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Quantifying the structure and kinematics of active faults is the key to understanding the
India-Eurasia continental collision. While the boundary faults of blocks in the southeastern
Tibetan Plateau region have been under scrutiny for decades, relatively less attention has
been paid to the active faults within the blocks. Here, we use structural, sedimentary, and
geomorphic characteristics to constrain the late Quaternary kinematics and slip rates of the
Nantinghe fault, a major fault within the southeastern Tibetan Plateau region. The
Nantinghe fault is an active, dominantly left-lateral strike-slip fault that can be traced
continuously for 500 km. We analyze the late Quaternary slip rates at five sites along the
fault trace. The latest Quaternary apparent throw rates are typically less than 1 mm/a. The
rate of strike-slip displacement is estimated to be an order of magnitude higher, 4.0 + 0.6
(20) mm/a. Trenching suggests that active fault behavior is dominated by strike-slip faulting
and reveals five earthquake events with refined information of timing in the last 5,000 years,
suggesting an averaged recurrence interval of ~1,000 a. These observations agree with
GPS-derived estimates and show that late Quaternary slip rates on the Nantinghe fault are
comparable to those on other major active strike-slip faults in the southeastern Tibetan
Plateau. The newly-obtained slip rates on the Nantinghe fault, integrated with previous
estimates on other faults in this region, provide direct evidence that favors the continuum
models over the rigid block ones, on the Quaternary deformation mechanism in the India-
Asia continental collision.

Keywords: Southeastern Tibetan plateau, nantinghe fault, late quaternary, active faulting, slip rates, India-Asia
collision

1 INTRODUCTION

The Indian-Asian continental collision during the past ca. 50 Myr has induced crustal deformation in
a vast region that extends more than 2,000 km from the Himalaya Mountains to Central and East
Asia (Molnar and Tapponnier, 1975; Royden et al., 2008; Taylor and Yin, 2009). Two end-member
views dominate the debates on continental collision dynamics: 1) block models, in which
intercontinental deformation is concentrated on major faults that separate a number of relatively
rigid blocks (Dewey et al, 1973; Avouac and Tapponnier, 1993; Peltzer and Saucier, 1996;
Tapponnier et al., 2001; Meade, 2007; Thatcher, 2007); and 2) continuum models, in which
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FIGURE 1 | Major faults and earthquakes in southeastern Tibetan Plateau. White lines indicate inactive faults, whereas magenta, red, blue, and black lines represent
active faults with different slip senses. Fault locations are modified from (Deng, 2007). Focal mechanism solutions from the ISC-GEM (Storchak et al., 2013; Storchak
et al., 2015; Di Giacomo et al., 2018). Red circle indicates instrumentally record earthquakes (China Earthquake Networks Center, 2019) and historical earthquakes
(China Earthquake Administration, 1995; China Earthquake Administration, 1999). The shaded topography is created from USGS SRTM data. The yellow rectangle
shows the extent of Figure 2. The inset at the top left shows the major boundary faults and blocks of the Tibetan Plateau (simplified and modified from (Tapponnier et al.,
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deformation is regionally distributed in the shallow brittle crust,
and is essentially continuous at depth (Molnar and Tapponnier,
1975; England and McKenzie, 1982; England and Houseman,
1986; Clark and Royden, 2000). When these two schools of view
are applied to eastern Asia, large slip rates on major faults are
required by the block models, but not by the continuum models.
In general, the block models predict large slip rates (mostly over
10 mm/a (Tapponnier et al., 2001; Thatcher, 2007) on the major
faults between tectonics blocks and small or negligible slip rates

(far less than the slip rates on the major faults between tectonic
blocks (Lacassin et al., 1998; Tapponnier et al., 2001; Thatcher,
2007) on the faults within the blocks. The continuum models, in
contrast, do not imply such a difference, and the predicted slip
rates are all around or less than 5 mm/a (England and Molnar,
2005).

The southeastern Tibetan Plateau, including the Indochina
Block and the Chuan-Dian Block, is a natural laboratory to assess
this debate (Tapponnier et al., 2001) (Figure 1). The block models
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FIGURE 2 | (A) Fault map of the active Nantinghe fault. (B), strike-slip rates and depth of basin along the Nantinghe fault. Blue line with shadows is strike-slip rates
and errors estimated from GPS surveys (Wang, 2009). Black squares with black line are strike-slip rates and error bars estimated in this study. Orange rectangle is the
thickness of the older basin fill (Q3), yellow rectangle is the thickness of the younger basin fill (Q4).
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suggested that the boundary fault, Ailao Shan-Red River shear
zone or Red River fault, dominates the extrusion of the Indochina
block during the past 40 Myr, and predicted that the slip rates of
the strike-slip faults (e.g., Daying, Ruili, Nantinghe, Mengxing,
among others) within the Indochina block should be substantially
lower than that of the Red River fault (Lacassin et al., 1998). In
contrast, in the continuum models, although the Red River fault
forms a striking geomorphic feature, it does not dominate the
present-day kinematics of the whole block, and the slip rates of
the internal faults may be comparable with, or even greater than,
that of the Red River fault (Copley, 2008). Because of their
obvious geomorphic features, fast slip rates, and the
occurrence of devastating earthquakes, the block-bounding

Red River and Sagaing faults have attracted intensive
investigations (Allen et al, 1984; Tapponnier et al, 1990;
Weldon et al.,, 1994; Leloup et al., 1995; Wang et al., 1998; He
et al., 2002; Shen et al., 2005; Leloup et al., 2007; He and Oguchi,
2008; Wang et al., 2014; Shi et al., 2016; Shi et al., 2018a). In
contrast, a lesser amount of attention has been paid to the active
faults within the blocks. Seismic station networks and historical
documents have recorded numerous earthquakes with
magnitudes greater than 6 within the block (China Earthquake
Administration, 1995; China Earthquake Administration, 1999;
China Earthquake Networks Center, 2019). GPS measurements
and geomorphic analysis also indicated that the interior of the
Indochina Block is actively deforming (Copley, 2008; Wang et al.,
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dip. Slip sense is determined by the stratigraphic ages on both sides of the fault.

FIGURE 3 | Fault profile photo of the Nantinghe fault. Their locations are shown in Figure 2. Fault surface attitudes are reported in the format of dip direction and

2014; Shi et al.,, 2018b). However, to our knowledge, some faults
within the Indochina Block remain enigmatic in terms of their
slip rates and the timing and recurrence interval of
paleoearthquakes during the Quaternary. This makes it
difficult to quantify the kinematics and seismicity of the block
deformation, and hence hinders the evaluation of the dynamics of
continental collision in the southeastern Tibetan Plateau region.

In this study, we choose the Nantinghe fault, the largest one
within the Indochina Block, to assess its activity and testify the
competing models. While the GPS-derived sinistral strike-slip
rate of the Nantinghe fault (~4 mm/a) (Wang, 2009) is close to
the field- and GPS-derived sinistral strike-slip rate of the Red
River fault (~5 mm/a) from decades to tens of thousands years
(Allen et al., 1984; Weldon et al., 1994) or even larger than the slip
rate of the Red River fault (~1 mm/a) from stratigraphic and
geomorphologic investigations over the last 30,000-50,000 years
(Shi et al., 2018a), how fast it slipped at a greater time scale is still
unknown. We focus on the northeastern 200 km of the Nantinghe

fault zone (Figure 2). This is because 1) geological evidence is
more extensively exposed along the northeastern portion of the
fault zone, and 2) the southwestern portion of the fault in
Myanmar is relatively inaccessible. We adopt a combination of
techniques, including field mapping, image interpretation,
surveying of offset geomorphic markers, and trenching, in
order to elucidate the history of fault slip over the last few
thousand years, and to fill a gap in the paleoearthquake
records in this forestry and remote area.

2 GEOLOGICAL SETTING

The Indochina Block lies in the southeast of the Tibetan Plateau.
It is bounded by two major strike-slip boundaries, the Red River
fault to the east and the Sagaing fault to the west (Figure 1). Many
strike-slip faults cut the region between these faults, forming
rugged terrain whose elevation ranges from 500 to 3,000 m. Most
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FIGURE 4 | the '*C sample, and white square is the location of the OSL
sample. (E) Photograph of the offset, view to NW. (F) Map of offset, obtain
from differential GPS measuring system. Cross symbol shows the measured
location of the riser. (G), Photograph of terraces, viewing to the northeast.

FIGURE 4 | Map of offset fill terraces at Zhujiacun. (A) Geomorphic
interpretation of the aerial photograph. Yellow, light green, orange, brown, and
dark green are TO, T1, T2, T3, and T4 surfaces, respectively. Blue area is the
present-day river. The black line indicates the locations of the
topographic profile in (B). The white rectangle indicates the location of panel
(C). (B) Topographic profile extracted from a 20 m DEM constructed from 1:
50,000 maps. (C) Map of offset T4. Red square is the location of "4C sample
ZJC-C1, and white square is the location of OSL sample OSL-1. (D)
Photograph and log of the sampling profile. Red square is the location of
(Continued)

of these faults strike NE-SW and have arc-shaped surface traces.
The Indochina Block moved southeastward relative to the
Eurasian plate as an extrusion body along the sinistral strike-
slip Ailaoshan-Red River shear zone, and the dextral strike-slip
Red River fault during the early stage (between ca. 35 and 17 Ma)
of the India-Eurasia collision (Tapponnier et al., 1990; Leloup
et al,, 1995; Leloup et al., 2007). As the Indian plate continued
moving north, an inversion occurred in the Indochina block,
switching from east-west compression to east-west extensions.
Slip sense on the Red River fault changed to right-lateral before at
least 5 Ma (Leloup et al., 2007) or even 8-20 Ma (Wang et al.,
2016; Wang et al., 2019; Wang et al., 2020).

As one important fault within the Indochina Block, the
Nantinghe fault initiated at the end of the early Paleozoic and
was reactivated in different geological periods (Huang and Ren,
1987). Slip sense on the Nantinghe fault that changed to left-
lateral is associated with slip sense on the Red River fault that
changed to right-lateral (Lacassin et al., 1998). The eastern tip of
the Nantinghe fault zone is located northwest of Yunxian County,
Yunnan Province, SW China. It extends westward through
Mengzhi, Mengjian, Mengding towns in Yunnan, China into
Shan State in eastern Myanmar. Where it is detectable on the
surface, the fault appears to dip 70-85°NW in the northeastern
segment and 70-80°SE in the southwestern segment (Shi, 2014).

Exposures of the active Nantinghe fault show that it coincides
with zones of dense fracturing in Pre-Quaternary bedrocks; the
width of these zones is generally ~10-50m but can be
occasionally up to a few hundred meters. In remote sensing
imagery, strands of the fault form clear linear features associated
with scarps, shutter ridges, and offset drainages, characteristic of
active strike-slip deformation. The fault movement is dominated
by left-lateral strike-slip, with minor net vertical slip (Shi, 2014).
Previous estimates of the fault activity vary, especially on the
northern segment (Zhu et al.,, 1994; Wang et al., 2006; Sun et al.,
2017). Moreover, some parameters of activity, such as slip rates of
all fault and the paleoearthquake events of south segments, are
still poorly constrained for the Nantinghe fault.

3 METHODS AND TECHNIQUES
3.1 Fault Mapping

We mapped the active traces of the Nantinghe fault zone
(Figure 2) using the Advanced Land Observation Satellite
(ALOS) imagery (2.5 m spatial resolution) and Chinese aerial
photographs (~1 m spatial resolution) (Chen et al., 2006). We
then carried out field observations at sites with geomorphic
indicators of late Quaternary activity, including scarps or
offset surfaces in Quaternary deposits, offset channels, shutter
ridges, and linear valleys (Figure 3). Offset landforms were
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TABLE 1 | Optically stimulated luminescence (OSL) data and ages.

Sample Site name Counts/ks K20 (%)
OSL-1 Zhuijiacun 121+ 04 1.66
OSsL-2 Daxueshan 9.2+03 1.42
OSL-3 Hupocun 126+ 0.4 2.16
OSL-4 Junsai 56 +0.2 0.80
OSL-5 Mengjia 83 +0.3 0.92
OSL-6 Mengding 85+04 1.28

The Nantinghe Fault

Total dose Equivalent dose Age (Ka)

rate (Gy/ka) (Gy)
3.7+0.2 31.6+0.9 85+04
3.0+0.2 55+ 0.1 1.8+ 0.1
42 +0.2 55.7 + 2.1 132+ 0.7
1.8 £ 0.1 245+ 0.8 133+ 0.5
2.4 +0.1 9.0+0.2 3.7 +02
33+0.2 3.6 +0.2 1.1 +01

Note: All sample preparation and analyses were conducted by the State Key Laboratory of Earthquake Dynamics, China. See detail in the Supplemental Material.

TABLE 2 | Radiocarbon sample information and analytical results.

Sample Material Radiocarbon age
ZJC-C1 Charcoal 8350 + 40 BP
HPTC-CA Charcoal 520 + 40 BP
MDTC-C5 Charcoal 4970 + 40 BP
MDTC-C17 Charcoal 1710 + 30 BP
MDTC-C38 Charcoal 690 + 30 BP

13C/12C ratio 2¢ Calendar age

~25.9%o 7522-7328 BC
~18.7%0 1315-1356 BC (21.3%)
1388-1448 BC (74.1%)
~26.0%0 3929-3877 BC (9.8%)
3804-3654 BC (84.6%)
~27.2%0 251-697 AD
~26.2%o 1265-1312 AD (68.9%)

1358-1366 AD (26.5%)

Note: All sample preparation and analyses were conducted by Beta Analytic Inc. All samples were analyzed using accelerator mass spectrometry. All raw radiocarbon ages were calibrated
by OxCal 4.3 (Bronk Ramsey, 2009). The calibration calculates probability distributions for raw radiocarbon ages with associated uncertainties (reported by the lab facility). Radiocarbon
ages BP, relative to 1950. All samples typically underwent the acid-alkali-acid (AAA) method before radiocarbon dating.

surveyed using a differential GPS (DGPS) measuring system, with
a measurement repeatability of finer than +10cm. For some
large-scale offsets, we estimated it from the ALOS imagery and
aerial photographs beside the field survey.

The majority of the evidence for active faulting came from
offset or truncated fluvial fill terraces. Fill terraces in this
region are typically composed of subhorizontal, crudely- to
well-bedded gravel and sand layers. We identified terrace
surfaces and assigned relative ages based on the relative
height between the surface and the modern river bed. At
each site, terraces were numbered in ascending order from
the youngest (T0, representing the modern channel bed) to the
oldest. We further determined absolute ages of fill terrace
deposition and abandonment using '*C and optically
stimulated luminescence (OSL) dating techniques on
samples from the sand layers (Aitken, 1998). The e
analysis is performed in the Beta Analytic Radiocarbon
Dating Laboratory. The raw radiocarbon ages are calibrated
by OxCal 4.3 (Bronk Ramsey, 2009). The OSL dating is
conducted in the State Key Laboratory of Earthquake
Dynamics. We did not obtain sufficient evidence to assess
whether terrace ages can be correlated between different sites
along the Nantinghe fault, or whether the terrace chronology is
site-specific.

While the strike-slip component prevails along the entire fault,
along-strike variations exist in terms of the ratios of strike-slip
and dip-slip components as well as the strike-slip rates. We
describe our observations below in both horizontal and
vertical offsets. Throw rates are relatively small (less than

1 mm/a) along each fault segment, and the ratio of strike-slip
and dip-slip components varies.

3.2 Trenching

To document the timing of recent slips on the fault, we excavated
two trenches across the Nantinghe fault at two sites. Accurate
location of fault traces and sufficient sediment accumulation with
organic materials are two key factors for trenching. In Mengding
township (Figure 2), we established a site that is located at a well-
developed fault trough valley on an alluvial fan and excavated a 2-
m-deep trench across the fault. The steep terrain south of the site
has trapped sediment, providing abundant organic materials. To
assess possible differences in fault activity between different
segments, we excavated another 2-m-deep trench across the
fault at Hupocun township (Figure 2). This site is also located
on an alluvial fan surface. The steep terrain to the north of the site
provides sufficient sediment accumulation and organic materials.
All trench walls were cleaned and logged at a scale of 1:10
following standard procedures (McCalpin, 1996). Depositional
ages of the units in the trench facies were provided by '*C analysis
of charcoal fragments and OSL analysis on sands.

4 RESULTS

The Nantinghe fault can be traced continuously for
approximately 200 km in Yunnan Province, SW China. The
fault shows clear evidence for Quaternary sinistral strike-slip
displacement, with minor components of dip slip. Field-based
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FIGURE 5 | Map of offset fill terraces at Daxueshan. (A) Aerial

photograph of Daxueshan, the black rectangle indicates the location of panel

(B). (B) Original aerial photograph. (C) Geomorphic interpretation of the aerial

photograph. Light green, orange, brown, and dark green polygons

denote T1, T2, T3, and T4 surfaces, respectively. White square is the location

of OSL sample OSL-2, with its age. The black rectangle indicates the location
(Continued)

FIGURE 5 | of panel (D). (D), Map of offset T1/T2 riser, obtain from differential
GPS measuring system. Cross symbol shows the measured location of the
T1/T2 riser. (E), Log of the sampling profile. Black square shows the location
of the sample OSL-2. (F), Geomorphic interpretation of the Google Earth

images, in oblique view with no vertical exaggeration. Location: 24.0234°N,
99.7165°E. Viewing southwest. Red curve denotes the surface trace of the

Nantinghe fault.

geology data, especially fault profiles, are key to identifying fault
traces. Several fault profiles (Figure 2) and their tectonic
geomorphology characteristics form the pieces of evidence of
fault traces along the Nantinghe fault. Below we document the
results from northeast to southwest along the fault.

4.1 Zhujiacun

Zhujiacun is located southwest of Yunxian county. Offsets of fill
terraces at this site are clearly shown on aerial photographs
(Figure 4). We then mapped these terraces in the field
investigations. ~ Fill terraces are typically composed of
subhorizontal, crudely- to well-bedded gravel and sand layers.
We identified five terrace surfaces (T0, T1, T2, T3, and T4)
based on the relative height between the surface and the modern
river bed (Figure 4B). The fault has caused a sinistral offset to the
gully of T4 by approximately 35 m, and a vertical offset of the T4
surface by 5 m. The ages of T4 were estimated at 8.5 + 0.4 ka based
on our OSL dating and 8350 B.P. based on 1c dating (Tables 1, 2).
Both methods yield a similar age, indicating the age of T4 is ca.
8.5 ka. Based on the sinistral strike-slip displacement of the gully of
T4, the vertical offset of the T4 surface, and the age of T4, we
estimated the mean sinistral-slip rate of 4.1 + 0.4 mm/a and the
throw rate of ~0.6 mm/a. This is a minimum estimate of the strike-
slip rate because the gully formed after any of the T4 sediments were
deposited. No other clear terrace offsets are preserved at this site.

4.2 Daxueshan

Daxueshan is located on the southwestern margin of the Mengzi
basin, about 60 km southwest of Yunxian County (Figure 2).
Immediately south of this site, a trough valley is present,
indicative of the Nantinghe fault trace in the Pre-Quaternary
bedrocks (Figure 5). At this site, four terraces T1-T4 are all cut by
the Nantinghe fault. The vertical dislocation between the hanging
wall and the footwall is 5 m on the T3 terrace and 1 m on the T2
terrace, but no vertical displacement is observed on T1. The T2/
T1 terrace riser is offset in a sinistral sense. Because of the twists
and turns of the T3/T2 riser, it is difficult to measure accurately
the sinistral offset of the T3/T2 riser.

We used the sinistral offsets of the T2/T1 riser and the T2 age
to evaluate the sinistral-slip rate, and the throw rate was
constrained from the height of the scarp on T2 and the T2
age. The sinistral and vertical offsets, as obtained from DGPS
surveys, are 8 and 1 m, respectively. The ages of T2 at this site are
1.8 + 0.1 ka based on OSL dating on sample OSL-2 (Table 1),
thereby the sinistral-slip rate and the throw rate are 4.5 + 0.8 mm/a
and 0.5 + 0.1 mm/a, respectively. Again, this is a minimum
estimate of the slip rate because the riser could only form after
the T2 sediments were deposited.
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FIGURE 6 | Map of offset fill terraces at Hupocun. (A) Gaofen 2 satellite image of Daxueshan, the white rectangle indicates the location of panel (B), white square
shows the location. (B) Original aerial photograph. (C) Geomorphic interpretation of the aerial photograph. Light green, orange, and brown polygons represent T1, T2,
and T3 surfaces, respectively. Black rectangle indicates the location of panel (D) White square shows the location of the OSL sample (OSL-3) and its age (13.2 + 0.7 ka).
(D), Topographic map of offset T1/T2 riser (0.5 m contour interval), obtained from differential GPS measuring system. (E) Photograph and log of the sampling
profile. White square is the location of the OSL sample. (F) Photograph of terraces, viewing to the south.
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TABLE 3 | Lithologic units in the HPTC trench.

Unit Description

Ut Devonian phyliite, weathered serious

U2 Grey gravel layer. The mean clast diameter is about 5 cm, with rare clasts
over 10 cm

U3 Grey sand layer with rare small gravel

U4 Yellow clay layer with rare gravel

us Celadon sand layer with rare small gravel

U6 Grey gravel layer. The mean clast diameter is about 5 cm, with rare clasts
over 10 cm

ur plough layer

4.3 Hupocun

Three terraces (T1-T3) are found near Hupocun village, about
6 km southwest of the Daxueshan site (Figure 2). All terraces are
cut by the Nantinghe fault (Figure 6). T3 is only preserved on the
southern side of a creek. The throw is 10 m on the T3 terrace and
3-4 m on the T2 terrace and the T2/T1 riser is offset left-laterally

by about 50 m. We use the sinistral offsets of the T2/T1 riser and
the T2 age to calculate the sinistral-slip rate, and the throw rate is
estimated from the height of the scarp on T2 and the T2 age. The
sinistral and vertical offsets, as obtained from DGPS surveys, are
45 + 5m and 4 + 0.5 m, respectively. The age of T2 at this site is
estimated at 13.2 + 0.7 ka based on OSL dating on sample OSL-3
(Table 1). Thereby, the sinistral-slip rate and throw rate are 3.4 +
0.6 mm/a and 0.3 + 0.1 mm/a, respectively. Again, these rates are
conservative estimates.

We also excavated a trench (HPTC) at this site, on the south of
the terraces. The fill terraces at this site are typically composed of
subhorizontal, crudely- to well-bedded gravel layers with a few
sand layers. The HPTC trench was excavated in the alluvial fan
with well- bedded sand layers. Seven distinct lithologic units were
identified in the trench walls (Figure 7) and are described in
Table 3. Only one fault plane was recognized. The fault cuts the
units Ul to U6 and is overlain by U7, a plough layer (Figure 7).
We collected a charcoal sample, HPTC-C1, from U4 (Figure 6)
and obtained its "*C age, 1315-1488 AD (Table 2).
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FIGURE 8 | Map of offset alluvial fan at Junsai. (A) Aerial photograph of Junsai. Black rectangle indicates the location of panel (B). (B) Geomorphic interpretation of
the aerial photograph. (C) Restoration of the alluvial fan to the pre-offset condition. (D) Log of the sampling profile. White square is the location of the OSL sample OSL-4.

4.4 Junsai
Further southwest, about 100 km from Yunxian County, we

identified obvious offsets of the alluvial fan and the gully at a
site near Junsai township (Figure 8). We measured horizontal
offsets on the aerial photographs. The alluvial fan is sinistrally offset
by about 50 m. OSL dating on sample OSL-4 yields 13.3 + 0.5 ka for
the age of the alluvial fan at this site (Table 1). Therefore, the
sinistral-slip rate, at its minimum, is 3.8 + 0.2 mm/a using the age
and the displacement of the alluvial fan. Because of the artificial
reforming, we could not obtain the vertical offset of the alluvial fan.

4.5 Mengjian

In the same Quaternary basin, west of Mengjian, offsets of an
alluvial fan and a gully are clearly shown on the aerial
photographs (Figure 9). We measured horizontal offsets from
aerial photographs. The alluvial fan is left-laterally offset by about
20 m. The age of the alluvial fan at this site is 3.7 + 0.2 ka based on
OSL dating on sample OSL-5 (Table 1). Hence, the sinistral-slip
rate is 5.4 + 0.3 mm/a using the age and the sinistral offset of the
alluvial fan. Due to artificial reforming, the vertical offset of the
alluvial fan is too inexplicit to obtain.

4.6 Mengding
The Mending basin is the largest and deepest Quaternary

basin along the Nantinghe fault (Figure 2). At the southeast

corner of the Mending basin, a river clearly shows left-laterally
offset, marking the fault traces (Figure 10). We excavated a
trench, MDTGC, in the alluvial fan near the river, across to the
fault trace (Figure 11). Exposed faults on the trench wall have
high apparent dips (>60°) to the northwest and show a top-NW
normal sense of slip. Rocks in the footwall block of the master
fault are composed primarily of consolidated gravel layer Unit 1,
overlain by Unit 16 (Table 4). The presence of a resistant
consolidated gravel layer at the footwall has allowed the
accumulation of at least two distinct sediment wedges in the
hanging wall. The fault system is expressed as a negative flower
structure with a general dip to the north, and five separate fault
planes can be identified.

The MDTC trench shows a prolific record of fault activity.
Fault F1 cuts unit U1-U14 and appears to terminate at the base of
U16. Fault F2 cuts U2-U11 and appears to terminate at the base of
U12. Fault F3 truncates unit U2-U12 and is overlain by U14. Fault
F4 offsets unit U2-U9 and is covered by U10. Fault F5 cuts U2-
U13 and is concealed by U14. We infer that five paleoearthquake
events are recorded by the faulting shown in this trench, all of
which postdated the deposition of U2. Three '*C samples,
MDTC-C5, C17, and C38 were collected from U2, U5, and
Ull layers, respectively, and their ages are 4970 + 40 BP,
1710 + 30 BP, and 690 + 30 BP, respectively. An OSL sample,
OSL-6, from U9 yields 1.1 + 0.1 ka (Tables 1, 2).
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FIGURE 9 | Map of offset alluvial fan at Mengjian. (A) Aerial photograph of Mengjian. Black rectangle indicates the location of panel (B). (B) Geomorphic
interpretation of the aerial photograph. (C) Restoration of the alluvial fan to pre-offset condition. (D) Log of the sampling profile. White square marks the location of the

OSL sample OSL-5.
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FIGURE 10 | Satellite image that shows the offset river (blue curve), fault surface trace (red curve), and the location of trench site MDTC (white box) along the

Nantinghe fault at the Mengding site.
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FIGURE 11 | Trench site on the Nantinghe fault at the Mengding site. (A) Photo of the Mengding trench (MDTC). (B) Log of the Mengding trench MDTC. Red line
denotes fault. Sample locations for radiocarbon and OSL dating (MDTC-C5, C17, and C38, and OSL-6, respectively) and their ages are also annotated.
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5 DISCUSSION

5.1 Paleoearthquake Records

Previous work revealed a ~45,000year-long, incomplete
paleoearthquake history in the northern segment of the
Nantinghe fault (Sun et al., 2017). No earthquake greater than
6 along the Nantinghe fault is recorded in history so far, except for
the 1941 M7 earthquake near the Myanmar-China border. In
contrast, many earthquakes have occurred in the nearby region
(Figure 1).

The Mengding trench MDTC provides us an opportunity to
document the paleoearthquakes. We use OxCal 4.3 with the three
"C (MDTC-C5, MDTC-C17, MDTC-C38) samples and the OSL
sample (OSL-6) to estimate the timing of the paleoearthquake
events (Figure 12). At least four events are identified: event 1 (3745
BC-363 AD), event 2 (1651 BC-400 AD), event 3 (323-1092 AD),

and event 4 (1008-1369 AD), while the fifth event that corresponds
to the 1941 AD M7 event is not revealed by our data.

We illustrate the sequence of these events in a set of diagrams
(Figure 13). The first paleoearthquake event took place after the
deposition of U2 and formed U3, which may be a sedimentary
wedge) (Figures 13A,B). Materials in U3 appear to be derived
from U1. The *C sample MDTC-C5 from U2 indicates that the
lower limit time of the first plaeoearthquake is 3929-3654 BC
(Figure 12). Unit U4 was deposited after the first event
(Figure 13C). The second paleoearthquake event occurred
after the deposition of U4 and involved both faults F1 and F2
(Figure 13D). Unit U5 was deposited after the second event
(Figure 13E). The third paleoearthquake event took place after
the deposition of unit U5 and involved faults F1 and F2
(Figure 13F). The '*C sample MDTC-C17 from U5 indicates
that the upper limit time of the second paleoearthqauke and the
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TABLE 4 | Lithologic units in the Mengding trench MDTC.
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Unit Description
U1 Grey-yellow coarse gravel layer, dominated by gravel and cobbles with a diameter of 3-5 cm and 15-20 cm, with rare clasts
over 20 cm. The gravel is poorly sorted, the 3-5 cm gravel is poorly rounded but the 15-20 cm gravel is slightly rounded
U2 Grey gravel layer. The mean clast diameter is about 5 cm, with rare clasts over 10 cm
us Black sand gravel layer. Rich in organic matter and thins out from east to west
U4 Grey sand layer, thin out from east to west
us Prunosus clay with rare small gravel
us Grey gravel layer. The mean clast diameter is about 5 cm, with rare clasts over 10 cm
U7z Grey sand layer with rare small gravel
us Grey-yellow sand gravel layer
U9 Grey sand layer
u1o Grey gravel layer. The gravel is poorly sorted and is slightly rounded
Ut Grey sand layer
ui2 Grey fine sand layer
u13 Grey-white sand clay layer
ui4 Crimson clay layer with rare grey gravel. The top boundary is nearly horizontal, but the bottom boundary fluctuates and is
affected by fault activity
uis Tawny sandy gravel layer, dominated by gravel and cobbles with a diameter less than 2 cm. The gravel is generally sorted
and finely rounded
u16 Artificial accumulation
A Grey sand and fine gravel wedge. The grain size of the fine gravel is 3-5 cm. Materials in the wedge are similar to those
mixtures that form U2, U3, and U4
B Grey-yellow sand gravel wedge. Materials in the wedge are similar to those that form U8
= Earthquake Administration, 1995) can be associated. Thus, the
nit 2 . .
[MDTC-CS - ] fifth event may be related to the 1941 M7 historical earthquake.
Bvent 1 — 3MASBC363AD, For the Hupocun trench HPTC, based on the age of U4 there
Hvent 2 o — 1651 BC- 400 AD .
L;ctn; (*c age 520 + 40 B.P.) (Figure 6; Table 2) and the only record of
[MDTC-C17 - ] the strong earthquake (1941 M7) in this areas, we attribute the
Bvent 3 323-1092 AD g youngest deformation also to the 1941 M7 event.
Unit 9 . .
{MDTC-OSLI — ] . Our results also place important constraints on the occurrence
Tvent4 1008- 136D AD = times of paleoearthquake events on the Nantinghe fault. One
[lnit 11 J paleoearthquake event is recorded in the trench at Hupocun
B As .
1;32;(:5 (7238 s i (Figure 7). The event occurred after 1315-1448 AD. Based on
5000 2000 000 2000 1000 BCARD 1001 2001 our work on the Mengding trench, there are five paleoearthquake
Modelled date (BG/AD) events in the last 5,000 a, a}nd four p’flleoearthquake events between
3929 BC and 1366 AD. Since the distance between Hupocun and
FIGURE 12 | Results of OxCal analysis of radiocarbon dates from the Mengding is only 60km and there is no obvious step or
MDTG trench site. Lines with no fill are prior probability distributions, and solid discontinuity in the fault trace over this distance, we suggest
curves are posterior distributions after OxCal analysis. that the faults in Hupocun and Mengding are likely to have

lower limit time of the third paleoearthquake were around
251-697 AD. Unit U6, U7, U8, U9, and Ul0 were deposited
after the third event, which is compatible with the OLS age (ca.
1.1 + 0.1 ka) from U9 (Figure 13G). The fourth paleoearthquake
event happened after the deposition of unit U10 and involved
faults F1, F2, F3, and F4 (Figure 12H). Unit U11, U12, U13, U14,
and U15 were deposited after the fourth event (Figure 12I).
Samples from U9 (OSL) and U11 (radiocarbon) bracket the time
of the fourth paleoearthquake between 1.1 ka and 1265-1366 AD.
The fifth paleoearthquake event took place after the deposition of
U15 and involved faults F1, F2, F3, F4, and F5 (Figure 13]). Unit
U16 was deposited after the fifth event. Due to the lack of well-
documented history in this region prior to the Ming and Qing
Dynasties (1368-1911 AD), no destructive paleoearthquake in
the Historical Strong Earthquake Catalog of China (China

similar rupture histories. If this is true, then we can analyze
earthquake occurrence times using paleoearthquakes from the
two trench sites and historical earthquakes. One documented
historical earthquake occurred in AD 1941. Thus, the youngest
events in the MDTC trench may be equivalent to that in the HPTC
trench, which postdated 1315-1448 AD. Since the faults almost
ruptured the surface in both trenches, we speculate that the
youngest event in the two trenches corresponds to the 1941 M7
event. Five paleoearthquakes occurred during the last 5,000 years
(yielding an approximate recurrence interval of ~1,000 a). Given
slip rates of 3.5-5.4 mm/a, the millennial displacement should be
3.5-5.4 m. The magnitude of the earthquake generated by the latest
event is an important parameter in evaluating earthquake hazards
in a region. It depends on the coseismic rupture length,
displacement, and history records. Associate with the history
records, the last earthquake along the Nantinghe fault was
estimated to be an M7 event (China Earthquake
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FIGURE 13 | Interpretation of paleoearthquakes in the MDTC trench.

(A), the original status of the trench. (B), the status after the first event. (C), the
status before the second event. (D), the status after the second event. (E), the
status before the third event. (F), the status after the third event. (G), the
status before the fourth event. (H), the status after the fourth event. (l), the
status before the fifth event. (J), the status after the fifth event. (K), the present
status of the trench. Colors represent different units. Black line separate units
1-16. See Table 3 for descriptions of units. Faults F1-F5 are shown by
red lines.

Administration, 1995). According to the empirical relationships
between the magnitude, surface rupture length, and displacement
on strike-slip faults around the Tibetan Plateau (Deng et al., 1992;
Ye etal., 1996), a surface rupture length of 60 km and a maximum
displacement of 3.5-5.4 m suggest a magnitude ranging from Ms
74 to 7.6. Additionally, the empirical relationship of (Wells and
Coppersmith, 1994) points to Ms 7.2-7.7. Moreover, the 1988 Ms
7.6 and 7.2 Lancang-Gengma earthquakes in the nearby region
produced two surface ruptures of ~50 and ~14 km, respectively
(Yu et al,, 1991). Therefore, the magnitude of the latest earthquake
is likely to be in the range of Ms 7.0-7.7.

5.2 Slip Rate Estimate
The methodologies for estimating slip rates are often debated due
to the various proxies and time scales. For the large strike-slip faults

The Nantinghe Fault

within the Indo-Asian collision zone and other regions around the
world (Van Der Woerd et al,, 2002; Tong et al., 2014), geodetically-
determined slip rates are generally different from those reported
using reconstructions of offset landforms, and it is unclear if this
discrepancy reflects true secular variation in slip history, systematic
errors in interpretation, or both. Even slip rates derived from
different reconstructions of offset landforms along the same fault
can be different. A major potential source of uncertainty when
assessing slip rates from offset fill terraces is the underlying
geomorphic model of terrace formation and abandonment that
must be assumed (Mériaux et al, 2004; Cowgill, 2007). One
evolutionary model suggests that the erosion of the flood plain
and its banks continues until the river begins to incise and new
terraces form (Van Der Woerd et al, 2002). According to this
model, the offset of a terrace riser only begins to accumulate once
the lower terrace is abandoned. An alternative model allows for
differences in erosion patterns between the sides of the river, in
which case riser offsets may begin to accumulate after the upper
terrace is abandoned. For example, at a site on the Altyn Tagh fault,
a study used the offset of a terrace riser and the abandonment age
of the lower terrace to obtain a slip rate of 259 + 1.8 mm/a
(Mériaux et al, 2004). Using the abandonment age of the
higher terrace, a competing study yielded a slip rate of
9-10 mm/a (Cowgill, 2007). Thus, the choice of a conceptual
model is the key to slip rate evaluation but remains
controversial. Using the alluvial fan to calculate the slip rate,
however, can avoid this issue.

At the Zhujiacun, Daxueshan, and Hupocun sites, we used
the ages of the higher terraces to determine the slip rate of the
Nantinghe fault. At the Junsai and Mengjian sites, slip rates are
calculated from the offset alluvial fan. The slip rates from the
two approaches agree with each other (between 3.5 and
5.4 mm/a), indicating that the higher terrace approach is
more suitable.

We calculated the mean slip rate using the maximum
likelihood regression via IsoplotR (Vermeesch, 2018) based
on the modified error-weighted least-squares algorithm of
York et al. (2004) (Figure 14A). Due to the lack of slip
rates, previous studies have debated whether different
segments of the Nantinghe fault have different activities.
From the depth of the basin, which decreases northeastward
along the fault, and the occurrence of the 1941 M7 earthquake,
it seemed that the northeastern segment may be less active
than the southwestern segment (Zhu et al., 1994; Wang et al.,
2006) (Figure 2). Nevertheless, our results of 4.0 + 0.6 (20)
mm/a reveal a similar Quaternary activity along the Nantinghe
fault (Figures 2, 14A).

5.3 Tectonic Implications

Our results provide clear evidence for the late Quaternary
oblique sinistral-thrust activity on the Nantinghe fault; its
millennial strike-slip rate is ca. 3.9 + 0.6 (20) mm/a, in
agreement with the GPS measurements (4 mm/a) (Wang,
2009). The Nantinghe fault also shows a 0.3-0.6 mm/a slip
rate in the dip-slip orientation. These slip rates help us
constrain the applicability of the competing tectonic models
for the Tibetan Plateau. The block models require large strike-
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FIGURE 14 | (A) Mean left-lateral slip rate of the Nantinghe fault. The maximum likelinood regression is calculated via IsoplotR (Vermeesch, 2018) based on the
modified error-weighted least-squares algorithm of York et al. (2004). (B) Integrated map of estimated slip rates (mm/yr) in the study area. Base map is the shear-wave
velocity model at 21 km from (Bao et al., 2015). Sources for slip rates on the faults, from north to south, include: Daying fault (Chang et al., 2011); Ruili fault (Huang et al.,
2010; Wang et al., 2014); Wanding fault (Chang et al., 2012); Nantinghe fault, this study; Lincang fault (Wang et al., 2014); Mengliang fault (Wang et al., 2014; Liu
etal., 2019); Jinhong fault (Shi et al., 2018c¢); Wan Ha fault (Wang et al., 2014); Mengxing fault (Lacassin et al., 1998; Wang et al., 2014); Nam Ma fault (Lacassin et al.,
1998; Wang et al., 2014); and Red River fault (Replumaz et al., 2001; Shi et al., 2018a).

TABLE 5 | Summary of Quaternary slip rates along the major faults in Southeastern Tibetan Plateau.

Fault name Sense-of-motion Strike-slip rate (mm/a)
Daying sinistral 1.4
Ruili sinistral 2.0
Wanding sinistral 2.0
Nantinghe sinistral 4.0
Lincang dextral 3.4
Menglian sinistral 22
1.0
Jinghong sinistral 2.5
1.0
Wan Ha sinistral 2.0
Mengxing sinistral 4.8
Nam Ma sinistral 2.6
Red River dextral 5.0
1.0

aTL, thermoluminescence; OSL, optically stimulated luminescence.

slip rates at the boundaries between different tectonic blocks,
but small strike-slip rates within tectonic blocks (Leloup et al.,
1995; Tapponnier et al., 2001). On the contrary, the continuum
models (England and Molnar, 2005; Copley, 2008) do not
necessarily predict such large slip rates at boundaries between
different tectonic blocks, but larger strike-slip rates within
tectonic blocks.

Moderate to high Quaternary slip rates have been found on the
major strike-slip faults within the Indochina Block, including the
Daying, Ruili, Wangding, Nantinghe, Lincang, Jinghong, Wan Ha,
Mengxing, and Nan Ma faults (Table 5). Their strike-slip rates range
from 1.0 to 5.0 mm/a. By contrast, the Red River fault, albeit a plate
boundary fault in geologic history, shows a comparable dextral-slip

Dating method? References

TL Chang et al. (2011)

osuTL Huang et al. (2010)

TL Chang et al. (2012)

osu'“c This study

estimation Wang et al. (2014)

OoSL Liu et al. (2019)

estimation Wang et al. (2014)

14c Shi et al. (2018¢)

estimation Wang et al. (2014)

estimation Wang et al. (2014)

estimation Lacassin et al. (1998), Wang et al. (2014)
estimation Lacassin et al. (1998), Wang et al. (2014)
Estimation Replumaz et al. (2001)

4C Shi et al. (2018a)

rate of up to 1-5 mm/a over decadal, millennial, and million-year
timescales (Allen et al., 1984; Weldon et al., 1994; Copley, 2008; Shi
et al, 2018a; Replumaz et al, 2001; Schoenbohm et al., 2006)
(Figure 13B). Moreover, as pointed out by Shi et al. (2018b), the
distinct arcuate geometry of the sinistral strike-slip faults and the
curved GPS velocity field are difficult to reconcile with the block
models but can be readily explained in the continuum models.
An asymmetric, tongue-shaped GPS velocity pattern is found
across the Indochina Block from Sunda to the Eastern Himalayan
Syntaxis (Shi et al., 2018b). In turn, Shi et al. (2018b) proposed
that asthenospheric flow exerts basal traction to the overlying
lithosphere and induces the faulting in the upper crust. The
Nantinghe fault, with its 3.5-5.4 mm/a millennial slip rate, is
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located in a swath of the largest slip rate on the velocity profile by
Shi et al. (2018b). Interestingly, this swath, containing the Daying,
Ruili, Wanding, and Nantinghe faults on the surface, is located
between two localized, NE-SW-trending channels of low-velocity
anomalies at the mid-crustal depths from a high-resolution shear-
wave seismic tomography model of this region (Bao et al., 2015),
(Figure 13B). All these results indicate that the Red River fault
does not dominate the present-day kinematics of the Indochina
Block, and hence the continuum models could play a more
dominant role in the Quaternary tectonics of this region. Pre-
existing crustal weakness (such as the Red River and Nantinghe
faults) and crustal heterogeneities promote the lateral variations
in the lower crustal strength, which shaped the upper-crustal
deformation and topography (Tan et al, 2019; Penney and
Copley, 2021).

6 CONCLUSION

We have documented the Quaternary activity of the Nantinghe
fault in the Southeastern Tibetan Plateau region, using a
combination of field observation, satellite and aerial imagery
interpretation, trenching, and "C and OSL geochronology.
The Nantinghe fault has been active in the latest Quaternary
with an oblique sinistral-thrust sense of slip. Detailed
geochronology and fault kinematic measurements on the
sinistral displacement reveal that the sinistral strike-slip rates
along the fault are ca. 4.0 + 0.6 (20) mm/a over the past 13 ka.
Apparent throw rates are typically less than 1 mm/a. Our trench
investigations demonstrate at least four 4) Holocene earthquakes
along the Nantinghe fault, suggesting an averaged recurrence
interval of ~1,000 a. The newly-obtained slip rates on the
Nantinghe fault, integrated with previous estimates on other
faults in this region, provide direct evidence that favors the
continuum models over the rigid block ones, which advances
our knowledge on the deformation mechanism in the India-Asia
continental collision.
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