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Abstract Spatial patterns in fault activity were examined along the Yanggao-Tianzhen Fault (YTF)

in the northern Shanxi Graben, North China. First, we reconstructed the distribution of fault slips

and quantified slip rates at seven sites along the fault, based on satellite image interpretation, field
investigation, topographic surveying, and optically stimulated luminescence dating. The T, terraces and
their contemporaneous alluvial fans with a best-estimate age of 31.7 + 1.4 kyr were used as strain markers
to estimate slip magnitudes. We determined vertical slip and dip-slip rates of ~0.10-0.31 mm/yr and
~0.11-0.37 mm/yr, respectively, at the surface. Assuming fault dips of 40 + 10° at seismogenic depths, we
predicted extension rates of ~0.17-0.55 mm/yr. This suggests that at least 10% and up to 28%-54% (95%
confidence interval) of the total extension of the northern Shanxi Graben is inhomogeneously partitioned
by different sections of the YTF. We also evaluated the along-fault relative tectonic activity by analyzing
of five widely used geomorphic indices: hypsometric integral, basin elongation ratio, asymmetric factor,
valley-floor-width-to-height ratio, and mountain front sinuosity. The determined fault slip rates and
geomorphic indices demonstrate that the most prominent fault activity center occurred in the middle

of the fault, and that fault activity wanes toward the fault tips. Moreover, the fault activity is highly
heterogeneous and fluctuates along the fault strike, which may be attributed to either fault segmentation
and linkage or the possible strike-slip component of motion along the fault. Further exploration of fault
kinematics and paleoseismic history is warranted.

1. Introduction

Slip rate is a fundamental component for understanding the tectonic activity of active faults (Cowie
et al., 2012). Existing studies suggest that slip rates along a fault zone can vary in space and time (e.g., Bull
et al., 2006; Friedrich et al., 2003; Lei et al., 2020; Rood et al., 2011; Wang et al., 2021). Often, however, the
slip rate of a fault is determined by displacement and age at a given location on the fault, and the derived
slip rate is then assigned to the entire fault to represent the deformation rate of the entire fault (e.g., Hu
et al., 2021; Walker et al., 2021; Xiong et al., 2017). This generalization inevitably obscures the potential
complexity of the along-strike variability in fault activity (Lei et al., 2021; Rood et al., 2011). Therefore,
reconstructing the slip distribution and measuring slip rates at multiple sites along a fault are important.
In addition, determining the slip rates of major active faults in a given region is essential for understanding
contemporary deformation and assessing regional seismic hazards (Cowie & Roberts, 2001; Bai et al., 2018;
Hughes et al., 2018; Rood et al., 2011). However, geological constraints on slip rates sometimes are difficult
to acquire due to a lack of geomorphic markers that record fault offset or difficulties in dating the corre-
sponding offset (e.g., faults in humid areas; Marliyani et al. [2016]). Whereas it has been well established
that landscape topography encodes information on the spatial and temporal patterns and rates of tectonic
deformation (Kirby & Whipple, 2012; Wobus et al., 2006). For example, active dip-slip faulting has signifi-
cant control on topographic characteristics, such as elevation, slope, relief, and hydrological characteristics
of the uplifted fault blocks. Quantitative analysis of these characteristics may provide insights into the long-
term distribution and relative rates of deformation along a given fault (Densmore et al., 2004; Rimando &
Schoenbohm, 2020; Whittaker & Walker, 2015; Yildirim, 2014).
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Figure 1. Tectonic setting of the study area. (a) Topographic map showing the Ordos and adjacent tectonic blocks.
Black lines represent faults. Blue and red polygons represent the Shanxi Graben and the Zhangjiakou-Bohai Fault
Zone, respectively. The location of the study area is outlined by the white dashed polygon. (b) Tectonic map displaying
active faults in the northern Shanxi Graben, modified after Xu et al. (2016) and Middleton et al. (2017). Numbers in
white boxes indicate faults with known Quaternary vertical slip rates, “SS” indicates instead a strike-slip rate. Slip rates
data refer to Table S1 in the Data Set S1. Black arrows are global positioning system velocities plotted with respect to

the stable Eurasian plate; data are from Zhao et al. (2017). The white dashed box shows the location of the map shown
in Figure 2a. Faults: 1, Zhangjiakou Fault; 2, Ximalin Fault; 3, Xinbaoan-Shacheng Fault; 4, Huangtuyao-Tumu Fault;

5, Nankou-Sunhe Fault; 6, Huaian Basin Fault; 7, Huashan Basin Fault; 8, Yanggao-Tianzhen Fault; 9, North Xionger
Shan Fault; 10, Xuanhua Basin Fault; 11, Huaizhuo Basin Fault; 12, Yanfan Basin Fault; 13, Nankou Piedmont Fault; 14,
South Xionger Shan Fault; 15, Liuleng Shan Fault; 16, Yuguang Basin Fault; 17, Taibai-Weishan Fault; 18, Wutaishan
Piedmont Fault; 19, Hengshan Piedmont Fault; 20, Kouquan Fault; 21, Cailiangshan East Piedmont Fault; 22, North
Daihai Fault; 23, South Daihai Fault. Abbreviations: SG, Shanxi Graben; HG, Hetao Graben; YG, Yinchuan Graben; WG,
Weihe Graben; DHB, Daihai Basin; DTB, Datong Basin; YTB, Yanggao-Tianzhen Basin; HAZB, Huaianzhen Basin; YYB,
Yangyuan Basin; YGB, Yuguang Basin; HAB, Huaian Basin; HZB, Huaizhuo Basin; YFB, Yanfan Basin; LQB, Lingqiu
Basin.

The Cenozoic grabens surrounding the stable Ordos Block in North China, are characterized by dense seis-
mic activity and are ideal sites for investigating active extension and continental rift evolution (Figure 1a;
Middleton et al., 2016; Rao et al., 2014, 2020; State Seismological Bureau, 1988). Among these graben sys-
tems, the Shanxi Graben (SG) formed most recently, likely in the early Pliocene (Figure 1a) (Xu et al., 1993),
and was responsible for the 1,303 Mw 7.2-7.6 Hongdong earthquake in its central domain, which had a
death toll of approximately 270,000 (Xu et al., 2018; State Seismological Bureau, 1988). While no historical
M 7+ earthquakes have been documented in the northern domain of SG (Figure 1b; Xu et al., 2002), it is
worth noting that the northern SG is within a few dozen kilometers of Beijing (Figure 1b). As a result, the
late Quaternary activity of faults in this region requires further study.

The Yanggao-Tianzhen Fault (YTF) is an active normal fault in the northern SG (Figure 1b; Duan, 1994;
Xu et al., 2002). While the YTF may have produced an estimated M 6.5 event in 1673 (Gu et al., 1983; Lee
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et al., 1976; Li et al., 2007; Middleton et al., 2017; Wan et al., 2006), its slip rate has not yet been precisely de-
termined. Offsets of geomorphic markers such as alluvial fans and terraces have been documented in some
sites along the fault, yet the resolution of slip rate calculations has been limited by older dating methods. For
example, Xu et al. (2002) estimated a vertical slip rate of ~0.34 mm/yr based on topographic surveying and
an inferred age, and Duan (1994) determined a vertical slip rate of ~0.13 mm/yr over the late Pleistocene
using thermoluminescence (TL) dating. However, these previous study sites are concentrated along a small
part of the YTF (Figure 2b), which limits our understanding of the along-strike variations in fault activity
and its role in accommodating regional deformation.

In this study, we reconstructed the slip distribution and quantified fault slip rates along the YTF over the
late Quaternary. This was done using interpretations of high-resolution satellite imagery, and digital eleva-
tion models derived from unmanned-aerial-vehicle (UAV) structure-from-motion (SfM) photogrammetry,
geomorphic mapping, and optically stimulated luminescence dating. We then compared the slip history at
seven sites using isochronous markers, to identify spatial patterns in fault activity and understand the tec-
tonic role the YTF has played in the northern SG. To better characterize the spatial pattern of fault activity,
we also analyzed the features of footwall topography and measured five widely used geomorphic indices
to evaluate relative tectonic activity: hypsometric integral, basin elongation ratio, asymmetric factor, valley-
floor-width-to-height ratio, and mountain front sinuosity. Finally, we synthesized our results to understand
the spatial pattern of fault activities and discuss potential seismic hazards.

2. Tectonic Settings

The graben systems around the Ordos Block are major late Cenozoic extensional features in North Chi-
na (Figure 1a;Zhang et al., 1998). The Pliocene-Quaternary SG is situated to the east of the Ordos Block
and west of the Taihang Shan and can be geometrically divided into northern, central, and southern do-
mains (Figure 1a). Our study focused on the northern domain, which is a typical basin-and-range province
characterized by a series of ENE-trending normal fault-controlled basins separated by uplifted mountain
ranges (Figure 1b). Geological, GPS, and seismicity studies have shown that the northern SG is extending
along a NNW-SSE strike at 1-2 mm/yr (Middleton et al., 2017; Shi et al., 2015; Zhao et al., 2017; Zhang
et al., 1998, 2009, Y. Q. Zhang et al., 2003). In addition, our study area is also the locus of two main tecton-
ic belts that intersect in North China; the NE-trending dextrally transtensional SG, and the NW-trending
left-lateral strike-slip Zhangjiakou-Bohai Fault Zone (ZBFZ; Figure 1a; Xu et al., 1998; Xu et al., 2002; Zhang
et al., 2009). The ZBFZ delineates the boundary between the North China Plain in the south and the Yan-
shan Block in the north (Xu et al., 1998; P. Z. Zhang et al., 2003; Zhang et al., 2018). It has a left-lateral slip
rate of approximately 2 mm/yr based on GPS observations (Wang & Shen, 2020).

Our study area has three sets of active faults, with strikes of ENE, NNE, and NW (Figure 1b). The
ENE-trending group consists of the primary structures in the northern SG, including the Huaian Basin
Fault, YTF, North Xionger Shan Fault, South Xionger Shan Fault, Liuleng Shan Fault, Yuguang Basin Fault,
Taibai-Weishan Fault, Huaizhuo Basin Fault, and Yanfan Basin Fault. According to previous studies (e.g.,
Deng et al., 1994; Fang et al., 1994; Middleton et al., 2017; Shen & Wang, 1994; Sun, 2018; Xu et al., 2002;
Wang, 2012, etc.), the vertical slip rates of these normal faults vary from 0.1 to 1.5 mm/yr (Figure 1b). The
NNE-trending fault zone includes the Kouquan Fault, Hengshan Piedmont Fault, and the Cailiangshan
East Piedmont Fault. The Kouquan Fault is dominated by normal faulting but may have a dextral strike-slip
component with vertical slip rates of 0.2-0.5 mm/yr (Ding & Lu, 1983; Li et al., 2013; Xu et al., 2011). The
NW-trending faults in the study area include the Zhangjiakou Fault, Ximalin Fault, and other blind faults
in the Huaizhuo and Yanfan basins; they are characterized by left-lateral strike-slip movement. Previous
studies on the slip rates of these three fault sets are summarized in Table S1 in Data Set S1. Published data
have also shown that the majority of the faults bounding the basins in the northern SG are Holocene active
faults (Xu et al., 2002, 2017). However, seismicity in the northern SG is primarily characterized by moderate
earthquakes both in historical and instrumental records, and there is only one reported event with an esti-
mated magnitude of ~M 7 (1626 Lingqiu Earthquake; Figure 1b; Shen & Wang, 1994; Xu et al., 2002). The
most recent events resulting in casualties and severe damage in the northern SG are the Datong-Yanggao
Ms 6.1 earthquake (October 1989) and the Zhangbei-Shangyi Ms 6.2 earthquake (January 1998; Figure 1b).
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Figure 2. (a) Geological map of the YTF referenced to the 1:200,000 geological database (Li et al., 2017). (b) Landsat satellite image and geomorphic map of the
YTF, showing the distribution of the fault scarp, multi-stage alluvial fans.

The YTF is an active normal fault that extends approximately 75 km from Dashagou, Fengzhen, Inner Mon-
golia (113.504°E, 40.362°N) in the west, to Yiqingpo, Tianzhen, Shanxi (114.288°E, 40.537°N) in the east
(Figure 2a; Luo et al., 2020). It defines the northern boundary of the Yanggao-Tianzhen Basin (YTB), east
of Xiaolongwangmiao village (Figure 2b; Duan, 1994; Xu et al., 2002). The overall strike of the YTF changes
from ENE in the west to NE in the vicinity of Baiyangkou village, and then to WNW at Wayaokou village
in the east (Figure 2a). The WNW-trending segment is characterized by oblique-normal movement with a

LUO ET AL.

40f 27

[0 YO ‘8SN 0 Sa|nJ 10} A1q17 8UIIUO AB|IM UO (SUORIPUOD-PUE-SWRILIOD™A8 | I ARe.ql U1 |Uo//SANY) SUORIPUOD pue SWiB | 38U} 88S *[£202/0T/20] Uo ArigiTauluo A|IM ‘ ALISHIAINN T¥IID0TONHOTL ONVANVN Aq £65900010202/620T 0T/10p/w0d A8 |mAriq1jpujuosgndnbe//sdny wouy papeojumoq ‘TT ‘TZ0Z ‘v6T6VY6T

au Aq pausenob

85UBD| SUOWILLIOD BAIERID



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2020TC006593

minor sinistral component, whereas the ENE- and NE-trending segments are dominated by normal faulting
(Luo et al., 2020). The fault trace east of Xiaolongwangmiao village (Figure 2a) is ~58 km long and consists
of two major Holocene active segments separated by a right stepover in the vicinity of Baiyangkou village.
The segment west of Xiaolongwangmiao is a late-Pleistocene-active fault (Figure 2a; Luo et al., 2020; Xu
et al., 2002). The YTB is an asymmetrical basin, and the basin depth increases from south to north, whereas
the width decreases from west to east (Figure 2a). Sediments in the YTB range from 200 to 500 m in thick-
ness over the metamorphic basement (Zheng et al., 2000). Xu and Ma (1992) suggested that extension in
the YTB started in the middle-late Pliocene. The bedrock range on the footwall block primarily consists of
Precambrian metamorphic rocks (Figure 2a).

3. Methods
3.1. Topographic Data Acquisition: UAV Photogrammetry

High-resolution digital elevation data have been used extensively in studies on active tectonics (e.g., Ang-
ster et al., 2016; Ren et al., 2016; Zielke et al., 2010). To better illustrate the details at specific sites and ac-
quire the displacement of the deformed geomorphic surfaces, we created high-resolution digital elevation
models (DEMs) (<0.5 m/pix) using UAV photogrammetry (e.g., Johnson et al., 2014; Lucieer et al., 2014;
Westoby et al., 2012). At Sites 1, 3, and 6 (Figure 2b), before acquiring photographs, ground control point
(GCP) targets were fixed through the targeted areas and surveyed using a Trimble Geo7X post-processed
kinematic (PPK) differential global positioning system (DGPS) with a horizontal precision of 3 mm +1 ppm
RMS, and a vertical precision of 3.5 mm +0.5 ppm RMS. The surveyed GCPs were then used to calibrate
the derived DEMs in the Agisoft Photoscan software. At Sites 2, 4, 5, and 7 (Figure 2b), the photographs
used to process high-resolution DEMs were collected by a low-flying DJI Phantom 4 UAV equipped with
a Network Real-Time Kinematic (NRTK) module, which allowed a real-time differential between the air-
craft and the local GNSS system. The NRTK positioning technology can achieve centimeter-level position-
ing accuracy without the need for the ground control points generally required in traditional SfM surveys
(https://www.dji.com/phantom-4-rtk?site). DJI Phantom 4 RTK UAVs have been used in other recent ac-
tive tectonics studies to generate high-resolution DEM data (e.g., Liang et al., 2019). Using high-resolution
SfM-derived DEMs, hillshade images and contour maps were created in ArcMap and Surfer for geomorphic
mapping and further analysis at each study site. At Site 4, we photographed an outcrop to reconstruct the
surface based on UAV photogrammetry (e.g., Bemis et al., 2014; Wilkinson et al., 2016). A high-resolution
ortho-photomosaic was then generated for the identification of strata and structures in the fault zone and
to measure the displacement of the strata (Figure S4a in Data Set S1).

3.2. Dating of Deformed Geomorphic Markers

Application of *C dating to the geomorphic surfaces in our study area was difficult because of the general
lack of organic materials. The terrestrial cosmogenic nuclide (TCN) surface exposure dating technique was
also not employed because the majority of the alluvial fan treads have been modified by human agricultural
activities. In addition, some of the alluvial fans were covered by thick loess (>2 m), which complicated
the dating of displaced geomorphic surfaces using the TCN surface exposure dating method, although the
shielding effect of loess cover could be corrected (Hetzel et al., 2004). Field observations identified silt and
fine sand layers in the gravels of terraces (Figures 6c, 7e, and 10f) and eolian loess covering the surface (Fig-
ures 7e, 8e, 9c, and 10f). Therefore, we used the optically stimulated luminescence (OSL) dating method to
constrain the abandonment ages of displaced alluvial fans and terraces and further quantify fault slip rates.
Our sampling strategy relied on the assumption that the upper sedimentary layer in the vicinity of a terrace
or alluvial fan surface provided the maximum abandonment age of the geomorphic surface, which could
be used to estimate the minimum slip rate of the fault. The base of the eolian loess that covered the fan or
terrace surface should be slightly younger than the surface, and provide a minimum abandonment age of
the surface (Hu et al., 2021; Wu et al., 2019). In total, five OSL samples were collected, one of which (OSL-
YTF-21) was collected from the bottom of the eolian loess layer covering the terrace. Four samples (OSL-
TZF-01, OSL-YTF-19, 20, 23) were collected from the silt or fine sand layer beneath the alluvial fan or terrace
surface. The OSL samples were collected using stainless steel tubes (20 cm long and 5 cm diameter) from
approximately 30 cm below the surface. This was done to avoid disturbances related to surficial processes
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OSL Dating Results

Water
Latitude Longitude Elevation Depth content Dose rate

Sample code (°N) (°E) (m) (m)  Protocol U (ppm) Th (ppm) K (%) (%) De (Gy) (Gy/kyr) Age? (kyr)
OSL-TZF-01°  40.4285 113.8116 1130 0.40 SMAR 1.09 £0.32 5.36 +0.08 0.97 +0.02 11 59.7+3.6 20+£01 29.7+25
OSL-YTF-19¢ 40.4284 113.8116 1127 2.50 SMAR 2.63+£0.63 5.79+0.22 1.42+0.06 15.66 73.7+3.5 23+0.2 31.8%+3.6
OSL-YTF-20¢ 40.4617 113.8908 1120 3.20 SMAR 1.20 £0.63 5.69 £0.23 1.44 +0.06 597 853+57 25+03 344+46
OSL-YTF-21¢ 40.4617 113.8909 1122 2.10 SMAR 2.85+0.73 9.52+0.32 1.54+0.06 309 955+3.6 35+04 27.6=3.5
OSL-YTF-23¢ 40.5199 114.0887 1170 1.40 SAR 242 +£0.96 9.01+£0.29 1.94+0.08 374 789+47 3.0x02 263+£26

*The age uncertainty is 2 sigma. "Sample measured in the State Key Laboratory of Earthquake Dynamics, Institute of Geology, China Earthquake Administration.
‘Samples measured in the Key Laboratory of Crustal Dynamics, China Earthquake Administration.

and to ensure that samples were taken from the original sedimentary layers. The tubes were hammered into
the sediment, filled, and then both ends were immediately sealed with aluminum foil and taped to prevent
light leakage and loss of water during transport and storage. The OSL samples were measured at the Key
Laboratory of Crustal Dynamics, China Earthquake Administration (CEA), and the State Key Laboratory of
Earthquake Dynamics, Institute of Geology, CEA. The OSL ages were calculated using the mean equivalent
dose values for each sample. The detailed preparation and experimental procedures are provided in Text S1
in Data Set S1. The OSL dating results are listed in Table 1.

3.3. Offset Measurement and Slip Rate Calculation

High-resolution UAV-acquired DEMs were used to quantitively measure the magnitude of deformation for
the displaced geomorphic markers, by extracting topographic profiles perpendicular to the fault scarps in
3D visualization software such as Quick Terrain Modeler or Global Mapper. We used the approach devel-
oped by Thompson et al. (2002) for the vertical separation and dip-slip offset calculations (Figure 3a). The
least-squares linear regression method was used to fit points and determine the gradient and the intercept
of lines representing the hanging wall (y, = m,x + b,), footwall (y, = m,x + b,) and scarp (y, = mx + b;
Figure 3a). The mean and standard deviation of the slope and intercept of the fitted lines were also calcu-
lated using this line-fitting process. The vertical separation and dip-slip offset of a normal fault are given by
the following equations:

v(x) = x(mf - mh) + bf - b, (1)
and

. x(m, —m,) +b, - b, . x(my —m, ) +b; —bS’ o

sind — my, cosd sind — my coso

where v is the vertical separation, s is the fault dip-slip offset, x is the horizontal distance along the profile,
and ¢ is the fault dip angle from field measurements on the exposed fault planes. The average fault slip rate
(1) was calculated by dividing the fault displacement (s) by the age of the offset landform (z):

u=t
-- 3

The calculation of the horizontal extension rate is explained in detail in Section 5.1.

Following the approach of Hughes et al. (2018), Rood et al. (2011), Thompson et al. (2002), and Wei
et al. (2020), we calculated slip rates, scarp heights, and dip-slip offsets and their uncertainties, by applying
Monte Carlo simulations that allowed for the incorporation of uncertainty estimates for a large number of
parameters of interest. For example, input variables used in Monte Carlo simulations to calculate slip rates
were surface age, fault position along the scarp, fault dip, geomorphic slopes, and intercepts (Figure 3b).
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Figure 3. Method for estimating fault displacement across a fault scarp. (a) Schematic map showing parameters and
equations used to calculate fault displacement and slip rates across a normal fault scarp. (b) The PDFs of five inputs
combined in a Monte Carlo simulation to provide the best estimate of magnitude and rate of fault slip. (c) Histograms
showing the results of Monte Carlo simulations.

In the Monte Carlo simulations, each input parameter was assigned a best-fit probability density function
(PDF). We assigned a Gaussian distribution (also called a normal distribution, defined by the mean and
standard deviation) for slope, intercept, fault dip, and surface age. We observed exposed fault planes at
each of the seven sites in this study. Therefore, the dip-slip offset and slip rate was calculated based on the
dip angle measurements at each locality. The measurement uncertainties were defined as +3° towing to
the change in fault dips on the outcrop scale. Finally, we modeled the fault position within the scarp using
a trapezoidal PDF, which assumed that the fault position was most likely between one-half and one-third
of the scarp height, measured from the base of the scarp with the likelihood decreasing to zero at the top
and base of the scarp (Hughes et al., 2018; Rood et al., 2011). In each calculation, all of the input param-
eters were randomly sampled based on the assigned PDF over 500,000 or 1,000,000 trial runs. Histograms
showing the frequency of predicted values were used to define the mode and 95% confidence interval for
each output parameter of interest, for example, vertical separation, dip-slip offset, and slip rate (Figure 3c).
In locations where multiple parallel fault strands cut a single geomorphic surface (e.g., Sites 4 and 5), an
additional Monte Carlo simulation was used to sum individual offsets using the total slip histogram for each
strand as an input. All Monte Carlo simulations were performed using Oracle Crystal Ball, a spreadsheet
software package for risk analysis (https://www.oracle.com/middleware/technologies/crystalball.html).

3.4. Geomorphic Analysis

Because of the widespread availability of high-quality DEMs and geographic information system (GIS) soft-
ware, the analysis of geomorphic indices has been an important method for evaluating the relative tectonic
activity along fault zones (Cheng et al., 2018; Hamdouni et al., 2008; Ntokos et al., 2016; Rimando & Schoen-
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bohm, 2020; Yildirim, 2014). To better depict the along-strike variations in fault activity, we carried out a
geomorphic analysis on the footwall block of the YTF, based on the 30 m-resolution ASTER GDEM (V2).
Although there are some issues with the quality of the ASTER GDEM V2 data set (Boulton & Stokes, 2018),
its vertical and horizontal accuracy have been shown to be sufficient for measurements aimed at describing
regional trends in relative tectonic activity (e.g., Rimando & Schoenbohm, 2020). Using the Hydrology tools
in ArcGIS, a total of 24 drainage basins were extracted (No. 1-24 from west to east; Figure 2a). These drain-
age basins all rise from the topographic ridge of the range, and their outlets are all located near the trace of
the fault. As shown in Table S6 in Data Set S1, there was a wide range in the area of these drainage basins
from 1.62 to 289.34 km? (No.19 and 4, respectively). Basin No. 4 was the largest and, based on its regional
extent, should be antecedent to the YTF. With the exception of basin No. 4, we believe that all the other
basins developed in response to the displacement of the fault. Therefore, we excluded basin No. 4 from fur-
ther analysis. Thus, basin No.9 (53.20 km?) was the largest analyzed drainage basin, with all basins greater
than the threshold value (1 km?). Previous studies have shown that basins smaller than this critical thresh-
old value may be dominated by non-fluvial processes (Montgomery & Foufoula-Georgiou, 1993; Wobus
et al., 2006) and may be too young to yield reliable morphometric measurements (Bull & McFadden, 1977;
Rimando & Schoenbohm, 2020). Basic morphometric parameters such as area (A), mean elevation (H__, ),
maximum elevation (H__ ), minimum elevation (H_; ), and the length of the main stream of each drainage
basin (L), were then acquired for each basin. Based on these parameters, we evaluated relative tectonic
activity by measuring five widely used geomorphic indices: hypsometric integral (HI), basin elongation
ratio (R,), asymmetric factor (A f), valley-floor-width-to-height ratio (Vf), and mountain front sinuosity (S_,).
These indices have been shown to correlate with tectonic activity, and details of these parameters are illus-
trated in Text S2 in Data Set S1 (Bull & McFadden, 1977; Cox, 1994; Pike & Wilson, 1971; Schumm, 1956;
Strahler, 1952). As the footwall range was composed almost exclusively of Archean gneiss and granulite
(Figure 2a), lithology should not be a significant control on differences in basin size, relief, and geomorphic
indices. In addition, we also assumed the analyzed drainage basins had a uniform climate and base-level
history.

The classification of tectonic activity based on measured geomorphic indices is a common practice in ge-
omorphic parameter studies. For example, several studies use a combination of two indexes, S, ;and V, to
provide semi-quantitative information on the relative degree of tectonic activity of mountain fronts (Bull &
McFadden, 1977; Rockwell et al., 1984; Silva et al., 2003). However, this method assigns a tectonic activity
class to an individual mountain front and does not reveal any information about along-strike variations in
tectonic activity along the mountain front. Alternatively, Hamdouni et al. (2008) proposed another index,
Iat, to represent the relative tectonic activity. Iat is a combined index that can involve multiple indices and
assess relative tectonic activity, not only along a particular mountain front but also over an area. To acquire
the Iat index, we first divided each index into three classes: class 1, high activity; class 2, moderate activity;
and class 3, low activity. The specific criteria for the divisions are shown in Table S4 in Data Set S1 and
Figure 13. Subsequently, by averaging the different classes of geomorphic indices, we obtained the values of
S/n, where S is the sum of the classes of all geomorphic indices of each basin, and n is the number of types
of geomorphic indices. In this study, n = 5, because five different geomorphic indices were used. Finally, the
S/n was divided into four classes, where class 1 had very high tectonic activity with values of S/n between
1 and 1.5 (Tat = 1), class 2 had high tectonic activity with values of S/n > 1.5 but <2 (Iat = 2), class 3 had
moderately active tectonics with S/n > 2 but <2.5 (Iat = 3), and class 4 had low active tectonics with values
of S/n > 2.5 (Iat = 4). Herein, we simplified the method of Hamdouni et al. (2008) and followed the example
of Cheng et al. (2018), whose values of Iat were simply given by the equation Iat = S/n. Thus, Iat is inversely
proportional to the tectonic activity (i.e., slip rate; Cheng et al., 2018; Hamdouni et al., 2008). The results of
the geomorphic analysis are summarized in Table S6 in Data Set S1.

4. Results
4.1. Site Descriptions, Sample Age, and Fault Offsets

In this study, we used remote sensing and field investigations to identify fault traces and deformed geo-
morphic surfaces. Fault outcrops and tectonic landforms, such as linear fault scarps, were used to confirm
the fault location. Based on a Landsat satellite image, the alluvial fans in the YIB were divided into two
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main stages according to the degree of surface incision and dissection as well as their relative geometrical
relationships (Figure 2b). The older and younger fans were labeled as Q, and Q, respectively (Q, is the old
fans and washes, Qy is the young fans and washes). Compared to the younger fans (Qy), the older fans (Q,),
were a lighter color in the image, severely cut by gullies, and did not extend a significant distance from the
mountain front (Figure 2b). Alluvial fans and fluvial terraces were mapped across the YTF in more detail at
seven sites based on the SfM-derived DEMs and field investigations. Topographical profiles were also built
to determine the fault offsets across the fault scarps. We collected OSL dating samples at locations where
geochronology samples were available, to constrain the age of the geomorphic surfaces and further estimate
the slip rates.

41.1. Site 1: T,

Site 1 is located to the east of Zhuanlou village (Figure 2b). Four fluvial terraces (labeled T, to T, from low-
est to highest or from youngest to oldest) are preserved on the northern side of the fault along the flanks
of stream channel SC-1 (Figure 4a). Field observations show that terraces T,-T, were displaced by the YTF
(Figures 4b and 4c). The minimum vertical separation of T, was 11.1 + 0.7/-1.0 m, as T, was not preserved
on the southern side of the fault trace (Figure 4a and Figure Sla in Data Set S1). The vertical separation of
the T, terrace was 2.5 + 0.3 m (Figure 4a and Figure S1b in Data Set S1). Two topographic profiles across the
fault scarp on the T, terrace at the east bank of the SC-1 had vertical separations of 2.4 + 0.5/—0.3 m and
3.1 £ 0.2 m. According to a measurement of fault dip (50 + 3°) by Luo et al. (2020), the corresponding fault
dip-slips of these two topographic profiles were 2.8 + 0.5/—0.6 and 3.3 + 0.4/—0.3 m, respectively (Figure 4a
and Figures S1c and S1d in Data Set S1).

4.1.2. Site 2: Q,

At Site 2 (Figure 2b), north of Yanjiabu village, we identified a group of fault scarps on the older alluvial fans
(Q,) using a Google Earth image captured in 2012 (Figure 5a). However, the records of Quaternary faulting
were poorly preserved. Fault scarps on the west side of stream channel SC-2 were modified during the con-
struction of a solar power station, so only the fault scarps east of the stream channel SC-2 were observed
during our field visit (Figures 5b and 5d). A topographic profile of the scarp in the fan surface gave a vertical
separation of 6.5 + 0.6/—0.3 m and a total slip estimate of 6.8 + 0.7/—0.5 m when integrated with a fault dip
of ~68 + 3° (Figures 5c and 5d).

4.1.3. Site3: Q,

Site three is west of Pingshan village (Figure 2b). At this site, the contour map showed some slightly curved,
approximately EW-trending fault scarps cutting through the Q, alluvial fans (Figure 6a). Two OSL samples
(OSL-TZF-01 and OSL-YTF-19) were collected from alluvial fan deposits exposed on the east wall of stream
channel SC-3. These two samples were from silt layers approximately 0.4 and 2.5 m below the fan surface
and yielded ages of 29.7 + 2.5 and 31.8 + 3.6 kyr, respectively (Figures 6b-6e). The actual abandonment age
of the fan should be younger than 29.7 + 2.5 kyr. Two topographic profiles over 250 m and normal to the
fault scarp were extracted. These profiles gave vertical separations of 5.4 + 0.2/-0.1 and 5.5 + 0.5/—0.4 m
(Figure 6a and Figure S2 in Data Set S1). Incorporating a fault dip of 65 + 3° measured in the field, re-
sulted in total dip-slips of 5.7 + 0.4/—0.2, and 5.8 + 0.6/—0.4 m, respectively (Figure 6b and Figure S2 in
Data Set S1).

4.1.4. Site4: T,

West of the Erdun village (Figure 2b), three stages of fluvial terraces (T,~T,) developed along stream chan-
nel SC-5 (Figures 7a and 7b). Among these, the T, and T, terraces were displaced by the YTT, leaving several
stepped fault scarps. The scarps were mapped in detail by combining field investigations with the surveyed
DEMs (Figures 7a and 7b). The pictures were taken in the field clearly showed features of fault scarps and
outcrops (Figures 7c and 7d; Figure S4 in Data Set S1). We identified two and three groups of scarps east
and west of SC-4 on the T, terrace, respectively. Topographic profiles across the fault scarps on the T, terrace
yielded vertical separations of 8.2 + 0.6/—0.4, and 9.8 + 0.4/—0.3 m, and cumulative dip-slip magnitudes of
9.9 + 0.9/-0.7, and 11.8 + 0.8/—0.7, respectively, when combined with a field-measured of dip of 54 + 3°
(Figure 7b and Figure S3 in Data Set S1).
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Figure 4. Displaced geomorphic features along the fault trace at Site 1. (a) Quaternary map showing active fault trace and offset geomorphic surfaces. The
topographic contour interval is 1 m. The inset panel displays a topographical profile along the thick white line, showing the terrace staircases. (b) and (c) Field
photos of the displaced geomorphic features. Arrows in red indicate the fault location. The perspective of each photo is shown in Figure 4a.

Figure 7e shows a sketch map of the fault zones exposed on the west wall of SC-4. The thick, horizontally
stratified alluvium is blanketed with a locally variable loess cover typically >2 m in thickness. The vertical
separation of the loess—gravel contact across the fault zones is ~9.4 m, with an estimated +1.0 m of uncer-
tainty due to the choice of piercing lines in the contact. This vertical separation corresponds to a dip-slip
offset of 11.7 + 2.6 m (using a dip of 54 + 3°), which is comparable to the dip-slip offsets indicated by the
fault scarps on the T, terrace surface. Two OSL samples were collected and tested to determine the timing of
the abandonment of the T, terrace. OSL-YTF-20 was taken from a silt interlayer ~1 m below the loess-gravel
contact, and OSL-YTF-21 was sampled from the bottom of the loess layer approximately 0.2 m above the
loess—gravel contact. They yielded ages of 34.4 + 4.6 and 27.6 + 3.5 kyr, respectively (Figures 7f-7i). Thus,
the abandonment of the T, terrace should be between these two ages.
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the topographic profile. The topographic contour interval is 2 m. (c) Topographic profile of E-E’ and corresponding frequency histograms during Monte Carlo
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fault location.

4.1.5. Site 5: Q,

Based on an analysis of Google Earth imagery and field observations, two stages of alluvial fans were iden-
tified at Site 5, between the Shijiudun and Shuimokou village (Figures 2b and 8). The older alluvial fans
(Q,) were heavily dissected by gullies and were cut by two groups of continuous fault scarps running EW.
However, no clear fault scarps could be observed in the younger fans (Qy) (Figures 8a and 8d). The surfaces
of the fans have been partly altered by farming activities, forming many anthropogenic scarps. A small-scale
fault outcrop was found along the linear fault scarps, enabling us to differentiate fault scarps from anthropo-
genic scarps (Figures 8c and 8e). Figure 8e also shows a sedimentary sequence with a gravel layer below and
a loess layer above, which is similar to the sedimentary structure of the T, terrace at Site 4. We conducted a
UAV survey, and three topographic profiles were built across two fault scarps offsetting the older fan (Q,).
This yielded summed vertical separations of 7.2 + 1.0/—1.1, 4.4 + 0.6/-0.8, and 4.4 + 1.2 m and total dip-slip
offsets of 7.4 + 1.0/—1.2,4.4 + 0.7, and 4.4 + 1.3/—1.2 m, respectively, based on the 73 + 3° fault dip of the
exposed fault plane (Figure 8c and Figure S5 in Data Set S1).

4.1.6. Site 6: Q,

At Site 6 (Figure 2b), between Yulinkou village and Huapimiao village, two stages of alluvial fans were
well-preserved (Figure 9). The older alluvial fans (Q ) were dissected by densely developed gullies, and the
surfaces of the younger alluvial fans (Q,) were smoother. Several fault outcrops in the field indicated that
the fault zone comprises two subparallel branches (Figure S6 in Data Set S1). One branch lies along the
apexes of the alluvial fans, forming a linear contact between the bedrock mountain range and the basin. The
other branch is located in the basin and is evidenced by fault scarps on the older alluvial fans (Figure 9b).
Toward west of Yulinkou village, a fault profile at the edge of the alluvial fan revealed that the alluvium
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Figure 6. Displaced geomorphic features along the fault trace at Site 3. (a) Contour map showing the Quaternary
geomorphic surfaces, fault traces, the location of topographic profiles, and samples (white stars). The topographic
contour interval is 2 m. (b) Field photo showing the displaced geomorphic features and the location of samples. Red
arrows indicate the fault location. (c), (d), and (e) Field photos and corresponding interpretations showing deposition
characteristics and optically stimulated luminescence (OSL) ages of the collected sample.

was distinctly displaced by a south-facing fault (dipping at 70 + 3°) with a thin loess layer deposited on the
hanging wall (Figure 9c). UAV survey data yielded vertical separations of 3.9 + 0.3, 3.2 + 0.3/—0.4, and
3.8 + 0.3/—0.2 m and cumulative dip-slip magnitudes of 4.0 + 0.4/—0.3, 3.3 + 0.4/—0.5, and 4.0 £+ 0.3 m,
respectively (Figure S7 in Data Set S1).

4.1.7. Site 7: Q,

Site seven is near Xuesandun village (Figure 2b) and had fault scarps with distinct linear features on the Q,
alluvial fan in the piedmont. The fault scarp strikes NNE and is expressed as a ~50 m long topographic step
between SC-6 and the quarry in the north (Figure 10a). At the base of the scarp, a fault exposure was found
that formed a contact between bedrock and late Pleistocene alluvial sediments, dipping 54 + 3° to SE (Fig-
ures 10d and 10e). Figure 10b shows the topographic features of the study site. A topographic profile across
the scarp yielded a vertical separation of 6.3 + 0.4/—0.3 m and a dip-slip offset of 7.0 + 0.6/—0.5 m (Fig-
ures 10a, 10h). To constrain the abandonment age of the Q, fan, we collected an OSL sample (OSL-YTF-23)
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Figure 7. Displaced geomorphic features along the fault trace at Site 4. (a) Hillshade map and (b) Topographic
contour map with a contour interval of 2 m, showing the Quaternary geomorphic surfaces, fault traces, the location

of topographic profiles. The Black arrows represent the ruins of the Great Wall. (c) and (d) Photos taken by UAVs
showing the displaced geomorphic features and fault profiles on the west wall of SC-4. Red arrows indicate the location
of the YTF. The loess-gravel contact has been displaced vertically by a group of faults with similar geometry (F,-F,).
(e) Sketch of the fault zone on the west wall of SC-4 based on the high-resolution orthophoto mosaics image derived

by SfM. The original image is shown in Figure S4a in Data Set S1. The black dashed lines are the piercing lines used

to measure the vertical displacement. (f), (g), (h), and (i) Field photos and corresponding illustrations showing the
location of OSL samples.

from an alluvial silt-sand layer approximately 1.4 m below the fan tread. It yielded an age of 26.3 + 2.6 kyr
(Figures 10f and 10g).

4.2. Ages of Geomorphic Surface

Climate-driven geomorphic surfaces represent ideal strain markers to record the kinematics of active defor-
mation, because of their lateral continuity and the potential to date their formation (Rood et al., 2011). In
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Figure 8. Displaced geomorphic features along the fault trace at Site 5. (a) Google Earth image shows the linear fault trace and the fault scarps on the alluvial
fan surface (Q,) between Shijiudun and Shuimokou villages. The white rectangular box shows the location of panel (c). (b) The Quaternary map showing fault
traces and offset alluvial fans. (c¢) Hillshade map showing fault scarps and locations of topographic profiles. Red arrows indicate the fault location. (d) Field
photo showing fault scarps on the alluvial fans. Red arrows indicate the fault location. The perspective of the photo is shown in panel (b). (e) Field photo of
fault outcrop. Note that the cobbles are aligned along the fault plane. The perspective of the photo is shown in panel (c).

this study, we found that the T, terrace at Site 4 had a sedimentary structure similar to the Q, alluvial fans
at Sites 5 and 6. Moreover, our OSL dating results showed that the age of the T, terrace was also similar
to that of the Q, alluvial fans (e.g., Sites 3 and 4). This suggests that the T, terraces are contemporaneous
with the Q, alluvial fans. In addition to our five OSL samples, we also reviewed published geochronolog-
ical studies in the northern SG to strengthen our dating results and attempt to establish a chronological
framework for the T, terraces and their contemporaneous alluvial fans. Xu et al. (1996) proposed that the
formation of multi-stage alluvial fans and terraces in the northern SG was primarily the result of changes of
late Quaternary paleoclimate conditions. The stages and structures of the geomorphic surfaces developed
in the YTB are comparable to those developed in other basins in the northern SG. Quaternary geochrono-
logical work concerning these geomorphic surfaces has been carried out in recent decades (Wang, 2012; Xu
et al., 1996, 2011; Zhao, 2013). We compiled the available OSL and *C ages data in Table S3 in Data Set S1.
Although these alluvial fans and fluvial terraces where the samples were collected have been named by
different researchers in different ways, they share a similar sedimentary structure that is delineated by
underlying alluvium with a loess cover (Figure S8 in Data Set S1). These samples, either taken from the
top of the alluvium or the base of the loess layer, yielded ages ranging from 26.7 & 2.2 kyr to 34.8 + 2.9 kyr
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Figure 9. Displaced geomorphic features along the fault trace at Site 6. (a) ArcGIS image showing the geomorphic features around Yulinkou village. (b)
Illustration showing the division of alluvial fans, and fault traces. The black rectangular box shows the location of panel (d). (c) Field photo showing the
depositing structure of the deformed alluvial fan. Red arrows indicate the location of fault scarps. (d) Topographic contour map with a contour interval of 1 m,
showing the linear fault trace and locations of topographic profiles.

(Figure 11). Due to poor bleaching caused by the short duration of flash flood flows, we acknowledge that
using the SMAR protocol may overestimate some of the ages in this study (Kunz et al., 2014; Medialdea
et al., 2011; Thompson et al., 2018). However, within uncertainty, OSL ages using the SMAR protocol were
similar to OSL ages using the SAR protocol and the “C age. Together, these ages define a best-estimate age
of 31.7 + 1.4 kyr (95% confidence) (Figure 11). Therefore, this stage of alluvial fan and fluvial terrace in the
northern SG most likely formed at the end of the relatively warm and wet interglacial stage of the last glacial
period (MIS 3: 57-29 kyr; Lisiecki & Raymo, 2005). The overlying loess layer accumulated in the subsequent
cold and dry Last Glacial Maximum (MIS 2). This best-estimate age was used in our slip-rate calculation.

4.3. Surface Fault Slip Rate

We selected sites with larger scarps to avoid uncertainties related to the seismic cycle because larger scarps
likely experienced multiple major earthquakes (Styron, 2019). At sites with multiple topographic profiles
on the same geomorphic surface, we selected the one with the larger offset to calculate slip rates as erosion
will reduce the height of the fault scarp. For example, we used the results of topographic profile D-D’ on
terrace T, as the fault displacement at Site 1. The vertical separation and dip-slip offset were divided by the
best-estimate age (31.7 + 1.4 kyr), to derive a surface vertical slip rate and a dip-slip rate. The vertical slip
and dip-slip rates of all the sites can be found in Table 2 and Figure S9 in Data Set S1. Notably, both the
vertical slip and the dip-slip rates along the fault trace at Sites 5 and 6 should be higher than our estimates
because only the fault scarps on one branch of the fault zone were measured (Figures 8 and 9b).
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Figure 10. Displaced geomorphic features along the fault trace at Site 7. (a) Illustration of geomorphic units. The topographic contour interval is 2.5 m. (b)
Field photo showing the deformed alluvial fan. Red arrows indicate the fault location. (c) The topographic profile used to calculate fault scarp height and
displacement. (d) and (e) Field photos showing the fault scarp, knickpoint, and fault outcrop. Red arrows indicate the fault location and fault plane. (f) and
(g) Field photos and corresponding illustrations showing the location of OSL samples. (h) Frequency histograms of vertical separation and dip-slip offset from
Monte Carlo simulations.

4.4. Morphometric Analysis

The extracted footwall catchments that drain across the YTF are shown in the plan-view map in Figure 2a.
Overall, the basins show a symmetrical map-view catchment pattern with larger basins occurring near the
fault strike center and smaller basins occurring toward the fault tips (Figure 12a). A positive correlation
was also observed between the length of the main stream and the area of the drainage basin (Figure 12b).
With the exception of stream No. 4, all of the streams close to the fault strike center (No. 7-9) were long
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Figure 11. Quaternary dating results of the studied geomorphic marker. Left: Ages of samples in this study and
published literature; A-this study, B-Sun, 2018, C-Xu et al., 2011; D-Zhao, 2013; E—Wang, 2012. Middle: the best-fit
age given by Monte Carlo simulation assuming all ages obey a Gaussian distribution. Right: SPECMAP marine isotope
stages (Lisiecki & Raymo, 2005).

(Figure 12b). We also calculated the relief (maximum elevation minus the minimum elevation) of each
drainage basin (Figure 12c) and found that relief peaked near the fault strike center and decreased mono-
tonically toward both ends of the fault.

To reveal the potential along-strike variations in the analyzed indices, we plotted them against the distance
from the western fault tip (Figure 13). Notably, the A findex measures the absolute value of A 50 (.e., IAf-SOI);
a detailed explanation is given in Text S2 in Data Set S1. The determined |A-50Is were between 0.24 and
21.06 (basin No. 13 and 3, respectively). For comparison, we grouped the basins into three classes: Class 1
(IAf-SOI > 15; strongly tilted), Class 2 (7 < IAf-SOI < 15; moderately tilted), and Class 3 (IAf-SOI < 7; relatively

Topographic Survey Results and Slip Rates

Distance Extension rate
Study Faultdip  along the Topographic Vertical Dip-slip offset Surface vertical slip Surface dip-slip at seismogenic
Site ©) fault (km) profile separation (m) (m) rate (mm/yr) rate (mm/yr) depths (mm/yr)
Site 1 50 + 3 20 A-A(T) 11.1 + 0.7/-1.0
B—B'(TZ) 25+03
C—C'(T3) 2.4 +0.5/-0.3 2.8 + 0.5/-0.6
D-D(T,) 3.1+0.2 3.6 + 0.4/-0.3 0.10 £ 0.01 0.11 + 0.02/-0.01 0.17 + 0.05/-0.06
Site 2 68 + 24 E—E'(QO) 6.5+ 0.6/-0.3 6.8 + 0.7/-0.5 0.21 £+ 0.02 0.22 £ 0.03 0.32 + 0.09/-0.11
Site 3 65 + 29 F—F'(Qo) 5.4 +0.2/-0.1 5.7 + 0.4/-0.2
29.2 G-G'(Q) 5.5+ 0.5/-0.4 5.8 + 0.6/-0.4 0.18 + 0.01/-0.02 0.18 + 0.02/-0.01  0.27 + 0.03/-0.02
Site 4 54+3 36.5 H-H'(T,) 8.2+ 0.6/-0.4 9.9 + 0.9/-0.7
36.6 I—I'(Ts) 9.8 + 0.4/-0.3 11.8 + 0.8/-0.7 0.31 £ 0.01 0.37 + 0.03/-0.02 0.55 + 0.04/-0.03
Site 5 73+£3 42 J—J'(QO) 7.2+ 1.0/-1.1 7.4+ 1.0/-1.2 >0.23 + 0.04 >0.23 + 0.04 >0.34 4+ 0.06/-0.05
422 K-K(Q,) 4.4 +0.6/-0.8 44+0.7
423 L-L(Q,) 44+12 4.4 +1.3/-1.2
Site 6 70+ 3 47 M—M'(QO) 39+0.3 4.0 + 0.4/-0.3 >0.12 + 0.02/-0.01 >0.13 + 0.01/-0.02 >0.19+ 0.05/-0.07
47.2 N—N'(Qo) 3.2+ 0.3/-0.4 3.3+ 0.4/-0.5
47.3 0-0'(Q,) 3.8 4 0.3/-0.2 40+0.3
Site 7 54+3 58 P-P'(Q,) 6.3 + 0.4/-0.3 7.0 + 0.6/-0.5 0.24 £ 0.03 0.26 + 0.05/-0.02 0.40 + 0.11/-0.14
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Figure 12. Footwall morphometric parameters; basin area, relief, and length of the main stream of each basin. Data
from Table S6 in Data Set S1.

weakly tilted). The obtained HI values varied from 0.30 to 0.57 and were divided into three classes accord-
ing to the criteria for the classification of HI in terms of reflecting tectonic activity proposed by Hamdouni
et al. (2008): Class 1 (HI > 0.5; high tectonic activity), Class 2 (0.4 < HI < 0.5; moderate tectonic activity), and
Class 3 (HI < 0.4; relatively weak tectonic activity). Basins No. 1 and 24 were located at the tips of the fault
and had values of HI < 0.4, so were defined as Class 3 basins. However, all of the other basins belonged to
Class 1 and 2, and had very similar HI values. The V, values ranged from 0.13 to 1.77 and were divided into
three classes: Class 1 (V, < 0.5; high tectonic slip-rate), Class 2 (0.5 < V; < 1.0; moderate tectonic slip-rate),
and Class 3 (V> 1.0; relatively low tectonic slip-rate). It is worth noting that basins with high V, values were
distributed in the fault tips (basin No. 1, 23, and 24) and segmentation boundaries (basin No.14), while basins
with low V}values were distributed at the center of each fault segment. The R, values were 0.497-0.838 and
were grouped into three classes according to Rimando and Schoenbohm (2020): Class 1 (R, < 0.6; high tec-
tonic activity), Class 2 (0.6 < R, < 0.8; moderate tectonic activity), and Class 3 (R, > 0.8; low tectonic activity).
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Figure 13. Values and classifications of measured geomorphic indices. Class 1—high tectonic activity; Class 2—moderate tectonic activity; Class 3—low
tectonic activity. Data from Table S6 in Data Set S1.

The heart-shaped basins No. 18 and 23 had high R, values. The S _; index was determined in six different
segments along the fault (Figure S10 in Data Set S1) and the observed values were between 1.04 and 1.17
(Table S5 in Data Set S1). According to Hamdouni et al. (2008), all segments belonged to Class 1 (S_; < 1.1;
high tectonic activity) or Class 2 (1.1 < §_; < 1.5; moderate tectonic activity), and no segment belonged to
Class 3 (S > 1.5; relatively low tectonic activity). Segments 3 and 4 had lower S_ values than the other
segments. The values of Iat for the 23 drainage basins in the study area were summarized in Figure 14 (see
Figure 2 for basin locations). Basins with high values of Iat mainly primarily occurred in the fault tips and
fault segment boundaries, while basins with a low value of Iat occurred in the center of the whole fault trace
and each fault segment.

5. Discussion
5.1. Extension Rates and Implications for Regional Deformation

Normal faulting is always associated with horizontal extension (Jackson, 1987), and estimation of the
horizontal extension rate is crucial for understanding the manner of crustal stretching (Zuo et al., 2021).
At the near-surface, dip-slip rates can be converted to horizontal extension rates by simple trigonometry;
u, = Ug, COS &, where u, is surface extension rate, Ugip is the near-surface dip-slip rate, and ¢ is the near-sur-
face fault dip. However, notably, the coseismic or cumulative slip measured at the ground surface is only
a fraction of the actual slip generated by large earthquakes (M > 5.5) at depth (Manighetti et al., 2007). In
addition, many moderate and small earthquakes (M < 5.5) related to tectonic extension do not rupture the
earth surface. Thus, there are differences between the near-surface dip-slip and the actual net dip-slip at
seismogenic depths (6-15 km; Jackson, 1987). The average dip-slip offset generated by large and moder-
ate earthquakes is approximately 1.6 times greater than the average surface-measured fault displacement,
while small earthquakes without extensional deformation at the ground surface induce nearly 1/3 of the
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Figure 14. The distribution pattern of the values of Iat (black squares), Vj (blue squares), and the vertical slip rates (red dots with error bars). The regions
shaded in gray are fault tip and fault linkage zones. The red stars are study sites in this work. Data refer to Table 2 and Table S6 in Data Set S1.

near-surface dip-slip (Wells & Coppersmith, 1994; Villamor & Berryman, 2001; Zuo et al., 2021). When
summing these two parts, we obtained the net fault dip-slip values at seismogenic depths.

To acquire the extension rate at seismogenic depths, we estimated the fault dip angle (o) at the seismo-
genic depth. Jackson (1987) and Jackson and White (1989) demonstrated that the overwhelming majority of
worldwide large normal-faulting earthquakes can only occur on normal faults dipping between 30 and 60°.
‘We observed exposed fault planes at more than 30 localities along the fault trace and found that the majority
of dips were between 40 and 70° (Figure S11; Table S1 in Data Set S1). Seismological observations suggest
that fault planes can flatten with increasing depth and even become approximately planar at mid-crustal
depths (Jackson, 1987). The magnetotelluric model proposed by Zhang et al. (2016) also suggests that the
YTF tends to flatten at a depth of 10-15 km (Figure S12 in Data Set S1). Thus, we used a fault dip angle
of 40 + 10° in the extension rate calculation at seismogenic depths. As shown in Table 2 and Figure S9
in Data Set S1, the derived extension rates of Sites 1 to 7 at seismogenic depths were 0.17 + 0.05/—0.06,
0.32 + 0.09/-0.11, 0.27 + 0.03/-0.02, 0.55 + 0.04/—0.03, >0.34 + 0.06/—0.05, >0.19 + 0.05/—0.07, and
0.40 + 0.11/—0.14 mm/yr, respectively (95% confidence interval).

Previous researchers have shown that total extension rates across the northern SG are between 1 and
2 mm/yr (Middleton et al., 2017; Zhao et al., 2017). For example, Middleton et al. (2017) obtained extension
rates of 1.1-1.8 mm/yr from the geological method (10*-10° yr time-scale) and a seismic extension rate of
~1.1 mm/yr from Kostrov summations of historical earthquakes (10>-10° yr time-scale). Extension rates
of ~1.4 and 1.3-1.7 mm/yr were also determined by Middleton et al. (2017) and Zhao et al. (2017), respec-
tively, using GPS measurement (10 years time-scale). In this study, we estimated a maximum extension
rate of 0.55 + 0.04/-0.03 mm/yr in the middle of the YTF. Assuming a uniform distribution PDF between
1 and 2 mm/yr for the total extension rate across the northern SG, the YTF accounts for up to 28%-54%
of the total crustal extension of the northern SG (95% confidence). Our data suggest that the YTF is an
important structure for accommodating the extension strain in the northern SG. Given the along-strike
gradients in extension rates along the fault strike, we believe that different parts of the YTF played different
roles in accommodating the extension strain in the northern SG. Based on the minimum extension rate of
0.17 + 0.05/—0.06 mm/yr, we determined that the YTF accounts for at least 10% of the total crustal exten-
sion of the northern SG. Previous studies have determined significantly different geological rates for other
faults in this region, for example the Liulengshan Fault and the Yuguang Basin Fault (Figure 1b). Therefore,
this study only discusses the YTF.
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5.2. Implications for the Along-Strike Variations in Fault Activity

Active normal faults have a distinct topographic expression, particularly in terms of their footwall topog-
raphy (Densmore et al., 2004; Whittaker & Walker, 2015). We found that the footwall block shows a nearly
symmetric drainage basin pattern in plan-view when excluding antecedent basin No. 4. Of the basins that
developed in response to fault displacement, the largest basins are at the center of the whole fault strike and
subsegment, while small basins are found toward the fault tips (Figure 12a). The length of each basin's main
stream follows the same relationship, with the length of the stream decreasing from the center of the fault
strike out to the fault tips. This is in accordance with the general form of the relationship between stream
length and drainage area; Ls = cA® (Hack, 1957; Hovius, 1996), where Ls is the stream length, A is the drain-
age area, and b and c are constants for a given set of drainage basins (Figure 12b). Similarly, basin relief also
peaks at the fault center and decreases toward the ends of the fault (Figure 12c). It is likely that basin relief
is jointly influenced by antecedent pre-faulting topography and later tectonic uplift. Previous studies have
established an empirical scaling relationship between fault length and accumulative displacement; d = yI,
where d is the fault displacement, / is the fault length, and y varies from 0.001 to 0.1 (Dawers et al., 1993;
Cowie & Roberts, 2001; Kim & Sanderson, 2005). For example, for active normal faults in the northeastern
Basin and Range Province, y = 0.033 (Densmore et al., 2004). Adopt a ratio of d/I = 0.033, the fault dis-
placement generated by the ~75 km long YTF is approximately 2.5 km, which is larger than the sum of the
maximum footwall relief (~1.2 km) and basin thickness (0.5 km) (Zheng et al., 2000). Thus, we believe that
the along-strike variations in basin relief reflect the differential uplift of the bedrock along the fault. The
distribution of the basin area appears to mimic the widely held belief that large basins occur near the strike
center of the fault, which has a larger fault displacement (Densmore et al., 2004). Together, the distribution
pattern of the area and relief of the drainage basin implies that the most prominent fault activity center is
likely located at the middle of the fault (approximately between outlets of basins No. 7-10) (Figure 2a) and
the level of fault activity decreases toward the fault tips.

Figure 14 shows a plot of the vertical slip rate, Iat, and vaalues versus the distance along fault strike. As
mentioned above, the slip rates of the fault segments at Sites 5 and 6 may be greater than our estimations,
therefore they are labeled as minimum rates in the figure. In addition, the value of slip rate at the fault
boundaries was set to 0, indicating no vertical displacement at those localities. As shown in Figure 14, the
overall trend of Iat and V, was relatively consistent, despite the differences in some drainage basins (e.g.,
basins No. 7-9, 12, 21). Both Iat and V, were lower at the center of each fault subsegment and higher at the
tips of the fault, indicating that the level of fault activity was higher at the fault center and decreased toward
the fault boundaries. In addition, the lowest value of v appeared near the center of the entire fault (basin
No. 11). The Iat index was not as evident as Vfbecause there were two minima in the middle of the fault (ba-
sins No. 8 and 12). Together with the drainage basin pattern (Figure 12), we propose that the long-standing
fault activity center is located near the middle of the fault and the level of fault activity decreases toward the
fault tips. As confirmed by our scattered geological data, the vertical slip rates in the central portion (e.g.,
Site 4) are also much higher than those on the two flanks. This pattern resembles the idealized long-term
deformation pattern of an individual fault zone; that is, cumulative displacement is generally highest at the
center of a fault and decreases toward the fault tips (Kim & Sanderson, 2005). In addition, we note that our
measured Iat and V, values overall show a negative correlation with the vertical slip rate, which conforms
to the inversely proportional relationship between Iat and v, and the slip rate illustrated in Section 3.4
(Figure 14). This indicates that the analysis of geomorphic indices can be an effective tool for assessing the
relative tectonic activity along an active fault. The inconsistencies in the values of Iat and V,are likely due to
the scarcity of geological slip rates, and the errors in the measurement of geomorphic parameters.

Our estimations of slip rate and measurements of geomorphic indices jointly indicate that the level of fault
activity is highly heterogeneous and fluctuates along the fault strike (Figure 14). This can be attributed to
fault segmentation and linkage, the dip of fault planes, and fault kinematics. The along-strike gradients in
the fault activity of the YTF correlated well with its fault geometric barriers; for example, the Baiyangk-
ou stepover and the Xiaolongmwangmiao fault linkage zone (Figure 14). This indicates that the YTF may
have evolved from isolated fault segments through fault growth and linkage. Differences in the fault dip
may lead to spatial variations in the fault displacements. Horizontal extension by normal faulting typical-
ly results in arrays of fault-bounded blocks that rotate about the horizontal axes as their bounding faults
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slip (Jackson & Mckenzie, 1983; Leeder & Jackson, 1993; Proffett, 1977). This has long been recognized
in extensional tectonic regimes both in coseismic surface deformation (e.g., Perouse et al., 2018) and field
outcrop-scale observations (Rao et al., 2019). As evidenced by numerical modeling (Buck, 1988), normal
faults are typically characterized by the sequential development of fault blocks (Jackson, 1987). This means
that some faults are progressively rotated to lower dips and may eventually become locked, forming a new
generation of steeper-dipping faults. Evidently, fault segment with the highest fault activity, indicated by
the values of Iat and V, was between basins No. 11 and 12. This is not fully consistent with the drainage
basin pattern and the determined fault slip rate which indicated that the highest fault activity was between
the outlets of basins No. 7-10. Field observations revealed steeper dipping fault planes in the basin than at
the range front (e.g., Sites 5 and 6; Figure S6 in Data Set S1) which may have caused the aforementioned
inconsistency. However, overall, there were no substantial differences in fault dips along the fault, based on
our field observations (Figure S11 in Data Set S1). Therefore, fault activity is only affected locally by fault
dips, and it is not generally significant. For a strike-slip fault, a change in fault geometry may give rise to a
vertical component on the fault, causing compression in the restraining bend and extension in the releasing
bend. Evidence (e.g., fault plane striations and deflected stream channels across the fault) has shown that
the ENE-trending South Xionger Shan Fault and the Huaian Basin Fault may have a sinistral movement
(Figure 1b; Duan, 1994; Zhou et al., 2016). Luo et al. (2020) also suggested left-lateral strike-slipping on the
WNW-trending segment (Wayaokou to Yigingpo). If the entire YTF has a left-lateral strike-slip component,
then the NWW-trending segment (from Xiaolongwangmiao to Yanjiabu) and NE-trending segment (from
Xuesandun to Wayaokou) would constitute a restraining bend and releasing bend, respectively (Figure 2a).
This is possible because the YTF is located in the transition zone of the SG and ZBFZ, whereas the latter is
dominated by left-laterally strike-slip movement (Xu et al., 1998; Zhang et al., 2018). Additional studies are
required to address this key question.

5.3. Implications for Seismic Hazards

The mapped fault traces and determined fault slip rates, as well as previous paleoearthquake studies dur-
ing the late Quaternary, provide insights into seismic hazards along the YTF. Hence, it was first necessary
to estimate the possible range of earthquake magnitude that YTF could generate. As we think that the
vertical offset of T, terrace at Site 1 may be better represented by the D-D’ profile (3.1 = 0.2 m) than the
C-C’ topographic profile (2.4 + 0.5/-0.3 m), the minimum offset measured in this study (2.5 + 0.3 m) was
on the fault scarp on the T, terrace at Site 1 along the B-B’ topographic profile. However, it is necessary to
assess whether this minimum offset corresponds to single or multiple earthquake events. The formation
age of T, has been constrained to be 12.5 + 1.6 kyr, by an OSL sample collected from the silt interlayer be-
tween the T, gravels approximately 0.4 m below the T, surface (Luo et al., 2020; Figure 4a). Therefore, the
2.5 + 0.3 m offset of T, terrace should have occurred over the last 12.5 & 1.6 kyr. The excavated trench about
5 km east of this locality revealed that the most recent event occurred about 7.9 + 0.1 kyr ago (**C dating;
Xu et al., 2002). Therefore, the 2.5 + 0.3 m offset of T, was highly likely due to the accumulation of multi-
ple events. Consequently, we cannot use displacement versus earthquake magnitude scaling relationships
(Wells & Coppersmith, 1994) to estimate the seismic potential. An alternative method to estimating seis-
mic potential is the relationship between surface rupture length (L) and earthquake magnitude for normal
faults; Mw = 4.86 + 1.321log10(L) (Wells & Coppersmith, 1994). If it is assumed that the entire length of the
Holocene active fault segment east of Xiaolongwangmiao village ruptured (~58 km; Figure 2a), then the
above relationship would indicate a magnitude of Mw 7.2. Anderson et al. (1996, 2017, 2021) have revealed
that knowledge of the long-term fault-slip rate can improve magnitude estimates. Thus, we can also use the
magnitude versus slip rate (S) and fault length (L) scaling relationships of Anderson et al. (1996) to estimate
magnitude; Mw = 5.12 + 1.16log10(L) — 0.20 log10(S). Using this regression, the slip rate we measured, and
a maximum surface rupture length of 58 km correlated with earthquake magnitude estimates ranging from
Mw 7.2 to 7.3. These estimates are consistent with the magnitude of the 1626 Lingqiu earthquake (M 7.0)
(Figure 1b) (Shen & Wang, 1994; Xu et al., 2002). Consequently, the YTF poses a considerable seismic haz-
ard to the Yanggao and Tianzhen Counties (population ~600,000), which are located approximately 5 km
from the active YTF fault trace.

Previous paleoseismic studies have also revealed that the average recurrence interval of surface-rupturing
earthquakes along the YTF is only approximately 1.5-2.5 kyr (Duan, 1994; Xu et al., 2002). However, there
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has not been a surface-rupturing event along the fault since approximately 6-8 kyr, which exceeded the ex-
pected recurrence interval (Xu et al., 2002). However, other earlier studies also indicated that the YTF may
be the causative fault for the 1673 Tianzhen earthquake with an estimated magnitude of M 6.5; however,
limited research has been done on this historical earthquake (Gu et al., 1983; Lee et al., 1976; Li et al., 2007;
Wan et al., 2006). Hence, a systematic study of paleoseismic history is required to better assess and reduce
the earthquake hazards along the YTF.

6. Conclusions

This study used high-resolution morphotectonic mapping and OSL dating of displaced T, terraces and their
contemporaneous alluvial fans along the YTF to determine surface vertical slip rates of ~0.10-0.31 mm/yr,
dip-slip rates of ~0.11-0.37 mm/yr using field-measured fault dips, and extension rates of ~0.17-0.55 mm/
yr assuming a fault dip of 40 £+ 10° at seismogenic depths. These estimated extension rates imply that at
least 10% and up to 28%-54% of the total extension of the northern SG is inhomogeneously partitioned by
different parts of the YTF. Combined with a geomorphic analysis of the footwall topography, we evaluated
the spatial pattern of fault activity. Our estimated slip rates and the measured geomorphic indices indicate
that the long-standing fault activity center is located at the center of the fault, with the level of fault activity
decreasing toward the fault tips. Fault activity is highly heterogeneous and fluctuates along the fault strike,
which may be attributed to either fault segmentation and linkage or possible left-lateral movement of the
fault. To better understand the active deformation in the northern SG and assess seismic hazards along the
YTF, additional research is required to address the fault kinematics and paleoseismic history of the fault.

Data Availability Statement

The DEM data used in the geomorphic analysis were obtained from the 30 m-resolution Advanced Space-
borne Thermal Emission and Reflection Radiometer (ASTER) GDEM (V2), which can be downloaded
from the website https://earthexplorer.usgs.gov/. Supplementary text, figures, and tables are provided in
Data Set S1. The data availability of this study complies with the FAIR Data standards. All data of OSL
dating results, UAV-derived digital elevation models, topographical profiles, and field-measured fault dips
related to this study were archived in 4TU. Research Data at https://doi.org/10.4121/13153871 (Luo, 2020).
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