: (1) Kopi et al. [8]; (2) Bodorkos et al. [64]; (3) Holm and Poke [9]; (4) Van Wyck and Williams [7];
(5) Blewett et al. [65]; (6) Murgulov et al. [66]; (7) Shaanan et al. [67]; (8) Pirard and Spandler [73];
(9) Campbell et al. [72]; (10) Korsch et al. [70]; (11) Shaanan et al. [71]; (12) Cheng et al. [68]; (13)
Tucker et al. [69]. (B,C) CAD and MDE plots for comparison of inherited zircon grains sampled from
the Papuan Peninsula, including Wau-Bulolo and the Cloudy Bay Volcanics. (D) Probability—density
histogram and KDE (red line) correlating and aggregating results from this study and the Cloudy
Bay Volcanics into a compiled southeast Papuan Peninsula sample suite.
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Figure 9. Regional Southwest Pacific and eastern Australia MDE and CAD plots for selected age
ranges (see text for discussion). A and B includes all ages less than 65 Ma; C and D include all
ages less than 400 Ma; E and F includes between the Cambrian and Hunter Bowen Orogeny at
230 Ma. Location of samples is shown in Figure 8. References for samples suites: (1) Kopi et al. [8];
(2) Bodorkos et al. [64]; (3) Holm and Poke [9]; (4) Van Wyck and Williams [7]; (5) Blewett et al. [65];
(6) Murgulov et al. [66]; (7) Shaanan et al. [67]; (8) Pirard and Spandler [73]; (9) Campbell et al. [72];
(10) Korsch et al. [70]; (11) Shaanan et al. [71]; (12) Cheng et al. [68]; (13) Tucker et al. [69].
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Figure 10. Schematic reconstruction for the location of the Papuan Peninsula depocenter at ca.
100 Ma. The schematic reconstruction was modified from Matthews et al. [76] utilizing GPlates
2.0 software [77]. Comparative probability—density histograms and KDE (red lines) are shown
for Wau-Bulolo (1: Kopi et al. [8]), the compiled southeast Papuan Peninsula including samples
from this study and the Cloudy Bay Volcanics (2: Holm and Poke [9]), the middle Carboniferous
Shoalwater Formation of the Central Queensland margin (3: Korsch et al. [70]), and Upper Cretaceous
to lowermost Eocene rocks of New Caledonia (4: Pirard and Spandler [73]). See text for discussion.

6.4. Implications for Regional Tectonics

The findings above are supported by previous work; for example, Little et al. [78] and
Osterle et al. [24] have previously noted that the Papuan Peninsula and New Caledonia
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share striking similarities with regard to their tectonic history. The similarities include a
tectonic and crustal framework for emplacement of ophiolitic rocks over an allochthon
comprising mostly Late Cretaceous marginal basin rocks of MORB-affinity (Poya Terrane
in New Caledonia; Goropu-Kutu in PNG). Additionally, paleomagnetic data of Klootwijk
et al. [79] support an interpretation that northern New Guinea had a more southerly palae-
olatitude compared to southern New Guinea prior to the Paleogene [80]. Further afield,
Decker et al. [81] and Webb et al. [82] have interpreted that age populations of zircons
recorded from Jurassic—-Cretaceous sedimentary sequences from the Tamrau Formation
of the Bird’s Head, West Papua—-Indonesia, and the Lengguru Fold and Thrust Belt of the
Bird’s Neck are unlikely to have been derived from adjacent Palaeozoic basement rocks in
the Kemum Block [81]. Instead, these have been interpreted to share similar zircon spectra
age peaks to those from northern Queensland and the Queensland Plateau [71,80,83]. Com-
parisons of the biostratigraphy of wells from the Laura Basin, North Queensland (Marina-1),
and the Lengguru Fold and Thrust Belt (Kamakawala-1X) are similarly interpreted to share
biostratigraphic (palynological) events during the Early Cretaceous [80].

The interpreted middle Cretaceous location for the origin of the Papuan Peninsula is
significant given the volcaniclastic provenance for the sedimentary material. It has previ-
ously been interpreted that erosion of the Australian continent and widespread Aptian—
Cenomanian volcanism along its northern and eastern margins [3,24,84-86] led to the
accumulation of a >10 km thick volcano—sedimentary sequence atop the rifted conti-
nental crust of the Australian Plate. This sequence included the protolith of the Owen
Stanely Metamorphics of the Papuan Peninsula, and significantly, the Whitsunday Volcanic
Province [87,88]. Early-middle Cretaceous (ca. 135-95 Ma) magmatic products along the
eastern margin of Australia define the Whitsunday Volcanic Province, with a main period
of igneous activity dated between 120 and 105 Ma [89]. Bryan et al. [89] outlines that the
early phases of volcanism (ca. 130-115 Ma) were dominantly dacitic to rhyolitic magmas,
with later stages (<115 Ma) being bimodal in composition and mafic magma compositions
progressively less contaminated with time, with intrusion of primitive E-MORB gabbros oc-
curring later in the igneous history. This compares well with the results of Osterle et al. [24],
who found the Albian to Upper Cretaceous Goropu Metabasalt and Emo Metamorphics
of the Papuan Peninsula fall within and above a geochemical MORB-OIB array, with an
interpreted contamination by either continental crust [90] or supra subduction zone pro-
cesses [20]. Based on the interpreted location, timing, and composition of Papuan Peninsula
volcanism, we suggest that these could be considered part of the Central Queensland
Whitsunday Volcanic Province prior to, and during, break-up and rifting of the eastern
Australian margin.

A full tectonic reconstruction to account for the findings of this study is out of scope
for the current work. However, Gold et al. [80] have attempted a first-pass interpretation
for a tectonic reconstruction that could account for the findings presented here. In their
model, the Papuan Peninsula rifts from the Australian margin at approximately 100 Ma,
which constrains the timing for onset of rifting from northeastern Australia, is also the
approximate depositional age for the protolith of the Owen Stanley Metamorphics [8,9].

7. Conclusions

In this study we report the results of an investigation into Miocene-Pliocene volcanic
and volcaniclastic rocks of the Papuan Peninsula. Zircon U-Pb dating was conducted
on samples derived from the Apinaipi Formation, Astrolabe Agglomerate, Mt David-
son Volcanics, Yaifa Formation, and the Kore Volcanics. The results of the U-Pb zircon
geochronology are compiled from 1050 analyzed zircon grains that yielded 803 concordant
ages. Results from the U-Pb zircon geochronology returned ages ranging from the middle
Pliocene up to the Paleoarchean. Most samples yielded Miocene-Pliocene zircon grains,
with the majority between middle Miocene and Pliocene in age. These results inform the
recent geological history of the Papuan Peninsula with magmatism active during the late
Miocene and early Pliocene, between approximately 9 Ma and 4.5 Ma.
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The majority of zircon grains analyzed were inherited with 582 concordant zircon
analyses dated as Cretaceous to Paleoarchean in age. Four of the five sampled Miocene—
Pliocene volcanic and volcaniclastic formations selected for this study yielded sufficient
Cretaceous zircon to derive protolith maximum depositional ages, between ca. 103 Ma
and 100 Ma. This is interpreted as a maximum depositional age of the Owen Stanely
Metamorphics, the basement of the Papuan Peninsula, and the most likely source of the
inherited zircon grains. We compared the inherited zircon age spectra with the zircon
age spectra and crustal history of possible source regions. The zircon U-Pb age spectra
are most similar to a probable source region adjacent to the Shoalwater Formation of
the Central Queensland margin and New Caledonia and are notably dissimilar to age
spectra from North Queensland, Australia, inferred as the source of detritus by current
plate tectonic models. We therefore interpret that the protolith to the basement of the
Papuan Peninsula—the Owen Stanely Metamorphics—formed as a middle-Cretaceous
volcaniclastic belt deposited to the east of present day Central Queensland, and formed
part of the wider Whitsunday Igneous Event during break-up and rifting of the Tasman
Sea and Coral Sea.
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