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Test the topographic steady state in an active mountain belt
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Abstract Landscape evolution is the window to the link

between deep earth and surface processes. One of the key

issues in landscape evolution is to characterize the topo-

graphic steady state of mountain belts. The Taiwan mountain

belt is an extraordinary case due to its extremely high uplift

and denudation rates. The uplift of Taiwan Island is caused

by the oblique collision between the Luzon Arc and the East

Asian continent. In this case, the mountain building process

in the north always occurs earlier than that in the south,

which causes the spatial distribution of steady-state regions.

The East Central Range receives much research attention

with the presence of river basins that mainly distribute along

the trajectory of the collision propagation. Normally, based

on analyses of geomorphic parameters, the whole Central

Range, or at least part of it, should be at a topographic steady

state. However, the balance between uplift rates and

denudation rates that exist in these regions is seldomly tes-

ted. In this contribution, we make a comprehensive literature

review on the uplift and denudation rates derived from var-

ious approaches, including sediment yields, in-situ cosmo-

genic nuclide 10Be, incision of river channels,

thermochronology, and GPS observations. This literature

review reveals that the topographic steady state may prevail

in the northern and middle parts of the East Central Range.

However, an obvious inconsistency in denudation rates

calculated by different methods prevents us from better

constraining the topographic steady state in some regions of

this mountain range.

Keywords Taiwan � Uplift � Denudation � River profile �
Sediment yield � In-situ 10Be

1 Introduction

Taiwan Island is famous for frequent landslides and rapid

mass wasting due to active tectonics and a high typhoon fre-

quency (Hovius and Lin 2000). In modern times, its uplift

rates can reach as high as 10–15 mm/yr in the Central Range

(Ching et al. 2011). Correspondingly, the modern erosion in

Taiwan is quite fast, with the area-weighed mean rate of

4–7 mm/yr (Dadson et al. 2003; Kao and Milliman 2008).

Under such extreme tectonic and sediment transfer condi-

tions, how the balance is established between its erosion and

uplift over different spatial and temporal scales is of particular

interest and still needs to be precisely depicted. Furthermore,

this balance is closely related to the achievement of the

topographic steady state (Whipple 2004), which will provide

guidance in applying landscape evolution models to this

active mountain belt.

The Taiwan mountain belt has been formed by the

oblique collision between the Luzon Arc and the Asian

continental margin since the late Miocene, resulting in the

southward propagation of mountain building processes and

thus increased collision duration to the north (Clift et al.

2003; Huang et al. 2006). This space-for-time substitution

provides an excellent opportunity to study the evolution of

mountain growth, erosion, and its topographic steady state.

In previous studies, the analyses of river profiles are
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commonly used to study the topographic steady state of

Taiwan. Based on the geomorphic indexes, the whole

Central Range, or at least part of it, should be at a topo-

graphic steady state (Chen and Willett 2016; Cheng et al.

2012; Stolar et al. 2007). However, in order to test the

steady state of the Central Range, the balance between

uplift and denudation in steady-state regions should be

further discussed (Whipple 2001).

In recent decades, the erosion of Taiwan Island has been

investigated in detail with multiple methods, including

sediment yields, in-situ 10Be, incision of river channels,

and thermochronology. In addition, the uplift of Taiwan

Island has been measured over timescales. In modern

times, the Global Positioning System (GPS) has been

widely used to measure the horizontal and vertical defor-

mation of this active mountain belt. Ggeological uplift

rates can be estimated from the uplift information of

marine terraces. The abundance of literature data allows us

to make comparisons between denudation rates and uplift

rates in the East Central Range (the core of the mountain

belt) and further test the spatial distribution of steady-state

regions indicated by topographic characteristics.

2 Data compilation

We only focus on the river basins in the East Central Range

because they are distributed along the trajectory of the

collision propagation. Based on the variations of geomor-

phic indexes, the topographic state of river basins can be

separated into two types: steady state (middle part) and

non-steady state (northern and southern parts) (Stolar et al.

2007). Specifically, the spatial range of the steady-state

region is 125–250 km north of the southern tip of the island

(Stolar et al. 2007). Next, uplift rates and denudation rates

in the southern (0–125 km), middle (125–250 km) and

northern ([250 km) parts are separately compiled for fur-

ther comparison.

Denudation rates over timescales can be calculated by

various methods. The modern (100–102 yr) denudation

rates are deduced from gauging-derived sediment yields,

and the area-weighted average rate of the East Central

Range is 5–11 mm/yr, calculated by two different methods

(Dadson et al. 2003; Kao and Milliman 2008). Centurial

(102–103 yr) denudation rates are quantified by in-situ 10Be

concentrations in river sediments, with the area-weighed

mean value of *4 mm/yr in the East Central Range

(Derrieux et al. 2014; Siame et al. 2011). Holocene (103–

104 yr) incision rates are also used in this study, although

the data can only be found in two rivers (Liwu and

Hsiukuluan Rivers). Furthermore, long-term (105–106 yr)

exhumation rates can be revealed by zircon and apatite

fission-track data. The denudation rates have accelerated in

both the northern and southern Central Range since

*1 Ma, with the rate of 4–10 mm/yr (Byrne et al. 2010;

Lee et al. 2006).

The modern (100–101 yr) rock uplift rates are obtained

by continuous GPS observations. The high rates of

10–15 mm/yr are observed in the northern and middle

Central Range, but the southern part is experiencing sub-

sidence (Ching et al. 2011). In geologic history, the uplift

of marine terraces is commonly used to indicate the

Holocene uplift rates along the coast (Hsieh et al. 2004;

Song et al. 2004). However, this kind of data cannot be

obtained from the Central Range. Considering that the

response time of fluvial landscape of the Central Range

generally ranges from 0.25 to 2.5 Ma, the topographic

steady state is likely to prevail in the plate tectonic time-

scales (Whipple 2001). Hence, the long-term uplift rates

may be similar to the denudation rates derived from fission-

track data.

3 Comparison between denudation rates
and uplift rates along the East Central Range

Based on the dataset described above, the denudation rates

can be compared with the corresponding uplift rates along

the East Central Range (Fig. 1).

For the topographic steady-state regions proposed by

Stolar et al. (2007), the gauging-derived erosion rates seem

to be lower than GPS-derived uplift rates in modern times,

which may indicate a non-steady state (Fig. 1). However, it

is also noteworthy that the denudation rates over different

timescales (100–104 yr) remain relatively consistent (Fig. 1).

The steady denudation is a typical characteristic of the

topographic steady state. The controversy between both

observations is not found in previous studies. From our

perspective, GPS data spanning several years might not

yield uplift rates that are representative for those prevailing

at geological timescales because they may be greatly influ-

enced by short-term seismicity, e.g. seismic elastic strain

accumulation or release (Ching et al. 2011). This deduction

can be supported by thermochronology data to some extent

because the denudation rates over different timescales (100–

104 yr) are within the range of long-term uplift rates, which

are also lower than the GPS-derived uplift rates (Fig. 1).

Hence, the topographic steady state should be dominant in

the middle part of the East Central Range.

The northern part of the East Central Range may be

experiencing post-collisional collapse (Clift et al. 2008).

However, the modern erosion rates and Holocene incision

rates are similar to the long-term uplift rates, while the

Centurial denudation rates seem to be lower (Fig. 1).

Hence, it is possible that the steady state may be main-

tained in the northern part of the East Central Range, but
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whether or not the transition between steady state and non-

steady state exists needs to be clarified based on more

comprehensive data. In the southern part of the Central

Range, a major obstacle for comparison is the huge dis-

crepancy between two gauging-derived erosion rates cal-

culated by different methods (Fig. 1). The erosion rate

calculated by the monthly weighted average (MWA)

method (Dadson et al. 2003) is much higher than that

calculated by seasonal rating curves (Kao et al. 2008). One

possibility is that the overrepresentation of sediment

observations during flood seasons by MWA method exists

in the southern part of the East Central Range (Kao et al.

2005), and thus the high denudation rate of *18 mm/yr

cannot be used. Hence, the long-term uplift rates exceed

the denudation rates in the timescale of 100–103 yr, indi-

cating the mountain growth. However, it should be kept in

mind that, in the future a reliable conclusion needs to be

supported by more data of representative sediment yields.

The division of the topographic steady state based on

our analysis is generally consistent with other results from

analyses of topographic features. Based on the stream-

power incision model, the relationships between bedrock

channel slope (S) and basin area (A) show different pat-

terns along the East Central Range (Fig. 2). The S–A plots

of the northern and middle parts show a liner model, cor-

responding to a steady-state topography (Chen et al. 2006).

In comparison, the S–A plots of the southern part are in a

convex form, which indicates a topographic non-steady

state and the mountain growth (Chen et al. 2006). This can

also be evidenced by the basin hypsometry, which shows a

steady-state topography in the northern and middle parts of

the East Central Range (Cheng et al. 2012).

4 Conclusions

In this contribution, the spatial distribution of steady-state

regions in the East Central Range is tested by comparing

the denudation rates over timescales with uplift rates. It

reveals that the topographic steady state may prevail in the

Fig. 1 Comparison between denudation rates and uplift rates over timescales along the East Central Range. The black short lines represent error

bars of corresponding measurements. Color bars indicate the range of denudation/uplift rates over a certain timescale. The denudation rates over

the timescales of 100–102, 102–103, 103–104 and 105–106 yr are sourced from sediment yields (Dadson et al. 2003; Kao and Milliman 2008), in-

situ 10Be (Derrieux et al. 2014; Siame et al. 2011), incision of river channels (Dadson et al. 2003), and thermochronology (Lee et al. 2006),

respectively. The modern uplift rates are derived from GPS observations (Ching et al. 2011)

Fig. 2 The fitted correlations between bedrock channel slope (S) and drainage area (A) in the East Central Range. Each brown line represents

one river The data are sourced from Chen et al. (2006)
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northern and middle parts of the East Central Range.

Regarding the southern part, the obvious inconsistency in

denudation rates estimated by different methods prevents

us from drawing any solid conclusions on the topographic

steady state. Furthermore, this study emphasizes that the

comparison between proxies of uplift rates and denudation

rates could be very helpful to test the representativeness of

these methods when applied in various geological settings.
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