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CHAPTER II 

PACIFIC NORTHWEST GEOMORPHOLOGY AND HYDROLOGY: 
RATES AND PROBABILITIES OF SELECTED PROCESSES AND EVENTS 

D. W. Tubbs 

University of Kansas 

INTRODUCTION 

This report presents the results of one of the geomorphological and hydro
logical studies that have been conducted for the release scenario analysis of 
the Waste Isolation Safety Assessment Program (WISAP). Three general topics 
are considered: (1) determination of rates of denudation, (2) estimation of 
the probability of flooding due to each of several causes, and (3) evaluation 
of other surface processes that should be considered in the release scenario 
analysis. Because other project consultants were studying factors pertaining 
to meteorite impact, volcanology, climatology, glaciology, coastal processes 
and sea-level fluctuations, the third general topic was ultimately narrowed to 
the possible effects of landsliding. 

Estimates of rates and probabilities given in this report are based on 
methods found in the literature for various studies throughout the world. No 
attempt has been made to develop new techniques or predictive theories. Rates 
of erosion are expressed in this report as centimeters per 100 years, except 
that the original units are retained in figures taken from other sources. 
Probabilities are also expressed per 100 years. The 100 year time period was 
chosen to correspond to the time increment that will initially be utilized in 
the computer model incorporating the results of these studies. 

DENUDATION 

Various authors have estimated erosion rates from sediment loads for 
individual drainage basins, selected regions, and entire continents. These 
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estimates have been most commonly based on measurements of the suspended 
sediment carried by the rivers. Sedimentation rates in reservoirs and chemi
cal analyses of river water samples have also been used. In particular areas, 
tombstone erosion rates, bristlecone pine root exposures, archaeological 
evidence, paleotopographic reconstructions, studies of waterfall retreat, and 
other techniques have been utilized to estimate erosion rates. 

The total sediment load carried by a river is the sum of its suspended 
load, bed load and dissolved load. The bulk of the available literature con
centrates on the suspended sediment fraction, because it is generally the most 
significant and because bed load is generally difficult to measure. A bed 
load equal to 10% of the suspended sediment fraction is commonly assumed, but 
in braided rivers the bed load may exceed 50% of the total load (Gilluly, 1955; 
Dury, 1969). Dissolved load generally constitutes less than 10% of the total 
load estimates in arid regions, but it increases to nearly 40% of the total 
load in more humi d areas (Leopold et a 1., 1964). Langbei n and Dawdy report 
that above an annual precipitation of about 25 inches, additional precipita
tion does not appear to produce any further increase in dissolved load 
(Leopold et al., 1964). 

The accuracy of estimates of denudation rates based on sediment sampling 
techniques depends in part on the length of the sampling period; the longer 
the sampling period the more reliable the data. Judson and Ritter (1964) have 
shown that the annual sediment load of rivers can vary by a factor of five 
between successive years. Thus, estimates based on only one year of data can 
be in error by more than 50%. 

Several examples of denudation rates based on sediment load measurements 
are given in the literature. Stoddart (1971) cites a denudation rate for 
North and Central America (combined) that is equivalent to 0.39 cm/100 years, 
and Judson (1968) gives a figure equivalent to 0.30 cm/100 years for the 

United States. Within the Pacific Northwest, Judson and Ritter (1964) cite a 
denudation rate equivalent to 0.38cm/100 years for the Columbia River Basin 
upstream from Pasco, Washington. Unfortunately, this last estimate is based 
on only two years of incomplete records (Ritter, 1967). 
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Many predictions of denudation rates are based on empirically derived 
curves relating sediment yields of streams to drainage basin characteristics. 
Derbyshire (1976) summarized some of the independent variables that have been 
used in such empirical relationships. Two empirical relationships are shown 
as Figures 11-1 and 11-2. 

Figure 11-1, adapted from Carson and Kirkby (1972), depicts a rough 

correlation between denudation rates and mean basin elevation, and also gives 
some indication of the variance of that relationship. For a drainage basin 
tributary to the Columbia River in the Pasco Basin, having a mean basin ele
vation of approximately 200 meters, Figure 11-1 indicates a suspended load 
denudation rate of about 0.2 cm/100 years. Under the arid conditions of the 
Pasco Basin, dissolved load would probably be about 10% and bed load would 
probably be more than 10% of the total load. Adjustments for these two factors 
would result in a total denudation rate of approximately 0.25 cm/100 years. 
It is notable that Figure 11-1 includes mainly large river basins, and that 
the small basins in Wyoming, Oklahoma and Texas have denudation rates about 
twice that of the larger basins shown. This situation is probably due to the 
higher relief ratios that are possible in small basins, and it suggests that a 
small drainage basin tributary to the Columbia River in the Pasco Basin might 
have a denudation rate of approximately 0.5 cm/100 years. 

Figure 11-2, adapted from Schumm (1965), shows a relationship between 
mean annual precipitation, mean annual temperature, and the resulting mean 
annual sediment yield. Und~r the arid conditions of the Pasco Basin (a mean 
annual temperature of 53.6°F and a mean annual precipitation of 7.49 inches as 
measured at Kennewick - see Figure 11-3) the family of curves shown in 
Figure 11-2 suggests a mean annual sediment yield of about 350 tons per square 
mile, which is equivalent to a denudation rate of approximately 
0.45 cm/100 years. Figure II-I, however, excludes dissolved load; assuming a 
dissolved load of about 10% of the total load would result in a denudation 
rate of approximately 0.5 cm/100 years. 
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FIGURE 11-1. Suspended Solids Denudation Rate as a Function of Elevation 
(adapted from Carson and Kirkby, 1972) 
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11. Rio Grande (U.S.A. and Mexico) 
12. Missouri (U.S.A.) 
13. Small Basins in East Wyoming (U.S.A.) 
14. Salt (U.S.A.) 
15. Red (U.S.A.) 
16. Mississippi (U.S.A.) 
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Texas (U.S.A.) 
20. Roanoke, Virginia (U.S.A.) 
21. Santee, North Carolina 

(U.S.A.) 
22. Savannah, Georgia (U.S.A.) 
23. Amazon (South America) 
24. Nile (North-East Africa) 
25. Susquehanna, Pennsylvania 

(U.S.A.) 
26. Brazos, Texas (U.S.A.) 
27. Pearl, Mississippi (U.S.A.) 
28. Potomac, Virginia and 

Maryland (U.S.A.) 
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FIGURE 11-2. Climate and Sediment Yield (adapted from Schumm, 1965) 

Figure 11-2 also suggests the direction in which denudation rates would 
change during glacial episodes. Both lower temperatures and higher precipita
tion would tend to increase the denudation rate in the Pasco Basin. A decrease 
in temperature of about 7°F accompanied by a slight increase in precipitation 
would roughly double the denudation rate. 

Locally greater erosion rates can be expected where the Columbia River 
crosses a growing anticline, due to either antecedence or superposition. 
Judging from the relatively uniform gradient of the Columbia River, the rate 
of river channel erosion in such instances appears to approximately equal the 
rate of anticlinal uplift. Newcomb (1958) believed that the Ringold Formation, 
which he ascribed to the middle to late Pleistocene, was deposited contempor
aneously with the uplift of the Horse Heaven Ridge at Wallula Gap. Since the 
original basalt rim at Wallula Gap is now at an elevation of 1,400 feet, there 
must have been approximately 1,100 feet of channel erosion at Wallula Gap 
within roughly the past 1,000,000 years, yielding a mean erosion rate of 
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3.35 cm/100 years. Unpublished studies by H. A. Coombs indicate that uplift 
occurred at about the same rate during the growth of the Saddle Mountains 
anticline; similar rates of channel erosion are therefore likely to have 
prevailed at SentineJ Gap. Newcomb et al. (1972, p. 24) noted that "the Gable 
Butte-Gable Mountain ridge in places has been stripped of several hundred feet 
of rock by the Columbia River during post-Ringold time. 1I This statement is 
consistent with the rate cited above. 

FLOODS 

Flooding in the area of the Columbia River Plateau due to three possible 
mechanisms was considered as part of this study: 1) flooding caused by pre
cipitation and snow melt, 2) flooding caused by a hypothetical catastrophic 
failure of Grand Coulee Dam, and 3) flooding caused by glacial ice dam 
failures. 

Flood-frequency analyses were conducted for the Columbia River on the 
basis of streamflow records avai.1able in various U.S. Geological Survey Water 
Supply papers. Streamflow data used in the analysis of floods on the Columbia 
River were taken from records at Trinidad, Washington, from 1913-1960 and from 
just below Priest Rapids Dam from 1960-1970. Because only a minor change in 
drainage area occurs between these two stations, and because almost all of the 
streamflow during large floods can be attributed to snow melt in the upper 
reaches of the basin, no adjustment was made to the data in response to the 
change in gaging station location. 

Analyses were conducted assuming log-normal, log-Pearson Type III with 
non-zero skewness and Gumbel extreme value frequency distributions. The Gumbel 
distributions were determined both using the regular Gumbel methodology and 
using Chowls (1964) method of adjusting the frequency factor to account for 
the number of years of records available. The Gumbel distribution is favored 
by the U.S. Geological Survey, but the log-Pearson Type III distribution is 
considered standard procedure by the U.S. Water Resources Council. 
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The Columbia River Basin has hundreds of flood-control projects ranging 
from small levees to major dams (U.S. Army Corps of Engineers, 1950b). For 
this reason two sets of flood frequency analyses were computed. The first .• 
considers only the streamflow records prior to 1938, before the completion of 
major flood-control structures and prior to the implementation of a flood-
control plan of operations. The results of these analyses are shown in 
Figures 11-4 and 11-5. The second set of analyses includes all years of 
record, on the assumption that the large floods will be little affected by the 
flood-control projects. The results of these analyses are shown in 
Figures 11-6 and 11-7. 

Records of past floods indicate that the largest floods occur in the late 
spring, following a colder than normal winter and early spring. A rapid rise 
in temperature accompanied by some precipitation then results in very rapid 
snow melt. The U.S. Weather Bureau (1945) developed this theory to predict 
maximum flood-producing conditions for the Columbia River Basin, and the 
scenario is fairly descriptive of the record 1884 flood. The U.S. Army Corps 
of Engineers (1950a) used these conditions as a basis for calculating a maxi
mum possible discharge of 1,400,000 cubic feet per second at Priest Rapids 
Dam, a figure which was used in the design of the spillway. This discharge 
constitutes the "maximum possible" (or "probable maximum") flood in the 
vicinity of the Hanford Site. The flood-frequency analyses expressed in 

Figures 4 through 7 suggest that a flood of this size has a return period of 
about one million years. 

The stage-discharge curve for the Columbia River just below Priest Rapids 
Dam is shown in Figure 8. A flood of 1,400,000 cubic feet per second would 
have a flood crest elevation of approximately 460 feet just below Priest Rapids 
Dam. Pure translation of the flood wave would produce a flood crest elevation 
of approximately 400 feet at the Hanford townsite. Thus, although structures 
adjacent to the river would be flooded, the broad upland areas of the Hanford 
Site would not be affected by even the "maximum possible" flood. 

The maximum possible flood caused by precipitation and snow melt, however, 
is not the greatest flood that can be envisioned in the Pasco Basin. In 1949-
1950, H. A. Kramer conducted a study of the effects upon the Hanford Site from 

a disaster at Grand Coulee Dam. Kramer concluded that a complete failure of 
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the dam would result in a flood discharge at Hanford of 2,627,000 cubic feet 
per second and a flood crest elevation of 419 feet. The hypothetical flood 
wave was routed downstream according to the Muskingum method, which relates 
storage in a reach to inflow and outflow (Viessman et al., 1977), but back
calculations based on Kramer's report indicate that a weighting factor (x) of 
0.0 was utilized in the calculations. An "X" value of 0.0 means that the 
storage in the reach is uniquely a function of outflow, as would be the case 

'. 

in a reservoir. However, the low dams on the Columbia River downstream from • 
Grand Coulee Dam, such as Priest Rapids and Wanapum Dams, would be overwhelmed 
and would have virtually no effect on a flood of this magnitude. 

If a more appropriate average value for "x" of 0.2 is used and the flood 
wave recalculated, the peak discharge would become approximately 3,700,000 
cubic feet per second and the flood-crest elevation would be roughly 430 to 
435 feet at Hanford. Although such a flood would inundate significant areas 
along the river, especially in the area north of the Gable Butte-Gable 
Mountain ridge, the broad upland area south of that ridge would still be 
unaffected. 

Even more extreme events have occurred in the Pasco Bas,in in the geologic 
past, however, and can be expected to recur in the future. J. Harlen Bretz 
(1969) has described in detail the effects of catastrophic flooding caused by 
repeated failures of an ice dam that impounded a 500 cubic mile lake in north
western Montana. These floods moved across the Columbia Plateau and/or down 
the Columbia Valley and were hydraulically dammed en route to the Pacific 
Ocean by the constriction at Wallula Gap. 

Although various such floods were probably impounded to somewhat differ
ing depths, a lake elevation of 1,150 feet is generally accepted. This flood 
would have completely inundated the portions of the Hanford Site north and 
east of Cold Creek. During the lake's maximum stage, the volume of water that 
was temporarily impounded in the Pasco Basin alone was 175 cubic miles. Flood 
waters passed through Wallula Gap at a rate of approximately 320,000,000 cubic 
feet per second (Baker, 1973). Estimates of the lake's duration range from 
one day to two weeks. 
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Bretz (1969, p. 511) believed that there have been at least seven or 
eight such floods, IIcorresponding with the nine glacial retreats in northern 
Montana, Idaho, and eastern Washington. 1I Such flooding did not only occur at 
the end of major glaciations, but it also occurred during ice-front fluctua
tions associated with stades and interstades. Bretz implies that at least 
five or six of these floods have occurred during the past 100,000 years. It 

thus seems appropriate to assume that the probability of such floods at the 
close of a glacial interval (i.e. - a stadial) is essentially 1.0. 

LANDSLIDES 

Besides their role in regional denudation, landslides can also have 

various local and indirect effects. Within the area of the Hanford Site, 
landsliding is primarily related to Columbia River channel erosion and to the 
uplift of the anticlinal ridges. Most of the landsliding that is related to 
Columbia River erosion involves the Ringold Formation, but Newcomb et ale 
(1972) mapped one landslide involving basalt on the steep northern slope of 
Gable Mountain. Newcomb et ale related landslides along the northeast side of 
the Rattlesnake Hills to fracturing of the oversteepened limbs of asymmetrical 
folds during tectonic deformation. Large landslides are also present on the 

north face of the Rattlesnake Hills. These landslides overlie the upper 
Pleistocene Touchet Beds as mapped by Newcomb et al., and thus they may be 
Holocene in age. 

The north slope of the Saddle Mountains, just north of the Hanford Site, 

is oversteepened due to asymmet.rical folding, faulting, and undercutting by 
glacial drainage in Lower Crab Creek. A number of landslides of moderate size 
are present along this slope, and one large landslide complex exists near 
Corfu. As interpreted from the 1:62,500 Corfu topographic map, this landslide 
involved an area of about four square miles (Figure 11-9). 

The Corfu landslide apparently moved in at least three stages, judging 
from surface features. The bulk of the landslide, accounting for half or more 
of the total energy released, must have occurred before the last occupation of 
Lower Crab Creek by glacial drainage, because the slide material has been 
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FIGURE 11-9. Location and Approximate Extent of Corfu Landslide 

removed by the meltwater. This portion of the landslide scar now has the 
smoothest surface topography of the landslide complex. Subsequent to the last 
glacial flood in Lower Crab Creek, smaller landslides have occurred on the 
west and the east sides of the older scar. 

Very little is known about the ages of the large bedrock landslides in 
south central Washington, but in the absence of conclusive data it seems 
reasonable to expect a landslide on the scale of the Corfu landslide to 

develop along one of the anticlinal ridges perhaps once every 10,000 years. 
This is equivalent to a probability of 0.01 during any 100 year period. 
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CONCLUSION 

Denudation, flooding, and landsliding can be expected to affect the 
geomorphology and hydrology of the Pacific Northwest. The probability and 
magnitude of each of these effects are needed as input for the release 
scenario analysis. This report supplies estimates of rates and probabilities 
for each of these three factors. 

Denudation rates have been given for several cases, ranging from a rate 
of 0.25 cm/100 years for a drainage basin tributary to the Columbia River in 
the Pasco Basin to a previously demonstrated rate of 3.35 cm/100 years for 
areas where the Columbia River crosses a growing anticline. The effects of 
flooding in the area of the Hanford Site are also considered. Values for 
maximum discharge and flood crest elevation are given for flooding caused by 
three mechanisms: 1) flooding from precipitation and snow melt, 2) flooding 
caused by a hypothetical catastrophic failure of Grand Coulee Dam, and 
3) flooding from glacial ice dam failures. Flooding caused by the first two 
mechanisms might result in a flood crest elevation at Hanford on the order of 
about 400 feet, but flooding caused by glacial ice dam failure might produce a 
flood crest elevation as high as 1,150 feet. 

Landsliding effects were discussed using the Corfu landslide as a 
reference. A landslide on the scale of the Corfu landslide can perhaps be 
expected to occur once in every 10,000 years, yielding a probability of 

0.01/100 years. 
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