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APPENDIX 2. SJ

ANALYSIS OF THE INSTRUMENTAL
SEISMICITY OF THE COLUMBIA PLATEAU

2. 5J. 0 SUMMARY

In this appendix, earthquake characteristics within the
Columbia Plateau, Washington, are analyzed using instrumen-
tally recorded earthquake data. The infrequent occurrence of
earthquakes in this area has been recorded by a network of
seismograph stations that have provided a 11.3-year data set
of high quality.
Earthquake activity is more concentrated within the central
Columbia Plateau (which is defined by latitudes 46'o 47 N
and longitudes 118.75'o 120'W and which contains the Hanford
Reservation and the WNP-2 and -1/4 sites) than in surrounding
areas. Magnitude detection and location thresholds have been
sufficiently low (coda length magnitude MC 2..0 or less) to
conclude that the apparent concentration is not an artifact of
the seismograph station distribution. The earthquake .activity
within the central Plateau is distinctly zoned by focal depth
as follows:

Shallow. crustal zone (0- to 3-km'epth): This zone is the
most active, contaz.nxnq 68 percent of the total recordedactivity (excluding events whose focal depth are fixed at 3.00
km). The shallow zone is dominated by the occurrence of
earthquake swarms. This shallow seismicity appears to be
related geologically and spatially to the Columbia River
basalt flows and older volcanics. The basalts appear to be a
tectonic-stress, low strain-rate environment.

Intermediate crustal zone (3 to 8 km depth): Earthquakeactivity z.n this zone zs dzstxnct from the shallow zone in
that swarm activity essentially ceases below 3 km. There is
also a notable decrease in the frequency of occurrence of
earthquakes, below 8 km, which is the approximate depth
(constrained geophysically) to the top of basement. The
intermediate-depth zone is considered to consist mostly of
sediments.

Dee crustal zone (8 to 25 + km): The scattered earthquakes
zn thzs zone (10 percent o the total activity) describe a-
bowl-like shape within the basement, with the deepest region
(15 to 25 km) occurring under the central Columbia Plateau.
Focal mechanisms suggest that the deep'one, as well as the
shallower zones, . is undergoing regional north-south
compression.
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The earthquake swarms that dominate the shallow zone in the
Columbia Plateau exhibit a variety of characteristics,.
o Zong durations (a few days to a few months) and long

cluster time-lengths (approximately 10 days) compared to
swarms that occur in other geologic environments.

0 Spatially restricted to focal regions that are a few
kilometers in extent and above a depth of about 3 km.

o Spatial patterns suggestive of earthquake occurrence on
several or many fault planes.

o Focal mechanisms that generally exhibit a variety of fault
plane orientations within an individual swarm..

o Shallow seismicity in general and swarms in particular
having a high frequency-magnitude slope (1.00 or greater),
compared to deeper Columbia Plateau earthquakes.

o Frequency of occurrence of shallow earthquakes that isstatistically correlated with and appears directly related
to the occurrence of irrigation and/or groundwa t'e r-level
increases.

Tectonic fractures (deformation-relate'd shear surfaces within
the .basalt flows) are identified as a reasonable physical
source for small-magnitude shallow earthquakes. Coolingjoints are less likely to be seismic slip surfaces thantectonic fractures.„Observations of the dimensions of these
fractures and joints suggest a maximum magnitude value of MZ,3.0 for earthquakes that would rupture the maximum availablefracture surface.

Subsequent to the installation of the Spokane seismograph in
1909, the largest earthquakes observed during the past 70within the central Columbia Plateau years are the 1918 Corfu
(MS 4.4) and the 1973 Royal Slope (MC 4 4). Both of .these
events occurred at a shallow depth north of the Saddle
Mountains in a broadly constrained seismic zone that trendsparallel to the Saddle Mountains. However, no correlations
between earthquake activity and specific mapped faults or
postulated faults associated with mapped folds are observedwithin this zone of seismic activity or elsewhere in thecentral Columbia Plateau. The earthquake activity that occurs
between the Gable Mountain structural trend and the
Rattlesnake-Wallula alignment exhibits a lower rate of
occurrence,and appears to have a lower maximum magnitude.

Based on the observations and analyses of this appendix, the
maximum magnitude expected to occur within the Columbia River

2. 5J-2
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basalts in close proximity to the site is MC 3 0 Due to
limitations and uncertainties in these observations and
analyses, a reasonable conservative maximum magnitude value is
Mg F 0 'otential earthquakes of MS 5.0 and larger can be
reasonably associated with the significant deformation of
identified surface'eologic structures, the nearest of which
to the site is the Umtanum Ridge-Gable Mountain structuralt rend.

2 ~ 5J-3
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APPENDIX 2 ~ 5J
ANALYSIS OF THE INSTRUMENTAL

SEISMICITY, OF THE COLUMBIA PLATEAU

2.5J.1. INTRODUCTION

In this appendix, instrumentally recorded earthquake data are
used to analyze the spatial, temporal, and source charact-eristics of seismic activity in the Columbia Plateau of
eastern Washington (Figure 2. SJ-0) . Two primary factors
influence the detailed study of seismicity in the Columbia
Plateau; these are: (1) the low level of that seismicity, and
(2) the time period of operation of seismographs in the
region. The Columbia Plateau is characterized by infrequent
moderate-magnitude earthquakes, as compared to more active
areas in western Washington or California (see discussion of
regional historical seismicity in Washington Public Power
Supply System, 1981, Section 2.5.2.1). For example, during
the past 70 years, only one earthquake of magnitude (Ms or M )greater than 5 has occurred in the Plateau, while at least 0
events of magnitude 5 or larger have occurred in a similar-
sized area of Puget Sound (see Section 2. 5. 2. 1 and Table 2. 5-5
of Washington Public Power Supply System, 1981) . The
occurrence of smaller-magnitude events is also lower in the
Plateau than in western Washington, and the events have been
less frequently recorded on seismographs.

In regards to the period of operation of seismographs thefirst seismograph installed in eastern Washington was at
Spokane in 1909 (Poppe, 1979). This seismograph was a
Wiechert low-gain, long-period instrument, and it recorded
several of the felt earthquakes in the Columbia Plateau, such
as the 1 November 1918 (MS 4. 4) Corfu and the 16 July 1936 (MS5-3/4) Milton-Freewater earthquakes; however, data from otherstations for these events were limited <Woodward-Clyde
Consultants, 1980b; Section 2.5J.5.2 of this appendix).Additional seismographs were installed by Geotech in central
Washington in 1962 through 1964 (Poppe, 1979) in association
with the VELA-uniform project (Racine, 1979), and these
detected some small (MS 2 to 3.2) earthquakes in the ColumbiaPlateau. Additional stations include a high-gain station at
Newport, Washington, beginning operation in 1966, and the Blue
Mountain Observatory array in northern Oregon, operating from
1962 through 1975. In spite of these additional stations,
however, detailed seismicity data in the Columbia Plateau, andparticularly in the vicinity of the Hanford Reservation, have
been available only since the inception of microearthquake
network operations in March 1969. This appendix is the
product of studies that used. the seismicity. data from this

2 'J-4



WNP-2

AMENDMENT NO. 18
September 1981

network, and it also includes other seismologic, geologic, and
geophysical data.

Data

The use of an instrumental data set to study characteristics
of earthquake occurrence depends greatly on the quality of the
data. The data used in this study are a compilation of data
that were used to produce the eastern Washington seismicity
catalogs spanning the 11..3-year period from March 1969 through
December 1979 and June through December 1980. These catalogs
have been published by the University of Washington (UW) intheir Annual Technical Reports on Earthquake Monitoring of the ~

Hanford Region, Eastern Washington (Malone, 1975, 1977, 1978,
1979, 1980). Earthquake locations for the period 1969 through
December 1974, when the U. S. Geological Survey operated the
eastern Washington network, were recomputed by the UW in 1979
(Appendix A of Malone, 1979) . These recomputations used the
same crustal velocity models, hypocenter location program, and
earthquake magnitude formula as have been used for subsequent
periods. The hypocentral solutions and magnitude
determinations presently available for the period June through
December 1980 are preliminary; however, Dr. S. D. Malone (1981,
personal communication) believes that these data are
consistent with previous data. With the exception of
magnitude determinations for the period March 1969 through
June 1971, which are discussed in Section 2. 5J. 2. 1 below, theentire catalog represents a homogeneously processed data basefor the plateau.

In addition to compiling the data base, the UW Technical
Reports (Malone, 1977-1980) have also reported the results oftopical studies of crustal structureq seismic attenuation, and
seismicity in the region. Additional studies of Columbia

~ Plateau seismicity that use the 11.3-year data base have
focused on the deeper (focal depths greater than 9 km)
earthquakes (Woodward-Clyde Consultants, 1980a); on three
shallow earthquake swarms (Malone et al., 1975); and on the
Wooded Island earthquake swarms (Pitt, 1971; Rothe, 1979).

During the past decade, additional geologic and geophysical
data have contributed to the further understanding of theregional tectonic environment and on possible earthquake
source structures. Extensive hydrogeologic data on changes in
the local and regional ground-water regime that resulted from
ground-water pumping and from irrigation projects in the
Columbia Basin and Yakima Basin have also been collected.
These geologic, geophysical, and hydrogeologic data are usedin the present study to aid in the interpretation of the
seismologic data.

2 ~ 5 J-5
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2. 5J. 2.. EARTHQUAKE DETECTION LEVEL AND LOCATION ACCURACY

2.5J.2.1 Earthquake Monitoring and Data Analysis

The locations of high-gain seismograph stations in thevicinity of the Hanford Reservation are shown in Figure 2.5J-1
for the USGS operation period (1969-1975) and in Figure 2.5J-2
for the UW operation period (1975 to the present). Details of
the development of the eastern Washington network are given in
Malone (1979, Appendix A). In this reference, the routine
network, operation and data analysis carried out by the USGS
are also discussed. The UW network operations and data
analysis are discussed in Malone (1977-1980).

At the end of 1980, 43 seismograph stations were in operation
in eastern Washington (Figure 2.,5J-2), including the three
stations (ALD, RPK, FMC) of the Portland General Electric
Pebble Springs array and the station at Newport (NEW) operated
by the USGS. The density of station coverage has varied
throughout the period. In the vicinity of the Hanford
Reservation, the'verage spacing between stations has varied
from approximately 40 km in 1969, 20 km from 1972 through 1975
(Figure 2.5J-1), to the present 25 km (Figure 2.5J-2). For
the remainder of the region, station spacing north to Ephrata
and Odessa and west to Vantage was about 30 km during the
period 1972 through 1975 (Figure 2.5J-l). After 1975;
coverage was expanded to include the region shown by Figure
2. 5J-2 and has an average spacing outside of the Hanford
Reservation vicinity of approximately 25 km in the Chelan area
and 50 to 70 km elsewhere.

For the period 1969 through 1979, earthquake data were
recorded on Develocorder film; the achievable precision of thearrival-times read from these records is 0. 05 second. Since
the beginning of 1980, data have been recorded on a triggereddigital system that permits an achievable reading precision of
0.01 second. The hypocentral locations of earthquakes have
been determined using the computer program HYPO71 (Lee and
Lahr, 1975) and regional velocity models and station delays
derived by Eaton (1976) and Malone (1977) (See Section2.5j.l.l).
Magnitudes of eastern Washington earthquakes are calculated at
UW using the coda-length formula:

MC = 2 82 (loglOC) 2'46

where MC is the coda-length magnitude and C the coda-length.
Coda-'length magnitudes are commonly used to express therelative sizes of small-magnitude earthquakes recorded by

2. 5 J-6
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local and re'gional networks (see,. for example, Lee et al.,
1972; Crosson, 1972; Lee and Wetmiller, 1978). However, the
def inition of coda length used by different organizations and
in different regions varies. For eastern Washington, coda-
length is defined as the interval (in seconds) from the time
of the first P-wave onset on a seismogram until the trace
amplitude returns to twice the background noise level (Malone,
1979). Malone (1979) investigated the relationship of coda
length to ML (local magnitude as defined by Richter, 1958).
The preliminary result of these investigations suggests that
coda-length magnitudes computed for earthquakes in the eastern
Washington region are approximately 0.3 higher than the
corresponding Richter ML magnitudes over the magnitude range
from 1.3 to 5.1 (Malone, 1979). An inconsistency such as this
might be expected because the magnitude formula was originally
derived for the Puget Sound region (Crosson, 1972) and
subsequently adopted for eastern Washington (Malone, 1979).
This calculation, however, is preliminary since it. is strongly
influenced by the relatively sparse data (6 events) above
magnitude ML 3 (Mal.one, 1979).

As noted in Section 2.5J.1.1, magnitudes for the period March
1969 through. June 1971 were not recomputed by Malone (1979)
because the USGS did not. read coda-lengths for earthquakes
that, occurred during this period. The magnitudes for this
period appearing in the seismicity catalog are the original
values reported by the USGS, which were computed using an
amplitude-based magnitude scale. Malone (1979, Appendix A)
considers that such magnitudes are questionable. Therefore,
because the relationship between the amplitude-based magnitude
scale and the coda-length magnitudes subsequently computed has
not been established, magnitude data for earthquakes that
occurred prior to July 1971 have not been used in this study..
2.5J.2.2 Ma nitude Detection and Location Thresholds

Because the area of coverage of the eastern Washington network
has not been uniform, it is possible that some of the observed
patterns of seismicity may be artifacts of the station
distributions. To investigate this possibility, the threshold
magnitudes above which all earthquakes should have been
detected and located by the network were estimated fordifferent time periods and for different areas within the
region. The ef fects of detection on the seismicity patterns
are discussed in Section 2.5J.3.1.
Each of the numbered areas shown in Figures 2. 5J-1 and 2. 5J-2
has a station distribution history that is different from the
other areas. Threshold magnitudes within each area are
dependent upon the station distribution and upon thesensitivity of the recording instruments. .Table 2.5J-1 shows

2 ~ 5 J-7
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the magnitude detection and location. thresholds for each
area. In order to assess the i;nfluence of focal depth on
earthquake detection, Area I is divided into two depth
ranges: greater than and less than 3 km. (The choice of this
depth division is discussed in Section 2.5J.3.2). Seismicity
data for the other areas are insufficient to permit a similar
depth division.
Earthquakes have generally been observed to occur within a
region according to the log-normal frequency distribution
expressed by log N = A — bM (Richter, 1958), where N is the
cumulative number of events that have occurred per unit time
with magnitudes equal to or greater than M, and A and b are
constants that are characteristic of the regionalseismicity. Assuming that all earthquakes occurring in the
region during the time period under consideration have been
detected, a plot of log N versus M should be linear, with
slope b and intercept A on the log N axis. In reality, such
frequency-magnitude plots usually have a well-defined -linear
segment within a discrete magnitude, range. At lower
magnitudes, the number of events falls below the straightline, which indicates. that not all earthquakes within the
lower-magnitude range have been detected. Therefore, the
magnitude at which the plot "rolls off" can be considered to
be tPe detection threshold magnitude for the region and for
the time period under consideration.
Frequency-magnitude plots for each of the areas, depth ranges,
and time periods given in Table 2.5J-1 were constructed.
Threshold magnitudes were estimated from each of these plots
and are also shown in Table 2.5J-1. Because this analysis is
based on the'ublished UW seismicity catalogs, the threshold
estimates presented in Table 2.5J-l represent the minimum
magnitudes above which all earthquakes are estimated to have
been recorded sufficiently well to be located. However, the
numerical threshold magnitude estimates presented in Table
2.5J-1 are not considered to be final, because of the limited
data available to construct several of the frequency-magnitudeplots and the ambiguous interpretation of some of the plots.Specific uncertainties in the. results are discussed below.

Area I

The results for Area I are somewhat anomalous. It seems
unlikely that the threshold magnitude estimate of Mg 1 ~ 7 for
Area I (depths less than or equal to 3 km) for the period July
1975 through December 1980 is the same as for Area II for the
same period, since the density of stations in Area I is sign-ificantly greater than in Area II. Although these estimates
appear to be well constrained, as shown in Figures 2. 5J-3 and
2. 5J-4, it is possible that the threshold magnitude estimate
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for Area I represents a break in the slope of the frequency.—
magnitude plot at Mg 1.7 rather than a true "roll-off." Thatthis value may be a characteristic of the data for Area I is
suggested by the plot for the period July 1975 through Dec-
ember 1980 (depths greater than 3 km) shown in Figure 2.5J-5
and, to a lesser extent, by the plot for the period October
1971 through June 1975 (depths less than or equal .to 3 km)
shown in Figure '2.5J-6. Both of these plots (Figures 2.5J-5
and 2. 5J-6) appear to have a linear segment, indicated by a
dashed line between approximately MC 1.8 and MC 1, that has a
more gentle slope than the linear segment for higher
magnitudes. The "roll-off" in these plots appears to be at
about MC 1.0. A similar break in slope was discussed by Rothe
(1978) for frequency-magnitude plots for the Wooded Island
swarm area, Such breaks in slope could represent a
characteristic of the mode of earthquake occurrence in thearea,'s suggested by Rothe (1978), or a non-linearity in the
magnitude relationship used. The breaks in the slopes in
Figures 2.5J-5 and 2.5J-6 are not sufficiently well defined by
the data to resolve whether they are due to the above causes
or whether they do, in fact, represent location and detection
thresholds. Therefore, the threshold magnitudes for Area I
for all periods could either be close to magnitude Mg 1 or
about M< 1.8.

Based on the above discuss'ion, the earthquake data for Area I,for the period October 1971 through December 1980, are
considered to be complete for magnitudes at least as low as M<l. 8. This is- a conservative estimate, and the data set may be
complete down to approximately magnitude M< 1.25.
Areas II, III, IV, and V

Earthquake detection and location for Areas II and IV appear
~ to be complete for magnitude M( 2.0 and above for the period
June 1971 through December 1980. There are insufficient data
to estimate threshold magnitudes for Area V. The threshold
magnitude estimate of MC 2.0 for Area IV for the period June
1971 through June 1979 appears to be well defined. Because
instruments were installed in Area IV in July 1979 (Figure
2.5J-2), it is most p'robable that the threshold magnitude forthis area has been considerably less than M~ 2.0 since that
date. Area III appears complete above M~ 1.5 after July 1975.

The estimates in Table 2.5J-1 are in general agreement with
Malone's (1977) results for the detection capability of the
eastern Washington network as it existed in 1975 and 1976.
Based on the data recorded at any particular station for that
period, Malone estimated that the maximum epicentral distances
that earthquakes of magnitude MC 1.5 and 2.0 would be detected
by that station and by at least three other stations. These
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distances were then plotted as radii from each station to
produce contours of the limits of detectability and locata-
bility of earthquakes of magnitude MC 1 5 to 2.0, as shown in
Figure 2.5J-7 (reproduced from Malone, 1977). The contours
shown in Figure 2.5J-7 represent the limits of detectability
of magnitude MC 1.5 and 2.0 earthquakes under optimal
conditions. Therefore, not all earthquakes with magnitudes MC,1.5 or less had been located during 1975 and 1976 within the
M~ 1.5 contour. However, based on frequency-magnitude plots
similar to those used in the present study, Malone feels 'that
all events larger than MC 2.0 had been located within the MC
1.5 contour (Malone, 1979), which encompasses Area I and most
of Areas II and IV. Malone also estimated that all events
greater than MC 1.7 had been located within the immediate
Hanford area shown in Figure 2.5J-7, which is roughly the same
as Area I. This estimate is based on a 'frequency-magnitude
plot for the Hanford area. Therefore, the ambiguities in
interpreting the Area I plots discussed above also apply to
Malone's results.
2.5J.2.3 Location Accuracy

An assessment of the accuracy with which earthquakes
comprising the data set have been located is of importance
when the spatial patterns of the seismicity and its
relationships to tectonic structures and other features are
investigated. The accuracy of a location is measured by thedifference between the computed location and the true location
of the earthquake. The precision of a location is expressed
by the error estimates computed by the location program. Itis an expression of how well the location (computed using a
given crustal-velocity model and set of station delays) fits
the arrival times that were input to the program, and it
depends in great part on the precision with which arrival
times can be read from the seismograms of the event. The
accuracy, therefore, depends not only on the precision of the
location but also on how well the given velocity model
approximates the actual crustal velocity structure, on how
well the station delays compensate for inhomogeneities in the
crust, and on the accuracy of arrival times.

Two studies have been conducted to estimate the location
accuracy of earthquakes in the region. The most definitive
study was carried out by Weston Geophysical Corporation
(1981). This study used explosions of known locations within
the Hanford Reservation 'to estimate the accuracy of UW-
computed hypocentral locations of shallow earthquakes withinthis area. Two sets of explosions were used: the first set
consisting of 20 explosions had .known locations; the second
set consisting of 9 explosions had known locations and knownorigin times. The first set was located by the UW using P-
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and S-wave arrival time data from the eastern Washington
network and standard procedures, but without having an
experienced seismolog'ist check the arrival time picks, as is
normally done for microearthquake data processing. The second
set was also located using standard procedures af ter Dr. S. D.
Malone had checked the picks. The results for the first set
indicate that the computed locations of nine of the 20
explosions had horizontal mislocations of less than 1 km. Ten
locations had depth mislocations of less than 1 km, and only
one had a depth mislocation greater than 2 km. In the second
set, seven of the nine locations had horizontal mislocations
less than 1 km, and,all the computed epicenters were within
1.5 km of the true locations. The depth mislocations were
greater for the second set: only two computed focal depths
were within 1 km of the surface, while the rest were within
approximately 6 km. Computed arrival times were usually
within 0.1 second of the true arrival times.

These resu1ts indicate that epicentral locations routinely
calculated for the Hanford Reservation area are accurate andthat the velocity models and station delays closely
approximate the . true velocity structure, at least in this
area. The accuracy of earthquake focal depths is not reliably
estimated by using surface blasts. However, because the
results for epicentral locations and for arrival times
indicate that the crustal velocity model is appropriate,
earthquakes that occur less than 1 or 2 focal depths distant
from a station should have good focal depth constraint. Also,
based on the depth accuracies discussed above, the likelihoodis fairly high that valid 'shallow focal depths (0 to 3 km)
would be computed by the routine UW data analysis.
The second study, by Systems, Science, and Software (198»,
was conducted in two phases: (1) an estimation of the three-
dimensional velocity structure to a depth of 60 km in Eastern
Washington that is consistent with a combination of both localtravel times and gravity data; and (2) the computation (based
upon UW locations) of revised hypocentral locations in-
corporating the three-dimensionsal velocity structure. Atotal of 68 events (including 6 known and ll probable blasts)
distributed throughout the study area were used in both
phases. The average number of recording stations was 14, and
the depths ranged from 0 to 15 km. The revised epicenters of
the 6 known explosions were within 2 km of the UW locations,
and the orginal focal depths were generally less than 0. 5 km,while the largest revision was l. 3 km. This "result suggeststhat, for shallow events within the array, the UW location
procedures and the procedure using the three-dimensional
velocity model are of equivalent accuracy.
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For the remainder of the events (earthquakes and probable
blasts), the revised hypocenters were generally within 1 kmfor events located near the center of the array and increased
to 15 km for events near the periphery of the network. The
increase in hypocenter deviation with distance from the center
of the array is not unexpected, but it is difficult to give an
unambigious interpretation of this pattern. The error in
locations is expected to increase for events outside the
array. In addition, the resolution of the three-dimensional
velocity structure'ust necessarily decrease near the edges
due to less complete raypath sampling. ',The combination of
these edge effects, then, is probably responsible for the
observed pattern of increased hypocenter deviation toward thefringes of the net.

The results of . these two studies indicate that hypocentral
locations computed by the UW are accurate within about 1 kmfor events that occur withi:n the central Columbia Plateau and
within a distance of one or two focal depths from a station.
The loca'tions for the remainder of the region are less well
constrained, but epicenter locations should be more accurate
than focal depths.

2.5J.3. CHARACTERISTICS= OF COLUMBIA PLATEAU
INSTRUMENTAL SEISMICITY

This section presents a summary of the general characteristics
of the seismicity within the Columbia Plateau. Section 2.5J.4
contains more detailed analyses of the characteristics ofs'hallow-crustal (focal depths less than or equal to 3 km) and
intermediate-depth (focal depths between 3 and 8 km)
seismicity. In Section 2.5J.5, the characteristics of the
seismicity are iriterpreted in terms of earthquake source
models.

2.5J.3.1 Spatial Distribution of Seismicity

A plot of the epicenters of all earthquakes that had magni-
tudes greater than MC 1.0 and that were located between
latitudes 45.5'N and 48'N, and longitudes 118'W and 121'W
during the period March 1969 through December 1980 is shown in
Figure 2. 5J-8. Earthquake activity is broadly scattered
within the region. Two areas within this region exhibit
concentrated activity. The first area is the central Columbia
Plateau, which is defined for this study as the area bounded
by latitudes 46'N and 47 N and by longitudes 118.75'W and
120'W. From Figures 2.5J-O and 2.5J-8,, it can be seen that
the northern and southern boundaries of this area roughly
correspond to the Frenchman Hills anticline and the Horse
Heaven Hills anticline, respectively. The area encompasses
the eastern portions of Saddle Mountains, Umtanum Ridge,
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Yakima Ridge, and Rattlesnake Hills, and includes Gable
Mountain and Gable Butte. All of these are anticlines of the
Yakima Fold Belt. The Hanford Reservation, within which the
site is located, occupies the center of this area (Figure
2.5J-8). Because the central Columbia Plateau (as defined
here) contains the site, it is the main focus of this study.
The second area of concentrated activity is near Lake Chelan
(Figure 2.5J-8). The seismicity of the Chelan area has been
studied by Malone (1977, 1978, 1979), Bor (1977), and
Woodward-Clyde Consultants (1978) and is discussed in
Washington Public Power Supply System (1981, Appendix 2.5I).
These studies have shown that the seismicity of this area isdistinctly different from the central Columbia Plateau and
from the rest of the, region in several important respects, as
summarized here. Nearly all of the earthquakes in the Chelan
area have occurred within the depth range 3 to 8 km, with the
majority near 5 and 6 km (Malone, 1977). As discussed by
Malone (1977), because the basalt layer in this area appears
to be thin (less 'han a few kilometers), these earthquakes
appear to have occurred within the basement. As discussedlater in Section . 2.5J.3.,2.1, the majority of the central
Columbia Plateau earthquakes occurs in the upper 3 km of thecrust, apparently within the Columbia River basalt flows and
older volcanoes. The Chelan seismicity does not show the
dominant swarming characteristics (Malone, 1978) that ~ are
noted later in this section for the central Columbia Plateau
and in Section 4., The level of activity in the Chelan region
has also been observed as a low-level 'eismic source
throughout the period covered by the historical seismicity
record (Rasmussen, 1967 Malone, 1977; Washington Public Power
Supply System, 1981, Section 2.5.2.1).
Much of the analysis discussed in the remainder of this reportis concerned with characterizing the seismicity of the
Columbia Plateau region as a whole, and the central Columbia
Plateau in particular. Therefore, in view of the apparentdifferences between the seismicity of the Chelan area and theseismicity of the central Columbia Plateau, and the distance
of the Chelan Area from the site, this area has not been
included in subsequent analyses of the central Columbia
Plateau..

Because detection and location magnitude thresholds have beenconsistently lower for the central Plateau (approximately AreaI in Figures 2.5J-1 and 2.5J-2) than for the surrounding
region (as. discussed in Section 2. 5J. 2. 2), the possibility was
considered that the concentration of activity in the central
Plateau area could be an artifact of the seismograph station
configuration. To test this, the spatial distributions of
earthquakes having magnitudes greater than or equal to MC 2 '
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were compared for the region for the time period March 1969
through June 1975 (Figure 2.5J-9) and for July 1975 through
December 1980 (Figure 2.5J-10). From Section 2.5J.2.2,
magnitude MC 2.0 is estimated to be the minimum detection
threshold for the entire region for both of the above
periods. Therefore, if the concentration of events in the
central Plateau is an artifact of station distribution, thenit should not be apparent on either of these plots. However,
Figure 2.5J-9 does show a definite concentration of
earthquakes in the central Plateau area. Figure 2.5J-10 also
shows relatively more events in this area, but the contrast
with the rest of the region is not so marked. Furthermore,
the overall distribution of activity throughout the region
shown on Figures 2.5J-9 and 2.5J-10 is not significantlydifferent for, the period 1969 through June 1975 (when most of
the stations were located within the central Columbia Plateau)
than for the period July 1975 through 1980 (after the network
had been extended). The greater number of events on Figure
2.5J-10 in the 'Yakima-Ellensburg region (identified in Figure
2. SJ-2) does not appear to be related to station distribution
since, as shown in Table 2. 5J-l, the coverage of this area
(Area IV) was uniform until June 1979 when local stations wereinstalled and only two events have been located since that
date. Therefore, it is concluded that the distribution of
events in the central Columbia Plateau is real, and not anartifact of the station array geometry. However, the
concentrated appearance of the seismicity in the central
Plateau in Figure 2. 5J-8, which includes magnitudes as low as
MC 1. 0, is undoubtedly enhanced by the lower detection
threshold there.

Within the central Columbia Plateau, the regions of greatestseismicity (Figure 2. 5J-8) lie between Saddle Mountains and
Frenchman Hills and between Saddle Mountains and Gable
Mountain-Gable Butte. The interior of the Hanford Reservationis markedly lower in activity, particularly the eastern
part., Scattered earthquakes occur south and southeast of the
Reservation. A prominent feature of the total seismicity of
the central Columbia Plateau is the numerous, dense-clustered
groups of epicenters that provide a contrast to the more
scattered events surrounding the central Plateau. Most of
these groups are found to cluster both in space and time, and
are termed "earthquake swarms" (discussed in detail in Section
2. 5J. 4) .

Figures 2.5J-ll and 2.SJ-12, which are vertical cross-sections
through the region along the projection axes shown on Figure2.5J-8, and include all hypocenters within 60 km of the linesplotted. Only better quality data, selected -according to the
followi'ng criteria, were used to plot these cross-sections:
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2.5 km
5 km
0. 3 second
160'n azimuth

These quality estimates are those computed by the HYPO 71
location program (Lee and Lahr, 1975). In addition to the
above criteria, hypocentral solutions with a focal depth of
3.00 km were not plotted. This is the trial starting depth
for all the HYPO 71 runs (Malone, 1979), and a final solution
that has this depth implies that the focal depth cannot be
controlled by the data and has been arbitrarily constrained.

For comparison with Figures 2.5J-11 and 2.5J-12, the cross-
sections using all hypocenters are presented in Figures 2.5J-
13 and 2.SJ-14.. Although some loss of resolution occurs with
this data set due to the inclusion of statistically less well-
located events, it is important to include the more regional
framework of the central Plateau. The earthquakes with focal
depth fixed at 3.00 km form distinct horizontal lineations in
these two figures.
To aid interpretation of the depth distribution of seismicityin terms of the deep structure of the Plateau, available
crustal structure interpretations from regional geophysical
studies are included in Figures 2.5J-ll to 2.5J-14. These
data consist of the top of basement as defined by time-term
analyses (Eaton, 1976; Malone, 1977>, the depth to the Moho.as
def ined by long-range seismic ref raction (Hill, 197'2, 1978),
and the modelled cross-section of a deeper, older basalt body
underlying the Columbia River basalts interpreted from gravity
data (Washington Public Power Supply System, 1981, Appendix
2.5.L). The three-dimensional model developed by Systems,
Science and Software (1980), although not shown here, is
genera].1y compatible with these geophysical interpretations.
A prominent feature of the seismicity seen in all four cross-
sections is the- apparent zonation according to depth. With
few exceptions, the events that tend to occur in clusters are
limited to the depth range 0 to 3 km and are underlain by a
more diffuse zone of activity. Few clusters of events are inthis intermediate zone, but not nearly of the pronounced level
as in the uppermost 3 km. At about 8 km, this middle zone is
replaced by a zone of very diffuse activity that continues
down to approximately 25 km. This zone contains no prominent
clusters, and the distribution of, events with'in it is sparse
compared to the overlying activity.
These depth divisions are similarly evident in a plot of the
number of events versus depth (Figure 2. 5J-15). As discussedearlier, the concentration at 3 to 4 km,is due to the fixed
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depth of 3. 00 km; the portion of events of depth 3. 00 km is
shown by the dotted bar in Figure 2. 5J-15. It is likely that
the events fixed at the 3. 00-km lower depth are ~ actually
similarly distributed; they are generally included in
subsequent analyses of seismicity patterns in this appendix.
The decrease in level of activity with increasing depth is not
produced by poorer detection with depth. As noted in Table
2.5J-1, the detection threshold appears to be lower for
earthquakes deeper than 3 km. Excluding the fixed-depth
events, 68 percent of the activity occurs in the top 3 km, 22
percent in the 3- to 8-km range, and 10 percent is deeper than
8 km. The size of the largest earthquake in each depth zone
(Figure 2.5J-15) also decreases with increasing depth, but not
in so pronounced a fashion as the number of events. Based on
these distinctions in seismicity with depth, these three zones
are defined as the shallow crustal zone (0 to 3 km), the
intermediate crustal zone (3 to 8 km), and the deep crustal
zone (8 to 25 km+). Each of these zones is discussed in more
detail below.

Frequency-magnitude plots were examined to establish regional
seismicity characteristics within the Columbia Plateau. The
data set used is for the period July 1971 through December
1980, thus exluding the period of anomalous magnitudes prior
to June 1971 (Section 2.5J.2.1). In Figure 2.5J-16, the
frequency-magnitude data set.for the area of longitudes 45. 5'N
to 47. 5'N by latitudes llS~W'o -12I, W's..plotted The.„slope=
defined by the range 2.0 < Mc < 4.0 is linear and has the
value of 0.85. The magnitude range is above the region's
cutoff magnitude (2.0) and excludes the two largest events in
order to establish a definitive slope. Nhen the shallow
crustal events are excluded from this data set, the slope of
0.72 is obtained (Figure 2.5J-17). The shallow data set alone
is examined for the central Columbia Plateau, where focal
depths are more accurately defined, and the cutoff magnitudeof 1.75 is used. The shallow crustal zone has a slope of 1,00
(Figure 2.5J-18), distinctly higher than the previous two
values that represented or. included the deeper earthquakes.

2.5J.3.2 Columbia Plateau Seismic Zone Features

2.5J.3.2.1 Shallow Crustal Zone (0 to 3 km)

The shallow zone is dominated by swarm-like activity that
appears to be restricted to a depth of about 3 km (Figure
2.5J-19). The swarm activity is concentrated within the
central Columbia Plateau in several zones following the trend
of the Saddle Mountains. The shallow seismicity exhibits arelatively high ratio of small- to large-magnitude earthquakes
(slope of 1.00 in Figure 2.5J-18). Swarms and other features
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of the shallow seismicity are discussed in Sections 2.5J.4,
2.5J.5, and 2.5J.6.

The distinct shallow crustal zone suggests a possible geologic
association. Depth modeling of gravity data (Washington
Public Power Supply System, 1981, Appendix 2.5.L), the deep
basalt well near Rattlesnake Hills (Raymond and Tillson, 1968)
(located on Figure 2.5J-19), and regional geologic investiga-
tions (Swanson et al , 1979) suggest that the Col'umbia River
basalt flows and older volcanics form a distinct zone above
about 3 km thick. This spatial association with the volcanic
sequence provides an important means to 'further examine the
possible geologic origin of the shallow seismicity, as
discussed in Section 2.5J.5.

2.5J.3..2.2 Intermediate Crustal Zone (3 to 8 km)

Most of the activity in the intermediate depth range occurs
under the central Columbia Plateau (Figure 2.5J-20). The
change between the intermediate zone and the deep zone
coincides fairly well with the basement boundary defined by
Eaton (1976) and Malone (1979). This is best seen in Figure
2.5J-12, the north-south cross-section. The basement contours
from gravity and seismic refraction do not match very closely
in Figure 2.5J-ll, but are associated with the change in

level'factivity.. The swarm pattern of activity seen in the
shallow zone does not appear to extend to the 'intermediate
depths.- As noted in Section 2.,5J.4.4, a few of the shallow
swarms appear to extend to depths greater than 3- km; the
deeper events, however, are generally less well-located in
terms of numbers of readings, azimathal gap between stations,
and distance to the closest station in the hypocentrallocation. Thus, a portion of the intermediate activity may be
mislocated in depths and may more correctly belong with the
shallow zone.

The intermediate zone appears to correspond to a regioninterpreted to be mostly sediments (Myers and Price, 1979)lying above the basement and below the Columbia River
basalts. The zone is also restricted laterally (Figures 2.5J-
13 and 2.5J-14) and seems to be confined to a basin in the
basement centered on the central Columbia Plateau.

2.5J.3.2.3 Deep Crustal Zone (8 to 25 km+)

The events with depths greater than about 8 km are apparently
basement events, as noted in earlier studies (Woodward-Clyde
Consultants, 1980). A map view (Figure 2.,5J-21) showsessentially none of the clustering that is characteristic of
the shall'ow events. As with the intermediate events, the
events generally underlie the central Columbia Plateau.
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The cross-sections (Figures 2. 5J-13 and 2. 5J-14) reveal a
bowl-like shape at the base of the deep events. The deepest
events (depths 15 to 25 km) occur under the center of the
central Columbia Plateau, and the earthquakes become shallower
toward the edges. Because this slope occurs well within the
area of good station distribution and is also apparent in the
better-located data (Figures 2. 5J-ll and 2. 5J-12); it is not
considered to be a function of the station array.
Composite focal mechanisms suggest that the basement beneath
the central Columbia Plateau is undergoing regional north-
south compression. The details of the focal mechanism and
other aspects of deeper seismicity are discussed in Woodward-
Clyde Consultants (1980) .

2.5J.4. SWARMS AND SHALLOW SEISMICITY

2. 5J. 4. 1 Earthquake Swarms

In most regions of the world, the overall temporal occurrence
of earthquakes may be characterized as a random process
combined with occasional increases in the normally observed
frequency of earthquake„ occurrences that last for varying
periods of time. Occurrences of earthquakes within these
spatially and temporally defined increases in activity behave
according to some non-random relationship. The following.
three main types of earthquake sequences have been identified
(see, for example, Richter, 1958, and Mogi, 1963): mainshock-
af tershock ~ sequences, foreshock-mainshock-af tershock
sequences, and earthquake swarms. Earthquake swarms are
defined by Mogi (1963) as sequences of earthquakes in which
the number and magnitude of events gradually increase with
time and then decrease, with no single predominating event
that can be identified as a mainshock. Richter's (1958)definition of a swarm as being "a long series of large and
small shocks with no one outstanding principal event" is lessrestrictive in that the activity is not required to increase
and decay with time. Swarms can be composed of tens to
thousands of events occurring within periods from a few hours
to many days..

Earthquake swarms, as defined above, have been observed in
many tectonic and geologic environments'nd occur over widelydifferent scales of energy release. They occur in regions of
high seismic activity, where the other types of sequences are
also common. In Japan and California, for example, swarms
frequently include earthquakes in the magnitude range 5 to 6
(Utsu, 1970; Richter, 1958). The seismicity of volcanic
regions commonly exhibits swarm characteristics, especially in
association with active volcanoes .. Swarms are of ten observedin geothermal areas, usually at the microearthquake level.
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Richter (1958) observes that swarms of ten occur in areas of
recent, but not active volcanism, such as the Owens Valley in
California, where the swarms occurred in areas underlain byvolcanic tuff and basalt flows. Sykes (1970) discussed swarms
associated with the mid-Atlantic ridge. Sequences of small-
to moderate-sized earthquakes that are induced by the filling
of reservoirs (Talwani et al., 1979), by the injection offluids into wells (Hermann et al, 1981; Hsieh and Bredehoeff,
1981), and by fluid extraction (Yerkes and Castle, 1976) of tenexhibit swarm characteristics. Many such cases of induced
seismicity have been reported from areas in which the normallevel of seismicity is relatively low.

The occurrences of certain swarms in California, such as those
in the Imperial Valley, and in Japan are associated with knownactive fault zones. Swarms associated with active volcanoes
and geothermal reservoirs are caused by the intrusion of magmaor high pressure hot water and steam. Artificially induced
swarms are sometimes localized on pre-existing fault zones,
which may have been seismically quiet. In other cases swarms
cannot be associated with structures. Therefore, considering
the variety of geologic and tectonic environments in which
swarms are observed, an all-encompassing theory to explaintheir occurrence would not be likely. However, certain
geologic conditions may favor the occurrence of swarms in
preference to other types of sequences.

Mogi (1963) broadly classified the areas where swarms would be
the characteristic mode of strain release as those where thecrust is extremely heterogeneous or fractured or where stressis locally concentrated. Both of these conditions exist inactive volcanic and geothermal areas, and they often exist in
areas of recent volcanism. The predominance of swarms in
areas where the crust is heterogenous has been noted inseveral cases. For example, in a study of three earthquake
sequences that occurred between 1968 and 1971 near Hollister,California (in the San Andreas fault zone), Udias (1977) foundthat there were two mainshock-aftershock sequences and one
swarm sequence. He postulated that the swarm occurred on the
same fault system as the other two sequences but in an area
where the crust is less homogeneous. The large swarm ofactivity that occurred near Denver between 1962 and 1967 was
caused by the injection of fluid into highly fractured
Precambrian basement rock (Hsieh and Bredehoeff, 1981).
Talwani et al. (1979) observed that the swarm activityassociated with Lake Keowee in South Carolina is associatedwith an orthogonal set of joints within a 2-km-wide zone.

g5j
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2.5J..48 Previous Studies of Columbia Plateau Earthquake
Swarms

Earthquake swarms, as generally defined above, . have been
observed in the central Columbia Plateau since microearthquake
monitoring began in 1969. Swarms have been routinely reported
by the UW (Malone, 1977, 1978, 1979, 1980) and have been the
subject of three detailed investigations.
Pitt (1971). The first of these, by Pitt (1971), dealt with

* 'b
general features of the swarm, including the limited extent of
the zone of activity (5 km east-west, 3 km north-south), the
shallow focal depths (less than 5 km), and the apparent
migration of activity with time. His study is superceded bythat of Rothe (1978), as discussed later.
Malone et al. (1975). The second study was carried out by
Malone et al., (1975), who investigated the 1972 swarm on the
Wahluke Slope, the 1973 Eltopia swarm, and the 1973-1974 Royal
Slope sequence. Each of these sequences was investigated indetail using earthquake data recorded by a closely spaced
network of portable seismograph stations deployed around the
swarm zone. Therefore, the investigation was based onrelatively accurate hypocentral solutions. Both the Wahluke
and Eltopia sequences followed the swarm pattern as defined by
Mogi (1963). The Royal sequence, however, began with a
mag»tude MC 4.4 earthquake followed by a large number .of
smaller shocks and could be described as a mainshock-
aftershock sequence rather than a swarm. All of the sequences
were confined to small areas of less than 10 km , and all
earthquakes occurred at depths of less than 2 km.

To investigate possible causative mechanisms, Malone et al.
(1975) constructed composite fault-plane solutions for the
Eltopia and Royal sequences. Of the events in the Eltopia
swarm, 85 percent fit into one of three mechanisms. The three
mechanisms all indicate northeast- or east-striking, steeply
dipping reverse

defaulting;

two of the mechanisms have a
significant strike-slip component. Earthquakes in the Royal
sequence fit into either one of two mechanisms, both of whichindicate reverse faulting on steeply dipping, east-striking
planes. The authors conclude that, in both cases, slip took
place on a number of planes having different orientations butin response to a uniform stress field having north-south,
horizontal maximum compression and vertical minimum compres-
sion. The hypocenters of each subset of Eltopia events fallinto an individual focal category mechanism and roughly define
a steeply dipping plane that agrees in strike and dip with one
of the planes interpreted from the focal mechanism. The three
planes thus defined intersect near the main cluster of
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epi centers in the swarm area. Migration of activity of the
Royal sequence from the center of activity, first to the west
and then to the northeast, was obserVed. Based on the
observation that the earthquakes appear to have occurred on
several slip planes and based on the restricted depth range
involved, Malone et al. (1975) conclude that perhaps only one
competent basalt flow (or at most a few) is involved in any
one event and that large-scale, through-going fauIting is
unlikely.
Rothe (1978). Rothe (1978) investigated the 1975 earthquake

lt l '

1
causative mechanisms of Columbia Plateau swarms in general.
The 1975 Wooded Island swarm began in April of that year and
continued until November. The swarm was monitored using the
eastern Washington network, which included station WIW locatedat Wooded Island. The UW installed a portable network of upto seven stations directly above the swarm zone in June 1975,with an average station spacing of less than 1 km. The
detection threshold of the portable network was very low (MC-0.1) ~ A total of 365 events were detected during the three
months of operation of the local network, of which 192 were
locatable. The, dense local network also enabled thecalculation of very precise hypocentral locations (estimated
error less than 150 m). The shallow crustal-velocity model
used was based on Eaton's (1976) time-term model, and station
delays were calculated from local stratigraphic and cross-hole
velocity data. Rothe also studied the effects of thepotential velocity anisotropy of the basalts on Wooded Island
hypocentral locations. He found that locations computed using
an anisotropic model were not significantly different from
those computed using a layered half-space model., although the
anisotropic model tended to increase focal depths slightly.
The swarm earthquakes all occurred within an area of 2-1/2 km
east-west by 2 km north-south, which is roughly the same areawithin which the 1969-1970 swarms occurred. All but four of
the events were located at depths less than 2.5 km. Time-
lapse studies of the entire swarm indicated that the earth-
quakes migrated from the center of activity, first to the
north and then to the north and northwest. During the periodof local network operation, the migration had the effect of
establishing southeast-northwest and east-west linear trends
of epicenters.

Rothe devotes particular attention to identification of
apparent linear trends in the distribution of hypocenters.
The epicentral plot of the 1975 swarm reveals two rather
poorly defined trends: one northwest-southeast, the otherwest-east. Rothe notes that a "hotspot" of activity is local-
ized near the intersection of the two trends and that the
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(MC 2. 83) occurred near the spatial and temporal
center of the swarm. Similar migration of about a kilometer
was observed. for the 1969-70 swarm (Pitt, 1971) to establish,
in this case, an east-west- trend of epicenters. Relocation by
Rothe of the better-determined hypocenters of the 1969-70
swarm using the time-term velocity model results in the 3-km-
long, east-west trend of epicenters being more pronounced than
originally shown by Pitt.
Vertical cross-sections through the zone of hypocenters

.suggest that the northwest and west linear trends of
epicenters are the expressions of steeply dipping (almost
vertical) linear concentrations of hypocenters in the depth
range 0.5 to 2.5 km. These linear trends are poorly defined,
however.

Rothe found that almost all the energy release during the 1975
swarm occurred in the depth range 0.3 to 2.0 km. Based on the
well cuttings and E-logs obtained from the Rattlesnake No. 1
Deep Well (Raymond and Tillson, 1968), this depth range islikely to correspond to a zone of basalt flows. Therefore, in
support of the conclusion drawn by Malone et al. (1975), Rothe
suggests that the earthquakes'ccur only in basalt, .which is
capable of storing strain energy, and not in interflow zones.

Magnitude-frequency plots that were constructed for the 1975
swarm using both eastern Washington and local network data,
show distinct breaks in the b-slope at about MC laninterprets the break in b-slope as being indicative of a"characteristic" swarm-earthquake magnitude. He identifies
this characteristic, preferentially occurring earthquake"size". as approximately M< 1.5. The possibility that the
break in slope may be an artifact of the method of computing

'magnitudes is noted in Section 2.5J.2.2.
Rothe, in agreement with the results of Malone et al. (1975),
found that no one focal mechanism would fit the data for all
events. Ten rather poorly constrained composite mechanisms
were required to fit all the events. (No event had sufficient
data with which to construct an individual focal mechanism.)
However, about 60 percent of the events fit one of three
mechanisms, all of which indicate high-angle (greater than
about 45 degrees) thrust faulting on planes striking north-
northeast, east, or southeast. Rothe concludes that, as for
the Royal and Eltopia swarms, slip took place on several
planes of varying orientations, rather than on a single fault
plane.
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2.5J.4.3 Definition of Earthquake Swarms in the Columbia
Plateau

In order to treat the occurrence of swarms in the Columbia
Plateau in a systematic fashion, a statistical definition of
an earthquake swarm is needed. Techniques for quantifying
earthquake clustering have been developed by several
investigators (Vere-Jones and Davies, 1966; Shlien and Toksoz,
1970; Savage, 1972 and 1976; Udias and Rice, 1975; McNally,
1976). These studies consisted of searching for appropriate
cluster time-lengths (between associated events) and then
testing, using relatively sophisticated statistical
techniques, for non-Poissonian (non-independent) behaviour
within the clusters and Poissonian (independent), behavior in
the residual data set. The choice of cluster time-lengths
appropriate to an area or region determines the efficiency and
success of the approach. Previously reported cluster time-
lengths vary widely, from a few minutes to a few days.
Spatial definition of the clusters has also been important to
most of these studies.-

Because the swarm occurrences are,so prominent in the Columbia
Plateau, relatively simple observational criteria are used to.
define swarms. Although this may not result in a statist-
ically thorough identification of the non-random seismicity,it will suffice to identify the major features of the more
readily identified swarms.

Previous investigations in the central Columbia Plateau
(Malone, 1979) have defined areas in which swarms appear to be
the dominant characteristic of the seismicity. To initially
define swarms, boundaries were drawn around these areas, andall the seismicity within the boundaries were defined as swarm
activity. However, this definition includes only the spatial
aspect of swarms and ignores the possibility that, in a
temporal sense, non-swarm, background seismicity might also
occur within the swarm areas and time windows. The temporaldistribution of seismicity within the previously defined swarm
areas was examined using several cluster time-lengths. This
examination was accomplished by manually searching the Hanford
earthquake catalog and testing for those cluster time-lengths
that appeared to be successful in separating occasional,
apparently randomly occurring events from those that occurred
during periods of high activity. The appropriate cluster
time-length was refined through several iterations of this
process. The cluster time-length thus defined was then used
to identify swarms in time, to refine the boundaries of
previously identified swarm areas, and to identify new swarm
areas. '
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Cluster time-lengths ranging from 2 to 15 days were
examined. A 10-day cluster time-length was found to performrelatively well in defining previously indentified swarms,
although cluster time-lengths varying up to several days
around this value could be equally appropriate. Therefore,
using the 10'-day cluster time-length, a swarm is defined for
this study as a group of four or more events that occur within
a small volume having defined boundaries and within which no
event is separated from the events immediately preceding and
succeeding it by more than 10 days.. According to thisdefinition, a four-event swarm could occur over a maximum
period of 30 days. Characteristic cluster time-lengths and
cluster durations for Columbia Plateau swarms appear to be
much longer than have been reported for non-Poisson seismicityin other areas.

It must be pointed out that any temporal cluster'efinition
may be arbitrary to some degree.- While some sequences fall
easily into either the cluster or background categories, a
gradational boundary between the categories may vary from areato area and perhaps even from year to year within each area in
the central Plateau. An example is the time history of Wooded
Island s'eismicity, shown in Figure 2. 5J-22. Occasional
events, such as those at 39, 60, and 121 months, stand alone
in time and must be considered random background events.
Other episodes, such as the those starting at 6 and 76 months,.
are clearly clusters. However, other events are not so
,obviously categorized. The pair of events at 26 months may be
associated with the 1969-70 series of swarms or may be in the
background. In the Wooded Island area, a longer cluster time-
length might be appropriate, but a wider time window appliedto the more consistently active region in the Saddle Mountains
area would cause activity that appears to be random background
to be included in the swarms. Wh ile th is problem may be
inherent in choosing a single cluster time-length for all of
the swarms, all of the prominent and most of the less obvious
swarms can be selected by using the criteria herein defined.
The swarm areas identified by the UW are listed in Table 2.5J-
2. Swarm and non-swarm events in each area were separated
using the swarm definition described above. The seismicity in
the immediate vicinity of each area was examined to see if any
of the temporally defined swarms extends outside the prev-
iously defined boundaries. In four cases, listed in Table2.5J-3(a), it was found that the swarm areas should beslightly larger. Instances occurred where a swarm in one area
included events from one in an adjacent area; these are listedin Table 2.5J-3(b). As noted in Table 2.5J-3(c), in four
cases, a combination of events in two adjacent areas revealed
small swarms where none was apparent when the individual areas
were used.
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The data. that remained after the previously 'defined swarm
areas (Tables 2.5J-2 and 2.5J-3) had been studied were
examined for spatial and temporal associations using a moving
10-day window. All the swarm area boundaries are shown in
Figure 2.5J-23. Thirty-four additional swarms were found in
28 new swarm areas. The newly defined swarm areas are listed
in Table 2.5J-4. Several of the new areas overlap, and
several of them could be combined into larger areas. Table
2.5J-5 lists all the swarms identified, their dates of
occurrence, number of events, and the largest magnitude
recorded. Figures 2.5J-24 and 2.5J-25 show plots of swarm and
non-swarm seismicity, respectively.
Noteworthy from Table 2.SJ-5 is that some of the UW-defined
sequences in the swarm areas that had previously been
identified as single swarms are now split up into two or more
swarms. Therefore, it appears that the temporal aspect of
swarm activity is more fully reflected in the new swarm

. definition. For certain cases, such as the 1970 to 1971
Scooteney Reservoir Swarms B and C, strict adherence to the
10-day cluster time-length has resulted in two swarms being
defined when perhaps one might be appropriate.
.2.5J.4.4 Characteristics of Columbia Plateau Swarms

Epicentral plots of larger swarms (i.e., those containing. 10
or more earthquakes) were examined for indications of spatial
trends. Most of the earthquakes in each swarm are clustered
within an area that has dimensions of less than 3 to 4 km.
f.inear trends of epicenters are apparent, to varying degrees,
within some of the swarms. The best defined of these are the
northwest-southeast trend of the Eltopia A swarm (Figure2.5J-
26a) and the east-northeast/west:-southwest trends of the
Scooteney Resevoir B and C swarms (Fi'gures 2.5J-26b and 2.5J-
26c). Well-defined, but relatively- short, east-west trends
are evident for the Wooded Island B and E swarms (Figures
2.5J-26d and 2.5J-26e) similar to those noted by Rothe
(1978). Apart from the Eltopia and Scooteney Reservoir
swarms, the linear trends discussed above are rather short,
not greatly different than the 1- to 2-km uncertainty in event
locations. Thus, no general or consistent spatial patterns
are revealed by the swarms.

The patterns of spatial occurrence of successive swarms varywithin the swarm areas. In Wooded Island and Berg Ranch,
successive swarms have been centered in about the samelocation. The Smyrna C and F swarms also occurred at about
the same place, although Symrna G occurred well to the west ofthis location. In all of the other areas, the tendency has
been for successive swarms to migrate away from earlier swarm
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locations. For the majority of cases, successive swarms
overlap, and migration has extended the„ activity in a
particular direction.
Focal depths of* the earthquakes comprising most of the swarms
are confined to the range 0 km to approximately 5 km.
Maximum focal- depths for several of the swarms, including
Eltopia A, Wooded Island G, Corfu B and H, Wahluke F, and
Royal D are less than 3 km. These very shallow focal depths
are in agreement with those reported by Malone et al. (1975)
for the Royal D, Wahluke D, and Eltopia A swarms, and by Rothe
(1978) for the Wooded Island I swarm. Malone et al. (1975)
reported depths of less than 2 km for the three swarms they
studied, based on relatively accurate hypocenters computed
using data from local networks (see Section 2.5J.5.1.2).
Therefore, since the focal depths of some shallow earthquakes
that were located using regional network data are likely to be
in error by up to a few kilometers (see Section 2.5J.2.3), itis probable that virtually all of the earthquakes comprising
the swarms in the central Columbia Plateau occurred at depths
less than about 3 km.

Three swarms, namely Scooteney Reservoir B and C and. Connell
G, contain earthquakes that appear to be anomalously deep
compared with the other swarms. These swarms occurred close
to each other, near the eastern end of . Saddle Mountains.
Approximately half of the Scooteney Resevoir B earthquakes
were located in the depth range of 6 to 12 km. These deeper
earthquakes form parts of both the east-northeast linear trend
and the east linear trend (Figure 2.5J-26,).. " Scooteney-
Reservoir C contains fewer deep earthquakes in the same depth
range. . All four of the earthquakes in the Connell G swarm
have focal depths in the range 5. 9 to 10. 2 km. Because it is
possible for microearthquake swarms to occur as a small
component of seismicity in any seismic environment, the
occurrence of an occasional swarm in the intermediate crustal
zone or deeper crustal zone is not surprising. However, this
occasional swarm occurrence at depth does not require that the
shallow crustal zone be causally related (in a seismologic
sense) to the deeper zones.

Figure 2. 5J-27 shows the observed distribution of maximum
swarm earthquake magnitudes for the swarms having more than 10
events, as well as: for all the swarms listed in Table 2. 5J-
5. The distribution is considered complete above MC 2. 0
(Section 2. 5J. 2. 2) and shows a flattening and decrease due to
incomplete detection below MC 2. 0. For maximum magnitudes
above MC 2. 0, there is a steep decrease in the number of
swarms to the sequence containing the largest event, the MC4.4 Royal Slope earthquake.
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According to the generally accepted definitions of earthquake
swarms given in Section 2..5J.4.1, the primary criterion used
in differentiating a swarm from foreshock-maihshock-af tershock
sequences or mainshock-af tershock sequences is whether the
sequence includes an event that can be considered a
"mainshock." However, there is no universally accepteddefinition of how large the mainshock should be relative to
the other events in the sequence. Arbitrary definitions have
been used in previous investigations. For example, Tryggvason
(1973) used the following criteria to define earthquake swarms
in Iceland: (1) the magnitude difference between the first
and second largest-magnitude earthquakes in a sequence is less
than 1.0; and (2) the magnitude difference between the largest
and fifth largest-magnitude earthquakes is less than 1.5. A
similar criterion was adopted for a preliminary assessment of
whether any of .the Columbia Plateau swarms - could in fact be
considered to be other types of sequences..

Figure 2.5J-28 shows magnitude versus time plots of all seven
sequences in the vicinity of the central Columbia Plateau
within which one event, or a pair of events, have magnitudes
at least 1.0 greater than the other events. Eltopia A (Figure
2.5J-28[a]), West Saddle Mountains C (Figure 2.5J-28[f]), and
Area 18A (Figure 2. 5J-28[g] ) are sequences wit/in which the
largest-magnitude events did not occur near the+'eginning of
the sequence. There are too few events in t'. ="-'West Saddle
Mountains and Area 18A plots for patterns to the discerned.
The Eltopia sequence does not appear to be a foreshock-
mainshock-aftershock sequence but rather two relatively large-
magnitude events superimposed on an essentially constant levelof swarm activity.
The remaining two sequences have the largest magnitude event
occurring close to the beginning of the sequence. The Royal D
sequence. (Figure 2.5J-28[b]) can be regarded as a non-swarm
type of sequence according to the definition given in Section
2. 5J. 4. 1 and could be viewed as a mainshock-af tershock
sequence. As discussed earlier in this section, this sequence
also seems to be an unusual occurrence (compared with the rest
of the observed shallow seismicity) because of the size of its
maximum earthquake magnitude. However, the Royal D sequence

, does not exhibit the characteristics of a classic mainshock-
aftershock sequence. The rate of aftershock activity in such
sequences decays with time according to an inverse-power law
(Utsu, 1970), and the magnitudes of the af tershocks becomeprogressively smaller. 'his general type of behavior is
observed even for complex af tershock sequences (Utsu, 1970) .
The Royal D sequence does not exhibit these decaycharacteristics. The level of activity after the "mainshock"
drops almost immediately to a relatively low level and remains
essentially constant for the duration of the sequence. The
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Royal E and Coyote Rapids B and F sequences all have an
apparent "mainshock," but subsequent events are too few for
examining the possibility of these being mainshock-aftershock
sequences.

Figure 2.5J-29 shows the cumulative number versus magnitude
plot for swarm earthquakes within the, Columbia Plateau
(latitudes 46'10'N to 47'10'N; longitudes 118'30'W to
120'W). This plot shows essentially the same features as
Figure 2.5J-IS,, which includes al1- the'.shallow.seismicity;;in
this area, namely, a steep slope (1.15-) for magnitudes greater

MC .2.0 and the apparent break in slope'at approximately
2.0. Individual plots for those swarms that have

sufficient data generally show similar characteristics.
2.5J.4.5 Non-Swarm Shallow Seismicit
Shallow earthquakes remaining af ter the removal of the swarms
are shown in Figure 2.5J-25. It can be seen that much of this
non-swarm ac tivity is concentrated in the de fined swarm
areas. This concentration is partly due to. incomplete
separation of the swarm activity using the 10 day cluster
time-length, as discussed in Section 2.5J.4.3. Because the
spatial distributions of low-magnitude swarm and non-swarm
shallow activity in the Pasco Basin area are essentially the
same, this similarity suggests that the nature and causes of
both categories of earthquakes are the same and that
clustering in time is only one characteristic of the total
Pasco Basin'hallow seismicity. This conclusion is further
supported by the similarity of the frequency-magnitude plotfor shallow non-swarm earthquakes to the plot for swarm
earthquakes (Figure 2.5J-29).

2.5J.5 ~ SOURCES OF SHALLOW EARTHQUAKES

As discussed in Sections 2.5J.3 and 2.5J.4, the shallow
microearthquakes that have occurred in the central Columbia
Plateau appear to represent a process of crustal deformation
that is distinct from the commonly observed crustal earthquake
mechanisms. This distinction is suggested (1) by the narrow
range of shallow depths within which most of the earthquakes
have occurred; (2) by the frequency-magnitude slopes of 1.00
or more; and (3) by the predominance of earthquake swarms.
Therefore, based 'on these occurrence patterns, the geological
features of the central Columbia . Plateau were evaluated to
assess their physical capability as sources for shallow
seismicity and their spatial correlation with the areas of
shallow seismicity.
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2.5J.5.1 Fractures in the Columbia River Basalts

Mogi 's (1963) suggestion that earthquake swarms tend to be
characteristic of 'eterogenous or highly fractured rock fits
the central Columbia Plateau, where the basalts of the
Columbia River Group at or near the surface are known to be
highly jointed. The primary jointing in the Columbia River
basalts appears to be a response to tensional stresses that
develop during the cooling of a flow. The results are
characteristic primary fractures, among them vertical columns
and horizontal fractures. The descriptive terminology in the
following paragraphs, based on classical architectural format,
was proposed by Tomkeief f (1940) to describe basalt flows of
the Giant's Causeway and was refined by Spry (1962). Basalt
flows from various parts of the Columbia Plateau are described
in Mackin (1961), Schmincke (1967), Myers (1973), Reidel
(1978), Ross (1978), and Myers and Price (1979). A detailed
investigation of primary or cooling flow features at limitedlocalities may be found in Long (1978).

Ideally, a basalt flow consists of an upper and lower
colonnade, a central entablature, a flow top, and a basal
pillow-palagonite zone. Colonnade and entablature comprise
the major portion of a flow, but flow tops have been known to
'comprise nearly half a flow 's width (Zong, 1978). Columns ar'
polygonal, usually six-sided, and have interlocking straight
faces, although wavy "pinch and swell" faces are common.
Colonnade columns are most often normal to the flow width and
range in diameter from 0.5 to 3 m (average 1 to 2 m).
Horizontal and oblique fractures in the colonnade are usually
spaced 0.25 to 1 m apart and may shape the columns into
stubby, hackly, and/or rubbly forms. Entablature columns are
generally slender (a few centimeters to 0.5 m in diameter) and
are often arranged in seemingly chaotic patterns that are
combinations of fan, rosette, and chevron arrangements. Other
primary flow interior features are horizontal "platy joint"
zones and vesicular zones (Spry, 1962; Long, 1978). Flow tops
are usually vesicular and may consist of a rubbly breccia, or
they may be tightly welded (Zong, 1978). Basal pillow-
palagonite zones are more rare, occurring only where a flow
entered a pre-existing body of water.

Columnar joints within the colonnade are roughly vertical,
while in the entablature, they commonly exhibit the more
diverse patterns described above. The joints are usually
narrow bands (less than 1 mm wide) and may be filled and/ormineralized, presumably by montmorillonite clays (Long,
1978). These features are extensional and rarely, if ever,
show relative displacement between columns (P..Zong, 1981,
personal communication) . Within either colonnade or
entablature, joints may of ten extend through the width of the
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section. In some cases, joints extend through both sections,
but this is the exception rather than the rule.
In addition to the primary cooling features described above,
other types of fracture zones have been observed in basalt
flows. Some of these may have originated during cooling and
were probably enhanced by subsequent deformation. Other
fractures, are clearly tectonic in origin, such as in the
Sentinel Bluffs and Schwana stratigraphic sections in the
Saddle Mountains (Long, 1978) and in the Emerson Nipplestratigraphic section in the Umtanum Ridge anticline (Myers
and Price, 1979).

Tectonic fractures (as studied at the above localities) differ
from cooling joints in that the fractures are wider zones of
breakage (up to several centimeters across) and consist of
bands of fractures or, in places, breccia. The tectonicfractures are faults along which shear failure has occurred.
They are oriented at angles to the primary cooling features,
either steeply vertical (Long, 1978) but more commonly as low-
angle conjugate shears (Price, 1981), and often displace
primary cooling features. Tectonic fractures have been
observed to extend several tens of meters in the plane of aflow and may extend an unknown distance into the flow.
Several low-angle fractures in the Umtanum Flow and the B flow
of the Schwana sequence; for example, measured up to 90 m.

Tectonic fractures, are often sinuous and may, in cases,
coincide with the plane of primary cooling. They may transect
more than one flow, but such a situation is difficult to
observe and may not be common (P. Long, 1981, personal
communication) . Finally, tectonic fractures have been
observed most of ten in basalt sections near the hinges ofanticlinal folds (Long, 1978; Myers and Price, 1979; Price,
1981). Fewer such fractures have been reported in relativelyflat basalt sections (E. Price, 1981, personaL communication),
such as borehole DC-7 (Myers and Price, 1979), although this
may reflect the lack of data from such areas.

Based on his studies of the Wooded Island swarm, Rothe (1978)
speculates on the causative mechanisms for shallow seismicactivity in the central Columbia Plateau as a whole. Rothe
proposes columnar joints within the basalts as the most likelypre-existing zones of weakness along which slip would occur.
He suggests that the "characteristic size" swarm earthquake isrelated to the characteristic dimensions of the basalt
columns. Assuming that the earthquakes do occur on columnarjoints, this theory implies that the occurrence of each
earthquake involves only one basalt flow. The variety offocal mechanisms observed 's cited as further evidence
supporting slip along columnar joints. Rothe states that such
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variety indicates slip on a 'andom collection of shearplanes."'e also states that, because only a few mechanismsfit. the majority of events, slip is preferred along those
planes that. are favorably oriented with respect to the'orth-
south direction of maximum compressive stress.,
Rothe's (1978) proposed seismic source —slip on columnar "
joints—does not fit the available seismological observations
nor the slips along the tectonic fractures described above.'alone et al.. (1975) and Rothe (1978) suggest that shallow
earthquakes within a particular. swarm occur on a variety of
planes, rather than on a single fault. The limited number offault plane solutions that describe most of the events studied
by Malone et al. (1975) suggests that slip preferentially
occurs on non-vertical fractures that are favorably oriented
with respect to the regional stress direction. Tectonic
fractures agree with this, since they are most. often oriented
as conjugated shears to the observed regional comprehensive ~

stress (Price, 1981). Columnar joints are generally near-vertical and oriented independent of the regional stress.field.: However, localized stress concentrations within the
highly heterogeneous basalt are also likely and could cause
s-lip on planes having other orientations. In this fashion,slip might occur, on cooling joints (not necessarily columnarjoints) that were optimally oriented so as to move when
stressed

As suggested. by Rothe: (1978), it seems likely that earthquakes
would occur only in basalt and not in interflow zones, becauseinflow zones appear.. to be 1'ess capable of storing sufficientstrain energy If slip occurs primarily'n tectonicfractures, then each earthquake would probably involve one orpossibly two adjacent basalt flows, although this does not
preclude the possibility of successive earthquakes occurringin adjacent flows.
In the case of either slip on existing tectonic fractures(faults) or slip on cooling. joints, a characteristic limiting
dimension is implied.. For cooling joints, this limiting
dimension would be. the width. of cooling zones in a singlebasalt flow—on the order of 10's of meters (Myers and Price,
1979). For tectonic fractures, the limiting dimension would
be the equivalent of the width of; one or two flows—in the
range of 100 to 150 m. These dimensions are consistent with
the limited field observations of tectonic fractures discussed
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It is not known what the lateral. extent of tectonic fractures
may be., It is reasonable to as'sume that, since these
fractures are related to folding and other deformation
processes within the basalt sequence, it is likely that they
have greater extent laterally than vertically.„. For purposes

, of estimating earthquake source dimensions, the occurence of
an individual earthquake is assumed to be associated with an
approximately equidimensional, slip surface., Seismic sources
with fault rupture length much'reater than width are usually
those involving faulting through the entire crust. For
example, in central California smaller earthquakes (M< < 5,)studied, using aftershock, exhibit generally equidimensional
source areas, while earthquakes, larger than about M< 6 havefault lengths in excess of thickness of the brittle crust.
The maximum source dimensions of this earthquake model are
comparable with source dimensions that have been derived for
earthquakes in the magnitude range M< 0 to M< 3 in other areas
(Smith et al., 1974; Bakun and Bufe, 1975; Majer and McEvilly,
1979;.McGarr et al., 1981).. These studies used Brune's (1970,
197$ ) formulation to derive seismic moment, source dimensions,f'ault displacements, and stress drops from long-period
spectral levels and corner frequencies of observed microearth-
quake displacement. spectra- Unfortunately, minimal spectral
data presently exist for Columbia Plateau earthquakes. Malone
(personal communication,, July 1981) has estimated that the

. seismic moment of zero-magnitude earthquakes that occurred aspart of'h'. Eltopia C and- Royal D sequences is approximately 5
x, 10 dyne-cm. The corner frequencies of these events were
apparently higher than the upper frequency response of the
recording systems used and, thus, are probably greater than 25
Hz.. This seismic moment is in good agreement with those
observed for zero magnitude earthquakes in the Geysers
geothermal field by Majer and McEvilly (1979), who also
observed corner frequencies greater than 20 Hz. Although boththe structure and rock type for the Geysers (hydrothermallyaltered Franciscan graywacke) are. different, than those of thecentral Columbia Plateau and the seismicity of the Geysers isrelated to fluid removal,. the. swarm-like seismicity of the
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Geysers appears to have features similar to those exhibited by
earthquakes in the central Columbia Plateau. The b values
calculated for the Geysers area and for the surrounding region
are similar to those calculated for central Columbia Plateau
swarm earthquakes and the Columbia Plateau. Such high b-
values suggest a low stress in a fractured medium (Scholz,
1968a). Microearthquakes at 'he Geysers are concentrated at
focal depths of less than 5 km, and the reservoir rock in this
area is highly fractured. Calculated source dimensions for MZ,
0 to 2 earthquakes at the Geysers are in the range 50 to 100
m, which is similar to the observed range of fracture lengthsin the Columbia River basalts noted earlier in this section.
Associated estimated stress drops and fault displacements are
on the order of O.l to 1 bar and 0.01 to 1 mm, respectively.
Using the relationship between M> and seismic moment
empirically derived by Majer and McEvxlly (1979) and assuming
an upper bound source dimension of 150 m'or a tectonic basalt
fracture, a displacement of about 0.5 cm and a stress drop of
about 10 bars would be associated with an eaithquake of MI,3.0. These values are within the ranges commonly observed for
microearthquakes and are compatible with fractures observed in
the Columbia Plateau basalt flows. The average disp'lacement
for a magnitude ML 4.0 earthquake, on the other hand, would be
about 1 m,. which is unreasonably high for these fractures of
such small 'dimensions. In locations where surface fault
displacements have been mapped (summarized in Washington
Public Power Supply System, 1981), the dimensions of fault
length and displacement exceed the values discussed here and
larger earthquakes might be postulated. However, based on the
observations and inierred occurrence of tectonic fractureswithin basalt flows, it appears that a reasonable upper-bound
magnitude for earthquakes occurring on the tectonic fractures
should be about ML 3 '

2.5J.5.2 Iar er Earthquakes

The earthquakes within the central Columbia, Plateau that are
most likely to be associated with large-scale - structures are
the largest historical events, namely the 1973 Royal Slope and
the 1918 Corfu earthquakes, summarized below:

20 December 1973 Royal Slope

4.4 Royal Slope earthquake is the largest instru-mentally located event to have occurred in the central
Columbia Plateau. The focal depth of this event, based on the
eastern Washington network, was 2.5 km. This event did notexhibit aftershock behavior in a classic sense (see Section2.5J.4.4), but the associated microearthquake sequence behavedlike a Columbia Plateau earthquake swarm. The spatial distri-
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bution of epicenters for the Royal D sequence does not def ine
any obvious lineation suggestive of a larg'e fault. The plot
of Malone et al. (1975, Figure 2), which is based on data
recorded by a dense, temporary local network, does indicate an
alignment of epicenters that trends S60'rom near the center
of activity for approximately 2 km. Malone et al. (1975)
noted that most of the events that occurred within a few days
of the mainshock fit into a single fault-plane solution,
whereas most events that occurred some weeks later fit a
different solution. The fault-plane solution for the initial
aftershocks is similar to the solution determined for the
MC 4.4 event (Figure 2.5J-30) and indicates almost purereverse-slip movement on a plane striking east or slightly
south of east. It appears, therefore, that the mainshock
occurred on an east- or east-southeast-striking reverse fault
and was followed by low-level activity on the fault; however,
the mainshock also triggered swarm activity on structures
having different orientations.
The orientation and style of faulting indicated by the focal
mechanisms agree with the generally observed north-south
horizontal compressive regional stress field. However, based
on available geologic mapping, no specific fault is known to
occur in the vicinity of the 1973 epicenter. The epicenter
was located north of the central anticlinal fold of the Saddle
Mountains (Figure 2.5J-31) and'lies along the band ofrelatively high, shallow activity between Saddle Mountains and
Frenchman Hills (Section 2.5J-3.1, Figure 2.5J-19).
1 November 1918 Corfu Earthquake

The only other magnitude 4+ earthquake located in the central
Columbia Plateau was the 1 November 1918 Corfu earthquake.
The magnitude of this event has been estimated as MS 4 ~ 4i
based on a seismic moment computed from the seismogram
recorded at Spokane (SPO), and employing an M~-moment
relationship calibrated using the SPO record of the 1936
earthquake (MS 5-3/4) near Walla Walla. The Earth Physics
Branch in Canada reported an M< '4.3 event, although this
magnitude may be based on maximum intensity (Woodward-
Consultants, 1978).

The epicenter of the 1918 earthquake has been reported at
46.7'N, 119.5'W (Rasmussen, 1967; Coffman and von Hake,
1970). However, it is not clear how this location was
determined, since the event was recorded at only one station
(SPO). This locati'on is 15 km southeast of the area of
maximum intensity (MM V) at Corfu, Washington ~Figure 2. 5J-
31), which was originally reported in the Bulletin of the
Seismological Society of America (BSSA, 1918). Fifer (1966)
concluded that the intensity at White Bluffs, only 2 km from
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the quoted epicenter, was probably
therefore, probably occurred in the
of the quoted epicenter. Based on
intensity, the small felt area, and
earthquake was likely shallow and is
in the shallow crustal zone.,

MM IV.. The earthquake,
vicinity of Corfu,. north
the value of the maximum
the small magnitude, the
assumed to have occurred

The location of the 1918 event was further investigated using
the seismogram from SPO. The P- and S-wave arrivals on the
records are well defined for both h'orizontal components and
give an estimated S-P time interval of 21.7 seconds at SPO.
The Newport (NEW) Wood-Anderson seismogram for the 20 December
1973 event was used to calibrate an S-P versus distance
relationship. Because NEW is at about the same azimuth and
distance from the 1973 epicenter as is SPO from the epicentral
area of the 1918 event and because, at these distances, P- and
S-waves refracted from the top of the mantle are the firstarrivals, this calibration should be valid for the 1918 event,
given the depth assumption made above. The relationship found
is 1 sec (S-P) = 7.95 km.. Using this relationship, a best
estimate distance of the 1918 epicenter from SPO is 173 km,
which is shown by the solid arc in Figure 2.5J-31.
Uncertainty in the estimates of the S-P time interval range
from 20.7 to 22.5 seconds, which correspond to distances of
164 and 179 km, respectively, shown as dashed arcs on Figure
2.5J-31.

The epicenter of the 1973 earthquake falls very close to the
best estimate of the distance of the 1918 event from SPO.
This proximity suggests that the events may have occurred near
the same location, north of the Saddle Mountains, which is
supported by the similarity in the intensity data for the
events. The 1918 event was reported as having "shook goods
from the shelves"'t Corfu (BSSA, 1918); during the 1973 event
"objects fell from shelves and pictures fell from walls" in
Othello and vicinity (Coffman and von Hake, 1975). The
reports of landslides associated with the 1918 event are not
considered to be a good measure of intensity, since landslidesin the vicinity of the Saddle 'Mountains are common and could
be unrelated to earthquakes. Because Corfu and Othello are
approximately the same distance from the 1973 Royal Slopeepicenter, the intensity data also suggest that the events
occurred in the same vicinity. The 1918 earthquake apparently
occurred within the cross-hatched area shown in Figure 2.5J-
31, and the most likely epicenter is close to the position
plotted on this figure.
The similarity of the 1918 and 1973 events suggests that both
events could have occurred in the same geologic environment to
the north of the Saddle Mountains anticlinal axis.
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2. 5J. 5. 3 Focal Mechanisms for the Shallow Crustal Zone

Single-event fault plane solutions were computed for those
earthquakes for which at least 15 first motion readings were
reported and that are surrounded by stations through at least
230 degrees in azimuth. About 10 events were examined, and
the 8 solutions shown in Figures 2. 5J-32 through 2. 5J-35 are
those for which fault planes can be drawn that are at least
moderately consistent with the first motion patterns.
The alignments of epicenters for the Scooteney B and C swarms,
shown in Figure 2.5J-26 (see Section 2.5J.4.4), are in an
east-northeast direction. The fault plane solution of the
only earthquake from these sequences that fits the criteria
described above is shown in Figure 2.5J-32. This solution is
only moderately constrained and suggests high-angle thrust
faulting with a minor strike-slip component on planes striking
either north or N30 E. An alternative pure thrust solution is
indicated by the dashed curves in Figure 2. 5J-32. None of the
possible fault planes strike close to the trend of the
alignment, which suggests that this earthquake, at least, did
not occur on an east-northeast-striking fault plane.

The 1973 'Eltopia C swarm (maximum magnitude M 2. 5) was
included in the study by Malone et al.. (1975) . Ssing their
local network, they located 42 events in the period June
through July 1973. Composite focal mechanisms for the latter
sequence are well constrained (see Malone et al., 1975, Figure
3). None of the shear planes indicates a northwest-strikingfault. Rather, three classes of mechanisms are suggested thatstrike between northeast and east. This was cited by Malone
et al. as. the strongest evidence in favor of slip on several
planes having different orientations. Therefore, the data for
the Eltopia swarm area appear to argue against a single,
through-going fault as the source of the earthquakes.

Five single-event fault plane solutions are constructed for
events in the Wahluke D sequence (maximum magnitude Mg 2.1)
shown in Figure 2.5J-33(a through e). Three of the solutions
indicate pure or predominant reverse faulting on planesstriking east-west or northeast-southwest. The remaining two
solutions indicate reverse faulting on north-northeast-
striking planes. The epicentral trends for the Wahluke D
swarm are poorly defined, and no correlation with the focal
mechanisms is convincing.

The only other single-event fault plane solutions for the
swarm areas that could be moderately well constrained are for
events of the Royal E and Smyrna C swarms, shown in Figures
2.5J-34 and 2.5J-35, respectively. Neither of these swarmsexhibit discernable epicentral alignments.
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The focal mechanisms for shallow crustal events d'iscussed here
exhibit generally consistent high-angle, predominantly reverse
faulting, with varied orientation of the maximum compressive
stress axis. While north-south maximum compression is usually
observed in each sequence of earthquakes, other directions are
observed as well. This suggests that a generally pervasive,horizontal, roughly north-south maximum compressive stress
system exists. However, if the difference between maximum and
minimum stress (deviatoric stress) were low, local variationsin stress combined with the existence of fractures and joints
of many orientations would allow the observed rotations in the
apparent maximum stress axis orientation. The occurrence of
stress release at the shallow depths of 3 km or less, where
the confining pressure is low, also favors variations in
mechanisms due to local effects.
Based on geodetic measurements for the period 1972-1979,
Savage et al. (1981) noted that the strain rate in the central
Columbia Plateau was so low as to be marginally signif icant
with respect to random and possible systematic errors, ifstrain had accumulated at all during the observation period.
Such a low strain rake would be consistent with the low level
of tectonic stress in the central Plateau.

I'

detailed examination was conducted at a map scale of
1:62,500 to investigate possible correlations of seismicitywith mapped structures in the Gable Mountain-Saddle Mountains-
Frenchman Hills area. For this examination, a three-
dimensional model, constructed from Mylar epicentral plots for
a series of depths and viewed in a plastic layer model, was
used. No correlations and no well-def ined planar trends of
earthquakes that might define active faults were observed.
Most events in this area larger than M~ 3 ~ 0 have occurred
between Saddle Mountains . and Frenchman Hills, at an
appreciable distance from the axis of either structure and
from mapped faults. However, the pattern of seismicity
between and following the trend of the anticline suggests that
the occurrence of potential seismic sources may be influenced
or controlled by the major anticlines within the central
Columbia Plateau.

The detailed examination of the epicentral plots and cross-
sections shown in this report and of the three-dimensional
model did reveal numerous apparent alignments of
hypocenters. None of these clearly occurred along mappedstructures or projections at depth of such structures. Theavailable focal mechanism data do not confirm or support the
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coherence of such alignments. Based on- the available data,
these alignments appear to be fortuitous and do not indicate
potentially significant earthquake sources.

2.5J.6 ASSOCIATION OF SHALLOW EARTHQUAKE ACTIVITY WITH
IRRIGATED AREAS

The observed tendency for earthquakes to be concentrated
within portions of the central Columbia Plateau has been
discussed in Sections 2.5J.3, 2.5J.4, and 2.5J.5. Previous
investigators (Turcotte, 1975; Rothe, 1978) have suggestedthat changes in ground-water levels may be at least partially
responsible for differences in seismicity between areas within
the Hanford Reservation and the surrounding areas. Land usagein and surrounding the Pasco Basin can be divided, in a
general sense, into agriculture and the Hanford Reservation
operations. The agricultural land is north, east, and
southwest of the, Columbia River, outside the Hanford
Reservation, and is used primarily for crops requiringirrigation. It has been proposed that the differences in the
earthquake occurrence patterns observed within the Hanford
Reservation and the areas surrounding the Reservation are
spatially correlated with, and in some way related to,irrigation (Turcotte, 1975). This section analyzes thispossibility and is divided into four parts:
(1) A summary of the hydrogeology of the. Columbia Basin (the

term "hydrogeology" is used to refer to ground-water
characteristics);

(2) A discussion of fluid-induced earthquakes and the
mechanisms proposed for earthquake occurrence;

(3) An analysis of the spatial and temporal characteristics of
the earthquake activity and irrigation in the central
Columbia Plateau;

(4) A discussion of the effect that ground-water changes have
on earthquake activity and the physical mechanisms that
are responsible.

2.5J.6.1 Hydro eology of the Central Columbia Plateau

Hydrogeology within the central Columbia Plateau area has been
extensively studied by Gephart et al. (1979). The features of
the hydrogeologic system relevant to this study are summarized
below.

In general, the hydrogeologic system of the central Columbia
Plateau can be characterized as unsaturated and saturated.
The unsaturated zone occurs at shallow depths within the
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Hanford and Ringold Formations and ranges in thickness from 1
to 350 feet on the Hanford Site to over 450 feet outside the
Reservation. The water table lies below the unsaturated zone
in the Ringold Formation. The unconfined aquifer, which lies
at the top of the saturated zone, attains a thickness of over
200 feet in some parts of the central Plateau, with the bottom
considered to be either the top of the basalt or a thick unit
of low-permeability silts and clays comprising the base of the
Ri ngo 1d Formation.

Recharge comes from both natural and artificial sources.
Natural recharge is due primarily to precipitation occurring
in the Cascade Mountains, from surface runoff and from the
Columbia River during its high stages. Artificial recharge
within the Hanford Reservation has come from the disposal of
liquid wastes. in ponds, which has raised the water table
locally as much as 85 feet. Outside the Reservation,artificial recharge comes from irrigation, primarily in the
areas to the north and east. The Columbia River acts as the
major discharge area and, in general, dictates the direction
of ground-water flow.
The confined aquifer system is below the water table and is
found principally within the Columbia River Basalt Group.
These basalts are composed of flows overlying one another,
separated by more permeable interflow and interbed zones
(Gephart et al., 1979). In general, the interflow zones
usually lie between zones composed of dense, relatively
impermeable basalt flows.

A large percentage of the land in the central Columbia Plateau
area is irrigated by surface water transported through a canal
system built and operated by the Bureau of Reclamation's
Columbia Basin Irrigation Project. The Columbia Basin
Irrigation Project began delivering water in 1952. The areas
under irrigation have increased gradually since that time.
The project covers about 10,000 km~ and distributes water from
the area just below Grand Coulee Dam in the north to the
confluence of the Snake arid Columbia Rivers near Pasco. To a
lesser extent, portions of the central Columbia Plateau areirrigated with ground water pumped from both the unconfined
and confined aquifers. Irrigation from both surface-water and
ground-water sources utilizes approximately 950,000 acre-feet
annually. The areal extent of irrigation is shown in Figure
2.5J-36. To the south and west of the Columbia River outside
the Hanford Reservation, the area under . irrigation islimited. Table 2.5J-6 (reproduced from Gephart et al., 1979),
summarizes the annual water, use for irrigation in the area.
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2. 5J. 6. 2 Mechanisms of Fluid-Induced Seismicit
Several types of fluid-related occurrences have resulted in
the stimulation of earthquakes: -the filling of reservoirs
behind dams, the rise and fall of river levels, the injection
of fluid into rocks at depth, the withdrawal of fluids from
underground reservoirs, and irrigation.
The list of reservoirs that have been associated with
earthquakes is quite large.. Numerous cases of reservoir-
induced seismicity (RIS) are reviewed by Gupta et al. (1972)
and Packer et al. (1979). In a summary of more than 60 of the
several hundred reported cases of RIS, Packer et al. (1979)
concluded that several common features encourage the
occurrence of RIS. The area must be faulted, the area must
have a history of seismicity (although the current level of
seismicity can be extremely low), and the tectonic stress
level must be close to the failure strength of the stressed
material.

There are two well-documented cases of seismicity induced byfluid injection into rocks at depth: the Rocky Mountain
Arsenal Well, near Denver, Colorado (Healy et al., 1968;- Hsieh
et al., 1981; Herman et al., 1981), and the injection -of fluid
into the Rangely Oil Field, Colorado (Raleigh et al., 1972).
These authors have suggested that three conditions at each
area were responsible for triggering the seismicity:
(1) The area was pre-stressed to a level close to the stress

necessary for failure.,
(2) The porosity 'esulted from a fracture system in

crystalline rock that was otherwise non-porous and
impermeable.

(3) Fluid was injected at rates and pressures sufficient to
increase the pore pressure.

The increased pore pressure in the fractures apparently caused
these factors to propagate. Once these fractures reached acritical length, earthquakes occurred.

Fluid extraction has also induced shallow seismicity. The
best documented cases of seismicity induced from fluid
extraction are associated with petroleum production and
ground-water withdrawal. Petroleum-production-induced
seismicity has been'eported in the Goose Creek, Texas oilfield where earthquakes occurred coincidentally with land
subsidence (Yerkes and Castle, 1976). In another incident,
eight earthquakes occurred within the Wilmington, Californiaoil field as a result of oil withdrawal. The slip associated
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with these events sheared off several hundred wells over an
area of approximately 2 km2 (Yerkes and Castle, 1976). In the
Eloy-Picacho area of Arizona, seismicity has been attributed
to. ground-water withdrawal (Yerkes and Castle, 1976). In this
area, ground-water withdrawal had exceeded recharge for
several years, and land subsidence and earth fissuring were
observed coincident with the occurrence of the seismicity.
Fluctuations in river levels have also induced seismicity.
Such events have been noted along the Mississippi and Colorado
Rivers (McGinnes, 1963; Wong and Simon, 1981). In both cases,
a fall in the river level was coincident with the seismicity.
All of the above cases are similar in that they involve the
perturbation of the ambient stress field by the introduction
or withdrawal of fluid. Several mechanisms have been proposed
to explain fluid-induced seismicity (Gough and Gough, 1970;
Kisslinger, 1976. Martin, 1972): (1) changes in fluid levels
cause changes in shear stresses across a fault zone; (2)
changes in pore pressure cause changes in the effective
stresses; (3) changes in stress levels and pore pressure may
trigger the release of large pre-stresses; and (4) the
acceleration of rock deformation resulting from stress-
enhanced corrosion of a fracture or crack tip in the presence
of a fluid. An increase in surface load alone,'s in
mechanism (1), has been discounted 's the sole cause of
seismicity because the deepest reservoirs provide surface
loads of only about 20 bars, which is insufficient to be the
cause of earthquakes in .an unstressed environment. In
general, an increase in surface loads will increase normal
force across a fault and encourage a more stable condition.
Therefore, present theory holds that, in order to induce
seismicity, the rock must be pre-stressed to a substantial
fraction of its ultimate strength. In most cases of induced
seismicity, a combination of increased vertical stresses,
increased pore pressure, and stress corrosion are considered
to'be the cause of earthquakes. (Kisslinger, 1976; Martin and
Durham, 1975). Pore pressure effects on effective stress are
discussed in Section 2.5J.6.4.
Stress corrosion cracking, which is the environmentally
induced sub-critical crack growth under or applied stress
(Anderson and Grew, 1977), is thought to be the controlling
process in time dependent geologic processes such as
earthquakes associated with reservoir loading and aftershocks
(Scholz, 1968b; Kisslinger, 1976). Rapid crack propagation,
such as an earthquake, occurs when the stress intensity near
the tip of a crack equals or exceeds a critical value. In
silicate rocks, stress corrosion cracking occurs in the
presence of water at stress intensities above a threshold
value but below that necessary for fast crack propagation.
The rate of stress corrosion cracking is sensitive to factors
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such as level of stress, chemistry of the crack environment,
amount of water present, and temperature. In a saturated
environment, stress corrosion cracking can also limit the
magnitude of earthquake occurrence, It has been suggested
that water reduces the stress at a crack tip necessary to
cause rupture by an order of magnitude (Martin and Durham,
1965). The mechanism of stress corrosion cracking has been
proposed to explain continued low-level earthquake occurrences
long af ter the filling of a reservoir has occurred (Martin,
1972) ~

2.5J.6.3 Spatial Distributions of Earthquake Activity
and Irrzgatxon Wxthz.n the Pasco Basin Area

The spatial coincidence of seismicity and irrigation in the
Hanford area was first proposed by Turcotte (1975). In this
study, he analyzed the earthquake activity that occurred from
March 1969 to September 1972 and compared that activity with
irrigation patterns in the area. Turcotte suggested that a
higher level of induced earthquake occurrence is superimposed
on a low-level background occurrence of earthquakes. Turcotte
(1975) statistically defined and separated these levels of
earthquake occurrence, and he observed a high correlation
between the remaining earthquake activity and irrigation. Inthis section, the spatial and temporal patterns of the
earthquake activity within the central Columbia Plateau are
compared with the spatial and temporal patterns of irrigation,
using the techniques developed by Turcotte (1975) and the
11.3-year data set.

As in Turcotte's (1975) report, the region containing theirrigation project was partitioned by a 500-element grid ~

(Figure 2.5J-36) that covers the area of longitudes 46'00'N to
47'15'N and latitudes 118'40'W to 120'00'W. The dimensions of
each grid element are 3 minutes of latitude by 4 minutes of
longitude. The size of a single grid element is about twice
the uncertainty in higher-quality earthquake epicentral
locations (see Section 2. SJ. 2. 2). A grid element is
considered "irrigated" if any part of it contains surface
water, waste water, or ground water used for irrigation.
Figure 2. 5J-36 shows= the distribution of grid elements with
respect to 'irrigation.
As described by Turcotte (1975), the background earthquakeactivity was defined and separated. The background activity
consists of those earthquakes that may be expected to occur in
any given block, regardless of whether or not irrigation is
present. Once the background activity is defined, the
remaining earthquakes are presumed to be those events that
occur in any given block due to some inducing mechanism.
Using Turcotte's method, 0, 1, or 2 events per block are
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assumed to represent the background activity. The probabilitydistribution of random earthquake occurrence can be described
by a Poisson distribution:

,>n
P(n) (2. 5J-1)

n!

X is the average number of background earthquakes per block
over the entire grid, and n is number of earthquakes perblock. The values n = 0, 1, and 2 were used to calculate ~;
the value X= 0.38 provides the best fit to the data for these
values of n.. Table 2.5J-7 lists the number of blocks that
have 0, 1, 2...etc. events per block and the observed and
calculated probabilities, P(n), of the occurrence of n
earthquakes per block.

Using a X of 0.38, it is predicted that only 3 blocks out of
500 should contain 3 or more events due to random occurrence
of the background activity instead of the observed 8. The
probability that more than 3 events will occur by chance in
any one block becomes progressively smaller for n geater than
3 events. As seen in Table 2.5J-7, the probability that any
given block will contain greater than or equal to 6 events by
chance alone is on the order of 1 in 106. Therefore, blocks
containing 6 or more events are considered to be caused by a
non-random mechanism and were used to examine the associatioh
of seismicity with irrigation.
Of the 500 total grid elements in the area studied, 42 grid
elements contain 6 or more events. Of these, 32 grid elementslie in irrigated areas, 9 grid elements lie in areas adjacent
to irrigated areas, and one grid element lies within the the
Hanford Reservation and is spatially coincident with the 200Wliquid waste disposal operation shown in Figure 2.5J-41. The
grid elements containing six or more events were analyzed to
quantify the statistical significance of this spatialassociation between these grid elements and the irrigated
blocks. The probability that grid elements with six or more
events are distributed through the irrigated and non-irrigated
grids in a manner other than expected by chance was
examined. A single ended binomial distribution can be usedfor this purpose. The distribution is:

P(x) = C(n,x) p n-x qx (2. 5J-2)
where

c(n,x) n!
x! (n-x)!
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In equation (2.5J-2), n is the number of grid elements that
contain six or more events, x is the number of grid elements,
p(x) is the probability of obtaining the observed distribution
by chance alone; p is the fraction of grid elements underirrigation and q = 1 — p is the fraction of grid elements
without irrigation. Out of a total of 500 grid elements, 252 .

are irrigated and 248 are not irrigated; therefore, p = 0.504
and q = 1 — p or 0.496. For n = 42, the probability that 32 >

out of 42 blocks fall in the irrigated area purely by chance
is 5.64 x 10 . Since irrigation changes the ground-waterlevels on a regional scale, the grids adjacent to the
irrigated areas can be included in the analysis. In this
case, p(x) becomes approximately 6 x 10 11. Thus, the spatial
relationship of seismicity to irrigation or other surface
fluids appears to be statistically strongly correlated.
2.5J.6.4 Analysis of the Temporal Association of Ground-Water

Level Changes and Earthquake Activity
In order to evaluate the effects of irrigation on ground-water
characteristics, well-level data in the central Columbia
Plateau were gathered and compared with both the temporal
behavior of earthquake activity and the temporal pattern ofirrigation.
In 1948, in conjunction with the Bureau of Reclamation, the
U.S. Geological Survey began an intensive well-level
monitoring program> and have monitored several hundred wells
since 1948. Eighty wells within an area bounded by longitudes
46'30'N to 47'15'N, and latitudes 118'0'W to 120'W, were
chosen for analysis. This area within the central Columbia
Plateau was chosen for analysis because of the large amount of
well level data available. Figure 2.5J-37 depicts the study
area, well locations, and the shallow earthquake seismicityfor the time period 1969 through 1980. Figures 2. 5J-38
through 2.5J-40 are representative plots of the water-level
data gathered at all wells. Most of the wells chosen for
comparison were drilled into the basalt, were uncased, and
were drilled to depths such that the water levels measured are
representative of water-table elevations. Table 2.5J-8 is a
summary of the data.

Prior to 1952, the water levels were several hundred feet
below the ground surface. With the onset of irrigation in
1952, ground-water levels began to rise. This .rise was
gradual, occurring over a period of seveal years. In general,
the water levels have risen to within 30 feet of the surface
throughout the central Columbia Plateau and have remainedfairly constant (except for some seasonal variations). In
many cases, the ground-water'evel reaches the surface. In
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this investigation, the maximum change in ground-water level
was 440 feet recorded at well No. 46.

Water-level changes within the Hanford Reservation have been
monitored since 1944. Artificial recharge to the unconfined
aquifer is due to liquid waste disposal operations in the 200
areas shown in Figure 2.5J-41. The discharges were confined
to ponds within these areas, -but the effects on the ground-
water levels have extended well beyond these areas (Gephart et
al.', 1979). Beneath these ponds, two ground-water mounds
formed. More water was being discharged to the aquifer system
than could be transported away. Beneath the 200W area, the
water table has risen 85 feet since the start of disposal
operations in the mid-1940's. Figure 2.5J-41 shows the
ground-water level changes that have occured within the
Hanford Reservation for the time period 1944 to 1978 (Gephart
et al., 1979).

Several comparisons were made between ground-water level
changes within the Hanford Reservation and the study region
described above. In general, the changes in ~ ground-water
levels within the Reservation have been approximately 10 to 20
feet. As described above, an 85-foot change in ground-water
levels was recorded in the vicinity of the 200W disposalsite. While ground-water levels have changed by a hundred
feet or so to the north of the Hanford Reservation, the
ground-water 'level changes within the Reservation have been
substantially less.

As a comparison of temporal patterns of seismicity with
irrigation, the volume of irrigation water, is plotted in
Figure 2.5J-42 for the period 1969 through'981. Water useagefor irrigation peaks during the summer months and drops during
the winter months. This fluctuation in water usage is also
seen in Figures 2.5J-38 through 2.5J-40. The monthly
occurrence of earthquakes within the Pasco Basin, plotted in
Figure 2.5J-47, was compared with the temporal variation inirrigation and ground-water level variations. There does not
appear to be any seasonal periodicity to the seismicity, and
comparison of the temporal behavior of the seismicity with the
temporal behavior of irrigation and well-level data shows no
correlation. However, the lack of correlation may be due to
the fact that seismic recording did not begin until 17 yearsafter irrigation began. As the well-level data shows, most of
the change in groundwater levels had occurred prior to this
time. One possible case of irrigation-related seismicityprior to instrumental coverage was reported in 1955 in thevicinity of Scooteney Reservoir (Woodward-Clyde Consultants,
1978). Nearly 200 events occurred in a swarm-like sequence
during January through March of 1955. Ground-water loading
due to irrigation was thought to be the cause of these events.
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A search was made of the available hydrogeologic literature on
the central Columbia Plateau to determine if the fluctuations
in ground-water levels within the shallow basalts affected the
ground-water characteristics of the deeper basalts. Little
data are available on the deeper basalts and no conclusions
could be made. However, as discussed in Section 2.5J.5.1,
fractures and joints probably traverse individual flows or
series of flows, allowing for long-term vertical permeability.

2.5J.6.5 Physical Mechanisms for Irri ation-Induced
Se1sm1 city

In most cases of induced seismicity, there are two common
factors: (1) the state of tectonic stress is such that, on a
regional scale, the rocks are stressed to a high percentage of
their ultimate strength; and (2) pre-existing faults and
fractures are present (Raleigh et al., 1972; Healy et al.,
1968; Kisslinger, 1976). Both of these characteristics are
present in the central Columbia Plateau, as evidenced by the
ongoing earthquake activity and by the highly fractured nature
of the basalts. It is important to understand that factor (1)
does not necessarily imply that the magnitudes of the regional
stresses are high. In fact, the shallow nature of the
earthquakes combined with the fact that the basalts are highly
fractured suggests that the ability of the material to store
strain energy is limited and the ultimate strength of the
basalts may be low (Section 2.S.J.5.3).
The triggering process may result from three independent
causes: (1) a change in the magnitude of the principal
stresses; (2) a change in pore pressure; and (3) the
acceleration of crack growth in the presence of water.
Triggering process (1) and (2) are discussed below.
Triggering process 3 has been discussed in Section 2.5J.6.2.

The Coulomb Failure criterion best describes the failure
process associated with (1) and (2) above. The criterion can
be expressed as

0+ Po (3)

which states that the shear stress at failure, r, on a fault
or fracture plane is equal to the sum of the intrinsic shear
strength, vo, and the product of the ef fective stress, Ei
the coefficient of shearing resistance, p .. The effective
stress is expressed as:

(4)
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where e is the total stress and P is the pore pressure. The
strengths and compressibilities of rocks and soils are
controlled by the effective stress .rather than by the total
stress (Brace, 1972). The Coulomb Failure criterion is
represented by the straight line on Figure 2. 5J-44. The state
of stress in all directions at a point in the- interior of a
stressed body can be represented 'by a'ohr circle. When the
circle intersects the Coulomb Failure criterion, failure
occurs along the plane associated with the tangent point.
The mechanisms responsible for irrigation-induced seismicity
are similar to those for reservoir-induced seismicity.
Irrigation, by increasing water-table elevations, changes the,
stress state and pore pressure characteristics of the
basalts. In the central Columbia Plateau region, a plausible
mechanism for earthquake occurrence is as follows: (1)
ground-water elevations rise, increasing the vertical stress
acting to strengthen the basalts; (2) the increase in vertical
stress serves to induce a hydraulic gradient causing fluid
flow and pore pressure diffusion; (3) after a finite time
period, fluid would flow to the basalts below via vertical
fractures and/or permeable strata causing an increase in pore
pressure -and a decrease in the effective stress; (4) stress
corrosion at fracture tips would be enhanced due to the changein effective stress; and (5) sub-critical crack growth would
be encouraged until the fractures reach a critical length
resulting in failure. These failures would tend to be limited
in size because at shallow depths ((3 km), the confining
stresses are low and, in the presence of water, the strength
of the basalts tend to decrease.

2.5j.j. EVALUATION OF EARTHQUAKE MAGNITUDE

One of the more . important parameters characterizing the
seismicity of the central Columbia Plateau is the maximum
earthquake magnitude that may be postulated to take placewithin the Plateau and in the vicinity of the WNP-l, -2, and-4 sites. In a probabilistic. study of earthquake sources
(Washington Public Power Supply System, 1981, Appendix 2.5K),
known faults or faults postulated to be structurally
associated with known anticlines of the central Columbia
Plateau are analyzed as potential sources of earthquakes of
magnitude ™Lor MS) larger than 4. 0. A variety of techniques
were used to estimate the maximum magnitudes associated with
those structures; these techniques are principally based on
the dimensions of the proposed causative faults. However, as
noted in Section 2.5.J.S, the occurrence of small-magnitude
earthquakes is not directly associated with these known or
postulated faults.
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In this section of Appendix 2. 5J, the features and character-
istics of the detailed, instrumentally recorded central
Columbia Plateau seismicity are evaluated to constrain the
magnitudes of potential earthquakes that could occur on
postulated sources within less than approximately 10 km of the
site. Earthquakes that could occur in association with any of
the faults or postulated faults associated with the Umtanum
Ridge-Gable Mountain structural trend, and earthquakes that
could occur in association with more distant seismic sources,all of which are generally more than 10 km from the site, are
considered in Washington Public Power Supply System (1981,
Appendix 2.5E). The potential earthquakes that are not
associated with these faults or postulated faults are
considered here in terms of the depth zones--shallow,
intermediate, and deep (discussed in Section 2.5J.3.1).
2.5J.7.1 Shallow Crustal Sources

The shallow crustal zone (depth of 0 to about 3 km) is
characterized geologically, geophysically, and seismologically
(see .Section 2.5J.4). The larger-magnitude ()MC 3 ')
earthquakes in this depth zone have occurred along the seismic
.trends related to and lying between the Frenchman Hills,
Saddle Mountains, and Gable Mountain anticlines and are all
associated with swarms of shallow events. 'etween Gable
Mountain and Rattlesnake Ridge in the Hanford Reservation
(where the site is located), not only is the seismicity
dramatically lower but the size of the largest-magnitude
shallow events is less, below MC 3.0 (see Figures 2.5J-9<
2.5J-10 and 2.5J-17).

A strong statistical correlation exists between increases in
the ground-water level due to irrigation and the occurrence of
shallow seismicity (see Section 2.5J.6). The causative
influence of geologic structures, such as the Saddle
Mountains-Frenchman Hills trends (where the MS 4.4, 1918 and
the MC 4.4 1973 earthquakes occurred) cannot be easily
separated from- the triggering influence of significant
increases in ground-water level; however, the combination of
the two influences appears to be associated with both the
greatest number of earthquakes and the largest-magnitude
earthquakes. The influence of water-level changes appears to
trigger the occurrence of earthquakes but not necessarily
control their maximum size.
In'reas away from the more well-defined surface faults in the
Columbia River . basalts, shear surfaces described as tectonic
fractures or possibly cooling joints within the basalt flows
(Section 2.5J.5.1) have been considered as likely source
structures for seismic energy release. While the 'tectonic
fractures are found more frequently in association with the
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major Plateau anticlines, they may potentially occur anywhere
within the basalt.. Based on observations discussed in Section
2.5J.5.1 maximum dimensions of the tectonic fractures are
considered to be approximately 150 m, corresponding to
earthquake magnitudes of about MC 3 's
The following available evidence suggests that the Columbia
River basalts are a low-stress environment and, thus, are notlikely to be the source of significant earthquakes:

o The frequency-magnitude slope for shallow earthquakes is
high (> 1.0), suggesting low stress (Scholz, 1968a);

o The shallow depth, highly fractured medium and regional
folds act as points of compressive stress relief that
leads to a limited capacity to store elastic strain
energy (Mogi, 1963); and

o The low strain r'ate (Savage et al., 1981) and variety of
stress orientations for focal mechanisms associated with
individual events or groups of events within swarms
(Section 2. 5J. 5. 3) are consistent with a low deviatoric
s tress regime.

Based on the observations and analyses summarized above, the.-
maximum magnitude associated with shallow seismicity that can
be expected to occur within the Columbia River basalts in
close proximity to the site is approximately MC 3 ~ 0 ~

However, specific limitations and uncertainties have affected
the analyses leading to this value:

o This instrumental historical record is short (11. 3 years)
o This record of felt earthquakes is also

(approximately 150 years) and incomplete forintensities
short
lower

o The frequency of occurrence of earthquakes is low

o Detailed geologic studies of shear surfaces within basalt
flows are limited in areas and depths examined.

Based on these limitations and uncertainties, a reasonably
conservative maximum magnitude value is MC 4.0.
Earthquakes of magnitude Mq 5.0 and larger can be reasonably
associated with identified geologic structures within thecentral Columbia Plateau basalts. The approximate fault-plane
dimension of such earthquakes, greater than about 2 km, would
traverse most of the entire thickness of the basalts. The
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existence of such faults would be the loci of repeated
earthquakes, and the faults would be identified by significant
surface deformation, such as surface faulting or folding.
Earthquakes of this size, associated with surface geologic
structures, are discussed in Appendix 2.SK (Washington Public
Power Supply System, 1981).

The largest historical earthquakes associated with the shallow
crustal zone in the Central Columbia Plateau are the MS 4 '
1918 Corfu and M< 4.4 1973 Royal Slope events. These
earthquakes occurred in broadly constrained seismic zone north
of Saddle Mountains (Section 2.5J.5.), approximately 40 km
from the site. The frequency of occurrence of earthquakes in
this zone appears to be greatly influenced by the presence ofirrigation water (Section 2.5J.6).
2.5J.7.2 Intermediate and Deep Crustal Sources

Within the central Columbia Plateau, the intermediate and deepcrustal zones (at depths of 3 to 8 km and 8 to 25+ km,
respectively) exhibit earthquake activity that is of lower
frequency of occurrence and lower historical maximum
magnitude, and is increasingly diffuse with depth compared to
the earthquake activity of the shallow crustal zone. Thediffuse spatial pattern of earthquakes and the regionally
coherent north-south stress field are consi.stent with a broad
region of very low deformation that has no identified large-
magnitude earthquake sources. Thus, the intermediate and deepcrustal zones appear to have less potential for significant
seismic sources that might .affect the site than does the
shallow zone. However, in order to address alternative
tectonic models for regional deformation, potentialsignificant seismic sources within this sub-basalt zone are
analyzed in Appendix 2.5K (Washington Public Power Supply
System, 1981).
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TABLE 2.5J-l

MAGNITUDE DETECTION AND LOCATION THRESHOLDS
FOR EASTERN WASHINGTON

Time Period
of similar
station

Area distribution
Depth
Range

(km)

Total No.
of Events
(MC > 0.0)

Threshold
Magnitude
Based on (MC)"Roll-off"

I 10/71-6/75

7/75-12/80

II 6/71-6/75
7/75-12/80

III 6/71-6/75
7/75-12/80

IV 6/71-6/79
7/79-12/80

V 6/71-12/76
1/77-12/80

0-3
>3
0-3
>3

All
All
All
All
All
All
All
All

642
148
309
149

30
98

20
234

55
2

21
7

2.0 (b)
1.7

1.9
1. 5.

2.0

(b)

(c)

(c-)
(c)

1..25 (a)
0.7
1.7
1.25 (a,b)

Notes: (a) Possible break in slope of frequency-magnitude
plot; see Section .2.5J.2.2.

(b) Frequency-magnitude plot poorly constrained.
(c) Insufficient data to constrain frequency-

magnitude plot.
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TABLE 2. 5J-2

UNIVERSITY OF WASHINGTON SWARM AREAS

Swarm

West Saddle Mt.

Frenchman Hills
Smyrna

Royal

Corfu

Wahluke

Berg Ranch

Othello

Scooteney Res.

Connell

Wooded Island

Eltopia

Coyote Rapids

46.820

46.865

46. 800

46.850

46.790

46.729

46.685

46.650

46. 600

46.650

46.390

46. 370

46. 635

46. 865

46.960

46.855

46.910

46. 850

46.780

46.728

46.710

46. 680

46.715

46.470

46.455

46.730

Latitude
(De rees N)

South North

Longitude
(De rees W)
East West

119.564 119,797

119.514 119.600

119.433 119.564

119.317 119.450

119.331 119.433

119.314 119.431

119.317 119.417

119.183 119.317

119.047 119.183

118.850 118.933

119.200 119.333

118.964 119..067

119.483 119.650
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TABLE 2.5J-3

ALTERATIONS TO SWARM BOUNDARIES

(a) Royal: 46.85'o 46.92',
119.317'o

119.45'renchman

Hills: 46.86'o
46.96'19.51'o

119.61'cooteney

Reservoir: 46.57'o
46.68'19.047'o

119.183'onnell:

46. 63'o 46.
715'18.80'o

118.933'b)

Berg Ranch contributed events to Wahluke A, B, D, F
Wahluke contributed events to Corfu A, B, G and Berg

Ranch
Corfu contributed events to Wahluke A, B, D,.E, Smyrna

B, C, and Royal B, D
Royal contributed events to Corfu A, C

Smyrna contributed events to Corfu A

(c) Berg-Wahluke'(1 swarm)
Corfu-Wahluke (1 swarm)
Royal-Corfu (2 swarms)
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TABLE 2.5J-4
NEW SWARM AREAS DEFINED IN THIS STUDY

Latitude
(De rees N)

Longitude
(De rees W)

South North East West No. of Swarms '

2
3
5
8
12
13
14
15
16
17
18
19
20
21
22
25
29
31
32
33
34
37
38
40
41
42
S2

46. 00 to
46. 88 to
46. 08 to .

46. 25 to
46. 47 to
46. 67 to
46. 67 to
46. 70 to
46. 08 to
46.80 to
47.,07 to
46. 87 to
46..29 to
46 ..73 to
46. 59 to
47. 03 to
47. 6 to
46. 5 to
46. 34 to
46. 8 to
45. 6 to
46. 25 to
47. 63 to
47.817 to
47. 61 to
46. 78 to
47. 65 to
46. 48 to

46. 08
46. 17
46. 17
46. 33
46. 52
46. 75
46.75
46.78
46.17
46. 87
47. 13
46. 92
46. 35
46. 76
46. 65
47.083
47 '
46.57
46.41
46.89
45.7
46. 31
47.73
47.917
47.72
46.84
47.78
46. 62

119. 63
119.37
119.63
119 '7
119.62
119. 22
119.80
119.08
119.37
119.13
119.58
119.65
119.39
119.22
119 '3
120.933
120.22
119. 6
119.0
119. 275
119. 917
119. 33
120.11
120.075
120.03
119.53
119.35
119.44

to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to

~ to
to
to
to
to
to
to
to

119.72
119.50
119.72
119.65
119.67
119.30
119. 97.
119.17
119 '0
119 '2
119.65
119.70
119.44
119 '7
119.80
121.0
120.33
119.68
119.1
119.375
120.017
119.43
120.267
120 '5
120.183
119.60
119.44
119.58

1
1
1
1
1
1
1
1
1
1
1
2
1
1
1
1
5
I
1
2
1
1
2
1
3
1
1
1
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SWARMS

TABLE 2.5J-5
DEFINED IN THIS STUDY

Name of Swarm Area
Eltopia

Wooded Island

Frenchman Hills

West Saddle
Mountain

Royal

Smyrna

Corfu

A
B
C
D

A
B
C

E
F
G
H
I

A
B
C
D
E

A
B
C
D

A
B
Bl
C
D
E
F

A
B
C
D
E
F
G

A
Al
B

Dates
of Swarm

72318-72363
73035-73045
73155-73180
75002-75022

69152-69166
69196-69249
69275-69279
70015-70048
70115-70149
70311-70331
73115-73121
75100-75179

75198-75212

70358-70360
71016-71046
72056-72074
79259-79279
79300-79360

69121-69143
71181-71191
73242-73259
73358-74006

70040-70072
72026-72037
72059-72072
72256-72260
73356-74010
74246-74274
80338-80347

70265-70264
70358-70361
72219-72280
74348-75022
77185-77186
78122-78159
79287-78309

70148-70159
70193-70222
70331-71008

No. of
Events

27
9
8
4

4
24
4
13
6
10
4
76.

4
22
5
10
45

6
35
6
4

25
6
9
5
23
6
4

6
7
66
9
4
39
18

7
10
62

Largest
Ma nitude

2.5
1 ~ 34
1. 80
1.14

2. 51
2. 91
2. 12
2. 59
2. 38
2. 85
1. 53
2. 83

2. 23

1.3
3 ~ 22
0.9
2.1
3'1

2. 83
l. 94
2.,54
0.88

2. 65
1. 46
1. 20
1.05
4. 38
2. 79
1'00

2.34
1.6
1. 96
2. 02l. 56
2. 02
2. 47

2. 09.
1. 77
2. 24
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TABLE 2.5J'-5 (Sheet 2 of 3)

Corfu (cont'd)

Wahluke

Berg Ranch

Coyote Rapids

Othello

Scooteney
Reservoir

Connell

C
D
F
G
H
I
A
C

D
E
F

A
B
C

A
B
C
D
E
F
G

A
B
C
D
E
F

A
B
C
D
E
F

A
B
Al
C
D
E
F
G

71114-71132
72065-72073
73164-73174
73205-73224
78082-78108
78144-78161

70235-70315
71187-71205
72247-72357
73256-73260
74319-74365

71233-71239
71316-71352
74328-74342

70329-70330
71298-71307
76075-76090
77230-77236
77252-77259
78011-78014
80218-80226

70063-70067
71253-71274
71286-71315
72251-72269
73256-73287
75353-76017

69119-69137
70286-70362
71009-71 68
73035-73073
73285-73291
73302-73313

70310-70315
70333-70335
70349-70353
71 11-71 32
71 63-71 83
71101-71104
71330-71339
75284-75288

6
4
5
8
11
7

24
6
64
5
16

8
19
10

4
13
11
5
18
11

6
33
34ll
4

6
4'5

9
8
4
4

l. 67
1. 04
2. 21
l. 76
2. 18
1 ~ 36

3. 35
1 ~ 89
2.

11'.

92l. 61

1. 78
1.8
1 ~ 77

2. 06
3 ~ 82.
1. 77l. 17
2.7
1 ~ 77
0.7

2. 28
2. 59
1. 89
1.0
1 ~ 78
2.7

l. 62
1. 96
2. 38l. 43
1. 30
1. 11

3. 08
2. 31
1. 98
1. 97
2. 79
2. 19l. 16
2. 41
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TABLE 2.5J-5 (Sheet 3 of 3)

Area 1
2
3
5
8

12
13
14
15
16
17
18A

B
19
20
21
22
25A

B
C
D
E

29
31
32A

B
33
34
37A

B
38

40A
B

41
42
Sl

Royal and Corfu A
Royal and Corfu C
Corfu and Wahluke
Wahluke and Berg Ranch

73363-73363
70355-70356
75179-75180
71232-71239
79248-79252
69287-69307
72296-72297
69312-69314
72113-72113
74107-74113
69111-69124
78267.-78284
79019-79021
72247-72257
74020-74026
75242-75242
77194-77194
76334-76352
77259-77265
77282-77308
78057-78082
78116-78134
69314-69330
71035-71049
72079-72098
78063-78071
72233-72240
72300-72301
77196-77203
80258-80270
78018-78025

76335-76349
77122-77135
79030-79049
79174-79181
79315-79321
78229-78236

72130-72142
80247-80256
72137-72142
73027-73040

5
4
10
6
9
4
4
6

'

5

8
4
6
6
4

4
6
5
5
4
4
4
4
4
4
4
5
4

4
5
4
4

2. 75
1. 29
3. 81
2.13
2. 44
2.31
1.7
2. 47

~ l. 22
l. 21
2. 88
3 ~ 07
3. 93
0.96
1. 16
2. 31
3. 83
1-75l. 17
1.78
1. 89l. 23
2. 17
1 ~ 31
0;51
1.26
2. 56l. 49
0. 88
0.90
3. 31

3 '0
2. 13
2. 95
1. 95
2 ~ 7l. 19

0. 82
1.2
0. 82
0. 73
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TABLE 2. 5J-6

ESTIMATES OF ANNUAL IRRIGATION WATER USE IN THE
PASCO BASIN AREA BY COUNTY

Annual Irri ation Water Use 1979

~Coun t
Benton
Franklin
Grant

Total

Ground Water

21,300*
26,460
N.A.

47,760

Surface Water

205,000
559,000
143,600

907 i 600

*Allvalues are listed in acre-feet per year.

Reproduced from Gephart et al. (1979)





WNP-2

ANENIMENT NO. 18
September 1981

I

TABLE 2.5J-7

CONAPRISON OF OBSERVED EARTHQUAKE DISTRIBUTION WITH
A RANDON DISTRIBUTION

No. of
Earthquakes
er Block

No. of
Blocks
Observed

P(n)
0;38

No. of
Blocks
Predicted

8

364

47

25

3 '

0 ~ 684

0. 259

4.9 x 10

6.,25 x 10 3

5 '94 x 10 "4

4.52 x 10

2.86 x 10 6

1 55 x 10 7

neg1 ig ible

341

130

25

3. 13

2 97 x 10

2.25 x 10-2

1.43 x 10

7.76 x 10

negligible
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TABLE 2. 5J-8

SUMMARY OF QUELL DATA

Mell Location
Well

No.
Depth of
Well Ifeetl

Water Bearing
Hater ial

Water Level
Honi tor in Period

Haximum Change in
Water Level ifeet)'omments

Frenchman Tunnel Vicinity 48

49

Frenchman Hills'Region 51

56

H. of Frenchman Hills 61

62

64

200

161

168

315

330

193

168

Basalt

Basalt

Basalt

Sand
Interbed

Basalt

Basalt

1940-1979

1940-1978

1950-1979

1942-1980

1954-1978

1916-1978

1954-1978

4180

+155

450

+190

0180

4100

4110

Increase occurred over 8-year
period

Increase occurred over 10-year
period

Increase occurred over 6-year
period

Increase occurred over
10-year'eriod

Increase occurred over 9-year
period

Increase occurred over 14-year
period

Increase occurred over li-year
period

73

74

164

219

Basalt

Basalt

1940-1978

1940-1980

4130

+160

Increase occurred
period

Increase occurred
period

over

over

28-year

5-year

75 147 Basalt 1943-1980 t60 Increase occurred over 6-year
period

~ ncrease an Mater eve- ~ decrease in vater level
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TABLE 2.5J-8 (Sheet 2 of 2)

Well Location
Well

Ho,
Depth of Water-Bearing Water-Level
Well ifeetl Haterial Honitorinc Period

HaxiaLum Change in
Water Mvei (feetl~ Coauaents

Bltopia Region

Scooteney Reservoir

Correil Region

10

12
1

323 Basal t

1961-1979

1950-1979
19'58-1980

1960-1978

+100

+180

Average Water level
125 feetl 30-foot seel-annual
fluctuations due to irrigation
increase tn eater level
occurred over 28-year period

Increase in water level
occurred over 22-yeat period

Taunton Vicinity 16 840 Basalt

1960-1979

1956-1978

4140

460

+ 220

Increase in uater level
occurred over 10-year period

Increase in eater level
occurred over 16-year period

Frenchaan Hills Region 79 840 Basalt 1949-1958
i300

Corfu Region

Taunton Region

81

82

22

23

365

700

Basalt

Basalt

1959-1978

1959-1978

1958-1976

1953-1978

t150

490

0 120

4220

Increase occurred over 20-year
period

Increase occurred over 14-year
period

Increase occurred over 8 year
period

Vicinity of Frenchman
Tunnel 45 320 Basalt 1949-1963

+140

46 1961-1978 4440 Increase occurred over 17-year
period

+ ~ tncrease n vater leve
decrease ln vater level
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WNP -2 AMENDMENT NO. 18
September 19 81

dextral strain, evidenced by the northwest-trending
structures, that appears to have developed sychronously with
the predominant east-west trending structures. The
northwestern portion of CLEW is ill defined by the fold
s tructur e s. In the sou theas tern portion, CLEW becomes mor e
distinctly defined by the Wallula fault zone.

The Rattlesnake-Wallula alignment is a fold dominated
structural trend west of Wallula Gap. Geologic mapping has
been unable to demonstrate the existence of a through-going
surface fault associated with the fold structures west of
Wallula Gap. Trenching across the Wallula fault zone, east
of Wallula Gap, indicates non-involvement of the late
Pleistocene-Holocene Touchet sediments. At Yellepit, west
of Wallula Gap, a trench across the southern strand of the
Wallula fault zone (Wallula Gap Fault ) show's undisturbed
fanglomerates of latest Pleistocene age, resting on faulted
Miocene basalts. While this data limits the age of last
movement, capability of the Rattlesnake-Wallula structural
trend, cannot be demonstrated unequivocally on the basis of
existing data.

The more southerly Columbia Plateau fold structurs (e.g.,
Toppenish Ridge, Horse Heaven Hills, Columbia Hills)
developed before extrusion of the Plio-Pleistocene Simcoe
volcanics, that lie essentially undisturbed across the
western traces of these structures. This relationship
indicates a waning of southern plateau deformation,
including CLEW, since the Pliocene. Surface ruptures of
probable Quaternary age have been mapped on Toppenish
Ridge. Both landslide and tectonic origins for the
structure have been postulated. Woodward-Clyde Consultants
(1981a) concluded that they are probably tectonic in origin.
Gable Mountain is the closest structure to the WNP 1-2-4
site, at a distance of approximately 7 kilometers to the
subsurface extension of the anticlinal axis (Southeast
anticline) . There is evidence of faulting with probable
late Pleistocene displacement of 0.2 — 0.3 feet mapped over
a distance of about 1100'long strike. Golder Associates
(198la) concluded that there was "insufficient evidence to
substantiate non-tectonic mechanisms for the origin of the
observed displacements in glaciofluvial deposits."
No surface faulting within a distance of 8 kilometers of the
WNP 1-2-4 sites is known. Approximately 5 kilometers to the
east of the WNP 1-2-4 site,'liocene Ringold sediments lie
essentially horizontal with no sign of deformation, for a
distance of at least 8 kilometers both north and south. No
evidence was detected for faulting at depth directly
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underneath the WNP 1-2-4 site on the basis of borehole
geophysics. Within the limits of resolution of the gravity
and aeromagnetic data there is no correlation between any
known geologic features and geophysical linears suggestive
of faulting within the site vicinity.
From detailed geologic and geophysical studies, there appear
to be no potential hazards that will adversely affect the
plant structures at the site due to natural geologic
phenomena or from man's activities.
Seismicity in the vicinity of the site has been low during
the historical (approximately 150 years) period, with
infrequent earthquakes of low to moderate intensity or
magnitude. Damage from earthquakes in the vicinity of the
site has been extremely minor.

The maximum vibratory ground motion affecting the site
during historic time is estimated to have been approximately
0.015 g. The maximum vibratory ground motion potential at
the site from an earthquake associated either with a
tectonic structure or with a tectonic province is estimated
to be 0.125 g.

Vibratory acceleration levels of 0.25 g and 0.125 g are
assigned as conservative design bases for the Safe Shutdown
Earthquake (SSE) and the Operating Basis Earthquake (OBE),
respectively.
The existing glaciofluvial sand was excavated down to the
underlying, very dense Ri'ngold gravel and replaced in a
denser state by compaction (Structural backfill). Ground-
water was not encountered during excavation operations and
appears to be stable at about elevation 380 feet (a depth of
approximately 62 feet below ground surface). This is about
10 to 15 feet below the top of the Ringold gravel.

Excavated site soils were used for the structural backfill.
Close control on compaction procedures was maintained to
verify that specified densities (average relative density of
85 percent, with a minimum relative density of 75 percent)
and uniformity of compaction were achieved during placement
of backfill.
Foundations of all WNP-2 plant structures are supported in
structural backfill. The backfill provides safe bearing for
the structural foundations, and settlements are estimated to
be minimal. Systematic monitoring and analysis of settle-
ments of Seismic Category X foundations at the site have
been continuous since the beginning of construction.
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Design analysis of the structural backfill and underlying
dense Ringold gravels indicates that the structural backfill
would not be susceptible to loss of strength, subsidence or
liquefaction resulting from potential vibratory ground
motions that might be associated with the design earthquakes.

It is concluded that the site is suitable for a nuclear
power plant in terms of Appendix A to 10 CFR Part 100,
"Seismic and Geologic Siting Criteria for Nuclear Power
Plants", and that the design basis for vibratory ground
motion (Safe Shutdown Earthquake) should be 0.25 g without
the need to consider surface faulting at the site. It is
also concluded that subsurface materials will adequately
provide vertical and lateral stability to all structures
under, and dynamic conditions contemplated for, this
facility at this site as constructed.

The geological, geophysical and seismological investigations
performed in support of Chapter 2.5 include:

Geologic, geophysical, and seismologic studies of the
site and region for a distance of 322 kilometers;

Remote sensing studies of the site and region for a
minimum distance of 80 kilometers;

A 40,000 line mile aeromagnetic survey centered on the
site;
Compilation of a gravity maps for the site, site
province and Pacific Northwest region;

Compilation of geologic and tectonic maps for the
Pacific Northwest region;

Detailed geologic mapping of the site and surrounding
area for at least 8 kilometers and additional detailed
mapping of significant structures;
Subsurface exploration at the site and vicinity
involving borings for geologic and soil engineering
purposes, geologic trenching, and test pits;
Representative penetration resistance tests and in situ
deformation and density tests in boreholes, and
percolation tests and in situ density test pits;
Laboratory testing of samples taken from borings,
trenches and test pits for engineering and geologic
analysis;
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Measurement of groundwater levels in boreholes;

Borehole geophysical surveys for stratigraphic
correlation among borings;

Uphole/downhole and crosshole seismic geophysical
surveys;

Surface seismic refraction to define overburden
stratigraphy and to delineate depth to rock in the
vicin'ity of the site.

The preparation of the Geology and Seismology section of the
original WNP-2 PSAR was under the direction of Burns and
Roe, Hempstead, New York, with assistance of the following:

Dr. Howard A. Coombs — Principal Consultant
Dr. James W. Crosby IIX - Consultant for Borehole

Geophysics
Shannon a Wilson, Xnc. - Soil Properties, Foundation

Engineering

Dr. R. P. Miller - Project Manager
D. Schwantes - Project Soils Engineer
R. E. Brown - Consultant for Bedrock Stratigraphy

Weston Geophysical Research, Inc.
Seismic Surveys and Borehole Geophysics

T. F. Sexton - Project Manager
E. N. Levine - Field Project Manager
Dr. F. T. Turcotte — Seismologist

The original preparation of the Geology and Seismology
section of the PSAR for project WNP-1 and WNP-4, which is
utilized in the WNP-2 FSAR, was under the direction of
United Engineers and Constructors, Philadelphia, Pa. with
the assistance of the following:

Weston Geophysical Research, Inc.
Seismicity, Seismic Surveys, Borehole Geophysics,
and Response Spectra

R. J. Holt - project Director/Seismologist
Dr. F. T. Turcotte — Seismologist
Dr. H. Coombs — Consultant/Geology
Prof. J. W. Crosby IXI - Consultant for Borehole

Geophysics
Re v. D. Lineha n, S . J. — Consultant/Seismicity
Prof. R. W. Whitman — Consultant/Response Spectra
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T. F. Sexton - Pro ject Manager
E. N. Levine — Project Coordinator for Field

Studies

FUGRO, Inc. - Geology

E. A. Danehy — Project Manager
Owen Swanson - Project Geologist
Donald Hitchcock - Assistant Project Geologist

Shannon a Wilson, Inc.
Soil Properties, Foundation Engineering, Soil
Engineering

Dr. R. P. Miller — Project Supervisor
H. H. Druebert - Project Soils Engineer
T. L. Olmsted - Project Engineering Geologist
Dr I. Arango - Structure-Soil Interaction

Evaluations
Prof. A. J. Hendron — Consultant/Soil Dynamics
Prof. H.'. Seed - Consultant/Structure-Soil

Interaction
prof. J. Lysmer - Consultant/Structure-Soil

Interaction
Extensive additional geologic, geophysical and seismological
data were compiled for the WNP1 and WNP4 PSAR as part of
studies related to the December 14, 1872 earthquake. This
information was filed in October, 1977 as Amendment 23 to
the WNP 1 and WNP 4 PSAR and is included herein by
reference. This work was performed under the direction of
United Engineers and Constructors with technical guidance
provided by the following:

Dr. H. A. Coombs - Principal Consultant
Dr. G. A. Davis - Professor Geology, USC
Dr. Don Tocher - Chief Seismologist,

Woodward-Clyde Consultants

The preparation of the Geology and Seismology section
presented in the initial submittal of the WNP-2 FSAR was the
responsibility of Burns and Roe, Woodbury, New York with
assistance of the following:

Dr. H. A. Coombs - Principal Consultant

Shannon 6 Wilson, Inc.
Chapter 2.5 preparation, Regional Geology and
Seismicity, Site Geology, Soil Properties,
Foundation
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Dr. R. P. Miller - Project Supervisor
H. H. Druebert — Project Manager and Soils

Eng ineer
H. H. Waldron - Consultant Geologist

Weston Geophysical Research-
Seismicity Review, Site Geophysics, and Borehole Geophysics

V. J. Murphy - Project Manager
T. F. Sexton — Assistant Project Manager
Andrew LaCroix - Project Coordinator/

Seismology
Richard Allen — Supervisor Data Processing/

Site Geophysics

Amendment 18 to the WNP-2 FSAR integrates all of the new
geologi."cal and geophysical data accumulated since the FSAR
was originally docketed. It is a synthesis through 1980
based on the original FSAR and incorporates new information
contai'ned in Amendment 23 (WNP-1/4 PSAR), consultant
reports, and Rockwell Hanford Operations'asalt Waste
Isolation Project reports. This amendment was prepared
under the direction of the Washington Public Power Supply
System by Weston Geophysical Corporation and Woodward-Clyde
Consultants with the assistance of the following:

'Dr'. H.

Dr. G.

Dr. R.

Mr. D.

Weston

A. Coombs - Professor Emeritus, University of
Washington

A. Davis — Professor Geology, University of
Southern California

B. Smith — Professor Geophysics, University of
Utah

D. Tillson - Consulting Geologist

Geophysical Corporation - Geophysics

Mr. V. J. Murphy — Project Manager
Mr. J. T. Doherty — Assistant Project Manager
Mr. J. Imse - Geophysicist
Prof. G. Simmons - Consultant/Geophysics
Prof. C. E. Glass - Consultant/Remote Sensing
Prof. B. C. Burchfiel - Consultant/Geology

Prof. H. P. Laubscher - Consultant/Geology

Woodward-Clyde Consultants - Geology, Seismologyg
Earthquake Engineering

Dr. A. Patwardhan — Project Director
Mr. D. Gross - Project Manager
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Dr. F. H. Swan - Technical Coordinator
Mr. L. Cluff - Technical Reviewer — Geology
Dr. W. Savage — Technical Reviewer - Seismology
Dr. I. Idriss — Technical Reviewer - Earthquake

Engineering

Information on Gable Mountain, Gable Butte, and Umtanum
Ridge was provided by Northwest Energy Services Company with
assistance of the following:

Golder Associates - Geology

Mr. D. Caldwell - Project Manager
Mr. G. Anttonen - Geologist

2.5 ' BASIC GEOLOGIC AND SEISMIC INFORMATION

2.5.1.1 Regional Geology

The WNP 1-2-4 site is located within the Pasco Basin, one of
several physiographic depressions occupying the Columbia
Plateau. The Columbia Plateau, a major physiographic and
geologic province is surrounded by the Blue Mountains, High
Lava Plains, and Snake River Plain provinces on the south,
Northern Rocky Mountains and Idaho Batholith provinces on
the east, the Okanogan Highlands province on the north, and
the Cascade Mountains, Puget-Willamette Trough, and
Washington-Oregon Coast Ranges on the west (Figure 2.5-1) .

Discussions of the regional geology and tectonics of the
Pacific Northwest have been presented by McKee (1972) and
King (1959, 1969) . Other notable treatments related to
individual states and provinces have been made by Gunning
and White (1966), Livingston (1969), Baldwin (1969), Ross
and Savage'1967), the United States Geological Survey
(196 4, 196 6, 196 9), Rockwell (197 9), Laubs cher (Appendix
2.5-0), and Davis in (Washington Public Power Supply System
1977a; and Appendix 2.5-N) .

The Tertiary rocks of the Columbia Plateau are bordered on
the northwest, north, east, and south by pre-Cenozoic
rocks. Only to the west, in the Middle Cascades, Puget-
Willamette Trough, and Coast Ranges, are rock units older
than Cenozoic not in evidence.

Bedrock in the Columbia Plateau consists of a thick sequence
of Miocene basalt flows with minor amounts of interflow
sediments. These rocks are generally mantled by younger
sediments of Pliocene to Holocene age (Figure 2.5-2). The
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basalts, particularly in the western parts of the Columbia
Plateau, have been folded into a series of east-west
anticlines.

h

The Pacific Northwest gravity map (Figures 2 ~ 5-9, 2.5-9a,
and 2.5-9b) includes Oregon, Washington, and parts of
British Columbia and Idaho. The aeromagnetic map for the
central part of the area is presented in Figures 2.5-8, ~

2.5-8a, and 2.5-8b;

Within the Pacific northwest area, most gravity anomalies
appear to correlate well with ma'pped rock masses and
geologic structures (see Appendix 2.5L) . Regional trends
present in the Bouguer gravity fields are different west of
the axis of the northern and central Cascade Mountains. A
prominent north-south gravity gradient coincides with the
Puget-Willamette Trough, whereas the Columbia Plateau is
characterized by a broad northeast trending 40 mgal gravity
high centered in the area of the WNP 1-2'-4 site.
The total Bouguer gravity anomaly map for the central
Columbia Plateau and portions of the surrounding areas is
given in Appendix 2.5L (Figure 9) . This discussion is based
on the more extensive interpretation of that map given in
Appendix 2.5L.

A relatively'ense rock mass underlies the Columbia Plateau
basalt. The surface layer, termed Layer 1, is relatively
thin (0 to 2 kilometers), extends over 'a larger geographic
area, and apparently completely covers the lower body termed
Layer 2. The presence of several geologic structures (such
as the Chiwaukum and Replublic grabens) below the upper
layer and outside Layer 2 can be recognized from the gravity
map. Layer 2 is much thicker than the upper Layer 1, is
roughly tabular (NS dimension, 93 kilometers, and EW
dimension, 47 kilometers) and has two subsurface lobes on
its southern end. One lobe extends SW for approximately 31
kilometers. The other lobe extends from Wallula to Walla
Walla, a distance of about 31 kilometers also. The gravity
expression for Layer 2 appears to be quite uniform and the
edge appears to have been unbroken by any significant strike-
slip faulting or other geologic structures since the layer
was formed. Layer 2 is inferred to consist of extrusive
rocks that filled an elongate subsiding basin.
The western edge of Layer 2 is the source of a prominent
gravity gradient that trends almost north-south for 50
kilometers, extends from south of Toppenish Ridge to north
of Quincy (WA). The anomaly passes about 9 kilometers east
of Yakima and is extraordinarily straight. Models have been
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used to obtain an upper bound on the horizontal displace-
ments of any potential faults that may have occurred since
the time of emplacement of Layer 2. With the present
station spacing, the maximum horizontal displacement that
could have occurred on any fault, or could have been
distributed over any fault zone crossing the feature, is 2-3
kilometers. This conclusion is independent of the origin of
the anomalies, the age of the rocks that occur in the area,
and specific models of the distribution of density. Models
also yield additional constraints on the timing of any
horizontal displacement. The mininmum time span would be 17
m.y. (the age of the oldest basalt of the area) and the
maximum time span could be as old as the age of basement
rocks.

The Olympic-Wallowa lineament (OWL) proposed by Skehan
(1965) and others previously as a major crustal (and
possibly mantle) structure is at most a very minor featureif it exists at all. Neither residual gravity anomaly nor
gravity linear is'associated with it. It would c'ross
necessarily the western edge of the lower Layer 2, but does
not produce any obvious disruption of that body. The
maximum vertical displacement that can be discerned by this
data set is 300 feet and is located in the vicinity of
Pasco. Maximum horizontal displacement during the past 17
m.y. (and possibly much longer) that can be discerned with
this data set is 2-3 kilometers.

2.5.1.1.1 Geologic History
The tectonics and geologic history of the Pacific Northwest
are the consequences of complex and poorly understood
interactions among the Pacific, North American, and Juan de
Fuca plates. The Juan de Fuca, a vestigial remnant of the
once extensive Farallon plate, lies offshore of Oregon,
Washington, and Vancouver Island. It is separated from the
Pacific plate to the north, west, and south by the Explorer,
Juan de Fuca, and Gorda Ridges and the transform faults
(fracture zones) which bound them. The Juan de Fuca-North
American plate boundary is one of past convergence and one
along which subduction probably still continues at a rate of
several centimeters per year (Riddihough and Hyndman, 1976).

In the Mesozoic, new oceanic crust that was generated along
the East Pacific Rise, spread westward as part of the
Pacific plate and eastward as part of the Farallon plate.
The Farallon plate was subducted at a trench along the
western margin of the North American plate. About 29
million years ago, the relative motion of the Farallon and
North American plates resulted in the oblique impingement of
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the East Pacific Rise along the marginal trench (Atwater,
1970). Consequently, the North American and Pacific plates
were in direct contact along a right lateral transform fault
system to the north and south of which remnants of the
Farallon plate still separate the North American and Pacific
plates. The triple junction of the Farallon, Pacific and
American plates then migrated along the zone of transfoim
shear both northward and southward. The San Andreas Fault
grew in length as more of the East Pacific Rise and
bordering fracture zones reached the trench along the North
American plate boundary. Continued spreading in the
northern and southern areas resulted in subduction of most
of the Farallon plate to the extent that only a few relict
pieces remain. The remaining segments of the Farallon plate
interact with the North American plate as small, independent
plates. The Cocos, Rivera, and Juan de Fuca plates are such
small, relict plates of the Farallon plate that behave as
independent plates with directions and rates of spreading
different from those of the parent Farallon plate.
In the Pacific Northwest during the early Tertiary the
coastline shifted from the western side of the present
Cascade Mountains to the western side of the Coast Ranges
with the accretion .of the Siletz/Crescent volcanic
assemblage. Early Tertiary deposits in the Cascade Range
include thousands of feet of strata of the brackish Puget
Group and continental Swauk, Ohanapecosh, Chumstick, and
Roslyn Formations. In Eocene-Oligocene time, volcanism and
continental sedimentation were active in much of the Cascade
Volcanic Belt, the Intermontane Belt, the Omineca
Crystalline Belt, and the Blue Mountains. During this early
Tertiary episode of widespread volcanism and sedimentation,
erosion was unroofing the Mesozoic batholiths. Granitic
intrusions were emplaced in north-central Washington and
northeastern Oregon during this period.

During Miocene-Pliocene time, large parts of southeastern
Washington and northeastern Oregon were covered by the flood
basalts of the Columbia River Basalt Group. On the Columbia
Plateau the flows generally advanced from east to west from
northwest trending vents. Deformation of the Columbia River
Basalts commenced in the Miocene and continued into
Pleistocene.

In the Cascades and Blue Mountains, minor uplifts caused the
flanking and intermontane basins to receive early and middle
Pliocene sediments of the Dalles and Ellensburg Formations.
Throughout the Pliocene, the Cascade Volcanic Belt was
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marked by local volcanism. The most recent uplift of the
Cascade Range and Blue Mountains took place predominantly
during the Plio-Pleistocene.

Large stratovolcanoes were formed during the early
Pleistocene in the Cascade Mountains (Figure 2.5-22). Major
active stratovolcanoes included Mount Baker, Glacier Peak,
Mount Rainier, Mount St. Helens, Mount Adams, Mount Hood,
and Mount Mazama. Some of these vents have been active into
the Holocene, notably Glacier Peak, Mount St. Helens, and
Mount Mazama and have erupted large volumes of ash. The ash
falls from these eruptions were deposited over a large part
of the region and provide time stratigraphic horizons for
dating Quaternary geologic events. The latest significant
eruption occurred in 1980 from Mount St. Helens.

Vast sheets of continental ice covered most of the northern
part of the region during the Pleistocene. The glaciers
advanced and receded several times, sculpturing the
landscape and depositing till and glaciofluvial sediments.
In the Columbia Plateau, the Channeled Scablands resulted
from the great outpourings of floodwater after breaching of
ice-dammed lakes in Montana (Pardee, 1942). Sub-basins of
the Columbia Plateau, like the Pasco Basin, received glacio-
fluvial sediments. In eastern portions of the Columbia
Plateau windblown, silty sediments (Palouse soils) were
deposited over large areas. Erosion and deposition by
rivers and wind continued to be significant in the Columbia
Plateau in Holocene time.

The evolution of the region in light of current plate
tectonics theory is discussed by Dr. G. A. Davis in Appendix
2.5-N. This discussion of late Cenozoic tectonics of the
Pacific Northwest is primarily concerned with Miocene and
younger events in the Columbia Plateau and adjacent geologic
provinces. An earlier review (Davis in Washington Public
Power Supply System, 1977a) treated evolution of the entire
Pacific Northwest from Precambrian time to the present. The
analysis by Davis, presented in Appendix 2.5-N, relies
heavily on data and concepts developed by earth scientists
since 1977, including the structural model for the Columbia
Plateau developed between 1977 and 1980 by Dr. Hans P.
Laubscher, University of Basel, Switzerland (Appendix 2.5-0).
Specific topics treated by Davis are: (1) the nature of the
present stress state and strain patterns in the Pacific
Northwest; (2) present North American-Pacific-Juan de Fuca
plate relationships; (3) Quaternary and late Tertiary
geometric and kinematic interrelations between the Basin-
and-Range province and the Pacific Northwest; (4) the
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geologic significance of the Olympic-Wallowa lineament; and
(5) the implications of Quaternary deformation in the
Columbia Plateau.

2.5.1.1.2 Provinces

The Pacific Northwest physiographic provinces are shown on
Figure 2.5-1. The source of the province boundaries and
descriptions are taken from McKee (1972), Washington Public
Power Supply System (1977b), and Rockwell (1979). No distinc-
tion is made between geologic and physiographic provinces
due to their coincidence throughout the Pacific Northwest.

From the Pacific Ocean eastward, .the first major physio-
graphic feature is the Coast Range of Washington and
Oregon. These mountains extend northward from the Klamath
Mountains of southern Oregon to the Strait of Juan de Fuca.
East of these mountains lies the Puget-Willamette Trough, a
series'of topographic lowlands that extend parallel to the
Coast Range from the Willamette River valley on the south to
the Strait of Georgia on the north. East of the the Puget-
Willamette Trough are the Cascade Mountains. The Cascade
Mountains extend from northern California to southern
British Columbia where they merge with the Coast Mountains.
East of the Cascades, the north-south grain of the regional
physiography gives way to an east-west grain. From north to
south, the principal elements are the Okanogan Highland's,
the Columbia Plateau, the Blue Mountains, and the High Lava
Plains and Snake River Plain. To the east and north in
Idaho, western Montana, and British Columbia, the north to
northwest regional grain returns in the form of the Northern
Rocky Mountains. A discussion of the tectonics of these
provinces is contained in Section 2.5.2.2.1.
The WNP 1-2-4 site (Figure 2.5-1) lies in southeastern
central Washington within the Columbia Plateau province.
The site is situated near a north-south stretch of the
Columbia River, the major watercourse in the region. The
Pasco Basin contains the site and comprises approximately
4,144 square kilometers of undulating semiarid plain with
low-lying hills, dunes, and intermittent streams. The
northern and southern boundaries of the Pasco Basin (Figures
2.5-4, 2.5-6a, 2.5-6b, and 2.5-6c) are defined by the Saddle
Mountains and Rattlesnake Mountain, respectively. The
easterly ends of Umtanum and Yakima Ridges mark the western
boundary of the basin. To the east the basin merges into a
vast expanse of dunes, dissected flatlands, and coulees
northwest of the Snake River. A detailed discussion of the
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Columbia Plateau province is contained in Section 2.5.1.2.
A detailed discussion of the Pasco Basin is contained in
Section 2.5.1.2.4.
2.5.1.1.2.1 Columbia Plateau

The Columbia Plateau (a physiographic and geologic province)
is bounded by the Blue Mountains and High Lava Plains on the
south, the northern Rocky Mountains-Idaho batholith on the
east, the Okanogan Highlands on the north, and the Cascade
Mountains Province on the west.

The Columbia Plateau is drained by the Columbia River which
flows westward toward the Pacific Ocean. The Snake River
joins the Columbia River after draining the eastern Columbia
Plateau and parts of the adjoining provinces to the east and
south. Most of the Plateau (see Figure 2.5-7) has gentle
topographic relief. Exceptions to this gentle relief are
the deep-gorge of the Columbia River, the many steep-walled
coulees north and east of the Columbia River, and the series
of linear, generally west to northwest-trending, anticlinal
ridges in the vicinity of Yakima.

The Channeled Scabland of Washington covers the Columbia
Plateau from Spokane on the northeast to the Snake River on
the south and to the Columbia River on the west. The
scabland topography was formed in Pleistocene time by the
action. of glacial meltwaters and catastrophic floods due to
breaching of ice-dammed lakes in western Montana.

The Columbia Plateau formed between 16.5 and 6 m.y.b.p.
(Watkins and Baski, 1974; McKee and others, 1977) when large
volumes of basalts were erupted from north-northwest
trending linear vent systems in northeastern Oregon and
southeastern Washington (see Figure 2.5N-2) (Waters, 1961;
Taubeneck, 1970; Swanson and others, 1975; Fruchter and
Baldwin, 1975; Price, 1977; Swanson and other s, 1977) .

The lavas of the Columbia Plateau cover an area of approxi-
mately 202,018 square kilometers and have an estimated
volume of 170,894 cubic kilometers (Figures 2.5-3 and
2.5N-2) (Swanson and Wright, 1978) . The Columbia Plateau is
surrounded by topographically higher areas. The character
of the pre-Tertiary rocks covered by basalt is visible only
within highlands surrounding the plateau.

Individual basalt flows are voluminous, generally 8 to 25
cubic kilometers, with a maximum known volume of 604 cubic
kilometers. Flows range in thickness from a few inches to
more than 300 feet, with an average thickness of 90 to 120
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feet (Swanson and others, 1979a) . 'The thickest flows are
interpreted as showing ponding in pre-basalt valleys, in
structurally controlled basins that developed during
volcanism, or in narrow canyons previously eroded into older
flows (termed intracanyon flows) (Swanson and Wright, 1978) .

Flows of the Columbia'River Basalt Group are interbedded
with and overlapped by Miocene-Pliocene epiclastic and
volcaniclastic sediments, especially along the margin of the
province. Invasive flows, formed when lava "burrowed" into
surficial deposits of unconsolidated sediments, are also
common (Byerly and Swanson, 1978) . The youngest sedimentary
units on the plateau are fluvial, lacustrine, glaciofluvial,
and eolian deposits of Pliocene to Holocene age. Localized
accumulations of Pliocene to Pleistocene lavas are also
present within the western and southern portions of the
province.

2.5.1.1.2 ' Coast Range of Oregon and Washington

The Coast Range of Washington and Oregon lies west of the
Puget-Willamette Trough. It consists of a 80 to 129
kilometers wide belt of mountains which extends more than
966 kilometers from the Klamath Mountains in southwestern
Oregon to the Strait of Juan de Fuca in northwestern
Washington. The Olympic Mountains are part of the Coast
Range and form the highest and most rugged part of the
province. Among the oldest rocks in the region are a 15,000
foot sequence of basaltic volcanics .(Siletz/Crescent
volcanics) that probably represent an oceanic seamount chain
that was accreted to the continental margin in early
Tertiary time. South of the Straits of Juan de Fuca, the
principal geologic units are Eocene through Miocene marine
volcanic and sedimentary rocks. Faults in the Olympic
Mountains are predominantly early and middle Tertiary in
age. South of the Olympic Mountains, the structure of the
Coast Range can be generalized as a system of folds of
Miocene and Pliocene age.

2.5.1.1.2.3 Puget-Willamette Trough

The Puget-Willamette province is an elongate structural and
topographic low that lies between the Cascade Mountains on
the east and the Coast Range on the west. It extends from
about Eugene,. Oregon on *the south to Vancouver, British
Columbia, on the north. From south to north its major
features are the Willamette Valley, the Puget Lowlands, and
the Georgia depression. These troughs are the surface
expressions of a large downwarp. This province is a
depositional site containing thick fills of Tertiary and
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Quaternary sediments. From the Puget lowlands northward,
Pleistocene glacial sediments are the dominant geologic unit
present. South of the Puget lowlands, the sediments are
predominantly alluv'ial. Low hills occur in Washington
between the Columbia River and the Puget Lowlands. On the
north, the Puget Sound area was extensively modified during
Pleistocene time by the Puget Lobe of the continental
glacier.
2.5.1.1.2.4. Blue Mountains

The Blue Mountains province lies immediately south of the
Columbia Plateau in northeastern Oregon. This province
includes the Ochoco Mountains on the west and Wallowa
Mountains on the east. The overall structure can be
characterized as a 322 kilometers long, northeast-trending
series 'of anticlines with moderately steep northern flanks
and gentle southern flanks. Superimposed upon these
asymmetric structures is a north to northwest trend of folds
and high angle faults of late Cenozoic age. Initial develop-
ment of the Blue Mountains anticlinal system predates
eruption of the Columbia Plateau basalts. The Blue Mountains
are capped by Columbia River flood basalts which fill the
Columbia Plateau to the north. Uplift and resulting
erosional stripping have exposed older rock strata which do
not crop „out in the Columbia Plateau. These pre-Tertiary
rocks consist of Paleozoic and lower Mesozoic ophiolitic
rocks, and associated sedimentary and volcanic rocks that
have been intruded by Mesozoic granitic plutons (Washington
Public Power Supply System, 1977a).

2.5.1.1.2.5 High Lava Plains Province

The High Lava Plains province, which is "characterized by the
presence of youthful volcanic rocks, is located south of the
Blue Mountains and east of the Cascade Mountains provinces.It is a transitional province between the Blue Mountains and
the Basin and Range province farther south. Most rocks
exposed within the province are high-alumina basalt flows of
Miocene to Pliocene age .or younger. Younger basaltic and
rhyolitic ash flows (as young as Holocene) were erupted from
cinder cones and volcanic vents found within the topographi-
cally subdued province. The most prominent structural
feature within the province is the Brothers fault zone, a
diffuse northwest-trending zone of deformation first
described in detail by Lawrence (1976) and discussed by
Davis in Appendix 2.5-N.
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2.5.1.1.2.6 Northern Rocky Mountains and Idaho Batholith
Provinces

The Northern Rocky Mountains are located to the east of the
Okanogan Highlands province and to the northeast of the
Columbia Plateau province. Major drainages flow toward the
Columbia Plateau including the Spokane, Clearwater, and
Salmon Rivers. Rocks of the Northern Rocky Mountains
province are predominantly slates, argillites, and
quartzites of the Precambrian Belt Supergroup.

Northwest-striking vertical faults and parallel folds of
Tertiary age exist north of a west-northwest trending
fracture belt known as the Lewis and Clark Line. The Rocky
Mountain Trench is a north-south valley at least 1287
kilometers long which is -formed along lines controlled by
faulting. Eastward is the northwest-trending Rocky Mountain
thrust belt.
The Idaho Batholith lies east of the Columbia Plateau and
Blue Mountains and south of the northern Rocky Mountains.It is a major batholithic intrusion exposed over an area of
approximately 41,440 square kilometers. The rocks are
predominantly granodiorite and quartz monzonite of Mesozoic
age. Eocene plutons and minor amounts of other granitic
rocks are also present. Much of the batholith appears to
have been intruded as' unit or as a number of large,
related, and possibly gradational units. Within the border
zone of the batholith, the sedimentary rocks have been
metamorphosed to gneiss and schist, within which are bodies
of igneous rocks. These marginal rocks are deformed as well
as metamorphosed. The dominant types of deformation along
the margins of the province are folding and thrust
faulting. Internally the batholith is essentially
undeformed.

2,5.1.1.2.7 Okanogan Highlands

The Okanogan Highlands province lies east of the Cascade
Range and north of the Columbia Plateau. The province
consists of broad, rounded hills. The topography of the
Okanogan Highlands has been largely molded by glacial and
glaciofluvial processes active during late Pleistocene
time. The major drainage in the Okanogan Highlands province
is the Columbia River, which flows north-south through th'
province and east-west along its southern boundary. The
river divides the highlands into eastern and western regions
(Yates and others, 1966).
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%he eastern region is underlain by Precambrian Beltian rocks
and by a lower Paleozoic miogeosynclinal sequence of
quartzites, phyllites, and carbonates. The Kootenay Arc, a
fold belt trending northward in a convex eastward arc from
the Columbia Plateau to the Columbia Mountains, is the
dominant structural feature of the eastern region. The
folds of this belt trend approximately northeast and are cut
by pre-Tertiary faults. The western region is composed of
upper Paleozoic and Mesozoic rocks. These rocks constitute
a euge'osynclinal assemblage of graywackes, greenstones,
shales, cherts, conglomerates, and limestone. Late Mesozoic
granodiorites and quartz monzonites intrude these sedimen-
tary sequences, and lower Tertiary volcanic rocks
unconformably overlie all of the older rocks. In the
western region, north-trending, high-angle normal faults of
Cretaceous and early Tertiary age are the most conspicuous
s tructures.
Within the western Okanogan Highlands the major cenozoic
stuctural element is the Republic graben, a northeast
trending structure about 6 to 16 kilometers wide, that
extends approximately 80 kilometers north to the Canadian
Border. The graben is bounded on the west by the Bacon
Creek and the Scatter Creek fault zones and to the east by
the Stevens fault and several smaller faults. Apparent
displacements along these bounding faults range from several
hundred feet or less to over 17,000 feet (Yates and others,
1966). Geologic observations at Grand Coulee Dam and
reconnaissance observations by J. A. Blume and Associates
(1972) for Washington Public Power Supply System in the
region between the dam and the southern most mapped
exposures of the eastern border faults showed that no
discernible evidence of faulting exists in the Columbia
Plateau along the southern projection of the graben.
Blume's reconnaissance study made this conclusion based on
the following observations: no fault offset of the glacialtill resting on the granitic rocks of the Colville batholith
or of the granitic rocks themselves; continuity, both
vertically and horizontally, of stream patterns across the
projected traces of the Republic graben faults; no faulting
or disturbance of the Columbia River basalts south of the
Columbia River except by the Coulee and Barker Canyon
monoclines; and concordance of Columbia River terraces
across postulated traces of the bounding faults. These
terrace surfaces and the underlying" terrace deposits of the
Nespelem Formation can be traced across the fault
projections without interruption. The most prominent
terrace surface, the Nespelem Terrace, is at least 12,000
years old and the base of the Nespelem Formation is in
excess of 27,000 years old (Blume, 1972) . These last two
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o'bservations have been verified by mapping and extensive
exploratory drilling along the east bank of the Columbia
River downstream of Grand Coulee Dam, and by geologic
mapping of the Columbia 'River basalts in the vicinity of
Banks Lake (BUREC, 1974) .

The age of the Republic graben is not precisely known
although Staatz (1964) felt the last movement on the
bounding faults was Miocene. Muessig (1967) in his mapping
of the northern Republic graben states:

The evidence for later and probably periodic movements
along the'marginal faults...indicates that the major
movement on the Bacon Creek fault probably had
terminated before the deposition of the basalt member
of the Klondike Mountain Formation (late Oligocene-
early Miocene). There is no limiting upper date for
movement along the Stevens fault but it seems logical
to suppose. that the history of movement was not very
much different from that of the other graben faults.

The lack of offset of glacial deposits (kame terraces and
lake sediments related to Pleistocene glaciation) indicates
a lack of recent fault activity (BUREC, 1974).

2.5.1.1.2.8 Cascade Mountains

The Northern Cascades are separated from the Coast Mountains
of British Columbia by the Fraser River Valley. Snogualmie
Pass, in west-central Washington, forms the approximate
boundary between the Northern Cascades and the rest of the
range.

The topographic character of the province changes
progressively to the north, reflecting the increasing
erosional effects of alpine glaciation at higher altitudes,
and the overriding of much of the Northern Cascades by

, Cordilleran ice sheets.

The Northern Cascades are somewhat higher overall than
comparable areas to the south of Snoqualmie Pass.
Similarly, the Coast Mountains of. British Columbia are
somewhat higher overall than the Northern Cascades.
Towering several thousand feet above the average crestline
of the Cascade Mountains are the principal young strato-
volcanoes: Mount Garibaldi, Mount Baker, Glacier Peak,
Mount Rainier, Mount St. Helens, Mount Adams, and Mount Hood
(Figure 2.5-22) .
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The Northern Cascades consist of a central, Precambrian
crystalline basement and Paleozoic and Mesozoic marine .

strata that have been severely deformed, regionally
metamorphosed, and invaded by numerous igneous intrusives of
Cretaceous and Tertiary age., 'Ihe core of the Northern
Cascades is composed of metamorphosed sedimentary and
volcanic rocks and granitic intrusives. These are flanked
by younger sedimentary and volcanic rocks and are tightly
and intricately folded along north-northwesterly trending
axes. In general, the Tertiary rocks are not tightly
folded, although locally they are faulted an'd deformed. The
Central Cascades consist almost entirely of nonmarine
volcanic and sedimentary rocks of Cenozoic age, and are free
of large-scale granitic intrusions. Pre-Tertiary rocks in
the Central Cascades are exposed in only a few locations,
notably Tieton Reservoir to the west of Yakima. A thick
sequence of Paleocene to Eocene volcanic and sedimentary
strata comprises the core of the central Washington
Cascades. These rocks are folded and faulted along a
northwesterly trend. They are unconformably overlain by a
series of Oligocene to Miocene volcanic rocks and associated
sediments. These strata are faulted and folded, although
not as strongly, along the same northwest trend as the
underlying strata.
North of Mount Hood, the present Cascades were formed by
late Cenozoic upwarping along a north-south axis, producing
over 5,000 feet of structural relief. Late Cenozoic
volcanic deposits unconformably overlie the middle Tertiary
strata. Erosional remnants of Miocene to Pliocene Columbia
River Basalt are found near the margins of the province, but
the bulk of the late Cenozoic deposits consist of the
extensive Plio-Pleistocene and Quaternary outpourings of the
active stratovolcanoes Mount St. Helens, Mount Rainier,
Mount Hood, and Mount Adams. These deposits were extruded
from numerous vents and fissures and include pyroclastics
and lavas of a variety of compositions.

These stratovolcanoes account for a large portion of the
late Cenozoic volcanic rocks in the province. Quaternary
glacial deposits are less abundant in the Cascade Mountain
province south of Snoqualmie Pass than in that part of the
province to the north. Holocene alluvial deposits mantle
the older rocks in major stream drainages.

Three major structural elements are present within the
northern Cascades. They are the Straight Creek-Fraser River
fault system, the Methow Graben, and the Chiwaukum Graben.
Each of these prominent elements is discussed separately
below.
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The structural trends within the Central Cascade Mountains
of Washington are primarily northerly and northwesterly.
They contrast with the more westerly trends to the east in
the Columbia Plateau.

Straight Creek and Fraser River Fault Zones

The Straight Creek and Fraser River fault (Figure 2.5-3)
zones are major north-northwest trending zones of faulting
in northwestern Washington and southwestern British Columbia
that were probably contiguous before the intrusion of
tertiary plutons across them. As presently mapped, the
Fraser River fault zone extends from Lillooet, British
Columbia to the latitude of Chilliwack, British Columbia.
The Straight Creek fault zone extends from just north of the
Skagit River south to the vicinity of Snoqualmie Pass.

Xn British Columbia the Fraser River fault zone is dominated
at its southern end by two major subparallel structures, the
Hope and Yale faults. These two faults and their associated
structures form a continuous zone approximately 5 kilometers
wide that extends at least 257 kilometers north from the
Canadian border. This zone is well-defined along most of
its length by prominent alignments of hillside notches,
linear talus deposits', and faceted spurs along both walls of
the deep, linear canyon of the Fraser River (Woodward-Clyde
Consultants, 1978a) .

Although not as conspicuously defined as the Fraser River
fault zone, the Straight Creek fault zone can be traced more
or less continuously through pre-Oligocene rocks of the
North Cascades. Along most of its length the Straight Creek
fault zone separates a complex terrane of unmetamorphosed to
slightly metamorphosed, pre-Tertiary volcanic and sedimen-
tary rocks west of the fault zone from a pre-Mesozoic
terrane of medium grade schist, orthogneiss, and migmatite
intruded by Mesozoic granitic plutons east of the zone.
Within the fault zone itself, narrow strips of downfaulted
Eocene continental sediments, highly deformed blocks of the
lithologies observed both east and west of the zone, and
small serpentinized bodies are common. The dip of the fault
zone ranges from approximately 65o E to vertical. These
steep dips are reflected in the linear trace of the zone
(Figure 2.5-7) .

The Straight Creek fault zone represents a profound
structural discontinuity. West of the fault zone, rocks of
low temperature, high pressure, metamorphic conditions (the
Shuksan Metamorphic Suite) are involved in a series of
imbricate thrust faults. East of the zone, large thrust
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faults are absent and the rocks are typical of high
temperature and low pressure conditions. Misch (1966)
points out that only dip-slip displacements on the Straight
Creek fault cannot easily. explain this close juxtaposition
of contrasting metamorphic facies and terranes, and that
considerable strike-slip displacement is likely. He has
suggested that the geology exposed west of the Fraser River
fault zone near Harrison Lake in British Columbia (Lowes,
1971) is very similar to the geology in the Kachess Lake
area. About 193 kilometers of right-slip displacement on
the Straight Creek and Fraser River fault zones would be
suggested by these relations (Misch, 1977a and b).

Although the age of latest movement of the Straight Creek
and Fraser River fault zones is not precisely known, several
geologic relationships put contraints on the age. The
Straight Creek fault zone cuts the post-Early Cretaceous
Shuksan thrust, showing that some of the displacement on the
fault zone was younger than Early Cretaceous. The Kachess
Lake fault, a possible southern continuation of the Straight
Creek-Fraser River fault system, includes tectonic

slivers'f

the Late Cretaceous Mount Stuart batholith, indicating
that displacement occurred on it after the Late Cretaceous
(Shannon and Wilson, 1977c). Several mid-Tertiary
batholiths intrude the fault zone and show little or no
displacement across its general trend (Misch, 1966;
Washington Public Power Supply System,'977c; Tabor and
Frizzell, 1979; and Shannon and Wilson, 1977c). These
intrusions are the Chilliwack and Mount Barr batholithic
phases of the Chilliwack composite batholith, the Monte
Cristo pluton and the Snoqualmie batholith. K-Ar age
determinations of these batholiths are, respectively, 29-16
m.y., 25 m.y., and 18 m.y.b.p., indicating that extensive
strike-slip displacement has not occurred along the fault
zone since Miocene time.

Scattered exposures of Eocene continental sandstone, shale,
and conglomerate of the Chuckanut and equivalent Swauk
formations are found along the fault zone. Many of these
exposures are faulted, demonstrating that displacement on
the Straight Creek fault zone continued at least into Eocene
time. In the Kachess Lake area, the Naches Formation of
Eocene age is also involved in faulting. Also, Late
Oligocene ash flow tuffs equivalent to the Stevens Ridge
Formation overlie strongly deformed Naches Formation along
an angular unconformity, indicating that major movement
ended on the Kachess Lake fault within Oligocene time (in
Washington Public. Power Supply System, 1977c). These same
ash flow tuff units also lie across the projection of the
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Straight Creek fault in the Monte Cristo area, suggesting a
similar age relationship (in Washington Public Power Supply
System, 1977c) .

South of the Kachess Lake the Goat Peak segment of the
Straight Creek fault becomes the northwest-striking Taneum
Lake fault. The Taneum Lake fault is viewed as a late
dip-slip splay of the Straight Creek fault -- not the main
transcurrent structure. Because the Taneum Lake reverse
fault cuts only pre-Miocene units (Washington Public Power
Supply System, 1977d), its age relationship to Miocene
plateau basalts is unclear. However, Tabor and Frizzell
(1979) conclude that Miocene or younger movement along
either the southern Straight Creek fault "must be minimal or
absent because the Miocene Snoqualmie batholith and its
satellite stocks cut faults in the Straight Creek zone and
are unmarked by structures paralleling and on strike with
the fault".
The Methow Graben

The Methow graben is a northwest-trending structural low,
lying between the Mesozoic crystalline plutonic belts of the
North Cascade crest region to the west and the Okanogan
Highlands to the east.

The graben i's occupied by a sequence of marine and
continental sedimentary and volcanic rocks of Jurassic-
Cretaceous age (Barksdale, 1975). The Pasayten fault, the
northeastern boundary of the graben, is a single surface
that strikes N30oW. The western boundary consists of
discontinuous segments interrupted by late Mesozoic and
Tertiary granitic intrusions. The segments are non-colinear
and have an average northwesterly trend. Both boundaries
extend into the British Columbia. The Mesozoic sedimentary
sequence is absent at the southern end of the graben, where
the border faults converge. The continuation of the faults
into the crystalline rocks bounding the graben has not been
established.

The sedimentary sequence in the graben indicates several
episodes of folding and internal faulting which may have
been synchronous with movement on the border faults.
Plutons which intrude the border faults indicate that
faulting was largely completed by early Tertiary time.

The Pasayten fault, also referred to as the Chewack-Pasayten
fault (Barksdale, 1975) and the Eightmile Creek fault
(Lawrence, 1968; Staatz and others, 1971) is well-exposed
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north of Eightmile Creek where it dips steeply westward.
The southern segment of the fault is very straight, but is
sinuous north of the British Columbia border.

The Pasayten fault separates crystalline plutonic rocks of
the Okanogan terrane on the east from the thick supra-
crustal sedimentary succession of the graben to the west.
Lawrence (1968) postulates major stike-slip movement on the
fault on the basis of the straightness of the fault trace.
Interpretation of structural data from the rocks adjacent to
the fault 'led him to postulate right-slip displacement.
Barksdale (1975) interprets movement on the fault as largely
dip-slip. Movement on the Pasayten fault predates the
Island Mountain Volcanics which lie across the fault with
angular unconformity just south of the Canadian border. The
Island Mountain Volcanics are Tertiary, but, in the absence
of radiometric dating, their precise age is not known.
Attempts to trace the Pasayten fault south through the
crystalline rocks toward the Columbia Plateau (Menzer and
Swanberg, 1969; Washington Public Power Supply System,
1977e) have not proven successful. One point is clear: the
fault does not continue directly on strike as a well-
developed linear shear or mylonite zone through the
crystalline rocks.

The western boundary fault system, is comprised of several
irregular, non-colinear segments which collectively separate
the Skagit terrane on the west from the Methow graben
succession (locally, the Hozameen Formation) on the east.
The two northern segments mapped by Misch (1966) are
referred to by him as the Ross Lake fault zone. The two
southern segments studied by Barksdale (1975) have been
called the Twisp River and Foggy Dew faults. The trend of
the fault zone is approximately N45oW. Only the Twisp
River segment shows. strong physiographic expression. The
fault zone continues north of the British Columbia border
with a more northerly trend, as the Yale fault of the Frazer
fault system. The southern segment, the Foggy Dew fault, is
truncated by the Cooper Mountain batholith. Reconnaissance
mapping by Shannon and Wilson (in Washington Public Power
Supply System, 1977e) south of the Cooper Mountain batholith
between Pateros and Chelan failed to identify the southern
continuation of the fault in the crystalline rocks south of
the graben. The Ross Lake segments of the fault zone are
interrupted and separated from the Twisp River segment by
several late Cretaceous and Tertiary plutons.
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The Ch iwauk um Graben

The Chiwaukum graben is a major structural and geographic
feature in the Cascade Mountains (Willis, 1950a and b) . It
extends as a topograhically low region for about 100
kilometers NNW from Wenatchee, on the Columbia River, to
near the crest of the Cascade Range. The graben is filled
primarily by the Chumstick Formation, a thick sequence of
folded and faulted continental sedimentary rocks of middle
to upper Eocene age. Two major border fault systems, the
Leavenworth on the west and the Entiat on the east,
juxtapose the Chumstick against pre-Tertiary metamorphic and
plutonic igneous rocks. Middle Miocene flows and inter-
calated sediments of Yakima Basalt lie unconformably across
the graben at its southern end and post-date major
faulting. Faults at the northern end of the graben are
truncated by intrusive granitic rocks of the early Miocene
Cloudy Pass batholith.
The Leavenworth fault system, at the western border of the
graben, has been, mapped as a zone of parallel faults at the
southern end (Tabor and others, 1977) and as a single fault
farther north. It trends generally north-northwest, but is
irregular with several north-south segments, the longest of
which is along its contact with the Mount Stuart batholith.
The Entiat fault has been mapped as a single fault trace
(Laravie, 1976). It is nearly straight and trends about
N35oW.

II

An uplifted block of pre-Tertiary gneiss within the graben
is bounded on the east and locally on the west by faults of
the Eagle Creek system (Whetten and Laravie, 1976) . These
are all high-angle faults. Studies of sedimentary facies
variations in the Chumstick Formation, which occupies the
graben (Cashman, 1974; Laravie, 1976; and Whetten, 1977),
demonstrate the coarse fanglomerates in the Chumstick were
derived from local uplift of the pre-Tertiary crystalline
rocks adjacent to and, in part, within the graben. These
fanglomerates abut against and thin away from the contacts
with the border faults, indicating that the faults were
active during upper Eocene sedimentation. This early
faulting was essentially tensional and probably represents a
continuation of the extensional tectonic regime which led to
formation of the Teanaway dike swarm in the area just to the
south.

Movement on the Leavenworth and Entiat faults at the north-
ern end of the graben was completed prior to emplacement of
the Cloudy Pass batholith in early Miocene time. The latest
fault movement at the southernmost end of the Entiat fault
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predates the early Oligocene Wenatchee Formation, which was
deposited across the fault. Movement of the southern end of
the Leavenworth fault ended before deposition of the lower
Yakima Basalt in middle Miocene time.

Post-lower Yakima Basalt faulting has been recognized on two
structures which parallel the master boundary faults of the
Chiwaukum Graben. Zn the area between the northern part of
Table Mountain and Mission Ridge, just outside the south-
western border of the Chiwaukum graben, Rosenmeier (1968)
mapped a 16 kilometers long, northwest-trending high-angle
fault between Yakima Basalt on the west and Swauk Formation
on the east. This fault has not been recognized within the
Yakima Basalt southeast of the area of upper Nameum Creek.
Shannon and Wilson (Washington Public Power Supply System,
1977c) suggest that the structure mapped by Rosenmeier fault
could also result from a sharp monoclinal flexure.
Laravie (1976) recognized a 30 kilometers long fault just
east of the Entiat fault along the western front of the
Entiat Mountains. He initially postulated this fault, the
Chumstick fault, largely on the basis of physiograhic
evidence. Movement on the Chumstick fault may have been
related to, and synchronous with, folding of the Yakima
Basalt on the Columbia Plateau to the southeast. Slip on
the Chumstick fault probably represents a structural
adjustment in the basement rocks which accompanied folding
of the basalts in Pliocene or earliest Pleistocene time.
The Chumstick fault dies out or merges with the Entiat fault
both to the north and south where the bench and adjacent
fault scarp disappear. The presence of a small erosional
remnant of the 33 m.y. old Wenatchee Formation '(Gresens,
1976) sediments at an altitude of 3,800 feet on Burch
Mountain southeast of the Chumstick fault was noted above.
This indicates that post-Wenatchee dip-slip movement,
synchronous with movement on the Chumstick fault, has
occurred on this segment of the Entiat fault. This young
movement on the Entiat fault, however, dies out before the
fault reaches the Columbia River where the Wenatchee
Formation lies at the same elevation on both sides of the
fault (Washington Public Power Supply System, 1977f).

2.5 '.2 Columbia Plateau Province and Site Geology

The WNP 1-2-4 site is located within the Pasco Basin of the
Columbia Plateau province. A summary discussion of the
Columbia Plateau province has been previously presented in
section 2.5.1.1.2.1. The discussion that follows will
present an expanded version of the geologic history of the
Columbia Plateau with emphasis on the major structures
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surrounding the Pasco Basin. For additional detailed
discussions of the geology, stratigraphy, lithology, and
major folds of the Columbia Plateau refer to Washington
Public Power Supply System (1977f) and Rockwell (1979).

2.5.1.2.1 Geologic History of Columbia Plateau

The Columbia Plateau is underlain by a thick sequence of
plateau basalt flows of Tertiary age which, in turn, are
overlain locally by Pliocene fluvial and lacustrine
sediments, by Pleistocene glaciofluvial and eolion
sediments, and by Holocene alluvium and eolian deposits.
East of the Pasco Basin, the basalt flows are essentially
horizontal with only slight regional dips. To the west and
south, the lava flows have been folded into a series of
prominent, easterly-trending, linear, anticlinal ridges
(Figure 2.5-4). The geologic history of the Columbia
Plateau has been synthesized by Davis (Washington Public
Power Supply System, 1977a;- and Appendix 2.5-N). The
following discussion is taken primarily from Davis'nalysis.
Pre-Cenozoic

The pre-Cenozoic rocks of the Columbia Plateau are buried by
the Columbia River basalts. The northern Columbia Plateau
boundary area is underlain by a pre-Tertiary basement
complex of plutonic and metamorphic rocks. These
crystalline rocks form the mountainous highlands to the
north and west of the Plateau, and are exposed below the
Tertiary strata of the Plateau itself in the Columbia River
canyon. These rocks include the Swakane Biotite Gneiss,
Chelan Batholithic Complex, Methow Gneiss, and the Okanogan
Batholithic Complex.

The absence of exposure of pre-Tertiary rocks in the plateau
area has contributed to the concept of the Columbia
Embayment, a convex-eastward embayment centered on the
Columbia River between Oregon and Washington within which no
"continental" or pre-Tertiary basement rocks should be
found. The concept stems originally from deep resistivity
studies in the area by Cantwell and Orange (1965), although
the resistivity boundaries they drew between inferred
basaltic oceanic and granitic continental crust do not
coincide closely with the postulated Columbia Embayment.

The northwest-trending northern edge of the embayment was
accepted by Skehan (1965) as a boundary between oceanic
crust to the south and continental crust to the north,
because it coincided approximately with a topographic
lineament noted by Raisz (1945) and called by him the
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Olympic-Wallowa lineament (OWL) . The two inferred
features--the surficial topographic lineament and a deeper
crustal boundary--have been linked together in the
literature. This is so despite the fact that regional
gravity surveys across the trace of the proposed lineament
do not support its existence (Danes, 1969; Appendix 2.5L);
that it cannot be confirmed by regional aeromagnetic studies
(Zietz and others, 1971; Washington Public Power Supply,
System, 1977g); and that no offsets or disruptions of any
geologic units along its hypothesized trace in the bedrock
areas of northeastern Oregon have been described (Shannon
and Wilson, 1980; Kendall and others, 1981; Davis in
Appendix 2.5-N) .

Previous analyses of the Columbia Embayment and the nature
of the basement beneath it and the basaltic Columbia Plateau
relied almost exclusively on the geologic map distribution
of pre-Tertiary units. Much can be learned, however, about
the distribution of such units in Washin'gton state when the
disruptive effects of late Cretaceous strike-slip faulting
in the northern part of the state are considered. The
Straight Creek fault is particularly important in this
regard. As previously discussed, Misch (1977b) proposed
that a distinctive 'suite of Cascade metamorphic rocks
exposed east of the fault in the Stevens Pass area has been
offset 193. kilometers to the Harrison Lake area of southern
British Columbia. Pre-latest Cretaceous rocks extend 225
kilometers south of Harrison Lake on, the west side of the
fault. If Jurassic ophiolitic rocks exposed southeast of
Mount Rainier at Rimrock Lake (Tieton Reservoir) lie west of
the fault as well, as seems likely, then pre-latest
Cretaceous rocks extend 322 kilometers to the south of
Harrison Lake.

When right-slip along the Straight Creek fault is reversed
by 193 kilometers to bring the Stevens Pass and Harrision
Lake areas into juxtaposition, it becomes apparent that
pre-latest Cretaceous rocks on the east side of the fault
must extend as far south of Stevens Pass as they do on the
other side south of Harrison Lake, i.e., 140 to 322
kilometers. In other words, rocks of this age must underlie
the western Columbia Plateau at least as far south as the
present Columbia River, and apparently well into north-
central Oregon (Washington Public Power Supply System,
1977a) .

Thus the portion of the Columbia Embayment east of the
Cascade Range is apparently underlain by basement oceanic
crust and associated sedimentary rocks. Additional evidence
for this conclusion is the widespread distribution in
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western and central Washington of such rocks. Pre-Swauk
Mesozoic units southeast of Stevens Pass (east side of
Straight Creek fault) consist of the east-striking Ingalls
"ophiolite" containing serpentinite, late Jurassic gabbro,
and structurally associated chert, slate, and mafic volcanic
rocks (Miller, 1977a, oral communication, and Miller,
1977b). The chert yields upper Jurassic radiolaria. This
oceanic assemblage is believed to have been thrust northward
(obducted) across the crystalline core of the Cascades.
Structural emplacement occurred prior to intrusion of the
Mount Stuart batholith, 88 m.y. ago (Miller, 1977b).
Similar late Jurassic oceanic rocks occur farther south on
Manastash Ridge, near Cle Elum (also probably east of the
Straight Creek fault) (Hopson and Mattinson, 1973;
Southwick, 1974) .

On the west side of the Straight Creek fault in Snohomish,
Skagit, and King Counties, assemblages of marine clastic
rocks, radiolarian ribbon chert, volcanic rocks, and minor
lenses of limestone yield Tithonian and lowermost Cretaceous
(Neocomian) fossils (Danner, 1966). These rocks originally
lay southwest of Hanford but have been offset to their
present location by movement along the Straight Creekfault. Their offset counterparts east of the south-
projected Straight Creek fault should now lie just north of
the Columbia River in the general vicinity of Goldendale
Washington. The Rimrock Lake Jurassic ophiolitic assemblage
has been described by Vance and others (1980). In north-
central Oregon, Jurassic argillites were encountered in
Chevron's Kirkpatrick well just north of Condon. The-
argillites underlie a Tertiary Section (Columbia River
Basalts, John Day Formation, Clarno Formation) that is
approximately 2200 feet thick (S. Reber, Chevron Oil
Corporation, personal communication to G. A. Davis, 1977).

Although strike-slip displacement along the Straight Creek
fault appears to clarify the nature of basement beneath the
Columbia Plateau, the trace of the element south of
Snoqualmie Pass is unclear. In extending major right-
lateral str*ike-slip fault zones from northern Washington
southward into the Columbia Plateau, problems are
encountered in north central Oregon. Here the northeastern
trend of pre-Tertiary inliers and structural elements
appears to be unbroken across the southern edge of the
embayment. Regional gravity anomalies in central and
northeastern Oregon parallel these geologic trends and also
appear to be- unbroken (Thiruvathukal, 1970). Because of
these relations, the Columbia Embayment probably did not
exist at the time of Straight Creek, Ross Lake, and related
strike-slip faulting. Prior to latest Cretaceous time, the
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Mesozoic continental margin in Oregon is thought to have had
a more north-south trend than its present NE-SW position.
Clockwise rotation of this margin is judged to have occurred
after regional strike-slip faulting to the north.

Cenozoic

Between 40 and 20 million years ago volcanic arc activity
related to eastward subduction of oceanic lithosphere
beneath western North America was widespread. Such activity
affected the central longitudinal third of Washington, most
of Oregon with the exception of coastal and northeasternmost
areas, and all of what is now the Great Basin (Snyder and
others, 1976; Armstrong, 1979). Coney (1979) describes this
time period, particularly in the Great Basin area, as one of
(1) great ash-flow or ignimbrite eruptions from caldera
centers, and (2) the development of amphibolite-grade
metamorphic-mylonitic complexes at relatively shallow
crustal levels (i.e. into Paleozoic and Mesozoic strata;
e.g. Compton and others, 1977). Some of these complexes are
now dated as Mesozoic in age, e.g. the Whipple Mountains of
southeastern California (Washington Public Power Supply
System, 1977a). Loring (1976) has documented widespread
examples of Oligocene normal faulting of variable trend
(north-south to east-west) within Utah and Nevada.
Topography suggests that tectonic activity was generally
subdued. A paucity of Oligocene and early Miocene
sedimentary rocks in the Great Basin suggests that there
were few major basins for sediment entrapment during that
time (Christiansen and McKee, 1979). Sheet-like late
Oligocene — early Miocene (25 to 20 m.y.b.p.) ignimbrites
mantled a topography of low relief over extensive areas.

The Oligocene to early Miocene history of the Columbia
Plateau is obscured by its cover of Columbia River basalts
and younger units, but the history of the Blue Mountains
during this time period is at least partly decipherable.
The Blue Mountain province was deformed at some time after
Eocene arc volcanism (Clarno Fm.), but prior to Columbia
River basaltic volcanism. Before deposition of overlying
Picture Gorge basalts, Clarno strata were locally folded as
steeply as 60o on the northern limb of the east-west
trending Aldrich Mountain anticline, the structural axis of
the western Blue Mountains (Thayer G Brown, 1966). Robyn
(1977) suggests that this deformation occurred between 25
and 20 m.y.b.p., but his older age limit is not well
constrained. Xf folding was earlier, deposition of the
Oligocene ( 36 m.y.b.p.) to Early Miocene John Day Formation
may have been limited to the south by the high-standing Blue,
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Mountains block (Thayer and Brown, 1966), and partly
controlled by synchronous folding in the basin of
deposition. According to McKee (1972, p. 236-237):

The John Day Formation appears to be thickest near the
centers of northwest-trending synclines. The folds
are, in part, younger than the Columbia River Basalt,
as that unit has been warped by the folding. The
thickness data from the John Day strata suggest that
the same folds existed in the Oligocene and that
deformation along northwest-trending lines has been
going on for at least 30 million years.

Supporting evidence for early folding (pre-Columbia River
Basalt) is inferred by the occurrence of the Blue Mountains
anticline along the northern edge of the John Day basin.
This major fold constituted a topographic barrier in middle
Miocene time and separated flows of the lower Yakima and
Picture Gorge Basalts (Nathan and Fruchter, 1974), the
oldest Columbia River basalts.

Plateau folds and parallel faults, usually with thrust or
reverse fault geometries appear to have begun to develop
during the extrusion of Miocene Columbia River basalts from
fissures farther east. The best evidence for the earliest
recognized deformation, that of late Grande Ronde time after
nearly 85% of the basalts had been extruded (Camp and
Hooper, 1980), is the work of Beeson and Moran (1979) in the
northern Cascades of Oregon. They report that folds
trending N 40o - 65oE began to develop during youngest
Grande Ronde time. At some localities pillow lavas and
sedimentary interbeds of this age are restricted to
synclinal troughs and anticlinal volcanic sections are
abbreviated. Similarly at the northern edge of the Columbia
Plateau, in the Wenatchee Mountains of Washington, the
Vantage Member of the Ellensburg Formation (post-Grande
Ronde Basalt, pre-Frenchman Spring Member of Wanapum Basalt)
thins toward the crest of Naneum Ridge anticline (Rockwell,
1979, p. IV-16) .

Evidence for deformation during Wanapum time, approximately
14.5 to 13.6 m.y.b.p., is geographically more widespread.
Again, in the northern Oregon Cascades, Beeson and Moran
(1979) found evidence for uplift, northeast-southwest
faulting, and erosion of the Frenchman Springs member of the
Wanapum Basalt prior to deposition of Priest Rapids flows
(also Wanapum Basalt). In the Pasco Basin area, strati-
gr'aphic and geochemical studies by geologists of the
Rockwell Hanford group (Reidel and others, 1980; Rockwell,
1979) indicate that the Saddle Mountains structures began to
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form in late-Grande Ronde time, ca. 14.5 m.y. ago. Thinning
of Frenchman Springs flows has been noted across the
northwest-trending Smyrna anticline on Saddle Mountain. The
distribution of overlying flows of the Roza Member of the
Wanapum Basalt on Saddle Mountain suggests east-west folding
or arching during their deposition.

Evidence for post-Wanapum deformation is widespread.
Bentley and others (1980, p. 59) state that "broad,
structurally controlled basins had become noticeable at the
onset of Saddle Mountain time, about 13 - 13.5 million years
ago." They report that anticlinal ridges were locally high
enough to confine flows of the oldest member of the Saddle
Mountain Basalt, the Umatilla Member. These flows thin over
the present site of the Rattlesnake Hills, suggesting" that
this fold structure began to form at the close of Wanapum
time (Rockwell, 1979). The thinning of flow units across
Saddle Mountain noted above continued to occur until
Elephant Mountain time (ca. 10.5 m.y.b.p.), enabling Reidel
and others (1980) to conclude that the rate of uplift of
this structure between 14.5 and 10.5 m.y.b.p. was
approximately 128 feet/million years.

In the latter area, just east of the Yakima River, steeply-
dipping Wanapum basalts (as young as the Priest Rapids
Member) are overlain with angular unconformity by flat-lying
Selah conglomerates (Bentley, 1977, p. 364). The conglomer-
ates are older than the 12 m.y. old Pomona Member of the
Saddle Mountains Basalt.

Somewhat similar relations are reported by Bentley (1977,
p. 377) and summarized by Rockwell, (1979, p. III-166) from
the Filey Road area of eastern Umtanum Ridge. Here, 3
kilometers west of Priest Rapids Dam, Grande Ronde and
Wanapum basalts, including the Priest Rapids Member of the
latter, were tightly folded, overturned, reverse faulted,
and eroded prior to the deposition of fanglomerates across
them. The fanglomerates intertongue northward with fluvial
sediments of Selah age that underlie the Pomona Member., The
Pomona basalt in this area is described as relatively unde-
formed (Rockwell, 1979, p. III-166 and also their Figure
III-73) .

Farther east, Goff and Myers (1978) also conclude that most
deformation of Umtanum Ridge occurred prior to Saddle
Mountain time, but the distribution of the 10.5 'm.y. old
Elephant Mountain basalts around the eas,tern end of the
structure suggests to them that some folding continued
through Elephant Mountains time. Bentley (1977, p. 374)
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states that more than 1200 ft. of structural relief has
developed at the eastern end of Umtanum Ridge since the
extrusion of Elephant Mountain lavas.

Despite some evidence for deformation of parts of the
Columbia Plateau prior to extrusion of the 12 m.y. old
Pomona lavas, most deformation affecting the Columbia
Plateau and the adjacent Blue Mountains province is
post-Pomona in age. In the Blue Mountains, strong
north-south compressional deformation postdated the
extrusion of Columbia River basalts, but preceded eruption
of the- widespread tuff member of the Rattlesnake Volcanics
by 6.6 m.y.b.p. (Thayer and Brown, 1966; Robyn and others,
1977; Robyn, 1977) . Robyn (1977) assigns an age of 10 to 7
m.y.b.p. for this compressional event. Renewed folding 'and
rupturing of the north flank of the Aldrich Mountain anti-
cline generated the east-west trending John Day fault.
Northeast and northwest-striking fractures and strike-slip
faults formed contemporaneously in the northern footwall of
the fault as a conjugate response to north-south shorten-
ing. Only minor compression and igneous activity (silicic
intrusions and basaltic volcanism) have occurred in the
eastern Blue Mountains since 6.6 m.y.b.p. (Robyn, 1977).

- In Washington, the widespread folding of the Elephant
Mountain Member of the Saddle Mountains Basalt in the Pasco
Basin area demonstrates major plateau deformation younger
than the 10.5 m.y.b.p'. age of the member. Rockwell (1979,
p. IV-17, IV-20, 21) conclude that most deformation in

the'ascoBasin area occurred between 10..5 and approximately 5.
m.y.b.p., although the younger age limit is not
well-controlled.
In many areas, late Quaternary deposits rest directly on
deformed Miocene basalts, with a resultant hiatus in the
geologic record of the region of up to 16 million years;
accordingly, there is a problem in establishing an upper"limit for most plateau folding and associated faulting
because of the incomplete'liocene and Quaternary
stratigraphic record of the plateau area.

Pliocene stratigraphic units (ca. 5 to 1.8 m.y.b.p. old) are
preserved in the northern and central Pasco Basin area
(Ringold Formation), the Yakima-Ellensburg area (upper
Ellensburg Formation), and in southwestern portions of the
Washington plateau (Simcoe Volcanics). Geologists working
on the plateau have differed on the duration of plateau
deformation affecting these units, largely because of the
lack of precise age controls on them. For example, in the
northern Pasco Basin dips of beds in the upper part of the
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Ringold Formation (5.1 - 3.3 m.y.b;p., Rockwell, 1979) are
very gentle (Figures 2.5-36 and 2.5-37) . This relation may
indicate waning deformation (Rockwell, 1979, IV-21) since
lower Ringold strata on the flanks of Saddle Mountain to Che
north dip as steeply as 40o (Washington Public Power
Supply System, 1977h, p. 2RH 8-6) . However, since basalts
beneath the gently dipping Ringold sediments also dip
gently, the areal differences in Ringold dips may reflect
spatial rather than temporal factors.
Subsurface studies by Webster and Crosby prepared for Golder
and Associates, 1981 of lower and middle Ringold sediments
that lie across the buried southeastern end of the Gable
Mountain 'anticline indicate that older Ringold sediments on
the flanks of the structure dip more steeply than younger.
Golder's data suggest that broad arching of Ringold
sediments continued into the Pliocene.

Pliocene fanglomeratic deposits in areas between Yakima and
the Kittitas Valley, e.g. the Thorp Gravel, have recently
been assigned to the upper Ellensburg "Formation" (Washington
Public Power Supply System, 1977h) or "group" (Bentley,
1977). Statements made in the two 1977 papers about the
significance of these deposits to the dating of plateau
deformation are, however, somewhat at variance. Bentley
states (1977, p. 355) that "major deformation" occurred
along Manastash Ridge "after some coarse basaltic
fanglomerates of the Thorp (? ) Gravel were deposited".
Elsewhere Bentley (1977, p. 352) states that Thorp (?)
conglomerates on the north flank of the Manastash structure
dip only 3 — 5o. The inclined conglomerates are truncated
by an early (?) Pleistocene pediment surface capped by
gravels. The age of the Thorp (?) unit is not known,
although tephra layers in upper Thorp Gravels in Kittitas
Valley have yielded fission track and K-Ar ages of 3.7 to
4.8 m.y.b.p. (Waitt, 1979a). From such relations, Bentley
(1977, p. 339) derives the conclusion that "the majority of
the 'ridges'ose in Pliocene-pleistocene times" (6 to 1.5
moyobepo )

Thorns and others (in Washington Public Power Supply System,
1977h, p. 2RH 8-3) however, although favoring local deposi-
tion of upper Ellensburg deposits "during or after" ridge
uplift, take a different view of the significance of these
deposits:

The regional significance and age of these deposits is
poorly understood. Most deposits are undeformed; only
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on the west end of Smyrna Bench (Saddle Mountain) and
in the Kittitas Valley do small dip slip faults cut
these deposits.

Elsewhere, (Washington Public Power Supply System, 1977h, p.
,2RH 8-12) Thorns and others conclude that the "age of
deformation in the area of investigation is dominantly
post-Elephant Mountain and pre-Thorp Gravel. Some deforma-
tion along the cores of the anticlines may be slightly older
and minor tilting of pediment surfaces may be younger, but
the majority of the deformation (faulting and folding) must
have occurred between these two dates".

Their conclusion is, in turn, questioned by Rigby and
Othberg (1979) who report that Ellensburg sedimentary rocks
younger than Columbia River basalts (their "supra-basalt
Ellensburg Formation" ) are deformed widely in the Yakima
area:

The deformation exhibited by the supra-basalt
Ellensburg Formation indicates that the large-scale
uplift and. deformation of the basalt ridges in the
western Columbia Basin occurred after most, if not all,
of these sediments had been deposited, or late Miocene
to early (?) Pliocene in age.

Basalt terrace gravels preserved in valleys in the Yakima
area are interlayered with and overlie supra-basalt
Ellensburg sediments. The gravels, which according to Rigby
and Othberg resemble the Thorp Gravels of the Kittitas
Valley, exhibit near vertical to overturned dips at locali-
ties along Ahtanum Ridge, in the foothills of Cowiche
Mountain, and in Yakima. Unfortunately, the age of these
gravels is not known, although Rigby and Othberg (1979)
suspect th'ey may be broadly coeval with the Thorp gravels.
They believe (p. 23) that some of the terrace gravels:

...were deposited before deformation began, while
others were deposited for some time after deformation
occurred. Deformation of this part of the Columbia
Basin, at least, apparently came to an end sometime
during deposition of this gravel unit.

Pliocene and Pleistocene lavas are widespread in the
southwestern corner of the Washington portion of the
Columbia Plateau. The relations of these lavas, the Simcoe
volcanics, to plateau fold and fault structures are
instructive. According to Bentley and others (1980, p. 60):
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Eruptions of basalt and related lava began in the
Simcoe volcanic field probably during early Pliocene,
about 4-5 million years ago. Much of the deformation
of the area had been completed before these eruptions,
although some flows appear to have been tilted by later
folding. The eruptions, which may have taken place
over a 2-4 million year period, produced a broad
continuous basalt field dotted with cinder cones.

Disagreement exists in the literature concerning the
relative age of east-to-northeast-trending anticlines and
northwest-striking, high angle faults in this part of the
plateau. One such fault appears to cut a 4.5 m.y. old
Simcoe flow, but is overlapped by a flow dated at 3.5
m.y.b.p. (Shannon and Wilson, 1973d) . Shannon and Wilson
(1973c) interpret the 4.5 to 3..5 m.y. old fault as being
synkinematic with formation of the Columbia Hills and Horse
Heaven anticlines, but studies by Anderson (1980) and
Bentley and others (1980) indicate that the northwest-
striking cross faults are younger than the folds (see also
Rockwell, 1979, p. Xl-84, 85).

The Pleistocene stratigraphic record on the plateau is
generally represented by poorly dated glacial deposits,
flood gravels and associated sediments, and loess (Rigby and
Othberg, 1979). The extent of involvement of these units in
plateau folding is uncertain, in part because they tend to
be best preserved in basins between major folds, and in part
because of their youthfulness and the likelihood of low
plateau strain rates.

All workers appear to agree that the uplift of Yakima Ridge
ended prior to one million years ago, since the undeformed
Tieton Andesite (K/AR age of 1.0 + 0.1 m.y.b.p.) lies in. an
erosional reentrant across the truncated northern flank of
the anticline (Rockwell, 1979, p. XX-77) . Bentley (1977a,
p. 354) concluded that most of the deformation along nearby
Manastash Ridge occurred prior to the development of the one
million year old Thrall pediment surface on its north flank.
Fault displacements of Quaternary age, unknown in 1977 at
the time of submittal of Amendment 23 to the WNP 1/4 PSAR,
have since been recognized in four areas of the Plateau: 1)
Toppenish Ridge, approximately 85 kilometers west of the WNP
1-2-4 site (Campbell and Bentley, 1980; Woodward-Clyde
Consultants, 198la); 2) about 45 kilometers southeast of the
site, from the vicinity of Wallula Gap on the Columbia River
southeastward'o the Walla Walla/Milton-Freewater area
(Shannon and Wilson, 1980); 3) approximately 18 kilometers
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north of the site on the eastern end of Gable Mountain; and
4) approximately 93 kilometers east of the site on the
northern flank of Ahtanum Ridge at Union Gap.

Quaternary

The oldest definitely Quaternary sediments, the older flood
gravels at the Badger Coulee and Kennewick areas, were
deposited between 605 and 130,000 years ago, and probably
about 200-225,000 years ago. The contact between these
older gravels and the units they overlie has not been seen,
but presumably they lie on basalts. If gravels of similar
age exist in the center of the Pasco Basin, they presumably
lie on Ringold Formation.

Badger Coulee was formed by the ancestral Columbia River
after deposition of the Columbia River basalts, according to
Bunker (1980). Subsequent to its formation, flood'ravels
were deposited in it at least 130,000 years ago, and then it
was abandoned as a regular course of the Columbia River. It
is not known when the abandonment occurred, since the deposi-
tion of the gravels may have been either a catastrophic
event or may have occurred over a longer depositional period.

The central part of the Pasco Basin, occupied by the Hanford
works, remained as a depression filled by Ringold deposits,
at least since Pliocene time.

Loess deposits were accumulating during the Bull Lake and
Pinedale glaciations.
A major flood came down the Snake River when Lake Bonneville
was suddenly drained between 18,000 and 30,000 years ago.
So far, deposits definitely attributable to that flood have -.

not been positively identified.
Towards the end of the Pinedale glacition, damming of the
Columbia River by the Pend Oreille ice lobe caused the
formation of glacial Lake Missoula which drained cata-
strophically when the ice dam was breached. Massive erosion
o f basalt bedrock and the overlying Ringold Formation
occurred as the flood spilled across the Palouse slope and
through the Pasco Basin. Vast deposits of flood gravels
were left in the lower parts of the flood channels, while
the fine grained Touchet beds were deposited widely
throughout the basin, but especially in tributary basins
such as Walla Walla and Yak ima.

At least two such late Pleistocene floods are known to have
crossed the region between about 18,000 and 13,000 years
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ago. The formation of the ubiquitous clastic dikes took
place during flooding and accompanying deposition of-the
Touchet beds.

Volcanic activity in the Cascade Mountains has produced
tephra falls from Mount Mazama, Mount St. Helens, and
Glacier Peak at least during the Quaternary. The
stratigraphy of the tephra units and the sources to which
they are attributable has only been determined for the last
20,000-30,000 years. Eruptions from these three volcanoes
has allowed the timing of the late Pleistocene flooding to
be constrained.

Subsequent to the last flooding, about 13,000 years ago,
severe erosion of the unconsolidated, fine-grained flood
deposits took place over a period of 1,000 to 2 000 years,
prior to the deposition of a Glacier Peak tephra between
11,000 and 12,500 years ago.

Deposition of loess continued from the time of the last
great flood 13,000 years ago right up to the present day.
Active dunes may be seen in the central part of the basin.

2. 5.1. 2. 2 S trati gr aphy and Lithology

The stratigraphy of the site region is shown in Figure
2.5-10.. The nomenclature is taken from Rockwell (1979) .
The rocks in the site region (Figure 2.5-4) consist
predominantly of basalt flows but include some interflow
sediments, and a sequence of fluvial, lacustrine, and eolian
sediments overlying the basalts., The following is a brief,
lithologic description of the principal stratigraphic
units. For more detailed discussion, refer to Rockwell
(1979) .

Volcanic Rocks

The Yakima Basalt subgroup (Miocene) is the principal
exposed rock unit in the Columbia Plateau (Figure 2.5-2) .
Xt consists of individual flows ranging in thickness from 50
to 150 feet. The older Picture Gorge Basalt unconformably
underlies the Yakima basalts in northeastern Oregon. Some
Yakima basalt flows are extensive, one covering an estimated
51,800 square kilometers (Bingham and Grolier, 1966) . The
maximum thickness of the Columbia River Group is unknown.
Only the upper 2,000 feet of Yakima Basalts have been
studied in detail (Bingham and Grolier< 1966). An
exploratory well near Odessa, 161 kilometers north of
Richland, penetrated 4,500 feet of basalt. Raymond and
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Tillson (1968) reported 10,000 feet of volcanics in the
Rattlesnake Hills well on Rattlesnake Mountain, most of.
which may not be Columbia River basalts.
The general character of the Yakima Basalt is dark gray to
black, very dense, fine-grained, and commonly vesicular or
scoreaceous at the bottom and top of individual flows. Some
flows have physically distinctive features but generally
these features do not extend laterally for great distances.
The homogeneous appearance of the individual flows and the
limited areal extent of some have made corre'lations diffi-
cult and sometimes tenuous. However, correlation based on
geophysical logging and chemical composition appears to have
successfully delineated some upper flow members in the Pasco
Basin.

Columbia River Basal't Group

This section contains a brief description of the five
formations generally, recognized within the Columbia River
Basalt Group (Swanson and others, 1979b) .

Imnaha Basalt and Picture Gorge Basalt

The two basal formations of the Columbia River Basalt Group,
as defined by Swanson and others (1979b), are the Imnaha
Basalt and Picture Gorge Basalt (Figure 2.5-10). Flows of
Picture Gorge Basalt are confined to the vicinity of the
John Day Basin in northcentral Oregon and were extruded from
feeder dikes comprising the Monument swarm (Waters, 1961;
Wilcox and Fisher, 1966; Fruchter and Baldwin, 1975).
Outcrops of Imnaha Basalt are confined to southeastern
Washington, northeastern Oregon, and adjacent Idaho, where
known source dikes are exposed (Taubeneck, 1970; Kleck,
1976) .

Flows of Imnaha Basalt are generally coarse grained and
phyric. In the vicinity of the type locality (Taubeneck,
1970; Hooper, 1974; Kleck, 1976; Swanson and others, 1979b),
Imnaha Basalt has a thickness of about 1,500 feet and is
composed predominantly of flows of normal polarity.
Grande Ronde Basalt

The Grande Ronde Basalt (Figure 2.5-10), the oldest
formation of the Yakima Basalt Subgroup, was extruded
between 14.5 and 15.4 million years ago. Its type locality
is a prominent west-trending spur ridge in the lower part of
the Grande Ronde River Valley, Asotin County, extreme
sou theas ter n Washington (Camp and o ther s, 1978; Swanson and
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others, 1979b) . 'lhe character of Grande Ronde Basalts at
the type locality was discussed in detail by Camp (1976),
Price (1977), Reidel (1978a), and Ross (1978) .

The Grande Ronde Basalt is the most extensive unit of the
Columbia River Basalt Group and underlies most of the
Columbia Plateau. It is also the most voluminous unit,
comprising 85 percent of the basalt group (Swanson and
Wright, 1978). Known feeder dikes for these basalts
(Taubeneck, 1970; Price, 1977; Swanson and others, 1975) are
exposed in the southeastern part of the plateau. Along the
plateau margin, the formation laps onto an irregular
erosional surface.

The known thickness of the Grande Ronde ranges from tens of
feet along the margin of the plateau to more than 3,000 feet
in the Rattlesnake Hills well (Raymond and Tillson, 1968;
ARHCO, 1976). Within the plateau, the thickest exposures of
Grande Ronde average 2,500 feet. Sections generally
comprise 30 to 40 flows (Swanson and others, 1979b).

Most Grande Ronde flows are fine grained, aphyric, black,
and dense. Rarely, plagioclase and clinopyroxene
phenocrysts are visible in hand specimen, and
microphenocrysts of those minerals are apparent in thin
section.

To date, the only consistent "regional" subdivisions of the
Grande Ronde are four magnetostratigraphic units defined on
the basis of dominant magnetic polarity (Swanson and Wright,
1976). These units, in ascending order are: reversed-one
(Rl), normal-one (Nl), reversed-two (R2), and
normal-,two (N2). This magnetic stratigraphy, first
determined from detailed and reconnaissance mapping in
southeastern Washington (Swanson and others, 1977), has been
found to hold throughout the area.

The contact of the Grande Ronde with the underlying Imnaha
Basalt is well exposed in the Tri-state area. The contact
is conformable, and there is no evidence of a major time
break (Bond, 1963; Holden, 1974; Camp, 1976; Price, 1977;
Reidel, 1978a; Swanson and others, 1979b).

The contact between the Grande Ronde Basalt and the older
Picture Gorge Basalt is exposed only in central Oregon. The
relationship between these formations has been studied in
detail by Nathan and Fruchter (1974). They have shown that
upper flows of the Picture Gorge Basalts interfinger with
lower Grande Ronde flows of the Nl magnetic unit.
Interfingering of Grande Ronde Basalt and Picture Gorge
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Basalts indicates that the formations are, in part, coeval.
Consistent with this interpretation, K-Ar dates indicate an
age of about 16 million years for each unit (Watkins and
Baski, 1974) .

The contact between the Grande Ronde and the younger Wanapum
Basalt commonly is marked by a zone of weathering, or by a
thin sedimentary interbed (Mackin, 1961; ARHCO, 1976;
Swanson and others, 1977).

Wanapum Basalt

The Wanapum Basalt (Figure 2.5-10) is the middle formation
of the Yakima Basalt Subgroup (Swanson and others, 1979b) .
Its designated type locality is the nearly continuous
exposure along the east side of the Columbia River near
Wanapum Dam. The type Wanapum has been described by Mackin
(1961) and in mor'e detail by Myers (1973) .

The Wanapum Basalt is the second most voluminous of the
basalt formations, comprising about 15 percent of the
Columbia River Basalt Group. Although its volume is
considerably less than that of the Grande Ronde, the Wanapum
is the most extensively exposed of the five formations and
covers 80-90 percent of the central part of the plateau
(Swanson and Wright, 1978) .

The Wanapum Basalt consists mainly of medium grained,
olivine-bearing, and slightly to moderately plagioclase-
phyric flows. Known Wanapum feeder dikes are exposed in the
southeastern part of the plateau (Price, 1977; Swanson and
others, 1977).

The Wanapum currently is described in terms of four
members: Eckler Mountain; Frenchman Springs; Roza; and
Priest Rapids (listed oldest to youngest) (Swanson and
others, 1979b). All but the Eckler Mountain Member cover
large parts of the region.
Saddle Mountains Basalt

Saddle Mountains is the youngest formation in the Columbia
River Basalt Group and comprises 10 recognized members
(Figure 2.5-10) . Saddle Mountains flows in the vicinity of
the type locality, an anticlinal ridge located in
south-central Washington, have been described by Mackin
(1961), Bingham and Grolier (1966), and Schmincke (1967a) .

The Saddle Mountains Basalts were extruded between 13.5 and
6 m.y. ago, predominantly from fissures in the eastern and
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east-central part of the plateau (Swanson and others,
1979b) . Despite the 7 m.y. accumulation period of this
formation, it comprises less than one percent of the volume
of the 'Columbia River Basalt Group. Saddle Mountains time
was marked not only by waning volcanism, but by the
development of thick, local, sedimentary deposits between
flows, and by folding and canyon cutting (Swanson and
Wright, 1978). Consequently, the contact between Saddle
Mountains Basalt flows and older basalt units is generally a
regional disconformity with local angular and erosional
unconformities in areas of earlier ridge or basin
development.

The Saddle Mountains have been subdivided into 10 members,
listed from oldest to youngest as: Umatilla, Wilbur Creek,
Asotin,'eissenfels Ridge, Esquatzel, Pomona, Elephant
Mountain, Ward Gap, Buford, Ice Harbor, and Lower Monumental
(Swanson and others, 1979b) . Members of Saddle Mountains
Basalt display the greatest petrographic, chemical, and
paleomagnetic variability of any formation of the Columbia
River Basalt Group.

Ellensberg Formation

The thickness and areal extent of basalt interbeds within
the Columbia River Group are variable. Interbeds,.which are
more common in the upper portion of the group, range in
thickness Crom 5 to 130 feet and are generally composed of
tuffaceous sand, clay, or silt. Some interbeds probably
represent lacustrine environments during interflow periods.
Other interbeds are characterized by highly altered and
weathered basalts displaying poorly developed soil profiles
which reflect periods of weathering and landscape stability
between succeeding flows. The Ellensburg Formation under-
lies and intertongues with the Yakima Basalts (Figure
2.5-10) (Bentley in Washington Public Power Supply System,
1977d) .

The Ellensburg contains material derived from three distinct
sources: volcaniclastic material from the Cascade volcanic
range; plutonic, metamorphic, and older sedimentary
material derived from the northern Cascade Range and
adjacent areas north of the plateau; and basaltic material
derived from within the plateau. Volcaniclastic materials
are dominant in the western lithofacies and the middle and
upper part of the section. Plutonic and metamorphic arkosic
materials are most common in the northern and central
lithofacies, and dominate the lithology of the lower part of
the section. Basaltic materials dominate the lithology of
the uppermost Ellensburg, and occur in middle Ellensburg
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units adjacent to basalt ridges. Heavy mineral suites
(Coombs, 1941) and current directions indicate a complex
south and southeast drainage system involving four major
system changes through time. In early Ellensburg time,
marginal streams moved materials southward along the western
edge of the plateau. In middle Ellensburg time, the
ancestral Yakima and Columbia Rivers appear to- have
developed on the plateau and moved materials southward and
southeastward across the plateau forming clastic wedges
along'their courses. In late Ellensburg time, the rising
Cascades Range and Yakima Ridges trapped large volumes of
locally derived materials in subsiding basins. The two
later changes probably are related to continuing uplift.
Ellensburg lithologies include conglomeratic sandstone,
siltstone, claystone, laharic breccia, airfall tuff, loess,
and colluvial breccia. There is no evidence of a single
large fan of Ellensburg materials extending over the western
margin of the Columbia Plateau.

The lower Ellensburg probably is about 17 m.y. old based on
K-Ar dating of lavas. The middle Ellensburg ranges in age
from about 13 to 6 m.y.b.p. The age of the upper Ellensburg
is Pliocene and possibly early Pleistocene. Fission-'track
dating methods yield ages .of 4 to 2 m.y.b.p. (Waitt, 1979a) .

The Lower Ellensburg

The lower Ellensburg consists of all sedimentary material
intertongued with the Wanapum Basalt (middle Yakima) and
Grande Ronde Basalt (lower Yakima) and conformably
underlying the Grande Ronde Basalt. Three members are well
known from the work of Mackin (1961): Quincy Member, a
diatomite and claystone; Squaw Creek Member, a diatomite;
and Vantage Member, a coarse lithic and tuffaceous - quartz
mica sandstone with interbeds of tuffaceous claystone.
These members are intertongued or underlie the Wanapum
Basalt. Other similar interbeds occur at several levels
within the Grande Ronde in the margin area of the Grande
Ronde. The dominant lithologies in the lower Ellensburg are
volcanic and tuffaceous siltstones. On the plateau margin,
hyaloclastites and peperite breccias are common.

The Middle Ellensburg

The middle Ellensburg is a sedimentary sequence intertongued
with the members of Saddle Mountains Basalt (Upper Yakima).It includes the Rattlesnake Ridge, Selah, Beverly, and
Mabton members (Schmincke, 1967b) .
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The middle Ellensberg consists of five lithofacies:
volcaniclastic facies in the western basins; Columbia River
facies near the ancient Columbia River; Yakima River facies
near the ancient Yakima River; local sidestream and slope
facies near rising ridges; and interstream or flood plain
facies away from major stream channels.

The Upper Ellensburg

The upper Ellensburg consists of a sedimentary sequence
deposited in local basins across the western plateau. It is
characterized by basalt detritus derived locally from within
the plateau as the Yakima Ridges reached a stage of maximum
development. Each basin in the western Columbia Plateau has
a different local stratigraphy with different lithofacies
distributions which depend on stream size (mainstreams vs.
sidestreams), local slope conditions, relative tectonic
activity, and. underlying rock types. Intrabasin strati-
graphy has been partially established in the Kittitas,
Ahtanum, and Pasco Basins.

Airfall tuffs (tephras) derived from the Cascade Range are
interlayered with all facies in all basins and probably
offer the best method of intra and interbasin correlation.
In Kittitas Valley, the Thorp Gravel contains tuffs dated by
the fission-track and K-Ar method at 3.7 to 4.8 m.y.b.p.
(Porter, 1976; Waitt, 1979a).

Ringold Formation

In the Pasco and Quincy basins, the Columbia River Basalt
group is overlain by the Ringold Formation (Merriam and
Buwalda, 1917; Newcomb, 1958). Sediments assigned to the
Ringold Formation were deposited in a fluvial/flood plain
environment and consist of stream-channel conglomerates,
point-bar sandstones, fine-grained overbank flood deposits,
and minor lucustrine sediments (Gustafson, 1973). In the
Pasco Basin, sediments of the Ringold Formation accumulated
to a maximum thickness of about 1,181 feet (Newcomb and
others, 1972) .

The Ringold Formation has been divided into five textural
units by Tallman and others (1979): 1) basal gravity; 2)
lower sand, silt, and clay; 3) middle gravel or
conglomerate; 4) upper sand and silt; and 5) a local
fanglomerate facies. The middle, upper, and fanglomerate
units crop out in the Pasco Basin. Information on the
nature and distribution of the basal and lower units is
based only on borehole data. Brown and Brown (1961) suggest
that the basal gravels may be equivalent to interbeds
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beneath younger basalt flows (lower-to-middle Pliocene
Ellensburg Formation) outside the north-central portion of
the Pasco Basin, rather than Ringold deposits. The
fanglomerates occur only along the margins of synclinal
basins adjacent to the basaltic ridges that were the source
for the fan deposits. The fanglomerates are included as
members of the Ringold Formation on the basis of their time
equivalency rather than similarity of depositional
environments (Grolier and Bingham, 1978) .

Based on vertebrate fossils, Merriam and Buwaldo (1917) and
Strand and Hough (1952) assigned a middle to late
Pleistocene age to the sediments exposed in the White Bluffs
locality. Recent paleontological studies by Gustafson
(1973', 1978), however, indicate that the Ringold Formation
is Pliocene in age, based on the occurrence of Balncan fauna
in the upper part of the formation at White Bluffs and of
Hemphilian fauna in the middle Ringold conglomerates.
Woodward-Clyde Consultants (1978b) investigated the
magnetostratigraphy of a 110-m section of the Ringold
Formation along the White Bluffs at Parsons Canyon. The
lower 66 feet of the section, which includes approximately
16 feet of middle Ringold conglomerate overlain by upper
Ringold sediments, has a normal magnetic polarity., The
overlying 90 m of section exhibit reversed magnetic
polarity. The section is capped by calcrete and 'loess that
are df normal magnetic polarity. Rockwell (1979) suggest
that the polarity reversal and faunal evidence indicate that
deposition of the upper Ringold unit took place during the
Gilbert Reversed Epoch. This implies an age of 3.32 to 5.12
moyobop

In the Pasco Basin, the Ringold Formation is interpreted to
be tectonically deformed (McConiga, 1955; Brown and
McConiga, 1960, Grolier and Bingham, 1978; Routson and
Fecht, 1979; Tallman & others, 1979) . The lower units of
the Ringold Formation are more deformed than the upper
units, and the gradual decrease in dips upward in the
Ringold section suggests syndepositional folding.
Basal Gr ave 1

The basal Ringold gravel, which overlies the Columbia River
Basalt, is present throughout most of the subsurface of the
Pasco Basin (Rockwell, 1979) . The conformability of the
basal gravel and the underlying basalt is unknown in most
areas, but in the Cold Creek syncline it is generally
considered to be conformable (Routson and Fecht, 1979;
Tallman and others, 1979). The thickness of the deposits
varies from as much as 98 to 328 feet (Routson and Fecht,
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1979) to less than 7 feet (Rockwell, 1979) where the
desposits probably pinched out against already existing
basalt highs. The relatively uniform thickness of this unit
across the axis of the Cold Creek syncline suggests that the
sediments were deposited on a relatively undeformed surface
prior to major deformation of the syncline (Tallman and
others, 1979) .

The basal Ringold unit is primarily composed of gravel
supported by a coarse- to fine-sand matrix. The pebble-
cobble fraction is primarily composed of basalt, but also
includes quartzite, metamorphic rocks, granitic rocks, and
other lithologies that have sources outside the Pasco Basin
(Tallman and others, ~ 1979). The sediments were depositeed
by slope wash on basalt surfaces and via drainage through
the Pasco Basin.

Lower Sand, Silt, and Clay

The basal Ringold gravel is overlain by silty
coarse-to-medium sand to sandy silt containing stringers of
coarse to fine pebbles. These deposits were referred to as
the "blue clays" by Newcomb (1958). The sediments are
composed primarily of quartz, feldspar, mica, chlorite, and
smectite. Where observed in cores beneath the Hanford Site,
th'is unit is brown to tan in color and is finely bedded to
massive (Tallman and others, 1979). These sediments appear
to have been deposised in a low energy floodplain or
lacustrine environment.

The unit is present throughout much. of the Pasco Basin,
except the area around and immediately south of Gable
Mountain and Gable Butte (Tallman and others, 1979;
Rockwell, 1979) . The unit ranges in thickness from zero,
where it pinches out against the flanks of anticlinal ridges
to greater than 328 feet in the Cold Creek syncline
(Rockwell, 1979). The thickening of these deposits in the
Cold Creek syncline suggests that deposition took place
during and/or after deformation of the basin (Tallman and
others, 1979) . The elevation of the upper surface of this
unit generally decreases toward the anticlinal ridges, which
suggests that deformation continued after deposition of the
lower sand, silt, and clay unit (Rockwell, 1979).

Middle Gravel or Conglomerate

The middle Ringold unit, which predominantly consists of
silty sandy gravel, occurs in the subsurface throughout most
of the Pasco Basin, except in the area north of Gable
Mountain (Rockwell, 1979) . Deposits of the middle Ringold
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unit are also exposed along the southern part of the White
Bluffs and at Coyote Rapids. This facies of the Ringold
Formation appears to be limited to the Pasco Basin (Grolier
and Bingham, 1978) The contact between the middle and lower
Ringold units is generally clearly defined. Where the lower
unit is not present, it is difficult to differentiate
between the middle and basal gravel units, which are
compositionally and texturally similar (Tallman and others,
1979) . The thickne'ss of the middle Ringold varies from zero
at the basin margins to more than 328 feet in the central
parts of Pasco Basin (Rockwell, 1979) . Much of the middle
Ringold unit in the western part of the Pasco Basin has been
removed as the result of erosion by normal fluvial processes
and by Pleistocene floods.

The middle Ringold is a conglomerate consisting of
well-rounded pebbles and small cobbles supported by a
relatively well sorted coarse- to medium-sand matrix. The
deposits in the White Bluffs exposure have a massive
appearance with minor imbrication of the larger clasts.
Cross-bedding is common in sand and silt lenses. The
conglomerate is generally moderately to well indurated by
calcium carbonate and silica. Gravel clasts consist of
basalt (derived primarily from nearby Columbia 'River Basalt
sources), quartzite, and metamorphic, granitic, and volcanic
porphyry rocks (derived from sources outside the Columbia
Plateau) .

The middle Ringold sediments were deposited in a high-energy
fluvial environment.

Upper Sand, Silt, and Clay

Sand, silt, and clay of the upper Ringold overlie and
interfinger with the middle Ringold conglomerate in the
northern part of the White Bluffs'xposures. The deposits
are best exposed in the White Bluffs, where they are more
than 394 feet thick. These upper Ringold deposits underlie
the 886 to 984 feet high plateau that extends throughout the
eastern and northern parts of the Pasco Basin. Zn the
subsurface of the Pasco Basin, south and west of the White
Bluffs, the upper Ringold unit has been eroded, and only
remnants up to 148 feet thick occur in buried topographi-
cally low areas, along the Cold Creek syncline (Tallman and
others, 1979).

This unit is composed of well-sorted sand and silt with
minor lenses of fine pebbles. Quartz and feldspar make up
more than 50 percent of the sediments (Tallman and others,
1979). Silt and clay layers are typically horizontally
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bedded with fine laminations, and lack cross-bedded or other
sedimentary structures that would indicate stronger
currents. The sand layers are both horizontally and
cross-bedded. Ripple marks are common. The sediments of
the upper Ringold were deposited in lower energy fluvial and
lacustrine environments. The upper Ringold unit locally
contains diatomite, ash beds, and vertebrate fossils.
Where the Ringold Formation has not been channeled or
otherwise dissected, its upper surface is commonly capped by
a well developed calcrete. At least three other well
developed calcareous soils are present within the upper
Ringold unit that is exposed along the White Bluffs
(Sections 11 and 14, T13N, R27E). These soils are the
result of periods that lasted at lest several tens of
thousands of years during which the Ringold deposits were
exposed to subaerial processes in a semi-arid climate, which
was similar to or warmer than today's climate. A well
developed calcrete horizon was also noted in wells penetrat-
ing the eroded surface of the upper Ringold unit in the
central part of the Pasco Basin (Tallman and others, 1979).

Fanglomerate Unit
'I

Localized occurrences of talus,.alluvial fans, colluvium,
and slope wash on the flanks of anticlinal ridges are
included in the Ringold Formation as a fanglomerate facies
(Grolier and Bingham, 1978). These deposits are best
exposed along the north flank of Saddle Mountains, where
they are as much as 394 feet thick. Thinner deposits,
approximately 3 feet thick, are exposed on the south flank
of Gable Mountain (Rockwell, 1979). In places these
deposits grade into and/or interfinger with eolian and
lacustrine deposits that are considered to be part of the
Ringold Formation (Grolier and Bingham, 1978). The deposits
consist of poorly sorted, angular to subangular pebbles,
cobbles, and boulders of basalt and Ellensburg Formation
sedimentary rocks. In places the deposits are capped by
massive calcrete.
Simcoe Lavas

The Simcoe Lavas or Simcoe Mountains Volcanics cover
approximately 777 square kilometers, mostly to the northwest
of Goldendale, Washington. These lavas unconformably
overlie the Yakima Basalt and Ellensburg Formation and
predate the Pleistocene and Holocene lavas from Mount Adams
and its subsidiary volcanoes. K-Ar dates of Simcoe Lavas
indicate extrusion between 4.5 and 0.9 m.y. ago (Shannon and
Wilson, 1973c).
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Simcoe Lavas are predominantly olivine basalt, with minor
amounts of pyroxene-olivine basalt, rhyolite, and dacite.
Most olivine basalt occurs as thin flows erupted from
northwest trending fissures or from the flanks of numerous
small, shield volcanoes and spatter cones in the area.
Rhyolite, dacite, and pyroxene-olivine basalts occur in a
few small flows and in cinder and spatter cones (Shannon and
Wilson, 1973c).

Tieton Andesite

The Tieton Andesite consists of several flows of hypersthene-
augite andesite which were erupted from vents in the Cascade
Range (Swanson, 1967). Only one flow extends into the
region. This is an intracanyon flow restricted to the
valleys of Cowiche Creek and the Tieton and Naches Rivers
(Rigby and Othberg, 1979; Swanson and others, 1979a) . A
K-Ar date obtained for the Tieton Andesite by Dymond (in
Shannon and Wilson, 1973c) indicates that this lava was
extruded about one million years ago.

Fang lomer a te s

This unit occurs as small isolated outcrops of cemented
basalt gravel on the toe of the Horse Heaven Hills near
Yellepit (Washington Public Power Supply System, 1977i).
'lhe fanglomerate, up to 25 feet thick, consists mainly of
rounded basalt clasts having rinds between 1/4 and 3/4 inch
thick. Gravels of the Kennewick fanglomerate are
compositionally distinct as compared to gravel of
glaciofluvial deposits in the Pasco Basin. The latter
contain up to 60 percent of non-basaltic clasts, and
commonly have thinner weathering rinds or none at all.
Caliche rinds on Kennewick fanglomerate cobbles have been
dated at approximately 21,000 + 4,000 years (personal
communication Dr. T. L. Ku (USC) to Woodward-Clyde
Consultants, 1981) .

Older Loess Units

The fluvial and lacustrine Ringold Formation does not occur
in the eastern Columbia Plateau, where late Pliocene and
Pleistocene deposition was largely eolian (Baker, 1978).
Here the loess sheet provides a more complete Pleistocene
record that Richmond and others (1965) correlate with
Richmond 's (1965) Rocky Mountain glacial chronology.
Richmond regarded the Bull Lake Glaciation to be early
Wisconsinan, and Pinedale Glaciation to be late
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Wisconsinan. Pierce and others (1976) have revised this
correlation and now correlate the Bull Lake Glaciation to
the Illinoian Glaciation (about 125 to 200,000 y.b.p.) .

Pre-Palouse Loess

Baker (1978) recognized Bull. Lake (Pierce and others, 1976)
loess deposits at Marengo, Old Maid Coulee, Macall, and
Revere. These deposits have a well-indurated petrocalcic
horizon consisting of up to 2 feet of approximately
horizontal carbonate laminae overlying an horizon of
carbonate-plugged loess. Baker classifies this as a K
horizon because it contains more than 50% carbonate.

%he fluvial/lacustrine Ringold Formation does not occur in
the same locations as the pre-Palouse loess and the two may,
in part, be time equivalent. Baker (1978) reports at least
three soils within the Palouse loess. Both Upper Ringold
and Bull Lake loesses (Pierce and. others, 1976) have
petrocalcic cappings and both are directly overlain by pale
early Pinedale (Pierce and others, 1976) loess. If the
above soils may be correlated, the loesses of Baker (1978)
may be as old as the 3.3 to 5.1 Ma BP age which is assigned
by Rockwell (1979) to the Upper Ringold on the basis of
Gustafson's (1973, 1978) faunal data and Woodward-Clyde
Consultants'1978b) paleomagnetic data.

A cliff along the Walla Walla River, southeast of Reese, at
a locality referred to as Cummings Bridge by Bretz (1929)
and Bjornstad (1980) exposes an older loess. The cliff at
this locality (NW 1/4, NE 1/4 of Section 2, T6N, R32E,
Zangar Junction quadrangle) is 82 feet high and exposes a
thick sequence of late Pleistocene flood deposits. At the
south end of this exposure basalt is overlain by an older
loess that has a petrocalcic soil over 3 feet thick. The
red-brown loess continuously underlies the late Pleistocene
flood deposits along the entire length of the 500-m-longcliff.
No definite correlation has been made between this loess and
the loesses described by Baker (1978) . However, the
presence of the thick K horizon suggests that this loess is
correlative to Baker's pre-Palouse loess.

A number of bone fragments were found just below the
petrocalcic cap overlying this older loess unit. Dr. E. P.
Gustafson assembled the fragments into a single piece, which
he identified as the rear part of a jaw bone. He was not
able to identify the species, but did state that the
condition of the bone suggested that it was Pleistocene and
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definitely not of Ringold age. His statement suggests that
correlation between the loess containing the bone fragments
and Baker's (1978) pre-Palouse loess may be valid.
Palouse Loess

Most of the Columbia Plateau loess is correlated to Bull
Lake Glaciation by Richmond and others (1965), but Pierce
and others (1976) correlate it to the early Pinedale. The
loess has been designated Palouse Formation by Newcomb
(1961). Three separate soil horizons have been observed by
Richmond and others (1965) within the Palouse Formation;
Baker (1978) indicates that there may be others. Each soil
has a well developed textural B horizon, overlying a highly
calcareous Cca horizon that has a platy structure. A major
unconformity separates the Palouse from younger loess, which
Baker (1978) correlates to the late Pinedale Stage. The
color of the younger loess is paler, and it has less well
developed soil, lacking the Cca or K horizons of the older
loesses.

Late Pleistocene Flood Deposits

Glacial lakes that existed along the southern edges of the
Pleistocene ice sheets have been well. documented by many
workers. Catastrophic failures of ice dams retaining
glacial lakes in northern Washington', Idaho, and Montana
have occurred since at least the middle Pleistocene. Bretz
(1923) first postulated that the scabland morphology was
attributable to catastrophic floods coursing across the
tract of land between the Columbia and Snake Rivers and
flowing in a generally southwest direction toward Wallula
Gap.,

Subsequent to Bretz'riginal paper, he insisted against
much oppositio'n that the catastrophic flood theory was the
only valid one that would explain all the geomorphic forms
in what he termed "Channeled Scabland". After many years of
skepticism by other workers, Bretz and-others (1956) set out
to refute every alternative to the catastrophic flood
hypothesis. Baker (1978) gives an eloquent history of this
controversy, which lasted well over 30 years.

The Bonneville Flood Deposits

Bright (1963) and Malde (1968) studied the origins of the
Bonneville flood. Bright (1963) showed that the Bear River
was diverted by a lava flow about 34,000 y.b.p. that
impounded a lake at Thatcher, Idaho. Organic material below
the lava flow gave C14 dates ranging from 23 to 38,000

2.5-51





WNP -2 AMENDMENT NO. 18
September 1981

y.b.p. Continued lava flows formed a barrier higher than
the southern r im of Lake Thatcher. The impounded water
eventually spilled into Lake Bonneville. The resulting rise
of Lake Bonneville caused it to spill over at Red Rock Pass,
approximately 18,000 years b.p., according to Bright
(1963). Malde (1968), however, believes that the rise in
level of Lake Bonneville was brought about by the capture of
th Bear River, and possibly by other factors such as climatic
changes. He gives a minimum age for the Bonneville flood at
29.7+ 1,000 years b.p , on the basis of a C14 date obtained
from molluscs in alluvial deposits younger than the maximum
flood. Recent work by Scott (1978; 1979a, b,; 1980a, b;
1981), however, indicates that Lake Bonneville did not start
to rise to its maximum level of about 5<184 feet until about.
19,000 years b.p. Sudden lowering of the lake took place at
about 14,000 y.b.p. during the Bonneville flood,when the
level dropped from its Bonneville shoreline to its Provo
shoreline at an elevation of 4,790 feet.,

The flood coursed down the Snake River from Red Rock Pass
and discharged an estimated 1580 kilometers> of water at a
maximum rate of 1.2 kilometers3/h (Malde, 1968). The
minimum duration of the flood was calculated to have been
47.5 days, although Malde (1968) postulates that it may have
lasted as long as a year. The following, however, are
examples of historic floods that ended in a very short
period of time (Malde, 1968):

Indus, India (1894): 1.13 x 109, m3 of water discharged
in some 24 hours, emptying a 305-m-deep lake and producing a
30-m-high tidal wave.

Vaiont, Italy (1963): 1.2 x 108 m3 of water overtopped
and destroyed the Vaiont dam'in 15 minutes.

Gohna, India (1968): 2.8 3 x 108 m3 of water discharged
in 4-1/2 hours and lowered an 245-m-deep lake by 394 feet.
These were, however, small floods compared with the 1580
kilometers3 of the Bonneville flood. In the upper reaches

„ of the Snake River in southeastern Idaho, Malde and Powers
(1962) (in Malde, 1968), describe the Melon gravel deposit
of boulders and sand left by the Bonneville flood. Boulders
up to 3 feet in diameter partly fill the canyon to depth of
328 feet in huge bars, which Malde (1968) compares to those
described by Bretz and others (1956) in the Columbia Basin.

Baker (1978) indicates that, since the Bonneville flood was
confined to the Snake River Canyon, it skirted to the south
of the Channeled Scabland.
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Foley (1976) describes two slackwater deposits in Alpowa
Creek, a tributary. of the Snake, River, near the border
between Washington and Idaho. The older of the two contains
a tephra unit that Foley thinks belongs to the "unnamed"
Mount St. Helens unit dating from 18 to 37,600 year b.p.

Lindberg and Brown (1981) state that the Pasco Basin has
generally been an area of deposition because it contains the
record of many previously undifferentiated large floods of
Pleistocene age. They indicate that recently drilled wells
in the lower Pasco Basin provide new data concerning these
floods in the form of gravel, sand, and silt deposits.
Further, they contend that floods that came down the Snake
River have dominated the southern portion of the Pasco Basin
and Badger Coulee. This idea is supported by paleocurrent
directions within the sands and gravels in the area between
Kennewick and West Richland. Several large delta or
alluvial fans were deposited by the Snake River across the
course of the Columbia River. The existence of these flood
deposits decreased the Columbia's erosive power and promoted
upstream deposition by temporarily ponding the Columbia
River.

The confluence of the Snake and Columbia Rivers is about 18
kilometers upstream of Wallula Gap. It lies in the path of
any flood coming down the Columbia River, which suggests
that a deposit of a Snake River flood occurring prior to the
Missoula floods would have been either removed, reworked, or
buried by- subsequent flood deposits. This may explain why
no deposits have definitely been attributed to the
Bonneville or any other Snake River flood. Lindberg and
Brown (1981) are attempting to trace individual floods
across the Pasco Basin and to determine the chronology and
stratigraphy of the deposits.

The Missoula Flood Deposits

The largest of the late Pleistocene floods was produced by
the sudden emptying of flacial Lake Missoula. This flood
extensively modified the drainage in central and eastern
Washington. It plucked out large blocks of basalt; created
hanging valleys and waterfalls; deposited huge gravel bars
and ripple marks; and reworked and redeposited vast quanti-
ties of gravel, sand, and silt. An area of some 7200
kilometers> was stripped to bedrock, while about 2300
kilometers> was buried by flood deposits (Bretz, 1928).

Hydraulic damming of Wallula Gap and perhaps the Columbia
River Gorge southwest of the Umatilla Basin, and the
subsequent surging of floodwater back upstream produced a
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marked separation of the sediment load into a coarse-grained
facies and a fine-grained slackwater facies. These two
principal facies of flood deposits are recognized throughout
the Pasco, Walla Walla, Yakima, and Umatilla basins. The
coarse grained facies consist of 'gravel, sand, and minorsilt deposits, which are known as the Pasco Gravel (Brown,
1975) . The siltly, fine sand facies is known either as the
Touchet beds (Flint, 1938) or as slackwater deposits. Minor
amounts of ice-rafted debris occur within these deposits,
particularly around the edges of the Pasco and Walla Walla
Valleys.
The Touchet Beds

The central, low parts of smaller basins, such as Walla
Walla and Yakima, contain the best preserved slackwater
deposits, which exhibit the most complete suite of
sedimentary features and structures. At elevations much
above 180 m, the rhythmically bedded slackwater deposits
give way to more massive deposits. Slackwater deposits have.
been reported up to elevations of 1,148 feet. The silty
facies of flood deposits have been described by many workers
since they were first recognized by Bretz (1929) as being
flood related. (Flint (1938), in his denouncement of

Bretz'loodhypothesis, coined the phrase Touchet beds to describe
the series of rhythmically deposited sands and, silts that
occur in the Walla Walla Valley. Similar deposits have been
recognized in the Yakima Valley and Umatilla Basin. Allison
(1933) also identified similar rhythmically deposited sands

and silts in the Willamette Valley in Oregon, a side valley
of the Columbia River downstream of the Pasco Basin.

The principal characteristics of the Touchet beds, at their
type locality, is that the sands and silts were deposited in
a series of turbidites (Baker, 1973) or rhythmites (Carson
and others, 1978) . Baker (1973) describes a series of
measured stratigraphic sections along the Tucannon River, a
tributary of the Snake River. These sections, which show a
gradual fining upvalley, are composed of a sequence of
rhythmically bedded sand and silt. Each rhythmite typically
consists of the following sequence:

1. A basal layer of structureless course sand and
granules.

2. Horizontally stratified medium and fine sand.

3. Current-ripple bedding in fine sands and coarsesilts.
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4. Parallel lamination in medium and fine silts.
This sequence corresponds to most of Bouma's (1962)
turbidite sequence, which"contains five elements (a to e) in
a complete unit. Baker (1973) regards the sequence to be
precisely what Kuenen (1967) considers to be diagnostic for
a turbidite.
Bjornstad (1980), in a study of various localities within
the Walla Walla Valley (e.g., Gardena Cliff, Burlingame
Ditch, Cumming's Bridge), compares the assemblage of
structures to Bouma's (1962) turbidite deposits. Bjornstad
(1980) notes that the sections he measured typically contain
Bouma's sequence of units "b", "c", and "d", and basal unit"a". The upper pelitic unit "e" is absent. Bouma (1962)
ascribes the absence of basal units in the sequence to
distance from the source; the absence of upper units could
be due to erosion by succeeding turbidites.
Bjornstad (1980) argues that the sections observed in the
Walla Walla Valley and Bouma's (1962) definition of a
turbidite sequence are comparable. He further argues that
the general lack of major erosional features between
adjacent rhythmites and the lack of regularly distributed
basal gravels, which would be expected to occur between
separate floods, indicate that the entire sequence of
rhythmites must have been deposited as pulses into a lake
produced by a single flood. Bjornstad (1980) has identified
58 rhythmites at the Gardena Cliff exposure and 45 at
Burlingame Ditch. A major erosional unconformity that
separates two sequences of rhythmites, exposed at the
Cummings Bridge locality, indicates there were two separate
floods.

Waitt (1980) also compares the rhythmites at Burlingame
Ditch with Bouma's (1962) turbidite deposits and considers
them analogous. He notes that the basal sand of many
rhythmites contain foreset beds that dip up-valley. Waitt
notes that at the type locality near Touchet, the coarse
base of each rhythmite is conspicuously channeled into the
preceding rhythmite. Waitt (1980) proposes that each
rhythmite represents a single flood on the basis of:
1) erosion between adjacent rhythmites; 2) the presence of
rodent burrows throughout the Burlingame Ditch exposure,
which were not observed during this study; 3) the widespread
remains of vertebrate fossils; 4) the preservation of
unbroken delicate shells, such as charo h tes (Charm S .),
that normally live in water depths of less than 10 m; and 5)
the cleanliness of tephra units within the Touchet beds. He
suggests that each rhythmite records an up-valley surge of
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rapidly deepening water crossing dry land, then retreating
again. Waitt (1980) proposes that at least 40 floods
(jokulhlaups) have occurred in southern Washington in late
Pleistocene time.

There are several factors that can be used to argue either
for or against the many-floods hypothesis of Waitt (1980) .
He notes that the ice sheet that could have produced the ice
dam retaining glacial Lake Missoula has been bracketed by
C14 dates to 19,100 + 2<400 and 11,000 + 1,800 year b.p.If the Pend Oreille 7ce lobe dammed Lake Missoula for
perhaps 7000 years, then the mean interval between the 40
floods would be about 175 years. The present rate of flow
in the Clark Fork River is about 7460 ft3/s; this wouldfill the 500 miles> lake in some 320 years. If the rate
of flow or the volume of the lake were varied by a factor of
2, then the lake could completely fill in 160 years or halffill in 80 years. This revised rate would adequtely
accommodate Waitt's 40 floods.
Bjornstad (1980), however, notes that up to 62 rhythmites
exist. This implies that Waitt's model would have to.
accommodate 62 floods, which would reduce the average
interval between floods to less than 115 years.

The presence of undamaged delicate shells and of clean
tephra units that occur inter-rhythmite instead of
intra-rhythmite, is difficult to 'explain unless many floods
are postulated.

A major drawback to the many-floods hypothesis concerns
erosion of the Touchet beds and the deposition of loess.
After the first of the postulated 40 floods, the land would
be stripped bare and backflooded areas, such as the Walla
Walla Valley, would. look something like a mud flat after the
tide has gone out. Winds, which a'e common on the meltwater
side of an ice sheet, would have blown the recently
deposited fine sand and silt into dunes. Gully erosion
would rapidly remodel the dune surfaces.

The second of the "40 floods" 80 to 320 years later would
have been, therefore, deposited on a significant erosion
surface. This sequence would have repeated itself 40 times
(according to Waitt, 1980) and a section, such as Burlingame
Ditch or Gardena Cliffs, would surely show considerable
evidence of the channeling and dune formation. But, in the
Burlingame Ditch exposure, the depth of any channeling
rarely exceeds the thickness of a single rhythmite, which
ranges from about 5 feet near the base to about 2 feet near
the top of the section.
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The exposure that does most to refute the 40-flood
hypothesis is known as Cummings Bridge (Bretz, 1929;
Bjornsted, 1980) . It is located on the Walla Walla River
south of Reese in SE 1/4, Section 35, T7N R32E, and in NE
1/4, Section 2, T6N R32E. The base of the cliff lies on
what may be pre-Palouse loess. This loess is overlain by
approximately 26 feet of flood gravels, which in turn are
overlain by at least 20 brownish rhythmites of the Touchet
beds. Thse rhythmites are collectively about 49-59 feet
thick. Lapping onto these brownish rhythmites, both to the
south and to the north, and separated by a major erosional
unconformity, there is a sequence of younger greyish
rhythmites. The older rhythmites are apparently flat lying,
while the younger greyish rhythmites have a pronounced dip
to the northwest. This exposure clearly records two
sequences of rhythmite development that must be the result
of two floods. This suggests that the rate of deposition of
a rhythmite sequence may be very rapid--measurable in feet
per day. Any extended period of nondeposition would have
produced erosional features. Significant erosion between
adjacent rhythmites is not seen at Cummings Bridge. It is,
however, seen between the two distinctly separate sets of
rhythmi te s.

Hammatt and others (1976) and Baker (1978)
phases, evidence for which consists to two
deposits. Baker (1978) notes that the St.
volcnic ash is preserved in the younger of
Bjornstadd (1980) provides confirmation of
is corroborated by this study.

mention two flood
flood slackwater
Helnes set "S"
these two units.
two floods which

The analogy between Flint's (1938) Touchet beds and Bouma's
(1962) turbidites is clear. Ginsburg (1973) estimated the
velocity of a turbidite to be between 30 and 55 kilometers/h
(8.3 to 15.3 m/s) . The term slackwater deposits, possibly
originally coined by Allison (1933), hardly seems
appropriate under these circumstances.

Clastic dikes that range from a few tens of an inch to
several feet in width are common in most exposures to the
Touchet deposits. The nature and origin of these dikes are
discussed in detail in Section 5.

The Pasco Gravels

Brown (1975) referred to Bretz'lood gravels in the Pasco
Basin as the Pasco Gravels. This facies of the late
Pleistocene flood deposits mainly consists of poorly sorted
sub-rounded to sub-angular gravel, cobble and boulder-sized
fragments, and minor amounts of sand. Basalt is the
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dominant lithology present, but others, such as granite,
conglomerate, diorite, porphyry, gneiss, and schist, also
occur. A Columbia Basin provenance for these lithologic
types is inferred particularly from the basalts, but the
chert pebble conglomerate, which also occurs, has been
determined to originate from the Virginian Ridge Formation
in the Methow River drainage of the North Cascade Mountains
(Bunker, 1980).

The Pasco Gravels are generally found at elevations lower
than about 689 feet in the central part of the Pasco Basin,
but they occur locally at higher elevations. The dragline
trench on the north side of Gable Mountain contains a gravel
unit over 16 feet thick. Near the top of the gravel a
volcanic ash belonging to the Mount St. Helens set "S" was
observed. This ash was ejected 13,000 y.b.p. (Mullineaux
and other, 1978). The elevation of the trench is approxi-
mately 804 feet. Pasco Gravels occur within the channeled
scabland coulees. They also form the basal units of the
glaciofluvial deposits in some of the smaller valleys
adjacent to the Pasco Basin, such as the Walla Walla and
Yakima valleys.
Ann Tallmann (personal communication, 1981) stated that the
Mount St. Helens set "S" ash has also been identified in
flood gravels in the Yakima Valley. These gravels may,
therefore, be correlated with those found in the dragline
trench on Gable Mountain and may be assigned to the Pasco
Gravel.

The thickest Pasco Gravel deposits occur in the central part
of the Pasco Basin, west of the Columbia River. Tallman and
others (1979) report that Pasco Gravels underlying the
Separation Areas (Section 36, T13N, R25E; Sections 1 to 12,
T12N, R25E; Sections 31 to 35, T13N, R26E; Sections 2 to 11,
T12N, R26E) range in thickness from 82-344 feet.
Clastic Dikes of the Pasco Basin

Jenkins (1925) believed that the clastic dikes of eastern
Washington were produced when cracks resulting from
earthquake disturbances were filled with sediment injected
under pressure in an aqueous environment. He felt that the
dikes could be filled from the top and that they would die
out at depth.

Lupher (1944) presented a thorough investigation of the
occurrence and mode of formation of clastic dikes
particularly associated with proglacial deposits in
Washington and Idaho. He recognized that the dikes were
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being produced concurrently with the deposition of the host
units into which they were emplaced. At least four
processes were involved in the filling of the dikes, any orall of which may have been involved in the formation of any
individual dike. All of the processes involved filling from
above, or movement of sediment through groundwater.

Lupher (1944) noted that the open fissures into which
clastic dikes were formed could be created in a number of
ways. One of Lupher's principal conclusions was that the
clastic dikes found in this area must be related to frozen
ground or ice and are therefore Pleistocene in age. Three
of Lupher's five proposed mechanisms for the creation of the
fissures involved ice indirectly: (1) uneven settling of and
ultimately cracking of blocks of sediment overlying layers
of melting buried ice; (2) gravity sliding and faulting on
inclined zones of subsurface melting; (3) formation of
cavities where ice blocks and layers melted. The other two
postulated mechanisms involved erosion by underground
streams and faulting and fissuring by landslides in the
Columbia River basalts.

The possibility that clastic dike were formed sub-aerially
was examined but discarded as a general method of formation,
because many dikes contain medium and even coarse sands that
could not be transported aerially. Lupher (1944) likewise
discounted injection from below because he could find no
evidence of plastic or water-charged sediment being injected
from below. He also noted that many dikes were traceable to
overlying current-bedded sand.

The idea that clastic dikes might have formed cataclysmi-
cally at the time of deposition of the Touchet beds was
rejected by Lupher, an antidiluvianist. A geologically
instantaneous flood would not have provided enough time for
the formation and subsequent melting of ice layers, which
Lupher regarded as prerequisite for the creation of the
fissures into which clastic dikes were emplaced. Also,
Lupher could not believe that clastic dikes containing up to
a maximum of 80 dikelets could be related, other than
marginally, to earthquake activity in the Pasco area.

Newcomb (1962) investigated the dikes described by Lupher
(1944) and added a number of observations pertaining to
their mode of origin:

1. Some dikes occur in polygonal networks that have
cell diameters ranging from 49 to 394 feet.
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2. The dikes are most profuse within the altitude
range of 394 to 787 feet and are scarce above 984
feet.

3. Dikes are most numerous where the Touchet beds
overlie highly permeable materials.

4 Dikes typically have "roots", a "trunk", and
"branches" near the top.

5. The dikes cuts all but the uppermost 10-20 feet of
the thickest sections of the Touchet beds.

6. The silt laminae on the walls, the "wall seams" of
Lupher (1944) or "clay skins" of Black (1979), arefilter cake, which attest to outward filtration of
sediment-carrying fluids from each successive dike
lamina.

Newcomb (1962) concluded that the above features indicate
that the clastic dikes were formed by the upward injection
of groundwater. Each "dikelet" was probably caused by bank
storage when a pressure difference was produced by large
drawdowns of Lake Lewis, the large body of water ponded
upstream of Wallula Gap during the Missoula flood. Lower-
ings subsequent to the first one caused injection along
preferential planes of weakness. Thus, the clastic dikes
formed during the first lowering of Lake Lewis.

Alwin and Scott (1970) noted that clastic dikes in the
Touchet beds penetrate downwards from a few inches to over
98 feet with near vertical dips. They identified features
of clastic dikes, such as composite nature, clay wall
linings, cross-stratification, graded beds, and oriented
grains. Alwin and Scott concluded that these features
indicated a downward infillingof the dikes by silt and
sand. They felt that the dikes represent infillings of
permafrost-related crevices.

Black (1979) made a detailed study of clastic dikes in the
Pasco Basin for Rockwell-Hanford Operations. He visited ten
different sites and concluded that the dikes are multi-
genetic. He considered that previously suggested
mechanisms, such as earthquakes, dessication, deep frost
cracking, thermal contraction of permafrost, and upward
injection of groundwater are not the ~rimar modes of
formation of most cracks. Neither did he discount the
possibility that some or all of these mechanisms could have
been used to produce some of the cracks. Black observed
that the bulk of material filling most observed dikes came
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from above during aperiodic and repeated widening and
concurrent filling of cracks in an aqueous environment. In
seven of the ten observed localities, all of the dikes were
composite (Hayashi, 1966) and were filled from above in a
stress environment that indicated tension, not compression.

Black (1979) hypothes'ized that hydraulically dammed late
Pleistocene floodwater, which repeatedly covered the area,
was responsible for the formation of the fractures - for the
aperiodic widening of these cracks - and was the primary
source of material that filled the cracks. Sudden loading
by floodwater on a ground surface whose ground-water level
was not close to the surface produced stresses that were
irregula'rly distributed. These stresses induced cracking of
the ground, which would have allowed turbid water to enter.
Sediment in the water would at first have been filter
pressed'gainst the walls of the crack, creating the "clay
skins." Fractures could have been widened as the load
increased or as shear resistance decreased with increasing
pore pressure. Continued widening of the crack would have
permitted coarser sediment to enter. The flow of
sediment-laden water along the length of a crack would have
produced the foreset-bedding structures frequently seen.

Of the remaining three localities studied by Black (1979),
one (site 3: on the Old Inland Empire Highway in Section 9,
T9N, R25E) had indications of a tectonic origin for the
fractures; another (site 6: near Richland City landfill, SE
1/4 Section 20, T20N, R28E), having a polygonal dike
arrangement, was not similar to any other, and no origin was
proposed for the fractures; and the last (site 9: SE 1/4 SE
1/4 Section 19, T9N, R27E, a borrowpit near Kiona) was
deemed to contain dikes that were not considered to be
tyical clastic dikes--simply collapse of material into a
fracture generated by slope failure. Using Hayashi's
classification, the majority of Black's dikes would be
composite, injection or composite, infilling clastic dikes.
Summary — Previous Work

All previous workers recognize the close relationship
between the deposition of the Touchet beds and emplacement
of the clastic dikes. Most invoke mechanisms for the
formation of the dikes that have characteristics peculiar to
both the Pleistocene (ice) and/or the catastrophic floods
(water). Only Jenkins (1925) proposes an earthquake source
for the original cracks. Black (1979) does not discount
earthquakes as a possible source, but notes that the almost
ubiquitous presence of clastic dikes in the Touchet beds
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would have required a far greater level and a more
widespread distribution of seismic activity than has been
recognized to far.
Recent Work

Clastic dikes were observed all over the Pasco Basin during
an investigation by Woodward-Clyde Consultants (1981b). In
most cases the dikes were in Touchet beds. No clastic dikes
have been observed in the Ringold Formation, although
Grolier and Bingham (1978) report one such occurrence. In
the non-Touchet cases, clastic dikes were observed in basalt
and pre-Palouse loess. The Touchet dikes seen fit almost
exclusively into Hayashi's composite category: both
injection and infilling types. The dikes seen in basalt
were simple. In one case the clastic dikes were intensely
weathered and probably predate the late Pleistocene floods.
The other clastic dikes in basalt were probably late
Pleistocene.

The principal observations made by Woodward-Clyde regarding
the formation of clastic dikes in the Pasco Basin and
associated valleys are that:

No clastic dikes penetrate unequivocally eolian
deposits of Holocene age. (This suggests a
sub-aqueous development of most of the clastic
dikes.)

2 ~

3 ~

The vast majority of clastic dikes occurring in
the Pasco Basin and vicinity occur within the
slackwater Touchet beds. However, "Touchet" dikes
have been seen in basalts and pre-Palouse soils
whose ages are far older than the 13,000 years of
the Touchet beds. Dikes have also been reported
in the upper Ringold Formation. In all cases the
dikes occur below the maximum level of the
floodwaters, approximately 1,148 feet.
The composite "Touchet" clastic dikes were formed
during the deposition of the Touchet beds. The
many examples of truncated dikes overlain by more
Touchet sediments confirms this idea.
Bedding-plane slippage occurred within the Touchet
beds coincidentally with the development of some
of the clastic dikes.

4 ~ Evidence has been found at the Cummings Bridge
exposure for at least two major floods of late
Pleistocene age. The rhythmites contained in the
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Touchet beds deposited by these two major floods
do not represent numerous individual floods of
sufficient size to have filled a lake the size of
Lake Lewis. Instead they represent pulses into an
existing lake. If Baker's (1973) conclusion about
the duration of the last late Pleistocene flood is
correct, then deposition of the Touchet beds and
the formation of the enclosed clastic dikes must
have occurred in a matter of weeks.

The time required for the deposition of the entire
flood deposits was so short that freeze-thaw
wedging of fissures or sub-aerial dessication
could not have produced the numerous composite
dikes. The ice-related clastic dike in tidalflats in northern Canada (Dionne and Shilts, 1974;
Dionne, 1976) are featur'es measurable in
decimeters, not decameters, as in the Pasco Basin.

Most of the clastic dikes in the Pasco Basin taper
downwards and were filled from the top. Instances
of filling from below have been cited by Newcomb
(1962), Black (1979), and in Appendix B, but there
are few of these cases.

About 5 cm of slip -along a fault occurred during
the time of the late Pleistocene floods, as
evidenced by slickensided clastic dikes and
displaced basal flood deposits at Gable Mountain
(Golder Associates, 1981a). Muir and Fritsche
(1981) described earthquake-related features
formed in sediments in California during the 1979
Imperial Valley earthquake. In saturated zones
complex dikes were formed, while in unsaturated
zones simple dikes were formed. This suggests
that some clastic dikes in the Pasco Basin may be
earthquake related.
If Baker's (1973) hydraulic model is valid, Lake
Lewis both formed and largely disappeared within a
period of two weeks. It is conceivable that
reservoir induced earthquakes may have been
associated with the rapid filling and draining of
Lake Lewis.

Shaking resulting from seismic activity induced by
the presence of Lake Lewis could provide a
mechanism for the sliding of blocks of Touchet
sediments and the fissuring of Pasco Gravels,
pre-Palouse loess, the Upper Ringold Formation,
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9

and basalt bedrock. However, the abundance and
widespread occurrence of clastic dikes in the
Pasco Basin, their composite natures, and the
relatively short interval during which they formedall indicate that it is unlikely that earthquakes
were the primary factor in their formation.

The exposure at the gravel pit just northwest of
Kennewick shows a flat-lying composite Touchet
clastic dike penetrating a thick calcrete
developed on an older gravel. The dike is
traceable nearly horizontal for over 16 feet. No
other such fissures have been seen in calcretes
such as this. It is extremely unlikely that a
flat-lying fissure would remain open with over
250 m of water above it while the clastic dike
gently filled with sediment. (Hydraulic injection
of sediment appears to be the most viable
mechanism for the formation of this clastic dike.If clastic dikes can penetrate indurated
carbonate-cemented conglomerate, then'heir
injection into loose, .saturated silts and sands
would be easy.)

Clastic dikes reportedly created in fissures
opened during folding in southern Chile (Winslow,
1977; Bruhn, 1979) are not similar to the
composite Touchet dikes of. the Pasco Basin. Their
modes of origin must, therefore, be dissimilar
also ~

Summary - Recent Work

The lack of clastic dikes in eolian deposits and the
predominance of clastic dikes in late Pleistocene flood
deposits strongly suggest that they formed at the time of
the flooding. This is confirmed by the frequent occurrence
of truncated clastic dikes being overlain by younger flood
deposits (Touchet beds) .

Occasionally clastic dikes penetrate the entire sequence of
flood deposits and extend downwards into basalt, Ringold,
pre-Palouse loess and 200,000 year cemented gravels.

High pressure injection is considered to be necessary to
emplace dikes into the formations beneath the flood
deposits, and this mechanism is regarded as the most
plausible for the majority of cases, at least in the early
phase of a dike's formation. Other processes, such as
spreading of blocks of Touchet beds and liquefaction,
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presumably were also invoked as Black (1979) suggested, to
continue the growth of, the number of dikelets in a compositeclastic dike.
Ash Deposits

The most widespread ash in the Columbia Basin is' thin, but
widespread and locally continuous unit in late-glacial
lacustrine sediments. It occurs in both the Touchet beds
and Pasco gravels throughout the Pasco Basin. Commonly this
ash occurs as two subparallel units separated by as much as
2 inches of lacustrine sediment. Studies indicate that this
cummingtonite-bearing ash is from Mount St. Helens tephra
set. "S". The most voluminous layers of tephra set "S" are
about 13,000 years old (Mullineaux and others, 1977).

Ash from the Glacier Peak volcano has been positively
identified in the Pasco Basin, and in other parts of the
Columbia Basin to the north and east of the site., (Powers
and Wilcox, 1964; Fryxell, 1965; Woodward-Clyde, 198lb)).
Radiocarbon dates indicate that the Glacier Peak ash was
erupted about 12,500 years ago (Fryxell, 1965).

Another ash occurs interbedded with Holocene eolian
sediments along the margin of the Pasco Basin. This ash
layer locally has been correlated with the catastrophic
eruption of Mount Mazama in Oregon about 7,000 years ago
(Davis, 1978) .

Latest Pleistocene and Holocene Loess

Much of the Pasco Basin and adjacent areas are covered by a
mantle of latest Pleistocene and Holocene loess deposits.
The loess is pale brown and has an AC soil horizon. Tallman
and others (1979) report that in the Separation areas south
and west of Gable Mountain the Holocene loess is up to 16
feet thick in some places.

The loess may be found in contact with any of the older
lithologic units. At the southwest end of Burlingame Ditch
the loess is over 7 feet thick and overlies the Glacier Peak
volcanic ash, dated at about 12,000 y.b.p. The ash overlies
the eroded surface of the Touchet beds. At the Badger
Road-Keene Road junction (NE 1/4, SE 1/4, Section ll, T8N,
R28E, Badger Mountain quadrangle) horizontally bedded
Touchet beds that grade northwards into eolian sand or loess
contain a volcanic ash from the Mazama eruption dated at.
about 7,000 y.b.p.
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Immediately after the last Pleistocene flood (about 13,000
y.b.p.) hundreds of square kilometers of recently deposited
bare Pasco Gravels and Touchet beds would have been exposed
to wind erosion. Winds would easily have carried the finer
sediments, which had been derived largely from either basalt
or from the older loess deposits such as the Palouse.

Talus, Slopewash a Landslide Deposits

Talus and slopewash occur along the bases of slopes around
and within the Pasco Basin. These are deposits of sand,
gravel, and debris developed through processes of creep,
rockfall, and slopewash.

Landslides as large as 5 square kilometers in area exist in
the Ringold Formation along the White Bluffs, north and east
of the project site (Bingham and Grolier, 1966). The major
sliding has occurred along interlayered pyroclastic or
sedimentary materials of low shear strengths, caused by
saturation by subsurface water and oversteepening of
slopes. Surficial failures of slope debris occur along the
steep flanks of the anticlinal ridges in the region.

Alluvium and Terrace Deposits

Holocene alluvium deposited by. the Columbia and Yakima
Rivers occurs along the present channel courses, but it is
often difficult to distinguish from the glaciofluvial
deposits., Fan deposits exist along the rim of the Pasco
Basin and may be as much as 50 feet thick.
2.5.1.2.3 Columbia Plateau Structural Geology

2.5.1.2.3.1 Badger Mountain, Beezley Hills, Moses Stool
Folds

The Badger Mountain-Beezley Hills is a broad, asymmetrical,
anticlinal structure in the northwest Columbia Plateau east
of Wenatchee. This structure plunges southeastward from the
Columbia River at about 100 feet per mile (Figure 2.5-3) ~

The northern limb dips steeply into a broad downwarp known
as the Waterville syncline, whereas the southern limb
typically dips less than about 5o.

The main development of the Badger Mountain structure was
clearly a post-Grande Ronde event, as indicated by
deformation of the Vantage Member (Washington Public Power
Supply System, 1977e) . Although a minimum age for the
'structure has not been determined with certainty, no
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evidence was found to indicate faulting of late Cenozoic
sediments which mantle much of the anticline (Washington
Public Power Supply System, 1977e; Rigby and Othberg, 1979) .

The Moses Stool anticline is en echelon with Badger Mountain
and merges with the Beezley Hills east of Moses Coulee.
West of Moses Coulee, the Moses Stool anticline merges with
Badger Mountain (Swanson and others, 1979a). At the
approximate location of the juncture of the Beezley Hills
and Moses Stool anticlines, the Beezley Hills curves north
and becomes the Coulee monocline, which extends a distance
of approximately 48 kilometers to the northeast. The
terminus of the monoclinal axis of Beezley Hills coincides
with a thrust fault developed in Wanapum Basalt. Southward,
a second thrust fault juxtaposes Grande Ronde Basalt above
Wanapum Basalt (Swanson and others, 1979a).

2.5.1.2.3.2 Kittitas Valley
The Kittitas Valley (Figures 2.5-11, 2.5-3, and 2.5-12) is a
topographic and structural low along the northwestern margin
of the Columbia Plateau. Xt is bounded on the west by the
Cascade Mountains, on the north by the Wenatchee Mountains
uplift, on the east by the Naneum-Hog Ranch anticline, and
on the south by the Manastash-Thrall structure. The geology
of the area has been the subject of investigations by
Bentley (1977, and in Washington Public Power Supply System,
1977d), Tabor and others (1977), Martin (in Washington
Public Power Supply System,1977j), Waitt (1979b), and Hanson
(in Rigby and Othberg, 1979) .

Grande Ronde flows and Ellensberg strata, having dips of
10o to 50o, crop out on the flanks of Kittitas Valley.
These same units have dips of about 5o near the middle of
the valley (Waitt, 1979a) . Rocks exposed within the valley
also include pre-Tertiary gneiss, early Tertiary volcanics,
Thorp Gravel,. and glacial drift (Rigby and Othberg, 1979).

Most faults within the Kittitas Valley appear older than the
late Cenozoic sediments of the area. However, Martin (in
Washington Public Power Supply System, 1977j) and Waitt
(1979b) described three east-striking faults in the valley

which they interpreted as younger than Thorp Gravel (less
than 3.7 m.y .b.p.) and older than Kittitas Drift (120,000
y.b.p.). These faults were later examined by Rigby (Rigby
and Othberg, 1979), who concluded that evidence for two of
the faults is tenuous. (Wilson Creek and Reecer Creek
faults), but did confirm a fault in Yakima basalt along Dry
Creek. No offsets in the Thorp Gravel or younger units
could be found by Rigby along this fault.
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2.5.1.2.3.3 Frenchman Hills
This east-trending anticlinal fold extends from the eastern
edge of Kittitas Valley (Figure 2R G-15 of Washington Public
Power Supply System, 1977n) on the west to the Potholes
Reservoir on the east. East of the Columbia River the
Frenchman Hills anticline is subdued and symmetrical.

2.5.1.2.3.4 Manastash Ridge — Hanson Creek

The Manastash Ridge-Hanson Creek anticlines are structures
extending from east of the Columbia River near Priest Rapids
Dam to the Ellensberg area (Figures, 2.5-12 and 2.5-13).
Manastash ridge separates Kittitas Valley to the north from
the Squaw Creek syncline to the south.

In the vicinity of Yakima River (Figure 2.5-12 and 2.5-13),
the Manastash structure is a broad, low, asymmetrical
anticline having steeper dips on the north limb. Two
second-order folds, the Thrall syncline and the Thrall
anticline, are superimposed on the north flank of the
structure. Axes of the Manastash anticline and the Thrall
anticline are parallel.
Most faults associated with the Manastash structure are near
vertical and located along the steep north limb. The most
continuous of these may be part of a longer fault system,
termed the Manastash-Hanson Creek fault system (Bentley,
1977). One north-south cross fault displaces the structure
at Badger Gap (Shannon and Wilson, 1978; Swanson and others,
1979a) . On the basis of remote sensing imagery, this
feature cannot be traced westward into Kittitas Valley or
eastward across Manastash Ridge (Rockwell, 1979) . Bentley
(1977) concluded that most deformation on Manastash Ridge
occurred after sediments interpreted as Thorp Gravel were
deposited, and before development of the Thrall pediment
surface (1.0 m.y.b.p.).
2. 5.1.2.3.5 Yakima Ridge

Yakima Ridge extends from west of the city of Yakima
(Figures 2.5-15 and 2.5-16) to the western border of the
Hanford Reservation. Yakima Ridge is divided into western,
middle, and eastern segments on the basis of topography
(Washington Public Power Supply System, 1977k).

The western segment of Yakima Ridge (Figure 2.5-15) extends
from Sedge Ridge eastward along Cowiche Mountain to Selah
Gap. The ridge in this area is a box-fold with sharp hinge
lines along both flanks. The minimum age of deformation on
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Yakima Ridge is established by the Tieton andesite which
onlaps the eroded north flank of the anticline along Cowiche
Creek. K-Ar determinations by J. Dymand (in Washington
Public Power Supply System, 1977k) indicate an age of 1.0
and + O.l m.y.b.p. for the andesite.

The middle segment of Yakima Ridge (Figure 2.5-16) extends
eastward from Selah Gap to Cairn Hope Peak. This segment is
a box-fold anticline with sharp hinge lines (Waters, 1955;
Bentley, 1977) . Faults are present locally in the hinge
area and core of the anticline.
The eastern segment o'f the Yakima Ridge structure (Figure
2.5-16) has been studied by Rockwell (1979), Bond and others

~ (1978), and Kienle (in Washington Public Power Supply
System, 1977k). The dominant fold within the eastern
segment of the Yakima Ridge is the N70-75oW-trending,
southeastward plunging Cairn Hope Peak anticline. The
shorter and steeper north limb of this anticline dips 30o
to 40o north, and its wider southern limb dips 10o to
15o south. The southern limb of the anticline contains
two monoclines. The northernmost monocline, the Cairn Hope
Peak monocline, trends N60oW and is interpreted (Bond and
others, 1978) as merging with the Silver Dollar Fault of
Goff and Myers (1978) . The southern monocline (unnamed)
trends N70oE.

The Silver Dollar fault (Figure 2.5-16) reportedly offsets
the Frenchman Springs against Umatilla and Pomona across a
fault breccia zone 165 to 230 feet wide (Goff and Myers,
1978). Field reconnaissance by Shannon and Wilson (1980)
confirmed this fault west of the Yakima-Benton county line.
Based on stratigraphic displacements, Shannon and Wilson
(1980) interpreted the fault as a scissor fault having a
hinge to the east and increasing displacement westward.

The Yakima Ridge structure is separated from Umtanum Ridge
by the Cold Creek syncline which plunges 3o to 5o east-
southeastward into the central Pasco Basin.

Based on his geologic mapping of Yakima Ridge, Bentley
suggested at least two periods of deformation (Bentley,
1977). The first period involved uplift along a north-
trending axis during post-priest Rapids and pre-Pomona time
(12 to 14 m.y.b.p.). The second period involved uplift
along N50o-80oW-trending axes in post-Elephant Mountain
time (about 10.5 m.y .b.p.) . Uplift as indicated by
undisturbed Tieton Andesite along Cowiche Creek on the west
end of Yakima Ridge ceased by 1 m.y.b.p. (Washington Public
Power Supply System, 1977k).
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On the basis of remote sensing data, the slopes of Yakima
Ridge appear more subdued and symmetrical than the slopes of
the anticlines farther south. Landslides appear to cover
the flanks.
2.5.1.2.3.6 Ahtanum Ridge

Ahtanum Ridge (Figure 2.5-16), an east-trending anticline,
is essentially the western extension of the Rattlesnake
Hills. In general, the structure is asymmetrical, having
steeply dipping and overturned basalt flows and thrust
faults exposed on both flanks (Bentley, in Swanson and
other s, 1979a) .

Late Cenozoic sediments on Ahtanum Ridge were mapped by
Campbell (in Rigby and Othberg, 1979) . He found no evidence
of faulting in recent loess and stream alluvium overlying
the surface of the ridge. Faulting of Ellensburg sediments
and cemented basalt gravels was observed at two points on
the lower slopes of Ahtanum's north flank. The age of
deformation of these older sediments post-dates deposition .

of- the Ellensburg strata and pre-dates deposition of the
loess and alluvium. The most recent age of deformation on
the western end of Ahtanum Ridge appears to be limited by
undeformed Tie ton'ndes ite (1 m.y.b. p. ) (Shannon & Wilson,
1978) .

2.5.1. 2. 3. 7 Toppenish Ridge

Toppenish Ridge is an east-west-trending anticlinal
structure located in the western Columbia Plateau, entirely
within the Yakima Indian Reservation. At its closest
approach Toppenish Ridge is approximately 70 kilometers west
of the WNP-2 and WNP-1/4 sites. Linear geomorphic features
(scarps) that appear to be related to either Holocene
faulting or to recent landsliding were indentified along the
north slope of Toppenish Ridge in 1978 (Rigby and Othberg,
1979) .

Previous Work

Geologic studies of the features of Toppenish Ridge have
been conducted previously by a number of investigators but
most notably by Newell Campbell of Yakima Valley College and
Robert Bentley of Central Washington University, as reported
in Rigby and Othberg (1979), Bentley and others (1980), and
Cambell and Bentley (1981). Campbell mapped the Quaternary
stratigraphy and the scarps on Toppensih Ridge. His mapping
was conducted at a scale of 1:12<000 and supplemented with
photogeologic interpretation using 1:24,000-scale vertical
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aerial photographs. Campbell's work was first published by
Rigby and Othberg (1979) and was followed by Bentley and
others (1980). This work is currently in press for Campbell
and Bentley (1981). Campbell's conclusion in Rigby and
Othberg (1979), based on morphologic and stratigraphic
relationships, was that the scarps are the result of
tectonic faulting during the Holocene.

Bentley mapped the bedrock stratigraphy and structure. Hisresults are reported in Bentley and. others (1980) and
Campbell and Bentley (1981). Preliminary studies for the
Supply System to ascertain the nature and origin of the
scarps on Toppenish Ridge have been undertaken by Glass
(1979, and 1981, written communication), by Kiel and Davis
(1980, unpublished field notes) and by Davis (1981). Based
on a remote sensing analysis, using 1:65,000- and 1:130,000-
scale aerial photographs Glass (1979) concluded that faults
associated with the Toppenish Ridge anticline are probably
not active and that the most likely candidates for active
faults are the northwest-trending lineaments near the
western portion of the ridge. He also noted that if the
anticlinal faults are active, the northwest-trending faults
are also probably active. Because the small scale of the
imagery used for this interpretation could not resolve the
scarps reported by Campbell (Rigby and Othberg, 1979), Glass
(1981) conducted an aerial reconnaissance of Toppenish Ridge
to observe the reported scarps. Based on the length and
character of the zone of scarps, he concluded that the
scarps are likely tectonic in origin but that a non-tectonic
origin cannot be ruled out. In addition, Glass (1981) noted
that the scarps on Toppenish Ridge are the youngest of any
he has observed on the Columbia Plateau.

Based on aerial reconnaissance and preliminary analysis of
the observed geomorphic character of the scarps, Davis (Kiel
and Davis, 1980, unplublished field notes and Appendix 2.5N)
concluded that grativationally induced slope failure is a
viable alternative to a tectonic origin for the scarps on
Toppenish Rige. Davis (Appendix 2.5-N) states that:

The combination of apparent low-angle thrusting along
the northern base of the ridge and normal (extensional)
faulting at higher elevations raises the possibility
that the two are expressions of gravitationally-induced
slope failure (Figure 2.5N-4). Several lines of
evidence support the interpretation that the Toppenish
structures represent either an aborted phase or the

'incipient development of massive slope failure along the
north flank of Toppenish. Ridge. Included among them are
the dramatic north flank landslides on the eastern end
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of the ridge and around Olney Lake, immediately to the
west. These slides demonstrate in spectacular fashion
the instability of the northern flank. The close
spatial relations between apparent low-angle faults at
the base of the ridge and high-angle faults at higher
elevations are suggestive of an interrelated landslide
toe and headscarp geometry. An active, youthful
landslide, at the south end of the White Bluffs, on the
Columbia River opposite Richland, is characterized by
just such prominent headscarps and a subhorizontal plane
of movement near the base of the slope. Bentley and
others (1980, p. 51) argue that a landslide origin of
the Toppenish ground ruptures is "unlikely, because such
an interpretation does not explain the abundance of
south-side-down faults on the north slope of the
ridge." However, such faults can be reasonably
interpreted as antithetic faults to the main north-
dipping sole fault. The White Bluffs landslide referred
to above displays just such an antithetic rupture which
defines, with the headscarp fault to the east, the edges
of a shallow graben. Until the Toppenish ground
ruptures receive further study,, it is premature to
conclude unequivocally that they represent tectonic
activity.

A geologic study of the ridge was initiated in February 1981
by Woodward-Clyde Consultants for Washington Public Power
Supply System. Shortly thereafter, permission for access
was refused by the Yakima Indian Council and the scope of
work was revised to reflect the lack of direct ground
access. Based primarily on photogeologic interpretation and
aerial reconnaissance, Woodward-Clyde Consultants made the
following concluding remarks.

An area of youthful-appearing topographic scarps occurs
along the north slope of the central portion of Toppenish
ridge in a zone about 24 kilometers long by 2 kilometers
wide. Three distinct sets of scarps have been observed.
The crestal and midslope set of scarps are quite linear, cut
across topography, and are the least continuous. They are
high angle, occur in rocks of Miocene to Holocene age, and
have scarp heights typically from 3 to 7 feet. The basal
set of scarps are the most continuous, are more sinuous,
tend to follow the topography, and also occur in rock of
Miocene to Holocene age. They typically have scarp heights
of from 3 to 10 feet.
Both non-tectonic and tectonic origins have been proposed
for the formation of the scarps on Toppenish Ridge. Land-
sliding and gravitational ridge spreading appear to be the
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most viable non-tectonic processes that could account for
the distribution, pattern, and morphology of the observed
scarps. However, several .lines of evidence tend to preclude
these processes as being the primary mechanisms for the
formation of the scarps:

The long, thin geometry of the zone of scarps (24
kilometers x 2 kilometers) is not easily amenable
to a landslide-failure interpretation, given the
complexity of the bedrock stratigraphy and
structure over the 24 kilometer extent of the zone;

2. given the geometry of the zone (24 kilometers x 2
kilometers) and the incipient nature of failure
over the entire zone, a landslide interpretation
requiring continuity of failure in space and time
over such a distance seems unlikely;

3. the known areas of extensive landsliding in the
Columbia Plateau are, overall, morphologically and
geologically dissimilar to the zone of scarps on
Toppenish Ridge; no examples of known landsliding
were found in the literature that could adequately
explain the overall pattern, morphology, and
character of the scarps in terms of a landslide
origin; and

4. the presence of the compressional thrusting (basal
set of scarps) at the base of the north slope (not
known in areas of gravitational. ridge spreading)
and the lack of continuous, steeply dipping
discontinuities on which gravitational ridge
spreading occurs tends to preclude this mechanism
as an origin of the scarps.

Overall, the scarp patterns, characteristics, relationships
to the known geology and comparisons to historical surface
thrust-faulting events best support a tectonic thrust
mechanism as the- primary origin of the scarps on Toppenish
Ridge. The basal set of scarps expresses surface displace-
ment along a primary south-dipping thrust or reverse fault.
The crestal and midslope set of scarps represent high-angle
secondary (primarily normal) faults resulting from movement
along the primary thrust. Several lines of evidence tend to
support, this tectonic interpretation:

The overall extent and geometry of the zone of
scarps compares well with known historical surface
thrust-faulting events;
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2.

3 ~

4 ~

the pattern of the primary thrust-fault scarps
(basal set) in relation to the high-angle
secondary fault scarps (crestal and midslope sets)
is similar to the patterns of primary and
secondary fault scarps observed in known
historical thrust-faulting events;

the continuity of the basal set of scarps when
compared to the crestal and midslope sets suggests
that the formation of the basal set is primary;

the prominence of secondary normal faulting with
numerous antislope scarps is compatible with the
pattern observed in known historical
thrust-faulting events;

5.

6.

the close spatial and apparent geometrical
relationship of the basal-set scarps to the mapped
trace of the south-dipping Mill Creek thrust
fault; and

the indication of possible renewed movement of
secondary faults suggests renewed movement of the
thrust fault. Without well-developed landslide
morphology, this condition is more compatible with
a tectonic interpretation than a gravitational
failure mechanism..

The high-angle secondary faults are interpreted to occur in
response to movement along the thrust fault. They may be
formed by gravitational adjustments due to extension of the
upper plate during thrust or by extension in anticlinal
hinge areas that fold during the compressional thrust
event. The scarps (thus the faults) are developed in mapped
geologic units as old as Miocene Columbia River basalt and
as young as Holocene stream alluvium, thus, assuming a
tectonic origin, they are considered to be capable.

2.5.1.2.3.8 Horse Heaven Hills
The Horse Heaven Hills is essentially an anticlinal
structure extending from east of Wallula Gap to the Cascade
Range of northern Oregon, west of the Hood River. The
structure is typically asymmetrical with gentle dips on the
south limb and a steep northern escarpment. 'he overall
structure can be divided into western, middle, and eastern
segments.

The western segment of the ridge contains a
northeast-striking fault downthrown to the north (Swanson
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and others, 1979a) and appears to be displaced along several
northwest-striking cross-faults.
The middle segment is a broad anticlinal arch with
associated'thrust faults (Anderson in Swanson and others,
1979a) . Between Bickleton and Chandler< the middle segmentof the structure is dominated by a series of northeast-
trending anticlines. Near the crest of the Horse HeavenHills, dip slopes and gentle folds underlie the interveningflat terrain (Gardner, in Swanson, 1978; Gardner in Swanson
and others, 1979a). Thrust faults and high-angle faults
associated with these folds cut the youngest (Elephant
Mountain) basalt unit present.

Along the middle segment, between Prosser and Bickleton,
Campbell (in Rigby and Othberg, 1979) observed a scarp
developed in late Cenozoic material. On the southwest, the
scarp terminates at a landslide, and it dies out north-
eastward in alluvium. Campbell suggested that this scarp
represents a dip slope on a resistant unit within ancestral
Columbia River gravels.

The eastern segment of the Horse Heaven Hills is a broad
northwest-trending anticlinal ridge (Figure 18) . Several
faults, .including the Zintel Canyon fault, are associated
with this segment of the Horse Heaven Hills. The Zintel
Canyon fault is interpreted as a high-angle, southward-
dipping reverse fault (Rockwell; 1979) . The fault appears
to merge with the anticlinal fold to the east and to
decrease in displacement westward.

2. 5. 1. 2. 3 . 9 Columbia Hills
The Columbia Hills anticline (Figure 2.5-3) extends from
southwest of The Dalles, Oregon, to the vicinity of McNary
Dam. The structure, most of which lies in southernmost
Washington, comprises a series of asymmetrical, doubly-
plunging anticlines. The amplitude of the structure
decreases progressively eastward. The western half of this
anticline is intersected by a series of northwest-striking
faults, especially along the steep south limb of the
structure (Swanson and others, 1979a) . Right lateral
displacement of the fold hinge along northwest-striking
faults is suggested by the en echelon arrangement of small
anticlines southeast of Camas Prairie (Swanson and others,
1979a).

Shannon and Wilson (1973d) examined the age of the
northwest-trending fault system, and on the basis of K-Ar
dating of Simcoe Lavas, concluded that the age of last
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movement on the structures was between 3.5 and 4.5 m;y.b.p.
However, they also concluded that alignment of volcanic
cones (some less than 100,000 years old) along the trend of
these structures suggests that the fault system has
continued to be a zone of crustal weakness providing
conduits for late Cenozoic magmas.

2.5.1.2.4 Pasco Basin Structural Geology

The WNP 1-2-4 sit'e lies within the Pasco Basin (Figure
2.5-4), one of several physiographic basins within the
western Columbia Plateau.. The Pasco Basin is partly
surrounded by large anticlinal ridges. The Saddle Mountains
form the northern boundary of the Pasco Basin; Umtanum Ridge
and Yakima Ridge form the western boundary; Rattlesnake
Hills and Horse Heaven Hills form the southern boundary; and
a broad zone of gradually increasing westward dip (Figure
2.5-20) forms the eastern boundary. Umtanum Ridge and
Yakima Ridge plunge eastward, decrease in relief, and die
out within the basin interior.
Folds within the Pasco Basin trend eastward in the
northwestern part of the basin and northwestward in the
southeastern part. The anticlines generally correspond to
narrow linear ridges, and the synclines to broad alluvium-
filled valleys. The folds typically are asymmetrical, with
the anticlines steeper to overturned on the north. Faulting
is common along the ridges, particularly in areas where
folding is most pronounced.

2.5.1.2.4..1 Saddle Mountains

The Saddle Mountains structure marks the northern boundary
of the Pasco Basin. Xt is one of the largest and most
prominent anticlinal structures within the Yakima Fold Belt
(see Figures 2.5-13, 14, and 17). From its western end,
located about 24 kilometers southeast of Ellensburg,
Washington, to its eastern end, located about 10 kilometers
east of Othello, Washington, it extends nearly 113
kilometers across the western Columbia Plateau. Most of
this discussion is from Reidel (1978b) and from Rockwell,
197 9.

The Saddle Mountains structure is first-order structure with
second'-order folds and faults on its flanks. The main
structure is the Saddle Mountains anticline which is an
asymmetric anticlinal ridge with a steep northern flank.
The Saddle Mountains stiucture changes geometry close alongstrike from a fold in the northwestern part of the Pasco
Basin to an open fold in the northeastern part. Maximum
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structural relief, measured on the Wanapum Basalt, is about
2,000 feet in the northwestern Pasco Basin, but diminishes
to less than 500 feet in the northeastern basin.
Basalt outcrops in the hinge area of'he Saddle Mountains
structure have been mapped by Grolier and Bingham (1971),
Taylor (1976), Washington Public Power Supply System (1974),
and Washington Public Power Supply System (1977h), and most
recently by Reidel (1978b). This mapping has revealed that
the hinge area can be subdivided into three segments on the
basis of fold geometry: (a) a western segment; (b) a central
segment; and, (c) an eastern segment (Grolier and Bingham,
1978; Reidel, 1978b) . Two major structural trends
(east-west and northwest-southeast) and one minor trend .

(northeast-southwest) are within the segments.

The Saddle Moutains anticline follows a sinuous east-west
trend along the Saddle Mountains structure and is princi-
pally responsible for topographic relief of the Saddle
Mountains. In the western segment of the Saddle Mountains
structure near Sentinel Gap, the Saddle Mountains anticline
bifurcates into northern and southern axial traces. Recent
mapping by Reidel on the west side of Sentinel Gap suggests
that the Saddle Mountains anticline there might be
overridden by a northwest-trending thrust fault (Section 32,
T15N, R23E) in a manner similar to that observed by Farkas
(1972) and by Price during work for Rockwell Hanford
Operations on Umtanum Ridge (cited in Rockwell, 1979).

Between 120o west longitude and the western edge of Smyrna
Bench, the Saddle Mountains anticline is an asymmetric
fold. The north limb is nearly vertical where exposed and
the south limb is less steeply dipping (Grolier and Bingham,
1978). The south limb is complicated by many parallel-to-
subparallel minor folds. 'Ihe structural low in the Saddle
Mountains anticline,, the Levering monocline, the convergence
of smaller folds, a paleovalley, and. a north-south fault,all collectively suggest that this area of the south limb is
complex with a long and complicated history.
The boundary between the western segment of the Saddle
Mountains structure and the central segment is a complex
zone of deformation and marks a change in fold geometry from
an open, asymmetrical fold in the western segment to a box
fold in the central segment. Near Verified Altitude Bench
Mark (VABM) Saddle, the hinge line of the anticline plunges
to the southeast. South of Smyrna Bench, the position of
the hi'nge line is south of the topographic crest of the
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Saddle Mountains. Eastward from Section 8, T15N, R25E, the
trend of the hinge line is almost east-west, overall, but
with local variations.
An abrupt change in the trend of the axial trace and change
of fold geometry on the east side of Smyrna Bench mark the
boundary between the central and eastern segments of the
Saddle Mountains structure. Geometry changes from a tight
box fold to the west to a more open eastward-plunging fold
to the east. lhe abrupt change in trend was interpreted as
a fault by Glass and Slemmons in Washington Public Power
Supply System (19771) based on air photo interpretation, but
no offset was found by Rockwell geologists. From the east
side of Smyrna Bench, the axial trace of the Saddle
Mountains anticline swings northeast and then southeast
(S65oE) to the Eagle Lake area where an abrupt east-west
directional change occurs, and the fold becomes more open
and subdued until it is covered by Ringold sediments east of
Scooteney Reservoir. This is the easternmost exposure of
the Saddle Mountains anticline.
The Smyrna monocline is approximately parallel to the trend
of the Saddle Mountains anticline south of Smyrna Bench and
forms a northern hinge zone in the central portion of the
anticlinal fold. Dips increase along the hinge from 5 to
20o toward the north, south of the hinge, and 60o north
to overturned, north of the hinge.

A monocline similar to the Smyrna monocline extends along
the north side of the Saddle Mountains from Corfu east
approximately to where Washington State Highway 24'0 crosses
the Saddle Mountains. Along the monocline, dips change from
5 to 10o to the north to 20 to 40o to the north. Near
Washint'on State Highway 240, the monocline merges with the
Saddle Mountains anticline. This is inferred to be the same
monocline on both sides of the landslide block south of
Corfu.

North of the Saddle Mountains anticline in the Eagle Lake
area (T14N, R29 to 30E) is a series of doubly plunging
anticlines and synclines trending from N70oW to N70oE.
Most are open folds, but one, in Section 12, T14N, R29E, is
a relatively tight fold with a steeply dipping south limb.
The Saddle Mountains fault has been a topic of considerable
discussion (Laval, 1956; Grolier, 1965; Grolier and Bingham,
1971, 1978; Jahns 1967; Jones and Deacon, 1966; Taylor>
1976; Washington Public Power Supply System, 1977h). Laval
(1956) interpreted this fault to be a thrust fault based on
an exposure near Sentinel Gap, but Grolier and Bingham
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(1971) interpreted it as a near-vertical fault, noting that
"the critical relationships are hidden under talus and sand
dunes." Washington Public Power Supply System (1977h)
emphasized the

changers

in fault geometry along its strike
from a high-angle reverse fault in the Smyrna Bench and
Sentinel Gap area to a nearly horizontal thrust fault to the
west in the Boylston Mountains.

On the west side of Sentinel Gap, the Saddle Mountains faultis a complex zone with several low-angle fault planes
exposed. Neither fault displacements nor attitudes have
been measured, but slickensides suggest low-angle, reverse
movement. The Sentinel Bluffs sequence is over 900 feet
thick on the east side of the river (Taylor, 1976; Long,
1978), but is less than 500 feet thick west of the river,
suggesting thinning due to faulting or pinching-out onto a
pre-existing structure.
Between Smyrna Bench and Sentinel Gap, the fault could have
a maximum stratigraphic displacement of 1,800 feet
(Section 1, T15N, R24E), but nowhere is the fault plane
exposed. The approximate location of the fault zone is
shown on Figure 2.5-13. Only the outcrop east of Sentinel
Gap (Sections 33 and 34, T16N, R24E) was found where faulted
bedrock might be inferred. The exposures here are poor and
relationships are considered tentative at this time. Taylor
(1976) interpreted an east-west-trending fault'ere.
On the east side of Smyrna Bench, Grolier and Bingham (1978)
described another exposure of the Saddle Mountains fault
(Section 1, T15N, R26E). No significant displacement could
be found at that location by Rockwell geologists. This area
was discovered to be the westernmost limit of the Huntzinger
flow on the north s3.ope of the Saddle Mountains and is
interpreted to represent a paleovalley. The overturned
Priest Rapids, Huntzinger, and Pomona flows in Section 1,
T14N, R26E are thought to be related to a possible
northwest-trending cross structure. Exposed in a north-
south gully are vertical and locally overturned Grande Ronde
Basalt and Frenchman Springs, Roza, Priest Rapids, and
Elephant Mountain Members (Laval, 1956; Grolier and Bingham,
1971; Taylor, 1976; Reidel, 1978b).

A short distance to the south (Section 34, T16N, R24E), the
Grande Ronde Basalt is folded and sheared from nearly
horizontal (to the south) to nearly vertical (in a gully to
the north). Individual Grande Ronde Basalt flows could not
be mapped through the sheared zone; the two lower flows
appear to have been faulted from the vertically standing
section. This fault zone is interpreted to be associated
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with a northwest-southeast fault zone,. the Smyrna fault.
Evidence for this fault is based on offset in Section 3,
T15N, R25E, a tectonic shear zone in Grande Ronde Basalt
described above, and tectonically brecciated Elephant.
Mountain Member cropping out along the projection of the
fault and shear zones (Section 33, T16N,'25E).

A major northwest-southeast anticline, the Smyrna anticline,
is located near the west end of the Smyrna Bench (T15N,
R25E). Folding along the east-west Saddle Mountains
anticline has almost obliterated this structure, but its
axis represents the present structural high along the Saddle
Mountains anticline. This northwest-southeast structure was
recognized primarily on the basis of stratigraphic relation-
ships in the area. Based on flow distribution, an anticlinal
ridge several kilometers wide is inferred to have existed
from Frenchman Springs time through Pomona time (10 to 14
m.y.b.p.) . The anticline apparently reached its greateest
topographic relief during Priest Rapids time, when it formed
a barrier at least 6 kilometers wide. This structure is now
bounded on the west by the Smyrna fault.
On the eastern segment, a third structure is suggested by a
change in trend of the Saddle Mountains anticline. Here,
the aburpt change in attitude of the beds was interpreted by
Glass and Slemmons in Washington Public Power Supply System
(19771) as a fault. A northwest-southeast cross structure

may cut the Saddle Mountains anticline, but there is no
indication of relative displacement.

Northwest-trend'ing folds of lesser amplitude are between
Sentinel Gap and Sm'yrna Bench (Sections 3, 4, and 5, T15n,
R24E). These structures are older than the Saddle Mountains
fault, but probably are younger than the two northwest-
southeast-trending anticlines (Sentinel Mountain and
Smyrna). These folds show a relatively long history of
deformation. They apparently became active during Priest
Rapids time, as indicated by local thickness variations in
Priest Rapids flows. Associated synclinal thoughs arefilled with thick accumulations of Ellensburg sediments and
Elephant Mountain basalt which did not overflow the trough.
Ellensburg sediments and caliche covering them are deformed,
indicating post-Ellensburg deformation along this trend.
One syncline has a normal fault bounding its west side.
2.5.1.2.4.2 Umtanum Ridge

The Umtanum Ridge-Gable Mountain structural trend (Figures
2.5-16 and 2.5-17) is a segmented bedrock high extending for
a length of 137 kilometers from the western end of Umtanum
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Ridge to southeast of Gable Mountain. This structural trend
is composed of five segments, which are separated from each
other on the basis of changes in style of deformation and
the orientations of folds, which form the segments. The
five segments are each considered to be first-order folds.
Golder Associates, 1981a and 1981b, present more comprehen-
sive descriptions of folding and faulting associated with
the eastern segment of Umtanum Ridge and the Gable Butte-
Gable Mountain segment of the structural trend. Webster and
Crosby (1981) prepared for Golder Associates evidence for
deformation associated with the most easterly segment of the
structural trend, the Southeast anticline.
Umtanum Ridge consists of three first-order folds which
represent three segments of the trend. These three folds
show tighter folding and higher structural amplitude than
any of the other anticlines along the trend and are
separated from one another by differences in vergence
(Golder Associates, 198la) .

The next segment to the east, the Gable Butte-Gable Mountain
segment (Golder Associates, 198lb), is separated from the
Umtanum Ridge segments on the basis of a change in folding
style and by a topographic depression in the crest of the
structural high south of Vernita Bridge (Figure 2.5-16).
East of this area, the first-order fold forming the Gable
Butte-Gable'ountain segment is of significantly lesser
amplitude than first-order folds to the west. It forms a
broad anticlinal warp with a wavelength that is several
orders of magnitude greater than the first-order fold
forming the eastern segment of Umtanum Ridge. Within the
Gable Butte-Gable Mountain segment, three prominent
second-order folds (Gable Butte and the east and west
anticlines of Gable Mountain) are present on the crest of
the first-order fold. These second-order folds form an en
echelon pattern and trend northwest-southeast at an acute
angle to the generally east-west trending first-order fold.
Third-order folds of an even smaller scale (approximately
one kilometer in length) are superimposed on the second-
order folds of the Gable Butte-Gable Mountain segment.

The most easterly segment of the structural trend, the
Southeast anticline segment (Figure 2.5-16), is buried
beneath Ringold Formation and younger sediments. This
segment is separated from the Gable Butte-Gable Mountain
segment by a topograhic saddle and extends 2 kilometers to
the northwest of the eastern end of the Gable Butte-Gable
Mountain segment (Weston Geophysical, 1981) . In contrast to
the Gable Butte-Gable Mountain segment, the Southeast
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anticline trends northwest-southeast for most of its
length. Near its southeastern end, its trend turns toward
the east.

The three first-order anticlinal segments forming Umtanum
Ridge extend from the vicinity of Vernita Bridge northwest-
ward to the margin of the Columbia Plateau (Figure 2.5-16).
Umtanum Ridge is separated from the Hansen Creek anticline
to the north by the Wahluke syncline and separated from the
Yakima Ridge anticline to the south by the Cold Creek
syncline. The distance from the WNP 1-2-4 site to the
nearest surface expression of the Umtanum anticline is about
35 kilometers.

The eastern segment of Umtanum Ridge is an asymmetric
first-order fold overturned to the north with a south-
dipping fault (Umtanum fault) along its northern margin
(Price, 1980; Goff, 1981; and Golder Associates, 1981a) .
This segment extends 31 kilometers from Vernita Bridge on
the east to Hog Ranch Buttes on the west. The central
segment of Umtanum Ridge extends 29 kilometers farther west
and is overturned to the south in an asymmetric fold
structure with a north-dipping reverse fault along its
southern margin (Bentley, 1977) . Vergence of the fold is
again to the north from the Yakima River westward along the
40-kilometers-long western segment, which passes into a
series of complex folds and dies out west of Bald Mountain
(Figure 2.5-16) .

The eastern segment of Umtanum Ridge is a concentric,
non-cylindrical anticline in brittle basalt layers (Price,
198la; Goff, 1981; and Golder Associates, 1981a). This fold
is broken along its north limb by three (possibly four)
east-west trending reverse faults: the Umtanum fault, the
upper reverse fault (Buck thrust), the north reverse fault,
and a possible unnamed reverse fault lying between the
Untanum and north reverse faults (Golder Associates, 198la).

The Untanum fault (Golder Associates, 198la) separates
overturned, generally south-dipping Grande Ronde and Wanapum
Basalt flows in the hanging wall from more gently dipping
Grande Ronde and Wanapum basalt flows in a lower imbricate
thrust wedge which is bounded on the north by the north
reverse fault. The Umtanum fault, which dips 30o to 40o
south based on drilling data, is structurally analogous to a
south-dipping (20o to 40o) reverse fault exposed by the
Yakima River where it cuts through the western segment of
Umtanum Ridge (Washington Public Power Supply System, 1977h;
Bentley, 1977; Price, 198la) .
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The upper reverse fault (Golder Associates, 1981a) and the
Buck thrust (Price, 1980) form a discontinuous zone of
thrust faulting which dips gently to the south in the hinge
area of the first-order anticlinal fold near Priest Rapids
Dam. Basalt flows are steeply north-dipping to overturned
in the footwall of this thrust; flows in the hanging wall
dip gently south. Price (198la) described the Buck thrust
as a zone of faulting where the gently dipping south limb of
the anticline has locally overridden the steeply dipping
north limb in the hinge area of the fold.
The existence of the north reverse fault (Golder Associates,
1981a) is indicated by a repeated sequence of Wanapum basalt
flows, and the possible fourth unnamed reverse fault is
inferred from stratigraphic relationships and structural
attitudes at either end of its mapped trace. Both faults
are inferred to dip south based on stratigraphic relation-
ships, which indicate overthrusting of units to the north
along their concealed traces, and based on their apparent
imbricate relationship to the south-dipping Umtanum fault.
A fifth northeast-southwest trending fault (Golder
Associates, 198la),'eferred to as the Twin fault by Bentley
and shown on the Regional Map, Sheet 4- in Rockwell (1979),
is inferred along the southeast margin of a large landslide
complex east of Filey Road. It is a minor fault formed bydifferential folding in the hinge area of the first-order
fold forming the eastern segment of Umtanum Ridge.

The Umtanum fault and other east-west trending reverse
faults are inferred to be products of fold deformation in a
north-south compressional stress regime (Golder Associates,
198la). Horizontal shortening within the eastern segment of
the Umtanum Ridge fold appears to have caused low-angle
reverse faults to propagate in the direction of overturning
from the core of the fold toward the ground surface at the
base of the north limb. The Umtanum fault is inferred to
have relatively shallow dip of 30o to 40o south based
on: (1) drilling data (Golder Associates, 198la); (2)
geologic mapping, which indicates a subhorizontal to gently
north-dipping fault attitude near Sourdough Canyon and,
thus, a relatively shallow dip for the fault within the core
of the fold (Golder Associates, 1981a); and (3) the
structural similarities between the Umtanum fault and the
fault observed to dip 20o to 40o south in the western
segment of Umtanum Ridge.

This inferred low dip angle is compatible with the
hypothesis that the Umtanum fault grew from the core of the
anticline in response to progressively tighter folding and
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that faulting is a direct result of folding in this
structure.. On this basis, maximum fault lengths should be
no longer than the lengths of individual segments of Umtanum
Ridge. Fault widths (down-slip lengths) should not extend
much deeper than the core of the fold and, at a maximum,
should be no wider than the width of the fold itself. None
of the mapped faults in the eastern segment'of Umtanum Ridge
appear to displace Quaternary deposits or apparently old
geomorphic surfaces (Golder Associates, 198la) .

2.5.1.2.4.3 Gable Mountain

Gable Mountain and Gable Butte are topographically isolated
anticlinal ridges of basalt and'nterbedded sediments that
form the only bedrock outcrops in the central Pasco Basin.
These ridges are underlain by three prominent second-order
folds, two on Gable Mountain and one underlying Gable Butte
(Golder Associates, 1981b) . These second-order folds are
superimposed on the first-order fold forming the Gable
Butte-Gable Mountain segment of the Umtanum Ridge-Gable
Mountain structural trend (Golder Associates, 1981b). This
segment of the structural trend is flanked by the Wahluke
syncline to the north and Cold Creek syncline to the south.
Minor third-order folds have been mapped on the ~ flanks of
the second-order folds where basalt crops out on Gable
Mountain and Gable Butte.

Portions of Gable Mountain and Gable Butte have been mapped
by Newcomb and others (1972), Bingham and others (1970),
Washington Public Power Supply System (1974), Brooks (1974),
and Fecht (1978) . Three faults (the central, south, and
west faults} have been mapped on Gable Mountain, and a
fourth (the north-dipping reverse fault) was encountered indrill holes on the south side of the mountain (Golder
Associates, 198lb) . Two other faults were encountered indrill hole DB-10 2 kilometers south of the mountain.
Structural relationships and faulting on and near Gable
Mountain are discussed in detail (Golder Associates, 1981b).

Central Fault

The central and south faults on Gable Mountain were
originally mapped as a single, curvilinear structure
(Bingham and others, 1970; Newcomb and others, 1972; Fecht,
1978), which separated the oppositely verging 'east and west
anticlines. However, more recent work has shown the south
fault to be a separate structure and not connected to the
central fault.
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The central fault (Golder Associates, 1981b) on Gable
Mountain is a northeast-trending, south-dipping reverse
fault which dies out into the east Gable Mountain anticline
at its northeastern end. It varies in strike from N55oE
near its northern end to N45oE along the central section
of the fault. The dip increases from 26o south to
approximately 50o south along this same portion of the
fault. Farther south, drilling data indicate that
displacement on the central fault also decreases to the
southwest and that its strike becomes more westerly
(N71oE) near its intersection with the west anticline.

Movement is assessed to be primarily dip-slip on the basis
of striae orientations observed in fault gouge and clastic
dikes and the 'absence of any featurees indicating lateral
offset. Cumulative dip-slip displacement was measured to be
approximately 200 feet near the central portion of this
fault, and long-term displacement rates calculated for the
central fault are very low (2 x 10-4 inches/year) .

The change in trend and the decrease in displacement at both
ends of the central fault indicate that it displays similar
structural characteristics at opposite ends (Golder
Associates, 198lb) . North-south to northeast-southwest
compression produced the second-order east and west
anticlines with which the fault is associated, and thrusting
of hanging-wall rocks to the north-northwest on the central
fault plane is compatible with this general sense of
north-south crustal shortening. The central fault is
inferred to be a tear fault which developed to accommodate
differential movement resulting from interference between
growth of the east anticline to the northwest and growth of
the west anticline to the southeast. The overall length of
the central fault is inferred to be 3 kilometers or less
(measured from where it is inferred to die out to the
southwest in the axis of the west anticline to its
termination in the hinge area of th east anticline) .

The central fault displaces glaciofluvial deposits and
clastic dikes derived from these deposits along an 1100-foot
interval of the fault trace at its northern en'd (Golder
Associates, 198lb). These displacements are small (0.2
foot) reverse offsets at the base of the glaciofluvial
deposits which do not'extend into the upper part of the
sequence. However, minor shears and fractures subparallel
to the central fault plane extend into the glaciofluvial
deposits where the displacements occur. Associated, minor
normal displacements (0.3 foot) also occur in the hanging
wall at one location. Clastic dikes parallel to the fault
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plane are internally s'lickensided with striae plunging down
the dip of the fault plane. Ho~ever, no measurable
displacement of the clastic dikes was detected.

'

Glaciofluvial deposits overlying the central fault (and the
south fault) and clastic dikes derived from these deposits
are assessed to be at least 13,000 years old based on the
presence of Mount St. Helens "S" ash near the top of the
flood deposit sequence, but no older than 13,000 to 19,000
years on the basis of their probable correlation with
similar glaciofluvial deposits elsewhere in the Pasco Basin
(Golder Associates, 198lc) . Thus, the displacement at the
base of these deposits over the central fault is assessed to
be no more than 19,000 years old.

South Fault

The south fault (Golder Associates, 198lb) is a reverse
fault which strikes nearly east-west and dips southward
25o to 54o (Golder Associates, 198lb) . This fault dies
out to the east along strike, and stratigraphic throw has
been less than 40 feet where the south fault is exposed in
trenches. Drilling data show the south fault confined to
the hanging wall of the north-dipping reverse fault. The
south fault is inferred to be present in the subsurface for
a distance of at least 1700 feet to the west of where it
dies out- at its eastern end (Golder Associates, 1981b).
However, based on its apparent confinement to the hanging
wall of the north-dipping reverse .fault, the south fault
(like the north-dipping reverse fault discussed below) can
be no longer than 6 kilometers, the approximate length of
the west anticline.
Recent trenching (Golder Associates, 198lb) exposed
unfaulted glaciofluvial deposits overlying the south fault,
and Bingham and others (1970) also reported glaciofluvial
deposits to be undisplaced in earlier trench investigations
of the south fault. However, some trenches across this
fault exposed slickensides and striations on some clastic
dikes present along the fault plane. Striations on polished
surfaces within the dike material plunge parallel to the dip
of the fault. This dike material is believed to be derived
from overlying glaciofluvial sediments. These sediments
were interpreted to be 40,000 years old (Bingham and others,
1970) on the basis of radiocarbon dating of wood fragments
taken from the sediments. However, comparison of these
sediments with other glaciofluvial sediments in the Pasco
Basin suggests that they are correlative with Missoula flood
deposits and are, therefore, probably 13,000 to 19g000 years
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in age. The presence of these slickensides within the
clastic dikes suggests very minor dip-slip displacement. on
the south fault since dike emplacement.

North-Dipping Reverse Fault

The north-dipping reverse fault (Golder Associates, 1981b)
has been traced in drill holes for approximately 2000 feet
along the southern flank of the west Gable Mountain
anticline (Golder Associates, 1981b). This fault strikes
N63oW and dips 13o north at the eastern limit of its
mapped trace. Minimum stratigraphic throw on the fault is
140 feet in this same area. Farther west, stratigraphic
throw on this fault has been approximately 320 feet, and it
strikes N72oE and dips 19o north. Both the north-
dipping reverse fault and the south fault are compatible
with north-south crustal shortening and folding of the Gable
Mountain structure. %he apparent structural position of the
north-dipping reverse fault in the west anticline is
compatible with the generation of thrust faulting from the
core of a fold in brittle rock layers where movement of the
hanging wall is in the direction of fold vergence (to the
south) . This interpretation is similar to the interpre-
tation of the relationship between faulting and folding
along the eastern segment. of Umtanum Ridge (Price, 198la;
Golder Associates, 1981b) . The south fault is inferred to
be a minor structure in the hanging wall of the n'orth-
dipping reverse fault near the eastern end of the west
anticline. The approximate length of the west anticline is

~ 6 kilometers, and thus, both the north-dipping reverse fault
and south fault are inferred to be no longer than 6
kilometers.

West Fault

The west fault (Golder Associates, 198lb) is a minor tear
fault in the hinge area of the west anticline on Gable
Mountain caused by differential folding along the anticlinal
axis.. Rocks to the west of the fault have been more sharply
folded than rocks to the east, thus producing the normal
displacement observed in trenches. It is a normal fault,
which strikes N34oE and dips steeply west (55o or more)
with less than 15 feet of stratigraphic throw. Maximum
displacement is toward the hinge area of the fold, which in
this case has been removed by erosion along the southwest
flank of Gable Mountain. Within a distance of 200 feet of
its exposure near the crest of the west anticline, faulting
dies out rapidly to the northeast along the strike in the
gently-dipping northern limb of the anticline. Total length
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of the fault is 1 kilometer (measured from the approximate
location of the hinge area to where the fault dies out to
the northeast along the strike).
Upper DB-10 Fault

Core hole DB-10 (Rockwell, 1979) penetrated two faults
approximately 2 kilometer south of Gable Mountain.
Investigations have shown that the upper of these two faults
is confined to the width of a buried second-order anticline
and not structurally connected to other faults in the Gable
Mountain area. This conclusion is based on geophysical data
(Weston Geophysical, 1981) and fault attitudes determined
from drill. hole data (Golder Associates, 198lb) . The upper
DB-10 fault strikes almost due north-south and dips 25o to
45o west. The length of the upper DB-10 fault is estimated
to be a kilometer based on seismic refraction data (Weston
Geophysical, 1981) . The upper DB-10 fault appears to be a
minor fault in the hinge area of a second-order anticline on
the basis of its limited length (1 kilometer) and strati-
graphic thr ow (approximately 165 feet) .

2.5.1.2.4.4 Rattlesnake-Wallula Alignment

The Rattlesnake-Wallula alignment is part of a topographic
and structural alignment that trends northwest from near
Milton-Freewater, Oregon, to the'orthwest end of the
Rattlesnake Mountain (Figure 2.5-18). This feature is
expressed by an alignment of topographically defined
anticlines between Wallula Gap and Horsethief Point
(Rattlesnake-Wallula alignment) and by the alignment of
parallel and subparallel linear structural features from
Wallula Gap south-eastward. The axis of this alignment
approaches to within 20 kilometers southwest of the WNP
1-2-4 site.
The Rattlesnake-Wallula alignment between the Yakima River
and Wallula Gap is defined by a series of ten elongate
(northwest-southeast) hills. These hills appear as
distinct, subparallel, doubly-plunging anticlines generally
aligned along a N50-60oW trend. The folds are commonly
overlain by loess above elevations of 1000 feet, and by
undifferentiated loess and Touchet beds below this
elevation. Basalt bedrock crops out generally near the
crest of the hills. The flanks are mantled by colluvium andsilt.
The part of the Rattlesnake-Wallula alignment that is mapped
from Badger Coulee northwestward to the Yakima River (Figuie
2.5-18) contains four discontinuous, sub-parallel, doubly-
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plunging anticlines generally aligned along a N50oW
trend. From southeast to northwest the structures include
O-Hill, southeast of Badger Mountain, Badger Mountain, an
unnamed mountain northwest of Badger Mountain, and Red
Mountain.

These anticlines are structurally similar. The northeast
limbs generally dip slightly more steeply than .the
topographic slope and somewhat less steeply than the
southwest limbs.. The axes of the individual folds generally
parallel the overall Rattlesnake-Wallula alignment. The
Umatilla, Priest Rapids and Roza basalts are locally exposed
in the core of the folds, while the Pomona, Elephant
Mountain-Ward Gap, and Ice Harbor flows are widespread.

The structure continues from the Yakima River gap
northwestward to the north end of Rattlesnake Mountain
(Figure 2.5-18), where it adjoins the east trending section
of Rattlesnake Hills. Rattlesnake Mountain is a box-shaped
anticline with an over-steepened north limb along much of'ts length. A thrust fault or high angle, reverse fault has
been interpreted to exist along the steep, northern limb
( Rockwell, 1979) .

On the basis of remote sensi'ng analysis, recent faulting
does not appear to have occurred along the Rattlesnake
segment of the. alignment as indicated by a lack of scarps
across the abandoned Yakima River channel at Vista. The
Rattlesnake anticline cannot be traced as a single
continuous structure beyond Snively Ranch.

The following sections include discussions of the
Rattlesnake-Wallula alignment, by geographic or structural
section, commencing with the Rattlesnake Mountain area at
the northwestern extent of the alignment.

2.5.1.2.4.4.1 Rattlesnake Hills and Rattlesnake Mountain
Anticlines

In the area of Rattlesnake Mountain, the east-west
Rattlesnake Hills anticline changes direction and merges
with the northwest trending section of the Rattlesnake-
Wallula alignment (Figures 2.5-18 and 2.5-19). The
Rattlesnake Hills Anticline (Figure 2.5-18) extends from the
north end of Rattlesnake Mountain westward to Horsethief
Point (Section ll, T12N, R23E). The Rattlesnake Hills
alignment in this area is defined by the sinous, east-west
trending anticline. The anticline is asymmetrical with dips
of 2 to 10o on the south flank and dips of 10 to 25o on
the north flank.
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The structure of this segment from the Yakima River to the
northwest end of Rattlesnake Mountain is described primarily
as a box-shaped anticline with an oversteepened north limb
along most of its length (Rockwell, 1979). The central part
of the anticline is breached and is estimated to have 3000
feet of structural relief. About 2 kilometers northwest of
the Yakima River, the anticline plunges gently to the
southeast and dies out on the flank of a northeast trending,
southeast dipping monocline.

Known faulting in this area is confined to the western
portion of the Rattlesnake Hills anticline.. The 3926 fault
is a 4 kilometer long, north-south striking, vertical
scissor fault located in Sec. 8, TllN, R24E, (Rockwell,
1979). The western side of the fault is up and juxtaposes
Pomona against Priest Rapids flows with an estimated 300
feet of vertical displacement. The Maiden Spring fault
occurs about 2 kilometers south of the axis of the
Rattlesnake Hills anticline, is parallel to it for about 2
kilometers in Sec. 18, TllN, R24E, and appears to connect
with the southern end of the 3926 fault (Figure 2.5-18). It
is a high angle, north dipping, reverse fault that
juxtaposes Elephant Mountain and Umatilla flows; with up to
200 feet of displacement. lhe Rattlesnake Hills anticline
at the: west end (Horsethief Point), is a structurally
complex area that includes several folds and an unnamed high
angle fault that juxtaposes Elephant Mountain and Umatilla
flows.. Much of the structure of the eastern portion in the
Horsethief Point area is hidden by landslide debris of the
Snively Basin and by extensive loess cover.

Faulting along Rattlesnake Mountain apparently occurs along
the northeastern limb of the anticline (Figure 2.5-18) ~

This steeply dipping fault is interpreted as a reverse fault
(Washington Public Power Supply System, 1977k; Rockwell,
1979) . Displacement is estimated to be 1,300 feet
(Rockwell, 1979) . The fault is inferred to be about 7
kilometers in length. Two kilometers to the northwest and
on the projection of the Rattlesnake Mountain fault, a south
dipping thrust fault has been inferred by Rockwell (1979).
Neither the Rattlesnake Mountain fault nor'the thrust fault
appear to displace mapped Quaternary units.
2.5.1.2.4.4.2 Red Mountain

Red Mountain is a doubly plunging anticline about 6
kilometers in length located southeast of the Rattlesnake
Mountain anticline and on a line with the Rattlesnake-
Wallula structural trend. Its northeastern limb dips more
steeply than its southwestern limb. Pomona basalt is
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exposed in its core. A fault has been mapped near the axis
of the fold in Section 4. The fault strikes approximately
N55oW; the dip is unknown. The fault juxtaposes Pomona to
the southwest against Ice Harbor and Elephant Mountain to
the northeast. Detailed mapping shows the axis of the Red
Mountain anticline trends between NSOoW and N60oW. The
Rattlesnake-Wallula trend in the vicinity of Red Mountain is
approximately N50oW. Several warped, abandoned stream
channels and terraces suggest that to the north of Red
Mountain the only Quaternary deformation has been a gentle
warping.

2.5.1.2.4.4.3 Badger Mountain

In the area between the Yakima River and Badger Coulee,
there are four structurally similar anticlines. Their
southwest limbs generally dip slightly steeper than the
topographic slope and somewhat less steep than the northeast
limbs. The axes of the individual folds are subparallel to
the overall Rattlesnake-Wallula alignment. The Umatilla,
Priest Rapids and Roza basalts are locally exposed in the
cores of the f'olds, while the Pomona, Elephant Mountain-Ward
Gap, and Ice Harbor flows are widespread.

Badger Mountain is defined as the three doubly plunging
anticlines between the mouth of Badger Coulee at Vista and
Red Mountain. The southernmost of these folds is called
O-Hill, the central is called Middle Badger Mountain, and
the north hill is unnamed.

The Badger Mountain fault is a northwest-striking fault that
Bond and others (1978) and Rockwell (1979) inferred to
extend from 0-Hill to the southern end of the unnamed hill
northwest of Middle Badger Mountain. Where the existence
and location of the fault are constrained, no evidence of
Quaternary displacement has been observed.

Mapping of 0-Hill (Woodward-Clyde Consultants, 198lc) shows
no persuasive evidence for faulting. Mapping of the Middle
Badger Mountain (Woodward-Clyde Consultants, 1981c) shows a
fault at approximately the position shown by Rockwell
(1979). The fault juxtaposes Roza to the southwest against
Pomona to the northeast. Exposures are inadequate to
confidently assess the total length of the fault, however,
existing exposures suggest the fault is confined within the
dome.
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2.5.1.2.4.4.4 N-Hill/M-Hill
N-Hill and M-Hill are tightly folded, doubly plunging
anticlines. On N-Hill the Pomona member is brecciated over
a horizontal distance of at least 1200 feet. The brecciated
Pomona is overlain by Elephant Mountain member and underlain
by a thin conglomerate. The conglomerate contains well
rounded clasts of basalt and metamorphics that are up to 5
to 6 inches i:n diameter. These clasts are enclosed in a
feldspathic-sandstone matrix. 'Ihe presence of a conglom-
erate, which is probably fluvial in origin, beneath the
brecciated part of the Pomona suggests the breccia was
produced by phreatic effects when the basalt flow entered
water (Figure 2.5-21). No faults have been detected on
M-Hill.
2.5 '.2'.4.4 ' L-Hill
L-Hill is topographically the smallest hill of the
Rattlesnake-Wallula alignment. Although exposures are not
adequate to fully define the structural relationships in the
area, L-Hill is probably the southeastern continuation of
the plunging nose of M-Hill. Several 2- to 5-inch wide
north-dipping normal faults in the Umatilla basalt are
exposed in quarries. Down-dip striae are present along
these faults (Table 1, Appendix 2.5-N). These, minor faults
are cross-cut by clastic dikes that are not offset.
2.5.1.2.4.4.6 K-Hill
K-Hill, also known as Game Farm Hill, is a doubly-plunging
anticline. Jones and Landon (1978) mapped a 1 kilometer
long fault (Game Farm Hill fault) along the south flank of
the anticline. A second fault is prominently exposed in a
quarry at the southeastern end of the hill. Sub-horizontal
striae are prominently developed along the fault (Table lg
Appendix 2.5-N). Shear zones in the quarry are cross-cut byclastic dikes that show no fault displacements.

2.5.1.2.4.4-.7 The Butte

The Butte is a faulted monoclinal structure. The northeast
limb dips steeply to the northeast and is separated from
nearly horizontal units to the southwest by a northwest-
striking fault zone. Locally, units to the southwest of the
zone dip gently to the southwest. The fault zone is exposed
in Finley Quarry where it consists of three traces that cut
Columbia River Basalt and younger alluvial sediments. The
northern and middle faults displace older alluvial sediments
but do not displace an alluvial unit that is estimated to be
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at least 125,000 years old. The southernmost fault
juxtaposes Pomona against Umatilla. It is overlain by, and
does not displace, Holocene loess and colluvium. The fault
striae within the zone vary from horizontal to down-dip in
orientation. Mapping by Woodward-Clyde Consultants (198lc)
has extended the Finley Quarry Fault for slightly more than
2 kilometers to the southeast. Its southeastern terminus
has not been defined. The Finley Quarry fault lies along
the projected trend of the Wallula fault zone (Shannon and
Wilson, 1979; 1980) .

2.5.1.2.4.4.8 Molly Hill
Molly Hill is a northwest trending doubly plunging anticline
with a faulted northeast limb. The fault strikes approxi-
mately N60W. Offset is interpreted to be less than 100 feet
(Jones and Landon, 1978) . This fault may be related to the
Finley Quarry fault (Jones and Landon, 1978), and it is
implied to be the northwest extension of the Wallula fault
zone (Shannon and Wilson, 1979a; Washington Public Power
Supply System, 1977m) des cr ibed below.

2.5.1.2.4.4.9 Kennewick, Horn Rapids, Cold Creek Lineaments

The Kennewick, Horn Rapids, and Cold Creek lineaments are
subparallel to the Rattlesnake-Wallula lineament from the
vicinity of Wallula Gap to near the east end of Yakima Ridge
(Figures 2.5-18 and 2.5-21) . It can be seen on topographic

maps, aerial photographs, LANDSAT imagery, and on various
geologic maps.

The Kennewick and Cold Creek lineaments were recognized and
described by Glass (Washington Public Power Supply System,
1977o) as follows:

The Kennewick lineament parallels the Rattlesnake
structure from Wallula Gap to approximately Kennewick.
The lineament is characterized by an abrupt vegetation
contrast and an east-facing break in slope (Fig'ure 2R
K-15 of Washington Public Power Supply System, 1977o).
A number of factors have led me to interpret this
feature as a terrace. At its northern end the Kennewick
lineament turns to the northeast and joins several
similar features originating to the west and northwest.
At its southern end the lineament gradually (sic)
decreases in height and cannot- be followed south of
Finley. Several older terraces appear upslope to the
west of the Kennewick lineament and trend roughly
parallel to it. The Cold Creek lineament extends from
Columbia Camp to beyond Benson Ranch (Figure 2R K-24,
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Sheet 2 of Washington Public Power Supply System,
1977o) ., The lineament is eminently detectable on
LANDSAT imagery and parallels the Rattlesnake structure.

Glass in Washington Public Power Supply System (1977o)
describes the lineament as paralleling the Rattlesnake
trend, but about 2 kilometers east of it, and as being
formed by a 6 to 9 foot-high topographic break combined with
a striking contrast in vegetation. He also noted. several
ponds resembling sag ponds along the lineament's trend and
suggested the lineament may extend onto the Hanford
Reservation in the vicinity of Cold Creek..

Although the lineament may'ppear to be a single, continuous
feature on high-altitude imagery or on larger-scale topo-
graphic maps, detailed analysis shows that it actually
consists of three distinct, nonaligned segments, each having
its own peculiar geomorphic, geologic, and geographic limits.
The Cold Creek lineament consists of two features. Thefirst is the Cold Creek valley, a topographically low linear
area parallel to Rattlesnake Mountain. The second feature
is the low scarp, seen along the west side of the valley
near the confluence with the Yakima River. This feature was
probably produced by the lateral planation of Cold Creek.
Both of these features are probably post-Wisconsin in age.

The Horn Rapids lineament consists of a series of six low
hills trending about N35oW along the southwest side of the
Yakima River to just north of Horn Rapids (Jones and Deacon,
1966; and Washington Public Power Supply System, 1974). The
hills consist of shallow dipping flows of the Elephant
Mountain and Ice Harbor members of the Saddle Mountains
Basalt mantled by glaciofluvial deposits (Figure 2.5-18) .
This group of low, basaltic hills is interpreted to be a
series of low amplitude folds subparallel to the Rattlesnake-
Wallula alignment. These hills have been modified by the
plucking action of Spokane flood waters and subsequently
nearly buried under glaciofluvial deposits.

The Kennewick Lineament is a distinct feature on topographic
maps and can be plainly seen as a slope break and vegetative
change on aerial photographs (Figures 2R K-12 and 2R K-15 of
Washington Public Power Supply System, 1977o) as well as on
LANDSAT photos of the area. It is a portion of a broader
pattern of terraces (Washington Public Power Supply System,
1977h) .

The Kennewick lineament chiefly consists of the break in
slope between terrace levels T3 and T2, and was probably
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produced as an erosional feature during one of the later
episodes of Spokane flooding (Wisconsinan age) (Shannon and
Wilson, 1980) . The linear nature of the feature, although
long and distinct, is not unique among erosional or
depositional features produced by Spokane flooding. For
example, between Umatilla and Boardman Junction in Oregon, a
400 foot-terrace can be traced as a near-straightline
feature for about 18 kilometers, while in the Portland,
Oregon area a 200 foot-terrace can be traced for about 10
kilometers. Thus, it appears that the Kennewick lineament
may represent a streamlined erosional feature produced by
flood waters rushing toward Wallula Gap. The dramatic,
vegetational change along the lineament coincides with the
proximity of groundwater to the surface. Xn fact, the
ponding of spring water issuing from the gravel near the
base of the break in slope between terrace T2 and T3 was
noted by Glass in Washington Public Power Supply System
(1977o), who originally thought they might be sag ponds.
Ponding appears to be caused in part by the pervious lining
of the irrigation ditch, which parallels the break in
slope. The possibility of right-lateral motion along this
trend was hypothesized and then discarded by Glass in
Washington Public Power Supply System (1977o), Fi,gures 2R
K-10 and 2R K-ll.
According to Glass'nterpretation given above, the
Kennewick lineament would have been produced in late
Wisconsin time. Alluvial fans produced since that time, by
sidestreams debouching onto terrace Tg, show no features
that can be considered part of the alignment. No surficial
evidence could be found for either horizontal or vertical
movement along the Kennewick-Cold Creek lineament.

2.5.1.2.4.5 Wallula Fault Zone

'lhe Wallula fault zone (Figure 2.5-21) extends southeastward
from slightly west of Wallula Gap to the vicinity of Milton-
Freewater, Oregon (Shannon and Wilson, 1979a) . This zone
has clear topographic expression from Wallula Gap
southeastward to a point about 3 kilometers east of Warm
Springs Canyon. Beyond this point the fault zone is covered
by the Touchet Beds of glacial age (approximately 13,000
y.b.p.) and is not clearly defined (Shannon and Wilson,
1979a) .

Near Wallula Gap, the Wallula fault zone may consist of two
major strands. lhe northern inferred strand may continue to
the doubly-plunging anticlines and domes of the Rattlesnake-
Wallula alignment. Bingham and others (1970) first proposed
this link between the Wallula fault zone and the
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doubly-plunging folds. This link has not been verified
because of a lack of bedrock exposures between Molly Hill
and the inferred junction of the two strands. Additional
discussion of the connection between the Wallula fault zone
and the Rattlesnake-Wallula alignment is contained in
Appendix 2.5-N.

The southern strand is the Wallula Gap fault (Jones and
Deacon, 1966) ., West of Yellepit the terminus of the fault
is in dispute (Farooqui in Washington Public Power Supply
System, 1977i; Shannon and Wilson, 1979a; Foundation
Sciences, 1980) . A trench excavated across the Wallula Gap
fault near Yellepit (see Washington Public Power Supply
System, 1977i) revealed that the fault does not displace the
Kennewick fanglomerate. Uranium-Thorium age dates on
caliche deposited on the fanglomerate indicate that the
fanglomerate is at least 20,000 years old (personal
communication Dr. T. L.. Ku to J. Black of Woodward-Clyde
Consultants) . In the Yellepit trench both vertical and
horizontal striations were observed; the former were
prominent.

The Wallula Gap fault is not exposed between Wallula Gap and
a point immediately west of Vansycle Canyon. Its presence
is inferred from zones of tectonic breccia and a series of
faceted spurs. Approximately 4 kilometers east of Wallula
Gap, the Wallula Gap fault may merge with the inferred
northern strand and continue southeastward across Vansycle
Canyon to the vicinity of Warm Springs Canyon. Scarp-like
features along the fault appear at the mouth of Vansycle
Canyon but appear not to displace recent alluvium. Aerial
photo analysis of the Wallula Gap fault indicates that it
does not appear to be active (Glass, in Washington Public
Power Supply System, 1977o). Most striae measured from
within tectonic breccias along the trace of the Wallula
fault trend approximately perpendicular to the strike of the
fault.

. Bingham and others (1970), while investigating this segment
of the Wallula fault zone, observed a youthful, curved
linear feature they interpreted to be the result of recent
faulting. Trenching across this linear feature in 1981 by
Woodward-Clyde Consultants does not confirm the conclusions
of Bingham and others (1970) . Although minor diplacements
associated with clastic dikes in the Touchet deposits were
exposed in these trenches, continuous strata (including the
Mount St. Helens "S" ash) across the lineament zone indicate
the absence of post-Touchet faulting having enough vertical
displacement to account for the topographic relief (locally
as much as about 3 feet) associated with the lineament.
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In the Warm Springs area, mapping, trenching and geophysical
studies have defined a complicated zone of faulting that
displaces pre-Touchet colluvium of probable Quaternary age.
Two prominent fault strands dip steeply to the south and
exhibit sub-horizontal fault striae.. Discussions of this
zone can be found in Shannon and Wilson (1979a) and
Woodward-Clyde Consultants (1981c) .

Approximately 3 kilometers east of Warm Springs canyon, the
Wallula fault zone is concealed by Touchet deposits and
cannot be clearly defined to the southeast (Shannon and
Wilson, 1979a) . Although the topographically-defined trace
of the fault zone becomes indistinct, the continued presence
of northwest-striking faults in the hills to the south of
,the fault zone as far east as Milton-Freewater implies an
extension of the Wallula fault zone into that region.
Because of extensive surficial cover, neither these en
echelon fault planes nor their intersections with the
Wallula fault are exposed. The geometry of the escarpments
produced by these en echelon faults shows that the
displacement decreases to the southeast.

In the area of the Walla Walla Basin the location of the
Wallula fault zone is uncertain but several occurences of
faulting have been identified. South of Umapine, Oregon,
north-dipping (30o, to 60o) faults of tectonic or slump
origin displace Touchet beds and cross-cutting clastic dikes
having maximum offset of 1.5 feet (Shannon and Wilson,
1979b). Faulting 10 kilometers southeast of the Umapine
locality is suspected by Shannon and Wilson (1979b) but not
demons trated.
Two other Quaternary fault localities are the Buroker thrust
fault east of Walla Walla and the Little Dry Creek fault
south of Milton-Freewater. The base of the Pleistocene
Palouse Formation is offset approximately three feet along
the former fault, a west-dipping (26o) reverse fault that
strikes- north-south- Loess deposits, (Holocene?) overlying
the Palouse. appear to be unfaulted (Shannon and Wilson,
1980). Near Little Dry Creek, basalt and Palouse soil are
downdropped about 1.5 feet along a steep (75o)
northwest-striking, northeast dipping fault. This fault
lies south of the eastward projection of the Wallula fault
zone and is not in alignment with it.
The southern extent of the Wallula fault zone could be
inferred to extend along the South Fork of the Walla Walla
River to the southeast of Milton-Freewater. Raisz (1945)
believed that the South Fork of the Walla Walla River formed
part of the Olympic-Wallowa lineament which continues
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southeasterly across the Blue Mountains to the Wallowa
Mountains and which is coincident with the Wallula fault
zone northwest of Milton-Freewater. However, mapping by D..
Swanson (U. S.G. S., unpublished), by Shannon and Wilson
(1979b), and by R. Dale and J. Kendall (Kendall and others,
1981) has demonstrated the continuity of major vertical
faults (including the Hite fault)and the west-dipping dikes
of Frenchman Springs basalt across the South Fork of the
Walla Walla River. Thus, the Wallula fault zone can
continue no farther southeastward than the Milton-Freewater,
Oregon area.

2.5.1.,2.5 Olympic-Wallowa Lineament

The Olympic-Wallowa lineament (OWL), originally postulated
by Raisz (1945) as a northwest-trending alignment of
topographic features between the Olympic Peninsula,
Washington, and the Wallowa Mountains, Oregon, is a cryptic
feature of Pacific Northwest geology that may have bearing
on the tectonic history of the Columbia Plateau. Raisz
believed that* the lineament was probably fault-controlled,
but he stated (1945, p. 483) "that in most places the
lineament is rather a zone than a line, with many parallel
ridges and splinters...(p. 484) it appears to be a more
complex structural line than a simple fault. It may have
started as a transcurrent fault, but the .line of weakness
thus created probably suffered further dislocation." * His
reference to transcurrent faulting alludes to his perception
from physiographic relations that both the crests of the
Cascades and the Blue Mountains have been offset along the
lineament for about 10 kilometers -- in a left-lateral sense..

Skehan (1965) suggested that the lineament may mark a
fundamental boundary in the continent between former oceanic
crust to the south and older continental crust to the
north. Davis (in Washington Public Power Supply System,
1977a) proposed that the basement for much of the Columbia
Plateau on both sides of the lineament is Mesozoic oceanic
crust and associated sedimentary rocks, accreted to the
continent prior to the Cenozoic era. His conclusion is
generally supported by Hill's 1972 interpretations that the
crust beneath the plateau is: 1) thinner'han that of 'the
granitic-metamorphic terrane of northern Washington by as
much as 12 kilometers, or 2) that it has an average P-wave
velocity as much as 0.8 kilometer/sec higher than that
terrane, or 3) that some combination of 1) and 2) prevails.
In 1980, however, Hill concluded that the crust beneath the
Pasco Basin is indeed thin (ca. 24 kilometers minimum), but
that it has a low P-wave velocity (ca. 6.1
kilometers/sec.). This low velocity, if valid, is difficult
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to reconcile with an accreted basement of oceanic
character. As an alternative, Laubscher (Appendix 2.5-0)
has proposed that the basement is genuinely continental, but
was thinned during early Tertiary regional doming -'-
expression of the doming and resultant crustal thinning is
represented by the Eocene grabens of the northern Cascades
and Okanogan terranes. He ascribed thinning of the crust to
the combined consequences of east-west stretching, subareal
erosion of the crest of the dome, and subcrustal "erosion"
by processes unknown. Davis (Appendix 2.5-N) still ~ believes
that exposures of ophiolitc rocks and associated marine
sediments north (Ingalls'phiolite of Washington Cascades)
and west (Rimrock Lake) of the plateau imply an accreted,
oceanic basement beneath central areas of the plateau.

Recent geophysical studies support both Davis'Washington
Public Power Supply System, 1977a) and Laubscher's (Appendix
2.5-0) contentions that the crust below the plateau does not
change across OWL. No evidence is seen in a

recently'ompiledtotal Bouguer gravity anomaly map of the Columbia
Plateau (1:500,000; c.i. = 4 mgal) (Figure 2.5-9, see
Appendix 2.5L) that a change in basement rocks or crustal
character occurs along the lineament. Furthermore, a
pronounced gravity gradient separates the Yakima and Pasco
Basins and trends north-south across OWL (see Appendix
2.5L). One edge of the „causative body extends north-south
with a density contrast that is positive with respect to the
rocks toward the west. Because the contours are relatively
straight, any faults striking between N45oW and S45oW
that cross the gradient would have horizontal displacements
less than 2-3 kilometers (Appendix 2.5L). This conclusion
supports Laubscher's contention (Appendix 2.5-0) that anystrike-slip displacement along Raisz's lineament (CLEW) must
be less than 2 kilometers. The north-south gravity gradient
referred to above is interpreted by Laubscher to delineate
the western edge of a master north-south trending graben of
Eocene age developed longitudinally along the crest of the
regional dome he has postulated and by Weston Geophysical
(Appendix 2.5L) to be related to the edge of a relatively
dense rock mass which underlies the Columbia Plateau. This
rock mass is interpreted to consist of extrusive rocks that
filled an elongate subsiding basin.

A recent study (Systems, Science, and Software, 1980) to
model the three-dimensional structure of crust and. upper
mantle beneath the Columbia Plateau utilized joint
inversions of regional Bouguer gravity data and P-wave
travel-time residuals for teleseismic events recorded at
stations in eastern Washington. The joint inversion model
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revealed no changes in crustal or mantle structure at depths
greater than 10 kilometers coincident with the surface trace
o f OWL.

It thus seems unlikely that the Olympic-Wallowa lineament is
a fundamental or profound crustal break, or that diffuse
transcurrent displacement along its inferred plateau
segment, if present, has been greater than a few kilometers
since extrusion of the Miocene Columbia River basalts.

The northwest-trending northern margin of the Olympic
Peninsula, the western end of the Olympic-Wallowa lineament,
is controlled by the strike and steep dip of Eocene units on
the northern flank of a major Miocene or younger antiform
which plunges steeply eastward beneath Puget Sound. The
prominent horseshoe-shaped outcrop pattern of the Eocene
Crescent Volcanics around the northern, eastern, and
southern margins of the Olympic Mountains defines this
antiformal structure (Tabor and Cady, 1978b) . A recent
U.S.G.S. report on the geology of the Olympic Peninsula
(Tabor and Cady, 1978b) does not refer to Raisz's
speculations about an Olympic-Wallowa lineament, but does
show high-angle faults along most. of the valleys believed by
Raisz to define his lineament. The faults generally
parallel steeply inclined bedding within Eocene units and
much of their traces are mapped as concealed beneath
Quaternary glacial deposits. Although the displacement
history of the faults is difficult to evaluate, they appear
to be unlikely representatives of a hypothesized 644
kilometer-long fault zone -- a zone postulated in no small
measure on their existence. There are no a priori reasons
why structures related to the Olympic antiform should extend
to the east of Puget Sound, and at present, no evidence that
they do so.

Raisz believed that the easternmost segment of the lineament .

extended up the troughlike valley of the South Fork of the
Walla Walla River and across the Blue Mountains to the
Wallowa Mountains. However, mapping by D. Swanson, U.S.G.S.
(unpublished), by Shannon and Wi'lson (1979b), and by R. Dale

and J. Kendall (Kendall and o ther s, 19 81) has demons trated
the continuity of vertical major faults and west-dipping
dikes across the South Fork of the Walla Walla River. It
is, therefore, clear that this segment of the topographically
defined Olympic-Wallowa lineament cannot be related to
faulting in rocks of Miocene age.

Davis (in Washington Public Power Supply System, 1977a, p.
2RC-34) states that the Olympic-Wallowa lineament is "as
originally defined a fictional structural element of the
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Pacific Northwest." In 1981 Davis (Appendix 2.5-N) is still
inclined to this view when the entire lineament postulated
by Raisz is considered, but the existence of a disturbed
plateau structural zone (including the Wallula fault zone)
coincident with the central third of Raisz's lineament
cannot be questioned. This is the CLEW zone of Laubscher
(Appendix 2.5-0) .

2.5.l. 2. 6 Hazards

Actual or potential hazards or problems related to natural
geologic features or to man's activities in the region and
site vicinity have been assessed. It was determined that
there are no potential hazards or problems to the site due
to any of these phenomena.

2.5.1.2.6.1 Volcanic Hazards

There are several major volcanoes in the Cascade Range west
of the WNPl-2-4 site. The closest is Mount Adams about 164
kilometers distant; the most active is Mount St. Helens
approximately 220 kilometers west-southwest of the site.
Because most volcanic activity is confined to the immediate
area of the volcano, mud flows, avalanches, pyroclastic rock
flows, lava flows, and shock waves that may be associated
with such activity do not pose a hazard to the site. The
only potential hazard to the site is ash fall resulting from
a major eruption of one of these volcanoes.

Several ash deposits have been detected in the Columbia.
Basin but only two are known to be present in the vicinity
of the site. Although the ash falls may be widespread in
extent, commonly they are not found everywhere owing to the
nature of their depositional environment and to subsequent
erosion. The oldest ash layer identified in the site
vicinity occurs in the upper Touchet Beds. In the past,
investigators have considered it to be a Glacier Peak ash
with an age of approximately 12,000 y.b.p. (Brown, 1970).
However, recent studies by the U.S .G.S. indicate that it may
be from a Mount St. Helens eruption that occured approxi-
mately 13,000 y .b.p. (Mullineaux and others, 1975). Glacier
Peak ash has been positively identified in the vicinity of
the site (Woodward-Clyde Consultants, 1981b), and localities
in the Columbia Basin north and east of the site (Fryxell,
1965). The second ash identified in the site vicinity
occurs locally interbedded and mixed with post-glacial
eolian deposits that are stratigraphically above the Touchet
beds. These ash deposits have been correlated with an
ashfall from the eruption of Mount Mazama in Oregon that
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occured about 7,000 y.b.p. (Davis, 1978) . None of the ash
deposits, however, were noted during the geologic examina-
tions of the WNP-2 or the WNP-1 and 4 excavations.

A period of renewed volcanic activity on Mount St. Helens
began in late March 1980, climaxed in a major eruption on
May 18, 1980, and resulted in about 1 mm of ash fall at the
site over a 9-hour period. Lesser eruptions of steam and
ash followed on May 25 and June 12, but prevailing winds
carried the respective low level and low volume plumes
northwestward and southwestward from the mountain.

The potential effects of a hypothetical, "worst-case" ash
fall at the WNP 1-.2-4 site were evaluated, utilizing
relevant data from the Mount St. Helens eruptions and
detailed studies made by Shannon a Wilson, (1976) for the
Pebble Springs Nuclear Plant Site. The Pebble Springs site
is located near Ar,lington, Oregon, approximately 105
kilometers southwest of the WNPl-2-4 site.
Potential Source of Volcanic Ash

There are ten major volcanic peaks of the Cascade Range
(Figure 2.5-22). Even before the activity displayed by

Mount St. Helens in 1980, several recent investigations,
including those of Coombs (1974), Crandell (1973@ 1976)g
Crandell and others (1975), and Crandell and Mullineaux
(1976) concluded that essentially all the major Cascade
volcanoes have a potential for future activity.
Despite the fact that some of the Cascade volcanoes have
been active in the last several thousand years, and hence,all must be considered as having a potential for future
activity, all are not equally likely to erupt large amounts
of volcanic ash in the WNP-1-2-4 plant lifetimes. Of the
volcanoes in the site region, only Mount St. Helens, Glacier
Peak, and Mount Mazama have produced large volumes of
volcanic ash during late Quaternary time. Based on past
behavior, therefore, Mount St. Helens and Glacier"Peak are
the most likely sources of large ash eruption in the
future. Although Mount Hood also could conceivably produce
a major tephra eruption, its potential is considered to be
much less that the other two. Thus, the nearest source of a
major eruption of volcanic ash would be either Mount St.
Helens or Mount Hood, both about 220 kilometers from the WNP
1-2-4 site. Although Mount Rainier and Mount Adams are
closer to the site, neither are considered to be potential
sources of large amounts of ash in the near future (Shannon
and Wilson, 1976) .
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Potential for Ash Reaching Site

The principal factor in the dispersal of ash is the vertical
coherency in the direction and velocity of the high altitude
winds. If these are steady state during an eruption, the
ash is deposited as an semi-elliptical pattern downwind of
the volcano. Fairly steady state conditions prevailed
during the May 18,„ 1980 eruption of Mount St- Helens when
ash began falling at the site between 2 and 3 hours after
the eruption.
Available wind data from Salem, Oregon, and Quillayute,
Washington (Crandell and Mullineaux, 1976) indicate that the
prevailing high-altitude winds in the site region are from
the west. The data from Salem (Figure 2.5-23) indicate
that, in terms of wind patterns between 10,000 and 80,000
feet,, the site is continuously directed downwind from Mount
Hood and Mount St. Helens about 6 to 12 percent of the time
for 12-hour periods and would receive less than or center-
line ash fall up to 30% of the time with various wind
vector-altitude combinations.

Potential Thickness of Ash Fall
Estimating a potential maximum ash fall is difficult given
the limited number of reliable historical data on volcanic
events. Thickness-distance relationships based on observed
and estimated ash fall from a number of eruptions ar'
plotted in Figure 2.5-24. From this plot, five inches is a
conservative estimate of a potential ash fall for the WNP
1-2-4 site.
Ra te and Du ra t ion o f Ash Fall
Only limited data are available on the rate of volcanic ashfall. From the June 1912 eruption of Mount Katmai, Alaska,
and for purposes of evaluating hazards resulting from a
hypothetical ash fall, depositional rates of 0.2 in/hr
average are assumed. It also is assumed that significant
deposition would continue for less than 24 hours.

Density and Compaction of Ash Fall
Data on the recent Mount St. Helens eruptions suggest that a
dry unit weight of 80 p.c.f. and a compacted (wet or dry)
unit weight of 110 p.c.f. are conservative, given the
distances from the site to potential ash sources (see Figure
2.5-25). The same data show that compaction could be 20-40
percent.
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Sorting and Composition of Ash

The Mount St. Helens eruptions of 1980 provide the most
reliable characterization of a potential ash fall. Figure
2.5-26 shows the observed grain-size distribution for the
Mount St. Helens ash at a number of sites with the Mount
Mazama (6,600 y.b.p.) grain-size distribution superimposed.
From these data the following grain-size distribution at the
project site is hypothesized; 84 percent less than 75
microns, 50 percent less than 20 microns, 34 percent less
than 10 microns, 28 percent less than 7 microns, 20 percent
less than 5 microns. The composition of the tephra at
distances of approximately 241 kilometers from the mountain
included 15-20 percent crystals, 50-80 percent glass, and
5-25 percent pumice fragments and dust. Seventy percent of
the crystals were feldspars.

2.5.1.2.6.2 Subsidence

Karst terrains, cavernous conditions, local tectonic
depressions, uplifts, or related features have not been
identified in the vicinity of the site.
2.5.1.2.6.3 Landslides

The closest landslide occurrence is 5 kilometers or more
distant in the White Bluffs adjacent to the Columbia River.
Slope stabilities at the site are addressed in 2.5.5.

2.5.1.2.6.4 Regional Warping

Studies by R. E. Brown. (1969) and Tillson (1970) suggest
that the Pasco Basin is continuing to subside. Brown
indicates rates of 1 foot in 5,000 years to 1 foot in 1,000
years. Tillson determined an average rate of 1 mm per year
from available leveling data. Although these analyses are
not positive indicators of continued basining, they do
provide data which precludes regional warping as a problem
at the proposed site.
2.5.1.2.6.5 Man's Activities
The extraction and recharge of groundwater in the region and
site vicinity is discussed in Sections 2.4.13 and
2 ~ 5 ~ 1.2.7.6.
The abandoned Rattlesnake Hills gas field is located on the
northeast slope of the Rattlesnake Hills, Benton County,
Washington, approximately 19 kilometers from the site. This
small accumulation of low pressure methane gas is located on

\
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the Rattlesnake Hills anticline. The two producing
reservoirs were in vesicular and scoriaceous basalt flows at
depths of 700 to 1,260 feet below the ground surface
(Glover, 1935).

The gas field was discovered in 1913. Commercial production
began in 1929 and the field was abandoned in 1941. The
total recorded production is 1,321,145 m.c.f. Additional
unrecorded amounts of gas were wasted in the preliminary
development of the field (Glover, 1953). The nature of this
withdrawal and the distance from the proposed site indicate
that it presents no problem to stability of the site.
2.5.1.2.7 Site Geology

The WNP 1-2-4 site lies within the Pasco Basin (Figure
2.5-4),'ne of several physiogrphic basins within the
western Columbia Plateau. " For details of the Pasco Basin,
see the previous dicussion in section 2.5.1.2.4.
2.5.1.2.7.1 Geologic History

The Geologic history of the WNP 1-2-4 site vicinity has been
discussed on a site province basis in section 2.5.1.2.1.
2.5.1.2.7.2 Physiography

The site (Figures 2.5-1 and 2.5-4) lies in the Pasco Basin,
a local physiographic depression within the Columbia
Plateau. The Pasco Basin encompasses 4,144 square
kilometers in south central Washington. Within the basin,
the ground surface is a gently undulating, semiarid plain,
interrupted by low-lying hills and dunes that are dissected
by intermittent streams. The basin is transected by the
Columbia River 'which enters the Pasco Basin from the
northwest at Sentinel Gap and exits to the southeast at
Wallula Gap.

The Columbia River is joined on the west by the Yakima River
south of Richland, Washington, and on the east by the Snake
River at Pasco, Washington. The northern and southern
boundaries of the Pasco Basin are defined by the Saddle
Mountains and the Rattlesnake Hills. The easterly end of
Manastash-Hanson Creek, Umtanum and Yakima Ridges mark the
western boundary of the basin. To the east the basin merges
into a vast expanse of dunes, dissected flatlands, and
coulees.

The WNP 1-2-4 site lies in the central eastern part of the
Pasco Basin (Figure 2.5-4). The most prominant drainage
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feature in this area is the Columbia River, which flows
southeasterly several kilometers north of the site until
about 8 kilometers northeast of the site where it bends and
flows in a southerly direction.
East of the river, opposite the site, steep bluffs known as
the White Bluffs rise 400 to 500 feet above the river
level., The bluffs were created by erosion of the Ringold
Formation by both the Columbia River and glacial
floodwaters. To the northeast, where the Columbia River
bends southward, two large coulees intersect on the east
side of the river. These coulees were formed by the
scouring action of glacial floods and are partially filled
with glaciofluvial deposits.

The site is located west of the Columbia River in an area
composed of a gently undulating, low-profile plain,
stretching southwesterly to the Rattlesnake Hills. The
topography is largely controlled by Pleistocene
glaciofluvial deposits and overlying eolian deposits.

There have been no karst terrains, cavernous conditions,
local tectonic depressions or related features identified in
the vicinity of the site. However, some regional
downwarping may be still going in the Pasco Basin.

Figures 2.5-29 and 2.5-35 show the topography and the
geology of the area around the site. The rolling plain
topography occurs on glaciofluvial and eolian deposits. At
the site, the ground surface varies in elevation from
approximately 420 to 470 feet. The average ground surface
elevation is about 440 feet with approximately 4 feet of
variation from this elevation across the area. A large
swarm of active dunes lies to the north of the site area but
its migratory direction is northeasterly away from the site.
2.5.1.2.7.3 Stratigraphy and Lithology
The areal geology of the site and vicinity was studied in
road cuts, trenches, and outcrops with the aid of aerial
photographs. This geology is shown on Figures 2.5-29 and
2.5-35 for the site vicinity and plant s,ite, respectively.
The subsurface geology is based on data from 140 boreholes
drilled for the site investigations (see Figures 2.5-30,
2.5-31, 2.5-32, 2.5-33, and 2.5-34). Ten of these boreholes
provided bedrock information, bottomi'ng in flows of the
Yakima Basalt. The logs of these borings are presented in
Appendix 2.5-A. Locations of boreholes drilled at the site
and in the immediate vicinity are shown on Figures 2.5-61
2.5-62, and 2.5-63. A trench excavated =for this
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investigation is located on Figure 2.5-62 and the logs of
the trench are shown in Appendix 2.5-F. Results of geologic
mapping of excavations during construction of the WNP-2 site
are presented in Appendix 2.5-H.

The stratigraphy of the Pasco Basin is presented on Figure
2.5-5. The stratigraphic section at the site is illustrated
on Figure 2.5-28. The correlation of the geologic units at
the site was made on the basis of stratigraphic position,
lithology,'and other criteria. The basalt flows were core
drilled in order to provide a means of utilizing direct
lithologic examination (Appendix 2.5-A) and geochemical
analysis (Appendix 2.5B). An evaluation of these and other
correlation methods is given by Brown and Ledgerwood
(1973) . The resulting correlations at the site are shown on
Figures 2.5-31, 2.5-33, and 2.5-34.

The plant site is underlain by three geologic units:
Pre-Columbia River Basalt Group rocks; Columbia River
Basalt Group (includes the Ellensburg Formation); and late
Cenozoic sediments (includes the Ringold Formation, Palouse
Soil, and Hanford formation I'Pasco Gravel]) . The succession
of materials encountered in the subsurface is shown in the
stratigraphic section at the plant site, Figure 2.5-28.
This section was developed from ten deep geologic borings
(see Appendix 2.5A). Five basalt flows and several
associated interbedded sediments were identified beneath the
site on the basis of these deep borings. From oldest to
youngest, the units are: undifferentiated Saddle Mounatins
Basalt flows, Selah Member of the Ellensburg Formation,
Pomona Basalt, Rattlesnake Ridge Member of the Ellensburg
Formation, and the Ward Gap-Elephant Mountain Basalt. These
rocks are of late Miocene to early Pliocene age. The
Ringold Formation of Pliocene age unconformably overlies the
Ward Gap-Elephant Mountain Basalt, which in turn, is mantled
locally by glaciofluvial and glaciolacustrine sediments and
by Holocene eolian and alluvial deposits. Lithologic
descriptions of these stratigraphic units can be found in
section 2.5.1.2.2.
2.5.1.2.7.4 Structural Geology

The WNP 1-2-4 site is located in the Pasco Basin between the
west-northwest trending Gable Butte-Gable Mountain
anticlines on the north and the Rattlesnake Hills-Wallula
alignment anticline .on the south. The few mapped faults
that occur in the Pasco Basin are associated with folds.
Aerial photographic analysis and ground inspection were made
of the area 8 kilometers around the site in all directions.
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No geologic, geomorphic, or topographic indicators of
faulting were identified in material younger than the
Ringold formation within 8 kilometers of the site. The
closest mapped surface fault is on Gable Mountain about 18
kilometers northeast of the site (Figure 2.5-17) .

A

A continuity survey was made in the upper Ringold Formation
exposed in the White Bluffs east of the site across the
Columbia River for a distance of approximately 45 kilometers
(Figures 2.5-36 and 2.5-37). Results of this survey and
subsequent mapping of the area east of Wooded Island (Figure
2.,5-36) indicate that beds within the exposed upper Ringold
Formation are essentially horizontal. No faulting was
observed in these units, but a variety of landslide features
are observed along the river.
Figure 2.5-30 illustrates the structural geology of the site
vicinity. Data from all available wells and boreholes in
the vicinity which penetrated basalt were used to develop
the top of basalt contours shown on Figure 2.5-30. The
contours represent the contact between the upper Yakima
Basalt and Ringold Formation. An erosional unconformity
exists between these two units and the contours probably
reflect some buried topography on the eroded basalt surface.
In the area shown on Figure 2.5-30, the amount of variation
from a structural datum appears to be less than the contour
interval of the map.

The lowest known elevation of the top of the basalt in the
Cold Creek Syncline (Figure 2.5-30) is 163 feet below sea
level (Hanford Well 15-15, Blume and Associates, 1971) . The
elevation of the top of basalt beneath the site is about 85
feet below sea level. The total relief of the cross-section
(Figure 2.5-31) is about 630 feet in a distance of 28
k ilome ter s.

Figures 2.5-33 and 2.5-34 present three cross-sections
through the site area. The horizontal and vertical scales
of the cross-sections are the same so that there is no
exaggeration or distortion of the presentation. The
elevations relative to sea level of all of the diagnostic
contacts indicate there is very little structural relief in
the area of the investigations.
A distinct structural high that is about 150 feet above the
surrounding gradient was encountered in BH-139A. Seismic
refraction profiles (Appendix 2.5D) also identify this high
but show nothing other than a local fold structure. A
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comparison of the seismic profile data of this structure
with Figure 2.5-32 supports the interpretation of a fold
occurring at this locality.
The local gradient on the Pomona Basalt in the site area is
about 15 to 20 feet vertical per 1,000 feet horizontal to
the southwest. Although the gradient is 3 to 5 times
steeper on the high at BH-139A, the gradients on the major
anticlinal structures are on the order of 100 to 200 feet
vertical per 1,000 feet horizontal.
2.5.1.2.7.5 Engineering Geology

There are no deformational zones, shears, joints, fractures,
or folds at this site that would have an influence on
structural foundations.

There are no zones of alteration, irregular weathering
profiles, or zones of structural weakness at this site that
would have an influence on structural foundations.

Because basalt bedrock is at an approximate depth of 525
feet at WNP-2 site, unrelieved residual stresses in bedrock
would have no influence on structural foundations and are
not a consideration at this site.
The soils beneath the site are derived from predominantly
basaltic and silicic rock types that are chemically stable.
None of the rocks or soils beneath the site would be
unstable because of their mineralogy.

There is no evidence that man might have altered the
subgrade mineral condition at the site. The only known
commercial value of the mineral substances beneath the site
arises from the possible use of the glaciofluvial sand as
borrow. These materials abound in the region and have no
special foreseeable value that would induce any removals
near the plant site.
2.5.1.2.7.6 Groundwater

Groundwater occurs at the site under confined and unconfined
conditions. Water existing in an unconfined state in the
glaviofluvial deposits and Ringold Formation comprises the
regional groundwater system. Locally, water may occur under
confined conditions within these sediments. Water in the
lower part of the Ringold Formation is confined when it is
separated from the overlying unconfined system by relatively
impermeable material. Water in the deeper basalt aquifer
system is in a confined state.
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The water table at the plant site occurs at approximately
elevation 380 feet. This elevation is below the foundation
of Category I structures. Existing water-level data shows
that the elevation of the water table is relatively stable
at the plant site. Groundwater conditions of the plant site
are discussed in detail in Subsection 2.4.13.
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2.5.2 VIBRATORY GROUND MOTXON

The geology and seismology of the site, as presented in the
Preliminary Safety Analysis Report, were reviewed by the AEC
Staff and the U.S. Geological Survey (USGS) during the
construction permit phase. Washington Public Power Supply
System proposed in the PSAR to use a design horizontal peak
acceleration value of 0.25 g resulting from the Safe
Shutdown Earthquake. The Staff agreed with Washington
Public Power Supply System that an acceleration of 0.25 g
was adequate to represent the ground motion from the maximum
earthquake likely to affect the site (Safety Evaluation of
WNP-2 by AEC staff, September 22, 1972, Article 2.4.2). The
USGS concurred with the Staff's finding on the basis of all
available data, and added that major seismic source
structures do not appear to be present in the immediate
vicinity of the site (WNP-2 Initial Decision, LBP-73-10, 6
AEC 197 (1973)) .

The Safe Shutdown Earthquake can be defined by either a
maximum intensity or a magnitude. Magnitude is a measure of
earthquake size using instrumental recordings of ground
motion. Intensity is a measure of earthquake size using
observed damage and felt effects. The potential vibratory
ground motions that were used in the design of the WNP-2 and
WNP-1/4 plants were based on the maximum historical
earthquake intensity that has occurred in the Columbia
Plateau. That earthquake was the July 16, 1936 Milton-
Freewater earthquake, which had a maximum intensity of (MM)
VII and occurred about 84 km southeast of the site. It was
assumed that an earthquake of this size could occur on the
Rattlesnake-Wallula alignment, which was considered to be
the closest tectonic structure of significance to the site.
No allowance was made for attenuation between the assumed
source and the site, a distance of 20 km. An event of
intensity (MM) VII would be associated with a peak
acceleration of 0. 125 g (Subsection 2. 5. 2. 4. 1) . For
conservatism, the Safe Shutdown Earthquake (SSE) was assumed
to be an intensity (MM) VXIX earthquake associated with a
peak acceleration of 0.25 g. The Operating Basis Earthquake
(OBE) was taken as one half of the SSE.
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Seismological studies that have been conducted since the
construction permit was issued do not change the assessment
that the maximum historical earthquake to have occurred in
the Columbia Plateau was intensity (MM) VII. However,
recent geologic investigations suggest that some of the
fault structures associated with folds in the Columbia
Plateau may be capable faults as defined by U.S. Nuclear
Regulatory Commission criteria (Appendix A, 10 CFR 100).
Therefore, potential seismic sources in the site region are
analyzed. In response to recommendations from the NRC Staff
(reference Question No. 361.13), the data regarding
potential seismic sources are treated probabilistically in a
seismic exposure analysis (Appendix 2.5K) . This approach is
utilized in order to account for uncertainties in applying a
geologic structure approach to assess the potential
vibratory ground motion in the Columbia Plateau. These
uncertainties are due to poor geologic exposures in the
Plateau. The locations and dimensions of faults are not
well known within the Plateau, where the primary mode of
crustal deformation appears to be folding rather than
faulting. The rate of apparent crustal deformation and the
level of historical seismicity are low, and the correlation
between seismicity and structure is poor. Also, the late
Pleistocene catastrophic floods in the central Columbia
Plateau removed most of the older Quaternary deposits that
would have been useful for assessing the capability of
faults.

The seismic exposure analysis includes estimates of: the
geometry and locations of potential seismic sources, the
capability of the sources, the maximum earthquake magnitude,
earthquake recurrences, and ground motion attenuation. The
seismic exposure analysis indicates that the annual
probability of exceeding the SSE peak ground acce$ eration of
0.25 g at the MNP-2 and WNP-1/4 site is 1.1 x 10 , and
that the annual probability of exceeding the SSE design
response spectrum in the period rangg of about O.l to 0.4
seconds varies from 2.9 to 9.2 x 10 . Because the major
contributions to seismic exposure come from small magnitude
earthquakes (magnitude 4 to 5) that are of limited duration
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and energy content, this analysis provides a conservative
assessment of the probabilities of exceedance of the SSE

with respect to ground motion of engineering significance.
When compared to other previously licensed plants, the
exposure analysis results support, the adequacy of the
current 0.25 g SSE design basis.

For operating license reviews, the NRC Staff requires the
submittal in the Final Safety Analysis Report of all new
information gathered since the construction permit review
relating to regional and site geology and seismology. This
Amendment No. 18 of the FSAR for WNP-2 provides that updated
information. The conclusion of the basis of the exhaustive
study efforts underta'ken since issuance of the construction
permit is that a peak acceleration of 0.25 g is adequate and
conservative for the ground motion resulting from the
maximum earthquake li'kely to affect the WNP-2 and WNP-1/4
sites.

2. 5. 2. 1 Seismicity
I

Reviews of historical seismicity for Washington and Oregon
have been conducted by Townley and Allen (1939), Coombs
(1953), Berg and Baker (1963), Rasmussen (1967), and Couch
and Lowell (1971), and Washington Public Power Supply System
(1974 and 1977). These reviews rely upon felt reports of
earthquakes and, during more recent, decades, upon reports
based on seismographic recordings of earthquakes.

Historical records available to report earthquake effects in
Washington began with the construction of trading posts and
military forts on the Spokane and Okanogan Rivers in 1812-
1813. Steppe (1972) concluded that observations of
intensity (MM) VXX or greater are complete for at least the
past 80 years for the Pacific Northwest region. However,
based on the population growth pattern (Schmid et al., 1955;
Androit, 1980), earthquakes of this size would have been
felt over a sufficient area to have been reported much
earlier. Thus, the detection of earthquakes having epi-
central intensity (MM) Vii or greater is considered
complete for most of the 320 km (200 mi) radius region
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surrounding the site since about 1830. Detection of
epicentral intensity (MM) VI events is considered complete
for the region from about 1890, with a lower-intensity
detection level in the most populated portions of the
region.

Instrumental recording of earthquakes in eastern Washington
began on tune 30, 1909, with the installation of a Wiechert.
seismograph station (SPO) in the Jesuit Seminary at Gonzaga
University, near Spokane. The relatively low-magnification
and low-frequency response of this instrument made it of
limited use in recording local or regional earthquakes.
Station SPO was similar to other instruments in Victoria,
British Columbia, where a Milne horizontal seismograph
was installed in 1899, and Seattle, Washington, where a
Bosch-Omori seismograph began operating in 1906. In 1946,
the Wiechert instrument at SPO was replaced by a Wood-
Anderson seismograph. Station SPO operated intermittently
until 1970 as a function of the availability of trained
clergy at the seminary; the station did record the 1918
Corfu and the 1936 Milton-Freewater earthquakes (Subsection
2.5.2. l. l. 1) .
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In eastern Washington, modern instruments were installed for
short periods by Geotech in 1962 and 1963 at Yakima and
Ellensburg and by the US Coast and Geodetic Survey (USCGS) in
1966 at Newport (Poppe, 1979). In March 1969, a network of six
vertical seismometers was installed by the U. S. Geological
Survey (USGS) in the vicinity of the Atomic Energy Commission's
Hanford Reservation.: This network was enlarged to 24 stations by
October 1971. In 1975, when the operation of the network was
taken over by the University of Washington, the network included
29 stations. The University of Washington has since expanded the
network to cover much of central Washington and part of northern
Oregon, and Rockwell Hanford Operations is presently operating
additional stations on the Hanford Reservation. Since'1969, the
detection level has been M>1.5 for the immediate Hanford vicinity
and M<1.5 to 2.5 for remaining portions of the Columbia
Plateau. Microearthquake detection levels and other aspects of
the eastern Washington seismic network are discussed by Woodward-
Clyde Consultants (1980a), Appendix 2.5I, and Appendix 2.5j.
The complete historical catalog of earthquakes for the Pacific
Northwest region, including the area within 320 km (200 mi) of
the site, is listed in Section 8.0 of Table 2.5-5. The list
includes all reported. earthquakes of magnitude greater than 3 or
of modified Mercalli intensity greater than III, a total of more
than 2100 events. Sections 1.0 through 7.0 'of Table 2.5-5
describe the data presented in the catalog as they were compiled
from 23 published and unpublished. sources. The period of
coverage of the catalog is from about 1830 to 1 March 1981, with
the exception that (as noted in Section 1.1 of Table 2.5-5) some
University of Washington data that are primarily from western
Washington, are not included for the years 1978, 1979, 1980, and
1981. The historical and instrumental seismicity of the region
within 320 km (200 mi) of the site is shown on the epicentral
location map (Figure 2.5-38) and the tectonic provinces map
(Figure 2.5-39), as plotted from Table 2.5-5.

Table 2.5-5 was compiled from published and unpublished
earthquake computations, reports, personal interviews, and
contacts with authorities on the seismicity of the site region.
The information has been merged, cross-checked, and edited to
produce the earthquake catalog. When conflicting data were given
for individual earthquakes, a reasonable and conservative
interpretation was selected. The epicentral coordinates for felt
earthquakes have been assigned on the basis of the location of
the highest reported intensity. The following information is
listed for each earthquake in the catalog: origin date and time;
epicenter latitude and longitude; source. of data; comments; and
maximum intensity, magnitude, and focal depth if they were
determined. Additional source parameters for selected earth--
quakes are discussed in Subsection 2.5.2.1.1.1, Appendix 2.5I,
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and in Appendix 2. 5J.

For purposes of completeness, Table 2. 5-5a supplements Table
2.5-5 and lists earthquakes reported in published and unpublished
literature that have no reported intensity and for which data are
very limited. These events occurred primarily during the early
historical period. It is not known whether they meet the minimum
magnitude or intensity criteria for Table 2.5-5.

Compared to coastal California or Alaska, the historical
seismicity of the area within 320 km of the site is generally low
to moderate in the frequency of occurrence of felt events and in
the frequency of earthquakes having magnitudes that exceed 3.0.
The most active seismic zones in the area are associated with:
1) earthquakes inferred to occur within a subducted oceanic slab
at depths of 40 to 70 km (Crosson, 1980) beneath the Puget Trough
(Subsection 2.5.1.1..2.3); and 2) the crustal Puget Trough and
Cascade Mountains (Subsections 2.5.1.1.2.3 and 2.5.1.1..2.8),
where earthquakes occur in the depth range 0 to 30 km.
Historical earthquake activity associated with the Columbia
Plateau and adjacent provinces is summarized ~ in Subsection
2.5.2.3. The current tectonic setting of these provinces is
summarized by Davis (1981) and in Section 2.5.1.

Within the Columbia Plateau, historical earthquakes have been
generally small and scattered, as shown in Figure 2.5-38.
Relative concentrations of activity are noted between Wenatchee
and Chelan (at a distance of 140 km from the site and discussed
in Appendix 2. 5I) and trending northeast and southwest from Walla
Walla (at a distance of about 90 km from the site and discussed
in Woodward-Clyde Consultants, 1980a). The areas of these two
concentrations have been seismically active throughout the
historical period, with the occasional occurence of felt
earthquakes (Figure 2.5-38 and Table 2.5-5). However, felt
events have been reported less frequently from within the
Columbia Plateau than in these areas (Figure 2.5-52). Because
the historical population distribution has been similar for these .

areas, the lower frequency of reported felt events within the
interior of the Plateau appears real.
The operation of a seismic network at the Hanford Reservation
since 1969 greatly increased the number of earthquakes detected
in the area (Subsection 2.5.2.1.2.2) but the frequency of
occurrence of felt events (MM > IV) is generally consistent with
the pre-network period (Table 2.5-5). Analyses of the
instrumental seismicity for the Columbia Plateau have indicated
additional features of earthquake activity for the 11.3- year
period that are consistent with the longer-term historical

.seismicity and geologic record within the Columbia Plateau (see
Appendix 2.5J). The deformation style in the Plateau appears to

e due to regional north-south compression, and the strain rate
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is low compared to other areas of the western United States.
However, the initiation of irrigation in 1952 is likely to have
triggered an increased occurrence rate of small-magnitude (ML
3.0) earthquakes within irrigated areas of the Plateau.

2.5.2.1.1 Earth uakes Felt At the Site

There have been few- intensity reports from the site 'itself.
Prior to the establishment of the Hanford Reservation in 1943,
there were small towns within the site called Wahluke, White
Bluffs, and Hanford for which felt reports are available.
Intensity estimates at the site are based either on these reports
or on isoseismal maps that are based on reports from more distant
towns surrounding the site.
Table 2.5-6 lists 13 earthquakes that are postulated to have beenfelt at or to have possibly affected the site. The largest
potential effects at the site were an estimated intensity (MM) V
associated with the 14 December 1872 North Cascades earthquake;
and an estimated intensity (MM) IV associated wiAh the 16 July
1936 Milton-Freewater earthquake in southeastern Washington.
Twelve of the earthquakes listed in Table 2.5-6 occurred within
320 km (200 mi) of the site, and one (Hebgen Lake, Montana, 1959)
was farther than 320 km (200 mi). Earthquakes'iscussed in
Subsection 2.5.2.1.1.1 are listed in order of decreasing ~

estimated sit'e.intensity.
2. 5. 2. 1.,1. 1 Earthquakes Within 320 km (200 mi) of the Site
The 14 December 1872 earthquake is one of the largest earthquakes
in t e recor ed history of the Pacific Northwest, having been
reported felt throughout an area extending from the Pacific coast
eastward to Montana, northward well into British Columbia, and
southward into central Oregon. The epicenter for the earthquake
is located within a meizoseismal zone that extends from Lake
Chelan on the south to southern British Columbia on the north, as
defined by Coombs et al. (1976).

Although the exact epicentral location of the 14 December 1872
earthquake has not been established, most investigators who have
studied this event conclude that the epicentral area is in the
Northern Cascades province, an area that is distinct and
different, both geologically and tectonically, from the Columbia
Plateau. The basis and data for this location come from the
results of an intensive search for historical information,
acquisition of geologic and geophysical data, and a critical
evaluation of these data by separate consultants and an
independent panel of expert geologists and seismologists.
As discussed in Amendment 23 of the WNP-1/4 PSAR (Washington
Public Power Supply System, 1977), the main earthquake occurred
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at about 10".00 pm on the evening of 14 December 1872. Two to
four earthquakes of slightly smaller magnitude were felt over a
broad area after the main shock during the night of 14-15
December 1872. The large felt area ascribed to the 14 December
1872 earthquake suggests that the earthquake had a magnitude near
(M ) 7 to 7-1/4. The maximum intensity (MM) VIII is based on allfelt reports that can be related to vibration damage to
structures. If the focal depth of the 14 December 1872,
earthquake were shallow (i.e, 5 to 15 km), and if the earthquake
had a magnitude near (Ms) 7, then the ground surface should have
been broken by faulting in the epicentral area. If the 14
December 1872, earthquake occurred in the deeper crust (20 to 30
km) or within the subducted plate in the mantle, surface fault
rupture by attendant faulting would not be expected. Surface
rupture dating from 1872 and of an extent- compatible with an
earthquake of magnitude near (M ) 7 has never been found, thus
leading to the conclusion that the 1872 event probably occurred
at lower crustal or upper mantle depths.

In a report prepared by Weston Geophysical Corporation (1976),
the most probable location of the epicenter for the 1872
earthquake is considered to be the original locat'ion shown by
Milne (1956), but the epicenter could have been as far east as
the western border of the Okanogan Highlands. The highestintensity assigned by Weston was a (MM) VII at Wenatchee. Weston
estimated the epicentral intensity as (MM) VIIX and the felt area
as about 1,250,000 km (435,000 mi ).
A draft report by Woodward-Clyde Consultants was later modified
and expanded to become Appendix 2RB of Amendment 23 of the WNP
1/4 PSAR (Washington Public Power Supply System, 1977p).
Appendix 2RB concluded that the center of the maximum intensity
zone remained within the area proposed by Milne (1956). The
Woodward-Clyde Consultants isoseismal map (Figure 2.5-40)
excluded ground failure and water effects for the purpose ofdefining the meizoseismal area, and estimated the earthquake felt
area for (MM) IV and greater to be 1,140,000 km . Despite the
very large felt area, the structural damage was minimal,consisting of a chimney shaken down at Osoyoos, British Columbia;
two upper logs and the roof displaced on a log cabin in
Wenatchee, Washington Territory (now in Washington state); a
tower and dwelling badly cracked in New Dungeness, WashingtonTerritory; and the front wall of a brick building cracked inVictoria, British Columbia. This damage and other felt effects
reported from the region were .used to identify the epicentral
region and are the basis for considering the maximum intensity to
be (MM) VIIX for purposes of evaluating structural response.
Widely scattered ground effects, including landslides, groundcracks, and water ejection, occurred in the intensity (MM) IV toVII areas defined above. Strong ground roll, "displaced"
fencing, and sloshing of the Fraser River over its banks at
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Chilliwack, British Columbia in the epicentral region are the
basis for the (MM) IX intensity shown in Table 2.5-5. The
intensity at the site is estimated to have been (MM) V from the
isoseismal map described above.

Comparison of the 1872 earthquake with modern data suggests that
the 1872 isoseismals correspond to an event in the magnitude
range from (Ms) 6.8 to 7.2. The comparable intensity (MM) IV
felt area is slightly smaller than the intensity (MM) IV felt
area of the 1959 Hebgen Lake, Montana earthquake (Subsection
2.5.2.1.1.1), which had a magnitude of (M ) 7.1. Generalizedsintensity versus felt area relationships by Algermissen (1969)
and Howell and Schultz (1975) suggest an epicentral intensity of
(MM) IX and a magnitude of (Ms) 7. 0, while Brazee (1980)
indicates an epicentral intensity of (MM) X. Shebalin (1968)
presents intensity-magnitude-depth relationships that indicate a
magnitude in the range (M ) 7.0 to 7.2, with the focal depth
inversely proportional to the epicentral intensity Io (about 40
km if Io = (MM) VIII; about 20 km if Io = (MM) IX; and about 10
km if Io = (MM) X). The 1872 isoseismal data fit Shebalin's
relationships best at depths of 20 km or less. Gutenberg and
Richter (1956) also present a magnitude-intensity-depth relation-
ship yielding the same intensity and focal. depth results as
Shebalin but suggest a magnitude of (M ) 6.8. These results are
reported in the WNP-1/4 PSAR, Amendment 23, Appendix 2R-B.
(Note: An error in Appendix 2R-B indicates the magnitude is also
a function of the focal depth). The suggestion of a crustal
focal depth is also supported by the numerous aftershocks
reported from the epicentral area in 1873, because large earth-
quakes having magnitudes of (Ms) 6.9 to 7.1 that have occurred at
focal depths of 60 to 70 km Pn the Pacific Northwest have been
devoid of significant aftershock activity.
Using the 1872 earthquake intensity data reported by the other
workers (Washington Public Power Supply System, 1977p), Malone
and Bor (1979) 'analyzed the location and size of the 1872
earthquake in terms of an attenuation model that accounts for
local corrections to regional intensity attenuation. They tested
several location assumptions; a location near Ross Lake was
favored, but the data also fit the Milne (1956) location to the
northeast. A location near Lake Chelan was definitely ruled
out. Malone and Bor (1979) felt that the depth of focus could be
40 to 60 km, based on the known depths of other large earthquakes
in the area, but'the intensity data also allow a much shallower
focal depth.

In summary, the comparison of the data from the 1872 event to
modern data suggests that the 1872 earthquake had a magnitude of
(M ) 7 to 7-1/4 and probably occurred at a focal depth of about
20 km with an epicentral intensity (MM) VIII for structural
response.
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h - " h'I" N /reported by, Gutenberg and Richter, 1965; W 6. 1 reported hy Wood-
ward-Clyde Consultants, 1980a) occurred km southeast of thesite. This earthquake, which was felt over an area of
approximately 270,000 km , is the closest earthquake of maximumintensity (MM) VII or greater to have affected the site region.
The isoseismal map for the earthquake is shown on Figure 2.5-41
and indicates an intensity (MM) IV level of shaking in thevicinity of the site. Estimates by observers for the duration of
rapid ground motion in the epicentral region ranged from 10 to 30
seconds. The intensity effects of this earthquake have beendescribed in detail by Brown (1937), USCGS, and Neumann (1938)
and are discuss'ed in Washington Public Power Supply System
(1974) ~

Considerable property damage occurred but no serious injuries
were noted in the area of highest intensity, particularly atMilton-Freewater, State Tine, and Umapine in northern Oregon.
Brown (1937) reported that, in the Milton-Freewater area, many
chimneys were broken or shifted, plaster'nd windows were broken,several houses were moved off their foundations, a two-story
concrete house . lost part of the top of its second story, the
ornamental railing on top of a, cement block office building inMilton-Freewater was greatly damaged, and'any capstones incemeteries were rotated. He also reported numerous changes in
springs and water wells and some local ground cracking.
In the Pasco area, the shock was reported to have lasted for 30
seconds, causing dishes to rattle and pictures on walls to sway,but producing minimal property damage.

As discussed by Woodward-Clyde Consultants (1980b), the instru-
mental location for the Milton-Freewater earthquake was computedto be latitude 46'12.5'orth, longitude 118'14.0'est, with anuncertainty of about 20 km. This epicenter is likely to be thepoint of initiation of rupture, and the aftershock reports andother intensity data suggest that the earthquake occurred on aburied fault surface that ruptured from the instrumental epi-center to the southwest, toward the area of highest intensity.This trend is parallel to the structural trend of the Blue
Mountains anticline and to the trend of the Hite fault (Figure2.5-38 and Shannon and Wilson, 1979b). The felt reports indicatethat the zones of maximum structural damage during the main shock
were also generally aligned along a northeast-southwest trend.Also, soil fissuring occurred at two locations in the maximumintensity region of the main shock. At the first location, thefissuring was aligned in an east-west direction along a highwaycut; at the other, a railway cut, it occurred in an east-
southeast direction. These cuts appear to have controlled theorientation and nature of the soils failures. Surface fault
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ruptures were not observed.

On 29 A ril 1965 a magnitude (M~) 6-1/2 earthquake having an
epicentra zntensxty of (MM) VII-VIIIoccurred near Seattle, 255
km west-northwest of the site. The earthquake was felt over an
area of 335,000 km as shown on the isoseismal map, Figure2

2. 5-42. The site, located on the higher side of the I-VI
intensity (MM) zone, has been assigned an intensity (MM) IV.

In the Seattle-Tacoma region, damage effects of intensity (MM)
~ VII and VIII are closely related to poor foundation conditions in

the epicentral region (unconsolidated deposits characteristic of
parts of the Puget Sound area). The effects at the Hanford
Reservation are summarized in the following excerpt:

Richland (Hanford Project). Motion rapid, lasted
45 seconds to 2 minutes. Felt .by many in commun-
ity. Hanging. objects swung north-northeast.
(USCGS)

The 1 November 1918 Corfu earthquake had an epicentral intensityof (MM V-VI, base on intensity reports from the town of Corfu,
Washington, and on reported landslides in the vicinity of
Corfu. Based on the seismograph record at the Gonzaga Universitystation (SPO) in Spokane, Washington, it is estimated that this.
earthquake had a magnitude (M ) of approximately 4.4.
The Corfu earthquake and aftershock sequence was reported in theBulletin of the Seismological Society of America (1918):

The first shock was on November 1st, between 9:15
and 9:30 a.m. This was the most severe and lasted
several seconds; it shook goods from the shelves
and caused landslides for several miles along thehills. We have had on an average about three
shocks every twenty-four hours since, butlighter. The intensity is estimated at IV of the
RF Scale.

Bingham et al. (1970) refer to a landslide east of Smyrna Bench,
which they attribute to the Corfu earthquake, but it was not
investigated in detail in their field studies.
Fifer (1966) gathered reports that suggest a maximum intensity
(MM) IV at White Bluffs which is located 26 km northwest of the
present plant site and 16 km south of Corfu. The White Bluffsfelt reports indicate that the epicenter was probably close to

c the town of Corfu. This further suggests that the site intensity
was likely to be less than (MM) IV.

The intensity data are shown in Figure 2.5-43 along with an arc
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corresponding to the S-P time of,21.7 seconds measured from the
SPO record of the event., An uncertainty of approximately 1
second or 8 km is noted for the S-P time. Based on these data,
the most likely location for the 1918 event is considered to be
slightly east of Corfu, within the central portion of the
epicentral region shown in Figure 2.5-43. The coordinates for
this point are listed in Table 2.5-5. The 1918 Corfu earthquake
is similar in location to the 20 December 1973, M 4.4 Royal Slope
event, as discussed in Appendix 2.5J. The Royal Slope event had
a focal depth of 2.1 km (Malone, 1979), a maximum intensity of
(MM) V, and was felt to a distance of 30 km (Appendix 2. 5I).

9 h hq " 'y
within 320 km (200 mi) of the site occurred in'he Puget Sound
region of Washington. This magnitude (Ms) 7'.1 earthquake, with a
maximum epicentral intensity of (MM) VIII, was felt over a
390,000 km (150,000 mi ) area centered near southern Puget
Sound, 250 km west-northwest of the site. The site is located
near the middle of the (MM) I-IV intensity zone on the isoseismal
map for this earthquake (Figure 2.5-44).

On 29 A ril 1945, a magnitude (M ) 5-1/2 maximum intensity (MM)VII earthquake occurred near North Bend, Washington, 210 km
northwest of the site. This earthquake had a 130,000 km (50,000
mi ) felt area and a possible site intensity of (MM) I-IV, as
shown on the isoseismal map on Figure 2.5-45 (USQGS).

On 15 Februar 1946 a magnitude 5-3/4 M , maximum intensity (MM)VII earthquake occurred in the Puget Sound area. 285 km from the
site. The isoseismal map for this earthquake, Figure 2.5-46,
indicates a possible site intensity of (MM) I-IV;- however, this
earthquake was not felt in Richland, Kennewick, or Mesa in thesite region (USCGS).

On 13 November 1939 a magnitude (M ) 5-3/4, maximum intensity
(MM,) VZI earthquake occurred at Olympia, 290 km west-northwest of
the site. The isoseismal map for this earthquake, Figure 2.5-47,
gives an estimated intensity (MM) I-IV at the site. , The
earthquake was felt at Moxee City, west of the site, but not felt
at the town of Hanford (USCGS).

9
earthquake occurred at Leavenwor P, 130 km northwest of the site,
having a felt area of 269000 km (109000 mi j. The isoseismal
map, Figure 2.5-48 indicates a possible site intensity of (MM) I-
IV. The earthquake was felt at Sunnyside (III), and Connell(III), but was not felt at Othello or Pasco (USCGS).

9

earthquake occurred at Chelan, 158 km northwest of the site.
This earthquake was felt over a 65,000 km (25,000 mi ) area of
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central Washington, as shown in Figure „ 2.,5-49. The site is
located near the outer boundary of the (MM) I-IV intensity
zone. It was - not felt in Richland or Sunnyside, Washington
(USCGS) ~

On '30 December 1926 an intensity (MM) V earthquake occurred north
of, Wenatchee, 150 km from the site., This earthquake was felt
over a 40,000 km (15,000 mi ) area. Based on felt reports, the
site intensity is estimated to be in the (MM) I-III intensity
range. The epicenter is probably near Wenatchee, which experi-
enced intensity (MM) V effects; (i.e., felt by many, furniture
moved, rocks- rolled onto the road). At Quincy, about 40 km from
Wenatchee, buildings swayed and dishes fell from shelves,
indicating an intensity of (MM) IV-V. At Yakima, about 100 km
from Wenatchee, the shock was reported felt; it was also felt in
Spokane and at Davenport (Townley and Allen, 1939).

On 16 Se tember 1961, a magnitude (ML) 4.3, maxiumum intensity
(MM VI cart qua e occurred near Cougar, Washington, 225 km west
of the site. Although the site is well outside the felt area
indicated on the isoseismal map, Figure 2.5-50, the USCGS reports
the following observation from the Hanford Reservation:

Three in building felt building movement but did
not realize it was caused by an earthquake at the
time.

No exact locatio'n was given for the felt report.. The site
intensity is listed as (MM) II in Table 2.5-6.

2. 5. 2. 1. 1.,2 Earthquakes. Farther Than 320 km (200 Mi) From
the Site

Figure 2.5-51 is the isoseismal map of the Hebgen Lake, Montana,
earthquake, that occurred on 17 August 1959. This magnitude (M )

7.1 earthquake had an epicentral intensity of (MM) X, 670 Pcm

southeast of the site. The isoseismal map shows that the site is
just at the limit of the felt area of this earthquake (USCGS).

No other earthquakes outside the 320-km (200-mi) radius about the
site are known to have affected the site area.

2.5.2.1.2 Seismicit Within the Columbia Plateau

2.5. 2.1. 2.1 Historical Earthquakes

A seismicity map for the area within 80 km (50 mi) of the site is
shown on Figure 2.5-52, based on data tabulated in Table 2.5-5.
As noted in Subsection 2.5.2.1 this listing includes historical
earthquakes of intensity (MM) III or greater, and instrumental
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earthquakes of magnitude . 3 . or greater. The 25 October 1971
magnitude (Mc) 3. 8 earthquake and the 2 October 1970 magnitude Mc
3.3 earthquake „ are the only earthquakes reported within
approximately 32 km (20 mi) of the site. Neither was felt at the
site. The Corfu earthquake (Subsection 2.5.2..1.1.1) is the only
earthquake within 80 km of the site that is postulated to have
been felt at the site.
The only other earthquake larger than intensity (MM) V within 80
km of the site was the 5 March 1893 shock that occurred near
Umatilla, Oregon, about 62 km south of the site. Townley and
Allen (1939) reported the earthquake as follows:

1893 March 6 (sic) Umatilla. A succession of
shocks were felt here to-night. One of the walls
of a large stone building was thrown down by the
force of the shock (VII? VIII?).

A VII? to VIII? Rossi-Forel (RF) intensity would correspond to a
(MM) VII? intensity.
The East Ore onian, (1893), Pendleton, newspaper of Monday, March
6, 1893, had the following headline and article:

Earthquake at Umatilla — the little city in the
sand badly shaken up.

Umatilla, Oregon March 6 — At three minutes past 5o'lock yesterday afternoon an earthquake shock
lasting several seconds passed over this section of
the country. One side of a large stone warehouse
tumbled down, and the'building was so badly cracked
on all sides that it will have to be tom down. D.
Harris, agent for the Union Pacific, who was
possessing the building at the time, barely escaped
being buried in the debris.

This appears to have been an earthquake of very limited extent,
because no felt reports from Pendleton itself nor any towns in
the surrounding area were found in the search of newpapers in
Pendleton and Milton-Freewater, Oregon, and Yakima, Walla Walla,
and Spokane, Washington.

The largest circular area about Umatjlla that excludes Pendleton
and Yakima has an area of 7,800 km . The intensity-felt-area
plot, Figure 2. -53, is based on data from Table 2.5-6 and shows
that a 7,800-km area is compatible with an intensity (MM) V-VZ
but is an order of magnitude less than the felt areas associated
with intensity (MM) VII earthquakes. Consequently, the intensity
rating of this earthquake has been reduced to (MM) VI in
Table 2.5-5.
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2. 5.,2. l. 2. 2 Microearthquakes Within the Columbia Plateau

As discussed in Subsection 2.5.2.1, microearthquake recording
(events of magnitud'e ML3.0 or less) has been conducted in the
vicinity of the Hanford Reservation for more than 12 y'ears (since
March, 1969). The eastern Washington network was operated
initially by the USGS and subsequently by the University of
Washington. Malone (1979) reprocessed all. of the earthquake data
recorded since 1969 using uniform 'computational procedures,
revised regional velocity models, individual, station corrections,
and a coda-length magnitude formula that has been calibrated for
the region. Thus, the earthquake data set is homogeneous for the
period 1969 through 1980. This data set has been used (Appendix
2.5J) to study the seismicity of the Columbia Plateau. In that
document the differences between the very shallow earthquakes
that are characteristic of the region and deeper earthquakes are
discussed. The shallow earthquakes (focal depth less than about
3 km) appear to occur within the Columbia River basalt flows.-
Deeper earthquakes occur within the older volcanic and
sedimentary (?) rocks that underlie the shallow basalts and also
within the basement.

Shallow Seismicit

Approximately 80 percent of the seismicity that has been
instrumentally recorded = in the Columbia Plateau has occurred
within the uppermost 3 km of the crust, 'which is considered to be
composed of multiple layers of Columbia River flood basalts.
This shallow seismicity is dominated by occurrences of micro-
earthquake swarms that are confined within small (approximately l
to 10 km ) source volumes and that have durations of a few days
to several months. Focal. mechanisms for shallow earthquakes vary
but generally indicate a horizontal stress field oriented north-
south.. Available data suggest that the shallow seismicity is
associated with tectonic deformation occuring at a low rate, and
that the shallow earthquakes are likely to occur on faults,
fractures, and joints in the basalt flows. Shallow seismicity
has -been concentrated outside the boundaries of the Hanford
Reservation in areas where major .irrigation and associated
changes in the elevation of the ground-water table have taken
place. This suggests a causative relationship between shallow-
seismicity and ground-water level changes.

Dee er Crustal Seismicit
Earthquakes that'ave occurred in the depth range of 9 to 25 km,within the basement defined by time-term studies, have beendiscussed by Woodward-Clyde Consultants (1980b). That study and
a recent investigation (Appendix 2.5J), indicate that these
deeper earthquakes are associated with deformation of the
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basement over a broad region centered on the central Columbia
Plateau in response to regional horizontal north-south
compression. The scatter of deeper earthquakes suggests
regionally coherent low-level deformation. No linear or planar
trends of earthquake hypocenters are evident. The regional
stress field favors thrusting on east-west oriented planes, as
indicated by focal mechanisms., The depth zone from 3 to 8 km
beneath the central Columbia Plateau, which is between the
shallow basalt flows and the basement, exhibits a higher concen-
tration of earthquakes than the basement. However, the level of
microseismicity within this zone has been much lower than that
within the uppermost 3 km of the crust, and the microseismicity
does not exhibit predominant earthquake swarm behavior.

2 ~ 5. 2.2 GEOIOGIC STRUCTURES AND TECTONIC ACTIVITY

The regional geologic structures and tectonic activity pertinent
to an evaluation of the potential vibratory ground motions at the
site are discussed in the various Subsections of 2.5.1.1 and are
shown on Figure 2.5-2. The site is located in the Pasco Basin,
one of several physiographic depressions occupying the Columbia
Plateau. The geologic and tectonic setting of the Pasco Basin
relative to other parts of the Columbia Plateau is shown on
Figure 2.5-4. The geology and structure of the Pasco Basin and
of the plant site and vicinity are described in Subsections
2.5.1.1.1, 2..5.1.2.1, and 2.5.1.2.4.
2. 5. 2. 2. 1 Tectonic Provinces

In a general way, the physiographic provinces in the Pacific
Northwest reflect tectonic provinces. However, it is not
possible to determine exact locations of tectonic province
boundaries because of the onlapping of the Columbia River basalts
onto the adjacent provinces and the uncertainties regarding the
geology beneath the basalts. The site is located within the
Columbia Plateau, a major physiographic province bounded by the
Blue Mountains and High T.ava Plains provinces on the south, the
Northern Rocky Mountains and Idaho Batholith provinces on the
east, the Okanogan Highlands province on the north, and the
Cascade Mountains provinces on the west. These provinces are
described in Subsection 2.5.1.1.2. Because geologic structures
in the Columbia Plateau are considered to be potential sources of
the SSE, the earthquake potential of these, more distant provinces
is not a significant factor in assessing the potential vibratory
ground motions at the site.
2.'5. 2. 2. 2 Geolo ic Structures of the Columbia Plateau

The major structural trends within the Columbia Plateau are the*
generally east-west asymmetric Yakima folds that are associated

2. 5-124



~ ~



WNP-2

AMENDMENT No. 18
September 1981

along parts of their lengths with mapped and inferred reverse
faults, and the northwest-trending alignment of folds, domes, and
faults that defines the Cle Elum-Wallula lineament (CLEW). In
the Columbia Plateau, there is uncertainty regarding structural
relationships at depth. Therefore, constraints on fault geometry
have to be based largely on tectonic models that are inferred
from the style of deformation observed at the surface. Descrip-
tions of the tectonic history of the Columbia Plateau and of the
timing and style of deformation have been given by Bentley
(1977), Laubscher (in Appendix 2.5-0), Davis (in Appendix 2.5N),
Price (1980; written communication, 198lb), and Bruhn (1981).
Their models provide a basis for alternative interpretations
regarding the origin, deformational history, capability, and
dimensions of potential earthquake sources. Implications of the
alternative tectonic models to the assessment of the earthquake
potential at the site are described by Woodward-Clyde Consultants
(Appendix 2.5K) and are summarized below.

2.5'. 2.2. 2. 1 Yakima Folds and Associated Reverse Faults
t

The Yakima folds are described in Subsection 2.5.1.1 and shown in
Figure 2.5-3. Proposed models of Columbia Plateau deformation
suggest that the folds, which are asymmetric kink-type folds,
developed either as: a) primary folds with localized secondary
reverse faults, or b) secondary folds related to primary crustal
reverse faults.,
2.5.2.2 '.1.1. Primary Folding With Secondary Reverse

Faulting

This model of plateau deformation is supported by Price (1980;
written communication, 1981b), Davis (in Appendix 2.5N), and
Golder Associates (198la, 1981b) who conclude that the folds
developed as the primary response of the Columbia River basalts
to general north-south compression. The folding may have been
facilitated by localized or shallow detachment. North- and
south-dipping reverse faults that flank some of the folds formed
during the late stages of fold development and are secondary to
the fold structures.
2. 5. 2. 2. 2. 1- 2 Primary Reverse Faulting and Secondary Folding

The spatial distribution and geometry of the Yakima folds can
also be used to infer the presence of thorough-going crustal
reverse faults that are the controlling structures in fold
development. However, there are no data that demonstrate that
these faults actually exist. Bentley (1977) proposed that the
Yakima folds developed above zones of high-angle faults that
extend from the basement. Laubscher (in Appendix 2.5-0) suggeststhat the Yakima folds are narrow structures developed on broader
warps and he infers the presence of multiple decollements in the
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Columbia Plateau. He suggests that the broad warps werelocalized by thrust ramps rising from a deep (approximately 20
km) regional decollement and that the narrow folds (the Yakimafolds) formed above a shallow (1- to 3-km deep) decollement. A
geometric analysis of some of the Yakima folds, based on a fault
ramp-flexure model (Bruhn, 1981), suggests the presence of fault
ramps below the folds that extend to decollements at preferred
depths of 3 to 5 km. Bruhn (1981) notes that these fault ramps
could consist of loci of interconnected faults and kink-bandsrather than large, discrete fault planes.

2. 5. 2. 2. 2. 2 Cle Elum-Wallula Lineament (CLEW)

The Cle Elum-Wallula Lineament (CLEW) is described in Subsection
2.5..1.1, and its location is shown in Figure 2.5-4. The presentfield data base does not provide adequate constraints for a
unique tectonic model to explain the northwest-trending alignmentof structural features that defines CLEW.

Laubscher (in Appendix 2.5-0) defines CLEW as a northwest-
trending zone of en echelon anticlines that represents the uppercrustal expression of a deep-seated (15- to 20-km) right-lateralcrustal shear. Davis (Appendix 2.5N) interprets CLEW as a zoneof right-lateral shear in the crust of the Columbia Plateau that
developed synchronously with, and interacted with, the Yakimafolds. He defines three structural domains and concludes thatthe zone of right-lateral shear is narrow and occurs at thesurface in the southern domain (along the Wallula fault) and
becomes progressively deeper and/or broader to the northwest. Bycontrast, Price (written communication, 198lb) suggests that thenorthwest-striking folds that occur along the Rattlesnake-Wallula
(RAW) portion of CLEW can be interpreted as asymmetric folds that
developed as the Columbia River basalts were folded across anorthwest-trending irregularity in the plateau basement. In this
model, right-lateral strike-slip faulting is not required;rather, the basement behaves passively, and deformation along the
RAW trend occurs primarily as folding with secondary reverse orreverse-oblique-slip faulting. Investigations by Woodward-ClydeConsultants along the Rattlesnake-Wallula alignment (Subsection2.5.1.2.4.4) also suggest that shortening normal to the alignment
has been important in the development of the observed structures.
2. 5. 2. 2. 3 Potential Earth uake Sources

The only fault in the vicinity of the site that is capable
according to US Nuclear Regulatory Commission criteria (Appendix
A, 10 CFR 100) is the Central fault on Gable Mountain. Thefault, which is located 18 km northwest of the site, displaces13,000- to 19,000-year old glaciofluvial deposits (GolderAssociates, 1981a). They conclude that the available data areinsufficient to demonstrate a non-tectonic mechanism for the
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origin of the observed displacement along the Central fault. The
maximum earthquake magnitude assessment for the Central fault is
presented in Subsection 2.5.2.4.2.2.
Investigations along the Rattlesnake-Wallula alignment at Finley
Quarry (Subsection 2.5.1.2.4.4) and Warm Springs (Woodward-Clyde
Consultants 198lc, in preparation), and at Toppenish Ridge
(Woodward-Clyde Consultants, 1981a), suggest that there may be
capable faults at these. locations. The alternative tectonic
models also allow the possibility that other faults, either
observed or inferred, associated with the Yakima folds and CLEW
may be capable. Because of the uncertainty in both the existence
and capability of these faults, structures that could be
significant if they are capable sources have been evaluated in a
seismic exposure analysis (Appendix 2.5K). These potential
sources are the Umtanum Ridge-Gable Mountain structural trend,
Rattlesnake Wallula alignment (RAW), Saddle Mountains,
Rat tlesnake Hills, Yakima Ridge, and Horse Heaven Hills. Dis-
tances to the site and maximum earthquake magnitude distributions
for each potential source are given in Subsections 2.5.2.4.2.1
and 2.5.2.4.2.3, respectively.

Im lications of Alternative Tectonic Models to
Fault Parameters

The alternative t'ectonic models result in significantly differentfault parameters (such as length, down-dip width, sense of dis-
placement, and segmentation) and, therefore, different potential
maximum magnitude earthquakes for individual'tructures. It is
unlikely that one model can be applied to all Columbia Plateau
structures. Studies at Umtanum Ridge (Price, 1980; Golder
Associates, 198lb) and Gable Mountain (Golder Associates, 198la)
indicate that observed reverse faults are narrow and are
secondary to the folds. However, the presence of scarps along
the base of Toppenish Ridge suggests the possibility of Holocene
surface faulting and, therefore, the existence of a fault plane
having significant area (Woodward Clyde Consultants, 1981a).
These observations indicate that there may be a range of fault
geometries associated with the plateau folds and emphasize the
need to evaluate the earthquake potential of each structure
separately (Appendix 2.5K).

If a reverse fault is secondary to a fold, its maximum lengthwill be limited to the length of the fold, and its down-dip widthwill probably be no greater than the width of the fold. Faults
developed in this manner will generally have small surface areas
and, if they are seismogenic, have the potential to produce onlysmall- to moderate-magnitude earthquakes (Appendix 2.5K).
If the Yakima folds are related to deeper reverse faults, then
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fault length may be .constrained by the length of major folds or
fold segments, and down-dip fault width may vary from
approximately 5 to 23 km. These faults, if they are seismogenic,
have the potential to produce moderate- to large-magnitude
earthquakes (Appendix 2.5K).

If CLEW is modeled as a vertical strike-slip fault zone, the
available data indicate probable depths of faulting of between
7 1/2 km, to 20 km and the potential for moderate- to large-
magnitude. earthquakes (Appendix 2.5K). If structures along the
CLEW trend represent primary folds with secondary reverse faults
or primary reverse faults, then fault parameters and earthquake
magnitudes derived above for the Yakima folds are applicable.
2.5.2.3 CORRELATION OF EARTHQUAKE ACTIVITY WITH GEOLOGIC

STRUCTURES OR TECTONIC PROVINCES

Pu et-Willamette Trou h

No well-defined correlation exists between the earthquakeactivity (shown in Figure 2.5-38) in the 320-km (200-mi) radius
region surrounding the site and individual mapped geologic
structures, such as faults, graben, or anticlines (shown in
Figure 2.5-39 and discussed in Section 2.5.1). Earthquakeactivity associated with, and occurring within, the Columbia
Plateau and adjacent provinces is discussed in the following
subsections. The provinces are described in Subsection
2. 5. 1 ..1. 2.

2. 5. 2. 3. 1

The larger-magnitude, deeper-focus earthquakes in the Pacific
Northwest occur west of the volcanic .chain of the Cascade
Mountains where there is a general zone of seismic activity in
the crustal and sub-crustal portions of the Puget-Willamette
Trough (Subsections 2.,5.1.1.2.3 and 2.5.2.1, and Figure 2.5-39)
The earthquakes that are specifically discussed in Subsection
2.5..2.1.1.1 and that occurred in this province or in the Juan de
Fuca Plate are the events of 13 November 1939, 29 April 1945, 14
February 1946, 13 April 1949, and 29 April 1965. At its closest
approach, either within the crust or within the subducted Juan de
Fuca Plate, this province is at least 200 km from the site
(Figure 2.5-39), and none of the earthquakes that have occurred
in the province has significantly affected the site.
2.5.2.3.2. North Cascades

As discussed in Subsection 2.5.2.1.1.1, the 14 December 1872
earthquake is related either to fa'ulting in the North Cascades
province or to faulting in the subducted Juan de Fuca Plate. The
occurrence of the 1872 earthquake outside of the Columbia Plateauis also discussed by Coombs et al. (1976). A clustering of
epicenters occurs in the Wenatchee-Chelan area in the vicinity of
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the junction of the North Cascades, Okanogan Highlands, and
Columbia Plateau provinces. Events discussed in Subsection
2.5.2.1.1.1. that occur in the vicinity of. this cluster are the 30
December 1926, 24 April 1943, and 6 August 1959 earthquakes. No
well-defined 'correlation exists between this cluster and known
geologic structures (Appendix 2.5I).
Because of the distance of this province from the site, in excess
of 110 km (Figure 2. 5-39),, its earthquake potential is not
considered further (Subsection 2.5.2.2.1).
2. 5. 2. 3. 3., Blue Mountains

A grouping of epicenters occurs in the Walla Walla basin area,
along the boundary of the Columbia Plateau and the Blue Mountains
provinces. The 16 July 1936 Milton-Freewater earthquake is the
largest, historic event in this area and appears to have occurred
in the crust beneath the Columbia River basalt flows (Subsection
2.5.2.1.1.1). Although the northeast trends of .felt effects and
aftershocks are generally compatible with mapped, fault trends in
the vicinity of Walla Walla, such as the Hite fault,'no specific
association has been made between the source of the 1936
earthquake or other events in the area ,and a mapped geologic
structure or fault (Subsection 2.5.2.1.1.1; Woodward-Clyde

~ ~

~ ~ ~

~

Consultants, 1980a). Additional small and generally scattered
'arthquakes occur within the province (Figure 2.5-39) with no
apparent correlation= to-'-known geologic'tructures.
2. 5. 2. 3. 4 Other Provinces Ad'acent to the Columbia Plateau

The Middle Cascade Mountains province, which is more than 110 km
from the site, has generated scattered, small to moderate
magnitude earthquakes, such as the 16 September 1961 event
(Subsection 2.5.2.1.1.1) near Mount St. Helens. The Northern
Rocky Mountains province, which is more than 160 km from the
site, generated the 17 August 1959 Hebgen Lake earthquake
(Subsection 2.5..2.1.1.1). Because of the distance of each of
these provinces from the site, their earthquake potential is not
considered further..

2..5.2.3.5 Columbia Plateau

The Columbia: Plateau is characterized by small, scattered,
infrequent earthquakes (Figures 2.5-38 and -52). Two
concentrations of seismicity occur along the northwest boundary
with the North Cascades (Chelan-Wenatchee area) and along the
southeast boundary with the Blue Mountains (Walla Walla area) and
are discussed in Subsection 2.5.2.3.3. Within 80 km (50 mi) of
the site in the central Columbia Plateau, a minor concentration
of earthquakes is located between Frenchman Hills and Saddle
Mountains, and three additional events are located between Saddle

2..5-129



WNP-2

AMENDMENT No. 18
September 1981

Mountains and Gable Mountain (Figure 2.5-52). The 20 December
1973 Royal Slope and the 1 November 1918 Corfu earthquakes have
been located between Saddle Mountains and Frenchman Hills (Figure
2.5-52). There is no well-defined correlation of this earthquake
activity with the Frenchman Hills, Saddle Mountains, or Gable
Mountain structures. However, because of the uncertainties in
the epicentral location of the 1918 event (Subsection 2.5.2.1.1.1
and Appendix 2.5J) it is possible that- this earthquake occurred
on a fault, associated with the Saddle Mountains anticline.

Analysis of microearthquake activity (M less than 3.0) for the
data collected from 1969 through 1980 within the Columbia Plateau
is discussed in, Appendix 2. 5I ,Appendix 2. 5J, and Woodward-Clyde
Consultants (1980b), and is summarized in Subsection
2.5.2.1.2.2. 'he shallow, swarm-dominated, microearthquake
activity does exhibit some broad spatial trends, such as the
northwest-southeast pattern lying between Frenchman Hills and
Saddle Mountains. The shallow activity appears to be associated
with low-level deformation within the upper Columbia River
basalts and to be triggered by the presence of high ground-water
levels resulting from irrigation. However, no correlations
between specific faults or fold structures and microearthquakes
have been identified (as discussed in Appendix 2.5J). The
microseismicity occurring beneath the flood basalt flows at
depths from about 3 to 25 km appears to be distinct from the
shallow activity (Woodward-Clyde Consultants 1980b; Appendix
2..5J) The deeper seismicity does not define any linear or planar
patterns, nor is there any apparent association with the folds on
other surface geologic structures of the Columbia Plateau.

2.5".2 4 MAXIMUM EARTHQUAKE POTENTIAL

The maximum earthquake potential at the site was assessed based
on the maximum historical intensity (Subsection 2.5.2.4.1)..
Recent . investigations have indicated that the Central fault on
Gable Mountain is capable according to US Nuclear Regulatory
Commission criteria (Appendix A, 10 CFR 100), and other studies
have suggested that some of the fold structures of the Columbia
Plateau may be associated with capable faults (Subsection
2.5.2.2.2.3). Uncertainties exist regarding the association of
faults with known folds, fault capability, source geometry, and
tectonic framework (Subsection 2.5.2.2). To account formally for
these uncertainties, maximum earthquake magnitudes for potential
fault sources were assessed probabilistically. The results of
the maximum magnitude assessment are incorporated into a seismic
exposure analysis (Appendix 2.5K) to evaluate the probability of
exceeding the SSE design basis ground motion (0.25g) that was
based on the maximum historical intensity in the Columbia
Plateau.

2. 5-130





AMENDMENT, No. 18,
September 1981

2.5.2.4.1 Maximum Historical Intensit

The potential vibratory ground motions that were used in the
design of the WNP-2 plant were based on the maximum historical
earthquake intensity that has occurred in the Columbia Plateau
(Washington Public Power Supply System, 1974), which is the 16

July 1936 Milton-Freewater earthquake. It had a maximum
intensity of (MM) VII and occurred about 84 km southeast of the
site. The 14 December 1872 earthquake had a maximum intensity of
(MM) VIII and is thought to have occurred in the North Cascades
province approximately 250 to 300 km from the site. The largest
historical earthquake effects at the site are conservatively
estimated to have been an intensity (MM) IV V from the 1872
Northern Cascades earthquake, and an intensity (MM) IV from the
16 July 1936 Milton-Freewater earthquake (Subsection
2.5.2.1.1). The closer (1936) earthquake probably produced a

higher acceleration level at the site because of attenuation of
the higher frequency wave components from the more distant event.

The 1936 Milton-Freewater earthquake epicentral region is near
the intersection of the southeast extention of the Rattlesnake-
Wallula alignment and the northeast-striking structures parallel
to the Hite fault zone (Figure 2.5-52). There is no apparent.
correlation of seismicity with the Rattlesnake-Wallula align-
ment (Subsection 2. 5. 2. 3) . Nevertheless, for conservatism, it
was postulated that an earthquake of intensity (MM) VII, similar
to the 1936 Milton-Freewater event, could occur on the Rattle-
snake-Wallula alignment, approximately 20-km from the site. If
no attenuation is considered over the 20-km distance between
the alignment and the site, such an earthquake would result in
an acceleration of 0.125 g (Figure 2.5-54) at the site.
The maximum earthquake potential from any other tectonic province
within the site region was not considered high enough to be
capable of exceeding the 0.125-g level of shaking at the site
resulting from earthquakes. originating in the site province.

2. 5. 2. 4. 2 Geolo ic Structure A proach

A geologic structure approach for assessing maximum earthquake
magnitudes and the potential vibratory ground motions is
appropriate for sites in the vicinity of capable faults. The 3-
km-long Central fault on Gable Mountain is the only fault in the
site vicinity that has been shown to be capable according to US
Nuclear Regulatory Commission criteria. Tectonic models proposed
for the Columbia Plateau postulate the presence of faults, both
primary and secondary, associated with the major folds
(Subsection 2.5.2.2). Although the capability of these mapped or
inferred faults is uncertain, estimates of maximum earthquake
potential can be made assuming that there is some likelihood both
that the faults exist and that they are capable. Alternative
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tectonic models and the associated geometry of the faults are
considered in a probabilistic assessment of maximum earthquake
magnitudes for each source.

Maximum earthquake magnitude on a fault is related to source
geometry (rupture length, rupture area) and fault behavior
(maximum'nd average displacement per event, slip rate, and sense
of displacement). Based on these fault parameters, empirical and
analytical relationships can be used to estimate maximum
magnitudes. The use of a number of magnitude =estimation
techniques can result in more reliable estimates of maximum
magnitude than the application of any single technique.

Alternative tectonic models have been proposed to account for the
known and inferred structural elements of the Columbia Plateau;
each model has implications to magnitude-related fault parameters
(Subsection 2.5.2.2). Because more than one of these models may
be compatible with the available data, the fault parameters asso-
ciated with all possible models must be considered in the maximum
magnitude assessment. As part of the probabilistic assessment of
maximum magnitudes, the full range of possible fault parameters
are considered. Degrees of confidence in the various tectonic
models and parameters are assigned based on available data. In
addition, the applicability of various techniques for estimating
maximum magnitude is assessed for each tectonic model.

A discussion of the probabilistic methodology and the justifica-
tion for decisions regarding tectonic models, fault parameters,
and maximum magnitude assessment techniques are given in
(Appendix 2.5K).

2.5.2.4.2.1 Potential Seismic Sources Significant to the
Sate

The geologic structures that may be potential sources significant
to assessing the probability of exceeding the SSE vibratory
ground motions at the site are listed below and are shown in
Figure 2.5-55.

Potential Seismic Sources

Closest Surface
Distance
to Site (km)

Umtanum Ridge-Gable Mountain Structural Trend
Central fault I

Gable Mountain-Southeast anticline segment
Umtanum Ridge eastern segment
Umtanum Ridge central segment
Umtanum Ridge western segment

Rattlesnake-Wallula Alignment (RAW)
Rattlesnake Mountain segment
Rattlesnake-Wallula segment
Wallula segment

18
7

38
63
92

20
20
53
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Saddle Mountains
Rattlesnake Hills
Yakima Ridge
Horse Heaven Hills

31
27
32
30

All. of the potential sources, except the Central fault, are
structural. folds. Observed or inferred faults of uncertain capa-
bility are associated with these fold structures. On the basis
of the geologic and geomorphic data discussed by Woodward-Clyde
Consultants in Appendix 2.5K, potential sources were segmented
and, in some cases, parts of structural trends were assumed to be
separate potential sources.

2. 5. 2. 4. 2. 2 Maximum Magnitude Assessment of the Central
Fault on Gable Mountain

The Central fault on Gable Mountain is capable according to US
Nuclear Regulatory Commission criteria, and the maximum'magnitude
for the Central fault is assessed deterministically. Although
some evidence supports nontectonic hypotheses for the origin of
the displacement along the Central fault, data gathered to date
are insufficient to demonstrate a nontectonic mechanism for the
origin of the observed displacement. The magnitude assessment
presented in this section is applicable only to the Central
fault; magnitude estimates for the G'able Mountain-Southeast
anticline segment of the Umtanum Ridge-Gable Mountain structural
trend are made probabilistically and are summarized in Appendix
2. 5K..

Magnitude-related data on the Central fault are presented by
Golder Associates (1981a) and are summarized in this section.
The Central fault is a northeast-striking reverse fault that dips
to the southeast. The fault is interpreted to be the result of
the interference of two en echelon folds, the east and west Gable
Mountain anticlines. The maximum inferred length of the Central
fault is about 3 km (2 mi). The fault displaces glaciofluvial
deposits correlative with late-Pleistocene Missoula flood
deposits that are between 13,000 and 19,000 years old. The
glaciofluvial deposits are displaced up to 6 cm (0.2 ft).
Inferences based on the available data regarding the geometry and
behavior of faulting on the Central fault can be made to estimate
magnitudes. The east and west Gable Mountain anticlines are
second-order folds that have wavelengths of less than 1 km; the
folds may extend as deep as one wavelength but probably no deeper
than three wavelengths. Because the Central fault is secondary
to folding, the down-dip width of the fault surface is probably
no greater than the depth of the en echelon folds. Therefore, the
maximum width of the Central fault is estimated to be 3 km. The
6-cm (0.2-ft) displacement of the glaciofluvial deposits is the
largest displacement that can reasonably be assumed to have
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occurred as a single event. In addition, the seismic moment can
be estimated if the 6-cm (0. 2-ft) displacement is assumed to be
an average displacement over the fault surface.

The limited dimensions of the Central fault on Gable Mountain
raise questions regarding its ability to generate significant
earthquakes. However, assuming the Central fault is seismogenic,
the following magnitudes are derived using the magnitude
relationships presented in Appendix 2.5K:

Ma nitude Relationshi Estimated Ma nitude

Area vs M

(A = 9 k10 )
Displacement vs. M

(D = 6 cm)
Moment Magnitude
(A = 9 km

3 x 10 dyn/cm
D = 6 cm)

Length vs. M

(L = 3 km)

5.1

4. 4.

4.8

6.6

All of the magnitude estimates are subject to much uncertainty,
primarily because the values of the parameters for the Central
fault are smaller than those in the empirical data sets for the
various magnitude relationships. The length-magnitude
relationship is especially unreliable for short faults, such as
the Central fault, that have- limited down-dip widths. The area-
magnitude relationship accounts for the limited total size of the
rupture surface available for energy release on narrow faults.
On the basis of these assessments, the maximum earthquake
magnitude for the Central fault is estimated to be magnitude 5.
The ground motions that would be produced at the site by this
earthquake would be less than O.l g, as discussed in Subsection
2. 5..:2 ..6.. l.

2.. 5. 2. 4. 2. 3 Maximum Earthquake Magnitude Distributions for
Potential Seismic Sources

As part of the seismic exposure analysis, maximum magnitudes are
estimated for potential sources. For the magnitude analysis, it
is assumed that the structures are capable seismogenic sources.
The actual assessment of,the capability of the potential sources
is considered probabilistically in the seismic exposure analysis
Appendix 2.5K)..

As noted in Subsection 2.5.2.3, the shallow-focus microearth-
quakes that occur within the Columbia River basalts do not
correlate with specific geologic structures. Based on the
historical earthquake record and on associated detailed analyses
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of potential source characteristics within the Columbia River
basalts, the maximum magnitude for'he shallow focus earthquakes
in the, vicinity of the site is unlikely to be larger than Mz 4.0
Appendix 2.5J. Earthquakes of magnitude 4 or less are consiciered
not to be of engineering significance to the plant because of the
very short duration of vibratory motion associated with such
earthquakes.

2 ' '..5 SEISMIC WAVE TRANSMISSION CHARACTERISTICS OF THE SITE

At the site, about 14 m (to elevation 120 m) of glaciofluvial
sand overlies the middle and lower members of the Ringold
Formation.. The middle member extends to a depth of about 76 m

(elevation 58 m) and consists of dense gravel that contains
relatively thin "silt and sand zones at various depths. The lower
member is. predominantly a compact interbedded gravel, sand, and
silt that extends to a depth of about 160 m (elevation -26 m)
where it is underlain by basalt bedrock.

Compressional and shear wave velocities are based on .geophysical
surveys that are described in Appendix 2.5D. In the glacio-
fluvial sand, compressional velocities average 410 m/s and shear
velocities average 200 m/s. In the upper part of the middle
member of the Ringold Formation, compressional velocities range
from 1,040 to 1,370 m/s and shear velocities from 520 to 580
m/s. A marked increase in compressional velocities (2,700 to
3,200 m/s) and shear velocities (1,280 to 1,370 m/s) was
encountered at a depth of about 24 m (elevation 110 m), which is
interpreted to indicate more compact material below this depth in
the middle member of the Ringold. In the lower member of the
Ringold, below 76 m depth (elevation 58 m), shear velocities
range from 580 to 1370 m/s. The seismic wave velocities at the
site are summarized in Table 2.5-8. The dynamic properties of
the materials are also described in Subsection 2.5.4.2.

Compressional and shear-wave velocities of the soils above basalt
bedrock have also been measured at WNP-1/4 (Appendix 2L of the
WNP-1/4 PSAR). The changes in the wave velocities with depth at
WNP-1/4 have a .similar trend to those described above for WNP-2.

Because of the presence of relatively thick layers of soils above
basalt bedrock, attenuation relationships applicable to soils
rather than rock have been selected for use in the seismic
exposure analysis. Attenuation relationships are described in
Appendix 2.5K.

Available data describing material properties of the basalt
flows, interflow materials, and deeper structures beneath the
site have been reviewed for the purpose of evaluating the attenu-
ation characteristics of the crustal structure. The best
currently available information for characterizing the basalt-
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interflow materials has been obtained from logs of deep wells
drilled in the area. The deepest of these is the Rattlesnake
Hills No.. 1 well, which extends to a depth of 3,230 m. The sonic
log from this well indicates that the compressional-wave velocity
is highly variable as a function of depth, with relatively high
velocities of 5. 0 to 5. 7 km/s occuring in competent basalt flows
and lower velocities of 4.0 to 4.5 km/s being typical of
interflow materials. The'ower-velocity materials were generally
of lower density also. This variation in compressional-wave
velocities in the basalt flows and interflow materials is also
likely to characterize the shear-wave velocities, although no
direct measurements of the shear-wave velocity at depth were
made., Theoretical calculations, described in Woodward-Clyde
Consultants (198ld), have indicated that this wave-velocity
structure may substantially decrease peak strong ground motions
at the site for earthquake sources beneath the higher-velocity
layers in the basalt, relative to ground motions that would occur
in the absence of these strong vertical material
heterogeneities. The physical basis of this decrease in ground
motions is known as the tunneling phenomenon; it is associated
with waves incident from a relatively low to a relatively high
velocity layer at angles from the vertical greater than a
critical value that depends on the velocity contrast. The
tunneling phenomenon has been modeled (Woodward-Clyde
Consultants, 198ld) and found to decrease peak motions by 50
percent or more at epicentral distances of 6 to 15 km for source
depths beneath the high-velocity layers. This conclusion is
dependent on several assumptions regarding kinematic descriptions
of the seismic source, the relationship between shear and
compressional wave velocities in the basalts, the source depth,
and the nature 'of the crust beneath the basalts. These
theoretically predicted attenuation effects have been
conservatively neglected in modeling attenuation in the seismic
exposure analysis (Appendix 2.5K).

2.5.2.6 SAFE SHUTDOWN EARTHQUAKE

2. 5. 2. 6. 1 Vibrator Ground Motion of the SSE

The maximum vibration level at the site from historical
earthquakes within the Columbia Plateau is estimated to have been
0.015 g associated with the site intensity (MM) IV from the
Milton-Freewater earthquake (See Subsection 2.5.2.4 and Figure
2.5-54).

A peak acceleration of 0.25 g at ground surface in the site area
has been assigned for the SSE. This value is consistent with the
conservatism previously adopted for design criteria at the
Hanford Reservation (Atomic Energy Commiss'ion, 1972) and is
consistent with the vibratory accelerations associated with an
intensity (MM) VIII earthquake (Figure 2.5-54), which is larger
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than any known earthquake east of the Cascades in Washington or
Oregon. This earthquake was assigned to the Rattlesnake-Wallula
alignment, which was considered to be the closest tectonic
structure of significance to the site. The Rattlesnake-Wallula
alignment is 20 km from the site. No attenuation was taken in
the selection of the SSE.

As summarized in Subsection 2.5.2.4, the Central

faulted

on Gable
Mountain is capable according to US Nuclear Regulatory Commission
criteria. Magnitude 5 is estimated to be the maximum magnitude,
and the closest distance from the fault to the site is 18 km.
Using the magnitude-distance-acceleration attenuation
relationships given in Appendix 2.5K, the estimated peak
acceleration at the plant site for this earthquake is less than
0.1 g.

The design response spectra for the SSE corresponding to the
maximum vibratory acceleration of 0. 25 g are shown on Figures
3. 7-1 and 3. 7-2.

2. 5. 2. 6. 2 Evaluation of the Probabilit of Exceedance of 'the
Vibrator Ground Motion of the SSE

A seismic exposure analysis has been performed to estimate the
probability of exceeding the vibratory ground motions of the
SSE. The uncertainties regarding fault segmentation, fault
capability, fault geometry, maximum earthquake magnitude,
earthquake recurrence, and attenuation have been formally
addressed and incorporated in the seismic- exposure analysis.

The methodology and inputs for the seismic exposure analysis are
described in detail in Appendix 2.5K. The methodology is shown
schematically in Figure 2.5-56 and is briefly summarized below.

o All geologic structures that have the potential to be
seismic sources (faults) of significance to the plant site
are included in the analysis. These structures are
identified in Subsection 2.5.2.4.2.1.

o Alternative fault segmentation models are defined, and the
probabilities of each segmentation model representing the
actual conditions are estimated.

o The conditional probabilitie's'ha't each fault is a capable
seismic source are estimated.

o Alternative tectonic models, described in Subsection
2.5.2.2, are defined for each fault. The conditional

, probabilities of each tectonic model representing the
actual conditions are estimated.

2. 5-137



WNP-2

AMENDMENT No. 18
September 1981

o Alternative fault geometries (dips and widths of fault
plane) are defined for each tectonic model for each
fault. The conditional probabilities of each of these
geometries being the actual geometry are estimated.

o Maximum earthquake magnitudes are estimated using
different techniques for the geometries and tectonic
models of each fault. The conditional probabilities, of
each maximum magnitude being the actual maximum magnitude
are estimated.

o The recurrence of earthquakes of various magnitudes in the
site region is evaluated based both on historical seismic-
ity and geological evidence. Recurrence is distributed to
the various faults in proportion to their lengths. The
uncertainty in recurrence relationships is evaluated and
included in the exposure analysis.

o Magnitude-distance-instrumental ground motion attenuation
relationships are estimated. The uncertainty in predicted
ground motion values associated with these relationships
.is estimated and included in the exposure analysis. The
selected attenuation relationships are judged to be
conservative because they neglect the apparent highly
attenuating effect of the basalt-interbed layering
(S'ubsection 2.5.2. 5).

o A seismic exposure analysis case is defined by each
combination of segmentation, tectonic model, fault
g come try, and'aximum ear thquake magnitude for a g iven
fault., These parameters are then combined with the
recurrence and attenuation relationships to calculate the
seismic exposure (probability of exceeding a certain
ground motion value) for that case. Standard procedures
for seismic exposure analysis are used for these
calculations.

o The seismic e'xposure due to each fault is then calculated
by appropriately combining the probabilities for each
analysis case for that fault with the probabilities
associated with maximum magnitudes, . fault geometry,
tectonic models, fault capability, and fault
segmentation. Then the total exposure for the plant site
is obtained by„ combining the probabilities for all the
sources.

From the results of the seismic exposure analysis, the estimated
probability of instrumental ground motions exceeding the SSE peak
ground acceleration {0.25 g), which is also the SSE design
response spectral acceleration in the period range. 0 to 0.03-
second (Figure 3.7-1), is summarized below. Also summarized are
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Ground Motion .Parameter

the estimated probabilities of exceedance of SSE design response
spectral acceleration at two other selected periods, 0.125 second
and 0.40 second. These periods are selected because they
correspond approximately to control points of the design response
spectra in the low-period to mid-period range (Figure 3.7-1,)."

Annual Probability
of Exceedance

Peak ground acceleration of
0.25 g (zero-period response
spectral acceleration)

1.1 x 10

Response spectral acceleration
at a period of 0.125 second (damping
ratio of 0.02)

9.2 x 10

Response spectral acceleration
at a period of 0.40 second (damping
ratio of 0..02)

2.9 x 10

The values summarized above are the expected values, or best
estimates, of the probabilities of exceedance. Confidence levels
on the probabilities of exceedance have also been estimated in
the seismic- exposure analysis. At the 90-percent confidence
level, the 'estimated probabilities of exceedance exceed the
values tabulated above by a factor of about 2.5.,

The analysis indicates that for peak ground acceleration and for
response spectral acceleration at 0.125 second, approximately 70
percent of the exposure is due to earthquakes in the range of
magnitude 4 to 5. For response spectral acceleration at 0.40
second, approximately 50 percent of the exposure is from the same
magnitude range. These small-magnitude earthquakes are of less
engineering significance than large-magnitude earthquakes due to
their shorter duration and lower energy content. Consequently,
this analysis is a conservative assessment of the probability of
exceedance for ground motions of engineering significance.

2 '.,2.7 OPERATING BASIS EARTHQUAKE

A peak acceleration of 0.125 g, or one-half that of the SSE, has
been assigned for the Operating Basis Earthquake (OBE). The
chosen value for the OBE is consistent with the epicentral
intensity of the largest historical earthquake that has occurred
in the Columbia Plateau (Subsection 2.5.2.4 and Figure 2.5-54).
The design response spectra for the OBE are shown on Figures 3.7-
3 and 3.7-4.

The probability of exceeding the OBE ground motions has been
evaluated from the seismic exposure analysis described in
Subsection 2.5.2.6. The estimated probabilities of exceeding the
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OBE peak ground acceleration and selected spectral accelerations
of the OBE design response spectrum (Figure 3.7-3) are as
follows.

Ground Motion Parameter

Peak ground acceleration of
0.125 g (zero-period response
spectral acceleration)

Response spectral acceleration
at a period of 0.125 second (damping
ratio of 0.02)

Annual Probability
of Exceedance

4..6 xlo 4

40xl04

Response spectral acceleration
at a period of 0.40 second (damping
ratio of 0.02)

1.7 x, 10

At the 90-percent confidence level, the estimated probabilities
of exceedance exceed the expected values tabulated above by a

factor of about 2. 2. Similar to the results for the SSE

described in Subsection 2.,5.2.6, small-magnitude earthquakes are
found to dominate the seismic exposure for the OBE. For peak
acceleration and for response spectral acceleration at 0.125
second, approximately 70 percent of. the seismic exposure is due
to earthquakes in the range of magnitude 4 to 5.. For response
spectral acceleration at 0.40 second, approximately 60 percent of
the exposure is due to earthquakes in the same magnitude range.
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Region: WNP 1/4 Preliminary Safety Analysis Report,
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in the Columbia River Basalt: American. Journal of Science,
V. 159, p. 581-611.
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Ground-water Resources of West-central Lewis County,
Washington: Washington Division of Water Resources
Water-Supply Bulletin 17, 248 p.

Weis, P. L., 1968, Geologic Map of the Greenacres
Quadrangle, Washington and Idaho: U.S. Geological Survey
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2. 5-183



WNP -2 AMENDMENT NO. 18
September .1981

Wolfe, E. W., and McEee, E. H., 1968, Geology of the Grays
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Washington: U.S. Geological Survey Miscellaneous
Investigations Map I-603.

Yates, R. G., Becraft, G. E., Campbell, A. B., and Pearson,
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Young, R. E., 1966, Geology and Biostratigraphy of the
Knappton Area, Washington: Master's Thesis, University of
Washington, Seattle.
Zietz, I., Hearn, B.. C., Higgins, M. W., Robinson, G. D.,
and Swanson, D.. A , 1971, Interpretation of an Aeromagnetic
Strip Across the Northwestern United States: Geological
Society of America Bulletin, V. 82, No. 12, p- 3347-3372.

2.5-185





WNP-2 AMENDMENT NO. 18
September 1981

TABLE 2.5-5

HIS TORI GAL EARTHQUAKE CATALOG FOR THE
PACIFIC NORTHWEST REGION

Augus t 1981



~~



WNP-2 AMENDMENT N0.,18
September 1981

TABLE 2.5-5

TABLE OF CONTENTS

1.1 DESCRIPTION OF THE EARTHQUAKE CATALOG

2 ' EXPLANATION OF EARTHQUAKE CATALOG COLUMN
HEADINGS

3.1 SOURCE. CODE REFERENCES USED IN "S" COLUMN

4.1 MAGNITUDE CODES USED IN "SM" COLUMN

Page

2. 5-5-1

2.5-5-2

2.5-5-4

2.5-5-6

5.1 NATIONAL OCEANIC AND ATMOSPHERIC
ADMINISTRATION (NOAA) HYPOCENTER DATA
FILE FORMAT EXPLANATION 2.5-5.-6

5.1.1 REPORTING OF FRACTIONAL EARTHQUAKE
MAGNITUDES

5.1.2 EXPLANATION OF NOAA CODES USED IN "Q"
COLUMN

5.1.3 EXPLANATION OF NOAA CODES USED IN
"LOCATION AND COMMENTS" COLUMN

5.1.4 ISOSEISMAL MAP PUBLISHERS CODES

6.1 UNITED STATES GEOLOGICAL SURVEY CENTRAL
WASHINGTON DATA FILE CODES EXPLANATION

6.1.1 HYPOCENTER SOLUTION QUALITY USED IN "Q"
COLUMN

6.1.2 EXPLANATION OF ABBREVIATIONS USED IN
"LOCATION AND COMMENTS" COLUMN

7.1 CANADIAN (EARTH PHYSICS BRANCH) EPICENTER
DATA EXPLANATION

7.1.1 ORIGINAL DATA SOURCES AND CODES

7.1.2 INTENSITY MAGNITUDE CONVERSION

8.1 HISTORICAL EARTHQUAKE CATALOG FOR THE
PACIFIC NORTHWEST REGION

2.5-5-6

2.5-5-7

2. 5-5-7

2 '-5-9

2.5-5-9

2.5-5-9

2.5-5-9

2.5-5-10

2.5-5-10

2.5-5-11

2. 5"5-i



WNP-2 ANENDNENT NO ~ 18
September 1981

1.1 DESCRIPTION OF THE EARTHQUAKE CATALOG

The earthquake cataLog contained in this table has been
produced using Woodward-CLyde Consultants'arthquake Data
Bank. The catalog covers the foLLowing region:

Latitudes 42oN to 54oN
Longitudes 114o to 128oW

The catalog includes Located earthquakes of aLL intensities
greater than or equaL to intensity III and aLL magnitudes
greater than or equaL to magnitude 3.0 that have been
reported from the region through December 31, 1980 by the
sources cited in the Source Code Reference List on page
2.5-5-4. The earliest earthquake reported by the sources
for the region occurred on December 3~ 1841. The sources
selected are those that provide the most compLete data
Listings for the region, including more obscure sources that
provide reLatively short Lists of smaLL microearthquakes in
Limited areas. ALL the data available from the selected
sources before Narch 1, 1981~ are included. The main
sources used are the National Oceanic and Atmospheric
Administration (NOAA); the University of Washington (Western
and Eastern Washington Networks); and the Earth Physi cs
Branch of the Canadian Department of Energy, Nines and
Resources.

Data from the University of Washington Eastern Washington
network for the first haLf of 1980 are not yet avai Lable.
Western Washington data for 1978 and 1979 were received
after the catalog had been compLeted.

iNany earthquakes appear in two or more of the source
Listings. Therefore the catalog was edited by seis-
mologists and'duplicate entries were deleted. ALthough the
majority of duplicate entries are aLmost identicaL~ in cases
where the hypocentraL solutions di ffer appreciably~ a
selection was made based on the amount of data avaiLable to
each source agency and on geographicaL considerations. For
example, a University of Washington entry for an earthquake
that occurred within the coverage of one of their regionaL
networks would be selected rather than Canadian or NOAA
entries.
For certain early earthquakes, especiaLLy severaL
pre"instrumentaL events, it is difficuLt to choose between
alternative sources. In these cases a preferred solution
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was chosen based on the avai Lab Le data, and only the
preferred solution is Listed. ALL the alternative solutions
are Listed in the previous catalog.*

Every attempt has been made to accurately reproduce the
source materiaL and obvious errors or questionable entries
in the source Listings have been investigated and, when
necessary, corrected. However, the Large volume of data
obviously precludes exhaustive checking of every source
Listing, and the possibi Lity of errors in the catalog cannot
be completely eliminated. Particular attention was paid to
verifying the magnitudes of eastern Washington earthquakes
greater than magnitude 3 reported by the University of
Washington., The magnitudes of these earthquakes appearing
in the catalog were checked against the source Listings; in
several cases, the University of Washington Geophysics
Program staff'hecked the source Listings against original
hypocenter solution computer runs. It is important to note
that the quality of earthquake Locations is not temporariLy
or spatiaLLy consistent from source to source, or even
within each source.

2.1 EXPLANATION OF EARTHQUAKE CATALOG COLUMN HEADINGS

CAT. NO. Sequential catalog number assigned to each
earthquake.

DATE
DA Y-NO-YR

Date in Greenwich mean t'ime unless noted
otherwise in time column (usualLy as 'LT'or
LocaL time).

TINE (GNT) Time in Greenwich mean time unless noted
HR-MIN-SEC otherwise in time coLumn (usuaLLy as 'LT'or

Loca L time) .

LAT Latitude, north or south as noted. When
origina l sources have given the Latitude or
Longitude in degrees, minutes, and secondsi or
as fractions of a degree, these have been
converted to decimaL degrees. ALthough the
cataLog presents the coordinates in thousandths
of a degree, it is important to bear in mind
that this does not imply Location accuracy to

*Woodward-CLyde Consultants, 1978, Earthquake catalog of the
Northwestern United States and Canada 1841-1977: Report
prepared for the Washington Public Power Supply System~
Ri chland, Washington, 427 p.
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that precision ~ In many cases the implicit
accuracy is discernible from the coordinate.
For example, if a Latitude were originaLLy
reported as 23 1/4 N, the catalog wouLd List it
as 23.250N.

LONG Longitude, east or west as noted (see note
above).

SL Source of the Latitude and Longitude if
different from the main source (column "S").
Frequently, only a place name is given for an
earthquake Location in the originaL data. In
many such case's, the coordinates of the pLace

have been assigned to the earthquake by
Woodward-Clyde Consultants. The characters 'W',
'W1', or 'W2're placed in this coLumn to
indicate the degree of precision of the place,
name, Location, as foL Lows:

W .nearest hundredth or thousandth degree;
W1 nearest tenth degree;
W2 nearest ha-Lf degree.

INTEN (MM) Maximum intensity, reported on the modified
Mercalli scale of 1931, unless noted otherwise;
for example, 'R F'ndicates Ross i "Fore l
intensity scale;

MAG Earthquake magnitude, usuaLLy reported as Local
Richter, body wave, or surface wave (see "SM"
column) .

SM Source of magnitude, if different from the main
source (column "S"),, or magnitude scale, if
known. See Section 4.1 for explanation of
magnitude codes.

H

(KM)
Hypocenter depth~ in kilometers.

DIS
(MI) (KM)

Epicentral distance from the site in miles or
ki Lometers, as noted.

Epicenter quality indication as reported in
main source. These are not quality judgments
assigned by Woodward"Clyde Consultants unless
the main source for the event i s Woodward-C Lyde
Consultants. (See also Sections 5.1 and 6.1).
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Nain source for earthquake (see Source Code
References List) ~ Unless otherwise indicated,
the data presented for the earthquake are taken
f rom this source.

3.1 SOURCE CODE REFERENCES USED IN 'S'OLUNN

Time periods of coverage as Listed are inclusive
Code Source

BB Berg, J. W., and Baker, C. D ~, 1963, Oregon
earthquakes, 1841-1958: SeismologicaL Society of
America Bulletin, v. 53, no. 1, p. 95-108:

CA Canadian (Earth Physics Branch) epicenter data fiLe.
Period of* coverage: 1860-1978.

CR Crosson, R. S.~ 1972, SmaLL earthquakes, structure,
and tectonics of the Puget Sound region:
SeismoLogicaL Society of America Bulletin, v. 62, no ~

5i p. 1133-1172.

C1 Smith~ W. E. T.~ and Ni Lne~ W..G.. 1969 Canadian
earthquakes — 1964: Seismological Series, Dominion
Observatory, Canadian Department of Energy, Nines,
and Resources, Ottawa.

C2 Smith, W. E. T, and Ni Lne~ W.. G., 1970~ Canadian
earthquakes — 1965: Sei smologi cal Series, Dominion
Observatory, Canadian Department of Energy, Nines,
and Resources, Ottawa.

C3 Stevens, A., E., Ni Lne, W. G., Wetmi Lier, R. J., and
Horner~ R. B., 1972, Canadian earthquakes — 1966:
SeismologicaL Series of the Earth Physics Branch, No.
62, Canadian Department of Energy, Nines and
Resources, Ottawa.

C4 Dominion Observatory (Victoria) data file~ 1967-1968.

EH

GS

Cof fman, J. L., and von Hake, C. A., (eds.), 1973,
Earthquake history of the United States: National
Oceanic and Atmospheric Administration, Environmental
Data Service, Publication 41-1 (revised edition
through 1970), 208 p.

U.S. Geological Survey, CentraL Washington Data File.
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Mi Lne, W. G., 1956, Seismic activity in Canada west
of the 113th meridian, 1841-1951; Canadian Department
of Mines and Technical Surveys, Publication of the
Dominion Observatory (Ottawa), v. 18, no. 7, p.
119-146.

N~ NO NationaL Oceanic and Atmospheric Administration
(NOAA), Hypocenter data file. Period of Coverage:
1638 to September, 1980. Environmental Data Service,
Bou Lde r, Colorado.

NU Neumann~ F.~ 1967, Crustal structure in the Puget
Sound area: Extrait Des Publications Du Bureau
Central Seismologique International, Series A,
Travaux Sientifiques FascicuLe 20, p. 153-167.

Rasmussen, N., 1967, Washington State earthquakes,
1840-1965: Sei smo Logi ca L Society of Amer i ca
Bulletin, v. 57, no. 3 p. 463-476.

RU Rasmussen, N., 1973, Washington State earthquakes,
1966-1973: (unpubli shed) .

SD Racine, D., 1979, A seismicity study of the Pacific
Northwest region of the United States, November
1961 — August 1965: Report prepared by Teledyne-
Geotech for the U.S. Nuclear Regulatory Commission,
Washington, D.C., 43 p.

TA Townley, S. D.~ and ALLen, M. W. 1939~ Descriptive
cataLog of earthquakes of the Pacific Coast of the
United States~ 1769-1928: SeismoLogical Society of
America Bulletin, v. 29, no. 1, p. 1-297.

TS Tobin, D. G., and Sykes~ L. R., 1978, Sei smi ci ty and
tectoni cs of the northeast Paci f i c Ocean.'ournal of
Geophysical Research, v. 73, no. 12, p. 3821-38.45..

UE United States Earthquakes; Annual Publication of the
U ~ S. Department of Commerce 1928"present: by U.S.
Coast and Geodetic Survey, Seismological Society of
America, NOAA or Earthquake Data Service.

UN Underwood, R., 1972, Studi es of Vi ctorian
seismicity: Royal Society of Victoria Proceedings,
v. 2 p. 27-47.

UW University of Washington. Per iods of Coverage.
Western Washington (west of Longitude 122oW),
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18 June 1970-1974, 1978; Eastern Washington (east of
Longitude 122oW); 25 March 1969-1979, 18
June-December, 1980.

Woodward-Clyde Consulants, 1978, 1872 earthquake
studies, WPPSS nuclear project Nos.. 1 and 4:
mi cro"earthquake study; Report prepared'or the
Washington PubLic Power Supply System, RichLand,
Washington, 32 p.

West'on Geophysical Research, Inc. 1973~ Hanford,
Washington, Preliminary Safety Ana Lysis Report for
U.S. Atomic Safety Commission. Weston Geophysical
Research, Inc., British Columbia,May"October, 1978.

Vance~ D. J., 1971, Relocation of some seismic events
in the Puget Sound area, 1951-1968: M.S. thesis,
University of Washington, Seatt Le, Washington.

4.1 MAGNITUDE CODES USED'N "SM" COLUMN

Code Ex Lanation

MB Body wave magnitude

MC Univers.ity of"Washington coda-Length magnitude

ML Local Ri chter magnitude

MN Nutt li magnitude

MS

N1

Surface wave magnitude

Magnitude-reported by NOAA. See "Location and
Comments" column for identification of magnitude source
and scaLe.

5.1 NATIONAL OCEANIC AND ATMOSPHERIC ADMINISTRATION (NOAA)
HYPOCENTER DATA FILE FORMAT EXPLANATION

5.1.1 REPORTING OF FRACTIONAL EARTHQUAKE MAGNITUDES

Many ear Ly magnitudes in the NOAA data fi Le were originaL Ly-
reported as fractions and have been converted to decimaL
notations. As is the case with coordinate Locations~ these
decimaL notations do not imply accuracy to the nearest
hundredth of a unit. For example,
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Magnitude originaLLy
re orted as A ears as

6-61/4
6 1/4
6 1/4 — 6 1/2 ~

6 1/261/6-63/4
6 3/4
6 3/4-7

6 ~ 13
6.25
6.38
6.50
6.63
6.75
6.88

For any other range, the median value is Listed.

5.1.2 EXPLANATION OF NOAA CODES USED IN "Q"'OLUMN

Code Ex Lanation

* Assigned to soLutions for which poor azimuth, depth
controL, and. other factors contribute to a Less
reliable soLution.

A Parameters of explosion supplied by U.S. Atomic Energy
Commi ssion (AEC).

\

B Parameters of epicenter supplied by University of
Ca lifo rni a,. Berkeley, Ca liforni a.

D Au'thority for,time and coordinates: Department of
Ener gy, Mines, and Resources Canada.

E Some or aLL parameters of explosion (controlLed'r
accidentaL) suppLied by any group or individuaL other
than AEC.

G Parameters of epicenter supplied by the U;S. Geological
Survey for any area other than Island of Hawaii.

M Hypocenter based on macroseismic information.

S An NEIS soLution based on use of dense Local networks,
a Local crustal modeL, or other methods not routinely
appLied by NEIS (USGS).

W Parameter s of epicenter supplied by University of
Washington, Seat t Le Washington.

Z Noninstrumental.

5.1.3 EXPLANATION OF NOAA CODES USED IN "LOCATION AND
COMMENTS" COLUMN
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Code

NOAA depth controL designation indicating
hypocenter depth assigned for shaLLow focus
(not computed).

BCIS

BRK

Bureau CentraL InternationaL De SeismoLogie.

University of California, Berkeley, California,
Seismograph Station (Havi Land).

CGS~ CGS-B U.S. Coast and Geodetic Survey: Number
foL Lowing CGS indi cates bi "week Ly preliminary
determination of epicenter sequence number.

CGSPDE U ~ S. Coast and Geodeti c Survey:
determination of epicenter.

Preliminary

NOAA depth controL designation indicating depth
based on two or more reported pP's identified
as

such'RLi

ERLP EnvironmentaL Research Laboratories: Number
foLLowing ERL indicates bi-weekLy preLiminary
determination of epicenter sequence number.

NOAA depth controL designation indicating depth
restrained by geophysicist.

GOL Colorado School of Mines Sei smograph Station,
Go Lden, Co Lorado.

GUTE.

LG

Gutenberg and Ric'hter (1954).

Variation of Nutt li magnitude. using LG phase.

NOAA depth controL designation indicating
normal depth (33 km) when data are not
sufficient to calculate shaLLow focaL depth.

NOSr NOS> NationaL Ocean Survey: Number foLLowing NOS
indicates bi-weekly preliminary determination
of epicenter sequence number.

NU

OSU

Nutt li magnitude.

Oregon State University.
PAL Lamont-Doherty Geological Observatory

Sei smog raph Station, Pa lisades, New York.
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PAS~ PA

PDE

USE

California Institute of Technology, Pasadena,
Ca liforni a, Sei smograph Station.

U.S. Coast and Geodetic Survey: Preliminary
determination of epicenter.

United States Earthquakes, Annua l Pub lication
of the U.S. Department of Commerce,
1928 present, by the GAGS, BSSA, NOAA, or EDS.

5.1.4 ISOSEISMAL MAP PUBLISHER CODES

Code Explanation

USE United States Earthquakes

EQN Earthquake Notes

PDE Preliminary Determination of Epicenters

6.1 UNITED STATES GEOLOGICAL SURVEY
CENTRAL WASHINGTON DATA FILE CODES EXPLANATION

6.1.1 HYPOCENTER SOLUTION QUALITY USED IN "Q" COLUMN

This measure is intended to indicate the general reliability
of a hypocentral solution.

~Qu a L i t
A

B
C

D

E i center

Excellent
Good
Fair
Poor

Focal Depth

Good
Fair
Poor
Poor

The quality is based on both the nature of the station
distribution with respect to the earthquake and the
statistical measure of the solution.
6.1.2 EXPLANATION OF ABBREVIATIONS USED IN "LOCATION AND

COMMENTS" COLUMN

Abbreviation Ex Lanation

DMIN Epi central distance in ki lometers to the nearest
station; rounded to the nearest integer.

GAP Largest azimutha l separation in degrees between
stations.
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HSE Horizontal standard error of the epicenter in
Ki lometers: HSE = SQRT C(SDX**2) + (SDY**2)3~ w'here
SDX and SDY are the standard errors in Longitude nd
Latitude, respectively, of the epicenter. When NSTN
is Less than or equaL to four, HSE cannot be computed
and i s Left b Lank.

NSTN Number of stat-ions used in Locating the earthquake.

(In 'SM'olumn) indi cates the Ri chter magnitude
caLculated from Wood-Anderson seismograph records.

RMS Root-mean"square error of the time residuals: RMS

SQRT C(R(I)**2, I=1,NSTN) / NSTN3; where R (I) i s the
observed sei smi c-wave arriva L time minus the computed
time at the. I-th station.

ZSE Standard error of the depth in ki Lometers.

* (At end of statistica l data Line) indicates
earthquake was also reported in BuLLetin of the
Seismograph Stations of the University of California,
Berke Ley.

7.1 CANADIAN (EARTH PHYSICS BRANCH) EPICENTER DATA
EXPLANATION

The Canadian epi cent'er data denoted by the source code CA
comes from the Earth Physics Branch, Division of Seismology
and Geothermal Studies of the Department of Energy, Mines
and Resources, Ottawa,

Canada'.1.1

ORIGINAL DATA SOURCES AND CODES

The foLLowing are the codes used in the notation ORIGINAL
DATA

SOURCE=xxx in the "Location and Comments" column.

Code Ex Lanation

EPB Earth Physics Branch of Dept. of Energy, Min'es and
Resources~ Canada. The great bulk of the EPB data has
been published in the Seismological Series of the Earth
Physics Branch by the Seismological Service of Canada,
Dept. of Energy, Mines and Resources, in the
Seismological Series of the Dominion ObservatoriesDept.'f Mines and Technical surveys, or in the
Publications of the Dominion'Observatory, Dept. of

2.5-5-10,
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Mines and Technica l Surveys, by various authors. The
above are aLL one series, characterized by orange
covers and a history of name changes.

PDE Preliminary Determination of Epicenters, avaiLable
through NationaL Earthquake Information Service, U.S.A ~

UBC Uni versi ty Bri ti sh Columbia, Canada

ISC I'nternationa L Sei smologica L Center

The data represented here, as provided by EPB, attempts to
be. fai thfuL to the pub Li shed materi a L. The sour ce "EPB" i s
given for alL events prior to 1968, despite the fact that
not alL these epicenters or their parameters can be found

in'anadianpubLications. Some are from ISS (InternationaL
Seismological .Summary), USCGS (United States Coast and
Geodetic Survey), Gutenberg an Richter, "Seismicity of the
Earth and Associated Phenomena" (Princeton University Press,
1954), and from other references.

7.1 . 2 INTENSITY MAGNITUDE'ONVERSION

In the data supplied by EPB', aLL events before 1899 and some
thereafter are assigned magnitudes calculated from their
maximum intensities according to the formula

M= (2/3) I+1
For the period before 1899, in order to depict the
parameters of events as accurately as possible, magnitudes
are reconverted back to intensities in the EQDB catalog
according to the formula

I = (3/2) (M - 1)

However~ since there is no way to determine whether a given
event in 1899 or Later was assigned a calculated magnitude
by EPB, no reconversion is done for 1899 and Later, hence
some events in this period may have magnitudes assigned to
them despite the fact that there was no originaL report of
magnitude. Such magnitudes are always reported as Local
magnitudes.
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TABLE

EARTHQUI KES POTENTIAi LY FEl T IT THE SITE

Loca t ion

Epicentra 1

Intensity
(MM)

Estimated
Intensity
at Site

<NN>

Distance
from site

(km) Remarks

1872 Dec 14 49.167N., 121.000H.

1936 Jul 16 46.208N., 118.233H. VII IV

320 North Cascades
1,250p000 km felt
area

Milton-Freewater, OR
M„5-3/4, ML 6.1 ~

1965 Apr 29 47. 4N., 122. 4W.

1918 Nov 1 46.9N., 119.3H.

1949 Apr 13 47.25N., 122.5W.

1945 Apr 29 47.4N., 121.7H.

1946 Feb 15 47.3N., 122.9'W.

1939 Nov 13 47.2N., 123.0W.

1943 Apr 24 47.3N., 120.6H.

l959 Aug 6 47'No g 119. 9W.

1926 Dec 30 47. 07N., 120. 2W.

1961 Sep 16 46.0N., 122.2W,

VII

VI

VIII

VII

VII

VII

VI

VI

VI

VI

IV

III-IV

I-IV

I-IV

I-IV

I-IV

I-IV

I-IV

II?

255

250

210

285

290

130

158

150

225

Seattle, WA, 335,000
km felt area. mo
6-1/2.

Corfu, HA,
Ms 4 '

'ugetSoun) Region
390,000 km felt
a rea. M 7 0.

North Bend~ WA>
130,000 km felt
area. M 5-1/2.

Puget Soun], WAi
180 000 km felt
area. Ms 5-3/4 ~

Olympia, Wh, 155, 000
km 'felt area. Ms 5-
3/4.

Leavenwor)h, WA,
26,000 km felt
area.

Ch~lan, HA, 65,000
km felt area. ML
4 '

'enatchee~ WA,
40,000 km felt
area.

Cougar Arga, WA.
18,000 km area, ML
4 ~ 3.

I
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FIGURES 2.5-2 THROUGH 2.5-21
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Figure 2.5-27 has been deleted
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FIGURES 2.5-29 AND 2.5-30

ARE CURRENTLY BEING PRINTED.
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FIGURE 2.5-35
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FIGURES 2.,5-38 AND 2. 5-39

ARE CURRENTLY BE ING PRINTED.
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p(TMk(si,cj)

p(FG1(Si CjgTMk)

p(mmI SigCj g TMkgFG1)

Conditional probability of tectonic.
model k, given segmentation i and
capable f'ault j
probability of fault geometry 1,
given segmentation i, capable fault
j, and tectonic model k

probability of maximum magnitude m",
given segmentation i, capable fault
j, tectonic model k, and fault
geometry 1

an indicator variable equal to 1.0 if
exposure calculated from Equation
(2.5K-3) for Cj, TMk, FGl,mm and
E[A ] equals v „(z); otherwise equal
to 3

o If the source is segmented into "j" fault segments, the
distributions for the individual segments are assumed to be
completely, correlated; that is, if a particular path
through the logic tree is the correct path on one segment.,
then it is the correct- path on all of the other segments in
the source.. The mean number of events- vn(z) for a
particular tectonic model, fault geometry, and maximum
magnitude is obtained by summing the contributions from the
same branch on each of the- faults., The probability of the
sum is given by Equation (2.,5K-10) for one of the segments.

o If- the source'onsists of "j"'eparate sources then it is
assumed that the distribution for. each source is completely
independent., To obtain the total number of events, all
possible combinations of "j" capabilities, "k" tectonic
models, "1" fault geometries, and "m" maximum magnitudes
must be considered.

2.5K.2.2.3 Calculation of Total Seismic Exposure

The probability distribut'ion of the mean number of events
exceeding ground motion level z for source s is computed using
Equations (2.5K-8) through (2.5K-10). The total number of
events exceeding z from all sources is computed by Equation
(2.5K-2)

v(z) = g v (z)
n

The expected value of v(z) is computed by summing the expected
values from each -source

2.5K-12
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E[v(z)] = g E[v (z)]
n

The variance of (z) is computed using the expression

Var[v(z)] = g Var[vn(z)]
n

(2.5K-11)

(2. 5K-12)

Equation (2.5K-12) assumes that each of the sources is acting
independently of all other sources..

Confidence intervals for the probability of exceedance can be
assessed if the distribution of the mean number of events,
v(z), is known. As v(z) is the sum of independent variables,it can be assumed that the distribution of .v (z) is
approximately normal. Using the calculated mean and variance
of v(z) and the normal cumulative distribution function,
various upperbound probability levels can be estimated for
v(z) and, consequently, for p(Z > z)..

The procedure for calculating the probability of exceedance of
a specified ground-motion level can be summarized as follows:

(1) For each segmentation of the source, obtain
vn[(z)(S ,E(A )] from Equation (2.5K-10), including the
correlati~on between segments for multiple fault
segmentations.

(2) Calculate p [vn(z)] )(E(A)] from Equation (2. 5K-ll) by
combining the conditional probability distribution from
Step 1 over all possible segmentations of the source.

(3) Calculate p[v (z)] from Equation (2.5K-8) by combining the
probability distribution obtained in Step 2 over all
possible values of An.

(4) Calculate the expected value of vn(z) by summing the
expected value of pn(z) over all sources. The probability.
of exceedence of z is then computed using Equation (2.5K-
1).

(5.) Calculate confidence levels for the mean number of events
using Equation (2.5K-12) and assuming a normal
distribution for v(z)..

2. 5K-13
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2.5K.3 DEFINITION OF POTENTIAL SEISMIC SOURCES

This section defines the potential seismic sources in terms of
location, segmentation, capability, tectonic model, and
geometry. Sections 2.5K.3.1 and 2.5K.3.2 discuss the
alternative tectonic models and their implications to
segmentation, fault width, and capability. In Section
2.5K.3.3, the data on segmentation, capability, tectonic
models, and fault width that are used to evaluate both the
maximum earthquake and its contribution to seismic exposure of
each" potential source are summarized; also in this section,
the maximum magnitude and exposure logic trees through fault
width are developed.,

In the Columbia Plateau, there is uncertainty regarding
structural relationships at.. depth; theref'ore, constraints on
fault, geometry and other aspects of fault behavior have to be
based largely on tectonic models that are inferred from the
style of deformation observed at the surface. Descriptions of
the tectonic history of the Columbia Plateau and the timing,
and style of deformation have been given in Bentley (1977),
Appendices 2.,5N and 2.5-0 (Washington Public, Power Supply
System, 198lb, 198lc), and Price (1980; written communication,
1981). These descriptions provide a basis for developing
alternative tectonic models of Plateau deformation.

All structures that extend within 50 km of the site- and that
may be associated with faults by consideration of .the
alternative tectonic models are assumed to be potential
seismic sources in the seismic exposure analysis. Based on an
assumed maximum earthquake magnitude of 7-1/2 on any potential
source, and on the attenuation relationships developed for the
site region, the distance from the site beyond which the
ground motions from such an earthquake would not contribute to
the probability of exceeding the 0.25-g design basis ground
motion. The potential seismic sources included in the seismic
exposure analysis are: the Umtanum Ridge-Gable Mountain
structural trend, the Rattlesnake-Wallula alignment (RAW),
Saddle Mountain, Rattlesnake Hills, Yakima Ridge and Horse
Heaven Hills (Figure 2.5K-37).

2.5K.3.1 Tectonic Models of Columbia Plateau Deformation

The major structural elements within the Columbia Plateau are
the generally east-west asymmetric Yakima folds that are
associated with mapped and inferred reverse faults, and the
northwest-trending alignment of folds, domes, and faults that
define the Cle Elum-Wallula lineament (CLEW). These
structural elements are discussed below.

2. 5K-14
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2.5K.3.1.1 Yakima Folds and Associated Reverse Faults
)

The Yakima folds are shown in Figure 2. 5K-38. These folds
trend generally east-west, although folds in the northern part
of the Plateau trend northwest and those in the south trend
northeast. The folds are asymmetric, concentric, kink-type
folds. They generally have steeper north-facing limbs,

and'ome

have long, gently dipping south limbs that extend for
distances of up to several kilometers.. The folds vary in
structural and geomorphic expression along their strike;
variations occur in structural relief, vergence, degree of
asymmetry, and development of secondary folds..

Reverse faults, observed and inferred, are associated with
many of the folds. These faults commonly occur in close
association with the zones of maximum fold flexure. Reverse
faults vary in length from hundreds of meters to tens of
kilometers. Along the major folds, reverse faults may occur
on either side of the fold as the fold changes vergence.
Along some -folds, parallel reverse faults occur on both sides
of the fold and dip toward, each. other.

Proposed models of Plateau deformation suggest that the Yakima
folds developed either as: (1) primary folds with or without
secondary reverse faults; or (2) secondary folds related to
throughgoing crustal reverse faults.
2.5K.3.1.1.1 Primary Folding with Secondary Reverse Faulting

Model

This model of plateau deformation .is supported by Price (1980;
1981) and in. Appendix 2.5N (Washington Public Power Supply
System, 1981b); these conclude that the Yakima folds developed
as the primary response of the Columbia River basalts to
general north-south compression. The folding may have been
facilitated by localized or shallow detachment within the
basalts. Zn this model, north- and south-dipping reverse
faults that flank some of the folds were formed during the
late stages of 'fold development and are secondary to the fold
structures.
2.5K..3.1.1.2 Primary Reverse Faulting and Secondary Folding

Model

The spatial distribution and geometry of the Yakima folds can
also be used to infer the presence of major reverse faults
that are the controlling structures in fold development.
Bentley (1977) 'proposed that the Yakima folds are faulted
monoclines that are localized above zones of high-angle faults
that extend from the basement. Zn Appendix 2.5-0 (Washington
Public Power Supply System, 198lc), Laubscher suggests that

2.5K-15
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the Yakima folds are narrow structures developed on broader
warps. From this, he infers the presence of multiple
decollements in the Columbia Plateau and suggests that the
broad warps were localized by thrust ramps rising from a deep
(approximately 20 km) regional decollement and that the narrow
folds (the Yakima folds) formed above a shallow (1- to 3-km.
deep) decollement. A geometric analysis of Umtanum Ridge,
Saddle Mountain, and Rattlesnake Hills, based on a fault ramp-
flexure model (Bruhn, 1981), suggests the presence of fault
ramps below these folds that extend to decollements at
preferred depths of 3 to 5 km. Bruhn (1981) notes that these
fault ramps could consist of loci of interconnected faults and
kink bands rather than large, discrete fault planes.

2.5K.3.1.2 Cle Elum-Wallula Lineament (CLEW) and Rattlesnake-
Wallula Alignment (RAW)

The Cle Elum-Wallula lineament (CLEW) and its southern half,
the Rattlesnake-Wallula alignment (RAW), are shown in
Figure 2.5K-37. The present field data base does not provide
adequate constraints foi a unique tectonic model to explain
the northwest-trending alignment of structural features that
define CLEW. Alternative models interpret CLEW as: (1) a
generally diffuse zone of right-lateral strain that contains
strike-slip faults; or (2) a Yakima fold structure in which
deformation along the CLEW trend is primarily folding and
reverse faulting.
2.5K.3.1.,2.1 Strike-Slip Fault Model

In Appendix 2.5-0 (Washington Public Power Supply System,
198lc), Laubscher defines CLEW as a northwest-trending zone of
en echelon anticlines comprising part of the Yakima fold belt;
he interprets these to represent the upper crustal expression
of a deep-seated (15- to 20-km) right-lateral crustal shear.
In Appendix 2.5N (Washington Public Power Supply System,
198lb), based on variation in structural patterns and
geomorphology, Davis'nterpretation is that CLEW is a zone of
right-lateral strain in the crust of the Columbia Plateau andit developed synchronously with,, and interacted with, the
Yakima folds. Davis defined three structural domains and
concluded that the zone is narrow and occurs at the surface in
the southern domain (along the Wallula fault) and that it
becomes progressively deeper and/or broader to the northwest..

2.5K.3.1.2.,2 Yakima Fold Model

Price (written communication, 1981) suggests that the
northwest-striking folds that occur along the RAW portion of
CLEW can be interpreted as asymmetric folds that developed .as
the Columbia River basalts were folded across a northwest-

ASK-16
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trending rigid buttress in the Plateau basement. In this
model, a throughgoing zone of right-lateral strike-slip
faulting is not required; the basement behaves passively and
deformation along the CLEW trend occurs primarily as folding
with secondary reverse or reverse-oblique slip faulting.
Investigations by Woodward-Clyde Consultants (198la) along the
RAW alignment also suggest that shortening normal to the.
alignment has been an important factor in the development of
the observed structures.

2.5K.3.2 Im lications of Alternative Tectonic Models to
Source De enation

The alternative tectonic models proposed for the Columbia
Plateau influence the evaluation of the geometry,
segmentation, and capability of potential earthquake
sources. These are all major factors in assessing the maximum
earthquake magnitude of potential earthquake sources and the
potential seismic exposure at the site..

2. 5K. 3. 2. 1 Segmentation

Segmentation of potential seismic sources is an important
factor in the assessment. of both maximum magnitude and seismic
exposure. Segmentation af fects earthquake .magnitude estimates
by placing constraints on total fault length and fault rupture
length.. It also af fects exposure by defining the number of
sources and constraining. the location along a source where
rupture may occur. Geologic, geomorphic, and seismic data
have been used to define fault segments that either represent
earthquake rupture segments or portions of a fault that
exhibit a uniform behavior through time (Aki, 1979; Bakun,
1980). Because. of differences in the mechanics of rupture for
dip-slip faults, there appears to be a higher probability that
geologically well-defined surface segments represent rupture
segments than they do for strike-slip faults.

For the seismic exposure analysis, three models of
segmentation are considered for the significant potential
sources. These are:

(1) A single source: in this model, it is assumed that
rupture can occur anywhere along the source.

(2) A segmented source: in this model, the segment length
is defined by structural and geomorphic data and
constrains the location of rupture and the rupture
length.

2.5K-17
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(3) Separate sources: in this model, 'segments behave as
individual sources, and fault rupture length is assumed
to be a fraction of the source length.

p(primaryisegmented) (se mented rimar x ( rimar )

Z p segmented mode ) x p mo el)
all models

(0.6) (0.2)
(0.6 x 0.2) + (0.,2 x 0.8)

0. 43

The likelihood that a particular segmentation model is
applicable to a source is dependent on the tectonic model..
Because the maximum magnitude logic trees for the Umtanum
Ridge-Gable Mountain structural trend and the Rattlesnake-
Wallula alignment begin by defining the sources by their
segmentation (Figures 2.5K-3 through 2.5K-13, the dependence
of tectonic models on segmentation must be assessed. This
assessment is done by considering the probabilistic
interdependence of segmentation and tectonic models. First,
the unconditional probabilities of tectonic models and the
conditional probabilities of each segmentation model (Figures

'.5K-39and 2.5K-40) are assessed. Then, through the use of
Bayes'heorem, the probabilities of each tectonic ~ model
conditional on segmentation are calculated. For example, the
probability that the Umtanum Ridge-Gable Mountain structural
trend is a primary reverse fault, given that it is a segmented
source (Figure 2.5K-39), is:

2. 5K..3. 2. 2 Capability

The capability of faults, both mapped and inferred, associated
with the Yakima folds and CLEW is uncertain. In the seismic
exposure analysis, tectonic models and models of segmentation
affect the assessment of capability. For example, in the pri-
mary faulting model, a source may behave as a single source, a
segmented source, or a group of individual sources. If a
fault is defined as capable at a point along a single source
or along a source segment, then the entire source and all of
the segments are also capable because they are structurally
associated.. However, if a segment defines a separate source,
then the capability of each source must be evaluated
independently.

2.5K.3.2.3 Fault Width and Length

The alternative tectonic models result in a range of possible
down-dip fault widths and fault lengths. If a reverse fault
is secondary to a fold, its maximum down-dip width will
probably be no greater than the width of the fold, and fault
length will be limited to the length of the fold. Faults
developed in this manner will generally have 'small surface

2.5K-18
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areas and, if they are seismogenic, have the potential to
produce only small- to moderate-magnitude earthquakes.

If the Yakima folds are related to deeper reverse faults, then
down-dip fault width may vary from approximately 5 to 23 km
(Section 2.-5K.3.3), and fault length may be constrained by the.
length of major folds or. fold segments. These. proposed
faults, if they are seismogenic, have the potential to produce
moderate-to large-magnitude earthquakes because of their area.

If CLEW is modeled as a vertical strike-slip fault zone, the
available data suggest probable depths of faulting between 7.5
and 20 km (Section 2.5K.3.3); fault length may be constrained
by structural and geomorphic segments. This fault geometry
h'as the potential to produce moderate-to large-magnitude
earthquakes., If CLEW is modeled as a throughgoing reverse
fault, then fault parameters will be similar to the primary
reverse faulting model proposed for the Yakima folds, and
potential. earthquake magnitudes could be moderate to large.
However, if CLEW is a series of northwest-trending folds with
secondary faults, only small- to moderate-magnitude
earthquakes would be expected, if the fauLts are seismogenic.

2.5K..3.3 SEGMENTATION, CAPABILITY, TECTONIC MODELS
AND FAULT WIDTH OF SPECIFj;C POTENTIAL SOURCES

The alternative tectonic models result in a range of fault
parameters. At present, no one model can be applied to -all
Columbia Plateau structures. Studies at Umtanum Ridge (Price,
1980; Golder Associates, 198la) and Gable Mountain (Golder
Associates, 198lb) indicate that observed reverse faults have
narrow widths and are secondary to the folds. In contrast,
the presence of scarps along the base of Toppenish Ridge
suggests the possibility of. a seismogenic reverse fault and,
therefore, the existence of a fault plane having significant
area (Woodward-Clyde Consultants, 1981b). These observations
suggest that a range of styles of deformation and fault
geometries may be associated with the Plateau folds. This
range may reflect such factors as variations in the thickness
of the Columbia River basalts, variations in, the mechanical
properties of different basalt units, local stress
differences, and the influence of basement structures or
irregularities on concentrating stress and deformation.
Because of these factors, it is necessary to evaluate
independently each potential seismic source.

2.5K.3.3.1 Umtanum Ridge-Gable Mountain Structural Trend

For the Umtanum Ridge-Gable'ountain structural trend, the
maximum magnitude logic trees are shown in Figures 2.5K-6
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through 2.5K-9, and the exposure logic trees are shown in
Figures 2.5K-14 through 2.5K-23.

2.5K.3.3.1.1 Segmentation

Figure 2.5K-41 shows the possible variation in fault behavior
and segmentation along the Umtanum Ridge-Gable Mountain

'tructuraltrend. The possible segmentation models are those
described in Section 2.5K.3.2.1. Golder Associates (198la<b)
conclude that 'the Umtanum Ridge-Gable Mountain structural
trend is, a bedrock high that is. composed of five segments.
These are: the Umtanum Ridge western segment; the Umtanum
Ridge central segment; the Umtanum Ridge eastern segment; the
Gable Mountain-Gable Butte segment; and the Southeast
anticline segment. The three segments on Umtanum Ridge are
based on discontinuities of faulting and changes in fold
vergence along the axis of the anticline (Golder Associates,
198la). , Golder Associates (1981b) and Weston Geophysical
(1981c) interpret the existence of a Gable Mountain-Gable
Butte segment as distinct from the Umtanum Ridge segments on
the basis of a change in structural style characterized by the
broadening and decrease- in structural relief of the first
order fold, the development of second and third order folds, ~

and distinctive gravity and magnetic signatures.. Weston
Geophysical (1981c) defines the Southeast anticline as a
subsurface, low amplitude, anticlinal ridge that is separate
from, and overlaps, the eastern end of the Gable Mountain-
Gable Butte segment. However, for'his seismic exposure
analysis, the Gable Mountain-Gable Butte and Southeast
anticline segments are treated as a single segment because of
the similarity in the . style of deformation along the
structural trend. Data for the Southeast anticline segment
are used in the assessment of fault geometry (Section 2..5K-4).

Segmentation of the Umtanum Ridge-Gable Mountain structural
trend is dependent on the tectonic model, and the
probabilities associated with each model of segmentation are
conditional on the tectonic model. This is shown in Figure
2.5K-39. If the tectonic model is a primary reverse fault,
then the probability that the fault can be treated as distinct
segments defined geologically is greatest (0.6). It is less
likely (0.3) that the structure is a single source and there
is little chance (0. 1) that segments represent separate
sources that behave independently. However, if a secondary
reverse fault model is applied, the probability that
individual faults will behave as separate sources is greatest
(0. 8) . The likelihood that the faults are segments of a
larger structure is considerably less (0. 2).
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2.5K.3.3.1.2 Capability

Mapping and trenching studies by Golder Associates (198lb)
have shown that the Central f'ault on Gable Mountain displaces
13,000- to 19,000-year-old glaciofluvial deposits a maximum of
6 cm. Although this fault is capable according to NRC

criteria, alternative non-tectonic mechanisms have been
proposed for the origin of the displacement of the
glaciofluvial deposits (Golder Associates, 1981b)., Therefore,
a probability of 0.9 is given to the capability assessment.

If the Umtanum Ridge-Gable Mountain structural trend is
considered to be a single source, then the probability that
the entire source is 'capable is 0.9. Likewise, the
probability that each segment of a segmented source is capable
is also 0.9.

If the segments of the Umtanum Ridge-Gable Mountain structural
trend are considered as separate sources,. the capability of
each is evaluated independently. The probability that the
Gable Mountain source is capable is 0.9, based on the presence
of the Central fault. Detailed work by Golder Associates
(198la) along the eastern segment of Umtanum Ridge suggests
that the Umtanum fault, the'uck thrust, and a possible
northern splay of the Umtanum fault are not capable; however,,
a pull-,apart structure and a 1.5-km-long, north-facing scarp,
both of which are similar in appearance to seismogenically
produced fault features, allow -the possibility that some
Quaternary faulting could have occurred. Based on these
observations, the probability that the Umtanum Ridge east
segment is capable is 0.3. There are no data that pertain to
capability of the Umtanum Ridge central and west segments, and
therefore, the probability that they are capable is 0.5.

2. 5K. 3. 3. l. 3 Tectonic Models

Alternative tectonic models for the Yakima folds are presented
in Section 2..5K.3.1.1., The observations that support the
model of primary folding with secondary reverse faulting along
the Umtanum Ridge-Gable Mountain structural trend are: (1)
relationships between fold geometry, strain, and faulting
along eastern Umtanum Ridge at Priest Rapids Dam (Price,
1980); (2) the mapped extent of the Umtanum fault and the
change in the direction of vergence along the axis of the
Umtanum Ridge anticline (Price, 1980; Golder Associates,
1981a); (3) the development of second-order folds and the
close spatial relationship between these folds and reverse
faults along Gable Mountain-Gable Butte (Golder Associates<
1981b); and (4) the gentle south and north dips of the first-
order fold (Fecht, 1978) along the Gable Mountain-southeast
anticline segment.
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The Central fault. on Gable Mountain displaces 13,000- to
19,000-year-old glaciofluvial deposits and appears to have
developed between growing folds (Golder- Associates, 198lb) .
Xn, addition scarps and pull-apart features are present on the
Umtanum Ridge east segment. Because of these observations, the
possibility that a primary fault is associated with the
Umtanum Ridge-Gable Mountain structural trend cannot be
precluded.

The available data favor the model of primary folding with
secondary. reverse faulting. Therefore, the relative weight
for this tectonic model. is 0.8.

2. 5K. 3. 3. 1..4 Fault Width =

Fault width is independent of segmentation but is dependent on
the tectonic model. Data for evaluating fault widths are not
well-constrained.. Assuming. a primary reverse fault, widths of
5, 11, 20, and 23 km are considered. These widths are
developed using a range of dips that are reasonable for
reverse faults and possible depths of faulting suggested by
available geophysical data.

o The 5-km width is derived using
60 degrees and extends to a depth
depth is the maximum depth to the
River basalts based on gravity data
1981a).

a fault that dips
of 4 km. The 4-km

base of the Columbia
(Weston Geophysical,

o A width of 11 km is obtained using the average depth to
basement of 7.5 km (Eaton, 1976) and a fault 'dip of
45 degrees.

o The 20-km width= is based on a 30-degree fault dip
extending to the maximum depth of the top of basement at
10 km.

o The 23 km width is obtained using the average maximum
depth of seismicity of 20 km, as discussed . in Appendix
2.5..J (Washington Public Power Supply System, 1981a) and
a fault dipping 60 degr'ees.

The relative weights of these values, 0.4, 0.4, O..l, and O.l,
respectively, reflect the greater likelihood that if reverse
faults are primary, they are more likely to initiate at
mechanical discontinuities; these are most likely defined by
the base of the basalt and the top of the basement.. These
values are the same for 'all fault segments when a primary
reverse fault model is used.
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When the model of secondary reverse faulting is considered,
values of down-dip fault width will vary for each segment
because they are dependent on the width of the associated
fold. Widths for the Gable Mountain-southeastern anticline
segment are 1 km (average) and 3 km (maximum); widths for the
three Umtanum Ridge segments are 2 km and 5 km. In both
cases, the average value is given a relative weight of 0.6

'ecauseit is more representative.

2.5K.3..3.2 Rattlesnake Wallula (RAW) Portion of the Cle Elum-
Wallula Lineament (CLEW)

For RAW, the. maximum magnitude logic trees are shown in
Figures 2.5K-3 through 2.SK-5, and the exposure logic trees
are shown in Figures 2.5K-24 through 31.,

2. 5K. 3. 3. 2. 1 Segmentation

A schematic diagram of segmentation of the Rattlesnake-Wallula
alignment (RAW) is shown in Figure 2.5K-42. Three possible
segments are considered in the present, analysis (Figure 2..5K-
37). These are (1) the Wallula fault segment, which is
defined by. a complex zone of folding and apparent strike-slip
faulting; (2) the Rattlesnake-Wallula segment, which is
def ined by an alignment of structural domes, doubly plunging
anticlines, . and minor strike-slip or reverse-oblique-slip
faults; and (3) the Rattlesnake Mountain segment, which is

.defined by the continuous northeast flank of a major fold.
These segments correspond to the structural domains of CLEW
discussed by Davis in Appendix 2.5N (Washington Public Power
Supply System, 1981b).

Segmentation of RAW is dependent on the tectonic model (Figure
2.5K-40). For a strike-slip fault model, there is little
basis for choosing between the three possible modes of rupture
behavior; however, there is a slightly higher probability
(0.4) that, given the strike-slip model, rupture could occur
anywhere along RAW and extend across structurally defined
segment boundaries (Section 2.5K.3.2.1).
If RAW represents a primary reverse fault, there is a higher
probability (0.7) that the proposed segments define rupture
segments, and a lesser probability (0.2) that rupture would
occur anywhere along the trend or that the segments define
separate sources (0..1).

If RAW is a major fold with secondary reverse faults, the
probability is very high (0.9) that the reverse faults will
behave as'eparate sources, and it is unlikely (0.1) that it
will behave as a segmented source.
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2. 5K. 3. 3. 2. 2 Capability

Mapping and trenching studies have been conducted by Woodward-
Clyde Consultants (198la) along RAW at Warm Springs Canyon and
at Finley Quarry (Figure 2.5K-38). At Warm Springs Canyon,
colluvial deposits and loess of uncertain, but probable
Quaternary, age are in apparent fault-contact with Frenchman
Springs basalt. Although the age of the colluvium and loess,
and the contact relationships between these deposits and the
basalt, are equivocal, field observations suggest that the
deposits have been involved in the displacement. Based on the
available evidence, the probability that a capable fault
occurs at this location is 0.7.

At Finley Quarry, two faults that displace Quaternary-age
gravel are overlain by, and do not displace, a deposit with a
caliche soil that is a minimum of 70,000 years old; the
deposits may be much older (Section 2.5K.5.1.2)., A third
fault in this zone is not overlain by these deposits and the
age of most recent displacement is not known. Based on these
observations, the probability that the faults at Finley Quarry
are capable is 0.7.

IF RAW is considered as a single source, then the probability
that the entire source is capable is 0.7. The probability
that each segment of RAW is capable is also 0.7.

If the segments of RAW are treated as separate sources, the
probability of the Wallula and- Rattlesnake-Wallula sources are
capable is 0.7. The probability that the Rattlesnake Mountain
source is capable is 0.5 because no data for assessing
capability are avail'able..

2.5K..3.3.2.3 Tectonic Models

Tectonic models for CLEW have been discussed in Section
2.5K.3.1.2. There are no extensive geophysical data that
provide information on structure below the basalts across RAW,
and the available field observations do not strongly support
one -model over another. Evidence for right-lateral strike-
slip faulting is based principally on the presence of
generally sub-horizontal striations along the Wallula fault
and subparallel structures (Farooqui, 1979), and a very
slightly en echelon pattern of domes and doubly plunging
anticlines between Rattlesnake Mountain and Wallula Gap
(Appendix 2.5N: Washington Public Power Supply System,
198lb). Recent work (Woodward-Clyde Consultants, 198la)
indicates the presence of a major monocline along the Wallula
fault zone and, together with the presence of the parallel
Horse Heaven Hills anticline immediately to the west", raises
questions about = the relationship of the Wallula fault to
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folding of the basalts and the significance of the zone as a
throughgoing crustal strike-slip fault. Also, geometric
analysis of individual domes (Woodward-Clyde Consultants,
198la) shows that their strikes generally vary within
10 degrees in either direction of the RAW trend and not the
experimentally determined 30 to. 40 degrees that would be
expected if they represented a response to right-lateral shear
in the basement.

Observations (Woodward-Clyde Consultants, 1981a) that suggest
that structures along the RAW alignment represent a fold
similar to the other Yakima folds are: (1) folds developed
along RAW are parallel to some of the other Yakima folds; (2)
folds along RAW show general asymmetry with steeper. northeast
flanks similar to other Yakima folds; (3) structural relief
across the folds in RAW is consistently down to the northeast;
and (4) mapped faults along the RAW trend are generally
consistent with reverse or reverse oblique-slip faulting.

If the RAW trend represents a Yakima fold, it is uncertain
which model of Yakima folding is applicable. Based on
evidence from regional reconnaissance and clay modeling
studies, Price '(written communication, 1981) concludes that
the RAN structures are simply folds .that were localized and
oriented by a northwest-trending rigid buttress in the plateau
basement. however, few data demonstrate the .presence of a
basement contrast or rigid buttress.

Zn summary, there are no compelling data to make a strong or
unequivocal choice of tectonic models. Based on the available
data, weights of 0.4 are assigned to both the strike-slip and
primary reverse fault models, and 0.2 is assigned to the
primary folding model.

2. 5K. 3. 3. 2. 4- Fault Width

Fault widths for RAW are dependent on the tectonic model.
Data on width are not well-constrained. Assuming a vertical
throughgoing strike-slip fault, down-dip widths considered in
this analysis are 7.5, 12, and 20 km.

0

0

The 7.5-km width is based on the average depth to
basement using the time-term analysis (Eaton, 1976).

A 12-km width is derived by extending the 'fault to
the depth above which 95 percent of all
microearthquake activity occurs (Woodward-Clyde
Consultants, 1981c).
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A 20-km width is obtained by extending the fault to
the average maximum depth of seismicity.

Strike-slip faults capable of producing surface rupture
generally extend through the crust'nd, on a worldwide basis,
generally have hypocentral depths of 15 km or less. While
little seismicity occurs between 12, and 20 km in the Columbia
Plateau, there is some possibility that the brittle crust
could extend to this depth. In the Columbia Plateau, it is
unlikely that throughgoing strike-slip faults would be
restricted to supracrustal material above 7-1/2 km.
Therefore, the fault widths are given relative weights of 0.2,
0. 5, and 0. 3, respectively.
If RAW is interpreted as a Yakima fold structure, segments
will have widths of 5, ll, 20, or 23 km if it i's a primary
reverse fault,. and widths of 2 and 5 km if it is a secondary
reverse fault. The relative weights and justifications are
the same as those 'described in Section 2.5K.3.3.1.4.

2.5K.3.3.3 Saddle Mountains

For Saddle Mountains,. the maximum magnitude logic tree is
shown in Figure 2.5K-13, and the exposure logic tree is shown
inn Figure 2.5K-35.

2.5K.3.3.3.1 Segmentation

The data are insufficient for assessing segmentation of the
Saddle Mountains anticline. Therefore, it is treated as a
single source.

2.5K.3.3.3.2 Capability
The general spatial relationship between microseismicity and
the anticline and the observation that the nearby 1973 Royal
Slope earthquake had a thrust mechanism on a plane striking
southeast to east and dipping either south or northeast
(Woodward-Clyde Consultants, 198lc) suggest that east-
trending, south-dipping reverse faults on the north side of
the anticline could be capable. Based on these possible
correlations, the probability that Saddle Mountains is a
capable source is 0.6.

2.5K.3.3.3.3 Tectonic Models

The tectonic models applicable to the Saddle Mountains anti-
cline are folding with secondary reverse faulting and primary
reverse faulting. Data on the structure at depth below the
anticline are few. The structural style observed along the
anticline is characterized by strong asymmetry and the
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presence of mapped south-dipping reverse faults along the
steep north 'lank, and is similar to that'bserved along
Umtanum Ridge. However, because 'f the lack of detailed
information on fold-fault relationships, differentiation
between models is not well-constrained, and assigned weights
are 0.6 for the primary folding model and 0.4 for primary.
reverse faul ting.
2. 5K. 3. 3. 3. 4 Fault Width

For primary reverse faulting, widths and weights described in
Section 2.5K.3.3.1.4 are applicable. For the secondary fault
model, widths of 2 and 6 km are used. The. 2-km width
re'presents the average width of the Saddle Mountains fold; the
6-km width defines the maximum fold width. The average width
is given a slightly higher weight (0.6) because it is more
representative.

2..5K.3.3.4 Rattlesnake Hills
For Rattlesnake Hills, the maximum magnitude logic tree is
shown in Figure 2.5K-10, and the exposure logic tree is shown
in Figure 2.5K-33.

2..5K.,3. 3. 4. 1 Segmentation.

The data are insufficient for assessing segmentation of
Rattlesnake Hills. Therefore, it is treated as a single
source. =

2.SK.3.3.4.2 Capability
The data are insufficient to evaluate the capability of this
potential source. Therefore, the probability that it is
capable is 0.5.

2.5K.3.3.4.3 Tectonic Models

The data do not. provide a strong basis for weighting
alternative tectonic models. Because no mapped'aults are
associated with the fold, the fold model is given a slightly
higher weight of 0.6

2.5K..3.3.4.4 Fault Widths

For primary reverse faulting, widths and weights described in
Section 2.5K.3.3.1.4 are applicable. For the secondary fault
model, widths of 2 km (average fold width) and 5 km (maximum
fold width) are used.. A probability of 0.6 is given to the
2-km width because it is more representative.
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2. 5K..3. 3. 5 Yakima Ridge

For Yakima Ridge, the maximum magnitude, logic tree is shown in
Figure 2.5K-12, and the exposure logic tree is shown in Figure
2.5K-34.

2. 5K. 3.,3. 5. 1 . Segmentation

The data are insufficient for assessing segmentation of Yakima
Ridge. Therefore, it is treated as a single source.

2.5K.3.3.5.2 Capability

The 'data are insufficient to evaluate the capability of this
potential. source. Therefore, the probability that it is
capable is 0.5.

2.5K.3.3.5.3 Tectonic Models

The data do not provide a strong basis for assigning weights
to alternative tectonic models. Because no mapped faults are
associated with the fold, the fold model is given a slightly
greater weight of 0.6.

2..5K.3.3.5.4 Fault Widths

For primary reverse faulting, widths and weights described. in
Section 2.5K.3.3.1.4 are applicable. For the secondary fault
model, widths of 2 km (average fold width) and 4 km (maximum
fold width) are used. A probability of 0.6 is given to the-
2-km width because it is more representative.

2.5K.3.3.,6 Horse Heaven Hills
For Horse Heaven Hills, the maximum magnitude logic tree is
shown in Figure 2.5K-ll, and the exposure logic tree is shown
in Figure 2.5K-32.

2.5K.3.3.6.1 Segmentation

Th'e data are insufficient for assessing segmentation of Horse
Heaven Hills. Therefore, it is treated as a single source.

2.5K.3.3.6.2 Capability

The data are insufficient to evaluate the capability of this
potential source. Therefore, the probability that it is
capable is'. 5.
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2.5K.3.3.6.3 Tectonic Models

The data do not provide a strong basis for selecting
alternative tectonic models. Because no mapped faults are
associated with the fold, the fold model is given a higher
probability of 0.6.

2. 5K. 3..3. 6. 4 Fault Widths

For primary reverse faulting, widths and weighting described
in Section. 2.5K.3.3.1..3 are applicable. For the secondary
fault model, widths of 2 km (average fold width) and 5 km

(maximum fold width) are used. A probability of 0. 6 is given
to the 2-km width because it is more representative.

2. 5K. 4 MAXIMUM EARTHQUAKE MAGNITUDES

This section develops the maximum magnitude distributions for
the potential sources. Section 2.5K.,4.1 discusses the
approached to estimating maximum magnitudes. Section 2.5K.4.2
presents the maximum magnitudes for potential sources included
in this seismic exposure analysis.

At present, there is no generally accepted method for
assigning a maximum earthquake magnitude to a given fault.
The various approaches that are used have generally been
developed from the empirical relationships between magnitude
and a specific fault parameter., These parameters include
fault rupture length and surface fault displacement measured
in the field following surface faulting earthquakes, and fault
length and downdip width assessed from studies of aftershock.
sequences. Compilations of these data on worldwide historical
earthquakes have been used to develop regressions of magnitude
on length, magnitude on displacement, and magnitude on area.
In addition, seismic moment'an be related to static fault .

parameters and to magnitude. Relationships between magnitude
and slip rate have also- been proposed.

Geologic and seismologic studies can define physical and
behavioral characteristics (fault length, fault width, amount
of displacement per event, recurrence interval, and slip rate)
for potential earthquake sources.. These data, when used in
empirical and analytical relationships, can provide an
estimate of the most likely 'earthquake magnitudes for a given
parameter., However, each method has some limitations. These
include a somewhat limited data set, nonuniformity in the
quality of the empirical data, and a inconsistent grouping of
data from different tectonic environments. Values for
magnitudes derived from these relationships represent expected
or average estimates. Assessment of a maximum magnitude is
ultimately a judgment based on an understanding of specific
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fault characteristics, the regional, tectonic environment,
similarity of the fault to other faults in the region, and
data on regional seismicity.

The combination of several magnitude-estimation techniques can
result in more reliable estimates of maximum magnitude than
the application of any single techinque. In this way, a wide
range of fault- behavioral information can be included in the
analysis, and the resulting magnitude estimates will be those
that are best substantiated by the available data. To assess
the range of magnitude estimates for a source, uncertainties
in fault parameters and in the magnitude relationships must be
identified — and evaluated. A probabilistic approach to
magnitude estimation provides a means for formally accounting
for these uncertainties.

2.5K.4.1 A proaches To Estimatin Maximum Ma nitude

A general discussion of approaches for estimating maximum
earthquake magnitudes on faults is presented below. The
analysis of maximum magnitudes for specific potential sources
that may be significant to the site is presented in
Section 2.5K.4.2.

2. 5K. 4 ..l. 1. Rupture Leng th Versus Magnitude

The most common approach to estimating maximum magnitude is
through a comparison of fault rupture length and earthquake
magnitude. Based on historical earthquake data, empirical
relationships between rupture length and earthquake magnitude
have been established by several authors (Tocher, 1958;
Bonilla and Buchanan, 1970; Mark and Bonilla, 1977; Slemmons,
1977;. Acharaya, 1979). These relationships allow an average
magnitude to be selected for a given rupture length.

In applying this technique to maximum magnitude estimates, a
maximum rupture length is assessed for a fault, and a
corresponding magnitude is selected based on the regressions
of worldwide data. These regressions may have errors
resulting from the assessment of the length of surface
rupture; as well as in the instrumental magnitude
determinations (Bolt, 1978). Also, considerable uncertainty
often exists in the selection of the appropriate rupture
length to be used in the analysis. Rupture lengths of past
surface-rupture events on the fault may provide direct
evidence. In the absence of these data, indirect evidence
must be used to estimate rupture lengths. Geologic and
geomorphic investigations may identify discontinuities in the
surface expression of a fault along its length. Individual
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segments identif ied in this way may represent rupture segments
whose length can be used in magnitude estimates.

A more indirect method of estimating rupture length is based
on the assumption that a fraction of the total fault length
will rupture during a given earthquake. The most common
practice has been to assume that up to one-half of a fault's
total length can rupture during a given earthquake. This
assumption, proposed by Wentworth et al. (1969), is based on
review of historical surface ruptures in southern
California. However, in North America, historical earthquakes
have ruptured from .2 percent to more than 75 percent of their
total fault length (Wentworth et al., 1969; Slemmons, 1980).
In addition,: the total length of the fault is often difficult
to define.. Therefore, the fractional length approach to
selecting an appropriate rupture length should only be used in
the absence of more direct evidence.

The rupture length versus magnitude relationships used in the
maximum magnitude analysis are those of Slemmons (1977):

Strike slip:
Reverse:

ML = 4.651 + 1.351 log

ML = 6.296 + 0.717 log L

where L is the rupture length in kilometers, and ML is the
local magnitude.

2.5K.4.1.2 Fault Area Versus Magnitude

The energy released during an earthquake is related to the
size of the earthquake source's rupture surface. Therefore,
fault rupture area (the product of the rupture length and the
fault width is more closely related to earthquake magnitude
than is fault rupture length. For a given rupture length,
different widths of faults may rupture, depending largely on
fault type and tectonic environment. To accommodate this
variation, empirical relationships have been established
between fault rupture area and earthquake magnitude for
historical events (Wyss, 1979; Singh et al., 1980). Fault
area has a higher correlation with magnitude than does rupture
length (Wyss, 1979). Even with errors in areas of up to a
factor of two, estimates of magnitude vary only by 0.3
magnitude units (Wyss; 1979).

Estimates of the fault rupture area of earthquakes are usually
based on the spatial pattern of aftershocks. The dimensions
of a maximum earthquake that can be expected on any particular
fault (Bonilla, 1980) is uncertain. However, the maximum
depth to which faulting can be expected to occur within a
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region can often be estimated, with a fairly high level of
confidence, from seismicity data and information on crustal
structure., The area versus magnitude relationship used in
this analysis is that developed by Wyss (1979) for all fault
types:

MS = 4 15 + log A

where A is the rupture area in square kilometers, and MS is
the surface-wave magnitude or MW of Kanamori (1977).

2.5K.4.1..3 Displacement Versus Magnitude

Maximum observed surface displacement can be empirically
related to magnitude for historical surface faulting
earthquakes (Tocher, 1958; Bonilla and Buchanan, 1970;
Slemmons, 1977). As noted by Slemmons (1977), the correlation
coefficient for this relationship is higher than for fault.
rupture length versus magnitude. This relationship may be
particularly useful because recent geologic studies (Sich,
1978; Swan et al., 1980) have shown that displacements from
pre-historical earthquakes on a fault can be measured; these
displacement values can then be used to estimate magnitudes.

Most of the uncertainty in the displacement versus magnitude
relationship is associated with variability in the quality and
uniformity of the field measurements of displacement included
in the data set. For dip-slip faults, the data base includes
measurements of both vertical scarp height and net slip.
However, measured scarp height for normal-slip faults may be
greater than the net tectonic slip because of modification of
the scarp by graben formation and backtilting. For reverse-
slip faults, vertical scarp heights may be as much as 50
percent less than the net tectonic slip, depending on the dip
of the fault plane. In addition, it is uncertain if maximum
displacement, which is usually limited to one location or a
short segment of a fault, is a more meaningful physical
parameter than average displacement. Average displacement
data are not readily available for most historical surface
ruptures.

The displacement versus magnitude relationships for strike-
slip used in the maximum magnitude analysis are based on
Slemmons'1977) data. The reverse-fault relationship is
based on a modification of the combined data sets for reverse
and reverse-oblique presented by Slemmons (1977). From a re-
examination of the original reports, all slip for reverse and
reverse-oblique events has been normalized to net slip in
order to increase the uniformity of the data. These
relationships are:
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Strike slip:
Reverse,.

M< = 6. 717 + l. 214 log D

M~ = 6. 437 + l. 652 log D

where D is the maximum displacement, and M< is the local
magnitude.

2.5K.4.1.4 Seismic Moment and Moment Magnitude

Because surface-wave magnitude saturates at about MS 7-1/2,
seismic moment (M ) is a more accurate measure of the totalo.
energy release during large earthquakes (Kanamori, 1977). Mo
is de fined by ADp, where p is the rigidity of the crus ta J.

rocks (usually taken as 3 x 10 dyn/cm ), D is the average
displacement on a fault, and A is the area of the fault
surface., Relationships between seismic moment and magnitude
have been derived based on worldwide earthquake data.
Kanamori (1977) defines a magnitude scale Mz, which does not
saturate at the upper end and is equivalent to surface-wave
magnitude, in the range 6.0 to 8.0. M< can therefore be
considered a continuation of the MS scale for large
earthquakes. For M< greater than 7-1/2 and MS greater than 5
but less than 7-1/2, Hanks and Kanamori (1979) define a moment
magnitude scale M, which is related to seismic moment (Mo) by
the relation:

M = 2/3 log Mo — 10.7 (2.5K-13)

M can be estimated directly by using long-period seismic
waves, and indirectly from measured average surface0

displacements, rupture lengths, and estimated fault width.
Uncertainties involved in the estimation of all of these
parameters have been discussed for rupture length and fault
area versus magnitude (Sections 2.5K.4.1..1 and 2.5K.4.1.2) ~

Seismic moment can then be calculated, and a moment magnitude
can be derived from the Equation (2.5K-13).

An assumption made in the derivation of the moment magnitude
relationship is constant stress drop for large-magnitude
earthquakes (Kanamori, 1977). Some error may be introduced
into moment magnitude calculations because of regional
variations in stress drop (Acharya, 1979). En addition,
uncertainties in the estimation of displacement, rupture
length, and fault width may lead to errors in the estimation
of seismic moment.

Table D-1 of Hanks and Kanamori (1979) lists the values of M

and MS of 15 large California earthquakes. An analysis of the
differences between the two magnitude values shows that, in
California, M is an unbiased estimator of MS, with a standard
deviation of 0.24. This value implies that an estimate of the
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surface-wave magnitude M of an hypothesized earthquake, using
the value of M calculatem from its static fault parameters (A,
D, S) via its moment M , will have a standard deviation ofol
approximately one-quarter of a magnitude unit.

2. 5K. 4. l. 5 Slip Rate Versus Magnitude

The possibility that rate of slip across a .fault may be
proportional to the maximum earthquake was suggested by Smith
(1976). Smith relates total Holocene slip and fault area to
total moment on the fault and then uses empirical
relationships between moment and magnitude to estimate the
corresponding maximum earthquake. Slemmons (1977) relates
slip rate and recurrence interval to'agnitude, using his
regression .of displacement and magnitude.

Zn a comparison of slip rates and maximum historical
earthquakes (Woodward-Clyde Consultants, 1979), an upper bound
seems to exist for the maximum magnitude'arthquake for a
given slip rate on strike-slip faults along shear plate
boundaries. Thus, slip rate may provide- a guide to estimating
maximum earthquake magnitude for this tectonic environment.
However,. preliminary analysis indicates a weak correlation
between earthquake magnitude and slip rate for reverse and
normal. faults.
The relationship used in the maximum magnitude analysis was
developed by Woodward-Clyde Consultants (1979) for strike-slip
faults:

MS = 7.223 + 1.263 log S

where S is slip rate in millimeters per year, and MS is the
surface-wave magnitude.

2.5K.4.1.6 Historical Seismicity

For faults having high rates of activity, such as the San
Andreas fault, the maximum historical earthquake generated by
the fault may be the maximum earthquake. Uncertainties in
this type of evaluation stem from the usual brevity of
historical records, uncertainties in measurements of the size
of past earthquakes, and uncertainties in the association of
historical events with specific faults. Techniques for
assessing maximum magnitudes for regions based on historical
seismicity have been proposed (Yegulalp and Kuo, 1974;
Cosentino et al , 1977; Berrill and Davis, 1980). However,
Chinnery (1979) concludes that the existence of a maximum
magnitude has not been clearly demonstrated in any instru-
mental earthquake catalog.
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2. 5K. 4. 2 Maximum Ma nitudes For S'cif ic Potential Sources

To account for the uncertainties in fault parameters and in
the relative applicability of the magnitude estimation
technique, maximum magnitudes for potential earthquake sources
in the site region are assessed probabilistically. The
assessment of maximum magnitude for potential sources is based
on an evaluation of tectonic models, segmentation, and fault
width (presented in Section 2.5K.3), and on additional
magnitude-related parameters (rupture length, maximum and
average displacement per event, slip rate, and technique
applicability), presented in this seciton. The discussion of
these parameters for each source is followed by a presentation
of the unconditional and conditional probability distribution
of maximum magnitudes for each potential source.

2.5K..4.2.1 Magnitude-Related Parameters

As shown on the logic trees for each potential source (Figures
2. 5K-3 through 2. 5K-35), maximum magnitude is related to some
of the parameters that also relate to seismic exposure
(segmentation, tectonic model, and fault width) and to
addi tional parame ters (rupture leng th, maximum and average
displacement per event, and slip rate). Where the data are
available, these magnitude-related parameters are assessed,
and the justification for the .selected values and their
relative weights are given in this section. In addition, the
various techniques for estimating maximum magnitude .are
weighted for their relative applicability, given a particular
tectonic model for each source.

2.5K.,4.2.1.1 Umtanum Ridge-Gable Mountain Structural Trend

The maximum-magnitude logic trees for the Umtanum Ridge-Gable
Mountain structural trend are shown in Figures. 2.5K-6 through
2.5K-9. Maximum and average displacement per event and
technique applicability are independent of segmentation for
the Umtanum Ridge-Gable Mountain structural trend and are
discussed in Section 2.,5K.4.2.1.1.1. Fault rupture lengths,
which are dependent on segmentation, are discussed for each
segmentation model in Section 2.5K.,4.2.1.1.3.

2.5K.4.2.1.1.1 Displacement per Event

Investigations by Golder Associates (1981b) have shown a
maximum displacement of 6 cm in glaciofluvial deposits
overlying the Central fault on Gable Mountain. The Central
fault on Gable Mountain is interpreted to be a secondary fault
related to the development of second-order folds on Gable
Mountain (Golder Associates, 198lb). Six cm is assumed to be
the maximum displacement that could occur on a secondary
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reverse fault associated with the Umtanum Ridge-Gable Mountain
structural trend when using the displacement versus magnitude
relationship. It is assumed to represent the average
displacement when using the moment magnitude relationship.

Assessment of the relative applicability of the magnitude
estimation techniques -=is conditional on the tectonic model.
For the primary reverse fault model, the rupture length versus
magnitude and area. versus magnitude relationships are used.
As discussed in Section 2.5K.4.1.2, the magnitude of an
earthquake is more closely related to the area of the rupture
surface than to the rupture length. Therefore, the area
versus magnitude relationship is given a slightly higher
weight (0.6) than the rupture length versus magnitude
relationship (0.4).

2.5K.4.2.1.1.2 Technique Applicability
For the secondary reverse fault model, the maximum magnitudes
are estimated from the fault area, maximum displacement
prevent, and seismic moment (assuming 6 cm is the average
displacement) . Rupture length versus magnitude is not
considered an applicable technique for this model because the
empirical relationship is based on data from surface ruptures
along primary reverse faults; the relationship is unreliable
for faults having limited downdip widths., The fault area
versus magnitude relationship is given the highest weight
(0.7) because it accounts for the limited total size of .the
rupture surface on a secondary fault having small width. The
displacement versus magnitude relationship is assigned a
relatively low weight (0.2) because the empirical data set.
upon which the relationship is based does not include
displacements less than 40 cm. The moment magnitude approach
is the least favored technique (0.1) because, in addition to
uncertainties in fault length and width, it is uncertain that
the 6-cm displacement is an average displacement over the
total fault surface.

2.5K.4.2.1.1.3 Fault Rupture Length

Umtanum Ridge-Gable Mountain Structural Trend —Sin le Source

If the Umtanum Ridge-Gable Mountain structural trend is
assumed to be a single source, the primary reverse fault model
is the only applicable tectonic model (Figure 2.5K-6). The
fault rupture length may be estimated to be one-half of the
total length (72 km) or to be the length of the longest
segment (the 43-km-long Umtanum Ridge western segment). As
noted in Section 2.5K.4.1.1, the assessment of rupture length
on the basis of geologic or geomorphic evidence of
segmentation is considered more reliable than an assessment
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using an arbitrary fractional, fault length. For. this reason,
the 43-km-length is given a relatively higher probability
(0.7) than the 72-km-length (0. 3).

Umtanum Rid e-Gable Mountain Structural Trend-Se mented Source

If the Umtanum Ridge-Gable Mountain structure is a segmented
single source, the fault rupture length will be specific to
each segment, as discussed below.

Gable Mountain-Southeast: Anticline Se ment — The maximum
rupture length for this segment is dependent on. the tectonic
model. For a primary reverse fault model, the rupture
length could be equal to the total segment length (39 km).
A secondary reverse fault. may have a-rupture length equiva-
lent to the maximum inferred length (3.2 km) of the Central
fault, which is, the longest mapped fault on Gable Mountain
(Golder=Associates,. 1981b).. Geophysical studies and drilling
along the Southeast anticline have indicated a fault along
the southwest flank of the anticline; this fault has a maximum
inferred length of 6.7 km (Golder Associates,. 1981, personal
communication). .If the fault is related to the second-order
fold, its maximum length may be a long as the entire South-
east, anticline (ll km), and this length is used'in the magni-
tude analysis. Because the 11-km rupture length is largely
based on a postulated extension of the mapped fault along the
entire length of the Southeast anticline, a rupture of 3-km
is given a slightly higher weight (0..6) than the ll-km
rupture length (0.4)..
Umtanum Rid e Eastern Se ment — A south-dipping thrust fault
has been mapped along the northern flank of the Umtanum
Ridge anticline (Myers and Price, 1979; Gaff, 1981; Price,
1980, 1981; Golder Associates, 198la) . The minimum length
of the fault is 13 km. If the Umtanum Ridge eastern segment
is related to a primary reverse fault, the length of rupture
associated with the maximum earthquake may be the total
length of'. the segment (32 km), If the structure is
associated with secondary reverse faults, the rupture length
may be the length of the Buck thrust (2 km), mapped by Price
(1980, 1981) or the upper reverse fault (2 km) mapped by
Myers and Price (1979) . The Buck thrust is interpreted to
be a secondary fault related to de formation in the h.inge
area of the Umtanum Ridge anticline (Price, 1981), and the
upper reverse- fault is considered to have a similar
structural setting (Golder Associates, 1981a). Another
postulated rupture length for a secondary fault model is
one-half of the total segment length (16 km) . Because
rupture length assessments based on geologic evidence are
considered more reliable than estimates based on an
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arbitrary fractional fault length, a rupture length of 2 km
is given a slightly higher weight (0. 6) than the 16 km
rupture length (0. 4) .

Umtanum Ridge Central Se ment — Detailed geologic mapping
has not been done on this segment to identify faults. The
postulated rupture length for a primary reverse fault model
is 30 km, which is the total length of the segment.
However, rupture lengths for secondary faults may equal half
of the segment length (15 km) or may equal the maximum
mapped length of the secondary Central fault on the Gable
Mountain-Southeast anticline segment (3 km). The data do
not provide a basis for relatively weighting these values;
therefore, both are assigned a probability of 0.5.

Umtanum Ridge Western Se ment — The basis for the selection
of rupture lengths and relative weights for this segment is
the same as for the Umtanum Ridge Central segment. The
potential rupture length for a primary reverse fault model
is 43 km. The rupture lengths, assuming a secondary fault
model, are 3 km and 21 km; probabilities for both are 0.5.

Umtanum Ridge-Gable Mountain Structural Trend--Se grate
Sources

If the Umtanum Ridge-Gable Mountain structural trend comprises
four separate sources,'hen the fault rupture lengths will be
specific to each source and are discussed below.

Gable Mountain-Southeast Anticline Source — If it is assumed
that this source is a primary reverse fault, the fault
rupture length may be 19 km, which is one-half of the 39-km
total source length. If the anticline is associated with
secondary reverse faults,. the postulated rupture lengths and
associated probabilities are the same as for the Gable
Mountain-Southeast anticline segment. These are 3 km (0.6)
and ll km (0.4).

Umtanum Rid e Eastern Source — If the Umtanum Ridge eastern
source is a primary reverse fault, the rupture length may be
16 km, which is one-half of the total source length. Assuming
a secondary reverse fault model, the postulated rupture
lengths and associated probabilities are the same as for the
Umtanum Ridge eastern segment. These are 3 km (0.6) and 16 km
(0.4).
Umtanum Rid e Central Source — If the Umtanum Ridge central
source z.s a primary reverse fault, the rupture length may be
15 km, one-half of the total source length. Assuming a
secondary reverse fault model, the postulated rupture lengths
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and associated probabilities are the same as for the Umtanum
Ridge central segment. These are 3 km (0.,5) and 15 km (0.5).

Umtanum Ridge Western Source — If the Umtanum Ridge western
source z.s a primary reverse fault, the rupture length may be
21 km, which is one-half of the total source length. Assuming
a secondary reverse fault model, the postulated rupture .

lengths and associated probabilities are the same as for the
Umtanum Ridge western segment. These are 3 km (0.5) and 21 km

(0.5).
2.5K.4.2.1..2 Rattlesnake-Wallula Alignment (RAW)

The maximum magnitude logic trees for RAW are shown in Figures
2.5K-3 through 2.5K-5. Slip rate and technique applicability,
which are independent of segmentation for RAW, are discussed
in Section 2.5K.4.2.1.2.. Fault rupture lengths are dependent
on segmentation and are presented in Section 2.5K.4.2.1.,2.3.

2. 5K. 4..2. 1. 2. 1 Slip Rate

Slip rates estimated for RAW assume a strike-slip fault model
and are based on indirect evidence. Bentley (1980) presents
data on amounts of crustal shortening across the east-west
folds of the Yakima fold belt along various meridians. If it
is assumed that the amount of north-south shortening across
the Yakima folds occurs along the northwest-striking RAW as
strike-slip faulting, then the cumulative strike-slip
displacement, can be estimated.. At longitude 120 degrees, the
displacement is about 9 km, based on Bentley's (1980) data.
If this displacement is assumed to have initiated at the time
of the initial deposition of the Columbia River basalts about
14 m.y. ago, the rate of slip is 0..6 mm/yr. Structural
analysis of the Columbia Plateau folds, by Laubscher (Appendix
2.5-0, Washington Public Power Supply System, 1981c), suggests
that the maximum dextral shear across CLEW is 3 km. In
addition, Weston Geophysical (1981a) has identified a
prominent north-south gravity anomaly that crosses the CLEW

trend at about longitude 120'W. Weston Geophysical (198la)
estimates that the cumulative strike-slip offset, of the
anomaly can be no more than 3 km. A 3-km displacement during
a.14-m.y. period gives an average slip rate of 0..2 mm/yr.

Some studies suggest that the rate of deformation of the
Columbia Plateau has been declining during the Quaternary
period (Myers and Price, 1979; Bentley et al., 1980), and
geodetic data suggest deformation has either stopped or is
continuing at a low rate (Savage et al., 1981). Therefore,
the present-day slip rate may be considerably less than the
0.2 to 0.6 mm/yr rates, based on the deformation that has
occurred during the past 14. m.y.. The relative weights for the
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slip rates reflect the lack of. a strong basis for establishing
a preference between the values. A slightly higher weight
(0.6) is given to 0.2 mm/yr because it is based on both
geophysical and structural geologic constraints.

2.5K..4.2.1.,2.2 Technique Applicability
The relative applicability of the magnitude estimation
techniques is dependent on tectonic models. For a strike-slip
fault model, the area versus magnitude relationship is given
slightly higher weight (0. 6) than the rupture length versus
magnitude relationship (0. 4) because the magnitude of an
earthquake is more closely related to the area of the rupture
surface than to the rupture length (Section 2.5K.4.1.2). The
slip rate versus magnitude technique is given a low weight
because most of the data points used the relationship are
based on plate-boundary. strike-slip faults that have
considerably higher slip rates than those postulated for
RAW. For a primary reverse fault model, the relative weights
of 0.6 for the area versus magnitude and of 0.4 for rupture
length versus magnitude relationships are assigned, based on
the arguments presented in Section 2.5K.4.1.2. For the
secondary reverse fault model, rupture length versus magnitude
is not considered an applicable technique because the
empirical relationship is based on data from surface ruptures
along primary reverse faults; the r'elationship is unreliable
for small faults having limited downdip widths. The area
versus magnitude relationship accounts for the limited total
size of the rupture surface of a secondary fault having small
width and, therefore, is used in the magnitude assessment..

2.5K.4.2.1.2.,3 Fault Rupture Length

Rattlesnake-Wallula Ali nment —Sin le Source

Xf RAW is assumed to be a single source, then the strike-slip
and primary reverse fault models are the only applicable
tectonic models. The fault rupture length is estimated to be'8 km, which is one-half of the total length or equal to the
length of the longest segment (the 50-km-long Rattlesnake-
Wallula segment). As discussed in Section 2.5K.4.1.1, the
assessment of rupture length on the basis of geologic or
geomorphic evidence of segmentation is more reliable than
assessment on the basis of an arbitrary fractional fault
length. For this reason, the 50-km length is given a
relatively higher weight (0.7) than the 58-km length (0.3).
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Rattlesnake-Wallula Ali nment —Se mented Source

If the Rattlesnake-Wallula alignment. is a segmented single
source, the fault rupture length will be specific to each
'segment, as discussed below.

Rattlesnake Mountain Se ment — Assuming a strike-slip or
primary reverse fau t model, the maximum rupture length for
this segment may equal the total length of the segment
(20 km). If the segment is associated with secondary
reverse faults, the rupture length may be 10 km, which is
one-half of the segment length or may equal the length of
the Rattlesnake Hills fault (7 km) as mapped along the
northeastern flank of Rattlesnake Mountain (Myers and Price,
1979). Because the 7- km rupture length is based on
geologic data, it is given a higher weight (0.6) than the
10-km estimate based on an arbitrary fractional fault
length.

Rattlesnake-Wallula Se ment — The length of .rupture
associ.ated with the maximum earthquake on this segment may
be the total length of the segment (50 km) if the structure
is related to a strike-slip or primary reverse fault. If
the structure is associated with secondary reverse faults,
the rupture length may equal the length of the longest
doubly plunging anticline along this segment (6 km) or equal
25 km, which is one-half of the segment length. Because
secondary faults are related to the folding process, it is
considered unlikely that faults would extend well beyond
individual fold structures. In addition, the assessment of
rupture length on the basis of geologic data is preferable
to arbitrary fractional fault lengths. For these reasons,
the 6-km estimate is given higher weight (0.7) than the
25-km estimate (0. 3) .

Wallula Se ment — Assuming a strike-slip or primary reverse
fault model, the rupture length for this segment may equal
the total segment length (45 km) . Assuming a secondary
fault model, rupture lengths may be 6 km by analogy to the
adjacent Rattlesnake-Wallula segment or may equal 23 km,
which is. one-half of the segment length. The data do not
provide a basis for relatively weighting these values;
therefore, both are assigned a probability of 0.5.

Rattlesnake-Wallula Ali nment — Se grate Sources

If RAW comprises three separate sources, then the fault
rupture lengths will be specific to each source, as discussed
below.
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Rattlesnake Mountain Source — If the Rattlesnake Mountain
source is a stri e-slip fault or primary reverse fault, the
rupture length may equal 10 km, which is one half of the
total source length. Assuming a secondary reverse fault
model, the assessment of rupture lengths is the same as for
the Rattlesnake Mountain segment. These are 7 km (0.6) and
10 km (0.4).
Rattlesnake-Wallula Source — If the Rattlesnake-Wallula
source- is a primary reverse fault, the rupture length may
equal 25 km, which is one-half of the total source length.
Assuming a secondary reverse fault model, the postulated
rupture lengths and associated probabilities are the same as
for the Rattlesnake-Wallula segment.. These are 6 km (0.7)
and 25 km

(0.3)'allula

Fault Source — If the Wallula fault source is a
strike-slip or a primary reverse- fault, the rupture length
may equal 23 km, which is one-half of the total source
length. Assuming a secondary reverse fault model, the
postulated rupture lengths and associated probabilities are
the same as for the Wallula fault segment. These are 6 km
(0.5) and 23 km (0.5).

2.5K.4.2.1.3 Saddle Mountains

Both rupture length and technique applicability are related to
tectonic models. Assuming a primary reverse fault model,
potential rupture lengths are 12, 20, 30, and 40 km. Smyrna
Bench is 12 km long; two of four of the aeromagnetic segments
defined by Weston Geophysical (198lb) are about 20 km long;.
the longest aeromagnetic segment is 30 km long. One-half of
the total length of the Saddle Mountains structure is about
40'm. The highest weight (0.4) is given to 30 km because it
is the longest aeromagnetic segment and may- be most valid in
defining the maximum rupture for a primary reverse fault. The
two 20-km aeromagnetic segments are given slightly less weight
because they are not the maximum lengths. A lesser weight
(0. 2) is given to the 12-km length because it is uncertain
whether the features on Smyrna Bench are an expression of a

'rimaryfault or whether, they are related to secondary
deformation associated with secondary faulting, folding,
and/or landsliding. Finally, the 40-km length is given lowest
weight (0..1) because it is not based on physical evidence for.
segmentation but on a fractional fault length.

Rupture lengths for a secondary fault model are 10, 12, and
15 km. One-half of the length of two of the four aeromagnetic
segments is 10 km; 12 km is the length of Smyrna Bench, and
15 km is one-half of the length of the longest aeromagnetic
segment. The data do not provide a strong basis for relative
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weighting of these .values; however, 12 km is given a slightly
higher weight (0.4) because it is based on geomorphic evidence
for segmentation rather than on arbitrary fractional fault
length.

For a primary reverse fault model, the area versus magnitude
relationship is given slightly higher weight (0. 6) than the
rupture length versus magnitude relationship (0.4) because, as
discussed in Section 2.5K.4.1.2, the magnitude of an
earthquake is more closely related to the area of the rupture
surface than to the rupture length. For a secondary reverse
fault model, rupture length versus magnitude is not considered
an applicable technique because the empirical relationship is
based on surface ruptures along primary. reverse faults. The
area versus magnitude relationship accounts for the limited
total size of, the rupture surface of a secondary fault with
small width.

2.5K.4..2.1.4 Rattlesnake Hills
Assuming a primary reverse fault model, the rupture lengths
are estimated to equal 30 km, which is one-half of the total
fault length or the length of the longest aeromagnetic segment
(36 km) defined by Weston Geophysical (1981b). The data do
not provide a. basis for relative weighting of these postulated
rupture lengths., For a secondary reverse fault model, the
rupture length is assumed to equal 18 km, which is one-half of
the longest aeromagnetic segment.

The evaluation of technique applicability is the same for
Rattlesnake Hills as for Saddle Mountains (Section
2. 5K. 4. 2. 1. 3). For a primary fault model, area versus
magnitude is assigned a probability of 0.6, and rupture length
versus magnitude is assigned a probability of 0.4. For the
secondary fault model, the .area versus magnitude relationship
is the only applicable technique.

2. 5K. 4. 2. 1. 5 Yakima Ridge

Fault rupture lengths on Yakima Ridge, assuming a primary
reverse fault tectonic model, are estimated to equal either
one-half of the total fault length (50 km), or the length of
the longest aeromagnetic segment (36 km). The data do not
provide a basis for relatively weighting these postulated
rupture lengths; therefore, they are both assigned a
probability of 0.5. For a secondary reverse fault model,
rupture lengths may be equal to one-half of the length of one
of the aeromagnetic segments (15 km) or one-half of the length
of the longest aeromagnetic segment (18 km). The data are not
sufficient to relatively weight these postulated rupture
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lengths; therefore, they are both assigned a probability of
0.'5.

The evaluation of technique applicability is the same for
Yakima Ridge as for Saddle Mountains (see Section
2 'K.4.2.1.3). For a primary fault model, area versus
magnitude is assigned a probability of 0.6,.and rupture length
versus magnitude is assigned a probability of 0.4. For the
secondary fault model, the area versus magnitude relationship
is the only applicable technique.

2.5K.4.2.1.6 Horse Heaven Hills
Assuming a primary reverse fault model, the postulated rupture
lengths are equal to the lengths of two northwest.-striking
aeromagnetic segments (24 km) or to one-half the length of the
northeast-striking portion of Horse Heaven Hills (32 km). The
24-km estimate is given greater weight (0. 7) because the
aeromagnetic data provide geophysical constraints on two
segments of the structure-, which have comparable lengths. For.
a 'secondary reverse fault model, rupture lengths are
postulated to be 12 km, which is one-half of the length of the
two aeromagnetic segments or 16 km, which is one-half of the
length of the single northeast-striking aeromagnetic segment.
The data are not sufficient to relatively weight these two
values; therefore, they are both assigned a probability of
0 ~ 5.

The evaluation of technique applicability is the same for
Yakima Ridge as for Saddle Mountains (Section 2.5K.4.2.1.3).
For the primary reverse fault model, area versus magnitude is.
assigned a probability of 0. 6, and rupture length versus
magnitude is assigned a probability of 0. 4. For the secondary
fault model, the 'area versus magnitude relationship is the
only applicable technique.

2.5K.4.2.2 Unconditional Magnitude Probability Distributions

The unconditional magnitude probability distributions for each
potential source are presented in Table 2.5K-2. The magnitude
distributions are presented as .cumulative distribution
functions (CDF). ln each distribution, the range of magnitude
values reflects the variation in fault parameters; the
probabilities for each magnitude reflect the relative
confidence in the parameter values based on the available
data. The probability at any given magnitude expresses the
likelihood that the actual maximum magnitude for that source
is less than or equal to the given magnitude. - The
probabilities do not represent the likelihood of occurrence of
a particular magna,tude earthquake.
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2.5K.4.2.3 Conditional Magnitude Distributions for Seismic
Exposure Model

Because both the maximum magnitudes and seismic exposure are
dependent on segmentation, tectonic model, and fault width,
the maximum magnitude probability distributions for each
source must be made conditional on these parameters in order
to be included in the seismic exposure analysis. The
procedure for assigning the maximum magnitude conditional
probabilities for, their incorporation into the seismic
exposure analysis is illustrated in Figure 2.5K-43. Part of a
maximum magnitude logic tree shown in Figure 2,5K-43 is for a
particular segmentation, tectonic model, and fault width. For
each of the end'ranches, a. maximum magnitude is computed.
The conditional probability for each maximum magnitude is:

where:

p(m ) = p(FRLp) '(SRq) . p(TAr) (2.5K-14)

mu

p(mu)

maximum magnitude computed for fault
width 1, using fault rupture length p,
slip rate. q, and technique r
conditional probability of maximum
magnitude mu given segmentation i f
capable fault j, tectonic model k, and
fault width 1

p(FRL ) conditional. probability of fault
rupture length p, given segmented
source i, capable fault j, and tectonic
model k

p(SRq) conditional probability of slip rate q,
given tectonic model k

p(TAr) = conditional probability of technique
applicability r, given tectonic model
k.

The branches define a discrete probability mass function for
mu computed in 0.1 magnitude increments, as shown in Figure
2.5K-43.

For the exposure model, the
rediscretized in increments of
the aggregrated distribution
branch on the exposure model
bottom . of Figure 2.5K-43.
assigned to each branch is set

conditional distribution is
1/4 magnitude. Each point in
defines a maximum magnitude
logic tree, as shown at the
The conditional probability
equal to the probability mass
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in the aggregated distribution. The above procedure was
repeated for each fault width. The maximum magnitudes and
conditional probabilities assigned to each fault width are
shown in Figures 2.5K-14 through 2.5K'-35'.

2.5K 5 EARTHQUAKE RECURRENCE

The earthquake recurrence on potentially capable faults is- an
'mportantfactor in the seismic exposure analysis. The more

frequent the earthquakes, the greater is the seismic
exposure. The approach used to calculate the seismic exposure
requires fault-specific relationships between earthquake
magnitude and recurrence.

The low level of seismicity in the Columbia Plateau and the
general lack of geomorphic or other geologic evidence for
Holocene faulting, indicate that faults in the site region are
either: (1) not capable; (2) cannot produce large-maghitude
events associated with surface faulting; or (3) have long .

recurrence intervals. Because of the low level of seismicity
in the Columbia Plateau, as discussed in Appendix 2.5J
(Washington Public Power Supply System, 198la) and the
catastrophic late-pleistocene floods (Woodward-Clyde
Consultants, 1981d), the evidence regarding the capability of
faults in the site region is equivocal. The available data
suggest that capable faults may be associated with at least
some of the Yakima folds and with the Rattlesnake-Wallula
alignment (Section 2.. 5K. 3. 4.,2) . Similarly, the maximum
earthquake magnitudes associated with these structures are not
well known, but some of the proposed tectonic models .suggest
that faults that may be associated with these structures can
produce moderate- 'to large-magnitude. events (Section
2.5K.4.2.2). If the significant potential sources in the site
region are capable of producing large-magnitude surface-
faulting events, the recurrence for such events, on any one
fault must be significantly longer than the Holocene record
(approximately 10,000 years).

Because. of the paucity of data on the known and inferred
faults in the site region, earthquake recurrence intervals
cannot be determined for each structure. .Therefore, a fault-
specific recurrence relationship is estimated based on:, (1)
the combined geologic evidence for past surface-faulting
events for faults in the site region; (2) an estimated b-value
(slope of the frequency-magnitude recurrence relationship);
and (3) the overall length of the" inferred fault. The
geologic evidence for past surface faulting in the site
region, discussed in Section 2.5K..5.1, is used to estimate the
recurrence of. large-magnitude events. The seismologic basis
for estimating the b-value used in this recurrence
relationship is discussed in Section 2.5K.5.3.2. Using these
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estimates,' mean recurrence rate is developed for the number
of earthquakes of magnitude greater than 4. 0 per year, per
kilometer of fault length. This value is then used to compute
the mean recurrence rate for each of the potential geologic
sources.

The frequency of smaller-magnitude earthquakes that is
predicted based on this recurrence relationship is compared to

'hehistorical seismicity data (Section 2.5K.-5.3.4). The
predicted values are generally consistent with the historical
'data.

2.5K.5.1 Geolo ic Evidence For Quaternar Surface Faultin

The only fault in the site vicinity that is known to be
capable according to the NRC'riteria is the Central fault on
Gable Mountain. "Evidence suggestive of Quaternary surfa'ce
faulting has been found at two other localities along
structures that are included in the seismic exposure analysis
for the site. These are: (1) Finley Quarry along the
Rattlesnake-Wallula segment of RAW; and (2) the Warm Springs
trench locality on the Wallula segment, of RAW (Figure 2.5K-
38). In addition, evidence suggests that Quaternary faulting
has occurred. at Toppenish Ridge (Rigby and Othberg, 1979;
Campbell and Bentley,. 1981; and Woodward-Clyde Consultants,
198lb) and, at the eastern end of Ahtanum Ridge near Union Gap
(Campbell, 1980). Toppenish Ridge and Ahtanum Ridge are not
included in the seismic exposure analysis because they are too
far from the site to make a significant contribution to the
seismic exposure of the site (Section 2.5K.,3). They are
discussed here only because the data from these locations
provide information regarding the recurrence of surface
faulting on faults associated with the Yakima folds.

2.5K.5.1..1 Central Fault on Gable Mountain

Detailed investigations of the Central fault on Gable Mountain
have been conducted by Golder Associates (198lb). The Central
fault displaces Late Quaternary flood deposits a maximum of
6 cm. The small amount. of displacement and the simple nature
of the shear surface suggests that this displacement was
produced by a single event.

Two gravel deposits are exposed in the trenches on Gable
Mountain. The exact age of the displaced gravels is uncer-
tain.. However, they are no younger than 13,000 years, which
is the approximate age of the St. Helen's "S" ash contained in
the youngest late Pleistocene flood deposits. The late
Pleistocene and Holocene eolian and slope wash deposits that
overlie the Central fault are not displaced.

2. 5K-47



WNP-2

AMENDMENT NO. 18
September 1981

The maximum earthquake that can occur on this fault is
estimated to be magnitude 5 (WNP-2 FSAR, Subsection
2.5.2.4.2.2). If the displacement of the Quaternary deposits
represents a seismogenic event, the earthquake- was probably
less than or equal to magnitude '5.

Based on the elapsed time since the most recent surface
fualting event, the available evidence suggests a minimum

~ recurrence interval of at least 10,000 years for magnitude 5
earthquakes associated with= surface faulting along the Central
faul t.
2.5K.5.1.2 Finley Quarry

Woodward-Clyde Consultants (198le) has made detailed logs of
faults exposed in trenches and in the wall of Finley Quarry.
The exposed faults are at the northwest 'nd of the Butte,
which is a faulted northeastward-dipping monocline located
along the Rat tlesnake.-Wallula alignment. A . 13-m-wide zone
containing three fault traces was exposed. The northern and
central fault traces displace and die out within a sequence of
sedimentary deposits that could be as old as the Ringold
Formation (Miocene-Pliocene), but are probably Pleistocene in
age.. The southern trace occurs entirely within Tertiary
volcanic deposits, and it is not possible .to determine the age
of the most recent displacement on this trace.

The northern and central. fault traces displace two unconsol-
idated gravelly sand units. The older gravel unit has thick
(up to 15 mm) weathering rinds on the basalt clasts. The
younger unit lacks well-developed weathering rinds. These two
units are overlain by unfaulted sand and sandy gravel.. At the.
northern end of. the exposure, this unfaulted unit is overlain
by two thick caliche soil horizons. Uranium-thorium dates on
caliche rinds indicate that the upper caliche soil horizon is
at least 70,000 years old (Woodward-Clyde Consultants,
198le). Presumably the lower caliche, which is much thicker,
is much older; conceivably, it is equivalent in age to pre-
Quaternary soils developed on fanglomerates that grade to the
Ringold Formation in the Pasco Basin.

The southern fault trace is only overlain by Holocene eolian
and slope wash deposits, and the age of the most recent
faulting on this trace cannot be determined. By inference,
the southern trace may be equivalent in age to the northern
and .central fault traces. If so, the available evidence from
Finley Quarry, is compatible with an earthquake recurrence
interval (based on the .elapsed time since the most recent
event) for earthquakes associated with surface faulting of at
least several tens of thousands of years. The actual
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recurrence interval could be on the order of hundreds of
thousands of years..

2.5K.5.1.3 Wallula Fault Zone

Near Wallula Gap, the Wallula fault zone consists of two major
strands, the Wallula Gap fault and the Wallula fault (WNP-2
FSAR, Subsection 2,.5.1.2.4.5). Trenches have been

excavated'cross

both faults- to assess the age of the most recent
displacement. The trench across the Wallula Gap fault west of
Yellepit Station is described by Farooqui (1977). Trenches
across the Wallula fault near Warm Springs 'are described by
Woodward-Clyde Consultants (1981a).

The age of the most recent displacement on the Wallula Gap
fault is not known. The fault has not had any displacement
since the deposition of the Kennewick Fanglomerate, which
unconformably overlies. the fault (Farooqui, 1977). Uranium-
thorium dates on caliche that has formed on the fanglomerate
indicate the caliche is at. least 20,000 years old (Woodward-
Clyde Consultants, 1978, 198la); the fanglomerate deposits. may
be much older. The Wallula Gap fault is either inactive, orit has a recurrence interval of at least a few tens of
thousands of years.

The Wallula fault displaces eolian and colluvial silt and fine
sand deposits that are probably Quaternary in age (Woodward-
Clyde Consu1tants, 198la). These sediments have a well-
developed pedogenic carbonate soil (caliche), which suggests
the deposits are Sangamon (128,000 to 75,000 years BP) or
older. Based on the degree of soil development, the deposits
are no younger than the Palouse loess, which Baker (1978)
considers to be lower to middle Pinedale in age (approximately
75,000 to 35,.000 years BP). The Wallula fault is
uncomformably overlain by, and does not displace, slackwater
sediments deposited by the Missoula flood (about 13,000 years
BP). Based on the elapsed time since the most recent surface-
faulting event, these data suggest that the recurrence
interval of surface-faulting earthquake along Wallula fault is
at least 10,000.years and may be much longer.

2.5K.5.1.4 Toppenish Ridge

Investigations of the scarps that occur on the north flank of
Toppenish Ridge are summarized by Woodward-Clyde Consultants
(198lb). The available data on the scarps along Toppenish
Ridge are based primarily on photo-geologic interpretations
and reconnaissance geologic mapping.

The presence of scarps that have a young, fresh-looking
appearance and scarps that have an older, more subdued-looking
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appearance suggest that there may have been at least two Late
Quaternary surface-faulting events. Although the ages of the
deposits that are displaced are not well documented, the most
recent surface-faulting event was probably Holocene.

If the scarps along Toppenish Ridge represent tectonic
surface-faulting events, they indicate that the recurrence .

interval for earthquakes associated with surface faulting
could be on the order of thousands of years to a few tens of
thousands of years.

If the recurrence interval is only a few thousand years, the
surface faulting along Toppenish Ridge may be characterized by
a shorter recurrence interval than the other Columbia Plateau
structures; where similar fault scarps are not observed.
Alternatively, the other Plateau structures may not be
associated with capable faults, or the Plateau faulting may be
characterized by episodes of faulting separated by long
periods of quiescence

2.5K.5.1.5 Union Gap Fault

A late Cenozoic fault was exposed in a road cut near Union Gap
the eastern end of Ahtanum Ridge (Figure 2.5K-38). The
exposure was described by Campbell (1980) before it was
covered by a retaining wall.
The fault strikes N80'W and dips 43 degrees to the north.
Yakima River terrace gravels are displaced at least 7 m

vertically, south-side d'own (apparent reverse slip). The
apparent sense of displacement, is the opposite of the
topographic, relief., Late Pleistocene slackwater deposits
containing the St. Helens "S" (?) ash (13,000 years BP), and
Holocene loess deposits overlie the fault and are not
displaced.

The age of the faulted terrace gravel is not known.
(1980) describes the basalt clasts in the terrace
"relatively fresh" and the caliche at the top of the
"poorly developed." The gravel, which is 10 m

present flood plain of the Yakima River, is
Pleistocene in age..

Campbell
gravel as
gravel as

above the
probably

The cumulative displacement of the terrace gravel was probably
produced by multiple faulting events and, therefore, suggests
there have been repeated Pleistocene surface faulting
events. The elapsed time since the most recent event has been
at least 13,000 years and may have been significantly
longer. This suggests that the recurrence interval for
earthquakes associated with surface faulting is on the order
of at least tens of thousands of years.
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2.5K.5.2 Absence of Post-Missoula Flood Surface-Faultin
Events

The catastrophic floods that flowed through the Pasco Basin
during the late Pleistocene present a major problem in the
assessment of the history of Quaternary faulting in the site
vicinity (Woodward-Clyde Consultants, 198ld). The faults may
have eroded fault scarps that might have existed previously,

'nd/orthe flood deposits and associated eolian deposits may
have buried scarps and other fault-related features. Erosion
of the =edges of the basalt flows along pre-existing fractures
and. faults has also formed faceted spurs and hanging valleys
that mimic youthful fault features. In addition, the floods
stripped the area of the older Pleistocene deposits that are
essential for assessing fault capability and deformation
rates.

Deposits from the most recent flood in the Pasco Basin contain
St. Helen's "S"'nd Glacier Peak ash deposits, which are
approximately 13,000 and 12,500 years old, respectively.
There have been no catastrophic floods similar to the Missoula
flood during the Holocene, or approximately the past 10,000
years., Except for local reworking of loess deposits on the
upland areas and active fluvial processes along major channels
and flood plains, the Holocene landscape has been relatively
stable. Therefore., if any major earthquakes have been
associated with surface faulting during the Holocene, evidence
of these events should be relatively well preserved.

The six pote'ntial seismic sources considered in this seismic
exposure analysis include all the major structures that are
potentially significant to the seismic exposure of the site
(Section 2.5K.3). No large surface-faulting events are known
to have occurred along any of these structures during the
Holocene.. Although small displacements (such as those
observed on the Central fault on Gable Mountain) might not be
detected, it is unlikely that large scarp-producing
displacements (2 m or more), which would be associated with
magnitude 7 or larger earthquakes, would not be detected.
This suggests that the average recurrence interval for large
earthquakes (magnitude 7 or larger) is significantly longer
than 10,000 years, if there are capable faults associated with
these structures; it is unlikely that the recurrence interval
at a given location along any of the postulated seismic
sources is shorter than 30,000 years. The average recurrence
interval for such an event is assessed probabilistically in
Section 2.5K.5.3.
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2. 5K. 5. 3 Estimated Earth uake Recurrence Rates For Geolo ic
Sources

2.5K.'5.3.1 Large-Magnitude Recurrence Rate

The geologic evidence discussed in Section 2.5K.5..2 indicates
that no evidence of the. occurrence of events of magnitude
greater than or- equal to 7.0 in the past 10,000 years has been
observed on any of the six geologic structures identified as
potential earthquake sources. Based on this observation, the
average recurrence rate large-magnitude surface-faulting
earthquakes (magnitudes greater than 7..0) is estimated
probabilistically.
The data on magnitude versus rupture length presented by
Slemmons (1977) for the data set that includes. both strike-
slip and reverse faults indicate that the mean rupture length
for a magnitude 7..0 earthquake is approximately 45 km.,
Assuming the recurrence of earthquakes is a Poisson process,
(Section 2.5K.2.2.1), the probability of an earthquake of
magnitude greater than 7.0 on any 45-km section of fault in
the time period t is given by:

-Xt (2. 5K-15)

where X is the mean recurrence rate for magnitudes greater
than 7..0. 'A can be expressed as T , where T is the mean time
between events of magnitude greater than 7.0.

Because the total length of the postulated geologic structures
is several times longer than 45 km, there are several
opportunities; for. observing surface rupturing events.
Assuming that each 45-km-long section of fault offers an
independent chance of observing earthquake displacements, the
number of events occurring in a specified number of trials is
binomially distributed. The'robability of seeing x events in
n trials is given by:

n! px (1 p)n-x (2.5K-16)

where p is the probability of success in any one trial given
by Equation (2.5K-15). The probability of seeing x or fewer
events is given by the cumulative binomial distribution
function:

x
p(X < x) = g n! py(l-p)

-y !
(2.5K-17)
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The estimate of the number of trials is based on the total
length of faulting in the source region. The total length of
the six geologic structures considered as potential sources is
624 km.. However, none of the structures are known with
certainty ,to be capable faults, although each has some
probability of being able to generate an earthquake of
magnitude greater than 7.0. The combined weighted average of
fault capability for all of the structures is 0.59.
Multiplying 624 km by 0.59 gives 369 km of assumed capable
fault within the source region.,

Dividing 369 km by an average rupture length of 45 km gives. a
minimum number of 8 trials, assuming no overlap of rupture.
Using n = 8, t = 10,000 years, and Equation (2.5K-17), the
probability of having seen x or fewer events is tabulated in
Table 2.5K-3 for various mean recurrence intervals T, and
number of events x.

The recurrence interval for an event greater than magnitude
7.0 on a 45-km length of fault was selected as the value of T.

for which there 's a 50-percent chance of having seen no
events in the past 10,000 years.. The 50-percent level was
judged to mean that over an extended sequence of 10,000-year
intervals; in one-half of .the intervals, no earthquake would
be observed.. The corresponding recurrence interval for one
event having a magnitude greater than 7.0 is 115,000 years on
each 45-km fault length (Table 2.5K-3). This suggests that,
on the average, there could be an earthquake of magnitude
greater than 7.0 somewhere on the six potential sources every
14,400 years.

Based on geologic evidence (Section 2.5K.5.2), 30,000 is
judged to be a lower bound for the recurrence interval of a
magnitude greater than 7.0 event on a 45-km fault section.
For this recurrence interval, there is only a 7-percent chance
of having observed no events in the last 10,000 years (Table
2.5K-3).

2.5K.5.3.2 Relative Frequency of Various Magnitudes

As discussed in Section 2.5K.2.2.2, the relative frequency of
various magnitude events is controlled by the parameter b in
the Gutenberg-Richter equation. Analysis of recorded data in
the Columbia Plateau indicates that a "b" value of 0.85 best
represents the relative frequency of occurrence of earthquakes
occurring at all depths, as discussed in Appendix 2.5J
(Washington Public Power Supply System, 1981a). This "b"
value is based on recordings of events of magnitude ML 2.0 to
4.0 over a 10.5-year period.
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The Gutenberg-Richter relationship [Equation (2;5K-4) is based
on many worldwide observations of numbers of earthquakes as a
function of magnitude. These observations supporting a log-
linear relationship (constant slope as a function of
magnitude) apply to regions that include numerous earthquake
sources. The application of this relationship to single
faults is not well-established by observations; however, when
a number of faults are to be modeled, the regional
observations support the use of a linear recurrence model as
an appropriate model for average fault behavior.

2.5K.5.3.3 Distribution for Recurrence

Using the Gutenberg-Richter equation, T = 115,000 years and
b = 0.85, the mean number of events of magnitude greqter than
4.0 per year, per kilometer of fault, is 6.,86 x 10 . This
value was assumed to be the mean or expected value of
parameter A (Equation 2.5K-5). The expected value of An for
each source segment, assuming the source is capable, was
obtained by multiplying 6.86 x 10 by the source segment
length-., Table 2.5K-4 lists the lengths and expected values of
An for each of the potential sources and their segments.

The dispersion in recurrence wa's modeled by specifying a
distribution for. parameter "A." Because the uncertainty in
parameter "b" is much smaller than the uncertainty in A, b was
assumed to be known. The distribution for parameter A was
assumed to be lognormal. This assumption is reasonable
because: (1) parameter a should always be positive, which- is
satisfied by the lognormal assumption; (2) the Gutenberg-
Richter equation was derived in terms of the log of the number
of events, and the dispersion about the log was judged
symetric on a log scale. The variance of A was estimated by
assuming that the return period of 30,000 years for an event
of magnitude greater. than 7.0 constituted a mean plus two
standard deviation level for ln N, where N is the number of
events of magnitude greater than 7.0. This gives a standard
error of ln A of 0.85.

2.5K.5.3.4 Comparison with Historical Seismicity

Within the past 60 years, three events of magnitude greater
than 4 have been recorded in the Hanford region. These event~
were recorded in 1918, - 1973, and 1979, within a 25,000-km
area, which is approximately 50 percent larger than the area
encompassing the six geologic structures. Normalizing to an
area equal to the source region the historical data indicate a
recurrence rate of 0.033 events of magnitude greater than 4.0
per year.
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The recurrence relationship derived in Section 2.5K.5.3.3 can
be used to estimate a recurrence rate for the source region.
Multiplying the. mean recurrence rate per kilometer of fault by
369 km of capable fault yields an estimated mean recurrence
rate of 0.025 events of magnitude greater than 4.0 per year.
Using the dispersion in parameter A, the 84-percent recurrence
rate is 0.041 events per year. The very limited historical
data falls within the range of recurrence- rates used in the
analysis.

2.5K.5..3.5 Recurrence Relationship for Exposure Analysis

The recurrence relationship used in an exposure analysis is
given by Equation (2.5K-5). For each source, the total number
of earthquakes per year with magnitudes greater than 4.0
remains constant.. The relative frequency of individual
magnitudes is dependent on the b value and the maximum
magnitude, mu. Figure 2.5K-44 shows the recurrence
relationships per kilometer of fault length for various
maximum magnitudes. 'Similar curves are input for. each
exgosure analysis, dePending on the value of An and mu for
that analysis case

2..5K -6 MAGNITUDE/RUPTURE-LENGTH CRITERIA

The development of the probability function for the closest
distance to the fault rupture requires specification of the
rupture-length for each magnitude. The magnitude/rupture-
length criteria used in the exposure. analyses are developed
from a. relationship between rupture area and magnitude. As.
discussed in Section 2.5K.4.1..2, rupture area has a higher
correlation with magnitude than does rupture length. Wyss
(1979) presents rupture area and magnitude data for 83
earthquakes in the magnitude (MS, M ) range 5.6 to 9.6. He
develops a relationship for magnitude as a function ot area,
A:

m = Log10 A + 4.15 (2. 5K-18)

Since the exposure analysis requires area as a function of
magnitude, a regression analysis of area on magnitude was
performed using Wyss'1979) data. The resulting relationship
is

ln A = 2.146 m — 8.384 (2. 5K-19)

A magnitude-rupture length criterion is derived as follows.
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It is assumed that for small magnitudes, the rupture surface
is a square., The rupture length for each magnitude is
computed by taking the square root of the area computed using
Equation (2.5K-19). The resulting relationship is

ln L = 1.073m — 4.192 (2.5K-20)

For magnitudes whose rupture area exceeds the square of the
'aultwidth, a second relationship is used. The rupture width

is assumed to be equal to the fault width, and the length is
computed by dividing the rupture area by the fault width. The
resulting relationship is:

ln L = 2.146m — 8.384 — ln (fault width) (2.5K-21)/
The magnitude whose rupture area equals the square of the
fault width is defined as m> and is given by the relationship:

ln (fault width) + 4.192
m~

1. 073 (2. 5K-22)

Equation (2.5K-21) was applied for magnitudes greater than m~.

2.5K'.7. ATTENUATION RELATIONSHIPS

Attenuation relationships, which describe the variations of
horizontal peak ground acceleration and response spectral
values with earthquake magnitude and distance, have been
selected for use in the seismic: exposure analysis. These
attenuation relationships describe ground motions that would
be recorded. by an accelerograph at the ground surface in the
free field. The basis for the attenuation relationships is
given in Attachment A. A summary of the basis and the
relationships used are presented in this section.

2.5K.7.1 Basis for Selection

The attenuation relationships have been selected on the basis
of examination and statistical. analysis of empirical data
consisting of strong-motion recordings from historical
earthquakes. In selecting an empirical data base and
developing attenuation relationships, various site-specific
factors may be considered, including:, the predominant sense
of displacement (type of faulting) for postulated earthquakes
in the site region; the subsoil conditions at the plant site;
and the deeper crustal structure between potential earthquake
sources and the plant site. The way in which these factors
have been considered in selecting attenuation relationships is
summarized below.
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2.5K.7.1.1 Type of Faulting

As discussed in Section. 2.5K. 3, reverse faulting is the
expected predominant type of faulting for potential
significant earthquake sources. To account for possible
effects of the type of faulting on strong ground motions,
recorded data from the 1971 San Fernando earthquake, a reverse
faulting event,, are used as a primary basis for selecting
attenuation relationships for higher-magnitude earthquakes.
Comparisons that are presented in Attachment A show that
attenuation relationships developed for the San Fernando
earthquake data base lead to higher accelerations than a data
base incorporating records from strike-slip earthquakes of
comparable magnitude.

2.5K..7.1.2 Subsoil Conditions

As described in Subsection 2.5.2.5 of the FSAR, the plant site
is underlain by approximately 160 m of sediments of .varying
stiffness above the basalt bedrock.. Because of the presence
of relatively thick. soil layers above the bedrock, the
attenuation relationships are developed using a data base of

'ecordingsfrom soil sites rather than rock sites.

2.5K.,7.1.7 rustal Structure
)

The basalt- 'lows and interflows that underlie the Columbia
Plateau are characterized by wave velocities that are highly
variable with depth (Subsection 2.5.2.5 of FSAR.and Woodward-
Clyde Consultants,, 198lc).. These strong vertical material
heterogeneities do not exist at locations in California where
the great majority of strong-motion data for the United States .

have been recorded..

To evaluate the attenuation characteristics of the Columbia
Plateau crustal structure, a wave propagation and modeling
study has been conducted. The results of this study, which
are summarized in Subsec'tion 2.5.2.5 of the FSAR and presented
in detail in Woodward-Clyde Consultants (198lc), indicate that
the basalt structure may substantially increase attenuation
(i.e., substantially decrease strong ground motion at the
plant site) due to earthquake sources beneath the higher
velocity layers in the basalt,. relative to ground motions that
would occur in the absence of this layered structure. This
conclusion is dependent on several assumptions regarding
kinematic descriptions of the 'eismic sources, the
relationship between shear and compressional wave velocities
in the basaltes, the source depth, and the nature of the crust
beneath the basalts. These theoretically predicted
attenuation effects have been conservatively ne'glected "in
selecting the'*attenuation re'la'8'ionship for the seismic exposure
analysis.
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2.5K.-7.2 Selected Relationshi s

The selected attenuation relationships for peak horizontal
ground acceleration for the magnitude (MS) range of 4 to 7.5
are presented in Figure 2.5K-45.

Seismic exposure analyses have also been made for horizontal
response spectral accelerations (2-percent damping) for two
selected periods, 0.125 and 0.40 seconds. The period of 0.125
second is selected to be close to the low-period control point
(0.11 second) of the NRC Regulatory Guide 1.60 spectrum that
was used to define the design response spectra for the plant
(Section 3.7 of the FSAR). The period of 0.40 second is
selected to be equal to the mid-period control point of the
design response spectra. The selected 'ttenuation
relationships for response spectral accelerations for periods
of 0.125 second and 0.,40 second are shown in Figure 2.5K-46
and Figure 2.5K-47, respectively.
Uncertainty in the ground motions predicted by the attenuation
relationships is incorporated in the analysis by using a log-
normal distribution and allowing ground motions to vary within
a three-standard-deviation range. The reasonableness of the
assumption of a log-normal distribution is substantiated in a
number of studies (e.g., Esteva, 1969; Donovan, 1973; McGuire,
1974).. A three-standard-deviation range incorporatesvirtually all the dispersion in measured ground-motion
values. The values of the standard deviation, S, are selected
as a, function of magnitude; higher values of S are selectedfor lower magnitudes that reflect the greater scatter in
recorded strong-motion data for lower-magnitude earthquakes.
The values of S used in'he analysis are summarized in

'ttachmentA.

2 'K.8 RESULTS

2.5K.8.1 Ex osure for Peak Acceleration
The procedure followed in evaluating the seismic exposure of
the site is described in Section 2.5K.2 and is summarized as
follows.

o The variations in source segmentation, source capability,
tectonic models, fault geometry, and maximum magnitude are
addressed by constructing logic trees for each possible
source of significance to the exposure. These exposure
logic trees are shown in Figures 2. 5K-48 through 2. 5K-67.

o Seismic exposure analyses are conducted for each of the
cases defined by the end branches on the logic trees using
the. mean recurrence rate for the source. The annual mean
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number of events that exceed a specified peak acceleration
are computed for acceleration levels between 0.05 g and
1.0 g. The annual mean number of events exceeding 0..25 g
for each of the analysis cases are shown on the right hand
column of Figures 2. 5K-48 through 2. 5K-67. Zt should e'oted that, for the mean number of events less than 10
the probability of exceedance is essentially equal to the
mean number of events [p (Z >- z) = v (z)].

o The probability distribution for the annual mean number of
events from each source is determined by incorporating the
conditional distributions defined by the logic tree and
the variation in recurrence rate.

o Finally, the results from each of the possible sources are
combined to calculate total exposure for the site.,

2.5K.8.1. 1 Expected Value of Probability of Exceedance

Using the formulations developed, in Section 2..5K.,2..3, the
expected annual. mean number of events exceeding a specific
ground acceleration level was computed., Figure 2.5K-68 shows
the relationship between the expected number of events and
peak acceleration level for the six geologic sources. It also
shows the combined total exposure. The annual probabilities
of exceeding 0.125 g (for the OBE) and 0.25 g (for the SSE)
are tabulated below:

ANNUAL PROBABILITY OF EXCEEDANCE (10=4)

Potential Source OBE — 0.125 SSE -0.25

Umtanum Ridge-Gable Mountain
Rattlesnake Nallula Alignment
Horse Heaven Hills
Rattlesnake Hills
Yakima Ridge
Saddle Mountain

3.5
0. 75
0 ~ 09
0 ~ 05
0. 03
0. 15,

1.0
0.06
0.004
0.003
0. 003
0.01

Total 4.6

As can be seen for the SSE peak acceleration, 93 percent of
the exposure comes from th'e Umtanum Ridge-Gable Mountain
source. For the OBE peak acceleration, 84 percent comes from
the Umtanum Ridge-Gable Mountain source. Examination of the
exposure results for individual segments of Umtanum Ridge-
Gable Mountain structural trend (Figures 2.5K-48 through 2.5K-
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56) indicate that the exposure comes primarily from the Gable
Mountain Southeast anticline segment.

2.5K.8.1.2 Confidence Levels for Probability of Exceedance

As discussed in Section 2.5K.2.2.3, confidence levels on the
annual mean number of events can be estimated using the
computed variance for the distribution of v (z). Assuming a
normal distribution for the total exposure, a 90-percent
confidence level occurs at the mean plus 1.3 standard
deviations. (The 90-percent confidence level is the
90-percent level of the cumulative distribution) The
90-percent confidence levels for the OBE and SSE peak
accelerations are given below:

Peak
Acceleration

Expected Annual
Probability of

Exceedance (10 )

90-Percent Confidence
Level of Annual
Probability of
Exceedance (10 )

0.125 g 4.6 9.8

0.25 g 2 ~ 7

2.5K.8.2 Ex osure for S ectral Acceleration

The probability of exceedance of spectral acceleration was
evaluated for two periods, 0.125 and 0.40 second for 2-percent
spectral damping. Figure 2.5K-69 shows the variation in
probability of exceedance with spectral acceleration for the
two selected periods. The results are summarized below:

Spectral
Period

(seconds)

Spectral
Acceleration

Level

Expected Annual
Probability of
of Exceeda~ce

(10 )

90-Percent
Confidence
Level of Annual
Probability of
Exceedance (10 )

0.125 OBE-0.45 g
SSE-0.90 g

4.0
0 ~ 92

8.9
2.3

0. 40 OBE-0. 53 g
SSE-l. 06 g

1.7
0. 29

3.5
0. 77
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The Umtanum Ridge-Gable Mountain structural trend dominates
the contribution to the probabilities of exceedance of
spectral accelerations, as it does for peak acceleration. For
spectral accelerations at 0.125 seconds, the Umtanum Ridge-
Gable Mountain structural trend contributes 84 percent of the
seismic exposure for the OBE and 93 percent. for the SSE. For
spectral accelerations at 0.40 second, this source contributes
74 percent of the exposure for the OBE and 86. percent for the
SSE.

2. 5K. 8. 3 Discussion of Results and Sensitivit
Because probablistic'istributions are incorporated for all
the key input parameters to this seismic exposure analysis,
the sensitivity results to variations in parameter values is
basically self-contained within the analysis. The sensitivity
of the results to variations in source definition (segment-
ation, capability, tectonic model, fault. geometry, and maximum
magnitude) can be evaluated by the distribution defined by the
logic tree. The sensitivity to variations in recurrence

can'e

evaluated by the distribution for recurrence. Summarized
below are the standard deviations in the probabilities of
exceeding 0.25', due to (1) variations in source definition,
and (2) variations in both source definition and recurrence:

Standard Deviation
of Annual Probability
of Exceedin 0.25 (10 .

)

~ Potential Source

Expected
Annual

Probabilities
of Exceeding
0.25 (10 +)

Due to
Variations
in Source
Definition

Due to
Variations
in Source
Definition
and Recurrence

Umtanum Ridge-
Gable Mountain 1 ~ 0 0.5 1.2

Rat tlesnake-
Nallula Alignment

Horse Heaven Hills
Rattlesnake Hills
Yakima Ridge

Saddle Mountains

Total Exposure

0.06

0.004

0 '03
0.002

0. 01

0 ~ 07

0.01

0. Ol

0. 006

0 ~ 02

0 '1

0. 11

0.02

0. 02

0-008

0. 03

1.2
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The tabulated values indicate that, except for the Umtanum
Ridge-Gable Mountain structural trend, the variations in
source definition have the predominant impact on the
dispersion in the computed probability of exceeding 0.25 g.
For the'mtanum Ridge-Gable Mountain structural trend,
variations in source definition have a relatively smaller
impact on the computed exposure values; the primary source of
dispersion in exposure for this source is variation in the
recurrence rate. As the Umtanum Ridge-Gable Mountain source
contributes most to the total site exposure, the total
exposure is not as sensitive to variations in source
definition as to'variations in recurrence.

The reason for the relatively small impact of source
definition on exposure is illustrated by examining the
contributions to the computed probability of exceedance from
various magnitude bands. These are summarized below:

Percenta e of Contribution to Annual Ex osure

Magnitude
Ran e SSEOBE

Peak Acceleration and
Spectral Acceleration
at T = 0.125 second

SSEOBE

Spectral Acceleration
at T = 0.4 second

>4-5

>5-6

>6-7

68

22

70

20

58

30

12

51

30

18'7

As can be seen, 70 percent of the exposure for peak
acceleration results from the occurrence of events of
magnitude greater than 4 to 5. For spectral accelerations at
a period of 0.40 second, 50 to 60 percent of the exposure
results from the occurrence of magnitude 4 to 5 events. This
is due to the short distance between the site and the Gable
Mountain-Southeast anticline segment (approximately 7 km). As
the smaller-magnitude events contribute most of the exposure,
there is only a small sensitivity of the total results to the
choice of maximum magnitude on the Gable Mountain-Southeast
anticline segment. Although the choice of maximum magnitude
has a larger impact on the exposure from the other five
sources, they contribute little. to the total exposure.
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Zn this seismic exposure. analysis,. equal weight has been given
to the contribution of. small-magnitude and, large-magnitude
earthquakes. in calculating the probabilities of exceedance.
However,, small-magnitude earthquakes, especially in the range.
of magnitude 4 to 5„ have less engineering significance than
large-magnitude earthquakes'ecause of'heir short. duration
and. low-energy content: Analyses. that give. less weight to the
small.-magnitude earthquakes because: of their, lesser potential,
effects would. substantially 'decrease the. contributions of these
earthquakes and. reduce the total seismic exposure.. Consequent-
ly, the: present analysis is a conservative assessment of the
probabilities: of exceedance for; ground'otions of engineering.
significance

'c ex osure analysis; described herein was conducted
site.. The WNP-1/4 plants. are located

x'tel 1. km, to. the east: of the
pp ~ 1 th ke sources from the WNP 1/4

tl different. than. the distances fromof the otentia ear qua
plants; are not significantly di eren a .

the WNP-2. plant, Therefore, the. seismic exposure-

essentially the same. at: all three plants.
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TABLE 2s5K-1

PARTICIPANTS IN ASSESSMENT OF SUBJECTIVE PROBABILITIES

Washin ton Public Power Su 1 S stem

W. Kiel
Geolo Advisor Board

H. Coombs
G. Davis
R. Smith
D. Tillson
Northwest Ener Services Com an

J. Kearnes
D. Caldwell — Golder Associates
G. Antonnen — Golder Associates

Consultants to WPPSS

R. Bruhn

Woodward-Cl de Consultants

J. Black
L. Cluff
K. Coppersmith
W. Foxall
D. Gross
D.. Hitchcock
W. Savage
D. Schwartz
F. Swan
R. Wagner
D..West

Others

E. Price



WMP-2

TABLE 2.5K-)

AHEMDHEMT HO. 18
September 1981

MAXIMUM EARTHQUAKE HAGMITUDE DISTRIBUTIONS
FOR POTENTIAL SEISMIC SOURCES

Magnitude

Potential Source 4.25 4.5 4.75 5.0 5.25 5.5 5.75 6.0 6.25 6.5 6.75 7.0 7.25 7.5

Gable Htn.-South- 0.15 0.36 0.40 0.54 0.66 0.66 0.75 0.76 0,77 0.83 0.87 0.91 0.98 1.0
East Anticline

Umtanum Ridge
Eastern

0+ 15 0.17 0.17 0.37 0.$ 7 0.49 0.64 Oo76 0+76 0.82 0.87 0.90 0.98 1.0

Umtanum Ridge
Central

Umtanum Ridge
Western

RAN-Ra t tlesnake
Mountain

015 Oo17 017 037 0+49 0+64 06$ 076 079 083 087 093 093 10

0.15 0.17 0.17 0.3$ 0.47 0.49 0.49 0.6$ 0. f6 0.82 0.86 0.90 0 93 1.0

0 12 0 ~ 21 0 ~ 35 Oogl 0 61 0 76 0 85 0 97 1 0

RAW-Ra t tlesnake
Wallula

RAW-Wallula

Saddle Hountains

0.09 0.16 0.18 0.19 0.23

0.04 0.04 0.12 0.18 0.21 0+23

0.24 0.24 0.47 0.56

0. 43 0. 62

0.63 0.72

0. 43 0. 56 0. 83 0. 86

0. 83 0. 86

0.81 0.88

1..0

1.0

1.0

Rattlesnakeflills
Yakima Ridge

Horse Heaven
Hills

0. 36 0. 60 0. 65

0.18 0.36 0.60 0.65

0.18 0.36 0.60 0.67

1.0

0.70 0.79 0. 84 0. 84 1.0

0.76 0.83 0.84 0.95
,

1..0

0.70 0.79 0.84 0.84

Mote: The value for the cumulative distribution function (CDF) is given for each magnitude, The CDF value at any given
magnitude expresses the probability that the maximum magnitude is less than or equal to the given magnitude. The
median of the CDF is the 0.5 probability level.
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TABLE 2. 5K-3

PROBABILITY OF OBSERVING LARGE-MAGNITUDE EVENTS

Recurrence
Interval for
Magnitude >7.0 Probability of Observing x or Fewer Events

in 8 trials, in 10,000 Years

3 4 5 6

10,000

30,000

115,000

300,000

0. 0003

0. 069

0. 50

0.=.77

0.86 0.98

0.97 '1.0
1.0

0.005 0.033 0.13 0.33 0.61 0.86

0.29 0.59 0.83 0.95 0.,99 1.0
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TABLE 2.5K-4

MEAN NUMBER OF EVENTS OF MAGNITUDE GREATER THAN 4.0
ON PROPOSED SOURCES

Source/Source Se ment

Umtanum Ridge-Gable Mountain
Structural Trend

Gable Mountain Segment*

Length
(km)

144

39

Parameter A
No. of Events
Magnitude >4.0

Per Year (x 10

9.9

2.7

Umtanum Ridge, East Segment* 32

Umtanum Ridge, Central Segment* 30

Umtanum Ridge, West Segment* 43

Rattlesnake-Wallula Alignment 115

2.2

2.1

3.0

7.9

Rattlesnake Mountain Segment*

'attlesnake-WallulaSegment*

Wallula Segment*

Horse Heaven Hills
Rattlesnake Hills
Yakima Ridge

Saddle Mountains

20

50

45

155

60

60

90

1.4

3.4

3.1

10. 6

4.1

4.1

6.2

* Segment of Larger Source
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APPENDIX 2.'5K — ATTACHMENT A

ATTENUATION RELATIONSHIPS

2.5K.Al INTRODUCTION

The objective of the studies described herein is to selectfree-field ground motion attenuation relationships for use in
the seismic exposure analysis. Attenuation relationshipsdescribe the variation of a ground motion parameter with
distance from the 'arthquake source and earthquake
magnitude. In the seismic exposure analysis, maximum
earthquake magnitudes as large as 7.,5 are permitted in some of
the scenarios. The lowest earthquake magnitude considered inthe analysis is magni,tude 4, which is considered to be thesmallest earthquake of potential engineering significance tothe plant. Therefore, the attenuation relationships cover the
magnitude range of 4 to 7.5. (Magnitude is defined herein assurface-wave magnitude (MS), because the correlations used to
estimate maximum magnitudes on sources, considered in the.seismic exposure analysis are primarily based . on MSmagnitudes.) The sources considered in the exposure analysis
vary in distance from the site from about 5 to -100 km.
Therefore, the attenuation relationships are applicable forthat distance range.. (Distance, as utilized herein, isdefined as the closest distance from the ruptured fault to thesite) .

Attenuation relationships are selected for peak groundacceleration (zero-period acceleration of a response
spectrum) . Attenuation relationships are also selected for
response spectral accelerations for 2-percent damping forperiods equal to 0.125 second and 0.40 second.

2.5K.A2 APPROACH

The attenuation relationships are selected on the basis of
examination and statistical analysis of empirical dataconsisting of strong motion data recorded during historical
earthquakes. In developing a data base and selectingattenuation relationships, consideration is given to the

'redominantsense of displacement (type of -faulting)
associated with tectonic models of the Columbia Plateau and totne- subsurface -conditions at the plant site. The predominant
type of faulting is reverse faulting; data from reversefaulting events are util.ized to constrain attenuationrelationships for MS approximately equal to 6.5, for which
abundant strong motion data for a reverse faulting eventexist. The subsurface conditions at the plant site consist of
approximately 160'm of sediments of varying stiffness above

2 ~ 5 K-Al
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basalt- bedrock. The presence of relatively thick soil layers
at the plant site is considered by using a data base of
recordings from soil sites rather than rock sites.
As described in Section 2.5K.7 of this appendix, a theoretical
wave .propagation and modeling study has been conducted to
supplement the empirical data analysis by analyzing the
attenuation characteristics of the crustal structure in thesite vicinity. This study indicates that the basalt layeringin the Columbia Plateau may have the effect of significantly
reducing site ground motions in comparison to locations inCalifornia where the great majority of empirical data have
been recorded. However, for the present analysis, thesetheoretically predicted attenuation effects of the Columbia
Plateau crustal structure have been conservatively neglected.
Details of, the methodology and the results are contained in
subsequent sections of this attachment.

2.5K.A3 PEAK GROUND ACCELERATION

The general approach to selecting attenuation relationships
for peak ground acceleration consists of (1) detailed analysisof data and development of an attenuation relationship for MSapproximately equal to 6.5; and (2) extension of the results
to . larger and smaller magnitudes by examination of data,
previous studies, and judgment.

The strong motion data base that is apparently most applicable
to the predominant type of faulting postulated for

the-'olumbiaPlateau is that from the 1971 San Fernando earthquake
(ML 6..4', MS 6.6), a reverse faulting event. Records from this
earthquake that were obtained from the ground floor level of
buildings or instrument shelters situated on soil deposits and
located within 100 km from the ruptured fault are utilized as
a primary data set. This data set is identified in Table
2.5K-Al, and horizontal acceleration values are plotted versus
distance in Figure 2.5K-Al. Regression analyses of the data
are made using an equation of the form:

ln a = Al + Bln (R + C), or,
a = A'1 (R + C)

(2.5K-A1)

where a is a peak horizontal acceleration, R is closest dis-
tance; and Al, A'1 and B are regression coefficients; and C is
a constant.

A value for the parameter C that is greater than zero provides

2 ~ 5K-A2
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a curvilinear relationship between a and R, with the result
that a tends to level of'f at small values of R. Although a
curvilinear relationship is well founded in many published
attenuation relationships (e.g., Joyner et al., 1981; Schnabel
and Seed, 1973; Donovan and Bornstein, 1978), the choice for
the value of the parameter C cannot be uniquely determined by
regression analysis of the data in Figure 2.5K-A1. A value of
C = 20 is selected on the following basis: the standard
deviation from the regression analysis shows a continuous
slight decrease as C increases from zero to values as large as
35, and the predicted accelerations using C = 20 are conser-
vative in comparison to using higher values of C; accelerogram
simulation studies (Hadley et al., 1979) suggest that a value
of C approximately equal to 20 is reasonable for magnitude
6.5. Using C = 20, the following equation is obtained for the
median value of a:

a d 182 (R + 20) -1. 87 (2. 5K-A2)

The standard deviation, S, of ln a from the regression analy-
sis is equal to 0.35. For the assumed log-normal distribution
of a, the median (50th percentile), mean, and. the 84th percen-tile values of a are related as follows:

amean amede
S 2/2 (2.5K-A3)

a84th = amede S (2 ~ 5K-A4 )

Figure. 2.,5K-A1 shows the median and the 84th percentile curves
obtained from the regression analysis, superimposed on the
data.,

As noted previously, the data base used for the above analysis
consists of recordings from the ground floor of buildings or
instrument shelters. This selection criterion excludes
recordings from basements. To test the sensitivity of
excluding the records from basements, an analysis was made in
which the records from basements were included. Thus, this
data set included all data recorded on soil sites during the
San Fernando earthquake within 100 km of the earthquake
source. This data set is summarized in Table 2.5K-A2 and is
plotted in Figure 2.5K-A2. The results of a regression
analysis .of the data set are shown in Figure 2.5K-A2. The
median and 84th percentile curves are compared with those
obtained from regression analysis of the primary data set in
Figure 2.5K-A3. The results in Figure 2.5K-A3 indicate that
the basement recordings may provide a downward bias on peak
acceleration values and that it was conservative to exclude
these records in developing the attenuation relationship given
in Equation (2.5K-A2).

2. 5 K-A3
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A sensitivity analysis was also made in which data from other
earthquakes of M~ approximately equal to 6.5 were included.
Consistent with Khe primary data set, data for this analysis
consisted only of records from the ground level of buildings
and instrument shelters situated on soils sites located within
100 km of the earthquake " source. The resulting data set
essentially consists of the San Fernando earthquake primary
data base plus records f'rom the 1979 Imperial Valley earth-
quake (MI 6.6, MS 6.9). A single record from the 1954 Eureka
earthquake (Mz 6.5g MS 6.6) also fit the selection criteria
and was inclu8ed in this data set. The type of faulting fortne'979 Imperial Valley earthquake and for the 1954 Eureka
earthquake is predominantly strike-slip in comparison to
reverse faulting for the San Fernando earthquake. Inclusion
of the Imperial Valley earthquake data in this analysis for Mz
approximately equal to 6.5 is conservative since the MS oK
that earthquake is 6.9.

The data from tne Imperial Valley and Eureka earthquakes are
shown in Table 2.5K-A3 and are plotted along with the primary
data set from the San Fernando earthquake in Figure 2.5K-A4.
The results of a regression analysis of this combined data set
are shown in Figure 2.5K-A4 . as median and 84th percentile
curves. In Figure 2.5K-A5, the results of this regression
analysis are compared with those shown in Figure 2..5K-A1 for
the primary San Fernando earthquake data set. The comparisons
in Figure 2.5K-A5 indicate that it was conservative .to exclude
the data from the strike-slip events in developing the
attenuation relationships for MS = 6.5..

2.,5K.A3.,2 Generalized Relationships for All Ma nitudes

An attenuation relationship of the following form is utilized
to describe the variation of peak ground acceleration with
both magnitude and distance

ln a = A2 + D MS + Bln (R + C), or,

a = A'D MS (R+ C)B2 (2. 5K-A5)

where C = cl e 2 S (cl and c2 are constants), A2, A'2 and D are
constants, and other parameters are as defined previously.
By using the previous results for MS = 6.5 (Equation 2.5K-A2)
and by examining the data for other magnitude earthquakes in
the approximate range 4 < MS < 7.5, the following
relationships have been selected for tEe median value of a:

for MS > 6:

2. 5K-A4
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am d 0.1,54 el.l MS (R + C)-1.89
med (2. 5K-A6 )

where C = 0.455 e0.582 MS

and for MS < 6.:

0 154 el.l MS (R + C)-1.89
med (2..5K-A7 )

where C = 0.714 e0.507 MS

Note that for MS = 6..5, Equation (2.5K-A6) results in
accelerations that are essentially equal to (slightly higher
than) accelerations from Equation (2.5K-A2), which was the
direct result of the regression analysis of the MS = 6'5
primary data set.. Equations (2.5K-A6) and (2.5K-A7) are used
in the seismic exposure analysis. The selected attenuation
relationships of Equations (2.5K-A6) and (2.5K-A7) are plotted
for one-half magnitude bands, from MS = 4 to 7.5, in Figure
2. 5K-'A6 ~

The following relationships have been adopted between the
standard deviation, S, and NS for the seismic exposure
analysis:,

For MS > 6,

-(ln a) 0:70 0 05 MS

and for MS < 6<

S(1 )
= 1.402 — 0.167 MS

( 2. 5 K-A8 )

(2. 5K-A9 )

For M~ = 6.5, Equation (2.5K-A8) results in a standard
deviation that is slightly higher than that obtained from the
previously described regression analysis for M~ = 6.5. The
relationships of Equations (2.5K-A8) and (2.5K-A ) reflect the
trend for increased scatter of peak acceleration values with
decreasing earthquake magnitude.

2.5K.A4 RESPONSE SPECTRAL VALUES

The approach- used in selecting attenuation relationships for
response spectral values is similar to that used for peak
accelerations. First, relationships are developed for MS
approximately equal to 6.5; the relationships are then
extended to cover all magnitudes.

2. 5K»A5
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2.5K.,A4.,1 Relationships for M A roximatel E ual to 6.5.

It can be seen in Figure 2. 5K-Al and Table 2. 5K-Al that many
accelerograms of the primary data set from the 1971 San
Fernando earthquake are in a narrow distance range (24 to 27
km). Statistical analyses are made of the response spectra
(2-percent damping) of these accelerograms to develop a median
spectral shape. The results of the statistical analyses are
presented in Figure 2.5K-A7. The adopted smooth spectrum
shape for MS = 6.5 is shown in Figure 2.5K-A7. for comparison
with the statistical results. The adopted shape is
conservative. The conservatism for low periods (less than
about O.l second) is to account for limitations in the strong-
motion data. processing procedures, which tend to filter out
some of the lower-period motions, and to account for the
possibility of greater low-period spectral amplifications at
distances closer to the earthquake source than the distances
for the data set used in the statistical analyses., It is
noted that the acceleration amplification of the adopted shape
(in the. period range 0.125 to 0.46 second) is equal to 3.2, in
comparison to the acceleration amplification of 2.74 presented
for soil sites in NUREG 0098 (U.S., Nuclear Regulatory
Commission, 1978 ) .

The seismic exposure analysis has been made for response
spectral accelerations at periods equal to 0.125 second and
0.40 second. Spectral acceleration attenuation relationships
for these periods are obtained by combining the amplifications
of the smooth spectrum shape shown in Figure 2.5K-A7, with the
peak, acceleration attenuation relationship given by Equation
(2.5K-A6) for MS = 6.5.. The resulting attenuation relation-
ship (applicable to both periods) is:

SA d 628 (R + 20)-1.89
ed (2. 5K-A10)

where SA is spectral acceleration (in g's) at periods, T,
equal to 0.125 and 0.40 second.

From examination of the statistical results,- the standard
deviation of the prediction of ln SA is estimated to equal 0.4
for T = 0.125 second and 0.45 for T equal to 0.40 second.

To test the adopted attenuation relationship given in Equation
(2.5K-A10), regression analyses (similar to those made for
peak acceleration) were made for response spectral
acceleration at periods of 0.125 second and 0.40 second for
the data in the primary. data set (Table 2.5K-Al). The results
of these analyses indicate that Equation (2.,5K-A10) provides a
conservative prediction of SA in comparison to the regression
results.

2 ~ 5 K-A6
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2.5K.A4.'2 Generalized Relationships for All Magnitudes

The attenuation relationships for response spectral ordinates
developed for M< = 6.5 are extended to larger and smaller
magnitudes based on the general approach and the guidelines
described below. The extension of response spectra from
MS = 6.5 to other magnitudes required the following:
(l) Relationships between peak acceleration for magnitude M

and magnitude 6.5 (i.e., a(t<5)/a(6.5) ) as a function o
distance.

(2) Relationships between response spectral shapes for
magnitude MS and magnitude 6.5 [i.e. (SA/a)MS/(SA/a)6.5]
as a function of period.

Given the above relationships,, the response spectra for MS 6..5
can be readily extended to any other magnitude MS using .thefollowing relationship::

SA(MS) = SA(6.5) x [(SA/a)MS/(SA/a)6.5)] x [a(MS)/a(6.5)]
With regard to item 1 above, the ratio a(MS)/a(6..5) at anydesired distance is based on the relationships .given byEquations (2.5K-A6) and (2.5K-A7).

~ v7ith regard to item 2 above (i.,e, the effect of magnitude on
response spe'ctral shape), based on the examination of avail-
able data and judgment, , the following guidelines were
developed:

(1) For earthquakes with MS less than 6.5, in the period
range zero to 0.2 second, the normalized responsespectral ratios, (SA/a)MS/(SA/a)6.5, are constant and
equal to unity. Therefore, the response spectral
accelerations, SA(MS), are proportional to the

peak'roundacceleration, a(MS).

(2) For earthquakes with MS less than 6.5, the normalized
response spectral ratios, (SA/a)NS/(SA/a)6.5, are less
than unity for periods greater than 0.2 second, the ratio
decreasing with increasing period.

(3) For earthquakes with MS greater than 6.5, the normalized
response spectral ratios, (SA/a)MS/(SA/a)6.5, areconstant and equal to unity for periods up to .0.4
second. Therefore, the response spectral accelerations,
SA(M<), are proportional to the peak ground acceleration,

(MS

By using the previous results for MS 6.5 (Equation 2.5K-A10),

2 ~ 5K-A7
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guidelines 1 and 3 above, and guideline 2 above (with
appropriate reduction factors for periods greater than 0.2
second, the following relationships are obtained for the
median values of SA:

\

for MS ) 6; and for periods 0.125 and 0.40 second:

(SA) 0 493 el'1 MS (R + C)-1 ~ 89 (2.5K-All)
where C = 0.455 e0'

for MS < 6; and for period 0.125 second:

( SA) 0 493 el. 1 MS (R + C) -l. 89

where C = 0.7135 e S

(2..5K-A12)

for MS < 6; and for period 0.40 second:

(SA) d 0 .0838 el'395 MS (R + C)-1.89

where C = 0.7135 e0'
(2.5K-A13)

Note that for MS = 6.5, Equation (2.5K-A11) reduces to

(SA)med = 628 (R + 20)

which is identical to Equation (2..5K-A10).

The spectral acceleration attenuation relationships given by
Equations (2.5K-All) through (2.5K-A13) are plotted in Figures
2.5K-A8 and 2.5K-A9 for periods of 0.,125 second and 0.40
second, respectively.
For the reasons described previously, Equation (2.5K-A10)
provides a conservative prediction of SA for'the periods 0.125
and 0.40 second. Therefore, the relationships derived byextending Equation (2.5K-A10) to other magnitudes also
contains the conservatism inherent in Equation (2.5K-A10).
The appropriateness and conservatism of the selectedrelationships have been substantiated by comparing the
spectral values predicted by Equations (2.5K-A12) and (2.5K-
A13) at periods 0.125 and 0.,40 second,'. respectively, for
magnitudes in the range 4 to 6, to the available data for
recordings from earthquakes in this magnitude range, inparticular the 1975 Oroville earthquake aftershocks, and the
1979 Coyote Lake earthquake.

The standard deviation, S, of ln SA is described by equationssimilar in form to Equations (2.5K-A8) and (2.5K-A9) for peakacceleration. The following relationships between S for

2. 5K-A8
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spectral acceleration and MS are adopted for the seismic
exposure analysis:

For T = 0.125 second,

MS > 6g

S(6
(ln SA) = 0.75 — 0 '5 MS (2 ~ 5K-A14)

S(ln SA) = 1.452 — 0 '67 MS

For T = 0.40 second,

(2.5K-A15)

MS > 6,

S(ln SA) = 0.80 — 0 '5 MS

MS ( 6

S(ln SA) = 1.502 — 0.167 MS

(2. 5K-A16)

(2. 5'K-A17)~

Equations (2.5K-A14) through (2.,5K-A16) describe somewhat
higher standard deviations than the standard deviations for
peak acceleration (Equations (2.5K-AG) and (2.5K-A9) j. The
higher standard deviations for response spectral valuesrelative to those for peak acceleration have been estimated
based on the statistical analyses of data for MS = 6.5..

2 ~ 5K-A9
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1.1 INTRODUCTION

Spatial variations in the earth's gravity field can be used
to constrain models of the distribution of density inside
the earth. Therefore, gravity maps provide information on
(1) rock types that exist below the surface of the earth,
(2) their size, and (3) their three-dimensional shape even
though complete Ly hi dden. Not only can the presence of
certain fauLts be detected, but their displacements within
Limitations can be measured. In favorable circumstances,
even the nonexistence of faults can be demonstrated
unequivocalLy (also within the Limits of resolution posed by
station spacing and various sources of noise).

The value of g
elevation and
The geo Logi c i
separating thi
term.ed the res
Large gradient
masses. The s
primari Ly by t

ravity~ after removing the known effects of
Latitude, is termed Bouguer gravity anomaly.
nterpretation of gravity is facilitated by .

s Bouguer anomaly into two parts. One part,
iduaL gravity anomaLy, contains relativeLy
s and i s due solely to reLatively shaLLow
econd part, regiona L anoma Ly~ i s caused
he relatively deeper masses.

2.1 SUMMARY AND CONCLUSIONS

2.1.1 GENERAL

Gravity data for about 85~000 stations in Washington,
Oregon, and parts of adjacent Idaho and British Columbia
were compiled and adjusted to a common datum. Within the
areas of the Hanford 1o and Pasco-WaLLa Walla maps, the
foLLowing new gravity stations were estabLished: 2,000 for
the Supply System; 10,000 for Northwest Energy Servi-ces
Company.

Three sets of maps were prepared with different contour
intervaLs and different scales. Each set consists of a
totaL, a residuaL and a regionaL Bouguer anomaly map. The
data for each map are given in TabLe 1.

Gravity anomalies correLate weLL in many areas with
geographic features, mapped geologi c rock types and
structur es, aeromagnetic anomalies, and epicentraL
distribution of earthquakes. However, not every feature in
each fieLd has an expression in the gravity map nor does
every feature in the gravity map correspond to some feature
in each of the other maps.

2. 5L-1
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2.1.2 HANFORD

The Hanf ord 1o
to 120o07

1/2'6o48'orth

L

corner, Ginko
(Figures 2, 4,
Hanford Reserv
intervaLs.

1o AREA (FIGURES 1 THROUGH 5)
I

maps (Figures 1 — 5) extend from
119o00'est

Longitude and from 46o7 1/2'o
atitude. Pasco is situated in the southeast
State Park in the northwest corner. The maps

and 5) show the gravity anomalies for the
ation and- environs at 1 or 2 mgaL contour

Contours on a relatively steep gravity gradient trend
paraLLeL to the Columbia River from Taylor FLats to White
BLuffs, a distance of approximately 16 kilometers (Figures 2
and 3). This feature is due primari Ly to the use of 2.67
gm/cm3 for the density in preparation of the Bouguer
gravity maps when the density of the materiaL east of the
river above the basalt is Less. It is an artifact and does
not indicate geologic structure.
In the region 0 ~ 6 kilometer south of Gable Butte/Gable
Nountains, a known bedrock high produces a smaLL positive
residua L gravity anoma Ly.

The gravity anomaly associated with the Rattlesnake HiLLs
anticline can be used to constrain estimates of the maximum
verticaL displacement of the smaLL faults which have been
mapped geologicaLLy at the surface. ALthough no feature in
the gravity data indicates the presence of a fault at the
base of the basalt, the minimum recognizable verticaL
displacement is approximately 100 meters. The minimum
recognizabLe horizontaL dispLacement (discussed in section
Pasco-Walla WaLLa area) is 2-3 ki Lometers. Both estimates
are Limited by the resolution of the gravity method. The
actua'L va Lues of di splacement could be zero.

2.1.3 PASCO-WALLA WALLA AREA (FIGURES 8 THROUGH 18)

This area is bounded by 117o and 121o west Longitude and
by 45o and 47o30'orth Latitude and includes the
Hanford 1o area.

A strong gravity anomaly i s associated with the Wallowa
Nountains. The rocks of the Wallowa Nountains probably
extend westward in the subsurface below the Columbia basaLts
to the eastern edge of the Grande Ronde Va L Ley.

The Grande Ronde Valley is coincident with a gravity Low.
The gr avity Low in Grande Ronde Valley is interrupted in
many Localities by smaLL residuaL gravity anomalies of smaLL
areaL extent.

2.5L"2
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The BLue Mountains AnItic line i s mar'ked by prominent gravity
anomalies " a gravity Low north of Grande Ronde and a

gravity high near Ukiah~ Oregon. The rock that forms the
core of this anticLine therefore changes type along the axis
of the anticline.
The prominent gravity gradient that is apparent in the totaL
Bouguer anoma Ly map and extends northeaster Ly across the
area f rom Fossil, Oregon, to Tekoa, Washington, is most
Like Ly not ref Lective of structure. The residuaL gravity
anomaLy map supports the opinion that this apparent feature
is due to the Locations of several different anomaLous
masses.

Neither the Pasco Basin nor the Quincy Basin correlates with
any obvious residuaL gravity anomaly. Either the density
contrasts of the materiaL fiLling the basins do not differ
significantLy from the surrounding basaLt or the materiaL is
quite thin. The eastern and western margins of both basins
and the northern boundary of the Quincy Basin coincide
approximate ly with the edge of a buried rock mass, termed
Layer 2 and discussed below.

The gravity maps (Figures 9 and 11) show that a relatively
dense rock mass under Lies the CoLumbia Plateau basalt
(Fi gure 1'2) . The surface Layer, termed Layer 1, is
relatively thin (0 to 2 km), extends over a Larger
geographic area, and apparently completely covers the Lower
body termed Layer 2. The presence of several geologic
structures (such as the Chiwaukum and Republic grabens).
below the upper Layer and outside Layer 2 can be recognized
f rom the gravity maps. Layer 2 is much thicker than the
upper Layer 1, i s. rough Ly tabular (NS dimension, 93
kilometers, and EW dimension, 47 ki Lometers) and has two
subsurface Lobes on i ts southern end. One Lobe extends SW

for approximately 31 kilometers. The other Lobe extends
from WaLLula to WaLLa WaLLa, a distance of about 31
kilometers also. The gravity expression for Layer 2 appears
to be quite uniform and the edge appears to have been
unbroken by any significant strike-slip faulting or other
geologic structures since the Layer was formed. Layer 2 is
inferred to consist of extrusive rocks that filled an
elongate subsiding basin.

The western edge of Layer 2 is the source of a prominent
gravity gradient that trends almost north-south for 50
kilometers, extends from south of Toppenish Ridge to north
of Quincy (WA). The anomaLy passes about 9 ki Lometers east
of Yakima and i s extraordinari Ly straight. Models have
been used to obtain an upper bound on the horizontaL

2.5L-3
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displacements of any potentiaL faults that may have occurred
since the time of emplacement of Layer 2 (Figures 19 and
20). With the present station spacing, the maximum
horizontaL displacement that could have occurred on any
fault, or could have been distributed over any fauLt zone
crossing the feature, is 2-3 kiLometers. This conclusion is
independent of the origin of the anomaLies, the age of the
rocks that occur in the area, and specific models of the
distribution of density. Models also yield additionaL
constraints on the timing of any horizontaL dispLacement.
The minimum time span would be 17 m.y. (the age of the
oldest basalt of the area) and the maximum .time span could
be as old as the age of basement rocks.

The OLympic-Wallowa Lineament (OWL) proposed by Skehan and
others (1965) previously as a major crustaL (and possibly
mantLe) structure is at most a very minor feature if it
exist's at al L. Neither residuaL gravity anomaLy nor gravity
Linear i s associated with it. It wouLd cross necessari Ly
the western edge of the Lower Layer 2, but does not produce
any obvious disruption 'of that body. The maximum verticaL
displacement that can be discerned by this data set is 300
feet and is Located, in the vicinity of Pasco. Maximum
horizontaL dispLacement during the past 17 m.y. (and
possibly much Longer) that can be discerned with this data
set is 2-3 kiLometers.

Known geologic structures that correlate with gravity
anoma lies inc Lude the Yakima Basin, Badger Mountains
Antic line, and a structure north of Crab Creek (Frenchman
HiLLs). A few prominent features in the gravity map do not
appear to correLa'te with any known geologic features.
'2.1;4 PACIFIC NORTHWEST AREA (FIGURES 22 THROUGH 25)

This Large geographic area extends from 117o west
Longitude to the Pacific coast and f rom 42o to 52o north
Latitude. It incLudes Oregon, Washington, and parts of
British Columbia and Idaho. In this area, most gravity
anomalies and many gravity Linears appear to corr elate weLL
with mapped rock masses and geologic structures.

A strong fabric is present in the gravity maps and is
attributed to the present geologic fabric of the area. The
trend of the fabric, as weLL as the pattern, differ
significantLy east and west of a north-south Line that
coincides approximate ly wi th the Straight Creek Fault and
its extensions. It is a 'distinct possibility that the
Straight Creek Fault may be the surface expression of a
fundamentaL crustaL (and possibly upper mantle) structure.

2. 5L-4
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2.1.5 COMPARISON OF GRAVITY WITH SEISMICITY AND AEROMAGNETIC
ANOMALIES

I

Earthquake epicenter maps and aeromagmetic anomaly maps have
been compared with the gravity maps for Hanford 1o and
Pasco-Wa l la Walla areas.

Examples of the more prominent features present on both the
gravity and aeromagnetic maps are the foLLowing: (1) the
WaLLula-Walla Walla gravity Linear (due to the postulated
Walla Walla Lobe of the Lower basalt body) and a significant
change in the character of the magnetic field; (2) a north
northwesterLy trending, broad gravity (gradient) Linear that
passes near Ice Harbor Dam and prominent magnetic Linears
(which have been attributed to dikes) (Swanson et aL, 1978);
and (3) gravity and magnetic anomalies at Horse Lake
Mountain (ca. 10 kilometers west of Wenatchee).

The Saddle Mountains are marked by seismicity and magnetic
anomaLies but have no significant gravity expression on east
and centraL sections. The magnetic anomaLy can be traced
continuous Ly to anoma Lies east of Pasco that do not
correLate with a Linear-trending gravity anomaly. Our
interpretation of the relationships indicates that the
seismic activity aLong the Saddle Mountains should be
confined to that structure.
ExampLes of aseismic features that have gravity expressions
are the Blue Mountains Anti cline and a prominent gravity
gradient that extends from Fossil, Ore, to Tekoa Ore.

'Some gravity anomalies appear to be associated with
sei smi ci ty. For examp Le, a dozen epi centers have been
Located near the boundary of the causative body of the
gravity anomaly centered on Little Goose Lock and Dam.

3.1 DATA BASE

The approximate number of stations and the number of
individuaL surveys for each set of maps are given in TabLe 1.

A complete Listing of the sources of all gravity data is
given in Table 2. The data compilations from secondary
sources (National Oceanographic and Atmospheric
Administration; Earth Physics Branch of the Dominion
Observatory; Oregon State University; and Dr. Frank Danes,
University of Puget Sound) were supplemented with data
obtained f rom additiona l primary sources. About 2,000 new
stations have been occupied by Weston Geophysical (1979a)

2.5L-5
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for the Supply System. An additionaL 8,000 stations
occupied by Weston Geophysical for Northwest Energy Services
Company have been included.

Because different surveys established at different periods
of time and with instruments of differing characteristics
may vary significantly, adjustments have been made in the
LeveLs of the individua l surveys to bring them into generaL
coincidence. These adjustments involved changing the
observed gravity for aLL stations in a sing le survey by an
amount that did not exceed a few milligals. No other
corrections were applied to individuaL stations except for
sign changes, that were obvious. For example, a station
with a vaLue of +60 mgaLs in the midst of two dozen stations
with values in the neighborhood of -60 mgals wouLd be
changed to -60.

A few stations were deleted. However, the criteria for
deletion di ffered for the three sets of maps. For the
Hanford 1o map, stations whose eLevations differed by more
than 100 feet from the eLevation shown on the most recent
avai Lable topographi c. map (15 feet or 7 1/2 feet) were
deleted. Approximately 200 stations estabLi shed by Peterson
(1965) were not used because of uncertainty in Locations
that exceeded 1,000 feet. Several stations that were
suspected of having incorrect values were reoccupied and new
values estab lished ~

The locations and e levations of the gravity stations
established for Northwest Energy Services Company (NESCO)
were surveyed and are be lieved to be accurate to at Least
0.1 feet. Because elevation and Latitude are the chief
sources of uncertainty in Bouguer gravity anomalies, the
NESCO stati'ons are considerab Ly more preci se than the othe r
stations. In addition, the spacing between NESCO stations
is rather smaLL. Therefore, aLL other stations within the
areas studied gravitationalLy for NESCO were deleted from
the data base used for the present study.

For the Pasco"Wa lla Walla map, those stations whose
eLevations differed by more than 1,000 feet from the vaLues
given on the most recent topographic maps and those stations
whose Bouguer gravity values differed by five mgals or more
f rom the value expected on the basis of adjacent stations
were not uti Lized. If such stations had been retained in
the data base without modificaion, they would have probably
resulted in single-point gravity anomalies that exceeded
five mgals (in the residuaL gravity anomaly). ALthough such
anomalies may be reaL, they appear to be unlikeLy and were

2. 5L-6
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eliminated f rom the present gravity maps. A few stations
whose va Lues were suspected of being incorrect were
reoccupied and new values estabLished.

For the Pacific Northwest map, only those specific stations
whose values differed by more than 20 mgals from the value .

expected on the basis of adjacent stations were deleted.

The quali ty and spacing of the data are therefore adequate
for the most part to contour maps of the ear th's gravity
field at intervals of one, two, and four mgals for the
Hanford 1o~ Pasco-WaLLa Walla~ and the Pacific Northwest
maps~ respectively. In the northeast corner of the Pacifi c
Northwest map area, the data are inadequate for four mgaL
coutours and the countours have been omitted in that region.

4.1 DATA REDUCTION

The Bouguer gravity anomaly at a given gravity station was
calculated from the foLLowing equation:

9BA = gOBS — gtheor — Ah + 25GPh + TC
where gBA = Bouguer anomaLy,

gOBS = observed gravity,
gtheor = theoreticaL gravityJ
A = rate of change of gravity with elevation,
G = universaL gravitationaL constant,
P = density, 2.67 g/m3,
h = elevation of the observation in meters,
TC = terrain correction.

The theoreticaL gravity is obtained from the equation

gtheor = 978i031-85 (1 + .005278895 sin2 p y 000023462
~ sin4 9 ) where 8 = Latitude.

\
The Bouguer anomalies were corrected for terrain effects i f
the originaL survey contained the numericaL values of the
terrain effects.
The Bouguer gravity field was separated into two parts
residuaL gravity and regionaL gravity anomaly. The regionaL
gravity anomaLy at a point was calculated to be the average
of the Bouguer gravity anoma Ly over a circular region of 80
kilometers diameter centered on the point. The residuaL
gt avity anomaLy was calculated as the numericaL difference
between the Bouguer gravity value at the point and the
regionaL gravity anomaly at the point ~ The effect of this
separation is to place the portion of the gr avity anomaly in
the residuaL gr avity anomaly map that corresponds to the
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effects of masses reLativeLy near the earth's surface and to
pLace that portion of the gravity anomaly in the regionaL
Bouguer gravity anoma Ly map that corresponds to masses that
may be Located at a greater depth in the earth.

5.1 OTHER DATA

The interpretation of gravity maps in terms of geologic
models was improved significantly by comparing the gravity
anomaly maps with maps of other types of data. More
specificaLLy, the seismicity map contained in the
WNP 1/4 PSAR, Amendment 23 (Washington Pub lic Power Supply
System~ 1977), the aeromagnetic maps and various geologic
maps (Washington Public Power Supply System~ 1977~ and
Swanson et aL~ 1977) were used.

6.1 INTERPRETATION OF GRAVITY MAPS

6.1.1 HANFORD 1o AREA

6.1.1.1 Introduction

Approximately 10,000 stations from 31 different surveys were
used. The average station spacing was 2 1/2 kiLometers with
variations from about 0.1 kiLometer per station in severaL
high density areas to as much as,10 kiLometers between a few
widely scattered stations. A significant fraction of the
DOE Hanford Reservation part of the area is now covered with
stations Located on grids with spacing of 0.6 ki lometer or
Less. Station Locations are shown in Figure 1.

Several new stations in the area were established in 1979 by
the Supply System. Three-fourths of the stations originaLly
estab lished by Peterson (1965) were used in the present
compi Lation. However the exact Locations of about 200 of
Peterson's stations could not be determined from his fieLd
notes with a precision of better than 1,000 feet and, were
therefore not used.

Approximately 8,000 new stations were established by Weston
Geophysical for the Northwest Energy Services Company
(NESCO) in 1980 and 1981. Most of those stations were
Located on the Hanford Reservation; a few of them were east
of the Columbia River and outside the Reservation.
Locations and eLevations were surveyed.

The precision of the Bouguer gravity anomaly at individuaL
stations depends upon the survey and is divided into three
groups. In the first group are the NESCO stations with a
precision of about 0.1 mgaL, a value determined by
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re-occupation of stations that are "common to two different
gravity profiles. No station within the area of the NESCO
stations on the Reservation established in other surveys was,
used in this study ~ In the second group are the Peterson
(1965) stations. They were Located at benchmarks and their
precision is judged to be at Least 0.25 mgaLs. In the third
group are aLL other surveys. The average precision of the
stations along high-density profiles is believed to be at
Least as good as 1/2 mgaL. In generaL, those profiles were
measured by a single field crew with a single gravimeter.
More wideLy scattered stations were established by various
indi vi dua ls wi th di fferent gravimeters, di fferent base
stations, and probably different values for the base
stations. The precision of the stations that were not
established along high-density profiles is believed to be no
better than 1 mgal.

6.1.1.2 Interpretation of TotaL Bouguer Anomaly in the
Hanford 1o Map Area

The Hanford 1o totaL Bouguer gravity anomaly map (shown in
Figure 2) has severaL prominent features in the gravity
field; they are shown on Figure 3. These features are
discussed in detai L in the s'ection on residuaL gravity
anomaly for the Hanford 1o map area.

6.1.1.3 Interpretation Reg iona L Bouguer Anoma Ly in the
Hanford 1 Map Area

The regionaL Bouguer gravity anomaly map, shown in Figure 4,
most LikeLy corresponds. to density contrasts at a depth of
20 kiLometers or more. For the preparation of this map,
gravity data in an area much Larger than the map shown on
Figure 4 were used. The totaL area (approximately 200
kilometers by 200 kiLometers) was centered on the area shown
in Figure 4. GentLe warping of a crustal discontinuity, at
a depth of 20 kiLometers or more, was considered sufficient
to produce the gravity anoma lies present in the regionaL
anoma Ly f ieLd. The regiona L gravity anoma Ly shown in
Figure 4 is consistent with the regionaL gravity anomaly
calculated previous Ly (WPPSS, 1977) and therefor e no
additionaL interpretation or modeling was done.

6.1.1.4 Interpretation of Residual Bouguer Gravity
Anomalies in the Hanford 1o Map Area

The interpretation of the residual gravity anomaLies was
made from the residuaL gravity map, shown in Figure 5 and
from the totaL Bouguer gravity map shown in Figure 2. In
Area A (Figures 2 and 5) contours on a steep gradient trend
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appear generaLLy to paraLLeL the Columbia River from the
southern end of Taylor FLats to the northern end of White
BL'uffs, a distance of approximately 16 ki Lometers. This
feature is most Likely an artifact of the hormal preparation
of a Bouguer gravity anomaly map using a standard density of
2.67 gm/cm3. The topographic surface of the Land east of
the river is 500 to 600 feet above the topographic surface
of the Land west of the river. The known surface geoLogic
section, east of the Columbi a River, consi sts primari Ly of
siltsi sands, and gravels of the Ringold Formation; some
Pasco graveLs; and possibly the Touchet Formation. The
density of drained samples of this materiaL is estimated to
be 2 0 to 2 3 gm/cm3. Thus, the four to five mgaL
residuaL gravity anomaLy with a steep gradient along the
Columbia River from Taylor FLats to White BLuffs is most
Likely due chief Ly to the difference between the vaLue of
density used for the preparation of the Bouguer gravity
anoma Ly maps and the actuaL density of the materiaL
in-situ. An eLevation difference of 534 feet and density of
2.0 gm/cm3 wouLd produce a gravity Low of five mga ls on a

Bouguer anomaly map prepared with a density of 2.67 gm/cm3.

In order to verify the foregoing hypothesis that the feature
seen in Area A is in fact due to an artifact of the
preparation of the gravity maps and not due to buried
structur e on, or in, the basalts, the effects of various
"true densities" were calculated along a profile in the
vicinity of Taylor FLats. They are shown in Figure 6. For
densities of the sediments and sedimentary rocks that are
present on the east side of the CoLumbia River and occur
between the highest e levation within a few kiLometers east
of the river and the Lowest elevation within a few
kilometers west of the river of 2.00 to 2.24 gm/cm3 the
maximum effect ranges f rom 4.0 to 1.5 mgals. Nost of the
residuaL anomaly is therefore attributable to the Low
density of the sediments and sedimentary rocks. In
addition, on the basis of dri L ling done f'r NESCO by Golder
Associates, Inc. and of interpretation of detailed gravity
maps (scale of 1:12,000) done for NESCO by Weston
Geophysical, the gentle dip accounts for 1-2 mgals of the
residuaL gravity anomaly. We conclude that, the residuaL
gravity anomaly of Area A is not caused by structure.
Area B (Figure 3) shows a smaLL anomaly of about five
mgals. The number of stations in the area is very high and
considered to be adequate to insure that the positive
residuaL gravity anomaly that covers most of Area B is
reaL. Comparison of the gravity map with the coutoured top
of bedrock map (shown in Figure 7), indicates general
correspondence between this positive residuaL gravity
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anomaly and a bedrock high. Portions of the bedrock high
have been examined in detai L by dr i L Ling by the Northwest
Energy Services Company. The cause of this gravity anomaly
is a combination of the variation in the elevation of the
surface of the basalt and the density contrast between the
basalt (26-28 gm/cm3) and the overlying sediments and
poorly consolidated sedimentary rock (2.0-2.4 gm/cm3).

Contours in Area C (Figure 3) were omitted from the maps of
Figures 2 and 5 because station coverage was considered
inadequate for the preparation of a one mgaL contour
intervaL map.

Comparison of the gravity maps with Figure 7 (bedrock
topography), shows rather good correspondence. The Large
bedrock high south of Gable Butte and Gable Ntn., the
Southeast AnticLine, CoLd Creek Syncline, and associated
anticLine on the northeast side, the gentle slope in the
vicinity of Nay Junction, and numerous smaLL features aLL
have corresponding expressions in the Bouguer gravity
anomaly maps.

The gentle gravity gradient with contours that trend
northwest in Area D is caused by a rock mass of relatively
high density (probably mafic igneous rocks) that do not crop
out but are buried a f ew ki Lometers everywhere. Thi s rock
mass is discussed further in Section 6.1.2.

Area E (Figure 3) includes a major anomaly with strong
east"west gradient and contour Lines that extend in a
general north-south dir ection. The gravity f ield in thi s
area places significant constraints on any geologic models
of structures that have been proposed to cross the region.
The interpretation of this area is discussed in Section 6.2.

6.1.2 PASCO-WALLA WALLA AREA

6.1.2.1 General - Pasco-WaLLa WaLLa Area
Approximate Ly 16,000 stations f rom 31 di fferent surveys were
used for the Pasco-Walla Walla area. The average station
spacing is 1.4 kilometers with variations from about 0.03
ki Lometer per station to as much as 15 ki Lometers between a
few wide ly scattered stations. Station Locations are shown
in Fi gure 8.

6.1.2 ~ 2 Interpretation of the Total Bouguer Gravity Anomaly
Nap in the Pasco-Walla WaLLa Area

The totaL Bouguer gravity anomaly map of the Pasco-Wa lla
Walla area, shown in Figure 9, includes the effects of
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density constrasts at aLL depths. This map has been
interpreted together with the residuaL gravity anomaly map
shown in Figure 11 (see Section 6.2.4).
6.1.2.3 Interpretation of the Regiona l Bouguer Gravity

AnomaLy Map in the Pasco-WalLa Walla Area

The regionaL Bouguer gravity anomaly map of the Pasco-Walla
Walla area, shown in Figure 10, most LikeLy corresponds to
density contrasts at a depth of 20 ki Lometers or more.
Gentle warping of a crustaL discontinuity at that depth
would be sufficient to produce the gravity anomalies present
in the regionaL gravity fieLd. The regionaL gravity anomaly
shown in Figure 10 is consistent with the regionaL gravity
anomaly previously calculated (WPPSS, 1977) and no
additionaL modeling or interpretation was done.

,6.1.2.4 Interpretation of the Residual Gravity Anomalies in
the Pasco-WaLLa WaLLa Area

The interpretation of the residuaL gravity anomalies was
made from both the residuaL Bouguer gravity map and from the
totaL Bouguer gravity map.

The residuaL gravity anomaLy map, (Figure 11), appears to
correLate weLL with known geology in many areas. The
residuaL gravity therefore extends to the subsurface much of
the geoLogic information that has been obtained from surface
exposures and provides new insights into the distribution of
rock masses in several areas that are entirely concealed by
the CoLumbia River Basalts. The interpretation shown in
Fi gure 12, can be used wi th both the tota L and residua L

gravity maps. The interpretation of several features that
are present in both the totaL and residuaL gravity maps are
discussed in the folLowing paragraphs.

6.1.2.4.1 Wa L iowa Mountains

The WaLLowa Mountains appear to correlate weLL with a
relatively strong gravity anomaly. Because this gravity
anomaly, does not appear to be confined to the present known
surface exposure of these rocks, the areaL distribution of
the rock type is shown in the overLay, Figure 12. The
distribution is extended toward the northwest to the eastern
edge of the Grande Ronde VaLLey, a distance of 10 kilometers
from the nearest mapped surface exposure.
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6.1.2.4.2 Blue Mountains Anti cline

The BLue Mountains AnticLine appears to cor
residuaL gravity anomalies. However, along
(north of the Grande Ronde Va L Ley), the res
anomaly is negative, and aLong another port
Oregon), the residuaL anomaly is positive.
predominant rock types that occur in the co
Mountains AnticLine are most Likely differe
regions. The continuity of the BLue Mounta
the vi cini ty of Meacham, northwest of LaGra
be interrupted. The nature of the cross st
unclear.

relate weLL with
one portioni dual gravi ty

ion (near Ukiah,
Therefore, the

re of the BLue
nt in these two
ins Anti c line in
nde, appears to
ructure is

The northeastern end of the BLue Mountains Gravity Low was
processed at a grid spacing of 0.6 ki Lometer and a contour
interval of one mgaL in order to faci Litate investigation of
features that did not show weLL in the two mgaL Pasco"WaLLa
Walla map. This area is designated Dayton-WeLLer Butte.
The totaL Bouguer gravity map, station Location map, and an
interpretation overlay are shown in Figures 13, 14, and 15,
respectiveLy. The Hite fault (Shannon & WiLson, 1979) does
not appear to have a significant gravity signature ~ Two
smaLL earthquakes thought.to have occurred in the region
have rather Large uncertainties in their Location and could
be spatiaLLy, correlated with either a mafic body identified
from the gravity high in the northwest corner of the map or
the Hite FauLt.'n anomaLous gravity gradient appears to be
present in the south-centraL region of the map. The gravity
along profi Le AA's shown in Figure 16. Possible
interpretations of the very sharp gradient include a fault
and a dike crossed by the profile.
6.1.2.4.3 Grande Ronde Va L Ley

The Grande Ronde Valley roughLy coincides with a residuaL
gravity Low of 20 to 30 mgals and contains severaL very
Local anomaLies of a few mgals ampLitude and 1-2 kilometers
width. The totaL Bouguer gravity map processed with 0.6
kilometer grid is shown in Figure 17 ~ A station Location
map is shown in Figure 18. The smaLL anomalies may be reaL
even though they are based on single gravity stations. The
vaLley is known from driLLing data to contain sediments and
unconsoli dated sedimenta ry rocks ~ A thickness of 300-400
meters of materiaL with a density contrast of 1.0 gm/cm3
appears to be consistent with the main residuaL gravity
anomaly.
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6.1.2.4.4 A Major Buried Rock Mass in Central Columbia
PLateau

The basaLt of the Columbia PLateau is known to consist of a

thi ck sequence of f Lows that extend in time backward to
about 16-18 m.y. (Swanson et aL, 1977). On the basis of the
gravity maps for the Pasco-Walla WaLLa and the Hanford 1o
areas~ the Columbia PLateau basa its appear to ~ cover an older
rock mass of relatively high density (with respect to the
adjacent rocks). The approximate outLine of the body is
shown in Fi gure 12. Thi s rock mass i s termed Layer 2.
The gravity maps for this area show several notable
features. First~ the mapped edge of the basa its in many
areas has a relatively smaLL residuaL anomaly (zero-five
mgals) associated with it. The basalt in those areas is
most Likely thin (80 meters/mgaL pLus the eLevation of the
surface for a density contrast of 0.3 gm/cm>). Second,
inspection of the gravity maps reveals a prominent positive
anomaly of 12 to 15 mgals amplitude that occurs entireLy
within the region of mapped basalt and extends north-south
from approximately the Oregon-Washington state Line to the
Potholes Reservoir and east"west from Sunnyside to a few
kilometers east of RichLand ~ On the basis of this anomaly,
we infer. the presence of a relative ly dense mass of rock
(Layer 2) beneath the Columbia River basa its. There is no
indication from the gravity data that this body wouLd
outcrop anywhere. Third~ the relatively steep gravity
gradient that trends east-west and extends from Wal lula to a
few kilometers south of WaLLa WaLLa is attributed to an
eastward extension of Layer 2. Fourth, the broad gravity
high centered roughly on Prosser and approximately out lined
by the "56 mgaL contour is attributed to a thickened section
of Layer 2. Fifth, a Lobe of the gravity anomaly that
outLines Layer 2 extends southwest along the Columbia River
to about 4 ki Lometers east of Goodnoe Hi LL and is attributed
to a southwestern extension of the body.

Layer 2 is a Large mass of rock of relatively high density.
Its top is approximately 2 to 4 kilometers deep in the
southern part and the unit is Likely severaL kilometers
thick. The product of thickness and density contrast is
known unequi voca L Ly from the amplitude of the gravi ty
anomaly. In addition, the maximum depth of the bottom of
the unit is constrained by the width of the gravity anomaly
associated with the edges of the body. The totaL anomaLous
mass of Layer 2 i s 7 x 1018 gm, a value that i s
independent of models and requires no assumption about
density. If the density contrast is 0.187 gm/cm~, a value
determined from the "better fitting" models discussed in
Section 6.1.2.4.6, then the volume occupied by Layer 2 is
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37,000 kilometers>. However, the voLume is sensitive to
the density contrast. We have used a density contrast of
+0.187. Values as smaLL as 0.15 are marginaLly acceptable
within the constraint of the width of the gravity anomaly
along the western edge of Layer 2 where the anomaly is known
best (because of the high density of stations). The upper
Limit is constrained only by 'geologic resonableness'f the
densities of Large rock masses. For example, a density
contrast of 2.0 gm/cm3 would require the presence of rock
types that are unknown on the earth in single bodies with
volumes of order of 1000 and 10,000 cubic kilometers. A

range of values f rom 0.15 to 0.30 gm/cm3 i s 'geologi ca LLy
reasonabLe', consistent with the rock types known to occur
at the surface within a few tens of kilometers west of the
inferred western edge of Layer 2, and within the constraints
of the width of the anomaLy at the western edge. For this
range of density contrasts, the estimated volume ranges from
46,000 kilometers3 to 23,000 kilometers

SeveraL two dimensional models across the edges of Layer 2
are described in Appendix 2;5L-1. They are Located near
Vantage~ Potholes Reservoir~ Moses Lake~ and Wallula Gap.
They are consistent with edges of the unit that dip a few
degrees toward the interior of the body. We infer that the
body is a relatively thick pile of extrusive rocks, say
andesite or basalt, that accumulated in a subsiding basin
that is elongated in a north-south direction.
The body is thicker towards the south. For example,'it
thickens appreciably south of the Rattlesnake Hills
alignment. It attains a thickness of 8 to 10 kilometers in
the vi cinity of Lenzie Ranch, 25 ki Lometers southwest of
Ri ch Land.

The two Lobes on the southern end of Layer 2 are possible
indi cat ions of the Locations of vents through which the rock
was extruded. We suggest two possible interpretations but
prefer the first interpretation: (1) The uppermost and
geographicaLly more extensive portion of Layer 2 was
extruded through a vent in the vicinity of WaLLa WaLLa and
f Lowed through the region now fiLied with the Walla WaLLa
Lobe. The Lowermost portion of Layer 2 which is also
geographically restri cted to the region south of the
Rattlesnake HiLLs aLignment f Lowed through the southwest
Lobe from a vent Located near BLa lock Canyon, Oregon/
(2) Both vents were active throughout the time during which
Layer 2 was extruded. Our preference for the first
hypothesis is based on the correlation of the gravity
anomaly for the southwest Lobe with the Lower portion of
Layer 2 ~
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Layer 2 appears to vary in thickness north of the
GabLe Ntn.-Gable Butte-Umtanum Ridge area. Figures 9 and 11
show a gravity anomaLy of 4 to 6 mgals that extends
northward .f rom Gable Ntn. to a point north of Potholes
Reservoir~ a distance of about 28 kilometers, and is 9 to 12
ki lometers wi de.

6.1.2.4.5 Yakima Basin

The Yakima Basin appears to correlate with a smaLL residuaL
gravity anomaly and therefore probably has a shaLLow depth.
(Robbins et aL, 1975) The basin extends east of Yakima
approximate ly 20 kiLometers. The Yakima gravity Low is
si'milar in ampLitude and size to severaL other residuaL
gravity anomaLies that occur along the western side of the
CoLumbia PLateau such as the CLeveland, Satus Creek, and
ELlensburg gravity anomalies. The cause of these other
anoma L i es may be simi Lar to the o ri gin of'he Yakima anomaly.

6.1.2.4.6 Pasco and Quincy Basins

Neither the Pasco nor Quincy Basin correlates directly with
a residuaL gravity anomaLy. However, comparison of
Figures 9, 11, and 12 with a geologic map of the area
(PLate 1, WNP-1/4~ Amendment 23) shows that the edges of
these basins for a totaL distance of 150 mi Les coincide with
the gravity anomaly attributed to Layer 2. Within the
Limitations of the present set of data, it appears that the
spatiaL coincidence is probably continuous along these
sections: (1) for the Pasco Basin~ most of the eastern
boundary and the western boundary north of Priest Rapids and
(2) for the Quincy Basin, the eastern~ northern, and western
boundaries ~ Thus, there appears to be a strong spatiaL
corre lation between the edges of these basins and Layer 2.
Such a strong correLation may imply a causaL relationship.
6.1.2.4.7 Chiwaukum Graben

A residual gravity Low correlates with the Chiwaukum graben
and its bounding faults. The gravity expression for this
feature does not appear to extend east of the Columbia
River. Therefore~ the Chiwauken graben and its bounding
faults most Likely do not extend beneath Layer 2, the Lower
basalt uni t.
6.1.2.4.8 OLympi c-Wa L Lowa-Lineament

The strong gravity gradient that trends north-south for
approximately 50 ki Lometers and passes about 9 kilometers
east of Yakima, attributed to the western edge of Layer 2,

2. 5L"16



e



WNP-2 AMENDMENT NO. 18
September 1981

is significant to understanding the origin of the
OLympic-Wallowa Lineament (OWL) and other geologic
structures related to the Hanford region. This gradient has
been used to constrain estimates of the maximum horizontaL
dispLacement of any fault that could cross the feature. One
edge of the causative body extends north-south with a

density contrast that is positive with respect to the rocks
toward the west. Because the contours are relativeLy
straight, any faults striking between about N45oW and
S45oW that cross the gradient would have horizontaL
displacements Less than 2-3 ki lometers. The exact value
wouLd depend on the Location and strike of the fault, the
density of stations in the vicinity of the crossing, and the
noise in the gravity data. For comparison with the gravity
map, the resuLts of several strike slip fault models are
shown as contour maps in Figure 19.

6.1.2.5 Comparison of Gravity Naps wi th Aeromagneti c and
Seismicity Maps of Pasco"WaLLa WaLLa Area

Aeromagnetic maps (Weston Geophysical, 1978) and seismicity
maps were compared with the gravity maps for the Pasco-WaLLa
WaLLa area. The work was done at map scales of both 1/62~00
and 1/250,000. Aeromagnetic and seismicity data at map
scaLe 1:250,000 are shown i n Figures 25 and 26, respective ly.
Many gravity anoma lies do not appear to correLate spatiaLLy
with regions that contain earthquake epicenters. For
example, the Blue Mountains AnticLine appears to be

'seismic.In the Grande Ronde area, only one earthquake is
known and its intensity is Less than MN IV is known. The
epicenter is Located on the northwest"trending gravity
gradient north of SummerviLle.

The Saddle Nountains show no obvious correlation wi th
gravity. They do however, correlate with a prominent
magnetic anomaly that can be traced continuousLy from
Sentinal Gap eastward for 60 kiLometers almost to Scootney
Lake and then southeastward for 100 kilometers to the
Washington-Oregon state Line where i t terminates. The
southeastward-trending portion of the magneti c anomLay has
been attributed by Swanson et al (1979) to dikes. It is our
interpretation that the anoma Ly may be due to the edge of
basalt f Lows that dip gently to the west. The east-west
fault observed on the north f Lank of the Saddle Nountains
must be primari Ly a surface feature that is restricted in
both depth and Lateral extent toward the southeast or a Low
angle thrust fault. The fault probably does not reach the
base of the basalt coLumn in the vicinity of Saddle
Mountains, because no expression is present in the gravity
field. The displacement probably dies out toward the east

2. 5L-17



WNP-2 AMENDMENT NO. 18
September 1981

where the aeromagnetic anomaly goes to zero. No fauLt has
been identified aLong the Linear magnetic anomaly that
trends NW-SE. The seismic activity observed in the vicinity
of Saddle Mountains is not expected to extend southeasterLy
from the Adams-FrankLin county Line.

Some features in the gravity fieLd do not appear to
correlate with known geology but do appear to cor relate with
seismcity. For example, a prominent circular gravity Low
centered on the Li tt Le Goose Lock and Dam has a dozen
epi centers Located around the inferred periphery of the
causative

body'everal

Linear zones that contain relatively steep gravity
gradients also contain earthquake epicenters. For example,
the northeast-t rending zone that Li es a Long the northwest
side of the BLue Mountains AnticLine and the zone along the
western edge of the inferred Lower basaLt body of the
Columbi a Plateau contain severa L sma L L earthquake epi centers.

6.1.3 PACIFIC NORTHWEST MAPS

6.1.3.1 General - Pacific Northwest Maps

ApproximateLy 85,000 stations from 51 different surveys were
used. The average station spacing was 5 ki Lometers with
spacing variations from Less than 0.1 kilometer per station
along severaL profiLes to as much as 50 kilometers between a
few widely scattered stations. Station Locations are shown
in Figure 22.

The precision of the station values in the Larger map varies
between 0.5 mgals for station values obtained along
high-density profiles to. 2 "10 mgals for station values that
were not established along high-density profiles. The
precision of the stations in the Pacific Northwest area is
considered sufficient in most areas to construct maps with a
contour interval of four mgals.

No detai led interpretation of the gravity data for the
Pacific Northwest was attempted. The interpretation was
Limited to the major features that would have implications
for the Co Lumbi a Plateau.

6.1.3.2 Interpretation of the Total Bouguer AnomaLy Map for
the Pacif i c Northwest Map Area

The Pacific Northwest totaL Bouguer anomaly map is shown in
Figure 22. Prominent features in the gravity map of
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parti cuLar signi f i cance f'r the WNP 1-2-4 sites wi LL be
discussed below in the section on residual gravity anomalies
for the Pacif i c Northwest area.

6.1.3.3 Interpretation of the Regional Bouguer AnomaLy Map
for the Pacif i c Northwest Map Area

The Pacific Northwest RegionaL Bouguer gravity anomaly map,
shown in Figure 23, most LikeLy corresponds to density
contrasts at a depth of 20 kilometers or more. In preparing
this map, gravity data in an area approximateLy 200
kiLometers by 200 kilometers and centered in the middle of
the area shown in Figure 23 was used. Gentle warping of any
crustal discontinuity, at a depth of 20 kilometers or more
would be sufficient to produce gravity anomalies present in
the regionaL anomaLy field. The regionaL gravity anomaly
shown in Figure 23 is consistent with the regiona l gravity
anomaly calculated previously (Washington PubLic Power
Supply System, 1977) and no additional modeling has been
donee

6.1.3.4 Interpretation of Residual Gravity Anomalies for
the Paci f i c Northwest Map Area

Residual gravity anomalies were interpreted from the
residuaL gravity map (Figure 24) and the totaL Bouguer
gravity map (Figure 22).

Comparison of the gravity maps with the appropriate geologic
and tectonic maps shows a good correlation between gravity
anomalies and known geoLogy in severaL geographic areas.
Examples are (a) the Chiwaukum graben, (b) the Entiat Fault,
(c) the Republic graben with its boundary fauLts, (d) the
Chewack-Pasayten fauLt, (e) the Straight Creek fault and its
northward continuation, the Hope-Frasier River Fault system,
and (f) the Chi L Liwack batholith.
The Methow and RepubLic graben, and their bounding faults
appear to be traceable beneath the younger (uppermost)
basalt, of the Columbia PLateau but only outside the region
under Lain by Layer 2. No such feature appears to be present
within or below Layer 2.

One of the more striking features of the totaL Bouguer
gravity anomaly and the residual gravity anomaly maps is the
fabri.c which i s apparent Ly ref Lecting the principal
under lying regiona L geo logi c features. In the area north of
OLympia, Washington, and west of the Straight Creek Fault,
the fabric trends N40o-50oW. The trend and character of
the pattern changes significantly at the Straight Creek
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FauLt (and its extensions north and south). This
relationship is suggestive that the Straight Creek FauLt may
be the surface expression of a portion of a major crusta L,
and possibLy upper mantle, structure that extends from at
Least Boston Bar, B.C., to the southern Oregon state Line.
There is no similar strong fabric extending into the
Columbia PLateau.

1
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under the direction of United Engineers and Constructors,
58 p.

Skehan, J. W., 1065, A continentaL-oceanic crustaL boundary
in the Pacific Northwest: Report AFCRL-65-904, submitted to
Air Force Cambridge Research Laboratories, 52 p.

Swanson, D. A., et aL., 1977, Reconnaissance geologic map of
the Columbia River Basalt Group, Pullman and Walla WaLLa
Quadrangles, Washington and Idaho: Geological Survey
Open-Fi Le Report 77"100~ 11 p., 2 maps.

Swanson, D. S., Wright, T. L., and Zietz, I., Isidore, 1979,
Aeromagnetic map and geologic interpretation of the
west"centra L Columbia Plateau, Washington and adjacent
Oregon: Geologial Survey Geophysical Investigations Maps
GP-91 7.

Talwani, Nanik~ Ewing~ and Naurice~ 1960~ Rapid computation
of gravitationaL attraction of three-dimensionaL bodies of
arbitrary shape: Geophysics, v. 25, p. 203-225.

Weston Geophysical Research, Inc., 1978a, Qualitative
aeromagnetic evaluation of structures in the Columbia
PLateau and adjacent Cascade Mountains: Prepared for
Washington Public Power SuppLy System under the direction of
United Engineers & Constructors, Inc.
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TABLE

GRAVITY NAPS

Name Area Location
Contour
Interva l
(mga ls)

Number
Stations

Numbe r o f
Surveys

Hanford 1o 1ox1o

Pasco-Wa l la Wa l la 2 1/2ox4o

Pacific Northwest 10ox10o

1.0

2 '

4.0

10i000

16i000

75~000
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WNP-2 AMENDMENT NO. 18
September 1981

TABLE 2

SOURCE OF GRAVITY DATA

Secondary Source(if used)
Prima ry Source

(i f known)

Danes, Z. F., 1979 persona l
communi cation.

Weston Geophysica l, 1977, this
report.

Northwest Energy Service
Company, 1980 and 1981; data
obtained by Weston Geophysica l
Corporation.

Canadian No known primary.

Weston Geophysica l, 1979, 1980,
this report.
Car lson, R. L ~, A gravity study
of the Cypress Island Perido-
tite, Washington, M.S. thesis,
University of Washington, 1972.

Harding and Lawson

Travi s, P. L., J r., Geology of
the area near the north End of
Summer Lake, Lake County,
Oregon, M.S. thesis, University
of Oregion, 1977.

Johnson

Seymour, F. F., Gravity of the
Area surrounding the Blue
Mountains Sei smo logi ca l
Observatory, M.S. thesis,
Southern Methodist University,
1965.
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WNP-2 AMENDMENT NO. 18
September 1981

TABLE 2 (Cont'd)

SOURCE OF GRAVITY DATA

Secondary Source(if used)
Primary Source(if known)

NOAA

NOAA

NOAA

NOAA

Griscom~ A. and A. Conradi~
Jr., Principal facts'nd
pre Limi nary interpretation for
gravity profiles and
magnetometer prof i Les in the
ALvord Va LLey, Oregon, U.S ~ G.S.
Open Fi Le Report 75-293, 1975.

Peterson, D. E., FieLd Notebook
Hanford Gravi ty Survey~
September and October 1965.

Couch, R. an B. Baker,
Geophysical investigations in
the Cascade Range in CentraL
Oregon, Technica l Report P2 to
U.S.G.S. grant no.
14-08-0001-G-231'977.

Bonini, W. E., Gravity
Anomalies in Idaho, Wyoming,
Montana~ Washington, and
Oregon~ Idaho Bureau of Mines
and Geology, 1963, ID, 5465 pts.
Colcord, J. E., Geodetic
imp Li cations of a Loca L gravity
survey presented at the AGU
44th AnnuaL Meeting, Univeristy
of Washington, Department of
Civil Engineering, Apr. 1963,
DCi 292 pts.
Coast and Geodetic Survey, U.S.
(NOAA) National Gravimeter Base
Network USC and GS, 3836 pts ~

Berg, J. W. and J. V.
Thi ruvathuka l, Gravi ty Base
Station Network, Oregon
Department of Oceanography,
Oregon State University, 28 pts.
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TABLE 2 (Cont'd)

SOURCE OF GRAVITY DATA

Secondary Source
(i f used)

Primary Source
(if known)

NOAA

NOAA

NOAA

NOAA

NOAA

NOAA

Wool lard, G. P., Trip SS,
Rocki es Authority Unknown, 1029
pts., Geo Log i ca L Survey, U. S.
Gravity Reduction, Snake Ri ver
PLain, Idaho USGS, ID, 2551 pts.

Geologica L Survey, U.S. Gravity
Reductions, Nevada Basin and
Range Project. Group 1 USGS,
NVi 3095 pts.
Stuart, D. J ~, Gravity data and
Bouguer gravity map of western
Washington.

Oregon State University,
Gravity data in Oregon,
Authority Unknown, 9163,
1322 pts.
Nava L Oceanographi c Off ice
Gravity Data, Channel Islandsp
CaLifornia Navoceano, 1963,
753 pts.

Army Map Service (USATOPOCOM)
Washington State Gravity Survey
USGS~ UT~ 344 pts.

NOAA

NOAA

Oregon State University, Oregon
State Gravity Data, Oregon
State University, 3945 pts.
Army Map Servi ce (USATOPOCOM)
Washington State Gravi ty Base
Network, Proj ect AMS, May,
1965'8 pts.

NOAA Chapman, R. H., Ca liforni
a'ravityBase Station Network,

CA Division of Mines and
GeoLogy, 357 pts.
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WNP-2 ANENDMENT NO. 18
September 1981

SOURCE OF

TABLE 2 (Cont ')
GRAVITY DATA

Secondary Source(if used)

NOAA

NOAA

NOAA

NOAA

NOAA

NOAA

NOAA

NOAA

Pr imary Source
(i f known)

Lafehr, T. R., Gravity Survey
in Southern Cascade Range,
California USGS/ 2965, 1117 pts.

Geo logi ca L Survey, U.S. Gravity
Survey, Northern Cali fornia
Outsi de Sierra USGS, 1965/
453 pts.

Geodeti c Survey Squadron~ 1st
National Gravity Base Net and
Excenters 1st GSS, 1967, 252
pt s ~

Geological Survey, U.S. Gravity-
Data in ALturas, California
Area USGS 1967~ 424 pts.

Davis, W. ED and Kinoshita, W.
PrincipaL Facts for Gravity
Stations in Northeastern
Washington~ USGS~ 1962 402 pts.

Kim~ C. K., Gravity Data in the
Weed ANS Sheet, California,
University of Oregon, 1969,
1035 pts.
California Division of Nines
and Geology, Gravity Data for
ALturas ANS Sheet in
Ca Liforni a, Ca Li forni a Di vi si on
o f Ni nes and Geo Logy,
Ca Li forni a 1970~ 101 pts.

Peterson, D. L., Gravity Data,
Rathdrum Prairi e, Idaho, U.S.
Geo logi ca L Survey, 1970,
355 pts.
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TABLE 2 (Cont ')
SOURCE OF GRAVITY DATA

Secondary Source
(i f used)

Primary Source
(i f known)

NOAA

NOAA

NOAA

NOAA

NOAA

NOAA

Uni ted States Army Topographi c
Command, Washington RegionaL
Gravi ty Report Topocom, Report
Number 27~ Feb. 1972, 537 pts.

University of Puget Sound
University of Puget Sound, 1966
Regional Gravi ty Report
USATOPOCON, 1971, 279 pts.
Pemberton, Trip AD~ Series PI
University of Wisconsin, 1954,
820 pts.
Nack, J. and Iverson, R. N.,
Trip AI, Series N, Uni versi ty
of Wisconsin, 1955, 435 pts.

Behrendt, J. C., Trip BN,
Series BE, University of
Wisconsin, 1959, 76 pts.
Jones, J. W., Trip OR, Series
AD, University of Wisconsin,
238 pts.

NOAA

NOAA

NOAA

NOAA

Rose, J. C., Trip TT, Series F,
University of Wisconsin, 1949,
913 pts.

BLack~ W. E.~ Trip.TW~ Series
F, University of Wisconsin,
1950~ 756 pts.
Ostenso, N. A., Trip ZZ, Series
NI, Uni vers i ty of Wi sconsi n,
1953'082 pts.
United States Army Topographi c
Command Oregon State Gravity
Base Network USATOPOCON, June
August 1971, 26 pts.

2.5L-27



WNP-2 AMENDMENT NO. 18
September 1981

TABLE 2 (Cont ')
SOURCE OF GRAVITY DATA

Secondary Source
(i f used)

NOAA

NOAA

NOAA

NOAA

NOAA

NOAA

NOAA

Primary Source(if known)

University of Puget Sound
Washington RegionaL Gravity
Survey, USATOPOCON, Reports 69,
69A, 69B~ March 1972, 557 pts.

Rogers, W., A Geological and
GeophysicaL Study of the
Central Puget Sound Lowland,
Uni vers i ty of Washington, 1970,
WAi 815 pts.
Defense Napping Agency
Topographic Center, Oregon
RegionaL Gravity Survey, DMATC,
July 1972~ OR~ 91 pts.

Defense Napping Agency
Topographic Center, Oregon
State Regional Gravity Anoma Ly
Survey~ Report 56C~ DNATC.
October 1972, OR~ 36 pts.
Defense Napping Agency
Topographic Center, Oregon.
State RegionaL Gravity Anoma Ly
Survey.

Defense Napping Agency
Topographic Center, Washington
Regiona L Gravity Survey, Report
96-A~ DNATC 1973~ WA~ 122 pts.
Defense Napping Agency
Topographic Center, Oregon
RegionaL Gravity Survey, DNATC,
Report 56-E, Narch 1973, OR, 51
pts ~
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TABLE 2 (Cont ')
SOURCE OF GRAVITY DATA

Secondary Source
(i f used)

Primary Source
(i f known)

NOAA

NOAA

NOAA

NOAA

NOA A

NOAA

NOAA

Def ense Napping Agency
Topographic Center, Oregon
RegionaL Gravity Survey, DNATC~
Report 56-F, Narch 1973, OR~
51 pts.

Def ense Napping Agency
Topographi c Center, Idaho
Regiona l Gravity Survey, DNATC,
Report 94-A, March 1973, ID, 17
pts.
Defense Napping Agency
Topographic Center, Idaho
Regional Gravity Survey, DNATC,
Report 94-B, March 1973, ID,
82 pts.
WooLLard, G ~ P.~ Trip BU,
Series JB, University of
Oregon~ 2335 pts.

Chapman, R. and Bi shop, C.,
Source of Data for Bouguer
Anoma Ly Nap of Ca Li forona,
Calif. Div. of Nines and
Geology, 1967, 171 pts.

Army Nap Serivce (USATOPOCON),
Gravity Data in the United
States, North-South Prof i Les,
Hawaii Inst. of Geophysics,
1967'651 pts.

Danes, Z. F., Washington
Gravi ty Survey, Princeton
University, Undated, WA,
206 pts.
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TABLE 2 (Cont ')
SOURCE OF GRAVITY DATA

Secondary Source
(i f used)

Primary Sour ce
(i f known)

NOAA

NOAA

NOAA

NOAA

NOAA

NOAA

NOAA

Bonini, W. E., K Series
Washington State Gravity Data,
Princeton University, Undated,
WA, 185 pts.

Swanberg, C. A., Gravi ty Survey
over the CentraL Part of the
Okanogan Range, Washington
Southern Nethodist University,
1968, US, WA, 442 pts.

Geo logi ca L Survey, U.S., Yak ima
Basin, Washington Gravity Data
USGS~ 1974~ US~ WA~ 462 pts.

Danes, Z. F., Gravity Survey,
State of Washington, University
of Puget Sound, 1973, US, WA,
5800 pts.
Neye r, R. F. and Wi Lson, D. N.
Pr incipaL Facts for Gravity
Stat i ons in the Spokane Area,
Washington, USGS, Open-File
Report 75"503, August-September
1974, US, WA, 265 pts.

Chapman, R. H. Gravity Data+
ALturas Area of Ca lifornia,
Ca Li forni a Division of Nines
and Geology (Revised with
Terrain Corrections), Date
Unknown, US, CA, 50 pts.
Geologi ca L Survey U.S.,
Principal Facts for Gravity
Observations in the Charles
She ldon Antelope Range, Nevada
and Oregon, USGS Open-Fi Le
Report 76-601, 1976, US/ NV,
ORi 269 pts.
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TABLE 2 (Cont ')
SOUR CE 0 F GRAVITY DATA

Secondary Source
(i f used)

Primary Source(if known)

NOAA

NOAA

NOAA

NOAA

NOAA

NOAA

NOAA

Geo Logi ca L Survey U. S. /
Principa L Facts for Gravity
Observations Near NcDermitt,
Nevada, USGS Open-FiLe 76-599,
1976~ US/ NV~ 245 pts.

Defense Napping Agency
Topographic Center, WCGP

Washington, DNATC, November
1975 WAi 38 pts.
Yost~ C.~ Gravity Survey of the
Cheney Quadrang Le~, Washington,
Eastern Washington State
College~ 1976~ US~ WA~ 250 pts.

Couch, R. and Bake r, B.,
Geophysical Investigations of
the Cascade Range and
Va le-Owyhee Region in Oregon,
Oregon State University~ 1976~
US~ OR~ 2797 pts.

Meyer~ R. F., PrincipaL Facts
for Gravity Stations in the
Spokane Area, Washington, USGS,
1976, US, WA, 26'5 pts.
Jackson, D. B., and others,
Principal Facts for Gravity
Stations in the PuLLman,
Washington to Moscow, Idaho
Area USGS, 1976, US, ID, WA~
245 pts.

Cady~ J. W ~ ~ and Neyer, R. F.,
Principal Facts for Gravity
Stations in the Okanogan
Sandpoint, RitzviLLe and
Spokane QuadrangLes USGS, 1976,
US~ ID~ WA~ 2077 pts.
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SOURCE OF

TABLE 2 (Cont'd)

GRAVITY DATA

Secondary Source
(if used)

Primary Source
(if known)

NOAA

NOAA

NOAA

NOAA

NOAA

NOAA

NOAA

NOAA

NOAA

Peterson, D. L. and Neyer R.
F., Principal Facts for a
Gravi ty Survey of Summer Lake
Known Geotherma l Resource Area,
Oregon USGS, 1976, US/ OR~
85 pts.
Plouff, D., Gravity Data in
Crump Geyser Area, Oregon,
USGS~ 1975~ US~ OR 353 pts.

Hassemer, J. H. and
Peterson, D. L., Principal
Facts f'r a Gravity Survey of
Brei tenbush Known Geothermal
Resources Area, Oregon

Cogbi l l, A. H., Regional
Gravi ty Survey of Western
Nevada, Northeastern
University, Nov. 1976, US, NV,
879 pts.
Geodet i c Survey Squadron, 1st
Gravity Data, Nevada, 1968~ 1st
GSS~ WY~ 593 pts.
Geodetic Survey Squadron, 1st
Gravity Data for the State of
Idaho, 1st GSS, 1970, 196 pts.
Geodeti c Survey Squadron, 1st
Gravity Data for the State of
Nevada, 1st GSS, 1971, 1370 pts.
Geodet i c Survey Squadron, 1st
Gravity Data for the State of
Idaho, 1st GSS, 1970, 171 pts ~

Geodetic Survey Squadron, 1st
Nevada Regiona l Gravity Survey
1st GSS, 1972, 81 pts.
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TABLE 2 (Cont'd)

SOURCE OF GRAVITY DATA

Secondary Source(if used)
Prima ry Source

(i f known)

NOAA

NOAA

NOAA

NOAA

NOAA

Geodetic Survey Squadron, 1st
Idaho Regional Gravi ty Survey,
1st GSS 1972 295 pts.

DMAAC Geodet i c Survey Squadron,
Idaho Regiona l Gravity Survey,
DMAAC/GSSQ~ 1972~ ID~ 797 pts.

Defense Mapping Agency
Aerospace Center Geodetic
Survey Squadron, Oregon
Regiona l Gravity Survey,
DMAAC/GSSQ~ 1975~ US~ OR~ 8 pts.
Defense Mapping Agency
Aerospace Center Geodetic
Survey Squadron, Washington
Regiona l Gravity Survey,
DMAAC/GSSQ~ 1975~ US~ WA~ 70
pts.
Defense Mapping Agency
Aerospace Center Geodetic
Survey Squadron, Ca liforni a

Regional Gravity Survey,
DMAAC/GSSQ~ 1975~ US~ CA~ 102
pts
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FIGURE 2.5L-1

IS CURRENTLY BEING PRINTED.
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The lower curve shows a profile of topography east-west

across the Columbia River in the vicinity of Taylor Plats6
r

The family of curves shows the total Bouguer gravity
anomaly for several different values of
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1.1 INTRODUCTION

Gravity maps for the centraL Columbia Plateau, prepared
previousLy for the SuppLy System and discussed in Appendix
2.5L, are shown in figures 1, 2, and 3. The data contained
in those maps constrain models of the three"dimensionaL
spatiaL variation of density. In regions where different
Lithologic units have different densities, the constraints
on density are also strong constraints on geologic
structures. In the Columbi a Plateau, the densities of
basalt differ significantly from the densities of other rock
types found there. Hence, the observed gravity anomalies of
figures 1, 2, and 3 provide constraints un models of
geologi c structures in the Columbi a PLateau. They also
provide very strong constraints on models of the topography
of basaLt surfaces that are buried beneath unconso lidated
sediments. Dr. Gene Simmons was Weston's consuLtant for
this study.

We have explored the constraints posed by the gravity data
on permissible geologic models for severaL areas in the
centraL Columbia PLateau. The modeLs described in this
report are consistent with the gravity data of figures 1-3
and with the geologic observations summarized on the
geologic map, figure 4, and in various reports (Washington
Publi c Power Supply System, 1977; Shannon and Wi Lson, 1979a,
b; Rockwell, 1979).

Inspection of the gravity maps reveals a prominent anomaly
of 12 to 15 mga Ls amplitude that extends north-south from
approximately the Oregon-Washington state Line to the
Potholes Reservoir and east-west from Sunnyside to a few
kilometers east of Richland. On the basis of this anomaly,
we inferr ed (Appendix 2.5L) the presence of a relativeLy
dense mass of rock (termed Layer 2) beneath the Columbia
River basaLts. The top of Layer 2 is approximate ly 2 to
4 kilometers deep in the southern part and the unit is
Likely severaL kilometers thick. The product of thickness
and density contrast is known unequivocaLLy from the
amplitude of the gravity anoma Ly. In addition, the maximum
depth of the bottom of the unit is constrained by the width
of the gravity anomaly associated with the edges of the
body. In Appendix 2.5L, we used ~ a density contrast of
+0.187. This vaLue has been retained in the models given in
this report. Values as smaLL as 0.15 are marginaLLy
acceptable within the constraint of the width of the gravity
anomaly along the western edge of Layer 2 where the anomaly
i s known best (because of the high densi ty of stations).
The upper Limit is constrained only by 'geologic
reasonableness'f the densities of Large rock masses. For
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example, a density contrast of 2.0-gm/cm3 would require
the presence of rock types that are unknown on the earth in
single bodies with volumes of order of 1,000 and 10,000
cubic kilometers. A range of values from 0.15 to
0.30 gm/cm3 is 'geologicaLLy reasonable', consistent with
the rock types known to occur at the surface within a few
tens of kilometers west of the inferred western edge of
Layer 2, and within the constaints of the width of the
anomaly at the western edge. There is no practicaL effect
on our resuLts from using 0.187 gm/cm3 rather than any
other value within the range 0.15-0.30 gm/cm3. ModeLs
with a di fferent value of the density contrast (~c) would
have the same shape but a thickness, t, given by t = -"87T
where T is the thickness determined with a density contrast
of 0.187 gm/cm3. Dr. Gene Simmons was Weston's consultant
for this study.

2.1 SUMMARY AND CONCLUSIONS

In the centraL Columbia PLateaui the dominant feature in the
Bouguer gravity anomaly map (Figure 1) is a reLatively Large
gravity anomaly that extends north-south for approximately
93 ki Lometers, east-west for 47 ki Lometers, and has two
Lobes on its southern end. That anomaly has been
interpreted previously (Appendix 2.5L) to indicate the
presence of a subsurface unit, termed Layer 2. It is
roughly tabular, severaL ki Lometers thick south of the
Rattlesnake Hi LLs alignment, 2-4 ki lometers thick in the
vi cini ty of Vantage, and thins appreci ab Ly towards the
northern end. It has two Lobes on the southern end. ALL

. profiles for the present study cross edges or Lobes of the
inferred body.

The Wallula profi Le, which extends northeast-southwest,
passes through Wallula Gap and crosses an unnamed
sediment-f i LLed basin north of Touchet, for a distance of
approximately 90 kiLometers. This profile crosses the WaLLa
Walla Lobe of Layer 2. The gravity data are matched very
weLL with a modeL in which the Walla Walla Lobe i s
approximateLy 1 to 2 kilometers thick (density contrast
0.187) and the basin contains Low density sediments or
sedimentary rocks with a maximum thickness of approximately
150 meters (density contrast "0.67 gm/cm3).

Models were investigated for profiLes that cross the
boundary of Layer 2 in the vicinity of Vantage, Potholes
Reservoir, Moses Lake, and Richland. The gravity
constraints are consistent with a thickness of the Lager of
2-4 ki Lometers and a density contrast of +0.187 gm/cm~
along these profiLes. The outer edges of this unit dip
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inward toward the center of the body at angles of 5 to
10o. A plausible geologicaL interpretation of this modeL
is a basin that has subsided with time and has been fiLLed
with extrusive igneous rocks. The rock now forming the
Lower part of Layer 2 south of RattLesnake HiLLs alignment
f Lowed through a vent probably Located near BlaLock Canyon,
Oregon. The upper part of Layer 2, which is geographicaLLy
more extensive, was extruded through a vent probably Located
near WaLLa Walla. Another permissive interpr etation would
aLLow extrusion through both vents.

The gravity data were examined in the vicinity of severaL
Large anticlinaL folds and their projections into adjacent
regions where the foLds were not exposed at the surface:
the RattLesnake structure, the extension of the Toppenish
Ridge to the east, and Nanastash Ridge in the vicinity of
Yakima. No evidence of displacement. in the Lower basalt
interface beneath the Rattlesnake structure in the Yakima
area was found. The residuaL gravity anomalies associated
with the extensions of Toppenish and Nanastash Ridges are
zero. The interpretation of the gravity data along such
profiles indicates that no dispLacement greater than
100 meters has occurred at the Lower basalt interface and
that topographic relief on the buried upper basaLt surface
must be Less than 100 meters (a vaLue required by the
precision of the presen't set of gravity data) ~

3.1 PROCEDURES

Each region incLuded in this study was seLected because it
contained a significant geoLogic structure with Little data
on its verticaL extent. We expected the gravity data to
aLLow us to improve models of the structure at depth.
Within each region, the exact Location and azimuth of the
profi Le were chosen on the basis of the nature and
orientation of the gravity anomalies ~ We prefer to work
with a single gravity anoma Ly (rather than composite
anomaLies that must be separated). Furthermore, the Length
of an individua L- anoma Ly should be at least three times its
width for two-dimensional models to be suitable.
The gravity anomalies for each model were calculated with
the two"dimensional algorithm described by Talwani and
others (1959). They were compared with the observed gravity
anomaly. If the two anomalies differed by more than a 1/2
mgaL, the modeL of density was modified and a new anomaLy
for the modeL was calculated. This iterative procedure was
continued unti L a satisfactory match was obtained.
Normally, 10 to 30 different models were explored for each
prof i Le.
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ALL models were examined by two different experienced
anaLysts, Gene Simmons and Jeffrey Mann. In every instance,
the finaL modeL was reached independently by each of

them.'uch

convergence Lends a higher degree of confidence in the
validity of the modeL, as judged geoLogicaLLy, than a
procedure in which a single individual examines several
mode Ls.

4.1 MODEL.S

The Locations of the individuaL profi les are shown in
figure 5. The Locations were seLected to provide data in
criticaL areas and to provide data that could be modeLLed
satisfactori Ly with a two-dimensionaL algorithm.

4.1.1 RICHLAND PROFILE

The observed gravity, topography, and modeL for the Richland
profile are shown in figure 6. The match between observed
gravity and calculated gravity is sufficient to conclude
that the modeL shown in figure 6 fits the data. The major
contribution to calculated gravity is the gravitationaL
attraction of Layer 2. Because the surface elevation varies
considerably along the profile, a portion of the observed
gravity anomaly is due to an artifact. If the density of
the rock between the surface of the earth and sea LeveL
differs from the density used for the Bouguer reduction,
then the Bouguer reduction produces an 'extra'nomaLy of 26

~ true" ~Bouguer)h, where G is the universaL
gravitationaL constant~ %true is the actuaL density of the
rockr Bouguer i s the value of density used in the Bouguer
reduction, and h is the elevation. After accounting for the
contributions from these two sour ces, the remaining gravity
anoma Ly is quite smaLL. There is no indication in the
gravity data of a significant verticaL component of
dispLacement at the bottom of Layer 2.

4.1.2 WALLULA PROFILE

The Location of the Wal'Lula profi Le i s shown in figure 5.
It crosses the Rattlesnake Hi LLs structure, the
OLympic-Wallowa Lineament, and severaL smaLLer mapped faults
in the vicinity of Wallula.

Inspection of the totaL Bouguer gravity anomaly map
(figure 1) reveaLs that three separate gravity anomaLies are
present in the vicinty of Wallua. At different Locations
within the region the separate anomalies interfere with each-
other ~ One anomaly can be traced reliabLy into the WaLLula
region from the nearby edges of Layer 2; it is attr ibuted to
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the presence in the subsurface of a Lobe of Layer 2 that
extends east from Wa llula to the vi cini ty of WaLLa WaLLa. A

second anomaly correlates with the unnamed basin north of
the highway between WalluLa and WaLLa Walla. It is
attributed to Low density sediments that fiLL the basin. A

third anomaly, distinct from the other anomalies, can be
traced reliably into the WaLlula region from the vicinity of
Servi ce Buttes (OR), a di stance of 80 ki Lometers. Thi s
anomaly trends paraLLeL to the axis of the BLue Nountain
anticline. ALL three of these anomalies are recognized in
regions away from the profiLe. The Location of the profile
was chosen to minimize the interference effects of three
anoma Li es aLong the prof i Le. )

The topography, observed gravity anomaly, calculated gravity
anomaly, and modeL are shown in figure 7. The observed
gravity is matched sufficiently weLL by the calculated
gravity anomaly that we conclude the modeL is vaLid. (The
1 1/2 mgaL difference near 25 kilometers distance is
ignored; it is an artifact caused by the contouring
algorithm in a region of few stations.) The gravity
variations observed along the profi Le are attributed to two
anomalous masses; namely, the Walla WaLLa Lobe of Layer 2
and the sediments that fiLL the unnamed basin north of
Wa l lula-Wa l la Walla highway.

In the vicinity of Wallula, the WaLLa Walla Lobe of Layer 2

i s 1-2 ki Lometers thick. ALthough the exact thi ckness
depends on the density contrast of the rocks~ the more
Likely values of thickness are in the range of 1 to
2 ki lometers ~ .

The gravity anomaLy that extends from approximately 40 to 70
kiLometers along the prof i Le, attributed to the presence of
Low density sediments in the basin, is matched by the
anomaly calculated with a density of 2 ~ 0 (contrast -0.67)
gm/cm> and thickness of 140 meters for the sediments. If
the density contrast is Lower, then the thickness is
proportionalLy Larger.

Inspection of the gravity maps shows rather steep gradients
to be present southeast of Wallula. The zone of increased
gradients extends east through CoLLege PLace and Umapine to
the vicinity of Walla Walla. Both the increase of gradient
and the gravity Lineament is produced by the interference of
two gravity anomalies: One anomaLy is due to the Walla
WaLLa Lobe of Layer 2 and the other anomaly can be traced
over the region between Little Goose Lock and Dam to the
UmatiLLa River.
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Although faulting has been observed at the surface (see,
e.g., Newcomb, 1965; Shannon 8 Wilson, 1979) in the vicinity
of the southern edge of the Walla Walla lobe of Layer 2 in
the vicinity of Wallula, there is no indication in the
gravity field that it extends to depth. Neither is the
increase of gravity gradient due to the fault.
4.1.3 VANTAGE PROFILE

The Vantage profile is one of several profiles across the
edge of Layer 2 ~ Its location is shown in figure 5. It
crosses Layer 2 a f ew ki lometers south of Vantage,
Washington.

The topography, observed and calculated gravity anomalies,
and model for the profile are shown in figure 8. The
gravity anomaly is consistent with a thickness of
5 ki lometers, and density contrast of +0.187 gm/cm3,
respectively, for Layer 2. Our interpretation of this
profile is that the anomaly is due chiefly to the density
contrast provided by Layer 2 with respect to the surrounding
rocks. The base of the unit dips inward along this profile
at approximately 7o. The impli cations of this prof i le on
the origin of Layer 2 are discussed in section 5.0.

4.1.4, POTHOLES PROFILE

The Potholes profile is one of several profiles across the
edge of Layer 2. It is located at the north end of Layer 2
and crosses the edge in a north-south direction.
The topography, observed and calculated gravity anomalies/
and model are shown in figure 9. Along this profile, Layer
2 varies in thickness from 0 to 3 kilometers for a density
contrast of +0.187 g./cm3.. This profile, the model, and
the interpretation of gravity were consistent with the other
models and interpretations for the other profi les that cross
Layer 2. The implication of this profile on the origin of
Layer 2 are discussed in section 5.0.

4.1.5 NOSES LAKE PROFILE

The Noses Lake profile is one of several profiles that cross
the edge of Layer 2. Its location, on the west side of
Layer 2, is shown in figure 5. The topography, 'calcuated
and observed gravity anomalies, and model are shown in
f igure 10. Naximum thi ckness of Layer 2 along thi s prof i le
is approximately 2 ki lometers for a density contrast of
0.187 gm/cm3. The bottom of the unit slopes toward the
center of the mass at an angle of approximately 8-10o.
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This modeL and its interpretation are consistent with the
other models and interpretations of profiLes that cross
Layer 2. The implications of thi s profile for the origin of
Layer 2 are discussed in section 5-0.

4.1.6 YAKINA AREA

The region around Yakima was examined for possible gravity
anoma lies that might be associated with the Yakima ridges.
It was hoped that such anomalies=, if present, would provide
strong constraints on the distribution of density of
subsurface rock masses. The same gravity data for the
region used originaLLy for the preparation of the
Pasco-WaLLa WaLLa map were recontoured at a smaLLer contour
intervaL. No gravity anomaly is associated with the ridges
or with their extensions. Therefore, no prof i Le was
constructed and no modeL was examined.

The absence of a gravity anomaly on the extensions of the
ridges, together with the Large density contrast between
basalt and the sediments that fiLL the basins (at Last
0.5 gm/cm3), constrain models of the basalt surface
beneath the sediment. Topographic relief of 300 feet,
whether due to erosion, folding, faulting, or a combination
of the processes, would have produced. a gravity anoma Ly of
about 2 mgals. Such an anomaLy, which should have been
recognized with the present set of data~ i s not present.
The interpretation of the gravity data along this profi Le
indicates that no disp lacement greater than 100 meters has
occurred at the Lower basaLt interface and that topographic
relief on the buried upper basalt surface must be Less than
100 meters (a value required by the precision of the present
set of gravity data).

4.1.7 SUNNYSIDE REGION

The Toppeni sh Ri dge appears to terminate a f ew ki Lometers
west of Sunnyside. About 300 gravity stations at a spacing
of 0.6 kilometer had been established in this region in 1979
and 1980. The data were used to construct the Pasco-WaLLa
Walla map. The same data were recontoured in the present
study at a smaLLer contour intervaL for the purpose of
determining whether residuaL anomalies might exist along the
continuation of Toppenish Ridge towar d the east. No gravity
anoma Ly that might be associated with the eastward
subsurface continuation of Toppenish Ridge was found.
Therefore, no gravity modeL was constructed.

The absence of a gravity anoma Ly on the extension of
,Toppenish Ridge constrains modeLs of the basalt surface.
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The density contrast between basa Lt and the sediments that
fiLL the basin is at Least 0.5 gm/cm3. Relief on, the
basalt surface of 100 meters would produce an anomaLy of
2 mgaL. The present data set is adequate for the detection
of an anomaly of 2 mgaL but none was detected. The
interpretation of the gravity data along this profile
indicates that no displacement greater than 100 meters has
occurred at the Lower basaLt interface and that topographic
relief on the buried upper basalt surface must be Less than
100 meters (a value required by the precision of the present
set of gravity data).

5 ~ 1 INTERPRETATION OF LAYER 2

Layer 2 is a Large mass of rock relatively high density that
occurs in the centraL Columbia PLateau. Its totaL anomalous
mass i s 7 x 10" 8 gm, a value that i s independent of models
and requires no assumption about density. If the density
contrast i s 0.187 gm/cm3, a value justi fied in Appendix
2.5L and discussed earlier in this report, then the volume
occupied by Layer 2 i s 37,000 ki Lometers3. For the range
of density contrasts 0.15-0.30 gm/cm3, the estimated
volume ranges f rom 46,000 ki Lometers3 to 23,000
kilometers>.

The prof i Les across the edges of Layer 2 (Vantage, Potholes
Reservoir, and Noses Lake) are consistent with edges of the
unit that dip a few degrees toward the interior of the
body. We infer that the body is a relatively thick pile of
extrusive rocks, say andesite or basalt, that accumulated in
a subsiding basin that is elongated in a north-south
di rect i on.

The body appears to be thicker towards the south. It
thickens appreciably south of the Rattlesnake HiLLs
alignment and attains a thickness of, 8 to 10 kilometers in
the vicinity of Lenzie Ranch, 25 kilometers southwest of
Ri ch land.

The two Lobes on the southern end of Layer 2 are possible
indications of the Locations of the vents through which the
rock was, extruded. We suggest that the uppermost and
geographicaLLy more extensive portion of Layer 2 was
extruded through a vent in the vicinity of WaLLa Walla and
flowed through the region now fiLLed with the Walla Walla

'obe.We suggest that the Lowermost portion of Layer 2
which is also geographicaL Ly restricted to the region south
of the Rattlesnake Hi lls alignment f Lowed through the
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southwest Lobe from a vent Located-near BLalock Canyon,
Oregon. An a Lternate modeL would have extrusion through
both vents.

After the emplacement of Layer 2, the CoLumbia River basa its
covered Layer 2. The age of Layer 2 is unknown but must be
greater than the age of the oldest Columbia River basalt.
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LATE CENOZOIC TECTONICS OF THE PACIFIC NORTHWEST
WITH SPECIAL REFERENCE TO THE COLUMBIA PLATEAU

1.1 INTRODUCTION

This discussion of the Late Cenozoic tectonics of the
Pacific Northwest is primari Ly concerned with Niocene and
younger events in the Co.lumbi a PLateau and adjacent geo logi

c'rovinces,unlike an earlier review (Washington Public Power
Supply System, 1977a) which treated evolution of the entire
Pacific Northwest from Precambrian time to the present. The
paper relies heavily on data and concepts developed by earth
scientists since L977, particularLy on the structural
analyses of Columbia Plateau deformation by Laubscher (L977;
L981). Specific topics to be treated include: (1) Late
Cenozoic kinematic reLationships between the Great Basin and
the Pacific Northwest; (2) the timing of plateau
deformation; (3) the nature of the OLympic-Wyllowa
Lineament; and (4) a tectonic modeL for plateau deformation.

2.1 PLATE TECTONIC SETTING OF THE PACIFIC NORTHWEST

The Niocene and younger tectonics of the Pacific Northwest
are the consequences of incompletely understood interactions
between the Pacific, North American, and Juan de Fuca
plates. The Latter, a vestigiaL remnant of the once
extensive FaraLLon plate, Lies offshore of Oregon,
Washington, and Vancouver Island. It is separated from the
Pacific PLate to the north, west and south by the Gorda,
Juan de Fuca~ and ExpLorer ridges (from south to north) and
the transform fauLts (fracture zones) which bound them. To
the east, the Juan de. Fuca-North American plate boundary is
one of past convergence and, in the opinion of most recent
workers, one along which subduction still continues at rates
of severa L centimete rs pe r yea r.
Mashington Public Power SuppLy System (1977a), in agreement
with Riddihough and Hyndman (L976) and Car lson (L976) ~

concLuded that despite the Lack of an inclined seismic
(Beniof f) zone beneath western Washington and Oregon,
eastward subduction of the Juan de Fuca plate beneath North
America is probably an ongoing process. Nore recently,
Crosson (L980) has presented seismic focaL data that
indicates that a shaLLow east"dipping Benioff zone does
exist beneath western and centraL parts of the Puget Trough
at the Latitude of the OLympic Peninsula. Other features
supportive of Quaternary subduction beneath the continent
include the compressive deformation of Late PLeistocene
sediments aLong the base of the Oregon-Washington

2. 5N-1
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continentaL slope, the Linear array of Quaternary volcanoes
of the High Cascades, the present gravity field of the
continentaL margin (see below), and the nature of the deep
(60-70km) Puget Sound-Gulf IsLands earthquakes. Based on
focaL mechanism solutions, the deep earthquakes of L965
(Apri L 29, Puget Sound) .and L976 (May 16, Gulf Islands) were
produced by normaL faults with north-south strikes, a type
of faulting attributed by Washington Public Power Supply
System (1977a) to extensionaL strain in the outer (upper)
part of the subducting oceanic plate where it abruptLy bends
to steepen eastward. - That plate, therefore, must dip onLy
10o to 15o eastward f rom the base of the offshore
continentaL slope to a 60 km depth below Puget Sound. It
must then steepen to 30o to 50o, however, i f the
Quaternary Cascade volcanoes east of the Puget Trough Lie
100 km to 120 km above the subducting plate as many
petroLogists believe (cf. Washington Public Power Supply
System, L977a, Figure 2R C-7). McKenzie and Julian (1971)
had earlier concluded from a study of traveL"time residuals
of the L965 Seattle earthquake that a slab of high-velocity
materia l, interpreted by them as subducted oceanic crustJ
dips eastward (50o + 10o) beneath the Cascades. The
results of their studies have recently been confirmed by A ~

Rohay (oraL communication, Cascadia Conference, May L980).

On the basis of a recent analysis of the regionaL gravity
f ield in western Oregon, Washington, and s'outhwestern
British Columbia, Riddihough (1979, p. 351) concludes that
the field, which shows an outer "Low" and an inner "high",
is "similar to that over other subduction zones." A crustaL
section drawn by Riddihough (his Figure 5, Profile 3)
through the OLympic Peninsula, Puget Sound, and Mount Baker,
has a structuraL interpretation from a gravity profile
closely approximating the interpretation drawn by Washington
Public Power Supply System (1977a) from other evidence. The
descending Juan de Fuca p Late i s shown to dip 5 eastward
to a position beneath Puget Sound, then to dip steeply and
abruptly to 40o.

Ando and Ba lazs (1979) have used geodetic data to concLude
that the Juan de Fuca plate is aseismicaLLy underthrusting
the North American plate at the present time. Leveling
surveys across western Washington over the past 70 years
indicate a regionaL down-to"the-east crustaL tilting, which
Ando and Balazs relate to continuous creep on the interface
between the two converging plates. They state that
pre"seismic deformation aLong active subduction boundaries
characterized by thrust-type earthquakes (for which there is
no evidence in the Pacific Northwest) should be
characterized in western Washington by ti lting of the
coastaL area toward the offshore trench (i.e., to the west).

2. 5N-2
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The relative direction of convergence between the North
American and Juan de Fuca plates, assuming that such
convergence continues today~. is imperfectLy known. Recent
estimates for the vector of convergence between North
America and that segment of oceanic crust generated along
the Juan de Fuca Ridge range from N 39o E to N 57o E,
aLL at about 4 cm per year (Washington Public Power Supply
System, L977a); the most recent estimate, by Riddihough
(1979), is approximately N 55 o E. A northeastward
direction of convergence is at a high angle to the
Washington segment of the plate boundary, but oblique enough
to concei vab Ly impose a dext ra L component of st rain in 'the
upper, North Ameri can plate.
Rogers (1979) suggests that the north-south compressive
stress responsible for earthquakes in the Vancouver Island
region may be the direct consequence of north-south
convergence between the smaLL norther Ly Explorer plate and
North America. This possibility cannot be discounted, but
the southerly continuation of that stress field into areas
east of the Juan de Fuca-North American plate boundary (with
its different vector of convergence) and into northern and
western California (astridge the Pacific"North American
transform plate boundary) favors a more regionaL pattern of
plate interaction as its cause. Specifically, the stress
fie ld may be the combined consequence of weLL-documented
dextraL transform motion between the Pacific and American
plates and oblique, northeast-southwest convergence between
the Juan de Fuca and American plates. The two major
segments of the Pacifi c-American plate boundary, extending
northward from the mouth of the Gulf of California to the
Mendocino fracture zone (San Andreas fault), and from
offshore Vancouver Island to the Gulf of Alaska (Queen
Charlotte Islands fault), are sharpLy defined, but strain
effects related to the boundary appear to extend far inland,
particularly in areas adjacent to the San Andreas segment
(e.g., the western Great Basin).

The idea that the Late Cenozoi c tectoni cs of the western
United States are related to a broad zone of dextraL shear
aLong the western continental margin was popularized by
Atwater (1970). Her concept of a broad "transform zone" of
pLate interaction was essentiaLLy inherited from similar,
pre"pLate tectonics hypotheses of Carey (1958), Eardley
(1962)~ Wise (1963)~ and Hamilton and Myers (1966). More
recentLy it has been variably deveLoped by Smith (1977,
L979), Eaton (1979), and Christiansen and McKee (1979), aLL
of whom emphasize the extensionaL phenomena of the Basin and
Range province as the criticaL aspect of Late Cenozoic pL'ate
margin deformation.

2. 5N-3
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3.1 KINEMATIC INTERRELATIONS BETWEEN THE GREAT BASIN AND
THE BLUE MOUNTAINS AND COLUMBIA PLATEAU

3.1.1 INTRODUCTION

A number of recent workers (e.g. Washington Public Power
Supp Ly System, 1977a, 1980; Zoback and Thompson, 1978;
Eaton, 1979) have caLLed attention to the fact that
essentiaLLy synchronous ENE-WSW crustaL extension occurred
in the Great Basin (by normaL fauLts and igneous dikes) and
in the centraL and eastern BLue Mountains and Columbia
PLateau (basaltic dikes) beginning about 17 m.y..
ago--aLthough the amount of extension greatLy diminished
northwards into the Latter areas ~ Because plateau basalts
continued to be erupted from northerly striking dikes untiL
at Least 8.5 m.y. ago (Ice Harbor dikes near Pasco, with
strikes of N 20o - 30o W; Swanson and others, 1979)., the
view has been widely held (e.g. Washington Public Power
Supply System, 1977a; Eaton, 1979; Laubscher, 1981) that the
eastern Columbia PLateau and the Great Basin shared a common
extensiona l strain history untiL then (recognizing that
plateau extension was much Less than that of the Great
Basin). That view, in Light of new information about the
structuraL evolution of the Columbia PLateau (see below)
must now be regarded as overly simplistic, and probably
misleading to those who build tectonic syntheses upon it.
3.1.2 OLIGOCENE AND EARLY MIOCENE EVENTS

As a prelude to further discussion of the point just made, a
comparison of the Oligocene and Early Miocene histories of
the Great Basin, Blue Mountains, and Columbia Plateau prior
to the inception, of extensional deformation 17 m.y. ago is
in order. Between 40 and 20 miLlion years ago volcanic arc
activity related to eastward subduction of oceanic
Lithosphere beneath western North America was widespread.
Such a'ctivity affected the centraL Longitudina l third of
Washington, most of Oregon with the exception of coastaL and
northeasternmost areas, and aLL of what is now the Great
Basin (Snyder and others, 1976; Armstrong, 1979). Coney
(1979) describes this time period, particularly in the Great
Basin area~ as one of (1) great ash-f Low or ignimbrite
eruptions from caldera centers, and (2) the development of
amphibolite-grade metamorphi c-myloniti c complexes at
reLatively shalLow crustaL Levels (i ~ e. into Paleozoic and
Mesozoic strata; cf. Compton and others, 1977; some of these
complexes are now dated as Mesozoic in age, e.g ~, the
Whipple Mountains of southeastern California; this author,
unpub lished studies). Loring (1976) has documented
widespread examples of Oligocene normaL faulting of variable
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trend (north-south to east-west) within Utah and Nevada, but
two Lines of evidence suggest that topography and, by
inference, tectonic activity were generaLLy subdued. A

paucity of OLigocene and Early Miocene sedimentary rocks in
the Great Basin suggests that there were few major basins
for sediment entrapment (Christiansen and McKee, 1979), and
sheet like Late OLigocene-EarLy Miocene ignimbrites mantLed a

topography of Low reLief over regionaLLy extensive areas 25
to 20 miLLion years ago.

The OLigocene to EarLy Niocene hist'ory of the Columbia
PLateau is obscured by its cover of Columbia River basalts
and younger units, but the history of the Blue Mountains
during this time period is at Least part Ly recoverable. The
province was deformed at some time after Eocene arc
volcani sm (CLarno Fm.), but prior to Columbia River basalti c

volcanism. CLarno strata were folded Locally as steeply as
60o before deposition overlying Picture Gorge basalts
(Thayer and Brown, 1966) on the northern Limb of the major
east"west ALdrich Nountain anticLine, the structuraL axis of
the western BLue Mountains. Robyn (1977) suggests that this
deformation occurred between 25 and 2'0 m.y. ago, but his
older age Limit is not weLL-constrained. If folding was
earlier, deposition of the Oligocene (Less than 43 m.y. ago)
to Early Niocene John Day Formation may have been Limited to
the south by the high-standing BLue Nountains block (Thayer
and Brown, 1966), and part Ly controLLed by synchronous
folding in the basin of deposition. According to McKee
(1972~ p. 236"237), "The John Day Formation appears to be
thickest near the centers of northwest-trending synclines.
The folds are, in part, younger than the CoLumbia River
Basalt, as that unit has been warped by the fold. The
thickness data f rom the John Day st rata suggest that the
same foLds existed in the OLigocene and that deformation
along northwest"trending Lines has been going on for at
Least 30 mi LLion years." Supporting evidence for early
foLding (pre"Columbia River Basalt) comes from the BLue
Mountains anti c line along the northern edge of the John Day
basin. This major fold constituted a topographic barrier in
Niddle Niocene time that separated, except LocaLLy, f Lows of
the Lower Yakima and Picture Gorge Basalts (Nathan and
Fruchter, 1974). NcKee's suggestion~ that foLding with
trends and geometries characteristic of the CoLumbia PLateau
began in OLigocene time, is an extremely important one when
the genesis of the younger folds that deform the CoLumbia
Ri ver basa its i s considered.
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3.1.3 POSSIBLE KINEMATIC LINKAGE BETWEEN GREAT BASIN AND
THE PACIFIC 'NORTHWEST

As reviewed below, compressionaL deformation in the BLue
Mountains and Columbia Plateau may have peaked in Late
Miocene and PLiocene time, roughly between 10.5 and 3 to 4
m.y. ago. This time period was significant for the Great
Basin area as weLL, since it includes the kinematic
transition between east-west extension within the northern
and western Great Basin to a west-northwest to northwest
direction of extension. According to Eaton (1979) this
change in "spreading" direction occurred between 7 and 4
m.y. ago and accompanied the progressive northward
development in California of the transform boundary between
Pacific and North American plates.
The generaL coincidence in timing between (1) the onset of
west"northwest to northwest extension in the western Great
Basin and (2) an acceleration in similarly oriented
(aLthough not necessari Ly aligned) compression in the
provinces to the north, may be interpreted to indi cate that
a kinemati c Linkage exists between them. Laubscher (1977),
for example, referred in generaL terms to the CoLumbia
Plateau as a compressiona l "sink" for extensionaL strain in
the Great Basin to the south (the "source"). He does not
believe, however, that the Large amounts of. extension in the
southern region are equaLLy compensated by compression in
northern areas'uch a direct kinematic Linkage is
geologicaLLy unrealistic, considering the relativeLy smaLL
compressionaL strain of the Columbia PLateau and Blue
Mountains

areas's

outlined above, folding in north-centraL Oregon along
northeast trends began before Columbia River basalt
volcanism and the initiation of east-northeast-west-
southwest extension in the Great Basin area. PLateau
folding continued from 14 to 7 miLLion years ago"-within
which time intervaL, according to Eaton (1979) the direction
of extension in the Great Basin changed to east-west. Thus
to this writer, an explanation for subsequent, but similar
plateau deformation that is tied to a radicaL reorientation
of Great Basin extension from east"west to a
northwest-southeast direction (ca. 7 m.y. ago) seems
forced. NevertheLess, the entire question of kinematic
Linkage between extension in the Great Basin and the
tectonics of the Pacific Northwest has become enormously
complicated by the just-pubLished paper of MagilL and Cox
(1981). These writers conclude that the entire Cascade
Range south of southern Washington has rotated about 27o
in a cLockwise sense since 25 m.y. ago. They attribute this
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impressive rotation, which may have affected the KLamath and
Sierra Nevada provinces as weLL, to post"earLy Miocene
extension in the Basin and Range province. The implications
of their paper are beyond the scope of this report but may
be profound.

3-1-4 NORTHERN MARGIN OF BASIN AND RANGE PROVINCE IN
CENTRAL OREGON

A correct understanding of the kinematic interre lationships
between the Basin and Range province and the
Blue"Mountains/Columbia PLateau must focus on the tectonic
boundary between them in centraL Oregon. There is, howeverj
no unanimity of opinion on exactly how this intraplate
provincial boundary is defined. Some writers (e.g. Smith,
1979; Christiansen and McKee, 1979) speak of the High Lava
Plains of centraL and eastern Oregon, with its youthfuL
volcanism and high heat f Low, as a geologic transitionaL
zone between the two provinces. Othe> s (e.g. Lawrence,
1976; Eaton, 1979) emphasize structural elements, most
important Ly the northwest-striking Brothers fault zone, as
defining the boundary. Laubscher (1981) ~ most recently has
considered the Brothers fauLt zone as a portion of the
southern margin of a broad zone of dextraL transform strain
extending from western Idaho to the OLympic Mountains
(IDOL). However defined, the boundary has generaLLy been
accepted as one characterized by dextraL transform motion
since the interesting paper by Lawrence (1976).

Reasons for postulating dextraL slip along a tectonic
boundary between the Basin and Range and BLue Mountains
provinces include the folLowing: (1) an en echelon pattern
of fractures within the Brothers fault. zone, reported by
Lawrence (1976) and interpreted by him as Riedel shears in a
youthfuL zone of Limited dextral shear; (2) eastward
termination of the Brothers zone at the throughgoing,
north-south Steens normaL fault, a geometry necessitating a
westward di Lation of the norma L faulted terrain south of the
Brothers zone with respect to the northern, more stable
bLock (Lawrence, 1976); (3) Lawrence's contention that the
northwestern end of the Brothers zone merges with a more
norther Ly striking system of norma L faults a Long the eastern
edge of the High Cascades; and (4) the northwesterly trend
of the Brothers zone--an orientation within the dextrally
strained margin of the North Ameri can plate that should be
characterized by components of right-sLip (cf. Atwater,
1970) .

Lawrence (1976, p. 849) states that "relatively LittLe
displacement has taken place along the Brothers fault zone",
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a. conclusion compatib le with the absence within the zone of
a single, throughgoing strike-slip fault. However, his
interpretation of right-slip along the Brothers zone--based
on an inferred en echelon pattern of fractures within
it--deserves scrutiny. Lawrence claims that the N 60o W

trend of'he zone contrasts significantLy with a N. 40o W

strike of discontinuous, en echelon fractures within it, and
that the acute angle between these structuraL elements
indicates right-Lateral displacement along the zone.

The most strongly en echelon structural elements of the
Brothers zone are a series of northwest (N 50o W + 10o)-
trending ridges that Lie north of Oregon State Highway 20
between Brothers and Horse Ridge Summit west of Millikan,
and continue south and west of the summit as components of
Horse Ridge (Figure 1). Lawrence interpreted these ridges
as "fractures" on the basis of his analysis of Landsat
imagery (they are plotted within the zone in his Figure 2).
However, at Least two of the westernmost component ridges of
Horse Ridge appear to be elongated, doubLy plunging
anticlines based on the configuration of Lava flows within
them. The morphoLogy of the easternmost two ridges of Horse
Ridge and those ridges farther east (north of Highway 20) is
aLso indicative of foLding. The ridges rise as much a's 700
feet above the surrounding lava plains and Lose elevation
both northwestward and southeastward aLong their axes. Most
are asymmetric, with steepe r southwestern f Lanks. Their
grand isolation above the LargeLy unfaulted Lava plains
would seem to rule out an origin for them by block faulting
of Basin-and-Range type (i.e. normaL faulting). Scarplike
slopes on the southwestern margin of most of the ridges
appear to be fault controLLed, possibly with reverse or
thrust components of slip in Light of their association with
probable anticlinaL folds. This writer's tentative
interpretation of the ridges as compressionaL features (made
in the summer of 1979) has subsequently received independent
support from an unpubLished photogeologic study of the
region made by a major oi L company in the mid-1950's. In
that study, the ridge direct Ly east of Horse Ridge Summit
was mapped as a northerly-plunging anticline. If the dozen
or so ridges in question are indeed anticLinaL, their
pronounced en echelon orientation (Figure 1) suggests
strongLy that they are brachyanticLines formed within, or
bordering on the north, a zone of sinistraL (Left-Lateral)
shear with a strike in this area of approximately
east-west En echeLon ridges of simiLar trend and
morphoLogy are also present south of Highway 20 in the same
generaL area (e.g. Pine Ridge), and because they too rise
abrupt ly above the Level of the surrounding Lava plains,
they are also favored as compressionaL features. The ridges
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of the MiLLikan-Brothers area thus appear to complicate
Lawrence's interpretation of dextraL slip within the
Brothers fault zone, based on his erroneous assumption that
the ridges are expressions of Riedel shears with
transcurrent di splacment.

Another aspect of Lawrence's tectonic analysis also needs
reconsideration. He (1976, p. 850) believes that the
northwest-trending Brothers zone separates the Basin and
Range- province from the BLue Mountains of centraL Oregon.
"Extension virtually ceases at the northern end of the
province along the Vale and Brothers fault zones." However~
the Brothers zone as he has defined it from Landsat imagery
(his Figure 2) appears much too selective when compared with
patterns of faulting mapped by Green and others (1972) in
the Burns 2o map sheet (see also WaLker, 1977). Lawrence
shows the Brothers zone as a Linear zone that extends
southeastwards f rom Bend and passes south of Harney Lake.
Yet Greene and others map scores of minor normaL faults
north of Lawrence's zone between Hampton (on Highway 20) and
Harney Lake that are identicaL in field appearance and trend
to those of the zone as Lawrence defines it. In other
words, the eastern Linearity and Location of Lawrence's zone
can be questioned. Certainly, the northern Limit of
northwest-striking normaL fauLts of the Basin and Range
province does not Lie along the Brothers zone in this
region, but in a more northerly position--roughly along an
ir regular east"west Line connecting Hampton and Burns.
Inspection of the Burns map sheet (Greene and others, 1972)
suggests that the deformation of the High Lava PLains west
and southwest of Burns is more one of crustaL extension in a
northeast"southwest direction across scores of normaL faults
than dextraL slip across northwest"striking Riedel shears.
The northwest orientation of the normaL faults is, of
course, compatibLe with right-Lateral displacement of the
High Lava PLains relative to the northern, BLue Mountains
block i f'he fauLts are extensiona L f ractures in a zone of
di stributed dextraL strain.
4.1 TEMPORAL, AND SPATIAL RELATIONS BETWEEN EXTRUSION AND

DEFORMATION OF COLUMBIA RIVER BASALTS

Tectonic models for the origin of Columbia PLateau
structures must be cognizant of the relations in space and
time of the two major geologic events of the plateau: (1)
the extrusion of basalti c Lavas from north-northwest
trending dikes; and (2) .the deformation of these Lavas and
coevaL and younger sedimentary rocks along northeast, east,
and northwest trends. The former is known to have occurred
from approximately 16.5 to 6 m.y. ago, although Swanson and
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Wright (1978) estimate that 9'9% of the Lavas were extruded
between 16 and 14 m.y. ago. As amplified. below, deformation
of the basalts began about 14 m.y. ago and continues to the
present.

Figure 2 draws attention to an important spatiaL
relationship between the two plateau phenomena. That is,
that with the exception of basalts among the oldest (Picture
Gorge) and youngest (Ice Harbor), the feeder dikes for the
Columbia River f Lows were in eastern plateau areas
unaffected by plateau foLding. To state this relation
different ly, the CoLumbia PLateau can be divided into two
areas with differing Late Cenozoic strain histories--an
eastern area, the Pa louse subprovince of RockweLL (1979),
characterized by east-northeast extension totalling more
than 1 km (Taubeneck, 1'970), and a western area, the Yakima
foLd beLt subprovince, characterized by north-south
compression. Bentley (1980) has recently estimated that
north-south shortening across the subprovince decreases f rom
a, value of 15 km, west of 120o W Longitude, to 4 km, east
of 120o W. Although maximum development of structures
within the two strain fields did not overlap (dikes, 16 to
14 m.y. ago; folds, 10.5 to 3 or 4 m.y. ago), the fieLds did
coexist for approximately 8 miLLion years (14 to 6 m.y. ago).

Because totaL strains within each field are smaLL, the
structuraL boundary between them is not clearly expressed.
Laubscher (1977, 1981) refers to the eastern~ north-south
trending boundary of the Yakima subprovince as the WaLLula
Gap-Moses Lake Belt. It connects the eastern
topographicaLLy-expressed terminations of the Saddle
Mountain and Frenchman HiLLs, structures. He beLieves the
diffuse belt is characterized by dextral transcurrent strain
since it separates a north-south-shortened, block to the west
(Yakima) from the more stable Pa louse block to the east.

5.1 TIMING OF PLATEAU FOLDING AND ASSOCIATED FAULTING

5.1.1 MIOCENE DEFORMATION

It has become clear in the Last severaL years that plateau
foLds and paraLLeL faults, usuaLLy with thrust or reverse
fault geometries, were developing during the extrusion of
some Miocene CoLumbia River basalts from fissures farther
east. The best evidence for the earliest recognized
deformation, that of Late Grande .Ronde time after nearly 85%
of the basalts had been extruded, comes from the recent work
of Beeson and Moran (1979) in the northern Cascades of
Oregon. They report that folds t rending N 40o — 65o E

began to develop during youngest Grande Ronde time. At some
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Loca lities piLLow Lavas and sedimentary interbeds of this
age are restricted to synclinaL troughs and anticlinal
volcani c sections are abbrevi ated. Simi Lar Ly at the
northern edge of the CoLumbia PLateau, in the Wenatchee
Nountains of Washington, the Vantage Nember of the
Ellensburg Formation (post-Grande Ronde Basalt,
pre-Frenchman Spring Member of Wanapum Basalt) thins toward
the crest of Taneum Ridg'e anticline (Neyers and Price, 1979,
p. 1V-16).

Evidence for deformation during Wanapum time, approximately
14.5 to 13.6 m.y. ago~ is geographicaL Ly more widespread.
Again, in the northern Oregon Cascades, Beeson and Moran
(1979) found evidence for uplift, northeast-southwest
faulting, and erosion of the Frenchman Springs member of the
Wanapum Basalt prior to deposition of Priest Rapids f Lows
(aLso Wanapum BasaLt)- In the Pasco Basin area,
stratigraphic and geochemicaL studies by geologists of the
RockweLL Hanford group (Reidel and others, 1980; RockweLL,
1979) indicate that the Saddle Nountains structures (Figure.
3) began to form in post"Grande Ronde time, ca. 14.5 m.y.
ago. Thinning of Frenchman Springs flows has been noted
across. the northwest-trending Smyrna anticLine on Saddle
Nountain. The distribution of overlying f Lows of the Roza
Nember of the Wanapum Basalt on Saddle Nountain suggests
east-west folding or arching during their deposition.
Evidence for post"Wanapum deformation is stilL more
widespread. BentLey and others (1980, p. 59) state that
"broad, structuraLLy controLLed basins had become noticeable
at the onset of Saddle Mountain time, about 13 — 13.5
miLLion years ago." They report that antic linaL ridges were
LocalLy high enough to confine f Lows of the oLdest member of
the Saddle Nountain BasaLt, the Umati LLa Nember. These
fLows thin over the present site of the Rat t lesnake HiLLs,
suggesting that this fold structure began to form at the
c Lose of Wanapum time (Rockwel l, 1979) . The thinning of
f Low units across Saddle Nountain noted above continued to
occur untiL ELephant Nountain time (ca. 10.5 m.y. ago),
enabling Reidel and others (1980; oraL presentation, 1980)
to conclude that the rate of uplift of this structure
between 14.5 and 10.5 m.y. ago was approximately 39
meters/miLLion years.

Some of the clearest evidence for intra-plate Miocene
deformation on the CoLumbia PLateau comes from the Yakima
and Umtanum anticlinaL structures (Figure 3). BentLey
(1977, p. 339) describes "LocaLLy substantiaL
deformation...14 to 12 m.y. ago" near Priest Rapids (Umtanum
Ridge) and Yakima (Yakima Ridge). In the Latter area, just
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east of the Yakima River, steeply-Gipping Wanapum basalts
(as young as the Priest Rapids Nember) are overLain with
angular unconformity by f Lat-Lying Selah conglomerates of
the Saddle Nountains Basalt (Bent Ley, 1977, p. 364); the
conglomerates are older than the 12 m.y. old Pomona Member
of the Saddle Mountains Basalt.

Somewhat simi Lar relations are reported by Bent Ley (1977, p.
377 and summarized in RockweLL, 1979, p. III-166) from the
Filey Road area of eastern Umtanum Ridge. Here, 3 km west
of Priest Rapids Dam, Grande Ronde and Wanapum basa its,
incLuding the Priest Rapids Nember of the tatter, were
tightly foLded, overturned, reverse faulted, and eroded
prior to the deposition of fanglomerates across them. The
fanglomerates intertongue northward with f LuviaL sediments
of SeLah age that underlie the Pomona Nember. The Pomona
basalt in this area is described as reLatively undeformed"
(RockweLL, 1979~ p. III"166; see also their Figure III"73).
Farther east, Goff and Nyers (1978) also conclude that most
deformation of Umtanum Ridge occurred prior to Saddle
Mountain time, but the distribution of the 10.5 m.y. old
ELephant Nountain basalts around the eastern end of the
structure suggests to them that some folding continued
through ELephant Mountains time. Bentley (1977, p. 374)
states that more than 400 m of structuraL relief has
developed at the eastern end of Umtaum Ridge since the
extr'usion of ELephant Nountain Lavas.

Despite evidence for geographicaLly widespread deformation
of the Columbia PLateau prior to extrusion of the 12 m.y.
old Pomona Lavas, most deformation affecting the Columbia
Plateau and the adjacent BLue Mountains province is
post-Pomona in age. In the BLue Nountains, strong
north-south compressionaL deformation postdated the
extrusion of Columbia River basa its, but preceded eruption
6 6. m y. ago of the wideapread tuff member of the
Rattlesnake Volcanics (Thayer and Brown, 1966; Robyn and
others, 1977; Robyn, 1977) . Robyn (1977) dates thi s
compressiona L event as occurring between 10 and 7 m.y. ago.
Deformation was expressed by renewed folding and rupturing
of the north f Lank of the ALdrich Nountain anticLine to form
the east-west John Day reverse fault. Northeast and
northwest-striking f ractures and strike-slip faults formed
contemporaneously in the northern footwaLL of the fault as a
conjugate response to north-south shortening. Only minor
compression and igneous activity (siLicic intrusions and
basaLtic voLcani sm) have occur red in the eastern Blue
Mountains since 6.6 m.y. ago (Robyn, 1977).
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In Washington, the widespread folding of the ELephant
Nountain Member of the Saddle Nountains Basalt in the Pasco
Basin ar ea demonstrates major plateau deformation younger
than the 10.5 m.y. age of the member. RockweLL (1979, p.
1V-17, 20-21) concLude that most deformation in the Pasco
Basin area occurred between 10.5 and approximately 5. m.y.
ago, aLthough the younger age Limit is not weLL-controLLed
(as discussed below).

5 ~ 1 ~ 2 PLIOCENE DEFORMATION

A problem in establishing an upper (younger) Limit for most
plateau folding and associated faulting is the incomplete
PLiocene and Quaternary stratigraphic record of the plateau
area. In many areas Late Quaternary deposits rest di rect Ly
on deformed Niocene basalts, with a resultant hiatus in the
geologic record of the region of up to 16 miLLion years.

PLiocene stratigraphic units (ca. 5 to 3 m.y. old) are
preserved in the northern and centra L Pasco Basin area
(Ringold Formation), the Yakima-ELLensburg area (upper
ELLensburg Formation), and in southwestern portions of the
Washington plateau (Simcoe -Volcanics). Unfortunately~
plateau workers have differed on the extent of pLateau
deformation affecting these units, Largely because of the
Lack of precise age controls on them. For example, in the
northern Pasco Basin dips of beds in the upper part of the
PLiocene RingoLd Formation (5.1 - 3.3 m.y. ago~ RockwelL,
1979) are very gent Le. This reL'ation may indi cate waning
deformation (Rockwel L, 1979, 1V-21) since Lower Ringold
strata on the f Lanks of Saddle Nountain to the north dip as
steeply as 40o (Washington Public Power Supply System,
1977d, p. 2RH 8-6) ~ However, since basalts beneath the
gentLy dipping Ringold sediments also dip gently, the areaL
di fferences .in Ringo ld dips may reflect spati aL rather than
temporaL factors.
UnpubLished subsurface studies by Golder and Associates (D.
Caldwel L, persona L communi cation~ 1981) of Ringold sediments
that Lie across the buried southeastern end of the Gable
Nountain anticline (Figure 3) indicate that older Ringold
sediments on the f Lanks of the structure dip more steeply
than younger. Golder's data suggest that broad arching of
RingoLd sediments continued through the Pliocene.

PLiocene fang lomeratic deposits in areas between Yakima and
the Kittitas Valley, e.g. the Thorp Gravel, have recentLy
been assigned to the. upper El Lensburg "Formation"
(Washington Pub li c Power Supply System, 1977d) or

"group!'Bentley,1977). Statements made in the two 1977 papers
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.about the significance of these deposits to the dating of
plateau deformation are, however, somewhat at variance.
Bentley states (1977, p. 355) that "major deformation"
occurred along Nanastash Ridge "after some coarse basaLtic
fanglomerates of the Thorp (?) Gravel were deposited",
despite a reference elsewhere (p. 352) that Thorp (?)
congLomerates on the north flank of the Nanastash structure
dip only 3 — 5o. The inclined conglomerates are truncated
by an ear Ly (? ) PLei stocene pediment surface capped by
graveLs. The age of the Thorp (?) unit i s not known,
although tephra Layers in upper Thorp GraveLs in Kittitas
Valley have yieLded fission trace and K-Ar ages of 3.7 to
4.8 m.y. ago (Rigby and Othberg, 1979, p. 18). From such
relations, Bentley (op. cit., p. 339) derives the tenuous
concLusion that'the majority of the 'ridges'ose in
PLiocene-PLeistocene times" (6 to 1.5 m.y. ago).

Washington Publi c Power Supp Ly System (1977d, p. 2RH 8-3),
however, although favoring Local deposition of upper
ELLensburg deposits "during or after" ridge uplift take a
more conservative view of the significance of these
deposits: "The regionaL significance and age of these
deposits is poorLy understood. Nost deposits are
undeformed; only on west end of Smyrna Bench (Saddle
Nountain) and in the Kittitas VaLLey do smaLL dip slip
faults cut these deposits" (italics by this writer).
ELsewhere, (p. 2RH 8-12) Washington Public Power Supply
System conc Ludes that the

"age of deformation in the area
dominant Ly pos t-ELephant Mounta
Gravel. Some deformation along
anticlines may be slight Ly olde
pediment surfaces may be younge
the deformation (faulting and f
occurred between these two date

of investigation is
in and pre"Thorp
the cores of the

r and minor tiLting of
r, but the majority of
olding) must have

II

Their conclusion is, in turn, challenged by Rigby and
Othberg, ('1979) who report that ELLensburg sedimentary rocks
younger than Columbia River basalts (their "supra"basalt
ELLensburg Formation" ) are deformed widely in the Yakima
area:

"The deformation exhibited by the supra-basalt
ELLensburg Formation indicates that the Large-scale
upLift and deformation of the basaLt ridges in the
western Columbia Basin occurred after most, if not aLL,
of these sediments had been deposited, or Late Miocene
to early (?) PLiocene in age."
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Basalt terrace gravels preserved in vaLLeys in the Yakima
area are interlayered with and overlie supra-basalt
ELLensburg sediments'he gravels, which according the
Rigby and Othberg resemble the Thorp Grave ls of the Kittitas
VaLLey, exhibit near verticaL to overturned dips at
Localities along Ahtanum Ridge, in the foothi LLs of Cowiche
Mountain, and in Yakima. Unfortunate Ly, the age of these
gravels is not known, although Rigby and Othberg (1979)
suspect they may be broadly coevaL with the Thorp gravels.
They believe (p. 23) that some of the terrace grave ls "were
deposited before deformation began, whiLe others were
deposited for some time after deposition occurred.
Deformation of thi s part of the Columbia Basin, at Least,
apparently came to an end sometime during deposition of this
graveL unit.
PLiocene and PLeistocene Lavas are widespread in the
southwestern corner of the Washington portion of the
CoLumbia. PLateau. The reLations of these Lavas, the Simcoe
volcanics-, to pLateau foLd and fault structures are
instructive. According to Bent Ley and others (1980, p. 60):

"Eruptions of basalt and related Lava began in the
Simcoe volcanic field probably during early Pliocene,
about 4-5 miLlion years ago. Much of the deformation
of the area had been completed before these eruptions,
a Lthough some f Lows appear to have been ti Lted by Later
foLding. The eruptions, which may have taken place
over a 2-4 miLLion year period, produced a broad
continuous basalt field dotted with cinder cones".

Disagreement exists in the Literature concerning the
reLative age of east-to-northeast-trending antic lines and
northwest-striking, high angle faults in this part of the
plateau. One such fault appears to cut a 4.5 m.y. old
Simcoe f Low~ but i s overlapped by a f Low dated at 3.5 m.y.
(Shannon and Wi Lson, 1973) . Shannon and Wi Lson (1973)
interpret the 4.5 to 3.5 m.y. oLd fauLt as being
synkinematic with formation of the Columbia HiLls and Horse
Heaven anticlines, but studies by Anderson (1980) and
Bentley and others (1980) indicate that the
northwest"striking cross faults are younger than the folds
(see a Lso Rockwe L L, 1979, p ~ I I-84, 85) .

5.1.3 PLEISTOCENE DEFORMATION

ALthough upper units in the Simcoe VoLcanics and the RingoLd
and ELlensburg Formations may be of PLeistocene age, the
PLeistocene .stratigraphic record on the plateau is generaLLy
represented by poorly dated glaciaL deposits, flood gravels
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and associated sediments, and Loess (Rigby and Othberg,
1979). The extent of invoLvement of these units in pLateau
folding i s uncertain, in part because they tend to be best
preserved in basins between major folds, and in part because
of their youthfulness and the Likelihood of Low plateau
strain rates.
ALL workers appear to agree that the uplift of Yakima Ridge
ended prior to one. miLLion years ago, since the undeformed
Tieton Andesite (K/AR age of 1.0 + 0.1 m.y.) Lies in an
erosional reentrant across the truncated northern f Lank of
the anticline (RockwelL, 1979, p. 11-77). Bentley (1977, p.
354) concluded that most of the deformation along nearby
Manastash Ridge occurred prior to the development of the one
m.y. old ThraLL pediment surface on its north f Lank.

6.1 HOLOCENE AND CONTEMPORARY TECTONICS

6.1.1 INTRODUCTION

Information on the geometry and kinemati cs of active
structuraL elements 'in the Pacific Northwest comes primarily
from two sources -- fieLd recognition and study of such
structures, and fauLt plane solutions from singLe or
composited seismic even'ts. From a practicaL standpoint~
relatively Little is known about Quaternary tectonics in
Washington from the direct study of active struc.turaL
ele'ments. None of the seven states west of the Rocky
Mountains have fewer known or inferr ed examples of active
faults than. the state of Washington (Howard and others,
1978) - Thi s situation may ref Lect a genuine diminishment of
youthfuL faulting in areas of the United States north and
west of the Basin"and-Range province or a Lack of bedrock
exposures in the western, more seismicaLLy active half of
the state -- or both.

6.1.2 DATA FROM SEISMOI OGY

Washington PubLic Power Supply System (1977a) summarized
evidence, Largely from earthquake focal mechanism studies,.
that the upper Lithosphere (Less than 25 km depth) of
Washington and the northern haLf and western third of Oregon
presently Lies within a regionaL strain field characterized
by north"south shortening. Individual and composite focaL
mechanisms for seismic events within this region typicalLy
yield orientations for P, the compressionaL axis, that have
shaLLow plunges and trends that vary from NNW to NNE. T,
the axi s of maximum extensiona L strain, has a more variable
orientation, ranging from verticaL to east-west and
horizonta l. The two principaL combinations of P and T that
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resuLt from these orientations Lead to two characteristic
types of fault plane solutions for'acif i c Northwest
earthquakes: 1) east-west striking thrusts or reverse
faults (north-south P, verticaL to subverticaL T); and 2)
either steep northwest-striking faults with dextraL slip or
northeast"striking faults with sinistraL slip (north-south
P, horizonta l to subhorizontaL and east-west T). Rogers
(1979) has recent ly documented that the fieLd of north-south
shortening extends into the Vancouver Island region of
southwestern Canada, where solutions for both strike-slip
faulting (predominant) and thrust faulting (subordinate) are
also obtained.

However, results of recent seismic studies from the Columbia
PLateau indicate that the orientation of P there is
considerably more variable than the simple picture of
north-south orientation that was presented in WPPSS PSAR
Amendment 23 by Washington Pub li c Power Supply System
(1977a), Washington Public Power Supply System (1977e), and
Washington Public Power Supply System (1977f). In a draft
report (Woodward-CLyde Consultants, 1980a) to the Washington
Publi c Power Supply System, orientations of P have been
found to vary markedly in different parts of the
southeastern PLateau region. For example, composite focaL
mechanism so lutions from microearthquakes with depths of 9
to 24 km yield N-S orientations of P for a more-or-Less
Longitudinal belt (ca. 119'30'W to 119'45'W) that extends
southward from east of Priest Rapids Dam to within 15 km of
the Columbia River west of McNary Dam. ALL composite
solutions show predominant reverse, dip-slip displacements.

In contrast, composite focaL mechanism solutions for areas
'otheast (near Mesa, Washington) and west (near Sunnyside)

of the Longitudinal beLt yield P orientations that are
regi ona L Ly anomalous (N 67o W, 43o and N 74o W, 60o,
respective ly, for the two areas). Orientations of T for the
two areas are not as consistent as those for P, being N

32o E, 9o and N 106o E, 30o, for eastern and western
areas respective ly. These so lutions suggest pure dip-s lip
normaL displacement along north-striking normal faults in
the Latter case, and fauLts with oblique-slip (both
strike-slip and normal dip-slip compontents) in the former.
The soLution for normaL fauLting is regarded by
Woodward"CLyde as inconclusive, aLthough that for obLique
faulting is described as "fairly weLL constrained."
SimiLarly, two of the Largest historic earthquakes of the
southeastern PLateau region, those of July 16, 1936
("MiLton"Freewater", M =6.1, Woodward"CLyde ConsuLtants,
1980b), and ApriL 8, 1979 (CoLLege PLace, M = 4.1, ibid.),
have also yielded fault plane solutions with marked
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departures of P from a regionaL N-S orientation, i.e. N

56o E, 22o and N 91o W, 1o, respective ly. The
solution for the 1936 event is poorly constrained, but that
for the 1979 event appears quite reLiable.

Reasons for the characteristi c north-south orientation of P

in the Pacific Northwest are unresolved, as are reasons for
the Local or areaLly restricted departures from that
orientation in southeastern Washington. The generaL
consistency of focaL mechanism solutions for Washington,
northern and western Oregon, and southeastern British
Columbia (Washington Public Power Supply System, 1977a;
Rogers, L979) i s, nevertheLess, important in documenting the
regionality of north-south crustaL shortening (shalLower
than 25km) in these areas. Nowhere in the Pacific Northwest
are mappable structura L features related to north"south
shortening better deveLoped than in the Columbia PLateau,
although the geologic record of this area (reviewed above)
indicates that most of its east-trending foLds and paraLLeL
thrust and reverse faults are pre-Quaternary in age.

6. 1 . 3" LATE QUATERNARY FAULTING

The Low-Level seismicity of portions of the-Columbia PLateau
attests to ongoing deformation of the region, despite the
fact that in most areas, seismicity is not associated with
surface manifestations of faulting. Surface ruptures of
Quaternary age,. essentiaL Ly unknown in 1977 at the time of
submittaL of PSAR Amendment 23~ have since been recognized
in three areas of the PLateau: 1) Toppenish Ridge,
approximateLy 80 km west of RichLand (Campbe ll and BentLy,
1980); 2) about 25 km southeast of Richland, from the
vicinity of WaLLula Gap on the Columbia River southeastward
to the WaLLa Walla/Milton-Freewater area (Shannon 5 Wilson,
1980); and approximately 40 km north of Ri ch land on the
eastern end of Gable Mountain.
'I

6.1.3.1 Toppeni sh Ri dge

Campbe L L and Bent Ley (1980) report that the summi t, north
flank, and aLLuviaL fans at the base of the north flank of
Toppenish Ridge (Figure 3) are broken by nearly 95 surface
ruptures up to 9 km in Length. Most of the ruptures are
Less than 1 km Long and onLy six have Lengths in excess of 3
km. The faulted zone varies in width from 0.5 to 2.2 km and
has a Length, more-or-Less paraLLel to the ridge, of 32 km.
Most f Lank and summi t ruptures are sub-verti ca L faults for
which no strike-slip dispLacement is evident. Faults at the
base of the north flank are generaLLy Lobate in form and are
interpreted as comprising a thrust zone coincident with the
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older south-dipping Toppenish fault. Some cut gLaciof LuviaL
slackwater deposits of Touchet type and others displace
post- "Touchet" aLLuviaL fans. Mount St. Helens ash (12,800
y.b.p.) i s present in some of the slackwater deposits, but
has not yet been shown to be faulted. CampbeLL and Bentley
(1980) attribute the Toppenish faults to north-south
compression, with thrusting at the northern base of the
anticlinal structure and extension across its hinge (Figure
4). Bentley (1980, personaL communication) believes that
the 30 km-Long faulted segment of Toppenish Ridge may be
terminated at its western and eastern ends by
northwest-striking strike-sLip faults, which may be
responsibLe in some way for Localizing Quaternary rupture
a Long the anti c tine.
ALthough the surface ruptures on and adjacent to Toppenish
Ridge may represent Quaternary tectonic activity, an
alternative explanation appears viable at this time.
Specif i caL Ly, the combination of apparent Low-angle
thrusting along the northern base of the ridge and normaL
(extensional) faulting at higher elevations raises the
possibility that the two are expressions of
gravitationally-induced slope failure (Figure 4). Several
Lines of evidence support the interpretation that the
Toppenish structures represent either an aborted phase or
the incipient development of massive slope failure along the
north f Lank of Toppenish Ridge ~ Included among them are the
dramatic north f Lank Landslides on the eastern end of the
ridge and around Ortney Lake, immediately to the west.
These slides demonstrate in spectacular fashion the
instabi Li ty of the northern f Lank. The c Lose spati a L

relations between apparent Low"angle faults at the base of
the ridge and high-angle fauLts at higher elevations are
suggestive of an interrelated Landslide toe and headscarp
geometry. An active youthfuL Landslide at the south end of
the White BLuffs, on the Columbia River opposite Richland,
is characterized by just such prominent headscarps and a
subhorizontal plane of movement near the base of the sLope
(Kie L, persona L communi cat ion, 1980). Bent Ley and others
(1980, p. 51) argue that a Landslide origin of the Toppenish
ground ruptures i s "unlikely, because such an interpretation
does not expLain the abundance of south-side-down faults on
the north slope of the ridge." However, such faults can be
reasonably interpreted as anti theti c faults to the main
north"dipping sole fault. The White BLuffs Landslide
referred to above displays just such an antithetic rupture
which defines, with the headscarp fault to the east, the
edges of a shaLLow graben. Until the Toppenish ground
ruptures receive further study, it. is premature to conclude
unequivocaLLy that they represent tectonic activity.
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6.1.3.2 WalluLa Gap and Ni Lton-Freewater Areas

Youthful fauLting in the vicinity of WaLLula Gap is
apparently related to a zone of dextraL transcurrent
faulting (Shannon & Wilson, 1979a) that includes the
topographi ca L Ly prominent Wa l lula fault zone (Fi gure 3) .
Bingham and others (1970) first noted features within the
zone that suggested to them the possibi Lity of Quaternary
displacement. Recent studies (Shannon 5 Wilson, 1979a;
Shannon 5 Wi Lson, 1979b; Shannon 8 Wi Lson, 1980) have
documented or indicated the involvement in faulting of
Quaternary units (incLuding undated coLLuvium~ Pa louse
Formation, Touchet Formation, and younger Loess) at seven
separate LocaLities, the most western of whi ch is at Finley
Quarry on the northern end of the Butte (west of WaLLula
Gap). The three. westermost LocaLities (Figure 5) Lie within
a 20 km-Long segment of the WaLLula fauLt zone. CoLLuvium
of probable Quaternary age is faulted at two Localities
(Finley Quarry and east of Warm Springs Canyon, Shannon 5
WiLson, 1979a, Loc. C), and horizontaL fauLt striae have
been observed wi thin a c Lastic dike of Touchet (?) si Lt and
clay in basalts near WaLLula Gap (Shannon 5 Wilson, 1979a,
Loc. A) .

Bingham arrd others (1970, p. 77) believed that Touchet beds
in an area east of Vansyc Le Canyon (east of WalluLa Gap and
between Shannon 8 Wilson's Localities A and C) had
apparent Ly "been ruptured by relatively recent, minor fauLt
movement." A curved Linear topographic feature (referred to
as "Bingham's Linear" in subsequent reports) with a trend at
nearly right angles to the drainage of the area was the
basis for the conclusion that 12,000 year-old Touchet beds
had been displaced by faulting ~ Preliminary resuLts of
trenching across "Bingham's Linear" by Woodward-Clyde
Consultants in early 1981, do not confirm the existence of a
throughgoing fault across Touchet beds exposed in two
trenches (D. Hitchcock, personaL communication, 1981)
although trench Logging continues at the time of this
writings
Farther east, two possibLe fauLt Localities in the
Nilton-Freewater area are in generaL alignment with the
WaLLuLa zone to the west (Figure 5). South of Umapine,
north-dipping (30o to 60o) gravity sLump surfaces or
normaL faults cut Touchet beds and cross-cutting clasti c
dikes with a maximum of fset of 0.5 meters (Shannon 5 Wi Lson,
1979b). Youthful faulting 10 km farther to the southeast of
the Umapine Loca Li ty i s suspected by Shannon 8 Wi Lson, but
not demonstrated. Shannon 8 Wi Lson (1979b) found anguLar
basaltic debris in Loess aLong the trace of an inferred
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bedrock fault. They suggest that 'the basalt f ragments may
have been derived from a fault scarp and were subsequentLy
mixed with surficia L Loess deposits.

The other two eastern fault Localities are the Buroker
thrust fault east. of Walla Wa L La, and the LittLe Dry Creek
fault south of Milton-Freewater (Figure 5). The base of the
PLeistocene Palouse Formation is offset approximately one
meter along the former fault, a west"dipping (26o) reverse
fault that strikes 'north-south. Higher Loess deposits
(Holocene?) appear to be unfauLted (Shannon 5 WiLson, 1980,
p. 17) near Little Dry Creek, basalt and Palouse beds are
downdropped along a steep (75o) north-east dipping fault
about 0.5 meters. This fault Lies south of an
east-projected trace of the Wallula fault zone, and is not
in aLignment with it.
6.1.3.3 Gable Nountain

Faulting on the eastern end of Gable Nountain, 40 km north
of Richland was studied by Bingham and others in 1970. They
concluded 1) that south"dipping Low-angle thrust faults on
the northern and southern f Lanks of the structure were
connected beneath an intervening cover of glaciaL f Lood
deposits, and 2) that gLaciof Luvial deposits exposed in
trenches above the faults had not been disturbed by
fauLting. Both conc lusions have been shown to be in error
on the basis of detailed trenching and borehole studies
conducted since the summer of 1980 by Golder and Associates
(D. CaldweLL, persona l communi cati on, 1981) . The two
south-dipping thrust faults are separate fauLts, aLthough
the possibility that they merge into a single fault in areas
to the southwest is stiLL open. FLood gravels believed by
Golder to be of Nissoula age (Latest PLeistocene — earliest
Holocene) can be seen to have been thrust faulted in severa L

trenches across the northern fault. Furthermore, clastic
dikes which cut these glaciofluvial deposits and Niocene
bedrock units, and which have been injected along both the
northern and southern thrust faults, are sheared and
striated at a number of Localities. In partiaL support of
the concLusions of Bingham and others (1970), gLaciof LuviaL *

deposits which Lie across southwestern portions of the
northern fault and the eastern portion of the southern fault
have not been disturbed by faulting. Golder's studies of
the two fauLts are currently in progress. It is this
writers opinion that both faults have experienced
Guarternary di splacement of tectoni c origin.
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7.1 OLYNPIC-WALLOWA LINEANENT

The Olympic-Wallowa Lineament (OWL), originalLy postulated
by Raisz (1945) as a northwest"trending aLignment of
topographic features between the OLympic Peninsula,
Washington, and the WaLlowa Nountains, Oregon, is a cryptic
feature of Pacific Northwest geology that may have bearing
on the tectonic history of the Columbia Plateau. Raisz
believed that the Lineament was probably fauLt-controLLed,
but he stated (1945, p. 483) "that in most places the
Lineament is rather a zone than a Line, with many paraLLeL
ridges and splinters... (p. 484) it appears to be a more
complex structural Line than a simple fault. It may have
started as a transcurrent fault, but the Line of weakness
thus created probably suffered further dislocation." His
reference to transcurrent faulting aLLudes to his perception
from'physiographic relations that both the crests of the
Cascades and the BLue Mountains have been offset along the
Lineament for about six mi Les -" in a Left"Lateral sense.

Skehan (1965) suggested that the Lineament may mark a
fundamentaL boundary in the continent between former oceanic
crust to the south and older continental crust to the
north. Washington Public Power Supply System (1977a)
proposed on geologic grounds that the basement for much of
the CoLumbia PLateau on both sides of the Lineament is
Nesozoi c oceani c crust, and associated sedimentary rocks,
accreted to the continent prior to the Cenozoic era. His
conc Lusi on i s genera L Ly supported by Hi L L! s 1972
interpretations that the crust beneath the PLateau is 1)
thinner than that of the graniti c-metamorphic terrane of
northern Washington by as much as 12 km, or 2) that it has
an average P-wave velocity as much as 0.8 km/sec. higher
than that terrane, or 3) that some combination of 1) and 2)
prevails. In 1979, however, Hi Ll concluded that the crust
beneath the Pasco Basin i s indeed thin (ca. 25 km minimum),
but that it has a Low P wave velocity (ca. 6.1 km/sec.).
This Low veLocity, if valid, is difficult to reconcile with
an accreted basement of oceanic character. As an
alternative, Laubscher (1981) has proposed that the basement
is genuineLy continentaL, but was thinned during earLy
Tertiary regiona l doming "" evidence for which are the
Eocene grabens of the northern Cascades and Okanogan
terranes ~ He ascribed thinning of the crust to the combined
consequences of east-west stretching, subarea l erosion of
the crest of the dome, and subcrustaL "erosion" by processes
unknown. Thi s writer sti L L believes that exposures of
ophiolite rocks and associated marine sediments north
(IngaLLs ophiolite of Washington Cascades) and west of the
plateau (Rimrock Lake) argue for an accreted oceanic
basement beneath centraL areas of the plateau.
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Whatever kind of crust under li es tfie Pasco Basin, recent
geophysicaL studies support both Washington Pub lic Power
Supply System's (1977a) and Laubscher's (1981) contentions
that this crust does not change across OWL. No evidence is
seen in a recent Ly compi Led tota L Bouguer gravi ty anoma Ly
map of the CoLumbia PLateau (1 "500,000; c.i. = 4 mgal) that
a change in basement rocks or crustaL character occurs along
the Lineament (Weston Geophysical Research, 1981).
Furthermore~ a strong gravity gradient that separates the
Yakima and Pasco Basins trends north-south across OWL. The
gradient is so Linear that the Weston report states (p ~

23). "One edge of the causative body extends north-south
with a density contrast that is positive with respect to the
rocks toward the west. Because the contours are relatively
straight, any faults striking between N 45o W and S 45o
W that cross the gradient wouLd have horizontaL
displacements Less than two-three km." This concLusion
supports Laubscher's contention (1977~ 1981) that any
strike-slip displacement along Raisz's Lineament (and
Laubscher's CLe ELum-WaLLula Lineament, see below) must be
Less than 2 km. IncidentaLLy, the north-south gravity
gradient referred to above, is interpreted by Laubscher as
delineat~ ng the western edge of a master north-south .

trending graben of Eocene age that developed LongitudinaLly
along the crest of the regionaL dome he has postulated.

A recent study (Rodi and others, 1980) to modeL the
three-dimensiona L structur'e of crust and upper mant Le
beneath the Columbi a Plateau utilized joint inversions of
regiona l Bouguer gravity data and P-wave traveL-time
residuaLs for telesei smic events recorded at stations in
eastern Washington. The joint inversion modeL resuLting
from the study revealed no changes in crustal or mantle
structure at depths greater than 10 km coincident with the
surface trace of OWL.

It thus seems unlikely that the OLympic-Wallowa Lineament is
a fundamentaL or profound crustaL break, or that diffuse
transcurrent displacement along its inferred PLateau segment
has been greater than a few'i Lometers since extrusion of
the Niocene Columbia River basalts. Is it a throughgoing
feature from the Cape FLattery area of the OLympic Peninsula
to the Linear northeastern margin of the WaLLowa Nountains,
Oregon (nea r Enter pr i se and Wa L Lowa Lake) '? Almost certainly
not, for the reasons di scussed below.

The northwest "trending, northern margin of the Olympi c
PeninsuLa, the western end of the OLympic"Wa llowa Lineament,
is controlled by the strike and steep dip of Eocene units on
the northern f Lank of a major, Miocene or younger antiform
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which plunges steeply eastward beneath Puget Sound. The
Eocene Crescent Volcanics define this antiformal structure,
with their prominent horseshoe-shaped outcrop pattern around
the northern, eastern, and southern margins of the OLympi c
Mountains (Tabor and Cady, 1978). A recent US.GS. report
on the geology of the OLympi c Peninsula (Tabor and Cady,
1978) does not refer to Raisz's speculations about an
OLympic"WaLLowa Lineament~ but does show high"angle faults
along most of the vaLLeys believed by Raisz to define his
Lineament. The faults generaLLy paraLLeL steeply inclined
bedding within Eocene units and much of their traces are
mapped as concealed beneath Quaternary glaciaL deposits.
ALthough they are thus difficult to evaluate in terms of
their displacement history, they appear to this writer to be
unlikely representatives of a hypothesized 650 km-Long fault
zone - a zone postulated in no smaLL measure on their
existence. There are no a priori reasons why structures
related to the OLympic antiform should extend to the east of
Puget Sound, and at present, no evidence that, they do so.

Raisz believed that the easternmost segment of the Lineament
extended up the troughlike vaLLey of the South Fork of the
Walla Walla River and across the Blue Mountains to the
Wallowa Mountains. Evidence has since accumuLated to the
contrary. Mapping by D. Swanson~ USGS (unpublished), by
Shannon 8 Wilson (1979b)~ and by R. Dale and J. KendaLL
(KendaLL and others, 1981) have aLL demonstrated the
continuity across the South Fork of the WaLLa Walla River of
verticaL major faults (including the Hite fault) and
west-dipping dikes of Frenchman Springs basaLts. It is,
therefore, cLear that this segment of the topographicaLLy
defined OLympi c-WalLowa Lineament cannot be related to
faulting in rocks of Miocene age.

In an earlier report (Washington Public Power SuppLy System,
1977a. p. 2RC-34) this writer stated that the
OLympi c-Wa L Lowa Lineament i s "as ori gina L Ly def in'ed a
fictionaL structuraL element of the Pacific Northwest." I
am sti LL inclined to that view when the entire Lineament
postulated by Raisz is considered, but the existence of a
disturbed plateau structural zone (including the WaLLula
fault zone) coincident with the centraL third of Raisz's
Lineament cannot be questioned. The nature and tectonic
significance of this disturbed structuraL zone ("CLEW" of
Laubscher, 1977) is discussed beLow.
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8.1 ORIGIN OF COLUNBIA PLATEAU STRUCTURES

8.1.1 INTRODUCTION

Nuch has been written about the origin of the faulted fold
structures of the Columbia Plateau with their enigmati c,
more-or-Less east-west orientations. The plateau folds have
Long attracted the attention of geologists because of their
dramatic topographic rise above a generaLLy subdued
topography and because their trends are so atypicaL of the
Cordi l Lera as a whole.

,The relationship of plateau fold (and fauLt)
deformation in underlying basement rocks has
of particuLar contention among geologists si
writing of Laval (1956). He proposed that p
could be caused by either 1) draping of basa
reactivated basement fauLts ("thick-skinned".
or 2) by foLding of strata independent of th
a shaLLow"dipping surface of detachment ("th
deformation).

structures to
been a matter

nce at Least the
Lateau folds
Lt strata over
deformation),

e basement above
in-skinned"

Perhaps the most recent proponent of "thick-skinned"
deformation is Bentley (1977, p. 343 and Figs. 14 and 20),
who contended that the'nticlinaL folds of the plateau are
Localized above. "basement weakness zones" (Figure 6). Such
zones, according to Bentley (p. 343), have "Localized the
horizontaL stresses and 'caused'he verticaL uplift of the
ridges at successive times. In gross character, the
anticLines are 'drape'olds caused by vertical breakup of
basement blocks..."1

1/ A simi Lar mode L has recent Ly been proposed by G. H. Davi s
(1978, not this author) for the wideLy spaced monoc lines and
folds of the Colorado PLateau. Davis concludes that the
Colorado PLateau structures formed above steep, inactive
basement f racture zones or faults that became reactivated in
Laramide time when the pLateau was subjected to regionaL
compression. As wi th the CoLumbia PLateau folds, the
impressive uplifts of the Colorado PLateau represent very
Little Lateral shortening of the crust (1% or Less according
to G ~ H. Davis as compared with an analysis of Laubscher,
1977~ of roughly 2% for the CoLumbia PLateau between the
Columbia River and Kittitas VaLLey Mashington; Bentley's
more recent analysis, 1980, concLudes approximately 7%
shortening in western plateau areas and 2% in eastern).
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8.1.2 STRUCTURAL ANALYSES OF LAUBS CHER
/

In the opinion of the writer~ the most innovative analyses
of plateau structure in the past severaL years have been
those of Laubscher (1977, 1981). Laubscher (1981) reLates
internaL deformation of the Columbia Plateau to its position
within a broad belt of Late Cenozoic regiona l dextraL shear
that separates the distending Basin and Range province from
stable North America to the north. This inferred belt is
several hundred kilometers wide and extends northwestward
from Idaho to the OLympic Peninsula, hence the acronym IDOL
given to it by Laubscher. IDOL is viewed as a complex
mosaic of nearLy two dozen tectonic bLocks of variable
extent. The most important f rom the standpoint of Columbia
PLateau structure is the Yakima block, that IDOL component
that contains alL of the plateau folds south of a CLe
Elum-Wallula Lineament (CLEW) recognized earLier by
Laubscher (1977) ~

A difficuLty in testing the IDOL concept is the relativeLy
smaLL translational and rotationaL strains proposed by
Laubscher to have occurred within IDOL. For exampL'e, he
postulates only about 7 km of dextraL shear across the
entire 200 to 400 km-wide belt, and no more than 2 km of
shear across CLEM itself (1981). SmaLL strains have
produced impressive structures in the CoLumbia PLateau
because of the generaL horizontality of strata and f Latness
of topography there before Latest Cenozoic deformation.
Elsewhere, in geologicaLLy compLex or topographicaLLy varied
areas, comparable strains might produce structuraL features
so diffuse that they would be difficult or impossibLe to
recognize.

Laubscher's CLEW (1977)~ which forms a portion of the
northern boundary of IDOL and is coincident with the centraL
third of the OLympic-Wallowa Lineament as defined by Raisz
(1945), is a northwest"trending zone of structuraL
disturbance that extends between CLe ELum to the northwest
and WaLLula Gap to the southeast (Figure 3). It is now
recognized by most plateau workers as a fundamentaL
structuraL component of the Washington portion of the
Columbia PLateau. The zone i s characterized by a "system of
most Ly faulted east-southeast-trending foLds, or fold
segments def Lected in that direction where the Long east to
east-northeast-trending folds enter CLEW. This pattern is
that of a right"Lateral en echelon belt" (Laubscher, 1977,
p. 11).

In a refinement of his 1977 draft report, Laubscher (1981)
has concluded that CLEW developed prior to the plateau
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folds, since they either terminate against it or are
def Lected or otherwise infLuenced by it. He interprets CLEW
as the upper crustaL consequence of deep-seated (15 to 20,
km) right-Lateral shear along a break in the Lithosphere of
the CoLumbi a Plateau.

Folding within the Yakima BLock is attributed by Laubscher
to compressive stresses directed f rom the south as a result
of bLock interactions with IDOL. These stresses are deemed
respons ib Le for a northward-migrating detachment
(decoLlement) of the 20 km thick plateau crust from its
serpentinized (?) peridotite mantLe. The detachment is
believed to root southward in or at the base of the thicker
BLue Mountains crust. Broad fold structures spaced at
roughLy 25 to 30 km intervaLs Lie. above south-dipping
reverse or thrust faults that progressively Left the
decoLLement at depth to ramp upwards (Figure 7). The
periodi ci ty of these. folds is related by Laubscher to the
initiaL periodic spacing of an echelon anticlinaL folds (his
"brachyanticlines") in CLEW, possible as the consequence of
some kind of interference phenomenon between CLEM and the
subcrustaL detachment.„"It is, therefore, proposed that as
decoLLement instability at the base of the crust spread to
the north, the pre"existing regular Ly-spaced
brachyanti c Lines on CLEW, or rather the corresponding deep
faults~ were stress concentrators on the decollement surface
f rom whi ch thrusting spread sideways" (Laubscher, 1981) .
Laubscher believes that the sha r p Ly"def ined ridges of the
Columbia PLateau, which sit atop the much broader foLd
structures refer ed to above, are similar to kink bands and
are due to "Localized-decoLLement at depth of 1-3 km,
probab Ly at the base of the Yakima sequence whi ch i s a

mechani ca L di scontinui ty" (1981) .

Seve ra L features. do suggest reg iona L northward trans Lat ion
of the Columbia Plateau and, hence, support some variety of
detachment modeL for the origin of the compressionaL
structures within it.. Among these features are the
generaLLy asymmetric geometry of the plateau foLds (steepest
or over-turned f Lanks to the north -- with some prominent
exceptions), and a southwestward deflection of the western
ends of severaL major folds (Columbia HilLs, Horse
Heaven-Simcoe, Toppenish, Ahtanum?) as they enter the
foothiLLs of the Washington Cascades from the east.
Laubscher defined the western edge of the Yakima bLock of
the plateau on this basis, and he considered this rather
diffuse boundary a zone of sinistraL strain (HOOK,
Laubscher~ 1981). Similarly~ the eastern ends of the SaddLe
Mountains and Umtanum-Gable Mountain structuraL trends may
be def Lected southeastward .in a dextraL sense. If so, and
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this Latter geometric relationship has not yet been
adequately confirmed, then Laubscher's concept of the
plateau folded region as a block or slab which has indented
more northerly areas gains c redence.

A major modification of Laubscher's crustaL detachment modeL
seems necessar y to this writer, however, because of two
important geometric aspects of the plateau folds: 1)
north-south shortening across individua l foLd structures is
smaLL (0.5 to 2.5 km according to Bentley, 1980); and 2) the
direction of fold vergence is southward in some structures
(e.g. CLeman Mountain anticline) and alternativeLy both
southward and northward aLong trend in others (Manastash,
Umtanum, Gab Le Mounta i n, Toppeni s h? ) .

Both characteristics are compatible with Local detachment of
strata in the vicinities of the foLd structures, much as
Laubscher invisioned, but without the associated
north-vergent, regionaL thrust fauLts which Laubscher
postulates as extending to depth for 40 to 50 km across the
entire crust (Figure 7). The alternating
northward/southward vergence along trend of the Umtanum and
Gable Mountain anticlines, with requisite tear faults
separating the divergent fold structures is indicative of a
history of LocaLized folding, foLLowed by Later development
of associated faults. HypotheticaL stages in the
generalized kinemati c development of such doubly-vergent
structures are presented in Figure 8. As i LLustrated~
variabLe directions of overturning aLong the axiaL trace of
the anticlinaL fold "- possibLy the consequence of
pre-existing structuraL or stratigraphic anisotropies in the
rocks being 'folded "- Lead to the development of secondary
cross-structure tear fauLts and, i f deformation continues,
to stiLL younger flanking thrust (or reverse) faults. Price
(1980) ~

in' detai Led structura L ana Lysis of the Umtanum
Ridge anticline near Priest Rapids Dam, has concluded that
concentric folding with a kink"Like" geometry occurred
during north-south compression (a geometry similar to that
envisioned by Laubscher, 1981). "When shortening reached
its maximum amount achievable by folding, it continued by
overthrusting along thrust faults" (Price, L980, p. 21) ~ In
other words, foLding was not the consequence of the thrusts
which now fLank the structure.
Theoretical modeling of the pLateau folds has yet to be
undertaken~ but to this writer the existence of a single,
regional detachment surface beneath the Yakima fold province
seems unlikely in the Light of the smaLL compressive strains
(2 to 7%, Bent Ley, 1980) ~ wi thin the province. The
distances between individuaL foLd structures and the broad
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uplifts they surmount are more Likely, in my opinion~ to be
related to a buckLing geometry for the pLateau crust than to
thrust fault risers ascending from a deep-seated plane of
detachment at the base of the crust. Thrust-fault
displacements of a kiLometer or Less for individuaL fold
structures would, in aLL LikeLihood, be dissipated within
the stratigraphic section weLL before the next fold-thrust
structure some tens of kiLometers distant is encountered.

FinaLly, Laubscher's hypothesis of northward-migrating
subcrustaL decoLLement as an explanation for plateau folding
appears to be contradicted, as reviewed above, by the
irreguLar development in both time and space of the plateau
folds and their associated thrust faults. There is clear Ly
no simple geographic progression of fold development
discernible from the geologic record. Stratigraphic studies
in the Pasco Basin area~ for example, indicate that one of
the most norther Ly fold structures, the Saddie Nountains
anticline, began to form prior to some major folds now
Located to the south. In Laubscher's defense, much of the
data 'bearing on the chronology of plateau fold deveLopment
was unavai Lable to him at the time of his most recent
writing.
This writer beLieves that one of Laubscher's principaL
contributions is his recognition that plateau structures
faLL into two major categories: (1) the prominent
east-trending folds and their associated faults; and (2)
CLEW, the zone of, dextraL strain that traverses the fold
belt from northwest to southeast. The concept of CLEW as a

structuraLLy disturbed zone impressed upon the more regionaL
plateau foLd structures has its origins in Raisz's
OLympic-WaLLows Lineament (1945), but Laubscher appears to
have been the first to recognize the kinematic significance
of the zone and its characteristics of dextraL transcurrent
strain.
The ori gin
respect to
tectonic mo
section thi
somewhat di
1981) . Nev
analyses wi

of CLEW and the timing of its
the plateau folds are critica
deL for plateau deformation.
s writer discusses these topi
fferent than that proposed by
ertheless, my indebtedness to
LL be obvious and is strongly

development wi th
L aspects of any
In the fol lowing

cs in a context
Laubscher (1977,
his structuraL
acknowledged here.

8.1.3 GEOMETRY AND KINENATICS OF CLEW

The plateau disturbed zone named CLEW by Laubscher (1977)
can be convenientLy divided from northwest to southeast. into
three structuraL domains (Figure 3), aLL of which contain
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features characteristic of dextraL transcurrent strain: (I)
a broad zone of deflected or anomaLous fold and fault trends
(south f rom CLe ELum to Ratt Lesnake Nountain); (II) a
narrower aligned beLt of topographicaLLy expressed domes and
doubly-plunging anticlines (Red Mountain to WaLLula Gap)
and, to the southwest, the northwest-trending eastern end of
the Horse Heaven anticLine; and (III) the Wallula fault zone
(WaLLula Gap to vi cinity of Ni Lton-Freewater, Oregon). As
ilLustrated in Figure 3, CLEW narrows southeastward. East
of WaLLula Gap it is primarily represented by the
transcurrent WaL Lula fauLt zone.

The WaLLula fault zone was studied by Bingham and others
(1970) in reconnaissance and by Shannon 8 WiLson (1979a) in
greater detai l. Strike-sLip displacement within the zone is
evidenced by the occurrence of subhorizontaL striae at fauLt
LocaLities near Wallula Gap (Loc. A, -Shannon 8 Wilson,
1979a) and east of Warm Springs Canyon (Loc ~ C, Shannon
Wilson, 1979a). Dextral (right-Lateral) slip is suggested
by the en echelon pattern of presumably normal faults
directLy south of the WaLLula fault zone (Figure 5), by
possibLe right-Lateral stream def Lections along the
fault-Line scarp east of WaLLula Junction, and by, the very
slight en echeLon alignment of the Long axes of the domes
and doubly-pLunging anticlines west of Wallula Gap.

Fi e Ld studi es by Shannon & Wi Lso'n (1979b) and J. Kenda L L and
R. Dale (in progress, University of Southern California)
Lead this writer to the conclusion that the WaLLula fault
terminates southeastward in the vicinity of
Milton-Freewater. It is proposed here that dextraL
displacements along the WaLLula fault can be geometricalLy
explained as the consequence of- differentiaL crustaL
extension in the northern and southern waLLs of the zone.
Horizontal (extensionaL) components of slip across normaL
faults south of the Wallula zone between WaLLula Gap and
Milton-Freewater would produce a northwestward displacement
of the southern waLL with respect to the northern. As
iLLustrated in Figure 9, this displacement increases
northwestward across each successive normaL fault. A

simiLar geometry of normaL faulting is seen in the
southwestern waLL of the dextral Furnace Creek -fauLt zone in
Death Valley near its area of termination (Wright and
Troxe l, 1973) .

Near Wallula Gap, the dextral strain which is Largely
concentrated along the Wallula fauLt to the east, becomes
more di ffuse. It does so in part by a westward splaying of
the fauLt into two major branches. The southern branch
(Wallula Gap fault of Jones and Deacon, 1966) dies out 4 to
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6 km west-northwest of Yellepit according to Shannon &
Wilson (1979a), although Foundation Sciences (1980) infers
that it extends severaL tens of ki Lometers farther west.
The northern, presumably main branch of the zone is inferred
to underlie the next structural domain (II) of CLEW, the
slightly en echelon doubly-plunging anticlines and domes
that Li e between Wal Lula Gap and Rat t Lesnake i4lountain; thi s
structuraL aLignment has been caLLed the Rattlesnake
HiLLs-WaLLula Lineament by some previous workers. Here,
dextraL strain is apparently manifested not by a single
throughgoing fauLt, i.e. the WaLLula fault, but by the
discontinuous fold and fauLt structures of the domain (see
additionaL discussion of this point beLow) and by a

southeastward cfef Lection of the eastern end of the Horse
Heaven anti c Line (Fi gure 3) .

Northwest of Red Nountain and the Yakima River, the zone of
CLEW (III) in which dextraL strain effects can be observed
becomes stiLL broader and~ presumably, stiLL more diffuse.
Laubscher contends on the basis of his geometric analyses
(1977, 1981) that cumulative dextraL strain across CLEW is
Less than 2 km, an estimate supported by Weston
Geophysica l's interpretation (1981) of the Linear pattern of
north-south-trending gravity anomalies along the western
edge of the Pasco Basin. If right-sLip within CLEW is
geometrically related to crustaL extension by Limited normaL
faulting south of the Wallula fault, then estimates of totaL
right-slip (or strain) of Less than severaL kilometers
appea r reasona'b Le.

The isoLated fold structures of the Red Nountain-Wallula Gap
domain of CLEW themselves attest to Limited strike-slip
displacement within the domain. TchaLenko (1970) and Wi Lcox
and others (1973) have demonstrated from field and clay
modeL studies that isolated fold structures such as those of
the Red Mountain-Wallula Gap domain are the consequence of
Limited dispLacement across diffuse zones of transcurrent
strain. As stated by the Latter authors:

"...en echelon folds in wrench zones form earLy. As
the amount of displacement on the wrench zone
increases, the initial folds are broken first by
fractures and then by faults (p. 77). The development
of the main, throughgoing wrench fault is the Last
state in the early phase of wrench-zone deformation (p.
82). After a short interval of concurrent folding and
conjugate fauLting, the rocks (or clay) fracture in a
relatively narrow zone within the overaLL deformationaL
swath, and the master wrench fault is created (p. 87)."
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Because the bedrock-cored folds of the Red Nountain-Mallula
Gap structura L domain are separated by Low-Lying areas of
Holocene deposits, the existence of a throughgoing wrench
fault between them is difficult to establish. Bingham and
others (1970) conc Luded that such Linkage does exi st in the
form of a zone of shearing, the Rattlesnake-WaLLula fault,
whi ch they interpreted as joining 15 wide Ly spaced outcrops
of breccia along the Rattlesnake HiLLs-WaLLula structuraL
trend.. Continuity of the fault"breccia zone, according to
Bingham and others (1970, p. 74) "can usuaLLy be inferred by
the presence of subdued topographic features, such as
straight scarps, saddles, and guLLy alinements (sic), along
which the breccia is usuaLLy concealed by Loess." They
regarded the hypothesized fault zone as younger than the
domaL upLifts, but paraLLel to and almost congruent with the
aligned foLd structures.
Washington PubLic Power Supply System (1977b, p. 2R F"17)
describes a MaLLuLa Gap-Rattlesnake Hills topographic
Lineament as being "very gently curved" and appearing as a
"northeast-facing break in slope." Washington Public Power
Supply System (1977c, p. 2R H.5-8) supports the existence of
a throughgoing topographi c Lineament ("the Ratt Lesnake
Hills"MaLLula Lineament is formed by a slight en"echelon
alignment of discontinuous, tight Ly-folded, plunging
anticlines separated by interfold segments with a north
homocLinaL dip off of the Horse Heaven anticline" ), but he
concluded (p. 2R H. 509) that "there is no field evidence
that this Lineament. is fault caused, either continuouly or
en echelon."

Two other Lines of data bear on the question" of continuity
of fault structure within the Red Nountain-Wallula Gap
structuraL domain ~ J ~ Doherty of Weston Geophysica l
(personaL communication, 1980) reports that severaL
aeromagnetic profiles that transect the domain at high
angles--across both anticlinal folds and the topographic
Lows between them-"have anomalies at the Rattlesnake
Hills"WaLLuLa Lineament that consistently modeL as a steep
fauLt, north side down. However, if a throughgoing fault
does exist, it does not appear to Lie within the bedrock
exposures of the various anti clinaL folds. For example,
faults exposed in the Butte, south of Finley, and in the
next two hills to the northwest are not paraLLeL and have
slickenside striae that set each apart from the others in a
kinematic sense (TabLe 1).
The question of fault continuity between the isolated
antic lines and domes of CLEW's Red Mountain-Wallula Gap
domain has not yet been satisfactoriLy resolved. A strong
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case, based on geometric analogies with wrench fault zones
eLsewhere, can be made for the existence of a throughgoing.
transcurrent zone of movement at some depth beneath the fold
aLignment', but the upward extent of= that zone has yet to be
defined. Accordingly, additionaL geologicaL and geophysicaL
studies are planned along the structural trend in early 1981.

The tectonic modeL proposed her e for the geometric and
kinematic interrelationships between the three domains of
CLEW draws support from geometricaLLy analogous relations
along the Newport-IngLewood fault zone in the western Los
AngeLes Basin. Recent studies of that zone (Harding, 1973;
Yeats, 1973; Bar'rows, L974) describe it as a wrench
fault"controLled zone, consisting of a series of rather
evenLy spaced and complexLy faulted anticlines with an en
echeLon pattern that requires dextraL wrenching. The folds
are topographicaLLy expresed (Figure 10) aLong a
northwest-southeast trend approximateLy 65 km in Length.
Individual folds are cut obliquely by synthetic,
right-Latei aL strike sLip faults. Offsets increase-
southeastward where the di sturbed zone is characterized by
Longer, more throughgoing fauLts (Figure 10), but totaL
dextraL displacement for the zone is no more than 3 km
(Yeats, 1973). Despite geometric simi Larities between the
two zones, they differ pronouncedLy in present seismicity
and regionaL tectonic setting. No historic earthquakes have
conclusively been tied to the RattLesnake Hi lls'-Wa LLula
structuraL alignment (see concluding section of this
report), but the Newport"Inglewood zone has experiences
scores of significant events s'ince 1920 (Barrows, 1974),
including earthquakes of magnitude 6.3 (Narch, 1933, with 78
aftershocks between 3.9 and 5.2), 5.4 (October, 1933),4.9
(1941)~ "near" 4.9 (1920),and 4.5 to 4.6,(1939, 1944, 1961,
1969). UnLike CLEW, which Lies within an intraplate region
of Low strain, the Newport"Inglewood zone Lies within the
San Andreas fauLt system, the active boundary between the
Pacific and North American pLates in California.
Furthermore, geologi c studies summarized elsewhere indicate
that most of the development of southern portions of CLEW

occurred prior to PLeistocene time, unlike the pronounced
contemporary strain along the Newport"IngLewood zone.

8.1.4 ORIGIN OF CLEW

Laubscher (1981) proposes that CLEW initiaLLy developed
across the Co L umbi a PLateau L i thosphe re as a zone of "broad
and gentle dextraL en echelon brachyanticlines" above a
deeper wrench fault of very smaLL displacement (much Less
than 2 km>. The earLy hrachyanticlines of CLEW, or the deep
fauLt(s) inferred to Lie elow them, are viewed by Laubscher
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as acting as stress concentrators "and nucleating in some way
the Yakima-type plateau folds during sLightly younger
crusta L deco L Lement (detachment) .

This writer's view differs somewhat from Laubscher's in
terms of the timing of the development of CLEM. The
components of CLEW are viewed here as development
synchronously with plateau fold and fault structures of more
easterly trend. According to this view, north"south
shortening of the Columbia PLateau has produced the two
major plateau structuraL elements-- (1) the east "trending
fold-fault structures of higher plateau strata by buckling
and Local detachment ("thin-skinned") mechanisms, and (2)
CLEW, by dextraL movement along a deeper fault or zone of
anisotropy~ with the synchronous distortion of developing
fold structures at str'atigraphi c and structuraL LeveLs
direct ly above the deeper structure (Figure 11). Changes in
trend of foLds (e.g. Horse Heaven HiLLs anticline) as they
enter CLEW are not interpreted as rotations (drag) of older
structures, but rather as expressions of the compLex Local
stress field within CLEW that resulted from interaction of
the two Levels of di ffering deformationaL behavior. The
zone of-structuraL interference is very broad in northern
parts of CLEW, but narrows progressive ly southeastward to
become the Wallula fault zone east of WaL Lula Gap. It is
not clear whether the end of the Wallula fauLt near
Mi lton"Freewater coincides with the terminus of the deeper
strike-slip structure, or merely represents the
south"eastward Limit of Miocene and younger reactivation
aLong a pre-existing structure.
8.1.5 NATURE OF THE BASEMENT CONTROL OF CLEW

An important question is whether the Location of CLEW was
predetermined by a pre-exiting fault or structural f Law in
the crust of the plateau, and reactivated in Miocene time,
or whether it is a pristine zone formed during Late Miocene
deformation. Laubscher (1981) adopts the Latter view,
pointing out that neither regionaL gravity patterns nor
isopachs of crustaL thickness change across CLEW (in this
writer's opinion, his isopach observation is inadequately
cont rob Led by data). Alternative Ly, Shannon 8 Wi Lson (1978,
p. 23)~ in an evaluation of CLEW based on Laubscher's 1977
manuscript, favored pre-existing controls on the Location of
CLEW and the nature of deformation within it: "In our
opinion, most individuaL structures in the CLEW are
consistent with a tectonic modeL of Local compression that
occurred along trends controLLed by regionaL zones of
inherited weakness in a stress system oriented north-south
or north-northeast south-southwest." Shannon 8 Wi Lson
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(1978) did not, however, accept the regionaL wrench
tectonics model proposed by Laubscher for CLEW and endorsed
here.

Evidence for the existence along CLEW of an older fault
below the Niocene plateau basalts comes from northwestern
areas in the Washington Cascades. Both Tabor and FrizzeLL
(1979) and Vance and NiLLer (1981) report that earLy Eocene
structures of the Straight Creek fault zone turn
southeastward, south of Kachess Lake and the Yakima River,
into a position coincident with the OLympic-WaLLowa
Lineament (and, therefore, CLEM). According to Vance and
NiLler the Goat Peak segment of the north"south Straight
Creek fauLt becomes the northwest-striking Taneum Lake fault
15 km south of the Yakima River (Figure 3). They view the
Taneum Lake fault as a Late dip-slip splay of the Straight
Creek fault, -- not the main transcurrent structure.
Because the Taneum Lake reverse fault cuts onLy pre-Niocene
units (BentLey,. 1977), its age reLationship to Niocene
plateau basalts is unclear. However, Tabor and FrizzeLL
(1977) conclude that Niocene or younger movement along
either the southern Straight Creek fault or the
OLympic-WaLlowa Lineament "must be minimaL or absent because
the Niocene Snoqualmie batholith and its satelLite stocks
cut faults in the Straight Creek zone and are unmarked by
structures para L'Leling and on strike with 'the Lineament."
The Snoqua lmie bathoLith, dated at 17-18 m.y., is
essentiaL Ly coevaL with the earliest Columbia River
basaLts. Other intrusive and stratigraphic relationships
discussed by Vance and Miller (1981) and Tabor and Frizzell
(1977) support the conclusion that both strike"sLip and
di p-s Li p di sp Lacements along southern parts of the Straight
Creek fault zone had terminated by mid"OLigocene time, ca.
33 m.y. ago.

Hammond (1977) has described a broad northwest-striking zone
of faulting, coincident with OWL, that is exposed along the
South Fork of the Snoqualmie River on the west f Lank of the .

Cascade Range. This fauLt zone is presumabLy intruded by
the Snoqualmie batholith (Tabor and FrizzeLL, 1979), but it
too projects towards CLEW. It's geometric and kinematic
reLationships to the Taneum Lake fauLt are not known.
CoLLectively, the fauLt relations described above strongly
imply that fauLting paraLLeL to CLEM and of an age older
than the Columbia River basa its was present in at Least
northern portions of what was to become CLEW in Late Niocene
time. Whether such faulting contributed to CLEW's
deve lopment is not known.
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The interpretation of CLEW as a di'ffuse zone of wrench-fault
deformation presupposes the existence at depth of a narrower
zone of horizontaL strain. In Laubscher's words (1981) CLEW
is the consequence of "deep-seated right-Lateral shear that
drives a deformable sequence of partiaLly decoupLed more
superficial Layers." Drawing upon the studies of Emmons
(1969) and Harding and LoweLL (1979), Laubscher concludes
that the depth to the driving structure is about half the
width of the deformed belt that deveLops above it.
Accordingly, he estimates that a throughgoing zone of shear
would Lie at a 15-20 km depth below what has been caLLed
domain I of CLEW in this paper (Figure 3), but Less than 2
km below the narrower brachyanticlinaL domain II. The zone
presumably extends to surface Levels in domain III (the
WalluLa fault zone). Another way of stating relations as
perceived by Laubscher is that the depth to the controLLing
transcurrent (wrench) structure responsibLe for CLEW
increases northwestward from domain III to I. If
Laubscher's analysis is correct, the driving structure
beneath domain I (Rattlesnake Nountain to CLe ELum), which
makes up most of CLEW, Lies within the. Lower plateau crust
and/or upper mantle. An alternative explanation for the
greater width of CLEM in domain I is not that the
controL Ling wrench structure i s deeper there, but that the
zone of "basement" wrenching simp Ly becomes broader and more
diffuse to the northwest.

8.1.6 AGE OF CLEM AND THE QUESTION OF ITS CAPABILITY

The Wallula fault zone within domain III of CLEW can be
inferred to extend from the vi cinity of Wallula Gap to near
Mi Lton-Freewate r. Although the topographi cat Ly-defined
trace of the fault zone becomes indistinct severaL
kiLometers east of Warm Springs Canyon, the continued
presence of northwest-striking norma L (?) faults in the
hi LLs to the south as far east as i41i Lton"Freewater argues
for an extension of the Mallula zone into that region
(Figure 3). Shannon 5 Wilson (1979a) has concluded that the
45-50 km-Long Wallula fault zone thus defined is a "capable
fault" from the standpoint of nuclear power plant siting
criteria.
In Light of preliminary f indings f rom the Woodward"Clyde
trenches across "Bingham's Linear" that Touchet beds are not
offset along this part of the Wallula zone, the evidence for
capabiLity of the WaLLu la structure is diminished. The age
of coLLuviaL deposits cut by faulting, both at Finley Quarry
and west of Warm Springs, is not known. Fang lomerates dated
as 50~000 years oLd (Woodward-CLyde ConsuLtants 1978~ as
referenced in Shannon 8 Wilson~ 1979a) Lie unbroken across
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the Wallula Gap strand of the fault zone near Yellepit.
This relation casts some doubt on a Touchet age (ca. 13,000
y.b.p.) for the sheared cLastic dike described by Shannon
WiLson (1979) in the Wallula Gap fault zone 3 km east of
YeLLepit. Unsheared cLastic dikes of probabLe Touchet
origin Lie within and across fault zones exposed at Finley
Quarry and in quarries on "K" and "L" hiLLs to the northwest
(alL three Localities in CLEW domain II). Touchet beds and
associated clastic dikes are definitely offset along
north-di pping surf aces in a road cut south of Umapine near
Mi Lton-Freewater, but the convex-upwards geomet ry of the
surfaces may indicate an origin for them by gravity slumping
rather than by tectonic activity. Even if a tectonic origin
for these surfaces is assumed, their normaL fauLt geometry
is. not obvious Ly compatible with their being part of the
strike-slip WaL Lula zone.

In short, although capabiLity of the WaLLula fault zone
cannot at present be refuted, its unequivocaL designation as
"capable." (Shannon 5 Wi Lson, 1979a) now appears unwarranted
in Light of recent trenching aLong "Bingham's Linear." In
this regard, the 1979 CoLLege PLace earthquake (M = 4.1)
which occurred along the Oregon"Washington state Line just
north of Umapine. i s of interest. SLemmons and O'Mal ley
(1980, p. 34) state that historic tectonic activity on CLEWW
(a southeast-extended version of CLEW) is "recorded by the
College PLace earthquake." That conclusion is suspect.
ALthough near the southeast-projected trace of the WalLula
fauLt zone in the Mi Lton-Freewater area~ the focaL mechani sm
solution for this si gni f i cant plateau sei smi c event is
grossly incompatible with right slip aLong a fault paralleL
to the WaLLula zone (P in the soLution is east-west in
or ientation; and the N 40o W — striking fauLt plane of the
solution is characterized by Left slip; Woodward-CLyde
ConsuLtants., 1980a>. The earthquake aay indicate that the
north-south compressive stress field responsible for the
development of CLEW i s no Longer extant in the
Milton-Freewater area, having been replaced by east-west
shortening ~ The "Mi Lton-Freewater earthquake of 1936 (M
6.1) has an instrumentaL Ly Located epicenter near Waitsburg,
Washington, approximately 30 km north-northeast of
Mi Lton"Freewa'ter." Thi s conc Lusi on is based on a recent
eva luat ion of hi stori c sei smographi c records by
Woodward-CLyde Consultants (1980b) and is in agreement with
the originaL epicentraL determination reported shortly after
the event. Reports of an epi center near Mi Lton"Freewater
were based on "fe lt" reports and intensity data. Thus, this
earthquake also did not occur within the WaLLula fauLt
zone. It's focal mechanism solutions, although poorly
constrained, are not compatible with dextraL sLip on a fauLt
plane paraLLeL to the WaLLula zone.
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Evidence is good that the WaLLula fault zone terminates
southeastward in the vicinity of Milton-Freewater. Its
northwestern extent i s more probLemati ca L. Laubscher (1977,
1981), Shannon 5 =Wi Lson (1979a), and this writer have
suggested that the isolated anticlines of CLEW domain II,
which extend Like. beads in a string northwestward from
Wa LLu La Gap, Lie above a continuation at depth of the
WaLLula zone. ALthough the existence of a throughgoing
surficia L fault hidden beneath Quaternary deposits and Lying
directly north of the antic tines cannot be discounted, the
geometry of the slight ly en echelon fotds supports the
premise that they Lie above a shaLLow buried zone of Limited
Lateral displacement (cf. Tchalenki, 1970, and Wilcox and
others, 1973). As proposed by Laubscher (1981) the great Ly
increased wi'dth of CLEW domain I to the northwest argues for
a much deeper position of the controlling wrench fault
structure there,. or (as proposed here) an increasing Ly broad
zone of transcurrent shear at depth, or both. It is the
diffuseness of strain within CLEW domains I and II, coupled
with evidence that total dextraL strain across CLEW is Less
than 2 or 3 km, that complicates the question of capability
of thi s'one of wrench tectoni cs. It i s important to point
out, however, that no Quaternary fault dispLacements have
been documented northwest of FinLey Quarry. If, as
discussed above,'he structures of CLEW, particularly those
of domains I and II, represent the interaction of developing
thin-skinned plateau folds above an active deeper wrench
system~ then the age of the folds gives us the age for the
formation of CLEW. For reasons discussed at Length
elsewhere in this report,. most plateau folding appears to be
of Pliocene and older age (Washington PubLi c Power Supp Ly
System, 1977d; Bentley and others~ 1980; RockweLL, 1979)
although the possibility of major folding in the Yakima area
untiL one or one and one-half m.y. ago cannot be discounted
(Bentley, 1977; Rigby and Othberg,, 1979) ~

Tectonic models for CLEW which Link it to synchronous
plateau folding, thus Lead to the conclusion that strain
along CLEM has waned significantly within the past 1 1/2 to
3 or 4 m.y. Unlike the San Andreas fault, a dextraL pLate
boundary with sharp definition and Large fault displacements
(ca. 300 km) in the past 4 to 6 m.y., CLEW is an intraplate
zone of smaLL dextraL strain (Less than a few ki Lometers)
that is characterized by its diffusiveness and its waning
nature in the past severaL mi LLion years. These
characteristics must be considered when fault-related designcriteria are approved for the Hanford plants.
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TABLE 1

SPECIFICATIONS OF FAULTS EXPOSED WITHIN
THE RED MOUNTAIN-WALLULAGAP STRUCTURAL DOMAIN*

Fault Locality Fault Attitude" Orientation of Striae T e of Fault

Finley Quarry,
The Butte

N 85 Ei 65 SE (N)
N 63 Wi 84 SW (S)

S 14 W, 15/ S 2 W/ 30**
S 62 E~ 56~ S 70 E~ 51** Reverse, with

right-slip
component

Quarry, SE end N 18 W, 70 NE

of "K" Hill
S 18 E~ 15; N 18 W 0;

S 15 Ei 7
Strike-slip

Quarry top of
"L" Hill

N 17 Wi 52 NE
N 48 Wi 47 NE

N 65 Wi 43 to 20 NE

S 73 Ei 46
Down dip

Dip-slip,
presumably
normal

I

* Neasurements by W. Kie l and G. Davis, 7/80

For comparison purposes, the trend of the Rattlesnake Hills-Wallula lineament
is N60W

** Striae found within shear zone adjacent to fault, not along fault surface
measured
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Figure 2.5N-1 'Major topographic linear features within Brothers fault zone, central Orcgons Most features between
Horse Ridge Summit and Brothers are scarp-like slopes on the south-western margin ofelongate ridges.
See text for discussion.
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Figure 2.5N4 Hypothetical stages in the kinematic development ofdoubly.vergent anticlinal structures on the
Columbia Plateau (e.g. Umtanum, Gable AlountainJ. Large arrows represent direction ofnorth.south
shortening responsible for folding and secondary faulting. Length ofarrows on foldaxial tracesindl-
cates relative dip of fold flanks (the shorter the arrow, the steeper the dipJ.-



Figure 2.5N-9 Diagrammatic idnematicinterpretation of the Wallula fault zone (compare with Figure 5J. Dextral,
displacement along the yyalluia zone is accounted forby differential extension of the southern wall
of the zone across en echelon normal faults. AA;BB; CC'illustrate hypothetical linear features
withprogressively greater offsets to the northwest.
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1.1 INTRODUCTION

This report is an attempt at modeLing deformations in the
Columbi a PLateau (CP), primari Ly their kinematics, but also
with some considerations of their dynamics. Detailed
information avaiLable on the CoLumbia PLateau itself,
especiaLLy information contained in WPPSS PSAR Amendment 23
(1977) is presented first.. However, in the course of
analysis it soon became evident that the interpretation must
be enlarged to involve the behavior of the surrounding
tectonic units and their relation to the plate boundaries.
The scope of the anaLysis had to be widened in both space
and time. The centraL theme remains Columbia PLateau
deformation, and it is modeled in more detai L and
sophistication than the regionaL frame.

A particular problem is the deep structures associated with
observed surface deformation. For an educated guess — and
this is alL that is possible at present — geologicaL and
geophysical information must be combined and viewed in
combination with what is known about similar situations i n
other parts of the world. These deep structures are
important, of course, for earthquake generation, and deserve
considerable interpretational effort.
2.1 THE REGIONAL FRAME

An up-to-date review of the geologicaL development of the
Pacific NW in the light of plate tectonics concepts is given
by Davis (1977) ~ and i s accompanied by an extensive
bib Liography.

Eaton (1979) has attempted to fit Late Cenozoic structuraL
events, and particularLy spreading, in the western United-
States into a plate tectoni cs f ramework. The time of
initiation of spreading in the southern Basin and Range
province is not weLL fixed though extensionaL block faulting
seems to have begun about 17 my ago. It began to wane 10 my
ago. Extension in the northern Basin and Range (BR)
province, including the Columbia PLateau (CP)~ aLso began
about 17 my ago, while the Mendocino triple junction Lay far
to the south. Spreading in Large parts of the western US
continues today, but with a spreading direction different
from that active at earLier times (Eaton, 1979, Figure 7).

The reLations between the North American, FaraLLon and
Pacific pLates underwent various, sometimes drastic changes
in the course of events. As a consequence, the various
regions of Late Cenozoic extension today differ greatly in
their topography, structure, and geophysicaL properties.
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This is particularly true for the Columbia PLateau. Between
17 and 14- my ago it was extended in a WSW direction as
evidenced by the dyke swarms associated with the Co lumbia
River (CR) basaLts. This extension direction agrees with
the generaL direction of extension in the western US at that
time (Eaton, 1979~ Figures 2a, 3b, 7b). The subsequent
deformation of the CR basalts, which is the main concern of
this report, is of an entireLy different nature, and yet is
evidently reLated to the other plate boundary deformations
in the western US. In Eaton's perspective (1979, Figure
7d)), dextraL shearing aLong the Pacific-North America plate
boundary now drags aLong and rotates dextraLLy a number of
splinters of the North American Plate around a pivot
somewhere in Manitoba. This regionaL picture agrees in
important ways with the inferences based on the Local
anaLysis of CP deformation. In the south, Lithospheric rock
masses were moved away from the great centers of rifting and
crustaL stretching such as the Rio Grande rift and the
Battle Mountain thermaL, high "Snake River plain, and were
piled up in the north against the highlands of northern
Washington and British Columbia. The resuLt is a NNW

directed compression in the Co lumbia PLateau, in agreement
with the predominant 'ENE trend of its folds and also with
inferred dextral and sinistraL movements along NW and NE
trending Lineaments~ respectively. The Neogene kinematics
of the Pacific.NW in this view is dominated by adjustments
within a mosaic of blocks subjected to NNW

compression.'eleaseof this compression to some extent foLLowed
pre"existing structures (zones of Low strength) though it
was dominated by the regionaL stress field. The structures
reflect the stress trajectories and boundary constraints,
which, in turn are governed by inherited structures, though
often in a complex and unexpected way.

3.1 KINEMATIC MODELING: THE GENERAL PROBLEM

Geologic deformation is characterized by belts of
concentrated deformation, separating s Li ght Ly deformed,
virtuaLLy rigid domains. GlobaLLy, this principLe is a
centraL tenet of plate tectonics~ but simi lar observations
are valid on a smaLLer scale. Plates and pLate boundary
zones may be sub-divided into sub-plates and blocks and
sub-blocks. These in turn may be recognized to consist of
even smaLLer sub-units with their own comparatively mobile
boundary zones etc.

In modeLing the kinematics of a region in terms of a block
mosaic the first choice concerns the degree of refinement
that is desirable for a specific purpose. In this report
the Columbia PLateau wiLL first be treated in a
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semi-detailed way, then it wiLL be "embedded 'in a more
crudely defined beLt 'of blocks that connects the B 5 R with
the Paci f i c plate boundary. In addition, there wi L L be some
considerations which transcend these Levels of refinement
both towards an even higher regionality on the one hand, and
towards Local detai Ls on the other.

Rigid-bLock k'inemati cs consist of translations and rotations
which, except for triviaL cases,. are geometricaLLy not quite
compatible among the various blocks of the system. It is
these imcompatibiLities of rigid motions that must be
adjusted for in the deformation zones. Large-scale
incompatibi lities in the brittle domain are accommodated
along block boundaries of decreasing grain size down to
fault gouge. As modeling requires discretization
(dissection of the continuum into rigid blocks) of Limited
resoLution, incompatibi Lities cannot be compLetely
eLiminated but wiLL be shown and discussed (compare
Hi Ldeb rand-Mi t t Lefeh Ldt, 1979) .

The type of difficulty that arises is weLL iLlustrated by
McGi LL and Stromquist (1979), e.g. Figure 7b, which depicts
an experiment. In that figure (redrawn as Figure 2 of this
report), the mass that has moved to the Left with respect to
its surroundings may as a first approximation be considered
as- one block, bounded on the right by an extensionaL fauLt,
and near the upper and Lower mar'gins of the figure by
dextraL and sinistraL strike-slip ("transform") fauLts
respectively. On the Left, the mass moves into free space;
in nature this would be a thrust fault if the free space is
occupied by some competent materiaL, or it may be an island
arc that i s Largely decoupled from a receding subduction
zone (e.g. Cascades; compare Figure 1e) and overrides the
subducted slab with Little frictionaL resistance, Leaving in
its wake an extended back arc domain; or it may be space
offered by a pLate moving away from a ridge (e.g., Juan de
Fuca Ridge).

This first-approximation block is subdivided by a network of
faults into ever finer sub-units, and its boundaries are
broad zones of distributed deformation rather than singLe
clear"cut faults. This is particularly true for the LateraL
strike-slip boundaries which are a clear kinematic necessity
though hard to define in the experiment and would not be
directly mappabLe in nature; here they must be inferred from
the general distribution of mapped faults and folds.
PoorLy defined boundaries of this type are the "postulated
distributed transform structures" of Eaton (1979, Figure 1

and Table 1) and also the block boundaries of the CP and
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its surroundings are of this natur"e. Such boundaries cannot
be simply mapped but clearly exist and play a key role in
the kinemati c development.

In choosing boundaries of bLocks and subblocks there may be
a degree of arbitrariness as one Lineup of apparent Ly (on
the mapping scale) unconnected structures is preferred to
another., This difficulty arises in bLock modeLing generaLLy
and in the blocks surrounding the CP in particular. The
reasons for choosing such boundaries wiLL be given, but
there is doubtlessly much room for improvement. However,
the aim of the exercise is to sketch the generaL
relationship of deformation in the CP with the plate
boundary, and this is not sensitive to a Large variation in
the block boundaries..

While none of the block mosaics occurring in nature consists
of discrete, rigid bodies, it is nevertheless necessary to
begin considerations with simp le rigid bodies and reLax this
condition of rigidity as the necessity arises. The more
important topics, to be discussed are:

1; Naterial balance.

2. Stress field and transport fieLd (deformation
permitted at block boundaries).

3. Relationship of various parts of a transport field.
3.1 .1 NATERIAL BALANCE

Natter is conserved during deformation. For shaLLow
deformation down to a depth of about 10 km this implies
conser vation of volume or., on a cross section, of area,
within the Limits of observationaL errors. Particular
appli cations are:

a) Natter accumulated in compressionaL features (which
are sinks: in a transport field) must be taken away
from extensionaL areas (the sources of the field).
Sources and sinks in a closed system are of equaL
magnitude. If the system is not cLosed, movement
of matter across its boundaries may be estimated.
(Figures 3, 4.)

b) Compression (shortening) may be estimated on cross
sections (Figure 4.):
1) CurvimetricaLLy, by restoring the undeformed

continuation of beds and measuring the
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difference in distance across the deformed
feature before and after deformation (Ds).

2) Volumetrically (actualLy areaLLy on cross
sections) ~ by measuring the volume of matter
squeezed out above the undeformed horizon (Dv).

Dv/Ds gives a figure for the thickness (z) of
section invoLved in the deformation. This is
particularly important for the question of how much
decoLLement on the base of the Yakima basalts is
involved in CP folding. This is one of the rules
for the construction of "balanced sections."

3.1 ~ 2 STRESS FIELD AND TRANSPORT FIELD

Principa L stress trajectories and the geometry of the stress
fieLd: the geometry of deformationaL features in a generaL
way defines the stress field, in which deformation has taken
pLace. ALthough aLL structures with finite displacement
grow in a stress field that varies with time, phases of
movement may. often be recognized where deformation took
place under reasonably constant conditions. In par ticular:

a) The overaLL, bearing and pLunge of anticlinaL axes
and strike of normaL and thrust faults coincides.
with the intermediate principaL stress trajectory
sigma 2. In shaLLow deformation another trajectory
aLso is horizontaL and perpendicular to sigma 2.
For anticlines and thrusts the other horizontaL
trajectory is the principaL compression or sigma 1.

b) Def Lection of structures, particularly folds,
define Local or regionaL boundary conditions for
the stress and more pronouncedly the transport
field, such as pre"existing material, irregular-
ities (faults, edges of incompetent beds, etc.), or
block boundaries of a higher order. This is a
geologicaL application of the "de Saint-Venant
principle" of mechanics~ which states that the
domain of infLuence of an i rregulari ty on the
stress f ield i s of a size comparable to that of the
irregulari ty itself.

3.1.3 RELATIONSHIP OF VARIOUS PARTS OF A TRANSPORT FIELD

The Loca L vectors of the transport field are assumed to have
the direction of sigma 1 or sigma 3'(in extensional areas)
and a Length corresponding to the amount of deformation as
established by materiaL balance calculations. A generaL
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fieLd of transport i s very complex". FortunateLy for shaLLow
geologicaL deformations, severaL simpLifications are usuaLLy
possibLe:

a) Compression and extension (sinks and sources) may
often be assigned a geometricaLLy simple
distribution, at Least at the Level of quantitative
sophistication caLLed for by the quaLity of
geologicaL and geophysical data. Often their
domains are separated, and frequentLy they are
confined, particularLy to boundaries of blocks (or
pLates) of insignificant internaL deformation.
These block boundaries are, in fact, always diffuse
to some extent, even i f shown on a map as a Line,
and sometimes they cannot be defined by direct
observation: They often must be inferred from
evident differences of movement across a zone of
some width (compare p. 3). In other words: block
boundaries may sometimes be approximated by first
order discontinuities in the vector field of
transport~ and more often by second or higher order
discontinuities. In these cases, there is a finite
gradient across the boundary. Thus, the CP may be
subdivided into a number of bLocks of different
orders of importance, and with boundaries of
different orders of discontinuity. The same hoLds
for the surroundings of the CP (IDOL " mosaic,
Figure 14).

b) The 3-dimensional field of transport may be
separated to a Large extent into component
2-dimensional fields that may be modeled on a map
view or cross section. Thus the distribution of
sinks (compression in foLds and thrusts) and
sources (extension particularly across normaL
faults) in the CP region may be modeled on a map,
and the distribution of verticaL components of
movement may be super posed on cross sections.

c) The rigid blocks or polygons in- a plane
2"dimensional field move- by a superposition of
translations and rotations. In the generaL case
this Leads to an extremely bewiLdering resuLt.
However~ there usuaLLy is a hierarchy of
quantitative importance of both transLations and
rotations, and a rational ana Lysis demands that thefirst order ones be dealt with first, that the
error between a first order modeL and observed
quantities be estimated, and that this error be
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then reduced by superposi'ng second order movements
again an iteration procedure that should be

continued only as far as the quality of the
information warrants and the occasion demands.
With some experience, the first guesses may not be
too bad, although generaLLy some trials are
necessary. The process should begin with first
order translation as it is both easier to modeL and
geometricaLLy simpler to accommodate in nature.
Rotations invariabLy Lead to rigid-body
incompatibi Li ties in compressi ona L domains whi ch
are eased by dilatancy on the one hand, and
diffusion of adjustments on the other.

4.1 NODELING EN ECHELON FOLD BELTS

One of the many difficuLties in modeling is that of en
echeLon fold beLts such as CLEM. Because of their
3 "dimensiona L comp Lexi ty and non-Linear deveLopment
(changing material distributions and boundary conditions)
LittLe i s known about them theoreticaL Ly., Insight o'f a
Largely quaLitative and intuitive nature must be sought by
comparison with known naturaL and experimentaL belts.
Intriguing cross-sectionaL and pLan-view deformational
pi ctures. are provided by the sandbox experiments of Emmons
(1969) although the boundary conditions of his divided
containe'r are not very realistic. The main point that is
iLLustrated is oblique and non"paraLLeL mass transport on
warped fauLt surfaces which anastomose and dissect the sand
body into an ever finer mosaic of quasi "rigid blocks
("reticulation" ). Due to the complex mass transport,
domains of compression are foLLowed closely by domains of
extension.

Evidently, mass balance considerations on cross sections are
rather inadequate in this situation, and only semi-
quantitative estimates are possibLe.

Comparison with such i Llustrations as Figure 6 of Harding
and LoweLL (1979), here redrawn as Fi gure 5, and Fi gu'res 3
and 4 of Emmons (1969), suggest an estimate of depth for the
basal shear that drives the en echelon deformation. The
compressive deformation i s contained in a wedge whose
boundary dips at about 45o (a Little Less in Figures 3 and
4 of Emmons). The depth to basaL drive is consequently
about half the width of the fold belt. SimiLar results may
be inferred from other publications.
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En echelon structures are common because blocks and
subblocks of the earth's crust usuaLLy move somewhat
differentiaLLy, and the earth is generaLLy horizontaLLy or
subhorizontally Layered to some extent with prominent
competent and incompetent intervals at various Levels.

It foLLows that en echelon beLts of different depths of
decoLLement may be superposed.

In CLEW this i s c Lear ly the case. The total width of'he
belt is 30 — 40 km but the subbelt designated as RAW in
Figure 15e consists of brachy-anticlines Less than 5 km or
even 3 km wide which points to a depth of decoLLement of
Less than 2 km or approximateLy at the base of the Yakima
(CR) basalts. There may be LocaL decoLLement horizons or
even gradationaL decoLlement intervals at intermediate
depths. This is suggested, e.g., by th'e Selah Butte. trend
of brachy-anticlines (see Figure 15, Stage 7 and Figure 24).

In addition to variations in the depth of superposed en
echeLon beLts, there is a variation of angle between the
axes of individuaL brachy-anticLines and the average strike
of the entire belt. Angles of 30o or 40o are f requent
(Wi lcox et a L., 1973~ Fi gur e 9~ Figure 11) but angles o f
Less than 20o or even 10o are characteristic of some
beLts such as the Newport-Inglewood trend (Harding, 1973,
Figure 7). Much seems to depend on the relation of the
Local stress field to LocaL inhomogeneities such as faults,
or basins and highs; Later en echelon folds tend to have
smaLLer angles (Wilcox et a L., 1973, p. 79). For the deep
en echelon beLt of CLEW the angle is typicaLLy a LittLe more
than 20o (Yakima Ridge~ Rattlesnake HiLLs) but for RAW it
is usuaLLy Less than 10o. For HOOK it is again 20o to
30o .

While short folds (brachy-anticLines) are typicaL for
oblique shear with a compressive component (oblique-
convergent boundary), they are not the only structures but
are usuaLLy affected by and interfere with a maze of other
complex faults (compare Harding, 1973, Figure 7; Harding and
Lowel L, 1979, Figure 6). In experiments such faults seem to
have various origins. In the cLay experiments of Wilcox et
aL. (1973) a pattern of conjugate shears develop (synthetic
and antithetic with respect to the master shear, also caLLed
Riedel shears and conjugate Riedel shears) and bear the
usuaL Nohr reLationship to the strain eLLipse. ALthough
often irreguLar in detai L, they are very regular as a set.

In the CP the situation i s more comp Lex. Wrench movement in
RAW is superposed on that in CLEW, and the Yakima folds
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affect a Large domain that incLudes CLEW. Each
deformationaL system may be expected to develop its own set
of shears which compete and inf Luence each other mutuaLLy.
CLosely spaced joint and shear patterns criss-crossing the
CRB are evident from the air and are weLL represented on
topographic contour maps (e.g. sheet Walla Walla,
1:250'000). Topograhic features suggest that RAW is
affected by smaLL synthetic Riedel shears similar to those
shown by Harding (1973, Figure 7) for the Newport-Inglewood
trend. It is possible that the ThraLL"Wymer"Selah Butte
cross-trend of CLEW deveLoped on an early syntheti c Riedel
shear that subsequently infLuenced the main deformation (see
Figure 15~ Stage 7).

As displacement incr eases~ the fauLts acquire the complex
geometry (3-dimensionaLLy warped, reticuLating system) and
variable kinematic function typicaL. for mature wrench zones
(Emmons~ 1969).

In concLusion, it is obvious that in the modeling of en
echelon zones drasti c simp lifi cations are necessary to keep
them manageable.

5.1 LOCAL OBSERVATIONS

5.1.1 DEFORMATION STYLE AND REHOLOGY

Observation on good outcrops bears out what i s known f rom
other areas that have been deformed under smaLL overburden
and at Low temperature, and agrees with the resuLts of
deformation experiments under simi Lar conditions in the
Laboratory. Basalts~ as weLL as inter-flow sediments
deformed in an essentiaLLy brittle manner. Several types of
brittle fai Lure have been observed, and they are
schematicaLLy i LLustrated in Figure 6. They are commonly
superposed on each other, and sometimes the sequence of
superposition may be demonstrated. Mohr-Coulomb type
thrust-fauLts cut bedding at an angle Less than 45 degrees
(usuaLLy even Less than 30 degrees) with Little or no
rotation of the beds. On the other hand, they often occur
within a sequence of rotated or foLded beds while still
maintaining their angular relationship with bedding, these
thrusts were rotated or even foLded after they had formed.
Such folded thrusts are weLL documented from many fold
belts. Particularly interesting are those that may be
observed on Manastash Ridge along Interstate 82 and its
surroundings. The main thrust exposed in the roadcut i s
doubtless the one that emplaced Lower Yakima on middle
Yakima rocks (Bentley~ 1977 Figure 18 and 19). It is cut
by minor secondary thrusts and is accompanied by
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smaller-scaLe deformation both in 'basalts and sediments ~

Interestingly~ the direction of thrusting is from north to
south, from north of the Manastash fold through its Limb
towards the core of the fold. Based on the results of
mapping by BentLey (ora L communication), the examination of
aeriaL photographs, and inspection from the air, other more
or Less. para LLe L thrusts of the same genera L nature are
present and are responsibLe for the pecuLiar topography of
Manastash Ridge in this area. The thickness of the section
repeated by the main thrust may be estimated from Bentley's
figures at 200 m to 300 m, which on the assumption of an
originaL dip of thrust of'0 degrees (now somewhat
distorted) results in a horizontal compression of 350 m to
520 m. The other thrusts are smaLLer~ and together the
amount of thrusting prior to folding i s estimated at about
700 m.. This is considerably more than the subsequent amount
of compression by. folding which, after Bentley (1977, Figure
9), i s Less than 300 m.

On the map (Shannon & WiLson, 1978), the strike of the
thrust faults intersect the strike of the north Limb of this
typicaLLy asymmetric fold at an angle of 20 degrees to the
southeast, which demonstrates that between thrusting and
folding, the geometry of the stress field at this Locality
had changed (compare the data from Emmons, 1969, for
changing patterns. of deformation in strike-slip zones) ~

Folding i s often considered a du'cti Le process, but this i s
not so under the conditions present when the CP folds were
formed. Beds are usuaLLy fractured to some degree, and in
the more steeply-dipping parts of anticlinaL Limbs they are
often thoroughly brecciated. The folds have usually sharp,
although rounded hinges, and as a rule are monoclines rather
than anticlines, features which set them apart from the
sinusoidaL concentric foLds of folding theory and
schematicaL textbook iLLustrations ~ The CP type folds are
the resuLt of shearing, similar to kink bands, with the
shear coupLe acting on Layers of competent beds which are
rotated. The optimum di p ang Le for the hinge planes i s
about 60 degrees (compare Paterson and Weiss, 1977) rather
than the 30 degrees for Mohr-type. thrust faulting. When the
hinges are ruptured, a steep reverse fault may resuLt and be
of the type that has been reported from the base of some
monoclines, e.g.~ Saddle Mountain. ALthough CP folding was
accompanied by fracturing of the beds which implies sudden
release of elastic energy, displacements are smaLL and
distributed through Large volumes of rock. Of the other
types of faults observed~ the strike"slip faults are
particularLy noteworthy. They are easily identified when
horizonta L Ly striated; however, stri ations along strike-slip
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faults of known dispLacement are not always weLL developed,
and sometimes Later movements of insignificant strength
overprint them. Any steep fault plane or breccia zone may
be taken as suggestive of strike-sLip faulting. The amount
of strike-slip dispLacement can usuaL Ly be determined only
by mapping and subsequent kinematic analysis (compare Figure
12) ~

5.1.2 THE TINE OF DEFORNATION

The folds are composed of elements of different trend for
which, in some instances, a time sequence can be inferred.
The question arises whether the CP fold system is the result
of the superposition of deformations due to entirely
different stress systems associated with regionaLLy
different orogenic situations' first inspection shows
this to be highly improbabLe. Intra-Yakima unconformi ties
have been reported f rom i solated Locations, e.g., a
pre-Pomona one f rom the Yakima ridge northeast of Yakima
(BentLey, 1977~ Figure 15.). These Local unconformities are
probably due to LandsLides or tilting of'blocks at the time
of the basalt f Lows. Important interf Low compression does
not seem ref Lected in the overaLL structuraL relief.
Generally the entire Yakima"ELLensburg sequence, including
the CLemans Formation and probably aLso the Thorp Formation
(though this is Less certain because of Lack of good
outcrops on the ridge f Lanks), are folded conformably.
Changes of deformational style (thrusts/folds) and of the
geometry of the stress field (especiaLLy LocaLLy) are
commonplace in the course of one individuaL orogenic event
and are easy to understand on generaL grounds: Each break
in continuity because of earLy faulting and any change of
geometry because of folding, create new boundaries and
boundary conditions. Folds must be visualized as growth
features with nonlinear deveLopment. Superpositions Like
those described f rom Nanastash ridge are attributed to
different states of the same orogenic event. The test for
this conc lusion, which is based on inspection, is whether or
not the essentiaL features of the CP system .can be fitted
into 'a unified kinematic mode l. A Layer of the Thorp
Formation has been dated as 3.7 my (Bentley, 1977, Table
1) . On Craig's Hi L L in EL Lensburg (Bent Ley, 1977, page 12)
the Thorp Formation is overlain unconformably by the Naneum
Conglomerate which is composed of coarse basaltic pebbles
suggesting the existence at that time of Yakima basa lt
ridges although the unconformity may be due to scouring by
tributary streams that carried pebbles from the Wenatchee
Nountains (Bentley,'1977, page 12). Similar basaltic
conglomerates or coarse gravels are found on some of the
ridges (oraL communication by F. Kienle), and were shown to
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me on top of the Horse Heaven ridge where it is crossed by
the McBee road by S. Farooqui. Unfortunately there is no
way to exact Ly date and correlate these cong lomerates. On
Craig's HilL, the Naneum Conglomerate is topped by Loess
which surprising Ly shows remanent magnetism~ with reversed
polarity, and is, therefore~ considered oLder than 750,000
years (R. Bentley, oraL communication). On this very
tenuous stratigraphic evidence the main part of Yakima
basaLt deformation north of Yakima took place between about
3 my and 1 my with some deformation continuing into the
younger PLei stocene. Mi croearthquake activi ty (Washington
Pub li c Power Supply System,PSAR Amendment 23) would indi cate
that the system is stiLL active to some extent even at
present.

In some pLaces, deformation seems to be somewhat older. A

Thorp grave L Layer (3-7 my), apparent Ly undeformed, is
reported f rom the f Lank of Manastash ridge~ and faults near
GoldendaLe ar'e bracketed by Lavas of 4.5 and 3.5 my, resp.
(compare Davis, 1977, page C-24). Perhaps the main
movements 10 — 7 my ago on the John Day fault (Robin, 1977;
Davis, 1977, page C-24) should be viewed in this
per spective: on the whole, Yakima deformation seems to have.
begun on the south of the Yakima block (page 33 and
foLLowing~ see also Figures 15 and 16) and proceeded to the
north,. although exceptions to this rule shouLd be expected..

6.1 A QUALITATIVE ASSESSMENT OF CP KINEMATICS BY INSPECTION

For the sort of iterative, quantitive approach to kinematic
analysis as outlined in the introduction~ an educated guess
by inspection must be made for an initiaL input. An
exceLLent impression of the entire structuraL system of the
CP may be obtained by Looking at the plastic relief map
(Figure 7). Because of the young age and the slow erosion
of the structures in the deser t, topographic reLief
expr esses structuraL relief semiquantitatively. The CP
appears to be subdivided into four main regions:

Region 1:

The topographically (and structuraLLy) most conspicuous
region occupies a belt up to about 40 km wide which is
present from about CLe Elum in the northwest to WalLula gap
on the CoLumbia River in the southeast. This CLe
ELum-Wallula belt " or CLEW for short — is traditionalLy
considered a part of the Larger OLympi c-WaLLowa Lineament
(OWL) (Bentley, 1977, page 3). The existence of this
Lineament, at Least in the often-voiced sense as a boundary
between oceanic and continentaL crust~ has been questioned
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by Davi s (1977, Page 53) and for the time being it wouLd
appear wiser to confine it to CLEW which not only exists but
is clearly the most conspicuous structure of the CP. It is
composed of a system of most Ly fauLted east "southeast-
trending folds, or of foLd segments def Lected in that
direction, where the Long east to east"northeast-trending
folds enter CLEW. Thi s pattern forms a right"Latera L en
echeLon belts, It indicates deep-seated right-Lateral shear
that drives a deformable sequence of partiaLLy decoupled
more superficiaL Layers (Emmons, 1969; Wilcox et aL., 1973;
Harding & Lowel L, 1979). The process i s easi Ly demonstrated
by pasting tissue paper with some sti cky f Lui d to stiff
board that had previous Ly been sawed in ha Lf, and moving the
board along the cut in a horizontaL, right-LateraL sense.
This demonstration heLps visua lize the process, but should
not, of course, be taken as an experiment reproducing
mechanicaL conditions in the earth. As the paper is folded
in some places, i t must be stretched in other places to
maintain materiaL balance. In the CLEW, compression far
exceeds any extension that may also be present. Thus, the
two most important components of motion are dextraL
strike-s Lip along and compression across CLEW ~

Region 2:

The triangu lar region southwest of CLEW, bordered on the
other two sides roughly by the Columbi a River and the
eastern margin of the Cascades, is characterized by a series
of Long, narrow ridges with an impressively regular spacing
of 30 km. The ridges, although somewhat unduLating,
maintain a generaLLy paralleL east-northeast trend up to
CLEW where they are def Lected, sometimes abruptLy, to the
southeast. These regular ridges mark antic lines that
indicate a rather reguLar stress fieLd with the trajectories
of maximum compression trending north-northwest. The
kinematic (transport) vector points to the north-northwest
as the folds are def Lected dextraLLy at CLEW. Movement with
respect to the northeastern region has been to the
north-northwest. The reguLarity of the features implies
horizontaL transLationaL movement, and the smaLLer
superposed irregularities suggest some degree of superposed
rotation. The direction of movement has a component of
compression across CLEW, and a component of dextraL
strike-slip along it, which is consistent with the findings
on CLEW itself.
The narrow ridges are superposed on broad~ gentLe structures
that are about 30 km wide and may be paraLLeL to the ridges,
or paraLLeL to CLEW. This bimodaL distribution of
structuraL width suggests a bimodaL distribution in the
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thickness of crustaL Layers involved in the deformation
whi ch, in turn, imp Lies a certain amount of decoupling or
detachment at two Levels (compare Figure 8~ 8a, 16). Such a

detachment is already intimated by the en echeLon fold belt
on CLEW (see above). A first guess would be that the narrow
features are due to Local decoLLement at 'the base of the
Yakima basaLts, and that the wide blocks have a vertical
thickness of at Least 10 km and possibLy as much as 20 km.
The overaLL structuraL relief suggests that verticaL
movements are superposed on the compressional, horizontaL
ones. As is evident from the geologic history as weLL as
geophysical data, CP has been involved in isostatic
adjustments to tectono-therma L events since the beginning of
the Tertiary (see p. 27-51) .

Regi on 3:

The nor theastern region, again a trianguLar area, is
bordered on the southwest by CLEW, on the east by a Line
that trends approximately north from Pasco to the northern
margin of the CP, and on the northwest by the margin of CP

(for a more detai Led argumentation of block boundaries in
the IDOL mosai c that contains thi s region, see p. 22 and
foLLowing). In many ways it resembles a subdued replica of
the southwestern region, inasmuch as some narrow, wide Ly
spaced ridges are present, the most conspicuous one being
SaddLe Mountain. On the average they strike about east"west
and are dextraLLy deflected at CLEW. Badger Mountain, the
very smaLL northernmost fold near Wenatchee strikes
northwest. On the average, horizontaL translationaL
movement to the north seems to predominate.

Region 4:

The eastern region comprises the rest of the CP to the east
of the northeastern region. It is deformed only slightly
and might be considered practicaLLy underformed (although in
Figures 13, 14 it is subdivided as part of the IDOL block
mosaic). This imp lies that its western boundary is a zone
of slight dextraL strike-slip which must be dispersed as no
fault i s readi ly di scernib le.

In order to fuLLy define a kinemati c modeL operative in the
CP,'aLL of its boundaries and relative motions with respect
to surrounding terranes should be defined as'eLL. In
Figure 14 and the accompanying tabLes and explanations, an
attempt is made to define an internalLy consistent kinematic
modeL. Here it should suffice to say that in principle a
variety of boundary movements is compatible With the
kinematics of the CP itself. For example, a particularLy
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simple solution interprets the CP deformations to be nested
in a nook of an N-S trending strike-slip system: this
solution in its most eLementary form was proposed in'
previous, preliminary draft of this report for want of more
precise information (see Figure 1(d) and Davis~ 1977,
Figure 7); indeed one may maintain that as a rule in
scientific synthesis~ that solution should be envisaged pro
tempore which offers the simplest explanation. In the case
of the CP, subsequent information caLLed for a more compLex
solution which is presented in the conceptuaL framework of
block mosaic kinematics in Figures 14 and 14a. However, in
principle, even in this more complex solution, the CP folds
are sti LL in a'nook of the dextral strike-slip system that
characterizes the western boundary region of the North
American PLate (Figure 9). In addition, it should be noted
that a predecessor of CP compression formed the Late
OLigocene — ear Ly Niocene Kachess-Naches-BLue Nountains-
ALdrich Mountain system (Davis, 1977; see Figures 1(a) and
15, Stage 1 of this report). ALthough known onLy in
fragments, thi s system bears a resemblance to the earLy
kinemati c modeL (compare Fi gures 1, 9) inasmuch as it caLLs
for reactivation on the southern part of the Straight Creek
fauLt zone whi ch at CLe ELum bends into CLEW; what happens
below the CR basalts is not known, but south of it there was
compression with an average N-S direction.
7.1 A QUANTIfICATION OF THE KINEMATIC NODEL

Magnitudes of shortening may be obtained by measuring
cross-sections according to the method sketched on p. 3-4.
Their quality depends on the quality and quantity of the
sections avaiLable. Both are generaLLy poor. Supplementary
information may be obtained from the topographic relief of
the ridges. Strike-slip dispLacement is not quantifiable
direct ly, as no correlatable features are known that have
been dissected, but must be inferred from the difference in
compression on the two sides of a boundary. Rotations are
even harder to quantify and must often be introduced as
corrections of errors created by modeling pure translation.
This is the procedure foLLowed in this report: First, pure
translation wilL be quantified. Then the more serious
deviations f rom nature wi LL be corrected by rotations where
suggested by inspection.
7.1.1 THE CONPRESSION OF INDIVIDUAL FOLDS (FIGURE 10)

The quality of the information avai Lable may be gathered
from Shannon 5 WiLson (1973), Figure 4~ which shows a cross
section through the CoLumbia HiLls ridge near its maximum
development. ALL that can be safely said is that
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correlative members of the Yakima 'basalt sequence are
dispLaced vertically by about 500 m. The slope is covered
by LandsLides, and the nature of the structure must be
interpreted f rom insight gained eLsewhere. Shown on
Figure 4 is a normaL fauLt with extension reduced by drag.If instead it were a monoc line with a dip of 60 degrees the
compression would be 290 m, i f there were a reverse fault
dipping 60 degrees the compression would be 290 m also butif it were a clean-cut Mohr-type thrust dipping 30 degrees
the shortening wouLd be 870 m. A thrust fauLt with 500 m

displacement was penetrated by a dri LLhole according to R.
Deacon (personaL comm.). East-northeastward the ridge
(ALder, Ridge) Loses relief and gradually disappears near
Umati LLa, where on a smaLL but clearly discernible
north-south-striking faulted ridgelet, a new east-northeast
str'iking small ridge reappears at SiLLusi Butte. From the
'figures in Shannon 5 WiLson (1973) topographicaL relief
Largely corresponds to structuraL relief. Thus, compression
along this trend seems to f Luctuate between 0 m and 500 m.
The f Luctuations must be due to either rotations or transfer
of movement to other ridges by distributed shear. On
p. 35-36 (comments on Figure 15) the framentation of the
CoLumbia HiLLs structure is discussed., Outcrops do not
permit a detaiLed analysis, and for a first rough
quantification, an average of 300 m of shortening along the
entire trend would appear reasonable. The Horse Heaven
HiL Ls have a relief of onLy about 1000 feet. Much of thei r
north f Lank is hidden by LandsLides, but seems to dip
steeply to the north. A 60 degree monocline would give 170
m of shortening, an'd I assign about 200 m of compression the
Horse Heaven Hi LLs in the modeL. Toppenish Ridge~ Like
Columbia HiLLs, decreases in relief from west to east, and
is a Little smaLLer than Columbi a HiLLs. It should not
exceed an average of 200 m of shortening. The western part
of the Rattlesnake Hills (Ahtanum Ridge) is more of an
anticline than the monoclinaL ridges deaLt- with so far, and
i t may in some places have as much as 400 m of shortening.
East of Union Gap, the RattLesnake HiLLs develop into ati Lted monoc Line with a steep north Limb with 300 m relief,.
and only at its def Lection point on CLEM does it rapidly
increase relief to more than 2000 feet. The new detai Led
maps by Shannon 5 Wi Lson (1978), show that this area is very
complex structuraLLy, but for a first approximation to the
translationaL modeL, an average shortening of 300 m would
appear adequate. Yakima Ridge seems more important. At
Selah Gap its reLief is subdued, as happens wherever the
ridges Leave CLEW (compare p. 52, 53), but also because it
branches out in a somewhat diffuse way, into the Selah
Butte antic line. (For its reLation to the most conspicuous
anticline of the whole CP fold set, CLeman Mountain, with a
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relief of 3000 feet and an overturned southwest Limb, see
Figures 15, 16). On the average, a shortening of 400 m

should be reasonabLe for Yakima Ridge.

For the ridges foLlowing to the north, cross sections do
exist', and some may be directLy observed in Yakima gorge.
They permit more reliabLe estimates of shortening. Sections
through Umtanum Ridge are presented by Bentley (1977, Figure
21 and Figure 25). In the Yakima gorge, at Wymer, Umtanum
Ridge is formed by a weLL exposed, somewhat box-shaped fold
wi th a steeper, faulted north-Limb. A shortening of about
700 m may be measured on the section, and the Dv/Ds method
referred to in the introduction gives a rough depth to the
decoLLement of about 1300 m below the Vantage horizon, which
is near to the base of the Yakima sequence. At Priest
Rapids the shape of the foLd forming Umtanum Ridge
approaches that of a tipped monocline with a steep north
Limb that is cut by a reverse fault. Shortening is about
600 m, and an average of about 6 km of the rock column i s
involved. This figure is, however, a mixture of basement
involved in the ti Lted south Limb, and folding above the
base of Yakima. Umtanum Ridge is assigned an average
compression of 600 m. The structure of Manastash Ridge at
Interstate 82 was discussed on p. 9. A series of southward
directed thrust faults was subsequently folded into the
north Limb of a monoc lina L structure. The sum of the
structures approaches 1000 m of shortening. However, the
thrusts cut the monocLinal axis obliquely and shortening is
reduced aLong the ridge both to the east- and west. In the
east near Badger Gap, Manastash Ridge approaches the SaddLe
Nountains which foLLows it to the north and is separated
from it by slight topographic relief and the Hansen Creek
fault zone (Bent Ley~ 1977, Fi gure 12) . Exposur es are poor/
the aerial photographs are not very helpfuL, but mapping by
Bentley (1977, Figure 11 and Figure 12) discovered a
structuraL relief that, here, far exceeds topographic
relief. If Nanastash Ridge is to maintain a Level of
shortening comparable to that found on Interstate 82, then
the Hansen Creek fault must have more of a thrust fault
character than assumed by Bentley (1977, Figure 11), which
on the information available is quite possible. Before it
reaches the Co Lumbi a Rive r, the Nanastas h-Hansen Creek
structure swings to the southeast and somehow joins Umtanum
Ridge. An average of 800 m of shortening is assumed ~

Saddle Mountain (Bentley, 1977, Figure 27) is an
asymmetrica L, somewhat box-shaped anticline with a steeper
north Limb that is cut by a reverse fault. Its structuraL
relief is 280'; its measurable shortening is 230 m, and the
estimated depth to decolLement below Saddle Nountain is
1500 m, again somewhere near the base of the Yakima basalt
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group. SaddLe Mountain is by far 'the most important
structure of the northeastern region 3~ and east of Sentinel

'Gap its relief begins to diminish unti L it is hardLy
recognizable east of Skootenay Lake. The eastern boundary
of region 3 wouLd pass between Skootenay Lake and Paradise
FLats. Mest of the Columbia River, at the margin of the
Kittitas Valley depression, the Saddle Mountains
disintegrate into a series of dextral en echelon
brachyantic lines: Boylston, East Kittitas, and Whisky Dick
ridges. Thereupon it passes into the structures of the
Wenatchee Nountains which are a broad uplift bordered by
f Lexures and somewhat faulted internalLy. The rest of the
LittLe folds of the northeastern region 3 are of insignifi-
cant shortening which probably totals Less than 200 m.

To summarize, the totaL transLationaL shortening between the
Columbia Hi LLs structure in the south and the Kittitas
vaLLey depression- in the north may be estimated at 2.8 km,
and if the Saddle Mountains-Mission Ridge (Wenatchee
Nountains) to the north is added, the tota l is about 3 km.
The information on which these estimates are based is poor
except where structures are cut by rivers or highways, but
nevertheless the order'f magnitude shoul'd be correct as
structuraL relief is smaLL and materiaL balance
considerations do not permit drastic deviations. Even if a
revision on more detailed and reliabLe data were to increase
the figure to 5 km, this would stiLL be smaLL compared to
other comp r essi ona L belts.
These figures, then, are our best and fairest input into the
transLationaL part of the iterative procedur e to approximate
the true kinematics quantitatively. If these
NNW-translations are performed on a cut-paper modeL (see
Figure- 12 and explanations on page 19) with the further
assumption that both CLEM and HOOK are fixed boundaries,
discrepancies with nature are obvious. The most glaring
discrepancy, noticed immediate ly by comparison with any
geological or topographic map (e.g. Figure 7)~ is the
pi Ling-up of shortening components in the southeastern part
of CLEW and the SW part of HOOK by the translational modeL
(oblique convergence, compa're Figure 3). There are severaL
possible contributions that help remove this discrepancy,
but along CLEW the most important are probably dextraL
rotations. Their pivots should be somewhere north and west
of the southern part of CLEW, if the desired correction is
to be achieved. This, fortunately, harmonizes with the
generaL Ly dextraL system of the Pacifi c NW. Indeed, the
dextraL couple acting across the Columbia PLateau makes a
certain amount of dextral rotation all but inescapable.
Discrepancies may be eased also by Lateral escape of matter
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in adjacent blocks of the incasing...block mosaic, and this
seems to apply particuLarly to HOOK, see Figure 14a and
p. 40.

For a crude assessment of the magnitude of the rotation,
Ratt Lesnake HiL ls wi LL be examined as an exampLe (Figure
11). For a first attempt take the pivot at the base of the
"R"..:The southeast trending part of the Rattlesnake HiLLs
should have a shortening component of 200 m perpendicular to
strike, according to our tentative translationaL model. In
reality, there is a remarkable axial plunge to the southeast
and shortening is reduced to practicaLLy niL at the
southeast end of Red Mountain, 25 km f rom the pivot. This
reduction is achieved by a cLockwise rotation of a Little
Less than 1/2 degree. The same rigid rotation adds another
150 m of shortening to the 300 m translationaL shortening at
point 3629~ an addition that i s probably distributed in the

.overaLL compLication of the area. By shifting the pivot and
introducing other refinements, better results may be
obtained, but this is not caLLed for by the quality of the
information. By appLying such very s Light rotations to the
other ridges on CLEW, with modifications appropriate for
each. case, the observed axial plunge of the folds as they
cross CLEW i s achieved.

To reduce compression normaL to CLEW to essentiaLLy zero at
WaLLu la Gap in correspondence with observation, a regionaL
rotation must be superposed on the Local ones, compare
p., 38-40.

Such simp Le kinematic concepts are best modeled on a
transparent sheet of paper (Figure 12). A simplified map of
the main structures i s drawn, and the paper i s cut along a
combination of structures assumed to have moved as a
kinematic unit. The area (= block; for simplicity usuaLLy a

polygon) is then moved by the required amounts of
translation and rotation, either to scale, or at an
exaggerated sca Le as in Figure 12. The stages of kinemati c
sequences are added one after the other, and at each stage a

copy is made for record. In this way, a quantitative
kinematic sequence modeL is obtained.

In Figure 12~ the sequence is assumed to have proceeded from
N to S whereas on p. 32 and foLLowing a more complex
development is favored, with the ridges forming essentiaLLy
in the opposite (inverse) order. However, for illustration
of concepts and techniques this is irreLevant. The amounts
of movement are easily read as (if copied on a blank
background) shortening (superpositions) result in Light-gray
stripes, extensions (where the background is exposed) result
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in black stripes (not shown in Figure 12), strike-slip
motion appears as displacement of the originaL margins of
the sheet, and rotations both as tapering stripes of
shortening and anguLar misfits on the originaL margins. It
is obvious that by combining the translations with slight
rotations, shortening along CLEW can be made to vanish at
Wallula Gap. Compare Figure 7.

Such models are usefuL for visualizing the tectonic
consequences of rigid body motions. They do not permit, of
course, modeling distributed deformation such as that of
Figure,2, or the Columbia Plateau realisticaLLy.
8.1 THE IDOL BLOCK BELT

For an introduction into the kinematic problems of the
terranes encasing CP, see Figure 9. Shown in solid Lines is
the simplest dextraL system which i s compatible with the
Yakima folds~ as shown by Laubscher (1977~ Figure 5)., The
reader was cautioned at the time "that nature must be
expected to be- much more complex than that. Al L that the
extrapolations imply is that some sort of dextraL shear
perhaps, wide Ly distributed - shouLd be Looked for north of
the western margin and south of the eastern margin." Figure
9 i LLustrates the concept of block mosai c kinematics as a
means for such a distribution of motion, in reLation to the
elementary shear system. The distributed bLock boundaries
are shaded. The bLock mosaic actuaLLy chosen (IDOL) is
shown in Fi gures 13 and 14 and di scussed in Tables 1 and 2.

Figures 1, 9~ 13, 14 i LLustrate three important points-

1) The dextraL motion in the Pacific NW may be
distributed in various ways.

2) N"S compression sometimes squeezes matter upward
into free space, as in the Yakima foLds, and
sometimes squeezes it sideways to the west, as in
some of the surrounding blocks: this requires
sinistraL as weLL as dextraL block boundaries.

3) Depending on the boundary conditions obtained in a
certain time interval, comparable stress systems
may activate different mosaics. Thus the
presumab Ly Late OLigocene Naches "BLue Nountains
system (see Figure 1(a) and Figure 15, Stage 1)
reactivated the southern part of the Straight Creek
fault (Kachess Lake fault, CLayton and Ni Lier,
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1977) whi ch was subsequently plugged by the
Snoqua lmie bathoLith and not activated again to any
significant amount by Yakima deformation.

8.1.1 THE IDOL BLOCK BELT (FIGURES 13, 13)

The Yakima block is one of a series of blocks which may be
arranged-. in a belt that constitutes the northern margin of
the BR province (Idaho - Olympic belt, or IDOL). Figures
13, 14, and Tables 1 and 2 provide a brief definition and
description of the blocks and their boundaries. They are
based on the detailed geoLogicaL and geophysicaL surveys
contained in WPPSS PSAR A 23 and their suppLements,
complemented by the geologicaL map 1:2,500,000 of the U.S.
(USGS, 1974) and the topographicaL maps 1:250,000 and
1:500i000.

Such bLocks and their boundaries are not sharpLy defined
even farther south in BR (Eaton, 1979) where Large movements
are invoLved. Here in the IDOL belt, movements are smaLL
and structures are often discontinuous, resuLting in
boundaries that are subject to argument. However,- the basic
tenet here is that zones of movement, however diffuse, must
be part of a continuous and compatible system. In the
particular case of IDOL~ isolated structures, especiaLLy
faults which affect Miocene rocks, are considered parts of
continuous block boundaries that connect kinematically,
however diffusely, with the deformations of the CP.

Table 1 Lists the chosen block boundaries and their
definitions, and Table 2 is a List of the blocks themselves
and their definitions. For ease of reference the elements
are given symbols which are also used on the maps.
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TABLE 1: The block boundaries of IDOL

Map Symbol Name Description Comments

ON Olympic-Naches Faulted Neogene sediments along the
Straits of Juan de Fuca. Young
block faulting bordering the
deep Seattle low in the Puget
Sound depression (gravity).
Deformed Miocene in the Green
River-Naches River domain.

Northwestern part of the
Olympic-Wallowa lineament
(OWL, Raisz 1945, Bentley
1977, Hammond 1979)

CLEW Cle Elum-Wallula
Gap

Northeastern boundary of main ...
Yakima folds, with d'extral
deflections and en echelon
folds which form a.belt

'0-40 km wide. Intermittantly
faulted.

Central part of OWL,
bordering Yakima block and
there fore "kinematically
distinct and topographically
prominent.

BL Boise-La Grande Begins in the southeast as
a prominent boundary fault zone
between the western Snake River
plain and the Idaho batholith,
and then trends as a belt of apparent-
ly discontinuous faults through the
border zone of the Wallowa mountains
and the La Grande depression, into
the Vansycle-Walla Walla fault zone,
to join CLEW at Wallula Gap.

This is a gross simplifica-
tion as faulting north of
the Snake River plain is
very distributed. Neverthe-
less, it appears that the
Wallowa mountains are less
faulted than the area to the
SW and are therefore kinema-
tically bounded by a distri-
buted zone of motion. Con-
tains the southeastern part
of OWL.

NS North Snake River Continues BL to the southeast.

PG Boise-Payette-
Grangeville

Main border zone between CR basalts
and Idaho batholith.

Trends towards the Lewis and
Clark line (LC, Eaton 1978,
USGS Prof. Papers 1100).





0
LC Lewis and Clark

Line
"A 16 to 50 km-wide zone of en echelon right lateral and oblique
slip faults marking the northeast limit of Late-Cenozoic
basin-range faulting" (Eaton 1979, p. 11). To the west it
disappears below the CP basalts but is recognizable as a belt of
increased gravity gradient that crosses the basalts towards the
Beezley Hills Rock Island Dam, and Wenatchee Mountains. In a
vague way it forms the border zone of the CP and the Okanogan
Highlands (Smith 1978, Fig. 6.2)-

HI Hite fault zone The Hite fault is the main structure of the border zone between
the CP and the eastern Blue Mountains. Towards the NE it becomes
indistinct but as a zone seems to trend into LC. Approximate
eastern boundary of thin CP crust.

WM Wallula Gap-Moses

Lake'omment: The gravity
picture of the'unction
}}I-CLEW is complex.

A prominent belt of steepened gravity gradient. Passes through the
eastern limit of Saddle Mountain and Frenchman Hills structures
and interferes with LC north of Moses Lake. North of LC there is
a belt of rather irregular structures in the CR basalts that
trends into the Republic graben of the Okanogan }}ighlands. The
belt is 20 to 30 km wide and composed of several strands, the
western of which coincides with the east-end of Gable Mountain,
and an axial decay of Saddle Mountains, Frenchman }}illsand
Beezley Hills.

East Kittitas A structural belt between the Kittitas Valley and the Columbia
River, coincides with a north-trending belt of steep gravity
gradient parallel to WM but opposite in sense. The gravity belt,
extends south as fax as the CR west of Umatilla, and may even
interfere with the Blue Mountains farther south. However, it has
played no important role in CRB deformation south of CLEW.

Structurally, EK is characterized on its western border (Kittitas
Valley) by a dextral array of en echelon brachyanticlines and some
flexures and smaller faults which extend as far north as the
western end of the Eocene Chiwaukum graben (Leavenworth fault) ~

Its eastern border is marked by a dextral array of axial flexures





of Manastash Ridge, Saddle Mountains, and Frenchman Hills
structures, as well as some short fault segments; in the north
particularly by the steep Rock Island structure (USGS prof. papers
100, 1978); there it interferes with LCp and one strand heads NNW

into the Entiat fault (E-border of Chiwaukum graben).

SO Shelton-Olympia

Comments: Seems to be the
partly reactivated southern
continuation of Chiwaukum
graben, compare. The
eastern border coincides in
part with "Hog Ranch Butte
arc" of Mackay.

A belt of steep gravity gradient bordering on the northeast the
Shelton-Olympia high of Danes et'al (1965). Crosses the southern
Puget depression into. the Coast Ranges.

SC South Bend-Chehalis An EW-trending fault belt affecting marine Mio-Pliocene and
coinciding with a pronounced gravity step that limits the
Shelton-Olympia high to the south. It joins SO east of Chehalis.
From this point eastward the situation is unclear in the Eocene
volcanics between the Cowlitz and Nisqually rivers, though an
eastward trending gravity step penetrates into the Cascades whereit joins apparently discontinuous fault zones W and S of Mount
Rainier (WR, RL, HS).

TA Tacoma The Tacoma gravity step separates the Kitsap high and the Tacoma
low of Dames et al. (1965) and crosses the Puget Sound depression
Prom the Olympic Peninsula into the Cascades where it joints ON
and WR.

WR West Rainier A north-trending belt of apparently discontinuous faulting that
marks the western border of the Cascades E of Tacoma.

Rainier-Lost Horse Summarizes a broad belt of deformation with SE-trending faults and
folds that from S of Mt. Rainier passes through the Goat Rocks
area towards the lost Horse plateau where it joins HOOK.

Q
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HS Hood River-Skate
Mountain

A belt of N to NNW trending faults and folds joining the Hood River
'graben at the Columbia River, then passing W of Mount Adams into
the faulted region-SW of Mt. Rainier where it joins SC and RL.

Comments: apparently one of
the important young + NS

trending fault zones of the
Cascades.

HOOK Hood River-
Delley Hollow

Western boundary of the Yakima folds
deflected in a sinistral sense. NOT
or fault belt but obviously of great
Yakima deformation.

which along this trend are
mapped as a continuous fault
kinematic importance for

TN Tie ton-Na ch e s A north-striking belt of discontinuous small faults that connects
HOOK (s. of Tieton Reservoir) with CLEW-ON at the Naches River.

Comments: apparently one of
the Cascadian NS trends but
of minor importance.

WJ Willapa Bay&t.
Jefferson

A belt of predominantly SE trending faults and topographic
lineaments that crosses the Willamette depression near Portland
and joins the important NS faults (SI) of the Cascades near Mt ~

Jefferson. A continuation of sorts of the Brothers fracture zone
(BR) that enters SI about 70 km farther south.

Tygh-John Day From the Hood River graben at the Columbia River along a SE

trending, gravity step through the SE trending W-end of Tygh Ridge
towards the John Day River at about Sutton Mtn. and into the John
Day fault. Here it enters the maze of distributed faults of BR
where the somewhat arbitrary but kinematically useful HA, AW, SS,
WS are defined.

Comments: postulated for
gravimetric and kinematic
reasons. The Blue Mountains
gravity step is interrupted





at the John Day River gap.
From there to the NW a
NW-trending gravity step
first passes through Tygh
Ridge and then joins HS at
the Columbia River. In this
area it gets lost in the
Cascades gravity picture.
This belt has an old history
and has been reactivated
repeatedly in various ways.

JS John Day-Snake
River

On the Geological Map of the US (1974) a 100 km~ide belt of
closely spaced NW trending faults characterizes the NW end of the
Snake River depression. It virtually dies out at AW (one of the
justifications for choosing this boundary zone), and north of the
La Grande depression is continued 'only by the field of small
faults SE of Wallula Gap. JS is its SW border zone, as BL is its
NE one.

HB Hite-Blue Mountains Northern border zone of intensive La Grande-Baker faulting.

Wallula-Wallowa A belt including the Wallula and Milton-Freewater faults.





Table 2: Blocks of the IDOL Mosaic.

In order to better describe the kinematic and dynamic position of the Yakima block
between the North American and Pacific plates, and within its border zone (Basin and
Range province, Juan de Fuca plate), the IDOL block mosaic is defined. The block
boundaries are the lineaments and border zones defined in Table l. Except for the
Yakima block (8) and the region immediately adjacent to the north no attempt at
detailed modeling is made. They are treated in a generalized way only.

Number/S mbol Name ~ Comments

1 SD1 Southwestern domain Contains most of the Oregon Coast Ringe and Cascades, and the
Basin'nd Range province south of BR. Treated as a reference
domain to.better define the relative kinematics of IDOL
transform mosaic.

2 AM2 Aldrich-Halh cur Dominated in the north by the pre-Tertiary rocks of the
Aldrich-Strawberry domain, in the south by the young
Newberry-Snake River volcanic depression. This is evidently
a complex block with a complex history; nevertheless, the
boundary zones here chosen seem to display more movement than
the interior of the block, and to set it off against the
surrounding blocks.

3 TI3 Turnbill-Ironside A disturbed block dominated by north-trending faults which
distinguish it from its surroundings.

Owyh ee At the junction of the Steens Mtn. and the western Snake
River belts.

5 IB5

6 MA6

7 LB7

Idaho Batholith

Ma 1 iowa

La Grande-Baker W end of western Snake River. depression. Broken internally
by closely spaced %1-trending faults. Actually a submosaic
of distinctive character, except for the northwestern corner
domain N of HB which may be separated as PM7a.





Number/S mbol Name Comments

7a PM7a

8 YA8

Pendleton-Milton-Freewater

Yak ima The focus of. this study. The northern half is distinctly
characterized by the Yakima folds, the southern half by the
broad Blue Ridge structure with its pre-Tertiary rocks and a
gravity low characteristic of a "continental crust of normal
thickness". This is also borne out by the crustal isopachs.
Actual folding and important post-CRB folding and faulting

-" -. are virtually absent in this southern half which thus is the
stable hinterland of the Yakima folds- This is important for
kinemhtic-dynamic modeling. Though geologically
'heterogeneous, the block is a kinematic unit for post-CRB
d e forma t ion.

9 OC9 Ochoco Relatively rigid, with only moderate internal faulting
according to the Geological Map of the U.S.

10 C 010 Cowlitz Clearly heterogeneous as it straddles such separate tectonic
domains as the Cascades and the Coast Ranges. These,
however, apparently are subduction-related units of secondary
importance for transform~osaic kinematics.

11 GH11

12 OP12

13 TA13

Grays Harbor

Olympic Peninsula

Tacoma

14,15 No name Small blocks within C010, accommodating deformation around
Mt. St. Helens.

16 MA16

17 MR17

Mt. Adams

Mt. Rainier



Number/S mbol Name Comments

17a BE17a Bethel Ridge Has probably played a somewhat separate role in the detailed
kinematics W of HOOK.

19
to
22 Small blocks that are relevant only for the detailed

kinematics northeast of CLEJ.

23 RI23

24 ND24

Ritzville

Northern Domain

The virtually undeformed part of CP south of LC.

Is considered firmly attached to the North American Plate.
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9.1 THE KINEMATICS OF THE IDOL BLOCK MOS I

Each of the blocks defined above is
and given a translationaL vector Ti
picture~ each should be assigned a
analysis reveals the probabi Lity of
rotations (s. p. 18-19 and Figure 1

complexLy distributed, and as rotat
as apparent it is Left out in view

treated as 'a rigid body
To complete the

rotationaL vector also;
smalL clockwise

2). These, however, seem
iona l kinematics is not
of its minor significance.

The foLLowing procedure was chosen. YA8 has been studied in
some detai L, and i ts Ti is believed the most reliabLe. It
was used as a starting point. The relative motions across
its boundaries were very roughly estimated as to shear,
extension, and compression. Proceeding thus from bLock to
block, the vector field shown in Figure 14 was constructed.
YA-8 was treated as a single rigid bLock in Figure 14,
whereas in Figure 14?, 15,, and 16 onLy the subcrustaL
Li thosphe re i s assumed rig i d~ the crust being detached and
deformed (Yakima Ridges; see p.- 38, 40).

Here are some arguments and comments about the resulting
kinematics.

YA8 is characterized by compressive ridges in its northern
half indicative of NNW translations of about 3 km,
decreasing northward as shortening is absorbed by each
succeeding ridge. For the block boundaries this has varying
complications. ALong CLEW, the normal component of Ti, or
Tn, is absorbed by shortening that is periodicaLLy
relieved or redistributed by rotation (not considered
here). ALong HOOK Tn was Largely used to push the
adjacent block mosaic to the NW.,The main effect is right
SLip along ON with minor shortening across ON ~

Turning to the southern boundaries of YA8, they must have
permitted tr ansfer of Ti from the adjacent block unless
the transport dynamics was frictionaL coupling with
asthenospheric convection below, which Looks unreasonable on
regionaL grounds.

Consequently, the Ti of OC9 and LB7, and probably also of
AM2~ TI3 and OW4 have components in the direction of~ and as
Long as, Ti (YA8) (the totaL translation of YA8).
Furthermore, they have components of relative motion at
their boundaries (shear and convergence or divergence) which
is estimated by inspection of such maps as the GeoLogicaL
Map of the US (1974) or of Washington Public Power Supply
System, 1977, where available. For TJ it consists mostly of
dextraL shear with probabLy s light convergence (Tygh Ridge),
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for AP it consists of sinistral shear with divergence in an
ENE direction. The nature of the component LB7 - YAG is
recognized along HB where most of the extensionaL faulting
of LB7 dies out. However, the transition from compressionaL
tectonics in YA8 to extensionaL tectonics in LB7 through the
intermediate block PM7a requires cLockwise rotation of YA8,
OC9 and AM2, in addition to the translations shown in Figure
14 'he southwestern boundary BF of OC9 and AM2 seems to be
one of mainly dextraL shear, and Ti (SD1) permits, by
shearing along BF, the movement of both OC9 and YA8 in the
required direction. The most prominent zone of boundary
divergence is across SI and HS — the essentially NS striking„
graben zone of the Cascades which permits EW extension
towards the f ree boun'dary in the west (compare also Figure
14a).

Quantitative ly,. aLL T;'s except T; (YA8) are educated
guesses based on insufficient information. In reality the
quantities may be somewhat Larger than shown in the Figure;
they need not be in order to give a consistent picture that
harmonizes with the smaLL deformations mapped in the area.
Ti (SD1) then turns out to be directed to the NW and
nearly paraLLeL to IDOL (or BF, WJ, ON, CLEW). IDOL is a
kind of megabreccia accommodating dextraL shear of about 7
km, distributed over a zone 200 — 400 km wide, or an average
shear strain gamma of about 0.02.

As to the average clockwise rotation of YA8 and LB7 around a
pivot at the northern tip of YA8, it turns out to be no more
than 1/2 degree, corresponding to an exten'sion of 2 km in
the northern part of LB7.

The reli abi Lity of thi s attempt at e<'-edding Yakima
deformation in the kinematics of a s ounding block mosaic
depends on severaL assumptions which !d further study.
One difficuLty, not sufficiently deal~with, is the
3-dimensional relation between Lithospheric and crustaL
kinematics, compare Figures 14a, 15, and 16.

In Figure 14a this problem is iLLustrated. According to
Figure 16 the master shear of the Yakima folds descends into
the deeper Lithosphere under the BLue Mountains: this would
be the proper Location of the northern Lithospheric bLock
boundary for Yakima deformation proper. North of it, and
disharmoniously underLying the Yakima folds, is another
Lithospheric block YA-8a, whose NE boundary is CLEW.

The strike of the Yakima ridges gives the direction of
relative motion YA-8/YA-8a, but does not contain information
on Lithospheric motion along CLEW. Assuming on Figure 16f,g
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that part of the surface defo'rmation measured in the Yakima
gorge is the surficiaL expression (f Lower structure) of
Lithospheric motion along CLEW~ the transport vector Ti
(YA-8) of Figure 14 may be reinterpreted and modifie'd as
composed of two Lithospheric vectors Ti (YA-8) and Ti
(YA-8a). A modest amount of Lithospheric motion paraLLeL to
CLEW has been acfded~. which would be insufficient to produce
conspicuous transcurrent faul,ts at the surface, being hidden
in the overaLL en echeLon fold belt.
The vector field of the block mosaic may then be adjusted to
the new Ti (YA-8) (totaL), Figure 14a. A considerable
extension (puL L-apart) results across HOOK and WR "HS.

10.1 DYNAMICS OF A 'BLOCK MOSAIC

Boundary stresses and resulting relative block movements are
sensitive to overaLL boundary conditions which change with
time.. A complex ly wobbling movement is induced which is
typicaL for smaller"scale fault breccias: they often exhibit
superposed striations of diverging directions and, in
Limestones, styLolites and extension cracks that also vary
with place and time. Inasmuch as most of CRB deformation
seems to have occur ed within a smaLL time intervaL relative
to the totaL and stiLL active B 8 R movements it is not easy
to pLace it exactly within developmentaL history of the
B 5 R. For example, the Picture Gorge dykes and associated
extensionaL features reveaL a kinematic and dynamic pattern
of earLy B & R tectonics that differed greatly from that of
CRB deformation (compare'a Lso Eaton, 1979), whereas
present-day tectoni cs as revealed by earthquake
distributions and focaL mechanisms are different again. a
present-day pivot seems to be in the YelLowstone-Helena
region. However, earLier bLock mosaics are. never entirely
discarded as inherited distributions of materiaL properties
always infLuence stress and strength distributions, and
consequent Ly the distribution of potentiaL fauLting, to some
extent.

Block boundaries tend to interfere with each other during
motion, which resuLts in inactivation of old and activation
of new boundaries. However, some composite zones of
movement by addition of smaLL branch fauLts that heLp to
overcome Local obstacles, may develop some sort of strain
sof t ning.

11.1 MAPS OF KINEMATIC DEVELOPMENT IN 8 STAGES (FIGURE 15)

(Compare the cross"sectionaL deveLopment, Figure 16, and the
block mosaic IDOL, Figures 14 and 14a).
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11.1.1 INITIAL NOVEMENTS AT THE BOUNDARIES OF YAKINA
BLOCK YA-8

Stage 1: CLEW

Between the stress concentrators of the La Grande Gap in the
southeast (apex of block near MaLluLa Gap) and of the
Kachess-Naches area (bend in the Paleogene Straight Creek
fault system near CLe ELum) the CLEM Lineament in the CR
basalts is nucleated. It initiaLLy consisted of broad and
gentle dextral en echelon brachyanticlines (short folds)
simi Lar to those shown by Hardin and LoweLL (1979, Figure
5A). This belt has a width of 30 - 40 km and represents the
base of an inverted triangle of deformation that converges
downward, with an apex at a depth of 15 — 20 km (wedge
boundaries at 45o for simpLicity, compare Figure 5). This
point coincides with a mechanically weak zone, or a
mechanical discontinuity, near the base of the crust. If
interpreted according to the Riedel modeL (compare p. 6-8)
of en echelon beLts, the discontinuity marks the Level of
disharmony between a more concentrated wrench fault in a
comparatively competent Lithosphere slab below and the
distributed (diffuse) deformation in the crust above.

The amount of dextraL motion in this initiaL stage was
minute ("incipient" to "earLy stage wrench fauLt," Harding
and LoweLL, 1979, Figure 5): a fraction of the measurabLe
tota l deformation across CLEW, which is not more, than 2

km.'ueto this initiaL break across the Columbia PLateau crust
and Lithosphere, a mechanicaL discontinuity (boundary) is
created which had not necessarily existed before (it cuts
across gravity trends and crustaL isopachs) of probably
Eocene age, see p. 47-48; there i s a possibi Lity, however,
of an OLigocene Kachess-Naches-BLue Nountains system that
had also foLLowed CLEW. Because of the smaLL dispLacement,
this boundary represents no insurmountable obstacle althoughit makes itself felt during subsequent deformation.

There are various reasons for postulating such an initiaL
break along CLEW, the foremost being that the Yakima folds
aLL terminate against, or are def Lected, or otherwise
infLuenced by CLEW which thus must have an earlier origin.
A further argument though Less cogent is based on the fact
that the Yakima block is part of a Lithospheric block mosaic
(IDOL) At the northern end of the Basin"Range block mosai c,
which affects the entire Lithosphere. The boundaries of the
Lithospheric block YA-8, and particularLy CLEW and HOOK,
were subject to forces exerted by aLL the surrounding blocks
of the mosaic. Crustal decoLLement on the other hand, is
obviousLy due to driving forces only at the southern
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boundary, the other boundaries playing the roLe of passive
constraints. It would therefore seem reasonable to assume
an early development of the Lithospheric block boundaries
and their obstruc'tion soon a fter ini tiara motion, probably at
the northern tip of the block; this, in turn, increased
internaL NNW compression to the point of yieLding. along the
weak Layer at the base of the crust.
11.1.2 INTERNAL. DEFORMATION OF THE YAKIMA BLOCK YA-8

As conver'gent
increasing ly o
instance HOOK)
hori zonta L pri
sur passing 6y
magnitude; thi
thrusting inst

dextraL strike-sL
bstructed by inte

6N and 6E (the
ncipaL stresses)
(the verticaL,pri
s is a situation
abi lity at a high

ip motion along CLEW i s
rfer ence of other faults (for
N and E trending
increase~ the Latter
ncipaL stress) , in
that deveLops into a
er stress. LeveL.

The kinematic and dynamic theory thus presented is; first,
formation of the Yakima Lithospheric block boundaries, and
second, internaL deformation of the Yakima block at higher
stress Levels.

The sequence of .events during this second internaL
compressionaL deformation is depicted in stages 2 — 8.
Deformation is assumed to begin in the south and propagate
northward for various reasons (compare Figure 16):

1. The most important factor in the sequence of events
described below i s that the BLue Mountains part of
the Yakima b Lock seems to have been the most
stable. This correlates with a change in crustaL
compositio'n according to geophysi cs (compare
Figures 13 and 17), the materiaL interpretation of
which is offered on p. 44"46. It probably acts as
an indenter type stress concentrator in the map
view as weLL as in the cross-sectioni view (Figure
16); the northward t'apering thick crustal wedge is
pressed against the CP crust with its presumably
weak base. It would appear reasonable to assume
that stresses were highest in the south, and there
caused the first thrust fault to form.

2. Yakima foLds have a tendency to be convex to the
north which again suggests they were formed by
indentation-type deformation propagating from the
south.
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3. Inactivation of CLEM-OWL 'caLLs for activation of
breaks, permitting block movements towards the f ree
Juan de Fuca plate boundary farther south (compare
Figure 14a).

4. The individuaL Yakima folds seem to emanate from
the brachyanticLines of CLEW, and thus to be
related to the same mechanical discontinuity, a
decoLlement Level at 15 - 20 km depth. SLip area
on this decoLLement Layer increases for northerLy
structures which thus shouLd be more stable and be
initiated only after inactivation of the more
southerly ones.

Spacing of the Yakima folds, except for Yakima Ridge
anticline, is surprisingLy regular (25 — 30 km), and this
regularity requires an expLanation. Ther e are severaL
possibiLities or combinations of possible factors, but the
most plausible at this time seems their apparent
relationship with the broad brachyanticlines of CLEW. It is
therefore proposed that as decollement instabi Lity at the
base of the crust spread to the north, the pre"existing,
periodicaLLy arranged brachyanticlines on CLEW, compare
Harding and LoweLL (1979, Figure 5) and Mi Lcox et aL.,
(1973, Fi gure 11), or rather the corresponding deep faults
(compare Figure 5), were stress concentrators on the
decoLLement surface from which thrusting spread sideways
(simiLar pre-existing features on HOOK are not evident).
The relationship of surface foLds and decoLLement surface is
shown in Figures 15 and 16.

Stage 2: Columbia HiLLs Anti c line.
The thrust emanating f rom the base of the BLue Nountains
crust compare profiles Figure 16 surfaces aLmost directLy,
without significant decoLLement, at the CoLumbia HiLLs
fold. The crustaL wedge above the thrust is segmented into
sub-bLocks, indications of which appear on the tectonic
maps, but they are even more striking on detaiLed
topographic and gravity maps which correlate in many ways.
The structuraLLy Lowest sub-bLocks are the Dalles and
Umatilla sub"blocks. They are separated by the high
Condon-Masco sub"block which occupies a position immediately
north of the John Day River gap in the BLue Nountains
gravity structure. The Bouguer anomaLy gradient forms a
beLt along the northern foot of the BLue Nountains beginning
south of Wallula Gap (at La Grande Gap), and extending WSW

to the John Day River. There it becomes irregular, but
reforms as a belt again after a short intervaL, this time
striking NW, and i s displaced at Tygh Ridge. These
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relations, not analysed in greater -detaiL, suggest slightly
increased NNW movement west of the Umatilla sub-block, with
increased shortening of the Columbi a Hi L Ls fo Ld (whi ch north
of the UmatiLLa sub-block has onLy minor shortening).

The average trend of the Yakima structures, generaLLy,. and
the Columbia Hi LLs anticline, in particular, demonstrate
that'he direction of principaL shortening was'o the NNW.
The gravity gradient in the BLue Mountains proper, east of
the John Day River, is reasonably paraLLeL to this direction
and suggests a cross section as shown in Figure 16. This
does not hold for the gradient west of the river, and here a
certain amount of dextraL strike-slip along with compression
should be expected. Tectonic behavior should'accordingly be
more complex, and this is manifested by the Tygh Ridge
structure, which is nested within a kink of the pronounced
gravity gradient belt, and faces south: although a
compressive structure should be formed at this kink, no
simple thrusting relation with deep crustaL structure is
obvious.

The NW trending gravity belt intersects the anoma lies due to
the Cascades volcanoes, but structuralLy seems to end at the
Hood River graben. The Latest fault movements within the
graben seem to be younger than the Yakima folds, but as the
gravity belts and the HOOK Lineament emanating from it to.
the 'nor theast have strong Ly infLuenced the Yakima folds,
they must in some way have exi sted f rom the very beginning
o f Yak i ma de forma t,ion.

The Columbia Hi Lls structure is strikingly segmented by
cross-structures, particuLarly in the west. The narrow
width of the fold in the Columbia River gorge north of the
DaLLes caLLs for a Limited amount of shaLLow decollement
approximately at the. base of the basa its as shown in the
cross section Figure 16. The dextraL dispLacement of some
of the sequences shown, for example, by Newcomb (1970) is
thought to be due to Later movements affecting the western
corner of the Yakima b lock and is not shown at this stage.
However, the changes of vergence NE of the DaLLes must be a
primary, though Local, dextraL feature. The sinistraL
apparent displacement near Goldendale is not understood in
detaiL but Lies on a sinistral Lineament (Hor se Thief Point

GoldendaLe Lineament, or HOG), which has affected aLL the
Yakima ridges in various ways~ though Less severely than
CLEW or HOOK. It seems that this cross-structure is also an
early feature, possibly a sub-bLock boundary associated with
W (NW) stretching (see Figure 14a).
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It has been mentioned that the sub-blocks of this stage of
movement are ref Lected in the gravity picture which because
of the minute amount of movement (about 500 m north of the
DaL Les,, at most 200 m north of Umati Lla) must be an
inherited feature: it probab Ly infLuenced the position and
shape of the thrust and consequently the deformation of the
hanging waLL bLock.

Considerable irregularities affect the Yakima ridges where
they enter CLEW, and this is certainly true for the Columbia
Hills fold. At Si LLusi Butte, near Umati lla, a S-striking
fault, associated with folds, trends toward the BLue
Nountains though its fate there is unknown. East of it, the
fold seems to split up and a'Lso increase its compression.
Apparently the easternmost part of the slipped domain, Like
the Western half, moved a LittLe farther than the UmatiLLa
sub "b Lock.

The increased complexity of CLEW is understandable in view
of the pre-existing compLications along CLEW.

Stage 3: The Horse Heaven Hills Structure

The Columbia HilLs structure was inactivated at a modest
LeveL of development; instead the base-crust decoLLement
spread to the north~ and a new crustaL thrust was nucLeated
at CLEW and propagated to the WSW. The reasons for this
deveLopment are open to speculation, and some pertinent
conjectures are of fered on p. 33.

The hanging walL,, or upper plate, of the Horse Heaven Hi Lls
thrust again shows subdivision into subblocks which are
particularLy evident on the topographi c maps where domains
of different shape and drainage character may be
distinguished. However, no sharp fault boundaries have been
mapped.

The most prominent irregularities are found: 1) on CLEW, 2)
on HOG (or north of the Waco-Condon"subblock of stage 2),
and 3) on HOOK.

Stage 4: Toppenish Ridge

Again the Horse Heaven HiLLs thrust was inactivated after a
displacement of no more than 300 m — barely sufficient to
make a dent in the gravity picture " and decoLlement spread
another 30 km to the north. Nucleation of Toppenish Ridge
on CLEW is somewhat Less plausible because HOG here
interferes with CLEW, and Toppenish Ridge proper disappears
east of HOG to be replaced, after a sinistraL offset, by
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Snipe Mountain which somehow deteriorates in the wide bulge
of CLEW south of the Rattlesnake Hills structure. The
corresponding modest compression of no more than 300 m is
here somehow absorbed by a distributed network of minute
dispLacements, but is concentrated again to some degree at
the smaLL but pronounced faulted foLd trending to the NW

from the NW corner of the Horse Heaven Hi LLs structure.
Stage 5 Rattlesnake Hi LLs Structure

As the front of crustaL decolLement approaches the apex of
Yakima block, the infLuence of CLEW and HOOK becomes
dominant and a pronouncedly arcuate ridge containing
numerous irregularities results. There are multiple
subparaLLeL SW-striking features that accompany the western
part of Athanum Ridge, which is the western part of the
Ratt Lesnake Hi L Ls structure.
At Union Gap the structure enters CLEW. ConcomitantLy to
being superposed on a CLEM bulge, i t splits up into a number
of substructures. These become extremely entangled where
they interfere with HOG in addition to CLEW. There seems to
be some question as. to how much Lands liding af fects the
northeastern corner of Ratt Lesnake Hi L L structure but most
of the irregularities seem to be structural. ALthough the
apparent displacement aLong HOG is dextraL, the en echelon
wrinkles and apparent drag in the Ratt lesnake Hi lls
structure immediate Ly west of'OG are sini stra L. As the
Rattlesnake Hi LLs structure, Like other Yakima folds, are
strong Ly inf Luenced by HOG, thi s Latter must have formed at
an earlier stage in this area too. ALL offsets and drags
are apparent as the structure deveLoped irregularities f rom
the very beginning. However, there may have been some
slight s ini st ra L movement along HOG which is the most
prominent subb lock boundary.

The Rattlesnake Hills WaLLula Gap (RAW) trend of
brachyanticlines and concomitant smalL faults was superposed
on CLEW which it roughly paraLLels~ at this stage. It is
more externaL than the eastern borders of Toppenish-Horse
Heaven Hills stages which fits into a picture of an
expanding area of decoLLement slip. The narrow
brachyanticLines are rooted at a shaLLow Level, and there
probabLy is a more concentrated fault structure below the
Yakima basalt. It presumably has a Limited strike slip and
negLigible dip"slip displacement. On the other hand, as the
whole structure is rooted at a deeper Level, the base"crust
decolLement reactivation, and accentuation of the broad

2. 5-O-38



WNP-2 AMENDMENT NO. 18
September

1981'LEW

warps occurred simultaneous Ly;- resuLting in the
superposition of the narrow RAW on an accentuated, broad
CLEW segment.

Stage 6: Yakima Ridge

Yakima Ridge is virtuaLLy superposed along its entire Length
on HOOK and CLEW. Cowiche Mountain"Sedge Ridge on HOOK
strikes SW and is immediately adjacent to the west end of
Ahtanum Ridge, separated only by a very straight, feature
along the South Fork of Ahtanum Creek. Yakima Ridge is
first interfered with by an appendage of CLEW at the
southeast trending east end of Cowiche Mountain. East of-
Yakima, the ridge enters the main CLEW bulge~ enhancing CLEW
and breaking it into weakly defined sub-bLocks. The east
end of Yakima Ridge splits up into a series of
east-plunging, narrow en echelon ridges. Ther e is no
pronounced obvious eastern border of the slipped area as
there is for Rattlesnake Hi lls~ and it seems LikeLy that the
eastern border i s a broadLy distributed zone of deformation
further heightening the CLEW warps and possibly becoming in
places more concentrated on joining RAW. On the other hand,it is abundantly clear for this stage as weLL as the
foLLowing ones that there is a Lack of compression across
the LateraL boundaries (compare p. 18 and 19). For the CLEW
slight clockwise rotation has probably reduced compression,
but this rotation increases compression on HOOK unless
blocks MA-16 and MR-17 simultaneous Ly move away to the NW

(Fi gure 14a) .

Stage 7: Umtanum Ri dge

At this stage decoLLement begins to transgress the bor ders
of the Yakima block. Most of it is still Limited by CLEW;
however~ the easternmost part — Gable Mountain-Gable Butte
now affects a smaLL domain NE of CLEW (22 in Figure 14).
The eastern edge of the area of decoLLement is not bounded
by an observabLe structure, and it is assumed that a zone of
distributed dextraL shear joins the east end of Gable
Mountain with CLEW (compare p. 43 and foLLowing).

Umtanum Ridge, affected by several vicissitudes, follows
CLEW to the northwest beyond the HOOK-CLEW join, it
transgresses the borders of Yakima b Lock a Lso in the same
direction. It is uncertain how much of thi s movement now
again foLLows OWL (ON; compare Figur e 14); it is possible
that at Least some of it i s bounded on the west by a vague
NS-Lineament (NI in Figure 14), with a smaLL amount of
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extension of the decoLLement beyond HOOK (17a in Figure 14),
simiLar to the smaLL amount of extension (22) beyond CLEW in
the Gable Mountain area.

Southeast of Priest Rapids, Umtanum Ridge interferes with
HOG where it Leaves CLEM. It seems Likely that the Umtanum
Ridge feature splits up there, one (reduced) part continuing
into the Gable Nountain branch~ and the other poorly defined
part folLowing CLEW to the southeast. One reason for this
assumption is the apparent decrease in shortening across
Gable Nountain; another reason is the apparent divergence of
movement between the Yakima block and the Gable Nountain
subblock. This divergence is obvious regionaLly and may be
due to the fact that the component of Ti (YA-8) normaL to
CLEW (di rected NE) was more important in pushing blocks
18-22 than the totaL transport vector. This in turn impLies
simultaneous dextra L shearing a Long CLEW. Stages 8 and
foLLowing would than not be kinematicaLLy independent of
State 7.

Stage 7a: Umtanum-Nanastash

Umtanum and Manastash Ridges are cLosely associated and in
some places are not easi Ly distinguished as separate
kinematic units. Both units are therefore treated
simultaneous Ly in Figure 15. Manastash Ridge does not
appear to cross the Columbia River, instead joining Umtanum
Ridge in some way at Priest Rapids. At the northwest end,
northwest of Wenas Valley, it has not been possible to
separate the Nanastash, Umtanum and CLeman Nountain features.

Using this information it wouLd appear that decollement
affected aLL these structures nearLy simultaneously, but in
a highly uneven way because of the pre-existing
irregularities of CLEW, which here interferes with HOOK and
HOG. Another possibLy important interference is that of
CLEW with the East Kittitas be lt of Bouguer gravity gradient
(EK of Figure 14, see also Figure 24), suggesting crustal
inhomogenei ti es.

This is the most concentrated belt of shortening. It has an
estimated 1.5 km of shortening in the Yakima gorge section
which is about the same as alL the other Yakima ridges taken
together. This shortening, according to recent mapping,
decreases both towards the Priest Rapids section in the
southeast and the CLe ELum section in the northwest. In
fact,. the first impression is that it is concentrated around
the northern tip of the Yakima bLock. This would require
that the Yakima block, at this stage, was further pushed to
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the north, creating a comparatively strong frontaL
shortening, but simu Ltaneous Ly avoi ding corresponding
shortening at its Lateral boundaries (see. p. 38).

Stage 8: SaddLe Mountain

The SaddLe Mountain stage expands the area of decoLLement
farther beyond CLEW to incorporate particularly domains 19
and 21 of Figure 14. While the situation on both sides of
the Columbia river gorge is quite clear and measurabLe
shortening is about 230 m (see p. 17). compLications are
mani fest in the East Ki ttitas zone (EK of Figure 14) in the
W and WM (Figure 14) in the E. Distributed dextraL shear ing
is impLied in both WM and EK, accentuated in the Latter by a

'eriesof dextraL en echelon brachyanticlines (see p. 17).

A part of the Stage 8 movements to enter the Wenatchee
Mountains~ beyond the simplified domain shown in Figure 16.
At Boylston, one of the branch ridges is deflected to the SW

and this is taken to suggest a quantitatively insignificant
branch of Stage 8 motion that joins HOOK via SE end of
CLeman Mountain.

Further stages of propagation of decoLLement to the N couLd
be added (see Figure 14a) but they are insignificant
kinematicaLLy ~ However, according to the modeL they are the
youngest and may therefore be the seismicaLLy most active
ones today.

11.1.3 SUMMARY OF IMPORTANT POINTS IN THE MAP-VIEW
KINEMATICS 0 F THE COLUMBIA PLATEAU

1. Distribution of compression:

Di st'ributi on of shortening away f rom some
comparatively rigid indenter is commonplace in
tectonics. On a smaLL scale, I have investigated
the. phenomenon in the Jura (Laubscher, 1980) . On a
continenta L sca Le compare MoLnar 5 Tapponnier
(1975). Shortening was comparatively concentrated
at the tip of block YA"8a during Stage 7-7a ("Wymer
Knot" ) .

2. Latera L extensti on:

At no stage compression at the Lateral boundaries
is commensurate with NNW translation. This impLies
Lateral stretching.
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3. C Lockwi se rotat ions:

ParticuLarly Stages 6 and 7 show a decrease of
shortening eastward, implying a slight clockwise
rotation.

12.1'EVELOPMENT OF THE YAKINA FOLD SYSTEM, CORSS-SECTIONS
(FIGURE 1 6)

Napped deformation, the Bouguer gravity map and the regionaL
crustal isopachs (Smith, 1978) are combined for a schematic
modeL of deep deformation (for the development of mechanical
conditions at depth see p. 51).

Napped deformat'ion suggests three Levels of Localized to
regionaL decollement and decoupLing which ar e supposed to be
connected by ramps. Gravity and crustaL isopachs in turn
suggest these to be:

1. The base of Lithosphere (sub-Noho ve locities here
8.1), perhaps at 50 - 60 km depth. The thickness
of the Lithosphere may here be somewhat reduced
because of the particular setting of CP in a domain
of Eocene to Miocene extension.

2. The basaL part of CP crust appx.'0 km. The
mantLe Vp of 8 1 km/sec suggests peridotite and
at a depth of 20 km this could be serpentinized.
With a thermal gradient of 25o C/km, the rocks at
a depth of 20 km would be in the trans.ition zone
serpentinite"peridotite plus water where frictionaL
heat-, e.g., could produce a Layer of high pore
pressure propagating with deco L Lement.

3. The Yakima ridges are relatively narrow wrinkles
superposed on wider pedestals due to decoLLement on
the second Level. The ridges imply Localized
decoLLement at depths of 1 " 3 km, probabLy at the
base of the Yakima sequence which is a mechanicaL
discontinuity. BeLow this discontinuity strata
were deformed and broken before the basalts were
extruded (p. 48-49); above the discontinuity there
is a Layered sequence of alternating competent and
incompetent beds of surpri sing regula ri ty.

Stage 1:

The Yakima block moves as a Lithospheri c plate, probably
part of a primary IDOL (Fi gure 14) . The under Lying
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reasoning is presented on p. 32-34; Some aspects of this
stage that are particularly relevant for the cross-section
are:

zones of dextral shear with a compressionaL component
(dextraL-convergent boundaries) commonly develop broad
en echelon folds in a deformabLe Layer before faults of
noticeabLe size break to the surface.

the broad en echelon folds that compose CLEW may be
correlated with concentrated dextraL shear beLow 20 km,
which wouLd be in the Lithosphere.

Consequently~ CLEW in this first stage is represented as a"fLower structure" typical for en echelon folds (see
Figure 5 and Harding 5 LoweLL, 1979): a Lithospheric stem
(fault) whi ch in the crust branches out into a broad zone of
deformation. The branch faults are smaLL and tend to
dissipate towards the surface, thus producing broad,
apparent Ly unfauLted brachyanticlines.
Stage 2:

The compressive stress Level inside the block increases to
the breaking point. It is higher in the south towards the
active plate boundary. The thicker Blue Mountain crust is
stronger than the Yakima crust to the north; the first break
therefore emerges as a 30 degrees Mohr-type shear from the
northern base of the BLue Nountain crust, probably with a
sLight amount of decoLLement at LeveLs 2 and 3. The
justification for such a Nohr-type shear is taken from the
COCORP results in the Wind River structure (Smithson et al.,
1979), and the polygonal shape of the shear surface as a
combination of Nohr (ramp) and decoLLement segments is
documented from many parts of the world, e.g., Rich (1934),
Rodgers (1949), Charlesworth (1961), BaLLy et aL., (1966),
Royse et a L., (1975), Roeder and Witherspoon (1978),
Laubscher (1973). For nucLeation of kink-type near-surface
folds see Thompson (1978), Laubscher (1977) (Figure 8 of
thi s report) ..

Stage 3:

Activation of Level-2 decoLLement proceeds to produce the
Horse Heaven fold. The question of why the Columbia Hi lls
foLd was inactivated in favor of the mor e distant Horse
Heaven fold is delicate: active and resisting forces on the
whole boundary of a potential shearing surface play a role,
and as faulting proceeds at a finite velocity, the scenario
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is one of three-dimensionaLLy competing rate processes with
changing alLiances. The tectonic picture suggests the
foLLowing generaL reasons:

near-surface deformation is highly frictionaL in
kink-Like folds beyond moderate widths and dips.
Thrusts which may be Lubricated at depth e.g. by pore
pressure are resisted by dry friction at the surface.

the base-crust decoLLement should be nearLy
frictionLess if it is to succeed over surface
deformation of very modest amounts. The
de-serpentinization process as envisaged would fit.
Localized activation of the base-crust decollement zone
is already present aLL along CLEW as suggested by the
brachyanticlines. It has a tendency to spread
Laterally into the Yakima block, there to combine with
the northward spreading decoL Lement surf ace at the base
of the crust. Within this mechanism also Lies the most
plausible explanation for the periodicity and Location
of the Yakima foLds: they are Localized by the
pre-existing, periodic en echelon folds of CLEW that
propagated Laterally on top of the nascent base-crust
decolLement.

For Stages 4 and 5 the same explanation holds.

At stage 6 decoLlement and foLding approaches the north tip
of the Yakima block. Here the periodicity breaks down
because of the proximity of the block boundary whose
infLuence on the tectoni cs of the Yakima Ri dge i s documented
by surf ace mapping.

Stage 7:

ALthough CLEW is a pre-existing boundary slightly impeding
further propagation of base-crust decollement, it is a weak
obstacle for two reasons:

Neither geology nor gravity nor crustaL isopachs imply
any important change of crustaL structure across CLEW.
For that reason, it was inferred that CLEW is probably
not a discontinuity inherited from pre-Oligocene times
but rather a newly formed break connecting distant
inherited stress concentrators. Although its formation
preceded actuaL Yakima folding it did so by a
geologicaLLy minute time intervaL. A first weak
discontinuity may have been formed during the OLigocene
Kachess-Naches"Blue Mountains compressional phase (see
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Figure 1(a) and p. 32). However, its main development
as part of the IDOL'ystem is probabLy due to Stage 1

of Late Miocene Yakima tectonics.

The base of CP crust is a potentiaL decoLlement horizon
beyond CLEM and was interrupted by a very smaLL amount
on CLEW.

Stage 7 represents alL the beyond"CLEW stages such as Gable
Mountain-Gab)e Butte, Saddle Mountain, Frenchman HiLLs, etc.

Near the northern end of the particular cross-section
chosen, CLEW approaches the northern border of the Yakima
basalts and, simultaneously~ the domain of thin CP crust.
Further northward spreading of decoLlement is severely
restricted.
The North Kittitas f Lexure (shown on Figure 15, Stage 8)
may, in a way,- be simiLar to the BLue Mountains: a
deformation due to the end of crustal decoLLement. I have
symbolicaLLy represented 'i t as an unde rthrust wedge common
at the front of decoL Lement plates (Habi cht, 1944;
Laubscher, 1977; Thompson, 1981; Price, 1981).

13.1 THE DEVELOPMENT OF CRUSTAL STRUCTURE IN THE CP AND ITS
INFLUENCE ON THE DYNAMICS OF YAKIMA DEFORMATION AT
DEEP LEVELS

13.1.1 A COMPLETE DEFORMATIONAL SYSTEM CAN BE MODELED'VEN
SCHEMATICALLY'NLYIF VARIATION WITH DEPTH IS
INCLUDED

Information placing some constraints on deep structure is
contained;

1., in the aspect of surf i ci aL structure as explained
on p. 12 and foLLowing and p. 40-41.

2. in geophysicaL information on present"day
distribution of some rock properties, particularLy
gravity, seismoLogy, and geothermics.

in overaLL structura L history that gives some
rationale for placing present crustaL structure
into a historicaL perspective~ permitting an
educated guess about crustaL structure at the time
o f Yak ima de formati on.
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13.1.2 PRESENT-DAY CRUSTAL STRUCTURE INPLIED BY THE
GEOPHYSICAL DATA (CONPARE FIGURES 13'7)

Seismic data

Smith (1978) and HiLL. (1978) compi led and reviewed
much of the seismic information present Ly
available. Directly pertinent for the CP are
Figure 7.6 - 7.10 of Hi LL and Figures 6.2 and 6.3
of Smith.

Figure 6.2 of Smith (compare Figure 13 of this
report) shows a crustaL thickness of Less than 25
km for much of the Columbia PLateau," a corridor of
thin crust across the Columbi a River structuraL Low
in the Cascades, a comparatively steep gradient to
a thickness of up to 40 km in the Blue Nountains,
and a southeast plunging nose of thick crust (up to
more than 50 km) continuing f rom Vancouver Island
across the Juan de Fuca strait and Puget Sound into
the Cascades (thi s particular feature has been
chaLLenged by Riddihough, 1979). This picture must
be greatly generalized in view of structuraL and
gravity data, but nevertheless it correLates in a
striking if overaLL way with CP tectonics.

Figure 6 3 of Smith shows that the minimum crustaL
thi ckness of the CP coincides with a Vp maximu'm
of 8.1 for the Noho. This in turn impLies a

comparatively cooL upper Lithosphere, whi ch
correlates with a reLative heat f Low minimum in the
area (BLackweLL, 1978; compare p. 49).

Figure 7 6 of HiLL gives Vp and earthquake-
frequency data for the Puget Sound region which
according to Smith's Figure 6.2 is on the 40 km
isopach of the Vancouver Island nose. An
earthquake frequency minimum at an intermediate
depth of about 15 km at a Level of Lower crustaL
velocities (6.7 km/sec), and an aLmost complete
cut-of f at 30 - 40 km are remarkable. A Low-
veLocity channeL at the base of the crust is
another feature of possibLe importance for crustal
mechani cs in thi s area.

ALthough most of the earthquakes occur above 40 km,
some earthquakes, including the Largest ones, occur
to depths of 80 km, in contrast to shallow-focaL
depths eLsewhere in the conterminous US. No clear
reLation to structures is reported, but it seems
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plausible that they correlate with the Vancouver
Island crustaL nose. However, the structure of
Figure 7.6 is not undisputed because it is based on
an assumption of plane Layers whereas gravity data
(Danes and others, 1965; Weston Geophysica L, 1979)
implies strong Lateral variations.
Figure 7.7.of HiLL (compare Figure 20 of this
report) shows the crustaL structure below the
centraL CP (Pasco basin) with,'n the center, an
upper 10 km Layer of 5.2 km/sec (probably sediments
and volcanics), then 15 km of Gd km/sec, which is a
"granitic velocity", incLuding granitic gneisses.
This is the crystaLLine part of the continentaL
crust, commonly above 30 km thick, here reduced to
about 1/2 by a process discussed on p. 49.

In the absence of direct information we may
assimilate crustaL structure in the BLue Mountains
to that given for the western Snake River pLain.
Figure 17 emphasizes the dramatic changes in
crustaL composition occurring on the boundaries of
the CoLumbia PLateau.

Gravity structure
(New Bouguer anomaly map by Weston Geophysical,
1979).

The extent of the seismically defined CP concides
approximate Ly wi th the domain of moderate Ly
negative Bouguer (L.t. -90 mgaL) anoma lies which in
turn approximately coincide with Low elevation (and
theref ore suggest i sostati c compensati on) . The
western border zone along HOOK and the Wymer apex
of the Yakima bLock have Bouguer anomalies as Low
as -100 mgal with an undulating band of steep
gradient. Other striking steep gradient belts are
along the north slope of the BLue Mountains and,
west of the John Day River gap, along the Tygh
border — alL of which mark zones that seem to have
been important for Yakima deformation.

The interior of CP i s segmented by a series of more
or Less pronounced belts of steep gravity
gradient. The most striking are the + NS trending
beLts between the Kittitas depression and the
CoLumbia River (EK of Figure 14), and farther east
between WaLLula Gap and Moses Lake (WM of Figure
14). They abut against an EW trending belt ending
in the west around Wenatchee (LC of Figure 14).
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Superposed on these conspi'cuous features are Less
pronounced structures, parti cuLar Ly one trending
from the WaLLa WaLLa belt east of Wallula Gap,
towards the Rattlesnake Hills. This coincides with
the RAW part of CLEW.

A somewhat more diffused and patchy belt may be
recognized in the NW part of CLEW. Superposed on
alL these features are weak irregularities which
generalLy produce weak wrinkles in the contours and
which coincide with the Yakima ridges " they may
even be due to correction techniques " and
demonstrate the shaLLow character and
insignificance of these ridges 'in comparison with
total crustaL structure.

From these gravity data i t would appear that ~

crustaL structure tends to change in a stepwise
fashion, rather than graduaLLy, from the Central
Pasco basin towards the surrounding highlands, a

feature reminiscent of foundered crustaL bLocks
with a centraL deep graben and corresponding
crustaL thinning (Figure 20; .compare Ziegler, 1977,
Figure 7, Ramberg and Smithson~ 1971, Figure 6).
This feature evidently must have developed prior to
CRB outpour and most pLausibLy during the climactic
volanic activity in the Eocene (Armstrong, 1978).
(ALthough even oLder crustaL inhomogeneities are
i mp Li ed in the Pa Leozoi c-Nesozoi c hi story of the
area, Davis, 1977).

Assigning seismic velocities to rock types is not
unique but a plausible picture emerges
nonetheLess. It may be conjectured that the 5.2
km/sec Layer i s a volcani c"sedimentary fi LL in a
subsiding graben, and thus is most probably of
Eocene age. The Pasco graben strikes north and
points to the Republic graben aLthough interrupted
and shaLLowed by the EW striking Wenatchee step
(LC). The gravity correlation to structure is
somewhat confused not only by the superposition of
structures of probably different origin but aLso by
the opposing effects of thickened CRB in the Pasco
Basin (positive), thick graben fiLL (negative) and
shaLLow N (positive) in the graben areas, and wiLL
have to be quantitatively modeled for greater
certainty (compare the note on p. 50) ~

Some of the cross-structures modi fying or
terminating the crusta L puL L-apart such as the BLue

2.5-0-48





WNP-2 AMENDMENT NO. 18
September 1981

Ridge or the Wenatchee belt (LC) may have played
the role of transform-fault zones bounding and
di sp lacing the intra-are (back-arc?) spreading.
Compare this Eocene situation north of the BLue
Nountains with the Neogene situation (B 5 R) south
of the BLue Mountains (Pasco Basin similar to Rio
Grande Rift; also compare the suggested transform
zones with the tr ansform zones of Lawrence, 1976
and Eaton, 1979) .

Cenozoic Geologic History of the Pacific NW and
Crustal Develo ment

The particular crustaL structure of the CP, settingit apart from other domains of the North American
Cordillera, apparently began in the Late Cretaceous
(Coney, 1978, page 42). The complex and puzzling
set of information that has been published about
the Pacific Northwest has engendered a number of
sometimes complementary, sometimes conf Licting
syntheses. In evaluating them I start from the
Columbia PLateau and its surroundings, and the vast
amounts of detailed information amassed in WPPSS
Amendment 23 to the WNP 1/4 PSAR.

A very recent synthesis by Hammond (1979) bears
greatly on the problems discussed here. The gist
of his thesis is that a Coast Range — KLamath
Nountains block (with the Cascade volcanic arc on
its back) rifted from the continent along the
OLympic-WaLLowa Lineament (OWL) and rotated about a

pivot in the OLympic Nountains). This rotation
supposedly took pLace between 50 and 15 my bp.
Such a Large-scaLe rotation was postulated by
Simpson and Cox (1977) on paleomagnetic grounds in
the southwestern part of thi s bLock, but Beck and
Burr (1979) found paleomagnetic evidence for much
more modest dextral rotation in the Washington
coast ranges and they doubted the rigid rotation
postulated by Hammond and Simpson and Cox.

Geological and geophysicaL evidence in the CP and
its surroundings are hard to reconci Le with
Hammond's rotation. Upper Cretaceous-Eocene
continentaL sedimentation occurred in extensionaL
grabens in pre-Tertiary metamorphic and igneous
complexes. These grabens converge towards the N

end of the Pasco Basin and have no relation with"
OWL except at the southwest border of what here is
caLLed the Roslyn graben, formed by the Lake
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Kachess"Hicks Butte fault" system (subsequentLy
compressed in the Naches-Blue Mountains stage not
much more than 20 my ago) ~ The Swauk Formation
does not transgress this boundary according to
recent mapping by Clayton and Mi Lier (1977).
Though the environment of sedimentation has been
described as a "forearc basin" (Hammond, 1979, page
231), the plate tectonic f ramework of that time
intervaL is not easi Ly defined in such terms.

This is evi dent f rom work of Armstrong (1978) and
Coney (1978). Volcanism of that time~ the "ChaLLis
episode" of Armstrong (see his Figure 12-3) occurs
in a belt severaL hundred kilometers wide, east of
the CoLumbia PLateau. If this wide belt of
volcani sm is considered an arc, then the grabens
north of the Columbia Plateau are intra-arc to
back-arc. Armstrong implies that the grabens had
once been continuous into the volcanic fields of
Idaho, but are now covered by the CR basalts.

Coney (1978, p. 42 and foLLowing) provides a plate
tectonic frame for this peculiar distributed
volcanism. He states that "the simple pattern of a
weLL-defined volcano-plutonic belt of arc af finity
along the Pacific margin began to break up in Late
Cretaceous time, about the same time- that theinitial effects of the Laramide orogeny began in
the Rocky Mountains foreland" (p. 42). To me this
seems a very important tectonic fact: the regionaL
tectonic (and thermo-volcanic) activity was in a
state of reorganization during this stage. The
prominent event is the development of the Laramide
Rocky Mountains, and the grabens of the Columbia
PLateau region are in the hinterland of the north

, end of this- eastwards bulging arc. The Late
Cretaceous was generaLLy quiet in the Pacific NW,
but there was a vioLent burst of igneous activity
in the Eocene.

This generaL pLate tectonic picture harmonizes
better with the geologicaL and geophysicaL
information in the CP and its surroundings.
Crustal isopachs (Smith, 1978) and detailed gravity
(Weston, 1979) fai L to support the notion that OWL

is the Locus of a fundamental change. of crustaL
composition. Although thinning, the crust
underlyin the CP is non-oceanic, and belts of
steep gravity gradient predominant ly trend NW and
EW without much relation to the trend of OWL.
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Comparative anatomy of the CP and similar
structures from other parts of the world suggest a

different picture.
14.1 A COMPARISON OF SUSPECTED EOCENE CP GRABENS WITH

SIMILAR STRUCTURES ELSEWHERE (FIGURES 18 — 20)

The Upper Cretaceous-Eocene grabens present in the region
from the Northern Cascades to the Okanogan HighLands are
fiLLed with continentaL deposits containing coaL. Though
subsequentLy compressed to some degree, they were, at the
time of formation, extensionaL features that may be compared
with other grabens. The trends of the grabens converge
toward the Columbia PLateau but it is not known what happens
to them below the basalts. A combination of arguments based
on geologicaL-historic, tectonic and geophysicaL data, and a

comparison with other grabens i s helpfuL.

Fan-shaped arrangements of smaller grabens are typicaL at
the- end of a Larger graben. This pattern has been found to
hoLd for many graben structures the world over by H. CLoos
(1939). He has shown, moreover, that the main graben is
Located, at Least during initiaL stages, in the center of a

domal uplift and that its fan-shaped spLitting into smaLLer
grabens occurs where i t extends beyond the dome. He was
able to reproduce this pattern experimentaLLy. It is also
plausible on more theoreticaL grounds (geometry of stress
trajectories in eLlipsoidal domaL uplifts).
The Lenticular mass (cushion) uplifting the dome was
interpreted to be a magmatic intr usion at the base of the
crust, and thi s pi cture has been corroborated by Later
geophysicaL investigations in many graben areas (e.g.
Ramberg and Smithson~ 1971; Ziegler, 1977) Ramberg and
SpjeLdnaes, 1978; Rhinegraben Research Group for Explosion
Seismology, 1974; compare also Cook et al, 1979; Seager and
Morton 1978, Figure 7; KeLLer et a L 1979~ Figure 6 for the
Rio Grande rift). Under aLL these grabens the thickness of
the crust is reduced by up to 10 km, and the subcrustaL mass
has physicaL properties that depend on the age of the rift.
These properties correlate with a plausible cooLing history
of an intrusive mass, and with isostatic subsidence as
inferred from the geoLogicaL record. The Latter is
particularly complete and weLL documented for the North Searift system because of the search for oiL (Ziegler, 1975,
1977, 1978a, 1978b). It demonstrates that where once there
had been a dome due to isostatic uplift by a hot. intrusive
mass, there Later developed a basin because of the cooling
of thi s mass under a thinned-out crust. Whereas subcrusta L
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velocities in active rifts are typicaLLy about 7.4 - 7.8
km/sec. (compare Smith, 1978, Figure 6-3) they exceed 8 km/s
in subsided rift terrains (Ziegler, 1977, Figure 7).

The ri f ts in the highLands to the north of the Columbi a

PLateau have been inactive for about 40 my. The subcrusta L

veLocity under the Columbia PLateau is 8.1 km/sec (Smith,
1978, Figure 6"3)i and the centraL part of the Columbia
PLateau has a crustaL thickness (L.t. 25 km, Smith, 1978J
Figure 6-2) that is about 10 km Less than that of the
surrounding highlands. The centraL part of the plateau has
subsided with respect to sea Level by probably more than 2
km since the initiation of rifting.
ALL these data combined — the geologicaL record, the
tectonics impLied in the geometry of the grabens, the
geophysicaL configuration and history — fit the modeL of an
Eocene, central graben, now inactivei in the Pasco basin/
centered over a region of thin crust.

This concept deserves consideration when interpreting the
detai led gravity maps of Weston (1979). The gravity field
refLects the superposition of effects arising from anomalous
masses at various depths. The geologicaL history and the
resulting distribution of anomalous masses are exceedingly
complex in the Columbi a PLateau and i t wi L L not be possible
to unambiguous ly separate aLL of their contributions to the
gravity field. However, it shouLd be noted that bands of
steepened gravity gradients Like EK and WM resemble that at
the western border of the OsLo Graben (Ramberg and Smithson,
1971, Figure 1) which most probably originated at the base
of the crust. The width of the belts (approximateLy 50 km
and more) and the gravity step (50 — 90 — mg in the Oslo
graben, 20 — 40 mgaL for WM and EK) are of the same order.
A rough estimate, neglecting aLL other contributions/ shows
that a step of Less than 5 km in the Moho could produce the
correct gravity effect (Nettleton, 1940, pages 112 and
foLLowing). The width of the Pasco graben measured between
mid"points of WM and EK i s about 70 km. Thi s i s wider than
the Rhine graben at the surface (40 km) but Less than its
Low velocity cushion; it also compares weLL with the Oslo
graben at the base of the crust (85 km) and the Rio Grande
Rift (e.g. ReiLinger et aL., 1979; KeLLey, 1979, Figure 1).

The southern end of the Pasco graben i s the E-W gravity high
extending westward through the CoLumbia River gap in the
Cascades. It might have been an Eocene transform zone
(sinistraL) but speculation is moot at this time. SmaLL
branches of a southern'raben fan are possib ly the La Grande
and John Day River gaps in the BLue Mountains gravity belt.*
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There are severaL possibLe mechani'sms for this crustaL
thinning that are not mutuaLLy exclusive. Each mechanism
may contribute to the totaL thinning but by differing
amounts.

*Note: After compLetion of this report a draft for a report
on "Determination of three-dimensionaL structure of
eastern Washington from the joint inversion of
gravity and earthquake travel time data" by RODI et
aL. (1980) was brought to my attention. The authors
point out the considerab le freedom that exists in
selecting a particuLar modeL (especiaLLy pp. 114 and
foLLowing). So far as I can see the geoLogicaL
concepts here developed are compatible with the data
used by the authors.

1. The crust is certainly stretched in a horizontal
direction as established by the weLL-known normaL
faults, although by an order of magnitude too smaLL
to account for its geophysicaLLy established
thinning (the modeLs proposed by Lachenbruch and
Sass; 1978, for B & R thinning do contribute Little
to thinning in the Rhine Graben, the North Sea
Graben, and the OsLo Graben) ~

2. UpLi ft of the dome causes thinning by erosion; but
in none of the exampLes cited and certainly not in
the Rhine Graben~ can erosion account for more than
1 or 2 km of crusta L thinning.

3. Some process of "subcrustaL erosion" can also
contribute to crustaL thinning. The domes are
associated with elevated heat f Low due to rising
magma and this may conceivably Lead to elimination
of the Lower crust, e g., by stoping when it is
stiLL cooL and brittle (Laubscher, 1975) or by
Lateral f Low when it is hot and ductiLe (Sclater et
a L., 1979, see also Keen and Bar rett, 1981). Such
a mechanism could account for considerable thinning
with modest stretching. Stretching could provide
avenues for creeping masses of crystaLLine
peridotite that might "delaminate" the Lower crust
and form Laccoliths at some intermediate crustaL
Level (compare Bird, 1979).

To summarize, the various avenues of reasoning make it
appear plausible for the Columbia PLateau that;

1. It has a reduced thickness of continental crust and
is not underlain by oceanic crust.
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2. The top of the Lithosphere (N) is peridotite, and
the base of the seismic (not petrologicaL) crust
possib Ly serpentinite.
The nature of the crust does not change across OWL,
or CLEW, though its thickness increases stepwise
part'i cuLarly along NW and EW trending steps.

4. The basaL boundary conditions for the Yakima
deformation are

a possible incompetent serpentinite Layer at the
base of the crust for potential decoLlement and

a stepwise changing Level of the decoLLement
surface causing stress concentration.

5. The strength of the potentiaL decoLLement series is
greatest where crustaL thickness is greatest, i.e.,
in the frame surrounding CP.

15.1 DEEP STRUCTURE OF YAKINA DEFORNATION: A COMPARISON OF
CLEM WITH THE ANDES OF VENEZUELA (FIGURES 21 - 24)

Similar to CLEW, the Andes of Venezuela are thought to be
the result of dextraL strike"s Lip plus a compressionaL
component (Rod, 1956; Schubert and Sifontes, 1970). Both
components are on the order of tens of ki Lometers, perhaps
twenty times those postulated for CLEW. A comparison
provides some usefuL insights.
The overaLL structure of the VenezueLan Andes, based on
surface driLLing and geophysicaL data is given by Wittke
(in: Bonini et a L., 1977), see Figure 21. It shows a
crustaL thickness of 30 " 35 km. Apart from the faulting,
there is a crustaL foLd consisting of a central high flanked
by depressions. Total amplitude is slightly Less than 20 km
in the north and 10 km in the south '(the structure is not
quite symmetricaL). The high is more pronounced than the
Lows; the Latter amount to about 8 — 11 km in the north, and
about 4 — 6 km in the south. The width of the positive
raised part of the structure is about 70 km, or twice the
crustaL thickness, and the f Lanking depressions are slightLy
narrower (50 " 60 km, depending on position on the map).

By comparison CLEM (Figure 22) has an overaLL width of about
40 km, it is flanked by depressions about 30 km wide;
however, because these depressions interfere with structures
of comparable relief but different origin, their expression
is not weLL defined (compare Figure 24.) The maximum
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structuraL reLief on CLEW i s about'1400 m positive and
1600 m negative (Bent ley, personaL communication) or about a
tenth to a twentieth that of the VenezueLan Andes,
comparable figures considering the relative amounts of
movement in the Andes and along CLEW. CLEW should affect
about 20 km of crust in comparison with the Andes, as indeed
seems to be the case (Figure 23).

Without pushing the comparison too far, I think it supports
the interpretation of the kinematics and deep structure of
CLEW'resented above. In contrast to the Andes, the minute
deformation which competes with similar and stronger crustaL
structures, is barely visible on the detailed gravity map.

16.1 CONCLUSIONS

Yakima deformation may be modeLed qualitativeLy to
semi" quantitative ly within the conceptuaL framework of the
IDOL (Idaho"Olympic) block mosaic~ which is a submosiac of
the Basin and Range province. Thi s province in turn is the
product of dextraL-convergent interaction between the
Pacific and North American PLates.

The IDOL submosiac, a NW trending beLt, is the northern
border zone of the Basin and Range province, and its
structures exhibit the results of distributed
dextraL"convergent shear along its NW strike~ slight dextraL
rotation, and approximately. N-S compression (Yakima ridges)
an EW. extension or puL L-apart (parti cular Ly Cascades faults,
e.g. Hood River graben). This extension suggests decoupling
of the Juan de Fuca subduction zone which shouLd be slightly
receding to the W in order to accommodate the B 8 R masses
moving westward.

In the deveLopment of the Yakima structure three Levels of
decollement are apparent: asthenosphere, base of reduced
crust, and base of CoLumbia River basaLts. A ramp under the
BLue Nountains connects the asthenoshpere with the base of
CP crust, and shaLLower ramps branch off the base-crust
decolLement zone to reach the base of the f Lood basalts
under the Yakima ridges where they produce folding by
partiaL detachment.

The time sequence seems to be:

1. The Lithospheric break at the NW"SE trending CLe
ELum-Wallula Gap belt (CLEW) with slight dextraL
convergent displacement and the formation of broad,
gentle, periodic en echelon br achyanticlines (NE
border zone of Yakima b Lock) .
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The Lithospheric break starting from the Hood River
graben in the SW in a northeaster Ly direction to
join CLEW at Cleman Nountain-Ke) Ly HoLLow (HOOK).
This break is a branch of a generaL puLL-apart zone
in the Cascades and i s the NW border of the Yakima
bLock.

2. After slight initiaL motion along its Lithospheric
boundaries the Yakima block got stuck and internaL
compression buiLt up to produce the
decoLLement-ramp-fold system of the Yakima ridges,
beginning in the south and propagating northward.
The first ridges deveLoped within the block
boundaries which were used as LateraL raiLs for the
decoLlement sheet'; they exhibit the same
periodicity as the broad en echelon folds on CLEW
and may have been nucleated by them. During Later
stages decolLement spread beyond the block
boundaries, guided by Eocene graben tectonics now
hidden by the Columbia River basalts. Some motion
may stiLL continue today, particularly in the
northern foLds. The totaL amount of motion for the
Last 5 my or so is very smaLL (probably Less than 5'm).

The speciaL tectonic behavior of the Co lumbia PLateau may be
correlated with its specia L crustaL structure for which
gravity and seismic data combined with regionaL geologic
history suggests an Eocene origin. At that time a graben
complex was formed with thermaL activity that caused uplift
and stretching (thinning) of the crust. After cooling the
area subsided, providing the basin for the accumulation of
the Yakima basalts. The base of the thin crust may be
serpentine which would be suitable for decolLement.
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TABLE 2.5-0-3

FIGURE CAPTIONS

Figure 1: The Cenozoic kinematics of the Pacific NW, from
Eaton (1979). ELements of CoLumbia PLateau
deformation added.

(a) Period 30 — 20 my b.p. ( up OLigocene).
Widespread rifting in the south, associated
with compressiona L tectoni cs and dextraL
strike-slip in the north: the Straight
Creek-Kachess-Naches-BLue Mountains system
(added).

(b) Period 20 — 10 my b.p. (Lower and Middle
Miocene). Main extensionaL period of B 5 R.
Extension spreads northward into the Columbia
PLateau; feeder dykes for the CR basalts
(dotted) .

(c) Period 10 — 0 my b.p. Ri fting in the B 5 R

continues but main activity is shifted to new
zones= (e.g. Intermountain Seismic BeLt). The
pole for dextraL rotation and spreading
shifts towards the HeLena-YelLowstone area.

(d) an d (e) Present: If the Rio Grande rift and the
Eastern Snake River plain are accepted as
"spreading ridges" or sources of materiaL
transport, then a rotation pole somewhere in
Manitoba results. Masses drifting away from
the ridges move to the Pacifi c Northwest and
there are, dependent on the direction of
faults, dextraLLy compressed. In (d) a
former model (see Davis, 1977) for Yakima
deformation in this context is shown, it
resembles the situation of period (a). In
(e), the modeL developed in this report is
sketched: the deformation of the Yakima block
(Y, dotted) is embedded in a block mosaic
that permi ts matter moving f rom the spreading
centers to the NW to escape LateraLLy upon
the decoupled Juan de Fuc'a (Cascades)
subduction zone by distributed dextraL
shear. As discussed in the report, dextraL
shear is associated with puLL-apart along
some block boundaries and compression along
others. ALthough rigid rotation as envisaged
in Figure 1 is considered an oversimplifica-
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FIGURE CAPTIONS (Continued)

tion, it nevertheLess provides an overaLL
kinematic modeL. DynamicaLLy, the dextraL
couple driving rotations is attributed to the
dextraL plate interaction between the Pacific
and North American PLates. However, no
detailed analysis is given.

Figure 2: Experimental extensional block mosaic, after
McGiLL and Stromquist (1979). Compare Figure 9.

Distributed shear zones bounding the moving mass are
shaded. In the Pacific Northwest, space for the westward
moving .masses may be provided by a receding Juan de Fuca
subduction zone. For another example of a receding
subduction see Ange lier and Le Pichon (1980; the Cretan arc
in the Mediterranean).

Figure 3: ELements of rigid block motion, from Laubscher
(1965), map view.

This Figure iLLustrates the essence of materiaL balance in
the map view (a) superposition of translation and rotation;
(b) translation with dextraL shear boundary on the right and
an obLiquely covergent, or compressive sinistraL, or
transpressive sinistraL boundary on the Left. In the
Pacific Northwest, the surroundings of the moving block are
composed of other moving blocks (b lock mosaic) instead of
being a fixed reference frame as in Figure 3.

Figure 4: ELements of decoLLement Kinematics, cross-
section, from Laubscher (1965).

MateriaL balance for the simple case of plane deformation of
a rectangular mass on a basaL decoLLement horizon.

Figure 5: "FLower-structure" in a wrench fault zone, from
Harding and loweLL (1979).

An important aspect of this type of deformation is that the
faults branching off from the stem tend to terminate blindly
in the subsurface, often at pLaces where an intervaL is
split (Msp), with horizons on the two sides of the fault
diverging. KinematicalLy, wedges bounded by the blind
thrusts below and bedding paraLLeL sLip above are required
in 'order to f i LL the space provided by the diverging
horizons. In three dimensions, the faults are curved and
form an anastomosing comp Lex ("reti culation").
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FIGURE CAPTIONS (Continued)

Figure 12: A cut"paper kinematic modeL of rigid-body Yakima
tectonics.

The arrow shows the direction of translation. In contrast
to Figures 15 and 16 deformation is shown to begin in the
north. Amounts of movement exaggerated (about 10 times).
(a) Nanastash Umtanum: The CLEW boundary is dextraL
covergent with respect to translatiqn. In order to
eliminate shortening at Wallula gap (right margin) smaLL
dextraL rotations are added. (b) Yakima, (c) Rattlesnake
Hills, (d) Toppenish Horse Heaven and CoLumbia HiLLs.

Figure 14: Kinematics of the IDOL block belt.
Heavy arrows are translationaL vectors with respect to the
North American PLate (NA) of idealized rigid blocks
comparing the mosai c (sca Le in YA-8). Dashed arrows are
translationaL vectors of neighboring blocks. Thin Lines are
difference vectors. The differences cause bound'ary zone
deformations. (a) Starting point is a 3 km NNW translation
of YA-8.with respect to NA, and reLative motions with
respect to NA are crudely estimated. A divergent transport
field results with approximateLy NS shortening, EW extenion,
and dextraL shear in the western part. The mosaic ought to
be ref ined, but thi s is not warranted by the data. Improved
modifications of this basic pattern would invoLve rotations
of subblocks, individuaL blocks and block groups (compare
Figure 12). (b) As explained in the text, the Yakima foLds
are believed to be decoLLement features not involving the
Lithosphere except south of the BLue Nountains where the
fold-thrust-decoLLement system is belived to ramp through
the Lithosphere into the asthenosphere. Consequently, the
Yakima bLock is subdivided into a southern Lithosperic bLock
YA"8 whose Leading edge are the decoLLement features of the
CoLumbia PLateau, and a northern Lithospheric bLock YA-8a
which was not subject to the 3 km NNW translation of YA-8.

Inasmuch as there seems to be some dextraL Lithosphere
motion on CLEW (Fi gur e 15, stage 1), a NW"di rected
translation of YA-8a is added, and the vectors of the
surrounding blocks are adjusted. The amount of dextraL
Lithospheric motion at CLEW is believed not to exceed 2 km
in view of the embryonic deformation observed. The
di fference vectors between YA-8a and the surrounding blocks
impLy a puLL"apart of slightly more than 2 km between HOOK
and HS "MR (compare the Hood River graben). It i s these
puLL-apart features that may provide space for the
decollement sheet overlying YA-8a to move Latterally into.
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F I GUR E CAPTIONS (Cont i nued)

The cross-hatched boundary zones separate domains of
additional 2 km Lithospheric NW translation (in the SW) and
the groups of blocks not affected by YA-8 compression
(YA-8a, MA-16, MR 17, 17a) but instead subjected to
puLL"apart. This extension across N-S striking fauLts is
characteristic of the Cascades where it provides avenues for
magmatic activity: it is more widespread than shown in this
simplified modeL (compare aLso S I).
The IDOL mosai c i s a sub-mosai c (north-western boundary
zone) of the BR mosaic and should be adjusted to its
constraints. Ths may require modification particularLy of
the eastern blocks.

Figure 15: Map view of kinematic development in the western
Columbi a PLateau (Yakima folds).

For each stage structures formed in the preceding stage are
shown in blue, new structures in red (including reactivated
Lateral boundaries). The main folds and faults are outLined
in a simpLified fashion, zones of steepening by double
Lines. Structures taken directLy from Shannon 5 WiLson are
in black. The writer has tried to coordinate fieLd
observations supplied by Shannon 8 Wi Lson (not necessari Ly
their map symbols, whi ch are already an interpretation),
topographic and geophysicaL data for a kinematicaLLy
plausib Le interpretation.
Figure 21: A deep crustaL section through the Venezuelan

Andes (Wittke, 1977).

Similarly to subduction zones, the Lithosphere is bent down
while the crust is arched up. The crustaL high is flanked
by marginaL basins. The structuraL interpretation by Wittke
does not portray the compLex pattern of faulting observed at
the surface, nor the kinematics inferred on sever aL Lines of
evidence (compare Figure,23 with "FLower structure" as in
Fi gure 5) ~

Figure 22: CLEW, simpLified as a smaLL-amplitude crustaL
foLd.

The f Lanking Lows are'so shallow that they are barely
distinguishabLe on the background of deformations of
comparable or greater intensity (compare Figure 24). The
down-fold of M is not observable at the present Level of
sei smi c information; it would be on the order of the
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FIGURE CAPTIONS (Continued)

kilometer, and would be superposed on irregularities of N on
the order of 5 - 10 km due to Eocene crustaL thinning and
subsequent events.

Figure 23: A superposition of Figures 21 and 22.

It iLLustrates the basic geometricaL simiLarity in spite of
differences in scale. Flower structure of faulting in
Andean crust added.

Figure 24: CLEW crustaL upfoLd and f Lanking downfolds.

The Yakima ridges become narrow dams where they cross
depressed areas on both sides of CLEW. Although these
f Lanking Lows are modest features in an area of compLex
crustal development, they are nonetheless striking enough to
demand an explanation.
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Small-scale structur e in the Columbia Plateau Folds.
Dotted: interflow layers.
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nematics of the Columbia Plateau and its surroundings,
ntaiive concepts; compare Figs. 1(e), 2, 14.
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— A cut-paper kinematic model of rigid-body Yakima'ectonic,.
Figure 12a
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A cut-paper kinematic model of rigid-body Yakima tectonics.
"Fi gure 12c
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Clay experiment of ellipsoidal domal uplift,
Driginally circular imprints are slightly
deformedinto ellipses.

I:au Its
—--—Contour lines
- --—- Deformation .

Expl anatory sketch illustrating the experiment, p

lpomes and grabens, after Cloos (1939}.
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