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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 Niño-

Southern Oscillation (ENSO) are large, as evidenced by the 50% reduction in December-

January-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 

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/) 
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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 high-

resolution 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 (1.7-

2.3mmol/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 sub-

seasonal 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 
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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. 



 82

 

 
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, drip-
rate, 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 high-

resolution 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 co-

variations, 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 co-

varying 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 growth-

rates (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 4.6-

4.8, 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 
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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 45-

129mmol/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, stalagmite-

forming 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 co-

variation 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-centennial-

scale 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. 



 109

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 more-

thorough 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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