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Abstract

:

The continuing impact between the Eurasia Plate and India results in the thickening and shortening of the N-S Tibetan Plateau. There has been strong tectonic movement along the boundary of the zones of deformation of the NE corner of the Tibetan plateau (NET) since the new tectonic period, with its dynamic mechanisms remaining controversial. Here, we use observations of 39 Continuous Global Positioning System (CGPS) gauges and 451 Crustal Movement Observation Network of China (CMONOC) campaign-mode stations to detect the three-dimensional deformation of the crust in the NET. Improved processing procedures are implemented to strengthen the patterns of strain throughout the NET. The principal component analysis (PCA) technique is introduced to decompose the time series into spatial eigenvectors and principal components (PCs), and the first three PCs are used to estimate and rectify common mode errors (CMEs). In addition, GRACE observations are used to detect deformation changes that account for non-tidal oceanic mass loading, hydrological loading, and surface pressure. The rectified deformation of the crust indicates the anisotropic nature of both the subsidence and uplift, and that the highest uplift rate of the Longmen Shan fault uplift reaches 7.13 ± 0.53 mm/yr. Finally, the horizontal velocity is further used to enumerate the strain rates throughout the NET. The results show that the shear band retained property in line with the strike-slip fault along the Altyn Tagh fault, the Qilian Shan faults, the Haiyuan fault, the West Qinling fault, the East Kunlun fault, and the Longmen Shan fault. In addition, the results further indicate that the whole NET shows a strong relationship with the mean principal rates of horizontal shortening strain. Extension and compression of the crust reasonably describe its sinking and uplifting.
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1. Introduction


The Tibetan Plateau (TP) is a unique geophysical feature due to its extreme size and elevation. It is one of the most active regions in the world, with competing climatic and geodynamic processes. The orogen was formed by the ongoing collision of India and Eurasia continental plates over the last 50–55 My [1,2,3]. Over the continental collision period, the TP has experienced >2000 km shortening, gained >4 km elevation, and undergone crustal thickening that is twice the world’s continental average [1], resulting in a nonlinear crustal uplift of 4 km over the last 50 My. This plateau’s processes of uplift and expansion are linked with complex tectonic movements.



The deformation areas of the NE corner of the Tibetan plateau (NET) are between the South China block, the Tibet block, the Alxa block, and the Ordos block [4]. Tectonic movements of the NET have been extreme since the new tectonic period and play an essential role in geotectonic activities [3]. Tectonic background reveals that the NET experiences seismic activity and shows complicated topographic relief, as illustrated in Figure 1.



Although the shortening of the TP related to compression in a N-S direction and its vertical thickening are indisputable facts, whether the intense activities of the large strike-slip fault and the large lateral movements of the strip fault in Tibet and its surroundings are the dominant deformation mode or a late secondary phenomenon is still a continental dynamics problem. Similarly, as the front part of the TP expansion to the mainland, the NE boundary of the TP is the latest forming and essential area. The complex geological structure and the severe deformation of the TP provide an ideal experimental place for studying the uplift evolution mechanism of the whole TP. Although it is known that the NET is experiencing crustal shortening and strike-slip shear deformation, the deformation mode, amplitude, and slip rate of the fault remain controversial [5].



With fast improvements in space geodetic technologies, several site position time series over multiple years, acquired from GPS, are utilized to identify local and global seasonal deformations and their loading effects [6,7,8,9,10,11]. Over the last two decades, many Continuous Global Positioning System (CGPS) stations have been constructed in this region by the China Earthquake Administration (CEA) as part of the Crustal Movement Observation Network of China (CMONOC). The data from these stations have been widely used to detect the TP’s three-dimensional crustal deformations, study the movement of the crustal and tectonic activities in this region, and identify the danger posed by future strong earthquakes in this region [6,7]. In 2021, Qu et al. [8] retrospectively analyzed the high precision GPS data processing strategies of the TP and deeply analyzed the present crustal movement and deformation characteristics of the TP from both shallow and deep aspects. Wang and Shen in 2020 and Wu et al. in 2022 derived a comprehensive crustal velocity field in the TP [9,10].



With the development of GRACE and GRACE follow-on, its measurements can be utilized to detect variations in the surface of the earth resulting from non-tidal oceanic mass loading, surface pressure, and hydrological loading, which represent the non-tectonic deformation observed by GPS. GRACE provides a new strategy for detecting 3D surface deformations, by combining GRACE with GPS techniques. Van Dam et al. [11] contrasted the observed heights of annual GPS with those derived from GRACE for 36 European sites. Fu and Freymueller [12] utilized an enhanced strategy to process GPS information and acquired a considerable quantity of information for seasonal indicators of hydrology in Nepal to link GRACE and GPS systems. Hao et al. [13] studied the vertical movement of the crust around the southeastern TP inhibited by GPS and GRACE data, finding that vertical displacements derived from GRACE showed strong relationships with GPS-simulated vertical semiannual and annual displacements. Pan et al. [14] obtained three-dimensional crustal velocity and strain fields over the Qinghai-Tibet Plateau and its surrounding areas based on GPS and GRACE data, and proposed reasonable explanations for the dynamic process of crustal vertical tectonic deformation in this region.



This study established the relevance of combining GPS measures and seasonal nonlinear variations in GRACE, which could be primarily attributed to the effects of hydrology. To assess the secular vertical crustal deformation velocity throughout NET, the GRACE-derived vertical deformation resulting from the surface hydrological, atmosphere, and non-tidal model surface loading were also filtered from CGPS observed vertical deformations, with an improved processing strategy. GPS-derived horizontal velocity fields were transformed into the velocity field, referring to the Eurasian framework using a seven-parameter transformation method. The strain rates were then calculated from the horizontal velocity obtained from both CGPS and campaign-mode GPS stations. Finally, a detailed analysis of the regional crustal vertical deformation mechanism could be given.




2. Geodetic Data and Processing Approaches


2.1. GPS Data and Processing


The present study collected data from 39 CGPS stations and 451 campaign-mode stations of the CMONOC to calculate the three-dimensional crustal deformation velocities and strain field features, as shown in Figure 2. All campaign-mode GPS stations have reinforced concrete monuments with forced-centering apparatus for GPS antennae. In each survey, dual-frequency GPS receivers and choke ring antennae were used, with an occupation of at least 3 days for each station; most of the stations have at least five observational campaigns over a ten-year span [15]. Examples of GPS time series have also been provided in the attached file.



All of the CGPS and campaign-mode GPS data were processed with the software GPS-Inferred Positioning System (GIPSY)/Orbit Analysis and Simulation Software-Ⅱ(OASIS) (version 6.2) [16], using the precise point positioning (PPP) technique [17]. During the preparation of GPS data, the final, non-fiducial daily JPL products, including lock estimates, GPS satellite orbit time-pole parameters, transformation parameters to terrestrial reference frame, absolute antenna phase center models (igs08.atx), and GPS satellite eclipse times for satellite and receiver antennae were utilized [18]. The International Earth Rotation and Reference System’s (IERS) 2010 conventions have been used to correct the pole tides and solid earth tides [19]. The elevation of the satellite cutoff was fixed at 7°, and the data processing sampling rate was 300 s. A priori Global Pressure and Temperature (GPT) model was utilized to identify the zenith total tropospheric delay, and the Global Mapping Function (GMF) was used to identify wet and hydrostatic delay [17,20]. The Finite Element Solution 2004 (FES2004) model with elastic Green’s function in the reference frame with respect to the center of the mass (CM) of the whole earth was used to correct ocean tide loading effects [12,13,21,22,23]. All GPS daily network solutions were transformed into the reference frame of the 2014 International Terrestrial Reference Frame System (ITRF2014) [17,24].



Research suggests that removing the common mode component can improve the identification of non-tectonic deformation of the crust, particularly on the vertical component, thereby enhancing the reliability of the GPS time series, improving the deformation analysis, and obtaining high precision geodetic applications [25,26]. Therefore, the filtering of CMEs (common mode errors) from the GPS time series should be implemented initially to increase the general dependability and to identify accurate rates of deformation.




2.2. Common Mode Errors


The Global Navigation Satellite System (GNSS) provides an effective technique for monitoring the movement of the crust. Previous studies found that time series produced from CGPS arrays (after fitting and removing the linear trend) reveal significant seasonal variations [26,27,28,29,30]. The strong seasonal annual and semiannual signals identified at the majority of sites are believed to be driven by redistributions of temporal mass [27,31,32]. Dong et al. [27] showed that the coupled contributions from surface redistribution are the primary drivers of the observed seasonal oscillation of site positions; these mass loadings and pole tides can contribute about   66 %   of the power of the observed seasonal signals. A large proportion of residual seasonal power is probably still induced by the effects of both unmodeled and mismodeled seasonal errors (i.e., common mode errors). These sources of error are the prominent residuals in GPS daily solutions: the inaccuracies in GPS measures consistently manifested as mixed time series seasonal variations, and different GPS stations presenting spatial correlation errors, which can likely be attributed to the uncorrected environmental effects of loading, satellite orbit biases, errors in the system, and other mismodeled residual faults, or a mixture of these GPS signals. These lead to biased interpretations of certain geophysical phenomena. These mismodeled effects in continuous GPS time series can be well described as colored noise [33,34]. The effective of the removal and destruction of CMEs plays a vital role in further enhancing the correctness of GPS data analysis [35].



Methods of filtering have been produced to eliminate CMEs from the GPS time series. Spatial filtering can effectively improve the accuracy of a coordinate time series for regional GPS networks by weakening CMEs, thereby supplying improved resolution for identifying transient or weak signals of deformation [36]. A spatial filtering method based on principal component analysis (PCA) was introduced by Dong et al. [27] to reduce the CMEs and offsets from the GPS residual time series. Here, we adopted the PCA technique to decompose time series into temporal principal components (PCs) and spatial eigenvectors, which are arranged according to the powers contributed by each PC. The regional temporal variation characteristics of the station network can be well illustrated by the contributions of the first several PCs, and the corresponding eigenvectors of these PCs also indicate the distribution in the space of the strength of the variations over time. In general, the signals impact the calculations of velocities using the GPS time series over the long term. Therefore, there is a requirement to employ only the lower-order PCs. Based on the results by other researchers, the first three PCs of our results were investigated to calculate the CME corrections [17,25,26,36,37]. Briefly, the processing steps are illustrated as follows:



Step 1: Quasi-Observation Combination Analysis (QOCA) software has been adopted to eliminate the CMEs within the time series of GPS measures [38]. The trend terms, seasonal signals of deformation from the raw GPS time series, and offsets have been removed to obtain GPS daily residual time series. Any postseismic and coseismic effects mixed in the raw GPS time series will be calculated as an offset and must be removed before applying spatial filtering [17,26]. Times series of the first three PCs are presented in Figure 3.



Step 2: The maximum likelihood estimation (MLE) method was applied to analyze the GPS uncertainties and velocities; the Create and Analyse Time Series (CATS, version, Manufacturer, Liverpool, UK) software was used to identify the velocities of all GPS stations. Research suggests that campaign-mode GPS stations could be described as white noise mode [25], and noise in the GPS time series is better described as a combination of white and flicker noises [26,33,39,40]. In this paper, a white noise model for campaign-mode GPS stations and a white noise plus flicker noise model for the continuous GPS stations were used to calculate velocities and associated representative uncertainties. As the ITRF 2014 is a non-rotating frame, to study the horizontal crustal movement of the NET, all the GPS horizontal velocities were converted to the Eurasian frame based on the rotating Euler pole transformation parameters [41]. Figure 4 shows the results of the uncertainties in velocity on the three components with unfiltered and filtered CMEs in the GPS time series presented in Figure 3; the horizontal velocity derived from the GPS time series is shown in Figure 5.





3. GRACE Data and Processing


Mass of non-tidal ocean redistribution, changes in global atmospheric surface pressure, and conversion of terrestrial water storage (snow, soil moisture, and groundwater) resulted in periodic and long-term deformation of the crust [42]. In this study, in order to match the GPS time series, the 2018 Grace Static Field Geopotential Coefficients CSR V 6.0 (RL06) product (University of Texas Center for Space Research) was applied from April 2002 to June 2017 to identify the oscillating signal of hydrological seasonal loading (Link to RL06 using the http://icgem.gfz-potsdam.de/series/10.5067/GRGSM-20C06, accessed on 20 September 2021). Like the RL05 GSM product, the RL06 GSM contains the contribution of hydrological variations, changes to the cryosphere, episodic processes, alterations to the background gravity models, and glacial isostatic adjustment (GIA). The new RL06 GRACE gravity field solutions applied improved parameters, processing algorithms, and data editing, and non-tidal variability in the atmosphere and ocean was removed by using the AOD1B Released-06 product [25,43]. With the new GRACE release 06 solution, the estimation quality and accuracy of mass redistribution have been significantly improved, and the noise in the GRACE gravity field solutions has been reduced considerably [44,45,46].



The geocenter motion corresponding to degree-1 Stokes coefficients was replaced [47] to increase the precision of spherical harmonic coefficients of low degree. Additionally, the C20 terms were substituted with the outputs of the satellite laser-ranging (SLR) experiments [48,49].



Then, equivalent water height (EWH) expresses the change in surface density (i.e., mass/area), retrieved from changes in the geoid coefficients [50]:


  Δ σ   θ , ϕ   =   a  ρ e    3  ρ w      ∑   l = 0  ∞      2 l + 1   1 +  k l ′      ×   ∑   m = 0  l      Δ  C  l m   cos   m ϕ   + Δ  S  l m   sin   m ϕ       P ¯   l m     cos θ      



(1)




where    ρ e    represents the mean density of the entire earth and the    ρ w    is water density; a represents the average radius of the earth;   Δ  C  l m     and   Δ  S  l m     are changes in the monthly Stokes coefficients relating to the mean field;  θ  and  ϕ  are colatitude and longitude, respectively;    k l ′      of degree  l  represents the loading Love number accounting for the elastic deformation of the earth under the particular mass load; and     P ¯   l m     represents the completely normalized Legendre functions, order  m  and degree  l .



The non-tidal ocean and atmospheric loading were not removed from the GPS time series. Therefore, the AOD1B release 06 product GAC has been added to the GSM products to retain the vertical deformation consistency inferred from both GRACE and GPS measurements [43]. Then, the elastic displacement in height that is mainly caused by the surface mass load changes of hydrological, non-tidal, and atmospheric loading can be calculated using spherical harmonic coefficients of the gravity field and Love numbers [11,12,51]:


   Δ h    θ , ϕ   = a   ∑   l = 1  ∞    ∑   m = 0  l    P ¯   l m     cos θ   ⋅   Δ  C  l m   cos   m ϕ   + Δ  S  l m   sin   m ϕ     ⋅    h l ′    1 +  k l ′     



(2)




where    k l ′    and    h l ′    are load Love numbers, respectively. A 300 km radius Gaussian smoothing and P4M6 (order m = 6 with a polynomial of degree 4) decorrelation filter have been applied to suppress the north-south stripe noise in the GRACE data [45,52].




4. Results and Discussion


4.1. Influence of CMEs on the Evaluation of GPS Velocities


At present, the mechanism of the geophysical response of nonlinear signals in CGPS time series has always been one of the focuses of GPS time series research; due to the regional differences in physical mechanism, it is difficult to model effectively. The mechanism of CMEs in the GPS time series is also one of the unsolved problems; studies have shown that the regional surface mass load may contribute to the CMEs present in the GPS time series, but this could not be satisfactorily explained [25,26]. Therefore, to obtain more reliable three-dimensional velocities, the residual CMEs were filtered out from the original GPS time series.



Following Dong et al. [36], the principal components and the spatial eigenvectors were applied to conduct the correction of GPS time series and the regional filtering [48]. Figure 3a–c shows the PC1–PC3 for east, north, and up components decomposed by PCA from regional GPS time series; their corresponding power spectral densities are normalized for comparison in Figure 6(a1,b1,c1). The average response of the spatial eigenvectors of PC1–PC3 for the east component were 75.87%, −14.35%, and 16.22%, respectively; for the north component, the figures were 79.22%, −13.21%, and −31.15%, respectively; for the up component, the figures were 90.95%, 14.68%, and −24.51%, respectively. This clearly indicates that PCA decomposition is based on a criterion of pattern power; PC contained the pattern with the highest power, and so on for subsequent PCs [53]. Therefore, we truncated the frequency band from 0 to 1.8 cpy of PC1, as shown in Figure 6(a2,b2,c2). The figures show that the power spectra of the CME time series obtained in the present study are consistent with the loading-induced time series; the seasonal signals are evident for the east, north, and up elements. A significant quasi-biennial oscillation (QBO) signal was detected in both the east and up elements, and the amplitude in the north component was nearly twice as much as that of the east component, which may be the quasi-periodic oscillation of the wind component in the lower stratosphere from the equatorial region [54]. Additionally, a quasi-8.5 year signal was detected in both the north and up components, which had been confirmed by Ding et al. [55,56] in the length of day variations (LOD), but the mechanism is still unclear. Results indicate that the effect of CMEs represents an additional driver of the seasonal variations in the GPS time series [26].



Figure 4 illustrates the impacts of CME filtering on the GPS velocity uncertainties; after the CMEs are filtered out, the signal-to-noise ratio of the GPS time series is considerably increased. The large discrepancies are noted for stations with short time durations, in which regional filtering advances the estimation of velocity due to the east component, at which short-term estimates of velocity can be biased by systematic errors [53], and sites with longer observation periods could get more high precision. After filtering out the CMEs, uncertainties in velocity ranged from 0.043 to 0.300 mm/yr, 0.038 to 0.248 mm/yr, and 0.111 to 0.910 mm/yr for the east, north, and up components, respectively, with a corresponding standard deviation of 0.045 mm/yr, 0.038 mm/yr, and 0.144 mm/yr, respectively. Differences in the uncertainty of velocities calculated from the unfiltered and filtered time series are significant differences; the vertical velocity uncertainly reduced by about 82.05%, while the east and north components improved by about 21.42% and 40.21%, respectively. The above results show that removing the CMEs using PCA analysis could more effectively and reliably suppress the signals of regional impact and achieve a significant improvement in the signal-to-noise ratio of the GPS time series. Therefore, they were chosen as the applications for the analysis of deformation and other GPS geophysical analyses.




4.2. Analysis of Surface Vertical Seasonal Loading


Figure 7 shows that substantial mass variations have been detected by GRACE, with clear negative mass loss signals in the southwestern area and positive mass increase signals in the middle area. Previous research suggests that the mass loss may attribute to deglaciation and snowmelt, while the mass increase may contribute to the significant lake level rise in the TP [57,58,59,60]. Kuang et al. (2016) indicated that observations in several previous studies from meteorological stations over the long term suggested that the TP’s temperature significantly increased over different periods since the 1950s, ranging from 0.16 to 0.67 °C decades−1. Meanwhile, there were increases in annual precipitation in most areas of the TP [57]. In particular, higher sensitivity to warming was exhibited by areas of higher elevation, showing accelerated glacier melting [58]. Jacob et al. [59] indicated that much of the high mountains of Asia is permafrost, and the limited capacity of the frozen ground would inhibit local recharge. Zhang et al. [60] used four to seven years of ICESat data and GRACE data in finding that the GRACE measurements of increased mass could be mainly attributed to the increased water level/mass in lakes. A major driver of this phenomenon is glacier melting; however, glacier melting should not increase the overall mass, as a fraction of meltwater would be evaporated or will flow downriver leaving the TP. In particular, precipitation in the TP over the last few decades shows a significant increase [60,61,62]. Additionally, a broad-scale tectonic uplift would be isostatically compensated by an increasing mass deficiency at depth, with attribute little effect attributed to gravity, as well as the impact of the ongoing viscoelastic response of the earth to past glacial unloading [59].



According to Equation (2), we obtained the long-term elastic vertical displacement mainly caused by redistribution of terrestrial water storage, as shown in Figure 7 of black arrows. All of the non-tectonic processes (e.g., alterations in the surface pressure of the global atmosphere, redistribution of the mass of the non-tidal ocean, and alteration of terrestrial water storage) and the deep tectonic processes can be attributed to the surface ground deformation; all of these signals could be well detected by GPS observations. As a result, the GPS time series may include incorrect signals. These signals may impact the precision of the estimated rates of vertical deformation of the crust. Therefore, the linear vertical rates derived from GRACE, resulting from the redistribution of mass, have been eliminated from actual GPS-derived vertical rates to constrain the tectonic deformation, as represented in Figure 8.




4.3. Three Dimensional Crustal Deformation Rates


Figure 5 shows the horizontal velocity derived from the GPS time series. All of the GPS horizontal velocities have been converted to the Eurasian frame based on the rotating Euler pole transformation parameters. The entire NET presents an overall clockwise rotation from north to south. The Qaidam Basin is moving northeastward about 8 mm/yr, and the horizontal velocities in the Northern Qilian mountains, between the main Qilian faults and the northern Qilian faults, are showing a significant decreasing trend, while the crustal shortening rates have increased significantly, indicating that the Northern Qilian area may experience strong compressive thrust nappe tectonic movements. The velocity field shows an east-west trend along the Altyn Tagh fault (i.e., the junction of the Northern margin NET and the Tarim Basin), which is in line with the strike-slip characteristic of the fault, and its strike-slip speed is about 5–10 mm/yr.



The NET is blocked by the northern Alxa and Orods Craton blocks, and the crust has been significantly shortened in the Qilian Mountains and the Longmen Mountains, with a horizontal convergence rate reaching about 10 mm/yr. The horizontal movement from the east of the Qaidam Basin to the northeastern margin of the Liupan Shan area is complex; the movement direction on the west side is NE; in the central part, it changed to an approximate EW direction; then, it gradually changed to an ES direction to the east. The movement has sinistral shearing in the entire Qilian Mountains due to the eastward escaping of the NET, which is a strong earthquake belt in the NET. This reveals that the tectonic activities are distributed throughout the whole Qilian mountains. Horizontal velocities are relatively consistent: in the south of the Haiyuan fault, the horizontal velocity approximately 8–10 mm/yr, while it is approximately 5 mm/yr in the north of the Haiyuan fault.



Blocked by the Yangtze block, the crust was significantly shortened in the Longmen Shan area. With the Longmen Shan and Xiaojiang faults as the boundary, the crust moved southeastward at a speed of 5–10 mm/yr. Compared with the velocity vector of movement on the eastern margin of the TP, it can be seen that the Yangtze block craton, as a rigid block blocking the eastward movement of the plateau, is the key to the uplift of the plateau and the material migration pattern in the Sichuan-Yunnan region.



Figure 8 shows the corrected vertical velocity field, highlighting the complex vertical crustal deformation. In this study, 39 continuous GPS time series and GRACE data have been applied with improved processing strategies to constrain the vertical tectonic deformations of the entire NET and its surroundings. This reveals the current vertical movement characteristics of the NET. From the boundary effect of the impact between the Eurasian and Indian plates to the slow crustal uplift caused by the compression inside the plateau, several movement patterns have been formed in the eastern marginal area, such as crustal compression and internal block thrusting.



The vertical crustal deformation fields have been calculated to help explain their dynamics process in our experiment. The results indicate that the whole NET is mainly uplifting after eliminating the elastic deformation effects from the GPS velocities. Rates of crustal uplift of about 1–4 mm/yr in the Qaidam Basin and the Qilian Mountains. Inland basins have played a vital role in the growth of the TP, such as the Tarim Basin, the Qaidam Basin, and the Sichuan Basin. Under the current geological structure, a basin will continue to show a downward trend due to the compression of the surrounding mountains (e.g., the Tarim Basin and the Qaidam Basin both express a different degree of crust subsidence). Figure 8 shows that two GPS stations are subsiding at the junction of the northern margin of the Altyn Tagh fault and the Qadim Basin, revealing the dynamic process of the Tarim Basin’s thrusting into the TP after the internal collision.



The southeastern part of the TP is an essential channel for materials to escape eastward, which adjusts the mass change of the entire TP. As the Sichuan Basin is located in the Yangtze block, its primary function is to block the eastward movement of the TP, leading to the north-south diversion of crustal materials. By thrusting beneath the Longmen Shan, the Sichuan Basin plays a vital role in the evolution and growth of the Longmen Shan faults. As a result, under the strong compression and thrust between eastern Tibet and the surrounding rigid blocks, the unusual crustal uplift rates reached about 7.13 ± 0.53 mm/yr in the Longmen Shan fault.




4.4. Dilatation Strain and Maximum Shear Strain Rates of the Plateau


The continental impact between the Eurasian and Indian plates has driven crustal shortening of the Tibetan Plates and their surroundings, and this shortening is mainly absorbed by the crustal thickening and strike-slip of the TP. Consequently, tectonic movement is the most direct dynamic manifestation of continental collision. As the surface displacement is only the change in the spatial geometric quantity, the strain that causes displacement always needs to be considered. Therefore, estimating the 2D strain field based on GPS observations of horizontal velocities is crucially essential in explaining the dynamic mechanism of the TP. The strain field of the crust could reflect the regional tectonic characteristics, and at the same time could be used to reveal the regional tectonic dynamics process and provide valuable parameters for the study of fault strain accumulation, crustal uplift or subsidence, and seismic risk assessment.



The main theory for calculating 2D principal strain, maximum shear strain, and dilatational strain is shown by the following equations:


           Δ  U E        Δ  U N        =         ∂  U E    ∂ E     ∂  U E    ∂ N           ∂  U N    ∂ E     ∂  U N    ∂ N               Δ E        Δ N              =         ∂  U E    ∂ E    1 2      ∂  U E    ∂ N   +   ∂  U N    ∂ E            1 2      ∂  U N    ∂ E   +   ∂  U E    ∂ N       ∂  U N    ∂ N         +         ∂  U E    ∂ E    1 2      ∂  U E    ∂ N   −   ∂  U N    ∂ E            1 2      ∂  U N    ∂ E   −   ∂  U E    ∂ N       ∂  U N    ∂ N         = ε Δ P + d R Δ P       



(3)




where    Δ U  =     Δ  U E  , Δ  U N     T    is horizontal displacement between two points,    Δ P  =   ( Δ E , Δ N )  T    is the difference of latitude and longitude, and  ε  and   d R   are strain tensor and rotation tensors. The maximum and minimum principal strains are:


         ε 1  =    ε e  +  ε n   2  +  1 2         ε e  −  ε n     2  +     2  ε  e n      2           ε 2  =    ε e  +  ε n   2  −  1 2         ε e  −  ε n     2  +     2  ε  e n      2             



(4)




maximum shear strain:


   γ  m a x   =  ε 1  −  ε 2  =        ε e  −  ε n     2  +     2  ε  e n      2     



(5)




dilatational strain:


  Δ =  ε 1  +  ε 2  =  ε e  +  ε n   



(6)







In this study, the SSPX software was applied to determine the 2D strain field (available at http://homepage.mac.com/nfcd/work/programs.html, accessed on 10 April 2022), following the processing strategies provided by Cardozo and Allmendinger [63]. The grid-distance weighted routine with α = 100 km and the grid-nearest neighbor routine with 12 neighbors and a maximum radius = 300 km were applied to obtain the dilatational rates of strain, as shown in Figure 9a,b, as well as in Figure 10. We found that the grid-nearest neighbor routine has better spatial characteristics than the grid-distance weighted routine, which might be due to distance smoothing.



The results suggest that horizontal compressive strain and dilatation are distributed throughout the whole plateau. In particular, Figure 9a shows that dilatation in the Altyn Tagh fault, the northern part of the Qaidam Basin, the middle area of the Qilian Mountains, the East Kunlun fault, the West Qinling fault, and the Longmen Shan fault are mainly negative, which coincides with the distribution of earthquakes illustrated in Figure 1. Generally, earthquakes are products of long-term strain accumulation and energy release in crustal movement; they always occur in areas with significant movement differences (i.e., areas with various tectonic rates and directions). Previous studies also suggested that areas with compression may be a response to the strain accumulation, while areas with extension may be a response to the magnitude of earthquakes [8]. Combining the corrected vertical crustal velocity with the dilatational strain field from the horizontal velocity, we conclude that Northeastern Tibetan is suffering from crustal shortening and thickening. Meanwhile, the compression strain is significant under the strong interaction between eastern Tibetan and the surrounding rigid blocks, corresponding to the unusual crustal uplift rates.



Figure 10 shows that areas with high maximum shear strain rates are mainly distributed in the Altyn Tagh fault, the Qilian Shan faults, the Haiyuan fault, the West Qinling fault, the East Kunlun fault, and the Longmen Shan fault; these areas also coincide with the distribution of earthquakes as illustrated in Figure 1. Notably, there have abnormal maximum shear strain rate values in the west of the East Kunlun fault (e.g., the area with the blue-dashed ellipse in Figure 10b); this may be due to the lack of GPS observations that are able to illustrate satisfactorily the strain characteristics of this area [8]. This could also explain the abnormal dilatation, which is circled by a red-dashed ellipse, as shown in Figure 9a. Additionally, the northern margin of the TP shows sinistral strike-slip movement in the Altyn Tagh fault, the Qilian Shan faults, the Haiyuan fault, and the West Qinling fault. In the eastern TP, which is blocked by the rigid Sichuan block and bounded by the Longmen Shan fault, the crustal has been divided mainly into two channels. One is extruded along the Xianshui He and Xiaojiang fault in the EEN direction, which results in good mutual authenticating with the dilatation, and the other way is extruded along the Longmen Shan fault in the EN direction.





5. Conclusions


We used 39 continuous and 451 campaign-mode GPS stations of the CMONOC to estimate the 3D crustal deformation velocities and strain field features in and around NET. Comparing the difference in velocities with unfiltered and filtered CMEs confirmed that the vertical rate uncertainty had reduced by about 82.05%, while the east and north components have improved by approximately 21.42% and 40.21%, respectively. This could suppress the regional effect signals more effectively and reliabily and obtain a significant gain in the GPS time series signal-to-noise ratio.



The contemporary 3D velocity was presented to interpret the plateau’s crustal deformation and dynamic processes. The results suggest that the entire NET shows an overall clockwise movement from EN to ES and is bounded by the Qilian and Haiyuan faults; the relative compression from NE to NEE between the blocks on both sides is evident. Corrected vertical crustal deformation results indicate that both the crustal uplift and the subsidence are anisotropic in NET, and that the maximum uplift rate in the Longmen Shan fault reaches 7.13 ± 0.53 mm/yr. According to the correct velocities and the horizontal strain fields of the NET, this revealed that the crustal vertical uplift and subsidence are closely related to the characteristics of the strain field. Due to the subduction and compression of the inland, the entire crust is uplifting in the margin, indicating that the shortening of the crust is the main driver of the uplift of the TP. A combined analysis of the shortening of the crust and the maximum shear strain pattern allowed an understanding of the tectonic processes within the NET.



It should be noted that there was an abnormal rate of strain values in the areas that were lacking GPS observations, and that we are unable to illustrate the strain characteristics of this area well. Therefore, it is necessary to adopt more observation methods (e.g., we are currently using the InSAR method) to obtain higher-precision and higher-resolution 3D crustal movements and strain fields in further research.
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Figure 1. Tectonic background in NET. The earthquake focal mechanisms are from the Global CMT (Centroid Moment Tensor) catalogue from 1 January 1976 to 1 January 2017. Main faults are annotated as black curves, and subduction zones are annotated as red curves. 
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Figure 2. GPS site locations in northeastern Tibet, with 39 continuous stations and 451 campaign-mode stations. The red stars denote the continuous stations, and the green triangles denote the campaign-mode stations, with records spanning from March 2009 to January 2017. 
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Figure 3. Time series of the first three principal components decomposed by PCA from regional GPS time series. (a–c) denote the east, north, and up directions, respectively. 
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Figure 4. The velocity uncertainly of the GPS time series in three different directions, east, north, and up, over NET. Blue and red circles represent the GPS time series unfiltered CMEs and filtered GPS time series, respectively. 
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Figure 5. GPS-derived horizontal velocity field relative to stable Eurasia in NET; blue arrows and red arrows represent the velocities for campaign-mode stations and CGPS, respectively; the light gray ellipse at each velocity vector is 95% confidence. 
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Figure 6. Normalized power spectra density of the first three principal components. (a1,b1,c1) denote the east, north, and up directions, respectively. (a2,b2,c2) denote the corresponding amplitude spectra of pc1, and the frequency ranges from 0 to 1.8 cycles per year (cpy). 
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Figure 7. The CSR RL06 GRACE-derived mass change in terms of the secular trend of gravity change (colored background) from April 2002 to June 2017; black arrows denote elastic displacement in height, mainly caused by the surface mass redistribution, and thin black vertical lines are the rms. Glaciers on the Tibetan Plateau are marked as white dots, and lakes are marked as light blue patches. 






Figure 7. The CSR RL06 GRACE-derived mass change in terms of the secular trend of gravity change (colored background) from April 2002 to June 2017; black arrows denote elastic displacement in height, mainly caused by the surface mass redistribution, and thin black vertical lines are the rms. Glaciers on the Tibetan Plateau are marked as white dots, and lakes are marked as light blue patches.



[image: Remotesensing 14 02638 g007]







[image: Remotesensing 14 02638 g008 550] 





Figure 8. The CGPS-derived vertical velocity field relative to ITRF 2014 in NET Tibet; the blue vectors denote uplift, and the red vectors denote subsidence; the thin black vertical lines are the rms. 
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Figure 9. GPS-derived rates of principal strain (arrow pairs) and dilatational rate of strain as continuous background color patterns using (a) the grid-distance weighted routine with α = 100 km, and (b) the grid-nearest neighbor routine with 12 neighbors and a maximum radius = 300 km, respectively. The color bars are different in each sub-figure to identify regional strain patterns. The red-dashed ellipse in sub-figure (a) represents the area with abnormal dilatational values. 
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Figure 10. GPS-derived rates of maximum shear strain as a continuous background color pattern using (a) the grid-distance weighted routine with α = 100 km, and (b) the grid-nearest neighbor routine with 12 neighbors and a maximum radius = 300 km, respectively. The color bars are different in each sub-figure for the identification of regional strain patterns. The blue-dashed ellipse in sub-figure (b) represents the area with abnormal rates of maximum shear strain values. 






Figure 10. GPS-derived rates of maximum shear strain as a continuous background color pattern using (a) the grid-distance weighted routine with α = 100 km, and (b) the grid-nearest neighbor routine with 12 neighbors and a maximum radius = 300 km, respectively. The color bars are different in each sub-figure for the identification of regional strain patterns. The blue-dashed ellipse in sub-figure (b) represents the area with abnormal rates of maximum shear strain values.



[image: Remotesensing 14 02638 g010]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
— — —— —
[ —— T pinees
005 02 4 4o 31 or on o6






media/file4.png
0° 93" 96° 99" 102° 105° 108’

- v ry - —
N : ‘P \_/L/ % Continuous Sta.

v 5 2 % ‘A 7 4 Campaign Sta.
‘, E ) T a
> 4 - A s
y i \ 5 R 1 (
A‘ﬂ :;3 \ A oA






media/file18.png
39°

36

Dilatational Strain Rates(nanostr/yr)

0 nanostr/yr

90° 93" 96" 99° 102 105° 108"
(b)| N A8 ‘ "o
7 ! / # ALy Y Lo
E km

Dilatational Strain Rates(nanostr/yr)

\ \r
YR
¥ 4
o

100 200

Vs
A

\






media/file3.jpg
% 9 % % 102 105 108
<7 % Continwous Sta. 42

4 Canpuign S,






media/file19.jpg





media/file7.jpg
Velocity uncertainty (mmyr)
P S i T

East o North )
T S T
2 R P

& o)

g " ]

:

|3

e R

® oo

3

"

°

Time span (Year)

" Time span (Year)

* Time span (Year)






media/file10.png
I °
42
~
G
' 2>
-
 xcascel A

Alxa I§lo’c

B~






media/file14.png
uGallyr

W T 42°'N
0.l+/—¢0AOI mm/yr

~04 -03 -02 -0.1 0.0 01 02 03






media/file11.jpg





media/file6.png
Displacement (mm)

1 1 1 1 1
2011 2012 2013 2014 2015 2016 2017

1 1 1 1 1 1
2011 2012 2013 2014 2015 2016 2017

1 1
2015 2016 2017





media/file15.jpg





nav.xhtml


  remotesensing-14-02638


  
    		
      remotesensing-14-02638
    


  




  





media/file16.png





media/file2.png
) 5<Ms<=6






media/file20.png
42
()| N
v' E ‘”J )
~ Alxa Block/
39° a ocik
}
36°
33°
Sichuan
30° ! Basin
80 -60 -40 -20 O 20 40 60 80
MaxShear Strain Rates(nstrain/yr)
90° 93° 96° 99° 102° 105° 108°

Sichuan
' Basin

-140 -120 -100 -80 -60 -40 -20 0 20 40 60 80 100 120 140

MaxShear Strain Rates(nstrain/yr)





media/file5.jpg
Displacement (mm)

ED

£

Time (year)

e En =5 = =%
o[ vor
o
w0
el £ g o ED ED





media/file1.jpg





media/file12.png
-

Normalized PSD (mm?/HZ)

Amplitude (mm)

{r

06 08 1 12
Frequency/cpy






media/file9.jpg





media/file0.png





media/file8.png
East

North

Up

° °
° s ° o
0 3 @ 8

°
&

e
[e]

Velocity uncertainty (mm/yr)

°

o filter CME _
| o unfilter CME| |

o o filter CME
O unfilter CME] |

Wc&?%@mﬂgo@ %00 o

0 OooQymmE® ©

[e]
(]

¥

"G filter CME _
o o unfilter CME

O

6

¢ 10 iz 14
Time span (Year)

e85 0 iz 14 16
Time span (Year)

68 0 iz 14 1
Time span (Year)

6





media/file17.jpg
Fmm

LG

‘Diltations! Stran Rates(mamostriyr)





