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Thermal ages of the Huatung Basin
determined from seismic waveform
modeling: insights into Southeast
Asia’s evolution

Justin Yen-Ting Ko™, Ban-Yuan Kuo?, Shu-Chuan Lin? & Yu-Sheng Hung?

The Huatung Basin (HB), situated on the leading part of the Philippine Sea Plate, is directly involved
in oblique subduction and mountain building in the Taiwan region. However, previous studies have
reported a wide range of ages for the HB, from 30 to 130 Ma, making it difficult to properly constrain
regional tectonics. We analyzed teleseismic waveforms recorded on Taiwan that traveled through
the slab associated with the HB. By waveform matching, we have constrained the slab dimensions to
approximately 400 km in length and 150 km in width, accompanied by an enhanced P-wave velocity
of 6% within the slab core and an apparent dip angle of 55°. We used age-dependent subduction zone
thermal models to estimate the thermal ages or the ages since the last thermal event of the HB. The
best-fit thermal model indicates thermal ages ranging from 20 to 50 Ma, which is consistent with a
suite of geophysical observations and the age inferred from geomagnetic anomaly data. However, our
results differ considerably from the ages obtained through radiometric dating of rocks dredged from
the seafloor. The discrepancy in age may be attributed to either thermal rejuvenation of the plate or
dating of allochthonous samples dredged from the border of the basin.

The convergence between the Philippine Sea Plate (PSP) and the Eurasian Plate (EP) resulted in the subduction
of the EP beneath the PSP along the Manila Trench, the collision of the Luzon Volcanic Arc with the Eurasian
margin, and the subduction of the PSP beneath the Ryukyu Trench (Fig. 1). The part of the PSP intimately
involved in all three of these processes is located in the region of the Huatung Basin (HB), the properties of
which are therefore critical to the mode of arc-continent collision in Taiwan'? and to the tectonic evolution of the
western PSP*%. The HB has a distinct tectonic identity from the West Philippine Basin (WPB), which is located
to the east of the HB on the east side of the Gagua Ridge (Fig. 1). Across the Gagua Ridge, the seafloor of the
HB is 600 m shallower than that of the neighboring WPB. According to mantle cooling and seafloor subsidence
models®, the shallower depth of the HB implies a younger age for the HB than for the WPB, which has an age
of approximately 35-56 Ma. Paleomagnetic analyses have indicated a mid- to late-Eocene age for the HB%”. A
recent study identified magnetic anomaly chrons 15-19, corresponding to an age range of 35-41 Ma, increasing
southward from the Ryukyu Trench to the southern corner of the HBE. The age contrast between the HB and the
WPB is compatible with the age prediction based on seafloor subsidence®.

Even though paleomagnetic modeling of the HB with a limited number of magnetic peaks is subject to uncer-
tainty, a young HB relative to the WPB is favored by wide-angle seismic imaging across the Gagua Ridge'? and
by thermal models of subduction zones constrained by seismicity'®. Conversely, radioisotope geochronology has
yielded different results. An “*Ar/*Ar dating of gabbro samples dredged from the HB seafloor indicated an early
Cretaceous age of approximately 110-130 Ma'®. A more recent radiometric dating of igneous rocks dredged from
the western flank of the Gagua Ridge provided the same age estimate!’. The old HB was further suggested by the
detailed geochemical analysis of a new set of volcanic rock samples from the peak of the Gagua Ridge. Zhang
et al.! revealed that these rocks, also dated to 110-130 Ma, had isotopic signatures linking to typical island arcs
in the subduction zone. They hypothesized that the Gagua Ridge was the island arc relic from the oceanic plate
subducted under the HB underlain by an early Cretaceous mantle. The consistency in the dating result bolsters
the hypothesis of an early-Cretaceous formation of the HB.

Seismology can also provide insights into oceanic lithosphere evolution on the basis that cooling causes an
increase in the seismic velocity, a phenomenon well documented across oceanic basins'>!. Kuo et al.'” conducted
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Figure 1. Huatung Basin in the Taiwan collision-subduction zone. The black lines show the locations of the
Ryukyu Trench and the Manila Trench. The black lines with arrows indicate the GPS horizontal velocity field
with respect to a stable South China’. The yellow symbols represent seismic stations. Red dots denote the
locations of rock samples dredged from the seafloor for radiometric dating'®!!. The dashed line constitutes

a plate boundary within the HB based on the magnetic anomalies”. The inset on the upper left presents the
seismic events for which data collection (gray) and processing were conducted (red).

a study and discovered that the phase velocities across the HB are similar to those of the Parece Vela Basin',
which has a well-defined oldest age of approximately 30 Ma'® whereas the two basins coincide in average seafloor
depths at ~4800 m (sediment correct would increase the depth of HB relative to that of the Parece Vela Basin
by <300 m). These observations led Kuo et al. to the hypothesis that the HB has an age of 20-40 Ma. Another
age-varying seismological parameter is the gap between the double seismic layers within a slab, which increases
with subduction zone age®. Chou et al.?! determined a 15-20-km-wide gap across the HB slab, contrasting with
the 30-40-km-wide gap in the subducted Pacific Plate beneath northeast Japan®, where the plate has an age of
130 Ma. According to the global double-seismic zone model?, the HB would correspond to a slab with an age
of approximately 50 Ma.

The age estimates derived from geophysical data are likely indicative of tectono-thermal ages, reflecting the
time elapsed since the last significant tectonic or thermal events that reset the physical state of the lithosphere?.
This interpretation contrasts with radiometric dating results from dredged seafloor samples proposing an early
Cretaceous age for the HB. This age dichotomy holds considerable significance. In the dynamic model of col-
lision and subduction in the Taiwan region', inclusion of an Eocene-aged HB leads to pronounced rollback
of the subducted slab accompanied by shear stress that favors the development of anisotropy compatible with
observed SKS splitting patterns?®, while a 120 Ma old slab would not produce the same effect. In the broad sense,
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the systematic difference between geophysical and geochemical observations signals a fundamental problem
from either or both, and reconciling them may shed new light on the mantle dynamics and tectonic evolution
of southeast Asia. However, before a true reconciliation can be realized, such as dating of core samples, both
approaches should be continually corroborated or challenged with new data and techniques.

In this study, we investigated the amplitude and waveform anomalies from teleseismic waveform data recorded
by seismic stations in Taiwan?*~2® (Fig. 1) to constrain the slab morphology; we then compared the waveform
modeling results with the thermal modeling results, the latter being sensitive to the age of the oceanic basins.
This analysis is focused on the slab and could bolster the observations on the basin immediately seaward of the
trench'”. The seismic constraints presented in this study are independent from previous geophysical observations.

Results

Amplitude anomalies and multipath effects. The analysis of P wave amplitude anomalies necessitates
a nuanced approach to focusing-defocusing effects. When encountering high-velocity anomalies, wavefront
behavior can lead to either amplitude enhancement through ray focusing or attenuation through ray defocusing,
contingent upon structural geometry and seismic ray trajectories. To measure relative amplitudes, we cross-
correlated the P wave between observed and synthetic waveforms computed using the finite difference (FD)
method?. Our analysis revealed that the amplitude anomalies of the P wave recorded from different events
were largely consistent (Fig. 2). Taking the event from Aleutian (AI2007) for example, a distinctive U-shaped
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Figure 2. Amplitude measurements, a map view of station distributions, and observed waveform data. (a)
Combination of the amplitude ratios observed in three events (AI2007, KP2013, NJ2020). Focusing-defocusing
effects are observable in certain latitudes (within the red dashed lines), especially for AI2007. (b) Spatial
distribution of the seismic stations (triangles) for AI2007. The red triangles represent the stations whose data
display clear double arrivals. The blue triangles represent the stations plotted in (c) without apparent multipath
appearances, and the black triangles represent the stations whose data were not used. (c) The displacement
waveform section of AI2007 shows clear multipath arrivals of P waves near 52° (red traces). The waveforms were
subjected to band-pass filtering with cutoft frequencies of 0.03 to 0.5 Hz.
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distribution of amplitude measurements becomes evident in the latitude range of 23° to 25° (Fig. 2a). This strik-
ing pattern in amplitude values suggests the potential influence of high-attenuation structures or significant
wavefield distortions, which are often associated with multipathing effects (Figs. 2b and c). However, it is essen-
tial to note that the presence of strong attenuation structures becomes less likely, given the concurrent observa-
tion of low amplitudes in conjunction with fast travel-time patterns (Extended Data Fig. 2). Previous waveform
modeling studies?*’ suggested that observed waveform complexities may imply the wavefiled passing through
the sharp velocity structures which cannot be explain by tomographic model. An investigation was conducted
here to assess the ability of tomographic model of the TX2019slab* to explain the observed anomalies. Notably,
the TX2019slab has already incorporated a priori 3-D subducting slabs in their starting model. It was found
that while the TX2019slab partially accounted for the travel-time variations, they failed to predict the anomalies
observed in amplitude and waveform characteristics (Extended Data Fig. 1). Even when considering stronger
heterogeneities within the tomographic model, it still could not adequately capture the distinctive features exhib-
ited by the observed data (Extended Data Fig. 1). Therefore, our findings highlight the significance of incorpo-
rating sharp velocity variations within the model to accurately account for the observed seismic observations.

Determination of the optimal slab model. To model the observed amplitude anomalies and wave-
form shapes for A12007, we developed a two-dimensional slab model that was embedded into the TX2019 slab
background model®. This slab model was assumed parallelogram in shape and characterized by six parameters,
including top boundary (TB), length (L), width (W), dip angle (8) of the slab, velocity perturbation (V) relative
to PREM model within the slab core, and slab sharpness (SP) which represents the absolute value of velocity
decay rate from the boundary of the slab core to the slab edge (Fig. 3a). We acknowledge that the assumption of
identical sharpness for both slab edges depart from what thermal models predict. However, we opted for a sim-
plified model given that data constraints on the top boundary do not merit a separate parameter (Fig. 3a). The
parallelogram block is inserted into the TX2019slab model, and the velocity fluctuations are replaced with our
idealized velocity structures inside the block. By incorporating these parameters into the model, a more compre-
hensive understanding of the slab morphology was achieved. Using a GPU-based FD method?, we generated a
library of approximately 6000 Green’s functions for numerous slab models. To constrain the horizontal location
of the slab, we utilized the relocated background seismicity®!. By performing a grid search for model parameters,
we minimized the differences in amplitudes and waveform shapes between real and synthetic data?**2. Our mod-
eling results indicate that the slab has a length of approximately 400 km (L), a width of 150 km (W), an enhanced
P wave velocity of 6% within the slab core (§V), and an apparent dip angle of 55° (0) (Extended Data Fig. 8).
A core with a width of 60 km (W), flanked by edges that taper on either side and are 45 km thick, provides
the optimal fit for the waveform data, accounting for both amplitude anomalies and double arrivals observed
(Fig. 3b). The best-fit SP value is 0.133 1/km. This model not only fits the measurements for the studied event,
but also explains the data from two other events, KP2013 and NJ2020 (Extended Data Fig. 10).

Uncertainties of model parameters. The suite of sensitivity tests conducted as outlined in the Method
section and depicted in Extended Data Figs. 3 to 8 underscored the convergence of discrete parameters in influ-
encing both amplitudes and waveform responses. The inherent trade-offs that emerge between model param-
eters were found to be intrinsic within the ambit of exploring the intricate five-parameter model space. Our
subsequent inversion findings assert that larger velocity perturbations necessitate the incorporation of smaller
slab lengths to attain a harmonious data fit, a point exemplified in Extended Data Fig. 9a. Through meticulous
analysis, while factoring in a range of uncertainties of around 5%, it becomes evident that velocity perturba-
tions gravitate towards a spectrum of 5% to 7%, concurrently accompanied by slab lengths spanning 450 km
to 260 km. With an integrated consideration of both slab dip and length variances, the range of uncertainty
regarding slab length is effectively constrained within 330 km to 420 km (Extended Data Fig. 9b). In a relative
comparison, it becomes discernible that in relation to velocity perturbation and slab dip, which manifest a rela-
tively substantial range of variations, the determined parameters of slab width and sharpness exhibit enhanced
precision (Extended Data Fig. 9d). While the model with a width of 100 km and a sharper gradient could also
provide a good fit to the data (Extended Data Fig. 9d), the seismicity distribution depicted in Fig. 3a supports the
notion that a slab width of 150 km is more reasonable. Our inversion outcomes compellingly delineate that the
slab width remains confined to a range of 147 km to 160 km, while the slab sharpness is constrained within the
bounds of 0.11 to 0.15 1/km. Given the notably robust constraint achieved concerning slab width and sharpness,
we have subsequently channeled the refined estimates of these two parameters in the subsequent age estimation
of the respective slab ages.

Inferring the thermal age of the HB slab. As emphasized above, we determine the “tectono-thermal
ages”* which may or may not represent the age of the formation of the basin®. To simplify the terminology, we
will refer to these ages as "thermal ages” because the thermal effect is critical to our interpretations (as explained
below), or simply as "ages" when the context permits. To determine the thermal age of the PSP slab, we com-
pared our optimal seismic slab model with subduction zone thermal models calculated using well-established
techniques”**~. The detailed descriptions of these thermal models are provided in the Method section.

In the thermal modeling, we fixed the dip and length of the slab at the optimal values given by the waveform
modeling, i.e., 55° and approximately 400 km (see below), respectively. The subduction rate was fixed at 55 mm/
year, as projected from the plate convergence rate of 82 mm/year*. We generated a series of thermal models
with initial ages of 10-140 Ma for the subducting plate and fixed ages of 50 Ma and 80 Ma for the overriding
plate. In this series of models, the subduction duration is fixed at 7.3 My which yielded a slab subducted with a
down-dip length from the surface approximately 400 km. Subsequently, we employed a temperature derivative
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Figure 3. Amplitude ratio and waveform fitting of the optimal slab parameter for AI2007. (a) Optimal slab
model embedded into TX2019 slab, with ray paths representing different epicentral distances. Blue dots
represent the background seismicity. The inset on the left presents the model parameters used to characterize
the idealized slab, including top boundary (TB), slab dip (6), slab width (W), width of the slab core (W), and
velocity perturbation within the slab core (§V). The inset on the right shows the velocity structures within the
idealized slab model. (b) Fitting results for waveforms (left) and amplitudes (right). Red indicates predictions
made by the optimal model. Black represents the data. The gray lines in the right panel indicate the randomly
selected trial models.

of — 0.5%/100K*” to convert the temperatures into corresponding velocity perturbations. The estimation of
the thermal slab’s width, denoted as W, and its sharpness, designated as SP-, was conducted as follows. In a
cross-sectional plane perpendicular to the slab and positioned at a depth of 150 km, the temperature-derived
velocity exhibits its peak value at the center of the thermal slab, marked by the coordinate x=0 (Fig. 4a). It is
noteworthy that variations in the temperature derivative used primarily influence the strength and sharpness
of the slab (Extended Data Fig. 11), while inducing negligible modifications to the overall width of the slab and
ages determination, as evidenced in Extended Data Fig. 12. To align our thermal slab model with the FD model,
we defined the slab core boundary at 1000 °C. Within this core, we assumed a constant dV 5 (Extended Data
Fig. 13e). We determined the half width of the thermal slab by fitting a linear slope to the velocity decrease from
the boundary of the thermal slab core to 0.1 and extrapolating it to zero on the x-axis. The thermal slab sharp-
ness, SPys was calculated as the ratio of §V 5 to the distance spanned from §V - to zero. Accounting for the
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Figure 4. Age determination. (a) The thermal slab models yielded §V values, with the gray lines indicating

the predictions obtained from age-dependent models. The left-to-right sequence of initial thermal ages for HB
are 10, 20, 30, 40, 50, 60, 70, 80, 100, 120, and 140 Ma, respectively. The color-coded lines indicate the linear
regression results of 8V values ranging from the edge of the thermal slab core (color-coded triangles) to 0.1.

The yellow star and color-coded circles indicate the estimated width of the slab from seismic and thermal slab
models, respectively. The inset represents the slab sharpness (red line) obtained by seismic slab model. The
shaded yellow zones depict the uncertainties of the slab thickness and sharpness, within which the selected
parameters varied less than 5% from their optimal values. (b) Misfit of slab width between the seismic and
thermal slab models at different ages (color coded). (c) Misfit of sharpness between the seismic and thermal slab

Intitial thermal age of HB (Ma)

models at different ages (color coded).

inherent uncertainties associated with the width of seismic slab (Wpp), the observed variation in width between
the seismic slab model and the thermal slab model (W), within the context of age, highlights a noteworthy nadir
at initial model ages of approximately 30-40 Ma (as depicted in Fig. 4b). Intriguingly, this age range aligns with
true ages of approximately 40-50 Ma for the subduction process of HB spanning 7.3 Ma. When incorporating
the intrinsic uncertainties affiliated with the sharpness of seismic slab (SPgp), the misfit in sharpness unveils
a tantalizing possibility: the inception ages of the PSP slab could plausibly range from as young as 10 Ma, or
approximately 20 Ma post-subduction (Fig. 4c). The adoption of a lower core temperature, specifically 650 °C,
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yields the optimal fitting initial ages at 40 Ma for W5 and 10 Ma for SPrs. These estimates correspond to true
ages of approximately 50 and 20 Ma, respectively. Notably, the ascertained late Eocene age is in concurrence with
earlier assessments attained through diverse methodologies such as shear velocities'’, the double seismic zone?,
thermal models'®, and magnetic anomalies®. Conversely, attributing an early Cretaceous age'” to the slab would
engender an excessively thick slab configuration, failing to align with the discerned sharp velocity gradient and
thickness of the slab deduced from waveform modeling. Furthermore, our analysis gains additional support
from synthetic assessments directly involving thermal models (Extended Data Fig. 14). Although these models
may not precisely replicate the data alignments achieved by our FD model, they provide informative results. We
assessed the thermal slab’s thickness based on its velocity perturbations, measuring the distance between the
top and bottom boundaries where V=0 (Extended Data Fig. 14a). While a 150 km thickness may appear too
thick for a 40 My old slab, it corresponds approximately to a 100 km thick slab if we define the slab boundary by
a temperature of 1200 °C. These findings reinforce the notion that assigning an early Cretaceous age to the slab
would result in an excessively thick slab configuration, which fails to adequately match the amplitude measure-
ments (Extended Data Fig. 14b).

A related source of uncertainty emanates from the assumptions inherent in our thermal modeling strategy.
Our approach entails deriving the initial temperature from a half-space cooling model (HS) at a designated age.
However, we recognize that this method could potentially introduce a bias towards cooler mantle conditions
when compared to predictions based on seafloor depth flattening and heat flow at old ages*. To address this
potential bias on our conclusions, we constructed alternative subduction thermal models. These models adopt
initial temperatures from the plate model (PM), which predicts the subsidence and heat flow data more reason-
ably than the HS at old seafloor® (Extended Data Fig. 15). In a study by Richards et al.’, a conventional PM using
a constant thermal conductivity yielded satisfactory data fitting with a plate thickness of 105 km. The optimal
agreement, however, emerges by integrating temperature-dependent conductivity and a 135 km thick plate. To
account for the range of uncertainty in plate thickness, we considered these two values in our analysis. As shown
in Extended Data Fig. 12, the ages best fitting the 105 km- and 135 km-PM models consistently fall within the
30-50 Ma range, aligning with our original findings. This agreement arises naturally for the 135 km-PM, while it
remains unsurprising for a 105 km plate because the thermal structures between the two types of models deviate
substantially only after 80 Ma*’, which is well beyond the range of the minimum misfit observed at 30-50 Ma.

Discussion

Mounting geophysical evidence for a young, Eocene HB prompts speculation concerning what factors may be
contributing to the contradictory age estimations, whether they are the formation ages or thermal ages. One
possible scenario is that rocks dredged from the seafloor without drilling into the basement may be allochtho-
nous and nonrepresentative of the in-situ properties of the HB. Note that all the dated samples were collected
along the border of the HB. In this scenario, crustal fragments of an old plate need to be within reasonable
reach to be dredged. Sibuet et al.” argued that the samples dated to the early Cretaceous'® were dredged from
the southernmost HB, where relics of old, different basins may remain on the seafloor. Conversely, the younger
geophysical ages were inferred from observations made in the middle or northern part of the HB'” or within the
subducted slab'*?!. One candidate for the unknown older plate in the region could be the proto-South China
Sea Plate, which is a hypothetical basin that was entirely consumed by early to mid-Cenozoic subductions* 3.
This hypothetical plate could be Mesozoic in age*, although it is essentially unconstrained.

In contrast to the allochthon scenario, the autochthon scenario proposes that the dredged samples!” represent
in situ basement rocks of the HB, leading to the hypothesis that the lithosphere of the HB has undergone thermal
rejuvenation, making it appear younger than its actual age. Kuo et al.'” argued that a Hawaiian-like plume would
be necessary to lift an early Cretaceous basin to the level of the present-day HB. Note that the plume-driven
uplift could be reduced from 1.3' to 1 km if the seafloor stopped subsiding at 70-80 Ma**. However, the 1-km
elevation still falls within the range of the elevations of the Hawaiian swell relative to the surroundings. It appears
that a strong plume is still required to compensate the age-dependent subsidence of an early Cretaceous HB.

Tectono-thermal events have been documented to alter the lithospheric properties to the extent that they mask
the true ages of the lithosphere. For example, some Archean cratons that have been reworked by Phanerozoic
tectono-magmatic events demonstrate thermal thicknesses equivalent to the lithosphere of ~1 Ga**. The elastic
thickness of the continental plate often shows a positive correlation with the thermal ages of different geological
provinces**. In the Hawaiian hotspot swell region, the Pacific plate is elevated to depths corresponding to the
seafloor of 25 Ma*. Seismological imaging suggests that the Hawaiian plume may have thinned the Pacific plate
by thermally altering the lower half of the plate*®*. However, a large-scale thermal event beneath the present-
day HB has yet to be identified. Localized events, such as a drastic thermal overturn stirred by possible slab
detachment beneath central Taiwan', are considered less capable of rejuvenating the HB. Further investigation
is needed to explore the hypothesis of thermal rejuvenation of the HB lithosphere in the autochthon scenario.

Here we examine possible thermal sources in the broad western Pacific. Based on the geochemistry of an
IODP basement core, Hickey-Vargas et al.** proposed that upwelling of the mantle may have existed beneath the
PSP predating the magmatism that created the Izu-Bonin-Mariana arc. However, the drilling site was located
north of the Daito Ridge, making it difficult to link to the HB. The model of Gagua Ridge as a relict volcanic
arc'* mentioned above suggests that the HB once overrode a mantle wedge and therefore was susceptible to
extra heating. Whether these asthenospheric upwelling®® or the mantle wedge'* processes were vigorous enough
to rejuvenate an early Cretaceous basin to a thermal age of Eocene remains to be explored. One hypothesis is
that, along its evolutionary path, the HB lithosphere was heated and thinned by a large-scale mantle plume and
thermally reset before it arrived at its present location, where geophysical investigations were conducted on the
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rejuvenated version of the old HB. We suggest searching for possible thermal events along the long trajectory of
the HB from near the equator to Taiwan.

Conclusions

We present a novel method of using amplitude ratio and P-wave waveform distortions to constrain the mor-
phology of the PSP slab subducted from the HB. Our inversion of these data produced an optimal slab model,
featuring a 400-km-long, 150-km-wide parallelogram with a 55° apparent dip. The high-velocity core exhibited
a 6% velocity perturbation increase relative to the PREM model, with a sharp velocity gradient towards both
slab edges. A comparison with subduction zone thermal models suggested that the age of the slab, or the age
since the last major thermal event is less than 50 Ma. This thermal age estimate adds to the geophysical evidence
supporting an apparently young HB in contrast to the postulation of an early Cretaceous HB obtained from the
radiometric dating of rocks dredged from the ocean floor. The different age estimates may be reconciled by one
of two scenarios: either the seafloor samples dated to the early Cretaceous are allochthonous or the lithosphere
of the HB was thermally rejuvenated at some point during its evolution.

Method

Data process and measurements. Data from a seismic network consisting of 136 stations between Janu-
ary 2005 and December 2020 were utilized in this study. Earthquake events were selected based on their focal
depth being greater than 100 km, their magnitude ranging from 6 to 7, and their epicentral distances between
25°to 90°. Only high-quality displacement waveforms meeting a signal-to-noise ratio threshold of >7 were used,
which was defined as the maximum amplitude of the P wave divided by the root mean square of background
noise within a 30-second window prior to the P wave arrival. The waveforms were deconvolved to remove the
instrument response and subjected to band-pass filtering (Butterworth) with cutoft frequencies of 0.03 to 0.5 Hz.
A total of 18 events were included in the final dataset, consisting of three high-quality events from the north-
northeast of Taiwan (namely, the Aleutian Islands event in 2007, the Kamchatka Peninsula event in 2013, and the
Northeastern Japan event in 2020), as well as 15 events from other azimuthal directions (Extended Data Table 1
and Extended Data Figs. 18-21).

Waveform modeling and sensitivity. We conducted sensitivity tests on six parameters to assess their
effects on the amplitude and waveform characteristics of idealized slab models. The tests involved sequentially
altering a single parameter while holding the remaining parameters constant. Our reference slab model was
embedded into PREM, and we assumed a width of 150 km, a length of 400 km, a dip angle of 55°, and a slab
edge sharpness of 30%, with a 6% increase in P wave velocity. Extended Data Figs. 3-7 depict the results of the
sensitivity tests for the AI12007 event, comparing the amplitude and waveforms of P waves among the models.
Our findings indicate that increasing the §V of the slab significantly magnified the focusing-defocusing effects
on amplitude measurements and led to substantial wavefield distortion, resulting in multiple arrivals. Altering
the top-side position, dip angle, and slab width caused horizontal shifts in amplitude anomalies, with changes
in the dip angle exerting strong effects on waveform shapes. Additionally, an increase in slab length enhanced
focusing-defocusing effects and generated more pronounced multiple arrivals on waveforms. Another crucial
parameter was the sharpness of the slab edge, expressed as the rate of the decline in velocity from the boundary
of the slab core to the slab edge. To explore the effects on waveforms and amplitudes of changing the sharpness
parameter, we extended the slab width to 300 km. As the sharpness increased, the velocity gradient near the slab
edge increased, resulting in more notable effects on waveforms (Extended Data Fig. 8).

Model parameters and grid search. We found that the observed amplitude distribution was accurately
mirrored only by incorporating slab models with a minimum depth of 50 km into the reference model, accord-
ing to sensitivity testing (Extended Data Fig. 3). To further refine our analysis, we conducted a grid search for
the remaining five parameters, namely the width (w), length (1), dip angle (8), velocity perturbation (§V), and
slab edge sharpness (sp), by minimizing differences in amplitudes and waveform shapes between the actual and
synthetic data®?

dat
Zn |+Z||Mn (1)

where i and n are the index number and total number of data traces, respectively. The first term in the cost
function represents the misfit in amplitude measurements. The second term accounts for the waveform residual
determined by the waveform dissimilarity between the observed and synthetic wavelets. Each numerator in the
cost function is dimensionless following normalization with their standard deviations, which are 0,, and op,
respectively. Taking AI2007 as an example, we present the optimal slab model embedded into the TX2019 slab
(Fig. 3a) and its background seismicity. Combining amplitude and waveform decorrelation in the cost function
indicated that our fitting strategy can reasonably and effectively reduce the trade-offs between the model variables
(Extended Data Fig. 9). Inversion modeling reveals that embedding a thin slab with sharp edges fit the amplitude
anomalies well and results in a favorable fit on waveforms (Fig. 3b).

Although our optimized solution appears to be satisfactory in fitting the observed seismic data, it is important
to note that the simplifying assumptions made during the modeling process may introduce some level of bias. To
better capture the intricate structure of the slab, it is necessary to perform fully three-dimensional simulations.
However, due to the significant computational costs associated with searching the multidimensional parameter
space, the use of idealized slab models with a single dip angle is justified. Incorporating bending slab models"’
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would substantially increase simulation time, hence justifying our approach. Additionally, the effects of site-
specific amplification cannot be ignored as they may contribute to the amplitude anomalies observed. Nonethe-
less, through comparisons with other events of varying azimuths, it is evident that local structures have minimal
influence on the focusing-defocusing patterns observed. For detailed information, refer to the Supplementary
Information document.

Thermal models. We utilized a well-established methodology for modeling the thermal structures of sub-
duction zones, which has been successful in explaining observations and offering insights into the evolution of
subduction zones***!. Our model setup involves a steady plate situated above a dynamic mantle wedge, with
the wedge flow being driven by subduction of a kinematic slab that has prescribed geometry and velocity®**°!.
We employed a finite-volume code® that has contributed to the community benchmark for subduction zone
modeling’ and has undergone improvements for calculations of non-Newtonian flow after the benchmark
work ",

The model dimensions used were 660 km width and 600 km depth, with a reference mantle temperature of
1350 °C. The horizontal grid spacing (dx) was set at a constant value of 0.9375 km, while the vertical grid spacing
(dz) ranged from ~0.25 km at shallow depths to ~2.58 km near the bottom boundary, using dz = dx*atan(0) that
depends on the local angle of the slab (8). We adopted a fixed slab dip of 55° as constrained by the seismic slab
model, a subduction rate of 55 mm/yr, and a subduction duration of 7.3 My, which allowed the slab to attain a
length of 400 km, as required by the best-fit seismic slab model. The prescribed thickness of the rigid fore-arc
lithosphere was set at 70 km**. The initial temperature of the subducting plate was determined by its age, while
that of the overriding plate was fixed at 50 and 80 Ma. No transition in temperature was imposed across the sub-
duction interface, and the temperature was allowed to evolve from its initial condition. Regarding the boundary
conditions, the temperature was fixed only at the top boundary, and a zero temperature gradient was assumed at
other boundaries. In practice, the trench was located at the vertical boundary of the model. For a full scale model,
the overriding-plate side of the model was extrapolated from the temperatures at this vertical boundary. Details
regarding the heat transfer, mass conservation, and momentum conservation equations for an incompressible
Boussinesq fluid, the non-Newtonian rheology, the numerical techniques, physical parameters, and treatments
of boundary conditions, were described in Lin et al.?,

Data availability

All waveform data listed in Extended Data Table 1 are archived and openly available at the TEC Data Center
(https://tecdc.earth.sinica.edu.tw/tecdc/). Researchers can register for an account to apply for the data. The figures
presented in this work are made by the generic mapping tools (GMT)>.
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