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Abstract

Based on fieldwork and terrace ages, which were determined using '*C, TL and paleosol stratigraphy, a general model was
established for the development of the Yellow River terrace system. The ages for the terraces and valley flats of the Yellow
River system are T¢—1.67—0.85 Ma BP, Ts—0.85-0.47 Ma BP, T,—0.47—-0.10 Ma BP, T;—0.10—0.007 Ma BP, T,—7.0—
0.7 ka BP, T;—0.7-0.3 ka BP, the higher valley flat—0.3—0.15 ka BP and the lower valley flat 0.15—0 ka BP, respectively.
Each terrace or valley flat and corresponding paleo-valley represents a river erosion/deposition cycle. Using this model and
selected geomorphic parameters of terraces and paleo-valleys from 10 typical cross sections of Luohe River, a tributary of the
Yellow River, an attempt is made here to estimate paleo-river erosion since the Pleistocene on the Loess Plateau.
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1. Introduction

Soil erosion is a serious issue in China, with an
estimated 15-20% of the total soil erosion areas of
the world within China (Wen, 1993). The Loess
Plateau is one of the areas in China that is eroded
most seriously (Liu, 1985). Every year soil loss from
the plateau amounts to (200—30,000) x 10° kg km™ 2.
About (16—18.8) x 10'" kg of soil is transported into
Yellow River each year (Liu, 1985).

What causes the serious soil erosion in the Loess
Plateau? How do the eroded landscapes of the plateau
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form? How will the soil erosion of the plateau develop
in future and how can it be managed? Answers to all
these questions will provide some information about
the ecological and environmental background to the
erosion issue and are most important for sustainable
development in West China. Soil erosion, which may
be sometimes triggered and aggravated anthropogeni-
cally, is mainly a function of some physical and geo-
dynamical conditions. There is a long history of
research on soil erosion on the Loess Plateau (Zhang,
1981; Cao, 1983; Chen, 1983; Jing and Cheng, 1983;
Yuan et al., 1987; Zhu, 1989; Jing et al., 1997; Cai
and Wang, 1998; Deng and Yuan, 2001; Zhang et al.,
2001). Although some scientists (e.g. Zhu, 1989;
Deng and Yuan, 2001; Zhang et al., 2001) focus on
the physical background, causes and changes in
erosion intensity, the investigations are relatively
preliminary. However, more research in these fields
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Fig. 1. Location map of Luohe River, North China. Arrows with number 1 to 10 indicate the locations of 10 cross sections: (1) Baiyushan, (2)
Wugqi, (3) Ganquan, (4) Fuxian, (5) Luochuan-1, (6) Luochuan-2, (7) Jiaokouhe, (8) Baishui, (9) Yongfeng, (10) Sanhekou.

is essential to understand the patterns of soil erosion
and to formulate measures to control it.

Soil erosion on the Loess Plateau consists of
surface and river erosion (including incision and
lateral erosion) (Zhang, 1981; Cao, 1983; Chen,
1983; Yuan et al., 1987; Deng and Yuan, 2001). Every
terrace and corresponding paleo-valley represents a
river erosion/deposition cycle (Zhu, 1989). Using the
terrace system of the Luohe River, a second-order
tributary of the Yellow River, an attempt has been
made here to investigate the paleo-incision and lateral
erosion of its valley since the Pleistocene (see Fig. 1
for location of Luohe River).

2. Methods

Channel density can be used as an indicator of river
erosion intensity on the Loess Plateau (Chen, 1983;
Jing and Cheng, 1983). This may be appropriate for
estimation of contemporary soil erosion and loss over
different areas. If paleo-density of the channels is used
to estimate paleo-river erosion, there is a clear need for
accurate terrace ages along the length of every tributary
channel. Here we select some typical cross sections to
study paleo-erosion events of the Luohe River valley.

These sections are at Baiyushan, Wuqi, Ganquan,
Fuxian, Luochuan-1, Luochuan-2, Jiaokouhe, Baishui,
Yongfeng and Sanhekou (for locations of these sec-
tions, see Fig. 1). They are selected using the following
criteria: the development and age determination of
terraces and valley flats, and the spatial distribution
of cross sections.

Three steps are taken in the procedure of our
calculation: (1) At first, ages of each terrace and
tributary channel are determined; (2) selected param-
eters related to erosion of each terrace and valley are
measured. The selected parameters include valley
width (W), depth of incision (d), thickness of deposi-
tion (/) and incision slope (6) (for meanings of these
parameters, see Fig. 2); and (3) based on the results of
the previous two steps, intensities of paleo-erosion
events are analyzed and discussed. In the cross section
of each erosion/deposition cycle of a river (Fig. 2), the
net amount of erosion (D), river incision depth (d) and
width (w) are used as proxies of river erosion intensity.

2.1. Age determination of channels and terraces of
the Yellow River system

The loess—paleosol series on the Loess Plateau has
a well-preserved magnetstratigraphy record covering
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Fig. 2. Sketch map of a cross section of a river with an erosion/
deposition cycle. In the cross section, area of ACFD represents total
amount of erosion (D;), while the area of BCFE represents amount
of deposition (S), and the area of ABED represents net amount of
erosion (D,) in an erosion/deposition cycle of a river. Here d is the
total depth of river incision and /4 is the thickness of deposition.

the Quaternary (Liu, 1985; An and Ho, 1989). The
region has a record which correlates well with the
marine isotope stages (MIS) seen in deep sea sediment
(Ding et al., 1991). This enables the loess—paleosol
series itself to be useful as a dating tool (Ding et al.,
1991; Zhu, 1989, 1992, 1995). Based on the many
ages which were determined by us using '*C, TL and
paleosol stratigraphy, or by others and a comprehen-
sive analysis of nearly 400 cross sections of about 60
rivers on the Loess Plateau, a general model was
established for the development of the Yellow River
system on the plateau (Fig. 3) (Zhu, 1989, 1992,
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1995). According to this model, the formation of the
main tributaries and terraces of the Yellow River can
be estimated. The formation times of the terraces are
Ts—about 1.67—0.85 Ma BP, Ts—0.85—-0.47 Ma BP,
T,—0.47-0.10 Ma BP, T3—0.10-0.007 Ma BP,
T,—7.0—-0.7 ka BP and T;—0.7-0.3 ka BP, respec-
tively. The higher valley flat formed during about
0.3—0.15 ka BP and the lower valley flat during the
last 150 years. The Yellow River and its first-, second-
and third-order tributary channels formed at the early
of the formation of T4. The fourth-order tributary of
the Yellow River corresponds to Ts, the fifth-order
tributary to T4, and so on. This chronology then of the
Yellow River, its tributary channels and terraces
provides an outline for the development of the Yellow
River system.

2.2. Parameters of terrace and valley and river
erosion calculation

The Luohe River, which is used in our calculations,
is a second-order tributary of the Yellow River, rising
in the Baiyushan Mountains, north of the Loess
Plateau. It flows across the plateau south—south—
eastward and incorporates the Weihe River, a first-
order tributary of the Yellow River at Sanhekou. Here
we select 10 typical cross sections along the Luohe
River to calculate the intensity of paleo-erosion of the
Luohe River (Fig. 1). At each cross section, terraces
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Fig. 3. A general model for the development of the terrace system of Yellow River (modified from Zhu, 1995). (1) Loess, (2) paleosol, (3)
lacustrine deposit, (4) fluvial sand and gravel, (5) talus material, (6) red clay, (7) sandy loess L;, (8) Sandy loess Ls, (9) Sandy loess Lo, (10)
Sandy loess L;g and L,,. Stratigraphy: S—soil, L—loess, T—terrace, N,—Pliocene red clay; Polarity: B—Brunhes, M—Matuyama, G—

Gauss, J—Jaramillo, O—Olduvai.
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Table 1
Parameters of terraces and valleys of Luohe River on the Loess
Plateau

Terraces Incision Width of Incision Deposition Time

slope valley depth thickness interval

0(°) W (m) d (m) h (m) ¢ (10 ka)
Te 28 1500 85 48 59.900
Ts 25 1250 63 38 39.000
Ty 33 925 81 43 36.500
T; 42 450 47 22 9.000
T, 44 250 25 10 0.930
T, 44 150 17 8 0.040
HVF?* 39 75 9 2 0.015
LVE® 14 50 2 1 0.015

# HVF—Higher valley flat.
° LVF—Lower valley flat.

were well developed and relatively more ages were
determined on these terraces. In each cross section,
the following parameters for each terrace and
corresponding paleo-valley, which represent an ero-
sion/deposition cycle of a river, were measured:
incision slope (), depth of incision (d), thickness of
deposition (%) and valley width (w) (Fig. 2). The time
period (¢) represented by each terrace and valley flat
was obtained from the general model for the devel-
opment of the Yellow River system (Fig. 3). All the
parameters for terraces, paleo-valleys and valley flats
of Luohe River are listed in Table 1.

Using these parameters, total amount of erosion
(D) and deposition (), net amount of erosion (D,),
deposition rate (a), erosion rate (R), incision rate (y;),
lateral erosion rate (),) and ratio of erosion intensities
(1) are calculated for each erosion/deposition cycle of
the Luohe River according to the following equations
(Fig. 2; Zhu and Ding, 1994):

Dy =d(W —d ctg(0)) (1)
§=h(W — (2d — h)ctg(0)) (2)
Dy=D,—S 3)
a=S/t (4)
R =D/t (5)
y=dft (6)

V=Wt (7)
L=y /p,=d/W (8)

Here, the erosion rate R, the lateral erosion rate ),
and the incision rate y; represent the eroded area,
laterally eroded width and vertically incised depth in
unit time period in the cross section (Fig. 2),
respectively.

3. Results and discussion

Based on the calculation from Egs. (1)—(8), the
results of paleo-erosion for the Luohe River are listed
in Table 2.

The results (Tables 1 and 2) indicate that:

(1) Overall, erosion and incision accelerated and valley
width (W) was reduced from the Early Pleistocene
to Holocene (Tables 1 and 2);

(2) During the Pleistocene (before T,), incision rate
(71) increased steadily but with small increments,
while the lateral erosion rate (},) fluctuated and
displayed an overall increasing trend. However,
both y; and y, have increased dramatically since
the development of T, (Table 2);

(3) Erosion rate (R) did not change markedly during
the Pleistocene. But it increased greatly in the
Holocene. During the period from 700 to 150
years BP, the erosion rate increased dramatically
to 10—100 times much as elsewhere in the
Pleistocene. We are not sure why erosion rate
for the last 150 years decreased (Fig. 4) but some
recent anthropogenic activity may have contrib-
uted to this;

(4) There is a positive correlation between slopes (6)
and erosion rates (R) despite much higher erosion
rates in the Holocene compared to the Pleistocene
(Tables 1 and 2). Modern measurements else-
where also suggest a positive correlation between
slope and fluvial transportation (Zhu and Ding,
1994);

(5) Incision slope for each terrace or valley flat (Table
1) represents an average from many cross
sections. Except the lower valley flat, the high
valley flat and all terraces have incision slopes of
no less than 25°. Paleosols, however, observed
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Table 2

Indexes of soil erosion events over Luohe River drainage on the Loess Plateau

Terraces Total amount Total amount Net amount Erosion Incision Lateral erosion Ratio
of erosion of deposition of erosion rate R rate ) rate y, 1(y1/72)
D, (m%) S (m?) D, (m?) (m? year b (mm year D) (mm year D)
Te 114,266 60,389 53,877 0.090 0.140 2.520 0.056
Ts 69,944 39,920 30,024 0.077 0.160 3.210 0.050
T, 65,024 31,937 33,087 0.091 0.220 2.530 0.087
Ts 18,697 8101 10,596 0.118 0.520 5.000 0.104
T, 5603 2130 3473 0.373 2.690 26.900 0.100
T, 193 980 1213 3.033 42.500 375.000 0.113
HVF?* 580 127 453 3.020 60.000 500.000 0.120
LVE® 94 56 38 0.253 13.300 333.000 0.040

*HVF—Higher valley flat.
® LVF—Lower valley flat.

during fieldwork have relatively gentle slopes
ranging from 6.5° to 13° (Zhu and Ding, 1994),
which are smaller than the critical value of 15° for
acceleration of soil erosion (Cao, 1983). This
indicates that river erosion was relatively weak
during periods of paleosol development.

Apparently, the Pleistocene/Holocene boundary
seems to be a turning point for the three parameters
indicating the intensity of soil erosion, erosion rate
(R), incision rate (y;) and lateral erosion rate (7y,).
Before this boundary, when Tg, Ts, T4 and Ts were
developed, no notable change occurred in the three
parameters. After this boundary, when T,, T, higher
and lower valley flats (HVF and LVF) were devel-
oped, all three parameters showed at least a 10 times
increase (Table 2). It is yet not clear why this
transition occurred. Archaeological studies reveal that
since early to middle Holocene there was intensive
human activity over the Loess Plateau and Weihe
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Basin (An, 1987). Perhaps early agricultural activity
(An, 1988) made an important contribution to this
remarkable increase of soil erosion rate.

4. Conclusions

This study shows that during the time when pale-
osols developed, incisions of the Luohe River and its
tributaries were relatively weak, lateral erosion was
relatively strong and the overall erosion rate was
relatively small. Whereas while loess was deposited,
incisions were relatively strong, lateral erosion rates
were relatively weak and erosion rate was relatively
higher. Intensive incisions therefore relate most prob-
ably to the main glacial epochs.

Of all the indexes of river erosion, erosion rate (R)
is the most appropriate to represent the intensity of
river erosion. Increasing rate of incision may correlate
with relatively strong tectonic movement and cold
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Fig. 4. Erosion rate R (a) and Ratio 7 (b) for Luohe River for different time periods.
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climate, while increasing lateral erosion may correlate
with relatively weak tectonic movement and warm
climate. If this hypothesis is true, tectonic movement
over the Loess Plateau as well as over the Qinghai—
Tibet Plateau may have played an important role in
the development of the loess—paleosol series and the
evolution of soil erosion.

River erosion was significant during the Pleisto-
cene when many valleys and gullies developed on the
Loess Plateau. However, river erosion was aggravated
in the Holocene. Both human activity (An, 1987,
1988) and physical conditions such as increase of
runoff resulted from global warming and strengthen-
ing of the Asian summer monsoon (Liu et al., 1996)
may have contributed to this aggravation.

The erosion rate estimate presented here is an
attempt to study paleo-erosion by the river since the
Pleistocene on the Loess Plateau using some param-
eters of terrace and valley from typical cross sections.
The overall model needs to be refined and we hope
that our work will act as a springboard to stimulate
further investigations.
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