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CONTROLS ON DEEP-SEATED LANDSLIDING: OREGON COAST RANGE

Figure 2. Elevation and deep-seated landslide terrain in the Tyee Formation. (A) Eleva-
tion with mapped distribution of anticlines and synclines (Baldwin, 1956, 1959, 1961). (B)
Distribution of § values that quantify the degree to which terrain exhibits the topographic
signature of deep-seated landsliding (see text). B varies from 0 to 1; 0 corresponds to steep
and dissected terrain without indication of deep-seated landsliding and 1 represents terrain
with morphology consistent with that generated by deep-seated landslides. On the basis of
field observations and air photo analysis, B = 0.33 (which corresponds to the transition from
burnt yellow to red) suitably demarcates boundaries of slide masses. In the southern inte-
rior, a patch of highly indurated, late Eocene sediments of the Elkton Formation occur and
tend to form steep bedrock cliffs that contrast with the topography of the Tyee units.

-

B deep-seated landslide degraded headscarp

Figure 3. Oblique photos of (A) steep and dissected terrain often cited as characteristic of
the Oregon Coast Range (OCR), and (B) an ancient deep-seated landslide in the OCR (lati-
tude: 43.47°N, longitude: 124.12°W) that exhibits a low-gradient, benchlike morphology.

Geological Society of America Bulletin, May June 2005

generally, the role ol deep-seated landsliding in
regulating sediment production and landseape
morphology is poorly understood.

TOPOGRAPHIC IDENTIFICATION
AND MAPPING OF DEEP-SEATED
LANDSLIDES

Here, we exploit the profound morphologic
manifestation of deep-seated landslides in the
OCR to awtomatically map their extent using
a digital elevation model (DEM). e
illustrates  an  cast-west-trending  ridge  line
with characteristic forms on either side; the
narth-facing flank of the ridge 1s distinguished
by steep and dissected terrain whereas  the
southemn flank exhibits a benchlike, low-gradi-
ent form. On the northern side, the integrated
valley network facilitates the delivery of sedi-
ment from hillslopes and topographic hollows
to higher-order channels via  debris  tlows
(Dictrich and Dunne, 1978; Benda and Dunne,
1997). In contrast, the poorly dissceted slopes
on the southern side arise from deep-seated
slope instability that occurs [requently enough
to suppress the development of valley networks
(Fig. 5). No historical deformation has occurred
at this site, but degraded headscarps similar to
thosc shown in Figure 3B attest to the history of
slope deformation. Along the base of the ancient
landslide, valley incision has steepened slopes
at the channel margin, Similarly steep scctions
were commonly observed during our field
investigations of over 40 ancient deep-seated
landslides in the OCR. Typically, dormant land-
slides exhibit: (1) >10-m-high. degraded heads-
carps, (2) low-gradient, hummocky benches
with poorly developed drainage, and (3) steep
lower slopes with active streamside sotl slips.
At some sites, the steep, lower slope segment,
which may reflect the legacy of valley mcision
(Kelsey, 1988; Densmore and Hovius, 2000),
was poorly developed or absent.

Method

The topographic signature of deep-seated
slape failure is immediately apparent via inspec-
tion of acrial photos and topographic maps. To
streamline the mapping process, we formulated
a quantitative method for delineating landslide-
doninated terrain (rom DEM data. For this
endeavor, we acquired a DEM of the Oregon
Coast Range from the USGS National Eleva-
tion Data sct (NED), which has a grid spacing
of ~26.5 m and boasts minimal cdge matching
and other artifacts, We compared the data against
available 10 m DEMs and concluded that the
26.5 m dala set was sufficient for distinguishing
the topographic signature of deep-seated land-

LN



shiding and allowed for faster computational time.
Using a digital database derived from the Orcgon
State geological map (Walker and MacLeod,
1991, we clipped topography from the DEM

with a digital coverage outlining the extent of

the Tyee Formation (see Fig. 2A). Small voids in
the clipped topography (shown with the letter “1”
superimposcd) represent igncous intrusive rocks
that are more resistant to erosion than the Tyee
Formation and tend to be associated with large
knickpoints in river profiles.

We used topographic maps, aerial photos,
and ficld obscrvations to identify and map scv-
cral ridges that exhibit both steep and dissected
terrain and deep-seated landslide-prone terrain
(sce Fig. 3). Reasoning that the morphologic
differences that distinguish the two process
domains may be reflected by their slope and
degree of curvature, we calculated the distribu-
tion of topographic derivatives gradient (jVz|)
and curvature (estimated here as the Laplacian
operator, V2z) for both sides of cach ridge using
algorithms summarized by Zevenbergen and
Thorne (1987) and Moore et al. (1991). Positive
values ol curvature reflect concave terrain such
as that associated with unchanneled valleys or
hollows, whereas negative values represent
convex forms such as hilltops. We plotted the
vartation of curvature with gradient for stecp
and dissected terrain, deep-seated lundslide ter-
rain, and nearby valley {loors (two cxamples are
shown m Lz, 6). With minimal overlap, cach
landforin type exhibits its own morphologic sig-
nature in gradient-curvature space. We defined
the range of gradient and curvature values that
best distinguishes the cluster of points associ-
ated with deep-scated landslides. For various
combinations of gradient and curvature values,
we calculated the fraction of deep-seated. valley
{Toor, and steep/dissccted data that fall within
the topographic envelope, To determine the
best-fit envelope, we simultaneously maximized
the {raction of deep-scated data and minimized
the fraction of valley floor and steep/dissected
data that plot within the topographic envelope.
The calibrated morphologic envelope indicates
that deep-scated landslides (filled circles on
Fig. 6) are distinguished by near-zero values
of curvature (V7] <0.008 m ') and V7| values
between 0.16 and 0.44 (sce gray box in Fig. 6).
[ contrast, planar regions of the steep and dis-
sected terram tend to be associated with steep
sidestopes (IVz] >0.5) and low-gradient regions
(hilltops or narrow valley axes with [Vz| <0.4)
exhibit highly negative or positive values of V-z.
Wide valley floors were distinguished by near-
zero curvature values and gradients uniformly
lower than those observed on slide-prone terrain
{Fig. 6). For the data scts depicted in Figure 6A
and 6B, more than 92% of the deep-seated land-

ROERING ct al.
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TABLE 1. LANDSLIDE-DAM LAKES IN THE OREGON COAST RANGE

Name Latitude  Longitude Chronology

(N) (W) |
Ancient Lake Sitkumt! 43.143° 123.866" ?
Ayers Lake 44.458¢ 123.785° Drift Creek slide: Dec. 6, 1975
Bradish Lake 44.605° 123.701° ?
Camp Creek (temporary lake)  43.607° 123.778° Camp Creek slide: winter, 1956
Esmond Lake 43.871° 123.598° ?
Gould (Elk) Lake 43.535° 123.943" ?
Loon Lake! 43.585° 123.837° >1400 yr B.R,
Lost Lake 43.285° 123.606° ?
Triangle Lake? 44.172° 123.571° >42 000 yr B.P.
Wasson Lake 43.747° 123.793° ?
Yellow Lake 43.799° 123.554° ?

"Large lake with upstream alluviated valley greater than 4 km in length (Baldwin, 1958;

Thrall et al., 1980; Lane, 1987).

Prefailure slope

Tyee bedding
orientation

12°

200 m

No vertical exaggeration

Figure 4. Schematic cross section of Drift Creek landslide (Dec. 6, 1975), Modified after
Lane (1987). Qls refers to Quaternary landslide deposit.

slide data fall within our topographic envelope,
whereas less than 8% and 4% of the valley floor
and steep/dissccted data points, respectively,
plot within the envelope.

We used spatial averaging in applying the
topographic signature of deep-scated landshdes
to the DEM of our study arca. First, we identi-
fied every grid node within the DEM having
gradient and curvature values that fall within
our deep-scated morphologic criteria. The
resulting binary grid (values of either 0 or [,
with 1 indicating inclusion n the deep-scated
topographic cnvelope) revcaled a  speckled
pattern in some landslide-dominated areas, as
localized zones within individual deep-seated
landslides did not fall within the topographic
envelope. To account for the spatial scale of
individual landslides and de-cmphasize local
deviations from the morphologic criteria, we
smoothed the grid of binary data at each node
by calculating the proportion of adjacent terrain
that met the topographic cnteria. Specifically.
we generated another grid whose values were

calculated as the fraction of points within a
250 m radius that fell within the deep-seated
landslide topographic cnvelope. Values for the
resulting data set, which we term B values. 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-
scated landsliding. For this analysis, we chose
a 250 m smoothing radius because 1t represants
the approximate planform dimenston of several
deep-scated landslides we tdentified from ficld
surveys and air photo inspection. Larger radi
tend to diffuse the signal of individual landslides
and smaller radii tend to partition individual
landslides into several scctions.

Results

Using our autamated algorithm, we estimated
the distribution of topography indicative of
deep-scated slope failure in the Tyce Formation
(Fig. 2B). In - ures 23 and *, high values of

¢ Geological Society of America Bulletin, May June 2005



CONTROLS ON DEEP-SEATED LANDSLIDING: OREGON COAST RANGE

Deep-seated landslide
Gradient = 0.15to 0.4
Curvature = ~ 0

E_ 2l

Outline of area
with 7 > 0.33

Steep, dissected terrain
Gradient =0to 1.2
Curvature = high (-) to hig

Figure 5. Contour map of a ridge in our study area (latitude: 43.855°N, longitude:
123.541°W) that exhibits steep and dissected terrain on its northern side and an ancient
deep-seated landslide on the southern flank. Field observations on the landslide revealed
degraded scarps near the ridge crest not distinguishable from topographic data. The thick,
dashed line illustrates the outer edge of terrain with f§ >0.33, which delimits boundarics of

deep-seated landslide morphology (sec text).

B (terrain exhibiting slide-dominated morphol-
ogy) arc represented with warm colors (yellow,
orange, and red) and low values with cool colors
(green and light bluc). To calibrate the particu-
lar value of f§ that corresponds with the margin
of landslide-prone slopes, we examined the
distribution of [ values at numcrous locations
where we previously identified deep-scated
landslides via aerial photos, field observations,
and topographic maps. At these sites, B >0.33
served as an accurate criterion for delincat-
mg the boundaries of deep-seated landslides.
Strictly interpreted, this indicates that for a
given grid point with B = 0.33, 33% of the sur-
rounding patch of terrain has values of gradient
and curvature that meet the topographic criteria
(Fig. 6). The coarse dashed line on Figure 5
illustrates the region within which values of 3
exceed 0.33. Although some details (such as
steep, 1nner gorges associated with slope fatlure
along channel margins), may not be precisely
resolved, the B >0.33 boundary generally cor-
responds to the zone of landslide-dominated
topography (Fig. 5).

B values in the Tyee Formation vary latitu-
dinally (Fig, 2B). In the southern portion of
our study area, B values are generally low
but locally variable. Moving north, 8 values
increasc progressively such that a large fraction
of slopes 1n the northern portion of our study
arca cxhibit B >0.33 (shown as red in Fig. 2B).
Scveral large zones of high 3 values also occur
along the eastern margin of the Tyee Formation.
The central and southwestern regions exhibit
low {3 values as slopc morphology is dominated
by steep and dissected terrain driven by debris
{low initiation and runout,

The spatial extent of our study arca
(~10,000 km?®) prevented us from verifying
a significant portion of the slopes we identi-
fied as failure prone. Using ficld observations,
aerial photos, topographic maps, and maps of
landslide-dam lakes, we tested the algorithm at
over 40 sites and concluded that it consistently
separated deep-seated landslides from steep/
dissected terrain and valley floors. Locally, the
algorithm misidentified fluvial meander slip-off
surfaces (1.e., the inner banks of large bedrock

B25567 page 7 of 15
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meanders) as  shlide-dominated hccaus/thcy
tend to exhibit smooth, low-gradient surfaces
(Fig. 7). These features are isolated to 1solated
zones along major rivers and thas constitute
a ncgligible traction of the landslide-prone
(high B) terrain shown in Figure 2.

LITHOLOGIC CONTROLS ON
LANDSLIDING AND TOPOGRAPHIC
RELIEF

Method

To explore how lithologic vartations within
the Tyee Formation affect the development of
landslide-prone 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 south-
ern half of the Tyee Formation grade northward
mto silt-rich distal and ramp fringe deposits.
We quantified north-south topographic varia-
tions by partitioning our grid of B values into
a series of horizontal swaths, cach measuring
[2.5 km in the north-south direction and span-
ning the study area m the cast-west direction.
Within cach swath, we caleulated the fraction
of terrain (hereatter referred to as F) exhibiting
the topographic signature ot dcep-seaied land-
sliding (i.c., with § =0.33). To investigate the
cffect of deep-scated landslides on topographic
development, we calcutated the distribution of
local relicf at two dillerent spatial scales. For
cach grid node 1n our study area, we calculated
local relief as the difference between the high-
est and lowest clevation values within a cireular
window. We performed separate analyses using
a 250 m window to represent relief at the scale
of mdividual ridges and valleys and a 2.5 km
window to represent the regional distribution of
relief encompassing several nearby ridge/valley
sequences (Rocering et al., 2001).

Results

Our analysis reveals systematic latitudinal
variation in deep-seated landsliding. as 3§ val-
ues tend to be relatively low i the south and
increase to the north (Fio ). This pattern may
reflect facies variability within the Tyee Forma-
tion {(Chan and Dott, 1983; Heller and Dickin-
son, 1985). I the southern region, landslides
comprise 5% 10% of the landseape, whereas
for latitudes greater than 44°, the proportion
of slide-prone terrain consistently  exceeds
15%-20% (Fig. 8A). This relatively discrete
transition corresponds with a significant change
in the sandstonc:silistone ratio (from 9:1-6:4)
and a shift from proximal to distal ramp facies.

Geological Society of America Bulletin, May Junc 2005 7
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Sedimentary facies: Tyee Formation
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Figure 8. Latitudinal variation in (A) fraction of terrain with §§ >0.33, and (B) median local
relief nsing a 2.5-km-radius window. Annotations at the top illustrate latitudinal variation in
sedimentary facies and the sandstone:siltstone ratio (Chan and Dott, 1983; Heller and Dick-
inson, 1985). For each plot, data were calculated from sixteen 12.5 km (measured north-
south) nonoverlapping swaths. The prevalence of terrain influenced by deep-seated slope
instability increases northward, coincident with a decrease in the sandstone:shale ratio and
median local relief. The gradual, northward decline in relief is locally perturbed around a
zone of concentrated igneous intrusions (see gray box in B). These resistant units gener-
ate anomalously high values of relief as they modulate valley incision in adjacent slopes of
the Tyee Formation. See Figure 2A for the location of intrusions. UTM refers to Universal
Transverse Mercator coordinate system in meters.

Jandscape exhibits the signature of deep-scated
landsliding where dip angles approach 15°, For

a given dip angle, variability in the fraction of

slide-altered terrain is significant, reflecting

additional factors that influence the propensity

for deep-seated landsliding. The ubiquity of

rhick siltstone beds in the northern region may

modulate both landslide style and thresholds of

slope instability.

IMPLICATIONS FOR LANDSCAPE
DEVELOPMENT

Continued rock exhumation in the OCR will
result in a southward shift of sedimentary facies
{liv. 12). Due to the progradational nature of
the Tyce Formation (Ileller and Dickinson,
1985), distal and ramp fringe deposits with low
sandstonessiltstone  ratios  will - progressively
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Figure 9, Variation of local relief with the
proportion of terrain prone to deep-seated
landsliding. At 1200 randomly chosen points
with our study area, we used 250-m- and
2.5-km-radius windows to calculate values of
local relief and the fraction of adjacent terrain
with B >0.33, F (see text for description). (A)
Median hillslope-scale relief (250 m window)
declines linearly with 7~ Summary statistics
for the regression line fit to median values:
y = —146.5x + 242.5, r* = 0.87. (B) Regional-
scale median relief (2.5 km window) is ~440 m
where F <0.25 and declines to ~340 m where
F'>0.25, The thick gray line roughly separates
low-relief, slide-prone terrain from high-relief
terrain with a smaller density of slope failures,
Filled circles and error bars represent the
median and upper/lower quartiles for distri-
butions with bin size of 0.02.

crop out in the central region of our study arca
as erosion of the OCR procceds. Owing to the
linkage between bedrock hthology, structure, and
slope instability, large slope fatlures will play an
increasingly prominent role in shaping the central
and eventually southern OCR. The time scale for
this process transition can be coarsely estimated
using crosion rates (~0.1 mm yr') and thickness
estimates (2-3 km) of the Tyee Formation. These

10 Geological Society of America Bulletin, May Tunc 2005
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Figure 10. Rose and polar plots illustrating the correspondence between the aspect of fail-
ure-prone slopes (gray pie slices) and the dip and direction of bedrock (filled circles) for
three regions within our study area. Data collected within the (A) Gunter, (B) Walton, and
(C) Horton, United States Geological Survey (USGS) 7.5” 1:24k topographic quadrangles.
Distance from the origin represents the magnitude of bedrock dip (filled circles) and the
relative frequency of failure-prone slopes with a given aspect (gray pie slices). Hillslope
aspect data were binned in 15° intervals.
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CONTROLS ON DEEP-SEATED LANDSLIDING: OREGON COAST RANGE (}
data dicate that it would take 2080 m.y. to

unroof the entire Tyee Formation. Considering
the subsurface architecture of Tyee Formation
facies (Heller and Dickinson, 1985), one might
cxpect the current surficial facies distribution
to shift 20 40 km southward over 23 million
years, Given that uplift m 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 ongoing process. This conceptual model
suggests that landslide-dominated, low-reliet ter-
rain will cannibalize steep and dissected topogra-
phy in the central OCR. As a result, the dominant
role of debris flows in sculpting drainage basins
will be transferred to episodic, large-magnitude
mass movements that frequently dam vallevs and
punctuate sediment delivery (Fig. 12). Complica-
tions to this simplified model include localized
aphanitic dikes that limit the incision of adjacent
terrain and tend to favor the matenance of long,
high-relicf slopes.

DISCUSSION

Our results indicate that deep-seated landslid-
ing is pervasive in the OCR and will continue to
play a prominent role in shaping the landscape
according to systematic variations n bedrock
structure and lithology. In a recent study, Mont-
gomery (20010) focused on shallow landshide
susceptibility and analyzed slope distributions
across a broader expanse of the OCR than ana-
lyzed here, suggesting that systematic variations
in relief and hillslope gradient primartly reflect
variation in tectonic forcing and rock type. In
contrast, our analysis cmiphasizes the role of
large, bedrock landslides m regulating topo-
graphic development of the OCR underlain by
the Tyce Formation. Local relief decreases with
the fraction of arca altered by deep-scated land-
sliding and does not appear to reflect variations
in rock uplift rate (Kelsey ct al., 1996),

The topographic algorithm we employved to
derive these msights is not necessarily mtended
for use in site-specific analyses of landslide
potential but instead enables us o 1dentity
slopes whose morphology is indicative of deep-
scated landshiding. Our methodology performed
well 1nareas where we compared model pre-
dictions with field observations; however, we
observed several instances where the algorithm
misidentified fluvial meander slip-off surfaces
as failure-prone slopes. Although this misrepre-
sentation does not aflect our conclusions about
the relative nmportance of deep-scated landslid-
ing because such meanders are localized and
sparsc in the OCR, additional morphologic
criteria that account for proximity and geometry
of nearby valleys are needed.

Geological Society of America Bulletin, May June 2005 11
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Figure 11. Variation in the fraction of slide-prone terrain with bedrock dip angle for (A) sand-rich facies south of 44° latitude, and (B) silt-
rich facies north of 44° latitude. For each strike and dip observation (n = 1516), we calculated the fraction of surrounding terrain (within
2.5 km) with § >0.33, Each data point represents the median value for 1° bins of bedrock dip angle. Upper and lower error bars represent
the 75th and 25th percentile values, respectively, The extent of failure-prone terrain increases linearly with dip in both regions, although the
silt-rich areas exhibit a higher proportion of landslide-prone terrain for a given bedrock dip angle. Summary statistics for linear regressions

fit to the median values are: y = 0.0035x + 0.0077, r* = 0.65 for the sand-rich region and y = 0.0116x + 0.096, r* =

We did not calculate median values for bins with fewer than 10 data points.

Calibration of our algorithm depended on the
resolution of topographic data, In particular, the
grid spacing of DEMs determined the nature
of the morphologic signature used to identify
landformis. Interestingly, our obscrvation that
farge landslides are smooth and relatively planar
when compared to adjacent stable terrain may
be reversed when meter-scale morphologic
duta are employed. In contrast to our analysis
using ~26.5 m data, a recent study that used
~I'm data dertved from awborne laser swath
mapping (ALSM) indicates that slide-prone
terrain 1s highly roughened and frregular com-
pared to adjacent, unfailed slopes, and that it
oxhibits varymg degrees of roughness depend-
g on the time since instablity (McKean and
Roering, 2004). Furthermore, the scale of our
topographic data and the width of our smooth-
ing window limited the spatial extent of land-
slide-dominated terrain that could be identified.

Although our map of B3 values accurately located
targe, ancient slide masses, it less effectively
Jistinguished small segments of hillslopes that
xxperienced deep-scated shde activity. During
wr field visits, we noted numerous headscarps
and benchlike landforms at the scale of ~100 x
100 m that did not consistently generate values
of B >(.33. Many of these smaller landslides

exhibited somewhat elevated f§ (0.1 0.3) val-
ues and thus werce classed in the transitional
category (yellow color in Fig. 2B). [n contrast to
our simple, bivariate method of distinguishing
deep-seated landslides, more clegant statistical
mecthods that incorporate principal component
analysis have been effectively applied toward a
similar end (c.g., Howard, 1995).

The prevalence of tandslide-dam lakes in the
OCR offers an additional opportunity to test
our algorithm. The slopes adjacent to cach of
the lakes (Table 1) exhibited patches having the
morphologic signature of deep-seated landslid-
g (B >0.33). In particular, the landslide deposit
responsible for crcating Triangle Lake and the
upstream alluviated valtey, which exceed 10 km?
in arca, has f§ >0.33, and the size of the feature
is typical for failurc-prone slopes in the OCR
(~1 km"). From estimates of typical landslide size
and our calculations of landslide density, at lcast
2000 deep-scated landslides persist in the OCR.

Thick, highly weathered soils, relatively
smooth headscarps, and extenstve alluvial fills
associated with landslides in the OCR suggest
that these large slope failures have persisted
m the landscape for long periods of time (=10
k.y.). Once initiated, deep-scated fatlures may
episodically oecur at a particular location due

0.81 for the silt-rich region.

to the inclination of low-shear-strength siltstone
beds and preferential groundwater flow along
sedimentary interfaces. Currently. 1t 1s unclear
whether slopes prone to deep-seated activity can
be recolonized by the processes that shape steep
and dissected terrain (1.0.. fluvial and debris
incision). We obscrved sparse evidence of large,

low

contiguous [arlurc-prone slopes ¢xpertencing
renewed dissection. This may indicate that

deep-seated landshides remain sufticiently active
to subvert valley dissection and steepening. The
conditions for valley-forming processes (such as
shallow landsliding and erosion associated with
overland flow and scepage) on the low-gradient
and low-dramage arca slopes of large landslides
are unfavorable
arca channclization thresholds (Montgomery
and Dictrich, 1988). Most generally, terrain in
the OCR appears to be largely bimodal, as 1t 1s
characterized by steep, debris flow-prone ndge
and valley sequences and by gentle, benchlike
deep-seated landslides.

according to slope-dramage

The timing and triggermg mechanisms of
large shdes in the Tyee Formation are uncer-
tain. The few examples of historically active
deep-seated shdes have occwred on slopes
whose morphology suggests previous altera-

tion by deep-seated slope mstability (Thrall et

(reological Society of America Bulletin, vy lune 2005
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Figure 12. Schematic illustration of the topographic manifestation of sedimentary facics of
the Tyee Formation. Silt-rich distal and ramp fringe deposits in the north tend to generate
large, deep-seated landslides and low-relief terrain. Sand-rich deltaic facies in the south are
predominantly characterized by high relief terrain with relatively low rates of slope altera-
tion by large, bedrock landslides. Continued exhumation of the Tyce Formation will result
in a southward shift of slide-prone, low-relief terrain underlain by silt-rich distal facies.
UTM refers to Universal Transverse Mercator coordinate system in meters.

al., [980). In some cases, minor movement of

deep-scated landslides appears to have itiated
due to loading effects of road waste deposition
(Seward and Blackwood, 1998). Historical
rainfall events have occasionally been sufficient
to reactivate older slides, but the relative impor-
tance of walley incision, hydrologic events,
or seismic activity in initiating new  failurcs
remains to be explored. The location of the OCR
above an active subduction zone suggests that
n{requent, large-magnitude carthquakes (Atwa-
ter et al., 1991; Nelson et al.,, 1995) may have
contributed to landslide initiation, but the lack
of historical obscrvations makes this hypothesis
difficult to test. Coscismic landslides of similar
scale have been documented for recent seismic
cvents (King et al,, 1987, Martinez et al., 1995,
Schuster et al., 1998; Guzzetti ct al., 2002;
Khazai et al.,, 2004). Establishment of a high-
resolution landslide chronology record via lake
cores or internal slump ponds may reveal the
synchronicity of failure events. The two avail-
able dates for the formation of landslide-dam
lakes m our study arca (1.4 ka for Loon Lake
and =40 ka for Triangle Lake) are disparate and
the degree to which deep-seated activity has
persisted through the Late Quaternary evolution
of the OCR remains to be shown.

Geological Society of America Bulletin, May Junc 2005 L]

The correspondence between bedrock struc-
ture, lithology, and hillslope aspect provides
local control on deep-seated landsliding in the
Tyee Formation and other regions (e.g., Schmidt
and Montgomery, 1996; Jackson, 2002) and
may drive variability in the frequency of deep-
seated landslide terramn estimated around the
strike and dip measurements (Fig. 11). In the
northern section of our study area, distributions
of f values indicate that aspects of failure-prone
slopes are locally less uniform than observed
clsewhere. The high density of slide-dominated
terrain in the northern section of our study area
suggests that the mechanical requirement that
dip slopes correspond with hillslope aspect may
be relaxed. Here, the predominance of thick,
low-strength siltstone beds may facilitate slope
fuilures over a broader range of slope gecom-
etries. The style of slope failure also appears to
vary across our study area as large translational
slope failures dominate in the southermn region,
and rotational slips are more common in the
northern region.

Our conceptual modcl that forccasts a north-
to-south, landslide-driven unzippering of relief
i the OCR is derived through a synthesis of
topographic, structural, and lithologic data,
Additional factors that may affect our relief

B25567 page 13 of 15

calculations include variable rates of basclevel
lowering and the positioning of major and minor
river systems. Terram at the southern tip of our
study area cxhibits high values of relief that may
be atfected by difterential uplift rates to the south
and associated drainage basin adjustment.

In many active tectonic arcas underlain by
finc-grained sedimentary  bedrock  (c.g., Lel
River, northern California; upper Waipaoa River,
New Zecaland; and the Castern Coast Range, Tai-
wan), patterns of sediment production are domi-
nated by large landslides and local relief 1s low
(~300-400 m) despite rapid rates of rock uplift
(~1=5 mm yr "). In such arcas, the frequency and
magnitude of slope faiture may be sufficient to
prevent the development of reliel typieally asso-
ciated with high uplift regions. Although rates of
tectonic forcing in the OCR are low in compari-
son, large landshdes hkely temper the coupling
between tectonie forcing and local reliet because
they affect the entire hillstope and unpose low
gradients over broad arcas.

CONCLUSION

In contrast to the steep and dissected, debris
flow prone terrain often cited as characteris-
tic of the Oregon Coast Range, terrain prone
to deep-scated landshiding is pervasive and
exhibits low-gradient, benchlike morphologies.
We defined the topographic signature of deep-
scated landslides and developed an automated
algorithm to map the extent of terrain altered
by slope failure. The particular algorithm we
cmployed was developed specifically for slopes
in the OCR; however, the general approach
described here may be applicable for map-
ping and 1dentifying large landslides in other
landscapes. The fraction of terrain aftected by
decp-scated landsliding varies from 3% 25%
as a function of bedrock structure and lithologice
variations. The frequency and thickness of fow-
shear-strength siltstone beds in the sand-rich
deltaic-turbidite deposits of the Tvee Formation
increase to the north, coincident with a system-
atic inerease m the {raction of terrain domiated
by deep-scated landshiding.

The fraction of slide-prone terrain ncreases
proportionally with bedrock dip angle and i the
northern region of our study arca, where nearly
30% of the landscapes exhibits the signature of
deep-seated landsliding. Local relief declines
correspondingly, implying that
landsliding imparts a tirst-order control on land-
scape development. Our analyses suggest that
continued exhumation i the OCR will result
in a southward shift of distal silt-rich facies,

decp-seated

enabling us to generate quantitative predictions
tor the evolution ot the OCR. The progressive
emergence of the slide-prone units should drive a

e
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CHARACTERISTICS OF DEBRIS FLOWS

Debris flows, shown schemati-
cally in Figure 5 and by example
in Figure 6, consist of water-
charged soil, rock, colluvium, and
organic material traveling rapidly
down steep topography (Johnson,
1984). Debris flows are often trig-
gered by small landslides (Figure
7) that then mobilize and grow to
be large flows, entering and scour-
ing stream channels downslope
(Figure 8). When momentum is
eventually lost, the scoured debris
is often deposited as a tangled

mass of boulders and woody de- Figure 5. Diagram of a debris flow showing zones of initiation
bris in a matrix of finer sediments (source areas), transport and deposition. (From Pyles and others,
1998)

and organic material (Figure 9).
— & (Figu )‘ Although debris flows can be extremely

vanable and chaotic, they have some com-
mon characteristics. These characteristics
form the basis of much of our scientific un-
derstanding and provide the keys to iden-
tifying and modeling potentially haz-
ardous locations. Before describing the de-
velopment of the hazard map, therefore,
‘useful background on factors that affect
debris flow potential is provided.
- For descriptive purposes, it is helpful to
segment debris flow paths into areas of ini-
tiation, transport, and deposition as shown
generally in Figures 5.and 6. Some of the
common debris flow causes (termed trig-
ger mechanisms) are outlined below, fol-
lowed by some of the significant factors af-
fecting debris flow initiation, transport,
and deposition. This section provides only
a brief overview of the subject.

Trigger Mechanisms

Debris flows can be initiated in
! Ll marginally stable slopes by a number of
Figure 6. Photo of a debris flow showing zenes of ini- patyral and unnatural disturbances. Be-

tiation, tran‘s.port, and deposition. (Photo courtesy of cause most steep slopes are near their point
U.S. Geological Survey)

Oregon Department of Geology and Mineral industries iIMS-22 Text 7
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Mass Movements of Slope Materials 121

A)

o st
FIGURE 4.39

Debris flow and avalanches in Nelson County, Va., during 1969. (A) Flows deposited debris on small fans at the base of first-
arder hillslope channels (near Lovingston). (B) Catastrophic erosion and impact forces from these flows removed some
structures and devastated others (view from Davis Creek).
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FIGURE 4.40 '
Schematic model of a colluvium-filled hollow. (A) Hollow excavated to bedrock by a recent debris avalanche/debris flow. (B)

flow event once again.
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of equilibrium, failures can be the re-
sult of seemingly minor modifications.
In a fundamental sense, modifications
that lead to failures can be simply
grouped into factors that (a) increase
the gravity-driven forces acting
downslope and (b) reduce the resist-

mg fvrces ac h‘ng to Loap the c]r\pn in

place (Figure 10). Multiple factors may
be involved in triggering any givén
debris flow.. :

Natural events that can induce fail-
ures include high-rainfall storms,

A Figure 7. rapid snow melt, earthquake shaking,
Small intiat- breach of landslide or other natural
ing landslide. dams, and volcanic eruptions (Wiec-
zorek, 1996). By far the greatest num-
ber of debris flows that have occurred
in Oregon (at least in historical times)
have been associated with severe rain-
fall and rain-on- Snow storm events
= Figure 8. _
i(c;tu;zi:ans- Severe Ram Storms RN Bier
ng}rvreapltahon storms can tr1g— frn e
ger slope failures through-a number of
mechanisms. Water infiltration into. .
zones of weakness can trigger | fallures
W Figure 9. by (1) reducmg the frictional resis- |
Tangled tance to:sliding, (2) increasing pore
g:g?:it;::n pressures:within a slope mass; and 3):
- adding. welght (through saturation of

the soil' mass) (Turner and Schuster,
1996). Typically, all three of these
mechanisms combine durmg long-du-
ration, heavy precipitation storm- .
events totrigger rw1despread slope-sta-—-= =~
bility problems. During three 1996 /97
storm events, for example, thousands
of landslides (including many debris
flows) were triggered throxighout
western Oregon (Figure 11).

Given the importance of rainfall
events for slope failures, it is not sur-
prising that a number of studies have

8 Oregon Department of Geolegy and Mineral Industries IMS-22 Text
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7y of Debris Flows

ed sediment ac-
‘ebris flows con-
crease clear-wa-
; for clear-water
r flows with 50%
- 8). Bulking fac-

1 series of curves
.age area for dif-
draulics Division
oris basins. Bulk-
I A maximum
vithin maximum
ing factors in the
topography. ge-
by weight in de-
sgraphic areas.

utside of channel
ators, and can be
uy 1971: and Ap-
»w around a bend.
law of motion to
ave equal velocity
pproximated as a

dius of curvature.

levation difference
- Solving for mean
about 15 degrees.

the tilt of the flow
sured. This method
this probably does
calculating velocity
pplied to mudflow
elocities as great as

Superelevation of Flows Around Channel Bends and Runup

30 m/s are computed (Wigmosta et al. 1981; Janda et al. 1981). This unbelievable
average velecity is probably a result of (a) super-acceleration from the lateral blast
of the volcanic eruption, or (b) result of poor site selection, or (c) wave splatter set-
ting unrealistically high mud marks. The fundamental validity of velocity values cal-
culated from superelevation. and assumptions therein, remain unverified for use
with mud and debris flows (Ikeya and Uehara 1982). Since this method is promising
because of its wide applicability, more research is needed on the influences of fluid
strength on 10h:
arlier it was noted that mudlines on surviving trees in the path of debds and
mud flows show runup of the fluid on upstream sides. This runup reflects the point
surface velocity of the moving fluid, and for dgbris flows can probabl
nes on trees, hills,
or canyGn walls-might be number of point mean velocities of
flows by substituting the amouat of runup into the velocity head equation
(dh=av?/2 g). Strictly speaking. hydrostatic pressure relationships are not valid for
flows with strength. However, no data exist to my knowledge to verify just how well
or how poorly runup on trees or other obstructions compares with measured veloc-
ities for mud and debds flows. Studies have been made on clear-water streamflow
(Wilm and Storey 1944). This method needs further investigation.

Higher debris line on outside of curve

Levee or distinctive mud
marks on inside af curve

B

Fig. 14, Technique for estimating average velodty of debris flows from superelevation in
curves. (From Johnson {979)
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Figure 15. Unchannelized debris flow deposit.

Debris tlow Hyperconcentrated flow Flood flow
?;1‘:‘:" ﬂxkdl:d £lone > 1.5, average 2m | Size of material max. 1.0 m ave. 5cm|  Sizs of material max. 02m
053 ye! ":l ; m, Thicknass of layer max, 1.5 m, Thickness of layer max. 1.0 m,
e.2m ave. 0.5m ave. 0.3m
Erosion (Scour) —_— Sedimentation
m
Dbty 200 Monestial
Pasig-Potrero 100 pacl?
River System . r//
0 N N P T AT 7
20 30 km

Figure 16. Schematic of transition from debris flow to hyperconcentrated flow to

flooding. (From United Nations, 1996)
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Figure 18. Geomorphic features that can aid in the identification of historic debris flows.. (Diagram courtesy

of Tom Pierson)

Both the Oregon Departments of Geology
and Mineral Industries (DOGAMI) and ODF
performed these targeted field investigations.
Geographically distributed (and geologically
diverse) areas were evaluated as shown in
Figure 19. In these areas, reconnaissance-level
field investigations were conducted. Where
geologic evidence clearly defined the extent
of historic debris flow deposits, boundaries
were mapped. More commonly, the geologic
evidence was discontinuous or otherwise in-
conclusive. In these cases, field investigations
focused on a general rating of terrain for high
versus low relative debris flow hazard.

Improved GIS Modeling

During and following the initial field map-
ping, a variety of GIS models that could aid
in the hazard mapping effort were evaluated.

Our focus was on identifying a suitable mod-
eling framework to delineate the range of de-
bris flow hazards observed in the field, in-
cluding initiation, transport, and deposition
areas. While numerous models have been de-
veloped for evaluating initiation potential,
fewer have focused on the transport-and de-
position hazards —areas that are critical for
impact and public safety.

In a general review of modeling approach-
es and available models, a modeling frame-
work developed by the Earth Systems Insti-
tute (ESI) was selected as the starting point .
The ESI program uses topographic input data
(DEMs) and a suite of rules to model initia-
tion, transport, and deposition zones. In this
study, the general three-part framework im-
plemented was as follows:

For initiation, steep slopes are used as the

Oregon Department of Geology and Mineral Industries IMS-22 Text 4=/
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Figure 2. (a) Topographic contours and shaded relief show-
ing the bedrock hollow-channel network structure up to third-
order in the central Oregon Coast Range (OCR). Landslides
in hollows trigger debris flows in first- and second-order chan-
nels, which deliver sediment to third- and higher-order valley
floors. In addition, some bedrock hollows are located adjacent
to third- and higher-order channels. First- and second-order
channels comprise about 90% of all channel length in the
region. (b) Schematic diagram of the structure of the hollow-
channel network in an average 1-km?® area containing a third-
order stream (thickest line), three second-order channels (me-
dium lines), 10 first-order channels, (finest lines) and 100
hollows (dashed lines).

BENDA AND DUNNE: STOCHASTIC SEDIMENT SUPPLY TO CHANNEL NETWORKS
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years B.P.) of colluvial wedges in the upper parts of nine
bedrock hollows to indicate a change in the mid-Holocene
climate of the OCR that favored landsliding. Personius et al.
[1993] established an age of 9000-11,000 years B.P. for an
alluvial terrace throughout the central OCR, implying a re-
gion-wide evacuation of colluvium from bedrock hollows, pre-
sumably brought about by climate change during the Pleisto-
cene-Holocene transition. Benda and Dunne [1987] interpreted
four basal radiocarbon dates (1600-9500 years B.P.) collected
at recent landslide scars in the lower parts of hollows to rep-
resent the time necessary to refill landslide scars with collu-
vium to the point of failure in an unchanging ciimate. This
proposal was not meant to deny the possible role of climatic
change but only to admit ignorance in the face of sparse data.
Dunne [1991] suggested a reconciliation of the differing inter-
pretations of colluvium ages from the upper and lower parts of
hollows with a simulation model which suggested that under a
steady climate colluvium becomes unstable more frequently in
the lower portion of a hollow than in the upper part. Evacua-
tion of the latter may require changes of climate and fire
regime of the magnitude proposed by Reneau and Dietrich
[1990] and Personius et al. [1993].

3. Climate and Vegetation History

The application of our simulation model to the centra]l OCR
is based on the hypothesis that climate of the region has not
changed for at least 3000 years. This hypothesis is based on
studies of plant pollen assemblages in western Washington
State by Heusser [1974, 1977], Barnosky [1981], Leopold et al.
[1982], and Cwynar [1987], and in western Qregon by Worona
and Whitlock [1995], indicating that a climate similar to the
present one has existed in the OCR for the past 3000-6000
years. Long’s [1995] study of pollen and charcoal profiles in a
small lake in the OCR suggests no change in fire frequency
over at least the past 2000 years, even through the Little Ice
Age. The principal reason for climatic stability throughout the
mid- to late Holocene in the Pacific Northwest is the moder-
ating influence of the Pacific Ocean and the semipermanence
of the north Pacific subtropical high and the Aleutian low that
largely control the Pacific coast climate [Johnson, 1976).

During the mid- to late Holocene, the humid mountain
landscape of the central OCR has been forested predomi-
nantly by Douglas fir (Pseudotsuga menziesii) and western hem-
lock (Tsuga heterophylla) [Franklin and Dryness, 1973] under a
climate of rainy winters {~2200 mm yr~!) and dry summers.
Wildfires infrequently kill large areas of trees (Figure 3)
[Teensma et al., 1991; Agee, 1993] and control the distribution
of forest ages, which range up to more than 200 years [4ndrews
and Cowlin, 1934].

4. Stochastic Model of Sediment Supply to a
Channel Network

This paper describes a stochastic model for interpreting the
roles of temporal and spatial factors that control the sediment
influx to channel networks through landsliding and debris flow
at the scale of a 215-km?® watershed over thousands of years.
We begin by positing a landscape of bedrock hollows linked to
a network of channels (Figure 2); the axes of the hollows have
probability distributions of gradients and colluvium depths,
which are independent of one another as the model begins.
Each year, colluvium accumulates in each hollow at rates
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Figure 5—Evolution from a landslide scar in a bedrock
depression to a soil wedge. After the landslide, the exposed
bedorck surface forms an impermeable horizon shedding
rainwater and subsurface discharge into the depression as
overland flow. B. Sediment eroded from the over-steepened
soil perimeter into the depression is washed of its fine compo-
nent, leaving a gravel-lag deposit covering the rock surface.
C. Continued deposition leads to less frequent saturation
overland flow and less surface transport. Eventually, the lack
of surface wash causes the soil near the surface of the soil
wedge to become similar in texture to surrounding soil from
which it is derived.

® o



/’](\/7/4(\\@ (1 O A, 200 2-

and Wieczorek, 1995; Wilson, 1997;
Wiley, 2000). Several of these stud-
ies have focused specifically on
identifying rainfall thresholds
above which landslides (and par-
- ticularly debris flows) become sig;

Driving Elements  pjificantly more widespread and
e.g., gravity, water

pressure, seismic
Shak]ngl windthrow 1987, WllSOI'l and WleCZOI'ek, 1995,

Wilson, 1997; Wiley, 2000).
One rainfall threshold study that
Resiettng Eloniens ‘ used storm data’speciﬁcally from
e.g., frictional resistance, ~ the Pacific Northwest was reported
cohesion, root strength . by Wiley (2000). This study includ-
Figure 10. Schemahc of a slope, showing driving and resisting ed evaluations of climatic data in
elements. comparison with landslide occur-
: - ‘ rences recorded for the period of
focused on evaluating relationships between February 1996 through January 1997 and in-
storm characteristics and debris flow occur- dicated that widespread landslide activity in

rences (e.g., Campbell, 1975; Crozier and steep terrain throughout western Oregon is
Eyles, 1980; Keefer and others, 1987; Cannon, likely to be triggered by rainfall

1988; Wieczorek and Sarmiento, 1988; Wilson mten81ty / durahon combmatlons of (a) 40

numerons /I(ppFnr and others,

Atlala ptutud Lul §

Figure 11. Distribution of the more than 9,500 landslides triggered in Oregon by the storms of 1996-97. (From
Hofmeister, 2000)
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interval greater than 100 years while the peak flow on the Wilson River (the next major
river basin to the south) corresponded with a 25 year recurrence interval flood (Laenen et
al., 1997). In the Oregon Cascades, peak flow on the Sandy River near Marmot
corresponded with a recurrence interval greater than a 100 year flood while the nearby
Hood River experienced a 10-15 year flood (Laenen et al., 1997).

November Storm 2 ;

The November 1996 storm was a shorter duration and higher intensity rainfall event than
the February storm. Since the November 1996 storm occurred early in the season,
predominately at lower elevations in Oregon’s Willamette Valley and southern Coast
Range; it lacked a rain-on-snow component. Since it occurred in the fall it also lacked
significant antecedent precipitation. Therefore, soil moisture levels prior to the storm
event were relatively low. However, all-time, one-day precipitation records were set at
many locations (Table 1).

In addition, the following comments by George Taylor (State Climatologist) characterize
the storm:

“Daily and monthly records were set at many sites as well. At Portland Airport, 3.86
inches was recorded between 4 p.m. on the 18th and 4 p.m. on the 19th. This broke the"
November 24-hour total of 2.82 inches, which was set November 10-11, 1995. Rainfall
intensities for some areas in the Willamette Valley and Coast Range were calculated as a
100-year return period. While rainfall amounts were high as were stream flows
throughout the Willamette Valley, highest impacts in terms of landslides and debris flows
were reported in Douglas and Coos counties.”

Table 1. One-day precipitation records for selected stations.

1996 Date Records Old Year Old
Location  |Amount (in.) Began Record |Record Set (in.)
Corvallis 4.45 1889 4.28 1965
North Bend 6.67 1931 5.60 1981
Portland 2.70 1939 2.48 1948
Redmond 2.38 1948 1.81 1969
Raoseburg 4.35 1931 3.28 1965

There is tremendous spatial variability in timing and intensity of rainfall events for any
given storm. For example, two gages in the Oregon Coast were compared to determine if
two gages recorded similar precipitation intensities during the same rainfall events
(Surfleet, 1997). The two gages were at a similar elevation, a similar distance from coast
and within 10 miles from each other. The two gages recorded markedly different storm
intensities during significant rainfall events from 1989-1995. The precipitation timing
and intensities were disparate enough to suggest that for the highest storm events at one
gage the nearby gage was not experiencing a storm event. For example, 31 of the 33 top
storms at one gage were not identifiable as one of the top ten storms at the second gage.
The combination of variation in storm characteristics (precipitation and flood levels) and

Final ODF Storm Impacts Report Page 4
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Table 11. Landslide occurrence by origin of occurrence and by study area geology.

Gt

Fifay “Avg. R TR . Landslide Characteristics - o vl

Origin. - - | Slides |- “Slope - | Depth. |- initial L.S. | Initial L.S. | Total L.S.* | Total L.S:*

1 BWw.LS. |7 Avgi | Ava. Voli | Med. Vol | :Avg: Vol | Med: Vol.

oMoy e |y o (eyd) | cusya): e yd) | (eu: vdi)

Red zone Tyee. Sa_ndstone-'Geology, Study:Areas (Elk Cr., Mapleto’(ny,Scottsb_ufg)
Up-siope 239 82 25 104 36 445 174
Channel Adj. | 82 31 19 41 6 55 17
Gully 1 55 0 0 0 4 1

38 /17" Redione Igneous Geology Study Areas (Tillamook; Viday. - GIEdRER
Up-siope 50 86 29 116 25 702 171
Channet Adj. | 51 92 32 231 53 253 53
Gully 2 56 0 0 0 163 163
'\ Stratified randomly: Selected Study Sites'(Dallas, Estacada, Vernonia)- '
Up-slope 8 78 2.9 341 82 1434 142
Channel Adj. | 16 93 2 44 17 44 17
Gully 0 NA NA NA NA NA NA

Tl j , “CAlEStudy Sites: T 0 T TR
Up-slope 295 83 25 | 111 36 509 171
Channel Adj. | 151 92 2.3 105 24 120 25
Guily 3 56 0 0 0 110 61

The channel adjacent landslides occurred on steeper slopes than did the up-slope
landslides (92% versus 83% steepness). Steepness is measured as rise (vertical distance)
over run (horizontal distance) from the top of the landslide scarp downslope over the
“reconstructed” (prior to the landslide) ground surface. Field crews were careful to try to
measure slope on the initial landslide surface, based on the landslide depth
measurements. Failure to do this can lead to overestimation of the pre-landslide slope
steepness (which is a critical parameter for determination of landslide hazard). Note that
slope percent and slope degrees are very different. A slope of 100% is equal to 45
degrees. The up-slope landslides originated on average slopes of 82% in the Tyee red
zone study areas, 86% on the igneous red zone study areas, and 78% on the non red zone
study areas; however, there were only six up-slope landslides in the stratified random
study areas. Average slope steepness for the channel adjacent landslides was similar
across all study zone types (91% to 93%).

Initial median landslide volumes for the Tyee and igneous study areas are similar (up-
slope volume of 36 yards in the Tyee and 25 yards in the igneous, with channel adjacent
volume of 46 and 53 cubic yards respectively). However, mean initial volumes are very
different. In the Tyee study areas, up-slope landslides averaged 104 cubic yards while
channel adjacent landslides averaged 41 cubic yards. In the red zone igneous study areas,
the channel adjacent landslides were larger than the up-slope landslides (231 cubic yards
compared to 116 cubic yards). However, after including debris flow volumes, up-slope
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