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Abstract Proxy records of hydrologic variability in the West Pacific Warm Pool (WPWP) have revealed
wide-scale changes in past convective activity in response to orbital and suborbital climate forcings. However,
attributing proxy responses to regional changes in WPWP hydrology versus local variations in precipitation
requires independent records linking the terrestrial and marine realms. We present high-resolution stable
isotope, UK′

37 sea surface temperature, X-ray fluorescence (XRF) core scanning, and coccolithophore-derived
paleoproductivity records covering the past 120 ka from International Marine Global Change (IMAGES) Program
Core MD06-3075 (6°29′N, 125°50′E, water depth 1878m), situated in the Davao Gulf on the southern side of
Mindanao. XRF-derived log(Fe/Ca) records provide a robust proxy for runoff-driven sedimentary discharge from
Mindanao, while past changes in local productivity are associated with variable freshwater runoff and
stratification of the surface layer. Significant precessional-scale variability in sedimentary discharge
occurred during marine isotope stage (MIS) 5, with peaks in discharge contemporaneous with Northern
Hemisphere summer insolation minima. We attribute these changes to the latitudinal migration of the
Intertropical Convergence Zone (ITCZ) over the WPWP together with variability in the strength of the
Walker circulation acting on precessional timescales. Between 60 and 15 ka sedimentary discharge at
Mindanao was muted, displaying little orbital- or millennial-scale variability, likely in response to weakened
precessional insolation forcing and lower sea level driving increased subsidence of air masses over the
exposed Sunda Shelf. These results highlight the high degree of local variability in the precipitation
response to past climate changes in the WPWP.

1. Introduction

The West Pacific Warm Pool (WPWP) forms one of the world’s largest and most important centers of tropical
convection, supplying heat and moisture to the midlatitudes and high latitudes, and playing an active role in
global climate dynamics [Cane, 1998; Hoerling et al., 2001]. Pressure gradients between the eastern
subtropical Pacific and the Australian and Indonesian maritime landmasses drive easterly trade winds which
push warm surface waters westward and result in a large zonal sea surface temperature (SST) gradient
between the eastern and western tropical Pacific. This feedback mechanism reinforces convergence of wind
and surface waters in theWest Pacific, resulting in permanent year-round warm pool where SSTs exceed 28°C.
By way of comparison, SSTs in the Eastern Equatorial Pacific average 25 to 27°C due to upwelling induced by
equatorial trade winds [Bjerknes, 1969].

The Intertropical Convergence Zone (ITCZ), a narrow band of convective winds and intense precipitation
situated close to the equator, migrates seasonally over the WPWP in response to interhemispheric
temperature gradients [Schneider et al., 2014]. During boreal summer, the ITCZ migrates northward, resulting
in high precipitation over China and the northern regions of the Indonesian archipelago, while southern
Indonesia and Australia experience relatively dry conditions. The opposite effect occurs during boreal winter.
These patterns of precipitation are closely linked with the East-Asian Monsoon (EAM) and Indo-Australian
Monsoon systems. Variability in the El Niño–Southern Oscillation (ENSO) acting on irregular 2 to 10 year
timescales also has a direct influence on WPWP convection; during strong El Niño years a breakdown in the
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Walker circulation causes weakened easterly trade winds and a shift in the center of tropical convection
toward the Central Pacific, resulting in a net reduction in precipitation over the Indonesian landmass
[Ropelewski and Halpert, 1987]. During La Niña years, the opposite effect is observed, with a warmer WPWP
extending further toward East Asia, driving enhanced rainfall over this region.

During the late Pleistocene, paleoclimate records of past convective activity in the tropics show a strong
sensitivity to precessional cyclicity. Records from the Northern (Southern) Hemisphere typically indicate a
reduction in precipitation during Northern (Southern) Hemisphere summer insolation maxima, when
perihelion occurs close to summer solstice [e.g., Wang et al., 2001, 2007, 2008; Cruz et al., 2005; Tachikawa
et al., 2011; Meckler et al., 2012; Cheng et al., 2012]. Such patterns implicate changes in the seasonal
distribution of insolation between the Northern and Southern Hemispheres as a control on past
precipitation variability, which can be attributed to meridional “shifts” of the local summer ITCZ position
associated with changes in cross-equatorial heat transport [Donohoe et al., 2013; McGee et al., 2014] and to
thermodynamic changes in humidity and moisture advection between hemispheres [Merlis et al., 2013].
Abrupt Northern Hemisphere climate signals such as Dansgaard-Oeschger interstadials and Heinrich
stadials, which are documented in Greenland ice cores (e.g., GISP2), are furthermore imprinted upon these
orbital-scale trends from the WPWP [e.g., Wang et al., 2001; Stott et al., 2002; Dannenmann et al., 2003;
Saikku et al., 2009; Carolin et al., 2013; Ayliffe et al., 2013; Denniston et al., 2013] and are consistent with a
northward (southward) meridional displacement of the ITCZ in response to Northern Hemisphere warming
(cooling). Persistent changes in zonal circulation patterns associated with the Walker circulation and mean
ENSO conditions have also been posited as important controls on proxy records of convection from both
the East and West Pacific [Tudhope et al., 2001; Beaufort et al., 2001; Stott et al., 2002; Koutavas et al., 2002;
Martinez et al., 2003; Turney et al., 2004], a finding that has been replicated in recent modeling approaches
[DiNezio et al., 2011; DiNezio and Tierney, 2013].

Thus far, most reconstructions of past convective variability in the WPWP have focused upon oxygen isotope

(δ18O) records from speleothems [Partin et al., 2007; Griffiths et al., 2009;Meckler et al., 2012; Carolin et al., 2013;

Ayliffe et al., 2013; Denniston et al., 2013] and δ18O records of surface seawater (δ18Osw) derived from planktonic

foraminifera [Stott et al., 2002; Medina-Elizalde and Lea, 2005; de Garidel-Thoron et al., 2007; Saikku et al., 2009;

Gibbons et al., 2014]. These isotopic records primarily reflect large-scale hydrologic variability rather than local

precipitation changes [Gibbons et al., 2014] and require an understanding of the roles of evaporation feedbacks

and source water δ18O on the δ18O signal recorded in surface seawater and cave drip water. Resolving local

precipitation patterns in the WPWP therefore require detailed, independent proxy records which are not

influenced by widespread regional changes. Here we present a multiproxy record combining foraminiferal

δ18O, X-ray fluorescence (XRF)-derived sedimentary runoff, and coccolithophore-based UK′
37 sea surface

temperature (SST) and paleoproductivity estimates from Core MD06-3075 located in the Davao Gulf (06°28.6 N,

125°49.9 E, 1878m water depth), 50 km off the coast of Mindanao (Figure 1). This sheltered bay sits within

the WPWP on the eastern side of the Indonesian archipelago and provides a favorable location for linking

marine and terrestrial records of precipitation and runoff, and monitoring past climatic changes related to

the evolution of the WPWP over the late Pleistocene.

2. Materials and Study Area

Core MD06-3075 was retrieved with a Calypso piston corer during the Marco Polo II cruise aboard theMarion
Dufresne in June 2006, as part of the IMAGES coring program [Laj and Shipboard Scientific Party, 2006]. It is
composed of 30.75m of homogenous dark olive grey silty clay, interrupted by irregular dispersed ash layers
(1 to 5 cm thick). Additionally, a gap in the core is noted between 192 and 208 cm, due to the presence of a
large piece of broken core liner. The coring location was chosen due to its position on a topographic high,
reducing the likelihood of turbidite deposition (Figure 1). The Davao Gulf acts as a catchment basin for several
large rivers from Mindanao, most notably the Davao River, making this site ideally placed to capture
precipitation-induced runoff signals from Mindanao. The majority of thermocline waters at this site originate
from the North Equatorial Current [Toole et al., 1990], while the intermediate circulation is dominated by
Antarctic Intermediate Water, which passes over a shallow sill (~800m depth) extending southward from
Mindanao [Qu et al., 1999; Kashino et al., 1996] (Figure 1).
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The core site sits within the center of the modern-day WPWP, with an annual average SST of 28.7°C. SSTs are
highest in boreal summer, above 29°C, and cool by approximately 1 to 1.5°C in boreal winter (Figure 2b).
Seasonal precipitation and wind patterns are linked with the migration of the ITCZ. Precipitation is highest
(>4.5mm/d) when a northern-positioned ITCZ induces convergence over Mindanao between June and
October, and lowest (<4mm/d) when the ITCZ is positioned to the south between February and April
(Figure 2b). However, this seasonal cycle of precipitation is relatively weak compared to the extreme
monsoonal precipitation cycles found in northern Australia or southern China, since the core site is
positioned relatively centrally within the latitudinal range of the maximum northward and southward ITCZ
position. Oxygen isotopes of precipitation falling in Mindanao show generally lower values between June
and September, and higher values between January and May, likely caused by changing wind directions and

Figure 1. (a) Locationmap of Cores MD06-3075 (this study) and MD98-2181 [Stott et al., 2002, 2007; Saikku et al., 2009], and
speleothem records from Gunung Buda/Gunung Mulu Caves, Borneo [Partin et al., 2007; Meckler et al., 2012; Carolin et al.,
2013]. The main oceanic currents acting in the WPWP region are shown by blue arrows. (b) Bathymetric map of the Davao
Gulf including the coring position of Core MD06-3075 [Laj and Shipboard Scientific Party, 2006].
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associated changes in the sources and transport pathways of atmospheric vapor (Figure 2b). Precipitation
records from the past decades in the Davao Gulf also indicate the important effect ENSO has at this location;
during strong El Niño years, precipitation is suppressed and Mindanao experiences generally dry conditions,
while during La Niña years, the reverse situation occurs (Figure 2c).

3. Methods
3.1. Accelerator Mass Spectrometry 14C Dating

For accelerator mass spectrometry (AMS) 14C dating, approximately 600 to 800 well-preserved tests of the near-
surface dwelling planktonic foraminifera Globigerinoides ruber were picked from the >250μm size fraction,
where abundance allowed. In instances of low abundance, mixed planktonic samples consisting of
Globigerinoides ruber, Globigerinoides sacculifer, and Pulleniatina obliquiloculata were analyzed. AMS 14C dating
was performed at the Leibniz Laboratory, Kiel University, following the protocol described by Nadeau et al. [1997]

Figure 2. (a) Wind and precipitation rates in the WPWP during January (top) and July (bottom). Wind data are derived from the National Centers for Environmental
Prediction (NCEP) reanalysis project, available at http://www.esrl.noaa.gov/psd/. Precipitation data were extracted from the Xie and Arkin [1997] Climate Prediction
Center Merged Analysis of Precipitation (CMAP) precipitation estimates available at http://iridl.ldeo.columbia.edu. Red dashed line represents the mean monthly
position of the ITCZ, following Waliser and Gautier [1993]. Location of Core MD06-3075 is shown by a red star. (b) Monthly climatology in the Davao Gulf showing:
(i) insolation at 6°N, (ii) average SST (World Ocean Atlas 2009) [Locarnini et al., 2010], (iii) average precipitation rates (extracted from the Xie and Arkin [1997] CMAP
precipitation estimate available at http://iridl.ldeo.columbia.edu/), (iv) average salinity (World Ocean Atlas 2009) [Antonov et al., 2010], (v) average wind velocities
(NCEP reanalysis data at http://www.esrl.noaa.gov/psd/), and (vi) δ18O measured in precipitation (Global Network of Isotopes in Precipitation) [International Atomic
Energy Agency/World Meteorological Organization, 2013] across a composite of five stations situated in southern Mindanao. (c) Average precipitation rates over the
1980–2000 period with strongest El Niño (red bars) and La Niña (blue bars) years based on NINO3.4 index anomalies.
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and Schleicher et al. [1998]. Conventional ages were converted to calendar ages following Fairbanks et al. [2005],
after applying a reservoir age correction of 480 years for samples younger than 13 ka, and 630 years for older
samples, consistent with other recent studies in this region [e.g., Saikku et al., 2009; Bolliet et al., 2011].

3.2. Stable Isotope Analysis

For δ18O analysis, approximately 10 tests of G. ruber, and between 1 and 5 tests of the benthic species
Planulina wuellerstorfi were picked at 10 cm intervals. Over the upper 900 cm of the core, the spacing of the
G. ruber sampling intervals was decreased to 2 cm. In rare cases where P. wuellerstorfiwas absent, Cibicidoides
pachyderma or Uvigerina spp. were used. Cibicidoides and Planulina calcify with δ18O values at or close to
isotopic equilibrium with ambient seawater [Bemis et al., 1998; Marchitto et al., 2014], while Uvigerina spp.
require an additional correction of �0.47‰ (following Marchitto et al. [2014]), to bring values in line with
isotopic equilibrium values of ambient seawater. Samples were crushed into fragments under the
microscope to ensure all chambers were open, then agitated in ethanol in an ultrasonic bath for several
seconds, and dried at 40°C. Stable oxygen isotopes were measured with the Finnigan MAT 253 mass
spectrometer at the Leibniz Laboratory, Kiel University. The system is coupled to a Carbo-Kiel Device (Type IV)
for automated CO2 preparation from carbonate samples for isotopic analysis. Samples were reacted by
individual acid addition (99% H3PO4 at 75°C). Standard external error is better than ±0.09‰. Replicate
measurements on 25 pairs of G. ruber indicate a reproducibility (1σ) of ±0.11‰ for δ18O, while replicate
measurements on 17 paired benthic foraminifera samples indicate a reproducibility (1σ) of ±0.10‰.

3.3. XRF Core Scanning

The archive half of the core was scanned for major element intensities in 1 cm resolution at the Marum
Center, University of Bremen using the Avaatech core scanner. Intensities of elements common in continental
siliciclastic rocks, especially clays (e.g., Ti, Fe, and Al), are used as qualititative proxies for land-derived
sedimentary discharge [Arz et al., 1998], and thus XRF records serve as a proxy for precipitation-induced
runoff. Measured intensities are normalized by calcium and presented as log ratios to reduce matrix effects
[Aitchison, 1982; Weltje and Tjallingii, 2008].

3.4. Coccolith Counts

Coccoliths were counted at 10 cm resolution following the procedure outlined in Bolliet et al. [2011]. Six taxa
dominate the assemblage: Emiliania huxleyi, Florisphaera profunda, Gephyrocapsa oceanica, Gephyrocapsa
ericsonii, Gephyrocapsa muellerae, and Helicosphaera spp. Coccolithophore assemblages have been shown to
be reliable indicators of oceanic productivity [Beaufort et al., 1997]. In particular, the relative abundance of the
lower photic zone (150 to 200m water depth) dwelling species F. profunda has been related to the depth of
the nutricline [Molfino and McIntyre, 1990; Beaufort et al., 1997; Andruleit and Rogalla, 2002]; when the
nutricline is shallow, the upper photic zone dwelling species dominate coccolith assemblages [Molfino and
McIntyre, 1990] while the opposite situation occurs when the nutricline deepens. The relative abundance of
F. profunda (%Fp) has been successfully calibrated to primary productivity (PP, gC m�2 yr�1) by Beaufort et al.
[1997] in the Indian Ocean, resulting in the equation applied in this study:

PP ¼ 617� 279 � log %Fpþ 3ð Þ½ �

3.5. Carbonate Content

Carbonate content was measured on dried and crushed bulk sediment by full reaction with 6 N HCl using a
“carbonate bomb” device [Müller and Gastner, 1971] at the University of Kiel. Samples were measured at
30 cm resolution throughout the core. Standard error of the carbonate bomb device is ±1%.

3.6. UK′
37 SST Estimates

SSTs were estimated at 10 cm resolution using the alkenone-based UK′
37 proxy. Alkenones were extracted from

1g of homogenized bulk sediments and analyzed with double-column gas chromatography at the University of
Kiel, following the procedure fully outlined in Rincón-Martínez et al. [2010]. We calibrated measured UK′

37 to
temperature following Sonzogni et al. [1997] (see supporting information for further discussion), which has been
developed for high temperature (24–29°C) core tops from the Indian Ocean with the equation:

UK′
37 ¼ 0:023 x SST °Cð Þð Þ þ 0:316
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3.7. Calculation of Seawater δ18O (δ18Osw)

Surface δ18Osw was calculated from δ18O measurements on G. ruber and UK′
37 temperatures from the same

sample depth. Differences in seasonal growth patterns and ecologies of δ18O-recording foraminifera and
UK′

37-recording coccolithophores [cf. Timmermann et al., 2014] could introduce uncertainty into calculated
δ18Osw, where SSTs would preferentially be measured on Mg/Ca from paired foraminifera samples.
However, a temperature bias of ~5°C would be required to produce a shift in δ18Osw of ~1‰, which is
significantly larger than maximum temperature bias that have been observed between Mg/Ca and UK′

37

SST reconstructions in this region, and thus the effect on the long-term variability of δ18Osw is assumed to
be small. The equation of Bemis et al. [1998] was used for the calculation:

δ18Osw versus SMOWð Þ ¼ 0:27 þ SST °Cð Þ – 16:5 þ 4:8 � δ18O versus PDBð Þ
� �� �

=4:8

After calculation of δ18Osw, a correction was applied to the samples to remove the δ18O signal associated with
the global ice volume effect [Waelbroeck et al., 2002].

4. Results
4.1. Chronology

The age model for Core MD06-3075 (Table S1 in the supporting information) is based upon 16 reservoir-
corrected AMS 14C age dates in the upper core to a depth of 970 cm, approximately 31 ka (Figure 3). Below
970 cm, the age model was generated by correlation of benthic oxygen isotope data to the EDML1 (European
Project for Ice Coring in Antarctica (EPICA) ice core from Dronning Maud Land) chronology developed for the
EPICA ice core from Dronning Maud Land (EDML) by Ruth et al. [2007]. Nine tie points were used between
Core MD06-3075 and EDML1 to constrain ages between 31 and 116 ka. The final agemodel was generated by
linear interpolation between AMS 14C ages and tie points. High-sedimentation rates in the upper ~5m of the
core are likely artificially introduced by sediment oversampling caused by the piston coring system
[Széréméta et al., 2004]. Below 5m, sedimentation rates vary between 8 and 38 cm/kyr.

4.2. Stable Isotopes

Benthic δ18O records show well-defined glacial-interglacial isotopic stages with fluctuations in δ18O between 2.5
and 4.2‰, and amaximum amplitude of 1.7‰ over Termination I (Figure 4). A transition from values of ~2.8‰ to
~3.8‰ in the oldest part of the core likely represents the transition betweenmarine isotope stage (MIS) 5e and 5d.
The four other main substages of MIS 5 are additionally identified (a–d). The δ18O records from G. ruber also
show the main glacial-interglacial cycles as seen in the benthic record (Figure 4), with values fluctuating between
�3.2 and �0.8‰, and a maximum amplitude of ~2.2‰ over Termination I. During MIS 5, G. ruber δ18O varies
between �2.7 and �1.6‰, prior to a significant increase during the cold MIS 4 period where values reach a
maximum of �1.1‰. During MIS 3, values fluctuate between �1.9 and �1.0‰, though the resolution in this
portion of the record is too low to attribute these variations to individual Dansgaard-Oeschger interstadials and
Heinrich stadials. δ18O values decrease rapidly between ~18 and 13ka (from �0.8 to �2.0‰), before a brief
excursion to more positive values representing the Younger Dryas (YD, ~12.8–11.5 ka) cooling event (Figure 2 in
the supporting information). δ18O continues to decrease at a reduced rate throughout the Holocene, reaching a
minimum in the late Holocene with values of ~�3.0‰, including a core top value of �3.1‰.

4.3. SST Record

UK′
37-derived temperatures suggest an SST range of 25.3°C to 29.2°C with a deglacial warming amplitude of

3.4°C (Figure 4). An average of the upper three Holocene measurements gives a core top SST estimate of
28.7°C, consistent with modern-day annual SSTs at our locality (28.7°C) [Locarnini et al., 2010]. Temperature
maxima during MIS 5a, 5c, and latest 5e are found to be in excess of those in the Holocene by ~0.5°C, and the
variability between MIS 5 substages is on the order of 1.5°C. The coolest temperatures are found at ~18 ka,
at the beginning of Heinrich Stadial 1 (HS1, ~18–14.6 ka). A temperature plateau at 27.2°C is consistent with
the timing of the Bølling-Allerød (BA, ~14.6–12.8 ka) period, while the YD is punctuated by a brief cooling
episode (Figure S2 in the supporting information). An additional cooling episode is observed in the late
Holocene between 2 and 1 ka, with temperatures ~0.9°C cooler than those between 5 and 2 ka and between
1 and 0 ka.
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4.4. δ18Osw Reconstructions

δ18Oswwas calculated from δ18Ocalcite of the near-surface dwelling foraminiferaG. ruber, corrected for temperature
and ice volume effects. Resulting near-surface δ18Osw shows maximum variability between ~�0.3‰ and ~1‰
(Figure 5), with a core top δ18Osw value of �0.28‰. δ18Osw shows a component of precessional-scale variability
during MIS 5 and 4, with lower values during Northern Hemisphere insolation minima, although these trends are
imprinted by significant millennial-scale variability. A distinct maximumwith values close to 1‰ is reached during
late MIS 4, preceding a long-term decreasing trend that continues until the present day, where values reach their
minimum at ~�0.3‰. A prominent negative excursion in δ18Osw during the BA period interrupts the long-term
increasing trend from the Last Glacial Maximum (LGM) to present.

4.5. XRF Core Scanning

In this study we use log(Fe/Ca) as a proxy for terrigenous-derived versus marine-derived sediment
composition. Raw counts of elements Ca, Fe, Ti, Al, Si, and K indicate that Fe represents a major element
(Figure S3 in the supporting information). Counts of Al, Si, and K show differing long-term trends to Fe and Ti,
which may indicate a different source or continental weathering mechanism for these elements. Tjallingii
et al. [2007] have demonstrated that pore water contents can have a large impact on XRF intensities of some
lighter elements, such as Al and Si, which may make their usage as indicators for runoff unsuitable. Orbital-
scale fluctuations in log(Fe/Ca) are noted during MIS 4 and 5, with lower values exhibited between 105–98 ka,
82–76 ka, and 64–60 ka (Figure 5). During the globally cool period between 60 ka and 20 ka, log(Fe/Ca)
remains relatively low and stable and does not display significant millennial-scale variability. A slight increase

Figure 3. Age model development for Core MD06-3075 (data available in Table S1 in the supporting information).
(a) EDML1 chronology for the past 120 kyr based upon the δ18O record for the EPICA ice core from Dronning Maud
Land (EDML1) by Ruth et al. [2007]. (b) Benthic δ18O (black line) and sedimentation rates (green line) versus depth for Core
MD06-3075. Red line displays the final age model. Arrows indicate sample depths for AMS 14C analysis. Crosses indicate tie
points with the EDML1 chronology.
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in log(Fe/Ca) is noted consistent with the timing of HS1, followed by a decrease during the BA period, and a
return to higher values in the YD. Log ratios plateau from 11 to 7 ka, prior to a substantial increase between 7
and 5 ka and an additional plateau in the late Holocene.

4.6. Primary Productivity

Primary productivity, inferred from counts of the coccolithophore F. profunda, shows variability between
130–220 gC/m2/yr (F. profunda relative abundances of 22–53%), when using the calibration of Beaufort et al.
[1997] (Figure 5). Lowest productivities are observed during MIS 5, with peaks and troughs demonstrating an
antiphase relationship with log(Fe/Ca). MIS 4 is characterized by increased productivity, with a prominent
peak occurring at 60 ka with a maximum value of 208 gC/m2/yr. A general increasing trend is noted
throughout MIS 3 and MIS 2, reaching maximum values during the BA period and subsequently decreasing
steadily throughout the Younger Dryas and Holocene.

4.7. Carbonate Content

Carbonate content varies between 4.5 and 13% over the past 120 ka (Figure 5). Peaks and troughs in carbonate
content generally follow a similar pattern to primary productivity. In MIS 5 two distinct peaks in carbonate content
occur at ~80 and ~100ka, contemporaneous with peaks in productivity. Values duringMIS 3 fluctuate between 11
and 8%, and increase to the highest values during the LGM (12%) and BA period (13%). Carbonate content
decreases steadily from the BA period to its minimum value of 4.5% in the late Holocene.

5. Discussion
5.1. Proxies of Paleoprecipitation in the WPWP
5.1.1. δ18Osw as a Proxy of Past Convective Activity
The deglacial evolution of G. ruber δ18O from Core MD06-3075 is in agreement with previous Davao Gulf
records [Stott et al., 2002], indicating a decrease in δ18O during Termination I on the order of ~2.2‰
(Figure 4 and Figure S2 in the supporting information). Only 1.0–1.2‰ of this variability can be attributed

Figure 4. (a) Benthic δ18O record of Core MD06-3075. (b) Planktonic δ18O record of Core MD06-3075 based upon the sur-
face dwelling foraminifera G. ruber. (c) UK′37-derived SST record of Core MD06-3075. Grey vertical bars indicate major
marine isotope stages, blue vertical bars indicate HS1–HS6 and the YD.
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to the global ice volume effect [Fairbanks, 1989; Schrag et al., 2002], and the remaining 1.0–1.2‰ is thus
accounted for by warming and hydrologic changes in the surface layer from the LGM to present. Observed
linear correlations between δ18Osw and salinity [Schmidt, 1999] suggest that ice volume and temperature-
corrected foraminiferal δ18Osw estimates have the potential to be employed as a proxy for paleosalinity of
surface waters, linked to past changes in the balance of evaporation and precipitation. However, the
relationship between δ18Osw and salinity is regionally dependent, exhibiting a global ~0.5‰ change in
δ18Osw per unit change in practical salinity unit (psu) [Schmidt, 1999], which is reduced to ~0.3‰/psu in the
tropics due to intense evaporation and transport processes [LeGrande and Schmidt, 2006]. Past changes in
these relationships may also induce large uncertainties into paleosalinity estimations, making simple

Figure 5. (a) Greenland (GISP2) ice core δ18O [Stuiver and Grootes, 2000]. (b) Estimated ice volume-corrected δ18Osw from
δ18O measurements on G. ruber and UK′37-derived SSTs in Core MD06-3075. (c) XRF records of log(Fe/Ca) from Core MD06-
3075. (d) Paleoproductivity records from Core MD06-3075 calculated from abundances of F. profunda using the equation of
Beaufort et al. [1997]. Note inverted scale. (e) Calcium carbonate content (%) in Core MD06-3075. Note inverted scale.
(f ) Mean summer (21 June to 21 September) insolation at 6°N. Grey vertical bars indicate major marine isotope stages, blue
vertical bars indicate HS1-HS6 and the YD.
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δ18Osw-salinity conversions unsuitable [LeGrande and Schmidt, 2011; Leduc et al., 2013]. Instead, δ18Osw

may be better interpreted as a tracer of variability in the hydrologic cycle, influenced by large-scale
changes in the transport of vapor, and balance of precipitation and evaporation in the Pacific Ocean [Oppo
et al., 2007; Gibbons et al., 2014], in addition to small-scale processes linked to local precipitation effects.

Interpretation of δ18Osw in theWPWP is further complicated by the numerousmarginal seas which influence local
atmospheric and surfacewater circulation. For example, the δ18O records ofG. ruber from two cores situated in the
Sulu Sea, ODP Site 769 [Linsley, 1996] and MD97-2141 [Oppo et al., 2003], exhibit a decrease of ~1.3‰ over
Termination I, in line with the variability associated with the ice volume effect [Fairbanks, 1989; Schrag et al., 2002],
but 0.9‰ lower than the variability measured in the Davao Gulf. These large differences in deglacial δ18O
amplitudes over relatively short distances in the WPWP cannot be reasonably explained by temperature
differences and instead are likely influenced by variable exchange of fresh South China Sea surfacewaters over the
deglacial period [Oppo et al., 2003]. This example highlights that the use of δ18O, and by extension δ18Osw, as
proxies for local hydrologic changes is highly subjective to regional sea level and surface water exchange
mechanisms. This has widespread implications not only on marine records of δ18O but also on the growing
number of speleothem archives from the tropical Pacific and East Asian region [Wang et al., 2001, 2008; Partin et al.,
2007;Meckler et al., 2012; Carolin et al., 2013; Ayliffe et al., 2013;Denniston et al., 2013], since source water δ18O is an
important control on δ18O recorded in speleothems [Breitenbach et al., 2010; Moerman et al., 2013].

5.1.2. Proxies of Sedimentary Discharge
Associating XRF log ratios of terrigenous (i.e., Fe and Ti) versus marine (Ca) elements with continental sedimentary
discharge relies on the assumption that dilution of Ca in the sediment matrix is driven primarily by variability in
accumulation rates of the terrigenous fraction, and that additional processes for modulating Ca intensity (e.g.,
changes in the rate of biogenic carbonate production and deposition) are second order. Measurements of CaCO3

content and paleoproductivity inferred from coccolithophore assemblages over the past 120 ka in Core MD06-
3075 demonstrate an antiphase relationship with log(Fe/Ca) (Figure 5), suggesting that biogenic carbonate
production may play a role in determining XRF log ratios at this locality. However, carbonate content is generally
low, varying between 4.5 and 13%, and thus the terrigenous component represents the overwhelmingmajority of
the sediment fraction in our core. In addition, the depth of the modern lysocline in the West Pacific sits at 3400m
[Berger et al., 1982], well below the depth of our core at 1878m, and likely experienced onlymodest changes since
the LGM [Anderson and Archer, 2002], suggesting that changes in carbonate dissolution and preservation had an
insignificant effect on Ca variability. Individual test weights of G. ruber, which can be used as an indicator of
dissolution, also show no significant trends over the deglacial portion of our record.

We therefore suggest that the proportions of Fe and Ca in our core were driven mainly by variability in the
accumulation rates of terrigenous sediment driven by fluvial discharge of continental-sourced sediment into
the Davao Gulf, with carbonate production acting as a second-order control. Variability in productivity in
Core MD06-3075 was likely affected by transport of freshwater and detrital material into the surface waters of
the Davao Gulf. During periods of high discharge, increased freshwater stratification and sediment loading of
the upper surface waters could act to constrain productivity and deepen the nutricline, resulting in higher
abundances of F. profunda. Additionally, increased silica input during periods of high discharge may result in
blooms of predominantly siliceous phytoplankton [Weldeab et al., 2007], reducing productivity of calcareous
species. This interpretation of log(Fe/Ca) records as an indicator of fluvial discharge is further supported
by published pollen records from the same core [Bian et al., 2011] which suggest dry conditions during the
LGM compared to the Holocene, as observed in our log(Fe/Ca) records, as well as reduced accumulation rates
during the glacial portion of our record, which would be consistent with reduced sedimentary discharge.
Taken together, our XRF log ratios and paleoproductivity reconstructions from the Davao Gulf present a
robust picture of local rainfall variability over Mindanao during the past 120 ka.

5.2. WPWP Precipitation Over the Past 120 ka
5.2.1. Orbitally Paced Precipitation Changes at Mindanao
Orbital-scale trends of sedimentary discharge based upon log(Fe/Ca) ratios and paleoproductivity estimates
suggest an antiphase relationship with local boreal summer insolation forcing—discharge is higher and
productivity is lower during boreal summer insolation minima, and vice versa (Figure 6). This is corroborated
by cross-spectral analysis, which shows a strong coherency (>95% confidence interval) of log(Fe/Ca) and
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boreal summer insolation (21 June–21 September) at 6°N in the precession band, with a phase spectrum
indicating a lead of insolation over log(Fe/Ca) by ~176° (i.e., close to perfect antiphase) (supporting information
Figure 4). The last interglacial period in particular is characterized by precessional-scale variability, which may
be a result of the stronger precessional insolation forcing during this time interval. Trends of δ18Osw show
general agreement with log(Fe/Ca) and paleoproductivity during the last interglacial period (Figure 5), with
higher values during low sedimentary discharge periods between 65 to 60 ka, 82 to 75 ka, and 105 to 96 ka.
However, the timing of some major shifts in δ18Osw, for example, the prominent positive excursion centered
at 85 ka, does not show entire agreement with log(Fe/Ca) and productivity records, and thus these proxies
may be partly influenced by different factors.

Figure 6. (a) XRF records of log(Fe/Ca) from Core MD06-3075 superimposed with mean boreal summer (21 June to 21
September) insolation at 6°N. (b) Composite speleothem δ18O records from Hulu and Sanbao caves in China [Wang
et al., 2001, 2008]. (c) Composite speleothem δ18O records from Gunung Mulu and Gunung Buda Caves in Borneo [Partin
et al., 2007; Carolin et al., 2013]. (d) Estimated ice-volume corrected δ18Osw from δ18O measurements on G. ruber and
UK′37-derived SSTs in Core MD06-3075. (e) Relative sea level change based upon Waelbroeck et al. [2002]. Grey vertical
bars indicate major marine isotope stages, blue vertical bars indicate HS1–HS6 and the YD.
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Between the middle and end of MIS 4, a marked increase in productivity is observed, likely in response to
reduced freshwater input (and thus reduced sedimentary discharge) combined with lower SSTs, which may
have been a result of enhanced vertical mixing of the water column. In contrast to MIS 4 and 5, MIS 3 is
defined by a rather muted response to orbital forcing, with low values of log(Fe/Ca) accompanied by
increasing productivity indicating a long-term regional drying (Figure 5). This muted hydroclimate response
at times of weakened precessional forcing in the WPWP has also been documented in speleothem records
covering several late Pleistocence glacial-interglacial cycles in Borneo [Meckler et al., 2012], while log(Ti/Ca)
records from the north of Papua New Guinea also show less pronounced precessional-scale variability during
the last glacial period [Tachikawa et al., 2011]. However, it is interesting to note that despite the “dry”
conditions inferred from log(Fe/Ca) and productivity records in Core MD06-3075, δ18Osw shows a long-term
decreasing trend from the end of MIS 4 to the LGM. These differing trends likely reflect decoupling of local
precipitation, which is more faithfully recorded in terrestrial proxies, versus changes in regional hydrology
which are recorded in δ18Osw.

Comparison of hydroclimate records from Core MD06-3075 with speleothem δ18O records from Borneo
[Partin et al., 2007; Carolin et al., 2013] and China [Wang et al., 2001, 2008] indicates that convection patterns
are linked across the WPWP (Figure 6). A general antiphase relationship is observed between log(Fe/Ca) at
Mindanao and speleothem δ18O in China during MIS 5. During Northern Hemisphere summer insolation
maxima, reduced δ18O values in Chinese speleothems (interpreted as a strengthened EAM state) [Wang et al.,
2001, 2008] are correlated with low log(Fe/Ca) values at Mindanao (interpreted as reduced runoff ). In the
modern day, both regions receive greater rainfall during the boreal summer when the ITCZ is located to the
North, and thus this dipole-like pattern is not explained bymodern analogies to a northward shift of the ITCZ.
Instead, the precipitation pattern during MIS 5 suggests that increased northerly penetration of monsoon
rainfall in response to Northern Hemisphere summer insolation maxima is balanced by reduced precipitation
at Mindanao. However, such an antiphase pattern is not evident during the last glacial period and the
Holocene, implying a different response during periods of weakened precessional forcing.

In contrast, speleothem δ18O records from Borneo are shown to be in phase with boreal fall insolation [Carolin
et al., 2013], despite their latitudinal position being only ~2° south of Core MD06-3075, implying different controls
on hydrology in the marine versus land realm of the Indo-Pacific region. This finding is consistent with modeling
studies that show regional sensitivity to the seasonal distribution of insolation in the tropical West Pacific
[Tierney et al., 2012]. In addition, the pattern of ITCZ displacement as a response to past climate change
may not have been globally or even regionally consistent, and larger meridional displacements could have
occurred over small zonal extents [McGee et al., 2014]. Phase shifts between records of convection from
Mindanao and those in Borneo, and a lack of response to precessional insolation forcing during the last glacial
period is therefore further evidence that a simplistic view of homogenous ITCZ latitudinal migration driven by
precession cannot fully explain changes in convective activity in the WPWP over the entire length of our record.

In the modern day, ENSO variability also has a significant impact on precipitation at Mindanao (Figure 2), thus
we may expect that long-term changes in the mean ENSO state could have impacted past precipitation. A
simplified modeling approach by Clement et al. [1999] highlighted the influence of the precessional cycle on
ENSO variability; however, the proposed ENSO response in this model combined with the modern influence
of ENSO at our core site (Figure 2) would suggest precipitation anomalies opposite in sign to our observed log
(Fe/Ca) records. Attempts to reconstruct ENSO conditions in the late Pleistocene, for example, through
reconstructions of cross-equatorial temperature gradients [e.g., Lea et al., 2000; Koutavas et al., 2002], have
also lacked agreement on the magnitude or mechanisms of past ENSO variability, while little support for an
ENSO signature has been found based upon δ18Osw reconstructions in the east and west Pacific occurring
over the last deglacial period [Leduc et al., 2007; Gibbons et al., 2014].

The role of sea level changes has been recently highlighted as an important driver of the strength and
position of the Walker circulation, where increased Sunda Shelf exposure during glacial sea level lowstands
can act to reduce convective motion over the maritime continent [DiNezio et al., 2011; DiNezio and Tierney,
2013]. These findings may help to explain the muted response of precipitation to precessional forcing during
the last glacial period, as sea level was lower and Sunda Shelf exposure was higher (Figure 6), which could
have promoted widespread subsidence over the Indonesian landmass. This mechanism would be
furthermore consistent with log(Ti/Ca) records from North of Papua New Guinea, which showed reduced
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values during the last glacial period when the shelf between Australia and Papua New Guinea was exposed
[Tachikawa et al., 2011]. However, with only few records of WPWP hydroclimate extending over multiple
glacial-interglacial cycles, it remains a question as to whether the spatial pattern of convection is more
consistent with changes associated with the Walker circulation versus changes occurring as a result of
meridional ITCZ dynamics.

5.2.2. Suborbital Forcing of WPWP Hydroclimate
Records of log(Fe/Ca) and productivity in Core MD06-3075 do not show consistent responses to Heinrich
stadials over MIS 3 (Figure 5). This may in part be due to reduced sedimentation rates and lower resolution in
the glacial portion of our records, which does not allow identification of individual Heinrich stadials. The
upper portion of our record (from the LGM to present day) has a tighter-constrained chronology via AMS 14C
dating, combined with a much higher temporal resolution (Figure 3), and thus we can therefore make
inferences of millennial-scale variability over this period. HS1 is marked with an increase in log(Fe/Ca) and

Figure 7. Expanded records covering the past 20 ka. Black dots indicate 14C AMS dates used for age control. (a) XRF records
of log(Fe/Ca) from Core MD06-3075. (b) Estimated δ18Osw from δ18O measurements on G. ruber and UK′37-derived SSTs in
Core MD06-3075. (c) Composite speleothem δ18O records from Hulu and Sanbao caves in China [Wang et al., 2001, 2008].
(d) Spliced speleothem δ18O record from Gunung Buda Caves in Borneo [Partin et al., 2007]. (e) Paleoproductivity records
from CoreMD06-3075 calculated from abundances of F. profunda using the equation of Beaufort et al. [1997]. Note inverted
axis. (f ) Relative sea level change based upon Waelbroeck et al. [2002].
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reduced productivity, consistent with a period of increased sedimentary discharge, and therefore increased
precipitation, at Mindanao (Figure 7). This trend reverses during the BA period. The regional pattern of
convection changes during HS1, with increased precipitation at Mindanao and dry conditions in Borneo and
China [Wang et al., 2001; Partin et al., 2007] is consistent with new modeling results presented by Mohtadi
et al. [2014], which show that the climatic response to HS1 in the West Pacific is more complex than a simple
southward shift of the rain belts associated with a southerly positioned ITCZ; while western and central
Indonesia experienced drier conditions, the southern Philippines may have become wetter.

In contrast to log(Fe/Ca) and productivity records, δ18Osw shows generally higher values during HS1 and the
YD than during the BA period, though we note divergence with the closely located δ18Osw record of Stott
et al. [2002, 2007] which may be caused by different methods of SST reconstructions used to calculate δ18Osw

(Figure S2 in the supporting information). Higher δ18Osw during HS1 and the YD than the BA period is a
consistent signal observed across the WPWP in marine sediments [Gibbons et al., 2014], as well as in
speleothem δ18O records from both China [Wang et al., 2001] and Borneo [Partin et al., 2007] (Figure 7), which
is further evidence that changes in δ18Osw are controlled primarily by large-scale reorganizations of the
hydrologic cycle, linked on millennial timescales to Northern Hemisphere climate events.

6. Conclusions

Records of sedimentary discharge and productivity in Core MD06-3075 from the Davao Gulf, at the boundary
between the Indonesian archipelago and the open West Pacific, are linked to local precipitation variability
over the past 120 ka. DuringMIS 5, precipitation at Mindanao responds to precessional insolation forcing with
highest precipitation noted during Northern Hemisphere insolation minima and vice versa. We suggest
that two mechanisms were responsible for controlling orbital-scale variability in West Pacific precipitation:
(1) latitudinal migrations of the mean ITCZ position driven by precessional cyclicity. During Northern
Hemisphere insolation maxima, the summer position of the ITCZ migrates northward, inducing greater
precipitation in China, which is balanced by reduced precipitation in the central WPWP region and
(2) strengthening/weakening of the Walker circulation caused by changes in the hydrologic cycle and sea
level. It is likely that these two mechanisms are tightly coupled, and resolving the relative importance of each
component would require a greater number of precipitation records covering several late Quaternary
precessional cycles in the WPWP. In the last glacial period, precipitation was suppressed and showed little
orbital-scale variability, which we attribute to the reduced amplitude of precessional cyclicity, combined with
increased subsidence of air masses over the exposed Sunda Shelf. Differing long-term trends observed in
δ18Osw reconstructions in Core MD06-3075 likely reflect a composite of regional climatic processes, including
changes in salinity, moisture sources, and transport pathways, not limited to local precipitation variability.
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