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ABSTRACT: The processes involved in the development of high-altitude, low-relief areas (HLAs) are still poorly understood. Although
cosmogenic nuclides have provided insights into the evolution of HLAs interpreted as paleo-surfaces, most studies focus on estimating
how slowly they erode and thereby their relative stability. To understand actual development processes of HLAs, we applied several tech-
niques of cosmogenic nuclides in the Daegwanryeong Plateau, a well-known HLA in the Korean Peninsula. Our denudation data from
strath terraces, riverine sediments, soils, and tors provide the following conclusions: (1) bedrock incision rate in the plateau (~127 m
Myr ") is controlled by the incision rate of the western part of the Korean Peninsula, and is similar to the catchment-wide denudation
rate of the plateau (~93 m Myr'); (2) the soil production function we observed shows weak depth dependency that may result from
highly weathered bedrock coupled with frequent frost action driven by alpine climate; (3) a discrepancy between the soil production
and catchment-wide denudation rates implies morphological disequilibrium in the plateau; (4) the tors once regarded as fossil landforms
of the Tertiary do not reflect Tertiary processes; and (5) when compared with those of global paleo-surfaces (<20 m Myr™"), our rapid
denudation rates suggest that the plateau cannot have maintained its probable initial paleo landscape, and thus is not a paleo-surface.
Our data contribute to understanding the surface processes of actively eroding upland landscapes as well as call into question conven-
tional interpretations of supposed paleo-surfaces around the world. Copyright © 2015 John Wiley & Sons, Ltd.
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Introduction

High-altitude, low-relief areas (HLAs) are reported from most
of the world’s major mountain ranges, including the Pyrenees
(de Sitter, 1952), the Rocky Mountains (Epis and Chapin,
1975), the Appalachian Mountains (Meisler, 1962), the Boliv-
ian Andes (Kennan et al., 1997), the Deccan Plateau (Gunnell,
1998), the Himalaya (van der Beek et al., 2009), the Gobi Altai
(Jolivet et al., 2007), ranges in Australia (Twidale and Campbell,
1995), Japan (Sugai and Ohmori, 1999), Korea (Kim, 1973),
and Papua New Guinea (Abbott et al., 1997).

These HLAs are interpreted as uplifted paleo-surfaces
(i.e. erosional surfaces formed initially at sea level and then
uplifted), which have not yet adjusted to contemporary uplift
and correspondent stream incision. Since they act as passive
markers to vertical motion of the Earth’s surface, their modern
altitude provides a useful datum for measuring surface uplift
and the magnitude of river incision (Clark et al., 2005). They
are, therefore, considered to be important for understanding
the timing and magnitude of orogenesis, and post-orogenic
landscape evolution. Furthermore, such surfaces remain in
the midst of the debate between the late Cenozoic uplift of

modern mountain belts through the world and global climate
change (Molnar and England, 1990).

Interpretation of HLAs as uplifted paleo-surfaces has, how-
ever, generated considerable debate on the origin of HLAs,
because such an interpretation would require a very long stable
period followed by significant, rapid, and recent uplift (Gunnell
et al., 2009). Moreover, recent studies have argued that the re-
lief of mountain belts could be reduced at high elevation
(Babault et al., 2005), and that HLAs might have formed re-
cently by interactions between local lithology and contempo-
rary surface processes (Anderson, 2002). Such alternative
explanations for the HLA formation would not necessarily re-
quire a complicated landscape evolution history invoking an
erosional surface formed at a paleo sea level and then uplifted.

A complete solution to address this controversy requires
quantification of modern surface processes shaping HLAs.
Recent advances in accelerated mass spectrometry enable us
to quantify geomorphic processes with terrestrial cosmogenic
nuclides (Lal, 1991; Gosse and Phillips, 2001; Dunai, 2010;
Granger et al., 2013). Since the concentration of cosmogenic
nuclides measured in a surface material reflects the history of
exposure of this material, it is possible to estimate the exposure
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ages and denudation rates of exposed rocks (Lal, 1991),
catchment-wide denudation rates from fluvial sediments
(Bierman and Steig, 1996), and soil production rates that can
indicate the upper limit of local steady-state erosion rates
across soil-mantled landscapes (Heimsath et al., 1997). Such
efforts to quantify the rates of surface processes have led to a
better understanding of landscape evolution in many regions.

Within the various geomorphic applications of cosmogenic
nuclides, there have been a handful of studies examining the
evolution of HLAs (Small et al., 1997; Belton et al., 2004;
Hancock and Kirwan, 2007; Vanacker et al., 2007; Strobl
et al., 2012; Walcek and Hoke, 2012). These previous studies
yielded denudation data rather than simple qualitative assess-
ments. Thus, more explicit explanations, either supporting sta-
bility during the evolution of HLAs (Hancock and Kirwan,
2007; Strobl et al., 2012; Walcek and Hoke, 2012) or denying
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longevity of HLAs (Belton et al., 2004), became possible. Such
research efforts focused, however, on yielding representative
denudation rate or exposure age of the landscape in each
HLA to estimate how slowly it is eroding or test whether its evo-
lution over geologic time scales has been stable or not.
Moreover, quantitative data from these studies are mostly from
the bedrock features such as exposed bedrock outcrops that
provide only a lower bound on denudation rates (Portenga
and Bierman, 2011). Previously collected data do not, there-
fore, enable a complete picture of the evolution of HLAs to
be established.

In this respect, the combination of rates across soil production
(indicating ground surface lowering rate), catchment-wide denu-
dation, river incision, and bedrock denudation can provide a
more complete approach to understand actual development
processes of HLA. To this end, we apply several techniques of
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Figure 1. Location of the study area. (A) Map of the Korean Peninsula. (B) The group of high mountains with a NNE-SSE trend is the Taebaek Moun-
tain Range, on which the study area is located. (C) The study area, featuring a low-relief, hilly landscape, is delineated by the thin black line. Thick black
line is the ridge line of the Taebaek Mountain Range that separates the west side of the peninsula of which elevation becomes gradually lower as it goes
to the west (Yeongseo) with the east side of the peninsula including steep, dissected landscapes draining through the east coastal plain of the peninsula
to the East Sea (Yeongdong). The Song River running through the study area flows through the Yeongseo area finally to the West Sea. The north and east
border of the study area is confronting the Yeongdong Area with a steep landscape. The arrow indicates the location of a knick zone that separates mor-
phologically the study area from the down-stream area. (D) The longitudinal profile of the Song River and a knick zone. The profile was generated using
a 1:25,000-scale contour topographic map of the area. This figure is available in colour online at wileyonlinelibrary.com/journal/espl
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cosmogenic radionuclides to the Daegwanryeong Plateau, a
well-known HLA in the Korean Peninsula, characterized as a
soil-mantled hilly landscape. To be specific, we quantify
bedrock incision rates, catchment-wide denudation rates, soil
production rates, and denudation rates of tors, and then analyze
these data using comparative analysis with topographic indices
of the study area to determine the key geomorphic processes
in the plateau and evaluate long-term landscape evolution of a
typical HLA.

Research Area

The study area of the Daegwanryeong Plateau is located at the
top of the Taebaek Mountain Range, which extends along
the eastern margin of the Korean Peninsula, forming its back-
bone (Figure 1(A), (B)). The topography of the middle part of
the peninsula is characterized by lower elevations to the west
and higher terrain to the east including the Taebaek Mountain
Range. The contrasting topographic pattern across the middle
part of the peninsula is assumed to have originated from the

tilted tectonic up-warping in the mid-Miocene (Kim, 1973),
which is related to processes associated with the opening of
the East Sea (or Sea of Japan) (Park and Kim, 1971; Kim, 1992).

Some recent pioneering efforts to quantitatively assess the
building of the Taebaek Mountain Range, on which the
Daegwanryeong Plateau is located, yielded long-term exhuma-
tion rates using apatite fission track (Han, 2002) and single-grain
(U-Th)/He dating (Min et al., 2008, 2010) on granitic rocks along
a vertical transect in the Daegwanryeong area, and inferred an
uplift history using a numerical landscape evolution model (Byun,
2011). According to the fission track data, the study area had been
exhumed slowly at a rate of ~62m Myr~" from the mid Eocene
(47 Ma) to the late Oligocene (23 Ma) (Han, 2002). After the slow
exhumation period, however, the (U-Th)/He data shows elevation
independent ages below 600 m of the transect indicating a pulse
of rapid exhumation at 22 + 3 Ma ago, which is coeval with the
opening of the East Sea (Min et al., 2010). Therefore, Min et al.
(2010) suggested that the rapid building mechanism of the
Taebaek Mountain Range is intimately interconnected with the
opening of the East Sea. Since the rapid exhumation, the uplift rate
of the study area has decreased exponentially (Byun, 2011).

Figure 2. Photo composite of the study area. The Daegwanryeong Plateau features a low-relief, hilly landscape (A), (B) that features convex slopes
and wide, flat hilltops. This landscape has been interpreted by many authors as the remnants of a paleo-surface formed before the uplift of the Korean
Peninsula. Tors are another landscape element of the study area (C). They are sparsely distributed along the ridges of soil-mantled hillslopes, and their
flat and angular shapes are controlled mainly by joints. The underlying bedrock is granite, most of which is highly weathered (D). This figure is

available in colour online at wileyonlinelibrary.com/journal/espl
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In addition to the Daegwanryeong Plateau, many other HLAs
occur on the tops of the major mountain ranges of the Korean
Peninsula. Since the 1930s, these features have been thought
to be uplifted paleo-surfaces, such as peneplains or etch plains,
which had formed at a paleo sea level before uplifting of the ma-
jor mountain ranges of the peninsula (Kobayashi, 1931; Kim,
1980). The Daegwanryeong Plateau is regarded as the best ex-
ample of such paleo-surfaces, because it is the most extensive
in area (Figures 1(C) and 2(A), (B)). However, the interpretation
of the Daegwanryeong Plateau as a paleo-surface is also an issue
under recent debate. A recent notable study (Park, 2009), al-
though its basis was established only from topography analysis,
suggested that forming processes of the Daegwanryeong Plateau
are dependent on its geological characteristics and historical
contingency during landform development.

Elevations of the study area range from ~830 to ~1400m,
and thus the study area is characterized by a typical alpine cli-
mate: low temperatures, orographic precipitation, and strong
winds (Supplementary Figure 1). Weathering and erosional pro-
cesses in the study area are controlled primarily by frequent
frost actions due to repetitive freeze-thaw cycles during the
longer winter season, but erosion by overland flow due to se-
vere rainfall events during the summer monsoon is relatively
minor because of vegetation cover during the summer mon-
soon (Kee, 2002). Because of few frost-free days (<150 days
per year) due to the longest winter season in South Korea
(Kwon, 2006) but also difficulty in settlement due to inaccessi-
bility from nearby urban areas, land use at the study area has
long been very limited (Editorial board for Samyang Food’s
thirty year history’s, 1991). Since 1972, however, natural for-
ests of the Daegwanryeong Plateau, especially on the wide, flat
hill tops, were cleared and replaced with herbage plants for
raising cows (Editorial board for Samyang Food’s thirty year
history’s, 1991). Although soil loss due to the change of land
cover may have increased, the increased amounts may not be
as severe as those in the areas under active cultivation (Park
etal., 2010) because strong coupling of the roots of the herbage

plants has prevented soil loss from erosion by overland flow
during the summer monsoon (Editorial board for Samyang
Food’s thirty year history’s, 1991; Kee, 2002).

The study area is dominated by soil mantled hillslopes with
convex slopes and wide, flat hilltops (Supplementary figure 2).
Tors are distributed sparsely along the ridges (Figure 2(C)). The
underlying lithology of the study area is granite intruded during
the Jurassic (Kim et al., 2001). Highly weathered saprolites can
be 10m thick and are typically overlain by shallow (<1m
thick) soils (Figure 2(D)). These deep weathered saprolites are
assumed to be products of deep weathering under the warmer,
humid climate that prevailed during the Tertiary (Kim, 1980).
However, a recent study (Kee, 2002) based on microscope ob-
servations of cracked minerals in the saprolite and the soil Bt
horizon, suggested that frequent frost action under the
periglacial climate shattered minerals in the saprolites and
may lead to increased chemical weathering of granite.

Methods
Cosmogenic nuclides

To establish a comprehensive understanding of the landscape
evolution of the Daegwanryeong Plateau we measured '°Be
concentrations in the surface and near-surface materials of the
plateau to determine soil production rates on soil-mantled
hillslopes, exposure ages and denudation rates of tors on the
ridges of hillslopes, catchment-wide denudation rates of sub-
catchments, as well as exposure ages of strath terraces that en-
able one to infer river incision rates.

For a bedrock surface that is assumed to be eroding at a
nearly constant rate by grain—grain spallation or exfoliation in
thin sheets, the denudation rates and exposure ages of these ex-
posed bedrock surfaces can also be calculated from the nuclide
concentrations of the exposed surfaces (Lal, 1988). In particu-
lar, nuclide concentration data for a series of samples taken
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Figure 3. Sampling sites on a contour topographic map. Most sampling sites are concentrated in the northern part of the study area, which shows a
well-developed low-relief, hilly landscape. This figure is available in colour online at wileyonlinelibrary.com/journal/espl
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from top to bottom of a tor profile should give insight into tor
emergence and evolution (Heimsath et al., 2000, 2001a,
2001b). Catchment-wide denudation rates can also be calcu-
lated from the nuclide concentrations of fluvial sediment (Brown
et al., 1995; Bierman and Steig, 1996; Granger et al., 1996) in a
similar way to the calculation of bedrock denudation rate. When
calculating catchment-wide denudation rates, however, we use
the "°Be production rate averaged over elevations and latitudinal
variations within the catchment (Portenga and Bierman, 2011).

If the bedrock (or weathered bedrock) conversion rate to soil
(i.e. soil production rate) is the same as the surface lowering
rate due to downslope transportation of soil and thus soil thick-
ness is in local steady state, then the rate of soil production can
be calculated from the nuclide concentration at the soil-
bedrock interface (Heimsath et al., 1997). Deeply weathered
saprolites are extensive on the Daegwanryeong Plateau. We fo-
cus on the underlying saprolites that have not been physically
mobilized and thereby retain relict rock structure as weathered
bedrock. Conversely, we define the physically mobile layer that
has been perturbed by living organisms and is undergoing
downslope transport as soil. Such division of weathering profile
was formally presented in Yoo and Mudd (2008).

Sampling strategy

In total, 27 samples were collected across the study area: 13
samples for examining soil production rate, five for tor exposure
age and denudation rate, seven for catchment-wide denudation
rate, and two for bedrock incision rate (Figure 3). Most sampling
sites are located in the northern portion of the Daegwanryeong
Plateau. This area is largely dominated by low-relief, hilly land-
scape with convex slopes and wide, flat hilltops and thus

Higher [
Terrace

representative of the whole plateau. Because the Korean
National Park Service has protected the area for several decades,
it has remained relatively free of recent human activities. There-
fore, we consider that our results should reliably reflect the natu-
ral erosion processes of the Daegwanryeong Plateau.

Two samples were collected from the surfaces of strath ter-
races with different elevations (Figure 4(A), (B)). The height of
each terrace surface above the current river was measured
using a total station. The exposure ages of these terrace
surfaces, when combined with their height above the modern
river, can provide estimates of the average rate of bedrock
incision. To infer catchment-wide denudation rates of sub-
catchments, fluvial sand samples were collected from the
surface of active sand bars deposited by current stream chan-
nels. These samples seem to be representative of the sediments
exported from each sub-catchment, because most areas of the
Daegwanryeong Plateau are covered with sand-silt-sized soils
and saprolites (Kee, 2002). We collected five samples (C1,
C2, C4, C6, and C7) from the upstream part of each junction
between the main stream and tributary, and two samples (C3
and C5) from points along the main stream (Figure 3).

Samples for determining soil production rates were collected
from the top of the saprolites across the convex-up ridges of
hillslopes, where soil creep dominates (Figures 3 and 4(C)).
Convex hillslope ridges are most likely to be experiencing
steady-state erosional processes such that local soil thicknesses
have been roughly constant for the effective irradiation time
(Lal, 1991) for the in situ cosmogenic nuclides at the top of sap-
rolites to attain the secular equilibrium concentration. The soil
thickness measured at each location was corrected to slope-
normal soil thickness by using local slope and we measured
bulk density of the saprolite and overlying soils at each
sampling site with a corer (Figure 4(E)).

S25

Figure 4. Photo composite for sampling sites. Sampling sites for bedrock incision rates (A), (B), soil production rates (C, D, E), and tor exposure ages
(F). The white arrows in (A) and (B) indicate sampling points on the strath terraces (BO and B3 in Table Il). The relative heights of these terraces above
the current channel are 0.96 and 3.98 m, respectively. The horizontal extents of the higher and lower terrace are about 8 and 2 m at least, respectively.
Both terraces have direct evidences for bedrock incision such as carved potholes. The distance between both sampling sites is about 25 m at least. (C)
A sampling site for soil production rate on the convex-up ridge of hillslope (black arrow in (C)). The black inset box in (D) indicates the section
covered by (E) that shows the interface (black dotted line) between soil and saprolite. White dots in (E) are points for measurement of bulk density.
This figure is available in colour online at wileyonlinelibrary.com/journal/espl

Copyright © 2015 John Wiley & Sons, Ltd.
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For examining tor exposure and evolution, we collected five
samples from tor surfaces: three from a vertical profile of one
tor (525, S26, S27) and one each from the tops of two other tors
(S13, S28). Three profile samples were taken from the tallest tor
in the study area, at sample heights of 0.2, 1.1, and 2 m above
the ground surface (Figure 4(F)). Unlike the tallest tor from
which the profile samples were taken, the heights of the other
two tors are ~1.6 m and near-ground level (~0.3 m). Therefore
denudation rate from the two lower tors can be used to com-
pare with soil production rates that are indicative of near-
ground soil lowering rate as well as those from the profile
samples of the tallest tor to understand tor emergence and
development in the study area. We also measured the Schmidt
hammer rebound value of each sampling point to assess the
weathering status of the point (Goudie, 2006).

Sample preparation and '°Be concentration
measurement

The physical and chemical procedures for '°Be measurements
were performed in the Geochronology Laboratory at Korea Uni-
versity, Korea. Bedrock, saprolite, and fluvial sediments from
samples were crushed, sieved to the 250-500 um size fraction,
and chemically purified following the conventional procedures
described by Kohl and Nishiizumi (1992) to yield quartz from
which Be was extracted. After the addition of a low-background
9Be carrier, Be was separated and purified by ion-exchange chro-
matography and precipitated at pH > 7. Hydroxides were oxi-
dized by ignition in quartz crucibles. BeO was mixed with Nb
metal and loaded onto targets to measure the '°Be/’Be ratio by
AMS at the Korea Institute of Geology and Mineralogy, Daejeon,
Korea. The measured Be isotope ratios were compared with '°Be
standards (ICN Pharmaceuticals) prepared by Nishiizumi et al.
(2007) and using a '°Be half-life of 1.36x10°year (Chmeleff
etal., 2010; Korschinek et al., 2010). The measured isotope ratios
were converted to cosmogenic '°Be concentrations in quartz
using the total '°Be in the samples and the sample weights.

Topographic and climatic indices

To analyze which topographic properties are related to the
measured catchment-wide denudation rates, we derived topo-
graphic indices (slope, curvature, and relief) from a 25m
gridded DEM based on ASTER GDEM V2 using ArcGIS. More-
over, frequent frost actions during the long winter season are
also regarded as a dominant process in the study area (Kee,
1999) and we calculated mean elevation values of every sub-
catchment as a simple variable to explain the degree of frost ac-
tion. Soils and rocks become more exposed to frost actions with
altitude as temperature decreases with altitude (Kitayama,
1992). However, the amount of rainfall also increases with alti-
tude (Smith, 1979), and we also calculated annual precipitation
values of every sub-catchment in the study area based on the
digital climate model provided by the National Center for Agro
Meteorology (http://www.ncam.kr). The precipitation data are
useful to separate the effects of the orographic precipitation
from those of the decreased temperature with altitude. Finally,
we correlated the above topographic and climatic indices with
our denudation data.

Results

The exposure ages of the higher and lower strath terraces are
31.2+7.3 and 14.6 + 5.0 Ka, respectively (Table I). Using these

Copyright © 2015 John Wiley & Sons, Ltd.

exposure ages and their relative heights beyond the modern
stream level (3.98, 0.96 m), we calculate a long-term average
bedrock incision rate and two sub-bedrock incision rates
since the abandonment of the higher terrace (Supplementary
Figure 3). The averaged incision rate calculated from the
relative height of the higher terrace and its exposure age is
127.7 +27.4m Myr~". The first sub-bedrock incision rate dur-
ing the period between the abandonment of the higher terrace
and the formation of the lower terrace was 187 m Myr~', and
the second sub-incision rate since the abandonment of the
lower terrace was 67 m Myr~ .

Catchment-wide denudation rates from low-order, small sub-
catchments (C1, C2, C3, C4, C6, and C7) range from 52 to
119m Myr*1 (Table Il and Figure 5(A)). Their mean value (93
£22m Myr ) is close to the denudation rate of the largest
catchment C5 containing all of the above sub-catchments
(102+23m Myr~"). According to the correlation analysis to
determine which surface processes best explains the variance
in these denudation rates, there are positive but weak correla-
tions with elevation (P=0.54), precipitation (P=0.50), slope
(P=0.45) and relief (P=0.43), and no correlations with curva-
ture (P=0.20) and upstream area (P=0.25) (Figure 6).

The soil production rates tend to decrease with increasing
soil depth (Figure 7; Table I). Following Heimsath et al. (1997
and subsequent studies) we determined a soil production func-
tion from a variance-weighted least-squares best fit model of
the relationship between soil production rate and soil depth
(Figure 7) as:

&= (54i1 )e(@AOO68:O,0026)h )

where ¢ is soil production rate (m Myr~') and h is slope-normal
soil depth (cm).

The '“Be concentrations of samples from a tor profile (525,
$26, S27) show little variation with height (Table I and Figure 8).
Moreover the apparent exposure ages at the middle and bottom
sampling points (526, S27) are very similar. These results sug-
gest the possibility that the ground surface around the tor
lowered rapidly after the tor had been exposed (Heimsath
et al., 2001a, 2001b). However, additional calculated data
and field observations from the tor do not support this notion.
This will be considered in more detail in the discussion section.

Discussion
Controls on bedrock incision

The average bedrock incision rate is 127.7 £ 27.4m Myr™', cal-
culated using only the higher terrace (Finnegan et al., 2014).
Coincidentally, this value overlaps the lowering rates of the
westerly drainages of the study area (150 ~205m Myr~') that
are determined based on the chronology of fluvial terraces from
optically stimulated luminescence dating (Yoon et al., 2007;
Lee, 2009). Given that the bedrock incision rate of the study
area is close to the regional incision rate of the western part
of the Korean Peninsula, this implies that the base-level lower-
ing rate in the Daegwanryeong Plateau is likely to have been
controlled by the regional tectonics of the western part of the
Korean Peninsula.

However, the base-level in the study area may have been
lowered not constantly but intermittently (from ~190 to ~70 m
Myr~"). Such a sudden change in bedrock incision rate may
have been driven by the migration of a knickpoint that is
located immediate upstream of the strath terrace where we
sampled (BO and B3). Although the height of the knickpoint is

Earth Surf. Process. Landforms, Vol. 40, 1730-1745 (2015)
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Figure 5. Catchment-wide denudation rates and topographic indices of the Daegwanryeong Plateau. (A) Catchment-wide denudation rates. (B)
Slope (degrees). (C) Mean curvature (m™ ). (D) Local relief. The topographic indices were calculated using a 25 m gridded DEM based on the ASTER
GDEM V2. This figure is available in colour online at wileyonlinelibrary.com/journal/espl
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Figure 6. Catchment-wide denudation rate versus topographic indices (elevation, relief, slope, upstream area, curvature) and precipitation. p in the
figure is correlation coefficient. Different error bars come from saprolite density and '°Be concentration (Table I1).
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Figure 7. Soil production rate versus soil depth, catchment-wide de-

nudation rates, and averaged bedrock incision rate. Sample types and
sub-catchments used for soil production rates are shown in the legend
by symbols and colors respectively, as shown in Figure 3. Different error
bars come from depth, density and '9Be concentration (Tables | and 1).
C* is a sub-catchment between sub-catchments C2 and C6 but does not
have a measured catchment-wide denudation rate because of limited
accessibility to the catchment. The dashed line is the soil production
function with the variance weighted regression equation noted. The
gray box in the figure shows a range for the averaged bedrock incision
rate calculated from the exposure age of strath terraces (Supplementary
Figure 3). This figure is available in colour online at wileyonlinelibrary.
com/journal/espl

nearly 2 m, the base-level lowering due to the propagation of
the knickpoint is thought not to be significant enough to bring
drastic change in denudation rate in the study area, because
the catchment-wide denudation rate of the sub-catchment C6,
which might have already experienced (or been experiencing)
knickpoint migration, is not much different from those of sub-
catchments (C1, C2, C6, C7) that are located upstream of the
knickpoint and therefore have not yet experienced the base-
level lowering associated with propagation of the knickpoint.
Since several knickpoints similar in size to the above
knickpoint are found on the longitudinal profile of the Song
River (Figure 1(D)), sudden changes in bedrock incision rate
might have occurred repetitively over time.
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Figure 8.

Controls on catchment-wide denudation

Many studies have explored the relationships between denuda-
tion and topographic forms: relief or slope (Summerfield and
Hulton, 1994; Binnie et al., 2007; Roering et al., 2007; Ouimet
et al., 2009; DiBiase et al., 2010; Portenga et al., 2013), up-
stream contributing area (Stock and Montgomery, 1999), and
curvature (Roering et al., 1999; Hurst et al., 2012). In the case
of high-altitude regions characterized by alpine climate, frost
cracking beneath the ground surface and orographic precipita-
tion play major roles in transporting surface materials down-
slope (Anderson, 2002; Kober et al., 2007; Delunel et al.,
2010; Anderson et al., 2013). However, our catchment-wide
denudation rates do not reveal strong correlations with slope,
relief, elevation, and precipitation (Figure 6). Such weak corre-
lations imply that the denudation rates of the Daegwanryeong
Plateau are controlled by transport processes not only affected
by the topographic features but also driven by the alpine
climate.

Conversely, the mean value of the denudation rates (~93
+£22m Myr™') is similar to the averaged bedrock incision rate
(~128 27 m Myr~'). Considering downslope transport times
for soils on such hillslopes are long (McKean et al., 1993), the
values of catchment-wide denudation rates we calculated
might be too high due to the potential for additional nuclide
production during downslope transport. If this were the case,
then the difference between the mean value of denudation
rates and the averaged bedrock incision rate would be much
smaller. Such a possibility suggests that the denudation rate of
the Daegwanryeong Plateau is likely to be controlled by the
bedrock incision rate.

Weak depth dependency of soil production rate

To validate our soil production rates and function in terms of
the effects from recent land use change from native forest to
pasture since the 1970s, we calculated the potential soil pro-
duction rates and function considering possible soil loss due
to the land-use change. First, we added a probable soil thick-
ness, which may have been eroded additionally due to the land
use change, to our soil thickness measurement values. The ad-
ditional eroded soil thickness is estimated to be ~9 mm deter-
mined from soil loss data including the Daegwanryeong
Plateau (Park et al., 2010). Then, we recalculated soil produc-
tion rates with the additional soil depths. According to the com-
parison with the recalculated data, the difference between the

S25(21.3)
S13(22.5)

| o

S26 (20.1)

S28(21.7)

HlH S27(22.5)

—0O—
0 20 40 60 80

Denudation rate [m Myr!|

'9Be concentrations and denudation rates of samples from a tor profile (®) and other tor surfaces (). The values in brackets in (A) and (B)

are the effective exposure ages (in years) and mean rebound values measured by Schmidt hammer, respectively. See text for more discussion. This

figure is available in colour online at wileyonlinelibrary.com/journal/espl
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two data sets is small (0.40+0.20m Myrq). Moreover, if we
recalculate the soil production function with even ten times
the probable eroded soil thickness (i.e. 90 mm thicker soils),
the function does not differ from Equation (1). Such an insignif-
icant difference in the soil production rates comes from the
high concentrations of cosmogenic nuclides due to the high el-
evation of the plateau.

The exponentially decreasing pattern of soil production rate
with depth that we observed in the study area is consistent with
those of previously published global soil production data
(Figure 9). One interesting aspect of the pattern of our soil
production function is the relatively low value of decay
constant in the function (~ —0.007), which is the inverse of
e-folding depth, such that the difference in soil production
rates between shallow and thick soil thickness is not substantial.
Namely, the soil production rate beneath thick soil cover is
relatively higher than for previously observed soil production
functions, and, therefore, the depth dependency of soil produc-
tion rates is not as high as those found in other areas.

A recent study (Dixon et al., 2009), which also reported an
uncertain depth dependence of soil production rate at a high
altitude soil-mantled landscape, suggested possible reasons
for the uncertain depth dependency: overland flow erosion oc-
curring as a dominant transport process rather than biotically or
freeze-thaw driven hillslope process erosion; soil depths tempo-
rarily out of local steady state; and analytical anomalies in the
samples. The erosion of the Daegwanryeong Plateau is, how-
ever, not dominated by overland flow but by frost creep (Kee,
2002), and therefore the soil production in the study area is also
likely to be controlled by the same processes (Heimsath and
Jungers, 2013). Moreover, unlike the relationship of Dixon
et al. (2009)’s data, the depth dependency of soil production rate
is weak in our data (R*=0.42). Although we cannot exclude any
possibility of either the soil depths being out of local steady state
or anomalies in the samples, the weak depth dependency may
originate from the natural soil production processes.

Although an explicit consideration of the role of bedrock
weathering status has not been tightly integrated into soil pro-
duction mechanisms, the weak dependency of soil production
rate on soil thickness may result from the easily breakable bed-
rock in the study area. Most of our study area is underlain by
chemically weathered, deep saprolites that are easily disaggre-
gated by hand. The physical resistance of chemically weathered
bedrock to deformation under stress is so small (Begonha and
Sequeira Braga, 2002) that the saprolites at the bottom of the soil
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= Study area -0.010 Daegwanryeong
5 -0.015
= \ -
= -0.020
E
g 107 -0.025
% -0.030
e
o -0.035
2
- 1
£ o 0.040 :
= -0.045 1
(2 1
-0.050 :
A 0.055- B e
10% 20 40 60 80 100

layer are likely to be easily perturbed by living organisms and frost
cracking. Because we found no evidence for bioturbation, such as
macro fauna burrowing in the study area, we believe that the
highly weathered bedrock coupled with frequent frost action en-
ables the weak dependency of soil production rate on thickness.

To test the effect of frost cracking on the pattern of our soil
production data, we calculated frost cracking intensity based
on the assumption that segregation ice-lens growth is an effi-
cient frost shattering mechanism (Murton et al., 2006) and that
the maximum ice-growth rate is attained within the ‘frost-
cracking window’ (Anderson, 1998). First, we estimated the
representative profiles of underground temperature of the study
area through time and depth using a one-dimensional heat con-
duction model given a sinusoidal surface temperature variation
(Hales and Roering, 2007) (Figure 10(A)). Then, we calculated
the temperature gradient, with which the growth rate of
segregation ice varies (Worster and Wettlaufer, 1999), through
the depths where the temperature is between —3 and —8°C
(i.e. frost cracking window) (Figure 10(B)). Finally, all temperature
gradients were summed up over the course of an annual cycle to
quantify the rate of segregation ice growth (Figure 10(C)).

The modeled underground temperature profiles show that
frost cracking could occur frequently within the study area. As-
suming that the annual sum of the temperature gradient is a
proxy for the frost cracking intensity, our data suggest that frost
cracking intensity is not highest near the surface but rather at
depth (Figure 10(C)). Since the physical strength of the saprolites
is low, the saprolites may be more disturbed by the frost cracking
than unweathered bedrock. Consequently, the potential strength
variation of saprolites with depth may be directly influenced by
the variation of frost cracking intensity with depth. This implies
that the saprolite at some depth with lower strength due to more
intensive frost cracking may be more susceptible to being
entrained into the mobile soil (Anderson et al., 2013). If this is
the case, then the soil production rate at deep depths (>30cm)
might be higher than it would be in areas not underlain by sap-
rolite (Figure 11). The soil depth at which the frost cracking in-
tensity peaks in our simple simulation could be a basis for a
hump-back shaped soil production function rather than the ex-
ponentially decreasing function. However, the potential effect
of variation of the frost cracking intensity on the soil production
processes in the study area does not appear to dominate those of
the depth-dependent soil production processes, because the ob-
served weak exponential decline of soil production rates is far
from the potential humped soil production curve.

Soil Thickness [cm]

Figure 9.

Exponent Value of Soil Production Function

Comparison with global soil production data. (A) Soil production function observed here with worldwide compilation of the previously pub-

lished soil production functions (Heimsath et al., 1997, 2000, 2001a, 2001b, 2005, 2009, 2012; Dixon et al., 2009; Owen et al., 2011; Larsen et al., 2014).
(B) Box plot showing both our exponent value (—0.0068) and the range of the exponent values of the previously published soil production functions (n=12,
mean = —0.0309, minimum = —0.056, maximum = —0.017). This figure is available in colour online at wileyonlinelibrary.com/journal/espl
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Figure 10.

(A) Representative underground temperature profiles of the study area with a mean annual temperature of 5 °C and an annual temper-

ature variation of 14 °C, which are the results of the heat flow model by Hales and Roering (2007), at time steps 1 (spring), 91 (summer), 181 (autumn),
and 271 (winter). These temperatures used in this model are calculated using the data from the nearest climate observatory at 772 m (http://www.kma.
go.kr) and digital climate model provided by the National Center for Agro Meteorology (http://www.ncam.kr), and the temperature profile is also
corrected by the underground temperature data observed in the study area (Lee, 1992). (B) Representative temperature gradient with depth at time
step 271 (winter) of the study area. (C) Representative annual sum of temperature gradient with depth of the study area. This figure is available in col-

our online at wileyonlinelibrary.com/journal/espl
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Figure 11. Conceptual model illustrating the potential impact of

highly weathered bedrock coupled with frequent frost action on the soil
production function in the study area. Dashed line (- --) represents a
typical soil production function by depth dependent soil production
mechanisms. Low resistant bedrock in the study area (i.e. chemically
weathered saprolite) could reflect well the effects of the intensive frost
cracking on soil production (dotted line). Therefore, the coupling of
these two processes may lead to a weak depth dependence of soil pro-
duction rate with depth (solid line).

Development of the Tors

The denudation rates of the samples from the top surfaces of the
two lower tors (S13, $28), which are plotted as zero-depth sam-
ples shown by squares in Figure 7, reflect unweathered bedrock
denudation rather than soil production processes. They are lower
than even the lowest soil production rate (S5) that is indicative of
the lowest soil surface lowering rate, and thus the tors in the study
area are expected to grow continuously once they are exposed.
Additional data of the samples taken vertically from the tallest
tor in the study area provide an opportunity to reveal a detailed
history for tor development, as well as soil lowering around the
tor. If a tor has emerged steadily rather than episodically, then nu-
clide concentrations from the tor profile samples would increase
upwards from the ground surface (Heimsath et al., 2001a,

Copyright © 2015 John Wiley & Sons, Ltd.

2001b). Given the similar exposure ages (i.e. OBe concentra-
tions) of all the samples from the tallest tor (Figure 8), the soil-
mantled ground surface around the tallest tor is likely, instead,
to have been suddenly lowered since the exposure of the tor. Al-
though we cannot exclude any possibility for localized hillslope
slump exposing the tor, comparison of the samples from the
tallest tor with those from the two lower tors and supplementary
field observations do not support this notion.

First, field observations from the top surface of the tallest tor
suggest that the tor may have been eroding episodically by
block disintegration along a joint plane rather than by steady,
grain-by-grain spallation. The tor for profile sampling is the
tallest in the local area, and thus its exposure age is expected
to exceed those of the other tors. Conversely, its exposure age
(S25) is younger than those of other shorter tors (513, S28)
(Figure 8(A)), and also younger than even those of both the mid-
dle (S26) and bottom (S27) points of the tallest tor. Moreover, its
denudation rate is marginally greater than those of the shorter
tors (Figure 8(B)). Considering that the Schmidt hammer re-
bound value of sample point S25 is similar to those of other
sample points (Figure 8(B)), it is unlikely that the difference in
calculated denudation rate is related to a difference in the de-
gree of weathering. Given that the tallest tor has a flat, instead
of domed, top surface (Figure 4(F)), the top surface of the tor
might have been recently eroded by an episode of block disin-
tegration that would yield a lower '°Be concentration and
higher denudation rate than would otherwise be the case. Sec-
ond, the side of the tallest tor might have been eroded by strong
winds for some periods of its history. In the study area, trees
deflected and tors abraded by strong wind are observed across
the ridges of hillslopes (Kee, 1999). Since the middle sampling
point (S26) is indented unlike the bottom point (S27) (Figure 4(F)),
and faces the west from which most winds blow, the sampled side
of the tor also might have been eroded by strong winds during
some period (prior to 19 000 years ago) characterized by a cold
and arid peri-glacial environment. This accelerated erosion by
strong winds could account for the similar '°Be concentrations
of S26 and S27 to that of $29.

Although our '°Be data from the tallest tor cannot answer the
question of whether the tor emerged or the ground surface has
been lowered steadily or not, the combined analysis based on
both our '°Be data and field observations indicates that the tors
in the study area emerged recently and that growth of the tors
may have not been consistent due to intermittent block
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disintegration and intensive erosion by strong winds during
colder and windier periods in the past. Furthermore, these re-
sults also imply that application of cosmogenic nuclides for un-
derstanding tor development or soil denudation should be
carefully carried out corresponding to field specific conditions.

Transient state of the landscape

Because soil production values equate to a ground surface lower-
ing rate at the point, comparison between soil production and
catchment-wide denudation rates enables testing the potential
equilibrium state of the landscape. If the catchment-wide denuda-
tion rates are equivalent to the soil production rates, the landscape
of the Daegwanryeong Plateau would be in morphological equi-
librium. We observed, instead, that the mean soil production rate
is significantly lower than the mean catchment-wide denudation
rate (Figure 7). This suggests that broadly convex hilltops are erod-
ing more slowly than other parts of the study area, because the
sampled sites for soil production rate are mostly located at the
convex ridge tops of soil-mantled hillslopes.

Although we need more soil production data from other parts
of the plateau to fully address the disconnect between
point-specific soil production rates and the catchment-wide
denudation rates, such a difference could imply that recently
accelerated stream incision has not fully propagated to the up-
per convex part of the hillslope (Hurst et al., 2012) and thus the
sub-catchments in the plateau exist in a transient state. This
transience could be driven by sudden changes in bedrock
incision rates, such as the change supported by our data.
Namely, the landscape of the Daegwanryeong Plateau has
been denuding constantly in the long-term, but it has been in
a transient state triggered by intermittent base-level lowering
events in the short-term.

Landscape evolution of the Daegwanryeong
plateau

The long-term landscape evolution of the Daegwanryeong
Plateau remains poorly constrained. Previous studies (Kim,
1973, 1980) suggest that the currently observed low-relief, hilly
landscape is the remnant of an uplifted, paleo erosional sur-
face. According to their interpretation, the initial surface or
landscape of the plateau had formed at a paleo sea level before
the mid-Miocene at latest, and then had been maintained to
date. If this interpretation is true, the denudation rate of the
Daegwanryeong Plateau should be extremely low to maintain
its initial landscape, and the paleo denudation rate of the initial
surface should be preserved. However, although the data that
we report here spans only the late Quaternary, they do suggest
that the current landscape of the Daegwanryeong Plateau does
not reflect the probable initial landscape of a paleo erosional
surface and is, therefore, not a paleo surface.

First, comparison of our denudation data with those from
other paleo-surfaces shows that the denudation rate of the
Daegwanryeong Plateau is not comparatively low (Supplemen-
tary Figure 4). The denudation rates based on cosmogenic
nuclides from global paleo-surfaces under diverse climates
(dry to wet), altitudes (low to high), surface materials (exposed
rock to thick weathered profile), and tectonic settings (stable
to active) do not exceed ~20m Myr ™', and are distinctly differ-
entiated from those of the regions around the paleo-surfaces
(Vanacker et al., 2007; Walcek and Hoke, 2012). The denuda-
tion rates in the Daegwanryeong Plateau are, instead, two to
ten times greater than those of other paleo-surfaces. We cannot
provide the exact criterion on the range of denudation rate to

Copyright © 2015 John Wiley & Sons, Ltd.

enable interpretation as a paleo-surface. However, if the aver-
aged denudation rate in the study area (~93m Myr™") is
thought to have been similar since the time when the
Daegwanryeong Plateau might have formed (the mid-
Miocene), then at least 1800 m of landscape overlying the cur-
rent plateau surface would have been eroded. Such a huge
amount of erosion would never permit the initial landscape of
the Daegwanryeong Plateau to be maintained without substan-
tial modification. Moreover, the transient state of the landscape
corresponding to intermittent base-level lowering events in the
short term might also make it difficult for the landscape to
maintain its initial form.

Second, the exposure ages of the sparsely distributed tors un-
derlain by deep saprolites in the Daegwanryeong Plateau range
from 23 to 41 Ka, and their denudation rates are on average
20m Myr~". Moreover, the tallest tor is shown to have been re-
cently eroded by overburden block disintegration. These results
imply that the tors have developed rapidly since the late
Quaternary. Previous work interpreted the tors as fossil land-
forms that originated from core stones formed by deep
weathering under much warmer and humid climate conditions
before at least the late Tertiary, and then exhumed by the
stripping of overlying saprolites under the colder climate in the
Quaternary (Kim, 1980). This interpretation provided another
basis for the longevity of the Daegwanryeong Plateau. How-
ever, this argument would be compelling only if the eroded
amounts of the overlying saprolites were very small and the
denudation rates of the tors were extremely low. The combina-
tion of substantial soil production since the early Quaternary
(~100 m=50m Myr~" averaged soil production rate in the study
area x 2 Myr) and the relatively rapid tor development suggests
strongly that the tor formation does not reflect Tertiary processes.

Third, the averaged bedrock incision rate within the
Daegwanryeong Plateau is similar to that of the westerly drainage
of the plateau, which does not include any low-relief landscape
feature. Previous studies reported the marked discrepancy in
denudation rates between paleo-surfaces and their surrounding
areas (Vanacker et al., 2007; Walcek and Hoke, 2012). In
contrast, the similarity of our bedrock incision rate to that of
surrounding areas raises the possibility that the landscape of the
plateau has not been controlled by the paleo incision rate that
formed the paleo-surface, but by the modern incision rate after
the neo-tectonic activity of the Korean Peninsula. Further investi-
gation into the denudation rates of the catchments surrounding
the plateau will help confirm this interpretation.

Our cosmogenic interpretation shows that the Daegwanryeong
Plateau is not a paleo-surface, and thus its low-relief landscape re-
mains enigmatic. One possible explanation for the low relief
could be the deeply weathered saprolites in the plateau. Easily
erodible surface materials, especially in a tectonically quiescent
region, are likely to lead to a low-relief landscape compared with
the high-relief landscape in the surrounding areas of more resis-
tant lithology (Song, 1994). Moreover, the saprolite likely enables
easier modification of the probable initial form of the plateau into
the current, rounded hillslopes, which are regarded as the final
morphology from diffusive hillslope processes regardless of the
initial form of the landscape (Fernandes and Dietrich, 1997;
Anderson, 2002). Although our data do not resolve the origins
of the plateau, they do suggest specific avenues for further re-
search to help resolve what processes generated the low-relief
landscape of the Daegwanryeong Plateau.

Conclusion

We applied several cosmogenic nuclide techniques to establish
a comprehensive understanding of the landscape development
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of a high-altitude, low-relief area (HLA), specifically the
Daegwanryeong Plateau of the Korean Peninsula. Our denuda-
tion data provide quantitative information on the key
geomorphic processes that have acted on the plateau: (1) the
base-level lowering rate in the plateau is consistent with the
regional tectonics of the western part of the Korean Peninsula;
(2) the catchment-wide denudation rates of the plateau are
mainly controlled by the bedrock incision rate within the pla-
teau, rather than the surface processes driven by topographic
features or alpine climate; (3) the soil production function we
observed shows weak depth dependency that may result from
highly weathered bedrock coupled with frequent frost actions
under the alpine climate; (4) the lower soil production rates
than the catchment-wide denudation rates indicate that the
landscapes in the plateau are in a transient state; and (5) the tors
once regarded as fossil landforms from the Tertiary have devel-
oped since the late Quaternary, and thus do not reflect Tertiary
processes.

The rapid denudation compared with those of global paleo-
surfaces and the reported development processes of the
Daegwanryeong Plateau suggest that the plateau cannot have
maintained the initial landscape of paleo-surfaces that formed
near a paleo sea level and thus is not a paleo-surface. Low relief
of the Daegwanryeong Plateau may simply result from easily
erodible surface materials over a tectonically quiescent region.
Although our data do not clearly resolve the origin of the
Daegwanryeong Plateau, they contribute to understanding
both the active geomorphic processes and the evolution of an
actively eroding upland landscape, as well as calling into ques-
tion our interpretations of supposed paleo-surfaces around the
world. Furthermore, our comprehensive approach adapted to
the Daegwanryeong Plateau could be a new standard for inves-
tigating other HLAs around the globe.
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