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1. Introduction
The Amami Sankaku basin (Figure 1) is the oldest part of the western Philippine Sea Plate (PSP) (Deschamps 
et al., 2000; Hickey-Vargas, 2005; Hilde & Chao-Shing, 1984). It witnessed the inception of the Izu-Bonin-Mari-
ana (IBM) subduction system at 52–50 Ma (Arculus et al., 2015a; Ishizuka, Tani, et al., 2011; Reagan et al., 2010; 
Stern & Bloomer, 1992; Wu et al., 2016), the emplacement of new rear-arc oceanic crust at 48.7 Ma (Arculus 
et al., 2015a; Ishizuka et al., 2018), the subsequent building of the Kyushu-Palau volcanic arc (Brandl et al., 2017; 

Abstract The Philippine Sea Plate in the West Pacific is a unique natural laboratory to study subduction 
dynamics and the evolution of upper plate magmatism following subduction initiation. To investigate these 
processes, International Ocean Discovery Program Expedition 351 recovered at Site U1438, located in a 
rear-arc position, a complete sedimentary sequence from recent age to the early Eocene and the top of the 
underlying volcanic basement. The recovered cores offered the opportunity to study for the first time and in 
unprecedented detail the styles, products, and timing of the volcanic events that marked the emplacement, 
growth, and demise of the Kyushu-Palau volcanic arc following the inception of the Izu-Bonin-Mariana 
subduction. Here, we report a magnetostratigraphy for Site U1438 based on ∼60,000 remanence directions 
isolated from 1,063 archive half core sections and 429 discrete specimens. We identified 142 magnetic 
reversals and correlated 115 of them with the geomagnetic polarity timescale. When combined with additional 
biostratigraphic and geochronological constraints, our magnetostratigraphy allowed construction of a 
high-resolution age model for Site U1438 and the determination of changes in sedimentation rates. We show 
that following subduction initiation at 52–50 Ma and the emplacement of basalts in the rear-arc at 48.7 Ma, a 
diffuse volcanism in the rear-arc (48.4–45.6 Ma) preceded the true emplacement of the Kyushu-Palau arc at 
40.2 Ma, which then grew through four compositionally distinct eruptive phases until 28.8 Ma. Subsequent 
rollback of the Pacific slab triggered rifting of the arc (28.8–24.3 Ma) and ultimately back-arc spreading in the 
Shikoku and Parece Vela basins.

Plain Language Summary During 2014 International Ocean Discovery Program Expedition 351 
recovered a unique ∼1,200-m-thick sedimentary and volcanic sequence at Site U1438 within the Philippine 
Sea Plate, which forms the upper plate of the famous Izu-Bonin-Mariana (IBM) subduction system of West 
Pacific. The recovered rocks recorded the beginning of the subduction, and the emplacement, growth, and death 
of the Kyushu-Palau volcanic arc that developed upon initiation of the IBM subduction, and may therefore 
hold the key to unravel the complex geological evolution of the entire West Pacific region. In this study, we 
reconstructed the polarity reversals of the geomagnetic field recorded at Site U1438 and produced a detailed 
magnetostratigraphy for this sedimentary sequence. We correlated 115 out of 142 identified magnetic reversals 
from our magnetostratigraphy to the reference geomagnetic polarity timescale to build a high-resolution age 
model of Site U1438. This age model helped us to constrain in unprecedented detail the timing of the tectonic 
and magmatic events that followed IBM subduction initiation at 52–50 Ma. We show that the Kyushu-Palau 
volcanic arc established in the upper plate 40.2 Ma, approximately 10–12 million years after the beginning of 
the Izu-Bonin-Mariana subduction, and then required another ∼11 million years until 28.8 Ma to grew to a 
full size through four compositionally distinct eruptive phases. Subsequent change in the subduction dynamics 
at 28.8 Ma yielded extension in the upper plate, causing the volcanic arc to split and ultimately shut down at 
24.3 Ma and a new ocean basin (Shikoku and Parece Vela basins) to form within the Philippine Sea Plate.
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Ishizuka, Taylor, et al., 2011; Johnson et al., 2021; Savov et al., 2006), and its ultimate demise triggered by the 
opening of the Shikoku and Parece Vela back-arc basins (e.g., Okino et al., 1994; Ishizuka, Taylor, et al., 2011; 
Okino et al., 1998).

Although known to be a first-order approximation, the precise timing of these tectonic and magmatic events in the 
PSP over the past ∼50 Ma remains unconstrained due to the lack of a reliable and continuous geological record. 
In 2014, International Ocean Discovery Program (IODP) Expedition 351 recovered a unique ∼1.6-km-thick sedi-
mentary and volcanic sequence at Site U1438 (Arculus et al., 2015a, 2015b) from the northern Amami-Sankaku 
basin at the base of the western flank of the Kyushu-Palau Ridge (Figure 1). Sedimentary rocks at Site U1438 
make up the majority of the recovered material, with a ∼1.4-km thick sequence divided into four sedimentary 
units (Units I to IV), overlying a volcanic basement (Unit 1) (Figure  1c; Arculus et  al.,  2015b). Lithostrati-
graphic Unit I is composed of hemipelagic mud with minor ash beds, Units II and III are dominated by coarser 
(sand-gravel) volcaniclastic deposits, and Unit IV contains a mixed assemblage of hemipelagic and volcaniclastic 
sediments. Each sedimentary unit is a direct product of a specific phase of the Kyushu-Palau arc evolution, and 

Figure 1. (a) Topographic and bathymetric map of the Philippine Sea Plate and surrounding regions (taken from GeoMapApp), showing the main tectonic structures 
and domains and the location of International Ocean Discovery Program Site U1438. (b) Close-up map showing the details of the bathymetry around Site U1438. (c) 
Lithostratigraphic log of the recovered sequence at Site U1438 from Arculus et al. (2015b). cl = clay; si = silt; vfs = very fine sand; fs = fine sand; ms = medium sand; 
vcs = very coarse sand; and gr = gravel.
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precise dating of this sedimentary record is therefore paramount to put the main tectono-magmatic events in the 
PSP into a precise temporal frame.

A preliminary age model for Site U1438 was generated during Expedition 351 shipboard operations (Arculus 
et al., 2015b), with a number of subsequent publications relying on it (Barth et al., 2017; Brandl et al., 2017; 
Johnson et al., 2021; Waldman et al., 2021). However, this preliminary age model relied on a magnetostratigraphy 
built using the inclinations of remanent magnetizations after a single demagnetizing step at 25 mT, rather than 
characteristic remanent magnetization (ChRM) directions obtained from demagnetization data using principal 
component analysis (Kirschvink,  1980). Furthermore, the limited time available during shipboard operations 
did not allow for an accurate visual inspection of the individual demagnetization plots, necessary for a reliable 
assessment of the magnetic polarity. Lastly, the magnetostratigraphy in Arculus et al. (2015b) did not include the 
bottom of the sedimentary sequence and the underlying volcanic basement.

Here, we present a new complete high-resolution magnetostratigraphy for Site U1438 based on ChRM inclina-
tions and (where available) declinations from half core sections and discrete specimens isolated through prin-
cipal component analysis. Our new age model and the calculated sedimentation rates are then used to date the 
tectono-magmatic events that occurred in the PSP since ∼50 Ma.

2. Geological Background
2.1. Tectonic Setting

The PSP is an oceanic plate between the Eurasian, Pacific, and Australian plates, and it is surrounded by active 
subductions: The Izu-Bonin-Mariana trench to the east, the Ryukyu trench to the north, and the Philippine trench 
to the west (Figure 1).

The PSP is composed of three tectono-stratigraphic domains: (a) A western domain hosting an array of Cretaceous 
oceanic plateaux and ridges (including the Amami plateau and the Daito ridge) and Eocene-Oligocene basins 
(including the Amami-Sankaku basin), which represents the oldest part of the PSP, also known as the West Philip-
pine Basin (Deschamps et al., 2000; Ishizuka, Taylor, et al., 2011); (b) a central domain formed by the Shikoku and 
Parece Vela back-arc basins (e.g., Okino et al., 1994) bounded to the west by the Eocene-Oligocene Kyushu-Palau 
Ridge remnant arc (Ishizuka, Taylor, et al., 2011) and to the east by the modern Izu-Bonin and Mariana arcs; and 
(c) an eastern domain formed by the present-day forearc and arc developed upon initiation of subduction of the 
Pacific plate below the PSP at ∼52 Ma (Ishizuka, Taylor, et al., 2011; Reagan et al., 2010, 2015, 2019).

2.2. Stratigraphy of IODP Site U1438

During June–July 2014, IODP Expedition 351 recovered a suite of sedimentary and volcanic rocks at Site U1438 
(Arculus et al., 2015b) in the Amami-Sankaku basin (27.38°N, 134.32°E; Figure 1), which is located in a rear-arc 
position relative to the Kyushu-Palau Ridge. Four holes were drilled (Hole U1438A, U1438B, U1438D, and 
U1438E), reaching a maximum depth of 1,611 m below seafloor (mbsf) and collecting a total of 1,201.39 m of 
cores (∼75% average recovery rate). Recovered rocks consist of a thick sedimentary sequence (0–1461.1 mbsf) 
and the uppermost part of the oceanic crust (Figure 1b). The sedimentary sequence has been divided into four 
units by Arculus et  al.  (2015b): Unit I (0–160.3  mbsf) is an unconsolidated fine-grained hemipelagic sedi-
mentary sequence composed of mud, tuffaceous mud, mud with ash, and clay with discrete ash beds; Unit II 
(160.3–309.6 mbsf) is an intercalated assemblage of medium to dark greenish gray tuffaceous mud, silt, and sand 
with intervening pale brown ash layers; Unit III (309.6–1361.4 mbsf) is a repetitive sequence of conglomerate- 
and sandstone-dominated intervals with thinner intervening mudstone-dominated intervals. The base of Unit III 
is transitional into Unit IV (1361.4–1461.1 mbsf), which comprises a highly diverse suite of medium to coarse 
sandstones, siltstones, and radiolarian-bearing mudstones, together with three thin (10–20 cm) intervals of igne-
ous rock. Most of the sedimentary sequence is characterized by horizontal to subhorizontal beds (except for rare 
intervals showing tilted beds; see Figure F6 in Arculus et al. (2015b)), indicating no significant deformation at 
Site U1438. Below the sedimentary succession is Unit 1 (1461.1–1611.1 mbsf), which is a sparsely vesicular, 
microcrystalline to fine-grained, aphyric to sparsely porphyritic basalt formed upon decompressional melting of 
a previously depleted mantle source (Hickey-Vargas et al., 2018; Yogodzinski et al., 2018). The basalts of Unit 1 
have been dated by Ishizuka et al. (2018) between 49.3 and 46.8 Ma, with a weighted average of 48.7 Ma.
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3. Sampling and Methods
As part of the shipboard operations, we demagnetized a total of 1,063 archive half core sections from Holes 
U1438B, U1438D, and U1438E using stepwise alternating field (AF) demagnetization with the in-line coils of 
a 2G cryogenic magnetometer installed on the JOIDES Resolution. Three to four demagnetization steps (25, 30, 
35, and 40 mT) were applied to cores from Units I, II, III, and IV, while all Unit 1 cores were demagnetized using 
14 steps from 2 to 40 mT. Such a variable demagnetization pattern was adopted in response to a variable recovery 
rate during drilling operations. Fields above 40 mT were not applied due to a previously reported issue with the 
coils of the cryogenic magnetometer when working at higher fields (Arculus et al., 2015c).

Demagnetization of the archive half core sections with remanence measured at 2-cm intervals down section 
yielded ∼60,000 demagnetization plots. Due to the great number of data and the small number of demagnetization 
steps, we carried out an automatic principal component analysis (PCA) using MacPaleomag software (written by 
Jeff Gee, Scripps Institution of Oceanography), where all the calculated components were anchored (e.g., Heslop 
& Roberts, 2016) and the NRM before demagnetization was excluded from the analysis. The use of anchored 
components in our PCA was a deliberate choice to enable to use the maximum angular deviation (MAD) as a 
proxy to discriminate ChRM components tending to the origin of the demagnetization plot axes (yielding MAD 
values smaller than 10°) from secondary or overprinted components not tending to the origin  (yielding MAD 
values greater than 10°).

For the definition of the magnetic polarity, we used the inclination of the ChRMs at those intervals with 
MAD < 10° and the inclination of one of the AF steps (25, 35, or 40 mT) where MAD was greater than 10° 
upon careful visual inspection of the individual demagnetization plots. Manual principal component analysis was 
instead performed on all data from the igneous basement of Unit 1; hence, the magnetostratigraphy of Unit 1 
entirely relies on the ChRM directions computed by PCA.

An additional 429 discrete cubic specimens (8 cm 3 volume) collected from working half core sections across the 
four units were demagnetized. The majority of the samples (n = 260) were demagnetized with AF technique, 
while 169 samples were subjected to thermal demagnetization. AF demagnetizations for the discrete samples 
were performed using 15–18 steps from 2 to 100 mT. Part of the AF-cleaned samples (n = 47) were demagnetized 
and measured during IODP Expedition 351 using an AGICO JR6A spinner magnetometer, while the remain-
ing 213 samples were demagnetized and measured at the Fort Hoofddijk paleomagnetic laboratory (Utrecht 
University) with a 2G cryogenic magnetometer and built-in coils and at the PUMA paleomagnetic laboratory 
(University of Birmingham) with an AGICO LDA-5 demagnetizer and an AGICO JR5 spinner magnetometer. 
Thermal demagnetizations were carried out in 8–10 steps from 200 to 580°C or until complete demagnetization. 
One hundred and forty-three of the thermally cleaned samples were demagnetized during IODP Expedition 351 
using an ASC Scientific thermal demagnetizer model TD-48 SC; the remaining 26 samples were demagnetized 
at the University of Birmingham using a Magnetic Measurements MMTD80 magnetically shielded oven. ChRM 
components from the discrete samples were calculated manually using paleomagnetism.org online software 
(Koymans et al., 2016).

A FlexIT orienting tool was used during the recovery of the first 19 advanced piston coring (APC) cores (i.e., 
B1H-B19H), providing azimuthal constraints for the top 132 core sections (0–168.9 mbsf). This allowed us to 
obtain both declinations and inclinations for all of Unit I and the top of Unit II.

Magnetic mineralogy was characterized using thermomagnetic experiments and the acquisition of isothermal 
remanent magnetization (IRM) on 15 representative samples from all lithostratigraphic units. Thermal varia-
tion of low-field (300  A/m) magnetic susceptibility was measured with an AGICO KLY4-S Kappabridge 
during low-temperature (−195° to 20°C using liquid nitrogen) and high-temperature (20°–700°C in argon gas) 
heating-cooling cycles. Curie temperatures were determined from the thermomagnetic curves using the graphical 
method of Petrovský and Kapička (2006). IRM was imparted with an ASC Scientific IM-10 impulse magnetizer 
by using 22 magnetizing steps from 10 to 1000 mT. The resulting IRM acquisition curves were analyzed using 
Max Unmix software (Maxbauer et al., 2016) to separate the different coercivity fractions (Egli, 2003a; Heslop 
et al., 2002; Kruiver et al., 2001).
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4. Results
4.1. Magnetic Mineralogy

Results from rock magnetic experiments conducted on 15 representative samples are summarized below and 
grouped by lithostratigraphic unit.

Samples from the hemipelagic mudstones of Unit I show quasi-reversible thermomagnetic plots indicating no 
major mineralogical transformation during heating, Curie temperature of 550–560°C, and no clear Verwey tran-
sition (Figure S1 in Supporting Information S1). The IRM acquisition curve (Figure S2 in Supporting Informa-
tion S1) shows that magnetic saturation was not reached at the maximum applied field of 1 T, as indicated by the 
gentle but progressive increase of the IRM intensity beyond 300 mT. The coercivity unmixing analysis revealed 
the occurrence of a predominant (94%) soft coercivity fraction (mean coercivity of 45 mT) and a minor (6%) 
hard fraction characterized by mean coercivity of 1512 mT (Table S1 in Supporting Information S1). Based on 
these results, we inferred that detrital or biogenic low-Ti titanomagnetite is the predominant magnetic carrier in 
Unit I, with possible occurrence of goethite in small concentrations (e.g., Dunlop & Özdemir, 1997; Egli, 2003b; 
Kruiver et al., 2001; Peters & Dekkers, 2003; Table S1 in Supporting Information S1).

Samples from the volcaniclastic mudstones and sandstones of Unit II show nonreversible thermomagnetic plots, 
indicating mineralogical transformation during heating (Figure S1 in Supporting Information S1). Two Curie 
temperatures of 525 and 580°C were calculated from the thermomagnetic curves, and a faint Verwey transi-
tion was observed at approximately −160°C (Figure S1 in Supporting Information S1). The IRM acquisition 
curve shows that magnetic saturation was reached at ∼500 mT (Figure S2 in Supporting Information S1). Our 
coercivity unmixing analysis revealed a predominant (∼90%) soft coercivity fraction with mean coercivity of 
∼47 mT and a minor (∼10%) intermediate coercivity fraction with mean coercivities of 120–170 mT (Table S1 
in Supporting Information S1). These results indicate that Unit II carries detrital or biogenic magnetite (or low-Ti 
titanomagnetite) and minor hematite (Table S1 in Supporting Information S1).

Samples from the volcaniclastic sandstones and mudstones from Unit III show a more variable magnetic miner-
alogy, with both reversible and nonreversible thermomagnetic curves and Curie temperatures of 520, 580, and 
670°C (Figure S1 in Supporting Information S1). No or very faint Verwey transition was observed. Out of the two 
samples subjected to IRM acquisition, only one reached saturation at 200 mT (Figure S2 in Supporting Informa-
tion S1). The coercivity unmixing analysis showed the occurrence of a single soft coercivity fraction (mean coer-
civity of 37.3 mT) in the magnetically saturated sample and a combination of soft (88%) and hard (12%) fractions, 
with mean coercivities of 39.6 and 1050 mT, respectively, in the nonsaturated sample. These results indicate that 
Unit III carries predominant detrital or biogenic (titano)magnetite and minor goethite or fine hematite (Table S1 
in Supporting Information S1) (e.g., Peters & Dekkers, 2003).

Samples from the hemipelagic-volcaniclastic mudstones and sandstones of Unit IV show a partially reversible 
thermomagnetic curve (i.e., only between 300 and 700°C) and a poorly defined Curie temperature around 640°C 
(Figure S1 in Supporting Information S1). No Verwey transition was observed. A Curie temperature around 
300°C can be observed in the cooling path of the thermomagnetic curve (Figure S1 in Supporting Information S1) 
indicating the potential formation of iron sulfides during heating (Wang et al., 2008). The IRM acquisition curve 
shows that saturation was never reached (Figure S2 in Supporting Information S1). The coercivity unmixing anal-
ysis revealed the occurrence of three coercivity fractions: A soft fraction (44%, with mean coercivity of 34.6 mT), 
interpreted as detrital or biogenic (titano)magnetite; an intermediate coercivity fraction (16%, with mean coer-
civity of 276.5 mT), likely represented by hematite; and a hard fraction (40%, with mean coercivity of 1205 mT), 
likely represented by goethite (e.g., Peters & Dekkers, 2003; Table S1 in Supporting Information S1). Although 
the unmixing analysis indicates a relatively complex magnetic mineralogy at these representative samples, the 
AF and thermal demagnetization plots from Unit IV prove the existence of intervals characterized by a simpler 
magnetic mineralogy carried by (titano) magnetite.

Samples from the basalts of Unit 1 show a nonreversible thermomagnetic curve, indicating mineralogical trans-
formations during heating, a poorly defined Curie temperature of 520°C, and a well-defined Verwey transition 
at −160°C (Figure S1 in Supporting Information  S1). The IRM acquisition curve shows that saturation was 
reached at approximately 100 mT (Figure S2 in Supporting Information S1). The coercivity unmixing analysis 
revealed a predominant (98%) occurrence of an ultrasoft fraction (mean coercivity of 14.5 mT) and a minor (2%) 
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occurrence of an intermediate fraction with mean coercivity of 609 mT. Based on these results, we conclude that 
the magnetic mineralogy of Unit 1 is mainly represented by pure magnetite and possible minor hematite (Table 
S1 in Supporting Information S1).

4.2. Stability of the Magnetic Remanence

Most of the AF demagnetization plots from half core sections show two remanence components: A high-coercivity 
component isolated between 25 and 40 mT, generally decaying to the origin, and a low-coercivity component, 
which was normally removed at 20–25 mT (Figure 2a). In several intervals of Unit III the high-coercivity compo-
nent does not go to the origin of the axes and the original NRM is not fully removed, indicating the existence of a 
remanence carried out by high-coercivity phases that could not be removed with AF demagnetization (Figure 2a). 
MAD values are generally smaller than 10° and show a smaller variability in Units I, II, and IV compared to Units 
III and 1 (Figure S3 in Supporting Information S1). Considering that as a result of our approach MADs < 10° 
indicate ChRM components and MADs > 10° point out to secondary or overprinted components (see Section 3), 
the MAD distributions in the five lithostratigraphic units (Figure S3 in Supporting Information S1) indicate that 
80% of the isolated components within each unit (except Unit III) are ChRMs; in Unit III the ChRM are only 63% 
of the total number of isolated components.

The common presence of a ChRM isolated within 40 mT is expected in Units I, II, and 1 due to the simpler 
magnetic mineralogy mainly dominated by magnetite but it is somewhat surprising in Unit IV, where a more 
complex magnetic mineralogy was documented. This may suggest that the overall magnetic mineralogy of Unit 
IV is simpler than that inferred from the rock magnetic analyses on 15 representative samples, as also suggested 
by the AF and thermal demagnetization plots (Figure 3a). The lower number of ChRM components in Unit III 
is, instead, expected due to the larger concentrations of hematite and goethite (Table S1 in Supporting Informa-
tion S1), whose remanence could not been fully removed with AF demagnetization treatment.

A higher concentration of hematite and/or goethite could easily explain the partial or full overprint of the original 
ChRM throughout the sedimentary sequence at Hole U1438. A secondary remanence in this hard fraction can 
either be acquired by their authigenic growth during diagenesis of the sediment, or by drilling-induced overprint 
carried in primary grains of these two phases.

AF and thermal demagnetization of the discrete samples (Figure  2b) confirmed the presence of mainly two 
remanence components, a secondary component removed at 10–20 mT or between 100 and 350°C and a ChRM 

Figure 2. Representative demagnetization plots from (a) half core sections and (b) discrete specimens. Solid (open) dots are the projection on the horizontal (vertical) 
plane. Demagnetization steps in milliTesla (mT) or in °C are indicated in each plot.
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Figure 3. (Continued)
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component isolated between 20 and 100 mT or between 100–350 and 580–590°C. MAD values associated with 
the isolated ChRMs from the discrete samples vary between 0.1 and 28.2°, with 83% of the values being below 
10° (Figure S3 in Supporting Information S1).

4.3. Paleomagnetic Directions and Magnetostratigraphy

We combined all the ChRM directions from both split-core sections and discrete samples from holes U1438B, 
U1438D, and U1438E and plotted their ChRM inclinations against depth in Figure 3. The inclination and, where 
available, declination of the individual AF steps together with the ChRMs directions are shown in Figure S4 in 
Supporting Information S1. Both declination and inclination show a series of downhole switches, with decli-
nation rapidly changing from northerly to southerly directions and inclinations switching from positive (i.e., 
down-pointing) to negative (i.e., up-pointing). The top 10–15  cm of several cores yields aberrant directions 
(mostly positive inclinations) associated with a high degree of core disturbance (Figure 3). This disturbance may 
have been caused by the fall out of sediments from the bottom of the extracted core or the borehole walls during 
core recovery, which were recovered at the next, deeper core where they formed a thin top layer. The data from 
these disturbed intervals were not considered for our magnetostratigraphy.

Positive inclinations associated with (where present) northerly declinations were interpreted as remanence 
acquired during normal polarity chrons, while negative inclinations with (where present) southerly declina-
tions were interpreted as reversed polarity chrons. The switch from normal to reversed polarity (i.e., a magnetic 
reversal) is relatively sharp throughout most of the sedimentary sequence, with the exception of few reversals 
showing transitional directions and, hence, proving the high quality of the magnetic record. Remanence direc-
tions from the discrete samples are, in general, in good agreement with the polarity inferred from the half core 
sections (Figure 3). Localized mismatches between the half core section and discrete sample data, especially 
below 200 mbsf, may be explained by the lower sensitivity of the spinner magnetometer, which has been used to 
measure the remanence in the majority of the discrete samples.

By combining the ChRM directions from the half core sections and discrete samples from all the analyzed 
cores, we identified 142 reversals, providing the first high-resolution magnetostratigraphy for IODP Site U1438 
(Figure 3). By integrating our magnetostratigraphy with the available biostratigraphic data (radiolarians, nanno-
fossils, and foraminifers) from Arculus et al. (2015b), zircon U/Pb ages (Barth et al., 2017; Waldman et al., 2021), 
and Ar/Ar ages (Ishizuka et al., 2018; Waldman et al., 2021), we correlated 115 reversals from our magneto-
stratigraphy to the Geomagnetic Polarity Time Scale (GPTS) of Ogg (2020). Below, we describe our proposed 
magnetostratigraphic correlations in more detail for seven depth intervals, following the subdivision adopted in 
Figure 3.

4.3.1. Magnetostratigraphy of Interval 0–50 mbsf

In the interval 0–50 mbsf (Unit I) we identified 12 reversals based on the ChRM inclinations and declinations. 
These reversals are characterized by an antipodal switch of declinations (Figure S4 in Supporting Information S1), 
clear inclination inversions from 45° to −45°, and transitional inclinations at 9 out of 12 reversals (Figure 3a). 
These inclinations are close to the expected value of the geocentric axial dipole (GAD) at the latitude of Site 
U1438 (i.e., I = 46.3°). The MAD values are generally below 10°, except for a few intervals typically correspond-
ing with a polarity inversion. These intermediate directions can either be a true record of the transitional direc-
tions of the geomagnetic field during a reversal or an artificial effect induced by the large response function of 
the sensors of the cryogenic magnetometers, which combined the opposite directions across a polarity transition 
into one signal. Intervals with MAD > 10° not corresponding to a magnetic reversal (i.e., at ~12 and 42–44 mbsf) 
may be associated with core disturbance or localized magnetic mineralogical complexities. No discrete samples 
were measured from this interval. The top 10–15 cm of the lower three cores of this interval (B4H, B5H, and 
B6H; Figure 3a) show disturbance and aberrant directions that were not considered for our magnetostratigraphy.

While the inclinations within each magnetozone show a small variation, the declinations vary more significantly, 
showing a typical downhole counterclockwise (CCW) rotation, which is observed at core B3H and B5H (Figure 
S4 in Supporting Information S1). This effect is likely related to clockwise (looking downward) rotation of the 
drilling barrel during piston coring and does not affect the inclinations (and therefore our magnetostratigraphy).
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The reconstructed magnetostratigraphy for this interval shows a top interval from 0 to 15.45 mbsf character-
ized by a long normal polarity magnetozone, which we interpreted as the Brunhes chron (0–773 ka; Channell 
et al., 2020) in agreement with the single foraminifer datum (Figure 3a). Based on a visual approach, we corre-
lated 10 of the 12 reversals down to the top of the Gauss chron (C2A.1n). Within the thick reverse magne-
tozone from 15.45 to 47.26  mbsf, which we interpreted as the Matuyama chron, we identified the Jaramillo 
(19.26–20.46 mbsf), Cobb Mountain (22.14–22.30 mbsf), and Olduvai (32.34–35.36 mbsf) subchrons. Two thin 
normal polarity intervals occur below the Olduvai subchron at ∼37–38 and ∼39–41 mbsf, with the deeper one 
being thicker and apparently composed of two consecutive normal polarity peaks. We correlated the deeper 
normal polarity interval (39.56–40.64 mbsf) to chron C2r.1n (Réunion/Feni subchron; Channell et al., 2020), 
in part for its longer duration and in part to keep the sedimentation rate constant. The Réunion/Feni subchron 
was initially thought to be composed of two distinct normal polarity intervals (Kidane et al., 1999; Mankinen 
& Dalrymple, 1979) but only a single interval has so far been documented in marine sediments (Channell & 
Guyodo, 2004; Channell & Raymo, 2003, 2016). According to our interpretation, IODP site U1438 might there-
fore be the first ever-documented location where sedimentary rocks recorded the Réunion/Feni subchron as two 
distinct normal polarity intervals. The shallower, thin normal polarity interval at 37.38–37.80 mbsf may therefore 
be the Huckleberry Ridge excursion (2078 ± 3 ka; Singer, 2014; Rivera et al., 2014). Although the inferred age 
for this excursion (2033–2051 ka) would support our interpretation, we preferred not to consider it excursion for 
our age model.

4.3.2. Magnetostratigraphy of Interval 50–100 mbsf

Within the interval 50–100 mbsf (Unit I), we identified 24 reversals consistently observed from both archive 
half core section and discrete sample data (Figure 3b). ChRM inclinations range between approximately 45° and 
−45°, with the top part of core B11H (Figure 3b) showing slightly shallower negative inclinations below 25°, 
likely resulting from deformation during APC coring (e.g., Acton et al., 2002). Declinations are antipodal across 
adjacent magnetozones but they do not always trend 360° or 180°, indicating a low precision of the Flex-IT 
orienting tool for these cores (Figure S4 in Supporting Information S1). A downhole CCW deviation of the 
declination is only observed in core B8H. Top core disturbance was observed in several cores and the affected 
data were rejected.

MAD values are generally below 10°, with larger values observed at almost every polarity transition (Figure 3b). 
No biostratigraphic constraints are available from this interval, and the correlation between our magnetostratigra-
phy and the GPTS was carried out using a visual approach. All the 24 reversals were tied to the GPTS, allowing us 
to identify nearly all chrons from C2An.1n down to C4An, with the exception of only a few chrons that fall within 
the intervals of the hole with low or no recovery (Figure 3b). We observed a very thin normal polarity interval at 
∼75 mbsf, which might represent a previously unrecognized magnetic excursion occurring within chron C3n.2r 
and lasting, according to our age correlation 12 kyr, from 4.705 to 4.717 Ma.

4.3.3. Magnetostratigraphy of Interval 100–150 mbsf

Within the interval 100–150 mbsf (Unit I) we identified 37 reversals and one possible short excursion at ∼127 mbsf 
(Figure 3c) based on the ChRM inclinations. Inclinations from the discrete samples match perfectly the switch in 
polarity displayed by the archive half core section data. MAD values are generally below 15°, with few localized 
higher values at most polarity transitions and slightly higher values (up to 20°) within reverse polarity intervals. 
Inclinations are slightly shallower than in the above intervals, with a general distribution around 30–40° (both 
negative and positive polarities) and with negative inclinations generally shallower than positive inclinations. 
Declinations are close to either 360° or 180°, showing a higher precision of the Flex-IT tool at these cores (Figure 
S4 in Supporting Information S1). Only core B12H shows the previously observed downhole CCW rotation of 
declinations, which is even more pronounced in its top part. Top core disturbance is observed at four out of six 
cores (Figure 3c) and the affected data have been rejected.

Using a visual approach and considering two biostratigraphic constraints from foraminifers, we correlated all 
37 reversals to the GPTS, including subchron C5r.2r-1 (Ogg, 2020), from the base of chron C4An to the base of 
C6An.1n, with only a few missing chrons likely falling within gaps in the recovered sequence (Figure 3c). We 
did not correlate the reverse polarity short interval (excursion?) at ∼127 mbsf, as there was no obvious match 
with the GPTS.

 15252027, 2022, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

C
010598 by U

niversity O
f B

irm
ingham

 E
resources A

nd Serials T
eam

, W
iley O

nline L
ibrary on [27/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geochemistry, Geophysics, Geosystems

MAFFIONE AND MORRIS

10.1029/2022GC010598

13 of 24

4.3.4. Magnetostratigraphy of Interval 150–200 mbsf

This interval contains the transition from Unit I to Unit II at 160.3 mbsf. Twenty-one reversals have been identi-
fied relying on either the ChRM inclinations and declinations or the inclinations of the remanence after 35 and/
or 40 mT AF demagnetization (Figure 3d and Figure S4 in Supporting Information S1). Positive inclinations 
range between 45 and 60° in the 150–160 mbsf interval and then steepen downward to reach approximately 60°, 
with even higher values up to 90° at ∼166 mbsf. MAD values for the normal magnetozones are generally below 
10°. Some of the reverse magnetozones showing southerly declinations are characterized by shallow (15–30°) 
negative or even shallow positive inclinations (see interval 161.0–162.36 mbsf) and MAD values up to 20°. This 
may be caused by different factors, with the most likely being a more pervasive and not fully removed drilling 
overprint, as also confirmed by the steeper than expected positive inclinations; in fact, a downward vertical drill-
ing overprint tends to steepen positive inclinations and shallow negative ones (Acton et al., 2002). This drilling 
overprint seems to have affected all the ferromagnetic minerals, including the sparsely occurring hard fraction 
(i.e., hematite and/or goethite), which we think to be the major factor responsible for preserving the drilling over-
print at the maximum demagnetizing fields of 40 mT.

Declination values from archive half core sections are available down to 168 mbsf, which is the maximum depth 
at which the Flex-IT orienting tool was employed during coring. Below this depth (i.e., top of Unit II) the quality 
and amount of ChRM directions decrease sharply, inhibiting a straightforward determination of the polarity, 
which was established by integrating the inclinations of the ChRMs and AF steps, and additional visual inspec-
tion of the individual demagnetization plots. Core disturbance within these partially consolidated sediments 
further reduces the quality of the data set within this bottom interval. Nevertheless, directions from the discrete 
samples are consistent with those from the archive half core section data and confirm the interpreted polarity of 
the 21 identified reversals.

A visual correlation between our magnetostratigraphy and the GPTS, also supported by one nannofossil datum, 
allowed us to correlate all 21 reversals to the GPTS from C6AAn chron to C9n (Figure 3d).

4.3.5. Magnetostratigraphy of Interval 200–700 mbsf

This long interval contains the transition from Unit II to Unit III at 309.6 mbsf (Arculus et  al.,  2015b). Our 
magnetostratigraphy for this interval (Figure 3e) was built by using, on a case-by-case basis, the ChRM incli-
nations from half core sections and discrete samples (mainly for those intervals with MAD < 10°) or the incli-
nations of individual AF steps (25, 35, or 40 mT) from the archive half core sections (mainly for those intervals 
with MAD > 10°), unless these yielded anomalously high inclinations (Figure 3e and Figure S4 in Supporting 
Information S1). A careful visual inspection of the individual demagnetization plots was therefore necessary to 
assess the magnetic polarity, in particular for those intervals characterized by MAD values > 10° (hence poten-
tially carrying a fully or partially overprinted ChRM). In fact, several ambiguous demagnetization plots with 
ChRM yielding a MAD > 10° displayed either (a) ChRM with a positive inclination but AF steps shifting to a 
negative inclination at higher fields (i.e., 35–40 mT) consistent with the expected values (those have typically 
been assigned to a reverse polarity) or (b) ChRM and 25 mT step yielding a positive inclination consistent with 
the expected values but negative and generally steep (>60°) inclination of the 35 and 40 mT steps (those have 
typically been assigned to a normal polarity). These ambiguous demagnetization plots are probably the result of 
ineffective removal of secondary components carried by hematite and/or goethite. This is reflected in the MAD 
values, which at several intervals spike from an average of 10–15° up to 40° (Figure 3e).

The majority of the ChRM inclinations range between 30 and 60° (both polarities), with several intervals show-
ing anomalously steep positive and negative inclinations (Figure 3e). The steep inclinations are usually observed 
within coarse-grained intervals (Figure 3e), and may be explained by the poor ability of such lithologies to relia-
bly preserve a stable remanence, but local drill-induced deformation can also be a viable explanation.

The ChRM directions from the discrete specimens show generally shallower, mainly positive inclinations, which 
are not always consistent with those from the archive half core sections. The mismatch between the archive half 
core section and discrete sample data may be explained by the lower sensitivity of the spinner magnetometer, 
mainly used to analyze these discrete samples, combined with a generally lower intensity of the remanence of 
these rocks. Deformation of the cubic sample during its sampling and extraction when the rock is partially or fully 
consolidated (i.e., below ∼160 mbsf) may also be an alternative explanation of the mismatch between the archive 

 15252027, 2022, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

C
010598 by U

niversity O
f B

irm
ingham

 E
resources A

nd Serials T
eam

, W
iley O

nline L
ibrary on [27/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geochemistry, Geophysics, Geosystems

MAFFIONE AND MORRIS

10.1029/2022GC010598

14 of 24

half core section and discrete sample data. Because of this, the inclinations from the discrete samples were not 
always considered for the definition of the magnetostratigraphy at this interval.

A total of 15 reversals were identified within this interval (Figure 3e). Where a gap in the data is present at a 
polarity transition, the magnetozone boundary was placed in the middle of the gap. Correlation between our 
magnetostratigraphy for this interval and the GPTS relied heavily on the biostratigraphic (foraminifers and nann-
ofossils; Arculus et al. (2015b)) and the Pb/U detrital zircon ages by Barth et al. (2017). Nine of the 15 identified 
reversals were tied to the GPTS from chron C9n to C13n (Figure 3e). Out of the two normal polarity magneto-
zones at 466.75–477.92 and 514.96–530.00 mbsf, only the deeper one was correlated to the GPTS (chron C12n), 
as this provided a higher sedimentation rate that is more consistent with the overall coarser grain size of the inter-
val above ∼500 mbsf. Because the normal magnetozone at 466.75–477.92 mbsf was identified on the basis of the 
25 mT inclinations only and does not show any obvious correlation with the GPTS, it is possible that this interval 
has a reverse polarity instead of normal (hence the question mark associated with this interval in Figure 3e). The 
reverse polarity magnetozone at 621–633 mbsf may correspond to the short (sub)chron within C13n, but we did 
not attempt a correlation here as it would have yielded an extremely high sedimentation rate at 580–620 mbsf that 
is not supported by the average grain size of this interval.

4.3.6. Magnetostratigraphy of Interval 700–1200 mbsf

For this interval, which falls within Unit III, we again used all the available inclinations (ChRMs and 25, 35, and 
40 mT AF steps from half core sections and ChRMs from discrete samples) on a case-by-case basis to build a 
magnetostratigraphic log (Figure 3f).

Positive ChRM inclinations in archive half core sections exceeding 60° (both normal and reverse polarity) were 
interpreted as fully or partially overprinted by a drilling component and were therefore not considered for our 
magnetostratigraphy. At those intervals, the inclinations of the 25 mT AF step provide the most reliable polarity 
constraint. The cause for the steep negative inclinations like those observed at ∼920–940 mbsf obviously cannot 
be a drilling overprint, so perhaps these anomalous inclinations are due to local deformation or magnetic miner-
alogical complexities.

Below 900–1000 mbsf, both the ChRM and 25 mT AF step inclinations are anomalously steep (mainly positive), 
and the polarities were established using mainly the 35 and 40 mT AF steps, which range between 30 and 60° 
at both normal and reverse polarities (Figure 3f and Figure S4 in Supporting Information S1). MAD values are 
generally lower than 10–15° but they increase up to 40° mainly within the reverse magnetozones, likely due to a 
not fully removed drilling overprint.

ChRM inclinations from discrete specimens are always shallower than the ChRMs from the half core sections, 
especially within the interpreted reverse magnetozones, where these do not always switch to negative values, but 
rather show very shallow inclinations difficult to interpret for the definition of the polarity.

We identified in this interval 25 reversals, plus six thin, poorly defined reverse magnetozones. Using the three 
biostratigraphic (nannofossil) and three detrital zircon data, we correlated 11 of the 25 reversals to the GPTS 
from chron C15n to C18n (Figure 3f), while we did not find an obvious way to correlate the six thin reverse 
magnetozones.

4.3.7. Magnetostratigraphy of Interval 1200–1600 mbsf

This interval comprises the three bottom lithostratigraphic units: The sedimentary Unit III and Unit IV and the 
volcanic Unit 1. The ChRM inclinations from the archive half core sections are predominantly positive and rang-
ing from 30° to 60°; however, several intervals show inclinations steeper than 60°, suggesting a pervasive drilling 
overprint (Figure 3g). The majority of these steep inclinations occur in Unit 1, although they are also abundant 
in Unit IV, while they only occasionally occur in Unit III. Altogether the data from this interval do not provide 
a continuous magnetostratigraphy due to a poor recovery rate of the cores and an inefficient preservation of the 
remanence. The inclinations from the discrete specimens are all positive, ranging from 0 to 90°, and showing a 
downhole variation consistent with the archive half core section data (Figure 3g).

The interpreted polarity of this interval is mainly normal, with various thin reversely magnetized intervals occur-
ring at various depths and one thicker at the top of Unit 1, which allowed us to identify eight potential reversals 
(Figure 3g). The quality and amount of the data in this interval are not ideal and the overall reliability of this part 
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of the magnetostratigraphy is low. Independent age constraints for this interval are provided by radiolarian and 
foraminifer determinations from Unit IV (Arculus et al., 2015b), Ar/Ar and U/Pb ages from Unit IV (Waldman 
et al., 2021), and Ar/Ar ages from Unit 1 (Ishizuka et al., 2018). The biostratigraphic ages have a large uncer-
tainty and their vertical distribution seems to indicate reworking, with two data older than the underlying volcanic 
basement. The Ar/Ar and U/Pb ages of Waldman et al. (2021) from the base of Unit IV are consistent with a 
correlation of the base of Unit IV to chron C21n. We then tentatively correlated the thin reverse magnetozone at 
∼1,260 mbsf to chron C18n.1r and the reversal at 1,366 mbsf to the base of chron C20n.

Unit 1 was dated by Ishizuka et al. (2018) using six samples from 1,509 to 1,534 mbsf, which yielded ages rang-
ing from 46.8 to 49.3 Ma, with a weighted average of 48.7 Ma. For our final age model, we assigned this weighted 
average age to the top of Unit 1 at 1461.1 mbsf. The reversely magnetized interval occurring at the top of Unit 1 
may indeed correspond to chron C21r, while the possible reversal at 1550–1560 mbsf could suggest an older age 
of deeper portions of Unit 1; however, due to the potential intrusive nature of some intervals of this unit (Arculus 
et al., 2015b), we did not correlate these reversals to the GPTS.

4.4. Age Model of IODP Site U1438

Our magnetostratigraphic analysis of the sedimentary sequence at IODP Site U1438 provided 115 age-depth 
constraints (Table S2) that we used to build a high-resolution age model (Figure 4). This has a high resolution for 
the uppermost 160 m of the sequence (i.e., Unit I), where it is based on 86 dated reversals (i.e., 75% of the total 
amount of data) and supported by five biostratigraphic ages. This interval covers approximately half of the time of 
the entire sedimentary sequence. The dating of the remaining ∼1,300 m of the sedimentary sequence relies on 29 
dated reversals and a large number of independent age constraints, including 14 biostratigraphic data (foramini-
fers, calcareous nannofossils, and radiolarians), nine U/Pb zircon ages from Barth et al. (2017) and Waldman 
et al. (2021), and two Ar/Ar ages from Waldman et al. (2021).

The age for the bottom part of the sedimentary sequence was determined by connecting the weighted average age 
of the basement (i.e., 48.7 Ma) to the last magnetostratigraphic constraints in Unit III at 1,366 mbsf (Figure 4). 
All the other independent age constraints, excluding the two reworked radiolarian data, support our interpreted 
age for this bottom interval.

Our age model indicates that a complete sedimentary sequence is preserved at IODP Site U1438, which recorded 
the geological evolution of this region since the emplacement of lavas erupted in a rear-arc setting at 48.7 Ma. The 
implications of the ages inferred for the various stratigraphic intervals will be discussed in Section 5.

Three distinct segments with different slopes can be identified in our age model (Figure  4): A shallow 
segment at the top (0–163.34  mbsf), including Unit I and the top of Unit II, a steep segment in the middle 
(164.34–1,209.36  mbsf), comprising Unit II and Unit III, and a moderately steep segment at the bottom 
(1,209.36–1,461.08 mbsf), comprising the bottom part of Unit III and Unit IV. This pattern, which indicates two 
distinct times when sedimentation rates abruptly changed, mirrors the downhole variation of lithologies and their 
grain size distributions, with the top interval composed of the finest lithologies (i.e., mudstones and siltstones), 
the middle interval predominantly dominated by fine to coarse sand and gravel, and the bottom interval domi-
nated by siltstones and fine sand (Figure 4).

4.5. Sedimentation Rates

Our magnetostratigraphy-based age model allowed precise determination of sedimentation rates through-
out the entire sedimentary sequence. To take into account the effect of compaction on the sedimentation 
rates, we computed the decompacted thickness of the sediments using their porosity, following the method of 
Van Hinte (1978) and recalculated corrected sedimentation rates using the decompacted thicknesses of each inter-
val following the approach used by McNeill et al. (2019) and subsequently Maffione and Herrero-Bervera (2022). 
Van Hinte (1978) proposed that the initial thickness of a sedimentary unit at the time of deposition and any time 
thereafter is controlled by the change in porosity of the sediment during burial; in fact, during burial-induced 
compaction, the volume of the pore space decreases, while that of the grains remains fixed. So, in other words, 
the variation of thickness during burial is a direct function of the change in porosity. This conclusion, however, 
assumes that there is no dissolution or cementation during burial, which clearly cannot be ruled out in the studied 
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sediments, and may therefore provide an additional source of error in the calculation of the sedimentation rates. 
Also, compaction of fine-grained lithologies (clay and silt) may operate differently, as also documented in Unit I 
by Maffione and Morris (2017), and this may provide a further source of error in the calculations.

According to Van Hinte (1978), the decompacted thicknesses can be calculated by the formula below:

𝑇𝑇𝐷𝐷 =
𝑇𝑇𝑖𝑖 (1 − 𝜙𝜙𝑖𝑖)
(

1 − 𝜙𝜙∗
𝑖𝑖

) 

where Ti and ϕi are the thickness and average porosity, respectively, for a given interval, and ϕi* is the initial 
porosity of the sediment at the sea floor.

In our calculation, the measured porosity (ϕi) was not the raw porosity value at a given interval but a value extrap-
olated from a porosity function. To build the porosity function we first applied a second order polynomial best 
fit on the porosity values obtained from the moisture and density measurements on discrete samples performed 
during IODP Expedition 351 operations (Table S3). We rejected the data yielding residuals higher than 10% (in 
porosity values) and then fitted a 30th order polynomial to the remaining points. The initial porosity (ϕi*) at Hole 
U1438 was extrapolated from the porosity function at 0 mbsf, which provided a value of 0.7566 (Table S3).

Figure 4. (Left) Age/depth model obtained from the magnetostratigraphic ages; (center) sedimentation rates calculated after decompaction (see text); (right) 
Lithostratigraphic log of Ste U1438 after Arculus et al. (2015b).
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Using the above equation, we calculated the decompacted thickness for each interval between two adjacent tie 
points of the reconstructed age model. From the decompacted thickness for each interval, we then calculated new 
corrected values of sedimentation rates (Table S2).

The corrected sedimentation rates show a general increase downhole from Unit I to Unit II and then Unit III, 
with average values of 0.8, 3.5, and 29.7 cm/kyr on average, respectively, and then decrease in Unit IV where 
the average sedimentation rate is 7.1 cm/kyr. The downhole variation of the computed sedimentation rates is in 
excellent agreement with the lithology and grain size distribution, with Unit I and Unit III showing the finest and 
coarsest average grain size and the slowest and fastest accumulation rates, respectively. The good match between 
sedimentation rates and grain size is also observed at the small scale across layers of different grain sizes within 
each lithostratigraphic unit (Figure 3).

Extremely high sedimentation rates up to 72.5 cm/kyr can be observed in Unit III at 1,050–1,150 mbsf. While these 
values are close to those documented from other volcanic arcs (e.g., Watt et al., 2012), they are surprisingly higher 
than those from the top part of the Unit III at ∼300–500 mbsf, where the coarsest average grain size is observed 
(Figure 4). This may indicate that the coarser grain size at the top part of Unit III is not indicative of a higher accu-
mulation rate but probably only of a closer source (i.e., a new volcanic edifice formed close to Site U1438).

5. Discussion
Our magnetostratigraphic analysis and the inferred age and sedimentation rates of the hemipelagic and volcaniclas-
tic sediments recovered at IODP Site U1438 within the Amami-Sankaku basin (Figure 1) provide a unique opportu-
nity to constrain the timing of the growth and demise of the Kyushu-Palau volcanic arc, associated with the initiation 
of the Izu-Bonin-Mariana subduction, and subsequent rifting and back-arc spreading at the Shikoku and Parece 
Vela basins. The magnetostratigraphy proposed here builds on top of the preliminary study presented in Arculus 
et al.  (2015b), but shows five major differences and improvements: (a) The preliminary magnetostratigraphy in 
Arculus et al. (2015a, 2015b, 2015c) reached a maximum depth of 846 mbsf and did not include the results from the 
bottom two lithostratigraphic units (IV and 1), while this study presents the magnetostratigraphy of the entire drilled 
sequence down to 1,600 mbsf, including Unit IV and Unit 1, making it one of the longest magnetostratigraphic logs 
ever produced from IODP cores; (b) this study documented 115 reversals, against the 87 of the preliminary study; 
(c) the occurrence and depth of 55 out of the 87 previously identified reversals (i.e., 65%) have been reassessed and 
amended based on a more detailed analysis of the demagnetization diagrams; (d) the age of all reversals have been 
updated using the more recent timescale of Ogg (2020); and (e) in this study, we performed a full principal compo-
nent analysis providing new ChRM inclinations and used the MAD values combined with a visual inspection of the 
demagnetization plots to determine on a case-by-case basis the magnetic polarity of the studied rocks.

In the next sections, we discuss the results from the five lithostratigraphic units recovered at Site U1438 from 
older to younger and the implications for the tectono-magmatic evolution of the Philippine Sea Plate since 
∼50 Ma (Figure 5).

5.1. Unit 1: Upper Plate Crustal Accretion Upon Subduction Initiation

Lithostratigraphic Unit 1 (1,461.1–1,611.1 mbsf) represents the top part of the volcanic crust emplaced in the 
young IBM rear-arc as a response to subduction initiation at 52–50 Ma (e.g., Ishizuka et al., 2018). These volcanic 
rocks are an ultradepleted MORB variety (Hickey-Vargas et al., 2018; Yogodzinski et al., 2018) compositionally 
similar to forearc basalts (FAB) occurring in the modern IBM forearc (Ishizuka, Tani, et  al.,  2011; Reagan 
et al., 2010). The magnetic remanence of this unit seems to have been heavily affected by a drilling overprint, 
and although the computed magnetozones (Figure 3) are consistent with the established age of the crust, for the 
dating of Unit 1, we relied exclusively on the radiometric dating by Ishizuka et al. (2018), which indicates an 
emplacement age of 48.7 Ma.

Because these volcanic rocks were emplaced 50–80  km west (in present-day coordinates) of the future 
Kyushu-Palau arc (hence in a rear-arc position) and about 250 km west of the active trench, their origin has been 
associated with an extremely diffuse rear-arc extension occurring soon after the emplacement of FABs in the 
forearc (Arculus et al., 2015a) (Figures 5a and 5b).
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Figure 5.
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5.2. Unit IV: Prearc Magmatic Activity

Lithostratigraphic Unit IV (1,361.4–1,461.1 mbsf) is the first sedimentary unit deposited above the volcanic base-
ment (Unit 1) and forms the base of the thick volcaniclastic succession recovered at Site U1438. Its boundary with 
volcanic Unit 1 is abrupt but the occurrence of a few intervals of volcanic rocks at its base (Waldman et al., 2021) 
as well as local hydrothermal alteration (Arculus et al., 2015b) suggests that Unit IV was deposited above the 
volcanic basement immediately after its emplacement to the seafloor at 48.7 Ma.

Waldman et al. (2021) divided Unit IV into three subunits based on changes in lithology, modal sediment compo-
sition, and bedding style: Subunit IVc (1,461.1–1,456.3 mbsf) represented by pelagic mudstones; subunit IVb 
(1,456.3–1,404.9 mbsf) composed of an alternation of volcaniclastic sandstones, siltstones, and conglomerates 
exhibiting a Bouma sequence with pelagic mudstones, intercalated by three thin basaltic andesite layers; and 
subunit IVa (1,404.9–1,359.6 mbsf) containing mudstone with minor volcanic sandstone.

Only one magnetostratigraphic age could be determined from the top part of Unit IV (Figure 3), which is consist-
ent (within error) with the radiolarian age from a slightly deeper interval. Similarly, the Ar/Ar amphibole ages of 
46.8 ± 0.4 and 48.2 ± 0.6 Ma and a U/Pb zircon age of 47.4 ± 3.9 Ma from the base of Unit IV (i.e., subunit IVc; 
Waldman et al., 2021) are consistent with the age of the underlying volcanic basement. The age of Unit IV was 
calculated by interpolation using the age of Unit 1 (48.7 Ma at 1461.1 mbsf) and the magnetostratigraphic age 
toward its top (43.45 Ma at 1,366 mbsf; Figure 4 and Table S2). Based on our age model Unit IV was deposited 
over 5.3 Myr, between 48.6 and 43.3 Ma.

The average sedimentation rate of 7.1 cm/kyr calculated for Unit IV (Figure 4 and Table S2) does not take into 
account the small-scale variability associated with the alternation of coarse- and fine-grained intervals across its 
top, center, and base, corresponding to subunits IVa, IVb, and IVc, respectively, following the classification by 
Waldman et al. (2021). Higher sedimentation rates are, in fact, expected in subunit IVb, which shows the coars-
est grain size within Unit IV. According to Waldman et al. (2021), subunit IVb represents the product of early 
upper plate volcanism at minor unidentified volcanic centers following an initial period of deep-marine pelagic 
sedimentation (subunit IVc). The exact provenance of these deposits is uncertain and they might have been 
sourced either from the Daito region further to the west (Waldman et al., 2021) or by the nascent Kyushu-Palau 
arc (Johnson et al., 2021). Volcaniclastic turbiditic deposits occurring at the top of Unit IV (i.e., subunit IVa) 
show a lower energy and mark, therefore, a pause between the prearc (subnit IVb) and the early arc (base of Unit 
III) volcanic activity of the Kyushu-Palau arc (Waldman et al., 2021). We now can bracket this prearc diffuse 
magmatic activity in the rear-arc between 48.4 and 45.6 Ma, which is therefore concomitant with the emplace-
ment of boninites in the forearc (48-46 Ma; Ishizuka, Tani, et al., 2011) (Figure 5c).

5.3. Unit III: Emplacement and Growth of the Kyushu-Palau Arc

Unit III (309.6–1361.4 mbsf) is the thickest of the four sedimentary units and the one with the coarsest average 
grain size (i.e., conglomerate and sandstone intervals with sparse thin pelagic mudstone intervals). This unit 
comprises a sequence of volcaniclastic gravity-flow deposits supplied by submarine channels branching from 
the Kyushu-Palau arc located ∼80 km to the east and sourced by subaerial to submarine eruptions (pyroclastics), 
sector collapse, anderosion of subaerial volcanic edifices (epiclastics) (Johnson et al., 2021).

Figure 5. Tectono-magmatic evolution of the Izu-Bonin-Mariana forearc and rear-arc region since 52–50 Ma, based on our 
new magnetostratigraphic data combined with previous results from stratigraphy (Johnson et al., 2021; Waldman et al., 2021), 
geochemistry (Brandl et al., 2017), and geochronology (Ishizuka et al., 2018). (a) Subduction initiation occurs at ∼52–50 Ma, 
leading to the emplacement of forearc basalts (FABs) in the proximity of the active trench. (b) Following forearc extension during 
subduction initiation, diffuse magmatism occurs in the rear-arc region where FAB-affinity lavas are deposited at IODP Site U1438 
(Unit 1). (c) Before the rising of the Kyushu-Palau volcanic arc sparse magmatism occurred in the rear-arc, with high-Mg products 
recorded within Unit IV, while boninites were being erupted in the forearc. (d) Early activity of the proto–Kyushu-Palau arc 
occurred before the true growth of the arc and was characterized by high-Mg products erupted and deposited in the rear-arc as Unit 
III, while andesites were being erupted in the forearc. (e, f, g, and h) The growth of the Kyushu-Palau arc occurred through four 
distinct eruptive phases called “Episodes” (Johnson et al., 2021) characterized by a shift from high-Mg to tholeiitic to calc-alkaline 
melts. Episode 4 represents the arc's full maturity, which was marked by an increase of materials erupted and a shift to high-K 
melts. (i) The beginning of rollback of the Pacific slab led to rifting of the volcanic arc at 28.8 Ma and an abrupt decrease of the 
volcanic activity, which continued sporadically until 24.3 Ma during deposition of Unit II. (j) Back-arc spreading in the Shikoku 
and Parece Vela basins started at 24.3 Ma and since then the rear-arc domain hosted pelagic sedimentation (Unit I) characterized 
by deposition of discrete ash layers sourced by nearby volcanic arcs of Japan and the Philippines.
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Despite the nonideal lithology for paleomagnetic analysis (i.e., coarse-grained turbidite flows), several intervals 
of this unit, perhaps those with the finest grain size, yield a primary remanence. This allowed us to date 19 
reversals within Unit III, which together with the biostratigraphic (Arculus et al., 2015b) and U/Pb zircon (Barth 
et al., 2017) revealed that Unit III have been deposited over ∼14.5 Myr between 43.3 and 28.8 Ma (Figure 4; 
Table S2).

Sedimentation rates for Unit III are the highest of the entire sequence, reaching values as high as 72.5 cm/kyr (Table S2; 
Figure 4). The base of Unit III records the first abrupt increase of sedimentation rates, which spike from 7.1 cm/kyr on 
average in Unit IV and base of Unit III to over 20 cm/kyr at ∼1,260 mbsf. The increase of sedimentation rates at this 
depth matches very well with the emplacement of the Kyushu-Palau arc identified in Unit III at 1,275 mbsf by Johnson 
et al. (2021). We therefore dated the deposition of the lowermost portion of Unit III (1,361–1,275 mbsf) character-
ized by low sedimentation rates to 43.3–40.2 Ma (Figure 4; Table S2). This stratigraphic interval recorded the stage 
of early arc magmatism of the proto-Kyushu-Palau arc (Figure 5d), which was characterized by high-Mg andesitic 
melts (Brandl et al., 2017) emplaced in the rear-arc synchronously with the transition from boninitic to arc tholeiitic 
and calc-alkalic lavas in the forearc region (Ishizuka, Tani, et al., 2011). This implies that the Kyushu-Palau arc fully 
established 8.5 Myr after rear-arc extension and emplacement of new volcanic crust (Unit 1) at 48.7 Ma, and about 
10–12 Myr after the beginning of the IBM subduction (Figures 5a and 5b).

The development of the Kyushu-Palau arc was divided by Johnson et  al.  (2021) into four phases, termed as 
“Episodes,” identified in Unit III based on allocyclic changes (pulses) in sediment supply resulting from the tempo 
of magmatic processes: Episode 1 (1,025–1,275 mbsf), Episode 2 (740–980 mbsf), Episode 3 (590–680 mbsf), 
and Episode 4 (310–565 mbsf). These volcanic episodes have a distinct geochemical signature, with Episode 1 
containing the early high-Mg andesitic products, Episodes 2 and 3 showing an intermediate calc-alkaline to tholei-
itic composition, and Episode 4 dominated by the high-K silicic products of a mature arc (Brandl et al., 2017; 
Johnson et al., 2021). The distribution of the sedimentation rates calculated in this study supports this subdivi-
sion, with a broad peak in correspondence of Episodes 1 and 2 and two discrete peaks observed at the depths of 
Episodes 3 and 4 suggested by Johnson et al. (2021).

We dated these four eruptive phases that contributed to the growth of the Kyushu-Palau arc to 40.2–37.8 (Episode 
1; Figure 5e), 37.1–35.2 (Episode 2; Figure 5f), 33.9–33.3 (Episode 3; Figure 5g), and 32.5–28.8 (Episode 4; 
Figure 5h) Ma. The duration of each eruptive periods at Site U1438 (i.e., 0.6–3.7 Myr) is higher than that recorded 
at the Kamchatka and Aleutian arcs, which is in the order of 0.1–0.3 Myr (Prueher & Rea, 2001), but is close to 
the average lifespan of individual volcanic edifices documented from the Lesser Antilles island arc (e.g., Harford 
et al., 2002; Watt et al., 2012). Episode 4 is characterized by the highest average grain size, which may indicate 
the emergence of a more proximal volcanic edifice just prior to the demise of the arc (Johnson et al., 2021).

5.4. Unit II: Demise of the Kyushu-Palau Arc and the Opening of the Shikoku and Parece Vela Back-Arc 
Basins

Unit II (160.3–309.6 mbsf) is composed of a repetition of tuffaceous mudstones, siltstones, and sandstones with 
intercalated ash layers, likely sourced from a combination of gravity flow and air fall volcanic deposits and 
pelagic muds (Arculus et al., 2015b). The age of Unit II relies on nine dated reversals (Table S2), which reveal 
a deposition between 28.8 and 24.3 Ma (Figure 4, Table S2). Sedimentation rates show a three-fold up-section 
decrease in sedimentation rate, from ∼30 to ∼10 cm/kyr at the Unit III-Unit II transition, followed by a progres-
sive decreasing to 0.5 cm/kyr toward the top of Unit II (Figure 4; Table S2).

In agreement with previous models (Ishizuka, Tani, et al., 2011; Johnson et al., 2021), we interpret the sharp 
decrease in sediment supply and grain size at the Unit II-III boundary as the end of the main volcanic activity at 
the Kyushu-Palau arc. The demise of the Kyushu-Palau arc is thought to have been caused by its rifting triggered 
by slab rollback of the Pacific lithosphere, which ultimately led to back-arc spreading of the Shikuku and Parece 
Vela basin further to the east (Figure  5i). According to previous works on marine magnetic anomalies from 
these back-arc basins, rifting of the Kyushu-Palau arc started at ∼30 Ma (Okino et al., 1999) and was followed 
by back-arc spreading between 27 and 15 Ma (Kasuga & Ohara, 1997; Okino et al., 1994, 1998, 1999). Lavas 
erupted at the Kyushu-Palau arc at 28–25 Ma (Ishizuka, Taylor, et al., 2011) would imply a longer activity of 
the Kyushu-Palau arc and a delayed beginning of rifting at 25 Ma. The product of the latest magmatic activity at 
the Kyushu-Palau arc may be represented by the fine-to very fine-sand turbiditic layers of Unit II. However, we 
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cannot ignore the abrupt decrease of sedimentation rates and grain size of sediments at the Unit III-II transition at 
28.8 Ma. To combine all the existing evidence into a unifying model, we propose that rifting of the Kyushu-Palau 
arc occurred at a very slow rate over 4–5 Myr from 28.8 to 24.3 Ma, causing a sharp decrease of the magmatic 
activity, while still allowing the dying arc to produce eruptions that became sparser and less powerful over time 
from 28.8 to 24.3 Ma when they eventually ceased altogether (Figure 5i). The suggested cessation of volcanism 
at the Kyushu-Palau arc at 24.3 seems to be in excellent agreement with the initial true seafloor spreading in 
the Shikoku Basin (which is located adjacent to Site U1438) at ∼22.5 Ma (Chron C6Br) documented by Okino 
et al. (1999), providing an even stronger support to our magnetostratigraphy and age model at Site U1438.

5.5. Unit I: Rear-Arc Pelagic Sedimentation

Lithostratigraphic Unit I (0–160.3 mbsf) is a postarc deposit consisting of a range of fine-grained sediments 
from pelagic and hemipelagic to volcaniclastic in origin (Arculus et al., 2015b). This is the lithostratigraphic unit 
with the lowest average grain size and the highest number of magnetostratigraphic age constraints (n = 86). This 
allowed us to build a high-resolution age model for Unit I, which encompasses the last 24.3 Myr (Table S2). The 
absence of coarse-grained, gravity-flow volcaniclastic deposits indicates that Unit I has a predominant hemipe-
lagic origin, with a minor contribution of far-traveling ash from nearby volcanic arcs of southwest Japan and, 
perhaps, the Izu-Bonin-Mariana arc that developed further east after the demise of the Kyushu-Palau Ridge.

The base of Unit I, now dated to 24.3 Ma, marks the end of the rifting phase of the Kyushu-Palau arc and its 
ultimate shutdown (Figure 5j). Since then, the area of the Amami-Sankaku basin adjacent to Site U1438 has 
been sourced with hemipelagic deposits at a low sedimentation rate ranging from 0.2 to 5.1 cm/kyr (0.8 cm/
kyr on average; Table S2). The downhole variation of sedimentation rate in Unit I is, however, not progressive 
as expected but shows a sharp decrease from ∼2 to 0.5 cm/kyr over a short interval between approximately 80 
and 90 mbsf (Table S2). This variation occurs immediately above the “initial compaction window” at 93–113 
mbsf documented by Maffione and Morris (2017), which is the depth at which the sediments of Unit I develop 
a strong planar fabric (i.e., a sedimentary fabric) as a response to nonlinear compaction. This implies that the 
rapid decrease of sedimentation rates at 80–90 mbsf cannot be related to compaction (which seems to start further 
downhole at 93–113 mbsf), but is rather the effect of a downhole decrease in sediment supply occurring within 
this interval that can now be dated to 6.9–5.2 Ma.

A number of discrete ash layers were documented from Unit I (Arculus et  al.,  2015b). As demonstrated by 
Cambray et al. (1993), ash layers in deep-sea sediments may provide a reliable record of arc volcanism. Based on 
this assumption, we dated the 46 ash layers from Unit I (Table S4) with the aim to integrate the existing onshore 
record of southwest Japan volcanic activity with new offshore data. From the analysis of onshore volcanic prod-
ucts from southwest Japan, Kimura et al.  (2003) identified four major volcanic stages: (a) An initial stage at 
26–20 Ma; (b) an expansion stage at 20–12 Ma; (c) a tertiary volcanic arc stage at 12–4 Ma; and (d) a quaternary 
volcanic arc stage at 3–0 Ma.

The ash layers in Unit I range in thickness from 1 to 16 cm and are mainly concentrated at the top (0–70 mbsf) 
and bottom (125–161 mbsf) of Unit I (Table S4). Considering each ash layer as the product of a single volcanic 
eruption, we infer that neither the number of volcanic events nor the interval between two consecutive events are 
distributed homogeneously over the last 24.3 Myr (Table S4), but rather mark two distinct periods: An older period 
between 24.3 and 4.1 Ma characterized by fewer and less frequent volcanic eruptions, with 14 events occurring 
every 1.27 Myr, on average, and a recent period spanning the last 4.1 Myr characterized by more numerous and 
more frequent eruptions, with 32 events occurring every 0.13 Myr on average (Figure S5 in Supporting Informa-
tion S1 and Table S4). We speculate that at approximately 4.1 Ma, either the activity of an existing volcanic center 
increased or a new volcanic edifice developed close to Site U1438 (e.g., in south Japan). The increase of volcanic 
activity in this region in the last 4.1 Myr may partly have contributed to the observed increase of sediment supply 
in the last 6.9 Myr highlighted by the sedimentation rates.

Finally, although the cores from Unit I has an azimuthal control that allowed to determine the in situ remanence 
directions (i.e., declination and inclination) for the past 24.3 Myr, these directions can only provide a rough 
approximation of the debated rotation of the PSP (e.g., Richter & Ali, 2015) due to the relatively high uncertainty 
of the FlexIT tool-corrected declinations. A different approach would be needed to use the paleomagnetic direc-
tions at Site U1438 and calculate the motion of the PSP over the past 50 Myr.
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6. Conclusions
A high-resolution magnetostratigraphy based on 115 correlated reversals was produced for the ∼1,600-m-thick 
suite of sedimentary and volcanic rocks recovered by IODP Expedition 351 at Site U1438 in the Amami-Sankaku 
basin, West Philippine Basin. The age model resulting from our magnetostratigraphy encompass the last 48.7 Myr 
and reveals that a ∼1,460-m-thick hemipelagic and volcaniclastic sedimentary succession (Units I–IV) was 
deposited in a rear-arc position as a result of the emplacement, grow, and demise of the Kyushu-Palau volcanic 
arc above the nascent Izu-Bonin-Mariana subduction. Our age model and the calculated sedimentation rates at 
Site U1438 provide a precise temporal frame to the main tectono-magmatic events that occurred in the Philippine 
Sea Plate since subduction inception. Soon after subduction initiation at 52–50 Ma, and the emplacement of new 
oceanic crust (Unit 1) at 48.7 Ma, a mix of pelagic and volcaniclastic layers (Unit IV) was deposited between 48.7 
and 43.3 Ma. This unit recorded the initial stage of prearc magmatic activity at 48.4–45.6 Ma, when boninites 
were being erupted in the forearc. Since 40.2 Ma, a fully developed Kyushu-Palau volcanic arc started shedding 
volcaniclastic deposits (Unit III) into the rear-arc Amami-Sankaku basin at an average rate of 29.7 cm/kyr and 
up to 72.5 cm/kyr. The growth of the Kyushu-Palau arc, at the specific location of IODP Site U1438, occurred 
through four main eruptive periods at 40.2–37.8, 37.1–35.2, 33.9–33.3, and 32.5–28.8 Ma. The volcanic activity 
of the arc decreased drastically at 28.8 Ma due to initial rifting of the arc, which continued until 24.3 Ma. During 
the rifting period the dying Kyushu-Palau arc continued to shed volcaniclastic sediments in the Amami-Sankaku 
basin (Unit II) but at a much lower sedimentation rate of 3.5 cm/kyr on average. Since 24.3 Ma, the Shikoku and 
Parece Vela back-arc basins started to open to the east of the (now relic) Kyushu-Palau arc and hemipelagic sedi-
mentation continued until present at low sedimentation rates of less than 0.8 cm/kyr on average (Unit I). Finally 
the numerous ash layers present in Unit I combined with the high resolution of our magnetostratigraphy for this 
unit allowed a detailed characterization of the time and frequency of the volcanic activity of south Japan in the 
past 24 Myr.

Data Availability Statement
The demagnetization data and the calculated paleomagnetic directions used for the magnetostratigraphy of Site 
U1438 are available at figshare repository via https://doi.org/10.6084/m9.figshare.19794646.
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