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ABSTRACT

The kinematic history of the Philippine Sea Plate (PSP) is crucial for interpreting its geological record related to
subduction initiation processes and the paleogeography of the junction between the Paleo-Pacific and Tethyan
oceanic realms. However, reconstructing PSP’s kinematic history is difficult because the plate has been sur-
rounded by subduction zones for most of its history. In absence of marine magnetic anomalies to constrain PSP’s
motion relative to its neighboring plates, paleomagnetic data may be used as quantitative constraints on its
motion. Previous paleomagnetic studies interpreted easterly deflected declinations to infer clockwise rotations of
up to 90° since the Eocene. However, rotations inferred from these datasets may also reflect local block rotations
related to plate margin deformation. We here re-evaluate to what extent paleomagnetic data from the PSP un-
equivocally demonstrate plate motion rather than local rotation. To this end, we provide new data from Guam, in
the Mariana forearc, and reassess published paleomagnetic data. Our new data from Guam come from two lo-
calities in the Eocene, two in the Oligocene, and two in the Miocene. Our compilation assesses data quality
against recently defined criteria. Our new results demonstrate that in Guam, declination differences of up to 35°
exist in rocks of Eocene age, indicating local rotations. Our compilation identifies both clockwise and counter-
clockwise rotations from the plate margins, with little confidence which of these would reflect plate-wide
rotation. We compiled paleolatitude data from igneous rocks, which we correct for microplate rotation con-
strained by intra-PSP marine magnetic anomalies and show a northward drift of the PSP of ~15° since the
Eocene, but without a paleomagnetic necessity for major vertical axis rotation. Hence, with the currently
available data, rotations of the PSP may be permitted, but are not required. Plate motion is currently better
reconstructed from geological constraints contained in circum-PSP orogenic belts.

1. Introduction

Fuller, 1991; Hall et al., 1995a, 1995b), which may then be incorporated
in reconstructions based on geological (e.g., Hall, 2002) or seismic

For most of its tectonic history since the Eocene, the Philippine Sea
Plate (PSP) and associated microplates have been surrounded by sub-
duction zones (e.g., Hall, 2002; Gaina and Miiller, 2007; Wu et al.,
2016). Consequently, the reconstruction of the PSP relative to the sur-
rounding major plates of the Pacific, Australia, and Eurasia cannot be
determined from marine magnetic anomalies, and reconstruction of its
past tectonic motions is challenging. In such cases, paleomagnetic data
may provide quantitative constraints on paleolatitude evolution and
vertical axis rotation of the plate (e.g., Fuller et al., 1989; Haston and
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tomographic data (Wu et al., 2016).

The paleomagnetic data from the PSP come from rocks exposed on
the plate margins (Fig. 1), i.e., on the Philippines and Halmahera in the
west and the islands in the arc and forearc adjacent to the Marianas and
Izu-Bonin trenches in the east, as well as from boreholes in the plate
interior. Even though the database is extensive (e.g., Louden, 1977;
Kinoshita, 1980; Keating and Herrero, 1980; Keating, 1980; Bleil, 1982;
Fuller et al., 1989; Haston and Fuller, 1991; Haston et al., 1992; Koyama
et al.,, 1992; Hall et al.,, 1995a, 1995b; Queano et al., 2007, 2009;
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Yamazaki et al., 2010, 2021; Balmater et al., 2015; Richter and Ali,
2015; Liu et al., 2021; Sager and Carvallo, 2022), these sampling loca-
tions come with challenges in providing firm constraints on plate motion
evolution. The western plate margin is strongly deformed by distributed
strike-slip faults and thrusts which makes it difficult to assess whether
vertical axis rotations are local or plate-wide (e.g., Queano et al., 2007).
The eastern plate margin is also strongly deformed, e.g., by extensional
processes opening forearc and back-arc basins (e.g., Yamazaki et al.,
2003; Sdrolias et al., 2004). The drill cores in the plate’s interior yielded
large paleomagnetic datasets (e.g., Louden, 1977; Kinoshita, 1980;
Keating and Herrero, 1980; Keating, 1980; Bleil, 1982; Yamazaki et al.,
2010, 2021; Richter and Ali, 2015; Sager and Carvallo, 2022), but these
are not azimuthally oriented and can only be used to constrain paleo-
latitude. As a result, paleomagnetic declinations from the PSP vary
widely and it is difficult to establish whether these may be interpreted as
representative for rotation of the PSP in its entirety, and which represent
local block rotations of the deformed plate margins. Despite the ambi-
guity in paleomagnetic data interpretation, most models include major
clockwise rotation of up to 90° of the PSP, following paleomagnetic
constraints (e.g., Haston and Fuller, 1991; Hall et al., 1995a; Deschamps
and Lallemand, 2002; Sdrolias et al., 2004; Seton et al., 2012; Wu et al.,
2016; Liu et al., 2023), sometimes despite questioning the reliability of
paleomagnetic data (Wu et al., 2016). Others chose to not use paleo-
magnetic data as input for their reinstruction (e.g., Xu et al., 2014), or
only to a limited extent (Zahirovic et al., 2014), and therefore those
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reconstructions include a much smaller rotation or no vertical-axis
rotation at all.

While declination data of the PSP may be considered as ambiguous,
paleomagnetic studies to obtain inclination data are still useful, as they
provide insight into the paleolatitude evolution of the PSP. Published
paleomagnetic data are often indicating Eocene paleolatitudes that are
about 20° lower than today (e.g., Haston and Fuller, 1991; Hall et al.,
1995b; Queano et al., 2007; Yamazaki et al., 2010), although paleo-
latitudes obtained from sediments are subject to inclination shallowing.
Taking the relative motions of the present and former microplates that
together comprise the PSP into account that are reconstructed from
marine magnetic anomalies (Hilde and Chao-Shing, 1984; Deschamps
and Lallemand, 2002; Yamazaki et al., 2003; Sdrolias et al., 2004), these
paleolatitudes provide valuable information on PSP motions.

In this paper, we compile the current state-of-the art of the paleo-
magnetic database of the PSP and surrounding former and present
microplates, and re-evaluate the paleomagnetic evidence for major
vertical-axis plate rotation. We report newly collected paleomagnetic
data from the island of Guam, located in the forearc of the southernmost
portion of the Izu-Bonin Mariana (IBM) subduction zone, whose crust
formed shortly after initiation of the present subduction zone in the
Eocene (Ishizuka et al., 2011a, 2018; Reagan et al., 2010, 2013, 2019;
Hickey-Vargas et al., 2018). We collected samples from Eocene, Oligo-
cene, and Miocene volcanic and sedimentary rocks from Guam. We
collected samples from two localities of each epoch to evaluate whether

Pacific Plate

Philippine Sea Plate

10°N

Fig. 1. A) Geographic map of the Philippine Sea Plate region; B) Current and former microplates of the PSP. Current plate boundaries (based on Bird, 2003) in red,
former plate boundaries in white (based on marine magnetic anomaly and radiometric age data; see Section 2 for references). Yellow (blue) diamonds on panel B
mark sampling locations of previously published paleomagnetic data obtained from igneous rocks in field (borehole) localities, numbered per reference (1) This
study; 2) Kodama et al. (1983); 3) Haston et al. (1988); 4) Fuller et al. (1989); 5) Fuller et al. (1991); 6) Haston and Fuller (1991); 7) Ali and Hall (1995); 8) Hall
et al., (1995b); 9) Queano et al. (2007); 10) Queano et al. (2009); 11) Balmater et al. (2015); 12) Keating and Herrero (1980); 13) Bleil (1982); 14) Richter and Ali
(2015); 15) Sager and Carvallo (2022)). Base map is ETOPO, 2022 15 Arc-Second Global Relief Model (NOAA National Centers for Environmental Information,
2022). HB: Huatung Basin; MT: Mariana Trough; PF: Philippine Fault; SFZ: Sorong Fault Zone. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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declinations are coherent on the scale of the island, or whether varia-
tions in declination exist in rocks of similar age. We add these data to our
compilation of previously published paleomagnetic data from the PSP.
We evaluate the reliability of the available paleolatitude constraints
using recently defined quality criteria (Meert et al., 2020; Vaes et al.,
2021; Gerritsen et al., 2022). We will use these to critically re-evaluate
the paleomagnetic constraints on vertical-axis rotation and paleo-
latitudinal evolution of the PSP.

2. Geological setting

The PSP is in the West Pacific realm and is separated from the Pacific
Plate by the Izu-Bonin Mariana subduction zone, where the Pacific Plate
is subducting westwards below the PSP (Fig. 1). The PSP contains small
remains of Jurassic and Cretaceous ocean floor and arc sequences (e.g.,
Dimalanta et al., 2020; Yumul Jr et al., 2020; Ishizuka et al., 2022, and
references therein), as well as several inactive spreading ridges where
the plate’s lithosphere grew at different times throughout much of the
Cenozoic (Hilde and Chao-Shing, 1984; Deschamps and Lallemand,
2002; Sdrolias et al., 2004). At present, one microplate (the Mariana
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microplate carrying the Mariana arc, including Guam) is diverging from
the PSP, accommodated by oceanic spreading in the Mariana Trough
(Fig. 1). This separated the active arc from the now inactive West
Mariana Ridge, a remnant volcanic arc that was active until the Miocene
(e.g., Yamazaki et al., 2003). To the north, the Mariana Trough
spreading center disappears and no oceanic spreading is currently active
in the Izu-Bonin ridge region (Fig. 1). The Izu-Bonin Ridge and West
Mariana Ridge remnant arcs form the eastern margin of the Shikoku-
Parece Vela Basin that hosts former oceanic spreading centers that
were simultaneously active in the Oligocene-Miocene (c. 30-15 Ma;
Sdrolias et al., 2004; Ishizuka et al., 2010), although different kinematic
solutions have been proposed for the formation of each basin (Sdrolias
et al., 2004). The western boundary of the Shikoku-Parece Vela Basin is
the Kyushu-Palau Ridge, another remnant volcanic arc with magmatic
rocks that formed from c. 48 to 25 Ma (Ishizuka et al., 2011b). To the
west of the Kyushu-Palau Ridge is the West Philippine Basin (Fig. 1).
This basin hosts a fossil spreading center that formed through N-S
spreading (in present-day coordinates), between ~54 and 34 Ma (Hilde
and Chao-Shing, 1984; Deschamps and Lallemand, 2002). In the north,
in the Amamii-Daito Province, the PSP hosts a series of Cretaceous
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Fig. 2. Simplified geological map of Guam (based on Siegrist and Reagan, 2008), showing the different sampling locations indicated with the site names used in

this study.
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remnant arcs with intervening basins (e.g., Hickey-Vargas, 2005; Ishi-
zuka et al., 2022; Hickey-Vargas et al., 2013; Morishita et al., 2018).
Based on radiometrically dated dredged and drilled samples, it was
interpreted that these basins opened in the Eocene, between c. 52 and
42 Ma (Hickey-Vargas, 1998; Ishizuka et al., 2013, 2018, 2022). The
formation history of the different basins of the PSP thus indicates that
the plate is a composite of about a dozen lithospheric fragments that
formed at spreading centers in different orientations and at different
times since ~54 Ma, within a Jurassic and Cretaceous lithosphere
overlain by Cretaceous arc rocks.

Guam is the southernmost island exposed on the Mariana Ridge
(Fig. 1). Together with the Northern Mariana Islands (Rota, Tinian, and
Saipan), it forms the subaerially exposed forearc of the Mariana sub-
duction zone. The currently active Mariana arc is located to the west and
north of Guam and the Northern Mariana Islands. Guam exposes a
stratigraphy spanning the Eocene to the Quaternary (Fig. 2). The
northern half of Guam is dominated by Neogene limestone formations,
which are also exposed in a smaller area in the southeast of the island
(Fig. 2). The southern half of the island exposes Eocene to Miocene
volcanics, volcaniclastic sediments, and minor limestones (Fig. 2). The
oldest rocks exposed on Guam, dated to 43.8 + 1.6 Ma using K—Ar
whole-rock dating (Meijer et al., 1983), form the Eocene Facpi Forma-
tion, which comprises pillow basalts and andesite flows thought to have
formed on the flanks of a strata-volcano (Reagan and Meijer, 1984;
Siegrist et al., 2008). The Facpi Formation is exposed in the southwest of
the island, with fresh outcrops along the coastline. Apart from a small
eastward tilt, there is no coherent structure within the pillow basalts, but
the orientation of (sub)vertical dikes is predominantly NW-SE to roughly
E-W. The Facpi Formation is cut by steeply dipping normal faults with
similar orientations as the dikes (Reagan and Meijer, 1984; Siegrist
et al., 2008). Such normal faults do not occur in Miocene and younger
formations, which suggests that they may have formed shortly after or
during eruption of the Facpi Formation volcanics (Reagan and Meijer,
1984). Because of these faults, we interpret the 10-30° bedding tilts of
the pillow basalts resulting from deformation.

The Eocene pillow basalts and dikes are overlain by Eocene-
Oligocene sediments of the Alutom Formation, which comprises
mostly volcaniclastics, including bedded breccias, conglomerates, tur-
biditic sandstones, and minor limestone (Reagan and Meijer, 1984;
Siegrist et al., 2008). It is exposed in the northern part of the southern
half of island, to the north of the Facpi Formation. The Alutom formation
is late Eocene to earliest most Oligocene as shown by the occurrence of
late Eocene foraminifera in its base section(Tracey Jr et al., 1964) and
K—Ar whole rock ages between 35.6 + 0.9 and 32.2 + 1.0 Ma from its
top (Meijer et al., 1983). Antiform and synform structures within the
Alutom Formation are interpreted to be the result of volcano-tectonic
collapse (Tracey Jr et al., 1964), possibly related to paleotopography
during deposition.

The Alutom Formation is overlain by the Oligocene to Miocene
Umatac Formation, which is exposed in the south of Guam. The oldest,
Oligocene, rocks of this formation are interbedded limestones, sandy
and tuffaceous limestones, sandstones, and conglomerates (Siegrist
etal., 2008). The Miocene lithologies of the Umatac Formation consist of
basaltic andesitic pillow lavas, volcanic sandstones, breccias, and con-
glomerates, and medium to coarse-grained andesite flows (Siegrist et al.,
2008). The volcanic members of the Umatac Formation are highly
weathered and only sporadically exposed. Bedding dips are mostly sub-
horizontal, although some steeper dips up to 35° have been recorded in
the west, where the Umatac Formation is in direct structural contact
with the Facpi Formation (Siegrist et al., 2008). As most of the Neogene
formations have (sub)horizontal bedding planes, we interpret the
steeper bedding dips in the west as related to paleotopography of the
eroded pillow basalts on top of which the sediments were deposited and
not as the result of deformation. As our samples were taken from a
location with sub-horizontal bedding planes, this interpretation does not
influence our paleomagnetic results.

Tectonophysics 863 (2023) 230010
3. Sampling and analytical methods

Paleomagnetic samples with a standard diameter of 25 mm were
collected with a water-cooled, petrol-powered drill. The orientation of
the samples was measured using a magnetic compass with an incli-
nometer attached. We collected samples from six localities on the island
of Guam from volcanic and sedimentary rocks. We collected a single
core per basalt pillow or per sedimentary bed to optimize the chance of
sampling individual spot readings of the paleomagnetic field with each
core, following sampling procedures for paleomagnetic poles recom-
mended by Gerritsen et al. (2022).

We collected samples from two localities in the Eocene Facpi For-
mation, from two localities in the Eocene-Oligocene Alutom Formation,
and from two localities in the Miocene Umatac Formation (Figs. 2 and
3). We collected samples from pillow basalts and lava flows at Facpi
Point (FP1 and FP2; 63 samples) and Umatac Bay (UB; 34 samples).
From the Eocene-Oligocene Alutom formation we collected samples
from fine to coarse-grained turbiditic sandstones with volcanic detrital
material and volcanic ash deposits at Mount Alutom (MA; 71 samples)
and the Fonte River (AF; 64 samples). Collecting samples from Miocene
rocks was complicated, as Miocene volcanic and volcaniclastic rocks
exposed in Guam are highly weathered and only sporadically exposed,
while Miocene limestones are often recrystallized. We collected 40
samples from coarse volcaniclastics of the Umatac Formation, at two
relatively small road-sections along Highway 4 in the southernmost part
of the island (KM1 and KM2 samples).

We carried out the paleomagnetic measurements at the paleomag-
netic laboratory Fort Hoofddijk, Utrecht University (Utrecht, The
Netherlands). Samples were either demagnetized using stepwise alter-
nating field (AF) demagnetization in a robotized setup (Mullender et al.,
2016) or stepwise thermal (TH) demagnetization. The magnetization
was measured on a 2G DC-SQUID magnetometer. Throughout the
demagnetization process, samples were kept in a magnetically shielded
room.

Sample interpretation and statistical analysis was done using the
online portal Paleomagnetism.org (Koymans et al., 2016, 2020). All our
data are provided in the supplementary information and will be made
available in the Paleomagnetism.org database (Koymans et al., 2020) as
well as the MagIC database (Jarboe et al., 2012). Demagnetization di-
agrams were plotted as orthogonal vector diagrams (Zijderveld, 1967)
and principal component analysis was used to the determine the char-
acteristic remanent magnetizations (ChRM) component (Kirschvink,
1980). We used Fisher (1953) statistics on virtual geomagnetic poles
following statistical procedures described in Deenen et al. (2011) to
calculate site mean directions.

Thermomagnetic analyses were done with a modified horizontal
translation Curie balance (Mullender et al., 1993) on selected samples
from each locality to constrain the interpretation of the NRM compo-
nents. The analysis was carried out in air and involved stepwise heating
to 700 °C with intervened cooling to be able to discern potential ther-
mochemical alteration due to the heating of the samples. The temper-
ature sequence is as follows for most lithologies (in a cycling field
between 200 and 300 mT): room temperature 150C° — 70 °C - 250 °C —
150°C-350°C-250°C-450°C-350°C-520°C-420°C-620°C—
500 °C - 700 °C - room temperature. Where deemed appropriate the
150 °C segment with corresponding cooling to 70 °C was omitted. Curie
temperatures are determined with the two-tangent method (Grommeé
et al,, 1969). Each ChRM is interpreted with a minimum of four
consecutive demagnetization steps. AF demagnetization steps affected
by gyroremanent magnetization (Dankers and Zijderveld, 1981) were
not used for ChRM interpretation. Where two components unblocked
simultaneously and decay did not trend towards the origin, we used
great circle interpretation (McFadden and McElhinny, 1988). In general,
we interpreted ChRM directions without forcing the component through
the origin, unless demagnetization behavior was noisy. We did not apply
a maximum angular deviation cut-off, because Gerritsen et al. (2022)
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Fig. 3. Field photos of the different sampling locations. A and B) Pillow basalts and cross-cutting dike of the Eocene Facpi Formation; C and D) Volcaniclastics of the
Oligocene Alutom Formation. E) Coarse pyroclastics from the Miocene Umatac Formation.

showed that this makes no difference for the precision or position of the
final paleomagnetic pole, but we note that the widely-used MAD-cutoff
of 15° would not have eliminated data. Finally, we applied a 45° cutoff
(Johnson et al., 2008) to eliminate outliers, but this omitted <5% of the
data.

4. Results and interpretation
4.1. Thermomagnetic results

The Eocene Facpi Formation pillow lavas (FP2.8 and UB1.1,
~0.5-0.6 Am?/kg) are strongly magnetic, as expected for basaltic lavas
(Fig. 4a-b). On heating in air, they oxidize to a variable extent. Barely or
no oxy-exsolution is observed; it would be manifested by a corre-
sponding cooling segment above the previous heating segment pointing
towards formation of iron-richer titanomagnetite. FP2.8 shows two

Curie temperatures, at ~470 °C and ~560 °C indicating titanomagnetite
with a variable amount of Ti substitution. On heating to 700 °C,
oxidation to less magnetic material, presumably hematite, is noted
because the final cooling curve is below the heating segments.
UB1.1only shows the higher Curie temperature, at ~560-570 °C indi-
cating a very low level of Ti substitution. The Oligocene rocks of the
Alutom Formation (~0.1 to 0.3 Amz/kg; MA1.20, MA1.69; AF1.12;
Fig. 4c-e) are less magnetic than the Eocene rocks. AF1.12 is essentially
reversible up to 520 °C with only minute oxidation. Curie temperature is
estimated at ~500-520 °C. Some oxy-exsolution appears in the next
heating segment (and rises the Curie temperature). On further heating to
700 °C oxidation to less magnetic material is noted (Curie temperature
remains at 500-520 °C). MA1.20 shows prominent oxy-exsolution
across a large temperature interval: already after heating to 350 °C
the behavior is visible which makes determination of the original Curie
temperature tedious. MAL1.69 is the weakest Oligocene sample; it
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Fig. 4. Results of thermomagnetic analysis. Heating segments are in red, cooling segments are in blue. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

behaves like FP2.8. The Miocene sample (KM1.15) is not that magnetic
(~0.1 Arnz/kg) and shows prominent oxy-exsolution from 350 °C up-
ward (Fig. 4). Oxidation at the highest temperature leads to a final
cooling curve below the heating curves.

4.2. Paleomagnetic results

4.2.1. Facpi Formation

Paleomagnetic samples from the different sampling locations in the
Facpi Formation basalts provided uniform demagnetization behavior.
Thermal as well as AF demagnetization yielded small viscous overprints
that were generally cleaned by 150 °C, occasionally up to 270 °C, or
10-15 mT, after which specimens decayed to the origin. Thermally
demagnetized samples lost their signal after heating until ~510-580 °C,
consistent with (titano-)magnetite as carrier, whereas AF demagneti-
zation often started to deviate from the path towards the origin at fields
of ~50 mT and higher. We interpret the latter behavior as gyroremanent

magnetization (Dankers and Zijderveld, 1981), which is common for
(titano-)magnetite-bearing basalts (e.g., van Hinsbergen et al., 2010).
We interpreted the component decaying towards the origin as the
ChRM, typically unblocking between ~180 and 580 °C, or between 15
and 50 mT (as at higher levels gyroremanent magnetization may
interfere).

Thermal and AF demagnetization yielded similar directions (Fig. 5a,
b). We corrected our paleomagnetic results for bedding strikes and dips
of 349/20° E and 356/20° E in the FP and UB sites, respectively. We
report both geographic (in-situ) and tectonic (tilt-corrected) results in
Table 1, but limit our analysis to the tilt-corrected results, as these are
interpreted as being representative of the paleomagnetic signal at the
time of formation of the rock. The majority of samples yielded magnetic
directions with shallow inclinations, and with northeasterly declinations
(Fig. 5c¢, d). A small cluster of 7 stratigraphically consecutive samples in
the UB locality has opposite polarity (Fig. 5a, b; Fig. 6b). We exclude
outliers by applying a 45° cut-off, which eliminates a few directions. The
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Fig. 5. Zijderveld demagnetization diagrams of selected samples. Closed circles for declination, open circles for inclination. Numbers along axes are intensities in

pA/m.

opposite polarities (N = 28 vs N = 7) yield antipodal declinations, but
the smaller dataset has a steeper inclination than the larger dataset (in
geographic coordinates; Fig. 6b) such that a reversals test (of Tauxe,
2010) as implemented in Paleomagnetism.org (Koymans et al., 2016) is
negative. Our interpretation is that the small dataset may not adequately
represent the reversed magnetic field, possibly resulting from insuffi-
cient averaging of paleosecular variation (PSV). Nonetheless, we
consider the presence of reversals in the sequence as a signal that the
ChRM is primary. The FP sampling locations were cut by dikes with
thicknesses up to ~5 m. To evaluate whether the intrusion of these dikes
may have remagnetized the surrounding pillow lavas, we collected 5-8

samples each from one dike cutting FP1 and three dikes cutting FP2.
These dikes yielded K-values of 17-130. The K-values (between 17 and
57) of three of the dikes are consistent with PSV-induced scatter (Deenen
et al., 2011), suggesting that they cooled gradually, and each sample
represents a spot reading of the field, while the K-value (130) of the
fourth dike suggests rapid cooling, which means that this dike represents
a single spot-reading. In addition, while the average directions of the
dikes and the lavas are northeasterly, they are not identical to the
clusters from the pillow lavas (Fig. 6a). The scatter within and difference
between the average directions of the dikes and the pillow lavas is
straightforwardly explained by the low number of samples underpinning
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o - these averages (see Vaes et al., 2022). These results therefore do not
— (e} (=)} . . . . . .
35235 § o2 289 suggest that dike intrusion remagnetized the surrounding pillow lavas,
S oo ~ e but rather that the samples collected from the pillow lavas and dikes
each may be considered a spot reading from the paleomagnetic field.
~ ~ ~ © We computed a grand average for the FP locations and for the UB
% 32HE 5% IRZ2T location (Fig. 6¢; Table 1), which are located 6 km apart. The FP loca-
o)} — — . . . .
®aen ©ean . tions yielded a direction of Dec/Inc. = 37.3 + 4.5°/—8.2 + 8.8° (N =72,
J . . N
k= K =15.0, A95 = 4.5) and the UB location yielded a direction of Dec/Inc.
) i % =719 + 4.6°/-15.0 £ 8.7° (N = 35, K = 29.1, A95 = 4.6). Both pass
é: 2382 ¢Q é 2y 83| the Deenen et al. (2011) criteria, suggesting that their data scatter can be
Ty TYeeng straightforwardly explained by PSV alone. The inclinations of both lo-
< calities are very similar (paleolatitudes of 4.1° and 7.6° N or S; Fig. 6¢),
g ] 5 but the declinations reveal a ~ 35° difference in vertical axis rotation. A
5 E § E E § 5 E 5 E E § s southern hemisphere normal component would require clockwise ro-
e tations of 37° and 72° relative to the present-day GAD field, a northern
S hemisphere reversed component would require counterclockwise rota-
g oo g o o % tions of 147 and 108°, respectively. We consider the smaller rotations
— - —
§ Jeeas 5 eSS TE) the most likely and use these in the data compilation.
5]
>
K= 4.2.2. Alutom and umatac formations
g1¥28387 2888 al & Demagnetization diagrams of the MA section display varying
<l T A <F O R N R - = . . . . j .
£ demagnetization behavior throughout the section that is characterized
§ by consecutive samples with similar behavior that strongly differs from
NN {ITBB= z subsequent parts of the section. This is probably owing to the volcani-
M| S&EER 2 &3IRI|F clastic nature of the section, whereby beds may represent volcanic
E events, as well as intra-volcanic sedimentary deposits. First, the
B hT B o 4 magnetization intensity varies strongly, from several 10.000 to several
LY BRI R CIP R R .5 million mA/m. Second, the magnetizations, typically showing decay
S towards the origin, display varying degrees of overprinting. South-
o . <o e directed (likely reverse) overprints occur on north-directed magnetiza-
EE R I SEene : tions and vice versa (Fig. Se, f). These may represent recent overprints of
R AR a normal field over a primary reverse magnetization, but also an over-
g print induced by a volcanic episode during a reverse polarity state of the
~ . oo ~a 8 § field over a primary normal magnetization. In addition, the presence of
E B33 l;f:? 1" Sul| = volcanic events is suggested by the tight clustering of directions of
— — —_ < 1% . . .
meoama R = consecutive samples in the section. For example, samples MA1.50-
2 p p p
g’ MA1.56 show a tightly clustered reverse magnetization (k = 250, n =
Slwad B Coan8 ~|w 7), an overlying sequence of MA1.58-1.66 yield a nearly antipodal di-
o n o] N O a0 g . . . . . .
g N § @ ﬁ g NS ﬁ hs § e rection with a k-value of 133 (n = 8) (Fig. 6d). Such tight clustering is
08 much higher than may be expected from PSV (Deenen et al., 2011) and
{2 likely represent paleomagnetic spot readings recorded in discrete vol-
s|logCasg s o@ g canic events.
© When all dominant magnetizations, i.e., of the components that
ES decay towards the origin, are combined into a single plot, it is evident
sloelae so8Now % that clusters of opposite polarity are present in the section, as well as a
k] large cluster of data around the recent paleomagnetic field direction. We
g suspect that the magnetizations include recently remagnetized and
g o " E o " ho primary magnetizations (Fig. 6d). Because we cannot establish with
SIRn8ai sQ8nSa3| 2 certainty per sample which directions are overprints and which are
Slgamag R -l . . . o
21|88 RRR F88RRR g primary, and because of the evidence that sets of primary directions may
§ E § § E § § E E § E E g represent single spot readings of the field, we do not consider the di-
- rections we determined as a reliable indicator of the paleomagnetic
= field. We refrain from using the paleomagnetic data from MA for further
z g o < ® z g . < ® E analysis. Samples of section AF typically display gradual decay towards
é‘ g § 2 § § .§ g § 2 § g 5 the origin defining single components with little overprint. In some
Elegxsy gERII XA _“2 cases, the magnetization is only carried by carriers that lost their
P Rl AR é o E magnetization by ~20 mT, after which only erratic behavior remains
E g i (Fig. 5g). We interpret these samples as only carrying a recent overprint.
E g ° ge |2 The remainder of samples demagnetized typically until 50-60 mT or ~
é 8 gggss g ggsss| 8 270 and 500 °C, after which only erratic behavior of low-intensity
8 g Eo g3 %" %" ‘23 & Eoé g %" %O é’ E‘ magnetization remained (Fig. Sh, i). Interpreting the components that
o < . . . .
g|& s 2 decay towards the origin as the ChRM leads to a tight cluster of di-
%’0 2 =) ; rections with D = 352.2 4+ 2.0; I = 23.0 &+ 3.5; K=47.5, A95 = 2.0, N =
o
~ g g £z £ t 113. The clustering of the data is tight (Fig. 6e) but may still be
_'% 3|8 § amy S S 3 § anmSsS| 2 explained by PSV (A95, sensu Deenen et al. (2011) for N =113 is 1.8).
s = |Ola|=D<=K EAaED <=M T L. . - - .
oA P4 Because the bedding is changing orientation throughout the section,
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Fig. 6. Paleomagnetic results from the different sections. A-F) Paleomagnetic directions and means of the different sampled sections. Open (closed) symbols are up
(down) directions. G) Fold test of the AF locality.

varying in dip by ~25°, we performed a fold test, which is clearly
negative (Fig. 6g). The paleolatitude computed from the paleomagnetic
direction in geographic coordinates is ~12°, which corresponds to the
latitude of the sampling location. This, combined with the solely normal
magnetization leads us to interpret the magnetization of section AF as a

recent overprint, whereby the small counterclockwise rotation may
reflect the effects of e.g., land sliding or otherwise minor, recent
deformation.

Finally, the Miocene sites of KM display demagnetization behavior
that is similar to that of site AF. A minor viscous overprint is typically
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demagnetized by 10 mT (Fig. 5j), although non-systematic overprint . L
directions are occasionally demagnetized until ~20 mT (Fig. 5k), after g g g .
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from sedimentary rocks of boreholes contain sufficient samples to cor-
rect for inclination shallowing, especially large magnetostratigraphic
sections, but individual directional data is needed for the E/I correction.
Also, these borehole data do not contain declination data because they
are not azimuthally oriented. Recently, declination data from a borehole
in the PSP were obtained from an oriented core (Yamazaki et al., 2021).
However, the uncertainty on these data remains unknown and with their
limited number of samples (13 samples from each of two cores of c. 30
cm), the data cannot be used for paleolatitude constraints. For these
reasons, all sedimentary data are excluded from our compilation.

6. Discussion

Determining the vertical axis rotation of the PSP using paleomag-
netic data is not straightforward. First, datasets are typically small (N <
10) and the dispersion of such datasets around the true pole is often
larger than suggested by their A95 error margins, and the reliability
varies with N (Vaes et al., 2022). Both easterly and westerly declinations
have been obtained, generally westerly in the northern Philippines, and
generally easterly on the islands in the south and east of the plate
(Fig. 7). However, which of these declinations, if any, are representative
for the rotation history of the plate as a whole is difficult to assess given
that all locations come from its deformed plate margins. The Philippine
Mobile Belt, which comprises PSP’s western boundary, is cross-cut by
major left-lateral strike slip faults, including the 1200 km long Philip-
pine Fault (Aurelio et al., 1991), which are bound to induce local block
rotations (Queano et al., 2007, 2009). Similarly, the northern Maluku
islands, including Halmahera and Obi, are in the south crosscut by the
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Sorong Fault system and are in an upper plate position relative to the
Halmahera trench (Fig. 7). This position in a tectonically active region
increases the likelihood of local block rotations, as shown by the
strongly varying paleomagnetic declinations (Ali and Hall, 1995; Hall
et al.,, 1995a). Moreover, a problem with paleomagnetic data from
igneous rocks, often from stratovolcanoes of arcs, is that structural
control on bedding tilt is generally poor, and the effect of small tectonic
tilts on large primary bedding dips cannot be seen in the field.
Whether local deformation played a role in the paleomagnetic data
obtained from the islands along the eastern margin of the PSP was
poorly defined. The declination difference of 35° that we obtained from
two Eocene localities in Guam shows that local block rotations also
played a role in the forearc of the Mariana Trench. All paleomagnetic
poles from the eastern PSP margin that pass our quality criteria have
been interpreted as an easterly deflection of the magnetic field (Fig. 7).
These data may reflect a clockwise rotation of the entire PSP, albeit
significantly less than the widely assumed 90° (Haston and Fuller, 1991;
Hall et al., 1995a; Seton et al., 2012; Liu et al., 2023). However, due to
their sub-equatorial paleolatitude, the polarity of these data, and hence
the sense of rotation, is not well known (Kodama et al., 1983; Haston
and Fuller, 1991). Moreover, most reliable paleomagnetic poles ob-
tained from the eastern margin of the plate were obtained from the
southern forearc regions, i.e., Saipan, Guam, and Palau. The curved
shape of the Mariana and Palau arcs may result from local rotations
during opening of back-arc basins, which makes interpreting these data
as unequivocal evidence of plate-wide rotations difficult to defend.
Despite the limited number and the questionable use of paleomag-
netic data to infer whole-PSP motion, many plate motion models suggest

Fig. 7. Map of the Philippine Sea Plate showing
declinations in our paleomagnetic data compilation
with A95 confidence parachutes. White parachutes
mark previously published paleomagnetic data, yel-
low parachutes mark our new paleomagnetic data
from Guam. Base map is ETOPO, 2022 15 Arc-Second
Global Relief Model (NOAA National Centers for
Environmental Information, 2022). (For interpreta-
tion of the references to colour in this figure legend,
the reader is referred to the web version of this
article.)

40°N
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that the Philippine Sea Plate underwent a large-scale clockwise rotation,
of about 90° (e.g., Hall et al., 1995a; Yamazaki et al., 2010; Seton et al.,
2012; Wu et al., 2016; Liu et al., 2023). This idea was originally pro-
posed based on the first paleomagnetic results from the Philippine Sea
Plate (Keating and Helsley, 1985; Haston et al., 1988; Haston and Fuller,
1991), although some authors suspected that local vertical-axis rotations
resulting from arc bending or forearc rotation were actually more real-
istic (McCabe and Uyeda, 1983; Keating et al., 1983; Kodama et al.,
1983; Seno and Maruyama, 1984; Keating and Helsley, 1985). Subse-
quently, based on data from the northern Maluku islands, Hall et al.
(1995a) suggested that the PSP underwent a 50° clockwise rotation
between 50 and 40 Ma, no rotation between 40 and 25 Ma, and an
additional 35° clockwise rotation between 25 and 5 Ma. More recent
studies compiled paleomagnetic data (e.g., Wu et al., 2016), and some
studies questioned the validity of some of the existing paleomagnetic
data, including the possibility of local block rotations and raised the
issue whether some localities, such as Halmahera, have been part of the
PSP throughout the Cenozoic (Xu et al., 2014; Zahirovic et al., 2014; Wu
et al.,, 2016). However, the quality of the existing data was never
assessed in detail using recent quality criteria (Meert et al., 2020; Vaes
et al., 2021; Gerritsen et al., 2022) and it was thus never quantitively
assessed whether the existing paleomagnetic data are reliable to infer
PSP motions. Therefore, despite the suspicion of compromised data, the
idea of a large-scale clockwise rotation of the entire PSP plate is still
widely used, and recent plate tectonic reconstructions often assumed
clockwise rotations of up to 90°, citing paleomagnetic data (Seton et al.,
2012; Wu et al., 2016; Liu et al., 2023).

Based on our new compilation of PSP paleomagnetic data, however,
we find that the paleomagnetic database is not of sufficient quality to
form a basis to invoke rotation of the entire plate. Notably, the quality
criteria that we used for the compilation in this paper are loose
compared to those of Meert et al. (2020). If we were to apply the cri-
terion of Meert et al. (2020) that each locality should include at least 8
sites (spot-readings), only nine paleomagnetic results would pass, of
which two are from this study, and our data reveal strong local rotations.
Applying additional criteria of Meert et al. (2020), one of the nine
remaining poles would be discarded because of its K-value >70, even
though it passes the Deenen et al. (2011) criteria, and our two new poles
would be discarded because we did not take a minimum of 3 samples per
individual lava flow (even though doing so cannot be demonstrated to
significantly change the precision or position of paleomagnetic poles
(Gerritsen et al., 2022), which is why we focused on maximizing the
number of spot readings). This would leave only six datapoints; two
from the Philippine Mobile Belt, with strongly varying declinations
demonstrating that local block rotations must have occurred (e.g.,
Queano et al., 2007, 2009), and two from the North Maluku islands that
are also in the deformed plate margin (e.g., Wu et al., 2016; Pubellier
et al., 1999). Hence, the declinations of the PSP paleomagnetic database
should not be used as basis for plate reconstructions.

This does not mean, of course, that paleomagnetic data exclude such
rotations. It may well be that the entire PSP underwent regional vertical
axis rotation. However, this rotation should follow from the kinematic
reconstruction of the region and existing paleomagnetic data should not
be used as input for such reconstructions. The paleomagnetic data ob-
tained by Yamazaki et al. (2021) from oriented drill-cores from the PSP’s
interior may be the first declination data that are representative for a
vertical-axis rotation of the entire PSP. These data suggest a ~ 50°
clockwise rotation of the PSP since the mid-Oligocene (c. 28 Ma), which
is distinctly less than the ~90° rotation that is incorporated in many PSP
models. However, the small number of samples and the unknown un-
certainty in declination, makes the data insufficient as a basis for kine-
matic reconstruction. Yamazaki et al. (2021)’s study, however, shows
that the large paleomagnetic datasets from the drill cores of the plate
interior may provide a promising avenue towards obtaining quantitative
constraints on plate rotation, but it is currently unknown what the un-
certainty associated with the core-rotation correction is, and how this
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propagates into the final declination estimate. However, the mostly
sedimentary rocks from the drill cores need to be corrected for inclina-
tion shallowing correction before also the inclination data can also be
used for plate reconstruction.

We may use the data from igneous rocks in our compilation to infer
PSP’s paleolatitudinal motion. To this end, we compare the net paleo-
latitudinal displacements of the sampling sites between their moment of
formation and the present, in a ‘Huatung Basin-fixed’ frame. We chose
the Huatung Basin because it is the oldest oceanic lithosphere of the PSP
and therefore exists throughout the reconstructed period. We recon-
structed opening of PSP’s oceanic basins using the available magnetic
anomaly data (Hilde and Chao-Shing, 1984; Deschamps and Lallemand,
2002; Yamazaki et al., 2003; Sdrolias et al., 2004), making a ‘Philippine
plate motion chain’. The root of this plate motion chain is the Huatung
Basin, and all motions are reconstructed relative to this microplate. We
subsequently infer the paleolatitudinal correction that the Huatung
Basin needs to get to fit with the paleomagnetic data in our compilation.
The paleolatitude results show that a northward motion of about 15°
since 45 Ma (Fig. 8) is suggested by the paleolatitude data, although the
scatter is quite large. Our ~15° estimate is ~5° less northward motion
than previous estimates (Louden, 1977; Kinoshita, 1980; Hall et al.,
1995b; Haston and Fuller, 1991; Queano et al., 2007; Yamazaki et al.,
2010). The c. 5° difference may be explained by the fact that most
boreholes are from the northern half of the PSP (Fig. 1), which under-
went additional northward motion accommodated by spreading in the
West Philippine Basin (Hilde and Chao-Shing, 1984). Without correction
for the opening of the West Philippine Basin, a larger northward motion
of up to 7° of the entire plate would be inferred. We find no systematic
trend between paleolatitudinal mismatches and sampling location that
would unequivocally demonstrate a large-scale whole-plate vertical axis
rotation. The single mid-Cretaceous pole obtained from the Philippine
Mobile Belt (Balmater et al., 2015) suggests that the latitudinal position
of the ‘proto-PSP’ at that time was about 10° south of its mid-Eocene
position (Table 2), although more paleomagnetic data is needed to
confidently determine the pre-Eocene latitudinal evolution of the proto-
PSP. This single pole, however, suggests that the Philippine arcs cannot
have been part of the Izanagi Plate, which was moving considerably
faster to the north (Seton et al., 2012; Boschman et al., 2021; Wu et al.,
2022). Instead, the proto-PSP formed part of a plate that was located in
the junction region between the Tethyan and Panthalassa realms.

Finally, improved constraints on PSP motion may be obtained from
the available drill-cores of the PSP, especially magnetostratigraphic data
that contain large sample sets. These data are currently only useful for
assessing general trends in paleolatitude evolution, but future efforts to
correct for inclination shallowing may significantly improve their value.
Subsequently, if the paleolatitude of different drill-cores is well-
constrained, vertical-axis rotations may be deduced from well-dated
paleolatitude-only data of drill locations spread throughout the plate.

7. Conclusions

We reported new paleomagnetic data from Eocene, Oligocene and
Miocene rocks from the island of Guam, located in the forearc region of
the Izu-Bonin-Mariana subduction zone. These data include two Eocene
poles that demonstrate rotation differences on Guam of as much as 35°,
revealing that local rotations related to forearc deformation likely
occurred. We include our new data into a compilation of previously
published paleomagnetic data from the Philippine Sea Plate. Based on
our paleomagnetic results and a critical re-evaluation of existing data we
conclude that:

1) It cannot be established to which extent paleomagnetic declinations
from the Philippine Mobile Belt, the northern Maluku Islands, and
the Izu-Bonin-Marianas forearc provide evidence of plate-wide
rotation. Regional rotations demonstrably play a role, and
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Latitudinal displacement of the PSP in Huatung Basin coordinates
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Fig. 8. Graph showing the change in latitude versus age, showing a more southerly position (negative latitudes) of the PSP back in time. The data is plotted in a
‘Huatung Basin reference frame’ to correct for intra-PSP plate motions (see Discussion section). Paleolatitudes are colored by general sampling location.

unequivocally robust data from the plate interior are currently not
available.
The inclination-only data from igneous rocks are satisfied by a
reconstruction in which all microplates of the Philippine Sea Plate
are reconstructed relative to the Huatung Basin, and the for the latter
a c. 15° northward motion since the mid-Eocene is reconstructed.
Drill-core paleomagnetic data with large sample sets from the stable
plate interior are promising for future efforts to constrain the motion
history of the Philippine Sea Plate. However, inclination shallowing
should be corrected for, and uncertainties with for instance using the
present-day field to correct for drill core rotation should be propa-
gated into the analysis.
4) The paleomagnetic database does not require vertical axis rotations
but does not preclude them.
5) Kinematic reconstructions of the Philippine Sea Plate should, for
now, develop from systematic restorations of the geological records
accreted at plate boundaries.

2)
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