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Landslides into valley bottoms can affect longitudinal profiles of rivers, thereby influencing landscape evolution
through base-level changes. Large landslides can hinder river incision by temporarily damming rivers, but cata-
strophic failure of landslide dams may generate large floods that could promote incision. Dam stability therefore
strongly modulates the effects of landslide dams and might be expected to vary among geologic settings. Here,
we investigate the morphometry, stability, and effects on adjacent channel profiles of 17 former and current
landslide dams in eastern Oregon. Data on landslide dam dimensions, former impoundment size, and longitudi-
nal profile form were obtained from digital elevation data constrained by field observations and aerial imagery;
while evidence for catastrophic dam breaching was assessed in the field. The dry, primarily extensional terrain of
low-gradient volcanic tablelands and basins contrasts with the tectonically active, mountainous landscapes more
commonly associated with large landslides. All but one of the eastern Oregon landslide dams are ancient (likely of
order 10° to 10 years old), and all but one has been breached. The portions of the Oregon landslide dams
blocking channels are small relative to the area of their source landslide complexes (0.4-33.6 km?). The multi-
pronged landslides in eastern Oregon produce marginally smaller volume dams but affect much larger channels
and impound more water than do landslide dams in mountainous settings. As a result, at least 14 of the 17 (82%)
large landslide dams in our study area appear to have failed cataclysmically, producing large downstream floods
now marked by boulder outwash, compared to a 40-70% failure rate for landslide dams in steep mountain envi-
ronments. Morphometric indices of landslide dam stability calibrated in other environments were applied to the
Oregon dams. Threshold values of the Blockage and Dimensionless Blockage Indices calibrated to worldwide data
sets successfully separate dam sites in eastern Oregon that failed catastrophically from those that did not. Accu-
mulated sediments upstream of about 50% of the dam sites indicate at least short-term persistence of landslide
dams prior to eventual failure. Nevertheless, only three landslide dam remnants and one extant dam significantly
elevate the modern river profile. We conclude that eastern Oregon's landslide dams are indeed floodmakers, but
we lack clear evidence that they form lasting plugs.

Keywords:
Landslides
Landslide dams
Mass movements
Eastern Oregon
Geomorphology

© 2015 Elsevier B.V. All rights reserved.

1. Introduction has highlighted the ways in which hillslope-channel interactions can

modulate local fluvial incision rates over timescales of 10*-10° years

Rivers propagate climatic and tectonic signals through landscapes,
creating local relief and setting the base level to which tributaries and
hillslopes respond. Consequently, the longitudinal profile evolution of
mainstem rivers may strongly regulate landscape response to external
forcing (e.g., Whipple and Tucker, 1999), particularly in unglaciated
landscapes and in landscapes affected by significant rates of uplift or
base-level drop. In this conceptual framework, hillslopes are usually
cast as responding passively to fluvial drivers. However, recent work
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(e.g., Hewitt, 1998, 2006; Korup, 2002; Ouimet et al., 2007; Korup
et al., 2010; Burchsted et al., 2014). Particular attention has been paid
to the effects of large, dam-forming landslides on river morphology
and sediment storage over multiple spatial and temporal scales. For ex-
ample, epicycles of aggradation upstream of landslide dams and incision
through the deposits or adjacent bedrock dominate sediment deposi-
tion and erosion patterns over 10310 years in parts of the Himalaya
(e.g., Hewitt, 1998; Korup et al., 2006; Hewitt et al., 2008, 2011). A
recent modeling study by van Gorp et al. (2014) likewise simulated
impacts of landslide damming on sediment storage and release that per-
sist for at least 15,000 years. The lag deposits and sediment wedges
associated with long-lived landslide dams can also create persistent
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knickpoints and associated alluvial plains (e.g., Korup, 2005, 2006,
2011; Schuster, 2006; Ouimet et al., 2007; Walsh et al., 2012), forming
prominent morphologic features in some river valleys.

Landslides can affect the longitudinal profile evolution of rivers in
two contrasting manners. Large landslides can inhibit incision locally
by altering channel slope, width, and bed character and by burying
the valley bottom under landslide material. Dam-forming landslides
can also affect reaches upstream from the incursion site because fluvial
incision ceases in the dam pool during the lifetime of the dam. If the
dam is long-lived, sediment may accumulate in this reservoir, extending
the timescale of longitudinal profile recovery until the sediment is evac-
uated (e.g., Hewitt, 1998). The persistent inhibition of incision in
landslide-prone channel reaches, particularly in downstream-most
reaches, would tend to produce local to regional convexities in the lon-
gitudinal profiles of rivers subject to external forcing (e.g., Ouimet et al.,
2007; Safran et al., 2008).

By contrast, through natural dam failures, dam-forming landslides
can generate cataclysmic floods (e.g., Costa and Schuster, 1988; Ermini
and Casagli, 2002; O'Connor et al., 20033, 2013) that have the potential
to incise through valley fill or bedrock. These outburst floods can be
much larger than meteorologically generated floods and can set the
basic architecture of the channel for many thousands of years (Beebee,
2003; O'Connor and Grant, 2003; Schuster, 2006). The incision caused
by individual outburst floods from other types of natural dams, such
as ice dams, calderas, or tectonic basins, has been well documented
(reviewed in O'Connor et al., 2013). Such dams typically impound larger
water bodies than landslide dams, with a few notable exceptions
(O'Connor et al., 2003a; O'Connor and Beebee, 2009); consequently
we expect any enhanced incision during outburst floods from breached
landslide dams to be more modest than for other types of outburst
floods. However, in environments where landslide dams are spatially
and temporally frequent and susceptible to failure, such effects could
potentially be significant, especially where topographic or climatic con-
ditions do not drive high background rates of incision.

Not all landslide dams fail catastrophically, however, and the ques-
tion of whether or not landslide dams may cataclysmically breach has
important implications for hillslope-channel coupling and controls on
landscape evolution. This issue has been addressed in the context of
natural hazards where some assessments of dam stability relate dam
size to water available for dam breaching (Casagli and Ermini, 1999;
Ermini and Casagli, 2003; Korup, 2004). Threshold values of morpho-
metric functions, or indices, that partially distinguish between stable
and unstable landslide dams have been determined for the Italian Apen-
nines (Casagli and Ermini, 1999); for the New Zealand Southern Alps
(Korup, 2004); for composite data sets predominantly from Italy,
Japan, and the western U.S., with a smattering of examples from the
Canadian Cordillera, New Zealand, and elsewhere (Ermini and Casagli,
2003); and for the Argentine Andes (Hermanns et al., 2006, 2011a).
Dams that impound extant lakes or ancient lakes that filled with sedi-
ment have commonly been classified as stable, although extant lakes
still have the potential to drain catastrophically through future dam fail-
ure. Costa and Schuster (1991), Hewitt (1998), Ermini and Casagli
(2002), and Hermanns et al. (2006, 2011a) reported cases of catastroph-
ic failure after hundreds or even thousands of years of dam persistence,
e.g., caused by landsliding into existing landslide-dammed lakes and
changes in climatic conditions (e.g., Hermanns et al., 2006, 2011a).
The unstable landslide dam classification has sometimes been used
to denote catastrophic breaching (e.g., Ermini and Casagli, 2003;
Hermanns et al., 2011a), but in many instances breaching occurs in an
unspecified manner, and stability classifications are ambiguous
(e.g., Korup, 2004; Hermanns et al., 2011a). Here, we do not attempt
to designate stable landslide dams but rather focus on whether dams
in our study area failed catastrophically or not.

Dam stability analyses have predominantly been applied in rugged,
mountainous terrain. However, the propensity for landslide dams to
fail catastrophically — and associated consequences for channels —

likely varies across geologic settings, because of differences in regional
physiography, landslide distribution, or landslide type. Some lower-
relief environments also exhibit widespread landsliding (e.g., Reneau
and Dethier, 1996; Philip and Ritz, 1999; Korup et al., 2007; Safran
et al., 2011), but the stability of landslide dams in such settings has
not been analyzed.

To address that gap and better understand the formation, failure,
and geomorphic consequences of landslide dams in a different environ-
ment, we analyze the history and morphometry of 17 ancient landslide
dams and their adjacent channels in eastern Oregon. We compare these
landslide dam characteristics with two other data sets summarizing
landslide dam characteristics from New Zealand (Korup, 2004) and se-
lect worldwide sites (Ermini and Casagli, 2003; Korup, 2004). We eval-
uate field evidence for catastrophic failure, as well as field and map
evidence of effects of landsliding on longitudinal river profiles. For
each landslide dam, we then compute the value of five stability indices
(Blockage index, Dimensionless Blockage index, Impoundment index,
Backstow index, Basin index; Ermini and Casagli, 2002, 2003; Korup,
2004). We assess whether any previously published threshold values
of these stability indices, derived from other environments, are consis-
tent with our own field observations relating to dam failure. Our prima-
ry aim is to contribute to a more complete picture of the character and
behavior of landslide dams by providing data from one of the least tec-
tonically active landscapes likely to support many large landslide com-
plexes, which is important for understanding the diverse potential
long-term effects of large landslides on channel and landscape evolu-
tion. Our secondary aim is to probe the utility of dam-stability indices
and their calibrated failure-threshold values as an interpretive frame-
work for making such comparisons across geologic environments
(e.g., Korup, 2004; Hermanns et al., 2006, 2011a).

2. Study area and dam sites

The sites selected for this study lie east of the Cascade Range within
the Deschutes, John Day, Malheur, and Owyhee river basins of eastern
Oregon (Fig. 1).

This semiarid landscape lies in the rain shadow of the Cascade Range
and receives on average 25-38 cm of rain/y, with local maxima of
50-75 cm/y in the Ochoco and Strawberry Mountains. The regional ge-
ology consists primarily of volcanic and volcaniclastic rocks of Tertiary
and Quaternary age. Thick sequences of fluviolacustrine sediments
have accumulated since the Miocene in tectonically controlled, largely
extensional basins (Cummings, 1991; Christiansen and Yeats, 1992;
Cummings et al., 2000). Igneous deposits ranging in composition from
rhyolitic ash flow tuffs and calderas to basaltic lava flows form low-
gradient plateau tops punctuated by higher-standing peaks. The region
stands at an elevation of >1 km above mean sea level (amsl), rising to an
average surface elevation of almost 1.4 km amsl near the shared borders
of Oregon, Idaho, and Nevada (Camp and Ross, 2004). The uplifted pla-
teaus are dissected by canyons cut by major rivers, creating corridors
where local relief reaches a few 100 m (Fig. 2).

Most large rivers in this region drain to either the Snake or Columbia
rivers. Modest local relief was likely already established in the mid- to
late-Pliocene, in part caused by capture of the Snake River by the
Columbia River ~3-4 Ma (Repenning et al., 1995; Van Tassell et al.,
2001) and in part because of other, incompletely understood drivers.
Average incision rates on the Deschutes River, a tributary of the Columbia
River, were about 0.1 mm/y between ~4 and 1 Ma, when the river
reached its near-present level (O'Connor et al.,, 2003b). In the last
~2 Ma, long-term incision rates on the Owyhee River (a tributary to the
Snake River) between Rome and Birch Creek have been ~0.2 mm/y
(Ely et al.,, 2012). Although the regional drainage pattern was broadly
established by middle Miocene to early Pliocene times (Smith, 1986;
Beranek et al., 2006), the combination of low precipitation rates, low
regional gradients, and tectonic and volcanic disruption of drainage net-
works has led to poor hydrologic integration. Nearly 60,000 km? of
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Fig. 1. Location map of landslide dam sites analyzed. Thin black outline in inset map depicts Columbia River basin boundary.

eastern Oregon is presently internally drained, although portions of preferentially associated with escarpments where coherent volcanic
those areas were integrated during wetter climatic times (Carter et al., rock units overlie weak, volcaniclastic debris with several tens to hun-
2006). dreds of meters of local relief (Safran et al., 2011). The spatial density

Large landslide complexes, some larger than 30 km?, are widespread of mapped faults exerts no control on landslide distribution, while
throughout the region (Safran et al., 2011). Their distribution is about 10% of landslides occur within 3-10 km of mapped fold axes

Fig. 2. View of Owyhee River illustrating typical regional landscape morphology. Tertiary and Quaternary lava flows form plateaus at multiple elevations, and incising river canyons create
local relief of several 100 m.
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(Safranetal., 2011). Most of the >400 landslides that have been mapped
throughout the region are multiple rotational slides, but ~5-10% are
earth flows, debris flows, and lateral spreads (Safran et al., 2011).
Geochronologic constraints are weak and are available for only ~5% of
mapped complexes, but they indicate that some are at least as young
as early Holocene age, while most are likely Pleistocene (Safran et al.,
2011). The age of the landslides and the lack of spatial association
with faults suggests that triggers may have been climatic, primarily re-
stricted to periods of greater moisture availability. Although precipita-
tion rates at the last glacial maximum were likely approximately the
same as today's (Oster et al., 2015), reduced evaporation rates led to
the formation of lakes in some of the closed basins of eastern Oregon
and the Great Basin (Ibarra et al., 2014), suggesting a net increase in ter-
restrial moisture. These conditions could have promoted landsliding
during the Pleistocene.

Many landslides in eastern Oregon are known or are strongly
suspected to have blocked rivers in the past (Beebee, 2003; O'Connor
et al.,, 2003a; Othus, 2008; Safran et al., 2011), but we are aware of
only one landslide in the region that still impounds a lake. All other
blockages have been breached. A similar situation was faced by
Hermanns et al. (2006) in the NW Argentinian Andes; but in other
regions where landslide dams have been studied, samples of intact
and of breached landslide dams exist (Casagli and Ermini, 1999;
Ermini and Casagli, 2003; Korup, 2004; Hermanns et al., 2011a). In east-
ern Oregon, we relied on field observations of dam remnants and the
surrounding channel reaches to assess evidence for catastrophic
breaching or persistence.

The landslide sites selected for the present study constitute only a
small subset of mapped landslides that may have blocked the region's
rivers. The sites were selected because of clear evidence for channel
blockage and/or good preservation of the morphology of the landslide
dam. Several sites from each major drainage basin were selected, and
the sites represent the diversity of landslide types in the region
(Table 1). We have made field visits to all but three of the dam sites.
Some form of geochronologic constraint on the age of the landslides,
landslide dams, or outburst floods exist for almost half of the sites,
described below.

3. Geochronologic constraints on landslide dams

Most geochronologic information about the eastern Oregon land-
slide dams is indirect and relates either to the landslides or to associated
outburst floods; dated sediment accumulations upstream of landslide
dams are rare. In the Deschutes River basin, age constraints on the
Whitehorse landslide dam are weak; the slide occurred sometime
between 38,740 + 540 '*C YBP and the 7.7 ka Mazama eruption
(O'Connor et al., 2003a). Sediments inferred to have been deposited in
an impoundment upstream of the Dant debris flow contain pumice
granules similar to ones from the same area dated at 0.40-0.46 Ma
(O'Connor et al., 2003a). Auger holes dug into sediments collected in
closed depressions on the Wapinitia landslide and the morphologically
fresher-looking Boxcar landslide downstream indicate the presence of
the 7.7 ka Mt. Mazama ash. The ash is at the base of the sediments on
the Boxcar landslide and close to, but not at, the base of the sediments
on the Wapinitia landslide, consistent with the relative age assessment
based on morphology. In the John Day River basin, the Magone Lake site
affords the only direct indication of time of dam formation, supposedly
in the late 1800s (Mosgrove, 1980). Mazama ash was found in a closed
depression on the Burnt Ranch landslide toe, implying that this land-
slide also pre-dates the Mazama eruption. In the Malheur River basin,
widespread tephra from the Mt. Mazama eruption of 7.7 ka is absent
in the prominent bank cuts in sediment accumulations upstream of
the Chukar Park site, suggesting a post-Mazama age for the landslide
blockage. In the Owyhee River basin, the most recent blockage of the
river in the reach of the Artillery landslide complex was most likely be-
tween 28 + 2 and 18 + 1 ka, based on *He cosmogenic radionuclide

(CRN) ages of outburst flood boulders directly downstream. The age of
the East Springs Greeley earth flow is not well constrained. Mazama
tephra (7.7 ka) was found in a closed depression on the large boulder
bar immediately downstream, which could be an outburst flood deposit
from this earth flow blockage. Two 3He CRN samples yielded ages of
354 + 25 ka on the uppermost portion of the boulder bar and 14 +
1 ka on a lower portion. Based on the landslide's well-preserved mor-
phology, the age is most likely closer to the younger end of this range.
No geochronologic information exists for the Hogsback site, but mor-
phologically it is one of the most rugged landslides along the Owyhee
corridor. Based on comparison with other landslides along this river
for which we do have some age information (Safran et al., 2011), it is
likely less than ~10 ka.

4. Dam and reservoir morphometry
4.1. Methods

As noted by Korup (2004), acquisition of morphometric data for
landslide dams is a difficult task that includes many subjective judg-
ments. Methodological detail about these judgments is often lacking
in the literature, hindering comparisons among studies. Therefore,
only major differences among landslide dam populations documented
by different researchers are likely to be credible. Here we describe
how we determined the values of seven parameters that are either re-
ported as summary statistics of other landslide-dam samples or used
to compute various dam stability indices (Ermini and Casagli, 2002,
2003; Korup, 2004). We also describe the collection of longitudinal pro-
file data used to assess the long-term effects of the landslide dams.

Former channel blockages were identified using one or more key
criteria, which were assessed either in the field, remotely, or both.
Criteria included i) observation of an individual landslide deposit on
both sides of the present-day stream (e.g., Fig. 3A); ii) highly constricted
and/or laterally displaced river reaches (e.g., Fig. 3B); iii) the presence of
rapids in the constricted reach, suggesting a lag deposit; iv) terraces
upstream of potential blockages at or below the probable dam height,
suggesting sediment accumulation within the impoundment; or v) out-
burst deposits downstream of the blockage, such as boulder bars or
flood-swept boulders on elevated surfaces. Remote assessments of
these features were made using Google Earth imagery, 1-m resolution
color orthophoto quarter quadrangles of National Agricultural Invento-
ry Project (NAIP) imagery, 10-m digital elevation models (DEMs), and
where available (for reaches of the Owyhee and Deschutes rivers),
higher-resolution DEMs derived from lidar data.

For each landslide dam, we identified a critical site cross section and
the breach zone defining the effective along-channel extent of the dam
(Wp; note that we adhere to the standard though the convention is con-
fusing: that landslide dam width is defined in the along-channel direc-
tion and dam length (Lp) is defined in the cross-channel direction;
Costa and Schuster, 1988). These were digitized as line features into
shapefiles (Supplementary data Repository items 1 and 2); examples
are shown in Fig. 4.

The critical cross section was located at the point of maximum chan-
nel constriction or at the location where the height of the landslide dam
(Hp) was determined. The height of the landslide dam was defined by
the lowest point of the critical cross section subtracted from the eleva-
tion of field-identified overflow features on or adjacent to the landslide,
indicating a spillover elevation (e.g., Wapinitia, Warm Springs Reser-
voir, East Springs Greeley); the maximum elevation of backwater sedi-
ment deposits (Dant); or in the majority of cases, as the elevation of
the minimum alternative spillover (MAS) route (Fig. 4). The MAS
defines the location along the critical cross section where water
impounded behind the dam would have spilled if it had not carved
down at the present channel location. It represents a local elevation
minimum, apart from the present channel, along the critical section.



Table 1

Eastern Oregon landslide dam sites analyzed in this study.

Site name Major river  Long. Lat. Landslide Landslide type Evidence for blockage Drainage area Landslide dam Lake vol. Lake length
basin (decimal degrees) (decimal degrees) complex and persistence/failure upstream of height/length/width (m) (m?) (m)
area (km?) blockage (km?)
Whitehorse Deschutes 121.0782 44.9393 7.1 Complex rotational Terraces upstream, boulder 24,645 45 359 950 2.09 x 108 2.13 x 10*
failure bars downstream
Dant Deschutes 121.1154 45.0440 0.4 Debris flow Lake sediments upstream, 24,827 30 166 560 3.74 x 107 131 x 10%
boulder lag downstream
Wapinitia Deschutes 121.1240 45.1473 0.7 Complex rotational 25,164 19 206 400 7.39 x 10° 7.99 x 103
failure
Warm Springs River Deschutes 121.0936 44,8651 1.1 Debris flow 1401 30 195 275 1.09 x 107 6.50 x 10°
Magone Lake John Day 118.9144 44.5460 0.4 Rock avalanche? Extant lake 3 6 100 390 ND*? 8.75 x 10?
Sheep Rock John Day 119.6382 44.6210 9.7 Complex rotational ~ Suspected lake sediments 5292 37 367 550 532x107  1.08 x 10*
failure upstream, flood torrent
terrace downstream
Burnt Ranch John Day 120.3533 44.7436 3.2 Earth flow Terraces upstream, boulder 14,567 33 289 500 9.62x 107  2.15x10*
bars and elevated gravel
deposits downstream
Clarno John Day 120.4770 44.9668 33.6 Complex rotational Flood swept boulders on 15,533 32 379 860 1.53 x 10° 2.52 x 10*
failure downstream end of dam
Wolf Creek Malheur 118.6523 43.9491 113 Earth spread Extensive gravel 341 54 447 3280 121 x 108 6.80 x 10°
accumulation upstream
Warm Springs Reservoir ~ Malheur 118.2752 43.6963 39.6 Earth spread Boulder bars downstream 2530 9 84 350 221x10°  4.41x10°
Chukar Park Malheur 118.1584 43.8109 24 Complex rotational Sediment accumulation 1235 52 368 1500 7.02 x 107 1.02 x 10*
failure and change in river
morphology upstream,
boulder bars downstream
Hogsback Owyhee 117.2550 42.6546 1.2 Complex rotational 15,166 23 172 660 3.58 x 10° 6.16 x 10°
failure
Deary Pasture Owyhee 117.2684 42.6670 1.2 Complex rotational Flood swept boulders 15,169 53 210 525 2.83 x 107 1.49 x 10*
failure downstream of blockage
Heaven's Gate Owyhee 117.7075 42.9808 0.8 Complex rotational Boulder bar downstream 22,951 52 344 460 8.02 x 107 2.97 x 10*
failure
Artillery Owyhee 117.6989 43.0271 1.1 Complex rotational Boulder bar downstream 23,072 37 341 200 232 % 107 1.26 x 10*
failure
West Springs Greeley Owyhee 117.5658 43.2053 7.9 Earth flow Possible related terraces 25,145 28 300 1920 239 x 107 821 x 10°
upstream
East Springs Greeley Owyhee 117.5478 43.2071 2.9 Earth flow Boulder bar downstream, 25,157 36 219 710 2.68 x 107 7.37 x 10°

possible related terraces
upstream

2 ND = no data.
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Fig. 3. Example indicators of former channel blockages. (A) Landslide deposits that span the present-day channel. At the Artillery site on the Owyhee River, the Saddle Butte lava flow is in
place only on the western (left) side of the river. However, large blocks of Saddle Butte lava involved in a complex rotational failure are found on both sides of the river, indicating that the
landslide deposit must have previously blocked the river. Rafters in center of photo for scale. (B) Sharp local deflections of the basal stream. A finger of material ~0.6 km? within the
~33 km? Clarno landslide complex has pushed the John Day River eastward, causing undercutting and steepening of the eastern (right) side of the valley. A sag pond on the protrusion
and rapids in the adjacent channel reach, interpreted as a lag deposit, provide further evidence of a breached landslide dam. Gray lines in inset map show cross section used to determine
dam height (horizontal line) and presumed length of breach zone (vertical line). Background image is a shaded relief rendering of a 10-m-resolution digital elevation model.

The elevation of the MAS therefore represents a maximum possible
landslide dam height.

The extent of the breach zone (Wp) was determined by the extent of
associated landforms: channel constrictions, rapids, or the start or end
points of outburst flood bars or upstream sediment accumulations, re-
spectively. The length of the landslide dam (Lp) across the channel
was more difficult to identify, particularly at locations where there
were multiple landslide complexes on both sides of the present channel

(e.g., Fig. 3B). In such cases, the blocking sections of the landslides do not
appear as distinct invasions of a well-defined valley floor, such as those
formed by rock avalanches in steep mountain valleys. The valley walls
themselves are landslide masses, and the channel weaves its way
among and through the failed blocks. For this reason, we defined the
across-channel length of the dam as the length of failure mass in contact
with the reservoir impounded by the chosen dam height at the critical
dam cross section (see below; Fig. 4). This is the across-channel extent
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Fig. 4. lllustration of GIS features used to characterize landslide dam and impoundment morphologies; Whitehorse landslide dam on Deschutes River. White color indicates extent of the
reservoir impoundment associated with landslide dam height determined by identifying minimum alternative spillover elevation (Section 4.1). Solid line along reservoir was used to
determine reservoir length. Inset shows close-up of dam site and valley cross section at the dam location indicated by the solid black line on the main map. Elevation and location of
alternative minimum spillover route circled on cross-sectional profile. Dashed line indicates dam length used in morphometric analyses.

of material that was involved in holding back the water impounded by
the dam.

The volume and length of the lake (V, and L;, respectively)
impounded by a landslide dam were determined as follows. Once Hp
was identified and the critical dam cross section located, a smaller
DEM extending upstream from the dam site and up the valley walls
from the blocked channel was extracted from the base DEM. A raster
data set delineating elevations less than or equal to that of Hp was deter-
mined from this smaller DEM. This data set defined the planview pat-
tern of the reservoir that would have formed behind the dam (Fig. 4).
Care was taken to ensure that the smaller DEM neither cut off places
to which the reservoir would have otherwise extended nor included
water bodies separate from the reservoir. A line was digitized along
the generalized path of the reservoir to define the length of the lake
(Fig. 4; Supplementary data Repository item 3). The volume of the res-
ervoir was computed using the Area and Volume tool in 3D Analyst of
ESRI ArcGIS. The Hp was used as the threshold elevation, and the vol-
ume beneath that plane was computed using the small DEM. This meth-
od by necessity assumes that the modern topography existed at the
time that the landslide dam was emplaced. Computed volumes could
be underestimates if significant sedimentation occurred in the valley
while or after the dam was in place. Computed volumes could also be
overestimates if large landslides developed subsequent to the dam,
broadening the valley and creating more space for impounded water
than existed during the dam's lifetime. Present geochronologic con-
straints do not permit us to resolve these ambiguities. Five of the 17
sites exhibit no or minimal landslide-affected terrain in what would
have been the impoundment zone upstream of the dam site: six have
moderate amounts, and six have significant amounts. Based on visual
estimates of how much terrain might have been affected by changes
in accommodation space, we judge maximum errors on our lake vol-
ume estimates to be approximately 4 50%.

Computing the Basin, Blockage, and Dimensionless Blockage indices
for our dams required finding the drainage area of the channels at the

blockage sites. This was determined using standard tools in ArcGIS by
computing a flow accumulation raster derived from a 30-m DEM mosaic
extracted to the modern drainage basin boundaries. We estimate likely
errors associated with these measurements as <5%.

Computing Blockage, Dimensionless Blockage, and Impoundment
indices required determining landslide dam volume, V. Dam volume
was estimated by multiplying along-channel width by across-channel
length by dam height (Wp x Lp x Hp). Because virtually all landslide
dams are breached and now form part of the through-flowing channel's
valley wall, most landslides have been thinned by erosion, reducing the
observed vertical thickness. It is therefore difficult to estimate landslide
dam thickness from the elevations of the terrain constituting the dam
remnant. The Hp — the landslide height at the critical cross sections —
was considered the most repeatable and consistent metric of the
dam's vertical dimension. We used a second method to analyze dam
thickness for comparison with the Hp estimate by considering four of
the dams with distinct and easily defined planform dimensions (Dant,
Warm Springs River, Burnt Ranch, and Clarno). We determined the
mean elevation of channel pixels on the 10-m DEM through the reach
of breached landslide. We then determined the median and 75th per-
centile elevations in the dam remnant, reasoning that the lower eleva-
tions in the dam remnant reflect the effects of post-dam erosion. We
subtracted the mean channel elevation from the 50th and 75th percen-
tile elevations to get two estimates of landslide dam thickness for each
dam. For all four sites, both these estimates of landslide dam thickness
were within 25% of Hp. In three of the four cases, Hp equaled or
exceeded the other two thickness estimates. Overall, we estimate land-
slide dam height errors to be around 4 25% and landslide dam volume
errors to be at least +50%.

To assess the morphologic effects of the landslide dams on the longi-
tudinal profiles of the adjacent streams, we used the best available ele-
vation data to extract the elevation values of points along an ~10-30 km
channel reach bracketing each dam site. For the Heaven's Gate, Artillery,
West Springs Greeley, and East Springs Greeley sites on the Owyhee
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River, longitudinal profiles were extracted from a 1-m-resolution DEM
based on lidar data. The channel centerline was digitized at a scale of
1:5000, based on lidar hillshades and NAIP orthophotographs. Points
were constructed every 50 m along the centerline, and along-stream
distances were computed for each point. Elevation values of the lidar
DEM were extracted to the points. For the Whitehorse, Dant, and
Wapinitia sites on the Deschutes River, a similar process was followed
using DEMs derived from 2-m-resolution lidar data, with points con-
structed every 100 m along the channel centerline. For the Magone
Lake (John Day basin) and Wolf Creek (Malheur basin) reaches, longitu-
dinal profiles were extracted from 10-m-resolution National Elevation
Data DEMs using the ArcHydro Tools add-in to ArcGIS 10. For the
Warm Springs River reach (Deschutes basin); Sheep Rock, Burnt
Ranch, and Clarno reaches (John Day basin); Hogsback and Deary Pas-
ture reaches (Owyhee basin); and Chukar Park and Warm Springs Res-
ervoir reaches (Malheur basin), profiles extracted from the DEM using
automated routines produced topographic steps that were artifacts of
the DEM. We therefore constructed longitudinal profiles for these
reaches from contour-line intersections with the rivers as depicted on
USGS 7.5-minute topographic quadrangles. Reach segments were cho-
sen to straddle the landslide dam locations and to include enough eleva-
tion data to capture the form of the local profile; along-reach distance
was determined relative to these boundaries. Benchmark and noted
survey elevations were also included where appropriate. Six to eleven
contour crossings or surveyed elevations were used for longitudinal
profiles extracted manually. For all reaches, points falling within the
breach zone of each dam site were identified in ArcGIS and marked on
the longitudinal profiles.

4.2. Results

Eastern Oregon landslide dams and their inferred impoundments
differ from those in other parts of the world in several ways. Landslide
dams are comparable in size or smaller in Oregon. Mean dam height
(Hp) is 50% lower for eastern Oregon dams than for New Zealand or
worldwide dams, and dam volume (Vp) is an order of magnitude
lower (Fig. 5). However, the contrast is not so great considering median
values; median Hp values in Oregon are only 20-30% lower than else-
where — a difference that is probably not significant — and median
dam volumes are comparable (Fig. 5).

Another important difference relative to the potential for producing
outburst floods is that the median (though not mean) impounded lake
volume is larger for eastern Oregon, despite similar or smaller landslide
dam volumes (Fig. 5). Mean lake length is 50% greater in eastern Oregon
than worldwide, and an order of magnitude greater than in New
Zealand. The differences between eastern Oregon and worldwide data
are even more pronounced (500% vs. 50%) when considering median
lake length.

The large volumes of the impounded lakes in eastern Oregon in part
results from the larger drainage areas of channels blocked by landslide
dams in our study area compared to other areas. These rivers with rela-
tively large upstream drainage areas have lower gradients, so the land-
slides impound water much farther upstream. The mean and median
drainage areas are, respectively, one and two orders of magnitude larger
for our landslide dams than for landslide dams worldwide (Fig. 5). The
mean and median drainage areas are, respectively, two and three orders
of magnitude larger for our landslide dams than for New Zealand land-
slide dams (Fig. 5).

There is no systematic relationship between drainage area of the
adjacent channel and dam volume. Dam volume spans three orders
of magnitude (order 10°-10%) on streams with drainage areas
<5000 km?, but variability in dam volumes on rivers with drainage
areas >5000 km? is confined to about one order of magnitude (Fig. 6).

Because of the wide range of drainage areas of channels on which
landslide dams formed, the baseline gradients of the affected reaches
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vary widely. To highlight topographic anomalies associated with land-
slide dams, we plotted longitudinal profiles normalized by total
elevation drop and total distance along each reach (Fig. 7A) in addition
to showing traditional longitudinal profiles (Fig. 7B). The longitudinal
profiles of the stream reaches adjacent to the landslide dams are gener-
ally relatively linear (Fig. 7). Exceptions are the Chukar Park, Hogsback,
Magone Lake, and Whitehorse dam sites, which are all at the down-
stream end of convexities that are several meters to several tens of
meters high and extend over several hundreds of meters to several
kilometers. The remaining dam sites have no systematic relationship
to broad-scale profile irregularities, although most have rapids at or
near the landslide dam sites.

5. Landslide dam stability indices

Morphometric characteristics of landslide dams, impounded lakes,
and upstream catchments were used to compute values of five bivariate
indices summarized in Korup (2004): Blockage index (I, = log(Vp/Ac)),
Dimensionless Blockage index (I, = log(Vp / (Hp = Ac))), Basin index
(I, = log(Hp?/ Ac)), Impoundment index (I; = log(Vp / V.)), and
Backstow index (I; = log(Hp> / V;)). All of these indices express some
formulation of dam size relative to the amount of water available to
break the dam. Impoundment index and Blockage index were intro-
duced by Casagli and Ermini (1999), while the DBI used here was intro-
duced by Ermini and Casagli (2002). Basin index and Backstow index
were introduced by Korup (2004). As noted in Section 2, all but one of
the landslide dams in our study area have been breached, so we cannot
use the presence of extant lakes as a criterion for stability, and this
approach has limitations in any case (Section 1). We focus instead on
whether evidence exists for catastrophic dam failure at each site,
emphasizing the instability domain rather than the stability domain
emphasized by others (e.g., Korup, 2004). The absence of evidence for
catastrophic failure is not evidence of absence, and results must be
interpreted with caution. Nonetheless, previous studies have shown
that field indications of outburst flooding are often well preserved in
the area (e.g., Beebee, 2003; O'Connor et al.,, 2003a), creating an oppor-
tunity to explore whether morphometric indices could offer a quantita-
tive, if simple, framework for interpreting such evidence. Fig. 8 depicts
the range of values for the eastern Oregon landslides relative to thresh-
old values reported in the literature that discriminate stable dams from
dams that failed catastrophically or breached in an unspecified fashion
in other locations. For example, landslide dams considered stable (in-
tact) in New Zealand have Blockage index values of >7, while landslides
characterized as intact using the worldwide data set have Blockage
index values of >5 (Korup, 2004; Fig. 8A). Based on New Zealand and

worldwide data, breached landslide dams were found to have Blockage
index values of <4 and <2, respectively.

Consistent patterns emerge from the comparison (Fig. 8A-C). First,
the index values partially separating intact from breached landslide
dams in the New Zealand data set (Korup, 2004) are higher than
those for the dams of eastern Oregon, particularly for the Basin index
(Fig. 8C). By contrast, discriminating values of Blockage index and
Dimensionless Blockage index derived from worldwide data are consis-
tent with observations in eastern Oregon. The Wolf Creek and Lake
Magone sites, which lack evidence for catastrophic failure, fall into the
stable domain; the Chukar Park site falls into the stable or marginally
stable domain; and most of the rest of the sites showing evidence of cat-
astrophic failure are within the unstable domain. In the field, the Chukar
Park landslide dam exhibits elements of persistence and of catastrophic
failure. The reach upstream of the dam site is a broad, sediment-floored
valley characterized by numerous meander cutoffs in which the river's
course is highly sinuous. This gives way at the dam site to a relatively
straight channel full of rapids (Fig. 9). The morphology of the reach up-
stream of the dam site suggests that the dam itself or a topographically
significant lag persisted sufficiently long, perhaps several centuries or
more, for a substantial quantity of sediment to accumulate upstream.
However, boulder bars along the downstream end of the landslide at-
test to outburst flooding from the zone we consider the most recently
active part of the landslide, indicating at least partial cataclysmic
breaching. This multipronged (and multifaceted) landslide character
is common to several other eastern Oregon landslides (e.g., West
Springs Greeley, Warm Springs Reservoir) and complicates dam stabil-
ity analysis.

Along with the Chukar Park dam site, the Whitehorse, Hogsback, and
Magone Lake dam sites also show evidence of perturbing the longitudi-
nal profiles of local stream reaches (Fig. 7). However, these sites do not
all occupy the same region on the bivariate plots. The Whitehorse and
Hogsback dams fall within the unstable domains of the Blockage,
Basin, and Dimensionless Blockage index plots, while Magone Lake
and Chukar Park do not. In the field, the Hogsback site lacks evidence
of upstream sediment accumulation. Terraces do occur upstream from
the Whitehorse dam site, but the sediment accumulation is not nearly
as extensive as upstream from the Chukar Park site.

Two sites, Warm Springs River and Hogsback, whose downstream
reaches we were unable to observe in the field, plot in unstable domains
of the Basin index, Blockage index, and Dimensionless Blockage index
graphs (Fig. 8A-C). This result constitutes a prediction that can be tested
if we gain access to those sites. One site, Wapinitia, shows no clear field
evidence of catastrophic dam failure and also plots in the unstable
region of these graphs. At Wapinitia, another landslide complex im-
pinges on the channel immediately downstream of the dam site, possi-
bly covering or obliterating outburst flood deposits from breaching of
the Wapinitia landslide. The downstream landslide complex, which
gives rise to Boxcar Rapids on the Deschutes River, is judged by
Beebee (2003) to be younger than Wapinitia, based on apparent fresh-
ness of slide mass morphology, and auger data are consistent with this
observation (Section 3). However, if we take the field evidence at face
value, the Basin, Blockage, and Dimensionless Blockage indices all mis-
characterize the Wapinitia site as being susceptible to catastrophic
failure.

The Impoundment index cleanly separates the landslide dams that
do and do not exhibit evidence for catastrophic failure (Fig. 8D). Howev-
er, the discriminating value is — 0.7, rather than O for worldwide data or
1 for New Zealand data. The Hogsback site is predicted not to have failed
catastrophically, according to this value.

The Backstow index is the poorest at discriminating eastern Oregon
dam sites with and without evidence of catastrophic dam failure
(Fig. 8E). Index values for the stable and unstable dams substantially
overlap. The threshold value for stable dams in New Zealand lies far
above those from our sites, and the threshold for unstable dams runs
through the middle of the eastern Oregon observations (Fig. 8E).
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6. Discussion

Overall, most of the ancient dam sites we analyzed in eastern Oregon
appear to have been unstable. Only three of the 17 sites with channel-
blocking landslides lack evidence for catastrophic outburst flooding.
Fig. 10 illustrates an example of such field evidence.

The percentage (82%) of dams in eastern Oregon that failed cata-
strophically exceeds the 45 to 70% (depending on materials involved)
reported for worldwide data (Ermini and Casagli, 2002) and the 37%
of unstable dams in New Zealand (Korup, 2004). Field evidence for
widespread catastrophic failure of eastern Oregon landslide dams is
consistent with the implications of landslide dam stability indices,
given the morphometric character of the region's landslide dams and
their impoundments. The ratio of dam size to impoundment size is
smaller in eastern Oregon than for other settings (Fig. 5), and broadly
speaking, smaller ratios promote instability as predicted by the indices.

A complication of our analysis is that the landslide complexes that
generate dams in eastern Oregon are in some cases many square

kilometers in extent, yet the dams themselves are commonly formed
by only a small finger of landslide material. The most striking example
of this is the Warm Springs Reservoir site, which has the largest land-
slide complex area (39.6 km?) and one of the smallest landslide dam
volumes (264,600 m?) in our data set. The dynamics of these landslide
complexes are not well understood, but some of them appear to be pro-
gressive (Othus, 2008; Safran et al., 2011; Markley, 2013). While some
of the region's landslide complexes have clearly persisted for many
tens of thousands of years (Safran et al., 2011), in most cases, the
whole slide mass is not active at any one time (Othus, 2008; Markley,
2013). Field evidence of channel damming and of dam breaching likely
relates only to the most recent blockage or blockages. The length scale of
a dam might be set by the dominant topographic wavelengths in the
landslide mass, which in turn may depend on landslide type and mate-
rial. Along portions of the Owyhee River, for example, failure slices in
multiple rotational complexes are typically spaced several tens to
~100 m apart (Safran et al., 2011; Markley, 2013). The impingement
of these blocks on the channel at an angle helps to set the scale of the
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Fig. 8. Morphometric index values, computed from measured characteristics of landslide dams, impounded lakes, and upstream catchments. Size of error bars reflect estimated error in
measured quantities (Section 4.1), which were propagated through derived quantities (e.g., Hp x Ac). Lines show threshold index values separating dams that were deemed stable vs. un-
stable in various localities (Ermini and Casagli, 2003; Korup, 2004). Meaning of stable and unstable designations is explained in Section 1. Solid lines: Worldwide data (Ermini and Casagli,
2003; Korup, 2004). Dashed lines: New Zealand (Korup, 2004). Dotted line, fitted by eye (panel D only): eastern Oregon. Open circles are dams exhibiting evidence of outburst flooding.
Gray circles are dam sites downstream of which we lack field observations. Solid black circles are dams exhibiting no evidence of outburst flooding and are labeled with site names, as are
triangles: dam sites associated with knickpoints.

along-channel dam dimension, typically on the order of several hun- In contrast to relatively small landslide dam volumes, the lake vol-
dreds of meters. We are currently working to better quantify and iden- umes and/or upstream catchment areas of dammed channels are rela-
tify the controls on intraslide topography in eastern Oregon (Markley, tively large in eastern Oregon. Large impoundments result from the
2013). low regional gradients that characterize this plateau environment.
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Low channel gradients (predominantly 0.002-0.005, except near
Magone Lake: ~0.04) result in long lakes on the order of 10 km
(Fig. 5). Lake volumes are also enhanced by the large landslide com-
plexes themselves, which widen valleys by locally reducing valley wall
gradients to 8-14° (Safran et al., 2011).

The large drainage areas of the channels at our dam sites are a func-
tion of the dominant regional controls on landslide occurrence. In a
landslide distribution analysis, Safran et al. (2011) showed that eastern
Oregon landslides are preferentially localized where coherent, typically
volcanic, rocks overlie weak, typically fluviolacustrine or volcaniclastic
units, along escarpments and canyon walls. The distribution of the key
contacts that promote landsliding is established by the volcanic and tec-
tonic history of the region and is largely independent of geomorphic
controls; these key contacts can outcrop anywhere along a channel net-
work. At the same time, the relief to drive landsliding is largely confined
to tectonic or volcanic escarpments or to the walls of canyons. Although
only modest local relief (~100 m) is required to drive mass movement
where key contacts are exposed (Safran et al., 2011), in this relatively
low relief environment characterized by accumulation of volcaniclastic
and volcanic deposits since at least Miocene times, such exposures are
most common along major rivers. Thus, the conditions for landslide
dam formation are commonly met on channels with large drainage
areas. This distinguishes the eastern Oregon landscape from montane
settings in which topographic gradients dominate large landslide distri-
butions (Korup et al., 2007). In such mountainous settings, the steepest
and most landslide-prone slopes may be in headwater areas with rela-
tively low drainage areas. Because in eastern Oregon landslide dam vol-
ume does not increase systematically with drainage area of the adjacent
channel (Fig. 6), conditions for catastrophic dam failure can likewise
occur throughout these large basins.

Landslides on high-order channels potentially disrupt fluvial archi-
tecture (Korup and Crozier, 2002) and longitudinal profile evolution
(Ouimet et al., 2007; Safran et al., 2008). However, significant inhibition
of valley incision over timescales of 10° years requires repeated and rel-
atively persistent (e.g., 10°~10% years) landslide dams, dam remnants,
or upstream sediment accumulations that create channel “plugs”
(Safran et al, 2008). There is no timescale associated with
morphometry-based dam stability assessments. Based on historical
data, Costa and Schuster (1988, 1991) reported that 85% of landslide
dams that fail do so within a year of formation, but many landslide
dams do not fail. Moreover, Hewitt (1998), Ermini and Casagli (2002),
and Hermanns et al. (2006, 2011a) noted that landslide dam stability
for hundreds or even thousands of years does not preclude the possibil-
ity of ultimate catastrophic failure.

Complex landslide and flood histories have been documented in in-
dividual instances around the world (e.g., Hewitt, 1998; Hermanns
et al., 2004, 2006, 2009, 2011a), but the relative importance of various
controls on dam longevity remain uncertain. Some emphasize the im-
portance of lithologic and geotechnical properties of dams, such as
grain size or degree of fragmentation, on dam persistence (Ermini and
Casagli, 2002; Casagli et al., 2003; Davies and McSaveney, 2006;
Dunning and Armitage, 2011). Others highlight time-dependent
controls on dam integrity, such as the interplay between three-
dimensional dam morphology and the surrounding bedrock (Dunning
et al., 2005; Hermanns et al.,, 2009, 2011b); climatic variability
(Hermanns et al., 2004, 2011a); and individual hydrologic and mass-
wasting events affecting dams or their associated impoundments
(Hermanns et al., 2004, 2011a).

Although none of the eastern Oregon landslide dams have sufficient
absolute age information to determine their persistence, about half of
the dam sites we studied possibly have upstream sediment accumula-
tions (Table 1). This implies at least some period of landslide dam stabil-
ity prior to breaching. In most cases, however, breaching was at least
partly catastrophic, leaving downstream evidence of flooding. Only
impoundments not completely filled with sediment could produce
such flooding.

Even short-lived landslide dams or incomplete valley occlusions can
have local impacts on longitudinal profiles. Four of the eastern Oregon
dam sites appear spatially associated with some sort of convexity in
the longitudinal profile of the channel upstream of the dam site
(Fig. 7), although only the knickpoint at Whitehorse is depicted in detail
with high-resolution topographic data. As noted in Section 3, the
Magone Lake, Chukar Park, and Hogsback dam sites are known
(Magone Lake) or suspected to be of Holocene age, possibly post-
dating the Mazama eruption, which may help explain the relative prom-
inence of the associated knickpoints, although the Whitehorse dam is
likely older (Section 3). Perturbations associated with landslide dams
do not appear to govern the overall form of the longitudinal profile as
seen, for example, by Ouimet et al. (2007) in landslide-affected reaches
in eastern China. Modeling of the morphologic consequences of
landslide dam-related incision inhibition suggests that those more
significant impacts on the longitudinal profile, which include long-
wavelength (tens of kilometers) convexities with amplitudes of
hundreds of meters, require spatial clustering of landslides, long-term
persistence of landslide dams relative to the rate of base-level lowering,
and few floods capable of mobilizing large landslide lag material or in-
cising into bedrock (Safran et al.,, 2008). In some cases, dam-failure
floods are the only flows capable of moving large in-channel landslide
debris (Beebee, 2003) that localizes knickpoints. Reactivation of indi-
vidual landslide complexes is commonplace, and in eastern Oregon
multiple dams may be generated over time at a single site or along a
channel reach (e.g., Othus, 2008; Safran et al., 2011). However, despite
landslide-related features that dominate the geomorphic character
of some channel reaches in the region for thousands of years
(e.g., O'Connor et al., 2003a), there is little evidence thus far that the an-
cient landslide dams in eastern Oregon control the longer-term,
million-year-timescale evolution of longitudinal profiles by forming
lasting plugs.

Landslide dam stability assessments based on morphometric indices
offer a blunt but simple tool for characterizing the relative propensity
for dams in a given environment to fail. They are subject to error
because they neglect a variety of important controls, including those de-
scribed above. Nonetheless, this study indicates that the functional
form, and in some cases even the threshold values, of several morpho-
metric indices are applicable to landslide dams in this semiarid, low-
relief environment. The threshold values of Blockage and Dimensionless
Blockage indices calibrated to worldwide data appear most applicable
to the eastern Oregon data, perhaps because of the diverse range of en-
vironments these data sets include. The threshold values of the Blockage
and Impoundment indices calibrated to the Apennines are higher than
the thresholds applicable to the eastern Oregon data.

The threshold values derived from the New Zealand data are the
highest of all and do not appear to have predictive value for the land-
slide dams of eastern Oregon. For a given metric of water available for
dam breaching (e.g., upstream catchment area or lake volume), dam
volumes must be several orders of magnitude greater to be stable in
New Zealand than in eastern Oregon. Korup (2004) speculated that
the stability of dams in New Zealand may be limited by rapid rates of
surface erosion related to earthquakes and the abundance of high-
intensity rainstorms. Geotechnical properties of landslide dams may
also differ between the two regions, such as material size, sorting,
and compaction, which themselves might relate to landslide type
(e.g., rockfall vs. earthflow) and lithologic controls. Further work is
required to explore these linkages systematically.

7. Conclusion

The stability of landslide dams can mediate the effects of hillslope
form and processes on fluvial incision and therefore on regional land-
scape evolution. Eastern Oregon is a relatively dry, low-relief, primarily
extensional, continental interior landscape. This tectonic setting
promotes stratigraphic sequences, in particular lava flows capping
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fluviolacustrine and volcaniclastic sediments, prone to landsliding along
river corridors of diverse drainage areas. The blocky or modular charac-
ter of many of the region's landslides produces dams that are small rel-
ative to the area of entire landslide complexes. Low regional gradients
lead to large water impoundments. Previously developed bivariate indi-
ces of landslide stability suggest that a small ratio of dam volume to
water available for dam breaching, as found in eastern Oregon, pro-
motes catastrophic dam failure. Such failures are indicated by flood de-
posits downstream of most of the dam sites studied. While the landslide
dams of eastern Oregon may temporarily serve as channel plugs, their
general instability implies that they are primarily flood-makers. Future
research on the effects of repeated outburst flooding on long-term
incision rates is needed.
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