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The impact of lithospheric rheology and subduction dynamics on intraslab stress and earthquake
characteristics, as well as the cause of the scarcity of continental mantle earthquakes remain debated.
We investigate the 2006 Pingtung offshore earthquake doublet (Mw 6.9) in the northern Manila
subduction zone, where thinned continental lithosphere is subducting. These events exhibit complex
source processes at mantle depths, making their fault geometry poorly constrained. Using potency
density tensor inversion on teleseismic waveforms, we resolve the source process without predefined
fault geometry. The first event exhibits normal faulting with minor reverse faulting at a deeper depth,
while the second shows deeper strike-slip faulting. These diverse focal mechanisms reveal scattered
mantle faulting and intraslab stress heterogeneity. Geodynamic modeling indicates mantle
earthquakes require both strong subducting mantle lithosphere and substantial bending-induced
differential stress. The global scarcity of such events stems from insufficient differential stress in most

continental lithospheres.

Earthquakes within the continental mantle lithosphere are rare'. The
reasons for their scarcity remain a topic of ongoing debate. A central
question pertains to the strength of the continental lithospheric mantle.
The strength of the continental mantle lithosphere is uncertain due to the
complex compositional and thermal heterogeneities associated with the
prolonged geological evolution of the continents. Some researchers
attribute the rarity of mantle earthquakes to the weak rheology, i.e.
ductility, of the continental mantle'~. Others, however, argue that the
mantle lithosphere is strong, but the tectonic stress is commonly insuf-
ficient to induce earthquakes®’. Despite this, the sporadic occurrence of
continental mantle earthquakes in some regions suggests that the mantle
in those regions is strong enough to accumulate the elastic stress
necessary for rupture’. Additionally, a strong mantle is proposed to be
necessary to support the structural evolution of orogenic and subduction
zones'. However, because continental mantle earthquakes are rare,
resolving this debate remains difficult. The northern Manila subduction
zone is notable for relatively frequent mantle lithosphere earthquakes’™
(Fig. 1), and represents a rare case where a thinned Eurasian continental
crust and lithosphere is subducting under the Philippian Sea plate'
(Fig. 1). The continental crust in this region is thinned, ranging from 10

to 30 km, due to its earlier tectonic history as the passive margin of the
South China Sea''”". In some areas, the crust is even thinner, with
thicknesses less than 10 km'’. Although the continental lithosphere in
this region has undergone thinning, we assume it retains the composi-
tional characteristics of typical continental lithosphere. Therefore, this
region serves as a valuable natural laboratory for investigating the sub-
duction of continental lithosphere and the findings from this study may
have broader implications for understanding the behavior and strength
of continental lithosphere in general.

Two major seismic events occurred at UTC 12:26 and 12:34 on
December 26, 2006. These two events are an earthquake doublet, each with
magnitudes of 7.1 and 6.9". This doublet is referred to as the 2006 Pingtung
offshore earthquake doublet™’, named after the coastal area in Taiwan. This
doublet is not located on the subduction interface but within the subducting
slab and composes intraslab events. Such events—like many intraslab
earthquakes—are potentially more hazardous than typical interplate or
crustal faulting events due to generally higher stress drops, greater radiated
energy, and richer high-frequency content™. They, despite their potential to
produce strong ground shaking, are often underrepresented in regional
seismic hazard models®>. These source characteristics, along with their
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underlying physical controls, remain poorly understood, underscoring the
need for deeper insight into intraslab rupture processes and their tectonic
context. Due to poor station coverage, uncertainty in seismic velocity
models, differences in analysis methods, and the complex rupture process,
different studies report different depth estimates on this doublet (Table S1).
However, a consistent pattern is observed across different catalogs, with the
first event occurring at a shallower depth and the second event deeper

(Table S1). The Global CMT* project lists the centroid depths at 19.6 km
and 32.8 km for the two events, while the USGS catalog'*** places them at
25.5km and 32.8 km, respectively. Relocated hypocenters from the Tai-
wan’s Central Weather Administration” are 44.1 km and 50.2 km, respec-
tively. Depth phase analysis indicates that the hypocenters and largest
asperities of this doublet occurred at depths approximately 38 to 56 km, with
the first event at a shallower depth than the second event'. A recent study™
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combining regional data put the centroid depths at 28 and 44 km. In
addition to their separated depths, this earthquake doublet exhibited distinct
focal mechanisms. The first event displayed predominantly normal faulting,
while the second, deeper event showed strike-slip faulting'*** (Fig. S1). This
suggests considerable stress heterogeneity over a short vertical range.
Additionally, the doublet’s rupture processes, as evidenced by non-double
couple components (Fig. S1)— ~15% and ~68%*, respectively—should
highlight the complexity of this event. Previous studies”***** have similarly
indicated complex seismic source processes, but no consensus on a kine-
matic source model has been reached. Given the sensitivity of intraslab stress
regimes on the lithospheric rheology”” and subduction zone dynamics®,
constructing a comprehensive seismic source model could offer insights into
the stress state and rheological parameters of the continental mantle
lithosphere and the associated geodynamic implications.

In this study, we first explore seismic source characteristics by con-
structing a kinematic seismic source model, emphasizing on depth-
dependent variations in source mechanisms. We then establish a viable
geodynamic model of the seismic source area, whose stress regimes are
consistent with that inferred from the constructed seismic source model.
The results offer insights into regional lithospheric strength, providing
explanations for the occurrence of mantle-depth earthquakes in this region,
and aim to shed light on the broader question of why mantle earthquakes are
rare in most continental lithospheres.

Due to the complex source processes and no fault geometry derived
from surface expressions, developing a satisfactory source model for this
doublet has been challenging. Previous studies of source characteristics have
not reached a consensus™**, for the strikes and dips of the faults, and finite
fault slip distributions for the doublet. To solve such complex source pro-
blem, most of the source studies would first have to construct a detailed fault
model, inferred from near source surface displacement’”. However, this
doublet occurred offshore, and there is no observation on surface ruptures.
In addition, this area has low background seismicity. Thus, we have no prior
knowledge of the fault geometry. Since the Green’s function is sensitive to
the details of the assumed fault plane, the solution obtained would be highly
dependent on the assumed fault plane™. An imprecise fault model can
potentially compromise the accuracy of the seismic source solution and bias
our interpretation. Another challenge is that although there are near-field
strong motion stations™, the events are outside the network area and have
poor azimuthal coverage.

To address this issue, we apply an advanced finite-fault inversion
method-Potency Density Tensor Inversion (PDTI)-which estimates the
potency density tensor” projected onto the assumed model plane, as
described in Shimizu et al.”*. PDTI is a high-degree-of-freedom source
inversion technique that uses teleseismic body waves, which offer broad
azimuthal coverage and are relatively insensitive to the precise slip location.
It represents slip direction on the model plane as a focal mechanism
expressed by a linear combination of five basis double-couple components”.
Importantly, PDTI allows estimation of the slip direction independently of
the fixed orientation of the model plane®. This model domain can
accommodate multiple faulting episodes of an event, without implying a
single fault plane extending in a continuous rupture. The method estimates
the spatiotemporal distribution of the potency-rate density tensor, including
information on slip vectors and fault geometry or any focal mechanism
required by the data, within the defined model domain. The strike of each
model plane was determined based on focal mechanisms derived from the
W-phase solutions in the USGS earthquake catalog'***. For the first event
(12:26 UTC), the model plane extends along a 171° strike, spanning a depth
range of 10 to 60 km and a horizontal distance of 60 km, covering the
potential depth range for the source processes. For the second event (12:34
UTC), the model plane strikes along 151° and spans a depth range from 20
to 70 km, extending 60 km along strike. Both strike directions are nearly
parallel to the Manila Trench, likely reflecting structures associated with slab
bending and unbending. For more details, see the Methods section #1.

We then set up 2D thermo-mechanical models focused on the seismic
source region, oriented in the east-west direction, using elasto-visco-plastic

rheology. Our 2D numerical code, geoflac, employs the Fast Lagrangian
Analysis of Continua (FLAC) technique™ for solving the conservation
equations for mass and momentum and energy, the heat advection-
diffusion equation with frictional heating. For details, see Method section #2.
We setup the computational domain configured with dimensions of
1000 km in length and 300 km in depth, comprising 550 by 113 quad-
rilateral elements. The finest grid spacing, situated at the top center of the
domain where the trench is located, is 1 km by 0.5 km. The initial model set
up is shown in Fig. S2 and the parameters for initial model are shown in
Table S3. The tectonic units, arranged from left to right, include the Eurasian
continental shelf, continental slope, continent-ocean transition, South
China Sea (SCS), and Philippine Sea Plate. The initial crustal thickness for
each block is referenced from seismic reflection images at the northern SCS
margin'’ and crossing the Hengchun Peninsula®”, where deformation is
minimal, making these regions suitable proxies for the initial condition. A
short slab of oceanic crust, approximately 6 km thick and 70 km long, is
introduced into the mantle as a mechanical heterogeneity to facilitate sub-
duction initiation. This configuration is a shortcut to achieve stable sub-
duction quickly. A more realistic subduction initialization model would be
proceeded by a slow and long convergence®. For boundary velocity, the
Luzon Arc advances towards the Eurasian continent at a rate of 7-8 cm/yr
along a 300°—310° azimuth"'. The effective E-W convergence rate at the
Manila Trench is approximately 5cm/yr, which is equally partitioned
between the two plates (i.e., 2.5 cm/yr each side) to maintain the trench at
the center of the model and within the high-resolution region. Various
convergence partitioning schemes tested in uniform-resolution models
indicate that the partitioning does not notably impact the model outcomes*.
The bottom boundary of the model is implemented as a Winkler founda-
tion, allowing for both inflow and outflow, while the top boundary is a free
surface incorporating hillslope diffusion to simulate surface process—erosion
and sedimentation—controlled by a diffusivity coefficient (), which we set as
5 x 107° here. To consider the thermal structure for the geodynamic models
in the seismic source area in the northern Manila subduction zone, we follow
the temperature in the literature. Magnetic anomalies have been used to
derive Curie temperature depths ( ~ 550 °C), suggesting that the Curie depth
lies approximately 10 km beneath the Moho in the western offshore region
of Taiwan®. A thermal structure model based on steady-state heat con-
duction, constrained by near-surface measurements of thermal conductivity
and radiogenic heat production, further characterizes the regional thermal
regime*. This model shows that the Moho temperature in the southern
western offshore of Taiwan is about 500 °C. Additionally, a thermal model
for the northern Manila Trench, constrained by heat flow observations,
indicates that the temperature at the Moho is approximately 150-250 °C in
the Philippine Sea Plate and 450-550 °C on the subducting thinned con-
tinental slab”’. We explore several potential configurations of lithospheric
rheology, which is not directly observable, and evaluate their predicted
strain rates, stress regimes, accumulated plastic strain, and morphology to
identify the model that best aligns with available observations. These
observations include subduction zone morphology, Moho temperature,
lithosphere-asthenosphere boundary (LAB) depth, crustal thickness, con-
strained by seismic tomographic images'>', as well as shear strain dis-

tributions inferred from seismic azimuth anisotropy™.

Results and discussion

Kinematics of the earthquake source

The earthquakes in the 2006 Pingtung offshore doublet have similar mag-
nitudes (Mw 6.9). Although their hypocenters are clearly separated, with the
first event being shallower and the second event deeper, their depths
reported by different studies vary (Table S1). To account for this uncer-
tainty, we tested different initial rupture points within this range and
identified the preferred model of the hypocenters, with the minimum var-
iance in waveform fitting, at depths of 32.5km for the first event and
47.5km for the second event (Fig. S3). These depths are consistent with
previously reported ranges’** and align well with the depths of background
seismicity (Fig. 2). Despite their proximity, the slip distributions of the
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Fig. 2 | Seismic kinematic source models and P-, T-axes for the first event (26th
Dec. 2006, UTC 12:26) and the second event (26th Dec. 2006, UTC 12:34) in the
2006 Pingtung offshore earthquake doublet. A Map view showing modeled spaces
and focal mechanisms, with color and size scaled by potency-density. Black lines
indicate surface traces of model planes for the first event and second event. B, C The
panels include: (1) Map view showing the summed slip solution and focal
mechanisms; (2) Moment rate functions for each event; (3) Slip distribution
(potency density, in meters; see Methods section) on vertical model planes, with

Time (s)

Strike (km)

stars marking the initial rupture points. Focal mechanisms are shown in map view,
and their projections onto the respective vertical planes are presented in cross-
section view in Fig. S4. Depths are shown as absolute values (km); (4) Station
distribution on the global map (triangles), with selected waveform fits shown for
stations marked in red. Observed waveforms are plotted in black and synthesized
waveforms in red. D Equal-angle stereonets illustrating P- and T-axes orientations,
grouped in 10-km depth intervals, reveal depth-dependent variations in their
orientations. For a comprehensive depth analysis, refer to Supplementary Fig. S14.

events exhibit distinct focal mechanisms at different depths, showing a
combination of strike-slip, normal, and reverse faulting mechanisms.

For the first event, our preferred model with the rupture initiating at a
depth of 32.5km, providing the best waveform fit (Fig. S5). The rupture
propagated both upward and downward, with the strike of the focal
mechanisms and the azimuth and plunge of the P-axes varying

systematically with depth (Fig. 2B and Figs. S6-8). This pattern aligns with
Yen etal.’s* conclusion that the rupture occurred along discontinuous faults
rather than a single, straight fault plane. Notable slip occurred primarily
within the first 5 seconds (Fig. 2B), with the major rupture (or moment
release) located at a shallower depth than the initial point. This may explain
why centroid depth estimates™* are typically shallower than hypocenter
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depth estimates™. The shallower, predominant asperity shows normal
faulting, with nearly vertical P-axes and horizontal T-axes, while the sub-
sequent, minor asperity at greater depths transit to reverse faulting, with
nearly horizontal P-axes and vertical T-axes (Fig. 2D), despite the relatively
minor potency-rate density. While this previously unrecognized minor
reverse component could potentially result from modeling artifacts, the
transition persists in alternative models (Fig. S9) with various parameters,
such as hypocenter depths. The overall focal mechanisms suggest layered
faulting, with clear depth-dependent variations in the P- and T-axes, and
near-simultaneous occurrence of normal and reverse faulting.

For the second event, the waveform fitting (Fig. S10) was generally
poorer due to interference from the first event. The preferred model has the
rupture initiating at a depth of approximately 47.5 km (Fig. 2C), further
north and deeper than the first event, occurring ~474 s after the first event.
The rupture propagated bidirectionally: upward towards the north and
downward towards the south, primarily exhibiting a combination of strike-
slip and reverse faulting mechanisms (Figs. S11-13). The P-axes exhibited
varying azimuths but maintained predominantly low-angle plunges
(~ 30°), consistently observed between ~20 km and 70 km depth (Fig. S14).
Although the rupture episodes occurred in close spatial and temporal
proximity, their fault geometries are distinctively different. The southern,
deeper asperity rotated its strike by nearly 90° compared to the asperity near
the hypocenter. This suggests that the events did not rupture the same fault
but instead involved more distributed asperities, and that the later episodes
may have been triggered by the initial one. An alternative model exhibits a
similar rupture pattern, including the summed focal mechanisms and
rupture downward (Fig. S15), reinforcing this observation. Notably, our
summed focal mechanisms differ from those reported in the global catalogs
such as USGS and GCMT (Fig. 2C), which use lower-frequency waveforms
while the focal mechanism of the initial point closely matches those in the
global catalogs (Fig. S1). This is likely because the global catalogs capture
only the bulk source characteristics, whereas our broadband waveform
analysis provides a more comprehensive view of the rupture process. In our
solution, the initial point displays a pronounced non-double-couple com-
ponent (Fig. 2C), suggesting multiple fault ruptures may have occurred at
similar depths simultaneously. When present, high non-double-couple
components in intraslab earthquakes have been linked to complex ruptures
involving multiple fault planes**".

The source models of this doublet indicate a change in P- and T- axes
orientations with depth. In the next section, we will demonstrate that the
depth-dependent stress orientation, consistent with the regional tectonics,
explains our observation.

Geodynamic models

We now turn to geodynamic modeling to better understand a relationship
between the seismic source and the tectonic setting. The model, shown in
Fig. 3, represents the present-day configuration after 10 Myr of evolution,
with 500 km of convergence—consistent with the estimates of subducted
slab length”. We varied the strength of the continental crust and mantle in
the models. We found that a relatively weak continental crust and strong
mantle is required to reproduce the observed morphology of the Manila
subduction zone (Fig. 3A). Such stratified lithospheric rheology is akin to the
jelly sandwich’ model and has been proposed in other regions’.

First, we found that a stable subduction of continental lithosphere can
be achieved only with a strong mantle lithosphere, where the brittle part of
the lithospheric mantle is at least 20 km thick, as demonstrated in models
with mantle strength stronger than model CM4 (Fig. S16). If the mantle
were weaker, the strength of the subducting lithosphere will be too low so
that it breaks continuously upon entering the trench (Fig. S16), as further
detailed in Supplementary Text 1. Second, the morphology of the subduc-
tion zone, specifically the presence of accreted transitional crust’*, indi-
cates weaker upper crustal layers decoupled from the mantle lithosphere.
Otherwise, the transitional crust would simply subduct with the mantle
lithosphere without accreting, as observed in other cases (Figs. S17, 18).
Moreover, a weaker upper crust, decoupled from the lower crust, is

indicated by the observed seismic azimuthal anisotropy™, which points to a
broad shear zone at ~20 km depth rather than a localized one (Fig. S18). The
stress state in subducting plate with a §elly sandwich’ rheology structure
(preferred model: UC5_LC1_CM1) is characterized by horizontal com-
pression and elastic bending. This combination creates high stress in the
hinge zone of uppermost mantle lithosphere (Fig. 3E). This zone has a
minor plastic strain up to 10 (Fig. 3D), indicating small amount of brittle
failure, potentially manifesting as seismic events. Due to elastic bending, the
high stress zone contains two layers. The upper layer, at approximately
30-40 km depth, is under extension with the first (the most compressive)
principal stress (07) oriented vertically and reaching values up to ~400 MPa
(Fig. 3E). Below 40 km, the lower layer is under compression with a hor-
izontal 0;. Between the layers, a neutral stress plane develops where o,
diminishes and lacks a dominant orientation.

Depth-dependent stress heterogeneity revealed by the earth-
quake doublet

Our inversion of the first event in the doublet reveals a systematic transition
in P- and T-axes with depth. In the shallower region (20-40 km), the P-axes
are nearly vertical and the T-axes are horizontal. This pattern transitions at
greater depths (40-60 km) to nearly horizontal P-axes and vertical T-axes
(Fig. 2B, D, Fig. S6). Correspondingly, the inferred o; orientation rotates
from vertical to horizontal at approximately 40 km depth. This transition is
similarly evident in the background seismicity, characterized by layered
focal mechanisms (Fig. S19); although earthquakes at greater depths
(>50km) are relatively infrequent, occasional strike-slip and reverse
faulting events occur beneath a clustered layer of normal faulting (Fig. S19,
profile W-E). The inversion of the deeper second event shows that both P-
and T-axes maintain low-angle plunges across all depths while exhibiting
azimuthal rotation with depth (Fig. 2C, D, Fig. S11). This indicates that o;
remain horizontal.

At comparable depths of ~50-60 km (Fig. 2B-D), the occurrence of
strike-slip and reverse faulting suggests a predominantly horizontal o5, with
permutations between the second (0,) and the third principal stresses (03).
These stress permutations may result from material heterogeneity™ or lat-
eral variations in slab buoyancy”'. At depths of 20-40 km, the southern first
event predominantly exhibits normal faulting, whereas the northern second
event is characterized by strike-slip and reverse faulting (Fig. 2). This pattern
aligns with the background seismicity: the southern segment, where the first
event occurred, shows predominantly normal faulting, while the northern
region, where the second event occurred, features strike-slip and reverse
faulting at shallower depths (Fig. S19, profile N-S). These observations
reveal longitudinal heterogeneity in the stress field.

Our 2D geodynamic model, while simplified for the spatial hetero-
geneity, effectively identifies the first-order stress regimes related to the
long-term tectonic characteristics (Fig. 3E) and explains the observed
seismic focal mechanisms and P-, T- axes (Fig. 2D, Figs. S6, S11). Vali-
dated against comprehensive observational constraints, the model reveals
a notable rotation in o; at approximately 40 km depth. This rotation
results in a paired stress regime, characterized by shallower (updip)
extension (normal faulting with vertical 0;) and deeper (downdip)
compression (reverse and strike-slip faulting with horizontal o).
This stress pattern, commonly attributed to slab bending, has been
well-documented in intraslab regions of subduction zones™*. Such a state
of stress within intraslab is commonly indicated by the focal mechanisms
of background seismicity, typically associated with mid-sized magnitude
earthquakes™”’. When such stress regimes are observed through major
events (Mw > 7 earthquakes), normal and reverse events across the
neutral plane typically occur months or even years apart™. This temporal
separation has led previous studies to suggest that the neutral plane might
confine earthquake ruptures and limit their aftershock areas™.

In our case, however, the first event of the doublet rupture propagated
both updip and downdip, containing normal and reverse faulting styles.
Next, the rupture of the second event, which propagated to deeper depths,
predominantly exhibited strike-slip faulting. The ruptures propagated
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Fig. 3 | Geodynamic model in the northern Manila subduction zone. This figure
presents our preferred geodynamic model at 2006’s seismic source area. The pro-
cedure for acquiring the preferred model is detailed in the result section. A and

B show the strength profiles for the Eurasian Plate (EUR) and Philippine Sea Plate
(PHP), respectively, corresponding to the yellow and blue boxes in C. The red curve
represents the viscous strength, which depends on the strain rate and temperature at
that location; the green line indicates the frictional strength; the black line shows the
lower of the two strengths, representing the lithospheric strength. The purple line

-120 0 1 2

400 450 500
Distance along the profile (km)

[T 00000
3 4 5 6
o1 (100 MPa)

denotes the temperature profile. C illustrates the phase distribution, illuminating the
subduction zone morphology with white temperature contour with 200 °C intervals.
D shows the second invariant of the deviatoric strain rate, with the red contours
representing the plastic strain, ranging from 10 to 10" E displays the orientation
(short black bars) and magnitudes (in MPa) of the maximum principal stress (o).
C-E include black lines denote phase boundaries. The blue inverted triangles mark
the deformation front, while the red inverted triangles indicate the accretionary
wedge top.

through asperities separated by the inferred neutral plane, suggesting that
the neutral plane may not serve as an effective barrier to rupture propa-
gation. A similar case was observed in East Cape, New Zealand, at the
southern end of the Kermadec Trench on March 4, 2021. The Mw 7.3
event started in the deeper part and was followed by shallower normal
faulting™, separated by approximately 20 s. The along-depth stress het-
erogeneity is revealed by focal mechanisms with opposite polarity
occurring in close proximity in both time and space. Such phenomena
might also exist in other subduction zones but have been overlooked or
obscured in previous studies. Recent advancements in seismic source
inversion techniques—such as the ability to solve for slip and focal
mechanisms on unconstrained model planes with flexible fault
geometries**—now allow for a more comprehensive capture of detailed
rupture processes, including variations in focal mechanisms.

These observations of near-simultaneous rupture in reverse/strike-slip
and normal focal mechanisms—which are intuitively conflicting and
require dramatic stress rotation, are relatively rare. However, these findings
reveal critical insights into rupture dynamics. For instance, opposing or
diverse focal mechanisms can arise from permuted stress regimes due to
along-strike variations in lithostatic loading™ or from distinct stress regimes
in subduction zones between the outer rise and inner trench®. These
observations underscore the critical role of tectonic loaded stress in rupture
complexity. This emphasizes the importance of considering the ambient
and tectonic related stress environment in seismic source dynamic simu-
lations to fully capture rupture scenarios.

Implications to lithospheric mantle rheology

Long-term lithospheric rheology is a critical factor controlling a variety of
phenomena, including the surface topography, structural morphology, the
evolution of tectonic features™”, and patterns in seismic distributions®.
However, constraining lithospheric rheology, particularly that of the con-
tinental lithosphere, is challenging. Unlike the oceanic lithosphere, the
continental lithosphere features a thick rheologically diverse, and stratified
crust and mantle with properties that vary markedly across regions. This
complexity arises from a complicate history involving variations in thermal
history, fluid content, and composition, leading to ambiguities in under-
standing continental lithospheric rheology*"*.

Lithospheric strength is commonly inferred from laboratory
experiments”. However, extrapolating these laboratory results to long-term
deformation remains debatable™”. Lithospheric strength can also be infer-
red from seismicity distributions™, though using earthquake occurrences—
which are conditional and reflect transient mechanical instabilities—to
gauge long-term lithospheric strength can be ambiguous®. Another option
is to explore viable ranges of rheological parameters in numerical simula-
tions of structural styles and morphology*”. To ensure the long-term
representativeness of our findings, in this study, we have not relied on any
single dataset or observations confined to the same spatial-temporal scales.
Instead, our study acquires rheological parameters from numerical
experiments and drawing from observations across scales. These finding
demonstrate that a long-term strong mantle is necessary not only for
producing the observed intraslab stress heterogeneity within specific depth
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ranges in the subduction zone, for maintaining stable subduction at the
northern Manila subduction zone, but also for accumulating the elastic
strain required to generate sub-Moho depth earthquakes up to Mw 6.9.

Why continental mantle earthquakes are rare?

Due to the rarity of mantle earthquakes under most continents, a generally
weak mantle has been proposed for these regions’. Some researchers suggest
that it is weakened by hydrous minerals' or an warm Moho, particularly
above 600 °C’. Seismicity, being sensitive to thermal structure, is generally
inferred to be restricted to the cooler regions of the slab above the neutral
plane®’. However, the fluid-content hypothesis does not adequately explain
mantle earthquake distribution across diverse tectonic settings. Similarly,
the temperature hypothesis, while influential, is not definitive. For example,
the transition from stick-slip to stable sliding has been suggested to occur at
temperatures as high as 800 °C”, but this transition depends on a variety of
factors. These factors include external variables such as strain rates, con-
fining pressure condition, stress, and depth and intrinsic variables such as
grain size, compositions, fluid contents, and deforming mechanisms®,
Moreover, there are notable counterexamples that challenge the tempera-
ture hypothesis. For instance, some cold regions with theoretically favorable
temperatures do not always exhibit seismic activity”, while geological evi-
dence suggests earthquakes can occur in regions with temperatures up to
720 °C”. Given this variability, temperature alone cannot fully explain the
scarcity or occurrence of most of continental mantle earthquakes. Thus,
broader and more general controlling factors must be considered.

Other researchers, primarily through numerical simulation approa-
ches, suggest that a long-term strong lithospheric mantle is necessary to
support the convergent stress induced from orogenesis and subduction™”. If
this is the case, and most of the brittle regime in continental mantle litho-
spheres does not experience earthquakes, the simplest explanation is a lack
of sufficient differential stress. The Mohr-Coulomb yield stress increases by
approximately 150 MPa for every 10 km of depth, assuming a density of
2600 kg/m?® and a friction angle of 30°, making it more difficult to yield at the
lower part of the brittle lithosphere. This suggests that brittle failure, and
consequently mantle earthquakes, will be rare.

Our analysis indicates that the 2006 Pingtung offshore earthquake
doublet occurred within a strong continental lithospheric mantle in the
northern Manila subduction zone, where high bending stress imposed
during subduction serves as a natural experiment to explore lithospheric
strength. (Fig. 3E). In addition to bending-induced stress, the thinned
continental crust in this region’® results in a shallower mantle lithosphere
compared to typical continental settings, reducing its yield strength. The
combination of reduced strength and elevated bending stress creates a
unique opportunity for yielding, manifested as plastic strain that collocates
with enhanced stress in our geodynamic model (Fig. 3D) and with earth-
quake occurrence. Another line of evidence supporting the idea that the
occurrence of mantle earthquakes follows stress availability is provided by
Zhang et al.’". Their analysis of a slab flexure model shows that bending-
induced stress reaches its peak in the northern Manila subduction zone,
where seismicity is notably denser than in the southern segment. Moving
further north toward the Taiwan orogeny, the degree of bending
decreases®”’, and the associated bending-induced stress is expected to
weaken. This trend aligns with the observed reduction in mantle seismicity
from profile E-E’ to profile C-C’ in Fig. 1. Profile C-C’ represents a typical
continental lithosphere, characterized by sparse lower crustal and mantle
earthquakes.

Although the continental lithosphere in this study formed at a passive
margin and has undergone thinning and stretching—conditions that may
not characterize continental lithosphere in all tectonic settings—the con-
clusion regarding the critical role of sufficient tectonic stress appears to
remain broadly applicable. Similar arguments have been made for cratonic
regions, where tectonic stress well below the lithospheric strength is
insufficient to cause yielding, resulting in infrequent seismic activity’.
Supporting this argument, there are documented cases of earthquakes
occurring within the continental mantle in regions where enhanced

differential stress, driven by specific tectonic environments, creates con-
ditions favorable for yielding. Examples include continental subduction in
the northern Manila Trench, the Arafura Sea”, and the Adriatic Sea”™, as

675

well as continent-continent collision in the Tibet-Himalaya region™”.

Implications to seismic hazards of intraslab earthquakes
Concerning the source characteristics and hazard aspects of intraslab
earthquakes, the 2006 Pingtung offshore earthquake doublet exemplifies
how intraslab earthquakes may pose additional hazards by generating
higher peak ground accelerations (PGA) than expected”®. Detailed analysis
of seismic source process in this study reveals that these intraslab earth-
quakes ruptured across multiple scattered and geometrically complex
asperities. We propose that the geometric heterogeneity of these faults,
characterized by small, discontinuous asperities, is indicative of an imma-
ture fault system. This is supported by minor plastic strain (10” to 10™)
observed in the seismic source region of our geodynamic model (Fig. 3D).
This behavior resembles that of crustal fault systems, where immature fault
networks tend to exhibit greater fault misalignment”’. Such misaligned or
complex fault structures, coupled with heterogeneity in normal stress, can
generate higher-frequency components in seismic waves-characteristics
that may persist over multiple earthquake cycles, according to statistical
analyses and experimental studies of crustal faults™”. The observations and
geodynamic modeling presented here offer a plausible explanation for the
characteristically higher stress drops commonly observed in intraslab
earthquakes’'. The higher stress drop is likely a consequence of misaligned,
immature fault networks, as subducting slabs experience concentrated stress
only in limited zones and lack the consistent stress loading necessary for
fault maturation over time, unlike interplate fault systems.

Methods
#1 potency density tensor inversion method
A potency-density tensor inversion method™ was proposed to flexibly
accommodate multiple faults with complex geometries rupturing during the
same event. In the flexible source inversion method, fault slip along the
assumed model plane is represented by the superposition of five basis
double-couple components”; then, the fault geometry can be inferred from
the spatiotemporal variation of focal mechanisms. This method mitigates
the effect due to the uncertainty of the fault geometry by obtaining the
distribution of potency-rate density tensors (i.e., spatiotemporal distribution
of slip and the fault geometry)™*’ along the assumed model plane.

In the PDTI method, the seismic waveform u; observed at a station j is
expressed as follows:

5
w0 =3 /S (ot 9+ G,y (1,9) # D (1, € + ) (1)
2

where G;; is the Green’s function of the g-th component of the double-
couple moment tensor, 8G,; is the modeling error on G,;, D, is the
potency-rate density function, e; is a background and instrumental
Gaussian noise, § represents a position on the assumed model plane (S), and
* denotes the convolution operator in the time domain ¢. A potency density
tensor is obtained by dividing a moment density tensor by rigidity of the
medium. The PDTT projects the faulting slip on the model plane as potency
density tensors, which relates to the slip if the projected plane is a true fault
plane™.

To avoid overfitting and unstableness that may arise from such a high-
degree of freedom modeling, the PDTI explicitly introduces modeling errors
originated from the uncertainty of the Green’s function into the data cov-
ariance matrix” and adopts Akaike’s Bayesian Information Criterion
(ABIC)*"** to objectively determine the strength of smoothing constraints.
We followed the latest time-adaptive method that dynamically adjusts the
smoothing strength based on the amplitude of the potency-rate density
function. This approach effectively reduces over-smoothing during the
main rupture, preserving the clarity of the results®. The Green’s function
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was computed based on the method of Kikuchi & Kanamori” using a one-
dimensional velocity structure'® for the source side (Table S1). To mitigate
the effects of the Earth’s three-dimensional velocity structure, P-wave arrival
times were manually picked.

This method has effectively resolved cases involving complex rupture
processes with undefined fault geometry across various tectonic settings, as
demonstrated in recent studies”*****”. When compared with results from
cases like the Kaikoura earthquake in 2016’ and the El Mayor-Cucapah
earthquake in 2010°>%, where the fault traces can be defined from the
surface, this method consistently shows stability and reproducibility in
addressing source problems, particularly in determining focal mechanisms
that indicate stress states. Moreover, it reveals distinct advantages in regions
lacking known faults, addressing unique challenges that are otherwise
intractable, such as intraslab earthquake in East Cape, New Zealand™.

Model configurations

We set the strike of our modeled planes for both events according to
the USGS’s moment tensor solutions. In the PDTI, the potency
density tensor at each node is solved independently of the model
plane. For both events, spatial node intervals are 2.5 km along depth
and 5km along strike, resulting in a total of 240 source elements
(subfaults) (Fig. 2A-C). We adopt the hypocenter at 21.687°N,
120.555°E, 32.5km and 21.970°N, 120.420°E, 47.5 km, for the first
and the second event, respectively. The location (latitude, longitude)
is determined by CWB relocation. The maximum rupture-front
velocity was limited to 4.4km/s. The potency-rate density function
for each spatial node was assumed to be a linear B-spline function
with 0.5 s intervals, with a total duration of 12's and 11 s for the first
and second event, respectively. The sensitivity of the model-plane
geometry and the near-source structural models is evaluated, which
turns out to have limited effect on the solution (Figs. S20, S21).

#2 Geodynamic (thermal-mechanical) models

Our 2D numerical code, geoflac, employs the Fast Lagrangian Analysis of
Continua (FLAC) technique™ for solving the conservation equations for
mass and momentum and energy, the heat advection-diffusion equation
with frictional heating. The detailed algorithm, described by previous
studies’ ™, is briefly summarized here. The equation of motion is solved
explicitly on a Lagrangian grid with strong damping (5e-5) of the elastic
wave to achieve quasi-static equilibrium.

Equations and parameters governing mechanical behavior
The model’s mechanical behavior is governed by elasto-visco-plastic con-
stitutive relationship. Linear elasticity is computed using the Lamé first (\,)
and second parameters (\,), 3x10'° Pa here. For plasticity, the shear stress at
yield 7, follow the Mohr-Coulomb yield criterion (r = o, tan(¢) + C),
depends on normal stress (0,,), cohesion (C) and friction angle (¢). Cohe-
sion and friction angle decrease linearly with plastic strain from initial (C,,
¢o) to weakened values (C;, ¢;) until the plastic strain reaches the saturated
plastic strain, which is assigned a value of 0.1 in our model. The values for
density, cohesion and friction of different materials are listed in Table S3. In
all models, except the serpentinized mantle and sediments, all other litho-
spheric materials weaken frictionally from ¢ =30° to ¢ = 15°.

Viscosity 1 is nonlinear, depending on the deviatoric strain rate’s

N . . YT
second invariant (é; = 1/2 (exx — szz) + 4¢2)), stress exponent (n),

viscosity pre-factor (A), activation energy (E), universal gas constant (R),
and temperature (T) and is calculated using the non-Newtonian dislocation
creep law as follows™:

_1(3Ye (B @)
T=3\aa) 1 P\ GR(T + 273)

Despite viscosity reduction with temperature and strain, a minimum
cut-off value of 10* Pa-s is imposed. Stresses from elasto-viscous and elasto-

plastic flow are computed for each element, with the lesser stress invariant
taken as the final stress.

Data availability

All seismic data were downloaded through the IRIS Wilber 3 system (https://
ds.iris.edu/wilber3/). The facilities of EarthScope Consortium were used for
access to waveforms and related metadata from the following seismic net-
works: (a) the BK (BDSN; Northern California Earthquake Data Center,
2014); (b) the G (GEOSCOPE; Institut De Physique Du Globe De Paris
(IPGP) & Ecole Et Observatoire Des Sciences De La Terre De Strasbourg
(EOST), 1982); (c) the GE (GEOFON; GEOFON Data Center, 1993); (d) the
IC (NCDSN; Albuquerque Seismological Laboratory (ASL)/USGS, 1992); (e)
the IU (GSN-IRIS/USGS; Albuquerque Seismological Laboratory/USGS,
2014); (f) the MN (MedNet; MedNet Project Partner Institutions, 1990); and
(g) the PS (ERI/STA; University of Tokyo, Earthquake Research Institute
(Todai, ERI), Japan, 1989). Additional datasets include the Geophysical
Database Management System (GDMS) in the Central Weather Adminis-
tration (DOL: 10.7914/SN/T5), centroid moment tensor solutions from the
GCMT catalog (https://www.globalcmt.org/CMTsearch.html), the USGS
catalog, TECDC (DOI: 10.30067/TECNL.202206_1(1).0002), and the
AutoBATS CMT catalog (https://tecdc.earth.sinica.edu.tw/FM/AutoBATS/).
Data from Y. M. Wu et al. (2009, 2013) were obtained from http:/
seismology.gl.ntu.edu.tw/main.htm.

Code availability
The code for 2D geodynamic modeling is available at https://github.com/
GEOFLAC/geoflac.
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