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1.  Introduction
Extensional sedimentary basins may undergo transition from extensional to compressional regime due to 
a tectonic event which is often denominated as basin inversion (Cooper et al., 1989). Crustal thickening, 
erosional remnants, and reversely reactivated faults are commonly observed during basin inversion, for 
instance, in cases of the Alpine forelands (Ziegler, 1987) and Pyrenees (Ducoux et al., 2021; Garcia-Senz 
et al., 2000). Despite these general consensuses, there remain some exceptions as to the tectonic responses 
to the early stage inversion. Instead of causing compressional uplift, the inversion may also trigger a rapid 
subsidence that can accumulate abundant sediments, as occurred in the Pearl River Mouth Basin (PRMB).

Abstract Compressional uplift has long been considered as the basic response to basin inversion. 
However, significant discrepancies are recently observed in the Pearl River Mouth Basin (PRMB), where 
anomalous subsidence occurs during the Miocene compression phase. Whether the subsidence is another 
scenario that is associated with the tectonic inversion under certain circumstances remains unknown. 
Here we conduct systematic numerical modeling to explore the patterns of rift basin evolution from 
extension to compression. Our results show that two distinct inversion types develop depending on the 
stretching degree and tectonic quiescence. A less stretched continental crust would facilitate the uplift of 
basin center accompanied by erosion during shortening; otherwise, the basin center exhibits anomalous 
subsidence with abundant sediment accumulation. We further demonstrate that these two contrasting 
types, consistent with the Miocene evolutionary pathways of the eastern and western PRMB, respectively, 
are strongly conditioned by the along-strike variation of stretching degree during extension.

Plain Language Summary Uplift was previously considered as the only evolutionary 
pathway during basin inversion. Our expanded modeling study has demonstrated that the response is 
not unique. For example, the numerical results show that, when the continental crust is highly extended 
(e.g., to a thickness lower than 7 km) at the end of extension, the subsequent compression would promote 
the development of anomalous subsidence. By contrast, uplift and erosion of the basin center will occur 
only when the continental crust is slightly stretched. These results compare well with the along-strike 
variations observed in the Pearl River Mouth Basin (PRMB), northern South China Sea margin. The 
continental crust in the western PRMB has been stretched by a larger amount and thus is characterized 
by anomalously fast subsidence, whereas the eastern PRMB has undergone a smaller amount of crustal 
stretching and then is uplifted by several kilometers during the basin inversion.
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Key Points:
•  The central uplift accompanied by 

erosion or subsidence with abundant 
sediment accumulation may develop 
during the basin inversion

•  Crustal thickness and tectonic 
quiescence are crucial factors 
determining whether the basin 
center will be uplifted or subsided

•  Variation in the crustal thickness 
may be a mechanism for the 
different evolutionary pathways 
along the strike of the Pearl River 
Mouth Basin
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The PRMB is a Cenozoic rift basin in the northern South China Sea (SCS) margin and undergoes compres-
sion only of several million years after it formed, so it well preserves evidences of the former and inverse 
patterns (Figure 1) (e.g., Barckhausen et al., 2014; Briais et al., 1993; Ding et al., 2020; F. Li et al., 2018; Sun 
et al., 2009, etc.). Previous studies have revealed that the PRMB exhibits different tectonic characteristics 
from east to west during the compression phase. In the eastern PRMB, multi-channel seismic profiles image 
a Miocene uplift event together with block faulting in the center, such as in the Dongsha (DS) Uplift (Gao 
et al., 2019; C. Li et al., 2015; Lüdmann & Wong, 1999; H. Xie et al., 2014; Z. Xie et al., 2017). For example, 
in profile P1, an erosional surface has been recognized truncating the Middle Miocene formation (T30, T32, 

Figure 1.  Tectonic setting of the Pearl River Mouth Basin (PRMB), northern South China Sea (SCS) margin. (a) Locations of the Depressions and Uplifts in the 
PRMB overlying the bathymetry map of the SCS. (b and c) The stress diagrams showing a SE stretching stress field in the PRMB at the rifting stage and a WNW 
compressive stress field during the compressional event (Franke et al., 2014; Hutchison, 2004; Sun et al., 2008, 2019). (d) Cenozoic strata thickness map of the 
PRMB. (e) Seismic profile across the eastern PRMB showing erosional truncation of the Middle Miocene strata (He et al., 2019). (f and g) Seismic profiles across 
the western PRMB showing a successive Miocene sedimentation process and a regional erosive process (Z. Xie et al., 2017), respectively.
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T35 in P 1, Figure 1e), and the Middle Miocene succession is gradually thinned and pinched out toward the 
DS Uplift. Many other geophysical studies also have revealed that the middle Miocene sediments in the DS 
Uplift are thin and, in places, even absent. Thereby, the DS Uplift is developed to be a relative sediment-poor 
region in the PRMB (Figure 1d).

By comparison with the east, the center of the western PRMB (e.g., the Panyu Low Uplift and Baiyun 
Sag/Depression) exhibits another scenario, where no significant Early to Middle Miocene erosional un-
conformity has been identified, except for few regional scales (Figures 1d and 1f). Instead, a rapid post-rift 
subsidence event with maximum rate up to 400 m/Myr can be widely observed in the west PRMB, where 
the excess subsidence caused by thermal contraction and is often called as “anomalous post-rift subsidence” 
(McKenzie, 1978; Wang et al., 2021; H. Xie et al., 2014; Zhao et al., 2011, etc.). Consequently, the Panyu Low 
Uplift and Baiyun Sag have evolved into the depocenters of the western PRMB with a complete sequence of 
Cenozoic sediments up to ∼10 km in thickness (Figure 1d). It should be noted that the western PRMB also 
has experienced compressional deformation during the Miocene epoch. For instance, besides the regional 
erosive surface (Figure 1f), the statistic of fault growth index in Baiyun Sag shows that many of the post-rift 
faults have experienced slight inversion and thus are compressive (Sun et al., 2014a, 2014b).

It has been widely believed that the Miocene uplift in the DS Uplift is related to a compressional event called 
the DS event/movement. This event refers to the convergence between Eurasia and the Philippine archipel-
ago at 10.5–12.5 Ma (Figure 1c, P. Li & Rao, 1994; Pang et al., 2007; Sun et al., 2014a, 2014b; Wu et al., 2014). 
The stresses at the convergent plate boundaries transmit over distances up to ∼300 km into the PRMB, 
causing a continuous basement uplift accompanied by erosion. Although the collision-related compression 
appears to be widely distributed in the SCS area, its effects have long been considered to be limited to the 
eastern PRMB, largely because of the prevailing assumption that tectonic uplift/erosion is the only corre-
sponding result of basin inversion. Indeed, the DS event is coeval with the anomalous Miocene subsidence 
in the Baiyun Sag, but whether there also exists a causal relationship between these two geological events is 
still unknown. Several hypotheses have attempted to interpret the anomalous subsidence as results of deep 
crustal flow (Dong et al., 2020; Liao et al., 2011), renewed thermal cooling (X. Xie et al., 2006), or reactivated 
extension (e.g., Clift & Lin, 2001). However, direct evidences for their existence are still lacking. The con-
vergence-related compression by contrast can be conceived as a scientifically plausible and observationally 
supported mechanism. Thereby, it is necessary to evaluate whether the convergence-related compression 
can cause anomalous subsidence and, if so, under which condition does the compression contribute to the 
uplift or the anomalous subsidence?

Several numerical studies have been performed to investigate the process of basin inversion, but their mod-
els mainly focus on discussing the uplift patterns or orogenic evolutions that are determined by the inter-
play of many factors, such as thermal history (Buiter et al., 2009), lithospheric strength (Dai et al., 2014; 
Van Wijk & Cloetingh,  2002), surface erosion (Pysklywec,  2006; Simpson,  2006), rift maturity (Jourdon 
et al., 2019), and forearc uplift (Menant et al., 2020; Taylor et al., 2005). These factors are not the mecha-
nisms to explain the DS event and contemporaneous anomalous subsidence occurred in the PRMB. Here we 
attempt to seek other deformation styles of inversion using a series of 2-D thermo-mechanical models. With 
these numerical models, we will also test the hypothesis that the stretching degree and tectonic quiescence 
duration are crucial in explaining the contrasting inversion types along the strike of the PRMB.

2.  Numerical Model Description
Based on constraints from the case of the SCS, we use thermo-mechanical modeling to represent the pro-
cess from extension to compression and further to discuss the deformation features during inversion. The 
geological evolutions of the SCS can be found in Text S1. A 2-D thermo-mechanical code modified after 
Gerya  (2010) is applied in this study, which solves the incompressible creeping flows and heat transfer 
equations in the model domain. For more details about the governing equations and material parameters, 
please refer to Supporting Information S1 and the example of “viscoelastic-plastic extension” in the refer-
ence book of Gerya (2010).

Our initial model setup takes benefit of previous numerical studies that have successfully modeled the for-
mation of a rift basin (e.g., Beaussier et al., 2019; Koptev et al., 2019; Liao & Gerya., 2017; Pérez-Gussinyé 
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et al., 2006), especially in the SCS margin (Le Pourhiet et al., 2018; F. Li et al., 2019, 2020). The initial model 
consists of the upper crust, lower crust, lithospheric mantle, and asthenosphere of differing materials. The 
upper (20 km) and lower continental crust (15 km) are represented by quartzite and plagioclase rheology, 
respectively (Ranalli, 1995) (Figure 2a). The lithospheric mantle and asthenosphere are prescribed with dry 

Figure 2.  Initial model setup and evolution of reference model 1–3. (a) Enlarged 500 × 200 km domain of the initial 600 × 360 km model shown with 
composition, boundary conditions, initial temperature (black line), and yield strength profile (red line). (b) Time-varying velocity boundary conditions are 
applied on the left and right sides of the model domain. (c) Parametric studies testing the model sensitivities to the initial crustal thickness and tectonic 
quiescence duration. For more sensitivity tests for extension rates, please see Supporting Information S1. (d) Evolution of Set 1 with tectonic quiescence period 
of 0 Myr and initial crustal thickness of 20 km (model 1), 10 km (model 2), and 5 km (model 3) in the center. Viscosity fields at the end of the extension are 
illustrated in the diverging colormaps. The black arrows in represent velocities calculated for the given time step.
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and wet olivine rheology (Ranalli, 1995). The material properties of all layers and the related references 
please see Table S1. A weak sticky layer with η = 1018 Pa s, ρ = 1,000 kg/m3 overlies the crust to provide a 
free-surface-like condition with C-condition of 0.08 (Crameri et al., 2012). The surface processes are calcu-
lated using simplified gross-scale erosion-sedimentation law (Burov & Cloetingh, 1997). We use a moderate 
sedimentation/erosion rate of 0.5 cm/yr within naturally observed ranges.

To achieve realistic modeling of basin inversion, we simulate three stages of the evolution cycle of a sedi-
mentary basin: (a) basin formation, (b) tectonic quiescence (post-rift cooling), and (c) horizontal compres-
sion (Figure 2b). In the first stage, we assign a constant divergent velocity on the right-side boundary to 
model a mechanical extension of the continental lithosphere. The PRMB shows a highly variable crustal 
thickness ranging from ∼21 to 23 km beneath the DS Uplift, to ∼4–5 km beneath western BY Sag, which 
denotes that the basin may experience a different degree of lithospheric thinning along the strike. Thereby, 
we vary the extension duration from one model to another to reproduce the along-strike variations of crus-
tal thickness (5, 7, 10, 16, 20, 27 km) (Figure 2c). Different extension rates are applied at the boundary to 
produce different initial crustal thicknesses, please see Supporting Information S1 for more sensitivity tests.

At the tectonic quiescence phase, we set the model velocity to zero to represent a window between the di-
vergence and convergence phase. Quiescence durations of 0, 1, 2, 3, 4, 5, 10, 15, and 20 Myr are adopted in 
each model (Figure 2c). The compressional stage starts when a constant convergence velocity of 1.5 cm/yr 
is prescribed on the right side. Because we are interested in understanding the early response of the basin 
inversion, we have chosen not to include a long-term convergence history like the orogeny. Instead, the 
third stage continues for several million years which well preserve the structures of the former sedimentary 
basin and are able to compared with the present-day SCS. The velocity boundary condition on the bottom is 
permeable to satisfy an external free slip in the vertical direction.

The initial thermal structure of the continental lithosphere increases linearly from 0°C at the surface to 
1380°C at the bottom of the lithospheric mantle (Figure 3c). A temperature gradient of 0.5°C/km is ap-
plied in the asthenospheric mantle. The left and right boundaries are thermally isolated. A small thermal 
heterogeneity (by elevating the 800°C isotherm by 4 km) is added in the lithospheric mantle, to initially 
generate a temperature perturbation in the middle of the model domain (Burg & Gerya, 2005; Hartz & 
Podladchikov, 2008).

3.  Results
With several sets of numerical models, we investigate the effects of stretching degree and tectonic quies-
cence on the patterns of rift basin evolution during inversion. The models in each set consist of the same 
period of tectonic quiescence but different initial crustal thicknesses. We systematically vary the extension 
duration to obtain a different crustal thickness. The cases with final crustal thickness of 20, 10, and 5 km 
are selected for comparison (Figures 2d, 3, S1 and S2). The results of tectonic quiescence period of 10 and 
15 Myr are shown in Supporting Information S1.

3.1.  Set 1: Tectonic Quiescence Period of 0 Myr With Variable Crustal Thickness

The results in Figure 2d clearly show that, in addition to various crustal thickness, differences in the lith-
ospheric thermal states can be observed among these models at the end of extension (2 Myr in model 1, 
2.6 Myr in model 2, 3.2 Myr in model 3). In general, the less stretched model has a hotter lithosphere beneath 
the center, essentially because of the competitive effects of advection heating (caused by upwelling asthe-
nospheric mantle) and diffusion cooling, or due to the different crustal heat production rates. For example, 
model 1 is stretched to 20 km and exhibits a maximum lithospheric temperature of ∼900–1000°C beneath 
the center, while for a crustal thickness of 5 km (model 3) approximately corresponds to the ∼700–800°C 
isotherm (2 Myr in model 1, 2.6 Myr in model 2, 3.2 Myr in model 3).

As a direct result of increasing temperature, the viscosities of models are dramatically reduced. All the 
lithospheres in these models are thermally weakened with different degrees. For example, the viscosities of 
the lithosphere in models 1 and 2 were reduced to less than 1021 Pa s, and thus a large viscosity contrast can 
be observed between the center and the surrounding continental lithosphere (2 Myr in model 1 and 2.6 Myr 



Geophysical Research Letters

LI ET AL.

10.1029/2021GL094750

6 of 11

in model 2). By contrast, in model 3, a region of high-strength mantle with a value up to 1023 Pa s still exists 
beneath the center at the end of the lithospheric extension (3.2 Myr in model 3). It is the difference in rhe-
ological behavior that eventually determine the patterns of rift basin evolution when the inversion starts.

The early stage compression is mainly accommodated by the deformation of the rheologically weak zone, 
and the different locations of weak zone further control the styles of inversion. For instance, uplifts in mod-
el 1 and model 2 develop in the basin center as the 20- and 10-km-thick crust is rheologically weak com-
pared to the surroundings (2.4 Myr in model 1 and 3 Myr in model 2). Vertical thickening grows with con-
tinued shortening, and the uplifted syn-rift sediments are partially or completely removed by the erosional 
truncation, in agreement with findings from Buiter et al. (2009). Conversely, the deformation in model 3 is 
not focused on the center but is distributed on both sides of the basin (4 Myr in model 3). Observations of 
such situations are probably because a slice of strong lithospheric mantle exists beneath the center of model 
3 (3.2 Myr in model 3), making the center not a preferred place to localize the initial compressive deforma-
tion. Continuous compression causes broad-scale folding of the basin-flank and, as a result, the center is 

Figure 3.  Evolution of Set 2 with tectonic quiescence period of 2 Myr and initial crustal thickness of 20 km (a, b, c, d, and e in model 4), 10 km (f, g, h, i, and j 
in model 5), and 5 km (k, l, m, n, and o in model 6) in the center. (c, h, m) Viscosity fields at the end of extension.
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surrounded by high elevation ranges with peaks larger than several meters. Meanwhile, the basin center 
evolves into a subsiding syncline and thus accumulates thick successions over the pre-existing deposits 
(4 Myr in model 3).

3.2.  Set 2: Tectonic Quiescence Period of 2 Myr With Variable Crustal Thickness

The second set, which has a quiescent period of 2 Myr (model 4–6), also includes two different scenarios. 
However, compared to the first set, models with the same crustal thickness may result in distinct character-
istics. For example, in contrast to set 1, where the model thinned to 10 km is characterized by central uplift 
(model 2), here the 10-km-thick crust causes flank uplift and central subsidence (model 5). Such differences 
possibly stem from that a period of tectonic quiescence decreases the geothermal gradient due to conductive 
cooling or crustal heat production rates, for example, the maximum lithospheric temperature in model 5 
cooling to ∼600–700°C by 2 Myr (Figure 3g). This leads to thermal hardening of the lithosphere (Figure 3h) 
and further changes where the strain localization initially occurs, similar to those results reported by previ-
ous studies (e.g., Bassi et al., 1993; Sharples et al., 2015; Tetreault & Buiter, 2018).

The results also indicate that, even with the same style of inversion, differences can be observed between 
the models in set 1 and set 2, for example, the size of the depression. For instance, model 6 has a depression 
approximately 17.4 km in width by 8.7 km in depth (Figure 3o), whereas the depression in model 3 is much 
smaller, 4.2 km in width by 10.1 km in depth (4 Myr in model 3, Figure 2d).

4.  Discussion
4.1.  Summary of Numerical Results

Two types of basin inversion may develop in the compression phase: (a) the central uplift accompanied 
by erosion and (b) central subsidence with abundant sediment accumulation. As shown in Figure 4a, we 
summarize the results in terms of inversion types as a function of the stretching degree (in terms of initial 
crustal thickness) and tectonic quiescence period. The results clearly show that both crustal thickness and 
tectonic quiescence are crucial factors determining whether the basin center will be uplifted or subsided 
during inversion.

Thinner crusts (≤7 km) demonstrate a tendency to cause subsidence in the center, whereas thicker crusts 
(≥16 km) are more likely to have central uplift. For other intermediate-thickness models (∼8–15 km thick), 
the less the quiescence period is, the greater the likelihood of central uplift will occur. For example, the 
quiescent period should be less than 1 Ma to induce central uplift for a thickness of 10 km; otherwise, the 
center will subside at the stage of compression. As explained in the results, during extension, the crustal 
thickness determines the lithospheric strength through controlling the temperature field. A less degree of 
extension generally causes a higher temperature field in the center and thus facilitates the development of 
weaker lithosphere. When subject to horizontal compressional stress, the basin center is a preferred place 
for localization of the compressive deformation due to its lower strength with respect to the surrounding 
lithospheric domain and, as a consequence, the center evolves into a compressive uplift. In contrast, the 
highly stretched cases are characterized by relative high strength lithospheric mantle beneath the center. 
The subsequent shortening is accommodated by deformation on both sides of the strong lithospheric seg-
ment and thus causes a subsidence developed in the center. In summary, the patterns of rift basin evolution 
strongly depend on the mechanical strength of the lithosphere, which is controlled by the degree of litho-
spheric extension.

4.2.  Comparison Between Models and Observations in the PRMB

The PRMB is a rift basin and contains a variable crustal thickness along its strike due to different degrees of 
lithospheric thinning. For example, at the end of the extension, the crustal thickness beneath the DS Uplift 
is predicted to be thicker than 21 km, whereas the Baiyun Sag indicates a minimum crustal thickness of 
∼4 km (Figures 4c and 4d). In the subsequent period of compression, the eastern and western PRMB exhibit 
distinctly different behaviors. The most obvious response in the east is the uplift of the DS Uplift, which 
eventually truncate the overlying rift structures and sedimentations, causing exposure of the pre-Cenozoic 
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basement (Lei et al., 2019; Lüdmann et al., 2001) (Figures 1e and 4b). By contrast, the west exhibits another 
scenario in which an anomalously fast subsidence event occurs in the center. For example, the sediment has 
a maximum thickness of ∼6.48 s in the Baiyun Sag (Figure 4d), roughly corresponding with the converted 
depths between ∼7.6 and ∼8.2 km, which are rather close to the 8.0 km revealed by our models (Figure 4a’’). 
These observations show similarities to our numerical models in which the styles of rift basin deformation 
largely depend on the crustal thickness (Figure 4a).

Therefore, our study demonstrates that variation in the crustal thickness may be a mechanism for the differ-
ent evolutionary pathways along the strike of the PRMB. That is, the continental crust in the western PRMB 
has been stretched by a larger amount and thus is characterized by anomalously fast subsidence (Figure S2), 
whereas the eastern PRMB has undergone a smaller amount of crustal stretching and then is uplifted by 
several kilometers during the basin inversion (Figure 4a).

Although our results are well applicable to the PRMB, we note that the sedimentary architecture of the 
extensional basins may also be modulated by other factors such as lithospheric strength (Erdős et al., 2014; 
Huismans & Beaumont, 2011; Pérez-Gussinyé et al., 2020), plate motion (Duclaux et al., 2020), and heat ad-
vection (Karner & Gambôa, 2007; Yamato et al., 2013). In subduction zones, the interaction of deep mantle 
dynamics may also control the surface topography of continental upper plates in a form of continental tilt-
ing (Crameri & Lithgow-Bertelloni, 2018; Crameri et al., 2017). Their contributions are not evaluated in this 

Figure 4.  Phase diagram of the contrasting inversion types (a–a’’) and comparison with the Pearl River Mouth Basin (PRMB) (b–d). (a) Lithospheric state at 
the end of extension. (a’) Dependence of inversion types on the initial crustal thickness (H) and the tectonic quiescence period. (a’’) Under different conditions, 
the models show types of (1) central uplift and (2) central subsidence during compressional phase. (b) Profile P4 across the eastern PRMB indicates uplift of the 
crystalline basement and partial/complete erosion of the overlying rift sediments. (c) Refraction seismic profile across the Dongsha Uplift shows characteristics 
of thick continental crust (∼21–23 km) and basement uplift accompanied by sediment erosion (Wei et al., 2011). (d) Reflection profile across the BY Sag reveals 
that the west has a crustal thickness of ∼4–5 km and is characterized by significant subsidence with abundant sediment accumulation.



Geophysical Research Letters

LI ET AL.

10.1029/2021GL094750

9 of 11

study. However, these factors affect the sediment morphologies by changing the final rift structures which 
have been simplified as amounts of stretching in our models. Despite simplifications, the extension models 
with different stretching degrees can be considered as end-member models of evolution of continental rifts. 
In addition, as we focus on the case of PRMB, the modes are meaningful to investigate the conditions of 
basin inversion in the SCS region.

5.  Conclusions
We use 2-D thermo-mechanical models to investigate the evolution of PRMB from extension to compres-
sion and to understand the factors that determine the inversion types in general. Our models conclude that 
two types of basin inversion, (a) the central uplift accompanied by erosion and (b) central subsidence with 
abundant sediment accumulation, may develop depending on the stretching degree and the tectonic quies-
cence during the basin inversion. The two inversion types are developed along the strike of the PRMB as a 
consequence of the differences in the crustal stretching.

Data Availability Statement
Output data are available at https://doi.org/10.6084/m9.figshare.14340143.
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