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Abstract Within the precession band, an interhemispheric antiphase pattern in the tropical hydroclimate
is supported by many paleorecords, and optimally explained by the forcing of precessional insolation
change. However, scenarios within the western equatorial Pacific (WEP), which plays the role of the ascend-
ing center of atmospheric convection, remain poorly determined. In this study, a marine sediment core
from the Halmahera Sea, East Indonesia, was analyzed with high-resolution XRF scanning, quantitative dis-
crete XRF, and ICP-AES/MS measurements. The terrigenous fractions in this core are constrained by their
trace elemental characteristics to be locally sourced from Halmahera Island, and hence reflect variations in
the local riverine runoff and precipitation. On this basis, a continuous record of precipitation changes of the
western equatorial Pacific was reconstructed with multidecadal resolution over the last �240 ka, using an
age model established by the correlation between an adjusted ice volume model and benthic d18O con-
strained by 14C dating. The records of terrigenous input show a dominant �23 kyr periodicity with a
90��100� phase lag to the boreal summer (i.e., in-phase with the boreal autumn) insolation change. This
pattern can be explained by the variability in the convective activity over the WEP, which might be primarily
controlled by precessional changes in the El Ni~no and Southern Oscillation (ENSO) system. A dynamic link-
age is implied between the precessional variations in the convective activity in the WEP and the East Asian
and Australia-Indonesian summer monsoons (EASM and AISM), in the sense of their distinct stable phase
relationship to precession.

1. Introduction

On orbital time scales, a primary control by precession on variations in the tropical hydroclimate is now
largely accepted, and is best explained by a conceptual hypothesis involving a direct forcing of the interhe-
mispheric antiphase summer insolation on the latitudinal migration of the Intertropical Convergence Zone
(ITCZ) and the monsoonal rainfall belt [e.g., Haug et al., 2001; Kutzbach et al., 2008]. Findings in stalagmite
d18O records from both hemispheres convincingly support this hypothesis [Wang et al., 2001, 2008; Yuan
et al., 2004; Cruz et al., 2005; Wang et al., 2007; Liu et al., 2014]. One remaining prominent debate concerns
the phase relationships between the insolation forcing and the tropical hydrology, particularly when the dis-
tant transport of moisture and latent heat [e.g., Kutzbach et al., 2008; Ruddiman, 2006; Clemens and Prell,
2007] and the land-ocean contrast of heat capacity [Clement et al., 2004; Kutzbach et al., 2008] are
considered.

Key information for addressing such issues may lie in the Indo-Pacific Warm Pool (IPWP), which is a major
source of atmospheric convective activities on Earth and hence critical for the global hydroclimate. Within
the IPWP, the regional precipitation is seasonally associated with the latitudinal migration of the ITCZ and
the summer monsoon bands (EASM and AISM) [Hamada et al., 2002; Aldrian and Susanto, 2003; Chang et al.,
2005; Moron et al., 2008, 2010], and interannually modulated by the zonal displacement of the convection
center associated with ENSO [Lau and Nath, 2000; Hamada et al., 2002; Aldrian and Susanto, 2003; Wang,
2003; Hung et al., 2004]. The orbital-scale variations in these seasonal and interannual processes are of great
interest for a better understanding of the tropical hydroclimate.

Previous reports of terrigenous input from the southern hemisphere areas of the IPWP generally show dom-
inant precessional variations in-phase with austral summer (December to February) insolation change, and
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have been proposed to be controlled by the AISM [L€uckge et al., 2009; Tachikawa et al., 2011; Wu et al.,
2012, 2013]. These findings are supported by the stalagmite d18O record from Flores Island [Griffiths et al.,
2009] and are consistent with the hemispheric summer insolation forcing hypothesis. However, uncertain-
ties still exist. One major contrasting view comes from northern Borneo stalagmite d18O records, which can
be largely explained by the impact of September–October insolation on the regional convective activities
[Partin et al., 2007; Carolin et al., 2013]. Records of modern tree-ring d18O from Cambodia [Zhu et al., 2012],
Holocene records of leaf wax dD from Sulawesi [Tierney et al., 2012], and stalagmite d18O from northern Aus-
tralia [Denniston et al., 2013] also highlight the significance of the September–October-November (SON) sea-
son and the influences of ENSO and the Indian Ocean Dipole on the IPWP hydroclimate.

Either originating from the Pacific or the Indian Ocean, changes in the rising limb of the Walker Circulation are
the major driving force of the hydroclimate of the WEP. The impact of ENSO-related changes on the drought/
humid conditions over the IPWP have been documented by records of pollen assemblage and charcoal content
[van der Kaars and Dam, 1995; Beaufort et al., 2003; van der Kaars et al., 2006, 2010; Kershaw et al., 2007]. How-
ever, these records do not provide a continuous record of variability in the atmospheric convection over the
IPWP. To date, our understanding of the dynamics of the IPWP’s hydroclimate on orbital time scales has been
hindered by the lack of continuous records of the hydroclimatic response of the WEP to insolation change.

In this study, a high-resolution reconstruction of terrigenous input from the Halmahera Sea is presented,
providing a high-quality continuous record of local precipitation variability of the WEP. By comparison to
other well-dated regional precipitation archives, insights are provided into orbital-scale changes in the con-
vective activity in the WEP and its relation with the monsoons.

2. Geologic and Climatic Background of Halmahera Region

The Halmahera region, characterized by the K-shaped Halmahera Island, occupies a critical position in the
western Equatorial Pacific and eastern Indonesian Archipelago at the junction of the Eurasia, Indo-Australia,
and Philippine Sea Plates [e.g., Ballantyne, 1991]. It has formed since the late Cretaceous by subductions
beneath the Halmahera Subplate of the Philippine Sea Plate from the east and the Molucca Sea Plate from
the west and north [Hall et al., 1988]. As a result, the basement rocks of Halmahera are characterized by
mantle-derived ophiolites in the east, and volcanic and volcaniclastic deposits in the west [Hall et al., 1988,
1991; Ballantyne, 1991], covered by Cretaceous-Eocene and Mio-Pliocene clastic and carbonate sedimentary
rocks [Hall et al., 1988; Hakim and Hall, 1991] (Figure 1c).

Because of the small size of the islands, there are only small rivers that drain the islands of the Halmahera region
(Figure 1b). Direct investigations about these specific rivers is scarce, but the fluvial sediment discharge of these
rivers is estimated to be very large because of the sharp gradients of elevation (Figure 1b) [Milliman and Farns-
worth, 2011].The Halmahera Sea is a quasi-confined marginal basin embraced by the southeast and southwest
branches of Halmahera Island with a maximal water depth of�2000 m (Figure 1b) and much shallower sills link-
ing to the Pacific Ocean at the northeast (<1000 m) and to the Ceram Sea at the southwest (<500 m). As a
major entrance portal where South Pacific waters feed into the Indonesian Throughflow [Gordon, 2005], the Hal-
mahera Sea is characterized by waters partly derived from the New Guinea Coastal Undercurrent (NGCUC)
[Cresswell and Luick, 2001]. Based on mooring observations in 1993–1994, the annual mean current above
700 m in Halmahera Sea is �1.5 Sv southward, mainly driven by the NW monsoon. During the SE monsoon sea-
son, the shallow current (�400 m) can be reversed to the northwestward [Cresswell and Luick, 2001].

The precipitation over the Halmahera region is generally abundant throughout the year [Hamada et al.,
2002] and shows a weak semiannual cycle with relatively more rainfall during January to June (Figure 1d)
[Aldrian et al., 2004; Chang et al., 2005]. This semiannual pattern was suggested to be related to the semian-
nual changes in local convection [Aldrian and Susanto, 2003], controlled by seasonal changes in local SST
due to switches of the source of surface water in the Halmahera and Molucca Seas [Godfrey, 1996; Morey
et al., 1999]. A few sites in this region show either a weak rainfall peak in June–July [Aldrian and Susanto,
2003], or biannual rainfall peaks related to the twice-a-year crossing of the Sun over the equator [Chang
et al., 2005]. Besides the Halmahera and Molucca region (Figure 1a, domain C), seasonal precipitation pat-
terns over other parts of the IPWP are either concentrated in November–March as controlled by the AISM
(domain A) or show biannual peaks (October–November and March–May) associated with the twice-a-year
crossing of the ITCZ (domain B), as defined by Aldrian and Susanto [2003] (Figure 1a).
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The annual mean rainfall over Halmahera is strongly correlated to the monthly rainfall of the later half-year
from July to December (r50.74 6 0.06) (Figure 1d, monthly rainfall data from GPCP2.2, 1979–2014) [Adler
et al., 2003]. This means that on the interannual and longer time scales, the regional annual mean rainfall

Figure 1. Geology and Climate background of Halmahera. (a) A regional view of the IPWP region with the domains of seasonal precipita-
tion pattern (transparent shadings, modified from Aldrian and Susanto [2003]), sites of MD10–3340 and previous published precipitation
records are indicated. (b) Bathymetry of Halmahera region, elevation shown in color shading and the contour interval (solid line) is
1000 m, 100 m water depth shown in dotted line. (c) Basement rocks of the Halmahera region. (d) Monthly rainfall over the Halmahera
region (127–129�E, 2.5�N–1.5�S, 1979–2008) in normal (black), El Ni~no (red), and La Ni~na (blue) years (error bars: 1r), and the Pearson cor-
relation coefficient (gray) between annual mean and monthly precipitation rates from 1979 to 2014. Red solid circles in Figures 1b and 1c
show the site of MD10–3340. Bathymetry data from SRTM30 (http://srtm.csi.cgiar.org), rainfall data from GPCP2.2 [Adler et al., 2003].
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amount is greatly determined by the season from July to December. A direct explanation involves the inter-
annual oscillations associated with ENSO, which always peaks in the later half-year [Rasmusson and Carpen-
ter, 1982; Philander, 1983]. Precipitation over the Halmahera region is intensively enhanced during La Ni~na
and dampened during El Ni~no (Figure 1) and negatively correlated with the Ni~no3 SST index [Aldrian and
Susanto, 2003]. In addition, precipitation over Halmahera also shows positive correlations to the SST over
the western Pacific and South Pacific Convergence Zone, indicating the influence of the Walker Circulation
[Aldrian and Susanto, 2003].

3. Materials and Method

Core MD10-3340 (00�30.98’S, 128�43.47’E, water depth 1094 m, total core length of 34.10 m) was retrieved
with a giant CALYPSO piston corer during the MD181 MONOCIR cruise in 2010 on board the French R.V.
Marion Dufresne (Figure 1). MD10-3340 sediments consist of homogeneous fossiliferous gray clays without
any apparent disturbance. After XRF core scanning, the core was subsampled at 1 cm intervals, and the top
10 cm were combined as one subsample since it was suprahydrous and mixed during coring. Subsamples
of every 2–4 cm were wet washed and sieved (0.063 mm mesh size) to obtain the coarser fraction (>63
lm), mainly foraminifera. All the analyses except for the AMS 14C dating were conducted in the State Key
Laboratory of Marine Geology, Tongji University.

High-resolution, nondestructive elemental analyses were performed on the sediment surface of the core at
0.5 cm steps with an Avaatech XRF (X-ray fluorescence) Core Scanner (detailed procedure see Wu et al.
[2013]). Semiquantitative elemental measurements were conducted at settings of 10, 30, and 50 kV with
30 s of counting time, and reported as counts per second. The results are reported as ‘‘[element]_scan’’ here-
after. The Cl intensity was used to monitor and correct the attenuation effect of water content [Tjallingii
et al., 2007; Hennekam and de Lange, 2012] on lighter elements from Al to Ca.

The quantitative chemical composition of bulk sediment was determined for every 20 cm interval by con-
ventional XRF, and for selected subsamples from every MIS stage by ICP-AES and ICP-MS (Inductive Coupled
Plasma-Atomic Emission Spectroscopy and Mass Spectroscopy). Therefore, the CaCO3 fraction is counted
into the total Ca concentration (in other words, the CaCO3 concentration shown in this work is converted
from CaO by multiplying by 100/56). Prior to discrete XRF analysis, >6 g bulk sediment was ground to <74
lm. A total of >4.5 g was then pressed into a sample bead (4 cm diameter, 0.7 cm thick, bottom filled with
boric acid) for XRF measurements on trace elements, and 0.7000060.00008 g was melted with
7.000060.0008 g of fusion agent (mixture of lithium tetraborate and lithium metaborate) into a sample
bead (3.7 cm diameter, 0.7cm thick) for measurements on major elements and for eliminating possible influ-
ences derived from grain size and mineral grain. The prepared sample beads were measured on a PANalyti-
cal AXIOSmAX, with a standard RSD of <2% based on replicate analyses of GSR6, GSS14, and GSD15
standards.

For ICP-AES/MS analysis, >1 g bulk sediment was ground and heated in a 600�C Muffle furnace for 2 h, and
then >45 mg was totally digested by ultrapure acid (1:1 HNO3 and pure HF). The 1000 times elution of
these sample solutions (with ultrapure 2% HNO3) were analyzed by an ICP-AES (IRIS Advantage) for major
elements, and 10,000 times elution analyzed by an ICP-MS (Thermo VG-X7 mass spectrometer) for trace ele-
ments, with an average RSD of <6% based on replicate analyses of GSR5, GSR6, and GSR9 standards.

Stable oxygen and carbon isotopes were measured on a MAT252/253 stable isotope ratio mass spectrome-
ter on 133 samples of benthic foraminiferas (mainly Uvigerina peregrina and occasionally mixed with U.
auberiana) from selected intervals (roughly every 1 kyr), with a standard uncertainty of 0.07& on d18O
[Cheng et al., 2005]. AMS 14C dates were performed on 10 samples of Globigerinoides ruber s.s. white
(8.45 6 2.20 mg) by BETA Analytic, USA.

4. Results

4.1. Chronostratigraphy of Core MD10-3340
The age model for core MD10-3340 is based on AMS 14C dating and benthic d18O stratigraphy. The
obtained 14C ages were converted into calendar ages using a regional reservoir age of 309 years (estimated
by the model of Butzin et al. [2005], http://radiocarbon.LDEO.columbia.edu), and the Fairbanks0107
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calibration [Fairbanks et al., 2005] (sup-
porting information Table S1). Because
of the abundant existence of the coc-
colith Emiliani huxleyi (first occurrence
at 270 ka B.P. [Thierstein et al., 1977])
throughout the record of MD10-3340,
the bottom age of MD10-3340can be
no older than MIS7 and thus was
defined by d18O records comparison
(Figure 2) to be around the boundary
between MIS7.4 and 7.5.

The traditional method to establish age
models for marine records is to corre-
late the foraminifera d18O in one core
with a standard d18O curve such as
SPECMAP [Imbrie et al., 1984] or the
LR04 benthic stack [Lisiecki and Raymo,
2005]. However, questions have arisen
recently about the assumed global syn-
chronicity underlying such approaches,
in which benthic d18O was thought to
be dominantly an indicator of global
ice-volume or sea-level [Skinner and
Shackleton, 2005, 2006]. To address
such problems and acquire reliable age
control on the precessional cycles, we
established the age model of MD10-
3340 on the basis of findings from the
AMS 14C dated section and by correlat-
ing the benthic (Uvigerina spp.) d18O
record to the insolation forced nonlin-
ear ice volume model of Imbrie and
Imbrie [1980] rather than any stacked
d18O record.

The ice volume model is defined by
Imbrie and Imbrie [1980] as a function
of the 65�N June 21st insolation [Laskar
et al., 2004] (thus lower value repre-
sents higher ice volume), using the
coefficients for the last 1.5 Ma (nonli-
nearity b50.6, time constant Tm515
kyr) of Lisiecki and Raymo [2005]. Com-
parison between the 14C dated record
of benthic d18O (0�40 ka) in MD10-
3340 and the ice volume model (Figure
2a) reveals that: (1) the timing of the
benthic d18O maximum appears syn-
chronous with the ice-volume maxi-
mum, (2) the deglacial decreases of

benthic d18O lagged the ice volume change by �2 kyr, (3) the Holocene minimum in benthic d18O appeared
�2.5 kyr later than the ice-volume minimum. Accordingly, an adjusted ice volume model was generated by
adjusting the original ice volume model with a �2 kyr lag for the deglacial/warming intervals and �2.5 kyr
lag for the peak warm substages. The complete benthic d18O record of MD10-3340 was then tuned to this

Figure 2. The age model of core MD10–3340, established on Uvigerina spp. d18O
(blue), the LR04 benthic stack [Lisiecki and Raymo, 2005] (black), and the
insolation-forced ice volume model [Imbrie and Imbrie, 1980] (red). Dashed and
solid red lines denote the original and the 2/2.5 kyr lagged ice volume models,
respectively. (a) 0–40 ka B.P., (b, c) 0–250 ka B.P., solid and open triangles show
AMS 14C and d18O correlated age controls, respectively. (d) mean sedimentation
rate (green).
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adjusted ice volume model, assuming these time lags are coherent all along the core (Figure 2, supporting
information Table S1). The resultant age model leads to a total phase lag of �0.7 kyr of our Uvigerina spp.
d18O record relative to the LR04 benthic stack in the precession band.

According to our age model, the last occurrence of G. ruber pink was found at the interval around 121.4 ka
(1400–1401 cm core depth), in good agreement with the biostratigraphy datum given by Thompson et al.
[1979]. The averaged mean sedimentation rate (MSR) downcore is �14.4 cm/ka, with generally higher
MSRs in interglacial stages (�20.8 6 7.0 cm/ka) and warmer substages, and lower in glacial stages
(�8.9 6 3.9 cm/ka) and colder substages (Figure 2d). The large apparent decrease in core sedimentation
rate over the interval from the core-top to �13 ka may be caused by core stretching, a well-known
phenomenon with the Calypso corer [Sz�er�em�eta et al., 2004].

4.2. Trace Element Characteristics
Trace element compositions are used to constrain the source of terrigenous sediment in core MD10-3340
since trace elemental geochemistry can faithfully reflect the characteristics of sediment provenance with lit-
tle influence from sedimentation processes [e.g., McLennan et al., 1993; Potter et al., 2005]. The selected
trace element and REE distribution patterns from all Marine Isotope Stages in MD10-3340 display consistent
features (Figure 3, supporting information Table S2), including: (1) enrichments in elements from Sc to Co
over those from Rb to Th, with very strong enrichments in Cr and Ni; (2) enrichment in major middle REEs
(Sm, Eu, Gd, and Tb), and (3) a prominent positive Eu anomaly, Eu/Eu*�1.0 (0.98 6 0.03, 1r) (UCC
normalized).

Figure 3. Trace and rare earth elements distributions and ratios in core MD10–3340 and PNG-derived sediment. (a) selected trace elements, and (b) REE, both normalized to Upper
Continent Crust (UCC); (c) LaN/YbN versus Eu/Eu* (chondrite normalized), linear correlation among PNG-derived sediments shown in dashed line; (d) Zr/Cr versus Sc/Ni; (e) Cr/V ver-
sus Y/Ni. Symbols for sites are shown at the bottom. Data sources refer to supporting information Table S2.
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4.3. Major Element Compositions
The quantitative XRF measurements of major
elements showed consistent patterns with
respect to the scanned results (Figure 4),
while apparent patterns associated with
glacial-interglacial cycles can be seen in the
major element compositions. The CaCO3

concentration (mainly pelagic carbonate) is
apparently higher by�7 wt% in the intervals
of MIS2–4 and MIS6 than those of MIS1, 5,
and 7. The relative concentrations of Al2O3,
K2O, TiO, and Fe2O3 show identical variations
opposite to those of CaCO3 (Figure 4). In
other words, increased (decreased) pelagic
and decreased (increased) terrigenous frac-
tions were deposited during Glacial (Intergla-
cial) periods, which is in agreement with the
lower (higher) mean sedimentation rate in
Glacials (Interglacials) (Figure 2).

However, the scanning results show certain
deviations from the XRF measured results,
particularly in the lighter elements (K and
Ca). These deviations are characterized by
significant weakening of scanning inten-
sities in the upper �500 cm and glacial
intervals as well as the gradual down-core
increases in their scanning intensities. It is
obvious that these scanning deviations
are related to the scanned intensity of Cl
(Figure 4), a monitor of the water content of
the sediment. Higher Cl intensity indicates
higher sea water content. The water con-
tent in cores can produce a strong attenua-
tion effect on the XRF scanning results
[Tjallingii et al., 2007; Hennekam and de
Lange, 2012], especially for lighter elements
(K and Ca) as compared to heavier elements
(Ti and Fe). For example, the differences
between the median-value normalized
Ca_scan and CaCO3_XRF [Lyle and Backman,
2013] show a strong correlation to the
Cl_scan (supporting information Figure S1).
Therefore, to correct the attenuation effect,
we eliminated the anomalous changes
related to the Cl_scan data from the original
XRF scanning results [Henekam and de
Lange, 2012]. The corrected results display
much more reasonable agreement with
their quantitative measurements (Figure 4).

Superimposed on the longer-term glacial-
interglacial cycles, changes at higher frequencies are visible with high amplitude and stable periodicity.
These can be more clearly seen in the scanning results because of the higher sampling resolution
(Figure 4). Spectral analysis using Redfit38 [Schulz and Mudelsee, 2002] on the scanning XRF results

Figure 4. Major element compositions of MD10–3340 sediments measured by
XRF (symbols) and core-scanning (thin lines). (a) Uvigerina spp. d18O. (b) Cl_scan.
(c, d) raw scanning (gray) and Cl-corrected results of Ca and K. (e, f) Ti, and Fe.
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show: (1) dominant periods of Ca_corr. at �31 and �17 ka; (2) dominant periods of the detrital
elements at �23 kyr, and a minor peak of K_corr. around �12 kyr; (3) several peaks in periodicity of
LnTi/Ca between 30 and 20 kyr; (4) two peak periods of LnTi/K at �20 kyr and �12 kyr (Figure 5).
These periodicities in scanning results are in good agreement with those of XRF measurements (not
shown).

To better distinguish the higher-frequency variations, the apparent glacial-interglacial trends in the scan-
ning results were removed by subtracting the first principal component (PC1) calculated by singular

Figure 5. (a–f) Results of spectral analysis calculated on Ca_Corr., K_Corr., Ti_scan, Fe_scan, LnTi/Ca, LnTi/K using Redfit38 [Schulz and Mudelsee, 2002], gray lines denote 90% and 95%
confidence level. (g, h) Phase-cross spectral analysis on detrended Ti_scan and LnTi/K with respect to precession parameter using Analyseries2.0.4.2 [Paillard et al., 1996],
bandwidth50.006, nonzero coherence>0.824.
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spectrum analyses (SSA of Analys-
eries2.0 [Paillard et al., 1996],
with embedding dimensions taken
as 1/10 of the number of data
points, and using the method of
Vautard and Ghil [1986]) (Figure 6).
The detrended records of detrital
elements and LnTi/Ca and LnTi/K, as
well as their 18�24 kyr band-pass
Gaussian filtering (Analyseries2.0)
[Paillard et al., 1996] demonstrate
constant phase relationships rela-
tive to the precession parameter
[Laskar et al., 2004] (Figure 6).
Results of cross-phase Blackman-
Tukey analysis using a Tukey win-
dow (Analyseries2.0 [Paillard et al.,
1996]) reveal phase lags between
the maxima of Ti_scan and LnTi/K
(�103�, Figure 5), Fe_scan (�97�)
and LnTi/Ca (�86�) (not shown) and
minima of the precession parame-
ter. These findings can find further
support from the results of the
wavelet analysis of Ti_scan (support-
ing information Figure S2).

5. Discussions

5.1. Terrigenous Sediment Input
As A Proxy of Local Precipitation
5.1.1. Provenance of the Terrige-
nous Sediments
The provenance of the terrigenous
sediments in core MD10-3340 can be
inferred from their trace elemental
characteristics, including: (1) enrich-
ment in trace elements from Sc to Ni;
(2) strongly concentrated Cr and Ni;
(3) the Eu signature. Sc, V, Co, Cr and
Ni are typically enriched in mafic
igneous rocks while Th, Nb, Zr, Y and
Rb are more abundant in felsic mate-
rials [e.g., McLennan et al., 1993]. Cr
and Ni preferentially occur in typical

ultra-mafic rocks like ophiolites [Potter et al., 2005]. In addition, the Eu/Eu* values which generally equalize to 1,
are solid evidence of young undifferentiated mantle-sourced island arc basalts [McLennan et al., 1993]. Accord-
ingly, the terrigenous sediments in core MD10-3340 are inferred to be mainly sourced from basaltic to ultra-
basaltic terranes, most likely from nearby Halmahera Island which was created by the collision of oceanic slabs
[Hall et al., 1988, 1991; Ballantyne, 1991]. The uniform down-core REE composition supports a relatively homoge-
nous and solitary provenance of terrigenous sediment in MD10-3340 over glacial and interglacial periods.

Trace elemental compositions can further be compared between MD10-3440 and PNG-derived sediments,
because Papua New Guinea (PNG) has previously been regarded as one major possible source of terrige-
nous sediment in the western tropical Pacific [e.g., Milliman, 1995] and thus also in the Halmahera Sea.

Figure 6. The detrended records (thin lines) and Gaussian-filtering (dotted lines) of
terrigenous sediment proxies in core MD10–3340. (a–d) Ti_scan (green), Fe_scan
(red), Ln(Ti/Ca) (blue), and Ln(Ti/K) (purple), respectively. Climatic precession parame-
ter shown in thick black line.
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However, significant differences can be observed between the two. In contrast with core MD10-3440, PNG-
derived sediments show little or only minor enrichment in Cr and Ni (Figure 3a) and a reduced (e.g., Fly
River) Eu anomaly (Figures 3b and 3c) (data sources see supporting information Table S2). Furthermore, Eu/
Eu* in PNG-derived sediment ranges between 0.7 and 0.9 (0.85 6 0.08, 1r, Fly River excluded) while it is
around 1 in core MD10-3440 (Figure 3c). This shows the influence of intracontinental differentiation and/or
mixing with continental materials on PNG sediments, and allows us to distinguish between the different
island arc petrologic environments of PNG and Halmahera [McLennan et al., 1993]. Also, data points from
MD10-3340 fall outside the linear relationship between LaN/YbN and Eu/Eu* defined for the PNG-derived
sediments (R250.91 if Fly River included, R250.88 if Fly River excluded) (Figure 3c). This supports a non-PNG
provenance for the terrigenous sediment in core MD10-3340. Finally, ratios of ultra-mafic (Cr and Ni) to fel-
sic (Zr) and to mafic (Sc, V, Y) elements [McLennan et al., 1993] demonstrate significant differences between
MD10-3340 and PNG-derived sediment, with much more enriched ultramafic contributions in MD10-3340
(Figures 3d and 3e). Thus, in contrast to the Halmahera region, the PNG-derived sediments contain more fel-
sic materials, indicating sources from the intermediate-basaltic basement rock-type of PNG which is a mar-
ginal cordillera of the Australian continent [Davies, 2012; Wu et al., 2013].

Therefore, we argue that the terrigenous fraction in MD10-3340 originates mainly from local riverine drain-
ages from islands of the Halmahera region with limited exotic input. Variations in the relative content of ter-
rigenous sediment in MD10-3340 are thus dominantly controlled by local terrigenous input. Considering
the small island and the narrow shelf and basin of Halmahera, the influence of transport is assumed to be
negligible for the terrigenous input into the sea. Hence, the terrigenous input into the Halmahera Sea can
be tightly linked to local riverine discharge and hence local precipitation of the Halmahera region.

5.1.2. Proxies of Terrigenous Input
In the record of MD10-3340, variations in the contents of Al, K, Ti and Fe, as well as their ratios relative to Ca
and the ratios of Ti/K, are generally similar (Figure 6). These elements are exclusively associated with terrige-
nous constituents, especially Ti and Fe, which are preferentially fed by basaltic rocks [e.g., Kissel et al., 2010].
Due to the mafic source of terrigenous sediments in MD10-3340, we tend to use the contents of Ti and Fe
as indicators for changes in input of the terrigenous sediment fraction, though care must be taken to avoid
oversimplistic interpretations.

In marine sediment, Ca is dominantly associated with pelagic carbonate and Al is usually thought to be a con-
stant major constituent of aluminosilicates; Ti is concentrated in heavy minerals (e.g., ilmenite, rutile and zirco-
nium) and in coarser silt and sand fractions [e.g., Schmitz, 1987; Shimmield and Mowbray, 1991]. Accordingly,
Ti/Ca and Ti/Al ratios are usually taken to indicate the relative contributions of detrital versus pelagic, and silt/
sand versus clay fractions in marine sediments, respectively [e.g., Kissel et al., 2010; L€uckge et al., 2009].

However, in the equatorial Pacific, the biogenic scavenging of settling particles contributes significantly to
sedimentary Al content [Murray and Leinen, 1996].The Al contents of different types of aluminosilicate min-
erals can also vary widely, so using Al for normalization may be further biased by changes of aluminosili-
cates [e.g., Schneider et al., 1997]. On the other hand, K in marine sediment occurs principally in the finer
pelagic clay fraction, concentrating in phillipsite, K-mica and K-feldspar, and illite [Goldberg and Arrhenius,
1958; Weaver, 1967; Othman et al., 1989; Schneider et al., 1997]. Thus, we tend to use K instead of Al for the
normalization of Ti (or Fe) in this study, to indicate the ratios of coarser heavier minerals.

Therefore, in this study, the concentrations of Ti and Fe serve as proxies for the terrigenous content of the
sediments, and the Ti/Ca and Ti/K ratios for the contributions of detrital relative to pelagic fractions, and of
heavier minerals relative to clay minerals, respectively. Variations in Ti and Fe contents and in Ln(Ti/Ca) are
highly consistent (Figure 6), although the spectral signature of Ln(Ti/Ca) mixes the distinct signals of Ti_scan
and Ca_scan (Figure 5). Variations in Ln(Ti/K) are also consistent with Ti and Fe contents(Figure 6), while an
additional �12 kyr cycle is revealed by Ln(Ti/K) (Figure 5). The consistency among these proxies suggests
that Ti and Fe in MD10-3340 reliably indicate the terrigenous input, whereas Ln(Ti/K) may provide further
information about the variations of local terrigenous input on orbital time scales.

5.2. Orbital-Scale Variations in the Terrigenous Input
5.2.1. The Apparent Glacial-Cycle and the 30 kyr Period of Ca
The apparent glacial-cycle changes in the sedimentary records of MD10-3340, which are demonstrated by
increased (decreased) sedimentation rates accompanied by higher (lower) concentrations of terrigenous
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fractions during interglacial (glacial) intervals (Figures 2 and 4), might reflect enhanced (declined) terrige-
nous input during interglacial (glacial) times. Previous studies have shown that due to the cooling of SST
and the exposure of the Sunda Shelf during Last Glacial, precipitation over the maritime Southeast Asia
would be depressed as a result of the depression and/or eastward movement of the convective activity
over IPWP [e.g., DiNezio and Tierney, 2013]. But, in our case, the apparent glacial-cycle changes in MD10-
3340 may be complicated by influences induced from sea-level changes.

It is noteworthy that the relative increases of terrigenous sediments during interglacial intervals (decreases
during glacials) in MD10-3340 is in contrast to the general view that terrigenous input increases during sea-
level low-stands of glacial periods because of increased shelf exposure and decreased distance of river
mouths to the sedimentary basin. Therefore, alternative processes might be involved. Firstly, one important
line of evidence is that in contrast to MD10-3340, another core retrieved from deeper in the Halmahera
basin (MD10-3339, 0.5�S, 128.8�E, �1700 m water depth) shows relatively constant sedimentation rates
from MIS4 to Holocene (�60 cm/ka) and only minor glacial-interglacial changes in the content of sediment
fractions [Gustiantini et al., in preparation]. Thus, the apparent glacial cycles observed in the sediment com-
position of the shallower MD10-3340 might be complicated by sea-level-change related processes, like
intrabasinal sediment redistribution (winnowing and/or settling) possibly linked to sea-level controlled
changes in bottom currents [van Aken et al., 1988]. Alternatively, changes in the relative contribution of car-
bonate production and changing distance from river mouths could also influence the variability of terrige-
nous fraction in our records. Further work is needed to better address this issue.

In addition, the amplitude of changes in the terrigenous input records of MD10-3340 is obviously sup-
pressed in the last glacial period, particularly between 40 and 20 ka (Figures 6, and supporting information
Figure S2). This might be a result of the attenuation effect of the extremely high water content in the Last
Glacial sections (Figure 4b), or due to the lower concentration of the terrigenous fraction and smaller varia-
tions (Figure 4). But more likely, the reduced signal may be related to the smaller amplitude of changes in
the precession band and hence insolation from MIS4 to MIS2.

The �31 and �17 kyr periods observed in the Ca content (Figure 5a), which mostly consists of the pelagic
carbonate, is comparable to the �30 and �19 kyr periods of variations found in primary productivity
records in the equatorial Pacific [e.g., Beaufort et al., 2001]. But these cycles in the Ca content is significantly
different from the �23 kyr cycles in the terrigenous elements (Figures 5c and 5d), and hence the possible
dilution effect of carbonate fraction on terrigenous contents is suggested to be minor on the precessional
band. While, the spectral peaks from �18 to �31 kyr in Ln(Ti/Ca) (Figure 5e) are obviously mixed signals
stemmed from the combination of both terrigenous and carbonate fractions.

5.2.2. The Precessional Variations in Terrigenous Input
The dominant�23 kyr period of the contents of Ti, Fe and the �20 kyr period of Ln(Ti/K) (Figure 5) are inter-
preted as precessional cycle signals, while the �12 kyr period observed in the Ln(Ti/K) approximates a half of
the precession cycle. Precession-dominated variation in the terrigenous input and rainfall in our records is
consistent with previous reports of regional terrigenous input [L€uckge et al., 2009; Kissel et al., 2010; Tachikawa
et al., 2011; Wu et al., 2013], speleothem d18O records [Partin et al., 2007; Carolin et al., 2013] (further discussed
in sections 5.2.3 and 5.2.4) and Holocene leaf-wax dD [Tierney et al., 2012] from the IPWP.

The 90��100� phase lag of the maximum terrigenous input in core MD10-3340 relative to the precession
minimum (Figures 5 and 6), suggests that the precessional precipitation changes over Halmahera lag the
June 21st insolation change by �6 kyr, or in-phase correlates to the September–October insolation change.
The reliability of this phase estimate is supported by our age model, which was established on the basis of
benthic d18O record constrained by AMS 14C dates and has already eliminated the possible timing differen-
ces underlying Pacific benthic d18O, in spite of the 3–5 kyr uncertainty of the benthic d18O chronostratigra-
phy [Skinner and Shackleton, 2006]. We note that the phase lag of the terrigenous input relative to
precession would still be around 90�if the age model was established by direct correlation of our benthic
d18O record to the LR04 stack (not shown).

5.2.3. Possible ENSO-Related Forcing on the Precessional Hydroclimate Change Over the WEP
The precession-band variations in the terrigenous input in MD10-3340, and hence the precipitation over Hal-
mahera which is in-phase with September–October insolation change, are in good agreement with the spe-
leothem d18O records from northern Borneo [Partin et al., 2007; Carolin et al., 2013] (Figure 7, see Figure 1 for
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site locations). A strong control of the seasonal rainfall during the months centered on September on the
annual mean local precipitation of the Halmahera region is also observed in the modern climate (Figure 1c).

The significance of the boreal autumn season for the hydroclimate of the Halmahera region mainly comes
from the interannual oscillations associated with ENSO [Hamada et al., 2002; Aldrian and Susanto, 2003;
Chang et al., 2005; Aldrian et al., 2007]. Due to the eastward displacement of the convective ascending
branch of the Walker cell from maritime Southeast Asia towards the dateline during El Ni~no events [e.g., Phi-
lander, 1983], the local rainfall over Halmahera is greatly dampened during El Ni~no events. In contrast, La
Ni~na events enhance the W-E SST gradient across the equatorial Pacific and strengthen the atmospheric
convection and rainfall over the WEP (Figure 1c). Accordingly, a potential first order mechanism to explain
the in-phase September–October insolation forcing on precipitation changes over Halmahera would be
changes in the behavior of the ENSO system in the past.

Numerous studies have shown that during boreal late summer to early autumn, the ITCZ moves northward
in the eastern equatorial Pacific (EEP), thus generating a divergent wind field in the east while the wind field
remains convergent in the western Pacific. This late-summer zonal asymmetric wind-field pattern is thought
to be a primary driving force for the development of ENSO [e.g., Rasmusson and Carpenter, 1982; Philander,
1983; Tziperman et al., 1997; Clement and Cane, 1999; Clement et al., 1999]. On orbital time scales, anomalous

Figure 7. Precessional variations in hydroclimate of the western equatorial Pacific. (a) September-October insolation change at the Equator
[Laskar et al., 2004]. (b) detrended Ti_scan in MD10–3340. (c) ENSO index of Clement and Cane [1999]. (d) d18O of Northern Borneo speleo-
them [Partin et al., 2007; Carolin et al., 2013]. September-October insolation at the Equator is shown as gray lines in Figures 7b–7d.
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heating due to an insolation increase in September would enhance the zonal asymmetry and the easterly
wind anomaly, and it would amplify this perturbation via the same dynamics that give rise to ENSO, result-
ing in La Ni~na-like conditions. An anomalous cooling when insolation decreased, in contrast, would favor El
Ni~no-like conditions [Clement and Cane, 1999; Clement et al., 1999].

Such an explanation finds support from the consistency between the simulated ENSO index of Clement and
Cane [1999] and the paleorecords of terrigenous input at MD10-3340 and of Borneo speleothem d18O [Par-
tin et al., 2007; Carolin et al., 2013] (Figure 7). Intervals of enhanced autumn insolation heating coincide with
periods of enhanced precipitation over the equatorial western Pacific as indicated by increased terrigenous
input in Halmahera Sea and more negative d18O in northern Borneo speleothem (Figure 7).

Modern observations demonstrate that rainfall d18O in northern Borneo shows lighter values in late boreal
summer and heavier values in late winter, as well as strong positive anomalies in El Ni~no and negative
anomalies in La Ni~na events [Cobb et al., 2007; Moerman et al., 2013]. The d18O values of northern Borneo
stalagmites are interpreted as records of paleoprecipitation that are sensitive to the position and strength
of the atmosphere convective activity over the equatorial western Pacific [Cobb et al., 2007; Partin et al.,
2007; Carolin et al., 2013].

In addition, in accordance with the autumn insolation change, the Holocene maximum in the terrigenous
input of MD10-3340 appears around 5 ka, which coincides with the minimum in d18O of northern Borneo
stalagmites [Partin et al., 2007]. These records indicate increased convective activity and rainfall over the
western equatorial Pacific during the Mid-Holocene relative to the Late and Early Holocene. Additionally,
the zonal SST gradient across the equatorial Pacific reached a maximum and the variance of the EEP SST
was lowest in the Mid-Holocene [Koutavas and Joanides, 2012]. Taken together, these findings point to sce-
narios of either a La Ni~na-like mean state or more La Ni~na than El Ni~no events in the Mid-Holocene, which
can also find support from both paleorecord [e.g., Moy et al., 2002; Conroy et al., 2008] and model-
simulation [e.g., Clement et al., 2000; Luan et al., 2012] results.

Therefore, it seems reasonable to draw the conclusion that the precessional variations in the hydroclimate
of the equatorial western Pacific region are in-phase correlated to September–October insolation changes.
A leading possible driving mechanism may be associated with the ENSO-like dynamics which regulate and
control the atmosphere convective activity and hence precipitation over the WEP.

5.2.4. Role of Rainfall Seasonality on the Precessional Hydroclimate Change of WEP
In general, the modern seasonality of precipitation is weak over the Halmahera region as well as at the site
of the northern Borneo stalagmite records [Aldrian and Susanto, 2003; Cobb et al., 2007]. Most gauge sites
on Halmahera display a wetter season in the first-half year, and only a few show rainfall peaks in June-July
[Aldrian et al., 2003]. The reason for the higher seasonal rainfall from May to July on Halmahera Island is sug-
gested to be tightly linked to enhanced atmospheric convection due to higher SST of the Halmahera and
Molluca Seas, which is determined mainly by the transport of warmer surface water from the warm pool
northeast off Irian Jaya by the Indonesian Throughflow (ITF) [Aldrian et al., 2003].

Hence, the key to resolving the forcing of seasonality lies in the past changes in regional SST. Over the gla-
cial terminations, because of the combined influence of CO2 rising, ice sheet melting and ocean circulation,
timing differences of 2–3 kyr may exist between SST of the IPWP and boreal summer insolation [e.g., Lea
et al., 2000; Stott et al., 2007; Shakun et al., 2012]. During the Holocene, when insolation dominates, the SST
of the IPWP varied generally in-phase with boreal summer insolation [e.g., Stott et al., 2004; Linsley et al.,
2010; Dang et al., 2012]. It should therefore be safe to infer that SST of the IPWP is mainly determined by
the boreal summer insolation forced sensible heating.

Accordingly, if the seasonality was driving the precessional changes of rainfall over the WEP, then a
phase lag larger than 6 kyr would be implied between the insolation forced sensible heating of the
rainy season and the local hydroclimate response. However, such a large phase lag is obviously incom-
patible with the hypothesized in-phase forcing mechanism of insolation on tropical hydroclimate
change, as supported by both proxy records [e.g., Wang et al., 2001, 2008; Liu et al., 2014] and model
simulations [e.g., Kutzbach et al., 2008; Ziegler et al., 2010]. Such a hypothesis would lead to approxi-
mately in-phase relationships among local summer insolation, sensible heating, atmospheric convection,
and hence precipitation.
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Apparently, processes other than direct sensible heating are involved in the hydroclimatic feedbacks of the
WEP to insolation forcing. To explain the isotopic depletion of Borneo stalagmites in the Mid-Holocene, the
effect of JJA perihelion on the boreal autumn ocean-atmosphere coupled dynamics was suggested by Tier-
ney et al. [2012], with emphasis on the zonal Walker Circulation across the tropical Indian Ocean. In the
Pacific, a record of thermocline salinity from the east equatorial Pacific indicates stronger upwelling (i.e.,
sharper W-E gradient) when boreal summer insolation is higher [Pena et al., 2008]. In contrast, records of
Mg/Ca-SST from both the west and east equatorial Pacific show an increased zonal SST gradient in peak gla-
cial and decreased gradients in peak interglacial times [Lea et al., 2000]. Hence, uncertainties remain in the
processes that link the incoming insolation forcing to the record of hydroclimate changes of the WEP.
Whether originating from the Indian or the Pacific Ocean, it is acknowledged that changes in the strength
and position of the ascending branch of the Walker Circulation play a key role in determining the hydrocli-
mate of the WEP. More work is needed to better resolve the air-sea coupled responses of the WEP.

5.2.5. The Conceptual Interhemisphere ITCZ Displacement
Previous records of terrigenous input from the southern parts of maritime Southeast Asia commonly have
shown in-phasing linkage to the austral summer (DJF) insolation (Figure 7e) [L€uckge et al., 2009; Kissel et al.,
2010; Tachikawa et al., 2011; Wu et al., 2013] (see Figure 1 for core locations). These records generally reflect
forcing of the AISM, as they experience the wet season from November to March when the ITCZ lies over-
head [e.g., Moron et al., 2010]. The record of Kissel et al. [2010] (MD06–3067) is particularly noteworthy
because it is from the northern Hemisphere but shows an anticorrelation with the EASM. These authors
therefore observed at this latitude a contrast between precipitation rates on land (East Asia) and in the
marine realm [Kissel et al., 2010]. Their data from Mindanao may therefore also indicate that precipitation
related to the AISM developed as far north as 6�N [Hamada et al., 2002; Aldrian and Susanto, 2003].

The in-phase relation between AISM and DJF insolation, together with the in-phase relation between EASM
and JJA insolation as recorded by Chinese stalagmites [Wang et al., 2001, 2008; Yuan et al., 2004; Cheng et al.,
2009; Liu et al., 2014], convincingly support the conceptual framework of local summer insolation forcing on
monsoonal rainfall and the interhemisphere antiphasing displacement of the ITCZ on the precessional band
[e.g., Kutzbach et al., 2008]. Precessional change in the hydroclimate of WEP, which is in-phase with the boreal
autumn insolation, therefore fits well into the concept of displacement of the ITCZ. Moreover, our new record
and the Borneo stalagmite records [Partin et al., 2007; Carolin et al., 2013] highlight the importance of the
autumn rather than spring season, in the conceptual meridional movement of the ITCZ along with the max-
ima of seasonal insolation. This pattern might be related to the asymmetric annual cycle of EASM and AISM:
the southward propagation of the ITCZ from Asia and Australia in boreal autumn is continuous; on the other
hand, the northward movement of the ITCZ experiences a sudden transition in the boreal spring, and the
ITCZ is confined south of 5�N from January to May [Hung et al., 2004; Chang et al., 2005].

Finally, the �12 kyr cycle in our Ln(Ti/K) record most likely reflects the semiprecessional changes in WEP
precipitation, related to the biannual crossing of the ITCZ over the equator. In addition, a lag of 1–4 kyr
between the AISM and austral summer insolation [Kissel et al., 2010; Tachikawa et al., 2011] observed in
these precipitation records over the IPWP might be explained by the influence of El Ni~no, including the
delayed onset and shortening of duration and strengthening of intensity, on the AISM [Moron et al., 2008,
2010; Taschetto et al., 2009], if our interpretation for MD10-3340 and the Borneo stalagmite records [Partin
et al., 2007; Carolin et al., 2013] is taken into account.

6. Conclusions

On the basis of the chronology established using radiocarbon dating and marine d18O stratigraphy, we ana-
lyzed the elemental composition of sediments in core MD10-3340 from the Halmahera Sea, Western Equa-
torial Pacific, and its variation over the last �240 ka. This has led to the following conclusions.

1. On the basis of the trace element composition, the terrigenous sediment deposited in the Halmahera
Basin is characterized by mafic to ultra-mafic materials, indicating a major provenance locally from Halma-
hera Island.

2. Apparent increases in pelagic calcium carbonate and decreases in lithogenic components are observed
during the glacial periods, suggesting less terrigenous sediment was deposited in glacials at the core site of
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MD10-3340. This may be primarily generated by hydroclimate changes of IPWP over glacial cycles, or possi-
bly related to some sea-level derived changes in the intrabasin sediment distribution processes.

3. The terrigenous input into Halmahera Basin shows significant variations in the precession band which are
in-phase with Equatorial September–October insolation change. We interpret these variations as due to
changes in local atmospheric convective activity and precipitation predominantly associated with changes
in ENSO-like oscillations, in light of the fact that modern precipitation over Halmahera is dominated by
interannual fluctuations associated with ENSO. Our interpretation is supported by both numerical modeling
and proxy reconstructions, and provides a high-quality continuous record of changes in the ENSO system
from the western Pacific.

4. Through comparisons with published reconstructions of monsoonal precipitation from the vicinity in
IPWP and East Asia, our results help to show that boreal autumn is more important than spring for the pre-
cessional interhemisphere displacement of the ITCZ. The impact of ENSO on the AISM on precessional time-
scales might be more complicated than the simple drying effect previously speculated.
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