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Abstract 
 The climate evolution of the southern sub-equatorial tropics during marine isotope stage (MIS) 

5a/b a nd t he Holocene i s e xplored using ge ochemical t racers f rom s peleothems on  F lores i sland, 

Indonesia. Oxygen isotope measurements from two precisely-dated stalagmites reveal that the Australian-

Indonesian monsoon increased during the Younger Dryas (YD) cooling event, when Atlantic meridional 

overturning circulation was relatively weak. Monsoon precipitation intensified even more rapidly from 11 

to 7 ka ago, when the Indonesian continental shelf was flooded by global sea-level rise.  

 Analysis o f oxyg en ( δ18O) and hydrogen (δD) i sotope r atios from speleothem f luid inclusions 

shows t hat inclusion-δ18O values v ary in p hase w ith speleothem calcite δ18O d uring t he H olocene, 

confirming that calcite δ18O primarily reflects variations in the δ18O of meteoric rainfall. Cave drip-water 

temperatures, r econstructed from co upled measurements o f δ18O i n s peleothem calcite an d f luid 

inclusions, r emained r elatively c onstant t hrough t he H olocene but were significantly c ooler during th e 

YD, consistent with the high northern latitudes.  

 To help confirm the stable isotope records, trace elements were used to reconstruct the position 

of the austral summer inter-tropical convergence zone and east Indonesian rainfall variability during the 

Holocene. Mg/Ca a nd S r/Ca r atios c orrelate s ignificantly w ith o ne a nother, a nd with δ18O and δ13C, 

throughout t he r ecord s uggesting t hat the t race el ement r atios were dominated b y prior cal cite 

precipitation, a pr ocess w hereby degassing i n t he vadose z one d uring periods o f l ow r echarge c auses 

deposition of calcite and disproportionate loss of Ca2+ ions (relative to Mg2+ and Sr2+) ‘upstream’ of the 

stalagmite. Comparison of speleothem δ18O time-series from Flores and Borneo shows that they vary in 

unison f or m uch o f t he Holocene. H owever, t here i s a n e xception during t he m id-Holocene w hen a  

distinct a nomaly i n δ18O in t he B orneo r ecord, possibly caused by a  c hange i n t he c irculation o f t he 

Australian-Indonesian summer monsoon (AISM) in response to a period of positive IOD-like conditions 

in the eastern Indian Ocean, occurred between the two regions. 

 A stalagmite reconstruction of Indo-Pacific climate through the interval 84 - 91 ka shows that the 

lower-frequency oxygen isotope t rend indicates that the AISM was largely controlled by local summer 

insolation during this t ime, while the carbon isotopes show a pattern that is closer linked with northern 

polar-latitude i ce-core re cords. Most n otably, a n a brupt de crease i n the t emperature-controlled δ13C 

values at  t he MIS 5 a/b transition o ccurs i n p arallel w ith GIS 21 i n t he G ISP2 δ18O and C H4 records 

highlighting the strong connection between the IPWP and North Atlantic during the last glacial period. 



  

1 Introduction 

 

1.1 Background  

 The m odern cl imate o f s outhern A ustralasia is orchestrated by  the s trength of  the A ustralian-

Indonesian s ummer monsoon ( AISM), w hich i s a mong t he l argest m onsoon s ystems on E arth a nd 

accounts for ~70-80% of the region’s annual precipitation. Gaining a  clearer understanding of how this 

climatic phenomenon has varied through time is paramount to improved monsoon predictions and timely 

adaptation measures, e specially g iven t he uncertainties s till e vident i n climate model p rojections u nder 

enhanced greenhouse-gas forcing (IPCC, 2007).  

 The A ISM s ystem d elivers l ife-giving m oisture t o t he m illions of  people w ho r eside o n t he 

Indonesian archipelago, a region of rapid population growth and resource exploitation. Variations in the 

strength a nd/or t iming o f t he m onsoon c an have catastrophic e ffects on t he a gricultural practises and 

industries o f t he po pulation, he nce g reatly affecting t he economy and livelihood of  vulnerable 

communities. The AISM also adversely influences f ragile ecosystems within the continental interior o f 

the Australian land-mass, specifically the Lake Eyre Basin. During periods of strong summer rains (e.g. 

during L a Ni ña e vents), t he dr ainage from s ub-catchments to t he n orth f low s outhward t hrough the 

“Channel Country” and, if the monsoon is strong enough, into the Lake Eyre Basin. This lake filling can 

permit life to flourish, as was the case following the strong summer monsoon season of 2008-2009 when 

Lake Eyre filled a depth of ~1.5 m. This was its deepest level since 1974 (when the depth reached ~6 m) 

and resulted in the return of many bird and fish species that had largely been absent for decades. Given 

the large influence of the AISM system on weather in Indonesia/northern Australia, its behaviour affects 

all a spects of the r egion’s s ocial, e conomic, a nd bi ological a ctivity. T hus, it i s c ritical t hat w e gain a 

firmer h andle on t he factors c ontrolling i ts v ariability o ver different t ime-scales s o t hat w e are better 

placed to make more accurate predictions. 

   Palaeoclimate proxy records and climate model experiments show that the dominant mechanism 

controlling orbital-scale variations in tropical monsoon behaviour is changes in the intensity of summer 

insolation ( Ruddiman, 2 006). H owever, i n the r egion a ffected by t he AISM s ystem t here i s s till s ome 

disagreement. Traditionally, i t has been proposed that the AISM was generally s tronger during warmer 

phases and weaker during cooler phases of the l ate-Quaternary (Kershaw, 1986; Kershaw and Nanson, 
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1993). Evidence from lake-level records suggest that AISM activity was reduced during the last g lacial 

maximum (LGM) and became re-established during the late Glacial-to-Holocene transition (Magee et al., 

2004; Miller et al., 2005; Wyrwoll and Miller, 2005); caution should be exercised when interpreting these 

records, however, given the inherent uncertainties in their chronologies and the fact that these lakes may 

reflect processes operating at a large drainage-basin scale. These authors attribute this change to boreal-

winter insolation and its inherent influence on the AISM through the cross-equatorial flow of air from the 

semi-permanent Siberian high-pressure system. In contrast, some palaeoclimate model simulations have 

shown t hat i ncreased l ocal summer insolation c an l ead t o s tronger monsoon a ctivity ove r no rthern 

Australia ( Chappell a nd S yktus, 1996; Wyrwoll a nd Valdes, 2003), e ffectively c ancelling o ut the 

inference of a  r educed m onsoon during t he L GM. T hese a mbiguities hi ghlight t he ne ed for m ore 

accurately d ated r egional t o l ocal-scale r ecords from wi thin t he AISM domain be cause, hi therto, coral 

(Abram et al., 2007), lake (Magee et al., 2004) and deep sea-sediment (Stott et al., 2004) records provide 

only low-resolution and/or fragmentary information on past monsoon behaviour for the region.  

 This t hesis a ims to address t hese d iscrepancies b y r econstructing t he en vironmental-monsoon 

history of southern Australasia. I t seeks to identify, for the f irst t ime, s ignificant c limate turning points 

during recent E arth hi story by u tilising absolute-dated, h ighly-resolved, a nd e nvironmentally s ensitive 

geochemical tracers from speleothems on Flores island (southeastern Indonesia). 

 

1.2 Study area 

The study site is situated in the western portion of the east Indonesian island of Flores (namely 

the Manggarai province), which resides between latitudes 8º4’ and 8º58’ south and longitudes 119º 48’ 

and 123 º 1’ 30’’ e ast. T he i sland extends o ver a length o f 36 0 ki lometres and l ies t o the northwest o f 

Australia ( Fig. 1. 1a). T hus, i t belongs t o t he s outheastern i slands o f t he I ndonesian ar chipelago ( Nusa 

Tenggara province) which includes the islands of Timor and Sumba. Flanked to the north by the Flores 

Sea and to the south by the Sawu Sea, Flores is volcanically active with at least 13 active volcanoes. 

 The I ndonesian a rchipelago was f ormed f rom the tectonic collision a nd subduction of p late 

margins. Th e shifting of t ectonic p lates i n t he r egion cr eated a co nvergent p late b oundary, w here t he 

Indian P late was subducted b eneath the E urasian P late ( Simandjuntak and B arber, 1996). This caused 

submarine volcanism and the subsequent emergence of new crust (Hall, 1996), and resulted in the  
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Figure 1.1 (a) Location of t he e ast-Indonesian i sland of F lores (dashed b ox). T he r ed a rrows hi ghlight t he 
predominant NW surface-winds during the Austral-summer monsoon, which are being pulled in by the heat low (L) 
over northern Australia; (b) A Landsat image of western Flores showing the locations of Ruteng and the cave (Liang 
Luar) site; (c) Photo of the karst landscape surrounding the cave site. The white dashed line indicates the Wae Racang 
and the arrow shows the direction in which the river flows; (d) The volcanoes south of Ruteng and the cave site. 
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formation of the Banda Volcanic Arc and the volcanic islands that make up the Indonesian archipelago 

(Bellwood, 1997).  

 The speleothems used in this thesis were collected from Liang Luar Cave, located ~14 km north 

of Ruteng and ~25 km from the north coast (Fig. 1.1b). Liang Luar has developed within reefal (mainly 

built by corals) carbonates of Late Miocene-Early Pliocene age, which are mantled in part by volcanics of 

Quaternary a ge ( Monk e t a l., 1997; va n Bemmen, 19 49). The i nitial u plift o f t he r eefal l imestone 

surrounding the volcanic arc was the result of early submarine volcanism that formed the island (Burrett 

et a l., 1991). The l imestone deposit hosting Liang Luar Cave ( i.e. the Waihekeng Formation; Fig. 1.2) 

contains folded strata that dip between 10 and 25º (Westaway, 2006) and is composed of a tuff-bearing 

clastic limestone with a sandy composition (van Bemmelen, 1949). It overlies the Nangapanda (sandstone  

 

 

 

 

Figure 1.2 Geological m ap of w estern F lores highlighting t he l ithology of t he s tudy re gion (map i s t aken from  
Hendaryono, 1999). The red circle indicates the cave site location. Lithological units are as follows: (1) Waihekang 
Formation−tuff-bearing c lastic l imestone; (2 ) K iro F ormation−breccia, l ava, a nd t uff; (3) N angapanda 
Formation−sandstone a nd limestone; (4) M iocene d ykes/intrusions; (5) Ba ri F ormation−limestone a nd s andy 
limestone; (6) Laka F ormation−tuff w ith s andstone; (7) O lder vol canic roc ks; (8) coral-reef t errace; (9) Co astal 
terrace−alluvium; (10) Volcanoes.  
 
 

 

 
      See hard copy for Figure 1.2 
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and limestone) and Kiro (breccia) formations, and is bordered to the south by older volcanics (Figs 1.1d 

and 1. 2). T he t hickness of the de posit i s ~ 700 m . It  contains f ragments o f o range chert a nd fossils, 

suggestive that deposition occurred within a deep-sea environment (Koesoemadinata et al., 1994). Despite 

its thickness, the limestone is minimally compact and porous, making it particularly susceptible to rapid 

karstification ( Westaway et  al ., 2 009). During t he M iddle M iocene, s andstone an d l imestones w ere 

deposited wi thin t he s urrounding basins, a nd v olcanic a ctivity pr oduced widespread b reccias (Kiro 

formation). The Mangari province of western Flores represents an advanced cone karst landscape which 

can be classified as  polygonal karst, al though features characterised by residual cone karst can  al so be 

observed (Haryono and Day, 2004; Westaway, 2006) (Fig. 1.3a). 

 By t he L ate Miocene-Early P liocene, t he y ounger l imestones [including t he W aihekang 

formation ( Fig. 1 .2)] containing v olcanic material had been d eposited. Since t he ear ly P leistocene, the 

limestone beds of western Flores have been periodically uplifting, rejuvenating an old Miocene coral bed 

to form its current relief (Koesoemadinata et al., 1994). It is this uplift process that is a governing force in 

shaping the geological and geomorphological l andscape in the r egion. For example, tectonic uplift has 

resulted in: raised coral beds, r iver incision, valley deepening, terrace formation, s tacked cave features, 

and accelerated karstification (Westaway et al., 2009). Evidence for this uplift is apparent from the raised 

coral-reef t erraces of  t he northern a nd s outhern c oast of  F lores, a nd on t he neighbouring i slands of  

Sumba, Timor, At auro, a nd Alors. A 1 Ma  u ranium-series dated coral-reef terrace r ecord from C ape 

Laundi, Sumba Island (located 95 km south of Ruteng) provides an estimated uplift rate of between 0.2 

and 0.5 mm/yr. (Bard et al., 1996; Pirazzoli et al., 1991, 1993).   
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Figure 1.3 (a) A 1.5 km2 designated area around Liang Luar highlighting the morphology of the karst landscape. The 
concentric c ircles i ndicate karst cones w hile t he ope n c ircles w ith ha tch marks re present karst basins. Ins et boxes 
show typical examples of karst cone and basin profiles. (b) A geomorphological map of t he study area showing the 
four main c ave systems i n t he r egion (c olour c oded). The pattern of c ave di spersion highlights the i nterconnected 
nature of the cave systems throughout the karst region [figure modified after Westaway (2006)]. 
 
 
 
 
 

 

 
     See hard copy for Figure 1.3 
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 Liang Luar is a ~2 km-long cave, formed within a river-cut valley and overlain by ~30-50 m of 

bedrock. The soil is relatively thin above the cave and likely represents only the top ~1-2 m of the soil-

bedrock profile. The cave is situated ~550 m above mean sea-level (a.m.s.l.), which is the approximate 

elevation of the highest three alluvial terraces deposited by the Wae Racang river (Fig. 1.1c) located in 

the wide Wae Racang valley (Westaway, 2006). The ar ea i s characterised by a dense network of cave 

systems w ith d istinct morphologies, c reating a  h oneycomb e ffect w ithin t he rounded l imestone 

mountains. T ectonic u plift i n t he r egion ha s r esulted i n t he descending of palaeowater t ables, t he 

abandonment of large dissolution chambers and the subsequent downward extension of the cave system 

via phreatic tubes and sinkholes (Westaway, 2006). As a r esult of this process, the area has four known 

major systems of interconnected caves spanning a horizontal distance of ~3 km (Fig. 1.3b).  

 The first ~ 100 m  o f Liang Lu ar is characterised b y a small en trance, f ollowed b y a n arrow 

passageway t hat i s met b y a ~ 5-7 m  p itch over a r ock f all (Fig. 1 .4). It ha s a  s ingle ( predominant) 

elliptical passageway that appears to have been formed via phreatic processes (Ford and Williams, 2004). 

At a distance of ~600-800 m from the cave entrance (where the speleothems were collected), the average 

temperature is ~25 ºC (closely resembling the mean annual surface temperature) and a relative humidity 

of ~100%. T he v egetation co ver ab ove t he cave i s d ominated b y t ropical f orest regrowth a nd c offee 

plantations.   

   



Chapter 1: Introduction  

8 

 

Figure 1.4 Plan view of Liang Luar Cave which stretches ~2 km in length. Orange dots show the positions of the 
stalagmites used in this thesis (survey map created by Garry K. Smith). 
 

 

 
      See hard copy for Figure 1.4 
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Figure 1.4 (continued) 

 

 

 
      See hard copy for Figure 1.4 
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1.3 Modern AISM dynamics 

 The A ustralian-Indonesian s ummer monsoon is one  of t he l arger m onsoon s ystems o n E arth, 

affecting much of northern Australia, Indonesia, Malaysia, Papua New Guinea and the Solomon Islands 

(Fig. 1.5). A distinct feature of this system is that i t is much weaker than its Asian counterpart. This is 

linked t o t he absence o f i ntense m id- and up per-level atmospheric heating, due t o t he lack o f a l arge 

topographic feature similar to that of the Tibetan plateau (Wyrwoll and Miller, 2001).    

 

 

 

Figure 1.5 General circulation of the AISM at 200 hPa and 850 hPa (figure taken from Mitchell et al., 1994). 
 

 

 The mean seasonal cycle of the region affected by the Australian monsoon is characterised by a 

reversal in lower tropospheric winds and a marked change in rainfall. A close examination of Figure 1.6 

reveals these seasonal changes in 850-hPa winds (representing lower t ropospheric winds) and satellite-

observed Outgoing Long-wave Radiation (OLR) (representing c loud top s of r ain-producing convective 

systems).    

 

 
      See hard copy for Figure 1.5 
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Figure 1.6 Monthly composites of NOAA satellite-observed outgoing long-wave radiation (OLR) and NCEP/NCAR 
Reanalysis 850-hPa wind vectors, based on data from 1979 to 2005. Low OLR values indicate cold cloud tops which 
are produced by precipitating cumulonimbus convection. OLR and wind vector data was retrieved from the following 
web address: http://www.esrl.noaa.gov/psd/cgi-bin/data/composites/printpage.pl.  
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The s easonal cycle o f t he Australian s ummer monsoon m ay t hus be s ummarised a s follows 

(Wheeler and McBride 2005): 

 In September, the prevailing mean 850-hPa winds across Indonesia are southeasterly trade winds 

originating from the subtropical ridge lying approximately 25 °S. During this time, the strongest 

convective a ctivity ( OLR l ess t han 220 W m -2) i s r estricted t o the north of t he e quator. T his 

intense c onvective a ctivity i s a ssociated with t he n orthern he misphere summer monsoon s till 

being active, with the line of convection (low OLR) indicating the location of the Inter-tropical 

Convergence Zone (ITCZ). As the cycle progresses into the months of October and November, 

the low level easterlies decrease with a southeastward shift in the focus of strongest convective 

activity.  

 By December, a continuous line of convective activity has been created along the region centred 

near 5 °S, representing the southward movement of the ITCZ. As the ITCZ continues to intensify  

in the region south of the equator, westerly winds begin to appear between the equator and 10° S, 

while the easterly trades retreat southwards over the Australian continent.  

 By J anuary t o F ebruary, t he S outhern Hemisphere convective act ivity h as p eaked with t he 

tropical latitudes of  Indonesia and northern Australia having a  s trong westerly f low with wind 

speeds up to 9 m s-1. During this time the easterly trades strengthen across the central Australian 

continent, w hich c onsequently r esults i n a  well de fined monsoon s hear l ine a long t he r egion 

centred between 10 °S – 15 °S.  

Hence, t he o verall s equence o f t he A ISM s ystem i n t he I ndonesia/Northern A ustralia r egion i s a  

replacement o f t he dry eas terlies w ith t he co nvective w esterlies f or t he m onths of O ctober t hrough 

February. Similar to other monsoon systems, the seasonal nature of the monsoon is thought to occur as a 

result of the land-sea thermal contrast which, in this case, is a result of the location of the off-equatorial 

Australian c ontinent ( Webster e t a l., 1 998). H owever, a dditional A ustral-summer f orcing m echanisms 

have also been identified, including: (i) the seasonal incursion of warm sea-surface temperatures (SST’s) 

south o f t he e quator ( Yano a nd M cBride, 19 98); a nd ( ii) a  s outhward m ovement of t he S outhern 

Hemisphere s ubtropical je t a nd s ubsequent i ncrease i n upper-level ea sterlies ar ound D arwin ( Troup, 

1961).   
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1.4 Speleothems as palaeoenvironmental archives: materials and methods 

 Speleothems are s econdary mineral d eposits formed i n cav es. They consist o f s paritic 

(crystalline) c alcite o r a ragonite (Frisia a nd B orsato, 20 10) and are widely used for p alaeoclimate 

investigations (e.g. Burns et al., 2001; Fairchild et al., 2006; Fleitmann et al., 2003). The most common 

sparitic s peleothems a re s talactites ( deposits h anging f rom t he c eiling), s talagmites (growing f rom t he 

floor upwards) and flowstones (deposits formed by stacked crystals commonly elongated perpendicular to 

the s urface). Microbial a ctivity i n t he s oil z one pr oduces c arbon di oxide t hat di ssolves i n i nfiltration 

waters commonly generated from rainfall, and gives rise to the weak carbonic acid which dissolves the 

carbonate bedrock. The partial pressure of CO2 in the seepage waters is higher than that of the cave air, 

resulting in the transfer of CO2 from the drip water to the cave gas phase; this process is referred to as 

degassing ( McDermott, 2 004; McDermott et a l., 20 06). The pH of t he s olution i ncreases and as  s uch 

becomes supersaturated with respect to either calcite or aragonite. The precipitation of calcium carbonate 

on the growing surface of a speleothem is described by the following equation: 

  

Ca2+
 (aq) + 2HCO3

-
 (aq) ↔ CaCO3 (s)+ CO2 (g) + H2O (l)   

  

 Given their direct dependency on climate-environmental parameters, the use of speleothems for 

paleoenvironmental r econstruction h as been ev er increasing o ver t he past f our d ecades s ince t he ear ly 

works of Hendy and colleagues on the isotopic composition of cave carbonates (Hendy and Wilson, 1968; 

Hendy, 1971). T he recent ex ponential growth of  speleothem studies h as b een f acilitated b y t he 

development o f t hermal i onization m ass s pectrometry ( TIMS) a nd m ulti-collector i nductively c oupled 

plasma mass spectrometry (MC-ICP-MS), which can provide accurate uranium series ages (Edwards et 

al., 1987; Eggins et al., 2005; Richards and Dorale, 2003; Shen et al., 2002). In addition, there have been 

improved t echniques f or hi gh r esolution s ampling a nd analysis us ing l aser a blation ( LA)-ICP-MS, 

improved micromilling techniques using a lathe attached to a moving stage, ion microprobes and micro x-

ray f luorescence scanners (Baldini et  al ., 2002; Kolodny e t a l., 2 003), and synchrotron-radiation based 

ultra-high resolution micro X-ray fluorescence mapping (Borsato et al., 2007; Frisia et al., 2005). Hence, 

using these improved techniques, speleothems have the ability to record key aspects of climate variability 

such as mean annual temperature, rainfall variability, atmospheric circulation changes and vegetation  
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response in a variety of measurable parameters which include (Fig. 1.7) (McDermott, 2004): 

 

1. Stable isotope ratios of calcite (δ18O and δ13C) 

2. Stable isotope analysis of fluid inclusions (δD and δ18O) 

3. Variations in trace elements (e.g. Mg, Sr, P, S, U) 

4. Inter-annual thickness variations of growth layers 

5. Organic acid content  

 

 Most published speleothem studies, particularly from monsoon dominated regions, have used the 

δ18O composition of t he c alcite t o r econstruct p ast c limate w ithout t he s upport o f a dditional p roxies. 

While t his a pproach has proven s uccessful i n r econstructing higher-amplitude a nd l ower-frequency 

climate changes, i t is less robust a t detecting the more subtle changes in cl imate. Hence, a multi-proxy 

(i.e. using multiple indicators of environmental change) approach is desirable as it provides 

complementary information from the same archive that may be used to support the oxygen isotope record. 

Thus, t his t hesis employs a  multi-proxy a pproach by u tilising parameters one, t wo a nd th ree, to 

reconstruct Indo-Pacific climate.  

    

 

Figure 1.7 Schematic diagram displaying the links between the geochemical proxies preserved in the speleothem 
calcite and above-cave climate-environment parameters [figure taken from Frisia and Borsato (2010)].      

 
         
        See hard copy for Figure 1.7 
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1.4.1 230Th - 234U age dating 

 An advantage of  us ing speleothems to examine palaeoclimates i s t hat t hey can  be dated, with 

minimal error, using uranium series methods. Using the 230Th dating technique, stalagmites can be dated 

between decades ( i.e. <100 years) to around 500 ka with a typical age error of 1 to 3% of the absolute 

age. Uranium isotopes leached from the carbonate bedrock are co-precipitated as uranyl carbonate with 

the calcite of the speleothems or, in some cases, incorporated as extra-lattice compounds associated with 

organic molecules/colloids. Normally, the precipitating solution contains no 230Th because thorium ions 

are either absorbed onto clay minerals or remain in place as insoluble hydrolysates. Thus, providing the 

speleothem c ontains n o c lay or  other i nsoluble m aterials w hich a re c arriers o f d etrital thorium, and 

assuming t he i nitial 234U/238U r atio i s k nown, we c an u se t he i nitial activity ratio o f 234U t o i ts d ecay 

product 230Th to determine the sample age (Richards and Dorale, 2003).  

 Ground waters typically contain 0.1 to 3 parts per billion (ppb) of uranium, whereas thorium is 

insoluble in cave waters. As a result, newly formed speleothems have an initial concentration of parent 

234U, whereas the daughter 230Th is absent. Speleothems generally have an initial uranium concentration 

of between 0. 01 to several hu ndred pa rts pe r million, w ith the average value be ing around 0. 5 p pm 

(Schwartz, 1986). After deposition, the number of 230Th atoms increases as the 234U atoms decay, until the 

rate of production of 230Th comes into equilibrium with the rate of decay of 234U. An important advantage 

of using this method is that the 230Th ages are absolute ages and no significant correction factor is needed, 

except for samples with relatively high detrital contamination.    

In t his t hesis, the 230Th da ting was pe rformed on a  T IMS a t t he C entre f or M icroscopy a nd 

Microanalysis, University of Queensland, Australia, under the supervision of Associate Professor Jian-xin 

Zhao. Additional s amples w ere dated using a MC-ICP-MS a t t he U niversity o f Melbourne, A ustralia, 

under the supervision of Dr. John C. Hellstrom.  

 

1.4.2 Stable isotope composition of speleothem calcite  

1.4.2.1 Background 

The most commonly used stable isotopes in speleothem paleoenvironmental research are C and 

O. These el ements are a n e ssential i ngredient i n t he di ssolution a nd d eposition o f c alcium c arbonate. 

Their chemical be haviour is not  a ffected by t he i sotopic c onfiguration, but rather t he i sotopic 

fractionation between different physical phases. The heavier isotopes tend to have a greater abundance in 
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the de nser p hases, s uch a s i n t he l iquid compared t o the ga s p hase ( Ford a nd Williams, 200 7). 

Fractionation in chemical t ransformations o r between physical phases i s expressed by the f ractionation 

factor (α). This fractionation factor is the proportion of isotope r atios for t he r eactant relative t o the 

product: 

 

e.g. H2Owater ↔ H2Ovapour 

αwater-vapour = 
product

reacatant

R
R

                                 

 α18Owater-vapour = 
vapour

1618
water

1618

O)O/(
O)O/(

 

 

The c oncentrations of i sotopes a re de scribed a s t he ratio o f t he heavier, rare i sotopes pe r 

thousand relative to the light isotope in a molecule. The standard unit of isotope ratio measurements is the 

“delta” (δ) va lue, given in per mil (‰). The results are expressed as  a d eparture in parts per thousand 

from international standards (Hoefs, 1987): 

 

δ in ‰ = 1000
R

 R -R

(standard)

(standard)(sample) ×  

 

For different elements a convenient “working standard” is used in each laboratory. However, all 

values measured relative to the “working standard” are reported in the l iterature r elative to a universal 

standard ( Hoefs, 19 87). The common s tandard u sed t o m easure o xygen a nd c arbon i sotope ratios o f 

carbonates is Vienna Pee Dee Belemnite (VPDB) and oxygen and hydrogen isotope ratios of water are 

measured using Vienna Standard Mean Ocean Water (VSMOW).  

The use of stable isotope ratios has proven to be the most important proxy for speleothem-based 

environmental r econstructions and has formed the major t ype of ge ochemical i nvestigation i n 

speleothems (Fairchild et al., 2006; McDermott, 2004). Amongst other things, stable isotopes can provide 

information about the isotopic composition of precipitation (δ18Ocalcite), type of vegetation and/or extent 

of soil microbial activity (δ13C) and cave air temperature on long time scales.  
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 In t his t hesis, s table-isotope an alyses w ere co nducted o n cal cite p owders d rilled ( 1-mm 

resolution) a nd m icro-milled ( 250-μm resolution) from four speleothem samples using a Taig CN C 

micromilling lathe. The isotopes were analysed from a gas-source isotope ratio mass spectrometer at the 

University o f Newcastle, A ustralia (GV In struments GV2003), an d al so a m ass s pectrometer at  t he 

Australian National University (Finnigan MAT-251). 

  

1.4.2.2 δ18O 

Thermal e quilibrium be tween t he be drock t emperature a nd t hat o f t he a ir i n t he c ave i s 

established w hen ai r an d water movement i n a  c ave i s r elatively s low; t his t hermal e quilibrium 

approximates the mean annual surface temperature. As calcite precipitates from meteoric water as CO2 is 

degassed, fractionation of oxygen isotopes occurs, which is dependent on the temperature of deposition (-

0.24‰ °C-1 at 25 °C; O’Neil et al., 1969). Rozanski et al. (1993) examined the long-term changes in the 

oxygen i sotopic composition of precipitation over the mid- to high l atitudes and calculated an average 

modern-day dδ18Op /dT of ~0.6‰ °C-1. This suggests that, in theory, oxygen isotopes should provide a 

proxy for surface air temperature. 

  This theory, however, which was the goal of some earlier speleothem studies (e.g. Gascoyne et 

al., 1980), ha s proven inaccurate due to the number o f o ther factors ( besides air t emperature) t hat can  

potentially influence the δ18O signature of the cave drip-waters and hence that of the precipitated calcite 

(McDermott, 2004). Provided the speleothem was deposited in isotopic equilibrium with the parent water 

(Hendy, 197 1), th e δ18O o f t he cal cite m ay r eflect s ource-moisture v ariations i n: l atitude, a ltitude 

(“altitude ef fect”), d istance f rom t he s ea ( “continental ef fect”), a nd rainfall am ount ( “amount e ffect”) 

(Rozanski e t a l., 1993). Moreover, on decadal t o millennial t ime s cales factors c ontrolling t he δ18O o f 

meteoric waters include changes in the δ18O of the ocean (“ice volume effect”), changes in the seasonality 

of precipitation and shifts in the source of moisture and/or storm tracks (e.g., Bar-Matthews et al., 2003; 

Burns e t al., 2001; F leitmann e t a l., 2003). Hence, one m ust c onsider a ll t hese i nfluences when 

interpreting speleothem oxygen isotopes in terms of palaeoclimate and, ideally, should seek the support of 

independent proxies (Fairchild et al., 2007).   
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Liang Luar provides an ideal environment for the use of δ18O in palaeoclimate reconstruction for 

two reasons:  

1. the small an d s ingle ca ve en trance r estricts ai r-flow a nd as s uch t he t emperature r emains 

relatively constant ( typically ~25 °C) throughout the cave passages. Therefore, t emperature 

dependent f ractionation of  δ18O o n s hort t imescales (i.e. 1  t o 1 00 y ears) i s likely t o b e 

minimal. 

2. humidity levels in most cave systems are high, including Liang Luar, which typically has a  

relative h umidity l evel o f between 95  and 99%. H ence, ki netic fractionation due  to 

evaporation would have minor (if any) effects on the isotopic composition of drip waters. As 

such, the δ18O values of the speleothems should reflect the isotopic composition of cave drip 

waters.  

 

1.4.2.3 δ13C 

 Although c arbon i sotopic composition i n s peleothem c alcite i s a n a dditional important 

palaeoenvironment pr oxy, i nterpreting c hanges i n δ13C can  b e a ch allenge ( e.g. B aker et  al ., 1 997; 

Fairchild et al., 2007). Non-climatic effects such as isotopic fractionation due to rapid CO2 degassing can 

have a s ignificant impact on δ13C and thus alter the environmental s ignal. Regardless, many s tudies on 

speleothems from areas of different climatic settings have shown that δ13C often reflects the changes in 

vegetation cover (e.g. C3 versus C4 plants) and the degree of  soil microbial activity as related to climate 

(Genty et al, 2003, 2006). Generally, higher biogenic activity and /or higher proportion of C 3 vegetation 

(trees and shrubs) results in more negative δ13C calcite values.  

The Dissolved I norganic C arbon ( DIC) i n d rip waters i s m ainly de rived from t hree s ources 

(Fairchild et al., 2006): 

1. atmospheric CO2 

2. soil CO2 – type of surface vegetation 

3. dissolution of the karst host rock 

The evolution of DIC and δ13CDIC begins with the uptake of CO2, the isotopic component of which has 

decreased during the last 100 years from pre-industrial values of -6.4‰ to -7.8‰ (Friedli e t a l., 1986). 

The δ13C c omposition o f s oil CO 2 is de pendent o n t he photosynthetic pa thway of the o verlying p lant 

material and the d egree o f m icrobial activity w hich i s controlled b y temperature. Generally t he δ13C 
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values o f respired s oil CO 2 of C 3-type plants ( trees a nd shrubs) a dapted t o c old, we t c limates r ange 

between -26 and -20‰ w hile t hat o f C 4-type pl ants (drought a dapted gr asses) between -16 a nd -10‰ 

(Cerling, 1984). 

Under open system conditions, continuous equilibration occurs between the seepage water and 

an i nfinite r eservoir o f s oil CO 2. Th is drives a  steady increase i n bicarbonate co ntent a s t he w ater 

progressively acquires more solutes in the unsaturated zone. Under this scenario, the δ13CDIC reflects the 

isotopic composition of the soil CO2, with reduced contribution from the host-rock (McDermott, 2004). 

In c ontrast, u nder c losed system c onditions t he p ercolating w ater becomes i solated f rom t he s oil C O2 

reservoir as  soon as  carbonate d issolution commences. S ince the carbonation reaction (H2O +  CO 2 ↔ 

H2CO3) consumes CO2, the extent of limestone dissolution is limited by the finite CO2 reservoir. Under 

these conditions the isotopic composition of the carbonate host-rock influences the isotopic composition 

of the DIC (Hendy, 1971; Salomons and Mook, 1986) and as such the δ13CDIC becomes more enriched 

with longer water/host-rock interaction times.   

 

1.4.3 Stable isotopes of fluid inclusions 

  A unique feature of certain s peleothems is t he p resence of  fluid i nclusions, which a re t rapped 

residues of fossil cave drip-water that originally fell as  rainfall above the cave (Schwarcz, 1976). Since the 

δ18O a nd δD va lues of  the dr ip waters f eeding speleothems r eflect t hose o f t he r echarge p recipitation, 

inclusion waters p rovide an a dditional proxy f or regional rainfall and t emperature reconstructions 

(McDermott e t a l., 200 6). T raditionally, r esearchers ha ve a voided a nalysing t he δ18O of  f luid i nclusions, 

mainly because of the widely held assumption that fluid inclusions may have exchanged oxygen isotopes with 

the host calcite through time, and thus the fluid-inclusion δ18O may not reflect the pore-water composition at 

the time of entrapment (Schwarcz, 1976). However, recent studies have shown that post-depositional 18O-16O 

exchange i s n egligible i n Holocene s talagmites o n t he p remise that t he f luid-inclusion data pl otted o n ( or 

close to) the GMWL, and are consistent with modern cave drip waters (Dennis et al., 2001; Dublyansky et al., 

2009; van Breukelen et al., 2008).  

 Prisms of  calcite we re extracted f rom the longitudinal axis of  one Holocene speleothem f rom 

Liang L uar, where t he s amples w ere t hen crushed ( using a  ne wly de signed c rushing de vice) a nd t he 

liberated w ater analysed f or δ18O ( δ18Of) a nd δD ( δDf) using a  T hermo-Finnigan T C-EA p yrolysis 

furnace housed at Vrije Universiteit, Amsterdam. 
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1.4.4 Trace elements 

Trace e lement c hemistry of  s peleothems has i ncreasingly be come a n im portant pr oxy f or 

palaeoclimate studies d ue t o i ts a bility to respond to  changes in e nvironmental c onditions. As  a  

speleothem c ontinues t o g row, i t i ncorporates t race e lements ( e.g. M g, Sr, Ba , Ca , U , N a, P ) i nto i ts 

crystal s tructure, w here t he r atios o f t hese el ements ar e thought to c orrelate w ith c hanges i n 

environmental conditions a t the t ime o f deposition, p articularly t emperature and r ainfall a t t he surface. 

The interest in using trace elements as a palaeoenvironmental proxy in speleothems is largely attributed to 

the r ecent ad vancements i n an alytic measurement t echniques s uch as s econdary i onization m ass 

spectrometry ( SIMS), l aser ablation i nductively-coupled p lasma mass s pectrometry (LA-ICPMS) a nd 

synchrotron radiation based micro X-ray fluorescence (Borsato et al., 2007; Kuczumow et al., 2003).  

Studies performed o n s peleothems f rom di fferent e nvironmental s ettings r eveal t hat bot h 

hydrological (e.g. amount of precipitation, ground-water residence time) and/or growth related processes 

can affect trace element concentrations (e.g. Fairchild et al., 2001; Treble et al., 2003). While continued 

research o n t race el ements is n eeded, M g, S r, P , U, Y an d N a a ppear t o be t he most r eliable 

palaeohydrological indicators (Treble et  al ., 2003; Roberts et a l., 1998; Borsato et a l., 2007). However, 

the r elationship b etween t race el ement c oncentrations a nd e nvironmental-climatic c onditions c an vary 

amongst cave sites due to differences in the thickness and chemical composition of bedrock, groundwater 

movement, and soil p rocesses. T herefore, a  de gree of caution i s r equired w hen i nterpreting t hese 

elemental concentrations in terms of palaeoenvironmental processes.  

Trace el ement co ncentrations o f t he s talagmites w ere m easured on a V arian L iberty 4 000 

inductively c oupled plasma atomic e mission s pectrometer ( ICP-AES) a t the U niversity of N ewcastle, 

Australia, and on a LA-ICP-MS at the University of Melbourne, Australia.  

 

1.5 Objectives  

 This thesis aims to examine the AISM-environmental history of southern Indonesia during the Late-

Pleistocene and e xplore possible t eleconnections t o o ther p arts o f t he g lobal c limate system. The s pecific 

objectives of this thesis are:  

1. To reconstruction the history of  the AISM during the Holocene from the δ18O composition of 

coeval stalagmites. 
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2.  To e xplore t he p ossibility o f u sing s table isotopes of s peleothem f luid i nclusions t o extract 

tropical p alaeotemperatures ( through coupled δ18O of calcite and inclusion water) through the 

Holocene.   

3. To utilise t he t race-element composition of  Liang L uar s peleothems t o help c onfirm t he 

interpretation of the s table isotope records obtained from objectives one and two, and provide 

additional information as to the environmental fluctuations above the cave during the Holocene.  

4. Explore a  “ snapshot” of Flores c limate during MIS 5 a/b, w ith t he s pecific g oal o f a ssessing 

possible teleconnection patterns between the Indo-Pacific and high latitudes. 

 

1.6 Organisation of thesis 

 This thesis is arranged as  a s eries o f m anuscripts t hat a re e ither p ublished, s ubmitted or i n 

preparation. Owing to t his s tyle, some sections (e.g. methods) within each chapter will appear s lightly 

repetitive. However, I  feel that this format permits a m ore effective and streamlined presentation of the 

main findings of the research.     

 Chapter 2  utilises the oxygen isotope composition of two exceptionally-well dated s talagmites 

from Liang Luar to reconstruct the history of the AISM from 12.4 ka to present. The main finding of this 

chapter was that the large increase in AISM intensity during the end of the deglaciation occurred at a time 

of ra pid sea-level r ise over t he S unda S helf, t he m oisture s ource-region that f uels the local summer 

monsoon. M oreover, t he Y ounger Dryas (YD) co ld s tage w as c haracterised b y i ncreased m onsoon 

precipitation, attributed to a southward shift in the ITCZ. Results of this chapter have been published in 

the journal Nature Geoscience (Griffiths et al., 2009).  

 Chapter 3  explores t he use of s talagmite f luid i nclusions t o r econstruct A ISM variability a nd 

cave p alaeotemperatures b ased o n t he co mbined δ18O c omposition o f t he f ossil po re-water and h ost 

calcite. I find that the Holocene trend in fluid-inclusion δ18O matches that of the host-calcite presented in 

Chapter 2, supporting the idea that the calcite δ18O preserves the isotopic composition of the drip-water. 

Moreover, r econstructed c ave pa laeotemperatures demonstrate r elative stability t hrough m uch o f t he 

Holocene, consistent with IPWP marine sediments. However, there i s a n oticeable d isparity during the 

YD where cave temperatures were ~5 ºC cooler than present; this finding is in agreement with fossil coral 

reconstructions. T his c hapter has be en p ublished in the j ournal Earth and P lanetary S cience L etters 

(Griffiths et al., 2010b).  
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 Chapters 4  and 5  investigate the use of t race e lement v ariability ( i.e. Mg a nd Sr) a nd i nitial 

234U/238U activity ratios ([234U/238U]I) as a potential proxy for palaeohydrology in a Holocene stalagmite. 

Here I  find that t he dominant environmental f actors controlling the t race e lements and [ 234U/238U]I are 

likley t o b e linked w ith hydrological pr ocesses a bove t he c ave s ystem. T hese pr oxies t hus provide 

independent s upport for t he previous oxygen i sotope i nterpretation and s ubsequently i ndicate t hat the 

early Holocene was somewhat drier than the mid-to-late Holocene in Flores. A unique feature of chapter 

4 i s t he s trong c oherence o f L iang L uar s talagmite-δ18O a nd IP WP fossil-corral S ST r econstructions 

(Abram et  al ., 2009) since the mid-Holocene. Specifically, I find that a weaker mid-Holocene AISM is 

synchronous with a slightly contracted IPWP (inferred from corals) and higher western Indian Ocean air 

temperatures [inferred f rom K ilimanjaro i ce c ores ( Thompson e t a l., 2 002.)]. S imilar t o pr evious 

interpretations, I attribute t hese p atterns t o “positive I OD-like” conditions d uring t his t ime. Ch apter 5  

builds upon the findings of Chapter 4 by demonstrating that when the oxygen isotopes are combined with 

the moisture-sensitive trace elements, the merged records indicate that the early-Holocene monsoon onset 

may ha ve oc curred m ore a bruptly t han i ndicated f rom the  o xygen i sotopes a lone. C hapter 4 has b een 

published in the journal Earth and Planetary Science Letters (Griffiths et al., 2010a) while Chapter 5 has 

been submitted to Journal of Quaternary Research.  

 Chapter 6 examines Flores palaeoclimate during MIS 5a /b. The high-resolution r ecord, which 

covers t he i nterval 84 - 91 ka, i s c omposed of two p recisely-dated s talagmites. T he l ower-frequency 

oxygen isotope trend indicates that the AISM was largely controlled by local summer insolation during 

this time, while the carbon isotopes show a pattern that is more closely linked with northern polar-latitude 

ice-core records. Most notably, an abrupt decrease in Liang Luar δ13C values at the MIS 5a/b transition 

occurs at the same time (within dating uncertainties) as GIS 21 in the GISP2 δ18O and CH4 records. In 

contrast, the Liang Luar δ18O and trace elements show minor variability through this interval, suggesting 

that there was no significant shift in the monsoon. It is argued that this shift in δ13C represents an abrupt 

increase i n s outhern Indo-Pacific ai r t emperatures, which w ould i ncrease s oil microbial a ctivity and, 

hence, result in lower stalagmite δ13C values. This occurred in sync with increased atmospheric methane 

concentrations and hi gh no rthern-latitude air t emperatures. T his i mplies t hat c hanges i n t ropical a ir-

temperatures do not necessarily occur simultaneously with changes in monsoon rainfall. A direct causal 

mechanism for this equator-to-pole temperature connection during GIS 21 is a  reduction in the Hadley 

circulation due to a weaker meridional temperature gradient, which resulted in a weakening of the trades 



Griffiths, 2010                                                                                                                                

 
23 

 

and hence reduced upwelling around the southern IPWP. This pattern of variability resembles conditions 

experienced during a La Niña phase. This chapter i s currently in preparation for submission to Nature 

Geoscience.  
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2 Increasing Australian-Indonesian monsoon rainfall 

linked to early Holocene sea level rise 
 

Abstract 

 The Australian–Indonesian summer monsoon af fects rainfall v ariability and hence agricultural 

productivity i n t he de nsely p opulated t ropical I ndo–Pacific r egion. I t has b een proposed t hat t he m ain 

control o f s ummer monsoon precipitation o n millennial timescales i s l ocal i nsolation ( Holbourn e t a l., 

2005; Kershaw et al., 2003; Wyrwoll et al., 2007), but unravelling the mechanisms that have influenced 

monsoon variability and teleconnections has proven difficult owing to the lack of high-resolution records 

of past monsoon behaviour. Here I present a precisely dated reconstruction of monsoon rainfall over the 

past 12,000 years, based on oxygen i sotope measurements f rom two s talagmites collected in southeast 

Indonesia. I show that the summer monsoon precipitation increased during the Younger Dryas cooling 

event, w hen Atlantic m eridional overturning c irculation was relatively w eak (McManus et  al ., 2 004). 

Monsoon p recipitation i ntensified e ven m ore rapidly f rom 11, 000 t o 7, 000 y ears a go, when t he 

Indonesian c ontinental s helf w as f looded by gl obal s ea-level r ise (Bard, 1996; P eltier a nd F airbanks, 

2006; Siddall et al., 2003). I suggest that the intensification during the Younger Dryas cooling was caused 

by enhanced winter monsoon outflow from Asia and a  related southward migration of the intertropical 

convergence z one (Yancheva et  al ., 2 007). H owever, t he ear ly H olocene i ntensification of m onsoon 

precipitation wa s dr iven by  s ea l evel r ise, whi ch i ncreased t he s upply of  m oisture to t he I ndonesian 

archipelago. 

 

2.1 Introduction  

Improved kn owledge o f A ustralian-Indonesian S ummer Mo nsoon ( AISM) dynamics, 

particularly the factors that cause secular variability in monsoon strength, is critical to the sustainability of 

agricultural practices and life in the densely populated regions of the tropical Indo-Pacific. Palaeoclimate 

model e xperiments ( Wyrwoll e t a l., 20 07), palaeoproductivity da ta ( Holbourn e t a l., 20 05) a nd pollen 

records ( Kershaw et  al ., 2 003), s uggest that v ariations i n S outhern H emisphere s ummer i nsolation 

influence AISM rainfall at orbital time scales. In contrast, other studies suggest that the dominant AISM 

forcing i s t he s trength o f t he E ast Asian Winter M onsoon (EAWM) ( Miller e t a l., 2 005), which i s 
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governed by the s trength of air outflowing f rom the semi-permanent high-pressure system over S iberia 

(the S iberian High). T hrough t he Holocene, t he m echanisms t hat d rive s horter-term m illennial- to 

centennial-scale AISM variations are poorly known, largely because existing coral records (Abram et al., 

2007; Tudhope et al., 2001) and deep-sea sediments (Stott et al., 2004; Visser et al., 2003) provide only 

fragmentary or low-resolution information. Changes in the tropical Pacific zonal sea-surface temperature 

(SST) gradient (Stott et al., 2004) are thought to be important over this timescale for regions north of the 

equator (Haug et  al ., 2001; Partin et  al ., 2007; Wang et al., 2005), as are teleconnections with the high 

northern latitudes, but no detailed study has evaluated these influences south of the equator.  

 

2.2 Environmental setting   

Tropical speleothems have proven f ruitful in recording Holocene variations in the intensity o f 

the Asian monsoon (Dykoski et al., 2005; Partin et al., 2007; Wang et al., 2005) where information about 

rainfall a mount a nd a ir-mass t ransport i s c aptured by t he oxy gen i sotope r atios (δ18O) of s peleothem 

calcite (Rozanski et al., 1992). For this study, I investigated the Holocene history of the AISM through 

analysis o f δ18O i n t wo s talagmites ( LR06-B1, L R06-B3) co llected f rom L iang L uar C ave i n w estern 

Flores, Indonesia (8º32’S, 120º26’E; 550 m above sea level; F ig. 2.1). Liang Luar i s ideally located to 

investigate past variations in the AISM because of i ts s trong seasonal cycle of  winds and precipitation. 

Mean annual rainfall at the cave site is 1,200 mm, with ~69% falling during the summer monsoon season 

(Dec–Mar) a nd on ly ~5% f alling d uring the w inter dry s eason ( June–Sep) (F ig. 2 .2). The rainfall 

maximum on F lores is linked to the lower tropospheric flow of moisture from the northwest during the 

southward progression of the intertropical convergence zone in the austral summer. The mean winds on 

Flores then shift from northwesterly to southeasterly trade winds in the austral winter dry season.  
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Figure 2.1 Moisture-source t rajectories a nd ra inwater i sotope ratios for L iang L uar Ca ve. P hysiographic m ap 
showing l ocation of L iang Luar a nd o ther s tudy s ites. S olid lines re present H YSPLIT (D raxler a nd Rol ph, 2 003) 
calculated 9 6-hour ba ck-trajectories of dr y s eason (re d) a nd w et s eason (bl ue) air pa rcels t hat g enerated r ainfall 
during September 2006 – April 2007. Inset shows δ18O versus δ2H for t he same rain days during September 2006 – 
April 2007. Dry season (red dots) and wet season (blue dots) rainwater have amount-weighted average δ18O values of 
-3.5‰ (V-SMOW) and -10.3‰, respectively. The dashed line represents the Global Meteoric Water Line (GMWL).   
 

 

 

The s trong s easonality of  pr ecipitation a mount a t L iang L uar i s r ecorded by  va riations i n t he 

δ18O of local r ainwater ( Fig. 2.1, Table 2. 1). Comparisons of  modern r ainfall δ18O values us ing ba ck 

trajectory analysis of moisture-source regions reveal that monsoon season rainwater is depleted in 18O (-

10.3‰ for amount-weighted average δ18O) relative to dry season rainwater (-3.5‰ for amount-weighted 

average δ18O), with both seasonal sources plotting close to the Global Meteoric Water Line. This isotopic 

difference is related primarily to the stronger convergence and uplift of water vapour over the southern 

Indonesian maritime continent during austral summer. 
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Figure 2.2 Rainfall climatology at Liang Luar from 1998 to 2008. Data is derived from NASA’s satellite Tropical 
Rainfall Measuring Mission database 
(http://disc.sci.gsfc.nasa.gov/data/datapool/TRMM/01_Data_Products/02_Gridded/0_Monthly_Other_Data_Source_
3B_43/index.html) centred at 8º 32’S, 120º 26’E with 0.25º resolution. Monthly values are expressed as the 
percentage of the mean annual total rainfall, which is 1200 mm for the 1998 to 2008 period.    
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Table 2.1 Oxygen (δ18O) and hydrogen isotope (δ2H) compositions of rainfall collected near Liang Luar Cave during 
the September 2006 – April 2007 period. Delta values are reported as the per  mil (‰) difference between the sample 
and Vienna Standard Mean Ocean Water (VSMOW).  

Date Rainfall 
Amount  δ18O δ2H 

Southeasterly (dry season) source mm ‰ ‰ 
10/09/2006 3.5 -5.1 -32 
14/09/2006 15.5 -2.0 -9 
19/09/2006 4 -1.2 -7 
11/10/2006 17.5 -1.3 1 
13/10/2006 19.5 -1.2 -7 
15/10/2006 22 -1.2 -3 
23/10/2006 12.5 -1.2 -8 
29/10/2006 27.5 -1.2 -8 
3/11/2006 32.5 -3.2 -15 
5/11/2006 40.5 -1.2 -8 
8/11/2006 3.5 -2.9 -12 
13/11/2006 11.5 -2.9 -13 
17/11/2006 5.5 -3.0 -14 
21/11/2006 14.5 -4.7 -27 
22/11/2006 6 -4.8 -31 
6/12/2006 32 -4.1 -20 
10/12/2006 8.5 -1.9 -3 
15/12/2006 27 -3.8 -17 
20/12/2006 21.5 -5.1 -30 
26/01/2007 13 0.0 -2 
18/02/2007 3.5 -2.1 -6 
21/02/2007 52.5 -3.9 -15 
3/04/2007 15 -5.4 -30 
4/04/2007 5.5 -5.5 -32 
5/04/2007 11.5 -5.4 -31 
8/04/2007 118.5 -5.6 -33 

Amount-weighted average  -3.5 -21.6 
Northwesterly (monsoon) source    

1/01/2007 42 -15.9 -106 
3/01/2007 22 -8.9 -53 
3/02/2007 23 -4.9 -28 
23/02/2007 5 -6.2 -38 
27/02/2007 21 -11.7 -77 
1/03/2007 89 -11.9 -77 
2/03/2007 278 -11.5 -77 
6/03/2007 63.5 -7.0 -45 
7/03/2007 53.5 -6.1 -36 
14/03/2007 23 -7.5 -45 
15/03/2007 10 -4.9 -30 
17/03/2007 8.5 -9.5 -56 
30/03/2007 13 -9.4 -61 

Amount-weighted average  -10.3 -63.7 
Total amount-weighted average  -7.2 -44.7 
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2.3 Sample description 

Stalagmites LR06-B1 and LR06-B3 were collected from a l arge chamber located ~800 m from 

the s ingle entrance o f L iang L uar, a l imestone cav e u nderlying ~ 30-50 m  of  s oil a nd bedrock. T he 

chamber ha s a  hi gh humidity ( close t o 10 0% i n J une 2 006 a nd M ay 20 07) a nd s table mean a nnual 

temperature of ~25 ºC, which closely resembles the temperature at the ground surface. 

Stalagmite L R06-B1 ( Fig. 2.3), w hich m easures 1. 25 m  i n l ength, was c ut obl iquely a nd 

embedded in clear casting resin and then microdrilled at 1 mm resolution along the central growth axis 

using a  T aig CNC micromilling l athe. Stalagmite L R06-B3 i s 1.6 m in l ength wi th Holocene material 

preserved above a sharp unconformity located 1.5 m below the actively growing upper surface (Fig. 2.4). 

Similar to LR06-B1, the specimen was cut into sections with ends angled at ~45o relative to the growth 

axis (to allow for sample overlap across the cuts). The lengths of the sections were determined to ensure 

that a 20 mm-thick longitudinal slab would definitely include the central growth axis in each section, thus 

accommodating movement of the growth axis in any direction. Shorter sections were cut where stalagmite 

growth was relatively complex, and vice versa. Contiguous low-resolution samples were then milled a t 

~10 mm increments (average 70 year resolution). The sample cross-section was large (5 mm x 5 m m) to 

allow the samples to extend into the central part of the slab (including the main growth axis) and provide 

sufficient material for initial U-series dating. 
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Figure 2.3 Scanned image of stalagmite LR06-B1 and photograph (top left) while in situ at the time of collection in 
June 2006. Black dots show the positions of the 33 U-Th ages. Section A (240 mm in length) was in situ at the time 
of collection while section B (1010 mm in length) had broken off 96 mm from the base ~1,500 years ago.  
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Figure 2.4 Same as Figure 2.3 but for stalagmite LR06-B3. Black dots show the positions of the 29 U-Th ages. 
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2.4 Methods  

2.4.1 Chronology 

 The chronologies for stalagmites LR06-B1 and LR06-B3 were constructed from 62 U /Th dates 

using t hermal ionisation m ass s pectrometry ( TIMS) at  t he Centre f or M icroscopy and Microanalysis, 

University of Queensland, and a multi-collector coupled plasma mass spectrometer (MC-ICP-MS) at the 

University o f Melbourne ( Fig. 2.5; T able 2.2 a nd 2 .3). The T IMS a nalyses w ere conducted o n small 

pieces of c alcite or  s plits of sample pow ders (covering ~5 – 10 mm of  ve rtical gr owth) a nd weighing 

between 200 and 700 mg using a Fisons VG Sector 54 - 30 mass spectrometer equipped with a WARP 

filter a nd a n i on-counting D aly d etector; see Y u e t a l. ( 2006) f or a  f ull de scription of  t he m ethods 

employed. The MC-ICP-MS analyses were performed on calcite samples weighing between 12 and 40 

mg; refer to Hellstrom (2003, 2006) for a full description of  the methods. The [ 230Th/232Th]i values for 

both specimens were determined to be 7±2 (using the method of Hellstrom, 2006), which is within the 

range o f v alues re ported fo r t ropical s talagmites (e .g. P artin e t a l., 2 007 ). A ll U -Th ages h ave b een 

corrected using this value and eqn. 1 of Hellstrom (2006) using the half-lives of Cheng et al. (2000). 

The age models were constructed using a B ayesian-Monte Carlo approach using Wavemetrics 

Igor Pro software. A full description of the technique can be found in Drysdale et al. (2005, 2007). Based 

on these age-models, LR06-B1 grew in two phases: 12.6 ± 0.12 to 8.5 ± 0.09 thousand years before the 

present (ka; the data are calibrated to the 14C age scale where “present” is defined as 1950 A.D.) and 6.5 ± 

0.05 ka to the time of collection in June 2006. Both specimens experienced similar growth rates through 

time with LR06-B1 having an average growth rate of 0.12 mm year-1 since 12.6 ka while LR06-B3 had an 

growth rate of 0.13mm year-1 since 10.7 ka.      
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Figure 2.5 230Th depth-age models and 95% u ncertainties are plotted for s talagmites a) LR06-B1 and b) L R06-B3. 
95% unc ertainty e nvelopes a re i ndicated b y blue s hading. T he s ymbols re present e ach U -Th a ge w ith 9 5% 
uncertainty shown by bars. 
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2.4.2 Stable isotopes  

 Measurements o f δ18O a nd δ13C ( 1240 s amples) f or s talagmite L R06-B1 w ere p erformed o n 

calcite p owders w eighing ~ 1 m g ( average 8  y ear resolution). The i sotopes were a nalysed f or C O2 

produced by reaction of the powders with 105% H 3PO4 at 70 ºC using a continuous-flow GV2003 gas-

source isotope ratio mass spectrometer at the University of Newcastle, Australia. Results are shown as the 

per mil (‰) difference between the sample and Vienna Peedee Belemnite (VPDB) using internal working 

standards o f Carrara M arble (N ew1), w hich w ere c ross-checked w ith N ational B ureau of S tandards 

NBS18 and NBS19 calcite. Mean analytical precision for δ18O was 0.08‰ and 0.05‰ for δ18O and δ13C, 

respectively.  

 Measurements o f δ18O a nd δ13C f or s talagmite L R06-B3 w ere c onducted o n a n a utomated 

individual-carbonate reaction Kiel device coupled to a Finnigan MAT-251 dual-inlet stable isotope mass 

spectrometer at  t he R esearch S chool of E arth Sciences, Australian National U niversity. The po wdered 

calcite samples were homogenised and replicate 180-220 ug al iquots of each sample were reacted with 

anhydrous 103% H 3PO4 at 90°C to liberate CO 2 for isotopic analysis. The results have been normalised 

on t he V PDB s cale s uch that N BS19 y ields δ18OVPDB (-2.20‰) a nd δ13CVPDB (+1.95‰), a nd N BS18 

yields δ18OVPDB (-23.0‰) and δ13CVPDB (-5.0‰). The measurement precision for NBS19 (n = 105) within 

the mass spectrometer runs was ±0.06‰ for δ18O (2σ) and ±0.03‰ for δ13C (2σ). The average standard 

error of the mean for replicate measurements of the stalagmite samples (n = 154 pairs) was 0.02‰ and 

0.01‰ for δ18O and δ13C, respectively. In some cases, additional aliquots of a sample were measured until 

the s tandard e rror of t he mean δ18O va lue fell be low 0.10‰ to ensure that even subtle changes in t he 

speleothem δ18O record could be accurately discerned. 

 To assess interlaboratory performance, 143 replicate samples from stalagmite LR06-B1were run 

on the GV2003 (at the University of Newcastle) and the Finnigan MAT-251 (at the Australian National 

University). The average difference between the measurements was less than 0.07‰ for δ18O and δ13C, 

indicating good analytical agreement between the two laboratories. 

δ18O and δ2H values were determined for modern r ainwater samples collected at  the cave s ite 

between S eptember 200 6 a nd A pril 20 07. T he δ18O v alues w ere m easured at  M onash U niversity, 

Australia, v ia e quilibration with CO 2  at 3 2 °C for 24 –48 hours i n a  F innigan M AT G as B ench and 

analysed using a  c ontinuous-flow t echnique o n a  F innigan M AT 2 52 m ass s pectrometer. δ2H 

measurements were conducted v ia r eaction w ith Cr at 8 50 °C using a n a utomated F innigan M AT 
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H/Device. δ18O and δ2H values were measured relative to internal standards (TAP δ18O = -5.7‰, δ2H = -

33.9‰; LTP δ18O = -14.5‰, δ2H = -102.5‰) that were calibrated using the International Atomic Energy 

Agency ( IAEA) Standard Mean O cean Water (SMOW), G reenland I ce S heet P roject ( GISP), a nd 

Standard Light Antarctic Precipitation (SLAP) standards. All i sotopic data a re reported as per mil (‰) 

deviations r elative t o V ienna S tandard M ean O cean Water ( VSMOW) where δ18O a nd  δ2H values o f 

SLAP are –55.5‰ and –428‰, respectively. Analytical precision (1σ) for replicate measurements of the 

internal standards was ±0.1‰ for δ18O and ±1‰ for δ2H. 

 

2.4.3 Assessment of equilibrium deposition 

 Prior t o m aking e nvironmentally b ased i nterpretations of s peleothem s table i sotopes, i t i s 

essential t hat we e liminate t he possibility t hat t he c alcite w as s ubjected t o non-equilibrium de position 

with respect to the cave drip-waters. Non-equilibrium calcite fractionation can occur if the degassing of 

CO2 is too rapid for the stable isotopes to equilibrate with the bicarbonate ion (Hendy, 1971). This can 

lead t o R ayleigh f ractionation of t he i sotopes, ge nerating higher values t han t hose e xpected f rom 

equilibrium precipitation at the same temperature and drip-water δ18O. 

Based o n a s eries o f ‘ Hendy t ests’ an d p etrographic o bservations, s talagmites L R06-B1 a nd 

LR06-B3 appear to have been deposited in or close to quasi-isotopic equilibrium, enabling variations in 

δ18O of the speleothem calcite to be interpreted primarily as changes in the δ18O of regional rainfall. First, 

both stalagmites were collected from deep within the cave system (~800 m from the single cave entrance) 

where evaporation would be minimal due to poor ventilation and high humidity levels (close to 100%). It 

can t hus be assumed that a ny f ractionation ef fects due t o ev aporation i nside t his p art o f t he ca ve a re 

negligible (Fairchild et al., 2006). Second, Hendy tests (Hendy, 1971) were performed on calcite powders 

drilled a long a  t otal o f t wenty-two i ndividual gr owth l ayers t o a ssess w hether s amples L R06-B1 a nd 

LR06-B3 were deposited in isotopic equilibrium. For LR06-B1, eight of the tests were conducted on open 

columnar calcite while ten were conducted on compact columnar calcite. I sotopic values are plotted as 

distances a way f rom t he cen tral g rowth a xis ( Figs 2 .6 – 2.8). No n-equilibrium f ractionation d uring 

deposition may have occurred if there is a positive correlation between δ18O and δ13C values and if δ18O 

along single growth layers varies by more than 0.5‰ (Hendy, 1971). Our results indicate that δ18O values 

have not va ried by  more than 0. 5‰ along t he m ajority of t ested growth l ayers with l ittle c ovariation 

between the δ18O and δ13C (Figs 2 .6-2.8). Lastly, the δ18O profile of s talagmite LR06-B1 has a s imilar 
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structure to stalagmite LR06-B3 (Fig. 2.9); it is highly unlikely that two speleothems that formed under 

non-equilibrium conditions would produce similar isotopic profiles.   

Calcite f abrics p rovide a nother useful t ool f or e stablishing e quilibrium d eposition d uring 

speleothem f ormation wi th r espect t o t heir de pendence o n hy drology a nd growth r ates ( Frisia e t a l., 

2000). S talagmites L R06-B1 a nd L R06-B3 a re c omposed mostly of  t ranslucent, c olumnar c alcite with 

well-developed r hombohedra a nd f lat-faced t erminations. R hombohedra t erminations i ndicate that 

crystals developed within a thin water film, creating a persistently submerged environment at the top of 

the speleothem (Frisia et al., 2000). Successive crystal terminations preserved at a mean lateral spacing of 

ca. 100 μm within adjacent columns may be the result of periodic changes in the physical and chemical 

parameters o f the d rip w ater. I infer t hat each v isible l ayer, ch aracterised b y well d eveloped c rystal 

terminations, may r epresent a monsoon cycle. T he p redominant co lumnar f abric indicates calcite 

formation in quasi-equilibrium conditions under relatively constant drip rates throughout the year. This 

corroborates t he i nference of l ow degassing rates a nd s uggests t hat k inetic ef fects manifested as  

disequilibrium isotope f ractionation s hould only be  related t o e xternal e nvironmental ( vis-à-vis c ave-

specific) factors. 

 The above tests and observations lead us to believe that stalagmites LR06-B1 and LR06-B3 were 

deposited at or close to quasi-isotopic equilibrium suggesting that the slow degassing of CO2 from drip 

waters m aintained i sotopic e quilibrium a mong t he a queous s pecies. I thus c onclude that t he o xygen 

isotope ratios o f L R06-B1 a nd L R06-B3 primarily r ecord c hanges i n t he δ18O of t he d rip water f rom 

which the speleothem was formed.    
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Figure 2.6 Hendy tests for ten individual growth laminae within stalagmite LR06-B1 for compact, translucent calcite. 
a(i) δ18O and a(ii) δ13C along individual calcite layers away from the central growth axis. Layers with δ18O variability 
<0.5‰ are as sumed to ha ve been de posited i n isotopic equilibrium where t he δ18O re flects t hat of t he dri p-water, 
rather than kinetic fractionation. (b) Cross-plots of δ13C and δ18O along individual growth layers.   
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Figure 2.7 Same as Fig. 2.6 but for eight individual growth laminae for open, opaque calcite.  
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Figure 2.8 Same as Fig. 2.6 but for four individual growth laminae for stalagmite LR06-B3. In (b) it is evident that a 
number of l ayers di splay covariation b etween δ13C a nd δ18O, how ever i n a ll b ut one  c ase (green di amonds) t he 
covariation does not occur sequentially away from the central growth axis.    
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2.5 Results and Discussion 

The δ18O values in the LR06-B1 record range from -4.05‰ to -6.92‰ (Fig. 2.9c), and reflect the 

combined effects of changes in global ice volume, air temperature, rainfall amount, and moisture source 

area on stalagmite δ18O over the past 12.6 ka. Lower δ18O values are observed in the recent part of the 

record, with t he m ean v alue f or t he l ate Holocene ( 3-0 ka ) 1 .65‰ l ower relative t o t he12.6-10.0 k a 

period. Part of this shift reflects a ~1 ºC post-glacial warming of the tropical western Pacific (Stott et al., 

2004; Visser et al., 2003) (accounting for ~0.23‰ in δ18O) and a ~0.5‰ decrease in the δ18O of sea water 

due to the global ice-volume effect (Schrag et al., 1996). However, the combined effects of temperature 

and i ce v olume o nly a ccount f or ~ 0.7‰ of t he 1.65‰ H olocene s hift, s uggesting that t he t rend i n 

stalagmite δ18O values cannot be explained by these factors alone.  

To remove these effects from the records, I adjusted the LR06-B1 and LR06-B3 δ18O series for 

changes in Indo-Pacific Warm Pool (IPWP) sea-surface temperature (Stott et al., 2004) (closely coupled 

to t ropical a ir t emperature) and global i ce-volume ( Siddall e t a l., 200 3) ( Fig. 2 .9e) dur ing t he l ate 

glacial/Holocene. After adjustment, a ~ 1‰ decrease in the δ18O is observed through the early to middle 

Holocene which may be indicative of changes in the δ18O of monsoonal rainfall. Several factors may have 

contributed t o t his de crease, i ncluding: 1)  variations i n r ainfall a mount r elated t o t he i ntensity a nd/or 

positioning of the intertropical convergence zone; 2) changes in the seasonal balance of summer versus 

winter rainfall; and 3) changes in the frequency and/or intensity of ENSO events. 

The prominent feature of the adjusted Holocene δ18O curve is the sharp decrease in values from 

11 to 7 ka (Fig. 2.9e). This inferred early Holocene trend towards wetter conditions culminates at the end 

of t he deglaciation when e ustatic s ea-level r ise had l evelled o ff ( Fig. 2.9f). I ndeed, while higher δ18O 

values co incide w ith l ower i nsolation during t he ear ly Holocene, t he fastest d ecrease in δ18O occurred 

between 1 1 and 9 ka , preceding the sharpest r ise in i nsolation ( Fig. 2.9g). M oreover, t he s outhern 

hemisphere summer insolation trend through the middle to late Holocene is not evident in the Liang Luar 

δ18O record. Therefore, in contrast to other monsoon-dominated regions, such as northern Borneo (Partin 

et al., 2007) (Fig. 2.9b), southern Brazil (Wang et al., 2006) (Fig. 2.9d), and southern China (Dykoski et 

al., 2 005; Wang e t a l., 2 005) (F ig. 2 .9a), I find l ittle e vidence for i nsolation b eing r esponsible f or t he 

Holocene change in AISM rainfall and instead suggest t hat s ea-level r ise i s a  more important r egional 

forcing mechanism. Two complementary possibilities may explain this sea-level influence: (1) assuming 

monsoon moisture trajectories were broadly similar to the present, a large proportion of the summer 
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Figure 2.9 Liang Luar stalagmite δ18O record and other palaeoclimate records. (a-d), Comparision of the Liang Luar 
δ18O record (LR06-B1, blue; LR06-B3, pink) with stalagmite δ18O records for Dongge Cave, China (Dykoski et al., 
2005; W ang e t al., 2005)  (ora nge), Gunung Bu da, Born eo (P artin et al., 2007 ) (re d), a nd Bot uverá C ave, Br azil 
(Wang et al., 2006) (green).  Th/U ages for the Liang Luar records are shown (with 2σ errors) at top of figure. (e) 
Liang Luar δ18O record adjusted for c hanges in Indo-Pacific Warm Pool sea-surface temperature (Stott et al., 2004) 
and global i ce-volume (S iddall e t a l., 2003) . (f) S ea-level r econstructions from  t he δ18O of Re d S ea be nthic 
foraminifera (Siddall et al., 2003) (grey circles) with 5-point running mean (black l ine), and Barbados (Peltier and 
Fairbanks, 2006) (green triangles) and Tahiti (Bard et al., 1996) (yellow squares) coral reef studies. Dashed red lines 
highlight the concurrent increases in sea-level and AISM precipitation at Liang Luar. (g) December (austral summer) 
insolation at 20°S. The light brown shading indicates the timing of the Younger Dryas cooling in Greenland (EPICA 
members, 2006). 
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monsoon t rajectory path w ould ha ve been oc cupied by either l and s urface or e xtremely s hallow s eas 

during t he ear ly H olocene. Thus, a l ower s urface a rea of ocean water al ong t he dominant ai r-mass 

trajectory would have limited the availability of source moisture fuelling the monsoon; (2) sea-level rise 

plus northern hemisphere insolation-induced heating of the South China Sea (Kienast et al., 2001) may 

have resulted in the migration of warmer waters into the Sunda area, thus resulting in higher evaporation 

over the source region. 

The c lose c oupling of rainfall v ariability i n t he n orthern a nd s outhern l ow l atitudes w ith 

temperature f luctuations i n t he North A tlantic d uring t he l ast gl acial c ycle ha s l ong been documented 

(Haug et al., 2001; Turney et al., 2004; Wang et al., 2005; Wang et al., 2006;). However, the degree to 

which t hese m eridional c onnections e xtend into t he southern s ector o f t he I ndo-Pacific d uring t he l ate 

glacial–Holocene interval has not been previously observed. Superimposed upon the LR06-B1 δ18O trend 

are a number of significant isotopic excursions of centennial- and millennial-scale duration. Most notable 

is the prominent δ18O depletion event between ~12.7 and ~11.5 ka (Fig. 2.10d) that occurred concurrently 

with the Younger Dryas cooling in the North Atlantic (EPICA members, 2006). 

 The more depleted δ18O values of LR06-B1during the Younger Dryas cooling reflect a stronger 

monsoon on F lores (Fig. 2.10d). This pa ttern of southern Indonesian r ainfall correlates w ith high δ18O 

values at Dongge cave (Dykoski et al., 2005), inferred to reflect a weakened East Asian summer monsoon 

(Fig. 2.10a). Moreover, the higher rainfall event on Flores correlates with lower titanium counts from the 

Cariaco basin (Haug et  al ., 2001) w hich a re i nterpreted as l ower r ainfall intervals ( Fig. 2 .10b), and 

travertine g rowth p hases i n northeast Br azil ( Wang e t a l., 2 004), i ndicative o f h igher r ainfall. T hus, a 

stronger AI SM during the Y ounger Dry as cooling i s i n p arallel w ith higher rainfall o ver t he s outhern 

tropics (Cruz et al., 2005; Wang et al., 2004) and lower rainfall over the northern tropics (Dykoski et al., 

2005; Haug et al., 2001).  

A likely explanation for these observed phase relationships, in particular between the Australian-

Indonesian and East Asian summer monsoons, is an abrupt southward shift in the mean summer location 

of the ITCZ. The Younger Dryas cooling is thought to be the result of a marked reduction in meridional 

overturning c irculation ( McManus e t a l., 2004) due t o a major release of  m eltwater i nto t he N orth 

Atlantic (Broecker, 2003). Modelling experiments indicate that these periods of reduced North Atlantic 

overturning highly favour t he s outhward d isplacement of  t he ITCZ i n t he t ropical P acific ( Zhang a nd 

Delworth, 2005).  
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Figure 2.10 Comparison of  palaeoclimate re cords be tween F lores, s outhern Chi na, a nd nort hern S outh A merica 
during t he Y ounger D ryas c ooling. (a ) A  w eakened E ast A sian s ummer m onsoon re corded b y the D ongge Ca ve, 
China, speleothem record (Dykoski et al., 2005) corresponds with (b) a  southward displaced ITCZ over the Cariaco 
basin (Haug et al., 2001), (c) stronger outflow from the Asian winter monsoon (Yancheva et al., 2007), and (d) higher 
monsoon ra infall ove r F lores, a s i ndicated by lower i ce-volume (Siddall e t a l., 2003) a nd S ST ( Stott e t al., 2004) 
adjusted δ18O va lues. The l ight brow n s hading i ndicates a  s trong N -S i nverse re lationship duri ng t he t ime of t he 
Younger Dryas cooling in Greenland (EPICA members, 2006).  
 

 

 

A more d irect l ink between the AISM, and the North Atlantic and associated migration of the 

ITCZ during the Younger Dryas, may be the influence of the East Asian winter monsoon. Comparison of 

the t itanium c ontent of  Lake Huguang Maar ( Fig. 2 .10c), r egarded a s a proxy for the s trength o f East 

Asian winter monsoon winds (Yancheva et al., 2007), with the δ18O of LR06-B1 reveals a strong positive 

relationship. This correspondence supports previous suggestions that the AISM is largely controlled by a 

‘push-pull’ r elationship between t he Australasian m onsoon s ystems and hence c orroborates cr oss-

equatorial linkages between the two regions. 
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Noteworthy is the absence of a Younger Dryas signal in the nearby monsoon speleothem records 

from nor thern Borneo (Partin e t a l., 2007), which l ies i n s tark contrast to t he L iang Luar and D ongge 

Cave r ecords (Dykoski et  al ., 2 005). A p ossible ex planation f or t his m ismatch may be r elated t o t he 

geographical location of northern Borneo and i ts lack of seasonality. Because Dongge Cave and Liang 

Luar a re p ositioned a t t he northern a nd s outhern l imits of t he s ummer I TCZ belt r espectively, s light 

adjustments in meridional positioning are likely to have a greater influence on seasonal rainfall at those 

sites compared with northern Borneo.   

 

2.6 Conclusions 

Results o f t his s tudy show that southern he misphere s ummer i nsolation was not t he m ost 

important driver o f AISM r ainfall d uring t he l ate g lacial-Holocene i nterval i n S E I ndonesia. R educed 

North Atlantic ove rturning circulation l ed t o a  pr ogressive s outhward di splacement of  t he Austral-

summer IT CZ a nd t hus wetter c onditions i n s outhern I ndonesia a t t he t ime of  t he Y ounger Dryas. 

However, t he most s ustained d ecrease i n s peleothem δ18O, indicative of  increasing m onsoon r ainfall, 

coincided with the sharpest eustatic sea-level rise, which increased moisture availability. More precisely 

dated high-resolution proxy records of AISM strength will be required to determine whether the patterns 

observed in SE Indonesia are synchronous across the region, particularly over the north Australian land 

mass where the epicentre of the AISM system lies.  
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3 Younger Dryas-Holocene temperature and rainfall 

history of southern Indonesia from δ18O in 

speleothem calcite and fluid inclusions 
 

Abstract 

 We have applied a new technique to analyze the oxygen (δ18O) and hydrogen (δD) isotope ratios 

in speleothem fluid inclusions to reconstruct the temperature and rainfall hi story of southern Indonesia 

during the Younger Dryas (YD) event and the Holocene.  The 12,640-year speleothem record, anchored 

by 33 ur anium-series dates, shows that fluid-inclusion δ18O varies in phase with speleothem calcite δ18O 

during the Holocene, suggesting that the speleothem calcite δ18O primarily reflects variations in the δ18O 

of l ocal rainfall. Significant e arly t o mid-Holocene decreases i n b oth δ18O series ar e interpreted a s an  

intensification of Australian-Indonesian summer monsoon rainfall in response to deglacial eustatic sea-

level rise and flooding of the Sunda Shelf. 

Cave drip-water temperatures reconstructed from coupled measurements of δ18O in speleothem 

calcite a nd f luid i nclusions r emained r elatively c onstant t hrough t he H olocene. T his i s c onsistent w ith 

reconstructions of Indo-Pacific sea-surface temperature (SST) based on analysis of Mg/Ca in planktonic 

foraminifera.  However, during the YD event, drip-water (i.e. cave) temperature was ~5 ºC cooler than 

modern, which is substantially cooler than SSTs inferred from foraminiferal Mg/Ca, but consistent with 

coral S r/Ca r econstructions of SST a nd t errestrial e vidence f or high-elevation s now-line d epressions. 

Lower fl uid-inclusion δ18O during t he Y D i ndicates t hat t he co oling w as acco mpanied b y i ncreased 

monsoon rainfall. T aken t ogether, t he results s uggest t hat t he s outherly penetration o f t he i ntertropical 

convergence zone (ITCZ) was largely influenced by the cross-equatorial temperature gradient, rather than 

local SSTs (and air temperatures). These results provide new evidence for a rapid cooling of deep tropical 

air temperatures and repositioning of the ITCZ during the YD event.  

  

 

 

 



Chapter 3: Fluid inclusions                                                                              

 
61 

 

3.1 Introduction and background 

 The I ndo-Pacific Warm P ool ( IPWP) plays a  c ritical r ole i n t he global c limate s ystem.  I t 

provides a  source of  heat and moisture t hat i s di stributed both zonally be tween the Indian and Pacific 

Ocean b asins and t o higher l atitudes. Within t he s outhern s ector of the I PWP, i ncluding northern 

Australia and Indonesia, rainfall variability is dominated by the Australian-Indonesian Summer Monsoon 

(AISM), which accounts for ~69% of the annual precipitation. Variations in the strength and/or timing of 

AISM rainfall can have catastrophic consequences for the millions of people who reside in the Indonesian 

archipelago. Therefore, i t i s critical to improve our understanding of the parameters that control AISM 

variability over the recent past (e.g. the Holocene).  

 Compared t o t he l ast g lacial p eriod, h igh l atitude i ce-core r ecords d emonstrate t hat ai r 

temperatures were r elatively s table (i.e. t emperature ra nge o f ~ 3 ºC) t hrough m uch of t he Holocene 

(EPICA members, 2006; NGRIP members, 2004; V inther et  al ., 2009). Sea-surface t emperature (SST) 

reconstructions f rom the tropical west Pacific indicate a  s imilar pattern (Brijker et a l., 2007; Lea et a l., 

2000; Stott et al., 2004; Visser et al., 2003), highlighting the relative stability of tropical and high-latitude 

regions over the past ~10 thousand years (ka). In contrast, major hydrological variations have occurred 

during this time, particularly in the low and mid-latitudes (Mayewski et al., 2004).  However, the lack of 

continental palaeotemperature records from the tropics precludes a full understanding of the low-latitude 

response to high-latitude temperature fluctuations, particularly during major climate transitions (e.g. last 

glacial maximum). Here I aim to br idge this knowledge gap by reconstructing temperature and rainfall 

trends from coupled measurements of δ18O in speleothem calcite and fluid inclusions.  

Speleothems ( i.e. s talagmites an d f lowstones) a re e xcellent t errestrial p alaeoclimate ar chives 

because of their sensitivity to climate variability and the relative ease with which their age profiles can be 

constrained via high-precision (typically <1% age-error) uranium-series dating. An additional feature of 

speleothems is the presence of fluid inclusions, which are trapped residues of fossil cave drip-water that 

originally fell as rainfall above the cave (Schwarcz et al., 1976). Since the δ18O and δD values of the drip 

waters f eeding s peleothems r eflect t hose of t he r echarge p recipitation, inclusion w aters pr ovide an 

additional proxy for regional rainfall reconstructions (McDermott et al., 2006).  

Provided the speleothem grew in isotopic equilibrium (Hendy, 1971), coupled measurements of 

δ18O in f luid i nclusions and the hos t c alcite c an be  us ed t o de termine i ndependent s peleothem gr owth 

temperatures, by s ubtracting t he e ffect of changes i n t he δ18O of r ainfall f rom t he c alcite δ18O signal. 
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There a re t wo i mportant cav eats, h owever, w hich m ust b e co nsidered. F irst, m ost cal cite-water 

palaeotemperature equations (e.g. Kim and O’Neil, 1997) tend to underestimate palaeotemperatures (on 

the order of ~2-3 ºC) for speleothems (e.g. McDermott et al. 2006; van Breukelen et al. 2008). Second, a 

widely held assumption is that fluid inclusions may have exchanged oxygen isotopes with the host calcite 

through time, and thus the fluid-inclusion δ18O may not reflect the pore-water composition at the time of 

entrapment (Schwarcz et  al ., 1976). Consequently, most f luid-inclusion s tudies (Fleitmann e t a l., 2003; 

Zhang e t a l., 2008) m easure δD a nd use t he δD-δ18O r elationship de termined by  t he G lobal M eteoric 

Water Line (GMWL) to estimate the inclusion δ18O value because hydrogen does not exchange with the 

calcite phase. However, recent studies have shown that post-depositional 18O-16O exchange is negligible 

in Holocene stalagmites on t he premise that the fluid-inclusion data plotted on (or close to) the GMWL 

and / or s hared a  s imilar s lope, a nd a re c onsistent w ith m odern c ave drip w aters ( Dennis e t a l., 2 001; 

Dublyansky and Spötl, 2009; van Breukelen et al., 2008).  

Earlier s tudies on speleothem f luid i nclusions i nvolved an off-line pr eparation of  por e-water 

extraction using: ( i) c rushing t echniques a t v arious t emperatures; o r (ii) t hermal d ecrepitation a t m uch 

higher t emperatures with va rying degrees of c alcite de composition. T hermal de crepitation wa s, until 

recently, certainly the favoured technique for off-line extraction because it yielded larger water quantities 

than c rushing. Ho wever, a  caveat o f this method w as t hat t he measured δD values t ended t o have a n 

approximate 20-30‰ offset relative to that of the cave seepage water (Matthews et al., 2000; McGarry et 

al., 2004). This apparent offset was attributed to analytical error (Matthews et al., 2000; McGarry et al., 

2004) and/or contamination of the signal through the presence of small isotopically-fractioned inclusion 

waters on crystal boundaries (McDermott et al., 2006). Given these ambiguities the previously reported 

‘crushing technique’ was re-investigated by Dennis et al. (2001), whose findings demonstrated that prior 

difficulties associated with fluid-inclusion δD-δ18O analyses were caused by the incomplete injection of 

waters into the mass-spectrometer. To circumvent this problem they suggested heating the crushing-cell 

and a ttached vacuum l ine t o 1 50 º C t o reduce t he l ikelihood of w aters be ing a dsorbed onto surfaces 

within the system. An additional advance in the application of fluid-inclusion analysis to palaeoclimate 

studies has been the advent of on-line pyrolysis techniques, which have permitted the acquisition of δD 

and δ18O fro m a  s ingle, s ub-microlitre a liquot of w ater. T his h as a llowed m uch hi gher s ampling 

throughput because it avoids time-consuming data reductions and off-line gas conversion steps (Vonhof 

et al., 2006; Dublyansky and Spötl, 2009). 
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In t his s tudy, I  e mploy t his r ecently d eveloped c ontinuous-flow pyrolysis te chnique to  

speleothem δ18O-δD fluid-inclusions f rom a  precisely dated, 1 2.64 k a-long record f rom Flores, e ast 

Indonesia. Following s uccessful pioneering s tudies o f f luid i nclusions i n a  s peleothem f rom t ropical 

Amzonia (van Breukelen et al., 2008), I  have applied the same novel technique of Vonhof et al. (2006, 

2007) t o m y speleothem r ecord from I ndonesia. R esults o f t hese a nalyses a re used to e stimate t he 

temperature and rainfall variability in the southern sector of the AISM region from the Younger Dryas 

(YD) event to the present.  

 

3.2 Regional setting 

 The f luid-inclusion δ18O a nd δD data w ere obtained f rom a  1. 25 m  t all a ctively gr owing 

stalagmite ( LR06-B1) co llected f rom a l arge chamber w ithin L iang Luar (8º 32 ’N, 120º 26’ E), a cav e 

located on the east Indonesian island of Flores (Fig. 3.1). The sampling site (550 m.a.s.l.) is located ~30-

50 m below the ground surface and ~800 m in from the cave entrance (Fig. 3.2). The chamber currently 

has a mean annual temperature (MAT) of ~25 °C, which closely resembles the surface MAT. The cave 

receives ~ 69% ( ~800 m m) of  i ts a nnual recharge from the  s ummer monsoon be tween D ecember a nd 

March, most of which infiltrates the highly porous karst terrain. This highly seasonal pattern of rainfall in 

Flores i s linked t o l ow-level n orth-westerly f low o f moisture f rom t he A ISM a nd t he s outhward 

displacement of the inter-tropical convergence zone (ITCZ) during the austral summer (Fig. 3.1).  
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Figure 3.1 Location of  L iang Luar Cave, F lores, in  the Australian-Indonesian summer monsoon domain. Shading 
represents monthly values of outgoing long-wave radiation (OLR) based on composites of NOAA satellite-observed 
OLR. Arrows show NCEP/NCAR Reanalysis 850-hPa wind direction based on d ata from 1979 to 2005 for  the: (a) 
austral summer wet s eason ( December-March) a nd (b) a ustral w inter dry s eason (J une-August). L ow O LR va lues 
(dark shading) indicate cold c loud tops produced by precipitating cumulonimbus convection, which dominates the 
southern Indone sian re gion duri ng t he A ustralian-Indonesian s ummer m onsoon. A lso s hown a re t he l ocations of 
marine sediment cores MD76 (Stott et al., 2004) and MD62 (Visser et al., 2003) and coral records discussed in the 
text. OLR and wind vector data were retrieved from the following web address:  
http://www.esrl.noaa.gov/psd/cgi-bin/data/composites/printpage.pl.  
 

 

 

3.3 Methods 

 The depth-age model of stalagmite LR06-B1 was constructed from 33 U/Th dates (Griffiths et 

al., 2009) performed using both thermal ionisation mass-spectrometry (Yu et al. 2006) and multi-collector 

inductively coupled plasma mass spectrometry (Hellstrom, 2003, 2006). Microsampling for analysis of  

δ18O in calcite (δ18Oc) was performed at 1 mm increments along the vertical axis of polished sections of 

LR06-B1 using a milling lathe. The δ18Oc values for 1240 calcite powders were determined on a GV2003 

continuous-flow stable isotope ratio mass spectrometer at the University of Newcastle, Australia. Results 

are reported using the standard δ notation in per mil (‰) relative to the Vienna Peedee 
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Figure 3.2 Plan of ~ 1km stretch (total length of c ave is ~2km) of L iang Luar Cave, along with photographs taken 
from s everal s ections of  t he c ave. S ymbols i ndicate the pos ition of c ollection sites fo r dr ip and pool  w aters, a nd 
stalagmite LR06-B1.  
 

 

 

Belemnite ( VPDB) s cale using a n i nternal wor king s tandard o f C arrara M arble (New1), which was 

calibrated using the international standards, NBS18 and NBS19. The analytical uncertainty (2σ) of in-run 

measurements of Carrara Marble (New1) was 0.08‰ for δ18O.  

The fluid inclusion analyses were conducted on what has been termed the ‘Amsterdam Device’, 

which comprises a newly modified crushing device attached to a continuous-flow Thermo-Finnigan TC-

EA p yrolysis fu rnace housed a t V rije U niversiteit, Am sterdam (see Vonhof 2 006, 20 07). T his d evice 

consists of a manual crushing apparatus made from a modified 8BG vacuum valve. The valve plunger is 
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fitted wi th a  hardened s teel pi ston, w hich i s l owered i nto t he c rushing c hamber by  t urning t he valve 

handle. The crushing chamber has a total volume of 1.5 cm3, which permits calcite cubes of up to ~1 g to 

be c rushed. T he c rusher i s fitted wi th a  s eptum por t t hat a llows t he di rect i njection of s ub-microlitre 

amounts of water into the crushing chamber us ing a  small syringe. The crusher is mounted on a  small 

oven containing a 250 W plate heater, while a second 250 W plate heater is inserted in the base plate of 

the crusher. With an insulating cover placed over the crusher, the heaters can generate temperatures of 30-

200 ºC within 15 minutes for the whole system. Inside the oven, the crusher is connected to the He carrier 

flow and the TC-EA via a cold trap unit, which comprises a 0.75 mm i.d. annealed stainless steel capillary 

and Swagelock connectors. At the top of the TC-EA reactor, the device is connected to a standard inlet of 

He carrier gas controlled by four valves that can be switched between two modes. The default mode is the 

bypass mode for conventional automatic analysis on the TC-EA system, while the crusher mode allows a 

90mL/min flow of He to pass through the crushing chamber once the cube of calcite has been crushed. 

This flow of He carries water from the crusher into the cold trap unit, where it is cryogenically trapped in 

a 1 m coiled 0.75 mm i.d. stainless steel capillary tube immersed in liquid N2 for a period of ~2 minutes. 

Following this, the cold trap unit is flash heated to release the water in a short pulse into the TC-EA for 

analysis.  

Fifteen prisms of  s peleothem c alcite, e ach w eighing ~ 300 m g a nd m easuring 3 -5 m m 

longitudinally, were extracted from the central growth axis of stalagmite LR06-B1. The prisms were then 

crushed and the liberated water analysed for δ18O (δ18Of) and δD (δDf) using the method described above. 

Four of the crushed samples had water yields that either exceeded the range of detection or were too low 

for an accurate signal to be obtained by the TC-EA. These samples were subsequently omitted from the 

final analysis, leaving a total of eleven samples for the Holocene reconstruction. Owing to the complex 

crystallographic structure of speleothem LR07-B1, it was extremely difficult to assess the optimal sample 

mass r equired f or s ignal d etection i n t he ‘Amsterdam D evice’. Hence, t he pr ocess of f luid i nclusion 

extraction from this speleothem was a little ‘hit and miss’, largely because of the longitudinal changes in 

calcite petrography throughout the specimen. Notwithstanding this, LR06-B1 was a favourable specimen 

for this type of work given that it contained plenty of water within the inclusions (typically >0.25μL), a 

result that is s omewhat o f a  rarity i n s peleothem fluid-inclusion studies. A  r eason for t hese l arge a nd 

abundant i nclusions being p reserved i n t his s peleothem i s pos sibly r elated t o t he f act t hat t he r egion 

experiences abundant rainfall each year (via the summer monsoon), resulting in the fast growth and hence 
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effective entrapment of tiny inclusion waters. However, this observable process may be restricted to this 

cave system and/or speleothem. 

The δ18Of and δDf of the waters are r eported with r eference to Vienna S tandard Mean Ocean 

Water (VSMOW). Mean analytical reproducibility (1σ) of standard waters injected into the crusher was 

1.5‰ for δD and 0.3‰ for δ18O. The stable isotope ratios of the fluid inclusions and host calcite were tied 

to a Monte Carlo-derived age-depth model previously described by Drysdale et al. (2005, 2007), and are 

summarised in Table 3.1. 

 

 

 

Table 3.1 Summary of fluid-inclusion δDf (VSMOW) and δ18Of (VSMOW), and speleothem calcite δ18Oc (VPDB) 
shown in Figs 3.3-3.5. Depth is the mid-point distance (in mm) from the top of stalagmite LR06-B1 where the calcite 
prisms were extracted for fluid inclusion analyses. Ages (ka) are from the published age-depth model of Griffiths et 
al. (2009) . S peleothem calcite f ormation t emperatures s hown i n F ig. 3. 6 w ere calculated us ing t he Cra ig (196 5) 
equation. ∆T represents the difference in temperature relative to the modern cave average of 25 ºC.  
 

Sample I.D Depth 
(mm) 

Age 
(ka) 

δDf 
(VSMOW) 

δ18Of 
(VSMOW) 

δ18Oc 
(VPDB) 

Calcite 
formation 

T (ºC) 

∆T 
(ºC relative to 

modern) 

E1-1 1204 12.07 -30.7 -4.70 -4.96 18.0 -7.0 
D1-2 1130 11.37 -25.7 -3.42 -4.28 20.6 -4.4 
D1-3 1007 10.08 -30.2 -3.49 -4.71 22.2 -2.8 
D1-4 937 9.29 -31.3 -4.00 -5.57 23.8 -1.2 
C1-5 832 8.57 -33.9 -4.39 -5.98 23.9 -1.1 
C2-6 797 6.10 -39.2 -4.76 -6.55 24.8 -0.2 
C2-7 675 4.86 -36.0 -5.20 -6.36 22.0 -3.0 
B1-8 531 4.01 -40.6 -5.27 -6.56 22.5 -2.5 
A1-9 286 2.17 -35.2 -4.75 -6.32 23.8 -1.2 
A1-10 218 1.75 -33.9 -5.00 -6.75 24.5 -0.5 
E2-11 44 0.36 -38.6 -5.00 -6.69 24.4 -0.6 

 

 

 

 δ18O and δD values were determined for modern cave drip- and pool-water samples collected in 

May 2007 from various locations in Liang Luar Cave (Fig. 3.2). In addition, δ18O and δD were measured 

on modern rainfall samples collected from the cave site between September 2006 and April 2007 [refer to 

chapter 2 or supplementary material of Griffiths et al., (2009) for rainfall isotope data]. The δ18O values 

were measured at  Monash University, Australia, v ia equilibration with CO 2 at 3 2 °C fo r 2 4–48 h  in a  

Finnigan MAT Gas Bench and analysed using a continuous-flow technique on a Finnigan MAT 252 mass 
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spectrometer. δD m easurements were c onducted via reaction with C r a t 8 50°C using a n a utomated 

Finnigan M AT H/ Device. δ18O a nd δD values w ere m easured r elative t o i nternal s tandards t hat w ere 

calibrated us ing the International A tomic E nergy A gency ( IAEA) S MOW, Greenland Ice S heet 

Precipitation (GISP) and Standard Light Antarctic Precipitation (SLAP) standards. All isotopic data are 

reported as per mil (‰) deviations relative to VSMOW where δ18O and  δD values of SLAP are –55.5‰ 

and –428‰, respectively. Analytical precision (1σ) for replicate measurements of the internal standards 

was ±0.1‰ for δ18O and ±1‰ for δD. The cave drip- and pool-water results are summarised in Table 3.2.  

 

 

 

Table 3.2 Summary of t he δ18O (VSMOW) and δD (VSMOW)  values for t he dri p w aters (D-W) a nd cave pool  
waters (P-W) displayed in Figs 3.2-3.3. D-W1 represents the modern drip-water feeding stalagmite LR06-B1 used in 
this study. 
 

Sample I.D δD 
(VSMOW) 

δ18O 
(VSMOW) 

P-W1 -39 -5.4 
P-W2 -36 -5.4 
P-W3 -38 -5.6 
P-W4 -35 -5.5 
P-W5 -40 -5.6 
D-W1 -38 -5.5 
D-W2 -38 -5.4 

 

 

 

3.4 Results 

 The accu racy o f t he f luid-inclusion δ18Of and δDf values, i n t erms of  r ecording d rip-water 

isotope c omposition, c an be c hecked by c omparing t he r esults w ith t he GMWL a nd t he i sotopic 

composition of the cave drip and pool waters (Fig. 3.3). The δ18Of and δDf values of the fluid inclusions 

display a  t rend t hat i s p arallel t o t he G MWL, and ar e in cl ose ag reement w ith t he cav e d rip and p ool 

waters. Furthermore, the fluid-inclusion δ18Of and δDf values for the youngest calcite layers plot close to 

the f ield of modern drip water compositions. The result confirms that modern inclusions i n s talagmite 

LR06-B1 preserve a quasi-pristine record of the δ18O and δD of the cave drip waters. Noteworthy is the 

~1‰ enrichment in δ18O of the f luid inclusions, and cave drip and pool waters, r elative to the r ainfall 

collected f rom t he cav e s ite (Fig. 3 .3). G iven t he ex treme r elative h umidity o f t he cav e en vironment 
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(close to 1 00% - Griffiths e t al. 2009), I  interpret t his enrichment t o r eflect e vapotranspiration i n the 

epikarst, pa rticularly du ring t he dr y s eason when pe rcolating wa ters may be come s tagnant or  s low 

moving through the soil-bedrock profile due to the lower hydrostatic pressure induced by lower rainfall. 

This process w ould pr oduce higher δ18O waters p ermeating the karst a nd entering the c ave d ue to t he 

preferential loss of 16O to the vapour phase. The area surrounding Liang Luar Cave is conducive to these 

evaporative processes because the highly seasonal climate is characterised by strong summer heating (i.e. 

the dry season), followed by a rapid increase in precipitation (i.e. the wet season) enabling the transport of 

isotopically-enriched surface water to the lower vadose zone and cave interior (Fairchild et al., 2006).  

Throughout the Holocene the δ18Of values range from -3.4‰ to -5.3‰ (ave. -4.5‰), while the 

δDf ranges f rom -26‰ t o -41‰ (a ve. -34‰). T he δ18Of and δDf records t rend t owards l ower v alues 

through much of the early to mid-Holocene, in phase with the δ18O trend of the host calcite (Fig. 3.4). 

The coupled measurements of δ18Of and δ18Oc provide an independent means of reconstructing cave air 

temperature (stalagmite growth temperature) by removal of the water δ18O component of the calcite δ18Oc 

record. This was achieved by averaging the δ18Oc measurements over the same temporal resolution (3-5 

mm) as  t he ex tracted ad jacent cal cite p risms u sed f or f luid i nclusion analysis. H ere I assume t hat t he 

δ18Oc of t he cal cite p risms are t he s ame as t hat o f t he t emporally-averaged 1  m m-resolution c alcite 

powders. I n t he f irst i nstance, t he e quilibrium pa laeotemperature e quation of Kim a nd O ’Neil ( 1997) 

produced a growth temperature for the most recently deposited calcite of ~22°C, which is ~3 °C cooler 

than the average modern cave t emperature. An offset o f similar magnitude for cave palaeotemperature 

reconstructions has been noted in other speleothem fluid-inclusion studies (e.g. McDermott et al., 2006; 

van B reukelen e t a l., 2008; Z hang e t a l., 20 08).  However, th e e quation of C raig ( 1965) yie lded 

speleothem growth t emperatures r anging from 18.6 to 25.3 °C (Table 3 .1), with an average o f ~24 °C 

during the Holocene. The calculated average cave temperature of ~24 °C is in good agreement with the 

modern cave temperature of ~25 °C and the tropical air temperature expected at a s ite 550 m.a.s.l, given 

an environmental lapse rate of ~0.6 ºC per 100 m altitude and an average SST around Flores of 28.5ºC. 

Further, Holocene temperatures are likely to be ~1 ºC lower than today’s ~25 °C average, given the ~0.7 

ºC of recent global warming.  
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Figure 3.3 Cross-plot of δD versus δ18O for stalagmite LR06-B1 fluid-inclusion samples, cave drip waters (including 
the dri p-water feeding s talagmite L R06-B1), a nd c ave pool  w aters.  D rip a nd p ool w aters w ere c ollected in M ay 
2007.  Also plotted are rainfall isotopes collected at the cave site between September 2006 and April 2007. The solid 
line indicates the Global Meteoric Water Line (GMWL) and the dashed l ine the Cave Meteoric Water Line. Error 
bars on the fluid inclusions represent the analytical reproducibility (1σ) of measurements on standard waters injected 
into the crusher. Error bars on the rainfall isotopes and cave drip and pool waters represent analytical precision (1σ) 
of re plicate m easurements on i nternal s tandards. T he δD a nd δ18O of t he fl uid inclusions di splay a  trend t hat i s 
parallel to  the GMWL, a nd a re i n c lose a greement w ith t he c ave dri p a nd po ol w aters. F urthermore, t he fl uid-
inclusion δ18Of and δDf values for t he youngest c alcite l ayers pl ot c lose t o t he fi eld of modern dri p w ater 
compositions thus confirming that t he inclusion waters reflect the δ18O and δD of the dr ip waters within the cave 
system. The gray shading highlights the ~0.9‰ enrichment in δ18O of t he fluid inclusions and cave drip and pool 
waters relative to the ra infall. I  attribute this s light enrichment to evapotranspiration of t he surface waters prior to 
reaching the cave interior.    
 

 

 

The calculated l ate H olocene cav e t emperature o f ~ 24 °C pr ovides a  we ll-calibrated m odern 

“anchor point” for the Younger Dryas-Holocene palaeotemperature reconstruction. During the YD event, 

reconstructed cave ai r temperatures were, on average, ~5 °C cooler than modern values. S ince ~10 ka, 

cave air temperatures were much more stable, remaining within ±2 °C of the Holocene average of ~24 °C. 
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Figure 3.4 Comparison of s talagmite LR06-B1calcite δ18Oc (black curve), fluid-inclusion δ18Of (circles), and fluid-
inclusion δDf (squares) records over the past 12.64 ka. U/Th ages used to construct the time-series are plotted along 
the top (dating and sampling errors are smaller than the symbols used). Error bars represent mean analytical (1σ) 
reproducibility of the s tandard waters injected into the crusher. The gray bar highlights the timing of t he Younger 
Dryas climate anomaly. The δ18Of and δDf trend towards lower values through the early- to mid-Holocene matches 
the t rend i n δ18Oc, t hus c onfirming t hat t he s peleothem ca lcite δ18Oc primarily re flects variations in t he δ18O of 
meteoric rainfall. 

 

 

 

3.5 Discussion  

 In Griffiths et al. (2009), we concluded that the calcite δ18Oc values of stalagmite LR06-B1 were 

largely dependent upon the intensity of the monsoon (rather than changes in temperature), whereby higher 

(lower) ra infall amounts correspond with lower (higher) δ18Oc values in the t ropics. This interpretation 

can be verified by comparing the LR06-B1 calcite δ18Oc record with the new fluid-inclusion δ18Of record, 

which d irectly r ecords t he δ18O of monsoon ra infall a t F lores (Fig. 3 .4).  T he results s how t hat fl uid-

inclusion δ18Of varies in phase with calcite δ18Oc, and both records define a prominent ~2‰ decrease in 

δ18O during the  early-middle Holocene.  T he good agreement between the calcite δ18Oc record and the 

new fl uid-inclusion δ18Of record e liminates t he pos sibility of  c hanges i n c ave d rip-water t emperature 
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(calcite formation temperature) as a potential driver of the early-middle Holocene shift in δ18O. Moreover, 

only ~ 25% of the ~ 2‰ shift i n δ18Of and δ18Oc can b e due t o t he ear ly-middle H olocene d ecrease i n 

global ice volume ( Siddall e t a l., 2003), which decreased the δ18O o f s eawater, and hence t he δ18O o f 

rainfall (Fig. 3.5).  Therefore, a  s ignificant decrease in the δ18O of AISM precipitation during a ir-mass 

transport m ust a ccount f or t he r emaining ~75% (~1.5‰) o f t he e arly-middle Hol ocene i sotopic s hift 

observed in LR06-B1. 

Based o n t hese r esults, I interpret t he ear ly-middle H olocene d ecrease i n δ18Oc and δ18Of to 

reflect a sharp intensification of the AISM until ~6 ka, followed by relative stability until the present.  In 

contrast t o other l ow-latitude monsoon r ecords ( e.g. Dykoski e t a l., 2005; van B reukelen e t a l., 2008; 

Wang et a l., 2005), the absence of a  prominent mid-late Holocene t rend in the δ18Oc and δ18Of records 

suggests that the impact of  local summer insolation on monsoon a ir-mass t ransport to Flores (Fig. 3 .5) 

was minimal. Our previous interpretation (see previous chapter and/or Griffiths et al., 2009) was that the 

early Holocene increase in the AISM was largely driven by the effect of deglacial inundation of the Sunda 

Shelf on m onsoon m oisture availability. L ike t he δ18Oc record, t he decreasing t rend i n t he new δ18Of 

record resembles the eustatic sea-level curve (Bard et al., 1996; Peltier and Fairbanks, 2006; Siddall et al., 

2003; Fig. 3.5), thus confirming the potential role of Sunda Shelf inundation in controlling the postglacial 

onset of the AISM. 
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Figure 3.5 Comparison of i ce-volume a djusted (S iddall e t a l., 2003) fl uid-inclusion δ18Of (black c ircles) a nd 
reconstructed s ea-level c urves fr om t he Re d S ea (s olid l ine; S iddall e t a l., 2003 ), Ba rbados (squares; Peltier a nd 
Fairbanks, 2006) and Tahiti (circles; Bard et al., 1996). Grey shading highlights the concurrent decrease in δ18Of and 
sea-level duri ng t he e arly t o m id-Holocene re flecting i ntensification of A ustralian-Indonesian s ummer m onsoon 
rainfall in response to eustatic sea-level rise and flooding of the Sunda Shelf. 
 

 

 

 The paired fluid-inclusion δ18Of and calcite δ18Oc records from Flores provide new insights into 

the history of tropical air temperature in the IPWP region. Figure 3.6 shows that air temperatures inside 

Liang Luar C ave r emained r elatively s table ove r t he pa st ~ 10 ka  ( ave. ~ 24 °C). T he r esult i s i n g ood 

agreement with stable Holocene SSTs (±1 °C ) reconstructed for the IPWP (Brijker et al., 2007; Lea et al., 

2000; Stott et al., 2004; Visser et al., 2003), based on the analysis of Mg/Ca in planktonic foraminifera. 

Stable t ropical a ir t emperatures d uring t he Holocene were also i nferred from f luid i nclusions i n 

stalagmites f rom P eruvian Amazonia ( van B reukelen et a l., 200 8), hi ghlighting the s trong z onal 

synchrony in Holocene temperatures between the eastern and western tropical Pacific. Taken together, the 

results support the interpretation that the early-middle Holocene onset of the AISM is related primarily to 

deglacial flooding of the Sunda Shelf, rather than changes in local SST (and air temperature). 

 Close inspection of Figure 3.6, however, shows that there are millennial-scale structural patterns 

in Liang Luar Cave air temperature through the Holocene. Several of these excursions in air temperature 
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are synchronous with excursions in coral Sr/Ca-SST reconstructions for the southern sector of the IPWP 

(Abram et al., 2009). For example, cooling of coral-inferred SSTs from ~4-6 ka is mirrored by a cooling 

trend i n L iang L uar. T his trend i s f ollowed by  a n i ncrease i n S ST a nd c ave t emperatures t o m odern 

values. Therefore, on millennial-timescales, it appears that (like today) local changes in tropical SST and 

air temperature were tightly coupled in the IPWP region. 

 Before ~ 10 ka, t he Liang L uar r ecord s hows s ignificantly co oler cav e air t emperatures w ith 

maximum cooling (~5 °C cooler than modern) during the YD climate anomaly (Fig. 3.6a). About 0.4-0.5 

°C of the ~5 °C cooling during the YD can be explained by the 60-80 m increase in altitude caused by 

lower eustatic sea levels during the YD (assuming a lapse rate of 0.6 °C 100-1 m altitude). This still leaves 

a significant ~4.5 °C reduction in southern IPWP air temperature during the YD. The ~4.5 °C cooling is 

consistent with numerous coral Sr/Ca-SST reconstructions, which indicate ~2-5 °C reduction in southern 

IPWP SSTs during the YD (e.g. Castellaro e t a l., 1997; Corrège e t a l., 2004; Gagan e t a l., 2000), and 

hence suggest a similar magnitude of cooling. However, the Mg/Ca-inferred SST records from planktonic 

foraminifera (Stott et al., 2004; Visser et al., 2003) indicate only ~1 °C cooling in the IPWP region during 

this t ime ( Fig. 3 .6a). P ossible e xplanations f or t hese discrepancies i nclude: (i) d iagenetic a lteration o f 

fossil c orals and/or m arine s ediment f oraminifera; a nd/or ( ii) d ifferences i n c limate s ensitivity o f a ir 

versus sea-surface temperatures.  

 Comparison of the Liang Luar temperature record with high-elevation tropical ice-core records 

from S ajama, Bolivia ( Thompson et  al ., 1 998) an d H uascarán, P eru ( Thompson e t a l., 1 995) r eveals 

strong z onal s ynchroneity b etween t he t wo r egions during t he YD (Fig. 3 .6b). T he ne gative δ18O 

excursions observed for the YD interval in the ice cores have been inferred to reflect cooler temperatures 

and lower snowlines associated with higher accumulation rates (Thompson et al., 1998). The cooler YD 

temperatures observed o n b oth sides o f t he P acific demonstrate t hat t errestrial t emperatures c ooled 

substantially during the YD event in both low-elevation and high-elevation tropical environments. Taken 

together, the results contribute to the growing body of evidence for a close equator-to-pole link between 

the North Atlantic and deep tropics during the YD event. 

 



Chapter 3: Fluid inclusions                                                                              

 
75 

 

 

Figure 3.6 (a) Comparison of reconstructed Liang Luar Cave palaeotemperatures (red circles) with reconstructions of 
IPWP SSTs based on Mg/Ca in planktonic foraminifera in marine cores MD76 (black open circles; Stott et al., 2004) 
and M D62 (s olid l ine; V isser e t a l., 2003), a nd c oral S r/Ca and U /Ca re cords from t he t ropical w est a nd c entral 
Pacific (blue, Abram et al., 2009; gray, Asami et al., 2009; green, Castellaro et al., 1997; black, Corrège et al., 2004; 
purple, G agan et a l., 1998;  or ange, G agan et al., 2000;  w hite, McCulloch et a l., 1996) . P ink s hading s hows e rror 
envelope for pa laeotemperatures c alculated from  fl uid-inclusion δ18Of and cal cite δ18Oc [the c ombined a nalytical 
errors (1σ) for both measurements (±1.5ºC)]. (b) δ18O records from high-elevation tropical ice-cores from the Sajama 
(Bolivia; Thompson et al., 1998) a nd Huascarán (Peru; Thompson et al., 1995) i ce caps. Green shading shows the -
Younger Dryas interval marked by ~5 ºC cooling on F lores and significant reduction in δ18O of  high-elevation ice 
caps in tropical South America.  
 

 

 

As p reviously not ed by  G riffiths e t a l. ( 2009), t he L R06-B1 c alcite δ18Oc values w ere 

significantly l ower during t he YD e vent i ndicating t hat, de spite t he c ooler a ir t emperatures, m onsoon 

rainfall intensity may have been greater. The new fluid- inclusion δ18Of record confirms that the average 

δ18O value of monsoon rainfall in Flores was substantially lower during the YD. Taking into account the 

positive r elationship o bserved be tween a ir t emperature and δ18O o f r ainfall i n t he t ropics ( the “ air 

temperature effect”, ~0.1‰ ºC-1) (Gat and Gonfiantini, 1981), and the negative relationship between δ18O 

of calcite and drip-water temperature (the “cave temperature effect”, ~-0.24‰ ºC-1) (O’Neil et al., 1969), 

a ~5 ºC cave temperature increase through the YD-Holocene transition would account for the observed ~-

0.7‰ change. That is, a ~-1.2‰ change caused by the cave temperature effect is partially countered by a 
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~+0.5‰ change due to the air temperature effect, producing the net decrease of ~-0.7‰ in the stalagmite 

δ18O. The speleothem δ18O signature therefore suggests a significantly drier early Holocene relative to the 

YD; this finding has been corroborated independently from trace elements (Mg/Ca and Sr/Ca) and δ234U 

activity ratios from the same stalagmite (see chapters 4 and 5), which indicate lower Mg/Ca, Sr/Ca, and 

δ234U values d uring the YD i nterpreted to r eflect h igher i nfiltration rates (and h ence higher r ainfall) 

through t he s oil-bedrock p rofile. I attribute t his i sotopic e xcursion t o i ncreased c onvective a ctivity 

associated w ith a southward migration of  t he average p osition of  the A ISM-ITCZ. M odelling results 

suggest t hat i ncreased meridional SST g radients du ring the Y D cold interval would have f avoured the 

southward migration of t he ITCZ ( Chiang et a l., 20 03), l eading t o d ry no rthern and w et s outhern low 

latitudes (Haug et al., 2001; van Breukelen et al., 2008). Together, the results imply that the positioning of 

the I TCZ h as l ittle t o d o with l ocal SST ( and ai r t emperature), as  h as been s uggested by a recent 

foraminiferal Mg/Ca r econstruction f or t he I PWP s howing c ool S STs a nd hi gh r ainfall i n t he I PWP 

during the Little Ice Age (Oppo et al., 2009).  

 

3.6 Conclusions  

 The oxygen and hydrogen isotopic composition of Indonesian palaeorainfall was determined by 

extracting fluid inclusions from stalagmite LR06-B1 from Liang Luar Cave, Flores, in the southern sector 

of the IPWP and AISM c limate domains. The r esults demonstrate that the f luid-inclusion δ18Of record 

varies in phase with δ18Oc of the speleothem calcite through the Holocene, confirming that the δ18O of 

LR06-B1 is r epresentative o f v ariations in the δ18O o f meteoric r ainfall. G iven t his, p arallel t rends 

towards l ower δ18Of and δ18Oc values t hrough t he e arly- to m id-Holocene ar e i nterpreted t o r eflect 

intensification o f the AISM in response to postglacial eustatic sea-level r ise and f looding of the Sunda 

Shelf. 

It has been shown that coupled measurements of δ18O in speleothem f luid inclusions and host 

calcite can  b e u sed t o reconstruct t errestrial p alaeotemperatures i n t ropical s ettings b ased on t he 

relationship b etween δ18O o f t he cal cite an d f ormation d rip water. T he g eneral s tability o f air 

temperatures in Liang Luar during the Holocene epoch is in good agreement with the SST history for the 

IPWP. In contrast, the YD climate anomaly is characterised by a ~5 °C cooling of cave air temperature.  

The speleothem-inferred paleotemperatures are in good agreement with YD temperatures given by coral 

Sr/Ca and tropical ice-core records, while foraminiferal Mg/Ca ratios for the IPWP only indicate a ~1 °C 
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cooling during the YD event. The speleothem fluid-inclusion δ18Of record also indicates that local SSTs 

(and air temperatures) had little influence on the positioning of the ITCZ because cooling of the southern 

IPWP during the YD was accompanied by higher rainfall in the AISM climate domain.  
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4 Evidence for Holocene changes in Australian-

Indonesian monsoon rainfall from stalagmite trace 

element and stable isotope ratios 
 

Abstract 

 Trace el ement an d s table i sotope r atios f rom an  act ive stalagmite ( LR06-B1) re covered fr om 

Liang Luar Cave on the island of Flores (eastern Indonesia), are used to reconstruct the position of the 

austral summer inter-tropical convergence zone and Australian-Indonesian summer monsoon variability 

during the Holocene. Uranium-series dating of the stalagmite shows that it commenced growth at 12,640 

years ago, with hiatuses spanning 8,560 to 6,420 and 3,670 to 2 ,780 years ago. S talagmite Mg/Ca and 

Sr/Ca ratios correlate significantly with one another, and with δ18O and δ13C, throughout the record. This 

suggests that the Mg/Ca and Sr/Ca ratios are dominated by prior calcite precipitation, a process whereby 

degassing i n the va dose z one during periods o f l ow r echarge c auses de position of  c alcite a nd 

disproportionate loss of Ca2+ ions (relative to Mg2+ and Sr2+) ‘upstream’ of the stalagmite. The degree of 

initial 234U/238U disequilibrium also appears to have been controlled by recharge to the overlying aquifer. 

Together with the Mg/Ca, Sr/Ca, and δ18O values, the initial uranium isotope activity ratios ([234U/238U] I) 

imply a generally drier early Holocene, coincident with a lower sea level and lower Southern Hemisphere 

summer insolation. 

 Comparison of  speleothem δ18O t ime-series f rom F lores a nd B orneo s hows t hat t hey va ry i n 

unison for much of  the Hol ocene. Ho wever, there i s a s ignificant d ecrease i n t he B orneo δ18O re cord 

~6,000 to 4,000 years ago that does not occur in t he F lores r ecord. This anomaly may be  r elated to a  

change i n t he Australian-Indonesian s ummer m onsoon c irculation i n r esponse t o a  p rotracted positive 

phase o f t he I ndian Oc ean Dipole. Under t his s cenario, stronger upwe lling of f of western I ndonesia 

would, b ased o n present-day ef fects, r esult i n r educed summer co nvective act ivity o ver F lores a nd a 

subsequent northward shift of the intertropical convergence zone.  
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4.1 Introduction and background 

 Rainfall in eastern Indonesia i s largely controlled by the strength of the Australian-Indonesian 

Summer Monsoon (AISM), which is one of the largest monsoon systems on E arth. The AISM impacts 

most s ignificantly on s outheast A sia, a  r egion o f r apid p opulation growth a nd e scalating r esource 

exploitation. It is therefore important that we gain a clearer understanding of the parameters that control 

variations in AISM intensity if we are to accurately predict future changes to this populous region under 

conditions of future greenhouse warming.  

AISM variability over Milankovitch t ime scales i s thought to be b roadly paced by the g rowth 

and decay of ice-sheets (Kershaw et al., 2003) and associated orbital forcing related to Earth’s axial tilt 

and pr ecession (Wyrwoll et a l., 2 007). I t has b een postulated t hat t he A ISM was generally s trongest 

during warm phases and weakest during cool phases of the Late Quaternary (Kershaw, 1986; Kershaw 

and Nanson, 1993). For example, evidence of monsoon variability from low resolution lake-level records 

suggests that the AISM activity was reduced during the last glacial maximum (LGM), then experienced a 

marked strengthening during late glacial-early Holocene times (Magee et al., 2004; Wyrwoll and Miller, 

2001). 

While records of broader-scale changes in AISM behaviour already exist, finer-scale fluctuations 

in the monsoon are yet to be fully explored. This is because coral (e.g. Abram et al., 2007), lake (Magee 

et al., 2004) a nd de ep-sea sediment r ecords (e.g. S tott et  al ., 2 004) h ave hitherto provided o nly 

fragmentary or low resolution information on past climate variability in the region. This study aims to fill 

this knowledge gap by assembling a detailed record of AISM dynamics during the Holocene based on a 

suite o f c limate p roxies f rom a n I ndonesian s peleothem, a nd e xploring t he possible t eleconnections 

between the AISM region and the higher latitudes of the Northern Hemisphere. 

In recent years, speleothems have emerged as an important source for reconstructing past climate 

changes o ver a  v ariety o f t ime s cales ( e.g. Bu rns e t a l., 2 002; Cr uz e t a l., 2 005). S table i sotope r atios 

(δ18O and δ13C) have been widely used as proxies for palaeorainfall (e.g. Burns et al., 1998; Drysdale et 

al., 2005; Wang et al., 2005), and less commonly as a proxy for palaeotemperature (e.g. Gascoyne, 1992; 

Williams et al., 2005). By contrast, the use of speleothem trace element ratios (e.g. Mg/Ca and Sr/Ca) as 

palaeoclimate indicators has n ot b een explored as  e xtensively. M ost s tudies on t he t race el ement 

composition of speleothems have focused on annual to decadal time scales over the late Holocene (e.g. 

Borsato et al., 2007; Kuczumow et al., 2003, 2005; Treble et al., 2003). Here, the processes behind the 
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incorporation of trace elements into speleothem calcite are relatively well understood, particularly when 

coupled w ith m odern dr ip-water s urveys an d d etailed microstratigraphy (e.g. B orsato et  al ., 2007; 

Fairchild et al., 2001; Frisia et al., 2005; Johnson et al., 2006; Treble et al., 2003). Few studies, however, 

have documented t race el ement ch anges over l onger t ime s cales ( e.g. centennial t o m illennial s cale, 

glacial-interglacial s cale) ( Cruz e t a l., 2 007; D rysdale e t a l., 2 006; Goede a nd V ogel, 1 994; L i e t a l., 

2005; Ve rheyden e t a l., 2000), e ven t hough t hey a re c apable o f pr oviding s upporting data f or 

interpretation of stable isotope records (Cruz et al. 2007; Drysdale et al. 2006).  

 The t race el ement g eochemistry o f s peleothems h as b ecome i ncreasingly i mportant as  a 

palaeoclimate proxy due to i ts ability to record high-resolution changes in environmental ( in particular 

hydrological) processes (Fairchild & Treble, 2009). Trace elements (such as Mg, Sr, Ba, U, and P) may 

be incorporated into speleothems via the calcite lattice, extra-lattice sites (Borsato et al., 2007) or even as 

co-precipitated m icro-phases (Mason e t a l., 20 07). I n t he c ase of  M g a nd S r, i t i s be lieved t hat t hese 

elements are mostly incorporated into the crystal structure where they substitute for Ca in the lattice. The 

degree to which Mg and Sr concentrations are present in the calcite phase relative to that of the coexisting 

parent w ater, i s r eferred t o a s t he p artition c oefficient ( Gascoyne, 1983). T his v alue v aries with 

temperature, growth rate, and crystal form (Morse & Bender, 1990; Paquette and Reeder, 1990). Because 

Mg and Sr incorporation in speleothem calcite is well understood and mostly dictated by the theoretical 

partition coefficient, most studies have focused on the variability of these elements through time. While 

earlier studies interpreted variations in Mg/Ca and Sr/Ca as reflecting changes in temperature − given the 

temperature-dependency of the partition coefficient (Gascoyne, 1992; Goede, 1991) − more recent studies 

have emphasized the importance of palaeohydrology (Fairchild et al., 2000; Fairchild and Treble, 2009; 

Roberts, 1998) and growth rate (e.g. Borsato et al., 2007). This is largely due to the increased knowledge 

gained f rom e xperimental s tudies (Gabitov a nd Watson, 2006) a nd f ield va lues (Huang a nd F airchild, 

2001). 

Most speleothem studies based in the tropics have interpreted δ18O in terms of rainfall amount 

(e.g. D ykoski e t a l., 200 5; W ang e t a l., 20 05), w ithout t he s upport o f ot her p roxies f rom t he s ame 

specimen [ e.g. t race el ements, i nitial u ranium isotope ac tivity r atios ( i.e. [ 234U/238U] I), fl uorescence, 

petrography e tc.]. I n t his s tudy I shed ne w light on t ropical c limate v ariability b y e mploying multiple 

proxies to test the interpretation of oxygen isotope variability. This record not only presents a new multi-
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proxy s peleothem r econstruction o f Indonesian r ainfall, b ut also gives clues as  t o h ow t race el ements 

record environmental processes in the tropics.  

   

4.2 Study area and modern climatology 

 Liang Luar is a ~2-km long cave located on the east-Indonesian island of Flores (8º 32’S, 120º 

26’E; Fig. 4.1). The cave lies in the western portion of the island (Manggarai Province), and has formed 

in porous and permeable reef carbonates of late Miocene age. The carbonates are mantled by volcanics 

extruded during the Quaternary (Monk, 1997). 

 

 

 

 

Figure 4.1 Location map of Flores and other sites mentioned in the text. Liang Luar Cave lies ~550 m above sea 
level on the northern side of a volcanic mountain chain. 
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Stalagmite LR06-B1 formed in a l arge chamber situated 550 m above mean sea level (a.m.s.l.) 

and ~ 800 m  f rom t he c ave entrance, beneath ~ 30-50 m  of  bedrock. The c hamber h as a  hi gh r elative 

humidity ( close t o 100%) a nd a  t emperature o f ~ 25 º C. B ecause t he s tudy r egion l acks acc urate 

temperature records, I used NCEP/NCAR reanalysis data to calculate average monthly temperature over 

the 1948 to 2005 period for the nearest grid point to the cave. This data shows that the average monthly 

temperature closely follows the seasonal variations in precipitation, with average summer temperatures of 

27.7 ºC corresponding to higher rainfall, and average winter temperatures of 25.4 corresponding to lower 

rainfall (Fig. 4.2). Thus, cave temperature closely approximates mean annual temperature at the surface. 

 

 

 

 

Figure 4.2 Average monthly temperature and rainfall around Liang Luar Cave. Satellite derived average rainfall data 
are from NASA’s Tropical Rainfall Measuring Mission (http://disc.sci.gsfc.nasa.gov/data/datapool/TRMM/ 
01_Data_Products/02_Gridded/07_Monthly_Other_Data_Source_3B_43/ 
index.html) from 1998 to 2007 (grey bars, left y-axis) centred at 8.45º S and 120.47º E with 0.25º resolution. Average 
annual rainfall for the area is 1200 mm. Average monthly temperature (black line) was calculated from NCEP/NCAR 
reanalysis data at the same grid-point as the precipitation. 

 

 

 

The mean annual p recipitation at  the cave site i s 1200 mm, wi th ~800 mm (~69% of average 

annual pr ecipitation) f alling du ring the summer monsoon season ( Dec – Mar) a nd ~60 m m ( ~5% of  

average annual precipitation) during the winter dry season (June – Sep) (Fig. 4.2). This seasonal pattern 

of ra infall on F lores i s l inked to the low-level northwesterly flow of moisture from the AISM and the 

southward p rogression o f t he i ntertropical c onvergence zone (ITCZ) during t he a ustral s ummer. The 

overall sequence of the AISM system in the Indo-Australia region is a replacement of the low-level dry 

http://disc.sci.gsfc.nasa.gov/data/datapool/TRMM/
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winter easterlies with the low-level convective westerlies for the November to March period. Similar to 

other monsoon systems, the seasonal nature of the AISM is thought to occur as a result of the land-sea 

thermal contrast, which in this case is a result of the location of the off-equatorial Australian continent 

(Webster et al., 1998).  

In a ddition to th e a bove-mentioned i nfluence of t he s ummer l and-sea t hermal co ntrast, o ther 

forcing m echanisms, s uch as  t he i ncursion of wa rm surface-ocean waters d uring s ummer ( Yano an d 

McBride, 1998) and the occurrence of El Niño/Southern Oscillation (ENSO) (Dai and Wigley, 2000) and 

Indian Ocean Dipole ( IOD) (Saji e t a l., 1999; Webster e t a l., 1999) events, a re known to have a  l arge 

impact on i nter-annual t ropical w est-Pacific ci rculation p atterns. Numerous studies h ave r eported 

markedly reduced rainfall anomalies over Indonesia during ENSO (e.g. McBride et al., 2003; Ropelewski 

et al., 1987; Webster et al., 1998) and positive IOD (Saji et al., 1999; Webster et al., 1999) events. ENSO 

events are characterised by an eastward shift of warm Indo-Pacific sea-surface temperatures (SSTs) and 

the associated atmospheric Walker circulation, which reduces convection (and increases subsidence) over 

Indonesia and thus leads to drier conditions. Intimately linked to the ENSO phenomenon (Meyers et al., 

2007; Saji et al., 1999; Webster et al., 1999), the positive phase of the IOD is characterised by enhanced 

easterly trade winds across the equatorial Indian Ocean which drives strong upwelling of ocean waters off 

of the Sumatran coastline. This upwelling can reduce SSTs in western Indonesia by more than 4 ºC (Saji 

et al ., 1999; Webster et  al ., 1999), which again decreases convection and thus leads to reduced rainfall 

over much of Indonesia. Comparison of observational stable isotope data with model simulations shows 

that δ18O of precipitation over Indonesia is tightly coupled with the IOD mode: stronger zonal winds over 

the equatorial Indian Ocean (thus positive IOD mode) correspond with lighter δ18O values of precipitation 

over much of Indonesia (Vuille et al., 2005).  

The isotope values preserved in east-Indonesian s talagmites are potentially sensitive to change 

because t he r egion i s s trategically p ositioned on a  s trong s patial g radient i n t he δ18O o f m ean r ainfall 

(Aggarwal et al., 2004). The position of this gradient reflects the southern extent of the ITCZ, and thus 

the b alance between summer ( northwesterly s ourced - “Asian”) a nd winter ( southeasterly s ourced - 

“Pacific”) r ainfall d omains ( Aggarwal e t a l., 2 004). Co mparisons o f m odern r ainfall i sotopes w ith 96-

hour back-trajectory analyses s tarting a t an e levation of 1000 m (approximate c loud base height in the 

tropics) (Griffiths et a l., 2009) reveal that monsoon precipitation is isotopically l ight (amount-weighted 

average of -10.3‰) relative to the d ry season rainfall ( -3.5‰) that or iginates southeast of  F lores. This 
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isotopic difference cannot be explained by source-water variations alone, which are less than 1‰ across 

the Indo-Pacific Warm Pool (Brown et al., 2006), and are likely a result of strong convective activity that 

occurs over the region during the Austral summer. This strong seasonal isotopic behaviour also illustrates 

that the p henomenon of  the “ amount effect” (Rozanski et al., 19 92), w hereby hi gher ( lower) r ainfall 

amounts correspond with lower (higher) δ18O values, has a dominant influence on the δ18O signal at the 

site. 

 

4.3 Methods 

4.3.1 Sample collection and preparation 

 LR06-B1 is a 125-cm tall stalagmite (Fig. 4.3) that was actively growing at the time of collection 

in 2006. Most of the stalagmite is contained in a single segment that broke at a point ~96 mm above the 

base a round 1,500 y ears ag o. The act ive part of t he s talagmite accu mulated in s itu over the f racture 

surface produced from this breakage (Fig. 4.3). 

 
 
 

 

Figure 4.3 Photograph of stalagmite LR06-B1 at the time of collection in June 2006 and scanned images of separate 
calcite slabs. Black dots indicate the ages of the 33 uranium series dates. Section A (240 mm in length) of stalagmite 
LR06-B1 was in situ at the time of collection while section B (1010 mm in length) had broken off 96 mm from the 
base ~1.5 ka B.P. 
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Owing to its irregular external morphology, LR06-B1 was cut into four oblique segments, from 

each of which a slab was cut. Each slab was embedded in clear casting resin and the surfaces polished so 

that individual calcite layers could be identified by visual inspection. A complete sequence of overlapping 

thin sections was prepared along the vertical growth axis of the entire sample for petrographic analysis.  

 

4.3.2 230Th - 234U age dating 

Uranium-series d ating of s talagmite L R06-B1 was performed o n a  t hermal i onization m ass 

spectrometer (TIMS) at the Centre for Microscopy and Microanalysis, University of Queensland, and a 

multi-collector i nductively c oupled plasma mass s pectrometer ( MC-ICPMS) a t t he U niversity o f 

Melbourne. The TIMS analyses were conducted on pieces of calcite weighing from 200 to 700 mg. The 

MC-ICPMS a nalyses w ere performed on  samples we ighing between 12 a nd 40 mg. Al l s amples w ere 

extracted from the central growth axis using an Air Line Kit air drill fitted with a dental bur. TIMS 230Th 

dates were determined using a Fisons VG Sector 54 - 30 mass spectrometer equipped with a WARP filter 

and an ion-counting Daly detector. A detailed description of the analytical TIMS technique can be found 

in Yu  e t a l. (2 006). M C-ICPMS 230Th dates we re de termined u sing a  N u I nstruments P lasma mass 

spectrometer. Full details of the MC-ICPMS methods can be found in Hellstrom, (2003, 2006). 

 

4.3.3 Stable isotope and trace element measurements  

 The stable isotope analyses (1240 samples) were conducted on ~1 mg calcite powders extracted 

at continuous 1 mm increments (~8-year resolution) along the vertical growth axis using a 1 mm carbide 

dental b urr. E ach s peleothem s lab w as mounted t o a s tage w here i t w as d rilled u sing a T aig C NC 

micromilling lathe. Additional samples were drilled from individual growth layers to determine whether 

the isotopic composition of the stalagmite calcite was affected by kinetic fractionation (Hendy, 1971).  

 Stable isotope analysis was performed on CO2 produced by reaction of the calcite powder with 

105% p hosphoric a cid a t 7 0 º C. I sotope r atios ( δ18O a nd δ13C) w ere m easured u sing a G V2003 

continuous-flow isotope ratio mass spectrometer at the University of Newcastle, Australia. The results are 

expressed in per mil (‰) relative to the VPDB scale using an internal working standard of Carrara Marble 

(New1), which wa s c alibrated us ing t he i nternational s tandards, N BS18 a nd NBS19. The an alytical 

uncertainty (2σ) of in-run measurements of Carrara Marble (New1) was 0.08‰ and 0.05‰ for δ18O and 

δ13C, respectively. 
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 Elemental c oncentrations of Mg, S r, a nd C a we re m easured on t he di gest pr oduced from t he 

stable isotope analysis. The digest was diluted to 1:7000 with Specpure concentrated HNO3 and analysed 

on a  Varian Liberty 4000 inductively coupled plasma a tomic emission spectrometer ( ICP-AES). Molar 

concentrations o f t he el ements were cal culated f rom I CP-AES i ntensities u sing four i nternal w orking 

standards of known c oncentration, a nd a b lank, with c oncentrations e xpressed a s r atios to C a. 

Instrumental drift of the machine was monitored by running a multi-element standard every 10 samples. 

Acid blank corrections were applied to both sample and standards data prior to conversion of the data to 

ratios. The relative s tandard de viation of r eplicate s tandards o f C a, M g, a nd Sr was 1.5%, 1.6%, a nd 

2.4%, respectively.    

 

4.4 Results  

4.4.1 Chronology 

 The 33 corrected 230Th ages of s talagmite LR06-B1 range from -0.04 to 12.64 thousand years 

before present (ka; where “present” is defined as 1950 A.D.) and increase systematically with depth from 

the top (see Tables 2.2 and 2.3 in Chapter 2). The average U concentration throughout the stalagmite is 

0.3 ppm (±0.003), excluding the unusually high value of 35 (ppm) at 1.2 ka. The analytical error of the 

ages (expressed as 2σ) ranges from 0.62% (0.033 ka) at 5.22 ka to 5.8% (0.167 ka) at 2.83 ka, excluding 

the youngest [-0.04 ± 0.01 (52%)] date.  

The ag e m odel w as co nstructed u sing a B ayesian-Monte C arlo a pproach implemented i n t wo 

stages using Wavemetrics Igor Pro software. A full description of the technique can be found in Drysdale 

et a l. ( 2005, 2007). F rom the de pth-age pl ot (Fig. 4 .4) i t is e vident t hat s peleothem L R06-B1 w as 

deposited in three phases. The f irst phase (12.64 to 8.56 ka) experienced a mean growth rate of 91 μm 

year-1, while the second (6.42 to 3.67 ka) and third (2.78 ka to present) phases represent growth rates of 

113 and 146 μm year-1, respectively. The growth hiatuses (8.56 - 6.42 ka and 3.67 - 2.78 ka) are marked 

by a distinct abrupt change in calcite fabric and colour. 
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Figure 4.4 Age versus depth (mm from top) model based on 33 U-Th dates for stalagmite LR06-B1. Black open dots 
and attached error bars are the U-Th ages and their 95% uncertainties.  
 

 

 

4.4.2 Stable isotopes 

 The δ18O and δ13C of LR06-B1 share similar structural features at the decadal to centennial time-

scale, w hile d isplaying different t rends a t t he m illennial t o m ulti-millennial s cale. Throughout t he 

Holocene, δ18O va lues (Fig. 4. 5a) a veraged -5.8‰ a nd r anged from -6.9‰ t o -4.0‰, w hile t he δ13C 

values (Fig. 4.5b) averaged -11.7‰ and ranged from -13.4‰ to -8.6‰. The oxygen isotopes during the 

early Holocene (averaged over the 10 – 12.6 ka interval) were 1.5‰ (25%) heavier than those during the 

mid to late Holocene (averaged over the 0 – 6 ka interval). The low-frequency trend in the δ18O profile 

displays a  de crease f rom the be ginning o f t he r ecord u ntil ~ 2 ka , f rom w here t he va lues ge nerally 

increase, with present-day values of ~-6.3‰.  

 While the progression towards l ighter δ18O values is the dominant low-frequency signal in the 

record, shorter-term t rends are al so p resent. For example, the mid-Holocene i s characterised by a  br ief 

increase in δ18O values from ~6.5 to ~4.8 ka, followed by a decrease until ~2 ka. In addition, numerous 

abrupt shifts in the δ18O, spanning decades to millennia, are superimposed on the longer-term trends. For 

example, the Younger Dryas climate anomaly (~12.8-11.5 ka) is characterised by a shift towards lighter 

values, reaching a minimum at ~12 ka, indicative of wetter conditions during this time. 
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Figure 4.5 Time-series of (a ) δ18O, (b) δ13C, (c ) M g/Ca, (d) S r/Ca, a nd (e ) [ 234U/238U] I for stalagmite L R06-B1. 
Additional [234U/238U] I  values from a nearby stalagmite (LR06-B3), which were previously reported in Griffiths et 
al. (2009), are also shown in (e). The solid black lines represent 5-point running means.  
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Examination o f t he δ13C r ecord r eveals t hat t he dom inant l ow-frequency t rend present i n t he 

δ18O p rofile i s a bsent. While t he δ18O t ime-series displays a g eneral d ecrease t hrough m uch o f the 

Holocene, the δ13C r emains r elatively s table f rom the b eginning of t he r ecord until ~1 .2 ka  (averaging 

11.8‰). Noteworthy, i s t he sharp i ncrease f rom ~ 1.2 ka t o t he present, w ith modern-day va lues ~2‰ 

higher than the Holocene average (averaged over the period 12.6 to 1.2 ka). While displaying dissimilar 

trends, m illennial- to c entennial-scale v ariations i n t he δ13C ( Fig. 4 .5b) match t hose of t he δ18O (F ig. 

4.5a). M oreover, t he δ13C a nd δ18O r ecords d isplay a  s ignificant c orrelation [ r = 0. 39 with 9 5% 

confidence i nterval (0.27; 0 .49)1] a fter both r ecords were detrended a nd t he a utocorrelation preserved 

(Table 4.1; F ig. 4.6a). The positive correlation suggests t hat s imilar or  l inked processes c ontrolled t he 

higher-frequency variability in both the δ18O and δ13C during the Holocene.  

 

4.4.3 Trace elements and [234U/238U] I  

 Time-series o f t he L R06-B1 M g/Ca a nd Sr/Ca r atios a re pl otted i n Fig. 4.5 a nd a ssociated 

regressions with stable isotopes displayed in Fig. 4.6 and Table 4.1. Mg/Ca ratios (×103) range from 10.7 

to 40.5, with an average of 22.2, while Sr/Ca ratios (×103) range from 0.0001 to 0.02, with an average of 

0.009. S imilar to the δ18O record, average Mg/Ca (Fig. 4 .5c) and Sr/Ca (Fig. 4 .5d) values were h igher 

(12% and 49%, respectively) during the Younger Dryas- early Holocene (12.6 to 10 ka) compared with 

the middle to late Holocene (6.4 ka to present). There are, however, some notable differences in the long-

term variability between the δ18O and trace element profiles throughout the early and late Holocene. For 

example, in contrast to the gradual decline in the δ18O through the early to middle Holocene, the Sr/Ca 

(and the Mg/Ca to a lesser extent) displays a gradual decline from 12.6 to ~9.5 ka followed by an abrupt 

transition to lower mean values.  

 The pattern of Holocene changes in [234U/238U] I (Fig. 4.5e), for stalagmites LR06-B1 and LR06-

B3 (see Griffiths e t a l., 2009), show s ignificant s tructural s imilarities to the t race e lements. The period 

from 12.6 to ~9.5 ka  contains a  sharp decrease in [ 234U/238U] I values f rom 12.6 to 11.8 ka  (during the 

Younger Dryas climate anomaly) followed by a sharp increase from 11.8 to 9.5 ka. The [234U/238U] I then 

displays a major step change beginning ~9.5 ka and ending ~8.8 ka, with the [234U/238U] I values having an 

average o f 1 .32 during t he e arly Hol ocene a nd a n a verage value of 1. 24 d uring t he m iddle t o l ate 

                                                 
1Statistical significance of r-values throughout this chapter was validated using the PearsonT computer program, developed by 
Mudelsee (2003), which calculates accurate confidence intervals for time-series affected by serial dependence based on a non-
parametric stationary bootstrap method. 
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Holocene. T hese s hifts a re s ynchronous w ith t race e lements c hanges, with higher (lower) [ 234U/238U] I 

values corresponding to higher (lower) Mg/Ca (Fig. 4.5c) and Sr/Ca (Fig. 4.5d) values. 

 

 

 

Table 4.1 Summary of Pearson correlation coefficients (r-values) between the trace element and stable isotope ratios. 
All values are significant at the 95%-level.  
 
 

 

 

 

 

 

 

 The Mg/Ca and Sr/Ca ratios have a significant positive correlation [r=0.50 with 95% confidence 

interval (0.39; 0. 62); F ig. 4.6b] with one another and display a  pa ttern t hat i s c oherent wi th t he δ13C 

values; the δ13C profile has a  s trong positive correlation with the Mg/Ca [ r=0.71 with 95% confidence 

interval (0.64; 0.76); Fig. 4.6c] and to a lesser extent with the Sr/Ca [r=0.25 with 95% confidence interval 

(0.14; 0 .36); F ig. 4 .6d]. S imilarly, t he δ18O p rofile d isplays a  s ignificant p ositive c orrelation w ith t he 

Mg/Ca [r=0.51 with 95% confidence interval (0.44; 0.61); Fig. 4.6e], and to a lesser extent with the Sr/Ca 

[r=0.27 with 95% confidence interval (0.14; 0.39); Fig. 4.6f]. These consistent relationships suggest that 

similar o r l inked forcing m echanisms d ominated, at l east, t he higher-frequency variability o f a ll f our 

proxies during the Holocene. Of particular note, is the weaker correlation observed between the Sr/Ca and 

both t he δ13C a nd δ18O ( as co mpared with t he M g/Ca), w hich m ay be r elated to t he a dded kinetic 

influences on Sr incorporation, such as speleothem growth rate (Huang and Fairchild, 2001).  

 
 
 

 Mg/Ca Sr/Ca δ18O δ13C 

Mg/Ca — 0.50 0.51 0.71 

Sr/Ca  — 0.27 0.25 

δ18O   — 0.39 

δ13C    — 
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Figure 4.6 Linear regression scatter plots of (a) δ13C vs. δ18O, (b) Mg/Ca vs. Sr/Ca, (c) Mg/Ca vs. δ13C, (d) Sr/Ca vs. 
δ13C, (e) Mg/Ca vs. δ18O, and (f) Sr/Ca vs. δ18O. r-values and associated confidence intervals are shown in each box. 
Confidence i ntervals w ere calculated us ing t he P earsonT computer progra m (M udelsee 20 03). G ray s hading 
envelopes 95% prediction intervals. 

 

 

 

To help visualize the relative distribution of trace element and stable isotope values through the 

Holocene, we examined probability distribution functions (PDFs) for the δ18O, δ13C, Mg/Ca, and Sr/Ca 

records ( Fig. 4 .7). I t i s e vident t hat w hile t he δ13C a nd M g/Ca P DFs s how a  pr edominantly G aussian 

distribution (Figs 4.7a and 4.7b), the δ18O and Sr/Ca PDFs display more of a bimodal pattern (Figs 4.7c 

and 4.7d), possibly representing a system with two distinct states (i.e. an early and a mid-late Holocene 
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state); these bimodal features are also evident in the [234U/238U] I, with values shifting from one s tate to 

another at ~9.5 ka (Fig. 4.5e).  

 

 

 

 

Figure 4.7 Probability distribution functions (PDFs) for (a) δ13C, (b) Mg/Ca, (c) δ18O, and (d) Sr/Ca.  
 

 

 

4.5 Discussion 

4.5.1 Environmental controls on the trace elements and [234U/238U]I 

 Many recent studies have compared annual to sub-annual changes in speleothem trace element 

composition to changes in climate, or environmental parameters including hydrology (e.g. Borsato et al., 

2007; Fairchild et al., 2001; Johnson et al., 2006; Treble et al., 2003, 2005). However, extrapolating, or 

up-scaling, these processes over longer time scales has proven to be more difficult (Fairchild et al., 2006). 

Mg/Ca a nd S r/Ca i n s peleothems a re c ontrolled by a  number o f va riables t hat probably operate a t 

different t ime s cales, i ncluding t he c omposition of t he parent water, c ave a ir t emperature, a nd growth 
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rates (Huang and Fairchild, 2001; Treble et al., 2003). Huang and Fairchild (2001) noted that, in addition 

to d rip-water c hemistry, the p artition c oefficients f or S r ( DSr) a nd Mg ( DMg) we re controlled by  

speleothem growth r ate and temperature, r espectively. In t erms o f M g, t he t emperature of L iang L uar 

Cave h as a c onstant m ean an nual t emperature ( MAT) t hat cl osely r esembles t he ex ternal M AT 

throughout the year and has likely remained relatively stable throughout the Holocene, based on minimal 

cave pa laeotemperature f luctuations r econstructed f rom combined c alcite a nd f luid i nclusion δ18O (see 

previous c hapter). T herefore, t he M g/Ca v ariations i n L R06-B1 a re l ikely to ha ve be en controlled 

primarily by d rip-water composition changes through the Holocene. Worth noting, some of  the Mg/Ca 

variability d uring t he YD-Holocene t ransition m ay be e xplained by  t he ~ 5 ºC l ower ca ve 

palaeotemperature. Hence, after the Mg-temperature relationship has been factored in (Gascoyne, 1983), 

the YD-early Holocene Mg/Ca values may have a cl oser resemblance to the Sr/Ca values then observed 

in Fig. 4.5.   

The s ignificant positive correlations observed between the Mg/Ca and Sr/Ca, and δ13C values, 

suggests that all three proxies are being controlled by s imilar processes. Based on these systematic co-

variations, we interpret the Mg/Ca, Sr/Ca and δ13C values to reflect changes in meteoric infiltration rates 

in the vadose zone (Fairchild et al., 2000; McDonald et al., 2004; Tooth and Fairchild, 2003), which are 

influenced by hydrological changes a t the surface. Under drier conditions, decreased water s torage and 

flow i n t he v adose z one c an e nhance ve ntilation w ithin t he ka rst f racture ne twork a nd t rigger CO2 

degassing in the roof pores and stalactite tips, which promotes calcium carbonate precipitation ‘upstream’ 

of the stalagmite. This phenomenon, known as ‘prior calcite precipitation’ (PCP) (Fairchild et al., 2000), 

is enhanced du ring dry phases when aerated zones become important within the aquifer, and results in 

higher Mg/Ca and Sr/Ca ratios in the seepage waters and higher δ13C in the dissolved inorganic carbon 

(DIC). Because the incorporation of both Mg and Sr into calcite is influenced by partition coefficients that 

are m uch l ess t han o ne, c ovariation o f M g a nd S r i s a  s trong i ndicator t hat P CP i s t he dom inant 

mechanism (Johnson et al., 2006). Hellstrom and McCulloch (2000) argued for a residence time effect on 

Mg variations in a New Zealand flowstone, in part because of the absence of a relationship between Mg 

and Sr. Moreover, Johnson et al. (2006) noted that PCP and drip-water CO 2 degassing have a dominant 

influence on the Mg/Ca and Sr/Ca ratios of Chinese stalagmites, based on the strong positive relationship 

between these trace elements and δ13C.  
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These results s trongly a rgue f or P CP being t he dominant mechanism c ontrolling t he t race 

elements and δ13C values in stalagmite LR06-B1. Therefore, the trace element and δ13C variations can be 

related to the degree of dewatering in the soil, epikarst and aquifer overlying the cavern, which would be 

directly dependent upon the local rainfall. However, this process would be less effective during periods of 

higher recharge because the amount of PCP is limited by the degree of ventilation in the vadose zone. In 

such cas es, a  t hreshold i s reached where M g/Ca i s m inimized b ecause t he l ower end m ember i s 

constrained by the bedrock Mg/Ca, DMg, and the calcite precipitation temperature (Fairchild et al., 2000). 

This may be one of the factors responsible for the slight trend differences in the trace elements compared 

with the δ18O (Fig. 4.8): during periods of high recharge, a ‘floor’ is reached in the Mg/Ca where no more 

PCP can occur. An additional reason for the slight mismatch in the long-term trace element−δ18O trends 

is t he f act t hat t he δ18O is c ontrolled by a gr eater n umber of factors ( e.g. c ave a ltitude, m oisture 

trajectories, s easonal v ariations, v apour s ource regions et c.) c ompared w ith t he M g and Sr , w hich a re 

primarily controlled by dissolution and re-precipitation processes within the vadose zone, and therefore 

local hydrology.  

Another useful proxy used to infer palaeohydrological conditions in karst systems is the extent 

of uranium isotope disequilibrium at the time of calcite precipitation, measured as [234U/238U] I  (Richards 

and Dorale, 2003). Since uranium isotopes are not thought to be fractionated by natural processes, such as 

calcite p recipitation from s eepage w aters, t he [234U/238U] I of a ny s peleothem s hould reflect t hat of t he 

percolation water from which it was formed (Hellstrom and McCulloch, 2000).  

The u ranium c ontent of  t he waters c an be  c ontrolled by t he di ssolution o f l imestone a nd t he 

acquisition of t he 234U i sotope i n t he w aters by a lpha recoil ( Ayalon e t a l., 199 9). I f th e groundwater 

becomes enriched in 234U by this process, then residence time is an important factor, with relatively fast 

percolation r ates ( i.e. higher r ainfall) ca using a decrease in t he [234U/238U] I and vice v ersa. D ecreased 

[234U/238U] I values, for example, can be observed during periods of increased speleothem growth, which 

can r eflect t he p alaeohydrology ab ove t he cav e s ystem ( Plagnes et  a l., 2 002). A n alternative 234U-

enriching m echanism i nvolves t he preferential leaching o f 234U from c rystal l attice s ites d isrupted b y 

alpha decay. This process is related to the dissolution rate, with relatively aggressive waters resulting in 

lower [234U/238U] I values for the dissolved uranium (Hellstrom and McCulloch, 2000).  

The o bserved hi gher [234U/238U] I values d uring t he e arly Hol ocene ( 12.6 ka  t o ~ 9.5 ka) a re 

consistent w ith t he t race e lements r esults, i ndicating reduced precipitation a nd d issolution rates ( Fig. 
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4.8a). Based on this coherent relationship with the Sr/Ca and Mg/Ca values, I conclude that variations in 

[234U/238U] I are primarily influenced by groundwater hydrology, which is governed by rainfall amounts at 

the s urface. S tudies a nalysing [234U/238U] I measurements f rom o ther ca ve s ystems h ave s hown similar 

climate-related variations; Ayalon et al. (1999) show a rapid fall in [234U/238U] I, synchronous with δ18O, at 

~17 ka from Soreq Cave (Israel), which they interpret to reflect a dramatic increase in precipitation in the 

eastern Mediterranean as the climate began to shift from glacial to interglacial conditions. Hellstrom and 

McCulloch (2000) noted a  s trong temporal relationship between [234U/238U] I and t race elements, s table 

isotopes and luminescence intensity from Nettlebed Cave (New Zealand), which they relate to changes in 

effective moisture and vegetation density from the last glacial maximum to the present.  

 

4.5.2 Climate signal of the δ18O and trace elements 

There were a number of possible factors responsible for the ~2‰ decline in δ18O of LR06-B1 

during t he H olocene ( Fig. 4.8b). T hese i nclude: c ave air-temperature, i n-cave k inetic ef fects ( e.g. 

evaporation due to cave ventilation), and δ18O of the source (sea-water), which is expected to control that 

of the precipitation. With the exception of the YD-Holocene transition, temperature effects can likely be 

ruled out as a  dominant influence given the relative s tability of  cave-air palaeotemperatures during the 

Holocene (see C hapter 3 a nd G riffiths e t a l., 2 010). I n addition, I have p reviously de monstrated t hat 

LR06-B1 wa s de posited i n quasi-isotopic equilibrium ( see C hapter 2 and G riffiths et a l., 2 009), t hus 

eliminating the possibility of kinetic fractionation being responsible for the δ18O trends. Together, these 

lines of  e vidence s uggest t hat t he H olocene s hift i n L R06-B1 δ18O (Fig. 4.8b) w as dominated by  

variations in the δ18O of the recharge rainfall. 

The rainfall-δ18O signal preserved in L R06-B1 represents the combined effects of ocean-source 

fluctuations (related to the global i ce-volume ef fect) and mean changes in the i sotopic f ractionation o f 

moist air between the site of evaporation and the cave site. However, only ~0.5‰ (25%) of this shift can 

be a ttributed to a d ecrease in g lobal ice-volume (Siddall e t a l., 2003), which decreased the δ18O of the 

seawater and hence AISM rainfall. Therefore, the significant decrease in the δ18O of AISM precipitation 

during a ir-mass t ransport must account for the remaining ~75% (~1.5‰) of the early-middle Holocene 

isotopic shift observed in LR06-B1.  
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Figure 4.8 (a) Time-series of the LR06-B1 Mg/Ca (green), Sr/Ca (orange) and [234U/238U] I  (yellow circles) records. 
Also s hown a re t he [ 234U/238U] I  values for  a  n earby s talagmite (L R06-B3) (c yan c ircles), w hich w ere pre viously 
reported in G riffiths e t al. (2009). (b) Com parison of s talagmite δ18O re cords from L iang L uar Ca ve (F lores) a nd 
Gunung Buda National Park (northern Borneo; Partin et al., 2007). There is a significant correlation between the two 
records [r= 0.50 with 95% c onfidence i nterval ( 0.40; 0. 58)]. T he c olour-coded arrows hi ghlight t he oppos ing δ18O 
trends during the mid-Holocene interval from 4 to 6 ka . (c) Austral summer insolation at 20º S. (d) Average δ18Osw 
time-series for t he IPWP reconstructed from s tacked planktonic foraminifer δ18O records (Stott e t a l., 2004).  Grey 
shading highlights the t iming of the Yonger-Dryas climate anomaly (~12.8-11.5 ka) and the mid-Holocene interval 
from 4 to 6 ka.  
 

 

 

In Griffiths et al. (2009), we concluded that the precipitation δ18O on Flores is likely a function 

of summer monsoon intensity, whereby higher ( lower) rainfall amounts correspond with lower (higher) 

δ18O values in the tropics. This δ18O interpretation can now be confirmed by the strong coherence with 

the Mg/Ca ratios (and to a  lesser extent the Sr/Ca ratios), which aforementioned reflect changes in the 
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degree of ventilation in the vadose zone controlled by the rate of meteoric water movement down through 

the soil-bedrock profile. Taken together, the results display a mode of east-Indonesian rainfall variability 

that is characterised by an overall reduction in AISM precipitation during the early Holocene (relative to 

modern), followed by a relatively rapid resumption during the period 9-10 ka. This pattern of monsoonal 

behaviour i s i nterpreted t o r eflect a  s outhward m igration a nd/or i ntensification o f t he a ustral s ummer 

(AS)-ITCZ during the early-Holocene in response to the deglacial inundation of the Sunda Shelf and its 

inherent i mpact o n s ource moisture a vailability f or t he m onsoon (Griffiths e t a l., 2009); t his a brupt 

monsoon shift is discussed in detail in the next chapter. Compounding this sea-level influence may have 

been a  l ower summer i nsolation d uring t he e arly H olocene ( Fig. 4 .8c), w hich c ontrolled c ontinental 

heating o ver n orthern A ustralia a nd hence the t hermal gr adient between l and a nd ocean; t his l and-sea 

thermal contrast has a major influence on modern monsoon activity.  

Stott e t a l. ( 2004) n oted findings s imilar t o o urs t hrough t heir a nalysis of  I PWP marine 

sediments, where the δ18O of the planktonic foraminifer Globigerinoides ruber displayed a trend towards 

lower δ18O values t hrough t he H olocene ( Fig. 4.8d), which was interpreted t o reflect variations i n t he 

tropical hydrological cycle associated with changes in the meridional position of the ITCZ. By contrast, 

lake-level reconstructions f rom interior A ustralia ( e.g. M agee et al., 2 004; W yrwoll and Miller, 2 001) 

indicate a rapid resumption of the monsoon as early as ~14 ka (more than 4-5 ka earlier than indicated by 

our s peleothem r ecord). P ossible e xplanations f or t his a pparent m ismatch i nclude: c hronological 

constraints, differences in resolution, different climatic responses of lake versus cave systems, and site-

specific d ifferences i n r ainfall p atterns o ver I ndonesia r elative t o i nterior Australia d uring t he ear ly 

Holocene.  

 

4.5.3 Centennial- to millennial-scale perturbations in the AISM-ITCZ 

Superimposed upon the Holocene δ18O and t race el ement p rofiles ar e a n umber o f excursions 

that last from decades to millennia. Of these, the Younger Dryas (YD) climate anomaly appears to have 

been one of the more prominent. This event, which was previously reported in the δ18O record of LR06-

B1 ( Griffiths et a l., 2 009; F ig. 4 .8b), i s characterised by a marked s hift t o l ower t race el ement and 

[234U/238U] I ratios (Fig. 4.8a). In line with our previous interpretation, these results argue for an enhanced 

AISM d uring the Y D e vent due t o a  pe riodic s outhward di splacement of  t he AS-ITCZ. T he c ommon 

mechanism to explain this shift ha s been t ied to t he North Atlantic, where a  periodic shutdown of t he 
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Atlantic m eridional overturning c irculation [ due t o t he l arge freshwater i nput from the  drainage of 

proglacial lakes (McManus et al., 2004)], highly favoured the southward displacement of the ITCZ in the 

tropical Pacific (Zhang and Delworth, 2005). This finding is consistent with numerous monsoon records 

from t he As ian ( Dykoski e t a l., 2 005; F leitmann e t a l., 20 03) a nd South-American m onsoon d omains 

(Cruz et al., 2005; Wang et al., 2006), which together demonstrate lower rainfall patterns to the north are 

mirrored by higher rainfall patterns to the south. 

A m ajor s hortcoming i n t he un derstanding of  t ropical w est-Pacific p alaeoclimatology i s t he 

temporal a nd s patial hom ogeneity of  c entennial- to m illennial-scale o scillations i n t he A ISM-ITCZ 

throughout the monsoon affected region. This is largely because we currently lack sufficient accurately-

dateable terrestrial records, of comparable resolution, from the northern and southern sectors of the AISM 

domain. I attempt to reduce this knowledge gap by comparing speleothem δ18O profiles between Flores 

and Gunung Buda National P ark, northern B orneo (Partin e t a l., 2 007) (Figs 4 .1 a nd 4.8b), w ith t he 

overall intention of examining any regional fluctuations in the positioning and/or intensity of the AISM-

ITCZ t hrough t he H olocene. Any c ommon t rends be tween t he s peleothem r ecords s hould be  d ue to  

orbital-scale changes which include both variations in the δ18O of the ocean source and changes in the 

altitude o f c ondensation w ith c onsequent v ariations i n v apour/water i sotope fractionation. An y 

differences b etween the δ18O trends s hould t hen c ontain i nformation a bout rainfall a nomalies t hat 

occurred ac ross a m eridional t ransect i n t he w estern P acific. C omparison o f t he δ18O records b etween 

Flores a nd B orneo s hows t hat t hey a re highly c ovariant [ r=0.50 with 95% c onfidence i nterval ( 0.40; 

0.58); Fig. 4.8b] and share common trends through much of the Holocene. A notable exception to this, 

however, i s t he d ifference i n δ18O trends t hrough the  m id-Holocene i nterval between 4 a nd 6 k a: t he 

decreasing Borneo trend from ~6-5 ka is mirrored by an increasing δ18O trend (also evident in the Mg/Ca 

albeit not as pronounced) on Flores, while the opposite is true for the period 5-4 ka. While several factors 

may e xplain thi s di screpancy, t he s trong c oherence t hrough t he r emainder o f t he record ar gues for 

common or  l inked processes c ontrolling δ18O at b oth s ites. T hus, ot her t hings being e qual, t his m id-

Holocene anomaly most likely represents a real cl imatic perturbation, which had differential ef fects on 

the two regions.  

A s ingle c oherent e xplanation f or t his m id-Holocene δ18O anomaly [ characterised by dr ier 

conditions ov er no rthern Australia ( Turney e t a l., 2004 ) a nd wetter c onditions o ver northern B orneo 

(Partin et  al ., 2007)] i s a  c hange i n t he zonal ci rculation o ver t he r egion a ffected b y t he IOD and 
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associated c ontraction ( or s light r elocation) o f t he IPWP. δ18O values o f s hallow m arine f oraminifera 

from the western tropical Pacific support an eastward relocation of atmospheric convection or a possible 

reduction in the  s ize of  the IPWP during the 4-6 ka interval. Moreover, they indicate a t ransition from 

predominantly “La Nina” conditions of the early Holocene to an intensification of ENSO activity starting 

at ~ 6 k a ( Brijker et  al ., 2007). H ence, a more easterly l ocation of t he I PWP would alter t he c entre o f 

atmospheric convection and thus reduce the depth of the thermocline, resulting in a general decrease in 

temperature and precipitation in Indonesia.  

Further evidence to support this interpretation involves the analysis of IPWP fossil corals from 

the Mentawai and M uschu/Koil I slands ( Fig. 4.1), which i mplicate a n approximate 1 .2 °C ±  0 .3 °C 

cooling of the IPWP during the ~4 - 6 ka interval (Abram et a l., 2009; Fig. 4 .9c). Abram et a l. (2009) 

inferred this mid-Holocene cooling to reflect a contraction of the southeast and southwest margins of the 

IPWP, which was l inked to a more northerly displaced ITCZ and associated enhancement of  the Asian 

summer monsoon ( ASM) ( e.g. Wang e t a l., 2 005; F ig. 4. 9a). M oreover, t his m id-Holocene I PWP 

contraction was punctuated by an abrupt shift to warmer temperatures at ~6.6 - 6.3 ka and ~4.3 ka, which 

coincides w ith pe riods of s tronger A ISM intensity ( Fig. 4. 9b) a nd w eaker Asian s ummer monsoon 

intensity (Fig. 4.9a) as a result of a southerly displaced ITCZ. Abram et al. (2009) noted a link between 

this mid-Holocene cooling of the IPWP and associated northward migration of the ITCZ, and the zonal 

configuration of the ocean-atmosphere across the Indian Ocean. Through the comparison of their coral 

records w ith δ18O values f rom i ce c ores o n M t. K ilimanjaro ( Thompson e t a l., 20 02; F ig. 4. 9d), t hey 

inferred the mid-Holocene to have a more positive Indian Ocean Dipole (IOD)-like mean state across the 

tropical Indian Ocean, which r educed precipitation over F lores and/or r esulted in a  change in seasonal 

atmospheric-circulation pa tterns ( Fig. 4.9b). M odelling results ha ve s hown t hat a  s tronger, insolation-

driven Asian monsoon (as was the case during the mid-Holocene) produces Indian Ocean SST anomalies 

that ch aracterise a positive I OD m ode ( Abram et  al ., 2 007). T his s uggests t hat a s trengthened Asian 

monsoon may have been a precursor for the mid-Holocene positive-like mean IOD state, which in turn 

resulted in a reduction in monsoonal rainfall over east Indonesia due to a more northerly displaced ITCZ.  

The o cean-atmosphere c onnections hi ghlighted a bove emphasize t he s trong c oupling of t he 

AISM system with IPWP SSTs since the mid-Holocene. It is these SST variations that may have been a 

dominant driver of millennial- to centennial-scale changes in the AISM. 
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Figure 4.9 Comparison of H olocene palaeoclimate records from China, Indonesia, and east Africa. (a) Speleothem 
δ18O re cords f rom D ongge c ave, Ch ina (W ang e t a l., 2005 ), a nd (b) Liang L uar, F lores. (c ) S ST anomalies 
reconstructed from corals taken from the Mentawai (black circles) and Muschu/Koil (grey circles) islands (Abram et 
al., 2009; Fig. 4.1). The grey bars highlight increases in IPWP SSTs and the AISM coincident (within dating error) 
with decreases in the ASM at ~6.3 and ~4.2 ka. This indicates a southward displacement of the ITCZ. (d) An ice-core 
δ18O record from Mt. Kilimanjaro (Thompson e t a l., 2002) s hows a ir temperature t rends in east Africa. Periods of  
cooler (warmer) air temperatures in east Africa correspond with higher (lower) IPWP SSTs and a stronger (weaker) 
AISM, indicating that the IOD may have been responsible for much of the Holocene variability in the AISM.    

 

 

 

4.6 Conclusions 

Here I  provide a p recisely dated, h igh-resolution multi-proxy record of AISM variability over 

the H olocene. T he cl ose co rrespondence between M g/Ca, Sr/Ca a nd δ13C strongly suggests t hat t he 

dominant m echanism c ontrolling t he t race e lement v ariability i n s talagmite L R06-B1 i s de gassing 

associated with prior calcite precipitation. This mechanism also helps explain the relationship between the 

trace elements and δ18O, where higher Sr/Ca and Mg/Ca values correspond with higher δ18O values. Thus, 

the M g/Ca a nd S r/Ca va lues r eflect va riations i n t he hy drology a bove t he c ave s ystem i n r esponse t o 
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changes in the intensity of the AISM during the Holocene. This trace elemental and isotopic signal, along 

with changes in the [234U/238U] I profile, confirms previous findings that the early Holocene was somewhat 

drier than the late Holocene in eastern Indonesia (Griffiths et al., 2009).  

Comparison of stalagmite δ18O records between Flores and northern Borneo (Partin et al., 2007) 

show that they are strongly covariant through much of the Holocene. However, there is a slight mismatch 

between t he t wo records a t ~ 6 t o 4 ka, suggestive of a r egional pe rturbation i n ocean-atmosphere 

circulation patterns during t his t ime. T his i nterpretation f inds qualitative s upport f rom t he p ositive 

coherence of  F lores δ18O with I PWP co ral S ST records ( Abram et  al ., 2 009), an d t he an tiphased 

relationship with Mt. Kilimanjaro ice-core records from east Africa (Thompson et al., 2002). Together, 

the results argue for a mid-Holocene IPWP climate pattern that is characterised by more positive IOD-like 

conditions and an associated northward shift of the ITCZ. These findings highlight the complex nature of 

the A ISM s ystem, w ith t he indication t hat i t doe s not behave i n a  s imple linear f ashion t o s outhern 

summer insolation a nd s ea-level c hange, but i nstead i s dom inated by  a  c ombination of i nternal a nd 

external forcing mechanisms operating at different spatial and temporal scales. 
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5 Statistical “ramp-fitting” of Indonesian stalagmite 

record confirms early-Holocene resumption of 

monsoon system occurred within centuries  
 

Abstract 

A precisely dated, multi-proxy stalagmite record from Flores, Indonesia, shows a rapid onset of 

the Australian-Indonesian summer monsoon (AISM) ~9.5 thousand years before present (ka; present i s 

defined a s 1950 A .D.). The ap plication of a “ ramp-fitting” method ( to d etect statistically s ignificant 

changepoints in a time-series) to the δ18O, Mg/Ca, and Sr/Ca time-series indicate a relatively abrupt shift 

in the strength of the AISM during the early Holocene that lasted ~350 years. This finding is consistent 

with the steep rise in eustatic sea-level and an increase in coral-inferred sea-surface temperatures in the 

southwest Pacific, along with a rapid expansion of rainforest in northeast Australia. However, this result 

lies i n s tark c ontrast t o p reviously r eported m onsoon l ake-level r ecords from i nterior A ustralia, which 

show the monsoon onset occurred ~4-5 ka earlier. Given the abrupt nature of this shift, and the absence of 

significant changes in insolation, it is suggested that this early Holocene increase in AISM intensity was 

controlled by the inundation of the Sunda Shelf during eustatic sea-level rise and/or the sharp increase in 

regional s ea-surface t emperatures, which would have i ncreased e vaporation over t he moisture s ource 

regions.   

 

5.1 Introduction 

 Palaeoclimate proxy records and climate model experiments show that the dominant mechanism 

controlling orbital-scale variations in tropical monsoon behaviour is changes in the intensity of summer 

insolation (Ruddiman, 2 006). H owever, i n t he region a ffected by the A ustralian-Indonesian S ummer 

Monsoon (AISM), there is still some disagreement. Evidence from lake-level records suggest that AISM 

activity was reduced during the last glacial maximum (LGM), and became re-established during the Late 

Glacial-to-Holocene transition (Magee et al., 2004; Miller et al., 2005; Wyrwoll and Miller, 2001). These 

authors attribute this change to Boreal-winter insolation and its influence on the AISM through the cross-

equatorial f low o f air f rom the semi-permanent Siberian hi gh-pressure s ystem. In c ontrast, s ome 

palaeoclimate model simulations have shown that increased local summer insolation can lead to stronger 
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monsoon activity over northern Australia (Chappell, 1996; Wyrwoll and Valdes, 2003). This divergence 

of views may indicate that the AISM does not  behave in a  s imple l inear fashion to variations in either 

northern or s outhern hemisphere i nsolation. R ather, i t m ay be  c ontrolled by  t he complex i nterplay 

between these processes, and other known forcings such as sea-surface temperatures (Liu et  al ., 2004), 

sea-level (Griffiths et al., 2009), and land-cover change (Miller et al., 2005).  

 The l ack o f highly r esolved, precisely dated r ecords from t he A ISM dom ain m eans t hat 

questions r egarding i ts variability i n t ime and s pace r emain u nanswered. T he aim of t his s tudy i s to 

address some of these key questions, in particular the precise timing of the monsoon onset, using a suite 

of geochemical t racers f rom a  pr eviously pu blished s talagmite r ecord i n w estern F lores, Indonesia 

(Griffiths et al., 2009, 2010). Quantitative assessment of this monsoon onset is facilitated by the use of a 

statistical “ ramp-fitting” f unction, w hich d etects a l inear ch ange from o ne s teady s tate to an other 

(Mudelsee, 2000).  

 

5.2 Study site and methods 

 The stalagmite used in this study (LR06-B1) was collected from Liang Luar, a ~2 km-long cave 

developed in late-Miocene reef carbonates on the Indonesian island of Flores (Fig. 5.1). The local region 

has a mean annual temperature (MAT) of ~25 ºC and receives an average rainfall of ~1200 mm annually. 

Most of the cave recharge (~69%) is delivered by the AISM between November and March, when the 

lower tropospheric winds shift from easterly (austral winter dry season) to northwesterly (austral summer 

wet s eason). The stalagmite, which measured 1.25 m in l ength, was active a t t he t ime o f collection. It 

formed ~800 m from the cave entrance in a large chamber with a high humidity (close to 100%). Oxygen 

isotope ( δ18O) v alues were determined f rom cal cite p owders, d rilled a t 1  m m i ncrements, u sing a  G V 

Instruments G V2003 c ontinuous-flow i sotope ratio m ass s pectrometer. R esults ar e ex pressed as  t he 

deviation in per mil (‰) between the sample and the VPDB scale using an internal working standard of 

Carrara Marble (New1). The analytical uncertainty (2σ) of Carrara Marble (New1) was 0.08‰ for δ18O. 

Subsamples w ere a nalysed for M g, S r, a nd C a o n a  V arian L iberty 4 000 i nductively c oupled a tomic 

emission spectrometer (ICP-AES) (see previous chapter and Griffiths et al., 2010 for a full description of 

the methods). T he δ18O and t race el ements w ere t ied t o a p reviously p ublished 230Th/234U de pth-age 

model (Griffiths et al., 2009) constructed in two-stages using a Bayesian-Monte Carlo approach (Drysdale 
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et al., 2005, 2007). Principal Components Analysis (PCA) was performed on the δ18O, Mg/Ca, and Sr/Ca 

time-series to extract the dominant rainfall signal embedded within all three proxy time series.  

 

 

 

 

Figure 5.1 Location of F lores and other s ites mentioned i n the text. Mean summer (DJF) 96 -hour ba ck t rajectory 
moisture path is shown (thick dashed line) for the period 1960-2000. HYSPLIT (Draxler and Rolph, 2003) was used 
to calculate moisture-source back-trajectories starting at an elevation of 1000 m (approximate cloud base height in the 
tropics). Gray shading shows the approximate position of the shoreline at 10 ka calculated from reconstructed gridded 
sea-level data (http://geochange.er.usgs.gov/pub/data/sea_level/). 

 

 

 

5.3 Results and Discussion 

5.3.1 Timing and structure of monsoon onset 

 The most striking feature common to all three stalagmite proxy time-series is the sharp decrease 

in va lues t hat began a t ~ 9.5 ka ( Fig. 5 .2). The c lose c oupling be tween a ll t hree variables a t t his t ime 

argues for a s ingle e nvironmental c ontrol on t hese s talagmite pr operties. P revious work o n L R06-B1, 

supported by a r eplicated s talagmite r ecord (LR06-B3) (from t he s ame cav e) through a p artially 

overlapping segment has shown the δ18O to largely reflect variations in the intensity of east Indonesian 

summer rainfall (Griffiths et al., 2009), with lower δ18O values corresponding to higher rainfall amounts 
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and vice versa. The abrupt decrease of ~0.5‰ centred at ~9.5 ka therefore suggests an increase in rainfall 

at this t ime. This relationship can now be corroborated statistically by near-synchronous changes in the 

Sr/Ca a nd M g/Ca o f L R06-B1. I n a ddition, i nitial u ranium i sotope a ctivity r atios ( [234U/238U] I) fr om 

LR06-B1 — interpreted to reflect changes in palaeohydrology — display a dramatic transition to lower 

values (i.e. wetter conditions) at around 9.5 ka (Griffiths et al., 2010).   

 The S r/Ca a nd M g/Ca o f L R06-B1 h ave a  significant inter-correlation d uring t he Holocene 

(Griffiths e t a l., 2 010), s uggesting t hat a  s ingle mechanism o r s et of m echanisms co ntrolled t heir 

variability. Strong and systematic Mg/Ca and Sr/Ca co-variations in speleothems have been observed to 

reflect changes in seepage water chemistry during dry periods (Fairchild and Treble, 2009). Under this 

scenario, intervals of decreased rainfall recharge result in dewatering of fractures in the karst rock, which 

enhances ventilation and triggers CO2 degassing. This promotes ‘prior calcite precipitation’ (PCP) along 

the fractures upstream of the drip site, resulting in higher Mg/Ca and Sr/Ca ratios of the meteoric water 

due t o t he p referential l oss of t he C a2+ ion. T he c onverse oc curs d uring wetter phases. T he e ffects o f 

temperature (affecting the Mg/Ca ratio) and growth rate changes (affecting the Sr/Ca ratio) (Fairchild and 

Treble, 2 009) can  be d iscarded because air t emperatures h ave r emained relatively s table d uring t he 

Holocene (see Chapters 3 and 4), and the growth rates only become significant when they exceed 0.5 mm 

year-1 (Fairchild and Treble, 2009), which is not the case for LR06-B1 (Griffiths et al., 2009).   

A strong relationship is a lso observed between the δ18O, and both the Sr/Ca and Mg/Ca ratios 

(Fig. 5.2). This positive covariation provides additional evidence that the Sr/Ca and Mg/Ca trends reflect 

effective water excess due to changes in rainfall, with all proxies increasing during drier intervals. Slight 

discrepancies between the Mg/Ca and Sr/Ca ratios and the δ18O profiles likely reflect the dependency of 

δ18O values o n f actors ot her than rainfall a mount, s uch a s moisture t rajectories (Cruz et  al ., 2 007), 

whereas M g a nd S r va riations a re primarily c ontrolled by hy drological pr ocesses a cting upon t ime-

constant geological sources. This may explain the ~0.5‰ negative δ18O excursion at ~10.5 ka, which is 

absent from the Sr/Ca (owing to machine error of the ICP-AES) and much less pronounced in the Mg/Ca 

values.  
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Figure 5.2 Multi-proxy r ecords for s talagmite L R06-B1 ove r t he pe riod 0 t o 12. 7 ka  B. P. (a ) T ime s eries o f 
stalagmite δ18O, Sr/Ca, and Mg/Ca. (b) Rampfit regression model applied to the δ18O, Sr/Ca, and Mg/Ca time series 
over the period 8.65 ka  to 10.15 ka . Gray shading highlights the dura tion of t he shift in mean va lues for a ll three 
proxies.  

 

 

 

  Hydrological-controlled c hanges i n a ll t hree pr oxies a t ~9.5 ka  points t o a  major i ncrease i n 

monsoon strength. However, such a climate shift can only be regarded as significant if the difference in 

the mean value either side of the inflection point is larger than the standard deviation of the noise over the 
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entire interval. To statistically quantify the timing and magnitude of the changes in the proxies, I applied a 

simple ramp-fitting function to the δ18O, Mg/Ca, and Sr/Ca time-series. This function detects the presence 

and timing of a linear change from one proxy state to another (Mudelsee, 2000). The mean proxy levels 

prior to and after the transition are determined by weighted least-squares regression over a 1500-year long 

interval (Fig. 5.2b) and the entire 0 to 12.64 ka period (Fig. 5.3). The length of the shorter interval was 

chosen to ensure an approximately even number of years (~600) either side of the transition (~300 year 

duration). The timing of the beginning and end points of the ramp were calculated by a brute-force search 

using a  prescribed s tandard deviation of the data series (Mudelsee, 2000). The uncertainty, or  s tandard 

error, o f t he ra mp t iming w as c alculated using 400 bootstrap s imulations ( Mudelsee, 2 000). Data and 

fitted r amps f or t he i ndividual M g/Ca, S r/Ca a nd δ18O records over t he 8.65 t o 1 0.15 ka  i nterval a re 

shown in Fig. 5.2b. Further ramp-fitting was applied to the first principal component, calculated from the 

Mg/Ca, Sr/Ca and δ18O time series over the 0 t o 12.64 ka period; this i s shown in Fig. 5 .3. From Fig. 

5.2b, i t is evident that the onset of the stepwise transition in the Mg/Ca, Sr/Ca and δ18O occurs (within 

statistical a nd analytical u ncertainty) at  ab out t he s ame time. T here ar e d ifferences, however, i n t he 

duration of the ramps: the Mg/Ca ratio has a length of 473 years while the Sr/Ca ratio and δ18O records 

have much shorter ramp lengths of 199 and 109 years, respectively. 

 

5.3.2 Comparison with other records 

 The t iming of the monsoon onset, inferred f rom the LR06-B1 AISM multi-proxy record, is  in 

good agreement with tropical pollen records from northeast Australia. For example, comparison of LR06-

B1 PCA1 (explains 67% of the variance) − interpreted to reflect the dominant rainfall signal among the 

three proxy time-series − with PCA1 (explains 63% of the variance) from rainforest pollen taxa at Lake 

Euramoo (Haberle, 2005; Fig. 5.1) reveals that the attainment of modern rainforest (interpreted to reflect 

an i ncrease i n effective r ainfall) in n ortheastern A ustralia occurred ( Fig. 5. 3c) s imultaneously (within 

dating uncertainty) w ith t he s harp i ncrease i n monsoon r ainfall i n e astern I ndonesia ( Fig. 5 .3b). 

Moreover, an  a lmost s ynchronous decline i n c harcoal a bundance from t he s ame l ake ( Fig. 5.3a), 

indicative of decreased fire-frequency, further supports the notion of an enhanced rainfall signal over the 

monsoon belt during the early Holocene. In contrast, lake level records from (Lake Eyre, Lake Gregory, 

and Fitzroy Crossing; Fig. 5.1) the interior Australian continent (Magee et al., 2004; Wyrwoll and Miller, 

2001) suggest monsoon initiation as early as 14 ka, more than 4 -5 ky earlier than indicated by the LR06-
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B1 multi-proxy record. Discrepancies between these proxy records may be due to: (1) different response 

times o f l ake-level r ecords versus those from cave systems; (2) dating uncertainties; and (3) d issimilar 

local r ainfall p atterns under different or bital a nd s ea-level c onfigurations. F or e xample, us ing t he F ast 

Ocean Atmosphere Model (FOAM), Wyrwoll et al. (2008) showed pronounced anti-phasing between the 

northern monsoon r egion of Australia ( higher rainfall) and the adjacent nor theast Indian Ocean ( lower 

rainfall) during the early Holocene when obliquity was high and insolation low.  

 

 

 

 

Figure 5.3 Comparison of the (b) first multi-proxy principal component (PCA1), extracted from the LR06-B1 δ18O, 
Sr/Ca, a nd M g/Ca s talagmite re cords, w ith (a ) c harcoal a nd ( c) P CA1 fro m rainforest pol len t axa from  L ake 
Euramoo, Atherton Tablelands (Haberle, 2005). The red line shows a 10-point running mean. The open circles and 
dashed line in (b) shows the rampfit regression results, indicating the short duration of the monsoon transition which 
is also evident in the PCA1 of ra inforest pollen taxa (yellow shading). Colour coded analytical uncertainties for t he 
dates through the sharp transition in the stalagmite and pollen records are shown along the bottom. The gray shading 
highlights the timing of the Yonger Dryas, which is characterised by increased AISM rainfall coeval with a periodic 
expansion of rainforest in northeast Australia. 
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 The duration of the stepwisssse transition in LR06-B1 PCA1 occurs over a period of ~350 years 

(Fig. 5.3b), and demonstrates synchronicity with the expansion of rainforest taxa in northeast Australia 

(Haberle, 2005; Fig. 5.3c). These findings highlight the potential of the monsoon system to switch from 

one steady state to another over a period of centuries.   

 

5.3.3 Possible mechanisms  

 Trends i n t he L R06-B1 PCA1 represent changes i n r ainfall ch aracteristics at  t he cav e s ite. 

Comparison with other regional and global climate archives (Fig. 5.4) allows an assessment of possible 

AISM controls during the Holocene. Using the δ18O of two s talagmites from Flores (inferred to reflect 

rainfall amount and provenance), we have previously shown that the late-Glacial/early-Holocene rise in 

sea level had a dominant influence on the AISM (Griffiths et al., 2009). The value-added incorporation of 

the Mg/Ca and Sr/Ca profiles now provides robust support for a rapid monsoon increase during the early 

Holocene, with additional insights into the non-linear monsoon response to the inundation of the Sunda 

Shelf during r apid s ea-level r ise ( Siddall e t a l., 2 003; F ig. 5 .4b); t his p attern o f b ehaviour i s p ossibly 

related to a critical threshold in the depth of the IPWP which must be surpassed by the system. However, 

before conclusions can be drawn, other possible mechanisms must be considered.  

 Feedback m echanisms as sociated w ith s ea-surface t emperature (SST) v ariability h ave b een 

shown to have a dominant influence on monsoon intensity over northern Australia during the Holocene 

(Liu e t a l., 2003, 2004; Wyrwoll e t a l., 2007). In an 11 ka c limate model s imulation, L iu e t a l. (2003) 

showed that, despite insolation being low, AISM precipitation was enhanced due to the presence of warm 

SSTs off northwest Australia. Their results indicated that monsoon variance over the northwest region of 

the continent could not be explained without feedbacks associated with SST changes. Comparison of our 

AISM record with SST proxies from corals and marine sediments gives contrasting views as to the role of 

SST f eedbacks i n pa laeomonsoon behaviour. F or e xample, S ST r econstructions f rom m arine s ediment 

cores MD76 (Stott et al., 2004) and MD62 (Visser et al., 2003) − based on the planktonic foraminifer 

Globigerinoides rubber − from the IPWP (Fig. 5.1) show a relatively stable pattern through the interval, 

with no significant change at ~9.5 ka. However, SST reconstructions from southwest Pacific corals (Huon 

and Vanuatu) indicate a rather abrupt increase in temperatures (Beck et al., 1997; McCulloch et al., 1996) 

around this time (Fig. 5.4c), indicating that this climatic forcing may have played a more active role in the 

abrupt enhancement of the AISM during the early Holocene. A noteworthy caveat to this story, however, 
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is t hat t his a rgument rests on t he a ssumption t hat t he fossil c orals have not undergone a ny diagenetic 

alteration. The o lder coral data were generated over a decade ago, before we had a f irm handle on the 

profound effects of diagenesis on f ossil coral Sr/Ca. Hence, given modern understandings of arogaonite 

crystallographic c hanges t hrough t ime and w ays of di stinguishing it, this interpretation is pur ely 

speculative. Nevertheless, it is intriguing to note the almost synchronous changes in coral-inferred SSTs 

and the monsoon.  

 

 

 

 

Figure 5.4 Comparison of the (a) LR06-B1 PCA1 record with other proxy data over the period 12.64 ka to present. 
Red line shows a 10-point running mean. (b) Sea-level reconstruction based on marine sediments from the Red Sea 
(Siddall et al., 2003).  (c) Sea-surface temperature (SST) reconstructions from planktonic foraminifera marine cores 
MD76 (bl ack circles; (S tott e t a l., 2004) and M D62 (s olid l ine; (V isser e t a l., 2003), a nd c oral re cords from  t he 
tropical w est P acific (bl ue, A bram e t a l., 2009 ; ora nge, B eck et a l., 1997;  p ink, Ca stellaro et a l., 1997;  purp le, 
McCulloch et a l., 1996) . Bl ue d ashed l ine s hows a  3 -point run ning m ean be tween a ll fos sil c oral re cords. G ray 
shading envelopes the 95% confidence interval around the running mean. (d) Summer (DJF) insolation at 20° S. The 
blue box surrounds the common change in the LR06-B1 PCA1, sea-level and coral-inferred SSTs.       
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The sharp transition in the AISM from one steady state to another occurs over a period of ~350 

years ( Fig. 5.3), a nd demands a n e xplanation c onsistent wi th a  rapid, r ather t han gradual, c hange i n 

environmental va riables. A contrasting vi ew i s t he notion that t he AISM i s not  controlled by  southern 

hemisphere summer insolation per se , but by  the s trength of the East Asian winter monsoon (EAWM; 

Magee et al., 2004; Miller et al., 2005). Strong coupling of the AISM (Griffiths et al., 2009) and EAWM 

(Yancheva et  al., 20 07) was de monstrated d uring t he Y ounger D ryas c ooling. However, t here is  

insufficient ev idence t o vindicate t he E AWM as  b eing the p rincipal mechanism o f t he ear ly H olocene 

AISM increase.  

 

5.4 Conclusions 

 Overall, the trends in the LR06-B1 multi-proxy record provide compelling evidence for the onset 

and evolution of the AISM system in east Indonesia during the early Holocene. While mechanisms such 

as s ummer i nsolation have l ikely pl ayed a  role i n t he c irculation pa tterns ove r the Indonesia/northern 

Australia re gion, it i s argued that s ea-level o ver t he Sunda r egion may ha ve be en a  c ritical f actor 

controlling AISM precipitation during the early Holocene. This influence may be explained as follows: a 

large proportion of the summer monsoon t rajectory pa th would have been occupied by land surface or  

otherwise extremely shallow seas during the early Holocene, assuming moisture trajectories were broadly 

similar to the p resent day. Thus, a l ower surface area over the mean t rajectory would have l imited the 

availability of  s ource moisture a nd p ossibly a ltered t he ove rall dy namics of  t he monsoon. U nder this 

scenario, i t was n ot until t he s ource region b ecame s ufficiently l arge i n a real ex tent t hat a critical 

threshold w as s urpassed a nd t he A ISM “ switched o n”. An a lternative a nd s omewhat c omplementary 

explanation for the abrupt monsoon change, invokes the monotonic increase in tropical west-Pacific SSTs 

(inferred from c oral r ecords) a s be ing t he more d ominant f orcing m echanism. Although, t his latter 

explanation is not as robust as i t relies on the assumption that the fossil corals have not undergone any 

diagensis, which, given modern understandings of diagensis, is unlikely. 
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6 Abrupt Indo-Pacific climate response to high-

latitude warming during MIS 5a/b 
 

Abstract 

 Uranium-series dating of two s talagmites (LR07-A8 and LR07-A9) collected from Liang Luar 

Cave ( Flores, Indonesia), s how t hat t hey grew f rom 91 t o 8 8 ka a nd 89  t o 84 ka respectively. H igh-

resolution s table-isotope and t race-element measurements f rom them r ecord the history of Indo-Pacific 

climate t hrough m arine i sotope s tage 5a/b. T he detrended δ18O a nd δ13C s eries s ignificantly co vary, 

suggestive that they were probably driven by s imilar forcing mechanisms at  the decadal- to centennial-

scale. I n a ddition, t he δ13C r ecord displays a  s ignificant positive correlation wi th t he M g/Ca ( and to a  

lesser e xtent t he S r/Ca) r atios, s uggesting t hat t he h igh-frequency v ariability i n t hese proxies w as 

dominated by  prior c alcite p recipitation and/or en hanced s elective l eaching a ssociated wi th e xtended 

water-rock contact times. These phase relationships corroborate our previous interpretation of Liang Luar 

stable i sotopes t hat h igher-frequency δ13C a nd δ18O va riability r epresents c hanges i n r ainfall a mount 

above the cave. Trace elements Y and P display similar patterns to the Mg and Sr and likely reflect the 

strong influence of soil hydrology on the colloidal transport of these elements into the cave system.    

 Examination of  t he l ower-frequency δ18O a nd δ13C t rends r eveals quite d ifferent p atterns 

between t he t wo p roxies. Whilst t he δ18O r ecord e xhibits a  tr end th at c losely m atches s outhern 

hemisphere summer insolation at 20º S, the δ13C profile bears a closer resemblance to the δ18Oice and CH4 

recorded in Greenland ice cores. Specifically, the abrupt decrease in δ18Oice (i.e. increased temperatures) 

and CH4 during the onset of Greenland interstadial (GIS) 21 is paralleled by an abrupt decrease in Liang 

Luar δ13C values. It is argued that this link is best explained by a temperature-controlled increase in soil 

microbial act ivity ab ove t he cav e as  a r esult o f t he s trong m eridional t eleconnection w ith G reenland 

during GIS 21. This interpretation is supported by the synchronous rise in atmospheric CH4, indicative of 

higher tropical temperatures. 
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 6.1 Introduction 

 Abrupt perturbations in ocean-air temperature were a regular occurrence over the North Atlantic 

region during the last glacial period (Rahmstorf 2002, 2006). Of these, the Greenland interstadials (GIS) 

[(otherwise referred to as ‘Dansgaard-Oeschger’ events (Dansgaard, 1993)], which are manifested in the 

oxygen-isotope ( δ18O) r atios o f Greenland i ce co res ( Grootes et  al ., 1993) an d N orth A tlantic m arine 

sediments (Bard et al., 2000; Bond et al., 1993), were the most prominent. Each GIS is characterised by 

an a brupt (within a pproximately a d ecade) an d l arge ( 8-16 º C) warming f ollowed by gr adual c ooling 

(Severinghaus et  al ., 2 003). Associated w ith t hese o scillations ar e ‘ Heinrich Events’ (He inrich, 1988): 

periods of major iceberg discharge into the North Atlantic, thought to be the result of ice sheet instability 

(Rahmstorf, 2006) a nd c haracterised by  w idespread c ooling i n t he high l atitudes of  t he N orthern 

Hemisphere (Broecker, 1992). Two main hypotheses have been put forth to explain these extreme shifts 

in climate: the first invokes the ocean’s thermohaline circulation shifting from one state to another due to 

fluctuations i n t he freshwater i nput i nto the N orth Atlantic; t he s econd c alls for c hanges i n t he 

configuration of t he t ropical o cean-atmosphere s ystem (e .g. E NSO) (B roecker, 2 003). A lthough t hese 

proposed mechanisms have been tested extensively through climate model simulations, there is still some 

doubt as to the precise origin of these events. This is because climate proxies from around the globe lack 

a r obust uni versal c hronology, w hich p recludes a n e ntirely c onvincing theory on t he trigger o f t hese 

changes (Hinnov et al., 2002).  

A counterpart to these Northern Hemisphere cycles are more subdued oscillations in Antarctic 

temperatures, w hich occurred over l onger time-scales ( centennial- to millennial-scale) an d w ere out o f 

phase with the high northern latitudes (Blunier and Brook, 2001). A single coherent explanation for these 

opposing warm and cold transitions between the hemispheres, termed the ‘bi-polar see-saw’ (Broecker, 

1998), i s va riations i n t he A tlantic M eridional O verturning C irculation ( AMOC), w hich c ontrols 

meridional heat transport between the North and South Atlantic (Broecker, 1998). Although variations in 

the AMOC offer a mechanism for the anti-phasing between the northern and southern high-latitudes, they 

do not explain why the Antarctic displays a gradual rather than abrupt change during a GIS. The common 

explanation for this difference has been l inked to the l arge heat s torage of the Southern Ocean and i ts 

inherently slower reaction time (Stocker and Johnsen, 2003).  

The extent t o which these high l atitude c limate swings extend into the tropics ha s been, until 

recently, a n unsolved p uzzle f or s cientists. Al though m any s tudies doc umenting t hese meridional 
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teleconnections have emerged over the years, there is still a great degree of uncertainty in the nature and 

timing o f t he t ropical-climate r esponse to t hese ev ents ( especially o ver t he t errestrial S outhern 

Hemisphere). North of the equator, stalagmite records from the Indian (Burns et al., 2003) and East-Asian 

(Wang et al., 2001; Wang et al., 2008; Yuan et al., 2004) monsoon domains exhibit abrupt negative shifts 

in δ18O values (i.e. stronger monsoon) that are synchronous with the timing of North Atlantic GIS; similar 

patterns, but of opposite sign, are observed during Heinrich events. Moreover, marine sediment records 

from the tropical Indian Ocean (Altabet et al., 2002; Schulz et al., 1998), the tropical northeast (Leduc et 

al., 2007) and northwest (Stott et al., 2002) Pacific Ocean, and the Cariaco Basin (Peterson et al., 2000) 

demonstrate similar excursions that are synchronous with those observed in Greenland ice. By contrast, 

speleothem and travertine deposits from tropical/sub-tropical Brazil (Cruz et al., 2005; Wang et al., 2004) 

and lake sediments from East Africa (Brown et al., 2007) indicate higher (lower) rainfall patterns over the 

region d uring Heinrich e vents ( GIS). M odeling e xperiments ha ve l inked t hese n orth-south ph ase 

relationships to periodic shifts in the meridional positioning of the ITCZ due to changes in the AMOC 

(Zhang a nd Delworth, 2005). T he l arge f reshwater i nput t o t he North Atlantic during H einrich e vents 

induced a  reduction i n t he AMOC, which l ed t o a n a symmetric ge ometry of  t ropical S STs a nd a  

subsequent southward shift of the Hadley circulation (Broccoli et al., 2006; Zhang and Delworth, 2005).  

While these a forementioned proxy r ecords demonstrate an intimate connection be tween North 

Atlantic cl imate an d r ainfall patterns over Asia, Africa and South America, t he h igh-latitude l ink w ith 

western P acific h ydrology [namely t he A ustralian-Indonesian Summer Monsoon (AISM)] s till r emains 

enigmatic. Previous studies of surface-dwelling planktonic foraminifera from the IPWP (Stott et al., 2002; 

Visser e t a l., 2003) i ndicate a  s trong M g/Ca-inferred SST s ignal t hat i s c oherent with high-latitude 

temperature fluctuations. M oreover, t errestrial p roxies f rom p eat s ediments i n n ortheastern A ustralia 

(Muller et al., 2008; Turney et al., 2004) highlight millennial-scale rainfall oscillations that are in concert 

with the GISP2 ice-core record (Stuiver and Grootes, 2000) and portray pronounced dry (wet) episodes 

during GIS (Heinrich events). These s tudies, however, lack the temporal resolution and age constraints 

capable of t esting t he t iming a nd m agnitude of  t hese observed hydrological c hanges. T he a im of  t his 

study is to analyse the Indo-Pacific climate response during GIS 21 and constrain the precise timing of 

this response in the southern tropics during part of the last glacial. 

 GIS 21 was arguably the most unique and pertinent North Atlantic climate anomaly during the 

last g lacial period because i t coincides with the t ransition from Marine Isotope Stage (MIS) 5b to MIS 
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5a—a shift i n N orth Atlantic c limate f rom a  s tadial ( “cool”) t o i nterstadial ( “warm”) s tate—when 

Northern Hemisphere summer insolation (Berger and Loutre, 1991) (60º N) peaked at ~84 ka, the highest 

insolation i ntensity pr ior t o t he s tart of t he Hol ocene ( Fig. 6.1). M oreover, t his e vent, t he l ongest a nd 

warmest acco rding t o t he G ISP2 i ce-core r ecord (Grootes an d S tuiver, 1997), w as characterised by an  

~300 parts per billion (p.p.b.v.) increase in atmospheric CH4, the largest excursion prior to Termination I 

(Fig. 6.1). The timing of GIS 21 is uniquely positioned within the later stages of the last interglacial, and 

as s uch, p resents a  t ime whe n global b oundary c onditions were n ot a ll t hat d ifferent f rom t he p re-

industrial era. Hence, focusing in on this interval provides an excellent opportunity to examine the impact 

of a brupt N orthern Hemisphere w arming o n t he s outhern t ropics w hen E arth’s c limate wa s s till i n a  

relatively warm state. Thus, this period may ultimately serve as an analogue for future climate changes 

due to Greenhouse warming.  

 

 

 

 
Figure 6.1 The location of Liang Luar Cave, Flores, Indonesia, from where stalagmites LR07-A8 and LR07-A9 were 
collected. Cont our l ines s how average S ST a nomalies duri ng t he 1975/ 76, 198 8/89 a nd 1998/ 99 L a N iña e vents 
(Smith et al., 2008). Inset: The GISP2 δ18O (blue) (Grootes and Stuiver, 1997) and CH 4 (red) (Blunier and Brook, 
2001) profiles plotted against Northern Hemisphere summer insolation (gray) (Berger and Loutre, 1991). The yellow 
shading i s the t ime period of interest, with GIS 21 labelled. The gray box indicates the approximate t iming of  the 
MIS5a-5b transition. The GISP2 records were synchronised to the most recent EPICA time-scale (Lemieux-Dudon et 
al., 2010).   
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Assessing t eleconnections between t he t ropics a nd high l atitudes requires proxies t hat a re 

sensitive to environmental change and datable with a high level of precision; speleothems (i.e. stalagmite 

and flowstones) ha ve t he potential of  p roviding such detail ( McDermott, 20 04). Previously, we ha ve 

shown that speleothems from Flores (east Indonesia) are sensitive to atmospheric conditions, namely air-

mass t ransport vi a t he s ummer monsoon, whi ch i s r ecorded i n t he δ18O c omposition o f t he c alcite 

(Griffiths e t a l., 2 009). Furthermore, we have demonstrated t he a bility t o pr oduce hi gh precision 

230Th/234U dates [due to low concentrations of detrital thorium (232Th)], thus enabling the construction of 

accurate age models back to at  least marine i sotope stage (MIS) 5. Here, a c ontinuous, high-resolution 

reconstruction of IPWP climate during the period 91 ka to 84 ka is provided from two speleothems from 

Liang L uar C ave. A suite of geochemical pr oxies were employed to e xamine climatic ch anges i n ea st 

Indonesia during the MIS 5a/b transition. The record provides the first precisely dated reconstruction of 

IPWP c limate be yond t he l imits of  r adiocarbon d ating ( ~50 ka ), t hus e nabling t he testing o f new 

hypotheses r egarding changes in t he A ISM t hrough glacial-interglacial c ycles w ithout a pr iori 

assumptions of leads/lags among different regions.  

 

6.2 Site description and climate setting  

 The speleothems used in this study were recovered from Liang Luar, a ~2 km long cave situated 

on the east Indonesian island of Flores (8º 32’N, 120º 26’E; Fig. 6.1). The island extends over a length of 

~360 kilometres and l ies to the northwest of Australia. The island is f lanked to the north by the Flores 

Basin and to the south by the Savu Basin, and has a t least 13 active volcanoes. L iang Luar i s s ituated 

~550 m  ab ove mean s ea l evel w ithin a wide r iver valley cu t i nto r eefal ( coral r eef) car bonates o f 

Miocene-Early Pliocene age. 

 Stalagmites LR07-A8 and LR07-A9 were collected in situ from a large block of cave breakdown 

which had rotated approximately 45º some time after growth had stopped. The specimens were located in 

a chamber situated ~600 m from the cave entrance and beneath ~30-50 m of soil and bedrock. The deep 

chamber is cut off from the outside world by a series of narrow passage-ways and rock falls, inhibiting air 

flow and thus inducing a high relative humidity (close to 100%). Mean annual temperature (MAT) at the 

collection site is a stable ~25 ºC, which closely resembles the MAT of the surface (Griffiths et al., 2009).     
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 Flores provides a n i deal l ocality f rom whi ch t o s tudy palaeoclimate be cause i t r esides i n t he 

climatically sensitive, seasonally-dry southern sector of the IPWP: the largest source of heat on Earth and 

thus a  m ajor driver of t he global a tmosphere c irculation. T his “ heat-source” i s i nfluenced by E NSO 

variability, with modern La Niña events bringing higher than average sea-surface temperatures (SSTs) for 

the region ( Fig. 6.1) w hile t he opposite oc curs d uring E l N iño e vents (Smith e t a l., 20 08). Regional 

rainfall is dominated by the AISM system, which accounts for ~69% (~800 mm) of the precipitation that 

is deposited annually. The highly seasonal pattern of rainfall is characterised by a replacement of the dry 

southeasterly trade winds with the convective northwesterly monsoonal winds for the months December 

through March. S imilar to other monsoon systems, the AISM is largely driven by the land-sea thermal 

contrast between the north Australian land-mass and adjacent Indian Ocean. During the summer months, 

insolation-driven continental heating sets up a zone of low-pressure over northwest Australia, anchoring 

the equatorial trough and drawing in moisture laden air-masses from the north (Magee et al., 2004). The 

peak of the monsoon occurs from January to February where the region occupying Indonesia and northern 

Australia i s d ominated b y s trong westerly winds with s peeds of up t o ~9 m  s-1. D uring t his t ime, t he 

easterly trade winds south of ~15º S also strengthen, which sets up a line of strong cyclonic shear (termed 

the ‘ monsoon s hear l ine’) that di vides t he hi gher l atitude e asterly t rades f rom the  l ower l atitude 

monsoonal westerlies (Wheeler and McBride, 2005). 

 Although the land-sea thermal gradient is the dominant mechanism controlling the inter-annual 

variability, t here a re ot her factors which c ontrol t he s trength a nd t iming o f t he m onsoon a t a nnual t o 

orbital time-scales, including: (i) the strength of cross-equatorial air-flow from the Siberian High during 

the A sian winter monsoon a nd i ts a ssociated c ontrol o n the p osition of t he I TCZ ( Miller e t a l., 20 05; 

Suppiah and Wu, 1998); (ii) Southern Hemisphere summer insolation (Wyrwoll and Valdes, 2003); (iii) 

Indian Ocean SST f luctuations ( Liu et  al ., 2 004); ( iv) eu static s ea-level ( Griffiths e t a l., 2 009); ( iv) 

variations in modes of ocean-atmosphere circulation, such as the El Niño/Southern Oscillation and Indian 

Ocean Dipole (Griffiths 2010a; Wu and Kirtman, 2007); and (v) land-cover changes (Miller et al., 2005).      

 The strong seasonality of precipitation on Flores is also manifested in the isotopic composition 

of the rainfall. Previously we have shown that seasonal variations in rainfall amount are characterised by 

a distinctive oxygen isotope signature: an assessment of local daily-rainfall δ18O values for the 2006-2007 

wet/dry s eason an d t heir respective s ource moisture t rajectories using back-trajectory analyses i ndicate 

that northwesterly sourced monsoon moisture is isotopically depleted (~7‰) relative to easterly-sourced 
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air masses (Griffiths et al., 2009). Because source moisture variations within the IPWP are too small to 

account f or t his di fference (Brown e t a l., 2006), t he s easonal i sotopic discrepancy i s l ikely due  t o the 

intense ve rtical upl ift a nd di stillation o f w ater va pour during t he s ummer monsoon. C limate m odel 

simulations o f r ainfall δ18O va riability wi thin t he wi der Asian monsoon d omain, us ing t he E CHAM-4 

Atmospheric General Ci rculation Model fitted w ith s table i sotope t racers, show that local p recipitation 

amounts a re a nti-correlated w ith rainfall δ18O a nomalies t hroughout t he t ropical w est P acific. T his i s 

consistent with observations from the International Atomic Energy Agency-Global Network of Isotopes 

in Precipitation (IAEA-GNIP) (International Atomic Energy Agency/World Meteorological Organization, 

2004), whereby higher rainfall periods are characterised by more depleted δ18O values while drier phases 

have a more enriched isotopic signature (Vuille et al., 2005). 

 

6.3 Materials and methods 

6.3.1 Sample description and preparation 

 LR07-A8 and LR07-A9 (Fig. 6.2) are relatively thin, elongated stalagmites measuring 300 mm 

and 400 mm in l ength, respectively. Both specimens were cut longitudinally down t he centre and set in 

clear casting resin prior to analysis. Interior surfaces were polished to accommodate visual inspection of 

individual growth laminae.   They consist of slightly opaque, compact calcite with highly parallel, tabular 

laminations with no sign of diagenetic alteration or growth hiatuses. Sample LR07-A8 shows little overall 

deviation of the central growth axis. By contrast, LR07-A9 growth was slightly more complicated, with 

the stalagmite-forming drip point shifting laterally and episodically throughout the growth period.  

 

6.3.2 Chronology  

 A total of 19 pieces of calcite, each weighing ~50 mg, were extracted from the central growth 

axis of LR07-A8 and LR07-A9 (Fig. 6.2). Top and basal samples were extracted using a car bide dental 

burr fitted to an air drill while the remaining samples were extracted using a more precise micromilling 

lathe. 230Th – 234U measurements were performed on these sub-samples using a Nu Instruments Plasma 

multi-collector i nductively co upled plasma mass-spectrometer ( MC-ICP-MS) a t t he U niversity o f 

Melbourne, Australia; s ee H ellstrom ( 2003) f or a  f ull d escription of the  MC -ICP-MS pr otocol used to 

calculate the ages. 

 



Chapter 6: Indo-Pacific climate through GIS 21 

 
134 

 

 

 

Figure 6.2 Scanned images of stalagmites LR07-A8 and LR07-A9. Blue dots indicate the positions of t he 19 U /Th 
ages. Yellow dashed lines show the positions and names of the nine Hendy tests conducted along individual laminae. 
Red dashed l ines show the 1-mm resolution drill-hole tracks used for t he s table i sotopes. Black boxes indicate the 
micro-milled s ections us ed for  hi gh-resolution (0. 25 m m) a nalysis of s table i sotopes a nd t race e lements. Also 
indicated is the approximate mid-point position of GIS 21. 
 

 

 

6.3.3 Oxygen and carbon isotope measurements  

 Sample powders for stable isotope analyses were drilled at continuous 1-mm increments along 

the v ertical a xis o f L R07-A8 a nd L R07-A9. E ach s lab was m ounted to a  m oving s tage w here i t w as 
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drilled u sing a  Taig CNC m icromilling lathe us ing a 1 -mm c arbide d rill b urr. Higher r esolution 

micromilling (250 μm increments) was conducted along two target time-slices — between 85.7 - 86.3 ka 

(TS1) and 89.4 - 90.2 ka (TS2) — to resolve finer-scale details through two major i sotopic excursions 

(Fig. 6.2). Owing to the highly tabular laminations, both specimens were ideally suited for high-resolution 

microsampling.    

 The stable isotope ratios of the low (1 mm increments) and high resolution (250 μm increments) 

samples (total of 1190 δ18O and δ13C analyses for both LR07-A8 and LR07-A9) were analysed from CO2  

gas produced by reaction of ~1 mg powders with 105% phosphoric acid at 70 ºC. The measurements were 

performed on  a  GV  Instruments GV 2003 c ontinuous-flow i sotope r atio mass s pectrometer at  t he 

University of Newcastle, Australia. The results are expressed as parts per mil (‰) relative to the Vienna 

Pee D ee B elemnite ( VPDB) s tandard u sing an  i nternal w orking s tandard o f C arrara M arble ( NEW1), 

which was calibrated against the international standards NBS18 and NBS19. Mean analytical uncertainty 

of the standards was 0.06‰ for δ18O and 0.03‰ for δ13C.  

 Additional stable isotopes were run on powders extracted from nine individual growth laminae 

throughout LR07-A8 and LR07-A9 (F ig. 6.2). Each layer was d rilled horizontally a t 1-mm i ncrements 

from the central growth axis outwards. The isotopes were then analysed in an effort to assess whether the 

stalagmites had been deposited in isotopic equilibrium [i.e. the so-called “Hendy Test” (Hendy, 1971)]. 

The m easurements ( total of  81 δ18O a nd δ13C a nalyses) w ere pe rformed o n a n a utomated i ndividual-

carbonate reaction K iel device c oupled t o a  F innigan M AT-251 du al-inlet s table i sotope mass 

spectrometer at the Research School of Earth Sciences at The Australian National University. Calcite sub-

samples weighing 180-220 μg were reacted with anhydrous 103% H3PO4 at 90°C to l iberate CO2 for 

isotopic analysis. The results were normalised to the VPDB scale such that NBS19 yields δ18O VPDB (-

2.20‰) and δ13C VPDB (+1.95‰), and NBS18 yields δ18O VPDB (-23.0‰) and δ13C VPDB (-5.0‰). 

Analytical precision of the standards was ±0.06‰ for δ18O and ±0.03‰ for δ13C.  

 

6.3.4 Trace elements 

 Replicate trace element analyses were conducted on several sections of LR07-A8 and LR07-A9 

(Fig. 6.2). These subsections, identical to those used for the high-resolution stable-isotope analysis, were 

cut into small slabs, embedded in clear casting resin, and polished prior to analysis. Trace elements were 

measured parallel to the growth axis using excimer laser-ablation inductively coupled mass spectrometry 
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(LA-ICP-MS) within the School of Earth Sciences, The University of Melbourne, Australia. A suite of 

elements were analysed (Ca, Mg, Sr, Ba, P, Y, La, Al, S, Mn, Fe, Cu, Zn, Pb, U, and Th) using a Varian 

810 quadrupole ICP-MS equipped with a Lambda Physik Compex 110 ArF excimer pulsed laser ablation 

system of wa velength 193 nm; s ee W oodhead e t a l. (2007) for a  more de tailed de scription of t he 

technique. Here I focus on those elements that have the highest correlations with each other (i.e. Mg, Sr, 

P, and Y). 

 Prior t o a nalysis, each  s ample w as pre-cleaned i n a t eflon be aker o f d ouble de -ionised w ater 

inserted in an ultrasonic bath for 15 minutes to remove any surface impurities. Replicates were carried out 

for each section along two parallel laser scans spaced 3 mm apart to check for spatial homogeneity and 

reproducibility. T o en sure an alyses w ere conducted on a clean s urface, each s can l ine w as p re-ablated 

twice at 10 Hz using a rectangular spot size of 250 μm × 50 μm and a scan speed of 20 mm min-1. Actual 

measurements were conducted by pulsing the laser beam again at 10 Hz, but with a reduced spot size of 

150 μm × 25 μm and slower scan speed of 1.2 mm min-1. Sample intensities were converted to parts per 

million (ppm) using the NIST612 glass standard, which was ablated before, during, and after each sample 

run. The software p rogram “Iolite” (http://iolite.earthsci.unimelb.edu.au/) was used to process the data, 

which amongst other things involves background subtraction, calibration and drift correction.   

 

6.4 Results 

6.4.1 Chronology  

 The s table i sotope and t race element t ime-series f or s talagmites LR07-A8 and LR07-A9 were 

anchored by nine and ten 230Th – 234U dates, respectively. With the exception of two samples, the ages for 

both stalagmites lie in stratigraphic order (within dating uncertainty) and show that LR07-A8 grew from 

91.3 ±  0.7 t o 88 .2 ±  0.8 ka  and LR07-A9 from 89.2 ±  1 .0 t o 84.1 ±  0.6 ka . The measured U  and Th 

isotope ratios used to calculate the ages are shown in Table 6.1. The U concentration of LR07-A8 ranges 

between 7.5 and 28.5 ng g-1 with an average of 15.5 ng g-1 while the U for LR07-A9 ranges between 8.0 

and 26.3 ng g -1 with an average of 13.2 ng g-1. The 230Th/232Th ratios are relatively high (1272 - 15719), 

indicative o f n egligible d etrital t horium c ontamination w ithin majority o f s amples. A ll a ges h ave been 

corrected for initial thorium contamination. 
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 The age-depth models were calculated using a Bayesian-Monte Carlo approach implemented in 

two s tages us ing Wavemetrics Igor P ro software. A f ull description of  t he technique can  be f ound i n 

Drysdale e t a l. (2005, 2007). From the age models (Fig. 6.3), i t i s evident that both speleothems grew 

continuously throughout their gr owth hi story. Noteworthy, two  s purious a ges were e xcluded f rom the 

age-model calculations on the  grounds that, a lthough given the 95% error bars could possibly be valid 

ages, they are somewhat anomalous relative to the sequence of ages around them. Moreover, on the day 

these s amples were b eing a nalysed t he M C-ICP-MS i nstrument w as n ot r unning p articularly w ell ( the 

other a ges were r un on a  different day); a t t he t ime of  s ubmission t hese ag es w ere being reanalysed. 

Inclusion o f t he t wo a nomalous ages i n t he a ge-model c alculations would m ean t hat t he g rowth rates 

between ~ 110 a nd 180 m m f or L R07-A8 a nd between ~ 110 a nd 1 60 m m f or L R07-A9 w ould be  

exceptionally rapid.  

There is no physical evidence in the growth layer pattern of either speleothem (i.e. the visible layers have 

been determined t o be  a nnual ba sed on physical l aminae c ounting a nd t race-element p eaks) n or t heir 

shape (they do not increase in diameter, which would happen if there was more drip water entering the 

cave) to indicate this.  

 The age models indicate that the rate of extension for s talagmite LR07-A8 ranges between 11 

and 138 mm ka-1 throughout the 91-88 ka interval. This pattern is characterised by a slower extension rate 

of ~13 mm ka-1 during initial growth, followed by an abrupt increase at ~90 ka where the extension rate 

averaged ~135 mm ka-1. This abrupt increase may represent a perturbation in the infiltration rate above 

the stalagmite due to a change in the climate. However, the slow growth preceding this may indicate that 

the speleothem grew over a surface that was not perpendicular to the drip angle [as appears to be the case 

judging by the  in clined b ase o f L R07-A8 (Fig. 6 .2)], which would have i nhibited v ertical e xtension 

during the early stages of formation. In contrast, LR07-A9 appears to have had a m uch more consistent 

growth rate (Fig. 6.3), with much less overall variability. For example, the growth rate ranged from 48 to 

80 mm ka-1 and averaged 61 mm ka-1 through the 89-84 ka interval, much slower than LR07-A8. 
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Figure 6.3 Age-depth models for s talagmites LR07-A8 (uppe r) a nd LR07-A9 (l ower). The symbols indicate each 
date along with its respective 2σ uncertainty. The red line indicates the derived age model, while the green shading 
represents 1σ and 2σ error envelopes. The two anomalous ages (blue diamonds) were not included in the age-model 
calculations.  
  

 

 

6.4.2 Isotopic equilibrium precipitation  

 An essential prerequisite for environmental-climate based interpretations of the speleothem δ18O 

is assessing whether or not the calcite was deposited in isotopic equilibrium with respect to the cave drip-

waters. Non-equilibrium calcite fractionation can occur if the degassing of CO2 is too rapid for the stable 

isotopes t o e quilibrate with the w ater a nd b icarbonate i on ( Hendy, 1971). T his c an lead to R ayleigh 

fractionation of the isotopes, generating higher values than those expected from equilibrium precipitation 
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at the same temperature and same δ18O of drip-water. I have employed a number of tests and observations 

to assess the possibility of these processes contaminating the signal. 

 First, b oth s pecimens w ere collected f rom de ep within t he c ave passage ( ~600 m  f rom t he 

entrance) where humidity was high (close to 100%) and air-flow low; hence, non-equilibrium deposition 

of the calcite due to evaporative processes would be negligible (Fairchild et al., 2006). Second, a series of 

‘Hendy tests’ were conducted on nine individual growth laminae located throughout the longitudinal axes 

of s talagmites LR07-A8 and LR07-A9 (Fig. 6 .1). Isotopic values are plotted as distance ( in mm) away 

from the central growth axis. Results of the Hendy tests reveal that the majority of tested growth laminae 

do not va ry b y more than 0. 5‰—the m aximum t hreshold value used t o i nfer i sotopic e quilibrium 

deposition as de fined by  He ndy ( 1971)—away f rom t he c entral g rowth a xis ( Fig. 6 .3). T hird, a nother 

means of determining equilibrium deposition is the replication of δ18O profiles from different stalagmites 

within the same cave: it is highly unlikely that two (or more) speleothems would produce similar isotopic 

profiles if both formed under non-equilibrium conditions. The δ18O profiles for stalagmites LR07-A8 and 

LR07-A9 show remarkable similarities for the periods of overlap (Fig. 6.4). Lastly, there is a significant 

relationship between the δ18O and trace-element time-series (namely Mg, Sr, Y, and P) through the two 

time-slices ( Fig. 6.5). B ecause t hese t race elements ar e p rimarily co ntrolled by h ydrological p rocesses 

acting upon time-constant geological sources within the karst system, the strong coherence with the δ18O 

suggests that the isotopes are dominated by climatic processes external to the cave environment.   

 The above discussion argues for the precipitation of stalagmites LR07-A8 and LR07-A9 under 

(or close to) isotopic equilibrium conditions. Hence, the δ18O of the two stalagmites may be interpreted in 

terms of variations in the δ18O of the drip water (and hence rainfall) from which the speleothem grew.  
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Figure 6.4 Hendy tests conducted on nine individual growth laminae throughout stalagmites LR07-A8 and LR07-A9. 
Colour coded symbols represent the names of each laminae corresponding to their longitudinal positions indicated in 
Fig. 6.2. Laminae with δ18O variability ≤0.5‰ are assumed to have been deposited in isotopic equilibrium where the 
δ18O reflects that of the drip-water, rather than non-equilibrium fractionation (Hendy, 1971).  
 

 

 

6.4.3 Stable isotopes  

 Based on the age models calculated for both stalagmites (Fig. 6.3), the average resolution of the 

stable i sotope measurements f or t he e ntire l ength o f LR07-A8 a nd L R07-A9 was 5 a nd 7 y ears, 

respectively (Fig. 6.5). In addition, the high-resolution sampling through TS1 and TS2 yielded isotopic 

measurements s paced e very ~ 2-3 y ears. Throughout t he 91 t o 84 ka  pe riod t he s pliced2 δ18O re cord 

averages -5.4‰ and ranges f rom -7.0‰ to -4.2‰, while t he spliced δ13C r ecord averages -10.9‰ and 

ranges from -12.6‰ to -8.8‰.        

 The lower-resolution δ18O and δ13C profiles display differences in the long-term trends (Fig. 6.5) 

while showing remarkable similarities at the decadal to centennial scale (Fig. 6.6a). The detrended spliced 

                                                 
2 The spliced records were constructed by averaging the s table isotopes of s talagmites LR07-A8 and LR07-A9 for the period of 
overlap. B efore av eraging, th e LR07-A8 r ecord (~5 y ear r esolution) was  in terpolated to  th e lo wer te mporal resolution r ecord o f 
LR07-A9 (~17 year resolution) for the period of overlap. The ±2σ deviation f or th e o verlapping s ection w as u sed as  an  er ror 
envelope around the spliced record.  
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records have a positive covariance over the 91 to 84 ka interval (r = 0.43; n = 570; p<0.01). The higher-

resolution records also display strong covariance (through 85.7 − 86.3 ka: r = 0.41, n = 260, p<0.01, Fig. 

6.6b; through 89.4 − 90.2 ka: r = 0.71, n = 256, p<0.01, Fig. 6.6c) (Table 6.2).  

 The combined LR07-A8 and LR07-A9 δ18O t ime series demonstrates a s light decreasing trend 

from 91 to ~89.6 ka followed by a ~2‰ monotonic increase throughout the remainder of the record (Fig. 

6.5). The combined δ13C records demonstrate a similar pattern from 91 to ~85.8 ka. However, in contrast 

to the δ18O record, which continues to increase, the δ13C record displays an abrupt ~2‰ shift to a new 

mean s tate w here v alues t hereafter r emain r elatively co nstant ( Fig. 6.5). S uperimposed u pon t he δ13C 

trends (and, to a lesser extent, the δ18O) are a number of decadal- to centennial-scale isotopic excursions, 

the most prominent of which are the two large (~2-3‰) and abrupt negative shifts in the carbon isotopes 

centred at ~85.8 ka and ~89.6 ka (Fig. 6.5).     

 The U /Th-inferred g rowth ra tes o f L R07-A8 a nd L R07-A9 p ortray a  d istinct s imilarity t o t he 

stable i sotopes, pa rticularly t hrough the two prominent i sotope excursions ( Fig. 6 .5). For example, the  

growth r ate of L R07-A8 i ncreased r apidly f rom ~ 30 m m ka -1 to ~ 150 m m ka -1 at ~89.6 ka, w ith t he 

transition occurring over a period comparable (within dating uncertainty) to that of the isotopes. A similar 

but lower magnitude change in growth rate of LR07-A9 is also observed: from ~50 mm ka-1 to ~80 mm 

ka-1 at ~85.8 ka.  
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Figure 6.5 Comparison of the combined δ18O and δ13C records with the growth rate curves for stalagmites LR07-A8 
(red) a nd LR07-A9 (blue). The positions of t he U/Th a ges used t o c onstruct t he a ge models a nd growth ra tes a re 
shown a long the bot tom. The gray shading highlights two isotopic excursions that coincide with s tart of  increased 
growth rates. These intervals are examined in finer detail in the next section.  
 

 

 

6.4.4 Trace elements 

 The LA -ICP-MS t race-element analyses through the TS1 and TS2 a re plotted in F igures 6 .6b 

and 6.6c and correlation s tatistics a re summarised in Table 6 .2. S tatistically s ignificant correlations a re 

revealed between the trace elements and the s table isotopes through TS2 (Table 6.2b), with the highest 

coefficient oc curring f or M g vs . δ18O ( +0.64) a nd Mg  vs . δ13C ( +0.86). I n c ontrast, the r elationships 

between the stable isotopes and trace elements through TS1 (Table 6.2a), while still significant (with the 

exception of  δ13C vs . b oth P a nd Sr), a re not  a s s trong. Am ongst t he t race e lements, t he s trongest 
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correlation coefficients through TS2 are observed between Sr and P (-0.71), P and Mg (-0.68), and Mg 

and Y (-0.66). Weaker correlations include Sr vs. Mg (+0.56), P vs. Y (+0.56) and Sr vs. Y (-0.51). The 

strongest correlations through the TS1 interval are observed between Sr and Mg (+0.53), P and Y (+0.49) 

and Sr and P (-0.38), whilst weaker correlations are found for Sr vs. Y (-0.33), Mg vs. Y (-0.30) and P vs. 

Mg (-0.09). A noteworthy point is that, while the correlation coefficient for P vs. Mg is one of the highest 

through TS2 ( -0.68), i t i s t he l owest during TS1 i nterval ( -0.09). T he high c orrelation c oefficients 

between the trace elements and stable isotopes strongly argue for a similar or linked causal mechanism 

controlling the concentration of all elements within the speleothems.         
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Figure 6.6 (a) Comparison of t he δ18O a nd δ13C re cords for t he s pliced t ime-series of s talagmites L R07-A8 a nd 
LR07-A9. The spliced record was obtained by averaging the stable-isotope values for the period of overlap (i.e. ~88 − 
89 ka ). Both re cords were a lso de trended t o highlight t he decadal- to cen tennial-scale coherence between the two 
records. The detrended δ18O (∆δ18O) and δ13C (∆δ13C) records have a significant correlation coefficient (r = 0.43). (b) 
High-resolution analysis of stable isotopes and trace elements through TS1 (85.7 − 86.3 ka) and (c) TS2 (89.4 − 90.2 
ka). Trace elements have been smoothed with a 5-point running mean.  
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Table 6.2 Correlation m atrix of  t he s table i sotope a nd trace element transects through (a) TS1 (89.4 − 90.2 ka; 
n=260) and (b) TS2 (89.4 − 90.2 ka; n=252). Prior to analysis, trace element profiles were interpolated to the same 
depth scale (0.25 mm resolution) as the stable isotopes. All series were detrended prior to analysis. Bold values are 
significant at the P < 0.01 level.  
 

 Element δ18O δ13C Mg Y P Sr 

(a) Transect through TS1 (85.7 − 86.3 ka)  
 δ18O − 0.41 0.24 -0.31 -0.21 0.18 
 δ13C  − 0.54 -0.49 -0.15 0.07 
 Mg   − -0.30 -0.09 0.53 
 Y    − 0.49 -0.33 
 P     − -0.38 
 Sr      − 

(b) Transect through TS2 (89.4 − 90.2 ka)  
 δ18O − 0.71 0.64 -0.59 -0.52 0.39 
 δ13C  − 0.86 -0.63 -0.62 0.35 
 Mg   − -0.66 -0.68 0.56 
 Y    − 0.56 -0.51 
 P     − -0.71 
 Sr      − 

 

 

 

 Through TS2, the Mg, Y, P, and Sr t ime-series all show structural s imilarities with each other 

and t he s table-isotope p rofiles ( Fig. 6.6c). Most notably, beginning a t ~90.2 ka , a ll e lements di splay a  

slight trend which terminates with an abrupt step-change at ~89.6 ka. The average Mg and Sr values for 

the i nterval p ost-dating t his t ransition w ere ~ 24% a nd ~ 15%, r espectively, l ower t han t he i nterval 

preceding it, while the P and Y values were 47% and 683%, respectively, higher.  

 The t race el ements t hrough T S1 (Fig. 6 .6b) al so s how s imilar s tructural co herence with each  

other a nd t he stable i sotopes. S imilar t o T S2, t he t race e lement p rofiles ( with the exception o f S r) are 

characterised by a s low-ramping trend followed by a rapid change, coincident with the change in stable 

isotopes a t ~85.8 ka . However, the t ransition of the e lements in TS1 is not  as large and abrupt as i t i s 

during TS2. For example, P  and Y show an 8% and 56% increase, r espectively, through the t ransition 

while Mg only shows a 9% decrease; there is no significant change in Sr (<3%). 
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6.5 Discussion  

6.5.1 Interpretation of the stable isotopes  

6.5.1.1 δ18O 

 The slow increase in δ18O values over the combined LR07-A8 and LR07-A9 record (Fig. 6.7a) 

reflects t he c oupled i nfluence o f ca ve air-temperature and ca ve d rip-water c omposition. B ased on 

previous s tudies o f L iang L uar s talagmites ( Griffiths e t al., 2009, 20 10a, 2 010b), I  interpret t he δ18O 

composition o f the dr ip-water t o r eflect t hat o f t he r echarge r ainfall, w hich i s c ontrolled by rainfall 

amount, gl obal ice-volume ( and hence s ea-level), s easonality, an d v apour-condensation t emperatures 

(McDermott, 2004).     

 The relationship between air temperature and δ18O of precipitation is highly non-linear (i.e. the 

fractionation factor f or 18O/16O c hanges constantly wi th c hanging t emperature). A t t he poles, t he 

thermometer works nicely because the change in δ18O of snow per °C is large (~+0.7‰ ºC-1) (Dansgaard, 

1964), while i n t he t ropics i t i s m uch h arder t o extract because t he t emperature component i s s mall 

(~+0.1‰ º C-1) ( Gat and Gonfiantini, 1981) a nd i s t ypically masked by  other f actors ( such a s a ir-mass 

transport). Nevertheless, i t still h as s ome i nfluence on t he rainfall-δ18O s ignal preserved i n t ropical 

speleothems. O pposing t his e ffect i s t he negative r elationship between δ18O o f c alcite a nd d rip-water 

temperature (~-0.24‰ ºC-1) (Craig, 1965) during calcite precipitation. Taken together, the two opposing 

effects have a net temperature influence on speleothem δ18O of ~-0.14‰ ºC-1 for this region. Thus, if the 

δ18O of LR07-A8 and LR07-A9 were solely driven by temperature, the observed ~2‰ increase through 

MIS 5 a/b would r equire a t emperature d ecrease o f ~ 14 º C, whi ch i s a pproximately s even t imes t he 

estimated ~2 ºC SST range from nearby marine records during the last glacial (Stott et al., 2002). Worth 

noting, h owever, i s t hat recent L iang L uar t emperature reconstructions ( during t he Holocene) f rom 

stalagmite fluid inclusions (Griffiths et al., 2010b) suggest that tropical air-temperature anomalies during 

high-latitude c limate ev ents (e.g. t he Younger D ryas) may h ave i n f act b een l arger t han previously 

estimated from IPWP marine sediments (e.g. Stott et al., 2004). Therefore, it is quite difficult to remove 

the exact temperature component from the stalagmite δ18O given the current lack of accurately-dated and 

high-resolution temperature records from the IPWP during MIS 5a/b. At this stage, the best I can do is to 

estimate a ~2 ºC temperature influence which explains ~14% (~+0.28‰) of the ~2‰ shift.       

 In l ight o f t he a bove discussion, I attribute most o f t he Liang L uar δ18O v ariability to o ther 

factors as sociated w ith r egional r ainfall, w hich a re co ntrolled b y ocean-source ch anges ( related t o t he 
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“global i ce-volume ef fect”) an d v ariations in a ir-mass t ransport ( i.e. a mount, intensity, a nd/or 

seasonality). F luctuations i n the δ18O c omposition of oc ean-source waters ca n l ikely b e r uled o ut a s a 

dominant influence given the relatively minor changes in global ice-volume during this time (Shackleton 

et al., 2000). Therefore, most of the 91 ka to 84 ka speleothem δ18O record must represent mean changes 

in isotope fractionation between the site of evaporation and the cave site.  

 Previously, w e ha ve shown t hat t he a verage c omposition of a nnual r ainfall-δ18O i n F lores 

represents the balance of moisture between the summer-wet (more depleted in 18O) and winter-dry (more 

enriched i n 18O) s easons a nd/or t he i ntensity o f t he s ummer monsoon system (G riffiths e t a l., 2009). 

Strong c orrespondence of  δ18O an d t race elements i n a H olocene s talagmite ( Griffiths et  al ., 2 010a) 

argues f or a rainfall am ount-dominated δ18O s ignal p reserved i n t he c alcite. T his f inding is now 

confirmed in this study (see Fig. 6.6 and Table 6.2). However, it must be noted that a smaller fraction of 

the variance may r epresent changes in the contribution o f summer ve rsus winter rainfall, which would 

have had an impact on t he δ18O composition of the speleothems. Notwithstanding the above, I interpret 

the s teady increase in δ18O during the 91 to 84 ka period to primarily reflect a g radual decrease in the 

AISM system. 

 In contrast to previous interpretations, in which we call for eustatic sea-level being the dominant 

AISM climate forcing in the region (Griffiths et al., 2009, 2010a, 2010b), the pattern of AISM variability 

during M IS 5a /b c losely matches t he s ummer i nsolation c urve a t 20  ºS ( i.e. o ver t he n orth A ustralian 

continent) (Fig. 6.7a), with higher insolation corresponding with lower δ18O values and vice versa with 

lower insolation. A possible reason for this discrepancy is that the magnitude of sea-level change through 

MIS 5a/b (Shackleton et al., 2000) was much smaller compared to that of the last deglaciation. Hence, in 

the ab sence o f a m ajor sea-level s hift i nsolation t ook over a s t he prime f orcing mechanism. M odeling 

simulations ( e.g. M arshall a nd L ynch, 2 008) ha ve s hown t hat hi gher s ummer i nsolation r esults i n t he 

AISM-ITCZ b eing p ulled f urther south than w ould otherwise be  the case du ring pe riods of lower 

insolation because of greater continental heating (and hence a  greater land-sea thermal contrast) during 

the summer months. Under this scenario, a more southerly displaced ITCZ would result in the incursion 

of more depleted δ18O rainfall in F lores because of higher summer r ainfall amounts and thus a g reater 

contribution of summer (lower δ18O) versus winter (higher δ18O) rainfall. This pattern of variability is in-

phase with monsoon records from southern Brazil (Cruz et a l., 2005; Wang et a l., 2007; Fig. 6.7b) but 

anti-phased with those from East-Asia (Fig. 6.7c).      
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Figure 6.7 Comparison of s talagmite δ18O records between (a) Liang Luar Cave, Flores, (b) Boutevera Cave, Brazil 
(Cruz et al., 2005; Wang et al., 2007), and (c) Sanbao Cave, China (Wang et al., 2008).  The gray curves represent 
summer insolation at the respective cave latitudes. The y-axis for the δ18O curves in (a) and (b) have been inverted for 
clarity. The o pen ci rcles i n ( a) show a 3 -point runni ng m ean. Colour-coded error ba rs fo r t he U/Th a ges us ed t o 
constrain the isotopes for each record are also shown.   
 

 

 

6.5.1.2 δ13C 

 Assuming calcite precipitation in isotopic equilibrium, the δ13C of the carbonate should be the 

same as that of the dissolved inorganic carbon (DIC) of the parent solution as per the fractionation factor. 

Possible factors controlling the dissolved inorganic carbon (DIC) of the Liang Luar cave drips include: (i) 

the intensity of bedrock carbonate (CaCO3) dissolution during seepage flow (Fairchild et al., 2006; Genty 

et al., 2003); and (ii) changes in the isotopic composition of CO2 sourced from the soil and atmosphere 

(Genty e t a l., 2 001). T he δ13C composition of  the cave cal cite, h owever, m ay also be affected b y 
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degassing processes at equilibrium (Scholz et al., 2009) or in-cave kinetics, when degassing is forced by 

ventilation (Spötl et al., 2005). This issue cannot be completely ruled out for Liang Luar as it has not been 

possible t o c arry out  a nnual monitoring of cave a ir C O2 fluxes ( e.g. Baldini e t a l., 2 008; Spötl e t a l., 

2005) because of the logistical constraints. However, the macromorphology of the speleothems suggest 

that variations in the drip rate have not been large enough to modify the shape of the specimens (from 

candle to cone-shaped), thus precluding the inference that the DIC δ13C ratios were affected by prolonged 

degassing caused by an increase in elapsed time between successive drips (e.g. see Mühlinghaus et a l., 

2007). The micromorphology an d fabric characteristics o f t he s peleothems also su ggest that t he 

speleothems were always wetted by a thin film of fluid that spread evenly from the impact point to the 

equilibrium diameter. Hence, the δ13C composition at any point of the stalagmite surface should be the 

same, o r s lightly h eavier t owards t he ex ternal m argin of t he s talagmite; w ith t he e xception o f a  few 

laminae, the Hendy tests demonstrate that this assumption is valid. One last important factor which can 

control t he δ13C o f ca ve cal cite is f luctuations i n t he rates o f CO2 degassing c aused b y s hifts i n c ave 

atmospheric circulation (Spötl et al., 2005). However, this process is unlikely to be significant given that 

the δ13C and growth rates do not positively covary (Fig. 6.5); if this process were significant, one would 

expect a pos itive relationship be tween the δ13C a nd gr owth rates because increased C O2 degassing 

enhances the supersaturation of the solution, promoting faster calcite precipitation and leading to higher 

13C enrichment of the speleothem (Cruz et al., 2006). Therefore, it can be assumed that the speleothem 

calcite was precipitated in equilibrium with respect to the δ13C ratios and, as a consequence, assume that 

the δ13C directly reflects that of the parent-water DIC.  

 Preliminary 14C activities measured in a Holocene stalagmite (Griffiths et al., unpublished data) 

indicate that most of  the carbon (80-90%) in L iang Luar s talagmites comes f rom the soil, a  r esult that 

bears similarities with temperate cave systems (e.g. Genty et al., 2001). A small percentage (10% to 20%) 

pertains to old carbon, which may come from old organic matter in the soil zone or from the host rock 

dissolution, possibly contributing to the shifts in DIC C i sotope ratios to more positive values. Overall, 

the δ13C content of L R07-A8 a nd L R07-A9 is i nterpreted to b e mostly c ontrolled b y s oil ( microbial 

activity) processes above the cave system, and in-part by physicochemical processes affecting percolation 

waters along the karst flow-path.   

 The Liang Luar δ13C record (Fig. 6.8c) displays a broad similarity with the GISP2 ice-core CH4 

(Grachev et al., 2007) (Figs 6.8a) and δ18O (Grootes and Stuiver, 1997) (Fig. 6.8b) values, as well as the 
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atmospheric CO2 concentrations of the Byrd ice core (Ahn and Brook, 2008) (Fig. 6.8d). Most notably, 

there is a large (~3‰) and abrupt negative δ13C excursion [also present in the δ18O and trace elements, 

albeit not  a s pronounced (Fig. 6 .6b)] c entred on ~ 85.8 ka t hat c oincides w ith a  pe riod o f i ncreased 

speleothem growth (Fig. 6.5c). This matches the timing (within dating uncertainty) of GIS 21. The nature 

of this abrupt δ13C shift bears a strong resemblance to the rapid increase in Greenland ice-core CH4 (Fig. 

6.8a) and δ18O (Fig. 6.8b) values during the onset of GIS 21, in contrast to the monotonic temperature 

trends observed in Antarctic ice cores (Fig. 6.8e and 6.8f). Therefore, it is evident that Liang Luar δ13C 

values r eflect p henomena that were t ightly c oupled with N orth A tlantic t emperature o scillations and 

atmospheric CH4 variability during the MIS 5a/b transition. In terms of placing the carbon isotopes into a 

climatological f ramework, t he q uestion t hen becomes: w hat i s (are) t he dominant c limate-driven 

parameter(s) controlling the δ13C in stalagmites LR07-A8 and LR07-A9?   

 Previously we have shown that the decadal- to centennial-scale δ13C variability of a Liang Luar 

stalagmite w as c ontrolled by de gassing of pe rcolation waters a nd prior c alcite pr ecipitation ( PCP) 

(Griffiths et a l., 2010a), a  conclusion drawn from the s trong positive covariance of the carbon isotopes 

with the Mg/Ca ratios (Fairchild et al., 2000). This geochemical process, which results in 13C enrichment 

of the drip-waters and hence stalagmites, also appears to be a dominant driver of the shorter-term isotopic 

changes in LR07-A8 and LR07-A9, again because of the high δ13C vs. Mg correlation through both TS1 

and T S2 ( Table 6. 2; Figs 6. 6b a nd 6. 6c). Alternatively, δ13C values m ay b e co ntrolled b y w ater-rock 

interaction times whereby periods of prolonged water residence time (i.e. drier intervals) may result in a 

greater contribution o f δ13C-enriched C  being i ncorporated i nto t he s eepage water a nd t hus i nto t he 

speleothem c alcite. Not withstanding t his, both o f t hese e xplanations [ which a re compounded by  the 

strong correlation of the ∆δ13C a nd ∆δ18O records (T able 6.2; Fig. 6 .6a)] imply t hat s horter-term 

fluctuations in δ13C are influenced by hydrological processes in the epikarst, which are dominated by the 

amount of effective recharge at the surface. Noteworthy is the lack of long-term coherence between the 

δ18O a nd δ13C t rends ( Fig. 6.5) t hrough t he 8 4 t o 91 ka i nterval, suggesting t hat w hile hydrological 

processes may have dom inated the hi gher-frequency v ariability, t he m illennial-scale trends w ere 

controlled by factors other than effective recharge (e.g. temperature).   
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Figure 6.8 Comparison of the Liang Luar stalagmite δ13C record (c ), with (a) CH4 (Grachev et a l., 2007) and (b) 
δ18O (Grootes and Stuiver 1997) concentrations from the GISPS2 ice-core, (d) CO2 (Ahn and Brook, 2008) and δ18O 
records from  t he B yrd i ce c ore, a nd (f) dD  fro m t he E PICA i ce c ore re cord ( Members, 2006).  T he gra y s hading 
highlights the abrupt negative shift i n s talagmite δ13C va lues coincident with the abrupt CH 4 and δ18O excursions 
during the onset of GIS 21. The positions of the speleothem radiometric ages are shown along the bottom (red dots). 
All ice-core records have been placed on the most up-to-date EPICA time-scale (Lemeiux-Dudon et al., 2010), which 
employed a s tratigraphic m arker ( i.e. a t ephra l ayer) a t 9 2.5 ±  2  k a. A ll i ce-core re cords w ere s ubsequently 
synchronised to the new EPICA time-scale by linearly interpolating between the ‘old’ and ‘new’ EPICA time-scale 
and then applying these adjustment factors to the GISP2 CH4 and δ18O ice-core records and the Byrd CO 2 and δ18O 
ice-core records. This resulted in a ll records being shifted back in t ime by ~2 ka . The Byrd t ime-scale was on the 
GISP2 time-scale prior to adjustment.  
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 Similar to interpretations of speleothem carbon isotopes from subtropical (Cruz et al., 2006) and 

temperate c ave s ystems ( Genty e t a l., 2 006; H ellstrom e t a l., 1 998), it i s a rgued that t he most l ikely 

explanation for the millennial-scale δ13C trends is variations in the amount of biogenic CO2 supply to the 

soil waters from plant respiration and microbial activity, which are influenced by both temperature and 

precipitation ( McDermott, 2 004). Increased t emperatures a nd/or p recipitation a bove t he c ave w ould 

enhance the production of soil CO2, resulting in a greater proportion of isotopically depleted carbon being 

incorporated into the groundwater and consequently leading to a lower δ13C signature preserved in Liang 

Luar s talagmites. F or e xample, t he onset of a brupt warming i n Greenland during GIS 2 1 m ay have 

increased the average temperature and/or precipitation in Flores, triggering an upsurge of soil microbial 

activity a nd v egetation density, a nd he nce a  gr eater p roportion of  13C-depleted bi ogenic C O2 being 

dissolved i nto t he s eepage water. T he s ynchronous δ18O a nd t race e lement an omalies support t his 

contention (Figs 6.6b). However, the magnitudes of the shifts are somewhat more subdued with respect to 

the δ13C. T hus, whi le pr ecipitation c hanges l ikely ha d s ome i nfluence on c arbon c ycling a bove L iang 

Luar, it was changes in temperature that probably had the more dominant effect on soil processes during 

this time.  

 An a lternative, a nd s omewhat c omplementary, f actor i nfluencing t he s oil CO 2 and h ence 

speleothem δ13C is the CO 2 concentration of the atmosphere. Similar centennial-scale patterns observed 

between the Liang Luar δ13C record (Fig. 6.8b) and the CO2 of air-bubbles entrapped in the Byrd ice core 

(Fig. 6.8c; Ahn and Brook, 2008), suggest a  possible l ink between the isotopic composition of the soil 

and a tmospheric C O2 during t he l ast g lacial. However, es tablishing a d irect cau sal l ink b etween 

atmospheric- and soil-CO2 is quite complex because i t is d ifficult to ascertain whether the atmospheric 

CO2 is an indirect driver of biogenic CO2 due to its influence on global temperatures or whether it plays a 

more active forcing role on the soil CO2. The strong connection between higher growth rates and lower 

δ13C va lues s uggests t hat t emperature va riations d ominated c arbon c ycling a bove L iang L uar b ecause 

higher t emperatures promote microbial a ctivity and hence biogenic CO2 supply t o t he s eepage waters. 

This would increase bedrock dissolution and hence drip water Ca2+ concentrations, a major controller of 

speleothem growth rates (Genty et al., 2001). Growth rates may also be influenced by effective recharge 

at the surface because periods of higher rainfall can  result in faster drip rates and hence h igher growth 

rates (Kaufmann and Dreybrodt, 2004). Cruz et al. (2006) found a similar link between the δ13C of a Late-
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Pleistocene s talagmite an d at mospheric C O2, wi th hi gher δ13C va lues c orresponding with l ower C O2 

concentrations in the Vostok ice core (Petit et al., 1999) and vice versa.  

  

6.5.2 Environmental controls on the trace elements 

 The synchronous behaviour o bserved between t he t race-element an d s table-isotope r atios 

through TS1 and TS2 provides robust support for a ll proxies being driven by s imilar or  l inked forcing 

factors, most likely of which is the climate. The processes controlling the incorporation of trace elements 

into t he s peleothem Ca CO3 are e xtremely complex ( Borsato et  al ., 2007; F airchild an d T reble, 2009). 

Most studies have focused on elements which form divalent cations in solution and that substitute for Ca 

in the crystal lattice, such as Mg and Sr. The degree to which these elements exist in the calcite phase 

relative to that o f solution i s r eferred to as the partition coefficient (Gascoyne, 1983), which may vary 

according t o c hanges i n t emperature, p recipitation rate, crystal s urface s tructure, o r other as pects of 

solution composition (e.g. Paquette and Reeder, 1990, 1995; Staudt et al., 1994; Temman et al., 2000). In 

contrast, other elements (such as Y, P, U, and Th) may be incorporated in CaCO3 via fine detrital particles 

or sub micron-sized colloids transported by water (Borsato et a l., 2007). Higher concentrations of such 

elements in speleothems would thus correspond with higher infiltration rates (Fairchild and Treble, 2009). 

Below, I describe i n de tail t he e nvironmental f actors c ontrolling t he i ncorporation of s everal t race-

element species into stalagmites LR07-A8 and LR07-A9 through the two ~1 ka time-slices.      

 

6.5.2.1 Magnesium and Strontium 

 Previous studies have linked variations in trace elements, particularly Mg and Sr, to changes in 

source water composition, cave air temperature and growth rate (e.g. Borsato et al., 2007; Fairchild et al., 

2000; Gascoyne, 19 92). By c omparing t he M g/Ca r atios f rom s talagmite t ips b etween t emperate an d 

tropical cav e s ystems, Gascoyne ( 1983) de monstrated a pos itive relationship b etween t he pa rtition 

coefficient of Mg (DMg) and temperature. Huang and Fairchild (2001) subsequently confirmed this DMg -

temperature relationship through laboratory testing of inorganic calcite precipitated under karst-analogue 

conditions. H owever, they n oted that the temperature de pendence of  DMg is r ather s mall and w ould 

typically be masked by the much larger variations in the Mg/Ca of the drip-water (Huang and Fairchild, 

2001); t his ha s p reviously b een l inked with f luctuations i n karst hydrology ( Fairchild e t a l., 2 000; 

Fairchild and Treble, 2009; Roberts, 1998). In contrast, the partition coefficient for Sr (DSr) is influenced 
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by th e s peleothem gr owth rate, wi th faster growth r ates c orresponding t o hi gher Sr/Ca r atios a nd vice 

versa (Borsato et al., 2007; Huang and Fairchild, 2001). Although, the Sr/Ca variability cannot be solely 

driven by calcite crystal growth kinetics because changes in Sr/Ca are generally too large to be explained 

by gr owth r ate a lone ( Fairchild e t a l., 2006). C onsequently, pr evious s tudies have a lso link ed S r 

variability to changes in effective palaeohydrology (Cruz et al., 2007; Fairchild et al., 2000; Treble et al., 

2003). 

 The strong positive covariation between the Sr and Mg (Fig. 6.9; Table 6.2) implies similar or 

linked forcing processes controlled their concentration. As previously mentioned, the highly s ignificant 

positive correlation between the Mg and δ13C is a strong indicator for both elements being controlled by 

PCP (Fairchild and Treble, 2009), a process that involves percolation waters becoming supersaturated in 

CaCO3 from degassing within the vadose aquifer and thus leading to calcite precipitation ‘upstream’ of 

the d rip s ite. PCP has been used to i nfer dry conditions because r educed water flow through the ka rst 

fracture network can enhance ventilation and trigger CO 2 degassing, leaving the waters enriched in the 

trace element with respect to Ca. Because the DMg and DSr values are typically much less than one, the 

result is a much larger reduction in Ca compared to the trace element and thus a higher trace element to 

Ca ratio during drier conditions (Fairchild and Treble, 2009). Previous studies have shown that a strong 

Mg-Sr c ovariation i s a  good i ndicator t hat s horter-term ( i.e. s easonal to a nnual) fluctuations i n t he 

elements ar e driven b y PCP ( Johnson et  al ., 2006; M cMillan et  al ., 2 005; Verheyden et al ., 2 000). 

Moreover, Cruz et al. (2007) and Griffiths et al. (2010a) demonstrated that these systematic covariations 

can indicate that PCP also occurred over much longer time-scales (i.e. centennial to orbital).  

 On t he ot her hand, t he m uch hi gher c oncentrations of Mg r elative t o S r i n t he L iang Luar 

stalagmites, a nd a lso t he m uch l arger a mplitude s hifts t hrough T S1 a nd T S2, s uggests t hat a lternative 

processes may have been more dominant. For example, selective leaching of Mg and Sr from the host-

rock (Fairchild et al., 2000), modulated by the karst aquifer switching between an open and closed system 

during different hydrological states, may have controlled the elemental variability. Drier intervals would 

favour c losed s ystem c onditions, c ausing e nrichment i n δ13C values ( due t o a  gr eater c ontribution of 

isotopically e nriched C  f rom t he hos t-rock be ing i ncorporated i nto t he s eepage wa ter) a nd pa rallel 

enrichment i n M g a nd S r via a  hi gher water/rock i nteraction. F urther, l ower Sr c oncentrations i n the 

speleothem may point to the fact that the reefal facies above the cave have been diagenised and as such a 

large proportion of the Sr is gone, relative to the Mg.  
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 Despite the various possible mechanisms controlling the Mg and Sr in LR07-A8 and LR07-A9, 

their s trong c ovariation w ith t he δ13C and δ18O v alues strongly a rgues f or t hem be ing predominantly 

driven by hydrological processes above the cave via PCP and/or selective leaching effects with prolonged 

water-rock contact times (Fairchild et al., 2000). There are, however, additional factors (such as cave air-

temperature a nd s peleothem gr owth-rate) which m ust a lso be  c onsidered. For e xample, o ne possible 

reason for the lack of a significant mean shift in the Sr (as compared with the Mg) during TS1 (Fig. 6.6a) 

may be that the increased speleothem growth rate through this transition had a buffering effect on the Sr: 

increased growth rates can increase the Sr concentration of speleothems, and the sharp rise in growth rate 

of LR07-A9 through the transition into GIS 21 may have inhibited the Sr from following the same pattern 

as the Mg. Further, some of the observed Mg variability through the two intervals, particularly GIS 21, 

may be explained by fluctuations in cave air temperature. However, the effect of temperature on DMg is 

minor compared to typical changes in drip-water composition (Fairchild and Treble, 2009).  

 

6.5.2.2 Phosphorous and Yttrium 

 Electronegative P and trivalent Y concentrations within LR07-A8 and LR07-A9 are likely to be 

associated with the transport of these elements from the soil to the cave system. In tropical soils, P may be 

present as inorganic orthophosphate and/or within phosphate and phosphonate groups occupying humic 

substances (Myneni, 2002). Phosphate sorption in soils is minimised between pH 4 and 6 (Giesler et al., 

2005), implying that desorption may occur in the upper soil horizon where similar pH values are found 

during warmer/humid conditions. A significant amount of the bioavailable soil P can be leached, with the 

amount depending on s oil hydrology (Pote et al., 1999). The incorporation of P into speleothem calcite 

depends on  the relative proportion o f f ree i ons v ersus i norganic a nd organic c olloidal-forms, which i s 

currently unknown at Liang Luar. For the free ion, high pH in the cave waters ( i.e. when degassing or 

dissolution of the host rock is maximised, depending on the cave system) would promote adsorption by 

maximizing the concentration of PO4
3- ions (see for example Burton and Walter (1990)). 

 Numerous studies have linked lower speleothem P concentrations to colder and drier conditions 

when b oth vegetation a nd s oil a ctivity is r educed ( Fairchild a nd T reble 20 09). H eathwaite (1997) 

demonstrated that di ssolved P ( at concentrations o f 80-1700 ppb) became dominant following the first 

autumnal s torm e vents be cause s oluble P  was flushed f rom t he s oils where P -uptake m ay h ave been 

restricted by water availability. P  supply in caves also appears to be related to higher water infiltration 



Griffiths, 2010                                                                                                   

 
157 

 

rates ( and v egetation a ctivity d ie-back o r s low down). F or e xample, a t Gr otta d i E rnesto (N E It aly), 

Huang et  al . (2001) discovered an  annual P  cycle in the speleothem ca lcite, which they a ttributed to a  

seasonal flush of the soil from heavy autumnal rains. More recently, Borsato et al. (2007) confirmed this 

annual P  cycle in speleothems f rom the same cave, which they associated with the autumnal period of 

maximum s oil i nfiltration a nd vegetation d ie-back. P c oncentrations measured i n speleothems f rom 

Moondyne Cave (southwest Australia) displayed a close relationship with the instrumental rainfall record 

(Treble et al., 2003), with lower P coinciding with periods of lower rainfall and vice versa.  

 I interpret the patterns of P  variability in LR07-A8 (Fig. 6.9b) and LR07-A9 (Fig. 6.9a) to be  

consistent with the above studies, whereby increases in P concentration reflect higher infiltration rates and 

hence higher rainfall. This finding is supported by the strong correspondence of the P with the other trace 

elements. However, this relationship is much weaker in LR07-A9 (TS1) compared with LR07-A8 (TS2), 

which may be due to site-specific differences in the hydrological pathways between the two stalagmites 

and/or differences i n t he c limate-driven parameters c ontrolling t he P c oncentration b etween b oth 

intervals. T his d iscrepancy i s m irrored i n the c alcite f abric: L R07-A9 displays a cl ear ch ange from 

translucent to more opaque calcite through the large negative P anomaly while LR07-A8 does not.    

 Y has s imilar c haracteristics t o heavy rare e arth e lements ( REE) i n t hat i t f orms s trong 

complexes w ith e lectronegative o rganic l igands ( Tyler, 2004), w hich facilitate i ts leaching f rom s oils. 

Desorption of Y  i s s ignificantly r educed i n a lkaline rather t han a cidic s oils ( Wen e t a l., 2002). 

Furthermore, Y l eaching f rom s oils unde r alkaline c onditions will s trongly de pend on t he m obility of 

organic substances to which Y is bound. Hence, acidic soil conditions favour Y desorption.       

 In terms of  Y transport into cave systems, and hence speleothems, Borsato et al. (2007) found 

that Y was preferentially transported into Grotta di Ernesto during intense infiltration events. The authors 

reported an increase in the abundance of Y during the early 20th century, which they interpreted to reflect 

a period of deforestation rather than a climatic anomaly. Hence, enhanced infiltration may be due to both 

higher rainfall and/or deforestation because both processes can promote more active bacterial degradation 

and efficient infiltration. Based on the significant correlation of the Y with the other trace elements and 

stable i sotopes ( Table 6 .2), I interpret t he speleothem Y  c oncentration t o r eflect i nfiltration e pisodes 

related to rainfall variability at the surface. Higher Y values thus correspond with higher rainfall periods 

and vice versa. Therefore, Y can provide an additional palaeoclimate proxy wi th which to confirm the 

stable isotope patterns in Liang Luar speleothems.  
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6.5.3 Summary of stable-isotope and trace-element results 

 In s ummary, t he overall s trong c ovariation between t he s table i sotopes an d t race elements 

through T S1 and T S2 s uggests t hat t he higher-frequency v ariability in a ll p roxies i s d ominated b y 

hydrological p rocesses ab ove t he cav e s ystem. T he p ositive co rrelation be tween the δ13C, M g a nd Sr 

values is a  s trong indicator that a ll three were controlled by PCP during drier periods when dewatered 

conduits ab ove t he cav e favoured C O2 degassing a nd hence calcite p recipitation o f s eepage waters 

upstream of  the dr ip-site (Fairchild a nd T reble, 2009 ). However, t he s ignificant di fference in  

concentration between Mg and Sr may indicate that other processes, such as selective leaching related to 

enhanced water-rock contact times, may have been more dominant. Either way, higher δ13C, Mg and Sr 

values are indicative o f drier c onditions and vice ver sa. T his p attern of variability is supported b y t he 

strong positive relationship of these proxies with the atmosphere-controlled δ18O. As mentioned above, I 

interpret the δ18O to be controlled by the strength of the AISM such that a weaker monsoon (i.e. reduced 

amount and/or i ntensity o f rainfall d uring the A ustral s ummer) c orresponds wi th hi gher δ18O va lues. 

Hence, t he f act t hat a ll f our pr oxies move i n t he s ame di rection r obustly a rgues for a ll o f t hem b eing 

driven by the same environmental processes, namely the climate.    

 The Y and P are interpreted to reflect infiltration rates of water down through the soil-bedrock 

profile, because both of these elements are primarily t ransported into the cave via soil colloids. Hence, 

during higher recharge events a  greater proportion of  colloidal movement facilitates the  t ransport of Y  

and P into the speleothems. Therefore, higher Y and P concentrations reflect higher rainfall periods and 

vice versa. Whilst this pattern is opposite to that observed in the stable-isotope and Mg and Sr records, 

there is a significant anti-correlation between them, adding further support to a climate-controlled signal 

preserved in all the proxy records.    

 

6.5.4 Influence of GIS 21 in the southern Indo-Pacific  

 The a dvancement of  knowledge regarding c limatic li nks be tween t he Indo-Pacific and h igh 

latitudes d uring t he l ast glacial h as been hindered b y t he l ack of r adiometrically d ated high-resolution 

records f rom the t ropical r egion. Hence, t here i s still a  g reat degree of u ncertainty i nto t he p ossible 

teleconnections be tween Indonesia/northern A ustralia a nd t he polar latitudes du ring k nown c limate 

turning points (e.g. GISs and Heinrich events).  



Griffiths, 2010                                                                                                   

 
159 

 

 The high c oncentration o f U/Th dates t hrough s peleothem L R07-A9, added w ith t he high-

resolution ( ~1-3 y ear) s table-isotope and t race-element measurements, h as permitted t he t iming an d 

structure of GIS 21 to be established with great precision (Figs 6.9 and 6.10). Based on our age model, the 

commencement of  G IS 21 i n F lores oc curred a t 8 5.9 ± 0.3 ka, c oincident with t he δ18Oice and CH 4 

excursions preserved in the GISP2 ice core (Grachev et al., 2007; Grootes and Stuiver, 1997). From the 

LR07-A9 δ13C record it is apparent that the duration of the shift from stadial to interstadial conditions (i.e. 

through GIS 21) occurred over a period of ~100 years (Fig. 6.10c), similar to that of the GISP2 CH4 (Fig. 

6.10a). In contrast, the GISP2 δ18Oice appears to have taken ~300 years to reach full stadial conditions 

following i ts commencement. H owever, t his i ncreased response-time m ay r eflect t he d ifferences in 

sampling resolution between the different proxies. Nevertheless, it is interesting to note the rapid response 

of the A ustralasian c limate system to p erturbations f ar-afield. N oteworthy, i s t he l arge ga p i n t he a ge 

model pos t-dating t he GIS 2 1 t ransition (i.e. between ~ 110 a nd 1 60 m m) in L R07-A9. Wh ile further 

dating t o i mprove t he a ge model t hrough t his i nterval i s d esirable, i t w ill n ot a lter the t iming o f the 

climate excursion in the speleothem, and hence the overall conclusions of this chapter. This is because the 

position of the large δ13C excursion is bounded by a total of 6 U/Th ages, resulting in an age uncertainty 

that exceeds the Greenland record by a factor of three (Fig. 6.9).  

 

 

 

Figure 6.9 Age-uncertainty-versus-age pl ot for  s talagmite L R07-A9 c alculated from  t he U /Th a ge-model - see 
Drysdale et al. (2005, 2007) for details of t he methods used to calculate this plot. The gray bar brackets GIS 21 in 
Liang L uar w hile t he da shed l ine s hows t he c ommencement of t his e vent a s highlighted in F igure 6. 10. N ote t he 
minimal u ncertainty in th e s peleothem c hronology duri ng G IS 21 ow ing t o t he hi gh c oncentration of U /Th a ges 
through this interval. The timing of the event is thus extremely well constrained.  



Chapter 6: Indo-Pacific climate through GIS 21 

 
160 

 

 

 As noted above, the stable isotopes and trace elements display strong synchronicity throughout 

TS1 (i.e. 85.7 − 86.3 ka). However, whilst all elements exhibit a marked change at 85.9 ka, the δ18O (Fig. 

6.9d) and trace-element (Fig. 6.9e) perturbations are short lived and are followed by a retraction towards 

the mean s tate p rior t o the shift. In contrast, t he δ13C values post-dating the shift a re on average ~2‰ 

lower t han t hose v alues p receding i t. H ence, d espite t he f act t hat t he δ18O and t race-element p rofiles 

display a b rief negative anomaly, the δ13C record exhibits a  s ignificant step-change in values from one 

steady s tate t o a nother. T his d isparity m ay s uggest t hat a  t emperature-controlled s hift i n δ13C was not  

accompanied by the same degree of variation in monsoon strength through GIS 21. Further evidence to 

support this c ontention is t he abrupt i ncrease i n speleothem gr owth rate t hrough the GI S 2 1 t ransition 

(6.10d). As previously mentioned, growth rate is highly dependent upon surface temperature because of 

its impact on soil microbial activity and hence biogenic CO2 supply to the seepage waters (Genty et al., 

2001). Thus, t he fact t hat t he δ18O and t race elements do not p ortray a s imilar magnitude s hift t o t he 

growth rate is a strong indicator that the δ13C change represents a shift in temperature rather than rainfall.  

 The ab sence of a m ajor A ISM s wing through G IS 2 1 i s qui te s urprising given t he l arge 

perturbation in δ13C, indicative of a change in vegetation and temperature. It is also surprising given the 

sensitivity of  other monsoon systems to high-latitude t emperature anomalies. F or example, s peleothem 

records from the East-Asian land-mass have documented a strong physical link between the strength of 

the E ast-Asian summer monsoon (EASM) and North At lantic climate fluctuations. Wang e t a l. ( 2001) 

showed that abrupt negative shifts in calcite δ18O (indicative of a more intense summer monsoon) from 

Hulu C ave ( China) r esembled s imilar po sitive e xcursions i n t he GISP2 i ce c ore (indicative of  w armer 

conditions) from Greenland. Hence, this clearly shows that there were almost synchronous teleconnection 

patterns linking the Asian monsoon system with North Atlantic temperature oscillations over the past ~75 

ka. Conversely, monsoon records from South American speleothems show weaker monsoon conditions 

during high-latitude warm periods (Wang et al., 2007), suggestive of a strong anti-phasing between these 

northern and southern low-latitude sites. Periodic shifts in the ITCZ has been the favoured explanation for 

these o pposing s ignals; f or example, hi gher N orth A tlantic t emperature an omalies correspond w ith a 

northerly displaced ITCZ while lower temperatures correspond with a more southern ITCZ position.  

 Based on the above discussion, it is apparent that southern Indo-Pacific temperature swings may 

not govern regional atmospheric circulation patterns, at  least over longer t ime-scales. This is in concert 

with t he f indings of Oppo et a l. ( 2009) who s howed, using geochemical t racers f rom I PWP m arine 
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sediments, t hat c ooler S STs du ring t he ‘ Little I ce A ge’ w ere pa ralleled by  hi gher p recipitation, t he 

opposite of what one would expect if SSTs were a controlling factor on rainfall. Moreover, we previously 

reported a decrease in Liang Luar temperatures during the Younger Dryas cold stage, which was mirrored 

by an  i ncrease i n t he A ISM. Therefore, w hile an nual- to d ecadal-scale co upling o f t emperature an d 

precipitation i n t he s outhern I ndo-Pacific i s cl ear f rom t he s trong covariation between t he ∆δ18O and 

∆δ13C records (Fig. 6 .5) (and a lso e vident i n modern s ettings), m illennial-scale pe rturbations i n I PWP 

precipitation may n ot b e d riven by l ocal S STs ( and t hus ai r t emperatures), but rather b y l arger s cale 

circulation patterns associated with the position of the ITCZ. 

 
 
 

 
 

Figure 6.10 Comparison of GISP2 (a) CH4 (Grachev et al., 2007) and (b) δ18Oice (Grootes and Stuiver 1997) with (c) 
δ13C, (d) growth rate (e) δ18O and (f) the first principal component (PC1) of the trace elements from stalagmite LR07-
A9 for the period 85-87 ka.  PC1 was obtained from the elements Mg, Sr, Y, and P and explains 50% of the variance. 
The coloured lines in (c) and (e) represent the high-resolution (0.25 mm) stable-isotope measurements while the gray 
circles show the lower resolution (1 mm) analyses. The gray shading highlights the duration of the transition of each 
proxy into GIS 21. The dashed vertical lines indicate the approximate timing of GIS 21, and the isotopic anomaly just 
prior-to, in the CH 4, δ18Oice, and stalagmite δ13C. Black dots at the bottom of t he figure show radiometric ages for 
LR07-A9.  



Chapter 6: Indo-Pacific climate through GIS 21 

 
162 

 

 

 The e vidence presented suggests t hat t here w as a s trong teleconnection b etween t he northern 

hemisphere and Indo-Pacific during GI S 21 . This is  a lso s upported b y regional sea-surface c onditions 

during GI Ss. SST reconstructions f rom the Mg/Ca c oncentration of  pl anktonic foraminifera —

Globigerinoides ruber— in marine core MD2181 (Stott et al., 2002), shows systematic increases in IPWP 

SSTs a nd c orresponding decreases i n salinity dur ing GISs. Moreover, a r ecent d ecadally-resolved 

continuous SST reconstruction from numerous marine cores in the Makassar Strait, Indonesia (Oppo et 

al., 2 009), showed t hat IP WP SSTs we re i n c oncert w ith a  N orthern Hemisphere t emperature 

reconstruction over the past two millennia (Mann et al ., 2008). We noted a s imilar connection between 

Flores and the North Atlantic during the Younger Dryas cold stage (Griffiths et al., 2010b; see Chapter 

three), w here t he c ombined δ18O of s peleothem c alcite a nd f luid i nclusions s howed a  d rip-water 

temperature anomaly of ~-5 ºC during this event. Given these regional consistencies throughout the Indo-

Pacific, t he findings ve rify t hat s outhern IPWP t emperatures had a  p redominant N orth A tlantic s ignal 

during t he l ast g lacial, c ompared t o other S outhern H emisphere s ites ( e.g. C ruz e t a l., 20 06) which 

indicate a more southern high-latitude signal.  

 The strong linkage between the Liang Luar δ13C excursion (Fig. 6.10c) and the spike in GISP2 

CH4 (Fig. 6.10a) during GIS 21 adds further support to the inference that the carbon isotopes represent an 

abrupt increase in tropical air temperatures. The primary source of preindustrial CH4 during glacial times 

was t ropical s oils, w hereby interstadials w ere ch aracterised by i ncreased C H4 concentrations a nd t he 

opposite d uring s tadials ( Blunier a nd Br ook, 2 001). T ropical c limate c an c ontrol atmospheric CH 4 

emissions because warmer conditions in tropical-boreal forests can stimulate methanogenesis in wetlands, 

which is the major natural source of methane (Grachev and Brook, 2007).  

 A direct causal mechanism linking the Indo-Pacific with the North A tlantic invokes 

perturbations i n t he t hermohaline c irculation a nd i ts i nherent i mpact o n ocean heat t ransport. S udden 

increases i n N orth At lantic t emperatures d uring GISs, resulting from the  pe netration of  warm, s alty 

Atlantic w aters i nto t he Nordic S eas ( van K reveld e t a l., 2 000), may have t riggered wa rming i n t he 

tropics, p romoting s oil microbial a ctivity a nd subsequent o utbursts of  C H4. Co nsequently, t he C H4 

increase may have provided a positive feedback that amplified the increase in temperatures.  Exactly how 

North Atlantic w arming t riggered a n a brupt t emperature i ncrease over t he I ndo-Pacific i s n ot e ntirely 

clear, b ut m ay b e r elated t o o ceanic c irculation w ithin t he I PWP. I speculate that d uring GISs, t he 

meridional t emperature g radient between t he e quator a nd high northern l atitudes was m ore s ubdued, 
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weakening the NH Hadley cell because of its lower dependency on the transport of heat northward. By 

contrast, t he S H Ha dley c ell wo uld ha ve s trengthened, r esulting i n t he e nhancement of t he S H t rade 

winds. Strengthening of the trades would have allowed a greater build up of warm ocean water over the 

western t ropical Pacific, l eading t o warmer t emperatures o ver t he region ( because o cean a nd a ir-

temperatures are tightly coupled), conditions analogous to modern La Niña events (Fig. 6.1). However, it 

must b e r ecognized t hat t his p attern m ay a lso b e a l ocal af fect, given the he terogeneity of  t he ocean-

atmosphere system. For example, an alternative, and somewhat complementary, explanation invokes local 

upwelling a s t he d ominant m echanism. Dur ing m odern La Ni ña e vents, t he t rade w inds over e astern 

Indonesia become w eakened d ue t o t he incursion o f t he s emi-stationary l ow-pressure s ystem ove r 

northern Aus tralia (Smith e t a l., 2 008). Weakening o f t he l ocal t rades w ould ha ve r educed oceanic 

upwelling west of PNG and hence warmer sea-surface conditions would have prevailed. Support for these 

explanations is provided by climate model simulations (e.g. Yang et al., 2005; Zhang et al., 2005), which 

show that the remote impact of the extratropics can influence tropical atmosphere-ocean circulation. For 

example, Zhang et al. (2005) demonstrated that extratropical warming can be conveyed to the equator via 

the mean subduction current, resulting in a  warming of  the t ropical thermocline. Further, this warming 

was shown to weaken the Hadley cells and the trade-wind induced upwelling, which in turn slowed down 

the m eridional ove rturning c irculation i n t he u pper P acific, r educing t he e quatorward s upply of  c old 

water. These ocean dynamical processes would act to stabilise the equatorial coupled system and result in 

a weaker and longer ENSO cycle.   

 On the other hand, some authors (e.g. Cane and Clement, 1999; Clement and Cane, 1999) have 

attributed these interstadial cycles to shifts in a tmospheric p lanetary-wave patterns, controlled remotely 

from the tropics. This is based on the strong control that tropical SSTs exert on global atmospheric heat-

transport. While t his hypothesis p resents a n a ttractive a lternative, i t i s difficult t o discern w hether t he 

trigger for these events lay in the high-latitudes and the tropics merely acted as a feedback or whether the 

latter played a more important role.  

 

 6.6 Conclusions  

 Carbon a nd o xygen i sotope r atios ha ve b een us ed t o r econstruct t he t emperature a nd r ainfall 

history of the Indo-Pacific region through MIS 5a/b. The detrended δ18O and δ13C records, which extend 

over the period 91 to 84 ka, have a significant positive correlation with each other, suggesting that they 
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were controlled by s imilar o r l inked processes o ver decadal t o c entennial t ime-scales. Strong p ositive 

covariation between the δ13C, Mg , and Sr values suggests that the higher-frequency variability in all three 

are driven by hydrological processes above the cave via PCP and/or selective leaching effects related to 

prolonged w ater-rock co ntact t imes. B oth o f t hese processes ar e en hanced d uring drier pe riods w hen 

increased degassing and/or water-rock interaction times above the cave results in higher δ13C, Mg , and Sr 

values; the converse oc curs du ring w etter phases. Because o f t he s trong c ovariation of t hese el ements 

with the δ18O, these patterns lend strong support to the inference that the oxygen isotopes were largely 

driven by rainfall amounts with higher (lower) δ18O values corresponding with lower (higher) rainfall. 

 The strong covariation of the Y and P concentrations with the other elemental and stable-isotope 

ratios, suggests t hat t hey a re a lso dominated by  hydrological c onditions a bove t he c ave. B ased on 

previous interpretations of Y and P transport into cave systems (e.g. Borsato et al., 2007), it is argued that 

both Y  and P  we re f lushed into L iang Luar vi a colloidal t ransport during high infiltration events ( e.g. 

higher rainfall). Hence, during more intense rainfall periods (e.g. stronger monsoon) there was a greater 

tendency for the movement of these elements down through the soil-bedrock profile. Therefore, higher Y 

and P values are interpreted to reflect higher recharge events and thus provide an additional rainfall proxy 

with which to support the stable isotopes. 

 The lower-frequency variability of the δ18O record displays a monotonic increase through the 91 

to 84 ka interval and resembles the t rend in summer insolation over the north-Australian land mass. In 

contrast, the δ13C record portrays a l ong-term pattern that has a closer match to the δ18Oice preserved in 

Greenland ice cores. Most notably, the large increase in the GISP2 δ18Oice and CH4 values during GIS 21 

is c haracterised by  a  l arge a nd a brupt ne gative s hift i n L iang L uar δ13C, s uggestive of  a  s trong h igh 

northern-latitude connection with the southern Indo-Pacific during MIS 5a/b. Given the lack of significant 

change in the δ18O and trace elements through this period, I attribute this climate link to fluctuations in 

the meridional temperature gradient, which controlled microbial activity in the soil zone and hence the 

carbon i sotope c oncentration of  t he DIC i n t he drip-water. T he cl ose δ13C-methane l ink a dds further 

support t o a  t emperature c ontrolled c arbon s ignal i n F lores because air t emperatures c an s trongly 

influence CH4 emissions from tropical wetlands. However, it is difficult to ascertain whether the tropical 

temperatures a nd thus CH4 increases d uring G IS 21 were t riggered by  hi gh-latitude t emperature 

anomalies or  whether the t ropics played a  more active forcing role. This question will not  be  resolved 
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until f urther r adiometric-dated and hi gh-resolution palaeoclimate r ecords a re obtained f rom t he I ndo-

Pacific.     
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7 Conclusions 

  

7.1 Summary of thesis 

 This t hesis has be en p resented a s a  c ompilation o f m anuscripts, e ach aimed a t a ddressing a  

specific set of palaeoclimate questions. The overall goal was to gain insights into how tropical climates 

within the Indo-Pacific region have evolved and the underlying mechanisms controlling their variability 

over different time-scales. The following sections summarise the outcomes of the four specific objectives 

outlined in Chapter 1. 

 

7.1.1 Reconstruct the Holocene history of the AISM from δ18O of coeval speleothems  

 In C hapter 2, oxygen i sotopes f rom t wo precisely-dated stalagmites w ere u sed t o explore t he 

history of  the A ISM during the YD-Holocene. F rom t he i sotopes i t w as c oncluded that, i n contrast t o 

other monsoon systems (e.g. Asian and South-American monsoons), local summer insolation was not the 

most important driver of AISM variability during the Holocene. Rather, the abrupt increase in monsoon 

intensity ( inferred from the sharp decline in δ18O) coincided with a sharp eustatic s ea-level rise (Bard, 

1996; Peltier and Fairbanks, 2006; S iddall e t a l., 2003), which increased moisture availability over the 

Sunda Shelf (the moisture source region fuelling the monsoon). Additionally, it was demonstrated that the 

summer monsoon p recipitation i ncreased du ring t he Y D c limate a nomaly, whe n A tlantic meridional 

overturning circulation was relatively weak (McManus et al., 2004). A direct causal mechanism linking 

the North Atlantic Ocean circulation with tropical monsoon intensity was enhanced surface-outflow from 

the Asian winter monsoon (Yancheva et al., 2007) and a consequent southward shift in the AISM-ITCZ.   

 

7.1.2 Assessing the f easibility of using stable isotopes f rom speleothem f luid-inclusions to extract 

tropical palaeotemperatures     

Chapter 3 explored the use of oxygen and hydrogen isotopes from speleothem fluid-inclusions to 

reconstruct t he t emperature a nd rainfall hi story o f t he I ndo-Pacific t hrough t he Holocene. T he r esults 

demonstrated that the fluid-inclusion oxygen-isotope (δ18Of) record varied in parallel with the δ18O of the 

calcite ( δ18Oc), t hus c onfirming t hat t he δ18O of t he s peleothem cal cite r eflects t hat o f t he r echarge 
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rainfall. Given this, the synchronous δ18Of and δ18Oc records, which trend towards lower values through 

the ear ly-to-mid H olocene, reaffirm t he g radual i ntensification o f t he A ISM s ystem in r esponse t o 

deglacial sea-level rise. In addition, it was shown that coupled measurements of δ18Of and δ18Oc could be 

used to reconstruct cave palaeotemperatures (and by inference external temperatures in the tropics) based 

on t he relationship b etween δ18O o f c alcite and dr ip-water t emperature ( O’Neil e t a l., 1 969). 

Reconstructed cav e t emperatures i ndicate a r elatively s table p attern over t he I ndo-Pacific d uring t he 

Holocene, in good agreement with the SST history for the IPWP (Brijker et al., 2007; Lea et  al ., 2000; 

Stott e t a l., 2 004; Visser e t al., 2 003). B y co ntrast, t he YD co ld ev ent was ch aracterised b y a m arked 

cooling i n c ave t emperatures by  ~ 5 °C. T his p attern i s i n g ood a greement w ith Y D S ST a nomalies 

inferred from fossil-coral Sr/Ca ratios (Castellaro et  al ., 1997; Corrège et al., 2004; Gagan et  al ., 2000) 

and δ18O of tropical ice cores (Thompson et al., 1995; Thompson et al., 1998), but not of foraminiferal 

Mg/Ca records from the IPWP (Stott et al., 2004; Visser et al., 2003), which only indicate a ~1 °C cooling 

during this time; as noted in Chapter 3, this disparity may be, amongst other things, due to: (i) diagenetic 

alteration o f fossil c orals and/or m arine s ediment f oraminifera; a nd/or ( ii) differences i n c limate 

sensitivity of air versus sea-surface temperatures. A final important finding from the fluid-inclusion δ18Of 

record was t hat l ocal S STs ( and a ir t emperatures) h ad l ittle i nfluence o n t he p ositioning of t he I TCZ 

because cooling of the southern IPWP during the YD was accompanied by higher rainfall in the AISM 

climate domain. A similar finding has recently been shown from a foraminiferal Mg/Ca reconstruction for 

the I PWP showing c ool S STs a nd high rainfall i n t he I PWP during the “ Little I ce A ge” (Oppo e t a l., 

2009).  

 

7.1.3 Utilising trace elements from a Holocene speleothem to validate oxygen isotope interpretations 

and provide additional palaeoenvironmental information   

 Chapters 4 and 5 pr esented a hi gh-resolution r econstruction of  Indo-Pacific hydrology f rom 

stable i sotopes (δ18O an d δ13C), t race e lements (Mg/Ca and Sr/Ca), and initial 234U/238U activity r atios. 

The s trong coherence between the Mg/Ca, Sr/Ca and δ13C strongly argued for the trace elements being 

driven by changes in the flow rate of percolation water passing through the limestone rock mass above the 

cave, which are dependent primarily on e vapotranspiration and rainfall amounts. Given this, intervals of 

decreased r echarge r esult i n dewatering o f f ractures i n t he k arst r ock, which en hances v entilation a nd 

triggers CO 2 degassing. This pr omotes ‘ prior c alcite pr ecipitation’ a long the f ractures ups tream of  t he 
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drip site, resulting in higher Mg/Ca and Sr/Ca ratios of the meteoric water due to the preferential loss of 

the Ca2+ ion (Fairchild and Treble, 2009). The converse occurs during wetter phases. The trace element 

profiles display a strong correspondence to the δ18O, thus confirming previous interpretations that lower 

δ18O v alues r eflect higher r ainfall r echarge a nd vice ver sa. C hapter 4 a lso e mployed t he u se o f initial 

234U/238U a ctivity r atios, a  d erivative o f t he U/Th ag e d eterminations, t o as sess ca ve p alaeohydrology. 

Comparison between these activity ratios and the trace-element and stable-isotope profiles corroborate the 

findings of Chapters 2 and 3 that the early Holocene was somewhat drier than the late Holocene in eastern 

Indonesia.     

 Another u nique a spect of  C hapter 4 i nvolved t he c omparison of  s peleothem δ18O re cords 

between F lores a nd n orthern B orneo ( Partin e t a l., 2 007), w hich de monstrated that t hey a re h ighly 

covariant for much of the Holocene. However, a notable disparity was evident during the mid-Holocene 

(i.e. 4 - 6 ka) suggestive of a regional perturbation in ocean-atmosphere circulation patterns during this 

time. The positive coherence of Flores δ18O with IPWP coral SST records (Abram et al., 2009), and the 

antiphased relationship with Mt. Kilimanjaro ice-core records from east Africa (Thompson et al., 2002) 

during this interval adds further weight to this perturbation occurring over a large region. Together, the 

findings i mply t hat t he mid-Holocene cl imate an omaly was characterised by m ore pos itive I OD-like 

conditions a nd a n a ssociated n orthward s hift o f t he I TCZ. T his i s q uite a  s ignificant f inding, a s i t 

demonstrates that modes of  c limate v ariability, s uch as t he IOD, w ere in f ull o peration a nd h ad some 

bearing on Indonesian rainfall during the Holocene.      

 Chapter 5 was built upon the results of Chapter 4, by focusing on the abrupt change in δ18O and 

trace el ements ( i.e. M g/Ca an d S r/Ca) d uring t he e arly H olocene ( i.e. ~9 .5 ka) i n f iner d etail. By 

integrating all three climate-sensitive proxies, it was revealed that the resumption of the monsoon during 

the ear ly Holocene m ay h ave i n fact occurred m uch f aster t han previously i nterpreted f rom t he δ18O 

alone. The t iming and s tructure of this sharp monsoon increase in Indonesia i s in phase (within dating 

uncertainty) with the rainforest expansion in northeastern Australia (Haberle, 2005).      
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7.1.4 Explore a “snapshot” of Flores climate through MIS 5a/b and assess possible teleconnection 

patterns between the Indo-Pacific and high latitudes  

 In C hapter 6,  th e c arbon a nd ox ygen is otopes of  t wo well-dated s peleothems we re us ed t o 

examine t he t emperature an d r ainfall h istory o f eas t Indonesia t hrough t he i nterval 84 t o 91 ka . The 

detrended δ18O and δ13C records display a significant correlation with one another, suggesting that they 

were driven by s imilar processes through the MIS 5a/b interval over decadal to centennial t ime-scales. 

Similar to the trace element results presented in Chapter 4, a significant positive correlation between the 

δ13C and Mg and Sr concentrations through the two target time-slices, suggests that the higher frequency 

variability i n bot h p roxies was controlled by P CP and/or e nhanced s elective l eaching with e xtended 

water-rock contact times. Hence, higher δ13C and Mg and Sr values are indicative of drier conditions and 

vice versa. Moreover, the strong covariation of the trace elements with the δ18O again confirms that the 

isotopes a re d ominated by  r ainfall a mounts. S ignificant correlations be tween Y a nd P a nd t he s table 

isotopes and other trace elemental values, implies that they are also governed by hydrological conditions 

above the cave. Based on previous interpretations of Y and P (e.g. Borsato et al., 2007), it is argued that 

both elements were transported into Liang Luar via colloids during higher infiltration events (e.g. higher 

rainfall). T herefore, h igher (lower) Y a nd P v alues a re i nterpreted t o r eflect h igher (lower) recharge 

events. The lower-frequency δ18O record displays an increasing trend through the 84 to 91 ka interval and 

matches t he s ummer i nsolation c urve over nor thern A ustralia. B y c ontrast, t he δ13C p rofile d isplays a  

closer resemblance to the δ18Oice of Greenland ice cores. Specifically, the abrupt increase in GISP2 δ18Oice 

(Grootes and Stuiver, 1997) and CH4 (Grachev et  al ., 2007) at G IS 21 i s synchronous wi th an abrupt 

negative shift i n δ13C va lues i n F lores s peleothems. T his s uggests t hat t here was a  strong N orthern 

Hemisphere teleconnection with the tropics during GISs. Owing the lack of a similar shift in the δ18O and 

trace elements, i t was argued that this cl imate l ink can best be explained by an  increase in t ropical ai r 

temperatures d uring GISs, w hich c ontrolled m icrobial a ctivity i n the s oil z one a nd hence t he c arbon 

isotope c oncentration o f t he DIC i n t he drip-water. Further, t he synchronous shift i n a tmospheric CH4 

adds weight to a t emperature-controlled δ13C signal in the Flores speleothems because air temperatures 

can strongly influence CH4 emissions from tropical wetlands.  
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7.2 Future directions 

 Below I  discuss a  sa mple o f many f ruitful research opportunities a vailable wi thin t he I ndo-

Pacific region.  

 

7.2.1 Exploring water-carbonate systematics in tropical cave systems 

  Establishing t he o xygen i sotopic c omposition a nd t race element ( e.g. Mg, S r, B a, P, U , Na) 

concentration of  modern-water car bonate systematics h as i ncreasingly b ecome an  i mportant t ool for 

validating s peleothem-based p alaeoclimate r econstructions. Whilst t he r elationship between t ropical 

rainfall−δ18O and regional a tmospheric c irculation patterns has been well s tudied (e.g. Aggarwal e t a l., 

2004; LeGrande et al., 2009; Vuille et al., 2005), a full understanding of the tropical δ18O signal-transfer 

between t he s urface r echarge an d cav e i nterior, including Liang L uar, i s s till l acking. T his i s l argely 

because of the complexities of karst hydrology, involving groundwater mixing in the epikarst, variable 

hydrological flow-paths and possible evaporative fractionation (Cobb et al., 2007).  

 To address this shortcoming, i t would be extremely useful to carry out daily to seasonal d rip-

water m onitoring c ampaigns i n F lores (or ot her p otential c ave s ites f rom I ndonesia a nd/or n orthern 

Australia) to better understand the relationship between the δ18O of the rainfall and drip-water, and also 

establish cav e r echarge-trace e lement c alibrations. For example, i t w ould i nteresting t o e xamine t he 

stable-isotope and trace-element composition of drip waters following major modes of climate variability 

(e.g. following E l N iño a nd/or positive I OD e vents), s imilar t o t hat of McDonald e t al., ( 2004) in S E 

Australia, w hich would t hus he lp t o place m odern c limate-karst p rocesses i nto a palaeoclimatological 

context.   

 
7.2.2 Extending the instrumental record back two millennia   

 Flores a nd n orthern Australia contain s ome hi gh resolution i nstrumental r ecords f or both 

temperature a nd precipitation. H owever, t hese r ecords r arely e xtend back beyond t he 2 0th c entury, 

greatly limiting our understanding of the longer-term variability. Although coral (e.g. Gagan et al., 1998; 

Hendy et al., 2002) and marine sediment (Oppo et al., 2009) records have provided some insights into the 

palaeotemperature and palaeosalinity o f the Indo-Pacific Warm Pool, a  huge void i s yet to be f illed in 

continental northern Australia/southern Indonesia. Consequently, t here is a  di stinct l ack of information 

regarding decadal- to centennial-scale monsoon variability, especially during important climate intervals 
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such as the “Medieval Climate Anomaly” (A.D. ~900-1350) and the “Little Ice Age” (A.D. ~1350-1850). 

Moreover, i t i s e xtremely critical t o p lace r ecent d rought history i n Australia i nto a  l onger-term 

perspective because several important unknowns are still at large; for example:  

 Is t he recent drought hi story of  central A ustralia anomalous with r espect t o t he past t wo 

millennia, or is it quite typical over this time-scale? 

 How of ten do th ese ‘one-in-a-100 ye ar’ floods occur in n orthern-central A ustralia ( currently 

occurring in parts of interior Australia due to a large 2009/2010 summer monsoon season)?  

 What i nfluence ha ve m odes of  c limate va riability ( e.g. E NSO, I OD) played i n t he m onsoon 

behaviour over decadal to centennial time-scales? 

The main focus would be to gain a high resolution record of monsoon variability, thereby extending the 

instrumental t ime-series b ack t o at l east 0  A.D. t hrough t he c alibration o f geochemical t racers w ith 

modern instrumental data. This would be achieved by sampling actively growing stalagmites from several 

cave s ystems i n s outhern Indonesia/northern A ustralia, a nd u tilising s table i sotopes (δ18O a nd δ13C), 

climate sensitive trace elements (Mg, P, U, Sr, Ba and Na) and, if present, thickness of annual laminae, to 

reconstruct summer monsoon variability on a monthly to annual time scale. These time series would then 

be co mpared with n earby meteorological s tations and, over longer t ime scales, w ith r econstructed sea-

surface temperatures (Oppo et al., 2009), hemispheric air-temperature averages (e.g. Mann et al., 2008), 

and climate indices such as the ENSO (Cobb et al., 2003) and IOD (Abram et al., 2008).   

 

7.2.3 Glacial/interglacial monsoon evolution 

 Due t o t he c urrent l ack o f high-resolution, t errestrial p alaeoclimate r ecords f rom the I ndo-

Pacific, i t i s l argely u nknown how t he c limate h as v aried t hroughout t he region o n g lacial/interglacial 

time-scales. Hence, i t i s c lear that a  future objective is to develop continuous, decadal-resolved c limate 

time-series t hrough a ‘ stacked’ c ompilation of n umerous s talagmite r ecords b ack t hrough g lacial 

terminations. I n a ddition t o stable i sotopes a nd t race e lements, i t woul d be  i nteresting t o e xamine (if 

present) the isotopes of fluid-inclusions, particualry through terminations, with the hope of reconstructing 

cave palaeotemperatures through glacial/interglacial cycles. This may help shed new light onto the role of 

the tropics in global climate change.  

 As pr eviously mentioned, GISs w ere c haracterised b y a brupt c hanges i n oc ean a nd a ir 

temperatures over the North Atlantic and occurred quite regularly during the last glacial period. Although 
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many studies from around the globe have documented these climate anomalies, there is still a great degree 

of uncertainty into the nature and timing of the tropical climate response to these events, especially over 

the terrestrial southern tropics. Hence, this objective would aim to build upon the findings of Chapter 6 by 

examining tropical climate behaviour through GIS cycles.  

 

7.2.4 Integration of AISM reconstructions and palaeoclimate model simulations 

 One o f t he l argest uncertainties i n global climate model p rojections i s t he responses o f t he 

Earth’s monsoon systems to global warming (IPCC, 2007). This is because current climate models do not 

have a firm handle on the underlying physics governing monsoon variability, and hence the model output 

is a mbiguous amongst t he many di fferent c limate models. As  s uch, t here i s a n urgent ne ed for t he 

integration o f palaeo-data w ith q uantitative model simulations in order t o i mprove t heir predictive 

capabilities under enhanced greenhouse-gas forcing.  

  Interpretation o f palaeoclimate r ecords is va stly i mproved w hen t here i s c ross-disciplinary 

collaboration between palaeoclimatologists, climate dynamicists, and climate modelers. Because climate 

variability is goverened by an array of interacting processes, it is extremely difficult to interpret single-

site palaeo-records without a sense of the larger physical setting; integrating stalagmite palaeo-data with 

physical model simulations will improve our understanding of the physical mechanisms governing past 

climate v ariability a nd a llow o ur results t o b e p laced i nto a  g lobal c ontext. Moreover, merging t hese 

research fields t ogether w ill e nsure t hat our understanding of p ast climate v ariability i s f ar m ore 

quantitative and concise than it could possibly be if the fields worked at it alone. 

 

7.3 Final comments 

 The r esearch presented i n t his t hesis ha s documented, f or t he f irst t ime, the na ture of  AISM 

variability and soil activity during two climatically significant time intervals: the Holocene and MIS 5a/b. 

By u tilising s everal geochemical t racers from a ctive and fossil ca ve s peleothems, I  have pr ovided a n 

insight i nto the d ominant m echanisms c ontrolling m onsoon va riability a nd hi ghlighted t he s trong 

teleconnections observed between the tropics and high latitudes during climate turning points (e.g. GISs).  

 One of the most important findings of this research has been the realisation that, in constrast to 

other monsoon systems, the AISM was not dominated by summer insolation during the Holocene. While 

insolation likely played a role, it was the infilling of the Sunda Shelf during deglacial sea-level rise that 
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was the more important driver given i ts strong influence on monsoon source-moisture. Another unique 

finding w as t hat i nferred from oxy gen-isotope ratios o f speleothem c alcite a nd f luid inclusions, which 

indicate t hat d ecreased t ropical ai r-temperatures during t he YD co ld s tage w ere not acco mpanied by a 

similar reduction in rainfall, rather quite the opposite (i.e. more rainfall). This pattern was also observed 

during MIS 5a/b, where an abrupt temperature-controlled decrease in δ13C values (indicative of warmer 

conditions) during GIS 21 was not paralleled by a significant shift in rainfall, as inferred from the δ18O 

and trace elements. Hence, while annual- to decadal-scale coupling of temperature and rainfall over the 

southern IPWP i s e vident from t he s trong c ovariation between detrended δ18O and δ13C records ( also 

evident in modern settings), millennial-scale variations in IPWP hydrology may not be controlled by local 

SSTs (and hence air temperature) but by larger scale circulation patterns associated with the position of 

the I TCZ. Therefore, long-term air-temperature variability w as likely c ontrolled by l ocal o ceanic 

upwelling a ssociated w ith c hanges i n trade-wind s trength, while long-term precipitation patterns w ere 

driven by  l arger, more r egional c irculation p atterns associated with e ustatic sea-level an d s ummer 

insolation.  
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