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As an important global water vapor source, the Western Pacific warm pool

(WPWP) influences precipitation changes in middle and low latitudes. The low-

latitude water cycle is a key climate parameter at different time scales, as it

contributes to various feedback processes. However, at present, indicators of

precipitation variability in the equatorial western Pacific are limited. In this work,

we used the sedimentary record of the southern margin of the WPWP to study

the precipitation variability over the western equatorial Pacific since MIS8. The

age framework based on plankton-foraminifera δ18O was used to analyze

changes in geochemical elements, clay minerals, and magnetic parameters

of a marine sediment core H10. As new precipitation records, our precipitation

records (TiO2, χ, and SIRM concentration without carbonate base) are closely

related to monsoon and Intertropical Convergence Zone and generally in

inverse phase with the oxygen isotope records of stalagmites from caves in

China. A spectral analysis showed an obvious precession period. The southern

margin of the WPWPwater cycle is closely related to the East Asian monsoon in

the last four climate cycles, and is influenced by both high and low latitudes.
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1 Introduction

The low-latitude tropical Pacific Ocean is the primary source

of global ocean heat and water vapor in the mid- and low-latitude

regions, owing to its high temperature and strong

atmosphere–ocean interactions. The tropical Pacific variations

induce global variations in atmospheric circulation and

precipitation (Yan et al., 1992; Wang and Mehta, 2008). The

scale, temperature, and precipitation of the tropical Pacific are

affected by several factors, such as the Intertropical Convergence

Zone (ITCZ), solar insolation, and volcanic activities (Yan et al.,

1992; Webster, 1994; Shang et al., 2022). Location and intensity

variations of the ITCZ significantly impact tropical precipitation,

while themonsoons are themanifestations of the seasonalmigration

of the ITCZ (Gadgil, 2003). On the seasonal timescale, precipitation

along the Pacific coast of the western Pacific is determined via the

relationship between the location of the Asian–Australian monsoon

(AAM) and the ITCZ (Tachikawa et al., 2011). As part of the Asian

monsoon, the Australian monsoon system synchronically changes

with the Asian monsoon in modern climates: the dry Australian

winter monsoon is synchronized with the wet East Asian summer,

and vice versa (Trenberth et al., 2000).

Studies on themonsoon variations and paleo-precipitation in

the tropical western Pacific region reported a close relationship

among the hydrology, monsoon system, and solar insolation

(Tachikawa et al., 2011; Fraser et al., 2014; Dang et al., 2015).

However, complex regional differences were revealed by various

sedimentary records (Tachikawa et al., 2011; Wu et al., 2013;

Fraser et al., 2014; Rao et al., 2015). Present controversies over the

Asian summer monsoon (ASM) are related to its periodic

evolution and driving mechanism. The ASM is mainly

controlled by variations in solar insolation (Yuan et al., 2004);

however, previous findings suggested that changes in the global

ice volume are a critical influencing factor (Ding et al., 1995).

Recent studies emphasized the influence of orbital forcing

(especially precession forcing) on low-latitude tropical

monsoons and hydrology (Kissel et al., 2010; Fraser et al.,

2014; Cheng et al., 2017). However, better understanding of

the paleo-precipitation and monsoon intensity changes in the

tropical western Pacific is hampered by the limited records of

precipitation and monsoon indicators over long-time scales.

In recent years, environmental magnetism has been widely

used as an alternative proxy for paleoenvironmental and

paleoclimatic variations (Verosub and Roberts, 1995; Yang

et al., 2008). One study has demonstrated a definite

relationship between magnetic susceptibility and temperature,

monsoon intensity, and precipitation (Han et al., 1996). The

magnetic susceptibility of Chinese loess is one of the most reliable

indicators for recording the dynamic evolution of the East Asian

summer monsoon (EASM) (An et al., 1990; Hao et al., 2012).

Environmental magnetic methods are also widely applied in the

tropical western Pacific region. For example, as a magnetic

mineral grain size indicator, the ratio of anhysteretic

remanent magnetization susceptibility (χARM) to magnetic

susceptibility has been used to reflect changes in the upper

waterbody of the West Philippine Sea (Meng et al., 2009). The

grain size characteristics of environmental magnetism can also

indicate the East Asian monsoon (Hou et al., 2020). Based on the

variations in particle size and magnetic susceptibility of minerals

in the South China Sea sediments, Kissel et al. (2010) studied the

relationship between precipitation, the East Asian monsoon, and

deep-sea circulation. Therefore, magnetic parameters can reveal

important information on paleoclimatic changes. In this study,

the magnetic parameters of the marine sediment core H10 from

the WPWP were compared with various proxies of precipitation

and were combined with elemental geochemistry and clay

mineral assemblages to evaluate the main provenance,

precipitation variability and orbital period characteristics of

WPWP sediments since MIS8.

2 Study area

The study area is located at the junction of the Pacific,

Philippine, and Caroline Plates, as well as the intersection of

the Yap Trench, Western Caroline Ridge, and Sorol Trough

(Figure 1). The area is geologically active and has a complex

circulation system. The North Equatorial Current (NEC) in the

northern part of the study area is one of the major sources of water

in the tropical western Pacific and forms the Kuroshio Current

(KC) to the north and Mindanao Current (MC) to the south, off

the coast of the Philippines (Nitani, 1972). As the MC flows

through the southern Philippines, a part of it flows eastward

into the North Equatorial Countercurrent (NECC), while the

other flows along the southern tip of Mindanao into the

Celebes Sea (Wyrtki, 1961). The undercurrents include the

North Equatorial Undercurrent (NEUC), Luzon Undercurrent

(LUC), and Mindanao Undercurrent (MUC). The New Guinea

Coastal Undercurrent (NGCUC), originating from the Antarctic

Intermediate Water (AAIW), also flows northwest in this area

(Tsuchiya, 1991). The South Equatorial Current flows into the

WPWP primarily through the New Guinea Coastal Current

(NGCC) and NGCUC (Peng et al., 2021). Northwest and

southeast monsoons control the intensity and variation of the

NGCC. However, the NGCUC is relatively stable (Fine et al.,

1994). These ocean currents andwatermasses play important roles

in the WPWP material inputs and water vapor transportation.

Previous studies of nearby areas suggest that the terrestrial

material in the WPWP mainly came from New Guinea (Wu

et al., 2013; Liu et al., 2018), situated in the southern part of the

WPWP and is the largest island closest to the study area. New

Guinea was formed by the island arc magmatism associated with

plate subduction. New Guinea precipitation varies seasonally and

regionally, and is affected by the monsoon, migrations of the

ITCZ, and topography. Central New Guinea is mountainous, at

an altitude of over 4,000 mwith abundant rainfall and is the main
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source of runoff. Subsequently, New Guinea has an annual river

flow of 1.7 × 109 tons, even though its area is only 8 × 105 km2

(Milliman, 1995).

The quantity of sediment transported from New Guinea to the

deep-sea varies substantially owing to the gradient of the continental

shelf, transportation route, and ocean current patterns (Walsh and

Nittrouer, 2003). The northern continental shelf of New Guinea is

narrow and steep, with an extremely low storage capacity. Thus, ~90%

of the fluvial materials are transported to the deep-sea after passing

through the continental slope (Kineke et al., 2000). Conversely, the

southern continental shelf of New Guinea (part of the Gulf of Papua)

is wide and flat; thus, most fluvial sediments cannot pass through it

and are deposited at the estuary, with a minimal amount transported

to the deep ocean (Walsh and Nittrouer, 2003). Therefore, high

sediment transport from New Guinea may affect the material

composition of sediments in the WPWP.

3 Materials and methods

3.1 Sample collection

The 310-cm H10 core sample (5°30.80′N, 139° 59.19′E,
Figure 1) was collected from the southern margin of the

WPWP at a depth of 3,790 m. The sediments in the study

area are mainly clayey calcareous ooze with the largest

number of calcareous organisms, followed by clay minerals

and a small number of siliceous organisms. The core

sediments were analyzed for major element concentrations,

oxygen isotope ratios, clay mineral assemblage, and various

magnetic parameters.

3.2 Method

3.2.1 Age establishment
Pulleniatina obliquiloculata (a planktonic foraminifera) from

the H10 core was selected for oxygen isotope determination. A

total of 150 oxygen isotope samples were tested in the whole

column. First, each sample was soak in 5% hydrogen peroxide

solution for 1 h to remove organic impurities, the grease on the

shell surface was then washed with acetone solution, dried in an

oven at 60 °C for 5 h, and transferred to a stable isotope mass

spectrometer for testing at the State Key Laboratory of Marine

Geology at Tongji University. The age of the H10 station was

determined by comparing the δ18O curve of P. obliquiloculata

and the LR04 Stack δ18O curve (the global standard oxygen

isotope curve) (Lisiecki and Raymo, 2005) (Figure 2A).

FIGURE 1
Geographical locations of core H10 (white pentagram). Black dots denote reference cores, including coresMD06-3047 (Xu et al., 2012), MD06-
3067 (Kissel et al., 2010), PC631 (Seo et al., 2014), and KR0515-PC2 (Yamazaki and Horiuchi, 2016). The seabed topographic distribution was plotted
using Ocean Data View software (Schlitzer, 2022). Orange arrows indicate the main oceanic currents acting in the WPWP region. AAIW, Antarctic
Intermediate Water; KC, Kuroshio Current; LUC, Luzon Undercurrent; MC, Mindanao Current; MUC, Mindanao Undercurrent; NEC, North
Equatorial Current; NECC, North Equatorial Counter Current; NEUC, North Equatorial Undercurrent; NGCC, New Guinea Coastal Current; NGCUC,
New Guinea Coastal Undercurrent; EAWM, East Asian winter monsoon; ASM, Asian summer monsoon.
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Significant peaks and valleys were selected as the age control

points (Table 1) before linear interpolation was used to obtain the

final age (Figure 2B). Comparison with the LR04 Stack δ18O

curve revealed that the H10 core contained sedimentary records

since ~330 ka. To assess the changes of sediments in the

equatorial western Pacific since MIS8, we selected samples

within the depth of 280 cm for analysis.

3.2.2 Determination of the magnetic parameters
For pre-processing, samples were extracted at intervals of

2 cm and oven-dried at < 35°C. An agate mortar was used to

powder the dried samples, which were then stored in sample

bags. Approximately 1–2 g of each sample was wrapped in

polyethylene plastic wrap and packed into a non-magnetic

plastic box (2 × 2 × 2 cm3). Another 0.2–0.3 g of each sample

was stored in small non-magnetic capsules for subsequent

analytical measurements.

The mass normalized magnetic susceptibility (χ) of the

sediments was measured using the MFK1-FA rotating multi-

frequency Kappabridge. The low- and high-frequency magnetic

susceptibilities (χlf and χhf) were measured with frequencies of

967 and 15,616 Hz, respectively. The isothermal remanent

magnetization (IRM) was measured with a 755-4KU Channel

superconducting magnetometer and an ASC pulse

magnetometer. The IRM component unmixing was performed

using the web application MAX Unmix (Maxbauer et al., 2016).

The SIRM was obtained by placing the samples in a 1 T

(maximum) magnetic field and setting a 300-mT magnetic

field in the opposite direction prior to conducting

measurements to obtain the corresponding IRM-300mT. The

“hard” isothermal remanence magnetization (HIRM) was

calculated using Eq. 1:

HIRM � SIRM + IRM−300mT( )/2 (1)

All remanent measurements were conducted in a

magnetically shielded room with an accuracy of ×110−12 Am2.

Hysteresis loops and first-order reversal curves (FORCs) of

the samples were measured using a VSM Model

8604 magnetometer system. The hysteresis loops were

corrected to remove the influence of paramagnetic

components and obtain the saturation magnetization (Ms),

saturation remanence magnetization (Mrs), coercivity (Bc), and

remanence coercivity (Bcr). All magnetic measurements above

were conducted at the paleomagnetism laboratory of China

University of Geosciences, Wuhan.

Temperature-dependent susceptibility (χ–T) curves of

representative samples were measured using a MFK2-FA

Kappabridge with CS-3 high-temperature furnace (AGICO),

from 50°C to 700°C in an argon environment.

3.2.3 Elemental geochemistry
The samples were taken at 5 cm intervals then dried and

ground before analysis. After weighing 0.05 g of each sample into

a Teflon digestion tank, 3 ml of pure nitric acid and hydrofluoric

acid (1:1) was added to each tank, the steel sleeve was stamped

FIGURE 2
(A) Age control points (red cross symbol) of H10 δ18O
(compared with LR04 Stack δ18O curve, Lisiecki and Raymo, 2005);
and (B) age results.

TABLE 1 Age control points at different depths of the H10 station.

Depth (cm) Age (kyr BP) The state of LR04 δ18O

4 9 MIS1

8 18 MIS 2

46 62 MIS 4

70 87 MIS 5b

84 109 MIS 5d

90 123 MIS 5e

124 140 MIS 6

156 192 MIS 7

190 217 MIS7

206 240 MIS7

258 286 MIS8

306 329 MIS9
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and sealed, and the tank was placed in an oven at 190°C for 48 h.

After cooling, the Teflon tank was placed on an electric hot plate,

the samples were evaporated to a wet salt-like state, and 1 ml of

nitric acid was added to the sample and evaporated (to remove

residual hydrofluoric acid). Then, 3 ml of nitric acid (1:1) was

added, the steel sleeve was stamped and sealed again, and the tank

was placed in an oven at 150 °C for 24 h to ensure that the sample

was extracted completely. After cooling, the extract was

transferred to a clean PET (polyester) bottle and calibrated to

25.00 g with deionized water. The samples were stored at ~4°C

until further analysis. The major element concentrations were

determined using a desktop X-ray fluorescence spectrometer

(XRF, SPECTRO XEPOS, Germany).

Carbonate content was determined using an automatic

potentiometric titrator. Samples were taken at intervals of

5 cm; based on the volumetric method, excessive hydrochloric

acid was added to the sediment sample. After full reaction, the

excessive hydrochloric acid was titrated with sodium hydroxide

reagent. Carbonate content in the sample was calculated using

Eq. 2 (Sun, 2011):

W CaCO3( ) � V0 − V1( )c NaOH( ) · F[ ]/m × 100 (2)

3.2.4 Clay mineral analysis
Clay mineral studies were performed on a < 2-μm fraction of

each sample, as previously described by Wan et al. (2007). All

samples were separated based on Stoke’s settling velocity principle

after removal of carbonate and organicmatter by adding 15ml 15%

H2O2 and 10ml 25% acetic acid in 60°C water bath for 3 h. X-ray

diffraction analysis was performed on oriented mounts with a

D8 Advance diffractometer (in the Key Laboratory of Marine

Geology and Environment, Institute of Oceanography, Chinese

Academy of Sciences). Each sample was analyzed three times,

including air drying, ethylene glycol solvation at 60 °C for 12 h,

and heating at 550°C for 2 h. Three main groups, i.e., smectite

(including mixed illite–smectite), illite, and kaolinite plus chlorite,

were estimated by weighting integrated peak areas of basal

reflections in the glycolated state, with empirical factors

(Biscaye, 1965). Random samples were selected for scanning

(after 2 h at 550°C) to identify the proportions of kaolinite and

chlorite from the 3.58/3.54 A double peak areas (Ehrmann, 1998;

Xu et al., 2012).

4 Results

4.1 Profiles of geochemical elements and
magnetic parameters

Major oxides, including Al2O3 (average 3.97%), Fe2O3 (average

2.13%) and TiO2 (average 0.21%) (Figures 3B–D), which are related

to terrigenous clasts, were in good agreement with the changes in

oxygen isotope concentrations (Figure 3A). Among them, Al2O3

and TiO2 were more indicative of terrigenous origins (Murray,

1994). The CaCO3 content in the study area varied from 53.96% to

85.28% (average 72.51%), and were inversely correlated with the

terrestrial elements (Figure 3E). Thus, to exclude the influence of

carbonate dilution, we used the method of Hounslow and Maher

(1999) to correct the magnetic parameters and chemical elements,

i.e., normalized by the mass of the non-carbonate content of the

sample. The difference in the carbonate-free basis element

concentrations (TiO2cfb, Al2O3cfb, and Fe2O3cfb averaged 0.74%,

14.45%, 7.69%, respectively) remained almost the same as that

before correction (the red curve in Figure 3). Ti was almost

unaffected by diagenesis and relatively stable in most

sedimentary environments; therefore, it reflected the terrigenous

clastic input in deep-sea sediments (Goldberg and Arrhenius, 1958).

The low values of TiO2cfb concentration (average 0.74%) were

mainly found in the MIS2, 4, 6, and 8 stages (cold periods),

while the high values were mainly found in the MIS3 and

5 stages (warm periods). The changes in Fe2O3cfb concentration

were consistent with TiO2cfb concentration, whichwere lowest in the

MIS6 stage, and peaked during earlyMIS8 stage. The variation range

of Al2O3cfb concentration was small in the MIS1-5 stages, while that

of the MIS6-8 stages was large. However, it was generally high in

interglacial periods, and low in glacial periods.

Since magnetic parameters and chemical elements were

tested at different intervals, the corrected magnetic data (χcfb
and SIRMcfb) were sparse, hence the data in Figure 3 are the

results of linear interpolation at a 1-ka interval to observe detailed

changes, with the overall trend being similar to the prior one

(Figures 3F–H). The types, contents, and particle sizes of the

magnetic minerals in the samples were reflected using χ and SIRM

(Thompson andOldfield, 1986; Oldfield, 1994). On the profile, χcfb
of the H10 samples varied greatly with a minimum, maximum,

and average values of 3.3 × 10−7, 13.5 × 10−7, and 6.78 × 10−7 m3/kg,

respectively (Figure 3F). The SIRMcfb distribution ranged from

7.9 × 10−3 to 19.07 × 10−3 Am2/kg (average 11.91 × 10−3 Am2/kg).

The high SIRMcfb values indicate that the samples contained large

amounts of ferromagnetic minerals.

4.2 Types of magnetic minerals

Obtained χ–T curves can provide information on the

mineralogy and mineral transformation during the heating

process (Dunlop and Özdemir, 1997). According to the measured

χ–T curves (Figures 4A–D), χ increased rapidly with increasing

temperature until ~320°C and decreased gradually thereafter, likely

due to the transformation ofmaghemite to hematite. At about 580°C,

χ decreased sharply due to the presence of magnetite (Evans and

Heller, 2003). The cooling curves are all above the heating

curves, likely due to the new strongly magnetic minerals

generated during the heating process. For example, iron-

bearing silicate minerals or clay minerals decompose at
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high temperatures to form magnetite, while iron-bearing

hydrate may also be transformed into magnetite (Dunlop

and Özdemir, 1997; Hunt et al., 1995).

The saturation isothermal remanence acquisition curves and

their reverse field demagnetization (RFD) curves were used to

determine the types of magnetic minerals (Dankers, 1981). The

five representative samples (Figure 5A) of these curves

(Figure 5D) showed that the samples reached 70%–80%

and >95% of saturation when the field strength was 100 and

300 mT, respectively. The magnetic coercivities of the RFD

curves were 35–50 mT, indicating that the main magnetic

carriers were low-coercivity magnetic minerals.

Morphological features of the hysteresis loops can reflect the

types of magnetic minerals (Pike et al., 1999). Hysteresis loops of

the samples formed closed curves when the magnetic field was

~200mT (Figure 5B). Morphologically, the overall hysteresis loops

were high and narrow, showing that the main magnetic minerals in

the samples had low coercivities (predominantly magnetite). The

types of magnetic minerals and state of magnetic domains of the

samples could be determined based on the values of Bc
(11.79–17.00 mT, averaging 14.85 mT) and Bcr
(17.57–40.87 mT, averaging 29.46 mT). These were comparable

to the theoretical values of 10 mT (Bc) and 33 mT (Bcr) for

magnetite (Thompson and Oldfield, 1986).

MAX UnMix (Maxbauer et al., 2016) in the analysis of the

magnetic components of IRM curves can be used to determine

the contents of different components and the distribution range

of coercivity. MAX UnMix results revealed the presence of four

magnetic components in these representative samples (Figures

6A–E, Table 2). Component 1 (C1) of the five representative

samples made a large contribution (97.6%–98.2%), with a low

medium median acquisition field (Bh,18–41 mT) and a high

dispersion parameter (DP) of 0.24–0.31. Component 2 (C2)

had relatively low Bh (9.19–13.34 mT) and DP (0.16–0.29)

values. Component 3 (C3) had a DP of 0.17–0.24 and a Bh of

96.60–137.71 mT for the five samples (Figure 6). The magnetic

characteristics of hematite were identified only in component 4

(C4), but only for 6%–9%. The dispersion of the major

component (C1) was wider than that of the common biogenic

‘‘hard’’ magnetite (DP generally <0.2) previously defined by Egli

(2004) (supporting information are shown in Table 2 and

Figure 6). This indicated that the magnetic minerals in

H10 core are primarily of detrital magnetite, and possibly

contain a small amount of biogenic magnetite (Heslop et al.,

2002; Abrajevitch and Kodama, 2011; Roberts et al., 2011).

4.3 Magnetic domain states of the
magnetic minerals

The FORCs were used to identify the types of magnetic

minerals, magnetic domain states, and inter-particles interactions

(Thompson andOldfield, 1986). The horizontal axis represents the

distribution characteristics of the coercivity of the magnetic

minerals. The coercivity in the horizontal axes were between

10 and 40 mT (Figure 5C). This result was attributed to the

soft ferromagnetic minerals. A narrow ridge was observed along

the Bc axis at Bu = 0, indicating weak and negligible magnetostatic

FIGURE 3
(A) Profiles of the δ18O; (B) Fe2O3 concentration and carbonate-free basis Fe2O3 (Fe2O3cfb); (C) Al2O3 concentration and carbonate-free basis
Al2O3 (Al2O3cfb); (D) TiO2 concentration and carbonate-free basis TiO2 (TiO2cfb); and (F,G) environmental magnetic parameters of the H10 core. Red
curve represents the result of interpolation (linear interpolation at 1-ka intervals) using Matlab software.
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interactions (Roberts et al., 2000; Yamazaki and Shimono, 2013).

This central ridge is a distinctive feature of the biogenic magnetite

(Roberts et al., 2011; Roberts et al., 2012; Yamazaki, 2012). The

broad component had significant magnetostatic effects, which was

in sharp contrast to the central ridge component representing

biogenic magnetite; it was deduced that the magnetic minerals of

the core were mainly terrigenous magnetite (Yamazaki, 2008,

2009), which is consistent with the results of IRM component

unmixing analysis.

The Day diagram (Dunlop, 2002) is often used to determine

the magnetic domain state of magnetic minerals. Most samples

from the H10 core were concentrated in the PSD region (Figure 7),

close to the SD area, which was consistent with the FORC results.

4.4 Composition characteristics of clay
minerals

Regarding the studied core from the WPWP, the clay

mineral assemblages mainly consisted of smectite (43%–

68%, averaging 57%), illite (19%–37%, averaging 27%),

kaolinite (2%–10%, averaging 6%) and chlorite (5%–16%,

averaging 10%). The content of smectite was negatively

correlated with those of the other three components

(Figure 8). In addition, during transitions from glacial to

interglacial periods, the content of smectite initially

decreased sharply and subsequently increased. High

smectite content was evident mainly in interglacial periods,

while low smectite content was in glacial periods; the contents

of the other minerals exhibited contrasting trends.

5 Discussion

5.1 Provenance of sediments

Various clay mineral assemblages in sediments are related to

the rock type, climate, degree of physical and chemical

weathering, and transportation process of the provenance area

and can be used to track provenance changes (Liu et al., 2003;

Wan et al., 2012; Yu et al., 2016). Numerous studies have shown

that the adjacent continents are the provenance of oceanic clay

FIGURE 4
χ–T curves of representative core H10 samples. All χ values were normalized by χ values at room temperature. Red and blue lines correspond to
the heating and cooling processes, respectively. (A–D) showed the results of representative samples at different depths.
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minerals (Chamley, 1989). The continents undergo different

degrees of chemical weathering due to different rock types

and weathering conditions (Fagel, 2007). Generally, smectite

and kaolinite are often formed in warm and humid

environments with strongly chemical weathering, whereas

illite and chlorite are formed under cold and arid conditions

(Chamley, 1989).

Clay minerals of the H10 core were compared with those of

various potential provenance areas (including Luzon Island,

Palau Island, China’s Loess Plateau, and New Guinea) to

understand their provenance more accurately. A ternary

diagram (Figure 9) comparative analysis showed that the

H10 core contained smectite (average 57%), illite (average

27%), chlorite (average 10%), and kaolinite (average 6%). This

clay mineral assemblage was intermediate between that of the

Chinese Loess Plateau and Luzon Island, and closest to that of

New Guinea. Illite is the main component of Quaternary loess

(Shi et al., 2005), which has an extremely low smectite content.

Therefore, the contribution of Asian aeolian dust (indicated by

Chinese loess) to the clay minerals in the study area was

insignificant.

The average contents of illite and chlorite in the core results

near Luzon Island are 1% and 5%, respectively (Liu et al., 2009),

greatly differing from our results. In addition, the clay mineral

composition of Luzon during the glacial period was not

significantly changed by the low paleo-temperature change.

Therefore, the main source of illite in the sediments studied

cannot be Luzon (Xu et al., 2012). Moreover, our magnetic

parameters were consistent with the concentration trends of

the terrestrial elements (Al2O3, TiO2, and Fe2O3), suggesting

that they are derived from the same terrigenous component. The

iron-rich sediments in the equatorial western Pacific are mainly

fluvial inputs from New Guinea, with negligible aeolian

contribution (Wu et al., 2012, 2013). Therefore, we infer that

FIGURE 5
Rock magnetism results from the H10 core. (A) Variations in mass normalized magnetic susceptibility (χ); (B) hysteresis loops; (C) FORC plots;
(D) IRM acquisition curves and RFD curves of representative samples.
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FIGURE 6
Unmixing of isothermal remanent magnetization (IRM) acquisition. (A–E) showed the results of representative samples at different depths.

TABLE 2 IRM component unmixing of representative samples.

Samples
(cm)

22 46 97 181 281

Component

C1 Bh (mT) 41.08 37.92 36.85 36.71 37.57

DP 0.31 0.24 0.24 0.27 0.26

P 0.98 0.98 0.98 0.98 0.98

C2 Bh (mT) 9.18 9.71 10.69 11.37 13.34

DP 0.29 0.24 0.22 0.16 0.17

p 0.12 0.17 0.21 0.16 0.18

C3 Bh (mT) 114.71 106.22 96.60 137.31 125.05

DP 0.17 0.19 0.17 0.24 0.23

p 0.09 0.23 0.19 0.20 0.21

C4 Bh (mT) 545.22 638.98 190.56 4.97 5.57

DP 0.14 0.19 0.21 0.29 0.30

p 0.06 0.09 0.13 0.04 0.07

Bh, mean remanence coercivity; DP, dispersion parameters; p, proportions.

FIGURE 7
Day plot of hysteresis ratios for the samples of core H10. SD,
single-domain; PSD, pseudo-single-domain; MD, multi-domain;
SP, superparamagnetic (modified from Day et al., 1977; Dunlop,
2002).
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the provenance of the study area is mainly from New Guinea,

with minimal contributions from Asia and Luzon Island, which

confirms the conclusions of Wu et al. (2013) and Liu et al. (2018)

indicating that terrigenous materials in the western equatorial

Pacific sediments were predominantly derived fromNewGuinea.

The Western Caroline Basin is affected by western boundary

currents, such as the NGCUC, which originates from the AAIW

and strongly influences the sedimentation of the western Pacific

(Yamazaki and Horiuchi, 2016). The NGCUC is the primary

ocean current flowing into EUC (Wu et al., 2013). Therefore, the

deposited magnetic minerals and terrigenous might be

transported from New Guinea to the study area by NGCUC

and NGCC (Tsuchiya, 1991; Wu et al., 2013; Peng et al., 2021).

5.2 Precipitation variations at the southern
margin of the WPWP over the past 300 ka

Herein, we focus on common features supported by elemental

records (TiO2cfb) and magnetic parameters (χcfb, SIRMcfb) of the

H10 core to trace the precipitation variability at the southern margin

of the WPWP, although these records can be affected by other

factors, such as changes in ocean currents and sea level. First, previous

studies suggested that the northern and southern parts of New

Guinea had distinct source-to-sink patterns (Walsh and Nittrouer,

2003; Kineke et al., 2000). In high sea-level periods, most of the

materials from the southern Fly River were deposited on the broad

shelf and only a small amountwas transported from the surface to the

deep sea and into the subsurface current during the prevailing

FIGURE 8
Relative contributions of the four major clay minerals to the clay fraction of sediments in core H10.

FIGURE 9
Ternary diagram of the clay mineralogy of core
H10 sediments. Potential source areas: Luzon Island (Liu et al.,
2009), Palau Island (Seo et al., 2014), China’s Loess Plateau (Kalm
et al., 1996; Shi et al., 2005), and New Guinea (Howell et al.,
2014; Liu et al., 2018).
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northwesternmonsoon (Milliman, 1995;Walsh and Nittrouer, 2003;

Brunskill, 2004). However, in the narrow active continental margin,

fluvial materials can directly cross the continental slope, carried by a

high density turbidity current forced by gravity, and can even be

transported by ocean currents for long distances without being

controlled by sea-level changes (Figure 10A) (Brunskill, 2004).

Fluvial materials from the Sepik River in the north are typically

transported in this way (Milliman, 1995; Kineke et al., 2000; Brunskill,

2004; Kuehl et al., 2004). Overall, the impact of this mechanism on

the study area is limited.

Second, NGCUC and NGCC in New Guinea, as the main

route of AAIW to EUC, may affect the input of terrigenous

materials to the ocean. Affected by the coastal monsoon, the

NGCC flow velocity in the northwest direction increases

during summer, while the flow velocity in the southeast

direction increases during winter. Conversely, NGCUC is

FIGURE 10
The variation of precipitation index of the H10 core over the past 300 ka. (A) Sea level (Spratt and Lisiecki, 2014); (B) Chemical weathering
indicator Fed/Fet of the Xifeng loess (Guo et al., 2000); (C)magnetic susceptibility frequency (χfd) records of the Luochuan loess (Hao et al., 2012); (D)
carbonate-free basis χ (χcfb, magenta), carbonate-free basis SIRM (SIRMcfb, gray); (E) carbonate-free basis TiO2 (TiO2cfb) of the H10 sediment; (F) CIA
value of the H10 core sediment; (G) δ18O sequence of stalagmites in the China’s Sanbao Cave (Wang et al., 2008); (H) summer solar insolation at
20° N (Laskar et al., 2004); (I) the ln (Ti/Ca) indicator of ITCZ swing from the MD05-2920 core. Gray bars represent the interglacial periods, and gray
broken lines indicate the maximum solar insolation periods.
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relatively stable and flows northward continuously, but its

velocity intensity is also affected by the coastal monsoon,

which increases during summer and decreases during

winter (Wyrtki, 1961). Therefore, monsoons may influence

both precipitation and the strength of coastal currents in the

region.

Magnetic parameters and terrestrial elements showed higher

values during the interglacial periods compared with the glacial

periods (Figure 3). Additionally, the amplitudes of their variations

were the highest during the interglacial period. Therefore, we infer

that the primary factor may be closely related to the summer

monsoon. Previous studies have reported that magnetic

susceptibility in loess-paleosol could be an indicator of the EASM

(Deng, 2007; Nie et al., 2016). The magnetic susceptibility frequency

(χfd) (Hao et al., 2012) and loess weathering index (Fed/Fet) at the

Xifeng (Guo et al., 2000) profile are also accepted as indicators of the

EASM. Therefore, χfd and loess Fed/Fet (Figures 10B,C) were selected

for a comparison with our precipitation proxies (Figures 10D,E).

The results show that the magnetic records of core H10 have similar

changes with the EASM index (χfd and loess Fed/Fet) in the long-time

scale, showing high values in the interglacial period and low values in

the glacial period. This suggests that the precipitation proxies of the

equatorial western Pacific sediments are closely linked with the

evolution of EASM.

Monsoon strength affects precipitation, which determines

the degree of chemical weathering at the sediment provenance

area. Elemental geochemical methods have been widely used in

the evolution of Asian monsoon and Pacific Ocean sediments

(Chen et al., 2018). The Chemical Index of Alteration that

excludes CaO (CIX), as a common indicator to evaluate the

chemical weathering intensity of the source region (Garzanti

et al., 2014) and is defined as follows:

CIX � Al2O3/(Al2O3 + Na2O + K2O) × 100 (3)

TheCIX values of the core (Figure 10F), which ranged between

57.0 and 68.9 (average 63.1) regularly change. The high values

occurred during the warm period, indicating enhanced chemical

weathering and vice versa. The high χcfb and TiO2cfb content

represented great flux of terrigenous detritus—consistent with

the high ratio of CIX—exhibiting the intensified erosion, and

strong flux from river transport (Yang et al., 2016). Chemical

weathering is closely related to the enhanced summer monsoon

during the warm period, thus the increase in terrigenous debris

flux suggests an enhanced summer monsoon.

The δ18O of stalagmites in the Sanbao Cave, China (Figure 10G)

records the precipitation variations of the EASM, which are closely

related to summer solar insolation in the northern hemisphere

(Cheng et al., 2017). Our precipitation proxies (Figures 10D,E)

exhibited an inverse correlation with the northern hemisphere

summer solar insolation (Figure 10H). With maximum summer

solar insolation, our precipitation indicators showed minimum

values. This relationship was particularly apparent in the MIS3,

5, and 8 periods. The variations of various parameters during

interglacial periods are likely related to the variations of solar

radiation. Figure 10H shows that the variations of solar

radiation were also relatively large during interglacial periods. In

this study area, considering the factors affecting paleo-precipitation

changes in the southern margin of the WPWP, we believe that the

inverse correlation between our precipitation proxies and the solar

insolation in the northern hemisphere is due to the ITCZmigration.

The precipitations for the northern continental and the southern

ocean are in contrast as the increased solar insolation in the

northern hemisphere moved the ITCZ northward (Igarashi and

Oba, 2006; Tachikawa et al., 2014). The ln (Ti/Ca) index

(Figure 10I) from sediments in northern New Guinea indicate

oscillations in the ITCZ, with a southerly shift of the ITCZ

corresponding to high values of our indices (χcfb, SIRMcfb and

TiO2cfb) and a northerly shift of the ITCZ corresponding to low

values of those indices.

A similar pattern was recorded in the cores MD06-3067

(6°30.86′N, 126°29.86′E) and KR0515-PC2 (0°08.99′S,
138°56.97′E) (Kissel et al., 2010; Yamazaki and Horiuchi, 2016),

which were attributed to the migration of the ITCZ, ocean currents,

or monsoons. Other studies also proposed that the migration of

ITCZ caused local precipitation changes (Wu et al., 2012).

There are two possible reasons why our precipitation index

showed the opposite relationship with the EASM intensity

recorded by loess and stalagmite. First, both the loess magnetic

sensitivity index and stalagmite oxygen isotopes are widely

recognized as EASM indicators. However, the former suggests

that the EASM variability is dominated by the glacial–interglacial

cycles (~100 ka), with the precession period being of minor

importance; this is obviously different from that suggested by

the stalagmite oxygen isotope sequence (Sun et al., 2006). Cheng

et al. (2021) concluded that this difference is related to the variation

of precipitation due to the precession cycles and the significant

change of loess accumulation rate. In other words, the simple

magnetic susceptibility index underestimates the precipitation

changes due to the precession cycles, while the ASM is mainly

driven by precession (Kong et al., 2020). Our magnetic parameters

and geochemical element records are positively correlated with the

loess index at the glacial–interglacial cycles; at the precession

cycles, they are correlated with the stalagmite index, albeit

exhibiting negative correlations. In brief, our sedimentary

record is closely related to the summer monsoon. The two

indicators exhibiting contrasting trends may be attributed to

differences in resolution. Second, since New Guinea is the

primary source area for the transport of terrestrial components

to the study area, the precipitation and ocean current changes in

New Guinea are controlled by the Australian monsoon, our

precipitation records thus may be influenced by the

Asia–Australia monsoon system, which is the manifestation of

ITCZmigration. Therefore, we believe that the precipitation in the

western equatorial Pacific is mainly affected by the movement of

ITCZ and monsoon precipitation, which further affects the

amount of provenance input in the study area.
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The variation in the ITCZ shifting indicated by ln (Ti/Ca)

exhibited a distinct precession cycle (Tachikawa et al., 2011). To

extract the components of the orbital periods throughout the

paleoenvironmental evolution, we used the Acycle 2.4.0 software

(Li et al., 2016; Li et al., 2019) to perform Lomb–Scargle spectrum

analysis (Lomb, 1976; Scargle, 1982) on χ and SIRM.

According to the energy spectrum results (Figure 11), both χ and

SIRM exhibited significant precession periods of 19.6 ka in the high-

frequency band, whereas poorly correlated (or non-existent) periods

were found in the mid- and low-frequency bands. Among them,

the 53.8 ka period in the mid-frequency band resulted from the

combined effect of precession and inclination (Berger, 1977, 1978)

and is considered to be a large-scale solar insolation event

(Clemens et al., 1991). The 161.3 ka period in the low-

frequency band was not evident. The 19.6 ka period in the

high-frequency band demonstrated a high confidence level;

therefore, we hypothesize that precession forcing controls the

precipitation variability over the southern margin of the

WPWP. After the χ and SIRM precession cycles were

superimposed on the glacial–interglacial sequence, the

concentrations of interglacial magnetic minerals and high

contents of terrigenous assemblages corresponded to the strong

summer monsoon and abundant precipitation in the southern

margin of the WPWP. An energy spectrum analysis revealed a

dominant precession period, in accordance with previous

simulation results of the Milankovitch cycles at various

latitudes. This precession period played a significant role in the

low-latitude regions (Short et al., 1991). Therefore, we hypothesize

that the precipitation change in the southernmargin of theWPWP

region is regulated by precession.

6 Conclusion

To investigate precipitation changes in the tropical western

Pacific, we determined the chemical composition, clay mineral

composition, and magnetic parameters of marine sediment core

H10 since MIS8. Deposition in the equatorial western Pacific is

associated with high terrigenous deposition rates and abundant

year-round precipitation in the northern part of the neighboring

island of New Guinea. Through a comparative analysis of the

mineral assemblage characteristics of core H10 and the potential

provenance area, it is concluded that the provenance of coreH10 is

mainly from the input of the coastal current of New Guinea.

The χ and SIRM indices of precipitation records are basically

inversely correlated with the δ18O records of stalagmites in Sanbao

Cave, China—which represent the intensity of EASM—indicating a

close relationship between the Australian monsoon and East Asian

monsoon in the past four climate cycles. The precipitation records

vary in phase with EASM on glacial-interglacial cycles, by in reverse

phase during precessional cycles. It indicates that the precipitation

changes in the western Pacific may be affected by both high and low

latitudes, and the phase relationship with the EASM also differs at

different time scales. The spectral analysis of χ and SIRM components

showed that the precipitation in the western equatorial Pacific has a

significant precession period, which further indicates that the

interhemispheric orbital forcing is the dominant factor

determining the precipitation in the western equatorial Pacific.
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