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The Sichuan-Yunnan diamond block is a significant region of material flow from the Tibetan Plateau. However, its northwest electrical boundary remains undefined. Our study conducted a magnetotelluric profile from Chazha to Luomai across the geological boundary of the Sichuan-Yunnan block in its northwest sector. Using the nonlinear conjugate gradient three-dimensional inversion method, we obtained the deep electrical structure across the northern part of the block. Our findings reveal distinct segmental characteristics in the electrical structure along the profile. Marked by a high-resistivity zone along the Dedeng-Batang-Riyu fault, two high-conductivity layers exist in the upper-middle crust of the southwestern and central sections of the profile, at depths of 5–20 km and 10–30 km, respectively. Thus, our study suggests that the northwest boundary of the Sichuan-Yunnan diamond block, contrary to previous studies that considered it a transitional boundary, is located at the Dedeng-Batang-Riyu fault. Here, the boundary is a high-resistivity barrier, electrically isolating the Qiangtang block in the southwest from the Sichuan-Yunnan block in the northeast. The two significant high-conductivity zones in the upper-middle crust appear within the block’s interior, contrasting with previous assumptions of lower crustal flow.
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1 INTRODUCTION
The Sichuan-Yunnan diamond block is a crucial lateral outflow pathway for material from the present-day Tibetan Plateau. It plays a key role in, and serves as major supporting evidence for, the lower crustal flow dynamics model, which is applied in this area (Zhang et al., 2004; Shen et al., 2005; Bai et al., 2010). Due to lateral extrusion at the eastern margin of the Tibetan Plateau and strong resistance from the South China block, the Sichuan-Yunnan diamond block, located on the eastern margin of the Tibetan Plateau, has become the most complex and distinctive mobile block in the plateau’s eastward and southward expansion (Cui et al., 2006). This block has a unique geological structure, with varying fault orientations, scales, and activities. It is highly seismically active, prone to frequent earthquake disasters, and provides a critical window for studying post-collisional tectonic deformation and evolution processes of continental plates. Therefore, research on the deep structure of the Sichuan-Yunnan block holds theoretical importance. Geologically, the block is bounded by major active faults: the nearly NS Jinshajiang fault zone (western boundary), the NW-SE Ganzi-Yushu-Xianshuihe fault zone (northern boundary), the nearly NS Anninghe-Zemuhe-Xiaojiang fault zone (eastern boundary), and the NW-SE Red River fault zone (southern boundary) (Kan et al., 1977; Deng et al., 2002; Zhang et al., 2003; Shen et al., 2005; Xu et al., 2005). The Jinshajiang fault was previously an active suture structure, showing marked compressional characteristics (Xu et al., 1992). Influenced by eastward extrusion from the Tibetan Plateau, it has exhibited clear strike-slip motion, shifting from early left-lateral to right-lateral motion since the Pliocene (4.7 Ma) (Xu et al., 1992; Deng et al., 2002). Segmented by the NE-SW Batang fault and the NW-SE Zhongdian-Deqin fault, the Jinshajiang fault is divided into southern, central, and northern sections, with seismic activity gradually decreasing from south to north. The northern segment is the least active, with its main activity period in the early Quaternary; apart from local late Quaternary activity on the western branch, there is no geological evidence for significant fault activity since the late Pleistocene (Wu et al., 2019).
Typically, the material outflow from the Tibetan Plateau is explained by two main modes: middle-lower crustal flow and rigid extrusion. The first model proposes that material from the central plateau flows toward the eastern margin through a low-viscosity channel in the middle-lower crust. Extensive geophysical surveys indicate that low-velocity (Bao et al., 2015; Yang et al., 2020) and highly conductive partially molten material may be present along the southeastern margin of the plateau (Sun et al., 2003; Bai et al., 2010; Cheng et al., 2015). The second model suggests that the rigid lithosphere extrudes laterally along large strike-slip faults, with the middle-upper crust escaping outward from the plateau, driven by internal forces, while the lower crust impedes this escape process (Tapponnier et al., 1982; Tapponnier et al., 2001).
Previous studies on the diamond block boundaries have focused on crustal deformation (Lv et al., 2002), surface strain accumulation characteristics (Liu et al., 2022a; Zheng et al., 2017), and stress field features (Guo et al., 2024), primarily using geophysical methods such as seismology and geodesy. Due to the seismic activity along the Xianshuihe fault, the eastern boundary of the diamond block has long been a hot research area. However, studies on the deep electrical structure and dynamics of the Sichuan-Yunnan diamond block have mainly concentrated around and south of the Red River fault, the Anninghe-Zemuhe-Xiaojiang fault, and the Lijiang-Xiaojinhe fault (Yu et al., 2020; Li et al., 2020), with limited research on the northern area, resulting in a lack of comprehensive understanding of the region. To investigate the deep distribution range of material flow along the eastern margin of the Tibetan Plateau and delineate the electrical boundary of the Sichuan-Yunnan diamond block, we conducted a magnetotelluric survey across the geological boundary of the block in its northwest sector. This profile extends from Chazha Township, Sichuan Province, to Luomai Township, Tibet Autonomous Region.
2 SURVEY REGION
There are primarily northwest-oriented structures in Sichuan-Yunnan block. In this study, the survey profile originates in the southern part of the Bayan Har block (BHB), cuts southwest across the northwest sector of the Sichuan-Yunnan block (SYB), and reaches the western part of the Qiangtang block (QTB). The northeastern end of the line is located at Chazha Township (C) in Ganzi County, Sichuan Province, and extends to Luomai Township (M) in Gongjue County, Tibet Autonomous Region, with a total length of approximately 220 km at an angle of 30° northeast. There are 17 survey points in total. The survey line successively crosses the Ganzi-Litang fault (GL), the Dalangsonggou fault (DLSG), the Maisu fault (MS), a branch of the Jinshajiang fault zone (JSJ), the Dedeng-Batang-Riyu fault (DBR), another branch of the Jinshajiang fault zone, and the Zigasi-Deqin fault (ZD) (Figure 1).
[image: Figure 1]FIGURE 1 | Locations of the magnetotelluric (MT)survey points. Yellow triangles represent the MT survey locations, with blue labels for point names, green lines marking block boundaries (Zhang et al., 2003), and red lines indicating active faults (Xu et al., 2016). ZD, Zigasi-Deqin Fault; JSJ, Jinshajiang Fault Zone; DBR, Dedeng-Batang-Riyu Fault; MS, Maisu Fault; DLSG, Dalangsonggou Fault; GL, Ganzi-Litang Fault Zone; BHB, Bayan Har block; QTB, Qiangtang block; SYB, Sichuan-Yunnan block.
3 DATA AND QUALITATIVE ANALYSIS
3.1 Field data collection and processing
Data for this study was collected in October 2020 using the MTU-5A magnetotelluric acquisition system from Phoenix Geophysical, Canada. The data acquisition involved a five-component setup (two orthogonal horizontal electric fields, two orthogonal horizontal magnetic fields, and one vertical magnetic field), with horizontal components aligned along the true north-south and east-west directions. A broad frequency band was used for MT observations: high frequency at 2,400 Hz, mid-frequency at 150 Hz, and low frequency at 15 Hz. To ensure data quality, a remote reference station was set up 1,050 km away in Otog Front Banner, Inner Mongolia Autonomous Region (107°49′40.31″N, 38°1′27.33″E), which offered an ideal electromagnetic environment with minimal human interference. Each site collected data for over 40 h and applied remote reference techniques (Gamble et al., 1979b; Gamble et al., 1979a) and non-Robust techniques (Zhang et al., 2022) for time series processing. The apparent resistivity and phase curves for each site were generally smooth, indicating high data quality, with most sites covering an effective period range of 1/320 s–2000 s, specially, CM06, CM08, and CM17 had an effective period reaching nearly 10,000 s (Figure 2).
[image: Figure 2]FIGURE 2 | Apparent resistivity and impedance phase curves.
The apparent resistivity and impedance phase curves for each site preliminarily reveal differences in the electrical structure within the three distinct tectonic units: the southern edge of the Bayan Har block, the northwest sector of the Sichuan-Yunnan diamond block, and the western margin of the Qiangtang block. As shown in Figure 2, site CM01, located within the Bayan Har block, exhibits overlapping apparent resistivity curves in both polarization directions at high frequencies, with minimal variation. From mid to low frequencies, the apparent resistivity curves diverge and cross again, indicating a simple shallow structure and a more complex deep structure. Sites CM02 to CM04, located in the contact zone between the Bayan Har block and the Sichuan-Yunnan diamond block, display out of quadrant phases phenomena at low frequencies. Specifically, CM02 and CM03 exhibit quadrant-exceeding phases in the xy polarization, while CM04 exhibits this phenomenon in the yx polarization, suggesting that the Ganzi-Litang fault between CM03 and CM04 may serve as the boundary fault and that the deep contact relationship between these two blocks is complex. Other sites located between the Sichuan-Yunnan diamond block and the Qiangtang block exhibit high-frequency high-resistivity and low-frequency low-resistivity characteristics, though the specific curve shapes vary, indicating that the overall electrical structure of the Sichuan-Yunnan diamond block and the Qiangtang block consists of a shallow high-resistivity and a deep high-conductivity. The boundary between these blocks cannot be determined from the apparent resistivity curves alone, and details require inversion analysis.
3.2 Structural dimensionality analysis
Figure 3 illustrates the real tipper vector diagram of the CM profile, which is a new method for depicting the tipper vector orientation. The direction of the tipper’s real vector aligns with the real induction vector, typically pointing from high resistivity to low resistivity. The size of the vector’s tail indicates the size of the imaginary induction vector; however, the physical significance of this feature requires further investigation. The color-filled areas represent the arithmetic average of the two main phases (Pxy, Pyx), in general, a higher arithmetic average of the phase (closer to red) corresponds to low resistivity, and vice versa for high resistivity (closer to blue). From Figure 3, it can be seen that low resistivity is present beneath points CM17, CM14-CM12, and CM10-CM08. Most of the faults in the survey area strike NW, and the profile is oriented to the NE. The real induction vector points in different directions, and some are opposite to one another. Therefore, 2D inversion is not applicable for this profile.
[image: Figure 3]FIGURE 3 | Tipper vector paper airplane diagram. The vector direction corresponds to the real induction vector, and the opening size of the tail represents the magnitude of the imaginary induction vector. The color filling indicates the arithmetic average of the main phase values.
The impedance tensor decomposition double rhombus diagram is a new analytical technique for constructing dimensionality analysis. In Figure 4, the rhombus is defined by the 1D deviation, 2D deviation, and the orientation of the best principal axis. The 1D deviation is represented by the long axis of the rhombus, the 2D deviation by the short axis, and the orientation of the best principal axis is the same as that of the long axis. Due to a 90° ambiguity in the orientation of the best principal axis, an orthogonal double rhombus is used to eliminate this ambiguity. A small double rhombus indicates strong one-dimensionality, while a large double rhombus approaching a cross shape indicates strong two-dimensionality. A large double rhombus nearing a circular shape suggests strong three-dimensionality. The color filling follows the same pattern as in Figure 3. From the diagram, it is observed that the shallow area are dominated by 1D and 2D structures, while the 3D structure is generally enhanced in the low-frequency range. In the northeastern part of the study area, specifically at the measurement points (CM01-CM06) located at the northern section of the Baren Kalla Block and the northwest sector of the Sichuan-Yunnan Diamond Block, the shallow area are mainly one-dimensional and two-dimensional, while the deep area show enhanced three-dimensionality, indicating differences between the shallow and deep area. At the measurement points CM07-CM15, the low-frequency part remains dominated by three-dimensionality, while the medium and high frequencies exhibit alternating complex features of three-dimensional and non-three-dimensional characteristics between adjacent measurement points.
[image: Figure 4]FIGURE 4 | The impedance tensor decomposition double rhombus diagram. The long axis of the rhombus represents the one-dimensional deviation, the short axis represents the two-dimensional deviation, and the color filling is consistent with that in Figure 3.
By analyzing the apparent resistivity phase curves and structural dimensionality, qualitative information about the dimensionality and electrical distribution of deep structures can be obtained. More accurate quantitative information about the deep electrical structure requires inversion. The data we collected are from survey profile, where the faults and blocks intersect near-perpendicular to the survey profile. In most cases, 2D inversion would suffice; however, the data analysis above indicates that this survey profile is not suitable for 2D inversion. The main reasons are as follows: The deep structure exhibit pervasive three-dimensionality. Performing a 2D inversion with a unified principal axis orientation could introduce false structures, particularly when including the TE polarization mode, which would significantly distort the results from the true model (Cai et al., 2010). The survey profile has only 17 measurement points, and there is poor continuity in the electrical principal axes between adjacent points. Additionally, there is no consistent principal axis direction between high and low frequencies at the same point, making frequency-band or segment-based two-dimensional inversion unsuitable (Guo and Chen, 2018). CM02, CM03, CM04, and CM07 all exhibit phase over-quadrant phenomena, which typically occur in three-dimensional or anisotropic two-dimensional media. Conventional isotropic two-dimensional inversion cannot fit phase over-quadrant data (Lezaeta and Haak, 2003). Both theoretical model testing (Siripunvaraporn et al., 2005) and inversion of field data (Jiang et al., 2019) have demonstrated that 3D inversion of single-profile data can resolve local fault structures and even provide clearer deep information than 2D inversion. Therefore, this study selects 3D inversion techniques, more suited to the observed data characteristics, for subsequent inversion work.
4 THREE-DIMENSIONAL INVERSION
Traditional inversion grids generally align with the data observation direction, and there is no need to consider data rotation during the inversion process. However, for datasets like the one in this study, where the survey line direction (not oriented exactly north-south) differs from the observation direction (true north-south), conventional grid subdivision methods may result in grid cells in the two corners of missing measurement points, where the data do not constrain the model. These regions are not part of the target area and contribute to unnecessary computational resource waste. While rotating the grid or survey line to match the observation direction can avoid grid waste, it still presents the issue of misalignment between grid and observation directions. Previous methods involve rotating the observed data to align with the grid direction before inversion. However, rotating the observed data carries certain risks, as the rotated data may degrade. This study adopts a new approach of rotating the model response to match the observation data (Liu et al., 2024). After each forward modeling step, the result is rotated to match the direction of the observation data, ensuring high-quality grid subdivision while also optimizing the fitting of high-quality data in the observation direction.
In the horizontal direction, the core region grid size is 3.5 km × 3.5 km, with 59 grids along the survey profile direction and 9 grids in the perpendicular direction. Outside the core region, both directions extend by a factor of 1.5 for 11 additional grids, with the maximum grid size reaching 200 km × 200 km. The terrain in the study area is highly variable, with height differences between measurement points reaching up to 0.5 km. To adequately fit the terrain, the vertical terrain grid is set at 50 m with 12 layers. The terrain grid for the core region is constructed based on actual terrain data, while the terrain for the non-core region is extended parallelly outward from the core region boundary. Below the terrain grid, the grid thickness increases gradually by a certain factor, extending downward, with a maximum grid thickness of 50 km. The final model grid size is 31 × 81 × 80 (Figure 5).
[image: Figure 5]FIGURE 5 | Plan view of the 3D inversion grid. From left to right are sites 17 to 1.
We choose apparent resistivity and phase data (RP) for inversion, rather than the full impedance data (Z4) or full impedance dipoles (ZT) commonly used in previous studies. Newman et al. found that because the xx and yy element data have lower baselines and signal-to-noise ratios, using full impedance data combinations for inversion can reduce inversion performance (Newman et al., 2008). Current understanding of the characteristics of the main diagonal elements of impedance, is still unclear, and the criteria for evaluating data quality are vague. Compared to full impedance or full impedance tipper data, apparent resistivity and phase data are more stable in quality, with clearer criteria for selecting data for inversion. Increasingly, scholars have chosen to use resistivity and phase data for inversion (Cai et al., 2017; Fan et al., 2022; Cai et al., 2023; Cui et al., 2024).
The inversion calculations are performed in the visualization-based 3D magnetotelluric inversion software system ToPeak (Liu et al., 2022b). Initially, a model with a resistivity of 100 Ω·m is constructed, incorporating topographic data, with an initial regularization factor of 1,000. During the inversion process, when the relative change in the root mean square error (RMS) of the fit falls below 0.25%, the regularization factor is reduced by a factor of 0.2. The inversion stops when the regularization factor is less than 10−8. The initial inversion is exited after 78 iterations, and the RMS is 3.4. Following this, the model undergoes a “fill-hole and peak-cutting” reconstruction, limiting areas of excessively high or low resistivity within a certain range. Specifically, the contours of anomalous resistivity regions from the previous inversion results are retained. The extreme resistivity values in these anomalous regions are replaced with the surrounding resistivity values to construct a new initial model for the subsequent inversion. By doing so, the new initial model based on the existing inversion results avoids focusing excessively on local details, thereby reducing the risk of overfitting. This reconstructed model then serves as the starting model for further inversion, improving the reliability and stability of the results. After several reconstruction iterations, the final inversion consists of 212 iterations with an RMS of 0.729.
5 RESULT AND VERIFICATION
5.1 Inversion result
The vertical profile of the inversion results is shown in Figure 6. Large-scale high-conductivity bodies, C1 and C2, are present in the middle to upper crust within the Qiangtang Block and the Sichuan-Yunnan diamond block. C1 is located at depths of approximately 5 km–20 km and extends laterally for about 70 km. It has a generally eastward-low and westward-high configuration, with a weak zone beneathCM15. C2 is located at depths of approximately 10 km–30 km and extends over 100 km laterally in a “spoon” shape, with the “handle” being narrow and extending from CM01 to the surface. Above these high-conductivity bodies, there is significant electrical heterogeneity, and the regions above the high-conductivity bodies are consistent with data qualitative analysis. Below the high-conductivity bodies, there is a homogeneous half-space with a resistivity close to 100 Ω·m, consistent with the initial model’s resistivity.
[image: Figure 6]FIGURE 6 | The vertical profile of the inversion results.
5.2 Verification
To assess the reliability of the inversion results and determine whether the observation data can constrain the structure beneath the high-conductivity bodies, we performed a forward modeling verification. First, we validated the high-conductivity bodies C1 and C2 by erasing the high-conductivity parts of C1 and C2 and replacing them with 20 Ω·m. The corrected model was then used for forward modeling calculations (Figures 7A, B), and the RMS was recalculated (Figure 7F). From the figure, it is clear that the RMS of the measurement points above the corrected model increases significantly, indicating that the high-conductivity bodies are constrained by the data, thus confirming the existence of the high-conductivity bodies as reliable.
[image: Figure 7]FIGURE 7 | Reliability verification of inversion results. (A) C1, (B) C2, (C) downward extension of C2, (D) upward extension of high-resistivity body below C2, (E) C1&C2 connectivity, (F) abcde model RMS.
Next, we verified whether the bottom boundary of the C2 structure is constrained by the data. Typically, the resolution below high-conductivity bodies is lower. We extended the C2 high-conductivity body downward by 10 km (Figure 7C) and performed forward modeling with the modified model, recalculating the RMS to obtain Figure 7F. Subsequently, we extended the high-resistivity region beneath C2 upward by 10 km (Figure 7D) and recalculated the RMS (Figure 7F). It can be observed that the RMS values above the modified model increase, which suggests that the bottom boundary of the high-conductivity body is constrained by the data, confirming the reliability of the high-conductivity layer’s thickness.
Finally, we verified the connectivity between the two high-conductivity bodies, C1 and C2. Again, we filled the area between them with 10 Ω·m grids (Figure 7E), and the calculated RMS is shown in Figure 7F. It is evident that the RMS of the measurement points above and around the modified model increases significantly, proving that the high-conductivity bodies C1 and C2 are not connected.
6 DISCUSSION
We believe that the boundary region between high-conductivity bodies C1 and C2 is the northwest electrical boundary of the Sichuan-Yunnan Diamond Block, located at the Dedeng-Batang-Riyu fault. The thickness of C1 is approximately 15 km, and C2 is about 20 km, which differs from the findings of Bai et al. (2010). Bai et al. suggested that there is a lower crustal material flow in the eastern Tibetan Plateau and provided MT evidence for plateau uplift and crustal deformation. Through theoretical calculations, they proposed two weak material flows in the middle to lower crust: one extends eastward from the Lhasa block along the Yarlung Zangbo suture zone, turns south around the eastern Himalayas, and eventually passes through the Tengchong volcanic area; the other extends eastward from the Qiangtang block along the Jinshajiang fault Zone and the Xianshuihe fault zone, turns south at the western edge of the Sichuan Basin, and finally passes through the Sichuan-Yunnan diamond block between the Xiaojiang fault and the Honghe fault (Bai et al., 2010). Due to the limitations of MT inversion techniques at the time, previous studies only employed 2D inversion techniques, but 2D inversion has limited ability to identify the lower boundary of high-conductivity bodies. In contrast, modern 3D inversion techniques have significantly improved the vertical resolution of MT inversion. The 3D inversion results indicate that there is a high-conductivity layer within the Sichuan-Yunnan diamond block, with a thickness of only 20 km, which is insufficient to drive material outflow. This high-conductivity layer acts as a decoupling surface, a view consistent with the rigid material extrusion model (Tapponnier et al., 2001). As the upper-middle crust escapes toward the exterior of the plateau, the driving force originates from within the plateau itself, and the weak material flow is not the source of force. We speculate that the weak material layer is merely a “transition surface” where the upper and lower crust move in opposite directions.
7 CONCLUSION
Based on the MT profile data from the northwest sector of the Sichuan-Yunnan diamond block, a nonlinear conjugate gradient-based 3D inversion with terrain was performed. We conclude that the northwest electrical boundary of the Sichuan-Yunnan block is Dedeng-Batang-Riyu fault. There is a high-conductivity layer within Sichuan-Yunnan block, but it is shallow and does not reach the lower crust. Future studies are hoped to expand MT work in the northwest region of the Sichuan-Yunnan block.
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