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Introduction: The continental lithosphere of the Northeast China Plain (NECP) is probed using P–wave receiver function analysis of passive seismic data. The NECP is much–discussed as it includes different geological provinces of varying tecto–magmatic origin and dates back from Archean to Holocene. Quantifying the tectonic and magmatic influences on the structure and composition of the lithosphere puts important constraints on evolution of NECP. For this, we explore 75 sites across NECP using receiver function analysis.
Methods: A recently developed technique of inverting for 1–D S–wave velocity profiles beneath seismic stations that is based on the principles of Bayesian statistics (hierarchical transdimensional Bayesian Inversion; HTBI) is applied to receiver functions from the NECP. In addition, an improved crustal thickness–compressional to shear wave velocity ratio (H–κ) analysis was conducted to retrieve the crustal thickness and Vp/Vs ratio of the region. These estimated point measurements are integrated and systematically studied for a regional view of the current crustal architecture.
Results and Discussion: We observe a laterally varying and highly complex lithosphere beneath the NECP. A shallower crust–mantle transition (≤32 km) characterises the Precambrian North China craton and Late Mesozoic–Cenozoic Songliao Basin from the adjacent Central Asian Orogenic Belt and the Changbaishan Volcanic field (35–40 km). Beneath the latter, low Vp/Vs ratios (∼1.65) are obtained, whereas all other regions feature ratios in excess of 1.75. Multiple velocity gradients are observed at crustal depths within the craton, in contrast to the adjacent orogen, which indicates a higher degree of crustal complexity of the former. The width of the crust–mantle transition across the NECP is found to be mainly intermediate (2–7 km) and occasionally sharp (≤2 km). From our observations, we infer that there is a substantial difference between the eastern North China Craton’s lithospheric architecture and the rest of the NECP, with most of the NECP exhibiting more complexity than previously reported.
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1 INTRODUCTION
Over the last century, a wide range of passive seismic techniques has been employed to determine the depth and properties of the crust-mantle transition zone across the globe (Prodehl et al., 2013). The current properties of the crust-mantle transition zones result from major or multiple tectonic, magmatic, and metamorphic processes and influences. Profiling using receiver functions (RFs) has been an effective passive-seismic method to retrieve detailed information on crustal and upper-mantle architecture, particularly sensitive to the gradients in elastic parameters. In China, the majority of receiver-function studies focused on the estimation of crustal thickness and Poisson’s ratio, which are valuable parameters to constrain processes that created the current crustal architecture across the globe and in China (Chevrot and Van der Hilst, 2000; Zhu and Kanamori, 2000; Li, 2006; Zhang et al., 2014; He et al., 2014a and references therein). Most of these studies have obtained a consistent pattern of crustal thickness, but there are some inconsistencies between different studies with the same data source.
On the one hand, the inconsistencies could be due to the use of different filters, weighting factors for converted phases, differences in prior assumptions (e.g., the value of compressional velocity, Vp, from surface to the Moho), and/or differences in the quantity and quality of analyzed RFs. On the other hand, such discrepancies might also arise from a high level of compositional and structural complexity of the crust-mantle transition zone. According to some studies (e.g., Tkalčić et al., 2006; Assumpção et al., 2013), the crustal thickness from RFs should always be estimated using different methods and, if possible, diverse datasets since the discrepancies between results yield an estimate of uncertainty and are thus critical in understanding the tectonic evolution of the region.
With a growing volume of seismic data collected from multiple stations in China, a detailed analysis of the crust-mantle transition zone will thus help reveal the continental lithospheric evolution of the regions such as the Northeast China Plain (NECP). To address the inconsistencies mentioned above in the case of Northeastern China and to provide an enhanced estimate of the crustal thickness (also referred to as H) and the compressional to shear wave-velocity ratio (also referred to as Vp/Vs or κ), we combine H-κ stacking of the RFs with a transdimensional Bayesian inversion method (Bodin et al., 2012) to retrieve 1-D shear-wave velocity (Vs) profiles beneath recording stations. The number of Earth layers in the inversion is treated as a free parameter in the trans dimensional framework we utilize. In addition, uncertainty is a hyper parameter, i.e., a free parameter in the inversions, which helps avoid subjective choices that could bias the results and interpretation. These profiles and their uncertainties can provide critical information about the complexity of the subsurface architecture. For instance, a second-order velocity gradient in the mantle beneath the Moho in a 1-D Vs profile could result from magmatic underplating or similar geological processes.
Our study aims to calibrate and constrain the properties of the crust and the crust–mantle transition from an estimate of seismic velocity gradients, H, and Vp/Vs beneath the NECP. Utilizing modern inversion methods, a large number of seismic stations as well as combining two different approaches, we can provide well-calibrated results that also contain information about parameter uncertainties. Since precise knowledge of the present-day crustal configuration is a crucial ingredient for any efforts of modelling processes that have created it, our results are a contribution towards elucidating the origins of the complex present-day tectonic patchwork of Northeastern China. Our results are summarized in a series of maps showing lateral variations in crustal thickness along with uncertainties from two independent methods and the Vp/Vs for the crust. Finally, we interpret the regional variations in crustal thicknesses with geological provinces and related tectonic processes.
2 TECTONIC SETTING
The NECP comprises three major structural units, those of Archean, Proterozoic, and Cenozoic eras: from south to north, the eastern North China Craton (eastern NCC), the Songliao Basin (SLB), and the Chinese part of the Central Asian Orogenic Belt (CAOB; see Figure 1). Two recently active volcanic areas, the Changbaishan and the Wudalianchi Volcanic Fields are of particular interest in this study and will thus also be introduced in detail.
[image: Figure 1]FIGURE 1 | A simplified schematic map of major tectonic domains within the Northeast China block modified from Pirajno et al. (2009). Volcanic fields are shown as red patches; major basins are shown in green. Yellow triangles represent seismic stations utilized in this study spread across the provinces of LiaoNing, JiLin, and HeiLongJiang. Abbreviations ENCC, Archean Eastern North China Craton; CAOB, Central Asian Orogenic Belt; CVF, Changbaishan Volcanic field; WVF, Wudalianchi volcanic field; SLB, Songliao Basin; CMC, Ultra metamorphic complex of ENCC.
The by far oldest among the tectonic blocks is the eastern North China Craton in the southwest of our study area (Figure 1). The NCC has been interpreted as an amalgamation of micro-continent blocks, the oldest of which are Archean age (Yang et al., 2016; Santosh, M., 2010 and references therein). Geochemical, geochronological, and structural evidence, as well as metamorphic pressure-temperature paths, suggest that the basement of the NCC can be subdivided into an eastern and a western block, separated by the late Archean to Paleoproterozoic Trans-North China Orogen (Zhao et al., 2001). According to that study, the NCC was a “continental sliver” inside the supercontinent Gondwana, from which it detached in the Devonian (Hawkesworth et al., 2013). Our study focuses on the northeastern flank of the eastern NCC, which is part of the North China Block (also known as the Sino-Korean Block) and is bounded by the Yellow sea to the south and the Solonker suture to the north (Figure 1). It features an ancient basement comprising metamorphic basement rocks as old as 3.8 Ga and several late Archean nuclei surrounded by Paleoproterozoic orogenic belts of about 1.8 Ga age (Jahn and Ernst, 1990; Liu et al., 1992; Wu et al., 2008). Geophysical and petrological evidence suggests that the eastern NCC lost a large proportion of its mantle lithosphere since the Mesozoic. The presence of lower crustal material in some of the volcanic melts from the eastern NCC (Gao et al., 2004), and a thinner crust than expected for other Archean Cratons, has led to the proposal that the eastern NCC’s lower crust has foundered into the mantle together with the mantle lithospheric keel material, possibly as a consequence of eclogitization and thus densification. That would imply that detailed crustal-thickness mapping in the NCC can reveal the spatial extent of mantle lithospheric foundering. It should be noted that magmatic underplating since the foundering event(s) might have locally overprinted this signature (Zhai et al., 2007; He et al., 2022). Today, large parts of the eastern NCC are covered by a thick sedimentary succession of 2–12 km thickness (Zhang et al., 2014).
The non–marine Songliao Basin is located north of the eastern NCC and east of the CAOB (Figure 1). The basin has an extent of ∼700 km * 330 km within the North China block and possesses a Paleozoic basement of metamorphic and granitic composition (He et al., 2014a; Zhi–qiang et al., 2010). Upper Jurassic to Late Cretaceous volcano-sedimentary sequences, as well as Cretaceous and younger mudstones and sandstones, overlain this hard rock basement and is among the largest oil-bearing formations of China (Feng et al., 2010). Its formation has been associated with rifting due to a mantle upwelling, followed by post-rift conductive cooling of the mantle, which caused lithospheric thinning and crustal shortening at the Great Higgnan Mountain range that led to a structural inversion of the sedimentary basin to an anticlinal body (Liu and Niu, 2011). Geophysical studies have shown that the lower crust beneath Songliao Basin exhibits a mafic to ultramafic composition, inferred based on Vp/Vs ratios larger than 1.80 (He C. et al., 2014).
The accretionary margins between the NCC and the Siberian Craton make up the eastern part of the CAOB (Jahn, 2004; Xiao et al., 2003; Li, J.Y., 2006). This belt is commonly regarded as one of the largest known accretionary orogens (Şengör et al., 1993), with its evolution spanning a period of ∼720 million years from about 1,000 Ma to about 280 Ma (Kröner et al., 2007; Windley et al., 2007). A series of subduction and collision processes during the early to late Palaeozoic formed this accretionary collage that comprises multiple continental and oceanic fragments.
Besides the aforementioned major blocks, our study area also contains two areas of vigorous Holocene intraplate volcanism. The Changbaishan Volcanic Field, located at the eastern edge of the NCC, has shown six major eruptive events since BC 1120 (Simkin and Seibert, 1994) and has been interpreted as related to the subducting Pacific slab beneath, as well as to a hotspot or back-arc source (Kim et al., 2016). It is characterized by distinct anomalies of lower seismic wavespeeds in the crust and upper mantle (Tang et al., 1997; Tang et al., 2001; Kim et al., 2017).
The Wudalianchi Volcanic Field, located in the Songliao Basin’s north, comprises 14 monogenetic volcanoes from the Cenozoic era. Although its geophysical and seismological signature is very similar to that of the Changbaishan Volcanic Field (Wei et al., 2003), geochemical evidence suggests a different initial magma source dominated by the melting of lithospheric clinopyroxenite followed by a later phase with asthenosphere peridotite melting (Rasskazov et al., 2011; Fan et al., 2021). A process of subduction–induced delamination has been proposed to form Wudalianchi volcanism (Wei et al., 2012).
3 DATA AND METHODS
We utilized seismic waveform data from 75 stations in the HeiLongJiang, JiLin, and LiaoNing provinces, recorded in 2007–2011. The waveforms from earthquakes with magnitudes mb > 5.8 and epicentral distances within 30°–95° were used as a source for this study. The dataset includes stations from the Chinese provincial and national networks and temporary broadband deployments operated in the above time window. The distance between stations varies between 50 km and 450 km, with station density decreasing towards the north of the study area. We performed a multi-step quality control procedure to ensure an enhanced signal-to-noise ratio to improve the accuracy of inherent structural signatures. From an extensive database of raw seismograms, after a preliminary quality observation based on P-arrivals, a total of 28,240 teleseismic P–wave RFs (Langston, 1979) are computed. For the same, the deconvolution of radial and vertical components was performed iteratively in the time domain (200 iterations) by applying the algorithm of Ligorria and Ammon (1999). The obtained time series were filtered with Gaussian filter widths (a). Based on sensitivity to crustal-scale features and the crust-mantle transition, we chose radial P receiver functions of Gaussian filter parameters a = 1.0 and a = 2.5 (corresponding to low-pass filtering with corner frequencies of 0.2 and 0.5 Hz) in this study.
These data sets were analyzed and exploited for each station using multiple techniques.
A visual examination of the RFs for each station was performed to exclude noisy and/or non–representative data. The same was identified based on the amplitude of the P arrival (positive and less than 0.8) and the location of the maximum amplitude peak (within 0.5–2 s of the theoretical P- wave estimate). Subsequently, an empirical data selection is performed to select the coherent waveforms based on the cross-correlation matrix method from Tkalčić et al. (2011). This method computes the cross-correlation coefficient-χ for each pair of P-wave RFs, from which the RFs are selected based on their coherency percentage (τ) for a chosen minimum of χ value. From our data, we included the RFs with χ ≥ 80%. On average, ∼100 individual RFs from different earthquakes were obtained for the stations. Another criterion we imposed was to exclude stations that yielded less than 20 RFs after the quality control measures from further analysis (H58 and SUZ), as they might not be an ideal representation of the crustal structure.
In addition, we adopted the ray-parameter–based stacking method (Chen and Niu, 2013) to compute representative RFs for inversion. In this method, a “four-pin” moveout correction is applied to direct P-wave to S-wave converted phases (0p1s) and the reverberating phases (2p1s and 1p2s). This minimizes the waveform distortion that could arise from direct stacking of all events from the teleseismic distance range. We thus obtain stacked RFs with corrections applied for the distances and back azimuth. Multiple stacks of RFs are computed with different reference ray parameters ranging from 0.045 to 0.085 s/km.
These accepted RFs, after multiple quality control measures, are exploited further with two independent methods to determine crustal thickness, the presence of intra-crustal seismic discontinuities, the nature of the crust-mantle transition area, and the Vp/Vs ratio.
3.1 Hierarchical transdimensional Bayesian inversion of RFs (HTBI)
We analyze the 1-D shear-wave velocity profiles obtained from HTBI to infer the depth to the Moho and the depth to other second-order interfaces in the crust and mantle and the character of these interfaces. The HTBI approach is based on the principles of Bayesian statistics. Unlike conventional algorithms for RF inversion, it treats the data noise (σ) and the number of subsurface layers (k) as free parameters that are also inverted. In short, the HTBI approach aims to overcome the restrictive assumptions on parameterization and data noise involved in the geophysical inversion of RFs. In addition, this sampling-based approach generates an ensemble of representative solutions, which are used to infer the constraints of the unknown spatial model. For more details about this approach, the reader is referred to Bodin et al. (2012). We follow the procedure described therein to retrieve a 1-D S-wave velocity structure beneath the stations of northeast China.
We first perform a series of trial runs to test the retrieval of simple synthetic layered structures and to calibrate the necessary parameter choices. We then run the algorithm in production mode, inverting for Vs velocity down to 60 km depth using 107 iterations on 36 CPUs. The unknown spatial model is sampled with a reversible jump Markov chain Monte Carlo approach to obtain a transdimensional inference (Geyer and Møller, 1994; Green et al., 2003; Gallagher et al., 2009; Bodin et al., 2012; Gallagher, 2012). This is a computationally expensive procedure, with every run (corresponding to a single station) taking 36–48 h. Examples of input receiver function, the posterior distribution of noise and number of layers along with posterior ensembles of 1-D Vs velocity profiles are shown in Figures 2A–D. The posterior density of models (Figures 2B, 4, 5) is collected every 20,000 iterations from 36 Markov chains; the first 3 × 106 iterations were the burn-in period (pre-production mode when models are not collected) necessary to stabilize the search in the model space and thus not used. For all inversions, the crustal Vp/Vs ratio is fixed at 1.73 after confirming that the results are not strongly dependent on this value. The algorithm samples the model space for the number of layers, which is allowed to vary between 2 and 20; the maximum likelihood solutions are shown as histograms in Figure 2E.
[image: Figure 2]FIGURE 2 | (A) The stack of the RFs at station YCH is shown as a thick grey line. The solid red line indicates the maximum likelihood solution from HTBI. (B) The distribution of the posterior ensemble of models collected during the post–burn-in period of the inversion. The solid black line represents the best model from the ensemble, and the black dotted line represents the average of the model ensemble. The red box shows the position of the crust-mantle transition zone beneath this station. (C) The posterior probability of discontinuity obtained for station YCH is shown, which indicates a maximum probability for around 25–30 km (the red dashed box). (D, E) Histograms represent the posterior distribution of the noise parameter and the number of layers.
In addition to the posterior distributions shown in Figure 2, we also obtain a distribution for the probability of a velocity discontinuity (see Supplementary Information). We use the resulting curves to estimate the crustal thickness and its uncertainty by fitting a Gaussian curve to the posterior density function as outlined in the Supplementary Information. The uncertainty estimates (see Figure 6B) yield uncertainty values significantly higher than estimated by the H-κ approach. That can be explained by the assertion that not all of this uncertainty is computation uncertainty; a large part of it likely derives from the physical extent of the transition from crust to mantle.
3.2 H–κ stacking analysis for crustal thickness and average crustal properties
To retrieve spatial distributions of crustal thickness and Vp/Vs ratio, we conducted an H-κ domain search (Chevrot and Van Der Hilst, 2000; Zhu and Kanamori, 2000). We applied a modified scheme (Niu et al., 2007; Chen et al., 2010), where the coherence between the converted and reverberated phases for varying Vp/Vs and H values are calculated. A semblance computed for this correlated search yields an H-κ estimate at each recording station. This approach minimizes the intrinsic trade-off in the H-κ parameter space and thus increases the precision of the grid-search analysis (e.g., Tkalčić et al., 2011). The grid search is conducted for H ranging 15–60 km (with an H increment of 0.050) and Vp/Vs ranging 1.5–2.2 (with a Vp/Vs increment of 0.001) on RFs of the Gaussian filter widths a = 1.0 and a = 2.5. We here focus on results derived using the Gaussian filter width a = 1.0, equivalent to approximately a low pass filter with a corner period of 0.5 s. We set Vp for the crust to 6.45 km/s, which is the global crustal Vp average for continents (Christensen and Mooney, 1995), after conducting tests that showed that this parameter had a relatively small influence on the retrieved results. For the relative weighting between converted and reverberated phases, we applied the weighting factors 0.70, 0.15, and 0.15 for Ps, Ppps, and Ppss, respectively. Runs using the relative weight distributions applied by Chevrot and Van der Hilst (2000) and Zhu and Kanamori (2000) yielded comparable results. Examples of H–κ results for several example stations are shown in Figure 3.
[image: Figure 3]FIGURE 3 | H-κ grid search analysis results for stations JCA, JGD, JYT, LIH, and BCT (A–E). The color shows the summed amplitude as a function of crustal thickness and Vp/Vs. White open ellipses indicate the errors. The white horizontal and vertical lines represent the best-fit crustal thickness and Vp/Vs. (F) The stack of RFs for the maximum amplitude in the H-κ domain for station BCT is shown in blue. The red dashed lines indicate the predicted arrival times of reverberated phases, calculated using the retrieved optimal crustal thickness and Vp/Vs.
4 RESULTS
We use the computed RFs and 1-D Vs profiles to retrieve several properties that will eventually be used to interpret the underlying tectonic structure. These are the crustal thickness pattern, the character or sharpness of the crust-mantle transition (Supplementary Table SA; Column f), the bulk crustal Vp/Vs, and, if present, the depth and strength of the second-order discontinuities inside the crust or uppermost mantle. Since the overall crustal thickness pattern is retrieved from both employed methods independently, it offers a means of checking the consistency of results across the methods. Stations that showed unrealistic or bimodal posterior distributions in the HTBI approach, or for which an insufficient number of RFs was obtained and/or which suffered from too poor azimuthal coverage, were excluded from further analysis and interpretation. Figures 4, 5 show examples of obtained RFs fits and velocity models. The NCC has been reported to have a low crustal average velocity of around 6.14 km/s (Xia et al., 2017) in the uppermost 20 km. These low velocities of the middle crust seemed to have influenced the posterior ensembles in the RFs inversions. Since RFs are not efficient at constraining absolute Vs velocities, these should be regarded as less constrained than the depth to discontinuities.
[image: Figure 4]FIGURE 4 | The 1–D shear–wave velocity model ensembles and their corresponding observed RFs for ten stations in the Liaoning province (A) The posterior ensemble of models for the ten stations. The ensemble solution of models is represented with a color density plot. This yields an estimate of the posterior probability distribution for Vs at each depth for each station. The red dashed box represents the location of the crust-mantle transition for each station. The red circles at stations FXI and YKO highlight the presence of an interface in the velocity model below the Moho. (B) The observed RFs for each station are shown as thick grey curves. The red curves show the synthetic RFs calculated with the best-fitting model to the observed RFs in the ensemble solution.
[image: Figure 5]FIGURE 5 | The 1–D shear–wave velocity model ensembles and their corresponding observed RFs for ten stations in the JiLin and HeiLongJiang provinces. (A) The posterior ensemble of models for the ten stations. The ensemble solution of models is represented with a color density plot. This yields an estimate of the posterior probability distribution for Vs at each depth for each station. The red dashed box represents the location of the crust-mantle transition for each station. (B) The observed RFs for each station are shown as thick grey curves. The red curves show the synthetic RFs calculated with the best-fitting model to the observed RFs in the ensemble solution.
The results of RF analysis from HTBI for all stations used in this study are summarized in Supplementary Table SA, Supplementary Figure S1 and Figure 6A, whereas Figure 6C and Supplementary Table SB summarize the results obtained from the H-κ analysis. Interpolating the single-station crustal-thickness values obtained from the two methods described above leads to maps. The crustal thickness difference between the two methods is listed as a separate column (g) in Supplementary Table SA. Its maximum value is 7 km for station XYN; in most cases, this value is significantly smaller (on the order of 2–4 km). It is evident that most crustal thickness estimates from H-κ analysis fall within the inferred crust–mantle transition zone from the HTBI method. Figures 6B, D show the accompanying uncertainty measurements retrieved from HTBI and H-κ analysis, respectively. Vp/Vs obtained in the H-κ analysis is shown in Figure 7A, while Figure 7B shows the corresponding standard deviation.
[image: Figure 6]FIGURE 6 | (A) Map view of crustal thickness from RFs inversion via the HTBI method. The blue triangles represent the seismic stations, i.e., the data points through which the interpolation was conducted. The utilized values were computed averages from the 1–D shear wave velocity posterior probability curves. (B) Distribution of uncertainty calculated from the posterior probability of models. (C) Map view of crustal thickness from H-κ stacking analysis. Again, the blue triangles represent the seismic stations at which measurements were obtained. (D) Standard deviation estimates obtained from H-κ measurements. The red triangles represent the station locations.
[image: Figure 7]FIGURE 7 | (A) Map view of the bulk velocity ratio (Vp/Vs) across the NECP as computed from the H-κ analysis. The blue triangles represent the points where estimates were made. (B) The standard deviation estimates were obtained for Vp/Vs values from the H-κ analysis. The corresponding color schemes are shown below each map.
We carry out a grid-search of the estimated depth of the Moho and the uncertainty (standard deviation) to fit a Gaussian curve to the observed probability of discontinuity (see Supplementary Information). We observe that for a few stations, the uncertainties are larger than 10 km and note that these show high-frequency receiver functions from volcanic terrains (e.g., BJS in Supplementary Table SA). We disregard a couple of these stations from standard deviation interpolation maps to exclude their high uncertainty influence.
We observe a relatively thin crust of 27–32 km in thickness in the eastern NCC that extends to the southern boundary of the Songliao Basin (Figure 6). Whereas a corridor of thinner crust appears to connect the eastern NCC to the Songliao Basin in Figure 6C, the two regions are separated by higher crustal thickness values in Figure 6A. This is due to station SGT (shown in a red circle), which is the only available station in this area and did not yield a meaningful Vs profile in the HTBI analysis. A thicker crust of 34 km up to 40 km is retrieved in the vicinity of the two volcanic fields (e.g., stations WDL and CVF) as well as for the CAOB in the northwest. A recent study by Zhang et al., 2020 suggested a complicated magma system in the crust and suggested a crustal thickness of 40 km beneath CVF.
A consistent pattern of high Vp/Vs ratio across the eastern NCC and Songliao Basin is evident from Figure 7A. The obtained values in this area lie around or slightly above 1.8 (see Supplementary Table SB). In the rest of the NECP, the estimated Vp/Vs values are rather low, between 1.57 and 1.72, i.e., below the global average for the continental crust of 1.73 (Christensen, N.I., 1996). We obtained the highest Vp/Vs ratio of 1.92 for station BEL (Supplementary Table SB and Figure 7B) located in the Songliao Basin, where a previous study (He C. et al., 2014) has pointed out elevated Vp/Vs as well. On the other hand, we obtained a slightly lower Vp/Vs estimate of 1.72 for station BCT (Supplementary Table SB), where He et al. (2014a) got around 1.8. Such inconsistency for the exact values obtained for the same station is common in previous work on the region. Several interpretations for the crust-mantle interface have been previously reported for northeast China (Li et al., 2014). For example, the crustal thickness beneath station SYS of the HeLongJiang province was estimated at 26.9 km (Vp/Vs=1.74) by Liu and Niu (2011) and 38.1 km (Vp/Vs=1.75) by Zhang et al. (2011). For the same station, we estimated the crustal thickness H of 28.6 and the ratio Vp/Vs of 1.78, as shown in Supplementary Table SB.
Besides providing crustal thickness maps, we also explore the character or sharpness of the crust–mantle transition by exploiting additional information obtained from the HTBI inversion (Details are given in the Supplementary Material). Based on the width of the best–fit Gaussian, we characterize the crust–mantle transition as sharp (≤2 km), intermediate (2–7 km), or gradational ( ≥ 7 km) (Shibutani et al., 1996). Based on Moho’s nature, most stations within NECP fall under the intermediate character (39 out of 66). For example, in Figure 4, the velocity profiles for stations FXI (eastern NCC) and NEH (CAOB) show a different pattern in the velocity profiles at the crust–mantle transition depth. The observed RFs for the stations NEH and FXI (Figures 4, 5, bottom panels) show a distinct difference in that the P–to S–waves converted phase is clear and narrow in the former and broad in the latter. This information is then translated into the 1–D profiles either as a smooth or a sharp Moho. In Supplementary Table SA (column-d), we list the character or sharpness of the crust–mantle transition observed beneath each station included in this study. Supplementary Figure S1 illustrates these differences. Generally, the crust-mantle boundary is intermediate beneath 39 locations and sharp beneath 14 locations. This implies that, across the NECP, the crust-mantle transition mostly has an intermediate nature.
We observe some second-order discontinuities at crustal depths (e.g., station LIH) and upper mantle depths (e.g., LHT and FXI) in the 1-D Vs velocity profiles. We note that for most stations, the resolution beneath the Moho is low (e.g., FUY, LBE), and for others, such as BJS, only some indistinct structural features may be inferred from 1–D profiles. We exclude them from further discussion because they may be the effect of reverberations in the corresponding observed RFs. In the following sections, we compare our results to other studies and suggest some possible conclusions regarding the continental region of the NECP.
5 DISCUSSION
The crustal thickness of Mainland China, including the NECP region, has been derived in a number of previous studies (e.g., Huang et al., 2009; Tang et al., 2013; He et al., 2014a; Li et al., 2014; Zhang et al., 2014; Chen and Niu, 2016). In these studies, the crustal thickness was estimated to vary between 27.6 km and 38.1 km in the NECP. In the present study, the ranges of obtained values from two independent methods are between 24.5 and 41 km and are accompanied by uncertainty. The HTBI scheme allows retrieving a range for crust-mantle transition at most stations. This elucidates the cause of discrepancies and provides a better understanding of the varying values of previous RFs studies in the region (Liu and Niu, 2011; Zhang et al., 2011).
We observe the thinnest crust beneath the Archean eastern NCC and the Cenozoic extended Songliao Basin, which appears to negate a correlation between the crustal thickness and the age of the different parts of the NECP (Drummond, B.J., 1988). We find that the Archean crust of the eastern NCC has a thickness that, for most stations, is lower than what is considered standard for a stable Archean Craton. This is most likely a consequence of the region’s tectonic history.
Archean Cratons, the continental nuclei around which most of today’s landmasses were formed, are commonly thought of as nearly indestructible. Their thick mantle lithospheric keels, reaching depths of 200 km and more, are buoyant relative to the surrounding asthenosphere mantle (e.g., Djomani et al., 2001) and thus prevent subduction and/or recycling of these cratonic regions into the mantle. The North China Craton, however, is a prominent example that, despite its buoyancy, the continental root underlying a craton can be destroyed. Low seismic-wave speeds at depths of only 60–70 km beneath the eastern NCC (e.g., Gao et al., 2004) indicate that the lithospheric keel in the mantle beneath this part of the craton has been nearly completely removed. Several models have been proposed to explain this loss of craton [see summaries in Zhao et al. (2005) and Santosh (2010)], invoking processes related to subduction of the Pacific plate (see Introduction), intracrustal extensional deformation or the effect of a mantle upwelling (e.g., Zhao et al., 2001; Wang et al., 2005; Nutman et al., 2011; Zhai and Santosh, 2011; Zhao et al., 2011; Peng et al., 2012). Whatever its cause, the event that removed the region’s mantle lithospheric keel is also thought to have detached at least parts of the lower crust from the eastern NCC, which would explain the observed crustal thickness atypically low for a cratonic area.
A sharp crust–mantle transition is another hallmark feature of stable Archean cratons. Thus, finding a diffused Moho in an Archean craton stabilized before 2.8 Ga could be taken to indicate later deformation (Abbott et al., 2013) or reworking. We find that the character of the crust–mantle transition beneath the eastern NCC falls into the categories intermediate (2–7 km) and occasionally sharp (<2 km, e.g., station DDO), not systematically different from adjacent areas. This is surprising, considering that the CAOB is regarded as a highly complex accretionary orogen that has accumulated over a long-time span and should thus feature a significantly higher degree of crustal complexity. It thus appears likely that the lack of a decidedly sharp Moho in the eastern NCC implies the area has undergone major tectonic reworking, at least in most areas. This could be related to its early amalgamation from different microcontinents or much more recent reworking due to the aforementioned delamination event. Another scenario could be that the process that initiated the Cenozoic extensional evolution of the Songliao Basin also influenced the eastern NCC. In summary, the nature of the Moho falling into the intermediate category points to an uneven reworking of the whole NECP.
We showed that the Songliao Basin, located north of the eastern NCC, likewise features thinner–than–the average continental crust (Figure 6). Its crustal thickness, however, compares well to the estimated global thickness average of extended crust, which is ∼30 km with an error of 5 km (Christensen and Mooney, 1995). We observe different crustal thickness expressions for the two active intraplate volcanic regions (Changbaishan and Wudalianchi). The Wudalianchi Volcanic Field (VF) possesses a comparatively thin crust (∼30 km), in contrast to the Changbaishan area (∼38 km). A study by He et al. (2003) suggested an unclear Moho interface beneath Wudalianchi VF, which corresponds to the broadest crust-mantle transition of around 10 km width we obtained in this area (Figure 4; volcanic station BJS). In contrast to the highly gradational Moho beneath Wudalianchi VF, in the Changbaishan area, we observed both sharp and gradational transitions. We observe that regions with thinner crust (NCC, Songliao Basin, WVF) show up as positive anomalies in the Bouguer gravity anomaly map [Supplementary Figure S4 modified from Bonvalot et al. (2012)], whereas Bouguer gravity anomalies close to 0 are retrieved for regions with thicker crust (Changbaishan region, CAOB). A gravity high where the crust is thinner should be a direct consequence of more dense mantle material in the lithospheric column at shallower depth, thus the observed correlation between the Bouguer gravity anomaly map and our crustal thickness map confirms the observed general trends. No obvious systematic correlation to Free Air gravity anomalies (Supplementary Figure S4) is observed.
The combination of the Vp/Vs ratio and crustal thickness is often correlated with the tectonic provenance of a region, thus diagnostic of the processes and modification events that have occurred in that area (Christensen and Mooney, 1995). The Vp/Vs value within the crust increases with a higher proportion of mafic rocks (Zandt and Ammon, 1995). It should be noted that multiple factors, including the abundance of plagioclase feldspar and quartz, influence (decrease) the average crustal Poisson’s ratio (Christensen, 1996; Chevrot and Van der Hilst, 2000.). The Vp/Vs values from RFs are averages over the entire crustal column; thus, they must be interpreted cautiously.
Several studies have suggested an interdependence of the Vp/Vs and crustal thickness beneath the Songliao Basin based on its elevated Vp/Vs for a thin crust (Gao and Liu, 2014 and references therein). A study by Egorkin (1998), based on a regression analysis, suggested that Vp/Vs and crustal thickness are proportional in Precambrian terrains and inversely proportional in Paleozoic and Cenozoic terrains. That, however, appears not to hold in our results. We observe a coincidence of thin crust and high Vp/Vs in the eastern NCC and the Songliao Basin, which should imply an enrichment of mafic to ultramafic material beneath these areas. At least for a cratonic fragment, this is an unusual result. A likely explanation is magmatic underplating and/or a highly mafic lower crust. In the case of the Songliao Basin, it is straightforward to associate the presence of a mafic magmatic underplate with the process of rifting in the Cenozoic. The high Vp/Vs value beneath stations of the eastern NCC could be explained by magmatic addition to and, thus, thickening of the lower crust in the aftermath of the delamination mentioned above, which supposedly removed most of the lower crust together with the mantle lithosphere. This would imply that the crust in this region must have been even thinner in the direct aftermath of said event. We also speculate that Pacific slab under the area not have been the only factor for craton destruction event, which is commonly assumed to have occurred in Jurassic to Cretaceous time (e.g., Menzies et al., 2007; Tang et al., 2013; Kusky et al., 2014), it may still have caused the magmatic addition later. Tomographic imaging shows that this slab is stagnant in the mantle transition zone (e.g., Zhao and Ohtani, 2009) and advances horizontally westwards, thereby likely releasing fluids that lead to melting in the above mantle material. These processes could contribute to the observed volcanism in the region and provide the material that is added to the underside of the crust and invokes the high Vp/Vs values.
For stations beneath the CAOB, we observe low bulk Vp/Vs estimates (<1.68) for relatively thick crustal areas. A thickening of the felsic upper crust is a likely reason behind the deeper Moho and observed low Vp/Vs (Yu et al., 2017).
Finally, we observed several second–order discontinuities in the 1–D shear wave velocity profiles, both above and below the crust–mantle transition zone. Some examples are depicted in Figure 4 (FXI, NAP, and JCA). However, we do not observe these discontinuities consistently over several adjacent stations, which implies they are local complexity in the crust or uppermost mantle or simply not resolved elsewhere.
6 CONCLUSION
In this study, we utilize a hierarchical trans-dimensional Bayesian framework for analysing RFs, which do not require any a priori assumptions. As a case study, we apply this technique along with an H–κ stacking analysis to evaluate the robustness of crustal measurements conducted in the past. Our focus is on systematically elucidating Moho’s character and robustly estimating the uncertainties of the obtained measurements.
The main conclusions we have obtained can be summarized as follows:
1. We find that the crustal thickness beneath the NECP varies between 24 and 41.5 km, and we accompany all our estimates with uncertainties.
2. We do not observe any correlation between the age of the continental crust and crustal thickness beneath the NECP. The Archean craton’s crust is thin (<32 km) and similar to the Cenozoic Songliao Basin.
3. The Moho beneath the NECP is a zone of gradual transition from the crust to the mantle rather than a sharp boundary. The velocity profiles at 39 stations suggest that the crust-mantle transition zone is intermediate (2–7 km wide). The thinnest crust-mantle transition zone is <2 km, and the broadest is about 10 km in thickness. We suggest that this diffuse nature of the crust-mantle interface zone has contributed to the discrepancy in crustal thickness estimates in previous studies.
4. The crustal structure beneath the volcanic provinces differs between both areas, with the Changbaishan Volcanic Field showing a thicker crust and a more clearly defined Moho than the Wudalianchi Field. Moreover, we find that both of these areas feature Vp/Vs values lower than the eastern NCC and the Songliao Basin.
5. In terms of Vp/Vs, it is evident that the Songliao Basin is not homogeneous but features multiple structural pockets of elevated Vp/Vs. The elevated Vp/Vs and the lowest crustal thickness value (∼24 km) beneath this region support the hypothesis of mantle upwelling and corresponding crustal doming in the region that eventually led to crustal root loss, which has been suggested earlier for the region.
6. We obtain a higher Vp/Vs than the global average of 1.73 for most stations inside the Archean craton. An enrichment of mafic or ultramafic material at lower crustal depths is a likely reason for such high estimates of Vp/Vs. That supports the previous suggestions for lithospheric foundering beneath the eastern NCC.
7. We observe a consistent pattern of thicker crust and lower Vp/Vs beneath the CAOB. This resembles the signature of other orogenic belts around the world. The Vp/Vs value for stations beneath CAOB is ∼1.68, lower than the global average of 1.73, implying an enriched felsic crust, possibly due to the thickening of the upper crust during numerous collision accretion events that formed this region.
The influences of metasomatic changes, hydrothermal fluids, and other episodic events of lithosphere extensions and Cenozoic granitoid volcanism all might have contributed to the high heterogeneity across NECP (Vasanthi and Santosh, 2021; Sun et al., 2021 and references therein). The nature of the Moho, the deeper crust beneath orogens, the varying Vp/Vs, and their disconnected distribution indicate signatures of multi-source and episodic deformation across NECP and these are not restricted to NCC. We suggest that the NECP still has the potential for extensive studies with high-density coverage to obtain better rheological and thermal evolution constraints. The scope of employing multiple techniques and independent seismic data will be advantageous as well. In addition, we propose using HTBI techniques as a robust method to infer Moho beneath the world’s diffused and reworked tectonic regimes.
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