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The Hexi Corridor is located beyond the northeastern edge of the Tibetan Plateau, and it is
bounded by a series of active thrusts along the northern margin of the Qilian Shan and the
southern piedmont of the Longshou Shan. Historically, five destructive earthquakes have
occurred along the Hexi Corridor, which indicates that this region poses high potential
seismic risks. The 1609 Hongyapu earthquake occurred along the Fodongmiao-Hongyazi
fault in the northern Qilian Shan, China, and it killed more than 840 people and destroyed a
large number of buildings. Presently, there are different opinions as to the distribution and
length of the surface rupture of this event along the Fudongmiao—Hongyazi fault. Thus, we
searched all of the fault scarps on the Holocene surfaces and suspected surface rupture
locations related to the 1609 earthquake based on previous studies and developed
detailed remote-sensing interpretations along the fault. An abundance of north-facing
scarps on the younger fans and terrace faces, slightly higher than the active modern
stream bed, were found along the Fodongmiao-Hongyazi fault in the area ranging from the
Hongshuiba River (39.52°N, 98.41°E) in the west to the Shuiguan River (39.07°N, 99.37°F)
in the east. Based on our research, we estimate a surface rupture length as ~98 km based
on the distribution of the fault scarps on Late Holocene surfaces and constraints provided
by age dating. Most of the surface ruptures are preserved as fault scarps and indicate an
average vertical surface offset of ~1.0 m, a value found consistently in three segments of
the fault. The surface rupture features indicate that segments of the fault ruptured together
coseismically during the 1609 earthquake, i.e., a multisegment rupture. Using the surface
fault traces, length of 98 or 90 km (without the Shuiguan River section), dip of 30° inferred
from previous reflection profiles, a rigidity of 3.3 x 10'° N/m?, and dip slip average as 1.9m
converted from our observations of the offsets, we computed the magnitude of this event
as ca. Mw 7.2-Mw 7.4.

Keywords: fodongmiao-hongyazi fault, northern Qilian Shan, 1609 Hongyapu earthquake, surface rupture, thrust
fault, rupture segmentation
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INTRODUCTION

Mapping of the surface rupture features and geological effects of
large earthquakes, as well as the distribution of slip, is useful for
assessing regional seismotectonics (Yeats et al., 1996; Molnar and
Ghose, 2000; Arrowsmith et al., 2016). However, lack of an
apparent surface rupture is a common finding on low angle
thrust faults associated with major historical earthquakes, and the
reason could be related to little or no slip in the shallow part of the
fault during such events (Kumar et al., 2006; Wang and Fialko,
2015). Alternatively, the reason could be related to the
topographic features of the thrust earthquake surface ruptures.
Thrusts tend to produce discontinuous and broad scarps, which
are often ambiguous and less well preserved than normal or
strike-slip fault breaks (Wells and Coppersmith, 1994; McCalpin,
2009; Arrowsmith et al., 2016). Importantly, floods may destroy
coseismic surface scarps and stratigraphic records in just a few
seasons (Sapkota et al., 2013). However, recent studies were able
to locate the surface rupture of the AD 1934 Mw 8.2 Bihar-Nepal
earthquake and 1950 Mw ~8.6 Assam earthquake by
geomorphological mapping and age dating, which had
previously been ascribed to blind faults (Sapkota et al., 2013;
Priyanka et al., 2017).

Earthquake size is controlled primarily by the area of the fault
plane that ruptures, as well as the amount of displacement
averaged over this area (Scholz, 2002). Disjointed segments of
faults can behave as distinct faults, rupturing separately in
individual earthquakes, but at times these segments coalesce
and rupture simultaneously in a large, entire-fault
encompassing event (Sieh, 1996; Elliott et al, 2009). Thrust
rupture segment boundaries may be indicated by different
kinds of structural discontinuities along the fault, such as a
strike-slip tear fault, sharp changes in the orientation of the
fault, abrupt changes in dip, and so forth (Davis et al., 2005;
Yue et al.,, 2005; McCalpin, 2009; Dal Zilio et al., 2020; Lei et al.,
2020).

The Hexi Corridor in Gansu Province, China, was part of the
Silk Road that formed during the Han Dynasty. It spans the
transpressional region between the Altyn Tagh fault and Haiyuan
fault, two regional left-lateral strike-slip faults at the northeastern
corner of the Tibetan Plateau, and it is bounded mainly by a series
of active thrusts along the northern piedmont of the Qilian Shan
and the southern piedmont of the Longshou Shan (Xu et al., 2010)
(Figure 1). The Hexi Corridor is located in arid or semi-arid
areas, and surface ruptures of many historical earthquakes have
been preserved here (Zheng, 2009a; Xu et al., 2010; Guo et al.,
2019). Historically, five destructive earthquakes occurred along
the Hexi Corridor, including the AD 180 M7'/, Gaotai
earthquake, AD 1609 M7'/, Hongyapu earthquake, AD 1927
MS8.0 Gulang earthquake, AD 1932 Mw 7.6 Changma earthquake,
and AD 1954 M7.3 Shandan earthquake, which have been the
focus of many previous studies (Gu, 1983; Lanzhou Institute of
Seismology and State Seismological Bureau, 1985; Tapponnier
et al., 1990; Lanzhou Institute of Seismology, 1992; Institute of
Geology, State Seismological Bureau, and; Lanzhou Institute of
Seismology, 1992; Chen, 1994; Earthquake Disaster Prevention
Department and State Seismological Bureau, 1995; Gaudemer
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et al., 1995; Zheng et al., 2009b; Cao, 2010; Xu et al., 2010; Guo
et al,, 2019).

There is an agreement that the 1609 Hongyapu earthquake
occurred along the Fudongmiao-Hongyazi fault (FHF), but the
distribution and length of the 1609 surface rupture are still in
dispute, as only a few detailed field observations have been
published (Institute of Geology, State Seismological Bureau,
and Lanzhou Institute of Seismology, 1992; Cao et al.,, 2010;
Xu et al, 2010; Liu et al, 2012; Liu et al, 2014; Huang et al,,
2018a). Notably, the distribution and magnitude of the slip along
the rupture have not been clearly reported before our work
(Huang et al., 2018a).

Field documentation of the preserved 1609 earthquake
rupture was the focus of this study. We provide descriptions
of the surface rupture based on field investigations, with more
details compared to our previous report (Huang et al., 2018a).
The offsets along the rupture were systematically reviewed, and
the surface rupture slips were calculated according to rupture
fault dip angles. Based on the surface slip distribution and the
previous paleo-seismic trenching works (Huang et al., 2018b), the
rupture segmentation of the FHF was discussed and the data were
suggestive of a multisegment rupture for the 1609 earthquake.
Our description of the fault trace, the length, and the slip
distribution, and our estimate of the geological moment
contributes to the limited dataset on large reverse-faulting
earthquakes.

GEOLOGICAL SETTING AND OVERVIEW OF
THE AD 1609 EARTHQUAKE

The Qilian Shan is the youngest uplifting orogenic belt in NE
Tibet (Figure 1) (Meyer et al, 1998; Tapponnier et al., 2001;
Hetzel et al, 2002; Zhang et al, 2004). The late Cenozoic
deformation of this range recorded the remote effects of the
Indo-Asian collision (Tapponnier et al., 2001; Zhang et al., 2004;
Yuan et al, 2013), and the present crustal shortening rate
maintains a high level of 5. 5-7mm/a as shown by geodetic
measurements (Zhang et al., 2004; Zheng et al, 2013). The
northern Qilian thrust fault zone, which is located on the
northern margin of the Qilian Shan, has accumulated
approximately 20% of the crustal shortening of the Qilian
block (Tapponnier et al., 1990; Hetzel et al, 2004; Zheng
et al., 2013; Zuza et al, 2016; Yang et al,, 2018a; Yang et al,
2018b; Hetzel et al., 2019). High fault slip rates and the historic
occurrence of strong earthquakes indicate that there are high
potential seismic risks within this fault zone (Hetzel et al., 2004;
Xu et al,, 2010; Hetzel et al., 2019).

The Fodongmiao-Hongyazi fault (FHF) is a major range-
bounding thrust fault between the Qilian Shan and Jiudong
basin, belonging to the middle segment of the northern Qilian
thrust fault zone (Figures 1, 2) (Yang et al., 2018a). The segment
of the FHF that has been the most active during the Late
Quaternary is approximately 110km long, and it trends
WNW (Institute of Geology, State Seismological Bureau, and
Lanzhou Institute of Seismology, 1992; Chen, 2003; Zheng et al.,
2009b; Xu et al.,, 2010; Liu et al,, 2011; Liu et al., 2012; Liu et al,,
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2014; Yang et al,, 2017; Yang et al., 2018a, Yang et al., 2018b; Liu
et al,, 2019). The vertical slip rate of the FHF has amounted to
1.2 + 0.1 m/ka during the last 200 ka (Hetzel et al., 2019).

This fault can be subdivided into three segments by the
Hongshan village and Maying River based on the fault trace
geometry and local structures (Yang et al., 2017). We adopted this
segmentation in this study.

The western segment of the FHF has a relatively continuous
fault trace along the piedmont foreland with a strike of 115°, and
there are uplifted and dissected fans in the hanging wall. The
surface fault dips south with a dip angle of 25-45° as measured on
the outcroppings in trenches, gullies, and river banks. The seismic
reflection profile across the Ciyaokou village revealed a south
fault dip of 30° in depth (Yang et al., 2007). The hanging wall is
mainly Neogene mudstone and sandstone, and a few Oligocene
and Early Cretaceous rocks are present.

The middle segment has a sinuous and discontinuous trace
along the mountain front, with a strike of 120°. The highest peak
of the Qilian Shan at an elevation of 5,564 m is located on this
segment. The outcrops of the hanging wall are mainly Paleozoic
granite and the foot wall are mainly Quaternary alluvium. The
fault dips south with a surface dip angle of approximately 40°
according to field observations (Yang et al., 2017; Yang et al,
2018a; Yang et al., 2018b), but the value can range from 25° to 35
at depth based on seismic reflection profiles (Zuza et al., 2016).

The eastern segment is separated from the middle section by
the Hujiatai anticline in the Maying River area. The surface trace
occurs along the piedmont fans or the mountain front, and it
includes fault scarps and fold-scarps; the overall trend is
approximately 130°. The hanging wall is mainly Paleozoic
sandstone and mudstone, and a few Mesozoic and Tertiary
rocks are outcropped in the Maying River area. The fault dips

south with a dip angle of 20-70" at the surface according to
measurements taken in the field (Yang et al, 2017; Yang et al,
2018a; Yang et al., 2018b), and the dip is 25-30° at depth based on
seismic reflection profiles (Yang et al., 2007; Zuza et al., 2016).

The 1609 Hongyapu earthquake killed more than 840 people
and destroyed a large number of buildings, including those in the
old town of Hongyapu (Li, 1960; Gu, 1983; Lanzhou Institute of
Seismology and State Seismological Bureau, 1985; State
Seismological Bureau, and Lanzhou Institute of Seismology,
1992; Institute of Geology, 1993; Cao, 2010; Liu et al., 2011).
Scarps, cracks, caves, and landslides caused by the earthquake
were observed by scientific research teams in the Hongyazi village
and its surrounding area in the 1960s (Cao, 2010). Differing views
on the epicenter location and magnitude of this earthquake exist
among different research groups, based on their estimates on field
work and textual analyses. Li (1960) suggested that the epicenter
was in the area southeast of Jiuquan (39.2°N, 99.1°E), and the
magnitude of the event was 6'/,, based on the analysis of
buildings damage and life loss from textual analyses. Gu
(1983) and (Earthquake Disaster Prevention Department,
1995) State Seismological Bureau (1995) increased the
magnitude to 7'/, and changed the epicenter to the area of
39.2°N, 99.0°E according to the macroseismic intensity
distribution based on more detailed textual analyses and field
observations of damages. Meanwhile, Lanzhou Institute of
Seismology, State Seismological Bureau (1985) suggested that
the magnitude of the event was 7'/, and the epicenter was in the
area of Hongyapu (39.2°N, 99.2°E) with a different macroseismic
intensity distribution map. The Institute of Geology, State
Seismological Bureau, and Lanzhou Institute of Seismology
(1992) adopted the same magnitude of 7'/, and the same
seismic intensity map from Lanzhou Institute of Seismology,
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FIGURE 2 | Geologic map across the Fodongmiao-Hongyazi fault. Place names: FDM, Fodongmiao; SYJ, Shiyangjuan; DLH, Dalong River; CYK, Ciyaokou; QJKZ,
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earthquake epicenters, shown by red circles in the figure, are from the Earthquake Disaster Prevention Department and State Seismological Bureau (1995),
Earthquake Disaster Prevention Department, China Earthquake Administration (1999), and Cao et al. (2010). The 180 AD M7.5 and 180 AD M7.0 data are for the same
event but data vary in accordance with different estimates; these data are from the Earthquake Disaster Prevention Department and State Seismological Bureau (1995)

T

lines of the 1609 earthquake are after Liu et al. (2011). Locations of historical

State Seismological Bureau (1985), but proposed that the
epicenter was in the west of Xiaoquan (39°0'54"N, 99°16'E)
according to their field work on the earthquake surface
ruptures. Liu et al. (2011) provided new evidences for the
macroseismic intensity assessment of the earthquake to draw a
new seismic intensity map and suggested that the meizoseismal
intensity value reached X, the long axis was more than 70 km
striking NWW (Figure 2), and the epicenter was in the area west
of Hongyazi village (39.2°N, 99.0°E).

There are also different opinions on the distribution and
length of the surface rupture at present. The Institute of
Geology, State Seismological Bureau, and Lanzhou Institute of
Seismology (1992) suggested that the length of the surface
deformation zone is approximately 60 km long and consists of
scarps, mole tracks, cracks, and an offset of streams and ridges
from the Fengle River in the west to the Bailang River west bank
in the east. Xu et al. (2010) proposed that the Hongyapu
earthquake was accompanied by two segments of rupture,
namely, the Xiaoquan segment that strikes N15°W with a
coseismic rupture length of 11 km, and the Hongyazi segment
that strikes N65°W with a coseismic rupture length of 5 km. Cao
(2010) suggested that the surface rupture of the Hongyapu
earthquake is approximately 90km long with a maximum
vertical offset of 2 m and lateral offset of 3 m, and it occurs as
fault scarps and a few left-lateral offset rills locally. Liu et al.

(2012), Liu et al. (2014) reported that the coseismic rupture of the
Hongyapu earthquake occurs as small fault scarps with fresh free
faces along the middle and western section of the FHF.
Importantly, previous research only reported limited coseismic
displacement data for this earthquake and did not systematically
document the distribution and magnitude of slip along the
rupture.

Furthermore, there were insufficient constraints from age
dating on the surface rupture before our work. The Institute
of Geology, State Seismological Bureau, and Lanzhou Institute of
Seismology (1992) reported two thermoluminescence ages in the
gully profile near the Xiaoquan village. Additionally, Xu et al.
(2010) provided some age dating results for the fan surfaces
across the Xiaoquan fault to constrain the surface rupture in the
Xiaoquan area, and they suggested that no coseismic rupture
occurred in the area west of the Maying River during the 1609
earthquake based on thermoluminescence dating results of
alluvial fans. The Group of Liu (Cao, 2010; Liu et al, 2012;
Liu et al, 2014) reported a dozen optically stimulated
luminescence measurements and several '*C dating results for
alluvial fans and the terrace surface across the FHF, but most of
the data were older than 6 ka BP and only rare data points from
were recovered for the Late Holocene.

During our mapping on the FHF at 1:50,000 from 2014 to
2017, we searched all of the small fault scarps on the Holocene
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surfaces and the suspected surface rupture potentially related to
the 1609 earthquake after reviewing previous studies on the FHF;
then, we developed remote-sensing interpretations for the fault.
In our field work, we found an abundance of north-facing scarps
on the younger fans and terrace faces, which are slightly higher
than the active yongest stream bed, along the FHF from the
Hongshuiba River (39.52°N, 98.41°E) in the west to the Shuiguan
River (39.07°N, 99.37°E) in the east, with a total length of
approximately 98 km. Some of these scarps preserve the free
face with heights of 0.2-0.9 m. Additionally, the profiles of gullies,
riverbanks, and trenches across the scarps revealed that most of
these were controlled by faults, as indicated by the south dip faults
in the profile data under the scarps. Rills and stream terraces are
right-lateral offset along the east-west strike scarps trace in the
east of the Hongshan village and left-lateral offset along the
north-south strike scarps trace in the west of the Xiaoquan
village, compatible with a uniform overall North-east slip
direction. In our field observations, we emphasized keys areas
mapped for the rupture at a 1:50,000 scale on topographic and
aerial photographic base maps, measurements of the surface
offset, and detailed observations at numerous sites. We
focused on the fault scarps on Late Holocene fans and terrace
surfaces, as constrained by optically stimulated luminescence and
'C dating, samples from the trenches and pits on the young and
deformed surfaces.

METHODS AND DEFINITION OF TERMS

Methods
We first mapped the track of the FHF on the Google Earth
imagery before the field work. Fault scarps were initially detected
from inspection of Google Earth imagery, and targeted for
detailed field survey. We performed 94 offset determinations
using a combination of profile data obtained by a differential
global positioning system (GPS), tape and compass, unmanned
aerial vehicle (UAV) photography, and simple field
measurements with a laser distance meter. We also recorded,
the strike of the fault, and the dip where the exposure is available.
Differential GPS was used to measure the locations and
elevations of points with 0.5 m spacing along a profile normal
to the strike on the surface across the fault trace with a precision
of 0.1 m. An unmanned aerial vehicle with a 4 K camera was used
to scan the deformed area. Stereo images were used to generate a
high-resolution DEM with Agisoft Photoscan. To ensure the
accuracy of the DEM, 19 control points were set uniformly
across the scanned area and precisely located with real-time
kinematic GPS to 0.2 m vertical precision. The resulting DEMs
was previously partially published by Yang et al. (2017) with
elevation error of 0.05m and location error of 0.05-0.1 m, and
here we analyzed these data to determine surface offsets. A line
profile normal to the strike is used to extract the surface offset
across the fault trace. We also use tape and compass to determine
surface offset. Along a line normal to the fault scarp, spacings of
the neighbor points were measured by a tape with precision of
0.01 m and surface slope angles, dip, were measure by a compass
with precision of 0.5 at every point. And then we plot the points

Surface Rupture of Hongyapu Earthquake

with spacings and dips on a plane to get a line profile across the
scarps. The method of Thompson et al. (2002) was applied to
calculate the vertical displacement and errors of offset alluvial
fans and terraces.

Portion of vertical offsets and total lateral offsets were
surveyed by handheld laser range finder, with a vertical and
horizontal precision of 0.3 m. We measured the altitude at the
crest and toe of the scarp, and calculate the altitude difference to
get the scarp height. As most of the horizontal distances are
narrower than 2 m, so the scarp heights measured by handheld
laser range finder are very close to the vertical offset. For the
lateral offsets, we measured horizontal distances between the
offset channel margins or the offset thalwegs, which intersect and
are nearly perpendicular to the fault by laser range finder.

In our offset tabulation (Supplementary Table S1), we
assigned a relative quality rating for the offsets from our
confidence in the offset reconstruction and its applicability to
the 1609 event. We calculated the most recent slips from the
offsets with the rupture fault dip angle determined by trench work
and field work on the fault exposures. The rupture trace,
assumptions of dip and seismogenic thickness, and conversion
to dip slip from our offset observations enabled us to estimate the
moment contribution from the rupture.

Characteristics of Thrust Fault Scarps and
Identification of the Most Recent Fault Slip

The surface rupture of the 1609 earthquake mainly exists as thrust
fault scarps. These scarps can be divided into three types
according to their different topographical characteristics and
origins. We evaluated the measurements on the scarps in
different ways to achieve accurate displacement estimates of
this most recent earthquake (Figure 3). The types of scarps
encountered are described below.

1) Simple fault scarp exists on different surfaces as a
continuous single fault trace (Figure 3A). This type of
scarp is suggested to have formed by a fault with only one
branch, ie., a breaching surface along the same track
during different earthquake events. The most recent
vertical slip of the fault can be acquired by measuring
the surface offset across the lowest scarps on the young
surface. We took the vertical offset of the surface as the
vertical slip in this study, and the variance between these
values is small because the majority of slope angles of the
young surfaces are less than 5°. Additionally, we took the
scarp height as an approximation of the vertical offset on
lower scarps, as the scarp height is close to the vertical
offset but slightly larger, and these data are marked as low-
quality data in our database (Supplementary Table S1).
Free faces have been found not only on lower scarps, but
also on the higher composite fault scarps, and these are
mainly composed of gravels with no or minimal loose
cover (Figure 3B). The free faces on the thick-layered
loose covered surface could have retreated and been
eliminated over a short time, while boulders in the
gravel layer protected the free face from erosion and
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FIGURE 3 | Scarp types of the 1609 earthquake. (A) Simplified model for the simple fault scarp. The upper figure shows a higher and older scarp on an older and
higher surface, and the lower one is a lower scarp on a young surface. The vertical slip is very close to the vertical offset of the surface according to the upper figure, and
the scarp height is similar but slightly larger than the offset according to the lower figure. (B) The free face is prone to remain on the surface, which is mainly composed of
gravels with minimal loose cover, and its height is approximate to the vertical offset. (C) Simplified model for shifting scarps. A steep and lower scarp occurs on the
hillslope of an older modified scarp on the higher surface, while only one scarp occurs on the adjacent lower surface. (D) Multiple scarps with narrow spacing, less than a
hundred meters, can be profiled on the young surface to achieve the most recent offset. (E) Multiple scarps with wide spacing, more than hundreds of meters. We
summed up all offsets across each scarp on the young surface to obtain the total vertical offset of the most recent earthquake.
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thus these were preserved much longer. We also used the
height of the free face as an approach to estimating the
vertical offset.

Shifting scarps often occur in this region as two parallel
tracks of scarps with greatly different heights (Figure 3C).
These always present as a small and steeper scarp on the
hillslope of a large composite scarp. Their formation could
have been driven by the propagation of the thrust fault
zone, whereby the old splays of the fault zone stopped
breaching while a new splay encroached into the adjacent
region and the surface rupture locations shifted forward.
There is only one scarp on the lower and younger surface
beside the shifting scarps. The surface offset across the
lower scarp of shifting scarps can be used to evaluate the
vertical slip of the newest earthquake.

Multiple scarps occur here as several parallel scarps on the
same surface (Figures 3D,E). In this type of scarp, the
scarp on the newer surface is lower than the one on the

older surface while tracing along the same track. The
vertical displacement of the newest event can be
assessed by measuring the total vertical offset of the
young surface across the multiple scarps as the spacing
between scarps is narrow (Figure 3D). If the spacing was
too large, i.e., more than hundreds of meters, we measured
every scarp separately and summed up the most recent
offsets to obtain the total vertical displacement
(Figure 3E).

RESULTS

Offset Landforms and the Most Recent
Fault Slip at Different Sites

Hongshuiba River Site

On the right bank of the Hongshuiba River, five levels of fluvial
terraces, namely, T5-T9 (we named the lowest terrace as T1, and
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the terrace will be higher as the number becomes larger in this
study) attest to the tectonic activity in the area (Yang et al., 2020).
Fault scarps are 20 and 40 m high on the terraces T5 and T6,
respectively. These terraces were eroded by seasonal streams and
slope flows, and consequently, these terraces developed new
surfaces with different heights. There were distinct scarps
detected on these new surfaces, except for the active surface,
which remained submerged in water during seasonal streams
flood. On the left bank of the Hongshuiba River, no structural
scarp was found on the surfaces younger than T5 as the river
gorge is about 400 m wide.

The preserved surface rupture on the Hongshuiba River site
can be divided into two sections (Figure 4A). The western section
starts by the river, and most of it strikes at approximately 125
with a total length of ca. 400 m. Two low scarps occur on the
eroded slope of the large fault scarp of T5 near the river, and the
vertical offset of the slope surfaces are 0.9 + 0.1and 1.2 + 0.1 m,
respectively according to the profile by differential GPS
(Figure 4D, Profile 14,019; Supplementary Figure S1A). The
sharp parts of the scarps, composed of gravel, are 0.4 + 0.1 and
0.7 £ 0.1 m high, respectively, which could represent the free faces
caused by the most recent event (Supplementary Figure S1A).
These two scarps merge into a simple fault scarp in the east.
Additionally, it crosses the terrace of an ephemeral gully at point
14,022 with a vertical offset of 1.1 + 0.1 m according to the profile
by differential GPS (Figure 4D, Profile 14,022).

The eastern section is approximately 2 km long with a nearly
E-W strike. It extends intermittently to the east, gapped by active
gullies and alluvial fans. The scarps of this section present as one
or two strips at different locations, and changes in their height
range from 0.4 to 5 m on different surfaces, but values are mostly
lower than 1 m for the scarps that occur on T1 of active gullies.
Two traces of scarps occur at the western end of this segment. The
northern scarp on T1 of active gullies is 0.4-0.7 + 0.1 m high
according to the profiles by tape and compass (Profile 160,609 in
Figures 4B,D, photographs in Supplemental Figures S1E,F),
and the height is 1.7m on T2 according to the profile by
differential GPS (Profile 14015P in Figure 4D, photograph in
Supplemental Figure S1F). In trench Tc3 (location in
Figure 4A), a south-dipping fault with a dip angle of 40° was
revealed with a 1.5-1.7 + 0.3 m vertical offset, measured by a laser
distance meter (Supplemental Figure S1G; Huang et al., 2018b).
According to this trench work, the most recent event occurred
after AD 1. In the east part of this section, shifting scarps exist at
some locations. The northern scarps are of the same height at
approximately 0.7 + 0.1m, profiling by differential GPS,
regardless of the location on T2 or T1 of the gullies, but a
higher scarp is present only on T2 in the south (Profile 14,010
and Profile 141,012 in Figure 4D). Gravels are outcropped along
the northern scarps (Supplemental Figures S1B,D). Along the
trace of fault scarps, no obvious lateral landform offsets were
found in the Hongshuiba River site.

The digital elevation model (DEM) extracted from UAV aerial
photography agreed with the differential GPS profile results from
our field work. For example, the offset of the young surface along
the northern scarp on the eastern section ranged from 0.4 to 1.2 m
according to the DEM (Figures 4B,C), and these data were in

Surface Rupture of Hongyapu Earthquake

accordance with Profile 14,008 data produced by the differential
GPS (Figure 4D).

Shiyangjuan Site

The Shiyangjuan surface rupture segment meets the Hongshuiba
segment in its western portion. Its trace is very sinuous compared to
the Hongshuiba segment, and it generally strikes 110°. Along the
trace, the offset of terraces T1 in gullies is approximately 0.6-1.4 +
0.1 m, according to the profiles extracted from the UAV DEM and
the profiling data collected by tape and a compass. The results of
these two profiling methods were in accordance with each other. At
point 14,040 (see the scarp photographs in Supplemental Figures
$2B,C), the vertical surface offset is 1.3 + 0.1 m according to the
DEM profile from the UAV aerial photography (Figure 5C, Profile
14,040), and it is 1.4 + 0.1 m according to the tape and compass
measurements. At point 14,042 (see the scarp photographs in
Supplemental Figures S2D), the surface offset is 0.8 + 0.1 and
0.6 + 0.1 m, respectively, according to the two methods used
(Figure 5C, Profile 14,042). Although the offset of terraces T1
has a wide range of 0.6-1.4m, but most of these offsets are
between 1.2 and 1.4 m except the local area around point 14,042
(Figure 5B). The small offset of point 14,042 may be caused by slip
variation, or caused by the local severe erosion on the offset surface,
especially while the length of the profile is obviously shorter than the
other points, such as point 14,040. The T2 in small gullies were found
to be vertically offset by approximately 1.6-2.0 m, with free faces on
the scarps; for example, the surface offset is 1.9 + 0.1 m at point
14,043 (Profile 14,043 in Figure 5C), and the free face was
approximately 0.6m high (Supplemental Figure S2E). The
surface offset is larger on T2 in large gullies, for which the offset
is approximately 4.5 + 0.1 m at the stream outlet of the Shiyangjuan
gully (Figure 5C), measured by the GPS profile and DEM profile,
with a 0.7 £ 0.1m high free face composed of large gravels
(Supplemental Figure S2A).

Dalong River Site

The Dalong River site is located east of Shiyangjuan. The trace of the
newest surface rupture of this segment is arcuate and NE extruding
with a generally 122 strike; it presents as one or two strips of fault
scarps. The vertical offset of T1 at the Dalong River across the trace is
approximately 1.0-1.5 + 0.1 m according to profiles.

In the area west of the Dalong River segment, a simple fault
scarp occurs on T1 in a branch gully at point 14,182, and the
vertical offset determined by differential GPS profiling is 1.5 +
0.1 m (Figure 6B). This terrace is covered by conglomeratic
sand without loess (Figure 6C). The loess is a common
surface cover in the region and dated to the early Holocene.
Therefore, this terrace should have formed much later than the
loess deposition; its vertical offset is suggested to be related to the
most recent earthquake. The 1.5 m offset is the maximum vertical
offset of the most recent surface-ruptured event at this site. It is
slightly larger than the offset measured on T1 in the East
Shiyangjuan gully, west of the Dalong River site, where the
value is 1.3 + 0.2 m, and the age of that terrace is 2.8 + 0.2 ka
(Yang et al., 2017).

At point 14,199, the vertical offset of T1 along the eastern
riverbank is 1.1 m, as measured by differential GPS profiling
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FIGURE 5 | Topographic features of the 1609 earthquake surface rupture at the Shiyangjuan site. (A) Surface rupture map (B) Hillshade DEM extracted from UAV
aerial photography along the Shiyangjuan segment. (C) Topographic profiles across portions of 1609 rupture traces.

across a simple scarp (Figure 6B), and there is minimal loess
cover on it (Figure 6D).

Fault scarps also occur on the terraces of the ephemeral gullies
that flow to the north on T3 along the Dalong River. At point
14,197, the scarp on T2 in the gully is 3.5 + 0.3 m high, and it is
0.4 + 0.3 m high on T1 (Figure 6E).

Fengle River Site

The Fengle River site is located on the middle segment of the FHF.
The fault scarps generally trend 80° at this site and turn to 120° in the
eastern portion. The simple fault scarps occur on the T3, T4, and T5

terraces as a high escarpment in the estuary of the Fengle River
(Yang et al., 2017). We found it difficult to recognize the fault scarps
on T1 because of the severe artificial modifications here. However,
some scarps have been preserved on the late erosional surface of T2,
which adjoins the escarpment on the higher terraces.

The T2 along the river is covered by a thin layer of loess, and it
has been dated as 6.0-7.3 ka on the west river bank (Yang et al.,
2017). Gravels are outcropped here on the fault scarp. At point
14,081 (Figure 7A,B), the vertical offset is 2.7 + 0.1 m (as
determined by the differential GPS profile) across the scarp on
T2 of the west river bank, and large gravels are present on the
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composed of boulders occur on high scarps of higher terraces on the west river bank, and the free face is approximately 0.9 m at point 14,079.

scarp (Figure 7C). Cobbles and gravels are exposed on the late
erosional surface of T2 along the river, and north-facing scarps
about 1.0 m high occur on this surface. The vertical offset of the
surface is 0.7 = 0.1 m at point 14,137, as measured by the
differential GPS profile (Figures 7B,D). Free faces composed
of boulders occur on high scarps of older terraces, including the
late erosional surfaces on T5 along the west river bank (Figure
7E). The free face is approximately 0.9 + 0.3 m at point 14,079, as
measured directly by a laser distance meter (Figure 7F). No
apparent lateral offset landform was found in this site. On its

eastern portion, the vertical offset of the T1 terrace of a gully is
0.8 + 0.3 m, measured by a laser distance meter, at point 169,085.
And this value is similar to the vertical offset of the late erosional
surface of T2 along the Fengle River.

Huangcaoba Site

The Huangcaoba site is located in the area east of the Fengle
River, and this segment is also on the middle segment of the FHF.
There are fault scarps of different heights on terraces in the river
mouth of the Huangcaoba River, similar to the Fengle River site.
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However, these constitute multiple scarps here and thus are
different from the simple scarps at the Fengle River site.
According to the altitude differences compared with the river
bed, we label the terraces in the river mouth area as T1, T2, and T3
from low to high. Four strips of fault scarps exist on T3, and these
merge into a simple scarp toward the east or west (Figure 8A). T2
was not preserved along the fault trace because of later lateral
washout and it was replaced by T1. Three fault scarps occur on T1
along the western river bank (Figures S3A, 11B), and UAV aerial
photography was carried out here (Figure 8B). Vertical offsets
were measured as 1.2 + 0.2, 1.6 + 0.1, and 0.6 + 0.1 m from south
to north on these scarps by extraction profiles from the DEM of
the UAV aerial photography (Figure 8C). A small terrace was

formed by an abandoned stream on the T1 terrace (marked as
TOb in Figures 8A,B); this was displaced by the central fault and
subsequently formed a 0.7 + 0.1 m high fault scarp (Figure 8C).
The excavation of the gully wall below the scarp, i.e., trench Tc4,
revealed a south-dipping fault with an angle of 22°, which
displaced the top of a gravel layer 1.5 + 0.3 m vertically,
measured by a laser distance meter (Supplementary Figure
S$3C). Two surface-ruptured events were found in Tc4, and the
most recent event was dated as post-dating 1184-1275 AD, which
is compatible with the rupture occurring in the 1609 event
(Huang et al., 2018b).

Cobbles and boulders are exposed at the northern and middle
scarps on the T1 terrace, but only small amounts of gravels are
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outcropped at the southern scarp. We suggest that the fault
breached the surface through the northern and middle scarps
and did not break through the southern scarp during the most
recent earthquake event. The most recent vertical offset revealed
in Tc4 across the scarp on TOb is 0.7 + 0.1 m; and it is about half of
the vertical offset of the middle scarp of T1, which is 1.6 + 0.1 m.
Therefore, we suggest that at least half of the vertical offset across
the north scarp on T1 could be caused by the most recent event
and we cannot exclude the possibility that the whole scarp height
could also be caused by this event. Then, the total vertical offset of
this event at the Huangcaoba site is approximately 1.4 + 0.3 m,
while the total vertical offset at the northern and middle scarps
ranges between 2.2 + 0.2 and 2.5 + 0.2 m (this study and Yang
et al.,, 2016).

Maying River Site
The middle segment and east segment of the FHF adjoin at the
Maying River site. The most recent rupture trace, located along
the mountain front, mainly trends 125" in most places, but the
trace turns to 140° on the west bank of the Maying River and stops
near the river bank. No fault scarp was found on the river terraces
near the mountain front on the eastern riverbank (Figure 9A).
Xuetal. (2010) assessed the outlet of Changcheng gully west of
Mayin River, finding no evidence for the 1609 earthquake surface
rupture on the youngest fans deposited during 0-3 ka, and they
concluded that the 1609 rupture stopped at the Hujiatai anticline.
We revisited the Changcheng gully and its surrounding area to
made detailed field works in the west of the Maying River and
found many surface rupture evidences in this area. Along the
mountain front, west of the Maying River, low simple scarps
approximately 1.0 + 0.3 m high exist on young surfaces, such as
the Late Holocene alluvial fans with gravels outcropped and no
loess coverage, high flood plains of large gullies, and T1 terraces of
ephemeral gullies. On the T1 terrace of Changcheng gully, a scarp
is 1.2 + 0.3 m high, measured by a laser distance meter, at point
169,146 (Supplementary Table S1). On the outlet of a large
seasonal gully east of the Changcheng gully, the scarp at point
151,062 is 0.9 + 0.3 m high, measured by tape and compass
profile, on the high flood plain (Profile 151,062 in Figurel2B),
and the scarp at point 169,160 is 1.0 + 0.3 m high, measured by a
laser distance meter, on the T1 terrace of an ephemeral gully
(Supplemental Figure S4A). Next to these small scarps, large
simple fault scarps occur on the older and higher surfaces.
Shifting scarps are common in this section. These scarps have
alarge scarp in south and a small scarp in north, and the height of
north scarp is similar with the scarp on youngest surface, which is
supposed to occur in the most recent earthquake. At point
169,153, there are two scarps on T1 in a large seasonal gully,
and the vertical offset on the southern scarp and northern scarp is
1.8 £ 0.1 and 0.9 + 0.1 m, respectively, as measured by tape and
compass profiling (location shown in Figure 9A, profile
presented in Figure 9B, and photograph presented in
Supplemental Figure S4C). Along the strike of the northern
scarp on T1 (Figurel2B), a scarp with a vertical offset of 0.8 +
0.1 m occurs on a small ephemeral gully terrace lower than T1
(Profile 169153b in Figurel2C; Supplemental Figure S4D), but
no scarp occurs on this lower terrace along the strike of the
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southern scarp on T1. Furthermore, the vertical offsets of the
southern scarp and northern scarp are 3.4 + 0.1 and 1.0 + 0.1 m,
respectively, at point 169,152, and values are 2.9 + 0.1 and 0.3 +
0.1 m, respectively, at point 151,026, all measured by tape and
compass profiling (Figurel2C; Supplemental Figure S4D).

Xu et al. (2010) found no evidence of deformation of the
Hujiatai anticline during the AD 1609 earthquake by mapping on
the aerial photos and in the field. We did detailed field
observation and found a 5km long fault scarp along the
north-limb of the Hujiatai anticline (Yang et al., 2018b) in the
area north of the Jiashanzi Reservoir at the Maying River site. It
starts in northwest of Jiashanzi and extends to the east along the
eastern bank of the Maying River with a nearly E-W strike,
proving the western end of the eastern rupture segment reached
Maying River area in the AD 1609 earthquake. The most robust
evidence comes from our trenching work across the fault scarp on
the T5 and T6 terrace of the western riverbank. In trench Tcl
across the 1.7 + 0.2 m high scarp on the T5, south-dipping faults
with a dip angle of 22-25" and two surface-ruptured events were
revealed. The most recent event was considered as the 1,609
earthquake, and the vertical offset caused by it is approximately
0.7 + 0.3 m (Supplemental Figure S4G, Huang et al., 2018b). The
fault scarps on the T6 terrace are approximately 2.2-2.6 + 0.2 m
high, measured by tape and compass profiling. Three surface-
ruptured events were revealed in the trench Tc2 across the fault
scarp, which is approximately 2.2-2.4 + 0.3 m vertically offset
totally. Based on the trench work, we suggest that the vertical slip
of the 1609 earthquake was approximately 0.7 + 0.3 m on T5 and
T6 (Huang et al., 2018b). Apart from the river, fault scarps turned
out to be lower. In the area northwest of Jiashanzi, a low scarp
approximately 0.8 + 0.3 m high, measured by a laser distance
meter, with a length of 300 m occurs on the terraces of ephemeral
gullies and young fans. Additionally, at the eastern end of this
section, i.e., point 160,606, the vertical offset of the surface is
approximately 0.8 + 0.1 m by tape and compass profiling (Profile
160,606 in Figure 9C). Therefore, according to the above-
mentioned findings, the vertical offset of the 1609 earthquake
is 0.7-0.8 + 0.3 m along the Maying River section of the eastern
segment of the rupture.

Vertical Fault Slip Along the FHF

West Segment

According to our detailed field work, the 1609 earthquake surface
rupture can be divided into three main geometric segments
separated by important steps, similar to the previous
segmentation of the FHF (Yang et al., 2017). In the Hongshan
Village (HSC), the western segment and middle segment are
separated by changes in rupture trace orientation and dip angles
(Figure 10A), and on the western bank of the Maying River, the
middle segment and eastern segment are separated by a ~5km
wide step (Figure 11B). We obtained 94 offset data points during
our field work, and most of these data consisted of vertical offsets
with an average of 1.0 + 0.3 m.

The west segment of the 1609 surface rupture trends 115° from
Fodongmiao to Hongshancun, with a length of ca. 24 km. The
separation demarking the middle segment is a small section of
fault trending 73°, with a length of approximately 2.5 km; sinistral

Frontiers in Earth Science | www.frontiersin.org

April 2021 | Volume 9 | Article 633820


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

Huang et al.

Surface Rupture of Hongyapu Earthquake

Trench site

STrace of surface rupture

Dip angle of rupture fault

Vertical offset (m)

N
o
S
®

!

B 5.0 5.07
4.5 4.5
4.0 4.0

Slip (m)

Left-lateral offset (m)

> ) 6 8 10 12

Vertical offset data source:  ®Profile

¢ Total offset of the multiple scarps

sDEM from UAYV aerial photography

4 Left-lateral offset by Laser distance meter

|
14
Distance (km)

16 18 20

A Laser distance meter
+ Slip

Village. (B) Offset and slip of the 1609 earthquake in the western segment.

FIGURE 10 | (A) Map of the 1609 surface rupture in the western segment. Place names: SYJ, Shiyangjuan; DLH, Dalong River; QJKZ, Quijiakouzi; HSC, Hongshan

offsets were measured at a few locations on it, in the area east of
the Hongshancun. And these Left-lateral offsets are compatible
with the change in strike as the rupture accommodating a NE-
directed slip vector. Although the trace is sinuous in some
locations such as the Shiyangjuan site, most of the rupture
trace in the west segment is relatively straight compared with
that in the middle and eastern segments. The majority of the
interruptions of the trace were caused by active gullies, rivers, and
alluvial fans, but the existence of some stepovers with a width of
200-300 m was also noted, such as along the trace on the
Hongshuiba River sections. The preserved surface rupture in
the west segment consisted of mostly simple fault scarps, and part
of them contained multiple scarps or shifting scarps with two or
three strips. The spacing between the two strips is generally less
than 100 m, but values can reach 200 m locally. Most of the fault

planes breaching the surface are south-dipping with a dip angle of
40°, as revealed by the profiles of trenches and gullies.

The vertical slip of the 1609 earthquake was acquired by
measurement of the surface offset on the young surface or by
measuring the shifting scarps on T1 in large gullies and T2 in
small gullies; a few data points were estimated via the heights of
free faces. According to the results, average surface offsets
are approximately 1.0 + 0.3 m with a reliable maximum of
1.5 £ 03m in the western segment (Figure 10B; and
Supplementary Table S1). The maximum of the surface
offsets occurs at the Dalong River site, east of Qujiakouzi
and west of Hongshancun. It was obtained by differential
GPS profiling at the Dalong River site, and the value was
approximated by the scarp height measurements taken via a
laser distance meter at the remaining two locations.
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Jiashanzi. (B) Offset and slip of the 1609 earthquake in the middle segment.

FIGURE 11 | (A) Map of the 1609 surface rupture in the middle segment. Place names: JFS, Jinfosi; GBK, Ganbakou; LJQ, Luejiaquan; YLB, Yulinba; JSZ,

The surface rupture was almost completely vertically offset
with a sinistral motion noted only in that area east of
Hongshancun, where the fault strike is rotated about 45°
counterclockwise relative to the overall thrust geometry. At
point 169,007, the north-dipping scarp on T1 in the gully is
approximately 1.0 + 0.3 m high, as the riser of T1 is left-lateral
offset 3 £ 0.3 m, as measured by a laser distance meter. We
take these data as the most recent offsets with some
uncertainty. Because hanging wall of this scarp was badly
eroded, the measured vertical offset could be underestimated.
And the lateral offset may also include multiple events as we
did not have any dating data of this terrace. Except for
Hongshancun, no obvious larger landform offsets along the
field traces were indicative of horizontal motion, and we

suggest the lateral slip is purely a geometric effect, not a
large-scale kinematic change.

We divide the vertical offset by the sine of the dip angle to get
the dip slip and take it as the slip where no lateral offset exists. If
there is lateral offset, we sum up the square of the dip slip and
the square of the lateral offset, and take the square root of the
sum as the slip. We converted the vertical offsets to dip slip
using dip angles of rupture faults revealed in trenches and gullies
for the majority of the data, but chose a neighbor dip angle for
the points without outcropped fault plane (Figure 10B;
Supplementary Table S1). And it will bring in some
uncertainties as we are not sure if the local dip angles can
change a lot in short distance along the fault strike. The
maximum slip in the western segment is 3.4 + 1.4/-1.2m in
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FIGURE 12 | (A) Map of the 1609 surface rupture in the eastern segment. Place names: JSZ, Jiashanzi; YG, Yagou; XQ, Xiaoquan; HYZ, Hongyazi; HPC, Heping
Village; SGH, Shuiguan River reservoir; TDDW, Toudaodongwan. (B) Offset and slip of the 1609 earthquake in the eastern segment. Only one right-lateral offset data
point, measured beside Tcb in the area south of Xiaoquan, is plotted because the locations of the measurements were close and the data range was narrow around
1.5 m.The box signed C is the location of Figure 13A, and the box signed D is the location of Figure 13B.

the east of Shiyangjuan (SYJ in Figure 10A) and average slip is
1.8 + 0.6/-0.5m (N = 29).

Because the youngest surfaces relevant to ruptures have slope
angles mostly smaller than 5°, the vertical offset of the surfaces is
close to the vertical slip of the rupture, so we take the vertical
offset as the vertical slip to calculate the dip slip of the rupture.
But in turn this calculation will bring some overestimate of the
slip because the vertical offset is a little larger than the
vertical slip.

Middle Segment

The middle rupture segment trends 120° from the area east of
Hongshancun to the west bank of the Maying River, with a length
of ca. 50 km. The rupture trace is sinuous and mainly northeast
protruding arc-shaped; the arc top is located between the villages
of Luejiaquan and Yushuba (Figure 11A). The easternmost of the

middle segment turns to a 140" strike and is distributed along the
mountain front in the area southwest of Jiashanzi along the
western bank of the Maying River.

The segment is composed of dozens of small sections of
ruptures of different lengths amounting to several hundreds of
meters or kilometers. Most of the small sections are
distributed along the mountain front, and a few of these
are present on alluvial fans hundreds of meters or even
kilometers away from the mountain front. These sections
are separated by stepovers with a width of hundreds of
meters, or by Holocene alluvial fans without a rupture
trace. Compared to the west segment, the rupture trace in
the middle segment is more sinuous and zigzag. The fault
plane of the surface rupture is south-dipping at 35 + 27/-15°
dip angle in average with a range from 22 + 2° to 60 + 2° as
revealed in the profiles of trenches and stream banks.
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Average surface offsets are also approximately 1.0 + 0.3 m with
a reliable maximum of 1.5 + 0.3m in the middle segment
(Figure 11B; Supplementary Table S1). The maximums of
the surface offsets are located between the area east of
Hongshan village and the Huangcaoba River site. The
maximum value at the Yulinba was obtained by tape and
compass profiling, and the remaining data were measured
directly by a laser distance meter on the scarp height.

The surface rupture was completely reverse-sense without
obvious landform offsets along the field traces indicating
horizontal motion in the middle segment. We converted
the vertical offsets to dip slip using the fault dip revealed
in trenches and stream banks and chose neighbor dip data to
be substitutes for the points without outcropped fault plane
(Figure 11B; Supplementary Table S1). The maximum slip in
the middle segment is 4.1 + 1.4/-1.2 m in Huangcaoba (HCB
in Figure 11A), and the average slip is 2.0 + 0.7/
-0.6m (n = 43).

East Segment

NNW-Trending Xiaoquan Oblique Dextral Fault Segment
The east segment of the 1609 surface rupture trends mainly 130°
with a length of ca. 25km from the Maying River to the
Toudaodongwan. It is composed of four sections with
different strikes. The westernmost section, i.e., the Maying
River section, occurs on both sides of the Maying River and
traces the north-limb of the Hujiatai anticline, north of
Jiashanzi, with a total length of 5km. The Xiaoquan section
is near N-S trending from Zhangjiaquan to the area south of
Xiaoquan, and it is 11 km long. The Hongyazi section joins the
Xiaoquan section at a location west of Xiaoquan village and
trends eastwards with a 130 strike; it stops on the west bank of
the Shuiguan River and is ca. 5 km long (Xu et al., 2010). The
easternmost section, i.e., the Shuiguan River section, trends 120
from the east bank of the Shuiguan River to Toudaodongwan,
and it is 3.6 km long in total. This section is composed of three
smaller sections with two stepovers of 200 and 600 m width,
respectively.

The Maying River section of the rupture is completely
vertically offset. The average surface offsets are approximately
0.7 £ 0.3 m according to the measurements on the terraces of
small gullies and the layer offsets in trenches. Additionally, the
fault planes of the rupture are south-dipping at 20-30".

Along the Xiaoquan section, N15°W trending scarps occur on
various surfaces except active fans and gullies. The fault strike is
rotated about 45° clockwise relative to the overall thrust geometry
and the NE slip vector could decompose into NEE compression
and NNW lateral slip to show a right-lateral strike-slip sense
along this fault section. In fact, the NI15°W trending surface
rupture shows both vertical and horizontal (right-lateral)
offsets, compatible with the same slip vector with the whole
fault. The vertical surface offsets range between 1.0 £ 0.1 and 1.8 +
0.3 m (Figure 12B; Supplementary Table S1). The maximum
vertical offset of 1.8 + 0.3 m was measured directly on the scarp by
a laser distance meter in the area south of Xiaoquan village. The
right-lateral offsets were measured by a laser distance meter on
the displaced gullies and terrace risers along the surface rupture

Surface Rupture of Hongyapu Earthquake

trace. In the area west of Xiaoquan village, most of the small
deflected gullies at the foot of the hill are right-laterally displaced
by ca. 1.5 + 0.3 m (Yang et al., 2018b; Supplementary Table S1).
Vertical offset of 1.0 m was measured for the profile on T1 at
Yagou (Duck gully) (Figure 13A; Supplementary Figure S5A),
with minimal loess coverage, which are findings suggestive of
having been caused by the 1609 earthquake (Xu et al., 2010). The
T2 is vertically offset is 1.8 + 0.3 m, and the T3 terrace riser is
right-laterally ~ displaced 2.3 + 0.3 m (Supplementary
Figure S5B).

Because of severe artificial reformation on the surface, it was
difficult to obtain reliable rupture offsets along the Hongyazi
section. We measured the scarp height of a small gully east of
Xiaoquan village as being about 1.0 + 0.3 m. This value is in
accordance with that of a previous study, in which the range of
scarp height caused by the 1609 earthquake was reported to be
between 0.7 and 1.5 m (Cao, 2010; Xu et al., 2010). Two traces of
fold-scarps with gentle slopes occur on the late Pleistocene
alluvial fans in the area south of the Hongyazi fault scarp
section, in Heping village (HPC in Figure 12A). No fault was
found in the stream bank profiles across the fold-scarps, and their
relationship to the 1609 earthquake remains unknown.

The surface rupture was completely dip-slip without lateral
motion in the Shuiguan River section. In the area east of the
Shuiguan River, fault scarps occur on T4 of the river, the hill
slope, and the T1 and T2 terraces of gullies on the piedmont.
Additionally, the heights of scarps range from 0.5 + 0.1 to 4.5 £
0.3 m. According to the locations and shapes of scarps, the scarps
with a height of 0.5 + 0.1-1.4 + 0.3 m are suggested to have
formed during the 1609 earthquake, but there remains a lack of
age dating constraints.

Average vertical surface offsets of the east segment are
approximately 1.0 + 0.3 m as estimated with 16 sets of data
(Figure 12B; Supplementary Table S1), and the average dextral
offsets are approximately 1.5 + 0.3 m as estimated with six sets of
data from the Xiaoquan section (Supplementary Table S1).

Because the dip of the fault revealed in the trenches and
outcropped on different sections are not the same and the motion
senses are different, we converted the surface offsets of different
sections into dip slip with different fault dips. The vertical offsets
on the Maying River section were converted to dip slip by using
fault dips as revealed in trenches Tcl and Tc2, and drainage
channels (Huang et al., 2018a; Huang et al., 2018b). The vertical
and right-lateral offsets on the Xiaoquan section were converted
to dip slip by using fault dip revealed in gully banks and the trench
Tc5 (Huang et al., 2018b). We used a vertical offset average of
1.4 £ 0.3m for the conversion of the right-lateral offset data
measured beside Tc5 in the area south of Xiaoquan as there were
no measurements of vertical offsets on these scarps. Additionally,
vertical offsets without lateral offset data were converted to dip
slip with a lateral offset average of 1.5 + 0.3 m. The vertical offsets
on the Hongyazi section and Shuiguan River section were
converted to dip slip with a fault dip of 56 + 5° from Tc-X,
west of Xiaoquan village (Xu et al., 2010). The maximum slip in
the eastern segment is 2.6 + 0.5 m in the south of Xiaoquan and
average slip is 1.8 + 0.4 m (N = 22) (Figure 12B; Supplementary
Table S1). Because all of the lateral offsets and most vertical

Frontiers in Earth Science | www.frontiersin.org

April 2021 | Volume 9 | Article 633820


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

Huang et al.

Surface Rupture of Hongyapu Earthquake

FIGURE 13 | Surface rupture maps of the 1609 earthquake on the Yagou site (A) and Shuiguan River section (B).
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offsets were sourced from direct laser distance meter
measurements with an error of 0.3 m and the fault dip angles
are only confirmed by a few trenches with some uncertainty, the
slip data may include more uncertainty compared with other
segments.

Shuiguan River Section

The surface rupture of the Shuiguan River segment can be divided
into three small sections. The western one starts at the T4 terrace
on the eastern bank of the Shuiguan River and extends to the
hillslope in the east as linear scarps striking 116" with a total
length of ca. 1.4km. The T4 terrace of the Shuiguan River is
covered by 1.5 m thick loess, and there is a gravel layer on top at
some locations, which was caused by the accumulation of
seasonal slope runoff. The vertical offsets of the T4 surface
range from 0.6 + 0.1 to 0.9 + 0.1 m across the scarp, where
values become lower from east to west (Figure 13B;

Supplemental Figure S6A). Additionally, the surface offset on
the hillslope in the east is approximately 1.2 m.

The middle small section has a sinuous trace striking 105°
generally, with a total length of approximately 600 m. The
separation between this section and the western one is
approximately 200 m. In the westernmost portion of this section, a
low scarp occurs on the hillslope and is covered by thick loess, where
the vertical offset of the surface is 0.6 + 0.1 m as measured by tape and
compass profiling (Supplemental Figure S6C). Along the rupture
trace, fault scarps are 1.0-1.5 m high as measured by a laser distance
meter on gullies terraces (Figure 13B; Supplemental Figure S6C).

The eastern small section has an S-shaped trace trending 105°
generally with a total length of approximately 1.4 km. A 600 m wide
stepover occurred between the middle section and small section.
Most ruptures are simple fault scarps, and only a few locations
contain shifting scarps. The vertical offsets across the trace of simple
fault scarps are 2.0-4.5m. At point 16,194, in the area west of
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Toudaodongwan, a composite scarp occurs on T2 of the gully and
the total vertical offset is 4.5 + 0.1 m according to tape and compass
profiling (Supplemental Figure S6D). The steepest slope section of
this scarp is approximately 1.4 m high, and this is in accordance
with the scarp height on gully terraces on the middle section. To its
east, this single scarp turns into two strips of scarps on the T1
terrace of another gully. The northern scarp is 1.3 + 0.3 m high, and
the southern one is 1.2 + 0.3 m, measured by a laser distance meter.
These are suggested to represent shifting scarps.

As mentioned above, the vertical offsets of the young surfaces
on the Shuiguan River segment range from 0.6 + 0.1 to 1.5 + 0.3 m,
and the maximum of 1.5 + 0.3 m was measured directly from the
height of the scarp determined by a laser distance meter on the T1
terrace of a gully. There are no age dating constraints on the
surfaces to prove that these were from the 1609 rupture. However,
at point 169,188, the scarp on the hillslope is low, about 0.6 m high,
and it is preserved on a thick loess covered surface with a relatively
steep slope (Supplemental Figure S6B). Under such conditions,
old scarps can retreat and disappear after thousands of years
(Zhang et al., 1994), so we are prone to consider the Shuiguan
River segment as part of the 1609 surface rupture.

DISCUSSION

Rupture Length, Coseismic Slips, and
Possible Magnitude of the 1609 Earthquake

As mentioned above, the west segment of the 1,609 surface
rupture trending 115° from Fodongmiao to Hongshancun is
ca. 24 km long, and the average and maximum slip is 1.8 +
0.6/-0.5 and 3.4 + 1.4/-1.2 m, respectively. The middle segment
trending 120° from the area east of Hongshancun to the west bank
of the Maying River is ca. 50 km long, and the average and
maximum slip is 2.0 + 0.7/-0.6m and 4.1 + 1.4/-12m,
respectively. The east segment trending generally 130° from
the Maying River to the Toudaodongwan is ca. 25km, or
17 km long not including the Shuiguanhe section, and the
average and maximum slip are 1.8 + 0.5 and 2.6 + 0.5m,
respectively. The average and maximum slip of the whole
rupture are 1.9 + 0.6/-0.5 and 4.1 + 1.4/-1.2 m, respectively.
The relation between the seismic moment (M,) and the

moment (Mw) magnitude is described by Hanks and
Kanamori (1979) as follows:
Mw = (log,M, - 9.1)/1.5 (1)

Seismic moment can be calculated as the slip x area x rigidity
(3.3 x 10" Nm™). To estimate the moment from each fault
segment, we used its mapped length and a dip of 30°, as adopted
from previous studies on the seismic reflection profiles across the
FHF (Yang et al, 2007; Zuza et al, 2016), along with an
assumption of a 10km seismogenic thickness because the
estimated detachment depth of the FHF ranges between 6 and
15 km (Yang et al., 2007; Zuza et al., 2016) to compute the rupture
area of the fault. The seismic moment estimates for the western
segment, middle segment, and eastern segment are 2.85 X
10 Nm, 6.60 x 10" Nm, and 2.97 x 10" Nm (or 2.02 x
10’ Nm not including the Shuiguan River section),

Surface Rupture of Hongyapu Earthquake

respectively. Summing these three segments, we estimate that
the total seismic moment was 1.24 x 10?° Nm (Mw 7.33), or 1.15
x 10°° Nm (Mw 7.30) not including the Shuiguan River section.
On the west and east segments, most of the local slips are
estimated based on local rupture dips steeper (or shallower)
than 30° dip, based on which the area is calculated in the Eq.
1. This probably introduces some incompatibility. If local dip is
40° higher or 10° lower than regional dip (30°), then slip is 0.9 m
smaller or larger, and the effect on the magnitude is + or —0.1. The
change in dip doesn’t change the magnitude estimate too much.

The total length of the surface rupture measured on the map is
98 or 90 km without the Shuiguan River section, and this length is
slightly shorter than the sum of each segment because a stepover
exists between the middle and eastern segments. We can assess
the magnitude from the rupture length by using the empirical
relation between the rupture length and magnitude for dip-slip
faults, given by Leonard (2010), as follows:

Mw = 1.52log,, (SRL) + 4.40 )

Here, SRL is the rupture length. According to Eq. 2
calculations, the predicted magnitudes are Mw 7.43 and
Mw 7.37 for the 98km and 90km rupture lengths,
respectively.

We also estimated the magnitude of the AD 1609 earthquake
by another empirical equation from Wells and Coppersmith
(1994), in which the relationship between the maximum
displacement and magnitude is as follows:

Mw = 6.81 + 0.78log,; (Dymax) (3)

Here, D p,,x is the maximum coseismic slip; this value is 4.1 +
1.4/-1.2 m at point 150,736 on the middle segment. According to
Eq. 3 calculations, the predicted magnitude is Mw 7.3 + 0.1.

Implications for Thrust Fault Rupture

Segmentation

Most of the recent rupture along the FHF could be traced on
different surfaces, but the youngest ruptured surfaces on different
segments are all from the Late Holocene. The most recent surface
rupture on the western segment occurred after AD 1, which was
proven by trench Tc3 data collected at the Hongshuiba River site
(Huang et al., 2018b). The newest surface rupture on the middle
segment formed after AD 1184-1275, as revealed by Tc4 data from
the Huangcaoba site (Huang et al., 2018b). The most recent surface
rupture on the eastern segment, which trends from the area west of
the Maying River to the area west of the Shuiguan River, occurred
in AD 1609, as proved by trench Tcl and Tc2 data from the
Maying River site (Huang et al., 2018b), as well as trench TcX data
from Xiaoquan village (Xu et al., 2010). Jiuquan city, which is just
24 km south of the Hongshuiba River site, was built in 160 BC.
during the Han Dynasty. Among the earthquakes included in the
Chinese historical earthquake catalog (Li, 1960; Gu, 1983;
Earthquake Disaster Prevention Department, State Seismological
Bureau, 1995) and the China Earthquake Networks Center, 2020
(http://www.ceicac.cn/history), only the AD 1609 M7,
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FIGURE 14 | Surface slip distribution of the 1609 earthquake and segmentation of surface rupture. (A) Surface rupture map and segmentation of the rupture. (B)
Surface rupture slip distribution. (C) Possible correlation of the paleo-earthquakes along the Fodongmiao-Hongyazi Fault according the previous trenches work (Huang
etal., 2018b). Place names: FDM, Fodongmiao; SYJ, Shiyangjuan; HSC, Hongshan Village; RJTZ, Rujiataizi; HCB, Huangcaoba; XQ, Xiaoquan; HYZ, Hongyazi; TDDW,
Toudaodongwan; XCG, Xichagou.
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Hongyapu earthquake could have been responsible for the most
recent surface rupture running from the Hongshuiba River to the
Shuiguan River. Therefore, the three segments of the FHF are
considered to have coalesced and ruptured simultaneously during
the AD 1609 earthquake, occurring as a multisegment rupture.
This multisegment rupture event happened about 400 years ago, so
the probability of large earthquakes along the FHF in the next
100 years is small, with consideration of the millennial-scale
recurrence revealed in the trenches (Huang et al., 2018b).

In Hongshan Village (HSC), from the western segment to an
oblique thrust fault striking 73°, the surface rupture trace
orientation differs by about 42°, named as Bend 1 in
Figure 14, and dip angles change from 38" to 54-78".
Structural discontinuities may indicate a rupture segment
boundary (McCalpin, 2009) and displacement could decrease
significantly or falls to zero at segment boundaries (Rockwell and
Klinger, 2013). But the surface slip distribution of the 1609
earthquake does not show obvious slip impeding or decreasing
at this boundary. Because of insufficient data on this rupture
section, this geometric complexity cannot be affirmed a segment
boundary of the 1609 rupture by the surface slip distribution. The
geometry of rupture trace in the Maying River area is much more
complex than the HSC (Figure 14A). The rupture trace
orientation differs by about 30° from the Hongyazi section to
the Xiaoquan section, named as Bend 2, and differs by about 70°
from the Xiaoquan section to the Maying river section, named as
Bend 3, as the dip angles change from 60° to 20°. And there is a
step of ~5km between the eastern segment and the middle
segment in this area. This rupture trace complexity and
structural discontinuities should indicate a robust segment
boundary. It modulated the fault rupture to form a slip
troughing on the surface slip distribution (Figure 14B), and a
slip gap also occurred between Xiaoquan section and the Maying
river section. Length of earthquake ruptures is controlled by the
geometrical complexity of fault traces (Wesnousky, 2008). Bends
and steps in fault trace play a role in controlling the extent of
earthquake ruptures (Biasi and Wesnousky, 2017). In previous
reports, dip-slip ruptures can cross large steps with maxima of
~5km (Biasi and Wesnousky, 2016). The orientation of ends of
ruptures cannot differ by more than 60° in strike-slip ruptures but
it is not clear in dip-slip ruptures, which are observed to have
rarely ended at a deflection less than 20°, and maximum angles
passed inside ruptures for dip-slip ruptures concentrate below 50°
(Biasi and Wesnousky, 2017). The rupture trace and slip
distribution of the 1609 earthquake confirmed that The
rupture trace and slip distribution of the 1609 earthquake
confirmed that large earthquakes can rupture across a large
step of ~5km and a large bend of 70° along a thrust fault.

To further evaluate fault segmentation along the FHF, we
synthesized Holocene paleoseismic data from five trench sites in
our previous paleo-seismic trenching work (Huang et al., 2018b).
The youngest earthquake, constrained to be the AD 1609
earthquake, being evidenced in all the trench sites on three
different segments (Figure 14C) is consistent to a complete
multisegment rupture along the FHF mentioned above. TC3
and TC4, sites on the western segment and middle segment
respectively, yielding a time range of 3.4-2.1ka for the

Surface Rupture of Hongyapu Earthquake

penultimate earthquake, E2, suggest a multisegment rupture.
Although the penultimate earthquake in TC2 overlaps the E2,
there is a gap between the E2 and the penultimate earthquake in
TC1, which is only 100 m apart from TC2. Therefore, the
penultimate earthquakes in TC1 and TC2 suggest the third
last event, E3, ranged of 4.4-3.5 ka. The E3 evidenced only in
TC1 and TC2 could be a single segment rupture, partially
ruptured the east segment and was constrained by the Bend 3
and the step in the Maying River area. Both the E2 and E3 were
impeded by the large step in this area. TC3, TC2 and TC5 yielding
a time range of 7.6-7.0 ka for the fourth last event, E4, suggest
another complete multisegment rupture on the FHF, similar with
the AD 1609 earthquake. These earthquakes prove that the
segment boundaries on the FHF can act as impermanent
barriers in single segment rupture or multisegment rupture
events, but they cannot impede the rupture propagation of
large earthquakes such as the AD 1609 earthquake. The
earthquakes alternating between longer multisegment ruptures
and shorter single-segment ruptures along the FHF is similar with
the Minle-Damaying Fault (thrust fault) in the eastern Qilianshan
in China (Lei et al., 2020) and the Wasatch fault zone (normal
fault) in United States (McCalpin, 2009; DuRoss et al., 2016).

CONCLUSION

According to our research, the 1609 rupture surface is 98 km
long, or 90 km long not including the Shuiguan River section. The
surface rupture is mostly vertically offset with an average of 1.0 +
0.3 m and maximum of 1.8 + 0.3 m. Lateral horizontal motions
occurred locally where the strike departs substantially from
mountain front orientation, and a left-lateral offset of 3.0 +
0.3 m was measured in the easternmost section of the western
segment, while some right-lateral offset data were recorded on the
Xiaoquan section along the eastern segment with an average value
of 1.5 + 0.3 m. We converted the vertical offsets and lateral offsets
(for the area east of Hongshan village and on the Xiaoquan
section), to dip slip using the different fault dips on the different
segments. The maximum slip is 4.1 + 1.4/-1.2 m based on the
offset data collected from points in the area of HCB, and the
average slip is 1.8 + 0.6/-0.5, 2.0 + 0.7/-0.6, and 1.8 + 0.5 m for
the western segment, middle segment, and eastern segment,
respectively. Constrained by age dating and the historical
earthquake catalog, these three segments are considered to
have coalesced and ruptured simultaneously during the 1609
earthquake, and we suggest a multisegment rupture for the 1609
earthquake along the FHF.

The moment (Mw) magnitude estimated according to the
equations from Hanks and Kanamori (1979), Leonard (2010) and
Wells and Coppersmith is approximately Mw 7.2-Mw 7.3 along the
FHF from the Hongshuiba River to the Shuiguan River with a length
of 90 km. If the Shuiguan River section also broke during the 1609
earthquake, the magnitude could have reached Mw 7.3-Mw 7.4. The
rupture trace and slip distribution of the 1609 earthquake confirmed
that large earthquakes can rupture across a large step of ~5km and a
large bend of 70" along a thrust fault. The findings of this study should
be valuable for future assessments of seismic activity in this region.
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