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The Garzê–Yushu fault is a large active NW-trending strike-slip fault on the Tibetan Plateau, along which strong earthquakes have frequently occurred historically. Together with the Xianshuihe fault, the Garzê–Yushu fault constitutes the northern boundary of the Sichuan–Yunnan block, and it is also the boundary between the Bayan Har and Qiangtang blocks. The Abuduo fault is a near E–W-trending fault on the southern side of the Garzê–Yushu fault. Through remote sensing image interpretation and field seismic geological investigations, this study found a series of left-lateral displacement landforms and well-preserved seismic surface rupture zones along the Abuduo fault, extending over a distance of approximately 65 km from Abuduo through Yushu and Qinghai to Selikou Village. According to the geological and geomorphological evidence, the Abuduo fault is considered a left-lateral strike-slip fault with Holocene activity, which has tectonic conditions suitable for breeding and generating strong earthquakes. Additionally, the eastward extension of the Abuduo fault is likely to intersect the Garzê–Yushu fault and thereby decompose its horizontal sliding deformation.
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1 INTRODUCTION
The Tibetan Plateau is the region with the strongest modern tectonic and strong earthquake activities in China (Deng et al., 2002). Available historical records indicate that the region has experienced 18 earthquakes with magnitude of ≥M8.0 and more than 100 earthquakes with magnitude of M7.0–7.9 (Deng et al., 2014). The Garzê–Yushu fault, which is a large active NW-trending strike-slip fault on the Tibetan Plateau, is also an important boundary fault of the Sichuan–Yunnan block (Wen et al., 2003; Chen et al., 2008). The Garzê–Yushu fault is also the demarcation line between the Bayan Har block and the Qiangtang block, and it accommodates the relative motions of those blocks and the Sichuan–Yunnan block in conjunction with the Xianshuihe fault and the Fenghuoshan fault (Qiao et al., 2004; Huang et al., 2015). Several strong earthquakes have occurred on the Garzê–Yushu fault since historical records began, e.g., the M8.0 earthquake in Manigange (1320), Ms7.5 earthquake in Dangjiang (1738), Ms7.7 earthquake in Garzê (1854), Ms7.0 earthquake in Luoxu (1896), and M7.1 earthquake in Yushu (2010) (Zhou et al., 1996; Wen et al., 2008; Lin et al., 2011; Li et al., 2016; Lv et al., 2017), which fully indicate that the Garzê–Yushu fault is a boundary fault with strong earthquake activity. Owing to the strong earthquake activity on the Garzê–Yushu fault, related research is reasonably abundant and not only includes 1:50,000 strip mapping and scientific investigation of its active faults, but also covers fault geometry imaging and analyses of slip rate, paleoseismicity, and earthquake risk (Li et al., 1995; Zhou et al., 1997; Wen et al., 2003; Xu et al., 2003; Peng et al., 2006; Lin et al., 2011; Wu et al., 2014; Shi et al., 2016).
A series of near E–W-trending strike-slip faults exists on the southern side of the NW-trending Garzê–Yushu boundary fault, such as the Batang fault, Abuduo fault, and Maisu fault, which are dispersed within the block and might intersect the Garzê–Yushu fault to the east. Among them, the Batang fault has been studied for its Late Quaternary activity, slip rate, and tectonic importance (Huang et al., 2015; Wang et al., 2015; You et al., 2016). Zuo et al. (2022) undertook research on the geometric structure and Late Quaternary activity of the Maisu fault, and relevant field data on its slip rate have been acquired and are in the process of being compiled. In contrast, other than for some remote sensing image interpretation research, few studies have investigated the Abuduo fault, and field seismological and geological investigation data are notably lacking (Wu et al., 2014; Li et al., 2023). Remote sensing image interpretation suggests that the Abuduo fault, the main trace of which is the near E–W-trending Abuduo section in the eastern part of the Ziqu River, has total length of approximately 110 km, and the solution of the seismic source mechanism indicates that it is a left-lateral strike-slip fault (Wu et al., 2014). On the basis of remote sensing image data, Wu et al. (2014) classified the Abuduo fault as an intracrustal active fault zone with moderate to weak activity owing to the amount of left-lateral displacement, degree of development of the Quaternary basin, and present-day earthquake activity. Additionally, no geometric image of the Abuduo fault is found in the 1:50,000 active fault distribution map of the Garzê–Yushu fault (Garzê–Batang section) (Zhou et al., 1997). As a strike-slip fault that may intersect with the Garzê–Yushu fault to the east and decompose the slip rate of the Garzê–Yushu fault, the geometrical image and activity of the Abuduo fault are of great significance for the study of the characteristics of the sliding rate distribution of the various segments of the Garzê–Yushu fault and the earthquake risk of the Abuduo fault. Based on this, The detailed image interpretation and field seismological–geological investigation of the Abuduo fault conducted in this study both revealed that the Abuduo rupture has total length of approximately 110 km, and identified important new activity traces and well-preserved seismic surface rupture zones, especially in the Shasailong–Xiarike–Quechada–Shanikuo area. The relationship between the surface rupture and the magnitude of associated earthquakes was investigated using empirical theoretical formulas. Geomorphological evidence indicates that the Abuduo fault is a left-lateral strike-slip fault with Holocene activity.
2 TECTONIC SETTING
The study area (Figure 1) is located at the eastern edge of the Tibetan Plateau, a series of fault zones developed within the Tibetan Plateau during the Cenozoic as a result of the strong collision between the Indian and Eurasian plates, such as the Kunlunshan fault zone, Altyn fault zone, Xianshuihe fault zone, and Garzê–Yushu fault zone, developed during the Cenozoic period owing to the collision between the Indian and Eurasian plates. These faults divide the Tibetan Plateau into several long blocks that include the Qilianshan block, Qaidam block, Bayan Har block, and Qiangtang block, which includes the Abuduo fault (Figure 1) (Zhang et al., 2002; Zhu et al., 2004; Huang et al., 2015). The study area (Figure 2), which is on the northwestern side of the Sichuan–Yunnan block, between the Bayan Har and Qiangtang blocks, is influenced by the movement of the regional blocks and it has mainly developed NW-trending and near E–W-trending fault systems. The NW-trending Garzê–Yushu fault is a large Holocene active strike-slip boundary fault with Holocene activity, which together with the Xianshuihe fault constitutes the northern boundary of the Sichuan–Yunnan block, and is also the boundary between the Bayan Har and Qiangtang blocks. Its slip rate since the Late Quaternary has been estimated to range from 5.5 ± 0.5 to 14 ± 3 mm/a (Li et al., 1995; Zhou et al., 1996; Wen et al., 2003; Xu et al., 2003; Peng et al., 2006). Historically, a number of strong earthquakes have occurred on this fault, e.g., the M8.0 earthquake in Manigange, Sichuan Province (1320), Ms7.5 earthquake in Dangjiang, Qinghai Province (1738), and Ms7.7 earthquake in Garzê, Sichuan Province (1854) (Zhou et al., 1997; Lin et al., 2011; Li et al., 2016; Lv et al., 2017). Latest research on the middle section of the NW-trending Wudaoliang–Changshagongma fault within the Bayan Har block indicates that it is a left-lateral strike-slip fault with Holocene activity that has had an average horizontal slip rate of 2.55 ± 0.50 mm/a since the Late Quaternary, and four paleoseismic events have been revealed by trench survey (Liang et al., 2022; Liang et al., 2023). Among the three near E–W-trending faults within the study area, the Batang fault is a left-lateral strike-slip fault with Holocene activity that has had a horizontal slip rate of 2.1–3.9 mm/a since the Late Quaternary, and presents a paleoseismic recurrence cycle of approximately 1,500 years (Huang et al., 2015; You et al., 2016). The Maisu fault is on the southern side of the Garzê–Yushu fault, and geomorphological evidence suggests that it also has Holocene activity, with a predominant left-lateral characteristic (Zuo et al., 2022). Seismological–geomorphological evidence associated with the Abuduo fault also indicates that it is a left-lateral strike-slip fault with Holocene activity, and that it extends eastward to intersect the Garzê–Yushu fault near Zhengke. The NW-trending and E–W-trending active fault systems in the region constitute the tectonic background of the study area, and influence both regional tectonic deformation and earthquake activity.
[image: Figure 1]FIGURE 1 | Distribution of the main faults and earthquakes within the study region. GZ-YS F, Garzê–Yushu fault; ABD F, Abuduo fault; BT F, Batang fault; MS F, Maisu fault; WDL-CSGM F, Wudaoliang–Changshagongma fault.
[image: Figure 2]FIGURE 2 | The geometry of the Abuduo fault. The purple solid squares represent the survey sites in the field.
The present-day seismicity in the study area is unevenly distributed. Seismicity is concentrated in the northwest of the region and in the Garzê area in the southeast, and earthquakes with magnitude of ≥M6.0 have been mainly concentrated on the Garzê–Yushu fault (Figure 1), e.g., the Luoxu M7.0 earthquake in Shiqu, Sichuan Province in 1896, Yushu M7.1 earthquake in Yushu, Qinghai Province in 2010, and Yushu M6.5 earthquake in 1738. The seismicity in other areas is sparse and mainly reflects events with magnitude of M5.0 and below. In 1979, a stronger earthquake (M6.2) occurred approximately 15 km to the south of the Abuduo fault, but the seismicity of the Abuduo fault generally remains dominated by sporadic small earthquakes of M5.0 or less, i.e., M4¾ earthquakes in 1925 and 1930, and M3.6 earthquakes in 2021 and 2022.
3 DATA AND METHODS
In this study, high-resolution satellite images (Google Earth™) were used for visual interpretation of the fault. Then, the fault location, tendency, segmentation, and other geometric structures and typical tectonic landform points were identified. The main interpretation was based on fault troughs, linear traces, fault scarps, associated fault plug ponds and fault springs, faulted gullies, river terraces, and ridges. Field seismological–geological investigation was performed on the interpreted fault linear traces and typical tectonic landforms, and various linear traces and tectonic landforms were obtained by tracing the direction of the fault according to in situ fault linear traces and tectonic landforms, determining the location and alignment of the investigated points, taking photographs of the landforms, and obtaining recordings. Combined with the image-based interpretation of the geometric structures, the spatial distribution of the fault was drawn and the geometric image of the fault was obtained. Additionally, the magnitude of displacement of typical displacement landforms was measured and recorded in situ using a tape measure. On the basis of the features of displacement landforms and the existence of a seismic surface rupture, the latest activity of the fault was determined.
High-precision, high-resolution topographical and geomorphological data can delineate subtle surface fine-scale structures and represent the basis for quantitative study of active tectonics (Zielke et al., 2010). In this study, a small uncrewed aerial vehicle (UAV) was used in the field to conduct photogrammetric mapping of typical tectonic landforms. Agisoft PhotoScan software, which integrates SfM algorithms, was used for modeling to obtain high-precision, high-resolution orthophotos (Ai et al., 2018; Li et al., 2021), and a digital elevation model data with resolution of up to 2 cm/pixel was used to determine the subtler fine-scale structure of the ground surface. The high-resolution topographical and geomorphological data were used to reassess the magnitude of the displacement of the typical dislocated landforms, and were compared with the in situ field tape measurements to minimize measurement errors.
4 GEOMETRIC DISTRIBUTION AND GEOLOGICAL FEATURES OF THE ABUDUO FAULT
4.1 Geometric distribution of fault
On the basis of remote sensing image interpretation and seismogeological survey, it was determined that the Abuduo fault starts at Kaguo Village (Jiangda County, Xizang Province) in the east and runs westward through Seri Village, Tamaka, Abuduo, Eguolong, Ehaiaqielong, Shasailong, Quechada, and Achapo, and ends at Selikou Village (Yushu City, Qinghai Province), with elevation of 4000–5,000 m and total length of 110 km. The seismogeological survey covered the area from Tamaka to Selikuo Village (Figure 2). The fault is divided into two branches, namely the east and west branches, and a small pull-apart basin has formed at the branch. Remote sensing image interpretation revealed that the Abuduo fault retains a reasonably linear trace, especially along the Shasailong–Xiarike–Quechada–Achapo–Shanikuo section. The field seismological–geological survey of this study found a 65-km seismic surface rupture of the Abuduo fault, which started at Abuduo and disappeared near Selikou Village. The relevant figures associated with the field seismological–geological survey sites are labeled in Figure 2.
4.2 Geological features of fault
4.2.1 Tamaka site
Approximately 2.5 km to the southeast of Tamaka, in the high mountains of the canyon, the Abuduo fault cuts across the ridge with a more pronounced fault trace, forming a series of reverse troughs, and along the fault zone collapse, landslides are more developed (Figure 3). The area to the east of the Abuduo fault Tamaka is close to the Jinshajiang River. Due to the influence of related geological processes, the landforms in this area are mainly mountains and canyons, and the transportation is inconvenient. The geological landforms investigation mainly takes remote sensing interpretation.
[image: Figure 3]FIGURE 3 | Fault trace of the Abuduo fault to the southeast of Tamaka.
4.2.2 Abuduo site
Tectonic landforms are evident in the vicinity of Abuduo and the linear trace of the fault is clear. The fault can be seen along a road 2 km to the east of Abuduo, passing from the foot and slope of the mountain and cutting through the fore-mountain diluvial fan, forming a fault scarp and a fault trough (Figure 4A). Alongside a river 200 m to the southeast of Abuduo, the fault cuts across the ridge to form a pass landform, and cuts through the river terrace and a distinct fault spring is developed on the first terrace (T1) (Figure 4B).
[image: Figure 4]FIGURE 4 | Geomorphological features of the Abuduo fault near Abuduo: (A) the seismic rupture trace and (B)The pass landform and a fault spring.
4.2.3 Bononglong site
Approximately 1.6 km to the southeast of Bononglong, the Abuduo fault cuts through the ridge, gully, and gully wall, with an obvious fault trace forming fault troughs and reverse troughs, and a left-lateral displacement of the gully wall with large displacement (approximately 41 m) (Figure 5). Approximately 0.8 km to the southeast of Bononglong, the fault cuts across the fore-mountain diluvial fan to form a more distinct linear trace, and a fault spring is developed where the fault passes through (Figure 6).
[image: Figure 5]FIGURE 5 | Geological and geomorphological features of the Abuduo fault 1.6 km to the southeast of Bononglong.
[image: Figure 6]FIGURE 6 | Geological and geomorphological features of the Abuduo fault 0.8 km to the southeast of Bononglong. (A) alluvial, (B) fault spring.
4.2.4 Zhanakou site
Adjacent to the road approximately 2.3 km to the south of Zhanakou, the Abuduo fault has developed notable surface rupture and displacement landforms. The topography and geomorphology of this area, mapped using the small UAV and Agisoft PhotoScan software (Figures 7A, C), reveal an obvious linear trace of the fault. The Abuduo fault cuts across the river, creating a major seismic surface rupture on the hillside to the west of the road, which cuts across the ridge to form a pass landform and continues westward (Figure 7D). The fault cuts across the secondary terrace of the river (T2), and the left-lateral displacement of approximately 3.9 m (Figure 7B) creates a distinct displacement landform. Additionally, fault springs are developed at the crossing point of the fault. Evidence from the Zhanakou geomorphological survey site suggests that the Abuduo fault has experienced reasonably recent activity and that the nature of its movement has left-lateral strike-slip characteristics.
[image: Figure 7]FIGURE 7 | Seismic surface rupture and displacement geomorphology 2.3 km to the south of Zhanakou: (A) high-precision orthophoto, (B) secondary terrace dislocated by 3.9 m, (C) high-precision topographical and geomorphological map, and (D) seismic rupture trace.
4.2.5 Shasailong site
Remote sensing image interpretation reveals that the Abuduo fault retains a reasonable linear trace, which is particularly obvious in the Shasailong area. The fault runs from the foothill zone through the development of an alluvial fan, which can be seen as an obvious fault trough, together with a gully, terrace displacement, and other geomorphic phenomena. Preliminary assessment suggests that the magnitude of the gully displacement is up to 22.5 m (Figure 8).
[image: Figure 8]FIGURE 8 | Fault trace of the Abuduo fault in the Shasailong area. The image was obtained from Google Earth.
4.2.6 Xiarike site
Very distinct tectonic landforms and an obvious linear trace of the fault are developed near a path approximately 2 km to the northwest of Xiarike. The topography and geomorphology of the site were mapped using the small UAV, and a high-precision topographical and geomorphological map of the area was generated using Agisoft PhotoScan software (Figure 9A), in which the linear trace of the fault is clearly visible. On the western side of the road, the Abuduo fault cuts across the hillside and ridge, creating distinct linear troughs and small marshes, a pass landform, and fault springs that are developed in beads along the fault on the ridge (Figure 9B). On the eastern side of the road, the Abuduo fault cuts across the hillside forming a very distinct linear fault trough and a reverse scarp with notable spring outcrops along the trough (Figure 9C).
[image: Figure 9]FIGURE 9 | Geological and geomorphological features of the Abuduo fault 2 km to the northwest of Xiarike: (A) high-precision topographic and geomorphologic map and fault trace, (B) a series of fault springs and a fault sag pond, and (C) a fault trough and a marshy belt.
4.2.7 Quechada site
The Abuduo fault in the Quechada area is obviously linear, and extends diagonally to the northeast from the hillside, cutting across the ridge. The linear trace is obvious, and gully displacements can be seen along the line of the fault. Western and eastern gullies with left-lateral displacement of 12.2 and 14.5 m, respectively, were initially identified (Figure 10).
[image: Figure 10]FIGURE 10 | Fault trace of the Abuduo fault in the Quechada area. The image was obtained from Google Earth.
4.2.8 Achapo site
A surface rupture zone with length of at least 1.2 km and a series of gully displacement were discovered approximately 0.6 km to the north of Achapo. The topography and geomorphology of this area were mapped using the small UAV and Agisoft PhotoScan software (Figures 11A, B), which revealed the obvious linear trace of the fault. In the Achapo area, the Abuduo fault cuts across ridges, slopes, and gullies, creating typical surface rupture zones, together with tectonic–geologic landforms such as fault troughs, reverse troughs, and gully displacement (Figures 11C, D). All the gullies in the region that have been cut by the fault show obvious left-lateral features. The displacement of a typical small-scale gully was measured, and the magnitude of left-lateral displacement of the gully was 10.9 m (Figure 11B). The obvious seismic surface rupture and series of alluvial left-lateral displacement at the site indicate the most recent activity of the Abuduo fault, and the geomorphological features of the site strongly suggest that the Abuduo fault is a left-lateral strike-slip fault with Holocene activity.
[image: Figure 11]FIGURE 11 | Geological and geomorphological features of the Abuduo fault 0.6 km to the north of Achapo: (A) high-precision orthophoto, (B) high-precision topographical and geomorphological map showing gully displacement of 10.9 m, (C) seismic rupture trace, and (D) seismic rupture trace and fault trough.
4.2.9 Shanikuo site
On the hillside approximately 1.4 km to the southeast of Shanikuo, a seismic surface rupture with an obvious linear trace and gully displacements were found. The topography and geomorphology of the area were mapped using the UAV and Agisoft PhotoScan software. The surface rupture trace of the fault at this location was clearly visible, crossing the ridge to the west and forming a fault trough landform (Figure 12A). The fault at this location cuts across the hillside, forming an obvious linear trace on the hillside (Figure 12B) and producing a gully displacement landform (Figure 12C). The left-lateral strike-slip displacement of the gully, measured against the gully wall, was found to be 5.8 m. Geomorphologic evidence at this site similarly suggests that the Abuduo fault is a left-lateral strike-slip fault with Holocene activity.
[image: Figure 12]FIGURE 12 | Geological and geomorphological features of the Abuduo fault 1.4 km to the southeast of Shanikuo: (A) high-precision topographic and geomorphologic map and fault trace, (B) seismic rupture trace, and (C) thea gully with displacement of 5.8 m.
5 DISCUSSION
The Abuduo fault is a near E–W-trending strike-slip fault on the southern side of the Garzê–Yushu fault on the eastern margin of the Tibetan Plateau. Along the fault, a river terrace (T2) was found to exhibit left-lateral displacement of 3.9 m at the Zhanakou geomorphological site. A series of gullies presented left-lateral displacement by the Abuduo fault at the Achapo geomorphological site, and the magnitude of the displacement of the smaller gully was 10.9 m, A series of gullies was also found to show left-lateral displacement at the Shanikuo geomorphological site, and the magnitude of the displacement of one of the smaller gullies was 5.8 m. There was no obvious fault scarp along the fault, which was formed by the normal or reverse faults, and the above geomorphological evidence indicates that the deformation associated with the Abuduo fault exhibits predominantly left-lateral strike-slip characteristics. The Abuduo fault cuts through pre-mountain alluvial fans, secondary terraces of rivers (T2), and small alluvial gullies, and the trace of the fault is reasonably clear with obvious seismic surface rupture zones, especially at the Xiarike, Achapo, and Shanikuo geomorphological investigation sites. According to remote sensing image interpretation and analysis of field seismic and geologic data, the Abuduo fault is represented by a 65-km seismic surface rupture zone that extends westward from Abuduo to Selikou Village. The relevant seismic and geologic features indicate that the Abuduo fault has Holocene activity, with potential for strong earthquakes; therefore, the associated earthquake risk requires further attention. The magnitude of the most recent strong earthquake on the Abuduo fault, calculated using the formulas (Formula 1) suggested by Wells and Coppersmith (1994), was approximately Mw7¼:
[image: image]
where SRL indicates the surface rupture length [km] and M indicates the moment magnitude.
If the 5.8 m gully displacement of the Shanikuo geomorphological site is considered as the maximum displacement of the most recent strong earthquake, the magnitude of the most recent strong earthquake on the Abuduo fault, calculated using the formulas (Formula 2) suggested by Wells and Coppersmith (1994), was approximately Mw7¼:
[image: image]
where MD indicates the maximum displacement [m] and M indicates the moment magnitude.
Together, we estimate the magnitude of the most recent strong earthquake on the Abuduo fault to be approximately Mw7¼.
Relevant studies have shown that the slip rate of the Batang fault since the Late Quaternary has been 2.21–3.7 mm/a (Huang et al., 2015;Wang et al., 2015; You et al., 2016), and some studies have suggested that the Batang fault has decomposed the strike-slip deformation of the Garzê–Yushu fault, which has led to change in the slip rate of the Garzê–Yushu fault (Huang et al., 2015; Lv et al., 2017). In addition, related studies also believe that the Maisu fault likely accommodates the partitioned horizontal slip deformation of the Garzê–Yushu fault (Zuo et al., 2022). The Abuduo fault is a left-lateral strike-slip fault with Holocene activity, and its tendency is similar to that of the Batang fault and Maisu fault, i.e., both have near E–W alignment, and the eastward extension of the Abuduo fault is likely to intersect the Garzê–Yushu fault. Therefore, the Abuduo fault is also likely to have decomposed the strike-slip deformation of the Garzê–Yushu fault, but further studies on its slip rate are needed.
6 CONCLUSION
The Abuduo fault is a left-lateral strike-slip fault with Holocene activity on the southern side of the Garzê–Yushu fault, and it has total length of approximately 110 km. The Abuduo fault retains a reasonably intact seismic surface rupture zone, and a 65-km seismic surface rupture zone has been identified along the rupture. On the basis of the length of the rupture zone and relevant calculation formulas, it is believed that the magnitude of the most recent major earthquake on the fault was approximately Mw7¼. The field seismological–geological data indicate that the fault has tectonic conditions suitable for breeding and generating strong earthquakes.
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