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Abstract Speleothem oxygen isotopes (δ18O) are often used to reconstruct past rainfall δ18O variability,
and thereby hydroclimate changes, in many regions of the world. However, poor constraints on the karst
hydrological processes that transform rainfall signals into cave dripwater add significant uncertainty to
interpretations of speleothem-based reconstructions. Here we present several 6.5 year, biweekly dripwater
δ18O time series from northern Borneo and compare them to local rainfall δ18O variability. We demonstrate
that vadose water mixing is the primary rainfall-to-dripwater transformation process at our site, where
dripwater δ18O reflects amount-weighted rainfall δ18O integrated over the previous 3–10 months. We
document large interannual dripwater δ18O variability related to the El Niño–Southern Oscillation (ENSO),
with amplitudes inversely correlated to dripwater residence times. According to a simple stalagmite forward
model, asymmetrical ENSO extremes produce significant offsets in stalagmite δ18O time series given different
dripwater residence times. Our study highlights the utility of generating multiyear, paired time series of
rainfall and dripwater δ18O to aid interpretations of stalagmite δ18O reconstructions.

1. Introduction

The broad geographic availability of speleothems has allowed for the generation of continuous high-resolution,
absolutely dated paleoclimate reconstructions from oxygen isotopes (δ18O) across the globe. As a key tropical
link between high-latitude, high-resolution ice core and tropical, low-resolution marine sediment records,
speleothems have served to constrain the global extent of glacial terminations [e.g., Cheng et al., 2009; Meckler
et al., 2012], characterize millennial-scale abrupt climate changes [e.g., Wang et al., 2001; Carolin et al., 2013],
provide evidence of interhemispheric antiphasing in terrestrial hydroclimate [e.g., Cruz et al., 2005a; Wang
et al., 2006; Griffiths et al., 2009; Ayliffe et al., 2013], and reconstruct centennial-scale variability over the last
millennium [e.g., Sinha et al., 2007; Zhang et al., 2008; Partin et al., 2013b]. Annually and subannually resolved
speleothem δ18O records also track high-frequency tropical modes, such as the El Niño–Southern Oscillation
(ENSO) [e.g., Lachniet, 2004], monsoon variability [e.g., Fleitmann et al., 2004; Berkelhammer et al., 2010], and
tropical cyclones [e.g., Frappier et al., 2007].

The amount effect—whereby rainfall δ18O in lower latitudes is inversely correlated to rainfall amount
[Dansgaard, 1964; Rozanski et al., 1993]—forms the basis for interpretations of low-latitude speleothem
δ18O as records of past hydroclimate variability. More recently, attention has turned toward site-specific
investigations of the isotope-climate relationship through time, using long-term observational monitoring
programs [e.g., Cobb et al., 2007; Kurita et al., 2009; Vimeux et al., 2011; Moerman et al., 2013] and isotope-
equipped general circulation models (GCMs) [e.g., Schmidt et al., 2007; LeGrande and Schmidt, 2009; Lewis
et al., 2010]. While broadly supporting the amount effect relationship in the tropics, these studies and
others [e.g., Lawrence et al., 2004] suggest that δ18O variability is best interpreted as a reflection of regional-
scale, rather than local, hydrological variability. GCM and observation-based studies by Schmidt et al. [2007]
and Moerman et al. [2013], respectively, further document that local rainfall δ18O outperforms local
precipitation amount as an indicator of large-scale atmospheric circulation. Such studies lend strong
support to the use of speleothem-based reconstructions of rainfall δ18O for tracking low-frequency modes
of hydroclimate variability.
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Surface-to-cave infiltrationmodifies the original rainfall δ18O signal, yet this transformation is poorly constrained
for all but a few karst systems. Baker et al. [2012] suggest that karst hydrology may even be a stronger control
on speleothem δ18O variability than climate, in extreme cases, highlighting the need for additional studies
on this topic. Dominant transformation processes include evaporation of water within the soil and epikarst
layers [e.g., Ayalon et al., 1998; Bradley et al., 2010], biases in hydrologically effective recharge toward high-
volume rainfall events and/or wet seasons [e.g., Jex et al., 2010; Pape et al., 2010; Partin et al., 2012], mixing in the
vadose zone [e.g., Partin et al., 2012; Genty et al., 2014], and variable water routing [e.g., Baker et al., 2012; Jex
et al., 2013; Treble et al., 2013]. Nonstationary and nonlinear flow behavior may further obscure the relationship
between rainfall and dripwater δ18O [Bradley et al., 2010; Baker et al., 2013]. As no two cave systems are alike,
temporal monitoring of dripwater δ18O at individual paleoclimate sites is essential to constrain the unique
influence of karst hydrology on speleothem δ18O and improve interpretations of past climate variations.

Here we present a new 6.5 year, biweekly collected time series of dripwater δ18O from the Mulu karst system
in northern Borneo, where tropical hydroclimate has been reconstructed over the past 500,000 years [Partin
et al., 2007;Meckler et al., 2012; Carolin et al., 2013]. Building upon previous work by Cobb et al. [2007] and Partin
et al. [2013a], this paper seeks to characterize Mulu karst hydrology and its impact on the dripwater δ18O
variability that is ultimately archived in Borneo speleothem δ18O. By comparing Mulu rainfall and dripwater
δ18O time series, we identify the dominant karst transformation processes at Mulu, estimate water transit
times, and demonstrate how different residence times can influence speleothem δ18O.

2. Geological and Climatic Setting

The caves of Gunung Mulu National Park are found in northwestern Borneo (4°N, 114°E) within the Melinau
Limestone Formation—a late Eocene to early Miocene shallow marine carbonate platform [Wilford, 1961;
Wannier, 2009]. The site receives approximately 5m of precipitation annually, which supports lush tropical
rainforests with relatively thin topsoil. Seasonality in both precipitation amount and rainfall δ18O is weak due to
the site’s year-round position within the Intertropical Convergence Zone [Cobb et al., 2007; Moerman et al.,
2013]. The largest anomalies in precipitation amount and rainfall δ18O occur intraseasonally in association with
the Madden-Julian Oscillation (MJO; 30–90 days) and interannually in association with ENSO (2–7 years), with
La Niña (El Niño) events delivering anomalouslywet (dry) conditions to the region [Moerman et al., 2013]. Recharge
for the Mulu karst system can be broadly divided into three categories: (1) autogenic infiltration of precipitation
falling directly onto the Melinau limestone; (2) allogenic runoff from the adjoining sandstone mountain
GunungMulu (2377m); and (3) occasional flooding of theMelinau River alluvial plain [Walthamand Brook, 1980].

3. Methods

Two distinct dripwater sampling programs were launched for this study: (1) a biweekly collection of dripwater
at three individual drip sites from May 2006 to November 2012 and (2) spatial surveys of stalagmite-forming
drips throughout multiple caves and chambers during three field expeditions in August 2008 (N = 36),
February–March 2010 (N = 54), and October–November 2012 (N = 135).

For the 6.5 year dripwater time series, discrete samples were collected by park staff approximately every 2
weeks. Drip rate was measured manually via stopwatch. Two of the dripwater time series were collected from
Wind Cave and the third from Lang’s Cave, approximately 5 km to the south [Partin et al., 2013a]. The two
Wind Cave drips are located 50–75m from the entrance and overlain by ~100m of bedrock. The first drip site,
named Wind Slow (WS), has a relatively slow drip rate of 7 ± 1 dpm (drips per minute; 1σ) and drips onto
bedrock detritus (Figure S1 in the supporting information). The second site, named Wind Fast (WF), has a
relatively fast drip rate of 35 ± 6 dpm (1σ) and drips into a small pool within a speleothem (Figure S1). The
Lang’s Cave drip site (L2) is located approximately 140m from the entrance and overlain by ~200m of
bedrock. L2 has an average drip rate of 14 ± 3 dpm (1σ) and drips onto a 2m tall stalagmite (Figure S1).

This study also extends the Mulu rainfall δ18O time series presented in Moerman et al. [2013] by 1.5 years.
All rainfall and dripwater samples were collected in 3mL glass vials and sealed with rubber stoppers and
crimp top aluminum closures to safeguard against postcollection evaporation. Rainfall and dripwater δ18O
and δDwere analyzed via cavity ring-down spectroscopy (Picarro L1102-i water isotope analyzer), which has a
long-term reproducibility of ±0.1‰ for δ18O and ±0.8‰ for δD (1σ) [Moerman et al., 2013].
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4. Results
4.1. Observed Mulu Dripwater δ18O Variability

The oxygen isotopic composition of the three dripwater time series varies coherently through time despite
considerable diversity in drip type, drip rate, and geographic location (Figure 1c). Despite the large difference
in drip rate, the Wind Cave drips WF and WS exhibit the same range of δ18O variability (–4.9 to –11.6‰) and
nearly identical mean isotopic values (�8.2± 1.2‰ (1σ) and �8.0±1.2‰ (1σ), respectively). Drip L2 in Lang’s
Cave has a similar mean δ18O value of�8.4± 0.6‰ (1σ), but the amplitude of the variability (�7.2 to�10.0‰)
is roughly half that of WF and WS. Variations in drip rate are poorly correlated to dripwater δ18O variability
(Figures 1c and 1d; R < 0.1).

The isotopic maximum for each time series occurs during the moderate 2009/2010 El Niño event, whereas
the isotopic minimum coincides with a weak La Niña event in 2008/2009 (Figures 1a and 1c). Rainfall and
dripwater δ18O anomalies related to El Niño events are larger in magnitude, shorter in duration, and decay
more rapidly than those associated with La Niña events, reflecting asymmetry in the duration and magnitude
of El Niño versus La Niña events themselves [e.g., McPhaden and Zhang, 2009; Okumura and Deser, 2010]. The
El Niño-related anomalies in WF and WS are 2–3‰ heavier than those observed in L2. The La Niña-related
dripwater δ18O anomalies are more similar across the drip sites, clustering within 1‰ of each other during
moderate-to-strong La Niña events (Figure 1c).

A succession of several intense precipitation events in late 2008/early 2009 associated with a particularly
active MJO [Moerman et al., 2013] contributes to the minimum in dripwater δ18O observed during this time.
This package of relatively frequent, large precipitation events is unique in the time series, and its relationship to
the concurrent La Niña event is unclear, as the other weak La Niña event (2011/2012) covered in the study
period is not associated with particularly active MJO activity. Generally speaking, however, intraseasonal
rainfall δ18O anomalies of ~10‰ [Moerman et al., 2013] are largely homogenized in the resulting dripwater
δ18O time series, leaving a predominantly interannual signal related to ENSO variability.

The three dripwater δ18O time series reflect smoothed, lagged versions of amount-weighted Mulu rainfall
δ18O (Figures 1b and 1c). Relative to the 6–8‰ ENSO-related variations in Mulu rainfall δ18O (Figure 1b)
[Moerman et al., 2013], interannual variability is reduced to ~5‰ in the Wind Cave drips and to ~2.5‰
in L2. The timing of dripwater δ18O maxima and minima also lags rainfall δ18O by 2–3 months. Taken
together, this suggests that mixing of infiltrating waters is a dominant influence on the resultant isotopic
composition of dripwater at the monitored sites. Potential biases in recharge rates during wet versus
dry times, as well as potential evaporative enrichment of soil water, both appear to have limited influence
on dripwater δ18O, as evidenced by (i) the close match between mean amount-weighted Mulu rainfall
δ18O (�8.6 ± 3.5‰ (1σ)) and the combined mean isotopic value for the three dripwater time series
(�8.2 ± 1.0‰ (1σ); Figure 1c) and (ii) the lack of consistent evaporation tails in plots of dripwater δ18O
versus δD (Figure S2).

4.2. Residence Time Analysis

To further probe karst hydrology as it relates to the rainfall-to-dripwater δ18O transformation, we model
dripwater δ18O from the daily Mulu rainfall δ18O time series. We begin by considering a simple recharge
model wherein a single reservoir is fed by the autogenic infiltration of percolating precipitation. We simulate
the effect of different mixing rates on dripwater δ18O variability by averaging daily amount-weighted rainfall
δ18O over the previous n weeks (e.g., backward projected running mean). In this way, we generate a suite
of modeled dripwater δ18O time series corresponding to different residence times (Figure S3) and infer
the actual residence time to be the number of weeks used in the modeled dripwater time series that best
correlates with the observed time series for each drip site (Figure S4).

We estimate residence times of 3–4 months for reservoirs feeding drips WF andWS. Observed dripwater δ18O
variations in WFare best reproduced by averaging amount-weighted rainfall δ18O over the previous 13weeks
or ~3months (R = 0.92; Figure 2), while WS is best correlated to the modeled time series with an 18 week
or ~4 month averaging interval (R = 0.94; Figure 2). For these two drips, our simple autogenic recharge model
reproduces both the variability and amplitude of variance extremely well and captures the observed lag
between rainfall and dripwater δ18O minima and maxima.
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Figure 1. Comparison of Mulu dripwater δ18O to rainfall δ18O and local and regional climate variables. (a) Monthly NINO4
SST anomalies [Reynolds et al., 2002]. Red and blue bars along the upper x axis represent weak-to-moderate El Niño and
moderate-to-strong La Niña events as defined by the Oceanic Niño Index (http://www.cpc.ncep.noaa.gov/products/
analysis_monitoring/ensostuff/ensoyears.shtml). (b) Nonamount-weighted daily Mulu rainfall δ18O (gray circles) shown
with a 2 month running average (black line), and nonamount-weighted (dotted line) and amount-weighted (dashed line)
means of the entire time series. (c) Mulu dripwater δ18O from drips WF (orange), WS (blue), and L2 (green) plotted with
the composite mean of the three dripwater δ18O time series (black line) and mean amount-weighted rainfall δ18O from
Figure 1b (dashed line). Box-and-whisker plots represent the median (bold bar), 25–75% quartile range (red box), and
maximum and minimum δ18O values (whiskers) for system-wide field expedition surveys of stalagmite-forming dripwaters
conducted in August 2008 (n = 36), February–March 2010 (n = 54), and October–November 2012 (n = 135). (d) Drip rates
from drip sites WF (orange), WS (blue), and L2 (green). Note that WS drip rate has been shifted by +30 dpm and L2 by
+20 dpm. (e) Rain gauge measurements of daily Mulu precipitation amount (gray bars) plotted with a 2 month running
average (black line). Y axes in Figures 1a–1c are inverted.
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While the autogenic recharge model
reproduces the timing of L2 dripwater
δ18Ominima andmaxima, it overestimates
the amplitude of the drip’s δ18O variations
(Figure 2). Amount-weighted rainfall δ18O
averaged over the previous 42weeks
(~10months) best reflects the timing of
dripwater δ18O maxima and minima
observed in L2 (R=0.84), but the predicted
variations are roughly 1‰ higher than
observed (Figure 2). This suggests that
the flow pathway to this drip site is more
complicated than that feeding WF and
WS. L2’s amplitude attenuation suggests
a likely contribution from a second, well-
mixed reservoir, which we model using a
bivariate mixing model,

XM ¼ XA 1� f Bð Þ þ XBf B (1)

where XA is the isotopic composition of
Reservoir A,XB is the isotopic composition
of Reservoir B, and fB is the mixing
parameter. Modeled dripwater δ18O
simulated by the autogenic recharge
model with an ~10 month residence
time represents Reservoir A. In the
interest of simplicity, we set the isotopic
composition of Reservoir B as amount-
weighted Mulu rainfall δ18O averaged
across the study period (�8.6‰). At
fB = 0.6, the residuals between the
modeled and observed L2 time series
are minimized. With this model
configuration, the muted variability in L2
is reproduced particularly well during

the 2009–2012 ENSO cycle (Figure 2), suggesting that two distinct reservoirs likely feed L2—one with a
residence time of ~10months that is recharged autogenically (Reservoir A) and a second with a significantly
longer residence time (Reservoir B). However, prior to 2009, the above parameters overdamp the variability,
resulting in a poor fit between the modeled and observed time series. Increasing the Reservoir A flux from
40% to 80% (i.e., fB = 0.2) during late 2008/early 2009 greatly improves model-data fit, suggesting an
abrupt switch in flow to L2 during this period (Figure 2). Indeed, Reservoir A may represent 100% of flow
in December 2008. Throughout 2008, modeled dripwater δ18O is ~0.5‰ more negative than observed L2
values, indicating that either (i) the isotopic composition of Reservoir B varies over the study period and/or
(ii) that our simple two-reservoir model fails to capture the complexity of flow feeding L2. Longer time series
of rainwater and dripwater δ18O are required to differentiate between these scenarios.

The isotopic spread of hundreds of stalagmite-forming drips collected during field expeditions falls within
the variability of the dripwater δ18O time series (Figure 1c), indicating that the three time series drips are
broadly representative of system-wide shifts in isotopic composition. The relatively small spread in both the
2008 and 2012 expedition data sets (~0.3‰ (1σ)) suggests that residence times for stalagmite-forming drips
in Mulu are long enough to homogenize large intraseasonal shifts in rainfall δ18O of ~10‰ [Moerman et al.,
2013], establishing a lower bound for residence times of stalagmite-forming drips of approximately 1–2
months. Likewise, residence times for many stalagmite-forming drips appear to be less than 2 years, as only
25% of the 2010 expedition drip distribution overlaps that of the 2008 expedition (Figure 1c). This remains
true even when a subset of the slowest dripping samples (<2 dpm) is considered.

Figure 2. Observed dripwater δ18O (circles) for dripsWF (orange),WS (blue),
and L2 (green) compared with best fit modeled dripwater δ18O (solid lines)
using amount-weighted Mulu rainfall δ18O as input. Bold black lines
represent dripwater simulated by the autogenic recharge model with a
residence time of ~3months for WF, ~4months for WS, and ~10months
for L2. Bivariate mixing model results for drip L2 modeled as 40% of
Reservoir A with an ~10 month residence time and 60% of Reservoir B
reflecting mean amount-weighted rainfall δ18O are plotted as a gray line.
During the October 2008 to June 2009 interval, the red line reflects
modeled dripwater δ18O assuming contributions of 20% from Reservoir A
and 80% from Reservoir B. Y axes are inverted in all panels.
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4.3. ENSO-Related Pseudostalagmite
δ18O Variability

To explore how ENSO variability may be
recorded in high- and low-resolution
stalagmite δ18O reconstructions, we
generate pseudostalagmites from the
dripwater δ18O time series and sample
them at a variety of temporal resolutions.
First, we transform the NINO3.4 sea
surface temperature (SST) index over
the last 150 years into pseudodripwater
δ18O space using scalings obtained
from drip WS or L2 (WF is similar to WS,
for these purposes). Specifically, we
perform a peak-to-peak linear regression
between observed dripwater δ18O time
series and the NINO3.4 SST index over
the study period (Figure S5) [Kaplan
et al., 1998]. Next, we sample the
pseudodripwater δ18O time series at
annual to multidecadal resolutions
to reflect typical stalagmite growth
rates. As our approach assumes that
pseudostalagmite δ18O is a perfect
recorder of ENSO dripwater δ18O
variability, this analysis represents an
upper bound on possible ENSO-related
stalagmite δ18O variability.

Differences in dripwater residence
time lead to large differences between
the WS and L2 pseudostalagmite

δ18O time series (Figure 3). When sampled at annual resolution, ENSO variability in pseudostalagmite WS
is as large as 4‰ versus 1.5‰ for pseudostalagmite L2, as positive El Niño-related δ18O anomalies
are damped more effectively in L2 (Figure 3b). At decadal sampling resolution, individual ENSO events
are largely unresolvable in the pseudostalagmites (Figure 3c), as expected. However, for decadal
sampling, periods of high ENSO variance (e.g., 1970–2000) result in pseudostalagmite δ18O values that are
lower than those during ENSO quiescent periods (e.g., 1920–1960). The asymmetrical nature of the
ENSO phenomenon, whereby El Niño events produce higher-amplitude anomalies than La Niña events
[e.g., McPhaden and Zhang, 2009], imparts a shift in mean pseudostalagmite δ18O during high- versus
low-variance periods.

At all sampling resolutions, the mean δ18O value for pseudostalagmite L2 is ~0.8‰ heavier than
pseudostalagmite WS, similar to mean δ18O offsets of up to ~0.7‰ observed between individual Borneo
stalagmite records [Partin et al., 2007; Carolin et al., 2013]. To determine the cause of this offset, we generate
pseudostalagmites from modeled dripwater δ18O with different parameterization schemes to isolate the
effects of (1) dripwater residence time, (2) multiple reservoirs, and (3) precipitation amount weighting
(Figure S6; see the supporting information for details). We find that dripwater residence time accounts for the
majority of the observed offset, whereby drips with longer residence times are biased toward lower, La Niña-
like δ18O values, given the asymmetry of the ENSO phenomenon. Amount weighting of rainfall δ18O also
contributes to the observed offset by driving pseudostalagmite L2 toward even lower δ18O values (Figure S6),
as La Niña events are associated with higher precipitation amount at the site. As such, we conclude that
the observed offset can be attributed to the combination of different dripwater residence times, ENSO
asymmetry, and the latter’s impact on amount-weighted rainfall δ18O.

Figure 3. Pseudostalagmite δ18O time series obtained by converting the
NINO3.4 SST index into a time series of dripwater δ18O using the observed
relationship between NINO3.4 and dripwater δ18O time series during the
study interval. (a) Extended NINO3.4 index retrieved from http://iridl.ldeo.
columbia.edu/SOURCES/.Indices/.nino/ [Reynolds et al., 2002]. (b) Annually
resolved, (c) 10 year resolution, and (d) 40 year resolution pseudostalagmite
δ18O modeled from observed WS (blue) and L2 (green) dripwater δ18O.
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5. Discussion

This study is one of the first to capture individual ENSO events in dripwater δ18O. Previous work byMcDonald
[2004] documented ENSO variability in dripwater trace metal composition, while Frappier et al. [2002] found
clear evidence of ENSO in a high-resolution stalagmite δ13C record. The large range of variability exhibited
in Mulu dripwater δ18O (3–7‰) stems from relatively short residence times (3–10 months) compared to the
dominant input frequency (i.e., interannual). While similarly large dripwater δ18O variations are reported
elsewhere [e.g., Ayalon et al., 1998; Oster et al., 2012], these sites typically involve rapid flow through karst
conduits and joints, such that dripwater δ18O time series reflect discrete rainfall events. Flow to the
temporally monitored drips at Mulu, however, is likely delivered by diffuse seepage flow [Cobb et al., 2007;
Partin et al., 2013a]. Given the dominance of seasonal variability at most other cave monitoring sites with
diffuse flow, large seasonal variations in rainfall δ18O (>4‰) are largely smoothed out by residence times
greater than a year, generating dripwater δ18O variability of only ~1‰ [e.g., Mickler et al., 2004; Cruz et al.,
2005b; Pape et al., 2010; Partin et al., 2012; Treble et al., 2013; Genty et al., 2014].

Given the preservation of resolvable ENSO-related variations in dripwater δ18O, annual and higher-resolution
δ18O records from fast-growing Borneo stalagmites are likely to capture ENSO-related variability. However,
our analyses indicate that several factors may influence the variance of interannual stalagmite δ18O signals.
Most significantly, we find that different flow pathways and mixing rates can produce different dripwater
δ18O time series, even given the same rainfall δ18O input, consistent with karst system modeling studies
[e.g., Bradley et al., 2010; Baker et al., 2012, 2013] and observations elsewhere [e.g., Ayalon et al., 1998; Treble
et al., 2013; Genty et al., 2014]. Specifically, longer transit times attenuate dripwater δ18O variance more
effectively and enhance temporal lags between the original rainfall δ18O (climate) signal and the dripwater
δ18O (speleothem) signal. Therefore, stalagmites fed by water with a relatively short residence time will
exhibit higher ENSO-related δ18O variance than those associated with longer transit times, as demonstrated
by our pseudostalagmite model. As such, stalagmite δ18O is best suited for inferring relative changes in ENSO
variance, assuming that dripwater residence time is relatively stable through time. There is evidence that
sustained bursts of strong MJO-related convective activity may produce dripwater δ18O anomalies on the
order of those associated with a strong La Niña event (i.e., �2 to �3‰), but such events are rare in the
observed time series. The contribution of higher-frequency and lower frequency climate signals to dripwater
δ18O variability awaits the generation of longer rainfall and dripwater δ18O time series.

Our study provides compelling evidence that some drips are characterized by nonstationary flow regimes,
which would complicate the interpretation of climate-related signals in the resulting stalagmite δ18O records.
Potential drivers of nonstationary flow include changes in the nature of rainfall events delivering infiltrating
waters, changes in karst water balance, and reservoir volume thresholds that may bias flow along certain
pathways [Bradley et al., 2010; Baker et al., 2013]. Indeed, a change in water routing to drip L2 in late 2008
following unusually wet conditions resulted in more negative dripwater δ18O values than expected under
stationary flow conditions. This abrupt change in flow suggests that some drips at Mulu may be sensitive to
karst water balance and/or thresholds in reservoir volume. Additionally, the fact that karst hydrology alters
the amplitude and timing of water isotopic extrema in a nonuniform, and potentially nonlinear, manner
introduces the possibility that relationships between climate-related fields and stalagmite δ18O may not
always be stationary over time. This is an important consideration for high-resolution studies that rely on
modern calibrations between rainfall, dripwater, or stalagmite δ18O and instrumental climate variables to
derive quantitative estimates of past climatic conditions from high-resolution stalagmite δ18O reconstructions,
as emphasized elsewhere [e.g., Bradley et al., 2010; Baker et al., 2013; Jex et al., 2013]. The generation of
multiple stalagmite δ18O records that overlap in time allows for the separation of climatic versus nonclimatic
influences on stalagmite δ18O, under the assumption that climate-related δ18O variations are well-replicated
across samples [Dorale and Liu, 2009].

At multidecadal and longer timescales, Borneo stalagmite δ18O likely reflects the long-termmean of amount-
weighted rainfall δ18O. Our pseudostalagmite analysis demonstrates that multidecadal changes in ENSO
variance on the order of those observed during the instrumental record [Kleeman and Power, 2000] can
produce lower frequency isotopic variability of similar magnitude to the ~0.5‰ centennial-scale variations
observed in low-resolution Borneo stalagmite δ18O records [Partin et al., 2007; Carolin et al., 2013]. However,
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the rectification of changes in ENSO variance cannot explain the 1–3‰ variations of stalagmite δ18O
documented on millennial to orbital timescales [Partin et al., 2007; Meckler et al., 2012; Carolin et al., 2013].
That said, our study confirms the sensitivity of rainfall and dripwater δ18O variations in northern Borneo to
zonal shifts in the location of deep convection in the western Pacific [Moerman et al., 2013], whichmay occur on
decadal to orbital timescales [e.g., Lea et al., 2000; Stott et al., 2002; Mann et al., 2009; Emile-Geay et al., 2013].
It thus stands to reason that zonal shifts in themean position of deep convectionmay drive a significant fraction
of observed millennial- to orbital-scale variability in Mulu stalagmite δ18O records.

6. Conclusion

Vadose water mixing is the primary karst process that governs the transformation of rainfall-to-dripwater
δ18O at Gunung Mulu in northern Borneo. The Mulu karst system acts as a low-pass filter of 3–10+ months,
with dripwater δ18O reflecting a smoothed version of amount-weighted local rainfall δ18O. Relatively rapid
water transit times allow for large ENSO-related variations in local rainfall δ18O of 6–8‰ to be preserved as
dripwater δ18O variations of 2.5–5‰, enabling the reconstruction of past ENSO variability from sufficiently
fast-growing Borneo stalagmites. Variations in dripwater residence time, precipitation amount weighting,
and ENSO asymmetry likely contribute to systematic offsets between overlapping stalagmite δ18O records
documented at our site [Partin et al., 2007; Carolin et al., 2013]. Longer dripwater δ18O time series, as well
as a larger set of monitored drips, are required to assess the role of potential nonlinearities in karst flow
patterns through time.

This study demonstrates the power of generating modern rainfall and dripwater isotope time series at sites
where paleoclimate reconstructions from stalagmites exist. In addition to highlighting the utility of site-specific
monitoring of water isotopes for stalagmite δ18O interpretation, our results demonstrate the importance of
replicating stalagmite δ18O records, especially for quantitative reconstructions of ENSO variance.
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