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Abstract Basin inversion, involving the transition from extensional to compressional stress, has been
extensively studied. Traditional theories predict uplift and erosion of extensional basin structures during
inversion, yet some rifted basins, like the Pannonian Basin in southeastern Central Europe and the Pearl River
Mouth Basin (PRMB) in the Northern South China Sea (SCS) show sustained subsidence even under
compression. Previous sandbox experiments and numerical models mostly focus on fault inversion at the scale
of sedimentary basins and overlook large-scale boundary conditions, such as compression from subduction
initiation. Here, we investigate the anomalous subsidence in the PRMB, adjacent to the SCS and the Manila
Subduction Zone. Using two-dimensional numerical models and varying basin wavelength and thickness, and
the convergence velocity of the upper plate to explore how rifted basin responses to the subduction. Our results
show that subduction initiation can sustain central basin subsidence for >1 Myr, with high tectonic subsidence
rates (>0.4 mm/yr) despite compression. The lithosphere undergoes both lithospheric- and crustal-scale
buckling; the latter dominates when inherited structure has short wavelength, enhancing distributed deformation
and broadening the subsiding area. Basin subsidence exhibits a periodic feature, including a “reactivation stage”
with high tectonic subsidence rate triggered by subduction initiation. The inherited boudinage structure
promotes distributed deformation and tectonic subsidence, while subduction velocity enhances the overall
subsidence rate. The characteristic wavelength of deformation depends primarily on inherited structure and
lateral variations in lithospheric strength. Overall, our results emphasize the importance of subduction induced
compression and the inherited structure on basin inversion.

Plain Language Summary The Pearl River Mouth Basin began accumulating sediments in grabens,
topographic depressions formed by downward movement along normal faults, approximately 80 to 65 million
years ago. This occurred as a result of distributed crustal extension, which ultimately led to the opening of the
South China Sea around 32 million years ago. When the nearby Manila Subduction Zone initiated 20 million
years ago due to compressional forces, geologists typically expected the graben faults to be reactivated in
reverse, leading to uplift and erosion of the sedimentary rocks. Instead, sediment accumulation accelerated
locally, accompanied by unexpected subsidence in the basin. Our study uses computer models to investigate this
unexpected subsidence. The results reveal that inherited variations in crustal thickness and wavelength, known
as boudinage, play a significant role in controlling how the basin responds to tectonic forces, helping to explain
the observed patterns of continued subsidence.

1. Introduction

Glennie et al. (1981) were the first to use the term “inversion” to describe the transition of extensional basins into
compressional regimes, primarily based on field observations in sedimentary basins. This term now refers to
basins or grabens in different tectonic settings that undergo a transition from an extensional to a compressional
stress regime, where compression is typically driven by a tectonic event, such as subduction (Cooper et al., 1989),
and has been widely recognized in basins around the world over a long period (e.g., Baranov et al., 2002; Frimmel
& Folling, 2004; Fyhn et al., 2010; Horvith & Cloetingh, 1996; Rosa et al., 2023; Sun et al., 2014; Suo
et al., 2020; Wang et al., 2017; Ziegler, 1987). Subsequent studies further classified basin inversion processes
into: (a) observational studies documenting structural and stratigraphic evidence (e.g., Cooper et al., 1989; Turner
& Williams, 2004), (b) numerical models simulating lithospheric flexure and stress evolution (Cloetingh &
Burov, 2011; Rosa et al., 2023; Schmalholz & Podladchikov, 1999), and (c) analog experiments investigating
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fault reactivation patterns (Del Ventisette et al., 2006; Wang et al., 2017). The inversion process is now recog-
nized to involve multiple phases: (a) fault reactivation and uplift, marked by reverse faulting and erosion (Fyhn
et al., 2010; Turner & Williams, 2004); (b) potential continued subsidence in some basins due to lithospheric
weakening or distributed deformation (e.g., Perron et al., 2021; Suo et al., 2020). While reverse faulting is
typically associated with basin uplift during inversion (Turner & Williams, 2004), some cases, including the
Pannonian Basin in southeastern Central Europe and Xihu Sag in Eastern China, exhibit concurrent subsidence
despite compression—a paradox attributed to regional stress distribution due to locked stable continental envi-
ronment or oblique stress partitioning due to fault geometry (Horvith & Cloetingh, 1996; Wang et al., 2017).

To investigate the mechanisms and factors influencing the evolution of basin inversion, sandbox experiments
have been widely used (e.g., Bonini et al., 2012; Buchanan & McClay, 1991; Granado et al., 2017; Keller &
McClay, 1995; Marques & Nogueira, 2008; Pinto et al., 2010; Schofis et al., 2022). However, the fixed lower
boundary used in these sandbox experiments limits mantle convection beneath it, and most of them focus on basin
structure without accounting for the regional tectonic setting at larger scales, such as subduction zones. Numerical
simulations have also been employed to study basin inversion (e.g., Buiter et al., 2009; Dai et al., 2014; Jourdon
etal., 2019; Lafosse et al., 2016; Li et al., 2021; Oravecz et al., 2024; Yang et al., 2016), allowing for the inclusion
of thermal effects and isostatic responses but they primarily focus on the rifted basin itself under changing
boundary conditions, often neglecting the influence of external forcing such as subduction, and without correcting
for boundary condition effects.

The South China Sea (SCS) lies between the Pearl River Mouth Basin (PRMB) and the Manila Subduction Zone
(MSZ) (Figure 1a), the latter acting as the source of compressional stress during basin inversion since its initiation
(Li et al., 2021). The mechanism of subduction initiation (SI) can be either induced or spontaneous (Stern, 2004;
Stern & Gerya, 2018; Zhou et al., 2018). The former one requires an external driving force, such as the pull of a
subducted slab or compression from a mid-ocean ridge (Arculus et al., 2015), whereas the latter one occurs along
fault zones or weak zones due to the density difference between the subducting plate and the uplifted half-plate
(Gerya, 2011; Gurnis et al., 2004; Stern & Gerya, 2018). In the case of the Manila Subduction, it is induced by
westward motion of the Philippine Sea Plate (PSP) above the SCS, when subduction occurs, the SCS plate ex-
periences tectonic compression from Manila Subduction and transfers this compression to the PRMB (Wu
etal., 2016). Previous models simplified the influence of the Manila Subduction as an “accordion”-type boundary
condition and neglected the inherited boudinage structure of the PRMB (Li et al., 2021). This study focus instead
on the influence of subduction-induced tectonic compression on rifted basins during inversion with inherited
boudinage structure, taking the PRMB as an example. Here, we examine the anomalous subsidence observed in
the PRMB using 2D numerical models to investigate the relationship between the anomalous tectonic subsidence
observed in the PRMB and adjacent Manila Subduction.

In summary, the uplift and erosion of basins are commonly considered distinctive indicators of basin inversion.
However, an increasing body of evidence suggests that, even in a rifted basin undergoing the transition from
extension to compression, the response of the basin to the shift in stress regime can be contradictory, ranging from
uplift to subsidence. This is exemplified by the observed increase in tectonic subsidence rates in the PRMB
(Figure 1b). Simultaneously reproducing, the rifting of the PRMB and the SCS along with the initiation of the
Manila Subduction is difficult to achieve within a single modeling without precise constraints from re-
constructions. However, as products of continental rifting, the boudinage structure of rifted basins (Zhou
et al., 2025) can be represented and calibrated by varying crustal thickness and wavelength. In this study, our
models aim to investigate the interaction between the rifted basin with inherited boudinage structure and forced
subduction initiation of the Manila Subduction, using a left fixed boundary representing the strong South China
block (SCB) and a right converging upper plate representing the PSP.

2. Tectonic Setting and Structure of the Pearl River Mouth Basin (PRMB)

The PRMB (Pearl River Mouth Basin) formed during Mesozoic-Cenozoic and is located in the northern part of
the SCS (Figure 1a), with >30 Myr rifting history since >65 Ma to ~34 Ma (Figures 1c and Pinglu & Chun-
tao, 1994). The continental margin experienced NW-SE and N-S extensions during rifting and E-W compression
in the post-rift stage (Franke et al., 2014; Hutchison, 2004; Sun et al., 2019). Drilling data reveal a well-preserved
stratigraphic succession in the PRMB (Pang et al., 2007), showing a progressive evolution from the Wenchang
Formation (Middle Eocene) at the base, through the Enping (Late Eocene—Early Oligocene), Zhuhai (Late
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Figure 1. Tectonic setting surrounding the PRMB, with tectonic subsidence rate in the PRMB and main tectonic events in this area. (a) Tectonic setting surrounding the
PRMB. Zhul, Zhu2, BYD, CSD, LWD are names of depressions, SHU-Shenhu Uplift, PYL-Panyu Low uplift, DSU-Dongsha Uplift. (b) The tectonic subsidence rate of
different parts of the PRMB since 33.5 Ma, see positions of wells in (a). (¢) Main tectonic events in study area since Cretaceous, modified from Sun et al. (2014). MS-
Molucca Sea, MSZ-Manila Subduction Zone, PSCS-Proto South China Sea, PSP-Philippine Sea Plate, SCS-South China Sea, SWSB-Southwest Subbasin of the SCS,

ESB-East Subbasin of the SCS.

Oligocene), Zhujiang (Early Miocene), Hanjiang (Middle Miocene), and Yuehai (Late Miocene) formations, to
the uppermost Wanshan Formation (Pliocene). Abundant geophysical data image the crustal-scale boudinage
structure of the PRMB with a series of horsts and sags as the results of Mesozoic-Cenozoic continental rifting
from the SCB (Cameselle et al., 2020; Deng et al., 2020; Zhang et al., 2023). This structure features 10s to 100 km
wavelength and crustal thickness ranging from 15 to 25 km, depending on the directions of seismic lines across
the PRMB, and also surrounding the SCS (Franke et al., 2014; Savva et al., 2014). In the PRMB, geophysical
results also identified reverse faults related to the basin inversion in Baiyun Sag and Beibuwan Basin from west to
east (Sun et al., 2014; Wang et al., 2025) since 23 Ma, this basin inversion is proposed be related to the Manila
Subduction. In the western part of the PRMB, ~10 km sediments in thickness can be observed in depocenters (Li
et al., 2021).

Surrounding the PRMB, there are two important tectonic units which are the East Subbasin of the SCS (ESB) and
the MSZ (Figure 1a). The ESB formed as oceanic crust at ~35 Ma and ceased spreading at 15 Ma (Briais, 1993).
The initiation time of the MSZ is debated, ranging from ~23 Ma (Yumul et al., 2003) to >9 Ma (Liu et al., 2020)
according to different line of evidences but with more results showing 18~16 Ma. In a broader tectonic context,
the PRMB formed before the opening of the ESB (~35 Ma), and prior to the initiation of the MSZ. To study the
interactions between the Manila Subduction and the PRMB, we build geodynamic models that consider the
continental rifting process leading to the formation of the PRMB with inherited boudinage structure. In our
models, the rifted basin employs a sinusoidal geometry with varying wavelength and thickness, this geometry is
reproduced by former rifting models (Li et al., 2021; Oravecz et al., 2024; Ricard & Froidevaux, 1986; Zhou
et al., 2025). While geophysical observations can only show present structure, not the initial one, we vary the
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crustal wavelength and thickness of the basin with corresponding lithospheric thickness according to isostacy.
Besides, knowing that the SCS subducted under the PSP, with 300~600 km shortening distance and changing
front angle between them until today (Wu et al., 2016), but with arguing initiation time of the Manila Subduction
from ~23 Ma (Yumul et al., 2003) to >9 Ma (Liu et al., 2020) (corresponding to ~3 cm/yr to ~7 cm/yr of
subducting velocity in average), the converging velocity is therefore not determined and set as a testing factor in
our experiments. As the strong SCB kept almost constant position compared with the PRMB (Wu et al., 2016), a
fixed left boundary is therefore set, and a leftward converging upper plate to represent the westward motion of
the PSP.

3. Methods

We use the two-dimensional thermo-mechanical numerical code I12VIS (Gerya & Yuen, 2003) to study the dy-
namics of the basin under compression from subduction. This modeling framework based on finite-difference and
marker-in-cell techniques is used to solve the mass, momentum, and energy conservation equations in a fully
staggered grid. Additional modules are also employed in this study. Readers may refer to (Gerya & Yuen, 2003)
for a detailed description of the employed numerical strategy.

3.1. Governing Equations

In our models, we use the governing equations to achieve the conservation of mass, momentum and energy:

v,

0x,«

— 4 . =(
ox;  0x; Péi

1

aT+ T J kaT +H.+H,+H,+H,
eyl —+vi— | =—|k—
P\ a0 T Viox, ) T o\ oy, ) T T e T e T AL

where v is velocity, ¢/ deviatoric stress tensor, P pressure, p density, g gravity acceleration, c, heat capacity, T

temperature, k thermal conductivity, H, radioactive heating rate, H shear heating rate (H; = ai’j &, & strain rate
tensor), H, adiabatic heating rate (H, = Ta(DP/DT), a thermal expansivity), H, latent heating rate.

In order to achieve a free surface of the crust, a sticky air layer with a thickness of 22.5 km is implemented above
the surface of the crust. The calculation of crustal sedimentation and erosion is governed by the following
equation:

We _,, _, W
ar Y Fox

—v,+ v,

where y, is the vertical position of the erosion/sedimentation surface; v, and v, are the material velocity at the
surface in x, y direction respectively; v, and v, are the sedimentation and erosion rates respectively, of which the
values are applied by the following rules: v, = 0 and v, = 0.315 mm/yr when y, < 15 km, v, = 0.315 mm/yr and
v, =0 when y, > 15 km.

3.2. Visco-Plastic Rheology

Buckling and folding are the two fundamental deformation modes of rocks (Schmalholz & Podladchikov, 1999),
they correspond to elastic and viscous deformation, respectively (Turcotte & Schubert, 2002). On a million-year
scale, the flexure of the basin can be attributed to viscous deformation, which adopts a viscous deformation
mechanism. In our model, the deformation calculation incorporates the viscous mechanism, which adheres to the
flow laws of diffusion creep and dislocation creep. For diffusion creep, we utilize a constant critical stress (6;;)
(Turcotte & Schubert, 2002), which signifies the transition stress from diffusion creep to dislocation creep.
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PV, + E)

1 _
Naifr = EA(Gcm)l "exp < RT

PV, + E)

1 1,. g
Mais1 = 5‘4"(31'1) " exp( RT

where £[7 is the second invariant of the strain rate tensor; R gas constant, A pre-exponential factor, £, activation

energy, V, activation volume, and n creep exponent.

The effective viscosity of the viscous deformation is determined by taking the harmonic average between

(tan)
Myis =
" Naier - Ndist

The plastic deformation abides by the Drucker-Prager yield criterion (e.g., Ranalli, 1995). The viscosity of this

diffusion and dislocation creep.

plastic deformation is calculated using the following formula:

o,=C,+ P

Oy
’7plas =5
2éy

where o, is yield stress, C, cohesion, ¢ effective internal friction coefficient.

The effective viscosity of rocks (17.4) is determined by the minimum viscosity between viscous and plastic
deformation.

Megr = mi“(’his’ ﬂp]as)

3.3. Model Setup

We use large-scale models with physical dimensions of 2,000 X 400 km and numerical mesh of 721 X 231 nodal
points. The grid resolution varies from 1 km X 0.5 km in the basin to 7 km X 5 km in the boundary region.
Continental lithosphere is set from x = 0—400 km, x = 800-900 km and x = 1,600-2,000 km part of the model
domain, which is composed of an upper felsic crust (15 km), a lower mafic crust (15 km), a lithospheric mantle
layer (67.5 km), and a transitional part from x = 900-1,000 km and x = 1,500-1,600 km area. A 400-km wide
basin is set from x = 400-800 km, which is composed of a sedimentary layer (1 km) atop of it. The inherited
boudinage structure of the basin is simulated by sinusoidal limits between a felsic upper crust (10 km), a mafic
lower crust (10 km) and an ultramafic lithospheric mantle layer (47.5 km). An oceanic lithosphere is set from
x = 1,000-1,500 km, which consists of sedimentary layer (2.5 km), a basaltic crustal layer (5 km), and a litho-
spheric mantle layer (62.5 km). The lithospheric mantle is composed of dry olivine, below the lithospheric mantle
is the asthenosphere mantle, which is prescribed with dry olivine rheology (Ranalli, 1995).

The boundary conditions include free slip on the top and left boundaries, while the bottom and right boundaries
are permeable. An additional internal boundary velocity is prescribed on the overriding plate to force convergence
in the subduction zone. A speed of 3 cm/yr is applied at a depth ranging from 22.5 to 120 km on the right boundary
in models, aiming to push the right continental lithosphere leftward for more than 4 Myr to initiate subduction
with >120 km convergence from the right upper plate. A 22.5-km low viscosity “sticky” (7 = 10'3 Pa-s) air atop
the crust is implemented to mimic free surface for the finite difference method (Crameri et al., 2012). For the
temperature configuration of the continental lithosphere, a linear gradient is applied with constant temperature of
0°C and 1,300°C at the top and bottom boundaries of the lithosphere, respectively. The thermal gradient used
within the asthenosphere is quasi-adiabatic (0.5°C/km, Katz et al., 2003). The visco-plastic thermo-mechanical
parameters of each lithology are based on a list of laboratory experiments (Ranalli, 1995) (Table 1).
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Table 1
Rock Parameters Used in the Numerical Experiment
Continental upper crust/ Continental lower Hydrated mantle/Weak
Parameters Sediments crust Oceanic crust Mantle zone
Flow Law Parameters®
Rheology Wet Quartzite Felsic granulite Plagioclase Dry olivine Wet olivine
Preexponential factor A (Pa"s) 1.97 x 10" 4.98 x 10%° 4.80 x 10% 3.98 x 10'° 5.01 x 10%°
Exponent n 2.3 3.1 32 3.5 4.0
Activation energy E, (J/mol) 1.54 x 10° 243 x 10° 2.38 x 10° 532 x 10° 470 x 10°
Activation volume 0 0 0 1.0 0.8
V, (m*/mol)
Critical stress o (Pa) 3% 10* 3% 10* 3% 10* 3% 10* 3% 107
Plasticity
Cohesion C (Pa) 2e’/2¢’ 2e’/2¢’ 1e%1e® 2e’/2¢’ 1e%1¢®
Effective friction coefficient ¢ 0.6/0.3 0.6/0.3 0.01/0.01 0.6/0.6 0.0/0.0
Strain weakening onset/end 1.0/2.0 1.0/2.0 0.5/1.5 0.5/1.5 0.5/1.5
Material properties
Density p (kg/m?)>* 2,750 2,850 3,000 3,300 3,300
Thermal expansion a (K~')¢ 3x107° 3x107° 3x107° 3x107° 3x107°
Compressibility g (Pa™") 1x 107" 1x 107" 1x 107" 1x 107" 1x 107"
Heat capacity C, (J/kg/K)b 1,000 1,000 1,000 1,000 1,000
Heat conductivity K 0.64 + 807/(T+77) 1.18 + 474/(T+77)  1.18 + 474/(T+77) 0.73 + 1,293/(T+77) 0.73 + 1,293/(T+77)
Radioactive heating H, 2.0x 107° 2.0x 1077 22 %1077 22x 1078 25%x 1078
(W/m?)
Solidus T, (K)* T, T, T Ty Ty,
Liquids 7; (K)** T, T, Ty Ty, T,

Note. T,; = 889 + 17,900 / (P + 54) + 20,200/(P + 54)* at P < 1,200 MPa or 831 + 0.06P at P > 1,200 MPa; T;, = 1262 + 0.09P.T,, = 1327 +
0.0906P; T, = 1423 + 0.105P. T3 = 973 — 70,400 / (P + 354) + 778 x 10°/(P + 354)* at P < 1,600 MPa or 935 + 0.0035 P + 0.0000062P2 at P >
1,600 MPa; T3 = 1423 + 0.105P.T,, = KATZ2003; T}, = KATZ2003. *Ranalli (1995) *Turcotte and Schubert (2002) °Bittner and Schmeling (1995) “Clauser and
Huenges (1995) °Schmidt and Poli (1998) Katz et al. (2003).

We set up 5 groups of models in total and tested 3 factors, including the wavelength of the basin (1), thickness of
the lithospheric of the basin (H) and the pushing velocity from the right converging upper plate (v). In Group 1, 12
models are set with 4 = 38, 76, 152 km and oo (flat basin), v =3, 5, 7 cm/yr, H = 67.5 km. In Group 2, 4 models
are set with 4 = 38, 152 km, v = 3, 7 cm/yr, H = 57.5 km, while Group 3 also contains 4 models sharing same
design with Group 2 except the thickness of basin (H = 77.5 km). Group 4 uses the same parameters as Group 1, 2
and 3, but without pushing the right upper plate to initiate the subduction. Similarly, Group 5 is set without the
pre-existing rifted basin and the push (no basin models). Besides, 36 markers are set in the basin to record the
subsidence of it (Figure 2b).

3.4. Correction of the Isostasy and Boundary Condition

In our models, both isostasy and boundary condition contribute to the final basin subsidence. To isolate and
quantify their respective influences, we use two specific model groups: Group 4, which includes only pre-existing
basins but no subduction, and Group 5, which includes neither pre-existing basins nor subduction. To illustrate the
contribution from these two factors, we select three representative models and compare their subsidence values.
The first is a reference model (light blue line in Figure 3; shown in Figure 4a), which includes a pre-existing rifted
basin (1 = 38 km) and ongoing subduction (v = 3 cm/yr). The second is a parallel model (brown line in Figure 3)
from Group 4, which shares the same setup as the reference model but excludes subduction (v = 0 cm/yr), in order
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Figure 2. Initial setup of the reference model (4 = 38 km, H = 67.5 km, v = 3 cm/yr). (a) The initial design of the reference model shows the composition with zoomed
window of the basin part in panel (b). (c) Viscosity field of the reference model at 0.016 Myr with geotherm for continental and oceanic lithosphere, respectively. In
panel (a), white lines represent the 400°C, 1300°C, and 1400°C isotherms, while A and H indicate the wavelength and thickness of the basin, respectively. 1 to 9 in
material boxes in panel (a) refers to air, water, sediments, continental upper crust, continental lower crust, oceanic crust, lithospheric mantle, asthenospheric mantle and
weak zone, respectively. Pentagrams with different colors in panel (b) refer to markers used to record the subsidence rate covering the whole basin.

to assess the effect of isostasy. The third is a static model (light red line in Figure 3) from Group 5, which lacks
both the pre-existing basin and subduction, and is used to evaluate the effect of boundary conditions.

The subsidence values from each model—denoted S, (reference), S; (parallel), and S, (static)—are used to
calculate tectonic subsidence (Siecionic)» as illustrated in Figure 3. Comparison of topography in Figure 3 from 0 to
0.52 Myr shows that all models experience uplift first. Yet, the static model has only ~1 km uplift of the
topography, while reference and parallel model has >7 km uplift in average due to the existence of the basin under
isostasy. However, the reference model still yields a lower surface elevation compared with the parallel model
without subduction, highlighting that subduction can induce additional subsidence beyond that caused by isostasy
and boundary conditions.

To extract only the contribution from subduction leading to tectonic subsidence in the basin, we set 36 markers at
the same spatial positions covering the basement/continental surface to record the subsidence rate of all models.
S5, S1 and S refer to models with both pre-existing basin and subduction in Group 1 to 3, models with pre-existing
basin but no subduction in Group 4, and models without pre-existing basin and no subduction in Group 5,
respectively. With the evolution time (Af) of models, the tectonic subsidence rate (S{egonic) from the subduction
for each model is calculated according to:

Siectonic = 2 = 81 — So,
/ —
N tectonic — Steclonic/ Ar.

To quantify the combined effects of the above three parameters H, v, and A on the width of subsidence area (A), we
defined a dimensionless number Cz, which is calculated according to:

c H
=Vk—.
. 7
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Figure 3. Topography of basin basement/continental surface in reference model, static model, and parallel model at 0 and
0.52 Myr. Solid and dotted black, brown, light red and light blue lines refer to the topography of the basin basement/
continental surface in models with and without the pre-existing basin at 0 and 0.52 Myr, respectively, with zoomed area
(black solid rectangle) showing the change of topography. S,, S}, S, refers to the subsidence value of basement/continental
surface in reference model, parallel model and static model, respectively. Sicionic, tectonic subsidence.

4. Experimental Results
4.1. Evolution of the Reference Model

The evolution of the reference model with A = 38 km, H = 67.5 km, and v = 3 cm/yr is depicted in Figure 4.
Specifically, Figure 4e delineates the subsidence of the rifted basin under compression from subduction in three
phases, characterized by slow—fast—slow variations in tectonic subsidence rate. Phase 2 with rapid subsidence is
also marked as “reactivation stage”, it shares the same timespan as the initiation of the subduction (SI) from 0.7 to
2.1 Myr, and is characterized by an accumulation of sediments atop the basin basement. Notably, subsidence
shown in Figure 4 includes the contribution from both isostasy and boundary conditions, which are later excluded
in calculating the tectonic subsidence rate.

To visually highlight the impact of tectonic subsidence, we have selectively extracted data from 0.15 Myr onward
for presentation. This selection is necessary because abnormal values caused by numerical disturbances arising
from finite iterations during the initial stages prior to 0.15 Myr. We use a set of models (Group 1) with 4 = 38 km,
76 km, 152 km and oo km (flat basin design), respectively, to assess the impact of 1 (H = 67.5 km, and v = 3 cm/yr).
The results from this group are illustrated in Figure 5, unequivocally demonstrating the following findings:

1. The tectonic subsidence rate of the markers can help identify 3 phases regardless of varying wavelength of the
basin. An obvious rapid phase (Phase 2) featuring fast tectonic subsidence corresponds to “reactivation stage”
from 0.7 to 2.1 Myr, while another two quieter phases (Phase 1 before 0.7 Myr and Phase 3 after 2.1 Myr) show
rates close to 0 mm/yr rate before and after the reactivation stage. The reactivation stage (Phase 2) shares the
same timespan as the reference model in Figure 4 under the same subduction velocity, indicating that the
responses of the basin to the subduction depends mainly on the subuction velocity with constant timespan of
this stage.
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Figure 4. Evolution and tectonic subsidence rate of the reference model. (a-d) The compositional and viscosity field evolve at 0, 0.7, 2.1, and 4.1 Myr, see the position of
the red pentagram in the left-up part of (e), black lines represent the 1300°C and 1400°C isotherms, black arrows respond to velocity direction and relative scale.

(e) Movement of red pentagram in composition field and the tectonic subsidence rate of markers atop the basin basement with time, see the position of markers in the
right-up zoomed composition field of the basin at 4.1 Myr, each line refers to the marker with the same color while the gray area behind them refers to the tectonic
subsidence rate in model without the pushing velocity. Light red and blue areas in panel (e) refer to uplift and subsidy movement, respectively.

2. During the rapid phase featuring the reactivation stage, the line graphs in each model show that the tectonic
subsidence rate of the markers in the central part of the basin is positive and can reach up to 0.5 mm/yr, while
the rates on both flanks of the basin are negative. This indicates that the central part of the basin is subsiding
while two flanks are uplifting, even under compression from subduction. Furthermore, the smaller the
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Figure 5. The comparison between the compositional design of the basin (color graphs) and the tectonic subsidence rate (line graphs) is presented in models with
different wavelengths of the basin (4 = 38 km, 76 km, 152 km, and flat basin with 4 = co km) and no pre-existing basin model. Subgraphs (a—d) show the composition
field of the basin at 4.1 Myr (color graphs) and the tectonic subsidence rate changes (line graphs) of markers with time. Each line of tectonic subsidence rate refers to
markers with the same color in the composition field. Light blue and red areas in line graphs indicate the subsidy and uplift movements of markers, they are also
employed to show the movements in different parts of the basin during the reactivation stage in the composition field (color graphs). Above models featuring

H = 67.5 km and v = 3 cm/yr.

wavelength, the broader the subsiding area becomes (see the width of the light blue areas atop the composition
subgraphs in Figure 5).

3. Before and after the reactivation stage, the tectonic subsidence rate of the markers in the basin is similar to that
in the models without a pre-existing basin. The same timespan of the reactivation stage (from 0.7 to 2.1 Myr) is
consistently reflected in all models with a basin. However, the reactivation stage only occurs when a pre-
existing basin is present. In contrast, models without a basin show little variation in subsidence rate, which
remains close to 0 throughout (see the gray area in each line graph in Figure 5). Here we propose that the
reactivation stage of the tectonic subsidence rate is the response of the basin to subduction initiation, since they
share the same timespan.

To sum up, the subsidence of the rifted basin under compression from the adjacent subduction during the SI stage
can be recorded by the tectonic subsidence rate in different parts of the basin that feature a reactivation stage. The
timespan of the reactivation stage is not related to the wavelength of the basin, but the wavelength of the basin
determines the width of the subsiding area in the basin. Moreover, the reactivation stage ends until the inception of
the subduction.

4.2. Parameter Effects on Tectonic Subsidence Rate

We test three factors with five groups of models, including the wavelength 4, the lithospheric thickness of basin H,
and the pushing velocity of the right converging continental lithosphere v, to see their influence. The wavelength
of the sub-basins (1) is set to 38, 76, 152 km, and oo km (flat basin design) to represent different inherited
boudinage structures of the basin, and the lithospheric thickness of basin (H) is set to 57.5, 67.5, and 77.5 km with
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Figure 6. Results of Group 1 models. Lines with different colors refer to the markers with the same color in basin composition color graphs, indicating the tectonic
subsidence rate of each marker. Gray areas in each subgraph refer to the tectonic subsidence rate observed in no pre-existing basin models. The width of the sinking area
in each model during the reactivation stage is marked on the light blue area in each basin composition subgraph, while the light blue and red areas refer to the sinking and
uplift areas, respectively.

corresponding changes in the upper crust, lower crust, and the lithospheric mantle that represents different
strengths of the basin. The converging velocity (v) is set to 3, 5 and 7 cm/yr. Through the utilization of a sub-
tractive approach to exclude the influence from isostasy and boundary conditions, we thoroughly examine the
evolution process of the basin with subduction and quantify the tectonic subsidence rate in various regions of the
basin with 36 markers covering the whole basin basement.

Group 1 (Figure 6) contains a series of models with different 4 and v values but with a constant thickness of basin
(H = 67.5 km). Group 2 and 3 (Figures 7 and 8) both contain four end-member models with 1 = 38/152 km and
v = 3/7 cm/yr, while models in Group 2 with the constant H = 57.5 km and Group 3 with the constant H = 77.5 km,
respectively. To analyze the effects of the above parameters, we focus on the duration of the reactivation stage, the
variation of markers' tectonic subsidence rate, and the width of the subsiding area in the basin during the reac-
tivation stage.
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Figure 7. Results of models in Group 2. Lines with different colors refer to the markers with the same color in basin composition color graphs, indicating the tectonic
subsidence rate of each marker. Gray areas in each subgraph refer to the tectonic subsidence rate observed in no pre-existing basin models. The width of the sinking area
in each model during the reactivation stage is marked on the light blue area in each basin composition subgraph, while the light blue and red areas refer to the sinking and

uplift areas, respectively.

4.2.1. The Effect of the Wavelength (1) of the Basin and Velocity (V)

Twelve models in Group 1 are employed to test the effect of the wavelength of the basin and pushing velocity,
with 1 = 38/76/152 km and oo km (flat basin design), v = 3/5/7 cm/yr cases representing the different inherited
boudinage structures of the basin and subduction with different velocities (Figure 6). Here we conclude that:

1.

With the same velocity of the converging upper plate, the subsidence area of the basin decreases with the
increasing wavelength (1), except in the flat basin model (1 = oo). All models with the same wavelength share
the same reactivation stage timespan. A smaller wavelength leads to more distributed deformation in the basin,
resulting in a wider subsidence area, while a larger wavelength leads to a narrower subsidence area.

. With the same wavelength of the basin, the duration of the reactivation stage decreases from around 1.4—1 Myr

with increasing velocity. A more pronounced reactivation stage with a higher peak value of tectonic subsi-
dence rate can be observed with increasing velocity (v). Under relatively fixed horizontal boundary conditions,
more deformation occurs in the vertical movement of the basin through rapid subsidence rate. A faster velocity
also leads to a shorter duration of subsidence.

. In models with v = 7 cm/yr, we observe a distinctly larger variation in the tectonic subsidence rate of markers

compared to the flat basin model. This may be due to the stronger change in force state caused by the fast
subduction velocity after the reactivation stage.

4.2.2. The Effect of the Thickness (H) of the Basin

To examine the effect of the mechanical strength of the basin, we varied the lithospheric thickness of the basin.
We set eight end-member models with H = 57.5/77.5 km, 4 = 38/152 km, v = 3/7 cm/yr in Group 2 and Group 3.
Here we compare the results in Group 2 and Group 3 (Figures 7 and 8) to conclude that: (a) An increase in
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Figure 8. Results of models in Group 3 models. Lines with different colors refer to the markers with the same color in basin composition color graphs, indicating the
tectonic subsidence rate of each marker. Gray areas in each subgraph refer to the tectonic subsidence rate observed in no pre-existing basin models. The width of the
sinking area in each model during the reactivation stage is marked on the light blue area in each basin composition subgraph, while the light blue and red areas refer to
the sinking and uplift areas, respectively.

thickness efficiently shortens the width of the subsiding area in the basin, the maximum and minimum values
decrease from 129.7 to 89.9 km and from 98.8 to 49.7 km, respectively; (b) The tectonic subsidence rate during
the reactivation stage is almost reduced by half on average with 20 km increase in thickness (H). (c) A longer
reactivation stage is observed in Group 3 results, which lasts about 2 Myr with v = 3 cm/yr, while this duration is
approximately 1.6 Myr in Group 2.

Above all, a basin with a greater H or A exhibits a narrower subsiding area, a smaller variation in tectonic sub-
sidence rate, and a longer reactivation stage. Besides, we also see a larger variation among markers in the tectonic
subsidence rate after the reactivation stage in models with v =7 cm/yr. Analysis of wavelength (1), velocity (v),
and thickness (H) shows that:

1. The duration of the reactivation stage remains constant across models, while higher velocity increases sub-
sidence intensity and shortens this stage due to enhanced vertical deformation under fixed horizontal
boundaries.

2. The reactivation stage is largely independent of basin geometry, suggesting that its persistence reflects
subduction-driven forcing rather than structural inheritance.

3. The width of the subsiding area decreases with increasing A and H, as thicker or longer wavelength basins are
mechanically stronger and more resistant to deformation.

In summary, velocity controls the rate and duration of subsidence, whereas wavelength and thickness govern its
distribution and magnitude by modulating basin strength.
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Figure 9. Correlation between tested factors and the width of subsidence area in the basin with fitting formula of models in different group. A, width of subsidence area in
the basin; Cz, dimensionless number considering H, v, and A (thickness of the basin, pushing velocity from the upper converging plate and wavelength of the basin). R,

Pearson correlation coefficient.

4.2.3. Quantitative Analysis Between Width of Subsidence Area and 3 Tested Factors

To quantify the combined effects of the three tested parameters (v, A, and H), we calculated the dimensionless
number Cz for all models in groups 1-3 and compared it with the width of the subsiding area (A) (Figure 9).

From results in Figure 9 shows that A and Cz, are linearly correlated with R (Pearson correlation coefficient)
ranging from 0.596 to 0.845 in separate group and 0.315 in all models group. The linear relationship between Cz
and A indicates that the width of the subsidence area strongly depends on the tested factors (H, v, and 1). A
positive correlation between A and Cz is evident with R > 0.5 in Groups 1,2,3, and this relationship can be still
found in all models group even with smaller R = 0.315.

According to the definition of Cz, 4 is negatively correlated with the final width of the subsidence area (A),
whereas H and v are positively correlated with A. H, A refer to the inherited structure of the basin from continental
rifting, indicating that inherited boudinage structure with varying thickness and wavelength contribute to the
basin inversion results calibrated by A. Pushing velocity (v) as a tectonic factor also contributes to the final width
of the subsidence area during basin inversion, showing a positive correlation. Cz therefore provides an efficient
way to link inherited boudinage geometry and tectonic forcing in describing basin inversion under subduction-
related compression.

5. Discussion
5.1. Comparison of Subsidence Rate Between Models and Observations in PRMB

To compare our models' results with observations, we have gathered tectonic subsidence rate data of the PRMB
from 30 Ma to the present (He et al., 2017; Liao et al., 2011; Ma et al., 2020; Tang et al., 2017; Xie et al., 2021), as
illustrated in Figure 1c. Figure 1c clearly shows that there is a significant increase in tectonic subsidence rate from
25 Ma to 13 Ma. During this period, the tectonic subsidence rate exceeded 0.3 mm/yr and persisted for over 1 Myr
in different data sets. However, the cause of this puzzling subsidence in the PRMB remains unclear.

In our models, the results indicate that the tectonic subsidence rate can be positive and persist for >1 Myr,
reaching over 0.4 mm/yr, indicating that the basin subsides in the context of forced subduction initiation. These
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results are consistent with the anomalous subsidence observed during basin inversion in the PRMB, which shows
a positive tectonic subsidence rate across nearly the entire basin area (see Figure 1¢), corresponding to the central
part of the basin in our models. We conclude that the central part of the basin experienced a secondary phase of
post-rift subsidence driven by tectonic compression induced by the Manila Subduction. Unlike the findings of Li
et al. (2021), which require a thin initial crustal thickness (<7 km) after extension to explain the rapid post-rift
subsidence in the northern part of the SCS, our models do not require excessive thinning of the continental
lithosphere.

Consequently, we propose that the Manila Subduction is likely responsible for the anomalous subsidence
observed in the PRMB and associated basin inversion structures (Sun et al., 2014; Wang et al., 2025). The
consistency of timespan between the reactivation stage and inception of the subduction may help identify the SI of
the Manila Subduction, as discussed in Section 5.3.

5.2. Difference of Modes Between Our Models and Observations in Other Examples

Anomalous subsidence is also widely observed around the world, including southern Sundaland, the Kurile Basin,
southern California and the Pannonian Basin (Baranov et al., 2002; Oravecz et al., 2024; Yang et al., 2016;
Yeats, 1978), but scenarios in these areas are attributed to the horizontal displacement under compression, the
regional stress distribution, downwelling mantle flow, and slow pushing velocity, respectively. Both the Kurile
Basin (Baranov et al., 2002) and southern California (Yeats, 1978) with rapid subsidence is attributed to the
Pacific Subduction induced regional compressional stress, but the Kurile Basin with volcanism joining in the
process and making it more complicated. Besides, the southern California Basin is a strike-slip basin
(Yeats, 1978), while the Kurile Basin, Pannonian Basin (Oravecz et al., 2024) and Sundaland (Yang et al., 2016)
are rifted basins formed in back-arc extension state and adjacent to subduction. In these examples, we can see that
tectonic events can't be neglected, and especially in southern Sundaland, subduction is also employed to explain
the occurrence of downwelling mantle flow that brings the subsidence (Yang et al., 2016). Comparing these
examples, we see that the compression from the subduction with inherited boudinage structure is overlooked in
former researches. Another model studying the PRMB still focuses on the basin part solely with changing
boundary condition (Li et al., 2021), but including varying stretching degree and tectonic quiescence leading to
different inherited structure of the basin since continental rifting.

While former models only considered subduction and neglected the detailed inherited structure of the basin (Yang
et al., 2016), or successfully reproduced different structures of the basin (Li et al., 2021) but still overlooked the
influence from subduction leading to tectonic subsidence, or merely proposed that the pushing velocity in the first
order controls the occurrence of subsidence or not, without considering the source of tectonic compression
(Oravecz et al., 2024), the design of our models integrates these setups. We conclude that the inherited structure of
the basin and varying pushing velocity from subduction are crucial factors. Based on this novel design, our study
provides detailed results compared to former models. For instance, the rifted basin exhibits both uplift and
subsidence areas depending on the inherited boudinage structure with varying wavelength and thickness. The
central part of the basin always subsidies with high tectonic subsidence rate (>0.4 mm/yr), while the two flanks
uplift. Additionally, we surprisingly found that subduction initiation (SI) coincides with the reactivation stage of
the basin's central part under tectonic compression from the subduction. This further indicates that anomalous
subsidence in the rifted basin can be linked to the SI, see more discussion in Section 5.3.

5.3. Implications for the Identification of SI in the Manila Subduction Zone

In our reference model, we have observed a consistent reactivation stage spanning from 0.7 to 2.1 Myr with peak
value of tectonic subsidence rate in basin's central part, believed to be the response of the rifted basin to the SI of
the Manila Subduction. However, such a stage is absent in model without the pre-existing rifted basin (Figure 4).
Upon comparing the tectonic subsidence rates between our models and observations, we noticed that within the
PRMB there exists a peak of tectonic subsidence rate from preferred data set with highest time-resolution (Tang
et al., 2017), lasting for 1~2 Myr from ~18 to ~16 Ma (Figure 10a). This peak timespan is coincident with
1~2 Myr timespan of the reactivation stage in our reference model, and it is attributed to the inception of the
subduction from the comparison with no basin model (Figure 10c).

The PRMB began continental rifting during the Cenozoic, with the SCS starting to spread in the southern part of
the PRMB at ~32 Ma and ceased at ~15 Ma (Barckhausen et al., 2014). During the SCS spreading, it collided
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Figure 10. Comparison between reference model's results and data from the PRMB, and cartoon showing the subsidence of the rifted basin caused by the subduction
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with the PSP and subsequently subducted under it at different time along the subduction front (Wu et al., 2016).
The tectonic compression force direction between the MSZ and PRMB changes over time in 3D, this may explain
the varying timespans of the tectonic subsidence peak from different data sets observed in the PRMB (Figure 1b).
Consequently, this variation in tectonic compression force direction contributes to different parts of the PRMB
exhibiting distinct starting times for their responses. We discuss the influence of oblique compression during
basin inversion in Section 5.4 in detail. Furthermore, here we propose that the anomalous tectonic subsidence of
the basin reflects the SI of Manila Subduction. The consistence of a peak in tectonic subsidence rate between
reference model and observations (Tang et al., 2017) indicates that the SI of the Manila Subduction may start from
~18 to ~16 Ma with 3 phases (Figures 10a and 10c). While the peak of tectonic subsidence rate appears in Phase 2
with basin reactivation, but slow subsidence in Phase 1 and Phase 3. Liu et al. (2020) concluded that the SI time of
Manila Subduction varies from early Miocene to late Oligocene based on former researches, which is consistent
with ~18 Ma to ~16 Ma proposed from tectonic subsidence rate, and also proposed that the SI time of the SCS
started >9 Ma with ridge subduction, but with nonclear origin of diorite examples aging ~26.8 to 15.5 Ma
(overlaps with the subduction of the SCS) from Central Cordillera. Based on the consistence between our
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reference model's results and observations, this finding further highlights that by considering the starting time of
anomalous tectonic subsidence, we can identify the SI precisely and gain valuable insights for plate recon-
struction. Former researches mainly used SSZ ophiolite and metamorphic soles to identify SI (Soret et al., 2017),
while the subduction initiation is a short-lasting process compared to the whole subduction process, and it is
difficult to observe rock records (Zhong & Li, 2019). Here we propose that the anomalous subsidence of the basin
is the response to the Manila Subduction, and we can use the timespan of the reactivation stage, which features
high tectonic subsidence rate lasting for >1 Myr, in the basin to identify the SI depending on the precision of
results (Figures 10a and 10c).

5.4. Limitations and Perspectives

In our 2D models, we simplify the sedimentation and erosion processes using the functions described in Sec-
tion 3.1 (Gerya & Yuen, 2003), and we calibrate the basin with varying wavelength and thickness to represent
changes in total strength. This simplification and calibration are reasonable in this study, which focuses on
tectonic subsidence in basins with varying inherited boudinage structures from continental rifting. There are other
numerical models designed to study the subsidence in the rifted basin. In the case of the Pannonian Basin, Oravecz
et al. (2024) focused on basin subsidence during inversion by considering the influence of thermal subsidence and
sedimentation, thereby employing a more complex surface process. Another model for the PRMB is from Li
et al. (2021), which mainly studied the hyper-thinned continental crust in the PRMB (<10 km) and therefore
designed a narrower basin structure, although most parts of the PRMB feature a 15~25 km thick continental crust
(Cameselle et al., 2020; Deng et al., 2020; Zhang et al., 2023) and the total width of the PRMB varies from ~300
to ~ 600 km according to different directions. Our model setup considers a broader tectonic setting and therefore
employs a wider basin structure (~400 km in width). We focus primarily on tectonic subsidence caused by
tectonic events, and thus exclude the influence of surface processes such as sedimentation and erosion. We also
propose that incorporating a more complex and realistic surface process, and a more realistic continental margin
design with varying thickness of the basin's thinned area, along with variable basin width, could provide a more
comprehensive understanding of the final results—an aspect that can be explored in future work.

In addition, an oblique compression due to the change of subduction front direction may also influence the
deformation of the rifted basin. Granado et al. (2017) built 3D analog models to study basin inversion with
inherited faults and oblique compression with burial (sediments), showing that basin accommodates strain and
then new faults form, rather than with deformation following inherited faults but rift structure with distributed
deformation. It is consistent with 2D numerical models results from Lafosse et al. (2016) indicating that basins are
more reactivated than faults with burial. Brun and Nalpas (1996) also shows that in 3D, when oblique
compression is set to the basin with high angle (>45°), basement normal faults are predominately reactivated as
strike-slip faults, whereas newly formed thrust faults accommodate the shortening perpendicular to the grabens.
In our 2D models, due to the limitation of reconstructions' resolution, exact proto-direction of subduction front
and the position of the PRMB during subduction are hard to constrain. Based on former researches mentioned
above, we see that it is the basin's structure that matters to the final deformation pattern of the basin, including
subsidence and uplift, even under oblique compression, 2D models can still work with low oblique compression
(<45°) neglecting the influence of strike-slip in 3D. Our model considering a rifted basin and subduction may also
work for other cases, like the Pannonian Basin, which also features rifting history and then under compression due
to subduction.

Finally, due to the complexity of the Manila Subduction, this study only focus on the interactions between the SI
of it and the anomalous subsidence observed in the PRMB. With the ongoing of Manila Subduction, there are
scenarios including double volcanic chains (Kawamoto et al., 2013; Cheng et al., 2019; Pan & He, 2023), slab
window and slab detachments (Fan et al., 2015) after the inception of it. The interactions between long term
subduction and the responses of the PRMB to it is still enigmatic, we believe this is an interesting topic and can be
explored in the future.

6. Conclusions

We conducted a series of models with varying wavelength and lithospheric thickness of the rifted basin, and the
pushing velocity of the converging upper plate to study the anomalous subsidence in the PRMB under
compression from the Manila Subduction. Our results show that:
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1. A “reactivation stage” with violent fluctuations of tectonic subsidence rate, which lasts for >1 Myr, can be
identified. During this stage, central part of the basin can subsidy with high rate (>0.4 mm/yr) while two flanks
uplift, and this stage is temporally consistent with the initiation of the subduction.

2. Inthe first order, it is the inherited boudinage structure of the basin coupled with the tectonic compression from
the subduction that brings the anomalous subsidence in the central part of the basin, and this rule still works
well even with varying subduction velocity and the change of basin's structure (thickness and wavelength of
the basin) with positive correlation between these factors and basin's subsidence area width.

3. Our results have a good consistency with the observed enigmatic anomalous subsidence in the PRMB, and
here we propose that it may help identify the initiation time of the Manila Subduction, and with the help of
tectonic subsidence rate, we may identify the SI more precisely.
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