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ABSTRACT

River aggradation or incision at different 
spatial-temporal scales are governed by tec-
tonics, climate change, and surface processes 
which all adjust the ratio of sediment load 
to transport capacity of a channel. But how 
the river responds to differential tectonic and 
extreme climate events in a catchment is still 
poorly understood. Here, we address this is-
sue by reconstructing the distribution, ages, 
and sedimentary process of fluvial terraces in 
a tectonically active area and monsoonal en-
vironment in the headwaters of the Yangtze 
River in the eastern Tibetan Plateau, China. 
Field observations, topographic analyses, 
and optically stimulated luminescence dat-
ing reveal a remarkable fluvial aggradation, 
followed by terrace formations at elevations 
of 55–62 m (T7), 42–46 m (T6), 38 m (T5), 
22–36 m (T4), 18 m (T3), 12–16 m (T2), and 
2–6 m (T1) above the present floodplain. 
Gravelly fluvial accumulation more than 
62 m thick has been dated prior to 24–19 
ka. It is regarded as a response to cold cli-
mate during the last glacial maximum. Sub-
sequently, the strong monsoon precipitation 
contributed to cycles of rapid incision and 
lateral erosion, expressed as cut-in-fill ter-
races. The correlation of terraces suggests 
that specific tectonic activity controls the 
spatial scale and geomorphic characteristics 
of the terraces, while climate fluctuations de-
termine the valley filling, river incision and 
terrace formation. Debris and colluvial sedi-
ments are frequently interbedded in fluvial 
sediment sequences, illustrating the episodic, 
short-timescale blocking of the channel ca. 
20 ka. This indicates the potential impact of 

extreme events on geomorphic evolution in 
rugged terrain.

INTRODUCTION

Rivers play the most active role in shaping the 
landscape either by erosion or deposition in a 
source-to-sink system (e.g., Allen, 2008; Søm-
mé and Jackson, 2013). The river incises or ag-
grades alternatively through varying discharge, 
sediment load, and channel slope as a response 
to tectonic activities, erosional isostasy, climatic 
fluctuations, and changes in base level (e.g., 
Maddy et al., 2000; Stokes et al., 2018; Vanden-
berghe et al., 2018; De Paula and Magalhães, 
2020). In addition, rivers in rugged mountains 
with high relief resulting from the interaction of 
tectonics and climate, are generally vulnerable to 
extreme events, such as orographically enhanced 
catastrophic precipitation that may initiate land-
slides, rock-falls, and debris flows, potentially 
leading to cascading dynamic processes and 
complex fluvial response (e.g., Molnar et  al., 
1993; Molnar and Houseman, 2013; Srivastava 
et al., 2008). In such prominent landforms, river 
damming and dam failure may strongly influ-
ence aggradation and incision both in upstream 
and downstream directions (e.g., Korup and 
Montgomery, 2008; Hewitt et al., 2008). Such 
accumulation of sediment load due to dam-
ming effects may abrade or protect the under-
lying channel bedrock in orogenic mountains, 
which has profound effects on the evolution of 
large rivers and regional landforms (e.g., Korup 
et al., 2010b).

Earlier studies concluded that extreme events, 
such as earthquakes, extreme rainfall, and gla-
cial activities, could lead to damming of rivers 
or breaking dams in high relief areas (Korup 
and Tweed, 2007; Fan et al., 2019; Handwerger 
et al., 2019). Global warming will probably in-
crease the magnitude of climate fluctuations and 
extreme events, which potentially may cause a 
series of natural hazards threatening the inhabit-
ants (e.g., Chug et al., 2020). There are plenty 

of reports about mega-floods or debris flows 
in the rivers around the Tibetan Plateau (e.g., 
Chen et al., 2008; Wu et al., 2016; Cook et al., 
2018; Liu et al., 2015, 2018, 2019). But internal 
mechanisms and interplays between tectonics, 
climate, and extreme events (such as landslides, 
debris, and rock-falls) in mountains are still ob-
scure and need to be researched at geological 
timescale.

The geomorphic evolution at the margins of 
the Tibetan Plateau is controlled by the rapid 
and remarkable incision of large rivers, e.g., 
the Jinsha, Mekong, and Nujiang rivers, and in-
tensive landslides, which could be produced by 
intensified monsoonal rainfall (e.g., Chen et al., 
2008; Kong et  al., 2009; Henck et  al., 2011; 
Ferrier et  al., 2013; Nie et  al., 2018; Schanz 
et al., 2018; Bao et al., 2020; Tao et al., 2020) 
(Fig. 1). The strong tectonic activities with fre-
quent earthquakes (such as the Yushu, China 
surface-wave magnitude (Ms) 7.1 earthquake 
in 2010) (e.g., Zhang et al., 2013) and the high 
relief indicate that the upper Yangtze River is 
vulnerable to extreme processes of landslides 
and debris flows which may block the valley, 
leading to the breakage of channel connections 
in its headwaters (e.g., Chen et al., 2008; Bao 
et al., 2020) (Fig. 1A). Thus, fluvial systems in 
this area with intensive monsoonal precipitation 
and active tectonics could provide important ar-
chives from which to assess the fluvial response 
to extreme events.

In this paper, field investigation with descrip-
tion of the sedimentary sequences has been 
supplemented with optically stimulated lumi-
nescence (OSL) dating to establish the terrace 
sequence and incision rates of the headwaters of 
the Yangtze River in the eastern Tibetan Plateau 
as an example of fluvial response to tectonic 
movement, climate change, and extreme events. 
More specifically, we report the valley filling 
and the formation of cut-in-fill terraces dur-
ing the last deglaciation, as a response to geo-
morphic processes, climate fluctuations, and 
extreme events in a tectonically active setting.

†Corresponding author: xianyanwang@nju.edu.
cn.
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GEOLOGICAL AND GEOGRAPHIC 
SETTING

The Ganzi-Yushu fault (GZ-YS-F) is a NW-
SE strike-slip fault developed due to the lateral 
extrusion related to the India-Eurasia collision 
(Fig. 1A). It originates from the Ganzi fault to 
the southeast and terminates against the Dangji-
ang fault to the northwest; it is 500 km, tends to 
the northeast with a dip angle of 70°–85° and 

coordinates the tectonic activities between the 
tectonic Qiangtang, Bayankala, and Sichuan-
Yunnan blocks of the eastern Tibetan Plateau, 
China (Wen et al., 2003; Chen et al., 2010; Wu 
et al., 2012). The GZ-YS-F provides evidence 
of active transtensional deformation with stream 
offsets, fault scarps, pull-apart basins, shutter 
ridges, and earthquakes (Yushu Ms 7.1) since the 
late Quaternary (Figs. 1A and 2) (e.g., Wen et al., 
1985; Zhou et al., 1997; Wen et al., 2003; Wang 

et al., 2008). Based on the geometry and histori-
cal earthquake data, the GZ-YS-F is divided into 
Ganzi, Manigange, Dengke, Yushu, and Dangji-
ang segments (e.g., Zhou et al., 1996). This study 
mainly focuses on the northwestern part of the 
GZ-YS-F with a series of secondary structures 
such as folds, normal faults, and thrust faults 
(Fig.  2). The general slip movement between 
the Qiangtang and Bayankala blocks led to local 
fragmentation of the headwaters of the Yangtze 

Figure 1. (A) Topographic map 
of the eastern Tibetan Plateau, 
China, based on the 90-m digi-
tal elevation model from the 
U.S. National Aeronautics and 
Space Administration Shuttle 
Radar Topography Mission, 
showing the location of riv-
ers, active faults, and histori-
cal earthquakes. The Yangtze 
River is marked by light blue 
line, while the other rivers are 
marked by darker blue lines. 
The black rectangle shows our 
study area in the headwaters 
of the Yangtze River. Main 
strike-slip faults with left-
lateral movement are repre-
sented from Tapponnier et  al. 
(2001), Deng et  al. (2003), and 
Taylor and Yin (2009). AT-F—
Altyn Tagh fault; QLS-HY-
F—Qilianshan-Haiyuan fault; 
KL-F—Kunlun fault; GZ-YS-
F—Ganzi-Yushu fault; LMS—
Longmenshan; JL-F—Jiali 
fault. Historical earthquakes 
from 780 B.C. to 2018 were col-
lected from China Earthquake 
Networks Center (http://data.
earthquake.cn/index.html; 
M—magnitude). (B) Longitudi-
nal profile of the Yangtze River 
(light blue), Tropical Rainfall 
Measuring Mission-derived 
average annual precipitation 
(dark blue, http://www.geog.
ucsb.edu/∼bodo/TRMM/), and 
normalized channel steepness 
(ksn, a geomorphic parameter 
proportional to incision rate; 
Kirby et  al., 2003) (brownish-
yellow) along the headwaters of 
the Yangtze River. Black dash 
lines divide the river valley into 
the relict surface, the Tongtian 
gorge, the Jinsha gorge, and the 

first bend of the Yangtze River. Left-lateral faults and right-lateral active faults intersecting with the Yangtze River are indicated as GZ-
YS-F—Ganzi-Yushu fault; BT-F—Batang fault; ZD-F—Zhongdian fault.
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River into small blocks of local extent that have 
subsided and/or uplifted relative to each other. 
Fluvial aggradation in the subsided blocks con-
trasts with incision and formation of gorges in 
the uplifted blocks (Figs. 2B and 2C).

The study area in the headwaters of the Yang-
tze River is situated in the Alpine climate zone 
with strong winds and low temperature. The 
average annual temperature is below 0 °C. Cur-
rently, a mild and humid climate dominates the 
lower valley at the eastern edge of the Luoxu 
basin, eastern Tibetan Plateau, China (Fig. 2). 
The rainfall generally decreases from southeast 
to northwest, but increases significantly in the 
transitional area from the Luoxu basin to the 
Tongtian gorge because of the topographic ef-
fects (Fig. 3A).

The average elevation of the study area is 
∼4500 m. The northeastern part is flat with 
some wide glacial valleys, which contrast with 
the high relief deep valleys and inter-montane 
basins which are due to intensive fluvial incision 
and the fault activities in the southwest (Fig. 2). 
The headwaters of the Yangtze River flow over a 
distance of 350 km in the study area, and present 
steep channels in a detachment-limited condition 
(Rhoads, 2020) in the uplifted region (Yushu) 
(Fig. 2B) and graded channels in a transport-
limited condition (Rhoads, 2020) in the sub-
sided region (Luoxu) (Fig. 2C). Because of the 

heterogeneous tectonic background, this area 
is dominated by a deep-canyon (e.g., Tongtian 
gorge) in the uplifted region and a wide valley in 
the relatively subsided basins (e.g., Luoxu basin) 
(Fig. 3B) (Zhou et al., 2014). Two knickpoints 
are present along the Yangtze River in this region 
(Fig. 3B).

METHODS

Field Studies

River terraces have been well developed 
along the river valley in the headwaters of the 
Yangtze River. Here, the terrace sequence was 
determined based on height of terrace surfaces 
above present floodplain (apf) and the spatially 
continuous extension of terrace outcrops. We 
mapped the sequence of fluvial terraces by the 
combination of field investigations and remote-
sensing images.

Six geomorphic transects were selected as 
representative of the suite of fluvial terraces. 
Two of those transects, AA′ and BB′ are lo-
cated in the Luoxu basin (N32.55°–32.44°, 
E97.69°–98.03°), a tectonically relatively sub-
sided (less uplifted) block (Fig. 2), while other 
transects CC′ (at the site of Shaijingtai, N33.00°, 
E97.25°), DD′ (at the site of Moluo, N33.00°, 
E97.21°), EE′ (at the site of Zhongda, E97.11°, 

N33.14°), and FF′ (at the site of Baliria, E97.06°, 
N33.17°) are distributed along the Tongtian 
gorge in a relatively uplifted block (Fig. 2). The 
site G (Zhimenda, N33.00°, E97.24°) shows a 
typical sequence of inter-bedded fluvial sedi-
ments and mass-flow sediments such as debris 
flows (see discussion) (Fig. 2). The terrace eleva-
tions were accurately measured using GPS with 
a maximum error of 5 m. Sedimentary structures 
were described according to the facies codes of 
Miall (1996).

OSL Dating

OSL samples were taken from different ter-
races (Table 1) by hammering a steel tube 25 cm 
long with a diameter of 5 cm into the sand lay-
ers of fresh sections. Pure quartz was extracted 
from the middle part of the tubes using com-
mon methods (30% H2O2, 10% HCl, wet siev-
ing, 40% HF).

All the luminescence analyses were carried 
out on an automated Risø reader equipped with 
blue (470 nm; ∼80 mW/cm2) Light emitting 
diodes and infrared (IR) laser diode (870 nm, 
∼135 mW/cm2). Quartz OSL signals were col-
lected through a 7.5 mm Schott U-340 ultra-
violet glass filter (emission 330 ± 35 nm). The 
quartz equivalent doses (De) were  measured us-
ing a standard single-aliquot regenerative dose 

Figure 2. (A) Topographic map 
of the study area in the head-
waters of the Yangtze River, 
eastern Tibetan Plateau, China. 
Depicted faults are from the 
China Geological Archives 
(1:500,000, http://www.ngac.
org.cn/Map/List). The rect-
angles illustrate the areas with 
fluvial terraces in the Tongtian 
gorge and Luoxu basin. AA′, 
BB′, CC′, DD′, EE′, FF′ are 
seven studied transects in the 
upper Yangtze River catch-
ment, G point is a site with typi-
cal interbedded fluvial, debris, 
and colluvium deposits. (B) 
The landscape of the gorge with 
deep incision and slopes in bare 
bedrock in the Yushu area. (C) 
Basin landscape with wide val-
ley and slope with thick soil in 
the Luoxu area.
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protocol (Murray and Wintle, 2000, 2003). Pre-
heating of the natural and regenerative doses was 
initiated for 10 s at 240 °C, and the response to 
the test dose was measured after a cut-heat of 
200 °C. Optical stimulation with the blue diodes 
was conducted for 40 s at 125 °C. The initial 
0.16 s of the decay curve was used in the cal-
culations, minus a background evaluated from 
the following 0.16–0.32 s. After measurements 

of the response to the test dose, a high-temper-
ature bleaching was performed by stimulating 
with the blue diodes for 40 s at 280 °C (Murray 
and Wintle, 2003). For each aliquot, the dose re-
sponse was obtained from measurements of the 
response to four regenerative doses. This was 
followed by three additional measurements to 
obtain estimates of recuperation and recycling 
(Murray and Wintle, 2000) and purity test (OSL 

IR depletion ratio; Duller, 2003). All the above 
laboratory measurements were carried out at the 
Luminescence Dating Laboratory of the geo-
morphic process team, of the School of Geog-
raphy and Ocean Science, Nanjing University, 
Nanjing, China.

The sediments at both ends of the tubes were 
used for water content and radioactive element 
analysis. The material (∼20 g) was first dried 
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TABLE 1. SUMMARY OF SAMPLE CODE; U, Th, AND K CONCENTRATIONS, ESTAMATES OF PAST WATER CONTENT (W.C.), DOSE RATES, 
EQUIVALENT DOSES (De), OVERDISPERSION (OD), AND AGE FOR FLUVIAL SEDIMENTS, EASTERN TIBETAN PLATEAU, CHINA

Field code Grain size 
(µm)

Depth 
(m)

U  
(ppm)

Th  
(ppm)

K  
(%)

W.C.  
(%)

Dose rate 
(Gy/ka)

De  
(Gy)

OD  
(%)

Age  
(ka)

LX-OSL-110 63–90 1.1 1.43 ± 0.07 7.44 ± 0.37 1.26 ± 0.06 14 ± 7 2.32 ± 0.35 6.6 ± 0.6 28 ± 7 2.8 ± 0.3
LX-OSL-210 63–90 2.1 1.15 ± 0.06 5.43 ± 0.27 1.19 ± 0.06 16 ± 8 2.06 ± 0.3 10.5 ± 0.7 19 ± 4 5.1 ± 0.4
LX-B-OSL-100 63–90 1 2.31 ± 0.12 10.79 ± 0.54 1.67 ± 0.08 26 ± 13 2.79 ± 0.39 41.0 ± 1.5 9 ± 3 14.7 ± 1.2
LX-B-OSL-150 63–90 1.5 1.63 ± 0.08 7.02 ± 0.35 1.19 ± 0.06 15 ± 8 2.26 ± 0.34 34.6 ± 1.7 12 ± 4 15.3 ± 1.1
LX-C-OSL-60 63–90 0.6 2.26 ± 0.11 11.16 ± 0.56 1.56 ± 0.08 17 ± 8 2.93 ± 0.45 6.4 ± 0.2 4 ± 2 2.2 ± 0.1
LX-C-OSL-160 63–90 1.6 2.43 ± 0.12 9.72 ± 0.49 1.44 ± 0.07 32 ± 16 2.46 ± 0.32 46.9 ± 2.0 10 ± 4 19.0 ± 1.8
LX-D-OSL200 63–90 2 2.00 ± 0.10 8.69 ± 0.43 1.36 ± 0.07 18 ± 9 2.54 ± 0.38 40.2 ± 1.5 8 ± 3 15.8 ± 1.1
LX-D-OSL450 63–90 4.5 1.36 ± 0.07 6.57 ± 0.33 1.27 ± 0.06 13 ± 7 2.25 ± 0.34 35.6 ± 2.1 9 ± 6 15.8 ± 1.2
LX-E-OSL-100 63–90 1 2.06 ± 0.10 11.38 ± 0.57 1.74 ± 0.09 21 ± 10 2.95 ± 0.44 6.6 ± 0.2 6 ± 2 2.2 ± 0.2
LX-E-OSL-220 63–90 2.2 2.11 ± 0.11 11.18 ± 0.56 1.74 ± 0.09 34 ± 17 2.66 ± 0.35 48.0 ± 1.5 7 ± 3 18.0 ± 1.7
LX-E-OSL-650 63–150 6.5 1.29 ± 0.06 6.71 ± 0.34 1.38 ± 0.07 16 ± 8 2.30 ± 0.34 54.2 ± 3.0 17 ± 6 23.6 ± 1.7
SJT-OSL-1 63–90 4 1.59 ± 0.08 8.16 ± 0.41 1.49 ± 0.07 35 ± 17 2.26 ± 0.68 42.3 ± 1.7 7 ± 3 14.9 ± 1.5
SJT-OSL-2 63–90 5.5 1.41 ± 0.07 7.10 ± 0.35 1.28 ± 0.06 13 ± 7 2.36 ± 0.36 33.5 ± 1.3 7 ± 5 14.2 ± 0.9
SJT-OSL-3 90–150 12 1.43 ± 0.07 6.79 ± 0.34 1.58 ± 0.03 19 ± 9 2.05 ± 0.14 42.1 ± 1.5 19 ± 7 20.5 ± 1.5
ZD-OSL-1 63–90 5 2.18 ± 0.11 8.74 ± 0.44 1.44 ± 0.07 17 ± 8 2.69 ± 0.40 39.5 ± 1.4 8 ± 4 14.7 ± 1.0
ZD-OSL-2 63–90 37 1.94 ± 0.10 10.46 ± 0.52 1.54 ± 0.07 12 ± 6 2.94 ± 0.47 55.9 ± 1.7 3 ± 6 19.0 ± 1.1
BLRA-OSL-1 63–90 3 1.12 ± 0.06 5.52 ± 0.28 1.00 ± 0.05 15 ± 8 1.93 ± 0.27 11.3 ± 0.6 16 ± 4 5.8 ± 0.4
BLRA-OSL-2 63–90 5 1.42 ± 0.07 6.55 ± 0.33 1.17 ± 0.06 16 ± 8 2.20 ± 0.32 28.8 ± 1.9 16 ± 5 13.1 ± 1.1
BLRA-OSL-3 63–90 2 1.33 ± 0.07 6.72 ± 0.34 1.21 ± 0.06 11 ± 5 2.32 ± 0.36 21.5 ± 1.0 12 ± 3 9.3 ± 0.6
ML-OSL-2 90–150 6.5 1.19 ± 0.06 7.64 ± 0.38 1.37 ± 0.07 14 ± 7 2.39 ± 0.36 570.3 ± 64.9 23 ± 10 238.2 ± 30.0
ZMD-A-OSL-1 63–90 1.5 2.27 ± 0.11 11.11 ± 0.56 2.21 ± 0.11 20 ± 10 3.41 ± 0.53 83.6 29 ± 10 24.5 ± 5.6
ZMD-A-OSL-2 90–150 11.5 1.53 ± 0.08 7.78 ± 0.39 1.61 ± 0.08 23 ± 11 2.48 ± 0.35 49.8 ± 2.2 9 ± 4 20.1 ± 1.7
ZMD-A-OSL-3 63–90 12 1.32 ± 0.07 6.95 ± 0.35 1.38 ± 0.07 16 ± 8 2.35 ± 0.35 13.5 ± 0.2 4 ± 2 5.7 ± 0.3
ZMD-1 63–90 30 2.03 ± 0.10 9.92 ± 0.50 1.44 ± 0.03 0.6 ± 0.3 2.67 ± 0.58 51.5 ± 1.9 6 ± 3 19.3 ± 0.8
ZMD-2 63–90 35 2.13 ± 0.11 10.88 ± 0.54 1.59 ± 0.03 1.2 ± 0.6 2.87 ± 0.61 54.5 ± 1.6 4 ± 4 18.9 ± 0.6
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and then ground to powder to determine con-
centrations of U, Th, and K using inductively 
coupled plasma–mass spectrometry and induc-
tively coupled plasma–optical emission spec-
trometry at the Geochemistry Laboratory of the 
School of Earth Sciences and Engineering, Nan-
jing University. Because the water content will 
have varied during the long-term burial period, 
we assumed 50% of the saturated water content 
as the average value during historical time with 
an uncertainty of 50% for this value to allow for 
possible fluctuations. Based on applying conver-
sion factors from Guérin (Guérin et al., 2011) 
and beta attenuation factors from Mejdahl (Me-
jdahl, 1979), the external beta and gamma dose 
rates were calculated using the radionuclide con-
centration.

RESULTS AND INTERPRETATION

Terraces in the Relatively Subsided (Less 
Uplifted) Luoxu Basin

In the Luoxu basin, a relatively subsided re-
gion, we found seven terraces with characters of 
wide and flat landforms (Fig. 4).

The AA′ Section
Three terraces correlate with T7, T4b, and T1 

(see terrace correlation below) in the transect 
AA′ (Figs. 2, 4, and 5A). Gravels in all terrace 
deposits consist of quartzite, sandstone, gran-
ite, conglomerate, and diabase. The sediment 
of T7 (62 m apf) was divided into three units 
from the bottom to the top (Figs. 5A and 6A). 

The basal unit (36 m thick) is mainly composed 
of poorly sorted gravels and deposited as pla-
nar cross-bedded (Gp facies) and disorganized, 
clast-supported beds (Gcm facies) (Figs.  5A 
and 6A). The base of the gravels is not exposed. 
The gravels are mainly rounded to sub-rounded, 
10–20 cm in diameter. The middle unit (1.5 m 
thick) is fine sand with a massive structure (Sm 
facies). The top unit (0.5 m thick) is silt with 
small pebbles, showing a massive structure (Fm 
facies) (Fig. 6A).

T4b is at 28 m apf in transect AA′ (Fig. 5A). 
We divide the sediment into two units from the 
bottom to the top (Figs. 4, 5A, and 6B). The 
basal unit (1 m thick) consists of imbricated 
gravels with planar cross bedding (Gp facies) 
and occurs in organized, clast-supported beds 
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Figure 4. (A) Terrace distribution in the Luoxu basin, eastern Tibetan Plateau, China. (B and C) are the photos in the transect BB′ and AA′, 
respectively.
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A B

C D

E F

Figure 5. Schematic cross sections and ages along the studied geomorphic transects (see their locations in Fig. 2). (A–F) are the terraces at 
transects AA′, BB′, CC′, DD′, EE′, FF′, respectively.
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(Gcm facies) (base not exposed) (Figs.  5A 
and 6B). The gravels are mainly rounded, 
10–20 cm in diameter. The top unit (1.6 m 
thick) is sand with small pebbles. The lower 
part of that upper unit is coarse sand with hori-
zontal lamination (Sh facies), and the topmost 

part is fine sand with a massive structure (Sm 
facies) (Fig. 6B).

The lowest terrace (T1) is at 5 m apf. We di-
vide the sediments into three units (Figs. 4, 5A, 
and 6C). A 5 m thickness of imbricated gravels 
make up the bottom unit without exposed base 

and deposited as planar cross-bedded (Gp facies) 
and disorganized, clast-supported layers (Gcm 
facies). The grain sizes of the gravels decrease 
upward from 10–30 cm to 5–8 cm in diameter. 
The middle unit (0.5 m thick) is coarse-grained 
sand with horizontal lamination (Sh facies). The 
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Figure 6. The sedimentary structure of sediments at terraces (A) T7, (B) T4b, (C) T1, (D) T4c, (E) T3, and (F) T2 in the Luoxu basin, east-
ern Tibetan Plateau, China. The red star marks the location of optically stimulated luminescence samples. Fm—massive silt; Sm—massive 
sand; Sh—horizontal laminated sand; Gh—horizontal gravels; Gp—gravels with planar cross bedding; Gcm—clast supported gravels. The 
dashed line marks the boundary between different units.
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top unit (1.6 m thick) is reddish silt with a mas-
sive structure (Sm facies) (Fig. 6C).

All the sediments of T7, T4b, and T1 show 
channel deposition of rounded and imbricated 
gravels at the base, followed by overbank depo-
sition (with laminated structure) and/or aeolian 
sedimentation (with massive structure). The 
disorganized and massive gravels in the Gcm 
facies indicate rapid deposition by high concen-
trated stream flow, while the planar cross-beds 
in facies Gp are interpreted as the foresets of 
transverse 2-D gravel bedforms (Miall, 1996). 
The sand in Sh facies suggests deposition by 
planar bed flows in channels, or sheet flood in 
upper-flow regime, while the massive structure 
(Sm and Fm facies) is due to rapid deposition 
of sand from the suspended load of waning 
flows in overbank or abandoned channels (Mi-
all, 1996).

The BB′ Section
The four terraces in transect BB′ correlate 

with T4c, T3, T2, and T1 (see terrace correlation 
below) (Figs. 2, 4, and 5B). Gravel composition 

is similar in all terrace deposits, dominated by 
sandstone, granite, conglomerate, diabase, and 
quartzite. T4c at 34 m apf contains two units 
(Fig. 6D). The basal unit (4 m thick) is composed 
of imbricated gravels, deposited in horizontal 
beds (Gh facies) with some sand lenses, and 
organized in clast-supported beds (Gcm facies) 
(Fig. 6D). The base of this unit is not exposed. 
The gravels are rounded with upward decreas-
ing size from 10–20 cm to 5 cm diameter. The 
top unit (2.5 m thick) is sand with some pebbles, 
showing horizontal lamination (Sh facies).

The T3 surface is underlain by a lower 18-m-
thick gravel and an upper 2.5-m-thick bed of fine 
sand with small pebbles (Figs. 5B and 6E). The 
structure of the gravel unit is planar-cross bedded 
(Gp facies) with some sand lenses, and occurs in 
disorganized, clast-supported and, matrix-sup-
ported beds (Gcm and Gmm facies) (Fig. 6E). 
The base of this unit is not exposed. The gravels 
are rounded, 30–50 cm and 10–20 cm in diam-
eter. The top unit (2.5 m thick) mainly consists 
of sand with some pebbles (Fig. 6E). The lower 
part of this unit shows horizontal lamination (Sh 

facies), while the upper part is a fine silt with 
massive structure (Fm facies) (Fig. 6E).

T2 and T1 extend at 13 m and 2 m apf along 
the river, respectively (Fig.  5B). All the units 
consist of imbricated gravel deposits with pla-
nar-cross bedding (Gp facies) and are organized 
in clast-supported beds (Gcm facies). The grav-
els are round, 20–30 cm in diameter. In contrast 
to the higher terraces, no fine-grained sediment 
covers the gravels of these terraces (Fig. 6F).

The gravels of the terraces in transect BB′ 
were deposited by channel traction flow as indi-
cated by the rounded shape and the imbricated 
traction structures (e.g., Gp facies). The sedi-
mentary structures of all outcrops are similar to 
those in transect AA′, indicating similar sedi-
mentary processes and environments.

Terraces from the Gorges in Relatively 
Uplifted Segments

In contrast to terraces in the Luoxu basin, 
seven terraces in the uplifted Tongtian gorge are 
steep, narrow, and discontinuous (Fig. 7).
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Figure 7. (A) Terrace distribution in the Tongtian gorge, eastern Tibetan Plateau, China. (B) The photos of cut-in-fill terraces in the transect FF′.
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The CC′ Section
One terrace, T4c (see terrace correlation be-

low), is identified in this section (Figs. 2, 5C, and 
8A) at Shaijingtai (SJT; N33.00°, E97.25°) at 
34 m apf. It contains gravels, sand, and angular 

blocks from the bottom to the top (Fig. 5C). We 
divided the sequence into three units according 
to the particle size and structural characteristics 
of the sediments (Fig. 8A). The lowest unit is 
dominated by imbricated gravels, deposited as 

planar-cross (Gp facies) and clast-supported 
beds (Gcm facies) (Fig. 8A). The base of this 
unit is not exposed. The gravels are sub-rounded 
to rounded, 20–40 cm in diameter, and consist of 
diabase, sandstone, conglomerate, and granite. 
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Figure 8. Terraces and sediments in the Tongtian gorge, eastern Tibetan Plateau, China. (A) The sedimentary profile of T4c in transect CC′. 
(B) The sedimentary profile of T7 in transect DD′. (C and D) are the sedimentary profiles of T4c in transect EE′. (E and F) are the sedimen-
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The middle unit (2.3 m thick) is composed of 
sand in its lower part and silty sand in its upper 
part. The sand deposit shows mainly horizontal 
lamination (Sh facies) with occasional small rip-
ples (Sr facies) and massive structure (Sm facies) 
(Fig. 8A). The silty sand shows also small ripple 
structures (Fl facies). The top unit is composed 
of chaotically structured, angular boulders (gray-
green breccia, 10–15 cm in diameter) (Fig. 8A).

The structure of sediments in transect CC′ 
shows a fluvial origin, covered with some sedi-
ments of mass-flow origin. Again, the poorly 
sorted, sub-rounded to rounded gravels in the 
Gcm facies indicate rapid aggradation as a chan-
nel lag deposit, while the planar-cross beds (Gp 
facies) represent the foresets of low bars and 
dunes. The sand layers with horizontal lamina-
tion, cross bedding, and massive structure show 
an upward decrease from coarse sand to fine 
sand, meaning a decline of transport energy. 
The small ripple (Fl facies) in silt indicates aban-
doned channel fills, while the chaotically angular 
gravels with oversized blocks are interpreted as 
debris flow sediments or landslide sediments.

The DD′ Section
Four terraces here correlate with T7, T6, T4b, 

and T4a (see terrace correlation below) (Figs. 2 
and 5D). T7, at 55 m apf, is poorly preserved 
along the northern bank of the Yangtze River 
at the site of Moluo (ML) (N33.00°, E97.21°) 
(Figs. 5D and 8B). The sediment sequence in that 
terrace comprises three units (Fig. 8B). The low-
est unit 1 (5 m thick) is composed of imbricated 
gravels with inter-fingering sand lenses. Toward 
the base the gravels are rounded to sub-rounded, 
10–50 cm in diameter, deposited as planar-cross 
beds (Gp facies), and clast-supported (Gcm 
facies) (Fig. 8B). Toward the top of unit 1 the 
gravels are angular to sub-angular, 5–15 cm 
in diameter, and matrix-supported (Gmm fa-
cies) (Fig. 8B). All the gravels are composed of 
sandstone, diabase, granodiorite, quartzite, con-
glomerate, and limestone. Unit 2 (3 m thick) in 
the middle part of the section is composed of 
sand layers with horizontally laminated structure 
(Sh facies). Some cm-scale angular pebbles are 
present inside the sand layer. The top unit 3 con-
sists of disorganized gray-green angular blocks, 
40–50 cm in diameter.

T6 at 42–46 m apf shows multiple cycles of 
channels, debris, and colluvial sediments. The 
base of this sediment sequence is not exposed. 
T4b and T4a extend along the steep slope with 
poorly organized gravel structure (Fig. 5D). Be-
cause of the deep incision with a steep slope, 
it was impossible to sample the sections and to 
describe the sedimentary structure in detail.

The sedimentary structures of Gp, Gcm, and 
Sh facies with imbricated gravels, rounded and 

sub-rounded gravels in the layers of T7, show 
stream channel flow (Miall, 1996). In contrast, 
the disorganized angular gravel and matrix-sup-
ported gravels layers in unit 3 and the upper part 
of unit 1 suggest debris flow sediments or sedi-
ments resulting from mass wasting process from 
the hillslope (e.g., Hewitt et al., 2008).

The EE′ Section
The two terraces in this section correlate with 

T4c and T3 in Zhongda (ZD; E97.11°, N33.14°) 
(Figs. 2 and 5E) (see terrace correlation below). 
The gravels are composed of sandstone, diabase, 
granodiorite, quartzite, conglomerate, and lime-
stone. T4c and T3 occur at 34 m and 18 m apf, 
respectively (Fig. 5E). The base of T4c is a set 
of gravel layers with sand (Fig. 8C). The sedi-
mentary sequence of this terrace is subdivided 
into four units (Figs. 5E, 8C, and 8D). The unit 
1 (3 m thick) is a horizontally laminated sand 
layer that contains several thin layers of angular 
small pebbles (Fig. 8D). The overlying unit 2 
(5 m thick) is composed of disorganized blocks 
(Figs. 8C and D) which are angular with upward 
increasing diameter (cm- to m-scale; Fig. 8C). A 
4-m-thick gravel layer (unit 3) covers unit 2. It 
shows an imbricate structure, with planar-cross 
bedding and clast-supported beds (Gp and Gcm 
facies) (Figs. 8C and 8D). The gravels are sub-
angular to sub-rounded, 20–30 cm in diameter. 
Unit 4 (5 m thick) is composed of sand with 
some cm-scale pebbles in the upper part, show-
ing a horizontally laminated structure (Sh facies) 
(Fig. 8C).

T3 is composed of gravels with unexposed 
base, on which a road was constructed without 
outcrop. The structure of disorganized gravels 
with appearance of oversized blocks (unit 1 and 
the bottom of unit 2) in the T4c sediment se-
quence shows a debris flow origin (e.g., Li et al., 
2018) (Figs. 8C and 8D). The multiple cycles of 
alternating fluvial sands with their typical char-
acteristics and angular debris blocks within unit 1 
of the T4c sediment sequence indicates a process 
of rapid succession of fluvial and mass-wasting 
origin. This may be an expression of the frequent 
interruption of the fluvial process (imbricated 
rounded gravels in Gp and Gcm facies of unit 3 
in T4c sediments) by the supply of large angular 
debris from small tributaries and hillsides in the 
form of alluvial fans or debris slopes. Lateral ero-
sion of the river in the gorge resulted in sporadic 
bedrock exposure along the hillslope.

The FF′ Section
In contrast to the sections described above, the 

gravels of transect of FF′ (see location in Figs. 2, 
5F, and 7B) accumulated in a 33-m-thick layer. 
They were incised to form five terraces, T4c, 
T4b, T4a, T2, T1, at 33, 28, 22, 12, 5–6 m apf, 

in Baliria (BLRA; E97.06°, N33.17°), respec-
tively (Figs. 5F and 7B). The composition of the 
gravels is similar to that in the previous transects. 
The gravels show imbrication, planar-cross bed-
ding (Gp facies), and are clast-supported (Gcm 
facies), 20–30 cm in diameter (Fig.  7B). The 
base of the sediment sequence is not exposed.

T4c and T4b are covered with sand, but the 
outcrop, a cliff, was not accessible for descrip-
tion of the sedimentary characteristics (Fig. 7B).

T4a has two sediment units covering the un-
derlying gravel fillings. The lower unit1 (4 m 
thick) is composed of sand with horizontally 
laminated beds (Sh facies) (Figs. 7B and 8E). 
The upper unit 2 (2 m thick) is a massive sand 
bed (Sm facies) with pebbles (Figs. 7B and 8E).

The sediment of T2 shows two units covering 
the underlying gravels (Fig. 7B). The lower unit 
1 (1.5 m thick) is a sand layer with small ripple 
cross-lamination (Sr facies) in the lower part 
and horizontal laminated structure (Sh facies) in 
the upper part (Fig. 8F). The upper unit 2 (2 m 
thick) is a massive sand (Sm facies) layer with 
cm-scale pebbles (Fig. 8F). T1 coincides with 
the road surface without outcrop.

The gravels and sands in these cut-in-fill ter-
races show thick fluvial sediments. The lower 
gravels with Gcm and Gp facies and the upper 
cross-laminated, horizontally laminated, and 
massive sands (Sr, Sh, Sm facies) point to vari-
able energy.

Correlation of the Terraces

Seven terraces were mapped along the river 
(labeled as T1 to T7 from young to old) (Figs. 5 
and 9; Table 2). They are correlated on the base 
of elevation above the floodplain and age of de-
posits. In the Luoxu basin, they are typified by 
the shape of the wide valley and the low gradi-
ent of the riverbed (Figs. 4B and 4C) and show 
similar sedimentary properties: fluvial gravels 
of various thickness are interbedded with sand 
lenses, silts, and ultimately capped by pebbly 
sand (Figs.  4–6). In contrast, the gorge area 
(i.e., Yushu area) is characterized by its narrow 
transverse profile and steep valley sides, while 
the boulders and breccia between fluvial grav-
els and sands in the gorge terraces illustrate a 
provenance from the hillside or small tributaries 
(Figs. 5, 7, and 8). Terraces in the gorge, for ex-
ample at Baliria, are relatively narrow and spa-
tially discontinuous (Fig. 7), but they are wide 
and flat in the Luoxu basin (Fig. 4).

A Typical Sequence of Alternating Fluvial 
and Mass Waste Sedimentation

The interbedded fluvial, debris, and collu-
vial deposits are widespread in the gorge; one 
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 typical sequence was described at the site of 
Zhimengda (ZMD, N33.00°, E97.24°) (site G in 
Fig. 2). The structure of the sedimentary section 
ZMD shows a sequence of alternating layers 
of rounded gravels, sands, and angular gravels 
and boulders, which may indicate alternating 
phases of fluvial and debris or colluvial deposi-
tion (Fig. 10). The top of the sediment sequence 
is ∼53 m apf, which correlates with T7. The 
upper ∼30 m sediments may be subdivided into 
eleven units (Fig. 10A). From bottom to top, 
unit 1 (5 m thick) is composed of disorganized 

Figure 9. (A) Terrace distribu-
tion in the upper Yangtze River, 
eastern Tibetan Plateau, China. 
(B) The elevation of terraces 
and riverbed along the Yangtze 
River. The red stars indicate 
two knickpoints in the Yangtze 
River. (C) The terraces height 
above the present floodplain 
along the Yangtze River.

TABLE 2. THE ELEVATIONS ABOVE PRESENT FLOODPLAIN (apf), AGES, AND 
INCISION RATES (ELEVATION/AGE) AFTER TERRACE FORMATION IN THE LUOXU 

BASIN AND TONGTIAN GORGE, EASTERN TIBETAN PLATEAU, CHINA

Terrace 
sequence

Luoxu basin Tongtian gorge

apf  
(m)

Terrace age 
(ka)

Incision rate 
(mm/yr)

apf  
(m)

Terrace age 
(ka)

Incision rate 
(mm/yr)

T7 62 19.0 ± 1.8 <3.3 55
T6 42–46
T5 38 38
T4c 35 15.8 ± 1.1 2.2 34 17–13 2–2.6
T4b 28 15.3 ± 1.1 1.8
T4a 22 13.1 ± 1.1 1.7
T3 18 <18.0 ± 1.7 18
T2 13 11 9.3 ± 0.6 1.2
T1 5 5.1 ± 0.4 1.0 5
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breccia, 5–10 cm in diameter. Unit 2 (1 m thick) 
is composed of sand with horizontally lami-
nated structure (Sh facies). Unit 3 (1 m thick) 
contains imbricated gravels with planar cross-
bedding and clast-supported beds (Gcm facies). 
The gravels are rounded, 10–20 cm in diameter, 
and consist of sandstone, diabase, quartz, con-
glomerate, and limestone. Unit 4 (2 m thick) is 
a horizontally laminated, fine-grained sand bed 

(Sh facies). Unit 5 (7.5 m thick) is composed 
of rounded gravels with planar cross bedding 
(Gp facies), trough cross-bedding (Gt facies), 
and clast-supported beds (Gcm facies), contain-
ing three layers of angular boulders (0.5–1 m in 
diameter). Unit 6 (1.5 m thick) is composed of 
sand with planar cross-bedding (Sp), horizon-
tal lamination (Sh), and ripple cross-bedding 
(Sr) from bottom to top. Unit 7 (7 m thick) is 

composed of rounded gravels (5–10 cm in di-
ameter) with planar cross-bedding (Gp facies) 
and gravel sheets with imbrication. The 1.5 m 
thick coarse sand layer of unit 8 is a deposit 
with planar cross-bedding (Sp facies) contain-
ing some angular pebbles (∼1 cm in diameter). 
The overlying unit 9 (0.8 m thick) is a brec-
cia (pebbles are 1–3 cm in diameter) with 
crude imbrication containing sand lenses with 
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Figure 10. (A) Stratigraphic column, optically stimulated luminescence ages and location of samples at Zhimengda (ZMD), eastern Tibetan 
Plateau, China (units 1–11). (B) Typical sediments with alternating fluvial, debris, and colluvium beds at the ZMD site. White dashed line 
marks the boundary between units. (C and D) Mixture of fluvial and debris-flow sediments in Figure 10B. (E and F) are fluvial sediments 
in Figure 10B.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/134/1-2/371/5496299/b35983.1.pdf
by Vrije Universiteit Bibl user
on 17 February 2023



Upper Yangtze aggradation and incision since late Quaternary

 Geological Society of America Bulletin, v. 134, no. 1/2 383

 planar cross-bedded structure (Sp facies). Unit 
10 (0.5 m thick) is composed of horizontally 
laminated, silty sand (Fl facies) and sand (Sh 
facies). The topmost unit 11 (1 m thick) con-
sists of angular gravels (2–6 cm in diameter) 
contained in a silt matrix.

The disorganized breccia in units 1 and 9 and 
the angular boulders in unit 5 are interpreted as 
debris flow or colluvial deposits. The rounded 
and sub-rounded gravels and sand with imbrica-
tion structures, planar or trough cross-bedding, 
horizontal lamination, and ripples in other units 
indicate a fluvial origin. The interbedded deposi-
tion of fluvial and debris and colluvial sediments 
points to a striking change in deposition condi-
tions and provenance (e.g., Gao et  al., 2018). 
They are the expression of the interplay between 

fluvial processes and mass-wasting events that 
characterizes the evolution in the gorge.

OSL Ages

The luminescence decay curves (Figs. 11A 
and C) show a rapid decrease, implying domi-
nance of a fast component. The dose response 
curves are well-fitted with a single saturating ex-
ponential function (Figs. 11A and 11C). Their 
histograms of the equivalent dose illustrated by 
samples LX-E-OSL-220 and LX-E-OSL-100 
show a normal distribution (Figs. 11B and 11D), 
indicating that the quartz is compatible with a 
well-bleached nature and the chronologic result 
is reliable. Table  1 summarizes the analytical 
data and OSL ages.

OSL dating results of fluvial, debris, and col-
luvium deposits in this region yield 25 ages rang-
ing from 2.2 ka to 24.5 ka, except the sample 
ML-OSL-2 (Table 1). In the relatively subsided 
region (Luoxu basin), T7, T4c, T4b, T3, are 
dated at ca. 14–19 ka within the error margins, 
and T1 at ca. 5 ka (Table 1; Fig. 5). The bases of 
the gravel below terraces were not exposed, and 
gravels below different terraces show the same 
sedimentary structure and gravel composition. 
The age of 24 ka in sand lens at T3 at BB′ could 
indicate that the 62-m-thick fluvial sediments ac-
cumulated from >24 ka to 19 ka. The samples 
from the massive silty layers of top units with 
ages of 2.2 ka in T7, 2.8 ka in T1, and 2.2 ka in 
T3 reflect reworked aeolian sediments covering 
these terraces (Fig. 4).
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In the uplifted region (Tongtian gorge), the 
terraces T4c and T4a are dated at ca. 17–12 ka, 
and T2 at ca. 9 ka (Table 2; Fig. 4). The sand 
lens from the low part of the sediment sequence 
at SJT is dated at 20.5 ka, which means the 
thick gravels accumulated around >20.5 ka to 
14.9 ka. The sand lens at site ZD is dated at 19 ka 
and demonstrates that debris-flow sediments 
(T4c in transect EE′) were deposited during the 
period 19.0–14.7 ka (Figs. 8C and 8D).The sand 
lens in the sediment sequence of ML is dated 
>238 ka, indicating former aggradation before 
238 ka (Fig. 8B).

According to the definition of terrace ages 
(Vandenberghe, 2015), the age of a terrace is de-
fined as the age of abandonment of the channels 
on its floodplain before incision, in other words 
lithologically corresponding with the boundary 
between gravel deposits and fine-grained flood-
plain deposits. It means that in this study the 
terrace age is just after the youngest age in the 
gravels (Table 2). The T3 at transect BB′ formed 
at <18 ka due to a sand layer which could be 
from valley filling was dated as 18 ka. The 
20.5 ka and 24 ka in sand lens at SJT and BB′, 
and the similar sedimentary structure and gravel 
composition from these two sections reveal the 
valley in the headwaters of the Yangtze River has 
been filled with ∼60-m-thick sediments before 

19 ka. Subsequently, the river transformed from 
aggradation to generally continuous incision, 
episodically interrupted by phases of stability or 
lateral erosion. The latter interruptions initiated 
the formation of terraces at 62–38 m (T7–T5), 
35–18 m (T4-T3), 13–11 m (T2), and 5 m (T1) 
above present floodplain, with ages of ca. 19 ka, 
ca. 17–13 ka, ca. 9 ka, and ca. 5 ka, respectively 
(Table 2).

As for the interbedded deposition of flu-
vial, debris, and colluvial sediments in ZMD, 
the OSL ages of 24.5 ka, 20.1 ka, 19.3 ka, and 
18.1 ka in units 2, 4, 6, and 10, respectively, cen-
ter at ca. 20 ka within the range of uncertainty 
of this kind of rapid deposition, except the age 
of 5.7 ka of unit 6 (Fig. 10). Thus, the interac-
tion between fluvial, debris flow, and colluvial 
processes occurred at ca. 20 ka, during which 
the climate transformed from cold to warm. The 
age of 5.7 ka is to be considered an outlier and 
should be disregarded.

DISCUSSION

Response of Terrace Morphology to 
Tectonic Activities

Heterogeneous tectonic activities may result 
in relative uplift and subsidence, leading to dif-

ferent patterns of fluvial sedimentation and val-
ley evolution in different parts of the drainage 
system (Whipple et  al., 1999; Bridgland and 
Westaway, 2008; Vandenberghe et  al., 2011; 
Wang et  al., 2014; Duvall and Tucker, 2015). 
Indeed, the diverse tectonic activities in a catch-
ment could cause considerable changes of local 
channel slope, which may lead to local changes 
in stream transport capacity and further fluvial 
responses in different tectonic blocks of the 
catchment. For example, the Huangshui River 
(NE Tibetan Plateau) incised and an erosion 
terrace developed in the uplifted areas (creat-
ing deep gorges), and meanwhile thick deposits 
formed an accumulation terrace in the subsiding 
areas (Wang et al., 2010, 2014; Vandenberghe 
et al., 2011).

In contrast to such a succession, the head-
waters of the Yangtze River show similar sedi-
mentary processes (a single thick valley filling 
followed by continuous incision) and terrace 
patterns (cut-in-fill terrace) both in the relatively 
uplifted (Tongtian gorge) and subsided (Luoxu 
basin) areas during the late Quaternary (Fig. 12). 
Compared to the Huangshui catchment, the 
headwaters of the Yangtze River occur at higher 
altitude and are characterized by stronger freeze-
thaw processes, especially during the last ice age 
(Heyman et al., 2011; Ou et al., 2014), high relief 
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Figure 12. Conceptual model of different terrace morphology with accumulation mainly in the relatively subsided basins (Luoxu basin) 
(A) and formation of gorges in the relatively uplifted regions (Tongtian gorge) (B) in the headwaters of the Yangtze River during the late 
Quaternary, eastern Tibetan Plateau, China.
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and frequent slope failures (Korup et al., 2010a). 
Large amounts of sediment supplied to the val-
leys in the headwaters of the Yangtze River dur-
ing the last glacial maximum (LGM), may have 
resulted in the transition from detachment-limit-
ed to transport-limited conditions of the drainage 
system, and extremely thick valley aggradation 
at the maximum cold conditions. This exclusive 
aggradation may have restrained the effects of 
changing local valley slopes in the catchment 
caused by relative tectonic uplift and subsidence. 
In addition, similar incision rates in both uplifted 
and subsided areas reflect the negligible effects 
of tectonic movements on the terrace formation 
(Fig. 9; Table 2). Thus, if tectonic differentia-
tion between the basins and uplifted regions may 
be excluded as a cause for the different kinds of 
terrace formation, we suggest that the immense 
amount of sediment input into the drainage sys-
tem may be the primary steering factor for flu-
vial reaction (Fig. 12).

In spite of the similar terrace pattern and sedi-
mentary processes in the subsided and uplifted 
areas, the spatial distribution and morphologi-
cal outlook of the terraces are different in the 
individual tectonic blocks. The subsided area, 
the Luoxu basin, provides large storage space 
for lateral channel erosion and is character-
ized by wide and flat terraces in the center of 
the valley (Fig. 12A). In contrast, in the uplifted 
region, spaces are limited for lateral erosion, 
and narrow terraces extend stepwise along the 
valley sides. In the gorge, bedrock is sometimes 
exposed in spite of the cut-in-fill terrace style 
(Fig. 12B). This observation confirms that the 
uplift causes mainly downward erosion without 
terraces or with only narrow terraces along the 
river channel, while lateral erosion contributes to 
the formation of wide terraces in the case of sub-
sidence (e.g., Wang et al., 2015; Bender et al., 
2016, 2019).

Response of Terrace Formation to Climate 
Change

During the LGM, low temperature and hu-
midity and weak monsoon activity (Figs. 13C 
and 13D) were favorable for low vegetation 
density (Zhao et al., 2020) and strong freeze-
thaw processes, which induced frequent and 
extreme mass movement and even glacial pro-
cesses in the east Tibetan Plateau (Heyman 
et al., 2011; Ou et al., 2014). Those processes 
resulted in the supply of large amounts of sedi-
ment to the river channels and thick valley ag-
gradation. This aggradation phase is consistent 
with fluvial aggradation around the Tibetan Pla-
teau during the last glacial period (e.g., Ray and 
Srivastava., 2010; Vandenberghe et al., 2011; 
Kothyari and Luirei, 2016; Chahal et al., 2019). 

During deglaciation, monsoon activity became 
stronger with increased precipitation and dens-
er vegetation cover (Figs. 13C and 13D). This 
resulted in higher discharges and reduced sedi-
ment input, causing river incision and stepped 
terrace formation from ca. 19 to 11 ka. Thus, 
episodic weak aggradation resumed during the 
phase of general river degradation after 19 ka, 
developing terraces T6 to T3 (Fig. 13). After 
that, temperature increased with small fluctua-
tions while monsoon precipitation remained 
relatively stable (Fig. 13). As a result vegetation 
recovered steadily (Zhao et al., 2020), leading 
to continued incision. Small fluctuations of pre-
cipitation and temperature during the Holocene 
(Fig.  13), and related changes of vegetation 
cover (Zhao et al., 2020), may have resulted in 
episodic interruptions of the general incision 
and the formation of terraces T2 and T1 at 9 ka 
and 5 ka, respectively (Fig.  13C). However, 
internal dynamic factors or episodic tectonic 
movements cannot be excluded for these Holo-
cene terrace formations (Schumm, 1993).

Fluvial aggradation during the cold LGM and 
incision during the next deglacial phase occur 
widely in the surrounding areas. The Lancang 
River near the study area experienced aggrada-
tion at 25–15 ka and incised afterwards (Zhang 
et al., 2018). In the Himalaya, dry climate con-
ditions during cold periods led to valley fill-
ing, while rivers incised and formed terraces 
during wetter episodes of the late Quaternary 
(Ray and Srivastava, 2010). In addition, in the 
Central Kumaun Himalaya, the major phase of 
Saryu River valley filling was dated between 
22 and 14 ka (Kothyari and Luirei, 2016). The 
Zanskar valley (NW Himalaya) aggraded dur-
ing the climatic transition from the dry LGM 
to the wet early Holocene (20–12 ka) followed 
by rapid incision due to the strong Indian Mon-
soon (Chahal et al., 2019). The effective mois-
ture availability in the Asian monsoon edge was 
relatively low during the LGM and high during 
the Holocene (Fig. 11B). Thus, we hypothesize 
that glaciation and freezing processes during 
the LGM in high mountains could provide 
plenty of sediments to the valley. But, melting 
of glacier ice (Heyman et al., 2011) and intensi-
fied monsoon precipitation since deglaciation 
(Zhao et al., 2020) might have contributed to 
increased river discharge and river incision in 
this high relief area.

The Potential Effects of Extreme Events in 
the Fluvial Evolution of the Upper Yangtze 
River

The fact that the presence of mass-flow and 
slope deposits within the sections does not in-
dicate continuous accumulation, but rather epi-

sodic emplacement, especially in the gorge ter-
races and in the ZMD section (Fig. 10), points 
to occasional interruption of fluvial processes. 
In addition, the spatially irregular occurrence of 
thick gravel deposits of >19–15 ka age (Fig. 5E) 
points to the local presence of mass-flow and 
slope processes. Therefore, it is suggested that 
the latter deposits may be attributed to local oc-
currence of slope failures or alluvial fans. Con-
sidering the combined evidence of local and 
temporary presence of those deposits suggests 
localized and temporarily favorable conditions 
to initiate such slope processes, pointing to rath-
er exceptional or extreme conditions.

In the headwaters of the Yangtze River, the 
rugged terrain with frequent active faults is epi-
sodically vulnerable to extreme mass wasting 
and strong local orographic precipitation, which 
may lead to extreme geomorphological process-
es such as landslides and debris flows (e.g., Bao 
et al., 2020). This chain of successive extreme 
events has produced abundant sediments in 
the valleys, and resulted in repeated short-term 
blocking of the channel (such as the landslides 
in Baiyu in October 2018; e.g., Liu et al., 2020), 
recorded as episodic debris and slope deposits 
interbedded in the fluvial sediment sequence at 
ca. 20 ka at the ZMD site in the gorge area.

The multiple cycles of fluvial, debris flows, 
and colluvial layers at ca. 20 ka at the sites of 
ZD and ZMD indicate that the change from cold-
dry to warm-wet (Fig. 13) at ca. 20 ka, in com-
bination with the delayed re-vegetation of the 
hillslopes (e.g., Sewell et al., 2015), may have 
promoted a higher frequency of mass movement 
and debris flow and resultant blockage of the riv-
er (Figs. 8C, 8D, and 10). The same geomorphic 
processes were also found in the Minjiang and 
Jinsha rivers at the margin of the Tibetan Plateau 
(Wang et al., 2007; Chen et al., 2008; Luo et al., 
2019; Bao et al., 2020).

The angular boulders at the ZMD site may also 
indicate earthquakes that shocked and fractured 
the bedrock at high elevations and triggered a 
large number of deep-seated bedrock landslides 
(e.g., Hovius and Stark 2006). Indeed, seven pa-
leo-earthquakes have been identified along the 
Batang fault (near Yushu) at <22 ka, >14 ka, 
14–9.5 ka, 8.0–7.8 ka, >6.7 ka, 4.3–4.0 ka, 
and <2.7 ka (Huang et al., 2015), which may 
have produced extreme-event deposits (Fig. 10). 
Glacier activities could also have formed glacial 
dams and blocked the river in high mountains 
(e.g., Korup and Tweed, 2007). But it is debated 
whether there was a large ice sheet during the 
late Pleistocene in the central and east Tibetan 
Plateau, although large numbers of glaciers in 
high mountains and upstream valleys (such as 
Queer Shan and Bayan Har Shan) have been 
suggested (Kuhle, 2004; Stroeven et al., 2009; 
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Shi, 2004). Thus, it remains impossible to ex-
clude the effects of glacial processes on the 
extreme events. However, these extreme events 
could have had made significant contributions to 
the incision of the >1000 m deep canyon in this 
area and in other regions, an issue deserving of 
further study.

CONCLUSION

Sedimentary facies analysis with OSL dat-
ing of depositional sequences at seven transects 
along the Upper Yangtze River, differing levels 
of relative tectonic activity background has al-
lowed the identification of terraces T7–T3 (ca. 

19–13 ka), T2 (ca. 9 ka), T1 (ca. 5 ka). The 
headwaters of the Yangtze River experienced 
aggradation from the valley base to up to 62 m 
apf during the LGM; subsequently, there was 
a change to continuous fluvial incision with 
episodic lateral erosion and stability. A set of 
cut-in-fill terraces has formed as a response to 
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Figure 13. (A) Oxygen isotope records from the Greenland ice sheet (Johnsen et al., 2001). (B) The mean effective moisture from the Asian 
monsoon edge (Berger and Loutre, 1991). (C and D) are mean annul temperature and monsoon strength in the Zoige basin in the eastern 
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increased climatic conditions with increasing 
monsoon precipitation and increased vegetation 
since deglaciation. The relative levels of tectonic 
activity dominated the distribution pattern and 
morphologic features of the terraces, while the 
sediment input from the catchment, directly re-
lated to climate change, acted as a primary con-
trolling factor on fluvial processes. In addition, 
the interbedded debris-flow deposits, fluvial 
deposits, and colluvial sediments indicate that 
climate transformation at ca. 20 ka resulted in 
alternations of fluvial and slope sediments, es-
pecially in the gorge area. Emplacement of the 
deposits was episodic and possibly related to 
earthquakes, climatic transitions, and/or glacial 
activities. As a result, ephemeral dams could 
be created with subsequent sporadic spillovers, 
outbreaks, and even mega-floods. These geo-
morphologic processes might have led to ex-
treme fluvial incision and denudation which are 
characteristic of the geomorphic and landscape 
evolution of the Tibetan Plateau.
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