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Ground-rupturing earthquakes can generate tectonic knickpoints within upstream reaches of streams across
active fault zones. These knickpoints are characteristic of upstreampropagation of time-relatedprocess once gen-
erated by an earthquake, so analysis of knickpoint series in streams which cross fault zones can be used to infer
paleoearthquake events.We studied the knickpoints along theHuoshan Piedmont Fault (HPF),which is an active
normal fault in the Shanxi Faulted Basin zone, China, and demonstrate that analysis of knickpoints shows
evidence for two paleoearthquakes in the HPF. First, we identified knickpoints in bedrock reaches upstream of
the HPF using high-resolution DEMs derived from IRS-P5 stereo images and the stream-gradient method. After
excluding non-faulting knickpoints, 47 knickpoints were identified in 23 bedrock reaches upstream from the
HPF. Analysis of the most recent knickpoints caused by the 1303 CE Hongdong Earthquake allowed for local
calibration of the retreat rates. Applying these retreat rates across the study area allows for the estimation of
the age of other knickpoints, and constrains the age ranges of two knickpoint groups to be 2269–3336 a BP
and 4504–5618 a BP. These ages constrain the ages of two paleoearthquake events at 2710 ± 102 and 4980 ±
646 a BP. The knickpoints along the HPF obey the parallel retreating model in which knickpoint morphology
was roughly maintained during retreat, so the heights of knickpoints represent the coseismic vertical displace-
ments generated by the earthquakes along theHPF. The vertical offsets for these three earthquake events are sim-
ilar and are approximately 4m,which indicates that the ruptures on theHPF obey a characteristic slipmodelwith
a similar slip distribution for several successive earthquakes. These results provide additional evidence of
paleoearthquakes on the HPF and show that analysis of knickpoint recession along an active fault is a valuable
tool for paleoseismology.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

A complete record of large and destructive earthquakes is vital to ac-
curately assess the potential seismic risk of an active fault andmay even
apply to earthquake forecasting (Wallace, 1981; Liu-Zeng et al., 2006;
Klinger et al, 2011). We often lack sufficiently long historical or instru-
mental seismic data sets for such analysis because recurrence of large
earthquakes along the same fault segment typically takes several
hundred years or more (Scholz, 2002). Though trenching is one of the
primarymethods used in paleoseismology and has achieved outstanding
results (Sieh, 1978; Liu-Zeng et al., 2006), geologists are often troubled
by a lack of sufficient material to determine the date of past earthquakes
in a trench. Moreover, trenching cannot be applied in bedrock sites and
has shortcomings in acquiring the coseismic displacements along faults.

If an earthquake is large enough to disrupt and displace geological
and geomorphic units, the event date, size, and rupture process may
be preserved in the geologic and geomorphic record (Burbank and
Anderson, 2001). One earthquake can produce various landforms,
such as troughs, sags, scarps, and offset channels along the fault zone
(Wallance, 1968; Arrowsmith and Zielke, 2009). To obtain seismic
records sufficiently extensive to spanmultiple earthquake cycles, or to re-
construct the coseismic displacement, geologists can use these tectonic
landforms as markers, such as offset channels or terrace edges where
strike–slip faulting took place (Wallance, 1968; Sieh and Jahns, 1984;
Klinger et al, 2011), bedrock scarps where normal faulting took place
(Stewart, 1996; Giaccio et al., 2002), and fault scarps in unconsolidated
sediments where thrust faulting and normal faulting took place (Nash,
1980; Andrews and Hanks, 1985; Arrowsmith et al., 1998), and combin-
ing these with the radiocarbon dating of organic matter associated
with the displaced deposits allows for age calibration (Scholz, 2002;
McCalpin, 2009).

Knickpoints are important geomorphologic features in the longitudi-
nal profiles of bedrock rivers, and can be generated by the base-level
changes produced by an increase in the rate of rock-uplift (Whittaker
et al., 2008; Attal et al., 2011) or eustatic adjustment (Whipple and
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Tucker, 1999; Snyder et al., 2003; Bishop et al., 2005). Base-level fall
knickpoints have been observed in a range of tectonic settings (Loget
and vandenDriessche, 2009), and can give insight into geomorphological
erosionalmechanisms (Gardner, 1983) and landscape evolution (Righter,
1997; Bishop et al., 2005; Crosby and Whipple, 2006; Foster and Kelsey,
2012). We are more interested in tectonically generated knickpoints,
formed by differential faulting across rivers. Normal or thrust faulting
lowers the base level of erosion (with respect to the upstream segment
of the river) across the fault (Burbank and Anderson, 2001). In this case,
one knickpoint (a fault scarp in the reach of a river) develops in the lon-
gitudinal profile of river, especially in bedrock-dominated channels
Fig. 1. Simplifiedmap of the tectonic setting of China, and the topographic and geologicmaps of
et al., 2007), black lines indicate active faults; the black arrow shows the location of (b). (b) Top
streams; Rx marks the streams which are studied here; the base map is from DEMs with a hor
(c) Geologic map along the HPF. Black lines are the same as (b).
(Hayakawa andOguchi, 2006;Ming-Chu, 2010). Knickpoints characteris-
ticallymigrate upstream over time, and their age of formation can be cal-
culated by dividing retreat distances by retreat rates. Inmany tectonically
active regions, multiple knickpoints within a reach of river upstream
from a fault zone may indicate that there have been multiple surface-
rupturing earthquakes. However, it has seldombeen considered as a use-
ful geomorphic marker for the investigation of repeated surface faulting.
Investigating knickpoint characteristics and spatial distribution common-
ly relies on exhaustive surveys and the interpretation of aerial photogra-
phy. Therefore, a highly effective method is required to carry out an
investigation of the geomorphology of knickpoints and their spatial
theHuoshan Piedmont Fault (HPF). (a)Major active faults of China (modified fromQidong
ographic map and the HPF. Thick black lines indicate the HPF and thin black lines indicate
izontal resolution of 2.5 m in a UTM projection, generated from six IRS-P5 stereo images.
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distribution. Recent developments in high-resolution digital elevation
models (DEMs) and mathematical models to identify knickpoints
(or knickzones) such as slope–area relationships based on the stream
power erosion model (Howard and Kerby, 1983; Bishop et.al., 2005;
Zhang et.al., 2011), and stream gradient calculations (Hayakawa and
Oguchi, 2006, 2009) have enabled detailed analysis of knickpoints,
allowing these knickpoints to provide a basis for subsequent paleoseismic
analysis.

In this paper, we report observations of knickpoints from the
60-km-long Huoshan Piedmont Fault zone (HPF), one of the boundary
faults of the Shanxi Faulted Basin zones (SFB), China (Fig. 1a). Here,
abundant knickpoints in rivers that cross this fault zone allow us to
construct a detailed time series of earthquakes caused by normal
faulting, and the response of erosional processes and topography to
the base-level changes along reaches of the river. Detailed geologic
and geomorphic field observations based on aerial interpretation con-
strain the location of faults, and recently acquired IRS-P5 stereo images
provide high-resolution topographic data. These data provide an excel-
lent opportunity for paleoseismology using the detailed distribution of
knickpoints along the fault zone. First, we introduce a method to iden-
tify knickpoints where steepened slopes of reaches are sufficiently
anomalous. Second, we exclude all other knickpoints unrelated to
the earthquake faulting before the paleoseismic analysis. Finally, we
discuss paleo-earthquakes on the target fault based on the normalised
distribution of knickpoints and knickpoint attributes (in general, the
scarp height).

2. Study area

2.1. Geological structure

As an important transitional region adjacent to the Tibetan Plateau,
the Ordos block bridges the intensively uplifted Plateau and the
disassembled old North China Craton (Deng et al., 1999; Wang et al.,
2011) (Fig. 1a). Due to compressional stress from the movement
of the Tibetan Plateau towards the Northeast, four fault zones (and
corresponding faulted basin zones) have developed sequentially in
Cenozoic lithologies surrounding the Ordos block (Xu and Ma, 1992;
Deng and Xu, 1994, 1999). The Weihe Faulted Basin zone (WFB) and
Fig. 2. Panoramic views of tectonic landforms along the HPF from the Linfen Basin, looking east.
shown in Fig. 1b.
Yinchuan Faulted Basin zone (YFB) to the south and west initiated
during the Eocene, followed by the Hetao Faulted Basin zone (HFB) to
the north in the Oligocene, and finally, the Shanxi Faulted Basin zone
(SFB) to the east in the Pliocene. Compared to the stable Ordos block,
these faulted basin zones are characterised by high seismicity (Xu and
Ma, 1992; Deng et al, 1999).

The Huoshan Piedmont Fault zone (HPF) is an important active nor-
mal fault in the Shanxi Faulted Basin zone, and is the dominant control
on the development of the Linfen Basin (Fig. 1b). Field investigations
show that the HPF is a 60-km long, N10°–N20° trending active fault,
with a simple geometric structure (Xu and Ma, 1992). Bedrock fault
planes and multiple fault facets exposed along the HPF separate the
bedrock of the mountain to the east from the faulted basin to the west
(Figs. 1b and 2), and indicate major normal faulting with a minor sinis-
tral strike–slip component. The geology of Mt. Huoshan in the east is
dominated by an anticline, the core of which consists of Archean gneiss,
and its east and west flanks are Palaeozoic limestone. The faulted basin
to the west mostly consists of alluvial deposits overlying loess strata
of Pliocene age and younger (Fig. 1c). Detailed mapping of the HPF
was carried out through a field survey and aerial-photo interpretation
(Xu et al., 2011).

2.2. Present landscape morphology

In the study area there are many rivers with catchment sizes less
than 1 km2

flowing westward and across the HPF (Figs. 1 and 2). Most
of these rivers have deeply incised upstream reaches on the upthrown
fault block, along which many knickpoints have been generated
(Fig. 3). Numerous knickpoints provide an opportunity to identify re-
peated faulting on the HPF. Except for those produced by non-tectonic
causes, such as lithological differences, and climate, knickpoints caused
by normal faulting can be used as a geomorphic indicator of repeated
surface rupturing earthquakes.

The climate of the study area is semi-arid with a mean annual tem-
perature ranging from8.9–12.1 °C. The annual precipitation ranges from
400–500 mm, most of which occurs in summer and fall. The Huoshan
Mountains lie below 2000 m in elevation. We did not find any glacial
landforms along the HPF during our field surveys, consistent with
other previous survey reports (Xu et al., 1993; Deng et al., 1994).
White dashed lines delineate the triangular facets of the HPF. The location of (a) and (b) is



Fig. 3. Photos of knickpoints located in upstream channels that cross the HPF. Observed knickpoints in (a), (b), (c) and (d) are from profiles R21, R13, R17 and R18, respectively.
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Geologists have concluded that themid-lowmountains (altitude b 3000m)
in eastern China were not glaciated during the last glacial maximum
(Jijun, 1988; Yafeng, 1989).

2.3. Earthquake history

The lateQuaternary geological history of theHPF has beenwell stud-
ied (Xu andDeng, 1990; Deng andXu, 1994; Yueren et al., 2011). Histor-
ical earthquake analyses and paleoseismic investigations along the HPF
indicate that multiple ground-rupturing earthquakes occurred during
the Holocene (Xu and Deng, 1990; Xu et al., 1993). The most recent
surface-rupturing earthquake, recorded in historical documents, is the
Hongdong Earthquake with an estimated magnitude of M8 in 1303CE.
Based on air photo interpretation and field observations, Xu and Deng
(1990) identified an approximately 45 km long surface rupture caused
by the 1303 CE earthquake. This interpretation used various tectonic
geomorphic features, such as fault scarps, offset streams, and landslides.
Systematic measurements of these offset geomorphic features have led
to an understanding of the coseismic slip distribution, with a vertical
displacement of up to 5 m during the 1303 earthquake (Jiang et al.,
2004).

Paleo-seismologic analysis of trenches and dating of calibrated
radiocarbon indicate that other than the Hongdong Earthquake of
1303, there were two other paleo-seismic events along the HPF in
the Holocene. The earlier earthquake event has been dated at approxi-
mately 5455 ~ 4620 a BP, and the second event at approximately
3475 ~ 2555 a BP (Xiwei et al., 1993). Recent research has indicated
that the average recurrence interval for surface faulting events is
between 1500 and 2000 years (Wali et al., 2004).

3. DEMs and stream profile extraction

This study uses DEMswith a horizontal resolution of 2.5 m in a UTM
projection (Fig. 1b). The DEMs were generated from six IRS-P5 stereo
images, which cover the entire study area. Every stereo image consists
of a set of overlapping satellite images (a forward image and a rear
image). We used digital photogrammetric software to generate the
DEMs. We used the calibration information of the stereo images, along
with 12 ground control points acquired from a centimetre-accurate
differential GPS, to help calibrate the DEMs. We tested the quality of
the DEMs using the contour overlap analysis method with the contour
data of 1:50,000 topographic maps with a 20-m vertical resolution
published by the National Geomatics Centre of China. This comparison
shows that the DEMs agree well with topographic maps in all dimen-
sions and landform shapes (Fig. 4).

Longitudinal profiles of the streams crossing the HPF were extracted
utilising River Tools Software which is an application for digital terrain
and river network analysis. After sinks in the original DEMs were filled,
water flow direction, drainage area, and stream network models were
created from the filled DEMs (Jenson and Domingue, 1988). Longitudi-
nal profiles of some streamsweremade with a differential GPS to verify
the accuracy of the DEM-derived profiles. The DEM-derived river pro-
files were systematically higher than the field measured profiles be-
cause the elevations generated from the photogrammetric techniques
are affected by adjacent valley-side slopes (Hayakawa and Oguchi,
2006). These results show that the presence and location of knickpoints
observed on DEMs are consistent with those derived from field
measurements, and that the relative elevation errors are less than 1 m
(Fig. 5). This shows that the DEMs derived from IRS-P5 stereo images
meet the accuracy requirements needed to identify knickpoints
(Guo-an et al., 2005; Liping et al., 2007).

The area of drainage basins above the intersection of the fault and
the channel can be determined using the DEM. Streams with large
drainage areas (N1 km2) have high erosion power and transport huge
boulders. This makes it difficult to identify knickpoints in longitudinal
profiles of large drainage basins because of the large number of boulders
in the riverbed. Therefore, in this study we focus on small streams with
drainage areas of less than 1 km2 above the intersection of the fault and
the stream. In addition, streams in which there areman-made dams are
excluded.



Fig. 4. Assessment of the accuracy of DEMs generated from IRS-P5 stereo images by the contour overlap analysis method. (a) Comparison of DEM data (base map) and 1:50,000
topographicmaps (contour data) published byNational Geomatics Centre of China.White rectangles indicate the locations of (b) and (c). (b) and (c) are enlarged views of the topographic
section delineated by the white boxes in (a). The comparison shows that DEM agrees with topographic maps in terms of magnitude and geometry.

Fig. 5. Comparisons between the profiles extracted fromDEMs and the profiles acquired from fieldmeasurement at the same locations. Numbers indicate the heights of knickpoint scarps
measured from the DEM and from fieldmeasurements. (a) Knickpoint is close to the fault zone (R16, Fig. 9). (b) Knickpoint has migrated upstream, away from the fault zone indicated by
dashed thick line (R17, Fig. 9).
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4. Method

4.1. Paleo-earthquake analysis based on knickpoint series

Down-faulted blocks can initiate an upstream-propagating wave
of incision in river reaches that cross the fault zone (Gardner, 1983;
Hayakawa et al., 2010; Whittaker et al., 2010). Such migrating incision
can take the form of transitory knickpoints (or knickzones) in the longi-
tudinal profile of a riverbed (Crosby and Whipple, 2006; Wobus et al.,
2006). We use a simple model of knickpoint formation and recession
to build the conceptual model for the geomorphic processes observed
in this study (Fig. 6). Previous studies have shown that river profiles
are assumed to display a sustained decrease in channel slope in a down-
stream direction under conditions of steady rock uplift and invariant
lithology (Burbank and Anderson, 2001), and are usually characterised
by a concave up smooth curve in numerical modelling studies (Duvall
et al., 2004; Whipple, 2004; Attal et al., 2011). We used a concave up
smooth curve to model the original longitudinal profile of a river that
crosses a fault zone. A ground-rupturing earthquake that vertically dis-
places the longitudinal profile generates a knickpoint (P1) in the river
where it crosses the fault. Subsequently this knickpoint (P1) migrates
upstream at some rate due to continuous retrogressive erosion. When
further ground-rupturing earthquakes occur, the geomorphic process
described above repeats itself. A new knickpoint (P2) is generated,
and the old knickpoint (P1) migrates upstream a certain distance from
the fault zone along the river reach. Both old and new knickpoints
(P1 and P2) continue to migrate upstream due to retrogressive erosion.
Therefore,multiple earthquakes attributed to normal faulting can create
multiple knickpoints (P1, P2, P3…) in rivers that cross an active fault
zone. The number of knickpoints distributed in river reaches not only
indicates the number of faulting events, but the distance between adja-
cent knickpoints can imply the time interval between two faulting
events.

We can create an earthquake record for an active fault based on
the following two hypotheses. (1) The knickpoints migrate upstream
at a constant rate since they were formed, and the retreat rates of
knickpoints within the same river are equal. In reality, the retreat rate
of a knickpoint would be affected by changes in the drainage area. The
drainage area decreases as a knickpoint migrates upstream. For the
streams in the Huoshan Mountains, the majority of the drainage area
is usually located in the headwaters of the streams, and the knickpoints
caused by faulting are located in the lower reaches of the streams.
Because of this, there is little difference in the drainage area among
knickpoints in the same channel. (2) The formation time of the most
recent knickpoint (Pn) is known from historical data or a trench study,
and the retreat distances of all of the other knickpoints from the active
fault zone along the channel can be determined.
Fig. 6. Schematic illustration of development and upstreammigration of fault-scarp knickpoint
normal faulting; T0, T1, T2, and T3 are the times of earthquakes/knickpoint initiation; L1, L2, an
First, we can calculate the retreat rate of the knickpoint of each
stream with the following formula:

ν ¼ LN=TN ð1Þ

where v is the retreat rate of a knickpoint, LN is the retreat distance, and
TN is the formation time of the most recent knickpoint.

Second, the formation times, Ti, of other knickpoints can be estimated
by the formula:

Ti ¼ Li=ν i ¼ 1; 2;……; N−1 ð2Þ

where Li is the retreat distance of the knickpoint determined bymeasur-
ing the streamwise distance from the active fault zone. Because the
knickpoints mentioned above are all assumed to be produced by
multiple normal faulting events, the formation time of every knickpoint
implies the occurrence time of a surface-rupturing earthquake. Through
statistical analysis of knickpoint distribution in rivers that cross an
active fault zone, the paleo-earthquake record of the active fault can be
determined.

4.2. Identification of knickpoints based on DEMs

A knickzone is a locally high-gradient reach between lower gradient
reaches in a river. The knickpoint associatedwith a knickzone is located
at the distinct inflection point between a knickzone and an upstream,
lower gradient reach (Crosby and Whipple, 2006; Wobus et al., 2006).
We employed the stream-gradient method described by Hayakawa
and Oguchi (2006, 2009) to identify knickpoints in the riverbed. Stream
gradients of rivers are first computed with varying measurement
lengths, and then an index of relative steepness is derived from the
stream gradients in order to determine the location of knickpoints
with more quantitative rigour than visual inspection (Fig. 7).

The longitudinal profiles of the study streams were sampled at a
3.5 m interval, equal to the diagonal length of a grid cell, and a 15 m
smoothing window was applied to each stream profile. A smoothed
profile is a better representation of the true channel bottom observed
in the field because the raw profiles include numerous small pits and
features that may represent large woody debris in channels (Foster
and Kelsey, 2012), or elevations of valley-side slopes (Hayakawa and
Oguchi, 2006). Next, the gradient along the streams, Gd (m/m), was cal-
culated for each sampling point with a measurement length of d (m):

Gd ¼ e2−e1
d

ð3Þ

where e1 and e2 are the riverbed elevations (m) at d/2 upstream and
downstream of the measurement point respectively (Fig. 7a).
s associated with normal faulting. P1, P2, and P3 represent different knickpoints caused by
d L3 are recession distances from the fault zone. Dashed line indicates fault.



Fig. 7. Detection of knickpoints using the stream gradient method (Hayakawa and Oguchi, 2006). (a) Stream longitudinal profile (R2, Fig. 9) and location of identified knickpoints; Gd is
stream gradient in the center point, e1 and e2 are elevation values atΔd/2 upstream and downstream points, respectively. (b) Knickpoints were extracted by interpreting the longitudinal
changes (Rd) plot, with higher values of Rd identified as knickpoints. Inset figure shows a regression line (dashed) between Gd and Δd, and Rd is the negative slope of the regression line.
(c) Longitudinal changes in gradient along the streams using different values for Δd.
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For each sampling point, different Gd values can be obtained with
different measurement lengths of d (Fig. 7c). Gd changes as a function
of d according to the local riverbedmorphology. By analysing the gradi-
ents of river profiles, a local gradient feature can be best reflected in Gd

when d = 15–20 m, whereas the range of d from 20–95 m can be
regarded as a transition from local to larger scale gradients. To quantify
the transition for each measurement point, a regression line is fitted to
the relationship between Gd and d, within a d range of 15–95 m at 5 m
intervals:

Gd ¼ −Rd � dþ b ð4Þ

where Rd and b are coefficients of the linear regression. Rd is defined as
the negative slope coefficient of the regression line, and represents how
the local gradient of the measurement point is steeper than its trend
gradient. An example of Rd distribution along a river is shown in
Fig. 7b, where the curve of Rd along the river shows fluctuations, in
which locally steep knickzones can be regarded as river segments
with large Rd values. However, we did not use a threshold value of Rd
to automatically identify knickzones, such as Hayakawa and Oguchi
(2006) did, becausewe found that it is difficult to determine a threshold
value to objectively define the knickzones in longitudinal profiles of
streams with a small drainage area (b1 km2). Instead, we used visual
interpretation to locate the knickpoints by referring to the obvious
peaks observed in the Gd–d relation coupled with detailed individual
analysis of longitudinal stream profiles. Then the height of individual
knickpoints was simply determined as the vertical distance between
the upstream and downstream sides of the knickzone.

4.3. Determination of knickpoints caused by faulting

The knickpoints obtained by the method mentioned above include
not only knickpoints caused by faulting but also false knickpoints
caused by data noise, and other types of knickpoints generated by
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differences in local lithology or inflow from tributaries. This makes it
necessary to exclude non-faulting knickpoints before beginning the
paleo-earthquake analysis.

We only examined knickpoints located in river reaches on the foot-
wall of a fault, as the knickpoints caused by normal faulting only exist on
the footwall.We first performed visual inspections of every longitudinal
stream profile on which knickpoints are identified. If the reach near a
knickpoint shows frequent elevation fluctuations, we consider such
knickpoints as singular points caused by data noise in longitudinal
profiles. Otherwise, if the reach near a knickpoint shows a smoothly
concave upward profile, we conclude that such a knickpoint may be
generated by natural factors.

In addition to inspection of longitudinal profiles, we also carefully
analysed the spatial relationship between knickpoint locations and
lithologies, tributary junctions and the turning points of each river.
These factors can usually produce knickpoints in bedrock rivers
(Wohl, 1993). To do this, we compared knickpoint locations with geo-
logic and topographic maps (Fig. 8). The knickpoints are excluded if
they occur at lithologic contacts, the confluence of tributaries and/or a
bend in the river. Such knickpoints are relatively tall and steep.

Using some empirical relationships between moment magnitude,
surface rupture length, and surface displacement (Qidang et al., 1992,
Wells and Coppersmith, 1994), an earthquakewithmomentmagnitude
M=7.0–8.0 is likely typical for the HPF based on the length of the fault
system, and such an earthquake could generate a fault scarp of 4–10 m
in height. Through field investigations of the HPF, and statistics of sur-
face ruptures for the historic M 8.0 earthquake in 1303 CE, the vertical
surface displacement from this earthquake is approximately 5 m
(Xiwei et al., 1993). Therefore, a threshold value was used to identify
whether faulting caused a knickpoint. Knickpoints higher than 10 m
are considered to be non-faulting knickpoints in this study, and were
not included as knickpoints in the paleoseismic analysis.

To verify the reliability of the method of knickpoint identification
mentioned above, some of these knickpoint locations were visited dur-
ing the differential GPS field surveys. These knickpoints were confirmed
easily in the field because they usually have a relatively steep face and
some even form small waterfalls, especially knickpoints occurring in
erosion-resistant rocks. This fieldwork confirmed the suitability of the
identification method for knickpoints based on DEMs.
Fig. 8. Knickpoints located at positions of (a) lithology change, (b) tributary inflow, and (c) a be
the HPF; thin line indicates streams crossing the HPF; and triangles indicate the locations of kni
indicate the heights of knickpoints.
5. Results

5.1. Selected longitudinal profiles and knickpoints

We examined 69 profiles of streams that cross the HPF, and
more than 80 knickpoints were identified in bedrock reaches. Two
types of river reaches were excluded. One type of reaches did not
have any knickpoints. Such reaches are useless for analysing the
paleo-earthquake sequence. The other type of reaches had frequent
knickpoints. We think these knickpoints could be caused by data noise
from the extracted longitudinal profiles.We ultimately selected 23 bed-
rock reaches, and from these 47 knickpointswerefiltered out to remove
those that were unlikely to be earthquake generated, as discussed in
Section 4.3.

5.2. Characteristics of knickpoints

Abundant knickpointswere found in the streams crossing theHPF in
the footwall during field surveys. Our observations show that these
knickpoints usually maintain a steep face (Figs. 3 and 9), but are some-
what different in height. Most of these knickpoints are 3–6 m high, but
some knickpoints aremore than 10m and are often composed of one or
two near-vertical drops (Fig. 3a).

All knickpoints are located less than 500 m upstream from the HPF.
According to the number of knickpoints, the 23 bedrock reaches are
divided into three classes (Fig. 10, Table 1). Class I reaches including
R4, R7, R9, R16, and R21 only developed one knickpoint, and these
knickpoints are close to the HPF zone and usually have a relatively
steep scarp with a height of 4.0–7.5 m. Class II reaches including R6
and R15 developed two knickpoints. In these reaches, the most recent
knickpoints are close to the HPF zone, and the heights are 4.5–6.0 m,
similar to knickpoints in Class I reaches.We suspect that the knickpoints
in reaches of Classes I and II have not significantly migrated upstream
since they were formed. These knickpoints have a relatively high and
steep scarp due to the superimposed vertical displacements of more
than one earthquake. Class III reaches include another 16 reaches
which developed 2–3 knickpoints with heights between 2.0 and
5.5 m. Among the knickpoints in Class III reaches, the most recent
(level 1) knickpoints have retreated 40–70 m upstream with a mean
nd of stream. Basemaps are geologic or topographicmaps; thick lines with arrows indicate
ckpoints. The lower plots are longitudinal profiles of streams across the HPF; the numbers



Fig. 9. Longitudinal profiles of streamswith knickpoints, and the positions and heights of the knickpoint scarps. Dashed lines indicate the location of the HPF; a black triangle indicates the
location of the knickpoints caused by normal faulting of the HPF; grey triangles indicate the location of non-faulting knickpoints; numbers indicate the height of the knickpoint.
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Fig. 10. Retreat distance of knickpoints from the HPF. “Rx” is the stream number. Villages near the streams are named below the stream numbers.
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distance of 54.4m from the HPF, the nextmost recent set of knickpoints
(level 2) retreated 150–250 m upstream with a mean distance of
210.6 m, and the level 3 knickpoints retreated 300–500 m with a
mean distance of 366.1 m. For these knickpoints, we measured the
along-stream distances from the knickpoints to the intersections of
each stream with the HPF. Additionally, the upstream drainage areas
from the intersections of streams with the HPF were calculated. These
reaches have a narrow range of area from 0.1 to 1.0 km2 (Table 1). We
plotted the knickpoints by their retreat distance (Fig. 10), but there
are no obvious clusters in the distributions of retreat distances for all
levels of knickpoints, and especially for levels 2 and 3.

6. Discussion

6.1. Knickpoint retreat

Knickpoint retreat has been both modelled (Howard et al., 1994;
Whipple and Tucker, 1999) and simulated in flume experiments
(Gardner, 1983; Frankel et al., 2007). Field-based data have also con-
firmed knickpoint retreat (Bishop et al, 2005; Crosby and Whipple,
2006; Castillo et al., 2013). Empirical models point to drainage area, a
proxy for discharge, as a key control on knickpoint retreat rates for
Table 1
Statistics of distance between the knickpoint and the fault, and the height of the knickpoint sc

No. The number of
knickpoints

Level 1 Level 2

Recession distance (m) Height (m) Recession distance (m

R1 2 59.9 4.2 245.8
R2 2 52.7 4.7 235.5
R3 3 46.6 4.3 193.2
R4 1 0 5
R5 2 61.9 7.4 282.6
R6 2 0 4.9 209.4
R7 1 0 5.5
R8 2 55.7 5.3 219.7
R9 1 0 4
R10 2 58.2 2.5 192
R11 3 71.1 2.4 228.9
R12 2 50.9 4.2 171
R13 2 42.7 4.7 162.6
R14 3 60.4 2.3 194.6
R15 2 0 5.5 120.1
R16 1 0 3.7
R17 3 42.1 3.9 157.6
R18 2 61.8 3.3 216.5
R19 2 50.3 5.6 206.3
R20 2 49.7 4.5 235.7
R21 1 0 7.4
R22 2 60.5 3.7 247.4
R23 3 45.6 7.1 180.7

a Drainage area was calculated at the intersections of reaches and the HPF, that is, at the po
bedrock channel incision (Bishop et al., 2005; Crosby and Whipple,
2006). We attempted to validate the knickpoints in our study using
the relationship between retreat distance and upstream drainage area.
While the threshold drainage area at which a knickpoint is able to re-
treat is still in debate (Crosby and Whipple, 2006; Castillo et al., 2013),
our observations show that many knickpoints are found in streams
with drainage areas ranging from 0.1–1 km2. These knickpoints slowly
retreat upstreamwithin these small drainage areaswhere the transition
from fluvial-dominated to a debris flow-dominated erosion process
occurs (Montgomery and Foufoula-Georgiou, 1993; Whipple, 2004;
Wobus et al., 2006). It is possible that a knickpoint with a drainage
area b1 km2 in the HPF could retreat upstream once it was generated
by an earthquake, and it is also possible that a knickpoint series could
be developed by multiple earthquakes in a stream that crosses the
fault. The distance a knickpoint retreats is not only dependent upon
stream discharge, sediment supply, and substrate erodibility (Loget
and van den Driessche, 2009), but it has been observed empirically
that the retreat distance of a knickpoint increases exponentially as
drainage area increases, following a power law function across a wide
range of observed drainage areas (Kirby and Whipple, 2001; Bishop
et al, 2005). We plotted the retreat distance of the most recent
knickpoint versus the drainage area fromwhich the knickpoints started
arp.

Level 3 Drainage area
(km2)a

Class

) Height (m) Recession distance (m) Height (m)

4.2 0.304 III
4.9 0.285 III
3.9 371.5 4.8 0.133 III

I
6.3 0.463 III
5.7 II

I
4.1 0.221 III

I
2.5 0.333 III
2.2 478.9 4.2 0.803 III
6.9 0.216 III
7.3 0.133 III
3.9 386.2 3.1 0.323 III
4.4 II

I
3.4 283.1 3.9 0.075 III
3.9 0.332 III
4.6 375 6.5 0.117 III
3.5 0.127 III

I
5.7 0.357 III
5.5 302.1 3.1 0.256 III

sition where the knickpoints started to propagate.



Fig. 11. Plot of knickpoint retreat rate (left vertical axis) and retreat distance from the fault
(right vertical axis) versus drainage area. The tight correlation confirms the relationship
between knickpoint retreat and drainage area in small bedrock channels. Circles denote
observed knickpoints. The dashed line is the regression line, which follows a power law
function.
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to propagate, and a good exponential correlation was observed (Fig. 11,
right vertical axis). This relationship confirms that the retreat distances
of these knickpoints are reasonable.

Retreat rates of knickpoints can be calculated by dividing the retreat
distance by the age of initiation. It is relatively easy to calculate the rate
for the most recent knickpoint. Given that the most recent knickpoints
(level 1) were generated in the 1303 earthquake, a retreat rate for
every channel can be calculated by Eq. (1) using the migration distance
and the elapsed time since the 1303 earthquake, that is, 706 years (the
acquisition of IRS-P5 was in 2009). Because there is a linear relationship
between the retreat distance and the retreat rate, the retreat rate for
every channel also scales to its corresponding drainage area as a
power law function (Fig. 11, left vertical axis), which has been observed
in other transient landscapes (Hayakawa and Matsukura, 2003; Bishop
et al., 2005).

6.2. Paleoearthquakes identified by normalised knickpoints

As mentioned in Section 4.1, we hypothesise that knickpoints main-
tain a constant retreat rate for a given channel. Therefore, the retreat
distance of other knickpoints can be normalised to their respective for-
mation time with Eq. (2), and using the retreat rate in each channel.
If knickpoints in the channels that cross the HPF were related to the
surface rupture caused by an earthquake, then these knickpoints after
Fig. 12. Distribution of knickpoints after normalisation by the retreat rate of the most recent
histograms of normalised knickpoints for each level, the black curve is the normal distribution
95% confidence interval. Circles stand for knickpoints of level 1; diamonds stand for knickpoin
normalisation should be clustered around a similar formation time.
We calculated the formation times of all knickpoints using their
retreat distances and dividing by the retreat rates of the most recent
knickpoints in the same reach. Fig. 12 shows obvious clustering of for-
mation times of normalised knickpoints, and each cluster of formation
times indicates the date of a corresponding earthquake. The subset
including the most recent knickpoint defines the 1303 earthquake
event, with a formation age of 706 a BP; the second subset includes 16
knickpoints, and defines the older earthquake event, with a formation
age of 2269 to 3336 a BP; the third subset, despite sparser data, clearly
defines the oldest event, with a formation age from 4504 to 5618 a BP.

To quantitatively define the age of knickpoint-generating
paleoseismic events, we estimated the ages of the two earlier earth-
quake events by fitting the normalised knickpoint ages to a normal
distribution. The result of this shows that the best fit earthquake ages
with a 95% confidence interval are 2710 ± 102 and 4980 ± 646 a BP.
Combining the most recent earthquake of 706 a BP with these two
paleoearthquakes, we deduced that the recurrence interval of large
earthquakes on the HPF is approximately 2000 years.

Paleoseismic analyses show that there were multiple surface-
rupturing earthquakes on the HPF during the Holocene. Xiwei et al.
(1993) demonstrated that other than the Hongdong Earthquake
of 1303, two paleoearthquakes occurred on the HPF, dated at
2555–3475 a BP and at 4620–5455 a BP, respectively. Recently, other
researchers arrived at similar conclusions: that the average recurrence
interval for surface faulting events on the HPF is 1500–2000 years
(Wali et al., 2004). Our paleoseismic results, demonstrated via normal-
ised knickpoint retreat, are consistent with other paleoseismic studies
both in the timing of events and the recurrence intervals.

The paleoseismic observations above are based on the condition that
knickpoints maintain a constant rate of upstream migration. In reality,
the retreat rate of a knickpoint would be affected by climatic changes
as well as the drainage area. Climate studies have suggested that the
climate in mid-eastern China has been becoming more cool and dry
for the last 5 ka (Ke-Zhen, 1973; Ting-ru, 1983), and the decreased
precipitation likely has reduced the retreat rates of knickpoints in the
region. As a result, the ages of older knickpoints may be somewhat
overestimated when they are calculated using the retreat rate of the
knickpoints generated by the 1303 CE earthquake. In spite of the likely
error in knickpoint age using a stable retreat rate, the earthquake record
derived from normalised knickpoints seems reasonable when com-
pared with other paleoseismic studies.
6.3. Coseismic vertical displacements generated by earthquakes

Given that normal faulting caused the knickpoints discussed in this
paper, the height of the knickpoints may be related to the coseismic
vertical displacement generated by earthquakes. For this reason
we focused much of our attention on the height of knickpoints
(e.g. Hayakawa and Oguchi, 2006, 2009), and used it as a proxy for
the coseismic vertical displacement generated by earthquakes.
knickpoint (middle); faulting series estimated based on the knickpoint series (left); the
, and numbers are the best estimated values of the formation date of knickpoints, with a
ts of level 2; and triangles stand for knickpoints of level 3.



Fig. 13. Histograms of knickpoint heights for the entire set and each level. Blue curves are the normal distribution fit lines, and numbers indicate the best estimated values of knickpoint
height with a 95% confidence interval.
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We performed statistical analyses on the heights of knickpoints for
the entire set and each level. Regardless of whether we examined the
entire set or individual levels (1 to 3), the histograms show that the
distributions of heights have a strikingly normal distribution. By fitting
them to a normal distribution, the best estimations of heights are
4.04 ± 0.17, 4.16 ± 0.67, 4.09 ± 0.51 and 3.95 ± 1.71 m for the entire
set, level 1, level 2, and level 3 respectively (Fig. 13). This suggests
that the knickpoints preserve their original heights while they retreat
upstream.

Coseismic displacements from earthquakes are important in
assessing the seismic hazard of an active fault and for identifying earth-
quake recurrence patterns in the paleoseismic record (Zielke et al.,
2010, 2012; Klinger et al., 2011). We questioned whether or not the
height of knickpoints represents the coseismic vertical displacements
of individual earthquakes. It has been observed in thefield and in exper-
iments that two migration models of knickpoints can be used to de-
scribe the behaviour of propagating knickpoints (Howard et al., 1994).
In one model bedrock erosion is proportional to channel bed shear
stress, and knickpoints rotate as they propagate upstream, diffusing
away; in the other model, bedrock erosion is proportional to stream
power, and knickpoints are broadly maintained as they propagate up-
stream, retreating in a parallel manner (Gardner, 1983; Whipple and
Tucker, 1999; Crosby andWhipple, 2006). In the first model, the length
of the knickpoint increases and the gradient of the knickpoint decreases
as the knickpoint propagates upstream, whereas in the second model,
the knickpoint morphology is usually steep and is maintained during
propagation, and drainage area is the dominant controlling factor in
knickpoint propagation. Most of the knickpoints that we identified
along the HPF have steep faces (Fig. 3) and similar morphology
(Fig. 9). It appears that the drainage area upstream provides the main
influence for knickpoint retreat (Fig. 11). Therefore, we think that the
knickpoints caused by normal faulting along the HPF obey the second
model, and theirmorphologywasmaintained during their propagation.
Similar results were observed after the 1999 Chi-Chi earthquake
in West-Central Taiwan, where fluvial erosional processes tended to
preserve and translate the morphology of fault-scarp knickpoints up-
stream, often referred to as a local scarp in the river reach (Sklar et al.,
2005; Hayakawa et al., 2010). We speculate that the height of the
knickpoints in theHuoshanMountains represents the coseismic vertical
displacement from earthquakes along the HPF.

If indeed the height of knickpoints and the coseismic vertical dis-
placements from the HPF are similar, then the two older earthquakes
produced fault vertical displacements of approximately 4 m, similar to
that of the 1303 earthquake (Fig. 13). Other studies of repeated fault
rupture confirm that some faults have exhibited a “characteristic”
behaviour for multiple large earthquakes, that is, the magnitude,
distribution, and style of slip on the fault have repeated during two or
more consecutive events (Sieh, 1996). Klinger et al. (2011) showed
a characteristic slip behaviour on the Fuyun fault, China, using
analysis of coseismic displacements for successive earthquakes. As the
vertical displacements are similar during the three successive earth-
quakes, we can conclude that the ruptures on the HPF obey a character-
istic slip model. Based on the average displacement (4.04± 0.17m), an
expected moment magnitude Mw = 7.5 can be assigned to the HPF,
using the equation linking displacement with moment magnitude for
normal fault earthquakes described by Wells and Coppersmith (1994),
consistent with the magnitude Ms = 8.0 derived from seismological
data.
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7. Conclusions

The results derived from a study of knickpoint distributions reveal
two paleo-earthquakes in the Huoshan Piedmont Fault (HPF) and
demonstrate that knickpoint locations can be exploited for paleoseismic
investigations. A number of knickpoints are identified using high-
resolution DEMs and the stream-gradient method (Hayakawa and
Oguchi, 2006, 2009) in upper bedrock reaches of streams that cross
the HPF. After excluding non-faulting knickpoints, 47 knickpoints
were identified in 23 streams that cross theHPF. Analysis of themost re-
cent knickpoints caused by the 1303 CE Hongdong Earthquake allows
for local calibration of retreat rates. Application of these retreat rates to-
wards estimating the formation dates of other knickpoints constrains
the age ranges of the two knickpoint groups to be 2269–3336 a BP
and 4504–5618 a BP, and yields a best estimated date of two
paleoseismic events that occurred at 2710 ± 102 a BP and 4980 ±
646 a BP with a 95% confidence interval.

The knickpoints along the HPF obey the parallel retreating model in
which knickpointmorphologywas broadlymaintained during propaga-
tion. The heights of knickpoints along the HPF represent the coseismic
vertical displacements generated by the earthquakes that produced
these knickpoints. Finally, large earthquakes along the HPF obey a char-
acteristic slip model and typically have vertical offsets of approximately
4 m.
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