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Abstract Mass movement can be activated by earthquakes, rapid
snowmelt, or intense rainstorms in conjunction with gravity.
Whereas mass movement plays a major role in the evolution of a
hillslope by modifying slope morphology and transporting material
from the slope to the valley, it is also a potential natural hazard.
Determining the relationships of frequency and magnitude of land-
slides are fundamental to understanding the role of landslides in the
study of landscape evolution, hazard assessment, and determination
of the rate of hillslope denudation. We mapped 735 shallow and
active landslides in the Paonia to McClure Pass area of western
Colorado from aerial photographs and field surveys. The study area
covers ~815skm®. The frequency-magnitude relationships of the
landslides illustrate the flux of debris by mass movement in the area.
The comparison of the probability density of the landslides with the
double Pareto curve, defined by power scaling for negative slope (),
power scaling for positive slope (), and location of rollover (t),
shows that =11, 3=1.9, and t=1,600m” for areas of landslides and
a=115, 3=1.8, and t=1,900m> for volumes of landslides. The total
area of landslides is 4.8 x10°m? and the total volume of the landslides
is 1.4x10’m>. The areas (A) and the volumes (V) of landslides are
related by V=0.0254xA"*®. The frequency-magnitude analysis
shows that landslides with areas ranging in size from 1,600 to
20,000m* are the most hazardous landslides in the study area.
These landslides are the most frequent and also do a significant
amount of geomorphic work. We also developed a conceptual model
of hillslope development to upland plateau driven by river incision,
shallow landsliding, and deep-seated large landsliding. The gentle
slope to flat upland plateau that dominated the Quaternary land-
scape of the study area was modified to the present steep and rugged
topography by the combined action of fluvial incision and glacial
processes in response to rock uplift, very-frequent shallow landslid-
ing, and less-frequent deep-seated landsliding.

Keywords Landslides - Frequency-magnitude relationship -
Hillslope denudation - Landscape evolution

Introduction

Landslides, complex natural phenomena, are the results of the vari-
ety of geomorphic, geologic, and hydrologic factors which predis-
pose hillslopes to instability. Events like earthquakes, intense
rainfalls, and snowmelt trigger cascading of mass from slopes
(Delgado et al. 2011; Jones and Preston 2012). Landslides play a
significant role in the modification of the hillslope by transporting
sediments from a slope to the base of that slope (Levy et al. 2012).
Most shallow landslides result from triggering by rainfall and earth-
quakes and are important tools in contributing to sediment yield
(Burton and Bathurst 1998; Glade 2003; Lin et al. 2012). The amount
of debris mobilized by landslides depends on a combination of the
spatial distribution and frequency of triggering events, the number
of failures triggered in a given event, the probability distribution of
landslide volume for such a triggering event and the flux of the
debris from landslides into the channel network (Stark and
Guzzetti 2009).
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For at least four decades, researchers have been investigating the
relationships of magnitudes and frequencies of landslides in differ-
ent lithological and geomorphological terrains to understand the
role of landslides in sediment yield, landscape evolution, and as
hazards (Fujii 1969; Whitehouse and Griffiths 1983; Noever 1993;
Somfai et al. 1994; Hovius et al. 1997; Pelletier 1997; Crozier 1999;
Crozier and Glade 1999; Hovius et al. 2000; Dai and Lee 2001; Stark
and Hovius 2001; Guzzetti et al. 2002; Martin et al. 2002; Brardinoni
and Church 2004; Guthrie and Evans 2004a, b; Malamud et al. 2004;
Korup 2005; Guthrie and Evans 2007; Guzzetti et al. 2008; Stark and
Guzzetti 2009; Larsen et al. 2010). The magnitude of a landslide,
defined as the capability to produce change and or the energy
associated with the detached mass (Corominas et al. 2003), is repre-
sented by the area of a landslide scar (Hovius et al. 1997, 2000), the
total area of a landslide (Pelletier 1997; Guzzetti et al. 2002), or the
volume of the material displaced by a landslide (Hungr et al. 1999;
Dai and Lee 2001). Frequency of landslides is defined as the number
of landslides related to a single event or the various events that
occurred in the past. Almost all investigators obtained a power
relationship between the frequencies and magnitudes of landslides.
Interestingly, a rollover effect appears on a graph of frequencies and
magnitudes. A rollover is a point from where the frequency-magni-
tude relationships of smaller landslides cannot be explained by the
power law representing the frequency-magnitude relation of large-
and medium-sized landslides. Reasons for the rollover have gener-
ally been attributed to an inability to consistently resolve and map all
small landslides at a given scale (Hungr et al. 1999; Stark and Hovius
2001; Brardinoni et al. 2003; Brardinoni and Church 2004), physical
condition of the hillslope on which the landslides occur (Pelletier
1997; Hovius et al. 2000; Guzzetti et al. 2002; Martin et al. 2002;
Brardinoni and Church 2004; Guthrie and Evans 2004a, b), conse-
quence of material strength limiting the number of small slides and
the overall slope geometry that limits the number of very large slides
(Pelletier 1997; Guzzetti et al. 2002), and self-organized criticality
(Noever 1993; Hergarten and Neugebauer 1998). Pelletier (1997)
suggested that the rollover might represent the transition from a
resistance controlled by friction (large landslides) to a resistance
controlled by cohesion (small landslides).

The geomorphological expression of the landscape develops by
the transfer of mass from unstable zones on steep slopes and high-
lands to fluvial and coastal lowlands by integrated erosional pro-
cesses of wind, water or ice, and mass movements. Comparatively,
landslides transfer considerable volumes of slope material and play
an important role in shaping the landscape. In many humid upland
landscapes, evolution of the hillslope is dominated by landsliding
across a wide range of length scales (Anderson 1994; Gerrard 1994;
Greenbaum et al. 1995; Schmidt and Montgomery 1995; Burbank et
al. 1996). This nature of landslides can be quantified in terms of the
geomorphic work. The work performed by a landslide is defined in
terms of destructiveness (Evans 2003; Malamud et al. 2004), frag-
mentation energy (Locat et al. 2006), runout (Hungr and Evans 2004;
McClung 2000), volume (Innes 1983; Hovius et al. 2000; Martin et al.
2002), combination of volume and expected velocity (Cardinali et al.
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2002; Reichenbach et al. 2005), or the product of magnitude (size)
and frequency or probability of landslide occurrence (Guthrie and
Evans 2007). Large landslides displace large volumes of materials
and leave geomorphic signatures for many years (Korup 2006;
Guthrie and Evans 2007). But the frequency of occurrence of large
landslides is very low. In contrast, small landslides are frequent but
displace only very small amounts of slope material at a time.
Furthermore, the signatures of the small landslides disappear in a
short period of time (Guthrie and Evans 2007). Although much
research has been done to document the morphology and
mechanics, susceptibility and slope stability of landslides, re-
search into the role of magnitudes and frequencies of land-
slides on the evolution of the landscape is still needed. Recently, a
few studies have been conducted on a regional scale to understand
the contribution of landslides to landscape evolution (Korup 2006;
Guthrie and Evans 2007).

The primary goals of this study are: (a) to determine the
characteristics of the shallow landslides in Paonia-McClure Pass
area of western Colorado by using frequency-magnitude relation-
ships, (b) assess the area-volume relationships, and (c) assess the
geomorphic work of these landslides. To achieve these goals, the
following objectives must be met: (1) prepare a landslide inventory
map; (2) develop a model that approximates the hillslopes before
the landslides occurred and calculate the volume of soil displaced
by the landslides; (3) obtain frequency-magnitude relationship
curves and compare the frequency-magnitude relationship curves
with a double Pareto model to determine the power scaling pa-
rameters for small-, medium-, and large-sized shallow landslides;
and 4) determine the most important range of the sizes of shallow
landslides which yielded most of the sediments. Moreover, the
study also estimates the rate of hillslope denudation based on
the shallow landslides occurring for the last ~100 years and dis-
cusses the geomorphic evolution of the area in terms of the
channel incision, shallow landsliding as a process response of
channel incision, and the upslope steepening of the hillslopes by
deep-seated large landslides.

The study area

The study area, located in west-central Colorado (Fig. 1), extends
from Paonia to McClure Pass (N 38°43'00", W 107°37'30" to N
39°10'30", W 107°10'00”) and encompasses ~815 km®. General
access to Paonia-McClure Pass is gained by Colorado Highway
133. Foot trails and forest roads provide access from the highway.

The climate of the study area has average annual temperatures
ranging from 1.8 (minimum) to 18 °C (maximum) based on the
1905-2005 data of Paonia 1SW climatic station (Western Regional
Climate Center 2012). Precipitation is primarily the result of sum-
mer convective thunderstorms. The area also receives winter pre-
cipitation in the form of snow. Average annual precipitation is
400 mm based on the 1905-2005 data of Paonia 1SW climatic
station (Western Regional Climate Center 2012). Vegetation of
the area consists of grasses, aspen groves (Populus tremuloides),
and pines (Pinus edulis). The landcover/landuse in the area is
forest, woodland, shrub, and grassland.

Very few studies on landslides have been conducted in the
study area. Reconnaissance research on mapping landslides and
landslide hazards from Paonia to the Hotchkiss area was complet-
ed by Junge (1978) and cover part of the study area. The Colorado
Geological Survey studied major landslides and listed the area as
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sixth on the 2002 priority list for the Colorado landslide hazard
mitigation plan (Rogers 2003). A study on mapping susceptibility
to shallow landslides in the area between Paonia and McClure Pass
has been performed by Regmi et al. (20104, b, 2013). But, no study
has focused on the frequency-magnitude characteristics of the
landslides and the contribution to sediment yield and landscape
evolution.

Geomorphology and geology
The area has rugged topography and a dendritic drainage pattern
(Fig. 2). The North Fork of the Gunnison River is the major river
and drains about 2,500 km? of forested mountainous terrain into
the Gunnison River (Jaquette et al. 2005). The elevation ranges
from 1,712 to 3,883 m with the lowest elevation on the flood plain of
the North Fork of the Gunnison River at Paonia and the highest
elevation at Chair Mountain (Fig. 2). The hillslope morphology in
the area varies. Most of the small mountains have steep slopes and
flat mesa-like tops, whereas mountain highlands have sharp ridges
and steep slopes in the form of horns, arétes, and glacial cirques.
The study area exhibits three different lithologies: (1) Cretaceous
sedimentary rocks including sandstone, shale, mudstone, and
claystone; (2) Tertiary igneous rocks, including basalt and granodi-
orites; and (3) various Quaternary deposits all with different geolog-
ical ages (Fig. 3). Basalt caps many mountains, whereas rocks
adjacent to the basalt cap have been stripped away by glaciation,
mass movements, and river erosion. These processes left till and
colluvium on most of the lowlands and middle slopes. Bedrock is
dominant along the steep ridges and fluvial deposits fill the valleys.
All processes over long geological time formed the river valleys.

Landslides

The area exhibits two major groups of landslides: (1) shallow land-
slides and (2) large deep-seated landslides. Shallow landslides are
defined as modern (<100 years) and have an area of <160,000 m*
and average depth to the slip surface of <10 m. Large deep-seated
landslides are defined as paleolandslides (probably hundreds to
thousands of years) and have an area of >160,000 m* and average
depth to the slip surface of >10 m. Only shallow landslides (Fig. 3)
were used to study the frequency-magnitude relationship, area-
volume relationship, sediment yield, and geomorphic work of land-
slides. The large deep-seated landslides (Figs. 2 and 4) were
excluded because huge uncertainties will be incorporated into
the analysis if landslides of ages ranging from a year to
thousands of years were analyzed together. In this study, large
deep-seated landslides were used only to discuss the contri-
bution of landslides to landscape evolution.

Shallow landslides (modern landslides)

We mapped 735 distinguishable boundaries (Fig. 3) of shallow land-
slides (<160,000 m®) including debris flows, debris slides, soil slides,
and rockslides from the National Agriculture Imagery Program
(NAIP) orthorectified color aerial photographs of 1:12,000 scale
acquired in 2005 and US Geological Survey (USGS) black and white
orthorectified aerial photographs of 1:12,000 scale acquired in 1993
(Figs. 4 and 6). These landslides, mostly found on 15° to 40° slopes
(Fig. 5a), comprised sandstone, mudstone, and colluvial deposits in
close proximity to rivers. The area of these landslides ranges from 85
to 1.6 xX10° m? and the average thickness is ~1.9 m (Fig. sb). Among
these landslides, small- and medium-sized landslides occur in



Grand Mesa
® (3050 m)

|
39 00'N

Legend
® City location
— River
Road
Study area

Hotchki§s
(1,620 m)

McClure Pass
(2,680 m)

W

T
38 45'N

0 5 km
[ E—

Paonia— McClure Pass Study Area

NE
Study Area | ——
L]

uT|Cco KS
AZ|NM | ok

Fig. 1 Paonia—McClure Pass study area. W Wyoming, NE Nebraska, UT Utah, CO Colorado, KS Kansas, AZ Arizona, NM New Mexico, OK Oklahoma

divergent and convergent parts of the slopes, whereas large land-
slides occur in almost planar parts of the slopes (Fig. 5¢). Debris flows
mostly occur on the convergent parts of the slopes, rock slides and
debris slides occur mostly on planar slopes, and soil slides occur
everywhere. Interestingly, most of the larger landslides are rock slides

(B 5> )

and most of the smaller landslides are soil slides. Similarly, on average,
debris flows have the largest runout length to width ratio and the soil
slides have the smallest runout length to width ratio (Fig. 5d).

In areas where soil slides, debris slides, and debris flows oc-
curred, the thin cover of the regolith above the bedrock moved

Fig. 2 A hillshaded map showing topography of the study area (figure modified after Regmi et al. 2010b). The area is composed of river floodplains and upland plateaus,
steep slopes in the close proximity of the North Fork Gunnison River and associated tributaries; upland slopes is composed of large deep-seated landslides (DL) and tall
and steep mountains. The elevations of the river floodplains at different locations and plateaus are shown
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Fig. 3 A map showing shallow landslides and types of lithology present in the study area. The landslides were mapped as polygons. The area is mostly composed of alluvial,
glacial, talus, and colluvial deposits of Quaternary Period. Colluvial deposits represent mostly the sediments deposited by landslides and mudflows. Major rock types in the area
include: Tertiary igneous rocks; claystone, mudstone, and sandstone lenses of Tertiary Wasatch Formation; sandstone, mudstone, and shale of Upper Cretaceous Mesaverde
Formation; and shale and mudstone of Upper Cretaceous Mancos Shale. A detailed lithologic description can be found in Regmi (2010) and Dunrud (1989)

under the effect of gravity and increased pore-water pressure between the soil and the underlying bedrock is abrupt. The rego-
(Fig. 6). In most of the rock and soil landslides, the boundary lith is cohesionless, has low bulk density, and contains fragments

<+— Paonia Reservoir

Fig. 4 Shallow and deep-seated landslides around the small community of Somerset (figure modified after Regmi et al. 2010a). The image shows a 3-D view towards the
west. Rockslides (Rs) occur mostly on steep slopes. The entire hillslope, shown in zones A, B, and C, is active. Zones A and B are dominated by shallow- and deep-seated
landslides. The hummocky landform in zone B and the southern slope of Somerset (zone C) are dominated by active debris flows. Only shallow landslides from these
zones were mapped for the analysis. The largest river in the area flowing east-west is the North Fork of the Gunnison River; Colorado Highway 133 trends parallel to the

river. The vertical scale of the image is exaggerated twice
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of rocks. The underlying rock is highly fractured, gently dipping
and has considerable cohesion as well as frictional strength. The
loose regolith conducts more water than the bedrock. Because the
highly fractured underlying bedrock may conduct large amounts
of water (Wilson and Dietrich 1987; Johnson and Sitar 1990;
Montgomery et al. 1997), we consider that the rockslides in the
area are probably the result of the rock fractures and pore-water
pressure generated by subsurface flow. The main reason for the
rock fractures is sufficient moisture coupled with great depth of
the frost penetration in winter. Furthermore, many landslides
occurred between the boundary of hard rocks (sandstone and
plutonic rock) and soft rocks (mudstone and shale). An interface
of differential shear strength also contributed to these landslides.

Only very limited sources describe the occurrence of shallow
landslides prior to 1993. Debris flows occurred in many parts of the
area during intense rainfalls in 1975, 1983, 1984, 1985, 1986, and 1987
(Rogers 2003). Based on these events and the lack of vegetation, we
assumed many of the medium and small shallow landslides were
initiated then. One large shallow landslide in the area has been
dated back to the 1940s (Rogers 2003).

Large deep-seated landslides (paleolandslides)

We also identified and mapped locations of large deep-seated land-
slides (>160,000 m*) from NAIP orthorectified color aerial photo-
graphs of 1:12,000 scale acquired in 2005 and USGS DEM of 10-m
horizontal resolution (Figs. 2, 4 and 6). These landslides are found on

the gentle slope of higher elevations and along the edges of the
upland plateaus. The surfaces of these landslides are densely vege-
tated and indicate the landslides are very old (probably hundreds to
thousands of years). The headscarps of some of the large landslides
are still active and produce shallow landslides. These landslides
exhibit how shallow landslides contribute to the upslope propagation
of steep edges of upland plateaus and steep heads of rivers and
tributaries in the study area. The information on the large and
deep-seated landslides was not included in magnitude and frequency
analysis but yielded information about landscape evolution.

Materials and methods

The first objective of the study was to map landslides in the study
area. Seven hundred and thirty-five shallow landslides were
mapped by employing a Geographic Information System (GIS)
technique on orthorectified aerial photographs of 1:12,000 scale
acquired for 1993 and 2005. Landslides were identified visually by
distinguishing tone, shape, size, and texture and subsequently
digitized in an ArcGIS® program. Although landslides occurred
as clusters in many locations, individual landslides were mapped
by identifying distinct boundaries, by employing three-dimension-
al visualization in ArcGIS®, and stereo-visualization techniques in
Terrain Navigator Pro® programs. The spatial information of
landslides and attributes of area, perimeter, runout length, width,
volume, type, activity, position on the hillslope, vegetation, main
causes, and damage were collected from aerial photographs,
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Fig. 6 Distribution of shallow landslides on the southern uphill slope of Somerset. a A photograph of the part of the area taken in 2006. b An aerial photograph acquired
in 1993. ¢ An aerial photograph acquired in 2005. These photographs indicate the area is quite active. Although the area has very low frequency of new landslide
occurrence, the photographs show that the old landslides were reactivated and expanded during 13 years of time

historical archives and field surveys. All of these attributes were
linked with spatial information from the landslides and stored in
ArcGIS®. After extraction of landslide data, the location, type, and
activity of all landslides were verified by field mapping.

The second objective of this study was to determine the volume of
slope material displaced by each landslide. Volume, one of the
important aspects in the analysis of geomorphic roles of landslides,
can be used as an indicator of the magnitude of a landslide.
Furthermore, additional information includes the rate of erosion/
denudation, sediment yield, and the degree of hazard and risk of
landslides. But, determination of accurate volumes of landslides on a
regional scale is quite difficult. Researchers have used length, width,
thickness or area of a landslide as a surrogate for volume. The length,
width, and area of a landslide can be measured easily from aerial
photographs and topographic maps. Often, however, these parame-
ters may not provide an accurate estimation of volume. Calculation
of volume from aerial photographs and topographic map is almost
impossible. Volume can be determined by: (1) visual approximation
in the field (Simonett 1967); and (2) analysis using a high-resolution
digital elevation model (DEM) (Regmi et al. 2007). Acquiring field
measurements is expensive, time consuming, and depends on the
judgment of an expert. Estimating volume from a DEM can create
numerous errors, from: (1) the resolution of DEM, (2) the errors in
the DEM itself (Claessens et al. 2005), (3) technique used for DEM
resampling, and (4) the algorithms used in the analysis (Wise 2000).
Use of DEM analysis and expert’s judgment based on field observa-
tion would be a better approach. The volume of each landslide was
calculated by integrating the analysis of the USGS DEM with 10-m
horizontal resolution and field observations. The concept behind this
approach is: if an elevation surface is created by interpolating eleva-
tions of the landslide boundaries, the surface approximates the
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elevation of the slope prior to the slide. When the elevation of a
landslide surface is subtracted from the elevation of slope prior to
the slide, the positive value of each pixel gives the depth of depletion
for that pixel and the negative value gives the depth of deposit for
that pixel. If the depth is multiplied by the cell size, volume of the
debris moved onto that pixel and the volume of the debris moved
from that pixel can be determined. The summation of the positive
and negative values gives the total volume of depletion and accumu-
lation attributable to a landslide.

The third objective of the study was to determine the
probability distribution of magnitudes (area and volume) of
landslides in the study area. Calculation of the probability of
magnitudes for landslide has been discussed in the literature.
Widely used techniques are: cumulative probability curve (e.g.,
Guthrie and Evans 2004a, b), logarithmic binning (Stark and
Hovius 2001), derivative of cumulative frequency (e.g.,
Guzzetti et al. 2002), kernel density estimation (e.g., Guzzetti
et al. 2008), inverse gamma distribution (e.g., Malamaud et al.
2004; Ghosh et al. 2012) and double Pareto distribution model
(Stark and Hovius 2001). In this study, cumulative probability
of the landslides and the probability density function (pdf) of
landslide magnitudes were determined. The cumulative prob-
ability is calculated by dividing the cumulative number of
landslides in descending order of their sizes by the total
number of landslides. The pdf is calculated based on the
Gaussian kernel density estimation method (Eq. 1) in which
the estimate of the bandwidth is determined based on the
Silverman’s Rule of Thumb (Silverman 1984) (Eq. 2). Then the
pdf was plotted against the size of the landslides and the data
were fitted with a double Pareto curve. The double Pareto
curve is developed based on Egs. 3 and 4 (Stark and Hovius



2001). By using Eq. 3, data for the uniform sizes of landslides,
ranging from 1 to m (the maximum size of the landslides),
were simulated in which the probability (n) of the simulated
sizes of landslides range from o to 1. Data for the sizes of
simulated landslides were used in Eq. 4 to determine the
probability density of given simulated sizes of landslides.
The double Pareto curve is compared with the pdf curve of
the real landslide data. To make a close match between these
two curves, variables in the double Pareto equation as positive
slope of the distribution curve (o), negative slope of the
distribution curve (), and rollover of slope (f) were changed
until these curves match.

Fesh = Z k() (1)

—~ __ R —1/
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Where, f is the density estimate, n is the number of the
population, h is bandwidth, d is the dimension, x is the mean,
and x; is the value of ith population, K((x—x;)/h) is the Gaussian

function, h is the bandwidth estimate, and & is the estimate of
standard deviation, and R is the inter-quartile range.
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Where, n=randomly selected uniformly distributed probability
ranging from 6 to 1, = [(1“36), 6 =7 (¢) and c=the minimum size of
the landslide.

The fourth objective of the study was to determine the sizes of
the landslides which occur frequently and assess how much sedi-
ment they moved in the study area. We followed Guthrie and
Evans (2007) and used magnitudes and frequencies of landslides
to determine the geomorphic work performed. The logic behind
this concept is based on the concept of Wolman and Miller (1960).
In this approach, the frequency of landslides is considered as
lognormally distributed and the geomorphic work done by
a landslide of a certain size is determined by multiplying the
probability or frequency and the mean magnitude or size of
the given range of landslide sizes. The size of an event is
determined by converting the sizes of landslides into logarith-
mic form and dividing the logarithmic values into equally
spaced classes, as done by Wolman and Miller (1960) and
Guthrie and Evans (2007). The work and the probability of
landslides were plotted together with the magnitude of

landslides. This plot is used to evaluate the size range of
landslides responsible for observed geomorphic work.

Results

Frequency—magnitude relationships of landslides

The relationships of the frequencies and the magnitudes of the
shallow landslides were studied at two different scales. The first is
the study of landslides at the local scale (Fig. 7a) and the second is
the study of landslides on a regional scale (Fig. 3). Figure 7a shows
the distribution of landslides, including debris flows, debris slides,
soil slides, and rock slides, on two north-facing slopes near
Somerset. The distribution of landslides on those slopes indicates
that the sizes of landslides vary although the geomorphological
and geological conditions are similar. The lower slope contains
predominantly shale and the upper slope contains sandstone over
mudstone. Among 31 landslides, only two landslides are relatively
large landslides (20,000-83,000 m?), 11 landslides are medium-
sized landslides (1,600-20,000 m?®) and 18 landslides are small
landslides (<1,600 m?). The probability distribution of the land-
slides on these slopes (Fig. 7b) shows that the probability of
occurrence or the frequency for large landslides is small than
compared with medium and small landslides. The probability
of occurrence of landslides and the area of landslides (i.e.,
landslide magnitude) are related by a negative inverse power
function for areas of landslides from 1,600 to 83,000 m?
whereas the probability-area relationship for the landslides
smaller than 1,600 m? is different.

A question regarding the frequency-magnitude relationship is:
what causes the difference in the scaling power of the large and small
landslides? All resolvable landslides were mapped from the photo-
graphs shown in Fig. 7a. The probability curve shows that the scaling
is different for small and large landslides with rollover at ~1,600 m>.
The photograph (Fig. 7a) is oblique and represents a very small part
of the landscape. It is possible that we could have missed some very
small landslides from the upper slope, for example, the white patches
indicated by the arrows without “?” symbol. Furthermore, the per-
sistence time of smaller landslides is very low (Guthrie and Evans
2007), because the hillslope processes and vegetation modifies them
very quickly. The topographic depressions shown with “?” symbols
possibly are modified landslide scars. Therefore, failing to map all
small landslides, a reason for the rollover effect proposed by many
authors, could have played a role in the difference of power scaling.
Based on our observations and the large value of ¢ (1,600 m?) in
Fig. 7b, we believe undersampling is one of the reasons for the
rollover. In Fig. 7a, if the characteristics of the landslides are observed
in detail, slope morphology is another factor that controls the sizes of
landslides. Small landslides occur on slopes with relatively smaller
slope angle and slope length. Larger landslides occur, however, on
relatively steeper slopes with large slope lengths. Similarly, the size of
a landslide probably depends on the curvature of the slope. Smaller
landslides can be observed on slopes that have small radius of
curvature or large curvature (very convex or very concave). Larger
landslides occur on slopes with large radius of curvature or small
curvature (nearly planar). In this regard, it can be inferred that the
physical condition of slopes also influences the size of landslides.

Other possible factors that determine the size of landslides can
be the characteristics of the slope material and the magnitude and
frequency of triggering factors. If the characteristics of the slope
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material are the major reason, as described by Pelletier (1997), a
question arises about the spatial variation of the soil characteris-
tics. Evaluating the evenly distributed sizes of the landslides in
each slope unit of Fig. 7a, a local area having relatively similar
lithologies, provides suspicion about the sole dependency of mag-
nitude of landslides on the characteristics of regolith (cohesive or
frictional). Magnitude of a landslide is the response of the cou-
pling effect of the spatial variability of the soil characteristics and
the geometric characteristics of the slope.

Following this example we studied the distribution of the areas
and volumes of 735 landslides in the region from Paonia to
McClure Pass and developed frequency-magnitude curves
(Fig. 8). Figure 8a shows the cumulative percentage distribution
of sizes of landslides (area and volume). Figure 8b shows the plot
of cumulative probability versus the sizes of landslides. Figure 8¢
and d show the plot of pdf versus the sizes of landslides. All curves
show the rollover effect, but the curves developed by plotting pdf
versus the sizes of landslides show negative power scaling for
medium to large landslides and positive power scaling for small
landslides separated by a rollover point. The cumulative distribu-
tion curve flattens rapidly and could be described by several re-
lations. We observed in the field that the sizes of most landslides
are controlled by the slope length, curvature of the slope, and the
characteristics of the materials. The change in the slope profile
from steeper to gentle slopes causes most of the landslides to stop
on the slope and immediately deposit the displaced material.
Many landslides ended in the rivers and on roads. Zones of
convergence are the sites of the frictional regolith where most of
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the medium- and large-sized debris flows and debris slides occur.
Large rockslides and debris slides occur on nearly planar slopes
having shattered rocks and frictional regolith. Soil slides, mostly
small events, occur on all kinds of slope curvatures (convex,
concave, and planar) with soils of slightly cohesive nature.

Figure 8c, d shows that the double Pareto models fit well with the
probability distribution curves for the areas and volumes of landslides.
The probability curve for landslide area rolls at #=1,600 m?, with power
scaling for large and medium landslides as v=1.1 and for small land-
slides as #=1.9. The probability plot for landslide volume rolls at
1,900 m*® with the power scaling value for large and medium landslides
as a=1.15 and the scaling for smaller landslides as 5=1.9. Both curves
show similar trends of power scaling. A small value of o and a large
value of (3 indicate that the distribution has a long tail, which means the
mass movement process in the area is debris dominated. Although 328
landslides have an area less than the area at rollover point (1,600 m?),
the total area of these landslides is only 6 % of the total area of all
landslides and the total volume of the material displaced by these
landslides is only 1.5 % of the total volume of debris mobilized by all
landslides (Fig. 8a). This indicates that the slope material mobilized by
small landslides is very insignificant in comparison to the amount of
slope material mobilized by medium and large landslides.

Area-volume relationship of shallow landslides

Precise or even approximate calculation of the volume of landslides
is quite difficult in the study area. Mountainous regions of western
Colorado are densely forested and often inaccessible. The best way to
estimate the volumes of landslides is by the analysis of aerial
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photographs and DEMs. Similar to the other studies, this study
shows that the areas and the volumes of landslides are related by a
power relationship (Table 1 and Fig. 9). An empirical equation was
obtained (Eq. 5) to estimate the volumes of landslides based on the
least square regression (R*=0.87) of areas (A) and the estimated
volumes (V) of 735 landslides.

V = 0.0254 x A'® (5)

The area-volume relationships of landslides described in six
articles (Table 1) are compared with our results (Fig. gb). The
result is not significantly different from Hovius et al. (1997),
Guzzetti et al. (2008), Innes (1983), and Simonett (1967), whereas
the result is significantly different than those obtained by Korup

(2005) and Guthrie and Evans (2004a) (Table 1 and Fig. 9b). The
equation obtained by Korup (2005) is for very large landslides (A >
1 km?) and may be the reason for results different than this study.

The areas of recorded landslides ranged from 85 to 1.6x10° m>.
The total area eroded by all landslides is 4.8 x10° m* with the average
area of 6,600 m> and a standard deviation of 1.36 x10* m”. The
average thickness of the landslides studied is 1.9 m, and the total
volume of the soil displaced by all landslides is 1.4x10” m? with the
average volume of 20,000 m® and standard deviation of 7x10* m>.
This is a lower estimate of the total volume of landslides because only
distinguishable landslides were considered in the analysis. Only 36
landslides have a volume larger than 1x10°> m? and these landslides
contribute 62 % of the total volume of all landslides. The three largest
landslides (landslide area, 1X10°-1.6X10°> m*) mapped in the area

Table 1 Comparison of the landslide volumes and areas with the results obtained by many researchers around the world

Source

Landslide area range (m?)

Equation

Area of study Mean volume (m°) Landslide type

V=00254xA"* 85-1.6x10° This study Western Colorado 2% 10* Shallow
V=0.0844x A" 170-5.5%10° Guzzetti et al. (2008) Central Italy 3.9%10° Shallow and large
V=0.024xA"® NA Simonett (1967) Central Italy 32x10° Shallow and large
V=0.05xA" 100-1x10° Hovius et al. (1997) Central Italy 5.4%10° Shallow and large
V=002xA"" 5%10*-5x10° Korup (2005) Central Italy 1.43%10° Large
V=00329%xA"* 30-900 Innes (1983) Scottish Highlands ~ NA Shallow

V=0.1549x AL 1,124-4.09%10°

Guthrie and Evans (2004a, b)

British Columbia NA Shallow and large
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Fig. 9 Figures showing volume-area relationships of shallow landslides: a the relationship from the present study and b its comparison with the results obtained by many

researchers around the world

(~0.4 % of total number) account for ~17 % of the total landslide
volume; 58 landslides (landslide area, 20,000-1x10° m*) mapped in
the area (~8 % of total number) account for ~54 % of the total
landslide volume; 346 landslides (landslide area 1,600-20,000 m®)
mapped in the area (~47 % of total number) account for 28 % of the
total landslide volume and 328 landslides (landslide area 85-1,600 m?®)
mapped in the area (~44 % of total number) account for ~1.4 % of the
total landslide volume. These data confirm the importance of large
landslides in determining the total volume of landslide material in the
study area.

The geomorphic work performed by the shallow landslides of different
sizes

The probability and work curves indicate that smaller landslides have
higher probability of occurrence and do less work whereas larger
landslides have lower probability of occurrence and perform more
work (Fig. 10). These curves show that the size of a landslide ~1,600 m*
(3.2 in logio value) has the highest probability of occurrence but the
landslide size ~20,000 m* (4.3 in log1o value) creates the most work. A
range of sizes of landslides which have high probability and high work
are the important landslides for geomorphic effectiveness. This means
the landslides with the range of sizes lying between these two peaks
have potential roles in creating significant geomorphic change from
sediment yield in Paonia-McClure Pass area. About 226 landslides are
found within the area range of 1,600 to 20,000 m® These landslides,
the medium-sized landslides, mobilized about 30 % of the total vol-
ume attributed to landslides.

Spatial distribution of shallow landslides and sediment yield

In addition to the magnitude, the spatial distribution of land-
slides also describes the role of landslides in the evolution of
a landscape. Unstable areas of a landscape tend to have a
cluster of landslides. Landslides in the study area are not
distributed uniformly. They are clustered in 60 regions among
which only eight zones are major (Fig. 11). Major areas of the
landslides are A to H in Fig. 11. Shallow landslides in zones A
and B are influenced by the deep-seated landslides. The flow
structures and the shape of landslides defined by large values
of length/width ratio in zones C, D, E, and G indicate that the
landslides were triggered either by intense rainstorms or by
extensive snowmelt. Landslides in zone F are related to the
weathered and highly fractured rocks. Landslides in zone H
occur in colluvium, glacial till and highly weathered rocks.
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The maximum density of landslide is 13 landslides/km® (Fig. 11a). In
terms of the area, the maximum density of a landslide is 0.347 sq. km
of landslide area per square kilometer of the study area (Fig. 11b).
Similarly, maximum volume of material displaced is 1.3x10° m? from
1 square kilometer of the study area (Fig. 11c).

A map showing the standard deviation of the elevation (SDE) for
each pixel within the circle of 100 m diameter implies that the
geomorphic expression of the area can be differentiated into four
categories (Fig. 12). Zone I is the area of low relief variability (SDE=
0-2 m) and is composed of river floodplains and upland plateaus.
Zone II is the rough and steep zone in close proximity to the streams
and is defined by a contributing area of >10 km* (SDE=5-20 m). The
slopes of the zone result from river incision, erosion and toe cutting
of the slopes. Most of the shallow landslides in the study area occur
in this zone. The geology of the zone II is sandstone and mudstone
that are highly fractured and weathered. The average slope of this
zone is 25.6 £10° whereas the average slope of the entire study area is
17£11°. This indicates that many of the slopes within zone II are more
unstable than the slopes of other areas. Zone III, the upland gentle
slope (SDE=2-5 m), contributes to deep-seated large landslides.
Shallow landslides also occur on the headscarps of the deep-seated
large landslides in this zone. Zone IV is the steep slopes formed by
the rocks and the tall mountains developed by the igneous intrusions
(SDE=>20 m). Rock glaciers, horns, and arétes are the characteristic
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Fig. 10 Histograms showing the probability distribution of the landslide areas in
logarithmic intervals and the work performed by the landslides of each logarithmic
interval. Work is defined as probability x Area and then scaled to fit the graph
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were developed based on the kernel density estimation of each landslide attribute within 1 km? circular neighborhood. Note that all the density maps show clustering of

landslides in 60 clusters, and among them, eight (A-H) are considered major

landforms of this zone. Figure 12a, b shows that a relief variability
map alone can be used to predict the landslides in the area with 75 %
accuracy because most of the shallow landslides in the study area
occurred on steep slopes in close proximity to the rivers and associ-
ated tributaries. Most of the small- and medium-sized debris flows
occurred on the convergent zones of the first-order tributaries
whereas rock slides and debris slides occurred on the nearly planar
steep slopes.
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The ages of the shallow landslides were estimated based on the
oldest landslides recorded by Colorado Geological Survey and
empirical equations developed by Guthrie and Evans (2007). The
oldest landslide recorded by the Colorado Geological Survey oc-
curred in 1940. Based on the equations of the persistence time for
debris slides and debris flows (PDS=2.5834 x A°3>*) and rock
slides and rock avalanches (PRS=6x10"" x A**%*"), the age of the
largest debris flow (155,000 m®) in the study area is obtained as
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Fig. 12 a A map showing the standard deviation of the elevation (SDE) within a roving circular window of 100 m, and b a graph suggesting that the SDE map is quite
effective in predicting existing landslides with 75 % of prediction accuracy (0.75 area under the curve)
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125 years old and the largest rock slide (160,000 m?) is obtained as
225 years old. Only three landslides are larger than 100,000 m*
These landslides account for the 17 % of the total landslide volume.
If we ignore these landslides in the calculation of the rate of
denudation contributed by the landslides, the largest rockslide
has 70,000 m* (~ 80 years old) area and the largest debris slide
is 90,000 m* (~105 years old) area. We ignored the largest three
landslides from the analysis and roughly estimated that the oldest
landslide in the study area is ~100 years old. The shallow land-
slides that occurred before this period were either modified by the
surface processes or covered by dense vegetation.

Based on this estimation of the age of landslides, the volume of the
soil displaced by landslides each year is ~1.2x10° m? and the contri-
bution of shallow landslides to the rate of denudation for the entire
area (815 km”) is at least ~0.15 mm year . The calculated overall rate
of denudation yields a very rough estimate based on a number of
assumptions: (1) each year the same number of landslides occurred,
which is not true, because most of the rainstorm influenced landslides
occurred during 1980s and only 35 landslides occurred after 1993; (2)
the landslides are distributed uniformly within the study area, which is
also false because landslides are clustered in many locations; (3) all
landslides were not mapped because of the scale of the study and
modification of some landslides by vegetation and erosional process-
es; and (4) the time span of the studied landslides is a rough estimate
which based on a generalized equation proposed by Guthrie and
Evans (2007). However, the comparison of this result with the pub-
lished rate of hillslope denudation in many tectonically active terrains
of the world (Lave and Burbank 2004; Roering et al. 2007; Palumbo et
al. 2011) suggests that the result obtained in this study seems accept-
able to explain the response of mass movement in a mountainous area
of western Colorado that is not very active tectonically.

As mentioned above, the approximated rate of denudation in
the entire area is 0.15 mm year '. Whereas most of the landslides
occur in zone II, and the rate of denudation from this zone is
0.20 mm year . This also suggests that zone II is very unstable in
comparison to the other areas.

Contribution of landslides to the landscape evolution

In addition to the frequency-magnitude relationship, geomorphic
work, and sediment yield of landslides, this study briefly describes
the evolution of the landscape in the study area from incision of the
North Fork of Gunnison River and associated streams and the
contribution of shallow and deep-seated landslides in the appear-
ance of the landscape. Fluvial geomorphology in western Colorado is
largely characterized by climatically controlled cycles of aggradation
and incision (Darling et al. 2009). Cycles of aggradation and incision
are generally linked to the glacial and interglacial oscillations
(Sinnock 1981; Dethier 2001; Sharp et al. 2003) and result in a series
of terraces. Older terraces are higher in elevation than younger
terraces (Bull 1991). The study area, composed of many upland
plateaus, shows relict topography of the Quaternary Period. Some
of the plateaus exhibit Quaternary fluvial deposits (probably the
deposits of the ancient Colorado River). The total relief of one of
the plateaus near Somerset, with respect to the nearest point at the
North Fork of Gunnison River, is ~800 m which indicates that the
river incised at least 800 m during the Quaternary period and the
response of the incision is zone II type of geomorphic form. The rate
of incision of the Gunnison River, based on the study at and around
the Black Canyon of Gunnison and Unaweep Canyon in western
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Colorado, varies from 61 to 142 m/Ma (Aslan et al. 2008). Similarly,
the study assessed the incision of the Gunnison River as ~1,550 m
based on the elevation of the 10 Ma old basalt capped Grand Mesa
(Fig. 1) and Delta which indicates that the rate of incision of the
Gunnison River is at least 155 m/Ma.

Based on the field observations of landslides and the history of
incision by rivers in the study area, we developed a simple conceptual
model of the landscape evolution contributed by the incision and toe
cutting of the North Fork Gunnison River and associated tributaries,
shallow landslides and the deep-seated landslides (Fig. 13). Although
the present slopes around the rivers and tributaries of the study area
are not perfectly symmetrical, as shown in Fig. 13, the sketches present
a concept of how the landscape was modified during the Quaternary
to the present time. It is hypothesized that during Quaternary Period
the topography of the area was very gentle with large plateaus most
probably developed by the incisional and aggradational nature of
Ancient Colorado River (?) from Early Miocene to the Quaternary
time (Epis et al. 1980). This concept is supported by a 10 Ma basalt
flow and the existence of ancient fluvial deposits capping many
plateaus (e.g., Grand Mesa) around the study area. The first figure
(Fig. 13a) shows the beginning of the river incision into a large region
of upland plateau. The second figure (Fig. 13b) shows river incision in
close proximity to steep slopes (Sg,>Sg,) because of the base level
being lowered. These slopes also tend to be stabilized by shallow
landslides. The upslope regions change to a more unstable condition
because of the increasing energy (energy=mgh,) on steeper slopes.
The shallow landslides are a process-response reaction to river inci-
sion and frequent toe cutting. With continuous lowering of the base
level, the area develops two distinct slopes (Sc,>Sc,) and the relief of
the upland plateaus increases (h;>h,) (Fig. 13c). The steep slopes
retreat as shallow landslides occur and the upland slopes reach an
instability threshold because of the high energy (mgh,). Because
incision processes are continuous, the high levels of energy present
in the uplands exceeds (mgh, <mgh, <mgh,) the instability threshold.
Under the effect of the gravity, deep-seated large landslides are
produced (Fig. 13d). These deep-seated landslides steepen the upland
gentle slope by propagating upslope (Fig. 13e) and form three types of
slopes (Sg,>Sg, <Sg,). Figure 13e is similar to the topographic profile
of the recent topography nearby Somerset and areas around the
center of the study area. Although the large deep-seated landslides
(paleolandslides) were not introduced in the frequency-magnitude
analysis, we presumed that the frequency of the shallow landslides is
larger than the frequency of deep-seated large landslides. The dense
vegetation on the surface of the deep-seated landslides also suggests
that the frequency of these landslides is very small in comparison to
the frequency of shallow landslides. No deep-seated large landslides
occur on some of the plateaus in the study areas (e.g., upper right
center of Fig. 2). Low relief and hard rock lithology, i.e., sandstone and
mudstone, contribute to this condition. In contrast, this model sup-
ports deep-seated large landslides along the edges of the Grand Mesa
and other mesas having relatively high relief.

The geology of the study area also plays a major role in the
present physiographic expression of the area. Zone II is composed
of fractured and weathered sandstone and mudstone, whereas
zone III is underlined by thick colluvium and glacial till.

Discussion and conclusions
Seven hundred and thirty-five shallow landslides were analyzed to
evaluate the frequency-magnitude relationship and geomorphic
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work of landslides. These landslides were mapped on aerial pho-
tographs acquired in 1993 and 2005. Seven hundred landslides
were identified on the aerial photographs from 1993 and 35 more
landslides were identified on the aerial photographs acquired in
2005. Many landslides were reactivated between 1993 and 2005
(e.g., Fig. 6). The slope varies with the lithology. Most of the
medium to gentle slopes are observed in mudstone and shale
whereas steep slopes are observed in sandstone and intrusive
rocks. The distribution of the slope angles of the landslide surfaces
is different than the distribution of slopes in the total area (Fig. 5).
Slope zone 10-20° is dominant in the entire area whereas slope
zone 20-30° is dominant on landslide surfaces. Most of the land-
slides were observed on slopes ranging from 15-40° with mean
value of 26°. Many of the landslide scars connect to the sediment
deposited at the toe. The total volume deposited for all landslides,
however, is lower than the total volume transported, which in-
dicates that the sediments were washed down the slope. The ratio
of the mass moved down slope to the mass accumulated on the toe
of landslides for small landslides is less than for large landslides.
All curves of probability and magnitude of landslides show a
rollover effect. The double Pareto model of the relationship of
landslide frequency and magnitude (landslide area) shows that
the value of power law scaling for larger landslides is a=1.12 and
power law scaling for smaller landslides is =1.90 and the rollover
in slopes of power curves is a t=1,600 m* (Fig. 8c). Similarly, values
of these parameters for volume of mass moved as magnitudes of
landslides are: a=1.15, $=1.80, and t=1.900 m’ (Fig. 8d). In both
cases, values of power law scaling parameters are quite similar.

These values along with the relationship of areas and volumes of
landslides (Fig. 9), first indicate that the calculation of volume is
acceptable. Second, the curves with high values of the scaling for
smaller and relatively low values of power scaling for larger land-
slides indicate that the movement of the mass is dominated by
debris rather than erosion. The methodology used to determine the
volume is appropriate for medium-sized landslides but is inappropri-
ate for very small and very large landslides. The prior slope of these
landslides may not be smooth and the resolution of DEM is not
sufficient to detect the signature of very small landslides.
Furthermore, if the landslide surface is reactivated, the method gives
the volume transported for the history of the slide. This problem was
corrected based on the field observation of landslide volumes.
Landslide area and depleted volume are also related by power function
(Fig. 9). The result is consistent and not significantly different from the
result determined in other studies around the world (Table 1).
Landslides contributing major amounts of work for the geomor-
phic effectiveness in the area are mostly medium landslides (size
ranging from 1,600 to 20,000 m*) which have medium probability of
occurrence (0.6-0.8) or medium frequency (Fig. 10). Landslides falling
within this range have higher probability and perform more work
compared to landslides of other sizes. The total volume displaced by
the landslides is 1.4x10” m®. The average rate of denudation of the
hillslope is 0.15 mm year . This amount is based on the volume of the
soil mass displaced by 732 landslides (3 landslides out of 735 landslides
were believed to have ages >100 years). Although only 732 landslides
were observed in the last 100 years, this total cannot be true. The study
failed to identify many landslides which occurred in this time
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period because the landslides were either modified by the
surface processes or covered by the dense vegetation so that
the signature of these landslides on aerial photographs and a
DEM is not extractable. Therefore, the rate of denudation
should be higher than the observed value.

First, comparison of the equation for area-volume relationships
of landslides with the equations obtained by others suggests that the
approach used to calculate volume for landslides is valid. Second, the
double Pareto relationship of frequencies and magnitudes of land-
slides in Paonia-McClure Pass area indicates that the mass move-
ment in the area is debris dominated. Although the frequency of the
landslides is low (732 landslides in ~100 years or ~7 landslides in a
year on average), they produce debris that is fluxed into the rivers.
Landslides of sizes ranging from 1,600 to 20,000 m* are the most
hazardous because they occur frequently and play a major role in the
modification or evolution of landscape.

The model describing the contribution of landslides to the evolu-
tion of landscapes in Paonia-McClure Pass area is supported by the
location of the observed deep-seated landslides, observed and predict-
ed shallow landslides, and the landslides doing much of the geomor-
phic work. Most of the deep-seated landslides are located on the
circumference of the upland plateau. The observed and predicted
shallow landslides as well as shallow landslides doing much of the
geomorphic work are found on the steep slopes in close proximity to
the rivers and tributaries, slopes of inner gorges and heads of the first-
order streams as well as circumference of the plateaus. The character-
istics of these landslides demonstrate how landslides contribute to the
conversion of a large plateau or mesa into a rugged mountainous
topography by upslope propagation of steep slopes. Furthermore,
these landslides are well clustered and indicate areas that are currently
unstable. Toward the center of the study area, landslides cluster on the
slopes of inner gorges around a plateau. Evidence suggests that the
landscapes evolve by river incision and the dominance of the low
frequency deep-seated large landslides towards the upper portion of
the slopes whereas the middle and the lower portion of the slopes tend
to reach stabilization by frequent shallow landslides.
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