Journal of Earth Science, Vol. 33, No. 5, p. 1233-1245, October 2022

Printed in China
https://doi.org/10.1007/s12583-022-1687-0

ISSN 1674-487X

Paleo-Earthquakes along the Zheduotang Fault, Xianshuihe
Fault System, Eastern Tibet: Implications for Seismic Hazard
Evaluation

Guifan Chen*" 2, Mervin Bartholomew’, Demin Liu', Kai Cao', Minxuan Feng*, Dun Wang'

1. School of Earth Sciences, China University of Geosciences, Wuhan 430074, China
2. Three Gorges Geotechnical Consultants Co., Ltd., Wuhan 430074, China
3. Department of Earth Sciences, University of Memphis, TN 38152, USA
4. Xi’ an Center of Geological Survey, China Geological Survey, Xi’ an 710054, China
Guifan Chen: https://orcid.org/0000-0002-1313-7685

ABSTRACT: The Kangding City in eastern Tibet is at high risk due to frequent strong earthquakes
along the Xianshuihe sinistral strike-slip fault bounding the Chuandian Block to the northeast. The
knowledge of paleo-seismicity recurrence along this fault system is key to the evaluation of earthquake
hazards in this region; thus, more accurate paleoseismic information are required. We examined the
paleo-seismicity along the Zheduotang fault in the central segment of the Xianshuihe fault system by
applying the field investigation, trenching, and Quaternary dating methods (e.g., OSL and “C). Field
observations found ~8.5 m offset of stream by sinistral slip along the Zheduotang fault. We trenched
the central fault zone of the Zheduotang fault and found that the colluvial wedges and five buried, dis-
continuous, A-soil horizons progressively have been offset in the shallow graben on the SW-side of the
main fault indicative of the paleo-earthquakes. The dating results of OSL and "“C, in line with existing
data, enable us to establish the paleo-seismic history of the Zheduotang fault. It shows at least eight sur-
face ruptures in the last 7500 years identified from displaced buried soils, colluvial wedges and terrac-
es. Our study reveals ~100 years minimum paleo-earthquake recurrence, suggesting potential large
earthquakes in the Kangding area in the future.
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0 INTRODUCTION

The ongoing collision between the India and Eurasia
plates is one of the most significant tectonic events since the
Phanerozoic, resulting in uplift of the Tibetan Plateau and
thickening of the underlying crust (e.g., Wang S Y et al., 2021;
Wang S F et al., 2008; Yin, 2006; Tapponnier and Molnar,
1997; Wang and Burchfiel, 2000). Normal to the collisional
zone, large-scale horizontal movement across the Tibetan Pla-
teau account for markedly asymmetric growth of topography
towards the east, and for large amounts of both localized sinis-
tral shear and coeval, distributed crustal thickening (e.g., Tap-
ponnier et al., 2001, 1982), contrasting with the lower crustal
flow that predicts limited crustal shortening in eastern Tibet (e.
g., Clark and Royden, 2000; Royden et al., 1997). Inherent in
developing new ideas about evolution of the Tibetan Plateau, is
establishing relationships among tectonic features (e.g., active

*Corresponding author: chengfonline@163.com
© China University of Geosciences (Wuhan) and Springer-Verlag
GmbH Germany, Part of Springer Nature 2022

Manuscript received May 14, 2022.
Manuscript accepted May 26, 2022.

faults, strong earthquakes, plutonism and metamorphism) and
geomorphic features (uplift and erosion). As an important part
of northeastern boundary of the Tibetan Plateau, the Xianshui-
he fault system characterized by left-lateral oblique strike-slip
faults has experienced frequent large earthquakes, such as 1973
M1.6, 1967 M7.0, 1955 M7.5, 1816 M7'/,, and 1786 M7/, (Fig.
1). Thus, many geologists have systematically studied its activi-
ty and seismicity to help explore the motion mechanism of the
Tibetan Plateau and to evaluate past and future seismic hazards.

From the vicinity of Qianning to Moxi, the Xianshuihe
fault system curves southward, with a gradual change in the
strikes from ~140° to ~160°, forming a relay transition transi-
tion from the Yalahe, through the Selahe and Zheduotang
faults, to the Moxi fault, while a newly discovered fault-
Mugecuo South fault lies between the Selaha fault (SLH F.)
and Zheduotang fault (ZDT F.) (Figs. 1b, 2a) (Bai et al., 2021),
which makes the tectonic activity and geomorphological fea-
tures in this area more complex. The 1955 M7.5 Zheduotang
earthquake, occurred along the Zheduotang fault (ZDT F.) near
Kangding City, is the most recent earthquake larger than M7
that attracts the attention of many geologists. Previous geologi-
cal studies mainly focused on three aspects of the Zheduotang
fault: (1) geometric characteristics, e.g., fault length and strike
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(Ma, 2020; Liang, 2019; Chen, 2006); (2) kinematic character-
istics, e.g., slip and uplift (Bai et al., 2021, 2018; Yan et al.,
2019; Zhang et al., 2009; Tapponnier et al., 2001); and (3) pale-
oseismic events and recurrence periods (Cheng et al., 2011; Pa-
padimitriou et al., 2004).

However, due to the remoteness and inaccessibility of the
study area, recurrence periods are not well determined yet to
evaluate the potential earthquakes in the near future, e.g., only
a few large events were identified via a limited number of
trenches (Ma et al., 2020; Zhou et al., 2001; Li et al., 1997).
Thus, more detailed earthquake events and recurrence periods
of the Zheduotang fault need to be identified, as well as the po-
tential seismic hazard in the city of Kangding which is inhab-
itazed by a moderate population of ~126 000 and where part of
the planned route of the Sichuan-Tibet Railway passes through
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(Bai et al., 2021).

Here we provide new geomorphological, sedimentologi-
cal, and structural characteristics of the Zheduotang fault
where co-seismic surface rupture occurred during the 14 April
1955 M7.5 Zheduotang earthquake. Terraces and offsets of Ho-
locene alluvial fans indicate that frequent, episodic strike-slip
displacement accompanied uplift associated with surface frac-
tures and landslides in the epicentral area of the 14 April 1955
M7.5 Zheduotang earthquake. Optically Stimulated Lumines-
cence (OSL) and calibrated "“C (calBCE/CE) dates from our
trench (CUG-2013-1), combined with results from an earlier
trench (Zhou et al., 2001) across the Zheduotang fault, and
from fluvial deposits and terraces provides a paleoseismic his-
tory dating back to the Late Pleistocene in this area.
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Figure 1. (a) Tectonic map showing principal faults of Tibet and adjacent regions; (b) comprehensive map of Xianshuihe fault zone with earthquakes of magni-
tude =M4.0 (from China Earthquake Catalogue) (Cao et al., 2019). Focal mechanism solutions are from the Global CMT catalogue (https://www.globalcmt.org/).
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1 GEOLOGICAL SETTING

The 350 km-long, NW-trending Xianshuihe strike-slip
fault zone bounds the Chuandian Block to the northeast. The
fault system consists of seven segments which are Luhuo, Dao-
fu, Qianning, Yalahe, Selaha, Zheduotang, and Moxi faults
from north to south (Chen et al., 2016; An, 2010; Allen et al.,
1991). The formation and evolution of this fault system is
closely related to the expansion process of the Tibetan Plateau
(Zhang et al., 2017). Rupture activity history and sliding rates
are both somewhat controversial (Bai et al., 2021; Tang et al.,
2021). Recent studies suggested that the fault zone has experi-
enced three main stages of tectonic evolution since the Cenozo-
ic (Tang et al., 2021; Li et al., 2015; Li and Zhang, 2013;
Zhang et al., 2015): (1) ca. 32—-25 Ma, the onset stage of left
lateral slip; (2) ca. 20—13 Ma, the peak deformation period of a
strong left lateral ductile shear and large-scale magmatism, e.
g., Zheduoshan Batholith; (3) ca. 10 Ma—present, brittle left-
lateral strike-slip accommodating block rotation and enhanced
seismic activity. Chen et al. (2020) considered the initial activa-
tion of the Xianshuihe fault zone to be no later than 47 Ma and
that large-scale leftward slip occurred from 5 Ma onward.
Blocked by the Bayan Har Block, Longmenshan Block and Si-
chuan Basin, the slip rate along the Xianshuihe fault system
thus increases to the SE from 6—8 mm/yr along the Ganzi fault,
to 8—11 mm/yr along the NW Xianshuihe fault, to 8—12 mm/yr
along the SE Xianshuihe fault, to 9.6—13.4 mm/yr along the
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Moxi fault (Fig. 2a)(Bai et al., 2021, 2018).

The Zheduotang fault is more than 30 km long with an
overall trend of ~325° (Fig. 2b) (Chen, 2006). Zheduo Moun-
tain Pass marks a change from a NE-dip to a SW-dip to the
northeast. Recent study by Ma (2020) suggested that the main
fault of the ZDT F. is a strike-slip reverse fault that continues
to the northwest for about 16 km from the Kangding Airport,
while Liang (2019) found that the ZDT F. continues to the SE
to the Yajiageng pass through field mapping and high-
resolution remote sensing images. Furthermore, the ZDT F.
composed of a series of small right-stepping, en-echelon seg-
ments (Zhang and Xie, 2001) developed across moraine sedi-
ments on the gentle southwestern slope of Zheduo Mountain,
offsetting a series of gullies with a SW-dip fault scarp in the op-
posite direction to the slope (Fig. 2b). In the southeast part,
however, it cut a succession of ridges and produced landforms
such as side-slope ridges, fault valleys and sag ponds (e.g.,Yan
etal., 2019, 2018; Yin et al, 2010).

Although the slip rate of ZDT F. is relatively slow com-
pared to the Selaha fault and Moxi fault both in Late Quaterna-
ry timescale and geodetic timescale (Bai et al., 2021), seismic
activity of ZDT F. appears to be no weaker than the other two
faults. Geomorphic characteristics are complex because the in-
cised Zheduo River cuts deeply across the landscape preserv-
ing remnants of the graben, offset channels, terraces, and fault
scarps.
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Figure 2. (a) Structural activity of the Xianshuihe fault system in the Kangding area; (b) remote sensing map of the Zheduotang fault from Google Earth. Slip
rates in dark blue is from Bai et al. (2021). XSH F. Xianshuihe fault; YLH F. Yalahe fault; SLH F. Selaha fault; ZDT F. Zheduotang fault; MGC F. Mugecuo

South fault; YJG. Yajiageng.
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2 SAMPLING AND METHODS

We used field investigation, Google Earth satellite images
and topographic data to map the faults, terraces, alluvial fans to
choose an appropriate trenching site. Then we dug our trench
(Trench CUG2013-1) across the ZDT F. where a small graben
lied in front of a Holocene alluvial fan.

We used the method of "C dating to determine the age of
Late Quaternary soils where plant fossils or other reliable car-
bon materials are absent (Wang et al., 1996), despite the fact
that the mean residence time (Jenkinson and Rayner, 1977) can
be influenced by unknown proportions of old or young organic
carbon compounds in the soil organic carbon pool (Martin and
Johnson, 1995). A total of 17 "C samples were collected in the
trench profiles and terraces. AMS "“C dating was done in the
School of Archaeology and Museology in Peking University.
The half-life of “C is 5 568 yr and BP represent time before
1950. Most of the "“C samples from trench CUG2013-1 are pa-
leosoil with an exception of a piece of charcoal. While all the
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"“C ages turn out to be buried ages, the charcoal may provide
direct proof of a forest fire relating with extreme drought. For
terraces, samples were collected just below the A soil-horizon
and show inferred ages of when that terrace formed. However,
because of influences from certain degrees of anthropogenic
modifications, the "“C dating results should be used cautiously.
Only six of the thirteen "'C ages were used in our terrace analysis
and are listed in Table 1. The other 7 samples were excluded
from our analysis because of contamination by modern soil.

To compensate for the missing ages, we collected some
more Optically Stimulated Luminescence (OSL) samples for
dating, while OSL is a method for measuring doses from ioniz-
ing radiation and helps in defining the age of fluvial deposits (e.
g., Murray and Olley, 2002). We collected an OSL sample from
Trench CUG2013-1 (Table 2 KD2013-1). It is from the bottom
of the stream sediments with bedded gravels, which are likely
late Pleistocene alluvial fan deposits. In contrast, an OSL sam-
ple from terrace deposits from the bottom of the Old Trench

Table 1 '“C age for Trench CUG2013-1, Old Trench 2000, and terraces

Sample Description Locality C date 20syrs.”  'C Calibrated calendar age 20°
from Fig. 4 yrs. BP* (BCE/CE)®

KD201310-14C-3 Trench A1 soil-horizon paleosol 13 100 20 1800-1930calCE 69.1%
KD201310-14C-4 Trench A2 soil-horizon paleosol 13 3095 25 1424-1288calBCE 95.4%
KD201310-14C-5 Trench A4 soil-horizon paleosol 13 3860 20 2459-2281calBCE 90.1%
KD201310-14C-6 Trench AS soil-horizon paleosol 13 6 565 30 5561-5477calBCE 91.3%
KD201310-14C-7 Terrace 4 paleosol 3 2945 25 1260-1050calBCE
KD201310-14C-9 Alluvial fan 8 350 30 1462-1635calCE
KD201310-14C-10 Terrace 2 paleosol 9 2030 25 111calBCE-30calCE 93.1%
KD201310-14C-11 Terrace 1 paleosol 10 100 20 1800-1930calCE
KD201310-14C-12 Alluvial fan 7 505 20 1405-1430calCE 95.4%
KD201310-14C-17 Terrace 1 paleosol 6 110 30 1802-1938calCE 65.5%
0T2000-14C-1° OT2000 A1 soil-horizon paleosol 14 1215 70 669-908calCE 85.2%
0T2000-14C-2¢ OT2000 A2 soil-horizon paleosol 14 2 695 150 1220-415calBCE 95.4%
0T2000-14C-3¢ OT2000 A3? soil-horizon paleosol 14 1 600 80 316-615calCE 90.6%
0T2000-14C-4* soil-horizon, Graben fillings 2700 150 1226-416calBCE 95.4%
OT2006-14C-5° soil-horizon, Graben fillings 4 2338 28 486-366¢calBCE 95.4%
0T2019-14C-1" FDZR in roadcut (detrital carbon) 5 8 540 40

a. Radiocarbon ages from AMS (Accelerator Mass Spectrometry) are referenced to the year 1950 CE. Analytical uncertainties are reported at 2o.
b. Dendrochronologically calibrated calendar age by Bayesian plot method from OxCal v4.3.2 Ramsey (2017) and IntCal 13 atmospheric curve (Reimer et
al., 2013). c. Ages are from Trench dug in (or before) 2000 reported by Zhou et al., 2001.

d. Age is from soil sample reported by Zhou et al., 2001. e. Age is from Chen, 2006. f. Age is from Yan et al., 2019.
g. CE is an abbreviation for Common Era and BCE is short for Before Common Era. CE and BCE are used in exactly the same way as the traditional abbre-

viations AD and BC.
Table 2 OSL ages for Trench CUG2013-1, old Trench 2000, and terraces

Sample Description Depth Locality OSL age 20 OSL AGE (BCE/CE)

(m) from Fig. 4 (ka) (ka) with 2¢ from Fig. 3
KD2013-1 Fluvial sediment in south end of Trench CUG2013-1 1.30 12 18.25 1.5 18250 BCE+/-1500 yrs
KD2016-3 T5 (main terrace) Ancient river 0.10 1 8.1 1.7 6084 BCE+/-1700 yrs
KD2016-9 T5 near Loc. 2 0.60 2 8.0 0.9 5984 BCE+/-900 yrs
KD2016-12 Bank of Zheduo River 0.50 0.8 0.1 1216 CE+/-100 yrs
KD2016-15 Prominent knob along fault 0.50 10.3 12 8284 BCE+/-1200 yrs
KD2016-16 ~ New age (2016) from old trench (2000) below A-2 0.60 11 8.2 0.7 6084 BCE+/-700 yrs
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2000 (Zhou et al., 2001) are of mid-Holocene age (Table 2,
KD2016-16). Three OSL samples were collected from terraces
north of the trench (KD2016-3, 9, 12) while the last one was
collected on the hill near the ZDT F. to the south of the trench
(KD2016-15). The OSL samples were tested in the Photolumi-
nescence Dating Laboratory, China University of Geosciences
(Wuhan) in 2016. The instrument used for the test was the Dan-
ish RisoTL/OSL-DA-20, with a feldspar signal excitation
source of 830 nm IR light and a quartz signal excitation using
blue light (470 + 20 nm) at 130 °C for 40 s. The irradiation
source was 90-Sr/90-Y beta (at a given dose). We used single
aliquto regenerative protocols (SAR) for determination of
equivalent dose (De) and used the common growth curve
(CGC) method to determinate the De (Lai and Ou, 2013).
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3 RESULTS AND INTERPRETATION
3.1 Geomorphic Features along the Zheduotang Fault
Human reconstructive activities, infrequent structural off-
sets of the Zheduo River channel across the Zheduotang fault
zone, and larger-scale climatic and/or regional tilting, uplift/
incision rates may all affect how the fluvial terraces of the
Zheduo River are mapped and dated. Approximately five ter-
races were recognized by field investigation and remote high-
resolution topographic data in the confluence of Zheduo River
and Maojia River (Figs. 3 and 4). Upstream from the fault
zone, the younger, paired T1, T2, and T3 terraces parallel the
river and exhibit larger area sizes with each riser possessing a
height of 1-2 m in average and are partially bordered by larger
granitoid boulders used to level the fields. Smaller, irregularity
scattered, granitic boulders and cobbles which appear to be de-
posits from Cenozoic debris flows from the hillslopes down on-
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Figure 3. (a) Zheduotang fault and Zheduo River in the Zheduotang area; (b) photo of the Zheduotang fault face to NW of the Zheduotang village; (c) photo of

the Zheduotang fault and terraces face to the SW. AF. alluvial fan; DF. debris flow.
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to the terraces (Figs. 3c and 4). Downstream from the fault
zone, T1-T4 terraces are more perpendicular to the Zheduo
River, suggesting the southeast-flowing Maojia River tributary
and tributaries from the mountainous northern flank of the
Zheduo River played a significant part in shaping the land-
scape near the merger of these rivers. Two ages of T1 pin down
its development at ~1800—1938 CE (Fig. 4, Loc. 6 and 10; Ta-
ble 1) before the 1955 CE Zheduotang earthquake. The uplift-
ing of terraces are coordinated with the compressive effect be-
tween the en-chelon segments of right stepping, left-lateral
Zheduotang fault zone (Figs. 3 and 4).

Along the Zheduotang fault on the hills in the southern
side of the valley, a series of alluvial fans formed during the
Late Pleistocene to Holocene, along the Zheduo River (Fig.
3c). Approximately 0.37 km SE of the river along the fault, a
narrow, NE-trending stream valley is sharply deflected 8.5 m
left-laterally before it sharply returns to its NE-trending flow at
the apex of a well-developed Holocene—Late Pleistocene alluvi-
al fan. The OSL age around the knob of the alluvial fan and the
fault is 10.3 + 1.0 ka (Table 2) and such offset leads to a very
low slip rate along the Zheduotang fault since the Late Pleisto-
cene. Periodic large earthquakes along the Xianshuihe fault
zone are consistent with a long history of displacement along
it, but different researchers have estimated a wide range in
displacement-rates along different part of the zone. Zhou et al.
(2001) used a "C age and the displacement of the first terrace
to calculate the strike-slip rate of Zheduotang fault as 3.5+0.3
mm/a since the Holocene. Chen (2006) used two “C ages from
two terraces near Zheduo River to calculate the strike-slip rate
of the Zheduo fault to be as 8.5 + 2 mm/a. Yan et al. (2019)
measured 36 meters of left-lateral offset of a late Quaternary
terrace riser which they interpreted as the total slip on the
Zheduotang fault and estimated the slip rate to be 3.4 = 0.4
mm/yr. Bai et al. (2021) obtained 65 = 10 m offsets of the ZDT
moraines and ""Be ages ranging from 12.7 + 1.0 to 30.0 + 2.4

ka, yield a left-lateral slip-rate of 4.1£0.7 mm/yr.

3.2 Trench CUG2013-1 and the 2000 Trench (Zhou et al.,
2001)

The Zheduotang fault zone occurs in a highly vegetative
area, hence morphology of fluvial and alluvial deposits that are
cut by the fault zone are difficult to decipher. Trenching is a
practical option to resolve some subsurface deformation along
active faults. We chose to trench across the trace of the main
fault zone with a small graben between the alluvial fan and ter-
races to maximize the likelihood of obtaining datable material
indicative of surface ruptures during earthquakes. Trenching
proximal to the Zheduo River’s floodplain, necessarily limits
the depth of the paleoseismic record of buried A horizons, col-
luvial wedges, and progressive offsets to the Holocene. These
two separate shallow trenches (Figs. 5c, 5d, and 5g) had a total
length of 25 meters and an ~1.4 m gap separates them to avoid
damage to a through-going buried plastic pipe.

Zhou et al. (2001) dug a small trench (labeled as Zhou et
al., 2001, Trench, 2000, in Fig. 4, Loc. 11) across a terrace and
the flank of a small graben along the Zheduotang fault. They
recognized several apparent normal faults that cut the A-soil
horizon consistent with surface rupture during the 1955 earth-
quake (Figs. 5a, 5b). We examined several meters of the ex-
posed upper end of that old trench 2000, redrew that trench pro-
file, and distinguished Ala, A1b? and A2? horizons based on
the weathering characteristics they described. Also, some col-
lapse and fill fissures were marked alongside faults which are
consistent with older surface ruptures. The big, rounded granite
boulder lying between the NE-dipping and the SW-dipping
faults, is typical of the FDZR (Fig. 4). An OSL sample collect-
ed from the bottom of the Trench 2000 (Fig. 5, Loc. 11) in
2016 (6084 BCE+/-800 yrs) demonstrates that it correlates
with T5 (Fig. 4, Loc. 1; 6084 BCE +/-1700 yrs).
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Figure 4. Map of Quaternary features in the area where the Zheduo River crosses the Zheduotang fault zone (red lines) showing fault-bounded graben, Holo-
cene terraces (T1, T2, T3, T4, T5), locality numbers with OSL and calBCE/CE '*C ages at those localities, trench locations (white bars), ODF. older debris

flow; YDF. younger debris flow; HAF. Holocene alluvial fan; ML. modified land; B. building; FDZR. stripped areas-escarpments. DEM contour lines from

Google Earth and Chen, 2006.
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3.2.1 Stratigraphic section from trench CUG2013-1

Multiple buried A soil-horizons in trench CUG2013-1, in-
dicate progressive burial in the graben after earthquakes. In
trench CUG2013-1, we identified the A/O horizon, the B hori-
zon and several buried A horizons in the graben-sediments.
The thicknesses of A soil-horizons are slightly different with
Al: 20 cm, A2: 20 cm, A3: 15 cm, A4: 20 cm, and A5: 15 cm
(Figs. 5c, 5d, and 5g). The small graben contains discontinuous
lenses of A horizons with cobbles, surrounded with clay, sug-
gesting small colluvial wedges slid down into small sag ponds
along the main fault (Fig. 4). Today, many cobbles and boul-
ders are distributed on the ground surface alongside the curved
river and graben-slope consistent with surface shaking during
the 1955 earthquake. Soil samples from Al, A2, A4 and A5,
that have "“C ages (Fig. 5, Loc. 15—18) consistent with burial
ages when cobbles slide down small escarpments during an-
cient earthquakes along the Zheduotang fault. Each event may
indicate a surface rupture (Lindvall et al., 2002; McGill and
Rockwell, 1998) correlative with landslides or debris flows,
and/or river offsets as well. The record of these events, e.g., nu-
merous cobbles or pebbles disperse in the mud in A2 or A3 are
widely distributed in the trenches and are associated with small
displacements on the faults (Fig. 5).

3.2.2 Analysis of trench CUG2013-1 and the 2000 trench
(Zhou et al., 2001)

What is obvious from the trench logs (Fig. 5) is that differ-
ent types of faults (e.g., oblique-reverse F3 and F13, oblique-
normal F4 and F6, thrust F11 and F15) indicate a typical Rie-
del fracture array consistent with a transpressional fault zone
near the Zheduo River. Bedding in the NE part of the north
trench (Figs. Sc, 5d and 5e) shows that fluvial deposits of the
Zheduo River (FDZR) were displaced by apparent normal and
reverse faults on both the SE and NW walls. Three parallel S-
dipping high-angle normal faults are on the northern trench-
wall. The strata contain cobbles supported with a sandy loam
matrix. Most cobbles are granitic with sizes ranging from ~3 to
~20 cm. All these cobbles are consistent with a source from the
FDZR where apparent normal faults are most likely caused by
uplift of the terraces as well. Considering the lithologic con-
trasts between bedded FDZR deposits in trench CUG2013-1
and multiple colluvial wedges and sag-pond deposits, the fault
F3 on the north flank of the graben is interpreted as the major
strike-slip fault separating graben sediments from FDZR depos-
its (Figs. 5c, 5d). The old trench was dug across T5 (Fig. 4,
Loc. 14), downward across the main fault into graben fill. The
very large, rounded, granitic boulder (at 3—4.2 m horizontal dis-
tance) is clearly part of the FDZR as are the enveloping and
overlying units. Although Zhou et al. (2001) did not identify
the main fault (probably because of a lack of contrast in sedi-
ments of units 3 and 4) in the old trench, the main fault likely
broke the surface during the 1955 earthquake at 5.2 m (F3, Fig.
5a), adjacent to the small boulder there.

Some overall features that are apparent when looking at
the trench logs are

(1) Only a thin veneer of soil occurs at the NE end of
CUG2013-1.

(2) FDZR spacing the terraces near the trenches indicates

ongoing relative uplift and erosion relative to subsidence, depo-
sition, and soil formation in the shallow graben.

(3) The age of sediment in the SW end (Fig. 6, Loc. 2) of
CUG2013-1 also indicates considerable ongoing uplift relative
to the graben, with thrust faults (Fig. 5) being a clear indicator
of transpression.

Besides, it is notable that most of Trench 2000 lies about
two meters below the level of CUG2013-1 making it difficult
to correlate comparable soils/units, which is thought to be
caused by differences in depositional environments.

3.3 Age Estimation of a Soil-Horizons

All but one of the dated "“C samples and the estimated ag-
es of the base of some buried A soil-horizons do lie near the
median lines of the Bayesian ordered precision envelopes that
readily show the youngest two breaks in the depositional/soil-
formation records (~2 400 BCE to ~900 CE; and ~1 200 CE-
present day; Fig. 6) between dated material. Thus, they are use-
ful in interpreting some geological history.

We used "C ages and approximate thicknesses of A soil-
horizons near those sample locations to estimate the age of the
base of each A soil-horizon, assuming a constant rate of soil
formation during the Holocene (Fig. 5, Loc. 16-21). Thus, the
Bayesian ordering of dated samples (Fig. 6) from: (1) buried A
soil-horizons; (2) small colluvial wedges; (3) approximated ag-
es of the base of A soil-horizons; and (4) terraces coupled with
incremental displacements of soil horizons, constrain the tim-
ing of surface ruptures some earthquakes experienced that dis-
rupted the soil-formation system.

The significance of a sequence of buried A soil-horizons
in the graben, lies in the understanding that

(1) The base of each represents the timing of sufficient
vertical displacement that a large earthquake triggered to re-
shape the slope and fault-bounded walls of the graben.

(2) Thus, producing the Al and A2 horizons (Fig. 5) that
thin and pinch out over uplifted, eroded FDZR on the N-end of
the graben where many small faults terminate upward against
the base of these two soil horizons.

(3) On both sides of the N-end of Trench 2013-1, only Al
overlies a thin Bl suggesting ~1 m of erosion has occurred
over the FDZR knob after B1 had formed.

(4) On the S-end of the graben, an irregular mantle of the
Al and A2 soil-horizons capped the extensive, thick B1 hori-
zon suggesting a long period of relative stability along most of
the slope.

(5) But A2 upwardly terminated the very large displace-
ment fault that cuts off B1 and older soils and sediments adja-
cent to the large alluvial fan deposits coming down the S-side
of the large escarpment.

(6) In the central part of the graben, A3, A4, and A5 each
developed contemporaneously with small colluvial wedges
(like those in Fig. 5) adjacent to small faults.

3.4 Paleoearthquakes and Historical Earthquakes

The trench data (Fig. 5) with the Bayesian plot of OSL
and calibrated "“C ages in the 2¢-precision-envelope (Figs. 6a
and 6b), gives our best approximation of the timing of surface
ruptures occurred relative to the median line.
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Figure 6. (a) Composite stratigraphic soil column showing approximate ages of the base of each soil that terminated faults or younger soils indicative surface

rupture during earthquakes; (b) Bayesian plot of OSL and calBCE/calCE "*C ages with 20 precision envelopes with median lines illustrating significant breaks

(hiatus) in the depositional/soil-formation record. The estimation of when some earthquakes occurred is based the presence of colluvial wedge material and/or

change in soil-thickness change across fault-bounded blocks.

3.4.1 EQI1: M7.5 14 April 1955 Zheduotang earthquake

We have labeled as EQI1 those offsets that occurred in
1955 (as noted by Zhou et al., 2001) and typically offset or
fold the A1 soil-horizon (dated at 1800—1930 calCE) (Fig. 5,
Loc. 16). EQ1 is identified at numerous points in both the
trench log of trench 2000 and trench CUG2013-1 (Fig. 5),
where the most recent movement of Zheduotang faults clearly
show displacement during the 1955 M7.5 Zheduotang earth-
quake. Besides, another prominent evidence for the 1955 earth-
quake is ~3.7 m offset of the older river channel as shown in
Fig. 4. Additionally, large granite boulders lie along the linear
trend of the steep fault scarp suggesting strong ground motion
there.

The thicknesses of older buried A soil-horizons provide a

way of estimating when earthquakes might have occurred by
estimating the thickness between dated samples above and be-
low each base of an A horizon along the median line of the 2¢-
precision envelope. The top of Al in the graben was dated at
1810-1925 calCE (Fig. Sc, Loc. 16). That same A1 was uplift-
ed ~1 m along four reverse faults during the 1955 earthquake
(Fig. 5g, southern end of trench CUG2013-1) and preserved as
a tectonic terrace T1 (Fig. 4). We assume that the top of Ala
(Fig. 5a), which was also offset during EQ1 (the 1955 earth-
quake), has an equivalent age (~1810-1925 CE).

3.4.2 The Pre-1955 earthquake records in trenches
EQla: We found no indication of the 1725 CE (EQla on
Fig. 6) earthquake which is consistent with Yan et al. (2019)
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and Chen et al. (2016) who showed “the severely damaged ar-
ea” around the nearby Selaha fault was just a short distance far-
ther east of CUG2013-1.

EQ2: Evidence for EQ2 is found in the trench 2000 (Zhou
et al., 2001). The base of Ala formed after EQ2 over the irregu-
lar A1b horizon. Samples from near, but above, the base of
Alb in the 2000 Trench (Fig. 5a, Locs. 19 and 21) provide age
ranges of 316—908 CE for estimating an approximate age of ~
15 BCE for Alb with the proportional thicknesses of Ala :
Alb that places the age of Ala at ~1000 CE (Fig. 6a). Infilled
cracks through the Alb surface (Fig. 5a, near Loc. 19) demon-
strate that surface-faulting occurred during EQ2 (Zhou et al.,
2001), thus EQ2 is estimated to have occurred ~1000 CE.

EQ2a: Although we found no evidence of EQ2a in the
trenches, the young alluvial fan soils (Fig. 4, Locs. 7 and 8)
with ages of 1407—-1440 calCE and 1446—-1635 calCE, are con-
sistent with fine-grained sediment being winnowed out of the
young debris flow of a similar age range to the 1414-1638 CE
earthquake by Li et al. (1997). Thus, EQ2a has a probable age
of ~1450 CE and may have been felt around region of the
trench sites with serious side effects like landslides.

EQ3: Evidence of surface rupture during EQ3 is in the
2000 trench. The base of Alb developed after EQ3 when rela-
tive normal faulting occurred in the central part of the graben
at ~15 BCE (Fig. 5A). Development of Terrace 2 may have
ended around the time that the base of A1b was formed.

EQ4: We used the thickness Al in the graben (Fig. Sc,
Loc. 16) to the base of Al near Loc. 17. Al developed over a
very uneven faulted A2 surface and truncates both A2 and BI
entirely in the uplifted northern end of Trench CUG2013-1
(Figs. 5c and 5d). These logs place the base of Al at ~1300
BCE (Figs. 6a and 6b).

EQS5: The dated sample from near the top of A2 (Fig. 5c,
Loc. 17) is 1424—1288 calBCE. The thickness of A2 near that
location is similar to that of A1, hence the time equivalent is ~
550 years which places the base of A2 at ~1850 BCE.

EQ6: Relative to the thicknesses of A1 and A2, the thick-
ness of A3 is about half ~300 years which places the base of
A3 with CW1 at ~2100 BCE (Figs. 5¢ and 5d).

EQ7: The dated sample of A4 with CW2 (Fig. 5d, Loc.
18) is 2459-2281 BCE, which places EQ7 at ~2370 BCE.

EQS8: The dated sample of A5 with CW3 (Fig. 5D, Loc.
15) is 5561-5477 BCE, which places EQ8 at ~5520 BCE.

4 DISCUSSION

Comparing with the paleoseismic events revealed by pre-
vious studies (Ma, 2020; Liang, 2019; Zhou et al., 2001; Li et
al., 1997) near Zheduotang as shown in Fig. 7, the paleoseis-
mic events obtained in this study are partially consistent with
previous studies, e.g., EQ2a corresponding to E2, EQ7 corre-
sponding to E6, EQ8 corresponding to E7, etc. (Fig. 7). The
others can fill in the calendar of paleoseismic events of the
ZDT F., which helps us to obtain more accurate earthquake re-
currence cycles and understand the tectonic activity history of
Zheduotang area.

Based on topography analyses of topography, deformed
horizons exposed in the trenches, and calibrated '“C dating ag-
es, we inferred the occurrence of at least eight surface-

rupturing events on the Zheduotang fault in the last ~7500
years (EQ1—EQ8 in Figs. 5 and 6) which implies a minimum
frequency of about 1000 years. Excluding EQ8 because of the
large hiatus and including EQ2a which is reliable to some ex-
tent for its similarity with E2 (Fig. 7) (Li et al., 1997), then the
average frequency for these eight earthquakes is about ~618
years. The earthquake events identified by previous studies
from different sites along the ZDT F. since Holocene were or-
dered in the Time-events diagram (Fig. 7). According to this di-
agram, it is not hard to find that E3 and Z2, E4 and Z3, EQ5-
EQ7 and ES are in well correspondence respectively and all of
the ages are dated by “C, indicating a better reliability of these
results. Considering the ages’ break between EQ1 and EQ2 in
trench CUG2013-1, it will be more convincing to add other
credible events in estimating the seismic recurrence of ZDT F.
Thus, we add the ages of E3/Z2, E4/Z3 and L2 to our paleoseis-
mic sequences for calculation (EQ1, EQ2a, EQ2, E3/Z3, E4/
73, EQ3, EQ4, L2, EQS5, EQ6, EQ7), we can further pinpoint
the average paleoseismic recurrence period to ~420-year since
~2370 BCE. The minimum recurrence interval between two
events (EQ2 and E3/Z2) is ~100 yr, thus the Zheduotang fault
has a possibility of strong earthquake occurring during the next
hundred years because the last event occurred in 1955.

However, considering the discontinuity of the thin
depositional/soil-forming record in the graben and the limited
data obtained overall in this study, it is likely that identification
of historic- and paleo-earthquakes is incomplete, particularly
for large earthquakes that may have experience displacement at
depth and/or tilting/uplift without obvious evidence of surface
rupture. Hence, a recurrence rate less than 1 000 years is proba-
ble. The Bayesian plot (Fig. 6b) shows “thousand-year” gap,
indicative a lack of datable material, interspersed with evi-
dence of surface-ruptures every few hundred years (Fig. 6A).
Thus, the compressed, discontinuous record in trenches likely
contains many gaps in the earthquake record.

Since the seismic energy released by the 2014 M6.3 and
Ms5.8 Kangding earthquake sequence is far less than the accu-
mulated strain energy since the 1955 M7.5 earthquake on the
ZDT F. (e.g., Xie et al., 2017; Jiang, et al., 2015a, b). The re-
gional Coulomb stress increase following the 2008 Wenchuan
(e.g., Nalbant and McCloskey, 2011) and 2013 Lushan (M7.0)
(Guo et al., 2018; Yang et al., 2015) earthquakes implies that
the seismic risk in the Kangding region has increased (Bai et
al., 2021). Although the geometry of the YLH F., SLH F. and
ZDT F. are juxtaposed, the fault strands at the surface may con-
nect at depth (He et al., 2017). Thus, it is reasonable to suggest
that the Kangding area is at a high risk of incurring large earth-
quakes in the future.

5 CONCLUSION

The conclusions are based on the results of topographic
analyses, field investigations, and outcrop and trench excava-
tions.

(1) Including the M7.5 14 April 1955 Zheduotang earth-
quake, Zheduotang fault is recognized as an active fault with at
least eight surface ruptures since ~5500 BCE. Considering the
~3000-year hiatus between EQS8 and EQ7, the Zheduotang
fault suggests an average paleoseismic recurrence of ~618
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Figure 7. Holocene paleoseismic events in Zheduotang area.

years from EQ1 to EQ7. Adding the results of previous studies,
we narrow the paleoseismic recurrence period to ~420-year
since EQ7. However, considering the slow discontinuous accu-
mulation of sediment and soil in the narrow, shallow graben,
and the number of small faults along which we can show differ-
ent times of displacement, we suspect the earthquake record is
incomplete along this part of the fault zone. The average paleo-
seismic recurrence period is likely to be shorter than ~420-year.
(2) Combined with the previous studies of the study area,
the minimum paleoseismic recurrence interval is about 100 yrs.
Since the 1955 M7.5 earthquake on the ZDT F. over 60 years
has passed, there is a high probability of strong earthquakes
within the next 100 years. Otherwise, as more accumulated
strain energy are to be released after the 2014 M6.3 and M5.8
earthquakes, the Kangding area is still in a high seismic risk.
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