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Along the southeastern margin of the Tibetan Plateau, an important boundary fault, known as the Red River Fault (RRF), formed during the extrusion of mantle and lower crustal materials beneath the Tibetan Plateau. The characteristics of RRF activity are important for understanding the tectonic evolution of the southeastern margin of the Tibetan Plateau. There is less knowledge about the strong earthquake recurrence interval in the southern segment of the RRF than about its northern segment. In this study, based on the characteristics of the active tectonic landform, three paleoseismic trenches were excavated in Adipo Village north of Honghe County in the southern segment of the RRF. In these trenches, three paleoseismic events that occurred in the middle and late Holocene were identified. According to the 14C dating results, these events were constrained to 785–504 BC, 26–492 AD, and 1,415–1857 AD. The average earthquake recurrence interval was determined to be approximately 960–1,320 a.
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1 INTRODUCTION
In the southeastern area of the eastern Himalayan syntaxis on the Tibetan Plateau, the Red River fault (RRF), which is over 1,000 km in total length, extends from Tibet to the South China Sea and is a major strike-slip fault in the Himalaya–Tibet Collision Zone (Figure 1) (Tapponnier et al., 1990; Zhang et al., 2002; Zhang et al., 2004). The RRF is a boundary fault between the Indochina and South China plates and is also the boundary of the Sichuan–Yunnan Block (SYB), which is the southeastward extrusion channel for mantle and crustal materials beneath the Tibetan Plateau. From a scientific perspective, studying the RRF in detail is important for further understanding the geodynamic processes occurring in the southeastern marginal region of the Tibetan Plateau (Wang et al., 1998; Gilley et al., 2003; Schoenbohm et al., 2005; Xuan et al., 2018; He et al., 2020; Yu et al., 2020).
[image: Figure 1]FIGURE 1 | Tectonic map of the Red River Fault and its adjacent areas. The blue area indicates lakes. Yellow rectangles indicate locations of other trenches. Thick red lines indicate boundary faults of the SYB. Thin red lines indicate main faults in and around the SYB.
The RRF in China can be divided into three sections by two locations, Juli and Dadoumen (Guo et al., 2001), namely, the northern segment, the middle segment, and the southern segment (Figure 1). Historically, two earthquakes above magnitude 7.0 and seven earthquakes in the magnitude range of 6.0–6.9 occurred in the RRF zone. All these earthquakes occurred in the northern segment of the RRF. There are no earthquake records for the southern segment of the RRF. Such a small number of earthquakes is significantly inconsistent with the important role of the RRF in the tectonic evolutionary process of the Tibetan Plateau. Currently, a consensus regarding the future seismic activity in the southern segment of the RRF remains elusive. Some researchers believe that the boundary effect of the RRF, which is a primary geotectonic boundary, has weakened and that no strong earthquakes will occur in the RRF zone in the future (Guo et al., 2001; Zhang et al., 2009; Shi et al., 2018). However, others argue that the RRF may be in an earthquake-preparation stage at present and remains at risk of strong earthquakes in the future (Allen et al., 1984; Li et al., 2016; Yin et al., 2018).
The reasonable assessment of the seismic risk of the RRF, particularly its southern segment, is important for reducing and mitigating disasters and has sociological significance. Accurate determination of the latest active period, strong earthquake recurrence interval, and slip rate is needed for assessing the seismic risk of the RRF. By measuring the dextral offset of the ancient drainage system as well as by estimating the time when the offset started, previous researchers determined a long-term average slip rate of 2–5 mm/a for the RRF zone (Allen et al., 1984; Replumaz et al., 2001; Schoenbohm et al., 2006; Chen, 2013). Compared with the values obtained using geological methods, the slip rate estimated based on cross-fault deformation and Global Positioning System measurements was relatively low at approximately 0.4–2 mm/a (Cong and Feigl, 1999; Feigl et al., 2003; Shen et al., 2005; Wang et al., 2008; Zuchiewicz and Cuong, 2009; Zhao et al., 2012; To et al., 2013; Hao et al., 2014; Zheng et al., 2017; Wang and Shen, 2020). However, it is difficult to evaluate the errors in the estimated slip rates. In addition, the long-term average slip rate is not necessarily consistent with the Holocene slip rate. Moreover, the surface slip rate is not necessarily the same as the underground slip rate. Previous researchers have presented relatively scant direct seismic and geological evidence to support their estimations of the latest active period and strong earthquake recurrence interval for the southern segment of the RRF. Trenches have only been excavated near Gasa (Figure 1). However, Gasa is less than 30 km from Dadoumen, which separates the middle and northern segments of the RRF. Furthermore, the strike (325°) of the RRF at Gasa differs considerably from that (285°–310°) of most of the southern segment of the RRF. Thus, further research is required to determine whether the activity characteristics of the RRF near Gasa can represent those of the whole RRF.
In this study, combined with field investigation, trench sites were selected. Subsequently, three trenches were excavated in Adipo Village, Honghe County, in the southern segment of the RRF. Based on the analytical results of the trenches and 14C dating, the strong earthquake recurrence interval on the southern segment of the RRF was investigated.
2 METHOD
The frequency of strong earthquakes (M ≥ 7) on active faults is an important parameter to describe the risk of faults. The history of earthquake records on the Red River Fault is only approximately 1,200 years, while the recurrence of strong earthquakes on this fault is up to thousands of years. Therefore, it is necessary to use paleoseismic investigation methods (paleoseismology) to obtain the sequence of strong earthquake events that occur on this fault (McCalpin, 2009; Ran and Deng, 1999; Ran et al., 2012).
Paleoseismology is mainly divided into two aspects: stratigraphic deformation and geomorphological deformation. We use paleoseismic trenches to identify paleoseismicity and obtain the recurrence interval of strong earthquakes in the Red River Fault.
3 GEOLOGICAL SETTINGS
The Indian Plate has been continuously colliding with the Eurasian Plate since the Eocene. The vertical ascension of the materials in the collision zone between the two plates has resulted in the formation of the Tibetan Plateau. This process is also accompanied by the lateral extrusion of crustal and mantle materials. Due to the presence of a barrier (i.e., the hard Tarim Block) on the north side, mantle and lower crustal materials in the collision zone are extruded clockwise to the east and southeast. The collision between the materials extruded eastward and the Yangtze Block resulted in the formation of the Longmenshan Fault zone. The collision and compression between the materials extruded southeastward and the Indochina Block has led to the formation of the vast Southeast Asian inland deformation zone (SAIDZ) (Tapponnier and Molnar, 1976; Tapponnier et al., 2001). On the northern end of the SAIDZ and adjacent to the eastern Himalayan syntaxis, the SYB is enclosed by the RRF, the Xiaojiang Fault, and the Anning River Fault. The RRF is the southwestern boundary of the SYB as well as the boundary between the SYB and the Shan-Thai Block (Deng et al., 2002). Early ductile sinistral strike-slip shear movements occurred in the RRF zone 35–32 to 22 Ma before present (BP). The sinistral offset might have been as long as 700 km (Harrison et al., 1992; Leloup et al., 1995; Chen et al., 1996; Harrison et al., 1996; Wan et al., 1997; Zhang et al., 2009; Searle et al., 2010). Since the Pliocene, normal and dextral strike-slip movements have been the predominant forms of motion of the RRF (Ran et al., 1988; Guo et al., 1996; Trieu, 2003; Xiang et al., 2004; Xiang et al., 2007; Wang et al., 2011).
The northern segment of the RRF (from Eryuan to Midu) is spatially distributed in a complex pattern with many branch faults, but its activity characteristics are clear (e.g., the latest active period and strong earthquake recurrence interval) (Ran et al., 1988; Guo et al., 2001). The spatial distribution of the middle segment of the Red River Fault (from Midu to Dadoumen) is simple, with only one fault, and its width is relatively small. The southern segment of the RRF (from Dadoumen to Hekou) is spatially distributed in a relatively simple pattern and extends along the Red River Valley in approximately the southeastern direction. In addition, the southern segment of the RRF consists of two nearly parallel faults, namely, the Range Front Fault (RaFF) and the Middle Valley Fault (MVF), but the characteristics of its activity remain unclear. Compressional thrusting is the predominant form of motion in the RaFF zone in the early and normal uplifting in the later stages, whereas dextral shear movements are relatively weak in the RaFF zone. The MVF is characterized by steep dips, notable shear cleavage zones, and prominent dextral shear deformation (e.g., creep and traction) in Miocene sandy conglomerate strata (Replumaz et al., 2001; Schoenbohm et al., 2006; Li et al., 2016). Because the MVF has clearer linear features in satellite images and stronger activity in terms of tectonic landforms, researchers are focusing on the activity characteristics of the MVF. The fault being investigated in this article is the MVF.
4 INVESTIGATION OF PALEOEARTHQUAKES THAT OCCURRED NEAR HONGHE COUNTY
4.1 Trench sites
Trenching is one of the most direct and effective methods used to study strong earthquake recurrence intervals in active fault zones. Because the excavation depth is limited, trenches should be excavated at sites with low Quaternary deposition rates. Very high Quaternary deposition and erosion rates are often found in the southern segment of the RRF, particularly south of Yuanjiang County, due to heavy precipitation and the presence of high mountains and narrow gullies. This is also results in a failure to identify seismic events in paleoseismic trenches that were previously excavated in the section of the RRF south of Yuanjiang County. In this study, trenches were excavated in the fault trough on the hillside of Adipo Village, located 12 km northwest of Honghe County (Figure 1). A relatively dry climate as well as a relatively small catchment area led to relatively low Quaternary deposition rates at the trench sites. This provided favorable conditions for recording more paleoseismic events.
Three trenches were excavated based on the characteristics of the active tectonic landform in the field (Figure 2A, B) to determine the latest active period of the southern segment of the RRF and the recurrence of paleoearthquakes since the Holocene and to accurately assess the potential seismic risk to the southern segment of the RRF. Trench 1, approximately 75 m in length, extended across the fault trough with a wide and gentle bottom. Trench 2, approximately 40 m in length, stretches through a small reverse scarp on the hill ridge. Trench 3, approximately 75 m in length, was located next to a gully dislocation. An analysis of the dating results and paleoseismic events shows that these three trenches revealed multiple paleoseismic events.
[image: Figure 2]FIGURE 2 | (A) Geological structure environment near the trenches. The gradient fan indicates the photo position and direction of Figure 2B. (B) Trench layout photo (viewed toward the east). The length of the solar panel in this photo is 10 m. The blue line indicates the gully. Linear ridges and fault trough can be observed in this photo.
4.2 Investigation of paleoseismic events based on trench 1
4.2.1 Stratigraphic sequence
Spanning the entire wide fault trough, trench 1 was approximately 75 m in total length, approximately 4 m in average depth, and approximately 5 and 1 m in width at the top and bottom, respectively. In this paper, only 11 Quaternary strata closely related to paleoseismic events and from which charcoal samples were collected are described. These strata exhibit the characteristics of deposition in still-water-like settings and show a notable sedimentary rhythm (Figure 3). These 11 strata are denoted, from old to young, by U1–U11 (see Table 1 for details).
[image: Figure 3]FIGURE 3 | Simplified schematic diagrams of the strata in trench 1: (A–C) northwest (NW) wall; (D–F) southeast (SE) wall.
TABLE 1 | Unit description from trench 1 exposures in Adipo Village.
[image: Table 1]4.2.2 Analysis of paleoseismic events
Paleoseismic events were primarily found in the middle and northern segments of trench 1 (Figure 3). The paleoseismic events identified on the SE and NW walls of trench 1 were similar. Credible features for identifying Quaternary strike-slip faults include tectonic wedges, pore fillings, and sand veins. Based on these features of paleoseismic events in strike-slip faults, clear indications of three paleoseismic events (TC1-E1, TC1-E2, and TC1-E3) were identified in trench 1 (Figure 4). The stratigraphic evidence of these three paleoseismic events is detailed as follows:
[image: Figure 4]FIGURE 4 | Images of some local areas of the two walls of trench 1 and their interpretation (the left and right images of each set are the original photograph and its geological interpretation, respectively; the red solid lines and red dashed lines indicate faults and inferred faults, respectively; see Figure 3 for the locations of the areas where the photographs were taken). (A–F) northwest (NW) wall, (G–L) southeast (SE) wall.
Event TC1-E1: Indications of this event were found at multiple locations in trench 1, e.g., at faults F1, F4, F5 and F7 (Figures 4A, C, D, E) on the NW wall and at faults F16, F17, F18, F19 and F21 (Figures 4I–L) on the SE wall. With steep dips that mostly exceed 80°, these faults offset unit U1, fill unit U2 and are overlaid by unit U3. Cracks 1–3 cm in length are present at most of the fracture surfaces and are filled with the yellow sand of unit U2, forming sand veins. Thus, it is inferred that event TC1-E1 occurred after the formation of unit U2 and before the formation of unit U3.
Event TC1-E2: Manifestations of this event, mostly in the form of tectonic wedges, were found at faults F2, F3, F6 and F8 (Figures 4A, B, D, F) on the NW wall of trench 1 and at faults F11, F12, F13, F14, F15 and F20 (Figures 4G–I, K) on the SE wall of trench 1. The faults formed as a result of event TC1-E2 have relatively steep dips that are slightly gentler than those of the faults formed as a result of event TC1-E1. The faults formed from event TC1-E2 offset unit U4 and those beneath it fill unit U5 and are overlaid by unit U6. Thus, it is inferred that event TC1-E2 occurred after the formation of unit U5 and before the formation of unit U6.
Event TC1-E3: Event TC1-E3 is the latest and most complex paleoseismic event identified in trench 1. Evidence of this event was found only at fault F9 (in Figure 4F) on the NW wall of trench 1. Fault F9 offsets unit U9, fills unit U10 in a tectonic wedge, and is overlaid by unit U11 (gravel particles approximately 3 cm in size were found at the bottom of the tectonic wedge and presumably might have been formed by the colluvial gravel on the surface after the formation of the tectonic wedge). At the latest, this event likely occurred during the formation of the portion of unit U10. Thus, it is inferred that event TC1-E3 occurred after the formation of unit U9 and before the formation of unit U10.
We rearranged the 21 faults in trench 1 based on the relationships between them and the strata (Figure 5). According to Figures 5, 9 faults are related to event TC1-E1, 11 faults are related to event TC1-E2, and 1 fault is related to event TC1-E3. There are 3 paleoseismic events in this trench.
[image: Figure 5]FIGURE 5 | Rearranged faults in trench 1. Red lines indicate faults in trench 1, green thick lines indicate paleoseismic events, and green dashed lines indicate their uncertainties. Red small circles and the number to the right indicate sample location and dating results. Colored horizontal strips indicate the strata in trench 1.
4.2.3 Chronological constraints on paleoseismic events
Many charcoal samples were collected from trench 1, of which 14 were sent to Beta Analytic (US) for accelerator mass spectrometry dating. Seven of the 14 samples contained sufficient charcoal, from which definitive chronological information was extracted (see Table 2 for details).
TABLE 2 | Sample testing results.
[image: Table 2]Event TC1-E1: As mentioned above, this event occurred after the formation of unit U2 and before the formation of unit U3. Thus, the ages of carbon (C) sample TC1-244 collected from unit U2 and C sample TC1-245 collected from unit U3 are used as the lower and upper age limits of this event, respectively. In other words, event TC1-E1 was constrained to 785–504 BC (Figure 9).
Event TC1-E2: This event occurred after the formation of unit U5 and before the formation of unit U6. Thus, the ages of sample TC1-212 collected from unit U5 and sample TC1-268 collected from unit U6 are used as the lower and upper age limits of this event, respectively. In other words, event TC1-E2 was constrained to 359 BC-492 AD (Figure 9).
Event TC1-E3: This event occurred after the formation of unit U9 and before the formation of the portion of unit U10. Thus, the ages of sample TC1-256 collected from unit U9 and sample TC1-253 collected from unit U10 are used as the lower and upper age limits of this event, respectively. In other words, event TC1-E3 was constrained to 1,415–1857 AD (Figure 9). Plant root systems were found in unit U10. While areas of unit U10 relatively abundant in plant root systems were deliberately avoided during the sampling process, the age of sample TC1-253 may have been underestimated by dating analysis.
4.3 Investigation of the paleoseismic events identified in trench 2
After trench 1 was cleared, Yongkang Ran, a distinguished professor in paleoseismology, was invited to consult on site. During this process, a small fault scarp and a trough valley approximately 30 m southwest of trench 1 were discovered (shown in Figure 2B). In addition, an outcropping profile of a fault was found approximately 150 m southeast of trench 1, and a gully was found along the strike of fault (Figure 2B). Thus, another trench (trench 2) was excavated in a section with relatively developed Quaternary strata selected on the line connecting the fault scarp and the offset. More faults and indications of paleoseismic events were found on the NW wall of trench 2 than on the SE wall. Thus, focus was placed on the NW wall, which contained relatively rich fracture-surface information, as well as dating of the samples collected from the NW wall (Figure 6A, B).
[image: Figure 6]FIGURE 6 | Simplified schematic diagrams of the strata in the NW wall of trench 2. (A) photograph, (B) interpretation.
4.3.1 Stratigraphic sequence
Striking north–east overall, trench 2 was approximately 40 m in length, 4 m in depth, and 5 and 1 m in width at the top and bottom, respectively. Apart from the weathered bedrock, a total of eight Quaternary strata were identified in trench 2. Similar to trench 1, a relatively notable sedimentary rhythm was found in trench 2. The weathered bedrock is denoted by U0. The eight Quaternary strata are denoted from old to young by U1–U8 (see Table 3 for details).
TABLE 3 | Unit description from trench 2 exposures in Adipo Village.
[image: Table 3]4.3.2 Analysis of paleoseismic events
Two paleoseismic events were identified in the Quaternary strata in trench 2. The older and younger events are referred to as TC2-E1 and TC2-E2, respectively. Based on the identification markers for paleoseismic events in strike-slip faults, the two paleoseismic events identified in trench 2 as well as the relevant stratigraphic evidence are detailed below (Figure 7).
[image: Figure 7]FIGURE 7 | Images of some local areas of trench 2 excavated in Adipo Village and their interpretation. (A) west part of trench, (B) middle part of trench, (C) east part of trench.
Event TC2-E1: Similar manifestations were found at faults F1 and F2 in Figure 7A. These two faults offset unit U1, forming tectonic wedges that are filled by the materials of unit U2. This finding suggests that event TC2-E1 occurred after the formation of unit U2. No notable traces of faults are present in unit U3, indicating that event TC2-E1 occurred before the formation of unit U3.
Event TC2-E2: In Figure 7B, Faults F3 and F4 offset unit U5, forming 2 tectonic wedges approximately 60 cm in height that are filled with the materials of unit U7. In addition, Faults F3 and F4 offset unit U4 and U3-2 without vertical displacement. This finding suggests that strike-slip faulting was the main form of motion of this event. From the shape of the lower boundary of unit U3-2 and U4, in addition to the strike-slip component, this event may also have the property of tension. The fact that both tectonic wedges are filled with the materials of unit U5 in Figure 7B suggests that event TC2-E2 occurred after the formation of unit U5. No notable traces of faults are present in unit U7, indicating that event TC2-E2 occurred before the formation of unit U7.
4.3.3 Chronological constraints on paleoseismic events
A total of five 14C samples were sent to Beta Analytic (US) for dating. Three of the five samples contained sufficient charcoal, from which definitive chronological information was extracted (see Table 2 for details). It is inferred from the dating results that events TC2-E1 and TC2-E2 were constrained to 803 BC-16 AD and 26–856 AD, respectively.
4.4 Trench 3 at the edge of the gully
Trench 3 was discovered 75 m southeast of trench 2 along the extension of the fault (Figure 8). The relative locations of the fault outcrop and trench 2 are shown in Figure 2. A fracture zone, approximately 1.1 m in width, was found between fault 1 and fault 2 in Figure 8C. This wide fracture zone suggests that historically, this site fractured multiple times. The fault revealed by the trench should be the main fault of the RRF.
[image: Figure 8]FIGURE 8 | Images of the NW wall of trench 3. (A) environment, (B) photograph, (C) interpretation, (D) photo of tectonic wedge (Figure 8B indicate its location).
4.4.1 Stratigraphic sequence
Trench 3 was approximately 6 m in length and 3 m in height (Figure 8A). Apart from the fracture zone, a total of eight strata were identified in the profile. Unit U1 was found to be solidified with highly weathered gravel. No Quaternary sedimentary characteristics were discovered in unit U1. Thus, it is inferred that unit U1 might have been formed as a result of the weathering of bedrock. The eight strata are denoted from old to young by U1–U8 (see Table 4 for details).
TABLE 4 | Unit description from trench 3 near the gully.
[image: Table 4]4.4.2 Paleoseismic events
At least two paleoseismic events were revealed by this trench. In the first event (W1-E1), fault F1 offset unit U3, forming a colluvial wedge (Figure 8B). As demonstrated in the interpreted image (Figure 8C), the materials comprising the colluvial wedge are lighter in color and contain gravel larger in both quantity and particle size than that comprising the fracture zone. In addition, some small tectonic wedges were found near the fault plane (Figure 8D). This finding suggests that the formation of the colluvial wedge was related to the paleoseismic event.
During the second event (W1-E2), fault F2 offset unit U5 by 25 cm. A series of small vertical cleavage zones was found in unit U5 upward along the fault. Units U5 and U7 may be in fault contact.
Unfortunately, no 14C samples were collected from the key units (i.e., units U3 and U5 as well as the colluvial wedge). 14C samples were collected only from unit U7. The samples collected from the bottom of unit U7 were dated to 1,652–1950 AD. This estimated age is too young, which may be due to the presence of plant root systems.
5 DISCUSSION
5.1 Comparative analysis of the paleoseismic events identified in the two trenches
Paleoseismic events of the two trenches are shown in Figure 9. Events TC1-E1 and TC2-E1 may be the same event. First, similar manifestations of the two events were found in the fault. Specifically, they both resulted in the formation of cracks 1–3 cm in length that were filled with overlying materials. Second, the relevant cut, filled, and overlying strata are similar in sedimentary rhythm and composition. The cut units (unit U1 for event TC1-E1 and unit U1 for event TC2-E1) are both sand units. The filled units (unit U2 for event TC1-E1 and unit U2 for event TC2-E1) are both yellow silt units. The overlying units (unit U3 for event TC1-E1 and unit U3 for event TC2-E1) are both clay units. Third, the chronological results for the filled units are similar. Based on this analysis, it is believed that events TC1-E1 and TC2-E1 are the same paleoseismic event, so the overlapping part of the occurrence time, 785–504 BC, is the actual occurrence time.
[image: Figure 9]FIGURE 9 | Time ranges of event occurrence in trench 1 and trench 2. Dashed boxes indicate the time ranges of 3 paleoseismic events. The gray areas indicate the dating results of the units. The black areas indicate the time ranges of paleoseismic events. Calibration was conducted with OxCal v4.4.4 using the calibration curve of IntCal20 (Reimer et al., 2020).
Comparably, events TC1-E2 and TC2-E2 are also similar in terms of manifestations in the fault, the composition of the filled and overlying units, and the chronological results. Based on this analysis, it is believed that these two events are the same paleoseismic event, which occurred at 26–492 AD.
Event TC1-E3 was only identified in trench 1. No direct evidence of this event was found in trench 2. In Figure 2, the fault line connecting the reverse scarp and the gully intersects with trench 2 at its northeast end. Faults (F6 and F7 in Figure 7C) were found near the point of intersection. Because these faults developed in the weathered bedrock layer, it is impossible to quantitatively analyze them based on the relationship between the offset and overlying units or the chronological dating results. This may be the primary reason why event TC1-E3 was not identified in trench 2.
5.2 Strong earthquake recurrence interval near Honghe County in the southern segment of the RRF
In a trench excavated near Gasa approximately 100 km northwest of Adipo, Allen et al. (1984) found evidence of 4 paleoseismic events, of which these events were Holocene seismic events above magnitude 7. However, this finding lacks support from quantitative dating data. Li et al. (2016) found indications of three paleoseismic events, which occurred 1,250–1730 AD, 240–580 AD, and 1700–650 BC, in two trenches excavated near Gasa. Shi et al. (2018) noted that two to three paleoearthquakes might have occurred near Gasa over the past 13,500 years.
In this study, three paleoseismic events were identified in two large trenches excavated in Adipo in the southern segment of the RRF based on the dating results from the many charcoal samples collected. These three paleoseismic events were constrained to 1,415–1857 AD, 26–492 AD, and 785–504 BC. Paleoseismic event occurrence times in this study and in Li et al. (2016) are combined for comparison (Figure 10). The occurrence times of the three paleoseismic events coincide well. We calculated the average dates of their overlapping parts, and the results were 718 BC, 366 AD, and 1491 AD. From this aspect, the average recurrence interval of the three events was 960–1,320 a.
[image: Figure 10]FIGURE 10 | Comparison of paleoseismic event occurrence times in this study and in Li et al. (2016). Dashed lines indicate the average date of the overlapping parts.
5.3 Correspondence between historical earthquake records and paleoearthquakes
Some researchers believe that no destructive earthquakes have occurred in the southern segment of the RRF in the past 2,000 years due to a lack of historical earthquake records (Shi et al., 2018). In fact, the earliest recorded earthquake in Yunnan Province took place at AD 886 in Dali. There are records of only two earthquakes in Baoshan and Dali in the ensuing 400 years. Many earthquakes that occurred in Dali were not recorded, despite its historical importance as the political, cultural, and economic center in Yunnan. This recording failure would only be worse for the more remote Red River area. Thus, of the three paleoearthquakes identified in the trenches in Adipo, only the latest one might have been recorded.
There are often errors in the magnitude and location of historical earthquakes, particularly those that occurred in the remote regions of Yunnan, due to sparse settlements. Paleoearthquake TC1-E3 might have been recorded. Historically, Jianshui County was the regional political, cultural, and economic center closest to the southern segment of the RRF. The earliest recorded earthquake in Jianshui County occurred on 8 April 1,446, with a magnitude of 5.5. This record is the earliest historical earthquake record for the region along the southern segment of the RRF. Table 5 summarizes the historical earthquakes that occurred in Jianshui during 1,446–1800 AD. As demonstrated in Table 5, earthquakes E1 and E3 had similar near-field characteristics. Both of these earthquakes caused severe damage in the near-field area but almost no damage in the far-field area. Earthquake E2 was felt in Chuxiong and Luxi. Chuxiong was approximately 205 km away from Jianshui. Evidently, a magnitude 5.5 earthquake cannot be felt at a location 205 km away from its epicenter. Assuming that this earthquake occurred in the Gasa–Adipo region with a magnitude of 7.5, its intensity would have been 6–7 in Jianshui County (based on the damage caused by historical earthquakes above magnitude 7 that occurred within the province (e.g., the earthquake with a magnitude ≥7 that occurred in Yiliang in 1,500) as well as by taking earthquake rupture scaling into consideration) and 5 in Chuxiong. This finding is close to the historical records of the damage caused by this earthquake. Based on this analysis, it is believed that paleoearthquake TC1-E3 (i.e., the 1,539 Jianshui earthquake) was recorded. The magnitude of this earthquake might have been approximately 7.5.
TABLE 5 | List of historical earthquakes near Jianshui that may be related to event TC1-E3.
[image: Table 5]6 CONCLUSION
In this study, three paleoseismic events were identified in the paleoseismic trenches excavated in Adipo Village, Honghe County in the southern segment of the RRF. According to the 14C dating results, these events were constrained to 785–504 BC, 26–492 AD, and 1,415–1857 AD. The average recurrence interval of the three events was 960–1,320 a. This finding suggests that the southern segment of the RRF is an active Holocene fault zone with a short strong earthquake recurrence interval, long elapsed time since the last strong earthquake, and at high risk for seismic activity.
An analysis of the damage caused by recorded historical earthquakes shows that the youngest paleoearthquake (TC1-E3) identified in the trenches is the 1,539 Jianshui earthquake. The rupture length and magnitude of this earthquake may have been over 100 km and approximately 7.5, respectively.
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uo A unit formed from the weathering of sandy conglomerates that contains clay in local areas. The gravel in this unit is poorly rounded and has a
particle size of approximately 0.5-5 cm

ul A grayish-white sand unit that is low in clay content but contains massive amounts of clay in local areas
:
v A grayish-yellow to grayish-brown clayey silt unit, 0.6-0.8 m in thickness, that is high in sand content at the toes and contains poorly rounded and
sorted gravel
U3l A gray to grayish-white clay unit, 0.3-1.3 m in thickness, that contains brown banded interlayers as well as gravel (with a particle size 0f 0.2-1 cm)
and boulders in local arcas
us2 A grayish-white to gray sandy clay unit, 0.3-1.3 m in thickness, that exhibits lacustrine sedimentary facies and contains sandy gravel with a
particle size of 0.2-1 cm at the bottom
[ A grayish-yellow clay unit, approximately 0.7 m in thickness, that contains gravel with a particle size of 2-10 cm in local areas
Us A grayish-black muddy clay unit, 0.5-0.7 m in thickness, that contains relatively rounded gravel with a particle size of 0.2-5 cm
Us A light-yellow clay unit, 0.2-0.5 m in thickness, that contains a large amount of gravel (with a particle size of 0.2-2 cm) and sand
w7 A gray muddy clay unit, 0.3-0.6 m in thickness, that contains granules 0.1-1 cm in size

us A yellow loam unit approximately 0.1 m in thickness
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Descripti

ul A slightly solidified grayish-white sandy gravel unit that contains a small amount of clay and highly weathered gravel and is inferred to have
formed as a result of bedrock weathering

&) A brownish-yellow clay unit that is intercalated with a small amount of grayish-white gravel with a particle size of 0.5-1 cm

U3 A grayish-white to light-yellow clay unit that contains a large amount of angular gravel with a particle size of 0.1-2 cm

U4 | Colluvial wedge

Us Alight-brown clay unit that contains a large amount of relatively uniformly distributed gravel and angular gravel with a particle size of 0.1-1 cm

U6 | A gray sand-bearing clay unit

w7 [ cncoromies dark-gray clay unit that contains C and is abundant in plant root systems

us A grayish-black loam unit
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Unit scripti

ul A brown sand unit that contains brown and gray interbeds and is rich in carbon content

[ A yellow clayey silt unit that has low clay content and is intercalated with thin grayish-yellow and grayish-brown layers. This unit is a signature
unit identified in trench 1

u3 A brown sandy clay unit that has low sand content and contains a small amount of gravel with a particle size of 0.5-2 cm

U4 A black gravelly clay unit, where the gravel is somewhat large (with a particle size of 1-3 cm) at the toe on each end and generally exhibits particle
sizes smaller than 1 cm in the middle

Us | A sandy clay unit tha has a high sand content and contains gravel with & paricle siz of 2-5 cm in local arcas

Us A grayish-white clay unit that contains a small amount of gravel with a particle size of 0.5-4 cm at the toe on each end

u7 | A black sandy clay unit that contains sporadic boulders approximately 5 cm in size in local aras

us | A yellow clay unit that contains a small amount of gravel with very round particles sized 3-5 cm at the toe on each end

U9 A silty clay unit that contains gravel with very round particles sized 3-5 cm at the toe on each end

u10 A 30-cm-thick yellow silty clay unit

ull A gray clay unit that is the plow layer with 1015 cm thickness
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