Characterizing structural and lithologic controls on deep-seated landsliding: Implications for
topographic relief and landscape evolution in the Oregon Coast Range, USA

Joshua J. Roeringl, James W. Kirchner?, and William E. Dietrich?

! Department of Geological Sciences
University of Oregon

Eugene, OR 97403-1272

Ph: (541) 346-5574

Fax: (541) 346-4692

Email: jroering@ uoregon.edu

? Department of Earth and Planetary Science
307 McCone Hall

University of California, Berkeley

Berkeley, CA 94720-4767

Submitted to: Geological Society of America Bulletin, 18-January-2004

Roering, J.J., J.W. Kirchner, and W..E. Dietrich, Characterizing structural and lithologic controls on deep-seated landsliding: Implications
for topographic relief and landscape evolution in the Oregon Coast Range, USA, submitted to: GS4 Bulletin, 18 January 2004.



ABSTRACT

In mountainous areas, landslides regulate temporal variations in sediment production and may
suppress simple linkages between tectonic forcing and topographic relief. Deciphering the impact of
slope instability on landscape evolution has been hampered by the heterogeneity in lithology, climate, and
tectonic forcing common to many active tectonic regions. In the Oregon Coast Range (OCR), deep-
seated landslides within the gently folded Tyee Formation (Eocene deltaic-submarine ramp sediments)
have been recognized, but their extent and role in modulating landscape development is poorly
understood. We developed an automated algorithm that uses the topographic signature (specifically the
relationship between curvature and gradient) of deep-seated landslides to map their distribution. In
contrast to steep and highly dissected terrain (which exhibits steep, planar slopes and highly curved, low-
gradient ridgetops and valleys), large landslides in the OCR tend to have low values of both drainage
density and curvature, and gradients that cluster between 0.16 and 0.44. Our analysis indicates that the
distribution of failure-dominated terrain is influenced by bedrock structure as deep-seated landslides are
frequently found on slopes whose downslope aspect corresponds to the bedrock dip direction. These
large (~100,000 m®) landslides typically occur on the flanks of folds in rhythmically-bedded sandstones
and siltstone units. For 655 strike and dip measurements in our study area, we calculated the fraction of
surrounding terrain altered by deep-seated landsliding. For dip angles less than 10°, the proportion of
proximal slide-dominated terrain increases monotonically with dip; whereas above dips of 10°, the
fraction increases rapidly and 20% of the landscape exhibits the signature of slope failure. In addition to
local structural control, latitudinal variations in sedimentary facies affect landslide occurrence. The
fraction of area altered by slope failures varies from 5% in the sand-rich southern section of our study
area to ~25% in the north, coincident with an increase in the thickness of siltstone beds and a decrease in
the sandstone:siltstone ratio. Local relief progressively declines northward, suggesting that deep-seated
landsliding is sensitive to the thickness and frequency of low-shear strength siltstone beds and may serve
to limit topographic development in the OCR. Continued uplift and exhumation of Tyee sediments
should result in a southward shift of siltstone-rich distal facies and an increasingly prominent role for
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deep-seated landslides in shaping the central OCR. Most generally, our results suggest that systematic
variations in topographic development may reflect structural and intra-unit lithologic controls on

landsliding as opposed to spatial variability in climate or tectonic forcing.

Keywords: Deep-seated landslides, landscape evolution, Oregon Coast Range, slope stability, Tyee

Formation
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INTRODUCTION

The morphology of mountainous terrain reflects the complex interplay of tectonic and erosional
processes as modulated by lithology and bedrock structure. Given that most actively uplifting landscapes
are characterized by significant variations in lithology, climate, rock uplift rate, and surficial processes,
earth scientists face a daunting task in isolating how these factors affect landscape properties such as
relief and average gradient. Since the pioneering work of Ahnert (1970), relief has been identified and
used as a proxy for tectonic forcing and with the advent of digital elevation modeling its assessment over
broad areas has been facilitated (e.g., Ahnert, 1984; Pinet and Souriau, 1988; Ohmori, 1993; Summerfield
and Nulton, 1994; Hurtrez et al., 1999; Montgomery et al., 2001; Willett et al., 2001). The hypothesis
that climate-driven shifts in the nature of valley incision may increase relief (Molnar and England, 1990;
Zhang et al., 2001) highlights the importance of understanding how relief is regulated through feedbacks
between erosional processes and tectonic forcing. Although it was originally hypothesized that relief
reflects the interaction between rock uplift and valley-forming processes (Ahnert, 1970; Whipple et al.,
1999; Brocklehurst and Whipple, 2002; Hooke, 2003; Roe et al., 2003), recent studies suggest that relief
may be limited by mass wasting processes (Schmidt and Montgomery, 1995; Kuhni and Pfiffner, 2001;
Roering et al., 2001; Montgomery and Brandon, 2002; Lague and Davy, 2003; Stock and Dietrich, 2003),
such that tectonic forcing and relief may be effectively decoupled. The notion that bedrock landsliding, in
particular, can fundamentally alter landscape characteristics at the orogen scale by truncating hilltops,
inhibiting valley incision, or manipulating drainage divides is intuitively appealing although difficult to
demonstrate. The nature of mass wasting processes varies significantly among landscapes, likely
precluding a ‘global’ relationship that governs relief-limiting conditions.

The occurrence and activity of deep-seated landslides (defined here as bedrock landslides that
have a surface area > 0.1 km®, incorporate predominantly parent material in the slide mass, and do not run
out long distances) reflect a variety of environmental and geologic factors (e.g., Palmquist and Bible,
1980; Miller and Sias, 1998). In general, deep-seated landslides result from a combination of long-term

factors that condition slopes for failure (such as channel incision, slope morphology, geologic structure,
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shear strength loss due to weathering, and lithologic variation as controlled by tectonics) and short-term
processes that tend to trigger instability (such as hydrologic and seismic events). Because of their scale,
large landslides are generally thought to be insensitive to anthropogenic influence, although it has been
hypothesized that timber harvesting, road building, and changes in surface hydrology may promote
displacement on deep-seated slides (de la Fuente et al., 2002; Gerstel and Badger, 2002). Owing to their
substantial volume, deep-seated landslides have a long-lived morphologic legacy (e.g., Densmore et al.,
1998; Hovius et al., 1998; Densmore and Hovius, 2000; Mather et al., 2003). As a result, the observed
distribution of bedrock landslides across a particular landscape reflects both spatial variability in
conditions that contribute to slope instability and variation in the time since slope failure occurred. While
a handful of paleo-landslide events have been characterized in relation to a particular tectonic and
climatic setting (Hermanns and Strecker, 1999; Trauth and Strecker, 1999; Hermanns et al., 2000; Trauth
et al., 2000; Pratt et al., 2002), most field-based analyses that decipher spatial and temporal patterns of
bedrock landsliding are limited in scope because methods available to identify slope instability (including
aerial photo mapping and remote sensing analyses) are laborious and tend to be subjective (van Asch and
van Steijn, 1991; Cendrero and Dramis, 1993; Hovius et al., 1997; Larsen and Torres-Sanchez, 1998;
Shroder, 1998; Dikau and Schrott, 1999; Gonzalez-Diez et al., 1999). Although recent statistical analyses
have been successful in quantifying the size distribution of landslides for determining the geomorphic
significance of landslide size classes and facilitating hazard assessment (e.g., Harp and Jibson, 1996;
Hovius et al., 2000; Stark and Hovius, 2001), such approaches do not address how landslides are
distributed in relation to other landscape characteristics. As a result, we lack the ability to decipher how
large landslides regulate topographic development and respond to tectonic and climatic forcing.

Over the last several decades, the Oregon Coast Range (OCR) has proven to be a fruitful study
area for analyzing sediment transport and production processes because rates of erosion and tectonic
forcing are relatively well constrained and the region did not experience Pleistocene glaciation (Reneau
and Dietrich, 1991; Personius, 1995; Kelsey et al., 1996; Roering et al., 1999; Heimsath et al., 2001).

Although most mass wasting studies in the OCR have focused on quantifying shallow landsliding and
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debris flow erosion and their effect on landscape function over human and geologic timescales (Dietrich
and Dunne, 1978; Benda, 1990; Reneau and Dietrich, 1990; Montgomery et al., 2000; Schmidt et al.,
2001; May, 2002; Lancaster and Hayes, 2003; May and Gresswell, 2003; Stock and Dietrich, 2003),
numerous landslide-dam lakes in the OCR suggest that deep-seated landslides may also play a role in
shaping the region (Baldwin, 1958; Lane, 1987). The low-gradient, bench-like morphology of these
large, bedrock landslides is distinctive from the steep and dissected nature of debris flow-prone terrain
that is often cited as characteristic of the OCR. Few of these deep-seated slides have exhibited historical
activity as most are characterized by degraded headscarps and poorly defined margins. Although the
timing of these slope failures is poorly constrained, the large extent (~ 2 to 4 km) of alluvial fills upstream
of several landslide-dam lakes identified by Baldwin (1958) suggests that they may have a significant and
persistent influence on landscape morphology and temporal patterns in sediment yield.

In this contribution, we describe a novel methodology for delineating the spatial distribution of
deep-seated landslides that enables us to characterize their role in the evolution of the OCR. The goals of
this study are to: 1) formulate and test an automated algorithm that uses digital topographic data to
identify the extent of terrain affected by deep-seated landsliding, 2) illustrate and quantify how geological
structure and lithology control the spatial distribution of slope instability, and 3) determine how deep-
seated landslides influence landscape properties, in particular, topographic relief. Our approach contrasts
with site-specific slope stability analyses in that the details of individual landslides are jettisoned in favor
of a coarse regional assessment of landslide frequency. Our current understanding of how rock uplift
modulates topographic form and relief in the OCR has been focused on quantifying the relative efficacy
of fluvial and debris flow incision via slope-area analysis of channel networks (Seidl and Dietrich, 1992;
Sklar and Dietrich, 1999; Stock and Dietrich, 2003). The presence of large landslides in this area,
however, motivates us to ask several questions. Is it possible that deep-seated landsliding imparts a first-
order control on landscape development, locally obscuring simple relationships that link tectonic forcing
with channel network metrics? If so, how will lithologic and structural variations dictate the spatial

pattern of large landslides with continued rock exhumation? Although the particular algorithm we
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employ to address these questions was developed specifically for slopes in the OCR, the general approach

described here may be applicable for mapping and identifying large landslides in other landscapes.

STUDY AREA

The Oregon Coast Range is a humid, soil-mantled landscape largely composed of Eocene
sedimentary rocks that overlie volcanic basement accreted to the Northern American plate in the early
Tertiary (Orr et al., 1992). Locally, basaltic dikes outcrop within the Tyee and tend to form high
elevation peaks (Walker and MacLeod, 1991). We developed our algorithm to identify deep-seated
landslides occurring in Eocene sedimentary rocks, specifically the Tyee Formation, over a large portion of
the central OCR (Fig. 1).

The depositional setting of the Tyee Formation has been studied in detail because of its distinct
assemblage of sedimentary facies (Lovell, 1969; Chan and Dott, 1983; Heller and Dickinson, 1985).
Heller and Dickinson (1985) and Chan and Dott (1983) suggested that the sand-rich sequence of turbidite
deposits that constitute much of the Tyee Formation originated from a delta-fed submarine ramp
depositional system. The early Eocene sedimentary system, which is now oriented approximately north-
south, has been rotated clockwise 40-70° due to oblique subduction along the Pacific Northwest margin
of North America (Heller and Ryberg, 1983). In contrast to the classical interpretation of submarine
canyon systems (Mutti and Ricci-Lucchi, 1978), no individual channel served as a discrete point source
for turbidites of the Tyee Formation. Instead, a series of channels developed along the base of the
continental slope conveyed sediment into the basin, such that lateral (east-west) facies variability within
the Tyee Formation is minimal (Heller and Dickinson, 1985). North-south oriented facies changes, which
are characterized by depositional structures, bed thickness, and the sandstone:siltstone ratio, are the
dominant source of lithologic variation within the Tyee Formation (Chan and Dott, 1986). In the south,
deltaic and shallow continental shelf deposits have a high percentage of sandstone, cross-bedding, and
thick beds. Moving north, bed thickness and the sandstone:siltstone ratio decrease as slope and proximal

ramp sediments grade into distal ramp and ramp fringe sediments (Chan and Dott, 1983; Heller and
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Dickinson, 1985). The stratigraphic succession described by Chan and Dott (1983) indicates a general
shoaling in the northward direction and a progradation of facies across the basin. Situated in the southern
half of study area, a large patch of highly indurated, late Eocene sediments of the Elkton Formation
(which are younger than the Tyee Formation) outcrop and tend to form steep bedrock cliffs that contrast
topography associated with the Tyee units (Fig. 2A). By confining our analyses to the Tyee Formation,
we can isolate the influence of bedrock structure and facies-related lithologic variations on deep-seated
landsliding and topographic development.

Since the late Eocene, the Tyee Formation has been compressed into a series of low-amplitude,
gently-dipping folds (the maximum dip of bedding along the flanks of folds rarely exceeds 15-20°)
oriented north-northeast (Fig. 2A) (Baldwin, 1956). Uplift of the OCR commenced in the Miocene
(McNeill et al., 2000) and continues today as evidenced by abandoned wave-cut platforms along the
Oregon coast (Kelsey et al., 1996). Rates of rock uplift derived via dating of marine terraces along the
coastal region adjacent to our study area (latitude ranging from 43° to 45°) vary from 0.1 to 0.3 mm yr”'
(Kelsey et al., 1996) and are generally an order of magnitude lower than geodetic uplift rates derived from
highway leveling data (Mitchell et al., 1994). Both short and long-term uplift rates measured along the
coast vary locally due to vertical movement along faults, although it is unclear whether these effects
extend a significant distance inland (Kelsey et al., 1996).

Generally, the topography of the OCR has been characterized as steep and highly dissected with
relatively uniform ridge and valley terrain (Fig. 3A) (Dietrich and Dunne, 1978; Reneau and Dietrich,
1990, 1991; Montgomery, 2001). Typically, soils are relatively thin on hilltops and sideslopes (~0.5 m)
and thicker in unchanneled valleys (~ 1-2 m) that act as preferential source areas for shallow landslides
that often initiate long runout debris flows (Dietrich and Dunne, 1978; Montgomery and Dietrich, 1994;
Heimsath et al., 2001). Most studies of long-term sediment production and delivery in the OCR have
focused on the cyclic infilling and evacuation of soil in steep convergent areas (Dietrich et al., 1982;
Reneau and Dietrich, 1991; Benda and Dunne, 1997). Erosion rates generated by short and long-term

analyses of sediment yield are commonly 0.05 to 0.3 mm yr' (Beschta, 1978; Reneau and Dietrich, 1991;
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Heimsath et al., 2001), consistent with rates of coastal uplift (Kelsey et al., 1996) and Holocene bedrock
channel incision (Personius, 1995). These studies have been used to argue that an approximate balance
exists between rock uplift and erosion in the OCR such that the topographic form may be relatively
uniform with time (Reneau and Dietrich, 1991; Roering et al., 1999; Montgomery, 2001). Short, steep
hillslopes that erode via nonlinear slope-dependent processes can rapidly (~40 kyr) adjust their
morphology to climatic or tectonic perturbations (Roering et al., 2001), enabling a tendency towards
steady state erosion. In contrast, deep-seated landslides produce persistent topographic features and

temporal patterns of sediment production associated with these large failures are unconstrained.

PREVIOUS STUDIES OF DEEP-SEATED LANDSLIDING IN THE OREGON COAST RANGE
Noting the preponderance of landslide-dam lakes, Baldwin (1958) suggested that steep, incised
valleys of the OCR tend to promote large-scale (10° to 10° m’) slope failures resulting from precipitation
or seismic events (Table 1). The slide features observed by Baldwin (1958) exhibited hummocky
topography with small, undrained depressions (Fig. 3B). Chronological evidence for the timing of
landsliding is sparse. Based on radiocarbon data, the age of two large lakes, Triangle and Loon were
estimated at >40,000 and 1,400 years, respectively (Baldwin, 1958; Worona and Whitlock, 1995).
Several landslides have experienced historical movement, although the degree of slope movement and
morphologic alteration is variable. In the winter of 1955-1956, Camp Creek (just north of the Umpqua
River near the northern extent of the Elkton Formation) was dammed by an active landslide and formed a
temporary lake that was breached within the year (Baldwin, 1958). On December 6, 1975, a ~ 400 meter
long stream segment of Drift Creek (located in the Alsea River catchment) was inundated with landslide
material tens of meters thick. The landslide formed a ~60 m high headscarp near the ridge top and
traveled ~ 400 m downslope (Thrall et al., 1980). This event, termed the Drift Creek slide, occurred on a
previously-failed slope (or ancient landslide) following a week of heavy rain. Ayers Lake formed rapidly
behind the landslide dam and persists today. Although timber harvesting and road construction were

active on the slide mass in the months prior to failure, their impact on the instability is uncertain. In the
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winter of 1998-1999, Steinhauer Creek (which is a tributary of Siuslaw River) was catastrophically
inundated by sediment from a deep-seated landslide that left a 30-meter high headscarp. Slow,
continuous deformation continued through the season and in subsequent winters (J. Seward, pers.
comm.). Other historical landslides have exhibited brief periods of slow movement (< 1 m) that followed
periods of heavy rainfall but did not fail catastrophically (Wong, 1991).

Lane (1987) noted a correspondence between the downslope aspect of four landslide-dam lake
deposits and the dip direction of the local bedrock and suggested that failure may be localized along the
sandstone-siltstone interfaces of the Tyee beds (Fig. 4). This hypothesis for a structural control on deep-
seated landsliding in the OCR has not been systematically analyzed nor has the effect of lithologic
variations within the Tyee Formation. Despite the historical activity of the slides discussed above, most
of the slump-like terrain in the OCR (as described by Baldwin (1958)) appears dormant. In contrast to
steep and dissected regions, soil profiles observed in roadcuts on these ancient landslides tend to be very
thick (> 2-3 meters), dense, and highly weathered (Roering et al., 1996). Areas of pervasive deep-seated
landsliding in the OCR may represent a significant departure from erosional equilibrium relative to the
timescale of soil transport and shallow landsliding (~10* yr) that dictate evolution of steep and dissected
terrain in the OCR. Most generally, the role of deep-seated landsliding in regulating sediment production
and landscape morphology is poorly understood. As a first step to elucidating their role in the evolution
of the OCR, we documented their distribution in relation to geologic factors and analyzed how they

influence landscape development.

TOPOGRAPHIC IDENTIFICATION AND MAPPING OF DEEP-SEATED LANDSLIDES
Although the availability of digital topographic data has created numerous opportunities for
regional assessment of geomorphic processes as related to tectonic forcing (e.g., Kirby et al., 2003), deep-
seated landsliding has not been systematically analyzed using this data source. Here, we exploit the
profound morphologic manifestation of deep-seated landsliding in the OCR to automatically map their

extent using a digital elevation model (DEM). Figure 5 illustrates an east-west trending ridgeline with
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characteristic forms on either side; the north side is distinguished by steep and dissected terrain whereas
the southern side exhibits a bench-like, low-gradient form. On the northern side, the integrated valley
network facilitates the delivery of sediment from hillslopes and topographic hollows to higher order
channels via debris flows (Dietrich and Dunne, 1978; Benda and Dunne, 1997). In contrast, the southern
side’s poorly dissected slopes arise from deep-seated slope instability that occurs frequently enough to
suppress the development of valley networks (Fig. 5). Although no historical deformation has occurred at
this site, degraded headscaps similar to those shown in Figure 3B, attest to the history of slope
deformation at this site. Along the base of the ancient landslide, valley incision has steepened slopes at
the channel margin. A similar steep section along the lower slope was commonly observed during our
field investigations at over 30 ancient deep-seated landslides in the OCR. Typically, dormant landslides
feature: 1) >10 meter high, degraded headscarps, 2) low-gradient, hummocky benches with poorly
developed drainage, and 3) steep lower slopes with active streamside soil slips. At some sites, the lower,
steep segment, which may reflect the legacy of valley incision (Kelsey, 1988; Densmore and Hovius,

2000), was poorly developed or absent.

Method

Although the topographic signature of deep-seated slope failure in Figure 5 is immediately
apparent via inspection of aerial photos and topographic maps, we constructed a quantitative method for
delineating zones of landslide-dominated terrain based on DEM data. This approach has two advantages;
first, the identification of landslide terrain is free from the subjectivity inherent to aerial photo or
topographic mapping, and second, the automated algorithm enables us to map landslides over a large area
in a relatively short amount of time. For this endeavor, we acquired a one-arc second DEM of the Oregon
Coast Range from the United States Geological Survey National Elevation Dataset (NED), which has a
grid spacing of ~26.5 meters and boasts minimal edge matching and other artifacts. Although 10-meter
DEM data for our study area were available, we tested the two data sources and concluded that the one-

arc second (NED) dataset was sufficient to distinguish the topographic signature of deep-seated
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landsliding and allowed for faster computational time. Using a digital database derived from the Oregon
state geological map (Walker and MacLeod, 1991), we clipped the DEM with a digital coverage for the
Tyee Formation (see Fig. 2A). As discussed above, the large void in the southern portion of our study
area is composed of sedimentary rocks younger than the Tyee Formation (named Elkton Formation) that
exhibit a high degree of induration and tend to form high-relief cliffs. Smaller voids in Fig. 2A (with the
letter “I” superimposed) represent igneous intrusive rocks that are much more resistant than Tyee
Formation and tend to be associated with large knickpoints in river profiles.

To define the topographic signature of deep-seated landsliding in the OCR, we used topographic
maps, aerial photos, and field observations to identify and map several ridges that exhibit both steep and
dissected terrain and deep-seated landslide-dominated terrain (see Figure 5). Reasoning that the
morphologic differences that distinguish the two process domains may be reflected by their slope and
degree of curvature, we calculated the topographic derivatives, gradient (|Vz|), and curvature (estimated
here as the Laplacian operator, V°z) for both sides of each ridge. We plotted the variation of curvature
with gradient for steep and dissected terrain, deep-seated landslide terrain, and nearby valley floors (two
examples are shown in Fig. 6). With minimal overlap, each landform type exhibits its own morphologic
signature in gradient-curvature space.

We characterized the range of gradient and curvature values (termed morphologic envelope
hereafter) that distinguish the cluster of points associated with deep-seated landslides. For this
calculation, we simultaneously maximized the fraction of deep-seated data and minimized the fraction of
valley floor and steep/dissected terrain data that plot within the topographic envelope. The calibrated
morphologic envelope indicates that deep-seated landslides (filled circles on Fig. 6) are distinguished by
low values of curvature (|V*z| < 0.008 m™) and gradients between 0.16 and 0.44. In contrast, low-
curvature and low-gradient regions of the steep and dissected terrain (“plus” symbols on Fig. 6) tend to be
associated with steep sideslopes (|Vz| > 0.5) and hilltops or valley axes (|Vz| < 0.4), respectively. This

distinguishes these regions from uniformly low-gradient, low-curvature topography of landslide-
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dominated terrain. Valley floors were distinguished by low curvature values and gradients uniformly
lower than those observed on slide-prone terrain (gray diamonds in Fig. 6). We defined the topographic
signature of deep-seated landslide terrain as: 0.16 <|Vz| < 0.44 and |V’z| < 0.008 (see gray box in Fig. 6).
For the datasets depicted in Figure 6A and B, over 84% of the deep-seated landslide data fall within our
morphologic envelope, whereas, less than 8% and 4% of the valley floor and steep/dissected data points,
respectively, plot within the envelope.

We used spatial averaging in applying the topographic signature of deep-seated landslides to our
DEM of the Tyee Formation. First, we identified every grid node in our study area with gradient and
curvature values within our deep-seated morphologic criteria. The resulting grid (which had values of
either 0 or 1, with 1 indicating inclusion in the deep-seated topographic envelope) revealed a speckled
pattern in some landslide-dominated areas, as scattered points within individual deep-seated landslides
did not fall within the morphologic envelope. To account for the spatial scale of individual landslides and
de-emphasize local deviations from the morphologic criteria, we smoothed the grid by locally calculating
the proportion of adjacent terrain that fell within the morphologic criteria. Specifically, we generated a
grid whose values were calculated as the fraction of points within a 250-meter radius that fell within the
deep-seated landslide topographic envelope. Values for this dataset, which we term £, vary continuously
from 0 to 1.0, with 0 representing terrain without adjacent landslide-dominated slopes and 1.0 indicating
that all of the adjacent terrain exhibits morphology indicative of deep-seated landsliding. For this
analysis, we chose 250 m because it represents the approximate dimension of deep-seated landslides we

identified from field surveys and air photo inspection.

Results
Using our automated algorithm, we estimated the distribution of topography indicative of deep-
seated slope failure in our study area (Fig. 2B). High values of B (terrain exhibiting slide-dominated

morphology) are represented with warm colors (yellow, orange, and red) and low values with cool colors
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(green and light blue). To calibrate the particular value of B that tends to correspond with the margin of
landslide slopes, we examined the map of B values at numerous locations where we previously identified
deep-seated landslides via aerial photos, field observations, and topographic maps. At nearly all of the
sites we considered, § > 0.33 served as an accurate criterion for delineating the boundaries of deep-seated
landslides. Our calibrated B value indicates that 33% of the encompassing 200,000 m? patch of terrain
exhibits the signature of deep-seated landsliding. The coarse dashed line on Figure 5 illustrates the region
within which values of B exceed 0.33. Although some of the details, such as the steep, inner gorge
associated with slope failure along the channel margin, may not be resolved, the > 0.33 boundary
generally corresponds to the zone of landslide-dominated topography (Fig. 5). The transition from yellow
to red colors on Figure 2B roughly corresponds to § = 0.33.

From a general inspection of Figure 2B, 3 values are highly variable in the southern portion of
our study area with localized zones of high 3 values. Northward, B values progressively increase such
that a large proportion of slopes in the northern quarter of our study area exhibit § > 0.33. Latitudinal
variation is also apparent as several large zones of high 3 values occur along the eastern margin of the
Tyee Formation. The central and southeastern regions show predominantly cool colors as slope
morphology is dominated by steep and dissected terrain driven by debris flow initiation and runout.

The size of our study area (~ 10,000 km?) prevented us from groundtruthing a significant portion
of the slopes we identified as failure prone. From field observations, aerial photos, topographic maps, and
maps of landslide dam lakes, we tested the algorithm and concluded that it consistently separated deep-
seated landslides from steep/dissected terrain and valley floors. As shown below, in some locales, the
algorithm misidentified meander slip-off surfaces (i.e., the inner banks of large bedrock meanders) as
slide-dominated because they tend to exhibit smooth, low-gradient surfaces. These features are isolated
to specific spots along major rivers in the area and thus constitute a negligible fraction of the high B (red)

terrain shown in Figure 2B.

Roering, J.J., J.W. Kirchner, and W..E. Dietrich, Characterizing structural and lithologic controls on deep-seated landsliding: Implications
for topographic relief and landscape evolution in the Oregon Coast Range, USA, submitted to: GS4 Bulletin, 18 January 2004.

14



STRUCTURAL CONTROLS ON DEEP-SEATED LANDSLIDING

Does the broad pattern of folding shown in Figure 2 influence the distribution of deep-seated
landslides in the OCR? Is deep-seated landsliding controlled by a threshold dip angle of the Tyee
sedimentary units? Below we explore these linkages by examining several locations within our study
area that exhibit variability in the dip and orientation of bedrock. Significant uncertainty is inherent in the
geometry and location of folds shown in Figure 2 because the gentle dips and sparse outcrops of the Tyee

Formation preclude well-constrained structural interpretations.

Method

To test the hypothesis that structural variability controls the occurrence of deep-seated slides, we
performed a series of analyses combining structural data and our dataset illustrating slide-dominated
terrain (Figure 2B). To facilitate the analysis, we digitized 655 strike and dip measurements from existing
geologic maps that overlap with our study area (Baldwin, 1956, 1959, 1961).

At several areas with a high frequency of B values that exceed 0.33, we compared the aspect of
failure-dominated slopes with the dip and orientation of bedrock. We estimated the aspect of each deep-
seated landslide (e.g., Fig. 5) as the average downslope direction based on topographic contours. If the
orientation of Tyee bedding controls landsliding, the dip direction should correspond with the aspect of
slide-dominated slopes. In addition, to test whether the frequency of deep-seated slides varies with
bedrock dip angle, we estimated the distribution of f§ values within 2.5 km of each strike and dip
measurement. If steeper dips increase the probability of deep-seated landsliding, the local terrain should
exhibit higher values of B. We chose 2.5 km because it enables us to sample a substantial area around
each structural measurement and the orientation of bedrock tends to be relatively consistent over that
scale. Analysis using a larger spatial scale would be complicated by the potential for variable bedrock

geometry.
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Results

Figure 7 shows the distribution of 3 values for a small section of our study area (see Figure 2B
for location). The scale of deep-seated landslides is variable, although many approach 1 km® in area. On
the western half of the map, the small arrows (which show the average downslope aspect of slide-
dominated slopes) are predominantly directed to the southwest, coincident with the bedrock dip expected
from the plunging anticline that trends south-southeast (Fig. 7). On the eastern side of the anticline, the
aspect of failure-dominated slopes is southeast, confirming the correspondence between dip direction and
landslide slope aspect. Figure 8 illustrates the influence of structural controls at three additional
locations. On each polar diagram, the closed circles represent the orientation and dip of bedrock such that
distance from the plot origin scales with the dip magnitude. The filled gray slices represent the frequency
of slide-dominated slopes with a particular aspect (shown with 15° bins). At each site, the dip direction
and downslope aspect are roughly coincident. At the Walton site (Fig. 8B), the orientation of hillslope
failures mirrors bedrock dip directions, which are oriented west and southeast on either side of a plunging
fold axis.

At each strike and dip measurement, we calculated the distribution of  values within 2.5 km to
analyze the influence of bedrock dip on slide frequency. Figure 9 shows example distributions of 3 for
terrain surrounding two strike and dip measurements; one characterized by steep/dissected terrain and the
other highly altered by deep-seated landsliding. Both distributions are well approximated by exponential
functions, although the deep-seated terrain (Fig. 9B) has a longer tail (or broader exponential decay).
Within the steep and dissected area (Fig. 9A), 3 values are low with a mean of 0.075 and standard
deviation of 0.05. The percentage of terrain with 3>0.33 (which is our criteria for terrain indicative of
deep-seated landsliding) is less than 0.8%. In contrast, the distribution for the slide-dominated area has a
significant fraction of high § values (Fig. 9B). For this case, the mean and standard deviation are both
0.13, and the proportion of terrain with 3>0.33 is approximately 10%. Because the distributions for

theses areas are highly skewed, mean values of (3 differ by less than a factor of 2, such that the mean is
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relatively insensitive to the presence of slide-dominated terrain. In contrast, the fraction of terrain with
[3>0.33 varies by more than an order magnitude between the two areas and may be diagnostic in
delineating terrain altered by large landslides.

To explore how the orientation of bedding may affect the frequency of slope instability, we
calculated how the fraction of surrounding terrain with 3>0.33 (hereafter abbreviated as F) varies with
bedrock dip (Fig. 10). For the steep/dissected and landslide-dominated areas depicted in Figure 9A, B,
the value of F is 0.008 and 0.1, respectively. For each strike and dip measurement, we estimated F using
our DEM-based landslide model and summarized the resulting dataset by constructing 1° bins of bedrock
dip ranging from 0 to 35°. Each closed circle on Figure 10 represents the median value of F for a
particular dip angle and the upper and lower bars correspond to the 75" and 25" percentile, respectively.
For these analyses, we used quartiles to describe the range of F' values for a particular dip angle because
several distributions were highly skewed and thus poorly represented by their mean. We did not include
values generated from distributions with fewer than 5 data points (e.g., dip angle bins 1° and 2° had 2 and
3 data points, respectively).

Figure 10 illustrates that the frequency of terrain with the signature of deep-seated landsliding (F)
increases monotonically for dip angles less than 10°. For dip angles below 5°, less than 5% of the
adjacent terrain has been altered by large landslides, whereas proximal to dip angles of 8-10°,
approximately 10% of the landscape bears the signature of large slope failure. In addition, the variability
of F increases with bedrock dip angle. Surprisingly, our analysis indicates that for dip angles above 10°,
the fraction of slide-prone terrain increases significantly. Where bedrock dip angles exceed 10°,
approximately 20% of the landscape exhibits the signature of deep-seated landsliding. This result
suggests that 10° may serve as a quasi-slope stability threshold in the Tyee Formation of the OCR. Deep-
seated landslides occur in modest numbers where dip angles are gentle, whereas a significant fraction of

the terrain has been altered by large landslides where dip angles exceed 10°.
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LITHOLOGIC CONTROLS ON LANDSLIDING AND TOPOGRAPHIC RELIEF

To explore how lithologic variations within the Tyee Formation affect the development of
landslide terrain, we quantified how [ values vary in accordance with latitudinal facies changes. As
discussed above, sand-rich deltaic and proximal ramp deposits found in the southern half of our study
area grade into distal and ramp fringe deposits (characterized by an increasing siltstone percentage) in the
north (Figure 11). We quantified north-south topographic variations by partitioning our grid of 3 values
into a series of swaths stretching east-west across our study site, each 12.5 km wide in the north-south
direction. We calculated the mean and standard deviation of B values within each swath and plotted their
variation with Northing (UTM) measured at the center of each swath. Filled circles and error bars on
Figure 11A illustrate how the mean and standard deviation of £ vary with latitude. For each swath, we
also calculated the fraction of terrain (£) for which B exceeds 0.33 (Fig. 11B). The plots show a similar
pattern; [ values tend to be relatively low in the south and increase steadily to the north (Fig. 11A, B). In
particular, the northward increase in § corresponds with a decrease in the sandstone:siltstone ratio of the
Tyee turbidite beds (see top of Fig. 11). This pattern does not result from latitudinal variation in the
bedrock dip angles. Our structural characterization indicates that the distribution of bedrock dip angles is
relatively consistent with latitude, such that the opportunity to exploit bedrock of a particular inclination
does not vary systematically in the north-south direction. Instead, the northward increase in the frequency
of slide-dominated slopes may reflect greater availability of low shear strength siltstone beds. These
results also indicate that landslide-dominated terrain is persistent throughout our OCR study area; for
nearly all of the swaths, at least 10% of the encompassed terrain has been altered by large slope failures.
Furthermore, in the north, nearly 25% of the landscape exhibits the topographic signature of deep-seated
landsliding (Fig. 11B).

To determine if topographic relief varies systematically with the frequency of deep-seated
failures, we estimated the latitudinal variation of local relief (Fig. 11C). We calculated local relief for

each grid node in our study area as the difference between the highest and lowest elevations within a
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circular window with radius of 0.5 km. We used 0.5 km because it represents the approximate scale of
major ridge/valley sequences in the OCR (Roering et al., 2001). The filled circles and error bars represent
the mean and standard deviation of relief, respectively, within each swath (see Fig. 11C). High-relief
terrain in the south (~250 m) gives way to increasingly subtle landforms at the northern extent of the
study area, where mean relief is less than 175 m and exhibits less variability. Relief declines
monotonically moving northward apart from a zone of moderate relief (see vertical gray band in Fig.

11C) associated with a cluster of aphanitic, mafic-rich intrusions (see the symbols “I”” in Fig. 2A).
Although we removed topography associated with bedrock other than the Tyee Formation in our analyses,
these highly resistant dikes appear to regulate valley incision along Tyee-underlain slopes that flank the
intrusions. In essence, the resistant dikes serve as a low erosion rate upper boundary condition, such that
adjacent channels are anomalously steep as they connect to headwaters atop the resistant dikes. Near the
100 to 1000 meter intrusions shown in Figure 2A, meter-scale aphanitic dikes are commonly observed in
areas mapped as the Tyee Formation. These small-scale (and thus unmapped) features often form
knickpoints and contribute to steepening of channel profiles and elevated values of local relief. Apart
from this local departure, relief declines systematically to the north coincident with the trend of
increasingly frequent large landslides (Fig. 11B, C). In the absence of systematic variation in other
factors that affect relief (such as rock uplift or drainage density), our results suggest that local relief in the

OCR may be subdued by deep-seated landsliding.

IMPLICATIONS FOR LANDSCAPE DEVELOPMENT

Continued rock exhumation in the OCR will result in a southward shift of the sedimentary facies
(Figure 12). Due to the progradational nature of the Tyee Formation (Heller and Dickinson, 1985), distal
and ramp fringe deposits with low sandstone:siltstone ratios will outcrop in the central region of our study
area as erosion of the OCR proceeds. Our analysis linking the frequency of deep-seated landsliding with
composition of the Tyee Formation suggests that large slope failures will play an increasingly prominent

role in shaping the central and eventually southern OCR. The timescale for this process transition can be
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coarsely estimated using current erosion rates (~0.1 mm yr') and thickness estimates (2-3 km) for the
Tyee Formation. Strictly interpreted, it would take 20-30 My to unroof the entire Tyee Formation.
Considering the sedimentary architecture of the Tyee Formation (Heller and Dickinson, 1985), one might
expect the observed facies to shift 20-40 km southward over several million years. Considering that uplift
in the OCR has been active since the late Miocene (McNeill et al., 2000), the north-to-south replacement
of steep/dissected terrain with deep-seated landslides is likely an on-going process. This conceptual
model suggests that landslide-dominated, low-relief terrain will cannibalize steep and dissected
topography in the central OCR, such that the importance of stochastic, long-runout debris flows in
sculpting drainage basins will be transferred to episodic, large-magnitude mass movements that
frequently dam valleys and punctuate sediment delivery (Figure 12). Complications to this simplified
model include the presence of resistant aphanitic dikes that limit the incision of adjacent terrain and tend
to favor the maintenance of long, high-relief slopes.

The coupled influence of sedimentary facies and bed structure can be used to characterize the
incidence of deep-seated landsliding in the OCR. Our analyses suggest that local (5-10 km) variations in
the density of landslide-dominated terrain are driven by the inclination of the Tyee sedimentary units (Fig.
10), as reflected in northeast-north trending folds. Because folding and inclined strata are persistent
throughout our study area, significant latitudinal variations in landsliding likely reflect systematic
variations in lithology. In the northern region of our study area, prevalent low-shear strength, siltstone
innerbeds appear to significantly facilitate slope failure, as deep-seated slides are pervasive (Fig. 2B).
This suggests that an abundance of fine-grained innerbeds may become increasingly influential to deep-
seated landslide susceptibility, such that landslides may be more likely to initiate in areas with gently

dipping bedrock.

DISCUSSION
Our results indicate that deep-seated landsliding is pervasive in the OCR and will continue to play
a prominent role in shaping the landscape according to systematic variations in bedrock structure and
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lithology. In a recent study, Montgomery (2001) focused on shallow landslide susceptibility and
analyzed slope distributions across a broader expanse of the OCR than analyzed here, suggesting that
systematic variations in relief and hillslope gradient primarily reflect variation in rock uplift and
lithology. In contrast, our analysis emphasizes the role of large, bedrock landslides in regulating
topographic development of parts of the OCR underlain by the Tyee Formation. In the OCR, local relief
decreases with the fraction of area altered by deep-seated landsliding and does not appear to reflect
variations in rock uplift rate (Kelsey et al., 1996).

The topographic algorithm we employed to derive these insights is not intended for use in site-
specific analyses of landslide potential, but instead enables us to identify regions whose morphology is
indicative of deep-seated landsliding. While our methodology performed well in each of the areas where
we compared model predictions with field observations, we observed several cases where the algorithm
misidentified meander slip-off surfaces as failure-prone slopes. Although this misrepresentation does not
affect our conclusions about the relative importance of deep-seated landsliding because such meanders
are localized and infrequent in the OCR, additional morphologic criteria that account for proximity and
geometry of nearby valleys may assist in eliminating these errors.

The calibration of our algorithm depends on the resolution of topographic data. In particular, the
grid spacing of DEMs determines the nature of the morphologic signature used to identify landforms.
Interestingly, the observation that large landslides are smooth and relatively planar when compared to
adjacent stable terrain may be reversed when meter-scale morphologic data is employed. In contrast to
our analysis using ~26.5 meter data, a recent study using ~1 meter data derived from airborne laser swath
mapping (ALSM) indicates that slide-prone terrain is highly roughened and irregular compared to
adjacent, unfailed slopes and exhibits varying degrees of roughness depending on the time since
instability (McKean and Roering, in press). Furthermore, the scale of our data and width of our
smoothing window limited the size of landslide-dominated terrain that could be identified. While our
map of B values accurately located large, ancient slide masses, it was less effective at clearly
distinguishing small segments of hillslopes that have experienced deep-seated slide activity. During our
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field visits, we noted numerous headscarps and bench-like forms at the scale of ~100 x 100 meters that
did not consistently generate values of 3>0.33 using our algorithm. Although small, some of these deep-
seated landslides exhibited elevated 3 values and thus were classed in the transitional category (yellow
color in Fig. 2B). In contrast to our simple, bivariate method of distinguishing deep-seated landslides,
more elegant statistical methods that incorporate principal component analysis have been effectively
applied toward a similar end (e.g., Howard, 1995).

The prevalence of landslide-dam lakes in the OCR offers an additional opportunity to test our
algorithm. The slopes adjacent to each of the lakes listed in Table 1 exhibited patches with the
morphologic signature of deep-seated landsliding ($>0.33). In particular, the landslide responsible for
creating Triangle Lake and the upstream alluvial valley, which exceed 10 km? in area, has B values that
exceed 0.33 and the size of the feature is typical for failure-prone slopes in the OCR (< 1 km®). From
estimates of typical landslide size and our calculations of landslide density, at least 2,000 deep-seated
landslides persist in the OCR.

Thick, weathered soils, relatively smooth headscarps and large alluvial fills associated with
landslides in the OCR suggest that these features have persisted in the landscape for long periods of time
(> 10 ky). Once initiated, deep-seated failure may episodically occur at a particular location due to the
inclination of low shear strength siltstone units and preferential groundwater flow along sedimentary
interfaces. Currently, it is unclear whether slopes prone to deep-seated activity can be re-colonized by the
processes that shape steep/dissected terrain (i.e., fluvial and debris flow incision). In our investigations,
we witnessed sparse evidence of large, contiguous failure-prone slopes experiencing a phase of re-
dissection. This may indicate that deep-seated landslides remain sufficiently active that valley dissection
and steepening are unable to replace these features. The conditions for valley-forming processes on low-
gradient slopes of large landslides are unfavorable according to slope-drainage area channelization

thresholds (Montgomery and Dietrich, 1988). Most generally, terrain in the OCR appears largely bimodal
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in nature as the morphology is locally dominated by steep, debris flow-prone ridge and valley sequences
or gentle, bench-like deep-seated forms.

The timing and triggering mechanisms of these large slides are uncertain. The few examples of
historically active deep-seated slides have occurred on slopes whose morphology suggests previous
alteration by deep-seated slope instability (Thrall et al., 1980). In some cases, minor movement of deep-
seated landslides appears to have initiated due to loading effects of road waste deposition (J. Seward,
personal communication). While historical rainfall events have occasionally been sufficient to reactivate
older slides, the relative importance of valley incision, hydrologic events, or seismic activity in initiating
new failures remains to be explored. The location of the OCR above an active subduction zone suggests
that infrequent, large magnitude earthquakes (Atwater et al., 1991; Nelson et al., 1995) may have
contributed to prior activity, although the lack of historical observations makes this hypothesis difficult to
test. The establishment of a high-resolution landslide chronology record via lake cores or internal slump
ponds may reveal the synchronicity of failure events. The two available dates for the formation of
landslide-dam lakes (1.4 ky for Loon Lake and >40 ky for Triangle Lake) are disparate, suggesting that
deep-seated activity may have been persistent throughout the Late Quaternary evolution of the OCR.

Local controls on landsliding result not only from structural requirements (dip of underlying
bedrock and presence of low shear strength siltstone layers), but also from the correspondence of hillslope
aspect with the down-dip direction of bedding. Variability in the frequency of deep-seated landslide
terrain estimated around the strike and dip measurements (Fig. 10) may result from systematic deviation
(or correspondence) of dip direction and slope aspect. This appears to be a secondary effect as the
orientation of ridges and valleys seldom follows a dominant trend in the OCR. In the northern section of
our study area, inspection of our 3 value dataset indicates that the aspect of failure-prone slopes is locally
less uniform than observed elsewhere (i.e., Fig. 7). The high density of slide-dominated terrain in the
northern section of our study area (Fig. 2B) suggests that the mechanical requirement that dip slopes
correspond with hillslope aspect may be somewhat loosened. The high frequency and thickness of low-
strength siltstone beds may facilitate slope failures on a broader range of slope geometries.
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Our conceptual model, forecasting a long-term, north-to-south, and landslide-driven
‘unzippering’ of relief in the OCR, is derived through a synthesis of topographic, structural and lithologic
data. In spite of our efforts to minimize complexities by working in a single sedimentary unit, the
presence of igneous dikes locally confounds the comparison of relief and other topographic measures with
landslide density. Although sparse in area (accounting for <1% of the surface outcrop), igneous
intrusions are highly resistant and commonly form the highest elevation peaks in the OCR (Orr et al.,
1992). As noted above, slopes in the Tyee Formation adjacent to these regions exhibit anomalously high
relief values (Fig. 11C) because the signal of baselevel lowering is regulated by slow rates of valley
incision in headwater catchments underlain by intrusive bedrock. By accounting for the confounding
effect of these intrusions, our analysis reveals the importance of deep-seated landsliding in regulating
topographic relief and landscape morphology (Schmidt and Montgomery, 1995; Hovius et al., 1998;
Kuhni and Pfiffner, 2001). Additional factors that may affect our relief calculations include variable
boundary conditions and positioning of major and minor river systems. Terrain at the extreme southern
tip of our study area exhibits extremely high values of relief that may be affected by differential uplift
rates to the south and associated drainage basin adjustment.

In many active tectonic areas underlain by fine-grained sedimentary bedrock (e.g., Eel River,
Northern California; upper Waipaoa River, New Zealand; and the Eastern Coast Range, Taiwan),
sediment production is dominated by large landslides and local relief is low (~300-400 m) despite rapid
rates of rock uplift (~1-5 mm yr''). In such areas, it seems the frequency and magnitude of slope failure is
sufficient to prevent the development of significant relief typically associated with high uplift regions.
Although rates of tectonic forcing in the OCR are low in comparison, large landslides likely temper the
coupling between tectonic forcing and local relief because they affect the entire hillslope and impose low
gradients over broad areas. Given a hypothetical ten-fold increase in rock uplift rates in the OCR, for
example, our observations suggest that deep-seated activity may accelerate such that values of local relief
do not change significantly. Under such a scenario, the fraction of terrain affected by large landslides

may increase because slope destabilization driven by accelerated valley incision should lower the stability
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threshold for significant portions of the landscape. These long-term feedbacks do not consider the role of
climate in regulating hydrologic conditions that drive slope failure; short-term climatic variability may

modulate the timescale of landslide-driven topographic response to changes in tectonic forcing.

CONCLUSION

By defining the topographic signature of deep-seated landslides, we developed an automated
algorithm to map the extent of terrain altered by slope failure in the Oregon Coast Range. Slopes affected
by large failures tend to be planar and low gradient in contrast to the steep and dissected terrain, which
features steep, planar hillslopes and gentle, highly curved ridgelines and valleys. The fraction of terrain
affected by deep-seated landsliding varies from 5 to 25% depending on lithologic and structural
variations. The aspect of failure-dominated slopes generally corresponds with the dip direction of the
underlying sedimentary bedrock as defined by a series of north-northeast trending folds. While terrain
associated with bedrock dip angles below 10° may or may not exhibit deep-seated slope deformation,
terrain in areas where dips exceed 10° is often dominated by failures. The frequency and thickness of low
shear strength siltstone beds in the sand-rich deltaic-turbidite deposits of the Tyee Formation increase to
north, coincident with a systematic increase in the fraction of terrain dominated by deep-seated
landsliding. Local relief declines correspondingly, implying that deep-seated landsliding imparts a first-
order control on landscape development. Our analyses suggest that continued exhumation in the OCR
will result in a southward shift of distal facies with high siltstone fractions. The progressive emergence of
these slide-prone units may drive a north-to-south decline in relief over million year timescales.
Fundamentally, our findings are consistent with recent hypotheses that large landslides can prevent relief
from being strongly coupled with tectonic forcing. In addition, variations in structural and lithologic

controls on slope stability may imply that there is no single universal limit to topographic development.
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TABLES

Table 1. Landslide-dam lakes in the Oregon Coast Range.

Name Latitude Longitude Chronology

Ancient Lake Sitkum* 43.14339° -123.86687° | ?

Ayers Lake 44.45828° -123.78555° | Drift Creek slide: Dec. 6, 1975
Bradish Lake 44.60558° -123.70161° | ?

Camp Creek

(temporary lake) 43.60789° -123.77815° | Camp Creek slide: winter, 1956
Esmond Lake 43.87112° -123.59870° | ?

Gould (Elk) Lake 43.53566° -123.94333° | ?

Loon Lake* 43.58538° -123.83786° | >1,400 ybp

Lost Lake 43.28509° -123.60658° | ?

Triangle Lake* 44.17283° -123.57166° | >42,000 ybp

Wasson Lake 43.74767° -123.79377° | ?

Yellow Lake 43.79924° -123.55480° | ?

*Large lake with upstream alluvial valley greater than 4 km in length
(Baldwin, 1958; Thrall et al., 1980; Lane, 1987)
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FIGURE CAPTIONS

Figure 1. Location map of Tyee Formation (Eocene sedimentary rocks) in central Oregon Coast Range.

Figure 2. Elevation and deep-seated landslide terrain in study area. A) Elevation for Tyee Formation
with mapped distribution of anticlines and synclines (Baldwin, 1956, 1959, 1961), B) Distribution of §
(overlying a shaded relief map), which quantifies the degree to which terrain exhibits the topographic
signature of deep-seated landsliding (see text). [ varies from 0 to 1; 0 corresponds to steep and dissected
terrain without indication of slope deformation and 1 represents terrain with morphology consistent with
that generated by deep-seated landslides. Based on field observations and air photo analysis, $=0.33
(which corresponds to the transition from burnt yellow to red) suitably demarcates the boundary of slide
masses. In the southern interior, a patch of highly-indurated, late Eocene sediments of the Elkton
Formation outcrop and tend to form steep bedrock cliffs that contrast topography associated with the Tyee

units.

Figure 3. Oblique photos of A) steep and dissected terrain often cited as characteristic of the OCR, and
B) an ancient deep-seated landslide in the OCR (latitude: 43° 28, longitude: 124° 7°) that exhibits a low-
gradient, bench-like morphology.

Figure 4. Schematic cross-section of Drift Creek landslide (Dec. 6, 1975). Modified after Lane (Lane,
1987).

Figure 5. Contour map of a ridge in our study area (latitude: 43.85596°, longitude: -123.54141°) that
exhibits steep and dissected terrain on its northern side and an ancient deep-seated landslides on the
southern flank. Field observations on the landslide revealed degraded scarps near the crest not
distinguishable from topographic data. The thick, dashed line illustrates the outer edge of terrain with 3

values that exceed 0.33 (see text), consistent with deep-seated landslide morphology.

Figure 6. Plots of gradient (|Vz|) and curvature (V>z) for two patches of terrain in the OCR. A)
Relationship of gradient and curvature for steep and dissected terrain (“plus” symbols), valley floor (filled
gray diamonds), and deep-seated landslides (filled circles) for the area shown in Fig. 5. The thick, gray
box defines the morphologic signature of deep-seated slides (0.16<|Vz|<0.44 and |V*z|<0.008) which is
distinct from the signature of other landforms. More than 92% of the deep-seated data points fall within

the envelope while it contains less 5-10% of the data points for other landforms. B) Same as A for an
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