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Abstract

Papua New Guinea, as part of the southwest Pacific, lies in a complex tectonic setting of oblique
convergence between the Pacific and Australian plate, and trapped between the converging
Ontong Java Plateau of the Pacific plate and the Australian continent. Through studying the
tectonic evolution of Papua New Guinea we can gain insight into how the region formed through
time and explore the relationships between the driving forces of tectonics and the responses
or feedbacks reflected in the geology. At present we lack the evidence to fully constrain the
evolution of Papua New Guinea, however, through the study of arc magmatism I illustrate how
we might approach defining a geodynamic framework for the region and unraveling the complex

tectonic history.

In general, the deformation history of Papua New Guinea is well constrained but the same
robust records do not exist for magmatism. To progress with unravelling the tectonic evolution
of the region we require a time and cost effective means of robust age dating in young rocks.
Investigation into the timing of two Quaternary magmatic occurrences by LA-ICP-MS U-Pb
zircon dating compared with CA-TIMS and SHRIMP dating methods reveal good correlation
and age agreement between dating methods. This is one of only few studies utilizing LA-ICP-
MS U-Pb zircon dating for Quaternary ages. Uncertainty in such young rocks is relatively large
due to potential matrix effects related to differential alpha dose accumulation and limitations on
instrumental precision with an associated error threshold of 5% for a determined age. This makes

LA-ICP-MS U-Pb dating a useful tool in regional studies of this nature.

The Late Cenozoic tectonic evolution of Papua New Guinea is set in motion with initial convergence
at the Australia-Pacific plate boundary from 45 Ma. Combined U-Pb zircon geochronology and
geochemical investigation into the evolution of the Melanesian arc from the Simuku Igneous
Complex of West New Britain, Papua New Guinea reveals development of the embryonic island
arc from at least 43 Ma. Progressive arc growth was punctuated by distant collision of the Ontong
Java Plateau and subduction cessation from 26 Ma. This change in subduction dynamics is
represented by emplacement of the adakitic Simuku Porphyry Complex between 24 and 20 Ma.
Petrological and geochemical affinities highlight genetic differences between contemporaneous
“normal” arc volcanics and adakite-like signatures of Cu-Mo mineralized porphyritic intrusives.
Not only is this one of few studies into the geology of the Melanesian arc, it is also among the
first to address the distant tectono-magmatic effects of major arc/forearc collision events and

subduction cessation on magmatic arcs.

VI



Understanding of the tectonic evolution of mainland Papua New Guinea throughout the Miocene
is hampered by a lack of robust geological evidence. The Maramuni arc of Papua New Guinea
represents the only continuous tectonic element throughout this dynamic period. I present the
first detailed U-Pb geochronology and geochemical investigation of the Maramuni arc from
intrusive rocks of the Kainantu region of the eastern Papuan Highlands. Arc magmatism related
to north-dipping subduction at the Pocklington trough is punctuated by arrival of the Australian
continent at approximately 12 Ma and growth of the New Guinea Orogen. Arc geochemistry
from 12 Ma highlights a changing tectonic setting, marked by anomalous enrichments in high-
field strength elements at 9 Ma. Crustal delamination from approximately 7 Ma is coincident with
porphyry intrusion bearing similarities to adakitic rocks and renewed uplift of the New Guinea
Orogen from 6 Ma. Although the fundamental controls on arc evolution are yet to be conclusively
determined, this study contributes understanding of subduction dynamics in Papua New Guinea

during the Miocene.

Papua New Guinea is a unique part of the planet in that Cenozoic orogenesis is superimposed
on an earlier basement structure that has, in turn, influenced how the New Guinea Orogen has
grown over time. Specifically, the underlying/underthrust Australian continental basement is
characterized by a major accretionary boundary referred to as the Tasman Line separating a
younger Paleozoic-Mesozoic Tasmanide orogenic belt from Precambrian cratonic rocks to
the west. Using precise age dating of inherited zircon from Quaternary magmatic rocks in
the overriding Cenozoic fold belt coupled with an evaluation of orogen-scale deformation and
magmatic morphology, I show where the Tasman Line extends to the north beneath younger
crust. This result is significant as it demonstrates that with the use of a well established technique
combined with detailed structural and tectonic assessment, deep crustal boundaries can be traced

in relatively young terrains.

The Bismarck Sea region of Papua New Guinea is marked by recent arc-continent collision
giving rise to a highly dynamic tectonic environment. We present a new crustal and upper
mantle architecture model for northeastern Papua New Guinea and western New Britain that
reveals overprinting slab subduction and partial continental subduction. Earthquake hypocentre
databases are combined with detailed topography and seafloor structure together with geology
and regional-scale gravity in conjunction with an updated 3-D slab map to unravel this sub-
surface structure. Subducting continental crust has resulted in a complex pattern of arc-related
geochemical signatures from east to west along the Bismarck arc. In the east where the Solomon
Sea plate is subducting beneath New Britain, the sedimentary component is low whereas in the
west the arc volcanics exhibit a greater sedimentary component, consistent with subduction of
Australian crustal sediments. As a result, a new plate reconstruction is provided for the region

together with forward-looking reconstructions.
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Overall the studies presented here reflect a region controlled by compounding major collision
events resulting in increasing levels of tectonic complexity acting on decreasing spatial-scales.
This thesis presents an insight into the tectonics of Papua New Guinea and significantly contributes
to our understanding of the dynamic Australia-Pacific plate boundary zone, while also providing
new tools that we can use to unravel complex tectonic scenarios at both the present day and at

ancient plate boundary settings.
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Chapter 1 Introduction

Structure of this thesis

It is intended that the entire contents of this thesis will be published in internationally recognized
Earth Science journals. This thesis has been written as a series of five independent papers
(Chapters 2—6) and each section is cross-referenced as a separate paper accordingly. At the time
of submission, Chapter 3 is already published in Tectonophysics, and Chapter 6 is published in the
Australian Journal of Earth Sciences. As most of the chapters of this thesis have undergone, or
are soon to be submitted for peer review as part of the publication process, I have decided against
major reformatting of these papers during thesis preparation. The sections are all presented in the
same written style with consistent use of specialist terms and geological unit names. However,
each chapter represents an independent body of work that is presented in a format similar to
a published manuscript. Structuring the thesis in this manner has inevitably led to repetition
of some descriptive text, such as geological setting and analytical techniques. However, this in
minimal due to the nature of the individual studies addressing different tectonic settings and

different periods in the evolution of Papua New Guinea.

A single reference list for the entire thesis follows Chapter 7. Presenting the cited references in
this manner allows the reader to locate individual reference details with relative ease and saves

considerable space as many publications are cited in two or more chapters.




Chapter 1 Introduction

Subject of this thesis

The southwest Pacific comprises some of the youngest and most dynamic tectonic elements on
Earth (Figure 1-1). As such, the tectonics in the southwest Pacific is often used as an analogue to
illustrate how complex tectonic regions may have formed, and in particular, accretionary orogens
(e.g. northern Appalachians and British Caledonides [Van Staal et al., 1998]; Central Asian
Orogenic Belt and Arabian-Nubian shield [Kroner et al., 2007]; the Lachlan Fold Belt [Collins
and Richards, 2008] and Tasmanides of Australia [Glen and Meffre, 2009]; Western European
Alps [Malusa and Garzanti, 2012]). Although much of the southwest Pacific is either tectonically
active or geologically very young, the geodynamic framework of the southwest Pacific itself
is not yet fully understood. Much of the apparent tectonic complexity in the southwest Pacific
arises from major collision events along the Australia-Pacific plate boundary zone that trigger
episodes of large-scale tectonic reorganization. Most notable are the collision of the Ontong
Java Plateau with the Melanesian arc (Petterson et al., 1999; Hall, 2002; Mann and Taira, 2004;
Knesel et al., 2008; Holm et al., 2013; Chapter 3), and collision of the Australian continent with
a proto-New Guinea (Hill and Hall, 2003; Cloos et al., 2005; Schellart et al., 2005; Chapter 4).

The nature and timing of these events, however, is the subject of much dispute in the geological

&N

&5

10°8

15°5

Figure 1-1. Regional tectonic setting of Papua New Guinea within the southwest Pacific. Papua
New Guinea lies between the converging Australian continent and Ontong Java Plateau.
During the Cenozoic Australia-Pacific convergence has been accommodated at three different
plate boundaries at distinct times, together forming the wider Australia-Pacific plate boundary
zone. Currently the New Guinea trench, New Britain trench and San Cristobal trench form the
active plate boundary.
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community, leading to uncertainty around the tectonic drivers and mechanisms that shaped the
southwest Pacific. Furthermore, the region also hosts some of the world’s largest subduction-
related porphyry deposits including Lihir, Bougainville, Ok Tedi and Grasberg, therefore, this
region presents an ideal location to examine the tectonic and geodynamic processes associated

with subduction, orogenesis, basin formation and mineralization.

Papua New Guinea is critical to our understanding of southwest Pacific tectonics, as it lies
within a zone of oblique convergence between the Ontong Java Plateau of the Pacific plate, and
the Australian continent (Figure 1-1). This unique tectonic configuration results in a complex
arrangement of tectonic feedbacks between terrane collision and orogenesis, microplate
development, and varying subduction dynamics (Figure 1-2). Unraveling the tectonic history of
Papua New Guinea requires a multidisciplinary approach encompassing an equally diverse array
of geological evidence. At present, a well-established regional structural framework exists for
Papua New Guinea recording the timing and characteristics of deformations episodes (Hill and
Gleadow, 1989; Abbott, 1995; Hill and Raza, 1999). However, structural deformation histories
are inherently non-unique and require a robust tectonic framework to provide spatial context
for observations. Determining the history of collision and subduction dynamics of the region
can provide this tectonic framework, but additionally, this must be constrained in both time and
space. Studies into the nature of arc magmatism through time and during periods of tectonic
change can provide us with insight into subduction dynamics and crustal processes that may be
difficult to resolve through other means. However, at present, robust and extensive records for the

magmatic history of Papua New Guinea simply do not exist.

This work seeks to unravel the complex tectonic history of Papua New Guinea and present a clear
and innovative case as to the nature and development of arc magmatism to provide insight into
the recent tectonic development of the northern Australian plate boundary. I primarily utilize
U-Pb zircon geochronology combined with major and trace element geochemistry to investigate
the magmatic arcs of Papua New Guinea (Figure 1-2), but supplemented by a compilation and
reinterpretation of an extensive catalogue of previous data including geophysical and earthquake
data, mineralization, sedimentology, structural and metamorphic geology, and geomorphology.
From this I re-evaluate and address gaps in our knowledge of the present day tectonic setting
of Papua New Guinea and interpret the tectonic history of the region. Throughout the study
I emphasize the complexity of interpreting tectonic history in a region lacking in abundant
geological evidence and demonstrate that this complexity and variability must be considered when
examining the tectonic, geochemical and mineralogical characteristics of ancient arcs. At the
global-scale the results will provide a potential explanation and an additional tool to help unravel
the complexity of accretionary orogens that exhibit markedly different structural, magmatic

and even metamorphic characteristics in what appears to be a single arc or accretionary event.
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Chapter 1 Introduction

Figure 1-2. Tectonic and magmatic setting of Papua New Guinea. a) Papua New Guinea is
marked by complex tectonics, the mainland is comprised of multiple terranes accreted
to the northern Australian continental margin (suture zones marked as dashed lines) and
development of the New Guinea Orogen comprising the Papuan Fold and Thrust Belt and
New Guinea Mobile Belt, and overlying the inherited crustal architecture of the Australian
plate. To the east a microplate complex accommodates Australia-Pacific plate convergence
through subduction, microplate rotation and associated spreading systems. CP, Caroline plate;
NBP, North Bismarck plate; AP, Adelbert plate; SBP, South Bismarck plate; SSP, Solomon Sea
plate; OJP, Ontong Java Plateau; NGMB, New Guinea Mobile Belt; PFTB, Papuan Fold and
Thrust Belt; FP, Fly Platform (stable Australian continental crust). b) Magmatic arcs of Papua
New Guinea studied within this thesis and their correlative subduction zones; FZ, fault zone.
Sample localities for the thesis are as indicated: 1) Ok Tedi; 2) Baia; 3) Kokofimpa, Kainantu;
4) Wamum; 5) Simuku, West New Britain.

Furthermore, these results can be used to gain a better understanding of ancient orogenic belts
where ongoing deformation and magmatism may have masked some of the evidence for ancient

fold belt subduction.

The studies investigate different aspects of the magmatic arcs of Papua New Guinea (Figure
1-2) in both space and time and provide insight into the plate tectonic evolution of the northern
Australian plate boundary throughout the Late Cenozoic. The different chapters are arranged with
an initial study addressing the methodology of geochronology and young terrains, and thereafter
are in geochronological order of the study areas from oldest to the present day. Outlines for the

five papers are below:

The objective of Chapter 2 is to develop the methodology and explore the limitations associated
with laser ablation ICP-MS U-Pb zircon geochronology through an applied study of Quaternary
magmatism in Papua New Guinea. Samples from the Sydney Monzodiorite of Ok Tedi and
andesitic volcanics from the Baia Prospect, both from the Plio-Pleistocene magmatic belt of
the Papuan Fold and Thrust Belt in western Papua New Guinea were analyzed to investigate
the application of LA-ICP-MS U-Pb zircon dating in young magmatic terrains. In addition, I
compare and validate results from this method against CA-TIMS and SHRIMP dating methods

as traditionally more reliable methods.

Addressing first the earliest Cenozoic magmatism of Papua New Guinea in terms of the regional
tectonic history, Chapter 3 examines the little known magmatic history of the Melanesian arc.
The Melanesian arc is exposed in Papua New Guinea on the outboard islands of New Britain
and New Ireland. The Simuku Igneous Compex of New Britain provides a record of arc activity
through U-Pb zircon geochronology from arc inception at 43 Ma through to termination of the
Melanesian arc at approximately 20 Ma. This period of arc activity spans the timing for collision
of the Ontong Java Plateau with the Solomon Islands providing an ideal opportunity to examine
the geochemical relationships between arc activity and subduction dynamics in response to a

major collision event and cessation of Pacific plate subduction.
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Chapter 4 examines the Upper Oligocene and Miocene tectonics of the Papua New Guinea
mainland to address the development of the New Guinea Orogen and evolution of the Maramuni
arc. Much of the mineral endowment and porphyry mineralisation of Papua New Guinea is
attributed to the Maramuni arc, however, the subduction system that gave rise to arc magmatism
is disputed. [ apply a similar approach to Section B whereby I utilize U-Pb zircon geochronology
combined with detailed geochemistry from the Wamum and Kainantu regions of the eastern
Papuan Highlands to investigate evolution of the Maramuni arc and the relationship between arc
magmatism and major collision coupled with complex subduction dynamics. Further, I review
the available geological data for the mainland of Papua New Guinea from the Oligocene through
to the present and develop a geodynamic model for collision of the Australian continent with an

outboard proto-New Guinea terrane and emplacement of the Maramuni arc.

Chapter 5 utilizes the same Quaternary magmatic sample set as Section A but takes a contrasting
and innovative approach to arc magmatism. In addition to Quaternary zircon crystals within the
rock material, there are also extensive populations of inherited zircon grains. Zircon inheritance
patterns are often used as a tectono-magmatic fingerprint of a region where age patterns can
be used to help match terranes or infer the source or magmatic pathway for intrusive rocks.
Comparing contrasting age populations from the Papuan Fold and Thrust Belt to orogen-scale
variation in structural and magmatic morphology, I interpret the underlying crustal controls on

orogen development reflecting a crustal architecture inherited from the Australian continent.

Lastly, in Chapter 6 I assess the present day tectonic setting of Papua New Guinea, and more
specifically the Bismarck Sea region and northeastern Papua New Guinea mainland. This is the
site of recent and ongoing arc-continent collision and active offshore arc magmatism. Although
previous work provides a good understanding of the timing and implications of the collision event
at the surface, the sub-surface and mantle crustal geometries are not yet appreciated. Chapter 6
addresses the crustal architecture underlying the site of collision by utilizing existing gravity and
seismic datasets. Furthermore, the findings from the sub-surface model are related back to the
present day setting with consequences for arc genesis in the Bismarck Sea and our understanding
of the relationship between complex collision events, subduction dynamics and arc magmatism

around the world.

Subsequently, I will discuss the Late-Cenozoic plate tectonic evolution of Papua New Guinea in
Chapter 7, drawing from the five studies, and the implications of these results for the southwest
Pacific.




Chapter 1 Introduction

Publications by the author of relevance to this thesis are also included in the appendix, these are:
“When slabs collide: A tectonic assessment of deep earthquakes in the Tonga-Vanuatu region”
published in Geology; “Melanesian arc far-field response to collision of the Ontong Java Plateau:
Geochronology and pertrogenesis of the Simuku Igneous Complex, New Britain, Papua New
Guinea” published in 7ectonophysics (Chapter 3); and “A re-evaluation of arc-continent collision
and along-arc variation in the Bismarck Sea region, Papua New Guinea” published in Australian

Journal of Earth Sciences (Chapter 6).
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Chapter 2 Pushing the limits of LA-ICP-MS U-Pb geochronology

Abstract

Papua New Guinea is the site of late Cenozoic arc development and orogenesis
at the northern Australian plate boundary. The age and characteristics of orogenesis
are well understood but the same robust records do not exist for magmatism; as a
relative “blank-slate”, immediate progress requires time and cost effective means
of radiogenic dating in young rocks. I investigated the timing of two Quaternary
magmatic occurrences using LA-ICP-MS U-Pb zircon dating, and compared these
to results from new CA-TIMS and previous SHRIMP dating methods. Results
showed good internal correlation and age agreement between dating methods.
This is one of only few studies to date utilizing LA-ICP-MS U-Pb zircon dating for
Quaternary ages. [ also consider the additional uncertainty that arises in young U-Pb
dating. In addition to procedural analytical corrections for elemental fractionation
and mass bias, I find that potential matrix effects related to differential alpha dose
accumulation and limitations on instrumental precision are likely the greatest
contributors to uncertainty and a realistic 2c error threshold is 5% of the determined
age. This makes LA-ICP-MS U-Pb dating a useful tool in regional studies of, for
example, Quaternary volcanism and related timing in hominid evolution or climate

change.
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Chapter 2 Pushing the limits of LA-ICP-MS U-Pb geochronology

Introduction

A well-established regional tectonic framework exists for Papua New Guinea recording the
timing and characteristics of deformation episodes (Hill and Gleadow, 1989; Abbott, 1995; Hill
and Raza, 1999); however, the same robust records do not exist for the magmatic history of Papua
New Guinea. A comprehensive suite of Late Cenozoic age dating over mainland Papua New
Guinea was completed by various workers (e.g. Page, 1976; Rogerson and Williamson, 1985;
Richards and McDougall, 1990), primarily generated by the K-Ar dating method. With advances
in geochronology, U-Pb or Ar-Ar are now the preferred age dating methods in tectonically and
thermally active regions. However, to date van Dongen et al. (2010) is the only published study
concerning Cenozoic U-Pb magmatic ages from mainland Papua New Guinea, and this work is
restricted to the Ok Tedi intrusive complex. To progress with unraveling the complex tectono-
magmatic history of Papua New Guinea we must begin to compile a robust dataset of radiogenic
age dating. Furthermore, the increasing demand for Quaternary science in general and associated
geochronological controls open new avenues for the application of time and cost effective U-Pb

dating methods.

Here I take an applied approach to advances in LA-ICP-MS U-Pb zircon dating and present new
U-Pb ages for two Quaternary magmatic occurrences in the Papuan Fold and Thrust Belt (Figure
2-1). These ages were generated by the LA-ICP-MS zircon dating method and evaluated against
new CA-TIMS and previous SHRIMP dating (van Dongen et al., 2010). Quaternary ages obtained
in this study are some of the youngest zircon ever measured by LA-ICP-MS, furthermore, this is
one of few studies to conduct targeted age dating utilizing both LA-ICP-MS and CA-TIMS on the
same rocks, let alone the same zircon crystals (see also: Black et al., 2004; Rioux et al., 2007; von
Quadet et al., 2011). Moreover, I review and discuss sources of uncertainty in LA-ICP-MS U-Pb

dating, particularly with regard to young rocks.
Geological Setting and Samples

Papua New Guinea represents the tectonically active northern margin of the Australian plate
in the wider southwest Pacific zone of oblique convergence between the Australian and Pacific
plates. The island of New Guinea, incorporating both Papua New Guinea and West Papua is
geologically composed of multiple terranes accreted to the northern Australian continental
margin during Cenozoic northward drift (e.g. Hill & Hall 2003; Crowhurst et al., 2004; Davies,
2012), and forming an accretionary orogen of sedimentary cover rocks developed on Australian
continental crust (Papuan Fold and Thrust Belt; Hill and Gleadow, 1989; Craig and Warvakai,
2009) buttressed against variably deformed sedimentary, metamorphic and crystalline rocks of
the New Guinea Mobile Belt (Figure 2-1; Hill and Raza, 1999; Davies, 2012). The Late Cenozoic

12



Chapter 2 Pushing the limits of LA-ICP-MS U-Pb geochronology

Maramuni arc intrudes and overprints the New Guinea Orogen. Early Maramuni arc activity
intruded the New Guinea Mobile Belt during the Upper Oligocene (Hill and Raza, 1999; Cloos et
al., 2005), and migrated south into the Papuan Fold and Thrust Belt by the Upper Miocene (Page,
1976; Rogerson and Williamson, 1985). More recent Pliocene and Quaternary magmatism is
almost exclusively hosted within the Papuan Fold and Thrust Belt and stable Australian continental
crust of the Fly Platform (Figure 2-1). Quaternary magmatism is expressed as widespread large
shoshonitic and andesitic stratovolcanoes and intrusive bodies (Page, 1976; Johnson et al., 1978),
often controlled by regional-scale structural lineaments (Davies, 1990). Maramuni arc activity
has been previously attributed to north-dipping subduction beneath New Guinea, however,
this subduction ceased due to collision between the Australian continent and New Guinea at
approximately 12 Ma (Cloos et al., 2005) leaving little evidence as to the petrogenesis of more
recent magmatism. Several workers still pertain to a subduction-related origin for the recent
magmatism (Jake$S and White, 1969; Johnson et al., 1978; Davies, 1990) while others attribute
emplacement of the mantle-derived magmas to Upper Miocene-Pliocene crustal shortening with
associated melting of the underlying mantle (Johnson et al., 1978; Hill et al., 2002). More recently
Cloos et al. (2005) suggested collisional delamination following trench collision ultimately led to
magma generation due to asthenospheric upwelling and decompression of stretched lithospheric

mantle.

Pliocene-0ualsmany
Tedsic-rlermadiale intnushe
MAGMALSEM and wolcanics

M e Taisic-milermediate
inlrusive magmatism and
wHCanCS

Miocens

s magmatism
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felsic-intermediate
magmatism

4
L
[]
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Figure 2-1. Topography, major tectonic elements and magmatic occurrence map of mainland
Papua New Guinea. Samples 32A, Ok Tedi and JD15, Baia (668956 9341950 AGD66 zone 54)
lie within a belt of Quaternary magmatism intruded into the Papuan Fold and Thrust Belt.
Distribution of magmatism is from Australian Bureau of Mineral Resources (1972, 1986).
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Chapter 2 Pushing the limits of LA-ICP-MS U-Pb geochronology

I sampled two Quaternary magmatic occurrences within the Papuan Fold and Thrust Belt in
western Papua New Guinea. Both sample localities occupy a similar tectonic context within the
foreland Papuan Fold and Thrust Belt (Figure 2-1). Sample 32A, from Ok Tedji, is a porphyritic
phase of the Sydney Monzodiorite (Southern Porphyry Area) that comprises phenocrysts
of plagioclase and mafic minerals, especially hornblende. Sample JD15 (Baia) is an andesitic
volcanic, crystal-rich lapilli tuff with complexly zoned plagioclase and minor hornblende in a

fine-grained fragmental matrix.

Methods

Samples selected for U-Pb dating of zircon were taken from the Ok Tedi Sydney Monzodiorite
(sample 32A) and Baia prospect (sample JD15). Mineral separation was carried out at James
Cook University (JCU) in a standard four-step process. Samples were crushed and milled to
500 pm, washed to remove the clay fraction, and separated by a combination of heavy liquid
density separation and magnetic separation. All zircons within the separates were hand picked
and mounted in epoxy with GJ1, Temora 2 and Fish Canyon Tuff zircon standards; a total of 128
grains from sample 32A, and 247 crystals from JD15 were mounted by this method. Epoxy mounts
were polished and carbon-coated. Cathodoluminescence (CL) images of all zircon crystals were
obtained using a Jeol JSM5410LV scanning electron microscope equipped with a Robinson CL

detector, housed at JCU.

LA-ICP-MS U-Pb Dating

All work was done at the Advanced Analytical Centre of James Cook University. U-Pb dating
of zircon was conducted using the laser ablation ICP-MS setup, full details are given in Tucker
et al. (2013). The ICP-MS was tuned to ensure approximately equal senestivity of U, Th and
Pb to minimize isotope fractionation due to matrix effects. Analyses collected were *Si, *°Zr,
202Hg, 204Pb, 206Pb, 2°7Pb, 2*8Pb, 2**Th, **U, and ***U. In order to obtain a higher sensitivity for the
low Pb signal intensity expected for young zircon, the High Sensitivity mode of 820-MS was
used with the sensitivity for 2*U of about 10,000 cps/ppm at 44 um laser beam diameter using
laser conditions of 5 Hz, 6 J/cm energy density. The zircon to be dated were potentially very
young, hence Pb concentration could be extremely low which demands a very high sensitivity
of the ICP-MS, while on the other hand, concentration of U and Th could be very high in zircon
samples and their high signal intensity would overload the detector of the ICP-MS. To overcome
this problem, freshly calibrated attenuation factors were applied to **Th and 2**U so that the
linear dynamic range of the ICP-MS was extended to accommodate the requirement of this
young zircon dating. Remaining fractionation and mass bias was corrected by using standard
bracketing techniques with every ten zircon sample measurements bracketed by measurements

of GJ1 (primary calibration standard; Jackson et al., 2004), Temora 2 (Black et al., 2004) and Fish
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Canyon Tuff (secondary checking standards; Schmitz and Bowring, 2001; Renne et al., 2010).
For quantification of U and Th concentration in zircon samples, analysis of the NIST SRM 612
reference glass was conducted at the beginning, middle and end of every analytical session, with

#Si used as the internal standard assuming perfect zircon stoichiometry.

Zircon analyses were carried out with a beam diameter of 60 pm, with the exception of JD15-2
age determination for subsequent CA-TIMS analyses where a 24 um spot size was used. Selection
of analytical sample spots was guided by CL images and targeted both cores and rims. All data
reduction was carried out by Glitter software (Van Achterbergh et al., 2001). All time-resolved
single isotope signals from standards and samples were filtered for signal spikes or perturbations
related to inclusions and fractures. Subsequently, the most stable and representative isotopic
ratios were selected taking into account possible mixing of different age domains and zoning.
Analyses of Temora 2 and Fish Canyon Tuff zircon were used for verification of GJ1 following
drift correction (Figure 2-2). Background corrected analytical count rates, calculated isotopic

ratios and 16 uncertainties were exported for further processing and data reduction.
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Figure 2-2. Tera-Wasserburg plots and weighted average (Temora 2) for U-Pb zircon
geochronology standards. All data-point error ellipses and calculated errors are + 26, and 95%
confidence for associated weighted average.
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Initial Th/U disequilibrium in zircon caused by an exclusion of **°Th results in a **Pb deficit
(Scharer, 1984; Parrish, 1990). Young zircon ages (<10 Ma) are particularly susceptible to this
disequilibrium with an upward age correction in the order of 100 ky. (Crowley et al., 2007),
typically comparable or greater than the measured analytical error. Correction of 2°°Pb/>**U dates
for the deficit requires estimates of Th/U concentration in the zircon and Th/U concentration
of the magma as the source of zircon. LA-ICP-MS zircon analysis routinely measures both Th
and U elemental concentrations in addition to isotopic ratios for individual zircon. These were
standardized to NIST SRM 612 reference glass for each analytical session using Glitter software
and exported with the respective 1o errors. The initial Th/U concentration of the magma is more
difficult to estimate and has a larger effect on the age correction (Crowley etal., 2007). I substituted
measured trace element measurements from bulk rock data determined with conventional ICP-
MS following the procedures of Harris et al. (2004). Bulk rock Th/U ratios were 3.37 £+ 0.52
and 3.05 £ 0.61 (20) respectively for samples 32A and JDI15. Uncertainties associated with the

correction were propagated into errors on the corrected ages according to Crowley et al. (2007).

The effect of common Pb is often taken into account by the use of Tera-Wasserburg Concordia
plots (Tera and Wasserburg, 1972; Jackson et al., 2004), however, given that in young zircon errors
in both measured 2’Pb/**Pb and *’Pb/>>U are proportionally much larger than the correlative
error of 2°Pb/?**U measured isotope ratios, a concordia age may be of questionable statistical
significance. Instead I employ weighted average plots within Isoplot/Ex version 4.15 (Ludwig,
2009) as the primary means of age resolution. Weighted mean 2°°Pb/>*U age calculations were
corrected for common Pb by utilizing the Age7Corr and AgeEr7Corr algorithms in Isoplot.
The composition of common-Pb was taken to be that of the modern day composition modeled
from Stacey and Kramers (1975), that is a **’Pb/?*Pb common-Pb composition of 0.83, and
incorporating a conservative corresponding 2c error of 0.3. Although this is a relatively large
error given the common-Pb composition in the AgeEr7Corr algorithm, it serves to emphasize
analytical data points with poor error correlation between 2’Pb/?°°Pb and ***Pb/>**U isotopic ratios
while not exaggerating the associated errors of ‘normal’ analyses. The dataset was then filtered
for obvious aberrations, this included any data points with unrealistically small or large errors,
and any points which did not belong to the zircon population, assuming concordance. All errors

were propagated at 2¢ level and reported at 95% confidence for weighted averages.
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CA-TIMS U-Pb Dating

Zircon crystals for CA-TIMS analysis were selected on the basis of LA-ICP-MS spot analyses
where young ages were achieved prior to processing of analytical data and corrections, indicative
of low common Pb contributions. Selected zircon (zircon CL images are shown in Figure 2-3) were
subjected to a modified version of the chemical abrasion method of Mattinson (2005), reflecting
a preference to prepare and analyze the carefully selected single crystals. Zircon crystals were
plucked from the epoxy mount and annealed in quartz beakers in a muffle furnace at 900°C
for 60 hours. Individual grains were then transferred to 3 ml Teflon PFA beakers, rinsed twice
with 3.5 M HNO,, and loaded into 300 ml Teflon PFA microcapsules. The microcapsules were
placed in a large-capacity Parr vessel, and the crystals partially dissolved in 120 ml of 29 M HF
with a trace of 3.5 M HNO, for 10-12 hours at 180°C. The contents of each microcapsule were
returned to 3 ml Teflon PFA beakers, the HF removed and the residual grains rinsed in ultrapure
H,0O, immersed in 3.5 M HNO,, ultrasonically cleaned for an hour, and fluxed on a hotplate at
80°C for an hour. The HNO, was removed and the grains were again rinsed in ultrapure H,O
or 3.5M HNO,, before being reloaded into the same 300 ml Teflon PFA microcapsules (rinsed
and fluxed in 6 M HCI during crystal sonication and washing) and spiked with the Boise State
University mixed **U-**U-*%*Pb tracer solution (BSU1B), which has been calibrated against the
EARTHTIME gravimetric standards. These chemically abraded grains were dissolved in Parr
vessels in 120 ml of 29 M HF with a trace of 3.5 M HNO, at 220°C for 48 hours, dried to fluorides,
and then re-dissolved in 6 M HCI at 180°C overnight. U and Pb were separated from the zircon
matrix using an HCl-based anion-exchange chromatographic procedure (Krogh, 1973), eluted
together and dried with 2 ul of 0.05 N H,PO,.

z3alb z4

Figure 2-3. Cathodoluminescence images of zircon from sample JDI5
selected for CA-TIMS dating.
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Pb and U were loaded on a single outgassed Re filament in 2 pl of a silica-gel/phosphoric acid
mixture (Gerstenberger and Haase, 1997), and U and Pb isotopic measurements made on a GV
Isoprobe-T multicollector thermal ionization mass spectrometer equipped with an ion-counting
Daly detector. Pb isotopes were measured by peak-jumping all isotopes on the Daly detector for
100 to 150 cycles, and corrected for 0.18 + 0.04%/a.m.u. mass fractionation. Transitory isobaric
interferences due to high-molecular weight organics, particularly on 2°*Pb and *’Pb, disappeared
within approximately 30 cycles, while ionization efficiency averaged 104 cps/pg of each Pb
isotope. Linearity (to >1.4 x 106 cps) and the associated deadtime correction of the Daly detector
were monitored by repeated analyses of NBS982, and have been constant since installation.
Uranium was analyzed as UO*" ions in static Faraday mode on 1011 ohm resistors for 150 to
200 cycles, and corrected for isobaric interference of *U0'*0 on 2*U0"0 with an #0/%O of
0.00205. Ionization efficiency averaged 20 mV/ng of each U isotope. U mass fractionation was

corrected using the known **U/**U ratio of the BSUIB tracer solution.

U-Pb dates and uncertainties were calculated using the algorithms of Schmitz and Schoene
(2007), and the U decay constants of Jaffey et al. (1971). Ratios of **Pb/***U and dates were
corrected for initial **Th disequilibrium using a Th/U - of 3 + 10%. All common Pb in

analyses was attributed to laboratory blank and subtracted based on the measured laboratory Pb

isotopic composition and associated uncertainty. U blanks were <0.1 pg.

The weighted mean age error includes analytical uncertainties based on counting statistics, mass
fractionation correction, spike and blank subtraction, and *°Th disequilibrium correction, and
is appropriate when comparing to other 2°°Pb/>**U ages obtained with spikes cross-calibrated
with the EARTHTIME gravimetic standards. If used in comparison with ages derived from
other U-Pb methods or decay schemes (e.g. Ar/Ar, '®"Re-"*’Os) then the uncertainty in the spike
U-Pb ratio and the **U decay constant can be added in quadrature, respectively. Quoted errors
for individual analyses are of the form £X(Y)[Z], where X is solely analytical uncertainty, Y is
the combined analytical and tracer uncertainty, and Z is the combined analytical, tracer and **U

decay constant uncertainty.

Treatment of Data From Previous SHRIMP U-Pb Dating

Previous U-Pb SHRIMP dating of the Sydney Monzodiorite, Ok Tedi from van Dongen et al.
(2010) have been used in this study to complement new LA-ICP-MS zircon dating. Isotopic ratios
and modeled Th/U zircon content for samples 508-366 and 809-116 from van Dongen et al. (2010)
have been re-evaluated within the context of this study. This data has been freshly corrected for
both initial Th disequilibrium and common Pb according to the same processes described above

for LA-ICP-MS dating. All errors were propagated at 2¢ level and reported at 95% confidence

18



Chapter 2 Pushing the limits of LA-ICP-MS U-Pb geochronology

for weighted averages.

Results

Zircon Imaging and Characteristics

Inherited zircons are present in both samples but will not be a part of this study (Chapter 5).
Zircons from Ok Tedi, sample 32A, are all pink in color. Young crystals are between 125 pm and
500 um in length. Aspect ratios range between 1:3.5 and 1:1.25 with an average of approximately
1:2. These crystals typically exhibit dull to moderate luminescence in CL images (Figure 2-4),
and are characterized by uniform cores with minor oscillatory zoning in the rim. There are,
however, exceptions to this, more complex zoning is not uncommon with distinct variations
between core and rim zonation patterns. In general crystals are euhedral. Some inherited cores

with young magmatic rims are present.

Zircon crystals from Baia, sample JD15, are predominantly pink with subsidiary populations
of both yellow and colorless crystals. Primary magmatic crystals are between 100 pm and 400
um in length with average aspect ratios of 1:2.5, however, these vary between 1:3.3 and 1:1.75.
These generally exhibit euhedral crystal shapes and appear dull in CL images (Figure 2-4) with
featureless cores and minor oscillatory zoning in the rim typically in the order of 10 pm in width;
no young crystals contain inherited cores. Some young crystals do conversely show signs of

corrosion.

Primary zircons in both samples hold CL textures consistent with a magmatic origin. These are

typically euhedral crystal shapes and exhibiting oscillatory zoning (Figure 2-4; Corfu et al., 2003;

a7
116 Ma

k]
1.85 Ma

Figure 2-4. Cathodoluminescence images of zircon from sample 32A and JDI5. Analytical
spots are indicated with the associated age calculated from LA-ICP-MS U-Pb isotope ratio
analyses; corresponding CA-TIMS ages for zircon are shown in red.

19



Chapter 2 Pushing the limits of LA-ICP-MS U-Pb geochronology

Hoskin and Schaltegger, 2003). A magmatic origin for these zircons is supported by low Th/U
ratios (e.g. Heaman et al., 1990). JDI15 zircon analyses returned average Th and U concentrations
of 323 and 269 respectively and associated ranges of 57 to 958 and 94 to 625. Overall these gave
an average Th/U ratio of 1.04. Thorium and U concentrations in 32A zircon were much lower
compared with sample JD15 with average values of 131 and 152 respectively, and ranging from

28 to 618, and 44 to 632. Sample 32A returned an average Th/U ratio of 0.84.

LA-ICP-MS U-Pb Dating

Sample 32A utilized 50 analytical spots over 36 crystals, 34 out of the 50 spots yielded robust
young ages and 26 of these made up the final age regression. Sample 32A returned a weighted
average age of 1.308 = 0.067 Ma (MSWD = 1.19; prob. = 0.23). In total 89 spot analyses were
carried out on 75 zircon crystals from JD15, this entailed 60 spots over 51 crystals from an initial
sample mount and a further 29 spots over 24 crystals in an additional sample mount with the
purpose of targeting young crystals for CA-TIMS analysis. Of these, a total of 24 out of 89 spots
yielded robust young ages, 21 of which were carried forward for age regression. Sample JD15
yielded a weighted average age of 1.735 £ 0.048 Ma (MSWD = 1.60; prob. = 0.04). Figure 2-5
presents the final age regressions for samples 32A and JD15; ages for each sample are in Table

2-1; zircon U-Pb analytical data are given in the digital appendix.
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Figure 2-5. LA-ICP-MS weighted average plots for samples JD15 and 32A. Error bars represent
+ 20 precision.
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Table 2-1. Compilation of U-Pb zircon ages

Ok Tedi Baia
32A 508-366* 809-116* JD15 JD15
LA-ICP-MS SHRIMP  SHRIMP LA-ICP-MS  CATIMS

Weighted Mean Age 1.308 1.237 1.287 1.735 1.746
95% Confidence 0.067 0.057 0.045 0.048 0.005
% Uncertainty 5.1 4.6 3.5 2.8 0.3
MSWD 1.19 1.4 0.51 1.6 1.15
Probability of Fit 0.23 0.16 0.90 0.041 0.33
Number 26/34 14/16 12/12 21/24 5/8

* Data re-evaluated from van Dongen et al. (2010)

CA-TIMS U-Pb Dating

Eight zircon crystals from sample JD15 were selected for analysis on the basis of LA-ICP-MS
spot analysis (Figure 2-3); one of these crystals (z3) was broken into two fragments each for
separate analysis. Of these nine analyses, three crystals yielded resolvable older ages, including
both fragments of crystal z3; these analyses are interpreted as having a contribution from cores
of significantly older, xenocrystic zircon (z2) or only slightly older antecrystic zircon (z3, z7).
Equivalent 2°°Pb/*¥U dates were obtained from the remaining five crystals. Analytical data is
shown in Table 2-2. The age of igneous crystallization may be interpreted from the weighted
mean 2°°Pb/38U date of 1.746 + 0.005(0.005)[0.006] Ma (n = 5; MSWD = 1.15; Figure 2-6); a
more conservative error may be derived from the nominal + 12-13 ka uncertainty of individual

analyses. Ages are included in Table 2-1.

Re-evaluation of Previous SHRIMP Dating

Previous SHRIMP U-Pb analytical data from van Dongen et al. (2010) for the Sydney Monzodiorite
was incorporated into this study with fresh correction factors. Of the two samples previously
dated, sample 508-366 returned a weighted average age of 1.247 £ 0.060 Ma (MSWD = 1.60;
prob. = 0.36) and sample 809-116 yielded a weighted average age of 1.287 + 0.045 Ma (MSWD =
0.51; prob. = 0.90). Figure 2-7 presents the final age regressions for samples 508-366 and 809-116;

final ages corrected for initial Th disequilibrium and common Pb are in Table 2-1.
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Chapter 2

Pushing the limits of LA-ICP-MS U-Pb geochronology
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Figure 2-6. CA-TIMS Weighted average plot for sample JD15. Black bars indicate ages rejected
from the age calculation; all error represent + 26 precision.
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Figure 2-7. SHRIMP weighted average plots for Ok Tedi samples 508-366 and 809-116. Error
bars represent + 20 precision. Data is re-evaluated from van Dongen et al. (2010).
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Discussion

U-Pb zircon dating for all samples by the different dating methods yielded Quaternary
crystallization ages consistent with their geological setting and previous work (van Dongen et al.,
2010). In addition to adding knowledge to the rapidly growing geological database for Papua New
Guinea, this work compares common methods of obtaining zircon age data applied to very young
rocks. Zircons from sample 32A, the Sydney Monzodiorite intrusive of the Ok Tedi porphyry
complex were measured by LA-ICP-MS and SHRIMP (van Dongen et al., 2010), whereas targeted
LA-ICP-MS and CA-TIMS dating methods were utilized for sample JD15, andesitic volcanics of
the Baia prospect, in some cases on the same zircon crystals. Figure 2-8 presents a correlation
between the calculated weighted averages for both sample suites given the different U-Pb dating
methods. These ages are all corrected for initial Th disequilibrium and common Pb. Weighted
average ages for both samples show good internal correlation between the different U-Pb dating
methods. Sample JD15 shows very close correlation between both LA-ICP-MS and CA-TIMS
analyses while correlation between sample 32A and the associated SHRIMP ages does show
some scatter, however, all 2c errors are shown to overlap (Figure 2-8). Although there is good
correlation between the different dating methods in this instance, it is useful to understand the
potential sources of uncertainty in LA-ICP-MS analyses that contribute to the resultant ages,
while also drawing from findings of alternative methods such as SHRIMP. Furthermore, given
the particularly young ages of these samples and the propensity of such samples to exacerbate

uncertainties, it is important to assess the appropriateness of the statistical errors.
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Figure 2-8. Multi-method U-Pb dating comparison diagrams for sample JD15, Baia and Sydney
Monzodiorite, Ok Tedi samples. Weighted average ages are shown for LA-ICP-MS, CA-TIMS
and SHRIMP U-Pb dating with corresponding boxes for + 2¢ errors; samples 508-366 and 809-
116 are re-evaluated from van Dongen et al. (2010).
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Chapter 2 Pushing the limits of LA-ICP-MS U-Pb geochronology

The application of LA-ICP-MS in U-Pb geochronological studies is a relatively recent advance
(Horn et al., 2000) and as such the intricacies and sources of uncertainty are still susceptible
to revision and corrections. There are however, a number of well-established procedures for
calibrating U-Pb analyses by LA-ICP-MS to correct for elemental fractionation associated with
laser ablation, and the sample transport and ionisation processes, together with the inherent mass
bias of the ICP-MS (Jackson et al., 2004). These factors contributing to correction rely on the
stability, reproducibility and standardisation (e.g. spot size, laser fluence, integration time) of
analyses to allow for empirical correction of ablation-related elemental fractionation (Horn et
al., 2000). In the first instance an accepted external standard is used to correct for sources of
fractionation, ideally this will be a very good matrix-matched standard where ablation conditions
for both unknown and standard are essentially identical (Tiepolo et al., 2003; Tiepolo, 2003;
Jackson et al., 2004). For correction of instrumental mass bias an on-line spike (T1/*3U or
23U) is often introduced into the carrier gas stream (Horn et al., 2000; Kosler et al., 2002), or
alternatively a solution-based spike is used. The latter, however, can result in high background
Pb compromising data for young and/or low-U zircon (Kosler et al., 2002; Jackson et al., 2004).
In general, common Pb contributions at a high level can typically result in exclusion of a few
analyses per analytical session without serious concerns; however, a variety of strategies can be
adopted to adequately address conventional common Pb contributions and may include selective
integration of signals or graphical evaluation (Jackson et al., 2004). Additionally, Williams and
Hergt (2000) note the U-content of zircon can produce a systematic offset in zircon ages. Above
a threshold of ~2500 ppm U an increase in *°Pb/**U ages can be expected at a rate of between
1.5% and 2.0% for every additional 1000 ppm of U. This is not often a concern with U content in

zircon rarely achieving these concentrations.

The above corrections are typically regarded as routine protocols minimizing error and uncertainty
in the instrumental set-up and empirical corrections. A topic of more conjecture, however, is
the contribution of uncertainties in the behavior of the ablation process to the overall analytical
uncertainty and at the present day, our failure to fully quantify these uncertainties. Initially there
are several factors that can contribute to uncertainty and should be considered, but in general can
be easily accommodated for. Firstly the layout of the zircon-mount has significant potential to
contribute to analytical uncertainty if not correctly accounted for. The effect of crystallographic
orientation can result in variation of *Pb/>**U emission with crystal orientation for baddeleyite
(another Zr-rich mineral) as demonstrated by Wingate and Compston (2000); however, the same
orientation-related effect has not previously been detected in zircon studies. Secondly and more
importantly, Stern and Amelin (2003) identified considerable variation in ***Pb/***U ionization in
the plane the primary beam impacts the target, particularly approaching the edges of the mount.
The impact of this effect is typically limited by sample arrangement within a relatively small

central area of the mount.
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The precision of the mechanical ablation process must also be considered. Jackson et al. (2004)
highlighted that while the external precisions of the *°Pb/>*U and 2°’Pb/**U ratios are very
similar, even given a magnitude difference in count rate, they are significantly poorer than the
207pPb/2%6Pb ratios for the same analyses. The authors attribute these variations in precision to
small differences in Pb/U fractionation behavior from analysis to analysis associated with drift
in laser operating conditions, for example variation in laser focus (Jackson et al., 2004); although
these sources of analytical uncertainty cannot realistically be accounted for at every analytical
stage, routine standard bracketing techniques limit the analytical session-scale implications of
instrumental drift. Disparities in isotopic ratios can also potentially arise from heterogeneity
of ablated material, either from the zircon itself or systematic variation in ablated particle size
distribution with implications for plasma conditions and mass bias effects (Guillong et al. 2003;
Klotzli et al., 2009). Similarly, the ablation product or ejecta around holes must be considered
in fractionation and mass bias. Experimental work from Kosler et al. (2005) found that ejecta
around holes drilled in zircon is dominated by zircon, baddeleyite and silica in various forms.
Furthermore, the deposition of zircon and baddelyite will fractionate Pb from U as U is compatible
in zircon and baddelyite while Pb is not. It follows that the deposition of zircon and baddeleyite in
or near the ablation hole is responsible for downhole fractionation of Pb from U in zircon (Kosler

et al., 2005; Allen et al., 2012).

All the above sources of uncertainty can be observed and accounted for to some degree, however,
more subtle expressions of 2°°Pb/**U heterogeneity reflect the dispersion and interactions of
ablated particles, termed matrix effects. Findings from Black et al. (2004) suggest bias or offsets
in measured ages can often be related to the abundance and combination of trace elements that is
likely a function of REE + Y and P substitution into the Si-site within zircon. This substitution,
also termed the ‘xenotime’ substitution may induce a lattice strain in ablated material affecting
the secondary ion formation and mass bias, particularly in near stoichiometric Zr(Hf)SiO, zircon
crystals (Finch et al., 2001; Black et al., 2004). While this matrix effect process has yet to be
fully documented, Black et al. (2004) identified a correlation with the abundance of a variety
of elements, where P, Nd and Sm, while present in too low concentrations to be primarily
responsible for the matrix effect, are promising element proxy indicators. Kl1otzli et al. (2009),
however, also observed shifts in Pb isotopic ratios in addition to *°°Pb/>**U, suggesting the matrix
effect proposed by Black et al. (2004) alone is not sufficient to quantify isotopic variation and
uncertainty. Furthermore, additional bias in bias-corrected Pb isotope ratios has been related to
matrix components such as Ca, Al, Fe and Mg, and demonstrated to cause non-spectral matrix
effects (Barling and Weis, 2008). Moreover, an associated enhancement in both Pb and Tl signal

has been attributed to a matrix-induced decrease in Ar charge density, subsequently leading to an
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over representation of measured Pb* and TI" ions. Kl6tzli et al. (2009) went on to suggest shifts
in both U-Pb and Pb isotopic ratios are potentially a response to fractionation effects combined

with 23U-2T1-*%T] normalization.

In a different approach to matrix effects, Allen et al. (2012) interpreted the alpha dose accumulated
in zircon as a major limitation on the accuracy of LA-ICP-MS **Pb/?**U dating. This matrix effect
is a key contributor to uncertainty in dating young zircon because the alpha dose accumulated
by the unknown can be appreciably less than that received by the zircon standard, and this
difference can lead to an inaccuracy of up to —5% (Allen et al., 2012). Although not conclusive
as to the reasons, a strong correlation exists between the alpha dose received by the zircon and
the difference between *°Pb/>**U measured by TIMS versus LA-ICP-MS. Allen et al. (2012)
suggested the degree of radiation damage may be related to an increase in the measured 2°°Pb/3¥U
in response to comparatively higher rates of Pb escape over U around the ablation hole due to
variations in particle size distribution. Quantitative assessment of the alpha dose and associated
degree of radiation damage in the zircon can potentially yield a relationship to correct for matrix
effects in existing LA-ICP-MS 2°Pb/***U dates, however, at present this in hindered by poor

constraint of the accumulated alpha dose received by zircon.

An inherent trade-off will always be present between precision and homogeneity of the standard
zircon and appropriateness of the standard to a particular study, that is, how well the zircon
standard and unknown is matrix-matched. The GJ1 standard used in this study is typically the
primary procedural zircon standard of choice in various U-Pb dating methods including LA-
ICP-MS. However, as a much older zircon than the unknowns in this study, GJ1 likely holds an
elevated alpha dose (Allen et al., 2012) and is not an ideal matrix-match. Matching the matrix,
and more particularly for young zircon, the alpha dose accumulated by the zircon standard as
closely as possible to the unknown can substantially reduce matrix-related uncertainty (Allen
et al., 2012). However, our ability to measure the retained alpha dose at present and likewise
the associated uncertainty makes this approach problematic. The Fish Canyon Tuff as a much
younger zircon standard, but still with greater than a magnitude difference in relative ages to the
unknown zircon presented here, is shown to have a significantly lower alpha dose than GJ1 (Allen
et al.,, 2012) and may be considered a more appropriate standard. However, the Fish Canyon
Tuff standard itself has shown to be heterogeneous, and often suffers from common Pb effects,
significantly limiting the precision of analyses. In the absence of a reliable, high-precision young
standard that is homogeneous, we propose GJ1 still be retained as a primary standard zircon.
This lack of an age appropriate standard can make correction for matrix effects difficult but in
the first instance will provide more precise isotopic ratios by minimizing uncertainty related to

fractionation.
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In this instance where I have extremely young zircon and associated low radiogenic Pb count
rates and °°Pb/**U ratios, I must also take into consideration uncertainty generated in post-
data acquisition signal processing and data treatment. Zircon with low count rates are more
susceptible to signal spikes and zircon heterogeneity, and exhibit greater count rate fluctuation
compared with older zircon with comparatively greater radiogenic Pb accumulation. In addition,
such low 2°°Pb/**8U ratios and corresponding errors (see supplementary material) are nearing the
detection limit of the laser ablation ICP-MS set-up; as a result analyses begin to lose resolution
and precision of the measured isotope ratios. Although these factors cannot be fully accounted for
given the state-of-the-art laser ablation ICP-MS methods, erratic signals can largely be visually
filtered to exclude aberrations that may arise from ablating zircon affected by, for example, Pb-
loss or inclusions. Conversely, with such low 2°°Pb/>*U ratios as presented here, it is counter
productive to select only small signal windows for processing as these will be more susceptible
to minor signal fluctuations in downhole fractionation, and therefore may not reflect the overall
zircon isotopic composition. Considering these factors, we must acknowledge the analytical
uncertainties in the data related to signal processing, where small changes in a selected signal
processing window will lead to changes in resultant isotopic ratios. In older zircon these affects
will largely be insignificant and taken into account by any associated error margin, however, a
minute change in isotopic ratios given the young ages represents a comparatively large shift with
the potential to shift a determined age by up to tens of thousands of years, often comparable
to given error margins. Signal processing must therefore be considered as major contributor to

uncertainty of any young age determination.

Previous studies by Klotzli et al. (2009) suggested that the precision of current laser ablation
methods for obtaining U-Pb ages from zircon are limited by our understanding of uncertainties
and can be no better than 3% of the determined age at a 2c level. I take a more conservative
approach to uncertainties in this study given the very young Quaternary ages obtained. I suggest
a realistic but conservative uncertainty in the analytical error in this instance is 5% of the
determined age at a 26 level. Although the error (95% uncertainty) associated with sample 32A
at 5.1% is already in excess of 5%, the resultant analytical error attributed to sample JD15 is
quoted at just 2.8%. Uncertainties in signal processing mentioned above are typically in the order
of 0.5% but can equate to up to 1% additional error. Furthermore, beyond normal protocols for
correction of fractionation and mass bias, the greatest source of uncertainty in such young zircon
is likely to be matrix affects related to the relative alpha dose between standard and unknown
highlighted by Allen et al. (2012). Although this is more difficult to quantify, taking into account
the potential for a -5% age determination for LA-ICP-MS compared with CA-TIMS analyses, a
5% uncertainty will fully account for this potential disparity given the results for sample JDIS5.
Such an assessment of errors will quantitatively adjust the JD15 weighted average from 1.735
+ 0.048 Ma (2.8%) to 1.735 £+ 0.087 (5%), while 32A retains the calculated weighted average of
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1.308 + 0.67 Ma (5.1%).

The results of this study demonstrate that while CA-TIMS will be the benchmark for U-Pb
dating for the foreseeable future, the LA-ICP-MS U-Pb dating method is more than capable of
resolving zircon crystallization ages to within 5% error (20) of a determined age with confidence,
and is comparable in precision to SHRIMP U-Pb dating. This has implications for advances
in Quaternary science and geochronology, where LA-ICP-MS dating provides an avenue for
rapid and cost effective acquisition of large datasets. Where detailed locality-scale investigations
or dense age resolution is required it remains necessary to obtain TIMS ages. However, given
the results here, LA-ICP-MS dating is without doubt appropriate for application in studies of a
regional nature where less temporal resolution is required. Such applications of this method may
have implications for studies that may include recent volcanism and associated natural hazard
analysis, hominid evolution and even climate change through dating of tuffs, sediment horizons

or cave-fill for example.

Conclusions

I sampled two Quaternary magmatic occurrences from Ok Tedi and Baia within the Pliocene—
Quaternary magmatic belt of the Maramuni arc hosted by the Papuan Fold and Thrust Belt of
Papua New Guinea. Zircon from both samples were subjected to LA-ICP-MS U-Pb dating and
subsequently compared with CA-TIMS and previous SHRIMP U-Pb dating. All U-Pb dating
was determined by weighted average and corrected for common Pb contributions and initial Th
disequilibrium. Sample JD15 yielded an analytical LA-ICP-MS age of 1.735 = 0.048 Ma and a
corresponding CA-TIMS age of 1.746 + 0.005 Ma. The Sydney Monzodiorite of Ok Tedi returned
a LA-ICP-MS age of 1.308 + 0.067 Ma in comparison to two previous samples (van Dongen
et al., 2010) dated via SHRIMP analysis and re-evaluated in this study at 1.237 + 0.057 Ma
(508-366) and 1.287 + 0.045 Ma (809-116). These are some of the youngest LA-ICP-MS U-Pb
zircon ages obtained to date and among the few Quaternary ages. Both sample suites show good
correlation of ages through the different dating methods. Moreover, the particularly young zircon
ages found in this study demanded an assessment with regard to contributions to uncertainty and
errors relevant to very young LA-ICP-MS U-Pb dating. The largest contributors to uncertainty
in addition to conventional protocols are the current lack of age-appropriate zircon standards.
This principally recognizes the limitation of our ability to reliably matrix-match the accumulated
alpha dose in young zircon; and secondly the analytical limitations of the LA-ICP-MS apparatus
set-up. Young zircon and the associated low radiogenic lead content result in 2°°Pb/?**U close to
the lower limit of detection making measurement susceptible to heterogeneity in the zircon and
laser ablation fractionation processes. I propose a uncertainty of 5% is appropriate for Quaternary

U-PDb ages obtained by LA-ICP-MS dating methods.

29



30



Chapter 3

Melanesian arc far-field response to
collision of the Ontong Java Plateau:
Geochronology and petrogenesis of the
Simuku Igneous Complex,

New Britain, Papua New Guinea

Published in Tectonophysics

31



Chapter 3 Melanesian arc far-field response to collision of the Ontong Java Plateau

Abstract

Understanding the evolution of the mid-Cenozoic Melanesian arc is critical for
our knowledge of the regional tectonic development of the Australian-Pacific plate
margin, yet there have been no recent studies to constrain the nature and timing
of magmatic activity in this arc segment. In particular, there are currently no
robust absolute age constraints at the plate margin related to either the initiation or
cessation of subduction and arc magmatism. I present the first combined U-Pb zircon
geochronology and geochemical investigation into the evolution of the Melanesian
arc utilizing a comprehensive sample suite from the Simuku Igneous Complex of
West New Britain, Papua New Guinea. Development of the embryonic island arc
from at least 40 Ma and progressive arc growth was punctuated by distant collision
of the Ontong Java Plateau and subduction cessation from 26 Ma. This change in
subduction dynamics is represented in the Melanesian arc magmatic record by
emplacement of the Simuku Porphyry Complex between 24 and 20 Ma. Petrological
and geochemical affinities highlight genetic differences between “normal” arc
volcanics and adakite-like signatures of Cu-Mo mineralized porphyritic intrusives.
The contemporaneous emplacement of both “normal” arc volcanics and adakite-
like porphyry intrusives may provide avenues for future research into the origin of
diverse styles of arc volcanism. Not only is this one of few studies into the geology of
the Melanesian arc, it is also among the first to address the distant tectono-magmatic
effects of major arc/forearc collision events and subduction cessation on magmatic
arcs, and also offers insight into the tectonic context of porphyry formation in island

arc settings.
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Introduction

The study of subduction-related magmatic arcs is well established for both continental and oceanic
island arcs. Likewise the spectrum of arc related magmatism is relatively well understood in terms
of melt fractionation and magma evolution in response to arc development and associated crustal
thickening (e.g. Jakes and Gill, 1970; Hamilton, 1981; Hildreth and Moorbath, 1988; DeBari and
Sleep, 1991; de Boer et al., 1995; Woodhead et al., 1998). The magmatic response of arcs to
plate scale tectonic changes is comparatively poorly understood; continental arcs (e.g. Andean
arc) and collision zones (e.g., Himalaya) have been, and currently are, the focus of collision-
related magmatic studies (Bignold and Treloar, 2003; Searle et al., 2003; Chung et al., 2005;
Hou et al., 2006; Kay et al., 2005; Rosenbaum et al., 2005; Harris et al., 2008; Sillitoe, 2010;
Rosenbaum and Mo, 2011). These studies, however, focus on regions where collision events have
direct implications for the area in the immediate vicinity of collision. In contrast, the response
of magmatic arcs to collision and subduction cessation is currently not well understood. Our
lack of knowledge in this field reflects our lack of constraint on pre-collision tectonics, collision

dynamics and precise geochronological controls on collision timing,.

There are very few regions on Earth where we have a well-documented framework of plateau
arrival at a trench and collision at a magmatic arc that has not been adversely complicated by the
collision itself or later overprinting. New Britain, Papua New Guinea is an exceptional natural
laboratory in these terms (Figure 3-1). The island initially formed as part of the Melanesian arc
from at least c. 45 Ma, at which time the Pacific plate subducted to the southwest beneath the
Australian plate (Figure 3-2; e.g. Petterson et al., 1999; Hall, 2002; Schellart et al., 2006). This
subduction and arc development is one of the most poorly understood elements of the southwest
Pacific. The Melanesian arc comprised New Britain, New Ireland and Bougainville of Papua New
Guinea, much of the Solomon Islands, Vanuatu and Fiji (e.g. Kroenke, 1984; Musgrave, 1990;
Abbott, 1995; Petterson et al., 1999). Since the time of arc formation, however, these terranes
have undergone complex tectonic reorganizations within the southwest Pacific region by multiple
episodes of arc/forearc collision, subduction cessation and subsequent subduction polarity reversal
to displace and reorientate the fragments of arc-basement (Petterson et al., 1999; Hall, 2002;
Schellart et al., 2006). The most significant collision episode is that of the Ontong Java Plateau,
which collided with the Melanesian arc in the vicinity of the modern Solomon Islands, some
500-1000 km along-arc distance to the east of New Britain (Figures 3-2 and 3-3; Kroenke, 1984;
Musgrave, 1990; Petterson et al., 1999). Collision of the Ontong Java Plateau with this margin has
been previously suggested to have occurred in the Upper Oligocene, at approximately 2623 Ma
(Knesel et al., 2008) or 25-20 Ma (Hall, 2002; Schellart et al., 2006). Subsequently, New Britain
has undergone secondary arc development as the result of subduction polarity reversal to a north-

dipping Australian plate beneath the late Pliocene—Quaternary Bismarck Sea (Cooper and Taylor,
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1985; 1987; Woodhead et al., 1998). This has resulted in some overprinting of the former arc, but
ample exposure of the Melanesian arc remains and has only undergone gentle warping and tilting
in recent times (Madsen and Lindley, 1994; Woodhead et al., 1998; Lindley, 2006).

In this paper I present a detailed study into the Eocene—Lower Miocene evolution of New
Britain and the Melanesian arc, with implications for the timing of Ontong Java Plateau arrival
at the Melanesian trench. I present a new high-resolution coupled U-Pb zircon geochronology
and geochemical evolution of the magmatic arc from the Simuku Igneous Complex of West
New Britain. The location of this study is significant in that it is well removed from the site of
plateau collision, in this case by approximately 500—-1000 km along arc distance, and thus not
affected directly by any collision-related processes such as crustal thickening. Therefore, we can
investigate the potential effects of distant collision events and subduction cessation. This has
implications for the study of major collision events in both island-arc and convergent continental
margins globally, particularly with regard to the imposed physical or structural processes during

collision coupled with the geochemical response of arc magmatism.
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Figure 3-1. Topography, bathymetry and major tectonic elements of eastern Papua New Guinea
and Solomon Islands region. Major tectonic plates are as indicated; MT: Manus trench; WMT:
West Melanesian trench; NBP: North Bismarck plate; SBP: South Bismarck plate; NB: New
Britain; SS: Solomon Sea plate; NBT: New Britain trench; TT: Trobriand trough; PP: Papuan
Peninsula; PT: Pocklington trough; WB: Woodlark Basin; SI: Solomon Islands; SCT: San
Cristobel trench; NST: North Solomon trench.
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Geological Setting and Samples

Tectonic Setting: Upper Oligocene-Lower Miocene Reorganization in the
Southwest Pacific

The southwest Pacific underwent a period of extensive tectonic reorganization during the Upper
Oligocene and Lower Miocene. Collision of the Ontong Java Plateau with the northern Australian
plate margin at the Solomon Islands between 26 and 20 Ma (Figure 3-2; Petterson et al., 1999;
Hall, 2002; Schellart et al., 2006; Knesel et al., 2008) is thought to be one of the main drivers
of this reorganization, being significant enough to cause temporary disruption to the Australian
and Pacific plate motion circuit (Knesel et al., 2008). However, no direct structural responses to
collision have conclusively been identified and directly linked to convergent processes on the
plate margin at this time. It should be noted this lack of contemporaneous evidence of arc/forearc
collision has led several authors to suggest a more recent Upper Miocene timing for collision
(Mann and Taira, 2004; Phinney et al., 2004), although Upper Oligocene collision is widely

accepted.

Tectonic reorganization of the region is reflected over the entire northwestern through to
northeastern Australian plate and wider plate margin, with cessation of sea floor spreading in the
Caroline Sea, Solomon Sea, Rennell trough and South Fiji Basin at or around 25 Ma (Davey, 1982;
Hall, 2002; Gaina and Muller, 2007; Mortimer et al., 2012). Concomitantly we see a termination of

Mid-Oligocens
=30 Ma

Pacific

Malanasian

Figure 3-2. Simplified reconstructions of the western Pacific (Modified from Knesel et
al., 2008; Hall, 2002). a, Mid-Oligocene epoch, ~ 30 Ma; b, Mid-Miocene epoch, ~ 15 Ma.
Reconstruction illustrates the location of New Britain prior to, and after collision of the Ontong
Java Plateau (OJP) with the Melanesian trench at the Solomon Islands; leading to jamming and
cessation of the southwest-dipping subduction.
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magmatism in at least the western Melanesian arc in the earliest Miocene (Petterson et al., 1999;
Lindley, 2006), and opening of a series of intra-arc basins along the same arc from approximately
the Upper Oligocene (Central Solomon Basin [Wells, 1989; Cowley et al., 2004]; New Hebrides
intra-arc basins [Bradshaw, 1992]). Locally in New Britain a Lower Miocene extensional regime
is apparent from north-northeasterly extensional joint sets and associated hydrothermal activity
dated at 22-23 Ma (Wilcox et al., 1973; Lindley, 2006), which are part of a wider horst and graben
zone straddling New Ireland and east New Britain (Lindley, 2006). This time is also a significant
metallogenic epoch in the Melanesian arc with porphyry emplacement of Poha, Guadalcanal
at 24.4 Ma (Chivas, 1981), Simuku-Kulu (22-28.7 Ma), Esis (25 Ma; Hine and Mason, 1978),
and Plesyumi (25-24 Ma; Titley, 1978) of New Britain. Although these tectonic processes have
previously been identified within their individual geological contexts, they have not yet been
drawn together as part of a regional tectonic study. Taken together, the geological phenomena are
indicative of a major tectonic regime shift and likely resulted from Ontong Java Plateau collision

and processes related to subduction cessation.

Further afield at this time, New Caledonia is intruded by anomalous Upper Oligocene post-
obduction granitoids (Cluzel et al., 2005). Further west, Hall (2002) proposed collision of the
East Philippines-Halmahera-South Caroline arc with the northern margin of New Guinea at 25
Ma, and Fujiwara et al. (1995) interprets initiation of the Ayu trough at 25 Ma, contemporaneous
with formation of the Yap trench and associated arc (Ohara et al., 2002). No direct links between
these southwest Pacific tectonic phenomena have previously been suggested and the magnitude
of tectonic reorganization makes this an extremely complex region in the Upper Oligocene to the
Lower Miocene, similar to the intricacies of the present day tectonic setting. This preliminary
study into the evolution of the Melanesian arc will aid in unraveling these tectonic processes and
help understand the response of plate margins and interiors to large collision events, and how

such events may be recognized in the geological record.

New Britain Geology

The recent tectonic history of New Britain is strongly coupled to that of the Bismarck Sea
region (Figure 3-1). North-dipping subduction of the Solomon Sea plate beneath New Britain
and the Bismarck Sea at the New Britain trench forms the active eastern Bismarck volcanic
arc. The arc occupies the northern part of New Britain (Figure 3-3) and ranges from basalt to
rhyolite in composition with typical island arc tholeiite signatures (Jakes and Gill, 1970) that
are characterized by exceptional depletions in high field strength elements (Woodhead et al.,
1998). On a regional-scale, docking of the Finisterre Terrane with the New Guinea mainland at
3.5 Ma initiated rupture of the New Britain back-arc creating two independent tectonic plates;

the South Bismarck and North Bismarck plates (Taylor, 1979). It has generally been accepted
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that the history of New Britain and the adjacent Finisterre Terrane share a common origin as
part of the Melanesian arc. However, Findlay (2003) provides evidence from lithostratigraphic
relationships in the two terranes that clearly demonstrate that they are unrelated (Figure 3-2).
The Finisterre, Sarawaget and Adelbert Mountains are part of an autochthonous plateau formed
adjacent to northern New Guinea while New Britain was part of the Melanesian arc. For further
details regarding the recent geological history of New Britain and development of the Bismarck
Sea, readers are directed to Madsen and Lindley (1994), Woodhead et al. (1998), Wallace et al.

(2004), and references therein.

While the modern tectonics of the Bismarck Sea, Bismarck arc and recent structural movements
of New Britain are understood in some depth, the pre-Upper Miocene history of New Britain
has been the topic of comparatively few studies. It is well understood that New Britain was
previously part of the Melanesian arc where the Pacific plate subducted to the southwest
beneath the Australian plate at the West Melanesian trench (Figure 3-2; Petterson et al., 1999).
However, the timing for initial arc formation is poorly constrained. The main body of New
Britain is composed of typical island arc magmatic rocks (Figure 3-3). Upper Eocene mafic
and intermediate pillow lavas, breccias and volcaniclastics outcrop extensively throughout New

Britain (e.g. Baining Volcanics), often with lenses of coralline limestone (Madsen and Lindley,
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Figure 3-3. Geology and major structural lineaments of New Britain. The Simuku Igneous
Complex is comprised of Upper Eocene volcanics and Upper Oligocene volcanics and intrusives
as previously mapped, and lies on the Kulu-Fulleborn trend. Grey shading represents the
limit of New Britain at the 1000 m bathymetric contour. After Australian Bureau of Mineral
Resources (1976) and Lindley (2006).
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1994; Lindley, 2006; this study). These are overlain by Upper Oligocene volcaniclastic formations
(e.g. Merai Volcanics and Kapuluk Volcanics), and intruded by Upper Oligocene-Lower Miocene
plutonic and hypabyssal rocks of mafic to intermediate composition (Madsen and Lindley, 1994;
Christopher, 2002; Lindley, 2006; this study). The timing for termination of the Melanesian
arc in the Upper Oligocene-Lower Miocene temporally coincides with, and has been attributed
to, collision of the Ontong Java Plateau with the Solomon Islands (Figure 3-2; Kroenke, 1984;
Musgrave, 1990; Petterson et al., 1999).

Following the change in the subduction regime during the Lower Miocene, the Melanesian arc
underwent gradual subsidence and New Britain was overlain in part by the Lower and Middle
Miocene Yalam and Sai Limestones (Figure 3-3; Madsen and Lindley, 1994; Woodhead et al.,
1998; Christopher, 2002; Audra et al., 2011). A large proportion of these platform deposits have
only undergone gentle tilting or arching and simple, regionally uniform uplift in the order of

1500-1800 m since the Upper Miocene, despite their location in tectonically active areas adjacent
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Figure 3-4. Simplified schematic reconstruction of the Melanesian arc terranes. Tectonic
setting illustrates the distribution of arc basement prior to opening of the Bismarck Sea. The
reconstruction highlights the location of New Britain to the west and well removed from the
Ontong Java Plateau. Basement terranes are defined by the present day 1000 m bathymetric
depth contour. Closure of the Bismarck Sea is reconstructed on the basis of lineament locations
and orientations (dashed lines) defined from Lindley (2006). Melanesian trench is indicated
from the present day plate boundary morphology. See text for discussion.
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to the New Britain trench (Madsen and Lindley, 1994; Lindley, 2006). Widespread deposition
of fluvial and marine volcaniclastics occurred during the Pliocene—Holocene associated with
resumption of volcanism along the north coast of New Britain from the Pliocene (Figure 3-3).

Raised Pleistocene—Holocene coral reefs fringe many of the islands of the region (Christopher,

2002; Lindley, 2006).

The regional structure of New Britain was poorly understood until relatively recently. Lindley
(2006) documented the alignment of Tertiary intrusive bodies in fossil structural zones
throughout New Britain (Figure 3-3). The structural corridors or lineaments have long activity
histories, are oblique to existing major morphotectonic features, such as the New Britain trench,
and have localized the emplacement of Oligocene—Pliocene copper + gold mineralized porphyry
intrusive units (Lindley, 2006). The Kulu-Fulleborn Trend (Figure 3-3) is the best understood
and is represented by a northwest-southeast trending alignment or corridor of Upper Oligocene—
Pliocene intrusives, volcanics and associated porphyry copper, skarn and gold mineralization
(e.g. Titley, 1978; Lindley, 2006). Local structure superimposed on the prominent northwest trend
control Upper Oligocene magmatic emplacement indicated by orthogonal orientation of the long
axes of intrusive bodies to the primary trend (Hine and Mason, 1978; Lindley, 2006). Free air
gravity and crustal depth studies of Wiebenga (1973) and Finlayson and Cull (1973) indicate
the Kulu-Fulleborn Trend is a fundamental structural boundary of lithospheric-scale. An abrupt
thickening of crust from 15-20 km to 40 km depth occurs from northeast to southwest across
the structure (Wiebenga, 1973), with vertical movement in the order of ~1000 m apparent at the
surface (Lindley, 2006). The lack of any obvious displacements of the New Britain coastline

suggests the Kulu-Fulleborn structure is not presently active (Lindley, 2006).

Recent reconstructions of the region from Hall (2002), Mann and Taira. (2004), and Schellart et
al. (20006) propose different times for the collision of the Ontong Java Plateau with the Melanesian
arc. Nevertheless all of these studies place New Britain in excess of 500 km along-arc distance to
the west of collision, and often removed by as much as 1000 km. Figure 3-4 presents a simplified
schematic reconstruction of the Melanesian arc terranes at ~ 5 Ma, prior to the onset of recent
tectonic complications such as rifting of the Bismarck Sea. Here New Britain is in the order of
600—800 km west of the Ontong Java Plateau. This is regarded as a minimum along-arc distance
at the time of collision and assumes complete suturing between the Pacific plate and Melanesian
arc with no subsequent differential motion between the two. If this assumption does not hold true
it is clear from plate motions illustrated in Figure 3-4 (that more or less reflect the wider plate
motions of the Pacific and Australian plates since ~45 Ma; e.g. Hall, 2002; Schellart et al., 2006),
any secondary convergence between the Ontong Java Plateau and Melanesian arc since collision
will reduce this along-arc distance and hence increase the distance of New Britain from the point

of plateau arrival at the time of collision.
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Geology of the Simuku Property

The Simuku Igneous Complex and Cu-Mo porphyry prospect in West New Britain lies on the
Kulu-Fulleborn Trend (Figure 3-3). The prospect is hosted by a sequence of andesitic to dacitic
volcanic and volcaniclastic rocks of the Kapuluk Volcanics, which were intruded by intermediate
to felsic intrusive dykes, sills and stocks belonging to a Upper Oligocene—Lower Miocene
intrusive suite (Figure 3-5; Hutchison and Swiridiuk, 2006; this study). NNE to N-trending faults
and shears within a major NNE-trending “crush zone” have disrupted the volcanic sequences.
These faults and shears are associated with varying degrees of intense fracturing, shearing,
dislocation and brecciation and characterized by extensive areas of strong, magnetite-destructive,
argillic alteration (Hutchison and Swiridiuk, 2006). Intrusive porphyritic diorite and quartz-
diorite bodies observed in creeks and trenches have previously been interpreted as high-level sub-
volcanic intrusives associated with the Kulu Batholith, dated at 22-28.7 Ma (Upper Oligocene;
Hine and Mason, 1978). The Kulu Batholith outcrops approximately 3 km to the east of the
Simuku prospect (Figure 3-5; Hutchison and Swiridiuk, 2006) and is predominantly of dioritic
composition with subordinate tonalitic, monzonitic and granodioritic phases (Hine and Mason,
1978). Hutchison and Swiridiuk (2006) suggest the Simuku prospect and the regional geological
environment is similar to that of several classical geological environments that host significant
porphyry copper, molybdenum and related ore deposits. Recent volcanic activity of the eastern

Bismarck arc (mentioned above in section “New Britain Geology”), and unrelated to Melanesian
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Figure 3-5. Geology of the Simuku property and locations of samples used in this study. Map
is projected in UTM AGD66 Zone 56; refer to text for discussion.
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arc magmatism, resulted in extensive post-mineral cover of pumice and volcanic ash over a large

part of New Britain, including parts of the Simuku Property (Hutchison and Swiridiuk, 2006).

Samples

Rock samples were obtained in conjunction with Barrick Australia from the Simuku Property
in West New Britain with the objective of investigating the evolution of the Simuku Igneous
Complex and associated porphyry complex, and infer the history of New Britain and the
Melanesian arc. Primary material was sampled from diamond drill core of drill hole SMD29; this
was located adjacent to the Misili Intrusive target within the “Simuku Crush Zone” (Figure 3-5;
Christopher, 2002; Lindley, 2006). Additional field samples were collected from exposures in the
Simuku River. Outcrop and sample intervals were selected to include a representative sample of
each logged intrusive rock unit and multiple samples of the undifferentiated host volcanic units.
These sampling intervals were further scrutinized to minimize abundance of veining and effects
of alteration in an effort to reflect compositions most similar to the unaltered rock. Table 3-1

provides the location and description of the rock types sampled.

The sample set can be divided in three broad categories: volcanics and porphyritic intrusives,
with recognition of two porphyry rock types based on major phenocryst phases as plagioclase-
hornblende + quartz (P1-Hbl+Qz) porphyries and plagioclase-biotite-quartz (PI-Bt-Qz) porphyries
(Table 3-1). The volcanic rocks show a wide range of compositions including basaltic trachyandesite,
basaltic andesite to trachyandesite and andesite (Figure 3-8), and are highly variable in terms
of texture and grain size. All volcanic rocks incorporate a fine-grained groundmass of crystal
fragments with approximately half the volcanic samples containing phenocrysts of plagioclase
and quartz, which are often fragmentary in nature. Plagioclase phenocrysts often exhibit
oscillatory growth zoning while quartz phenocrysts demonstrate undulose extinction. Xenoliths
are abundant throughout the volcanic material and represent a number of different sources of
both volcanic and intrusive origin. Some samples contain both volcanic and porphyritic intrusive

fragments, whereas others only contain fine-grained volcanic xenoliths.

The intrusive rocks are all porphyritic in texture with a narrow geochemical range from andesitic
to dacitic compositions (Figure 3-8). Zoning of plagioclase phenocrysts and minor undulose
extinction in quartz are common in the plagioclase-biotite-quartz porphyry suite. In general
phenocrysts make up approximately 40-50% of sample material but can comprise as little as
20%. The matrix is typically composed of devitrified glass with common major accessory phases
of apatite and spinel. Sample SMD29-261 is the notable exception with a fine—medium grained
matrix primarily composed of quartz. This sample is representative of the interpreted Cu-Mo

mineralizing phase of the porphyry complex.

41



Chapter 3 Melanesian arc far-field response to collision of the Ontong Java Plateau

Overprinting pervasive alteration is common in most samples with a greater apparent intensity
of alteration within porphyritic sample suites. Seritization is the dominant alteration type evident
in all samples, and is often coupled with chloritization. Plagioclase is commonly completely
replaced by sericite with subsidiary samples exhibiting only partial alteration of plagioclase
through crystal fractures. This is typical of sericitic or chlorite-sericite alteration in porphyry
complexes (Sillitoe, 2010). Sulfides are found primarily as pyrite = chalcopyrite veining with
minor disseminated pyrite and chalcopyrite. Due to the nature of the Simuku Crush Zone, most

lithological contacts were faulted making identification of igneous morphology and crosscutting

Table 3-1. Sample descriptions

Sample Location  Phenocryts Matrix Alteration Notes
(a) (b) (c) (c) (c) (d)
Volcanics
SMD29-229 DDH Crystal frag. Int Ser  Xenolithic, no porphyritic clasts.
2291255 m Spl
SMD29-268 DDH Pl Qz Crystal frag. Int Ser  Xenolithic, no porphyritic clasts.
2681282 m Spl
SKB02 168894 E Pl Qz Crystal frag. Mod Ser  Zoned PI phenocrysts, undulose extinction in Qz
9366337 N Spl phenocrysts.
SKB03 168891 E Crystal frag. Weak-Mod Xenolithic, porphyritic clasts (Pl cumulate, Pl porphyry, Qz-PI
9366342 N Qz PI Spl Ser Chl  Porphyry).
SKB04 168890 E Pl Qz Crystal frag. Weak-Mod Xenolithic, no definative porphyritic clasts. Some Qz
9366343 N Spl Ser phenocrysts with undulose extinction.
SKBO05 168888 E Crystal frag.  Weak Ser Xenolithic, porphyritic clasts. Undulose extinction in
9366347 N Qz PI Spl phenocrysts within porphyries.
SKB06 168886 E Crystal frag. Weak-Mod Xenolithic, no porphyritic clasts. Qz exhibits undulose
9366351 N Qz Spl Ser extinction.
SKB08 168880 E Pl Qz Crystal frag. Mod Ser Chl Xenolithic, porphyritic clasts. Qz phenocrysts exhibit
9366361 N Qz PI Spl undulose extinction.
SKB10 168874 E Pl + Qz Crystal frag. Mod-Int  Xenolithic, porphyritic clasts. Phenocrysts exhibit undulose
9366370 N Spl Ser Chl Bt extinction.
Porphyries
Plagioclase-Hornblende + Quartz Porphyries
SMD29-66 Pl Hbl Dv.Glass Int Qtz cumulates (xenoliths?) with undulose extinction. Qz +
DDH 66.72m Ap Hem Spl  Qtz Bt Ser Ser replacement of PIl. 301 40% phenocrysts.
SMD29-300 DDH Pl Hbl + Qz Dv.Glass Mod-Int  40% phenocrysts.
300.5:8336 m Ap Spl Ser Chl
SKBO1 168896 E Pl Hbl + Qz Dv.Glass Int Qtz Ser 20% phenocrysts.
9366335 N Ap Spl
SKBO7 168882 E Pl Hbl Bt Dv.Glass V. Int Minor undulose extinction in Qz. 30740% phenocrysts.
9366359 N +Qz Qz Spl Ser Chl
SKB09 168876 E Pl Hbl Qz Dv.Glass Int Ser  Large Pl phenocrysts. 400 50% phenocrysts.
9366367 N Ap Spl
SKB11 168873 E Pl Hbl Qz Dv.Glass Int Ser  Large Pl phenocrysts. 40060% phenocrysts.
9366372 N Ap Spl
Plagioclase-Biotite-Quartz Porphyries
SMD29-113 DDH PI Bt Qz Dv.Glass Weak-Mod PI phenocrysts show some zoning. Minor undulose extinction
113(120 m Ap Spl Ser Chl  in Qz phenocrysts. 40050% phenocrysts (80% PI).
SMD29-123 DDH PI Bt Qz Dv.Glass Weak-Mod Pl phenocrysts show some zoning. Minor undulose extinction
123(130 m Ap Spl Ser Chl  in Qz phenocrysts. 40050% phenocrysts (80% PI).
SMD29-146 DDH PI Bt Qz Dv.Glass Weak-Mod Pl phenocrysts show some zoning. Minor undulose extinction
146148 m Ap Spl Ser Chl  in Qz phenocrysts. 40050% phenocrysts (80% PI).
SMD29-203 DDH PIQz+Bt Dv.Glass Spl V.IntSer 20% phenocrysts.
2037206.5m
SMD29-261 DDH PIBt+Qz Fine-Med Qz Int Ser Chl 40050% phenocrysts. Few Qz crystals exhibit undulose
261.2265.7 m Spl extinction.

a) Diamind drill hole (DDH) SMD29 Collar location and orientation: 169573 9367454 AGD66 Zone 56; azimuth (mag):
273[; inclination: -60L]

b) Field cordinates in UTM AGD66 Zone 56.

c) Mineral codes: Ap, apatitie; Bt, biotite; Chl, chlorite; Dv.Glass, devitrified glass; Hem, hematite;Hbl, hornblende; PI,
plagioclase; Qz, quartz; Ser, sericite.

d) Alteration codes; alteration intensity; V Int, very intense; Int, intense; Mod, moderate.
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relationships for relative timing difficult. Where possible, inclusions were identified from
adjacent units in outcrop, drill core, or thin section. For example, the presence of undisturbed,
distinct mineralized veining and broken fragments of the same vein material in adjacent units,

and identification of porphyritic versus non-porphyritic xenoliths in volcanic units.

Methods

Samples for geochemical analysis were selected to minimize effects of alteration. Weathering
rinds were split from surface samples and edges from drill core samples were ground off
with diamond implanted grinders and subsequently washed in an ultrasonic bath to minimize
contamination from drilling. Rock material was then milled to a fine powder in a tungsten carbide
ring mill at James Cook University (JCU). Major and trace elements analyses were done at the
Advanced Analytical Centre, JCU by conventional X-ray fluorescence (XRF) using a Bruker-
AXS S4 Pioneer XRF Spectrometer on fused beads and pressed powder pellets, respectively. For
further trace element analyses, rock powders were mixed with 12:22 borate flux (XRF Scientific
Limited, Perth, Australia) at 1:6 sample to flux ratio and fused to glass after heating to 1050 °C
for 15 minutes in a F-M 4 Fusion Bead Casting Machine (Willunga, Australia). Chips of the fused
glasses were mounted into a standard 2.5 cm diameter epoxy puck and analyzed for a range of
trace elements using a Geolas Pro 193 nm ArF Excimer laser ablation unit (Coherent) coupled to
a Bruker 820-MS Inductively Coupled Plasma Mass Spectrometer (ICP-MS) via Tygon tubing.
Helium was used as the carrier gas (0.8 1/min), which was subsequently mixed with Ar via a
mixing bulb between the ablation cell and the ICP-MS to smooth the ablation signal. Laser energy
density was set to 6 J/cm?, and laser spot size and repetition rate were set to 120 micrometres
and 10 Hz, respectively. The ICP-MS was tuned to maximum sensitivity while retaining robust
plasma conditions (U:Th sensitivity ~ 1) and low oxide production rates (ThO/Th ~ 0.5 %). NIST
SRM 610 glass was used as a bracketed external standard using the standard reference values of
Spandler et al. (2011). Data were quantified using Si (as previously determined by XRF) as the
internal standard, and data were processed off-line using the Glitter software (Van Achterbergh
etal., 2001).

14 samples were selected for U-Pb dating of zircon. These comprised 8 drill core samples and
6 field samples from the Simuku Property. Mineral separation to extract zircon crystals was
carried out at JCU in a standard four-step process. Samples were crushed and milled to 500 um,
washed to remove the clay proportion, and separated by a combination of heavy liquid density
separation and magnetic separation. Zircon were hand picked and mounted in epoxy with GJI,
Temora and Fish Canyon Tuff zircon standards. Epoxy mounts were polished and carbon-coated.
Cathodoluminescence (CL) images of all zircon crystals were obtained using a Jeol JSM5410LV

scanning electron microscope equipped with a Robinson CL detector, housed at JCU.
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U-Pb dating of zircons was conducted using the laser ablation ICP-MS setup described above
for bulk-rock trace element analysis. Analyses collected were »Si, °°Zr, 2*Hg, 2°*Pb, 2°°Pb, 2’Pb,
208Pb, 22Th, U, and #**U. The ICP-MS was tuned to ensure approximately equal sensitivity of
U, Th and Pb to minimize isotope fractionation due to matrix effects. Full details are given in
Tucker et al. (2013). In order to obtain a higher sensitivity for the low Pb signal intensity expected
for young zircon, the High Sensitivity mode of 820-MS was used with the sensitivity for 23U of
about 10,000 cps/ppm at 44 um laser beam diameter using laser conditions of 5 Hz, 6 J/cm energy
density. Remaining fractionation and mass bias was corrected by using standard bracketing
techniques with every ten zircon sample measurements bracketed by two measurements of GJ1
zircon (primary calibration standard), two Temora zircon, one Fish Canyon Tuff zircon and one
GJ1 zircon (secondary checking standards). For quantification of U and Th concentration in
zircon samples, analysis of the NIST SRM 612 reference glass was conducted at the beginning,
middle and end of every analytical session, with *Si used as the internal standard assuming
perfect zircon stoichiometry. All zircons were analyzed with a beam spot diameter of 44 um and

selection of analytical sample spots was guided by CL images and targeted both cores and rims.

Data reduction was carried out using the Glitter software (Van Achterbergh et al., 2001). All
time-resolved single isotope signals from standards and samples were filtered for signal spikes or
perturbations related to inclusions and fractures. Subsequently, the most stable and representative
isotopic ratios were selected taking into account possible mixing of different age domains and
zoning. Drift in instrumental measurements was corrected following analysis of drift trends in
the raw data using measured values for the GJ1 primary zircon standard. Analyses of Temora
and Fish Canyon Tuff zircons were used for verification of GJ1 following drift correction (Figure
3-6). Background corrected analytical count rates, calculated isotopic ratios and 1o uncertainties

were exported for further processing and data reduction.

Initial Th/U disequilibrium during zircon crystallization is related to the exclusion of 2°Th due to
isotope fractionation, and resulting in a deficit of measured 2°°Pb as a 2*°Th decay product (Schérer,
1984; Parrish, 1990). Young zircon ages (<10 Ma up to ~20 Ma) are particularly susceptible to this
disequilibrium requiring an upward age correction in the order of 100 k. (Crowley et al., 2007),
which is comparable or greater than the measured analytical uncertainty. Although final age dating
for all samples returned ages >20 Ma, close to the limit of initial Th/U disequilibrium detection,
this correction was applied to all samples for maximum U-Pb dating accuracy. Correction of
206pp/238U dates for the deficit requires estimates of Th/U concentration in the zircon and Th/U
concentration of the magma as the source of zircon. While Th and U concentrations of zircon
were obtained as part of the analytical routine, the initial Th/U concentration of the magma is
more difficult to estimate and has a larger effect on the age correction (Crowley et al., 2007).

Following the procedures of Harris et al. (2004), we employ the U and Th contents determined
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from bulk rock analysis. Uncertainties associated with the correction were propagated into errors
on the corrected ages according to Crowley et al. (2007). The effect of common Pb is taken into
account by the use of Tera-Wasserburg Concordia plots (Tera and Wasserburg, 1972; Jackson
et al., 2004) and weighted mean 2°°Pb/?*®U age calculations were carried out using Isoplot/Ex
version 4.15 (Ludwig, 2009). Weighted averages were corrected for common Pb by utilizing the
Age7Corr and AgeEr7Corr algorithms in Isoplot, and using the y-intercept and corresponding
sigma errors returned from the Tera-Wasserburg plots of concordant zircon populations. All
errors were propagated at 2o level and reported at 2c and 95% confidence for concordia and

weighted averages, respectively.
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Figure 3-6. Concordia plots and weighted average (Temora 2) for U-Pb zircon geochronology
standards. All data-point error ellipses and calculated errors are 2o, and 95% confidence for
associated weighted average.
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Results

U-Pb Geochronology

Zircon crystals from all samples are euhedral, transparent and colorless, with the exception of
minor populations of pink and yellow crystals in sample SMD29-261. Crystals are typically on the
order of 100 to 200 um in length. Aspect ratios generally range between approximately 1:2.5 and
1:2. Under CL imaging most zircon have uniform light cores with moderate oscillatory zoning
in the rim. More complex zoning is uncommon with no evidence for distinct variations between
core and rim zonation patterns. All zircon sampled hold CL textures consistent with a magmatic
origin; that is, crystals with typically euhedral crystal shapes and oscillatory zoning (Corfu et al.,
2003; Hoskin and Schaltegger, 2003). A magmatic origin for these zircons is supported by low
Th/U ratios averaging 0.45 with a corresponding standard deviation of 0.25 (e.g., Heaman et al.,

1990). Representative CL images are presented in the digital appendix.

U-Pb zircon ages for selected volcanic and intrusive porphyry phases from the Simuku Igneous
Complex are reported in Table 3-2 and corresponding concordia and weighted average plots are
shown in Figure 3-7. Ages range from the Middle—Upper Eocene (40 Ma) through to Lower
Miocene (20 Ma). Details of age dating are reported by rock type as described in section
“Samples”. Complete zircon isotopic data can be found in the digital appendix. Ages from both
the plagioclase-hornblende + quartz porphyries and plagioclase-biotite-quartz porphyries are

within a narrow range between 24.1 + 0.6 Ma and 20.2 + 0.4 Ma.

Table 3-2. Resolved ages from U-Pb dating of zircon.

[ ()] - R
g 2 L3 o
) o) ‘s < . ‘c
2 2 z s & 2 :
o8 § » = T2 w & =
@ Ko o i)
b=} O = © o CE’I = ©
o ¥ e 5 S
() 0 = (&) =
o o
Sample = @
Volcanics
SKB02 2519 0.35 056 0.57 2520 040 0.95 0.33
SKB06 29.40 046 0.11 0.991 2940 0.85 0.21 0.93
SKBO6 ° 37.77 053 0.80 055 3765 066 190 0.1
SKB08 21.70 0.23 0.68 0.82 2172 0.38 0.72 0.77
SKBO08 © 29.60 1.30 0.21 093 2960 2.60 0.57 0.63
SKBO08 © 3991 066 064 059 3990 1.10 1.17 0.31

PI-Hbl+Qz Porphyry
SMD29 66 2251 022 0.83 060 2253 036 0.87 055
SMD29 300 2052 035 0.70 059 2051 059 1.30 0.27

SKBO1 2146 020 051 092 2147 048 066 0.79
SKBO07 2021 0.18 0.76 0.73 2023 035 0.74 0.74
SKB11 2048 022 0.78 0.64 2047 038 1.00 043

PI-Bt-Qz Porphyry
SMD29 113 2232 021 049 093 2233 047 064 0.81
SMD29 123 2146 022 052 092 2145 052 0.73 0.73
SMD29 146 20.68 0.27 054 090 2066 0.68 0.81 0.64
SMD29 203 24.07 0.25 0.23 0.998 24.07 0.63 0.35 0.98
SMD29 261 2181 0.19 0.88 064 2182 039 093 0.57
a) Weighted average age corrected for initial Th disequilibrium and common-Pb.
b) Concordia age corrected for initial Th disequilibrium.
c) Inherited zircon populations with a concordant age.
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Figure 3-7.
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Figure 3-7 continued.
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Figure 3-7. Weighted average and concordia plots for all samples. Plots are constructed from
U-Pb calculated ages and isotopic compositions respectively (detailed age data in supplementary
data). Tera-Wasserburg plots are corrected for initial Th disequilibrium; weighted average plots
are corrected for initial Th disequilibrium and common Pb. All error bars, data-point error
ellipses and calculated errors are 2¢ and 95% confidence for concordia and weighted averages
respectively.

The volcanic rock samples produced a much larger range of ages. These are separated into
four distinct age groups. The oldest group is represented only by inherited zircon populations
in samples SKB06 and SKBO0S, which are present as concordant isotopic populations within
the analytical data and yield Middle—Upper Eocene ages of 37.7 = 0.7 Ma and 39.9 + 1.1 Ma
respectively, similar to the previously proposed age of the Baining Volcanics. A second volcanic
population of middle Oligocene age can be derived from the crystallization age of SKB06 at
29.4 +£ 0.9 Ma and an inherited age of 29.6 = 2.6 Ma from SKBOS, similar to ages attributed to
the Kapuluk Volcanics. Additional volcanic ages are derived from SKBO02 at 25.2 + 0.4 Ma and
SKBO08 at 21.7 + 0.4 Ma. It should be noted that while the age for SKB02 is reduced from just two
zircon analyses, it is a single zircon crystal that constrains this age. Two analytical spots on this
zircon returned uncorrected ages of 25.4 + (0.2 Ma and 25.1 £ 0.2 Ma with respective calculated
discordance between 2°Pb/>¥U and 2°’Pb/?*U decay systems at 2.3% and 3.5%. Concordance of
calculated ages between multiple decay systems is uncommon for zircon of such a young age; in
addition, the associated isotopic ratios are unlike any other zircon from Simuku. Furthermore,
concordia reveal these two analyses plot adjacent to the concordia implying no common Pb
issues. When this is taken into account we conclude the resultant concordia and weighted average
age represents a maximum possible deposition age and likely a true crystallization age for the
volcanic event, potentially representing an important event interpreted as related to initiation of
regional tectonic reorganization at 25-26 Ma. SMD29-229 was also selected for zircon dating
but did not yield any zircon grains. Together with SKB02, these reflect the generally low Zr

concentrations among the volcanic suite.
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The oldest population of zircons found in this study, although not part of a concordant population,
yielded uncorrected 2°°Pb/**U ages of 43.6 = 0.5 Ma, 42.1 + 0.4 Ma, and 41.1 = 0.4 Ma. These
zircon were all within SKB06 and pass a 15% discordance threshold between **Pb/***U and
207pp/25U age systems. We suggest that as these ages are similar to the ages for the Baining

Volcanics they potentially represent the initial phase of igneous activity of the Melanesian arc.

Geochemistry

Major and trace elements composition of all analyzed samples are given in Table 3-3. Whole
rock geochemical compositions classify both porphyry suites as peraluminous andesite—dacite.
Volcanic rocks types show high variation encompassing trachyandesite, basaltic trachyandesite,
basaltic andesite and andesite compositions (Figure 3-8). Harker variation diagrams have been
used to show major element trends for both volcanic and porphyry rock types (Figure 3-9).
Major element trends are evaluated for samples with < 5% LOI and hold more or less typical
fractionation trends through both rock types. TiO,, Al,O, and Fe O, all show a well-defined linear
decrease with increasing SiO,, with the TiO, trend becoming more scattered at SiO, contents
below 56 wt.%. MgO shows a similar but gradually decreasing trend with increasing SiO,. MnO
increases exponentially with increasing SiO,. CaO appears relatively constant at around 3.5 wt.%
across all SiO, values with some scatter in volcanic rock types. Likewise, Na, O is relatively
constant with some degree of scattering. K,O appears highly variable between 0.5 and 2.7 wt.%

Si0,, particularly in volcanic rock types.

11 {| I Volcanics Rhyolite
10 ® Pl-Hbl:0z F‘urphyry
g A P1-81-0z Porphyry Trachyandeyite
£ No Fill = 5% LOI
g ° ]
€ 5 /! Basaly Trachyakdesite
E a O
w B
x Fy
5
g 0
= 4 E D L.
= 0
2 ; E
& & <
]
35 40 45 50 55 60 BC
Si0; (wt.%)

Figure 3-8. Total alkali versus silica classification diagram for the Simuku Igneous Complex
(TAS - Le Maitre, 2002). Rock types are as labeled; porphyry sample suites are generally
clustered about the andesite-dacite compositional boundary while volcanics are comparatively
scattered, see text for discussion.
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Table 3-3. Representative major and trace element data.

Volcanics PI-Hbl+Qz Porphyry PI-Bt-Qz Porphyry
=] @ © o e} I} © « -
® I © k3 = = 2 3 =} ©
3 > > & =3 3 8 8 8 2 @ b = S 2 b= s ps > S B
E 8 8 g g [ 2 2 2 e a8 8 2 2 [ %4 8 8 8 8 8
n s s %} n n 7} n 7] 7] s S5 % 7] %] 7} = s s s s
7] %) *n %) n » %) %) %)
sio, 57.32 5721 53.30 6223 5575 59.44 6112 5478 5772 6134 63.85 6544 62.83 67.28 64.02 6565 6533 6357 61.59 64.42
To, 116 120 145 078 060 078 062 083 086 037 037 030 060 040 038 038 038 040 050 047

Al,O3 20.03 1599 2098 17.81 2146 2101 1598 1885 19.01 1530 16.31 1588 17.10 17.41 16.37 1621 1620 16.17 16.05 16.57
Fe,05" 4.53 8.79 8.87 4.99 6.10 3.66 6.39 7.67 6.69 2.30 2.30 1.99 4.82 3.44 2.37 3.37 3.43 3.85 3.51 3.34
MnO 0.05 0.04 0.03 0.03 0.04 0.06 0.08 0.82 0.04 0.17 0.07 0.03 0.09 0.02 0.11 0.15 0.11 0.10 0.06 0.11
MgO 2.00 3.46 1.66 1.87 2.80 1.66 246 2.60 255 0.96 0.83 0.60 2.03 0.45 0.99 1.26 1.39 1.33 1.63 1.44
Ca0 250 4.26 3.71 4.70 3.72 2.54 279 3.02 5.82 6.59 4.17 4.02 4.07 0.97 3.83 3.74 3.17 3.01 3.77 3.48
Na;O 277 2.1 3.84 4.19 3.30 5.03 1.20 1.22 3.14 0.12 4.45 3.35 4.51 218 1.78 4.36 4.20 3.73 3.45 4.53
K0 3.66 1.16 244 0.67 231 268 226 295 0.99 1.37 1.90 1.57 0.52 245 2.89 1.40 1.66 1.71 1.88 1.32
P,0s 0.06 0.10 0.06 0.07 0.07 0.08 0.08 0.11 0.14 0.14 0.13 0.10 0.23 0.12 0.12 0.12 0.12 0.12 0.13 0.15
S04 0.30 0.22 0.17 0.08 0.24 0.18 0.40 0.16 0.19 0.71 0.20 0.39 0.10 0.07 0.89 0.1 0.38 0.54 0.28 0.11
Lol 5.06 5.58 3.83 3.21 3.93 3.60 7.08 7.04 3.36 1094 558 6.98 3.70 5.41 6.71 3.81 3.62 5.42 6.97 4.07
Total 99.43 100.11 100.34 100.66 100.32 100.73 100.45 100.04 100.51 100.31 100.16 100.65 100.59 100.20 100.46 100.57 99.99 99.95 99.83 100.02

Sc 35 34 33 23 20 24 19 23 22 55 58 55 9.9 6.6 6.3 7.3 6.9 7.0 8.7 8.4
4 212 310 270 149 110 150 116 135 138 37 36 25 106 46 48 47 49 70 72 72
Cr 18 29 36 23 29 17 19 17 15 45 20 " 22 20 9.0 22 25 23 25 12
Co 21 55 40 30 41 28 63 25 34 13 20 18 36 27 24 33 23 30 31 46
Cu 3304 610 1093 84 1382 516 869 129 405 9.1 12 4.5 29 853 340 294 1189 838 2373 1124
Zn 48 38 32 32 16 15 74 1675 30 110 69 29 172 60 101 v 69 7 16 58
Ga 17 17 17 14 15 17 14 16 15 15 17 16 17 17 17 17 16 18 12 17
As 1.4 1.6 1.8 1.3 15 1.5 1.4 14 1.2 1.6 21 11 0.6 8.7 22 0.6 1.2 18 1.5 1.4
Rb 57 30 49 15 49 58 66 73 29 32 40 34 12 59 73 28 34 38 28 28
Sr 179 285 304 204 315 250 85 90 296 106 860 276 934 209 176 806 671 560 442 663
Y 37 31 28 23 22 23 33 41 29 58 59 7.0 8.3 59 52 55 5.6 59 7.5 8.2
zr 113 80 120 129 65 133 138 175 m 128 131 113 113 110 104 105 109 m 104 105
Nb 1.3 1.0 1.9 18 0.9 1.7 23 24 16 3.5 3.7 20 23 20 1.9 1.8 1.9 19 20 14
Mo 70 1.8 3.5 0.9 3.1 14 2.8 1.1 25 0.9 1.2 7.2 14 9.5 1.1 3.8 12 3.7 34 33
Cd 0.3 0.3 0.3 14 0.3 0.3 0.7 5.9 0.3 0.5 0.3 0.2 16 0.5 0.5 1.4 0.8 0.4 bd 11
Sn 4.0 4.5 3.6 3.0 4.2 4.4 3.4 3.5 27 2.0 23 23 3.3 3.8 3.0 3.5 27 29 4.4 2.9
Sb 1.0 0.8 1.2 0.7 1.0 1.3 1.2 1.1 0.8 4.3 11 12 0.8 2.4 7.0 0.6 0.9 0.9 0.9 0.9
Cs 1.1 1.5 1.3 1.2 14 1.1 26 3.6 1.9 26 23 1.9 1.2 26 25 1.2 11 14 0.7 0.7
Ba 275 42 252 48 187 294 51 76 49 38 162 166 90 182 198 144 160 145 1561 124
La 14 8.0 6.3 10 6.6 9.5 6.0 54 53 14 15 12 18 12 10 9.9 1" 1 10 10
Ce 37 20 16 27 16 23 16 12 13 33 34 26 41 23 23 21 22 24 23 23
Pr 59 32 24 3.9 25 3.0 23 1.8 20 4.2 4.4 3.4 57 32 3.0 26 27 29 3.0 3.1
Nd 29 17 12 18 12 14 " 9.0 9.7 17 17 13 24 13 12 10 1" 12 13 14
Sm 77 4.9 3.3 46 33 3.5 3.1 28 28 27 29 24 45 21 2.1 1.7 1.8 20 23 25
Eu 1.8 1.4 1.3 11 14 1.0 0.8 1.0 0.8 0.8 0.8 0.8 11 0.7 0.6 0.6 0.7 0.8 0.9 0.9
Gd 74 53 4.0 4.4 36 3.6 4.1 4.4 3.5 1.7 1.5 1.6 3.0 1.6 1.4 1.2 1.2 13 1.7 1.8
Tb 1.1 0.8 0.7 0.7 0.6 0.6 0.7 0.8 0.6 0.2 0.2 0.2 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.3
Dy 7.0 56 4.5 43 4.1 4.1 53 57 4.4 1.0 11 1.2 1.7 1.1 1.0 0.9 1.0 1.1 1.5 1.5
Ho 1.5 1.2 1.0 0.9 0.9 0.9 1.2 1.3 1.0 0.2 0.2 0.3 0.3 0.2 0.2 0.2 0.2 0.2 0.3 0.3
Er 3.8 3.4 3.1 24 25 28 35 4.1 3.0 0.5 0.5 0.7 0.8 0.5 0.5 0.5 0.6 0.6 0.8 0.8
Tm 0.5 0.5 0.5 0.3 0.4 0.4 0.5 0.6 0.4 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Yb 3.6 32 3.2 28 24 3.1 3.9 4.2 3.1 0.5 0.5 0.8 0.8 0.5 0.5 0.6 0.5 0.6 0.9 0.7
Lu 0.6 0.5 0.5 0.5 0.4 0.5 0.6 0.6 0.5 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Hf 3.3 24 3.3 3.4 1.8 3.5 3.6 4.5 3.0 3.1 3.2 3.0 28 29 27 28 29 29 26 2.8
l 0.4 0.1 0.2 bd 0.3 0.4 0.5 0.6 0.1 0.3 0.2 0.2 0.1 0.4 0.4 bd 0.2 0.3 0.1 0.1
Pb 3.9 6.0 55 3.1 32 3.4 7.6 52 3.6 18 13 6.6 71 18 28 6.4 5.5 6.6 23 4.8
Bi 0.2 0.1 0.2 0.1 0.3 0.2 0.2 0.1 0.1 0.0 0.0 0.0 0.1 0.5 0.2 0.1 0.4 11 0.4 0.1
Th 0.5 0.4 0.8 1.0 0.6 1.0 1.3 1.3 0.9 1.7 1.7 1.8 21 1.5 1.5 14 1.6 14 0.8 0.9
u 0.4 0.4 0.5 04 0.3 0.6 0.6 0.6 0.3 0.8 0.9 1.0 0.4 1.0 11 0.4 0.5 1.0 0.5 0.6
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Figure 3-9. Major element variation diagrams for all samples.
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Figure 3-10. Major and trace element variation with
alteration intensity (LOI) diagrams for all samples.
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Alteration has significantly affected the whole rock geochemistry with noteworthy loss on ignition
(LOI) percentages of over 5% in multiple samples and in excess of 10% in one sample (Figures
3-9 and 3-10). TiO,, Fe,O, and MgO appear unaffected by alteration for the most part showing
negligible variation from their respective major element fractionation trends. MnO shows little
variation with SiO, and it appears the plagioclase-hornblende + quartz porphyry is affected by
alteration. K O wt.% increases with increasing LOI showing enrichment by alteration, whereas

Na,O and Sr contents tend to decrease with alteration (Figure 3-10).

Given the Simuku Igneous Complex has previously been identified as a Cu-Mo mineralized
porphyry prospect it is useful to assess the metal content of the different intrusive porphyry
phases. Figure 3-11 displays measured Cu and Mo content of porphyritic rock types in this study.
The Plagioclase-Hornblende + Quartz porphyry suite is essentially barren and devoid of metal
content with no samples exceeding 10 ppm Mo and only one sample with noteworthy Cu content
which is still below 1000 ppm Cu. In contrast the Plagioclase-Biotite-Quartz porphyry appears
to be a significant mineral bearing sample suite with three of five samples exceeding 1000 ppm

Cu and 10 ppm Mo.

Trace element data is presented by way of a multi-element plot normalized to N-MORB (Sun and
McDonough, 1989) in Figure 3-12. All samples from both the volcanic and porphyry rock suites

exhibit typical subduction-related island arc geochemical affinities with negative Nb anomalies
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Figure 3-11. Cu-Mo content plot for porphyry samples.
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has lead to an apparent reduction in St/Y values. For discussion refer to text. The adakite and
normal arc volcanic fields are from Castillo et al. (1999) and Richards (2007).
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and relative enrichments in large-ion lithophile elements (LILE), Th, U, Pb and Sr. The volcanic
rock types display a flat and relatively smooth trend from Nd through to Lu with minor depletions
in Ti. Rare earth element (REE) patterns (normalized to C1 Chondrite; Sun and McDonough,
1989) highlight significant differences between the volcanic and porphyry data sets. Volcanic
rock types have flat chondrite-normalized REE patterns, with most having slight negative Eu
anomalies. Both of the porphyry suites are LREE enriched and are significantly depleted in
HREE (Figure 3-12). The Plagioclase-Biotite-Quartz porphyries exhibit a measurable positive
Eu anomaly of Eu/Eu* = 1.2-1.5 indicative of accumulation of plagioclase, while the Plagioclase-
Hornblende + Quartz porphyry suite hold just minor to negligible Eu anomalies at Eu/Eu* =
0.9-1.1 (Figure 3-12).

The porphyritic intrusives of the Simuku Igneous Complex are characterized by pronounced
depletions in the heavy rare earth elements (HREE), low Y and Yb, high Sr, and high St/Y (Figures
3-12 and 3-13; Table 3-3) when compared to volcanic members of the igneous complex. These
geochemical traits are typical of so called ‘adakite-like magmas’ (Drummond and Defant, 1990;
Macpherson et al., 2006; Richards, 2011) and will be discussed below in more detail. However, it
must be noted that in the context of New Britain, the adakite-like geochemical signature has been
adversely affected by intense seritization of plagioclase and associated removal of Sr (Figures
3-10 and 3-13).

Discussion
Arrival of the Ontong Java Plateau at the Melanesian trench

A key premise of this study is the timing for the arrival of the Ontong Java Plateau at the Melanesian
trench. As mentioned in section “Tectonic Setting”, there are two main arguments that appeal to
different lines of geological evidence to constrain this timing. Firstly, termination of Melanesian
arc activity in the Upper Oligocene reflects cessation of subduction due to plateau arrival (Yan
and Kroenke, 1993; Petterson et al., 1999; Hall, 2002; Schellart et al., 2006; Knesel et al., 2008),
or alternatively, Pliocene crustal shortening in the Solomon Islands is the result of Ontong Java
Plateau collision (Cowley et al., 2004; Mann and Taira, 2004; Phinney et al., 2004). I suggest both
arguments can be expressed by a tectonic evolution marked by initial Upper Oligocene “‘soft-
docking” of the Ontong Java Plateau and a later episode of Pliocene “hard-docking”, similar to
the model previously developed by Yan and Kroenke (1993) and Petterson et al. (1999). I take
the approach that changes in the tectonic regime of island-arc settings are strongly coupled to
changes in subduction dynamics. The relative motion of the upper and lower plates leads to either
subduction hinge advance or hinge retreat, and may also influence the angle of slab subduction.

These changes in slab angle are important as they impact significantly on the structural, magmatic,
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and geochemical evolution of the overriding plate through either compressional or extensional
tectonism (Schellart, 2004; Arcay et al., 2005; Heuret and Lallemand, 2005; Lallemand et al.,
2005; Schellart, 2008). Moreover, switches in subduction dynamics are often triggered by the
arrival of a buoyant section of crust, such as the Ontong Java Plateau (Pubellier and Cobbold,

1996; Wallace et al., 2005; Schellart, 2008; Baes et al., 2011; Rosenbaum and Wo, 2011).

By applying these principles to the arrival of the Ontong Java Plateau at the Melanesian trench,
I can assess the existing evidence to establish a scenario for the timing of collision. An Upper
Oligocene arrival of the plateau at the Melanesian trench would be expected to result in subduction
hinge advance, but there is no record of crustal shortening within the Solomon Islands at this time.
We do, however, see an initiation of a new extensional regime in the Solomon Islands at this time,
as evidenced by opening of the Central Solomon Basin (Wells, 1989; Cowley et al., 2004). This
extensional phenomenon is repeated along much of the Melanesian arc (see section “Tectonic
Setting”) and may have been induced by slab steepening in response to large-scale reduction
in the driving force on the downgoing slab (e.g. Schellart, 2004; Arcay et al., 2005; Heuret and
Lallemand, 2005; Lallemand et al., 2005; Schellart, 2008). We can therefore account for changes
in the upper plate consistent with a “soft docking” style of plateau arrival, but given the absence
of upper plate shortening during this time we must also account for long-term redistribution of
plate convergence due to termination of Pacific plate subduction. Indeed several authors have
postulated that arrival of the Ontong Java Plateau resulted in the initiation of new subduction
systems further to the south to accommodate regional convergence, as evidenced by the onset
of arc magmatism on the Papua New Guinea mainland (e.g. Hall, 2002; Stern, 2004; Schellart et
al., 2006).

An alternative model invokes Pliocene crustal shortening across the Solomon Islands as a result
of “hard docking” of the Ontong Java Plateau collision from approximately 5 Ma (Cowley et al.,
2004; Mann and Taira, 2004; Phinney et al., 2004). However, models from Petterson et al. (1997,
1999) and Chadwick et al. (2009) attribute shortening in the Solomon Islands as a response to
increased coupling at the San Cristobal subduction zone as a result of spreading in the Woodlark
Basin from 6 Ma (Weissel et al., 1982; Taylor et al., 1999). | agree with the latter models of crustal
shortening and cite a strong spatial correlation between the extent of the subducted Woodlark
Basin at the San Cristobal trench and zone of deformation within the Solomon Islands and
adjacent North Solomon trench (Figure 3-1). Accordingly, I suggest Upper Oligocene timing for
initial arrival of the Ontong Java Plateau at the Solomon Islands is a more credible argument and

is the timing I adopt in this study.
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Melanesian arc development and emplacement of the Simuku Porphyry Complex

The new U-Pb zircon ages presented in this study correlate well with the previously established
geological history of New Britain. In addition, these new ages provide the first robust absolute
dating constraint on magmatism associated with the Melanesian arc in New Britain, and the
wider southwest Pacific. The Baining Volcanics represent the initiation of arc magmatism at
the convergent plate boundary between the Australian and Pacific plates (Madsen and Lindley,
1994; Lindley, 2006) active between approximately 41 and 37 Ma (Figures 3-14 and 3-15). The
oldest concordant inherited zircon associated with this suite is dated at 43.6 = 0.5 Ma, possibly
representing the earliest arc activity. The nature or composition of this early arc are not known as
direct evidence for this activity is based on inherited zircons of younger rocks. Xenoliths of fine-
grained or glassy volcanics within younger volcanic units may be representative of the Baining
Volcanics, but this remains to be tested. Previous work has identified the Baining Volcanics
as basic to intermediate pillow lavas, breccias and volcaniclastics (Madsen and Lindley, 1994;
Lindley, 2006). Evidence of coralline limestone lenses interbedded with the volcanics suggests
this activity was generally marine to shallow marine (Madsen and Lindley, 1994; Lindley, 2006).
These results establish a preliminary timeframe in agreement with previous work suggesting
Upper Eocene timing for initiation of the arc. The tectonic framework of this margin prior to this

time remains unconstrained.

Emplacement of the Kapuluk Volcanics followed deposition of the Baining Volcanics (Figures
3-14 and 3-15). The Kapuluk Volcanics are typified by fine-grained pyroclastics with variable
but limited phenocryst crystal growth of plagioclase and quartz prior to eruption. Previous
geological mapping has also observed volcaniclastics, tuff, agglomerate and lavas (Madsen and
Lindley, 1994; Lindley, 2006). This volcanic succession has previously been interpreted as Upper
Oligocene in age. However, in light of new U-Pb zircon dating at 29.4 + 0.9 Ma and an associated
inherited age of 29.6 + 2.6 Ma, I suggest the Kapuluk Volcanics should be assigned primarily
an Lower Oligocene age, which may continue into the Upper Oligocene (Figure 3-14). Both the
Baining Volcanics and Kapuluk Volcanics are “normal” subduction-related island arc volcanics

with generally flat REE patterns (Figure 3-12).

There is an apparent cessation of magmatism between deposition of the Baining Volcanics and
the Kapuluk Volcanics from approximately 37-32 Ma (Figure 3-14). However, it is important to
note that my age constraints on the Baining Volcanics derive from inherited zircon populations in
the Kapuluk Volcanics, and hence may reflect preferential sampling of zircon populations during
reworking of the underlying volcanic sequences. In this case there may have been continuity of

volcanism that is not completely preserved in our samples. Alternatively, the apparent volcanic

62



Chapter 3 Melanesian arc far-field response to collision of the Ontong Java Plateau

hiatus may genuinely be a record of temporary arc cessation, as is observed in other long-lived
arc systems (e.g. Izu-Bonin; Taylor, 1992), or may be due to erosive loss of the upper parts of
the volcanic sequence prior to deposition of the overlying Kapuluk Volcanics. Volcanic textures
and interbedded carbonate lenses of the Baining Volcanics (see section “New Britain Geology™)
indicate that the rocks are likely to be near-surface or sub-aerial deposits and hence were likely
to have undergone erosional processes. By contrast The Kapuluk Volcanics, are well preserved

following final arc cessation from 20 Ma due to subsidence and burial beneath regional carbonate

platforms.
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Figure 3-14. Geochronology and petrogenesis of the Simuku Igneous Complex. Correlation
of U-Pb dating results across the three main rock types derived from characteristics of
petrography and geochemistry. Three main divisions are suggested in the history of the
Simuku Igneous Complex and Melanesian arc; the early arc growth phases of the Baining
Volcanics and Kapuluk Volcanics, and a post-OJP collision igneous suite comprising normal
arc volcanics and porphyry complex (adakite-like signature). We interpret individual pulses
of magma intrusion within the porphyry complex at c. 1 m.y. intervals as shown. See text for
further discussion. The end of the post-OJP igneous activity marks the onset of a magmatic
hiatus over the majority of New Britain that is in effect until initiation of the modern New
Britain arc. Points are U-Pb ages derived from concordia; error bars are 2c.
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Arrival of the Ontong Java Plateau and the associated stalling and cessation of Pacific subduction
from 26 Ma resulted in a profound change in arc behavior (Figures 3-14 and 3-15). Shortly after
the deposition of the SKB02 volcanics at 25.2 + 0.4 Ma, the first intrusive pulse of the post-OJP
collision porphyry complex is recorded at 24.1 £ 0.6 Ma by SMD29-203. This represents the
inception of a new phase in the history of Melanesian arc magmatism shortly after (~2 m.y.)
Ontong Java Plateau collision (Figure 3-14). This porphyry complex forms two distinct intrusive
porphyry suites defined on mineralogical (Table 3-1), and geochemical (Figure 3-12) grounds. Both
the plagioclase-hornblende + quartz porphyry and plagioclase-biotite-quartz porphyry are dated
by five new U-Pb zircon crystallization ages, which are statistically indistinguishable. However,
our understanding of other porphyry complexes around the world suggests a prolonged igneous
crystallization history such as we see in the Simuku porphyry complex is likely comprised of
multiple intrusive pulses. Previous studies interpret the elapsed time for total activity of porphyry
complexes is typically in the order of 2 to 5 m.y. with intrusion of individual igneous pulses at
intervals of 0.5—1.5 m.y. (e.g. Andean deposits; Ballard et al., 2001; Maksaev et al., 2004; Padilla-
Garza et al., 2004; Harris et al., 2008; Sillitoe, 2010). I interpret evolution of the Simuku porphyry
complex to include four distinct individual pulses of intrusion that must have occurred at 1-2 m.y.

intervals (Figure 3-14).

Sample SMD29-203 represents the first igneous pulse of the Simuku porphyry complex at c. 24
Ma, while the last intrusion was emplaced at ¢. 20 Ma based on samples SMD29-300, SKBI1,
SKB07 and SMD29-146 (Figure 3-14). Each intrusive pulse can be broken down into two different
components represented by the plagioclase-hornblende + quartz porphyry and plagioclase-
biotite-quartz porphyry suites. The plagioclase-biotite-quartz porphyry was a more evolved
magma that also exhibits significant positive Eu anomalies indicative of plagioclase accumulation
and typical of a late crystallizing magmatic reservoir. With the exception of the Eu anomaly, the
geochemical signature of the two porphyries is essentially identical indicating these intrusive
phases likely have a similar source, with minor differences arising from late fractionation during
high-level crustal intrusion and emplacement. Post-emplacement faulting and the lack of outcrop
make interpretation of intrusive relationships speculative. However, given mineralogical and
geochemical porphyry relationships I infer the plagioclase-hornblende + quartz porphyry phases
may represent volcanic stocks or dikes fed by the plagioclase-biotite-quartz porphyry from an
upper crustal parental magma chamber. Higher Cu and Mo grades of the plagioclase-biotite-
quartz porphyry (Figure 3-11) indicate this phase was potentially the source of metalliferous

fluids and porphyry mineralization.
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Post OJP arrival porphyry adakite-like signatures

The least altered porphyry suite samples are peraluminous dacites with relatively high Na,O (4
— 5 wt%), high Sr, high St/Y (Figure 3-13) and relative depletion in heavy rare earth elements
(HREE) (Figure 3-12). These geochemical traits are often attributed to adakites, or adakite-like
rocks (Macpherson et al., 2006; Alonso-Perez et al., 2009; Chiaradia et al., 2009; Richards, 2011).
The use of the term adakite remains somewhat controversial as the initial usage had petrogenetic
implications; these rock types were initially thought to have been derived from melting of
eclogitized subducted oceanic crust and are observed only infrequently in subduction settings
(Kay, 1978; Defant and Drummond, 1990; Yogodzinski and Kelemen, 1998; Castillo et al., 1999;
Falloon et al., 2008; Hidalgo et al., 2011). It has only recently been appreciated that an array of
potential tectonic environments can give rise to adakite-like geochemical signatures (Macpherson
etal.,2006; Alonso-Perez et al., 2009; Chiaradia et al., 2009; Richards, 2011; Eyuboglu et al., 2012),
which result from melt generation and/or fractionation within the garnet stability field. Geological
scenarios that permit these conditions include garnet fractionation from mantle-derived melt at
high pressure (i.e. deep crust or mantle) or melting of a garnet-bearing source, such as eclogite or
garnet amphibolite of the subducting slab or thickened arc crust (Sen and Dunn, 1994; Rapp and
Watson, 1995; Macpherson et al., 2006; Richards and Kerrich, 2007; Chiaradia, 2009; Chiaradia
et al., 2009; Richards, 2011; Eyuboglu et al., 2012). The Simuku adakitic rocks are peraluminous
with low MgO contents and so do not represent melts equilibrated with mantle rocks. Comparable
melt compositions have been produced experimentally from dehydration melting of mafic rocks
at high pressures (e.g. Sen and Dunn, 1994) or by high-pressure fractionation of primitive
andesite (Alonso-Perez et al., 2009). However, in the absence of more definitive data for tracing
petrogenesis, such as radiogenic isotopes, and potential modifications to primary geochemical
signatures by intense alteration as mentioned earlier (Figure 3-13), it is currently not possible
to detail the origin of the adakite-like signatures of the Melanesian arc of New Britain. I am
currently working to build radiogenic isotope datasets to tackle this problem, which will form the
basis for later studies. Nevertheless, here it is worthwhile to briefly discuss the potential scenarios
and tectonic drivers leading to the generation of different adakite source mechanisms in the

context of New Britain and the Melanesian arc during subduction cessation.

Formation of the Ontong Java Plateau is dated to approximately 122—-120 Ma (Mahoney et al.,
1993; Tejada et al., 2002; Hall and Riisager, 2007), so the adjacent oceanic crust of the Pacific
plate subducted beneath the Melanesian arc and proto-New Britain is of similar age or older.
This crust would generally be regarded to be too old and cold to undergo partial melting (and
hence, adakite melt generation) during subduction (Defant and Drummond, 1990; Peacock, 1996;
Arcay et al., 2007). Shallow slab subduction and slab windows have been envisaged as potential

scenarios to invoke partial melting of subducted slab (Yogodzinski et al., 2001; Schuth et al.,
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2009; Eyuboglu et al., 2012), but there is no evidence for either of these processes in New Britain.
One scenario not commonly appreciated is the result of subduction cessation on the subducting
slab, Should subduction cease, the slab will either remain stranded/hanging in the upper mantle,
or alternatively will break up and sink (Davies and von Blanckenburg, 1995; Gerya et al., 2004;
Rosenbaum et al., 2008; Schmalholz, 2011). Previous numerical modeling by Davies and von
Blanckenburg (1995) and Gerya et al. (2004) suggests the subducted slab can remained attached
for 5-10 m.y. or more after subduction ceases. If this should occur, the previously cold slab is
exposed to the ambient temperature of the surrounding mantle and will warm. Relatively shallow
portions of this slab may be susceptible to partial melting under the conditions of an elevated
geotherm to produce slab melts and the resulting adakitic geochemical signatures we see in the

Simuku porphyry complex (Figure 3-15).

Inrecent years, several authors have proposed additional scenarios where adakite-like geochemical
signatures in arc magmatism can develop in response to fractionation or equilibration of partial
melts with mantle or lower crustal garnet (e.g. Garrido et al., 2006; Macpherson et al., 2006;
Alonso-Perez et al., 2009). “Normal” arc behavior is the result of primary basaltic arc magmas
ascending toward the surface, and typically stalling at density barriers in the mantle, or at one
or more crustal levels in oceanic or continental arcs. The processes of wall-rock assimilation
and fractional crystallization (AFC; DePaolo, 1981), or MASH processes (melting, assimilation,
storage, and homogenization; Hildreth and Moorbath, 1988; Annen et al., 2006), result in
development of intermediate composition “calc-alkaline” magmas. However, stalling or ponding
of mafic magmas at deeper levels, in the mantle or at the base of the crust, can cause crystallization
of ultramafic to gabbroic cumulates in which garnet is a common early fractionating or residual
phase (Hamilton, 1981; Klepeis et al., 2003; Dufek and Bergantz, 2005; Garrido et al., 2006;
Macpherson et al., 2006; Macpherson, 2008; Alonso-Perez et al., 2009). This leads to the formation
of andesitic to dacitic differentiates with adakite-like trace element characteristics (i.e. relative
HREE-depletion, high La/Yb and St/Y: Feeley and Davison, 1994; Kay et al., 1999; Klepeis et al.,
2003). As outlined in sections “New Britain Geology” and “Geology of the Simuku Property”,
above, there is a clear relationship between the major crustal-scale structural lineaments cutting
New Britain and emplacement of volcanic and intrusive rocks associated with the Melanesian arc
(Lindley, 2006). This suggests that the lineaments acted as significant conduits allowing passage
of magma to the surface. It is reasonable to propose that the activity of such arc oblique structures
were maintained by stresses induced in the upper plate during subduction (e.g. Glen and Walshe,
1999; Richards et al., 2001; Sillitoe, 2010). Therefore, if subduction at New Britain ceased due
to distant collision of the Ontong Java Plateau, changes in the large-scale stress regime may
have caused lineament activity to lapse and the magma conduits close, preventing easy passage
through the crust. Such a process would favor stalling and ponding of mantle-wedge derived melts

at the base of the crust, wherein they may have undergone garnet fractionation and generation
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Figure 3-15. Cenozoic geodynamic evolution of New Britain and the Melanesian arc. The
cartoon illustrates generalized time steps in the evolution of New Britain. New Britain is
illustrated as a series of crustal blocks of different thicknesses with intervening lineaments.
These lineaments act as conduits controlling the distribution of Melanesian arc magmatism
(brown volcanoes). The Miocene history of New Britain is marked by accumulation of
extensive carbonate platforms (light blue) and magmatism related to the Bismarck arc (yellow
volcanoes).
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of adakite-like magmas (Figure 3-15). Episodic tapping of these magmas to higher crustal levels
may have allowed emplacement of spatially and temporally associated porphyry intrusive rocks

with either adakitic or ‘normal’ arc magma geochemical signatures.

An additional mechanism by which adakite-like geochemical signatures are generated is the
melting of subduction-modified lower crustal rocks or basaltic underplating induced by elevation
of the geotherm. Partial melts derived from the lower crustal rocks or assimilated by arc magmas
likely include garnet amphibolites (Hildreth and Moorbath, 1988; Rushmer, 1993; Macpherson
et al., 2006). Previous studies have identified present day crustal blocks comprising New Britain
to have anomalous thicknesses in the order of 40 km (as mentioned previously in section “New
Britain Geology”; Wiebenga, 1973; Lindley, 2006). This crustal thickness can be attributed
to normal island arc development over approximately 40 m.y., particularly where the loci of
magmatism is relatively stable such as we see in New Britain. Given the tectonic setting, this
thickened crust is unlikely to have a cool lithospheric root as would be typical for thickened
continental crustal settings. The origin of this crustal root has not conclusively been established,
but it should be noted that the undisturbed Lower Miocene reef limestones provide evidence to
preclude significant crustal deformation and thickening post-OJP collision (Madsen and Lindley,
1994; Lindley, 2006) and support the suggestion of an association with early arc-building. This
thickness of crust will be inherently unstable at such a dynamic plate boundary setting with
large heat transfer. Any changes to this subduction regime may induce partial melting of the
lower crust. For example, slowing or stagnation of subduction preventing the renewal of newly
subducted cold slab material in the mantle may lead to an ambient rise in the local geotherm
sufficient to heat (and partially melt) the lower crust (Figure 3-15). As this tectonic scenario is
highly plausible for New Britain, lower crustal partial melting is also a possible origin of the

adakite-like signature of the post-OJP collision porphyry suite.

Generation of adakitic signatures in arc rocks and collisional tectonic settings is relatively well
established and has been the focus of extensive studies over recent years. Investigation of arc-
systematics during subduction cessation, however, remains poorly understood and the significance
of adakitic signatures in this dynamic tectonic setting even less so. Here I have proposed several
mechanisms adapted from previous studies for the generation of adakite-like geochemical
signatures in the context of New Britain and termination of Melanesian arc activity in response
to collision of the Ontong Java Plateau. Extensive alteration of the post-OJP collision Simuku
porphyry complex precludes simple identification of a single mechanism for adakite formation
or a combination of multiple mechanisms. Nevertheless further studies on adakite formation at
New Britain have the potential to broaden understanding of the magmatic response to complex
tectonics events such as plateau collision and subduction termination, as well as inform on the

role of adakites in porphyry mineralization.

68



Chapter 3 Melanesian arc far-field response to collision of the Ontong Java Plateau

Conclusions

The Simuku Igneous Complex of New Britain, Papua New Guinea is an excellent place to study the
tectono-magmatic effects of major collision events on magmatic arcs. I present the first combined
U-Pb geochronology and geochemical investigation into the evolution of the Melanesian arc from
initiation of arc magmatism to arc termination. The Baining Volcanics represent the onset of
Melanesian arc volcanism in New Britain from at least 43—-37 Ma; and are succeeded by the
Kapuluk Volcanics, potentially active from approximately 32 Ma until 27 Ma. Collision of the
Ontong Java Plateau with the Solomon Islands at 26 Ma, and the resulting subduction cessation
led to a profound response in arc behavior with initiation of the post-collision igneous suite from
25 Ma, shortly after collision, until 20 Ma with termination of Melanesian arc activity. “Normal”
arc volcanism continued intermittently throughout this time, with contemporaneous formation
of the Simuku porphyry complex from 24 to 20 Ma. Within the porphyry complex we recognize
four distinct pulses of porphyritic magmatism, each marked by intrusive stocks and parental
magma chambers represented by plagioclase-hornblende + quartz and plagioclase-biotite-quartz
porphyries respectively. The latter are marked by more evolved mineralogy and positive Eu
anomalies indicating plagioclase accumulation in the parental reservoir. The main mineralizing
porphyry intrusive bodies within the Simuku prospect were the more evolved plagioclase-
biotite-quartz porphyry. In addition, the porphyry intrusives all exhibit adakite-like geochemical
signatures, in contrast to the “normal” arc volcanics. The origins of adakite-like characteristics are
unclear, but within the tectonic context of New Britain we propose the signatures arise from either
melting of the stagnant subducted slab or lower crustal melting in response to a rising geotherm
following subduction cessation; or high pressure magma differentiation and fractionation due to

cessation of magma conduit activity and stalling of magma at the base of the crust.

69



70



Chapter 4

Petrogenesis and geodynamic evolution of
the Maramuni arc, Papua New Guinea:
Upper-Miocene continental collision,
orogenesis and arc magmatism at the
northern Australian plate boundary
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Abstract

Understanding of the tectonic evolution of Papua New Guinea throughout the
Miocene is hampered by a lack of robust geological evidence, leading to uncertainty
in the plate tectonic and subduction framework of the region. The Maramuni arc
of Papua New Guinea represents the only continuous tectonic element throughout
this dynamic period marked by complex collision events and orogenesis. I present
the first detailed U-Pb geochronology and geochemical investigation of the
Maramuni arc utilizing a suite of intrusive rocks from the Kainantu region of the
eastern Papuan Highlands. Arc magmatism related to north-dipping subduction
at the Pocklington trough is punctuated by arrival of the Australian continent at
approximately 12 Ma, which also coincides with initial growth of the New Guinea
Orogen. Arc geochemistry from 12 Ma highlights a changing tectonic setting and
arc magmatism marked by anomalous enrichments in high-field strength elements
at 9 Ma. Subsequently, break-up of the subducted material and crustal delamination
from approximately 7 Ma is coincident with porphyry intrusion bearing similarities
to adakitic rocks. This timing is significant in that it corresponds to isotatic crustal
rebound and renewed uplift of the New Guinea Orogen from 6 Ma. Although not
conclusive as to revealing the fundamental controls on arc evolution, this study
contributes towards the defininition of a tectonic framework and understanding of

subduction dynamics in Papua New Guinea during the Miocene.
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Introduction

Cenozoic tectonics in the southwest Pacific is often used as an analogue to illustrate the formation
of complex tectonic terranes, and in particular the development of accretionary orogens (e.g.
northern Appalachians and British Caledonides; Van Staal et al. [1998]; Central Asian Orogenic
Belt and Arabian-Nubian shield; Kroner et al. [2007]; Lachlan Fold Belt; Collins and Richards,
[2008]; Western Alps; Malusa and Garzanti [2012]). Tectonic complexity arises in the southwest
Pacific as the result of multiple episodes of large-scale tectonic reorganization driven primarily
by major collision events, such as the collision of the Ontong Java Plateau with the Melanesian
arc (Petterson et al., 1999; Hall, 2002; Mann and Taira, 2004; Holm et al., 2013; Chapter 3), and
collision of the Australian continent with New Guinea (Cloos et al., 2005; Hill and Hall, 2003).
However, the nature and timing of these events is the subject of much dispute in the geological
community, which in turn compromises understanding of even the basic regional geodynamic
framework of the southwest Pacific. Papua New Guinea is critical to our understanding of southwest
Pacific tectonics, as it lies within a zone of oblique convergence between the Ontong Java Plateau
of the Pacific plate, and the Australian continent (Figure 4-1), and records a complex tectonic
history of terrane collision and orogenesis, arc magmatism, microplate development and varying
subduction dynamics. Of additional significance, the Maramuni arc of Papua New Guinea and
West Papua hosts some of the world’s largest subduction-related porphyry ore deposits including

Ok Tedi, Frieda River, Porgera and Grasberg.
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Figure 4-1. Topography, bathymetry and major tectonic elements of Papua New Guinea. Major
tectonic plates and boundaries are as indicated; the North Sepik arc (NSA) is comprised of
the Bewani-Toricelli-Prince Alexander, Adelbert (AT) and Finisterre Terranes (FT); the
Melanesian arc comprises New Britain (NB) and New Ireland (NI); BSSL, Bismarck Sea
seismic lineation; NGT, New Guinea trench; FZ, fault zone. The study locations of Kainantu
and Wamum are as labeled.
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Much of the tectonic framework of Papua New Guinea remains the subject of debate and
controversy related to uncertainty over the timing of tectonic events, and the nature or location of
events or plate boundaries. This uncertainty arises from a lack of data and evidence for specific
tectonic factors that contribute to Papua New Guinea geology, as highlighted in the work of Hall
(2002). This uncertainty is reflected by the often overwhelming and contrasting array of tectonic
reconstructions for the region (e.g. Abbott, 1995; Hill and Raza, 1999; Hall, 2002; Hill and Hall,
2003; Cloos et al., 2005; Schellart et al., 2006; Davies, 2012). Therefore, Papua New Guinea and
the Maramuni arc present an ideal setting to examine the tectonic and geodynamic processes

associated with arc magmatism, subduction, orogenesis, continental growth and mineralization.

This work seeks to unravel the complex tectonic history of Papua New Guinea and the northern
Australian plate boundary, and present a clear case as to the nature and development of the
Maramuni arc, and provide insights into the recent tectonic development of the northern
Australian plate boundary. Studies into the nature of arc magmatism through time - particularly
during periods of tectonic change - can provide us with insights into subduction dynamics
and crustal processes that may be difficult to resolve via other means. In this paper I present a
detailed investigation into the Middle—Upper Miocene evolution of Papua New Guinea using
the Maramuni arc as a proxy for the dynamic tectonic and crustal behavior during this time.
To achieve this I present a new dataset of high-resolution U-Pb zircon geochronology coupled
with detailed geochemistry of the Maramuni arc from the porphyry mineralization prospects of
Wamum and Kokofimpa of the Kainantu region in the eastern Papuan Highlands. Considering
these new data together with previous data and tectonic models of New Guinea, I put forward a
new tectonic framework and geodynamic model for the evolution of New Guinea. I also emphasize
the difficulty in interpreting tectonic history in a region lacking in geological data and we stress
the need for further work on the tectonic, geochemical and mineralogical characteristics of this

arc to further refine models of tectonic development and crustal growth.

Geological Setting and Samples

Tectonic Setting

The island of New Guinea, incorporating Papua New Guinea and West Papua, Indonesia, is
geologically composed of terranes accreted to the northern Australian continental margin during
the Cenozoic northward drift of the Indo-Australia plate (Hill & Hall 2003; Crowhurst et al.,
2004; Davies, 2012). Current knowledge of Papua New Guinea geology and tectonics is covered
in depth by the recent review articles of Baldwin et al. (2012) and Davies (2012). Geologically,
the focal point of New Guinea is the New Guinea Orogen or Central Range, which runs along

the east-west axis of the island and comprises the Papuan Fold and Thrust Belt and uplifted areas
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of the New Guinea Mobile Belt (Figures 4-1 and 4-2). The Papuan Fold and Thrust Belt is an
accretionary orogen of sedimentary cover rocks developed on Australian continental basement
(Hill and Gleadow, 1989; Craig and Warvakai, 2009) and buttressed against variably deformed
sedimentary, metamorphic and crystalline rocks of the New Guinea Mobile Belt (Hill and Raza,
1999; Davies, 2012). The Lagaip and Bundi fault zones mark the contact zone between the two
orogenic belts and comprise uplifted and exhumed Australian continental basement rocks at the
rear of the Papuan Fold and Thrust Belt. Growth of the New Guinea Orogen is generally accepted
to have occurred in two distinct phases of uplift and deformation, with initial uplift from 12 Ma
(Hill and Raza, 1999; Cloos et al., 2005) and a secondary event from approximately 6 Ma that
was responsible for development of the Papuan Fold and Thrust Belt (Hill and Gleadow, 1989;
Hill and Raza, 1999; Cloos et al., 2005).

The Late Cenozoic Maramuni arc intrudes the New Guinea Orogen. Early arc magmatism was
emplaced into the New Guinea Mobile Belt during the Upper Oligocene with the initiation of
subduction beneath New Guinea (Figure 4-2; Davies et al., 1987; Lock et al., 1987; Hill and
Raza, 1999; Cloos et al., 2005). Magmatism migrated south into the Papuan Fold and Thrust
Belt during the Upper Miocene (Page, 1976; Rogerson and Williamson, 1985; Davies, 1990),

while recent Pliocene and Quaternary igneous activity is almost exclusively hosted within the

Pliocene-Qua
fetsic-intermipdiate innuive
rragrratism and wolcanics

Pliocene intraiive magmatism
and volcanics

Miooers Tehic-intemsediate
Iinsiive magmatism and
wolcankcs

Migcens

mafic magmatium

Lower MiDcens

Figure 4-2. Magmatism of the Maramuni arc. Distribution of mapped magmatic occurrences
(Australian Bureau of Mineral Resources, 1972) and major tectonic boundaries from Figure
4-1. K/Ar ages (white boxes) for Late Cenozoic magmatism are as indicated from Page (1976),
Rogerson and Williamson (1985), Richards and McDougall (1990), Page and McDougall
(1972), Whalen et al. (1982), and Grant and Nielsen (1975), and incorporating U-Pb ages (grey
boxes) from van Dongen et al. (2010) and Chapter 2. Minor lines indicate mapped structure
from Australian Bureau of Mineral Resources (1972).
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Papuan Fold and Thrust Belt and stable Australian continental crust of the Fly Platform (Figure
4-2). It is worth noting that the source of Pliocene and Quaternary magmatism has not yet been
conclusively determined; it may be associated with partial melting of the upper-mantle following
arc-continent collision and crustal thickening (Johnson et al. 1978; Johnson & Jaques 1980), or
alternatively, it may be due to crustal delamination and adiabatic compression of the mantle

following arc-continent collision (Cloos et al., 2005).

There are two leading but contrasting theories regarding the tectonic setting for emplacement of
the Maramuni arc and associated subduction geometry during this period. Much of the difficulty
in establishing the subduction orientation arises from the absence of a seismically active
subducted slab in the mantle (Hall and Spakman, 2002) making this one of the most intensely
debated questions concerning New Guinea tectonics. The generally accepted view invokes
south-dipping subduction at the Trobriand trough to the north of New Guinea (e.g. Hamilton,
1979; Ripper, 1982; Davies et al., 1984; Davies et al., 1987; Lock et al., 1987; Davies, 2012). This
idea was founded on the premise of a “trench-like feature” that is spatially associated with Late
Cenozoic magmatism of the Maramuni arc (Johnson et al., 1978; Hamilton, 1979). Although little
subsequent work has tested this hypothesis of subduction at the Trobriand trench, the idea has
become entrenched in the recent literature (e.g. Hall, 2002; Cloos et al., 2005; Schellart et al., 2006;
Davies, 2012; Smith, 2013). Initiation of subduction at the Trobriand trough in the Lower Miocene
is commonly attributed as a response to collision of the Ontong Java Plateau with the Melanesian
arc (Hall, 2002; Hill and Hall, 2003; Schellart et al., 2006). Furthermore, arc-continent collision
at the Trobriand trough is often attributed to the development of the New Guinea Orogen from
approximately 12 Ma (Davies, 1990; Abbott et al., 1994; Hill and Raza, 1999).

The alternate theory appeals to a north-dipping subduction system located to the south of New
Guinea, which accommodates Miocene convergence between the Australian and Pacific plates
and is responsible for development of the Maramuni arc (Cloos et al., 2005). Initiation of this
subduction system is also generally attributed to jamming of the Melanesian trench by arrival
of the Ontong Java Plateau in the Upper Oligocene coupled with reorganization of regional
convergence. Cloos et al. (2005) is one of few studies to propose northwards subduction to the
south of West Papua but at the same time retains reference to southwards subduction at the
Trobriand trough in Papua New Guinea creating inconsistencies between the tectonic evolution
of West Papua and Papua New Guinea. This northwards subduction associated with West Papua
is said to be subsequently responsible for convergence between the leading northern Australian
continental margin and an outer arc terrane. Cloos et al. (2005) also propose that arrival and
collision of the Australian continent with the outboard terrane is responsible for growth of the
New Guinea Orogen from 12 Ma. It is important to also note that the proposed north-dipping

subduction zone has also been utilized by other authors as a zone of earlier Cenozoic convergence
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between the Australian continent and an outboard terrane (e.g. Pigram and Symonds, 1991;

Schellart et al., 2006; Davies, 2012).

The variable definitions of different tectonic domains in New Guinea are also a cause of confusion
in establishing a robust geodynamic framework for the region. In particular, previous studies of
Papua New Guinea have often interchanged terms givens to specific tectonic domains depending
on the rock types or ages involved. For example, Paleozoic and Mesozoic Australian continental
basement is generally referred to as comprising the New Guinea Mobile Belt (e.g. Hill and Raza,
1999; Crowhurst et al., 2004). However, rocks of this age are exposed as basement in both the
New Guinea Mobile Belt and the Papuan Fold and Thrust Belt. For accurate communication of
the different terranes and tectonic setting I will clearly define the distinct tectonic terranes of
New Guinea based on their role in the tectonic evolution. I recognize the Lagaip and Bundi fault
zones as equivalent but displaced crustal suture zones (Figure 4-1; Chapter 5). I define rocks
to the south of the Lagaip-Bundi suture as belonging to the Papuan Fold And Thrust Belt with
corresponding Australian continental basement. I regard these as distinct from Paleozoic and
Mesozoic rocks to the north of the suture that comprise the New Guinea Mobile Belt. These

tectonic divisions will be further developed in this study.

Samples

Rock samples were obtained in conjunction with Barrick Australia from the Wamum and
Kokofimpa, Kainantu porphyry prospects in the eastern Papua New Guinea Highlands with the
objective of investigating the evolution of the respective porphyry complexes, and associated
history of the Maramuni arc. Rock material was sampled from diamond core of drill holes
BWDD4 (Wamum) and BKDD22 (Kokofimpa). Drill core sample intervals were selected to
include a representative sample of each logged rock unit. These sampling intervals were further
scrutinized to minimize abundance of veining and effects of alteration in an effort to reflect
compositions most similar to the unaltered rock. One additional field sample was collected from
outcrop in Kora Creek, adjacent to the Kokofimpa prospect. Table 4-1 provides the location and

description of the rock types sampled.

I divide the sample set into three broad categories: samples from the Wamum porphyry prospect;
and samples from the Kokofimpa porphyry prospect are separated into either tonalites or
porphyritic rock types. The Wamum porphyry prospect comprises two samples, BWDD4 482
and BWDD4 585, both are foliated plagioclase porphyry of andesite composition with extensive
growth zonation within preferentially aligned plagioclase phenocryts that make up approximately
50% of the rock mass, set within a primarily quartz and biotite matrix. Tonalites of the Kokofimpa
porphyry prospect (BKDD22 468, 472, 475, 511, 560, and 658) are generally uniform in character;
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they exhibit a phaneritic texture of medium—coarse grains of quartz, plagioclase, biotite and
spinel (predominantly magnetite). In contrast, porphyritic rock types of the Kokofimpa porphyry
prospect are diverse in nature with three general varieties. BK DD22 299 is a plagioclase porphyry
comprising 20-30% phenocrysts with a medium-grained quartz matrix and accessory spinel
phases. Secondly BKDD22 546 is a plagioclase-quartz-biotite porphyry (20-30% phenocrysts)
with comparatively larger plagioclase phenocryts and an associated matrix of quartz, plagioclase
and spinel. BKDD22 582 and KKSO01 are similar in nature to the BKDD22 546 porphyry but
differ in that plagioclase and biotite make up make up an increased proportion of the matrix, and
more strikingly, the plagioclase phenocrysts are characteristically highly fractured. This latter
porphyry is interpreted to form part of the Elandora Batholith, a regionally significant intrusive
unit within the Kainantu region. All porphyry rock types of the Kokofimpa porphyry prospect

are of intermediate chemical composition.

Overprinting alteration is common in most samples from the Kokofimpa prospect with a

greater apparent intensity of alteration within tonalite sample suites. Samples from the Wamum

Table 4-1. Sample descriptions

Location Phenocryts Matrix Alteration
Sample Texture Notes
P (a) (b) (c) (c) (c) (d)
Kokofimpa, Kainantu
Tonalite
DDH Phaneritic V. Int "
BKDD22 468 468.21469.5 m Med Coarse Qz PI Bt Spl Ser Chl Almost porphyritic PI.
DDH Phaneritic V. Int "
BKDD22 472 472.71473.9 m Med Coarse Qz PI Bt Spl Ser Chi Almost porphyritic PI.
DDH Phaneritic Int .
BKDD22 475 475.61476.4 m Med Coarse Qz PI Bt Spl Ser Chl Almost porphyritic PI.
DDH Phaneritic V. Int
BKDD22 511 5110612m Coarsel Med Qz PI Bt Spl Ser Chl
DDH Phaneritic V. Int
BKDD22560 560 5 562.5m Coarse Med QzPIBLSPl  ger g
DDH Phaneritic Int -
BKDD22 658 658.659.5m Med Coarse Qz PI Bt Spl Ser Chl Almost porphyritic PI.
Porphyries
BKDD22 299 DDH Porphyritic PI Qz Spl V. Int Medium-grained Qz matrix. 20030% phenocrysts
2991801 m phy P Ser 9 : °P ysts.
BKDD22 546 DDH Porphyritic Pl Qz Bt Qz PI Spl Int Large Pl Phenocrysts. 200 30% phenocrysts
54655488 m O P P Ser Chl 9 Tysts. ° PReNOCrysts.
BKDD22 582 DDH Porphyritic Pl Qz Bt Pl Qz Bt Mod Highly fractured Pl phenocrysts. 20080% phenocrysts
5827584 m phy Serchl gniracl phenocrysts. o PRenocrysts.
KKS01 373139 E - Mod-Int . o
(Kora Creek) 9317942 N Porphyritic Pl Qz Bt Pl Qz Bt Ser Chl Highly fractured Pl phenocrysts. 200 30% phenocrysts.
Wamum
DDH Foliated Strong growth zoning in Pl phenocrysts. 50060%
BWDD4 482 482.5[485m  Porphyritic P Qz Bt Fresh phenocrysts.
DDH Foliated Weak Strong growth zoning in Pl phenocrysts.30040%
BWDD4 585 585588 m Porphyritic PI Qz Bt Ser Chl  phenocrysts.

a) Diamind drill hole (DDH) Collar location (UTM AGD66 Zone 55) and orientations:
BKDD22: 372931E 9317014N; azimuth (mag): 300(] inclination: -501]
BWDD4: 420856E 9254093N; azimuth (mag): 330.6(, inclination: -63.2(]

b) Field cordinates in UTM AGD66 Zone 55.

c) Mineral codes :Bt, biotite; Chl, chlorite; PI, plagioclase; Qz, quartz; Ser, sericite.

d) Alteration codes; alteration intensity; V Int, very intense; Int, intense; Mod, moderate.
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prospect are affected by only weak alteration. Seritization is the dominant alteration type evident
in all samples, and is often coupled with chloritization. Plagioclase is commonly completely
replaced by sericite with subsidiary samples exhibiting only partial alteration of plagioclase
dominantly through crystal fractures. This is typical of sericitic or chlorite-sericite alteration
in porphyry complexes (Sillitoe, 2010). Given the Kokofimpa and Wamum porphyry prospects
have previously been identified as a Cu-Au mineralized porphyries it is worthwhile to note the
metal content of the different intrusive phases, although this will not form a major component
of this study. Figure 4-3 displays assay data for Cu and Au content of all intrusive rock types
of the Kokofimpa Porphyry Prospect, Kaiantu (Barrick Australia, unpub. data). Copper content
generally shows a good correlation with both Au and Mo content. Early tonalite intrusives (9.4
Ma) are shown to contain only low levels of mineralization while the 9.2 Ma porphyry and later
8.7 Ma tonalites generally exhibit the highest metal grades, these are therefore considered as the
primary lithology for hosting mineralization. This is consistent with observed mineralogy where
sulfide mineralization is found primarily as disseminated pyrite £+ chalcopyrite in late tonalite
samples BKDD22 511, 560 and 658. The early tonalite and late porphyry phases are essentially
barren and devoid of metal content (Figure 4-3). Samples from the Wamum Porphyry Prospect

are un-mineralized.
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Figure 4-3. Cu-Au-Mo content for samples of the Kokofimpa porphyry prospect.
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Methods

Samples for geochemical analysis were selected to minimize effects of alteration. Weathering rinds
were split from surface samples and edges from drill core samples were ground off with diamond
implanted grinders and subsequently washed in an ultrasonic bath to minimize contamination
from drilling. Rock material was then milled to a fine powder in a tungsten carbide ring mill at
James Cook University (JCU). Major and trace elements analyses were analyzed at the Advanced
Analytical Centre, JCU by conventional X-ray fluorescence (XRF) and ICP-MS methods using
the same techniques and set-up outlined in Holm et al. (2013; Chapter 3). NIST SRM 610 glass
was used as a bracketed external standard using the standard reference values of Spandler et al.
(2011). Data were quantified using Si (as previously determined by XRF) as the internal standard,
and data were processed off-line using the Glitter software (Van Achterbergh et al., 2001).

Nine samples were selected for U-Pb dating of zircons. These include two samples from Wamum
and seven samples from Kokofimpa; all derived from drill core with the exception of a single field
sample. Mineral separation to extract zircon crystals was carried out at JCU in a standard four-
step process. Samples were crushed and milled to 500 um, washed to remove the clay proportion,
and separated by a combination of heavy liquid density separation and magnetic separation.
Zircon crystals were hand picked and mounted in epoxy with grains of GJ1 (Jackson et al., 2004),
Temora 2 (Black et al., 2004) and Fish Canyon Tuff zircon standards (Schmitz and Bowring,
2001; Renne et al., 2010). Epoxy mounts were polished and carbon-coated. Cathodoluminescence
(CL) images of all zircon crystals were obtained using a Jeol JSM5410LV scanning electron

microscope equipped with a Robinson CL detector, housed at JCU.

All U-Pb dating work was completed at the Advanced Analytical Centre, JCU. U-Pb dating of
zircons was conducted using the laser ablation ICP-MS using the set-up described in Tucker et
al. (2013) and using the same methods as Holm et al. (2013; Chapter 3). Analytes collected were
8Si, Zr, 22Hg, 204Pb, 20°Pb, 207Pb, 2%%Pb, 2**Th, U, and #*U. For quantification of U and Th
concentration in zircon samples, analysis of the NIST SRM 612 reference glass was conducted at
the beginning, middle and end of every analytical session, with *Si used as the internal standard
assuming perfect zircon stoichiometry. All zircons were analyzed with a beam spot diameter of
44 um and selection of analytical sample spots was guided by CL images and targeted both cores

and rims.

Data reduction was carried out using the Glitter software (Van Achterbergh et al., 2001). All
time-resolved single isotope signals from standards and samples were filtered for signal spikes or
perturbations related to inclusions and fractures. Subsequently, the most stable and representative

isotopic ratios were selected taking into account possible mixing of different age domains and
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zoning. Drift in instrumental measurements was corrected following analysis of drift trends in
the raw data using measured values for the GJ1 primary zircon standard. Analyses of Temora 2
and Fish Canyon Tuff zircons were used for verification of GJ1 following drift correction (Figure
4-4). Background corrected analytical count rates, calculated isotopic ratios and 1o uncertainties

were exported for further processing and data reduction.

Initial Th/U disequilibrium during zircon crystallization is related to the exclusion of »*°Th due to
isotope fractionation, and resulting in a deficit of measured 2°°Pb as a 2*°Th decay product (Schérer,
1984; Parrish, 1990). Zircon ages of <10 m.y. are particularly susceptible to this disequilibrium
with an upward age correction in the order of 100 k.y. (Crowley et al., 2007), which is comparable
or greater than the measured analytical uncertainty. All samples returned ages within the limit of
initial Th/U disequilibrium detection, so this correction was applied to all samples for maximum
U-Pb dating accuracy following the methods outlined in Holm et al. (2013; Chapters 2 and 3).
The effect of common Pb is taken into account by the use of Tera-Wasserburg Concordia plots

(Tera and Wasserburg, 1972; Jackson et al., 2004) and weighted mean °°Pb/**U age calculations
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were carried out using Isoplot/Ex version 4.15 (Ludwig, 2009). Weighted averages were corrected
for common Pb by utilizing the Age7Corr and AgeEr7Corr algorithms in Isoplot, and using the
y-intercept and corresponding sigma errors returned from the Tera-Wasserburg plots of concordant
zircon populations. All errors were propagated at 2c level and reported at 2 and 95% confidence

for concordia and weighted averages, respectively.

Results

Textures and U-Pb Geochronology of Zircon

Zircon crystals extracted from Kokofimpa tonalite samples (BKDD22 472, 511 and 560), are
generally 100200 um long euhedral stubby to prismatic crystals that are typically characterized
by bright oscillatory CL zoning with a uniform dark CL core (Figure 4-5). The porphyry samples
are more variable in zircon characteristics. Zircon crystals from sample BKDD22 299 are marked
by high contrast oscillatory CL zoning and either CL dark or CL light cores. Many of the crystals
are euhedral and stubby to prismatic in shape, however, a substantial proportion of crystals are
fragmental or broken. Sample BKDD22 546 zircon crystals are euhedral and prismatic in shape
on the order of 100—150 pum in length. They generally exhibit highly luminescent crystal cores
and a high contrast in CL zoning of the rim. Samples BKDD22 582 and KKSO01 exhibit similar
morphology of zircon crystals. The crystal populations have extremely variable crystal sizes
from 100 to 1000 um in length. Oscillatory zoning with CL bright uniform cores is typical of both

zircon populations, with few crystals exhibit complex CL zoning. Crystals are typically euhedral

Figure 4-5. Representative cathodoluminescence images for zircon crystals of different
intrusive phases of Wamum and Kokofimpa.
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and prismatic with aspect ratios generally around 1:2.5. All zircon samples typically feature
euhedral crystal shapes and oscillatory zoning in CL is consistent with a magmatic origin (Corfu
et al., 2003; Hoskin and Schaltegger, 2003). A magmatic origin for these zircon is also supported
by low Th/U , with all sample sets averaging between 0.65 and 0.98, and an overall average of
0.81£ 0.27 (e.g. Ahrens et al., 1967, Heaman et al., 1990).

Zircon yields from both of the Wamum samples (BWDD4 482 and 585) were low compared with
the Kokofimpa samples. The Wamum zircon crystals did not exhibit a uniform set of CL imaging
characteristics, but instead are marked by complex zoning patterns with only minor oscillatory
zoning (Figure 4-5). The crystals vary from stubby to elongate in shape, typically between
100 and 200 um in length, although some larger crystals are present, and many are broken or
fractured. Where cores are present they have either uniform and dark CL intensity or exhibit
simple, high CL contrast zoning. Some zircon crystals preserve evidence for minor dissolution
with irregular crystal boundaries. All zircon crystals sampled hold CL textures consistent with a
magmatic origin comprising euhedral crystal shapes and oscillatory zoning (Corfu et al., 2003;
Hoskin and Schaltegger, 2003), and a low Th/U ratio averaging 0.80 +0.30 (e.g. Ahrens et al.,
1967; Heaman et al., 1990).

U-Pb zircon ages corrected for common Pb and initial Th disequilibrium for selected tonalite
and porphyry phases from both Wamum and Kokofimpa, Kainantu are reported in Table 4-2 and
corresponding concordia and weighted average plots are shown in Figure 4-6. Weighted averages
agree with concordia age results with a high degree of certainty, but given more conservative 2¢
uncertainty measurements, the concordia ages are cited as the resolved ages. Returned ages are
all constrained within the Middle—Upper Miocene (12—6 Ma), details of age dating are reported

by rock type. Complete zircon isotopic data can be found in the supplementary material.

Table 4-2. Resolved ages from U-Pb dating of zircon.

Concordia Age
(b)
20 Error
MSWD
Probability of Fit

Weighted Average
(a)
95% Confidence
MSWD
Probability of Fit

Sample

Kokofimpa, Kainantu

Tonalite

BKDD22472 9.41 0.10 0.70 0.81 941 0.17 0.69 0.80
BKDD22560 878 0.12 054 090 879 024 0.59 0.85
BKDD22 511 870 0.10 090 059 870 0.19 0.87 0.63
Porphyry

BKDD22299 9.19 0.10 0.68 0.81 9.20 0.18 0.87 0.59
BKDD22546 7.38 0.09 068 076 7.38 0.18 0.82 0.61
BKDD22582 6.28 0.05 061 079 6.28 0.10 0.93 049
KKS01 6.24 007 069 066 624 0.1 082 0.53

Wamum
BWDDO04 482 11.87 0.09 0.81 069 11.88 0.13 0.85 0.63
BWDDO04 585 12.07 0.10 0.84 0.64 12.08 0.13 0.82 0.66
a) Weighted average age corrected for initial Th disequilibrium and common-Pb.
b) Concordia age corrected for initial Th disequilibrium.
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Figure 4-6. Weighted average and concordia plots for all samples. Plots are constructed from
U-Pb calculated ages and isotopic compositions respectively (detailed age data in digital
appendices). Tera-Wasserburg plots are corrected for initial Th disequilibrium; weighted
average plots are corrected for initial Th disequilibrium and common Pb. All error bars, data-
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Figure 4-6 continued.
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Foliated plagioclase porphyries of the Wamum porphyry prospect, BWDD4 482 and BWDD4 585
returned the oldest ages found in this study at 11.88 + 0.13 Ma and 12.08 + 0.13 Ma respectively.
These two ages are within uncertainty of each other and, given the similar rock types, are

interpreted to represent a single intrusive phase.

Rocks types of the Kokofimpa porphyry prospect yielded a greater spread in ages between 9.4
and 6.2 Ma. Of these ages, the dated tonalites were generally the older phases of the intrusive
complex at 9.41 + 0.17 Ma (BKDD22 472) and two similar ages of 8.79 = 0.24 Ma and 8.70 +
0.19 Ma for BKDD22 560 and BKDD22 511 respectively. The latter ages are within uncertainty
of each other, and are suggested to record the same intrusive phase. Porphyritic rock types from
Kokofimpa comprise the largest range of ages; there are three clearly resolvable intrusive phases.
The first and oldest is BKDD22 299 at 9.20 + 0.18 Ma overlapping with the earlier tonalite ages.
Sample BKDD22 546 returned an age of 7.38 £ 0.18 Ma, while BKDD22 582 and KKS01 yielded
essentially a single intrusive age with 6.28 + 0.10 Ma and 6.24 + 0.11 Ma respectively.

Geochemistry

Alteration has significantly affected the whole rock geochemistry with noteworthy loss on
ignition (LOI) percentages of up to and over 5% in over many of the samples (Table 4-3; Figure
4-7). For the most part the alteration does not display clear trends of addition or removal of
particular elements. There are however, minor trends consistent with typical alteration associated
with porphyry systems, such as is removal of mobile elements such as Sr and Ba, and addition of
K,O. Major and trace element composition of all analysed samples are given in Table 4-3. Harker
variation diagrams have been used to show major element trends for all rock types from both
Wamum and Kokofimpa (Figure 4-8). SiO, generally increases from Wamum, which yielding
the most primitive sample at 59 wt% SiO, through to ~70 wt% SiO, from porphyritic intrusives
of the Kokofimpa Prospect. Sample BKDD22 299 is apparent as an outlier from this trend with
the highest SiO2 content found in this study of 70 wt% occurring within the tonalitic intrusive
sequence from the Kokofimpa prospect. Other major elements similarly follow fractionation
trends with time, TiO,, ALO,, Fe,O,, MnO, MgO, Ca0O, and Na,O, that is all major elements
with the exception of K O, show poorly defined but linear decreases with increasing SiO,. K O
increases linearly with increasing SiO, and holds a somewhat well defined trend in contrast to
the other major elements. Wamum rock types exhibit a reduced TiO, and MgO content relative to

samples from Kokofimpa outside the observed fractionation trend.

Trace element data is presented by way of a multi-element plot normalized to N-MORB (Sun and
McDonough, 1989) in Figure 4-9. Further, incompatible element abundances and ratios thereof

are presented in Figures 4- 10 respectively. All samples from both the Wamum and Kokofimpa
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Table 4-3. Representative major and trace element data.

Kokofimpa, Kainantu Wamum
Tonalite Porphyry

o n
=<} [=e}
g8 ¥ ¥ £ 8 8 g § ¢8 I =
o < < < o s} < & kS rs} - S S
a N N N N N N N N N o [a) [a)
£ N N N N N N N N N () a a
@ [=)] a [=)] [a) a a a a a X = =
n a a a [a) [a) [a) [a) [a) [a) 2 @ @

4 4 4 X 4 4 4 4 4

o o o [1] o o o o o

Sio,  62.29 62.38 62.06 64.34 63.17 6461 7045 63.72 66.37 69.35 58.98 60.69
Tio, 064 063 064 064 069 063 039 053 033 038 054 054
ALO;  16.02 1593 16.06 16.08 16.70 1542 15.18 16.79 1565 16.57 18.06 17.87
Fe0s* 556 593 563 326 535 499 424 358 187 222 632 524
MnO 005 009 012 005 007 0.03 001 007 006 0.04 015 0.04
MgO 248 248 351 246 280 232 041 276 104 117 246 221
Ca0o 270 366 235 231 164 338 007 189 343 037 515 444
Na,O 189 332 179 162 203 315 045 179 294 197 364 413
K0 309 117 218 310 280 231 391 330 283 477 125 209
P,0s 018 017 017 013 018 017 004 020 011 015 022 0.16
SO, 012 006 014 0.13 007 0.01 005 031 005 0.01 004 0.06
Lol 501 418 520 521 460 267 442 518 532 3.01 338 207
Total  100.03 100.00 99.85 99.31 100.10 99.69 99.63 100.13 100.00 100.00 100.19 99.55

Sc 13 13 13 13 14 13 8.6 7.9 5.1 6.0 1 9.8
\Y 108 1M1 10 113 120 113 63 78 36 40 135 144
Cr 26 28 25 25 25 21 25 31 25 6.0 10 4.0
Co 32 35 33 28 23 60 48 23 15 13 35 41
Cu 79 32 959 2473 345 381 127 292 7 26 166 1839
Zn 51 65 122 31 48 40 8 68 43 103 119 35
Ga 15 17 17 14 17 16 16 16 16 17 18 17
As 1.9 0.7 3.0 0.8 0.8 1.2 1.8 3.5 1.6 21 45 1.1
Rb 121 40 93 99 86 70 99 127 70 157 29 40
Sr 182 408 230 164 157 455 26 178 587 262 699 714
Y 21 19 19 19 20 21 9.5 9.0 6.6 9.0 1 13
zr 194 184 186 191 208 194 145 116 108 116 103 122
Nb 7.2 7.2 73 8.0 75 7.2 71 47 41 54 5.2 5.3
Mo 1.6 1.5 42 640 6.0 22 13 20 75 0.7 9.0 55
Cd 0.4 0.5 0.6 0.4 0.6 0.4 0.6 0.4 0.4 0.3 0.5 0.7
Sn 3.2 3.0 27 5.1 3.3 3.5 6.9 3.1 20 21 20 1.8
Sb 1.7 0.9 1.6 0.8 0.9 1.0 1.0 1.0 0.8 1.2 0.9 0.8
Cs 3.0 1.9 3.3 3.7 29 1.3 1.1 43 3.5 12 1.1 0.7
Ba 330 262 323 431 368 400 187 417 563 633 479 770
La 23 17 20 22 24 21 17 17 15 16 1 10
Ce 49 38 44 46 50 45 33 34 31 33 16 20
Pr 5.9 46 52 55 6.0 54 3.5 4.2 3.5 41 20 25
Nd 23 19 20 21 24 21 13 16 14 16 8.5 10
Sm 44 3.8 41 3.9 46 43 22 29 23 29 1.8 23
Eu 0.8 1.1 0.9 1.1 1.2 1.1 0.5 0.8 0.7 0.7 0.7 0.8
Gd 3.6 3.4 3.3 3.3 3.9 3.5 1.6 20 1.5 20 1.8 22
Tb 0.6 0.5 0.5 0.5 0.6 0.5 0.3 0.3 0.2 0.3 0.3 0.3
Dy 3.6 3.3 3.1 3.2 3.5 3.6 1.6 1.6 1.2 1.5 1.8 21
Ho 0.7 0.7 0.7 0.7 0.7 0.7 0.4 0.3 0.2 0.3 0.4 0.5
Er 21 20 1.9 1.9 21 20 1.0 0.9 0.6 0.8 1.1 1.3
Tm 0.3 0.3 0.3 0.2 0.3 0.3 0.2 0.1 0.1 0.1 0.2 0.2
Yb 23 23 22 20 21 23 1.3 0.9 0.7 0.8 1.2 1.3
Lu 0.3 0.3 0.3 0.3 0.3 0.4 0.2 0.2 0.1 0.1 0.2 0.2
Hf 5.0 4.9 4.8 5.0 5.5 53 3.9 3.1 3.0 3.3 28 3.2
T 0.5 0.2 0.6 0.5 0.4 0.2 0.5 0.5 04 14 0.0 0.1
Pb 4.9 12 27 15 6.4 1 10 31 15 8.8 4.0 46
Bi 0.4 0.1 0.4 0.2 0.0 0.5 1.2 0.5 0.1 0.1 0.1 0.1
Th 11 10 10 1 10 1 14 4.9 4.0 4.8 3.1 3.8
u 26 26 3.0 25 28 4.0 24 20 1.5 1.7 0.6 0.7
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Figure 4-8. Major element variation diagrams for all samples.
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porphyry prospects exhibit typical subduction-related geochemical affinities with negative Nb
and Ti anomalies and relative enrichments in large-ion lithophile elements (LILE), Th, U, Pb
and Sr, although the latter variably affected by alteration. Both the Wamum rock types and
tonalites of Kokofimpa display what is regarded as typical rare earth element (REE) trends of
high-K arc magmatism with well-developed LREE enrichment. The tonalites show a measurable
higher level of REE enrichment relative to chondrite compared to Wamum samples. Two of three
early tonalite phases of the Kokofimpa prospect hold minor negative Eu anomalies of Eu/Eu* =
0.63 and 0.72, both samples from Wamum hold minor positive anomalies at Eu/Eu* = 1.18 and
1.10, these are the only notable Eu anomalies within the data presented in this study. Rare earth
element patterns of all porphyritic rock types of the Kokofimpa prospect hold LREE abundances
consistent with the tonalite suite, but marked by a significant degree of MREE-HREE depletion.

Differences in the degree of fractionation can introduce potential problems in the comparison
and interpretation of the sample suite. It is therefore constructive to also investigate incompatible
elements and ratios thereof. The LILE (K, Rb, Cs, Ba) show a trend of increasing with both time
and SiO, content (not shown), however, these are potentially mobile during alteration and further
interpretation is speculative (Figure 4-7). For this reason, I will address the less fluid-mobile high
field strength elements (HFSE; Ti, Zr, Hf, Nb, Th). These are variable in content and are marked
by non-linear trends with regard to both time and SiO, content. Zirconium, Hf, Nb and Th all
show pronounced enrichment within the tonalite suite relative to samples from both Wamum and
the late porphyry suites of Kokofimpa, while Ti is similarly enriched in tonalites relative to the
remainder of the samples, this enrichment is comparatively minor. Sample BKDD22 299 is again
variable in composition and not consistent with either the contemporaneous tonalite suite or other

porphyry samples.
Discussion

Geochemical evolution of the Wamum and Kokofimpa intrusive systems

This study seeks to contribute to the somewhat lacking quantitative database of Maramuni
arc magmatism and use this new information to shed light on the tectonic evolution of Papua
New Guinea during the dynamic Upper Miocene. I approach this through a geochronology and
geochemical investigation of the Wamum and Kokofimpa intrusive systems in an effort to gain
insight into the underlying geodynamic controls on arc magmatism. It is worth noting here that
Wamum and Kokofimpa are different intrusive systems separated by some 100 km, potentially
giving rise to differences in tectonic setting, it must therefore be appreciated that geochemical
variation between the two localities may exist and will be considered. However, I also make the

assumption that the Maramuni arc is a regional magmatic manifestation, and as such, major
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Figure 4-10. Selected incompatible element variation and ratios for all samples.
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fundamental geochemical changes related to the regional tectonic setting will more or less be
represented across the arc as a function of the changing nature and composition of the source,
reflecting the mantle wedge, subducting plate, and the process of mass transfer between the two,
but also taking into account subsequent fractionation or differentiation of the melts, and crustal

assimilation during their ascent through the crust.

Firstly, I will briefly address the geochronology of the sample suite to provide a framework for
further investigation. From the twelve samples utilized in this study, I recognize six different
intrusive phases. The earliest intrusive event is recorded from Wamum at 12 Ma comprising
the foliated plagioclase porphyry. The remainder of intrusive phases are from the Kokofimpa
prospect of the Kainantu region. Early intrusive activity at Kokofimpa comprises tonalites, these
are grouped into two main phases on the basis of geochronology, petrography and geochemistry,
and consist of an early intrusive phase coincident with the timing of sample BKDD22 472 at
9.4 Ma and also incorporating samples BKDD22 468 and 475; and a later tonalite intrusion
comprising samples BKDD22 511, 560 and 658 at 8.7 Ma. Sample BKDD22 299 is also included
within the same tonalite intrusive phase with similar geochronology at 9.2 Ma but forms a highly
altered plagioclase porphyry distinct from the other tonalite samples. Subsequently, two further
episodes of porphyry emplacement occurred at 7.4 Ma and 6.2 Ma, both comprise plagioclase-
quartz-biotite porphyries, and the latter is interpreted as part of the regionally important Elandora
Porphyry intrusive on the basis of geochronology. Moreover, the U-Pb geochronology presented
here spans the temporal variation of the highly dynamic Upper Miocene period in Papua New
Guinea, and emplaced during growth of the New Guinea Orogen from initial orogenesis at 12 Ma

up until renewal of orogenic activity at approximately 6 Ma.

Having established the temporal context for the sample suite [ will now discuss the geochemistry
of the Wamum and Kokofimpa intrusive systems. As a first pass observation it is evident that
the porphyry intusives of Kokofimpa generally represent more evolved magma suites with
higher silica contents, and major element trends consistent with typical magma fractionation
and differentiation. However, samples from Wamum are often offset from these major element

trends, associated with relative enrichments in ALO,,

CaO and Sr, and relatively low of TiO,
and MgO. This shift in major element composition can most readily be explained by plagioclase
accumulation, supported by positive Eu anomalies. This will also inherently result in minor SiO,
depletions. Taking this into consideration, the major element compositions show no fundamental

differences in the sample suite.

In an effort to gain insight into the evolution of Maramuni arc magmatism, I turn now to trace
element variations. Here, I will focus on the less-mobile HFSE. It is clear from Figure 4-10 that

there are distinct differences in the HFSE abundances within the sample suite that correspond to
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the different intrusive phases. For instance, significant enrichment of Th, Zr and Nb is observed
in the tonalite suite relative to both Wamum and the late porphyry intrusives of Kokofimpa.
Similar compositional domains can be observed in plots of Th/Nb and Th versus Zr (Figure
4-10). It is proposed that these compositional differences mark distinct geochemical domains
associated with the different intrusive phases that cannot nominally be explained by fractionation
or differentiation processes alone. Therefore this geochemical change likely represents some
fundamental difference in the magma composition that in turn, reflects either changes in the
sub-arc mantle composition or subduction dynamics, or alternately differences in the degree
of crustal assimilation during ascent of the magma through the crust (e.g. Elliott et al., 1997;
Rubatto and Hermann, 2003; Spandler and Pirard, 2013). Beyond this, we can only speculate on
the roles of mantle source versus crustal assimilation for controlling this compositional change.
Nonetheless, there is clearly value in the recognition that the variation in HFSE presented here is

potentially linked to underlying tectonic controls.

The REE patterns likewise can tell us more about the magmatic processes beyond fractionation
and alteration. From Figure 4-9 it is apparent that Wamum and the tonalites of Kokofimpa more
or less hold the same trends of LREE enrichment and relatively flat MREE and HREE patterns,
typical of high-K calc-alkaline magmatism. Given the similar trends, the different levels of REE
- that is, elevated REE abundances in the tonalite suite relative to Wamum - are readily attributed
to magma fractionation within the bounds of normal arc magmatism. The porphyry intrusives
of Kokofimpa, however, hold REE trends quite different to those of Wamum and the Kokofimpa
tonalites. Given the similar LREE abundances and patterns of the porphyry and tonalite suites,
it is a reasonable first pass assumption that the two are potentially related, and further, the
porphyries have undergone an additional fractionation process of a specific mineral phase to
remove to MREE and HREE.

Previous work in the field of REE fractionation has associated diagnostic REE patterns to the
fractionation of specific minerals (e.g. Guo etal., 2007; Davidson et al., 2007); for example, removal
of amphibole from a melt by fractionation is represented by MREE depletion (Macpherson et al.,
2006; Davidson et al., 2007). Furthermore, identification of specific mineral fractionation phases
via REE pattern evaluation can be useful in inferring some characteristic of magma origin or
fractionation conditions the magma has undergone during ascent (e.g. Macpherson et al., 2006;
Davidson et al., 2007). This could be some pressure threshold at which the melt resided for a
period of time for instance. Evaluation of the REE patterns derived from the porphyry samples
therefore has the potential to reveal some aspect of the magma evolution that is different to those
of Wamum and the Kokofimpa tonalite suites. Various ratios of REE abundances are used to
quantitatively describe the trend or slope for particular REE patterns, for example, ratios of La/

Yb or Ce/YDb describe the slope for the entire REE suite, or La/Sm is often used as an indicator for
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the LREE slope (e.g. Elburg et al., 2002; Woodhead et al., 2010). In this case, Ce/Yb ratios reveal
a trend of increasing REE slope through time (Figure 4-10). A gradual increase from Wamum
to the Kokofimpa tonalites can be related to typical magma fractionation processes, however,
the significant increase in Ce/Yb ratios between the tonalite suite and late porphyries cannot be

accounted for in terms of normal fractionation trends and must be investigated further.

A plot of Ho/Nd (Figure 4-10) as an analysis of MREE slope reveals that BKDD22 299, the
porphyry intrusive within the tonalite suite, behaves similarly to the remainder of the tonalites,
in contrast to the late porphyry suite. More specifically, REE plots for the late porphyry suites
display a relative depletion in the MREE and HREE signatures that is most commonly attributed
to fractionation of amphibole or garnet mineral phases respectively (Macpherson et al., 2006;
Davidson et al., 2007). Differentiation between the two mineral fractionation processes is
often ambiguous. Davidson et al. (2007) utilize a plot of Dy/Yb with magma differentiation to
discriminate between the two potential fractionating mineral phases. Figure 4-11 illustrates a
similar plot and again highlights the different nature between the tonalitic porphyry and late
porphyry intrusives relative to the tonalites. From this it is possible to interpret that the tonalite
porphyry is potentially derived from a common magma source shared with the tonalite suite but
may have undergone amphibole fractionation represented by MR EE depletion. The late porphyries,
however, follow a differentiation trajectory akin to that indicated for garnet fractionation (i.e.,
pronounced HREE depletion). This interpretation relies on the assumption that the tonalite suite
and porphyries share a common melt composition. However, it is apparent from discussion of
the HFSE elements above that there is potential for a different magma source making this a

possibility but also a speculative interpretation. Evaluation of garnet as a potential fractionating
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Figure 4-11. Dy/Yb vs. SiO2 for Wamum and Kokofimpa intrusives. Mineral fractionation
trends are from Davidson et al., 2007. Sample BKDD22 299 can be related to the tonalite suite
by amphibole fractionation while the late porphyry intrusive follow a differentiation trend
typical of garnet fractionation.
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mineral phase draws similarities with the adakitic rocks of Chapter 3. The implications and
possible origins of this geochemical signature are covered in some detail in Chapter 3. Taking
a similar approach to evaluation of adakitic rocks, it is apparent from figure 12 that the latest
porphyry phase of this study does satisfy the criteria for adakite classification. However, given
the relatively unconstrained nature of the regional tectonic setting for arc magmatism and limited
definitive geochemical insight into arc processes in this study, it would be speculation to consider

a mechanism that may give rise to adakites in this scenario.
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Evaluation of the geochronology and geochemistry presented here tells a story of an evolving
magmatic system in the eastern Papuan Highlands from 12 Ma through to 6 Ma, albeit a loosely
constrained one. With little insight possible into the nature and definitive characteristics of
specific intrusive suites, I instead take an approach that addresses changes between the different
magmatic phases through time. Firstly, transitioning from intrusion of the Wamum plagioclase
porphyry at 12 Ma to the tonalite intrusive sequence of Kokofimpa there is a marked increase in
the relative HFSE abundance with particular enrichment in Th, Zr and Nb contents. While this is
a significant change in the incompatible element composition of the magma we cannot determine
if it arises from a changing source composition in the mantle, possibly related to subduction
dynamics, or simply a high degree of crustal assimilation by the magma during ascent. Intrusion
of a porphyry phase within the tonalite sequence can be explained through derivation from a

common magma source but affected by amphibole fractionation.

From the 9 Ma tonalite suites to the late porphyry suite we see a somewhat more dramatic shift
in geochemical composition. The HFSE contents transition back to values typical of Wamum
samples, a significant change in itself, but is coupled with a significant shift in REE trends.
Observed REE patterns marked by depletion of MREE and HREE cannot be related to the tonalite
suite simply by amphibole fractionation, and are potentially indicative of garnet fractionation.
Hence between 12 and 9 Ma, and between 9 and 6 Ma there are two major shifts in the nature of
arc magmatism, which are tentatively identified as time periods of major tectonic transitions that

fundamentally change the composition or emplacement conditions of Maramuni arc magmatism.

Geodynamic evolution of the Maramuni arc

Early Maramuni arc calc-alkaline magmatism from the Upper Oligocene through to the Middle
Miocene intrudes the New Guinea Mobile Belt and comprises magmatism of felsic-intermediate
to mafic composition (Figure 4-2). Evidence for the nature of this early arc activity, however, is
sparsely exposed at the surface and obscured by subsequent deposition of sedimentary basins.
In the north of Papua New Guinea the arc is buried beneath sediment basins in the Sepik region
associated with Upper Oligocene collision of the North Sepik arc terranes (Crowhurst et al.,
1996; Davies, 2012), and in northeast Papua New Guinea by underthrusting of the leading arc
and continental margin beneath the Adelbert and Finisterre Terranes during Plio-Pleistocene arc-
continent collision (Abbott et al., 1994; Woodhead et al., 2010; Holm and Richards, 2013). While
this study offers no further insight into the nature of early Maramuni arc activity, the previous
work carried out on the early arc magmatism - although limited - does provide a context for the

later arc evolution.
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From approximately 12 Ma and coincident with the start of the Upper Miocene period there is
a profound change in the tectonics of Papua New Guinea marked by development of the New
Guinea Orogen. This coincides with a distinct change in the composition of Maramuni arc
magmatism coupled with a distinct southward migration of the arc from the New Guinea Mobile
Belt into the Papuan Fold and Thrust Belt (Figure 4-2). An increase in the degree of magma
fractionation and differentiation throughout Papua New Guinea at this time to produce abundant
intermediate—felsic magmatism is most easily attributed as a response to crustal thickening of
the New Guinea Orogen, and related to longer crustal residence times during magma ascent to
shallow crustal levels (e.g. DePaolo, 1981; Hildreth and Moorbath, 1988; Barbarin, 1999). This
pattern is expressed as common fractionation trends of major element concentrations within the
Fe,O,, MgO,

sample suite, for example, increasing SiO, and K,O content, but decreasing Al,O,, Fe O,,

CaO and Na,O content from early Wamum activity through to the Kokofimpa intrusive suites
(Figure 4-8). Although we can easily relate crustal thickening to increased magma fractionation
in the Maramuni arc, this contributes little to our understanding of the underlying controls on arc

development.

The process of orogenesis can be non-unique as to the triggering mechanism, in this scenario either
an episode of arc-continent collision from the north (Trobriand trough; Davies, 1990; Abbott et
al., 1994; Hill and Raza, 1999) or collision of the Australian continent from the south (Pocklington
trough; Hill and Hall, 2003; Cloos et al., 2005) are plausible. However, a regional evaluation of
the distribution of magmatism can be useful with regard to subduction dynamics. This requires
development of two generalized subduction models that can account for the southward migration
of the arc. Firstly, migration of the arc to the south increases the distance between the magmatic
front and subduction at the Trobriand trough; this requires a shallowing of the subduction angle,
commonly referred to as flat-slab subduction (Gutscher et al., 2000; van Hunen et al., 2002;
Rosenbaum and Mo, 2011). The alternative model of north-dipping subduction at the Pocklington
trough, in contrast, requires a steepening angle of subduction as the arc migrates towards the
plate boundary (e.g. Schellart, 2004; Arcay et al., 2005; Heuret and Lallemand, 2005; Lallemand
et al., 2005; Schellart, 2008). Both models are feasible and reflect commonly observed tectonic
responses to collision events. A renewal of orogenesis at 6 Ma, however, can help us discriminate
further between the models. There is no record of any further episodes of collision at either the
Trobriand trough or Pocklington trough between 12 and 6 Ma pertaining to another mechanism
to explain this later orogenesis. The model of Cloos et al. (2005) appeals to crustal delamination
of the subducted plate at the Pocklington trough coupled with isostatic crustal rebound to explain
uplift. No such model exists for the Trobriand trough and any subsequent subduction dynamics
would be expected to hold implications for northern New Guinea as opposed to the more distal
central and southern regions of New Guinea where deformation is most apparent. Based on these

simple tectonic relationships I favour the model of Cloos et al. (2005) for north-dipping subduction
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at the Pocklington trough to explain the tectono-magmatic relaionship between Maramuni arc

magmatism and development of the New Guinea Orogen.

The geochronology and geochemistry presented has potential to provide further insight into the
geodynamic evolution of the Maramuni arc and shares several consistencies with the tectonic
evolution presented by Cloos et al. (2005) for West Papua (Figure 4-13). For example, although
speculative, the significant increase in HFSE at 9 Ma evident in the Kokofimpa tonalite suite
can be explained by an increase in crustal contamination of the melts (Rubatto and Hermann,
2003; Woodhead et al., 2010; Spandler and Pirard, 2013) and may be associated with abundant
sediments or crustal material of the Australian continent entering the subduction zone (Figure
4-13). Subsequent to this, at 7-6 Ma there is another apparent fundamental change in the nature
of arc magmatism, coincident with the interpreted crustal delamination of Cloos et al. (2005).
In such a scenario, breakup and detachment of the subducted plate can lead to inflow of hot
asthenospheric mantle, which can result in increased heat flow to the sub-arc environment,
potentially destabilizing the subducted material or lower crust (Figure 4-13). This can generate
high-pressure melts of adakitic composition explaining the unusual geochemical signature of
the late porphyry suite (Hildreth and Moorbath, 1988; Rushmer, 1993; Macpherson et al., 2006).
Alternatively, crustal thickening associated with orogeneis interacting with crustal delamination
and complex subduction dynamics may cause ponding or stalling of magma at depth at the base
of the crust, again producing the adakitic signature (Garrido et al., 2006; Macpherson et al., 2006;
Alonso-Perez et al., 2009). These are simply suggestions as to how the geochemistry presented
here may relate to this geodynamic model, nevertheless, periods of change in the nature of arc
magmatism correlate in time with the tectonic model of Cloos et al. (2005) and contribute to our
understanding of the evolution of New Guinea. I stress that this is, however, still a preliminary
model for the evolution of arc magmatism and tectonics in Papua New Guinea and based on a
small area of the Maramuni arc. Further work is planned to measure isotope compositions in the
same sample suite in an effort to provide additional evidence to support the geodynamic history

presented here.

A Late Cenozoic geodynamic evolution model for Papua New Guinea

Previous work regarding the tectonic evolution of Papua New Guinea is characterized by a relative
lack of robust evidence and inferred information to fill our knowledge gaps. This has resulted
in an array of different geodynamic models that appeal to as many different tectonic processes
and timing for events to reconstruct the geological history. Although coverage of geological
data throughout Papua New Guinea remains sparse we review the published data available for
Papua New Guinea and present this in a new geodynamic evolution model for Papua New Guinea

supplemented by the additional geochronological and geochemical evidence presented within
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Pocklington trough
&

12 Ma

9Ma

Figure 4-13. Generalized schematic geodynamic setting for Maramuni arc emplacement
at Wamum and Kokofimpa (modified from Cloos et al., 2005). Time steps represent pre-
continental collision at 15 Ma and each of the subsequent intrusion events at Wamum (12
Ma) and Kokofimpa (9 Ma and 6 Ma). Magmatism at 15 and 12 Ma is typified by normal slab
dehydration processes derived from the north-dipping subduction of oceanic crust (black) of
the Australian plate at the Pocklington trough beneath the New Guinea Mobile Belt (NGMB);
underthrusing and partial subduction of the leading continental margin (purple) and passive
margin sediments (brown) by 9 Ma; crustal delamination at approximately 6 Ma exposes the
subducted plate and lower crust inflow of hot asthenospheric mantle.
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this study. I propose a new model that is consistent with the current data and holds true to the
observed tectono-magmatic relationships within the New Guinea Orogen and Maramuni arc
(Figure 4-14).

The tectonic framework for development of the Maramuni arc begins at approximately 26 Ma
with arrival of the Ontong Java Plateau at the Melanesian trench to the northeast of proto-New
Guinea (Petterson et al., 1999; Knesel et al., 2008; Holm et al., 2013). Cessation of southwest-
dipping Pacific plate subduction beneath the Melanesian arc (Petterson et al., 1999; Lindley,
2006; Holm et al., 2013) led to a dramatic reorganization of southwest Pacific plate tectonics
including the redistribution of regional convergence at the Australia-Pacific plate boundary and,
more importantly, intra-plate stress partitioning within the Australian plate. This period of plate
reorganization is marked by accretion of the North Sepik Bewani-Toricelli-Prince Alexander arc
terranes (unrelated to the Melanesian arc; Findlay, 2003) to the northern margin of the proto-New
Guinea Mobile Belt by the Upper Oligocene (Figure 4-14; Pigram and Davies, 1987; Struckmeyer
et al., 1993; Crowhurst et al., 1996). At this time the New Guinea Mobile Belt existed as a ribbon
of continental crust overprinted by a Cretaceous volcanic arc that was rifted from the Australian
continent, perhaps somewhat analogues to the modern day Lord Howe Rise or Norfolk Ridge of
the Tasman Sea. During this time we also see commencement of north-dipping subduction of the
Australian plate (Cloos et al., 2005) to the south of, and beneath the proto-New Guinea Mobile
Belt (Figures 4-13 and 4-14). This fossil subduction zone is preserved today in Papua New Guinea
as the Pocklington trough, Moresby trough and Aure trough in central and eastern Papua New
Guinea (henceforth referred to as the Pocklington trough), and while the active deformation front
of the Papuan Fold and Thrust Belt marks the present day plate boundary, the primary crustal
suture zone is marked by the Lagaip and Bundi fault zones (Figures 4-1 and 4-2; Chapter 5),
and their West Papuan equivalents. I adopt north-dipping Pocklington trough subduction model
as opposed to the south-dipping Trobriand trough model and suggest that it is the only model
able to fully account for the spatio-temporal tectonic relationships of the New Guinea Orogen
and Maramuni arc. Cloos et al. (2005) previously developed a north-dipping subduction model
for West Papua, however, here | present a new unifying tectonic model for the Late Cenozoic
evolution of New Guinea; this model draws from the multitude of previous studies in both Papua

New Guinea and West Papua.

Upper Oligocene accretion of the North Sepik arc terranes and initiation of north-dipping
subduction at the Pocklington trough (Figure 4-14) related to far-field arrival of the Ontong Java
Plateau at the Solomon Islands, feeds back into the initiation of subduction-related Maramuni
arc magmatism (ca. 24—20 Ma; Page, 1976) within the New Guinea Mobile Belt to the north of,
and adjacent to the Lagaip and Bundi fault zones (Figures 4-2, 4-13 and 4-14). With maturity

of Pocklington trough subduction we observe a general southward migration of the Lower and
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Middle Miocene intrusive activity of the Maramuni arc towards the Lagaip and Bundi fault zones
(Figure 4-2). In addition, Hill and Raza (1999) identify a period of extension in the exposed
Australian continental basement of the Papuan Fold and Thrust Belt at 17 Ma from fission track
analysis. These findings have previously been attributed to upper plate extension in response to
subduction initiation (Hill and Raza, 1999), however, the temporal relationship infers up to a 5-10
m.y. delay in upper plate processes. Instead I suggest this extension is consistent with tectonism
of the Australian continental basement through crustal arching and extension in the subduction
hinge on approach to the Pocklington trough (Figure 4-14; Isacks et al., 1968; Bradley and Kidd,
1991; Doglioni, 1995; Cloos et al., 2005). This is perhaps related to initial underthrusting of
the leading continental margin (e.g. Cloos et al., 2005), and similar to extension observed in
the Marianas trench and the Apulian foreland of the Apenninic subduction zone (Doglioni,
1995). Beyond the insight provided by Hill and Raza (1999) and age control on Maramuni arc
magmatism (Page, 1976), there is very little data available on the tectonic evolution of New Guinea
between Upper Oligocene (~26 Ma) and 12 Ma. We can, however, gain some understanding of
regional tectonics through the sedimentary records of the Australian continental shelf edge in
the Gulf of Papua from the work of Tcherepanov et al. (2010). The authors document a marked
increase in depocenter thickness of Upper Oligocene—Lower Miocene sedimentary sequences
associated with localized subsidence on the Australian continental platform. These observations
are consistent with carbonate accumulation on the continental passive margin during northward
plate motion, and acting in combination with the extensional tectonism mentioned above.
Furthermore, Tcherepanov et al. (2010) identifies contemporaneous siliciclastic influx in the Aure
trough (Pocklington trough), quite independent from carbonate deposition, hence complimenting
the timing for initiation and expected sedimentary response to Pocklington trough subduction

adjacent to the early Maramuni arc.

Just 14 million years after the prior tectonic reorganization at 26 Ma, another dramatic and sudden
change in regional tectonics transpires at approximately 12 Ma. This is most pronounced in the
geological record as representing the first indication of uplift in the New Guinea Orogen (Hill and
Raza, 1999; Cloos et al., 2005). This timing does not correspond with any documented collision
events on the Trobriand trough. The north-dipping Pocklington subduction model, however,
can provide a simpler and more straightforward explain for these tectonic phenomena that is
consistent with geological evidence to date. By approximately 12 Ma the Australian continent
arrives at the Pocklington trough (Cloos et al., 2005) and collides with the New Guinea Mobile
Belt resulting in lock up of the subduction system and represents closure of the Pocklington
Sea (Figures 4-13 and 4-14). From 12 Ma we see growth of the New Guinea Orogen (Cloos et
al., 2005) driven by shortening and uplift of the New Guinea Mobile Belt, particularly adjacent
to the Lagaip-Bundi suture; and orogenesis of the Australian continental platform sediments

forming the initial stage of an extensive accretionary complex termed the Papuan Fold and Thrust
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Figure 4-14. Geodynamic model for the Late Cenozoic tectonic evolution of New Guinea.
Reconstruction model is looking from the northeast. See explanatory notes for details and text
for further discussion.
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Belt. Furthermore, it is at this time a number of regionally important geological changes occur.
Upper Miocene—Lower Pliocene cessation of sedimentation in the Aure trough coupled with
the initiation of siliciclastic sedimentation in the Gulf of Papua (Pigram and Symonds, 1991;
Tcherepanov et al., 2010) marks closure of the Pocklington trough and the subsequent bypass of
sediments over the continental Fly Platform. In addition, a redistribution of regional convergence
in response to closure of the Pocklington trough results in a northward trench jump and initiation
of north-dipping subduction of the Solomon Sea plate at the New Britain trench (Figure 4-1;
Petterson et al., 1999). The strong temporal and spatial correlations reflect near geologically
instantaneous tectonic feedbacks between continental collision, orogenesis and redistribution of
regional convergence. Although the Maramuni arc also extends east-southeast into the Papuan
Peninsula, indicative of active subduction at the Pocklington trough, the geology of the peninsula
more than c. 100 km removed from collision of the Australian continent with New Guinea shows
little structural evidence of post-Oligocene convergence and shortening. This may be a function
of the lack of work carried out here, conversely, we also know that during collisional events
such as this, the upper plate effects of collision can diminish relatively quickly away from the
point of collision and subduction cessation, and may not result in any structural implications for
the adjacent upper plate (e.g. Mason et al., 2010; Rosenbaum and Mo, 2011; Holm et al., 2013).
Therefore a lack of documented evidence for post-Oligocene crustal shortening in the Papuan

Peninsula does not preclude prior subduction at the Pocklington margin.

During the period 12-7 Ma, approximately the span of the Upper Miocene, initial continental
collision is followed by an apparent cessation or slowing of Maramuni arc activity, presumably
in response to termination of subduction at the Pocklington trough and slab stagnation, while the
onset of crustal shortening begins to uplift the New Guinea Orogen (e.g. Hill and Raza, 1999;
Cloos et al., 2005). There is however, very little direct evidence as to the tectonics of New Guinea
during this time, limited to only apatite fission track records (Crowhurst et al., 1996; Hill and
Raza, 1999) tied to K-Ar geochronology from Page (1976). The majority of this age data is from
the Kainantu district and the surrounding regions. New results of the same region contained
in this study reveal that while New Guinea is in a state of crustal shortening during the Upper
Miocene, the Maramuni arc activity continues but is in a dynamic state of change in response
to crustal thickening associated with growth of the New Guinea Orogen and underthrusting of
the Australian continental margin beneath New Guinea (Figures 4-13 and 4-14). Moreover, this
timing is marked by a pronounced migration of Maramuni arc magmatism from northeast to

southwest (Figures 4-2 and 4-14), a trend previously recognised by Davies (1990).

From approximately 7 Ma, the New Guinea Orogen and magmatism undergo an apparent
resurgence in activity (Hill and Gleadow, 1989; Closs et al., 2005). During this time there is

a clear migration of magmatism to the south forming a latest Miocene—Quaternary magmatic
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belt that intrudes the Papuan Fold and Thrust Belt and stable Australian continental crust of
the Fly Platform. However, it is not yet conclusive as to whether this later arc magmatism is a
continuation and transformation of the Maramuni arc or the initiation of a new magmatic arc
following termination of the Maramuni arc. Cloos et al. (2005) suggests this most recent phase
of arc volcanism represents the detachment of the stagnated Pocklington slab and collisional
delamination of the underthrust lithosphere by at least 6 Ma to produce adiabatic decompression
of the underlying athenosphere that resulted in volumetrically minor but widespread, collision-
generated magmatism along the axis of the New Guinea Orogen (McDowell et al., 1996; Cloos
et al., 2005). Isostatic uplift of the New Guinea Orogen also resulted from crustal delamination;
Cloos et al. (2005) interpreted that vertical isostatic uplift occurred above the zone of maximum
upwelling, particularly the Papuan Fold and Thrust Belt, and that the orogenic belt rapidly rose
by as much uplift as during the earlier prolonged orogenesis of the initial continental collision.
By 4 Ma delamination of the Australian lithosphere is complete and asthenospheric upwelling has
ended, and magma generation is in the final stages (Cloos et al., 2005) but continues to at least
1.2 Ma in Papua New Guinea (Ok Tedi; van Dongen et al., 2010; Chapter 2). This early Pliocene
timing for renewed orogenesis is supported by apatite fission track studies from Hill and Gleadow
(1989) who recognize renewed uplift and exhumation of the Papuan Fold and Thrust Belt from
5 Ma.

The most recent collision event involving the Papuan New Guinea mainland is the collision of
the Adelbert and Finisterre Terranes, the easternmost North Sepik arc terranes (Figure 4-14;
Abbott et al., 1994; Abbott, 1995; Holm and Richards, 2013; Chapter 6). Collision of the Adelbert
and Finisterre Terranes with Papua New Guinea is interpreted to have been caused by closure
of the Solomon Sea at the New Britain trench due to subduction-driven convergence between
the Australian and South Bismarck plates (e.g. Abbott, 1995; Hill and Raza, 1999; Weiler and
Coe, 2000). Abbott et al. (1994) studied clastic sequences on the southern flanks of the Finisterre
Range and concluded that the collision must have initiated at ca. 3-—3.7 Ma. This timing suggests
collision occurred in the later stages of the Miocene—Quaternary orogenesis and magmatism in
the New Guinea Orogen. Oblique collision started in the west and propagated southeastwards,
producing progressive thrusting and uplift of the north-coast Adelbert and Finisterre Ranges
as they overthrust the leading New Guinea Mobile Belt and underthrusting the leading edge
of continental crust downwards in the mantle (Johnson and Jaques, 1980; Abbott, 1995; Weiler
and Coe, 2000; Holm and Richards, 2013; Chapter 6). It is also significant that this underthrust
margin is part of the New Guinea Mobile Belt and is host to the early phases of Maramuni arc
volcanism (Holm and Richards, 2013; Chapter 6). At present the ongoing convergence between
the Finisterre Terrane and the Australian plate is accommodated by the Ramu—Markham Thrust
Fault (e.g. Cooper and Taylor, 1987; Abbott et al., 1994; Pegler et al., 1995).
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Conclusions

The plate tectonic evolution of Papua New Guinea from the Miocene onwards is ambiguous with
multiple and contrasting models for the geometry and timing of subduction systems and terrane-
collision events. | present the first detailed U-Pb geochronology and geochemical investigation
from the Maramuni arc of Papua New Guinea in an effort to provide insight into the evolving
tectonic setting for arc emplacement throughout the Middle and Upper Miocene. Samples from
the eastern Papuan Highlands porphyry prospects of Wamum and Kokofimpa (Kainantu region)
provide evidence for at least five periods of significant intrusive events at approximately 12
Ma, 9.4 Ma, 8.7 Ma, 7.4 Ma and 6.2 Ma. The associated bulk rock major and trace element
geochemistry reveals a highly dynamic magmatic setting of calc-alkaline high-K arc magmatism
punctuated by terrane-collision and development of the New Guinea Orogen; crustal thickening
is reflected in not only a shift to more fractionated and evolved magmatic compositions, but also
a changing magmatic environment marked by distinctly different geochemical characteristics.
These changes are marked at 9.4—8.7 Ma by a significant enrichment in HFSE, while from 7.4
Ma, and more significantly at 6.2 Ma, the geochemical signature of magmatism indicates a shift
towards adakitic compositions with possible garnet fractionation. I interpret that this magmatic
history is consistent with a tectonic model marked by north-dipping subduction of the Australian
plate to the south of New Guinea. Arrival of the Australian continent at the Pocklington trough
and collision at 12 Ma provides a likely mechanism for to the onset of orogenesis in Papua New
Guinea. Some 6 m.y. after continental collision, break-up of the subducted plate, or crustal
delamination is reflected in the upper plate by contemporaneous isostatic crustal rebound and

renewed uplift in the New Guinea Orogen from approximately 6 Ma.
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Abstract

Cenozoic tectonics in the southwest Pacific provide a unique insight into the
processes of orogenesis, magmatism and continent accretion that can be used to infer
processes that have operated throughout the Earth’s crustal evolution. Papua New
Guinea is a unique part of the planet in that Cenozoic orogenesis is superimposed
on an earlier basement structure that has, in turn, influenced how the New Guinea
Orogen has grown over time. Specifically, the underlying/underthrust Australian
continental basement is characterized by a major accretionary boundary referred to
as the Tasman Line. The Tasman Line separates the younger Paleozoic-Mesozoic
Tasmanide orogenic belt from the Precambrian cratonic rocks to the west. Using
precise age dating of inherited zircon populations from Quaternary magmatics in the
overriding Cenozoic fold belt coupled with an evaluation of orogen-scale deformation
and magmatic morphology I am able to show where the Tasman Line extends to
the north beneath younger crust. This result is significant as it demonstrates that
with the use of a well established and scientifically proven technique combined with
detailed structural and tectonic assessment, deep crustal boundaries can be traced
in relatively young terrains where any evidence of underthrust plate or terrane

boundaries are completely obscured.
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Introduction

Australia’s eastern continental margin is characterized by a major suture separating the older
Precambrian rocks of central Australia from the Phanerozoic rocks and north-south trending
accretionary orogens of eastern Australia. This boundary, referred to as the “Tasman Line”, is
evident in geophysical imaging reflecting a strong contrast between the igneous, metamorphic,
deformation and metalogenic history of rocks in the west from those in the east (e.g. Scheibner
and Veevers, 2000; Glen, 2005). Cloos et al. (2005) suggested that the Tasman Line might have
played a significant role in the recent tectonic evolution of New Guinea because it acted as a
boundary between two continental domains with contrasting crustal properties. However, the
exact location of the Tasman Line has only been inferred and more data has been required before
its location can be more accurately determined (Figure 5-1). If the Tasman Line can be defined
beneath Papua New Guinea, then its influence on the structural and magmatic evolution of
the orogen can be much better defined. At the global-scale the results will provide a potential
explanation and an additional tool to help unravel the complexity of accretionary orogens that
exhibit markedly different structural, magmatic and even metamorphic characteristics in what

appears to be a single arc or accretionary event.

I present new data that shed light on the continuation of the Tasman Line into Papua New Guinea.
The age and morphology of inherited zircon populations from two magmatic occurrences unearth
the location of the important terrane boundary. Comparison of inheritance ages with established
links between crustal properties and deformation in the overriding New Guinea Orogen are used
to support the results from zircon analysis. The methodology used here are not specific to Papua
New Guinea but could be applied to orogenic belts around the world where inherited zircons can
be used to map basement architecture if the technique is combined with other geological methods
such as geochemistry and structural geology. The results presented here may be used to help
interpret ancient magmatic arcs where major contrasts in inherited zircon patterns are recorded.
Furthermore, these results can be used to gain a better understanding of ancient orogenic belts
where ongoing deformation and magmatism may have masked some of the evidence for ancient

fold belt subduction.
Geological Setting and Samples

The recent and ongoing tectonic evolution of Papua New Guinea allows a unique insight into
a young arc-continent collision accretionary terrain. The island of New Guinea, incorporating
Papua New Guinea and West Papua is geologically composed of numerous terranes accreted
to the Australian continental margin during the Cenozoic northward drift of the Indo-Australia
plate (Figure 5-1; Hill & Hall 2003; Crowhurst et al., 2004; Davies, 2012). The Papuan Fold

111



Chapter 5 Tracing the Tasman Line in Papua New Guinea

and Thrust Belt forms an accretionary orogen of sedimentary cover rocks formed on Australian
continental basement (Hill and Gleadow, 1989; Craig and Warvakai, 2009) but buttressed against
variably deformed sedimentary, metamorphic and crystalline rocks of the New Guinea Mobile
Belt (Hill and Raza, 1999; Davies, 2012), together these comprise the New Guinea Orogen.
The Late Cenozoic Maramuni arc intruded into rocks of the New Guinea Orogen. Early arc
magmatism is evidenced by intrusions emplaced into the New Guinea Mobile Belt during the
Upper Oligocene caused by initiation of north-dipping subduction beneath New Guinea (Hill and
Raza, 1999; Cloos et al., 2005), and migrated into the Papuan Fold and Thrust Belt in the Upper
Miocene (Page, 1976; Rogerson and Williamson, 1985). Recent Pliocene and Quaternary igneous
activity is almost exclusively hosted within the Papuan Fold and Thrust Belt and Fly Platform
(Figure 5-1).

Although much of southern Papua New Guinea is composed of, or rests on stable Australian
continental crust, there are only rare exposures of it. Basement windows such as these are
reminiscent of exposures of high-grade crystalline rocks found along the Himalayan Orogen such
as the Garhwal-Kumaun (Bhattacharya, 2008). In Papua New Guinea, inliers of Carboniferous—

Jurassic rocks are limited to exposures within the Muller and Kubor Anticlines (Figure 5-1),

Middie Jurassic, fine sediments,
minGT magmatsm

Upper Trassic dacitic volcanics
i Panmo—Trassic intanmadals
TES‘.F“" Line no 1L magmatism, minor sediments
. Carbardarous-Permian low grade
regianal metamerphics
E Vodcanics m Matamaonphics

ﬁlmmum

Figure 5-1. Geology of the central Papua New Guinea Highlands. Geological units relevant
to this study are shown, samples 32A and JD15 (668956 9341950 AGD66 zone 54) lie within
a belt of Quaternary magmatism intruding the New Guinea Mobile Belt. Geology is from
Australian Bureau of Mineral Resources (1972) and shown over topography of the Papua New
Guinea Highlands. Structures labeled are: DA: Darai Anticline; KA: Kubor Anticline; LFZ:
Lagaip Fault Zone; MA: Muller Anticline; PFTB: Papuan Fold and Thrust Belt; RMFZ: Ramu-
Markham Fault Zone; BFZ: Bundi Fault Zone. Inset indicates the Tasman Line in Australia
(Glen, 2005) and previously interpreted extensions of the Tasman Line into New Guinea (see
references in figure).
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and exhumed belts of the same aged rocks uplifted and exposed within the Lagaip and Bundi
fault zones that mark the suture zone between the Papuan Fold and Thrust Belt and New Guinea
Mobile Belt (Figure 5-1). Moreover, these rocks show significant lateral variation along the orogen,
with predominantly sedimentary rocks of Middle Jurassic age in the west and Permian-Triassic
magmatic and metamorphic rocks in the east (Figure 5-1). These spatio-temporal relationships
link the basement rocks of the eastern Papuan Highlands to the Tasmanide orogenic belt of

eastern Australia (Van Wyck and Williams, 2002; Crowhurst et al., 2004).

Two Quaternary magmatic occurrences were sampled within the Papuan Fold and Thrust Belt
in western Papua New Guinea (Figure 5-1). Both sample localities occupy a similar tectonic
setting within the New Guinea Orogen hosted by Mesozoic shelf platform sedimentary rocks
and Cenozoic sedimentary cover sequences (Australian Bureau of Mineral Resources, 1972; Hill
et al., 2002). Sample 32A, from Ok Tedi, is a porphyritic phase of the Sydney Monzodiorite that
comprises phenocrysts of plagioclase and mafic minerals, especially hornblende. Sample JD15
(Baia) is an andesitic volcanic, crystal-rich lapilli tuff with complexly zoned plagioclase and

hornblende in a fine-grained fragmental matrix.

Methods

Samples selected for U-Pb dating of zircon were taken from the Ok Tedi Sydney Monzodiorite
(sample 32A) and Baia prospect (sample JD15). Mineral separation was carried out at James Cook
University (JCU) by a standard process of crushing and milling, heavy liquid density separation
and magnetic separation. Zircons were hand picked and mounted in epoxy with GJI, Temora
2 and Fish Canyon Tuff zircon standards. Epoxy mounts were polished and carbon-coated.
Cathodoluminescence (CL) images of zircon grains were obtained using a Jeol JSM5410LV

scanning electron microscope equipped with a Robinson CL detector, housed at JCU.

U-Pb dating of zircon was conducted using a laser ablation ICP-MS setup using the procedure
described in Tucker et al. (2013) and Holm et al. (2013; Chapter 3). The majority of zircon analyses
utilized a 60 pm beam diameter, however, a 24 um diameter was used for JD15-2 analyses. The
selection of analytical spots was guided by CL images with the aim of targeting both cores and
rims. Data reduction was carried out using Glitter software (Van Achterbergh et al., 2001). All
time-resolved single isotope signals were filtered for signal spikes or perturbations. The most
stable and representative isotopic ratios were selected, taking into account possible mixing of
different age domains and zoning. Drift in instrumental measurements was corrected following

analysis of drift trends in raw data for the GJ1 primary zircon standard. Analyses of Temora 2
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and Fish Canyon Tuff zircon were used for verification of GJ1 following drift correction (Figure
5-2). Background corrected analytical count rates, calculated isotopic ratios and ages, and 1o
uncertainties were exported for further processing and data reduction. Ages were assessed for
discordance using a 10% cut-off. Further, analyses were evaluated for common Pb, where 2°Pb/>*3U
ages yielding *°Pb/***Pb analytical counts <1000 (background subtracted) were corrected using
the Age7Corr algorithm of Isoplot/Ex version 4.15 (Ludwig, 2009); common Pb composition was
modeled from Stacey and Kramers (1975). Ages were plotted using the cumulative probability
plot and histogram function of Isoplot. Full records of zircon analytical data are included in the

digital appendices.

Results

Zircon morphology provides an initial guide to population discrimination. Zircons from samples
32A and JDI15 are all pink in color. Inherited zircons of 32A vary between 125 pm and 300 pm
in length, and the aspect ratio ranges from 1:3 to 1:1.5. The CL appearance is characterized by
high luminescence contrast and either dark or bright cores. While most grains are commonly
complexly zoned, some exhibit simple oscillatory zoning (Figure 5-3). Inherited zircons occur as
both independent grains and inherited cores, and generally exhibit some rounding of the grain or
core. Inherited zircons from JD15 are highly variable, ranging in length from 60-350 pm with
equally variable length to width ratios from 1:1 to 1:5.5. While some appear identical to magmatic
zircon with euhedral crystal shapes, dull and featureless cores, and minor oscillatory zoning in
the rim, most are comparatively more luminescent and exhibit complex zoning patterns. Grain

shape varies from euhedral to rounded.
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Figure 5-2. Concordia plots and weighted average (Temora 2) for U-Pb zircon geochronology
standards. All data-point error ellipses and calculated errors are 2o, and 95% confidence for
associated weighted average.
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Figure 5-3. CL images of inherited zircon from 32A and JD15. Analytical spots are indicated
with the associated ages calculated from 2°Pb/?*U (< 1 Ga) or *’Pb/**Pb (>1 Ga) analyses.
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Figure 5-4. Histograms and cumulative probability plots for inherited zircon ages of JDI5
and 32A. JDI5 is comprised largely of Triassic and Permian ages while 32A ages from this
study (dashed probability line) are Paleoproterozoic in agreement with previous data from van
Dongen et al. (2010). Combined probability is indicated as a solid line.
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The inherited ages differ markedly between the two samples. In sample JD15, 60 out of 89
analyses yielded inherited ages; 56 of these passed 10% discordance. These ranged between
Late Paleozoic and Early Mesozoic in age at between 193 and 292 Ma (Figure 5-4) with peaks
at 240-255 Ma and 275 Ma. In contrast, sample 32A only produced 12 out of 50 analyses with
robust inherited ages; just seven passed discordance. These were Paleoproterozoic in age ranging
from 1822 to 2040 Ma (Figure 5-4) and peaking at 1850 Ma. A single but notable **°Pb/***U age
of 257 + 6 Ma from an inherited core (Figure 5-3) fell outside the primary discordance cut-off at
15.1%. While this age cannot be regarded as precise due to the high discordance it is indicative of

a provenance age close to the host sediment depositional age.
Discussion and Implications

Zircon inheritance patterns can be used as a tectono-magmatic fingerprint of a region. Specifically,
inherited age patterns can be used to help match terranes and infer the source, or in this instance,
a magmatic pathway for the intrusives. This method has been used around the world as support
for the age and tectonic evolution of a terrain (Van Wyck and Williams, 2002; Paquette and Le
Pennec, 2012). For the first time, we interpret the tectonic context of zircon inheritance patterns
for the magmatic rocks that form throughout the compression-dominated evolution of the Papuan
Highlands.

In what appears to be a continuous and uninterrupted magmatic arc, results of this study show
that two spatially associated intrusives, Ok Tedi and Baia not only occupy comparable geological
positions within deformed Triassic-Jurassic platform sedimentary rocks of the Papuan Fold and
Thrust Belt (Figure 5-1) but they are also considered to be of the same Quaternary age (Chapter
2). Despite these similarities, the inherited age populations exhibited by the magmatic rocks
contrast markedly. The western-most sample of the suite, sample 32A from Ok Tedi, exhibits
Paleoproterozoic ages with a single Permian age. In contrast, the eastern-most of the two samples
from Baia (JD15) exhibits Permian-Triassic ages (Figure 5-4). The majority of inherited zircons
from both samples are also abraded (Figure 5-3) suggesting that the zircons are detrital in origin.
This interpretation is also supported by an oxygen and hafnium isotope study on Ok Tedi inherited

zircons (van Dongen et al. 2010).

A detrital origin for the inherited zircons rules out a direct link to crustal basement ages. However,
the striking age contrast must be explained in lieu of outstanding differences in tectonic setting.
This may reflect, for example, a regional tectonic setting contemporaneous with deposition of the
Jurassic-Cretaceous sediments where uplift and exhumation of the Permo-Triassic Tasmanides
resulted in a high rate of zircon supply in detritus to adjacent sedimentary basins (e.g. Baia),

while distal continental platform depocenters in the west were comparatively starved (e.g. Ok
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Tedi). Such sedimentological relationships can be interpreted as foreland basin and passive
margin depositional settings respectively, in line with findings by Cawood et al. (2012) (Figure
5-5). Although limited to just two samples, the contrasting age populations resemble documented
timing across the Tasman Line in eastern Australia (e.g. Glen, 2005) and justify an interpretation
that supports previous suggestions that the Tasman line has been underthrust to the north beneath

Papua New Guinea.

In 2005, Cloos et al. proposed that along-strike structural variation in the New Guinea Orogen
was controlled or influenced by the type of basement being thrust northward under the younger
fold belt rocks. Similar along-strike variations in orogen morphology are characteristic of major
orogenic belts and exemplified by the Cordilleran and Himalayan orogens (Kley et al., 1999;
McClelland et al., 2000; Yin, 2006; McQuarrie et al., 2008). The inherited ages presented above

support this interpretation and, with this extra information at hand, a more accurate and informed
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Figure 5-5. Regional-scale interpretation for the location of the Tasman Line and crustal
architecture in Australia and New Guinea. NGMB: New Guinea Mobile Belt. A schematic
section is illustrated below highlighting the depositional and tectonic setting of samples in this
study (modified from Cawood et al., 2012).
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interpretation of the controls on upper plate tectonics can be made. In the western New Guinea
Orogen, deformation is dominated by en-echelon folding with subsidiary thrust faulting (Cloos
et al., 2005), while both thin and thick-skinned thrust faulting with subsidiary folding control
the morphology in the east (Hobson, 1986; Hill, 1991). Guided by the inherited zircon ages, |
propose that a major structural transition is coincident with the change in inherited zircons, from
fold-dominated to fault-dominated deformation east of Baia (Figures 5-1 and 5-5). I interpret
this transition to mark the location of the Tasman Line. This transition has also impacted on
the occurrence or preferential exposure of magmatic rocks in the region. Intrusive magmatic
rocks are dominant in the west, while volcanism or extrusive rocks are preserved in the east
(Figures 5-1 and 5-5). This partitioning may reflect variations in the degree of uplift or style of
deformation through faulting and thrusting but may also suggest differences in the development
of suitable conduits for magma migration from source to surface. Regardless, the transition
between deformation styles and magmatism provides a compelling argument for constraining

the location of the Tasman Line in New Guinea.

The recognition of the Tasman Line beneath Papua New Guinea holds applications beyond the
recent morphological development of New Guinea with implications for our wider understanding
of convergent margin processes. For example, intraplate alkalic basalts hosting the giant Porgera
gold deposit (Richards et al., 1990) overlie the interpreted trace of the Tasman Line in the New
Guinea Orogen (Figure 5-1). This geochemistry is unique within the extensive calc-alkaline
Maramuni arc of Papua New Guinea, highlighting discrete geochemical domains within a
continuous magmatic arc. Major crustal sutures or discontinuities entering convergent plate
boundaries are prone to significant buoyancy contrasts and reactivation, particularly between
a craton and bounding orogenic belt. I suggest that reactivation of the Tasman Line during
subduction resulted in tearing of the lower plate allowing influx of mantle material, and resulting
in the anomalous geochemistry and gold-endowment of Porgera. Therefore, major crustal
discontinuities such as the Tasman Line may have a profound influence on subduction dynamics
and the metal potential at convergent margins. Furthermore, constraint of the Tasman Line within
New Guinea and recognition of the orogenic expressions of underlying crustal architecture
during continental collision hold implications for our understanding of both active and ancient

plate boundaries.
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Abstract

The Bismarck Sea region of Papua New Guinea is marked by recent arc-continent
collision giving rise to a highly dynamic tectonic environment, characterized by
complex plate interactions that are yet to be fully understood. We present a new
crustal and upper mantle crustal architecture model for northeastern Papua New
Guinea and western New Britain that reveals complex tectonic geometries of
overprinting slab subduction and partial continental subduction, resulting in a
unique setting in which to investigate along-arc magmatic variation. Earthquake
hypocentre databases are combined with detailed topography and seafloor structure
together with geology and regional-scale gravity to unravel the sub-surface structure
of northeastern Papua New Guinea. These data are used in conjunction with an
updated 3-D slab map of the region to propose a new interpretation of the area
whereby Australian continental crust extends as an underthrust block beneath the
accreted Finisterre Terrane. The subducting continental crust combined with slab
stagnation has resulted in a complex pattern of arc-related geochemical signatures
from east to west along the Bismarck arc. In the east where the Solomon Sea plate
is subducting beneath New Britain, the sedimentary component is low whereas in
the west the arc volcanics exhibit a greater sedimentary component, consistent with
subduction of Australian crustal sediments. As a result, a new plate reconstruction
is provided for the region together with a forward-looking reconstruction of the
Papuan peninsula, the Solomon Sea plate and New Britain that illustrates that the

same process will likely be repeated in some 5-10 m.y.
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Introduction

The boundary between the northern Australian plate and the Pacific plate, which includes the
Bismarck Sea region of Papua New Guinea (Figure 6-1), comprises some of the youngest and
most active tectonic elements of the southwest Pacific (e.g. Taylor, 1979; Abbott, 1995; Martinez
and Taylor, 1996; Weiler and Coe, 2000). Northward motion of the Australian plate has led
to a scenario where both continental and oceanic crust is interacting along the northern plate
boundary. The complexities of present-day crustal and mantle geometries have emerged from
new information and a reinterpretation of the mechanisms leading to the tectonic amalgamation
of the area is required. Here we focus on just the latest 4 m.y. or so in northeastern Papua New
Guinea where in this short time arc-continent collision has consumed tectonic plates and uplifted
mountain ranges to more than 4000 m, neighboured by contemporary island arc magmatism,
culminating in highly dynamic and striking geological landscapes. Numerous workers have
sought to explain these processes of, for example, arc volcanism in the western Bismarck Sea, the
source of earthquakes, or the timing and nature of arc-continent collision; however, these models
lack an overarching geological model with cross-disciplinary foundations that can account for all

geological phenomena.

We present a compilation and reinterpretation of an extensive catalogue of previous data,
including topography/bathymetry, earthquake hypocentres, regional-scale gravity, geology and
geochemistry, and models depicting the complex tectonic history of Papua New Guinea and the
southwest Pacific. From this we re-evaluate and address gaps in our knowledge of the present
day 3-D tectonic setting of northeast Papua New Guinea and the Bismarck Sea. Using a new and
robust regional tectonic model, we assess the role of recent arc-continent collision in construction

of the present-day tectonic puzzle that is Papua New Guinea.

The global importance of arc-continent collision has been addressed by several authors related to
the Africa-Europe collision (e.g. Rosenbaum et al., 2002; Kley and Voigt, 2008) or the India-Asia
collision (e.g. Hendrix et al., 1994; Sobel and Dumitru, 1997; Najman et al., 2010), however, the
southwest Pacific offers the unique opportunity to observe the process in action. Furthermore,
recognition of the subtle processes and mechanisms of collision that are not apparent at the
surface, such as crustal underthrusting and associated arc magmatism, will contribute to our

understanding of collision events and terrane accretion at ancient convergent margins.
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Figure 6-1 Topography, bathymetry and major tectonic elements of the Bismarck Sea region.
a) Major tectonic boundaries of Papua New Guinea and the western Solomon Islands; CP,
Caroline plate; MB, Manus Basin; NBP, North Bismarck plate; NBT, New Britain trench;
NGT, New Guinea trench; NST, North Solomon trench; PFTB, Papuan Fold and Thrust Belt;
PT, Pocklington trough; RMF, Ramu-Markham Fault; SBP, South Bismarck plate; SCT, San
Cristobal trench; SS, Solomon Sea plate; TT, Trobriand trough; WB, Woodlark Basin; WMT,
West Melanesian trench. Study area is indicated by rectangle; red inset rectangle highlights
location for subsequent figures. Present day GPS motions of plates are indicated (from
Tregoning et al., 1998, 1999; Tregoning, 2002; Wallace et al., 2004). b) Detailed topography,
bathymetry and structural elements significant to the South Bismarck region (terms not in
common use are referenced); AFB, Aure Fold Belt (Davies, 2012); AT, Adelbert Terrane (e.g.
Wallace et al., 2004); BFZ, Bundi Fault Zone (Abbott, 1995); BSSL, Bismarck Sea Seismic
Lineation; CG, Cape Gloucester; FT, Finisterre Terrane; GF, Gogol Fault (Abbott, 1995);
GP, Gazelle Peninsula; HP, Huon Peninsula; MB, Manus Basin; NB, New Britain; NI, New
Ireland; OSF, Owen Stanley Fault; RMF, Ramu-Markham Fault; SS, Solomon Sea; WMR,
Willaumez-Manus Rise (Johnson et al., 1979); WT, Wonga Thrust (Abbott et al., 1994); minor
strike-slip faults are shown adjacent to Huon Peninsula (Abers and McCaffrey, 1994) and in
east New Britain, the Gazelle Peninsula (e.g. Madsen and Lindley, 1994). Red points indicate
centres of Quaternary volcanism of the Bismarck arc. Filled triangles indicate active thrusting
or subduction, empty triangles indicate extinct or negligible thrusting or subduction.
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Tectonic Setting

Papua New Guinea and much of the southwest Pacific occupy a zone of oblique convergence
between the Australian and Pacific plates (Figure 6-1). The tectonic history of the region is
significantly more complex than other arcs due to the number of recognised small plates within
the region. This scenario arises from the positioning of Papua New Guinea within a regional-scale
collision zone between the Australian continental crust in the south (Abbott, 1995; Hall, 2002;
Davies, 2012) and the Ontong Java Plateau in the northeast (Petterson et al., 1999; Hall, 2002;
Mann and Taira, 2004). The relative direction of plate convergence has resulted in development
of oblique spreading centres and the formation of numerous micro-plates and associated plate
boundaries. The principal tectonic elements comprising this complex zone are shown on Figure
6-1 but emphasis is placed on the Australian plate, the Finisterre Terrane (described in detail

below), New Britain and the North and South Bismarck plates.

Previous research has suggested that from the Upper Oligocene to the latest Neogene, northern
Papua New Guinea is marked by a series of arc-continent collisions. The youngest and most
significant of these collisions resulted in the accretion of the Adelbert and Finisterre Terranes,
the latter of which forms a prominent topographic high known as the Finisterre Range (Figure
6-1; Abbott et al., 1994; Abbott, 1995). Abbott et al. (1994) studied clastic sequences on the
southern flanks of the Finisterre Range and concluded that the collision must have initiated at ca
3.7-3.0 Ma. The Adelbert and Finisterre Terranes are largely composed of Paleogene through to
earliest Neogene volcanic arc rocks overlain by Miocene to Plio-Pleistocene limestone (Jaques
and Robinson, 1977; Weiler and Coe, 2000). Collision of these terranes with Papua New Guinea
is interpreted to have resulted from the closure of the Solomon Sea at the New Britain trench
due to subduction-driven convergence between the Australian and South Bismarck plates (e.g.
Abbott, 1995; Hill and Raza, 1999; Weiler and Coe, 2000). Oblique collision started in the west
and propagated southeastwards, producing progressive thrusting and uplift of the north coast
Adelbert and Finisterre Ranges (Johnson and Jaques, 1980; Abbott, 1995; Weiler and Coe, 2000).

At present, the ongoing convergence between the Finisterre Terrane and the Australian plate
is accommodated by activity along the Ramu-Markham Thrust Fault (e.g. Cooper and Taylor,
1987, Abbott et al., 1994; Pegler et al., 1995). All previous studies regarding this episode of arc-
continent collision have focused on the Finisterre Terrane, the uplifted and exposed upper plate.
The outstanding topography of the Finisterre Range, however, only arises as the Finisterre Terrane
is thrust over the former northern coastward margin of Papua New Guinea. This concept, and the

nature or expanse of the now underthrust Papua New Guinea margin has only been suggested
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in passing by previous studies, but should be regarded as an important, although missing piece
of Papua New Guinea. This statement is particularly significant given the prominence of major
suture zones and structures converging with the Ramu-Markham Fault and underthrust beneath

the Finisterre Terrane, for example the Owen Stanley Fault and the Aure Fold Belt (Figure 6-1).

The recent collision of the Adelbert and Finisterre Terranes is reflected in the regional tectonics
of the Bismarck Sea. The inferred timing of plate coupling at 3.7 Ma (Abbott et al., 1994) is
coincident with the earliest breakup and opening of the New Britain back-arc, which in turn
created two new microplates, the North and South Bismarck plates (Taylor, 1979). The South
Bismarck plate is currently rotating clockwise at a rate of 8%/Ma relative to Australia (Tregoning
et al., 1999; Weiler and Coe, 2000; Wallace et al., 2004) while the west-northwest motion of the
North Bismarck plate is similar to the Pacific plate (Tregoning et al., 1998; Wallace et al., 2004)
suggesting almost complete coupling between the North Bismarck and Pacific plates (Figure
6-1). In the eastern Bismarck Sea, the East Manus spreading centre separates the North and
South Bismarck Sea plates (Martinez and Taylor, 1996). However, in the western Bismarck Sea,
the boundary becomes the Bismarck Sea seismic lineation, defined primarily by earthquake
epicentre locations and characterized by left-lateral transform faults and associated step-over rifts
(Denham, 1969; Taylor, 1979). Thus, the Manus Basin accommodates the majority of extension
and rotation in the eastern part of the Bismarck Sea while in the west, the Bismarck Sea seismic
lineation becomes a discrete, east—west oriented strike-slip plate boundary (Figure 6-1; Cooper
and Taylor, 1987; Llanes et al., 2009).

North-dipping subduction of the Solomon Sea plate beneath New Britain, in addition to the
convergence responsible for terrane accretion, has resulted in the formation of the active Bismarck
volcanic arc. The arc occupies the northern part of the island of New Britain and extends to the
west where it is present as a series of volcanic islands off the northwest coast of New Britain and
northeast coast of the Papua New Guinea mainland where it forms the West Bismarck Arc (Figure
6-1). The composition of the volcanics centred on and around the island of New Britain range
from basalt to rhyolite with typical low-K, island arc tholeiite signatures (Jakes and Gill, 1970).
The compositions differ markedly in the West Bismarck arc with predominantly a medium-K
character (Woodhead et al., 2010). Along-arc variation, recently been investigated by Woodhead
et al. (2010), is discussed below.
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Data and Data Analysis Techniques

Earthquakes

The interpretations and reconstructions presented below have been resolved using a variety of
datasets combined into a single 3-D tectonic map of the region using the software GOCAD.
Seismic data provides a useful indicator for active tectonic structures such as faults and
subducting slabs (Figure 6-2). We utilise a combination of earthquake records including the EHB
hypocentre catalogue (Engdahl et al., 1998; Engdahl, 2006) and the USGS National Earthquake
Information Center (NEIC) database for the period between 1973 and 2010 (Figure 6-2). In
addition, Centroid-Moment-Tensor (CMT) earthquake solutions were derived from the Harvard
Global CMT database (1976-2010) and plotted within ArcScene in ArcGIS using the USGS 3D
Visualizations of Earthquake Focal Mechanisms extension. The NEIC earthquake database and
CMT database include all earthquakes with moment magnitude values (Mw) greater than Mw

4.5; the EHB database utilises earthquakes greater than Mw 4.3.

The earthquake hypocentre data were scrutinized using a variety of software and techniques.
Initially, the data was imported into the 4DEarth model (GOCAD) where slab surface models
were derived. Details of the slab model are presented below. In order to estimate earthquake
abundance distributions and clustering (Figure 6-2), a simple gridding function was used to
derive a map highlighting the number of earthquakes within grid cells with dimensions of 0.04 x
0.04 degrees latitude and longitude. This grid cell size allowed the minimum number of cells to
be chosen without biasing towards the generation of many separate but isolated clusters or points.
In addition, the use of equi-dimensional cell size removed any directional bias; therefore, the
trends observed in the density distribution maps represent a true cluster orientation. The results
are presented as a series of density distribution maps which are plotted for depth bins of 0—40
km, 40—100 km and 100-300 km (depths of 0-20, 20—40, 40—60, 60—80, 80—100, 100—120 and
120—-140 km are shown in Figure 6-3).

126



Chapter 6 A re-evaluation of tectonics in the Bismarck Sea region

14ZE 143E 144E 143E 146E 147E 148E 148E 150E

Paridatite,
and serpentinita
7S
[ e bl
Earthquakes
0-100 km
BS
33

Earthquake Density
0-100 km

Figure 6-2 Seismicity and major structure of northwest Papua New Guinea. Earthquakes
are derived from the NEIC earthquake database (1990-2010) for the 0-100 km depth bin.
a) Seismicity, structure and geology of the southwest Bismarck Sea—Huon Peninsula region.
Structures and labels follow Figure 6-1b; see text for discussion of geology. b) Earthquake
density distribution map for the same region. Earthquake densities are contoured from high
density (white) to low density (blue). We note there are high-density earthquake clusters
adjacent to the point where the Bundi Fault Zone and Owen Stanley Fault intersect and under-
thrust the Ramu-Markham Fault.
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Figure 6-3. Earthquake density distribution maps for depth bins of 0-20, 20—40, 40—60, 60—
80, 80—-100, 100—120 and 120—140 km. Earthquake densities are contoured from high density
(white) to low density (blue).
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Seafloor Gravity and Topography

Seafloor gravity data for the Bismarck Sea (Figure 6-4) is sourced from the Australian Bureau of
Mineral Resources (1970). The gravity model provided has been corrected for a uniform ocean

thickness.

Topography and bathymetry data derived from the National Oceanic and Atmospheric
Administration ETOPOI1 1-minute global relief model (Amante and Eakins, 2009) provide an

additional framework for correlation and interpretation.

Geochemical Data

Woodhead et al. (1998, 2010) created an extensive geochemical dataset for the New Britain and
West Bismarck arcs based on new and existing geochemical data from New Britain from Johnson
and Chappell (1979) and Woodhead and Johnson (1993). The majority of this geochemical data
was produced for major and trace elements by X-ray fluorescence (XRF) and limited use of spark-
source mass spectrography (SSMS; Johnson and Chappell, 1979; Woodhead and Johnson, 1993;
and references therein). Woodhead and Johnson (1993) and Woodhead et al. (1998, 2010) used
inductively coupled plasma mass spectrometry (ICPMS) and Pb, Sr, Nd and Hf isotope analyses
to develop the best compilation of data for eastern Papua New Guinea. Woodhead et al. (2010)
investigated along-arc geochemical changes of the Bismarck arc, and we re-evaluate this data in

the context of the new tectonic model presented here.
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Figure 6-4 Seafloor free-air gravity anomaly map for the southwest Bismarck—Huon Peninsula
region (Data from Australian Bureau of Mineral Resources, 1970).
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Interpretation and Results

Subduction Zone and Slab Architecture

Previous work in the region focused on establishing an accepted plate boundary model using
information such as seismicity and instantaneous GPS motions (e.g. Denham, 1969; Johnson and
Molnar, 1972; Ripper, 1982; Abers and Roecker, 1991; Pegler et al., 1995; Wallace et al., 2004).
It is widely accepted that multiple subduction zones have existed since the beginning of crustal
amalgamation of Papua New Guinea, however the details pertaining to the geometry and type of
crust subducting along the northeastern Papua New Guinea coast and western New Britain are

unresolved, despite its infancy.

Construction of new 3-D subducted slab models, up to 600 km depth in the mantle, build on
earlier work by O’Kane (2008). Earthquake hypocentre data (Engdahl et al., 1998; Engdahl,
2006) are primarily used to generate the 3-D models of subducted slab with all earthquakes
below 100 km assumed to occur within the subducting plate (Isacks et al., 1968). The method for
constructing slabs follows that outlined in Richards et al. (2007, 2011). The Global CMT database
is examined in 3-D to assist in interpreting the geometry of the slab. The final interpreted slab
geometry of the composite Australian plate (Solomon Sea plate, Woodlark Basin and Australian
plate) subducted at the New Britain and San Cristobal trenches, and termed the Solomon slab, is
presented in Figure 6-5. Miller et al. (2006) used a similar method of analysing slab geometries in

conjunction with earthquake failure solutions beneath the southern Mariana Arc.

Overall, the Solomon slab exhibits a moderate dip between the surface and ~100 km depth; below
this depth, the slab is steeply dipping. West of the New Britain trench-Trobriand trough triple-
junction, the Solomon slab currently resides at a depth of ~100 km, and remains close to this
depth until it terminates in the west beneath central Papua New Guinea. Furthermore, a north-
dipping slab component is modelled in the west which extends to ~250 km depth below west
New Britain and continues to the west at shallower depths (Figure 6-5), consistent with findings
from Johnson and Molnar (1972), Johnson and Jaques (1980), and Abers and Roecker (1991). A
restricted south-dipping slab component is also imaged but this is limited to the region adjacent
to the Huon Peninsula, accounting for observations made by Ripper (1982), Cooper and Taylor
(1987), Pegler et al. (1995), and Woodhead et al. (2010). The lack of a definitive modern seismic
or tomographic signature for either an extensive slab at depth, or plate interface seismicity at
the trench (Hall, 2002; Hall and Spakman, 2002) suggests that there is very little evidence for
substantial southward subduction at the Trobriand trough (Johnson and Molnar, 1972; Johnson

and Jaques, 1980; Abers and Roecker, 1991) in agreement with the slab map present here. A small
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tear in the slab is interpreted below the eastern margin of the Huon Peninsula; this fundamentally

separates the western slab domain from the remaining Solomon slab in the east.

Adjacent to east New Britain and New Ireland, the curvature of the trench and subducted slab, and
associated subduction of an originally flat oceanic crustal sheet have resulted in the development
of a vertical tear in the slab (Figure 6-5); in line with findings suggested by Cooper and Taylor
(1989). At present the tip of the tear terminates beneath southern New Ireland and exhibits a

western and an eastern flank propagating beneath the Tabar-Lihir-Tanga-Feni arc; the western
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Figure 6-5 3-D model of the Solomon slab comprising the subducted Solomon Sea plate, and
associated crust of the Woodlark Basin and Australian plate subducted at the New Britain
and San Cristobal trenches. Depth is in kilometers; the top surface of the slab is contoured
at 20 km intervals from the Earth’s surface (black) to termination of slab-related seismicity
at approximately 550 km depth (light brown). Red line indicates the locations of the Ramu-
Markham fault (RMF)—New Britain trench (NBT)—San Cristobal trench (SCT); other major
structures are removed for clarity; NB, New Britain; NI, New Ireland; SI, Solomon Islands; SS,
Solomon Sea; TLTF, Tabar—Lihir—Tanga—Feni arc. See text for details.
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flank propagated beneath Lihir (where the slab lies some 550 km below due to the steep dip). The
tear here is significant because it provides a window where the asthenosphere can penetrate from
the rear of the slab to the front. To the east, the Solomon slab is dipping beneath the Solomon
Islands and reaches a maximum interpreted depth of 500 km. The subducted slab here exhibits
less “structure” than the slab to the west; however, research focused on mapping the subducted

extent of the Woodlark Basin rift is ongoing.

Gravity and Seismicity Correlation

At the relatively shallow sub-crustal depths (in the order of 50—100 km), upper crustal features
can mask seismic tomography and earthquake distribution. We instead utilize regional seafloor
gravity free-air anomaly data obtained during the 1970 Hamme Cruise (Figure 6-4; Australian
Bureau of Mineral Resources, 1970) to help interpret crustal boundaries. In particular, we focus
on the region adjacent to the Huon Peninsula and north coast of Papua New Guinea (Figure 6-1).
Figure 6-6 presents the gravity data together with seismicity and the interpreted slab model. A
large gravity-low anomaly is observed trending sub-parallel to the northern coast of Papua New
Guinea defined by negative gravity values (Figure 6-4). The gravity low is particularly intense to
the north of the Huon Peninsula (Davies et al., 1987; Honza et al., 1987). This anomalous gravity-
low also corresponds with the location of intense seismicity beneath the Huon Peninsula at depths
of between 0 and 100 km (Figure 6-6). Gravity and seismicity anomalies of the two datasets
correlate extremely well suggesting a relationship between the two, to a depth of up to 100 km.
This level of seismicity has been attributed to the presence of Australian lithosphere at up to 100
km depth (Pegler et al., 1995; Woodhead et al., 2010); however, this has only been explored in 2-D
sections adjacent to the eastern Huon Peninsula without consideration given to the 3-D extent of

the seismicity.

Figure 6-6 Gravity and seismicity correlation for the southwest Bismarck—Huon Peninsula
region. All earthquakes illustrated are from the NEIC earthquake database (1990-2010)
and projected on the Bismarck Sea seafloor gravity anomaly map and topography (a and c);
and associated earthquake density distribution maps (b and d). a and b) gravity and seismic
correlation between 40 and 100 km depth; the top surface of the slab map above 100 km depth
is shown as a white shaded area (a) and area outlined in black (b). A large area of anomalously
high earthquake density trending east-southeast—west-northwest and outlined by the red
dashed line does not show a relationship with the defined windows for slab-related seismicity
(a and b); furthermore, this anomalous seismic region correlates well with the negative (low;
purple) gravity anomaly to the north of- and beneath the Huon Peninsula. We make note of the
two highest density earthquake clusters; the largest in extent of the two lies at the southeast tip
of the Huon Peninsula, this is a region of overlap between both the slab map and anomalous
seismicity/gravity correlation implying multiple earthquake sources superimposed; the second
is located at the approximate centre of the Finisterre Terrane and holds the greatest observed
density, this will be discussed later. ¢ and d) gravity and seismicity correlation between 100
and 300 km depth; the top surface of the slab below 100 km to termination is shown according
to the previous description; as this surface represents the top of the slab, where the top surface
is above 100 km depth, earthquakes occurring below this depth and within the slab are not
atypical. Seismicity in this depth range correlates well with the outlined slab map and show
little relationship with gravity anomaly trends. A zone of intense, high density seismicity is
present north of the Huon Peninsula, this has previously been referred to as the “Finisterre
Nest” (Abers and Roecker et al., 1991).
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An additional component of the anomalous gravity low is present to the southeast of our interpreted
upper mantle crustal anomaly. This is not as seismically active as the remainder of the anomalous
zone and falls within the normal bounds of slab-related seismicity for the region. This anomaly
is also consistent with elevated bathymetry at the surface, and can therefore be attributed to

thickened crust between the Ramu-Markham Fault-New Britain trench and the Wonga Thrust.

Previous Interpretations of Geochemistry

Woodhead et al. (2010) concluded that the West Bismarck and New Britain arcs are both “typical”
subduction-related volcanic arcs, and although contiguous along strike, exhibit very different
geochemical characteristics. The arc was divided into two parts, the West Bismarck arc and New
Britain arc with the line separating the two drawn between the western-most volcanoes of New
Britain (Cape Gloucester; Langila, Aimaga, Tangi, and Gloucester) and the remainder of New
Britain in the east (Woodhead et al., 2010). In the most general terms, the distinction between
New Britain and West Bismarck arcs equates to a tholeiitic—calc-alkaline transition (Jakes and
Gill, 1970; Woodhead et al., 1998, 2010), and may reflect underlying differences in the nature and
composition of the mantle wedge or subducting plate, or the processes of mass transfer between
the two, or alternatively is a consequence of collisional processes during accretion of the Adelbert

and Finisterre Terranes (Woodhead et al., 2010).

Along-arc geochemical trends of elements, ratios, and isotopic variation utilising a compilation of
data from both Woodhead et al. (1998, 2010) are shown in Figure 6-7. Further characteristics of
this arc will be discussed below. Woodhead et al. (2010) identified important differences between
the geochemistry of the two arcs. Arc lavas from the New Britain volcanic front are derived from
a mantle source highly depleted in many incompatible trace elements (Woodhead et al., 1998),
while the least evolved West Bismarck arc lavas generally have higher HFSE contents than the
New Britain volcanic front. Extreme element depletion in the New Britain lavas is typically
attributed to prior melt extraction in the back-arc Manus Basin, however, the same process does
not operate to the same extent on the mantle source of the West Bismarck lavas (Woodhead et al.,
1993, 2010). The Sm/La ratios (Figure 6-7), which are higher in New Britain, suggest a depleted
mantle source when compared to the West Bismarck arc lavas. Furthermore, the decrease in the
Sm/La ratio to the west together with a decrease in the size of volcanic edifices and eruption
rate (Johnson, 1977) suggests the degree of mantle melting falls dramatically from east to west
(Woodhead et al., 2010).
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Figure 6-7 Along-arc geochemical variation in selected major and trace elements, trace element
ratios, and isotopic ratios for the West Bismark and New Britain arcs (data from Woodhead et
al., 1998, 2010). See text for further discussion.
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In addition, Woodhead et al. (2010) finds Th/La ratios in the West Bismarck arc are lower than
that of bulk continental crust and the “average arc” (Plank, 2005) suggesting that a sedimentary
component is apparent in the West Bismarck arc lavas. Woodhead et al. (2010) noted that prior to
collision with the South Bismarck plate, the Australian plate likely carried high Th/La sediments
derived from mainland Papua New Guinea. This is supported by the similar Th/La ratios to
average sediments from the Solomon Sea (Woodhead et al., 1998), which also contain a substantial
volcaniclastic input derived from the Papua New Guinea Highlands (Crook, 1987). Moreover,
Pb-isotopic compositions of the West Bismarck lavas, which contain relatively radiogenic Pb
compared with Manus Basin MORB (Figure 6-7), suggest a strong “crustal” signature is evident,
again similar to Pb compositions found in the Solomon Sea sediments. Hafnium and Nd isotope
ratios show opposite but similar trends exhibiting the highest ratio values in the New Britain arc
and decreasing in the West Bismarck arc; Woodhead et al. (2010) interpreted this as a response
to arc-continent collision where increased proximity to a crustal source dramatically increased
the proportion of continent-derived detritus delivered to the subducting slab. These geochemical
observations are important and differentiate the New Britain arc magmas, predominantly mantle
derived but with a very small sedimentary component, from the West Bismarck arc where the

sedimentary component is interpreted to be much greater.

Discussion

Crustal Architecture

The seismological activity or inactivity of major structures and plate boundaries should be
apparent over a regional-scale, even taking into account the relatively short geological window of
earthquake recording. The principal cause of seismicity in the Bismarck Sea region is subduction
at the New Britain trench; this has long been recognised and accepted as the origin for shallow
through to deep earthquakes. On the same regional-scale, additional earthquake trends related
to major structure and plate boundary activity are those of the Bismarck Sea seismic lineation
and New Guinea trench in the north and northwest, and the Papuan Fold and Thrust Belt to the
southwest (Figures 6-1 and 6-2). These major tectonic structures have long been defined and are
well understood. However, shallow to intermediate depth seismicity of the northeast Papua New
Guinea mainland is characterized by a somewhat chaotic distribution of earthquakes (Figure 6-2).
While much of the shallow seismicity has previously been correlated with upper crustal structure
(Cooper and Taylor, 1987; Abers and McCaffrey, 1994; Stevens et al., 1998), it is evident that a
significant proportion cannot be clearly related to any recognized structural control (Figures 6-2
and 6-6).
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Figure 6-8 Interpretation of present day tectonic plate configuration and magmatic arc
distribution in northeastern Papua New Guinea. Gravity anomaly map is provided as a base
map. Bold black outlines illustrate the extent of the underthrust continental crust, formerly
the leading edge of the Papua New Guinea mainland; and the associated correlation of the
Bundi Fault Zone and Owen Stanley Fault in the under-thrust crust. CMT solutions are shown
for the under-thrust margin between 40 and 90 km depth. Below the under-thrust margin, the
distribution of subducted oceanic crust of the Solomon slab is shown for comparison, and is
contoured at 40 km and 100 km until termination to the slab. The “Bismarck arc” is divided
into the West Bismarck arc, New Britain arc, and mixing zone between the two; these are
derived from continental crust, oceanic slab, and a combination of the two respectively. Cross
sections through the plate arrangement are provided to illustrate the 3-D framework of the new
plate arrangement and context of corresponding fluid sources of the equivalent magmatic arc.
See text for discussion.

137



Chapter 6 A re-evaluation of tectonics in the Bismarck Sea region

As presented in this study, the anomalous seismicity is focused beneath the Finisterre Terrane and
immediate adjacent areas (Figures 6-2 and 6-6). This zone is defined by an uncharacteristically
high abundance of earthquakes compared with “typical background” seismicity (Figure 6-6),
and defines a zone extending from the surface to approximately 100 km depth beneath northeast
Papua New Guinea. Furthermore, this feature correlates with a negative gravity anomaly that
cannot be easily related to any near surface geological phenomena (Figure 6-4). Similar gravity
lows observed adjacent to trenches are commonly interpreted as subducted low-density crust
(Morales et al., 1999; Mishra et al., 2000), or alternatively, as crustal thickening and stacking of
low-density crust during orogenesis (Stern, 1995; Casas et al., 1997). Both scenarios are typical
of convergent margin settings much like the recent history of the Bismarck Sea region. We
propose the anomalous gravity-low in combination with anomalous seismicity is the expression
of a previously undefined crustal block underthrust beneath the Adelbert and Finisterre Terranes
during collision with the Papua New Guinea margin. In addition, this crustal block is interpreted
to be continental crust that is the underthrust and subducted leading edge of Papua New Guinea
(Figure 6-8). This is significant in that the nature of the continental margin has not previously
been considered in the context of the northern Papua New Guinea accreted terranes and holds
implications for the dynamics of terrane collision processes. The extent of the underthrust margin
is further supported by CMT solutions. These are illustrated in Figure 6-8 for between 40 and 90
km depth and highlight a regional compressional stress field orientated WNW-ESE, consistent
with the trend of the underthrust margin; this regional stress distribution has previously been
recognised in Australian lithosphere by Woodhead et al. (2010). At the eastern boundary of
the underthrust margin we see evidence for more complex deformation occurring through
translational source mechanisms and an additional dilational regime, rotated into a generally

northeast—southwest orientation (Figure 6-8).

If we infer the underthrust Papua New Guinea margin is similar in extent to the margin prior to
terrane accretion, we can begin to add detail to this crustal block and place it in the context of the
surrounding structure and geology expressed at the surface. Within the seismic signature of the
underthrust block (Figures 6-2 and 6-6) there are earthquake clusters typified by an increase in
the density of seismic activity that are confined to the north side of the Ramu-Markham Fault—
New Britain trench plate boundary. The regional context of these clusters, and likewise the source
regions has not previously been investigated. It is clear from Figure 6-2 that these clusters are
proximal to major structures; the Bundi Fault Zone, Aure Fold Belt, and Owen Stanley Fault,
where the structures are currently being underthrust beneath the Finisterre Terrane at the Ramu-
Markham Fault. We interpret this seismicity as possible reactivation of the former structural
suture zones during their passage beneath the Finisterre Terrane. It is reasonable to assume this
structure will continue to depth in the downgoing crustal block, and likewise can be defined by

a similar earthquake cluster at greater depths as observed between approximately 20 and 60 km
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(Figures 6-2 and 6-6). Furthermore, we propose that based on this premise, and similarities in
geological context, that is, ophiolite belts of similar interpreted age adjacent to, and exhibiting
analogous structural and tectonic relationships to major suture zones, that the Bundi Fault Zone
and Owen Stanley Fault can be correlated as the same structural discontinuity (Figure 6-8). This
provides a new context for major structures within Papua New Guinea as regionally significant

suture zones rather than discrete and unrelated geological phenomena.

Along-Arc Geochemical Variation

Given the constraint provided by the new crustal architecture model presented here, we can
begin to address the implications of these findings and re-evaluate current geological models of
northeastern Papua New Guinea. Most significantly, we can reinterpret the geochemical signatures
of the currently active New Britain and West Bismarck arcs within a robust tectonic framework.
It becomes clear from the Solomon slab map that the New Britain arc is related to the Solomon
slab adjacent to the island of New Britain (Figure 6-8). However, in the western Bismarck Sea,
the north-dipping limb of the subducted slab is located to the south of the West Bismarck arc
and beneath the accreted Finisterre and Adelbert Terranes and the Papua New Guinea mainland
(Figure 6-8), spatially removed from the active West Bismarck arc. This observation immediately
brings into question the relationship between the West Bismarck arc and the subducted Solomon
slab proposed in previous studies. Instead, we suggest that the source of fluids and potential
crustal melts is readily available in the form of the underthrust edge of Papua New Guinea crust
(Figure 6-8).

The extent of the underthrust margin at depth is outlined by both gravity and seismic signatures,
consistent with the interpretations of Davies et al. (1987), Honza et al. (1987) and Woodhead et al.
(2010). At a depth of approximately 100 km in the mantle, the underthrust continental margin is
likely to be undergoing dewatering processes and contributing fluids to the mantle wedge. Given
these fluids are derived from a continental-crustal source rather than oceanic crust, this accounts
for the high sediment-signature input into the magmas and comparatively reduced slab influence
addressed above, in contrast to the New Britain arc in the east. This concept is further supported
by the frontal edge of the underthrust margin correlating spatially with the overlying arc (Figure
6-8). Therefore, we define the New Britain and West Bismarck arc as two distinct entities with
different source regions and different geochemical affinities. These two arcs are the expression
of either slab-derived fluids (New Britain arc) or continental crust-derived fluids (West Bismarck
arc). There is however, the added complication that the two arcs form a single, more or less
morphologically continuous volcanic arc. Therefore a zone must be present where fluids derived
from both subducted slab and underthrust continental crust are mixing and both contribute to arc

magmatism (Figure 6-8). This model is consistent with an observed continuum in the geochemical
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signatures between the two arcs, transitioning from a slab signature-dominated melt in the east
through to the crustal signature-dominated melt in the west (Figure 6-7). This influence of slab-
derived fluids is apparent up to approximately 146.5°E at which point the slab becomes removed
to the south beneath the underthrust continental margin and effectively blocked from any further
contribution of fluids in the arc building process (Figure 6-8). This explains the delay in the
apparent peak crustal signatures in arc geochemistry up to this point as observed by Woodhead
et al. (2010).

It is also worth noting that further to the northwest along the trend of the West Bismarck arc and
towards the Bismarck Sea seismic lineation we see a geochemical trend that is consistent with a
return to more mantle-like signatures. We suggest the Bismarck Sea seismic lineation behaves as
a leaky transform in line with findings from Llanes et al. (2009) resulting in variable continental-

derived fluid contribution to arc magmatism.

Geodynamic Evolution of the Bismarck Sea

Given the regional significance of the findings outlined in this study, we propose a new plate
tectonic reconstruction for the Bismarck Sea region that builds on previous reconstructions of the
region (e.g. Abbott, 1995; Hill and Raza, 1999; Weiler and Coe, 2000; Hall, 2002) and incorporates
the new tectonic elements introduced in this paper. Reconstructions of the Australian plate include
all previously accreted terranes. GPS measurements of current, geologically instantaneous plate
motions (Tregoning et al., 1998, 1999; Tregoning, 2002; Wallace et al., 2004) form the basis
for this new Bismarck Sea reconstruction while the published timing for events and sea floor
magnetic anomalies from Taylor (1979), Goodliffe et al. (1997), Taylor et al. (1999) and Gaina
and Miiller (2007) are used to infer the direction and rate of seafloor spreading. Paleomagnetic
rotation data for the Finisterre Terrane from Weiler and Coe (2000) is used to further constrain

reconstructions.

New reconstructions highlighting the significance of the leading Australian continental margin
are shown in Figure 6-9. Between 3 and 4 Ma the Australian plate collided with the Adelbert-
Finisterre Terrane, closing the western New Britain trench and forming the Ramu-Markham Fault
(Abbott et al., 1994; Abbott, 1995). This is coincident with decoupling and the initial formation
of the North Bismarck plate, South Bismarck plate and associated Bismarck Sea seismic lineation
(Martinez and Taylor, 1996). Continued advance of the Australian plate impinging on the western
South Bismarck plate resulted in the onset of clockwise rotation of the South Bismarck plate (e.g.
Weiler and Coe, 2000). Furthermore, the South Bismarck plate became decoupled from the North

Bismarck plate and the subducting Solomon Sea plate, allowing the South Bismarck plate to
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rotate freely about a pole southeast of the Finisterre Terrane (Tregoning et al., 1999). Rotation of
the South Bismarck plate resulted in retreat of the New Britain trench in the east and rifting and
sea-floor spreading at the Manus spreading centre from 3 Ma (Taylor, 1979; Martinez and Taylor,
1996). Fragmentation of the South Bismarck plate in response to collision with the thickened
crust of the Bundi-Owen Stanley suture zone formed the independent Adelbert microplate. Right
lateral offset of the Oligocene—Lower Miocene Finisterre Volcanics in the Adelbert and Finisterre
Terranes is interpreted to have resulted from crustal displacement along the Adelbert microplate-
South Bismarck plate boundary. Continued north-northeast motion of the Australian plate
combined with clockwise rotation of the South Bismarck plate resulted in ongoing subduction
of the Solomon Sea plate and initiation of rifting adjacent to the Manus spreading centre with

opening the Manus microplate from ca 1 Ma (Martinez and Taylor, 1996).

14-|l'E 1487E 15|2'E 14-}‘E 148°E 152°E 144°E 148°E 152°E

——, |

Figure 6-9 Tectonic reconstruction of the Bismarck Sea region. The inferred Papua New
Guinea northeastern continental margin is shown in grey, and highlights the continuation
of the Bundi—-Owen Stanley suture and the seaward continental shelf; yellow dotted line
represents the Finisterre Volcanics of the Adelbert and Finisterre Ranges. Magnetic isochrons
and spreading centres are included for the Woodlark Basin (Taylor et al., 1999), Solomon Sea
(Gaina and Miiller, 2007) and Manus Basin (Taylor, 1979). Filled triangles and open triangles
indicate normal and slow or extinct subduction respectively. AFT: Adelbert-Finisterre Terrane;
SBP: South Bismarck Plate; NBP: North Bismarck Plate; AP: Adelbert microplate; MSC:
Manus Spreading Centre; RMFZ: Ramu-Markham Fault Zone; OJP: Ontong Java Plateau.
Reconstructions are presented in a fixed hot spot reference frame.
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The concept of a separate Adelbert microplate, although presented here for the first time in a
regional context, is not a new idea and initially arose from geological observations of the volcanic
island-arc terranes in the Adelbert and Finisterre Ranges (e.g. Jaques and Robinson, 1977; Abbott
et al.,, 1994; Wallace et al., 2004). A physical boundary between the Adelbert and Finisterre
Ranges was interpreted in early mapping of cross faulting in the Finisterre Ranges (Jaques and
Robinson, 1977; Abbott et al., 1994), however, dextral translational faults defined by Abers
and McCaffrey (1994) (Figure 6-1) have been adopted as the Adelbert-Finisterre boundary in
this study. The most apparent contrast between the Adelbert microplate and South Bismarck
plate is a dramatic difference in elevation (Figure 6-1; Abbott, 1995). Abbott (1995) interpreted
that the Gowop Limestone cap both the Adelbert and Finisterre Ranges and that the contrast in
elevation of the Adelbert Range is due to less total uplift of the Adelbert block, and cannot be
attributed to erosion in the Adelbert Range. This contrast is likely to be the result of differential
plate motion with northward motion and clockwise rotation of the Adelbert microplate relative
to the South Bismarck plate resulting in a lower rate of convergence with the Australian plate.
Such differential motion also explains the observed offset of the Finisterre Volcanics common to
both ranges (Figure 6-9; Jaques and Robinson, 1977; Abbott et al., 1994). Moreover, the nature
of the continental crust underthrust beneath the Adelbert and Finisterre Terranes likely holds
implications for the degree of uplift. Reconstructions show the Finisterre Terrane was forced over,
and currently overlies the thickened crust of the Bundi-Owen Stanley suture zone, in contrast to
the marginal continental crust beneath the Adelbert Terrane, thus resulting in reduced total uplift
compared with the Finisterre Ranges. This is a new approach to explain differential uplift of the
Adelbert and Finisterre Terranes where the nature and geometry of the prior continental margin,

in combination with collision obliquity, controls accretion dynamics.

It is also apparent from previous reconstructions and those presented here that arc-continent
collision in northeast Papua New Guinea was a consequence of oblique collision between the
larger Australian and Pacific plates. This process “zipped” shut the intervening Solomon Sea
between the Papua New Guinea mainland and the outboard Adelbert and Finisterre Terranes
(Figure 6-9; Abbott, 1995; Hill and Raza, 1999). However, the zipping process continues to
the present day along this margin, therefore, collision is considered time transgressive and will
continue to migrate eastwards. Figure 6-10 presents forward-looking tectonic reconstructions
where continued subduction of the Solomon Sea plate at the New Britain trench will ultimately
consume the Solomon Sea leading to arc-continent collision between the Papuan Peninsula
(Australian plate) and New Britain. We estimate it will take approximately 5 m.y. to consume the
Solomon Sea at present plate motion rates. As in the previous instance of the Finisterre Terrane,
we predict slab pull forces acting on the subducted Solomon Sea slab coupled to the Australian
plate at the point of collision will lead to drawdown and underthrusting of the leading edge of

continental crust. This process initiates a plate configuration where New Britain is allowed to
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Figure 6-10 Forward tectonic reconstruction of progressive arc collision and accretion of New
Britain to the Papua New Guinea margin. (a) Schematic forward reconstruction of New Britain
relative to Papua New Guinea assuming continued northward motion of the Australian plate
and clockwise rotation of the South Bismarck plate. (b) Cross sections illustrate a conceptual
interpretation of collision between New Britain and Papua New Guinea.
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overthrust the continental margin. Throughout this process we predict the apparent continual
outboard migration of the associated subduction-derived magmatic arc as the accreting plate

overrides the loci of slab dewatering (Figure 6-10).

The tectonic process of arc-continent accretion is not unique to the tectonic evolution of Papua
New Guinea. In the geological record there are many recognised arc-continent collision episodes
(e.g. Teng, 1990; Rosenbaum et al., 2002; Whattam, 2009; Najman et al., 2010), and similarly
occurrences of continental crust entering a trench and failing to subduct (e.g. New Caledonia;
Aitchison et al., 1995; Rawling and Lister, 2002; Spandler et al., 2005). These collision events
are typically distinguished in field studies by the presence of ultra-high pressure metamorphic
terranes and/or obduction of ophiolite sequences, however, these observed rock types are not
present en mass in northeast Papua New Guinea, and it seems apparent that the processes of
terrane accretion and partial subduction of continental crust remain active. In the distant future
we can reasonably expect some exhumation of subducted continental crust will occur in line
with findings in ancient arc-continent collision events. Recognizing this process in the recent
geological past, and in the near future for New Britain, provides valuable insight into the
dynamics and tectonic settings that give rise to such geological phenomena. Furthermore, the
role of subducted continental crust as a potential source of fluids in magmatic arc generation, in
this case the West Bismarck arc, is a relatively new avenue of geological research and will only
occur under exceptional tectonic circumstances. Nevertheless, recognition of the expression of
continental crust-derived arcs at the surface and an understanding of the tectonic events leading
up to the generation of such apparent geological anomalies will be invaluable in unravelling

complex tectonic regions globally.

Conclusions

We re-evaluate the tectonics of northeastern Papua New Guinea and the south Bismarck Sea
region, and present a new and robust model for the 3-D architecture of the crust and upper mantle
in this region. The new tectonic plate model accounts for all the observed geological phenomena
including geology, geophysics, seismicity, arc geochemistry, topography, bathymetry, landscape
morphology, and a newly developed slab model of crust subducted at the New Britain trench,
while also drawing from studies and concepts introduced by numerous workers over decades of
research. Compilation and re-evaluation of this data reveals a previously unrecognized crustal
block at depth beneath the Finisterre Terrane on the northern Papua New Guinea coast, defined by
anomalous seismicity and a correlative negative gravity anomaly. We interpret this as the leading
edge of Australian continental crust, which has become partially subducted beneath the Adelbert
and Finisterre Terranes during arc-continent collision and terrane accretion. This continental

crust extends to a depth of approximately 100 km in the mantle where it is currently undergoing
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dewatering reactions and contributing fluids to the upper plate resulting in formation of the West
Bismarck arc adjacent to the northeastern Papua New Guinea coastline. The West Bismarck arc
is a distinct arc, separate from the slab-derived New Britain arc to the east, however, a mixing
zone exists between the two where fluids derived from both normal subduction processes and
also partially subducted continental crust are contributing to arc magmatism. In light of these
findings we present a new tectonic reconstruction for the recent development of the Bismarck Sea
in conjunction with a forward-looking reconstruction to highlight the role of marginal continental
crust in the dynamics of arc-continent collision and accretion. Furthermore, we stress the
importance of the recognition of continental crust and marginal provinces in collisional tectonic

settings and their potential to contribute in arc building processes.
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Late-Cenozoic geodynamic evolution of Papua New Guinea: Tectonics
controlled by terrane collision and subduction trench jumps

The tectonics of Papua New Guinea and the southwest Pacific are often used as an analogue to
illustrate how complex tectonic regions may have formed. However, our understanding of the
geodynamic framework for much of the southwest Pacific is often insufficient to gain worthwhile
insight into the relationships and feedbacks underpinning the complex plate tectonic settings,
which in turn negates meaningful comparisons between the active processes in the recent
geological past and those of ancient settings. Throughout this thesis I have presented multiple
examples of how we can approach and unravel the complex plate tectonic settings of Papua New
Guinea and the southwest Pacific through detailed studies of arc magmatism to gain further
understanding of processes such as terrane collision coupled with continental subduction or

underthrusting and orogenesis, and the associated subduction dynamics.

The layout of this thesis addresses the tectonic evolution of Papua New Guinea within a temporal
framework from approximately 45 Ma up to the present day. Although I will not present new plate
tectonic reconstructions of Papua New Guinea and the southwest Pacific as part of this thesis,
this work requires that new reconstructions are considered, and remains a work in progress
to be addressed in future studies. Instead, this discussion will speak to a simplified tectonic
evolution of Papua New Guinea (Figure 7-1) with referral to appropriate sections within this
thesis. I hope to demonstrate that formation of this part of the southwest Pacific is not the result
of a series of discrete and unrelated events but is instead the consequence of several regional
episodes of tectonic reorganization related to, and bounded by, major collision events resulting in
a compounding chain of tectonic feedbacks. This ultimately takes place within a framework that
accommodates and distributes the overall Australia-Pacific plate convergence culminating in one

of the most dynamic and complex tectonic regions on Earth.

Firstly, I note that while Chapter 2 does not directly contribute to my investigation of the tectonic
evolution of Papua New Guinea, it highlights developments in the methodology of dating young
zircon by laser ablation ICP-MS for application in such geologically young terrains, and provides

a scientific basis for the geochronological constraints utilized in the other sections.

The tectonic story begins with the initiation of convergent tectonics at the Australia-Pacific plate
boundary zone from approximately 45 Ma superimposed on a tectonic setting marked by long-
lived rifting and extension of the Tasman Sea that gave rise to the wider southwest Pacific. Within
the Papua New Guinea region this earlier extensional regime is represented by the Coral Sea and
“Pocklington Sea”. With the onset of oblique convergence between the Australian and Pacific

plates at 45 Ma we see the initiation of southwest-dipping subduction of the Pacific plate beneath
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Figure 7-1. Schematic time-scale for the occurrence of major collision events, subduction

dynamics and magmatism in Papua New Guinea.
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the Australian plate and formation of the Melanesian trench (Figure 7-1). This period of southwest
Pacific evolution is marked by convergence at the Pacific-Australia plate margin, however, with
formation of the new subduction regime we see the onset of renewed extension in the southwest
Pacific, likely related to slab roll-back and Melanesian trench retreat to the north and northeast.
This period is marked by spreading in the Caroline Sea and Solomon Sea in the vicinity of
Papua New Guinea from 45 Ma. Furthermore, with the onset of Pacific plate subduction we see
the development of the Melanesian arc on the overriding Australian plate. Chapter 3 covers the
dynamics and magmatism of the Melanesian arc from initiation by least 43 Ma until termination
of arc activity at 20 Ma in response to arrival of the Ontong Java Plateau at the Melanesian trench

and associated cessation of the subduction regime from 26 Ma.

With termination of subduction at the Melanesian trench convergence between the Pacific and
Australian plates must be accommodated elsewhere. Hence we see transfer of the active plate
boundary zone to the south with initiation of the Pocklington trough from approximately 26 Ma
(Figure 7-1). This effectively breaks up the Australian plate into the present day Australian plate
and a relict plate I will term the “Melanesian plate” to the north, encompassing a proto-New
Guinea (New Guinea Mobile Belt) and the Melanesian arc terranes together with the intervening
Caroline and Solomon Seas. This marks the time of an overhaul in the regional tectonic framework
and ultimately constrains the wider plate boundary zone to the Melanesian plate, between the
Ontong Java Plateau of the Pacific plate and the approaching Australian continent from the south.
Regionally, this period reflects a shift from the mainly extensional regimes to one of convergence,
highlighted by cessation of spreading in the Caroline and Solomon Seas, initiation of Australian
plate subduction at the Pocklington trough, and also accretion of the North Sepik arc terranes to

the northern margin of New Guinea.

Subduction at the Pocklington trough from 26 Ma gives rise to magmatism of the Maramuni arc
throughout Papua New Guinea. Unlike the Melanesian arc, which essentially forms a typical island
arc chain of volcanism, the Maramuni arc intrudes the New Guinea Mobile Belt, a continental
ribbon that was rifted from Australia during formation of the Pocklington Sea. Activity of the
Maramuni arc continues essentially undisturbed up until arrival of the Australian continent at
the Pocklington trough at approximately 12 Ma. Similar to the scenario of subduction cessation
at the Melanesian trench in response to arrival of the Ontong Java Plateau, we see cessation of
subduction at the Pocklington trench, however, the contrasting setting of continental collision
versus plateau collision results in diverse tectonic responses. This is reflected in Chapter 4 through
dynamic evolution in the nature of Maramuni arc magmatism, possibly related to underthrusting
of the leading Australian continental margin beneath the New Guinea Mobile Belt together with
the onset of crustal shortening forming the New Guinea Orogen. The structure and morphology

of the growing New Guinea Orogen is controlled by the nature of the underthrusting Australian
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continent and pre-existing crustal architecture as highlighted in Chapter 5. Regionally, we do
see further similarities between Ontong Java collision and Australian continental collision. Once
the corresponding subduction zone becomes locked, the regional convergence shifts to become
accommodated elsewhere. At approximately 12 Ma the Melanesian plate is broken in two by
initiation of north-dipping subduction of the Solomon Sea beneath the Melanesian arc terranes
at the New Britain and San Cristobel trenches (Figure 7-1), and leading to renewed magmatism
overprinting the Melanesian arc basement. Shortly after the onset of subduction at the New Britain
trench, rifting and sea floor spreading is initiated in the Woodlark Basin. It is difficult to constrain
the nature and timing of initial basin formation as this evidence has been removed by subduction
at the San Cristobel trench; however, I consider the most likely mechanism for opening of the
Woodlark Basin is a response to the new subduction regime. To further complicate this scenario,
to the north of New Guinea the north-dipping New Britain subduction regime switches to south-
dipping subduction at the New Guinea trench. The nature and timing of this subduction system,

however, requires further constraint.

From approximately 6 million years after arrival of the Australian continent at the Pocklington
trough and collision with the New Guinea Mobile Belt, we see the final expression of the
Pocklington subduction system. As illustrated by Cloos et al. (2005) and further developed in
Chapter 4, the subduction and underthrust segments of the Australian plate begin to break-up
leading to crustal delamination beneath New Guinea at approximately 6 Ma. This is expressed
at the surface by renewal of orogenesis and formation of the Papuan Fold and Thrust Belt, and
also a new phase in the evolution of the Maramuni arc. At the present day there is no recorded
magmatic activity in New Guinea that can be related to the Maramuni arc with the last activity
associated with formation of some of the giant Papuan porphyry deposits including Grasberg at
3 Ma and Ok Tedi at 1.2 Ma.

The tectonic story of Papua New Guinea, however, does not finish with termination of the
Maramuni arc. At approximately 3.5 Ma, subduction at the New Britain trench results in closure
of the Solomon Sea adjacent to the north coast of the Papua New Guinea resulting in accretion of
the remaining North Sepik arc terranes - the Adelbert and Finisterre Terranes - and underthrusting
of the leading crustal margin of Papua New Guinea (Figure 7-1). This dynamic tectonic setting
is covered in Chapter 6 and results in a unique setting of stacked subduction of both continental
and oceanic crust in the mantle. At the present day the underthrust continental margin resides at
approximately 100 km depth in the mantle and is undergoing dehydration reactions resulting in
formation of the West Bismarck arc, distinct from the New Britain arc. Concomitant with collision
of the Adelbert and Finisterre Terranes with Papua New Guinea with see another redistribution of

regional tectonics, albeit on a smaller scale. Rather than the more typical relocation of suduction
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to accommodate the oblique convergence between the wider Australia and Pacific plates, the New
Britain back-arc ruptures following lock-up of New Britain subduction creating the two distinct

North Bismarck and South Bismrack plates, and the intervening Manus Basin.

Throughout the Late Cenozoic tectonic evolution of Papua New Guinea and indeed the southwest
Pacific, a truly regional tectonic setting transforms into one of the most intricate and dynamic
tectonic regions on Earth. From 45 Ma to the present day we see a tectonic regime that is controlled
by the initiation and continuation of an overarching backdrop of oblique convergence between
the Australian and Pacific plates. From an early stage we see formation of a regional tectonic
setting with development of Pacific subduction coupled with formation of a regional sea-floor
spreading network encompassing the Caroline Sea, Solomon Sea, Rennell trough, and South Fiji
Basin. This appears quasi-stable until 26 Ma with arrival of the Ontong Java Plateau resulting
in termination and disruption of the entire southwest Pacific. Subsequently, the regional tectonic
setting becomes compartmentalized with termination of the spreading systems and segmentation
of newly developing subduction systems. This becomes particularly evident from 12 Ma with
formation of distinct tectonic domains such as the Caroline Sea-New Guinea region, the northeast
Papua New Guinea-Solomon Islands domain, and the North Fiji Basin (Figure 1-1). Overall this
reflects a region controlled by compounding major collision events resulting in increasing levels
of tectonic complexity acting on decreasing spatial-scales. This thesis presents an insight into a
relatively small area of the southwest Pacific but significantly contributes to our understanding
of the dynamic Australia-Pacific plate boundary zone, and also provides new tools that we can
use to unravel complex tectonic scenarios at both the present day and at ancient plate boundary

settings.
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