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Landslides have long been considered one of the main erosive drivers that sculpt hillslopes over time. Tectonic
forces raise slopes that can be sculpted by climate and the degree to which they can be sculpted depends upon
the underlying lithology and hillslope geomorphology. Landslides destroy life and property and contribute to
the evolution of mountain landscapes by generating and transporting hillslope sediments. In this study, we inves-
tigate the dynamics of soil-mantled hillslopes in eastern Oklahoma and western Arkansas, USA, by mapping
shallow landslides, evaluating the frequency and magnitude of the landslides, and quantifying the surface
geometries.
We mapped 185 shallow landslides in a 150 km? area. The approximate ages of landslides and the frequencies
and magnitudes (area, volume and runout) were estimated using historical aerial photographs. The landslide da-
tabase was then used to compute rate of landslide occurrence and sediment yield. In addition, landslide surface
geometries, including slope, curvature and surface roughness, were determined from 10 m NED and 2 m LiDAR
elevation data. The hillslope susceptibility studies, derived from elevation data, were augmented by our review of
common historical accounts that link landslides in the study region to the 1952 M 5.4 El Reno, Oklahoma earth-
quake ~300 km away. In light of that case study, we determined the frequency of historical earthquakes that im-
part >2 kPa dynamic stresses for the study area since 1900 and find an increased potential for dynamic stress
perturbation of landslide activity since ~2010. All these characteristics were then evaluated to understand the dy-
namics of hillslopes and hillslope susceptibility to shallow landslides.
Frequency assessment of mapped landslides suggested that frequency of landslides increased significantly during
2005-2016 compared to 1995-2005. On average ~10 shallow landslides occurred every year during 2005-2016.
These landslides alone contributed ~1.5 x 10° m?/yr (sediment yield rate: ~0.10 mm/yr) of sediments. Surface
roughness values were relatively higher in landslide areas compared to that of surrounding non-landslide
areas. The surface roughness index mapped ~84% of observed landslides, and suggests that the index could be
used to map hillslope susceptibility to landslides for future planned studies.

Published by Elsevier B.V.

1. Introduction

however, among climate, seismicity and underlying lithology and land-
slides and erosion as process-response is not well-understood in the

The interaction of climate and tectonic forces with underlying lithol-
ogy determines hillslope sediment mobilization and slope morphology,
which controls sediment transport shaping hillslopes and depositing
sediment in stream channels and lowlands (Ahnert, 1970; Dietrich
et al., 2003). Studies carried out in various climate and geological envi-
ronments have recognized that climate, tectonics, and underlying lithol-
ogy and structure can drive differences in the rate of sediment
production and transport, and ultimately the evolution of hillslope mor-
phology (Kessler et al., 2006; Istanbulluoglu et al., 2008; Tucker and
Hancock, 2010; Poulos et al., 2012; Pelletier et al., 2013; McGuire
et al,, 2014; Regmi et al., 2014a). The mechanism of interaction,
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subtropical ecosystem of eastern Oklahoma and western Arkansas,
USA, where the mountains are mostly soil-mantled and dominated by
deformed sandstone and shale. Here, we address this knowledge gap
using a combination of empirical field observations and aerial photo-
graphic mapping of shallow landslides, and hillslope geomorphic analy-
ses using high resolution digital elevation models (DEMs). The study
characterizes various attributes of historical landslides including age,
area, runout, and volume; determines temporal frequency of historical
earthquakes that imparted >2 kPa dynamic stresses for the study area,
and finally uses these attributes to characterize susceptibility of
hillslopes to shallow landslides.

The objective of this study was to understand the dynamics of
hillslopes in subtropical climatic mountainous areas in eastern Okla-
homa and western Arkansas. Specifically, we: (1) mapped shallow
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landslides and quantified the frequency, magnitude, and rate of sedi-
ment production; (2) determined various slope geometries, including
slope, curvature, and surface roughness, and determined the relation-
ships with landslides; and (3) evaluated the hillslope susceptibility to
shallow landslides. Because landslides are a hazard to life and property
in our study area, our observations may shed light onto the susceptibil-
ity to landslides, which are a significant public hazard.

2. The study area
2.1. Climate

The study area is in the Ouachita Mountains in eastern Oklahoma
and western Arkansas (Fig. 1). The area is characterized by a humid sub-
tropical climate, driven by the warm, moist air moving northward from
the Gulf of Mexico (Oklahoma Climatological Survey, 2018). Based on
the analysis of climatic data from 1971 to 2000, the annual average tem-
perature is ~16 °C, and the annual average precipitation is ~120-130 cm
(Johnson and Luza, 2008). The area receives maximum precipitation
during summer (June, July and August) and minimum precipitation
during winter (December, January and February) (see Johnson and
Luza, 2008 for details).

2.2. Geology and geomorphology

Geology in the area is dominated by the Pennsylvanian lithology, in-
cluding sandstone and shale of the Boggy, Savana, McAlester, and
Hartshorne formations and Quaternary alluvial and terrace deposits
(Hemish and Suneson, 1997; Heran et al., 2003). The study covers two
mountains in Oklahoma with outcropping Boggy and Savana forma-
tions, and a mountain in Arkansas consisting of the Savana Formation.
Both formations consist of thin-bedded, deformed fine- to medium-
grained sandstones, and thick-bedded, weathered, and organic-rich
fossiliferous shales. Both formations also contain limestone and coal.
Lowlands around these mountains, underlain by McAlester and

~ Cavanal Mountain

Hartshorne formations and Quaternary terraces, alluvial and colluvial
deposits, are not the focus of this study. The area exhibits a few faults
and a regional NE-SW trending synclinal structure known as Cavanal
syncline.

Slopes underlain by shale are predominantly soil-mantled and con-
cave in nature, whereas slopes underlain by sandstone exhibit relatively
convex geometry. Most of the soil-mantled slopes exhibit characteristic
soil creeping (Fig. 2), whereas sandstone exposures exhibit rock falls
and rockslides that deposit large amounts of colluvial material at the
base of the slopes. Soil-mantled slopes consist of soils developed pri-
marily by the weathering of shale, and colluvium deposited by erosion
and landslides. Shale is highly weathered and the resulting soil is cohe-
sive in nature, whereas colluvial deposits consist of rock fragments and
boulders, and thereby are relatively frictionally stronger and able to
maintain a higher angle of repose. The average depth of the soil is ob-
served as >1 m in most of the landscapes, particularly along the zones
of topographic convergence (i.e., hillslope hollows or topographic de-
pressions) (Figs. 2 and 3).

The vegetation in the area is primarily oak-pine forest in upland
areas and post-oak blackjack forest in lowlands. Upland vegetation con-
sists primarily of various Oak species and shortleaf pine, and associated
vegetation includes trees and shrubs including flowering dogwood,
highbush and lowbush blueberries, hophorn beam, redbud service-
berry, and sugar maple (Johnson and Luza, 2008).

2.3. Historical earthquakes and landslides

Oakes (1952) describes eyewitness reports of landslides along
Cavanal Hill shortly after the April 9, 1952 El Reno earthquake, a M 5.5
earthquake that occurred ~300 km from Cavanal Hill. Those observa-
tions, reported in a newsletter published by the Oklahoma Geological
Survey, suggest a direct triggering link between the landslide and dis-
tant earthquake. Dynamic triggering by passing surface waves is the
most plausible cause that would trigger a landslide at a distance of
~300 km. Surface waves from distant earthquakes have the ability to
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Fig. 1. Location of the study area (150 km?), which comprises two mountains in eastern Oklahoma and a mountain in western Arkansas. The map in the upper right corner shows the mean
annual precipitation (inches) in Oklahoma based on 1971-2000 precipitation data (modified after Johnson and Luza, 2008).
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Deep-seated landslide
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Soil creep evolved into shallow landslides

Fig. 2. Aerial photographs showing a part of study area in (a) 1995 and (b) 2016. The soil-mantled hillslope seems to be in steady state creeping in 1995. Observations from 2012 and 2016
aerial photographs suggested that the hillslope evolved into shallow landslides during the 2012-2016 period.

trigger local earthquakes, volcanic eruptions, geyser activity, glacier
calving and landslides (Meier et al., 1984; Rodriguez et al., 1999; Hill
and Prejean, 2007).

Landslides during earthquakes can be a substantial secondary hazard
that can cause damage and casualties (Rodriguez et al., 1999). The dynamic
stress changes from passing surface waves cause a momentary stress per-
turbation that may trigger slope failure on slopes that are precariously or
critically-stressed. These factors may be enhanced during wet weather
when soils are saturated and more prone to failure (Chang et al.,, 2007).

The rate of earthquakes across the mid-continent part of the United
States has dramatically increased since 2009. The historically high rates
of seismicity across the mid-continent have been largely driven by sub-
stantial increases in seismicity occurring within Oklahoma. In the inter-
vening years, Oklahoma has experienced several moderate and
damaging earthquakes including the November 2011 M,, 5.7 Prague
earthquake (Keranen et al., 2013), the September 2016 M,, 5.8 Pawnee
earthquake (Walter et al,, 2017; Yeck et al., 2017), and the November
2016 M,, 5.0 Cushing earthquake. These earthquakes occurred in an
area that prior to 2009 background tectonic rates were about two

a Sugarloaf Mountain

Relatively old failure

Shale

1
1
1
1
1
1
1
1
1
1
1

" Sandstone

M 3.0+ earthquakes per year, which increased to 579 and
903 M 3.0+ earthquakes in 2014 and 2015, respectively.

The increase in seismicity in Oklahoma was roughly coincident with
the last oil and gas boom focused around the Mississippian Limestone
and Hunton Limestones. Those formations contain substantial amounts
of co-produced formation brines and widespread use of horizontal pro-
duction wells and hydrofracturing led to vast amounts of brines to dis-
pose. Common disposal practices involved disposing of wastewater in
deep underground injection wells completed into upper parts of the
basement and the karst Arbuckle Group, which directly overlies the
basement. From 2010 to late 2014, statewide rates of disposal increased
from ~4.8 million cubic meter/month to ~14.3 million cubic meter/
month (OCC Data, last accessed August 2018). The increase in the rate
of seismicity roughly corresponded to the increase in monthly rates of
injection, though with sometimes a lag greater than a year or so in
many sub-regions of Oklahoma (Langenbruch and Zoback, 2016;
Goebel et al., 2017). That observation, coupled with the depth of the
seismicity mostly occurring within basement rocks and sometimes
along previously-mapped basement faults has led to the general
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Recent failure

Fig. 3. Photographs showing a recent landslide in Sugarloaf Mountain. (a) A large landslide in Sugarloaf Mountain. (b) The closeup view of the landslide showing the thin sandstone layer
and the thick shale-derived soil (>1 m). (¢) The view of the landslide scarp. Photographs taken in early September 2018 by David Deaton and Steve Humphries.
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consensus within the scientific community that wastewater disposal
was inducing earthquakes across Oklahoma since at least 2010 (Walsh
and Zoback, 2015).

24. Landslides and erosion

Very few studies on mass movement have been conducted in the
study area (Oakes, 1952; Webb, 1960; He et al., 2014), in spite of the
clear evidence of various mass movement and erosional features includ-
ing old deep-seated landslides, recent shallow landslides, soil creeps,
rills, gullies and incised first and higher order channels. Deep-seated
landslides are large, and exhibit surface morphology similar to that of
large slump-block style landslides (Baum and Odum, 1996). Large
deep-seated landslides, found mostly on the edges of the upland plateau
(Fig. 2), appear to be related to the structural failure of the bedrock.
These landslides are densely vegetated and have smooth surfaces with
well-evolved hydrological network, indicating that these landslides
are probably hundreds- to thousands of years old and relatively stable
now (LaHusen et al., 2016). The headscarps of some of the large deep-
seated landslides contain active shallow landslides. Deep-seated land-
slides are beyond the scope of this study. These landslides could have
occurred in completely different climatic and tectonic conditions, and
could be the result of completely different mechanisms than that of
shallow landslides that are the subject of this study.

Shallow landslides, defined here as landslides with depth of slip
surface less than the tree root depth (<10 m), are classified following
Varnes (1978). They include soil creep and soil slides mostly on soil-
mantled surfaces underlain by shale; debris flows along zones of
topographic convergence underlain mostly by shale; and debris
slides mostly in colluvial deposits. Rockslides and rock falls also occur,
particularly on steep slopes formed by sandstone exposure and contrib-
ute to the development of colluvial deposits at the base of the slope.

3. Materials and methods
3.1. Datasets used

We utilized aerial photographs acquired from 1995 to 2018,
1:250,000 scale USGS geological map of the area (Marcher, 1969),
10 m National Elevation Dataset (NED) (https://nationalmap.gov/
elevation.html), and 2 m LiDAR topographic data acquired in 2010
(https://nationalmap.gov/elevation.html). The approximate ages of
landslides were assessed from aerial photographs. Slopegeometries
were mapped from the NED and LiDAR elevation data. Field mapping
was carried out to verify the map of landslides and for detailed charac-
terization of slope geometries and underlying soil and lithology. Global
and regional earthquake catalogs, reported since 1900, were collected to
evaluate dynamic stress from passing surface waves imparted upon the
study area. The dynamic stress values and the earthquake frequencies
were then assessed qualitatively to explain the likelihood of the occur-
rence of earthquake triggered landslides.

3.2. Landslide mapping

Landslides were identified and mapped as polygons on aerial photo-
graphs based on tonal and textural characteristics, similar to other re-
cent studies (Regmi et al., 2010a; Garcia-Urquia and Yamagishi, 2017).
The approximate ages were determined from 1995 to 2016 aerial pho-
tographs available in Google Earth Pro, and the areas and runout lengths
were computed in ArcGIS® (ESRI, Redland, CA). Landslide volumes
were computed based on the volume (V) and area (A) relationship pro-
posed for North Fork Gunnison River catchment of western Colorado
(Regmi et al.,, 2014a):

V =0.0254 x A% (1)

We consider the equation is applicable for this study because the
geologic and geomorphic environments in Cavanal and Sugarloaf
Mountains are similar to that of North Fork of Gunnison River catch-
ment. The type and geometries of some landslides were verified in
the field.

3.3. Surface geomorphic analysis

Surface geometries including slope and curvature were calculated
using 10 m NED topographic data in ArcGIS® using a 3 cell x 3 cell
(30 x 30 m) moving window (see ESRI (2016) and Regmi et al.
(2013) for equations). The local slope gradient (m/m) and curvature
(1/m) of hillslopes were then regressed with drainage area calculated
from DEM using the D8 algorithm (Fairfield and Leymarie, 1991) to dif-
ferentiate valley head, hillslope and fluvial process domains and to char-
acterize ridge-valley profiles (Montgomery and Dietrich, 1988; Kirby
and Whipple, 2001; Istanbulluoglu et al., 2008; Regmi, 2010; McGuire
et al., 2014). Landslide scarps were differentiated and average slope
and curvature of landslide scarps in each process domain were com-
puted and compared with slope and curvature process domains.

High resolution 2 m LiDAR topographic data across a portion of
the study area (Fig. 1) was used to compute surface roughness. The sur-
face roughness was computed as a standard deviation of slope using a
5 cell x 5 cell (10 x 10 m) moving window, following Regmi et al.
(2014b). We then tested the usefulness of surface roughness in
mapping landslides assuming (1) active surfaces of landslides, soil
creeps, and erosion develop characteristic surface geometries, such
as hummocks, and irregular surface topography formed by the displace-
ment and accumulation of slope materials; and (2) surface roughness
of these features tends to be higher compared to that of relatively
stable surrounding areas. The efficacy of this test was determined
based on the plot of the percentage of the study area from high
to low surface roughness (x-axis) versus the percentage of landslides
(y-axis), following Regmi et al. (2010a). The accuracy of the model
was then determined by computing the area under the curve (AUC) of
the plot. The AUC out of the total area covered by the curve explains
the overall prediction accuracy of the model. Surface roughness
characterizes soil-geomorphic processes and hazards of Quaternary
alluvial fans (Frankel and Dolan, 2007; Regmi et al., 2014b; Regmi and
Rasmussen, 2018), and mountain slopes (Glenn et al., 2006;
LaHusen et al., 2016).

3.4. Earthquake dynamic stresses for the study area

To analyze the magnitude of dynamic stress change from passing
surface waves from distant earthquakes, we combined earthquake cat-
alogs for worldwide large earthquakes globally since 1900 from the Ad-
vanced National Seismic System (ANSS) and in Oklahoma from the
Oklahoma Geological Survey (OGS). The reason behind the hybrid ap-
proach is that smaller magnitude earthquakes within close proximity
can create dynamic stresses equivalent to larger, more distant earth-
quakes. If a seismometer had been installed near the study area, we
could have estimated dynamic stress from the peak ground velocity of
that hypothetical instrument. Because no such instrument existed in
the study area, we followed the approach of Van Der Elst and Brodsky
(2010) and estimated dynamic stresses in a piecewise sense for distant
and closer earthquakes. For distant earthquakes (epicentral distance
>800 km from the study region), we first estimated surface wave ampli-
tudes at the study area using an equation proposed by Van Der Elst and
Brodsky (2010):

log0A20 = Ms-1.66 log;qA-2 (2)

where A is the epicentral distance in degrees, Ay is the peak surface-
wave displacement at a period of 20 s and Ms is the surface wave
magnitude. For simplification, we assumed that the earthquake
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magnitude is equal to Mg and estimated peak ground velocity (i) fol-
lowing Chao et al. (2013):

u= 21TA20/T (3)

We assumed a nominal value of 35 GPa for the shear modulus (G)
and 3.5 km/s phase velocity for Rayleigh waves (v), and estimated the
dynamic stress (Ao) from Ao = Giy/v (Hill and Prejean, 2007). For closer
earthquakes (epicentral distance <800 km from the study region), we
follow equations outlined in the aforementioned paper (Van Der Elst
and Brodsky, 2010).

4. Results
4.1. Landslide characteristics and age

Area and runout of the observed shallow landslides range from 64 to
55,000 m? and 11 to 500 m, respectively (Table 1). Volumes computed
based on Eq. (1) proposed by Regmi et al. (2014a) range from 11 to
260,000 m>. Average slope of the landslides is 19 & 7°, significantly
higher than the average slope of the entire area (11 &+ 7°) (Table 2). Cur-
vature analysis suggests, however, that average values of landslide sur-
face curvature and the entire area curvature are similar (Table 2).

The approximate ages of 137 landslides out of 185 were successfully
determined from aerial photographs acquired in different times from
1995 to 2016 (Table 1) and archived in Google Earth. The ages of 48
landslides, however, were difficult to determine because the size of
landslides were nearly equivalent to the resolution of older aerial pho-
tographs or landslide surfaces were covered by dense vegetation. In ad-
dition, only 25 identified landslides occurred prior to 2000 and only four
landslides occurred during 2000-2005. We identified 46 landslides be-
tween 2005 and 2010, and 62 landslides between 2010 and 2016. We
only consider the inventory of landslides after 2005 to assess the rate
of landslide occurrence and sediment yield. The frequency distribution
of landslides over 2005-2016 indicates that ~10 landslides occur every
year with landslide density of ~0.7 landslides per square kilometer.
The sediment volume produced by landslides during that period
(2005-2016) was ~1.5 x 10° m3/yr, and the sediment yield rate
is ~0.10 mm/yr.

4.2. Landslide distribution and hillslope and channel characteristics

The slope-area plot identifies three process domains including valley
heads, hillslopes and channels (Fig. 4a). The plot suggests that ~7% (13)
of total landslide scarps are located in valley heads (drainage area
<200 m?) and ~92% (170) of total landslide scarps are located in
hillslopes (drainage area 200-80,000 m?). Slope gradients of landslide
scarps averaged by the drainage area on a logarithmic scale are signifi-
cantly higher than that of valley head and hillslope process domains.
The curvature-area plot indicates that mostly first and second order
channels are steep and concave, however, the convexity of the higher
order channels increases downstream (Fig. 4b). The plot also indicates
that the curvature of landslide scarps averaged by the drainage area is
similar to that of process domains.

Table 1
Observation of shallow landslide characteristics across the study area.

Table 2
Hillslope characteristics of shallow landslides and the entire area.
Slope (°) Curvature Surface
(1/m) roughness (°)
Mean SD Mean SD Mean SD
Shallow landslides 19 7 —0.25 3 41 2
Entire area 11 7 0.001 2 23 2

Acrynoms: SD: Standard deviation.

4.3. Earthquake frequency and dynamic stress

The 1952 El Reno earthquake imposed an ~16 kPa dynamic stress
near the study area and the 2011 Prague and 2016 Pawnee earthquakes
imparted dynamic stresses of ~39 and ~34 kPa, respectively (Fig. 5a).
These values are much higher than the apparent triggering threshold
of ~1 kPa for a triggered tremor at Parkfield and small local earthquakes
(Peng et al., 2009, 2014). Based on a review of triggering across a num-
ber of studies, Hill and Prejean (2007) suggest a threshold ~2 kPa for
triggering local earthquakes or other tectonic phenomena. Because
that value may trigger earthquake faulting, we used it rather arbitrarily
for the threshold for possible shallow landslide triggering. Individual
landslide occurrence is inherently time-aliased because of the time be-
tween visible imagery collection, thus, we simply evaluated the annual
frequency of earthquakes imposing dynamic stress changes >2 kPa near
the study area. Based on methods described in Section 3.4, we calculated
dynamic stresses from distant and local earthquakes and determined
the number of earthquakes per year that exceed the 2 kPa dynamic
stress threshold (Fig. 5b). With this rate, we computed the 5-yr moving
average to smooth the dataset. Our results show that the frequency of
earthquakes that can impart significant dynamic stresses on the study
area increased in the 2010s (Fig. 5b), concurrent with the dramatic in-
crease in earthquakes in Oklahoma in the last decade.

4.4. Surface roughness and landslide susceptibility

The surface roughness map derived from the LiDAR topographic
data (Figs. 6 and 7, Table 2), shows high roughness values in (1) land-
slide surfaces including scarps and deposits, and undulated surface to-
pography developed by soil creeps; (2) rills, gullies, incised first and
higher order channels, ridges, and spurs; and (3) steep sandstone bed-
rock slopes. The majority of landslides were observed primarily in
three landscape positions including: (1) soil-mantled concave slopes
underlain by shale; (2) colluvial deposits at the base of steep sandstone
bedrock slopes; and (3) in proximity with the incised first and second
order channels. Some landslides, particularly rockslides and rock falls,
were observed in steep sandstone bedrock slopes. Some landslides
were observed as evolving from soil creep (Fig. 2); and some landslides
were observed in sandstone and shale transitions, probably caused by
the difference in the shear strengths. A map of surface roughness
predicted all these areas with high values of surface roughness (Figs. 6
and 7). In addition, the roughness map also identified hummocky to-
pography resulting primarily from old landslide deposits, active surfaces

Approx. age No. of landslides Area (m?) Modeled volume (m?) Sed. yield (m3/yr) Sed. yield (mm/yr)
Min Mean Max Min Mean Max Sum
Prior to 2000 25 147 6761 68,388 35 16,979 260,350 424,466 NA NA
2000-2005 4 2008 3084 5092 1562 3046 6024 12,184 2437 0.00
2005-2010 46 143 7880 55,101 34 15,916 190,335 732,122 146,424 0.10
2010-2016 62 245 7394 46,010 74 14,854 146,545 920,963 153,494 0.10
Unknown 48 64 2500 29,852 11 4267 78,260 204,798 NA NA
Entire landslides 185 64 6066 68,388 11 12,403 260,350 2,294,533 NA NA
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Fig. 4. Plots showing geomorphic characteristics of hillslopes, channels and landslides. (a) Local slope-drainage area plot. (b) Local curvature-drainage area plot. Average gradient and
curvature of slopes were plotted as solid circles and landslide scarps were plotted as asterisks against drainage areas. Note, the plot shows 13 landslides (7%) occur in valley heads and

170 landslides (~90%) on hillslopes.

of soil creeps, and sediments accumulated by rock falls and rockslides
(Figs. 6 and 7). The surface roughness map can be used as an indicator
for first order characterization of unstable hillslope areas for mapping
hillslope susceptibility to shallow landslides and erosion. Fig. 8, which
is a plot of the percentage of the study area from high to low surface
roughness versus percentage of landslides suggests that the surface
roughness technique maps ~84% (AUC = 0.84) of the observed
landslides.

5. Discussion
5.1. Landslide characteristics and sediment dynamics

This study represents a regional perspective on one of the more ac-
tive landscapes in eastern Oklahoma and western Arkansas where cli-
matic and seismic forces act together over deformed lithology and
results in various types of mass movement, erosion, and stream incision
(Oakes, 1952; Webb, 1960). The hilly landscape, consisting of

alternating layers of sandstone and shale, exhibits a geomorphic dichot-
omy where thin sandstone layers maintain the slope, and thick shale
undergoes relatively intense weathering, rapid soil development, ero-
sion, channel incision, soil creeping, and episodic landsliding, thereby
creating a concave slope profile. On closer inspection, the area contains
dominant, underlying geomorphic sculpting by a few large, deep-seated
landslides that are probably hundreds to thousands of years old, which
are plausibly related to structural failures of bedrock.

Frequency and sediment yield assessment of shallow landslides that
occurred during 2005-2016 (Table 1) indicates that on average ~10
landslides with the spatial density of ~0.7/km? occur each year. These
landslides alone produce ~0.10 mm/yr of sediment. This density and
rate of sediment yield is within the range of published rates of landslide
density and hillslope denudation in many tectonically active terrains of
the world (Lavé and Burbank, 2004; Roering et al., 2007; Regmi et al.,
2010b; Palumbo et al., 2011; Regmi et al., 2014a), suggesting that the
slopes are active and landslides are one of the major processes that
yield and transport huge amounts of sediment each year in the study
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Fig. 6. Two-meter LiDAR DEM-derived hillslope geometries. (a) Hill-shaded image showing landslide polygons and various other landforms and (b) surface roughness map computed as a

standard deviation of slope in 10 m x 10 m moving window.

area. For comparison, sediment yield is 0.15 mm/yr in very active
hillslopes of Rocky Mountains in western Colorado using similar
methods to those utilized in this manuscript (Regmi et al., 2014a). Sim-
ilarly, results show the convexity of channels increases downstream
(Fig. 4b), which is plausibly the result of sediment accumulation.

We consider precipitation, soil susceptibility, and dynamic trigger-
ing by distant earthquakes the major factors that cause shallow
landslides in the study area. Southeast Oklahoma receives more precip-
itation than any other area of the state (Fig. 1). The majority of the
slopes in the area are soil-mantled, underlain by soil derived from
shale and sandstone. Deposits derived from sandstone are mostly fric-
tional, whereas in situ soil developed by the weathering of shale has
considerable cohesion because of the presence of clay and organics. Ad-
ditionally, the area has dense vegetation that contributes to the devel-
opment of thick soil profiles consisting of organic rich horizons that
have relatively fine-grained texture and well-developed structure
(Kay and Lal, 1998). In such environments, the subsurface also exhibits
well-developed tree root associated flowpaths and drainage networks.
The combined effect of these attributes results in higher infiltration,
conductivity and moisture potential of soil (Easter et al., 1991), which

during storms facilitates building up of pore-water pressure, and,
thereby, landslides and erosion.

We consider three potential explanations for the increase in the fre-
quency of observed landslides for 2005-2016, compared to 1995-2005
(Table 1). It is possible that the aerial photographs and other data are
not sufficient to map all landslides prior to 2005 because of the coarser
resolution of aerial photographs and surfaces of landslides that could
have smoothed out as a feedback-response of hydrological, weathering,
vegetation, and soil-biotic processes (Guthrie and Evans, 2007; LaHusen
et al., 2016). Second, very high precipitation was recorded in eastern
Oklahoma during 2016 (Oklahoma Climatological Survey, 2018),
and this could have triggered some of the observed landslides.
Third, landslides could have been triggered by the Pawnee, Prague,
Cushing, and other recent Oklahoma earthquakes occurring nearby
since 2010 (Fig. 5).

5.2. Contribution of climatic and seismic forces in shallow landslides

Although landslides in the eastern Oklahoma have been reported as
being associated with intense precipitation (Oakes, 1952; Webb, 1960;

Fig. 7. Landslide polygons overlaid over surface roughness map of hillslope in a part of the study area (See Fig. 1).
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He et al., 2014), dynamic triggering by distant earthquakes could have
triggered the mass movements. Near the study area, at least one notable
earthquake occurred, the M 5.4 El Reno Earthquake (April 9, 1952) that
triggered landslides in Cavanal Mountain. The timing of the earthquake
was such that it occurred during a time of year (April 9) with intense
seasonal precipitation (Oakes, 1952). Fig. 5a suggests that the dynamic
stresses imparted by the Prague Earthquake (2011) and the Pawnee
Earthquake (2016) are more than two times greater than the El Reno
Earthquake (Fig. 5a). Although we have no data up to this point to sup-
port that those earthquakes induced any landslides in the study area, it
is very likely that these earthquakes could have triggered some land-
slides, and the frequency of landslides that increased significantly after
2010 could be associated with these events. In addition, the El Reno
Earthquake occurred during the wet season (Fig. 5b), and it is very likely
that the cumulative effect of the earthquake and the precipitation could
have generated the 1952 landslide. This raises another concern that an
earthquake similar to the magnitude of the Pawnee, Prague or Cushing
earthquakes during the wet season likely would trigger landslides in
the area.

Hillslopes in the study area are underlain by thick soil rich in
organics and clay. The majority of these hillslopes also exhibit soil
creep, which could be the result of soil deformation by frequent
seismic shaking and seasonal fluctuations in pore-water pressure
(Seed and Chan, 1966; Kirkby, 1967; Roering et al., 1999). Many shallow
landslides were observed as evolved from soil-creep (Fig. 2), suggesting
that hillslopes with soil creep can produce rapid landslides given
appropriate environmental conditions, such as seismic shaking and/
or intense precipitation (Roering et al., 1999). Seismic shaking may
simply act to promote large-scale slope failures if other conditions
are met.

5.3. Surface roughness as an indicator of landslide and erosion susceptibility

The surface roughness map indicates that the surface signatures of
shallow landslides, soil creeps, and sediments deposited by old land-
slides, rock falls, and erosion are well captured by higher surface rough-
ness values. The index also characterizes erosional features including
rills and gullies, as well as steep landslide and erosion susceptible slopes
in close proximity to channels as high surface roughness values. This il-
lustrates that the index can be used as a mapping tool for the first order

identification of active and hazardous slopes. Similar kinds of indices
have successfully been used in mapping landslides in different geologic,
climatic and tectonic regions worldwide (McKean and Roering, 2004;
Booth et al., 2009; Grohmann et al., 2011; Berti et al., 2013; LaHusen
et al,, 2016), and this study provides additional insights in the efficacy
of the index in mapping shallow landslides. This study shows the
index identified ~84% of the observed landslides, which is as good as
the other studies that used a number of environmental covariates and
robust statistical approaches in mapping landslide hazards and suscep-
tibility worldwide (Lee et al., 2002; Van Westen et al., 2003; Lee and
Choi, 2004; Mathew et al., 2007; Dahal et al., 2008).

6. Conclusions

Upland slopes in eastern Oklahoma and western Arkansas have long
been recognized as susceptible to landslides and erosion because of the
underlying deformed and weathered lithology and intense or seasonal
precipitation (Oakes, 1952; Webb, 1960; He et al., 2014). We explored
the possibility that more frequent shaking by distant earthquakes in
the last decade may have also increased the frequency of landslides.
We find a qualitative synchronicity between an increase in Oklahoma
earthquakes in the last decade that would be sufficiently large to gener-
ate large dynamic stresses in the study area and an increase in the fre-
quency of landslides over roughly the same period. This study
suggests that upland slopes underlain by shale and sandstone in the
area (i.e., Cavanal Hill) are highly dynamic and susceptible to landslides,
soil creeps and erosion, similar to studies that suggested the susceptibil-
ity of weathered shale to landslides in different climatic and geological
environments (Ohlmacher and Davis, 2003; Chigira et al., 2010).
These slopes yield large amounts of sediment by landslide processes
and highlight the importance of considering the characteristics of
shale and sandstone stratigraphy in decision making in mitigation of
landslides and management of hillslopes in eastern Oklahoma.

LiDAR elevation-derived surface roughness successfully mapped
existing landslides and additional unstable landforms, such as hum-
mocky topography developed by landslides, soil creep and colluvium,
and steep slopes in close proximity to the first and higher order chan-
nels, which suggests that the tool is applicable in automatically mapping
unstable hillslopes.
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