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Thesis Abstract

E a r tcliméte system has experienced significant changes throughdigtory. Tropical
glacialand interglaciatonditionshavepersistedacross the globduringthe Tertiary, andhe
present interglacial period with strong seasonalitg episodes of warming and coolings
existedfor the last several thousand years. Howe\agidrwarmingduring the last century
has highlighted th@nportance of understaing past climate behaviour, in order to predict
the likely effectsof such warmingon our future climate. This has led to the use of proxies,
such as sediment cores, tree rings, ice and carlspnatech provide high resolution
palaeoclimatearchives Studies using a variety of proxies from around the globe have
developed a network of site specific climate informatioffering insights of climate
fluctuations on a millennial scaleand identifyingchanging ocean conditions as anajor
influenceon global climate change.Coral skeletons are particularly sensitive recorders of
ambient seawater conditiores they record fluctuations of oxygen and carbon in their
aragonitic skeletons, whicire caused by perturbationssafa surface temperature (SST) and
sea surface salinity (SSST.herefore tropical oceanshemselvegrovide a crucial record of
climate change.Many of the coupled atmospheaceanographic processes that drive the
global climate systemccurin the Indo-Pacific making it aparticularlyimportant regiorfor
data collection. Porites corals from the Indd’acific have been studied in detail and have
revealed highresolution SST and SSS recordst gomprehensivénvestigatiors using other
coral speciesare minimal. This studyexpands uporthe current understanding of coral
proxies by investigating three coral species of different ages, and provides new insights into
the palaeoclimat history of the Inddacific.

Goniastrea retiformis Platygyra pini and Platygyra lamellinacorals have beeretrieved
from Timor Leste in the Ind®acific and analysed using stable and radiogenic isotopic
techniques. Sclerochronologyas used to detevine that the 4.5 year old, modet
retiformis coral was living from 2006nid 2010. Uraniurrthorium (U/Th) analysis provided

a mid Holocene age of 45 0.092 (Zi) ka for the fossilP. pini. Uraniumlead (U/Pb)
techniqueswere used to obtain a 2.# 0.34 (4l) Ma age for the fossiP. lamellina. A
rigorousdiagenetic screening process ofra§ diffraction (XRD), petrographic analysis of
thin sections, and scanning electron microscopy (SEM) has been carriedasaettain the

extentof preservationn each coral. Xayimagesallow annual density bands to be located
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and unique micromilling phat were developed forthe three samples This enabled us to
obtainthe firsti™®0 a @ stable isotope results for@ retiformis coral, and the first
fossil coral results for thelatygyragenus. Cross spectral analysis has been used to verify
the periodicity of seasonal fluctuations visible in the daad confirmed that these coral

species are suitable for use as climate proxies.

G. retiformisis an abundant reef coral distributed throughout the tropical Pacific, and has a
robust skeletal configation making it suitable for use as a climate proxy. The 4.5 year long
record has e wé’dValiesrange o688 N 0. 03@-6( A& )R
0.022 (20), and 1.5 to-2.53 , with mears of-5 . 3 5 &-1.82h drespectively. Thse
valuesarei n agr eement wi0 trdmge oft5.4 to &bv. eSangdern coral
throughout the Ind®acific, predominantlyf the Poritesgenus Statistical analysis of the
isotopic datahas revealed a quasiennial signal in G. retiformis typical of thetemporal
interaction between El Ro Southern Oscillation (ENSO) and the South Asian monsoon
Resultshave also been compared to ®euthern Oscillation Index (SOI) in order dssess
potentialrelationshig between coralkotopesandENSQ This has shown an accurageord

of El Nifio and La Nifia events fahe firsthalf of thex 4.5 year recordfrom 2006 to mid

2008 Climate processes such as local rainfall and the Indian Ocean Dipole (IOD) are also

reflected in the record, to varyirxtents.

The use oPlatygyracorals as climate proxies is limited to three investigations using modern
samples, despite the fact that this genus has a much broader latitudinal range than the
extensively studiedPorites genus. This thesis provides thesfirexamination of fossil

samples, and provides analysis of both pristine and altered specifmbagl.5 kaP. pini

coralhas allowed investigation of the palaeoclimate record in a sample that has been exposed

to diagemsis. XRD, mtrographic and SEMnalyses have revealed widespread secondary
aragonite growthdissolutionand secondary calciteithin the coral which would have

occurred due to marine and freshwater diagen However, primary growth textures have

been retained in some areas of therca 0 a @ valiies range fror8.47 N 0. 0 3 &
(2&)5. 4%a 0. 02,zand (324 Yo -0.4% , with measof -4. 824 aan,d 1. 12
respectivel y. These values ar e “®®iofyfaur f i c ant
Platygyra corals from the Pacificegion, which range frorrd.82a to -5.108 . There are

two reasonable explanations for this. Secondary aragonite, which is detected throughout the
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milled section of cor al®,aceffecswhish ispikely tothaver e s h i
altered thegeochemical record of this particular coral. But thet fhatSSTin the southern

Indo Pacific Warm PoollPWP) during the mid Holocene were 2.£ cooler than present

must also be acknowledged,@® ol er temperatures al s i mpar-
due to equilibrium fractionation processesSST reconstruction using the temperature
dependence equation from a modPtatygyracoral reveals an SST range of 1256 C,

and mean of 2477C. The present day mean annual SST df €8suggests thatnid
Holocenetemperatures less than 268 are unrealistically cool, highligihg the fact that

isotopic fractionation during diagenesis has affected coral chemisioywever, the presence

of interannual periodicity indicates that ENSO was operatingthe magnitude of isotopic

fluctuation through the 10 year record is similar to that found in moderotardHolocene

corals. We suggest that although absolute isotopic and SST values are unpebhiidéjng

the extraction of high resolution climatecords,insights into the behaviour diroad scale,

seasonal and interannual climate processessiilbige obtained.

A strong annual periodicity has been detected when analysing the stable isotopic values
recorded irthe2.7 Ma P. lamellinacoral This indicates that seasonal SST fluctuations were
the dominant influence on this caraRanges of4.67a N 0. 03® 548 N) 0. 02 &
( 2 &nd 0.88 to-1.123 f o 1?0 Uta °@, re@ipectivelyare similar tomodernPlatygyra

coral results, suggestirtbat this coral has been preservwegristine condition.PalaeeSSTs

have been reconstructed usig modernPlatygyra temperature dependence equation,
providing a range of 227.7 C and a mean of 25.%. Foraminiferal data from sediment
cores in the geater IndePacific suggesthat mean annual SSTs at this time werg-3° C
cooler than present The coral record present supports this statemeptoviding new
insightsinto our understanding dfopical palaeoclimatge This coral has been entrained
within a turbidite depositon the sea floor that hasibsequetht beenuplifted during the
emergence of Timowith U/Pb datingallowing further constraits ofthe stratigraphic age of

the deposit Tectonic mrrowing is postulated to have caused meaj@nges to the Indonesian
Throughflow (ITF)from 4-2 Ma, and been a driver of major global climate changgifming

in the late Pliocene This means that fossRlatygyra corals Timor Lestecould provide

unigue time sliceof informationaboutthis imporant time in global climate history.



This studyconfirmsthatG. retiformis P. pini andP. lamellinacoralsare excellent candidates

for further, detailed investigaions. They provide the opportunity to develop new coral
proxies which are both abundantdhghout the tropics and distributed over a wide latitudinal
range Their prevalence in both modern and fossil reefs means that once modern samples of
each species have beealibratel against modenST and SSSthese corals will provide
reliable, quantative palaeoclimate proxies, with potential for data capture throughout the
Indo-Pacific and mid latitudes. Geochemical coral archives are a crucial tool in the study of
climate processes, and we believe that these speciadealyy suited toenhancing and

refiningour currentunderstandingfe ar t hds c¢cl i mate system
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Prologue to the thesis
Scientific context

This study has been undertaken in an attempt to increase the temporal and spatial resolution
of climate data capture throughout tropical and mid latitude oce&nsviously, Porites

corals have provided most of the modern and palaeoclimate data from thealckito and

central Pacific regions. This genus offers reliable data, but is not the only abundant tropical
coral, and is not prolific is mid latitude regions where mean annuks 8@ cooler Detailed

studies usingnodern, Holocene and Plioceagecoralshave providedpromising results that
thesethreespecies are also useful climate proxies. Simild&dotes,climate processes such

as seasonal variability &ST,ENSO, andnonsoon rainfall have been detected in the three

geochemical records

Although there have beemany modern coral investigations throughout the Paddig.

Asami et al., 2004 Chiang et al.,, 2030Gagan et al., 1994McGregor et al., 2011 the
number ofstudies usingossil coralsis relatively few and mostly from sites iRPapua New
Guinea PNG) and Indoneside.g. Gagan et al., 2004Hughen et al., 999 McGregor and
Gagan, 2004Tudhope et al., 1995 Only one ivestigationhas been undertaken West

Timor, Indonesiausing a moderriPorites coral (Cahyarini et al., 2008 and no previous
studies using coralffom Timor Lestehave occurred The IndePacific is a particularly
significant region in the palaeoclimate field as it is the area of highest coral species diversity
in the world, giving rise to some of the most detailed climate records available. 7@ver
species are located in the region, which is bounded by Sumatra and Java in the southwest,
Sabah and the Phillipines in the rvest, and the Phillipines and PNiGsthe southeast. To

the east of this region, coral diversification decreases signiffcastproximity to the IPWP
reduces. Investigation of the moder@. retiformisis important, as it provides the basis for
development of this species as a new climate prexwblingincreased samplingedsity
throughout the tropics.

Pioneering work by Weber and Woodh€a872, Shen et al.(1987), and Lea et al(1989
demonstrate that the variability of chemical element compositions in coral skeletons
guantitatively reflects past surface chemistry of the oceans, and the fact that coralline

aragnite may be altered by both biological and diagenetic processes. During precipitation of

XVii



skel et al aragonite, cor al metabolic activi
deviations from thermodynamic equilibrium and compromise geochemidabiligy of
climate tracers such as SST and §8%. Montaggioni and Braithwaite, 2009 As a
consequence, rigorous diagenetic screening methods for modern and fossihawveabeen
developed to avoid using altered corals which result in marked biases in both climate
reconstruction and age determination using radiometric technijguge#\llison et al., 2007
Hendy et al., 200McGregor and Abram, 200&cholz and Mangini, 2007 To address the
inherent problems with obtaining reliable geochemical data from diagenetically altered
corals, a mid Holocen®. pini has been selected for investigation. This coral has been
subject to diagenetiglteration causing the growth sécondary aragonitealcite and skeletal
dissolutionthrough marine and freshwater processes. A thorough examimdtieatopic

resuls has provided new interpretations of the role that diagenetically altered corals may

provideas climate proxies.

A geologically young island, Timor can provide important information on the evolution of
the Indonesian Seaway, with palynology indicating Timor has only been emergent since the
latest MiocengNguyen et al., In prép Therefore, corals living betwegn5 Ma and the
present such as the 2.7 MR. lamelling will have recorded changes in ambient seawater
conditionsin the Indonesian regiornTheneed for aoral record such as this is revealed when
considering therovocative hypothesis presented by Cane and M¢a@11). Theysuggest

that global climate chand®eeginning3-4 Myr ago was initiated due to tectonic closure of the
Indonesian seaway, with subsequent cooling of the Indian Ocean leading to Eean Afri
aridification and hominid evolution. This tectonic alteration caused a switch in the source
waters of the ITF whereby the cooler, fresher North Pacific water became the dominant
source, lowering the Indian Ocean SST and SSS. Theoffhoft formerly through flowing
waters of the warmer, saltier South Pacific provides a mechanism for terminating the
Pl i ocene 6 p e r(vMonareandt Cang,l 200Raind aeating the modefBNSO
(Gordon et al., 2003chott and McCreary, 20D1Pliocene fossil corals contained in marine
sedimentary rocks of the Viqueque Megasequence (VM) now exposed on the island of Timor
Lestewereentrained in turbidite debris flows during steramd/or seismitriggered events
during the last several million yeaf®uigley et al., 2012 This sudden entrainment into a
turbidite deposit during catastrophic events has meant exceptional preservation of the
original, pristine aragonitic coral skeletons. Unlike most corals of similar age around the
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world, these partidar fossil corals have not undergoeg&tensiveweathering to calcite.
Therefore, geochemical records contained in Pliocene Indonesian corals provide an excellent
proxy for the sequence of events leading to hominid evolution, and the development of the
ENSO cycle in the Southern Hemisphere.

The use of coralas climate proxiess demonstrated by a relatively dense network of coral
records across the tropical Pacific, which has shown the key role of Ramified ENSO in

global climate variabilityGagan et al., 2000 Montaggioni and Braithwait€2009 explain

that climate reconstruans frommoderncorals in this region indicate a lotgrm trend of
decred®iofg &b oWwrDB,Correspanding to a warming of about 0.&iAce

the middle of the 1®century. This appears to have started throughout the tropics at the end

of the Little Ice Age (LIA) in the mid18" century and continues throughout the entire
tropical Paci fic, from the westernmo®x to t
signal is a composite o'fongasakoiecargbrat8s®@vatert he d
freshening signa{Cole, 1996. In the western tropical Pacific, SST and SSS have shown
interdecadal variations for the last two centuries, irticeigo variations in the position of the

South Pacific Convergence Zone (SPCZ) and ENSO eyauntiet-Leclerc et al., 2006 The
compilation of all coral studies in this and other regions are gradually showing the past trends

in climate behaviour which will immve our understanding for future climatic change. The

corals studied in this thesis have been selected in the hope of expanding the palaeoclimate
proxy network throughout the Ine@acific, and revealing new climate data from the terminal
Pliocene to prese through further investigation of these species.

Thesis structure

This thesis is devoted to improving the field of coral palaeoclimate proxies through the
investigation of three relatively unstudied corals. As such, trestiras been divided into
three mainchapters focusing on each individual coral. Each chapter has been written in the
form of a self contained paper with the aim to submit each fornegegwed publication

upon submission of the thesis. Although separate papers, their unifyirgy sspeat they

each focus on the investigation oflifferentcoral speciesasa climate proxy from a different
period in geological time.
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Chapter 1 provides an extensive literature review, beginning with the application of corals as
climate proxies, thir geochemical behaviour and a thorough guide to analysing stable
isotopic data from corals. A discussion of the study area in terms of geologic and climatic
parameters through time prepares the reader for more detailed awdlgsimatic trends

duringthe time period relevant to each coral record.

Chapter 2 presents the investigation of the modern c@ahiastrea retiformisas a new

climate proxy for the Inddacific. Stable isotope results of a 4.5 year period from 2006 to
mid 2010 indicate that thispecies is capkbof recording ENSO and monsoon interaction,

with the recognition of quaddiennial periodicity. Climate processes such as local rainfall

and the 10D are also reflected in the record. This pilot investigation provides evidence that
this species is capable of recording geochemical signals of local and regional climate
processes, and due to its abundance and skeletal robustness is an ideal candidate for
development into a reliable climate proxy.

Chapter 3 presents the investigation @f diagentetically alteredt.5 ka, mid Holocene
Platygyra pinicoral Extreme isotopic fluctuatiom distinct zones of the coral provide
unrealistic SSTs of as low as 186, consistent with fAcool 0 art
aragonite and dissolutiorHlowever, nterannual periodicity of 4 and 8.75 years suggests that
ENSO isoperating and emporalisotopicfluctuatiors ofx 0.4a are consistent with other

low latitude coral recordsnindicabr that diagenesis has not obliterated the magnitude of
seasoal variation The preservation of these features within the geochemical rewsas

that climate behaviour can still be analysed. This study shows that although diagenesis
masks absolute SST informatioaltered corals cam fact be used to provide qlitative

insights of palaeoclimate processes.

Chapter 4 presents the investigation of tBe/ MaPlatygyra lamellinacoral which offers

the oldest seasonabralrecord from the southern Ind@acific. Isotopic analysis allows the

first palaeeSST interpretation from the terminal Pliocene in the southwest IPWP, with a
range of 24.@27.7 C and mean of 25°9C consistent with foraminiferal isotopic records,
indicaing cool anomalies of-3° C relative to modern mean annual SSBpectral analysis
shows that annual periodicity is dominant in the five year record, suggesstaspnal SST
variability is the key climate parameter affecting the geochemical signal. The U/Pb date of
this pristine coral also provides the opportunity to improve the tempmalution of marine
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chronostratigraphic records, giving further constraints to the uplift of the turbidite sequence
in which the coral is entrainedThese oceanographic atettonic implications outline the
importance of detailed investigations usingsib$’latygyra corals from Timor Leste to
increase our understanding of the dynamic processes occurring in the Indonesian Seaway

during the terminal Pliocene.

Chapter 5 outlines the conclusions of the thesis, that these three species will play an

importantrole in the collection of climate data from coral proxies.
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1 Literature review

1.1 Coral as climate proxies

The state of the global climate system is a topic at the forefront of scientific research since it
was noted in the late P0century that our climate was undergoing changes at an
unprecedented ratdPCC, 2007. Global average temperature ane of the most cited
indicators of global climate change, and shows an increase 4 @ifice the early 20
century(NOAA, 2012. Other ways in which climatehange is manifest is in perturbations

of precipitation, sea surface temperatur&ST) and sea surface salinitySSS. Such
fluctuations are often minute, however can be clearly recorded by entities which incorporate
isotopes into their matter.Corals, tree rings, ice and sedimeatry sequencegrovide
palaeoclimatic archives that caim some instancedje used to reconstruct past climate
variability in annual resolutiofFelis and Paetzold, 2003 Because instrumental records of
climate change are relatively shartl00 years), proxies such as these are important tools for
climate research. In particular, corals have emerged as key climatesgroses field since
pioneering studies realised their geochemical poteffatbanks and Dodge, 197/9dudson

et al., 1976 Oomori et al., 1983Swart and Coleman, 198Weber and Woodhead 97Q

1972. Coupled with the fact that they occupy clear, warm shallater environments and
occur in equatorial and mid latitude oceans around the wbidlo, 2009, their ability to

record geochemical changes in sea water means they are ideally located to record interactions
between atmospheriand oceanic processt®t occur in the tropics. Due to the favourable
yearround water temperatures (28°C), the tropical oceans are home to a wealth of coral
species. Massive scleractinian corals, sucG@siastrea Porites andDiploastreg grow &

rates of millimetres to centimetres per yéaelis and Paetzold, 2003and produce annual
density bands in their aragonitic (CagGskeleton. Thee bands can be used for the
development of chronologies with clear seasonal resolution. Within their annual bands,
corals incorporate isotopic and elemental tracers reflecting the environmental conditions in
the ambient seawater during their growth, thoifering a rich archive of past climate
variability in tropical ocean regions where such instrumental data is particularly limited, and
where our knowledge of multlecadal climate sensitivity is incomplet€orrege, 2006
Druffel, 1997 Gagan et al., 200®Vara et al.20035.



Dunbar and Col€1999 explain that corals are capable of revealing subtle chang®@ST,

rainfall and evaporation within the annual cycle, and can provide clues about how seasonal
climate responds to large scale forcing and background changes. Also, because many reef
sequences in the tropics span millennia, they represent climate conditions during times of
very different boundary condition&airbanks et al., 1997Significant palaeoclimate work

on Quarternary fossil corals has been carried out in the Péeitic ®bb et al., 2008
Australian (e.g. Gagan et al., 1994Vatanabe et al., 20D2nd Indonesian region&.g.
Hughen et al., 199%u, 2007 Sun et al., 2005Tudhope et al., 2001 Many studies in these
regions have used massive corals of Ploeites genus, which provide useful palaeoclimate
archives due toheir wide distribution throughout the tropidsig. 1.1), their ability to be
accurately dated, and because they contain a wide range of geochemical tracers within their
skeletons(Dunbar and Cole, 1999agan et al., 2000 Their dense skeletons and rapid
growth ratesx(1 cm/year) means they are ideally suited for-anbual samplingWatanabe

et al. (2003 also found thatDiploastrearecords interannual climate variability as clearly as
Porites thus also yielding a dependable palaeoclimate signal. With global climate change a
dominant issue in the scientific realm, it is necessary to provide as much verification a
possible of incremental climate change throughout the last decades, centuries and millennia.
Coral provide an excellent tool for this, and the analysis of new species means that data

capture throughout the worldés tropical oCcea

1.1.1 Cora Is through time
Scleractinian corals such @®niastreaandPoritesfirst became important to reef systems in
the shallow seas of the Tethys during the Mesozoic, with most modern families and genera
present by the middle CenozaiBromfield and Pandolfi, 2031 Closure of the Tethys
during the Oligocené 34-23 Ma) created the division of original Tethyan fauna into the two
unique faunas currently prevailing in the tropical Atlantic and 4Rdoific regions. Three
major extnction events, occurringt the Eocen®ligocene, Oligocen#liocene and Plio
Pleistocene boundaries served as faunal turnover efsitgyer and Risk, 1994 The Plie
Pleistocene event occurred betweeh Ma, with Atlantic communities undergoing a severe
restriction event meaning that many genera now extinct in the Caribbean Ocean are extant in
modern day Indd’acific reefs. Palaeontological data shows thadern reefs prevailing
today are a reasonably accurate representation of how reefs have existed for over 25 Ma
(mid-late Tertiary)(Boekschoten et al., 198%herefae studies using modern corals are not

3



only applicable to modern climate reconstruction, but can also be used in a palaeoclimate

sense when a fossil coral of the same genus or species is analysed.
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Fig. 1.1 Global distribution ofPorites lobata(A) and Porites lutea(B). Images sourced from Veron,
2000.

1.1.2 Climate records in corals

The region around Timor Leste is especially important from a climate perspeciive
tropical western Pacific provides the lasgef three major global tropical heat sources, which
contributes significantly to climate variability in the Pacific region (the two other major heat
sources reside over the Amazon and Afri@aang, 2002 The southwest Pacific is also
affected by key climate parameteEd Nifio Southern OscillationENSO), the Asian
Australian monsoon, anthe Indian Ocean Dipole (IOD)Ihese parameters all influence the
Indo-Pacific Warm Pool (IPWP) which is a primary compat of the global coupled ocean
atmosphere syste(Gagan et al., 2004 Variations in these climate processes influence SST,
SSS, and precipitation in equatorial regions. ds lalso been realised that the industrial

revolution has significantly influenced the natural state of our global system, with rapid
4



increases in atmospheric gas levels raising concern in regards to how the natural system will
respond to these anthropogaally induced changesSomescientists believe that through the
injection of fossil fuel CQinto the atmosphere, modern S®&tural temperaturandclimate
variability, and coupled oceaatmosphere phenomenauch askl Nifio/La Nifa, have
already been influencefairbanks et al., 1997 The aithors argue foincreased severity

and frequency of El Nifio events since the 1970s. Hughen €989 explains that this
coincides with a time of rapidly increasing gloliamperatures, which may be linked to
humaninduced greenhouse forcing. On the other hand, a coral record from the Galdpagos
Islands has recorded an abrupt and synchronous sHffiand SST following the El Nifio

event of 1976 in the eastern tropicatcia (Guilderson and Schrag, 199&nd the authors
conclude that such alteration to the vertical thermal structure may be responsible for the
increased and intensified El Nifio behaviour thereafidre extent to which these changes
reflect natural variability versus anthropogenic input requires a better understanding of
annual climate records over geological time scalésvital aspect of undstanding the
possible future trends of the global climate system begins with gaining an understanding of
palaeoclimate trends, and tropical corals are particularly sensitive recorders of this.

1.2 Coral geochemistry

Massive, hermatypic corals, such @sniastea Porites and Diploastreg have desirable
morphology for use as climate proxies. This is because massive corals form round, wave
resistant structures that can include hundreds of years of uninterrupted growth, and also their
calcium carbonate accretigate is higher than deep water coral species. Annual density
bandsrepresent changes in both the rate of linear skeletal extension and calcification, and
have been used to detect variations in growth rates during certain years as the result of ENSO
evens. Optimal growth conditions for hermatypic corals include temperatures within the
range of 20-26iC, low sediment load, growth at1’® m depth to ensure sufficient light
penetration through the water column, normal ocean salinitiegt @3 ) |, anlg rel at
protected watebodies where energy levels are |@ruffel, 1997. These conditions yield

an optimum vertical growth rate of I mniyr for massive, modern speci@geron, 2000

1.2.1 Stable isotopes
Coral aragonite records ambient seawater conditions which can be resolved using

geochemicatechniques Attributes that control coral chemistimgclude water temperature,

5



salinity, isotopic composition turbidity, runoff, and upwelling intensity. There&

e x ami M n @ niE ratios within acoral may providedetailed insights into the
prevailing palaeoceanographic and atmospheric conditions. For example, (ngirer
positive) i*°0 values indicate colder climate withgreater global ice volume, she general

trend over time toward lowdmore negative)i’®0 v al ues at numer ous Si
tropical oceans suggests a gradual warming and/or freshening of the surface ocean over the
past century(Druffel, 1997). Fig. 1.2 summarisesthe expectedrelationships between
environmental conditions and cofafO (as explained by Felis and Paetzold, 208Bowing

that increases in temperature, precipitation and runoff all result in more ndg&iwalues.

In contrast, increased evaporation results in more positika i*°0. Increased precipitation

and runoff also serve to freshen local and regional SSS conditions, whereas increased
evaporation causes heightened salinities.

SST and SSS varies aeding to ENSO phases, meaning that ENSO behaviour is recorded in
corals living in the equatorial Pacific basin and central Indian Odgaumbar and Cole,
1999. It has been found that the cool, dry conditions experienced in the western Pacific
during an EIl Nifio phase of ENSO result in deposition of isotopically heaVgtakexygen

(more positiveli®®0), whereas the warm, wet conditions of La Nifia result in an isotopically
light coral skeletor{imore negativei®0) (Tudhope et al., 200TTudhope et al., 1995This
relationship is not only relevant in the modern bub afs the Holocene, aklcGregor and
Gagan (2009 found that seven "0 records fromHolocene Porites from PNG show
decreases in SST and precipitation similar to modern ENSO behaviour, from a time period
spanning 7.6.4 ka. Positivei*®0 anomalies were also seen in 14 out of 16 EloNdvents

from modern coral records at the same. ditee coupling of changes BST and the amount

of U*®0-depleted rainfall in the tropical southwest Pacific makes sites such as PNG, Indonesia

and Timor particularly sensitive recorders of ENSO variability.



A Increased Temp. = -ve 180 A Increased Evap. = +ve 6180

6180 (%o V-PDB)
6180 (%o V-PDB)

Temperature (°C) Evaporation

A Increased Precip. =-ve 6180 A Increased Runoff = -ve 6180

5180 (%o V-PDB)
5180 (%o V-PDB)

Precipitation Runoff

Fig. 1.2 Relationships beveen changing environmental conditions &H® composition of seawater.

1.2.2 Sr/Ca

Strontiumcalcium (Sr/Ca) ratios in corals have been shown to provide a promising proxy for
water temperature variation, with calions suggestinga temperature dependencé
0.062mmol/mol perilC (Gagan et al., 2000 U t®0,iwkiah is influenced by both SST
and®OltUof s e'BOwp ttoarat SIQais a reliable proxy purely for STahyarini et

al., 2008. The coupled Sr/G&®0 technique makes it possible to reconstruct not only
*%0g, but also SST, by removal of them@ er at ur e c o mpo signalt o f
(McCulloch et al.,, 1994 Information about precipitation, evaporation, and water mass
transport can also be inferred. This technique has been successfully used in nine sites in the

Pacific and Indian Oceans using fodBirites corals, however its high sensitivity teery
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minor amounts of diagenesis (as outlined below)reaant thathis analysiss beyond the

scope of this particular study.

1.2.3 Coral diagenesis

Diagenesis obiomineralsoccurs frequently in the marine realm, and doralaragonite is

not exempt to this. Corals are subject to post depositional diagenetic alteration in both
marine and freshwater phreatic and vadose environn{®ft&regor and Abram, 2008
(Table 1.1). Diagenesis within these zones can have three possible outéoreshe
precipitation of secondary aragonite or calcite in skeletal voids, 2) the replacement of skeletal
aragonite, usually with calcite, or 3) dissolution of the primary aragonite ckéBathurst,

1975. Dissolution in watesatr at ed ar eas causes fichal ky zon
often developed in association with precipitation of skuyiestal calcite, where dissolution
occurs at a greater rate than calcite precipitafidcGregor and Gagan, 2003These zones

show increased leaching particularly at calcification centres. If diagenesis occurs in the
vadose zone, corals are most likely to transform to calcite. Characteristic vadose zone
diagenetic sequence begins with leaching of primary aragoniteower@rowths offine
calcite, transitional to calcite void filling and neomorphic, fabric sleeve replateohehe

coral skeleton. Neomorphism occurs when aragonite is replaced with calcite without

destroying the gross coral morphology.

Tablel.1 Types of diagenesis that occur in corals situated in differen¢lidig zones

Diagenetic zone Characteristic features of zone Diagenesis
Marine phreatic zone Pore spaces completely Secondary aragnonite
saturated with seawater Dissolution

Freshwater phreatic zone  Pore spaces completely Calcite
saturated with freshwater  Dissolution

Marine vadose zone Pore spaces filled with mix Secondary aragonite
of air and seawater Calcite (subaerial exposure)
Dissolution
Freshwater vadose zone Pore spaces filled with mix  Calcite (subaerial exposure)
of air freshwater Dissolution

When using corals for palaeoclimate research, they must either be pristine or their level of
diagenesis precisely known in order for the isotopic and elemental signals to be meaningful.
If meteoric water is present during recrystallisation of aragontie ¢alcite, the stable

isotopic and elemental time series may be affected. McGregor and A28 outline the
8



influences of diagenetic material on SST reconstructions, with results from their owmstudy
modern and fossPoritesfrom PNG supportive of previous investigatidiesg.Allison et al.,
2007, Bar-Matthews et al., 1993endy et al., 2007McGregor and Gagan, 2003 They

explain that secondary aragonite growth in
secondary calcite growthimot h moder n and f ossil corals | e
dissolutionis s hown to create fAcool o anomalies in

These temperature shifts can also be explained in terms of positive or negative shifts in the
stableisotope and Sr/Ca values. Secondary aragonite growth as a result of early marine
diagenesis would bring on significapbsitive shiftin coral U *°0, &"*C and Sr/Cavalues
relative to pristine corals. In contrast, diagenetic transformation of primagomrite to
calcite, or addition of calcite cements in environments with meteroric water, involves a
negative shifi n %@ ,e™*Cliand Sr/Ca composition of the diagenetically altered corals.
Therefore, the effect that diagenetically altered coral geoida signals have on the
palaeoclimate record is significant. Sr/Ca signals have been found to have nearly 2.5 times
t he s en s’ raties to the sanie dégree of alteration, and McGregor and Gagan
(2004 have found that o we r S r*80 Ghadiagenetitallyialtered coral would produce

1.1 to 1.5C and-0.2 to 0.2C warmer SST aifiacts for palaeotemperature reconstruction,
respectively. The influence of secondary aragonite is particularly strong, with 20% of
secondaryaragonite forcing a shift to (85 h i g h'®r(Quii2007. This means that
sensitivi'foy aalfe toasabtleainfilling and replacement of the originairal

matrix by secondaryragonite can create significant geochemical variations that may be
independent of any climatic or environmental change. Because of this, an extensive
diagenetic screening process has been carried out to detdeneieof diagenesis ioorals

from Timor Leste.

1.2.4 Limitations
Coral skeletons are depleted 0 and**C with respect to isoptopic equilibrium with the
ambient seawatgFelis and Paetzold, 2003 whi ch has been attribut e
effect that takes place during hydration and hydroxylation ob. COhis is known as
Adi sequilibriumo. However, the disequilibri
the major growth axis ofraindividual coral colony where growth and calcification rates are
at their maximum(McConnaughey, 1989 Hence coral microsamples are always milled
along tke major axis of coral growth following single fans of corallites. A problem for
9



palaeoclimate reconstruction is that mean isotopic disequilibrium offset from seawater can
vary significantly for individual corals living in the same environm€@tilderson and
Schrag, 1998 which means that quantitative comparison of mean climatic conditions being
dr awn orreconds of corals growing idifferent locations or during different time
periods must be treated with caution. It seemsadbiat i*°0 provides an excellent proxy for
variability but should not be considered an absolute proxy for $%1¥@s,, as the reported
differences of 0.2 t® . 4 & cofali’fO equal 12 C in terms of temperature interpretation
(Felis and Paetzold, 2003

Although coral Sr/Ca ratios also have a vital et that produces disequilibrium with the
ambient seawater, it appears the temperature calibrations do not vary significantly for
individual corals living in the same environment, nor between different speci€®iitd9

and colonies with different growtand calcification rates, provided sampling follows optimal
growth regions(Alibert and McCulloch, 1997 Therefore, Sr/Ca rasocould yield more
reliabl e r'%®s whert attemptingg o ddlineate changes in absolute mean
temperatures at a given location. The average of 0.062mmol/madl@dron several corals
sampled by Gagan et 42000 is certainly useful, but it is unknown whether this relationship

is generally valid foPorites It is also important to acknowledge that glacial conditions may
have significantly altered the seawater Sr/Ca ratio due to weathering and dissolutien of Sr
enriched carbonates exposed on the continental sh@wel and Schrag, 1998 The key
message to be taken from this research is thaitcal errors can be reduced when a multi

proxy approach is used for palaeoclimate reconstructions.

1.3 Dating of corals

There areour reliable ways to umericaly date corals(1) sclerochronology(2) **C dating

(3) uraniumthorium (U/Th) dating, and4f uraniumlead (U/Pb) dating. This study
employed all of these techniques exc&@ dating. Sclerochronology involves counting
annual density bands and is meadfective when the sample is collected from a living
specimen, meaning counting can work backwards from the age of the uppermost, youngest
annual density bandJ/Th techniquesre useful for fossil corals as thajow dates of a few

years t 500 ka to be obtained This record can be extendedich further, up to many
millions of years, using thd/Pb decay schem@Voodhead et al., 2006 Accuracy using

U/Th ranges from: 5 years (2) for a 180 year old corat, 44 years at 8,294 years, ahd
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1.1 thousand years at 12%a (Edwards et al., 1987 U/Pb has a minimum uncertainty of

14 associated with the halife of 2*U (Denniston et al., 2008 However, a limitation of

U/Pb dating of fossil corals is the susceptibility of their porous and metastable aragonite
skeletons to diagenetic alteratigPenniston et al., 2008 Fortunately, raasurement of
20/2% and*°Th/”®U can be a powerfulidgnostic test for postepositional mobility of
U-series nuclides, as where either of these ratios has departed from secular equilibrium it can
be assumed that the sample has not behaved as a closed(ggstenliagenetically altered)

for all of the hstx 1 Ma (for %) orx 500 ka (for?*°Th) (Quigley et al., 2012 A
combineddating technique using both U/Pb and U/Th to determine whether the coral age is
within secular equilibrium has allowed for the highest precision of2tiieMa terminal
Pliocene coral ageSince theHolocene corals are within the age range of 500 ka, U/Th was
the sole technique used to obtain the two 4.5 ka datake sclerochronology was applied to

the modern coral.

1.3.1 Applications of dated corals
Denniston et al(2008 completed the first successful dating of a-@ueaternary coral using
U/Pb techniques, recognising the suitability of coralsré&dming the chronologies of late
Cenozoic marine sedimentary sequences. A date of 5.52 + 0.15 Ma was obtained, and is the
only study of a pr&uaternary coral which has employed U/Pb dating until this study and
previous reconnaissance studies of Plioaarals found in the uplifted VM in Timor Leste
(Quigley et al., 2012 Denniston et al(2008 acknowledgedhat the limitations to prior
coral studies has been insufficieage control on some fossikaring lithologieswhereas
U/Pb dating introduceseliable datesunder the right circumstancesCoralsyounger than
Pliocene age have also been dated. Two mid Pleistocene kavaldeen obtainedgsing
U/Pb and U/Th techques,providingages of 1.02 + 0.07 Ma and 1.288 * 0.034 (Gatty et
al., 200). These ages, combined with shalovarine sequence dates, have been used to
define rates omarine invertebrate evolution, tectonic uplift and palaeoclimate change in the
Caribbean Basin. Othgralaeoclimatestudiesusingfossil corals of Tertiary age have used
stratigraphic sequencing to provide approximate ages of ¢8mashert et al., 20Q6vany et
al., 2004 Mackenzie et al., 199'Roulier and Quinn, 1995 A sudy that is extremely well
correlated to the use of detrital corals from Timor Leste is that of Brachert @06,
which uses 10 M#orites corals from Crete to provide insights into lateokkne seasonal
and interannual climate variability. These exceptionally well presemessive coral
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skeletons were retrieved from a coral buildand analysed for isotope fluctuations. From
thisit was ascertainetihat climate dynamics in the easterediterranean reflect atmospheric
variability related to the Icelandic Low Myr ago. Although dating of fossil corals can be
somewhat difficult, using a combined technique of coupled U/Pb and U/Th dating along with

reference to biostratigraphic ages, emainties can blrgely minimised.
1.4 Study area 1 Timor Leste

1.4.1 Geographical setting

The island of Timor is located within maritime southeastAsia, and is the largest and
easternmost of thieesser Sunda IslandBig. 1.3). Situated approximately 640 km northwest

of Australia, Timor represents the southern arm of the outer Banda Arc. The Banda Sea,
Ombai Strait and Wetar Straitextend northward, the Timor Sea to the southile to the

west lies thdndonesian Provincef East Nusa Tenggaral'he island of Timor is divided in

two, West (Pulau Timor) and East (Timor Leste), along a 100 km -sotith political
boundary in roughly the centre of the island, from which Timor Leste extends 250 km
eastward. Elevatiomcreases rapidly from the coast inland in Timor Leste, and peaks at
2,963 m (Mt. Ramelau) along a roughly wesst trending mountain range which is highest

in the west.

. ’113
:"« *
L7 2 ““Borneo i

h

- ) .

“ ~A:\x:

Banda Sea Irian Jaya,

] % ¥
: Wetar Strait Indonesia
Jakarta

@
+°° Timor
&
East Nussa
Tenggara

Timor Sea

+  Australia

Fig. 1.3 Location of Timor within maritime southeast Asia.
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1.4.2 Geological setting

Tectonic narrowing of the Indonesian Seaway occurred due to-dNifdEted movement of

the Australian continent at 70 mm yf' relative to the Sunda ShelbeMets et al., 1994
resulting in collision of the leading continental margin with the Banda Arc by the Miocene to
early PliocendAudley-Charles, 201 1Rutherford et al., 2001 Tectonic processes including

the accretion of the Banda Arc to the Australian continental (Bask et al., 2003Nugroho

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, 1968aHarris, 1991 Price and Audley
Charles, 1987Sandiford, 2008 The timing of areontinent collision in Timor remains
poorly constrained and controversial, varying from 3.5 MaCarter et al., 19760 5.59.8

Ma (Haig and McCartain, 20Q0Keep and Haig, 2030 The uplift of Timor reorganised
oceanic pathways so that thefrTimor-Sea was divided in two as parts of Timor rose from
mid-bathyal depths in the terminal Miocene to terrestrial environments in the late Pliocene or
early Pleistocen@Haig and McCartain, 20Q¥an Marle, 1991 The island is surrounded by
>3000 m deep basins in both the forearc and foreland regions of the ¢fagkey-Charles,

1986 Kenyon, 197%that serve as pathways between the Pacific and Indian ©tsanigh

the Indonesian SeawayThe Wetar Strait north of Timor is a young, refmeeland basin
assot@ted with movement on the Wetar Suture that locked up around @Hitas, 1991

Price and AudlexCharles, 19831987 and foraminiferal evidence shows that the Timor
Trough axis south of Timor has migrated&D km south of Timor since 4.5 M¥eevers et

al., 1979. This migration was accompanied the shortening and thickening of the Timor
orogen, which partially blocked the Indonesian Seaveay uplifted the Vigueque
Megasequenc@/M) beginning in tie Early PliocengKeep and Haig, 2030 As such, the
exhuma VM provides a geologic ehive relevant to understandirigdonesian Seaway
evolution, as changes in salinity and temperature will be recorded in skeletons of pristine
fossil corals retrieved from the sedimentary VM, discussed further in Chapter 4.reBeatp

tectonicconfiguration of Timor is displayed irig. 1.4.
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1.5 Indo Pacific climate

When attempting taelate ii*®0 andii**C records from coralto climate fluctuations, it is
important to understand all climate processes which affect the region from which the coral is
retrieved. The Ind@acific climates controlled by a complex interaction of atmospheric and
oceanic processes which have evolved through time. Although the modern climate is
constrained by historical data collection and the creation of climate models, the Holocene and
Pliocene climate pameters are less clearly defined. Information from a network of climate
proxies across the region that extend back several millions of years has helped to create a
general idea of prevailing conditions through time, however more data from a range of

proxies is needed in order to further clarify these interpretations.

1.5.1 Modern climate
The key oceanic feature of the southwest Pacific region is the IFRgP1.5). It is the
warmest body of opeacean water on Earth with a mean SST of greater thad (2®ram et

al., 2009, and precipitation that exceeds evaporatiorrs [y m within the 28C isopleth
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(Gagan et al., 2004 As such, it is believed to play a vital role in global climate change
through its interaction with major climate systerasd due to the vigorous convection that
occurs above it and subsequent distribution of heat and water vapour. There are several main
atmospheric processes whicttaract over the Ind@acific; the Indian Ocean Diople IOD),

the IndePacific monsoon, and ENSO. The IODais irregular oscillation of SSTs in which

the western Indian Ocean becomes alternately warmer (cooler) than the eastern part of the
ocean, with positive (negative) anomalies causing drofibod) conditions in over
Indonesia and Australia The monsoorseason brings peak temperature and precipitation
from September to Februaryrhe ENSO phenomenon in particular has a dominant effect on
the climate in the southwest Pacific due to itsuefice on the IPWP. EIl Nifio and La Nifa

are officially defined as sustain&fTanomalies 0$0.5°C across the central tropical Pacific
Ocean. When the +0.5°G0(5°C) condition is met for a period of less than five months, it is
classified as El Nifio (L&lifia) conditions If the anomaly persists for five months or longer,

it is classified as an El Nifio (La Nifi@&pisode During El Nifio the Indonesian region
becomes cooler and drier as the IPWP shrinks and moves eastward as the result of weaker
trade winds causing negative SST anomalies and less precipitation. In contrast, stronger
trade windsduring La Nifiapush the IPWP westwariringing positive SST anomalies and
greater levels of precipitatiorizig. 1.6 illustrates the alterations to normal Pacific conditions

that occur during EI Nio and La Niia. These threelimateprocesses are inherently related,

with recent studies showing that positive feacks exist between strengthened Asian
monsoon rainfall and IOD even{dbram et al., 2009 meaning that when negat events
coincide with peak monsoon rainfall there is the potential for much greater than average

rainfall.

Latitude

- - T
30°E Longitude 90°W

Fig. 1.5 Location of the InddPacific Warm Pool, which spans the western Pacific to the eastern
Indian Ocean. Mean annual SST map depicts 2° C contour interval, with shaded area >28° C.

Modified from Abram et al., 2009.
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Atmospheric circulation above the equ#brsouthwest Pacific is also important in
determining the global and regional climate. Thermally driven global atmospheric circulation
cells, the Walker and Hadley cells, are associated with ENSO and located in the tropics.
Both are conceptual models ¢aplain how parcels of air follow a closed circulation in the
zonal and vertical directions (Walker cell) and meridional direction (Hadley cell). Walker
cell circulation is characterised as the air ascending in the equatorial western Pacific, flowing
easward in the upper troposphere, sinking in the equatorial Pacific, and returning to the
equatorial western Pacific in the lower troposph@itang, 2002 During El Nifio this
convection cell is weakenethe topical Hadley cell is intimately related to the trade winds,
tropical rainbelts, subtropical deserts and the jetstreams, with heated tropical air rising and
flowing aloft towards the subtropical region where it cools, sinks, and flows back to the
tropical region (Wang, 2002 During El Nifilo the western Pacific Hadley cell shows an
anticlockwise rotation with anomalous descending motion in the tropics an anomalous
ascending motion in the subtropi@®/ang, 2002 Therefore, both the Walker and Hadley
cells are recognized as playing an important role in the evolution of ENSO. SST itself is
known to be an important factor in climate dynamics, due to the nonlinearitheof
relationship between SST and heat transfer to the atmosphere meaning that even small
changes in tropical SST (0i51.0'C) can have large effects on the patterns of rainfall, storm
tracks and intensities, and indeed on the overall general atmosghariaton (Beck et al.,

1997. This distinguishes SST as an essential boundary condition ¢onsedered in any
modelling of past ofuture climate. It is apparent that the location of coral reefs in such areas
of principal circulation processes means that isotopic and elemental records from skeletal
primary aragonite has the potential to delteeimcremental changes in the global climate

system, at higher resolution and over broader time spans than many other records.

Fig. 1.6 (Next page) lllustrations of western Pacific conditions resulting frerE Niio and La Niia
phenomenon. During normal conditions, equatorial winds push the WPWP westward, causing the
upwelling of cold water along the South American coast. During El Nifio, the WPWP approaches the
South American coast to instigate warmindyiler the western Pacific becomes relatively cool and
dry. During La Nifia, the WPWP extends towards the west, causing relatively warm and wet

conditions in the western Pacific. Images sourced from NOAA.
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1.5.2 Holocene climate

The IndePacific has been a keyea for palaeoclimate delineation in the last several decades,
with many studies using foss$toritescorals and foraminifera from sediment cores as proxies

to provide a window to climate conditions at various times throughout the Holocene.
Together theseecords have allowed scientists to piece together a general understanding of

climate history in this region sinte 10 ka.

1.521 Holocene  Sea surface temperature

SSTs in the IPWP wetke 3i C cooler than present during thast Glacial Maximuml(GM)

& 26-19 ka) but the central IPWP experienced a rapidjotestial SST rise which triggered
deglaciation by 3 ka later, producing neanodern SSTs by the early Holoceftgagan et

al., 2004. Both coral and sediment core records show a decreastOg,of 0. 54 r el at
to modern seawater since the early to mid Holocene, equating @ drdp in tropical SSTs
(Gagan et al., 199&tott et al., 2004 At higher temporal resolution, Sr/Ca analyses of a
suite of 48Poritescorals from PNG and Indonesia have shown fluctuations in southeastern
and southwesta IPWP SSTs during the Holocene. The coral records indicate that these
regions of the IPWP were cooler than presattveerr 5.54.3 ka,{ 1.2C £ 0.3C), and

were similarly cool before 6.8 ka(Abram et al., 2000 The results also elucidate a short
lived shift to mean SSTs that were warmer than at present betwe&r6.3 ka. This means
there was a brief, mitiolocene temperature peak, which is similar to the conditions that are
thought to have prevailed after4.3 ka. The authors suggest that the-madocene cooling

at the study sites was related to contractions of the southeastern and southwesterromargins
theIPWP, associated with the more northerly position of the-tndpical Convergence Zone
(ITCZ) that accompanied midolocene strengthening of the Asian summer monsoon. In
turn, warming is predicted to be the result of a more southerly positithe dTCZ coupled

with a weakening monsoon. This suggestion further strengthens the case for dynamic
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relationships between the coupled ocasmospheric climate system in the tropics being
drivers for SST and SSS fluctuations. Beck ef18197) usesPoritesSr/Ca ratios to examine
the SSTs from Espiritu Santo, Vanuatu, revealing a depressias wiuch as 6i& below
modern values &t 10.35 ka, followed by an abrupt temperature rise during the following 1.5
ka. McCulloch et al(1996 have high precision (near weekly) Sr/Ca ratios from uplifted
coral terraces dated’at9 kaandx 7.5 ka from the Huon Peninsula, PNGvhich support
previousfindings. (Abramet al., 2009Beck et al., 1997 U/Th dating provided these early
Holocene ages for thBorites cores, with results giving a minimum of3C cooler than
modern SSTs in the equatorial western Pacifluctvis also consistent with late glacial coral
records from the Caribbean indicating lower@ C) SSTs for the equatorial ocegBeck et

al., 1997.

1.522 Holocene  Sea surface salinity

The decline in SSS in this region is supported in the sediment core record, as shown by deep
sea drilling core foraminiferal results from Indonesia. Isotopic dataiqedvby the
examination ofGlobigerinoides ruberat multrdecadal to centennial temporal resolution

t hroughout the Hol ocef®@y,0fs hOo.wWbsd trheaftl eac t dse car eds
of 1-1.5 practical sality units (psu), causing ocean freshrmi This observation implies that

in the early Holocene, tropical western Pacific surface water was as salty as the surface water

in the south central equatorial Pacific today (> 35.2 §Stott et al., 2004 Therefore, if

SSSs across the Pacific are stable, the salinity gradient that currently exisitheaabsent

or significantly reduced in the early to mid Holocene. It has also been noted that Holocene
age groundwater from t%@sgow@Bténdardimesn ocean svatdg)a s t h e
modern rainwater, indicating not only that the moisture source to the region has remained
unchanged during this time, but also that there has been a persistent and strong monsoon
system throughout the Holoce(fstott et al., 2004 The decrease in SSS is supported by a

54-year long, high resolutioRoritesrecord X 15 samples per year) from the South China

Sea, which has allowed an insight into monsoon variability and ENSO behaviour during
summer and winteat*x 4.4 ka. Higher summer rainfall and cooler winter SSTs due to
greater Northern Hemisphere inedl i on i s r e @ fludwuatibns inhthisacaral, h U
contributing to mounting evidence for recent freshening of the tropical western R&aific

et al,, 2005 O and Sr/Ca records from corals have shown that surface waters in the

western Pacific and South ChinaaSeere probably 0-5.0°C warmer and more salty than
18



present during the Holocene Climatic Optim@m 7-6 ka) (Montaggioni and Braithwaite,
2009.

1.523 ENSO in the Holocene

Spectral analysis of winter SSTs reveals a strong ENSO cycle, suggesting the influence of
ENSO on winter SSTs in southeast Asia was well established4¥ ka(Sun et al., 2006
However, this is not observed in summer SSTs, leading to suggestions that teleconnections
between ENSO and summer monsoon rainfall were restricted at this fiilne.cause of the
differences in ENSO behaviour during the eamyddle Holocene is likely to have been

di fferences in the €Camet 200 sThisdadedis strangthewed hyf i g ur
Gagan et al(2004 who find that the onset of modern ENSO periodicities are identified by
palaeeENSO records throughouhé tropical Pacific region 5 ka, with an abrupt increase

in ENSO magnitude 3 ka. Mid Holocene coral records show subdued precipitation in
response to El Nifio temperature anomalies, but this abruptly changes in the late Holocene
due to enhanced intetamn between the Southern Oscillation and ITCZ. Yet ENSO is
believed to have been active long prior to this. Hughen €1299 have discovered robust
ENSO activity duringthe last interglacial when global climate was slightly warmer than
present . The interannual 'Y aecdrdaohanlindividqual s e e n
Poritescoral from North Sulawesi, Indonesia, dated at 124,000 ka, shows similar frequency
and bé&aviour to modern instrumental records prior to the-b8@0s increase in frequency

and severity of ENSO events. This is further confirmed by Tudhope €2Qfl1) who

e X a mi@ i 14ifossilPoritescorals from PNG, spanning seven distinct age time periods
spanning 2130 ka, as well atree modern samples. Their findings suggest that ENSO has
been prevalent in the Iné@acific since at least 130 ka, and is stronger now than at any other

time.

1.5.3 Pliocene climate

Global Pliocene climate conditions had several key similarities to @sepr day, notably the
intensity of sunlight incidence, global geography, and the atmospheric concentration of
carbon dioxide(Fedorov et al., 20Q6Wara et al., 2005 However, substantially higher
global average temperaturés 3iC) meant there was an absence of continental glaciers in
the Northern Hemisphere, and subsequently sea levels*we&® m higher than today

(Ravelo et al., 2004 Two key drivers for global climate change are postulated to have
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occurred during the Pliocene (228 Ma), the joining of North and South America by the
Panama Isthmus, and closure o€ tmdonesian Seaway. The latter is believed to be
instrumental in Indian Ocean cooling and subsequent aridification of East Africa during the
Pleistocene, prompting the development of open grasslands and major evolution of hominids
(deMenocal, 2004Reed, 1997Wynn, 2003. The current debate as to whether the Pliocene
was a time of permanent Elfidi (Wara et al., 20050r of regular ENSO cycle@Vatanabe et

al., 2011} is not yet resolved.

1.531 The Indonesian Throughflow

The Indonesian ThroughflowITF) plays a unique role as the only open pathway between
two major ocean basins, the Pacific to Indian Oceans, and tropical latifbdscribed as a
6valved by Wright (2001), Its route winds
before reaching the Indian baskid. 1.7), forming a warm surface water route for the global
thermohaline circulation. This means it has a strong influence on the regional and global
climate system. Its driving force is the pressure gradient between the western Pacific and the
Indian Ocean, eablished by the easterlies in the equatorial Pa@iarey et al., 1999 This
pressure gradient varies in magnitude with the seasonal reversal of the monsoons, being
weakest during the northwest monsoon (boreal winter) and strodgesy the southeast
monsoon (boreal summer). The reversing annual wind patterns associated with the Asian
Australia monsoon system cause large seasonal variation in the circulation and transport
patterns within the Indonesian sdg&printall et al., 2009 This seasonal circulation change
alters the proportion of North Pacific and South Pacific water within the Indonesian
archipelago, leading to variations in SSTs and salinitythas strongly influencing regional
rainfall patterns Morey et al. (1999) state that the majority of the water entering the Indian
Ocean from the ITF is transported through the Timor Strait, with lesser amounts travelling
through the Savu Sea and LombakaB. This means that corals ihg in coastal waters

north and south of Timor during the Pliocene would have been exposed to SST or SSS

fluctuations of the ITF.
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Fig. 1.7 Pathways of the ITF. Thick whiténes represent main pathways, thin white lines represent

minor pathways (as described by Gordon and Fine, 1996). Yellow box indicates location of Timor

within the IndePacific.

1.532

Pliocene changes to the ITF

Cane and Molnaf200]) state that prior t6 5 Ma, the Indonesian passage was wider,

deeper, and located further to the south that it is at present. Tectonic collision of Australia

with the Banda Arc lead to the emergence of Halmahera, an equatorial island situated on the

margin of the Celebes Sear(Sulawesi Sea) and Pacific Ocean.

The narrowing of the

Indonesian seaway and the uplift of Halmahera is postulated to have had a major impact on

the source and flow path of the ITF. When the majority the island was submerged, it would

have allowed a fix of warm South Pacific water into the Indian Ocean, maintaining higher

SSTs and precipitating a rainier climate in East Africa. However, singeMa it has been

acting as a blockade atichiting the mixing of South Pacific waters into the ITF, changing

the throughflow composition in the surface layer fron9% North Pacific and 31% South

Pacific to 92% and 8%, respectivéMorey et al., 199P This is because it prevents the flow

of southern water into the Celebes Sea and alsertdisome of it southward through the

Seram and

Banda

Seas.

80 and MgiCa wadanfiorn the tmpicalmi ni f

eastern Indian Ocean Deep Sea Drilling Project (DSDP) regmadual SSTand SSS
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freshening from 52 Ma, before commencement oflestinct cooling episode ®f 4iC and
freshening of subsurface waters betweenr33\ba (Karas et al., 2009 This shows that the
Indian Ocean lundergone a considerable transformation to cooler, fresher waters since the

Pliocene.

1.5.33 ENSO in the Pliocene

Jochum et al(2009 describeshow ENSO would have been weaker and more irregular prior

to seaway narrowing. The northward movement of New Guinea and subsequent increased
flow of North Pacific waters into the ITF, combined with eastward transport of warm and
fresh North Pacific surfae waters along the equator to the central equatorial Pacific resulted
in a shiftof the ITCZ. Its new location further from the equator and a reductitime early
Pliocene eastern extent of tiéestern Pacific Warm PooWWPWP), the warmest part of the
IPWP, are the processes believed to have lead to the present state of strong, regular ENSO
cycles. Thissuggestsa weaker, more irregular ENSO cycle prior to Indonesian Seaway
narrowing at 3 Ma. However, as outlined above, the extent of the reduced ENGEl is
debated in the literatur&@he case for permanent El NHike conditions during the Pliocene
(Ravelo et al., 20Q4Vara et al., 2008has been questioned by recent evidence from spectral
analysis ofPorites corals from the Phillipine§Watanabe et al., 2011 The SST and SSS
results from two 35year long, monthly resolved'®O recordsreveals variability that is
similar to present ENSO variation. The authors suggest that prior research advocating a
permanent El Nifio state may have been limited by the coarse resolution of many SST
proxies, and raintain that this new cordlased analysis identifies climate variability at the
temporal scale required fomly resolve ENSO structureWara et al(2005 usedi*®0 and

Mg/Ca ratios from forminiferal shells at temporal intervals %f 10 ka from 5.3 Ma to
present, gathering over 400 data points. Several key features in the results showed that the
Pliocene maintained permanent El Niiiee conditions. (1) Relative to today, the equatorial
upwdling region of the eastern equatorial Pacific (EEP) was warmer (ByC than modern

SSTs), (2) the westast SST difference along the equator was reduced, (3) the thermocline in
the EEP was deeper, and (4) subsurface conditions were more symmetridrectosgical

Pacific. The alteration of these conditions may be the cause of the much stronger and more
frequent cycles of El Nifilo experienced today. On the other hand, theRossdsrecords

from the Philippines resemble a modern, liviRgrites record from the study site which

correlates with modern ENSO variability, and negaiit?® events in the fossil corals closely
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resemble the decreases ifO seen in the living, modern coral during Elfiievents.
Obviously further research is neededoider to confirm whether or not the Pliocene was

indeed a time of permanent El Niike conditions.

1.6 Conclusion

It is apparent that corals represent an essential tool for analysing climate change on a range of
timescales and resolutions. The Ifidacific which is home to the greatest diversity of coral
species, is a region of dynamic climate interactions, many of which dictate the behaviour of
the entire global climate system. The range of coral species used as climate proxies is
relatively narrow at @sent. Porites and Diploastreaare the two genera from this region
which are best understood in terms of the reliability of their geochemical signal. This thesis
provides pioneering studies using a mod@oniastrea retiformigoral and fossiPlatygyra

pini and Platygyra lamellinacorals, offering the first detailed study of such species in the
Indo-Pacific. Discussions draw on climate information gathered during previous studies and

provide new and unprecedented insights into climate conditions Indbeesian region
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2 Gonlastrea retiformis ; investigations of a new climate
proxy for the Indo Pacific

2.1 Abstract

A modernGoniastrea retiformigoral was retrieved from an intertidal reef on the nodast

of Timor Les®e and shbve tleartsaasonali recortigt correspond to
changes irdocal sea surface temperatui®ST). This is the first detailed investigatiaising

this coral species and confirms tlaatretiformisshows promise a& palaeoclimate proxy. Its
abundance throughout the Pacific and Indian Oceans since the middle Cenozoic, intermediate
growth rate and dense skelemphasise that this speciesaisideal candidate. Analyses of
stabl e 05 oa it mise revieatt mean values of5 . 3 Ma 0. 03 and+{ 2 )
1. 0N&a 0. 02,&espediviely, and range from.62t0-6 . 114 and2.15.3%7 t o
%0  a r°@ arei in phase, suggesting that a common kinetic or metabolic mechanism is
affecting the isotope ratios of both elemts. The record spans4.5 years, and when plotted
against the Southern Oscillation Index (SOI) is seen to emialdtéio Southern Oscillation
(ENSO cyclesthroughout the 2008008 study period, but becomeut of phase during the

mid 20082010 period. This may be due to a local climate effect overprinting the isotopic
signal of the regional ENSO phenomenon. Local SST data has been modelled using the Met
Of fice Hadley Centreds Hadl SST1u®Odwmues set ,
corresponding witl8ST troughs (peaks), as expectdd. retiformisi*®O data is compared

with a modernPoritescoral from West Timor, enabling comparison with a well understood
coral genus from the same region. Twmrites ii'®0 range from -4.07 to-5 . 9 4with a

mean of-5 . 3 Wkichi s only 0. 0434 @&aatifermigmesaifD.ii’@ist han
also consistent with mean regional values-®fla to -5.6a found in Porites corals.
Spectral analysis and sinusoidal modelling of isotopes has revealed -higssial
periodicity, representative of the interaction between ENSO and the South Asian monsoon,
which is manifest at low latitudes as tropical biennial oscillation (TBQhese results
suggest that with further investigation this species will become a robuomtte proxy for

both modern and palaeoclimates throughout the-Palafic region.
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2.2 Introduction

Modern corals from the tropical south west Padiwe been recognised msportant toas

for climate research. Coral records have had a major contributiaa the current
understanding oftlimate change on geological timescales isotopic analysis dheir
aragonite skeletons provides detailed incremental fluctuations in oxygen and carbon isotopes.
A thorough geochemical understandingRurites coralshas meant that this genus is most
commonly used, with many studies providing robust evidence for a strong corroboration
bet we e n®Oamdmegibnal $ST arska surface salinityS89 data(e.g. Asami et al.,

2004 Cahyarini et al., 208) Guilderson and Schrag, 1999Annual periodicity is typically
recorded in moder Porites corals (e.g. Al-Rousan et al., 20Q7Cahyarini et al., 2008
McGregor et al., 2001 which is indicative of seasonal SST and SSS fluctuations. Howeve
this is not the only periodicity that can be recorded, with a ¢hiasnial signal visible in
somePoritescorals(Charles et al., 1997 This phenomenoiis explained by Meeh(1994),

who describes that coupled climate interactions between the ocean and atmosphere contribute
to a mechanism that produces TBO in the tropospheteigper ocean in the tropical Indian

and Pacific Ocean regions. Research has linked the biennial component of variability to
ENSO, whereby TBO is associated with modulations of the seasonal cycle, with maxima in
the TBO manifested as temperature extrefidNifio and La Niia) in the tropical Pacific
(Meehl, 1987. Of pertinence to this study, links between the South Asian monsoon and
ENSO have been shown to have a biennial tendégyRasmusson and Carpenter, 1983

Webster and Yang, 198ariving SST and surface wind variations.

Porites are not the only abundartoralsfound in the IndePacific. Goniastrea retiformis
coralsare prolific throughout the IndBacific, an area gfarticular interest to climate change
scientists due to the regiondos (Quatjab 20068 nf | ue |
This species has been selected for a pilot study to assess its ability to accecsaly r
climate fluctuations in the southern Inacific G. retiformis colonies are massive,
hemispherical, flat or columnar, often over one metre across and generally occur between 1
15m water depttfVeron, 2000. Similar toPorites this speciedlourishes throughout the
Indo-Pacific and extends to the coastline of east Africa and the Redrige@.{). Growth
rate investigation of a colonyt Enetewak (Marshall Ishals, North Pacific) showed
maximum annual growth rates of 10.0 mm, 9.5 mm, and 6.0 mm for deptismf 615 m,
and 1625 m, respectivelyDullo, 2005 Highsmith, 1979 This speciess also described as
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having an intermediate growth rate compare@dwgia pallidaandPorites lutea as well as

the densest skeleton of all thig¢ighsmith, 1979 These skeletal features make it a suitable
coral for using Xray analysis to determine annual density bamal provides arobust
skeleton allowing high resolutiomicromilling. This sample was collected from a natural,
intertidal reef setting on theorth coast of Timor Lest€l25 34 6 °R/9®BinXlose
proximity to Indonesian Throughflow currents flowing through Ombai Strigt 2.2). After
thorough screening for diagenesis, involvingay diffraction (XRD), petrographic analysis

and scanning electron microscopy (SEM), a sectiothefcoral has been micromilled to
create aragonite powdersllectal for stable isotope analysi§™®0 a i@ reiilts from this

x 4.5 year old coral are in phase, suggesting that a combination of kinetic and metabolic
isotope effects acting upon and within the coral are causing this covariant relationship.
Statistical analysis has been carried out using tlogramme Palaeontological Statistics
(PAST) . Spectral anal y'¥i saninaddused to identdyi d a |
periodicity within the data Comparison withregional climate records has allowed
investigationof specific climate events recorddyy the coral, but uortunately historical

climate data foifimor Lestais limited

Expanding the application of coral proxies bey®&uditeswill enable increased data capture
throughout the tropics, and provide increasingly detailed insights into maddrhistorical
climate variability. Timor Leste is a prime setting for such research as it is located within the
Indo Pacific Warm PoollPWP), where the interaction of atmospheric and oceanic processes
control the regional climate. In spite of thiseté have been no previous efforts to establish
coral proxy records in this location. Otindings suggestthat further analyses o&.
retiformis corals will yield additional positive results for the calibration of this coral species

as a climate proxy.

2.2.1 Modern coral studies

A thorough understanding of isotope and elemental dynamics iaititesgenus has meant

that detailed insights of not only modern climate but also Holocene climate behaviour
throughout the Inddacific has been revealed, due to theedent preservation and
abundance oPoritescorals in raised reefs. To a lesser extent, molfermtastrea(Swart et

al., 1996 Watanabe et al., 2002Vinter et al., 200)) Diploastrea(Watanabe et al., 2003
andPlatygyra(Weber and Woodhead, 1942ave also been studied. Watanabe 2803
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Fig. 2.1 Global distribution ofGoniastrea retiforns. Image sourced from Veron, 2000.

examined the geochemical systematics of the robust, slow growing (2 to 6mm/yr)
Diploastrea helioporawhich is distributed throughout the IndRacific. In contrast with the
rapidly growingPorites(8 to 24mm/yr), the sl growing nature and long fossil history[of
helioporameans it has the potential to yield continuous palaeoclimate records spanning up to
1000 years in the IPWPWatanabe et al., 2003 This unique feature dD. helioporais
highlighted by the discovery by Dunbar et(@994 thatPavonafrom the eastern equatorial
Pacific has the same barrierRaritesandMontastreawith continuous geochemical recard
limited to* 300400 years B.P. Howeveoral calibrations are not restricted to the
Caribbean and Pacific. The discovery of significant correlations between Sr/Ca ratios and
SST records in the namopical Cladocora caespitosaom the northwestern Mediterranean
Sea(Silenzi et al., 200bsuggests the feasibility of using this corabasew climate proxy for

the region. Similarly with the Ind®acific region, the only possibility to extend beyond the
historical climate database in the Mediterranean Sea is to usdatedl natural archives of

climate variability.

Of significance to thistudy, a moder®oritescalibration for West Timor using paired coral

0 and Sr/ Ca meas ut®@yaedS6S3hadbeen doepleted hyiCahgarini

et al. (2008. A drill core sampled along the main growth axis of the coral provides the
paired record spanning 192004 yearsKig. 2.3) . %D farel SriCa records both display
strong seasonal variation. The isotopic and elemental results were compared with SSS data
from the Simple Ocean Dada Assimilation (SODA) model prepared by Carton(20@0a

20000 which provides monthly averages of SST and SSS data exteratikgibtil 1950
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Fig. 2.2 (A) Location of Timor within southwest Pacific (yellow box). Thick white lines represent
main pathways of the Indonesian Throughflow (ITF), thin white lines represent minor patbixnhg

ITF, as shown by Gordon and Fi(996. (B) Larger image of Timor, with red lines indicating the
roughly northsouth boundary of Timor Leste with West Timor, and red line within West Timor
indicatingthe enclave of Oecussi, part of Timor Leste. Mod8omiastreacoral site and modern
Porites site depicted by yellow triangles. Climate data collection points depicted by purple circles.
Green shaded areas in Timor Leste indicate the extent of theqtiguiMegasequence. Red square
indicates where map (C) is located. (C) Shows the intertidal reef location of the rBmieastrea

retiformiscoral.

over a0.5 by 05 gri d. A gradual fresheni ¥Yag. was
throughout the study guiod. However, it is acknowledged that the SODA data may
underestimate the variance of the SSS record, with higher SSS variance revealed in the coral
record. As historical instrumental records from the Timor region are limited, Cahyarini et al.
(2008 acknowledged that long term monitoring programmes would greatly reduce the
uncertainti es®spand SB8 eeconstructmrts iframecorals in this region and

significantly improve the reliability of results. This issue of limited historical climate data is
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