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SUMMARY

The West Pacific Warm Pool (WPWP) plays an important role in the global heat
budget and global hydrologic cycle, so knowledge about its past variability would
improve our understanding of global climate. Variations in WPWP precipitation are most
notable during El Niño-Southern Oscillation events, when climate changes in the tropical
Pacific impact rainfall not only in the WPWP, but around the globe. The stalagmite
records presented in this dissertation provide centennial-to-millennial-scale constraints of
WPWP precipitation during three distinct climatic periods: the Last Glacial Maximum
(LGM), the last deglaciation, and the Holocene.
In Chapter 2, the methodologies associated with the generation of U/Th-based
absolute ages for the stalagmites are presented. In the final age models for the
stalagmites, dates younger than 11,000 years have absolute errors of ±400 years or less,
and dates older than 11,000 years have a relative error of ±2%. Stalagmite-specific
230

Th/232Th ratios, calculated using isochrons, are used to correct for the presence of

unsupported 230Th in a stalagmite at the time of formation. Hiatuses in the record are
identified using a combination of optical properties, high 232Th concentrations, and
extrapolation from adjacent U/Th dates.
In Chapter 3, stalagmite oxygen isotopic composition (δ18O) records from N.
Borneo are presented which reveal millennial-scale rainfall changes that occurred in
response to changes in global climate boundary conditions, radiative forcing, and abrupt
climate changes. The stalagmite δ18O records detect little change in inferred precipitation
between the LGM and the present, although significant uncertainties are associated with
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the impact of the Sunda Shelf on rainfall δ18O during the LGM. A millennial-scale drying
in N. Borneo, inferred from an increase in stalagmite δ18O, peaks at ~16.5ka coeval with
timing of Heinrich event 1, possibly related to a southward movement of the Intertropical
Convergence Zone (ITCZ). An inferred precipitation maximum (stalagmite δ18O
minimum) during the mid-Holocene in N. Borneo supports La Niña-like conditions
and/or a southward migration of the ITCZ over the course of the Holocene as likely
mechanisms for the observed millennial-scale trends.
In Chapter 4, stalagmite Mg/Ca, Sr/Ca, and δ13C records reflect hydrologic
changes in the overlying karst system that are linked to a combination of rainfall
variability and cave micro-environmental effects. Dripwater and stalagmite geochemistry
suggest that prior calcite precipitation is a mechanism which alters dripwater
geochemistry in slow, stalagmite-forming drips in N. Borneo. Stalagmite Mg/Ca ratios
and δ13C records suggest that the LGM climate in N. Borneo was drier and that
ecosystem carbon cycling may have responded to the drier conditions. Large amplitude
decadal- to centennial-scale variability in stalagmite Mg/Ca, Sr/Ca and δ13C during the
deglaciation may be linked to deglacial abrupt climate change events.

xv

CHAPTER 1
INTRODUCTION

1.1 West Pacific Warm Pool Climate: Past and Present
The West Pacific Warm Pool (WPWP), an area of sea surface temperatures (SST)
>28ºC between approximately 20ºN-20ºS and 100ºE-135ºW in the tropical Pacific Ocean,
affects global climate via coupled ocean-atmosphere processes. Ocean-atmosphere
interactions in the WPWP give rise to a complex set of feedbacks that not only act to
regulate climate in the tropical Pacific, but affect global climate as well. For example,
deep convection over warm SSTs in the WPWP plays an important role in the global heat
budget by effectively transferring latent heat aloft for transport across the globe via
Hadley and Walker circulations (Webster and Lukas, 1992). Coupled ocean-atmosphere
interactions in the WPWP contribute to large-scale climate variability on intra-seasonal
(Madden and Julian, 1971; Madden and Julian, 1972; Chen et al., 1996), interannual
(Rasmusson and Wallace, 1983; Ropelewski and Halpert, 1987), and decadal (Latif and
Barnett, 1994; Trenberth and Hurrell, 1994; Mantua and Hare, 2002) timescales.
Centennial-to-millennial-scale variability in the tropical Pacific climate has also been
documented in numerous paleoclimate studies (Thompson et al., 1995; Thompson et al.,
1998; Rodbell et al., 1999; Kienast et al., 2001; Koutavas et al., 2002; Rosenthal et al.,
2003; Stott et al., 2004; Kienast et al., 2006; Lea et al., 2006; Steinke et al., 2006), yet the
extent to which such variability is shaped by global climate boundary conditions, abrupt
climate changes, and radiative forcing remains unclear. The goal of this dissertation is to
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reconstruct precipitation in the WPWP over the last 27,000 years across several changes
in climate boundary conditions.
The research site lies in Northern Borneo (4°N, 114°E) in the heart of the WPWP,
where year-round deep convection over warm SSTs constitutes the major rising limb of
the Walker circulation. Seasonal climate variability results from cross-equatorial wind
reversals in the Asian Monsoon associated with the meridional migration of the
Intertropical Convergence Zone (ITCZ) (Webster et al., 1998). The largest precipitation
anomalies in N. Borneo occur during El Niño-Southern Oscillation (ENSO) events
(Figure 1.1). On interannual timescales, ENSO causes a shift in convection from the
WPWP to the central tropical Pacific (Rasmusson and Wallace, 1983; Ropelewski and
Halpert, 1987). ENSO is governed by ocean-atmosphere interactions where a positive
feedback between winds and SST results in large SST and precipitation changes around
the globe (Bjerknes, 1969). Over the past several decades, the frequency and intensity of
ENSO events have not been constant (Trenberth and Hoar, 1996; Barnett et al., 1999)
raising questions about the response of the tropical Pacific climate, and ENSO in
particular, to external forcing and to changes in boundary conditions. The stalagmite
records presented in this dissertation allow for an analysis of paleo-precipitation in the
WPWP with respect to three influential climatic periods: the Last Glacial Maximum
(LGM), the last deglaciation, and the Holocene.
During the LGM (defined as the period between 19-23kyr ago), paleoclimate
proxy data provide conflicting views of the mean climate states for the tropical Pacific.
On orbital timescales, marine sediment core proxies infer that SST in the tropical Pacific

2

a)

b)

Figure 1.1: Anomalous precipitation over the WPWP during a) El Niño and b) La Niña.
The El Niño map represents a composite of the December-January-February (DJF) mean
during the years 1982-83, 1986-87, 1991-92, 1997-98. The La Niña map represents a
composite of DJF mean during the years 1983-84, 1988-89, 1999-2000. The white
triangle denotes approximate location of research site. Data from Xie and Arkin, 1997.
3

cooled by ~2-3°C during glacial-interglacial cycles (Pisias and Mix, 1997; Stott et al.,
2002; Visser et al., 2003; Lea, 2004) in response to insolation forcing (Berger, 1978;
Berger and Loutre, 1991; Imbrie et al., 1993). To interpret millennial-scale climate
conditions during the LGM, researchers extend an ENSO framework to the tropical
Pacific, invoking changes in the zonal SST gradient and associated shifts in convection.
However both enhanced (Lea et al., 2000) and reduced (Koutavas et al., 2002; Stott et al.,
2002) zonal SST gradients have been suggested for the tropical Pacific during the LGM.
During the last deglaciation (11-19ka), abrupt climate changes affected most of
the Northern Hemisphere and had minimal effects on high southern latitudes, but the
tropical Pacific expression of abrupt climate events is mixed. For example, the Asian
monsoon (Wang et al., 2001) and conditions in the South China (Kienast et al., 2001) and
Sulu (Rosenthal et al., 2003) Seas were affected by an abrupt climate change event
known as the Younger Dryas (~12.7ka-11.5ka), which is thought to originate from the
North Atlantic (Dansgaard et al., 1993). However, Antarctica (Blunier et al., 1998) and
other regions of the tropical Pacific (Visser et al., 2003; Stott et al., 2004) were not
affected during the YD, leaving the global expression of such abrupt climate change
events in doubt.
During the Holocene (present-10ka), precessional changes in solar insolation
appear to control millennial-scale climate change in the mid- to high latitudes. However,
whether the deep tropics respond via zonal (ENSO-type) or meridional (ITCZ-type)
during this time remains undetermined. In the Northern Hemisphere, many records show
a maximum in precipitation at 8-10ka (Haug et al., 2001; Fleitmann et al., 2003; Wang et
al., 2005) in association with a maximum of June-July-August (JJA) insolation at 65°N.
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Over the course of the Holocene, insolation forcing is believed to control the spatial
configuration of large-scale precipitation patterns such as the ITCZ and the monsoons
(Kutzbach, 1981). This insolation forcing is thought to have caused an early Holocene
precipitation maximum in Northern Hemisphere and a corresponding precipitation
minimum in the Southern Hemisphere (Wang et al., 2006). However, a modeling study
suggests that the tropical Pacific could respond to this meridional change in insolation via
a zonal mechanism (Clement et al., 1999).
Geochemical analyses of cave stalagmites provide proxies for past rainfall in
Northern Borneo. Stalagmites have several advantages as paleoclimate proxies as they
record climate information at high resolution, can be absolutely-dated, and are found in
commonly occurring karst systems. Stalagmite oxygen isotopic composition (δ18O) is the
primary proxy used to reconstruct past rainfall. In addition, alternative proxies such as
stalagmite trace metal ratios (Mg/Ca, Sr/Ca) and carbon isotopic composition (δ13C) may
record local hydrologic changes (see Chapter 3).
1.2 Uranium-Thorium Dating Methods
Chapter 2 outlines the methodology used to construct absolute chronologies of
stalagmite records based on dates derived from the uranium-thorium decay series. Dates
measured from the top and bottom of stalagmite samples collected during field trips to
Northern Borneo identify those stalagmites with adequate growth rates and temporal
coverage to reconstruct WPWP climate over the last 27 ka. In general, the stalagmite
samples from N. Borneo are difficult to date using the U-Th method as they are
characterized by low 238U concentrations, very low δ234U values, relatively high detrital
232

Th concentrations, and numerous hiatuses. These conditions all serve to increase
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dating errors and must be adequately addressed to minimize dating errors and improve
age model accuracy.
This chapter details how to drill, measure, and select the U-Th dates that are used
in the final age model for three stalagmites. The final age models have absolute errors of
±400 years or less for dates younger than 11,000 years and a relative error of ±2% for
dates older than 11,000 years. The U-Th dates constrain the timing of key changes in
oxygen isotopic composition as well as possible hiatuses in stalagmite deposition.
The presence of unsupported 230Th in the stalagmite at the time of formation is
corrected for by measuring stalagmite-specific 230Th/232Th ratios using an isochron
approach (Ludwig and Titterington, 1994). An initial 230Th/232Th ratio is calculated by
drilling multiple dates across an individual growth layer and plotting 230Th/232Th–
238

U/232Th, such that the y-intercept yields an estimate of the initial 230Th/232Th.

Correcting U-Th dates for unsupported 230Th using a stalagmite specific 230Th/232Th ratio
results in more accurate dates and greatly improves the quality of the N. Borneo
stalagmites’ age models.
Hiatuses present a particularly difficult challenge to constructing accurate age
models as they contain high detrital 232Th, their morphology is complicated, and they
may represent a cessation in stalagmite deposition that lasts from several years to several
thousand years. Therefore, it is important to correctly identify hiatuses to properly
construct age models. Portions of stalagmites that contain growth rates of <10μm/yr are
disregarded for climate discussions as they are likely characterized by multiple
unresolved hiatuses.

6

1.3 Millennial-scale Trends in West Pacific Warm Pool Hydrology since the Last
Glacial Maximum
Paleoclimate records can be used to characterize the centennial-to-millennial
response of the tropical Pacific climate to changes in global climate boundary conditions,
abrupt climate changes, and radiative forcing. While corals can record changes in
decadal-to-centennial tropical climate variability at a monthly resolution, millennial-scale
changes in the base state of the tropical Pacific climate are difficult to observe in these
relatively short records. On the other hand, sediment cores provide millennial-to-orbitalscale information about the tropical Pacific but rarely contain the age control and
resolution to address centennial-scale and abrupt climate changes (Lea et al., 2000;
Kienast et al., 2001; Stott et al., 2002; Oppo et al., 2003). Paleoclimate data suggest that
meridional changes in tropical ocean temperatures have emerged as an important
mechanism in shaping hydrological responses to abrupt climate change (Kienast et al.,
2006) and radiative forcing (Peterson et al., 2000) which is supported by modeling
studies (Chiang and Bitz, 2005; Zhang and Delworth, 2005). However, zonal changes in
the distribution of convection has also been suggested as a controlling mechanism for
tropical Pacific climate changes (Clement et al., 1999).
In Chapter 3, stalagmite records from N. Borneo deliver an absolutely-dated
multi-decadal precipitation record to study tropical Pacific climate changes over the last
27ka. A rainfall study in N. Borneo revealed that rainfall δ18O changes correspond to the
amount of rainfall on interannual timescales (Cobb et al., 2007). As stalagmite δ18O is
directly proportional to rainfall δ18O when formed under equilibrium conditions, changes
in stalagmite δ18O on interannual timescales and longer are interpreted as changes in
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precipitation. The stalagmite records from N. Borneo detect no change in LGM
stalagmite δ18O (precipitation) compared to the present, supporting neither an enhanced
(Lea et al., 2000) or reduced (Koutavas et al., 2002; Stott et al., 2002) tropical Pacific
zonal SST gradient. A millennial-scale drying in N. Borneo peaks at ~16.5ka, inferred via
an increase in stalagmite δ18O, coeval with timing of Heinrich event 1 (H1) (Hemming,
2004). Drying in the WPWP is consistent with modeling studies which indicate that the
ITCZ moved southward during H1 (Zhang and Delworth, 2005) in response to a
weakening of the meridional overturning circulation in the North Atlantic (McManus et
al., 2004). An inferred precipitation maximum (lowest stalagmite δ18O) during the midHolocene in N. Borneo supports a meridional (southward ITCZ migration) and/or a zonal
(La Niña-like) influence on precipitation. This chapter has been published in Nature
(Partin et al., 2007).
1.4 Trace Metal and Carbon Isotopic Variations in Cave Dripwater and Stalagmite
Chemistry from Northern Borneo
In addition to stalagmite δ18O, changes in stalagmite geochemical composition
such as trace metal ratios (Mg/Ca and Sr/Ca) and carbon isotopic composition (δ13C) can
provide additional climate information. However, stalagmite Mg/Ca, Sr/Ca, and δ13C
respond to rainfall changes via karst processes while stalagmite δ18O is linked to changes
in rainfall δ18O (Cobb et al., 2007). A mechanism most commonly invoked to explain
changes in Mg/Ca, Sr/Ca, and δ13C is called prior calcite precipitation, which acts to
increase groundwater Mg/Ca, Sr/Ca, and δ13C during times of evaporation and/or CO2
degassing in the epikarst (Fairchild et al., 2000). Prior calcite precipitation is a
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mechanism which has been used to explain dripwater and stalagmite trace metal ratio
changes at many locations (Fairchild et al., 2000; Fairchild et al., 2001; Huang et al.,
2001; Treble et al., 2003; McMillan et al., 2005; Treble et al., 2005; Fairchild et al., 2006;
Johnson et al., 2006; Cruz et al., 2007). Stalagmite δ13C is more complicated as it can
respond to prior calcite precipitation (Hendy, 1971; Johnson et al., 2006), changes in
overlying vegetation type (Dorale et al., 1998; Hellstrom et al., 1998; Bar-Matthews et
al., 1999; Frappier et al., 2002; Genty et al., 2003; Drysdale et al., 2004), and/or
ecosystem carbon cycling (Frappier et al., 2002; Cruz et al., 2006). Therefore, given the
host of groundwater processes and vegetation changes that can affect speleothem
composition, it is unclear how well Mg/Ca, Sr/Ca and δ13C record climate changes and
how much secondary processes affect proxy composition.
In Chapter 4, we use cave dripwater and stalagmite geochemistries to interpret
climate changes that are recorded in multiple stalagmite samples over the last 27ka.
Combining data about dripwater and stalagmite geochemistry in N. Borneo demonstrates
that prior calcite precipitation is a mechanism which alters dripwater geochemistry in
slow, stalagmite-forming drips at the site. Stalagmite δ13C records from N. Borneo
suggest that the above-ground vegetation was more savannah-like during the LGM. A
glacial-interglacial decrease in stalagmite Mg/Ca ratios suggests that the LGM climate in
N. Borneo was drier as well. During the deglaciation, large amplitude decadal-tocentennial-scale variability in stalagmite Mg/Ca, Sr/Ca and δ13C may be linked to the
abrupt climate changes which were occurring during this period. Stalagmite Mg/Ca,
Sr/Ca and δ13C records from N. Borneo yield additional climate information that
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stalagmite δ18O was not able to address. This chapter is in preparation for Geochimica et
Cosmochimica Acta.
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CHAPTER 2
URANIUM-THORIUM DATING OF STALAGMITES

2.1 Abstract
Chapter 2 covers experimental details about the methods used to prepare and
analyze uranium-thorium dates for three stalagmite samples from Northern Borneo and
the rules that were formulated to construct their age models. The chapter presents top and
bottom dates of stalagmites that were used to identify samples which could address
specific climate questions. It also covers the sampling strategy employed in dating three
stalagmite samples with precisions of ±2%. Lastly, the chapter discusses the rules
formulated to construct age-models, including the use of isochrons to measure initial
230

Th/232Th and the identification of hiatuses. This chapter is not being published.

Additional information about the stalagmite dating procedures can be found in Chapter 3
(Partin et al., 2007) as well as in Adkins et al., in prep.
2.2 Background
The uranium-thorium decay series provides absolute chronological constraints for
many geologic samples. In the uranium decay series, 238U decays to an unstable
intermediate 234U, which in turn decays to unstable 230Th. Secular equilibrium is reached
in the 230Th-234U-238U decay series in ~500,000 years rendering the U-Th clock unusable.
The decay series of 238U to 230Th in abbreviated form is denoted by
(Eq. 2.1)

238

U ⎯⎯ ⎯9⎯
⎯→ →
4.5 x10 yr

234

U ⎯⎯ ⎯ ⎯
6⎯→
245 x10 yr
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230

Th ⎯⎯ ⎯6⎯→
76 x10 yr

(Cheng et al., 2000). As both 238U and 234U are parents of 230Th, initial 234U content can
change the rate of 230Th in-growth, and thus must be considered in a U-Th age
calculation. The amount of 234U present in a sample is often reported in δ234U notation:
(Eq 2.2) δ

⎡⎛
U (0) = ⎢⎜
⎢⎜⎝
⎣

234

U ⎞⎟
238 ⎟
U⎠

234

⎛
⎜
⎜
⎝

⎤
U ⎞⎟
− 1⎥ * 1000
238 ⎟
U ⎠ Eq ⎥
⎦

234

where “(234U/238U)Eq” is the atomic ratio at secular equilibrium (5.4887x10-5), and
δ234U(0) is the atomic ratio of 234U/238U of a measured sample relative to secular
equilibrium (Edwards et al., 1987; Cheng et al., 2000). Assuming the amount of 230Th
present at the time of formation of the material is zero, the sample can be dated by
measuring the uranium and thorium isotope concentrations and substituting them into:
(Eq. 2.3)

⎛
⎜
⎜
⎝

(

234
⎞⎛
⎞
λ230
Th ⎞⎟
−λ230 t ⎛
⎜ δ U (0) ⎟⎜
⎟⎟ x 1 − e ( λ234 −λ230 )t
=
−
+
1
e
⎜
238 ⎟
⎜
⎟
U ⎠A
⎝ 1000 ⎠⎝ λ 230 − λ 234 ⎠

230

)

where the subscript “A” denotes activity and “λx” is the decay constant of isotope “x”
(Edwards et al., 1987; Cheng et al., 2000; Richards and Dorale, 2003). This is an ideal
scenario as there are complications arising from the presence of 230Th at the time of
sample formation. To correct for the amount of 230Th that is present at the time of
formation, the amount of detrital 232Th is measured as a proxy for unsupported 230Th.
Combining measurements for the 230Th/232Th ratio of contaminant phases and the 232Th
concentration in a date results in an indirect measurement of unsupported 230Th,
⎛
(Eq. 2.4) ⎜
⎜
⎝

0

⎛
Th ⎞⎟
⎜
=
238 ⎟
U ⎠ A ⎜⎝

230

Th ⎞⎟ ⎛⎜
238 ⎟ ⎜
U ⎠A⎝

232

0

Th ⎞⎟
232
Th ⎟⎠ A
230

that is substituted into Eq. 2.3 to yield
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(Eq. 2.5)
⎛
⎜
⎜
⎝

⎛⎛
Th ⎞⎟
⎜⎜
=
+
1
⎜⎜ ⎜
238 ⎟
U ⎠A
⎝⎝

230

0
⎞
234
λ230
Th ⎞⎟
⎟ −λ230 t ⎛⎜ δ U (0) ⎞⎟⎛⎜
−
+
1
e
⎟
238 ⎟
⎜ 1000 ⎟⎜ λ − λ
U ⎠A ⎟
234
⎝
⎠⎝ 230
⎠

230

(

⎞
⎟⎟ x 1 − e ( λ234 −λ230 )t
⎠

)

where the subscript “A” denotes activity and superscript “0” denotes the time of
stalagmite formation. Using standard analytical techniques and MC-ICP-MS (MultiCollector Inductively Coupled Mass Spectrometer), one can obtain relative dating
precisions of ±0.5-1%.
2.3 Determining a Stalagmites Usefulness as a Paleoclimate Archive
A stalagmite’s usefulness as an absolutely-dated paleoclimate archive is
determined by the magnitude of its chronological uncertainties, age range, average
growth rate, and mineral petrography. These parameters help to determine the
“datability” of a sample, what time period the sample spans, and the resolution of a
climate reconstruction to identify the best samples to study climate change in Northern
Borneo. In the first test, spot sampling of stalagmites provides estimates of the amount of
U and Th in the samples – or the nominal datability of a stalagmite (Figure 2.1). Samples
containing high 238U and low 232Th yield smaller U-Th dating errors. The 232Th content
turns out to be the most important variable in gauging the datability of the stalagmites
from N. Borneo, as most of the samples have low 238U. In the second test, top and bottom
dates of candidate stalagmites are drilled and compiled to determine their age ranges and
average growth rates (Table 2.1). The top-bottom dates provide additional information
about the variability in the 238U, δ234U, and 232Th content of an individual stalagmite. A
third, more qualitative test of a stalagmite’s potential as a paleoclimate archive involves
assessing the petrography of the calcite which can only be observed after a sample has
13

been cut open. If the layers show visual signs of diagenesis (marbled texture and/or large
fluid

Figure 2.1: U-Th screening of samples. The best candidates for dating are those with high
238
U and low 232Th. Cave abbreviations are Mojo Cave: mj, Snail Shell Cave: sch, ssc and
baby, Snail Shell Ramps: ssr, Green Cat Cave: gc, Bukit Assam Cave: ba, Bath Hall: bh.
Circles denote samples used in paleoclimate reconstructions for this dissertation.

inclusion), or if the growth axis is not easily identifiable, then the sample should not be
used for climate reconstruction. For this study, samples SSC01, SCH02 and BA04 (bold
in Table 2.1 and circled in Figure 2.1) were chosen to reconstruct climate of the last
30,000 years because the 232Th was not anomalously high (>5000 parts per trillion, or
ppt), the formations span the last 30,000 years, and the average growth rate is greater than
10μm/yr.
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2.4 U-Th Dating Methods
The U-Th dates were measured on a MC-ICP-MS located at Caltech (Partin et al.,
2007; Adkins et al., in prep.). Top and bottom dates were drilled from whole stalagmite
samples using a hand-held Dremel tool with a 1mm dental bit. The top layers of calcite
and detritus were removed in order to expose pure calcite for U/Th sampling. Powder
weights ranged from 100-200mg. The powders were dissolved in concentrated HNO3
(Seastar Baseline) and spiked with a mixed 236U-229Th solution. The chemical separations
of U and Th generally followed the method outlined in (Edwards et al., 1987), and the
exact method is presented in detail in Adkins et al., in prep. During the MC-ICP-MS run,
unknown samples are bracketed by a standard (CRM-145) to correct for machine drift,
mass biases and gain intensity biases. Analytical error in stalagmite U-Th dates is
generally less than 1% for samples with 232Th concentrations less than ~3500ppt if [U] is
greater than 500ppb and 232Th concentrations less than ~300ppt if [U] is less than
300ppb.
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Several problems involving contamination from detrital 232Th surfaced when
drilling the samples for the top and bottom stalagmite dates. Even though whole
stalagmites were cleaned by sonicating them in water for ~5 minutes, vibrations during
the drilling process loosened clays and detritus not removed during the sonicating step,
contaminating the calcite powders. As a result, many of the dates contain high levels of
232

Th (~5x105ppt) leading to large errors in the U-Th dates. The top-bottom dates have an

additional weakness in that there is no way to check for possible hiatuses near the
sampled region. This is especially problematic for the bottom dates, as calcite may be
interspersed with cave sediments during the initial formation of stalagmites on the cave
floor. These cave sediments contain appreciable 232Th which results in large dating errors.
Additionally, hiatuses in growth cannot be resolved in top-bottom dates. Therefore, for
future analyses, stalagmites should be split in half before drilling top-bottom dates to
check for mineral petrography, to minimize detrital contamination and to avoid drilling
near possible hiatuses.
2.5 Dating of Stalagmites SCH02, SSC01 and BA04
Samples SCH02, SSC01, and SCH02 span the last 27,000 years and contain
sufficiently high 238U and relatively low 232Th concentrations to yield U-Th dating errors
of ±1%. There is no evidence of diagenesis and the central growth axes do not exhibit
anomalous growth behavior. The three samples allow for the reconstruction of past
climate in the West Pacific Warm Pool (WPWP) from the Last Glacial Maximum (LGM)
to the present (Partin et al., 2007).
In order to achieve accurate chronologies for the N. Borneo stalagmites,
numerous high-resolution U-Th dates were drilled form the stalagmite cross-sections

17

along growth layers. A hand-held Dremel tool equipped with a 1mm dental bit was
initially tested to drill U-Th dates. This method proved to be unreliable as the hole drilled
was too wide, owing to excessive movements of the operator’s hand. Sampling too many
growth bands increases dating error as more time is averaged in the powdered sample.
Therefore, in order to drill very narrow holes for dates, the stalagmites were slabbed to a
thickness of 1.3-2.0cm so that they could be attached to the translational stage of a
Sherline Model 5410 micro-mil equipped with a digital readout accurate to 0.01mm.
Drilling U-Th dates is complicated by three-dimensional stalagmite growth
morphology as growth bands are not always parallel to the cave floor but curve
downwards on the edges of the sample. This is evident when looking at the cross-sections
of the stalagmites (ie. Figures 2.2-2.4). However the layers can also bend across plane of
the cross-section. Therefore during the drilling process, the drill bit can cross growth
bands and sample a younger or older section of calcite. In a worst-case scenario, the drill
bit crosses a hiatus and the resulting powders will contain material of different ages and
high 232Th content. As a result of curvature in the growth layers, it is advantageous to
pick sites on the stalagmite where growth bands are horizontal from the front to the back
of a slab to minimize the integration of powders across several growth bands. Slabbing a
stalagmite provides an advantage as one is able to look at the front and back of the
stalagmite slab to determine growth band curvature. Visual inspection also helps to
identify high-232Th layers which are likely associated with hiatuses. The layers with high
232

Th are darker in color and are visually opaque in slabbed stalagmite sample when

viewed through a bright light. Dark, detrital layers should always be avoided when
drilling a U-Th date. For narrow stalagmites, sometimes it was necessary to sample on
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both sides of the central growth axis to collect enough powder as the growth bands curve
and “pinch out” on the sides of the growth axis.
A total of 49, 52, and 34 dates were measured for BA04 (Table 2.2, Figure 2.2),
SSC01 (Table 2.3, Figure 2.3), and SCH02 (Table 2.4, Figure 2.4), respectively. Powdersize for these dates range from 250-500mg. Four rounds of dating were measured on the
three stalagmites to obtain at least one date per 1000 years. Choosing locations along the
stalagmite growth axis for U-Th sampling was an iterative process based on targeting the
beginning and end of large changes in stalagmite δ18O and visible hiatuses.
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Figure 2.2: U-Th dates drilled in BA04. The blue line represents the axis sampled for
stable isotope and trace metal ratios. Geochemical information and dates are listed in
stratigraphic order in Table 2.2. Total length of the sampling axis is 492 mm.
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Figure 2.3: Same as Figure 2.2 but for SSC01. Dates are listed in Table 2.3. Total length
of the sampling axis is 438 mm.
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Figure 2.4: Same as Figure 2.2 but for SCH02. Dates are listed in Table 2.4. Total length
of the sampling axis is 296 mm.
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2.5.1 Age Model Construction
We established four systematic rules to determine which U-Th dates were
included in the stalagmites’ final age models (Figure 2.5). Two rules were designed to

Figure 2.5: Final age models for BA04 (green curve), SSC01 (red curve), SCH02 (blue
curve). Circles denote U-Th ages with appropriate error bars (2σ) that represent both
analytical uncertainty and the initial 230Th correction. No hiatuses have been identified in
this figure. (Note: break in blue SCH02 curve is due to missing data.)
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establish an upper limit for the errors associated with the age models. The first rule was
that for a date younger than 11,000 years, the age error had to be less than ±400 years
(2σ). The second rule was that for a date older than 11,000 years, the relative age error
had to be less than ±2% (2σ). Two additional rules were needed to choose between dates
that cover the same age range within error. The first rule, applied to overlapping U-Th
dates in an isochron, was to use the date with smallest error in an isochron. The second
rule for non-isochron overlapping ages was to use the age with the smallest error bar.
Using these four rules, 24-26 dates per stalagmite were selected, resulting in chronologies
with no age reversals (Figure 2.5). The age models assume linear growth between U-Th
ages.
Slow growth rates can severely limit the accuracy of stalagmite age models,
because the powder drilled for a U-Th date may encompass multiple hiatuses. An
excellent example of problematic slow growth rates occurs in the late Holocene section
of BA04 (Figure 2.6), where the growth rate is 4-6μm/yr. U-Th dates in the upper 31mm
of the stalagmite contain higher levels of 232Th (33-227pmol/g in dates sc01, sg21 and
sc02-sc05) than dates used in the final age model (<15pmol/g 232Th). In fact, the first
good U-Th age constraint in BA04 is sg09 at 35.4mm dated at 6589±104 years ago. Two
equally probable scenarios can describe stalagmite growth in the upper 31mm of BA04,
which are indistinguishable given the large dating errors. Either the region is comprised
of many small hiatuses, or a couple long hiatuses occur near each of the measured dates.
Visual inspection suggests that multiple hiatuses occurred as the calcite in the upper
28mm is opaque owing to the inclusion of significant detritus during stalagmite
formation. However as a result of the unresolved hiatuses, this region was impractical to
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Figure 2.6: Close-up of the late Holocene in BA04. Growth rates in the upper 31mm are less
than 10μm/yr most likely due to multiple hiatuses. Cross-hatching over the isotopic
sampling axis denotes a region of high opacity for transmitted light.

accurately date making it impossible to construct an age model for the region. In fact,
only one hiatus at 28mm was conclusively identified by U-Th dates using our hiatus
testing method (see section 2.4.3). To ensure that such problematic sections are not
interpreted paleoclimatically, we establish a growth rate cut-off of 10μm/yr for our
climate discussions.
In general, if 1) a date is drilled without crossing a hiatus, 2) enough powder is
collected, and 3) the sample growth-rate during that period is >10mm/yr, then the U-Th
dating error is generally ±400 years for younger dates and ±1-2% for older dates.
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2.5.2 Isochrons - Estimates of Initial 230Th/232Th Ratios
An isochron represents an area of the stalagmite where multiple dates are drilled
across a time synchronous growth layer to provide an estimate of the initial atomic 230Th
concentrations (unsupported) in a sample. An estimate of the 230Th/232Th ratio in a sample
is combined with sample 232Th (Eq. 2.3 - 2.5) to calculate the unsupported 230Th present
at the time of initial sample formation.
Isochrons are calculated by plotting 230Th/232Th–238U/232Th (“Rosholt type”)
(Ludwig and Titterington, 1994). The y-intercept of the cross-plot yields an estimate of
the initial 230Th/232Th (Figure 2.7). The isochrons for BA04 and SSC01 are

Figure 2.7: Example of an isochron plot for BA04. Three isochrons are denoted by the
three different symbols. See Table 2.2 for data.
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predominantly 4-point isochrons while SCH02 has only 3-point isochrons. The number of
points drilled per isochron was limited by stalagmite width (see Figure 2.2-2.4 for regions
sampled). At the edges of the stalagmite, the growth bands become very narrow and
pinch together such that is becomes very difficult to sample a single growth layer.
A total of 11 isochrons among the three stalagmites provide not only stalagmitespecific 230Th/232Th values, but an estimation of the variation in the ratio between the
three samples as well. The number of points in an isochron, the analytical errors of each
point, and the relative distribution of the points in the isochron space are used to calculate
the precision of the initial 230Th/232Th ratio. The initial 230Th/232Th atomic ratio of BA04
is 66±5 x10-6, SSC01 is 127±20x10-6, and SCH02 is 60±5 x10-6 (2σ uncertainties), all of
which are higher than the detrital ratio of 4±4 x 10-6 typically used in U-Th dating
(Richards and Dorale, 2003) (see Adkins et al., in prep for a full discussion).
2.5.3 Hiatuses
While it is very easy to observe visible cessations in growth owing to desiccation
or floods, it is hard to determine the length of any given hiatus, especially with dating
errors of ~400 years. Therefore, we establish two criteria to determine if a hiatus in
growth should be included in the final age model. The first criterion is the presence of a
visible hiatus in growth noted by a thin, opaque layer in the calcite. Towards this end, the
optical bands in the calcite matrices are rated 1-5 (Tables 2.5-2.7) by visual inspection. A
rating of 1 signifies a thick, dark brown band going all the way across the stalagmite. A
rating of 2 signifies a thin, brown band that thins to a white band at the growth axis. A
rating of 3 signifies a band of thinner dark brown lines going all the way across the
stalagmite. A rating of 4 signifies a thick, white band going all the way across the
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stalagmite. A rating of 5 signifies a thin, white band going all the way across the
stalagmite.
For the second criterion, ages of an optical band are estimated by extrapolating
the young part of the adjacent age constraints downward and the older age constraints
upward (Figure 2.8). If the difference between the upward and downward predicted ages
is larger than 400 years and the age difference is larger than the propagated uncertainty,
then that optical band is defined as a hiatus. The propagated uncertainty takes into
account the U-Th age error, the error on the growth rate associated with extrapolating
between two dates with their errors, and the combined error on both the young and old
sides. It is calculated by first calculating the growth rate on the old and young sides of the
optical band by using the two sequential dates on either side of the optical band. The
errors in growth rates are then calculated by accounting for the errors in the two
extrapolated dates at the optical band depth and errors on the measured depths of the UTh dates. Finally, the total propagated uncertainty is the square root of the sum of the
squares of the error of the predicted ages at the optical band depth from the young and
old side. A hiatus’ duration is the difference in years between the upper and lower age
model constraints (Table 2.8). Most of the optical bands marked during the screening
process do not represent significant age hiatuses (only bold depths in Tables 2.5-2.7 are
identified hiatuses). The final age models including hiatuses are presented in Figure 2.9.
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Figure 2.8: Schematic of the hiatus test. If the difference between the predicted ages
(green lines) is greater than 400 years and that age difference is larger than the
propagated uncertainty then the optical band (depicted by the vertical dashed line) is
defined as a hiatus.
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Figure 2.9: Final age models for BA04 (green curve), SSC01 (red curve), SCH02 (blue
curve), including hiatuses in Table 2.8.
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CHAPTER 3
MILLENNIAL-SCALE TRENDS IN WARM POOL HYDROLOGY
SINCE THE LAST GLACIAL MAXIMUM

3.1 Abstract
Atmospheric deep convection that overlies warm sea-surface temperatures in the
West Pacific Warm pool represents a primary source of heat and moisture to the
extratropics. Models and paleoclimate data suggest that the tropical Pacific climate
system plays a key role in the mechanisms underlying orbital-scale and abrupt climate
change (Bush and Philander, 1998; Lea et al., 2000; Clement et al., 2001; Koutavas et al.,
2002; Stott et al., 2002; Rosenthal et al., 2003; Kienast et al., 2006). However, the
response of tropical Pacific convection to changes in global climate boundary conditions,
abrupt climate changes, and radiative forcing remains uncertain. Here we present three
absolutely-dated stalagmite oxygen isotopic records from Northern Borneo that reflect
changes in West Pacific Warm Pool hydrology over the last 27,000 years. Our results
suggest that western tropical Pacific convection may have weakened 18-20 thousand
years ago, as tropical Pacific (Lea et al., 2000; Stott et al., 2002; Rosenthal et al., 2003;
Visser et al., 2003) and Antarctic temperatures (EPICA, 2006) began to rise during the
early stages of deglaciation. The most enriched oxygen isotopic values occur during
Heinrich event 1 (Hemming, 2004), supporting a dynamical link between reduced
Atlantic Meridional overturning (McManus et al., 2004) and dry conditions in the Warm
Pool. However, there is no sign of the Younger Dryas event (Rasmussen et al., 2006) in
the stalagmite records, suggesting markedly different mechanisms for these deglacial
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abrupt climate change events. The stalagmite records track spring/fall precessional
insolation forcing during the Holocene. The new records suggest that feedbacks involving
tropical Pacific convection may shape the global hydrological response to climatic
forcing, including anthropogenic greenhouse forcing.
3.2 Stalagmite δ18O Climate Record
Numerous paleoclimatic studies have focused on changes in the tropical Pacific
zonal sea surface temperature (SST) gradient and associated shifts in convection (Lea et
al., 2000; Koutavas et al., 2002; Stott et al., 2002) extending an El Niño-Southern
Oscillation (ENSO) framework to interpretations of millennial-scale climate variability.
Recently, the potential for meridional changes in tropical Pacific temperatures have
emerged as an important mechanism in shaping hydrological responses to abrupt climate
change (Peterson et al., 2000; Chiang and Bitz, 2005; Zhang and Delworth, 2005; Kienast
et al., 2006). Indeed, new modelling and paleoclimate results suggest that during Heinrich
event 1 (H1), when a near-collapse of the Atlantic meridional overturning circulation
(AMOC) (McManus et al., 2004) cooled most of the northern hemisphere, the
Intertropical Convergence Zone (ITCZ) shifted southwards (Peterson et al., 2000; Chiang
and Bitz, 2005; Zhang and Delworth, 2005; Kienast et al., 2006). However, the extent to
which tropical Pacific climate feedbacks were involved in deglacial abrupt climate events
such as H1, the Antarctic Cold Reversal (EPICA, 2006) (ACR) and subsequent Younger
Dryas (Rasmussen et al., 2006) (YD) remains unclear. A combination of zonal and/or
meridional changes in the distribution of tropical convection likely played a key role in
shaping the global climate response to abrupt climate changes during the deglaciation.
Uncovering the mechanisms and feedbacks which govern the response of the tropical
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Pacific climate system to both internal and external forcings requires well-dated, highresolution records from climatic centers of action.
Here we present three absolutely-dated stalagmite oxygen isotopic (δ18O) records
from northern Borneo that document changes in western tropical Pacific atmospheric
circulation and hydrology over the last 27,000 years. Tropical stalagmite δ18O records are
particularly well-suited to the investigation of centennial-to-millennial hydrological
change because tropical rainfall δ18O is inversely correlated to precipitation amount and
because U/Th dating provides excellent chronological control.
The research site is located in Gunung Buda National Park (4ºN, 114ºE) in the
northwestern corner of Malaysian Borneo (see Methods for detailed site description). The
ITCZ lies above northern Borneo year-round, delivering 5m of rainfall with little
seasonality (Figure 3.1). ENSO exerts a dominant control on northern Borneo

Figure 3.1: Rainfall climatology for Gunung Mulu airport (1998-2005). Error bars
represent 1σ standard deviation of rainfall for each month. Data were provided by the
Sarawak Department of Drainage and Irrigation, Malaysia.
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Figure 3.2: Map of the West Pacific DJF precipitation anomaly during the 1997-98 El
Niño event (Xie and Arkin, 1997). A white triangle marks the approximate location of the
research site.

precipitation, with anomalies as large as ±50% during ENSO extremes (Figure 3.2).
Interannual (2-7yr) changes in rainfall account for ~20% of total precipitation variance in
northern Borneo and are highly correlated to the Southern Oscillation Index (R = -0.80).
Seasonal cycles in rainwater δ18O (-10‰ during boreal fall and -4‰ during boreal
spring) likely reflect northern versus southern moisture trajectories (Cobb et al., in
revision, EPSL). ENSO-related interannual rainfall δ18O variability is consistent with the
‘amount effect’ (Dansgaard, 1964; Rozanski et al., 1993), whereby periods of increased
precipitation are characterized by lighter rainfall δ18O (Cobb et al., in revision, EPSL).
Several tests confirm that the Gunung Buda stalagmites formed under oxygen
isotopic equilibrium, allowing carbonate δ18O changes to be interpreted as rainwater δ18O
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changes. First, the correlation between oxygen and carbon isotopic variability is low
(R<0.05) after linearly detrending for glacial-interglacial isotopic changes. Second, all
three samples pass the “Hendy test” (Hendy, 1971), exhibiting δ18O variations of less
than ~0.5‰ across the axial portion of a single growth layer (see Methods and Figures
3.5 and 3.6). Third, the equilibrium calcite δ18O value equals that measured for modern
stalagmite calcite, given measured present-day rainwater δ18O of -6.8‰ and 26°C cave
temperatures (Cobb et al., 2007). Lastly, the high degree of millennial-scale
reproducibility of δ18O in the three stalagmites from caves located ~5km apart strongly
suggests that the stalagmite δ18O records regional climate changes associated with
rainfall δ18O variability (Figure 3.3). Poor sub-millennial reproducibility
between the three records can be attributed to dating uncertainties and/or site-specific
stalagmite δ18O variability. It is important to note that temperature changes could only
account for ~0.7‰ of stalagmite δ18O variability over the last 27,000 years, given that
Warm Pool temperatures were no more than 3.5°C colder during the Last Glacial
Maximum (LGM) (Lea et al., 2000; Stott et al., 2002; Rosenthal et al., 2003; Visser et al.,
2003).
A total of 75 U-Th dates and 11 isochrons provide excellent chronological control
for the three stalagmite δ18O records (see Sections 3.4 Methods and 3.5 Supplementary
Information). The age model for each record consists of 24-26 U-Th dates (Figure 3.3)
that were corrected for detrital thorium using stalagmite-specific detrital 230Th/232Th
values calculated using isochrons. Age errors of up to 2% (2σ) represent a combination
of analytical uncertainty and uncertainty in the detrital 232Th correction. Slow growth
rates and/or unresolved hiatuses represent the largest sources of chronological
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Figure 3.3. Three absolutely-dated stalagmite δ18O records from Northern Borneo. U/Th
dates for each record are plotted in corresponding colors along the top and bottom; error
bars represent 2σ analytical uncertainty plus uncertainty in the detrital thorium
correction. The average δ18O temporal resolution is 72, 56, and 60 yrs/sample for SCH02,
SSC01, and BA04, respectively, but varies from 1-100 yrs/sample depending on growth
rate. Data depicted in gray represent slow-growing (<10µm/yr) portions of the records
and are considered untrustworthy for climatic interpretation due to poor chronological
control (up to ±1ky). Sample BA04 grew in Bukit Assam Cave, while SSC01 and SCH02
grew ~20m apart in Snail Shell Cave, roughly 6km from Bukit Assam (see 3.4 Methods
for more detailed cave and sample descriptions).
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uncertainty, so we limit our climatic interpretations to portions of the records with growth
rates higher than 10µm/yr.
LGM stalagmite δ18O values (averaged over 19-23ka) are 1.3±0.3‰ heavier than
modern values, and reflect a combination of global ice volume (+1‰) (Schrag et al.,
2002), LGM cooling of ~2-3.5ºC in the western tropical Pacific (Lea et al., 2000; Stott et
al., 2002; Rosenthal et al., 2003; Visser et al., 2003) (+0.4 to +0.7‰), and poorly
constrained changes in LGM regional seawater δ18O (-0.5‰ to +0.5‰) (Lea et al., 2000;
Stott et al., 2002; Rosenthal et al., 2003; Steinke et al., 2006). Thus, potentially small
changes in northern Borneo rainfall δ18O during the LGM are difficult to resolve.
Possible controls on northern Borneo rainfall δ18O include: 1) changes in the tropical
Pacific zonal SST gradient, 2) changes in the location and/or intensity of the ITCZ, and,
3) changes in eustatic sea level, which determine the size of the emergent Sunda Shelf.
Exposure of the Sunda Shelf undoubtedly altered atmospheric circulation in the West
Pacific by increasing continentality and lengthening moisture trajectories, both of which
deplete rainfall δ18O (Dansgaard, 1964; Rozanski et al., 1993). A complete
understanding of Warm Pool hydrological changes during the LGM must account for the
effect of the Sunda Shelf on the tropical Pacific coupled system.
Stalagmite δ18O values begin a protracted trend towards more positive values at
18-20 ka, as tropical Pacific SST (Lea et al., 2000; Stott et al., 2002; Rosenthal et al.,
2003; Visser et al., 2003) and Antarctic (EPICA, 2006) temperatures began to rise during
the early deglaciation. This stalagmite δ18O excursion cannot be attributed to temperature
or local seawater δ18O changes, as recorded in nearby marine sediments (Stott et al.,
2002; Rosenthal et al., 2003; Visser et al., 2003; Steinke et al., 2006), and is therefore
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interpreted as a positive rainfall δ18O anomaly (dry conditions based on the amount
effect). The inferred trend towards drier conditions in northern Borneo culminates in
maximum stalagmite δ18O values at 16.3±0.3 ka, coincident with the timing of a δ18O
maximum in a Chinese stalagmite (Wang et al., 2001) attributed to H1 (Figure 3.4).
Conservative age error bars for specific features of the Borneo stalagmite δ18O records
take into account uncertainties associated with stalagmite δ18O reproducibility, U-series
dating errors, and the potential for non-linear growth rates. Dry conditions in northern
Borneo during H1 are consistent with model results (Zhang and Delworth, 2005)
indicating a southward shift of the ITCZ in conjunction with a weakened AMOC inferred
from proxy data (McManus et al., 2004). Together with evidence for dry conditions in
Southeast Asia (Wang et al., 2001) and enhanced wind-driven upwelling in the eastern
equatorial Pacific (Kienast et al., 2006) during H1, the new stalagmite data strongly
suggest that a meridional ITCZ shift may have characterized the tropical Pacific
hydrological response during H1. However, the new stalagmite data suggest that the
relationship between North Atlantic and Pacific climate is more complex than
unidirectional forcing and associated response. For one, the onset of dry conditions in
Northern Borneo lies between 18-20 ka, before the beginning of H1 in North Atlantic
sediments (Hemming, 2004). Interestingly, this early onset of dry conditions in northern
Borneo occurs during a transition to relatively wet conditions recorded in the Chinese
stalagmites (Wang et al., 2001), before the strong ~16.5ka drying observed in both
stalagmite reconstructions. Furthermore, while sediment reconstructions of AMOC
strength suggest that a rapid resumption of overturning
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Figure 3.4: Comparison of the Borneo stalagmite δ18O records with other paleoclimate
records. Records plotted are a) Greenland (NGRIP) ice core δ18O (Rasmussen et al.,
2006), b) Hulu/Dongge Caves stalagmite δ18O records (Wang et al., 2001) (R.L.
Edwards, personal communication), c) Borneo stalagmite δ18O records (SCH02 – blue,
SSC01 – red, BA04 – green). Slow-growing (<10µm/yr) portions of the records are
excluded. Note that BA04 δ18O values have been shifted by +0.4‰. d) EPICA Dronning
Maud Land ice core δ18O (EPICA, 2006), e) Sediment core reconstruction of SST from
the Sulu Sea (Rosenthal et al., 2003) , f) March minus September insolation at the
equator.
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occurred at 14.7 ka (McManus et al., 2004), coincident with the onset of the BøllingAllerød, the Borneo stalagmite δ18O records exhibit a more gradual recovery that began
as early as 15.5 ka. Therefore, climatic feedbacks in the tropical Pacific may have played
a role in driving the North Atlantic AMOC variability across H1, which in turn affected
tropical Pacific hydrology.
Following H1, the deglaciation follows a relatively smooth trend towards more
negative Holocene values, interrupted by a millennium-long δ18O plateau centered at 13.2
± 0.2 ka that coincides with the ACR (EPICA, 2006) (Figure 3.4). A western tropical
Pacific expression of the ACR is somewhat surprising, given that a prominent YD event
is present in a Chinese stalagmite record (Wang et al., 2001). Oxygen isotopic records
from several western tropical Pacific sediment cores north of the equator exhibit a muted
Greenland-like sequence of late deglacial events (Kienast et al., 2001; Rosenthal et al.,
2003), including the YD, consistent with northern hemisphere influence on the southeast
Asian monsoon during the deglaciation. However, with one exception (Kienast et al.,
2001), temperature proxy records from northern West Pacific sediment cores do not
contain the YD (Rosenthal et al., 2003; Stott et al., 2004), raising the prospect that the
hydrologic signature of the YD in these cores is associated with runoff from the southeast
Asian landmass rather than equatorial rainfall. Indeed, δ18O and temperature proxy
records from cores south of the equator depict a smooth, uninterrupted deglaciation
(Visser et al., 2003; Stott et al., 2004), reminiscent of southern hemisphere ice cores and
the Borneo stalagmite δ18O data. The similarity between the Antarctic ice core record and
the western tropical Pacific stalagmite record during the late deglacial strengthens the
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view that southern hemisphere forcing dominated tropical Pacific climate during this
period (Lea et al., 2000; Koutavas et al., 2002; Visser et al., 2003).
The Holocene portions of the records are characterized by broad δ18O minima at 5
ka, indicating the western tropical Pacific’s sensitivity to spring/fall precessional
insolation forcing (Figure 3.4). The stalagmite δ18O minimum is interpreted as a negative
rainfall δ18O anomaly (wet conditions), as it cannot be explained by regional temperature
and/or seawater δ18O changes (Stott et al., 2002; Visser et al., 2003; Stott et al., 2004;
Steinke et al., 2006). Most tropical paleo-precipitation records from north of the equator
contain 10-8 ka maxima (Haug et al., 2001; Fleitmann et al., 2003; Stott et al., 2004),
while those from south of the equator exhibit late Holocene maxima (Wang et al., 2006),
presumably linked to boreal and austral summer insolation, respectively. When combined
with the new data from the Borneo stalagmites, these records strongly suggest that the
mean position of the ITCZ migrated southwards over the course of the Holocene in
response to precessional forcing, crossing the equatorial West Pacific at ~5 ka. However,
relatively wet conditions in northern Borneo during the mid-Holocene could also reflect
an increase in the tropical Pacific’s zonal SST gradient driven by spring/fall insolation, a
prospect that finds qualitative support in coupled model simulations (Clement et al.,
1999). Indeed, an observed ~5 ka minimum in eastern equatorial Pacific temperatures
(Koutavas et al., 2002) lends further support to a zonally-mediated insolation response,
whereby an increased tropical Pacific zonal SST gradient led to enhanced Warm Pool
convection. A 5ka minimum in atmospheric CH4 (Chappellaz et al., 1997) may provide
further clues – precipitation anomalies associated with ITCZ variability versus Walker
circulation changes likely have different consequences for global methane production.
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Increased methane production during modern-day El Niño events (Dlugokencky et al.,
2001) suggests that a mid-Holocene increase in the tropical Pacific zonal SST gradient
may have contributed to the mid-Holocene minimum in atmospheric methane. However,
an ITCZ-related mechanism for atmospheric methane control during the Holocene cannot
be ruled out, and warrants further investigation.
This study demonstrates that the tropical Pacific hydrological cycle is sensitive to
high-latitude climate processes in both hemispheres as well as external radiative forcing.
However, the relatively smooth character of the Warm Pool’s hydrologic variability over
the last 27,000 years suggests a limited potential for large, abrupt changes in the character
of tropical Pacific variability. Nonetheless, by gradually altering the heat and salt budgets
of the global oceans, the tropical Pacific may play a pivotal role in driving thermohaline
circulation changes associated with abrupt climate changes events. Whether the tropical
Pacific coupled system acts as an amplifier or a trigger of internal global climate
variability, its feedbacks on the global climate system must be an integral part of any
climate change mechanism, natural or anthropogenic.
3.3 Methods Summary
U-series samples weighing 100-500mg were drilled with a 1.6mm drill bit parallel
to growth banding. Each sample was dissolved and spiked with a mixed 236U - 229Th
solution prior to the separation of U and Th using standard techniques. The isotopic
compositions of the U and Th fractions were measured using a Finnigan “Neptune” MCICPMS at Caltech (see 3.4 Methods and 3.5 Supplementary Information). Relatively low
238

U concentrations (0.1-0.5ppm) combined with low δ234U values (-100 to -600‰) and

high detrital 232Th concentrations result in U/Th age uncertainties of 0.3-2% (2σ) (see
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Section 3.5 Supplementary Information). We account for initial 230Th using the measured
232

Th content and estimates of detrital 230Th/232Th ratios (~60 to 120 x 10-6 atomic ratio)

obtained from 11 isochrons. All three stalagmites contain multiple hiatuses that are
associated with visible bands and high 232Th concentrations. Larger hiatuses are closely
bracketed by U-series dates, but shorter and/or adjacent hiatuses can not be accurately
resolved with U-series sampling. Slow-growing (<10µm/yr) portions of the stalagmites
likely contain unresolved hiatuses (supported by high 232Th concentrations measured in
these regions), and reflect large chronological uncertainties (up to 1000 years in the case
that a hiatus is poorly constrained by high-232Th dates). Stalagmite δ18O data were
assigned calendar ages based on a linear interpolation between each pair of U-series
dates.
Oxygen isotopic analyses were conducted on powders drilled every 1mm along
the central growth axis of the stalagmites with a 1.6mm drill bit. The δ18O of BA04 and
SSC01 powders were measured using a GV Isoprime-Multiprep located at Georgia Tech
(long-term reproducibility of ±0.05‰). SCH02 δ18O profiles were analyzed on a
Finnigan 253 equipped with Kiel device located at Wood’s Hole Oceanographic Institute
(long-term reproducibility of ±0.08‰). All δ18O data are reported with respect to VPDB.
3.4 Methods
3.4.1 U-series dating
U-series dating of carbonates has been an important part of constraining past climate for
decades. With the advance of U and Th isotope detection by mass spectrometry instead
of alpha counting, sample sizes were shrunk while also improving precision (Edwards et
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al., 1987). Stalagmites tend to have lower 238U concentrations than corals but higher
234

U/238U ratios (Richards and Dorale, 2003). Our tropical stalagmites have low 238U,

low 234U/238U ratios and relatively high detrital 232Th. These features make radiogenic
age constraints especially challenging in our samples. Sample BA04 has 1-2 ppm 238U,
~-600‰ δ234U, and 1-100 pmol/g 232Th. Sample SCH02 has 0.3-0.9 ppm 238U, ~-350‰
δ234U, and 1-15 pmol/g 232Th. Sample SSC01 has 0.1-0.3 ppm 238U, ~-100‰ δ234U, and
0.3-3 pmol/g 232Th.
We drilled 100-500 mg samples from time synchronous bands along the growth
axis of all three stalagmites. Samples were dissolved and spiked with a mixed 236U and
229

Th solution (Robinson et al., 2002). U and Th isotopes were separated and purified by

traditional methods (Edwards et al., 1987) and measured on a Finnigan “Neptune” MCICP-MS at Caltech. The U fraction was tested for the U concentration and diluted to
match intensities of all samples. 234U was measured on the center SEM with 235U and
238

U on separate faraday cups. 229Th and 230Th were measured on the MICs attached to

faraday cup L4 and 232Th was measured in this cup. For both U and Th, samples were
bracketed with known ratio standards, CRM-145 for U and an in-house spiked
gravimetric standard for Th. With samples of ~100 ng 238U we can measure the
229

Th/230Th ratio to 1-2‰ (2σ) and the 234U/238U ratio to better than 0.5‰.

3.4.2 Hendy tests
Powders were drilled along a single growth layer to measure the δ18O and δ13C variability
as a function of distance from the stalagmites’ central growth axes, in order to quantify
potential effects of kinetic fractionation (Hendy, 1971). Isotopic values are plotted as
departures from central axes values in Figure 3.5. Negative distances correspond to
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samples drilled to the left of the central axis, and positive distances represent samples
drilled are to the right of central axis. Non-equilibrium CO2 degassing on the surface of
the stalagmite would result in kinetic fractionation of oxygen and carbon isotopes and
isotopic enrichments off-axis. Such kinetic fractionation might explain the weak
correlation between δ18O and δ13C variability across single growth layers of the Borneo
stalagmites (Figure 3.6). However, our Hendy analyses suggest that kinetic fractionation
accounts for no more than ~0.5‰ of the δ18O variability observed in the down-core
stalagmite δ18O records. Furthermore, the fact that the three Borneo stalagmite δ18O
records exhibit strong millennial-scale reproducibility confirms that rainfall δ18O
variations are the likely source of their shared millennial-scale δ18O variability.
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Figure 3.5: Hendy tests for all three stalagmite samples. Departures from the center
value along a growth band are plotted for a) δ18O and b) δ13C. The legend denotes the
stalagmite sample. δ18O variability of <0.5‰ across any given growth layer supports the
assumption that the bulk of the stalagmites' down-core δ18O variability can be attributed
to cave dripwater δ18O variability rather than kinetic fractionation.
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Figure 3.6: Correlation of δ18O vs. δ13C across single growth layers for a) BA04, b & c)
SSC01, and d-f) SCH02. Values are reported as deviations from the central axis value.
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3.4.3 Cave Locations
Samples SSC01 and SCH02 originate from Snail Shell Cave (4º 12’ 20.8”N, 114 º 56’
26.9”E). They formed ~250m from the cave entrance and ~20m from each other. Sample
BA04 originates from Bukit Assam (4 º 15’ 18”N, 114 º 57’ 34”E) which lies ~6km NNE
from Snail Shell Cave. BA04 formed >500m from the cave entrance.
3.5 Supplementary Information: U/Th Age Models and Errors
Our overall age errors are limited by the amount of initial 230Th in the samples,
not by the analytical errors. We use the measured 232Th /238U ratios and an empirically
determined 230Th/232Th ratio to account for initial 230Th. We use this initial 230Th to solve
age-correction equations for each sample following (Cheng et al., 2000). Uncertainty in
the initial 230Th/232Th ratio is our largest source of age error. To constrain this value we
measured 11 isochrons using a total of 41 points on the three stalagmites. The 232Th
normalized data are shown in Figure 3.7. Error ellipses show the correlated error bars
where 232Th is in both the y and x-axis ratio denominators. Where ellipses are small to
see, separate points are plotted instead. The full 238U -234U-230Th system is actually a
three-dimensional plot that is traditionally broken out into two diagrams, of either the
Rosholt (232Th normalized) or the Osmond (238U normalized) type. Figure 3.8 is an
example of one of our isochrons in this format. It is clear that the lines in Figure 3.7 can
be misleading when all three isotopes are considered and normalized to 238U instead of
232

Th (Ludwig and Titterington, 1994). The data in Figure 3.8 show one point that clearly

falls off the linear trend of the other three. This relatively low 232Th point was sampled
from the extreme edge of a band near the vertical side of the stalagmite. We believe that
this sample violates the basic assumption of time synchroneity. Some other isochrons
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Figure 3.7: Two-dimensional isochron estimate of initial 230Th/232Th ratios in all three
stalagmites. Each panel is a plot of the 238U/232Th activity ratio versus the 230Th/232Th
activity ratio from the isochron samples (see colored data in Tables 2.2-2.4) in a) SSC01,
b) SCH02, and c) BA04. The y-intercept of each line is one estimate of the initial
230
Th/232Th ratio at the time of calcite deposition. Separate colors represent individual
lines in each panel. Error ellipses show the degree of covariance between the two axes.
Where the error bars are too small to plot, a regular symbol is used instead.
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Figure 3.8: Isochrons from stalagmite SSC01 line 2. This figure is modeled after Figure 1 in
Ludwig and Titterington (1994). The first column (a and b) is the Rosholt version of the
isochron data and the second column (c and d) is the Osmond version of the same data.
Values are plotted as the atom ratios for each sample. Problems with points not falling on
the same line are much more readily apparent in the Osmond isochrons because the x and yaxis errors are less tightly correlated.
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Figure 3.9: Summary of initial 230Th/232Th results for all isochrons. These are the atomic
values (x106) for the initial 230Th/232Th ratio in each isochron as determined by the Excel
plug-in “IsoPlot”. Error bars are 2-sigma estimates and individual stalagmites are
grouped by color. Points without error bars had uncertainties much larger than the plot
itself. Because of this large discrepancy in the quality of the fits for isochrons within a
single stalagmite, we used the weighted means of all isochrons from a single stalagmite
to determine the initial ratio for that specific speleothem. Error estimates for these
weighted means are also 2-sigma.

have similar problems and may also sample a very high 232Th end-member. We used all
of the measured isochron data and the “IsoPlot” software from Ken Ludwig at the
Berkeley Geochronology Center to calculate the 230Th/232Th end-member for each of our
10 isochrons. This program propagates all uncertainties through the age equations and the
results are shown in Figure 3.9. Values for each stalagmite are the weighted averages and
uncertainties at the 2-sigma level.
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Figure 3.10: Preliminary age model for stalagmite BA04. All data listed in Table 2.2 are
shown, except the single point with the smallest error from each isochron is shown
instead of all the points from the line. Different colors of points correspond to separate
phases of drilling age-points from each stalagmite. Squares are from sample series “sc”
and “sd”. Circles are from sample series “sg”. Triangles are from samples series “si” (see
Table 2.2). Error estimates are 2-sigma and include uncertainty from both the initial 230Th
correction and the analytical uncertainty in the 230Th/238U activity ratio.
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Figure 3.11: The same as Figure 3.10 but for stalagmite SCH02.

Figure 3.12: The same as Figure 3.10 but for stalagmite SSC01. The one difference is that
squares are for sample series “sf”, not for series “sc” and “sd”.
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Preliminary age models for each of the stalagmites are shown in Figures 3.103.12. Every point in Tables 2.2-2.4 is listed in these plots. Error bars on individual
samples are directly related to the 232Th content. Because the 230U/238U errors are so
small, we use the ratio of the age error to the age as the relative uncertainty. We do not
propagate the 234U/238U uncertainty through the age equation, as is standard in many
papers. This effect is very small and will not significantly alter our stated errors because
the age uncertainty is dominated by our initial 230Th/232Th ratio. There are 1-2 dates in
each stalagmite that indicate age reversals beyond the stated uncertainties. In SSC01 one
Holocene age date is even negative. All five of these age reversals correspond to high
232

Th values and are associated with bands that we believe are hiatuses in the stalagmite’s

growth (see below). To construct useful, accurate, and precise age models we employ two
rules to sort through the data. For ages older than 11,000 calendar years, an individual
232

Th corrected age must have a relative error better than 2% (2σ). For samples younger

than 11,000 years, ages must be known to better than 400 years (2σ). With these two
simple rules, there are 24-26 usable dates in each stalagmite and no age reversals. These
rules for the age models were developed to be similar to the age control available in the
deglacial sections of the Greenland ice cores.
The two rules listed above serve well for overall guidance, however several ages
were added or removed based on additional information. First, we use only one point per
isochron – that with the lowest error bar. Second, when there is overlap between two ages
within error, we take the age with the smallest error bar. Even after these two minor rules
are added, there are still four dates that represent exceptions to our rules. Two points
from the Holocene in BA04 (sg21 and si18) are used even though their error bars are
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larger than 400 years because the age control in the Holocene portion of BA04 is
poor. Most of this section is characterized by growth rates below 10 microns/year, and
thus is not used in our climatic interpretations. Two points pass the age model tests but
are not used in the chronology (se01 in SCH02 and sg07 in SSC01), as each of them
leads to a very small age reversal. In each case, these points have very high Th-232
relative to adjacent dates. Given the relationship between high Th-232 and hiatuses
observed in the Borneo stalagmites, it seems fair to not use these anomalies.
Our final age models and the dates used to constrain them are shown in Figure
3.13. In several places along the stalagmites there is clear optical evidence for hiatuses in

Figure 3.13: Final age models for all three stalagmites. Individual data points are those
that pass the two tests described in the text. The line is the final age model, including the
hiatuses listed in Table 2.8.
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carbonate growth. Sometimes these yellow-brown bands lie between large changes in
stalagmite growth rate as predicted by the four surrounding U-series ages. After visually
examining the stalagmites for indications of a hiatus, all potential bands were checked for
missing years by extending the young part of the adjacent age constraints downward and
the older age constraints upward. If there is a difference in predicted age at the visual
band’s depth that is larger than 400 years and the age difference is larger than the
propagated uncertainty, we declare that band a hiatus. A hiatus’ duration is taken to be
the difference in age between the upper and lower age model constraints. All hiatus for
the three stalagmites are listed in Table 2.8.
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CHAPTER 4
TRACE METAL AND CARBON ISOTOPIC VARIATIONS IN CAVE
DRIPWATER AND STALAGMITE GEOCHEMISTRY FROM
NORTHERN BORNEO

4.1 Abstract
Stalagmite trace metal ratios and carbon isotopic composition (δ13C) have been
investigated as potential paleoclimate proxies. The mechanisms by which climate signals
are translated into stalagmite geochemical variability remain uncertain, ultimately
limiting the utility of stalagmite trace metal and δ13C measurements. By comparing the
Mg/Ca, Sr/Ca, and δ13C values of cave dripwaters, stalagmites, and bedrock from
Gunung Mulu and Gunung Buda national parks in Northern Borneo, we investigate the
nature of the relationship between precipitation variability and stalagmite geochemistry in
a tropical rainforest karst setting. Comparison of geochemical variations in dozens of
dripwater samples from both parks reveal little evidence for prior calcite precipitation
(PCP), whereby evaporation and/or CO2 degassing of epikarst waters drive increased
dripwater Mg/Ca, Sr/Ca, and δ13C. Dripwater Mg/Ca, Sr/Ca, and δ13C values range from
4 to 160mmol/mol, 0.2 to 3mmol/mol, and -14 to -3‰, respectively. Three-year-long
Mg/Ca, Sr/Ca, and δ13C timeseries from three separate drips are only weakly correlated
and are dominated by sub-seasonal variability. However, the dripwater geochemical
timeseries are significantly correlated to 3-month smoothed versions of local Mulu
rainfall (R= -0.3 to -0.6). High-resolution dripwater timeseries suggest that the Mg/Ca
and Sr/Ca ratios of fast drips (>12 dpm) vary greatly in response to individual
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meteorological events, and therefore are poor recorders of the long-term climate-related
geochemical variability of interest. On the other hand, our results imply that slow drips
(<12 dpm), which typically feed growing stalagmites, may be better suited for climate
reconstructions as their increased residence times allow the effects of PCP to integrate
over long time periods.
Mg/Ca, Sr/Ca, and δ13C variations in three stalagmites that grew over the last
27ka provide strong evidence that prior calcite precipitation affects the geochemistry of
stalagmite-forming slow drips at the research site. Stalagmite Mg/Ca, Sr/Ca, and δ13C
values range from 1 to 46mmol/mol, 0.03 to 13mmol/mol, and -7.6 to 1.5‰, respectively,
and are characterized by strong centennial-scale variations. Coherent millennial-scale
variability previously documented in stalagmite δ18O is not well-reproduced in the
stalagmite Mg/Ca, Sr/Ca, and δ13C records. However, the three stalagmites share similar
patterns of geochemical variations through select time intervals in the past 27ka, likely
indicating a shared geochemical response to common hydrological forcing.
The LGM portions of the stalagmite records are characterized by higher Mg/Ca
values than observed in the late Holocene, and are consistent with reduced rainfall during
the LGM. All three stalagmite δ13C records are 1-2‰ heavier during the LGM than late
Holocene values, consistent with reduced rainfall and/or unknown changes in ecosystem
carbon cycling.during the LGM. All three stalagmites contain pronounced centennialscale Mg/Ca, Sr/Ca, and δ13C variability during the deglaciation, suggesting that this
period may have been a time of relatively high rainfall variability.
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4.2 Introduction
Stalagmites are valuable archives of terrestrial paleoclimate because they form in
karst systems located around the world, can be absolutely-dated, and record climate
information at high resolution. Stalagmite oxygen isotopic composition (δ18O) is the
primary proxy used for stalagmite paleoclimate reconstructions because it reflects
changes in rainfall δ18O that are related to rainfall amount (Dansgaard, 1964; Rozanski et
al., 1993) and/or moisture trajectories/histories (Cruz et al., 2005; Cobb et al., 2007).
Stalagmite δ18O records have captured changes in hydrological conditions on glacialinterglacial timescales (Bar-Matthews et al., 1997; Hellstrom et al., 1998; Williams et al.,
2005), identified insolation-related changes in millennial-scale hydrology (Wang et al.,
2001; Fleitmann et al., 2003; Holmgren et al., 2003; Cruz et al., 2005; Wang et al., 2006)
and have been used to constrain the timing and regional expression of abrupt climate
changes (Bar-Matthews et al., 1997; Wang et al., 2001; Burns et al., 2003; Williams et
al., 2005).
Recent studies suggest that the concentrations of trace metals such as Mg2+ and
Sr2+ in stalagmites, as well as stalagmite carbon isotopic composition (δ13C), may vary as
a function of hydrological conditions (Roberts et al., 1998; Fairchild et al., 2000;
Fairchild et al., 2001; Huang et al., 2001; Treble et al., 2003; McDermott, 2004;
McMillan et al., 2005; Treble et al., 2005; Fairchild et al., 2006; Johnson et al., 2006;
Cruz et al., 2007). Most often, changes in trace metal ratios are linked to prior calcite
precipitation (PCP), a process that increases the Mg/Ca and Sr/Ca ratios in karst water
because Ca is preferentially removed during calcium carbonate precipitation (Fairchild et
al., 2000). PCP also drives dripwater δ13C heavier as lighter 12CO2 is degassed during
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calcium carbonate precipitation (Ihlenfeld et al., 2003; Johnson et al., 2006; Asrat et al.,
2007; Cruz et al., 2007). Stalagmite δ13C may also be sensitive to changes in overlying
vegetation type (the ratio of C3 to C4 plants) (Dorale et al., 1998; Hellstrom et al., 1998;
Bar-Matthews et al., 1999; Frappier et al., 2002; Genty et al., 2003; Drysdale et al.,
2004), degree of PCP (Hendy, 1971; Johnson et al., 2006) and/or ecosystem carbon
cycling (Frappier et al., 2002; Cruz et al., 2006). Given the host of hydrological
processes, karst processes, and vegetation changes that can alter stalagmite composition,
it is unclear how well trace metal ratios and δ13C proxies in stalagmites record climate
changes at a given site.
Calcium carbonate precipitation/dissolution cycles (PCP), which may or may not
be driven by rainfall changes, are often invoked to explain changes in stalagmite Mg/Ca,
Sr/Ca, and Ba/Ca (Roberts et al., 1998; Fairchild et al., 2000; Fairchild et al., 2001; Galy
et al., 2002; Treble et al., 2003; Johnson et al., 2006). During dry times, PCP may
increase as epikarst waters come in contact with atmospheric conditions, such that CO2
degassing and/or evaporation drive the precipitation of calcite. As the distribution
coefficients (D) for the incorporation of Mg, Sr, and Ba into calcite are much less than
one (Lorens, 1981; Morse and Bender, 1990), the trace metal to Ca ratio of the remaining
water increases as calcite precipitates out of solution. Alternate mechanisms for
increasing trace metal ratios in karst waters include selective leaching of trace metals
from soils and calcium carbonate bedrock (Fairchild et al., 2000), and changes in aboveground temperature (Ihlenfeld et al., 2003) (via changes in D) and crystal growth rate
(Lorens, 1981; Paquette and Reeder, 1995). In areas with dolomitic limestone, faster
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dissolution rates for calcite versus dolomite and incongruent dissolution of dolomite
(Fairchild et al., 2000) can also influence the Mg/Ca ratio of cave dripwaters.
Stalagmite δ13C responds to a host of influences including vegetation type (Dorale
et al., 1998; Hellstrom et al., 1998; Bar-Matthews et al., 1999; Genty et al., 2003),
biogenic CO2 produced in soils (Frappier et al., 2002; Cruz et al., 2006), and groundwater
geochemical processes (McMillan et al., 2005; Fairchild et al., 2006) some of which are
likely affected by changes in rainfall. Most commonly, stalagmite δ13C has been used as a
proxy for vegetation changes above the surface of the cave to indicate a transition
between C4 and C3 plant biomass on millennial timescales (Dorale et al., 1998; Hellstrom
et al., 1998; Bar-Matthews et al., 1999; Genty et al., 2003). However, stalagmite δ13C is
also affected by karst processes such as kinetic fractionation effects linked to rapid CO2
degassing (Hendy, 1971; Mickler et al., 2004; Fairchild et al., 2006) and associated with
either PCP (Johnson et al., 2006; Asrat et al., 2007) or non-equilibrium CaCO3 formation,
as well as by poorly characterized biogenic processes in the soil (Frappier et al., 2002;
Cruz et al., 2006) and differences in bedrock δ13C composition (Fairchild et al., 2000).
In this study, we use cave dripwater and stalagmite geochemistry to investigate
the potential climatic controls on Northern Borneo stalagmite Mg/Ca, Sr/Ca, and δ13C
over the last 27ka. We use a spatial dripwater dataset collected during three separate field
missions from caves in northern Borneo to identify mechanisms that control cave
dripwater trace metal ratios and δ13C. We use a bi-monthly dripwater timeseries to
investigate whether rainfall changes correlate with cave dripwater hydrological and
geochemical changes over a 2.5 year period. A high-resolution dripwater timeseries,
comprised of hourly to daily sampling of two drips over a three week period, allows us to
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test how specific meteorological events influence dripwater geochemistry and hydrology.
By comparing spatial and temporal changes in dripwater geochemistry to local rainfall
records, bedrock composition, and modeled PCP trajectories, we identify several factors
that influence dripwater geochemistry in Northern Borneo. Next, we compare multiple
stalagmite Mg/Ca, Sr/Ca, and δ13C records that span the last 27ka to identify shared
climate-related features.
4.3 Study Site Geological Setting and Climate
The research was conducted in caves located in Gunung Mulu (4º 02’N, 114 º
48’E) and Gunung Buda (4º 12’N, 114 º 56’E) National Parks, Sarawak, Malaysia
(Figure 4.1). The caves lie within a Miocene limestone formation known as the Melinau
Formation, which runs SW to NE (Waltham and Brook, 1980). High rainfall feeds a
network of rivers that have cut steep gorges between three individual limestone mounds
that are home to a large number of caves, including some of the largest and longest thus
discovered (Despain, 2003). The Gunung Mulu and Gunung Buda National Parks are
characterized by tropical rainforest vegetation and thin soil cover. All dripwater samples
were collected in the vadose zone, as most of the caves are ancient phreatic conduits that
now lie well above the water table. The caves are characterized by large passages (up to
700 by 400m), breakdown rooms, and streams and sumps at lower levels (Waltham and
Brook, 1980; Despain, 2003). The stalagmite samples were collected during a fieldtrip to
Gunung Buda National Park in October 2003 from Snail Shell Cave (4º 12’ 20.8”N, 114º
56’ 26.9”E) and Bukit Assam Cave (4º 15’ 18”N, 114º 57’ 34”E).
Rainfall in northern Borneo displays prominent intra-seasonal and interannual
variations with a relatively small seasonal cycle. Rainfall measurements from Gunung
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Figure 4.1: Topographic map of Gunung Mulu and Gunung Buda National Parks, Malaysia,
showing cave locations. (Topological data is SRTM30, http://www2.jpl.nasa.gov/srtm/)

Mulu Airport yield an average of 5m/year with a weak minimum during June/July (Cobb
et al., 2007; Partin et al., 2007). Interannual variations in rainfall related to the El NiñoSouthern Oscillation (ENSO) are large, as evidenced by the 50% reduction in DecemberJanuary-February (DJF) precipitation that occurred during the 1997/98 El Niño event
(Cobb et al., 2007; Partin et al., 2007). Conversely, DJF rainfall increases during a La
Niña event. In addition, rainfall in N. Borneo responds strongly to ocean-atmosphere
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interactions on intra-seasonal timescales (30-90 days) (Madden and Julian, 1971; Zhang,
2005) and references there-in), which accounts for ~20% of total rainfall variance at
Gunung Mulu. Above-ground temperatures range from 23-26ºC while cave temperatures
lie between 25-26ºC with >104% relative humidity. Such temperature variations are too
small to have a measurable effect on Mg/Ca, Sr/Ca and δ13C composition of the
dripwaters, whereas the significant rainfall variations likely affect dripwater geochemical
variations.
4.4 Sampling and Analytical Methods
4.4.1 Overview of Datasets
Three types of datasets are presented in this paper: 1) a spatial dripwater dataset
from caves located throughout Gunung Mulu and Gunung Buda National Parks, 2) a
temporal dripwater dataset that monitors four specific drips at Gunung Mulu over ~3
years, and 3) geochemical timeseries from three Gunung Buda stalagmite samples
spanning the last 27ka. The spatial dripwater survey consists of dripwater samples
collected by the authors during field missions in October 2003, March 2005, and June
2006 from caves spanning across ~30km (Figure 4.1). The temporal dripwater dataset
consists of dripwater samples collected by Gunung Mulu National Park officials
approximately every two weeks from three drips from 2003 to 2006: a fast-flow (WF)
and slow-flow (WS) drip from Wind Cave for the past ~2.5 years and a slow-flow drip
(L2) from Lang’s Cave for the past ~1.5 years. The temporal dataset includes highresolution timeseries collected over three weeks in 2006 from drips L1 and L2 located in
Lang’s Cave. Onset Hobo Pro Series relative humidity/temperature loggers were
deployed in Wind and Lang’s Caves since 2005. Stalagmite samples from Snail Shell
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Cave formed ~250m from the cave entrance and ~20m from each other (SSC01 and
SCH02). The third stalagmite sample from Bukit Assam Cave, which lies ~6km NNE
from Snail Shell Cave, formed >500m from the cave entrance (BA04).
4.4.2 Bedrock and Stalagmite Geochemical Analyses
Bedrock trace metal compositions were analyzed on an Agilent 7500a series
Inductively Coupled Plasma Mass Spectrometer (ICP-MS) located at Georgia Tech.
Bedrock samples (10-30μg) were hand-drilled with a Dremel tool fitted with a 1mm
dental bit. The powders were dissolved in 2% HNO3 in trace-clean polypropylene tubes
to yield a final Ca concentration of 3ppm and vortexed prior to measuring. ICP-MS
measurements were made using an adaptation of the procedure employed by Schrag et
al., 1999, whereby unknown samples are bracketed by a concentration-matched
gravimetrically determined synthetic standard to correct for machine drift. A 3ppm
natural standard made from a stalagmite sample was also measured at the beginning and
end of each run to monitor potential matrix effects. Precisions of Mg/Ca and Sr/Ca ratios
(mmol/mol) were generally ±1%, although a few measurements had errors of ±1-2%.
Bedrock stable isotopic measurements were performed on a GV Isoprime-Multiprep
Dual-Inlet Mass Spectrometer located at Georgia Tech (long-term reproducibility
< 0.05‰ for δ13C and δ18O based on repeat measurements of an internal standard).
Stalagmite samples were cut in half and slabbed to a thickness of ~15mm to
expose the central growth axis for geochemical sampling. Mg/Ca ratios of all three
stalagmites and Sr/Ca ratios of stalagmites SCH02 and BA04 were measured on a Horiba
JY Ultima-C Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES)
located at Georgia Tech. Trace metal ratios were measured on powders drilled every
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1mm along the central growth axis of the stalagmites with a 1.6mm drill bit using a
bench-top Sherline micromill model 5410. The powders (30-50μg) were dissolved in 2%
HNO3 in an acid-cleaned polypropylene tube to yield a final Ca concentration of 30ppm.
One portion of SCH02 (the 11.8-17.4ka time period) was run at an elevated Ca
concentration of 100ppm to bring Sr above the limit of detection on the ICP-OES. All
stalagmite ICP-OES measurements were bracketed with a concentration-matched
gravimetrically determined synthetic standard to correct for machine drift (Schrag, 1999).
Trace metal ratios of synthetic standards typically show deviations of ±0.5% (1σ, Ν=75)
over the course of a 6-hour run. A stalagmite-specific known natural standard was also
measured at the beginning and end of runs to monitor potential matrix effects. Spot
samples from all three stalagmites were measured by ICP-MS for preliminary
examinations of glacial-interglacial changes in Mg/Ca, Sr/Ca, and Ba/Ca. Stable isotopic
compositions of BA04 and SSC01 were measured on the GV Mass Spectrometer located
at Georgia Tech. SCH02 was analyzed on a Finnigan 253 Dual-Inlet Mass Spectrometer
equipped with Kiel device located at Wood’s Hole Oceanographic Institute (long-term
reproducibility of ±0.04‰ for δ13C). All δ18O and δ13C data are reported with respect to
Vienna Pee Dee Belemnite (VPDB). Powders for stable isotopes and trace metal analyses
were drilled at different times such that small offsets between these datasets may exist.
Repeated tests demonstrated maximum offsets of <0.1mm (<5 years given growth rates
of 20μm/yr).
4.4.3 Dripwater Sample Collection and Analyses
Dripwater Mg/Ca and Sr/Ca were analyzed by ICP-MS at Georgia Tech. Trace
metal dripwater samples were collected in trace-clean 4ml HDPE bottles. Dripwaters
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were acidified with 10μl of concentrated HNO3 and centrifuged immediately prior to
making the measurements. The supernatant was pipetted off and diluted 10-fold with
2%HNO3 to ~3ppm Ca in a trace-clean polypropylene tube. Precisions of the non-diluted
dripwater Ca concentrations were ±1ppm while precisions of dripwater Mg/Ca and Sr/Ca
ratios (mmol/mol) were ±3%. Trace metal ratios of synthetic standards typically show a
deviation of ±1% (1σ, Ν=20) over the course of an 18-hour run. As with the bedrock
samples, the dripwaters were bracketed by gravimetrically-determined synthetic
standards to correct for machine drift. A natural standard (3ppm Ca) prepared using
dissolved stalagmite powder was run at the beginning and end of the dripwater runs to
monitor matrix effects. Carbon isotope dripwater samples were collected in gas-tight,
crimp-top 4ml glass vials spiked with 50μl of HgCl2 to prevent biological growth.
Dripwater carbon isotope measurements were measured a Thermo-Finnigan MAT Delta+
XP/Gas Bench with a precision of ±0.1‰ located at the University of California at Santa
Barbara. Drip-rates were integrated over 60 second intervals.
4.5. Results
4.5.1 Bedrock Composition
Bedrock samples from multiple caves contain similar Mg/Ca, Sr/Ca and δ13C
values whereas bedrock δ18O varies appreciably (Table 4.1). In general, bedrock Mg/Ca
ratios range from 1 to 16 mmol/mol with the exception of Lang’s and Deer Cave, which
contain higher values of 35-45 mmol/mol. Bedrock Sr/Ca ratios generally lie between
0.1-0.6mmol/mol, although Bukit Assam Cave Sr/Ca values are higher (1.72.3mmol/mol). Bedrock δ13C values range between 0.5-1.5‰, although two
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lighter values of -1.5‰ likely reflect bedrock heterogeneity, possibly from altered phases,
as only one out of four bedrock measurements produced the lighter values. Bedrock δ18O
values span a large range from -4 to -13‰, with values from Deer and Lang’s Cave being
consistently lighter. Different colored phases in the bedrock (white, gray, pink and
brown) did not exhibit systematic geochemical differences, suggesting that the alteration
of bedrock phases cannot explain dripwater geochemical variations.
4.5.2 Spatial Dripwater Variability
Comparisons of dripwater geochemical data from three field missions allow for
an assessment of the parameters which influence dripwater geochemistry across the 30km
Melinau formation. Dripwater Mg/Ca ratios range from 5-160mmol/mol, Sr/Ca ratios
range from 0.15-7mmol/mol, and [Ca] range from 20-52ppm. A negative correlation
between [Ca] and Mg/Ca is associated with PCP upstream of the dripwater site (Fairchild
et al., 2000), but appreciable scatter in the data from N. Borneo suggests that PCP is not
the dominant control on dripwater trace metal chemistry (Figure 4.2a). While no PCP
trends are observable in the δ13C data, the highest Mg/Ca ratios are all clustered around
the highest δ13C values, indicating that significant increases in Mg/Ca generally are
accompanied by increases in δ13C. The relationship between [Ca] and Sr/Ca is difficult to
evaluate because the modeled lines of PCP are nearly vertical at low Sr concentrations,
making it difficult to distinguish whether simple dilution or PCP caused the [Ca] versus
Sr/Ca relationship observed in Figure 4.2b. We conclude that PCP influences dripwater
geochemistry at our site, but is not the dominant control on such variations.
Some studies suggest that dripwater geochemistry may be affected by overlying
bedrock composition (Fairchild et al., 2000) and dripwater drip-rate (Fairchild et al.,
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2000; McDonald et al., 2004; Musgrove and Banner, 2004; Baldini et al., 2006; Cruz et
al., 2007), yet these factors fail to explain observed changes in dripwater geochemistry in
Northern Borneo. Of the eight bedrock-dripwater pairs, only Bukit Assam Cave Sr/Ca
and Lang’s Cave Mg/Ca bedrock compositions explain two general trends in dripwater
trace metal ratios (Figure 4.2). Higher dripwater Mg/Ca ratios in Lang’s cave (40-160
mmol/mol) (Figure 4.2a) may be influenced by bedrock values of 36mmol/mol (Table
4.1). Also, Bukit Assam Cave bedrock contains ~2 mmol/mol Sr/Ca (Table 4.1 and
triangles in Figure 4.2b) and dripwater Sr/Ca in Bukit Assam Cave consistently have the
highest values (~2mmol/mol) (Figure 4.2b). While an increased residence time may
result in slower drips with higher Mg/Ca and Sr/Ca ratios by increasing the reaction time
in the epikarst (Fairchild et al., 2000; McDonald et al., 2004; Musgrove and Banner,
2004; Baldini et al., 2006; Cruz et al., 2007), the correlation between Mg/Ca and Sr/Ca
and drip-rate in this study are low and insignificant (R=0.01, N=146). We conclude that
bedrock composition and drip-rate do not systematically affect dripwater geochemistry at
our site.
4.5.3 Temporal Dripwater Variability
4.5.3.1 Bi-monthly Dripwater Time-Series
Taken together, the three temporal dripwater datasets display prominent subseasonal variations in dripwater geochemistry, with no coherent annual to interannual
variations, suggesting these three drips are not sensitive to relatively small annual to
interannual-scale rainfall changes observed during the sampling period (Figure 4.3).
Dripwater [Ca], Mg/Ca, Sr/Ca, and δ13C range from 20 to 47ppm, 16 to 85mmol/mol, 0.2
to 0.38mmol/mol and -9 to -3‰, respectively. All three drips have similar [Ca] while
79

drips WS and WF have consistently higher δ13C, higher Sr/Ca and lower Mg/Ca than drip
L2. Although the three dripwater timeseries appear largely uncorrelated, significant
correlations exist between the temporal dripwater and Mulu airport rainfall (Table 4.2).
All three drips show significant negative correlations (R-values ranging from -0.34 to 0.57) between δ13C and 3-month and 6-month running means of Mulu airport rainfall. In
Wind Cave, dripwater Sr/Ca ratios have significant negative correlations with 3-month
and 6- month running means of rainfall (Table 4.2). Negative correlations between
monthly averaged rainfall and δ13C (and Sr/Ca) are consistent with the direction that PCP
would alter dripwater geochemistry. Together the dripwater timeseries imply that while
the short-term geochemical response of a drip to rainfall may be governed by its
individual hydrological pathway, rainfall does influence dripwater geochemistry on
monthly (and likely longer) timescales.
The lack of an interannual signal in dripwater geochemistry despite elevated
rainfall during a weak La Niña event that occurred in DJF 2005/06 may be related to low
temporal sampling resolution and/or drip-specific hydrologic conditions that masked the
expected signal. Low resolution sampling aliases large sub-seasonal dripwater
geochemical variations that may be associated with strong 30-90 day rainfall variability
in the study region, thus obscuring the interannual signal of interest. Alternatively, fast
drips with a relatively short residence time may not have time to respond to inter-annual
changes in rainfall via PCP. Indeed, lower Mg/Ca ratios in drip L2 during the weak La
Nina event support the theory that slow drips are better suited than fast drips as recorders
of climatic changes in rainfall. Unfortunately, the Sr/Ca data show relatively little change
in all three temporal drips over the sampling period, suggesting that dripwater
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Figure 4.2: Dripwater geochemistry of the spatial dripwater dataset for the caves in Figure
4.1. a) [Ca] vs. Mg/Ca, b) [Ca] vs. Sr/Ca. Curved grey lines in each figure represent
geochemical trajectories for waters which experience PCP in the epikarst (Fairchild et al.,
2000), using values of DMg = 0.04 and DSr = 0.1 (Huang and Fairchild, 2001). Upside-down
triangles represent the bedrock compositions listed in Table 4.1. The error (1σ) for [Ca] is
depicted graphically while the error bars (1σ) for Mg/Ca and Sr/Ca are smaller than the size
of the symbol.
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Figure 4.3: Timeseries of dripwater geochemistries for drips WS (blue triangles), WF
(green squares), and L2 (red circles). Plotted are Sr/Ca, Mg/Ca, [Ca], δ13C, δ18O, driprate, and a 9-day running mean of rainfall from nearby Mulu airport (provided by the
Sarawak Department of Irrigation and Drainage, Malaysia). The error (1σ) for [Ca] is
depicted graphically while the error bars (1σ) for Mg/Ca, Sr/Ca, δ13C and δ18O are
smaller than the size of the symbol.
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Figure 4.4. Plot of a) [Ca] vs. Mg/Ca, b) [Ca] vs. Sr/Ca for the dripwater timeseries.
Upside-down triangles represent bedrock compositions from Wind and Lang’s Caves.
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Sr/Ca is not as sensitive to small changes in rainfall as Mg/Ca. We are continuing the
dripwater collection program at Gunung Mulu with the express purpose of recording the
geochemical response of the region to a large ENSO event. As L2 is the slowest drip of
the timeseries drips, we expect that slow drips are the likeliest candidates for capturing
ENSO-related geochemical variations.
Positive correlations between dripwater δ13C and Mg,Sr/Ca and negative
correlations between dripwater [Ca] and Mg,Sr/Ca in the timeseries are consistent with
PCP (Table 4.3). However, while the correlations in Table 4.3 are significant, PCP
explains only 10-25% of the covariance between the geochemical variables. In this sense,
the dripwater timeseries data are in agreement with the spatial dripwater data which
suggest a limited role of PCP in shaping Gunung Mulu dripwater geochemistry (Figure
4.4). Neither Mg/Ca nor Sr/Ca data from the timeseries drips follow modeled lines of
PCP (Figure 4.4) which is not surprising given the small number of drips and large scatter
in Figure 4.2.
Weak support for PCP in N. Borneo may result from the lack of a pronounced dry
season, which might be key to elevating Mg/Ca values above the cave’s geochemical
noise. Mid-latitude dripwater Mg/Ca ratios range from 50-500 mmol/mol and Sr/Ca
ranges from 1-13 mmol/mol (Fairchild et al., 2006; Cruz et al., 2007) filling in the low
[Ca]-high trace metal ratio quadrant of a PCP plot. PCP lines are more curved in this
range, and thus easier to distinguish from dilution.
4.5.3.2 High Resolution Multi-hour Dripwater Timeseries
Two drips in Lang’s Cave collected at 2-3 hour intervals for two days and then
once a day for a period of one week provide a test of how meteorological events
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influence dripwater geochemistry and hydrology at Gunung Mulu (Figure 4.5). Preceding
our arrival on June 23, rainfall at Gunung Mulu was intense (~40mm/day). By June 26,
rainfall effectively ceased for approximately two weeks (<1mm/day). Drip L2 showed
little change in drip-rate over the three week period, while drip L1‘s drip-rate began to
decrease one day after the rainfall stopped and almost slowed to a stop by the end of the
fieldtrip (Figure 4.5). Over the course of 7 days (June 25-July 1), L1’s drip-rate decreased
by ~95%, its Mg/Ca ratios decreased by 35%, and its [Ca] decreased by 30%, responses
that are opposite to those associated with PCP. The observed change in L1’s [Mg] and
[Ca] may reflect the arrival of older groundwater that was geochemically modified during
the wetter period that preceded the field mission. Throughout the course of the field
mission, the drip-rate and geochemistry in the slow drip L2 remained constant. The highresolution dripwater sampling reveals that drips located in close proximity in the same
cave respond very differently to weekly-scale precipitation forcing, likely related to
variations in groundwater residence times. Some drips respond immediately to
meteorological events, while others are buffered and may record longer-term changes
(Baldini et al., 2006). Furthermore, there may well be a progression from fast-responding
parameters to slow-responding parameters (Figure 4.6). For example, drip-rate likely
responds quickly to instantaneous changes in hydraulic loading. Dripwater Mg/Ca, Sr/Ca
and δ13C changes follow later, related to precipitation/dissolution/degassing processes
that occur to groundwater that resides in the epikarst. Finally, dripwater δ18O would be
the last to respond in this model, reflecting the full transit time of rainwater from the
rainforest floor to the dripwater site (Figure 4.6).
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Figure 4.5: High resolution hourly dripwater timeseries for L1 (empty diamonds) and L2
(filled circles) from Lang’s Cave.
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Figure 4.6: Schematic of a potential sequence of processes that affect dripwater flow rate
and geochemistry. First, rainfall δ18O changes at the rainwater infiltration sites when
precipitation falls. Next drip-rates respond to changes in hydraulic pressure. Then,
dripwater Mg/Ca, Sr/Ca, and δ13C change in response to PCP in the epikarst and vadose
zone. Lastly, dripwater δ18O changes after surface waters have reached the drip site.
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4.5.4 Stalagmite Geochemical Data
Stalagmite Mg/Ca ratios, Sr/Ca ratios, and δ13C records from SSC01, SCH02 and
BA04 are characterized by different absolute values and patterns of variability over the
last 27ka. Stalagmite SSC01 has the lowest average Mg/Ca (~2mmol/mol) and Sr/Ca
(<0.04mmol/mol) ratios (Figure 4.7), SCH02 has intermediate Mg/Ca (~8mmol/mol) and
Sr/Ca (~0.05mmol/mol) ratios (Figure 4.8), and BA04 has the highest average Mg/Ca
(~35 mmol/mol) and Sr/Ca (~10mmol/mol) ratios (Figure 4.9). Stalagmites SSC01 and
SCH02 have similar δ13C values of approximately -5‰ while sample BA04 δ13C is ~5‰
heavier (Figure 4.10). The stalagmite Mg/Ca and Sr/Ca records are characterized by
substantial centennial-scale variability super-imposed on glacial-to-interglacial trends.
Among the three stalagmite samples, the magnitude of the centennial-scale Mg/Ca and
Sr/Ca variability is proportional to the absolute value of Mg/Ca and Sr/Ca (ie. higher
Mg/Ca values are associated with higher centennial-scale variability) (Figure 4.11). The
sign of the glacial-to-interglacial trends differ between samples – Mg/Ca in SCH02 and
SSC01 exhibit a linear decrease whereas Mg/Ca and Sr/Ca in BA04 exhibit linear
increases. All three stalagmite δ13C records are characterized by centennial-scale
variability of ~1.5-2‰ super-imposed on a glacial-to-interglacial decrease of ~2‰.
4.5.4.1 Intra-stalagmite comparisons of Mg/Ca ratios, Sr/Ca ratios, and δ13C records
Reproducible changes of Mg/Ca, Sr/Ca, and δ13C in all three records provide
strong evidence that PCP modulates the geochemistry of stalagmite-forming drips in N.
Borneo. Mg/Ca and Sr/Ca ratios in SCH02 (Table 4.5) and BA04 (Table 4.6) are highly
correlated, suggesting that PCP is responsible for Mg/Ca and Sr/Ca variations. Several
ICP-MS measurements of Sr/Ca in SSC01 ratios also suggest co-variability between
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Figure 4.7: Geochemical timeseries of stalagmite SSC01 over the last 27ka. Plotted are
Mg/Ca ratio, δ13C, δ18O, and growth-rate. Sr/Ca values (via ICP-MS) are marked by “x”.
Age models for the samples are discussed in Partin et al., 2007 and Adkins et al., in prep.
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Figure 4.8: Same as Figure 4.7 but for stalagmite SCH02. Also included are Sr/Ca ratios
(via ICP-OES). Data with growth-rates less than 10μm/yr are colored in grey, and are
considered untrustworthy for paleoclimatic interpretation due to uncertainty in age models
associated with the presence of unresolved hiatuses.
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Figure 4.9: Same as Figure 4.8 but for stalagmite BA04. Also shown are Ba/Ca ratios (via
ICP-MS) marked by “x”.
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Figure 4.10: Stalagmite δ13C for all three stalagmites.
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Figure 4.11: Stalagmite Mg/Ca anomalies, Sr/Ca anomalies, and δ18O for all three
stalagmites. The trace metal data have been smoothed by a 200-year moving average
discussed in the text (see section 4.4.2). Data with growth-rates less than 10μm/yr are not
included (see Figure 4.8).
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Mg/Ca and Sr/Ca (Figure 4.7). Also, ICP-MS measurements of stalagmite Ba/Ca ratios in
BA04 follow the trends in Mg/Ca and Sr/Ca ratios, consistent with PCP (Figure 4.9).
Lastly, strong positive correlations between Mg/Ca and δ13C in SCH02 and SSC01
(Tables 4.4 & 4.5) also support PCP as a mechanism which controls the geochemistry of
stalagmite-forming drips (Johnson et al., 2006).
4.5.4.2 Inter-stalagmite comparisons of Mg/Ca ratios, Sr/Ca ratios, and δ13C records
Comparisons of Mg/Ca ratios, Sr/Ca ratios, and δ13C among the three stalagmites
lend further support to the conclusion that PCP strongly influences the dripwater
geochemistry of stalagmite-forming drips in N. Borneo. First, PCP would increase both
Mg/Ca and Sr/Ca ratios in the three samples, which show consistent relative differences
between Mg/Ca and Sr/Ca values (BA04 Mg,Sr/Ca > SCH02 > SSC01). Furthermore,
the heaviest δ13C values in BA04 occur with the highest Mg/Ca and Sr/Ca ratios, as
expected with PCP. Indeed, it is difficult to explain Mg/Ca ratios in SCH02 that are 4.5x
higher than those in SSC01 without invoking PCP, as they formed ~10m apart.
Correlations of Mg/Ca ratios, Sr/Ca ratios, and δ13C among the three stalagmites
are calculated to quantify the extent to which the stalagmites share common geochemical
variations, most likely linked to climate forcing. To calculate correlations between
stalagmite records of varying temporal resolutions, the raw records are first smoothed
using a running mean designed to form 200-year-resolved versions of each record (Figure
4.11). The smoothed data are then interpolated to evenly-spaced intervals of 200 years for
overlapping time periods. For example, if two stalagmites overlap from 60-2100 years
ago, then there would be 11 interpolated points beginning with 60 and ending at 2060.
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Portions of the trace metal ratios and δ13C records show significant, positive covariations, lending credibility to their use as climate proxies (Table 4.7). However,
correlations are low when comparing stalagmite δ13C and trace metal records across the
entire 27ka interval. The low overall correlations for the entire 27ka period may indicate
that 1) trace metal ratios and δ13C are only good proxies for climate change over select
time periods and/or 2) the age models for the stalagmite records do not accurately
constrain the prominent centennial-scale variability observed in all three stalagmite
samples, thus causing low overall correlations. To address the latter possibility, we
attempted to wiggle-match portions of the Mg/Ca and δ13C records within the limit of
dating uncertainties (±400 years for ages younger than 11ka or ±2% for ages older than
11ka). The wiggle-matched chronologies improved the correlations between the records
in four out of seven attempts. This exercise suggests that the errors in the age model can
account for a portion of the mismatches between stalagmites but cannot fully explain the
low correlations.
A comparison between the trace metal ratios and δ13C records with previously
published δ18O records (Partin et al., 2007) provides a further test of stalagmite Mg/Ca,
Sr/Ca, and δ13C records as climate proxies. For example, the millennial-scale changes in
δ18O are not mirrored in δ13C and trace metal ratios, but the centennial-scale features are
common to all records. Significant positive correlations between δ18O and Mg/Ca among
individual stalagmite samples (Tables 4.3-4.5) suggest that both variables respond
similarly to a common climate forcing – most likely rainfall amount. We conclude that
the stalagmite geochemical data support PCP as a mechanism that influences dripwater
geochemistry on timescales from decades to centuries.
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Stalagmite BA04 represents an interesting case as many aspects of its
geochemistry are consistent with PCP, but geochemical patterns during certain intervals
(most notably during periods of high growth-rate) are not consistent with PCP. Evidence
for extensive PCP in dripwaters feeding BA04 include the fact that it has the highest trace
metal ratios and the heaviest δ13C values among the three samples, as well as strongly covarying Mg/Ca and Sr/Ca ratios. Furthermore, Mg/Ca and Sr/Ca in BA04 are much
greater than Bukit Assam bedrock values, suggesting that the drip feeding BA04
experienced extensive trace metal enrichments due to significant PCP (Figure 4.12).
However, Mg/Ca and Sr/Ca anti-correlate with δ13C during periods of fast growth rate
(>50 μm/yr), suggesting that mechanisms other than PCP may be controlling stalagmite

Figure 4.12: Sr/Ca vs. Mg/Ca for BA04 and SCH02. Cave bedrock compositions for each
stalagmite are represented by upside-down triangles.
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trace metal ratios and δ13C during these specific times. As increased growth-rates should
lead to decreased Sr/Ca values (Lorens, 1981; Paquette and Reeder, 1995), yet BA04
Sr/Ca is higher during high growth rate intervals. Therefore, the increased trace metal
ratios in BA04 are most likely due to unique flow conditions in the overlying karst that
lead to an increase in CO2 degassing, increased PCP, and possibly net evaporation.
Hiatuses in stalagmite growth (Wang et al., 2004) and variable stalagmite growthrates (Baker et al., 1993; McDermott et al., 1999; Genty et al., 2001) have also been
proposed as paleo-precipitation proxies. However, no significant correlations exist
between growth-rate and Mg/Ca, Sr/Ca, or δ13C in any of the three samples (Figures 4.64.8, R<0.15), which suggests a limited role for kinetic-related trace metal fractionations
(Lorens, 1981; Paquette and Reeder, 1995). Also, hiatuses are not good climate indicators
in the N. Borneo stalagmites as no cessations in growth are shared between the three
stalagmites (Figs. 6-8).
4.6 Discussion
4.6.1 Prior Calcite Precipitation Control on Dripwater and Stalagmite
Geochemistry
4.6.1.1 Modern Dripwater Geochemical Evidence
Geochemical analyses of dripwaters from Northern Borneo suggest that PCP is
not the dominant mechanism governing dripwater geochemistry at this site. This result is
surprising given that studies in Brazil, Australia, and England that find strong evidence
for PCP in dripwaters (Fairchild et al., 2000; McDonald et al., 2004; Fairchild et al.,
2006; Cruz et al., 2007). Limited evidence of PCP in N. Borneo may be due in part to
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higher annual rainfall, reduced seasonality of rainfall, and extensive karstification that
leads to the rapid transport of water through the epikarst and vadose zone year-round. For
the relatively fast drips sampled in this study, such rapid transport times may mean that
the system is characterized by transient responses to random meteorological events. On
the other hand, slow drips, whose upstream water resides long enough in the epikarst for
PCP to occur, are more likely to record climate conditions (Baldini et al., 2006).
A decrease in the Mg/Ca ratios of slow drip L2 during the 2005/06 La Niña event
strengthens the hypothesis that slower, less-variable drips are better suited to record
climate changes. The buffered reaction of drip L2 with respect to both drip-rate and
geochemistry is evident in both the bi-monthly (Figure 4.3) and hourly timeseries (Figure
4.5). Clearly, the magnitude of the 2005/06 event was not strong enough to impact
dripwater geochemistry across the parks, which may imply a signal-to-noise threshold.
However, the fact that timeseries drips WS and WF were characterized by lighter δ18O
values during the event (Cobb et al., 2007) but exhibited no coherent changes in Mg/Ca,
Sr/Ca or δ13C suggests that stalagmite δ18O is a more robust climate proxy than
stalagmite Mg/Ca, Sr/Ca and δ13C.
Alternate mechanisms proposed to explain trace metal ratio variations in cave
dripwaters include incongruent dolomite dissolution, faster dissolution rate of calcite with
respect to dolomite and selective leaching of lattice-bound impurities in soils and
bedrocks (Fairchild et al., 2000). Our bedrock data indicate that the bedrock composition
is mostly calcite (low Mg/Ca in Figure 4.2), limiting the potential impact of incongruent
dolomite dissolution and of dissolution rate differences between calcite and dolomite.
Selective leaching of soils has been linked to freezing or dying of the soils during winter

103

months. While freezing of the soils does not occur in N. Borneo, drying of the soils in N.
Borneo could occur during strong El Niño events. Therefore, selective leaching could
potentially influence dripwater geochemistry at the site. However, the selective soil
leaching effect would have the same signature as PCP (higher Mg/Ca, Sr/Ca and δ13C
during dry periods) (Fairchild et al., 2000).
4.6.1.2 Stalagmite Geochemical Evidence
In contrast to the weak evidence for PCP in the dripwater datasets, the stalagmite
trace metal ratios and δ13C provide compelling evidence that PCP exerts a dominant
control on dripwater Mg/Ca, Sr/Ca and δ13C at the site on decadal to centennial
timescales. The stalagmite data support the theory that sites with a slower drip-rates are
better suited for Mg/Ca, Sr/Ca and δ13C-based climatic studies, as the karst waters
feeding slow drips experience more PCP (Baldini et al., 2006).
Additional evidence for PCP in stalagmite-forming drips comes from estimates of
the trace metal ratios in drips feeding each of the three stalagmite samples. Paleo-drip
geochemistry is estimated by dividing measured stalagmite Mg/Ca and Sr/Ca ratios by
average distribution coefficients for Mg2+ and Sr2+ in calcite (Huang and Fairchild, 2001).
For stalagmite SCH02, the maximum and minimum calcite Mg/Ca ratios translate to
dripwaters with concentrations of 60-285 mmol/mol. For BA04, back-calculated
dripwater Mg/Ca range from 520-1125 mmol/mol and Sr/Ca range from 45129mmol/mol. As the back-calculated dripwater Mg/Ca and Sr/Ca ratios are higher than
observed in the modern dripwater datasets, the stalagmites likely formed under very slow
drips that are logistically difficult to collect in the field. Interestingly, U concentrations in
the stalagmites are highly correlated to stalagmite Mg/Ca and Sr/Ca ratios (BA04 >
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SCH02 > SSC01) (Partin et al., 2007; Adkins et al., in prep.), suggesting that many
metals may be enriched in the karst waters via prior calcite precipitation. This
observation agrees with similar results based on stalagmites from Israel (Ayalon et al.,
1999) and Australia (Treble et al., 2003; Treble et al., 2005), but is opposite to the
response in a stalagmite from China (Johnson et al., 2006).
In spite of the high annual precipitation and extensive-karstification at the site,
results from both the dripwater and stalagmite datasets suggest that PCP is a dominant
mechanism controlling the Mg/Ca, Sr/Ca and δ13C geochemistries of slow, stalagmiteforming drips. However, during our field missions, we primarily sampled fast drips that
were easiest to collect – drips which mainly reflect stochastic processes – such that our
modern dripwater datasets are characterized by a high degree of geochemical scatter. In
future missions, several days should be devoted to collecting many slow drips to
characterize their geochemical behavior and better quantify the degree to which PCP
affect dripwater geochemistry.
4.6.2 Stalagmite Mg/Ca, Sr/Ca and δ13C Records as Records of Paleo-rainfall
Stalagmite records of Mg/Ca, Sr/Ca and δ13C display a high-degree of covariation that is best explained by prior calcite precipitation linked to rainfall variability.
The co-variation exists not only between geochemical records from an individual
stalagmite, but between stalagmite samples. Generally, the records are characterized by
prominent centennial-scale variability most likely caused by changes in rainfall that
determine the degree to which PCP affects dripwater geochemistry.
Two distinct types of rainfall changes could affect the degree of PCP in the
northern Borneo caves. For one, an average reduction in rainfall may occur without a
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change in the variability of rainfall, leading to an increase in evaporative effects/CO2
degassing and increased prior calcite precipitation. Alternatively, a change in the
distribution of rainfall may occur such that there are longer break periods between
rainfall events, but the yearly rainfall total does not change. Groundwaters are not
recharged during dry periods, so evaporative effects and degassing of CO2 lead to PCP
that will increase trace metal ratios in dripwaters. Indeed, seasonal changes in trace metal
ratios observed in high resolution studies of stalagmites from China (Johnson et al., 2006)
and Australia (Treble et al., 2003; Treble et al., 2005) are directly linked to alternating
wet and dry seasons. As the seasonal cycle is limited in N. Borneo, the trace metal ratios
may instead be controlled by significant sub-seasonal variability (30-90 day) in rainfall.
This concept is supported by drip L2 during the 2005-2006 La Niña event, when there
were less dry periods between rainfall events and the drip’s Mg/Ca decreased. However,
because the stalagmite measurements represent 50-100 year averages, it is not possible to
distinguish between a reduction in average annual rainfall or a change in sub-seasonal
rainfall variability. High-resolution records from fast-growing stalagmites in the area may
enable one to distinguish between these two scenarios.
4.6.3 Potential Climate Changes over the last 30ka in N. Borneo
Several new pieces of information are revealed about climate in N. Borneo over
the last 27 ka by focusing on shared features in the Mg/Ca, Sr/Ca, and δ13C of the three
stalagmite records. During the Last Glacial Maximum (LGM), defined here as the
timperiod from 19-23ka, stalagmite Mg/Ca ratios are higher in SCH02 and SSC01, and
all three records exhibit less centennial-scale variability (Figure 4.11). Higher stalagmite
Mg/Ca ratios suggest that rainfall was reduced during the LGM, consistent with our
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interpretations of the stalagmite δ13C records. Alternatively, the glacial-interglacial trends
observed in stalagmite trace metal ratios could also be driven by a change in soil
composition resulting from changes in above-ground vegetation. Stalagmite Mg/Ca and
δ13C evidence for reduced LGM precipitation is important, given the somewhat
ambiguous evidence for reduced LGM rainfall in stalagmite δ18O (Figure 4.11) (Partin et
al., 2007). The interpretation of stalagmite δ18O during the LGM is complicated by the
emergence of the Sunda Shelf, which likely altered moisture trajectories that may have
masked precipitation amount-related changes in rainfall δ18O (Bush and Fairbanks,
2003). For example, if rainfall must traverse across more landmass, then rainout of an air
parcel via Raleigh distillation (decrease in 18O) would compete with the reduction of
rainfall via the amount effect (increase in 18O), resulting in no net change in rainfall δ18O.
Therefore, stalagmite trace metal ratios and δ13C records could be used to constrain
important rainfall changes that are not evident in stalagmite δ18O records.
Shared features in stalagmite δ13C may result from rainfall changes (via PCP)
and/or changes in ecosystem carbon cycling. A glacial-to-interglacial decrease of 1-2‰
in stalagmite δ13C (Figure 4.10) is consistent with drier conditions at the research site
(increased PCP), but we cannot rule out a contribution from changes in ecosystem carbon
cycling. Evidence for a Sundaland “savannah corridor” during the LGM (Bird et al.,
2005) implies a marked change in the structure of Sundaland biomes which may have
enriched the δ13C of soil CO2 at our site. There are few paleo-environmental constraints
from northern Borneo during the LGM, but any increase in the ratio of C4 to C3 plants
would presumably increase stalagmite δ13C values.
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The deglacial portion of the records (10-19ka), are characterized by the highest
variability in stalagmite Mg/Ca, Sr/Ca, and δ13C (Figure 4.11), perhaps related to the
sequence of abrupt climate changes that occurred during this period (Bond et al., 1993;
Dansgaard et al., 1993). While, the Mg/Ca, Sr/Ca and δ13C records do not contain
prominent millennial-scale variability as observed in stalagmite δ18O, many of the
centennial-scale events have analogues in the δ18O records (Figure 4.11, Tables 4.3-4.5).
However, the relative magnitudes of the centennial-scale events in the Mg/Ca and Sr/Ca
records are greater than those in the δ18O records, suggesting a higher sensitivity to
centennial-scale hydrological variability. In fact, the largest amplitude shifts of Mg/Ca
and Sr/Ca in SCH02 and SSC01 occur in conjunction with a broad millennial-scale
change in δ18O record surrounding Heinrich event 1. Throughout the deglaciation, large
changes in stalagmite Mg/Ca, Sr/Ca and δ13C may be linked to major hydrological
transitions (i.e. the beginning of the Antarctic Cold Reversal (~13.5ka) in stalagmite
SCH02).
Trace metal ratios and δ13C gradually decrease over the course of the Holocene
until ~2ka, when values begin to increase leading up to the present (Figure 4.11). The
stalagmite Mg/Ca, Sr/Ca and δ13C records do not resemble stalagmite δ18O records which
display a mid-Holocene minimum, again highlighting the lack of millennial-scale
coherence among the various stalagmite geochemical records. Decadal-to-centennialscale variability in stalagmite Mg/Ca, Sr/Ca and δ13C is present throughout the Holocene,
but its climatic significance is difficult to evaluate without additional study of the
mechanisms driving Mg/Ca, Sr/Ca and δ13C variations in N. Borneo stalagmites.
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4.7 Conclusions
By combining data from dripwater datasets and from multiple stalagmites, we
determine that PCP is an important mechanism controlling Mg/Ca, Sr/Ca and δ13C
variations in slow, stalagmite-forming drips in N. Borneo. Three different stalagmite
Mg/Ca, Sr/Ca and δ13C records contain reproducible variability during some intervals of
the last 27ka, however their geochemistries are likely affected by site-specific
hydrological conditions. The stalagmite Mg/Ca, Sr/Ca and δ13C records complement
stalagmite δ18O records and can be used to constrain paleo-precipitation during
climatically complex intervals (like the LGM), when stalagmite δ18O is difficult to
interpret. The N. Borneo stalagmite Mg/Ca and δ13C records suggest that LGM
conditions in N. Borneo were drier. The large amplitude decadal-to-centennial climate
variability in the stalagmite records during the last deglaciation may be linked to the
sequence of large abrupt climate changes during this time. In summary, stalagmite
Mg/Ca, Sr/Ca and δ13C records show promise as paleo-precipitation proxies in tropical
setting, however the mechanisms which drive their variations must be better understood
in order to reconstruct past climate with confidence.
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CHAPTER 5
CONCLUDING REMARKS AND FUTURE WORK

The stalagmite records from northern Borneo provide valuable insights about
West Pacific Warm Pool rainfall variability over the last 27,000 years with excellent
chronological control and multi-decadal resolution. While the remote tropical setting
presents logistical difficulties in obtaining samples, the helpful staff at Gunung Mulu
National Park made an otherwise impossible task possible. Having key personnel on the
ground at the remote site allowed for year-round sample collection and also provided
valuable in-depth knowledge about the area. High annual rainfall at the site results in a
difficult setting for U-Th dating, as the bedrock has undergone extensive weathering,
uranium concentrations are low and detrital 232Th content is high. However, careful
sampling strategies (see Chapter 2) and excellent analytical techniques resulted in robust
age models for three stalagmites over the last 27ka.
Among all of the proxies, stalagmite δ18O proved to be the most robust climate
proxy as all three δ18O records exhibited remarkably similar patterns (see Chapter 3). The
stalagmite δ13C records are the next-most robust climate proxy as two of the three records
show qualitatively similar changes on millennial timescales. The stalagmite Mg/Ca and
Sr/Ca records appear to be the least robust proxies as all three samples contain different
absolute values and different amplitudes of variability (see Chapter 4).
While it may be tempting to describe Mg/Ca, Sr/Ca, and δ13C as questionable
climate proxies in stalagmites, this is not the case. The stalagmite Mg/Ca and δ13C
records depicted a drier climate during the LGM, whereas stalagmite δ18O records
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showed no change from the LGM to present. Exposure of the Sunda Shelf during the
LGM likely affected rainfall δ18O, and hence stalagmite δ18O, via fractionation processes
in addition to the change caused by rainfall amount. However, exposure of the Sunda
Shelf did not affect the Mg/Ca and δ13C records, such that these proxies bolster the theory
that western tropical Pacific rainfall was reduced during the LGM. Also, the amplitude of
the decadal-to-centennial-scale variability in stalagmite Mg/Ca, Sr/Ca, and δ13C was
much higher than in stalagmite δ18O, suggesting that these proxies may be very sensitive
to higher frequency variability and/or the crossing of certain hydrological thresholds.
To properly interpret stalagmite Mg/Ca, Sr/Ca, δ13C, and δ18O records, a morethorough investigation into the mechanisms which control their geochemical behaviors
should be conducted. An ideal study would calibrate stalagmite and dripwater Mg/Ca,
Sr/Ca, δ13C, and δ18O with instrumental data. High-resolution sampling of a fast-growing
stalagmite could be compared to the instrumental record of rainfall to better determine
how changes in rainfall affect stalagmite proxy composition. Also, dripwater and
rainwater samples already collected, as well as samples which will be collected in the
future, provide a means to compare proxy composition with changes in rainfall that are
locally recorded. These studies would not only elucidate mechanisms which control
proxy composition, but could possibly yield a transfer function that would allow for
quantitative estimates of past rainfall variability. Towards this end, an integral part of the
continuing investigation is to collect dripwater samples during a major ENSO event. A
large climate perturbation would hopefully increase the geochemical signature of a
climate signal beyond the noise of the karst system. Future field trips to the area should
also concentrate on collecting as many slow drips as possible for geochemical analyses,
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as these appear to be the best candidates to reconstruct climate change in N. Borneo (see
Chapter 4).
Lastly, this study – while it is important – is only one of several paleoclimate
datapoints in the West Pacific. As such, it is impossible to differentiate between various
large-scale mechanisms that drove tropical Pacific climate variability since the LGM.
Additional stalagmite climate reconstructions from sites in the West Pacific would help to
constrain not only the spatial and temporal variability in WPWP precipitation, but may
also shed light on the mechanisms which control decadal, centennial, and millennial-scale
climate variability in the tropical Pacific.
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