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Pristine detrital Platygyra corals were discovered in an exhumed package of syn-orogenic marine sediments
on the island of Timor in the eastern Indonesian region and dated using U–Pb techniques. A single coral from
the upper part of the sequence yields a 238U/206Pb–207Pb/206Pb concordia age of 2.66±0.14 (2σ) Ma that is
supported by coral 87Sr/86Sr chemostratigraphy and foraminiferal biostratigraphy from bounding strata.
Minor U-series disequilibrium is best explained by U mobility within the last ~150 ka, as pore water chemistry
was altered during exhumation, and is unlikely to have affected 238U/206Pb and the apparent sample age by
more than 1–2%. The ability to date corals beyond the limits of 14C and U/Th techniques provides the opportunity
to improve the temporal resolution of associated marine chronostratigraphic records. In this instance, we refine
the timing of Timor's emergence from beneath the waters of the Indonesian Seaway (IS) and the initiation of turbi-
ditic deposition at the study site to between ca. 3.35 and2.66Ma. These results have implications for the evolution of
topography and IS oceanic pathways in the active orogenic belts along the northern fringes of the Australian Plate.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The tectonic opening and closing of oceanic pathways influence
global thermohaline circulation (Berggren and Hollister, 1977), marine
productivity (Schneider and Schmittner, 2006), and climate (Mudelsee
andRaymo, 2005). Exhumedmarine sequences in or adjacent to oceanic
pathway systems (e.g., Central American seaway, Indonesian Seaway)
provide opportunities to decipher tectonic, topographic, physical and
chemical oceanographic pathway changes with relevance for marine
faunal evolution (e.g. Jackson et al., 1996), salinity and temperature
changes in adjacent oceans (e.g. Karas et al., 2009), major climate sys-
tems (e.g. von der Heydt and Dijkstra, 2011), and human evolution
(Cane andMolnar, 2001). The ability to study these processes is partially
limited by the difficulty in obtaining robust chronostratigraphy from
marine sequences, due to factors including highly variable deposition
rates, sediment reworking, lack of age-diagnostic fossils, lack of datable
materials, and/or diagenetic alteration (Getty et al., 2001). U/Pb dating
of detrital corals in exhumed marine sequences provides a novel and
promising, albeit under-utilized, methodology to refine the chronostra-
tigraphy of marine sequences under certain circumstances. Two prior
successful attempts have been made in the Carribbean region, where
U/Pb coral ages of 1.02±0.07 Ma and 1.288±0.034Ma (Getty et al.,
2001) and 5.52±0.15 Ma (Denniston et al., 2008) were obtained. In
. Quigley).
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this study, we make a first attempt to use U/Pb techniques to date pris-
tine, detrital Platygyra corals from the syn-orogenic, marine Viqueque
Megasequence (VM) presently exposed on the island of Timor in the
eastern Indonesian region. Our results enable us to refine the chronos-
tratigraphy of the VM and place finer temporal constraints on the
onset of turbidite deposition and the emergence and vegetative coloni-
zation of the VM source region during a key time for IS evolution.

2. Geological setting

The NNE-directed voyage of the Australian continent at
~70 mm yr−1 relative to the Sunda Shelf (DeMets et al., 1994, see
Fig. 1A) resulted in collision of the leading continental margin with
the Banda Arc by the Miocene to early Pliocene (Audley-Charles,
2011; Rutherford et al., 2001). Tectonic processes including the accre-
tion of the Banda Arc to the Australian continental crust (Bock et al.,
2003; Nugroho et al., 2009) and the detachment of the downgoing
slab from the Australia Plate lead to the uplift of the island of Timor
(Audley-Charles, 1968; Harris, 1991; Price and Audley-Charles,
1987; Sandiford, 2008). The timing of arc-continent collision in
Timor remains poorly constrained and controversial, varying from
ca. 3.5 Ma (Carter et al., 1976) based on unconformities contested
by Haig and McCartain (2007) to 5.5–9.8 Ma (Haig and McCartain,
2007; Keep and Haig, 2010) based on the youngest strongly deformed
pre-collisional and the oldest gently deformed syn/post-collisional
rocks in Timor Leste. The Timor orogen presently consists of three
pre-orogenic terranes; the accreted Gondwana Megasequence and
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Fig. 1. (A) Timor's location relative to modern plate boundary faults (white lines and Timor Trough), Nuvel1A plate vector and the Indonesian Throughflow (Gordon and Fine,
1996). SS = Sunda Shelf; AOC = Australian Ocean Crust; ACC = Australian Continental Crust. (B) Early Pliocene paleobathymetry with correlative modern bathymetric contours.
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post-Gondwana rift-drift Australian Margin Megasequences of the
Australian Plate (Haig and McCartain, 2007), and the Asian-affinity
Banda Terrane nappe (Harris, 2006). The latter comprises forearc
basement and cover sequences that have been thrust over Australian
Plate rocks. The paleo-subduction channel is expressed as an exten-
sive mélange formation which developed between the overriding
forearc and the subducting Australian plate (Harris et al., 1998;
Standley and Harris, 2009). The Banda Terrane has been extensively
eroded and incorporated into the VM (Audley-Charles, 1968; Haig
and McCartain, 2007). This unit, which accumulated in extensional
basins on the slope of the uplifting fold and thrust belt, has been
largely eroded and is exposed primarily in the synclinal hinges of
broad folds on the island (Fig. 1B).

The uplift of Timor reorganized oceanic pathways so that the
proto-Timor-Sea was divided in two as parts of Timor rose from
mid-bathyal depths in the terminal Miocene to terrestrial environ-
ments in the late Pliocene or early Pleistocene (Haig and McCartain,
2007; van Marle, 1991). The island is surrounded by >3000 m deep
basins in both the forearc and foreland regions of the orogen
(Audley-Charles, 1986; Kenyon, 1974) (Fig. 1) that serve as pathways
between the Pacific and Indian Oceans that are collectively termed
the IS. The Wetar Strait north of Timor is a young, retro-foreland
basin associated with movement on the Wetar Suture that locked
up around 2 Ma (Harris, 1991; Price and Audley-Charles, 1983,
1987) and foraminiferal evidence shows that the Timor Trough axis
south of Timor has migrated 60–80 km south of Timor since 4.5 Ma
(Veevers et al., 1978) (Fig. 1B). This migration was accompanied
with the shortening and thickening of the Timor orogen, which par-
tially blocked the IS and uplifted the VM beginning in the Early Plio-
cene (Keep and Haig, 2010). As such, the exhumed VM provides a
Fig. 2. (A) stratigraphy of the Northern Cuha and Type Sections of the Viqueque Megasequenc
126.37522°E— area location see Fig. 1B. Gray areas on map are Synorogenic Melange. (C) Vertic
sition from conglomerate into sandy turbiditewith laminatedwoody fragments at its base. (D) Fo
preservation and setting within coarse lithic dominated conglomerate.
geologic archive relevant to understanding both IS evolution and
the uplift and erosion of its source region.

3. Stratigraphy and foraminiferal biostratigraphy of the Viqueque
Megasequence

The relatively undeformed VM overlies structurally complex older
units. The VM Type and Northern Cuha sections are exposed in the
Cuha River on the northern limbs of WNW-striking synclines near
the town of Viqueque (Fig. 2). The base of the Type section unconform-
ably overlies the synorogenic mélange and contains mudstone clasts
probably derived from the mélange matrix. The basal carbonate chalk
has foraminiferal assemblages indicative of a Zone N18 age (5.2–
5.6 Ma) (Batu Putih Formation; Haig and McCartain, 2007). The remain-
der of the Type section grades upward from pelagite to marls to a
>200 m thick section of turbiditic sandstones and interbeddedhemipela-
gicmuds. The Zone N19 (4.2–5.2 Ma)marker first occurs 1.6 m above the
base of the formation, the Zone N20 (3.10–4.20 Ma) marker appears at
4.9 m, and the Zone N21 (1.92–3.10 Ma) marker occurs at 34.4 m within
the marl unit. The remainder of the Type section (34–240m) belongs to
Zone N21 (Haig and McCartain, 2007).

A similar stratigraphic sequence is observed in the Northern Cuha
section, the base of which also belongs to Zone N18 and is stratigra-
phically correlative with the base of the type section. The Northern
Cuha section contains several poorly sorted debris flow paraconglome-
rates of up to 50 m thickness (Fig. 2) that contain intact detrital corals.
The corals are recorded first in the basal parts of the lowest conglomer-
ate (Fig. 2a), intermittently within overlying conglomerates and turbi-
dite beds, and commonly in the upper conglomerate (Fig. 2C), where
they constitute ~0.1–1.0% of the total observed outcrop. Texturally,
e in the Cuha River, Viqueque. (B) Location of measured sections. TL07 location 8.83686°S,
al and lateral grainsize and thickness variation of the upper conglomerate. Note rapid tran-
ssil tree trunk near top of the type section. (E) Insitu Platygyra sample, showing exceptional
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the upper conglomerate grades inversely from a ~10 cm thick, sandy-
granular, coral-bearing basal bed to subangular, cobbly clast-
supported conglomerate then alternately normally and inversely, be-
coming a rounded, pebbly clast-supported conglomerate before grading
rapidly into sandy turbidite facies (Fig. 2C). Within this conglomerate
are b25 cm diameter corals which display primary aragonitic textures
with minimal observable inter-septae cements (Figs. 2e, 3D).

Foraminifera frommudstone samples UWA143159 and UWA143161,
which bracket the upper conglomerate from which our sample was
obtained, both belong within Zone N21 (D. Haig, pers. comm. 2010). Spe-
cifically, sample UWA143162, collected from a friable mudstone 1.5 m
below the massive coral-bearing conglomerate bed (8.8370°S
126.3743°E), contains a planktonic foraminiferal assemblage indicative
of Zone N21: Globigerinella aequilateralis, Globigerinoides conglobatus, Gs.
elongatus, Gs. extremus, Gs. immaturus, Gs. quadrilobatus, Gs. ruber,
Gs. sacculifer, Gs. triloba, dextral Globorotalia limbata, dextralGl. menar-
dii, Gl. tosaensis, sinistral Gl. tumida, dextral Neogloboquadrina humerosa,
Orbulina universa, dextral Pulleniatina praecursor, and Sphaeroidinella
dehiscens (D. Haig, pers. comm. 2010). Based on the species datum levels
reviewed by Keep and Haig (2010), Zone N21 incorporates the 3.1 to
2 Ma interval spanning the Pliocene–Pleistocene boundary as now de-
fined at 2.58 Ma following Gibbard et al. (2010).

The foraminiferal assemblage from UWA143162 shows evidence of
dissolution associated with sedimentary pyrite formation (including
infilling of some tests) in a carbonaceous mud. Planktonic foraminifera
overwhelmingly dominate the preserved assemblage (>99% of recovered
tests in the >150 μm sediment fraction). Among the rare benthic forami-
nifera are: Cibicidoides wuellerstorfi, Epistomina elegans (dominant spe-
cies), Fissurina sp., Melonis pompilioides, Nodogenerina antillea, Pullenia
quinqueloba, and Sigmoilopsis schlumbergeri (D. Haig, pers. comm. 2010).
This assemblage indicates that deposition probably took place in the
bathyal zone at water depths between 1000 and 2000 m [based on anal-
ogy tomodern species distributions from the north-eastern Indian Ocean
recorded by Frerichs (1970), Peterson (1984), Van Marle (1988) and
Murgese and De Deckker (2005)] (D. Haig, pers. comm. 2010).

In the south-dipping stratigraphic succession containing the coral
locality, mudstone sample UWA143161 at 8.83762°S 126.37395°E
higher in the stratigraphic succession also belongs within Zone N21
(D. Haig, pers. comm. 2010). The location of boundaries between
N18-21 in the Northern Cuha section has not yet been obtained.

Several important events are recorded by stratigraphic marker ho-
rizons in the VM sections. The first appearance of turbidites occurs in
the upper part of N20 at 39 mwithin the marl of the type section, and
Fig. 3. (A) U/Pb isochron for TL07. (B) SEM image of well-preserved primary aragonitic coral
curve for the last 6.5 Ma (McArthur et al., 2001, gray area). Horizontal thick gray line represe
Vertical dashed lines denote 2σ uncertainty about the U/Pb age obtained from our sample.
at 130 m in the Northern Cuha section (Fig. 2). The basal turbidite in
both instances is a ~3 cm thick, thinly laminated and rippled fine-
grained sand bed consisting of ~50% foraminiferal fragments and
~50% quartz and metamorphic (dominantly amphibole and chlorite)
lithics likely derived from the Banda terrain to the north. The onset
of turbidite deposition implies a major change in local paleogeogra-
phy with the emergence of the orogenic pile above sea level and the
onset of erosion.

Provenance of the turbidite and conglomerate beds in the Northern
Cuha section changes up-section. Basement clasts in the lowest con-
glomerate are 100% mafic volcanics, schists and quartz from the
Banda Terrane. Clasts in the upper conglomerate, however, although
dominantly derived from the Banda Terrane (68%), also contain sand-
stones and mudstones (~20%) and limestone clasts that are sourced
from the Gondwana Megasequence (~12%).

Woody fragments, shed off an emergent landmass, first occur as
laminae within sandy turbidite beds in both the Type (50 m) and
Northern Cuha (220 m) sections. In the Northern Cuha section, they
occur within the sandy turbidite facies towards the top of the lowest
conglomerate (Fig. 2). The grain size of the wood fragments increases
up-section, as marked by the appearance of ‘coarse’woody fragments
(≥5 cm diameter; Fig. 2a) and even intact tree trunk segments
(Fig. 2d).

The first appearance of lithics, turbidites, coastal fauna, corals, and
woody detritus mark the emergence of a Timor landmass in the
source region for the VM (Fig. 2). Biostratigraphic constraints for for-
aminferal assemblages bracket this between 3.35 and 1.92 Ma (Haig
and McCartain, 2007). In order to better refine the minimum age of
Timor emergence and vegetative colonization, we obtained a coral
from the Northern Cuha section and used U/Pb dating to derive an
age from this sample.

4. U/Pb dating and geochemical analysis of detrital coral

4.1. Screening

Coral sample TL07 (Fig. 2e) was extracted from the upper con-
glomerate, subsampled and screened for signs of diagenetic alteration
following the methods of Denniston et al. (2008). X-ray diffraction
(XRD) revealed 100% aragonitic composition and scanning electron
microscopy (SEM) revealed a primary aragonitic skeleton with deli-
cate growth structures, original porosity and minimal aragonitic ce-
ment and interstitial mud (Fig. 3a). Measurement of 234U/238U and
skeleton. (C) TL07 sample indicating locations of XRD screening. (D) Marine Sr isotopic
nts the average Sr-isotopic ratio obtained from four Platygyra subsamples with 2σ error.

image of Fig.�3


Table 2
Platygyra raw U/PB isotope data.

238U/206Pb Error (2σ%) 207Pb/206Pb Error (2σ%) Error correlation

244.4 0.27 0.75944 0.04 −0.824
262.0 0.45 0.75382 0.09 −0.998
281.7 0.65 0.74671 0.14 −0.999
270.9 0.37 0.75051 0.07 −0.970
249.1 0.38 0.75760 0.08 −0.991
307.7 0.72 0.73912 0.16 −0.993

All data blank corrected for 10±5 pg Pb as detailed in text.
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230Th/238U can be a powerful diagnostic test for post-depositional
mobility of U-series nuclides; where either of these ratios has depart-
ed from secular equilibrium it can be assumed that the sample has not
behaved as a closed system for all of the last ~1 Ma (for 234U) or
~400 ka (for 230Th). Three 230Th–234U–238U measurements were un-
dertaken on subsamples of TL07 (Table 1) using the procedure of
Hellstrom (Hellstrom, 2003), and showed minor ~2% excess 234U
and ~1% excess 230Th.

4.2. U/Pb dating

U/Pb geochronology methods followed those outlined in Woodhead
et al. (2006). Six subsamples were extracted from the coral using a dental
drill, dissolved, and spikedwith amixed 233U/205Pb tracer. U and Pbwere
separated using conventional ion exchange techniques and isotopic ratios
were measured using multicollector-inductively coupled plasma-mass
spectrometery (MC-ICP-MS) at the University of Melbourne. Isotopic ra-
tios were plotted in a 238U/206Pb–207Pb/206Pb inverse concordia (‘Tera
Wasserburg’) plot and corrected for initial disequilibrium in the 238U
and 235U decay chains (see Table 2 for raw data). A disequilibrium cor-
rected age of 2.66±0.14 Ma (2σ) was obtained for this sample (Fig. 3c).

4.3. 87Sr/86Sr analysis

Three further aliquots of the coral were dissolved in 3N HNO3 and
Sr was separated using Sr.Spec resin operated in nitric acid media.
87Sr/86Sr ratios were measured by MC-ICPMS, normalized to 86Sr/
88Sr =0.1194 and adjusted to an SRM 987 87Sr/86Sr value of
0.710248 as recommended by McArthur et al., 2001. An average
87Sr/86Sr value of 0.709087±0.000004 (2σ) was calculated. This
value intersects the upper limit of the global marine Sr curve
(McArthur et al., 2001) at ~2.6 Ma (Fig. 3d). The minor discrepancy
between the U/Pb and Sr-isotope ages may be attributable to a locally
elevated radiogenic Sr flux due to rapid uplift and erosion of the
Timor source region and/or seawater contamination that was not ef-
ficiently removed from the porous coral structure during sample
processing.

5. Discussion

As demonstrated by Getty et al. (2001) and Denniston et al.
(2008), the U/Pb dating of primary coral aragonite is possible providing
the original coral U-series chemistry is retained and unaltered by
weathering, diagenesis, and/or contaminants such as marine cement
and deritus. Such preservation requires an unusual set of circum-
stances; the sample must have experienced little if any subaerial expo-
sure, which would promote the calcification of aragonite, and limited
burial, which would promote marine diagenesis.

Several observations suggest our calculated U/Pb age is robust;
(1) the high porosity internal structure of the coral imaged by SEM in-
dicates a general lack of alteration or contamination, (2) points on the
Table 1
Platygyra raw TH/U isotope data.

234U/
238U

Error
(2σ%)

230Th/238U Error
(2σ%)

230Th/232Th 232Th/238U Error
(2σ%)

1.0197 0.0094 1.0067 0.0036 1092 0.002928 0.000039
1.0188 0.0042 1.0124 0.0015 41,177 0.000077 0.000002
1.0164 0.0074 1.0096 0.0017 36,960 0.000086 0.000001

All uncertainties are 95% confidence intervals and include allowances for external standard
reproducibility and spike calibration uncertainty, although note that uncertainty in decay
constants is not propagated.
(230Th/238U) is determined using amixed spike calibrated against a solution ofHU-1— see
Hellstrom (2003) for a detailed description of themethod and results of standard analyses.
238U/206Pb–207Pb/206Pb concordia plot are clustered tightly to the iso-
chron, (3) the U/Pb age is independently corroborated by foraminifer-
al assemblages and 87Sr/86Sr ratios, and (4) U-series analysis reveals
only minor disequilibrium. The U-series disequilibrium we observe
is consistent with observations of U-series nuclide behavior during
diagenesis of late Pleistocene corals (Scholz and Mangini, 2007) and
can be explained by post-depositional gain of U. This cannot have
been sustained over the lifetime of the sample, as the heterogeneous
U uptake typically observed in corals (Scholz and Mangini, 2007;
Thompson and Goldstein, 2005) would then lead to more than an
order of magnitude more scatter about the U/Pb isochron than we ob-
serve for TL07. The U-series disequilibrium is best explained by Umo-
bility within the last ~150 ka as pore water chemistry altered during
exhumation, and is unlikely to have affected 238U/206Pb and the ap-
parent sample age by more than a few percent.

The lack of evidence of subaerial exposure encourages interpreta-
tion of the U/Pb age as a proxy age for the host deposit, providing that
the coral was not recycled from older strata, an unlikely scenario
given its fragility and age consistency with bounding strata. The co-
occurrence of rounded clasts and wood fragments with the corals in
the upper conglomerate suggests that the deposit was primarily de-
rived from a near shore environment, possibly a fan delta, and not
via reworking of the older sediments, although intraclasts are present
at a higher stratigraphic level in the bed (Fig. 2). The U/Pb coral age
provides a minimum age constraint on the first appearances of lithics,
corals, and wood in the underlying strata while the lower age limit in-
ferred from foraminiferal assemblages provides a maximum age con-
straint. On this basis, the time window for emergence of a proximal
‘proto-Timor’ source area of the VM from the submarine into the shallow
marine and terrestrial environment is narrowed to between ca. 3.35 and
2.66 Ma. The paleobathymetry of the sediments in which our coral are
encased further demonstrate that our sample was uplifted from
>1000m depth to current outcrop elevation of ~60 m asl since
2.66 Ma, yielding aminimumuplift rate over that period for the Viqueque
Basin of ~0.4 m/ka. This is not greatly less than uplift rates of 0.6–1.6 m/ka
calculated for the north coast of Timor Leste over the last 100 ka (Cox,
2009).

This is the first U/Pb age on a pre-Quaternary coral from the Indo-
nesian region, and the first obtained Pliocene U/Pb coral age globally.
The ability to date Late Cenozoic corals creates exciting opportunities
for refining the chronology of marine sedimentary sequences (e.g.
Denniston et al., 2008), estimating sea surface temperature and salin-
ity conditions (e.g. Watanabe et al., 2011) and resolving the spatial
and temporal evolution of their source regions. Ongoing research on
corals from the VM aims to tie U/Pb geochronology to stable isotopic
analyses to explore whether records of sea surface temperature and
salinity fluctuations on monthly to yearly timescales are obtainable
for deep time, including the Pliocene-to-Pleistocene transition
(Moody et al., 2011).
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