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Abstract6

The Datong volcanic field and the adjacent Bohai Bay Basin (BBB) in the7

North China Craton record contrasting Cenozoic histories. Datong shows sus-8

tained Quaternary intraplate volcanism, whereas the BBB exhibits anomalous9

post-rift subsidence since 12 Ma, greatly reduced Quaternary volcanism, and10

a recent decline in surface heat flow. These features are difficult to reconcile11

by prevailing tectonic models. Here we conduct probabilistic joint inversions12

of multiple and high-resolution geophysical datasets sensitive to the thermal13

structure of the lithosphere and sublithospheric mantle across the Datong–BBB14

region and surrounds. The results show a small-scale, three-dimensional circu-15

lation pattern with a deep mantle upwelling deflected by the Ordos lithospheric16

root toward Datong, paired with a coupled downwelling beneath the BBB. The17

deflected upwelling explains Datong volcanism, and the downwelling imposes18

negative dynamic topography that matches the magnitude and timing of the19

BBB’s anomalous subsidence and is consistent with its declining heat flow and20

negligible Quaternary volcanism. These findings provide direct, observation-21

based constraints on asthenospheric flow and a single geodynamic explanation22

linking mantle dynamics to basin evolution in an intracontinental setting. To-23
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gether, they resolve a major outstanding question in the Cenozoic evolution of24

the North China Craton.25

Keywords: Geophysical joint inversion, North China Craton, Small-scale26

mantle convection, Datong volcanic field, Bohai Bay Basin anomalous27

subsidence28

1. Introduction29

Once a stable Archean craton, the North China Craton (NCC) underwent30

extensive modification and destruction during the Mesozoic and Cenozoic, par-31

ticularly in its eastern part (ENCC) and Trans-North China Orogen (TNCO)32

(Zhu et al., 2012; Zhu and Xu, 2019; Griffin et al., 1998; Zhang et al., 2025a). Its33

Cenozoic evolution is widely attributed to subduction and rollback of the west-34

ern Pacific plate, in conjunction with the far-field effect from the India-Eurasian35

continental collision, which established a regional extensional regime (cf. Zhu36

and Xu, 2019). This regime produced rift basins, including the Bohai Bay Basin37

(BBB) (Allen et al., 1997), and coincided with widespread intraplate volcanism.38

In the northeastern margin of the Ordos Block (OB), basaltic volcanism was39

extensive throughout the region, beginning in the Late Eocene-Oligocene and40

continuing through the Miocene into the Quaternary (Xu et al., 2004). Within41

this context, the Datong volcanic field represents the largest Quaternary volcanic42

center in the NCC (Xu et al., 2005). Seismic observations support this regional43

context. In particular, tomography studies identified a stagnant Pacific slab in44

the mantle transition zone (MTZ) beneath the ENCC (e.g., Huang and Zhao,45

2006; Ma et al., 2019; Tao et al., 2018), and prominent low-velocity anomalies46

beneath Datong that extend into the MTZ. These low-velocity anomalies are47

commonly interpreted as hot and/or wet asthenospheric upwellings triggered by48

the deep dehydration of the stagnant Pacific slab (cf. Huang and Zhao, 2006;49

Xu et al., 2018, and references therein). This upwelling has also been suggested50

to deflect eastward, forming lateral mantle flow that modified the lithosphere,51

a process interpreted as being induced either by lithospheric delamination or52
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rollback of the Pacific plate (Dong et al., 2021; Hao et al., 2025; Huang and53

Zhao, 2009; Guo et al., 2024).54

While the rollback–upwelling framework can account for the intraplate vol-55

canism in the region, it does not explain the post-rift evolution of the adja-56

cent BBB. Three key observations are particularly difficult to reconcile with57

a simple upwelling/extension model: i) rapid Neogene–Quaternary subsidence58

that exceeds predictions from standard thermal-subsidence models (hereafter59

“anomalous subsidence”) (e.g., Liu et al., 2022; Huang et al., 2014); ii) Quater-60

nary volcanism within the basin is virtually absent despite vigorous intraplate61

activity in the adjacent Datong region; and iii) a decline of surface heat flow62

(SHF) in BBB during the latest 30 Ma (e.g., Qiu et al., 2015).63

Several mechanisms have been advanced to explain the anomalous BBB sig-64

nal, including a renewed rifting event (e.g., He and Wang, 2003), rapid thermal65

decay of previously upwelled asthenosphere (e.g., Guo et al., 2007) and fault66

reactivation (e.g., Huang et al., 2014). Each accounts for part of the record, but67

none reproduces (within a single, internally consistent framework) the combined68

constraints on subsidence amplitude and wavelength, volcanic distribution, and69

heat-flow evolution. Given these discrepancies, Liu et al. (2022) recently ad-70

vocated a dynamic origin (small-scale convection) for the BBB’s anomalous71

evolution over the past ∼12 Ma. This interpretation is consistent with seismic-72

based interpretations for the Songliao Basin to the north (Guo et al., 2016b;73

Liang et al., 2022). However, direct geophysical imaging of the subsurface ther-74

mal and density structure beneath the BBB is still lacking. Such information is75

essential to resolve the geometry and amplitude of mantle flow and to reconcile76

observations.77

Here we jointly invert multiple geophysical observations to resolve the ther-78

mal and compositional structure of the lithosphere and sublithospheric mantle79

beneath the Datong-BBB region and surrounds. We employ a multi-observable80

probabilistic inversion framework (Afonso et al., 2013a,b, 2016) that integrates81

diverse geophysical datasets to enhance sensitivity to both thermal and chemical82

anomalies in the lithosphere. Using recent high-resolution observations, the in-83
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Figure 1: (a) Topography of the study region. Red rectangle shows our research area. Red
circles show the spatial distribution of Cenozoic Basalts (taken from the Geochemistry of
Rocks database). The orange overlay denote the Bohai Bay Basin (BBB). DTV, Datong
volcanic field; CAOB, Central Asian Orogenic Belt; YTB, Yanshan Tectonic Belt; OB, Ordos
Block; WNCC, Western North China Craton; TNCO, Trans North China Orogen; ENCC,
Eastern North China Craton; Q-D, Qinling-Dabie; T-L, Tanlu; YZB, Yangtze Block. (b)
Anomalous subsidence of BBB between ∼12 Ma and 2 Ma. The results refers to Liu et al.
(2022)

version resolves an asthenospheric upwelling deflected by the Ordos lithospheric84

root and focused toward Datong, as well as a paired sublithospheric downwelling85

beneath the BBB. The diverted upwelling explains sustained intraplate volcan-86

ism at Datong, whereas the downwelling imposes negative dynamic topography87

leading to the BBB’s anomalous post-rift subsidence and associated cooling.88

Together, these results reconcile previously conflicting observations and provide89

the missing, observation-based link between upper-mantle convection, intraplate90

volcanism, and the post-rift evolution of the BBB.91

2. Geological Background92

2.1. North China Craton (NCC)93

The NCC can be divided into three primary units: the ENCC, the West-94

ern NCC (WNCC), and the TNCO between them (See Figure 1a) (Zhao et al.,95

2005). Once among one of the most stable Archean cratons, the NCC main-96

tained a thick, refractory lithospheric mantle until the late Paleozoic (Zhu et al.,97

2012; Griffin et al., 1998). However, during the Mesozoic, the lithosphere be-98
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neath the ENCC underwent considerable modification. Its lithospheric thick-99

ness was reduced from ∼ 200 km to less than 80 km, and its originally depleted100

mantle was replaced by a more fertile composition. This transformation was101

accompanied by widespread magmatism and translithospheric faulting (Chen102

et al., 2009; Zheng et al., 2007; Griffin et al., 1998). In contrast, the WNCC has103

retained its stable cratonic characteristics, maintaining a thick and high seismic104

velocity lithosphere (Chen et al., 2009; Huang and Zhao, 2006). The major105

changes in the ENCC during the Mesozoic are widely attributed to the west-106

ward Paleo-Pacific plate subduction (Zhu and Xu, 2019). In the Early Cenozoic,107

the Paleo-Pacific slab is thought to have sunk into the deep mantle, while the108

Pacific plate continued to subduct and stagnate in the MTZ, and experienced109

rollback (Liu et al., 2019). This long-term dynamic process was accompanied110

by widespread eruption of basalts and extensional tectonics in the ENCC (Liu111

et al., 2019; Zhu and Xu, 2019; Zheng et al., 2007; Guo et al., 2016a; Zhang112

et al., 2025a).113

2.2. Bohai Bay Basin (BBB)114

The BBB is one of the largest Cenozoic rift basins in the ENCC and forms115

a major continental petroliferous basin (Allen et al., 1997). It is bounded by116

the Tan-lu (T-L) fault to the east, the TNCO to the west, and the Yanshan117

tectonic belt (YTB) to the north (Figure 1a). The tectonic evolution of the118

basin is generally divided into two stages: a Paleogene syn-rift stage and a119

Neogene–Quaternary post-rift stage (Allen et al., 1997). Previous studies have120

shown that the BBB has undergone anomalous subsidence since ∼12 Ma (Liu121

et al., 2022; Huang et al., 2014). Compared with classical stretching models122

(Jarvis and McKenzie, 1980), the BBB has experienced an average of ∼400 m123

anomalous subsidence to date (Liu et al., 2022). During the Quaternary, the rate124

of anomalous subsidence accelerated significantly. The spatial pattern of this125

rapid subsidence closely corresponds with active faulting within this period (Liu126

et al., 2022). Between ∼12 Ma and 2 Ma, more than 300 m of anomalous subsi-127

dence had already accumulated across the central BBB, with values reaching up128
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to 450 m at the subsidence center. The spatial distribution shows a progressive129

decrease in subsidence magnitude toward the basin margins (Figure 1b).130

The SHF in the BBB exhibits relatively high values, with an average value131

of 66 ± 11 mW/m2 (Liu et al., 2022). Thermal history studies of the BBB132

indicated that SHF increased during the Paleogene, and peaked in the middle-133

late Paleogene, reaching values above 80 mW/m2 (Qiu et al., 2015). Following134

the transition to the post-rift stage, SHF began a steady decline.135

Geophysical studies suggest that the BBB has a relatively thin crust (31-136

34 km) and thin lithospheric mantle (60-80 km) (Zhang et al., 2019, 2025a).137

Thermo-rheological models indicate that long-term strength is retained only in138

the uppermost crust, whereas the middle-lower crust and underlying lithospheric139

mantle behave predominantly ductile (Liu et al., 2016). This configuration140

implies a weak lithosphere beneath BBB (Liu et al., 2016), which would make141

it susceptible to deformation by sublithospheric processes.142

3. Data and Methods143

3.1. Data144

3.1.1. Seismic Data145

The primary dataset of Rayleigh-wave dispersion curves for the period range146

of 10-120 sec was taken from the recent surface wave tomography model of Zhong147

et al. (2024). This dataset provides one of the densest and highest-resolution148

surface wave dispersion data to date for the entire NCC. It is based on tele-149

seismic records from 1,355 portable stations (ChinaArray experiment) and 158150

permanent seismic stations, with an average inter-station spacing of 35 km.151

For the peripheral regions not covered by the model of Zhong et al. (2024),152

we used dispersion curves from the study of Shen et al. (2016) together with153

those extracted from the full-waveform SinoScope1.0 velocity model (Ma et al.,154

2022). These two datasets were combined to construct complementary disper-155

sion curves spanning periods of 10–140 s, and they exhibit excellent consistency156

in the overlapping period range (35–70 s). Depth sensitivity kernels of Rayleigh157
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wave phase velocities (Supplementary Material Figure S10) show that longer-158

period dispersion retains appreciable sensitivity to depths near and below 200159

km. Further details are provided in the Supplementary Material Text S1. It160

is important to note that the inclusion of these peripheral regions serves only161

to ensure geographic context and completeness; they are not incorporated into,162

nor do they affect, the interpretations or conclusions of this study.163

As an additional, secondary constraint, we incorporated P-wave velocity in-164

formation from the SinoScope1.0 tomographic model for the deepest parts of165

our model. Because these velocities are themselves the product of a regular-166

ized inversion rather than direct observations, we assigned relatively generous167

uncertainties to them (see Supplementary Material Figure S6). We also note168

that Vp is generally less sensitive to temperature than Vs. Therefore, by in-169

cluding this secondary constraint, we are only encouraging posterior models170

that honor the primary dispersion data well (our primary constrain on Vs),171

maintain thermodynamically-consistent relationships between Vs and Vp, and172

remain compatible with the Vp values inferred from SinoScope1.0.173

3.1.2. Surface Heat Flow, Elevation and Geoid174

SHF data were obtained from the newest China heat flow database (Wang175

et al., 2024) and the global database (Fuchs et al., 2023). To minimize the in-176

fluence of shallow groundwater circulation, which are not representative of the177

deep lithospheric thermal structure, we excluded values below 20mW m−2 and178

above 120mW m−2. Elevation data were taken from the GTOPO30 global ele-179

vation model (http://lta.cr.usgs.gov/GTOPO30). We applied a low-pass filter180

to remove high-frequency content with wavelengths shorter than 50 km. Geoid181

height data were taken from the global model of Salajegheh and Afonso (2023).182

This filtered model considers only the effects of causative density anomalies at183

depths > 400 km by removing deeper density anomalies (not modeled here)184

from the complete Earth Gravitational Model 2008 (Pavlis et al., 2012).185

Uncertainties for elevation and geoid height were estimated in the following186

way. The study area was subdivided into 276 non-overlapping 1D columns187
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forming a 1◦ × 1◦ grid (this is twice the discretization used for dispersion data;188

see next section). For each column, we extracted all available data points in the189

respective datasets within the surface area of that column. From these values, we190

calculated both the mean and the variance. The mean values were taken as the191

representative input data for each column, whereas the variances were converted192

into standard deviations to provide the corresponding uncertainty estimates.193

Therefore, these uncertainties do not represent measurement errors, but rather194

the natural variability of the fields within the area of each column. Actual195

observational errors are considerably smaller and therefore not considered here.196

3.2. Methods197

We jointly invert the multiple datasets in Section 3.1 with the multi-observable198

probabilistic inversion method (Afonso et al., 2013a,b, 2016). This approach has199

been successfully applied to a wide range of datasets across different tectonic200

settings worldwide (e.g., Afonso et al., 2016, 2022; Qashqai et al., 2018; Guo201

et al., 2016a; Salajegheh et al., 2025; Shan et al., 2014). Full methodological202

details are provided in these references. Here, we summarize only the most203

relevant aspects to the present study. The study region is subdivided into 990204

vertical columns with a surface area of 0.5◦ × 0.5◦. While this discretization is205

sufficient to preserve the detail of the Rayleigh-wave dispersion curves, it is not206

compatible with the 1D assumption adopted in other forward problems (i.e.,207

geoid, elevation, surface heat flow Afonso et al., 2013a,b, 2016). To reconcile208

these requirements, we aggregate four adjacent columns into larger 1◦×1◦ units.209

Each aggregated unit is assigned a uniform value of elevation, geoid, and surface210

heat flow, as described in the previous section.211

The inverse problem is casted as a statistical inference problem through212

Bayes’ theorem (Tarantola, 2005). In this approach, the solution to the in-213

verse problem is represented by a probability distribution over model parame-214

ters (m) referred to as the posterior probability density function (PDF). The215

posterior is conditioned on the data and on the modeling assumptions (via the216

forward model, representation of errors and prior constraints) and represents217
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the most general solution to the inverse problem (cf. Tarantola, 2005; Afonso218

et al., 2013a, see also Supplementary Material Text S2). To obtain estimates of219

the multidimensional posterior PDF, P(m), we use the Markov Chain Monte220

Carlo (MCMC) method based on the Delayed Rejection Adaptive Metropolis221

(DRAM) algorithm (Haario et al., 2006; Shan et al., 2014). Details on the algo-222

rithm can be found in the Supplementary Material and in Qashqai et al. (2018);223

Guo et al. (2016a); Shan et al. (2014)224

The vertical parameterization of each column is illustrated in Supplemen-225

tary Material Figure S5. Each 1D column includes a three- or four-layered crust,226

which consists of one sedimentary layer and two or three crystalline layers de-227

pending on the local crustal architecture. Each crustal layer is parameterized228

by seven variables: thermal conductivity (k), thermal expansivity (α), com-229

pressibility (β), bulk density (ρ), thickness (h), VP /VS ratio, and radiogenic230

heat production (RHP). The first three parameters are assumed known and231

constant (see Supplementary Material Table S2 and Salajegheh et al. (2025) for232

rationale), while the remaining four are treated as unknowns in the inversion.233

Initial estimates for sediment thickness are taken from the recent continental234

crust model for China (Xiao et al., 2021) and from CRUST1.0 in oceanic re-235

gions Laske et al. (2013). Initial Moho depths are taken from a previous receiver236

function study (Li et al., 2014). These initial values are updated within defined237

prior bounds (see Supplementary Material Table S3) during the inversion.238

The upper mantle is subdivided into two compositional layers, namely the239

lithospheric and sublithospheric mantle (the model extends to a depth of 410 km).240

Each mantle layer is described by its thickness and its major-element compo-241

sition within the CFMAS (CaO–FeO-MgO–Al2O3–SiO2) system. While tem-242

peratures within the lithospheric mantle are determined at each simulation by243

solving the conductive heat transfer equation, those in the sublithospheric man-244

tle are obtained by linear interpolation of temperatures at 3-5 inversion nodes245

(depending on the thickness of the lithospheric mantle). The temperatures at246

these nodes are treated as free model parameters, whose values are fully con-247

strained by the data and estimated during the inversion (Salajegheh et al., 2025;248

9



Afonso et al., 2016).249
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Figure 2: Observed (a-c) and predicted (d-f) elevation, geoid and SHF with their respective
misfits (g-i); the standard deviations of the individual misfits are also included. The colored
circles in panel (c) represent the raw SHF measurements. The red triangle denotes the Datong
Volcanic Field, while the BBB region is outlined with bold solid lines.

4. Results250

4.1. Data Fits251

Figures 2, 3 and 4 provide a summary of the data-fit performance of our252

model. Unless indicated otherwise, predicted values correspond to their poste-253

rior mean estimates. Figure 2 compares observed and predicted values for all254

non-seismic datasets. Both predicted elevation and geoid anomalies agree closely255

with their observed counterparts, with low root-mean-square (RMS) misfits of256

76.8 m and 0.116 m, respectively.257

SHF displays the largest discrepancies (Figures 2 c-i), which is expected given258

the relatively high uncertainties associated with this observable. Nevertheless,259

the predicted SHF reproduces the first-order spatial pattern and amplitudes of260

the observations, and the misfits generally remain within the assumed uncer-261

tainty bounds across most of the study area.262
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Figure 3: Observed (a-c) and predicted (d-f) Rayleigh phase velocity at 18, 40 and 100 sec.
The misfits and their standard deviations are shown in panels (g-i). For reference, typical
standard deviations of the observed phase velocities at 18, 40 and 100 s are 0.025, 0.035 and
0.06 km/s, respectively.

Figure 3 presents the observed and predicted Rayleigh wave phase veloci-263

ties for three representative periods (18, 40, and 100 s). A similar comparison264

for P-wave velocities is shown in Figure 4. The predicted phase velocities are265

in excellent agreement with the observations at all periods, an important re-266

sult since dispersion data constitute the main and highest resolution dataset267

available. The fit to P-wave velocities from the SinoScope1.0 model is less sat-268

isfactory. This outcome is expected, however, for two main reasons. First, Vp269

is treated as a secondary constraint only (Section 3.1.1), therefore they do not270

exert a strong control over the posterior models (Figure 4). Second, the in-271

version does not attempt a fit to Vp values from SinoScope1.0 at all depths,272

but instead targets discrete levels corresponding to the mantle thermodynamic273

nodes (Supplementary Material Figure S6). As a result, the predicted Vp re-274

flects depth-averaged patterns rather than point-by-point values. Despite these275

limitations, our predicted Vp values are consistent with the first-order features276
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Figure 4: Observed (a-c) and predicted (d-f) P-wave velocity at 140, 260 and 320 km depth.
The misfits and their standard deviations are shown in panels (g-i). We set 2% of the P-
wave velocity value as uncertainty (see text for details). For reference, these uncertainties are
approximately 0.162, 0.169, and 0.173 km/s at depths of 140, 260, and 320 km, respectively.

of the SinoScope1.0 velocity model, with misfits remaining within the prescribed277

uncertainty bounds at most depths.278

4.2. Lithospheric thickness and compositional structure across the model279

The lithosphere-asthenosphere boundary (LAB) is defined here as the 1,250◦C280

isotherm (cf. Afonso et al., 2016; Guo et al., 2016a). Figure 5a presents a map281

of the posterior mean of LAB depth from our inversion. Two prominent regions282

of thick lithosphere (> 150 km) are found beneath known cratonic domains: one283

beneath the Ordos-Alxa blocks and another beneath the Yangtze Block (YZB).284

In contrast, the ENCC is characterized by a considerably thinner lithosphere, es-285

pecially near the T-L Fault Zone and along the eastern coast, where lithospheric286

thickness is less than 60 km. This observation is consistent with other seismolog-287

ical studies (Zhang et al., 2019) and supports the interpretation of lithospheric288

modification in the ENCC (e.g., Zhu et al., 2012; Zhu and Xu, 2019; Guo et al.,289
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2016a). Moreover, regions of thin lithosphere show an excellent spatial correla-290

tion with the distribution of Cenozoic basalts (Figure 5a). Shallow LAB values291

extend westward into the TNCO, tapering off toward the northern and east-292

ern margins of the OB. The northeastern margin of the Tibetan Plateau, the293

northern segment of WNCC, and the YTB are also characterized by moderately294

thin lithosphere (90-110 km), thicker than in the ENCC but still considerably295

thinner than in the OB and YZB.296

Following common practice, we use the bulk magnesium number, Mg# =297

100×MgO/(MgO+FeO) to characterize lithospheric compositional heterogene-298

ity. This proxy is an excellent indicator of mantle depletion or (re)fertility and299

correlates well with most physical parameters of interest (Afonso et al., 2010;300

Schutt and Lesher, 2006). Our results reveal that most of the NCC, including301

the ENCC, the southern TNCO and the western WNCC, is underlain by rela-302

tively normal (slightly depleted) lithospheric mantle, with average Mg# values303

of ∼90 (Figure 5b). The most prominent departure from this pattern is the OB,304

which emerges as a consistently depleted block. This anomaly is particularly305

significant given that, owing to the limited sensitivity of the datasets to compo-306

sitional variations and the assumptions inherent in our methodology (cf. Afonso307

et al., 2013a,b, 2016), the recovered amplitudes in regions with anomalous Mg#308

are likely underestimated.309

To evaluate the predictive strength of our compositional model, we com-310

pare our predicted lithospheric Mg# PDFs against empirical distributions of311

peridotitic xenoliths from Cenozoic lavas at eight key localities in the NCC312

(Figure 6). A strong consistency between model predictions and observations is313

evident from the close correspondence of their mean values across most locali-314

ties. The agreement is particularly good in sample-rich sites, such as Hannuoba,315

Yangyuan, and Nvshan (Figures 6a, b and g). This is a significant observation316

as the inversion does not include any local information from xenoliths; the com-317

positional model is entirely retrieved by the inversion of geophysical data. The318

only significant mismatch between our predictions and xenolith data occurs319

in the Hebi region (Figure 6e), where the model suggests a less depleted litho-320

14



104°E 108°E 112°E 116°E 120°E 124°E

34°N

38°N

42°N

OB

YTB

BBB

DTV

Alxa

CAOB

Q-D Orogenic

T
-L

 F
a
u

lt

60 90 120 150 180 210 240

LAB(km)

104°E 108°E 112°E 116°E 120°E 124°E

34°N

38°N

42°N

OB

YTB

BBB

DTV

Alxa

CAOB

Q-D Orogenic

T
-L

 F
a
u

lt

0 5 10 15 20 25 30 35 40

LAB uncertainty(km)

104°E 108°E 112°E 116°E 120°E 124°E

34°N

38°N

42°N

OB

YTB

BBB

DTV

Alxa

CAOB

Q-D Orogenic

T
-L

 F
a
u

lt

60 90 120 150 180 210 240

LAB(km)

104°E 108°E 112°E 116°E 120°E 124°E

34°N

38°N

42°N

OB

YTB

BBB

DTV

Alxa

CAOB

Q-D Orogenic

T
-L

 F
a
u

lt

0 5 10 15 20 25 30 35 40

LAB uncertainty(km)

104°E 108°E 112°E 116°E 120°E 124°E

34°N

38°N

42°N

OB

YTB

BBB

DTV

Alxa

CAOB

Q-D Orogenic

T
-L

 F
a
u

lt

89.6 90.0 90.4 90.8 91.2

Lithospheric Mg#

104°E 108°E 112°E 116°E 120°E 124°E

34°N

38°N

42°N

OB

YTB

BBB

DTV

Alxa

CAOB

Q-D Orogenic

T
-L

 F
a
u

lt

0.6 0.8 1.0 1.2

Uncertainty of lithospheric mantle (Mg#)

a) b)

Figure 5: Predicted LAB depth (a) and depth-average lithospheric mantle Mg# (b). Red
circles in (a) represent the distribution of Cenozoic Basalts.

spheric mantle than indicated by the xenolith record. A similar discrepancy was321

reported by Guo et al. (2016a), who argued that shallow remnants of depleted322

lithosphere can persist locally beneath Archean blocks that have undergone ex-323

tensive metasomatic or tectonic modification, and may subsequently be sampled324

by younger volcanism. This view was also advanced by Zheng et al. (2007) to325

explain the refractory character of the Hebi xenolith suite and by Bao et al.326

(2013) based on results from seismic tomography. The presence of a few fertile327

or refertilized samples within the limited dataset further supports this scenario.328

In addition, xenolith thermobarometry indicates a thin and anomalously hot329

lithosphere in this area (Zheng et al., 2007; Sun et al., 2012), consistent with330

our model predictions.331

4.3. 3D Temperature Structure332

The temperature structure within the lithosphere follows closely the varia-333

tion pattern of the LAB (high/low thermal gradients correspond to shallow/deep334

LAB), as summarized in Figure S7 in the Supplementary Material. In the deeper335

mantle, our model reveals two prominent high-temperature anomalies, hereafter336

referred to as H1 and H2 (Figure 7). Anomaly H1 extends across much of the337

TNCO, with its eastern margin reaching the western boundary of the ENCC.338

Its spatial distribution closely matches regions characterized by thin lithosphere339
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Figure 6: (a-h) Comparision of observed and predicted Mg# of the lithospheric mantle in
8 localities across the NCC. purple histograms depict the final posterior PDFs given by our
inversion; yellow histograms represent the observed distributions obtained from local xenolith
samples (data from Xia et al. (2020); Zheng et al. (2007) references therein). Purple and red
dashed line represent the means of observed and predicted data. Each panels give the number
of xenolith samples used to obtain the observed distributions.

(Figure 5a). In addition, H1 is connected to a pseudo-vertical, plume-like ther-340

mal anomaly beneath the northeastern OB. Notably, the apex of H1 is not only341

located directly above this plume-like structure, but it also coincides with the342

Pleistocene-Holocene Datong volcanic field. This strongly suggests a genetic343

link between H1 and the intraplate volcanism in the region.344

Anomaly H2 is mostly situated offshore, with its western boundary extending345

to the T-L fault. This anomaly aligns well with regions exhibiting lithospheric346

thinning (Figure 5a) and widespread Cenozoic basalts (Figure 1a). South of347

H2, the anomaly expands further and appears to merge/interact with anomaly348

H1 at the south of the ENCC. A somewhat pronounced low-temperature man-349

tle anomaly beneath the northern ENCC separates the H1 and H2 anomalies.350
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Interestingly, the position of this anomaly coincides spatially with the region of351

the BBB that underwent significant subsidence between ∼12 and 2 Ma (white352

area in Figure 7; see also Section 2.2).353

To further illustrate this spatial link, we extracted four vertical profiles of354

temperature and density anomalies across the BBB (Figures 8a-d and 8e-h, re-355

spectively). All profiles reveal coherent temperature and density structures that356

resemble convective-like patterns commonly observed in mantle convection simu-357

lations in the upper mantle. In particular, beneath the Datong volcanic field, the358

sub-lithospheric mantle displays a prominent high-temperature anomaly that is359

consistent with an upwelling that is diverted laterally by the thick lithospheric360

root of the OB. In contrast, the mantle beneath BBB consistently shows lower361

temperatures and high-density anomalies reminiscent of a small-scale sublitho-362

spheric downwelling. The northern tip of the H2 anomaly is also present on363

the eastern side of the transects. Although our results do not allow us to fully364

resolve its geometry, previous tomography studies suggest that this feature is365

linked to deeper upwellings originating from the stagnant Pacific slab (outside366

our study region) (Liang et al., 2022).367

Figure 7: (a-b) 3D visualization of the subsurface temperature structure beneath the study
region, showing the 1,400◦C isosurface, colored by depth. The white-outlined region denotes
the area of significant subsidence in the Bohai Bay Basin, where anomalous subsidence exceeds
300 m at 2 Ma (also shown in Figure 1b).
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Figure 8: Vertical temperature (a-d) and density anomaly (e-h) cross-sections along the profiles
in Figure 7a and Figure 1b. Grey shading (left axis) shows elevation along the profile; blue
shading (right axis) indicates anomalous subsidence at ∼2 Ma (prior to Quaternary fault
deformation) with mean value given.

18



5. Discussion368

5.1. The Effect of Different Input P-wave Models on Inversion Results369

As mentioned in Section 3, our inversion incorporated P-wave velocities from370

the SinoScope1.0 tomographic model (Ma et al., 2022) as a secondary constrain-371

ing dataset. Because the uncertainty of surface-wave dispersion data generally372

increases with depth, it is important to evaluate how sensitive our results are373

to the assumed Vp structure. We therefore repeated the joint inversion using374

two additional, independent Vp models: Tao18 (Tao et al., 2018), derived from375

full-waveform inversion, and Guo24 (Guo et al., 2024), based on travel-time376

tomography (see Supplementary Material Figure S11–S14).377

Above ∼200 km, the inferred thermal structures are nearly identical across378

all tested models, reflecting the strong resolving power of surface-wave dispersion379

at these depths and the consistency between the different Vp models. Below380

∼200 km, the recovered thermal patterns tend to follow the lateral variations381

in Vp models more closely, although overall consistency among the resulting382

thermal models remains high. The largest differences are associated with the383

Guo24 model. Since this model is based on relative travel-time tomography, we384

consider the SinoScope and Tao18 results to be more reliable in terms of absolute385

velocities. Importantly, the first-order features of high temperature beneath the386

Datong volcanic field and low temperature beneath the BBB remain consistent387

across all tested Vp models.388

5.2. Comparison With Previous Studies389

In recent years, numerous studies have investigated lithospheric thickness390

beneath the NCC using different approaches, including thermal modeling (e.g.,391

Zhang et al., 2025a; Sun et al., 2022), seismic tomography (e.g., Li et al.,392

2022), and receiver functions (e.g., Zhang et al., 2019). Despite differences393

in methodology and physical definitions, these models consistently reveal sim-394

ilar first-order features: a relatively thin lithosphere beneath the ENCC and a395

thicker lithosphere beneath the WNCC, particularly the OB region (see Sup-396

plementary Material Figure S15).397
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Differences mainly appear in second-order structures (see Supplementary398

Material Figure S15). For example, the receiver function–derived LAB Zhang399

et al. (2019) displays local discrepancies in regions such as the southern TNCO400

and northeastern OB. These discrepancies likely reflect the different sensitiv-401

ities of the various methods to the LAB. Receiver function studies are most402

sensitive to seismic impedance contrasts, which in some cases can coincide with403

the base of the lithosphere but may also reflect other sharp compositional or404

rheological transitions. In contrast, thermal models and surface-wave tomog-405

raphy typically delineate the LAB using a thermal criterion (e.g., a reference406

isotherm) or velocity criterion, such as the depth at which velocity gradients407

change. Furthermore, even among thermally defined LAB models, differences408

may arise due to different seismic datasets used and/or the inversion strategies409

employed. Thermal models constrained solely by seismic velocities (e.g., Sun410

et al., 2022) may also differ from those incorporating multi-observational con-411

straints (e.g., Zhang et al., 2025a). Notably, our LAB geometry and depth412

variations are highly consistent with the recent thermal model of Zhang et al.413

(2025a).414

Figures S8 and S9 in the Supplementary Material compare our results with415

the recent thermochemical model of Zhang et al. (2025a) (hereafter Z2025), a416

study that used a similar inversion technique to ours, but with different datasets.417

From the surface down to 200 km depth, both models reproduce nearly identi-418

cal first-order structures, including LAB geometry and lithospheric Mg#. This419

agreement, together with the general consistency with full-waveform tomogra-420

phy models discussed in the previous section, lends credibility to our first-order421

thermal structure for the region. Nevertheless, several regional differences are422

evident. Z2025 infers a somewhat thinner lithosphere beneath the Alxa block423

compared to our results. The discrepancy in LAB depth likely reflects differences424

in the dispersion datasets employed in the two studies (e.g., Afonso et al., 2016;425

Zhang et al., 2025a). Our dispersion dataset provides a denser spatial coverage,426

particularly around the Alxa block, compared to that used by Z2025, which may427

partly account for the thicker lithosphere inferred in our model. Independent428
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tomographic studies also image high-velocity features at ∼200 km depth be-429

neath Alxa (e.g., Guo et al., 2024; Tao et al., 2018), consistent with a relatively430

thick LAB in this region.431

For lithospheric Mg#, discrepancies likely reflect a combination of differ-432

ences in seismic data constraints and model/crust parameterizations (Afonso433

et al., 2016; Zhang et al., 2025a; Afonso et al., 2022). Since Mg# is indirectly434

constrained through its influence on density and seismic velocities, variations435

in the dispersion datasets and in priors on crustal structure can propagate into436

compositional differences in the recovered models. Despite this, both inversions437

yield remarkably similar Mg# spatial patterns across the regions central to this438

study, especially considering that absolute amplitudes of Mg# anomalies are439

considerably uncertain in both studies due to methodological limitations (cf.440

Afonso et al., 2013a, 2016; Zhang et al., 2025a). The main exception is towards441

the southwestern domains, where the seismic datasets used on both studies show442

greater differences.443

Below 200 km depth, the two models further diverge. Specifically, Z2025 fa-444

vors slightly higher average temperatures and smoother, longer-wavelength pat-445

terns, whereas our model preserves finer-scale heterogeneity. This discrepancy446

largely reflects differences in seismic data, as we use a higher-resolution disper-447

sion dataset and additional Vp information towards the bottom of our model448

(Section 3.1.1). At these depths, the spatial distribution of thermal anoma-449

lies broadly corresponds to lateral variations in Vp (see Supplementary Figures450

S11–S12). In this context, we note that a similar sublithospheric variability451

was also recognized in the thermal model of Guo et al. (2016a) and is consistent452

with independent seismic tomographic studies (e.g., Liang et al., 2022; Xu et al.,453

2018).454

5.3. Explaining Post-Rift Subsidence of the BBB455

Previous studies have revealed that the BBB experienced accelerated subsi-456

dence during its post-rift phase that cannot be explained by a standard basin457

evolution model (Allen et al., 1997; Liu et al., 2022; Huang et al., 2014; Guo458
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et al., 2007). Several hypotheses have been proposed to account for this, includ-459

ing 1) a renewed phase of rifting (He and Wang, 2003), 2) fast and extensive460

cooling of the upwelled asthenosphere (Guo et al., 2007), 3) reactivation of faults461

(Huang et al., 2014) and 4) dynamic topography driven by mantle convection462

(Liu et al., 2022). In Liu et al. (2022), the authors excluded hypotheses 1) and463

2), as they contradict thermal history studies reporting continuous decrease in464

SHF during the Neogene and Quaternary (Qiu et al., 2015). Furthermore, pro-465

posal 3) is thought to have influenced subsidence mainly during the Quaternary.466

Collectively, these observations made Liu et al. (2022) favor dynamic effects to467

explain the anomalous subsidence of BBB. However, no direct evidence was pre-468

sented for an asthenospheric convection pattern capable of driving the observed469

subsidence of the BBB.470

The temperature and density structures recovered by our inversion (Figures 7471

and 8) provide evidence for an ongoing sublithospheric mantle convection pat-472

tern linking the Datong volcanic field with the BBB. Interestingly, the down-473

welling limb of this convection cell correlates with the location of anomalous474

subsidence observed in the BBB, lending further confidence to the convection475

scenario.476

A number of tomography studies have also identified a high-velocity anomaly477

in the asthenosphere beneath the BBB, which spatially aligns with the low-478

temperature anomaly imaged in our model (e.g., Hao et al., 2025; Huang and479

Zhao, 2009; Xu et al., 2018). However, this anomaly has generally been in-480

terpreted as lithospheric fragments resulting from delamination events during481

the Cenozoic (Hao et al., 2025; Huang and Zhao, 2009). Two exceptions are the482

studies of Guo et al. (2016a) and Liang et al. (2022). The former reported similar483

low-temperature and high-density features beneath the ENCC (and BBB) and484

interpreted them as return or forced downwellings. The latter combined radial-485

anisotropy observations with tomography and concluded that the anomaly be-486

neath the BBB region was consistent with a sublithospheric mantle downwelling.487

In this context, we also note that delamination episodes are expected to be ac-488

companied by rapid surface uplift (Göğüş and Pysklywec, 2008), elevated SHF489
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(Schott and Schmeling, 1998) and magmatic activity. However, none of these490

phenomena have been observed in the BBB.491

Taken together, the observations outlined above and our temperature–density492

results provide consistent evidence for a sublithospheric downwelling beneath493

the BBB and offer a coherent, physically plausible explanation for its anoma-494

lous subsidence.495

To assess the potential dynamic subsidence that the imaged downwelling496

would produce, we carried out a quantitative analysis following the approach of497

Marquart and Schmeling (1989). Their numerical framework allows evaluating498

the influence of parameters such as lithospheric effective elastic thickness (Te),499

the aspect ratio of convection cells, and the Rayleigh number steady-state on500

the resultant dynamic topography. In our calculations, we adopt a standard501

Rayleigh number of 105 (e.g., Marquart and Schmeling, 1989) and a convection502

cell aspect ratio of 1.33–1.78, corresponding to a vertical height of 450 km (i.e.503

upper mantle small-scale convection) and a width of 600–800 km (Figure 8).504

The Te was estimated from the lithospheric rheological profile, calculated from505

our inverted density and temperature structures (See Supplementary Materi-506

als Text S3 and Figure S3). The resultant Te values range between 15 and 25507

km. Considering the latter value as a conservative estimate, our scaling analysis508

indicates that the imaged convection cell would produce steady-state dynamic509

subsidence of approximately 740 ± 90 m at the center of the downwelling (See510

Supplementary Materials Figure S4). At ∼2 Ma, the anomalous subsidence ob-511

served in the BBB has been estimated to be around 350–450 m (Figure 1b),512

an amount that is readily accounted for by the small-scale downwelling resolved513

imaged in our model. The difference between the observed and calculated ampli-514

tudes is expected, as i) the BBB cell is unlikely to be in perfect steady state, and515

ii) the analytic estimate assumes two-dimensional rolls, which yields an upper516

bound on dynamic topography (finite-length, three-dimensional cells produce517

lower amplitudes) (e.g., Zhang et al., 2025b).518
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5.4. Upper Mantle Dynamics Beneath the NCC519

It is widely accepted that Pacific plate subduction plays a key role in the520

Cenozoic tectonic evolution of the NCC (Allen et al., 1997). Tomographic im-521

ages consistently reveal a continuous high-velocity anomaly in the MTZ beneath522

the ENCC and TNCO (Ma et al., 2019; Liang et al., 2022), generally interpreted523

as the stagnant Pacific slab. Receiver function studies further indicate a thick-524

ened MTZ in this region, with its edge reaching as far as the Datong volcanic525

field (Sun et al., 2020). The stagnant slab is thought to release fluids through526

dehydration reactions (e.g., Huang and Zhao, 2006; Xu et al., 2018), promoting527

mantle upwelling above and around its leading edge; these hot/wet upwellings528

would explain the low-velocity anomalies imaged beneath the ENCC and TNCO529

(Huang and Zhao, 2006; Dong et al., 2021; Ma et al., 2019).530

Geochemical studies have shown that the Fansi and Hannuoba basalts (loca-531

tions shown in Figures 6 a and d) are similar in both composition and age (∼25532

Ma) (Tang et al., 2006). Based on the isotopic characteristics, they suggest that533

the basaltic magmatism was likely induced by asthenospheric upwelling beneath534

the Datong region. Interestingly, the onset of volcanism around the Datong area535

predates, and then becomes broadly coeval with, the transition of the BBB into536

an anomalous post-rift subsidence phase. We infer that the asthenospheric up-537

welling imaged beneath the Datong region is dynamically linked to a paired538

sublithospheric downwelling beneath the BBB, consistent with our present-day539

temperature–density structure. This interpretation is further supported by re-540

gional shear-wave splitting (e.g., Zhu and Ma, 2021; Qiang et al., 2021; Liu541

et al., 2021) and radial anisotropy observations (e.g., Liang et al., 2022). The542

shear-wave splitting results show predominantly NW–SE–oriented fast polar-543

ization directions between the Datong volcanic field and the BBB, indicative of544

lateral mantle flow beneath the TNCO, whereas at depths greater than 100 km,545

radial anisotropy reveals a transition toward a more vertical anisotropic fab-546

ric beneath the BBB (see Supplementary Material Figure S16). In this view,547

recurrent upwelling focuses melt and volcanism at Datong, whereas the co-548

eval downwelling beneath the BBB generates negative dynamic topography and549
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cooling, accounting for both the amplitude and timing of the basin’s anomalous550

subsidence and its negligible Quaternary volcanism. Recent 3D geodynamic sim-551

ulations (Manjón-Cabeza Córdoba and Ballmer, 2022; Duvernay et al., 2022)552

are consistent with this scenario, showing that upwellings interacting with a553

cratonic keel (e.g., Ordos block) are easily deflected toward regions of thinner554

lithosphere. When they reach these regions, they promote downwellings (forced555

return flow). The younger volcanism in the Datong volcanic field, generally556

dated to 0.4–0.79 Ma (Xu et al., 2005), may record the persistence (and pos-557

sible intensification) of this mantle upwelling, with early Cenozoic magmatism558

marking its onset.559

A more comprehensive view of the regional mantle dynamics can be achieved560

by incorporating the high-temperature anomalies H1 and H2 shown in Figure 7.561

In our interpretation of the Datong-BBB mantle convection scenario, the north-562

ern segment of H1 is the uppermost expression of a deeper asthenospheric up-563

welling that is deflected around the lithospheric root of the OB. The Datong564

volcanic field lies on the thinner-lithosphere side of a pronounced lithospheric-565

thickness step (Figure 5a), where asthenospheric flow is naturally focused. This566

configuration provides an ideal locus for partial melting of the upwelling as-567

thenosphere and the associated volcanism in the Datong region.568

The circulation beneath the region is strongly three-dimensional, and the H1569

anomaly likely includes a substantial lateral (quasi-horizontal) flow component570

along much of the TNCO. This interpretation is supported by widespread low-571

velocity anomalies reported in regional tomography (e.g., Xu et al., 2018; Liang572

et al., 2022; Bao et al., 2013, 2015), together with positive radial anisotropy in573

the asthenosphere and a nearly north–south oriented azimuthal anisotropy, both574

consistent with dominantly horizontal mantle fabric and organized lateral flow575

(Liang et al., 2022). We therefore infer that part of the upwelling is deflected576

southward (Figure 9), which may have contributed to LAB thinning and surface577

uplift in the TNCO (Li et al., 2024; Zhang et al., 2025a). In addition, the578

convergence of H1 with H2 in our model, together with widespread low-velocity579

anomalies in the southeastern NCC (Liang et al., 2022; Ouyang et al., 2014),580

25



implies that hot material from the southeast may also feed into the southern H1.581

As noted earlier, the northern segment of H2 is often interpreted as upwelling582

originating from the subducting Pacific slab (Liang et al., 2022), potentially583

contributing to generating the forced downwelling beneath the BBB.584

Figure 9: Schematic model of small-scale mantle convection beneath the NCC. The upwelling
is likely initiated by fluids released from a stagnant slab through dehydration reactions (Huang
and Zhao, 2006; Xu et al., 2018). These upwelling materials are diverted laterally by the thick
lithospheric root of the Ordos Block, resulting in flow convergence toward the DTV, partial
melting and volcanism. As the upwelling interacts with the thick lithosphere, it is deflected
toward regions of thinner lithosphere. Upon reaching the BBB area, it promotes a downwelling
via a forced return flow. A portion of the upwelling is also diverted southward, forming a sub-
horizontal mantle flow. To the east, a secondary upwelling (e.g., Liang et al., 2022) may also
contribute to the development of the forced downwelling beneath the BBB.

6. Conclusions585

By jointly inverting multiple geophysical datasets, we have developed a ther-586

mochemical model of the lithosphere and sublithospheric mantle beneath the587

North China Craton, providing new insights into the coupling between man-588

tle dynamics and surface processes. The results reveal a small-scale convection589

system composed of an upwelling beneath the Datong volcanic field and a com-590

pensating downwelling beneath the Bohai Bay Basin. This dynamic link offers591

a unified explanation for two first-order observations: sustained Cenozoic in-592
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traplate volcanism in the Datong region and the anomalous post-rift subsidence593

of the Bohai Bay Basin.594

Taken together with previous seismic tomography studies, our results indi-595

cate that the Datong upwelling originates at depths pertaining to the mantle596

transition zone, potentially triggered by dehydration of the stagnant Pacific slab597

(Huang and Zhao, 2006; Xu et al., 2018). It is subsequently deflected by the598

Ordos lithospheric root, causing flow convergence towards the Datong region,599

where reduced lithospheric thickness promotes ascent and melt generation. We600

showed that the paired downwelling beneath the Bohai Bay Basin accounts for601

the anomalous subsidence since ∼ 12 Ma, tying basin evolution to ongoing sub-602

lithospheric circulation. These findings reconcile previously incompatible obser-603

vations and highlight the critical and ongoing role of lithosphere-asthenosphere604

interactions in shaping the geodynamic and tectonic history of the North China605

Craton.606
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Supplementary Information for: Imaging1

Lithosphere–Asthenosphere Interaction Beneath the2

North China Craton: Implications for Intraplate3

Volcanism and Anomalous Basin Subsidence4

Text S1. Construction of Dispersion Curves in Peripheral Regions5

The primary tomography model from which we extracted dispersion curves6

is that of Zhong et al. (2024). However, this study did not provide coverage for7

certain regions along the margins of the modeled area. To supplement these pe-8

ripheral regions, we added dispersion curves from two additional studies: Shen9

et al. (2016) (hereafter S2016) and the recent SinoScope1.0 full-waveform veloc-10

ity model Ma et al. (2022). Model S2016 is based on a combined ambient-noise11

and earthquake Rayleigh-wave tomography of mainland China, built from ob-12

servations at more than 2,000 seismic stations. Its main period range is from 813

to 50 sec, but in parts of South China and Northeast China they extend up to14

70 sec. Dispersion curves in the period range 10-140 sec were calculated from15

model SinoScope1.0 using the forward-modeling code disp96 (Herrmann, 2002).16

A comparison of these two models is shown in Figure S2. Despite relatively17

small, localized discrepancies in amplitude, the S2016 and SinoScope1.0 models18

are highly consistent in their first-order features, particularly in the period range19

of 20–70 sec. We therefore constructed dispersion curves spanning the 10–140 s20

period range in the peripheral regions by combining results from the S2016 and21

SinoScope1.0 models (see Figure S1). Below 35 sec, we only use the dispersion22

curves from S2016; above 70 sec, we only use those obtained from SinoScope1.0.23

In the overlapping region (35-70 sec), we use a weighted average (i.e. a smooth,24

linear taper) that gradually merges the velocities of both models.25



We emphasize that the peripheral regions are included primarily for regional26

completeness and context and they do not influence the main interpretations or27

conclusions presented in this study.28

Text S2. Statistical inference approach to the Inverse Problem29

The posterior probability distribution function (PDF) is given by:30

P(m) ∝ ρ(m)L(m) (S1)31

where ρ(m) denotes the prior PDF, which encodes information about the model32

parameters independently of the data, and L(m) is the likelihood function,33

which quantifies the probability of observing the data given a model. In the34

typical case of independent and identically (normally) distributed observations,35

we can adopt the following form for the likelihood function:36

L(m) ∝ exp

−1

2

∑
j

Φ(m)j

 (S2)37

where38

Φ(m)j =
∑
i

[
dp
i − do

i

σi

]2
j

(S3)39

is the misfit function. Here, dp and do denote the predicted and observed data,40

respectively; indices j and i refer to the data type (e.g., elevation, geoid, SHF,41

dispersion curves, and P velocities) and the individual data points, respectively;42

and σi is the uncertainty associated with each data type at point i.43

To obtain estimates of the multidimensional posterior PDF, P(m), we use44

the Markov Chain Monte Carlo (MCMC) method based on the Delayed Rejec-45

tion Adaptive Metropolis (DRAM) algorithm (Haario et al., 2006; Shan et al.,46

2014). Following previous studies (e.g., Afonso et al., 2016; Qashqai et al., 2018;47

Guo et al., 2016; Shan et al., 2014), we performed 325,000 simulations in each48

column making up the region of interest (i.e., more than 321×106 simulations49

2



per inversion). Of these, the first 125,000 iterations constituted a pre-adaptive50

phase, after which the proposal distribution was updated every 25,000 samples51

(Haario et al., 2006). Each simulation involves solving the following forward52

problems: a) computing the thermal structure of the entire lithosphere and53

sublithospheric upper mantle; b) determining stable mineral assemblages in the54

mantle via Gibbs free-energy minimization; c) calculating bulk physical proper-55

ties (e.g., Vp, Vs, and bulk density) of the crust and upper mantle; d) calculating56

Rayleigh wave dispersion curves; and e) computing geoid height and elevation.57

Details on the modeling procedures can be found in Afonso et al. (2013a,b,58

2016).59

Text S3. Yield Envelope and Effective Elastic Thickness60

To assess the lithospheric effective elastic thickness (Te) of our research re-61

gion, we first calculated the yield strength (or yield envelope) as function of62

depth for both brittle and ductile deformation mechanisms. These calculations63

used the density and thermal structure retrieved from our inversion. The brittle64

field can be described by Byerlee’s law (Byerlee, 1978):65

σb = αρgz(1− λ), (S4)

where α is a parameter depending on the type of faulting, ρ is density, g is66

acceleration of gravity, z is depth (km); λ is the pore fluid factor. In this study,67

we set typical values of g = 9.81, λ = 0.37, and α = 0.75 (Wang, 2001). The68

ductile field can be approximated by a power-law dislocation creep Kirby (1983):69

σd =

(
ε̇

Ap

) 1
n

exp

(
Q

nRT

)
, (S5)

where ε̇ represents the strain rate, Ap is the power strain rate; n is the stress70

exponent; Q is the activation energy; R is the gas constant; and T is the absolute71

temperature. Here, we set ε̇ = 10−15s−1, R = 8.31447J mol−1K−1 (Tesauro72

et al., 2015). The rheological parameters for each lithospheric layer are shown73

3



in Table S1 (e.g., Zang et al., 2005). The yield strength at any given point is74

defined as the minimum of these two mechanisms:75

σ = min(σb, σd). (S6)

From the computed yield envelope, we can estimate the thickness of the76

mechanically competent part of the lithosphere (∆hi) by adding all depth inter-77

vals where the strength is less than a threshold value (e.g., 10MPa in Ranalli,78

1994). Therefore, lithospheric layers are considered coupled or decoupled based79

on whether the strength decreases below this threshold. For a lithosphere com-80

posed of n mechanically competent layers that are decoupled from one another,81

Te is estimated using the following equation (Burov and Diament, 1995):82

Te =

(
n∑

i=1

∆h3
i

) 1
3

. (S7)

In contrast, if the layers are coupled, Te is simply the total thickness of the83

mechanically competent layers:84

Te =

(
n∑

i=1

∆hi

)
. (S8)

The Te of North China lithosphere is shown in Figure S3, the Te of BBB region85

is estimated to be 15–25 km.86
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Figure S1: (a) Study area with high-resolution dispersion curves from Zhong et al. (2024)
(purple patch). (b) Example of dispersion curves at a randomly selected location in a non-high-
resolution region. Three types of dispersion curves are shown as colored points: S2016, E2011
(Göran and Ekström, 2011) and SinoScope1.0. The modified dispersion curve is constructed
by merging S2016 and SinoScope1.0, with the weight of the SinoScope1.0 curve (purple line,
right axis) varying linearly with period.
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Figure S2: Comparison of phase velocities from models S2016 and SinoScope1.0 at periods of
20, 40 and 50 sec.
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Figure S3: Effective elastic thickness (Te) of the lithosphere (in km). The area surrounded by
the white dash line denote the Bohai Bay Basin (BBB).

Table S1: Rheological parameters of lithospheric layers (Ranalli, 1994, 1997)

Layer Composition Ap(MPa−ns−1) n Q(KJ mol−1)

Upper crust Granitite 1.8× 10−9 3.2 123
Middle/Lower crust Felsic granulite 0.8× 10−4 3.1 243

Upper mantle Wet peridotite 2.5× 103 4.5 532

Table S2: Constant crustal parameters

Thermal conductivity Thermal expansion Thermal compressibility
(Wm−1 ◦C−1) (◦C−1) (Pa−1)

Three-crustal layers
Sediment 2.5 2.7× 10−5 5.0× 10−11

Crstalline 1 2.4 2.6× 10−5 1.4× 10−11

Crstalline 2 2.2 2.3× 10−5 1.1× 10−11

Four-crustal layers
Sediment 2.4 2.7× 10−5 5.0× 10−11

Crstalline 1 2.5 2.4× 10−5 1.7× 10−11

Crstalline 2 2.2 2.3× 10−5 1.4× 10−11

Crstalline 3 2.0 2.1× 10−5 1.2× 10−11
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Figure S4: The dynamic topography at subsidence center which depending on aspect ratio
of the convection and effective elastic thickness Te.(Modified from Marquart and Schmeling,
1989). In our study, the aspect ratio of convection cell is approximated between 1.33 to 1.78,
and we conservatively use Te = 25 km as a representative value in BBB, so that the dynamic
topography driven by the mantle convection approximate 740±90 m.
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Figure S5: Model parameterization (modified from Afonso et al., 2016). This model shows
a 3-layer crust structure with 5 temperature nodes in the sub-lithospheric mantle (charac-
teristic of a thin LAB). A finite-difference mesh with 2 km resolution (blue dots) discretizes
the entire column and is used to solve the forward problems related to the steady-state heat
transfer equation, gravity potential, and isostatic balance for temperature, geoid height, and
elevation, respectively. In the mantle, 15 thermodynamic nodes (blue diamonds) are intro-
duced to calculate thermophysical properties (e.g., Vp, Vs, ρ). These properties are derived by
minimizing Gibbs free-energy using components of the Perple_X software (Connolly, 2009)
and the thermodynamic database and formalism of Stixrude and Lithgow-Bertelloni (2011).
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Figure S6: Posterior probability density functions (PDFs) of key parameters at three repre-
sentative tectonic locations: (a) Ordos Block, (b) Datong Volcanic Field, and (c) Bohai Bay
Basin. Panels (a1-c3) show posterior histograms of surface elevation, surface heat flow, and
geoid height. Red solid lines denote observations, red dashed lines their uncertainties, and
black solid lines the mean of accepted models. Panels (a4–c4) display observed Rayleigh-wave
dispersion curves (green error bars) compared with predictions from accepted models. Panels
(a5–c5) present temperature–depth profiles, where blue dashed lines indicate posterior means,
red dots mark thermodynamic nodes in the sublithospheric mantle, and grey histograms along
the vertical axis represent the posterior distributions of LAB depth. Panels (a6–c6) show pos-
terior PDFs of P-wave velocity (grey) with the mean (red solid line), observed values from
the SinoScope model (Ma et al., 2022) (blue dashed line), and associated uncertainties (black
dashed line, ±2% Vp). Only mantle thermodynamic nodes deeper than 100 km (yellow dots)
are used in the fitting.
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Figure S7: Predicted shallow thermal structure at 15, 30 and 45 km depth from our model.
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Figure S8: Comparison of thermal lithospheric thickness and Mg# from this study and from
that of Zhang et al. (2025). (a-b) show LAB depth and Mg# from this study; (c-d) from
Zhang et al. (2025).
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Figure S9: Comparison of thermal structures as predicted by this study and that of Zhang
et al. (2025). (a-c) and (g-i) are results from this study; (d-f) and (j-l) from Zhang et al.
(2025).
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Figure S11: Vertical sections of inverted thermal structure (columns 1, 3, and 5) and cor-
responding Vp velocity anomalies (columns 2, 4, and 6) along the same profiles as shown in
Figure 8. The three pairs of columns are based on different Vp models used in the joint in-
version: SinoScope1.0 (columns 1-2, Ma et al., 2022), Tao18 (columns 3–4 Tao et al., 2018),
and Guo24 (columns 5–6 Guo et al., 2024).
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Figure S12: Horizontal slices of Vp velocity (columns 1–3) at different depths based on three
tomographic models (same as Figure.S11), and the corresponding inverted temperature struc-
tures (columns 4–6) derived from joint inversion constrained by each respective Vp model.
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Figure S13: The same as FigureS6 but with Tao18 Vp model.
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Figure S14: The same as FigureS6 but with Guo24 Vp model.
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Figure S15: Comparison of LAB depths derived from different methods and definitions. (a)
Thermally defined LAB from this study; (b) thermally defined LAB from Zhang et al. (2025),
who applied a similar inversion framework but used different datasets; (c) thermal LAB ex-
tracted from Sun et al. (2022), defined by the 1250 ◦C isotherm, where mantle thermal
structure was inferred solely from an S-wave tomographic model (Huang et al., 2003); (d)
LAB inferred from receiver function analysis (Zhang et al., 2019); (e) seismic LAB defined as
the depth of the maximum negative velocity gradient in the tomographic model of Li et al.
(2022). (f) LAB depth variations along profile A–A′ for all models.
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Figure S16: Regional shear-wave splitting (SWS), radial anisotropy (RAN), and their rela-
tionship with the inverted thermal structure. (a) Compilation of fast polarization directions
from recent SWS studies (Zhu and Ma, 2021; Qiang et al., 2021; Liu et al., 2021). (b–d)
Horizontal slices of the inverted temperature structure at depths of 100 km, 200 km, and 300
km, respectively, with radial anisotropy (from Liang et al., 2022) superimposed. (e–h) Vertical
sections of the temperature model along profiles A–A′ to D–D′, with RAN (Liang et al., 2022)
variations overlain. The locations of these profiles are shown in (d) and are identical to those
in Figure 8.
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Table S3: Model parameters and their prior ranges

Model Parameters Range

Crust
RHP (µW/m3) 0.1-2.6
Density (Sediment, kg/m3) 2100-2750
Density (crystalline 1, kg/m3) 2400-2950
Density (crystalline 2 or 3, kg/m3) 2500-3200
Thickness perturbation (Sediment, km) -2.0-2.0
Thickness perturbation (crystalline 1, km) -5.0-5.0
Thickness perturbation (crystalline 2 or 3, km) -7.0-7.0
VP /VS (Sediment) 1.65-2.25
VP /VS (crystalline 1) 1.65-1.90
VP /VS (crystalline 2 or 3) 1.65-2.15

Mantle
LAB depth (km) 45-300
Al2O3 in the lithosphere (wt. %) 0.5-5.5
FeO in the lithosphere (wt. %) 6-9.2
MgO in the lithosphere (wt. %) 34-51
CaO in the lithosphere (wt. %) 0.1-5.5
Al2O3 in the sublithospheric mantle (wt. %) 1.5-5.5
FeO in the sublithospheric mantle (wt. %) 7-9.2
MgO in the sublithospheric mantle (wt. %) 34-46
CaO in the sublithospheric mantle (wt. %) 1.5-5.5
Tbuffer (◦C) 1200-1500
Tinter1 (◦C) 1230-1530
Tinter2 (◦C) 1250-1550
Tinter3 (◦C) 1300-1600
Tbottom (◦C) 1350-1680
1 This RHP value is only used in the sedimentary and first

crystalline layers, for the deeper crystalline layers, RHP/10
are assumed.

2 Si2O is computed as 100− (Al2O3 + FeO + MgO + CaO).
3 The research region primarily follows a three-layer crust

model, which does not include the “crystalline 3” layer.
4 For definitions of "temperature nodes", see Fig.S5. In the

region with a very thick LAB, there are only 3 "temperature
nodes" assigned, excluding Tinter1 and Tinter2.
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