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EXECUTIVE SUMMARY
Staff

The Columbia Plateau is a tholeiitic flood basalt province that

occurs west of the Rocky Mountains near the western margin of the North
. rican plate. Columbia River basalt, 1ich underlies the plateau, was
erupted between at least 16.5 and 6 million years ago from nearly north-
south linear vent systems mostly in eastern Washington, northeastern
Oregon, and west-central Idaho. Basaltic lavas flowed generally westward

id consolidate in an intermontane basin between the Rocky Mountains and
the ancestral Cascade Range. Columbia River basalt has been divided into
five formations based on stratigraphic relationships, chemistry, and paleo-
magnetic polarity. Three of these formations, the Grande Ronde, Wanapum,
and Saddle Mountains Basalts, occur in the Pasco Basin where the maximum
known thickness of Columbia River basalt exceeds 3 km.

Rocks ranging in ar from Precambrian to Quaternary are exposed along
the mar 'ns of the plateau. Many of these rocks along the margin have
been structurally deformed along northwest, northeast, and north-south
trends that extend into the plateau. The age, rock tybes, and structures
that occur beneath Columbia River basalt in the centr: Columbia Plateau
can only be inferred from terrains and structural trends observed along
the plateau margin.

Defor ition of varying styles has enabled subdivision of the plateau
into three structural subprovinces: the Yakima Fold Belt, the Blue Moun-
tains, and the Palouse supprovinces. The Pasco Basin is a Tertiary basin

hat occurs in the central Columbia Plateau near the junction of the Yakima
Fold Belt and Palouse subprovinces. Asymmetric anticlines characteristic
of the Yakima Fold Belt border the Pasco Basin on the north, west, and
southwest. These folds have generally steeper north limbs in which thrust
or reverse faults subparallel to the folds axes are common. Strata on e
south Timb of these anticlines dip gently into broad synclines containing
Neogene and Quaternary sediments.

Geologic * restigations and interpretations of available data have
be used to select a candidate site for a nuclear is° repository in the
Cc  Creek syncline of the Pasco Basin. The reference repository location
is a 47-kmZ area located in the western part of the syncline in the broad
axial trough where the basalt strata are nearly flat lying.

A site for a nuclear waste repository should be in a tectonically
stable area. The Basalt Waste Isolation Project defines a tectonically
st. le area as one where the late Cenozoic tectonic processes have been
jdentified and their rates of operation determined so that, when these
rates are projected into the future, they do not adversely affect reposi-

‘y operation or waste isolation.
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A preliminary assessment of the tectonic evolution of the reference
repository location has established the following pattern of deformation:

The stress regime suggested by nearly east-west folds and
subparallel thrust and reverse faults and steeply dipping
northwest and northeast-trending faults in the Yakima Fold
Belt is one of nearly north-south, nearly horizontal com-
pression, with a nearly vertic | axis of least compression.

Focal mechanism solutions of earthguakes in the central
Columbia Plateau indicate that this stress regime exists
today and suggests that this regime has been relatively
unchanged for >14 million years. No change of this stress
regime is anticipated over the next 100,000 yr.

Deformation was in progress in the late Grande Ronde time

(~14.5 mi1l n years before present) and continued at an average
low rate of uplift (vertical strain) from 14.5 to 10.5 million
years before present as determined from the aerial and thickness
distributic of basalt flows.

Projection of average low uplift rates in the Saddle Mountains
and Rattles ike Hills, which were deforming in the late Miocene
over a long term, can account for the present elevation of basalt
flows in these anticlinal structures. Similarly, subsidence at
these long-term, average low rates can account for the develop-
ment of the Cold Creek syncline relative to the stable Palouse
paleoslope.

Deformation, once initiated, aj ears to have continued on
developing first-order structures. Strain appears to be con-
centrated in steeply dipping strata and on major structures.
New first-order structures do not appear 1 have developed in
the Quaternary nor are they anticipated to develop in the next
10,000 to 1 ,000 yr.

Seismicity in the central Columbia Plateau is confined to a thin
28-km crust and is characterized by temporally and spatially
lTimited swarms of low magnitude (magnitude <3.5) shallow (<6 km)
earthquakes that may be characteristic of brittle deformation in
basalt. Deep earthquakes (>6 km) respond to the same stress
regime, occur as single events or mainshock-aftershock sequences,
appear more diffuse in spatial distribution, and do not generally
appear to be related to shallow events. Differences in recur-
rence (b va e) and pattern of activity suggest that basalt may
behave in a more brittle manner than rocks beneath basalt in
which some aseismic deformation may be occurring.

iv
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The largest earthquake recorded during 12 yr of instrumental
monitoring in the central Columbia Plateau was a magnitude 4.4
event on Royal Slope, the south flank of the Frenchman Hills, a
Yakima fold several kilometers north of the Pasco Basin.

Earthquakes in the central Columbia Plateau are not presently
associated with mapped geologic faults, nor do hypocenters align
in a manner that suggests the presence of unmapped faults.
Swarms have occurred on the flanks of the Saddle Mountains, a
first-order structure which is faulted, but the events do not
correspond with mapped faults. wever, swarms have also

oct -red elsewhere where there are no mapped geologic struc-
tures. Some small alignments are indicated by the migration

of swarm events in the Saddle Mountains. .

Focal mechanism solutions and the diffuse spatial pattern of
hypocenters for swarms suggest that slip occurs on several
fault planes and not one principal fault.

The geometric pattern of essentially east-west or northwest
fold axes and subparallel thrust or reverse faults and nearly
straight, lengthy, steeply dipping faults of northwest and
northeast-trend suggest deformation in a wrench tectonic
regime that is anticipated to continue.

The northwest-trending Cle Elum-Wallula zone of deformation
appears to be a zone of dextral shortening that may relate to
deformation in the basement beneath the ba: 1t. Gravity and
magnetotelluric data suggest that rocks of contrasting density
or resistivity are not juxtaposed across the Cle Elum-Wallula
zone of deformation along the Rattlesnake Hills on the margin of
the Pasco Basin. Seismicity is not concentrated along this zone
as might be expected if it were a major zone of weakness in the
crust.

Magnetotelluric data suggest the presence of three thick later-
ally continuous superposed units in the Pasco Basin: (1) an
upper resistive unit assumed to be Columbia River basalt which
overlies (2) a conductor (interp | to | sediments) that is
underlain by (3) a resistor (interpreted to be crystalli’ base-
ment). A preliminary interpretation suggests high relief at the
top of the conductor and the lower resistor. At Umtanum Ridge,
an interpreted basement high corresponds with an anticlinal
structure in the basalt; elsewhere a correlation between struc-
ture in basement and in basalt is more ambiguous with available
data. Detacl 2nt surfaces could be present within the conduc-
tive or resistive units or at the base of folds; however, a
major regional décollement at the base of the basalt is not
supported by the high relief at the contact of the basalt and
conductor or the conductor and lower resistor.
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o Several tectonic models may explain the kinematic development of
Yakima folds. Differences in the models relate to the mechan-
ical growth of folds and the sequential development of folds and
faults. Several models are based on properties or structures
hypothesized to occur within, at the base, or below the basalt,
which are inferred from the gross spatial disposition and geom-
etry of folds and faults.

This preliminary interpretation of available geologic, seismologic,
geophysical, and geodetic data indicates that the reference repository
location in the Cold Creek syncline of the Pasco Basin meets the
U.S. Nuclear Regulatory Commission and 1salt Waste Isolation Project
proposed criteria for tectonic stability. Uncertainties regarding the
timing, sequence, and mechanics of fold and fault development will be
addressed during the program of detaile site characterization. This
preliminary assessment of tectonic stability does not appear to preclude
development of a repository in the reference repository location.

vi
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CHAPTER 1 - RATIONALE AND APPROACH FOR A TECTONIC
STABILITY ASSESSMENT OF THE REFERENCE
REPOSITORY LOCATION

J. A. Caggiano

INTRODUCTION

In February 1976, the U.S. Energy Research and Development Admini-
stration, currently the U.S. Department of Energy (DOE), expanded its
co rcial radioactive waste management programs and established the
National Wast Terminal Storage (NWTS) Program. The NWTS Program mission
was « ‘ined to provide multiple repository facilities in various deep
geologic formations within the United States for the storage of nuclear
waste. The scope of the program includes development of technology neces-
sary for designing, licensing, constructing, operating, and decommission-
ing a repository, and identification of a number of geologic sites suit-
able for location of radioactive waste repositories. The Columbia River
basalts beneath the Hanford Site were among those media selected for ini-
tial study and characterization.

In July 1978, the NWTS Program was restructured and expanded. The
DOE contracted with Battelle Memorial Institute to develop the technology
for mined geologic disposal of nuclear wastes. The Office of Nuclear Waste
Isolation was estabished with the Project Manager 1t Division of Battelle
Memorial Institute to adapt and augment existing NWTS programs. As part
of the NWTS Program, the Basalt Waste Isolation Project (BWIP) was estab-
1i¢ :d with an objective to assess the feasibility of disposal of commer-
cial radioactive spent fuel, igh-leve waste in deep geologic formations
in basalt beneath the Hanford Site. The BWIP mission is to identify po-
tential geologic repository sites in basalt beneath the Hanford Site and
to develop the associated facilities and technology required for the per-
manent isolation of radinactive wastes in basalt formations. The BWIP
is one element of the Nl..J Program and is presently managed by the
DOE-Richland Operations Office. Rockwell Hanford Operations (Rockwell)
is the prime contractor ! ;iponsible for this work.

HISTORY OF GEOLOGIC AND TECTONIC STUDIES AT
THE HANFORD SITE

Geologic and tectonic studies have been conducted at the Hanford Site
for several decades to characterize and monitor the flow of groundwater
and to support design and construction of facilities. More than 1,500
boreholes have been drilled since the 1940s to characterize the sediments
overlying Columbia River ba: 't within the Hanford Site and to define the
rate and direction of grounc iter flow in the unconfined aquifer. Ini-
tially, little work was done to map basalt flows beneath the sediments,
owing to a lack of diagnostic criteria by which flows could be identified.

1-1
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Concern for the structural stability of facilities in the 1960s led
to investigations of major geologic structures and their earthquake poten-
tial. Interpretation of aerial photograp i and reconnaissance fieldwork
were used to identify faults, evaluate their age of activity, and their
potential for damaging earthquakes (Jones and Deacon, 1966; Jahns, 1967;
Waldron and Bonilla, 1968). This include geologic mapping and trenching
at Gable Mountain and at the Smyrna Bench area of the Saddle Mountains,
and reconnaissance geologic mapping along Rattlesnake and Horse Heaven
Hills (Bingham and others, 1970) (Fig. 1-1). Most of the faults were
shown to be the result of folding associated with development of the
anticlinal ridges of the central and western Columbia Plateau (Brown,
1968).

In 1969, a network of seismometers v ; installed around the Hanford
Site by the U.S. Geological Survey for the Atomic Energy Commission.
Hundreds of microearthquakes were detected with this network (Pitt, 1971,
1972); however, these events were not cle -ly related to mapped geologic
structures. Focal mechanism solutions suggested that rupture was occur-
ring as a result of nearly north-south compression. This network of seis-
mometers was expanded ) the eastern Washington region in 1975 and is cur-
rently operated for the DOE by the University of Washington (Chapter 6).

In 1972, a trilateration array was established and measured for the
first of six times with a precision geodetic survey. Nineteen monuments
were established and 29 lines have been surveyed since 1972 by the
U.S. Geological Survey (Savage and others, 1981; Chapter 6).

In 1968, a study was initiated to determine the feasibility of perma-
nently storing radioar ive defense waste 1 caverns mined in the Columbia
River basalt underlying the Hanford Site. To accomplish this study, it
was first necessary to distinguish individual basalt flows. Boreholes
were drilled and cored, and the basalt in cores was characterized using
state-of-the-art techniques. The resulting stratigraphy was then used to
evaluate the confined groundwater flow system and the structure of the
Columbia River ba: Its (LaSala and Doty, 1971; Newcomb and others, 1972).
Basic data were collected on the geochemistry, stratigraphy, structure,
and hydrology of the basalts, but interpretation of these data was sus-
pended in 1972. In 1976, the Office of Waste Isolation requested that
these data on basalt be documented in support of the feasibility study
for terminal storage of commercial high-level nuclear waste (ARHCO, 1976).

Since 1968, geologic and tectonic studies have been performed in
support of constructit of the Fast Flux Test Facility and for nuclear
powerplants for the Washington Public Power Supply System and Puget Sound
Power and Light Company, all located on the Hanford Site. These investi-
gations focused on developing seismic des 3jn parameters and site stratig-
raphy and foundation conditions for these nuclear facilities (Blume and
Associates, 1970, 1971; WPPSS, 1974, 1977 1981; PSPL, 1982).
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Since 1977, the BWIP investigations have focused on assessing the
suitability of Columbia River basalt beneath the Hanford Site in the
Pasco Basin as a site for a nuclear waste repository. These investiga-
tions have included reconnaissance level investigations throughout the
Columbia Plateau (defined for this repor as the outcrop extent of the
Columbia River Basalt Group (see Fig. 1-1; Myers/Price and others, 1979).
More detailed geologic mapping of exposed basalt and late Cenozoic sedi-
ments within the Pasco Basin has been supplemented by borehole, geodetic,
and geophysical studies. These investigations were among those used to
identify several candidate sites for a nuclear waste repository in the
Cold Creek syncline of the Pasco Basin. A 47-kmZ area in the western
part of the Cold Creek syncline was chosen as the preferred site (WCC,
1981b) and has been designated the reference repository location (see
Fig. 1-1). The geology of the Cold Creek syncline with emphasis on the
reference repository location was described in Myers and Price (1981);
plans to further characterize the reference repository location and a
summary of geologic and geophysical studies leading to its selection are
cont?ined in the Site Characterization Report for the BWIP (Rockwell,
1982).

Geologic and tectonic investigations completed to date have not
revealed any conditions that would preclude development of a repository
in Columbia River basalt beneath the Hanford Site. Uncertainties regard-
ing the details of the geologic and tectonic evolution of the reference
repository location and vicinity will be addressed during the program of
detailed site characterization as outlii 1 in the Site Characterization
Report for the BWIP (Rockwell, 1982). ° =2 data and investigations used
to reach this preliminary assessment of the tectonic stability of the
reference repository location are reviet 1 in this report.

RATIONALE FOR TECTONIC STUDIES

The tectonic fe :ures (i.e., folds, faults, shear zones) and tectonic
processes (i.e., fol ng, faulting, fracturing) at the Hanford Site are
being evaluated in order to determine whether a repository can be designed
and operated to meet nerformance criteria (NRC, 1981). Tectonic processes
affecting surface an subsurface facilities are being identified so that
their possible effects on repository design can be evaluated. Since fault-
ing in or very close to a repository could lead to failure of rock in tun-
nel or shaft walls, the potential for f. 1ting is being assessed. The rate
and magnitude of faulting and folding and their potential effects on nearly
flat-lying basalt strata in the reference repository location are being
evaluated. The location of faults and probable vibratory ground motion
produced by nearby ¢ ‘thquakes are also eing evaluated for repository
design.

After closure of a repository loca d in basalt, thermal stresses
induced by the waste along with tectonic stresses in the host rock could
potentially lead to the modification of existing f1 :tures or the develop-
ment of new fractures that could accelerate the transport of radionuclides
in groundwater to the accessible environment. The nature and probability

1-4
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of potential effects produced by tectonic stresses after repository clo-
sure are being ascertained for use in computer models to assess repository
performance during the period of operation and over the suggested 10,000-yr
period (NRC, 1981) following repository closure.

Scenarios of disruptive tectonic events have been identified that
could create pathways by which groundwater flow paths and transport time
to the accessible environment are reduced. These scenarios will be ana-
lyzed to assess the possible consequences of tectonically produced effects
o waste isolation (Arnett and others, 1980; Caggiano, 1982).

Predictions of future tectonic events (for a 10,000-yr period) that
will be used in the assessment of 1 )ository design and performance can be
obt ined by developing a conceptual tectonic model, which is the goal of
tectonic studies of t| BWIP. A tectonic model is a theory or hypothesis
that satisfactorily explains the evolution of geologic formations and their
structural development during the recent geologic past. Tectonic processes
and their estimated rates of operation during tI geologic past can then
be extrapolated to the future to predict both potential short-term effects
needed for ¢ ;ign and potential long-term effects required for performance
assessment.

TECTONIC PROCESSES AND SITING CRITERIA

Because tectonic processes could affect the design and operation of a
repository, requirements have been established in various siting criteria
(NRC, 1981; NAS, 1978; NWTS, 1981; IAEA, 1977). Areas that have been tec-
tonically stable for hundreds of thousands of years (i.e., undergoing slow
rates of change) are preferred, especially sites where stability can be

lequately demonstrated from the geologic record. The criteria for tec-
tonic stability generally specify characteristics or features to be
avoided, including:

e Structurally unstable tectonic blocks and tectonic boundaries
(NAS, 1978)

e Faults that have been active in Quaternarv time or that have the
| it*  to rupture during repository ition (NAS, ...8;
NRC, 1981)

e Faults or other geologic structures that could compromise
repository design, operations, or containment (NWTS, 1981)

e Historic earthquakes of a size that could, if repeated, affect
the operation of the repository (NRC, 1981)

e Seismic zones th a higher rate of occurrence of earthquakes

compared to surrounding areas or with the potential for more
frequent, large events in the future (NRC, 1981)

1-5
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e Rapid uplift or subsidence rates that could compromise reposi-
tory integrity or lead to increased erosion that could jeopar-
dize isolation (NWTS, 1981)

® Quaternary volcanism, the potential for renewed volcanism, or
high geothermal gradient (NRC, 1981; NAS, 1978; NWTS, 1981).

Using this 1ist of potentially adverse conditions, the BWIP defines a
tectonically stable area as one where the late Cenozoic (especially Quater-
nary) tectonic processes have been identified and their rates of operation
determined so that, when these rates are projected into the future, they
do not adversely affect repository operation or waste isolation. This
definition agrees with and amplifies the definition of stability given in
10 CFR 60 (NRC, 1981 . Since there are no areas on earth that are static
and unchanging, stat @ areas are those where tectonic processes operate at
slow rates compared to active, orogenic areas.

BASALT WASTE ISOLATION PROJECT STRATEGY FOR
TECTONIC STUDIES

The BWIP is focusing on assessing -~ e tectonic stability of the ref--
erence repository location in the Cold ( 2ek syncline in the Pasco Basin
(see Fig. 1-1). This assessment entails integrating geologic, geophys-
ical, geodetic, and seismologic data obtained by the BWIP with data and
interpretations reported by others. Geologic data provide information
on the chronological development of geologic structures and the stresses
responsible for their development. Geophysical surveys provide data on
gross crustal properties and subsurface anomalies that may reflect struc-
tures not expressed at the ground surface. Seismologic and geodetic data
provide information on contemporary processes. The objective of this
effort is the development of a conceptual tectonic model that can
(1) satisfactorily explain the tectonic evolution of the region in the
recent geoloaic past. and (2) be used to predict potential effects of
tectt ic | s itinuing to oy v o the  -iod of nt
of the nuclear waste.

The tectonic st »ility of the reference repository location is also
being assessed by considering its regional setting, because the evolution
of the reference repository location mu: be compatible with the known or
hypothesized tectonic evolution of the region. 1In evaluating the tectonic
stability of the reference repository location, emphasis is placed on the
development of the P ;co Basin and Columbia Plateau since the reference
repository location is not a tectonicallv distinct unit. Adoption of
this approach approximately conforms to 1e suggested radius of geologic
investigation for a candidate area of ~100 km (NRC, 1980; NWTS, 1981).

Confidence in tectonic models that will be used to predict possible
stress and strain for 10,000 or more years after closure of a repository
is a function of how well the model explains the evolution of the crust
over the recent geol jic past. The major emphasis on assessing tectonic
stability for the Pasco Basin is on the last 15 million years (m.y.)
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because a stratigraphic record of that interval is present in outcrops
and cores from boreholes, and because it is assumed that processes that
have operated over the past 15 m.y. will continue to operate at similar
rates over the next 10,000 yr. The greater the knowledge of these rates,
the greater the confidence in predictive models used to assess isolation.

SCOPE AND ORGANIZATION OF REPORT

This is a progress report summarizing interpretations and data that
were available prior to May 1982. Geologic, geophysical, seismologic,
and geodetic studies are continuing as part of an ongoing assessment of
the tectonic stability of the area to support design and performance
assessment,

This preliminary assessment of the tectonic stability of the ref-
erence repository location examines the regional geologic and tectonic
setting of the Pasco Basin and reference repository location (Chapters 2
and 3), reviews geologic and geophysical data on possible rock types and
structures below basalt (Chapter 4), and discusses geologic evidence for
slow, continuous deformation during the last 15 m.y. (including contempo-
rary deformation, Chapters 5 and 6). Following this discussion, tectonic
models are reviewed and evaluated (Chapter 7) as to how well tI / explain
the geologic and geophysical data (Chapters 2 through 6). Chapter 8 then

summarizes this assessment of tectonic stability for a nuclear waste repos-

itory in Columbia River basalt in the reference repository location at the
Hanford Site.
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CHAPTER 2 - GEOLOGIC SUMMARY OF
THE COLUMBIA PLATEAU

J. A. Caggiano

INTRODUCTION

The Columbia Plateau, a flood basalt province, is underlain by Mio-
cene tholeiitic basalts that were erupted from north-northwest trending
linear vent systems exposed mostly in southeastern Washington, north-
eastern Oregon, and west-central Idaho (Waters, 1961; Taubeneck, 1970;
Swanson and others, 1977). These highly fluid lavas spread great dis-
tances frc their source vents ar flowed generally westward along a
gentle slope before consolidating in a basin between the ancestral
( ;cade and Rocky Mountain Ranges in the interval 16.5 to 6 m.y. ago.
Some voluminous flows extended down an ancestral Columbia River gorge and
are now found along the Oregon coast (Beeson and Moran, 1979). The total
areal extent of the Columbia River basalt is ~200,000 kmZ. The basalt
reaches a maximum known thickness of >3 km in the Pasco Basin (Reidel and
others, 1982).

The Columbia Plateau occurs on the western margin of the North Amer-
ican plate (Fig. 2-1) in the Cordilleran oro¢ 1 (the a 1 west of the
Rocky Mountain Front). The western margin ot the plateau is >250 m east
of the consumpti' plate boundary between the North American and Juan de
Fuca plates. The Juan de Fuca plate is a relict of the larger Farallon
plate, which has been subducting beneath the North American plate during
the Mesozoic and Cenozoic Eras (Atwater, 1970). The plateau occurs east
of the north-south-trending Cascade Range, which is a calc-alkalic vol-
canic arc arising from partial anatexis of oceanic crust of the Juan de
Fuca plate where it descends beneath continental crust of the North Amer-
ican nlate. Lithospheric plate interactions are reviewed in Atwater
(19° ) (Fig. 2-2) and Coney (1978). Effects of plate and micri late
interactions with emphasis on the Cenozoic -a (particularly the last
15 m.y.) are tabulated and discussed briefly in Chapter 7.

Bi 11t of the Columbia River Basalt Group has been divided into five
formations, based on field ...pping, ¢I ical composition, and paleomag-
netic polarity (Fig. 2-3; ARHCO, 1976; Swanson and others, 1979b). The
Imnaha and Picture Gorge Basalts are the oldest units and have been mapped
in relatively limited areas in northeastern and north-central Oregon, res-
pectively. Imnaha Basalt has also been mapped in southeastern Washington
and west-central Idaho. The Grande Ronde Basalt was erupted in the inter-
val 16 to 14.5 m.y. ago and represents >85% of the total volume of Columbia
River Basalt Group. The Wanapum Basalt, which forms the surface of much
of the plateau, was erupted between 14.5 and 13.6 m.y. ago and consists of
four members. The overlying Saddle Mountains Basalt was erupted inter-

ittently between 13.5 and 6 m.y. ago. The Saddle Mountains Basalt is
volumetrically small and its flows, for the most part, are areally limited
to the central Columbia Plateau. Flows of both the Wanapum and Saddle

yuntains Basalts in the | .co Basin are in places separated by tuffaceous
¢’ itic sediments.
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STRUCTURE OF THE CRUST IN THE COLUMBIA PLATEAU

A long, north-south refraction line from British Columbia to Oregon
through the eastern Pasco Basin indicates that the crust of the continent
in eastern Washington thins southward from ~35 km near the granitic Oka-
nc _in Highlands to ~25 to 28 km beneath the Pasco Basin before thickening
to the south in the Blue Mountains (Hill, 1972, 1978). Velocity models
derived from compressional wave traveltimes suggest the same trends (UWGP,
1977; Eaton in Hill, 1978) as do magnetotelluric data (Myers/Price and
others, 1979) and inversion of gravity and traveltime residuals (Rodi and
others, 1980). Recent magnetotelluric data support a thin crust beneath
the central Columbia Plateau, but with substantial relief of the geoelec-
tric basement (Chapter 4). North-south-trending, regional gravity gradi-
ents west of the Pasco Basin at about 1200 W. and 1210 W. longitude may
reflect changes in thickness of Columbia River basalt (Konidek, 1974;
Robbins and others, 1975). The thin crust of the plateau contrasts with a
substantially thicker crust of ~40 k | 1eath Puget Sound west of the Cas-
cade Range (Crosson, 1972, 1976).

Although gravity anomalies are negative over all of the Columbia
Plateau, there is a relative gravity high beneath the Pasco Basin (Weston,
1981) (Fig. 2-5) supporting the thin crust interpretation of refraction,
seismic, and magnetotelluric data. Beneath the Columbia River basalt, the
crust may be continental (Laubscher, 1981) or oceanic (I ris, 1977).
However, the basalt has yet to be penetrated by boreholes except near the
margins where basalt is thinner than the 3.2-km thickness in the Rattle-
snake Hills well in the Pasco Basin (Reidel and others, 1982). Exploratory
drilling by Shell 0il Company at Roza Dam north of Yakima and on Whiskey
Dick Ridge between Ellensburg and Vantage has presumably penetrated the
basalt in a search for hydroc ‘bons in unknown, but probably sedimentary,
rock types beneath basalt.

The thin crust of the Columbia Plateau is divisib seismically and
electrically into strata of different compressional wave velocity and con-
ductivity. Velocities indicate the existence of three crustal units
(layers) north of tI Frenchman Hills (see F- . 1-1), while to the south
the central Columbia Plateau is divisible into five units (UWGP, 1977)
overlying the mantle. Resistivity data from magnetotelluric surveys indi-
cate that there are five layers (including the mantle) in the f sco 1isin
area of the central Columbia Plateau (Myers/Price and othe i, 1979;
Chapter 4). These crustal units are summarized in Figure 2-6.

Unlike the Great Basin in the Basin and Range nrovince where a thin
crust is accompanied in places by high heat flow ,_iton and others, 1978),
the thin crust beneath the central Columbia Plateau is an area of rela-
tively low heat flow (Blackwell, 1978) (Fig. 2-7). Heat flow in the south-
ern Cascade Range west and south of the plateau is high (Blackwell, 1978).
Direct measurements of heat flow in the Columbia Plateau are sparse, but
geothermal gradients have been logged or calculated from spot measurements
of fluid temperature in several deep wells on the Hanford Site. The sparse
data suggest a varying geothermal gradient ranging from ~0.80 to ~1.50C/30 m
(299 to 500C/km). The wide range in reported gradients is interpreted as
a reflection of measurement techniques as well as groundwater circulation.
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from west-northwest or east-west to northwest and in which faults, espe-
cially of northwest trend, may be more common. In the Pasco Basin, this
trend is topographically well displayed by the steep northeast face of
Rattlesnake Mountain* and a northwest-trending series of brachyanti-
clines between Rattlesnake Mountain and Wallula Gap. East of Wallula
Gap, the west-northwest-trending fault(s) of the Wallula fault system,
which are approximately parallel to those of the Brothers fault zone
(Chapter 3), continue along this trend. Regional gravity anomalies do
not support the existence of a boundary between oceanic and continental
crust along the Olympic-Wallowa lineament as suggested by Wise (1963) and
Skehan (1965). Swanson (in Zietz and others, 1971) interpreted magnetic
anomalies from a high-altitude aeromagnetic survey as suggestive of a
continental/oceanic crustal boundary along the Olympic-Wallowa lineament
(following Skehan, 1965), but magnetotelluric data do not indicate the
Jjuxtaposition of rocks of highly contrasting resistivity along Rattlesnake
Hills. Structural interpretations of the Cle Elum-Wallula zone of
deformation are discussed further in Chapter 7.

B1ra Mountains Subprevirce

The Blue Mountains are a broad anticlinal uplift that extends east-
northeast from the foothills of the Cascades to west of Pendleton, Oregon
where the range turns to assume a more northeast trend. The Blue Moun-
tains are the major geologic structure in the Blue Mountains subprovince
(see Fig. 2-10). The Blue Mountains anticlinorium (Newcomb, 1970) is very
broad compared with anticlines in the Yakima Fold Belt and is generally
asymmetrical with flows dipping generally up to 80 on the north flank and
up to 39 south on the south flank (Kendall, 1981). Strata in the broad
axial region dip very gently and appear almost undeformed. The geometry
of the Blue Mountains ticlinorium suggests that it has resulted from
uplift of a structural block of Mesozoic and older rocks in the basement
beneath the capping basalt. The Blue Mountains apparently began uplifting
in late Grande Ronde time (Ross, 1978) as they are a source for Neogene
sediments in basins to the north (Farooqui and others, 1981). They also
strongly influenced the distribution of Columbia River basalt (Ross, 1978;
Camp and Hooper, 1981). Thus, deformation of Columbia River basalt and
uplift of the Blue Mountains were under way by middle Miocene time with
coincident folding and faulting (Pigg, 1961; Ross, 1978; Shubat, 1979).

The broad east-west-trending Blue Mountains uplift has been affected
by northwest-trending folds and faults wit dip slip displac: :nt that are
especially prominent near La Grande, Oregon where a graben occurs (Walker,
1977; Kienle and others, 1979; Barrash and others, 1980). Northeast-
trending folds and faults are also present. Gehrels and others (1980)
interpret the La Grande Basin as a rhomb graben formed by dextral slip on
a N. 300 W.-trending fault system.

*In this report, the segment of the Rattlesnake Hills between the
change in azimuth of the Rattlesnake Hills at Snively Basin to the Yakima
River will be termed Rattlesnake Mountain to distinguish it from other
parts of the Rattlesnake Hills.
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Th= Palouse Subprovince

The major feature of the Palouse subprovince (see Fig. 2-10) is a
gentle westward slope that developed during the Miocene (Chapter 5).
Superimposed on this area of very gently dipping (<50) strata are long
wavelength, Tow amplitude folds that trend north-northwest to northwest
(Plate 2-1; Swanson and Wright, 1978).

Northwest-trending fractures spaced ~10 km apart and extending for
~40 km or more are found in the northeastern Columbia Plateau near Cheney,
Washington (Griggs, 1973). Named (informally) the Cheney fracture zone,
these fractures are broad, linear, topographic depressions believed to
result from differential erosion along zones of closely spaced joints.
These linear depressions continue on the trend of folds and faults that
lie beyond the edge of the basalt (45 km or more away) and that are pre-
sumed to continue beneath the basalt (see Chapter 3 for a discussion of
structural trends that may be present below the basalt). Minor adjust-
ments of the thin basalt overlying basement structures presumably have
resulted in development of zones of closely spaced fractures that have
been eroded by catastrophic floods. Kiver 1d Stradling in Rigby and
Othberg (1979) found no evidence of any Tlate Qui :rnary movement along
any of these fractures.

Linear Vent Systems

Grande Ronde, Wanapum, and Saddle Mountains Basalts were extruded
from fissures in the eastern portion of the Blue Mountains and the Palouse
subprovinces (Waters, 1961; Taubeneck, 1970; Price, 1977). Recently, a
Grande Ronde dike has been found near Heppner, Oregon west of previously
mapped source vents (Swanson and others, 1981). These linear vent systems
are more prevalent in a zone extending fro the eastern margin of the
Pasco Basin to the eastern edge of the plateau. This zone is up to a
few hundred kilometers long (Swanson and others, 1975; Taubeneck, 1970).
Individual dikes range from a few centimeters to a few meters wide and
trend north-northwest.

The consistent north-northwest trend of the dikes indicates that they
are an important tectonic element that need to be considered in assessing
structural mechanics and the development of tectonic models. Eruptions
from north-northwest-trending fissures were occurring penecontemporaneously
with development of folds in the Yakima Fold Belt and the Blue Mountains
(Reidel and others, 1980; Ross, 1978). These folds suggest compression in
a stress regime characterized by a nearly horizontal principal axis trend-
.ing slightly west of north (Ross, 1978; Hooper and Camp, 1981), a trend
which agrees with Nakamura's (1977) observation that dikes intrude along a
direction paral with the axis of maximum compressic (i.e., 91). Con-
temporary deformation (Chapter 6) also seems to be occurring under a simi-
lar stress regime suggesting that nearly horizontal, nearly north-south
Eompression has prevailed in the Columbia Plateau for at least the past

6.5 m.y.
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synclinal basins is bordered to the north and south by anticlines devel-
oped in Columbia River basalt, suggesting thi deformation had been ini-
tiated by Priest Rapids and possibly earlier time. Epiclastic and vol-
caniclastic rocks in these basins were derived from the Cascade Range
indicating that it was topographically higher, probably due to tectonic
uplift, volcanism, or both.

The Alkali Canyon and McKay Formations (Farooqui and others, 1981)
occur in the Arlington and Agency basins, respectively, which are in the
Dalles-Umatilla and Agency synclines (Plate 2-1). The Alkali Canyon Form-
ation rests conformably and disconformably on flows ranging from Frenchman
Springs to Elephant Mountain ages. The McKay Formation rests conformably
atop the Frenchman Springs member and the Grande Ronde Basalt, but an
unconformity is inferred where undeformed sediments rest on deformed
strata on the limbs of anticlines. Sediments in these basins are derived
from the Blue Mountains suggesting that the Blue Mountains anticline was a
relative topographic (structural) high by Wanapum time as suggested by
Ross (1978). Trenches through Neogene sediments at the former site of the
proposed Pebble Springs nuclear powerplant near Arlington, Oregon revealed
no evidence of tectonic deformation in strata as old as the Pomona
(Shannon and Wilson, 1975a). The Pebble Springs site is located near the
axis of the northeast-trending, northeast-plunging Dalles-Umatilla syn-
cline (Shannon and Wilson, 1975b).

Since tectonic deformation of the youngest sediments in the synclines
is minimal or absent, it has been assumed (in the absence of subsurface
data) that the oldest sediment and the youngest basalt in the synclines
are relatively undeformed. In the Pasco Basin where subsurface data are
available, some folds of smaller wavelength and amplitude are interpreted
from subsurface data indicating deformation of the youngest basalt and
perhaps of the overlying oldest sediments. Some deformation of old
Ringold sediments along the flanks of the Southeast anticline (the east-
ward subsurface continuation of the Gable Mountain structure) has been
reported (PSPL, 1982). Smaller second- or third-order folds have been
interpreted in the Cold Creek syncline in the I ;ico Basin from subsurface
data (Myers, 1981). Geophysical ¢ »malies or gradients with trends
oblique to the inferred axes of synclines suggest the presence of cross
structures, but structural interpretations have not been confirmed. Non-
structural interpretations of some of these anomalies (e.g., flow edges,
pinch-outs) are possible. The attitudes of the oldest sediments appear
conformable with those of the youngest basalt as interpreted -om subsur-
face data in the Cold Creek syncline. Basalt strata are essentially
undeformed, but dips of both basalt and sediments increase slightly onto
the flank of the subsurface extension of Yakima Ridge. Thus, in the Pasco
Basin, it appears that the Tow rate of deformation that affected the
youngest basalt in the synclines continued into post-basalt time and may
have resulted in some deformation of late Miocene or Pliocene sediments
directly overlying the basalt.

A stratigraphy for Neogene and Quaternary sediments is being devel-

oped (see Tallman and others, 1981; Myers/Price and others, 1979), and
this has greatly assisted in establishing a timetable of deformation.
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Deformation in Manastash Ridge apparently occurred between deposi-
tion of presumably Thorp gravel, which is folded, and the Thrall pediment,
which truncates folded strata (Bentley, 1977). Thorp gravel in the Kitti-
tas Valley has been dated at 3.7 m.y. by the fission track method (Waitt,
1979). Bentley (1977) assigns the Thrall pediment a date of ~1 m.y. old.
Therefore, deformation in Manastash Ridge ; apparently limited to <2.7 m.y.
of Pliocene and early Quaternary age. However, this chronology is based
on the assumptions that the folded gravel is correlative with the Thorp
and that the Thrall pediment is ~1 m.y. old.

Scarps on Toppenish Ridge that offset »Jpographic features and
alluvial fans have been interpreted as tectonic (Campbell and Bentley,
1981; WCC, 1981c). Toppenish Ridge is a Yakima fold with some east-west
trending reverse faults and some northwest-trending fracture zones inter-
preted as strike-slip faults (Bentley and others, 1980). Without data
from the subsurface, it is not possible to unequivocally dismiss these
features as evidence of Holocene tectonic faulting. The occurrence of
steeply dipping tensional structures near and along the crest of the ridge
with "horst and graben" along the slope and a low angle "thrust" at the
base is suggestive of a gravitational influence in the development of
these features.

In the western Columbia Plateau near Goldendale, Washington, the
Simcoe volcanics provide a datable time stratigraphic horizon to which
deformation can be related. The Simcoe volcanics overlie a number of
northwest-trending fracture zones observed on imagery that have been inter-
preted as dextral wrench faults in The Dalles area (Plate 2-1; Bentley and
others, 1980; Campbell and Bentley, 1981). One northwest-trending fault
cuts a 4.5-m.y.-old flow but is overlain by an undeformed 3.5-m.y.-o0ld
flow (Shannon and Wilson, 1973). Other northwest-trending faults cut or
appear to affect Simcoe volcanics that have not been radiometrically dated
(Bentley and others, 1980), but others of these fractures are overlain by
Simcoe lavas that are not cut or affected.

SUMMARY

The Columbia Plateau is a flood bas:¢ t province located in an inter-
montane basin on the western margin of the North American plate. It is an
area of thin crust, relatively low heat flow, and low seismicity in con-
trast with the Cascade Range and Puget Sound to the west. The youngest
three Columbia River basalt formations ot ir in the Pasco Basin of the
central Columbia Plateau and are overlain by late Miocene, Pliocene, and
Quaternary sediments. The reference repository location has been sited
in the western part of the Cold Creek syncline, one of several synclines
in the Pasco Basin that is bordered by asymmetrical anticlii ; to the
north, west, and south.
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Precambrian rocks with high 875r/86Sr ratios typical of cratonic rocks are
exposed west of the longitude of the Kootenay arc in the Okanogan Highlands
and North Cascades (Armstrong and others, 1977). Davis (1977) suggests
that the Pacific Northwest west of the Precambrian craton is a mosaic of
allochthonous crustal blocks. These blocks have become juxtaposed by Meso-
zoic and early Cenozoic tectonic processes along the convergent margin of
the North American plate. Thus, Precambrian, Paleozoic, and Mesozoic
terrains west of the craton may be exotic as a result of tectonic trans-
port. Hypotheses to explain the tectonic evolution of terrains that seem
to have resulted from different geologic processes should consider this
possibility and not assume such rocks are at or close to the place where
they were formed.

PRECAMBRIAN AND PALEO0ZOIC

Late Precambrian and early Paleozoic clastic and carbonate rocks are
found in northern and eastern Washington and adjacent Idaho and British
Columbia (Stewart and Suczek, 1977; Griggs, 1973; Hooper and Webster,
1982). Strata of the Precambrian Belt Supergroup (United States termi-
nology) and Purcell Group (Canadian terminology) rest unconformably on
older Precambrian metasediments. These are overlain, in places uncon-
formably, by clastics, carbonates, volcanic and diamictites of the late
Precambrian Windermere Group which, in places, grades conformably upward
to Lower Cambrian fossiliferous, terrigenous, detrital sediments. Over-
lying Middle and Upper Cambrian carbonates were succeeded by deposition of
carbonates and interbedded fine terrigenous sediments which continued at
least into middle Paleozoic time (Greenman and others, 1977). Similar
lithologies with some volcanics are reported in the Chilliwack Group in
the North Cascades (Misch, 1966). This se imentary environment persisted
from late Precambrian time through most of the Paleozoic throughout the
North American Cordillera. West of the north-trending Purcell trench
(Plate 3-1), Precambrian Belt Supergroup : rata have been highly meta-
morphosed; east of the trench (a possible fault zone), the metamorphic
grade is much Tlower.

Paleozoic and possibly older rocks are found to the north in the
North Cascades and the Okanogan Highlands and to the south in the Blue
Mountains. In the North Cascades, these rocks are highly metamorphosed,
structurally complex, and can be dated or y as pre-Devonian (Misch, 1966).
Some basement rocks may have been displaced during faulting of late Paleo-
zoic or Mesozoic age. Sedimentary and volcanic rocks of probable Paleo-
zoic age have been metamorphosed to schists and gneisses. Suggested corre-
lations of rocks in the North Cascades with rocks exposed tens to hundreds
of kilometers away in the Blue Mountains imply that these rocks have been
tectonically transported to their present location (Danner, 1977).

Limited radiometric dates and exposures restrict detailed interpre-
tation of Paleozoic rocks in the Blue Mountains. Terrigenous sediments of
middle to late Paleozoic age were deposited on a shallow shelf and these
are presumably transitional to an oceanic assemblage. Oceanic and shallow
shelf rocks are presently in structural contact (Vallier and others, 1977).
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Synorogenic plutonic rocks that were intruded during various stages
of the late Mesozoic to early Cenozoic Laramide orogeny occur in the
region to the northwest, north, and east of t : plateau (Hamilton, 1978).
Most of these are granite, granodiorite, or quartz diorite of Jurassic to
early Tertiary age. Batholiths of this age and composition comprise much
of the North Cascades and also occur in the Okanogan Highlands, the Blue
Mountains (Wallowa and Bald Mountain batholiths), and in the northern
Rocky Mountains (e.g., the Idaho and Kaniksu batholiths).

CENOZOIC

Terrigenous molasse and volcanics of Cenozoic age are extensive in
the Cascades to the west and the High Lava Plains to the south (Armstrong,
1978). Terrestrial sediments and volcanics occur to the north and south
of the Columbia Plateau in restricted basins (Dickinson, 1979; Cole and
Armentrout, 1979; Nilsen and McKee, 1979). 1ese sediments and volcanics
reflect widespread orogenesis in the region in late Mesozoic to early Ceno-
zoic time. Paleogene (Paleocene, Eocene, Oligocene) sediments and volcan-
ics form the major part of the South Cascades west of the plateau. These
rocks reflect development of a volcanic arc produced by subduction of
oceanic crust of the Farallon plate beneath continental crust of the North
American plate. This arc was a source for lower to middle Tertiary sedi-
ments deposited as eastward and westward thickening wedges along its margin
(Armstrong, 1978; Dickinson, 1979). Alluvial fans and plains extended
eastward (Swauk, Chumstick, Roslyn, and Wen :chee Formations) and westward
(Puget Group) where they interfingered with marine sedii its on a marginal
coastal plain. Volcanics are common in both eastern and western clastic
wedges (Snavely and Wagner, 1963; Gresens and others, 1977). The ancestral
Cascades of Eocene/Qligocene age were uplii 2d in Pliocene time to form
the present Cascade Range. The high stratovolcanoes that cap the present
range were developed and glaciated in the Quaternary.

In tI  North Cascades, Paleogene sediments and volcanics are
restricted to structural basins. Some Paleogel sediments cap a thick
section of Cretaceous rocks in the Methow graben, but an extensive, thick
sequence of fluvial arkosic sandstones and conglomerates is found in the
northwest-trending Chiwaukum graben (McKee, 1972). Coal-bearing sediments
of the Roslyn Formation overlie the Teanaw r basalt, which rests upon a
thick sequence of fluvial sandstone and conglomerate--the Swauk Formation.
The Swauk Formation is >7 km thick near Wenatchee, Washington, indicating
that the Chiwaukum graben was subsiding relative to source areas during
sedimentation and volcanism. Eocene dacite to quartz latite and inter-
bedded detrital sediments fill the northeast-trending Republic graben
north of the plateau and are but part of . extensive section of Paleo-
gene volcanics in the Okanogan Highlands. Isolated remnants elsewhere
in northern Washington indicate that a former, more extensive Paleogene
volcanic section has been largely removed by erosion.
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Faults and fold axes have variable orientations in terrains marginal
to the plateau. Sub-parallel, northwest- to north-northwest-trending
broad open folds in Precambrian rocks north of Spokane, Washington are
parallel to younger normal faults, but all deformation is probably Lara-
mide or older (Yates and others, 1966). East of Spokane, Belt Supergroup
rocks are cut by a series of northwest- to west-northwest-trending faults
of the Lewis and Clark alignment of which the Hope and Osburn faults are
examples. Upwards of a few tens of kilometers of strike slip as well as
some dip slip has occurred on these faults. Northwest- to north-northwest-
trending listric thrust faults along the Purcell anticlinorium displace
Belt strata eastwards, a change from earlier interpretations in which
these strata were considered autochthonous or parautochthonous (Harrison
and others, 1980).

The arcuate, nearly north-south zone senarating slightly metamorphosed
Precambrian Belt strata to the east and higt y metamorphosed strata to the
west corresponds to the Purcell trench. The narrow curvilinear trend and
contrast in metamorphic grade along with a : eep gravity gradient suggests
that this zone may be a fault (Cady, 1980), ut the contact may be an
unconformity between substantially older Precambrian strata and younger
Precambrian Belt rocks (Harrison and others, 1980). A north-south align-
ment of metamorphic core complexes extendin from southern Canada to north-
ern Mexico (Crittenden and others, 1978) passes to the west of the Purcell
trench. High-grade metamorphics and gravity data suggest a buried gneiss
dome of this alignment near the Canada-United States border (Cady, 1980).

Rocks east of the Columbia River and + ;t of the Purcell trench are
deformed along northeast trends. West of the Columbia River, the trend of
folds and faults is north to northwest but northeast-trending faults are
present (Yates and others, 1966).

Remnant Eocene volcanic rocks in northern Washington are preserved in
the northeast-trending Republic graben (Plate 3-1) (Staatz, 1964). Several
hundred meters of ash, tuff, breccia, rhyodacite, and quartz latite in the
Republic graben are in abrupt contact with older metamorphic rocks along
the northeast-trending Scatter Creek and Sherman fault zones that border
the Republic graben (Vance, 1977). Some of these post-Eocene faults ter-
minate in Mesozoic gneisses; others appear to continue to the margin of
Columbia River basalt. Grand Coulee continues along the trend of the
Republic graben in the northern Columbia Plateau (Plate 3-1), suggesting
possible control of Pleistocene catastrophic erosion by fractures devel-
oped where the basalt overlies this older structure. A similar rela-
tionship exists with the west-northwest-trending Cheney fracture zone
(Plate 3-1) (Griggs, 1973) in the norther Columbia Plateau. This zone
ctontinues along the projected strike of faults in older rocks beyond the

plateau margin.

Northwest and northeast structural trends are common in and along the
margins of the northeast-trending Blue Mountains (Walker, 1977). While
capped by Grande Ronde Basalt, the Blue Mountains have been uplifted and
dissected to expose pre-Miocene rocks. The broad Blue Mountains anticlinal
arch is flanked on the north by northeast-trending faults of the Hite fault
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Folds and faults of northwest trend are common in both the North and
South Cascades. Miocene and older rocks north and south of Mount Rainier
are deformed in linear and curvilinear folds of generally northwest trend,
the axes of which plunge northwest and southeast (Fiske and others, 1963).
Major northwest-trending fault zones of late Mesozoic age border the
Methow and Chiwaukum grabens. The Chewack-Pasayten fault and a series of
subparallel faults of the Skagit fault system (Shannon and Wilson, 1977)
border the Methow graben (Barksdale, 1975), which extends from near the
border of the Columbia Plateau into southern British Columbia. North of
Chelan, Washington, the border faults merge and the Mesozoic strata within
the graben pinch out west of the edge of the plateau. Thus, the graben
may not extend beneath the plateau. In addition to dip slip, a substan-
tial amount of strike slip motion is suspected on the Skagit and Chewack-
Pasayten faults (Vance, 1977), especially since they appear to join the
Straight Creek fault near the crest of the North Cascades. Activity on
segments of these fault zones had essentially ceased by mid-Cenozoic time
as indicated by the lack of offset of early Tertiary plutonic rocks where
they cross these faults.

The northwest-trending Leavenworth and Entiat faults border the
Chiwaukum graben on the west and east, respectively (Gresens and others,
1977). These faults were active in Eocene and Oligocene time. Some
post-Miocene deformation on these faults is suggested by gently dipping
Grande Ronde Basalt that overlies folded rocks within the graben, but
aerial and ground reconnaissance failed to reveal any evidence of Quater-
nary displacement (Vance, 1977). The Entiat and Leavenworth faults appear
to extend to and beneath Columbia River basalt along the plateau margin
suggesting that the graben continues beneath the plateau. Gresens and
Stewart (1981) suggest the Chiwaukum may be a rhomb graben that continues
southeastward beneath the plateau.

The High Lava Plains to the south of the plateau may be characterized
by major northwest- (N. 600 W.) trending, right lateral, transcurrent
faults that segment the area into blocks a i form the northern boundary of
the Basin and Range Province to the south (Lawrence, 1976). Within each
of these blocks, N. 400 W.- and N. 300 E.- -ending fractures interpreted
from satellite imagery as normal faults (the northwest trend predomina-
ting) form a set of Riedel and conjugate Riedel shears (Tchalenko, 1970)
indicative of right lateral displacement. East-west extension charac-
teristic of the Great Basin to the south apparently diminishes progres-
sively northward across these fault zones and terminates nnrth of the
Brothers (Plate 3-1) and Vale fault zones. Davis (1981), -om field
study, alternatively interprets some N. 500 W.-trending, en echelon
features between Route 20 and Prineville, Oregon as faulted anticlinal
ridges, features that Lawrence interpreted as normal fauli . Compres-
sional (rather than tensional) features of this orientation suggest to
Davis (1981) that they resulted from sinistral slip along a system of
nearly east-west faults. A series of rhyolitic domes trending northwest
with decreasing age westward suggests growth of a fracture system west-
ward. These faults offset Pliocene and younger rocks (Christiansen and
McKee, 1978).
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period during which diverse terrains were accreted to the continental
margin. Much metamorphism, especially along the margins of plutons,
presumably is also Laramide.

Deformation in the Ceno: ic continued along previously established
trends. Northwest-trending structures common in pre-Tertiary rocks north,
east, and south of the plateau also occur in early Tertiary rocks in the
Cascades. Northwest-trending folds and the faults that border the
Chiwaukum graben developed in early Tertiary time and deformation
continued along similar trends in older rocks. The northeast-trending
Sherman and Scatter Creek fault zones that border the Republic graben
along the northern margin of the plateau are penecontemporaneous with
Eocene volcanics in the graben.

SUMMARY

Columbia River basalt overlies a diverse assemblage of rock types and
structures along its margin that can not be easily extrapolated into the
‘central Columbia Plateau. Paleozoic and older metasedimentary and
metaplutonic rocks are present in the North Cascades and Okanogan
Highlands to the northwest and north of the plateau and in the Blue
Mountains in the southern Columbia Plateau. In the North Cascades, the
rocks include eugeoclinal, highly metamorphosed graywackes, shales,
sandstones, carbonates, and volcanics and metamorphosed calc-alkalic and
acidic plutonic rocks. Slightly metamorphosed miogeoclinal clastics and
carbonates as well as more strongly metamorphosed eugeoclinal clastics and
volcanics occur in the eastern and western Okanogan Highlands,
respectively. Both have been subsequently intruded. Paleozoic rocks in
the Blue Mountains are metamorphosed and structurally complex.

Eugeoclinal clastics and spilites rest on older high-grade schists and
gneisses thought to be an older Paleozoic eugeoclinal clastic and volcanic
assemblage.

Mesozoic rocks are found to the east in the Idaho batholith and its
western flank and also in the Blue Mountains to the south and the Okanogan
Highlands and Cascade Range to the north. The Upper Triassic portion of
the Permo-Triassic Seven Devils Group in the Blue Mountains of western
Idaho and eastern Oregon consists of volcanics and clastics that
unconformably overlie Permian eugeoclinal strata. These units represent
old island arc systems accreted to the continent . a convergent plate
boundary. The western part of the Okanc n Highlands is also underlain by
a eugeoclinal clastic and volcanic sequence consisting of sandstones,
slates, and greenstones of Carboniferous to mid-Mesozoic age. Jurassic to
early Tertiary monzonite to granodiorite of the synorogenic Idaho
batholith occurs east of the plateau; similar plutonic rocks also occur in
the Okanogan Highlands, Blue Mountains, and Cascade Range to the north,
south, and west of the plateau. A thick sequence of Cretaceous marine
clastics are preserved in the Methow graben in the North Cascades.
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Tertiary sedimentary and volcanic rocks comprise the South Cascades
and the High Lava Plains to the west and south; Tertiary sediments and
volcanics also occur in the North Cascades, Okanogan Highlands, and Blue
Mountains. Paleogene rocks in the Cascades consist mostly of volcanic and
volcaniclastic rocks and terrestrial clastic sediments derived therefrom.
Calc-alkalic volcanic rocks of the Cascade volcanic arc were eroded by
streams draining eastward into the intermontane Columbia Basin and
westward to the sea. These streams deposited clastic sediments with some
interbedded volcanics that thicken away from the ancestral Cascade crest.
Volcanics and volcaniclastics of the Challis and ancestral Cascade
volcanic arcs occur to the north and south of the plateau in the Okanogan
Highlands and Blue Mountain and High Lava Plain provinces. Calc-alkalic
and bimodal rhyolitic and basaltic volcanics of Neogene age are evidence
of continuing volcanism west of the plateau. South of the plateau,
bimodal volcanism in the High Lava Plains continued into the Neogene with
tuffs and basalts (Walker, 1977). Thick Miocene tholeiitic basalts
comprise the Columbia Plateau, with interbedded clastic sediments derived
from surrounding highlands, especially during late Miocene time. Pliocene
and Quaternary terrestrial sediments accumulated in intermontane basins as
streams drained from surrounding highlands where relief increased in the
late Neogene and Quaternary. Bimodal volcanism continued during the
Quaternary in the High Lava and Snake River Plains to the south and to the
west where the large stratovolcanoes of the High Cascades are evidence of
ongoing volcanism.

The diversity of rock types surrounding the plateau suggests
candidates for rocks beneath the basalt in the Pasco Basin area that are
interpreted from geophysical data (Chapter 4). Rocks of low interstitial
porosity and permeability that appear to be present beneath the plateau
could be metasediments or metavolcanics that occur to the north in the
Okanogan Highlands and Northern Rocky Mountains, to the south in the Blue
Mountains, to the east along the margin of the Idaho batholith, and to the
northwest in the North Cascades. Cretaceous and Tertiary sedimentary
rocks of relatively high porosity and permeability that surround the
plateau to the northwest and south may also extend beneath the plateau.

West-northwest-, northwest-, north-south-, and northeast-trending
folds and faults are found in rocks beyond .the margins of the Columbia -
Plateau. Northwest-trending structures occur in the Cascade Range, in the
Blue Mountains, and between the plateau and the Idaho Batholith.
West-northwest-trending faults are common in the Lewis and Clark alignment
northeast of the plateau. Dip and strike slip displacement has occurred
on faults of this trend. North-south-trending dip s1ip faults are common
along the western margin of the Idaho batholith. The Straight Creek fault
is a major strike slip fault in the North Cascades that extends well into
British Columbia as part of the Fraser fault zone. Northeast-trending
folds and faults are present in the Okanogan Highlands where northeast
normal faults border the Republic graben. Some northeast trends also
occur in the Cascades as well as along the margin of the Idaho batholith.

3-11



RHO-BW-ST-19 P

Structures that may extend beneath the plateau are the
north-south-trending Wenatchee Mountains, the northeast-trending Republic
graben, and the northwest-trending La Grande, Methow, and Chiwaukum
grabei ., The Hog Ranch axis continues along the trend of the Wenatchee
Mountains and influences the thickness and distribution of flows of
Columbia River basalt. Grand Coulee continues along the strike of the
Republic graben and, along with the parallelism of major northeast-
trending coulees, suggests the possibility of structural control.
North-south- and northwest-trending major faults such as the Straight
Creek, Ross Lake, and Entiat faults along which major right-lateral
displacement has been postulated in late Mesozoic and early Tertiary time
suggest that terrains displaced by this dextral motion may be present
beneath the plateau. Thus, Cretaceous and Paleogene rocks in the Methow
and Chiwaukum grabens may continue on strike or with a dextral en echelon
offset beneath the plateau. The interpretation of the La Grande as a
rhomb graben developed along northwest-trending structures similarly
suggests continuation of this trend beneath the plateau. Whether any of
these structures extend beneath the Pasco Basin can only be hypothesized
at present since sub-basalt rock types and . ructures can only be
interpreted from limited geophysical data (! apter 4).
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CHAPTER 4 - PRE-COLUMBIA RIVER BASALT GROUP
STRATIGRAPHY AND STRUCTURE IN THE
CENTRAL PASCO BASIN

T. H. Mitchell and K. A. Bergstrom

INTRODUCTION

The pre-Columbia River Basalt Group stratigraphy and structure in the
central Pasco Basin is difficult to study due to the thick volcanic cover
that has buried all rocks older than Columbia River basalt. Any interpre-
tation of stratigraphy and structure of the pre-basalt rocks is limited by
the absence of boreholes or eroded "windows" in the basalt that might
expose these older rocks within the Pasco Basin. Exploratory wells near
Union Gap and Odessa, Washington and Condon, Oregon, outside of the Pasco
Basin, have penetrated through sections of Columbia River Basalt Group
(Myers/Price and others, 1979), but are not directly correlatable to the
Pasco Basin studies, due to their distance from the basin.

A genetic relationship between structures beneath Columbia River
basalt and the development of Yakima folds has been hypothesized in
several conceptual tectonic models for the Columbia Plateau (Chapter 7).
These hypotheses infer basement structures from the geometry and spatial
distribution of first-order structures observed in basalt. To test these
hypotheses, it is necessary to have information on the rock types, thick-
ness, and elevation of the top of units beneath the basalt. From this
information it may be possible to interpret deep structures and evaluate
their relationship to the location and geometry of Yakima folds.

If Yakima folds are surficial expressions of deep structures, then
the stability of the reference repository location can be assessed by
studying structures in the basalt. If Yakima folds are not related to
deep structures, then a stability assessment must consider whether these
interpreted deep structures present any potential hazard to a repository
under the present stress regime or a potential hazard if the stress regime
were to change and cause possible reactivation. :

APPROACH
Six steps are currently being used to assess the presence of struc-
tures beneath the basalt and their possible effects on the stability of

the reference repository location. They are as follows:

1. Compile geologic and geophysical data pertinent to the tectonic
evolution of the Columbia Plateau.

2. Integrate and interpret the data.

3. Collect additiona]Idata where the preliminary evaluation shows
a need.
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4. Evaluate and/or develop conceptual tectonic models based on
steps 1 through 3.

5. Quantitatively model and test the above interpretations in order
to generate constraints, and limit the number of possible tec-
tonic models.

6. Apply the constraints developed in he previous five steps to
the tectonic models identified and assess features that could
have an effect on the stability of the reference repository
location.

The BWIP's progress to date is proceeding into step 4.

This chapter is primarily centered around a qualitative analysis and
integration of three geophysical investigations. Figure 4-1, the study-
area location map, delineates the general boundary of the study area and
the geographic areas discussed. Quantitative analysis and thorough inte-
gration of the data with geology in and around the Pasco Basin is being
conducted to adequately test the results and assess the tectonic stability
of the reference repository location. Some reliminary geologic inter-
pretations of the structure and stratigraphy of the pre-Columbia River
Basalt Group and their possible relationships to the Yakima folds are
discussed. The geophysical investigations include the following surveys:

Magnetotelluric (44 stations, Plate 4-1)
Gravity (regional Bouguer, Plate -2)

Aeromagnetic (4,000 ft (1,220 m) constant barometric altitude,
Fig. 4-2) '

The pre-Columbia River Basalt Group s atigraphy and deep structures
discussed in this chapter are interpreted primarily from magnetotelluric
data collected by Geotronics Corporation, Austin, Texas for Rockwell in
1981 and 1982. The capabilities of the magnetotelluric method make it an
effective geophysical tool for providing geologic information beneath ti
Columbia River basalt. See Appendix A for a summary of the magnetotelluric
methodology.

The qualitative integration of magnetotelluric, aeromagnetic, and
gravity surveys is represented on five maps depicting the interpreted
deep configuration within the central Pasco Basin. These maps include:
(1) isopach of the volcanic sequence, Figure 4-3; (2) isopach of the
conductor (interpreted sedimentary sequence below the volcanics),
Figure 4-4; (3) contour map of the top of the conductor (interpreted
sedimentary sequence below the volcanics), Figure 4-5; (4) contour map
of the interpreted basement below the sedimentary sequence, Figure 4-6;
and (5) a geophysical anomaly map, Figure 4-7. A description of the
geophysical anomalies shown in Figure 4-7 is given in Table 4-1,
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Techniques employed in the map construction include:

e A1l the inversions of the magnetotelluric data (see Appendix A)
from which depths to geoelectric boundaries were selected, were
honored (analogous to borehole data points). In the case of
poor data quality, the depth information was used with
discretion.

The widely spaced magnetotelluric data coverage allowed freedom
in the contouring. Bias in the spacing and orientation of the
contour lines was applied based on significant trei ; in gravity,
aeromagnetic, magnetotelluric electrical strike, and resistivity
information with no intended bias towards the observed surficial

geology.

e The maps were contoured in a conservative manner based on sugges-
tions of Low (1977). This method avoids a highly interpretive
contour scheme displaying faults, major fold systems, or other
interpreted structures. '

CENTRAL PASCO BASIN STRATIGRAPHY

The stratigraphy within the Pasco Basin is divisible into five geo-
electrical layers based on magnetotelluric results (Myers/Price and
others, 1979). Four of the five geoelectrical layers are interpreted to
be pervasive throughout the central part of the Pasco Basin. From the
surface, the five layers include: (1) a thin surficial electrically con-
ductive layer (the nonpervasive unit), (2) an electrically resistive vol-
canic sequence corresponding to the Columbia River Basalt Group, (3) an
electrically conductive ( 1terpreted sedimentary) sequence, (4) an elec-
trically resistive basement complex, and (5) a deep, electrically con-
ductive zone (interpreted to be lower crust or upper mantle).

Layer 1 consists primarily of electrically conductive surficial sedi-
ments that overlie the more resistive volcanics. This unit, consisting
primarily of the Hanford and Ringold Formations, is discussed in T¢ iman
and others (1981) and Myers/Price and ¢ n1ers (1979). This layer includes
some upper Columbia River Basalt Group flows and interl lided E1 urg
[ 'mation.

Geoelectric layer 2, the volcanics, is an electrically resistive unit
composed primarily of the Columbia River Basalt Group and the Ellensburg
Formation (see Chapter 2). The thickness of layer 2 in the Pasco Basin is
quite variable and is interpreted to range from 1,220 to over 4,875 m
(~4,000 to over 16,000 ft) (see Fig. 4-3). This thickness as well as all
of the layer thicknesses discussed later is based on one-dimensional
inversions of the magnetotelluric data, which, despite the limitations
discussed in Appendix A, is a widely accepted first approximation per-
formed on most magnetotelluric data; however, it should be emphasized
that absolute depths and relief may be in error at this stage of inter-
pretation. THe volcanics generally thicken from north to south within
the boundaries of the study area (see Fig. 4-3). The thickest section,
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near Rattlesnake Mountain, trends northwest-southeast and is interpreted
in places to be in excess of 4,875 m (16,000 ft) thick. Borehole RSH-1
reached a depth in excess of 3,050 m (10,000 ft) without penetrating the
base of the basalt (Reidel and others, 1982). Konifek (1974), using
gravity data, suggests a thick accumulation of basalts in the vicinity of
Prosser, Washington (Fig. 4-1 and Plate 4-2) south of RSH-1. The basalt
is interpreted to be thinnest (1,200 m (~4,000 ft)), in an area between
Yakima Ridge and Umtanum Ridge in the western portion of the Pasco Basin
(see Fig. 4-3).

The conductor, geoelectric layer 3 (see Fig. 4-4) is interpreted to
be a sedimentary sequence. This layer is pervasive throughout the Pasco
Basin with an estimated thickness ranging from 1,830 to 5,485 m (6,000 ft
to >18,000 ft). This unit generally thickens from east to west. It is
interpreted to be thinnest in an area to the northeast of Gable Mountain.
The thickest sections are apparently on the southern side of Rattlesna
Hills and to the north and south of Umtanum Ridge. A relatively thin
section (3,660 m (12,000 ft)) is located beneath the vicinity of Snively
Basin in the Rattlesnake Hills area.

There are 2,440 m (8,000 ft) of interpreted relief on the top of
layer 3 (see Fig. 4-5). This is more relief than interpreted on the top
of basalt reported in Myers and Price (1981). The lowest area is 4,270 m
(~14,000 ft) below sea level and the highest area is 1,830 m (6,000 ft)
below sea level.

Layer 3 has bee postulated to consist of mostly Mesozoic and early
Tertiary sedimentary rocks (Myers/Price and others, 1979). A reconnais-
sance examination of lithologic units peripheral to the Columbia Plateau
reveals a variety of geologic terrains that might be represented in the
Pasco Basin in layer 3 (see Chapter 3 for more detail). To the west of
the Columbia Plateav 1in the area of the present Cascades, a volcanic arc
was evolving in the »wer Tertiary accompanied by thick accumulations of
volcanic sediments and related extrusives. Concurrently, to the north-
west, terrestrial sandstor ; with int I sl and conglomerates
were being deposited (Frizzel, 1979). To the north, the Okanogan High-.
lands may have been a sediment source. The Idaho Batholith and Belt
Series Supergroup, east and northeast of the Columbia Plateau, are also
potential sources for the sediments within the Pasco Basin, due to an
east to west paleoslope that was present at the onset of the eruption of
westward tilting Columbia River basalts (Reidel and Fecht, 1981, 1982).
South of the Columbia Plateau, 160 km (<100 mi) from the Pasco Basin, the
early Tertiary was dominated by volcanism. These volcanic units were the
source of sedimentary rocks in Oregon basins and may have contributed to
the Pasco Basin. These are the major geologic terrains that are being
considered to be directly or indirectly contributing to layer 3.

Layer 4, the resistive basement, is the least understood of all the
layers. Its interpreted surface configuration is depicted on a contour
map shown in Figure 4-6. The resistive basement is shown to have relief
on the order of 4,875 m (16,000 ft) across the central Pasco Basin, but
this amount of relief is speculative and possibly in error, due to limita-
tions in the present level of magnetotelluric evaluation. Its minimum
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depth, 4,875 m (16,000 ft) below sea level, is in the northeast and
northwest corners of the central Pasco Basin and its maximum depth,
9,750 m (32,000 ft) below sea level, is located in the southcentral por-
tion of the Pasco Basin. Two highs in the western portion of Figure 4-6
are paralleled by north-south trending series of lows in the central
portion of Figure 4-6. An east-west trending high appears to cross the
north-south trends in the northern half of Figure 4-6.

Lithologic interpretation of the resistive layer = is tenuous. Some
potential lithologies include: (1) Precambrian Belt Supergroup metasedi-
ments present in northeastern Washington and western Idaho to the north
and northeast of the Columbia Plateau, (2) Paleozoic to Mesozoic :tasedi-
ments and volcanics of the North Cascades and the Blue Mountains to the
northwest and southeast of the centr: Columbia Plateau, and (3) plutonic
and related metamorphic rocks of the northern Cascades and southern British
Columbia, Omineca Province to the north of the Columbia Plateau.

Geoelectric layer 5, the conductive basement, is identified below
21 km (70,000 ft). This layer is interpreted to be lower crust or upper
mantle (Myers/Price and others, 1979).

DISCUSSION

Surface topographic highs and lows ) not cons stently correspond to
highs and lows on the top of layer 3. However, the lowest elevation in
the top of layer 3, located in e vicinity of Rattlesnake Mountain (see
Fig. 4-5), coincides with the thickest accumulation of basalts (see
Fig. 4-3). This suggests that there was subsiden in the central Pasco
Basin contemporaneous with the deposition « the Grande Ronde Basalt
causing pooling of the earlier Grande Ronde Basalt, as suggest: by Landon
and others (1982) and Reidel and others (1982). A pre-Grande Ronde Basalt
topographic low may also ha' been present beneath borehole RSH-1, but the
magnitude of relief suggests that the entire thickness of Grande Ronde
Basalt is not due to just paleotopographic relief but also to downwarpi:
in Miocene time, perhaps relating to crustal extension.

The relief on the top of layer 4 is much greater than the relief

observed on layer 3 (see Fig. 4-5 and 4-6). Many of the highs and lows
(pressed in layer 4 spatially correspond with the highs and »ws in

layer 3. These corresponding highs and lows do not, however, clearly
correlate with surface topography and structural trends observed in the
volcanics, layer 2. There does not, as presently contoured, appear to be
any dominant structural trends in the basement similar to the predominant
northwest-southeast and east-west structural trends mapped at tI surface.
This suggests a change in character of the regional deformation between
the development of some of the pre-Columbia River Basalt ~ -oup structures
and the development of the Yakima folds.
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An extensional environment has been suggested as a past stress regime
prior to Yakima fold development (Waters and others, 1981; Davis, 1977,
1981; Laubscher, 1981; Reidel and others, 1982). Transcurrent stresses
have also been suggested as a past stress regime. The high relief of the
pre-volcanic rocks (see Fig. 4-5 and 4-6), if correct, may indicate verti-
cal tectonics or a block faulted basement. The lack of consistency in
trends and in the relief of layer 4 suggests that some structures may have
been altered by later tectonic processes.

Based on integrated geophysical data, 13 anomalies that may have
deep structural significance have been identified. They are summarized
on Table 4-1 and shown in Figure 4-7. The observed anomalies have been
grouped into three categories: (1) linears, (2) gradients, and (3) zones.
These are broad categories with overlap. Linears represent changes in the
character of contour lines or a series of highs or lows that form an align-
ment. The gradients represent areas of high rates of change of the contour
lines relative to the surrounding area. The absolute amplitude of several
of these gradients may be questionable due to limitations in the magneto-
telluric depth inversion process as discussed in Appendix A. Zones are
highs and lows in the gravity and magnetic fields (see Fig. 4-2 and
Plate 4-2), anomalously thin or thick sections in the isopachs (see
Fig. 4-3 and 4-4), or highs or lows in the top of the basement contour
map (see Fig. 4-6). These depicted anomalies could be the result of a
wide variety of geologic structural configurations such as folds or
faults. They may also reflect erosional features, thickening and thinning
of geoelectric units, or lithologic variations within geoelectric layers.

Identification of the geologic cause of the geophysical anomalies in
Figure 4-7 may not be possible, because it is not practical to adequately
drill these anomalies. A discussion of the interpreted geologic signifi-
cance of these anomalies follows.

Three fundament | relationships between deep structures and structures
observed at the surface are recognized. One relationship, designated here
as Type I, is characterized by anomalies interpreted to reflect deep struc-
tures that occur at about the same locality as surface structures and that
are interpreted to be vertically continuous with surface structures. These
are considered to be a single structure. A second relationship, Type II,
includes interpreted deep structures that spatially correspond with surface
deformation but are not vertically continuous structures. However, these
deep structures may have been influential in the development of the surface
structure, although the manner of interaction is not clearly understood.
For example, these deep structures may have acted as buttresses around
which the basalt and the Yakima folds have been transl. :d as suggested by
Price (1982). These deep structures could also repres: : boundaries for
microplates or tectonic blocks analogous to those proposed by Bates and
others (1981), Magill and Cox (1981), and Magill and others (1981, 1982).

The third relationship, Type III, is where there is no apparent
correlation or direct relationship between interpreted deep structures or
anomalies and structures observed at the surface. In the Pasco Basin, all
three types of relationships are observed. None of the three appear to be
predominant. Some examples of these types are discussed below.
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Table 4-1). The gradient apparently existed prior to the deposition of
the earliest basalts and appears to be related to a deep structure beneath
Snively Basin that is observed in layer 4. This interpreted deep struc-
ture may have influenced the development of the bend of the Rattlesnake
Hills structure.

The Snively Basin area lies within a diffuse zone known as the
Cle Elum-Wallula zone of deformation. The Cle Elum-Wallula zone of
deformation is an area of relatively intense deformation lying within
the eastern portion of the Yakima Fold Belt subprovince. Various inter-
pretations have been proposed for the origin of the Cle Elum-Wallula zone
of deformation, which is generally considered to be a fundamental element
in several tectonic models for the Columbia Plateau (see Chapter 7).
Several models suggest involvement of pre-Columbia River basalt rock in
the deformation of basalt along the Cle Elum-Wallula zone of deformation,
but due to limited deta, the amount of basement influence on structural
deformation is not we | understood. Data for the ! ively Basin area sug-
gest that some of the structural complexities (i.e., abrupt changes in
structural trends) along the Cle Elum-Wallula zone of deformation may best
be explained by sub-basalt Type II relationships.

The Yakima folds are characteristically long narrow anticlines as
exemplified by the Umtanum Ridge structure. If the Umtanum Ridge struc-
ture is typical of the Yakima folds, then it is possible that Type I may
be the predominant relationship between the pre-Columbia River basalt
structures and the anticlinal ridges. To the east of the Pasco Basin, in
the Palouse subprovince, there is little surficial structural deformation
(Plate 3-1). This suggests that there may be minor rel Ff in the pre-
Columbia River basalt strata to the east of the Pasco Basin; however,
there is limited data to substantiate this hypothesis.

Examples of Type III relationships are listed in Table 4-1.

Summ !

The BWIP investigations to date include a qui itative integration of
magnetotelluric, gravity, and aeromagnetic data with a preliminary geo-
logic assessment of the integrated interpretation. Magnetotelluric data
have proven to be the most useful of the data sets, supplying information
on the electrical stratigraphy and approximated depths to electrical
horizons. Gravity, electrical strikes, and aeromagnetic data are used to
interpret between magnetotelluric stations. Five electrical layers are
observed in the magnetotelluric data. Layer 1 is interpreted as a conduc-
tive layer composed primarily of sediments overlying the Columbia River
basalt. Layer 2 is a resistive unit interpreted to be primarily the Colum-
bia River Basalt Group and appears to vary significantly in thickness with
the maximum thickness in the vicinity of Rattlesn: e Hills and minimum
thickness on the south side of Umtanum Ridge. La' r 3, a conductive layer,
is interpreted to consist primarily of sedimentary rock. Layer 4 is con-
sidered to be the resistive basement complex, and layer 5 is a conductive
zone, which is interpreted to define the lower crust/upper mantle boundary.
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Layers 2, 3, and 4 are detected at all of the magnetotelluric stations.
Layer 5, the conductive basement, is observed at several magnetotelluric
stations.

Interpreted relief on the top of the geoelectric layers generally
decreases to the east within the survey area. Layer 4 shows the greatest
amount of relief, with layers 3 and 2 showing progressively less. There
are no unequivocal structural trends interpreted in the basement similar
to the east-west and northwest-southeast trends observed at the surface.

Several geophysical anomalies were identified that may have deep
structural sources. These anomalies were examined qualitatively and pre-
liminary interpretations were made in order to assess possible relation-
ships between surface structures and basement structures. Umtanum Ridge
is an area of Type I relationship, where surface and basement structures
appear directly related and are interpreted to be one continuous structure.
Snively Basin is interpreted to be an area of Type II relationship where
basement structures may have significantly influenced the development of
surface structures, but are not the same vertically continuous structure.
Type III relationships are where interpreted basement structures have no
apparent influence on surface structure. No predominant type of rela-
tionship is apparent in the central Pasco Basin.

The data presented in this chapter suggesting potential structures
underlying the basalt sequence in the Pasco Basin do not yet permit a
choice among the tectonic models discussed in Chapter 7. Interpretation
of possible basement structures is preliminary and warrants further
refinement due to (1) relatively broad magnetotelluric station spacing,
requiring much inference between some data points, (2) the location and
spacing of stations relative to several interpreted deep structures,
permitting only equivocal interpretation, (3) the restricted resolution
inherent in the geophysical methods used (see Appendix A), (4) the present
level of qualitative integration without quantitative modeling support,
and (5) the difficulty in "geophysically recognizing” strike-slip faulting
where there is a juxtaposition of rocks having 1ittle contrast in rock
properties. Strike-slip faulting is of particular interest because it is
an integral element in many of the most recently proposed tectonic models
(Davis, 1981; Laubscher, 1981; Price, 1982; Bentley, 1982).

_:veral observations from this qualitative interpretation suggest
some limitations on tectonic models for the Columbia Plateau:

e A throughgoing northwest-southeast feature has not been detected
at the base of or below the volcanics along the trend of the
Cle Elum-Wallula zone of deformation.

e The possible difference in the type of deep structure beneath
Snively Basin and Umtanum Ridge, both of which occur within the
Cle Elum-Wallula zone of deformation (i.e., different inter-
preted-type relationships), suggests that either a diversity of
mechanisms was influential in the development of the C  Elum-
Wallula zone of deformation or Cle Elum-Wallula zone of deforma-
tion in the Pasco Basin area is not a function of major contin-
uous basement structures.
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e The relief of the pre-volcanic strata decreases across the survey
area from west to east and this generally corresponds with the
decreasing structural relief observed from west to east in the
surface structures. This changing relief suggests that the
pre-Columbia River Basalt Group structure and stratigraphy may
have in some way influenced the development of folds observed at
the surface.

e The relief on the top of layer 3 is incompatible with any large

regional décollement at the base of layer 2, although zones of
limited detachment cannot be precluded.
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CHAPTER 5 - CONSTRAINTS ON TECTONIC MODELS
AS PROVIDED FROM STRAIN RATES

S. P. Reidel, R. W. Cross, K. R. Fecht

INTRODUCTION

The Pasco Basin (Fig. 5-1) is one of several structural basins in
the central and western Columbia Plateau and occurs at the boundary
between the Yakima Fold Belt subprovince and the Palouse subprovince (see
Fi  2-10). These subprovinces are defined by specific structural trends
within each region. The Yakima Fold Belt subprovince is dominated by
east-west-trending anticlines ai synclines, whereas a westward-tilting
regional paleoslope characterizes the Palouse subprovince.

Tectonic models for the Columbia Plateau can be constrained by the
geologic history of areas in the Pasco Basin that have undergone deforma-
tion and the rates at which deformation occurred. Emphasis in this paper
is not on structural style and the effect of fold geometry, ri ner it is
on uplift rates of the anticlines, subsidence rates of the synclines, and
crustal shortening. | :a used to assess uplift and subsidence are from
studies of the lateral extent and thickness variations of basalt flows and
sedimentary interbeds (Reidel and o ers, 1980; Reidel and Fecht, 1981,

}82) and from the suprabasalt sediments (Tallmi and others, 1981).
ihese studies will only be summarized here and the reader is referred
to the original work for a more detailed discussion of the data and
interpretations.

THICKNESS AND LATERAL EXTENT OF BASALT LOW
AND SEDIMENTS

The lateral extent and thickness variations among flows in t : Pasco
Basin are the product of a collective interplay of four factors (Reidel
and others, 1980; Reidel and Fecht, 1981): (1) the volume of each flow,
(2) the location of flow margins (constructional topography), (3) the
effect of uplift and subsidence, and (4) the influence of a regional paleo-
slope. The flow eruption and emplacement rate and the rate of uplift and
subsidence are so closely related that the evolution of the basin through
tl ‘ocene can be reconstructed (Reidel and others, 1! ); Reidel and
Fi ., 1981, 1982; Long and Landon, 1981; Landon and otners, 1982; Fecht
and others, 1982). A summary of the results of studies on the Columbia
River Basalt Group and intercalated sedimentary units in - e Pasco Basin
follows.

The Columbia River Basalt Group consists of five formations: Imnaha,
‘ande Ronde, Picture Gorge, Wanapum, and Saddle Mountains Basalts. Imnat
Basalt is the oldest known Columbia River basalt; the Picture Gorge Basalt
physically resembles it but is equivalent in age to the older Grande Ronde
Bas¢ t. Picture Gorge and Imnaha Basalts comprise ~11 vol% of Columbia
River basalt and thus far have not been observed in boreholes or outcrop
in the Pasco Basin.
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Thickness variations and the lateral extent of all Wanapum and Saddle
Mountains Basalt flows and some Grande Ronde Basalt flows indicate that
the present Yakima folds were actively growing through much of Miocene
time (Reidel and others, 1980; Reidel and Fecht, 1981, 1982). Deformation
was concentrated along present first-order structural trends, as shown by
areas of maximum thinning consistently corresponding to anticlinal axes
and areas of maximum thickening corresponding to synclinal troughs.

REGIONAL WESTWARD TILTING PALEOSLOPE

The westward tilting paleoslope (Fig. 5-3) represents a major regional
feature that has dominated the eastern Columbia Plateau since at least the
early Miocene. Swanson and Wright (1976) have convincingly argued that
the paleoslope has had a nearly constant slope since the late Miocene
(12 m.y.B.P.). We calculate this gradient to be ~1.5 to 2.0 m/km. The
gradient of the paleoslope was not constant with respect to one datum
prior to 12 m.y.B.P., however (Swanson and Wright, 1976). From thinning
of flows onto the paleoslope, a gradient of 2 to 5 m/km can be calculated
for most flows in the late Grande Ronde (Long and others, 1980; Reidel, in
press; and Landon and others, 1982), and a gradient of ~2 m/km can be cal-
culated for Wanapum flows. The change from subsidence in the west, pro-
ducing an increasing gradient with time for any particular horizon in
Grande Ronde, Wanapum, and early Saddle Mountains times, to a constant
gradient from the middle Saddle Mountains time to present suggests a
change from overall subsidence to the west and uplift to the east to
either reduced rates of differential subsidence and uplift or more
restricted areas of uplift and subsidence with broad unaffected areas.

In any event, the westward tilting paleoslope represents a major
regional feature from the early Miocene to present. The stability of the
gradient of this paleoslope since at least 12 m.y.B.P. permits its use as
a reference plane in order to estimate areas of relative uplift and sub-
sidence. The relative uniformity of the surface gradient at the time of
eruption of basalt flows prior to 12 m.y.B.P. also suggests that this
paleoslope can be used to define areas of uplift and subsidence during the
early and middle Miocene.

RATES OF UPLIFT AND SUBSIDENCE

Previous estimates of the rate of uplift have been based on topo-
graphic relief that developed after the basalts were emplaced (Brown,
1970; Kienle and others, 1978; Glass, 1977; Shannon and Wilson, 1978).
Brown (1970) estimated a slow rate of basining that may still be occurring
today, but argued that anticlinal uplift began at the end of the basalt
eruptions. He estimated a growth rate of 1 m/10,000 yr (0.1 mm/yr) for
the anticlinal ridges.
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in the Pasco Basin and the north flank of the Rattlesnake Hills along the
south basin margin. The trilateration studies (Savage and others, 1981)
support a slow continued deformation at a rate <0.8 mm/yr (Chapter 6);
although this is an order of magnitude greater and a different type of
measurement, it is essentially in agreement with the concept that a low
rate of uplift and subsidence has continued since the Miocene.

POTENTIAL VALIDITY OF EXTRAPOLATION OF UPLIFT
AND SUBSIDENCE RATES

One test of the validity of extrapolating the rates of uplift and .

subsidence to the present, is the ability of the rates, as calculated for

specific points, to account for the present top of basalt. That is, if a
theoretical, present day, top-of-basalt surface is calculated from rates

in the Miocene and matches the present observed top of basalt (Fig. 5-8),

then the present structures can be accounted for by continued uplift and

subsidence from the Miocene at these rates. However, if it does not, then

some other explanation must be sought to explain any anomalies.

A pre iminary attempt to calculate a theoretical top of basalt from
uplift and subsidence rates extrapolated to the present is shown in
Figure 5-9. The method used to accomplish this is given in Appendix B
and summarized below. The regional paleoslope was projected into the
Pasco Basin trigonometrically with the aid of a computer projection. The
intersections of this paleoslope with boreholes in the Pasco Basin were
derived, and using rates of deformation previously calculated per each
borehole, values were obtained for the amount of uplift or subsidence for
each. Applying these individual rates over a time interval of 14.5 m.y.,
numbers were produced for a theoretical top-of-basalt elevation for each
borehole. Contouring these values produced the theoretical top-of-basalt
map (Fig. 5-~9). Since the boreholes used in this process were not located
on ridges, the theoretical map does not produce an accurate representation
of the structures. A comparison to the observed top of basalt is shown as
a plot of residual differences in Figure 5-10.

Several interpretations can be made from the plot of residual dif-
ferences between the theoretical top-of-basalt map based on rates of
deformation and the observed top-of-basalt map based on borehole data and -
geologic investigations. Obviously apparent are anomalies that appear on .
the residual plot because of their presence on either the theoretical top
of basalt or the observed top of basalt, but not on both. These anomalies -
then appear on the residual f )t as either a prominent negatively or posi- -
tively contoured feature. Gable Butte, Gable Mountain, and Yakima Ridge
are among several prominent postively contoured features (Fig. 5-10) that
are present because the theoretical top-of-basalt map, which was construc- -
ted, lacked rate of uplift data in these areas and thus a representation
of them was not produced. Due to better data density (borehole locations)
in synclinal areas, the residual map is most valuable for interpretation
of features within the Cold Creek syncline.
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The growth of Yakima folds was also under way in Grande Ronde
time. Uplift rate declined from early Miocene into the middle
and late Miocene and was <40 m/m.y. by the end of Columbia River
basalt volcanism.

Growth was concentrated on first-order structures that probably
formed in the ¢ ‘'ly to middle Miocene and these structures con-
tinued to grow as deformation continued.
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CHAPTER 6 - CONTEMPORARY DEFORMATION
IN THE PASCO BASIN AREA OF THE
CENTRAL COLUMBIA PLATEAU

A. C. Rohay and J. D. Davis

INTRODUCTION

The low average rates of deformation during the perijod of time 14.5 to
10.5 m.y.B.P. when projected to the present account for the present struc-
tural relief of the Saddle Mountains and Rattlesnake Mountain anticlines
(see Chapter 5). This extrapolation suggests that deformation is pres~
ently occurring. Contemporary deformation is indicated by the pattern of
seismicity and the change in length of precisely measured geodetic survey
lines. Changes in the crust resulting from ongoing tectonic processes as
indicated by seismology and geodesy are reviewed and compared in this
chapter.

The capability to instrumentally record and locate earthquakes since
1969 has permitted an assessment of Columbia Plateau seismicity that is
more quantitative than that provided by the previous record of felt earth-
quakes. The largest historical and instrumentally located earthquakes of
the Columbja Plateau are noted in Table 6-1 and Figure 6-1. The U.S. Geo-
logical Survey seismic network was originally concentrated in the Hanford
Site area from 1969 to 1975 (Pitt, 1971, 1972). The network was expanded
to cover the entire eastern Washington region in 1975 when network opera-
tion was assumed by the University of Washington, Seattle, Washington
(Malone, 1976; UWGP, 1977, 1978, 1979, 1980, 1981). The network has had
a station spacing of ~25 km in the Hanford area since its initial instal-
lation. This spacing has provided the capability to locate all earth-
quakes larger than magnitude 1.5 to 1.8 in the Hanford area. The cover-
age has gradually increased and currently permits all earthquakes of mag-
nitude 2.0 or larger to be located throughout eastern Washington. Earth-
quake epicentral location accuracy is estimated to be 1 to 2 km, but deter-
mination of hypocentral depths may be in error by 2 to 4 km. The develop-
ment of the network and its location and detection thresholds have previ-
ously been described (WCC, 198la; Myers/Price and others, 1979). Magni-
tudes are determined using a coda-lengtl 1agniti latior  p develoy |
for this region (UWGP, 1979) that has been approximately calibrated with
Wood-Anderson magnitudes. Prior to 1972, Richter magnitudes were deter-
mined from trace amplitudes (Pitt, 1971).

Earthquakes above magnitude 3.0 located since 1969 in eastern Washing-
ton are shown in Figure 6-2. The seismic activity is concentrated around
the northern and western Columbia Plateau and the southern borders of the
State of Washington. Most of these earthquakes have occurred where signi-
ficant historical earthquakes occurred prior to the installation of the
instrumental network. A concentration of seismic activity above magni-
tude 3.0 has occurred in the central Columbia Plateau region (associated
with earthquake swarms), but activity above magnitude 3.5 is concentrated
around the northern and western Columbia Plateau and the southern border
of the State of Washington.
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. TABLE 6-1. Felt? and Recordedd Earthquakes Within the Columbia Plateau
and § ‘rounding Area Through 1980. (Sheet 1 of 3)
Date Year Time . ;ggﬁ?ilaz/ Coordinates ng;§1ﬁ2/
05 Mar. | 1892 | 1.t. VI 46.6° N.  120.5° W. | North Yakima, Washington
05 Mar. | 1893 | 1.t. V 45.9° N.  119.3° W. | Umatilla, Oregon
15 Dec. | 1897 | 1.t. v 47.8° N.  120.0° W. | Lakeside, Washington
18 Oct. | 1905 | 23:1.t. ] 47.8° N.  120.0° W. | Chelan, Washington
18 Feb. | 1907 | 12:201.t, V 47.84° N.  120.02° W. | Chelan, Washington
12 Jun. 1908 | Unknown ) 45.0° N. 117.25° w. Cornucopia, Oregon
24 May 1909 | 22:1.t. v 47.73° N, 120.36° w. Chelan-Leavenworth, Washington
05 Jul. | 1911 | 08:00 47.00° N.  120.54° w. Ellensburg, Washington
14 Oct. 1913 | 23:00 45.7° N. 117.1° w. Seven Devils, Idaho
28 Feb. | 1918 | 23:15 v 46.5° N 120.5° W. | Yakima, Washington
12 Mar. | 1918 | 03:26 v 47.7° N 117.0° W. | Spokane, Washington
01 Nov. | 1918 | 17:20 VI 46.8° N.  119.5° W. | Corfu, Washington
07 Oct. | 1920 | 02:1.t. v 47.6° N.  120.1° W. | Waterville, Washington
28 Nov. | 1920 | Unknown Iv. 45.7° N 121.5% W. | Hood River, Oregon
14 Sep. 1921 | 11:00 VI 46.1° N 118.25° w Dixie-Walla Walla, Washington
06 Jan. 1924 | 23:10 v 45.8° N. 118.3% w Milton and Weston, Oregon
17 Oct. 1926 | 02:45 Vv 45.73° N.  121.48° W White Salmon, Washington
30 Dec. | 1926 | 17:57 VI 47.7° N.  120.2° W. | Chelan, Washington
03 Jdan. 1927 | 04:58 VI 47.59° N. 120.66° W Leavenworth, Washington
09 Apr. | 1927 | 05:00 v 44.8° N 117.2° W. Richland, Oregon
03 Sep. 1930 | 13:00 v 47.3% N. 117.8° W Lamont, Washington
18 Sep. | 1934 | 24:1.t. v 47.0° N.  120.54° W. | Ellensburg, Washington
26 Sep. 1934 | 16:151.¢t. v 47.0° N 120.54° Ellensburg, Washington
26 Sep. | 1934 | 16:45 v 47.0° N 120.54° W E]]ensburg, Washington
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3Greater than IV intensity.

bGreater than 4.0 magnitude.
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“TABLE 6-1. Felt? and Recordedd Earthquakes Within the Columbia Plateau
and Surr inding Area Through 1980. (Sheet 3 of 3)
Date | Year Time :"tiQilgg/ Coordinates ng;g:zg/

24 Feb. | 1956 | 22:00:00.0 | V 47.9° N. 119.1° w, Electric City, Washington
‘01 Nov. 1957 | 10:12:02.0 4.2ML 46.7° N. 121.5° W. Mount Rainier, Washington
12 Apr. | 1958 | 22:37:11.0 | VI 4.1ML 48.0° N. 120.0° W, Chelan, Washington
20 Jan. | 1959 ] 46.2° N.  118.2° W. | Milton-Freewater, Oregon
06 Aug. | 1959 | 03:44:32:0 | VI 4.4ML 47.8% N. 119.9°% N. Chelan, Washington
15 Jan. | 1962 | 05:29.00.0 4.3 | 47.8° N.  120.2° W. | Chelan, Washington
22 Dec. 1963 | 02:54: v 4.4MB 48.0° N. 119.3° W. Discrepancy in location
07 Nov. | 1965 | 16:41:47.4 4.3My 44.9° N. 117.0° W. 5-km depth
23 Jul. | 1966 | 01:47:08.8 4.3MB 47.2° N. 119.5° W. Ephrata, Washington
30 Dec. 1966 | 03:51:40.3 4.2MB 44.9° N. 117.0° wW. 10-km depth
20 Dec. 1973 | 01:08:28.2 { V 4.4Mc 46.87° N.  119.35° W. | 2.4-km depth Corfu, Washington (UW)
13 Apr. | 1976 | 00:47:17.1 | VI Z.g:L 45,229 N. 120.770 W. | 15-km depth constrained (NOAA)
17 Apr. | 1976 | 02:11:44.4 4.2Mf 45.089 N. 120.80° W. | 15-km depth constrained (NOAA)
19 Jan. | 1979 | 14:55:15.4 { V 3.6M¢ 47.92° N.  119.68° W. | Chief Joseph, Washington (UMW)
08 Apr. 1979 | 07:29:37.8 4.15MC 45.99° N. 118.45° W. Walla Walla, Washington (UW)
18 Feb. 1980 | 06:00 4.1Mc | 47.259 N.  120.220 W. | Cle Elum, Washington (UW)

1.t. = Local time,

MB = body-wave magnitude.

MC = coda-length magnitude,.

ML = local magnitude.

MS = surface wave magnitude.

NOAA = National Oceanic and Atmospheric Administration.

UW = University of Washington.

WCC = Woodward-Clyde Consulte s.
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EARTHQUAKE SWARMS AND SHALLOW SEISMIC ACTIVITY

Earthquake swarms are the predominant characteristic of the Columbia
Plateau seismicity. These earthquake sequences typically last a few days
to several months and occur in a vo® e of rock with typical dimensions of
~5 km. Earthquake swarms (as detected and located by the regional seismic
network) may contain several to ~100 locatable earthquakes of magnitude 1.0
to 3.5, but most are smaller than magnitude 2.0. During a swarm, there is
no distinctively large event that is followed by a generally decreasing
level of seismicity, as is typical of a iinshock-aftershock sequence.
Swarm earthquakes tend to gradually increase and decay in frequency, but
not in magnitude.

Shallow earthquakes are occurring at a significantly greater rate
than deep earthquakes. Approximately 75% of the earthquakes are located
shallower than 4 km deep, and 80% of these shallow events occur during
earthquake swarms (WCC, 198la). A distinction between shallow and deep
seismicity is also reflected in the recurrence relations or size distri-
bution of the earthquakes. A causal relationship between the rheological
behavior of the basaltic layers and the characteristic of earthquake swarm
activity is also suggested.

Earthquake swarm activity is concentrated in the central portion of
the Columbia Plateau, principally north and east of the Hanford Site
between the Saddle Mountains and Frenchman Hills structures (Fig. 6-3).

It is within this region that most events (in swarms and as individual
events) larger than magnitude 3.0 occur, including the largest magnitude
swarm earthquake instrumentally recorded, the December 20, 1973, magni-
tude 4.4 Royal Slope earthquake. There is an apparent alignment of smaller
earthquakes along the Saddle Mountains structure (Fig. 6-3). However, the
larger events, and consequently, the greatest implied deformations, are

not aligned with mapped faults of the Saddle Mountains or Frenchman Hills
anticlines.

The swarm earthquakes are concentrated north of tI Saddle Mountains
structure (Fig. 6-3) | :ween Saddle Gap and the Columbia River at Sentinel
Gap. This swarm activity gradually shifts to the south of the Saddle Moun-
tains structure towards its eastern end. This shift in the location of
seismic activity coincides with the approximate location of a slight bend
in the axial trace of the anticline. Swarms sou: of the Saddle Mountains
are separated by aseismic areas, so that no preferred aligi 2 of these
swarm areas is apparent.

Other notable earthquake swarms have occurred at Wooded Island and
Coyote Rapids (Fig. 6-3). The swarm area near Coyote Rapids is relatively
inactive compared to other swarm areas, but was the site of the October 25,
1971, magnitude 3.8 Coyote Rapids earthquake, the second largest instru-
mentally recorded earthquake in the central Columbia Plateau. The swarms
near Wooded Island have been some of the most intense in te s of number of
events, but all of these events have been less than magnitude 3.0 (Pitt,
1972; Rothe, 1978).
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Linear trends of epicenters are sometimes apparent within individual
swarms. These trends are ~5 km long in several swarm areas and are ori-
ented east-west, as in the Wooded Island swarm, or northwest-southeast as
in the swarms on Royal Slope north of the Saddle Mountains (see Fig. 6-3).
Earthquake swarms have often occurred more than once within the same small
areas. In a few cases, successive swarms have been centered in about the
same location, but the general tendency is for migration of the activity
in a particular direction, producing some of the alignments mentioned
above.

Several earthquake swarms have been studied using a dense, temporar-
ily deployed networks of portable seismic-monitoring stations, which pro-
vided epicenter location accuracies of ~0.2 to 0.5 km. Based on these more
accurate locations, shorter alignments can be detected. East-west trends
of epicenters, ~2 km long, were found in the 1969-1970 Wooded Island swarm
(Pitt, 1971) and the 1975 Wooded Island swarm (Rothe, 1978). The spatial
distribution of epicenters determined by Malone and others (1975) for the
Royal Slope sequence in 1973 also showed an apparent 2-km east-west align-
ment near the location of the December 20, 1973, magnitude 4.4 event.
Malone and others (1975) found that three different alignments of hypo-
centers within the 1973 Eltopia swarm could be interpreted. (These cor-
respond to three different focal mechanism classes as well; see Table 6-2.)
The overall patterns of these accurately located events indicates that
swarm earthquakes occur in a relatively diffuse pattern, without signifi-
cant concentration of events on a single plane. This observation indicates
that the events are not occurring exclusively on unmapped or buried fault
segments (Malone and others, 1975). The inferred 2- to 3- m-long fault
segments are not connected into throughgoing faults.

Aftershocks are often associated with eastern Washington earthquakes
of a magnitude 3.5 or larger. Two shallow earthquakes in the central
Columbia Plateau have been larger than magnitude 3.5: the magnitude 4.4
Royal Slope event and the magnitude 3.8 event on Wahluke Slope northeast
of Coyote Rapids. The Royal Slope event was 2.4 km deep and was imme-
diately followed by numerous shallow earthquakes that decreased in fre-
quency, but not in magnitude, with time. The earthquake sequence lasted
much longer than expected for aftershocks of an event this size. The
Royal Slope sequence thus ex bited characteristics of both swarms and
aftershocks. T! October 25, 1971, .gnitude 3.8 rthc ~: (<1 km deep)
occurred without any significant increase in smaller sw y1  events,

DEEP EARTHQUAKES

Earthquakes occur to a depth of ~28 km in the Cc imbia Plateau
region, but at a lower frequency than the shallow (<6 km) swarm earth-
quakes (UWGP, 1979). This depth is the approximate thickness of the
crust as determined from seismic refraction studies (see Chapter 2).

Two deep earthquakes have occurred in the central Columbia Plateau
with magnitudes greater than 3.5. Both occurred south of the Hanford Site
near the Horse Heaven Hills structure (see Fig. 6-3). A series of fore-
shocks and aftershocks accompanied the June 28, 1975, magnitude 3.8 event.
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TABLE 6-2. Eastern

shington Focal Mechanism Solutions.

(Sheet 1 of 2)

Com, 2ssion Tension
Location Remarks Source
A: Dip | Azim. | Dip
C tre¢ Cc mmbia Plateau Deep Events
Prosser/Horse Heaven Hills 010 | 0820 | 869 | Composite WCC 21980a;
Rattlesnake Mountain L 24 295 51 Composite WCC (1980a
Yakima/Umtanum/Gable Ridges 160 16 292 66 Composite WCC (1980a)
Eltopia north 293 43 032 09 Composite, poorly WCC (1980a)
constrained
Corfu/Royal/0Othello 172 05 058 78 Composite WCC (1980a)
NW. Hanford/Midway 23 04 097 74 Two event composite | Weston (1977)
NW. Hanford/Midway 032 04 292 54 Alternative Weston (1977)
Horse Heaven Hills (06/28/75) 326 00 235 74 M=3.8, 2=10.2 km Weston (1977)
Regional Events

Walla Walla (04/08/79) T7269 11 166 48 M=4.1 WCC (1980a)
Miltc -Freewater (1936) 056 22 161 32 M=6.1, historical WCC (1980a)
Cle Etum mainshock (06/26/78) 334 23 223 52 M=3.7 UWGP (1978)
Cle Elum at ershocks (6 months) | 344 19 119 64 Composite WCC (1978)
Cle Elu (02/18/81) 025 34 151 42 M=4.2 UWGP (1981
Goat Rocks mainshock (05/28/81) | 17 03 270 32 M=5.0 UWGP (1981
Goat Rocks foreshock (05/28/81) | 180 00 270 00 M=4.0 UWGP (1981)
Toppenish (02/02/81) 182 24 088 09 M=4.0 UWGP (1981)
Goldendale (06/14/81) 179 16 059 60 M=3.3 UWGP (1981)
Lake Chelan 321 03 058 58 Composite, 0/9 km UWGP (1978)
Chief Joseph Dam (01/19/79) 129 03 024 68 M=3.9, z=7 km UWGP (1979)
Topper sh (02/02/81) 196 04 100 60 M=3.9, z=5 km UWGP (1981)

d 61-1S-M8-0HY
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A11 of these events were 8 to 11 km deep. The February 17, 1979,
magnitude 3.6 event was not accompanied by either foreshocks or
aftershocks. However, as stated previously, earthquakes in eastern
Washington less than magnitude 3.5 are not accompanied by foreshocks
or aftershocks.

Except for these two large (for the central Columbia Plateau), deep
events, in the area of the Horse Heaven Hills structure, no correlation is
observed between presently mapped geologic structures and deep seismicity
(see Fig. 6-3). Notably, there is no concentration of activity along the
Rattlesnake Hills structure that has been proposed as the surface expres-
sion of a deep structure (Chapter 7).

Generally, there is no apparent concentration of deep seismicity in
the areas of intense shallow swarm activity. One exception is the several
relatively low-level swarms near the eastern end of the Saddle Mountains
(see Fig. 6-3) during which earthquakes as deep as 12 km occurred (WCC,
198la). Otherwise, deep seismicity occurs in a seemingly random pattern,
associated neither with known geologic structures or areas of shallow
seismicity.

FOCAL MECHANISMS

Focal mechanisms of earthquakes in eastern Washington (see Table 6-2
and Fig. 6-4) indicate a response to a nearly horizontal principal com-
pression oriented north-south. The minimum compression (or extension)
is generally vertical, so that thrust or reverse faulting on east-west
striking planes is indicated. These principal stress directions are in
good agreement with mapped east-west orientations of fold axes and asso-
ciated thrust or reverse faults (see Chapters 2 and 5). Recent in situ
stress measurements using the hydrofracturing method also indicate that
the maximum horizontal stress at a 1-km depth is oriented north-northeast
(Kim and Haimson, 1982). Such north-south compression is found for focal
mechanisms of earthquakes throughout the western Unit | States (Cro: in,
1972; Smith and Lindh, 1978).

Earthquake focal mechanisms for eastern Washington are summarized in
Table 6-2 and Figure 6-4. The small magnitude of most earthquakes often
precludes the determination of a focal mechanism for individual events;
but, composite focal mechanism solutions have been performed on several
groups of earthquakes within defined regions or within particular earth-
quake swarms. There appears to be a scatter in the maximum compression
axes (see Fig. 6-4) of +200 and a scatter in the minimum compression (or
tension) axes of +300, The smaller, shallow events show the greatest
scatter. The larger events, which are generally better determined show
much more consistency.
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FIGURE 6-4. Focal Mechanisms of Eastern Washington. Lower hemisphere,
equal area projection of compression and tension axes derived from focal
mechanism solutions.

6-13




RHO-BW-ST-19 P

This state of stress is found for both shallow events in swarms and
for deep events. The orientation of stresses does not change with depth.
The vertically oriented, least principal stress is expected due to the
proximity to the surface of the shallow earthquakes. The deep events,
where up to 25 km of overburden pressure acts, still consistently exhibit
vertically oriented tension.

Focal mechanism solutions for the earthquakes on the northern, west-
ern, and southern margins of the Columbia Plateau also indicate princi-
pally north-south compression, except for events in the Walla Walla and
Milton-Freewater area (WCC, 1980b). The April 1979 and July 1936 events
have maximum compression axes oriented nearly east-west and non-vertical
tension axes, indicating mixed thrusting and strike slip faulting possibly
on north-south oriented planes.

Earthquakes in the southeastern Cascades of Washington and western
border of the Columbia Plateau have a tendency to have east-west rather
than vertical tension, inferring strike-slip faulting (UWGP, 1981). This
stress orientation is particularly evident in the two large Goat Rocks
events (see Fig. 6-2) north of Mt. Adams and the Toppenish event, all of
which occurred in 1981. In general, the tension axes of other regional
earthquakes is not as concentrated in the vertical direction as is
observed for the central Columbia Plateau events.

The composite focal mechanism solutions (see Table 6-2) represent
only those for which consistent data were obtained. Detailed studies of
several earthquake swarms have shown that no single focal mechanism will
fit all events (Malone and others, 1975; Rothe, 1978). There is suffi-
cient variation in the focal mechanisms of small swarm earthquakes to
indicate that they occur on a variety of fault orientations, which sug-
gests some inhomogeneity in the stress field. This qualitatively supports
the previous observation that the epicenters of swarm earthquakes do not
exclusively align along planar structures, but occur in diffuse patterns.
Several individual swarms exhibit an east-west elongated pattern but focal
mechanism solutions suagest rupture on several, rather than one plane.

The predominanc of nc 'h-south compression and vertical tension supports
a conclusion that most of the seismic deformation in swarms occur as
thrust and reverse faulting on a number of very small east-west oriented
planes, rather than a single, larger fault plane.

The difference in orientation of the axis of least compression from
vertical in the central Columbia Plateau to east-west on the margin of the
southern Washington Cascades suggests that deformation in the southern
Cascades is predominantly from strike-slip movement on northwest-southeast
oriented fault planes (UWGP, 1981). These recently determined focal mech-
anisms may assist in refining the tectonic models of the Pacific Northwest
(Chapter 7). In some of these tectonic models, right lateral strike-slip
faulting has been presumed to occur on the Rattlesnake alignment in the
central Columbia Plateau, but earthquake hypocenters and focal mechanisms
do not support this assumption. The composite focal mechanisms for deep
events in proximity to this structure indicate roughly equal parts of
strike slip and thrust or reverse movement.
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The east-west compression noted above for events in the Walla Walla
and Milton-Freewater areas is anomalous compared to central Columbia
Plateau earthquakes. These earthquakes may be associated with the Hite
fault system (Plate 2-1), which is oriented roughly northeast-southwest,
parallel to one of the inferred fault planes of the focal i :hanism solu-
tions (WCC, 1980b). Aftershocks of the 1936 event appeared to migrate in
a north-south direction (WCC, 1980b). The magnitude 4.1 event in 1979 was
not associated with any aftershocks (which is unusual for an event of this
size), so that selecting the Hite fault orientation for the actual fault
plane is tentative. Detailed, temporary monitoring of this area did not
detect any small earthquakes in this region (WCC, 1980b) nor is there any
significant concentration of events located using the regional network
since 1969 that could assist in defining the fault plane for these events.

RECURRENCE RELATIONSHIPS

A plot of magnitude versus total number of events above that magni-
tude of a large sample of earthquakes reveals their size distribution.
The slope of the recurrence curve (Fig. 6-5), called the b value, is
normally found to be roughly equal to 1.0. This indicates that ten times
more earthquakes of a given magnitude occur than earthquakes one magni-
tude unit larger. Earthquakes below magnitude 1.5 are below the loca-
tion threshold, causing the curve to taper off at lower magnitudes. The
b values <1.0 indicate a greater proportion of larger earthquakes compared
to smaller earthquakes; b values >1.0, indicate a larger proportion of
smaller earthquakes.

In the central Columbia Plateau, several distinctions between shallow
(<6 km) and deep events (>6 km) have been noted. The largest number of
earthquakes and the largest magnitude earthquakes have been recorded in
the shallow zone, with fewer, generally smaller events in the deep zone.
Earthquakes above and below a 6-km depth are shown in Figure 6-5.

The b value for deep events is 0.8, compared to 1.15 for the shallow
events (UWGP, 1979). Earthquakes prior to 1972 had magnitudes computed
using a different technique, and the relationship between the two magni-
tude scales may not be 1:1. The shallow seismicity is characterized by
proportionally mo nall ‘thquakes, compared to the deep seismicity.

In a more recent study (WCC, 198la), events shallower than 3 km we
found to have a b value of 1.0, while events deeper than 3 km were found
to have a b value of 0.72. Earthquake swarms (which sometimes contain
events deeper than 3 km) have a b value of 1.15, in agreement with the
b value found for events <6 km (UWGP, 1979).

The difference in b values between the shallow events and deep events
suggests that the seismogenic processes for the two groups of earthquakes
are different. Focal mechanism solutions indicate that the rocks respond
to the same stress regime, but the mechanics of deformation may be dif-
ferent. Lower b values (<0.9) are characteristic of tectonic earthquakes
in the North American Cordillera, while higher b values are characteristic

6-15



NUMBER OF EVENTS/yr

RHO-BW-ST-19 P

1,000
! H I
INSTRUMENTAL EVENTS 1969-1979
O DEEP EVENTS
D CHELAN AREA
< SHALLOW EVENTS BEFORE 1972
& SHALLOW EVENTS AFTER 1972
100 fay A —i
O O
1.09
/0.88 N
DO o
) 5 N\
2N\ 1. o
07— o -
A
', ]
O
0.80 D
Pal
- O
® A
. Q
1+ —_
@)
0.1 l | {
0 1 2 3 4
MAGNITUDE RCPB8206-187

FIGURE 6-5. Recurrence Relationships (after UWGP, 1979). The
b values, or magnitude distribution of shallow seismicity, are
different from deep or regional seismicity.
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of regions that exhibit swarm activity (UWGP, 1979). The b values may
reflect the nature of the stress, strain rate, mechanical properties of
the rock, and the data sample, for example, but differences in b values
between areas are not clearly understood.

This division of events into shallow and deep earthquakes was based
on the seismic velocity structure of the central Columbia Plateau, which
shows a 6-km thickness of material with velocity of 5.15 km/s. Magneto-
telluric studies (Chapter 4) suggest that the upper crustal layer is
actually composed of two units. The upper resistive layer averages 3 km
in thickness and is considered to be the basalt. A more conductive zone
beneath the basalt, which also averages 3 km in thickness, is considered
to be a sedimentary sequence. This zone could have a seismic velocity
similar to the basalts, or the velocity could be lower in the sediments.
A lower velocity layer beneath basalt is difficult to detect with either
refraction data or earthquake data. (An undetected low velocity zone
beneath the basalts could introduce larger errors in the inter :ted depth
distribution of the earthquakes based on the present location model.)

- The layered nature of the basalts has been suggested by Rothe (1978)
to account for the higher b vaiues characteristic of the shallow swarm
activity. According to Rothe (1978), swarm earthquakes occur ithin, and
are bounded by individual basalt flows. He further suggested that the
limited thickness of the flows controls b values by increasing the number
of events with a small characteristic magnitude (~1.5). If events were
limited to one thick flow, this would tend to increase the number of small
events compared to larger events, thereby increasing the b value. In sup-
port of this hypothesis, he cited the concentration of the events at Wooded
Island, in a depth range correlated with a thick basalt flow interpreted
from geophysical logs. Rothe also hypothesized that the dense interiors
of basalt flows could be expected to be more competent and could suppo
higher stresses before fracturing during a seismic event. The weathered
zones, interflows, and breccias would not support such stresses, and
deformation could occur in an aseismic mode.

In contrast, WCC (198la) suggests that the high b values are char-
acteristic of low stress and strain rates based on t! « jendence of
b values on those parameters in laboratory experiments. However, they
accepted Rothe's conclusion that differences in thickness and resulting
strength of flows may aiso control the s~ : distribution of earthquakes.

ESTIMATIO OF SEISMIC DEFORMATION RATE
‘ Knowledge of two relationships is needed to translate the observed
frequency and size distribution of earthquakes into deformation rates.

The seismic moment of earthquakes (M,) is related to the area of the
rupturing fault (A) and the average displacement of the fault (D) by the

relationship:

Mo = uDA (1)
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where

u = the rigidity of the rock (taken to be 3 x 1011l dynes/cm2)
(Lee and Stewart, 1981).

The empirical relationship between magnitude and seismic moment (Lee and
Stewart, 1981) is:

log My = 16 + 1.5M_ (2)

where
M_ = local (Richter) magnitude.

Thus, earthquake size and freguency can be used to determine an average
rate of seismic slip on particular structures, or as deformation distri-
buted throughout a region (Aki and Richards, 1980).

Such estimates are based on several assumptions, the most critical
of which are accuracy of magnitude measurement and stability of the earth-
quake frequency with time. The deformation rates estimated are most depen-
dent on the largest earthquakes in the data sample; therefore, relatively
long time periods provide better estimates. However, this requires the
use of historical data for which earthquake magnitudes are less reliable.
Thus, historical data may not improve the reliability of the estimates
significantly.

Two volumes of rock are considered in estimating deformation rates:
the first volume includes the basalts and the second, a larger volume,
includes rock below basalts. The shallow seismicity in the basalts is
considered from 46 to 479 N., 118.75 to 120° W., and at depths <3 km.

In this volume, the two main events are the magnitude 4.4 Royal Slope
event and the magnitude 3.8 earthquake near Coyote Rapids. Using the
moment-magnitude relationship above for all events_in this volume between
1969 and 1979, a seismic moment release of 5 x 1021 dyne-cm/yr is
calculated. Approximately 80% of this quantity is contributed by the
magnitude 4.4 event, 10% is from the magnitude 3.8 event, and the
remaining 10% is from events in the magnitude range 3.0 to 3.35.

A1l of the recorded shallow seismic activity greater than magni-
tude 3.0 occurs between the Frenchman Hills and Umtanum Ridge-Gable Moun-
tain anticlines. For the purpose of making a seismologic estimate, which
can be compared to the geologic estimates of deformation (Chapter 5), this
activity is assumed to correlate with the Saddle Mountains structure.

The Saddle Mountains structure and the earthquake epicenters both are
found in the 100-km-wide region considered for this analysis. The great-
est geologic deformation and seismic activity are concentrated from Saddle
Gap westward to Sentinel Gap (see Fig. 1-1). The anticline and the earth-
quake epicenters both appear to be shifted to the south at a position
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DESCRIPTION OF MAP UNITS

Qv — QUATERNARY VOLCANIC ROCKS — ANDESITIC AND BASALTIC FLOWS AND

PYROCLASTIC DEPOSITS

QTv — PLIOCENE AND PLEISTOCENE VOLCANIC ROCKS — PREDOMINANTLY ANDESITIC
AND BASALTIC FLOWS AND FLOW BRECCIA AND MINOR ASSOCIATED MUD

FLOWS.

Ti, Tv, Ts — TERTIARY INTRUSIVE IGNEOUS, VOLCANIC AND SEDIMENTARY ROCKS OF
PALEOGENE AND/OR NEJOGENE AGE UNDIVIDED.

Tnc — BASALTIC AND ANDESlTI%SIéCI)(\gS OF THE COLUMBIA RIVER BASALT GROUP;

NEOGENE SEDIMENTARY

Tnv — NEOGENE VOLCANIC ROCKS — BASALTIC FLOWS AND FLOW BRECCIAS WITH
ASSOCIATED PILLOW PA| AGONITE; SOME TUFFACEOUS SEDIMENTARY

INTERBEDS.

Tns — NEOGENE SEDIMENTARY ROCKS—SANDSTONE, SHALE, CONGLOMERATE
AND TUFF, INCLUDES SOME VOLCANIC ROCKS. ALSO INCLUDES SOME

QUATERNARY SEDIMENTS .

Tpv — PALEOGENE VOLCANIC ROCKS— ANDES!ITIC AND BASALTIC FLOWS AND FLOW
BRECCIA AND ASSOCIATED PYROCLASTIC DEPOSITS, MUD FLOW AND

SEDIMENTARY ROCKS.

Tps — ‘l:\A'\'II.)E1C_>g,l__5'l:\ll|5VI Slﬁ%wgg}env RESgEsé- sSé\NDS‘BONE, SHALE, CONGLOMERATES,
: ., INC ME VOLCANIC ROCKS INCLUDES
MARINE AND NONMARINE SEDIMENTARY ROCKS.

Tpi — PALEOGENE GRANITIC Rocks— INTRUSIVE IGNEOUS ROCKS. PRIMARILY

GRANITE, BUT RANGE IN COMPOSITION FROM GRANITE TO GABBRO, INCLUDES
SOME ASSOCIATED PE RIDOTITE ROCKS. ;

TKi — EARLY TERTIARY TO LATE CRETACEOUS GRANITIC ROCKS— INTRUSIVE
1GNEOUS ROCKS. PRIMARILY GRANITE, BUT RANGE IN COMPOSITION FROM

GRANITE TO GABBRO.

Mv — MESOZOIC VOLCANIC ROCKS —ANDESITIC AND BASALTIC FLOWS, TUFF,
ASSOCIATED PYROCLASTIC DEPOSITS AND INTERBEDDED SEDIMENTARY AND
METAVOLCANIC ROCKS. INCLUDES LATE _-%E©261€ VOLCANIC AND

VOLCANICLASTIC ROCKs

Ms — MESOZOIC SEDIMENTARY ROCKS — SHALE, SANDSTONE, LIMESTONE,
CONGLOMERATE. INCLUDES MARINE AND NONMARINE SEDIMENTARY ROCKS.

Mm — MESOZOIC METAMORPH|C ROCKS — PHYLLITE, SCHIST, MIGMATITE, GNEISS,
AND SOME METASEDIMENTARY AND METAVOLCANIC ROCKS.

Mi — MESOZOIC GRANITIC ROcKS— IGNEOQUS INTRUSIVE ROCKS. PRIMARILY
GRANITIC, BUT RANGE IN COMPOSITION FROM GRANITE TO GABBRO.

Ps — PALEOZOIC ROCKS UND{VIDED — SANDSTONE, SHALE, GREENSTONE,
LIMESTONE, AND PHYLL |ITE. PRIMARILY MARINE SEDIMENTARY AND LOW—

GRADE METAMORPHIC ROCKS.

Pm — PALEOZOIC METAMORPH|C ROCKS — SCHIST, QUARTZITE, MARBLE, AND
~ GNEISS. PRIMARILY MEDIUM TO HIGH-GRADE METAMORPHIC ROCKS.

Pi — PALEOZOIC GRANITIC ROCKS— PRIMARILY GRANITE, INTRUSIVE ROCKS.
INCLUDES SOME METAMORPHIC ROCKS OF SIMILIAR COMPOSITION.

pes — PRECAMBRIAN ROCKS UNDIVIDED— SANDSTONE, SHALE, CHERT, DOLOMITE,
GREENSTONE, SCHIST, AND. QUARTZITE . PRIMARILY SEDIMENTARY AND LOW
TO INTERMEDIATE GRADE METAMORPHIC ROCKS. INCLUDES SOME CAMBRIAN

SEDIMENTARY ROCKS.

pEm — PRECAMBRIAN METAMORPHIC ROCKS — SCHIST, GNEISS, AND MIGMATITE,
PRIMARILY HIGH-GRADE METAMORPHIC ROCKS.

pPEMi — PRECAMBRIAN TO MESOZzOIC GNEISS DOME COMPLEXES — PARAGNEISS,
ORTHOGNEISS, AND ASSOCIATED GRANIT L ROCKS.

i — PALEOZOIC TO TERTIARY MAFIC INTRUSIVE ROCKS — INTRUSIVE IGNEOUS
ROCKS, OPHIOLITE COMPLEXES AND ALPINE PERIDOTITES. PRIMARILY MAFIC
OR ULTRAMAFIC GABBRO, DUNITE, AND SERPENTINITE.
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coincident with the change in the intensity of geologic deformation and
seismic activity. Earthquake focal mechanisms are consistent with the
observed style of deformation. However, there is only minor spatial
association of the epicenters with the actual crest of the anticline or
associated faults.

In order to make an estimate of the geologic deformation implied by
the seismic activity, a simple geologic model must be assumed to estimate
the total fault area. However, there is no difference between this esti-
mate and the result of alternative methods that distribute the deformation
throughout an area or volume of rock. For the purpose of making an esti-
mate of deformation only, the displacement due to earthquakes is assumed
to occur on an east-west-striking reverse fault that extends to a depth of
3 km, the estimated thickness of the basalts. The fault is assumed to dip
450, so that the fault plane has a 5-km-long (down dip) surface. The
length of the assumed fault is taken to be 50 to 100 km, since the seismic
activity has an approximate east-west trend for 100 km, but most of the
large events occur in the western 50 km of this zone of seismicity.

An estimate of seismic deformation can now be made using the esti-
mated cumulative seismic moment {per year) and a fault area of 250 to
500 km2, Using Equation 1, an average displacement rate of 0.03 to
0.06 mm/yr is calculated. This amount of displacement on a 450 reverse
fault represents equal parts of north-south contraction and vertical
uplift, each equivalent to 0.02 to 0.04 mm/yr. It should be emphasized
that while a fault model has been assumed, this estimate could equally
well represent the total deformation associated with a wider zone north
and south of the crest of the Saddle Mountains structure.

A comparative deformation rate estimate can be made for the region
of 45.5 to 47.50 N., 118 to 1219 W., and at depths down to the base of the
crust, 28 km. In this volume, the cumulative annual seismic moment is
11 x 1021 dyne-cm/yr. Half of this quantity is represented / the two
large, shallow earthquakes in the basalt. The remainder of the events in
this crustal volume contribute 6 x 1021 dyne-cm/yr. However, the volume
of sub-basalt rock is over ten times larger than that of the overlying
basalt, indicating that the amount of seismic deformation per unit volume
is higher in the basalts than in the rocks below the basalts. This analy-
sis suggests that deformation of the basalts may be more seismogenic than
the deformation in the deeper zones.

This analysis suggests that the basalts either behave in a more
brittle fashion than deeper crustal layers, or the basalts are mechan-
ically decoupled from the underlying layers. Because of the increased
pressure and temperature in the deeper crust, it seems more likely that
a greater proportion of the total deformation in the deeper zones may
occur in an aseismic mode.

These estimates are based on the assumption that the coda-length
magnitudes calculated by the University of Washington are equivalent to
local (Richter) magnitudes. The coda-length magnitudes are probably only
accurate to +0.25 units. These magnitudes were compared to Wood-Anderson
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mated cumulative seismic moment (per year) and a fault area of 250 to
500 kmZ. Using Equation 1, an average displacement rate of 0.03 to
0.06 mm/yr is calculated. This amount of displacement on a 450 reverse
fault represents equal parts of north-south contraction and vertical
uplift, each equivalent to 0.02 to 0.04 mm/yr. It should be emphasized
that while a fault model has been assumed, this estimate could equally
well represent the total deformation associated with a wider zone north
and south of the crest of the Saddle Mountains structure.

A comparative deformation rate estimate can be made for the region
of 45.5 to 47.50 N., 118 to 121° W., and at depths down to the base of the
crust, 28 km. In this volume, the cumulative annual seismic moment is
11 x 102l dyne-cm/yr. Half of this quantity is represented by the two
large, shallow earthquakes in the basalt. The remainder of the events in
this crustal volume contribute 6 x 1021 dyne-cm/yr. However, the volume
of sub-basalt rock is over ten times larger than that of the overlying
basalt, indicating that the amount of seismic deformation per unit volume
is higher in the basalts than in the rocks below the basalts. This analy-
sis suggests that deformation of the basalts may be more seismogenic - an
the deformation in the deeper zones.

This analysis suggests that the basalts either behave in a more
brittle fashion than deeper crustal layers, or the basalts are mechan-
ically decoupled from the underlying layers. Because of the increased
pressure and temperature in the deeper crust, it seems more likely that
a greater proportion of the total deformation in the deeper zones may
occur in an aseismic mode.

These estimates are based on the assumption that the coda-length
magnitudes calculated by the University of Washington are equivalent to
local (Richter) magnitudes. The coda-length magnitudes are probably only
accurate to +0.25 units. These magnitudes were compared to Wood-Anderson
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instruments to determine their relationship to the classical local magni-

tude scale, M_ (UWGP, 1979). This comparison showed +0.5 magnitude

units of scatter. If the coda-length magnitudes were in error by this

amount, the estimates of seismic moments of the few, large events could be

in error and would be approximately accurate to a factor of 5. Because of

the other assumptions and empirical relationships used to estimate the

seismic deformation in the Saddle Mountains area, the two estimates are

not significantly different. -

Another limitation of these estimates is that they have been based
only on the last 10 yr of seismic activity. The historical record of
seismic activity should also be considered in order to evaluate the
stability of such estimates over a longer time period. In the central
Columbia Plateau, the only other event of significance to the estimate is
the 1918 Corfu earthquake (see Table 6-1), which had a location and mag-
nitude similar to the 1973 Royal Slope event (WCC, 198la). This Corfu
earthquake occurred over 50 yr ago suggesting that a magnitude 4.4 event
occurs on the Saddle Mountains structure only once every 30 to 60 yr,
instead of once every 10 years as suggesting by using only the post-1969
instrumental period. However, there is an even greater uncertainty in the
magnitude of the 1918 event, so that estimates using instrumental data
since 1969 are probably more reliable.

It should be noted that if the 1936 Milton-Freewater event is con-
sidered (M_ = 6) in an analysis for the central Columbia Plateau, then
the average rate of seismic deformation in the larger region is ~10 times
higher than previously estimated from the post-1969 instrumental data.
This is a further illustration of how larger events influence such an
analysis. The events in the Milton-Freewater (Blue Mountains) region have
focal mechanisms that distinguish them from the focal mechanisms of
central Columbia Plateau seismicity and that are inconsistent with the
style of deformation in the Columbia River basalts in the Pasco Basin area.

Over the last 10 yr, the observed seismic activity in the vicinity of

the Saddle Mountains has contributed an estimai 1 0.02 to 0.04 mm/yr of
both uplift and north-south contraction. Estimates of the uplift and
north-south shortening on this structure based on geologic evidence (see
Chapter 5) suggest a comparable rate of 40 m/m.y. (0.04 mm/yr). Although
these estimates are not significantly different, there is a suggestion .
that some proportion of the observed geologic deformation may be occurring iy
in an aseismic mode, if these two estimates are correct. A significantly
- smaller rate of seismic deformation is indicated for deeper deformation. M

This Tower rate of seismicity in the sub-basalt layers indicates that a
greater proportion of the total deformation is likely occurring as
aseismic (or ductile) deformation.

Rothe (1978) suggested that the heterogeneous physical properties of
the Columbia Plateau basalts could dominate the observed characteristics
of the shallow seismicity. The often observed slow migration of activity
indicates that interaction of discrete events comprising the swarms occurs
principally in an aseismic mode. Clearly, a causal interaction is required
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to explain the broad spatial and temporal grouping of such small earth-
quakes. Rothe's hypothesis suggests that this observed migration is due to
slow, aseismic deformation in weaker parts of the flows or interbeds than
that which occurs in the stronger and more brittle interiors of the flows.

GEODETIC MEASUREMENT OF DEFORMATION

Tntroduction

Contemporary deformation of the Earth's surface can be measured using
repeated measurements of relative distances or elevations between points.
In the United States, repeated measurements of elevation have been made by
the U.S. Coast and Geodetic Survey (Whitten, 1966). The U.S. Geological
Survey has developed an extensive trilateration program for measuring
changes of horizontal positions in selected locations of the western
United States (Savage and Prescott, 1973; Prescott and others, 1979;
Savage and others, 1981).

This section first reviews an earlier analysis of elevation changes
using U.S. Coast and Geodetic Survey leveling data (Tillson, 1970). These
data are reported to show long-term subsidence of the central portion of
the Columbia Plateau, relative to surrounding regions on the order of
1 mm/yr. The results of U.S. Geological Survey trilateration studies at
the Hanford Site since 1972 are then described. These studies suggest
minimal horizontal strain accumulation that barely exceeds the limitation
of the technique. Supplementary geodetic networks have recently been
installed at selected areas near the Hanford Site by the BWIP and are
described later.

Leveling Surveys

A reanalysis of geodetic data in the Columbia Plateau was reported by
Tillson (1970) who analyzed repeated leveling surveys and triangulation
surveys. U.S. Coast and Geodetic Survey leveling data for four lines were
utilized: Seattle, Washington to Pasco, Washington; Pasco, Washington to
Spokane, Wi 1ington; I .o, Wi iington to Ontario, Oregon; and Pasco,
Washington to Portland, Oregon. Results of Tillson's (1970) analysis of
leveling data suggest that the Pasco Basin is undergoing a gradual, con-
temporary basining, which is proceeding at an average rate on the order of
1 mm/yr. Only first-order leveling surveys were used, which are defined
as surveys with leveling loop closure of at maximum 4 mm times the square
root of the length of the level line. The most consistent and accurate
data came from the Portland to Pasco line, which showed 33 mm of sub-
sidence in 22 yr or 1.5 mm/yr.

The Seattle to Pasco and Pasco to Spokane level lines also showed
subsidence of between 1 and 2 mm/yr. The leveling surveys did not indi-
cate any significant movements where they crossed mapped structural dis-
continuities. In particular, the leveling data do not indicate signifi-
cant vertical displacement rates at Wallula Gap, where the Olympic-Wallowa
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lineament (see Chapter 2) crossed the Pasco to Ontario level line. This
line showed <1 mm/yr of subsidence as far south as Pendleton, Oregon. The
1-mm/yr rate of basinal subsidence observed is believed by Tillson (1970)
to be comparable with other measured areas where crustal movement is minor

or negligible.

Tillson's (1970) analysis of triangulation data for the Columbia
Plateau provides no evidence for horizontal crustal displacement. All
position changes were less than the magnitude of the errors associated
with the measurements or were attributable to the instability of par-
ticular surveying monuments.

TRILATERATION SURVEYS

A trilateration network to measure strain accumulation at the Hanford
Site was emplaced in 1972. This network consists of 19 named monuments
shown in Figure 6-6. Distances between these monuments have been measured
by the U.S. Geological Survey along 29 lines (Fig. 6-6) with an average
line length of 19 km. Nearly all of these lines have been surveyed seven
times: twice in 1972 and once in 1973, 1975, 1978, 1979, and 1981.

During 1981, additional trilateration survey monuments were emplaced
by the BWIP (Fig. 6-6), which the U.S. Geological Survey has surveyed once.
The strain calculations for the 9-yr measurement period are described
below. No determination of strain can yet be made for the recently
installed networks.

The units used in geodetic surveys are termed strains or microstrains
(10-6 strains). These units are dimensionless measures of line length
changes AL, over different total line lengths, L. It is assumed that the
deformation within a geodetic network is uniform, so that longer line
lengths change proportionally the same as shorter line lengths in a given
time. In this sense:

1 strain = AL/L (3)

where
L and AL = the same units (e.g., meters).

The unit "1 microstrain” thus corresponds to 1 mm/1 km; i.e., line lengths
change 1 mm for each kilometer of their length.
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A1l measurements from 1972 to 1981 have been made using U.S. Geo-
logical Survey calibrated surveying equipment. The distance measuring
instrument utilized was a Spectra Physics { odolite 3G. Air density was
determined by measurement of temperature and humidity from aircraft flown
along the lines and from end-point pressure observations. Current esti-
mates of random and systematic errors of distance measurements have not
changed since an earlier error analysis of the Hanford data (Savage and
Prescott, 1973). The standard deviation of a distance measurement in

millimeters is given by:

Va2 + p22 (4)

where
a=3mm
b =2 x 10-7 (a unitless constant)
L = the line length in millimeters.

In the above formula, the a = 3 mm basic accuracy limitation is attributed
to the stability of station monuments, err ' in centering the instrument,
and the limited resolution of the instrument. The distance dependent term
(b) is due to the limited accuracy of the :mospheric corrections previ-
ously mentioned. In terms of strain, lines longer than 20 km have nearly
optimal accuracy of 2 x 10-7 or 0.2 microstrains. The fixed error of

3 mm is proportionately larger for strain measurements at shorter
distances.

Determination of the strain within a network of distance observations
is more accurate than that of the component lines making up the network.
The random errors associated with individual lines tend to average out in
a highly redundant network during each survey. However, systematic errors
that may be caused by the limited accuracy of instrL.:nt calibi :ion,
including meteorological instruments, may bias all line lengths. Because
different instruments are used during different surveys, each survey may
be contaminated by such systematic errors, but over a long time period
with repeated surveys, these should also tend to average out.

For the Hanford Site network, which has an average line length of
19 km, the average absolute error is 5 mm, and the error in terms of strain
is 0.25 microstrains. These random errors average out and produce an error
for the network as a whole of 0.01 to 0.02 microstrains. Systematic errors
‘are estimated to produce the equivalent of 0.01 to 0.02 microstrains/yr.
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The analysis of the Hanford Site geodetic data for the seven surveys
through 1981 resulted in the principal strain rates (in units of
microstrains per year):

E;
E2

-0.016 + 0.018, N. 59 E. (5)
-0.041 + 0.018, N. 850 E. (6)

Negative strains denote a contraction or shortening of lines. Thus, the
significant strain rate for Hanford is an east-west contraction. For the
average line length of 19 km, the average absolute change in line length
is -0.78 mm +0.34 mm. While the magnitude of the principal strain rates
is unchanged from the 1972 to 1979 surveys reported by Savage and others
(1981), the greatest contraction determined in that study (from 1972 to
1979) was oriented northeast-southwest. However, the magnitude of the
principal strain rates are only marginally greater than the standard
errors, and the change in orientation of the axes is not significant.

The network strain components are plotted as a function of time in
Figure 6-7. In this figure, E11 and Epp measure linear strain on
east-west- and north-south-oriented 1lines. Shortening of east-west lines
is observed. The difference, E1; - Eoo, is given by Yy, which
measures shear on vertical p]anes oriented at 450 to E7j and Epp
Left-lateral shear on northwest-southeast-oriented vertical planes or
right-lateral shear on northeast-southwest-oriented planes is indicated
by the negative trends.

Also shown 1is Yp, which is twice the tensor shear on lines parallel
to Ey; and Epp. Left-lateral shear on planes oriented north-south or
right- ]atera? shear on planes oriented east-west is positive. The recent
change in Y, from a negative to a positive trend observed as a result of
the 1981 survey is responsible for the change in the orientation of the
principal strain axes between 1979 and 1981. Also shown is the total
areal dilation (Ey; + Epp), which indicates that the total area is
decreasing. It could be hypothesized that this implies that the region as
a whole is being uplifted, although the areal dilation is particularly
| i to sysf iatic errors.

In view of the magnitude « the random and sy: natic errors inher 1t
in the method and the low strain rates indicated by the observations, the
absolute values of strain rates determined from geodetic data at Hanford
are only marginally significant. Significant is the low rate of strain
accumulation compared to tectonically active areas and the order of magni-
tude agreement with geologically determined rates of strain. For example,
principal strain rates measured on similar networks along the San Andreas
fault are in the range of 0.3 to 0.5 microstrains/yr. Conversely, prin-
cipal strain rates in Nevada are comparable to those found at Hanford, and
yet the State of Nevada is known for significant seismic and tectonic
activity (Prescott and others, 1979). It was noted by Savage and others
(1981) that annual strain accumulation at Hanford is no greater than the
strain induced by the semidiurnal earth tides, so the lack of correlation
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of marginally significant strain rates with seismicity is not surprising.
However, both seismicity and geodetic surveying suggest continuing
deformation at low rates of strain similar to those suggested by geologic
analysis over a longer period of time.

The geodetic strain measurements imply a maximum compression in the
east-west direction, instead of north-south as expected from the east-
west-trending folds and from earthquake focal mechanisms. It was noted by
Savage and others (1981) that the east-west compression determined from
geodetic measurements agrees with the focal mechanisms of earthquakes in
the Milton-Freewater area. The July 15, 1936 Milton-Freewater earthquake
is the largest historical earthquake in the Columbia Plateau region (sur-
face wave magnitude of 5.75), but its focal mechanism is clearly different
from most focal mechanism solutions in eastern Washington (WCC, 1980b).
Although focal mechanisms farther east (near Milton-Freewater) indicate
eas -west compression in agreement with the geodetic data, the Hanford
Site geodetic data may not yet have sufficient accuracy to detect the low
strain rates in the Hanford region.

The BWIP has installed additional geodetic networks in order to
measure the rate of strain accumulation in the Milton-Freewater area,
along the Wallula fault system and along the Rattlesnake Hills anticline.
The Milton-Freewater earthquake has been assumed for purposes of licensing
nuclear powerplants at the Hanford Site to occur on the Rattlesnake-Wallula
topographic alignment. This structure was chosen for add" ional geodetic
observation. Geomorphic features interpreted to be surface fault-line rup-
tures have locally been noted in association with the inferred location of
the Wallula fault system and the Rattlesnake Hills anticline (Bingham and
others, 1970; Bond and others, 1978; Farooqui, 1979; Kienle and others,
1979), but trenching has not confirmed tectonic displacement.

Three triangular networks independent of one another were established
along the inferred trace of the Wallula fault system (Fig. 6-8). Two
existing monuments were added to the existing Hanford Site network near
Prosser, and seven additional monuments were installied in the Snively
Basin western Cold Creek syncline area (see Fig. 6-6). These supple-
mentary networks have been established to assess whether deformation is
localized along particular structures. If deformation is localized, long-
term average raf ; dei 'mined for the itire basin by averaging local
effects over a larger volume would be an unrealistic model of deformation.

During 1981, lengths of the newly established lines were measured for
the first time under the direction of the U.S. Geological Survey. The
geodetic trilateration network (see Fig. 6-6 and 6-8) now consists of
53 lines. However, for the independently measured networks (shown in
Fig. 6-8), average line lengths are 3-7 km, so that the accuracy of
measurements in these networks in terms of average strain rate is sig-
nificantly less than for the longer lines of the previously existing net-
work. This is because the fixed error represents a larger proportion of
measured line length. Significant displacement on the targeted structure
would tend to be averaged over a larger network, however.
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TABLE 7-1.

Tectonic dels

of the |

‘dillera with Emphasis on the Pacific Northwest.

(Sheet 1 of 5)

. Geologic observations or Tectonic pattern or Prediction for
Source Area modeled; time tectonic relationships Rate of deformation driving force future
Active Subduction
Ando and Balazs Western Washington; present Regional eastward tilt of western Uplift of +3 mm/yr at westera Qlympic Juan de Fuca plate is continuously Mot given
{1979) Washington Peninsula and subsidence of -3 mm/yr aseismically underthrusting the
at western base of Lascades define North American plate
regional eastward tilt

Carson and others Washington offshore; Pleisto- Anticline formation and landward Mot given Active subduction off MWashington Not given
{1974) cene to present thrusting of marine sediments at base coast

of continental slope
Hyndman (1976) Southwestern British Columbia; A zone of low heat flow from the Not given Subduction of the Juan de Fuca Not given

recent coast to ~200 km inland is paralleled plate beneath the North Amerfican

further inland by a zone of high plate is active at present (or

heat flow . recently north of 510 ¥. latitude)
Keen and Hyndman Southwestern tanada; 10 m.y. Seismic data indicate that motion on Perpendicular convergence between Active subduction of Juan de Fuca Not given
{1979) 2go to present Nootka tran-“--n fault (perpendicular North American and Juan de Fuca plate

to coast of re from Vancouver plates is ~40 mm/yr

Is)and) is stral
Riddihough (1979} British Columbia and Gravity high-low pair in arc-trench Not given Active subduction along margin of Not given

Washington; present

9ap

British Columbia and Washington

Subducted Spreading Center

McKee (1971)

Great Basin; Tertiary

Widespread Basin and Range faulting
accompanied initiation of extensive
basaltic magmatism (including Columbia
River basalts) at ~16 m.y. ago

Not given

The Faratlon-Pacific spreading
center was subducted beneath the
North American plate and caused
crustal expansion and basaltic
eruptions

The subducted spread-
ing center has been
active from 16 m.y.
ago to the present

Back

Arc Regime

Davis (1977)

Dickinson (1976)

Eaton (1979)

Pacific Northwest and cColumbia
Plateau; late Cenazaic

Western North America; middle
Miocene to present

Western United States; late
Cenozoic

Alternation of regional maximum stress
from north -~ th to east-west, and
back to nc south allowed north-
south diki.y «nd east-west folding

to develop since ~20 m.y. ago.
Columbia Plateau tectonic block is
separated from Basin and Range ter-
rane by & major fault zone

Incipient crustal separation in back-
arc (Columbia Plateau) possibly
related to ductility induced by
thermal effects of Oligocene arc
wagaat ism

Backarc extension in Columbia Plateau
began at 16 to 17 m.y. ago and was
oriented northeast-southwest. In the
Basin and Range between 11 and 7 m.y.
ago, spreading turned to eastwest,
and after 7 m.y. ago changed to west-
northwest-east-southeast. Spreading
apparently ceased in the Columbia
Plateau after 11 m.y. ago.

Subduction of Juan de fuca plate
proceeds at 40 mm/yr

Not given

Not given

Subduction of Juan de Fuca plate
creates back arc regime.

Juan de Fuca and Korth American
plates are uncoupled, accounting
for lack of east-west compres-

sional features in Columbia Plateau.

Right-lateral transform occurs at
plate boundary

Continuing subduction of fFarallon
plate west of Cascades creates
back arc terrane

Hydrodynamic convection in astheno-
sphere drags the lithosphere apart,
causing tension and eventual
failure.

Not given

Hot given

Not given

d 61-1S-Mg-OHY
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TABLE 7-1.

Tectonic Models of the Cordil :ra wi-

Emphasis on the Pacific Northwest.

(Sheet 2 of 5)

Source

Area modeled; time

Geologic observations or
tectonic relationships

Rate of deformation

Tectonic pattern or
driving force

Prediction for
future

Eaton and others
(1978)

Stewart (1978)

Western Cordillera; Cenozoic

Basin and Range and Columbia
Plateau; middle and late

Cenozoic

Early Cenozoic northeast-southwest
spreading in southern Washington

to southern Nevada. Late Cenozoic
east-west spreading, initiated between
9 and 7 m.y, ago, overprinted earlier
spreading regime and accelerated in
rate

Basin and Range province character-
ized by low crustal seismic veloci-
ties, thin crust, high heat flow,
uplift and extension, previous defor-
mational history, and inland position
relative to transform plate boundary

Not given

Not given

Rise and divergent flow of astheno-
sphere accompanying mantle upwell-
ing caused spreading

Back arc spreading in Basin and Range
and probably Columbia Plateau

Continuing today

Not given

Mantle P

, Diapir, or Hot Spot

Armstrong (1978)

Smith and Sbar (1974)

Suppe and others
(1975)

Thompson (1977)

Northwestern United States;

Cenozoic

Western United States; present

Western United States; late

Cenozoic (10 to present
m.y. ago)

Western United States
(Columbia-Snake River-
Yellowstone Province};
Cenozoic

On the Columbia Plateau rapid basalt
extrusion from 16 to 13 m.y. ago
(CoTumbia episode) was followed by
waning magmatism. Dissection, sub-
sidence, and deformation of the
plateau followed

Fault plane solutions from the Inter-
mountain Seismic Belt suggest the
Northern Rocky Mountain subplate
(north of the Snake River Plain) is
moving northward away from the Great
Basin subplate and westward away from
the remainder of the North American
plate

Fanning pattern of Yakima fold and
thrusts indicates that the Western
'd States subplate {to the south}
yeen moving north and west against
veastern Oregon and Washington,

lolumbia Plateau clockwise sense of

tion is related to distributed
nsion to the south

volume and rate of magmatism in
Columbia Plateau and western

g River Plain greatly exceed the
rrn Snake River Plain. This is
ence against the Yellowstone deep
le plume producing province-wide
atism

Not given

the east-northeast at 28 am/yr

1 to 10 sm/yr extension between
Western United States and North
American plates

late of magmatism: Columbia River
>lateau, 100,000 km3/m.y.; western
Snake River Plain, 31,000 km3/m.y;
eastern Snake River Plain,

3.3 km3/m.y,

Juan de Fuca plate is subducting to

Subduction on continental margin
and crusta) disruption from the
Yeilowstone hot spot account for
tectonism since the Columbia epi-
sode. Origin of Columbia episode
is unexplained

Lithospheric rifting along the
Snake River Plain is caused by
westward migration of North
American plate over a mantle plume
(Yellowstone). Extension occurs to
west of Intermountain Seismic Belt,
owing to radial stress away from
Yellowstone plume

Western United States subplate is
rotating counterclockwise about a
center in southern California,
Rising asthenosphere at plate
boundary or heating of lithosphere
from below or some combination of
processes may be the cause of
regional upiift and extension

Tectonic and magmatic features pro-
duced by shallow diapiric mantle
upwelling in both the Basin and
Range and the Columbia Plateau,
Constiction of Columbia Plateau
diapir by shallowly subducting
Farralion plate led to “run-away”
mantle fusion and massive basaltic
magmatism

Not given

Relative east-
northeastward migra-
tion of Yellowstone
plume can be expected
to continue

Continuing today

Mantle below Columbia
Plateau has been
semistagnant since

13 m.y. ago

d 61-1S-M8-0HY
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TABLE 7-1.

actonic dels

of the Co

‘1lera with Emphasis on the

Pacific Northwest.

(Sheet 3 of 5)

Source

Area modeled; time

Geologic observations or
tectonic relationships

Rate of deformation

Tectonic pattern or
.driving force

Prediction for
future

Shear Between Plates

Atwater (1970)

Beck (1976, 1980)

Christiansen and
McKee (1978)

Coney (1978)

Crosson (1972)

Ewing (1980)

Livaccari (1979)

Magill and others
(1982)

Western North America; late
Cenozoic

Western edge of Morth America;

Cenozoic

Great Basin and Columbia Inter-
montane regions; late Cenozoic

North American Cordillera;
early Miocene to present

Puget Sound region; present

Pacific Northwest; Paleogene

Western United States; late
Cenozoic

Southern Washington, 12 m.y.
ago to present

Pacific Northwest undergoing slight
east-west compression and regional
dextral shear on northwestern-
trending zones

Northwestward translation and clock-
wise rotation of crustal blocks on
western margin of North America,
Oregon-uash?ngton Coast Range Prov-
ince rotated as independent micro-
plate. Columbia Plateau basalts
unrotated

Extension of a few kilometers north
of High Lava Plains accompanied by
basaltic magmatism, increased heat
flow, lowered lithospheric rigidity,
and regional uplift

East-west extension and cessation of
subduction related to wide transform
zone in thermally weakened Basin and
Range Province

North-south compression determined
for contemporary earthquakes

Eocene right-lateral motion on major
strike-slip faults, by grabens and
reset terranes {e.g., metamorphic
core complexes) suggest that a
“large, concesled extensional area®
exists beneath the Columbia Plateau

Northwest-trending dextral faulting

in Oregon, California, and Nevada; no
similar faulting in British Lolumbia,

Dextral faulting minima) in
Washington

Pomona Member basalts rotated clock-
wise ~160 to the west of Cascades,
but are essentially undisturbed

on the Columbia Plateau

Oblique motion of 60 mm/yr

15 mm/yr of relative northward move-
ment in early and middle Tertiary
for western Washington and Oregon

Extension inactive since 14 m.y. -ago

Not given

Not given

Not given

Not given

Not given

Subduction of Juan de Fuca plate
and transform of Pacific plate
relative to North American plate

Transform faulting, oblique subduc-
tion, or oblique rifting between
Pacific or Farallon plates and
North American plate

Partia) coupling of transform
between Pacific and North American
plates caused east-west extension

Subduction of Farallon plate virtu-
ally ceases; transform of Pacific
plate predominates

Subduction recently ceased and
transitional tectonics are active

Transcurrent fault system resulting
from oblique subduction or an
on-land transform margin. The
second model is preferred

San Andreas transform is not but-
tressed to north, so dextral slip
occurs. Queen Charlotte transform
is buttressed, so no slip occurs.
No transform exists to west of
Washington, so driving force for
dextral shear is absent in
Washington

Southwest Washington rotated as a
rigid block, while Cotumbia Pla-
teau remained unrotated but pos-
sibly sheared on northwest-trending
faults. A distinct zone of
unspecified nature (the Cascades)
separates the tectonic domains.
Cause of rotation is possibly shear
on North American plate imposed by
the Pacific plate, or unbuttressed
sliding off of the Great Basin
asthenospheric high (to the north
this would cause north-south com-
pression of Columbia Plateau)

Mot given

Not given

Not given

Continued minimal
subduction and pre-
dominant transform

Not given

Not given

Not given

Not given

d 61-1S-Ma-0HY



TABLE 7-1.

Tectonic Models of .the Cordillera with Emphasis on the

acific Northwest.

(Sheet 4 of 5)

Source

Area modeled; time

Geologic observations or
tectonic relationships

Rate of deformation

Tectonic pattern or
driving force

Prediction for
future

Sbar (1982)

Wise (1963)

Western North America; present

North American Cordillera;
Paleozoic to present

Six seismotectonic domains delineated
on basis of crustal stress and
regional seismicity. Pacific North-
west domain has stress field similar
to San Andreas, east-central
California, and Mendocino Triple
Junction domains

East-west extension and north-south
compression for Columbia Plateau.
Regiona) northwest-trending dextral
shear

Not given

Not given

Four domains listed are generated
by shear between Pacific and North
American plates. Transform connec-
tion between San Andreas and Queen
Charlotte Island fault systems may
be initiating

Not given

Not given

Hot given

Mantle Diapir and Interplate Shear

smith (1977, 1978)

Barrash and
Yenkatakrishnan
(1982)

Western North America; Cenozoit

Western North America; late
Cenozoic

Western United States is composed of
subplates, each with its own motion
in overall regime of northwest-
enutheast extension. General north-

t movement of all subplates is
avcomplished by right-lateral oblique
shear and extensional faulting
North-south compression in Co' 2
Plateau is possibly due to butuiress-
ing against the rigid North American
plate to the north

Tectonic and magmatic events began,
changed intensity, or ceased at ~16,
10, and 5 m.y. ago., Magmatism at
16 m.y. ago, shift of maximum
compressive stress 250 clock-

vise to north-south at 10 m.y. ago,
and cessation of folding at 5 m.y.
1go affected the Columbia Plateau

Not given

Not given

Obliquely convergent plate inter-
action, extension over a mantle
diapir, and stress relaxation fol-
lowing end of subduction account
for features observed

16-m.y. events were related to man-
tle diapir; 10-m.y. events were
related to rotation of Pacific
plate spreading direction; 5-m.y.
events were related to oceanic
plate reorganizations. Farallon
plate was uncoupled since 16 m.y.
ago, so continental tectonic forces
were derived from Pacific plate

I Not given

Increasing volcanism
in Cascades and
Yellowstone may be
precursors of transi-
tion in Pacific North-
west tectonic regime

Microplate Rotations

Bates and others
(1981)

Hammond (1979)

Western Washington; O)igocene
to present

Pacific Northwest; Cenozoic

Paleomagnetic data for Washington
Coast Range and southern Cascades
show similar clockwise rotations of
340

oast Range and Cascade arc blocks
otated clockwise from Olympic-
2llowa lineament about Dlympic Peni-
ula center. Blue-Ochoco Mountains
ragged behind along northwest-
rending dextral faults. Mesozoic
‘ocks below Columbia Plateau are
.hinned tectonically. Yakima folds
wperimposed on northern Cascades are
‘rom 12 to 5 m.y. (This is essen-
:ially the second model of Simpson
ind Cox, 1977)

1.59/m.y. from early Eocene to early
Miocene

Rotation apparently ceased by 20 m.y.
ago

Oregon and Washington Coast Ranges
rotated together since late Eocene,
owing to no specific driving
mechanism

Rotation of subduction zone

{Juan de Fuca) and related arc and
back arc extention remain
unexplained

Not given

Not given

d 61-1S-Mg-0HY
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T. E 7-1.

Tecti

ic M

11s of the Cordillera with Emphasis on the Pacific Northwest.

(Sheet 5 of 5)

Reference

Area modeled; time

Geologic observations or
tectontc relationships

!

Rate of deformation

Tectonic pattern or
driving force

Prediction for
future

Heptonstall (1977)

Magill and others
(1981}

Simpson and Cox (1977)

Watkins and Baksi
(1974}

Western Cordillera; middle
Tertiary (30 m.y. ago) to
present

Oregon Coast Range; 44 m.y.

ago to present

Pacific Northwest; Eocene to
present

Oregon, Washington, Idaho; 16
to 13 m.y. ago

Three oroclines between Yancouver,
8ritish Columbia, and northern
California, including one located
near the Oregon-Washington-idaho bor-
der disrupt the Hnear?ty of the
Cordilleran orogenic belt

Paleomagnetic data show clockwise
rotations of ~460 of the entire
Oregon Coast Range block., The
Washington coast is characterized
by smaller discrete blocks of vari-
able clockwise rotation

Rotation of Oregon Coast Range
clockwise into alignment with present
coastiine with either southern or
northern pivot. Northern pivot
requires rifting and extension in
back arc regime east of Coast -Ranges,
along Olympic-Wallowa lineament, with
extension increasing southward

Paleomagnetic data show an orocline
extending across southeastern
Washington, western Idaho, and
eastern Oregon. Magnetic poles for
contemporaneous lava sections indi-
cate a clockwise rotation of at least
150 of the southern sectians rela-
tive to the northern sections. Com-
Bress‘iop in central Washington and
regon is required

140 rotation from 29 to 4 m.y, ago;
inactive after 4 a.y. ago

Two phases: Eocene, 409 to 500/
$to 6 my. (6%m.y.) and Miocene
to present, 300/20 m.y,
(11/2%m.y.)

500 to 75° of rotation since Eocene;
289 since Oligocene

Average rotation rate of 10/m.y,

Cordillera north of Yancouver,
British Columbia remained fixed as
Cordillera sauth of the Klamath
Mountains moved northwest with the
pPacific plate. Two segments !inked
by QOregon-Washington-ldaho orocline
acted as fragmented segments 1ink-
ing the major plates

Fragmentation of Farallon plate
results in Eocene rotation and
accretion of Coast Ranges to North
America. Eocene phase involves
southern pivot linked to northern
Klamath Mountains. Initiation of
Basin-Range extension caused Mio-
cene phase rotation about northern
pivot. HNorthwest-trending strike-
slip faulting and microplate
adjustments cause north-south com-
pressive strain in relatively stable
Columbia Plateau of Washington

Rotating oceanic plates during sub-

duction or back arc extemsion causes
rotation of Coast Range block

Hat given

Not given

Not given

Rotation may continue
today in response to
differential exten-
tion 1n back arc

Hot given

d 61-15-Mg-OHY
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The first class of models is in agreement that subduction is
presently active off the Washington coast. A diverse set of observations
is cited as evidence that subduction of the Juan de Fuca plate beneath the
North America plate presently continues, although largely aseismically.
The contemporary seismicity data of Crosson (1979) neither support nor
reject ongoing subduction, but indicate that slip of a downgoing slab, if
it occurs, is limited to a seismically quiet zone. Crosson interprets an
east-northeast-dipping zone of seismicity below the quiet zone as stress
release within a subducted slab. Some of the models in the remaining six
classes address subduction in the context of other regional tectonic
features and are not included in this class.

The second class of models explains Basin and Range faulting and
Columbia River basaltic magmatism as a result of the subducted Farallon-
Pacific spreading center beneath North American continental 1lithosphere.
Most o' r authors reviewed here accept the theory that spreading centers
are destroyed rather than subducted intact at consumptive plate boundaries.

The third class of models holds that crustal extension and Columbia
Plateau magmatism is best explained by the development of a continental,
back arc environment. Asthenospheric convection behind the Cascade vol-
canic arc is related to subduction (at ~40 mm/yr) of the Farallon plate
and its remnant, the Juan de Fuca plate.

The fourth class of models calls for a mantle plume, diapir, or hot
spot | der the Columbia Plateau, the Great Basin, or Yellowstone. These
types of thermal disruption caused rifting, crustal thinning, basaltic
magmatism, and rotations of crustal blocks within plates. Subduction of
the Juan de Fuca plate is permitted, but not related to the mantle
disturbances.

The fifth class of models postulates a major shear between the
Pacific plate (and other oceanic plates) and the North American plate.
This shear is a result of oblique subduction, transform motion, oblique
rifting, partial plate coupling, or transitional tectonics between sub-
duction and transform. Whatever the mechanism, the effect is dextral
shear on northwest-trending zones, northwestward translation, clockwise
rotation of crustal blocks, east-west extension, north-south compression,
and basaltic magmatism.

The sixth class of models is essentially a combination of the mantle
diapir and Pacific-North American plate shear models. An obliquely conver-
gent plate margin coupled with a mantle diapir produce the basaltic magma-
tism and the north-south compression observed on the Columbia Plateau.

The seventh group of models shares the concept of microplate rota-
tic s within the Pacific Northwest. Extension between the Cascades and
the Rocky Mountains is cited as either the cause or an effect of the
rotating blocks to the west. Most evidence suggests clockwise rotations
of the Washington and Oregon Coast Ranges, but one model calls for a
counterclockwise rotation of much of Washington. Several models call
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for rotation of the Blue Mountains and parts of the southeastern Columbia
Plateau. The clockwise rotation models generally reflect rotations of e
coastal blocks of ~1.59/m.y. since the Miocene.

In summary, the tectonic models of the North American Cordillera
during the Cenozoic portray the Pacific Northwest as a region disturbed
by subduction, volcanic arc construction, extension in the back arc area,
production of voluminous flood basalts, rotation of the Coast Ranges and
central Oregon blocks, northwest-trending dextral faulting, and north-
south shortening in central Washington. The effects of most of these
major processes on the Columbia Plateau since cessation of basaltic mag-
matism (~6.5 m.y. ago) have been minor. Specifically, subduction is
either inactive or proceeding aseismically with few effects east of the
Cascades, and Cascade volcanism has minor geological impact on the Colum-
bia Plateau. Extension of the back arc region apparently has not affected
the Columbia Plateau in post-basalt times as compressional structures are

minant in the basalt strata. Rotation of the Coast Ranges may be con-
tinuing, but the Columbia Plateau has undergone little or no rotation
(Magill and others, 1982; Beck, 1980). The only processes of regior |
1 :tonic significance that may affect the stability of the central Colum-
bia Plateau are northwest-trending dextral faulting and north-sou
shortening. These processes and related features are discusse in detail
in the section on Columbia Plateau tectonics, but the general picture for
the western United States is one of waning subduction and increasing
dextral transform motion. The change from subduction to transform is not
expected to be noticeable in a 100,000-yr time period, but it does provide
tqe basis for evaluating tectonic and structural models of the Columbia
Plateau.

LOCAL TECTONIC MODELS

Explanations of the tectonics of the Columbia Plateau must consider
the Yakima folds and wrench faulting of the western Columbia lateau,
the Blue Mountain structures of the southeastern Columbia Plateau, and
the relatively minimal deformation of the Palouse Slope in the northeast-
ern Columbia Plateau (see Chapters 2 and 5). Because the Hanford Site
lies within the Yakima Fold Belt subprovince, the following discussion
focuses on the Yakima folds in the context of the surrounding tectonic
subprovinces. Within the Yakima fold subprovince, models must address
two main structural features: generally east-west-trending folds and
thrusts and northwest-trending strike-slip faults. Both features are
consistent with the North A rican Cordilleran tectonics discussed in
the previous section, but an ar juate model must successfully explain the
in -~relationship between the folding ar = faulting. Further, the probab
location and rate of present and future deformations, the extent of the
basement (pre-basalt rock) involvement in deformation, and the timing of
folding and faulting must be identified. Adequate models of the struc-
tural style and kinematics of plateau deformation, integrated with the
data of previous chapters, will allow prediction of the stability of the
reference repository location for the next 100,000 yr.
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Bentley (1977) reported that the Yakima folds are faulted drape folds
formed over rotated basement blocks (Fig. 7-2). Anticlinal deformation is
concentr: 2d above basement weakness zones during both horizontal compres-
sion and vertical movement, and the adjacent broad, synclinal basins sub-
sided with the downward-rotating portions of the basement blocks. He con-
ceived the Olympic-Wallowa lineament as a basement zone of weakness along
which vertical movements have concentrated surface structures. "No evi-
dence of strike-slip movement was found in any faults cutting the Miocene
and Pliocene rocks" (Bentley, 1977, p. 343). The basic model of Bentley,
then, is that basalt deformation is confined to narrow zones controlled by
basement structures.

Ross (1978) documented the formation of east-west-trending folds and
northeast-trending sinistral faults in the Blue Mountains region of north-
east Oregon and southeast Washington. Folding was active since Grande
Ronde time, but accelerated after Wanapum time, and was superimposed on
regional westward tilting. In Ross' model, north-south compression formed
the folds and faults while Columbia River basalt fissures formed along
N. 50 W. to N. 200 W. zones of basement weakness (possibly related to
Basin and Range structures). Dip-slip reactivation on the faults is
explained as the result of relaxation of compression.

Hooper and Camp (1981) and Camp and Hooper (1981) expanded on Ross'
work and proposed a model for the formation of structures in the south-
east Columbia Plateau. It includes (1) a regional westward tilting owing
to isostatic adjustments of the Idaho batholith, (2) continuous north-
northwest-south-southeast horizontal compression and horizontal tension
at right angles during basalt eruption, and (3) an older structural grain
of northwest-southeast, north-south, and northeast-southwest faults. The
Olympic-Wallowa lineament is explained as the border between different
crustal rocks: older, thicker, continental rocks to the northeast and
thinner, younger crust to the southwest. The difference in structural
style recognized between the northeast and southwest portion of the
plateau was attributed to this basic crustal contrast.

There is substantial evidence of northwest-trending dextral wrench
faults of up to 30 km in length in the southwestern Columbia Plateau.
Newcomb (1970) was one of the first to recognize the pattern of strike-
slip faulting in this area. Lawrence (1976) interpreted four major
northwest-trending dextral-slip zones from Landsat imagery. The zones
separate the Columbia Plateau from the Basin and Range, but Lawrence con-
sidered the plateau to be largely unfaulted. Compilation maps by Swanson
and others (1977, 1980, 1981) document the distribution of northwest-
trending faults and aerial photograph lineaments throughout the western
and southern Columbia Plateau. Mapping by Bentley and others (1980) on
the Ahtanum, Toppenish, and Horse Heaven Hills structures of the western
Columbia Plateau shows many northwest-trending fracture zones interpreted
as strike-slip structures which have aggregate right-lateral displace-
ment. Mapping by J. L. Anderson (Swanson and others, 1981) has revealed
r ierous parallel strike-slip faults in north-central Oregon and south-
central Washington. The more numerous dextral faults strike N. 20° to
600 W. and the fewer sinistral faults strike N. 60° to 800 E. The
sinistral faults generally parallel the axes of Yakima folds in the area.
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FIGURE 7-2. Interpretive Cross Sections of Columbia Plateau Tectonic
Models: Bentley (1977) and Laubscher (1581).
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Anderson considers all to be a part of a wrench fault system based on
geometric similarity with known wrench fault zones. Lawrence (1979)
reported consistent patterns of conjugate joint sets, east-west-trending
folds, and northwest-trending faults based on imagery of the north-central
Oregon region. The structural pattern is interpreted to be the result of
north-south compression during the late Pliocene. The known extent of
northwest-trending strike-slip faulting on the plateau is shown in the
tectonic map (Plate 2-1). Recognition of the dextral faulting role has
led to : reral new models of Columbia Plateau deformation.

Bentley (1980) proposed a wrench fault system composed of hundreds of
parallel strike-slip faults distributing shear southwest of the Olympic-
Wallowa lineament. With an average spacing of several kilometers and
aggregate offset of 100 to 150 km, faults of the type Bentley proposed can
be expected to be found anywhere on the plateau southwest of the Olympic-
Wallowa lineament. The Olympic-Wallowa lineament is conceived as a zone
of dextral motion abutting more rigid rocks to the northeast. This model
is based on at least one reconnaissance traverse across part of the
plateau and the data have not been published.

The structural analysis of Laubscher (1981), based primarily on a
review of the literature, concluded that deformation of the Yakima Fold
Belt subprovince is related to the motions of the "Yakima block" of the
"Idaho-Olympic block belt." The Yakima block includes the Yakima folds
and t @ Blue Mountains; the Blue Mountains are conceived as the stable
hinterland of the Yakima folds to the north. The Idaho-Olympic block belt
is a northwest-trending mosaic of crustal blocks bounding the Basin and
Range Province. The Idaho-Olympic block mosaic and the Basin and Range
are "the product of dextral-convergent interaction between the Pacific and
North American plates" (Laubscher, 1981, p. 2.5 0-55). The Idaho-Olympic
mosaic displays the effects of distributed dextral-convergent shear,
north-south compression, and east-west extension as a result of the plate
interaction.

According to the model of Laubscher (1981) (see Fig. 7-2), the defor-
mation of the Yakima block began along the Cle Elum-Wallula zone, which
defines the northeastern edge of the block. The motion represents a
major, Miocene, lithospheric break with dextral-convergent motion. At
this time, gent]e periodic, en echelon brachyanticlines formed in the
partially decoupled, superficial basalts along the zone (these are the
Yakima anticlines within the Cle Elum-Wallula zone). After <2 km of
movement, the Yakima block stopped and internal compression built up.

Then, a decol]ement developed at the base of the Columbia Plateau crust
(~20 km deep). From this base, further ramps developed, propagating
northward, which extended to the base of the basalts. These upper ramps
served as loci for shallow (1 to 3 km) detachments and Yakima anticline
formation to the southwest of the Cle Elum-Wallula zone. The Yakima folds
to the southwest formed with the same periodicity as the earlier en echelon
Yakima anticlines of the Cle Elum-Wallula zone and may have propagated from
them. Finally, the décollement cut across the Cle Elum-Wallula boundary
and formed the eastern extensions of the Yakima folds (Gable Mountain,

Gable Butte, Saddle Mountains, and Frenchman Hills).
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Laubscher's del requires only 2 km of dextral motion on the
Cle Elum-Wallula zone and 7 km across the entire Idaho-Olympic block
mosaic. The idea of distributed shear within the Yakima block is rejected
in favor of dextral motion along the block boundaries. Further, the model
of Hammond (1979) (see Table 7-1), in which the Olympic-Wallowa lineament
represents a major rift and crustal discontinuity, is rejected.

Bentley (1982) proposed that the Columbia Plateau was undergoing
thin-skinned deformation under north-south compression while the dextral
wrench system primarily affected rocks to the west of the plateau. In
this model, based primarily on megascopic surface features, the Yakima
folds ref]ect di j on ramps from sub-basalt and 1nterbasa1t décollem ts.
The décollement surfaces can have variable slip directions; beneath
Toppenish Ridge the basalt is dep1cted as faulting southward over the
pre-basalt, while intrabasalt décollements have northward and southward
slip d1rect1ons (Campbell and Bentley, 1981; Fig. 7-3). The Cle Elum-
Wallula segment of the Olympic-Wallowa ]ineament is conceived as a zone
of "pili j on" of the s ‘face detachments.

Bruhn (1981) studied the mechanics of folding in Umtanum Ridge and
Gable Mountain. He agrees with Price's (1982) conclusion that Umtanum
Ridge represents a kink-type fold; however, the lack of bedding plane slip
in steeply dipping beds on Gable Mountain supports dissimilar styles of

)1ding on the two structures. Bruhn (1981) explains the long, :'ntle
limbs on some of the Yakima folds by a fault ramp-flexure model with a
décollement or group of localized detachments at 3 to 5 km deep, near the
base of the basalts (Fig. 7-3).

Price (1982) proposed a model in which compressional strain is
concentrated in the antic inal ridges and is limited in the synclinal
valleys. His mechanical model suggests that primary folding was followed
by late reverse faulting required by the concentric geometry of the folds
(Fig. 7-4). "“The rocks below the fold must accommodate the surface
shortening by...folding, faulting, or...ductile deformation" (Price, 1982,
p. 115). Price argued that major thrusts cannot underlie the Y. ima anti-
clinal folds owing to the lack of expected strain features related to
folding over a ramp from a décollement. He concluded that the Yakima
folds formed under the same north-south regional stress responsible for
deformation elsewhere in the plateau; differences in fold orientations
are explained by the clockwise rotation of basalt around a rigid basement
buttress under the Palouse Slope (paleoslope of Chapter 5). Locé dextral
shear along the northwest-southeast-trending portions of the Rattlesnake
and Horse Heaven Hills structures is required to accommodate the foldir
strain. Price's buttress model rules out a décollement within the rigid
buttress, but permits a décollement at the base of the basalts under the
Yakima fo]ds. In summary, Price proposes that there is a basic rheological

fference between sub-basalt rocks on either side of the Cle Elum-Wallula
Tineament. This contrast results in clockwise rof :ion and shortening of
the basalt sequence under north-south compression. High-angle basemer
1 11ts or ramps from a décollement are probably not connected to the fold-
related thrust faults, but local detachments under the folds are permitted.
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A summary of Columbia Plateau tectonics has been presented by Davis
(1981). Davis' report includes discussions of the timing of plateau
folding and the origin of plateau structures including the Cle Elum-
Wallula lineament. Davis interpreted from a review of the literature
that deformation has been active since late Grande Ronde time with most
occurri } after Pomona time. In the Blue Mountains subprovince, major
deformation is interpreted to have ceased by 7 m.y. ago; Yakima fold
deformation is reported to be continuing.

Davis' (1977) notion of the nature of the Olympic-Wallula lineament
as a “fictional structural element" was amended by his feeling that the
Cle Elum-Wallula segment is definitely a "disturbed structural zone"
(Davis, 1981, p. 2.5 N-24). The Cle Elum-Wallula zone is conceived as a
region of dextral movement along a deep fault or zone of anisotropy.
North-south shortening produced the Yakima fold and fault structures by
buckling above local detachments, while the Cle Elum-Wallula zone folds
were the result of a complex interaction of a deep-seated fault and the
shallow buckling and thrusting (see Fig. 7-4). Davis accepted Laubscher's
(1981) concept that the underlying wrench fault is a Miocene structure
rather than a reactivated pre-Miocene structure.

On the nature of basement involvement in the Yakima folds, Davis
(1981) rejected Laubscher's (1981) concept of a regional, throughgoing
detachment connecting each fold-associated thrust ramp. Instead, like
Price (1982), he accepted the concept of local, shallow detachments
required by the concentric nature of the folding. Davis (1981, p. 2.5
N-28) cited the small amount of shortening compared to the distance
between structures and the alternating north-to-south vergence of some
structures as evidence against folding over regional thrusts.

In summary, Davis (1981) accepted Laubscher's (1981) basic idea of
the formation of Columbia Plateau structures within a broad belt of
regional dextral shear, of which the Cle Elum-Wallula zone is a part.
Most of the surface structures were interpreted to be the result of minor
shortening on originally very flat and horizontal plateau strata. Deep-
seated thrusts are not required below the Yakima folds, and basement
involvement (probably without reactivation of basemer structures) is
postulated beneath the Cle Elum-Wallula structurally disturbed zone.

A1l Yakima fold structures were reported to have developed synchronously.

Bond and others (1978), based on mapping in the Hanford area, postu-
lated that the Yakima folds formed in two sets that responded differently,
but contemporaneously, to a regional N. 200 W, compression. One set,
including the folds from the Blue Mountains to Cowiche Mountain, trends
about N. 700 E. The other set, extending from the Rattlesnake Hills
northwest to the western Saddle Mountains, trends about N. 700 W. and 1lies
within the Cle Elum-Wallula zone. The first set is considered to have
formed perpendicular to the maximum regional stress and the second set to
have formed in semirigid basalts above a basement dextral transcurrent zone
corresponding to the Olympic-Wallowa lineament. The Olympic-Wallowa linea-
ment is speculated to be a reactivated plate suture zone between oceanic
and continental crust. The hypotheses of omnidirected compression from
basin subsidence, gravity sliding from the Blue Mountains, drape folding
over basement faults, and intersecting compressional fields are rejected.
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Cowan (1981) reviewed the tectonic models of Price (1982), Laubscher
(1981), and Davis (1981) with reference to the Umtanum Ridge-Gable Moun-
tain structure. Cowan concluded from his review that Yakima fold defor-
mation is best e: lained by buckling without underlying imbricate thrusts
from a décollement. Further, he questioned the continuation of the
Cle Elum-Wallula zone of structural disturbance beyond the inflection in
Rattlesnake Hills. To the southeast of the inflection, structures can be
explained by buckling without dextral slip along a fault or a sub-basalt
discontinuity. Shortening within the basement is postulated to be accom-
modated by diffuse rather than iscrete structures. Based on his review,
Cowan generally accepts Price's (1982) model, but Laubscher's (1981) is
rejected.

Barrash and others (in press) proposed a three-stage deformation of
the Columbia Plateau based on a literature review. Stage o1 , between
17 and 10 m.y. ago, was characterized by the north-northwest-striking
basalt dikes, mild warping across the plateau, formation of open folds in
the Blue Mountains, and north-northwest-trending maximum stress. Stage
two, between 10 and 4 m.y. ago was characterized by formation *° most of
the Columbia Platc 1 structural relief in the Yakima folds and Blue
Mountains and a change in the maximum stress direction to north-south.
Stage three, from 4 m.y. ago to the present, was characterized by a pos-
sible deformational hiatus followed by minor faulting, practically no
folding, and a north-south maximum stress. An ancestral continental-
oceanic crustal boundary is assumed to lie below the basalts, possibly
beneath the Olympic-Wallowa lineament. isement control of the orienta-
tion of the Yakima fold structures near the Olympic-Wallowa lineament and
of the Chief Joseph dike swarm is also postulated. The three-stage devel-
opment of plateau structures, with deformation culminating in stage two,
is related to major plate tectonic events at the western edge of the North
American plate (Barrash and Venkatakrishnan, 1982; see Table 7-1).

SYNTHESIS

The tectonic models summari; | above are similar in that the major
structural features of the Columbia Plateau were forme¢ as a result of
north-south compression. Most workers also agree that the majority of
the ¢ -ain in the basalts is represented by tI anticlines and associated
faults, but comparisons with basalt exposures witt 1 synclines have so far

ien limited. The Cle Elum-Wallula zone of deformation, a part of the
01 pic-Hallowa lineament, is recognized as a structurally disturbed zone,
which possibly reflects some degree of dextral movement. Workers in the
southwestern part of the plateau generally accept the presence of the
parallel, northwest-trending, dextral, wrench faults. Workers in the east-
ern and southeastern plateau support basement involvement and control of
basalt structural features and a regional westward tilting of the
structurally stable Palouse Slope block.
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Areas of disagreement among models are more numerous and range frem
the minor to the critical. The areas of disagreement that have direct
bearina on the stability of the reference repository location are dis-
cussed 2low. These areas are summarized as follows: (1) degree of sub-
basalt structural involvement, (2) location of strain, and (3) rate of
deformation. Other topics with secondary impact on repository stability,
such as the degree of horizontal rotation of plateau rocks during
deformation, are not discussed.

One major disagreement concerns the degree of sub-basalt involvement
in basalt structures. In thin-skinned tectonic models, thrust faults,
which branch upward and cause secondary fo]dlng, are connected to reg1ona]
detachments (décollements); rocks below the décollement are undeformed or
deform independently. Thin-skinned models generally preclude involvement
of rocks below the décollement, but structures or buttresses in the sub-
décollement rocks may affect the location of the décollement. In thick-
skinned models, rocks are deformed without the formation of a regional
detachment, but the style of deformation may vary with depth because of
varying rheological properties. In thick-skinned deformation, either
folding or faulting can be the primary strain element. Thus, the dis-
tinction between the two types of deformation can be vague.

Because of the difficulties in strictly defining thin- and thick-
skinned deformation, the terms are not very useful in categorizing Colum-
bia Plateau tectonic models. For example, Laubscher's (1981) thin-skinned
model postulated a décollement 20 km deep connecting major thrusts below
the Yakima anticlines; 20 km is well below the top of geoe]ectr1c layer 4
(see Chapter 4). In contrast, Bentley (1982) called for décollement within
or at the base of geoelectric layer 2, the basalt sequence. Both models
are thin-skinned, but one requires extensive sub-basalt rock involvement
and the other requires none. To aid clarity, the remainder of this discus-
sion of sub-basalt involvement will avoid the thin- and thick-skinned clas-
sification and focus on two questions:

Does surface folding and faulting extend below the basalt?
What is the relationship between folding and faulting?

Different models have different explanations of the subsurface extent
of intrabasalt faults. The models of Laubscher (1981), Bentley (1977,
1982), Davis (1981), and Price (1982) support sub-basalt involvement in
basalt deformation in the Cle Elum-Wallula zone. For the Yakima folds
exclusive of the Cle Elum-Wallula zone, the models of Bentley (1982),
Davis (1981), Bruhn (1981), and Price (1982) do not require sub-basalt
involvement for the development of surface structures. Laubscher (1981)
and Bentley (1977) extend sub-basalt involvement to Yakima folds in
general. In contrast, Cowan's (1981) model does not support sub-basalt
involvement in any of the Yakima structures. Hooper and Camp (1981) and
Ross (1978) supported sub-basalt control of surface structures in south-
eastern Washington.
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Owing to the thinness of the basalt observed on the plateau margins,

ist workers agree that structures in pre-basalt rocks influenced the def-
ormation of the overlying basalt. The irregular pattern of plateau margin
folding and the continuation of nonplateau structural trends onto the
plateau (see Chapter 3) also support the basement control hypothesis.
There is good evidence for major sub-basalt topography under the Pasco
Basin (see Chapter 4), which is evidence against a major décollement at
the base of the basalt sequence (unless block faulting later offset the
décollement surface). The possible correlation of structures in the basalt
and sub-basalt of mtanum Ridge interpreted from geophysical studies (see
Chapter 4) also argues for sub-basalt structural involvement. The pattern
of folds in the central Columbia Plateau can be argued to be the result of
folding over similarlv spaced basement structures, and the deflection of
fold trends in the ( : Elum-Wallula zone of deformatijon c¢. be most easily
explained by sub-basalt involvement. Seismic data show similar focal mech-
anism solutions for both shallow and deep events (see Chapter 6), indica-
ting that contemporary deformation is similar in basalt and sub-basalt
rocks without decoupling between them. Also, the large relief on geoelec-
tric layers 3 and 4 is permissive of vertical block faults such as hypothe-
sized by Bentley (1977). However, with current magnetotelluric station
distribution and resolution, correlation of relief in layers 3 and 4 with
surface folds is poor. Finally, the observation that the basalt sequence
thins to the east onto a paleoslope and structural relief of surface struc-
tures and interpreted basement decreases eastward (see Chapter 4) 1y also
be evidence for pre-basalt influence on basalt structures.

Independent deformation of basalt and sub-basalt is supported by the
regularly spaced folds in much of the central Columbia Plateau. It may be
f ssible to explain the regularity as the expected fold wavelength for a
horizontally isotropic multilayer undergoing horizontal compression,
although mechanical modeling has yet to be used to demonstrate this.

Also, the lack of consistent correlation between surface structures and
interpreted features in the subsurface geoelectric layers argues against a
simple model of basalts deforming over similar sub-basalt structures. The
Cle Elum-Wallula zone of deformation is most commonly thought to reflect a
degree of sub-basalt structural control, but no corresponding feature: ;
detected in the sub-basalt geoelectric layers (see Chapter 4). In sum-
mi y, sub-basalt influence or involvement in | ;alt structures is prob-
lematic. The example of Snivelv Basin may be typical of the central
Columbia Plateau. At Snively 1isin, structural complexity in the basalts
se to coincide with geophysically interpreted complexity in the sub-

a t rocks without evide :e for direct involvement between the two
layers (see Chapter 4). Thus, some degree of sub-basalt invol' ment seems
possible, but the nature of the interaction is not clear.

There is also disagreement about the second question: What is the
relationship between folding and faulting? The models of Laubscher
(1981), Bentley (1982), and Bruhn (1981) support the concept of anti-
¢ inal development over major thrust faults. In contrast, Price (1982),
Cowan (1981), and Davis (1981) reported that major reverse faults devel-
oped after folding proceeded to a stage where no more shortening could be
acca odated by folding. The evidence for both points of view is Tinked
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to the interpretations of the tectonic models and so far remains incon-
clusive. However, if basement faults can be shown to control surface
structures, then primary faulting with secondary folding of the surficial
basalts would be strongly supported.

Determination of the extent of faulting and folding in the sub-basalt
rocks under Yakima folds is needed to predict the style of future defor-
mation. In particular, the predicted areal extent of the faults under-
lying the Yakima folds varies considerably depending on which model is
chosen. At present, there is not enough information to choose one pre-
ferred model. Performance of a mechanical analysis of the basalt and
sub-basalt rocks under regional, horizontal compression may be able to
determine the theoretical behavior of the basalts. It may be that the
basalt sequence is too weak to buckle at the surface independently of
sub-basalt warping, or it is possible that the sub-basalt and deeper
basalt may deform passively while faulting and flexural folding deforms
the surface basalt. Also, the expected fold wavelength could be calcu-
lated and compared to the observed wavelength; a close agreement would
argue for no sub-basalt involvement., Further structural analyses coupled
with geophysical modeling may help resolve the disagreement.

.ne second major area of disagreement is the location of strain.
Most workers agree that the Yakima folds have concentrated the majority
of strain in anticlinal buckles and reverse faults. Price (1982), for
example, argues that the synclines are practically undeformed. However,
Bentley (1980) has postulated pervasive distribution of strike-slip
faulting south of the Olympic-Wallowa lineament. Owing to the lack of
documentation for dextral faults every kilometer or so across the Pasco
Basin, it is difficult to evaluate Bentley's postulated faults as a
problem for the stability of the reference repository location. However,
focal mechanism solutions suggest that contemporary deformation in the
central Columbia Plateau is by thrusting on east-west-striking planes,
with little evidence for strike-slip movement on no1 1iwest-southeast-
striking planes (see Chapter 6).

The problem of predicting future strain involving the east-west
thrusts and reverse faults is more tractable because the issue of base-
ment involvement in surface folding does not affect predictions for future
locations of strain. If master basement structures such as fault ramps,
décollements, or warps are responsible for Yakima folding and faulting,
then those structures or zones of weakness will remain the most probable
sites for localizing future strain. On the other hand, if the basalt
deformed independently of the rocks beneath the basalt, then that style of
deformation can be expected to continue. In the second case, it is well
known that folds in initially horizontally layered strata, once formed,
will localize future strain (Johnson, 1977). The reasoning is that the
horizontal stress necessary to deform multilayered strata is much less for
slightly dipping layers than for perfectly horizontal layers. In the case
of the Columbia Plateau, the expected response to continuing north-south,
horizontal compression is continuing deformation of the more steeply
dipping anticlinal strata and relatively little deformation of the nearly
horizontal synclinal strata. This does not preclude the possibility that
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the first-order (and lower-order) anticlinal structures could lock up
and that stresses could be localized elsewhere resulting in the devel-
opment of a new first-order anticline in an area between existing anti-
clines. However, in the central Columbia Plateau, stratigraphic data
suggest synchronous growth of several first-order folds during Wanapum
and Saddle Mountains (and possibly Grande Ronde) time. New first-order
folds do not appear to have developed in a "second round" of folding as
suggested by the distribution of basalt flows and the continuity and
attitude of Ringold strata in the northern part of the Cold Creek syn-
cline (see Chapter 5). Therefore, while the possibility of development
of a new first-order fold exists, the likelihood of growth of a new
first-order anticlinal structure in the next 10,000 to 100,000 yr is
small, based on the geologic record of fold growth in the last 15 m.y.
in the central Columbia Plateau.

A final area of disagreement among models is the rate ° deformation.

The predictions for future rates of structural growth from work performed
are presented in Chapters 5 and 6 and are summarized in Chapter 8. These

ites are in disagreement with those reported by Barrash and others (in

ress). Barrash and others (in press), as discussed earlier in this
chapter, interpret a major increase in deformation rate at 10 + 2 m.y.
ago, which continued until 4 m.y. ago. Before 10 + 2 m.y. ago and after
4 m.y. ago, deformation rates are reportedly much lower. In contrast, the
data in Chapter 5 show high deformation rates beginning in late Grande
Ronde time (before 14.5 m.y. ago) and declining rates in Wanapum time.
Deformation rates were lowest from Saddle Mountains time (~13.6 m.y. ago)
to the present (see Chapter 6). The data of Chapter 6 show that the
contemporary rate of deformation appears comparable to that estimated for
tl  period after Wanapum time, and the hypothesis of Barrash and others
(1n press) of high strain rates in the Pasco Basin from 10 to 4 m.y. ago
is not supported.

SUMMARY

The tectonic development of the Pacific Northwest since at least the
ear y Miocene, - not ¢ ‘lier, is characterized by volcanic arc construc-
tion and extension in the back arc region, clockwise rotation of the Coast
Ranges and central Ore: 1, voluminous basaltic magmatism, and north-south
shortening and possibly rotation in central Washington. Within the Yakima
Fol Belt subprovince of the Columbia Plateau, the dominant structural
features are the Yakima folds and faults and northwest-~trending dextral
faults. The Yakima folds and related faults have absorbed regional north-
south shortening and possibly rotation of the basalts, but the extent of
baser 1t involvement in the near-surface structures is not yet resolved.
The Cle Elum-Wallula zone seems to reflect some dextral shearing and
comp' ;sion with involvement of sub-basalt rocks; the extent of strike-
slip motion is not thought to be large. The northwest-trending faults
common in the southwestern par of the plateau are recognized as a wrench
fault system, but the hypothesis of many parallel wrench faults distribu-~
tit  strain within the Pasco Basin is presently unsupported. The alouse
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Slope appears to have been relatively undeformed except for regional west-
ward tilting and may have acted as a buttress against which Yakima Fold
Belt subprovince structures formed. Finally, the models suggest that
strain within the Yakima Fold Belt subprovince is concentrated near the
anticlines whereas the synclines are relatively undeformed. Tectonic
conditions prevailing over the past 15 m.y. are expected to continue

over at least the next 1 m.y.
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CHAPTER 8 - A PRELIMINARY ASSESSMENT OF THE
TECTONIC STABILITY OF THE REFERENCE
REPOSITORY LOCATION

J. A. Caggiano

INTRODUCTION

Both folding and faulting have occurred in the Pasco Basin area over
the last 15 m.y. The rate and mechanics of deformation are a function of
tectonic processes and the rheological properties of the rocks. Prelimi-
nary data and interpretations suggest a general chronology and a long-term
average rate of deformation.

Deformation in the central Columbia Plateau may be episodic, con-
tinuous, or some combination of the two. Folding apparently results from
continuous, long-term compressive strain, perhaps with some sl along
layer boundaries. Depending on the 1 :hanism of faulting, dispiacement
along faults may occur as continuous aseismic fault creep, as episodes of
discret seismic slip, or some combination of the two.

Predictions of potential future vibratory ground motion and displace-
ment during the period of operation and isolation of a repository are func-
tions of whether folding or faulting predominates, the distance of geologic
structures from a repository, and the rate at which each process occurs.

If faulting predominates, predictions of possible future vibratory ground
are contingent on determining whether displacement along faults is by con-
tinuous fault creep or by discrete episodes of seismic slip (stick-slip)
separated by intervals when the juxtaposed rocks are locked and strain

er °gy is accumulating. If faulting in the Pasco Basin area occurs by the
stick-slip mechanism, the amount of displacement per episode of slip, its
return period, and the size of any accompanying earthquakes sh« id be
assessed. If folding predominates over 1iulting, deformation 1s likely to
be mostly aseismic with minimal displacement. The detailed mechanics of
the deformation process remain to be determined during detailed site

char :terization.

THE PATTERN AND RATE OF TECTONIC DEFORMATION

Available structural and tectonic data ermit a preliminary inter-
pretation of the pattern and chronology of deformation in the Pasco Basin
and reference repository location. Deformation of basalt was in progress
during late Grande Ronde time (~14.5 m.y.B.P.) as evidenced by the thick-
ness and distribution of flows (see Chapter 5). Uplift on Miocene topog-
raphy that is presumably of structural origin proceeded at low average
rates of between 40 to 80 m/m.y. (0.04 and 0.08 mm/yr) during the period
14.5 to 10.5 m.y. ago and this can be interpreted as the vertical com-
ponent of strain. If these low average rates of uplift are projected to
the present, they account for the presently observed structural re¢ ief and
the evation of flows on Rattlesnake Hills and the Saddle Mountains.
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Subsidence in the Cold Creek syncline in the central Pasco Basin relative
to the projected Palouse slope of southeastern Washington proceeded at
similar rates (see Chapter 5). The decreasing dip of progressively
younger strata of the Miocene-Pliocene Ringold Formation on the flanks of
anticlines similarly suggests that deformation at relatively low rates of
vertical strain was continuous during Neogene and Quaternary time and
resulted in greater deformation of older units. Contemporary deformation
appears to be continuing at these long-term, low average rates as evi-
denced by the level and distribution of earthquakes (see Chapter 6) and
the measured shortening of lines of a trilateration survey over the period
of 1972 to 1981 (see Chapter 6). Horizontal strain indicated by six geo-
detic surveys is of the order of 0.02 to 0.04 mm/km/yr compression.

Geologic (see Chapters 3 and 5) and seismologic (see Chapter 6)
data indicate that the axes of crustal shortening are oriented generally
north-south and are nearly horizontal. The nearly east-west strike of
anticlinal and synclinal axes and accompanying subparallel thrust and
reverse faults suggest nearly north-south, nearly horizontal compression
as do the steeply dipping northwest (and some northeast) trending faults.
Focal mechanism solutions (for individual events and composites of several
presumably related events) suggest that the axis of maximum compression is
nearly horizontal and oriented slightly west of north. The axis of mini-
mum compression from fault plane solutions is nearly vertical. Focal
planes trend generally east-west, dip steeply, and result from essentially
reverse faulting, with little, if any, strike slip component (see
Chapter 6). This pattern holds for shallow as well as deeper events
(>6 km). Two notable exceptions are focal mechanisms for the July 15,
1936 and April 17, 1979 earthquakes along the margin of the Blue Mountains
>50 km east of the Pasco Basin. For these events, the axis of maximum com-
pression is nearly west-east and slip was probably on northeast-trending
planes of rupture. There were no foreshocks or aftershocks for the 1979
magnitude 4.1 event (Malone, 1979), but aftershocks for the 1936 magni-
tude 5.8 event align in a generally north-northeast to northeast direction
approximately parallel to faults in the Hite fault system. Measurement of
in situ stress by hydraulic fracturing near the reference repository loca-
tion in the Umtanum flow resulted in a mean (of six measurements) prin-
cipal compression of N. 230 E, and a near vertical axis of least com-
pression (Kim and Haimson, 1982). Geodetic data also suggest nearly
horizontal compression, but directed from the west (see Chapter 6).

Deformation (i.e., vertical strain) in the central Columbia Plateau
appears to have established zones of weakness (first-order structures)
relatively early. Subsequent deformation appears to have occurred along
these established first-order structures with subsequent development of
lower-order structures in relation to first-order structures, but with no
obvious development of very geologically youthful structures. Deformation
appears to have been in progress at least 14.5 m.y. ago and appears to
have continued, at least in some structures, to the late Pleistocene or
Holocene.
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RELATIONSHIP OF STRUCTURES IN BASALT TO
SUB-BASALT STRUCTURE

The assumed structural relief of the top of geoelectric layers
beneath the basalt in the Pasco Basin, as presently interpreted (see
Chapter 4), only suggests several possible relationships of basalt and
sub-basalt structures. A basement high beneath Umtanum Ridge suggests
continuity of that structure with depth. Basement complexity beneath the
structurally complex Snively Basin suggests a possible relationship of
basement and surface structure. However, other fold ridges exhibit no
obvious relationship to baser 1t structure as it is presently interpreted.

Northwest-, north-south-, and northeast-trending structures in pre-
Miocene rocks beyond the margins of the Columbia Plateau (see Chapter 3)
would be expected to relieve stress under north-south compr ssion. These
zones of weakness should be areas where stress is relieved as earthquakes
under a stress regime of north-south compression. Structures of sim” ar
trend may be present beneath the basalt in the central Columbia Plateau,
but they are not expressed as zones where stress is preferentially
relieved as earthquakes--including the Cle Elum-Wallula zone of defor-
mation, which has been h: )thesized as playing a key role in deformation
of the Yakima folds. (See discussion and maps of earthquakes in
Chapter 6.)

Shell 0il1 Company has drilled two exploration holes along folded
ridges in the basalt in the hope of discovering commercial quantities of
hydrocarbons in closed structures in presumably sedimentary rocks below
the basalt. No success has been reported for either the Roza Dam (Yakima
Ridge) or Whiskey Dick Mountain exploratory holes.

Focal mechanism solutions for the central Columbia Plateau (see
Chapter 6) suggest that both the basalt and rocks below the basalt are
responding to the same nearly north-south, nearly horizontal compression.
The absence of any detectable relationship between earthquakes and mapped
geo  ic faults and the absence of any clear alignment of hypocenters in
rocks below basalt suggest that stress is not being relieved along major
s uctural zones of weakness below the basalt. Instrumental earthquake
data do not suggest the presence of active structures beneath - 2 basalt.

Differences in the pattern of seismicity, recurrence, and cum itive
strain :tween basalt and rocks below the basalt suggest that I ;alt is
deforming in a brittle manner, while the response of rocks below basalt to
the same stress field is more ductile and possibly aseismic (see
Chapter 6). The contrast between the rheological properties and
environr 1t of :formation of the shallow, anisotropic layered basalt
and rocks beneath basalt may account for this observed behavior.

In summary, rock type and structure that exist below basalt can only
be hypothesized at present based on current interpretations of geophysical
surveys and the gross geometrical relationships observed in structures of
the Yakima Fold Belt. Major structures beneath the basalt that would
relieve : -ess under north-south compression do not appear to be present
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as judged by the pattern of distribution of instrumentally recorded earth-
quakes that have occurred below basalt. The structural relief of geo-
electric layers below basalt interpreted from geophysical data suggests
that major detachment surfaces (décollements) are not present at the con-
tact of units of major resistivity contrast; however, detachments within
such units or local detachments beneath anticlinal folds can not be elimi-
nated as possible structures at this time.

FUTURE DEFORMATION IN THE CENTRAL COLUMBIA PLATEAU

Columbia River basalt in the central Columbia Plateau has apparently
been deforming over the past 14.5 m.y. under nearly horizontal, nearly
north-south compression at a long-term average low rate and should con-
tinue to do so over the next 10 to 100 millenia. There are no known geo-
logic reasons to suggest that this pattern of deformation will change
during the period of repository operation and waste isolation. The loca-
tion and amount of deformation predicted for the Pasco Basin area are a
function of the mechanics of deformation, which have been explained some-
what differently in several proposed tectonic models (see Chapter 7).
Regardless of the detailed mechanics of deformation that remain to be
established, the long-term rate of deformation is not anticipated to
change as suggested by the geologic data from the past 14.5 m.y.

The north-south, nearly horizontal compression is expected to con-
tinue and result in deformation on structures with trends compatible with
this stress field. Folding in the central Columbia Plateau is anticipated
to continue on existing and principally east-west trends. Reverse slip on
thrust and reverse faults that are subparallel to the axes of these folds
should continue and is suggested by focal mechanism solutions of earth-
quakes (Chapter 6). Dextral slip on northwest-trending and sinistral slip
on northeast-trending, steeply dipping faults is compatible with north-
south compression in the hypothesized wrench tectonic regime and may
occur, although focal mechanism solutions indicate a minimal strike-slip
component during earthquakes in the Pasco Basin area. Dextral slip on
north-south to northwest-trending faults in the western Columbia Plateau
and in the Cascades is indicated by recent focal mechanism solutions.
Strike-slip faulting on northwest or northeast-trending focal planes is
also suggested for the July 1936 and April 1979 events along the front of
the Blue Mountains some 50 or more kilometers east of the Pasco Basin.

Whether deformation by folding or faulting will predominate is cur-
rently being investigated. Price (1982) indicates that folding strain
should be concentrated in areas of steeply dipping strata on the limbs of
anticlinal folds, with some slip between layers. In this model, faults
develop after the folds begin to "lock up." Deformation in the synclines
should be minimal according to Price (1982), but some strain can be
anticipated in any dipping strata.

Deformation, by whatever mechanical processes, is anticipated to

continue at a long-term average rate of <1 mm/yr and be concentrated on
existing first- or second-order structures throughout the basin.
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Available data can not preclude development of new first-order structures,
but the probability of their development is considered very low in view of
the known record of deformation in the last 15 m.y. Slip rates on faults
in the central Columbia Plateau are mostly unknown at present, but are
iticipted to be low in view of the pattern and level of seismicity and
the basin-wide low rate of strain suggested by geologic and geodetic
data. The low rate of slip determined for the central fault on Gable
Mountain (0.005 mm/yr from decreasing displacement of the basalt contact
of three geologic units from 12.5 m.y. to ~13,000 yr ago) supports this
assessment.

The size and dept of instrumentally recorded earthquakes in the
Pasco Basin have been used to estimate seismic moments of small events,
which in turn suggest minimal displacements on small faults (Caggiano,
1982). Analysis of local digitally recorded seismic data is expected to
provide a local moment-magnitude relationship that will allow further
evaluation of the rupture area of faults and displacement per event. TI
size of commonly recorded, local earthquakes suggests that strain does not
build to high thresholds before rupture occurs on short (<5 m), probably
shallow (=3 km) faults producing small earthquakes (generally less than
magnitude 3.0). Determination of local moment-magnitude and recurrence
relationships from a locally deployed network of seismomet¢ s will con-
tribute to an understanding of strain and failure processes occurring in

dlumbia River basalt in the Pasco Basin and reference repository location.

While it is anticipated that future strain will be concentr: 2:d on
existing first- and second-order structures that developed millions of
years ago, it is not poss »le to predict on which structures any deforma-
tion will be localized. The displacement per event and its return period
for faults also remain to be identified. Ongoing deformation is indicated
by small earthquakes, but these are not associated with specific mapped
faults nor do they align in a manner suggesting the presence of buried,
seismogenic faults.

PRELIMINARY ASSESSMENT OF THE TECTONIC STABILITY
OF THE REFERENCE REPOSITORY LOCATION

Based on the trends of folds and faults and their chronological
development, the seismicity, and the rate of deformation summarized above,
the reference repository location appears to comply with the proposed
draft criteria for tectonic stability (NRC, 1981). The reference repos-
itory location is in a volume of rock that presently appears free of major
structures and occurs in the Pasco Basin of the central Columbia Plateau
where a low, average rate of strain seems to have been operati' for at
least the past 14.5 m.y. Several uncertainties in this preliminary
assessment are currenly being studied, including:

o Detailed mechanics and timing of deformation in Yakima folds

e Continuity and role of the Cle Elum-Wallula zone « deformation
in development of Yakima folds
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Continuity of surface structures with depth and their relation-
ship, if any, to structures below basalt

e Location and characteristics of earthquake sources, their rela-
tionship to geologic structure, and ground motion from maximum
probable events.

Although these uncertainties remain to be resolved, data and com-
pleted studies allow preliminary intepretations that do not appear to
preclude development of a nuclear waste repository in the reference
repository location at the Hanford Site. The reference repository
location in the Cold Creek syncline contains relatively undeformed strata .
in an environment where bounding anticlines apparently have been deforming
slowly at long-term average rates of strain. This pattern and rate of
deformation has apparently been in continuous operation for at least
14 m.y. and can be assumed to continue over the next few thousand to
tens of thousand years. Major first- and second-order structures have
been identified, and it is assumed that future strain will be concentrated
on these structures; however, the detailed mechanics of the deformation
process remain to be determined.

While deformation may be more episodic than indicated in this pre-
liminary assessment, the long-term, low average strain rate that has been
operative in the central Columbia Plateau since at least late Grande Ronde
time is at least an order of magnitude less than that occurring in active
orogenic areas. Because no areas on earth are static and unchanging,
those areas where diverse evidence suggests deformation at low rates of
strain for a long period are "tectonically stable" and appear to meet the
proposed criteria for tectonic stability.
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true for large-scale three-dimensional features that represent a grossly
two-dimensional appearance to the magnetotelluric response. Low values
for the tensor skew and ellipticity parameters offer reasonable (but not
absolute) assurance of the validity of the approximation.

Significant error can be produced by some three-dimensional geometry,
especially in the case of local small-scale three-dimensional features
caused by current channeling. This error is usually manifested as ampli-
tude scale factors on the impedance functions. If three-dimensional errors
occur, they are normally suggested by several parameters, including ele-
vated skew and ellipticity, high parallel electric/perpendicular electric
impedance mode separation, and laterally abrupt changes in low-frequency
impedance. First-order corrections for this error effect are made in the
interpretation. The corrections for this survey were based on the assump-
tion that layer 3 has lateral continuity with relatively constant conduc-
tivity throughout the survey area. This is a rather speculative assump-
tion, but it is useful for a first approximation due to the absence of
borehole and electric log data beneath the basalt. It is possible though
that erroneous shallowing of the deep conductive layer still occurs at
some of the magnetotelluric sites.

The subsequent geological interpretation based on the magnetotelluric
electrical interpretation is subjective. A range of subsurface geological
configurations could produce any given subsurface geoelectrical struc-
ture. Therefore, an integration of all geophysical and geological infor-
mation available in an area is essential for determining the most credible
geologic interpretation. In general, the porosity of the rock, which can
vary with lithology, and the interstitual fluid chemistry, in particular
salinity, are the primary governing parameters affecting the bulk resis-
tivity. Porosity also varies with compaction, which is generally a func-
tion of age (Dobrin, 1976; Telford and others, 1976). The conductivity of
mineral grains is generally of secondary importance. In general, sedi-
mentary rocks are electrically more conduc- tive than igneous or meta-
morphic rocks.

GEOPHYSICAL OBSERVATIONS IN THE CENTRAL PASCO BASIN

The five-layer geoelectric stratigraphy in the central Pasco Basin
was first reported in Myers/Price and others (1979) based on a magneto-
telluric survey conducted in the Pasco Basin during 1979. The five-layer
geoelectric stratigraphy is considered to be a realistic representation of
the Pasco Basin, although the absolute depths and overall configuration
reported in Myers/Price and others (1979) shor” ope reevaluated. The
magnetotelluric method has benefited in the past few years from signifi-
cant development and advancement in the data acquisition and data quality
phases as well as in the interpretation techniques. Therefore, more
credence and reliability is placed on the recently acquired magnetotel-
luric data because of the overall higher data quality.
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The five geoelectric layers were defined based on ignetotelluric
apparent resistivity curves. The apparent resistivities range from 1 to
greater than 500 Q-m with values on the order of 100 Q-m for the volcanics
(layer 2), 20 to 50 @-m for the basement complex (layer 4), and around
5 to 10 @-m for the conductive section (layer 3) between these relatively
more resistive sections. The values represent averages for thick strati-
graphic sections and do not preclude the existence of thin anomalous
layers within a generally electrically uniform sequence. An example is
the electrically more conductive, thin sedimentary interbeds (Ellensburg
Formation) within the overall thick resistive Columbia River basalt
sequence, jointly referred to as volcanics. The magnetotelluric method
ca 1wt typically resolve these thin layers, but instead map< the entire
sequence with a bulk apparent resistivity that is slightly ower than it
would be if the entire sequence were basalt. Electrical logs of boreholes
that penetrate layer 3 are necessary to establish good depth and
resistivity control.

The volcanics (layer 2) have a high magnetic intensity because
basalts, known to be the predominant volcanic rock on the plateau, are
highly magnetic. The magnetic character of the basalts is composed of
two components, susceptibility and natural remanent magnetization. Both
properties can have variable intensities within basalt flow units and
often very high variability between different flow units. Susceptibility,
natural remanent magnetization, and the geometric configuration of the

vidual units are parameters typically used in magnetic modeling
| jrams.

Numerous polarity reversals occur within the basalts on the Columbia
Plateau. The magnetostr .~ ‘aphic units and the general thicknesses of
the units within the Saddle rlountains and Wanapum Basalts are reasonably
we  understood. The Grande Ronde Basalts are less well understood.

Layer 3 is not expected to exhibit significant magnetic intensity
acause sediments, in general, have a magnetic intensity that is consid-
erably lower than extrusive volcanics. This unit of low magnetic inten-
sity may provide a useful magnetic contrast in the in -pretation and
modeling of the full section, though. Magnetic parameters for rer 4 are
unknown. It is assumed, based on interpreted lithology, that this layer
may have a higher magnetic intensity than the overlying layer 3.

Investigations of deen structures using gravity data make assumptions
on the density values of 1e geoelectric layers. In the Pasco Basin, den-
s ty 1lues measured directly or from reasonable assumptions based on
lithologic observations are available for layers 1 and 2. For layer 2,
the volcanic sequence (Weston, 1981) reports densities ranging from
2.6 to 2.8 gm/cm3. Cady (1980) used densities of 2.58 and 2.76 gm/cm3
for tI  volcanics in his crustal models. These appear to be reasonable
estimations.
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Data on the density of layer 3 are presently not available. Densi-
ties must be inferred from conjectured basement lithologies. Therefore,
geologic interpretations of the basement relying on gravity must be used
cautiously. Weston (1981) has done two-layer gravity models across the
Pasco Basin. They have used a density contrast of 0.187 gm/cm3 between
the volcanics and their interpreted underlying basement complex. Their
models do not include the resistive basement, layer 4, depicted by

magnetotelluric data.
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From the gridded paleoslope plane data, it was possible to determine
the elevation of the hypothetical paleoslope at each borehole and measured
section. Starting with this elevation and applying the rates determined
from the graphs, the elevation of a theoretical top of basalt for each
borehole and measured section used was produced. Using the theoretical
top-of-basalt values at each borehole and measured section, it was pos-
sible to construct a theoretical top-of-basalt contour map using computer
graphics. This map was based solely on rates of deformation over the last
14.5 million years starting from a base elevation of the plane of the
projected paleoslope.

Finally, the top-of-basalt map based on rates of deformation was
compared with the observed top-of-basalt map (Myers/Price and others,
1979, Plate III-4a; and Myers, 1981). A computer file of the theoretical
top-of-basalt map was subtracted from a file of the observed top-of-basalt
map to produce a map of residuals. This resultant map graphically
portrays deformation anomalies.

Potential errors in the method are of several types. First, the lack
of borehole control limits the accuracy of the detail of the isopleths.
Second, the rates of uplift and subsidence are dependent on the number and
location of measured field sections and boreholes. Unless located at a
point of maximum subsidence or uplift, the rates are apparent values.
Potentially the greatest source of error is the lack of data from
10.6 million years before present to the present.
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