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According to historical earthquake records, the Luhuo segment of the Xianshuihe
fault has produced two large earthquakes: the 1816 M7.5 earthquake and the 1973
M7.6 earthquake. The surface ruptures caused by these events remain well preserved.
This study focused on the rupture behavior of the Luhuo segment. Based on field
investigations, trench excavations and analysis of historical earthquakes, we identified
six seismic events that occurred within the past 3000 years, which are dated at
769 BC, 318-545 AD, 677-833 AD, 1008-1444 AD, 1816 AD and 1973 AD. The
recurrence intervals of these events, from oldest to youngest, are approximately 1200,
324, 471, 590 and 157 years. Thus, the recurrence behavior of the fault segment
appears inconsistent with time- or slip-predictable models, whereas, the revealed
seismic sequence appears consistent with clustering and abnormal accelerating stress
release behavior. The fault strike-slip rate during the period of anomalous stress release
is approximately 2-3 times faster than the average rate of 8.4 mm/a. Moreover, the
Luhuo segment has experienced ongoing high levels of seismic activity over the past
3000 years, and the entire Xianshuihe fault currently shows a high degree of seismic
activity. Therefore, we suggest there was a long period of earthquake quiescence prior
to 3000 years ago, which might have balanced the high activity and accelerating stress
release of current earthquakes.

Keywords: Luhuo segment of the Xianshuihe fault, paleoearthquake, abnormal accelerating stress release
behavior, clustering model, slip rate

INTRODUCTION

Knowledge of the rupture behavior of large seismic events is critical to understanding the
spatiotemporal variations of strain loading and release on active faults. The time-dependent
earthquake recurrence model is rooted in elastic rebound theory (Reid, 1910), which states that
tectonic strain accumulates gradually between earthquake events and is released suddenly during
earthquakes (Weldon et al., 2004). This theory also implies that the relationship between slip
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rate and recurrence intervals of characteristic earthquakes is
linear (or approximately linear) on active strike-slip faults
(Shimazaki and Nakata, 1980; Schwartz and Coppersmith, 1984;
Savage and Cockerham, 1987); in other words, the slip rates of
strike-slip faults are consistent on different time scales. However,
some studies have argued that fault behavior does not completely
follow theory and that slip rates on strike-slip faults exhibit
spatiotemporal variability over time (Donnellan et al., 1993; Bull
et al., 2006; Mouslopoulou et al., 2009). For example, some slip
patterns related to strike-slip faults, such as characteristic slip,
spatiotemporal slip variability and pulsed slip behavior, have been
detected during the past two decades (Mason et al., 2006; Gold
and Cowgill, 2011; Klinger et al., 2011; Zielke et al., 2014; Dolan
etal., 2016). Temporal variability of fault slip rate might be related
closely to the rupture behavior of large earthquakes on a fault
(Mason et al., 2006; Onderdonk et al., 2015; Dolan et al., 2016;
Gold et al., 2016).

The Xianshuihe fault is an important left-lateral strike-slip
fault on the eastern margin of the Tibetan Plateau. Along
the entire length of the fault, there have been seven major
earthquakes of >M7 during the past 300 years (Wen et al,
2008). Early study on the Xianshuihe fault focused on the
fault’s geometric features, fault segmentation and surface ruptures
related to the strong historical earthquakes (Wen et al., 1989;
Allen et al., 1991; Li et al,, 1997). However, few studies have
investigated paleoearthquakes and the recurrence behavior of
large earthquakes along the fault. Furthermore, most trenches for
early paleoearthquake study were excavated across fault scarps
or surface ruptures in denudation environments (Li et al., 1997;
Zhou et al,, 2001). Therefore, lacking of young sedimentary
deposits in such eroded environment meant that evidence of
seismic events was missing. Over the past 10 years, detailed
paleoseismic studies have been undertaken along the southern
segment of the Xianshuihe fault (Hu et al., 2015; Li et al., 2017;
Yan and Lin, 2017). However, research on the recurrence behavior
of large earthquakes of the Xianshuihe fault remains infirmly. In
this paper, we focus on the Luhuo segment (the northwestern
segment) of the Xianshuihe fault and study the rupture behavior
of large earthquakes.

LATE QUATERNARY TECTONIC
ACTIVITY OF THE XIANSHUIHE FAULT

The Xianshuihe fault zone is a left-lateral fault system along
the southeastern boundary of the Bayan Har Block, which has
played an important role in the evolution of the eastern margin
of the Tibetan Plateau (Papadimitriou et al., 2004; Yan and
Lin, 2015). Taking the Huiyuansi Basin as a cut-off boundary,
the northwestern and southeastern segments of the Xianshuihe
fault exhibit different structural characteristics (Figure 1; Wen
etal., 1989; Allen et al., 1991). The northwestern segment, which
comprises the Luhuo, Daofu, and Qianning sections arranged in
left-stepping echelon, consists of a single fault strand. Conversely,
the southeastern segment that has complex structure can be
divided into three subfaults: the Yalahe, Selaha, and Zheduotang
segments. The Yalahe segment is located in the east, the Selaha

segment is in the middle, and the Zheduotang segment is in the
west. South of Kangding County, the Xianshuihe fault becomes
a single structure again. To the south of Xinmin, in Shimian
County, the active trace of the fault becomes obscure. Ultimately,
the fault trace ends near Gongyihai, south of Shimian County.

Based on multiple measurements taken in past decades, the
Xianshuihe fault is regarded as a high-slip-rate fault. In particular,
geological surveys have indicated that the northwestern segment
has a high slip rate of 12-17 mm/a (Qian, 1989; Wen et al., 1989;
Zhang, 2013; Chen et al., 2016). Most estimates of the slip-rate
of Xianshuihe fault obtained from GPS observations or InSAR
data, are approximately 9-13 mm/a (Wang et al., 2009; Jiang
et al., 2015; Rui and Stamps, 2016). However, other studies have
suggested that the slip rate of the Xianshuihe fault is not so high,
and could be perhaps <7 mm/a (England and Molnar, 2005).
The Xianshuihe fault, which exhibits a high degree of seismic
activity, has produced seven earthquakes of >M?7.0 along its
entire length during the past 300 years (Wen et al., 1989, 2008; Bai
et al,, 2018). The surface ruptures of these historical earthquakes
remain preserved on some segments of the fault, e.g., the Luhuo,
Daofu, Selaha, and Yalahe faults. Two large events (>M?7.0) have
occurred on the Luhuo fault: the M7.5 earthquake of 1816 and
the M7.6 earthquake of 1973. The surface rupture of the 1973
event, which cut the pressure ridge produced by the preceding
earthquake, remains clearly visible. Geographically, the Luhuo
fault is the northwesternmost segment of the Xianshuihe fault,
and it is arranged in left-stepping echelon with the Ganzi-Yushu
and Daofu faults. Geomorphologically, the Luhuo fault has
reasonable linear geomorphology, and many deflected streams,
offset alluvial fans and sag ponds occur along its length.

PALEOEARTHQUAKE INVESTIGATIONS

Site Description

To better constrain the timing of paleoearthquakes and analyze
the rupture behavior of the Xianshuihe fault, we chose an
ideal study site for trench excavation near the village of Yousi,
in Luhuo County (Figure 1). The study site is located on a
platform of glacial deposits to the northwest of Yousi. Here,
many geomorphological markers of recent tectonic activity of the
Xianshuihe fault are well preserved, e.g., a 20-30-m high reverse
fault scarp, gully and platform edge left-laterally displaced by
183 £ 18 m, and sag ponds (Figure 2). The surface rupture of
the 1973 M7.6 earthquake is also preserved very well. The surface
rupture developed along the root of an older fault scarp, and it
cut a pressure ridge produced by the preceding earthquake. Two
sag ponds of different sizes are present at this site (Figure 3a).
In such a sedimentary environment, earthquake events could
be well recorded in the strata. Northwest of the sag ponds,
the surface rupture cut the newest alluvial fan. The upstream
part of the gully is split into several branches at distances of
approximately 4-5 m (Figure 3b), which were offset by the
latest fault activity. Here, the sediments transported from the
upstream part of the gully deposit, were rapidly deposited and
can be well preserved. Different pressure ridges produced by
different earthquake events remain preserved on the diluvial fan

Frontiers in Earth Science | www.frontiersin.org

July 2020 | Volume 8 | Article 274


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Liang et al.

The Xianshuihe Fault, Clustering Behavior

N30°

Indian Plate

400  800km

N2|9°
(=)

E192°

-
—

A A reverse fault

strike-slip fault

4—1 1. normal fault

surface rupture on
the Luhuo segment]

[ | field site

epicenter magnitude
[ ] 4.0-4.9

@) 5.0-5.9
6.0-6.9

FIGURE 1 | Grayscale map (modified from 90-m-resolution SRTM4 data) showing the topographic and tectonic setting of the Xianshuihe fault. The earthquake
catalog was provided by Sichuan Earthquake Agency, Chengdu, China. The fault line was modified from Li et al. (2017).

(Figure 3b). This observation suggests that these events were
likely to be well recorded in the diluvial units. In conclusion, the
site was considered ideal for research on the rupture behavior of
the Xianshuihe fault.

Trench Study at Site 1

Stratigraphic and Paleoearthquake Sequences in TC1
There are two sag ponds at site 1. Trench TC1 was excavated
across the larger sag pond and the surface rupture of the 1973
M?7.6 earthquake (Figure 3a). We identified six units that are
summarized as follows.

Y1: This unit is composed of a gray sand-gravel layer and
coarse sand layer, representing a diluvial deposit facies.

Y2:

Y3:

The upper part (Y1b) is a dark-brown coarse sand layer
full of organic material.

This unit can be divided into two subunits. Yla is
composed of dark-gray fine sand layers and sand gravel
layers with a certain rhythmic characteristic. Y2b is mainly
composed of fine sand with some organic interlayering.
The sedimentary characteristics of the unit represent
alternation between relatively low-energy and medium-
energy hydrodynamic environments.

This unit is a sedimentary deposit environment of sag
pond in the middle of the trench, which is composed
of gray-black loam and fine sand. In the western part of
the trench, this unit can be divided into two subunits.
Y3a is composed of brown fine sand interbedded with
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FIGURE 2 | Geological map and distribution of trenches (indicated by black solid rectangles) at the Yousi field site (the location of the black solid square in Figure 1).

The surface rupture
5,0f 1973 MT7.6EQ

The pressure nidges

4,040 3m7y,
- 42+04m 56+04m -

FIGURE 3 | The surface rupture of the 1973 M7.6 earthquake and the tectonic landforms at the trench sites: (a) site 1 and (b) site 2 (as shown in Figure 2). The
black dashed rectangles mark the locations of the trenches.
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FIGURE 4 | The exposed northwestern wall and geological section of TC1 showing stratigraphic units U1-U6. The purple triangles show the collecting positions of
the samples used for carbon dating. The purple dashed rectangle indicates the location of Figure 6a.

FIGURE 5 | The exposed part of the southeastern wall and geological section of TC1 showing stratigraphic units U1-U5. The purple triangles show the collecting
positions of the samples use for carbon dating. The purple dashed rectangle indicates the location of Figure 6b.

Y4:

Y5:

coarse sand lenses. This subunit is full of organic
material. Y3b is composed of gray loam. The sedimentary
characteristics of the unit represent a very low-energy
depositional environment.

This unit, which differs between the western and eastern
parts of the trench, can be divided into two subunits.
Y4a is composed of livid fine sand, suggesting a low-
energy water-rich environment. At the bottom of Y4a is
a continuous layer of subrounded gravel (diameter: 3-
5 cm). Y4b is composed of variegated sand-gravel. The
western part of Y4b, which overlaps Y4a, and pinchs
out westward, contains some well-rounded severely
weathered granitic pebbles. Y4b can be interpreted as a
scarp-derived colluvial deposit.

This unit also can be divided into two subunits based
on differences between western and eastern parts of the
trench. Y5a is composed of flavescens fine sand with

a certain degree of horizontal bedding. There are also
some well-rounded granitic pebbles in the eastern part of
the subunit. Y5b, which contains intermingled brownish-
yellow sand and small gravel, is interpreted as scarp-
derived colluvial deposit.

Y6: This unit contains brown sand soil that is rich in grass
roots and contains small gravel.

Five earthquake events were identified in the trench TCI.
Although contact relationships between unit Y1 and the faults
were not revealed directly in the trench, Y1b is obviously
deformed and rumpled and has unconformable contact with the
overlying unit Y2 (Figure 4). These observations suggest that
an event (Event I) occurred after deposition of Y1b. In Event
I1, Y2 was displaced by the faults. A sag pond formed after this
event, within which unit Y3 was deposited (Figures 5, 6). In
Event III, Y3 was displaced by the faults and a colluvial wedge
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FIGURE 6 | Photographs of parts of the walls of TC1: (a) part of the northwestern wall showing the relationship between fault F1 and deformation of the strata, and
(b) part of the southeastern wall showing the relationship between fault Fo and deformation of the strata. White dashed lines mark stratigraphic boundaries; red

arrows indicate fault traces.

(V1) developed. Further obvious evidence for this event is the
displacement and rumpling of units Y3a and Y3b revealed in
the western part of trench TC2 (Figures 4, 5, 6b). Some well-
rounded pebbles are present at the eastern edge of Y4b, which
might have rolled down from the fault scarp during the event.
In Event IV, Y4 was displaced by faults F; and F,. The thickness
of Y5a on the eastern side of F, is greater than that on the
western side (Figures 4, 5). The well-rounded pebbles at the
eastern edge of Y5b might have rolled down from the fault scarp
during Event IV. In Event V, the units were displaced by faults F;
and F, (Figures 4, 6a); this event can also be inferred from the
surface rupture.

Dating Constraints on Paleoearthquakes at Site 1

Here, we analyze the stratigraphic sequence and evidence for
paleoearthquakes exposed in trench TCI. After reconsidering
and removing some older and unreasonable dating results
(Figure 7 and Table 1), we identified the occurrence and timing
of five paleoevents. The evidence for Event I (E1) is rumpling-
folding of Y1b and its unconformable contact with the overlying
unit. Base on carbon-dating results for samples TC2C2 and
TC2C4, Event I is constrained to 16280 £ 50 to 16170 % 50
a BP and Event II (E2) is constrained to 12160 & 40 to
2540 £ 30 a BP. An obvious piece of evidence for this event
is that Y2 was faulted and a sag pond opened after the event.
Subsequently, Y3 was deposited and it is thickest nearest the
fault (Figures 4, 5). In addition, unit Y3 was deposited gradually
in a very low-energy water-rich environment. We obtained four
carbon samples TC2C13, YSB-C1, TC2C18 and TC2C20 from
unit Y3, which were dated at 1030 £ 30, 2540 =+ 30, 12480 =+ 40
and 12160 + 40 a BP, respectively. In contrast to the carbon-
dating results obtained from Y2, the results for samples TC2C18
and TC2C20 are much older than the depositional age of Y3. We

speculate that these two samples might have come from the upper
part of Y2 and that their ages might represent the depositional
age of that unit. Thus, the test results of samples TC2C13 and
YSB-C1 could reasonably represent the depositional age of Y3.
Furthermore, the dating of YSB-CI1 is closer to the depositional
age of the lower part of Y3. Therefore, the age of Event II is
likely to be closer to 2540 + 30 a BP. Obvious evidence for Event
III (E3) is that Y3 has been faulted and rumpled and a colluvial
wedge (V1) developed (Figure 5). Event E3 is constrained to
1030 =+ 30 to 440 =+ 30 a BP by the carbon dating of units Y3
and Y4 (especially the results for samples TC2C13 and TC2C21).
In Event E4, unit Y4 was displaced and it formed a colluvial
wedge (V2). Obviously, E4 occurred after deposition of Y4, which
is dated to about 440 4 30 a BP. The latest event (E5), which
could not be carbon dated but could be identified from the surface
rupture, was the 1973 M7.6 earthquake.

We built an age model for the stratigraphy in TC1 using
OxCal4.3.1 (Figure 8; Ramsey and Lee, 2013) and inferred the
occurrence of five events. The radiocarbon calibrated dating and
stratigraphic constraints for the events are 17862-17517 BC, 769
BC, 1008-1444 AD, 1451-1655 AD and 1973 AD.

Trench Study at Site 2

At site 2, we excavated two trenches (TC2 and TC3, Figure 3b)
that intersected the pressure ridge on the diluvial fan. The
trenches revealed a succession of excellent sedimentary strata that
comprised distinct sedimentary units that had a rapid rate of
deposition. We divided the sediments into five major units that
are summarized as follows (Figure 9).

Ul: Gray-brown fine sand and coarse sand. The lower part
(Ula) is mainly composed of coarse sand, in which there
are some interlayers or colluvial wedges composed of fine
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Measured Conventional
. . . 14C Radiocarbon | d13C | Radiocarbon
Events Stratigraphic Units
samples Age (0/00) Age
(aBP) (aBP)
E5 wmp
Y6 Brown sandy soil
Brown-yellow
Y5b sand and small
gravel
Flavescens fine
sand with a
Y5a . .
certain horizontal
beddin
E4 mep .
Variegated
Y4b YSB-C6 | 1940430 =253 1940£30
sand-gravel
Y4a Livid fine sand | TC2C21 440+£30 -26.7 410£30
E3 wmp
TC2C13 | 1030%30 -27.0 1000£30
s Gray-black loam YSB-C1 | 2540+£30 2244 2540130
andfinesand | Tco00 | 12160440 | -24.0 | 12180440
TC2C18 | 12450+40 | -234 12480+ 40
E2 wmp
Y2b Gray fine sand
layer
Dark-gray fine
sand layers and
sand-gravel
Y2a . TC2C4 | 1628050 | -23.6 16300+50
layers with a
certain rhythm
characteristic.
E] ==y
Gray sand-gravel
Y1 and coarse sand | TC2C2 | 1617050 | -23.7 16190+50

layer

FIGURE 7 | Stratigraphic sequence and radiocarbon dates of TC1. The samples labeled in purple text are considered markedly older than the depositional units in
which they occur. All samples were processed at Beta Analytic Inc., Miami, FL, United States.
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TABLE 1 | Radiocarbon ages from the Yousi trenching site.

Sample Lab.no Description 13C/2C Measured Conventional
(o/00) radiocarbon radiocarbon
age (a BP) age (a BP)
TC2C2 449346 Humic plant —23.7 16170 + 50 16190 + 50
TC2C4 449347 Humic plant —23.6 16280 + 50 16300 + 50
TC2C13 449345 Humic plant —27.0 1030 + 30 1000 + 30
TC2C18 436895 Charcoal —23.4 12450 + 40 12480 + 40
TC2C20 449348 Charcoal —-24.0 12160 + 40 12180 + 40
TC2C21 449349 Humic plant —26.7 440 + 30 410 + 30
YSB-C1 485425 Charcoal —24.4 2540 + 30 2550 + 30
YSB-C6 476016 Charcoal —-25.3 1940 + 30 1940 + 30
TC3C3 436892 Humic plant —26.1 1300 + 30 1280 + 30
TC3C5 436893 Humic plant —26.8 1750 + 30 1720 + 30
TC3C7 449352 Humic plant —26.0 11560 + 30 1130 + 30
TC3C30 436894 Humic plant —25.7 270 + 30 260 + 30
TC3C36 449351 Charcoal -27.9 1150 + 30 1100 + 30
TC4C2 436888 Humic plant —25.6 1720 + 30 1710 £ 30
TC4C4 436889 Humic plant —25.3 1230 + 30 1230 + 30
TC4C5 449350 Charcoal —25.1 1180 + 30 1180 + 30
TC4C8 461578 Humic plant —27.5 1940 + 30 1900 + 30
TC4C9 436890 Humic plan  —24.4 1750 + 30 1760 + 30
TC4C14 436891 Humic plant —27.3 1550 + 30 1510 £+ 30

sand and abundant organic material. On the top of this
subunit is a layer composed of gravel that is much more
angular, suggesting an alluvial and diluvial sedimentary
facies. The upper section (Ulb) of the unit is mainly
composed of fine sand, containing some brown sand belts
rich in organic material. This unit, on the western wall of
the fault zone in TC3, consists of alternating layers of fine
sand and coarse sand with different colors.

U2: Gray and reddish coarse sand, containing many fine sand
lumps and small gravel lenses. In TC2, there are some
thin layers rich in organic material in the top part of the
unit. The unit belongs to a diluvial depositional facies in a
water-rich environment.

U3: The unit is composed of gray reddish coarse sand and
fine sand with a certain sedimentary rhythm in TC3.
However, in TC2, the unit does not show obvious
formational bedding and it contains many gravel lens
and fine sand lumps that represents a high-energy water-
rich environment.

U4: A setting of yellow reddish sand-gravel mixed with
many fine sand lenses and clumps representing a
diluvial sedimentary facies. There is a certain sedimentary
rhythm evident on the eastern wall of the fault zone
revealed in TC2.

U5: Modern soil.

Based on the depositional characteristics and the relationships
between the strata and faults, we infer that four paleoearthquakes
have affected the site. Event I (P1) is clear in both trenches.
In TC2, unit Ul is faulted by fault F3, and it exhibits a
cumulative displacement of approximately 24 cm (Figure 10).
This displacement is larger than the 10-cm offset of U2b

produced by the subsequent earthquake (Event II) (Figure 11a).
In TC3, additional clear evidence shows that this event led to
subsidence of the surface and faulting of the strata. Especially on
the eastern wall of TC3, subunit Ulb, which can be regarded as a
marker for this event and contains some thin sand layers rich in
organic material, was obviously displaced and deformed and it is
unconformably overlain by sedimentary unit U2 (Figure 12). The
clearest evidence for Event II (P2), as revealed in TC2, is that layer
U2b, which has been crumpled and deformed, was displaced by
about 10 cm by fault F3 prior to deposition of an unconformable
sedimentary layer U3 (Figures 10, 11a). The occurrence of Event
IIT (P3) can be inferred from the postdepositional displacement
of unit U3 by faults F;, Fy, F3, and Fy4, as well as the uplift of
the same unit on the hangingwall of fault F;, as visible in TC2
(Figures 10, 11b). These displacements indicate the occurrence
of an event before deposition of unit U4. In TC3, further obvious
evidence for this event is that faults F; and F, have displaced unit
U3 and formed a colluvial wedge (W) (Figure 12). Subunit U4a is
another marker for identification of P3. This subunit is a yellow
and brown gravel layer with an unconformable relationship
to unit U3, overlying the wedge. Event IV (P4) is the most
recent event, i.e., the 1973 M7.6 earthquake, which produced the
surface rupture.

Based on the sequence of strata and the radiocarbon dating
results (Figure 9 and Table 1), we constructed a stratigraphy-
age model using OxCal4.3.1 and we concluded that four events
had occurred (Figure 13). The radiocarbon calibrated dating and
stratigraphic constraints for the events are 318-545 AD, 677-833
AD, 907-1622 AD and 1973 AD.

DISCUSSION

Earthquake Sequence of the Luhuo

Section

At site 1, we identified five earthquake events (E1-E5) that are
dated to 17862-17517 BC, 12030-769 BC, 1008-1444 AD, 1451-
1655 AD and 1973 AD (Figure 8). In addition, four events
(P1-P4) were identified at site 2. These events are dated to 318-
545 AD, 677-833 AD, 907-1662 AD, and 1973 AD (Figure 13).
It is clear that the latest event was the 1973 earthquake, based
on the surface rupture that it produced. The preceding event
was dated at 1451-1655 AD in TCl. From historical records of
large earthquakes, the earliest record of an M7.7 seismic event
was in 1327 AD, which occurred on the southern segment of
the Xianshuihe fault (Wen et al., 2008). Thus, details of the
occurrence of an earthquake of >7.0 on the Xianshuihe fault
in the past 500 years would be included in historical literature.
The date of the penultimate inferred event is close to the 1816
earthquake; therefore, we suggest that this event was the 1816
earthquake. Although there is a lack of effective geological
evidence in the succession revealed in trenches TC2 and TC3,
the occurrence of the 1816 earthquake can be inferred from the
historical record and geomorphological evidence. As mentioned
above, the surface rupture of the 1973 earthquake cut the pressure
ridge produced by the previous earthquake (Figure 3a), and
hence, it indicates the existence of the event. The dating of E3
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FIGURE 8 | Results of OxCal analysis of radiocarbon dates from site 1. The raw radiocarbon ages were calibrated using OxCal 4.3.1 (Ramsey and Lee, 2013).

in TC1 is 1008-1444 AD, which is consistent with the date of
907-1662 AD for event P3 in TC2 and TC3. Thus, we suggest
that E3 and P3 were the same event. Events P1 and P2, identified
in TC2 and TC3, are dated as younger than E2 in TC1, which
is dated at 12030-769 BC, but closer to 769 BC. That is to say,
we cannot find effective geological evidence in TC1 for the two
events revealed in TC2 and TC3. After Event II, a sag pond
formed in TCI and unit Y3 was deposited gradually in a very
low-energy environment, resulting in poor layering. This makes
it very difficult for us to distinguish seismic events in the unit.
Event E2, revealed in TC2, is inferred from the faulting of unit
Y2 and the formation of the sag pond. The pond constitutes
a low-energy sedimentary environment, in which sedimentary
unit Y3 formed slowly after E2. These sedimentary conditions
would have probably resulted in poor stratification of the deposit.
In addition, the geological records of seismic events would be
very unclear and identification of different earthquake events
would be difficult. Conversely, the well-stratified sedimentary
sequence exposed in TC2 and TC3 is representative of a high-
energy diluvial environment, which is conducive to identification
of paleoearthquakes.

Based on the evidence, we constructed a reasonably complete
earthquake sequence for the past 3000 years that includes six
events dated at 769 BC, 318-545 AD, 677-833 AD, 1008-1444
AD, 1816 AD and 1973 AD. The intervals between these events
are approximately 1200, 324, 471, 590, and 157 years.

Large Earthquake Recurrence Behavior
of the Luhuo Section

The recurrence intervals of the events provide evidence that the
rupture behavior of the Luhuo section of the Xianshuihe fault
deviates from the classic time- or slip-predictable models and
instead, represents clustering seismic behavior. Moreover, the
segment has experienced an ongoing seismically active period
over the past 3000 years. Even now, the entire Xianshuihe fault
shows a high degree of seismic activity. Temporal variation in the
occurrence of large earthquakes has fundamental implications
for understanding how active faults store and release strain
energy. Dolan et al. (2016) believed that the rates of stress
accumulation and release must be balanced within an earthquake
cycle, whilst undergoing two different stages: slower-than-average
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FIGURE 9 | Stratigraphic sequence and radiocarbon dating results of TC2 and TC3 at site 2. All samples were processed at Beta Analytic Inc., Miami, FL,
United States.

stress accumulation and faster-than-average stress release. On
the Luhuo segment, the earliest earthquake for which evidence
is revealed in our trenches is dated at 17862-17517 BC. The
second paleoearthquake, which is dated to approximately 769
BC, is identified based on the opening of the sag pond in TCI.
We cannot rule out the possibility of paleoearthquake omissions
during such a long recurrence interval, however, we suggest that

there was a long lull in earthquake activity during this period,
which might balance the high level of activity and abnormal
accelerating stress release of current earthquakes.

We obtained a reasonably complete earthquake sequence
for the past 3000 years. Moreover, Qian (1989) found fault
offsets with a similar distribution to those produced by the 1973
earthquake on the Luhuo segment and suggested that these offsets
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FIGURE 10 | The exposed northwestern wall and geological section of TC2 showing stratigraphic units U1-U5. The purple triangles mark the collecting position of
the samples used for carbon dating. The white dashed rectangles mark the locations of Figures 11a,b.

0.5m

FIGURE 11 | Local enlarged photographs of the northwestern wall of trench TC2: (a) marker unit U2b-1, which was displaced by F3 during Event Il, and (b) unit

U3b, which was displaced by F2.3 and covered by unit U4 during Event Il

were produced by earthquakes of similar magnitude. We also
found a gully was faulted with sizable offsets of approximately
4-5 m (Figure 3b) on the newest diluvial fan, which could
be regarded as coseismic offsets of the earthquake events.
Reid’s elastic rebound theory (Reid, 1910) has long been used
as the fundamental conceptual theory of earthquake behavior

(Matthews et al., 2002; Field et al., 2014). According to the theory,
stress is released suddenly during major earthquake ruptures and
it accumulates slowly between earthquakes. From the earthquake
recurrence intervals and the coseismic offsets, the slip rate in
different periods can be calculated. However, it was not possible
to obtain the coseismic offset of the earliest earthquake because of
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FIGURE 12 | The exposed northwestern wall and geological section of trench TC3 showing stratigraphic units U1-U5. The purple triangles mark the collecting
positions of the samples used for carbon dating.
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FIGURE 13 | Results of OxCal analysis of radiocarbon dates from site 2. The raw radiocarbon ages were calibrated by OxCal 4.3.1.
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FIGURE 14 | Slip rates of the Luhuo segment over the past 3000 years. Green lines show slip rates in different periods. Purple line shows the average slip rate over
past 3000 years.

the rupture characteristics of the Luhuo segment (as mentioned
above); therefore we instead used the average value of coseismic
offsets. There were two episodes of pulsed slip with rates of
approximately 17.3 and 25.5 mm/a over the past 3000 years
(Figure 14). The fault strike-slip rate during the pulsed slip
period is approximately 2-3 times faster than the average rate
at 8.4 mm/a. The characteristics of the earthquake recurrence
intervals on the Luhuo segment indicate that the cause of the
slip pulse is temporal earthquake clustering. Similar behavior has
been documented for other active faults. For example, based on
study of the response of the Sanxiton River to the activities of the
Awatere Fault in New Zealand, Mason et al. (2006) found that
the slip rate of the fault varied with time. Dolan et al. (2016) also
found evidence that the Garlock Fault, in CA (United States),
displayed pronounced variations in slip rate. Gold et al. (2016)
reported that there was a pulse of accelerated slip on the
Altyn Tagh fault, northwest China, in the past 16000 years.
Moreover, they suggested that the cause of slip pulses could be
either spatiotemporal clustering of earthquakes or a single great
earthquake. Therefore, we suggest that the Luhuo segment of the
Xianshuihe fault exhibits temporal variations in slip rate because
of the seismic clustering behavior of large earthquakes.

In addition, the Luhuo segment displays complexity of
earthquake occurrence over time. Two large historical
earthquakes have occurred on the Luhuo segment of the
Xianshuihe fault, i.e., the 1973 M7.6 earthquake and the 1816
M?7.5 earthquake. The occurrence interval between these two
events is only 157 years. However, it remains unknown why
sufficient stress might remain after the occurrence of a major
earthquake to allow another similarly sized event to occur shortly
thereafter (Tormann et al., 2015). We can propose two possible
explanations for the abnormal accelerated stress release between
the 1816 and 1923 earthquakes. The first possibility, assuming
the strain energy was released completely after the two historical
earthquakes, is that the rupture behavior would show pulsed
slip caused by earthquake clustering. The second possibility is
that the energy was not released completely, suggesting that the
Luhuo segment could produce an earthquake greater than the
two historical events if all the energy of the segment were released
in a single event. In our study, we only obtain the recurrence
behavior of the Luhuo segment in past 3000 years and suggest
there was a long lull in earthquake activity prior to this period,
which might balance the high level of activity and abnormal
accelerating stress release of current earthquakes. But we have
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not obtained a longer record of the paleoearthqaukes and could
not discovered a complete super-cycle of large earthquakes.
We still need to do more work to reveal more detail of large
earthquake recurrence behavior on the Luhuo segment of the
Xianshuihe fault.

CONCLUSION

Through field investigations, trench excavations and analysis of
historical earthquakes of the Luhuo segment of the Xianshuihe
fault, we identified six seismic events in the past 3000 years,
which were dated to 769 BC, 318-545 AD, 677-833 AD, 1008-
1444 AD, 1816 AD and 1973 AD. The intervals between these
events are approximately 1200, 324, 471, 590, and 157 years. The
recurrence behavior of large earthquakes on the fault deviates
from the classic time- or slip-predictable models, representing
clustering behavior. Two episodes of pulsed slip, in which the
release rate was approximately 2-3 times faster than the average
rate at 8.4 mm/a, occurred in the past 3000 years. Based on the
large earthquake sequence characteristics, we suggest that the slip
pulses were caused by temporal seismic clustering. Moreover, the
Luhuo segment has experienced ongoing high seismic activity
in the past 3000 years, and the entire Xianshuihe fault currently
exhibits a high degree of seismic activity. Thus, we suggest there
was a long lull in paleoearthquake activity before this period,
which might balance the high level of activity and abnormal
accelerating stress release of current earthquakes.
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