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Abstract The Red River fault is an important plate-boundary fault that has played a significant role in the
tectonic evolution of northern Southeast Asia. Nonetheless, its millennial slip rate and earthquake recurrence
behavior are poorly constrained. Analysis of 5- and 30-m-resolution topography reveals right-lateral
offsets that range from 60 m to 24 km along its “mid-valley” trace but none along its “range-front” trace. This
strongly implies that the range-front fault has experienced very little lateral slip for millions of years, even
though it is the geologically more significant fault. Stratigraphic and geomorphologic investigation of the
mid-valley fault within a small channel near Gasa yields a 14C-based slip rate of 1.1 ± 0.4 mm/year, averaged
over the last 30,000–50,000 years. Three-dimensional paleoseismic excavation of colluvial wedges produced
by collapse of shutter ridges into the channel shows that sudden dextral ruptures of the fault have
occurred every 6,000 ± 1,000 years over the past 30,000 years. Two and possibly three large surface ruptures
occurred in the past 13,500 years, and two previous ones occurred at 18,500 and 24,500 calendar years before
present (cal yr BP). The oldest one in the section likely occurred at or a few 1,000 years before
29,800 ± 2,000 cal yr BP. The 3-D extent of the colluvial wedges implies dextral offsets of ≥4.5 m, amounts that
are consistent with the slip rate and recurrence interval. The evidence for low slip rate and rare large seismic
events is consistent with the lack of large historical earthquakes along the fault and the low Global
Positioning System (GPS)-derived slip rate, but is much lower than widely cited geological slip rates.

1. Introduction

The active Red River fault (RRF) extends more than 1,000 km to the SE of the eastern Himalayan syntaxis and is
one of the primary strike-slip fault systems within the Himalayan-Tibetan collision zone (Figure 1; Molnar &
Tapponnier, 1975; Tapponnier & Molnar, 1977; Yin & Harrison, 2000). The RRF separates the Indo-China
(northernmost Sunda) block to the southwest from the South China block to the northeast (Figure 1) and
has played a major role in the tectonic evolution of southeastern Tibetan Plateau and northern Southeast
Asia (Allen et al., 1984; Lacassin et al., 1997; Tapponnier et al., 1982, 2001; Tapponnier, Meyer, et al., 1990;
Tapponnier & Molnar, 1977). A reversal from sinistral to dextral slip (Allen et al., 1984; Leloup et al., 1993)
occurred along this fault between 13 and 5 Ma (Bergman et al., 1997; Cao et al., 2011; Leloup et al., 1993;
Leloup, Arnaud, et al., 2001; Leloup, Lacassin, et al., 2001). This has been interpreted to accommodate a
change in roles as the collision evolved (Lacassin et al., 1997; Tapponnier et al., 1982, 2001).

The seismic hazard posed by the RRF is not well known (Allen et al., 1984) but puts at risk ~60 million people
in the region (Socioeconomic Data and Applications Center, http://sedac.ciesin.columbia.edu/; Figure 1).
What is known is that since CE 886, there have been nine damaging earthquakes to the northwest, in the
Nanjian-Dali-Eryuan region, but none along the lengthy, predominantly strike-slip reach from south of
Nanjian to Hanoi (Figure 1; Hu et al., 2006; Zhang, 2009). Such a long dormancy for this long strike-slip portion
indicates a very low slip rate. Examples of earthquakes produced by faults with long recurrence intervals in
China include the 1556 M ~ 8 Huaxian earthquake (>830,000 deaths) in the Fenwei graben (Kuo, 1957;
Zhang et al., 1995), the 1976 M ~ 7.7 Tangshan earthquake (>650,000 deaths) in northern China (Butler et al.,
1979; Nábělek et al., 1987), and the 2008 Mw 7.9 Wenchuan earthquake (>80,000 deaths) that occurred along
the slow-slipping Longmen Shan fault system (Shen et al., 2009; Zhang, 2013a).

Assessing the seismic hazard and understanding the regional fault kinematics and geodynamics of the RRF
region (England & Molnar, 1997; Shi, Wang, et al., 2018) require quantifying its slip rate and earthquake
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recurrence interval. However, the millennial slip rate and earthquake recurrence behavior of the RRF are
poorly constrained (Li et al., 2016; Shi, Weldon, et al., 2018). Slip rates averaged over millions of years have
been estimated based on maximum fault offsets across large streams and inferred onset of offsets
between 10 and 2 Ma (Allen et al., 1984; Replumaz et al., 2001; Schoenbohm et al., 2006; Zuchiewicz et al.,
2013). Global Positioning System (GPS) velocities obtained around the RRF and adjacent regions since
~1998 provide better constraints on the RRF’s decadal slip rate, mainly across the fault’s central segment
in China (Hao et al., 2014; Shen et al., 2005; Wang et al., 2008; Zhao et al., 2012; Zheng et al., 2017) and south-
ern segment in Vietnam (Cong & Feigl, 1999; Feigl et al., 2003; To et al., 2001; Zuchiewicz & Cuong, 2009).

Here we geomorphically analyze fault activity in the Gasa region, using high-resolution (30 and 5 m) remote-
sensing data, to determine the relative strike-slip activity of the twomajor strands of the central section of the
RRF and assess how representative the offsets at Nanbang Creek in Gasa valley (Figures 1 and 2) are for the
entire fault zone. We then combine the geomorphic analysis and previously unpublished data from a 1980s
study by geologists from California Institute of Technology and Yunnan Earthquake Administration (Sieh
et al., 1987; Weldon et al., 1994), to constrain the slip rate and earthquake recurrence interval at the
Nanbang Creek site from a 3-D excavation of faults and associated colluvial wedges preserved there.
Finally, we discuss how possible origins of Gasa valley could affect the slip rate, potential slip rate variations
of the RRF on different timescales, and its earthquake recurrence behavior in the context of other studies.

Figure 1. Tectonic setting and seismicity of the Red River fault and adjacent region. (a) Index map showing the location of
the study area. (b) Active faults, earthquake focal mechanisms (China Earthquake Disaster Prevention Center, 1995; 1999;
Dziewonski et al., 1981; Ekström et al., 2012), river systems, and cities of the study region. The fault traces are partially
modified from Wang et al. (2014). Surface rupture distribution of earthquakes and their moment magnitudes are derived
from Chen and Wu (1989), Ji et al. (2017), Tun et al. (2014), Yu et al. (1991), and Zhang and Liu (1978). Note that there have
been no significant recent earthquakes along the Red River fault. Fault names: ATF: Altyn Tagh fault; DBPF: Dien
Bien Phu fault; JHF: Jinghong fault; KLF: Kunlun fault; MCF: Mae Chan fault; MHF: Muang Houn fault; MLF: Menglian
fault; MXF: Mengxing fault; NMF: Nam Ma fault; NTHF: Nantinghe fault; RLF: Ruili fault; SGF: Sagaing fault; WDF: Wanding
fault; WHF: Wan Ha fault; XSF: Xianshuihe-Xiaojiang fault.

10.1029/2017GC007420Geochemistry, Geophysics, Geosystems

SHI ET AL. 2015



2. Existing Studies of Neotectonics and Active Tectonics on the Red River Fault

Modern study of the neotectonics and active tectonics of the RRF zone began in the 1960s (Kan et al., 1977;
Zhao, 1965) followed by a few field studies initiated in the early 1980s (Guo et al., 1996, 2001; He, 1981; Zhu,
1983; Zhu et al., 1982). Since then, most progress has beenmade on active faultingmapping, determining the
total amount of the fault’s sinistral and subsequent dextral slip and the timing of the slip reversal, and the
incision history of the Red River used to date the fault offsets; we summarize these briefly here.

The amount of sinistral slip on the RRF is widely accepted to be 500–1,000 km (Leloup et al., 1995, 2007;
Tapponnier, Lacassin, et al., 1990), although some argue for much less (e.g., Searle, 2006). The fault’s subse-
quent dextral offsets of streams and Neogene basins range from meters to tens of kilometers (Allen et al.,
1984; Chen, 2013; Guo et al., 2001; Replumaz et al., 2001; Schoenbohm et al., 2006; Trinh et al., 2012;
Zuchiewicz et al., 2013), with maximum estimates of 50–70 km (E. Wang et al., 1998; Xiang et al., 2007). The
timing of faulting has been estimated based mainly on thermochronology of metamorphosed igneous rocks
along the Ailao Shan-RRF shear zone, and the fault’s sinistral slip arguably occurred between 35 and 17 Ma
(Cao et al., 2012; Chen et al., 1996; Harrison et al., 1992; Leloup et al., 1995; Schärer et al., 1994; Searle, 2006;
Searle et al., 2010; P. L. Wang et al., 1998, 2000). The timing of onset of dextral slip is also debated, but most
agree that it occurred between 13 and 5 Ma (Bergman et al., 1997; Cao et al., 2011; Fyhn & Phach, 2015;
Leloup et al., 1993; Li et al., 2001; Schärer et al., 1994; Shi, Wang, et al., 2018; Xiang et al., 2007).

Figure 2. Map of fault traces and stream offsets in Chunyuan-Gasa-Mosha region, based on analysis of SRTM 30-mDEMs, shows twomajor structures, the range-front
and mid-valley faults. Streams are consistently offset dextrally (magnitude shown by numbers next to arrows) across the mid-valley fault, but streams near Gasa,
including many in large deep canyons, are not offset laterally by the range-front fault. North of Chunyuan and SE of Mosha, the active mid-valley fault becomes less
clear and the range-front fault has somedextral deflections. A lineament that parallels the river SE of Gasa suggests that Gasa valleywas formed as a transtensional step
that is no longer active and has been cut through by the current mid-valley fault.
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Previous systematic mapping of the RRF zone, based largely on analysis of low-resolution satellite imagery,
analogue topographic maps, and field work (Allen et al., 1984; Guo et al., 1986, 1996, 2001), shows that the
fault can be separated into three segments, a northern transtensional portion (Eryuan-Midu), and central
(Midu-Yuanyang) and southern (Yuanyang-South China Sea) strike-slip segments, based on fault geometry
and seismicity (Zhang, 2009; Figure 1). The northern transtensional segment is characterized by multiple
normal and oblique dip-slip strands that have caused damaging historic earthquakes (Guo et al., 1986,
1996, 2001). The central segment shows twomajor fault traces, one along the Ailao Shan range front (referred
to as the “range-front fault”) and the other within the Red River valley (referred to as the “mid-valley fault”)
(Figure 2); the latter is argued to be the principle trace that produced major Quaternary fault offsets (Allen
et al., 1984; Guo et al., 2001; Xiang et al., 2007). The southern segment has multiple strike-slip fault traces near
its southeastern end in Vietnam and shows some microseismicity from Yuanyang southward to the
China/Vietnam border (Figure 1; Hu et al., 2006; Zhang, 2009).

Slip rates on the RRF’s fault have been estimated mainly on long (millions of years) and very short (GPS, dec-
ades) timescales (Table 1). Dividing the largest dextral offsets by inferred times of onset between 2 and 10 Ma
yields long-term geological rates of 2–5 mm/year along the central RRF zone (Allen et al., 1984; Replumaz
et al., 2001; Schoenbohm et al., 2006) and 5–8 mm/year along its southern segment in Vietnam
(Zuchiewicz et al., 2013). Decadal strike-slip rates calculated from GPS profiles across the RRF zone are more
precise, and range between 0.2 and 2 mm/year for all three segments (Cong & Feigl, 1999; Feigl et al., 2003;
Hao et al., 2014; Shen et al., 2005; To et al., 2001; Y. Wang et al., 2008; Zhao et al., 2012; Zheng et al., 2017;
Zuchiewicz & Cuong, 2009). Existing millennial strike-slip-rate estimates range from 1 to 6 mm/year along
the entire RRF zone in Vietnam (Chen, 2013; Trinh et al., 2012; Zuchiewicz et al., 2013), and 0.2–4 mm/year
along the northern and central segments (Chen, 2013; Guo et al., 2001), using the same approach as the
multimillion-year-averaged rates, using younger but equally questionable age constraints.

Quantitative constraints on themillennial slip rate and earthquake recurrence interval remain few and incom-
pletely documented (e.g., Sieh et al., 1987; Weldon et al., 1994). Studies on the fault’s northern transtensional
part near Dali (Figure 1), based on trenching and radiocarbon dates, suggest that damaging earthquakes
occur within intervals of 150 to 4,000 years (Guo et al., 1986, 2001; Li et al., 1986; Ran et al., 1990).
Paleoseismological works on the RRF central section are limited to a few sites (Guo et al., 1986, 2001) and

Table 1
Red River Fault Slip Rates (mm/year)a on Different Timescales

Geodetic rate (decadal) Geological rate (millennial) Geological rate (Myr-averaged)

Segment Strike slip Fault normal Period Reference Strike slip Reference Strike slip Reference

NW segment
(North of
Midu)

2.0 ± 2.0 2.0 ± 2.0 1998–2004 Shen et al. (2005)
0.4 ± 1.6 (�1.5) ± 1.3 1998–2004 Wang et al. (2008)

2.1 ± 0.4 1999–2007 Zhao et al. (2012)
(�2.50) ± 0.4 2007–2009 Zhao et al. (2012)

Central segment
(Midu to
Yuanyang)

1.0 ± 2.0 1998–2004 Shen et al. (2005) 1.1 ± 0.4 This study 2-5f Allen et al. (1984)
0.3 ± 1.3 1.0 ± 1.5 1998–2004 Wang et al. (2008) ~5g Replumaz et al. (2001)
0.2 ± 0.5 (�1.2) ± 0.3 1999–2007 Zhao et al. (2012) ~5h Schoenbohm et al. (2006)
0.6 ± 0.3 (�4.0) ± 0.5 2007–2009 Zhao et al. (2012)
1.6 ± 0.6 1.2 ± 0.6 1998–2008 Hao et al. (2014)
3.4 ± 1.1b 0.4 ± 1.1 1998–2015 Zheng et al. (2017)

SE segment
(S of Yuanyang
to Vietnam)

(�1.5) ± 2.7 (�1.3) ± 2.0 1998–2004 Wang et al. (2008) 4.4 ± 3.0 (?)c Trinh et al. (2012) ~5–8 (?)i Zuchiewicz et al. (2013)
2 ? To et al. (2001);

Zuchiewicz and
Cuong (2009)

5.7 ± 3.3 (?)d Trinh et al. (2012)

(1–2) ± (1–3) 1994–2000 Cong and Feigl (1999);
Feigl et al. (2003);

0.9–3.9 (?)e Zuchiewicz et al.
(2013)

aPositive sign for dextral slip or extension component, and negative sign for sinistral slip or compression component. bNote that this rate is mainly for the
dextral-slip Shiping-Jianshui fault, ~50 km to the NE of, but parallel to the Red River fault; the slip rate for the RRF from this study must be a fraction of the reported
value. cThe right-lateral fault offset started at the same time as the Riss glaciation occurring 55,000–150,000 years ago. dThe onset of right-lateral faulting
triggered river incision which propagates upstream at a minimum rate of 100–150 mm/year. eThe right-lateral fault offset began 780,000 years ago. fThe
right-lateral fault offset started at 2–3 Ma. gThe right-lateral fault offset started at 5 Ma. hThe right-lateral fault offset started at 8–13 Ma. iThe right-lateral
fault offset started at 2–3 Ma.
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are largely based on thermoluminescence ages (Guo et al., 2001); thus, the longer-term earthquake
recurrence behavior of this fault remains essentially unknown.

3. Fault Geomorphology of the Gasa Area

The recent availability of high-resolution digital elevation models (DEMs) produced from Shuttle Radar
Topography Mission (SRTM) data and digital surface elevation models (DSMs) generated from Advanced
Land Observation Satellite (ALOS) imagery makes it possible to map active fault traces in detail and discover
fault traces that were not identified previously (e.g., Meigs, 2013). Here we utilize the SRTM 30-m DEM
(https://lta.cr.usgs.gov/SRTM1Arc) and AW3D 5-m DSM (http://www.aw3d.jp/en/) produced from ALOS ima-
gery (Tadono et al., 2015) to examine and compare lateral offsets of the range-front and mid-valley faults
along the central RRF zone, for the ~65-km-long region from north of the village of Chunyuan through our
study site in the Gasa basin, to the town of Mosha (Figure 2). To do this, we mainly evaluate the distribution
and magnitude of systematic lateral deflections of streams that cross both fault traces.

Figure 3. Close-up view of topography and stream offsets within Gasa valley revealed by AW3D 5-m DSM. (a and b) The
original DSM and interpreted fault scarps, small pop-ups, and offset streams near the northern and southern ends of the
valley. The Nanbang Creek offset (Figure 4) is immediately south of Diduo village. Profiles (c) across the fault (A-A0 and B-B0)
show the typical morphology, southeast of Gasa, of small aligned hills above significant NE-facing scarps.
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Our results show that the distance between the range-front andmid-valley faults varies from 500m to 2.5 km
in the Gasa area (Figure 2), and the former shows no systematic lateral fault activity. Between Chunyuan and
Mosha, a 10 km distance both north and south of Gasa valley, the range-front fault does not laterally offset
either major or tributary streams; in contrast, the mid-valley fault displaces at least 25 major and minor tribu-
tary streams. Minor tributary streams are offset by 60 to 1,500m (Figures 2 and 3), andmajor streams by 0.5 to
24 km, distributed along the entire 65-km-long extent. Outside the Chunyuan-Mosha area, the range-front
fault dextrally deflects only 2 (out of 128) streams north of Chunyuan by 500–1,000 m, and 1 stream south
of Mosha by ~500 m, in the region we examined.

These observations have three implications. They confirm previous claims that the principle lateral activity of
the central RRF occurs along the mid-valley fault, not the range-front fault (Allen et al., 1984; Guo et al., 2001;
Replumaz et al., 2001; Xiang et al., 2007). Second, the range of stream offsets (e.g., 60–24,000 m) that we
found from north of Chunyuan to Mosha are comparable with offsets generally found elsewhere along the
entire RRF zone (Allen et al., 1984; Chen, 2013; Guo et al., 2001; Replumaz et al., 2001; Schoenbohm et al.,
2006; Trinh et al., 2012; Zuchiewicz et al., 2013), although we cannot assess the larger offsets of 50–70 km pro-
posed across geological units or basins (E. Wang et al., 1998; Xiang et al., 2007). The third key finding is that no

Figure 4. Map of fault offset and related geomorphic and sedimentary features at the Nanbang Creek near the southern
end of the Gasa Valley (Figure 3). The blue shows the active stream channel. The black and grey dashed lines represent
the top of the incised channel on the right and left, respectively. The color-coded thick arrows show our projection of each
of these three piercing lines to the fault. The main excavation site (Figure 5) appears as a black and grey box. The thin
solid lines are elevation contours at 2-m intervals referenced to the streambed. Auxiliary exposures upstream and downstream
revealed useful stratigraphic relationships. Map constructed in 1983 using tape measure, Brunton and hand level.
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systematic dextral slip is found along the range-front fault near Gasa valley, although this trace may begin to
show lateral activity north of Chunyuan and south of Mosha. Although others have argued for a dip-slip
component on the range-front fault, either normal slip (e.g., Replumaz et al., 2001; Schoenbohm et al., 2006),
or reverse slip (e.g., Wang et al., 2016), but we can neither support nor deny this with our observations. While
the range front has spectacular triangular facets and wineglass canyons, individual faults along it appear to
be steep as they cut steep topography (Figure 2), suggesting that they are subvertical. Note also that the
range front has a distinctive linear but right-stepping fabric (also ref. Replumaz et al., 2001) that could date
back to its origin as a left-lateral fault (e.g., Leloup et al., 1993; Tapponnier, Lacassin, et al., 1990), which
suggests that it is subvertical at depth and at the regional scale. The fact that the range-front fault places
bedrock against bedrock (according to Chinese map of geology, Guo et al., 2001) in many places, including
in most canyons, suggests insignificant cumulative dip-slip displacement at the surface.

We also use the high-resolution, AW3D 5-m DSM to better map the mid-valley fault in Gasa valley (Figure 3),
which cannot be precisely mapped with the SRTM 30-m DEM (Figure 2), and reveal more details of fault geo-
morphology and stream offsets (Figure 3). Several >10-m-high fault scarps exist southeast of the town of
Gasa and near the village of Diduo (Figures 3b and 3c), suggesting little, if any, dip-slip offset across the fault
(see top surface in Figure 3c). Moreover, lateral stream offsets occur in the valley, including at Nanbang Creek
immediately southeast of Diduo, as earlier reported on the basis of aerial photographs (Sieh et al., 1987).
These observations demonstrate that the fault trace diagonally crosses the rectangular-shaped Gasa valley
and corrects previous active fault mapping in this region that shows the mid-valley fault in Gasa valley as dis-
continuous and nearly parallel to the range-front fault (Guo et al., 2001).

Figure 5. The plan view of the progressive excavation into the channel wall and the fault at Nanbang Creek (see location in
Figure 4). Subvertical exposures on lower (l), middle (m), and upper (u) benches sequentially exposed the fault and adjacent
colluvial wedges. The colored lines mark the edges of colluvial wedges C, D, and E and the fault location at the level of
wedge E. We excavated the part labeled “Annex” after the progressive excavation to explore for additional active faults.
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4. Sediments at Nanbang Creek, Near Diduo Village

The NW-striking mid-valley fault displaces the NE flowing Nanbang Creek near the village of Diduo in Gasa
valley (Figures 3 and 4). This site has exposed channel sediments near both corners of the offset stream.
We made several small exposures, upstream and downstream of, and across the fault, and excavated one
deep 3-D excavation into the northwestern channel bank at the fault (black and grey boxes in Figure 4).
Sequential exposures within the 3-D excavation and roughly perpendicular to the fault exposed the fault
and stratigraphy related to ancient ruptures (Figure 5). We supervised local farmers as they excavated exposures
into the channel bank in ~1-m increments. After cleaning, gridding, photographing, and mapping an exposure, a
new exposure was dug. The total length of the excavation parallel to the strike of the fault zone was about 6 m
(Figure 5). Figures 6c and 6d are at the northwestern end of the excavation; Figures 6a and 6b are representative
cuts in the first and second thirds of the process. Below we first describe the stratigraphic relationship and chron-
ology of the exposed sediments and then interpret the rupture events and slip rate.

We describe two exposures within the channel but outside the volume of the set of sequential excavation.
The oldest sediment we exposed within the channel is a gravel bed immediately downstream of the fault.

Figure 6. Controlled sketches of three representative vertical sections document five wedges (A, B, C, D, and E) that represent five large ruptures associated with
dextral slip on the Red River fault. (a and b) Logs of exposures lK and lN in Figure 5. The stratigraphic log of the final vertical section (exposure G, including uG,
mG, and lG in Figure 5). The photo in panel (d) wasmade after the back wall was squared off, so its extent is slightly different from the stratigraphic log. The spacing of
the string grid in the photo is 50 cm. Progressive cuts, each taller and deeper into the channel wall than its predecessor, exposed more of the uneroded wedges.
The continuity of the colluvial wedges over several meters within the 3-D excavation implies that shutter ridges collapsed soon after exposure by dextral slip on the fault.
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The gravel resides in a channel whose base is exposed at an elevation of 7 m above the zero reference
contour in the modern streambed (Figure 4). On the east this gravel-filled channel buttresses at the north
striking channel wall against Neogene-age units. The thalweg of the channel strikes north-northeast,
roughly parallel to the trend of the modern stream. This lack of dextral deflection suggests that the
channel formed and filled quickly immediately downstream from the fault. This observation also provides
a basis for measuring the fault offset discussed in the later section. A charcoal sample from the
downstream channel deposit (sample 9 in Figure 4 and Table 2) yields an age of ~47,000 calendar years
before present (cal yr BP). While we argue below that this date is consistent with other ages and
relationships with the channel, it is suspect because it is close to the limit of 14C dating. The presence of
coal in the Neogene sediments that is hard to distinguish from charcoal in small samples and the fact that
one other sample in stratigraphically younger sediments was infinite in age (sample 20 in Table 2) caution
against heavily relying on this age determination.

Upstream from the fault is a second useful exposure. There exposed the second oldest deposit found within the
channel, an organic-rich sandy gravel (Figure 4). It is best exposed between the 10 and 12m contours but extends
up a narrow gully to the 15 m contour. Wood collected from near its base yielded an age of 27,000–30,000 cal yr
BP (sample 23 in Table 2; note difference in age between U.S. Geological Survey [USGS] and People’s Republic of
China [PRC] dates). Based on its setting and elevation, this sample is inferred to sit at or slightly below the base of
the main excavation, consistent with its age and with dates from the main excavation, described below.

Four types of sediments appear in each of the exposures of the 3-D excavation. The oldest consists of two
indurate, pervasively sheared sandy, pebbly clays, shown in the unpatterned and cross-hatched portions of
Figure 6. These highly oxidized and sheared sediments are of unknown age, but they are similar in appear-
ance to materials that were mapped as Neogene in the region (Bureau of Geology and Mineral Resources of
Yunnan Province, 1990). In the main excavation, at least 2 m of continuously deposited black to gray organic,
peaty silt, and clay occur immediately upstream (SW) of the fault zone (Figure 6). These deposits are poorly
bedded, contain sandy to pebbly lenses, and have coarser debris at and just above the stratigraphic levels of
tips of fault blocks/collapsed wedges. Contacts are commonly gradational and highly irregular, and the overall
fine-grained section appears to fine upward except the coarse layers that seem to be associated with the
wedges. The silt to clay fraction of these beds probably represents suspended load deposited on the floor of
a marsh within the channel of Nanbang Creek. The sandy and pebbly layers generally represent debris that fell
or was washed onto the floor of themarsh from the nearby wall of the channel, although some of gravelly units,
especially near the base of the organic section, may be part of debris flows that came down the channel. The

Table 2
Radiocarbon Ages of Samples From Nanbang Creek

Sample
(Hf-83-)

USGS Chinese

Material
Location (if outsidemain

excavation)

Conventional (cal year BP) Calibrated (cal year BP)a
Conventional
(cal year BP) Calibrated (cal year BP)a

Age Error Age (+) (�) Age Error Age (+) (�)

09 42,900 + 1,700 46,663b 3,230 2,357 Likely too old Charcoal Downstream channel fill
� 1,400

15 21,040 ± 140 25,393 367 373 14,754 ± 350 17,965 818 858 Charcoal
18 19,770 ± 100 23,816 324 326 20,480 ± 820 24,737 1,864 1,873 Wood
20 >53,000 Too old Charcoal Capping bed on

shutter ridge
21 395 ± 30 431 119 131 Charcoal Cap on incised fan
23 23,180 ± 150 27,466 266 277 26,210 ± 950 30,399 2,231 1,896 Wood Upstream channel fill
25 22,610 ± 270 26,854 582 643 16,980 ± 600 20,562 1,513 1,488 Peaty black clay
26 14,120 ± 100 17,117 410 456 14,810 ± 520 17,956 1,276 1,369 Peaty clay
27 22,590 ± 160 26,858 468 469 17,540 ± 570 21,216 1,361 1,407 Peat
28 14,400 ± 100 17,496 384 380 13,880 ± 490 16,777 1,310 1,405 Peaty clay
29 17,930 ± 490 21,652 1,208 1,188 26,630 ± 950 30,802 2,239 1,982 Peaty clay
30 180 ± 30 192 237 192 100 130 130 99 Wood

aCalibrated ages include δ13C corrections for conventional ages. bThis age is likely close to the limit of 14C dating; only 1% contamination withmodern carbon of
an infinite sample could produce this age.
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dark fine-grained and sheared Neogene units are overlain by several poorly-sorted clayey to pebbly beds that
represent colluvial material deposited upon the steeply sloping northwestern wall of the channel and cover all
of the older deposits after incision of the dark clayey beds by the creek.

5. Recurrence of Surface Ruptures
5.1. Stratigraphic Observation and Interpretation

In general, the excavation exposes long, fault-parallel blocks of scarp-derived debris that interfingers with
continuously deposited sediments of organic clay, gravel, and sand. These relatively coherent blocks of debris
were deposited in the channel of Nanbang Creek in the manner illustrated in Figure 7; right-lateral slip during
a large earthquake brings a fresh wall of “bedrock” into position across the fault from the active stream chan-
nel. Partial collapse and possibly transpressive extrusion of this fresh shutter ridge onto the channel floor and

Figure 7. Sequential creation of colluvial wedges by collapse of shutter ridges onto the channel deposits of Nanbang
Creek. (a) Fine-grained, organic-rich sediment accumulates in the channel. (b) Dextral fault slip projects a shutter ridge
across the right side of the channel. (c) Steep, unstable shutter ridge collapses onto the channel floor in the early stages of
forming a colluvial wedge. (d) In some cases, finer sediment erodes off the scarp in subsequent centuries and millennia,
extending the wedge farther upstream. (e) Fine-grained, organic sediment resumes deposition on the channel floor and
gradually covers much of the older scarp-derived material. (f) Repetition of the cycle of colluvial-wedge formation and
burial.
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subsequent weathering of the block and scarp provide material that progrades into the organic-rich channel
fill, forming a wedge of debris on the floor of the channel. Sediments deposited within the channel following
creation of the wedge bury the wedge and lap up onto the scarp. While it appears in 2-D view as if the
wedges are pushed up to the southeast, the lack of vertical deformation of the flat terrace surface on each
side of the creek and the lack of vertical folding of the interfingering fine-grained sediment indicate that
the wedges are emplaced essentially horizontally and no dip-slip across the fault.

Four blocks of Neogene sediment protrude from the fault zone into the dark organic clay, and the top of what
appears to be the top of a fifth is seen at the base of exposure; these are labeled as “A” through “E” in Figure 6,
and we interpret them as evidence for five large earthquakes produced by dextral slip on the fault.

Wedge A appears in Figure 6c, the only cut in which it was spared from erosion. The wedge consists of a block
of pervasively sheared Neogene sediment that rests in fault contact upon pebbly to clayey sand. Its vertical
left margin is in depositional contact with a massive sandy, pebbly silt. These relationships indicate that block
A was faulted into place against the fine-grained beds and then buttressed by deposition of more silt. The
intact nature of this fault-bounded block and the lack of debris trailing off to the left from it indicates that this
shutter ridge did not experience appreciable collapse following its emplacement.

Wedge B underlies wedge A in Figure 6c. It also is a block of Neogene sediment but it is not as intact as A.
Wedge B resembles wedge A in that its lower left boundary is a fault plane and its upper left boundary is a
steep depositional contact with a poorly sorted clay bed. Unlike wedge A; however, wedge B overrode a brec-
cia composed of blocks of Neogene sediment suspended in a matrix of inorganic sandy clay derived from the
Neogene sediment. This breccia lies directly upon well-sorted weakly laminated organic clay. These relation-
ships indicate collapse of the shutter ridge onto the surface of a marsh during strike-slip motion on the fault,
followed by additional slip on the fault, which juxtaposed the breccia and wedge.

Wedge C underlies wedge B in Figure 6c and is the youngest uneroded wedge in Figures 6a and 6b. Its length
parallel to the fault is at least 2.6 m (Figure 5), as traced through multiple exposures. This wedge consists pre-
dominantly of the same yellowish-brown Neogene sediment that constitutes wedges A and B. In Figures 6a
and 6c, a “tail” of disarticulated Neogene sediment, that is lighter color due to reduction by its contact with
the organic silt, thins away from the intact portion of the wedge. This debris collapsed onto the flat surface
of the marsh from the shutter ridge that is represented by wedge C in the manner indicated by Figure 7.

Wedge D underlies wedge C in Figures 6a–6c and extends in length of ≥4.5 m (Figure 5). In each of these
exposures, the wedge consists of a relatively intact block of Neogene sediment in which the altered and unal-
tered Neogene sediments are in fault contact. In Figure 6a a pod of disarticulated debris derived from the
bedrock adjoins the intact bedrock portion of the wedge. The flat base of the wedge rests upon organic-rich
clay and sand. We deduce an origin for this wedge very similar to that proposed for the other three; strike-slip
movement at the fault brought a fresh, nearly vertical bedrock cliff out in front of the flat channel floor. A por-
tion of that cliff collapsed onto the channel floor, during or very soon after the strike-slip motion occurred.

Wedge E underlies wedge D in Figures 6a–6c and is exposed over a total length of ~4.8 m (Figure 5). The
sheared Neogene sediment wedgewas not completely exposed in Figures 6c and 6d; only themassive debris
sediment at its top is seen at the base of exposure. While we only see the top of this wedge, we infer from its
similarity with other wedges that it formed by the same process and similarly interfingers with the fine-
grained marsh/fluvial sediments tens of centimeters below the exposure.

Because the fault forming the lower left boundary of wedges A and C continues downward into the fault zone
(Figure 6), we are confident that each wedge described above is of seismic origin, given their similarity.
However, a significant concern is that the seismic record at Nanbang Creek could be incomplete. For example,
we cannot conclusively rule out the possibility that the five wedges represent more than five seismic slip events.
If two earthquakes occurred only a few decades apart, time might have been too short to allow deposition of
organic fine-grained sediment between the two events. In such a case, one wedge would represent two large
earthquakes rather than only one, although we recognize no evidence for compound wedges. Furthermore, we
conclude that the period between any multiple earthquakes represented by compound wedges would be far
shorter than the typical multithousand-year average interval between deposition of the wedges calculated below.

Another possible complication is that slip events could be unrepresented by wedges. A moderate earthquake
(say M ~ 6.5 or 7.0) might have been accompanied by so little fault slip that no wedge was formed. However,
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research along active faults elsewhere in the world suggests that at any
one locality faults tend to generate similar offsets from earthquake to
earthquake (Hecker et al., 2013; Klinger et al., 2011; Salyards, 1985;
Schwartz & Coppersmith, 1984; Sieh, 1996; Sieh & Jahns, 1984), we there-
fore do not regard this hypothesis as very probable. Finally, due to the
nature of the sediment above the fine-grained section and the subse-
quent erosion and colluviation, it is hard to completely rule out faulting
above Wedge A. However, the geometry of this wedge and its bounding
faults are so similar to the lower wedges; we feel it is not likely that an
event postdates Wedge A.

5.2. Event Dates and Recurrence Intervals

The fact that the >2-m-thick organic-rich section appears continuous
and we have multiple radiocarbon samples collected at different
depths allows us to calculate the sedimentation rate of the fine-grained
section, and use it to best constrain the timing of the earthquake
events. To do this, we include all samples (United States and PRC;
Table 2) in the section on the southwest side of the fault (Figures 6a–6c)
and 2 other samples, sample 29 from the NE side of the fault (location
in Figure 6c), and sample 23 from upstream of the excavation site (loca-
tion in Figure 4). The depths of these latter two samples are projected

onto the sample depth versus age curve (Figure 8). Twelve out of 16 data points lie along a linear trend,
so the sediment appears to have accumulated at a nearly uniform rate. Four data points (PRC-15, 25, 29,
and US-27) are far off this trend, so we exclude then in calculation of a sedimentation rate. Linear regression
of the 12 data points yields a sedimentation rate of 0.13 mm/year. This trend and sedimentation rate are not
significantly altered if we exclude the four samples with projected depths in Figure 8, including two samples
(PRC-23 and US-23) from the upstream exposure and another two samples (PRC-29 and US-29 in Figure 8)
from the NE side of the fault. We get a similar regression if we use the U.S. lab dates alone or the PRC lab
dates alone, if we exclude the outliers. This implies that both data sets are reliable.

Using this sedimentation rate, we estimate that deposition of the exposed portion of the fine-grained organic
section started ~29,000 cal yr BP (depth of �1.8 m in the excavation reference frame; Figures 6c and 8) and
ended ~13,500 cal yr BP (depth of +0.25 m in Figures 6c and 8).

We now use the deposition curve to estimate the dates of collapse of the colluvial wedges onto the floor of
the channel and infer that these dates represent sudden, seismic ruptures of the fault. We can provide a
young bound for the age of wedge E, because its base is not exposed in the cut. Nonetheless, the young limit
must be close to its actual age, inferred to occur just before 29,800 ± 1,000 years BP (Figures 6c and 8). The
bases of wedges D and C are clearly seen in multiple exposures, and we directly constrain the dates of these
two earthquakes to 24,500 ± 1,000 and 18,500 ± 1,000 cal yr BP, respectively. The dates of formation of
wedges A and B are essentially unconstrained but younger than ~13,500 ± 1,000 cal yr BP, the projected
age of the top of the organic section (Figures 6c and 8).

One recurrence interval can be calculated from the time between events C and D, 6,000 ± 1,000 years. As
event B must occur after the top of the organic section, we can infer that the interval between events B
and C must be >5,000 years. Likewise, the interval between events D and E must be slightly larger than
the difference in dates between the bottom of the section and wedge D, that is >5,300 (29,800 minus
24,500) years.

6. Slip Rate at Nanbang Creek, Diduo Village

We use measurements of three geomorphic markers to determine the fault offset – the current stream chan-
nel, the eastern edge of the channel wall, and the western edge of the channel wall, which we infer follows
the road edge (Figure 4). All measurements are based on projection of these geomorphic piercing lines into
the fault trace at the site.

Figure 8. Rate of fine-grained channel sediment accumulation in the excavation,
based upon radiocarbon dates from samples shown in Figures 4 and 6 projected
horizontally onto the face shown in Figure 6c. We calculated dates for the
fault ruptures using a least squares fit to the radiocarbon data points on the plot.
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The dextral separation of the stream channel is ~56 m (blue arrows in Figure 4), which is a minimum estimate,
given the channels downstream and upstream of the fault are not parallel to each other. The offsets of the
eastern edge of the channel wall and the road are ~64 and ~62 m, respectively. Therefore, these three mea-
surements allow us to determine an estimate of 56–64 m for the fault offset at Nanbang Creek site.

Detrital charcoal recovered from within the gravel to the NE of the fault yielded a radiocarbon date of
49,893–44,279 cal yr BP (sample 9 in Figure 4). This is a minimum age for the incision of Nanbang Creek. If this
age is valid, it should be close to the onset of the offset, because the flow direction from the gravel sediment
suggests the depositing stream flowed straight along the NE trending channel bank; gravel deposited a signifi-
cant time after the offset began would likely show NNW flowing direction along the offset direction.

The fault offset divided by the minimum incision age of the channel (the younger bound of 44,279 years)
yields a maximum estimate of the fault slip rate. Therefore, here we use the maximum estimate offset of
the channel (64 m) to estimate the maximum slip rate of 1.45 mm/year.

The main excavation on the western channel wall provides another estimate of the fault slip rate; the fault
must offset the canyon wall enough to form a south-facing scarp at the excavation site to provide the large
fault blocks (the Neogene wedges) that fell to the south into the accumulating section. Twenty five to 30 m of
slip must occur before deposition of the oldest sediments in the excavation 27,127–31,401 cal yr BP (Figure 8
and Table 2). The uncertainty in offset comes from the variability in fault strike. Therefore, at most 26–39 m
([56–64]–[25–30]) of fault offset has accumulated since this time. With the minimum age of 27,127 cal yr
BP for the maximum 39 m offset, we obtain a maximum slip rate of ~1.44 mm/year. We believe that this is
a close maximum rate because five large displacements must follow it as discussed in the next paragraph.

We can also estimate crudely a slip rate from slip per event, and the recurrence interval estimated above.
Here we can use the lengths of the wedges to estimate the dextral slip, because the top surface of the topo-
graphic profiles across the fault in Gasa valley (Figure 3c) suggests little, if any, dip-slip offset at the Nanbang
Creek site. If net deformation orthogonal to the fault exists, it is compressive, based on the possible extrusion
of the fault slices (Figure 6). The amount of strike slip associated with event D is at least 4.5 m, so the shutter
ridge had to pull out this amount from the channel wall to generate wedge D. Similarly, event C involved
strike slip of at least 2.6 m, but this slip is even more incomplete due to limited exposure. Wedge E, if it is
an earthquake-generated deposit, is exposed the entire length of 4.8 m progressive excavation.
Considering the recurrence interval of ~6,000 years estimated above and the minimum 4.5-m slip for event
D, we generate a minimum slip rate of 0.75 mm/year; however, the actual displacement per event, and thus
slip rate, could be larger based on Wedge E. Collectively, our estimate of the slip rate at Nanbang Creek site is
0.75–1.45 mm/year, or 1.1 ± 0.4 mm/year.

7. Discussion

Our results are consistent with inferences of long earthquake recurrence interval based on other evidence.
First, in the reported >2,000 years of regional history, there are no records of damaging earthquakes along
this central section of the RRF (China Earthquake Disaster Prevention Center, 1995, 1999; Yunnan
Earthquake Administration, 1988). Second, recent excavations at two sites near Daha and Faqi village
(Figure 2), ~1.5 and 4.5 km SE of Nanbang Creek site, respectively, are interpreted to show the last three sur-
face ruptures occurred at 6,750–3,950 cal yr BP (Li, 2015), 3,650–2,600 cal yr BP and 2,190–2,530 cal yr BP (Li
et al., 2016). However, the interpreted time of last surface rupture is inconsistent for the two sites, which are
only ~3 km apart (Li, 2015; Li et al., 2016). Third, Allen et al. (1984) estimated a recurrence interval of about
3,000 years for the RRF, based on evidence for four slip events on the fault in an exposure at Sango, about
80 km southeast of Gasa. The Sango section is similar to the Nanbang Creek section, in that it consists of a
basal boulder gravel overlain by finer fluvial and colluvial sediments. The Sango section, however, was devoid
of datable material, but Allen et al. (1984) estimated a 3,000-year recurrence interval by assuming that the
Sango deposits were Holocene in age. If, however, incision and aggradation at Sango are in phase with that
at Nanbang Creek, then the four events at Sango occurred during the past 24,500, not the past 10,000 years,
an average recurrence interval of ~6,100 years is indicated.

We can estimate the size of the surface ruptures at Nanbang Creek using our constraints of the slip per event.
Fault slips for events C and D are ≥2.6 m and ≥ 4.5 m, respectively, and ≥4.8 m for event “E.” Given the
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empirical global earthquake-scaling relationships (Field et al., 2013, 2014; Slemmons, 1977; Wells &
Coppersmith, 1994; Wesnousky, 2008), average coseismic slips of ≥(2.6–4.8) m can be generated by
Mw ≥ (7.4–7.6) earthquake ruptures. Alternatively, our estimate of the slip rate, 1.1 ± 0.4 mm/year, and the
recurrence interval, 6,000 ± 1,000 years, provides slip per event of 3.5–10.5 m (average of 7 m), which corre-
sponds to Mw ~ 7.5–7.9 earthquakes. Considering the large length of the RRF, these estimates of the size of
surface ruptures are reasonable.

Regarding the slip rate obtained from Nanbang Creek site, one may question how likely this site along the
mid-valley fault in an apparent pull-apart basin (i.e., Gasa valley) represents the entire fault and how consis-
tent the slip rate is with other observations. First, the mid-valley fault is the only lateral, active trace seen in
the Gasa area, along which streams of all scales up to ten of kilometers are laterally offset. Second, as pre-
viously noted (e.g., Replumaz et al., 2001), the shape of Gasa valley (Figure 2) suggests that the valley may
have formed as a pull-apart basin if the active trace of the RRF once extended southeast along the river (black
dashed lines in Figure 2) rather than crossing the valley. However, alternative origins of the Gasa basin are
also possible, including a large cutoff meander of the river and erosion of a preexisting Tertiary basin (Guo
et al., 2001). Even if it once was a pull-apart, it is currently being offset. Offset pull-aparts are very common
along strike-slip faults, for example, the San Andreas fault (Fumal et al., 1993; Scharer et al., 2017); once
bypassed or cut through they have little, if any, impact on the fault’s slip rate.

Whatever the basin’s origin, we observe no step in the current, continuously active, mid-valley fault, and no
transtensive structures along the fault in Gasa valley or its margins (Figure 2). Indeed, as mentioned earlier,
the topographic profiles across the fault in Gasa valley (see top surface in Figure 3c) and the possible extru-
sion of the fault slices at themain excavation site (Figure 6) suggest little, if any, dip-slip offset at the Nanbang
Creek site. If there is any net deformation perpendicular to the fault, it would be compressive. On a broader
scale (from northwest of Chunyuan to our site; Figure 2), the fault forms a gently curved elongate lozenge
shape, which is very common along strike-slip faults, probably due to the presence of large bedrock slices
from the early large left-lateral history of the fault (e.g., Leloup et al., 1993; Tapponnier, Lacassin, et al.,
1990). In fact, we see a similarly shaped slice of Jurassic rock between the mid-valley and range-front faults
southwest of Shuitang on Chinese geologic maps (Guo et al., 2001).

Moreover, a geometric correction of the fault slip partitioning has little effect on the slip rate determined from
the Nanbang Creek. One could argue that the lateral slip rate could diminish as the sine of the angle as the
fault deviates from its average (and presumed ideal) orientation. Given a deviation of 15 to 20° in this case,
the rate across the valley would be 94% of the true, regional rate, an insignificant lessening that is already
within the rate uncertainty. All these aforementioned observations and interpretations support our conten-
tion that the mid-valley fault of the central RRF zone is the only significant active right-lateral trace in the
Gasa valley, and the slip rate obtained there is representative for the study area.

Our slip rate of 1.1 ± 0.4 mm/year from Nanbang Creek site in Gasa valley is consistent with most previous
estimates of geodetic rates across the entire RRF zone in both China and Vietnam, which range from 0.4 to
2 mm/year (Table 1; Cong & Feigl, 1999; Feigl et al., 2003; Hao et al., 2014; Shen et al., 2005; To et al., 2001;
Y. Wang et al., 2008; Zhao et al., 2012; Zheng et al., 2017; Zuchiewicz & Cuong, 2009). However, this rate is
considerably lower than the geological slip rate averaged over millions of years (Table 1), including
2–5 mm/year along the central (Allen et al., 1984; Replumaz et al., 2001; Schoenbohm et al., 2006) and
5–8 mm/year along the southern Vietnamese (Zuchiewicz et al., 2013) segments of the RRF zone. These geo-
logical rates are based on inferred times of onset for the fault offsets, which are currently poorly known. If
they are correct, a significant decrease of activity of the RRF must have occurred. When this change in slip
rate started and how long the currently low rate of slip has existed is an open question that is beyond the
scope of our study.

For a regional comparison of fault activity onmillennial and decadal scales, the RRF has a much lower slip rate
than the Sagaing (~20 mm/year; Vigny et al., 2003), Xianshuihe-Xiaojiang, central Kunlun and Altyn Tagh
faults (~10 mm/year), and Haiyuan, Ganzi, and Karakorum faults (4–10 mm/year; see reviews by Chevalier
et al., 2017; Hetzel, 2013; Mohadjer et al., 2017; Shen et al., 2005; Shi et al., 2014; Wang et al., 2014; Y. Wang
et al., 2008; Zhang, 2013b; and Zheng et al., 2017). However, the RRF’s slip rate is comparable to other much
smaller right-lateral and left-lateral faults in the region to the southwest, that is, the Shan Plateau (e.g., Shi,
Wang, et al., 2018; Shi, Weldon, et al., 2018). This clearly suggests a lesser role for the RRF than these other
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major faults in accommodating current crustal deformation within the India-Eurasia collision zone (Shi, Wang,
et al., 2018).

8. Conclusions

We map the major fault traces and geomorphology near the town of Gasa along the central RRF, using
high-resolution SRTM 30-m DEM and AW3D 5-m DSM. We use stream offsets across the two main
(mid-valley and range-front) faults as a proxy of their lateral activities to demonstrate that the mid-valley
fault is the principle laterally active trace. Given documented offsets that range from 24 km to 60 m (lim-
ited by DEM/DSM resolution), it has been active for millions of years. In contrast, the range-front fault near
the Gasa area appears to have little lateral slip for millions of years, because many streams with offsets up
to tens of kilometers on the mid-valley fault are not deflected on the range-front fault. Paleoseismic map-
ping of a 56–64 m offset across the Nanbang Creek in Gasa valley, including a 3-D excavation of the fault
zone and 14C-dated stratigraphy, constrain the slip rate at this site to 1.1 ± 0.4 mm/year over the last
30,000–50,000 years. At least five earthquakes are found, with an earthquake recurrence interval of
6,000 ± 1,000 years; two are directly dated to ~24,500 and ~18,500 cal yr BP; an older earthquake occurs
immediately before 29,800 ± 2,000 years cal yr BP, and two (possibly three) earthquakes occur after
13,500 cal yr BP. Individual earthquakes are inferred to have ≥4.5 m of slip based on the size of relative
intact blocks of rubble generated by lateral-slip across the channel wall, consistent with the slip rate and
recurrence interval. The evidence for low slip rate and rare large events is consistent with the lack of large
historical earthquakes along the fault and the low geodetic slip rate, but is significantly lower than widely-
cited geological slip rates averaged over millions of years. This suggests a decrease in activity of the RRF
during the geological past.
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