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A B S T R A C T   

River channel profiles and river terraces are two typical landscape features to investigate river incision history. 
However, incision history inferred from the two markers can be inconsistent. For example, along the Jinshan 
Gorge in the middle Yellow River, pseudo-terraces (a virtual metric derived from channel profile modelling) 
suggest a recent acceleration in incision rates only in the southern gorge, and the northern keeps steady, while 
river terraces in the trunk channel indicate recently increased incision rates all along the gorge. To mitigate these 
discrepancies, we investigate six tributaries along the Jinshan Gorge by mapping and dating several strath ter
races at various distances from the confluence to the trunk channel. By comparing tributary terraces of similar 
age, we find generally increasing incision rates towards the confluence with the trunk river in the southern 
Jinshan Gorge. North to south increasing incision rates along the gorge are also observed from coeval tributary 
terraces. In addition, two different landscapes between the southern and northern tributaries near the confluence 
are recognized, one with a deeply incised gorge and another one with floodplains, suggesting incision rate in the 
northern gorge is steady through time. Integrating the new infrared stimulated luminescence (IRSL) and 
Accelerator Mass Spectrometry (AMS) 14C data from tributaries with the abundant literature data of terrace 
samples mostly in the Jinshan Gorge dated with various methods, we suggest published ages from optically 
stimulated luminescence (OSL) might be too young. The methodological limitation associated to the dating 
method can explain the observed mismatch of incision history in the northern gorge inferred from pseudo- 
terraces and from river terraces in the trunk channel, and reconcile some contradicting patterns in published 
trunk terrace data.   

1. Introduction 

Rivers are one of the major agents changing the Earth's surface and 
evolve dynamically through time in response to climate fluctuations 
and/or tectonic activities (e.g. Rhoads, 2020). River terraces and river 
longitudinal profiles are two common geomorphic markers to investi
gate the incision history of a bedrock river. Constrained strath height 
and formation age of terrace have been utilized to estimate the mean 
vertical incision rate and its temporal variations along river (Burbank 
and Anderson, 2011). Analysis of bedrock channel networks linking the 
bedrock erosion to stream power law also provides information on river 
incision history (Pazzaglia et al., 1998) in time (Roberts and White, 
2010; Goren et al., 2014) or in space and time (Fox et al., 2014). 

Although river incision history reconstructed from river profiles is 
assumed to be consistent with terrace-based measurements (e.g. Merritts 
et al., 1994; Pazzaglia et al., 1998), discrepancies still arise, for example, 
in the middle Yellow River (Zhong et al., 2022). 

The Yellow River in China (Fig. 1A) is one of the longest rivers in the 
world. The Jinshan Gorge in the middle Yellow River represents the 
~700 km reach that connects the Weihe and Hetao Grabens. Several 
studies hypothesized that the connection recently occurred (Pan et al., 
2012; Liang et al., 2015; Hu et al., 2016). However, different hypotheses 
about when and how the integration occurred exist: The time for inte
gration of the Yellow River and development of the Jinshan Gorge has 
been proposed to be the late Miocene-early Pliocene (Lin et al., 2001), 
between 3.7 and 1.2 Ma (Pan et al., 2012), or after 0.25 Ma (Liang et al., 
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Fig. 1. Topography, active tectonics, dating sample distributions and extents of tributaries with dated fluvial terraces along the Jinshan Gorge. (A) Major faults 
around the study area. The Yellow River's main channel shown in blue lines and divided into upper (U), middle (M) and lower (L) reaches. (B) The locations of new 
terrace samples in this study and published terrace samples in the area. Topographic map derived from Shuttle Radar Topography Mission (SRTM) image. Drainage 
extent of tributaries with terrace samples shown with white lines. (C) Terrace heights and ages along the Jinshan Gorge, markers in brackets show samples' ID in 
Table 1. Letter in bold on the right axis is the initial of a tributary's name. (D) Histogram of published terrace ages in tributaries and trunk channel along the Jinshan 
Gorge. Colors show different dating methods. OSL: optically stimulated luminescence; MS: magnetic susceptibility; PM: paleomagnetism; TCN: terrestrial cosmogenic 
nuclides; IRSL: infrared stimulated luminescence. The figure is modified from Zhong et al. (2022). 
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2015). Reasons for the integration have been suggested as tectonic uplift 
and rifting (Lin et al., 2001), paleolake regression (Liang et al., 2015; Hu 
et al., 2017) or sea level fluctuations (Xiao et al., 2020). These debates 
attract widespread attention to the incision history of the Jinshan Gorge, 
which provides important information on integration of the Yellow 
River as well as related possible tectonic and/or climatic drivers. 

Terraces in the trunk channel within the Jinshan Gorge have been 
extensively investigated in recent decades (Wang, 2006; Guo et al., 
2012; Pan et al., 2012; Liang et al., 2015; Hu et al., 2016; Liang, 2017; 
Liu, 2020; Li et al., 2021) (Fig. 1, Table 1). With published terrace 
samples distributed at ~70 km, ~300 km, ~480 km and ~ 600 km 
upstream from the gorge outlet (Fig. 1B, C and Table 1), recent accel
eration in incision rates since ~100 ka or ~ 250 ka are indicated, and 
some studies suggested the rapid incision all along the gorge as an in
dicator of the recent full integration of the Yellow River (Qiu et al., 2014; 
Liang et al., 2015). However, based on pseudo-terraces, i.e., artificial 
geomorphic markers created from an inversion analysis of tributary 
channel profiles that provide information on the incision history of the 
trunk channel (Zhong et al., 2022), only the southern gorge shows a 
recent increase of river incision, whereas more uniform and steady 
incision rates are indicated in the northern gorge. 

In this paper, we intend to explore potential reasons for these dis
crepancies in the incision history reconstructed through river terraces 
and pseudo-terraces, aiming, for one thing, to better understand the 
regional history of incision and integration in the middle Yellow River, 
and for another, to assess the applicability of the theoretical approach of 
the river profiles that is widely applied in modern river geomorphology 
(e.g. Kirby and Whipple, 2012) to reconstruct bedrock river incision 
history. To these goals, we present new records of the late Quaternary 
fluvial terraces in six tributaries along the gorge (Fig. 1B), and discuss 
them within the frame of the pre-existing terrace data along the Jinshan 
Gorge. The timing of terrace formation is constrained with IRSL mea
surements and AMS radiocarbon dating. We quantify the incision 
amount since terrace formation by measuring the strath height above 
the modern channel. 

2. Regional background 

2.1. Geologic background 

The Jinshan Gorge is located in the Ordos Block with little evidence 
of interior deformation (Shi et al., 2020) (Fig. 1A). The Ordos Block was 
formerly an intracontinental basin with generally the same lithostrati
graphic units and depositional environment, dominated by alluvial and 
lacustrine processes (e.g. Ritts et al., 2009; Clinkscales et al., 2021) 
(Fig. 2A). In the Middle Jurassic to Early Cretaceous, the Ordos Basin 
experienced its last period of subsidence prior to undergoing partial 
inversion and dissection and is thought to have been tectonically stable 
since the end of the Mesozoic (e.g. Ritts et al., 2009; Xiong and Tang, 
2019). In contrast to this, during the Paleogene the Ordos Basin 
bounding faults were reactivated to form narrow graben systems, pres
ently fringing the former interior of the basin (Ritts et al., 2009) 
(Fig. 1A). This latter wide area represents the so-called stable Ordos 
Block (Ritts et al., 2009; Shi et al., 2020). The block is widely capped by 
Neogene red clay and thick Quaternary loess deposits with variable 
thickness, on average ~ 100 m (Liu, 1985; Xiong and Tang, 2019). 
Fluvial channels are well developed on the block, especially along the 
Jinshan Gorge, and drainage basins show little network reorganization 
(Willett et al., 2014). These channels are not only eroded through the 
thick aeolian deposits, but also incised into the bedrock, exposing un
derlying Permo-Mesozoic units (Fig. 2A). 

Climate conditions around the Jinshan Gorge are dominated by the 
East Asian Monsoon, with about 70 % of its annual precipitation in the 
summer (Li et al., 2017). Annual mean precipitation gradually decreases 
from southeast (~600 mm/a) to northwest (<200 mm/a) (Fig. 2B). 

The Ordos Block landscape is characterized by a highly dissected 

Table 1 
Published terrace data in tributaries and the trunk channel along the Jinshan 
Gorge.  

ID Longitude Latitude Strath 
[m] 

Age 
[ka] 

Predicted t 
* [m] 

Method 

1(Liang, 
2017) 

110◦

34.43′ 
35◦

42.36′ 
54 219 1364 MS 

2(Liang, 
2017) 

110◦

33.73′ 
35◦

49.46′ 
48 92.0 

± 5.0 
960 OSL 

3(Liang, 
2017) 

110◦

28.67′ 
36◦

03.39′ 
60 75.4 

± 4.5 
754 OSL 

4(Guo 
et al., 
2012) 

110◦

27.46′ 
36◦

06.26′ 
60 116.1 

± 7.5 
735 OSL 

5(Hu 
et al., 
2016) 

110◦

27.00′ 
36◦

09.00′ 
306 1200 5171 PM 

6(Hu 
et al., 
2016) 

110◦

27.58′ 
36◦

09.33′ 
284 1100 4628 PM 

7(Zhang 
et al., 
2011) 

110◦

26.25′ 
36◦

09.75′ 
9 28.8 

± 1.4 
106 OSL 

8(Guo 
et al., 
2012) 

110◦

26.23′ 
36◦

09.77′ 
25 73.9 

± 5.7 
298 OSL 

9(Guo 
et al., 
2012) 

110◦

26.33′ 
36◦

10.00′ 
41 93.5 

± 5.1 
495 OSL 

10( 
Liang, 
2017) 

110◦

26.30′ 
36◦

10.36′ 
32 73.8 

± 3.7 
383 OSL 

11(Li 
et al., 
2020) 

110◦

26.30′ 
36◦

07.91′ 
218 2460 3111 TCN 

12(Li 
et al., 
2021) 

110◦

31.21′ 
36◦

26.29′ 
185 3400 3163 TCN 

13(Li 
et al., 
2020) 

110◦

22.47′ 
36◦

46.48′ 
184 1650 3588 TCN 

14(Li 
et al., 
2021) 

110◦

40.53′ 
37◦

21.75′ 
46 3100 1098 TCN 

15(Li 
et al., 
2021) 

110◦

45.51′ 
37◦

21.71′ 
202 5300 5342 TCN 

16(Liu, 
2020) 

110◦

45.51′ 
37◦

21.71′ 
162 3700 3972 PM 

17(Pan 
et al., 
2012) 

110◦

43.32′ 
37◦

28.65′ 
173 1200 5426 PM 

18(Hu 
et al., 
2016) 

110◦

46.54′ 
37◦

31.37′ 
78 245 2536 MS 

19(Hu 
et al., 
2016) 

110◦

46.54′ 
37◦

31.37′ 
112 412 3562 MS 

20(Hu 
et al., 
2016) 

110◦

46.54′ 
37◦

31.37′ 
129 787 4022 MS 

21(Hu 
et al., 
2016) 

110◦

46.54′ 
37◦

31.37′ 
45 103.5 

± 10.2 
1290 OSL 

22(Li 
et al., 
2020) 

110◦

38.52′ 
37◦

52.73′ 
169 2080 4312 TCN 

23(Cao, 
2012) 

110◦

53.10′ 
38◦

30.33′ 
35 245 1376 MS 

24(Cao, 
2012) 

110◦

54.60′ 
38◦

31.37′ 
12 128 427 MS 

25(Cao, 
2012) 

110◦

54.95′ 
38◦

31.62′ 
120 1240 4219 PM 

26(Li 
et al., 
2020) 

110◦

54.17′ 
38◦

30.67′ 
88 1470 3230 TCN 

(continued on next page) 
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landscape in the southeast, due to extensive fluvial incision and, 
evidently, enough rainfall to drive fluvial processes in the Loess Plateau, 
whereas in the northwest a vast desert dominates and westerly to 
northwesterly winds become the driving erosion force (Liu and Lai, 
2012; Kapp et al., 2015) (Fig. 1A). 

2.2. Proposed integration history in the middle Yellow River 

Previous studies have mainly hypothesized three exclusive integra
tion processes in the middle Yellow River. The first proposes that the 
Yellow River was an eastward-draining river that flowed directly across 
the Weihe Graben to the lower reach (Fig. 3A). In this hypothesis, the 
square bend around the Ordos Block is thought to have developed in 
response to the late Miocene-early Pliocene tectonic uplift in the 
northeastern Tibetan Plateau and associating subsidence around the 
Ordos Block (Lin et al., 2001; Liu, 2020). Stratigraphic sections and 

imbrication of pebbles are taken as the main evidences to support the 
idea (Lin et al., 2001). 

The second proposes that there were paleolakes in the Hetao and 
Weihe Grabens (Fig. 3B), and the paleolake in the Weihe Graben 
regressed at 0.25 Ma in response to entrenchment of the Sanmen Gorge, 
which induced a sudden base-level fall at the outlet of the Jinshan Gorge 
(Jiang et al., 2007; Liang et al., 2015). A knickpoint then emerged and 
has now retreated ~275 km upstream. Connection between the Jinshan 
Gorge and the paleolake in the Hetao Graben is suggested to have 
occurred at 0.1 Ma, having caused another rapid bedrock river incision 
in response to increased discharge (Liang et al., 2015). In this way the 
Yellow River developed its final configuration possibly as recently as 0.1 
Ma. Ages of the fluvial-lacustrine deposits are used to support the late 
Pleistocene integration. No dominant driving factor is identified for the 
proposed integration (Liang et al., 2015, 2022). 

The third proposes that the square bend developed between 3.7 and 
1.2 Ma (Fig. 3C), and the main evidence provided is ages of the highest 
terraces along the Jinshan Gorge (Pan et al., 2012), under the assump
tion that these terraces were only formed after the river integration. 
Researchers who suggest the third hypothesis also incorporated paleo
lake regression in the Weihe Graben and implied that, before the 
entrenchment of the Sanmen Gorge, the Yellow River was blocked by the 
Sanmen Horst and was unable to reach the sea (Hu et al., 2017). The 
proposed early Pleistocene integration is suggested as a result of sea 
level fluctuations (Xiao et al., 2020). 

2.3. Dated terraces in the trunk channel and in tributaries 

Terraces in the Yellow River trunk channel with published age 
constraints are mainly distributed at ~70 km, ~300 km, ~480 km and 
~ 600 km upstream from the gorge outlet (Fig. 1B and C, Table 1). These 
cross sections with several levels of dated river terraces suggest 
increased river incision in the past ~100 ka or ~ 250 ka from samples 
dated with OSL or magnetic susceptibility (MS). 

However, lower terraces show ages older than higher terraces at 
some cross sections: at ~70 km upstream from the gorge outlet, a 2.46 
Ma (TCN) terrace is ~100 m lower than terraces of ~1 Ma (PM); at 
~480 km upstream, a 1.47 Ma (TCN) terrace and a 4.4 Ma (TCN) terrace 
are lower than terraces of 1.24 Ma (PM) and 3.3 Ma (PM), respectively. 

Studies of terraces in tributaries along the gorge are much more 
limited (Fig. 1B and C, Table 1). River terraces in the Shiwanghe, a 
tributary located ~60 km upstream from the gorge outlet, have been 
systematically investigated by Qiu et al. (2014) with OSL dating. These 
data suggest that in the past 100 ka the average incision rate in the lower 
reach of the Shiwanghe has been about three times higher than rates in 
the upstream reaches. A few other terraces have been dated by Qiu et al. 
(2014) within this tributary. Qiu et al. (2014) OSL-dated another terrace 
near the confluence with a strath height of ~13 m to 30.0 ± 4.3 ka, but 
suggest that this age is overestimated. Two other terraces located at 
~1.8 km and ~ 15 km upstream from the confluence are dated to have 
been formed at 52.8 ± 3.4 ka and 32.9 ± 2.8 ka, respectively, while 
their strath heights are unclear. 

To our knowledge, it is the only tributary along the Jinshan Gorge 
with constraints on its incision rate. The limited number of dated ter
races from other tributaries along the gorge restricts further insights into 
the incision pattern on a large spatial scale. 

3. Methods 

A field survey was undertaken broadly on six tributaries distributed 
along the Jinshan Gorge to investigate the incision history (Fig. 1B). For 
most tributaries, roads were often not built along the channel, but on the 
interfluves, with rare channel crossings, which made large portions of 
the catchments unreachable and continuous survey along the channel 
unrealistic. Available cross-transects hence were mostly separated by 
large distances, making reliable terrace correlation very challenging. 

Table 1 (continued ) 

ID Longitude Latitude Strath 
[m] 

Age 
[ka] 

Predicted t 
* [m] 

Method 

27(Li 
et al., 
2021) 

110◦

51.59′ 
38◦

32.80′ 
149 4400 4934 TCN 

28 (Liu 
et al., 
2007) 

110◦

55.80′ 
38◦

31.20′ 
165 3300 5367 PM 

29(Liu, 
2014) 

110◦

51.00′ 
38◦

33.00′ 
200 6800 6624 PM 

30(Li 
et al., 
2021) 

111◦

00.29′ 
38◦

36.45′ 
183 5200 5752 TCN 

31(Liu, 
2020) 

111◦

05.15′ 
38◦

59.33′ 
172 5300 7655 PM 

32(Liu, 
2020) 

111◦

06.68′ 
38◦

59.78′ 
172 6500 7655 PM 

33(Liu, 
2020) 

111◦

09.36′ 
39◦

01.55′ 
178 8300 8303 PM 

34( 
Liang, 
2017) 

111◦

11.27′ 
39◦

21.61′ 
54 245 2400 MS 

35( 
Wang, 
2006) 

111◦

15.00′ 
39◦

22.00′ 
100 787 4622 PM 

36(Liu, 
2020) 

111◦

17.14′ 
39◦

19.05′ 
148 8000 7294 PM 

37(Liu, 
2020) 

111◦

15.94′ 
39◦

18.73′ 
148 5800 7294 PM 

38(Liu, 
2020) 

111◦

14.67′ 
39◦

19.57′ 
150 4800 7462 PM 

39(Li 
et al., 
2021) 

111◦

15.21′ 
39◦

22.48′ 
135 3700 6530 TCN 

40( 
Liang, 
2017) 

111◦

20.80′ 
39◦

45.56′ 
34 128 1232 MS 

41(Li 
et al., 
2021) 

111◦

27.00′ 
39◦

55.42′ 
141 4100 6044 TCN 

I(Qiu 
et al., 
2014) 

110◦

27.36′ 
36◦

04.12′ 
67 118.5 

± 5.6 
824 OSL 

II(Qiu 
et al., 
2014) 

110◦

27.00′ 
36◦

04.12′ 
45 93.2 

± 9.4 
553 OSL 

III(Qiu 
et al., 
2014) 

110◦

15.36′ 
36◦

04.48′ 
18 91.6 

± 5.3 
428 OSL 

IV(Qiu 
et al., 
2014) 

110◦

09.00′ 
36◦

01.48′ 
11 119.4 

± 6.7 
382 OSL  

* Samples from the trunk channel are marked with Arabic numbers, from 
tributaries with Roman numbers. MS is abbreviation of magnetic susceptibility; 
PM is abbreviation of paleomagnetism; OSL is abbreviation of optically stimu
lated luminescence. TCN is abbreviation of terrestrial cosmogenic nuclides. 
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The terrace stratigraphy was mainly observed along road cuts. Seven 
cross-transects were analyzed in detailed with terrace deposits taken for 
terrace formation age constraints (Tables 2–4). The surveyed terraces 
are floored by the strath unconformity and the fill includes gravels with 
sandy matrix, followed by sand and silt. The transition towards the 
overlying aeolian deposits is locally difficult to define, given the rela
tively coarse-grained nature of the loess deposits, and the observed cases 
of interfingering of aeolian and fluvial sand and silt deposits. Pedogenic 
features, mostly carbonate crusts around pebbles or thin calcretes, were 
locally observed atop the alluvial deposits. The alternating intervals of 
loess-paleosol, overlying the terrace fill, were tentatively counted in the 
field to provide a rough minimum age estimation of the terrace forma
tion. In fact, the pattern of loess-paleosol alternations can be correlated 
across the Loess Plateau and with the marine oxygen isotope stages (Liu, 
1985). 

Topographic surveying was done by in situ precise measurement of 
the elevation of the strath unconformity with respect to the modern 
channel, via laser distance meter. This instrument was also used to 
obtain the thickness of the various stratigraphic units of the alluvial fill. 
Differential GPS was used to obtain elevations of riverbeds and of the top 
of fluvial terrace gravels. 

3.1. Terrace dating by luminescence 

Sampling for IRSL was done following the methodology of Zhong 
et al. (2020). In the field, about 10 cm of surface material was removed 
to expose fresh deposits. Each sample was taken in a 25 cm long and 5 
cm wide steel pipe with black plastic bags on both sides to shield the 
sample from any light exposure. Samples were collected as close as 
possible to the strath unconformity, in order to obtain a maximum age of 

Fig. 2. Lithology and annual precipitation in study area. (A) Lithology of the studied tributaries. The map is derived from Global Lithological Map Database 
(https://www.geo.uni-hamburg.de/geologie/forschung/aquatische-geochemie/glim.html). (B) Annual mean precipitation of the studied tributaries. Values are 
estimated with precipitation data from 1970 to 2000 with 30 s resolution (http://www.worldclim.org/version2). 
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the erosional process, so we selected the lowest silt and sand bed within 
the gravelly unit (Shen et al., 2023). In most cases, however, the first 
available sandy bed was atop the gravel unit in the overbank facies. 

Luminescence measurements were performed in the Institute of 
Earth Surface Dynamics, University of Lausanne. Because signals enter 
saturation at relatively low doses in quartz OSL dating of fluvial 

Fig. 3. Sketches for settings before hypothetical integration in the middle Yellow River. (A) Proposed setting before integration in late Miocene-early Pliocene by Lin 
et al. (2001). (B) Proposed setting before integration around 0.25 Ma by Liang et al. (2015). (C) Proposed setting before integration between 3.7 and 1.2 Ma by Pan 
et al. (2012) and Hu et al. (2017). (D) Current setting in the middle Yellow River. 

Table 2 
Geographic location, radioelement abundances and calculated cosmic and total (environmental) dose rates. A water content of 15 ± 5 wt% was assumed.  

Sample Longitude Latitude Strath height [m] Depth [m] K [wt%] Th [μg/g] U [μg/g] Ḋcosmic [Gy/ka] Ḋtotal [Gy/ka] 

YH06 110◦30′37.41″ 35◦51′29.54″ 83 ± 1 10 2.27 ± 0.11 9.8 ± 0.3 2.3 ± 0.1 0.073 ± 0.007 3.859 ± 0.195 
YH18 110◦23′18.96″ 36◦26′24.34″ 25.4 ± 1 8 1.92 ± 0.09 7.8 ± 0.2 2.0 ± 0.1 0.089 ± 0.009 3.391 ± 0.180 
YH25 110◦25′30.97″ 37◦ 3′53.76″ 36.8 ± 0.5 10 1.90 ± 0.09 9.1 ± 0.3 2.1 ± 0.1 0.074 ± 0.007 3.464 ± 0.182 
YH28 110◦39′2.48″ 38◦39′43.19″ 26 ± 1 4 2.42 ± 0.12 8.7 ± 0.3 1.9 ± 0.1 0.145 ± 0.014 3.901 ± 0.198 
YH33 111◦ 9′38.58″ 39◦14′35.15″ 22.3 ± 0.5 13 2.03 ± 0.10 12.1 ± 0.4 2.1 ± 0.1 0.061 ± 0.006 3.750 ± 0.190  

Table 3 
Results of IRSL dating and estimated minimum ages. Associated marine isotope stages (MIS) are indicated in the last column.  

Sample Signal Ḋtotal [Gy/ka] De,sim [Gy] n/N n/NSS D0 [Gy] Age [ka] 2D0 age [ka] MIS 

YH06 IR50 3.859 ± 0.195 Saturated 0.36 ± 0.04 0.24 ± 0.02 596 ± 3 Saturated 309 ± 16 8  
pIRIR150 3.859 ± 0.195 3188 ± 687 0.64 ± 0.02 0.65 ± 0.10 825 ± 5 826 ± 183 429 ± 22 11  
pIRIR290 3.859 ± 0.195 Saturated 0.73 ± 0.03 0.55 ± 0.07 692 ± 2 Saturated 358 ± 19 10 

YH18 IR50 3.391 ± 0.180 Saturated 0.35 ± 0.06 0.25 ± 0.02 434 ± 2 Saturated 256 ± 14 7  
pIRIR150 3.391 ± 0.180 1030 ± 447 0.57 ± 0.07 0.66 ± 0.10 514 ± 1 304 ± 133 303 ± 16 9  
pIRIR290 3.391 ± 0.180 Saturated 0.68 ± 0.06 0.56 ± 0.07 458 ± 1 Saturated 270 ± 15 8 

YH25 IR50 3.464 ± 0.182 Saturated 0.34 ± 0.04 0.23 ± 0.03 979 ± 5 Saturated 565 ± 30 13  
pIRIR150 3.464 ± 0.182 3899 ± 1078 0.62 ± 0.03 0.65 ± 0.10 1174 ± 3 1126 ± 317 678 ± 36 17  
pIRIR290 3.464 ± 0.182 Saturated 0.65 ± 0.05 0.54 ± 0.07 1122 ± 4 Saturated 648 ± 35 16 

YH28 IR50 3.901 ± 0.198 Saturated 0.35 ± 0.06 0.24 ± 0.02 548 ± 3 Saturated 281 ± 15 7  
pIRIR150 3.901 ± 0.198 2052 ± 671 0.62 ± 0.08 0.66 ± 0.10 714 ± 2 526 ± 174 366 ± 19 10  
pIRIR290 3.901 ± 0.198 Saturated 0.63 ± 0.07 0.55 ± 0.07 657 ± 2 Saturated 337 ± 18 9 

YH33 IR50 3.750 ± 0.190 Saturated 0.24 ± 0.04 0.24 ± 0.02 619 ± 3 Saturated 330 ± 17 8  
pIRIR150 3.750 ± 0.190 1177 ± 706 0.51 ± 0.10 0.66 ± 0.10 788 ± 2 314 ± 189 420 ± 22 9  
pIRIR290 3.750 ± 0.190 2269 ± 755 0.53 ± 0.11 0.55 ± 0.07 678 ± 2 605 ± 204 361 ± 19 10  

Table 4 
AMS 14C sample information.  

Sample Longitude Latitude d13C/o/oo Strath height [m] Conventional 14C age [ka BP] Calibrated 14C cal age [cal ka BP] 

YH08 110◦24′32.50″ 36◦1′32.82″ − 24.9 2.8 ± 0.1 39.59 ± 0.42 43.47–42.46 
YH11 110◦27′34.44″ 36◦0′52.72″ − 22.3 9.5 ± 0.5 24.10 ± 0.12 28.63–27.88  
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sediments, we directly targeted K-feldspar minerals for a higher dating 
range. Following standard K-feldspar coarse grain sample preparation, a 
multi-elevated temperature (MET) post-infrared infrared stimulated 
luminescence (pIRIR) protocol following the protocol by Li and Li 
(2011), while slightly varying the IRSL stimulation temperatures, was 
applied to detect IRSL signals least affected by anomalous fading (see 
supplementary file for information on sample preparation and technical 
details of measurements). IRSL signals were stimulated at temperatures 
of 50 ◦C, 150 ◦C and 290 ◦C after a preheat of 300 ◦C (10 s) for readout of 
the natural, regenerated and test doses in a single-aliquot regeneration 
protocol. A 200 s IRSL cleanout step at 320 ◦C was inserted after each 
regeneration cycle to reduce charge carry-over to the next cycle. Up to 
nine multi-grain aliquots (2 mm diameter) were analyzed per sample. 
Fading tests were conducted on samples YH06, YH18 and YH25 by 
applying the same regeneration dose repeatedly, interrupted by loga
rithmically increased delay times between regeneration cycles 
(Table S1). From these measurements and following Huntley (2006) the 
dimensionless recombination density ρ’ was derived with the function 
‘analyse_FadingMeasurement()’, as implemented in the R-package 
‘Luminescence’ (v0.9.10) (Kreutzer et al., 2012, 2020; Kreutzer and 
Burow, 2020). Dose-response was approximated by a single-saturating 
exponential function and corrected for anomalous fading using the 
average ρ’ value for each signal (IR50, pIRIR150, pIRIR290) following Kars 
et al. (2008), which was done using the ‘calc_Huntley2006()’ function 
(King et al., 2018; King and Burow, 2020) to derive the fading-corrected 
equivalent dose (De). Radioelement concentrations of representative and 
homogenized sediment samples from the surrounding of the IRSL sam
pling holes were determined by fusion inductively coupled plasma mass 
spectrometry (FUS-ICP-MS). Finally, the conversion factors of Guérin 
et al. (2011) together with the grain-size attenuation factors of Guérin 
et al. (2012) and Brennan et al. (1991) were used to calculate environ
mental dose rates using DRAC v1.2 (Durcan et al., 2015); further details 
are reported in the supplementary information. 

3.2. Terrace dating by AMS radiocarbon 

Charcoal fragments within fluvial sediments were sampled for AMS 
radiocarbon measurements to estimate the age of fills, in terraces with 
low strath separation. Samples were collected as close as possible to the 
strath unconformity, either within the gravels or in sandy beds. 

Charcoal fragments were separated under binocular microscope and 
sent to Beta Analytic for AMS measurement. The 14C ages of samples 
were determined with Libby's half-life (5568 years) and calibrated with 
the Northern Hemisphere 14C calibration curve IntCal20 (Reimer et al., 
2020). 

3.3. Geomorphic analysis of river profiles 

Within the framework of river-profile inverse modelling to infer 
history of rock uplift relative to base-level, a block uplift scenario (Goren 
et al., 2014) assumes that points along channel networks share a com
mon uplift history. The method has been applied to analyze river profiles 
of tributaries along the Jinshan Gorge by Zhong et al. (2022), consid
ering that the gorge is located in the tectonically stable Ordos Block with 
little evidence of interior deformation (Shi et al., 2020). Zhong et al. 
(2022) estimate K (erodibility) with published river terrace data on the 
trunk river in the Jinshan Gorge. In this paper, we estimated K using 
terrace data from tributaries. The main advantage of this method is that 
it does not require an interpolation between the reconstructed incision 
history at tributary outlets and a chosen location of the trunk terrace 
(Zhong et al., 2022). 

The response time for a perturbation to propagate from the outlet of a 
tributary to an upstream point x can be expressed as (Whipple and 
Tucker, 1999; Goren et al., 2014): 

τ(x) =
∫x

0

dx'

C(x')
=

∫x

0

dx'

KA(x')
mS(x')

n− 1 =

∫x

0

dx'

KA(x')
m (1) 

A is upstream drainage area and S is channel slope. m and n are 
positive constants and n is assumed to be 1. For various points within a 
tributary, their response time from the local outlet (confluence) varies 
systematically (Fig. 4A). The confluence (x = 0) will respond immedi
ately. The further upstream a point is, the smaller A(x), and the longer 
the response time τ(x) will be, i.e., the later point x will incise following 
the new uplift rate. The instantaneous incision rate at a point x along the 
channel and a time t before the present, E(x, t) is expressed as: 

E(x, t) = KA(x)mS(x, t) = KA(x)m ∂
∂x

∫ t+τ(x)

t
U(t')dt ' (2) 

To evaluate ∂
∂x

∫ t+τ(x)
t U(tʹ)dtʹ we use the Leibniz integral rule following 

Goren et al. (2014): 

Fig. 4. Analysis method to compare terrace samples at different locations. (A) 
Terrace samples located at confluence A and upstream B of a tributary. 
Response time for A is smaller than response time for B so a perturbation will 
arrive first at A. (B) Schematic tributary profile with confluence A as base-level. 
Dashed lines show strath height for terraces at A and B. (C) Incision history at 
confluence A based on tributary profile. For any perturbation at A, there will be 
a delay time (τ(B)) for B to react. The dashed grey line shows incision history 
experienced by terrace at A with age T(A), and the grey line shows incision 
history experienced by terrace at B with age T(B) (T(B) = T(A)). The blue line 
marks the average incision rate (E(A)) for terrace at A with age T(A), and the 
length of the line is equal to the length of time for fluvial incision. The red line 
marks the average incision rate (E(B)) for terrace at B with age T(B). Blue line 
and red line have equal length as T(A) = T(B). 
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∂
∂x

∫ t+τ(x)

t
U(t ')dt' = U(t + τ(x)) d(t + τ(x))

dx
− U(t)

dt
dx

+

∫ t+τ(x)

t

∂U(t')

∂x
(3) 

In eq. 3, the first term on the right-hand side is U(t + τ(x) ) dτ(x)
dx , the 

second term is zero and the last term is zero (because of the block uplift 
assumption). 

Combined eqs. 1–3, E at time t is equal to the uplift rate relative to 
base-level, U at time t+ τ(x), i.e., 

E(x, t) = KA(x)mU(t + τ(x)) dτ(x)
dx

= KA(x)mU(t + τ(x)) (KA(x)m
)
− 1

= U(t + τ(x)) (4) 

For a terrace with strath height H(x) and age T(x) (a length of time 
for fluvial incision) at point x (Fig. 4B), H(x) is the total incision amount 
from time T(x) to the present, and we can use eq. 4 and write: 

H(x) =
∫ T(x)

0
E(x, t')dt' =

∫ Tx

0
U(t' + τ(x))dt' (5) 

For the point at the confluence, its incision history is the same as 
uplift history, while for an upstream point, its response time must be 
considered when reconstructing its incision history (Fig. 4C). 

We discretize the uplift rate history over j time intervals from the 
present t = 0 to time tmax before the present: U1, U2, …, Uj are uplift rates 
during time intervals Δt1 = t1 − 0, Δt2 = t2 − t1,…,Δtj = tj − tj− 1. tmax is 
the maximal time length recorded by the river profile. For a point x, eq. 5 
can be discretized as: 

H(x) = El × tstart + El+1 × Δtl+1 + … + Em− 1 × Δtm− 1 + Em × tend (6)  

where El is equal to the uplift rate at time τ(x), tstart= tl − τ(x), and T(x) =
tstart +

∑m− 1
n=ι+1Δtn+ tend (Fig. 4C). In this way, a stepwise incision history 

at a point x is reconstructed. The rate on average is equal to average 
incision rate estimated from the river terrace, but has time step 
information. 

With a terrace data at a point x, we can obtain information of total 
incision amount H(x) from time T(x) to the present. By comparison with 
H(x) – t*x plot inferred from χ-plot described in Zhong et al. (2022) 
(Table 1), we can estimate the value of K. In this way, scaled incision 
history of a drainage basin can be dimensionalized to natural units with 
terrace data within it, in addition to the approach described in Zhong 
et al. (2022), offering a complete calibration method with terrace data in 
any location within a river network. 

In this paper, published terrace data older than ~1.2 Ma along the 
trunk channel, not included in Zhong et al. (2022), are incorporated to 
constrain K, as recent studies argue that these terraces are from the 
Yellow River and represent its incision history (Liu, 2020; Li et al., 2020, 
2021; Xiong et al., 2022). 

4. Results 

4.1. General features of river terraces 

Erosional remnants of river terraces were recognized and sampled in 

Fig. 5. Section structures and photos of the terraces of tributaries along the Jinshan Gorge. Note that the IRSL signals were overall saturated, so an age from the 
method can only be regarded as a minimum age (marked with “≥”). Locations of these sections and photos are shown in Fig. 1B, Tables 2 and 4. For samples YH06 
and YH25, detailed field pictures are shown in Fig. S2. Note horizontal and vertical scales vary among sections. 
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the field. Strath terraces were observed near confluences in most trib
utaries. The terrace fill, overlying the strath unconformity, typically 
consists of 1–7 m thick gravel deposits, with closed framework and 
abundant sandy matrix. The measured sections were exposed by road 
cuts near river banks (Figs. 5 and 6). The gravels are mostly sub-rounded 
with an average grain size of 10–30 cm, with medium to low sphericity 
and a prolate trend. Locally, lenses of coarse sands and boulders up to 1 
m occur (Fig. 5B). The gravels are covered by 0.5–4 m of medium-fine 
sand and silt, locally displaying faint parallel lamination. The fluvial 
deposits are covered by aeolian deposits, i.e., loess, with prominent and 
correlatable intervals of paleosols. Loess thickness varies from few me
ters in the youngest to over 10–15 m for the oldest and highest terrace 
(see supplementary file for details about terraces of each tributary). 

Some other geomorphic features were also noticed in the field. Near 
the confluence with the Yellow River in the southern gorge, we observed 
deeply incised tributary valleys, manifesting as gorges, and the width of 
rivers is nearly the same as the valleyfloor (Fig. 6A). However, upstream 
of these tributaries, the valley-floor typically becomes several times 
wider than the river. In the upper reach of the Wudinghe, the valley- 
floor is over one kilometer wide with large floodplains (Fig. 6E), indi
cating weak fluvial incision. At some sites in-between, knickpoints were 
observed (Fig. 6B and C). In the northern reach of the Jinshan Gorge, the 
valley-floor at the tributary confluences is considerably greater than 
river width, and wide floodplains exist (Fig. 5K and M). 

4.2. Terrace ages 

Results from FUS-ICP-MS and determined dose rates are summarized 
in Table 2. Results from IRSL measurements and calculated minimum 
ages are given in Table 3. The level of saturation n/N as well as the field 
steady state (n/NSS) were determined using the function ‘calc_Hunt
ley2006()’ and an a-value of 0.08 ± 0.02 was assumed for all measured 
IRSL signals (Schmidt et al., 2018). Although finite De values could be 
determined through laboratory regenerative irradiation for some MET 
signals, fading-corrected IRSL dose-response curves demonstrate that all 
samples are close to or in dose saturation, and an example for the 
pIRIR150 signal of sample YH18 is shown in Fig. S1. As expected, with an 

average g-value (normalized to 2 days) of 8.3 ± 0.3 %/decade, fading 
rates are highest for the IR50 signal (Thomsen et al., 2008), while the 
average pIRIR290 fading rate as measured for three samples (3.3 ± 0.5 
%/decade) is larger than the average pIRIR150 fading rate (2.2 ± 0.3 
%/decade) (Table S1). As a consequence, the measured natural pIRIR150 
signal is still below the field saturation ratio for most of the analyzed 
samples, in contrast to the IR50 and pIRIR290 signals (Table 3 and Sup
plementary Information). Age information considered in the following is 
hence based on pIRIR150 data. Additionally, given the large and asym
metric uncertainties resulting from projection of the natural IRSL signal 
onto the saturated part of the dose-response curve (Wintle and Murray, 
2006), minimum age estimates are determined based on the De at 2D0 
(of fading-corrected dose-response data), i.e., when the signal reaches 1 
– e− 2 (~86 %) of the saturation value, which is usually taken as the 
upper threshold of finite ages if a single exponential dose-response is 
assumed (Wintle and Murray, 2006; King et al., 2018). Considering all 
these uncertainties, rather than reporting numerical age estimates for 
these samples, we refer to Marine Isotope Stages (MIS, e.g. Gibbard and 
Head, 2020) to report indicative time ranges. It must be noted, anyway, 
that the reported luminescence age ranges correspond to minimum ages, 
given the overall sample saturation. 

Based on IRSL measurements of sample YH06 (Figs. 1B, 5A, B, 6A 
and S2A), the minimum age for the formation of the high terrace in the 
downstream of the Chuanerhe corresponds to the MIS 11 (ca. 365–424 
ka, e.g. Railsback et al., 2015). Sample YH18 yields a minimum age of 
MIS 9 (ca. 280–335 ka) for the formation of terrace located in the lower 
reach of the Yanhe (Figs. 1B, 5F and G). Terrace formation downstream 
of the Wudinghe is constrained to pre-date MIS 17 (ca. 675–710 ka) from 
sample YH25 (Figs. 1B, 5H, I and S2B). Further north, sample YH28 
indicates a minimum age of terrace abandonment in the lower reach of 
the Kuyehe of MIS 10 (ca. 335–365 ka) (Figs. 1B, 5J and K). In the 
downstream of the Huangpuchuan, sample YH33 yielded a minimum 
age of MIS 9 (ca. 280–335 ka) for abandonment of the terrace (Figs. 1B, 
5L and M). 

Results from AMS 14C measurements are given in Table 4. 14C sample 
YH08 taken from the upper reaches of the Luerchuan yields an age of 
43.47–42.46 cal ka BP corresponding to 2-sigma (Figs. 1B, 5C and D). In 

Fig. 6. Photos showing knickpoints and other landscape features of tributaries along the Jinshan Gorge. Locations of these photos are Fig. 6A (110◦30′37.41″, 
35◦51′29.54″), Fig. 6B (110◦21′34.83″, 36◦ 4’6.78”), Fig. 6C (110◦23′18.96″, 36◦26′24.34″), Fig. 6D (110◦25′30.97″, 37◦ 3′53.76″), Fig. 6E (110◦15′46.32″, 
37◦30′28.87″), which are also shown in Fig. 1B. 
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the lower reaches of the Luerchuan, the abandonment age is constrained 
to 28.63–27.88 cal ka BP (2-sigma) with 14C sample YH11 (Figs. 1B and 
5E). 

4.3. Incision rates and patterns for the tributaries of the Yellow River 

The incision rate is calculated by dividing strath height of a terrace 
by its age (Fig. 7). For IRSL dating samples except for YH33, the 2D0 ages 
shown in bold in Table 3 refer to the minimum ages and are used when 
calculating the incision rates. Correspondingly, the inferred incision 
rates obtained with the IRSL ages are maximum rates. Sample YH33 is 

the only sample for which the age (the third-to-last column in Table 3) is 
below the 2D0 criterion, that is why the 2D0 age is higher than the actual 
age. In this case the actual age can be seen as more reliable and should be 
taken for calculations of the incision rate and interpretations. 

A decreasing incision rate pattern from the tributary mouth to up
stream is identified in the Luerchuan (Fig. 7B): at ~3.4 km upstream 
from the confluence, the incision rate is estimated to be 0.34 ± 0.02 
mm/a since about 28 ka, while at ~10.8 km upstream from the 
confluence, the estimated incision rate is only 0.06 ± 0.01 mm/a in a 
similar time frame. The pattern is also recognized in the Shiwanghe 
(Fig. 7C) investigated by Qiu et al. (2014): since ~100 ka, average 
incision rates are estimated to be 0.57 ± 0.04 mm/a, 0.49 ± 0.06 mm/a, 
0.20 ± 0.02 mm/a and 0.09 ± 0.01 mm/a at ~0.02 km, ~2.5 km, ~33 
km and ~ 54 km upstream from the confluence, respectively. 

A general decreasing trend in incision rates from south to north is 
indicated by our terraces. In the past ~400 ka, average incision rates are 
estimated to be 0.19 ± 0.01 mm/a in the south (the Chuanerhe) 
(Figs. 1B and 7B), 0.08 ± 0.01 mm/a in the Yanhe (Figs. 1B and 7D), and 
0.07 ± 0.01 mm/a in the north (the Kuyehe) (Figs. 1B, 7F and G). It may 
be argued that the decreasing incision rates pattern from south to north 
from tributary terrace data are biased by locations of samples, taken at 
various distance from the confluence in different tributaries. As an 
example, a decreasing pattern of incision rate from the confluence to 
upstream has been observed in the Luerchuan and the Shiwanghe. To 
test this, we show the reconstructed incision history for each tributary 
by Zhong et al. (2022), but is dimensionalized with the regional K of 
1.03 × 10− 5 m0.3/a (see the following section for using this K value) 
(Fig. S3). Channel profile analysis indicates that all tributaries show 
long-term steady incision rates, but spatially the background rates 
generally decrease from south to north. Recently there is a clear sepa
ration of behavior with northern tributaries showing little change in 
incision rate, but southern tributaries indicating an increase in incision 
rate. These observations suggest that the decreasing incision rates to 
north from tributary terrace data is not due to sampling location bias. 

4.4. K calibration 

We compare the best-fit K values calibrated with river terrace data 
from tributaries and the trunk river. Parameters related to K calculation 
follow Zhong et al. (2022) (e.g. m = 0.35, n = 1, Ac = 10 km2, A0 = 10 
km2). Values of K are calibrated to be 1.03 × 10− 5 m0.3/a with all terrace 
data, 1.19 × 10− 5 m0.3/a with 11 terrace data in tributaries, and 0.99 ×
10− 5 m0.3/a with 41 terrace data in the trunk river (Fig. 8A). The esti
mated K calibrated from data in tributaries is a bit larger than the K 
calibrated from data in the trunk river, but both K values are around 

±10 % from the K calibrated with all terrace data (Fig. 8A). In addition, 
K values calibrated with tributary terrace data (and with all terrace data 
correspondingly) should be smaller considering IRSL ages we measured 
are the minimum ages as the signals are basically all in field saturation. 
Predicted ages are similar to observed terrace ages: about half of the data 
are predicted to within a factor of two and most of ages are predicted to 
within a factor of four, no matter if terrace data in the trunk or tribu
taries are considered (Fig. 8B), suggesting that the incision processes in 
tributaries and the trunk river are generally consistent. It should be 
noted that K was calibrated to be 2.15 ± 0.25 × 10− 5 m0.3/a by Zhong 
et al. (2022). We will discuss possible reasons for this below. 

5. Discussion 

5.1. Reasons for deviations from previously calibrated K 

K is a function of rock strength, bed roughness and climate, where for 
harder bedrock and drier climate, K tends to be lower (e.g. Kirby and 
Whipple, 2012). K was calibrated to be 2.15 ± 0.25 × 10− 5 m0.3/a only 
with terrace data younger than ~1.2 Ma in the trunk river (Zhong et al., 

Fig. 7. Location of terraces samples in longitudinal profiles of tributaries as 
well as estimated incision rates. Legend of red diamonds, stars and orange 
circles shown in Fig. 1B. In Fig. 7C, IDs in brackets are original sample ID in Qiu 
et al. (2014). The blue dots show estimated average incision rates with error 
bar. For the X axis, left shows the downstream direction and right shows the 
upstream direction. 
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2022), which is about two times larger than the K value estimated in this 
paper. 

As we analyze the same area with similar lithostratigraphic units, 
rock strength is not supposed to change. It may be argued that the 
decrease in estimated K value is due to the fact that tributary terrace 
samples are included. However, the best-fit K values calibrated with 
terrace samples from tributaries and the trunk river are similar, and K 
calibrated with tributary samples is even a bit larger as described above 
(Fig. 8A). 

Possible spatial changes in K values driven by precipitation variation 
from south to north of the Jinshan Gorge (Fig. 2B) may be proposed as a 
reason. However, terrace data used by both Zhong et al. (2022) and this 
study distribute all along the gorge, so there is no clear spatial bias in 
applied terrace data for K calibration. In addition, for a climate domi
nated K value, one would expect a decrease to the north following a 
northward decreasing precipitation. However, only a small improve
ment in fit and no northward decreasing trend in K values are found by 
grouping terrace data into lower, middle and upper segments and 
calculating best-fit K values for these subsets (Zhong et al., 2022). We 
thus suggest that a spatially uniform K is applicable in our study area 
and precipitation variation in space here is probably not large enough to 
induce significant changes in K values in space. 

Another possible factor is long-term climate change, as older samples 
are considered. The K value is related to climatic conditions that can 
vary with time. The single best-fit K value we use actually represents 
average erodibility of rivers over time. Analysis of the wide loess- 
paleosol archive provides information on paleoclimatic variations over 
the Loess Plateau (e.g. Liu, 1985; Guo et al., 2002). On million-year 
timescale, a sustained or intensified aridity since the Pliocene, and 
especially after 2.6 Ma, is suggested in the Ordos Block (Fig. S4). The 
Asian Winter Monsoon, reflected by the > 19 μm grain-size fraction in 
aeolian sediments, tends to intensify, suggesting a drying trend in cen
tral Asia during the Pleistocene (Fig. S4A) (An et al., 2001). The Asian 
Summer Monsoon, reflected in the magnetic susceptibility index, be
comes intensified, although its intensification is mostly weaker than the 
Winter Monsoon (Fig. S4B) (Song et al., 2007, 2014). Alternatively, 
sand-sized particle content from a loess section near the southern margin 
of the Mu Us Desert has been suggested as a more sensitive proxy for 
Asian Summer Monsoon intensity, which indicates stepwise weakening 
in Summer Monsoon strength and stepwise expansion of a desert 

environment at ~2.6, ~1.2, ~0.7 and ~ 0.2 Ma (Ding et al., 2005) 
(Fig. S4C). The long-term drying trend would yield decreasing K through 
time. In other words, if only calibrated with younger terrace data, the 
estimated K value should be smaller, which is not the case here. 

As an alternative, we suggest that the deviations in calibrated K come 
from the terrace data used in our calibration. It is noteworthy that 
samples in the trunk river with ages younger than ~1.2 Ma, show 
measured terrace ages systematically younger than predicted ages, 
while samples older than ~1.2 Ma show measured ages mainly older 
than predicted ages (Fig. 8B). Assuming the prediction is correct under 
the assumptions of tributaries and the trunk river sharing a common 
incision process and of a block uplift scenario, this discrepancy could 
explain a larger K if only calibrated with younger ages in the trunk river. 
Therefore, a possible hypothesis is that the terraces younger than 1.2 Ma 
could be younger than real, due to large uncertainties associated to 
terrace dating. For this group of terraces, the largest difference between 
measured and predicted terrace ages are observed for ages of ~100 ka, 
constrained with OSL on quartz, and ages of ~245 ka and ~ 412 ka 
constrained with MS (Fig. 8B, Table 1). It should be noted that the OSL 
dating range on quartz is generally limited to ~50–100 ka (Faershtein 
et al., 2020), although strongly relying on material properties. These 
published ~100 ka data may underestimate real terrace ages. For 
samples constrained with MS, the estimated ages are mainly based on 
alternating intervals of loess-paleosol overlying the terrace fill, but 
without absolute age constraints (Hu et al., 2016) or only with OSL age 
constraints on upper layers of loess-paleosol intervals, rather than the 
contact with the alluvial deposits (Liang, 2017), which could only pro
vide a rough minimum age estimation of the terrace formation. It is 
noteworthy that the considerable underestimation of OSL dating for 
Chinese loess samples over ~50 ka has been reported by several 
geochronological studies, even though that the natural quartz OSL signal 
is much smaller than the saturation level (Buylaert et al., 2007; Lai, 
2010; Guo et al., 2012; Meng et al., 2015), which is likely caused by 
divergence between the laboratory- and natural-generated dose 
response curves (Chapot et al., 2012) and less thermal stability (Lai and 
Fan, 2014) for quartz OSL signals of Chinese loess samples. Terrace ages 
older than ~1.2 Ma are often constrained with PM and TCN burial 
dating (Table 1) (Fig. 8B), although it has been suggested that TCN 
burial ages of Yellow River's terrace deposits older than ~1 Ma are 
probably too old, by taking PM ages as a reference (Hu et al., 2011). We 

Fig. 8. Determination of K and Comparison between observed terrace age and predicted age. (A) Determination of K by optimization of mistfit between the terrace 
ages and the predicted ages with the interpolated incision history (Table 1). The misfit function for all data (yellow), data in tributaries (red) and data in the trunk 
channel (blue). K values are calibrated to be 1.03 × 10− 5 m0.3/a with all terrace data, 1.19 × 10− 5 m0.3/a with only tributary terrace data, and 0.99 × 10− 5 m0.3/a 
with only trunk terrace data. (B) Comparison between observed terrace age and predicted age with K = 1.03 × 10− 5 m0.3/a calibrated with all dated terraces. Terrace 
data in tributaries shown in red and in the trunk channel shown in blue. Terrace ages from different dating methods shown with different shapes (see inset). Grey bar 
indicates dated terrace age of 1.2 Ma. Terrace data marked within a purple circle are suggested to be probably too young by this study. 
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note that studies show revised PM ages of some sections by re- 
correlating stratigraphic sequences (Wang et al., 2017, 2022), suggest
ing taking PM ages as a standard could be risky. Generally, further work 
in re-deciphering these PM and TCN burial ages is required, which is out 
of topic of this study. 

The possible underestimation of OSL could explain some contrasting 
data from published trunk terrace samples: The largest difference in 
incision rates between the two groups seems to exist between ~270 km 
and ~ 300 km upstream from the gorge outlet, based on incision vari
ations estimated from terrace sections along the gorge (Fig. 1C). How
ever, no tectonic structure has been reported in-between (Zhong et al., 
2022). The high incision rates at ~300 km upstream from the gorge 
outlet are mainly constrained with terrace ages from OSL and MS dating, 
which tend to provide underestimated ages, and thus overestimated 
incision rates. We therefore suggest that the actual change in incision 
rates between the two sections may not be that considerable, as indi
cated from the trunk terrace data. 

5.2. Comparison with pseudo-terraces along the trunk middle Yellow 
River 

Incorporating the incision recorded by the river channel profiles, 
Zhong et al. (2022) create an artificial geomorphic marker, named as a 
“pseudo-terrace”, which provides a high-resolution view of spatiotem
poral variation of incision rates along the Jinshan Gorge. Pseudo- 
terraces show higher river incision rates in the southern gorge with a 
recent acceleration, while the northern gorge exhibits lower and steady 
incision rates. 

The incision patterns from terrace data in tributaries provided here 
are consistent with the incision variations illustrated by pseudo-terraces 
from channel profile modelling: the inferred recently accelerated inci
sion rates in the southern gorge are consistent with the decreasing 
incision rate pattern from the tributary mouth to upstream (Fig. 7B and 
C) and observed knickpoints in the field (Fig. 5G and J): as the tributary 
mouth will respond to the recently accelerated incision rates first, 
whereas the further upstream, the later it will be affected by the recently 
accelerated incision rates due to increasing response time (Fig. 4A). In 
the case, the closer a river terrace to the tributary mouth, the higher the 
average incision rate recorded by it is supposed, as it has been influenced 
by the recently accelerated incision rates for a longer time, compared 
with the average incision rate recorded by a terrace to further upstream 
that only be influenced for a shorter time or even not be influenced yet 
(Fig. 4C). The general decreasing trend in incision rates from south to 
north (Fig. 6) is also consistent with the higher deduced river incision 
rates in the southern gorge. 

It can be argued that the channel profile analysis does not provide a 
full view of incision history as it covers a long-time scale when climate 
condition definitely changes, i.e., K values would vary with time. The 
single best-fit K value we use actually represents average erodibility of 
rivers over time. Although we do not do channel profile analysis with 
time-varied K, climatic change impacts should affect the whole region. 
We thus suppose that the spatial difference from south to north would 
sustain. 

5.3. Implications for the incision history along the Jinshan Gorge 

As terrace ages >50–100 ka derived from quartz OSL dating may be 
underestimated (please note that we do not refer to feldspar IRSL dating 
here), the post ~100 ka or ~ 250 ka increased incision, derived from 
literature data in the trunk terraces could be unreliable, but instead, a 
result of dating uncertainties. The argument of dating uncertainties 
would challenge the decreasing incision rates to the upstream in the 
Shiwanghe (Figs. 1 and 6C), as the spatial pattern is constrained with 
OSL dating samples of ~100 ka (Qiu et al., 2014). On the other hand, 
from our new AMS 14C terrace data in the Luerchuan, another tributary 
in the southern gorge (Figs. 1 and 6B), the upstream decreasing incision 

pattern is also observed. Furthermore, the deeply incised gorges and 
knickpoints observed in the downstream of southern tributaries (Fig. 5C, 
G and J) also support recently enhanced river incision in the southern 
Jinshan Gorge. Despite the exact ages of Shiwanghe terraces are prob
ably underestimated, we suggest that the spatial pattern from them is 
still reliable. 

Although we did not obtain multiple terrace samples along a tribu
tary in the northern gorge to explore possible spatial changes in incision 
rates along the tributary, the broad valley-floors observed near northern 
tributaries' confluences with the trunk channel (Fig. 5P and R), con
trasting to the deep gorges in the southern tributaries (Fig. 5C), suggest 
that increase in incision rate in the northern gorge, if existing, is much 
more limited. 

In summary, our new incision rate data and landscape feature ob
servations from tributaries along the gorge support a recent increase in 
incision rates in the southern gorge, which has been suggested both by 
pseudo-terraces (Zhong et al., 2022) and published river terrace data. 
However, incision history in the northern gorge is likely steady through 
time, as also indicated by pseudo-terraces (Zhong et al., 2022). Potential 
cause for the recent increasing incision rate in the southern Jinshan 
Gorge has been suggested as upper mantle processes (Zhong et al., 
2022), especially a low velocity anomaly of the upper mantle beneath 
the southeastern and southwestern Ordos Block (Yu and Chen, 2016; 
Guo and Chen, 2017). The recently accelerated incision rates in the 
northern gorge inferred from published trunk river terraces are possibly 
related to large uncertainties in terrace dating. 

5.4. Implications for the integration in the middle Yellow River 

In the southern Jinshan Gorge, steepening of tributary profiles in 
their lower reaches near confluences with the trunk river (Fig. 6A-D) 
together with observed knickpoints (Fig. 5G and J) manifest the lower 
reaches as knickzones. Combined with quantitative analysis of the 
tributary profiles by Zhong et al. (2022), the increased incision rate in 
the southern gorge was sustained for several hundred thousand years 
(Fig. S4). This feature indicates a long-lived base-level fall at the outlet 
of the Jinshan Gorge, which is not compatible with a single episode of 
base-level fall due to a hypothetical paleo-lake regression in the Weihe 
Graben (Fig. 3B and C), as such an event would have only induced a 
short-lived pulse of incision rate. 

For the hypothetical integration with the Hetao Graben (Fig. 3B), 
enhanced incision rates following such an event would have affected the 
entire Jinshan Gorge, and would have had the largest effect at the hy
pothesized former drainage divide in the northern gorge. However, our 
landscape feature observations provided here and channel profile 
modelling (Zhong et al., 2022) suggest incision rates in the northern 
gorge have been steady through the time. In addition, incision rates 
appear higher in the southern Jinshan Gorge, no matter if reconstructed 
from our new tributary terrace studies or from channel profile modelling 
(Zhong et al., 2022). 

We acknowledge that our channel profile modelling results are based 
on some assumptions, like n =1 and a block uplift scenario, which 
probably do not provide a full view of incision history along the Jinshan 
Gorge. However, it should be noted that we also combine new terrace 
data and landscape feature observations from tributaries in our analysis. 
In addition, inferred quartz OSL ages of ~100 ka may be underestimated 
has been independently suggested by several chronologic studies (Buy
laert et al., 2007; Lai, 2010; Guo et al., 2012; Meng et al., 2015). We thus 
posit that our implications for reasons for deviations from previously 
calibrated K and following the incision history along the Jinshan Gorge 
are mostly reliable. 

In summary, we suggest that previously proposed large-scaled 
Pleistocene river integration in the middle Yellow River unlikely took 
place. If any integration occurred in the middle reach, it would have 
been either local or older (Xiong et al., 2022). 
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6. Conclusions 

In this study we provide new incision rate data and landscape feature 
observations from six tributaries along the Jinshan Gorge in the middle 
Yellow River, which highlight spatially heterogeneous incision varia
tions along the gorge: increasing incision rates towards the confluence 
with the trunk river in the southern Jinshan Gorge, as well as north to 
south increasing incision rates along the gorge are found from coeval 
tributary terraces. In addition, a novel method to assemble terrace data 
of various ages and locations is introduced. From our analysis of terrace 
ages derived from different dating methods, we suggest that the ~100 ka 
or ~ 250 ka accelerated incision in the northern gorge has most likely 
not occurred, but is related to the large uncertainties in terrace ages 
associated with OSL. This explanation can also mitigate the mismatch of 
incision history recorded by pseudo-terraces and river terraces along the 
gorge. The incision history reconstructed here further suggests that the 
large-scaled Pleistocene river integration in the middle Yellow River 
proposed previously are unlikely to have been responsible for recent 
incision. We suggest a re-examination of published terrace ages, which 
may help unravel the mysterious evolution history of the middle Yellow 
River. 
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Guérin, G., Mercier, N., Adamiec, G., 2011. Dose-rate conversion factors: update. Ancient 
TL 29, 5–8. 
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